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Preface

The highly successful Volume 1.0 of the Special Issue “Novel Strategies in the Development of

New Therapies, Drug Substances, and Drug Carriers”, in the International Journal of Molecular Sciences

(IJMS), edited also as an MDPI reprint, comprised 21 papers. We, therefore, reopened this topic

as Volume 2.0 of the Special Issue in IJMS. The interest remained high, leading to the publication

of 24 original research articles and reviews. As for Volume 1.0, Special Issue Volume 2.0 was also

conceived to address a wide range of the processes involved in drug development at the molecular

level, complying with the scope of the journal.

Despite several decades of intensive research and the development of several generations

of increasingly selective and effective drugs, cancer is still the leading cause of death. For this

reason, anticancer therapy, specifically against leukemia and lymphoma, and solid tumors, including

prostate, melanoma, ovarian, lung, urinary bladder, and breast cancers, remains a consistently

leading area of interest for researchers worldwide. The interest was shared also by the participants of

the Interdisciplinary Conference on Drug Sciences, ACCORD 2022, held at the Medical University

of Warsaw, Poland. Most of the papers published in this Special Issue were presented, at least

in part, at this conference, as invited lectures, scientific communications, and posters. The main

subjects of the communications were manifold: markers in neurodegenerative disorders, mediators

of inflammation, non-coding micro-RNAs, enzymes regulating cell division, measures to mitigate

the post-operative side effects of cancer treatment, genetic disorders such as cystic fibrosis, skin

disorders, multifunctional biomaterials, plant-derived topical preparations, crystal forms of active

pharmaceutical ingredients, innovative drug product formulations, the quality control of drug

substances and drug products, including the chemical stability of drug substances and impurity

profile, drug membrane permeability and the identification of drug candidates via the virtual

screening of a compound library.

The papers within the Special Issue Volume 2.0, edited also as this reprint, address a wide range

of topics regarding the development of new drug substances, new drug carriers, and drug products.

As conceived, the topics in this reprint address the identification of the molecular target of new

drugs, docking supported by molecular dynamics simulation, quantum chemical simulations, studies

of protein–drug interactions, the modeling and optimization of the structure of small molecules

with drug-like activity, the determination of the functional profile, pre-formulation studies, new

pharmaceutical formulations, preclinical development to the design, and prediction of the efficacy

of agents in clinical trials. Elucidation of the molecular mechanism of action is now an integral

prerequisite for transforming an active substance into a drug candidate.

Andrzej Kutner, Geoffrey Brown, and Enikö Kallay

Editors
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Novel Strategies in the Development of New Therapies, Drug
Substances, and Drug Carriers Volume II

Andrzej Kutner 1,*, Geoffrey Brown 2 and Enikö Kallay 3
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02-097 Warsaw, Poland

2 School of Biomedical Sciences, Institute of Clinical Sciences, College of Medical and Dental Sciences,
University of Birmingham, Birmingham B15 2TT, UK

3 Department of Pathophysiology and Allergy Research, Center of Pathophysiology,
Infectiology & Immunology, Medical University of Vienna, Währinger Gürtel 18-20, A-1090 Vienna, Austria

* Correspondence: andrzej.kutner@wum.edu.pl

The highly successful previous Volume 1.0 of the Special Issue “Novel Strategies in
the Development of New Therapies, Drug Substances, and Drug Carriers” [1], in the Inter-
national Journal of Molecular Sciences (IJMS), edited also as a book [2], comprised 21 papers.
We, therefore, reopened this topic as Volume 2.0 of the Special Issue in IJMS. The interest
remained high, leading to the publication of 24 original research articles and reviews. As
for Volume I, this Special Issue was also conceived to cover a wide range of processes of
drug development at the molecular level, complying with the scope of the journal.

Despite several decades of intensive research and the development of several genera-
tions of increasingly selective and effective drugs, cancer is still the leading cause of death.
For this reason, anticancer therapy, specifically against leukemia and lymphoma, and solid
tumors, including prostate, melanoma, ovarian, lung, urinary bladder, and breast cancers,
remains a consistently leading area of interest for researchers worldwide. The interest
was shared also by the participants of the Interdisciplinary Conference on Drug Sciences,
ACCORD 2022, held at the Medical University of Warsaw. Most of the papers published in
this Issue were presented, at least in part, at this Conference, as invited lectures, scientific
communications, and posters. The main subjects of the communications were manifold:
markers in neurodegenerative disorders, mediators of inflammation, non-coding micro-
RNAs, enzymes regulating cell division, measures to mitigate post-operative side effects of
cancer treatment, genetic disorders such as cystic fibrosis, skin disorders, multifunctional
biomaterials, plant-derived topical preparations, crystal forms of active pharmaceutical
ingredients, innovative drug product formulations, quality control of drug substances and
drug products, including the chemical stability of drug substances and impurity profile,
drug membrane permeability and identification of drug candidates by virtual screening a
compound library.

Most chemotherapeutics are effective against the bulk of cancer cells but usually leave
cancer stem cells intact. Therapeutics that target cancer stem cells may also provide a cure
for cancer. Brown [3] reviewed the two rationales for targeting the retinoic acid recep-
tor γ (RARγ), which is expressed selectively within primitive cells. RARγ is a putative
oncogene for several cancers, and prostate cancer cells depend on RARγ for their survival.
Antagonizing all RAR-caused necroptosis of prostate cancer stem cell-like cells, and an-
tagonizing RARγ was sufficient to drive necroptosis. The normal prostate epithelium was
less sensitive to the RARγ antagonist and pan-RAR antagonist than prostate cancer cells,
while fibroblasts and blood mononuclear cells were insensitive. The author concluded
that the RARγ-selective antagonist and pan-RAR antagonist are potential therapeutics in
cancer treatment.

Bexarotene, a drug that is active against cutaneous T-cell lymphoma, interferes with
retinoid X-receptor (RXR)-dependent pathways and might cause serious side effects such

Int. J. Mol. Sci. 2023, 24, 5621. https://doi.org/10.3390/ijms24065621 https://www.mdpi.com/journal/ijms
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as hypothyroidism. Therefore, Jurutka et al. [4] synthesized analogs of this drug, aiming
to retain its key function and avoid harmful side effects. The bexarotene alicyclic ring,
aliphatic linker, and benzoic acid moiety were substituted with an isochroman ring and
nitrogen heterocycles, respectively. The ability of the new analogs to agonize RXR compared
to bexarotene was evaluated. Analogs were modeled for RXR binding affinity, and EC50
and IC50 values were determined for a leukemia cell line. The analogs were tested for their
ability to activate liver-X receptor (LXR) and increase the level of triglycerides, as well as
LXRE-mediated transcription of brain ApoE expression as a marker of neurodegenerative
disorders. While some RXR agonists cross-signaled the retinoic acid receptor (RAR),
interestingly, many of the new analogs presented in this paper showed reduced activity
against RAR. The authors demonstrated that selective modifications of rexinoids, such as
bexarotene, can lead to analogs with increased RXR selectivity, decreased cross-signaling,
and improved anti-proliferative characteristics against a leukemia cell line.

To evaluate the correlation between the synergy of an MDM2 inhibitor (siremadlin)
combined with a MEK inhibitor (trametinib) in vitro and in vivo, Witkowski et al. [5]
evaluated the interaction between these anticancer agents at the level of pharmacokinetics
(PK) and pharmacodynamics (PD). The authors examined the cytotoxicity of a siremadlin
and trametinib combination against melanoma A375 cells. Calculated drug interaction
showed high synergy between siremadlin and trametinib and an increase in the potency of
the drug combination. The authors recommended coupling physiologically based PK/PD
(PBPK/PD) modeling, with further studies using cancer xenograft models to select the
optimal PD interaction parameter to translate in vitro synergy into an animal model.

To identify highly effective therapeutic strategies, Witkowski et al. [6] developed
in vitro/in vivo translational methods for synergistic drug combinations. The authors
modeled PBPK/PD for siremadlin, trametinib, and a combination of these agents at various
dose levels and dosing schedules for an A375 melanoma cell xenograft mouse model. The
modeling was based on in vitro absorption, distribution, metabolism, and excretion, and
in vivo, PK/PD reported data or estimated by the Simcyp Animal simulator (V21). The
developed PBPK/PD models revealed the interactions between siremadlin and trametinib
at the PK and PD levels. The interaction at the PK level is presented by an interplay between
absorption and tumor disposition levels, whereas the PD interaction is based entirely on
the vitro data. From these studies, and based on in vitro and in vivo extrapolation, the
synergistic and most efficacious dose levels and dosing schedules for combinations of
siremadlin and trametinib in mice were effectively developed.

To extend their previous studies that aimed to provide an optimal therapeutic scheme,
Witkowski et al. [7] elaborated on PBPK/PD modeling and clinical trial simulation for
siremadlin and trametinib combination for use in melanoma patients. Clinical information
was obtained from reported data or the Simcyp simulator. The PBPK/PD models accounted
for the interactions between siremadlin and trametinib at the PK and PD levels. PK
characteristics were predicted based on animal studies, while PD was based on in vitro
cytotoxicity. These data, combined with virtual clinical trials, allowed for the estimation of
PK/PD profiles and identified melanoma patients for whom this therapy might be non-
inferior to the standard dabrafenib and trametinib combination. The authors demonstrated
that PBPK/PD modeling, combined with clinical trial simulation, allows for the design of
clinical trials and for predicting the clinical effectiveness of anticancer drug combinations.

Ibuprofen, an aryl propionic acid, is used to treat rheumatoid arthritis and is an
over-the-counter drug for use to treat minor pains. Chemically, it is a racemate, and only
(S)-ibuprofen shows therapeutic function. The chiral metabolic inversion may cause the
accumulation of one of the enantiomers, leading to toxicity. To overcome the side effects of
dextrorotary ibuprofen (DXI), Thiruchenthooran et al. [8] designed nanostructured lipid
carriers (NLCs) of DXI to be used in anticancer therapy. The formulation was optimized
by a two-level factorial design. The spherical shape of the NLCs prolonged DXI release.
Moreover, DXI-NLCs were more stable than the parent drug. DXI-NLCs showed in vitro
cytotoxicity and anticancer potential against breast cancer cells. Therefore, the authors
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suggested that DXI-NLCs might become a promising antiproliferative therapy that is
especially effective against breast cancer.

Platinum (II) complexes are still used to treat almost half of all cancer patients, and they
exhibit anticancer activity by interacting with DNA and inducing programmed cell death.
They undergo several bio-transformations and can form reactive transient species, which
can complex macromolecules such as DNA. Szefler et al. [9] investigated the interactions
of oxaliplatin with vitamin B, as compared to native purines. The authors carried out
quantum-chemical simulations, with the set representing atomic orbitals of the platinum
atom, using the Polarizable Continuum Model in a water environment. Additionally,
time-dependent density functional theory (TD-DFT) was employed to study molecular
properties in the electronically excited state. Interactions of vitamin B and oxaliplatin were
investigated using UV-VIS spectroscopy. The free-energy values indicated spontaneous
reactions with mono-aqua and the preferred di-aqua derivatives of oxaliplatin. The free
energy values obtained for vitamin B indicated a lower affinity of oxaliplatin compared
with the respective values obtained for guanine, adenine, and cytosine. The exception is the
mono-aqua form of vitamin B1 (thiamine) at the MN15/def2-TZVP levels of calculations.
An application of atoms in molecules (AIM) theory revealed non-covalent interactions that
were present in the studied complexes. The data computed by the authors showed a good
agreement with the experimental spectroscopic properties of the complexes.

By interacting with nucleobases of DNA, platinum complexes form mono- and di-aqua
products. These products are further complexed with guanine or adenine, leading to the
death of cancer cells. The structures of vitamin B resemble the structures of nucleobases.
Therefore, Szefler and Czeleń [10] reviewed theoretical and experimental studies of the
interactions of vitamins B with Pt (II) complexes, as compared to guanine. Two levels of
simulations were implemented at the theoretical level as well as the polarizable continuum
model in an aqueous environment. Free-energy values showed spontaneous reactions with
mono- and di-aqua derivatives of cisplatin and oxaliplatin. However, interactions with
di-aqua derivatives are preferred. The strength of these interactions was also compared.
Carboplatin products had the weakest interaction with the studied structures. The authors
demonstrated the presence of non-covalent interactions in the complexes. Contrary to
expectations, vitamin B formed weaker complexes with the products of hydrolysis of
chemotherapeutics compared to nucleobases.

Overexpression of the enzymes that regulate cell division, such as cyclin-dependent
kinases (CDK), is a key factor that contributes to carcinogenesis. Czeleń et al. [11] selected
an indole derivative, isatin, as a freely available starting point for developing inhibitors for
CDKs. Based on computational chemistry, docking, and molecular dynamics, the authors
designed a series of potential inhibitors of the CDK2 enzyme, using isatin and benzoyl
hydrazine as structure templates to synthesize newly selected analogs. The physicochemical
properties of the analogs were well characterized. The authors successfully evaluated some
new analogs as potential inhibitors of the CDK2 enzyme.

Metabolic resistance determines the lifetime and, therefore, the applicability of a com-
pound as a drug substance candidate. For this reason, Żołek et al. [12] performed rigid dock-
ing supported by molecular dynamics simulation using the known structure of the native
CYP3A4 enzyme to predict the metabolic resistance of analogs of 1,25-dihydroxyvitamin
D2 (1,25D2) in vivo. The microsomal cytochrome P450 3A4 (CYP3A4) and mitochondrial
cytochrome P450 24A1 (CYP24A1) hydroxylating enzymes both metabolize vitamin D and
its analogs. The three-dimensional (3D) structure of the full-length native human CYP3A4
was solved, but the respective structure of the main vitamin D hydroxylating CYP24A1
enzyme remains unknown. Modeling using 3D data from human CYP3A4 provided a ratio-
nale for the substantial differences in the metabolic conversion of the side-chain geometric
analogs of 1,25D2. The calculated free enthalpy of the binding of an analog of 1,25D2 to
CYP3A4 agreed with the experimentally observed conversion of the analog by CYP24A1.
This way, the authors proved that the metabolic resistance of an analog of 1,25D2 against
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the main vitamin D hydroxylating enzyme CYP24A1 can be predicted and explained by
the binding strength of the analog to the known 3D structure of the CYP3A4 enzyme.

Invasive breast cancer therapy requires the development and selection of appropriate
measures to mitigate post-operative side effects. Pawlicka et al. [13] evaluated the safety
and potency of genistein (GE) using breast cancer MCF-7 cells and BJ skin fibroblasts. In a
concentration-dependent manner, genistein affected both healthy dermal BJ fibroblasts and
MCF-7 cells. Genistein at lower concentrations of 10 and 20 μM increased the abundance
of dermal fibroblasts. However, genistein at a higher concentration, above 50 μM, was
detrimental to fibroblasts at longer exposure times. Genistein shows high potential regard-
ing the treatment of skin injuries, wounds, and surgical scars in women during and after
breast cancer treatment. Even so, the authors recommended the need to be very cautious in
selecting a concentration of isoflavonoids for use in treatment.

Given that isoflavonoids, such as genistein (GE), are effective antioxidants with an-
titumor activity, Stolarczyk et al. [14] characterized oxidation products from structurally
related thiogenistein (TGE), both in solution and on the 2D surface of the Au electrode as
a self-assembling TGE monolayer, using electrospray ionization mass spectrometry and
Fourier-transform infrared spectroscopy. Density functional theory was used to support
the experimental results for the estimation of the antioxidant activity of TGE, as well as
for the molecular modeling of oxidation products. TGE showed high cytotoxic activity
against human breast cancer cells and neutralized the production of lipopolysaccharide
(LPS)-induced reactive oxygen species (ROS) more efficiently than GE. TGE also exhibited
(2,2′-azino-bis-3-(ethylbenzothiazoline-6-sulphonic acid (ABTS) radical scavenging ability.
TGE redox properties were related to its pharmacological activities. Most importantly, the
authors demonstrated that the cytotoxic activity of TGE against human breast cancer cells
was almost twice as high as that of GE.

Human neutrophil elastase (HNE), a serine protease of the chymotrypsin family, can
hydrolyze extracellular matrix proteins. Therefore, HNE is a major mediator of inflamma-
tion and has become a therapeutic target for small-molecule inhibitors. Donarska et al. [15]
designed and synthesized a series of thiazoles, based on 3,3-diethylazetidine-2,4-dione, as
new HNE inhibitors in the nanomolar range. The molecular docking study revealed a good
correlation between the binding energies, indicating that the inhibition was largely depen-
dent on the ligand alignment in the binding cavity. Most of the active compounds were
stable and had antiproliferative activity against human leukemia, lung carcinoma, breast
adenocarcinoma, and urinary bladder carcinoma cells, with IC50 values in the micromolar
range. Additionally, some of the compounds induced growth arrest at the G2/M phase of
the cell cycle and apoptosis via caspase-3 activation. The authors suggested that these new
compounds might be effective against cancer and other diseases in which immunoreactive
HNE is released.

Non-coding micro-RNAs (miRNAs) play an important role in the response of cancer
cells to drug treatment by regulating the protein expression responsible for cell growth and
proliferation. Gleba et al. [16] investigated the correlation between selected miRNAs and
the proteins that they regulate in response to the active endogenous forms of vitamin D3,
calcitriol, and tacalcitol by using several leukemia and lymphoma cell lines. Five miRNAs
were selected as well as the respective regulated proteins. The authors concluded that
the level of selected miRNAs correlated well with the levels of the proteins. They also
identified some miRNAs that were most likely responsible for the anticancer activity of the
most active forms of vitamin D3 in human leukemias and lymphomas.

4,6,4′-Trimethylangelicin (TMA) is a promising agent for the treatment of cystic fibrosis,
a genetic disorder that is caused by mutations in the gene for transmembrane conductance
regulator (CFTR) protein. However, TMA shows serious disadvantages, such as poor solu-
bility, phototoxicity, and mutagenicity. To overcome these side effects, Vaccarin et al. [17]
designed and synthesized a library of TMA analogs. The authors showed that bulky
aromatic substituents at C-4 of TMA impaired DNA intercalation and prevented the pho-
toreaction of the lactone or furan double bond of the furocoumarin scaffold with the nucleic
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acid. Based on this finding, the authors obtained 4-phenyl- and 6-phenyl- analogs showing
an F508del CFTR rescue ability. Interdisciplinary studies confirmed that the analogs lacked
side effects. Pharmacokinetic studies revealed a favorable profile, especially after the incor-
poration of the analogs into lipid formulations. The authors concluded that the analogs are
good candidates for novel CFTR correctors based on the angelicin scaffold.

The increasing number of orthopaedical surgeries and the need to replace bone tissue
have stimulated interest in developing multifunctional biomaterials to be used in bone
diseases. Hence, Pajor et al. [18] searched for synthetic materials as carriers for delivering
drugs, such as antibiotics, to combat surgical site infections. The authors studied the physic-
ochemical properties and biological activity of different types of porous granules containing
silver or gallium ions. Hydroxyapatite powders were doped with Ga3+ or Ag+. Then, the
powders were used to fabricate ceramic micro granules and alginate/hydroxyapatite com-
posite granules (AgT and GaT). The AgT and GaT granules showed high porosity and a
large specific surface, whereas the micro granules contained very fine and numerous micro-
pores. As expected, the granules released the incorporated ions slowly. All the granules
except AgT were found to be non-cytotoxic. The authors subjected the granules to various
antibacterial tests against key bacterial strains, which revealed that the new material had
high antibacterial potency.

Skin disorders of different etiology, such as dermatitis, atopic dermatitis, eczema,
psoriasis, wounds, burns, and others, are widespread in the population. For this reason,
Melnyk et al. [19] first reviewed data on the plant-derived topical preparations used in
Poland and Ukraine and then indicated future studies based on a recent understanding
of the etiology of skin diseases. In severe cases, skin diseases require the topical applica-
tion of antibiotics, steroids, and calcineurin inhibitors. Milder symptoms are treated with
other medications, dietary supplements, and cosmetic products of plant origin. These skin
care products were applied in various pharmaceutical formulations, including raw infu-
sions, tinctures, creams, and ointments. The mechanisms of the beneficial effects of these
treatments are often unclear. Recent developments in the role of the skin microbiota in main-
taining skin homeostasis have helped researchers to understand the function of topically
applied products of plant origin. As the authors concluded, knowledge of the medications’
interaction with the skin microbial ecosystem network remains to be upgraded.

The existence of multiple crystal forms of an active pharmaceutical ingredient (API) is
a serious challenge to the selection of the most suitable solid for drug development. It is
also important for intellectual property protection. Braga et al. [20] reviewed the scientific,
commercial, and ethical importance of investigating the crystalline forms (polymorphs,
hydrates, and co-crystals) of active pharmaceutical ingredients. The physicochemical
properties, such as solubility, dissolution rate, thermal stability, processability, therapeutic
efficacy, etc., of the solid active pharmaceutical ingredient, usually depend on the crystal
form and influence the efficacy of the drug product. The authors suggest that in addition
to improving the understanding and control of the crystal form of the API, the study of
hydrates and co-crystals may afford the alternative, often improved, innovative properties
of the drug. The author provided examples of handling multiple crystal forms and showed
how to exploit the intentional preparation of new crystalline forms as innovation.

The quality control of drug products and the appropriate physicochemical properties
of drug substances, including chemical stability and the right impurity profile, were of
interest to several contributors. Since the worldwide crisis of contamination of medicinal
products with nitrosamine, effective trace-level analysis of these contaminants is of con-
tinuing importance to the quality control of medicines. Witkowska et al. [21] developed
a novel GC-MS method with electron ionization and microextraction for the simultane-
ous determination of main carcinogenic nitrosamines in a range of representative active
pharmaceutical ingredients. The method demonstrated good linearity and wide limits of
detection. The trace-level GC-MS method was specific, accurate, and precise. Nitrosamines
were not detected in most of the APIs screened. However, in some of them, one nitrosamine
was detected at the limit level of quantitation. Therefore, the authors stated that the novel
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method can be effectively applied for tracing nitrosamines in a range of APIs and can
be used for the routine quality control of APIs to ensure the safety and high quality of
medicinal products.

The chemical stability of drug substances is one of the major challenges in drug
development. In this respect, Żyżyńska-Granica et al. [22] evaluated the stability of two bi-
ologically active peptide drug candidates that combine both opioid and neurotensin phar-
macophores in one hybrid compound. The hybrids are structurally similar and differ only
in an amino acid at position 9 of the peptide chain. Isoleucine in the parent compound
was replaced with its isomer, tert-leucine. The study aimed to assess and compare the
chemical stability of the hybrids. Contrary to the change in biological activity, substi-
tuting tert-leucine with isoleucine did not affect chemical stability. Neither alkaline nor
acidic hydrolysis and oxidative degradation resulted in stability differences between the
hybrids. However, the number of degradation products under acidic conditions increased.
In summary, the authors showed that the introduced modification reduced the compound’s
half-life.

Gurba-Bryśkiewicz et al. [23] carried out a complete Analytical Quality by Design
(AQbD) approach, including screening, optimization, and validation, for the development
of a new method for the quantitative determination of the complete impurity profile
of an innovative pharmaceutical substance with structure-based pre-development. The
authors demonstrated a novel approach to the development of an ultra HPLC method
using the AQbD with the Design of an Experiment (DOE). The method was applied for the
quantitative determination of the impurity profile of a JAK/ROCK inhibitor (CPL409116)
during preclinical drug discovery. The critical method parameters (CMPs), including the
stationary phase of the columns, pH of the aqueous mobile phase, and composition of the
organic mobile phase, were tested extensively. The authors selected the resolution between
the peaks and peak symmetry of analytes as the critical method attributes (CMAs). The
influence of various levels of CMPs on the CMAs was evaluated based on a full fractional
design. The robustness tests were established from the knowledge space of the screening
and completed by fractional factorial design. Method-operable design region (MODR)
was created. Monte-Carlo simulations provided the probability of complying with the
specifications. The authors documented that the optimized method is specific, linear,
precise, and robust.

In the field of innovative agents used for biomedical applications, glutaraldehyde is
one of the most popular synthetic cross-linkers for drug product formulations. However,
the unreacted cross-linker can be released from the drug product and cause unexpected
side effects. To overcome this difficulty, Wegrzynowska-Drzymalska et al. [24] obtained
dialdehyde starch nanocrystals (NDASs) as an alternative to the commonly used cross-
linking agents. Then, NDASs were used for chemical cross-linking of native chitosan
(CS), gelatin (Gel), and a mixture of these two biopolymers (CS-Gel). The thin films of
the materials were characterized by Attenuated Total Reflectance FTIR, Scanning Electron
Microscopy (SEM), and X-ray diffraction (XRD), and toxicity was tested by the Microtox
test. Thermal and mechanical properties were determined by thermal gravimetric analysis
(TGA) and tensile testing. Moreover, all cross-linked biopolymers were characterized by
hydrophilic character, swelling ability, and protein absorption. The authors revealed that
dialdehyde starch nanocrystals form beneficial plant-derived cross-linking agents, leading
to cross-linked biopolymers that are advantageous to biomedical applications.

Membrane permeability is important in the development of therapeutic peptides of
large molecular size. Therefore, Mazzanti et al. [25] computed the permeability coefficient
of a cyclic decapeptide by comparing two physical models. The authors applied the inho-
mogeneous solubility–diffusion model (ISDM) requiring umbrella–sampling simulations.
A chemical kinetics model was also used including multiple unconstrained simulations
(MSM). The authors compared the accuracy of the approaches and concluded that the
MSM method requires much more computer resources than the ISDM method while giving
comparable predictions of the membrane permeability of peptides.
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Papain-like protease (PLpro) is a significant target for anti-COVID-19 drugs. Therefore,
Wu et al. [26] virtually screened a large library of compounds against this protein and
identified several drug candidates. The binding energy of the candidates was estimated as
higher than proposed in previous studies. By analyzing the docking results, the authors
demonstrated that the critical interactions between the candidates and PLpro revealed by
the computations were consistent with the biological experiments. The predicted binding
energies among selected candidates and absorption, distribution, metabolism, and excretion
(ADME) characteristics were consistent with their IC50 values.

The papers within this Special Issue cover a wide range of topics regarding the
development of new drug substances, new drug carriers, and drug products. As conceived,
the topics in the Issue cover the identification of the molecular target of new drugs, docking
supported by molecular dynamics simulation, quantum-chemical simulations, studies of
protein–drug interactions, modeling and optimization of the structure of small molecules
with drug-like activity, determination of the functional profile, pre-formulation studies,
new pharmaceutical formulations, preclinical development to the design, and prediction of
the efficacy of agents in clinical trials. Elucidation of the molecular mechanism of action is
now an integral prerequisite for transforming an active substance into a drug candidate.
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14. Stolarczyk, E.U.; Strzempek, W.; Łaszcz, M.; Leś, A.; Menaszek, E.; Stolarczyk, K. Thiogenistein—Antioxidant Chemistry,
Antitumor Activity, and Structure Elucidation of New Oxidation Products. Int. J. Mol. Sci. 2022, 23, 7816. [CrossRef] [PubMed]
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Abstract: There is a need for agents that eliminate cancer stem cells, which sustain cancer and are
also largely responsible for disease relapse and metastasis. Conventional chemotherapeutics and
radiotherapy are often highly effective against the bulk of cancer cells, which are proliferating, but
spare cancer stem cells. Therapeutics that target cancer stem cells may also provide a bona fide cure
for cancer. There are two rationales for targeting the retinoic acid receptor (RAR)γ. First, RARγ
is expressed selectively within primitive cells. Second, RARγ is a putative oncogene for a number
of human cancers, including cases of acute myeloid leukemia, cholangiocarcinoma, and colorectal,
renal and hepatocellular carcinomas. Prostate cancer cells depend on active RARγ for their survival.
Antagonizing all RARs caused necroptosis of prostate and breast cancer stem cell-like cells, and the
cancer stem cells that gave rise to neurospheres from pediatric patients’ primitive neuroectodermal
tumors and an astrocytoma. As tested for prostate cancer, antagonizing RARγ was sufficient to drive
necroptosis. Achieving cancer-selectively is a longstanding paradigm for developing new treatments.
The normal prostate epithelium was less sensitive to the RARγ antagonist and pan-RAR antagonist
than prostate cancer cells, and fibroblasts and blood mononuclear cells were insensitive. The RARγ
antagonist and pan-RAR antagonist are promising new cancer therapeutics.

Keywords: cancer stem cells; oncogenes; retinoic acid receptors; prostate cancer; necroptosis

1. Introduction

An often-asked question is will there ever be a cure for cancer? Cancer is a group of
diseases and moreover, and for every cancer, variant clones evolve in a Darwinian manner
as the disease progresses, including clones that are resistant to chemotherapeutics [1].
Potentially, chemotherapy provides a selective pressure that leads to the expansion of
drug-resistant variants [2]. These matters lie at the heart of the failure to cure many cancers.
The challenge is to either sustain control of disease for the rest of a patient’s life and/or to
increase the chances of achieving a cure at disease presentation and the onset of treatment.
Regarding both of these options, the cells that sustain a cancer are cancer stem cells (CSCs)
which produce the hierarchy of cells for cancer. Their frequency within cancer varies from
exceedingly rare, as for human acute myeloblastic leukemia (AML) [3], to up to 25%, as
for human melanoma [4]. For many solid cancers, the nature and frequency of CSCs are
still uncertain. CSCs are also largely responsible for disease relapse and metastasis, and the
treatment of metastasized cancers has not advanced significantly and often they are beyond
successful treatment. To increase the chances of providing a bona fide cure for cancer there
is the need to develop a strategy to control and/or eliminate CSCs.

The failure of conventional treatments to eliminate CSCs is well illustrated by studies
of chronic myeloid leukemia (CML). This leukemia arises from the transformation of a
hematopoietic stem cell (HSC) [5], and it has been known since 1999 that CML leukemia
stem cells (LSCs) are insensitive to high doses of chemotherapeutic agents that target the
cell cycle [6]. A subpopulation of primitive CML leukemia cells that were highly quiescent
LSCs was isolated from patients with chronic-phase CML and were insensitive to high
doses of chemotherapeutic agents that are efficacious against the dividing leukemia cells.
Additionally, tyrosine kinase inhibitors, such as imatinib, are used to treat CML and many
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different types of cancer. In vitro, CML LSCs were observed to be insensitive to imatinib,
and, are presumed to be insensitive in vivo [7,8]. The challenge to curing CML is one of
eliminating the LSCs that are spared by current treatments. CML LSCs can also cause
disease relapse even after allogeneic transplantation [9].

There are substantial efforts to develop the means to eradicate CSCs [10,11]. The
approaches include chimeric antigen receptor T cells (CAR T cells), antibodies, and small
molecules that target CSCs. For example, the premise in CAR T cell targeting is that the
molecules recognized are over-expressed on cancer cells and at a low level on normal cells.
As yet, successes from the use of CAR T cells are rare, because surface antigen expression
by cancer cells is highly heterogeneous and the need to identify a proper target for each
patient, including even for patients with the same type of cancer [12]. Heterogeneity of
antigen expression by cancer cells and whether the antigen is expressed by normal cells
are also concerns regarding antibody targeting of CSCs. A general approach to developing
anticancer drugs is to interfere with the intracellular events that regulate the survival of
cancer cells. Moreover, it is important to eliminate CSCs without too much damage to
normal stem cells. This review focuses on targeting RARγ to eliminate CSCs by the use of
an antagonist to switch-off RARγ.

2. Why Target RARγ to Eliminate CSCs?

The three main isotypes of RAR are RARα, RARβ, and RARγ. They form dimers
with members of the retinoid X receptor subfamily which bind to response elements to
act as ligand-regulated transcription factors. The ligand for RARs is all-trans retinoic
acid (ATRA), which is the major bioactive metabolite of retinol or vitamin A. Disruption
of ATRA signaling is thought to play a role in the etiology of many cancers. The list
includes leukemias, breast cancer, glioblastoma, head and neck cancer, liver cancer, lung
cancer, ovarian cancer, neuroblastoma, pancreatic cancer, prostate cancer (PCa), renal
cell cancer, and skin cancer [13]. ATRA is a potent pro-differentiation, anti-proliferation,
pro-apoptosis agent and its therapeutic use has provided a cure for acute promyelocytic
leukemia (APL) [14]. APL accounts for 5–15% of cases of AML and is classified as AML
M3 under the French-American-British (FAB) system. The hallmark signature of APL
is the t(15;17)(q24;q21) translocation that fuses the PML and RARA genes leading to the
expression of the oncogenic PML-RARα protein. There is evidence to support the view that
APL arises in an HSC from the presence of the PML-RARα protein in patients’ LSCs [15].
ATRA targeting of both PML-RARα and wild type RARα results in the dissociation of
transcriptional corepressors, proteolytic degradation of PML-RARα and wild type RARα,
and differentiation and apoptosis of APL cells. The therapeutic use of a combination of
ATRA and arsenic trioxide has led to long-lasting disease remission, and in this regard,
greater demethylation of genes may be important [16]. Unfortunately, the success of ATRA
in providing differentiation therapy for APL has not translated to other cancers.

2.1. The Role of RARγ within Stem Cells

There are three rationales for targeting RARγ to eliminate CSCs. RARγ is selectively
expressed within stem cells and their immediate offspring, it plays a crucial role in the
survival of these cells, and is an oncogene for a number of cancers. The selective expression
of RARγ and its role are well described for HSC development and RARγ and RARα
have discrete physiological roles. Active RARγ promotes HSC survival and self-renewal,
whereas active RARα promotes differentiation, and this balance is critical to the proper
conduct of hematopoiesis. RARγ expression is restricted to primitive hematopoietic cells
and ATRA-activated RARγ supports HSC self-renewal as knockout mice had a reduced
number of HSCs [17]. It is well established that ATRA-activated RARα drives the terminal
maturation of committed granulocyte/monocyte progenitors [18].

Studies of the early development of zebra fish embryos have provided further support
to the fact that RARγ plays a crucial role in stem cells. Zebra fish embryos were treated
in vitro with a RARγ-selective agonist. RARγ activation blocked stem cell development,
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preventing fin, bone and neural ganglia development. Stem cell numbers were unaffected
because wash-out or the use of a RARγ antagonist to reverse the action of the RARγ
agonist restored fin formation. In this case and in the absence of ATRA, RARγ functions to
maintain stem cells [19]. Studies of RARγ knockout embryonic stem (ES) cells have also
revealed the importance of RARγ to stem cells. For ES cells, ATRA-regulated transcripts
are dependent on a functional RARγ and, therefore, RARγ is essential for transcriptional
activation in ES cells. The studies also revealed that RARγ is essential for chromatin
remodeling and DNA epigenetic marks [20]. It is also important to bear in mind that
RAR/retinoid X receptor dimers bind to genomic regions that are characterized by the
binding of pluripotency-associated factors [21].

2.2. RARγ Is an Oncogene for a Number of Cancers

The need is to spare normal stem cells whilst eliminating CSCs. In this regard, RARγ is
an oncogene for a number of cancers. As mentioned above, APL is characterized by RARA-
associated gene rearrangements. There is dysregulation of the RARG gene in APL-like
leukemia. Fusions have been identified between the RARG gene and the genes for PML,
CPSF6 (a subunit of the RNA binding protein cleavage factor 1), NPM1 (nucleophosmin),
and NuP98 (nucleoporin) [22–24]. These patients did not respond to ATRA treatment. For
an APL-like patient that lacked a RARA rearrangement, a reciprocal fusion involving RARG
and HNRPC3 (heterogeneous nuclear ribonucleoprotein C) has been reported. The patient
was treated with ATRA and arsenious acid, arsenious acid was withdrawn because a RARA
rearrangement was lacking, and there was no response to ATRA [25]. The potential impact
of RARγ expression on disease is illustrated by a patient with relapsed AML who died
from rapid disease progression after ATRA treatment. An increase in the level of nuclear
RARγ was observed when primary cells from this patient were treated with ATRA in vitro,
which may explain the rapid disease progression in response to ATRA therapy [26].

From quantitative PCR and Western blotting studies, RARγ mRNA and protein are
frequently overexpressed in human colorectal cancer (CRC) tissue versus the surrounding
non-tumorous colorectal tissue. Similarly, expression of RARγ is increased in the CRC cell
lines HT29, HCT116, RKO and SW480 as compared with the HCoEpiC normal colonic
epithelial cells. For the HT29, HCT116, and RKO cell lines, knockdown of RARγ enhanced
their sensitivity to 5-fluorouracil, oxaliplatin, and vincristine. This was found to be related to
a decreased expression of the multi-drug resistance 1 protein. RARγ is, therefore, a potential
therapeutic target for chemotherapeutic resistance CRC [27]. Similarly, overexpression
of RARγ in the bile duct carcinoma cholangiocarcinoma (CCA) is associated with a poor
prognosis and resistance to 5-fluorouracil. Knockdown of RARγ expression in the three
human CCA cell lines QBC939, SK-ChA-1, and MZ-ChA-1, by siRARγ, resulted in the
suppression of cell proliferation. Colony formation and xenograft tumor growth in nude
mice were reduced in the case of QBC939 cells that were stably transfected [28]. RARγ
appears, therefore, to be important for CCA tumorigenesis. The majority of primary tissue
samples from patients with hepatocellular carcinoma (HCC) overexpress RARγ, as do
HCC cell lines. For the HCC cell line HepG2, colony formation and xenograft engraftment
were promoted by overexpression of RARγ [29]. From the use of qPCR and bioinformatics
analyses, around 50% of tissues from patients with clear cell renal cell carcinoma were
observed to overexpress RARγ [30].

2.3. PCa Cells Are Dependent on Active RARγ for Their Survival

Patients’ PCa cells and normal prostate epithelium express RARα and RARγ. The key
finding that supports the view that RARγ is an oncogene in PCa is that PCa cells depend
on activated RARγ for their survival as follows. Patients’ PCa cells survive and grow in an
abnormally low level of ATRA (Figure 1) because the level in patients’ tissue was observed
to be very close to the limit of detection, at around 1 ng/gram tissue. The level in the
surrounding normal tissue and benign prostate hyperplasia is up to 8 times higher [31]. It
has been reported that RARγ has a constitutive closed helix 12 conformation that interferes
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with corepressor recruitment and that there is a level of target gene activation in the absence
of ATRA [32]. Even so, transactivation studies have shown that 0.24 nM ATRA (equivalent
to 1 ng/gram tissue) transactivates RARγ, whereas RARα transactivation requires a much
higher concentration of 19.3 nM ATRA [33]. The low level of ATRA in patients’ PCa tissue
is important because it is likely that just RARγ is transactivated in PCa cells which are,
therefore, reliant on active RARγ for survival and proliferation.

Figure 1. Patients PCa cells survive and grow in an abnormally low level of ATRA. The low level
of ATRA within PCa tissue is important because 0.24 nM ATRA transactivates RARγ, whereas
RARα transactivation requires a much higher concentration of 19.3 nM ATRA. Patients’ PCa cells are,
therefore, reliant on RARγ transactivation for survival and proliferation. From various studies, active
RARγ is pro-survival whereas active RARα is pro-differentiation.

There are a number of possibilities regarding the abnormally low level of ATRA within
PCa tissue. There is decreased expression of the aldehyde dehydrogenase isoforms that
convert retinol to ATRA within malignant prostate cancer tissue [34] and the PCa cell line
LNCaP [35]. Dietary vitamin A is transported in the bloodstream as hydrophobic retinol
and solely by the retinol-binding protein (RBP). The integral membrane receptor STR6
recognizes RBP-retinol and mediates cellular retinol uptake by triggering the release and
internalization of retinol [36]. Induction of the expression of STR6 by retinol and ATRA has
been shown to be defective with PC3 cells, compared to normal prostate epithelium. This
might reduce the efficiency by which PCa cells can sequester retinol from the environment.
Retinol is also metabolized by PCa cells to retinyl esters for storage by lecithin:retinol
acyltransferase. The activity of this enzyme is required for the uptake of an appropriate
amount of retinol by cells and the level of expression of mRNA was found to be reduced in
PC3 cells [37].

3. Agonists and Antagonists of RARs

Antagonists of RARs were developed in the late 1990s [38], and the synthetic retinoids
developed included antagonists, and agonists, that are highly selective for RAR subtypes. A
pharmacological level of ATRA (10−6 M) is often used to reveal activity against carcinoma
cell lines. Hence, there was interest in whether RAR antagonists are more effective than
ATRA against carcinoma cells. As determined by the [3H]-ATRA displacement method [39],
the equilibrium binding affinities for the new retinoids for their receptor are in the nM
range [40], Table 1. They were used at down to nM levels to test their biological activities.
Carcinoma cell lines had been adapted to grow long-term in a serum-free medium to avoid
any positive or negative effects of the ATRA that is present in serum.
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Table 1. Binding affinities (ED50 in nM) of selected retinoids against RARs. Nuclear extracts were
prepared from baculovirus infected Sf21 insect cells engineered to express either human RARα, -β
or -γ. The equilibrium binding affinities of each retinoid analog were estimated by the [3H]-ATRA
displacement method. ND, not conducted.

Retinoids RARα RARβ RARγ Classification

RAR Agonists—Equilibrium Binding Affinities in nM
ATRA ND ND ND RARαβγ

AGN195183 20.1 >5000 >5000 RARα
AGN190168 >1000 14.2 135 RARβγ
AGN205327 3700 734 32 RARγ

RAR Antagonists—Equilibrium Binding Affinities in nM
AGN194310 4.3 5 2 RARαβγ
AGN196996 3.9 4036 >10,000 RARα
AGN194431 300 6 20 RARβγ
AGN205728 2400 4248 3 RARγ

The pan-RAR and RARγ antagonists are of particular interest regarding the killing of
CSCs and their structures, alongside that of a RARα antagonist which does not kill CSCs,
are shown in Figure 2. Agonists are shown for comparison.

Figure 2. Structures of the RAR agonists and antagonists.

4. Antagonizing RARγ Kills CSCs

PCa was a focus of attention in testing the potential therapeutic use of RAR antagonists.
It is a complex disease whereby in the first instance there is aberrant differentiation and
hyperproliferation of the prostate epithelium. This is followed by malignant transforma-
tion, an alteration of the cellular mechanisms to favor an increased survival of malignant
cells, and the eventual appearance of genetically diverse malignant clones which are
metastatic [41]. At an early stage of the disease, the majority of patients have excessive
androgen production which is also often associated with aberrant androgen receptor (AR)
signaling [42]. These events are the major drivers of disease progression. Patients with
localized disease, a low/intermediate risk of recurrence, and who are diagnosed and treated
at an early stage have a 99% overall survival for 10 years [43]. A major pharmacological
treatment for prostate cancer is androgen ablation, using androgen synthesis inhibitors
and/or AR antagonists [44]. However, and in the majority of cases, an aggressive dis-
ease develops that does not respond to androgen ablation, termed castration refractory
PCa. These patients often respond poorly to chemotherapy and other pharmacological
interventions [45]. There is a need to develop new treatments for PCa.
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The human DU-145, LNCaP, and PC-3 cell lines are widely used in PCa research and
were derived from metastatic disease [46]. AR variants have been identified in the human
PCa cell line LNCaP [47] and the human PCa cell lines DU-145 and PC-3 have an apparently
normal AR gene [48,49]. These three cell lines express AR protein, the levels are lower in
DU-145 and PC-3 than in LNCaP, and increases in the levels of AR protein were observed
in response to dihydrotestosterone [50].

Table 2 shows the potency of pan-RAR and RARγ antagonists against the PCa cell
lines and patients’ cells when grown as flask cultures [51–53]. The pan-RAR antagonists
AGN194310, AGN19309, and AGN193776 were highly effective in inhibiting the growth
of the three PCa cell lines (IC50 values from 3.5 to 6.8 × 10−7 M), AGN194310 was equally
effective against patients’ PCa cells (IC50 value 4.7 × 10−7 M), and normal prostate ep-
ithelium was less sensitive to the AGN194310 antagonist than the PCa lines (IC50 value
1.0 × 10−6 M) [51–53]. The pan-RAR antagonist LG100815 is not structurally related to the
AGN antagonists. It was a little less effective than the AGN antagonists against the PCa
lines, and normal prostate epithelium was less sensitive than the PCa lines. Antagonism of
RARγ, by AGN205728, was sufficient to growth arrest the PCa cell lines (IC50 values from
3.0 to 6.0 × 10−7 M) and primary cells from a PCa patient (IC50 value 3.0 × 10−7 M) [53].
Normal prostate epithelial cells and the non-malignant RWPE-1 cells were less sensitive
to the RARγ antagonist (IC50 values of 7.2 × 10−7 M and 2.3 × 10−6 M, respectively).
The RARα antagonist AGN196996 and RARβ antagonist LE135 [54] did not affect the
growth of the PCa lines. ATRA and the non-hydrolysable pan-RAR agonist TTNPB [55]
inhibited the growth of the three PCa lines at concentrations >10−8 M. The proliferation of
LNCaP cells was markedly increased by exposure to 10−10 to 10−8 M ATRA, TTNPB, and
the RARγ agonist AGN205327. The RARγ agonist inhibited adipogenic differentiation of
PCa cells [53]. From all of the above, RARγ agonism stimulates growth and inhibits the
differentiation of PCa cells, and RARγ antagonism drives growth arrest.

Table 2. Pan-RAR and RARγ antagonists are potent inhibitors of the growth of flask cultures of PCa
cells * mean of the IC50 values obtained for the AGN194310 pan-RAR antagonist when tested against
primary cells from 14 patients.

Cells

AGN194310
pan-RAR

Antagonist
IC50 Values

AGN193109
pan-RAR

Antagonist
IC50 Values

AGN193776
pan-RAR

Antagonist
IC50 Values

LG100815
pan-RAR

Antagonist
IC50 Values

AGN205728
RARγ Antagonist

IC50 Values

PCa cells
DU-145 5. 0 × 10−7 M 1.8 × 10−6 M 6.0 × 10−7 M
LNCaP 4.0 × 10−7 M 4.2 × 10−7 M 3.9 × 10−7 M 5.2 × 10−7 M 4.5 × 10−7 M

PC-3 3.5 × 10−7 M 6.8 × 10−7 M 5.7 × 10−7 M 1.0 × 10−6 M 4.7 × 10−7 M
Patients’ cells 4.7 ± 2.1 × 10−7 M * 3.0 × 10−7 M

Non-malignant prostate cells
Prostate epithelial 1.0 × 10−6 M 1.4 × 10−6 M 1.1 × 10−6 M >1 × 10−5 M 7.2 × 10−7 M

RWPE-1 2.3 × 10−6 M

The cells that give rise to large colonies when PCa cell line cells are dispersed in a
petri dish are CSC-like cells. Table 3 shows the potency of pan-RAR and RARγ antago-
nists against these cells. The pan-RAR antagonist AGN194310 and the RARγ antagonist
AGN205728 were potent inhibitors of colony formation by the DU-145, LNCaP, and PC-3
cell lines [51–53]. The IC50 values obtained for the pan-RAR antagonist AGN194310 and
the RARγ antagonist AGN205728 were between 16 to 34 × 10−9 M and 50 to 60 × 10−9 M,
respectively. The RARα antagonist AGN196996 did not affect colony formation, and the
IC50 values obtained for ATRA were between 3.2 to 4.2 × 10−7 M. The pan-RAR antagonist
AGN194310 was equally effective in preventing colony formation by the breast cancer
cell lines MCF7 and MDA-MB-231 which were derived from metastatic disease. Other
workers have also shown that pharmacological or genetic blockage of RARγ signaling
drives growth arrest, differentiation, and cell death of breast cancer cells [56,57].
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Table 3. Pan-RAR and RARγ antagonists are potent inhibitors of colony formation by PCa cell lines.

PCa Lines

AGN194310
pan-RAR

Antagonist
IC50 Values

AGN205728
RARγ

Antagonist
IC50 Values

AGN196996
RARα

Antagonist
IC50 Values

ATRA
pan-RAR
Agonist

IC50 Values

DU-145 34 × 10−9 M 60 × 10−9 M >1 × 10−5 M 4.0 × 10−7 M
LNCaP 16 × 10−9 M 55 × 10−9 M >1 × 10−5 M 3.2 × 10−7 M
PC-3 18 × 10−9 M 50 × 10−9 M >1 × 10−5 M 4.2 × 10−7 M

For LNCaP cells plated in the absence of ATRA, around 70% of the colonies had a
large and holoclone/merclone morphology, and these colonies contain stem cells [58]. The
remaining colonies had a small and differentiated paraclone morphology. Treatment of
LNCaP cells with 10−10 M ATRA, to activate RARγ, increased the proportion of stem
cell-like colonies to 85%, whereas 10−6 M ATRA increased the proportion of differentiation-
committed and paraclone colonies to 60% [53]. The low level of ATRA seen within PCa
tissue via transactivating RARγ would, therefore, increase the population of clonogenic
and stem cell-like cells or block differentiation of these cells.

Treatment of flask-grown cultures of the PCa cell lines with the pan-RAR antagonist
AGN194310 and the RARγ antagonist AGN205728 led to growth arrest in G1 of the cell
cycle followed by cell death. The cell death was mitochondria depolarization-dependent,
and involved cellular DNA fragmentation, but was caspase-independent [52,53]. This
form of cell death is termed necroptosis and was seen for Jurkat T leukemia cells that were
deprived of retinoids. This led to the activation of the poly(ADP-ribose) polymerase PARP-1
which ribosylates a wide variety of proteins, including those involved in transcription
and cell cycle, to change their function [59]. Caspase-independent cell death has also
been seen for ischemia-reperfusion injury, diabetes, inflammatory-mediated injury, and
neurotoxicity [60]. Cell stress activation of PARP-1 has been associated with mitochondrial
dysfunction with the release of ATP, NAD+ and the caspase-independent nucleases AIF and
endonuclease G. They fragment DNA. Inhibition of PARP-1, by 1,5-dihydroisoquinoline (at
1 × 10−4 M), blocked the actions of RAR antagonists on the PCa cell lines.

5. Antagonizing All RARs Is Effective against Pediatric Brain Tumors

The most common cause of cancer mortality in children are tumors of the peripheral
and central nervous system. Post-treatment, a significant proportion of patients have
life-long and induced neurological, cognitive and endocrine disturbances [61]. Several of
the peripheral and central nervous system tumors share an embryological origin in the
neuroectoderm and have been grouped as primitive neuroectodermal tumors (PNETs).
They include neuroblastoma, Ewing’s sarcoma, retinoblastoma, medulloblastoma, and
supratentorial primitive neuroectodermal tumors (stPNETs) [62]. ATRA has been impli-
cated in the development of the central nervous system [63]. Oral 13-cis retinoic acid is a
key component of the therapy for neuroblastoma as a consolidation treatment [64], and
ATRA has been shown to inhibit the proliferation of human PNET cells [65]. Exploration of
the effectiveness of the pan-RAR antagonist AGN194310 was driven by the use of 13-cis
retinoic acid to treat neuroblastoma requires a high serum level and is severely limited
by toxicity.

When cells from PNET patient biopsies were cultured in a serum-free neural stem
cell medium (Neurocult) supplemented with 20 ng/mL epidermal growth factor they
generated neurospheres which produced differentiated cells that migrated (Figure 3). The
cells that give rise to neurospheres are CSCs. The activity of the pan-RAR antagonist
AGN194310 was examined against two pediatric PNETs and a pediatric astrocytoma.
These cells were plated into wells, treated with AGN194310, and cellular ATP levels were
measured on day 5. AGN194310 was highly effective against the two pediatric PNETS
and the pediatric astrocytoma. Neurospheres and their progeny were completely ablated
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by 10−6 M AGN194310. ATRA and the RARα antagonist AGN195183 were somewhat
ineffective [53].

 
Figure 3. Primary culture of cells from PNET biopsies generates neurospheres with differentiating
cells. The cells that give rise to neurospheres are CSCs. Scale bar = 100 μm.

6. The Effect of Antagonizing RARs on Normal Cells

Selectivity is all important to killing CSCs and sparing normal tissue cells as much
as is possible. As mentioned above, normal prostate epithelium cells were less sensitive
to the pan-RAR antagonist AGN194310 and RARγ antagonist AGN205728 than PCa cell
lines and patients’ cells. The antagonists did not have an effect on human peripheral blood
lymphocytes and primary cultures of human fibroblasts.

An important matter is that we expected the pan-RAR to influence the differentiation
of HSCs and/or hematopoietic progenitor cells (HPCs) because active RARα is required for
the differentiation of neutrophil/monocyte progenitors [18]. We investigated this by using
flask cultures of purified human bone marrow HSCs/HPCs (CD34+). Indeed, treatment of
these cells with the pan-RAR antagonist AGN194310 and the RARα antagonist AGN196996
prolonged the lifespan of cultures, up to 55 days, and there was a substantial increase in
the production of neutrophils and monocytes. This was not related to cell differentiation
slowing down, and instead there was an expansion of the number of HSCs and HPCs [33].
From these findings, the use of the pan-RAR antagonist AGN194310 to drive an increase in
neutrophil production may be of benefit to patients with neutropenia, including those with
chemotherapy-provoked neutropenia.

7. Concluding Remarks

PCa cell line CSC-like cells and primary cultures of cells from PCa patient biopsies
were ablated by treatment with the RARγ antagonist AGN205728 or the pan-RAR antago-
nist AGN194310. Normal prostate epithelium cells were less sensitive to the actions of the
two antagonists, and human peripheral blood lymphocytes and primary human fibroblast
were unaffected. The two compounds were also equally active against breast cancer cell
line CSC-like cells and the pan-RAR antagonist AGN194310 was effective against PNET
CSCs. The use of a metastatic model of epidermal growth factor receptor-mutant lung
cancer has shown that a pan-RAR antagonist dramatically reduces lung cancer metastasis
to the brain [66]. Cancer patients receiving intensive chemotherapy often develop neu-
tropenia. The pan-RAR antagonist AGN194310 as used as an adjunct to chemotherapy may
provide additional therapeutic benefit because it increases the production of neutrophils by
HSCs/HPCs.

Treatment of the PCa cell lines with the RAR antagonists led to necroptosis of CSC-
like cells. Necroptosis is mediated by active PARP-1, and the PARP-1 inhibitor 1,5-
dihydroisoquinoline blocked the actions of RAR antagonists. A significant aspect of the
oncogenic action of active RARγ is that it blocks necroptosis. Necroptosis is viewed as a
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fail-safe cell death pathway for apoptosis-resistant cells [67] and one that defends against
cancer [68]. The ability of the antagonists to drive necroptosis emphasizes an important
avenue to treating cancer.

8. Perspectives

The findings from in vitro studies of PCa and breast cancer cells and in vivo studies
of lung cancer support the further development of the RARγ antagonist AGN205728
and/or the pan-RAR antagonist AGN194310 for use to treat these cancers. The activity of
AGN205728 and AGN194310 may extend to other solid tumor CSCs because RARγ is an
oncogene for CRC, CCA, and HCC. However, there is need to test whether the antagonists
are active against these cancer cells. To move the antagonists forward as drug candidates,
there is the need to undertake preclinical studies using the 3-dimensional models that are
available for PCa, human organoids, and xenograft models of, for example, breast and
CRC cancer. These preclinical studies will reveal whether a projected therapeutic dose
(from in vitro studies) eliminates CSCs, and is safe to use. Safety tests, including Ames
mutagenicity, Chinese hamster ovary chromosomal aberration, and mouse micronucleus,
are important to showing that there is no genotoxicity.

The antagonists are highly selective for RARs. However, we do not as yet know the
precise mode of action of RAR© in CSCs, nor how RARγ antagonism triggers necroptosis.
There are two possible ways. Analysis of F9 embryonal stem cells, by integrative genomics,
has revealed that RARγ regulates a large network of genes within stem cells [69]. RARγ is
also essential for ATRA induced chromatin remodeling and the activation of transcription
in embryonic stem cells [20]. Disruption to these processes may be the cause of RARγ
antagonist driven necroptosis. RARγ antagonism may influence the cellular location of
RARγ and this is important because cytosolic RARγ plays a role in controlling Riptosome
(RIPK1/RIPK2)-mediated DNA damage-induced necroptosis when the cellular inhibitor of
apoptosis is blocked [70,71]. Therefore, a more complete understanding of the precise mode
of action of RAR© within CSCs and how RAR antagonism triggers necroptosis is needed.
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Abstract: Bexarotene is an FDA-approved drug for the treatment of cutaneous T-cell lymphoma
(CTCL); however, its use provokes or disrupts other retinoid-X-receptor (RXR)-dependent nuclear
receptor pathways and thereby incites side effects including hypothyroidism and raised triglycerides.
Two novel bexarotene analogs, as well as three unique CD3254 analogs and thirteen novel NEt-TMN
analogs, were synthesized and characterized for their ability to induce RXR agonism in comparison
to bexarotene (1). Several analogs in all three groups possessed an isochroman ring substitution
for the bexarotene aliphatic group. Analogs were modeled for RXR binding affinity, and EC50 as
well as IC50 values were established for all analogs in a KMT2A-MLLT3 leukemia cell line. All
analogs were assessed for liver-X-receptor (LXR) activity in an LXRE system to gauge the potential
for the compounds to provoke raised triglycerides by increasing LXR activity, as well as to drive
LXRE-mediated transcription of brain ApoE expression as a marker for potential therapeutic use in
neurodegenerative disorders. Preliminary results suggest these compounds display a broad spectrum
of off-target activities. However, many of the novel compounds were observed to be more potent than
1. While some RXR agonists cross-signal the retinoic acid receptor (RAR), many of the rexinoids in this
work displayed reduced RAR activity. The isochroman group did not appear to substantially reduce
RXR activity on its own. The results of this study reveal that modifying potent, selective rexinoids like
bexarotene, CD3254, and NEt-TMN can provide rexinoids with increased RXR selectivity, decreased
potential for cross-signaling, and improved anti-proliferative characteristics in leukemia models
compared to 1.

Keywords: retinoid-x-receptor; retinoid; rexinoid; leukemia; small molecule therapeutic; structure-
activity-relationship

1. Introduction

Nuclear receptors (NRs) are ligand-dependent transcription factors that bind DNA
sequence-specific motifs in enhancers and promoters to transactivate their target genes [1].
The retinoid X receptors (RXRs) are ligand-activated NRs that have pleiotropic effects
including the control of hematopoietic stem cell self-renewal and differentiation. There
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are three different isoforms of each receptor (α, β, and γ) that are differently expressed
in mouse and human tissues [2,3]. The RXRs, often working in concert with other NRs
regulate gene transcription through receptor-specific molecular signals. The RXRs are
remarkably versatile compared to other NRs, since they partner with many of the NRs
to form heterodimers that modulate cell differentiation, migration, proliferation, and
metabolic pathways. Several critical NR pathways that are RXR-dependent include those
regulated by the retinoic acid receptor (RAR), the vitamin D receptor (VDR), the peroxisome
proliferator-activated receptor (PPAR), the thyroid hormone receptor (TR), the farnesoid
X receptor (FXR), and the liver-X-receptor (LXR), to cite just a few. All NRs function as
transcriptional modulators, most often promoting transcription as a result of the presence
of corresponding receptor ligand in addition to any obligate receptor partner. The receptor
ligands are often endogenous molecules that bind to a ligand-binding domain (LBD)
in the receptor. This subsequently forces the receptor into a new conformation more
conducive towards dimerizing with another receptor, recruiting associated co-factors,
and finally binding to a high affinity hormone responsive element (HRE) specific to the
genes the receptor controls in the DNA. While several HREs have been located proximal
to or inside the promoter region of the regulated genes, HREs are increasingly being
observed a considerable distance down- or upstream from the regulated genes. The HREs
display a shared sequence specificity that includes two repeat hexads enclosing a specific
quantity of spacers that separate those inverted, everted, or direct repeats [4]. RAR, TR,
and VDR’s HREs comprise half-sites enclosing, respectively, five, four, and three nucleotide
spacers [5,6].

Before RXR was well known, TR, RAR, and VDR were believed to assemble into
homodimers [7] in order to bind their respective HREs, though heterodimerizing with RXR
was later discovered to be the prerequisite for them to bind and activate their HREs [8].
The naturally occurring 9-cis-retinoic acid (9-cis-RA)—a geometric isomer of the all-trans-
retinoic acid (ATRA)—was identified as an RXR-specific agonist (a rexinoid) by Zhang and
coworkers, who documented that its binding to RXR’s LBD triggers RXR homodimeriza-
tion and the subsequent association of the homodimer to the RXR responsive elements
(RXREs) [9]. In other NR heterodimers where RXR is involved, the LBD of RXR may not
necessarily need to possess a rexinoid. For instance, the VDR-RXR heterodimer functions
absent a ligand or rexinoid binding to RXR [10]. Conversely, there are examples of RXR
heterodimers where a rexinoid bound to RXR enhances that heterodimer’s activity, such as
for the LXR-RXR heterodimer [11]. This remarkable versatility—where RXR can partner
with many other NRs with and without rexinoids—has led to RXR’s classification as the
indispensable, master receptor [12].

A great number of studies reported in the literature concerning RXR partnering with
other NRs and comprising many rexinoids have been distilled to yield two primary classifi-
cations for RXR heterodimers—permissive and nonpermissive. For purely nonpermissive
heterodimers of RXR, only the other NR’s agonist can activate the heterodimer, whereas
permissive RXR heterodimers can be activated by either a rexinoid or the partnering NR’s
agonists [13]. The RAR-RXR, TR-RXR, and VDR-RXR heterodimers are generally nonper-
missive. In the majority, but not every instance, the partnering RXR receptor is “silent”
in the TR and VDR heterodimers. The RAR-RXR heterodimer, meanwhile, displays in-
creased activity in the presence of certain rexinoids as well as agonists specific for RAR.
The presence of certain rexinoids have been shown to activate RAR-RXR despite the ab-
sence of agonists specific for RAR [14]. Thus, the classical idea of purely nonpermissive
RXR heterodimers has evolved towards a spectrum of conditions for permissibility, such
that some RXR heterodimers, such as RAR-RXR, could be more accurately described as
conditionally nonpermissive. The LXR-RXRs, FXR-RXRs, and the PPAR-RXRs, however,
are fully permissive.

Potent rexinoids can disrupt the proper functioning of both types of RXR heterodimers,
giving rise to pleiotropy by stimulating activity in the permissive RXR heterodimers or by
removing RXR from participation in the nonpermissive heterodimers. The tendency to exert
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pleotropic effects has blocked clinical development of many rexinoids for various therapeu-
tic applications. Rexinoids like 9-cis-RA, for example, arrest activity for VDR-RXR [15–17]
and TR-RXR [18]. Similarly, the 1,25-dihydroxyvitamin D3 (1,25D) and T3 promote forma-
tion of VDR-RXR and TR-RXR, respectively, and thus deplete RXR availability for other
RXR-dependent pathways. This effect has been termed cross-receptor squelching and is
manifested in the loss of TR function via (1,25D)-VDR-RXR-modulated inhibition [18,19],
or similarly, in the loss of VDR activity paralleling T3-TR-RXR-activation [20,21]. How-
ever, more than just RXR depletion may account for this crosstalk inhibition. Accordingly,
the potency and selectivity are the primary characteristics that must be considered in
the development of novel rexinoids to minimize side effects and maximize therapeutic
potential. Hence, the approach of slightly modifying the structural features of a parent rexi-
noid’s structure could impact both characteristics and generate rexinoids with less severe
pleiotropy and greater specificity, resulting in specific NR modulators (SNuRMs) [22].

A number of rexinoid SNuRMs can be found in advanced stages of pre-clinical or
clinical investigation as therapeutics, especially as preventative or treatment regimens
for various cancers where selective RXR versus RAR activation exerts therapeutic effects
and avoids RAR toxicities [23] in treating many human cancers. After multiple stud-
ies [24,25] that used 9-cis-RA as a starting point to model and design new compounds for
RXR-selectivity, 4-[1-(3,5,5,8,8,-pentamethyltetralin-2-yl)ethynyl]benzoic acid (1) [26] was
identified as a lead compound in terms of its stability and RXR-selectivity, though there
were many additional candidates with equally promising profiles. After Ligand Pharma-
ceuticals Inc. earned FDA approval for 1 as a treatment for cutaneous T-cell lymphoma, the
tradename of “bexarotene”—the more common name by which 1 is known—was assigned.
Many studies making very minor modifications of the structure of bexarotene have identi-
fied structurally similar analogs of 1 that display similar profiles of activity in RXR-binding
and activity—disilabexarotene (2) [27] is a representative example.

Even though bexarotene (1) is an approved treatment for CTCL, there are an increasing
number of studies in other human cancers and cancer models such as lung [28], breast [29],
and colon cancer [30]. In fact, bexarotene is prescribed in certain cases of non-small cell lung
cancer off-label, since a proof-of-concept (POC) clinical trial showed benefits of 1 as a treat-
ment [31,32]. Increasingly, studies are linking suppression of cell-proliferation and apop-
tosis synergy for combination-chemotherapeutic approaches that target RXR-controlled
pathways. There are numerous studies in the literature for bexarotene (1) and analogous
synthetic rexinoids exhibiting therapeutic effects for non-insulin-dependent diabetes melli-
tus murine models likely tied to metabolic impacts from RXR:PPAR activity [33]. While the
selective activation of RXR by bexarotene avoids toxicities associated with RAR activity,
humans dosed with 1 often suffer hyperlipidemia and hypothyroidism [34], and sometimes
cutaneous toxicity, as the most significant side effects. These side effects arise because, much
like 9-cis-RA, bexarotene (1) disrupts nonpermissive heterodimers—such as TR-RXR to in-
cite hypothyroidism [35]—and concurrently stimulates permissive heterodimers—such as
LXR-RXR to provoke hyperlipidemia [36,37] or cutaneous toxicity [38] via activating RAR
at raised dose concentrations. It is difficult to dissociate the potential of a potent synthetic
rexinoid to provoke increased activity in RXR’s permissive heterodimers from its selectivity
for RXR alone, though many research groups are exploring this area. Developing potent
rexinoids that mitigate permissive RXR heterodimer activity is a timely objective since 1

has exhibited potential to stem neurodegenerative progression in models of Alzheimer’s
disease [39] (AD) as well as Parkinson’s disease (PD) [40]. A limited POC clinical trial
for moderate AD patients treated with 1 or placebo revealed that non-apoE4 genotypes
treated with 1 showed a reduction of soluble amyloid beta from cerebrospinal fluid that
was statistically significant [41].

Many groups in this field have successfully used modeling and the structures of
potent rexinoids in the literature as the basis to develop new rexinoids that display unique
profiles. One well-known rexinoid that is in phase II clinical trials for prostate cancer [42]
and pre-clinical trials for PD, AD, and multiple sclerosis is IRX-4204 (3) [43], a chiral rexi-
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noid shown to be more selective and potent for RXR than its enantiomer. The 9cUAB30
(4) [44] is another rexinoid in clinical trials for breast cancer [45–47], and studies of its
methylated analogs [48,49] have helped elucidate the reasons that 4 does not provoke
hyperlipidemia via LXR-RXR agonism. Boehm’s group reported unbranched trienes ter-
minating in carboxylic acids [50], along with analogs incorporating one [51] or fused aryl
ring-systems [52]—in the case of the latter, compound 5 [52] is an example. When our group
first entered the field, we reported a fluorinated bexarotene analog (6) [53] followed by other
halogenated, and even a difluorinated bexarotene analog (7) [54]. The pyridine bexarotene
analog (8) [55] and the pyrimidine bexarotene analog (9) [56], as well as LGD100268 (10) [55]
and the LGD100268 pyrimidine analog (11) [56] all showed enhanced RXR activity com-
pared to 1 and superior therapeutic effects in mouse models of cancer [28,57]. Installing
an unsaturation in bexarotene’s aliphatic ring results in compound 12 [58,59], and the
unsaturated-fluorinated bexarotene (13) [56] also activates LXR [60]. CD3254 (14) [61] and
CD2915 (15) [62] are two synthetic rexinoids with activity comparable to 1. Our group
utilized 14 and 15 to design analogous rexinoids 16–19 [56]. Kakuta and colleagues re-
ported compound 20 (NEt-TMN) [63–66] as well as its analogous compounds 21 [67–69]
and 22 [67,68]—all of which showed high potency and selectivity for RXR alongside many
other NEt-TMN derivatives that our group reported [70]. Even replacing the ethyl group
with a methyl group on the linking nitrogen atom of NEt-TMN leads to potent rexinoids
such as 23 [71], 24 [71], and 25 [71] (Figure 1).

Figure 1. Structures of 9-cis Retinoic Acid, ATRA, Bexarotene (1), and Rexinoids 2–25.

The current study uses many of the above compounds cited above as starting points
to investigate how introducing new modifications result in changes to the compounds’
activities. For example, we were interested in substituting an isochroman group for the
aliphatic ring system in bexarotene and some of the CD3254 analogs that have been reported,
as well as a multiple fused aryl-ring system, and hence we targeted the synthesis of
rexinoids 26–30. We were also interested in exploring a pyridine aromatic ring substitution
from reported analogs 23–25, so we targeted the synthesis of 31. Due to the potency of
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NEt-TMN (20) and its analogs, we were curious about the impacts that substituting an
allyl group, varying aromatic rings, and adding a methyl group would have on RXR
activity for the new rexinoids, so we targeted the synthesis of 32–35. Finally, we were
interested in substituting the isochroman group for the aliphatic ring system of NEt-TMN
and then varying the N-alkyl chains—including methy, ethyl and allyl—along with different
aromatic acid ring systems, and so we targeted 36–44 for synthesis (Figure 2). Interestingly,
compound 34 [67] was previously made and disclosed by Kagechika and co-workers, so
we were eager to synthesize several possible analogs of it (32, 33, 35, 40, 41, and 44) and
compare their activities.

 
Figure 2. Structures of Reported Rexinoids 3–27.

While the isochroman group places a fairly polar, hydrogen-bonding oxygen atom in
the nonpolar aliphatic ring system for the known parent rexinoids, we hypothesized that
it would not disrupt the largely non-polar binding interaction in the RXR LBD. Further,
we hypothesized that the isochroman group would make the rexinoids possessing it more
resistant to metabolic oxidation. If the isochroman rexinoids were as potent and selective as
their non-isochroman counterparts, we also hypothesized that they would possess similar
in vitro activities as their parent compounds. Importantly, we wanted to assess these
specific hypotheses about the incorporation of an isochroman group across multiple parent
compound structures that include bexarotene (1), CD3254 (14), and various NEt-TMN (20)
analogs coupled with other potential modifications to assess similarities or differences in
the activities of the resulting analogs and their predecessors. Hence, we proceeded with
the synthesis and testing of these compounds.

2. Results: Molecular Modeling

The binding affinity, predicted using AutoDock Vina [72], of human-RXR for each
ligand is output as an energy unit (in kcal/mol, Table 1). These predicted ligand-bound
RXR complexes were then visually inspected using PyMol (version 2.3, Shrodinger, LLC)
(Figure 3). To further analyze and illustrate the interactions between RXR protein residue
sidechains with the ligands, PoseView (BioSolvIT [73,74]) was used to generate the detailed
two-dimensional depictions (Figure 3B,C). In these two-dimensional depictions, hydro-
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gen bonds are presented as dashed lines between interaction partners, and hydrophobic
interactions are depicted as smooth contour lines.

Table 1. Tabe of Auto-Dock Vina Binding Energies, EC50 (nM) values, 96h IC50 (nM) + 100 nM ATRA
values, LXRE Activities (% of Bex), LHS Score (vs. Bex), and RARE Activity (%ATRA at 10 nM).

Compound
Auto-Dock
Vina Scores
(kcal/mol)

EC50

(nM) +/−
(SD)

96 h IC50 (nM)
+ 100 nM

ATRA +/− SD

LXRE
Activity

(% of Bex)

LHS
Score

(vs. Bex)

RARE Activity
(%ATRA at

10 nM)

1

–12.7 17.8 (1.0) 7.8 (1.1) 100 1 37.16

23

–11.5 8.6 (0.2) 3.7 (1.1) 99.5 0.59 24.33

24

–10.9 6.2 (0.1) 3.9 (1.1) 105.98 0.95 32.04

25

–10.6 17.8 (0.2) 12.9 (1.2) 80.98 0.7 14.32

26

–12.4 51.0 (0.1) 60.0 (1.2) 213.84 2.81 10.1

27

–9.3 65.3 (0.1) 27.6 (1.2) 253.64 1.76 19.45

28

–11.7 59.2 (0.1) 38.4 (1.3) 208.05 1.06 15.85

29

–11.5 3.9 (0.5) 3.7 (1.2) 221.39 1.29 54.64

30

–11.9 >1000 >1000 161.38 4.03 7.05

31

–11.5 5.4 (0.1) 2.1 (1.1) 114.37 1.04 48.61
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Table 1. Cont.

Compound
Auto-Dock
Vina Scores
(kcal/mol)

EC50

(nM) +/−
(SD)

96 h IC50 (nM)
+ 100 nM

ATRA +/− SD

LXRE
Activity

(% of Bex)

LHS
Score

(vs. Bex)

RARE Activity
(%ATRA at

10 nM)

32

–11.4 1.8 (1.1) 2.0 (1.6) 92.2 0.61 61.79

33

–11.0 5.3 (0.2) 1.3 (1.1) 103.99 0.72 39.94

34

–11.6 11.5 (0.2) 4.1 (1.2) 77.44 0.53 18.74

35

–10.6 0.54 (0.11) 4.68 (1.91) 94.07 0.79 28.76

36

–11.0 75.0 (0.1) 42.3 (1.2) 51.57 0.69 6.25

37

–10.8 404.9 (0.1) >1000 62.72 1.36 4.02

38

–11.0 23.7 (0.2) 11.6 (1.1) 79.69 0.69 12.59

39

–10.7 151.6 (0.1) >1000 61.52 0.92 4.96

40

–11.1 10.7 (0.2) 16.6 (1.2) 73.76 0.63 11.13

41

–10.7 143.4 (0.3) 105 (1.6) 75.66 0.71 5.16

42

–11.4 87.7 (0.1) 136.7 (1.6) 61.86 0.56 7.99
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Table 1. Cont.

Compound
Auto-Dock
Vina Scores
(kcal/mol)

EC50

(nM) +/−
(SD)

96 h IC50 (nM)
+ 100 nM

ATRA +/− SD

LXRE
Activity

(% of Bex)

LHS
Score

(vs. Bex)

RARE Activity
(%ATRA at

10 nM)

43

–11.5 23.1 (0.1) 14.8 (1.2) 71.09 0.55 9.6

44

–10.7 116.5 (0.1) ~1000 68.04 0.68 11.13

Figure 3. AutoDock Vina simulation of bexarotene bound to human RXR protein. (A) Cartoon
representation of the human RXR alpha ligand binding domain (PDB:1FBY, blue) and the docked
compound bexarotene (orange). N- and C-termini are labeled. (B,C) Two-dimensional depiction of
the interactions between protein residue sidechains with bexarotene (B) and compound 26 (C) using
PoseView (BioSolvIT [73,74]). In both (B) and (C), hydrogen bonds are presented as dashed lines
between interaction partners, and hydrophobic interactions are depicted as smooth contour lines.

The AutoDock Vina docking results showed that the standard compound bexarotene
(1), with a score of −12.7 kcal/mol, was the most potent among all compounds. Com-
pound 26 has a comparable score of −12.4 kcal/mol. Additionally, similar interactions
with RXR residue sidechains were observed between 1 and 26 such as direct interactions
between Phe313 and the aromatic cores of either ligand, as well as hydrophobic residues
Ile268, Ile345, and Ala272 bearing common interactions (Figure 3B,C). Several other com-
pounds have similar but slightly lower scores of −11.9 kcal/mol (30), −11.7 kcal/mol (28),
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−11.6 kcal/mol (34), and −11.5 kcal/mol (23, 29, 31, 32, 42, 43, and 44) (Table 1). Therefore,
we can conclude that RXR compounds with a docking score within 10% that of bexarotene
could potentially possess comparable, or better, EC50 and IC50 profiles for further study.

3. Results: Chemistry

The synthesis of compound 26 begins with the bromination of commercially avail-
able 1,1,4,4,7-pentamethylisochroman (45) with bromine in dichloromethane and alu-
minum chloride catalyst to give 6-bromo-1,1,4,4,7-pentamethylisochroman (46) in 96%
yield (Scheme 1) [75].

Scheme 1. Synthesis of bromo-isochroman 46.

Compound 46 was lithiated by treatment with n-butyllithium, and the resulting aryl
lithium reagent (47) was transferred to a solution of the reported amide 48 [59] in THF
to provide ketone (49) in 56% purified yield whose nitrile group is then hydrolyzed to a
carboxylic acid (50) in quantitative yield. Compound 50, when treated with more than two
equivalents of methylmagnesium chloride is converted to alcohol 51 that is then dehydrated
to compound 26 in 58.3% over two steps (Scheme 2).

Scheme 2. Conversion of 46 to lithium-isochroman 47, its reaction with amide-nitrile 48 to give
ketone-nitrile 49 that was subsequently hydrolyzed to ketone-acid 50 which was converted to alcohol-
acid 51 that was finally dehydrated to isochroman acid 26.

Acid 26 formed single, transparent crystals, so an X-ray diffraction study was con-
ducted to confirm the structure of 26 (Figure 4).

Figure 4. X-ray crystal structure of a 0.114 × 0.141 × 0.380 mm3 crystal of 26. Thermal ellipsoids are
shown at 50% probability level.
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To synthesize compound 27, compound 46 was treated with n-butyllithium and then
triisopropylborate to give 52 in 73% yield (Scheme 3).

Scheme 3. Synthesis of boronic acid 52.

The known ethyl ester 53 [56] was combined with boronic acid 53 along with Pd(II)
diacetate, TBAB, and sodium carbonate in water and heated to boiling for 5 min to give 54

in 64% yield, and ethyl ester 54 was saponified with KOH in methanol to give 27 in 81.8%
yield after acidification with 1N HCl, filtration, and purification by column chromatography
(Scheme 4).

Scheme 4. Synthesis of biphenyl 54 and its saponification to give acid 27.

A similar procedure was used to make compounds 28, 29, and 30. For compound 28,
the known ethyl ester 55 [56] was combined with boronic acid 52 along with Pd(II) diacetate,
TBAB, and sodium carbonate in water and heated to boiling for 5 min to give 56 in 67%
yield, and ethyl ester 56 was saponified with KOH in methanol to give 28 in 71.9% yield
after acidification with 1N HCl, filtration, and purification by column chromatography
(Scheme 5).

Scheme 5. Synthesis of biphenyl 56 and its saponification to give acid 28.

For compound 5, the known ethyl ester 57 [56] was combined with boronic acid 52

along with Pd(II) diacetate, TBAB, and sodium carbonate in water and heated to boiling for
5 min to give 58 in 41.7% yield, and ethyl ester 58 was saponified with KOH in methanol to
give 29 in 75% yield after acidification with 1N HCl, filtration, and purification by column
chromatography (Scheme 6).

For compound 30, the commercially available methyl ester 59 was combined with
boronic acid 52 along with Pd(II) diacetate, TBAB, and sodium carbonate in water and
heated to boiling for 5 min to give 60 in 48% yield, and methyl ester 60 was saponified with
KOH in methanol to give 30 in 83% yield after acidification with 1N HCl, filtration, and
purification by column chromatography (Scheme 7).
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Scheme 6. Synthesis of biphenyl 58 and its saponification to give acid 29.

Scheme 7. Synthesis of methyl ester 60 and its saponification to give acid 30.

The synthesis of known compounds 23, 24, 25, and novel compound 31 begins with
the conversion of known compounds 61–64 [70] to compounds 65–68 by treatment with
sodium hydride followed by methyl iodide in DMF with stirring at room temperature in
good yields. The methyl esters 65–68 were saponified by treatment with KOH in methanol
followed by acidification and purification to give compounds 23–25 and 31, respectively, in
moderate to good yields (Scheme 8).

Scheme 8. Synthesis of methyl esters 65–68 and their saponification to give acids 23–25 and 31.

The synthesis of compounds 32–35 begins with the conversion of known compounds [70]
64, 62, 61, and 63 to compounds 69–72 by treatment with sodium hydride followed by
allyl bromide in DMF with stirring at room temperature in good yields. The methyl esters
69–72 were saponified by treatment with KOH in methanol followed by acidification and
purification to give compounds 32–35 in moderate to good yields (Scheme 9).

Scheme 9. Synthesis of methyl esters 69–72 and their saponification to give acids 32–35.

The synthesis of compounds 36–41 begins with the palladium-catalyzed reaction of the
known aryl bromide 46 with methyl 6-aminonicotinate (73) or methyl 2-aminopyrimidine-
5-carboxylate (74) to give diaryl amines 75 or 76 in moderate yields of 55% and 40%,
respectively. The diaryl amines 75 and 76 were treated with sodium hydride followed by
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methyl iodide, ethyl iodide, or allyl bromide to give methyl esters 77–82 in moderate to
good yields which were then saponified by treatment with KOH in methanol followed
by acidification and purification to give compounds 36–41 in moderate to good yields
(Scheme 10).

Scheme 10. Synthesis of diaryl amines 75–76, their alkylation to give methyl esters 77–82 and their
saponification to give acids 36–41.

Acid 41 formed single, transparent crystals from d6-DMSO, so an X-ray diffraction
study was undertaken to confirm the structure for 41 (Figure 5).

Figure 5. X-ray crystal structure of a 0.184 × 0.217 × 0.371 mm3 crystal of compound 41 as a
monohydrate. Thermal ellipsoids are shown at 50% probability level.

Finally, the synthesis of novel rexinoids 42–44 begins with the nitration of isochroman
(45) to give 83 in 98% yield, followed by the hydrogenation of 83 to give aryl amine 84

in quantitative yield. Aryl amine 84 is then combined with 4-iodomethylbenzoate (85) in
a palladium-catalyzed reaction to give 86 in 24% yield. Diaryl amine 86 is then treated
with sodium hydride followed by methyl iodide, ethyl iodide, or allyl bromide to give
methyl esters 87–89 in moderate to good yields and the methyl esters are saponified with
potassium hydroxide in methanol followed by acid work-up to give rexinoids 42–44 in
good yields after purification (Scheme 11).
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Scheme 11. Synthesis of nitro-isochroman 83, its reduction to aniline 84 and subsequent coupling with
85 to provide 86 and its subsequent alkylation to give methyl esters 87–89 and their saponification to
yield acids 42–44.

4. Results and Discussion: Biological Assays

Bexarotene (1) and the isochroman and other analogs of bexarotene, CD3254, and
NEt-TMN 26–44 were tested in a KMT2A-MLLT3 cell line to determine RXRα activation
EC50 values by both a Luc– and GFP-assay, and then IC50 values for a 96 h cell viability
assay were determined both in the presence and absence of 100 nM ATRA and the resulting
data is tabulated in Table 1. Compounds 1 and 26–44 were examined for cytotoxicity and
mutagenicity in Saccharomyces cerevisiae [76]. None of the compounds were mutagenic
or cytotoxic.

We also evaluated the analogs for their capacity to bind and activate the liver-X-receptor
(LXR) using a liver-X-receptor responsive element (LXRE)-based assay, and assessed the
effects in the presence vs. absence of an authentic LXR compound (TO901317), as well
as with bexarotene alone. LXR is known to regulate inflammatory responses and lipid
metabolism in multiple tissues, including the central nervous system, and there is sufficient
evidence that strong cholesterol and lipid metabolism in the brain, along with enhanced
ApoE expression, is paramount to reducing the risk of human dementias. The “activity
assessment” of our novel RXR agonists for their ability to enhance gene expression using
a DNA responsive element sequence (LXRE) that is found to occur in the natural human
promoter of LXR-RXR controlled genes (such as ApoE) was carried out in U87 glial cells
with bexarotene (1) as a comparative control. Using the above assay system, the activation
from this natural LXRE was probed with either 100 nM RXR analogs (or bexarotene) alone
or in combination with 100 nM of both the RXR agonist and an LXR ligand T0901317 (TO).
The employment of both LXR and RXR agonists collectively was anticipated to demonstrate
a more vigorous response in LXRE transactivation due to cumulative and/or synergistic
effects of dual ligand activation of the RXR-LXR heterodimer. The results demonstrated that
in comparison to the parent bexarotene (1) compound alone, separate dosing of the cells
with analogs 26, 27, 28, 29, and 30 displayed more LXR/LXRE activity (Figure 6A, p < 0.05).

Specifically, the analogs displayed activities ranging from 52% to 254% of the bexarotene
control (set to 100%; Table 1). Furthermore, when the LXR synthetic ligand (TO) was used
in combination with bexarotene (1) or analogs, similar results were observed (Figure 6A,
Figure 7A, and Figure 8A, stippled bars). Although some of the analogs exhibit lower LXR
activation when compared to bexarotene (1), it is imperative to evaluate this activity in the
background of the RXR-RXR homodimer activity of each analog, and to thus “normalize”
the LXR/LXRE heterodimer activation results. The LXRE Heterodimer Specificity (LHS)
score (Figure 6B, Figure 7B, and Figure 8B) is thus calculated based on both the RXR homod-
imer activity, as well as the LXR heterodimer activation. The results of this LHS analysis
(Table 1) reveal that many of our novel compounds (e.g., 26, 27, 29, 30, 31, and 37, p < 0.05)
display enhanced LXR/LXRE activity via increased heterodimer specificity compared to
the parent bexarotene (1).
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Finally, even though compound 1 is selective for binding to RXR, it does include some
“residual” RAR activity. We assessed the potential of our analogs to induce transcription
via the retinoic acid response element (RARE) and retinoic acid receptor. For these studies,
we employed human embryonic cells (HEK293) that were transfected with human RARα
and dosed with 10 nM of either all-trans retinoic acid (ATRA), the endogenous ligand
for RARα, compound 1, or our panel of analogs. The results of the assay revealed that
compound 1 displayed an average of 37% of the activity of the ATRA control (set to 100%,
Table 1). Analog 32 exhibited the greatest RARE activation at 62% of ATRA, while analog
37 showed the lowest RARE activity at 4%, which is indistinguishable from the ethanol
control (Table 1). Importantly, most of our novel analogs (14 out of 18) possess attenuated
“cross-over” onto RAR-RARE signaling compared to bexarotene (1).

Figure 6. RXR agonist potentiation of LXRE-regulated transactivation with or without the T0901317

LXR agonist. (A) U87 glial cells were transfected with an expression vector for human LXRα,
an LXRE-luciferase reporter gene with three tandem copies of the LXRE from the human ApoE
gene, and a Renilla control plasmid. Cells were transfected for 24 h utilizing a liposome-mediated
transfection protocol and then treated with ethanol vehicle, or 100 nM of the indicated compound
alone or in combination with 100 nM TO901317 (TO). LXRE-directed activity was compared to
compound 1 (Bexarotene), set to 100%. (B) The “Heterodimer Specificity Score” was determined by
the LXRE:RXRE ratio with compound 1 set to 1.0. All error bars represent standard deviations; the
data are representative of at least three independent experiments with six replicates in each treatment
group. * p < 0.05 versus control compound 1.

Figure 7. RXR agonist potentiation of LXRE-regulated transactivation with or without the

T0901317 LXR agonist. (A) U87 glial cells were transfected with an expression vector for human
LXRα, an LXRE-luciferase reporter gene with three tandem copies of the LXRE from the human ApoE
gene, and a Renilla control plasmid. Cells were transfected for 24 h utilizing a liposome-mediated
transfection protocol and then treated with ethanol vehicle, or 100 nM of the indicated compound
alone or in combination with 100 nM TO901317 (TO). LXRE-directed activity was compared to
compound 1 (Bexarotene), set to 100%. (B) The “Heterodimer Specificity Score” was determined by
the LXRE:RXRE ratio with compound 1 set to 1.0. All error bars represent standard deviations; the
data are representative of at least three independent experiments with six replicates in each treatment
group. * p < 0.05 versus control compound 1.
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Figure 8. Evaluation of RXR agonists to potentiate LXRE-mediated transactivation in the absence

and presence of LXR ligand T0901317. (A) U87 glial cells were transfected with an expression vector
for human LXRα, an LXRE-luciferase reporter gene with three tandem copies of the LXRE from
the human ApoE gene, and a Renilla control plasmid. Cells were transfected for 24 h utilizing a
liposome-mediated transfection protocol and then treated with ethanol vehicle, or 100 nM of the
indicated compound alone or in combination with 100 nM TO901317 (TO). LXRE-directed activity
was compared to compound 1 (Bexarotene), set to 100%. (B) The “Heterodimer Specificity Score” was
determined by the LXRE:RXRE ratio with compound 1 set to 1.0. All error bars represent standard
deviations; the data are representative of at least three independent experiments with six replicates in
each treatment group. * p < 0.05 versus control compound 1.

5. Conclusions

While the substitution of the saturated, pentamethyl-tetrahydronaphthyl ring sys-
tem of bexarotene, CD3254, or Net-TMN-analog parent compound frameworks with a
pentamethyl-isochroman ring system tended to decrease both modeled binding scores
as well as RXR EC50 values, there were nevertheless some examples of very potent com-
pounds possessing the pentamethyl-isochroman ring system. Several reported and novel
compounds displayed lower or equivalent EC50 values than bexarotene (e.g., reported
compounds 23–25 and novel compounds 29, 31–33, 35, and 40), and several reported and
novel compounds exhibited lower IC50 values along with 100 nM ATRA (e.g., reported
compounds 23 and 24, and novel compounds 29 and 31–35) than bexarotene. It should
be noted that compound 29 is an isochroman analog of CD3254 and compound 40 is an
isochroman analog of NEt-TMN, so while the isochroman substituted analog tends to
reduce potency compared to the parent compounds, rexinoids possessing the isochroman
group can still be synthesized that exhibit greater potency than bexarotene. Notably, some
of the compounds possessing the greatest RARE activity at 10 nM vs. ATRA also exhibited
lower IC50 values along with 100 nM ATRA (e.g., 29 and 31–33). Additionally, the range
of LXRE activity vs. bexarotene demonstrated that several compounds exhibit increased
LXR activity and specificity vs. bexarotene. In particular, compounds 29 and 31–35 appear
to be good candidates for further investigation, and this study suggests that modification
of known, potent rexinoids results in novel compounds with unique and promising thera-
peutic potential meriting further examination. We are actively pursuing additional studies
towards these ends.

6. Materials and Methods

Molecular Modeling. The three-dimensional structures of the compounds reported
herein were generated using ChemDraw 3D (PerkinElmer Informatics, Waltham, MA,
USA), energy minimized, and exported in the Protein Data Bank (PDB) format. The
human RXR alpha ligand binding domain structure model was obtained from the PDB
(PDB code: 1FBY [77]). The crystallized ligand, 9-cis retinoic acid, was removed from
the protein model prior to docking simulations. Further, 9-cis retinoic acid was also used
as a positive control in the docking studies presented here. Both the protein and ligand
models were prepared using MGLTools (version 1.5.7) [78] and screened virtually using
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AutoDock Vina [72]. The search space volume (4032 Å3) was determined using MGLTools
(center_x = 12.848, center_y = 29.174, center_z = 50.269, size_x = 16, size_y = 14, size_z = 18).
The exhaustiveness was set to 8.

Hematopoietic cell culture. Murine bone marrow Kit+ cells were isolated using an
Automacs Pro (Miltenyi Biotec, San Diego, CA, USA) according to the manufacturer’s
protocol. Kit+ cells were plated in progenitor expansion medium (RPMI 1640 medium, 15%
fetal bovine serum, stem factor [50 ng/mL], interleukin 3 [10 ng/mL], Flt3L [25 ng/mL],
thrombopoietin [10 ng/mL], L-glutamine [2 mM], sodium pyruvate [1 mM], HEPES
buffer [10 mM], penicillin/streptomycin [100 units/mL], and b-mercaptoethanol [50 mM])
overnight and transduced with MSCV-KMT2A-MLLT3 retrovirus by spinfection with
10 μg/mL polybrene and 10 mM HEPES at 2400 rpm, 30 ◦C for 90 min in an Eppendorf
5810R centrifuge. Cells were transplanted into sublethally irradiated mice and subsequent
leukemia harvested 4 to 6 months later. KMT2A-MLLT3 leukemia cells were cultured
in vitro using similar media, but without Flt3L or thrombopoietin.

UAS/Gal4 assay. Bone marrow cells from UAS-GFP mice [79] were transduced with
retroviruses MSCV-Gal4 (DNA binding domain, DBD)—RXRα (ligand binding domain,
LBD)—IRES—mCherry. Gal4 is a yeast transcription factor and the UAS sequence is not
recognized by mammalian transcription factors. Cells were treated, and after 48 h, GFP
was measured by flow cytometry.

Luciferase detection. HEK293T cells were transfected using Lipofectamine 2000
(Invitrogen) [80]. Six hours after transfection, the cells were collected and plated into a
48-well plate in 1% BSA media in biological triplicates and treated with compounds. After
40 h incubation, the cells were harvested and assayed for luciferase (Luc Assay System
with Reporter Lysis Buffer, Promega) in a Beckman Coulter LD400 plate reader.

LXRE assay. Human glioblastoma cells (U87) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) and used to perform the LXRE-mediated
assays. Authentication and validation of these master stocks included both testing for
mycoplasma contamination (via Universal Mycoplasma Detection Kit; ATCC, Cat. #30-
1012K), as well as short tandem repeat (STR) analysis to confirm cell line identity. For
LXRE experiments, cells were seeded at a density of 80,000 cells/well in a 24-well plate and
maintained in DMEM (Hyclone) supplemented with 10% fetal bovine serum, 100 μg/mL
streptomycin, 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA) at 37 degrees Cel-
sius, 5% CO2 for 24 h. The cells were transiently transfected in individual wells using
Polyethylenimine (PEI) (Polysciences, Inc., Warrington, PA, USA) according to the manu-
facturer’s protocol. The cells in each well received 250 ng of an LXRE-luciferase reporter
gene, 50 ng of CMX-h-LXRα (an expression vector for human LXRα), 50 ng of pSG5-human
RXRα (an expression vector for human RXRα), and 20 ng of Renilla control plasmid was
used along with 1.25 μL of PEI reagent. After 22–24 h of transfection, the cells were treated
with either vehicle control ethanol, reference compound bexarotene (100 nM) alone, or in
combination with 100 nM T0901317 (an LXR ligand), or 100 nM of the indicated bexarotene
analog either alone or in combination with T0901317, as indicated. All compounds were
solubilized in ethanol. After 24 h of treatment, the cells were lysed in 1X passive lysis buffer
(Promega, Madison, WI USA) and the amount of reporter gene product (luciferase) was
quantified using the Dual-Luciferase Reporter Assay System based on the manufacturer’s
protocol (Promega) in a Sirius FB12 luminometer (Berthold Detection Systems, Pforzheim,
Germany). Luminescence resulting from the inducible firefly luciferase was divided by
luminescence from the constitutively expressed Renilla luciferase in order to normalize for
transfection efficacy, cell death, and cellular toxicity from ligand exposure. The data are a
compilation of between six to eight independent assays with each treatment group dosed
in triplicate for each independent assay. The LXRE-directed transcriptional activation of the
reporter gene was measured in comparison to the reference compound bexarotene (1) set to
100%. Error bars on all graphs indicate the standard deviation of the replicate experiments.
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RARE assay. Human embryonic kidney cells (HEK293) were plated at 60,000 cells
per well in a 24-well plate and maintained as described above. After 22–24 h, the cells
were transiently transfected with 250 ng pTK-DR5(X2)-Luc, 25 ng pSG5-human RXRα, and
20 ng of Renilla control plasmid using 1.25 μL polyethylenimine (PEI) per well for 24 h.
The sequence of the double DR5 RARE is: 5’-AAAGGTCACCGAAAGGTCACCATCCCGGG
AGGTCACCGAAAGGTCACC-3’ (DR5 responsive elements underlined). After 22–24 h
of transfection, the cells were treated with ethanol vehicle (0.1%), all-trans-retinoic acid
(ATRA, the endogenous ligand for RAR), or the indicated rexinoid analog at a final con-
centration of 10 nM. After 24 h of treatment, the cells were lysed and the retinoid activity
was measured as described above (dual luciferase assay). The activity of compound 1 (or
analog) divided by the activity of ATRA (expressed as a percentage) represents the RARE
activity. The data (Table 1) are a compilation of between three to four independent assays
with each treatment group dosed in triplicate for each independent experiment. The value
for the positive control ATRA was set to 100%.

Data analysis. Statistical analysis was performed using Microsoft Excel (Microsoft,
Redmond, WA, USA) software. t-tests were performed, as appropriate. All error bars
represent the standard deviation. For Figures 6–8, data are expressed as means ± SD.
Statistical differences between two groups (generally the bexarotene (1) control group versus
bexarotene analog group) were determined by a two-sided Student’s t-test. A p-value of less
than or equal to 0.05 was considered significant.

Mutagenicity and Toxicity Assay. Mutagenicity and toxicity were assessed in a
eukaryotic Saccharomyces cerevisiae model as described previously [76]. Each compound
was solubilized in DMSO at increasing concentrations. D7 S. cerevisiae indicator cells were
incubated with the compounds for 3 h before plating on selective media or YPD. Growth
on plates was used to determine mutagenicity and cytotoxicity. Growth of colonies on the
full nutrient YPD plate for each treatment was compared to the DMSO only control. Eleven
micrograms per microliter was the highest concentration tested.

X-ray Data Collection, Structure Solution and Refinement. A colorless crystal of
indicated dimensions was mounted on a glass fiber and transferred to a Bruker SMART
APEX II diffractometer system. The APEX2 (APEX2 Version 2014.11-0, Bruker AXS, Inc.;
Madison, WI 2014 USA) program package was used to determine the unit-cell parameters
and for data collection (60 sec/frame scan time). The raw frame data were processed
using SAINT (SAINT Version 8.34a, Bruker AXS, Inc.; Madison, WI 2013) and SADABS
(Sheldrick, G.M. SADABS, Version 2014/5, Bruker AXS, Inc.; Madison, WI 2014 USA) to
yield the reflection data file. Subsequent calculations were carried out using the SHELXTL
(Sheldrick, G.M. SHELXTL, Version 2014/7, Bruker AXS, Inc.; Madison, WI 2014 USA)
program package. For compound 26, the diffraction symmetry was 2/m and the systematic
absences were consistent with the monoclinic space group P21/n that was later deter-
mined to be correct. The structure for 26 was solved by direct methods and refined on
F2 by full-matrix least-squares techniques, and the analytical scattering factors [81] for
neutral atoms were used throughout the analysis. Hydrogen atoms in 26, except those
associated with C(14), were located from a difference-Fourier map and refined (x,y,z and
Uiso), and H(14A), H(14B), and H(14C) were included using a riding model. Least-squares
analysis for 26 yielded wR2 = 0.1064 and Goof = 1.025 for 328 variables refined against
3880 data (0.80 Å), R1 = 0.0426 for those 3293 data with I > 2.0σ(I). For compound 41,
the diffraction symmetry was 2/m and the systematic absences were consistent with the
monoclinic space groups Cc and C2/c, and it was later determined that space group Cc was
correct. The structure for 41 was solved by direct methods and refined on F2 by full-matrix
least-squares techniques, and again, the analytical scattering factors for neutral atoms
were used throughout the analysis. Hydrogen atoms in 41 were located from a difference-
Fourier map and refined (x,y,z and Uiso), and there was one water solvent molecule present.
Least-squares analysis for 41 yielded wR2 = 0.0792 and Goof = 1.022 for 378 variables
refined against 5116 data (0.73 Å), R1 = 0.0322 for those 4861 data with I > 2.0σ(I), and
the absolute structure could not be assigned by refinement of the Flack parameter [82].
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The wR2 = [Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2] ]1/2 and R1 = Σ||Fo| − |Fc||/Σ|Fo|.

Goof = S = [Σ[w(Fo
2 − Fc

2)2]/(n − p)]1/2 where n is the number of reflections and p
is the total number of parameters defined.
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Abbreviations

ATRA all-trans-retinoic acid
AD Alzheimer’s disease
9-cis-RA 9-cis-retinoic acid
CTCL cutaneous T-cell lymphoma
DMF dimethylformamide
DMSO dimethylsulfoxide
DNA deoxyribonucleic acid
FXR farnesoid-X-receptor
HCl hydrochloric acid
HRE hormone responsive element
KOH potassium hydroxide
LBD ligand binding domain
LHS LXR Heterodimer Specificity
LR lipid risk assessment index
LXR liver-X-receptor
LXRE liver-X-receptor element
NaBu sodium butyrate
NR nuclear receptor
POC proof of concept
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PPAR peroxisome proliferator activating receptor
RAR retinoic-acid-receptor
RARE retinoic acid receptor element
RXR retinoid-X-receptor
RXRE retinoid-X-receptor element
SNuRMs specific nuclear receptor modulators
SREBP sterol regulatory element binding protein
TR thyroid hormone receptor
VDR vitamin D receptor
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Abstract: Translation of the synergy between the Siremadlin (MDM2 inhibitor) and Trametinib (MEK
inhibitor) combination observed in vitro into in vivo synergistic efficacy in melanoma requires estima-
tion of the interaction between these molecules at the pharmacokinetic (PK) and pharmacodynamic
(PD) levels. The cytotoxicity of the Siremadlin and Trametinib combination was evaluated in vitro
in melanoma A375 cells with MTS and RealTime-Glo assays. Analysis of the drug combination
matrix was performed using Synergy and Synergyfinder packages. Calculated drug interaction
metrics showed high synergy between Siremadlin and Trametinib: 23.12%, or a 7.48% increase of
combined drug efficacy (concentration-independent parameter β from Synergy package analysis and
concentration-dependent δ parameter from Synergyfinder analysis, respectively). In order to select
the optimal PD interaction parameter which may translate observed in vitro synergy metrics into the
in vivo setting, further PK/PD studies on cancer xenograft animal models coupled with PBPK/PD
modelling are needed.

Keywords: anticancer drugs; preclinical study; pharmacokinetics; pharmacodynamics; drug
combination; PBPK/PD modelling; MDM2 inhibitor; MEK inhibitor

1. Introduction

One of the first targeted therapies approved was a drug combination targeting the
MAPK (mitogen-activated protein kinase family) signaling pathway of Dabrafenib (BRAF
inhibitor) and Trametinib (MEK inhibitor) [1]. The Dabrafenib and Trametinib combi-
nation showed synergistic efficacy and significantly increased the overall survival of
melanoma patients. Preclinical evidence suggests that the drug combination with MEK and
MDM2 (mouse double minute 2) inhibitors may also act synergistically in the treatment of
melanoma [2]. This pharmacodynamic interaction has been characterized at a molecular
level, and may be explained by the DUSP6 mechanism (DUSP6 suppression followed by
increased p53 phosphorylation) in BRAFV600E and p53WT melanoma cells, which leads to
synergistic induction of the expression of genes encoding PUMA and BIM that increase
apoptosis ratio and growth inhibition of melanoma cells [3]. There is also in vivo evidence
in animals with melanoma tumour xenografts that this synergistic efficacy may be efficient
in the treatment of skin cancer [4]. However, long-term administration of MDM2 and
MEK inhibitors can lead to acquired resistance caused by the mechanism of spontaneous
p53 and MAP2K1 (MEK1) mutations or expression of BRAF-V600E splice variants [5–7].
Thus, combining these two classes of drugs can bring benefit to the patients by restoring
anticancer activity (salvage therapy if one acquires resistance against either drug [8]) or
delaying development of resistance to the treatment. It should be noted that combining
the drugs may increase the adverse effects observed in patients. Therefore, the selection of
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drugs with a different profile of adverse effects for drug combination is very important for
the sake of patient safety. Examination of this particular drug combination on healthy cells
was not in the scope of this publication, but previously published data for MDM2 and MEK
inhibitors indicate very low toxicity in healthy cells [9,10]. Moreover, since such a drug
combination is currently the subject of many studies in clinical trials (ClinicalTrials.gov
identifiers: NCT02110355, NCT03714958, NCT02016729, NCT01985191, NCT03566485) it is
assumed that this combination is generally safe and not excessively toxic to healthy cells.
This drug combination utility was confirmed in the clinical setting with moderately active
MDM2 inhibitor AMG232 [11], but it is believed that the next generation of more potent
MDM2 inhibitors, such as Siremadlin (HDM201), may further enhance this synergistic
drug interaction.

In order to assess how the addition of Siremadlin to Trametinib could improve anti-
cancer response, performance of preclinical translational studies and the development of
in vitro/in vivo translational methods are truly essential. A bench-to-bedside approach for
drug combination may be possible only when PK/PD data for both drugs are available
because it must account for the interaction between two (or even more) drugs at two
different levels: pharmacokinetic (PK) and pharmacodynamic (PD).

Analyses of the interactions between two or more drugs at the PD level are impeded
by a lack of consensus on which method/theoretical model should be used to describe drug
interaction. The quantification of the interaction between drugs is based on the comparison
of the observed combination response to the expected effect predicted by a reference
model under the assumption of non-interaction of those drugs. Depending on whether the
combination response is greater or less than what is expected, the drug combinations can be
classified as synergistic or antagonistic, respectively. In a case where the drug combination
response equals the expected effect, it can be classified as additive (for some authors,
such lack of drug interaction is also referred to as independence or noninteraction [12]).
Historically, there were also other types of drug interactions, such as inertism or coalism,
described by Greco et al., and Roell et al. [12,13]. Over the past years, many drug interaction
frameworks have been developed, including the most recognized models, the Loewe
additivity [14], Bliss independence [15], or highest single agent (HSA) [16] models, and
the most recent but less recognized models that overcome many limitations of already
existing models, such as zero interaction potency (ZIP) [17] or multi-dimensional synergy
of combinations (MuSyC) [18].

Choosing the model to evaluate combination data became very problematic in the
light of scientific discussion over the past years. There has often been a dilemma when a
drug combination is classified as synergistic according to one model but antagonistic by
the other [16,19,20]. According to Tang et al. [19], this phenomenon can be explained by
consistency between models, which can be indicative of the degree of drug interaction; e.g.,
if both the Bliss model and the Loewe model classify a drug combination as synergistic,
then it may be described as a strong synergy. On the other hand, if the drug combination
interaction is classified as synergistic according to one model only, then it may be described
as a weak synergy or additivity. Synergy and efficacy concepts are highly related, but it
is very important to not treat them as the same. Synergy is a type of drug interaction and
a measure of its degree, while efficacy is the magnitude of the phenotypic response of a
drug combination. It can be observed that a combination of drugs can be highly synergistic,
whereas its response may not be sufficient to achieve therapeutic efficacy. It is also possible
that a drug combination can show a strong response which is not related to a synergistic
interaction (e.g., only one drug is responsible for the observed response) [18,19,21].

Unlike the models mentioned above, the MuSyC model addresses those two con-
cepts of drug interaction by describing their interaction with three different metrics that
decouple synergy or antagonism based on increased/decreased efficacy (parameter β),
potency (parameter α), and cooperativity (parameter γ), which may be advantageous
due to disease type. Moreover, those drug interaction parameters are dose-independent
and, thus, observed synergistic interaction may not lead to ambiguous results (for a given
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combination drug interaction may be synergistic or not, as both drugs can synergize at
some concentrations, and antagonize at others) [18].

Due to the nature of the drug combination studies which are typically conducted
in the high throughput screening (HTS) format, the most practical solution would be to
use software capable of calculating multiple drug interaction metrics for large datasets.
Unfortunately, there are only a few software packages for which such features are available:
Synergyfinder [22], Synergy [23], and Combenefit software [24]. Because the Combenefit
software has not been developed since 2016 and provides analysis with the same models as
Synergyfinder (Loewe, Bliss and HSA), analysis involving Combenefit was not considered
in this work.

The Synergyfinder package allows for calculating delta score (δ) value (which corre-
sponds to the percentage of drug combination response beyond expectation) for Loewe,
Bliss, HSA and ZIP models. For example, a delta of 10 would indicate that the drug
combination will produce, on average, 10% more response compared to the expected ef-
fect predicted by given theoretical drug interaction model (Loewe, Bliss, HSA and ZIP
models), which we would refer here as synergistic drugs interaction, while a delta of
−10 would indicate an antagonistic drug interaction with the same level of magnitude in
this case. Applying a threshold of 5% response (delta score δ = 5), which is the typical noise
level in large-scale drug combination experiments, minimizes the rate of false-positive
results [17,25]. Therefore, in this context, and according to Tang’s group’s experience,
classification of drug combinations was formulated based on delta score value, as shown in
Table 1 [26].

Table 1. Drug interaction classification based on delta score (Synergyfinder package).

Description δ Score Value

Antagonism ≤−5
Additivity (−5; 5)
Synergism ≥5

Despite the fact that the Synergy package permits use of several drug interaction
models, such as concentration (dose)-independent parametric models (MuSyC, Zimmer,
and BRAID) and concentration (dose)-dependent nonparametric models (Loewe, Bliss,
HSA, CombinationIndex, Schindler, and ZIP), its main focus was on the MuSyC model
to determine which drug interaction metric among the efficacy (parameter β), potency
(parameter α), and cooperativity (parameter γ) parameters would be the most significant
in the context of in vitro/in vivo translation of the drug combination interaction at the
pharmacodynamics level. Parameter β may be interpreted as the percent increase in
maximal efficacy of the combination over the most efficacious single agent. Parameter α
quantifies, in fold, how the effectiveness of one drug is altered by the presence of the other
(fold change in the potency of combined drugs). Gamma parameter provides information
about the change of a drug’s Hill slope (cooperativity) due to the other drug. There are
two values for α and γ because each drug can independently modulate the potency and
cooperativity of the other. Classification of drug combination interaction in the MuSyC
model based on α, β, and γ score values is shown in Table 2 [27,28].

Table 2. Drug interaction classification based on alpha, beta, and gamma scores (Synergy package).

Description α12/α21 Score Value β Score Value γ12/γ21 Score Value

Antagonism <1 <0 <1
Additivity 1 0 1
Synergism >1 >0 >1
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Translation of the in vitro into in vivo synergistic efficacy must cover interactions at the
PK and PD levels. One of the approaches allowing for the incorporation of such interactions
is physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) modelling.

The main goal of this work is focused on estimation of the PD interaction parameter,
which may serve for translatability of in vitro drug combination results into in vivo set-
tings. Such an approach, involving results from in vitro cytotoxicity studies coupled with
PBPK/PD modelling, may facilitate the determination of the most synergistic and effica-
cious schedule and dose levels for Siremadlin and Trametinib in mice, in vivo, and also
may be the basis for better estimation of drug combination efficacy in melanoma patients.

2. Results

2.1. In Vitro Cytotoxicity

Siremadlin and Trametinib efficacy in monotherapy and in combination was studied
in in vitro A375 human melanoma cells with the use of an MTS assay. One of the limitations
of the preclinical drug combinations is the reproducibility of the measured drug interaction
metrics [29–31]; thus, additional in vitro efficacy study was performed with the use of
RealTime-Glo assay to confirm the efficacy and observed drug interaction metrics. Results
indicate that both drugs are very active against A375 melanoma cells (see Table 3).

Table 3. Comparison of observed Siremadlin and Trametinib IC50 with data from the literature in
A375 cells (72 h incubation). For MTS assay, n = 4, and for RealTime-Glo assay, n = 3.

Compound
MTS

IC50 ± SD (nM)
RealTime-Glo

IC50 ± SD (nM)
Literature
IC50 (nM)

Siremadlin (HDM201) 65.7 ± 4.7 260.1 ± 170.5 764.1 [32] 1

Trametinib 0.58 ± 0.03 0.8 ± 0.4 1.0 [33] 2

1 Cell count was measured using an amount of ATP (CellTiter-Glo assay). 2 Cell count was measured using
4′,6-diamidino-2-phenylindole (DAPI) nuclei staining.

Despite the high efficacy of tested compounds, some populations of cells remained
resistant even at high concentrations (see Table S1). RealTime-Glo assay revealed that the
killing effect and its intensity for both drugs was concentration- and time-dependent (see
Figures 1 and 2).

Figure 1. Time- and dose-dependent cytotoxicity of HDM201 in A375 cells. Mean from n = 3
(RealTime-Glo assay).
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Figure 2. Time and dose-dependent cytotoxicity of Trametinib in A375 cells. Mean from n = 3
(RealTime-Glo assay).

The combination of those two compounds caused a profound increase in cytotoxicity,
demonstrating an increase in potency and efficacy against A375 cells. For survival curve-
shift, see Figures 3 and 4.

Figure 3. Curve shift for HDM201 combination with Trametinib. MTS assay, mean from n = 4.

2.2. In Vitro Drug Combination Analysis

Results from both assay methods (MTS and RealTime-Glo) with analysis involving use
of Synergyfinder package (δ score from ZIP, Loewe, has, and Bliss models) were generally
consistent, comparable, and indicated a synergistic interaction between studied drugs.
Two exceptions were the ZIP model (RealTime-Glo assay) and Bliss model (MTS assay);
however, calculated δ scores were very close to the synergistic threshold. Synergistic delta
score is also reflected in calculated mean across the methods and models (see Table 4 and
Table S2).
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Figure 4. Curve shift for Trametinib combination with HDM201. MTS assay, mean from n = 4.

Table 4. Drug interaction between Siremadlin and Trametinib in A375 cells. For MTS assay, n = 4,
and for RealTime-Glo assay, n = 3. Synergyfinder package analysis.

Assay Timepoints (h)
ZIP

δ ± SD
Loewe
δ ± SD

HSA
δ ± SD

Bliss
δ ± SD

Mean across
Models δ ± SD

MTS 72 5.353 ± 2.613 5.111 ± 1.926 12.394 ± 2.085 4.881 ± 3.117 6.935 ± 2.420
RealTime-Glo 28–80 4.858 ± 1.346 7.113 ± 4.355 13.513 ± 3.111 5.540 ± 1.957 7.756 ± 1.614

Mean - 5.023 ± 1.768 6.446 ± 3.546 13.140 ± 2.769 5.321 ± 2.344 7.482 ± 1.883

Results from both assay methods with analysis using the Synergy package (MuSyC
model) were comparable for α21, β, and γ21 parameters (especially in the 48–80 h interval
for α21 and γ21 parameters, as shown in Table S3), indicating synergistic interaction in
terms of increased potency (α parameter) and efficacy (β parameter) between Siremadlin
and Trametinib, but not in terms of increased cooperativity (γ parameter); however, it
seems that synergistic cooperativity is more important in neurological disorders than in
treating cancer; thus, lack of synergy in this metric is clinically not relevant [22] (see Tabels
5 and S3).

Table 5. Drug interaction between Siremadlin and Trametinib in A375 cells. For MTS assay, n = 4,
and for RealTime-Glo assay, n = 3. Synergy package analysis.

Assay Timepoints (h) α12/α21 ± SD β ± SD γ12/γ21 ± SD

MTS 72 2.229 ± 1.065/
1.498 ± 0.351 0.217 ± 0.045 0.402 ± 0.102/

0.710 ± 0.286

RealTime-Glo 28–80 2.095 ± 0.780/
12,507 ± 26,999 0.244 ± 0.050 0.901 ± 0.136/

6878 ± 21,748

Mean 2.162 ± 0.923/
6254 ± 13,500 0.231 ± 0.048 0.652 ± 0.119/

3440 ± 10,874

2.3. Siremadlin and Trametinib Pharmacokinetics (PK)

Pharmacokinetic profiles were determined after single oral administration of HDM201
(100 mg/kg) and Trametinib (1 mg/kg) in vehicle formulation in CD-1 nude mice. Ini-
tial analysis of compound concentrations included plasma and A375 tumour tissue ho-
mogenates. Additionally, analysis included HDM201 and Trametinib administered in
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combination (100 + 1 mg/kg, respectively) to determine whether there were interactions at
the PK level, as shown in Figures 5–8.

The values of calculated PK parameters suggest that HDM201 and Trametinib are
absorbed relatively quickly (typical Tmax are in the 1.5–4 h range) and maintain high expo-
sure in plasma within 24 h. Data from A375 tumour tissue indicate that both compounds
are well distributed in the tumour achieving higher maximal concentrations and exposure
(Cmax and AUC, respectively) as shown in Table 6. PK analysis revealed that plasma and
tumour Cmax and AUC for HDM201 have higher values when co-administered with Tram-
etinib, while for Trametinib those parameters are higher only in A375 tumour. Interestingly,
in plasma, Cmax and AUC for Trametinib are significantly lower when co-administered
with HDM201, as depicted in Figure 6.

 

Figure 5. Pharmacokinetic profiles of HDM201 (Siremadlin) in plasma after administration with and
without Trametinib. Observed data are means ± standard deviation (SD) from n = 3.

 

Figure 6. Pharmacokinetic profiles of Trametinib in plasma after administration with and without
HDM201. Observed data are means ± standard deviation (SD) from n = 3.

49



Int. J. Mol. Sci. 2022, 23, 12984

 

Figure 7. Pharmacokinetic profiles of HDM201 (Siremadlin) in A375 tumour tissue after adminis-
tration with and without Trametinib. Observed data are means ± standard deviation (SD) from
n = 3.

 

Figure 8. Pharmacokinetic profiles of Trametinib in A375 tumour tissue after administration with
and without HDM201. Observed data are means ± standard deviation (SD) from n = 3.
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Table 6. Calculated PK parameters for HDM201 and Trametinib in plasma and A375 tumour tissue.

Conditions Tissue AUC0–24h ± SD (nM × h) Cmax ± SD (nM) Tmax ± SD (h)

HDM201 without
Trametinib Plasma 95,092.97 ± 34,215.83 9777.67 ± 2976.84 1.50 ± 1.44

HDM201 with
Trametinib Plasma 107,993.98 ± 26,303.00 14,559.95 ± 7433.26 1.50 ± 1.44

Trametinib without
HDM201 Plasma 5580.83 ± 566.66 567.02 ± 49.38 4.00 ± 1.44

Trametinib with
HDM201 Plasma 4484.99 ± 1171.06 353.65 ± 105.55 4.00 ± 1.44

HDM201 without
Trametinib A375 tumour 179,026.48 ± 65,901.61 16,214.30 ± 5459.78 1.50 ± 1.44

HDM201 with
Trametinib A375 tumour 218,677.07 ± 91,168.31 28,613.74 ± 16,751.20 1.50 ± 1.44

Trametinib without
HDM201 A375 tumour 9131.17 ± 1296.84 587.25 ± 66.35 4.00 ± 0.00

Trametinib with
HDM201 A375 tumour 9656.67 ± 1393.80 714.53 ± 197.48 4.00 ± 0.00

2.4. Siremadlin and Trametinib Pharmacodynamics (PD)

The studied compounds, namely HDM201 and Trametinib, were tested separately and
in combination as a therapy against an A375 melanoma tumour model. Tested compounds
were administrated in three and six doses per schedule. All tested compounds decreased
tumour volume in comparison to the group treated by formulation. Data from this efficacy
study indicate that HDM201 and Trametinib are more efficacious when they are used in
combination, compared to their efficacy when administered separately (please refer to
maximal tumour growth inhibition (TGI) percentage, presented in Table 7, and compounds
efficacy in single and combined administrations, shown in Figure 9).

Table 7. Mean tumour growth inhibition (TGI) values with standard error of mean (SEM) as metrics
of in vivo efficacy of HDM201, Trametinib, and their combination in A375-inoculated CD-1 nude
mice n = 6.

Group Max TGI (%) ± SEM

HDM201 40 mg/kg qdx3 33.39 ± 13.90
HDM201 100 mg/kg qdx3 76.94 ± 5.38

Trametinib 0.3 mg/kg qdx6 65.47 ± 21.29
Trametinib 1 mg/kg qdx6 90.05 ± 1.13

HDM201 + Trametinib
40 + 0.3 mg/kg qdx3/qdx6 91.83 ± 1.37

HDM201 + Trametinib
40 + 1 mg/kg qdx3/qdx6 93.68 ± 1.63

HDM201 + Trametinib
100 + 0.3 mg/kg qdx3/qdx6 94.56 ± 1.77

HDM201 + Trametinib
100 + 1 mg/kg qdx3/qdx6 95.99 ± 0.84
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Figure 9. In vivo efficacy of HDM201 and Trametinib administered separately and in combination
against a mouse model of human melanoma tumour (A375). HDM201 was dosed in a qdx3 schedule
and Trametinib in a qdx6 schedule. Observed data are means from n = 6.

3. Discussion

In vitro cytotoxicity data demonstrated high efficacy of Siremadlin and Trametinib
against A375 cells, which justifies further studies in in vivo models. Calculated Trametinib
IC50 values were very similar to the values reported previously in the literature [32,33];
however, greater difference was observed for Siremadlin IC50. Differences in IC50 values
may be explained by dissimilarities in methods used for counting living cells (different
assays) or by the influence of cell-seeding density on cytotoxic sensitivity [34]. Performed
experiments revealed that cytotoxicity of the studied compounds is concentration- and
time-dependent with an initial delay of response. The delay in response to these drugs
is most likely related to the duration of signal transduction cascade associated with the
activation of the p53-MDM2 and MAPK pathways, resulting in cell death.

Resistance is an inherent part of anticancer treatment; therefore, the population of
resistant cells was assessed for both drugs in the performed study, the description of
which may play a critical role in predicting and optimizing treatment response and may
improve therapy scheduling [35,36]. However, further in vitro studies on drug-resistant
A375 melanoma sublines with the Siremadlin and Trametinib combination would be
needed for in-depth analysis of resistance mechanisms, and to test if such combination
treatment would be suitable for prolonged treatment, which is often characterized by
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increased resistance [7,37–42]. Results from drug interaction analysis indicated synergistic
interaction between the drugs studied in an A375 melanoma model. The use of two
different cytotoxicity assays (MTS and RealTime-Glo) indicated consistency in the drug
interaction metrics obtained. Regarding analysis at particular timepoints, it can be noted
that in analysis with use of the MuSyC model, the values of the α21 and γ21 parameters
up to 36 h were very high and irregular. This may be caused by different initial responses
of cells, since therapy started when cells were at different stages of the cell cycle. It can
be hypothesized that those parameters began to stabilize when the majority of those cells
reached the stasis/apoptosis stage.

Synergistic interaction was identified by using a number of the most commonly used
theoretical drug interaction models with the use of Synergyfinder and Synergy software.
Calculated synergy metrics were different in terms of their magnitude and foundations:
a 7.48% increase in drug combination efficacy in the case of Synergyfinder (for the mean
concentration-dependent δ parameter, see Table 4) and a 23.12% of increase in efficacy in
the case of the Synergy software (for the mean concentration-independent β parameter,
see Table 5). Those calculated synergy metrics will serve as a PD interaction parameter
for further translational PBPK/PD modelling. Additional information obtained from this
in vitro study about the delay of the response and the percentage of resistant cells, in
terms of the total cell population, is very useful and will be also incorporated into PD
model development.

Initial pharmacokinetic analysis performed on mice plasma indicated that HDM201
and Trametinib undergo fast absorption, as the Tmax values were in the 1.5–4 h range;
however, due to a limited quantity of available timepoints (sparse sampling), these values
may be not accurately determined. HDM201 and Trametinib in plasma and A375 tumours
are characterized by high exposure within 24 h.

The pharmacokinetic profile of HDM201 co-administered with Trametinib in plasma
is characterized by higher maximal concentration and exposure (Cmax and AUC, re-
spectively) than after single drug administration. Interestingly, in the case of Trametinib
co-administered with HDM201, the situation is the opposite. Observed Cmax and AUC are
lower than after Trametinib administration alone. This may be related to the occurrence of
PK interaction; however, further PK studies combined with PBPK modelling are required
to prove the existence of this interaction and the mechanism of its formation. Higher Cmax
and AUC in A375 tumour tissue than in plasma were observed for both drugs. Such obser-
vation is very favourably in context of potential combination therapy using HDM201 and
Trametinib. Nevertheless, further PK studies combined with PBPK modelling are required
to explain the mechanisms of pharmacokinetic interactions in the tumour compartment.
More detailed pharmacokinetic analysis on heart, liver, spleen, muscle, brain, kidney, lung,
gut, and skin tissue homogenates, combined with PBPK modelling and simulation, is the
main topic of the second part (part II) of this publication cycle [43].

Efficacy data showed that all tested compounds decreased tumour volume in com-
parison to the group treated by vehicle formulation. Results from this study indicated that
HDM201 and Trametinib were much more efficient when they are used in combination,
compared to their efficacy when the those two compounds are administered separately.
This observation should be supported by the results of subsequent in vivo studies using a
higher number of animals per group. Moreover, it remains unclear how the PK interaction
combined with PD interaction influences the observed anticancer efficacy for this drug com-
bination. Therefore, further PK/PD studies on mice, coupled with PBPK/PD modelling,
are needed in order to determine the mechanism of the PK interaction formation and to
select the optimal PD interaction parameter which will translate observed in vitro synergy
metrics into in vivo settings. Such an approach may facilitate the determination of the
most synergistic and efficacious schedule and dose levels for Siremadlin and Trametinib in
in vivo models, and may provide a basis for better estimation of drug combination efficacy
in melanoma patients.

53



Int. J. Mol. Sci. 2022, 23, 12984

4. Materials and Methods

4.1. Materials

HDM201 (catalog number HY-18658) and Trametinib (catalog number HY-10999)
used in this study were obtained from MedChemExpress. RealTime-Glo™ MT Cell Vi-
ability Assay kit and CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay
(MTS) were provided by Promega. The A375 cell line used in the in vitro studies was
obtained from American Type Culture Collection (CRL-1619). PEG 400 (catalog number
81172) and Cremophor RH40 (catalog number 07076) were provided by Merck (formerly
Sigma-Aldrich), EtOH (catalog number 1016/12/19) was provided by POCH, and Labrafil
M1944CS (catalog number 178290) was provided by Gattefosse. For drug combination
in vivo studies, A375 cell line was provided by European Collection of Authenticated Cell
Cultures (88113005).

4.2. Software

For in vitro drug combination studies, raw data processing was performed in Mi-
crosoft Excel 2016 with the use of Excel Visual Basic for Applications (VBA) macros. PK
parameters and TGI values were estimated with Microsoft Excel (Excel version 2016, Mi-
crosoft Corporation, Redmond, WA, USA, 2016, https://www.office.com). For in vitro
drug combination analysis, Synergyfinder (version 2.5.1 compiled on 01.12.2020 from
Github resource https://github.com/shuyuzheng/synergyfinder) and Synergy (version
0.4.5 compiled on 13.02.2021 from Github resource https://github.com/djwooten/synergy)
packages were used. Visualization of the in vivo efficacy and calculation of the IC50 val-
ues by curve fitting were performed using GraphPad Prism version 9.3.1 for Windows,
GraphPad Software, San Diego, CA, USA, 2022, www.graphpad.com.

4.3. In Vitro Drug Combination Studies

Inhibition of tumour cell viability after single and combination drug treatment was
measured with the use of MTS assay (CellTiter 96® AQueous Non-Radioactive Cell Prolif-
eration Assay) and RealTime-Glo assay (RealTime-Glo™ MT Cell Viability Assay) in A375
cell line using standard manufacturer protocols. Briefly, cells were plated at optimized
seeding density (0.5 × 103 cells/well) in a 96-well culture plate in an appropriate cell
culture medium (DMEM 4.5 g/L glucose supplemented with 10% v/v FBS), cell cultures
were stimulated with compounds 24 h after cell seeding with MDM2 and MEK inhibitors.
In the MTS assay, compounds were added at 5 concentrations, ranging from 12.5 nmol/L
to 200 nmol/L and 0.25 nmol/L to 4 nmol/L (for HDM201 and Trametinib, respectively)
along with a dimethyl sulfoxide (DMSO) control. In the RealTime-Glo assay, compounds
were added at 7 concentrations, ranging from 62.5 nmol/L to 4000 nmol/L for HDM201
and 0.625 nmol/L to 40 nmol/L for Trametinib, with a dimethyl sulfoxide (DMSO) control.
Drug combinations were tested in the matrix layout with the increasing concentrations of
both drugs (please see Figures S1 and S2). Tumour cells’ viability was measured after 72 h
of cell incubation in the presence of tested compounds in the MTS assay and at 0,12, 24,
28, 32, 36, 48, 52, 56, 60, 72, 76, 80 h timepoints in the RealTime-Glo assay (with exception
in first experiment, performed with RealTime-Glo assay, on which 28 and 32 h timepoints
were not measured). Several independent assay repetitions were performed for MTS (n = 4)
and RealTime-Glo assays (n = 3).

4.4. Drug Combination Interaction Analysis

Drug combination interaction analysis was performed on in vitro cytotoxicity data
from MTS and RealTime-Glo assays. For RealTime-Glo data, all further calculations of
drug interaction parameters were performed in the 28–80 h time range, due to the lack of
significant efficacy of single Siremadlin and Trametinib at 12 and 24 h timepoints and the
impossibility of finding proper drug interaction model fit (R2 < 0.8). Analysis with the use of
the Synergyfinder package (version 2.5.1 compiled on 01.12.2020 from Github resource https:
//github.com/shuyuzheng/synergyfinder) was performed with a script written in the R
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language in RStudio Version 1.2.5001 Build 1468 (see Code S1 in Supplementary Materials).
For Synergyfinder analysis parameters, see Table S4. For a more detailed description of all
Synergyfinder functions, please see its documentation and user instructions [44].

Analysis with the use of the Synergy package (version 0.4.5 compiled on 13.02.2021
from Github resource https://github.com/djwooten/synergy was performed with a script
written in Python language in Python 3.9.12 (see Code S2 in Supplementary Materials). For
Synergy analysis parameters, see Table S5.

4.5. Studies Involving Animals

Crl:CD-1-Foxn1nu female mice, 4–5 weeks old, from Charles River Germany, inoculated
subcutaneously with A375 cells, were used for in vivo studies. Determination of compound
concentrations in plasma and A375 tumour tissue homogenates were performed with
the use of quantitative LC-MS/MS system. Plasma and tissue samples were resected at
the following timepoints: 1.5, 4, 8, 24 h (n = 3 per timepoint) after oral administration.
Pharmacokinetic parameters AUC, Cmax, and Tmax were calculated using MS Excel 2016.
Area under the concentration versus time curve was calculated using the linear trapezoidal
rule [45].

Determination of tumour growth was performed after oral gavage of Vehicle (60% PEG
400 (v/v), 10% Cremophor RH40 (v/v), 10% EtOH (v/v) and 20% Labrafil M1944CS (v/v)),
Siremadlin, Trametinib or their combination in Vehicle. The volume of the administered
formulation (10 mL/kg) of the compounds was always adjusted to the mice body weight.
Initial tumour volumes, doses, dose schedules, and number of animals in particular in vivo
studies are summarized in Table 8.

Table 8. Summary of performed in vivo studies on CD-1 nude mice xenografted with A375 tumour.

Compound
Initial Tumour
Volume (mm3)

Doses (mg/kg) Dose Schedule N Comments

Vehicle ~162 - qdx6 11 Efficacy
Siremadlin ~163–172 40/100 qdx3 6 Efficacy
Trametinib ~167–180 0.3/1 qdx6 6 Efficacy
Siremadlin+
Trametinib ~165–169 40 + 0.3/40 + 1/

100 + 0.3/100 + 1 qdx3/qdx6 6 Efficacy

Siremadlin ~300 100 qdx1 12 PK
Trametinib ~300 1 qdx1 12 PK
Siremadlin+
Trametinib ~300 100 + 1 qdx1 12 PK

Tumour volume (V) was recorded with an electronic calliper 2–3 times a week and
was calculated based on its length and width, using the prolate ellipsoid equation [46]
(Equation (1)):

V (mm3) = d2 × D/2 (1)

where d is the tumour width (mm) and D is the tumour length (mm).
Tumour growth inhibition (TGI) value was calculated using Equation (2) [47]:

TGI (%) = (100 − (T/C × 100)) (2)

where C is the mean tumour size in control group (mm3) and T is the mean tumour size in
treated group (mm3).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232112984/s1.
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Abstract: The development of in vitro/in vivo translational methods for synergistically acting drug
combinations is needed to identify the most effective therapeutic strategies. We performed PBPK/PD
modelling for siremadlin, trametinib, and their combination at various dose levels and dosing
schedules in an A375 xenografted mouse model (melanoma cells). In this study, we built models
based on in vitro ADME and in vivo PK/PD data determined from the literature or estimated by the
Simcyp Animal simulator (V21). The developed PBPK/PD models allowed us to account for the
interactions between siremadlin and trametinib at PK and PD levels. The interaction at the PK level
was described by an interplay between absorption and tumour disposition levels, whereas the PD
interaction was based on the in vitro results. This approach allowed us to reasonably estimate the
most synergistic and efficacious dosing schedules and dose levels for combinations of siremadlin
and trametinib in mice. PBPK/PD modelling is a powerful tool that allows researchers to properly
estimate the in vivo efficacy of the anticancer drug combination based on the results of in vitro studies.
Such an approach based on in vitro and in vivo extrapolation may help researchers determine the
most efficacious dosing strategies and will allow for the extrapolation of animal PBPK/PD models
into clinical settings.

Keywords: anticancer drugs; preclinical study; pharmacokinetics; pharmacodynamics; drug
combination; PBPK/PD modelling; MDM2 inhibitor; MEK inhibitor

1. Introduction

Metastatic melanoma is a cancer condition that is dangerous and difficult to treat
due to its ability to spread early and aggressively. Before the development of new ther-
apeutic strategies, the median survival of patients with metastatic melanoma was only
6–9 months [1] and the 10-year survival rate was less than 10% [2]. Although recent thera-
peutic advances for metastatic melanoma have considerably increased the overall survival
of patients with melanoma, a subset of patients do not respond to immunotherapy or
targeted therapies [3,4]. Such limited responses may be explained by arising resistance.
Drug combinations targeting multiple signalling pathways in cancer cells may provide
a remedy for emerging resistance development [5], and this is why new anticancer drug
combinations and therapies are so important and urgently required. One of the novel
therapeutic options is the drug combination of siremadlin (MDM2 inhibitor) and trame-
tinib (MEK inhibitor). Preclinical evidence suggests that siremadlin (previously known
as HDM201) and trametinib synergistically act in melanoma treatment [6,7]. To assess
how polytherapy may improve the anticancer response, the performance of preclinical
translational studies and the development of in vitro/in vivo translational methods are
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highly needed. A bench-to-bedside approach is much more challenging for drug combina-
tions than for a single drug because it must combine assumptions regarding the interaction
between two (or more) drugs at both the pharmacokinetic (PK) and pharmacodynamic (PD)
levels [8,9]. One of the solutions allowing for such a prediction is physiologically based
pharmacokinetic–pharmacodynamic (PBPK/PD) modelling. The PBPK/PD modelling
approach allows researchers to combine information on the drug characteristics with their
knowledge of physiology and biology at the organ and whole-organism levels. Such an
approach allows researchers to achieve a representation of the drug in a biological system
and the simulation of drug concentration–time profiles (pharmacokinetic profiles) and to
link it to the drug’s efficacy (its pharmacodynamic effect). This modelling approach offers
an advantage over the traditional PK/PD modelling approach because it potentially allows
for extrapolation into conditions for which pharmacokinetic studies have not been con-
ducted. PBPK models consider different organs and tissues (whole-body PBPK model) that
are the most relevant to the absorption, distribution, metabolism, and excretion (ADME) of
the drug. Thus, the drug concentration–time (pharmacokinetic) profile can be accurately
simulated in particular organs and tissues. Such a prediction is of high pharmacological
relevance because it enables the estimation of drug exposure at the site of its action (for
example, in a tumour), which may be difficult or impossible to experimentally measure in
animals or humans.

Analysis of the interactions between two or more drugs at the PD level is difficult
because of a lack of consensus on which theoretical model should be used to describe
the drug interaction type. As previously discussed, this issue is usually related to a
dilemma when a drug combination is classified as synergistic according to one model
but antagonistic in the other [6,10–12]. In this study, we chose the previously proposed
synergy metrics δ score (from the Synergyfinder package analysis) and β parameter (from
the Synergy package analysis) to be tested as translational in vitro/in vivo PD interaction
parameters [6].

Our main goal in this study was to develop and optimise a PBPK/PD model which
could allow the translation of the in vitro drug combination results to an in vivo situation.
An approach that involves using the results from in vitro studies coupled with PBPK/PD
modelling may accurately describe the observed tumour growth inhibition (TGI) data and
may suggest the most synergistic and efficacious schedules and dose levels for siremadlin
and trametinib in mice in vivo. This modus operandi may lead to more accurate estimations
of drug combination efficacy in virtual clinical trials (VCTs), which might be performed on
a virtual representation of cancer patients and ultimately provide the rationale for using
this drug combination in clinical trials on real patients with melanoma cancer.

2. Results

2.1. PBPK Models (with and without PK Interaction)

The developed PBPK models properly described the observed concentration–time
data for siremadlin, trametinib, and their combination in plasma, A375 tumour, and other
tissues (the muscle, spleen, brain, heart, kidneys, skin, lungs, gut, and liver), as shown
in Figures 1–7. These results are in line with those of a numerical analysis of fold errors
(the predicted and observed values) for the most important pharmacokinetic parameters
AUC0–24h, Cmax, and Tmax, which, in most cases, were within the 2-fold error range 0.5–2.0
(Tables S3–S6).
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Figure 1. PBPK model of siremadlin with and without PK interaction. Observed data are means from
n = 3.

 

Figure 2. PBPK model of trametinib with and without PK interaction. Observed data are means from
n = 3.
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(a) (b) 

  
(c) (d) 

Figure 3. Values of predicted concentrations with and without PK interaction for (a) siremadlin and
(b) trametinib in brain tissue; (c) siremadlin and (d) trametinib in gut tissue; observed data are means
from n = 3.

  

(a) (b) 

  
(c) (d) 

Figure 4. Values of predicted concentrations with and without PK interaction for (a) siremadlin and
(b) trametinib in heart tissue; (c) siremadlin and (d) trametinib in kidney tissue; observed data are
means from n = 3.
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(a) (b) 

  
(c) (d) 

Figure 5. Values of predicted concentrations with and without PK interaction for (a) siremadlin and
(b) trametinib in liver tissue; (c) siremadlin and (d) trametinib in lung tissue; observed data are means
from n = 3.

  

(a) (b) 

  
(c) (d) 

Figure 6. Values of predicted concentrations with and without PK interaction for (a) siremadlin and
(b) trametinib in muscle tissue; (c) siremadlin and (d) trametinib in skin tissue; observed data are
means from n = 3.
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(a) (b) 

  
(c) (d) 

Figure 7. Values of predicted concentrations with and without PK interaction for (a) siremadlin and
(b) trametinib in spleen tissue; (c) siremadlin and (d) trametinib in A375 tumour tissue; observed
data are means from n = 3.

Regarding the estimated AUC0–24h, the PBPK simulation for siremadlin indicated that
this parameter was accurately predicted for all tissues within a fold error of 0.93, except for
the A375 tumour tissue, which was slightly overestimated (1.22), as shown in Table S3. We
obtained a similar observation for the estimated trametinib AUC0–24h. The estimated fold
errors were also close to unity (0.93) in all tissues except for the A375 tumour, for which we
noted a 0.96-fold error (Table S4).

Concerning the predicted Cmax for siremadlin, this parameter was overpredicted in
the following tissues: the plasma (1.10), A375 tumour (1.00), brain (1.31), skin (1.57), and
gut (1.15); please refer to Figures 1, 3a,c, 6c and 7c and Table S3. Compared with the tissues
that were well supplied with blood, the Cmax was somewhat underpredicted in the muscles
(0.89), spleen (0.95), heart (0.89), kidney (0.97), lungs (0.99), and liver (0.94), as shown in
Figures 4a,c, 5a,c, 6a and 7a and Table S3. Regarding trametinib, the estimated fold errors
for this PK parameter were somewhat overpredicted in all the tissues (range: 1.00–2.08), as
shown in Figures 2, 3b,d, 4b,d, 5b,d, 6b,d and 7b,d and Table S4. We noted a significant
fold error (2.08) in the brain tissue, which could have been caused by the suboptimal blood
perfusion for this tissue in the constructed PBPK model (Figure 3b).

Regarding the Tmax parameter for siremadlin, the estimations for this parameter
were generally overpredicted for all the tissues (1 < fold error < 2). The exceptions were
the gut and A375 tumour tissue, for which this parameter was slightly underpredicted
(0.74) and remarkably overpredicted (4.26), respectively. This may have been caused by
unoptimised tumour blood perfusion in the mouse model; alternatively, the observed
Tmax values might not have been not properly determined due to sparse sampling, as
depicted in Figures 1, 3a,c, 4a,c, 5a,c, 6a,c and 7a,c and Table S3. Concerning the predicted
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Tmax for trametinib, the calculated fold errors for most of the tissues were within a 2-fold
error range. The only exception was for the brain tissue (fold error 0.11), which may have
been caused by suboptimal blood perfusion for this tissue in the constructed PBPK model
(Figures 2, 3b,d, 4b,d, 5b,d, 6b,d and 7b,d and Table S4).

Basic PBPK models were further improved by introducing PK interactions as a result
of the coadministration of the two studied drugs. The PK interactions could be explained
by the altered absorption process and distribution in the tumour compartment as well
(Table S2). The modification of those parameters allowed us to accurately fit the models to
the data with PK interaction in the plasma and other organs (Figures 1–7).

In the developed models assuming PK interactions, we estimated the most important
pharmacokinetic parameters (AUC0–24h, Cmax, and Tmax). In most cases, those parameters
were within the 2-fold error range (0.5–2.0). Regarding the estimated AUC0–24h for the
siremadlin model assuming PK interaction, this parameter was slightly underestimated for
all the tissues (within a fold error range of 0.76–0.86), except for the A375 tumour tissue,
for which this parameter was slightly overestimated (1.54), as shown in Table S5. Our
observation was similar for the estimated trametinib model assuming PK interaction. The
estimated fold errors for the AUC0–24h were also slightly underestimated (fold error range:
0.76–0.88) in all the tissues except for the A375 tumour and plasma, for which we noted
1.22- and 1.02-fold errors, respectively (Table S6).

Concerning the predicted Cmax for the siremadlin model assuming PK interaction, this
parameter was overpredicted in the following tissues: the plasma (1.15), A375 tumour (1.00),
brain (1.02), skin (1.31), and gut (1.00); please refer to Figures 1, 3a,c, Figures 6c and 7c and
Table S5. Compared with the tissues that were well supplied with blood, the Cmax was some-
what underpredicted in the studied tissues, including the muscle (0.89), spleen (0.90), heart
(0.94), kidney (0.84), lungs (0.86), and liver (0.86), as shown in Figures 4a,c, 5a,c, 6a and 7a
and Table S5. Regarding the trametinib model considering PK interaction, the estimated
fold errors for this parameter were slightly overpredicted in the following tissues: the
plasma (1.10), A375 tumour (1.00), spleen (1.33), and brain (1.29). In the well-perfused
tissues, the Cmax was slightly underestimated in the muscle (0.88), heart (0.70), kidney
(0.96), lungs (0.61), gut (0.77), and liver (0.85). However, in this model, we also noted that
the Cmax value of the skin was underestimated (Figures 2, 3b,d, 4b,d, 5b,d, 6b,d and 7b,d
and Table S6).

Regarding the Tmax parameter for the siremadlin model assuming PK interaction, estima-
tions of this parameter was generally overpredicted for all the tissues (1 < fold error < 2), except
for the liver and A375 tumour tissues, for which this parameter was slightly underpredicted
(0.81) and considerably overpredicted (3.38), respectively. This may have been caused by
unoptimised tumour blood perfusion in the mouse model, or the observed Tmax values
might not have been not properly determined due to sparse sampling, as depicted in
Figures 1, 3a,c, 4a,c, 5a,c, 6a,c, 7a,c and Table S5. Concerning the predicted Tmax for the
trametinib model accounting for PK interaction, the calculated fold errors in most of the
tissues were within a 2-fold error range. The only exceptions were for the brain tissue (fold
error 0.17), which may have been caused by suboptimal blood perfusion for this tissue, and
the gut (fold error 2.79), which may have been due to one or more of the following reasons:
the combined effect of the high modification of the ka parameter, sparse sampling of the
gut tissue homogenate, or homogenisation of the initial fragment of the intestine where the
trametinib concentrations more quickly appeared (Figures 2, 3b,d, 4b,d, 5b,d, 6b,d and 7b,d
and Table S6).

Generally, Tmax was the PK parameter most often mispredicted. Such a discrepancy
between the predicted and observed values might have been related to the fact that we
report the observed Tmax values on the highest observed Cmax, which might not have been
properly determined due to the sparse sampling of the observed data.

In the final stage of the siremadlin and trametinib PBPK model development, we
compared the models’ predictions with external PK data digitised from the literature [13,14].
We assumed that differences in the used formulations between our study and the already-
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published data would only be associated with the absorption process (Table S2). As shown
in Figures S1 and S2, the developed PBPK models were able to effectively capture the
plasma concentration–time data observed in the external studies, which therefore validated
those models. The final PBPK models’ parameters with and without PK interactions are
summarised in Tables S2, S7 and S8.

2.2. PD (TGI) Models

To determine the characteristics of unperturbed tumour growth, we plotted the log
tumour volume versus time for the mean tumour volume in vehicle-treated animals, as
shown in Figure S3. As a result, the growth curve in the vehicle control group was initially
characterised by a fast-growing exponential phase that ultimately approached a plateau
once a certain tumour volume was reached, indicating the saturation of the tumour growth.
According to our current knowledge, this may have been caused by rapid tumour growth,
which leads to limited oxygen and nutrient supply [15]. The selected logistic growth model
best described the unperturbed tumour growth in terms of the model score.

The final perturbed TGI models for siremadlin and trametinib assumed logistic tu-
mour growth, the Skipper–Schabel–Wilcox (log-kill) tumour-cell-killing hypothesis, drug
effects described by the exponential drug-killing model, acquired resistance to the therapy,
and treatment effect delay described by the signal distribution model with four transit com-
partments. For drugs administered in monotherapy, those models were able to accurately
capture the changes in tumour volume in time, with a mean relative error (RE) < 20%, as
shown in Figure 8 and Table S9.

 

Figure 8. Tumour volume simulations after single drug administration of siremadlin and trametinib.
Observed data are means from n = 6.

To properly fit the tumour volume data, TGI modelling for drug combinations required
additional parameters for the drug interactions at the PK and PD levels. We tested two
different parameters that were determined to be drug interaction parameters at the PD
level during the in vitro data analysis (Table S1). We selected the β parameter from the
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MuSyC drug interaction model as the translational in vitro/in vivo PD parameter. We
predicted that the interactions at the PK level (the AUC ratio parameters for siremadlin
and trametinib) would be dose-dependent in all the tested drug combination arms. The
predicted tumour volumes for the drug combination were within a mean RE of <20%, as
shown in Figure 9 and Table S9.

 

Figure 9. Tumour volume simulations after combined drug administration of siremadlin and trame-
tinib. Observed data are means from n = 6.

We successfully verified the TGI models with external efficacy data, as described in
Section 4.5.2 and as shown in Figures S5 and S6 and Tables S10 and S11.

The key input parameters for the final TGI models for the single drug and drug
combination are shown in Tables S9–S11.

2.3. PBPK/PD Estimation with Universal Model for Drug Combination at Human Equivalent
Doses (HEDs)

We created a universal model based on a visual inspection of the data from the current
study, validation studies, and score analysis. Determining the relationships between the TGI
model parameters allowed us to carefully extrapolate the values of the model parameters
for different doses and dosing regimens (Tables S12, S15–S17 and Figures S7–S14). As
shown in Figure 10, the results of the tumour volume simulations after two cycles of the
combined therapy at HEDs revealed that at least 40 days (960 h) of continuous dosing of
trametinib with siremadlin (regardless of the siremadlin dosing regimen) is needed for
complete tumour regression (tumour volume ≤ 32 mm3). Additionally, the results from
simulations for two therapy cycles suggested that the synergistic efficacy of the siremadlin
and trametinib drug combination reduces the number of trametinib doses needed to achieve
tumour stasis (tumour volume ≤ 170 mm3) to only 21 doses in a treatment cycle. In general
simulations of combinations accounting for continuous siremadlin dosing, the results
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indicated that qdx7 or qdx14 had a higher efficacy than intermittent dosing schedules qwx2
or qdx1, as shown in Figures S15, S16 and S19. Simulations of siremadlin, trametinib, and
their combination efficacy after one and two cycles of therapy at HEDs are depicted in
Figures S15–S19.

 

Figure 10. Simulation of siremadlin and trametinib combination efficacy at HEDs (2 therapy cycles)
using universal TGI model.

3. Discussion

The developed mouse PBPK/PD models for the MDM2 inhibitor siremadlin, the MEK
inhibitor trametinib, and their therapeutic combination were able to describe both the phar-
macokinetic and pharmacodynamic profiles of those drugs. The models consider the oral
(P.O.) administration of siremadlin and trametinib, full-body distribution model, hepatic
metabolism for siremadlin, and intravenous clearance for trametinib. Additionally, the
models implement a permeability-limited tumour distribution model and drug interactions
at absorption and tumour distribution levels, which allowed us to capture changes in
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siremadlin and trametinib concentrations in plasma and other tissues (e.g., the heart, liver,
spleen, muscle, brain, kidney, A375 tumour, lung, gut, and skin) when we separately or
simultaneously administered both compounds. The interactions at the absorption level
include changes in the absorption rate constant (ka) for siremadlin and alterations in the
absorption rate constant (ka), fraction absorbed (fa), and lag time (tlag) in the case of
trametinib. We hypothesised that those two drugs are competing for intestinal transporters
related to absorption. Whereas siremadlin might be preferentially transported, a satu-
ration of absorption and transport mechanisms may decrease trametinib absorption. In
turn, in tumour interaction depending on the shift in passive permeability and efflux P-gp
transporter clearances, an increased disposition of both compounds may occur, which may
additionally abolish tumour resistance, which is often related to increased efflux transporter
abundance and activity [16–21]. However, further PK studies are needed to confirm such
observations in plasma and tumour compartments. The application of PBPK models for
siremadlin and trametinib allowed us to calculate key the pharmacokinetic parameters
AUC0–24h, Cmax, and Tmax, which were mainly within the 2-fold error range for all tissues
except the A375 tumour and brain tissues. This may have been caused by suboptimal
blood perfusion in those tissues. In the case of the A375 tumour, a slower distribution
and, consequently, a higher predicted Tmax than that observed was probably related to
insufficient blood perfusion. Applying higher blood perfusion would be possible, but it
might be out of the range of measured perfusion in human melanoma xenografts [22–24].
In models assuming coadministration and associated PK interaction, we also characterised
the AUC0–24h, Cmax, and Tmax mainly within the 2-fold range for all the tissues except for
the A375 tumour, brain, and gut. Regarding the A375 tumour and brain tissues, the high
Tmax fold error might be related to unoptimised blood perfusion in this model. The higher
calculated trametinib Tmax for the gut may have been related to the combined effect of the
considerable modification of the ka parameter with the sparse sampling of the gut tissue
homogenate, or to the homogenisation of the initial fragment of the intestine (where the
concentrations more quickly appeared), which could have impacted the predicted Tmax for
this tissue. The Tmax was the PK parameter most often mispredicted. Such a discrepancy
between the predicted and observed values for this parameter might have been related to
the fact that we used the observed Tmax values on the highest observed Cmax, which might
not have been accurately determined because of the sparse sampling of the observed data
in this study. We successfully verified the obtained PBPK models with external PD data
extracted from the literature [13,14].

The developed TGI models describe the time course of siremadlin and trametinib effi-
cacy when administered separately and together to mice xenografted with A375 melanoma
cells. The logistic growth model best described the unperturbed tumour growth using data
from the current study and validation sets.

Based on previously performed in vitro studies, it is known that compounds’ killing
effect is concentration- and time-dependent with an initial delay in the response, and
resistance that might arise. These initial assumptions led us to develop final perturbed TGI
models for siremadlin and trametinib. The models assume logistic tumour growth, the
Skipper–Schabel–Wilcox (log-kill) tumour-cell-killing hypothesis, drug effect described by
the exponential drug killing model, acquired resistance to the therapy, and treatment effect
delay described by the signal distribution model with four transit compartments. The delay
in the effect of these drugs is most likely related to the duration of the signal transduction
associated with the activation of the p53–MDM2 and MAPK pathways, resulting in cell
death. Resistance is an inherent part of anticancer treatment; therefore, a population of
resistant cells was assessed for both drugs separately and when combined in the performed
study, and its description may play a critical role in predicting and optimising the treatment
response and may improve therapy scheduling [25,26]. Modelling the drug combination
approach required the selection of a PD interaction parameter that could be translational in
in vitro/in vivo extrapolation. The selected β parameter from the MuSyC drug interaction
model was the most optimal solution for the modelling data obtained from the present
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study; however, further PK/PD studies on mice coupled with PBPK/PD modelling are
needed to validate the optimal PD interaction parameter choice. We successfully verified the
created PBPK/PD models with different dosing and scheduling regimens from external PD
data. The final TGI models for the unperturbed and perturbed groups properly predicted
tumour volume within 20% of the mean relative error acceptance criteria for the data from
the present study and external PD data.

Among the most relevant limitations of the present work is that the current models are
restricted only to the experimental data available from a single mouse study with a limited
number of animals (n = 6); additionally, no data from other mouse melanoma xenografts
were available. Furthermore, differences in the exposure ratios (AUC ratio) in the models
using external PD data may have been caused by the different formulations used in those
studies, but they could also be explained by the variability in the resistance parameter
lambda. However, because the used cell lines were authenticated, the possibility that the
genomic drift impacted the arising resistance is unlikely. The selected TGI model for the
MDM2 inhibitor is similar to already reported models for RG7388 (idasanutlin) [27] and
HDM201 (siremadlin) [28] molecules from the same class. Even though those models were
built on data from osteosarcoma SJSA-1 derived mouse xenografts, common mechanisms
such as delayed drug effects and arising resistance can be concluded for this class of
small-molecule inhibitors.

The results of an in-depth analysis of the TGI models’ parameter dependencies allowed
us to extrapolate PD model predictions for different doses and dosing frequencies of the
studied drugs after one or two cycles of the therapy, which allowed us to select the most
optimal therapeutic strategies that ensure a high efficacy. The modelling and simulation
approach suggested several effective dosing schedules; however, the most important
are those assuming tumour stasis and complete tumour regression. The simulations of
the tumour volume after two cycles of the combined therapy at HEDs revealed that at
least 40 days of continuous dosing of trametinib combined with siremadlin (regardless of
the siremadlin dosing regimen) is needed for the tumour to completely regress (tumour
volume ≤ 32 mm3). Moreover, these simulations suggested that the synergistic efficacy
of the siremadlin and trametinib drug combination reduces the number of successive
trametinib doses needed to achieve tumour stasis (tumour volume ≤ 170 mm3) to only
21 doses in the treatment cycle. This might be especially useful for patients who may
develop hypersensitivity, a serious skin rash, or other adverse events grade 2 or higher
after using trametinib [29]. Such suggestions may play a role in the development of a
potential clinical trial protocol to study melanoma-bearing patients that will be treated with
a siremadlin and trametinib combination.

In the simulations of the combination, trametinib seemed to be less effective than in
monotherapy, which might be explained by the assumed higher resistance to the therapy
when both drugs are simultaneously administered (but smaller parts of the cell population
will be resistant). Additionally, by comparing the results from the efficacy simulations
after 40 doses of trametinib (Figure S17) with data from the administration of 36 doses
(Figure S6, external PD data from the literature), the simulation results suggested a higher
efficiency, which might be related to the variability in the lambda parameter or exposure
ratio. The presented PBPK/PD translational approach also has other associated limitations,
such as not considering the influence of MDM2 inhibition in stromal or immune microenvi-
ronments [30–32]. Nonetheless, despite these many limitations, the developed PBPK/PD
models reasonably accurately described the PK and time course of the tumour growth
across all doses and dosing schedules.

Further analyses are encouraged to externally validate the developed PBPK/PD
models for siremadlin, trametinib, and their combination toward predicting tumour volume
after human equivalent dose administrations.

The in vitro/in vivo translational approach presented in this study facilitated the
determination of the most synergistic and efficacious schedules and dose levels for the
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siremadlin and trametinib combination in mice and may provide a rationale for planned
translational modelling between mice and melanoma-bearing patients.

Recently published clinical data on siremadlin [28,33] and trametinib [29,34] combined
with the findings of this study may support the extrapolation of animal PBPK/PD data into
a clinical situation. Nonetheless, due to the limited amount of in vivo drug combination
data available from this study, such extrapolation may only predict the initial efficacy in
patients. The performance of additional in vivo efficacy studies with a larger number of
animals and different melanoma xenografts is warranted to improve simulation predictions,
although the performance of virtual clinical trials (VCTs) may also facilitate simulation
prediction improvement regarding the melanoma patient subpopulation. Further develop-
ment of the clinical PBPK/PD models for siremadlin and trametinib is needed to construct
a proper drug combination model in clinical settings.

PBPK/PD modelling is a powerful tool that allows researchers to properly estimate
the in vivo efficacy of anticancer drug combinations based on the results of in vitro studies.
Such an approach may indicate the most efficacious dosing strategies. This method allows
for better planning of the clinical trials and estimation of drug combination efficacy in such
trials on the virtual representation of cancer patients.

4. Materials and Methods

4.1. Materials

Siremadlin (catalogue number HY-18658) and trametinib (catalogue number HY-10999)
used in this study were obtained from MedChemExpress. PEG 400 (catalogue number
81172) and Cremophor RH40 (catalogue number 07076) were provided by Merck (for-
merly Sigma-Aldrich), EtOH (catalogue number 1016/12/19) was provided by POCH, and
Labrafil M1944CS (catalogue number 178290) was provided by Gattefosse. The A375 cell
line used in the single drug administration in vivo studies was obtained from American
Type Culture Collection (CRL-1619). For drug combination in vivo studies, the A375 cell
line was provided by European Collection of Authenticated Cell Cultures (88113005).

4.2. Software

PK parameters were estimated with Microsoft Excel (Excel version 2016, Microsoft
Corporation, Redmond, WA, USA, 2016, https://www.office.com). Digitalisation of the
literature-derived data was performed with the use of WebPlotDigitizer software (version
4.4, Ankit Rohatgi, Pacifica, CA, USA, 2021, https://automeris.io/WebPlotDigitizer). PD
modelling was performed with Monolix software (Monolix version 2021R1, Lixoft SAS,
Antony, France, 2022, http://lixoft.com/products/monolix/). Monolix custom PD model
in Mlxtran can be found in Code S1. PBPK/PD modelling was performed in Simcyp
simulator software (Simcyp Animal V21, Certara UK Limited, Sheffield, UK, 2022, https:
//www.certara.com/software/simcyp-pbpk). Custom PK interaction and PD models in
Lua can be found in Codes S2 and S3. The relationship between PD parameters in the
universal PD model was determined by 2D curve fitting in Microsoft Excel and 3D curve
fitting in Python ZunZun3 tool (ZunZunSite3, James R. Phillips, Birmingham, AL, USA,
2016, http://findcurves.com).

4.3. Studies Involving Animals

Crl:CD-1-Foxn1nu female 4–5-week-old mice from Charles River Germany inoculated
subcutaneously with A375 cells were used for in vivo studies. Determination of compound
concentrations in plasma, heart, liver, spleen, muscle, brain, kidney, A375 tumour, lung,
gut, and skin tissue homogenates were performed with the use of a quantitative LC-
MS/MS system. Tissues were resected at the following timepoints: 1.5, 4, 8, 24 h (n = 3
per timepoint). Pharmacokinetic parameters (AUC, Cmax, relative AUC ratio, and Tmax)
and tissue:plasma partition coefficients (Kp) were calculated using MS Excel 2016. Area
under the concentration versus time curve was calculated using the linear trapezoidal
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rule. Tissue:plasma partition coefficients (Kp) were calculated as proposed by Rodgers and
Rowland [35] with an assumption of linear pharmacokinetics [36] (Equation (1)).

Kp (Ktissue:plasma) = Ctissue,ss/Cplasma,ss = AUCtissue/tau/AUCplasma/tau = AUCtissue/AUCplasma, (1)

where C is concentration in particular tissue or plasma at steady state (ss), AUC is observed
area under the curve for particular tissue/plasma, and tau is the dosing interval.

Determination of tumour growth was performed after oral gavage of vehicle (60% PEG
400 (v/v), 10% Cremophor RH40 (v/v), 10% EtOH (v/v), and 20% Labrafil M1944CS (v/v)),
siremadlin, trametinib, or their combination in vehicle. The volume of the administration
(10 mL/kg) of the compounds was always adjusted to the mouse body weight. Initial
tumour volumes, doses, dose schedules, and numbers of animals in particular in vivo
studies are summarised in Table 1.

Table 1. Summary of performed in vivo studies on CD-1 nude mice xenografted with A375 tumour.

Compound
Initial Tumour
Volume (mm3)

Doses (mg/kg) Dose Schedule N Comments

Vehicle (Adamed) ~135 - q1dx5/q7dx2 10 Adamed reference
Siremadlin ~137 25/50 q1dx5 10 Adamed reference
Siremadlin ~137 50/100 q7dx2 10 Adamed reference

Vehicle
(current study) ~162 - qdx6 11 Efficacy in current study

Siremadlin ~163–172 40/100 qdx3 6 Efficacy in current study
Trametinib ~167–180 0.3/1 qdx6 6 Efficacy in current study

Siremadlin +
Trametinib ~165–169 40 + 0.3/40 +

1/100 + 0.3/100 + 1 qdx3/qdx6 6 Efficacy in current study

Siremadlin ~300 100 qdx1 12 PK in current study
Trametinib ~300 1 qdx1 12 PK in current study

Siremadlin +
Trametinib ~300 100 + 1 qdx1 12 PK in current study

Tumour volume (V) was recorded with an electronic calliper twice or thrice a week
and was calculated based on its length and width using the prolate ellipsoid equation
(Equation (2)).

V = d2 × D/2, (2)

where d is tumour width (mm) and D is tumour length (mm). For tumour volume simula-
tion, it was assumed that 1 cm3 = 1 mL.

4.4. Physiologically Based Pharmacokinetic Models
4.4.1. General PBPK Modelling Strategy

The modelling strategy was based on “middle-out” approach combining advantages
of “bottom-up” and “top-down” approaches, whereby some parameters were fixed (such
as in vitro determined or literature-derived data for siremadlin and trametinib [37–40]) and
others were estimated. Parameter estimation (PE) was performed using the PE Module
of the Simcyp Animal V21 using the Nelder–Mead method, weighted least squares by
the reciprocal of the square of the maximum observed value as the objective function,
and the termination criterion defined as the improvement of less than 1% of the objective
function value. Optimisation was performed manually to fit the observed data. Due to
the limitations of the mouse model in the current V21 version of Simcyp Animal software,
estimation of inter-individual variability was not possible; therefore, models were fitted to
the averaged values of PK and PD data at particular timepoints. PBPK model performance
was evaluated based on the “2-fold” criterion for maximum concentration (Cmax) and area
under the concentration vs. time curve (AUC) and Tmax [41,42]. A graphical representation
of PBPK model development is presented in Figures S20–S22.
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4.4.2. Mouse Population

The physiological parameters of the Simcyp mouse population were modified to
reproduce the CD-1 nude mouse population used in the experimental procedure. With
regard to this, body weight, cardiac output [43], tissue volumes, blood flows, and tumour
properties (including tumour tissue volume, blood flow, composition, and pH) were
adapted to the studied population. Since no raw data for blood flow in the A375 xenograft
were available [44], blood flow was set as in human melanoma xenografts [22–24].

4.4.3. PBPK Model Verification

The final siremadlin and trametinib PBPK models were compared with external
PK data [13,14] through both visual check and numerical analysis. Experimental and
predicted longitudinal plasma concentration (Cp) and tissue concentration (Ct) profiles
were generated, including the mean predicted concentrations. Local sensitivity analysis
(parameter scanning) was performed to evaluate the relative impact of fa, HepCL, and
fu_inc in the plasma PK parameters (AUC0–24h and Cmax) for siremadlin and fa and CLiv for
trametinib in the ranges presented in Tables S7 and S8. The performance of the siremadlin
and trametinib PBPK models was assessed by the fold error for each tissue, which referred
to the ratio of the predicted AUC0–24h, Cmax, or Tmax to the observed AUC0–24h, Cmax, or
Tmax respectively (Equation (3)). AUC0–24h was calculated by the linear trapezoidal rule.
Both visual checks and numerical analyses were performed in Microsoft Excel 2016.

Fold Error PK parameter = Predicted PK parameter/Observed PK parameter, (3)

4.5. Pharmacodynamic Modelling
4.5.1. General PD Modelling Strategy

Optimal PD models used further in PBPK/PD modelling were established in Monolix
software. Due to the comprehensive library of Monolix PD (TGI) models [45], the first step
in proper PD selection was based on the screening of various PD models with the use of an
automatic model initialisation (auto-init) function. Auto-init allows finding the good initial
values of parameters before starting the population modelling approach. This custom
optimisation method is performed on the pooled data, without inter-individual variability,
and as result finds only a local minimum of the fitted PD model (the global minimum has
yet to be set). Model selections were based on visual inspection of individual observed vs.
predicted data and comparisons of resulting values of model score (Equation (4)).

Model score = −2 × log-likelihood (−2LL, called also objective function value—OFV) + corrected Bayesian
Information Criteria (BICc),

(4)

−2LL and BICc were estimated by linearisation method to accelerate calculations.
For TGI models further developed in Simcyp Animal, the goodness of TGI model fit
was evaluated based on the mean relative error (RE) value (Equation (5)) being < 20% as
proposed in [46]:

RE (%) = 100 × (Predicted Tumour Volume − Observed Tumour Volume)/Observed Tumour Volume, (5)

4.5.2. PD (TGI) Model Development and Verification

The first stage of TGI model development was focused on the selection of a mathemat-
ical model describing properly unperturbed tumour growth of A375 xenografts. Different
tumour growth models assuming growth saturation such as logistic, generalised logis-
tic, hybrid Simeoni–logistic, Gompertz, exponential Gompertz, and von Bertalanffy were
evaluated and fitted to the data from the vehicle group in the Monolix software. The
selected unperturbed logistic growth model assumes an exponential growth rate (kge)
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which decelerates linearly with respect to the initial tumour size (TS0) and is described by
the following Equation (6):

dTS/dt = kge × TS0 × (1 − (TotalTS/TSmax)), (6)

where kge is tumour growth (1/day), TS0 is initial tumour size (mL), TotalTS is total tumour
size (mL), and TSmax is maximal tumour size (mL).

After the characterisation of tumour growth, the tumour growth inhibition models
(perturbed models) were developed for siremadlin, trametinib, and their combination
separately based on observed tumour volume data. Several structural TGIs were compared
in terms of model score in order to select the best fit to the averaged tumour volume data.

A screen of multiple models incorporating introduction of the type of killing hypoth-
esis (Norton–Simon or Skipper–Schabel–Wilcox log-kill), dynamics of treatment effect
(linear, Emax, Emax–Hill, exponential kill), type of treatment effect delay (cell distribution
model [47] or signal distribution model with 3 or 4 transit compartments [48]), type of
resistance arising (claret exponential [49] or 2-population model [48,50–52]), and value of
gamma (PD interaction parameter) (Synergyfinder-derived δ score or β parameter calcu-
lated with synergy package [6]) was performed in Monolix software.

The most important features of the selected perturbed TGI model characterising single
siremadlin-, single trametinib-, and combination-treated groups are written in the following
equations and initial conditions:

TotalTS(t) = TS(t) + TSr(t), (7)

TS_0 = TS0, (8)

TSr_0 = TSr0, (9)

TSmax = crck × (TS0 + TSr0), (10)

kkill_Siremadlin = a × Siremadlin dose × number of doses, (11)

kkill_Trametinib = b × Trametinib dose × number of doses, (12)

kkill_combination = (kkill_Siremadlin × AUC_ratio_Siremadlin + kkill_
Trametinib × AUC_ratio_Trametinib) × gamma,

(13)

kkill = kkill_Siremadlin/kkill_Trametinib/kkill_combination, (14)

C(t) = C_Siremadlin/C_Trametinib/(C_Siremadlin + C_Trametinib), (15)

K(t) = kkill × (1 − eˆ(−s × C(t))), (16)

K1_0 = 0, (17)

K2_0 = 0, (18)

K3_0 = 0, (19)

K4_0 = 0, (20)

dK1/dt = (dK − K1)/tau, (21)

dK2/dt = (K1 − K2)/tau, (22)

dK3/dt = (K2 − K3)/tau, (23)

dK4/dt = (K3 − K4)/tau, (24)

dTS/dt = 0, (25)

dTSr/dt = 0, (26)

dTS/dt = (kge*TS*(1 − (TotalTS/TSmax))) − (K4 + ksr*K4)*TS, (27)
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dTSr/dt = (kge*TSr*(1 − (TotalTS/TSmax))) + (ksr*K4*TS) − (K4/lambda*TSr), (28)

where resistance is defined by the introduction of sensitive (TS—tumour size) and resistant
population (TSr—resistant tumour size) of cancer cells. It was assumed that at time 0, the
total tumour size (TotalTS) is represented by the sum of TS and TSr cells (Equation (7)). To-
talTS is assumed to be ~100% comprising TS cells because TSr0 = ~0 at t = 0. Initial volumes
of TS and TSr at time = 0 are denoted as TS0 and TSr0 (Equations (8) and (9)). Correlation be-
tween initial tumour size (for TS0 and TSr0, respectively) and maximal tumour size (TSmax)
was parametrised as the crck parameter as proposed in [28] (Equation (10)). The tumour-
cell-killing constant of siremadlin or trametinib was determined to be dependent on the
dose and number of doses, after introducing compound-specific killing constants—a and b
(Equations (11) and (12)). The killing constant for combination (kkill_combination) was
characterised as the sum of the siremadlin and trametinib killing constants adjusted with PK
interaction parameters (AUC ratio parameter which was calculated for siremadlin + trame-
tinib 100 + 1 mg/kg dose and estimated for the other doses) as well as gamma (PD interac-
tion parameter)—β parameter determined from analysis of in vitro data (Equation (13)).
Depending on the treated group, the killing constant could be assigned to the killing
constants of siremadlin, trametinib, or their combination (Equation (14)). Total plasma
concentration of siremadlin, trametinib, or their combination was used as the input for
the drug effect (Equation (15)). The tumour growth inhibition model uses a log-kill killing
hypothesis with the treatment dynamics following exponential kill kinetics: kkill is the
killing constant, and s is the killing constant coefficient (Equations (16), (27), and (28)). A
delay of killing effect (K) has been implemented by the introduction of 4 signal transit
compartments (K1, K2, K3, K4), as suggested by [48]. The duration of this delay is deter-
mined by the parameter tau (Equations (21–24)). It was assumed that transit compartments
equal 0 in time = 0 (Equations (17–20)). It was also assumed that initial change of tumour
volume for sensitive and resistant cells populations equal 0 (Equations (25) and (26)). The
tumour logistic growth model and growth rate (kge) were assumed to be the same for
the sensitive and treatment-resistant cell populations. Acquired resistance to the therapy
also assumes that part of sensitive cells will convert into resistant ones. The conversion
rate from sensitive to resistant population is regulated by a rate constant denoted as ksr as
previously proposed [28,53] (Equations (27) and (28)). It was assumed that studied drugs
are also inducing a killing effect on the resistant cell population but with a reduced potency
(Equation (28)). The parameter lambda denotes the fold-change loss in drug potency on
resistant cells relative to sensitive cells. Units for particular parameters are summarised in
Table S9.

In the next stage of TGI model development, models for single drug administration
were compared with external efficacy data: siremadlin efficacy from a previously performed
study on mice xenografted with A375 cells (unpublished data, courtesy of Adamed Pharma)
and trametinib efficacy data digitised from the literature [54,55] (studies carried out on
mice xenografted with A375 cells). The applied TGI models allow the tumour volume
data in external efficacy studies to be fitted properly, therefore validating those models
(Figures S5 and S6 and Tables S10 and S11). Due to differences in exposure (AUC0–24h) in
external data, the value of the killing-effect-related parameter (kkill) was adjusted with the
AUC ratio parameter which was calculated for siremadlin based on previously performed
PK studies (unpublished data, courtesy of Adamed Pharma as shown in Table S13) and
was estimated in particular studies for trametinib.

In the last step, unperturbed and perturbed tumour growth inhibition models for sire-
madlin, trametinib, and their combination previously developed in Monolix were translated
into Lua programming language and applied within the Simcyp Animal V21 for further de-
velopment to achieve a mean relative error (RE) value of < 20% (Equation (5)). A graphical
summary of TGI model development and verification is presented in Figures S20–S22.
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4.5.3. TGI Model Parameter Dependence Estimations (Universal Model Development)

After the construction of the final PD models, relationships between input parameters
were established in order to construct universal TGI models which allowed the proper
prediction of tumour volume even after using different doses and dosing frequencies of the
studied drugs.

Relationships between input parameters were developed for siremadlin, trametinib,
and combination TGI models separately and only for selected input parameters (crck, kge,
exposure ratio, kkill, and tau), while the other ones determined experimentally or estimated
through TGI model development (TS0, TSr0, s, lambda, ksr, and gamma) were fixed at
specific values (Table S12).

Development of the dependency of the parameters was based on the initial assump-
tion that values of input parameters scaled with the dose and were summed up in the
combination TGI model. Various mathematical equations were screened in the ZunZun3
standard 3D equations library (including over 300 equations from bioscience, enzyme
kinetics, exponential, logarithmic, polynomial, power, rational, sigmoidal, trigonometric,
and many more miscellaneous equations) in order to find the best fit describing dependen-
cies between input parameter data. Then, the best models (in terms of the lowest sum of
squared absolute error) were verified on the siremadlin and trametinib verification datasets.

4.5.4. Tumour Volume Simulation for Drug Combination at Human Equivalent Doses

Tumour volume for studied drugs and their combination was estimated using uni-
versal PBPK/PD model within a 0–960 h simulation timeframe at the human equivalent
doses and clinically examined dosing regimens for each drug (Table S14). For simulation
purposes, the initial tumour size (TS0) was assumed to be 170 mm3 (0.17 mL); therefore,
the cut-off for tumour stasis was set to be ≤ 170 mm3 at the end of the simulation (960 h).
Following complete eradication of the tumour, scarring often occurs at the site of tumour
implantation, leaving behind connective tissue that may be mistaken for a small tumour;
thus, tumour width or length below the limit of detection (4 mm) resulting in tumour vol-
ume of 32 mm3 was selected as the cut-off for complete tumour regression at the end of the
simulation (960 h). The chosen cut-off for complete response (tumour volume ≤ 32 mm3)
is in line with reported values [56–58]. TGI model parameters for simulations of tumour
volume at HEDs for studied compounds after 1 or 2 cycles of therapy are summarised in
Tables S15–S17.

Animal doses equivalent to human doses were calculated according to Equation (29) [59].

Animal equivalent dose (AED) [mg/kg] = Human equivalent dose (HED) [mg/kg]/(Weightanimal [kg]/
Weighthuman [kg])(1−0.67),

(29)

where the mean weight of mice was 0.02755 kg (mean mouse weight in current study) and
human weight selected as typical patient weight was 70 kg.
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Abstract: The development of in vitro/in vivo translational methods and a clinical trial framework
for synergistically acting drug combinations are needed to identify optimal therapeutic conditions
with the most effective therapeutic strategies. We performed physiologically based pharmacokinetic–
pharmacodynamic (PBPK/PD) modelling and virtual clinical trial simulations for siremadlin, trame-
tinib, and their combination in a virtual representation of melanoma patients. In this study, we built
PBPK/PD models based on data from in vitro absorption, distribution, metabolism, and excretion
(ADME), and in vivo animals’ pharmacokinetic–pharmacodynamic (PK/PD) and clinical data de-
termined from the literature or estimated by the Simcyp simulator (version V21). The developed
PBPK/PD models account for interactions between siremadlin and trametinib at the PK and PD
levels. Interaction at the PK level was predicted at the absorption level based on findings from animal
studies, whereas PD interaction was based on the in vitro cytotoxicity results. This approach, com-
bined with virtual clinical trials, allowed for the estimation of PK/PD profiles, as well as melanoma
patient characteristics in which this therapy may be noninferior to the dabrafenib and trametinib
drug combination. PBPK/PD modelling, combined with virtual clinical trial simulation, can be
a powerful tool that allows for proper estimation of the clinical effect of the above-mentioned
anticancer drug combination based on the results of in vitro studies. This approach based on
in vitro/in vivo extrapolation may help in the design of potential clinical trials using siremadlin and
trametinib and provide a rationale for their use in patients with melanoma.

Keywords: anticancer drugs; virtual clinical trials; pharmacokinetics; pharmacodynamics; drug
combination; PBPK/PD modelling; MDM2 inhibitor; MEK inhibitor

1. Introduction

Conducting well-designed studies to establish the pharmacokinetic–pharmacodynamic
(PK/PD) relationships in animal models in a way that allows us to scale the results to
humans is a crucial element of preclinical drug development. Determining and under-
standing the relationships (or lack of them) between PK and PD significantly improves
the interpretation of drug-related data and facilitates successful translation to human
conditions [1].

The translational sciences aim to transfer results from basic science to the animal or
patient level (bench to bedside). Currently, in vitro/in vivo extrapolation (IVIVE) methods
combined with physiologically based pharmacokinetic (PBPK) modelling are often an inher-
ent element of pharmacokinetic (PK) and pharmacodynamic (PD) properties estimation in
the drug discovery and development process [2–4]. Such an approach can potentially help
implement the 3R principles (replacement, reduction, and refinement) for the ethical use of
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animals by replacing living animals and reduce the number required to obtain meaningful
PK/PD data [5].

Despite substantial progress in the development of in silico methods, the challenge of
in vitro model verification and in vitro result extrapolation to animals or humans in vivo
remains [6]. That is why studies involving animals are still irreplaceable at the preclinical
drug development level, especially in the field of oncology [7]. This situation is also caused
by the fact that some preclinical results may not directly translate to the clinic because
some in vitro systems do not fully mimic the in vivo environment. This is why further
development of in vitro/in vivo translational methods is crucial to better characterise
a clinically observed drug’s efficacy and safety and to increase the ethical usage of animals
and decrease the number of animals needed in preclinical testing programs. One alternative
way to avoid the excessive use of animals is the concept of bidirectional translational
research. Clinical and in vivo animal studies inform basic science and in vitro research,
and vice versa [8]. The translational concept of the bidirectional “learn, confirm and refine”
paradigm is adopted in the modelling and simulation (M&S) approach [9]. One of the
M&S applications that bridges the gap between in vitro and in vivo research is PBPK/PD
modelling [10,11]. The selection of sensitive cancer types usually requires preclinical
in vitro and in vivo efficacy data using indication-related cell lines or patient-derived
xenografts (PDX). Such a process demands translational studies and data modelling to
estimate effective clinical doses and dosing schedules. This is especially important for
difficult-to-treat cancer indications requiring drug combinations. The modelling of such
data is additionally complicated by the fact that there are a lack of IVIVE solutions for
drug combinations. Admittedly, there have been some attempts [12,13]; however, the
proposed clinical translational solutions were based only on the in vitro data and neglected
the animal in vivo verification context. It is also worth mentioning the concepts of tumour
static concentration and tumour static exposure developed by Cardilin et al. [14,15]. This
methodology may also aid in translational efforts for drug combinations utilising the Chou–
Talalay combination index (CI) theorem [16] and in vivo-derived data. The same group
also recently published an interesting scaling technique to predict the clinical efficacy of
drug combinations based on their efficacy in mouse xenografts [17].

Metastatic melanoma is a cancer condition that is life-threatening and difficult to
treat due to its ability to spread early and aggressively. The treatment of aggressive and
fast-spreading cancer usually requires a combination of various therapeutic options to stop
the cancer from developing further. One of the newly proposed therapeutic options is the
drug combination of siremadlin MDM2 (mouse double minute 2) inhibitor and trametinib
MEK (mitogen-activated protein kinase kinase) inhibitor. Drug combinations utilising this
class of inhibitor are currently the subject of many studies in clinical trials (clinicaltrials.gov
(accessed on 14 December 2022) identifiers: NCT02110355, NCT03714958, NCT02016729,
NCT01985191 and NCT03566485). Preclinical evidence suggests that siremadlin (previ-
ously known as HDM201) and trametinib act synergistically in melanoma [18–22]. The
mechanisms of action of both drugs (including the mechanisms influencing melanin pro-
duction [23,24], which may prevent melanoma metastasis [25,26]) are depicted in Figure S1.

Moreover, previous in vitro and in vivo data suggest that these two compounds might
synergistically interact with each other at the PK and PD levels; thus, co-administration
may result in synergistic drug–drug interaction (DDI) at the PK and PD levels, which
provides the basics for further consideration as a therapeutic option.

Recent studies showed that a tumour size change of at least 10% is a prognostic factor
and is highly correlated with the improvement of overall survival in melanoma [27,28].
Thus, it is believed that the increased antitumour activity of the siremadlin and trametinib
drug combination may contribute to increased overall survival of melanoma patients.

The main aim of this study was to establish an accurate simulation methodology for
drug combination using available in vitro/in vivo absorption, distribution, metabolism,
and excretion (ADME), and PK and PD data, to develop and optimise a PBPK/PD
model. Such a model could potentially allow for the translation of previously presented
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in vitro/in vivo findings into an in vivo human situation. This model was used to estimate
the clinical effect (tumour size reduction) of an MDM2 and MEK inhibitor combination.

The performance of virtual clinical trials (VCTs), which might be carried out on
a virtual representation of cancer patients, may lead to accurate estimations of the drug
combination’s efficacy. This can ultimately provide the rationale for using siremadlin and
trametinib in combination in clinical trials with melanoma cancer patients.

2. Results

2.1. PBPK Models (with and without PK Interaction)

The two PBPK models were developed for siremadlin. The first model with a mixed
zero- and first-order absorption mechanism (hereafter referred to as the MO model) was
originally proposed in the literature [29], and the second one was simplified to a first-order
absorption mechanism only (referred to as the FO model). Both models reasonably well
described the plasma concentration–time data for siremadlin administered daily and in
the intermittent regimens in cancer patients’ representatives, as shown in the example in
Figures 1 and S2–S4. PBPK simulations for siremadlin for all the study participants are
depicted in Figures S5–S19.

 

Figure 1. PBPK model of siremadlin administered in an intermittent regimen in cancer patient repre-
sentatives using first-order absorption mechanism. Resimulated data are presented as a geometric
mean from number of study participants × 10 (see Table 7 in Section 4).
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The PBPK models developed for siremadlin indicated that the estimated area under
the curve (AUC0-inf, hereafter also referred to as exposure) and maximal concentration
(Cmax) values were accurately predicted only with the FO model. The numerical analysis
of errors (fold difference between the predicted and clinically observed values) for the
most important pharmacokinetic parameters, AUC0-inf and Cmax, showed that values
predicted by the FO model were within the 2-fold error range (0.5–2.0) of the observed
values, except the exposure predicted for a 4 mg dose (Tables 1 and 2). The exception
for a 4 mg dose was most probably caused by the fact that the observed exposure for
a 4 mg dose was not dose-proportional. The observed exposure ratio at 4 mg and 2 mg
doses (AUC 4 mg dose/AUC 2 mg dose) was 1.27, whereas the predicted exposure ratio at
those doses was dose-proportional (the AUC ratio equalled 1.96). Further analyses also
showed that the fold errors of AUC0-inf and Cmax predicted by the FO model were closer
to unity compared to those predicted by the MO model (Tables S1 and S2). Moreover,
the introduction of the FO model decreased over a 50× computation time and allowed
for model simplification with increased precision. This is why the first-order model was
selected as the absorption mechanism in the final PBPK model and was further used in the
estimation of PK interaction and in drug combination.

Table 1. Comparison of predicted vs. observed AUC0-inf for siremadlin. Population representa-
tive and total population-derived AUC0-inf parameters were generated via first-order absorption
mechanism and are presented as geometric means (%CV).

Dose (mg)

Representative
AUC0-inf

Predicted
(nM × h)

Population
AUC0-inf

Predicted
(nM × h)

AUC0-inf

Observed
(nM × h)

Representative AUC
Predicted/
Observed

Population AUC
Predicted/
Observed

1 257.90 286.40 (44.8%) 241.80 (-%) 1.07 1.18
2 515.80 537.83 (42.5%) 304.46 (31.5%) 1.69 1.77
4 1031.60 1073.86 (36.5%) 387.64 (22.0%) 2.66 2.77

7.5 1934.26 2013.49 (36.5%) 1076.86(49.8%) 1.80 1.87
12.5 3223.76 3580.00 (44.8%) 2670.28 (-%) 1.21 1.34
15 3868.52 3816.39 (40.0%) 2343.49 (71.0%) 1.65 1.63
20 5158.02 5119.24 (36.9%) 4122.18 (29.6%) 1.25 1.24
25 6447.53 6399.05 (36.9%) 4803.12 (28.3%) 1.34 1.33
50 12,895.05 13,423.28 (36.5%) 14,455.63 (25.6%) 0.89 0.93

100 25,790.10 26,846.56 (36.5%) 25,723.34 (58.5%) 1.00 1.04
120 30,948.13 29,889.60 (38.8%) 33,275.78 (62.7%) 0.93 0.90
150 38,685.16 37,968.46 (41.8%) 42,719.97 (43.2%) 0.91 0.89
200 51,580.21 51,192.34 (36.9%) 47,271.75 (56.2%) 1.09 1.08
250 64,475.26 63,698.83 (43.2%) 74,579.68 (71.2%) 0.86 0.85
350 90,265.34 89,586.57 (36.9%) 99,211.21 (34.4%) 0.91 0.90

Table 2. Comparison of predicted vs. observed Cmax for siremadlin. Population representative and
total population- derived Cmax parameters were generated via first-order absorption mechanism and
are presented as geometric means (%CV).

Dose (mg)
Representative Cmax

Predicted
(nM)

Population Cmax

Predicted
(nM)

Cmax

Observed
(nM)

Representative
Cmax Predicted/

Observed

Population Cmax

Predicted/
Observed

1 14.37 14.05 (33.6%) 14.22 (-%) 1.01 0.99
2 28.75 28.77 (27.5%) 21.61 (23.7%) 1.33 1.33
4 57.49 58.14 (27.0%) 31.69 (22.8%) 1.81 1.83

7.5 107.79 109.01 (27.0%) 70.22 (43.9%) 1.54 1.55
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Table 2. Cont.

Dose (mg)
Representative Cmax

Predicted
(nM)

Population Cmax

Predicted
(nM)

Cmax

Observed
(nM)

Representative
Cmax Predicted/

Observed

Population Cmax

Predicted/
Observed

12.5 179.64 175.62 (33.6%) 212.46 (-%) 0.85 0.83
15 215.60 209.79 (26.2%) 164.74 (56.9%) 1.31 1.27
20 266.36 278.51 (28.6%) 269.17 (20.3%) 0.99 1.03
25 359.32 348.15 (28.6%) 422.57 (27.5%) 0.85 0.82
50 718.63 726.77 (27.0%) 840.82 (13.0%) 0.85 0.86

100 1437.19 1453.48 (27.0%) 1194.25 (30.1%) 1.20 1.22
120 1724.76 1596.25 (26.2) 1871.59 (51.5%) 0.92 0.85
150 2156.00 2093.20 (25.4%) 2600.42 (27.8%) 0.83 0.80
200 2874.55 2785.12 (28.6%) 2104.39 (43.7%) 1.37 1.32
250 3593.23 3482.48 (27.4%) 3629.21 (69.5%) 0.99 0.96
350 5030.18 4873.72 (28.6%) 4066.91 (56.9%) 1.24 1.20

The PBPK model developed for trametinib properly described the plasma concentration–
time profiles in cancer patients after a single 2 mg dose and multiple (15) doses, as shown in
Figures 2 and 3. The PBPK simulations for trametinib for all study participants are depicted
in Figures S20 and S21.

Figure 2. PBPK model of trametinib after a single dose in cancer patient representative. Observed
data are presented as means from literature data (digitised from Ho et al. [30] and Ouellet et al. [31]
as indicated in Table 3).

The numerical analysis of errors (fold difference between the predicted and observed
values) for the most important pharmacokinetic parameters, AUC0–24 h and Cmax, showed
that the predicted data met the 2-fold error (range: 0.5–2.0) acceptance criteria (Table 3).

The last step of PBPK model development for siremadlin and trametinib was the esti-
mation of possible PK interaction at the absorption level using the AUC ratio relationships
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established previously in animals [19]. Plasma concentration–time profiles for siremadlin
and trametinib with and without estimated PK interaction are shown in Figures 4 and 5.

Table 3. Comparison of predicted vs. observed key PK parameters (AUC0–24 h and Cmax) for
trametinib. Population representative and population cohort-derived AUC0–24 h and Cmax parameters
were generated via first-order absorption mechanism and are presented as geometric means (%CV).

Drug Trametinib Trametinib Trametinib Trametinib

Representative
AUC0–24 h (day 1) 165.39 - - -

Population
AUC0–24 h (day 1) 170.70 (29%) - 200.76 (20%) * 109.60 (2%) **

Representative
AUC0–24 h (day 15) 570.91 - - -

Population
AUC0–24 h (day 15) 656.45 (50%) 601.24 (22%) - 586.28 (16%) **

Population
AUC ratio (day 1) - - 0.85 1.56

Population
AUC ratio (day 15) - 1.09 - 1.12

Representative
Cmax (day 1) 18.08 - - -

Population
Cmax (day 1) 18.50 (19%) - 24.44 (3%) * 10.45 (0.3%) **

Representative
Cmax (day 15) 36.44 - - -

Population
Cmax (day 15) 40.93 (36%) 36.07 (28%) - 31.67 (12%) **

Population
Cmax ratio (day 1) - - 0.76 1.77

Population
Cmax ratio (day 15) - 1.13 - 1.29

Source Current study Digitised from
Infante et al. [32]

Digitised from
Ho et al. [30]

Digitised from
Ouellet et al. [31]

* Geometric mean from digitised data. ** Geometric mean from digitised data from typical male and female with
a median body weight of 79 kg.

 

Figure 3. PBPK model of trametinib after a repeated dose in cancer patient representative. Ob-
served data are presented as means from literature data (digitised from Infante et al. [32] and
Ouellet et al. [31] as indicated in Table 3).
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Figure 4. PBPK model of siremadlin with and without estimated PK interaction in cancer patient
representative (n = 1).

 
Figure 5. PBPK model of trametinib with and without estimated PK interaction in cancer patient
representative (n = 1).
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The predicted changes in AUC0–24 h and Cmax for siremadlin and trametinib with
and without PK interaction for population representative are shown in Table 4. The
final siremadlin and trametinib PBPK models’ input parameters with and without PK
interactions are summarised in Tables S3–S5.

Table 4. Comparison of predicted key PK parameters (AUC0–24 h and Cmax) with and without PK
interaction for population representative for siremadlin and trametinib at the 120 and 2 mg doses
(with an initial tumour size of 6.4 cm).

Drug Siremadlin Trametinib

Dose (mg) 120 2

AUC no PK DDI 19,240.73 174.01

AUC PK DDI 21,858.34 133.15

AUC ratio (PK DDI) 1.1360 0.7652

Cmax no PK DDI 1724.96 19.02

Cmax PK DDI 2580.39 9.61

Cmax ratio (PK DDI) 1.4959 0.5051

2.2. PD (TGI) Models

The final perturbed tumour growth inhibition (TGI) model for siremadlin and trame-
tinib assumed exponential tumour growth, the Skipper–Schabel–Wilcox (log-kill) tumour-
cell-killing hypothesis, the drug effect described by the linear drug-killing model, primary
resistance to the therapy, and treatment effect delay described by the signal distribution
model with four transit compartments. Changes in the sum of the longest diameters
(SLD, hereafter also referred to as tumour size) over time in cancer population representa-
tives after treatment with siremadlin (various doses and dosing regimens) and trametinib
(2 mg dose administered daily) are presented as examples in Figures 6, 7, S22 and S23. TGI
models for siremadlin and trametinib administered in monotherapy in the cancer patient
population are depicted in Figures S24–S44. Since there was no available information about
tumour growth in the trametinib study, two TGI model variants were developed. The first
one had high tumour growth of kgh = 0.00028 1/h (Figure 8) and low tumour growth of
kgh = 0.0000261 1/h (Figure 9). For drugs administered in monotherapy, this model was
able to accurately capture the changes in tumour size over time, with a mean relative error
(RE) < 20% (except for siremadlin administered in regimen 1A with a 25 mg dose, which
was slightly over the threshold—20.06%), as shown in Table S6. The key input parameters
(with corresponding %CV calculated based on equations from [33]) for the final TGI models
for siremadlin and trametinib monotherapy are shown in Table S6.
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Figure 6. TGI model of siremadlin administered in regimen 1A in cancer patient representatives
(n = 1 per treatment arm). Resimulated data are presented as medians from number of study
participants × 10 (see Table 7 in Section 4).
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Figure 7. TGI model of siremadlin administered in regimen 1B in cancer patient representatives
(n = 1 per treatment arm). Resimulated data are presented as medians from number of study
participants × 10 (see Table 7 in Section 4).

90



Int. J. Mol. Sci. 2023, 24, 2239

 

Figure 8. TGI model of trametinib administered daily in cancer patient representatives (n = 1) with
assumption of high tumour growth (kgh = 0.00028 1/h). Observed data are presented as medians
from literature data (data digitised from Mistry et al. [34] and Flaherty et al. [35]).

2.3. PBPK/PD Simulations for Drug Combination

The drug combination model was built based on universal TGI model principles
previously established in animals [19] and a developed TGI model for siremadlin and
trametinib. The relationships between TGI parameters for the drug combination are shown
in Tables S5 and S6. For the drug combination simulations, siremadlin’s recommended
dose for expansion of 120 mg (in regimen 1B) [36] and an approved dose of 2 mg (daily dos-
ing) [37] of trametinib were selected. Several scenarios were simulated for the combination
of siremadlin and trametinib, including the assumption that the drugs will interact with
each other at the PK or PD level. Additionally, several parameters were tested to examine
how they influence the combination treatment outcome:

• Case A assumed high tumour growth (kgh), high initial tumour size (SLD0), and
a high fraction of sensitive cells.

• Case B assumed a similar approach to that described above, but assumed low tumour
growth (kgh).

• Case C assumed high tumour growth (kgh), high initial tumour size (SLD0), and
a low fraction of sensitive cells.

• Case D assumed high tumour growth (kgh), low initial tumour size (SLD0), and
a high fraction of sensitive cells.
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Figure 9. TGI model of trametinib administered daily in cancer patient representatives (n = 1) with
assumption of low tumour growth (kgh = 0.0000261 1/h). Observed data are presented as medians
from literature data (data digitised from Mistry et al. [34] and Flaherty et al. [35]).

Several sub-scenarios were also included in which the potential influence of interac-
tions at the PK and PD levels between siremadlin and trametinib were studied:

• Scenario 1—without PK and PD drug interactions
• Scenario 2—without PK but with PD drug interactions
• Scenario 3—with PK and without PD drug interactions
• Scenario 4—with PK and PD drug interactions

The previously proposed universal TGI model for the siremadlin and trametinib drug
combination allowed us to extrapolate the values of the clinical model parameters in a
melanoma cancer population. The key input parameters, relationships between input
parameters, and simulation results for these scenarios are shown in Figures 10–13 and
Tables S7–S12.
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Figure 10. Siremadlin and trametinib combination’s 120 + 2 mg efficacy in population representative
of melanoma cancer (Case A—high tumour growth, high initial tumour size, and high fraction of
sensitive cells).

The simulations of tumour growth patterns after administration of the siremadlin
and trametinib combination indicated that there was a substantial tumour size reduction,
regardless of the occurrence of PK or PD interaction. The simulations of tumour growth
pointed out a biphasic response to the drug combination with initial and subsequent de-
layed tumour size reduction (cases A and D), while a monophasic response was observed
with low tumour growth and a low fraction of sensitive cells (cases B and C). The simultane-
ous introduction of PK and PD interactions had the greatest impact on the tumour growth
reduction (scenario 4) while a lack of such interactions resulted in only a limited increase in
tumour growth reduction over trametinib monotherapy (scenario 1). The introduction of
interaction only at the PD level had a lower effect than the introduction of interaction at the
PK level in terms of tumour size reduction (scenarios 2 and 3, respectively). The simulated
tumour growth dynamics affected the final tumour size (size at the end of the 30-week
simulation: 5040 h) for the most efficacious scenario in which PK and PD interactions were
employed. For highly proliferating tumours, the simulated neoplasm size was reduced to
around 1 cm, while for low tumour growth, it was approximately four-times higher (4 cm).
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Figure 11. Siremadlin and trametinib combination’s 120 + 2 mg efficacy in population representative
of melanoma cancer (Case B—low tumour growth, high initial tumour size, and high fraction of
sensitive cells).

The increased combination efficacy as a mean objective response rate (ORR—percentage
of patients with a complete or partial response at any time during the study) was statis-
tically significant in each drug combination scenario compared to the most efficacious
drug—trametinib (Table 5).

Table 5. Comparison of estimated efficacy of siremadlin and trametinib combination at the 120 and
2 mg doses assuming various case scenarios.

Trial n No. of Trials
Difference

(Drug Combination vs.
Trametinib)

%ORR (Mean from
10 Trials)

Statistical
Significance

(p Value)

Siremadlin Case A 29 10 51.64% 0.00% <0.0001
Trametinib Case A 214 10 0.00% 51.64% <0.0001

Case 1a 243 10 26.51% 78.15% <0.0001
Case 2a 243 10 31.16% 82.80% <0.0001
Case 3a 243 10 45.81% 97.45% <0.0001
Case 4a 243 10 47.29% 98.93% <0.0001

Siremadlin Case B 29 10 25.84% 0.00% <0.0001
Trametinib Case B 214 10 0.00% 25.84% <0.0001
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Table 5. Cont.

Trial n No. of Trials
Difference

(Drug Combination vs.
Trametinib)

%ORR (Mean from
10 Trials)

Statistical
Significance

(p Value)

Case 1b 243 10 26.67% 52.51% <0.0001
Case 2b 243 10 30.70% 56.54% <0.0001
Case 3b 243 10 52.22% 78.07% <0.0001
Case 4b 243 10 59.14% 84.98% <0.0001

Siremadlin Case C 29 10 51.64% 0.00% <0.0001
Trametinib Case C 214 10 0.00% 51.64% <0.0001

Case 1c 243 10 14.41% 66.05% <0.0001
Case 2c 243 10 20.83% 72.47% <0.0001
Case 3c 243 10 42.52% 94.16% <0.0001
Case 4c 243 10 45.81% 97.45% <0.0001

Siremadlin Case D 29 10 51.64% 0.00% <0.0001
Trametinib Case D 214 10 0.00% 51.64% <0.0001

Case 1d 243 10 26.51% 78.15% <0.0001
Case 2d 243 10 31.16% 82.80% <0.0001
Case 3d 243 10 45.81% 97.45% <0.0001
Case 4d 243 10 47.29% 98.93% <0.0001

 

Figure 12. Siremadlin and trametinib combination’s 120 + 2 mg efficacy in population representative
if melanoma cancer (Case C—high tumour growth, high initial tumour size, and low fraction of
sensitive cells).
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Figure 13. Siremadlin and trametinib combination’s 120 + 2 mg efficacy in population representative
of melanoma cancer (Case D—high tumour growth, low initial tumour size, and high fraction of
sensitive cells).

3. Discussion

The developed PBPK/PD models for the MDM2 inhibitor siremadlin and the MEK
inhibitor trametinib were able to describe both the pharmacokinetic and pharmacodynamic
profiles of these drugs. The models consider the oral (p.o.) administration of siremadlin and
trametinib, the first-order absorption mechanism, a full-body distribution model, hepatic
metabolism and renal excretion for siremadlin (renal excretion calculated using the FCIM
method [38]), intravenous clearance for trametinib, and a permeability-limited tumour
distribution model.

The first developed PBPK model for siremadlin assumes a mixed zero- and first-order
absorption mechanism, as originally suggested in the literature [29], and the second model
includes a first-order absorption mechanism only. The analysis of the fold difference
between the predicted and clinically observed values for key PK parameters (AUC0-inf
and Cmax) indicated that those values were accurately predicted only with the model
assuming a first-order absorption mechanism. In our opinion, the model with mixed zero-
and first-order absorption is more sensitive to the initial tumour size (SLD0) than the
model with first-order absorption. Therefore, the predicted values may be more likely to
deviate from those observed in the clinical trial. The exposure and maximal concentration
values predicted by the model assuming first-order absorption were within the 2-fold
error range (0.5–2.0) of the observed values, except the AUC0-inf predicted for a 4 mg dose.
The exception for the 4 mg dose was most probably caused by the fact that the observed
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exposure for a 4 mg dose was not dose-proportional compared, for example, with exposure
for a 2 mg dose (AUC 4 mg dose/AUC 2 mg dose: 1.27), whereas the predicted exposure
was nearly dose-proportional (AUC 4 mg dose/AUC 2 mg dose: 1.96). The model tended
to slightly overpredict exposure in the 2–25 mg dose range, while for higher doses, the fold
error was close to unity. This may have been caused by several factors: different sampling
of data in the simulation and in the clinical protocol, or an unexplained variability of nearly
17%, which was assumed during the generation of resimulated PK data [29], while in the
PBPK model, no unexplained PK variability was assumed. Since the PBPK models consider
various compartments, rapid changes in tumour size may affect the volume of distribution,
which could also explain the variability in the estimated PK parameters. The final PBPK
model was successfully verified with resimulated data from the PK model published by
Guerreiro et al. [29] and external PK data digitised from the literature [39].

The PBPK model developed for trametinib properly described the plasma concentration–
time profiles in cancer patients after a 2 mg dose administered once and after reaching
a steady state (after approximately 15 doses [40]). The predicted data met the 2-fold error
range (0.5–2.0) acceptance criteria for AUC0–24 h and Cmax, as well. The developed PBPK
model was successfully verified with external PK data extracted from the literature [30–32].

The above-mentioned models were further extended with the introduction of PK
interaction at the absorption level. Estimations of the exposure changes for both drugs were
made based on relationships between the AUC ratios and drug doses previously established
in animals [19]. This interaction included changes in the absorption rate constant (ka) and
fraction absorbed (fa) for siremadlin and alterations in the absorption rate constant (ka),
fraction absorbed (fa), and lag time (tlag) in the case of trametinib.

The translation of PK drug interaction from animals to patients is very challenging.
This is due to differences in digestive tract anatomy and physiology, transporter abun-
dance, intestinal pH, internal organ blood flow, metabolising enzymes, and potential drug
absorption mechanisms [41,42]. It appears that ex vivo or cadaver studies in an Ussing
chamber might be one of the methods that allows for precise estimation of the fraction
absorbed for single drugs and drug combinations. However, further studies are needed to
prove its utility [43–45]. Therefore, the occurrence of PK interaction between siremadlin
and trametinib estimated in this work should be taken with caution. Only results from
the currently ongoing siremadlin and trametinib clinical trial (NCT03714958) or following
trials may confirm or exclude the occurrence of such PK interaction.

Previously performed in vitro and in vivo studies have shown that the killing effect
of siremadlin and trametinib compounds is concentration- and time-dependent, and an
initial delay in the response and resistance to the treatment might arise [18,19]. These
findings allowed us to develop a perturbed TGI model for siremadlin and trametinib.
The developed model assumed exponential tumour growth, the Skipper–Schabel–Wilcox
(log-kill) tumour-cell-killing hypothesis, the drug effect described by the linear drug-killing
model, and acquired resistance to the therapy and treatment effect delay described by
the signal distribution model with four transit compartments. The delay in the effect of
these drugs is most likely related to the duration of the signal transduction associated
with the activation of the p53–MDM2 and MAPK pathways, resulting in cell death. Re-
sistance is an inherent part of anticancer treatment; therefore, its description may play
a critical role in predicting and optimising the treatment response and may improve therapy
scheduling [46,47]. Clinically predicted resistance in siremadlin and trametinib models
was much higher (13–26× higher) than estimated in animal models, which further war-
rants the need for drug combination usage to overcome it. The applied model assumed
that two distinct tumour growth patterns might occur as originally proposed for solid
tumours [29], the first with high tumour growth 0.00028 cm/h and the second with low
tumour growth 0.0000261 cm/h. These assumptions were in line with the reported tumour
growth range observed in melanoma cancer (0.00030 cm/h and 0.000015 cm/h for high
and low melanoma growth, respectively [48]) and a previously performed study with
melanoma-derived A375 xenografts in mice (0.00024–0.00031 1/h range [19]). Therefore,
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0.00028 cm/h and 0.0000261 cm/h were used as estimates for high and low tumour growth
in the melanoma population, as well.

The final TGI models for the perturbed groups properly predicted the tumour size
within 20% of the mean relative error (%RE) between the predicted and resimulated data in
the case of siremadlin (except for a 25 mg dose of siremadlin administered in regimen 1A),
and the predicted versus the literature data for trametinib. Most of the observed differences
were related to the TGI model developed for siremadlin. This may have been due to the fact
that when generating the resimulated PD data, nearly 4% of unexplained variability [29]
was assumed in contrast to the PBPK/PD model, where no unexplained PD variability
was assumed. Moreover, differences in the predicted PK between the PK model in Simulx
and the PBPK model developed in Simcyp may additionally deepen these differences. We
believe that further modelling work is warranted to optimise this TGI model to ensure that
all doses and dosing regimens meet the 20% acceptance criteria.

No clinical data from the siremadlin and trametinib combination are available yet.
Simulation of this combination required us to test virtual “what if” scenarios related to
the influence of various model parameters and the introduction of potential interactions
at the PK and PD levels. The results of an in-depth analysis of the TGI model parameter
dependencies and experiences from mouse species allowed us to extrapolate PD model
predictions for this combination into a clinical context. The developed PK interaction model
for siremadlin and trametinib was used in simulations, assuming PK interaction during
co-administration and that the previously selected β parameter from the MuSyC drug
interaction model was used as the PD interaction parameter.

The simulations covered the influence of the tumour growth pattern (kgh parameter),
fraction of sensitive cells (fs parameter) and initial tumour size (SLD0 parameter) on
the siremadlin recommended dose for expansion of 120 mg dose (in regimen 1B) [36]
and the approved 2 mg dose (daily dosing) [37] of trametinib. As mentioned earlier,
two distinct tumour growth estimates (kgh high and kgh low), which correspond to the
values observed in human melanoma [48], were tested in simulations of efficacy in patients
with melanoma. The fraction of sensitive cells for the drug combination was unknown;
thus, two assumptions were made: first, that the estimated sensitive fractions will be
summed up for drug combination (fs high), and second, that there will only be some parts
of the cells that respond (fs low). The assumed low fraction of sensitive cells was equal to
the inter-individual variability of the fs parameter for siremadlin (0.0321 × 1.93 = 0.0620),
which was similar to the reported values for pembrolizumab in melanoma (0.0628) [49].
Since no clinical data are available, these assumptions should also be taken with caution.
Moreover, this model did not assume conversion from sensitive to resistant cells, which
might occur in the clinical trials [50–53]. However, this issue is out of the scope of this work
because access to raw clinical data would be needed to verify such a modelling hypothesis.
According to the pooled analysis from four randomised clinical trials [54], the baseline
SLD value was a prognostic factor of the overall survival of patients treated with MEK and
BRAF inhibitors if the initial SLD (SLD0) was lower than or equal to 4.4 cm; therefore, the
influence of this parameter on the combination’s efficacy was also tested (Case D).

The simulations for the drug combination showed that high tumour growth (khg high)
results in a biphasic response to the drug combination, with an initial and subsequent
delayed tumour size reduction, regardless of the initial tumour size (SLD0), as shown in
cases A and D. In turn, a monophasic response was observed in simulations with low
tumour growth (kgh low) and a low fraction of sensitive cells (fs low), as may be observed
in cases B and C. These simulation results suggest that the tumour characteristics (such as
tumour growth or sensitivity to combined drugs) may have a considerable impact on the
onset of the observable therapeutic effect. The simultaneous introduction of PK and PD
interactions had the greatest impact on tumour growth reduction (scenario 4), while a lack
of such interactions resulted in only a limited increase in tumour growth reduction over
trametinib monotherapy (scenario 1). This may be simply explained by the fact that all
predicted PK and PD interactions were acting synergistically, amplifying the predicted
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response. The introduction of the interaction only at the PD level had a lower effect than the
introduction of the interaction at the PK level in terms of tumour size reduction (scenarios
2 and 3, respectively). The simulated tumour growth dynamics affected the final tumour
size (size at the end of the 30-week (5040 h) simulation) for the most efficacious scenario in
which PK and PD interactions were employed. For highly proliferating tumours (kgh high),
the simulated neoplasm size was reduced to ~1 cm, while for low tumour growth (kgh
low), it was four-times higher (~4 cm). Interestingly, alteration of the initial tumour size
(Case D) did not increase the calculated ORR; however, further modelling with different
doses and dosing regimens is needed to confirm such an observation.

The simulation results indicated that this drug combination significantly increases the
probability of achieving at least a partial response in melanoma patients regardless of the
occurrence of PK and PD interaction. For Cases A, C and D, the calculated ORR was in the
61–98% range, which seems to be comparable to the reported ORR for the already approved
dabrafenib (BRAF inhibitor) and trametinib combination (ORR range: 50–76% [55–59]).
Nevertheless, the estimation of the superiority or noninferiority of the siremadlin and
trametinib combination over the already approved dabrafenib and trametinib combination
was not possible with such limited availability of data. Hence, without access to raw
PK/PD clinical data coupled with the development of population PBPK models for those
molecules, such conclusions cannot be made.

The calculated ORR for trametinib monotherapy in Case B was twice as low as
in other scenarios, and was the most comparable with the observed ORR in the clinic
(26 vs. 22%) [35]. Likewise, in Case B for drug combination scenarios, a lower ORR was
calculated (ORR range: 48–81%), which also seems to be comparable with the data reported
for the approved dabrafenib and trametinib combination. This finding supports the hypoth-
esis that all patients suffering from metastatic melanoma, regardless of baseline tumour
size, tumour growth dynamics, and the fraction of sensitive cells, may potentially benefit
from this drug combination therapy. It should also be noted that other clinical factors can
affect the clinical response assessment, such as shrinkage in nontarget tumours such as
pathologic lymph nodes or the appearance of malignant lesions indicating cancer progres-
sion. Due to the fact that the developed models accounted only for the tumour size of the
target lesion without a distinction between lymph nodes or tumour metastases, such issues
described in the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines [60]
cannot be fully accounted for in such simulations. Therefore, the interpretation of results
and drawing of direct comparisons with the actual clinical response should always be
approached with caution.

The developed PBPK/PD models also have other associated limitations which should
be discussed. Synergistic pharmacodynamic interaction in the current TGI model was
based on results from in vitro studies that were further validated on mouse xenografts
from the same A375 melanoma cells. One of the limitations of such an approach is that
cell-line-derived xenograft models cannot fully simulate the microenvironment of tumours
in humans, such as the vascular, lymphatic, and immune environments; moreover, such
models often lose genetic heterogeneity compared to primary tumours [61]. In recent years,
the patient-derived xenograft model (PDX model) has emerged as a promising tool that
provides translational value with better mimicking of the tumour microenvironment; how-
ever, one of the disadvantages of this model is the loss of the human tumour stroma, which
is entirely replaced by the murine stroma [62,63]. There is evidence that both the tumour
stroma and the corresponding microenvironment may affect the drug response [64–66].
This may be important based on the reports that MDM2 inhibition may affect stromal or
immune microenvironments, which was not considered in this work [67–69]. The results
from ongoing clinical trials (NCT03611868, NCT03787602) may shed light on the utility of
MDM2 inhibitors in skin cancer.

Another troubling problem regarding the developed PBPK/PD model is the repetitive-
ness of the pharmacodynamic interaction parameter (β) in the heterogeneous melanoma
patient population. Additional in vitro studies, followed by in vivo verification with
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melanoma-derived xenografts or patient-derived xenografts (PDX), are needed to val-
idate the magnitude of the estimated pharmacodynamic synergy between siremadlin and
trametinib and to improve the translational value of the present study.

The current TGI model did not account for the cell transition from a sensitive to
a resistant state (defined in the literature as the ksr parameter [29,51]), which might be use-
ful for the estimation of long-term therapies such as cancer treatment. Further model devel-
opment with raw clinical study data would be needed to assess whether the introduction of
such a feature would improve the fit to clinically observed data for siremadlin and trametinib.

Due to the limited availability of response data for trametinib in the literature, the
developed model may be not optimal and does not cover delayed resistance, resulting in
tumour recurrence in patients with partials and complete responses. Thereby, the developed
TGI model for trametinib predicts a higher percentage of responders than clinically observed
(especially in the scenario in which high tumour growth is assumed) [35,70,71].

Nonetheless, despite these many limitations, the developed PBPK/PD models reason-
ably accurately described the PK and time course of tumour growth across all doses and
dosing schedules. Further analyses and modelling work with different doses and dose regi-
mens are encouraged to externally validate the developed PBPK/PD models for siremadlin,
trametinib, and their combination toward predicting tumour size reduction. Although mod-
elling work with different doses and dosing schedules is still ongoing, the results from the
in vitro/in vivo translational approach presented in this study are promising. This study
shows that the currently examined 120 mg dose of siremadlin in regimen 1B with daily
dosed trametinib may act with sufficient synergy to elicit a significant clinical response.

Further performance of virtual clinical trial simulations with different doses and
dosing regimens of the siremadlin and trametinib combination are ongoing to help select
the most synergistic, efficacious, and safe dose levels and dosing regimens for melanoma-
bearing patients. Further development of the presented clinical PBPK/PD models for
siremadlin and trametinib is needed to develop a proper drug combination model in
clinical settings and aid in the design of potential clinical trials using siremadlin and
trametinib in patients with melanoma.

4. Materials and Methods

4.1. Clinical Studies Used

Data modelling usually requires two types of dataset: a training dataset, used in the
development of the model, and a verification dataset, used for independent verification
of the developed model. When early clinical data are available (e.g., from phase I clinical
studies) a PK model is developed using only data from such studies and validated using
data from later phases of clinical studies (phases 2 and 3). For siremadlin, resimulated data
from Guerreiro et al. [29] were used as a training dataset and data from Stein et al. [29] and
Jeay et al. [39] as verification datasets.

The details of data from clinical studies used for PBPK and PD (TGI) model develop-
ment and verification are summarised in Table 6.

4.2. Software

The PK parameters were estimated using Microsoft Excel (Excel version 2016,
Microsoft Corporation, Redmond, WA, USA, 2016, https://www.office.com (accessed
on 14 December 2022)). Digitisation of the literature-derived data was performed with
the use of WebPlotDigitizer software (version 4.4, Ankit Rohatgi, Pacifica, CA, USA, 2021,
https://automeris.io/WebPlotDigitizer (accessed on 14 December 2022)). TGI modelling
for trametinib was performed using Monolix software (Monolix version 2021R1, Lixoft SAS,
a Simulations Plus company, Antony, France, 2022, http://lixoft.com/products/monolix/
(accessed on 14 December 2022)). The simulation of clinical PK/PD data for siremadlin
was performed using Simulx software (Simulx version 2021R1, Lixoft SAS, a Simulations
Plus company, Antony, France, 2022, https://lixoft.com/products/simulx/ (accessed on
14 December 2022)).
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Table 6. Details of the clinical studies used for the development and verification of the siremadlin
and trametinib PBPK model.

Drug Siremadlin Trametinib Trametinib Trametinib Trametinib

NCT number NCT02143635 NCT00687622 NCT01387204 NCT01245062
NCT00687622/
NCT01037127/
NCT01245062

Phase 1/2 1/2 1 3 1/2/3

Doses
(mg) 1–350 0.125–10 2 2 0.125–10/2/2

Administration Oral Oral Oral Oral Oral/oral/oral

n 115 206 2 214 206/97/214

Women
(%) 44 46 0 44 46/30/44

Age
(Years) 18–80 19–92 54–66 23–85 19–92/23–79/

23–85

Dataset purpose PK/PD training/
verification PK training PK training PD training/

verification PK verification

Reference
Guerreiro et al. [29]

Stein et al. [36]
Jeay et al. [39]

Infante et al. [32] Ho et al. [30] Flaherty et al. [35]
Mistry et al. [34] Ouellet et al. [31]

The Mlxtran model used for PK/PD resimulation in Simulx can be found in Code S1.
PBPK/PD modelling was performed using Simcyp simulator software (Simcyp simulator
V21, Certara UK Limited, Sheffield, UK, 2022, https://www.certara.com/software/simcyp-
pbpk (accessed on 14 December 2022)). The custom mixed zero- and first-order absorption
PK for siremadlin, PK drug interaction for trametinib, and PD (TGI) models in Lua can be
found in Codes S2–S4. Fisher’s test was performed using GraphPad Prism version 9.4.1 for
Windows, GraphPad Software, San Diego, CA, USA, 2022, www.graphpad.com (accessed
on 14 December 2022).

4.3. Statistical Methods

According to RECIST v1.1 metric [60], patients whose calculated maximal % reduction
in change from baseline tumour size was ≥30% at any time during study were scored as
responders (PR—partial response and CR—complete response), and the others as non-
responders (SD—stable disease and PD—progressive disease). The percentage of respon-
ders represents the overall response rate (ORR). The ORRs were tabulated based on the
number and percentage of subjects attaining an overall best response of complete or partial
response in the melanoma patient population. Fisher’s exact test was used to evaluate
the ORR statistically between trametinib and the estimated trametinib plus siremadlin
drug combination.

From the available sample size—n = 457: 214 patients from the trametinib study
and 243 patients (214 patients from the trametinib study plus 29 patients from the sire-
madlin study) from the trametinib/siremadlin drug combination study—we calculated
the precision of the effect (%ORR) estimate between trametinib and trametinib plus sire-
madlin to be 12.7% at a statistical power corresponding to 80% using a two-sided test with
a significance level of α = 0.05. The precision of the effect was calculated using a sample
size calculator [72]. Microsoft Excel was used to calculate the %ORR and GraphPad Prism
was used to perform Fisher’s test.

4.4. Resimulation of Clinical PK and PD Data for Siremadlin

In the literature, PK profiles for siremadlin were available only for 46 individuals [39]
instead of the whole cohort involved in clinical trial (n = 115). Additionally for already
published PD data [29], the assignment of particular dosing levels and dosing schedules was
not possible. For these reasons, patients’ siremadlin PK and PD profiles were resimulated
in Simulx using the PK/PD model from [29].
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The PK and PD model input parameters used for resimulation in Simulx are shown in
Table S13. Descriptions of the dose levels, dosing schedules, and the number of patients in
each resimulated group are shown in Table 7.

Table 7. Descriptions of resimulated groups treated with siremadlin.

Dose (mg) Regimen Dosing Schedule
No. of

Patients *
No. of
Trials

Notes

1 2A qdx14 in 28-day cycle 1 10
2 2A qdx14 in 28-day cycle 2 10
4 2A qdx14 in 28-day cycle 4 10

7.5 2A qdx14 in 28-day cycle 4 10
15 2A qdx14 in 28-day cycle 4 10
20 2A qdx14 in 28-day cycle 5 10
15 2C qdx7 in 28-day cycle 8 10
20 2C qdx7 in 28-day cycle 6 10
25 2C qdx7 in 28-day cycle 5 10

12.5 1A qdx1 in 21-day cycle 1 10
25 1A qdx1 in 21-day cycle 1 10
50 1A qdx1 in 21-day cycle 4 10

100 1A qdx1 in 21-day cycle 4 10
200 1A qdx1 in 21-day cycle 5 10

250 1A qdx1 in 21-day cycle 9 10
Including patients from

eltrombopag group
(n = 3)

350 1A qdx1 in 21-day cycle 5 10
120 1B qwx2 (day 1/8) in 28-day cycle 29 10

150 1B qwx2 (day 1/8) in 28-day cycle 15 10
Including patients from

eltrombopag group
(n = 7)

200 1B qwx2 (day 1/8) in 28-day cycle 3 10

* Numbers of patients were obtained from siremadlin clinical trial protocol [73].

4.5. Physiologically Based Pharmacokinetic Models
4.5.1. General PBPK Modelling Strategy

The modelling strategy was based on the “middle-out” approach combining the
advantages of the “bottom-up” and “top-down” approaches [74]. In our case, some pa-
rameters were fixed (such as in vitro-determined or literature-derived data for siremadlin
and trametinib [18,19,29,37,39,40,75–80]) and others were estimated. Parameter estimation
was performed using the PE Module of the Simcyp Simulator V21 using the Nelder–Mead
method, the weighted least squares by the reciprocal of the square of the maximum ob-
served value as the objective function, and a termination criterion defined as improvement
of less than 1% of the objective function value. Optimisation was performed manually to
fit the observed or resimulated data in the case of siremadlin. PBPK model performance
was evaluated based on the “2-fold” criterion for maximum concentration (Cmax) and area
under the concentration–time curve (AUC) [81,82].

4.5.2. Virtual Population Characteristics (System Data)/Patient Population

As both studied drugs are intended for use in patients with cancer, the standard
cancer population (Sim-Cancer) which is included within the Simcyp simulator was used.
This software allows us to perform simulations on a typical cancer population patient
(population representative) or on the whole cancer population. This special population
has many adjustments (age distribution, height–age–weight relationships, prediction of
glomerular filtration rate, and changes in plasma protein concentrations, e.g., alpha-1-
acid glycoprotein, human serum albumin, and serum creatinine), which are made to
better account for the specific changes that are expected to be found in the physiological
parameters of such a population [83,84]. Some of the physiological parameters of the Simcyp
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cancer population were modified to specifically mimic the melanoma cancer population.
Concerning this, tumour properties including tumour tissue size, blood flow (blood flow
was set as in human melanoma xenografts [75,79,80]), composition (skin-derived), and pH
were adapted to the studied population.

4.5.3. PBPK Model Verification

The final siremadlin and trametinib PBPK models were compared with external ob-
served or resimulated PK data [30–32,36,39] through both visual checks and numerical
analysis. Predicted longitudinal plasma concentration profiles were generated, includ-
ing the geometric mean predicted concentrations. Local sensitivity analysis (parameter
scanning) was performed to evaluate the relative impacts of fa, ka, tlag, Hep intrinsic CL,
fu_inc, and additional renal CL on the plasma PK parameters (AUC0–24 h/AUC0-inf and
Cmax) for siremadlin, and fa, ka, tlag, and CLiv for trametinib. The performance of the
siremadlin and trametinib PBPK models was assessed using the fold error in plasma, which
referred to the ratio of the predicted AUC0–24 h/AUC0-inf and Cmax to the observed values
(Equation (1)). AUC0–24 h/AUC0-inf was calculated using the linear trapezoidal rule. Both
visual checks and numerical analyses were performed in Microsoft Excel 2016. Changes in
PBPK parameters related to PK DDI at the absorption level are shown in Table S3.

Fold Error PK parameter = Predicted PK parameter/Observed PK parameter, (1)

4.6. Pharmacodynamic Modelling
4.6.1. General PD (TGI) Modelling Strategy

The initial PD model used further in PBPK/PD modelling for siremadlin and tram-
etinib was established using Monolix software. Model selection was based on visual
inspection of the individual observed vs. predicted data and a comparison of the resulting
values of the model score (Equation (2)).

Model score = −2 × log-likelihood (−2LL, called also objective function value—OFV)
+ corrected Bayesian Information Criteria (BICc),

(2)

−2LL and BICc were estimated using the linearisation method to accelerate the cal-
culations. For the TGI model further developed in the Simcyp simulator, the goodness of
TGI model fit was evaluated based on the mean relative error (RE) value (Equation (3))
being < 20%, as proposed in [85]:

RE (%) = 100 × (Predicted Tumour Volume − Observed Tumour Volume)/Observed Tumour Volume, (3)

4.6.2. PD (TGI) Model Development and Verification

The TGI model for siremadlin and trametinib was developed based on a model
previously proposed by Guerreiro et al. [29]. In this model, unperturbed tumour growth is
assumed to be exponential, as proposed for melanoma [86] (Equation (4)):

dTS/dt = kgh × SLD0, (4)

where kgh is tumour growth (1/h) and SLD0 is the initial sum of the longest diameters (cm).
After the characterisation of tumour growth, the tumour growth inhibition models

(perturbed models) were developed for siremadlin, trametinib, and their combination
based on the observed tumour size for trametinib and the resimulated tumour size data
for siremadlin.

The final selected perturbed TGI model characterising single siremadlin-, single
trametinib-, and combination-treated groups is written in the following equations and
under the initial conditions:

TotalSLD(t) = Ts(t) + Tsr(t), (5)
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Ts_0 = SLD0 × fs, (6)

Tsr_0 = SLD0 × (1 − fs), (7)

TSCs_combination = (TSCs_siremadlin/AUC_ratio_siremadlin—TSCs_trametinib/
AUC_ratio_trametinib)/gamma,

(8)

TSCs = TSCs_siremadlin|TSCs_trametinib|TSCs_combination, (9)

C(t) = C_siremadlin|C_trametinib|(C_siremadlin + C_trametinib), (10)

TK(t) = kgh/TSCs × C(t), (11)

K1_0 = 0, (12)

K2_0 = 0, (13)

K3_0 = 0, (14)

K4_0 = 0, (15)

dK1/dt = (dTK − K1)/tau, (16)

dK2/dt = (K1 − K2)/tau, (17)

dK3/dt = (K2 − K3)/tau, (18)

dK4/dt = (K3 − K4)/tau, (19)

dTs/dt = 0, (20)

dTsr/dt = 0, (21)

dTs/dt = kgh × Ts − K4 × Ts, (22)

dTsr/dt = kgh × Tsr − K4/(1 + lambda) × Tsr, (23)

where pre-existing resistance is defined by the introduction of the sensitive (Ts—tumour
size) and resistant population (Tsr—resistant tumour size) of cancer cells. It was assumed
that at time 0, the total sum of the longest diameters of the tumour (TotalSLD) is repre-
sented by the sum of Ts and Tsr (Equation (5)). The initial Ts and Tsr size at time = 0
are calculated with the fraction of sensitive cells (fs) and the initial sum of the longest
diameters (SLD0), as in Equations (6) and (7). The tumour static concentration for the
sensitive fraction (TSCs) for the combination (TSCs_combination) was characterised as
the subtraction of the siremadlin and trametinib TSCs adjusted with the PK interaction
parameters (the AUC ratio parameters which were calculated for siremadlin and trametinib
based on findings from the preclinical model (see Table S8)) as well as gamma (the PD
interaction parameter) and β parameter determined from the analysis of in vitro data [18]
(Equation (8)). Depending on the treated group, the TSCs constant could be assigned to
the TSCs constants of siremadlin, trametinib, or their combination (Equation (9)). The
total plasma concentration of siremadlin, trametinib, or their combination was used as the
input for the drug effect (Equation (10)). The tumour-killing effect (TK) assumes linear
dynamics of the treatment effect, which is defined by tumour growth (kgh), tumour static
concentration for sensitive cells (TSCs), and total plasma concentration (C) (Equation (11)).
A delay of the killing effect (TK) was implemented through the introduction of 4 signal-
transit compartments (K1, K2, K3, and K4), as suggested by [87]. The duration of this
delay is determined by the parameter tau (Equations (16)–(19)). It was assumed that transit
compartments equalled 0 at time = 0 (Equations (12)–(15)). It was also assumed that the
initial change in tumour size for sensitive and resistant cell populations was equal to 0
(Equations (20) and (21)). The tumour growth rate (kgh) was assumed to be the same
for the sensitive and treatment-resistant cell populations. The Skipper–Schabel–Wilcox
log-kill hypothesis was applied to describe tumour size changes over time for sensitive
and resistant cell populations (Equations (22) and (23)). Additionally, it was assumed that
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the studied drugs also induce a killing effect on the resistant cell population but with
reduced potency (Equation (23)). The parameter lambda denotes the fold-change loss in
drug potency in resistant cells relative to sensitive cells. The units for particular parameters
are summarised in Table S6.

In the last step, unperturbed and perturbed tumour growth inhibition models for
siremadlin, trametinib, and their combination, previously developed in Monolix, were
translated into Lua programming language and applied within the Simcyp simulator V21
for further development to achieve a mean relative error (RE) value of <20% (Equation (3)).

4.6.3. Tumour Size Simulation for the Drug Combination

Tumour size for the studied drugs and their combination was estimated using the
PBPK/PD model within a 0–5040 h (210 days) simulation timeframe at clinically relevant
doses (120 mg for siremadlin and 2 mg for trametinib) and dosing regimens for each drug
(qwx2 for siremadlin and qd for trametinib). The trial design assumed a cancer population
in a 20–80-year age range, 50% of patients of either sex, and tumour blood flow typical for
melanoma. For simulation purposes, the influence of the initial (baseline) sum of the longest
diameters (SLD0) was tested. Each simulated patient response was classified according
to RECIST criteria [60]; therefore, all patients whose tumour size decreased by at least
30% were classified as responders. The overall response rate (defined as the percentage
of subjects who achieved CR or PR at any time during the study) was calculated for each
simulated scenario: drugs administered in monotherapy and drug combinations.

Additionally, according to the RECIST guidelines, the minimum measurable tumour
size is 10 mm; therefore, if a patient’s tumour size was lower than 1 cm during the simula-
tion timeframe (5040 h), that patient was also counted as a responding patient.
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www.mdpi.com/article/10.3390/ijms24032239/s1.
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Abstract: The aim of this work was to design innovative nanostructured lipid carriers (NLCs) for
the delivery of dexibuprofen (DXI) as an antiproliferative therapy against tumoral processes, and
overcome its side effects. DXI-NLC samples were prepared with beeswax, Miglyol 812 and Tween
80 using high-pressure homogenization. A two-level factorial design 24 was applied to optimize
the formulation, and physicochemical properties such as particle size, zeta potential, polydispersity
index and entrapment efficiency were measured. Optimized parameters of DXI-NLCs exhibited a
mean particle size of 152.3 nm, a polydispersity index below 0.2, and high DXI entrapment efficiency
(higher than 99%). Moreover, DXI-NLCs provided a prolonged drug release, slower than the free DXI.
DXI-NLCs were stable for 2 months and their morphology revealed that they possess a spherical
shape. In vitro cytotoxicity and anticancer potential studies were performed towards prostate (PC-3)
and breast (MDA-MB-468) cancer cell lines. The highest activity of DXI-NLCs was observed towards
breast cancer cells, which were effectively inhibited at 3.4 μM. Therefore, DXI-NLCs constitute a
promising antiproliferative therapy that has proven to be especially effective against breast cancer.

Keywords: dexibuprofen; anticancer activity; nanostructured lipid carriers (NLCs); factorial design;
particle size; zeta potential; cytotoxicity; drug delivery

1. Introduction

Cancerous diseases are the second leading cause of death worldwide, representing
a serious health concern. According to the World Health Organization (WHO) report, by
2040 the number of cancer patients will increase by 47% compared to 2020, and will reach
more than 28 million cases and 16 million deaths [1]. Hence, many research centers are
looking for effective compounds in the fight against cancerous diseases. In 2020 and 2021,
the Food and Drug Administration (FDA) approved 53 and 50 new drugs based on 40 and
36 new chemical entities (NCEs), respectively [2,3]. In 2020, 18 new anticancer drugs were
released on the market, whereas in 2021 only 15 were found [4].

Developing and bringing a new drug to the market constitutes a tedious and expensive
procedure that takes, on average, twelve to sixteen years and requires USD 2.558 billion [5].
The pharmacologist and Nobel laureate James Black used to say that “the most fruitful
basis for the discovery of new drug is to start with an old drug”. Applying his principle, it
is possible to bypass almost 40% of the overall cost of bringing a drug to market [6]. This is
because drugs approved by regulatory agencies with known pharmacokinetics and safety
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profiles can be rapidly evaluated in phase II clinical trials where their novel application
is confirmed.

Turning to drugs that have already been recognized as safe by the FDA is being in-
creasingly recognized as an attractive strategy to obtain effective treatments. Consequently,
many efforts have been made for repurposing drugs that already exist by finding new
targets, delivery methods and formulations.

In the area of tumoral processes, great hopes are placed on NSAIDs as effective antipro-
liferative agents, as these have exhibited the ability to reduce the incidence and mortality of
many types of cancer in numerous epidemiological and animal studies [7]. It is suggested
that anti-inflammatory drugs prevent malignant cell formation and tumor progression.
They may also promote the antitumoral effects of chemotherapy and radiotherapy [8].
The first mention of the use of this group of drugs as anti-tumoral compounds appeared
during the 1980s [9]. Harris and co-workers reported that their regular use for 5 to 9 years
caused a 21% reduction in the incidence of breast cancer [10]. However, despite promising
in vitro results and clinical trials assessing their anticancer activity, the practical application
of these drugs is still impossible because of individual adverse effects, such as increased
gastrointestinal ulceration arising after their long-term administration [11]. Therefore, in
recent decades, many attempts have been made to find the effective solution for their
delivery to overcome these side effects.

One of the NSAID drugs with proved anticancer potential is ibuprofen (IBU), the
mechanism of action of which has been extensively studied. Greenspan et al. suggested
that IBU can effectively target both the Wnt/β-catenin and NF-κB pathways, indicating a
novel mechanism of chemopreventive efficacy of NSAIDs [12]. Another research group
published that this drug regulates expression and function in epithelial cells [13].

Dexibuprofen (DXI) is the dextrorotatory isomer of ibuprofen (IBU), being almost
160 times more active as an anti-inflammatory molecule and less toxic than its enantiomer
R [14]. DXI is better tolerated in comparison with other NSAIDs, but still exhibits some
side effects characteristic of this group of drugs. Therefore, encapsulation and methods of
fabrication of the lipid nanostructures of IBU have been studied [15–17].

The aim of this work was to develop a controlled-release DXI delivery system based
on lipid nanocarriers. Among them, nanostructured lipid carriers (NLCs) were selected
due to their excellent pharmaceutical and drug delivery properties, in addition to their
biocompatibility and biodegradability [18]. NLCs are able to encapsulate lipophilic drugs
and are formed by mixing solid and liquid lipids with aqueous surfactant dispersion [19].
NLCs provide some advantages over traditional solid lipid nanoparticles (SLNs) and
other colloidal lipid carriers. On one hand, both NLCs and SLNs are known to provide a
prolonged drug release due to the presence of a solid lipid matrix [20]. However, SLNs
possess a restricted stability due to the fact that they tend to expel the drug from the
lipid matrix. Thus, NLCs overcome SLN problems due to the incorporation of a liquid
lipid that offers higher drug loading capacity, as well as increased stability. Using NLCs,
it would be possible to obtain a formulation providing prolonged-release DXI, and to
produce the formulation at an industrial scale [21]. Therefore, during this work, the
preparation, physicochemical characterization and therapeutic efficacy of DXI-loaded
NLCs will be assessed.

2. Results and Discussion

2.1. Preformulation Studies

The selection of solid lipid used in the preparation of NLCs was made based on the
literature data indicating the antibacterial properties of beeswax against Gram-positive
bacteria and its anti-inflammatory activity, which could contribute to enhancing the an-
tiproliferative properties of DXI [22,23].

Knowledge about interactions between the solid lipid and the drug is crucial in the
process of designing nanocarriers for further drug entrapment [24]. First, we examined the
interactions between beeswax and DXI by preparing two different mixtures of beeswax:DXI
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in ratios 70:20 and 70:5 (%, w/w). Samples of DXI and beeswax, as well as their mixtures,
were heated at 90 ◦C, cooled down to room temperature, and finally visualized under a
light microscope. Under the microscope, a noncomplete mixture of DXI with solid lipid
at a ratio of 70:20 was observed. The observable dark opaque areas denote the area of
recrystallized DXI. In contrast, the 70:5 ratio had a reduced exposure of dark opaque
DXI recrystallisation under light microscopy. Based on this observation, the ratio 70:5 of
beeswax: DXI was selected and examined by differential scanning calorimetry (DSC). DSC
constitutes an effective method to investigate the melting and crystallization behavior of
lipid molecules and drugs. Thermograms were obtained by heating the samples (beeswax,
DXI and beeswax:DXI) from 25 ◦C to 100 ◦C (Figure 1B). The data obtained indicate that
the melting point of DXI was 53.6 ◦C, the melting point of beeswax was 65.94 ◦C, and the
melting point of their mixture was 62.4 ◦C.

 
Figure 1. Optical microscopy images (A) and differential scanning calorimetry (B) of physical mixture
of beeswax and DXI.

This increase in the melting point of the mixture against the DXI melting point, broad-
ening the endothermic curves, corresponds to the solubilization of the lipid compound
with the drug. Using DSC studies, we confirmed microscopic results in order to ensure
that DXI could be completely dissolved into the solid lipid [25]. Furthermore, we also
observed a slight reduction in the heating enthalpy of beeswax (ΔH 134.14 J/g) during its
mixture with DXI (ΔH 119.93 J/g). Applying heterogenic solid lipids with a higher melting
point has the capacity to disorder the recrystallization of drugs, and during this study it is
evidenced that beeswax prevents DXI from undergoing recrystallization, and could help
improve the entrapment of DXI in the beeswax matrix during DXI-NLC formulation [24].
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Afterwards, liquid lipids were selected by investigating castor oil and Miglyol 812.
Castor oil is a natural oil with high viscosity. Its main component is a ricinoleic acid:
glyceride [26]. Miglyol 812 is a mixture of triglycerides of saturated and unbranched C8
to C12 fatty acids, and is characterized by high chemical stability and low viscosity [27].
Both products are water-insoluble and non-ionic lipids with different HLB values (14 and
15.36, respectively). Miglyol 812 has been described to possess antiproliferative activity
and it has been widely used as liquid lipid in NLCs with a broad range of antitumoral
applications [28,29]. Castor oil is considered an important plant product in herbal medicine.
It is known to penetrate well through human skin and eradicate tumors near the breast
skin surface [30].

Tween 80, an oleate ester of sorbitol, was used as a surfactant. Tween is a water-soluble
and non-ionic synthetic product with an HLB of 15.

With the selected excipients, preformulations A and B were performed using the
concentrations given in Table 1 and the high-pressure homogenizer (HPH). The HPH,
in which tension is generated by high pressure, is the main method to produce lipid
nanoparticles due to its feasibility for scale-up, short production time, uniform particle
size reduction, and the avoidance of organic solvents [31]. Despite this, the number of
cycles and the pressure applied should be optimized, since these are the critical parameters
in HPH.

Table 1. Concentrations corresponding to the preformulation studies of NLCs encapsulating DXI.

Compounds
Concentrations of Selected Excipients

Preformulation A Preformulation B

DXI (mg/mL) 1 1

Beeswax (%) 4 4

Castor oil (%) 2 0

Miglyol 812 (%) 0 2

Tween 80 (%) 3 3

Physicochemical parameters of both formulations were evaluated. Based on the results
summarized in Table 2, Miglyol 812 was selected for further studies instead of castor oil
because it showed better properties in terms of polydispersity index (PDI, obtaining values
below 0.2) and mean particle size (Zave around 100 nm), while in terms of entrapment
efficiency (EE) and zeta potential (ZP), the results were similar in both cases, obtaining
values higher than 95% and lower than −14 mV.

Table 2. Physicochemical characterization of the synthesis of nonoptimized DXI-NLCs. (A) NLCs
with beeswax and castor oil; (B) NLCs with beeswax and Miglyol 812.

Preformulation Zave (nm) PDI ZP (mV) EE (%)

A
129.8 ± 1.3 0.232 ± 0.025 −18.9 ± 0.5 96.94

123.1 ± 0.6 0.223 ± 0.021 −17.7 ± 0.3 96.89

B
103.8 ± 1.1 0.171 ± 0.019 −15.9 ± 0.2 97.02

92.35 ± 2.32 0.188 ± 0.012 −14.8 ± 0.3 95.69
Results are presented as mean ± SD (n = 3); Zave: mean average size; PDI: polydispersity index; ZP: zeta potential;
EE: encapsulation efficiency.

2.2. Optimization of Dexibuprofen–Nanostructured Lipid Carriers

In order to obtain the final desired product with optimal physiochemical proper-
ties and maximal DXI encapsulation, the design of experiment (DoE) approach was
used. The effects of the formulation variables (independent variables) on the response
parameters (dependent variables) were evaluated. According to the matrix generated,
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26 experiments (16 factorial points, 8 axial points, and 2 replicated center points) were
performed (Table 3) [32].

Table 3. Values of the experimental factors according to the matrix designed by 24 + star central
composite rotatable factorial design parameters and measured responses.

DXI Beeswax Miglyol 812 Tween 80 Parameters

Coded
Level

mg/mL
Coded
Level

%
Coded
Level

%
Coded
Level

% Zave (nm) PDI ZP (mV)
EE
(%)

Factorial
Points

F1 1 1.25 1 5 1 2.5 1 4 89.1 ± 1.09 0.17 ± 0.01 −17.6 ± 2.91 98.96

F2 −1 0.75 1 5 1 2.5 1 4 103.9 ± 1.96 0.18 ± 0.03 −16.5 ± 0.61 97.72

F3 1 1.25 −1 3 1 2.5 1 4 72.52 ± 0.84 0.18 ± 0.01 −14.9 ± 2.01 98.87

F4 −1 0.75 −1 3 1 2.5 1 4 77.43 ± 1.46 0.2 ± 0.01 −15.6 ± 1.57 96.01

F5 1 1.25 1 5 −1 1.5 1 4 95.51 ± 0.06 0.19 ± 0.01 −16.7 ± 1.65 97.14

F6 −1 0.75 1 5 −1 1.5 1 4 98.25 ± 1.93 0.19 ± 0.05 −18.7 ± 0.82 96.52

F7 1 1.25 −1 3 −1 1.5 1 4 71.73 ± 0.59 0.13 ± 0.01 −13.1 ± 2.46 97.91

F8 −1 0.75 −1 3 −1 1.5 1 4 70.25 ± 0.72 0.22 ± 0.01 −16.7 ± 0.7 95.7

F9 −1 0.75 1 5 1 2.5 −1 2 154.3 ± 2.44 0.15 ± 0.04 −19.5 ± 0.51 98.96

F10 −1 0.75 −1 3 1 2.5 −1 2 126.9 ± 1.3 0.17 ± 0.01 −20 ± 2.01 99.11

F11 −1 0.75 1 5 −1 1.5 −1 2 145.8 ± 0.58 0.12 ± 0.03 −20.6 ± 0.4 99.48

F12 −1 0.75 −1 3 −1 1.5 −1 2 112.6 ± 1.23 0.18 ± 0.01 −17.8 ± 1.47 96.28

F13 1 1.25 1 5 1 2.5 −1 2 160.4 ± 1.43 0.12 ± 0.02 −21.8 ± 2.66 96.09

F14 1 1.25 −1 3 1 2.5 −1 2 129.7 ± 2.35 0.15 ± 0.01 −18.1 ± 0.54 98.12

F15 1 1.25 1 5 −1 1.5 −1 2 146.9 ± 0.98 0.09 ± 0.04 −20.6 ± 0.76 99.88

F16 1 1.25 −1 3 −1 1.5 −1 2 112.7 ± 0.78 0.17 ± 0.03 −18.1 ± 0.7 97.46

Axial
Points

F17 −2 0.5 0 4 0 2 0 3 108.70 ± 1.82 0.17 ± 0.01 −21.7 ± 1.48 99.29

F18 2 1.5 0 4 0 2 0 3 106.7 ± 0.89 0.17 ± 0.02 −15.9 ± 0.53 97.87

F19 0 1 0 4 0 2 2 5 78.94 ± 1.56 0.18 ± 0.02 −14.1 ± 0.51 96.3

F20 0 1 0 4 2 3 0 3 116.7 ± 1.01 0.18 ± 0.01 −17.7 ± 0.38 98.52

F21 0 1 0 4 −2 1 0 3 100 ± 3.07 0.2 ± 0.03 −19.4 ± 0.06 97.65

F22 0 1 2 6 0 2 0 3 112.1 ± 2.12 0.17 ± 0.02 −20.3 ± 0.38 98.89

F23 0 1 −2 2 0 2 0 3 71.86 ± 0.41 0.16 ± 0.08 −16.8 ± 0.22 98.37

F24 0 1 0 4 0 2 −2 1 182.8 ± 0.27 0.16 ± 0.02 −20.8 ± 0.27 98.54

Central
Points

F25 0 1 0 4 0 2 0 3 110.4 ± 2.03 0.16 ± 0.03 −15.6 ± 0.31 97.2

F26 0 1 0 4 0 2 0 3 91.75 ± 1.77 0.18 ± 0.01 −17 ± 0.72 98.3

Results are presented as mean ± SD (n = 3); F1-F26: formulations of DXI-NLCs; Zave: mean average size; PDI:
polydispersity index; ZP: zeta potential; EE: encapsulation efficiency.

The results obtained were analyzed and, as can be observed in Figure 2, on the Pareto’s
chart of Zave, it is clearly visible that the statistically significant variables corresponded to
Tween 80®, beeswax and Miglyol (Figure 2).

Regarding the mean particle size, site-specific NLCs aiming to deliver chemotherapeu-
tic agents should have a diameter range of 50–300 nm for increased cellular uptake [33].
In our studies, we observed that the average size of the DXI-NLC strongly depended on
the concentrations of Tween 80® and beeswax, and was reduced with the increase in the
surfactant (Figure 2A,F), whereas the opposite tendency was reported for beeswax. At
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concentrations of Tween 80® lower than 2%, the average size of DXI-NLC decreases. On the
other hand, it was observed that the concentrations of DXI do not influence this parameter
in a significant manner (Figure 2A,E).

 

Figure 2. (A–D) Pareto chart shows positive and negative influence of dexibuprofen (DXI), Miglyol
812, Tween 80 and beeswax on the particle size (Zave), polydispersity index (PDI), zeta potential (ZP)
and encapsulation efficiency (EE). (E–L) Surface response plots denoting changes in Zave, PDI, ZP and
EE during different concentrations of DXI, Miglyol 812, Tween 80 and beeswax. (A) Pareto chart for
ZAve; (B) Pareto chart for PDI; (C) Pareto chart for ZP; (D) Pareto chart for EE. (E,F) Surface response
plot for ZAve; (G,H) surface response plot for PDI; (I,J) surface response plot for ZP; (K,L) surface
response plot for EE. In the Pareto chart, a bar crossing the blue line is considered a significant effect.

The PDI has an Important effect on the physical stability and uniformity of NLC. The
values of this parameter should be as low as possible to ensure the long-term stability of the
formulation. PDI values in the range between 0.1 and 0.25 show a narrow size distribution,
while PDI values greater than 0.5 indicate a very broad distribution [34]. In the conditions
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studied, the concentrations of Tween 80® and beeswax have a strong impact on the PDI
(Figure 2B,H). Since the homogeneity of the formulation is a key issue, low PI is sought.
Therefore, according to our data, the concentration of surfactant should be high while the
solid lipid should be maintained as low as possible. In the case of DXI, a nonsignificant
impact of its concentration was observed.

All obtained formulations had a negative surface charge ranging from –13.1 to –21.8 mV
(Table 3), predicting a suitable short-term stability regardless of DXI concentration, and thus
suggesting that DXI did not significantly alter the ZP of the formulation. This is in accor-
dance with previous studies which point out that when beeswax is used the formulations
possess anionic character [35]. These negatively charged NLCs have higher half-life during
circulation and are less likely show toxicity because of their relatively low interaction with
the mononuclear phagocytic system [36]. In addition, in the blood stream, the majority of
plasma proteins are negatively charged, and cationic NLCs would bind to these proteins
at a higher rate [37,38]. Taking all this into account and aiming for suitable short-term
stability, highly negative ZP values should be obtained. Therefore, high beeswax amounts
would be suitable since values around −20 mV can be obtained (Figure 2C,J).

The concentrations of DXI, beeswax and surfactants had no significant impact on
the encapsulation efficiency (EE) of DXI (Figure 2D). As it can be seen in Table 1, a large
amount of DXI (EE > 99%) was incorporated in some DXI-NLC formulations, suggesting
its preferential partition into the lipid matrix of the NLCs. From the surface response
chart (Figure 2L), we can find that at a lower concentration of Tween 80® and a higher
concentration of beeswax, the EE parameter is higher (Figure 2L).

The DoE approach allowed us to develop an optimized DXI-NLC. Based on the
analyzed data, 10 mL samples were prepared using 600 mg of beeswax, 200 mg of Miglyol,
200 mg of Tween 80®, and 15 mg of DXI for their subsequent characterization (Table 4).
Samples were prepared in triplicate to verify their reproducibility and stored under the
same conditions. As shown in Table 4, predicted and experimental values were highly
similar, except for the EE, which was higher than expected.

Table 4. Predicted and expected physiochemical parameters and EE of DXI-NLC.

Parameters Predicted Values Experimental Values

Zave (nm) ~150 152.3 ± 1.6

PDI <0.18 0.149 ± 0.03

ZP (mV) −20 −19.8 ± 0.764

EE (%) >95 99.17
Experimental values are presented as mean ± SD (n = 3); Z-Ave: mean size; PDI: polydispersity index; ZP: zeta
potential; EE (%): encapsulation efficacy.

2.3. DXI-NLC Characterization Studies

In order to study the thermal profile of DXI-NLC, DSC of dried DXI-NLC, as well as
the individual compounds, was carried out. Figure 3 shows that DXI exhibits a melting
point of 53.6 ◦C, while the melting point of the empty NLC is 63.03 ◦C. The DXI-NLC
melting point is similar to the empty NLC (63.06 ◦C). These data confirm that DXI is in a
disordered crystalline state without exhibiting its melting peak in DXI-NLC [39].

An X-ray diffractogram (XRD) was performed to characterize the DXI-NLC crystalline
in its amorphous state (Figure 4). The XRD profiles of DXI present sharp peaks indicating
crystalline structure, while the empty NLC shows two high diffraction peaks (2θ: 21.4 and
23.8) corresponding to orthorhombic subcell diffraction of waxes [40]. Interestingly, in
DXI-NLC, the intensity of these two peaks slightly dropped.
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Figure 3. Differential scanning calorimetry (DSC) of DXI-NLC, DXI and empty NLC.

 

Figure 4. X-ray diffractogram pattern of DXI-NLC, DXI and empty NLC.

Beeswax has a heterogeneous chemical composition that makes it less crystalline, and
the reduction in sharpness of these peaks in DXI-NLC shows the changes in the packing
β-modification of beeswax [40]. The lack of peaks, corresponding to DXI not being visible
in the drug-loaded particles, indicates that DXI is present in the dissolved state (molecular
dispersion). Moreover, no peaks of DXI can be observed in DXI-NLC, thus indicating that
DXI is encapsulated in the NLC matrix.

Fourier-transform infrared spectroscopy (FTIR) is a useful tool to confirm the analysis
of bonds between molecules. Thus, FTIR was performed to identify the interaction between
DXI and the lipid matrix. In Figure 5, it can be observed that there are no new covalent
bonds formed between DXI and NLC. The main peak characteristic for DXI from the C=O
bond-stretching vibration is presented at 1701 cm−1. Other small peaks from C-C bonds
(1508 cm−1

, 1466 cm−1 and 1417 cm−1), C-O stretching (1282 cm−1) and O-H (778 cm−1)
were also observed [41].
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Figure 5. Fourier-transform infrared spectroscopy (FTIR) of DXI-NLC, DXI and empty NLC.

In the cases of the empty NLC and DXI-NLC, similar vibrations attributed to bonds
appeared. There were several vibrations observed at the beeswax fingerprint region
(719–1098 cm−1). The bond vibrations corresponded to the CH2 rocking (719 cm−1), C-H
bending (1098 cm−1), and C=O stretching (1737 cm−1) of hydrocarbons, esters and free fatty
acids in beeswax [42]. The major vibrations between 2848 and 2915 cm−1 were attributed
to the symmetric and asymmetric CH2 stretching vibrations of hydrocarbon compounds
present in beeswax, respectively.

The notable change during DXI loading is shown in the reduction in the water molec-
ular O-H bond-stretching vibration at 3411 cm−1. This is an indication of the dispersant
being present in the interfacial or pocketed regions of beeswax, and being incompletely
removed during DXI loading because of its hydrophobicity. There were no reportable
additional bond vibrations observed between the empty NLC and DXI-NLC.

The morphology of DXI-NLC was observed using transmission electron microscopy
(TEM). The images presented in Figure 6 confirm that there was no aggregation between
the nanoparticles. DXI-NLCs were spherical and uniform in shape, with smooth surfaces.
This is relevant because the shape of the colloidal dispersion system is known to affect the
delivery and response in medicinal applications, and spherically shaped formulations are
known to have a better immune response [33]. Moreover, for the effective delivery of active
molecules in the body, the size of nanoparticles is also largely responsible. NLC populations
with Zave above 200 nm are known to compromise the human complement system, whereas
Zave values below 10 nm are known to be excreted by the human kidney [33]. Therefore,
the Zave measured using DLS was similar to that obtained with TEM, thus corroborating
the results obtained where NLC measured less than 200 nm.

 

Figure 6. Transmission electron microscopic images of DXI-loaded nanostructured lipid carriers
(DXI-NLC) with 500 nm and 200 nm scale.
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2.4. In Vitro Drug Release

The release profiles of free DXI and DXI encapsulated in NLCs are shown in Figure 7.
The release medium had been prepared at pH7 to contain sodium citrate and urea at
concentrations of 1.74 M and 0.18 M, respectively, to ensure sink conditions throughout
the experiment. During this study, the faster release kinetics of free DXI in comparison to
DXI-NLC can be observed. After 10 h, the drug was almost fully released, whereas after
this time only 73% of the initial amount of drug was released from the NLCs. Moreover,
significant differences were obtained by comparing the release data one hour after release
(p < 0.05). Before one hour, no significant differences between free DXI and DXI NLC
were found. This could be due to the fact that, during the first hour, the DXI that was
located on the NLCs’ surface was released in a similar manner to free DXI due to a burst
effect [43,44]. After the first hour, the DXI that was encapsulated in the inner core started
being released at a slower rate than the free DXI, causing significant differences. These
two phases confirm that DXI-NLC possesses a kinetic profile characteristic of prolonged
drug-release formulations [45].
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Figure 7. Released profile of free DXI and DXI-loaded nanostructured lipid carriers (DXI-NLC) after
10 h of incubation, adjusting the data to a hyperbola equation.

Drug release is affected by many other factors, such as morphometric and morpholog-
ical paraments, the type of surfactant, and preparation methodology [46]. In the literature,
it is reported that a faster release occurs due to drug diffusion, and could not be caused by
matrix degradation, as is the case in DXI-NLC [47]. However, this burst release is one of
the limitations among SLN and NLC, as they tend to show an initial fast release [48]. To
further understand how DXI is released from formulations, the results were fitted to the
most common biopharmaceutical equations and the best fit corresponded to the hyperbola
equation [49]. Comparatively, a higher equilibrium dissociation constant (Kd), as is the case
of DXI-NLC, reports a slower drug release from the NLC solid lipid matrix, thus confirming
the slower DXI release from the particle matrix (Table 5) [39].

Table 5. Results of hyperbola equation for cumulative DXI release vs. time.

Parameters DXI DXI-NLC

Bmax ± SD (%) 118.30 ± 5.75 91.09 ± 3.14

Kd ± SD (h) 2.24 ± 0.28 2.90 ± 0.22

R2 value 0.9264 0.9763
Bmax: maximum binding capacity; Kd: equilibrium dissociation constant.
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2.5. Short-Term Storage Stability

Although NLCs are known to be more stable than SLNs, still one of the major limi-
tations of NLCs is their restricted storage stability [20]. In order to address this issue, the
optimized DXI-NLCs were stored at three different temperatures (4, 25 and 37 ◦C) for up to
60 days, and the resulting modifications in the physiochemical parameters were measured
(Table 6). In addition, NLCs are limited to lipophilic drugs such as DXI, and are less suitable
for hydrophilic drugs [20].

Table 6. Results of stability studies of DXI-loaded nanostructured lipid carriers (NLCs).

Day T (◦C) Zave (nm) PDI ZP (mV)

0 4 152.3 ± 1.6 0.149 ± 0.03 −19.8 ± 0.76

25 152.3 ± 1.6 0.149 ± 0.03 −19.8 ± 0.76

37 152.3 ± 1.6 0.149 ± 0.03 −19.8 ± 0.76

30 4 152.6 ± 2.1 0.145 ± 0.01 −19.2 ± 0.53

25 150.7 ± 2.4 0.143 ± 0.02 −19.6 ± 0.4

37 152.4 ± 2.9 0.143 ± 0.02 −18 ± 0.17

60 4 149.8 ± 0.8 0.158 ± 0.01 −22.5 ± 0.15 *

25 150.9 ± 1.9 0.140 ± 0.04 −21.6 ± 0.17 *

37 150.4 ± 1 0.158 ± 0.01 −17.4 ± 0.4 *
Results are presented as mean ± SD (n = 3); T (◦C): temperature; Zave: mean size; PDI: polydispersity index; ZP:
zeta potential; * significant difference.

Although the HPH technique provides a uniform rigid NLC population, during stor-
age, Zave, PDI and ZP could be altered by multiple factors [43]. Analyzing the components
of fabricated formulation, it can be pointed out that Tween 80® is known to provide suitable
storage stability against other surfactants [50,51]. However, waxes and glycerides are
sometimes avoided for NLC preparation due to low encapsulation and drug expulsion [40].
In our case, beeswax at 30 days releases a low percentage of DXI, and this is lower at
4 than at 25 ◦C (2.35% and 3.25%, respectively). From the obtained results, initial and
60-day storage showed nonsignificant physicochemical modifications also denoting that
DXI-NLC could be better stored at 4 ◦C than 25 ◦C in the long term. As explained by Freitas
and Müller, to retain size, formulations should be stored at a low temperature between 2
and 8 ◦C [52]. However, the 4 ◦C temperature should be studied for long-term periods to
confirm these data. Furthermore, storage at 37 ◦C causes a decrease in ZP values, probably
due to alterations in the formulation, as has been previously reported in other studies [53].

2.6. Effect of Gamma Radiation

Before assessing the antiproliferative activity of DXI-NLC, sterilization using gamma
radiation was performed. Gamma radiation is performed at the recommended dose of
25KGy, which is known to kill microbial contaminants [54]. This sterilization method is
preferable due to NLCs’ heat-sensitive properties, and methods using high temperatures
such as ethylene oxide or autoclaving have been reported to cause significant adverse
impacts on the physicochemical properties of NLCs [50].

Data on the physicochemical parameters after gamma sterilization are shown in
Figure 8. As can be observed, NLC Zave was not significantly affected by sterilization
(Figure 8A). However, the ZP of both the empty NLC and DXI-NLC was affected signifi-
cantly (n = 3, t statistics: 9.986, p value: 0.001), as was PDI in the case of DXI-NLC (n = 3, t
statistics: 8.302, p value: 0.001) (Figure 8B,C). Despite this, ZP was still negative and PDI
was below 0.2. DXI EE remained higher than 99%. Small changes in chemical structural
parameters were found in previous NLC preparations, but did not show any impact on
the medicinal properties. After sterilization, the empty NLC had a Zave, PDI and ZP of
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155.3 ± 3.21 nm, 0.16 ± 0.01, and −12.3 ± 0.64 mV, respectively, whereas the DXI-NLC
properties were 150.3 ± 2.98 nm, 0.13, and −22.1 ± 0.75 mV, respectively.

Figure 8. Effect of gamma sterilization on DXI-loaded nanostructured lipid carriers (NLC). (A): bar
chart for sterilization effect on size (Z-Ave) of empty NLC and DXI-NLC; (B): bar chart for sterilization
effect on polydispersity index (PDI) of empty NLC and DXI-NLC; (C): bar chart for sterilization effect
on zeta potential (ZP) of empty NLC and DXI-NLC; * significant difference.

2.7. Cytotoxicity of Fabricated Formulation towards Selected Cancer Cell Lines

The antiproliferative activity of DXI and DXI-NLC towards prostate (PC-3) and breast
(MDA-MB-468) cancer cell lines was evaluated after 24, 48 and 72 h. The results were
obtained with an cellular viability assessment (SRB colorimetric assay). The data on in vitro
anticancer activity are reported in Table 7, and are expressed as the IC50 concentration of
the compound (in μM) that inhibits the proliferation of the cells by 50%, compared to the
untreated control cells.

Table 7. IC50 values of DXI-NLC and empty NLC at several incubation times.

Formulation

IC50 (μM)

PC-3 MDA-MB-468

24h 48h 72h 24h 48h 72h

Empty NLC 28.5 ± 4.3 14.9 ± 5.6 12.9 ± 1.3 42.5 ± 11.8 69.6 ± 27.5 11.6 ± 6.7

DXI-NLC 10.1 ± 3.1 72.9 ± 21.3 60.8 ± 10.3 3.4 ± 0.4 82.4 ± 65.2 66.1 ± 22.4

Results are presented as mean ± SD (n = 3); IC50: 50% inhibitory concentration; PC-3: human prostate cancer cell
line; MDA-MB-468: human breast cancer cell line 3.

After 24 h of incubation, the activity of DXI-NLC was almost three- and twelve-fold
higher than the activity of the empty NLC (DXI was not assessed due to its low water
solubility) toward PC-3 and MDA-MB-468, respectively. During this time, the activity of
the encapsulated DXI was getting lower; as listed in Table 7, DXI-NLC exhibited much
lower activity after 72 h than after 24 h. This is in correlation with the results presented
on the release profile, since after 24 h it is predicted that around 90% of the encapsulated
DXI will be released. This resulted in a higher antiproliferative activity of DXI-NLC after
24 h than after 48 or 72 h. Interestingly, empty NLCs also pose antitumoral properties
by themselves, probably due to the beeswax effect. In this sense, several studies claim
that honey-derived products have the ability to kill cancer cell lines [55,56]. Therefore, the
combined properties of NLC and DXI have been demonstrated in vitro.
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3. Materials and Methods

3.1. Chemicals and Reagents

S-(+)-ibuprofen (dexibuprofen/DXI) was purchased from Amadis Chemical® (Hangzhou,
Zhejiang, China). Beeswax, Tween® 80 (polysorbate 80) and ortho-phosphoric acid (85%)
were purchased from Sigma-Aldrich (Madrid, Spain). Miglyol 812 (caprylic/capric triglyc-
erides) was purchased from Roig Farma SA (Terrassa, Spain). Sodium citrate tri-base
and urea were purchased from Montplet & Esteban SA (Barcelona, Spain). Methanol
(99.8%) was a product of Fisher Scientific (Geel, Belgium). All other reagents including
ethanol (99.8%, PanReac AppliChem, Barcelona, Spain) were of analytical grade. Millipore®

Milli® Q system (Darmstadt, Germany) purified water was used across all experiments
and formulations.

3.2. Methods
3.2.1. Preparation of Nanostructured Lipid Carriers

DXI-NLC was produced using the high-shear hot homogenization technique [57].
In brief, the lipid phase was prepared by melting DXI, beeswax and Miglyol 812. The
aqueous phase was prepared by dissolving Tween 80. After a 30 min water bath (∼90 ◦C),
both phases were mixed and the pre-emulsion was homogenized with an IKA® T10 basic
ULTRA-TURRAX® (Staufen, Germany) at a speed of 8000 rpm for 30 s. Subsequently, the
mixture was exposed to high-pressure homogenization (HPH) at a pressure of 800 mbar and
85 ◦C for 3 homogenization cycles using a Stansted pressure cell homogenizer FPG12800
(Stansted Fluid Power, Harlow, UK). The prepared DXI-NLC samples were allowed to
settle down for 12 h at room temperature before further experiments. Empty NLCs were
prepared using the same procedure without adding DXI.

3.2.2. Physicochemical Characterization of Nanostructured Lipid Carriers

Zave and PDI were analyzed using dynamic light scattering (DLS) [39]. NLCs were
diluted in water (1:10) and Zave and PDI values were measured using Zetasizer Nano
ZS (Malvern, UK). ZP values of DXI-NLC were measured with an electrophoretic light
scattering (ELS) technique using Zetasizer Nano ZS (Malvern, UK) equipped with an
electrophoresis laser Doppler [39]. NLCs were diluted in water (1:20) and loaded in a
folded capillary cell (Malvern, UK) for ZP measurements. All measurements were carried
out in triplicate at 25 ◦C and values are presented as mean ± standard deviation [44,45].

The EE of DXI in DXI-NLC was determined indirectly by measuring the free DXI
in the aqueous phase (Equation (1)). Prepared NLCs were diluted in water (1:10) and
filtered by centrifugation through Amicon® 0.5 ml Ultracel 100 K filters (Merck KGaA,
Darmstadt, Germany) for 15 min at 14,000 rpm to separate the free DXI from the NLCs.
Free DXI in the aqueous phase was quantified by reverse-phase high-performance liquid
chromatography (RP-HPLC) [39]. In the HPLC system, samples were analyzed using a Wa-
ters™ 600 Controller (Waters, Milford, MA, USA), Waters™ 717 plus autosampler (Waters,
Milford, MA, USA), and a Kromasil® Classic C18 (5 μm × 4.6 × 150 mm) column (Nouryon,
Amsterdam, The Netherlands). The mobile phase constituted an aqueous phase containing
0.05% ortho-phosphoric acid in water and an organic phase containing methanol in a water:
methanol ratio of 20:80, and at a 1 mL/min flow rate. A Waters™ 2996 Photodiode array
detector (Waters, Milford, MA, USA) was used at 220 nm wavelength [58,59]. Data were
processed using Empower® version 3 (Waters, Milford, MA, USA). The calibration curve
was calculated using the DXI concentration range between 0.25 and 500 μg/mL against the
area of the corresponding detected peaks.

EE (%) =
total amount of DXI − free DXI

total amount of DXI
× 100 (1)
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3.2.3. Optimization of Nanostructured Lipid Carrier Parameters

The optimization of the formulation was carried out by studying the influence of
the independent variables (DXI, beeswax, Miglyol 812, polysorbate 80) on the dependent
variables (Zave, PDI, ZP and EE) [32]. A two-level factorial design (24) was carried out
using Statgraphics 18. The matrix of the design used and the levels of the independent
parameters are given in Table 8.

Table 8. Chemical concentrations employed for optimization.

Compounds
Levels

−2 −1 0 1 2

DXI (mg/mL) 0.5 0.75 1 1.25 1.5

Beeswax (%) 2 3 4 5 6

Miglyol (%) 1 1.5 2 2.5 3

Tween 80 (%) 1 2 3 4 5

3.2.4. Interaction Studies and Nanosphere Characterization
Differential Scanning Calorimetry

Thermograms of DXI-NLC, DXI and empty NLCs were obtained using a DSC system
(Mettler TA 4000 system, Mettler, Greifensee, Switzerland) equipped with a DSC-25 cell.
Dried samples were transferred to perforated aluminum pans and weighed on Mettler
M3 Microbalance (Mettler, Greifensee, Switzerland). A pan with indium (purity ≥99.95%,
Fluka, Switzerland) was used for the calibration of the calorimetric system. An empty
identical aluminum pan was used as a reference. Samples were melted under nitrogen
flow at 10 ◦C/min to measure the melting transition point by heating the ramp from 25 to
100 ◦C [39].

Fourier-Transform Infrared Spectroscopy

The Fourier-transform infrared (FTIR) spectra of DXI-NLC, DXI, and the empty NLC
were analyzed. The scan was performed between the range of 525 and 4000 cm−1 on a
Thermo Scientific Nicolet iZ10 spectrometer equipped with an ATR diamond and a DTGS
detector [39].

X-ray Diffraction

X-ray diffraction (XRD) was carried on DXI-NLC, DXI, and the empty NLC. XRD
was performed to analyze the amphous or crystalline state of the formulations with and
without DXI. Dried formulations and DXI were placed in between the polyester films and
exposed to CuK” radiation (45 kV, 40 mA, λ = 1.5418 Å). Measurements were carried at 2θ
from 2◦ to 60◦ with a step size and time interval of 0.026◦ and 200 s, respectively [39].

Transmission Electron Microscopy

Morphological observations of DXI-NLC were carried out under transmission electron
microscopy (TEM) on a Jeol 1010 microscope (Akishima, Japan). DXI-NLC were diluted (1:5)
with water and placed on a surface of copper grids activated with UV light. Subsequently,
negative staining was performed using 2% uranyl acetate [58].

3.2.5. In Vitro Drug Release

In vitro drug release was examined with the direct dialysis technique [60]. The release
of DXI from DXI-NLC (n = 3) was estimated against the same concentration of DXI (n = 3)
by placing the samples in a 500 μL dialysis cassette (10K MWCO, Slide-A-LyzerTM, Thermo
Scientific, Rockford, IL, USA). The release medium was prepared with sodium citrate and
urea to improve the hydrophilicity of DXI in a proportion of DXI:S sodium citrate: urea
1:3:7, as explained elsewhere [41]. The release medium was placed under magnetic stirring
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and incubated at 37 ◦C. At various time intervals, samples of 400 μL of release medium
were collected and replaced by 400 μL of clean release medium. Collected samples were
analyzed with RP-HPLC [39]. The amount of DXI released was plotted as cumulative
drug release against time (h) in Graph Pad Prism version 5.0, and fitted to the most
common biopharmaceutical equations (Higuchi, Korsmeyer–Peppas, hyperbola and first-
order equation).

3.2.6. Short-Term Stability of Solid Lipid Nanoparticles

Short-term stability was assessed by preparing DXI-NLC samples and storing them at
three different temperatures (4, 25 and 37 ◦C). The physicochemical parameters (Zave, PDI,
ZP and EE) were analyzed monthly for 60 days.

3.2.7. Sterilization by Gamma Radiation

Gama radiation was carried out in order to sterilize the samples to develop further
cellular assays. DXI-NLC samples were sterilized using a dose of 25 KGy of 60 Co as
the gamma irradiation source (Aragogamma, Barcelona, Spain) [44]. Physicochemical
parameters were measured before and after gamma radiation.

3.2.8. In Vitro Cytotoxicity Assay
Cell Lines

Human prostate cancer PC-3 cell line was obtained from the European Collection
of Authenticated Cell Cultures (UK); human breast cancer MDA-MB-468 cell line cells
were obtained from the Leibniz Institute DSMZ—German Collection of Microorganisms
and Cell Cultures (Germany). All the cell lines were maintained at the Hirszfeld Institute
of Immunology and Experimental Therapy, PAS, Wroclaw, Poland. PC-3 and MDA-MB-
468 cells were cultured in RPMI 1640 +GlutaMAX medium (Gibco, UK) with 10% (PC-3)
or 20% (MDA-MB-468) fetal bovine serum (FBS) (HyClone, Cytiva). All culture media
were supplemented with 100 units/mL penicillin, (Polfa Tarchomin S.A., Poland) and
100 μg/mL streptomycin (Merck, Germany). All cell lines were grown at 37 ◦C with a 5%
CO2 humidified atmosphere.

Determination of Antiproliferative Activity

DXI-NLC and the empty NLCs were assayed between 0.8 and 100 μM. Formulations
were diluted based on the total encapsulated DXI concentration (1.49 mg/ml) in DXI-NLC.
Then, 24 h before adding NLCs, the cells were placed in 96-well plates (Sarstedt, Germany)
at a density of 1 × 104 cells per well. The antiproliferative activity assay was performed
after 24, 48 and 72 h of exposure to NLCs. The in vitro cytotoxic effect was examined using
the SRB assay, as previously described [48]. The results were calculated as an IC50: the
concentration of NLCs which was cytotoxic for 50% of the cancer cells. IC50 values were
calculated for each experiment separately using the Prolab-3 system based on Cheburator
0.4 software [49], and mean values ± SD are presented in Table 4. Each compound in each
concentration was tested in triplicate in a single experiment which was repeated 3–5 times.

3.2.9. Statistics

Student’s t-tests were carried for two-group comparations to explain the significant
differences between treatments using Statgraphics 18. A statistically significant difference
was considered at p ≤ 0.05.

4. Conclusions

In the present study, a novel drug delivery system based on nanostructured lipid
carriers encapsulating DXI has been developed and optimized for the treatment of tumoral
diseases. DXI-NLC were prepared using the high-shear homogenization procedure using
HPH, which offers an easy industrial scale-up process. Moreover, DXI-NLC was confirmed
to be stable for 2 months at 4 and 25 ◦C and to provide a prolonged drug release, slower
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than free DXI. Furthermore, DXI-NLC showed suitable physicochemical properties that
allow it to act as an effective antitumoral agent, as demonstrated in breast and prostate
cancer cell lines. Therefore, DXI-NLC constitutes a promising formulation to be used as
antitumoral agent, and is especially effective against breast cancer cells.
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Abstract: Oxaliplatin, similar to Cisplatin, exhibits anticancer activity by interacting with DNA and
inducing programmed cell death. It is biotransformed through a number of spontaneous and non-
enzymatic processes. In this way, several transient reactive species are formed, including dichloro-,
monochloro-, and diaqua-DACH platin, which can complex with DNA and other macromolecules.
The molecular level suggests that such interactions can also take place with vitamins containing
aromatic rings with lone pair orbitals. Theoretical and experimental studies were performed to
investigate interactions of vitamins from the B group with Oxaliplatin, and the results were compared
with values characterizing native purines. Quantum-chemical simulations were carried out at the
B3LYP/6-31G(d,p) level, with the LANL2DZ basis set representing atomic orbitals of platinum atom,
and at the MN15/def2-TZVP levels of theory with the use of Polarizable Continuum Model (IEF-
PCM formulation) and water as a solvent. Additionally, time-dependent density functional theory
(TD-DFT) was employed to study molecular properties in the electronic excited state. Interactions of
vitamins and Oxaliplatin were investigated using UV-Vis spectroscopy. Values of the free energy (ΔGr)
indicate spontaneous reactions with monoaqua [PtH2OClDACH]+ and diaqua [Pt(H2O)2DACH]2+

derivatives of Oxaliplatin. However, diaqua derivatives were found to be preferable. The free energy
(ΔGr) values obtained for vitamins from the B group indicate lower affinity of Oxaliplatin compared
with values characterizing complexes formed by guanine, adenine, and cytosine. The exception is
the monoaqua form of vitamin B1 (thiamine) at the MN15/def2-TZVP levels of calculations. An
application of atoms in molecules (AIM) theory revealed non-covalent interactions present in the
complexes studied. The comparison of computed and experimental spectroscopic properties showed
a good agreement.

Keywords: Oxaliplatin; platinum-based drugs; colorectal cancer; gastric cancer; esophageal cancer;
cancer treatment; vitamins from B group; UV-Vis; DFT; TD-DFT; PCM

1. Introduction

Oxaliplatin (Figure 1) is a complex compound of platinum in the second oxidation state
with 1,2-diaminocyclohexane and an oxalate group (DACH). It is a cytostatic and alkylating
drug used in chemotherapy of malignant tumors, mainly in the treatment of colorectal
cancer, in combination with fluoropyrimidines [1–13]. A randomized study suggests
the equivalence of Cisplatin and Oxaliplatin in the treatment of gastric or esophageal
cancer [14,15]. In the preclinical studies, Oxaliplatin has demonstrated efficacy against a
broad spectrum of investigated tumors, including some Cisplatin- and Carboplatin-resistant
cell lines [16–23].

Figure 1. Structure of Oxaliplatin.
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The main mechanism of action of the drug is based on the DNA damage (Figure 2), [24,25].
Similar to Cisplatin, Oxaliplatin binds to DNA, leading to GG intra-strand crosslinks [1].
Cancer cell apoptosis is caused by the DNA damage and blockage of its synthesis. After
entering the cell, the drug approaches the cell nucleus, where it is directed to the sites rich
in guanine, adenine and cytosine. Next, it interacts with the nitrogen atom (N7) forming
a monoadduct, and then a diadduct (Figures 2 and 3) [26]. This results in the formation
of intra-chain and inter-chain cross-link bonds, and bonds between the DNA and the
proteins (Figure 2). The DNA replication and transcription are stopped, followed by the
cell apoptosis [27].

Figure 2. Pathway of Oxaliplatin and anticancer activity.

Figure 3. Biotransformation pathway of Oxaliplatin.

Oxaliplatin is biotransformed through a number of spontaneous and non-enzymatic
processes [28–31]. Nucleophiles, such as Cl−, HCO3

−, and H2O molecules, participate
in these reactions (Figure 3) [30,32,33]. In this way, several transient reactive species are
formed, including dichloro-, monochloro-, and diaqua-DACH platin, which can complex
with DNA and other macromolecules [30,32,33].

Oxaliplatin belongs to the same group of Pt (II) derivatives used in cancer treatment,
and it has a similar mechanism of action when compared to Cisplatin. For the activation of
relatively inert platinum (II) complexes, the hydrolysis of Oxaliplatin to monoaqua form and
diaqua complexes is necessary for the replacement of chloride ligands with water molecules
(Figure 3) [34]. In this way, Oxaliplatin can interact with DNA and induce programmed
cell death (Figure 2). Therefore, it can be assumed (analogously to Cisplatin) that the
presence of other compounds possessing aromatic rings with electron lone pairs, such
as N7 or/and N1 atoms, influences the therapeutic effect of the chemotherapeutic [24,25].
During chemotherapy, patients often consume juices rich in niacin (vitamin B3), pyridoxal
phosphate (vitamin B6), riboflavin (vitamin B2), and thiamine (vitamin B1) [24,25]. The
structures of selected vitamins B are presented in Figure 4. Therefore, on the basis of our
previous findings, which clearly showed the possibility of forming complexes of B vitamins
with nucleobases [24,25], it can be assumed that the presence of B vitamins could reduce
the therapeutic effect of the Oxaliplatin [24].
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Thiamine (vitamin B1) Riboflavin (vitamin B2) 

  
Niacin (vitamin B3) Pyridoxal phosphate (vitamin B6) 

Figure 4. B vitamins chosen for the current study. The N1 and N7 atoms are indicated.

The theoretical and experimental studies of the interactions of the N7 nitrogen atom
of B vitamins (and, in addition, the N1 nitrogen atom in the case of thiamine) with Oxali-
platin have been performed. The comparison of interactions of the studied drug with the
nucleobases, such as adenine, guanine, and cytosine, which occur during chemotherapy,
have been carried out. Finally, our results were compared with earlier obtained data for
Cisplatin and Carboplatin [24,25].

2. Results and Discussion

2.1. Energetic and Electronic Structure Characterization in the Electronic Ground and Excited
States (DFT and TD-DFT Study)

Monoaqua [PtH2OClDACH]+ and diaqua [Pt(H2O)2DACH]2+ derivatives of Oxali-
platin, with vitamins from the B group such as thiamine (vitamin B1), riboflavin (vita-
min B2), niacin (vitamin B3), and pyridoxal phosphate (vitamin B6) were studied (see
Figures 4 and 5). All these vitamins are present in carrot and beet juices, which are often
consumed by patients during chemotherapy.

Figure 5. Scheme of complexes of B vitamins with Pt-mono and Pt-diaqua complexes.
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Because vitamins from the B group have a purine and/or pyrimidine rings with
lone pair orbitals analogous to N7 in purine, they have a structure similar to native DNA
purines and can freely react with Oxaliplatin. The vitamin B1 (thiamine), in contrast to
other vitamins, has the second nitrogen atom in the position N1, which could also act as a
possible reaction center (Figure 4).

As is shown in Tables 1–4, the estimated values of Gibbs free energy of reaction ΔGr
are negative, not only for guanine, adenine, and cytosine, but also for all chloroaqua-
and diaqua-platinumated complexes with vitamins studied from the B group. However,
the affinities of all analyzed vitamins to platinum derivatives are smaller if compared
to guanine (GUA), adenine (ADE), and cytosine (CYT). In Tables 1 and 2 the energetic
characteristics of the complexes with vitamins from the B group and nucleobases with
Pt-Chloroaqua are presented, while in Tables 3 and 4, those with diaqua-platinumated
complexes are shown. The results were obtained based on the structures computed at the
B3LYP/6-31G(d,p)/LANL2DZ level of theory (Tables 1–3). The estimated values of ΔGr
were further compared with the results obtained at the MN15/def2-TZVP level of theory
(Tables 2 and 4). Furthermore, the obtained values of ΔGr for Oxaliplatin were compared
with the results of Cisplatin [24] and Carboplatin [25].

Table 1. The energetic characteristics of the Pt-Chloroaqua reactions with vitamin B and nucleobases
obtained at the B3LYP/6-31G(d,p)/LANL2DZ level of theory. All energies are given in kcal/mol.
Symbol Pt* stands for PtClDACH.

Number of Reaction ΔGr Reaction

1 −13.87 [Pt*]+ + [B1(N7)]+ → [Pt*-B1(N7)]2+

2 −16.24 [Pt*]+ + [B1(N1)]+ → [Pt*-B1(N1)]2+

3 −1.46 [Pt*]+ + B2 → [Pt*-B2]+

4 −22.32 [Pt*]+ + B3 → [Pt*-B3]+

5 −17.06 [Pt*]+ + B6 → [Pt*-B6]+

6 −33.46 [Pt*]+ + GUA → [Pt*-GUA]+

7 −28.80 [Pt*]+ + ADE → [Pt*-ADE]+

8 −26.89 [Pt*]+ + CYT → [Pt*-CYT]+

Table 2. The energetic characteristics of the Pt-Chloroaqua reactions with vitamin B and nucleobases
obtained at the MN15/def2-TZVP level of theory. All energies are given in kcal/mol. Symbol Pt*
stands for PtClDACH.

Number of Reaction ΔGr Reaction

1 −46.48 [Pt*]+ + [B1(N7)]+ → [Pt*-B1(N7)]2+

2 −48.91 [Pt*]+ + [B1(N1)]+ → [Pt*-B1(N1)]2+

3 −41.55 [Pt*]+ + B2 → [Pt*-B2]+

4 −39.37 [Pt*]+ + B3 → [Pt*-B3]+

5 −45.93 [Pt*]+ + B6 → [Pt*-B6]+

6 −46.10 [Pt*]+ + GUA → [Pt*-GUA]+

7 −42.59 [Pt*]+ + ADE → [Pt*-ADE]+

8 −45.23 [Pt*]+ + CYT → [Pt*-CYT]+

Oxaliplatin has the best affinity for vitamin B3 (niacin) with value of the Gibbs free
energy equal −22.32 kcal/mol (Table 1). It means that niacin easily forms complexes, not
only with cis-Pt-Chloroaqua, cis~[Pt(NH3)2H2O]+ [24], but also with [PtH2OClDACH]+.
The second highest value of the ΔGr equal −17.06 kcal/mol was obtained for vitamin B6
(pyridoxal phosphate). For vitamin B1 (thiamine), the ΔGr value is equal −16.24 kcal/mol
in the reaction with lone pair orbitals analogous to N1 in purine (Table 1). In the case of
reaction, where lone pair orbitals analogous to N7 in purine of vitamin B1, the value of
affinity is −13.87 kcal/mol (Table 1). The vitamin B2 (riboflavin) has the worst affinity,
with slightly negative values of the Gibbs free energy of the reaction, approaching zero
(−1.46 kcal/mol). In general, it can be concluded that the order of affinity of Oxaliplatin for
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B vitamins is similar to Cisplatin [24], and quite different compared with Carboplatin [25]
at the B3LYP/6-31G(d,p)/LANL2DZ level of theory.

Table 3. The energetic characteristics of the Pt-diaqua reactions with vitamin B and nucleobases
obtained at the B3LYP/6-31G(d,p)/LANL2DZ level of theory. All energies are given in kcal/mol.

Number of Reaction ΔGr Reaction

1 −25.10 [Pt**]2+ + [B1(N7)]+ → [Pt**-B1(N7)]3+

2 −30.15 [Pt**]2+ + [B1(N1)]+ → [Pt**-B1(N1)]3+

3 −13.64 [Pt**]2+ + B2 → [Pt**-B2]2+

4 −35.53 [Pt**]2+ + B3 → [Pt**-B3]2+

5 −30.60 [Pt**]2+ + B6 → [Pt**-B6]2+

6 −50.03 [Pt**]2+ + GUA → [Pt**-GUA]2+

7 −41.37 [Pt**]2+ + ADE → [Pt**-ADE]2+

8 −29.07 [Pt**]2+ + CYT → [Pt**-CYT]2+

where Pt** symbol is PtH2ODACH.

Table 4. The energetic characteristics of the Pt-diaqua reactions with vitamin B and nucleobases
obtained at the MN15/def2-TZVP level of theory. All energies are given in kcal/mol.

Number of Reaction ΔGr Reaction

1 −46.45 [Pt**]2+ + [B1(N7)]+ → [Pt**-B1(N7)]3+

2 −50.58 [Pt**]2+ + [B1(N1)]+ → [Pt**-B1(N1)]3+

3 −42.96 [Pt**]2+ + B2 → [Pt**-B2]2+

4 −40.61 [Pt**]2+ + B3 → [Pt**-B3]2+

5 −47.11 [Pt**]2+ + B6 → [Pt**-B6]2+

6 −51.01 [Pt**]2+ + GUA → [Pt**-GUA]2+

7 −43.67 [Pt**]2+ + ADE → [Pt**-ADE]2+

8 −47.89 [Pt**]2+ + CYT → [Pt**-CYT]2+

where Pt** symbol is PtH2ODACH.

The results obtained at the MN15/def2-TZVP (Table 2) show a completely different ten-
dency when compared to the results derived from the lower level of theory. At this higher
level of calculations, the best affinity to Oxaliplatin was showed by vitamin B1 (thiamine),
in reaction with lone pair orbitals analogous to N1 in purine, equal −48.91 kcal/mol. Com-
pared to B3LYP/6-31G(d,p)/LANL2DZ level, the vitamin B2 (riboflavin) showed a much
greater affinity for the drug, because the ΔGr is equal −41.55 kcal/mol, at the MN15/def2-
TZVP level of theory. At this higher level of calculations, the vitamin B3 (niacin) has the
worst affinity, equal −39.37 kcal/mol.

The energetic characteristics of the Pt-diaqua reactions with derivatives of vitamin
B show that the values of ΔGr are more favorable when compared with Pt-Chloroaqua
reactions (Tables 1 and 3), and are found to be in the range from −35.53 kcal/mol to
−13.64 kcal/mol (Table 3) at the B3LYP/6-31G(d,p)/LANL2DZ level of theory, and in the
range from −50.58 kcal/mol to −40.61 kcal/mol at the MN15/def2-TZVP level of theory.

The affinity of Pt-diaqua reactions with guanine, adenine, and cytosine is higher
comparing with Pt-Chloroaqua (Table 3), as could be expected from the previous studies
for Cisplatin [24]. As in the case of Pt-Chloroaqua reactions, the highest value of ΔGr
is observed for vitamin B3 (niacin), −35.53 kcal/mol. The Pt-diaqua also easily forms
bonds with vitamin B6 (pyridoxal phosphate) and vitamin B1 (N1, thiamine), which is
analogous not only to Pt-Chloroaqua, but also to Cisplatin [25], with values of ΔGr equal
−30.60 kcal/mol and −30.15 kcal/mol, respectively (Table 3). The worst affinity is observed
for vitamin B2 (riboflavin), −13.64 kcal/mol.

Again, it can be noticed that in the case of Pt-diaqua reactions, the computational re-
sults obtained at both levels of theory differ (B3LYP/6-31G(d,p)/LANL2DZ vs MN15/def2-
TZVP); for details see Tables 3 and 4. It was found that, on the basis of the results obtained
at the MN15/def2-TZVP level of theory, the best affinity to Oxaliplatin was shown by the
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vitamin B1 (thiamine) in reaction with lone pair orbitals analogous to N1 in purine, and with
value of Gibbs Free Energy equal −50.58 kcal/mol. The vitamin B2 (riboflavin) exhibits a
much greater affinity for the drug than in the case of application of lower level of theory
with value −42.96 kcal/mol (Table 3). The values of the Gibbs free energy of nucleobases
are higher compared with the affinity values obtained at the B3LYP/6-31G(d,p)/LANL2DZ
(Table 3). It can be concluded that the behavior of Oxaliplatin is similar to Cisplatin in rela-
tion to nucleobases (adenine, guanine, and cytosine) and all vitamins from the B group [24]
at the B3LYP/6-31G(d, p)/LANL2DZ level of calculations. This level of theory was based
on Baik’s studies [35]. However, the Gibbs free energy values were obtained at two levels of
theory and compared to each other. The higher level of theory, MN15/def2-TZVP [36,37],
was chosen because it describes better possible non-covalent interactions present in the
complexes studied. Unfortunately, the use of a higher level of calculations changes the order
of the obtained values of the affinity of nucleobases and B vitamins to the tested drug, Oxali-
platin. However, regardless of the level of computation, the order of affinities of the studied
vitamins to the drug for the Pt-Chloroaqua and Pt-diaqua derivatives are the same, at the
B3LYP/6-31G(d, p)/LANL2DZ level of theory for vitamins B3→B6→B1(N1)→B1(N7)→B2
and for purines GUA→ADE→CYT, and at the MN15/def2-TZVP level of calculations for
vitamins B1(N1)→B1(N7)→B6→B2→B3 and for purines GUA→CYT→ADE. Regardless
of the level of calculations and the forms of the studied structures (chloro- and –diaqua),
guanine has the highest affinity for Oxaliplatin. An exception is Pt-Chloroaqua deriva-
tives with the vitamin B1, which showed a greater affinity compared to guanine at the
MN15/def2-TZVP level of calculations.

The molar volume was computed for six exemplary complexes with nucleobases to
estimate quantitatively changes associated with the replacement of a chlorine atom with a
water molecule. The data is presented in Table 5. As is shown, the exchange of the species
is associated with conformation changes. This further affects the molar volume of the
complexes and their size. Such a study gave us a general overview of possible interactions
with macromolecules (e.g., nucleic acid).

Table 5. Molar volume (cm3/mol) of selected complexes computed at the MN15/def2-TZVP level of
theory. Molecular structures of the complexes are shown in Figure 6.

Volume

PtClDACH-Ade
(A1)

PtH2ODACH-Ade
(A2)

PtClDACH-Cyt
(B1)

PtH2ODACH-Cyt
(B2)

PtClDACH-Gua
(C1)

PtH2ODACH-Gua
(C2)

205.392 183.606 188.870 181.336 198.370 210.671

The results of the AIM analysis are presented in Figure 6 and Table 6. The goal was to
investigate topological and electronic structure changes upon the exchange of a chlorine
atom with a water molecule. As is shown in Figure 6, the BCPs have been found for
covalent and non-covalent interactions. It is worth underlining that, depending on the
complex, the network of chemical bonds or non-covalent interactions differs. Therefore, our
attention was mostly focused on the Pt interactions with the closest chemical environment.
Concerning the complex (A1), it is clear that Pt interacts with the chlorine atom and three
nitrogen atoms (one from the adenine ring, two from the NH2 groups). There is also a BCP
between Pt and a hydrogen atom of the NH2 group of adenine. In the case of the complex
(A2), the network of interactions is similar. There are BCPs between Pt and nitrogen atoms,
the oxygen atom from the water molecule, and the hydrogen atom. Interestingly, there
is a BCP between nitrogen and hydrogen atoms from the NH2 groups. For PtClDACH-
Cyt complex (B1), the following BCPs were found: Pt interacting with a chlorine atom,
nitrogen atoms, and a hydrogen atom from the NH2 group. The exchange of a chlorine
atom with a water molecule (complex (B2)) did not change the binding mode of the Pt atom.
However, here, as well as in the case of other complexes, the Cl-Pt bond is characterized
by significantly larger electronic density at the BCP than its H2O-Pt counterpart. The Pt
atom interacts with three nitrogen atoms, an oxygen atom from the water molecule, and
with the hydrogen from NH2 group. In the complex (C1), BCPs between Pt and chlorine
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atom and three nitrogen atoms have been observed. There is an intramolecular interaction
between the oxygen atom from guanine and the hydrogen atom from the NH2 group of
Oxaliplatin moiety. In the last analyzed complex (C2), the interactions between Pt and
three nitrogen atoms and an oxygen atom from the water molecule were found. There is a
BCP between an oxygen atom from guanine and a hydrogen atom from the NH2 group of
Oxaliplatin moiety. The topological analysis revealed the network of interactions stabilizing
the complexes. In addition, it could be useful in the design of new complexes where some
of the intramolecular interactions are not preferable.

Figure 6. Atoms in molecules (AIM) molecular graphs of the studied complexes. The simulations
were performed at the MN15/def2-TZVP level of theory. The BCPs of covalent and non-covalent
interactions are presented and marked as small green spheres along bond paths. The designa-
tions in Figure are as follows: (A1) PtClDACH-Ade, (A2) PtH2ODACH-Ade, (B1) PtClDACH-Cyt,
(B2) PtH2ODACH-Cyt, (C1) PtClDACH-Gua, (C2) PtH2ODACH-Gua.

In Table 6, the values of electron density and its Laplacian at BCPs are presented.
In addition, the potential electronic energy density was calculated to provide a general
picture of the strength of the interactions. The data were collected for the BCPs found
between Pt and fragments of nucleobases and the Oxaliplatin moiety. Some details of the
intramolecular and intermolecular hydrogen bonds are reported. As it is shown, depending
on the nucleobase and the presence of the chlorine atom or water molecule in the vicinity
of the Pt atom of the Oxaliplatin moiety, the electron density and its Laplacian values were
changing. This is also visible in the potential electronic energy density. The values of the
electron density and its Laplacian at the BCPs for Pt-Cl and Pt-H2O are similar. However,
the potential energy density values differ (Table 6).

Time-dependent density functional theory (TD-DFT) was applied to investigate spec-
troscopic properties of sixteen selected complexes for which experimental UV-Vis mea-
surements were done (see Section 2.2. below). Table S1 presents excitation energies for
singlet-singlet transitions in eV as well as in nm. In addition, the oscillator strength is pro-
vided. It was found that the most intensive transitions are at 243.56 nm for PtClDACH-Ade,
254.22 nm for PtClDACH-Gua, 250.34 nm for PtClDACH-Cyt, 243.06 nm for PtH2ODACH-
Ade, 260.50 nm for PtH2ODACH-Gua, 250.54 nm for PtH2ODACH-Cyt, 252.64 nm for
PtClDACH-vitB1(N1), 255.04 nm for PtClDACH-vitB1(N7), 248.69 nm for PtH2ODACH-
vitB1(N1), 255.04 nm for PtH2ODACH-vitB1(N7), 443.05 nm for PtClDACH-vitB2, 447.71
nm for PtH2ODACH-vitB2, 301.58 nm for PtClDACH-vitB3, 250.47 nm for PtH2ODACH-
vitB3, 258.68 nm for PtClDACH-vitB6, and 258.55 nm for PtH2ODACH-vitB6. The compar-
ison with experimental findings is provided in the end of Section 2.2.
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Table 6. Bond Critical Points (BCPs) and potential energy density obtained at the MN15/def2-TZVP
level of theory for six selected complexes. Electron density ρBCP is given in e*a0

−3 atomic units, and
its Laplacian ∇2ρBCP in e*a0

−5 units.

BCP
PtClDACH-Ade (A1)

BCP
PtH2ODACH-Ade (A2)

ρBCP ∇2ρBCP V(r) ρBCP ∇2ρBCP V(r)

H2N-Pt 1.23 × 10−1 4.16 × 10−1 −1.94 × 10−1 H2O-Pt 9.63 × 10−2 4.65 × 10−1 −1.66 × 10−1

N-Pt 1.27 × 10−1 4.41 × 10−1 −2.06 × 10−1 H2N-Pt 1.39 × 10−1 3.89 × 10−1 −2.14 × 10−1

NH-Pt 1.39 × 10−2 3.93 × 10−2 −7.94 × 10−3 N-Pt 1.29 × 10−1 4.16 × 10−1 −2.06 × 10−1

H2N-Pt 1.26 × 10−1 4.15 × 10−1 −2.00 × 10−1 H2N-Pt 1.26 × 10−1 3.99 × 10−1 −1.97 × 10−1

Cl-Pt 1.04 × 10−1 1.89 × 10−1 −1.28 × 10−1 NH-Pt 1.38 × 10−2 4.00 × 10−2 −8.12 × 10−3

BCP
PtClDACH-Cyt (B1)

BCP
PtH2ODACH-Cyt (B2)

ρBCP ∇2ρBCP V(r) ρBCP ∇2ρBCP V(r)

Cl-Pt 1.02 × 10−1 1.85 × 10−1 −1.25 × 10−1 H2O-Pt 9.61 × 10−2 4.59 × 10−1 −1.65 × 10−1

NH-Pt 1.88 × 10−2 6.01 × 10−2 −1.32 × 10−2 H2N-Pt 1.38 × 10−1 3.95 × 10−1 −2.14 × 10−1

H2N-Pt 1.23 × 10−1 4.24 × 10−1 −1.97 × 10−1 N-Pt 1.24 × 10−1 3.88 × 10−1 −1.92 × 10−1

N-Pt 1.21 × 10−1 4.12 × 10−1 −1.92 × 10−1 H2N-Pt 1.26 × 10−1 4.03 × 10−1 −1.98 × 10−1

H2N-Pt 1.25 × 10−1 4.14 × 10−1 −1.98 × 10−1 NH-Pt 1.74 × 10−2 5.83 × 10−2 −1.24 × 10−2

BCP
PtClDACH-Gua (C1)

BCP
PtH2ODACH-Gua (C2)

ρBCP ∇2ρBCP V(r) ρBCP ∇2ρBCP V(r)

Cl-Pt 1.02 × 10−1 1.97 × 10−1 −1.27 × 10−1 H2O-Pt 9.54 × 10−2 4.69 × 10−1 −1.65 × 10−1

N-Pt 1.25 × 10−1 4.53 × 10−1 −2.06 × 10−1 N-Pt 1.28 × 10−1 4.31 × 10−1 −2.07 × 10−1

H2N-Pt 1.25 × 10−1 4.12 × 10−1 −1.96 × 10−1 H2N-Pt 1.39 × 10−1 3.77 × 10−1 −2.12 × 10−1

H2N-Pt 1.26 × 10−1 4.15 × 10−1 −1.99 × 10−1 H2N-Pt 1.27 × 10−1 4.04 × 10−1 −1.99 × 10−1

O...HN 1.84 × 10−2 7.27 × 10−2 −1.23 × 10−2 O...HN 1.90 × 10−2 7.36 × 10−2 −1.27 × 10−2

2.2. UV-Vis Experimental Study

Physico-chemical characterization of the interactions of vitamins from the B group
and nucleobases with Oxaliplatin were experimentally measured by using the UV-Vis spec-
troscopic method, in the wavelength range from 190 nm to 500 nm (Figure 7). The UV-Vis
measurement was carried out at specific time intervals of 1 h, 2 h, 3 h, 24 h, 48 h, 72 h, 96 h,
and 168 h. The mixtures of nucleobases or vitamins and Oxaliplatin (synonyms: [SP-4-2-(1R-
trans)]-(1,2-Cyclohexanediamine-N,N′)[ethanedioata(2-)-O,O]platinum; Oxaliplatinum;
(SP-4-2)-[(1R,2R)-Cyclohexane-1,2-diamine-κN,κN′]-[ethanedioato(2-)-κO1,κO2]platinum)
were incubated in buffer: 1 mmol L−1 phosphate buffer, 4 mmol L−1 sodiumchloride, pH
7.4. Absorption maxima were determined for all mixtures.

Some of the mixtures showed more than one absorption maximum (Figure 7). The
results of the experimental studies confirmed the in silico findings. The mixtures with
nucleobases (adenine, guanine, cytosine) showed a significant decrease in the absorbance
maximum in relation to the baseline (0 h). In the case of complexation of Oxaliplatin with
adenine, where maximum absorption was observed at λ = 260 nm, a significant decrease in
baseline is observed after 72 h, approximately 3.5 times the initial concentration of adenine
in the mixture, and over 14 times after 168 h. Slight decrease in the concentration of adenine
in the mixture, one time, is observed after 1 h, 2 h, 3 h. After 48 h, the concentration of
adenine in the mixture is reduced twofold from the initial concentration. The decrease in
the absorbance of baseline is caused by the formation of adenine-Oxaliplatin complexes.
Guanine has two absorbance maxima, at λ = 218 nm and λ = 270 nm. Only the latter
one decreases after the complexation of guanine with Oxaliplatin (Figure 7). After the
complexation of guanine with Oxaliplatin, a shift in the absorbance maximum of guanine
towards shorter wavelengths, λ = 260 nm, was noticed. First, a significant drop in baseline
was observed after 24 h. Even so, the greatest decrease in the absorbance maximum, of
about 1.5 times, occurred after 72 h. Extending the incubation time of the mixture of guanine
with Oxaliplatin did not lead to any further changes in the amount of the absorbance peak.
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Cytosine showed two maxima of absorption, at λ = 227 nm and λ = 266 nm. Both of these
significantly decreased after 168 h: by 2.7 times and 4.5 times, respectively. After 72 h,
the complexation of cytosine–Oxaliplatin causes a decrease in the initial concentration
of this nucleobase in the mixture by only onefold. It was observed that the time range
1–3 h is not enough for complexation in this case. The complexation of Oxaliplatin with B
vitamins is much slower than that of nucleobases. Up to 3 h, the decrease in concentrations
of vitamins in the mixture are insignificant. Meaningful drops in the concentration of
vitamin B in the mixture, greater than onefold each time, are observed after 72 h and 168 h.
The pyridoxal phosphate (vitamin B6) interacts best with the chemotherapeutic, among
all vitamins studied. In this case, after 168 h a decrease in the concentration of about
1.5 times is observed. In the case of the vitamins B1 (thiamine) and B2 (riboflavin), after
72 h a decrease of greater than 1 time is observed in the baseline and, respectively, after a
little more after 168 h. In the case of vitamins B3 (niacin) and B6 (pyridoxal phosphate),
a significant decrease in the baseline is visible after 96 h, while after 168 h there is no
further reduction in the concentration of the tested vitamins. The size of the reduction
in the concentration of the tested vitamins depends little on the wavelength at which the
maximum absorbance occurs.

 

  

  

Figure 7. Cont.
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Figure 7. UV-Vis absorption spectra of vitamins from the B group and Oxaliplatin mixture in an
incubation buffer (1 mmol L−1 phosphate buffer, 4 mmol L−1 sodium-chloride, pH 7.4). 0h shows
initial concentrations of nucleobases or B vitamins before the Oxaliplatin is added to the mixture. The
nucleobases and the B vitamins were incubated at 37 ◦C with Oxaliplatin in a ratio of 2:1.

Let us compare the theoretical and experimental excitation energies for the selected
complexes. The theoretical findings concerning the most intensive singlet-singlet transitions
for PtClDACH-Ade and PtH2ODACH-Ade are 243.56 nm and 243.06 nm, respectively. The
experimental data showed that the most intensive band occurred at 260 nm. Concerning
the complex with guanine, the computed values are 254.22 nm for PtClDACH-Gua and
260.50 nm for PtH2ODACH-Gua, while the experimental spectra showed two absorbance
maxima, at 218 nm and 270 nm, respectively. The last nucleic base taken into consid-
eration in the study was cytosine. For the complexes with a chlorine atom and water
molecule, the most intensive transitions were noticed at 250.34 nm (for PtClDACH-Cyt)
and 250.54 nm (for PtH2ODACH-Cyt), whereas the experimental findings showed two
absorption maxima, at 227 nm and 266 nm. The computed values for vitamin B1 are as
follows: 252.64 nm for PtClDACH-vit. B1(N1), 248.69 nm for PtH2ODACH-vit. B1(N1),
255.04 nm for PtClDACH-vit. B1(N7), and 255.04 nm for PtH2ODACH-vit. B1(N7), while
the experimental data showed the absorption maximum at 231 nm and 266 nm, respectively.
For the complexes with vitamin B2, we obtained 443.05 nm for PtClDACH-vitB2 and

138



Int. J. Mol. Sci. 2022, 23, 10567

447.71 nm for PtH2ODACH-vitB2, based on TD-DFT, which is in a good agreement with
experimental data locating the maximum absorbance band at 445 nm (as well as at 221 nm,
266 nm, and 372 nm). Concerning vitamin B3, the computational results showed the most
intensive singlet-singlet transitions at 301.58 nm for PtClDACH-vitB3 and 250.47 nm for
PtH2ODACH-vitB3. In the experimental spectrum, the absorption maximum was found
at 218 nm and 266 nm. Finally, we have computed absorption spectra for vitamin B6. It
was found that the absorbance maxima occurred at 258.68 nm for PtClDACH-vitB6 and
at 258.55 nm for PtH2ODACH-vitB6. The experimental spectrum showed the absorbance
maximum at 222 nm, 252 nm, and 323 nm. The computed UV-Vis spectra are shown in
Figure S1. The comparison showed a very good agreement between that computed at the
MN15/def2-TZVP level of theory with application of the Polarizable Continuum Model
(PCM) and water as a solvent with experimental spectra.

3. Materials and Methods

Since B vitamins are similar in structure to nucleobases, possessing aromatic rings
with the nitrogen atom N7/N1, they could easily react with Oxaliplatin (as has been
shown in earlier studies of Cisplatin) [24]. Such reaction could decrease the therapeu-
tic effect of the anticancer drug. This is the main reason for the chemical affinity stud-
ies of Oxaliplatin to vitamins from the B group. Two possible reactions were investi-
gated in which monoaqua or diaqua complexes play an electrophile role [38], namely
[PtH2OClDACH]+ and [Pt(H2O)2DACH]2+. In this respect, theoretical and experimental
studies were performed.

3.1. Theoretical Study

Density functional theory (DFT) [39,40] was applied to develop theoretical models
describing the geometric, energetic, and electronic structure parameters of the compounds
studied. The models for quantum-chemical simulations were prepared manually using the
Molden program [41]. The energy minimization was carried out at the B3LYP/6-31G(d,
p) [42] and MN15/def2-TZVP [36,37] levels of theory. However, the atomic orbitals of the
platinum atom were represented by the LANL2DZ basis set, which includes relativistic
effective core potentials needed in the case of heavy atoms concerning the simulations
with application of the B3LYP functional [43]. Such methodology was applied by Baik and
co-workers [35]. The quantum-chemical computations were performed using the Gaussian
09 Rev. A.02 [44] and Gaussian 16 Rev. C.01 [45,46] suite of programs. The harmonic
vibrational frequencies calculations were carried out to confirm that the obtained structures
correspond with minima on the potential energy surface (PES) as well as to derive the
zero-point energy (ZPE). The same level of theory was used in the case of vibrational
entropy corrections at room temperature. A self-consistent reaction field (SCRF) approach
was applied to reproduce the polar environment influence and to estimate the solvation
free energies [47,48]. The polarizable continuum model (IEF-PCM formulation) was used
to describe the aqueous solution with a dielectric constant of 78 for water [49]. By adding
thermal corrections to the enthalpy and entropy terms, contributions of ZPE corrections
and continuum solvation free energies, the chemical affinity was computed. Finally, for
six selected complexes (denoted as: PtClDACH-Ade, PtH2ODACH-Ade, PtClDACH-Cyt,
PtH2ODACH-Cyt, PtClDACH-Gua, PtH2ODACH-Gua) molar volume was computed, and
the electronic structure was analyzed on the basis of atoms in molecules (AIM) theory [50].
The electron density and its Laplacian were estimated at bond critical points (BCPs) and the
potential electronic energy density (Vr) was computed. The AIM analysis was carried out
with assistance of the Multiwfn 3.7 program [51]. Finally, time-dependent density functional
theory (TD-DFT) [47] was applied for selected complexes investigated experimentally (for
more details see the text below). We have applied the same computational setup as
described above (MN15/def2-TZVP, PCM) concerning the DFT calculations. We have
carried out calculations of the vertical excitation energies from the ground state (S0) to
the first five excited states (S1, S2, S3, S4, and S5) for the optimized complexes. The TD-
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DFT study was performed with the Gaussian 16 Rev. C.01 [45,46] suite of programs.
The graphical presentation of the obtained results was prepared with the VMD 1.9.3
program [52].

3.2. Experimental Study (UV-Vis Measurements)

The spectrophotometrical measurements were performed on a Biosens UV-6000 spec-
trophotometer (Biosens, Warsaw, Poland). Oxaliplatin (synonims: [SP-4-2-(1R-trans)]-
(1,2-Cyclohexanediamine-N,N′)[ethanedioata(2–)-O,O]platinum; Oxaliplatinum; (SP-4-2)-
[(1R,2R)-Cyclohexane-1,2-diamine-κN,κN′]-[ethanedioato(2-)-κO1,κO2]platinum), and vi-
tamins from B group were dissolved in the incubation buffer (1 mmol L–1 phosphate buffer,
4 mmol L–1 sodiumchloride, pH 7.4). During the measurements, of the nucleobases and the
vitamins from B group were incubated at 37 ◦C with Oxaliplatin in a ratio of 2:1. The initial
concentrations of study structures are 0.352 mmol L–1 for adenine, 0.614 mmol L–1 for cyto-
sine, 0.503 mmol L–1 for guanine, 0.178 mmol L–1 for vitamin B1 (thiamine), 0.107 mmol L–1

for vitamin B2 (riboflavin), 0.712 mmol L–1 for vitamin B3 (niacin), and 0.365 mmol L–1 for
vitamin B6 (pyridoxal phosphate). Physico-chemical characteristics of the interaction of
nucleobases (adenine, guanine, cytosine) or vitamins from B group with Oxaliplatin was
performed by using UV-Vis spectroscopic technique, in wavelength range from 190 nm
to 500 nm. Depending on the type of nucleobases and vitamins, the tested compounds
showed maximum absorptions at different wavelengths (Figures 7 and S2). The cytosine
and vitamins from B group showed more than one absorption maximum (Figures 7 and S2).
The samples of mixture of nucleobases or vitamins B and Oxaliplatin were taken after 0 h,
1 h, 2 h, 3 h, 24 h, 72 h, and 168 h incubation.

4. Conclusions

Theoretical studies based on DFT, TD-DFT, and experimental (UV-Vis) investigations
were carried out on complexes formed with nucleobases/vitamins from the B group
with Oxaliplatin. The affinity of the complexes was estimated to shed more light on the
interactions and their consequences on cancer therapy. The order of affinity of Oxaliplatin
for B vitamins for both monoaqua [PtH2OClDACH]+ and diaqua [Pt(H2O)2DACH]2+

derivatives is niacin (vitamin B3), pyridoxal phosphate (vitamin B6), thiamine (vitamin B1),
and riboflavin (vitamin B2), as obtained at the B3LYP/6-31G(d,p) level of theory. However,
in the case of the MN15/def2-TZVP level of theory, the order of the affinity of Oxaliplatin
for the vitamins studied was different: from thiamine (vitamin B1), to pyridoxal phosphate
(vitamin B6), riboflavin (vitamin B2), and up to niacin (vitamin B3). Theoretical studies
confirmed the clinical observations and suggest high therapeutic effectiveness of Oxaliplatin
in cancer treatment. The AIM theory application revealed the existence of intramolecular
non-covalent interactions, which could stabilize the conformation and further provided
an impact on the interactions with macromolecules. Qualitative agreement between the
computed and experimental absorption spectra was observed. The UV-Vis measurements
confirmed the findings obtained based on theoretical approaches. A significant decrease of
the concentrations of nucleobases in the mixtures were observed after the complexation
with Oxaliplatin. It was noted that the vitamins from the B group form weaker and more
time-consuming complexes with the chemotherapeutic studied. It can be stated that the B
vitamins from the juice the patients drink are less likely to interfere with cancer treatment
involving Oxaliplatin, based on the data presented in the study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810567/s1.
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Abstract: Pt (II) derivatives show anti-cancer activity by interacting with nucleobases of DNA, thus
causing some spontaneous and non-spontaneous reactions. As a result, mono- and diaqua products
are formed which further undergo complexation with guanine or adenine. Consequently, many
processes are triggered, which lead to the death of the cancer cell. The theoretical and experimental
studies confirm that such types of interactions can also occur with other chemical compounds. The
vitamins from B group have a similar structure to the nucleobases of DNA and have aromatic rings
with single-pair orbitals. Theoretical and experimental studies were performed to describe the interac-
tions of B vitamins with Pt (II) derivatives such as cisplatin, oxaliplatin and carboplatin. The obtained
results were compared with the values for guanine. Two levels of simulations were implemented
at the theoretical level, namely, B3LYP/6-31G(d,p) with LANL2DZ bases set for platinum atoms
and MN15/def2-TZVP. The polarizable continuum model (IEF–PCM preparation) and water as a
solvent were used. UV-Vis spectroscopy was used to describe the drug–nucleobase and drug–B
vitamin interactions. Values of the free energy (ΔGr) show spontaneous reactions with mono- and
diaqua derivatives of cisplatin and oxaliplatin; however, interactions with diaqua derivatives are
more preferable. The strength of these interactions was also compared. Carboplatin products have
the weakest interaction with the studied structures. The presence of non-covalent interactions was
demonstrated in the tested complexes. A good agreement between theory and experiment was
also demonstrated.
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1. Introduction

Cisplatin, oxaliplatin and carboplatin belong to the same group of anticancer agents,
Pt (II) drugs, which contain a heavy metal, i.e., platinum, and have anticancer activity
(Figure 1) [1–6]. Cisplatin (cis-diamminedichloroplatinum) and other drugs under con-
sideration are metallic (platinum) coordination compounds with a square planar geome-
try (Figure 1). Carboplatin (Figure 1b) is a 1,1-cyclobutyldicarboxylat, while oxaliplatin
(Figure 1c) is a complex with 1,2-diaminocyclohexane and an oxalate group (DACH) [1–6].

Cisplatin is a chemotherapeutic agent that has activity against a wide range of
cancers [7,8], such as lung, ovarian, testicular, bladder, head and neck cancers. It is a
drug that has shown high anticancer efficacy against various types of cancer, including
carcinomas, lymphomas, germ cell tumors and sarcomas. Carboplatin found its use es-
pecially in the treatment of cancer of the ovary, testis, head, neck and small cell lung
cancer [9]. Compared to cisplatin, carboplatin is less toxic but therefore less therapeutic
and must be used at several times higher doses. It can be used as a monotherapeutic or
in combination therapy with another agent [10–13]. Oxaliplatin shows anticancer equiva-
lence to cisplatin in the treatment of esophageal and gastric cancer [14]. It is an alkylating
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and a cytostatic drug used in chemotherapy of malignant tumors mainly of colorectal
cancer [14–23]. Oxaliplatin is used against a broad spectrum of tumors, including some
cisplatin- and carboplatin-resistant cell lines [24,25].

  
 

(a) (b) (c) 

Figure 1. The structure of platinum (II)-based drugs (a) cisplatin, (b) carboplatin and (c) oxaliplatin.

Cisplatin, oxaliplatin and carboplatin have a similar mechanism of action [26–35] and work
by interacting with the cell’s genetic material, i.e., DNA nucleic acid (deoxyribonucleic acid).

These three Pt (II) drugs react with DNA by having the ability to crosslink with the
canonical purine bases, primarily with guanine or adenine but in the case of oxaliplatin
also with cytosine, and form crosslinks both within the molecule and between the DNA
molecules (Figure 2) [22,31,36]. The adducts formed by these compounds can be mono
adducts or intra- and interchain di adducts. The formation of incorrect bonds causes
structural changes in the DNA strand, causing its breakage and thus damage to the DNA
strand, disrupts DNA synthesis, prevents cell division, and then induces apoptosis in
cancer cells [9,31,37–40].

Figure 2. Scheme of interactions of platinum (II)-based drugs (cisplatin, carboplatin and oxaliplatin)
with nucleobases from DNA.

The three drugs pass through the cell membrane via passive diffusion or active trans-
port via copper transport CTR1 [41–44]. After entering the cell, the drug in the cell nucleus
interacts with the nitrogen atom N7 of the nucleobase, i.e., guanine or adenine, to form a
monoadduct and then a di adduct (Figure 3) [45,46].
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Figure 3. Scheme of complexes of guanine with mono-(di-)aqua and mono-(di-)hydroxy derivatives
of three platinum (II)-based drugs.

Pt (II) drugs are administered to the patient in an inactive therapeutic form and in
order to interact with the nucleobases in DNA. They must undergo a series of reactions
(Figures 2–4).

Cisplatin and oxaliplatin have a similar mechanism of action where for the activation
of the relatively inert platinum (II) complexes, the hydrolysis of non-active drugs to diaqua
complexes via the monoaqua form is necessary [47–52] (Figures 2–4).

Inside the tumor cell, the molecule of cisplatin (oxaliplatin) undergoes hydrolysis
wherein the chlorine ligand is replaced by a water molecule and forms monoaqua deriva-
tives (cis~Pt-monoaqua) (Figures 3 and 4). This process occurs because of the low concen-
tration of chloride ions (~3–20 mM) inside the cell. In the next step, monoaqua deriva-
tives (cis~Pt-monoaqua, Pt-DACH-monoaqua) spontaneously transform to diaqua forms
(cis~Pt-diaqua, Pt-DACH-diaqua) (Figure 3). The second step of hydrolysis occurs much
more slowly (K = 2.75·10−5s−1) compared to the first (K = 5.18·10−5s−1) [45,53] in the case
of cisplatin [47].

For the decomposition of carboplatin in water, two steps of the mechanism are
needed. In the first one, the ring of 1,1-cyclobutanedicarboxylate must be opened where
the malonato ligand is lost. The bond breakage between the platinum and the oxy-
gen atoms in the carboplatin leads to the formation of a molecule with a total charge
of one (Figures 3 and 4) [54]. Because of the presence of a water molecule, the mono-
hydroxy derivatives of carboplatin [(NH3)2Pt(OH)H2O]+ undergo further hydrolysis to
dihydroxy derivatives (NH3)2Pt(OH)2, which via dihydroxylation form [Pt(NH3)2(OH)]+

(Figures 3 and 4).
Monoaqua and diaqua derivatives of Pt (II) drugs such as cisplatin, carboplatin and

oxaliplatin can easily generate the formation of adducts of platinum by interacting with
nucleophilic molecules within the cell, such as DNA, RNA, and proteins [17,18,55].
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Figure 4. The products of hydrolysis of platinum (II)-based drugs as monoaqua (a) cis~Pt-Chloroaqua,
(c) Pt-DACH-Chloroaqua, diaqua (b) cis~Pt-diaqua, (d) Pt-DACH-diaqua, monohydroxy
(e) Pt(NH3)2H2O(OH)+ and dihydroxy derivatives (f) Pt(NH3)2(OH)2.

Motivation of Study

During the study, the reactivity of hydrolysis products such as monoaqua and diaqua
derivatives of three platinum (II)-based drugs, cisplatin, carboplatin and oxaliplatin, was
analyzed [47–52]. Such products as [(cis~[Pt(NH3)2Cl(H2O)]+) and (cis~[Pt(NH3)2(H2O)2]2+)] in
the case of cisplatin, [Pt(H2O)ClDACH]+ and [Pt(H2O)2DACH]2+ in the case of oxaliplatin and
Pt(NH3)2H2O(OH)+ plus Pt(NH3)2(OH)2 in the case of carboplatin can interact not only
with nucleobases (Figures 3 and 4), which is the basis of their therapeutic action, but also
with all compounds which have aromatic rings in their structures with lone-pair orbitals
analogous to N7 in purine (Figures 5 and 6). The group of such compounds includes
vitamins from B group (Figure 5), namely, vitamins B1, B2, B3 and B6, with their alternative
names thiamine, riboflavin, niacin and pyridoxal phosphate [1,56–63], respectively.

B vitamins not only occur naturally in some food products, but mainly their pro-
duction takes place through synthesis. These B vitamins are contained in many elements
of the daily diet, first of all, in vegetables such as carrot, beetroot and tomato, and in
large significant doses in their juices and purees [1,56–63]. B vitamins are supplemented
in many disorders of the human body. Vitamin B1 (thiamine) is a heterocyclic chemical
compound composed of thiazole and pyrimidine rings connected by a methylene bridge.
Thiamine participates in glucose metabolism in the human body [1,56–63]. The substance
is used in states of vitamin B1 deficiency. It is used in the treatment of beriberi disease,
Wernicke’s encephalopathy, neuropathies, in the course of diabetes or alcoholism and
pain syndromes in rheumatology and neurology. Prophylactically, thiamine is used in
states of increased demand for this vitamin, i.e., hyperthyroidism, improper diet, chronic
infections and fever, alcoholism, excessive physical effort, persistent diarrhea, general weak-
ness and mental and physical exhaustion. Vitamin B2 (riboflavin) is an organic chemical
compound, a combination of ribitol and flavin [1,56–63]. In the human body it acts as a
vitamin, the deficiency of which can cause disorders in the functioning of the nervous
system and inflammation of the mucous membranes. Vitamin B2 (Riboflavin) occurs in the
form of riboflavin-5′-phosphate, which is gradually broken down in the body to riboflavin
after ingestion. Vitamin B2-riboflavin-5′-phosphate is sought after by people oriented to
conditions of the skin, eyesight and mucous membranes, for support for proper energy
metabolism, support for iron absorption, support for the nervous system and mental condi-
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tion and support in reducing tiredness and fatigue. Niacin, also known as nicotinic acid,
is an organic compound and a form of vitamin B3, an essential human nutrient [1,56–63].
It can be produced by plants and animals from the amino acid tryptophan. It contributes
to the maintenance of proper energy metabolism, helps in the proper functioning of the
nervous system and maintains normal psychological functions. The role of niacin in the
human body is wide. Namely, it regulates the burning of fats, proteins and carbohydrates,
is necessary for the proper functioning of the brain and peripheral nervous system, partici-
pates in the synthesis of neurotransmitters, has antidepressant properties, lowers the level
of cholesterol and triglycerides in the blood, dilates blood vessels, lowers blood pressure,
regulates the work of the digestive tract (its motor and secretory functions), regulates the
function of the liver and pancreas, participates in the synthesis of sex hormones, cortisol,
thyroxine and insulin, participates in the formation of erythrocytes, participates in the
detoxification processes of the body, improves the appearance of the skin, hair and nails,
prevents pellagra and accelerates wound healing. Pyridoxal phosphate (vitamin B6), acts as
a coenzyme or prosthetic group and is necessary for the operation of many enzymes such as
enzymes involved in the biosynthesis of amino acids and amino acid-derived metabolites,
but also enzymes found in the biosynthetic pathways of amino sugars and in the synthesis
or catabolism of neurotransmitters [1,56–63]. Vitamin B6 can also inhibit DNA polymerases
and several steroid receptors. Inadequate levels of pyridoxal phosphate in the brain can
cause neurological dysfunction, particularly epilepsy.

  
(a) (b) 

 

 
(c) (d) 

  
(e) (f) 

Figure 5. The structure of compounds used in reactions with platinum (II)-based drugs (a) guanine,
(b) adenine (c) thiamine, (d) riboflavin, (e) niacin and (f) pyridoxal phosphate.
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Figure 6. Scheme of complexes of B vitamins with mono-(di-)aqua and mono-(di-)hydroxy derivatives
of three platinum (II)-based drugs.

Thus, B vitamins can be a competitive element for nucleobases of DNA, with which
these drugs should ultimately bind. The schemes of interactions of the monoaqua and
diaqua derivatives of three platinum (II)-based drugs, cisplatin, carboplatin and oxaliplatin,
with nucleobases (Figures 2 and 3) and vitamins from B group are given below (Figure 6).

2. Results

In their structure, the B vitamins have a purine and/or pyrimidine rings and thus
they have aromatic ring/rings with lone-pair orbitals analogous to N7 in purine. Thiamine
(vitamin B1) has the second addition center for interaction such as the nitrogen atom N1.
The affinities of all vitamins to cis-platinum were analyzed for the first time [49–52]. The
estimated values of Gibbs free energy (ΔGr) of reaction for mono- and diaqua platinum
complexes of the studied vitamins were compared with the results for guanine in this
review (Figures 7–10, Tables 1–4).

The energetic characteristics of the cis-Pt-Chloroaqua and Pt-DACH-Chloroaqua re-
actions with B vitamins and nucleobases obtained at the B3LYP/6-31G(d,p)/LANL2DZ
level of theory are similar (Table 1, Figure 7) in water solution. The order of affinities of the
studied vitamins to the drugs cisplatin and oxaliplatin are the same, from B3 vitamin via
B1(N1 → N7) and B6 to B2 vitamin (Table 1, Figure 7). In the case of oxaliplatin, the order
is slightly changed by vitamin B6. Among all B vitamins, B3 (niacin) most easily forms
complexes with the hydrolysis products of the studied drugs, where ΔGr values equal to
−24.90 kcal/mol and −22.32 kcal/mol for cis~[Pt(NH3)2Cl]+ and for [PtClDACH]+, respec-
tively (Table 1, Figure 7). Vitamin B2 (riboflavin) has the worst ability to create complexes
with cis-Pt-Chloroaqua and Pt-DACH-Chloroaqua with values of Gibbs free energy equal
to −3.75 kcal/mol and −1.46 kcal/mol (Table 1, Figure 7), respectively. Guanine has the
highest affinity for both studied drugs, which was expected (Table 1, Figure 7); ΔGr equals
−28.17 kcal/mol in the case of cisplatin and −33.46 kcal/mol in the case of oxaliplatin.
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Quite good affinity is shown by guanine also with the product of hydrolysis of carboplatin
with a value of Gibbs free energy equal to −30.89 kcal/mol.

Figure 7. Gibbs free energy (ΔGr) values in kcal/mol of complexes of monoaqua derivatives of
cisplatin, oxaliplatin and monohydroxy derivatives of carboplatin with B vitamins and guanine. Only
negative values of ΔGr (kcal/mol) are included in the figure at B3LYP/6-31G(d,p)/LANL2DZ level
of theory.

Figure 8. Gibbs free energy (ΔGr) values in kcal/mol of complexes of monoaqua derivatives of
oxaliplatin (Pt-DACH-Chloroaqua) with B vitamins and guanine at B3LYP/6-31G(d,p)/LANL2DZ
and MN15/def2-TZVP level of theory [52].
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Figure 9. Comparison of Gibbs free energy (ΔGr) values in kcal/mol of complexes of diaqua derivatives
of cisplatin and oxaliplatin (cis-Pt-diaqua and Pt-DACH-diaqua) at B3LYP/6-31G(d,p)/LANL2DZ level
of theory [49,52].

Figure 10. Gibbs free energy (ΔGr) values in kcal/mol of complexes of diaqua derivatives of ox-
aliplatin (Pt-DACH-diaqua) with B vitamins and guanine at B3LYP/6-31G(d,p)/LANL2DZ and
MN15/def2-TZVP level of theory [52].
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Table 1. The energetic characteristics of cis-Pt-Chloroaqua, Pt-DACH-Chloroaqua and Pt(NH3)2H2O(OH)+

in the case of cisplatin, oxaliplatin and carboplatin, respectively reactions with vitamins from B group
and nucleobase as guanine obtained at the B3LYP/6-31G(d,p)/LANL2DZ level of theory in water
solution. All energies are given in kcal/mol. Symbol Pt* stands for Pt(NH3)2Cl of cisplatin, Pt** stands
for PtClDACH of oxaliplatin and Pt*** stands for Pt(NH3)2(H2O) of carboplatin. Red bold text refers
to reactions with oxaliplatin and blue to reactions with carboplatin [49–52].

ΔGr (kcal/mol)
Reaction

Cisplatin Oxaliplatin Carboplatin

−18.90 −13.87 149.53 cis[Pt*/**/***]+/+/2+ + [B1(N7)]+ → cis[Pt/**/***-B1(N7)]2+/2+/3+

−20.89 −16.24 144.60 cis[Pt*/**/***]+/+/2+ + [B1(N1)]+ → cis[Pt/**/***-B1(N1)]2+/2+/3+

−3.75 −1.46 233.04 cis[Pt*/**/***]+/+/2+ + B2(N7) → cis[Pt/**/***-B2(N7)]+/+/2+

−24.90 −22.32 −6.3 cis[Pt*/**/***]+/+/2+ + B3(N7) → cis[Pt/**/***-B3(N7)]+/+/2+

−15.61 −17.06 −12.96 cis[Pt*/**/***]+/+/2+ + B6(N7) → cis[Pt/**/***-B6(N7)]+/+/2+

−28.17 −33.46 −30.89 cis[Pt*/**/***]+/+/2+ + GUA(N7)→cis[Pt/**/***-GUA(N7)]+/+/2+

Table 2. The energetic characteristics of the Pt-DACH-Chloroaqua reactions with vitamin B and
nucleobases obtained at the MN15/def2-TZVP level of theory. All energies are given in kcal/mol.
Symbol Pt* stands for PtClDACH [52].

Number of Reaction ΔGr Reaction

1 −46.48 [Pt*]+ + [B1(N7)]+ → [Pt*-B1(N7)]2+

2 −48.91 [Pt*]+ + [B1(N1)]+ → [Pt*-B1(N1)]2+

3 −41.55 [Pt*]+ + B2 → [Pt*-B2]+

4 −39.37 [Pt*]+ + B3 → [Pt*-B3]+

5 −45.93 [Pt*]+ + B6 → [Pt*-B6]+

6 −46.10 [Pt*]+ + GUA → [Pt*-GUA]+

Table 3. The energetic characteristics of the cis-Pt-diaqua in case of Cisplatin, the Pt-DACH-diaqua in
case of Oxaliplatin and [Pt(NH3)2(OH)]+ reactions with vitamins B and nucleobases obtained at the
B3LYP/6-31G(d,p)/LANL2DZ level of theory in water solution. All energies are given in kcal/mol.
Symbol Pt* stands for Pt(NH3)2(H2O) of Cisplatin, Pt** for PtH2ODACH of Oxaliplatin and Pt*** for
Pt(NH3)2(OH) of Carboplatin. Red bold text refers to reactions with products of Oxaliplatin, blue
bold text refers to reactions with products of Carboplatin [49,52].

ΔGr (kcal/mol)
Reaction

Cisplatin Oxaliplatin Carboplatin

−20.23 −25.10 149.53 cis[Pt*/**/***]2+/2+/+ + [B1(N7)]+ → cis[Pt/**-B1(N7)]3+/3+/2+

−22.64 −30.15 144.60 cis[Pt*/**/***]2+/2+/+ + [B1(N1)]+ → cis[Pt/**-B1(N1)]3+/3+/2+

−7.84 −13.64 233.04 cis[Pt*/**/***]2+/2+/+ + B2(N7) → cis[Pt/**-B2(N7)]2+/2+/+

−27.28 −35.53 −6.3 cis[Pt*/**/***]2+/2+/+ + B3(N7) → cis[Pt/**-B3(N7)]2+/2+/+

−24.66 −30.60 −12.96 cis[Pt*/**/***]2+/2+/+ + B6(N7) → cis[Pt/**-B6(N7)]2+/2+/+

−37.58 −50.03 −30.89 cis[Pt*/**/***]2+/2+/+ + GUA(N7)→cis[Pt/**-GUA(N7)]2+/2+/+

Relative affinity to carboplatin is shown by B6 vitamin and then B3 vitamin with ΔGr
values equal to −12.96 kcal/mol and −6.3 kcal/mol, respectively. The other tested vitamins
from B group have no affinity for this drug and their Gibbs free energy values are positive
(Table 1, Figure 7).

As seen in Figure 7, most of the B vitamins interact less with chloroaqua (monoaqua)
products of oxaliplatin compared to cisplatin. Guanine forms bonds with chloroaqua
products of cisplatin, oxaliplatin and carboplatin more easily compared to B vitamins.
Products of hydrolysis of carboplatin have the weakest interaction with the tested vitamins.

The change of the calculation level to a higher level, such as MN15/def2-TZVP, in
the case of monoaqua products of oxaliplatin causes the change of the order of affinity for
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the studied vitamins as follows: vit. B1(N1) → vit. B1(N7) → vit. B6→ vit. B2 → vit. B3
(Table 2, Figure 8). The values of Gibbs free energy of B1(N1) vitamin and guanine are
similar, −46.48 kcal/mol and −46.10 kcal/mol, respectively.

Table 4. The energetic characteristics of the Pt-DACH-diaqua reactions with vitamin B and nu-
cleobases obtained at the MN15/def2-TZVP level of theory. All energies are given in kcal/mol.
Pt** symbol is PtH2ODACH [52].

Number of Reaction ΔGr Reaction

1 −46.45 [Pt**]2+ + [B1(N7)]+ → [Pt**-B1(N7)]3+

2 −50.58 [Pt**]2+ + [B1(N1)]+ → [Pt**-B1(N1)]3+

3 −42.96 [Pt**]2+ + B2 → [Pt**-B2]2+

4 −40.61 [Pt**]2+ + B3 → [Pt**-B3]2+

5 −47.11 [Pt**]2+ + B6 → [Pt**-B6]2+

6 −51.01 [Pt**]2+ + GUA → [Pt**-GUA]2+

Increasing the calculation level of calculate increases the values of Gibbs free energy
(Table 2, Figure 8).

Unexpectedly, guanine does not have the greatest affinity for the drug (Table 2, Figure 8)
and takes the value of Gibbs free energy equal to −46.10 kcal/mol. Vitamin B1 shows the
greatest affinity to the drug, with particular participation in the reaction coming from the
N1 nitrogen atom in the aromatic ring of the structure. Figure 8 shows that increasing the
level of calculation from B3LYP/6-31G(d,p)/LANL2DZ to MN15/def2-TZVP significantly
increases the values of ΔGr of all B vitamins and guanine even two or three times (Table 2,
Figure 8). The most spectacular affinity increase was observed for B2 vitamin, approxi-
mately a thirty-fold increase in the value of Gibbs Free Energy from −1.46 kcal/mol to
−41.55 kcal/mol and at about 96.5%. Even so, in the case of other B vitamins, equally large
increases were observed, i.e., over 40% for B3 vitamin, 63% for vitamin B6, 67% for B1(N1)
vitamin and 70% for B1(N7) vitamin. This level of calculation clearly changes the affinity of
B vitamins to the drug. It can be seen that vitamin B2 has the highest affinity for Oxaliplatin
(−41.55 kcal/mol) compared to the B3LYP level of calculation (−1.46 kcal/mol), and its
value does not significantly differ from the Gibbs Free Energy value for other vitamins
from B group and Guanine.

Vitamin B3 (Niacin) easily forms complexes with cis-Pt-diaqua and Pt-DACH-diaqua,
([cis~Pt(NH3)2(H2O)2]2+ and [Pt(H2O)2DACH]2+), where delta Gibbs Free Energies are
equal −27.28 kcal/mol and −35.53 kcal/mol in water solution, respectively. The di-
aqua forms, compared to the chloro- forms (Table 3, Figure 9) have a similar affinity for
B vitamins and Guanine (GUA → vit. B3 → vit. B6 →vit. B1(N1) → vit. B1(N7) → vit. B2) at
the B3LYP/6-31G(d,p)/LANL2DZ level of theory in water solution. The diaqua forms of
Cisplatin and Oxaliplatin have the greatest affinity for Guanine (−37.58; −50.03) compared
to B vitamins which show a stronger drug effect. Oxaliplatin hydrolysis products compared
to Cisplatin show a higher affinity for both kinds of studied structures, namely nucleobases
and B vitamins (Table 3, Figure 9). Vitamin B2 forms the weakest bonds with the diaqua
products of Cisplatin and Oxaliplatin.

Diaqua forms of oxaliplatin show a higher affinity to B vitamins and guanine compared
to cisplatin (Table 3, Figure 9). The highest increase in affinity was observed for guanine,
more than 12 times, and next for vitamin B3, more than eight times. However, the order of
affinity of both drugs to the tested vitamins and bases is the same.

As for Pt-Chloroaqua derivatives of the drugs, also in this case, increasing the calcula-
tion level causes the increase in the values of Gibbs free energy (Table 4, Figures 9 and 10).
In the case of diaqua forms of oxaliplatin, the order of affinity for studied vitamins and
nucleobases is the same, GUA → vit. B1(N1) → vit. B6→vit. B1(N7) → vit. B2 → vit. B3, as
for Pt-Chloroaqua derivatives. However, here the differences in values of ΔGr between
vitamin B1(N7) and guanine are larger by about 0.43 kcal/mol.
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The transition from a lower level of calculation to a higher one, that is from B3LYP/6-
31G(d,p)/LANL2DZ to MN15/def2-TZVP, causes the greatest increase of affinities for
B2 vitamin and B1 vitamin (Table 3, Figure 10) in the case of diaqua derivatives. For
vitamin B3 there was a three-fold increase (68%) and for vitamins B1(N7) and B1(N1) an
almost two-fold increase (46%; 40%).

The possibility of drug interaction with macromolecules may be indicated by such a
physicochemical parameter as a change in the value of the molar volume of the formed
vitamin B (nucleobases)–drug complexes, which will be directly related to conformational
changes of the substrates of the complexation reaction. Such studies at the calculation
level MN15/def2-TZVP were carried out for the effects of oxaliplatin and vitamins from
B group and such nucleobases as guanine. The values of molar volume (cm3/mol) of
studied complexes PtClDACH-Gua and PtH2ODACH-Gua are 198.370 cm3/mol and
210.671 cm3/mol, respectively.

In order to carry out the topological and electronic studies of the structural changes
after the replacement of a chlorine atom with a water molecule, AIM studies were carried
out (Figure 11, Table 5). The BCPs were found for non-covalent and covalent interactions
(Figure 11).

 
(C1) (C2) 

Figure 11. Graphic representation of PtClDACH-Gua (C1) and PtH2ODACH-Gua (C2) complexes [52].

Table 5. BCPs (bond critical points) and potential energy density calculated at the MN15/def2-TZVP
level of theory [52].

BCP
PtClDACH-Gua

BCP
PtH2ODACH-Gua

ρBCP(e×a0
−3) ∇2ρBCP(e×a0

−5) V (r) ρBCP(e×a0
−3) ∇2ρBCP(e×a0

−5) V (r)

Cl-Pt 1.02 × 10−1 1.97 × 10−1 -1.27 × 10−1 H2O-Pt 9.54 × 10−2 4.69 × 10−1 −1.65 × 10−1

N-Pt 1.25 × 10−1 4.53 × 10−1 −2.06 × 10−1 N-Pt 1.28 × 10−1 4.31 × 10−1 −2.07 × 10−1

H2N-Pt 1.25 × 10−1 4.12 × 10−1 −1.96 × 10−1 H2N-Pt 1.39 × 10−1 3.77 × 10−1 −2.12 × 10−1

H2N-Pt 1.26 × 10−1 4.15 × 10−1 -1.99 × 10−1 H2N-Pt 1.27 × 10−1 4.04 × 10−1 −1.99 × 10−1

O . . . HN 1.84 × 10−2 7.27 × 10−2 −1.23 × 10−2 O . . . HN 1.90 × 10−2 7.36 × 10−2 −1.27 × 10−2

An analysis of the interactions of the Pt atom with its immediate surroundings was
carried out. In the PtClDACH-Gua complex BCP intramolecular interactions between
Pt and Cl atoms from oxaliplatin and between O atom from guanine and H atom from
the NH2 group of oxaliplatin moiety were found. In the case of PtH2ODACH-Gua, the
interactions between the Pt atom of the drug with the N atom and an O atom from the
water molecule and two N atoms from guanine were found. There is a BCP between an
oxygen atom from guanine and a hydrogen atom from the NH2 group of the oxaliplatin
moiety. This part of the study showed the network of interactions stabilizing the complexes.
To describe the strength of the interactions, the potential electronic energy density was
calculated. The BCP values were found between the Pt atom of the drug and the studied
reagents. The electron density and its Laplacian values were changed with the appearance
of a Cl atom or a H2O molecule in the vicinity of the Pt atom of oxaliplatin.
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To study the spectroscopic properties of drug–vitamin B or drug–guanine complexes,
the TD-DFT (time-dependent density functional theory) was performed (Figure 12). The
results were compared with experimental data (Section 3).

  
PtClDACH-Gua PtH2ODACH-Gua 

  
PtClDACH-B1(N1) PtH2ODACH-B1(N1) 

  
PtClDACH-vitB2 PtH2ODACH-vitB2 

  
PtClDACH-vitB3 PtH2ODACH-vitB3 

  
PtClDACH-vitB6 PtH2ODACH-vitB6 

Figure 12. UV-Vis spectra calculated at MN15/def2-TZVP level of theory with PCM model and water
as a solvent for selected oxaliplatin complexes with guanine and B vitamins [52].
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In Figure 12, the excitation energies are given for singlet-singlet transitions (eV; nm)
and the oscillator strength. Comparison with experimental values is described later in the
article (Section 3).

3. Experimental Analysis

UV-Vis spectroscopic techniques were used for physico-chemical characterization of
interactions of B6 vitamin (pyridoxine hydrochloride) and carboplatin (Figure 13). The
study was performed in the wavelength range from 190 nm to 500 nm.

Figure 13. UV-Vis absorbance spectrum of mixture of carboplatin and pyridoxal phosphate (vit. B6)
in an incubation buffer (1 mmol/L phosphate buffer, 4 mmol/L sodium-chloride, pH 7.4) [50].

Carboplatin and vitamin B6 with molar concentrations equal to 7.3 × 10−4 mol/L and
14.6 × 10−3 mol/L were prepared in the following incubation buffer: 1 mmol/L phosphate
buffer and 4 mmol/L sodium chloride with pH equal to 7.4. Maximum absorbance of vita-
min B6 was obtained at 323 nm wavelength and was almost equal to 3.0, which corresponds
to 0.721 mmol/L concentration of vitamin B6 in the incubation buffer (Figure 13). Vitamin
B6 was incubated with carboplatin in a 2:1 ratio at 37 ◦C. The absorbance of the mixture
was measured at appropriate time intervals of incubation, namely, 0 h, 0.5 h, 1 h, 2 h, 4 h,
24 h and 48 h. The addition of the solution of carboplatin to the solution of vitamin B6 in
the buffer causes a decrease of maximum absorbance for the studied vitamin by about 20%
relative to the value of absorbance equal to 2.3 (time 0 h). It reflects a decrease in vitamin
B6 concentration to a value of 0.624 mmol/L. Such a decrease of absorbance of the studied
vitamin is caused by the formation of a drug–vitamin complex. However, a significant
decrease by about 30% in maximum absorbance from the baseline of the complex (time 0 h)
was observed after 48 h (1.75 absorbance) and a decrease by about 40% in the maximum
absorbance of vitamin B6.

In the same way and under the same conditions, the absorbance maxima of all tested B
vitamins and guanine with oxaliplatin (synonyms: [SP-4-2-(1R-trans)]-(1,2-Cyclohexanediamine-
N,N′)[ethanedioata(2-)-O,O]platinum; oxaliplatinum; (SP-4-2)-[(1R,2R)-Cyclohexane-1,2-
diamine-κN,κN′]-[ethanedioato(2-)-κO1,κO2]platinum) were determined. The initial con-
centrations of substrates in the reaction of complexation with oxaliplatin were 0.503 mmol/L
for guanine, 0.178 mmol/L for vitamin B1 (thiamine), 0.107 mmol/L for vitamin B2
(riboflavin), 0.712 mmol/L for vitamin B3 (niacin) and 0.365 mmol/L for vitamin B6
(pyridoxal phosphate). The starting concentration for oxaliplatin was 0.252 mmol/L.

Both guanine and all tested B vitamins in complexes with oxaliplatin show more than
one maximum absorbance (Figure 14). Guanine has two maxima, at 218 nm and 271 nm.
However, in the first case there are no changes observed in the height of the absorbance
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maximum after the formation of the base–drug complex in the subsequent time intervals
tested. Guanine–oxaliplatin complex shows a 0.188 high absorbance maximum at 271 nm
(0 h), which went down to 0.153 and 0.124 after 24 h and 48 h, respectively. However, with
the passage of time, the absorbance maximum is shifted towards a shorter wavelength,
namely, 242 nm. Similarly, as the nucleobase, vitamin B1 has two absorbance maxima of
other wavelengths at 231 nm and 266 nm. Here, a decrease of absorbance maximum is
observed from 1.314 (0 h) by 1.200 (24 h) to 1.119 (48 h) in the first case and from 0.967 (0 h)
by 0.903 (24 h) to 0.897 (48 h) in the second case (Figure 14). Vitamin B2 has maxima at
224 nm and 265 nm, which decrease accordingly from 1.875 to 1.780 and from 1.818 to
1.710 after 48h, respectively. After 24 h, the maximum absorbance of complex vitamin
B2–oxaliplatin gained heights of 1.790 at 224 nm and 1.770 at 265 nm. Vitamin B3 has a
maximum at 218 nm and 266 nm at baseline. In first place, the absorbances were reduced
from 1.548 to 1.344 after 24 h and to 1.277 after 48 h. At 266 nm no decrease was observed
of the absorbance equal to 0.918. Vitamin B6 shows also two absorbance maxima at 222 nm
and 323 nm (Figure 14). In the first case, a decrease was observed of maximum absorbance
from 2.254 (0 h) by 1.857 (24 h) to 1.784 (48 h), while in the second case, an absorbance drop
from 1.142 (0 h) by 1.070 (24 h) to 1.035 (48 h) was observed.

 

Figure 14. UV-Vis absorbance spectrum of mixture of oxaliplatin with B vitamins and guanine in an
incubation buffer (1 mmol/L phosphate buffer, 4 mmol/L sodium-chloride, pH 7.4) [52].
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After 168 h of incubation in the buffer, the vitamin–oxaliplatin and base–oxaliplatin
complexes did not decrease in their concentration in relation to the concentrations of the
tested complexes after 48 h of incubation. Thus, after 7 days of incubation, the height of
the absorbance peaks was comparable to the height after 48 h. The exception is vitamin B2,
where there was a decrease in the maximum height by about 10% compared to the value
tested after 48 h (Figure 15).

Figure 15. UV-Vis absorbance spectrum of mixture of oxaliplatin and riboflavin (vit. B2) in an
incubation buffer (1 mmol/L phosphate buffer, 4 mmol/L sodium-chloride, pH 7.4) [52].

Experimental results reflect the results of ab initio calculations at the B3LYP/6-31G(d,p)/
LANL2DZ level of calculation (GUA → vit. B3 → vit. B1 → vit. B6 → vit. B2).

In Figure 16 the experimental and the theoretical values of excitation energies are compared.

Figure 16. The experimental and the theoretical values of excitation energies (nm) of monoaqua and
diaqua derivatives of oxaliplatin with B vitamin and guanine complexes [52].
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In the case of the complex with Guanine, the computed values are 254.22 nm and
260.50 nm for PtClDACH-Gua and for PtH2ODACH-Gua, respectively, while the experi-
mental spectra showed close values of the absorbance maximum at 270 nm and at 218 nm
(Figure 16). The PtClDACH-vit.B1(N1) and PtClDACH-vit.B1(N7) complexes have the max-
imum absorbance located at 252.64 nm and 255.04 nm, while PtH2ODACH-vit.B1(N1) and
PtH2ODACH-vit.B1(N7) have it at 248.69 nm and 255.04 nm, respectively. The experimental
data showed maxima of absorbance at 231 nm and 266 nm. The complexes with vitamin
B2 showed this at 443.05 nm for PtClDACH-vit.B2 and 447.71 nm for PtH2ODACH-vit.B2,
which is in a good agreement with experimental data locating the maximum absorbance
bands at 445 nm (as well as at 221 nm, 266 nm and 372 nm). The calculated results
of vitamin B3 showed the most intensive singlet-singlet transitions at 250.47 nm for
PtH2ODACH-vit.B3 and at 301.58 nm for PtClDACH-vit.B3, while in the experimental
spectrum the absorption maximum was found quite close at 266 nm and further at 218 nm.
It was found that the absorbance maxima of computed absorption spectra for vitamin B6
occurred at 258.68 nm and at 258.55 nm for PtClDACH-vit.B6 and for PtH2ODACH-vit.B6,
respectively. The experimental spectra showed a close absorbance maximum at 252 nm;
however, maxima at 222 nm and 323 nm were found. The computed UV-Vis spectra are
shown in Figure 12, while the theoretical and experimental excitation energy for the com-
plex of drugs and the studied structures are shown in Figure 16. Very good agreement has
been proven between computed and experimental UV-Vis spectra. Theoretical spectra were
calculated in water solution, at the MN15/def2-TZVP level of theory with the application
of the polarizable continuum model (PCM).

4. Conclusions

Theoretical and experimental studies were performed in order to describe the in-
teractions of selected Pt (II) derivative drugs with nucleobases and other compounds of
analogous structure, such as vitamins from B group: thiamine (vitamin B1), riboflavin
(vitamin B2), niacin (vitamin B3) and pyridoxal phosphate (vitamin B6). cisplatin, oxali-
platin and carboplatin were tested. Ab initio studies on complexes of nucleobases/B vitamins
with drugs such as cisplatin, oxaliplatin and carboplatin were based on DFT and TD-DFT
methods. Theoretical research was supported by UV-Vis spectrophotometric experimen-
tal studies. The performed research on the affinity of nucleobases and their competitive
B vitamins to drugs explains not only their mechanism of action at the molecular level,
but also explains their competitiveness and impact on anticancer therapy. During the
study, the reactivity of hydrolysis products of studied drugs were analyzed such as mono-
and diaqua derivatives, (cis~[Pt(NH3)2Cl(H2O)]+) and (cis~[Pt(NH3)2(H2O)2]2+) in the
case of cisplatin, [PtH2OClDACH]+ and [Pt(H2O)2DACH]2+ in the case of oxaliplatin and
Pt(NH3)2H2O(OH)+ plus Pt(NH3)2(OH)2 in the case of carboplatin, which can interact
not only with nucleobases, which is the basis of their therapeutic action, but also with all
compounds which have aromatic rings in their structures. The research was carried out on
two levels of calculation, namely, at the B3LYP/6-31G(d,p) and at the MN15/def2-TZVP
levels of theory and their results were also compared with each other. The order of affinity
of cisplatin and oxaliplatin for both monoaqua and diaqua derivatives of nucleobases and B
vitamins is GUA → vit. B3 → vit. B6 → vit. B1(N1) → vit. B1(N7) → vit. B2, obtained at the
B3LYP/6-31G(d,p) level of theory. However, in the case of cis~monoaqua derivatives, vita-
min B6 alternates with vitamin B1 as GUA → vit. B3 → vit. B1(N1) → vit. B1(N7) → vit. B6
→ vit. B2. With the changing of the calculation level to a higher one, the MN15/def2-TZVP
level of theory, the affinity order changes to vit. B1(N1,N7) → GUA → vit. B6→ vit. B2
→ vit. B3, as seen in the example of oxaliplatin. Carboplatin shows weak affinity to
the studied structures, except for guaniane and vitamin B6, in both mono- and diaqua
derivatives. Vitamin B3 weakly interacts with the products of carboplatin hydrolysis. Other
vitamins do not interact with this drug. Theoretical studies confirm clinical observations
and indicate high therapeutic effectiveness of oxaliplatin and then cisplatin in anticancer
treatment, as well as confirm the competitiveness of B vitamins in relation to nucleobases.
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The presence of intramolecular non-covalent interactions stabilizing the conformation of
the drug–nucleobase/B vitamin complexes was confirmed via the application of the AIM
theory. In addition, on the basis of the calculated and experimental spectra, the agreement
between theoretical and experimental studies was proved. A decrease of concentration in
the solutions of nucleobases or vitamins from B group was observed after their complexa-
tion with the tested Pt (II) drugs. However, it should be emphasized with certainty that
B vitamins form weaker complexes with the products of hydrolysis of chemotherapeutics
in relation to nucleobases.

5. Future Directions

The research on the stability of Pt (II) derivatives–B vitamins complexes and their
physicochemical, thermodynamic and spectroscopic properties will be the main source of
knowledge for a better understanding of the reactivity of these drugs with physiological
target molecules such as nucleobases. This will open up further research on the behavior of
other Pt (II) derivatives in this respect and will open up further studies for new potential
Pt (II) drugs and drug delivery agents. In effect, all involved surveys will lead to the final
results, that is, obtaining new alternative Pt (II) drugs and introducing new potential thera-
pies used in patients with various types of cancer by using nanostructures as nanocarriers
during targeted drug delivery, and will be completed with the synthesis of new potential
medicines. The described results of potential interactions of Pt (II) anticancer drugs with
compounds other than the ones in the target sites will contribute to the dissemination of
knowledge about the use of an appropriate diet during chemotherapy.
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and Networking Center (PSNC), the Academic Computing Centre Cyfronet-Kraków (Prometheus
supercomputer, part of the PL-Grid infrastructure) and the Centre of Informatics Tricity Academic
Supercomputer and networK (CI TASK).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Cancer Research Fund; American Institute for Cancer. Diet, Nutrition, Physical Activity and Breast Cancer; Continuous
Update Project, Expert Report 2018; World Cancer Research Fund International: London, UK, 2018.

2. Wiseman, L.R.; Adkins, J.C.; Plosker, G.L.; Goa, K.L. Oxaliplatin: A review of its use in the management of metastatic colorectal
cancer. Drugs Aging 1999, 14, 459–475. [CrossRef] [PubMed]

3. Rosenberg, B.; Vancamo, L.; Trosko, J.E.; Mansour, V.H. Platinum Compounds: A New Class of Potent Antitumour Agents. Nature
1969, 222, 385–386. [CrossRef] [PubMed]

4. Rosenberg, B.; Van Camp, L.; Krigas, T. Inhibition of cell division in Escherichia coli by electrolysis products from a platinum
electrode. Nature 1965, 205, 698–699. [CrossRef] [PubMed]

5. Rixe, O.; Ortuzar, W.; Alvarez, M.; Parker, R.; Reed, E.; Paull, K.; Fojo, T. Oxaliplatin, tetraplatin, cisplatin, and carboplatin:
Spectrum of activity in drug-resistant cell lines and in the cell lines of the national cancer institute’s anticancer drug screen panel.
Biochem. Pharmacol. 1996, 52, 1855–1865. [CrossRef]

6. Ho, G.Y.; Woodward, N.; Coward, J.I.G. Cisplatin versus carboplatin: Comparative review of therapeutic management in solid
malignancies. Crit. Rev. Oncol. Hematol. 2016, 102, 37–46. [CrossRef]

161



Int. J. Mol. Sci. 2023, 24, 1548

7. Frezza, M.; Hindo, S.; Chen, D.; Davenport, A.; Schmitt, S.; Tomco, D.; Dou, Q.P. Novel metals and metal complexes as platforms
for cancer therapy. Curr. Pharm. Des. 2010, 16, 1813–1825. [CrossRef]

8. Desoize, B.; Madoulet, C. Particular aspects of platinum compounds used at present in cancer treatment. Crit. Rev. Oncol. Hematol.
2002, 42, 317–325. [CrossRef]

9. Fuertes, M.A.; Alonso, C.; Pérez, J.M. Biochemical modulation of cisplatin mechanisms of action: Enhancement of antitumor
activity and circumvention of drug resistance. Chem. Rev. 2003, 103, 645–662. [CrossRef]

10. Van Zyl, B.; Tang, D.; Bowden, N.A. Biomarkers of platinum resistance in ovarian cancer: What can we use to improve treatment.
Endocr. Relat. Cancer 2018, 25, R303–R318. [CrossRef]

11. Abotaleb, M.; Kubatka, P.; Caprnda, M.; Varghese, E.; Zolakova, B.; Zubor, P.; Opatrilova, R.; Kruzliak, P.; Stefanicka, P.;
Büsselberg, D. Chemotherapeutic agents for the treatment of metastatic breast cancer: An update. Biomed. Pharmacother. 2018,
101, 458–477. [CrossRef]

12. Rugo, H.S.; Olopade, O.I.; DeMichele, A.; Yau, C.; van ’t Veer, L.J.; Buxton, M.B.; Hogarth, M.; Hylton, N.M.; Paoloni, M.;
Perlmutter, J.; et al. Adaptive Randomization of Veliparib–Carboplatin Treatment in Breast Cancer. N. Engl. J. Med. 2016,
375, 23–34. [CrossRef] [PubMed]

13. Mikuła-Pietrasik, J.; Witucka, A.; Pakuła, M.; Uruski, P.; Begier-Krasińska, B.; Niklas, A.; Tykarski, A.; Książek, K. Comprehensive
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Abstract: Tumors are still one of the main causes of death; therefore, the search for new therapeutic
agents that will enable the implementation of effective treatment is a significant challenge for modern
pharmacy. One of the important factors contributing to the development of neoplastic diseases
is the overexpression of enzymes responsible for the regulation of cell division processes such as
cyclin-dependent kinases. Numerous studies and examples of already-developed drugs confirm
that isatin is a convenient basis for the development of new groups of inhibitors for this class of
enzyme. Therefore, in this work, a new group of potential inhibitors of the CDK2 enzyme, utilizing
isatin derivatives and substituted benzoylhydrazines, has been designed based on the application of
computational chemistry methods, such as docking and molecular dynamics, and their inhibiting
ability was assessed. In the cases of the selected compounds, a synthesis method was developed, and
the selected physicochemical properties of the newly synthesized derivatives were estimated. As
part of the completed project, new compounds are developed which are potential inhibitors of the
CDK2 enzyme.

Keywords: isatin; CDK2; competitive inhibition; molecular dynamics; synthesis; spectroscopic properties

1. Introduction

Isatin (1H-indol-2,3-dione) is a chemical compound which, as natural alkaloid, may
be extracted from plants of the Isatis genus, occurring all over the world at various
latitudes [1–3]. The significant chemical and biological activities of isatin meant that this
compound and its numerous derivatives, obtained from natural products, have widely
been used in medicine for many centuries [4,5]. In terms of the pharmaceutical activity of
such compounds, they have anti-inflammatory, antiviral, antibacterial, antifungal, anticon-
vulsant, anxiogenic and anticancer properties [6–10]. The large spectra of pharmacological
activities of isatin derivatives are associated with the significant chemical variety of these
compounds, within which one can distinguish hydrazones, thiosemicarbazones, oximes,
spiro-oxindoles, imines and many more. The common element of this broad group of com-
pounds is the oxindole system, which is the core repeatedly used in the development of new
groups of competitive inhibitors [11–21]. The anticancer activity of new drugs is mainly
related to the competitive inhibition of biological targets, the overexpression of which
drives the accelerated growth of cancer cells. The group of enzymes associated with the
development of cancers includes the set of SER/THR kinases classified as cyclin-dependent
kinases (CDKs), especially CDK2. This enzyme plays a crucial role in the regulation of the
cell cycle. The CDK2 and other cyclin-dependent kinases are also crucially important in the
regulation of the other enzymes involved in transcription and replication processes [22–24].
A significant group of CDK2 inhibitors is isatin derivatives and its analogs, which contain
a characteristic oxindole core in their structure. Numerous studies show that this type of
compound has a notable affinity for the active site of this enzyme [12,16,25]. The location
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of the donors and acceptors of hydrogen bonds in the oxindol core ensures the possibility
of creating stable interactions in the hinge region with aminoacids such as LEU83 and
GLU81 [16,25]. The presence of additional hydrogen bond acceptors in oxindolic systems
may provide an opportunity to create interactions with LYS33 and ASP145 [15,26,27]. Based
on these guidelines, this work will develop a new group of isatin derivatives based on the
reaction of isatin derivatives with the set of substituted benzoylhydrazines. The schematic
representation of the isatin-based benzoylhydrazine structure is presented in Figure 1.
During the creation of new potential inhibitors, the impact of the presence of various
substituents (positions R2–R7) on their binding activity with the CDK2 active site will
be evaluated.

Figure 1. The graphic representation of isatin derivatives. Symbols R2–R7 represent places of addition
of new chemical residues modifying the chemical properties of the native compound.

2. Results and Discussion

2.1. Design and Computational Analysis of Binding Activity

The isatin derivatives were created in two stages. Firstly, the modification of the isatin
molecule was chosen. Based on the commercially available isatine derivatives containing
substituents localized in positions 5, 6 and 7, model structures of inhibitors obtained by
reaction with non-substituted benzoylhydrazide were created. The binding affinity of such
molecules towards cyclin dependent kinase was evaluated using docking methods.

The outcome of these calculations is presented in Table 1. Considering all of the
collected data, it can be observed that the least effective are modifications located in
position 7, while the most favorable effects involving an increase in affinity are observed
in the case of modifications located in positions 5 and 6. Among all of the considered
structures, the highest value of affinity was recorded for the 5-nitroisatin derivative. The
structure of the complex created by this molecule with the CDK2 active site is presented in
Figure 2.

Table 1. The values of binding affinity (ΔG) of substituted isatin derivatives towards CDK2 active
site. The reference value obtained for non-substituted isatin derivative is −8.9 (kcal/mol).

Name of Substituent
ΔG Binding Affinity (kcal/mol)

R5 R6 R7

- I −9.20 −8.80 −8.00
- Br −8.80 −9.10 −8.10

- CH3 −9.40 −9.30 −8.60
- Cl −8.80 −9.20 −8.30
- F −9.20 −9.30 −8.60

- NO2 −9.50 — −8.30
- OCH3 −9.10 −8.90 −8.20

166



Int. J. Mol. Sci. 2022, 23, 8046

Figure 2. The graphic representation of interactions involved in stabilization of CDK2 complex with
N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (1).

The stability of such a system is maintained by a network of interactions including hy-
drogen bonds and hydrophobic interactions. Besides the hydrogen bonds created by atoms
from a molecular core with GLU81 and LEU83, the activity of oxygen atoms from the nitro
group was also observed, which participates in interactions with LYS33 and ASP145. Based
on the values of binding affinity and the presence of additional binding factors, related
with the existence of two additional hydrogen bond acceptors, 5-nitroisatin was chosen for
the next stage of research. Based on commercially available substituted benzoylhydrazide
derivatives, 30 new potential CDK2 inhibitors were created; the scheme of the foreseen
modifications of the native molecule are presented in Figure 3. In the nomenclature adopted
in this work, a native molecule based on unmodified benzoylhydrazide was marked with
the number “1”, while in the case of subsequent derivatives, the designation consists of a
number symbolizing the place of substitution and the letter assigned for a specific chem-
ical group. The binding capabilities towards the CDK2 active site of each newly created
molecule were evaluated using docking methods. Table 2 presents the values of binding
affinity and the inhibition constants obtained for all 5-nitroisatin-based benzoylhydrazines.

a -CH3; b -CF3; c -F; d -Br; e -Cl; f -NH2; g -N(CH3)2; h -NO2; i -OH; j -OCH3; 

Figure 3. The graphic representation of 5-nitroisatin-based benzoylhydrazines. The markings R2, R3
and R4 represent the places of chemical group substitution. The derivative markings consist of a
number symbolizing the place of substitution and the letter assigned for a specific chemical group.
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Table 2. The values of biding affinity and inhibition constants (IC) of 5-nitroisatin-based benzoylhy-
drazines towards CDK2 active site.

Chemical
Group

Name
Binding
Affinity

(kcal/mol)

IC
[nM]

Name
Binding
Affinity

(kcal/mol)

IC
[nM]

Name
Binding
Affinity

(kcal/mol)

IC
[nM]

-CH3 2a −9.60 91.9 3a −10.00 46.8 4a −9.57 96.6
-CF3 2b −10.00 46.8 3b −10.00 46.8 4b −9.57 96.6

-F 2c −9.70 77.6 3c −9.80 65.5 4c −9.50 108.7
-Br 2d −9.70 77.6 3d −9.73 73.8 4d −9.50 108.7
-Cl 2e −9.70 77.6 3e −9.80 65.5 4e −9.50 108.7

-NH2 2f −9.70 77.6 3f −9.70 77.6 4f −9.40 128.7
-N(CH3)2 2g −8.50 588.1 3g −9.37 135.4 4g −9.50 108.7

-NO2 2h −9.23 171.5 3h −9.77 68.9 4h −9.50 108.7
-OH 2i −9.47 114.4 3i −9.40 128.7 4i −9.40 128.7

-OCH3 2j −9.27 160.3 3j −9.47 114.4 4j −9.37 135.4

The inhibition constant (IC) for ligand molecules was estimated based on the Van ’t
Hoff isotherm equation.

KI = exp(
ΔGb
RT )

Comparing the values obtained for new molecules with the native one, it can be
observed that the introduction of modifications in the aromatic system of the considered
derivatives does not always increase their binding capacities and, in some cases, even
lowers them. It is especially visible in the case of modifications located in the para position
(R4), since none of the newly generated molecules with such modification demonstrated a
noticeable increase in binding activity.

Different observations can be made in the case of modifications present in the ortho
(R2) and meta (R3) positions. Among all considered substituents, the greatest influence
on the binding capability was observed in the case of the trifluoromethyl group, the
appearance of which caused the greatest increase in affinity value (−0.5 kcal/mol) and
the most convenient value of the inhibition constant (46.8 nM). An analogous increase
was also recorded for the methyl group located in the meta position (R3). In the case of
the other considered substituents, the observed increases in affinity ranged from −0.2
to −0.3 kcal/mol. For all complexes formed by derivatives with an increase in affinity
of at least −0.2 kcal/mol, structural stability was analyzed using molecular dynamics
methods. The structures of the chosen complexes are presented in Figure 4 and Figure
S1 (Supplementary Materials). Such systems are maintained by a network of numerous
interactions of different types. The most important hydrogen bonds identified in all the
analyzed systems are summarized in Table 3. Each considered molecule creates bindings
with aminoacids such as LYS33, GLU81, LEU83 and ASP145. Based on the geometric
hydrogen bond strength classification, interactions created with GLU81, LEU83 and LYS33
can be qualified as medium-strength hydrogen bonds, while interactions with ASP145 are
classed weak bonds. In the case of molecules such as 2b, 2f and 3h, interactions created
by atoms from chemical groups located in benzoylhydrazide part of the molecule were
also observed.

The structural stability of considered complexes and the time evolution of such systems
was evaluated based on an analysis of root mean square deviation (RMSD) values and
structural descriptors, defining the interactions involved in complex stabilization such as
distances and angles measured for hydrogen bond donors and acceptors identified for
particular hydrogen bond. Figure S2 (Supplementary Materials) presents distributions
of the RMSD values estimated for inhibitors and CDK2 protein. In each case, values
were calculated with regard to the starting point, which was the geometry of the complex
obtained during docking stage.
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Figure 4. The graphic representation of interactions involved in stabilization of CDK2 complex with
chosen 5-nitroisatin-based benzoylhydrazines.

Table 3. The values of hydrogen bond lengths [Å] involved in stabilization of 5-nitroisatin-based
benzoylhydrazines complexes with the CDK2 active site.

Name
Hydrogen Bond Length [Å]

LYS33 GLU81 LEU83 H LEU83 O ASP145 ASP 86 LYS 89

1 2.28 2.23 1.83 2.91 2.71 — —
2b 2.25 2.06 1.88 — 2.59 2.87 —
2c 2.36 2.05 1.83 — 2.53 — —
2d 2.37 1.98 1.86 — 2.53 — —
2e 2.34 2.03 1.84 — 2.55 — —
2f 2.35 2.12 1.86 3.04 2.50 3.09 —
3a 2.28 2.19 1.81 2.95 2.64 — —
3b 2.34 2.14 1.82 3.02 2.58 — —
3c 2.31 2.23 1.83 2.89 2.66 — —
3d 2.37 2.13 1.89 3.10 2.49 — —
3e 2.26 2.20 1.84 2.93 2.64 — —
3f 2.34 2.19 1.80 2.93 2.66 — —
3h 2.33 2.35 1.81 2.54 2.81 — 2.38

An analysis of such distributions and averaged values is presented in Table 4; this
shows that not all proposed derivatives have the ability to create stable complexes with the
active place of the considered protein. In a few cases, such as molecules 2c, 2e, 3c and 3d,
large fluctuations in RMSD values are observed, indicating the noticeable conformational

169



Int. J. Mol. Sci. 2022, 23, 8046

instability of such molecules in the space of a CDK2 active site. The inability to maintain the
original conformation obtained during docking or to adopt a new one ensuring a better fit
to the active place may indicate insufficient matching, which is caused by the presence of a
possible steric hindrance in the considered molecules. Completely different characteristics
of the discussed properties are shown by molecules such as 1, 2b, 2d, 3b, 3e, 3f and 3h, for
which uniform distributions and low standard deviation for the analyzed populations of
RMSD values indicate the conformational stability of the analyzed systems.

Table 4. The averaged values of RMSD for ligands and CDK2 protein for all steps used during
structural analysis.

Name
Ligand CDK2

RMSD SD RMSD SD

1 0.591 0.132 2.284 0.181
2b 0.698 0.146 2.745 0.419
2c 1.037 0.238 2.585 0.402
2d 0.525 0.101 2.316 0.209
2e 0.768 0.293 2.619 0.282
2f 0.689 0.177 2.265 0.245
3a 0.551 0.177 2.420 0.172
3b 0.708 0.155 2.618 0.164
3c 0.948 0.357 2.440 0.351
3d 0.603 0.204 2.504 0.400
3e 0.506 0.134 2.251 0.182
3f 0.475 0.085 2.431 0.263
3h 0.737 0.159 2.612 0.211

An important factor for assessing the stability of the complexes formed by potential
inhibitors with the active site of a biological target is the evaluation of the durability of
the interactions responsible for its maintenance. During the docking stage, the primary
structures of the complexes were created, in which interactions such as hydrogen and
halogen bonds were identified. Table 5 and Table S1 (Supplementary Materials) contain
a list of the most important impacts that showed sufficient durability to exclude their
incidental occurrence. Among all of the considered interactions, the most important and
the most stable in each of the complexes are hydrogen bonds formed by the oxygen and
the hydrogen atoms of the isatin core with LEU83 and GLU81. The presence of these
hydrogen bonds was confirmed in 100% of conformers accumulated during molecular
dynamics for each of the analyzed complexes. The observed differences between particular
systems are visible in the distribution of the bond lengths dominant within the compared
populations. In the case of bonds created with GLU81, over 90% of tested conformers
creates at least medium-strength hydrogen bonds (distance ≤ 2 Å), the exceptions are
only the complexes created by 2c and 3c molecules. The distances measured for hydrogen
bonds created with LEU83 exhibit much larger diversity—in this case, there is at least
a 70% share of medium-strength hydrogen bonds observed only for conformers from
complexes created by 1, 2d, 2e, 2f, 3b, 3e and 3f molecules. The activity of oxygen atoms
from the nitro group localized in the isatin core and the significance of hydrogen bonds
created by them is diametrically different for complexes created by individual derivatives.
Among the analyzed systems, one can distinguish complexes where the bonds with ASP145
almost disappeared and those created by LYS33 have been significantly reduced, as in the
case of 2c and 3c complexes. A group of complexes is also noticeable where, for at least
80% of the conformers, stable bonds with at least one of the amino acids are observed,
for example, complexes formed by the molecules 1, 2d, 2f, 3b, 3e, and 3h. The highest
binding activity for the nitro group was recorded in the case of derivative 2b, in which
stable hydrogen bonds were observed both for the ASP145 and LYS33 in over 90% of the
analyzed conformers. Based on the structures of complexes obtained during docking for
many of the derivatives considered, the possibility of creating a second hydrogen bond
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with LEU83 was expected. An analysis of the results of molecular dynamics simulation
showed the existence of stable and numerous interactions of this type only for complexes
created by 2b (85% of conformers) and 3f (98.9% of conformers) derivatives. An analysis of
the interactions in the complex formed by the derivative 2f shows the presence of a halogen
bond between the fluorine atoms of the 3-fluoromethyl group and the oxygen atom of
ILE10. The distance between the donor and acceptor of this interaction in the scope of the
entire simulation ranges from 2.6 to 3.2 Å. The presence of such an interaction contributes
to the overall stabilizing effect of the analyzed complex.

Table 5. The cumulative analysis of the length of the interactions identified in CDK2 complexes with
selected 5-nitroisatin-based benzoylhydrazines. The distances presented in the table represent the
middle values of intervals with a width of 0.2 Å.

Interactions
Population %

Σ 1.6 Å 1.8 Å 2 Å 2.2 Å 2.4 Å 2.6 Å 2.8 Å 3 Å

1

Ligand (H1) . . . (O) GLU81 100.0 2.6 54.6 37.1 5.3 0.5 0.0 0.0 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.6 28.2 46.4 19.2 4.6 0.9 0.1 0.0

Ligand (O) . . . (H) LYS33 82.8 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Ligand (O) . . . (H) ASP145 58.8 0.0 0.6 2.9 6.6 9.1 11.9 14.3 13.5

Ligand (H5) . . . (O) LEU83 19.62 0.0 0.1 0.9 0.6 0.9 2.5 3.7 10.9

2b

Ligand (H1) . . . (O) GLU81 100.0 4.1 49.5 37.1 7.8 1.3 0.2 0.0 0.0

Ligand (O2) . . . (HN) LEU83 99.9 0.6 22.6 40.9 21.9 9.3 3.4 1.2 0.1

Ligand (O) . . . (H) LYS33 91.5 0.0 5.1 13.4 18.1 17.6 16.4 11.4 9.5

Ligand (H5) . . . (O) LEU83 85.5 0.8 16.7 29.3 12.9 5.2 4.1 6.0 10.4

Ligand (F) . . . (O) ILE10 64.2 0.0 0.0 0.0 0.0 0.0 2.8 20.0 41.3

Ligand (O) . . . (H) ASP145 91.0 0.1 3.0 16.8 21.2 15.9 14.6 10.5 8.9

2d

Ligand (H1) . . . (O) GLU81 100.0 2.1 49.1 40.2 7.4 1.1 0.1 0.0 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.2 25.1 46.3 20.1 6.8 1.6 0.1 0.0

Ligand (O) . . . (H) LYS33 81.2 0.2 8.6 17.4 19.7 15.2 8.5 6.9 4.7

Ligand (O) . . . (H) ASP145 33.3 0.0 0.0 0.6 1.8 3.1 7.0 9.1 11.6

2f

Ligand (H1) . . . (O) GLU81 100.0 2.1 48.4 41.6 6.8 0.8 0.1 0.1 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.6 23.0 48.1 21.3 5.5 1.3 0.3 0.0

Ligand (O) . . . (H) LYS33 83.6 0.1 9.7 15.8 18.3 14.3 11.3 8.1 6.1

Ligand (O) . . . (H) ASP145 65.6 0.0 2.4 7.9 10.8 15.8 12.4 8.4 8.1

3b

Ligand (H1) . . . (O) GLU81 100.0 3.3 54.2 35.9 6.1 0.4 0.1 0.0 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.1 24.1 46.7 21.9 5.6 1.3 0.3 0.1

Ligand (O) . . . (H) LYS33 79.3 0.1 5.4 12.2 16.3 14.3 12.0 10.8 8.3

Ligand (O) . . . (H) ASP145 66.3 0.0 0.3 4.4 11.2 15.9 12.9 9.9 11.5

Ligand (H5) . . . (O) LEU83 11.4 0.0 0.0 0.1 0.4 0.6 0.8 2.6 7.0
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Table 5. Cont.

Interactions
Population %

Σ 1.6 Å 1.8 Å 2 Å 2.2 Å 2.4 Å 2.6 Å 2.8 Å 3 Å

3e

Ligand (H1) . . . (O) GLU81 100.0 3.1 56.5 36.3 3.6 0.6 0.0 0.0 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.4 26.7 48.1 19.4 4.8 0.5 0.0 0.0

Ligand (O) . . . (H) LYS33 79.8 0.1 7.2 20.8 19.7 13.9 7.3 5.9 4.9

Ligand (O) . . . (H) ASP145 86.8 0.0 1.4 11.3 19.2 20.8 16.6 9.9 7.6

3f

Ligand (H3) . . . (O) GLU81 100.0 1.9 49.3 39.4 8.4 0.9 0.1 0.0 0.0

Ligand (O2) . . . (HN) LEU83 100.0 0.1 12.1 39.1 31.1 14.4 2.6 0.8 0.0

Ligand (O) . . . (H) LYS33 71.3 0.1 3.9 10.4 14.8 12.6 11.5 10.8 7.1

Ligand (O) . . . (H) ASP145 55.5 0.0 0.8 4.9 7.9 9.1 8.6 11.8 12.5

Ligand (H5) . . . (O) LEU83 98.9 0.3 18.3 33.4 25.9 12.2 5.5 2.3 1.1

3h

Ligand (H1) . . . (O) GLU81 100.0 1.9 48.0 42.4 7.1 0.6 0.1 0.0 0.0

Ligand (O1) . . . (HN) LEU83 100.0 0.5 22.3 47.9 21.8 5.8 1.6 0.1 0.1

Ligand (O) . . . (H) LYS33 84.4 0.2 12.8 19.9 16.4 13.5 10.8 5.9 4.8

Ligand (O) . . . (H) ASP145 67.6 0.0 2.6 4.4 8.2 10.6 11.1 14.6 16.2

Ligand (H5) . . . (O) LEU83 15.4 0.0 0.1 0.8 0.8 0.9 2.0 3.6 7.3

The stability of complexes was also evaluated using the molecular mechanics Poisson–
Boltzmann surface area (MMPBSA) method, which helped to evaluate the values of binding
affinity characterizing particular complexes. Based on the conformers from the last 60 ns
of molecular dynamics simulation, enthalpic contributions to the binding affinity were
estimated. The obtained values are presented in Figure 5; numeric labels represent accurate
values of affinity, while the graphic markers correspond to a spread of values, taking into
account the standard deviation. Based on the gathered values, the largest affinity toward
the active site of CDK2 is shown by 2b, 3f and 3h derivatives. The energy characteristics of
the systems corroborate the previous structural observations based on an analysis of the
conformational properties of ligands and the stability of interactions involved in the main-
tenance of the complexes. Based on the summary characteristics of the analyzed systems,
for the experimental phase, including the synthesis and characterization of molecular and
spectroscopic properties, derivatives 1, 2b, 2d, 2f, 3b, 3e, 3f and 3h were selected.

2.2. Synthesis and NMR Data

Various synthetic procedures for 5-nitroisatin-based benzoylhydrazines can be found
in the literature [28–30]. The simplest indicates that 5-nitroisatin (s1) is heated with substi-
tuted benzoylhydrazine (s2) in ethanol in the presence of acetic acid (Scheme 1). All the
derivatives were analyzed using IR, NMR and also elemental analysis.

Structurally, the synthesized 5-nitroisatin-based benzoylhydrazines can exist in cis-
and trans-isoforms. Although all of the derivatives demonstrated the presence of both
isomers in the solution at room temperature, with the cis-isomer being the predominant
one. It should be noted that in all cases, their 1H NMR spectra showed a more intense
signals for hydrogen atoms of cis-isomer. Moreover, the calculated energies showed that
more stable are cis-isomers (Table 6).
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Figure 5. The values of binding enthalpy (kcal/mol) estimated for all complexes considered during
molecular dynamics stage.

Scheme 1. A schematic representation of the synthesis of the selected 5-nitroisatin-based
benzoylhydrazines.

Table 6. Energies of cis- and trans-isomers of 5-nitroisatin-based benzoylhydrazines estimated in
DMSO at the B3LYP/6-311 ++ G(d,p) level of theory. ΔECIS-TRANS represents the difference between
cis- and trans-isomers (ΔECIS-TRANS = ECIS − ETRANS).

Name
ECIS ETRANS ΔECIS-TRANS ΔECIS-TRANS

[Hartree] [Hartree] [Hartree] (kcal/mol)

1 −1097.75447 −1097.74754 −0.0069268 −4.347
2b −1434.89555 −1434.88862 −0.0069287 −4.348
2d −3671.28947 −3671.28262 −0.0068435 −4.294
2f −1153.13766 −1153.13059 −0.0070714 −4.437
3b −1434.90262 −1434.89550 −0.0071178 −4.466
3e −1557.37551 −1557.36858 −0.0069289 −4.348
3f −1153.13538 −1153.12863 −0.0067527 −4.237
3h −1302.31909 −1302.31183 −0.0072546 −4.552
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As shown in Figure 6, in the chemical shift structure of the cis form, there is a possibility
of intramolecular hydrogen bonding between the hydrogen atom of the hydrazone section
and the oxygen atom of the adjacent carbonyl group [31]. In addition, in derivatives
substituted in position 2 (2b, 2d and 2f), the presence of an intramolecular hydrogen
bond between the substituent and the carbonyl oxygen of benzoylhydrazine was observed.
According to R.S. Hunoor et al. [32], the N–H group (hydrazine part) is sandwiched between
carbonyl (C=O) and N=C azometine nitrogen and intramolecular hydrogen bonding with
carbonyl oxygen of 5-nitroisatin. All these interactions make it difficult to unambiguously
assign aromatic hydrogens and carbons to individual isomers of 2-substitued 5-nitroisatin-
based benzoylhydrazines.

Figure 6. Possible geometry of the synthesized 5-nitroisatin-based benzoylhydrazines.

As previously mentioned, the compounds showed in Figure 6 were present in solution
as trans- and cis-isomers. In all cases, their 1H NMR spectra showed a signal with chemical
shift in the range of 13.16–13.37 ppm, corresponding to the N–H of benzoylhydrazine
involved in the relevant intramolecular hydrogen bond for cis-isomers. For the same
proton the trans-isomer (without intramolecular hydrogen bond), the signal was observed
in the range of 12.02–12.88 ppm. The 1H-NMR signal of N–H of isatin can be seen at
δ = 11.51–11.57 ppm and δ = 11.96–12.04 ppm in DMSO, which is a singlet, for cis- and
trans-isomers, respectively (Figure 7). The first signal observed with the least chemical
shift in aromatic protons relates to the H-7 and H-7′ of isatin, which appears as a doublet
signal in the region of 6.85 to 7.18 ppm (J = 8.56–8.86 Hz). The next protons of isatin (H-4,
H-4′ and H-6, H-6′) appeared in the region of 8.23 to 9.06 ppm. The aroyl (hydrazone)
part of the target compounds showed appropriate signals in the range of 6.67–8.18 ppm,
depending on the type of substituent. The carbon signals of the most characteristic carbon
atoms, such as carbonyl carbon C-12/C-12′ and lactonyl carbon C-2/C-2′, were observed
at ca. 167 and 164 ppm, respectively. The azomethine carbon C-3/C-3′ at ca. 137 ppm was
not always recorded.
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Figure 7. 1H NMR spectrum (400 MHz) of 3-nitro-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-
ylidene]benzohydrazide (3h) in DMSO-d6.

2.3. Infrared Spectral Studies

Vibrational spectroscopy is used extensively in the study of molecular conforma-
tions, the identification of functional groups and reaction kinetics, etc. Infrared spectral
data for the synthesized 5-nitroisatin-based benzoylhydrazines are presented in Table 7.
Sharp bands of medium intensity at 3167–3303 cm−1 in the analyzed compounds spec-
trums were due to stretching vibrations of the –NH group. The absorption band char-
acteristic of ν(C=O) vibrations of isatin and benzoylhydrazine fragments appeared in
the range 1697–1751 cm−1 and 1622–1698 cm−1, respectively, and the absorption band at
1513–1528 cm−1 was assigned to azomethine ν(C=N) stretching.

Table 7. Characteristic band-strength values of the synthesized 5-nitroisatin-based benzoylhydrazines.

Compound
ν(–NH2) ν(N–H) ν(C=O) ν(C=N) ν(N=O)

νasym νsym Lactone Hydrazide

1 - - 3167 1744 1625 1525 1340
2b - - 3232 1740 1690 1513 1315
2d - - 3303 1749 1698 1495 1339
2f 3490 3378 3197 1749 1623 1517 1334
3b - - 3197 1713 1685 1526 1341
3e - - 3189 1679 1676 1527 1340
3f 3481 3387 3204 1752 1622 1514 1339
3h - - 3197 1747 1684 1528 1341

2.4. Spectroscopic Properties

The spectral data of the synthesized compounds in different solvents are shown in
Table 8. The study showed that new 5-nitroisatin-based benzoylhydrazines absorbed at
around 320 nm and emitted (between 388 nm and 579 nm) over a wide spectral range
with the extinction coefficients ranging from 1.92 × 104 M−1 cm−1 to 2.80 × 104 M−1 cm−1.
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The extinction coefficients did not achieve relatively high values. Additionally, no clear
correlations between the solvent polarities and the molar extinction coefficients were found.
The shape of the absorption spectra remained very similar to that of the parent compound
(1) (R=H), and it was not significantly dependent on the electron-withdrawing or electron-
releasing group in the different positions of the phenyl ring (Figure 8a). The position of the
band of absorption did not depend on the polarity of the solvent (Figure 8b). The emission
spectra were broad, with the single maximum of fluorescence that slightly shifted towards
higher-wavelength values as the polarity of solvent increased.

Table 8. Spectroscopic properties of the synthesized 5-nitroisatin-based benzoylhydrazines in solvents
of different polarity.

No. Substituent Solvent
λab

(nm)
λfl

(nm)
ε (×104,

M−1 ·cm−1)
Stokes Shift

(cm−1)

1 H
DCM

MeOH
MeCN

320
323
322

522
573
542

a
3.19
2.28

12,092
13,507
12,605

2b 2-CF3

DCM
MeOH
MeCN

315
315
314

517
575
538

a
2.72
2.27

12,403
14,354
13,259

2d 2-Br
DCM

MeOH
MeCN

317
319
318

523
574
539

a
2.51
2.16

12,425
13,926
12,893

2f 2-NH2

DCM
MeOH
MeCN

320
320
318

437
417
382

a
1.92
1.98

8366
13,926
5268

3b 3-CF3

DCM
MeOH
MeCN

319
319
318

522
579
540

a
2.52
2.80

12,190
14,076
12,928

3e 3-Cl
DCM

MeOH
MeCN

319
325
320

530
556
514

a
1.32
1.18

12,480
12,783
11,794

3f 3-NH2

DCM
MeOH
MeCN

321
321
320

435
388
527

a
2.38
2.27

8164
5379

12,274

3h 3-NO2

DCM
MeOH
MeCN

319
321
320

522
577
547

a
2.10
1.88

12,190
13,821
12,968

a—compounds partially insoluble in DCM.

Figure 8. The normalized UV–Vis absorption of the synthesized 5-nitroisatin-based benzoylhy-
drazines (a) and the normalized UV–Vis absorption of 2-bromo-N′-[5-nitro-2-oxo-1,2-dihydro-3H-
indol-3-ylidene]benzohydrazide (2d) in solvents of different polarity (b).
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3. Materials and Methods

3.1. Computational Methods
3.1.1. The Docking Procedure

The structure of cyclin dependent kinase 2 (CDK2) was obtained from Brookhaven
Protein Database PDB (CDK2—PDB ID 1E9H) [25]. The AutodockTools package [33] was
used in all preliminary steps, including the identification and localization of the active site
and the preparation of all structures of considered ligands and protein. In the case of each
structure used during the molecular docking stage, all non-polar hydrogen atoms were
removed. The localization of the center (x = 2.5, y = 35.0, z = 63.0) and the dimensions of
the grid box have been adjusted to the size of the active site (16 × 14 × 22 Å). The docking
procedure for all considered ligands was realized utilizing Autodock Vina package [34].
The value of exhaustiveness parameter was set at 20 for all realized simulations. In the
case of each considered molecule, the docking procedure was repeated five times with a
different value of the random seed.

3.1.2. The Molecular Dynamics Simulations

The structure of the CDK2 protein was described using ff14sb [35] force-field pa-
rameters, while in the case of the inhibitor molecules, gaff force field parameters were
used. In the case of isatin derivatives, the values of charges were estimated based on
the Merz–Kollmann scheme using the RESP procedure at the HF/6-31G* level [36]. The
complexes of the CDK2 protein with considered inhibitors were neutralized and immersed
in the periodic cube box of TIP3P water molecules. Each system was heated to 300 K
in the preliminary stage; the control of the temperature was realized utilizing Langevin
thermostat [37]. The 80-nanosecond molecular dynamics simulations were realized with
an applied shake algorithm and periodic boundary conditions. The structural analysis of
considered systems, including the stability of interactions involved in the maintenance of
complexes, were realized utilizing a VMD package [38]. The definition of hydrogen bonds
was based on the following boundary criteria: distance D (donor)–A (acceptor) < 3.5 Å,
distance H–A < 3 Å and angle D–H–A > 90◦. The affinity of isatin derivatives towards the
CDK2 active site was evaluated using the molecular mechanics Poisson–Boltzmann surface
area (MMPBSA) [39]. The molecular dynamics simulations were realized using the AMBER
14 package [40].

3.1.3. The Quantum Mechanics Calculations

The geometries of all the isatin derivatives were calculated using density functional
theory (DFT) implemented in the Gaussian 09 package [41]. All calculations were realized
using B3LYP functional at 6-311 + G (d,p) level of theory. The solvatation effects during
calculations were included by applying a self-consistent reaction field (SCRF) approach [42]
based on accurate numerical solutions of the Poisson–Boltzmann equation [43,44].

3.2. Materials

All reagents and solvents were purchased from Sigma-Aldrich (Poznań, Poland) and
used without further purification. The highest (≥99%) purity of all used chemicals was
required for spectroscopic studies.

3.3. Synthesis

The general procedure for the synthesis of the N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-
3-ylidene]benzohydrazide.

Equimolar amounts of 5-nitroisatin (s1) (0.002 mol) and substituted benzolhydrazine
(s2) (0.002 mol) were added to 96% ethanol (50 mL) containing 3 drops of glacial acetic
acid. The mixture was heated under reflux for 5 h and then cooled to room temperature.
The resulting solid was collected by filtration, washed with cold ethanol and recrystallized
from ethanol to give the following compounds (1, 2b, 2d, 2f, 3b, 3e, 3f, and 3h).

The elemental analysis is as follows:
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N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (1) [30] Yellow solid,
yield 85%, d.t. 338.4 ◦C, IR (ATR), cm−1: 3167, 1744, 1625, 1525, 1340. Trans-isomer (1): 1H
NMR (DMSO-d6 from TMS) δ (ppm): 12.22 (s, 1H), 11.56 (s, 1H), 8.89 (s, 1H), 8.34 (dd,1H),
7.96 (m, 2H), 7.68 (m, 6H), 7.10 (d, J = 8.76, 1H). 13C NMR δ (ppm): 167.55, 165.44, 148.02,
142.31, 139.06, 132.96, 129.73, 129.18, 129.04, 128.06, 122.76, 115.78, 111.21. Cis-isomer (1′):
1H NMR (DMSO-d6 from TMS) δ (ppm): 13.74 (s, 1H), 12.03 (s, 1H), 8.31 (m, 2H), 7.92 (m,
2H), 7.68 (m, 6H), 7.18 (d, J = 8.24 Hz, 1H). 13C NMR δ (ppm): 163.87, 149.86, 143.41, 133.63,
132.18, 121.08, 116.29, 112.03. C15H10N4O4, Calcd. C, 58.07, H, 3.25, N, 18.06. Found C,
58.19, H, 3.30, N, 21.48.

2-trifluoromethyl-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (2b).
Yellow solid, yield 87%, m.p. 267.4 ◦C, d.t. 310.3 ◦C, IR (ATR), cm−1: 3232, 1740, 1690, 1513,
1315. 1H NMR (DMSO-d6 from TMS) δ (ppm): 13.18 (s, 1H, 2b’), 12.88 (s, 1H, 2b), 11.96 (s,
1H, 2b’), 11.51 (s, 1H, 2b), 9.17 (bs, 1H), 8.85 (bs, 1H), 8.32 (m, 2H, 2b and 2b’), 7,87 (m, 8H,
2b and 2b’), 7.14 (d, J = 8.56 Hz, 1H, 2b’), 7.07 (d, J = 8.86 Hz, 1H, 2b). 13C NMR δ (ppm):
165.14, 163.46, 150.03, 148.30, 143.31, 142.42, 134.20, 132.92, 131.32, 129.38, 128.26, 126.91,
125.54, 122.82, 122.46, 120.75, 115.38, 112.05, 111.21. C16H9F3N4O4, Calcd. C, 50.80, H, 2.40,
N, 14.81. Found C, 50.74, H, 2.34, N, 14,93.

2-bromo-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (2d) Yel-
low solid, yield 85%, m.p. 268.4 ◦C, d.t. 305.9 ◦C, IR (ATR), cm−1: 3303, 1749, 1698, 1495,
1339. 1H NMR (DMSO-d6 from TMS) δ (ppm): 13.16 (s, 1H, 2d’), 12.43 (s, 1H, 2d), 11.97 (s,
1H, 2d’), 11.52 (s, 1H, 2d), 9.06 (s, 1H, 2d), 8.34 (dd, 2H, 2d and 2d’), 7,79 (m, 2H, 2d and
2d’), 7.55 (m, 6H, 2d and 2d’), 7.15 (d, J = 8.72 Hz, 1H, 2d’), 7.07 (d, J = 8.72 Hz, 1H, 2d). 13C
NMR δ (ppm): 165.20, 149.96, 148.24, 143.32, 142.43, 137.26, 135.64, 133.20, 132.24, 130.05,
129.31, 128.23, 122.49, 120.85, 119.68, 115.43, 112.06, 111.20. C15H9BrN4O4, Calcd. C, 46.29,
H, 2.33, N, 14.40. Found C, 46.00, H, 2.43, N, 14.59.

2-Amino-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (2f) Dark
orange solid, yield 91%, d.t. 320.1 ◦C, IR (ATR), cm−1: 3490, 3378, 3197, 1749, 1623, 1517,
1334. Trans-isomer (2f): 1H NMR (DMSO-d6 from TMS) δ (ppm): 11.52 (s, 1H), 8.83 (d,
J = 2.16 Hz, 1H), 8.32 (m, 1H), 7.67 (m, 1H), 7.31 (m, 2H), 7.09 (d, J = 8.67 Hz, 1H), 6.87 (m,
2H), 6.67 (m, 2H). 13C NMR δ (ppm): 167.92, 165.56, 150.91, 149.56, 142.25, 138.28, 133.83,
130.01, 128.88, 122.36, 117.84, 115.92, 113.01, 111.11. Cis-isomer (2f’): 1H NMR (DMSO-d6
from TMS) δ (ppm): 13.64 (s, 1H), 11.97 (s, 1H), 8.30 (s, 1H), 8.27 (m, 1H), 7.45 (dd, 1H),
7.31 (m, 2H), 7.15 (d, J = 8.67 Hz, 1H), 6.87 (m, 2H), 6.67 (m, 2H). 13C NMR δ (ppm):165.21,
163.86, 151.90, 147.66, 143.33, 135.69, 134.37, 127.65, 127.60, 117.42, 115.66, 111.90, 111.60.
C15H11N5O4, Calcd. C, 55.39, H, 3.41, N, 21.53. Found C, 55.20, H, 3.51, N, 21.62.

3-trifluoromethyl-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (3b)
Yellow solid, yield 86%, m.p. 324.5 ◦C, d.t. 328.7 ◦C, IR (ATR), cm−1: 3197, 1713, 1685,
1526, 1341. Cis-isomer (3b’): 1H NMR (DMSO-d6 from TMS) δ (ppm): 13.68 (s, 1H), 12.01 (s,
1H), 8.30 (dd, 1H), 8.23 (s, 1H), 8.18 (s, 1H), 8.17 (d, J = 8.12 Hz, 1H), 8.09 (d, J = 7.80 Hz,
1H), 7.89 (t, 1H), 7.15 (d, J = 8.68 Hz, 1H). 13C NMR δ (ppm): 163.67, 148.12, 143.40, 137.28,
133.25, 132.10, 131.00, 130.37, 129.72, 128.22, 125.52, 124.99, 122.811, 120.84, 116.32, 112.09.
Only the cis-isomer was observed. C16H9F3N4O4, Calcd. C, 50.80, H, 2.40, N, 14.81. Found
C, 50.92, H, 2.36, N, 14,73.

3-chloro-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (3e). Yel-
low solid, yield 85%, d.t. 358.5 ◦C, IR (ATR), cm−1: 3189, 1679, 1676, 1527, 1340. Trans-
isomer (3e): 1H NMR (DMSO-d6 from TMS) δ (ppm): 12.29 (s, 1H), 11.57 (s, 1H), 8.92 (s,
1H), 8.35 (dd, 1H), 8.00 (s, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.76 (m, 1H), 7.64 (t, 1H), 7.11 (d,
J = 8.75, 1H). 13C NMR δ (ppm): 166.49, 165.34, 150.00, 142.33, 135.38, 133.71, 132.62, 130.99,
129.31, 129.00, 127.95, 122.90, 115.68, 111.25. Cis-isomer (3e’): 1H NMR (DMSO-d6 from
TMS) δ (ppm): 13.67 (s, 1H), 12.04 (s, 1H), 8.31 (m, 1H), 8.30 (s, 1H), 7.93 (m, 1H), 7.86 (d,
J = 7.84 Hz, 1H), 7.80 (m, 1H), 7.69 (t, 1H), 7.18 (d, J = 8.6 Hz, 1H). 13C NMR δ (ppm): 148.14,
134.39, 133.33, 131.70, 129.31, 128.24, 116.36, 112.10. C15H9ClN4O4, Calcd. C, 52.26, H, 2.63,
N, 16.25. Found C, 52.16, H, 2.72, N, 16.30.
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3-Amino-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (3f) Yel-
low solid, yield 92%, d.t. 327.4 ◦C, IR (ATR), cm−1: 3481, 3387, 3204, 1752, 1622, 1514, 1339.
Trans-isomer (3f): 1H NMR (DMSO-d6 from TMS) δ (ppm): 12.02 (s, 1H), 11.53 (s, 1H),
8.80 (d, J = 1.96 Hz, 1H), 8.33 (dd, 1H), 7.24 (m, 1H), 7.18 (s, 1H), 7.09 (m, 2H), 6.85 (m,
1H), 5.48 (bs, 4H). 13C NMR δ (ppm): 163.86, 150.04, 149.54, 143.37, 139.06, 134.02, 129.51,
129.06, 122.64, 118.26, 115.89, 114.07, 111.76. Cis-isomer (3f’): 1H NMR (DMSO-d6 from
TMS) δ (ppm): 13.65 (s, 1H), 11.99 (s, 1H), 8.30 (m, 2H), 7.24 (m, 1H), 7.21 (m, 3H), 6.98 (d,
J = 8.24 Hz, 1H), 5.48 (bs, 4H). 13C NMR δ (ppm): 167.54, 164.07, 149.77, 147.51, 142.27,
136.55, 132.83, 130.12, 127.87, 121.19, 118.78, 116.17, 114.37, 112.99, 111.96. C15H11N5O4,
Calcd. C, 55.39, H, 3.41, N, 21.53. Found C, 55.43, H, 3.40, N, 21.50.

3-nitro-N′-[5-nitro-2-oxo-1,2-dihydro-3H-indol-3-ylidene]benzohydrazide (3h). Yellow
solid, yield 92%, m.p. 275.2 ◦C, d.t. 345.5 ◦C, IR (ATR), cm−1: 3197, 1747, 1684, 1528, 1341.
Trans-isomer (3h): 1H NMR (DMSO-d6 from TMS) δ (ppm): 12.48 (s, 1H), 11.57 (s, 1H),
8.98 (s, 1H), 8.75 (s, 1H), 8.51 (m, 1H), 8.37 (m, 2H), 7.89 (t, 1H), 7.11 (d, J = 8.72 Hz, 1H). 13C
NMR δ (ppm): 165.24, 150.06, 148.05, 142.37, 135.73, 134.81, 134.02, 130.65, 129.37, 127.17,
122.85, 124.13, 115.61, 111.27. Cis-isomer (3h’): 1H NMR (DMSO-d6 from TMS) δ (ppm):
13.73 (s, 1H), 12.04 (s, 1H), 8.68 (s, 1H), 8.54 (m, 1H), 8.33 (m, 2H), 8.29 (s, 1H), 7.18 (d,
J = 8.72 Hz, 1H). 13C NMR δ (ppm): 163.65, 148.45, 148.20, 143.41, 134.81, 134.20, 133.63,
131.44, 129.37, 128.30, 123.12, 120.80, 116.42, 112.10. C15H9N5O6, Calcd. C, 50.71, H, 2.55, N,
19.71. Found C, 50.86, H, 2.52, N, 19,59.

3.4. Experimental Measurements
3.4.1. NMR Measurements

The 1H NMR spectra were recorded using an Ascend III spectrometer operating at
400 MHz, Bruker. Chloroform was used as solvent and tetramethylsilane (TMS) as internal
standard. Chemical shifts (δ) are reported in ppm relative to TMS and coupling constants
(J) in Hz.

3.4.2. Elemental Analysis Measurements

The elemental analysis was conducted with a Vario MACRO 11.45–0000, Elemental
Analyser System GmbH, operating with the VARIOEL software (version 5.14.4.22).

3.4.3. UV–VIS Measurements

The absorption and emission spectra were measured at room temperature in quartz
cuvette (1 cm) using an Agilent Technology UV–Vis Cary 60 Spectrophotometer and a
Hitachi F-7000 Spectrofluorometer, respectively.

3.4.4. FTIR Measurements

The infrared spectra were recorded using reflectance spectroscopy measurements
realized using PerkinElmer’s FTIR Spectrum Two, spectrophotometer equipped with
diamond ATR in the range of 4000–400 cm–1.

3.4.5. The Calorimetric Measurements

The thermal stability of 5-nitroisatin derivatives, considering the determination of the
melting point (m.p.) and thermal decomposition temperature (d.t.), was realized using the
DSC 6000 from PerkinElmer, Waltham, MA, USA. The calorimetric measurements were
conducted with a heating rate of 10 K/min and 20 mL/min nitrogen flow to provide an
inert atmosphere. The initial calibration the calorimeter was realized with indium and zinc
standards; during measurements, standard aluminum pans were used.

4. Conclusions

The conducted research allowed for the development of a new group of 5-nitroisatin-
based benzoylhydrazines, which show a significant affinity for the active site of CDK2.
Based on the conducted analyses, it was possible to select groups of chemical substituents—
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the substitution of which, both in the isatin core and in the aromatic benzoylhydrazine ring,
contributed to the improvement of the binding capacity of the considered derivatives. The
conducted research allowed for the accurate characterization of the interactions responsible
for maintaining the complexes of the considered inhibitors with the CDK2 enzyme. The
most promising potential inhibitors, with the highest affinity values and forming the most
stable complexes with the biological target, were directed to the experimental phase. A
procedure for the synthesis of 5-nitroisatin derivatives was developed, and eight new
compounds were obtained with a good yield. The structures of the newly synthesized
compounds were confirmed using IR and NMR spectroscopy. It needs to be highlighted
that the synthesized 5-nitroisatin-based benzoylhydrazines were present in the solution
as trans- and cis-isomers. The absorption and fluorescence maxima were determined. It
was found that the position of the bands of absorption and emission did not depend on the
polarity of the solvent.

Based on the collected data—considering the binding capacity, the structural stability
of the complexes and the molecular properties of the studied group of compounds—it can
be concluded that the newly developed isatin derivatives can be used in the development
of new anti-cancer therapies.
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Abstract: The microsomal cytochrome P450 3A4 (CYP3A4) and mitochondrial cytochrome P450 24A1
(CYP24A1) hydroxylating enzymes both metabolize vitamin D and its analogs. The three-dimensional
(3D) structure of the full-length native human CYP3A4 has been solved, but the respective structure
of the main vitamin D hydroxylating CYP24A1 enzyme is unknown. The structures of recombinant
CYP24A1 enzymes have been solved; however, from studies of the vitamin D receptor, the use of
a truncated protein for docking studies of ligands led to incorrect results. As the structure of the
native CYP3A4 protein is known, we performed rigid docking supported by molecular dynamic
simulation using CYP3A4 to predict the metabolic conversion of analogs of 1,25-dihydroxyvitamin
D2 (1,25D2). This is highly important to the design of novel vitamin D-based drug candidates of
reasonable metabolic stability as CYP3A4 metabolizes ca. 50% of the drug substances. The use of
the 3D structure data of human CYP3A4 has allowed us to explain the substantial differences in the
metabolic conversion of the side-chain geometric analogs of 1,25D2. The calculated free enthalpy of
the binding of an analog of 1,25D2 to CYP3A4 agreed with the experimentally observed conversion
of the analog by CYP24A1. The metabolic conversion of an analog of 1,25D2 to the main vitamin D
hydroxylating enzyme CYP24A1, of unknown 3D structure, can be explained by the binding strength
of the analog to the known 3D structure of the CYP3A4 enzyme.

Keywords: vitamin D analogs; cytochrome P450 3A4; cytochrome P450 24A1; in silico prediction;
molecular dynamics

1. Introduction

1,25-dihydroxycholecalciferol (1,25-dihydroxyvitamin D3, calcitriol, 1,25D3) and
1,25-dihydroxyergocalciferol (1,25-dihydroxyvitamin D2, 1,25D2) (Figure 1) are no longer
considered just as “vital amines” [1,2] that maintain the calcium and phosphate homeosta-
sis [3], they are also pleiotropic hormones [4] that regulate key physiological processes [5,6].
Several active vitamin D metabolites, their precursors, and synthetic analogs are used
as drug substances in the treatment of bone diseases (type I rickets, osteomalacia, hy-
poparathyroidism, pseudohypoparathyroidism, renal osteodystrophy, and osteoporosis),
and hyperproliferative skin diseases such as psoriasis [7,8]. Efforts are now focused on
fortifying standard anticancer chemotherapy by the addition of synthetic vitamin D analogs
to improve efficacy and delay cancer recurrence [9]. The active forms of vitamin D3 (1,25D3)
and D2 (1,25D2), jointly denoted as 1,25D, cannot be used for this purpose because they
are highly calcaemic. They also have a low resistance to vitamin D metabolizing en-
zymes [10]. The current search is for vitamin D analogs of therapeutic potential against
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leukemia [7,11,12] and solid tumors, including breast [13], lung [14], prostate [15], colorec-
tal [16,17], skin [18], and ovarian cancer [19]. We have developed analogs of 1,25D that
exceed the potency of the parent 1,25D against cancer cells in vitro and in vivo, and that
are less calcaemic and more enzymatically stable [10].

Figure 1. Structural formulas of 1α,25-dihydroxyergocalciferol (1,25-dihydroxyvitamin D2, 1,25D2)
and 1α,25-dihydroxycholecalciferol (1,25-dihydroxyvitamin D3, 1,25D3).

The rational design of vitamin D analogs is hampered by the lack of the 3D structure
of the native full-length human vitamin D receptor (hVDR); the use of an engineered
and truncated hVDRΔ [20] might result in a misleading outcome. For example, an early
and controversial finding is that the hVDRΔ structure has an identical conformation, but
that there is overlapping of all of the hydroxyls for 1,25D3 and two other analogs of
very different structures when 1,25D3 and the analogs are bound to the ligand-binding
pocket [21]. This intriguing finding has never been explained. Therefore, the use of the
native integral vitamin D protein is recommended for the reliable design of analogs [22].
There is also the need to predict the metabolic resistance of potential anticancer analogs
of 1,25D; this is important to a drug candidate prior to initiating a multistep synthesis
followed by broad biological screening.

Cytochrome P450 hydroxylates vitamin D and its analogs. It also metabolizes several
xenobiotics, including various drug substances. For instance, we postulated that our
vitamin D analogs and the drug substance imatinib compete for the active site of the
same cytochrome P450 enzyme [23]. This competition delays the deactivating metabolism
of a vitamin D analog and prolongs the synergistic anticancer activity of both agents.
Our concept has been confirmed recently [24] by studies that have shown that there
is a pharmacodynamic synergy between ginsengoside Rh2 and 1,25D3 regarding the
growth inhibition and apoptosis of human prostate cancer cells. For human hepatic
microsomes in vitro, this led to inhibition of cytochrome P450 3A4-mediated metabolism
and inactivation of 1,25D3. Of the several cytochrome P450 hydroxylating enzymes that are
involved in metabolizing 1,25D and analogs, cytochrome P450 24A1 (CYP24A1) is primarily
considered. The expression of CYP24A1 mRNA is used as a measure of the transactivating
activity of a vitamin D analog. We have already determined the metabolic conversion of
1,25D analogs to CYP24A1 using the membrane fraction from recombinant Escherichia coli
cells that expressed hCYP24A1 [25,26]. The crystal structure of rat recombinant CYP24A1
(Δ2-32, S57D mutant) has been reported (SSRL BL9-2 and BL12-2) [27,28], but the structure
of the native full-length human CYP24A1 is still lacking. Therefore, taking-into-account the
uncertain results from the modeling of analog binding to the pocket of the recombinant
VDR, we opted for the modeling of metabolic resistance 1,25D analogs to the native
cytochrome P450 3A4 (CYP3A4). The crystallographic 3D structure of human CYP3A4,
as solved [29], conforms with the protein fold that is typical for the cytochrome P450
superfamily. Our approach is additionally supported by the very recent finding that the
docking of peptidomimetic ligands to the cysteine-like protease of SARS-CoV-1 3CLpro (of
the known 3D structure) facilitated the design of potent inhibitors with antiviral potency
against SARS-CoV-2 3CLpro (of unknown 3D structure) [30]. Therefore, we postulated that
by using the 3D structure of the native human CYP3A4 we would be able to predict the
resistance of our new vitamin D analogs to CYP24A1 metabolism.
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To this end, we used, for the first time, the 3D crystallographic data of cytochrome
CYP3A4 (RCSD PDB: 2V0M.pdb) [31,32] for our theoretical simulations of vitamin D
analogs. CYP3A4 is a hepatic microsomal 24-hydroxylase of 1α-hydroxyvitamin D2 and
its analogs [33], and is also a vitamin-25 hydroxylase. We have previously shown that the
inducible enzyme CYP3A4 is also a source of oxidative metabolism of 1,25D3 in the human
liver and small intestine [33,34].

CYP3A4 is multifunctional and also metabolizes endobiotics and xenobiotics [35]. This
enzyme is responsible for the deactivating hydroxylation of ca. 50% of drug substances [29,36].
Therefore, we used CYP3A4 in our study because we were interested in the metabolic
stability of our vitamin D-based potential drug candidates. Additionally, both CYP24A1
and CYP3A4 show the same monooxygenase activity and catalyze the side-chain oxidation
of the hormonal form of vitamin D to the same side-chain hydroxylated metabolites [37].
In this study, we provide unprecedented evidence that the metabolic conversion of analogs
of 1,25D2 by CYP24A1 can be correlated with the free enthalpy of binding of the analogs
to CYP3A4. By using the 3D structural data of CYP3A4 as a starting parameter, we have
been able to explain the differences in the metabolic resistance of the side-chain geometric
analogs of 1,25D. We have also been able to predict the metabolic resistance of structurally
related analogs of 1,25D2 with a branched side-chain, and in turn, direct the design and
synthesis of vitamin D analogs toward more promising drug candidates.

The interactions of 1,25D analogs with CYP3A4 were elucidated by computational
approaches which included molecular docking, molecular dynamics simulations, binding
free enthalpy calculations, and density functional theory (DFT) calculations. The relatively
large active site of CYP3A4 shows large flexibility, allowing for side-chain fluctuations and
the presence of various functional groups. There is also a large malleability that allows
the adoption of a different shape depending on the ligand structure; making CYP3A4
a challenging protein to simulate [38]. Based on our experience of simulating molecular
mechanisms for similar systems [39,40], simulations of CYP3A4 complexed with vitamin D
analogs were carefully compared in terms of their structural and energetic properties. Their
molecular structures were used to explore the possible binding modes with the amino acids
of the active site of CYP3A4, as well as to show their different capacities for interaction with
heme groups, which has biological consequences. Our calculations were compared with
the previously determined metabolic resistance of analogs of 1,25D2 against the CYP24A1
hydroxylating enzyme. In order to check the extent of the correlation observed for the
series of structurally related 1,25D2 analogs, preliminary studies were performed using
two analogs of 1,25D3 that have very different structures.

2. Results and Discussion

2.1. Potential Binding Site of 1,25D Analogs in CYP3A4

Molecular docking studies were carried out to predict the binding site and the ori-
entation at the active site of CYP3A4 for ten analogs of 1,25D (eight analogs of 1,25D2
and two analogs of 1,25D3). The orientation and residue bonding of ketoconazole (as
a reference inhibitor for the testing of the binding affinities to the CYP3A4) were inferred
from the X-ray structure of human CYP3A4 (PDB entry 2V0M). This served as a model for
the simulations of the interactions of vitamin D analogs with the enzyme. We supposed
that the size of the molecular structure of vitamin D analogs was comparable to that of
ketoconazole, and assumed that the docking of 1,25D analogs into the activity domain did
not significantly perturb the crystal structure of the 2V0M. To validate the suitability of
the selected docking model, we first re-docked ketoconazole to ensure that its bonding to
the CYP3A4 binding site was consistent with the original structure of 2V0M. According
to the ketoconazole-docking simulation, the complex showed that eight significant amino
acids are involved in the interactions: Leu-210, Phe-241, Ile-301, Ala-305, Ala-370, Arg-372,
Gly-481, and Leu-482, as well as the heme group, and are indispensable for the activity
of the classic inhibitors. Next, all of our analogs were docked to the CYP3A4 pocket. The
analogs effectively filled the active site cavity of CYP3A4. The position of their 25-hydroxyl
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was located close to the heme ring, indicating that it might be the potential metabolic site
(see Figure 2).

 
(A) 

  
(B) (C) 

Figure 2. Close-up view of an active site of the CYP3A4 structure. (A) View of the binding of 1,25D2
(green) and 1,25D3 (brown) in the active site CYP3A4. (B,C) View of 1,25D2 and 1,25D3 analogs in
the pocket of CYP3A4. Predicted superposition of compounds. (B) 1,25D2 (C atoms shown as green),
PRI-5106 (C atoms shown as dark green), PRI-5105 (C atoms shown as magenta), PRI-1916 (C atoms
shown as cyan), PRI-1917 (C atoms shown as pink), PRI-1906 (C atoms shown as blue), PRI-1907
(C atoms shown as grey), PRI-5201 (C atoms shown as yellow), and PRI-5202 (C atoms shown as
orange). (C) PRI-1901 (C atoms shown as purple) and PRI-2205 (C atoms shown as blue). Surface
hydrophobicity is depicted by the shaded colors: negative values (blue) correspond to hydrophilic
residues, whereas positive values (brown) correspond to hydrophobic residues.

As shown in Figure 2B,C, the inner wall of the pocket of CYP3A4 is formed by
hydrophilic side chains (Asp-76, Arg-105, Arg-106, Ser-119, Thr-309, Arg-372, and Glu-374)
and a hydrophobic region (formed by Phe-57, Phe-108, Ile-120, Leu-211, Ile-301, Phe-304,
Ala-305, Ile-369, Ala-370, Leu-373, Gly-481, Leu-482, and Hem-499). The predicted location
of 1,25D analogs in the CYP3A4 pocket is different for the 1,25D2 and 1,25D3 analogs
(see Figure 2A). The 1,25D2 analogs interacted with the CYP3A4 pocket using hydrogen
bonds and hydrophobic and van der Waals interactions, while the interaction of 1,25D3
and its analogs were mainly hydrophobic in nature. To examine the stability of the 1,25D
analogs bound at the active site of CYP3A4, MD simulations were performed on the
CYP3A4-liganded analog complex.

2.2. Importance of Side-Chain Geometry of 1,25D2 Analogs in the CYP3A4 Binding Site

The structural formulas of PRI-1906 and PRI-1916, and PRI-1907 and PRI-1917
(Figure 3) are quite similar, but the extent to which they bind to CYP24A1 is different.
Experimental data indicated that the binding to CYP24A1 of the C-25 dimethyl analog
PRI-1916 of (24Z) geometry was much lower than that of the (24E)-25-dimethyl analog
PRI-1906. Similarly, the binding of (24Z)-25-diethyl analog PRI-1917 was lower than that of
the respective (24E)-25-diethyl analog PRI-1907 [33].
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Figure 3. Structural formulas of the analogs of 1α,25-dihydroxyvitamin D2 (PRI-1906, PRI-1907,
PRI-1916, and PRI-1917).

Theoretical calculations showed that the geometry of the side-chain of the series of four
analogs of 1,25D2 also followed the same trend as the predicted stereoselective activity of
cis/trans isomers in the human CYP3A4 model. The MD resulting orientations of analogs,
presented in Figure 4, define the geometric preferences of the four compounds on the active
site of CYP3A4.

  
(A) (B) 

Figure 4. MD simulated conformational differences between 1,25D2 analogs located above the heme
ring. (A) PRI-1906 (C atoms shown as blue) and PRI-1916 (C atoms shown as cyan); (B) PRI-1907 (C
atoms shown as grey) and PRI-1917 (C atoms shown as pink).

Analogs PRI-1906 and PRI-1916 bind to the active site in different ways and with
different affinities. Due to the side-chain geometry, PRI-1916 was predicted to adopt the
U-shaped conformation in the CYP3A4 pocket, while (24E)-25-dimethyl PRI-1906 adopted
an extended conformation. The most noticeable difference was that the U-shaped side-
chain A-ring of PRI-1916 was rotated by 180◦ to the heme group, compared with the
extended side-chain of the A-ring of PRI-1906 (Figure 4A). This could explain the lower
binding of PRI-1916 for CYP3A4. PRI-1916 was not able to form a significant portion of the
hydrophobic interactions as for PRI-1906 and with residues Phe-57, Ile-120, Ala-305, Ile-369,
Leu-482, and Arg-372. On the other hand, the A-ring 3-hydroxyl of PRI-1906 engaged
in a strong hydrogen bond at the binding site with the Asp-76 residue (see Figure 5 and
Figure S1 in Supplementary Materials). For PRI-1907/CYP3A4 and PRI-1917/CYP3A4
complexes, the position of their 25-hydroxyl was almost the same in the active site of the
receptor (Figure 4B), but the presence of the (24E)-25-diethyls of PRI-1907 affected the
parallel arrangement of A- and CD-rings to the heme group.

The parallel arrangement of the A- and CD-rings to the heme group is conducive to
the formation of very strong hydrogen bonds by the A-ring hydroxyls with the
amino acid residues Ala-370, Arg-372, Glu-374, and Gly-481 in CYP3A4 (see Figure 5 and
Figure S1 in Supplementary Materials). Furthermore, the 1- and 3-hydroxyl of PRI-1907
formed hydrogen bonds with water molecules. In contrast, the docked analog PRI-
1917, with (24Z)-25-diethyls in the side-chain, showed the perpendicular arrangement of
A- and CD-rings to the heme group that caused only the 1-hydroxyl to be involved in
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a hydrogen bond with amino acid residue Gly-481. This could lead to a lower affinity of
PRI-1917 for the CYP3A4 cavity compared to that of PRI-1907 (see Figure 5 and Figure S1 in
Supplementary Materials).

CYP3A4 - PRI-1906 

 

CYP3A4 - PRI-1916 
 

 

CYP3A4 - PRI-1907 

 

CYP3A4 - PRI-1917 

Figure 5. Molecular interactions between 1,25D2 analogs (PRI-1906, PRI-1907, PRI-1916, and
PRI-1917) and CYP3A4 resulting from MD simulations. Hydrophobic interactions are shown as
magenta dashed lines and hydrogen bonds as green.

2.3. Molecular Interactions between the CYP3A4 Binding Site and 1,25D2 Analogs

MD simulations of the CYP3A4-vitamin D analog complexes were performed to fur-
ther investigate the binding of ligands and the effect of their structures on the intermolecular
interactions. The MD resulting orientations of analogs, presented in Figure 5, Figure 6,
Figure 7 and Figure S2 in Supplementary Materials, define the key interactions in the active
site of the human CYP3A4 model. The binding free enthalpy values, calculated using
the MM-PBSA method, are shown in Table 1, together with the experimental metabolic
conversions by CYP24A1. A correlation was observed between the experimental metabolic
conversion by CYP24A1 and the theoretically estimated binding free enthalpy of the
CYP3A4-ligand complexes (ΔGbind) (see Figure S3 in Supplementary Materials). The corre-
lation coefficient, equal to R2 = 0.853, confirmed that the calculated enthalpy of binding to
the vitamin D hydroxylating enzyme CYP3A4, with the crystal structure solved, shows
good agreement with the experimental metabolic conversion by the main vitamin D hy-
droxylating enzyme CYP24A1. In other words, the experimental metabolic conversion of
an analog by CYP24A1 advantageously decreases with the decrease in the calculated free
enthalpy of the binding of an analog of 1,25D2 to CYP3A4.

The lowest value for the ΔGbind enthalpy was obtained for PRI-1907. This is most
likely a consequence of a good fit, as mentioned above, and the formation of very strong
hydrogen bonds with amino acids that have an important role in the CYP3A4 active
site. The analog of PRI-5202, which lacks a 19-methylene, showed a similarly folded con-
formation in the pocket of CYP3A4 but its location was rather different (see Figure S2A
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in Supplementary Materials). Apart from the typical interactions, the side-chain of
PRI-5202 allowed for favorable interactions of the 28-methyl with Ile-301 and 26,
27-methylene with amino acid residues Ala-305, Ile-369, and Leu-482. The A-ring
3-hydroxyl was involved in additional hydrogen bonds with the Phe-57 residue
(Figures 6 and S1 in Supplementary Materials). Importantly, PRI-5202 is also highly solvated
by water molecules that are present inside the pocket of CYP3A4.

 
CYP3A4-PRI-5201

 

CYP3A4-PRI-5202

(A) 

(B) 

Figure 6. (A) Structural formulas of the analogs of 1α,25-dihydroxyvitamin D2 (PRI-5201 and
PRI-5202). (B) Molecular interactions between 1,25D2 analogs (PRI-5201 and PRI-5202) and CYP3A4
resulting from MD simulations. Hydrophobic interactions are shown as magenta dashed lines and
hydrogen bonds as green.

(A) 

 

 

 
(B) 

CYP3A4-PRI-5105 

 

 

CYP3A4-PRI-5106 

Figure 7. (A) Structural formulas the analogs of 1α,25-dihydroxyvitamin D2 (PRI-5105 and PRI-5106).
(B) Molecular interactions between 1,25D2 analogs (PRI-5105 and PRI-5106) and CYP3A4 resulting
from MD simulations. Hydrophobic interactions are shown as magenta dashed lines and hydrogen
bonds as green.
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Table 1. The experimental metabolic conversion of 1,25D2 and its analogs by CYP24A1 [10,16,41] and
the calculated free enthalpy of binding to CYP3A4.

Vitamin D Metabolite
and Its Analogs

Metabolic Conversion
by CYP24A1

(%) ± SD

Free Enthalpy of
Binding to CYP3A4 *

ΔGbind (kcal/mol)

1,25D2 34 ± 5 −24
PRI-5106 26 ± 3 −37
PRI-5105 25 ± 2 −27
PRI-1916 13 ± 4 −52
PRI-1917 10 ± 1 −65
PRI-1906 1.9 ± 0.7 −76
PRI-1907 0.9 ± 0.1 −120
PRI-5201 1.9 ± 0.1 −91
PRI-5202 2.0 ± 0.2 −100

* Rounded to the absolute value.

The relatively high values of enthalpy obtained for both PRI-5105 and PRI-5106 re-
sult from the presence of an additional 28-methyl at C-24, irrespective of the (24S)-or
(24R)-absolute configuration. PRI-5105 and its 24-diastereomer PRI-5106 were predicted
to be accommodated in the CYP3A4 pocket in twisted conformations (see Figure S2B in
Supplementary Materials). These conformations are energetically unfavorable and decrease
the hydrophobic interactions with the surrounding amino acids (see Figure 7). The molec-
ular flexibility conferred by one carbon extension (C-20a) to the side-chain of PRI-5105
and PRI-5106 results in a decreased metabolic resistance, emphasizing the importance
of side-chain rigidity and the correct position in the active site. Notably, these analogs
showed relatively low resistance to CYP24A1-dependent metabolic conversion (Table 1).
The MD simulation showed that the location within the cavity of analogs PRI-5105 and
PRI-5106 is largely the same, and the molecules are surrounded purely by the interior
pocket residues of Phe-57, Ile-301, Ala-305, Ile-369, Arg-372, and Glu-374 which create
hydrophobic interactions and hydrogen bonds.

Compared to PRI-1906, PRI-5201 has the 19-nor modification and the PRI-5201/CYP3A4
complex showed an extended conformation, as seen for the PRI-1906/CYP3A4 complex,
but the position of 1-and 3-hydroxyls at the A-ring of PRI-5201 formed a very strong
hydrogen bond with Asp-76, Arg-106, Arg-372, and three water molecules (see Figure 6 and
Figure S1 in Supplementary Materials). This is likely responsible for the higher affinity of
PRI-5201, versus that of PRI-1906.

2.4. Metabolic Conversion of 1,25D3 Analogs PRI-1901 and PRI-2205 to hCYP24A1-Mediated Degradation

The membrane fraction prepared from the recombinant Escherichia coli cells that ex-
pressed hCYP24A1 [25,26] was used to examine the metabolism of 1,25Ds, as previously
done for the 1,25D2 analogs. The HPLC metabolic profiles of PRI-1901 and PRI-2205 are
shown in Figure 8.

The metabolic conversion of PRI-2205 was 44 ± 6% and the same as that observed for
the parent 1,25D3 [10]. This suggests that modifications such as introducing an isolated
double bond in the regular vitamin D3 side-chain at C-22 as well as the formal transfer of
the 19-methylene from C-10 to C-4 position in the A-ring do not improve the metabolic
resistance of analogs. Quite unexpectedly, the extension of the side-chain by two carbon
units in PRI-1901 increased the metabolic conversion up to 58 ± 9%.

2.5. Molecular Interactions between CYP3A4 Binding Site and 1,25D3 Analogs

Based on the experimental data obtained for the metabolic conversion of 1,25D3
analogs by the CYP24A1 enzyme, we examined the nature of the mode of action that can be
created between analogs and the CYP3A4 enzyme. This was investigated for the PRI-1901
and PRI-2205 analogs of 1,25D3 by using the human CYP3A4 model (see Figure 9). The
calculated binding free enthalpy values for PRI-1901 and PRI-2205 were −62 kcal/mol
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and −64 kcal/mol, respectively (compared to −29 kcal/mol for 1,25D3). The interactions
inside the complexes of PRI-1901 and PRI-2205 are shown in Figure 9 and Figure S4 in the
Supplementary Materials.

Figure 8. HPLC profiles of 1,25D3 analogs (PRI-1901 and PRI-2205) and their metabolites, before and
after incubation with hCYP24A1. UV absorbance was recorded at 254 nm. The upper chromatograms
represent profiles of the reaction mixture following incubation with hCYP24A1 for 15 min. The lower
chromatograms were obtained at the starting point.

(A) 

 

 

 
(B) 

CYP3A4-PRI-1901 

 

 
CYP3A4-PRI-2205 

Figure 9. (A) Structural formulas of the analogs of 1α,25-dihydroxyvitamin D3 (PRI-1901 and
PRI-2205). (B) Molecular interactions between 1,25D3 analogs (PRI-1901 and PRI-2205) and CYP3A4
resulting from MD simulations. Hydrophobic interactions are shown as magenta dashed lines and
hydrogen bonds as green.

Analog PRI-1901, which has a (24aE) double bond that is located in the vicinity of
the C-25 center in the side-chain, is more flexible and adopts a U-shaped conformation.
This does not allow for the correct disposition in the active site. The binding model for
the PRI-1901 and CYP3A4 protein revealed that the 1,25D3 analog forms two hydrogen
bonds with the two residues of the active site of CYP3A4 (Arg-372 and Glu-374) and that
there are hydrophobic interactions with the amino acid residues Phe-108, Ile-301, Ala-305,
Ile-369, and Leu-482. On the other hand, the higher affinity of PRI-2205 can be attributed
to its extended conformation and may also be due to the presence of the cyclopropyl ring
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on the C-25 carbon atom at the side-chain which forms hydrophobic interactions with the
amino acid residues Ile-369, Ala-370, and Leu-482 as well as with the heme ring. It can be
seen (Figure 9) that the 19-methylene at the C-4 position makes strong π-alkyl interactions
with the key residues of the active site of CYP3A4, such as the aromatic ring of Phe-108,
Phe-213, and Phe-220. Furthermore, the positions of the A-ring hydroxyls of PRI-2205 allow
the formation of a network of hydrogen bonds with water molecules which stabilize the
binding of the PRI-2205 in the active site of CYP3A4.

3. Materials and Methods

3.1. Theoretical Calculations
3.1.1. Dataset Preparation

In this study, we made use of our previously published and new experimental data for
the metabolic resistance of analogs of 1,25D2 (PRI-5106, PRI-5105, PRI-1916, PRI-1917, PRI-
1906, PRI-1907, PRI-5201, and PRI-5202) and 1,25D3 (PRI-1901 and PRI-2205) [16,41,42]. The
starting conformations of the analogs were constructed based on the solid-state diffraction
data of structurally related compounds to eliminate any subjectivity in generating the
three-dimensional structure [43]. The molecular structures of the 1,25D analogs were
optimized using the density functional theory (DFT) at the B3LYP/6-311+G(d,p) level
implemented in the Gaussian 16 program [44]. The electrostatic potential (ESP) of the
atomic partial charges of the atoms was computed using the Breneman model [45] which
reproduces the molecular electrostatic potential. The crystal structure of human CYP3A4
(PDB entry 2V0M) was obtained from the RCSB Protein Data Bank [32]. The PDB file
presents a co-crystal with a ketoconazole ligand in the active site. Ligand (except for
the heme group), water molecules, and inorganic ions were removed before making the
calculations, and hydrogen atoms were added to reflect the physiological pH. Prior to the
analysis, the iron atom in the heme group was constrained to preserve its bonding to the
nitrogen atoms of the heme after the application of the CHARMm force field.

3.1.2. Molecular Docking and Dynamic Simulation

Docking and molecular dynamic (MD) simulations were performed using the Dis-
covery Studio 2020 with a visual interface BIOVIA [46]. To identify the starting structures
for the subsequent computations of the binding affinity of 1,25D analogs for CYP3A4;
a rigid docking procedure was performed using the CDOCKER protocol of Discovery
Studio 2020. The active site was defined with a radius of 15 Å around the analog present
in the 2V0M crystal. The analogs were allowed to interact with the residues within the
binding site spheres to generate ten conformations. The best poses predicted by CDOCKER
were used as the starting points in the MD simulation.

MD simulations were run using the CHARMm force field [47] implemented in the
module of Discovery Studio 2020. The molecular parameters and atomic charges for the
protein were taken from a set of CHARMm force field parameters. Each model of the
CYP3A4-analog complex was inserted into a cubic box of water molecules (TIP3P mod-
els) [48] extending up to 10 Å from any solute atom. Counter-ions (Na+, Cl−) were added
randomly to each complex at a concentration of ~0.15 M, close to physiological conditions,
by using the Solvation Module of Discovery Studio 2020. All energy minimization and MD
simulations were performed using the Particle Mesh Ewald (PME) algorithm [49] for the
correct treatment of electrostatic interactions [50] and periodic boundary conditions. Prior
to MD simulations, all systems were minimized based on the steepest descent method with
3000 steps followed by 3000 conjugate gradient energy-minimization steps (until the RMS
gradient of the structure was below 0.01 kcal/mol·Å) with an applied restraint potential of
10 kcal/mol·Å2 for protein. The conjugate gradient algorithm without restraint was further
carried out with an additional full minimization of 1000 steps. A gradual heating MD
simulation from 50 to 300 K was executed for 50 ps. Following heating, an equilibration
estimating 100 ps of each system was conducted (the operating temperature was kept
constant at 300 K). In the stages of heating and equilibration, the protein was fixed with
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a force constant of 5 kcal mol−1 Å−2. Using two phases, the equilibrated system was taken
as the starting structure for production runs. In the first phase, NVT was performed at
300 K for 10 ns in the presence of a weak harmonic restraint on the solute, and in the second
phase, NPT at 300 K and 1 bar for 10 ns. During the 20 ns simulations, snapshots were
stored every 1 ps and used for the analysis. All simulations were run with SHAKE on
hydrogen atoms with a 2 fs time step and Langevin thermostat for temperature control [51].
The integration time step was set to 1 fs. The cut-off distance for non-bonded terms was set
to 10 Å.

3.1.3. Binding Free Enthalpy Calculation

Even though docking combined with MD simulations provides a clear image of the
shape complementarity between the analog and the protein, there is the need for additional
and essential information regarding the free enthalpy of binding. This assesses the affinity
of an analog to its target. To compare the stability of each binding mode while considering
solvent effects, we calculated the binding free enthalpy (ΔGbind) for each mode by using
the MM/PBSA method in Discovery Studio 2020. The ΔGbind of 1,25D analogs to CYP3A4
was calculated using Equation (1):

ΔGbind = GCYP3A4-analog − GCYP3A4 − Ganalog (1)

where GCYP3A4–analog is the free enthalpy of complex, GCYP3A4 is the free enthalpy of
CYP3A4, and Ganalog is the free enthalpy of tested analogs. Binding free enthalpy was
calculated based on the average structures obtained from the 20 ns of MD trajectories.

3.2. Metabolic Conversion of 1,25D3 Analogs PRI-1901 and PRI-2205 to CYP24A1-Mediated Degradation

CYP24A1-mediated degradation of the two analogs of 1,25D3 (PRI-1901 and PRI-2205)
was determined using recombinant human CYP24A1 (hCYP24A1) as described previ-
ously [25,26]. The reaction mixture containing 2.0 μM bovine adrenodoxin, 0.2 μM bovine
adrenodoxin reductase, 20 nM CYP24A1, 5 μM 1,25D3 analog, 1 mM NADPH, 100 mM
Tris-HCl (pH 7.4), and 1 mM EDTA in total volume of 100 mL, was incubated at 37 ◦C for
15 min. The reaction was quenched by the addition of four volumes of chloroform/methanol
(3:1) and vigorous shaking. The organic phase was collected and dried down under re-
duced pressure. The residue was dissolved in acetonitrile and centrifuged at 20,000× g
for 15 min. The supernatant (applied volume 40 μL) was submitted to HPLC Capcell-Pak
C18 UG120 4.6 mm × 250 mm column (Phenomenex, Tokyo, Japan) at a flow rate of
1 mL/ according to previously described conditions [25,26]. Samples were eluted by linear
gradients of water-acetonitrile 20–100% solution (0–25 min) followed by 100% acetonitrile
(25–40 min). The eluted metabolites of 1,25D3 analogs were detected by UV absorbance at
254 nm. The amount of a 1,25D3 analog in the eluates was calculated from the peak area.
The percent of metabolic conversion of the analog was calculated as a ratio of the peak
area of metabolites to the sum of the peak areas of the remaining 1,25D3 analog and the
metabolite or metabolites (assumed as 100%).

4. Conclusions

This work has shown for the first time how the mode of action of 1,25D analogs
at the active site of CYP3A4 can be predicted using simulation models. The prediction
is of high importance for vitamin D-based drug candidates as CYP3A4 deactivates ca.
50% of drug substances. The results of the computational analysis have revealed that
the molecular interactions with the active site of the CYP3A4 enzyme were very different
for the 25-dimethyl analogs PRI-1906 and PRI-1916, as well as for the 25-diethyl analogs
PRI-1907 and PRI-1917. For PRI-1906 and PRI-1916, there was a head (A-ring) and tail
(side-chain) inversion; while for PRI-1907 and PRI-1917 there was a completely different
arrangement of the CD-ring system. Differences of the same kind might occur regarding
the binding of the above analogs to the CYP24A1 enzyme. The differences in molecular
interactions explain why pairs of analogs differing only in the (24E)-and (24Z)-geometry of
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the side-chain showed substantial differences in their metabolic resistance. The enzymatic
conversion of (24E)-analogs PRI-1906 and PRI-1907 by CYP24A1 was relatively very low,
while the conversion of (24Z)-analogs PRI-1916 and PRI-1917 was six times and ten-times
higher, respectively. As we anticipated, the calculated free enthalpy of binding of a vitamin
D metabolite or analog to CYP3A4 showed agreement with the experimental conversion
of an analog by CYP24A1. The very low values obtained for the enthalpy for the analogs
PRI-1906, PRI-1907, PRI-5201, and PRI-5202 correspond to the lowest values of metabolic
conversion. Similarly, high values for the enthalpy of the analogs PRI-1916 and PRI-1917
correspond with their high metabolic conversion. Finally, the relatively high values of
enthalpy for both 1,25D2 and 1,25D3 correspond well with their very high metabolic
conversion. Quite unexpectedly, the predicted location of 1,25D analogs in the CYP3A4
pocket is different for 1,25D2 and 1,25D3 analogs. The 1,25D2 analogs interact with the
CYP3A4 pocket using hydrogen bonds, and hydrophobic and van der Waals interactions,
while the interaction of 1,25D3 and its analogs are mainly hydrophobic in nature. Our
metabolic studies of the two series of analogs of 1,25D2 and 1,25D3 have revealed that
the position at C-10 or C-4 and the absence of 19-methylene in the A-ring, as well as
the modifications that retained the regular size of the side-chain, did not influence the
metabolic resistance of the analog. Regarding the structural modifications of vitamin D,
a combination of both an extension by one carbon unit and introducing a conjugated system
of double bonds in the side-chain results in the most pronounced increase in the resistance
of an analog to hCYP24A1-mediated degradation.

In summary, we have shown that the metabolic resistance of a vitamin D analog
to the CYP24A1 degrading enzyme, of unknown 3D structure, can be estimated by the
binding strengths of the analogs to the CYP3A4 enzyme, which is of known 3D structure.
The metabolic conversion of vitamin D analogs by CYP24A1 can be related to the free
enthalpy of binding to CYP3A4 only for analogs of 1,25D2 that have very similar structures.
Accordingly, examination of the correlation for analogs of 1,25D3 requires an extensive
series of analogs that have a similar structure.
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18. Piotrowska, A.; Wierzbicka, J.; Kwiatkowska, K.; Chodyński, M.; Kutner, A.; Żmijewski, M.A. Antiproliferative activity of
side-chain truncated vitamin D analogs (PRI-1203 and PRI-1204) against human malignant melanoma cell lines. Eur. J. Pharmacol.
2020, 881, 173170. [CrossRef] [PubMed]
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Abstract: This study aimed to evaluate the safety and potential use of soy isoflavones in the treatment
of skin problems, difficult-to-heal wounds and postoperative scars in women after the oncological
treatment of breast cancer. The effects of different concentrations of genistein as a representative
of soy isoflavonoids on MCF-7 tumor cells and BJ skin fibroblasts cultured in vitro were assessed.
Genistein affects both healthy dermal BJ fibroblasts and cancerous MCF-7 cells. The effect of the
tested isoflavonoid is closely related to its concentration. High concentrations of genistein destroy
MCF-7 cancer cells, regardless of the exposure time, with a much greater effect on reducing cancer
cell numbers at longer times (48 h). Lower concentrations of genistein (10 and 20 μM) increase the
abundance of dermal fibroblasts. However, higher concentrations of genistein (50 μM and higher)
are detrimental to fibroblasts at longer exposure times (48 h). Our studies indicate that although
genistein shows high potential for use in the treatment of skin problems, wounds and surgical scars in
women during and after breast cancer treatment, it is not completely safe. Introducing isoflavonoids
to treatment requires further research into their mechanisms of action at the molecular level, taking
into account genetic and immunological aspects. It is also necessary to conduct research in in vivo
models, which will allow for eliminating adverse side effects of therapy.

Keywords: genistein; breast cancer; MCF-7 cells; skin; fibroblasts

1. Introduction

Breast cancer is a malignant tumor of the mammary gland originating from epithelial
tissue and is also the most common malignant tumor in women [1]. In 2020, female breast
cancer surpassed lung cancer as the most commonly diagnosed cancer, with an estimated
2.3 million new cases (11.7% of total cancers) [2]. Depending on the type of cancer, stage
of the disease and patient’s condition, different treatment methods are applied [3,4]. The
most used method is local or radical surgery supplemented with radiotherapy and/or
chemotherapy [5]. There are also trials of novel treatments with fewer side effects, e.g.,
photodynamic therapy [6]. Although these methods show great promise, at this point
they are rarely used due to the high cost of therapy. Modern medicine allows for breast
reconstructive surgery, which can be performed during subtraction surgery or at another
time [7]. However, regardless of the decision made by the surgeon and the patient, surgery
is usually followed by an extensive scar. A complementary treatment used to eliminate the
remaining cancer cells can also adversely affect postoperative wound healing and proper
scar formation, which is not only an aesthetic defect but can also impede mobility and be
painful. Therefore, it is essential to implement as soon as possible a therapy supporting
these two processes [8]. Several preparations are available for the treatment of scars, but
few of them have been sufficiently tested for safety in oncology patients. Many active
substances can potentially stimulate ongoing tumorigenesis in tissues, but there is a lack
of scar treatment products that would be safe for oncological patients but effective at the
same time.
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Soy isoflavonoids are classified as phytoestrogens, plant equivalents of female hor-
mones [9,10]. Soy phytoestrogens, especially genistein and daidzein, in their structure
and action resemble the female hormone estradiol [11]. Therefore, applied topically, they
could bind to estrogen receptors in the skin and thus show a direct effect on the changes
occurring in its cells [12,13]. The action of phytoestrogens on the skin and wound healing
has been supported by numerous studies [14–32]. These compounds primarily affect the
production of collagen, elastin and hyaluronic acid [23]. They also show strong soothing
and anti-inflammatory properties. As flavonoid substances are characterized by strong
anti-free solid radical properties, they also inhibit the activity of enzymes from the metal-
loproteinase class (MMP-1 and MMP-3), which are activated under the influence of UV
radiation. Metalloproteinase MMP-1 breaks down collagen fibers, whereas MMP-3 breaks
down the proteins responsible for proper communication between the epidermis and the
dermis [33].

The aim of this study was to evaluate the safety and potential use of soy isoflavones in
the treatment of skin problems, difficult-to-heal wounds and postoperative scars in women
after oncological treatment of breast cancer. Therefore, a study was conducted to analyze
the effects of different concentrations of genistein, as a representative of soy isoflavonoids,
on MCF-7 cancer cells and BJ dermal fibroblasts.

2. Results

Figures 1 and 2 show the cytotoxic effects of genistein at different concentrations after
24 h and 48 h on tumor cells MCF-7 and non-tumor cells BJ in MTT test. After 24 h of
treatment, genistein was cytotoxic for MCF-7 cells in concentrations over 80 μM and for BJ
cells at its highest concentration (200 μM). It could also be observed that genistein at lower
concentrations stimulated fibroblast growth. Treatment with genistein 50, 80, 100, 150 and
200 μM for 48 h, induced cytotoxicity in both non-tumor BJ and tumor MCF-7 cells.
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Figure 1. Cytotoxic effect of genistein at different concentrations after 24 h and 48 h on tumor MCF-7
cells in MTT test. Results are the mean ± SD of n = 5. * Statistically significant (p < 0.05; ANOVA
followed by Dunnett’s test compared with control group). Cells cultured with 0.1% DMSO were
considered Control (+). Cells cultured with 15% DMSO were considered as Control (−).

Figures 3 and 4 show the influence of different concentrations of genistein after 24 h
or 48 h on apoptosis of tumor MCF-7 cells and non-tumor BJ cells. After 24 h, among
MCF-7 tumor line, apoptotic cells are observed at concentration as low as 20 μM. At
genistein concentrations of 50 μM and higher, a reduction in the number of viable cells
is observed. Among the cells of the non-tumor BJ line, apoptotic cells are observed only
at a concentration of 150 μM. At lower concentrations of genistein, an increased number
of viable fibroblasts can be observed. After 48 h incubation of MCF-7 cells with genistein,
apoptosis and a significant decrease in the number of viable cells is observed from a
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concentration of 20 μM. For this exposure time, the BJ fibroblast population is reduced
already at genistein concentrations of 50 μM.

Figure 2. Cytotoxic effect of genistein at different concentrations after 24 h and 48 h on non-tumor BJ
cells in MTT test. Results are the mean ± SD of n = 5. * Statistically significant (p < 0.05; ANOVA
followed by Dunnett’s test compared with control group). Cells cultured with 0.1% DMSO were
considered Control (+). Cells cultured with 15% DMSO were considered as Control (−).

Figure 3. Induction of apoptosis by genistein at different concentrations in tumor MCF-7 cell lines
in fluorescent microscope (magnification 400×). Cells were stained with annexin-Cy3.18 (AnnCy3)
and 6-Carboxyfluorescein diacetate (6-CFDA). AnnCy3 binds to phosphatidylserine present in the
outer leaflet of plasma membrane of cells starting the apoptotic process. The binding is observed as
red fluorescence. 6-CFDA is used to measure viability. When this non-fluorescent compound enters
living cells, esterases hydrolyze it, producing fluorescent compound 6-carboxyfluorescein (6-CF).
This appears as green fluorescence. Cells cultured with 0.1% DMSO were considered as Control (+).
Cells cultured with 15% DMSO were considered as Control (−).
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Figure 4. Induction of apoptosis by genistein at different concentrations in non-tumor BJ cell lines
in fluorescent microscope (magnification 400×). Cells were stained with annexin-Cy3.18 (AnnCy3)
and 6-Carboxyfluorescein diacetate (6-CFDA). AnnCy3 binds to phosphatidylserine present in the
outer leaflet of plasma membrane of cells starting the apoptotic process. The binding is observed as
red fluorescence. 6-CFDA is used to measure viability. When this non-fluorescent compound enters
living cells, esterases hydrolyze it, producing fluorescent compound 6-carboxyfluorescein (6-CF).
This appears as green fluorescence. Cells cultured with 0.1% DMSO were considered Control (+).
Cells cultured with 15% DMSO were considered Control (−).

Figures 5 and 6 show the impact of different concentrations of genistein on viability
of tumor MCF-7 cells and non-tumor BJ cells. A reduction in the number of MCF-7
tumor cells above the genistein 20 μM concentration was observed at both exposure times.
In the fibroblast population, at 24 h genistein exposure, a decrease in cell number was
observed only at a concentration of 150 and 200 μM. When BJ line cells were incubated
with genistein for 48 h, a significant decrease in population size was observed as low as
50 μM concentration.
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Figure 5. Percentage of viable MCF7 cells [%] in trypan blue exclusion assay after treatment with
genistein at different concentration [μM]. Results are the mean ± SD of n = 3. * Statistically significant
(p < 0.05; ANOVA followed by Dunnett’s test compared with control group). Cells cultured with 0.1%
DMSO were considered Control (+). Cells cultured with 15% DMSO were considered Control (−).
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Figure 6. Percentage of viable BJ cells [%] in trypan blue exclusion assay after treatment with genistein
at different concentration [μM]. Results are the mean ± SD of n = 3. * Statistically significant (p < 0.05;
ANOVA followed by Dunnett’s test compared with control group). Cells cultured with 0.1% DMSO
were considered Control (+). Cells cultured with 15% DMSO were considered Control (−).

Gene expression analysis showed that all genistein concentrations resulted in change of
all gene expression (Figure 7). Genistein at a concentration of 20 μM also strongly stimulated
the expression of the MKI67 in the MCF-7 line and mildly stimulated its expression in
fibroblasts. The highest concentration of genistein negatively affected the expression
of the MKI67 in both tumor cells and dermal fibroblasts. Genistein at concentrations
of 10 and 20 μM increased BIRC5 gene expression in the BJ line, while at the highest
concentration, it strongly decreased it. The lowest concentration of phytoestrogen also
increased the expression of the BIRC5 gene in the tumor line, while concentrations of
20 and 50 μM decreased it. The lowest concentration of genistein strongly stimulated AKT1
expression in the BJ line, while the other concentrations resulted in decreased expression.
All concentrations of genistein decreased AKT1 expression, with a decreasing expression
in proportion to increasing concentrations. It was observed that genistein increased BCL2
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expression in fibroblasts at all concentrations, with the strongest at a concentration of
10 μM. The lowest concentration of the phytoestrogen gently increased the expression of
the analyzed gene, while the other concentrations caused a decrease.

Figure 7. Analysis of gene expression in MCF-7 and BJ cells treated with genistein at different
concentrations 10, 20 and 50 μM) after 24 h Results are the mean value SD of n = 2. * Statistically
significant (p < 0.05 ANOVA Friedman along with Dunn’s multiple comparisons test compared with
control group). Cells cultured with 0,1% DMSO were considered as Control (+). Cells cultured with
15% DMSO were considered as Control (−).

3. Discussion

The tests performed clearly indicate that genistein affects both healthy dermal BJ fibrob-
lasts and cancerous MCF-7 cells. The effect of the tested isoflavonoid is closely related to
its concentration. The authors’ study indicates that high concentrations of genistein destroy
MCF-7 cancer cells, regardless of the exposure time, with a much greater effect reduces cancer
cell numbers at longer times (48 h). Lower concentrations of genistein (10 and 20 μM) increase
the abundance of dermal fibroblasts. However, higher concentrations of genistein (50 μM and
higher) prove to be detrimental to fibroblasts at longer exposure times (48 h).

The results of the MCF-7 cell assay are in line with those of Kabała et al., who used
two cancer lines, MCF-7 and MDA-MV-231 in their research. The conducted study showed
a high dose-dependent effect in cell viability assays. The IC50 value was 47.5 μM for
genistein. Isoflavonoid-induced apoptosis was dose- and time-dependent for both cell
lines, with isoflavonoids being more active on MCF-7 cells [34].

Choi also conducted similar studies et al. When MCF-7 cells were treated with 50,
100, 150 and 200 μM of genistein for 24, 48 or 72 h, cell growth was significantly decreased
in a concentration-dependent manner. After 48 h of treatment with 50 μM genistein,
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genistein-induced apoptosis features were observed in MCF-7. This observation is based
on the finding that the expression of B-cell lymphoma protein 2 (Bcl-2) was decreased,
whereas the expression of Bcl-2-related X protein (Bax) was induced by genistein. BCL2
gene family includes genes associated with regulation of apoptosis; BCL2 protein itself
acts as antiapoptotic factor, while BAX is proapoptotic one [34]. The results of their study
suggested that the induction of apoptosis by genistein was associated with the modulation
of estrogen receptor-α (ERα) and cyclin D1 expression, which resulted in the inhibition of
MCF-7 cells proliferation [35].

An important problem in the use of isoflavonoids in cancer therapy turns out to be
the maximum physiological concentrations of the tested compounds. This problem was
addressed by Tsuboy et al., who found that the maximum concentration of genistein that
can be achieved in tissues is 30 μM [36]. Tsuboy et al. also determined that only supraphys-
iological levels of Gen (50 and 100 μM) were cytotoxic to these cell lines; concentrations of
10 and 25 μM did not induce apoptosis or significant changes in the expression of the genes.
Positive results were found only in cell cycle analysis: G0/G1. Therefore, despite the lack
of induction of apoptosis, genistein at physiologically relevant serum concentrations still
exerts chemopreventive effects through cell cycle modulation [36].

The use of soy isoflavonoids for skin problems after cancer treatment therefore requires
studies on lower concentrations of genistein. Uifălean at al. conducted such a study and
showed that at relatively low concentrations (1.56–13.06 μM), genistein stimulated the cell
growth of MCF-7, in contrast with control, while higher concentrations of this compound
had an inhibitory effect. The inhibitory effects of genistein are due to various molecular
mechanisms: high doses of isoflavones (typically > 20 μM Gen) have been shown to
stimulate apoptosis, inhibit cell proliferation and survival, and have antioxidant and
angiogenesis inhibitory effects in breast cancer cells. In the present authors’ study, the MTT
assay indicated mild stimulation of tumor cell proliferation at a genistein concentration of
10 μM [37]. Therefore, the safest achievable systemic concentration of genistein that will
have a beneficial effect on wound healing and scar formation after cancer treatment while
at the same time not stimulating cancer cells may be 20 μM.

There are several papers in which authors have analyzed the molecular mechanisms
and basic signaling pathways involved in both the stimulatory and inhibitory effects of
genistein [37–42]. Lavigne et al. analyzed gene expression patterns in MCF-7 line cells
treated with physiological (1 and 5 μM) and pharmacological (25 μM) concentrations of
genistein. Studies using oligonucleotide microarrays showed that genistein alters the
expression of genes belonging to a broad spectrum of pathways, including the estrogen
pathway and the p53 pathway. TP53 gene encodes proteins that are important for DNA
damage repair and apoptosis. At doses of 1 and 5 μM, genistein induced an expression
pattern suggestive of increased mitogenic activity, confirming the proliferative response
to genistein observed in the MCF-7 cell cultures we conducted, while at a dose of 25 μM,
genistein induced a pattern that likely contributes to increased apoptosis, decreased prolif-
eration and reduced total cell number [38], which is also consistent with the cell culture
results I obtained.

In their study, Sreenivasa et al. showed that genistein inhibits the growth of MCF-7 cell
line in a dose-dependent manner. The genistein-induced growth inhibition is accompanied
by a reduction in the number of mitotic cells and overexpression of the cyclin-dependent
kinase inhibitor p21WAF1, leading to cell cycle arrest. In addition, telomere length was
significantly reduced in genistein-treated cancer cells. The analysis of a number of apoptosis-
related genes showed the inhibition of Akt activity without affecting the level of Akt protein
expression, as well as decreased expression of the pro-apoptotic gene BAD. The expression
of one of the genes belonging to this group, AKT1, was also analyzed in our study. AKT1 is
one of 3 closely related serine/threonine-protein kinases (AKT1, AKT2 and AKT3) called
the AKT kinase, which regulate many processes including metabolism, proliferation, cell
survival, growth, and angiogenesis. This is mediated through serine and/or threonine
phosphorylation of a range of downstream substrates. The results of our study suggest a
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reduction in its expression at all tested genistein concentrations. Based on our own and
other authors’ results, we can conclude that the inhibition of cell division by genistein
is mediated in part by a decrease in telomere length, a decrease in mitotic divisions and
inhibition of Akt activation, leading to the induction of apoptosis [39].

The antiproliferative effect of genistein on MCF-7 cells and the molecular mechanisms
involved in this effect were also analyzed by Prietsch et al. Their study showed that
genistein induced phosphatidylserine externalization and LC3A/B immunopositivity in
MCF-7 cells, indicating apoptosis and cell death by autophagy. Genistein increased the
proapoptotic BAX/Bcl-2 ratio threefold and induced a 20-fold reduction in anti-apoptotic
survivin (BIRC-5). The reduced expression of the BIRC-5 gene was also consistent with our
analysis [40].

Chen et al. found that genistein inhibited MCF-7 cell proliferation and induced cell
apoptosis through the inactivation of IGF-1R and p-Akt and decreased the Bcl-2/Bax protein
ratio. These results suggest that genistein inhibited cell proliferation by inactivating the IGF-
1R-PI3 K/Akt pathway and reducing mRNA and protein expression of Bcl-2/Bax [41,42].

4. Materials and Methods

The MCF-7 human breast cancer cells, media, trypsin and DMSO were purchased
from the ATCC (Manassas, VA, USA), respectively, for use in the present study. BJ human
skin fibroblasts were a gift from the Department of Synthesis and Chemical Technology of
Medicinal Products in Medical University of Lublin. All plasticware used for cell culture
were purchased from Sarsted (Nümbrecht, Germany). Insulin, Genistein, Trypan Blue
Solution and Annexin V-Cy3TM Apoptosis Detection Kit were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). The Antibiotic-Antimycotic was purchased from
Thermo-Fisher (Waltham, MA, USA). The Fetal Bovine Serum (FBS) was purchased form
Biomed. The Cell Proliferation Kit (MTT) was purchased from Roche Diagnostics GmbH
(Hong Kong, China), respectively. Genistein was dissolved in DMSO (final concentration
of 0.1% in medium).

The MCF-7 human breast cancer cells and BJ human skin fibroblasts were main-
tained in The Department of Cancer Genetics of Medical University in Lublin. The MCF-7
cells were cultured in EMEM (Eagle’s medium), supplemented with 10% FBS, human
recombinant insulin (0.01 mg/mL) and antibiotics (50 U/mL penicillin and 50 μg/mL
streptomycin). The BJ cells were cultured in EMEM (Eagle’s medium), supplemented
with 10% FBS and antibiotics (10,000 U/mL of penicillin, 10,000 μg/mL of streptomycin,
and 25 μg/mL of Gibco Amphotericin B). Both of cultures were maintained at 37 ◦C in a
humidified atmosphere containing 5% CO2.

Cytotoxicity was examined using MTT assay. Cells were plated at 2.5–5 × 105 cells/well
in a 96-well tissue culture plate and incubated for 24 h following which they were exposed
to genistein solutions at concentrations of 10, 20, 50, 80, 100, 150 and 200 μM and DMSO
solutions at concentration of 10% and 15%. Following incubation for 24 and 48 h, the plated
cells were incubated with MTT (final concentration 0.5 mg/mL) for 4 h at 37 ◦C. Then
the Solubilization solution was added into each well (100 μL). The plates were incubated
overnight at 37 ◦C, 5% CO2, so that the complete dissolution of formazan was achieved. The
absorbance of MTT formazan was determined at 570 nm using a microplate ELISA reader.

The apoptosis was detected using Annexin V-Cy3TM Apoptosis Detection Kit. Cells
were plated at 0.5–1.0 × 106 cells/ml on Petri dishes and incubated for 24 h following witch
they were exposed to genistein solutions at concentrations of 10, 20, 50, 80 and 100 μM and
DMSO solution at concentration of 10%. Following incubation for 24 h, cells were washed
three times using binding buffer solution. Then, double label staining solution (AnnCy3
and 6-CFDA) was added to Petri dishes covered in aluminum foil. Cells were incubated for
10 min at room temperature and washed five times with binding buffer to remove excess
label from the cells. Following that, the binding buffer was added to the cells and the dishes
were covered with a coverslip and observed under a florescence microscope, using the
correct filter and light source, and then photographed.
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To quantify the percentage of cells that underwent apoptosis, a trypan blue assay was
additionally performed. Cells were plated at 0.5–1.0 × 106 cells/ml on Petri dishes and
incubated for 24 h after which they were exposed to genistein solutions at concentrations of
10, 20, 50, 80 and 100 μM and DMSO solution at a of 10%. Following incubation for 24 h, the
cells were detached from the plates with trypsin solution. An equal amount of trypan blue
was added to the cell pellet and incubated for 2 min at room temperature. The suspension
was then applied to a primary slide, covered with a coverslip and observed under the
microscope. The number of dead stained cells per 100 total cells was then calculated.

Expression of EGFR, BCL2, MKI7, BIRC5 and AKT1 genes was measured using SYBR
Green PCR Mastermix (Thermo Scientific), in duplicate in 96-well plates using the 7500
Real-Time PCR System from Applied Biosystems (Foster City, CA, USA). The results were
then analyzed using the 7500 System software (Applied Biosystems). Each reaction was
normalized to GAPDH reporter gene expression, and relative expression was calculated
using the ΔΔCt method [43]. The sequences of the primers used are listed in Table 1.

Table 1. Sequences of primers.

Gene Forward Sequence Reverse Sequence
Product Size

(bp)

BCl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC 140

MKI67 GAAAGAGTGGCAACCTGCCTTC GCACCAAGTTTTACTACATCTGCC 151

EGFR AACACCCTGGTCTGGAAGTACG TCGTTGGACAGCCTTCAAGACC 106

AKT1 TGGACTACCTGCACTCGGAGAA GTGCCGCAAAAGGTCTTCATGG 154

BIRC5 CCACTGAGAACGAGCCAGACTT GTATTACAGGCGTAAGCCACCG 115

5. Conclusions

Our studies indicate that despite the high potential of genistein for use in the treatment
of skin problems, wounds, and surgical scars in women during and after breast cancer
treatment, it cannot be recognized as totally safe. Soy isoflavonoids are substances with
very high biological activity, so their introduction into treatment requires further studies on
their mechanisms of action at the molecular level considering genetic and immunological
aspects. It is also necessary to conduct studies in in vivo models. This will allow for the
elimination of possible side effects due to adverse effects on the body or therapy.
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18. Sienkiewicz, P.; Surazyński, A.; Pałka, J.; Miltyk, W. Nutritional concentration of genistein protects human dermal fibroblasts
from oxidative stress-induced collagen biosynthesis inhibition through IGF-I receptor-mediated signaling. Acta Pol. Pharm. 2008,
65, 203–211. [PubMed]

19. Park, E.; Lee, S.M.; Jung, I.K.; Lim, Y.; Kim, J.H. Effects of genistein on early-stage cutaneous wound healing. Biochem. Biophys.
Res. Commun. 2011, 410, 514–519. [CrossRef] [PubMed]

20. Emmerson, E.; Campbell, L.; Ashcroft, G.S.; Hardman, M.J. The phytoestrogen genistein promotes wound healing by multiple
independent mechanisms. Mol. Cell. Endocrinol. 2010, 321, 184–193. [CrossRef] [PubMed]

21. Marini, H.; Polito, F.; Altavilla, D.; Irrera, N.; Minutoli, L.; Calò, M.; Adamo, E.B.; Vaccaro, M.; Squadrito, F.; Bitto, A. Genistein
aglycone improves skin repair in an incisional model of wound healing: A comparison with raloxifene and oestradiol in
ovariectomized rats. Br. J. Pharmacol. 2010, 160, 1185–1194. [CrossRef] [PubMed]

22. Polito, F.; Marini, H.; Bitto, A.; Irrera, N.; Vaccaro, M.; Adamo, E.B.; Micali, A.; Squadrito, F.; Minutoli, L.; Altavilla, D. Genistein
aglycone, a soy-derived isoflavone, improves skin changes induced by ovariectomy in rats. Br. J. Pharmacol. 2012, 165, 994–1005.
[CrossRef]

23. Kloska, A.; Jakóbkiewicz-Banecka, J.; Narajczyk, M.; Banecka-Majkutewicz, Z.; Węgrzyn, G. Effects of flavonoids on glycosamino-
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Abstract: Isoflavonoids such as genistein (GE) are well known antioxidants. The predictive biological
activity of structurally new compounds such as thiogenistein (TGE)–a new analogue of GE–becomes
an interesting way to design new drug candidates with promising properties. Two oxidation strategies
were used to characterize TGE oxidation products: the first in solution and the second on the 2D
surface of the Au electrode as a self-assembling TGE monolayer. The structure elucidation of
products generated by different oxidation strategies was performed. The electrospray ionization
mass spectrometry (ESI-MS) was used for identifying the product of electrochemical and hydrogen
peroxide oxidation in the solution. Fourier transform infrared spectroscopy (FT-IR) with the ATR
mode was used to identify a product after hydrogen peroxide treatment of TGE on the 2D surface.
The density functional theory was used to support the experimental results for the estimation of
antioxidant activity of TGE as well as for the molecular modeling of oxidation products. The biological
studies were performed simultaneously to assess the suitability of TGE for antioxidant and antitumor
properties. It was found that TGE was characterized by a high cytotoxic activity toward human breast
cancer cells. The research was also carried out on mice macrophages, disclosing that TGE neutralized
the production of the LPS-induced reactive oxygen species (ROS) and exhibits ABTS (2,2′-azino-
bis-3-(ethylbenzothiazoline-6-sulphonic acid) radical scavenging ability. In the presented study, we
identified the main oxidation products of TGE generated under different environmental conditions.
The electroactive centers of TGE were identified and its oxidation mechanisms were proposed. TGE
redox properties can be related to its various pharmacological activities. Our new thiolated analogue
of genistein neutralizes the LPS-induced ROS production better than GE. Additionally, TGE shows a
high cytotoxic activity against human breast cancer cells. The viability of MCF-7 (estrogen-positive
cells) drops two times after a 72-h incubation with 12.5 μM TGE (viability 53.86%) compared to
genistein (viability 94.46%).

Keywords: antioxidant; antitumor; biologically active compounds; electrochemistry; electrospray ion-
ization; structure elucidation; identification; molecular modeling; oxidation mechanisms;
spectroscopic data

1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the main
sources of oxidative stress in biological systems. ROS and RNS can react with proteins,
lipids, and nucleic acids, giving rise to damage at various sites within the cell [1]. The
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cell contains various enzymes and antioxidants (AOXs) to provide protection and avoid
damage. AOXs are compounds that significantly delay or inhibit oxidation of the oxidis-
able substrate at relatively low concentrations [2]. Flavonoids and isoflavonoids such as
genistein (GE) are well-known antioxidants and can help protect cells against reducing
carcinogenesis. Flavonoids exhibit a broad spectrum of biological activity, including antioxi-
dant, antitumor, antibacterial, antiviral, anti-inflammatory, anti-allergenic, and vasodilatory
actions [3–8]. Additionally, they play an important role in the prevention and treatment
of hormone-dependent diseases. Genistein is thought to act as an anticancer agent in a
large part through its ability to scavenge oxidants involved in carcinogenesis. However, the
clinical and therapeutic use of genistein still suffers from many problems related mainly to
low lipid and water solubility [6] and poor bioavailability [7]. Therefore, a lot of studies
have focused on obtaining genistein derivatives (mainly modified by glycosylation, alkyla-
tion, esterification, and hydroxylation) and their drug delivery systems that achieved the
required pharmacological activity but also showed fewer side effects and therapeutic limi-
tations. Thiolated genistein (TGE), described by Sidoryk and co-workers [8], is composed
of the genistein residue bound at the 7-OH site to the hydroxyethyl linker and thioglycolic
acid residue. Such a new construction of genistein has several interesting properties. The
predictive biological activity of structurally new compounds such as thiogenistein–a new
analogue of genistein–becomes an interesting way of designing new drug candidates with
promising properties.

The antioxidant activity of flavonoids attracted attention because they cannot only
scavenge free radicals, but also reduce free radical formation [9]. The antioxidant activity
of flavonoids is primarily exerted by phenolic hydroxyl groups. Interestingly, in certain
flavonoids, bond dissociation of the C−H bonds located at C3 of the C-ring competes with
the O-H bond, suggesting that dissociation of the C-H bond can be involved in antioxidant
activity [9]. The chemical structure plays a fundamental role in the antioxidant activity of
substances. It is known that the existence of a certain hydroxylation pattern, particularly, in
the B-ring of the flavonoid structure and/or a C2=C3 double bond in conjugation with a C4-
carbonyl group, O3−H groups, and methoxyl groups, increases antioxidant activities [10].
The computed here molecular structure of TGE exhibits several properties supposed to
shed more light on the molecular basis of this new compound’s antioxidant activity. They
possess the ability for effective radical scavenging, an important (substituted) phenolic ring
(B), it has a C-2,3 double bond in conjugation with a 4-oxo function in the C-ring. A rather
minor influence of the C-ring on electron delocalization from the B-ring is expected. In
the TGE molecule, the C and B rings are twisted relative to each other (about 40 degrees).
Moreover, the length of the C3-C1’ bond between them is closer to be single (0.149 nm vs.
0.151 nm for single C-C) than double (0.140 nm, as in the B ring). Some of these properties
can be recognized in flavonoids (e.g., apigenin) and isoflavonoids (e.g., genistein and
daidzein). It is very challenging to correlate the molecular characteristics to antioxidant
activity, e.g., [11,12]. Previously reported studies on polyphenolic flavonoid structures have
shown that their radical scavenging activity is related to the presence of phenolic hydroxyl
groups, through their H-donating properties acting via the hydrogen atom transfer (HAT)
or the single electron transfer followed by proton transfer (SETPT) mechanisms [13,14].
It is known that compounds that possess strong radical scavenging abilities are oxidized
at lower potentials [15,16]. However, the flaw in this way of thinking is the possible
autoxidation of strong radical-scavenging compounds, so their pro-oxidant properties. A
balance is needed between antioxidant and pro-oxidant activities. Specific products are
formed during these antioxidant reactions. The knowledge of the oxidation mechanisms is
crucial to ascertain the influence of the redox behavior on the pharmacological, nutritional,
and chemical properties of our new thiolated analogue of genistein and for predicting the
mechanism of metabolism.

The aim of the current study was to apply different strategies for the generation of
oxidation products of TGE in solution and on 2D surfaces and the subsequent identification
of the unknown products. For the 2D oxidation study, TGE was chemically attached to the
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gold surfaces as the self-assembled monolayers (SAMs). TGE in SAMs has limited con-
formational space, it is more susceptible for intermolecular interactions, as well as for the
oxidation agent attacking various TGE molecular fragments. A multitude of experimental
approaches is needed for the characterization of SAMs after oxidation. Attenuated total
reflectance spectroscopy (ATR) is a variant of infrared spectroscopy (IR) and is frequently
employed to investigate SAMs [17,18]. The multi-tool analytical approach was based on
electrochemistry (EC) and mass spectrometry with electrospray ionization (ESI-MS) for
the TGE solution oxidation study. The EC was coupled directly to ESI-MS. TGE oxida-
tion products obtained by using electrochemical potentials and reactions with hydrogen
peroxide were identified. The use of electrochemical potentials and H2O2 will model the
action of oxidative agents on TGE in various environments. This helps to predict a possible
pattern of TGE metabolism. Both physicochemical methods are precisely controlled and
have great potential as fast alternatives to in vitro assays. The electroactive centers of TGE
are identified and their oxidation mechanisms are determined. It is worth mentioning here
that electrochemical techniques have also been applied for showing similarities between
electrochemical and biochemical reactions with the use of the structure–activity relationship
(SAR) for flavonoids [16,19] possessing redox activity. The molecular modeling and the
quantum mechanical density functional calculations are also performed on model systems
to support a discussion.

The anticancer and antioxidative activity of the new analogue is evaluated based on
cell culture, the radical scavenging activity (ABTS assay), and the generated ROS level
(DCFH-DA assay). The research is carried out on one human breast cancer (MCF-7 estrogen
positive and MDA-MB-231 estrogen negative cells line) and also on LPS-induced mice
macrophages (RAW 264.7 line).

To summarize, this work becomes a continuation of our former study on physico-
chemical, biological, and theoretical properties of a new compound, TGE [20]. Here, we
estimated the oxidation with electrochemical and chemical (H2O2) methods by identifying
the main oxidation products with MS/MS spectrometry and IR spectroscopy, antitumor
and antioxidant properties by biological methods, and by theoretical modeling predicting
antioxidant activity. It was tested whether the modification of the structure, by introducing
an HS-CH2-COO-CH2-CH2- group, would produce an analogue with a higher antitumor
and antioxidant potential.

The study of the effect of TGE chemistry on its biological activity is an important
aspect. We hope that understanding these effects will help to determine key molecular
fragments involved in the subsequent biochemical processes in living organisms and extend
information about their role in metabolic processes and pharmacological activity [21].

2. Results and Discussion

Genistein is one of the isoflavones with extensively studied antioxidant and antitumor
potentials. It modulates various steps of the cell cycle, angiogenesis, apoptosis, and
metastasis in different types of cancers [22,23]. Therefore, the number of studies on the
synthesis and biological evaluation of new genistein derivatives is increasing every year.
In our research, we focused on a new thioderivative of genistein and its biological and
antioxidant properties.

2.1. ABTS Radical Scavenging Assay

Radical scavenging activity (RSA%) measured by ABTS correlates with the electron or
hydrogen donating ability of antioxidants, and it is the mainly used method to evaluate the
antioxidant activity of studied compounds. The inhibitory effects of TGE and GE on ABTS
radicals are shown in Figure 1.
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Compound TGE GE 

IC50 ( M) 76.93 ± 1.04 19.93 ± 0.12 

Figure 1. Determination of the antioxidant activity of GE and TGE by ABTS radical scavenging assay.
The data shown were obtained after 30 min of incubation. The value of IC50 (half-maximal inhibitory
concentration) in the figure inset is represented as mean ± SD (n = 3).

The previously described studies of the flavonoids polyphenolic structures have shown
that hydroxyl groups and their structural arrangements induce antioxidant properties
through the H-donating transfer. After 30 min of incubation, both TGE and GE possessed
inhibitory effects on the ABTS radical in a dose-dependent manner. However, the test per-
formed for TGE (4′,5-hydroxyisoflavone) versus GE (4′,5,7-dihydroxyisoflavone) confirmed
that conversion of the 7-hydroxy structure in the A ring of GE to the thiolated residue in the
A ring of TGE reduced the value of RSA% TGE to 64.97%, compared to 97.35% GE. The IC50
values of TGE and GE were 76.93 (±1.04) and 19.93 (±0.12) μM, respectively.

2.2. H2DCF-DA ROS Detection Assay

The inhibition activity of LPS-induced ROS production by TGE at different concentra-
tions in macrophage cells was determined by using the DCFH-DA assay. The LPS-treated
(10 μg/mL) macrophages showed an increase in reactive oxygen species production of
approximately 60% more ROS compared to non-stimulated cells (Figure 2). The addition of
TGE and GE solutions in the tested range significantly reduced the LPS-induced ROS pro-
duction in RAW 264.7 cells. In the case of cells treated with the two highest concentrations
of TGE, 200 and 100 μM observed an approximate 58.29% (±0.40%) and 54.82% (±0.93%)
reduction, respectively. The level of ROS was similar to those generated by non-stimulated
macrophages. During the concentration of 6.25 μM, the effect for TGE and GE is similar.
Compared to the LPS-induced cells, the ROS level is decreased by 34.2% (±2.58%) and
36.94% (±1.74%) for TGE and GE, respectively.

The presence of the -SH group in the new substituent may be responsible for the
correct thiol–disulfide balance and the associated oxidation–reduction potential of cells. A
similar mechanism is observed for glutathione, which is a natural antioxidant [20,24].
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Figure 2. Effective inhibition of LPS-induced ROS production by TGE and GE solutions in
macrophage cells after 24 h of incubation (C+LPS means cells stimulated by LPS and C means
non-stimulated cells/control group).

2.3. In Vitro Study–Cell Viability, Cytotoxicity

Studies on synthetic genistein derivatives, including combinations with glycosides, for
example, prove the effectiveness of the anti-tumor activity in in vitro systems. The potency
of the anti-tumor activity of genistein glycosides varies depending on the sugar groups
attached. For example, the addition of acetylated sugar hydroxyls to genistein resulted
in a greater selectivity for cancer cells. Additionally, it was confirmed that the potency
of the antitumor activity of genistein and its derivatives varies in different tumor types,
depending on their selectivity for the target molecules. Our previous studies have shown
that the substitution of the -OH group at position seven of the A ring by an ethyl linker
and a thioglycolic acid residue allows us to obtain a derivative showing a higher cytotoxic
activity against human prostate cancer DU145 cells, but also a lower toxicity against normal
prostate epithelial cells (PNT2) compared to its precursor–genistein [20]. Based on previous
promising results, our research has been extended to include two breast cancer lines: the
estrogen-positive MCF-7 and the estrogen-negative MDA-MB-231.

Antitumor Activity–Breast Cancer

Breast cancer belongs to the group of heterogeneous diseases with many clinical,
molecular, and histopathological forms, which makes obtaining effective chemotherapy
problematic. Seventy percent of them are associated with the expression of the estrogen-
α (ERα) receptor. Therefore, as a model to determine the anti-tumor activity of TGE,
two breast cancer lines, MCF-7, an estrogen-positive breast cancer, and MDA-MB-231, an
estrogen-negative breast cancer, are used.

For both lines, similar relationships were obtained, as in the case of prostate cancer [20].
After 72 h (Figure 3c), the viability drops to 8.76% (±0.20%) for TGE. For the sake of compar-
ison, the administration of genistein reduced this parameter only to 31.42% (±0.73%). The
use of the lower concentration of 12.5 μM TGE is sufficient to reduce the viability of the cells
to 53.86% (±2.79%). When the same concentration of GE is administered, there is no effect
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visible in the reduction of viability. This indicates that TGE is more effective in inhibiting the
growth of these ERα-positive breast cancer cells at much lower concentrations than genistein.

 

Figure 3. The viability of MCF-7 cells treated by different concentrations of GE and TGE after
(a) 6 h, (b) 24 h, and (c) 72 h (determined by PrestoBlueTM test). Presented data are representative of
two independent experiments and are expressed as the mean ± SD. The error bars represent the ±SD.

Based on the value of the relative fluorescence intensity (RFU) recorded after 6, 24, and
72 h of incubation of MCF-7 cells with 100 μM TGE, not only an arrest of proliferation was
observed, but also a reduction in the number of living cells, which may indicate their death
(Figure 4). This effect was also observed for the highest (100 μM) concentration of TGE,
while it was not visible for pure GE. Note that genistein is one of the major soy isoflavones
and exhibits a relative nontoxicity. However, the structural similarity of genistein with
17β-estradiol, means that GE can bind to Erα+ receptors and induce both agonistic and
antagonistic effects on MCF-7 cells proliferation. Thus, at a lower dose, GE may stimulate
ERα+ cell growth and entry into the cell cycle [25,26]. In the present study, following
treatment for three points of time, TGE significantly inhibited the proliferation of MCF-7
cells in a concentration-dependent manner, may offset effects related to a biphasic effect,
and could be beneficial for breast cancer even in lower concentrations.

In the case of the MDA-MB-231 breast cancer line (estrogen-negative neoplasm),
antitumor activity is also observed after the administration of TGE (Figure 5).

After 72 h of incubation with 100 μM solutions, cell viability decreased to 9.99%
(±0.05%). For comparison, the viability of cells incubated with the two highest concentra-
tions of GE was 19.12% (±0.21%) and 67.68% (±0.26%) (Figure 6). Based on the available
literature, this effect may be associated with the induction of MDA-MB-231 cells apoptosis
by genistein and its derivative and inhibition of proliferation by arresting the cell cycle in
the phase G2/M [27]. Additionally, the research presented by H. Pan and coworkers reveals
that GE could inhibit the activity of NF-κB via the Notch-1, which may be an explanation
mechanism of the downregulation of proliferation. Moreover, it was confirmed that GE
downregulated the expression of cyclin B1, Bcl-2, and Bcl-xL in MDA-MB-231 cells, possibly
mediated by NF-κB activation via the Notch-1 signaling pathway.
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Figure 4. The proliferation rate of MCF-7 cells correlated with relative fluorescence units (RFU)
obtained from all cells in the samples with PrestoBlueTM test after 6 h, 24 h, and 72 h of incubation
with (a) TGE and (b) GE. Untreated cells were used as references. The obtained results are proportional
to the number of cells. The data are representative of two independent experiments and are expressed
as the mean ± SD. The error bars represent the ±SD.

Figure 5. The viability of MDA-MB-231 cells treated by different concentrations of GE and TGE after
(a) 6 h, (b) 24 h, and (c) 72 h (determined by PrestoBlueTM test). Presented data are representative
of two independent experiments and are expressed as the mean ± SD. The error bars represent the
±SD.

In vitro studies would suggest that changing the hydroxyl for an ether containing
an –SH group on the C7 carbon in the A ring may increase the cytotoxic properties of
TGE. This effect can be attributed to the presence of a highly reactive -SH group [20,28].
Marik and coworkers also proved that the substitution of the -OH group at position seven
of the A ring by aliphatic chains and heterocyclic 1,2,3-triazole moieties enhances the
cytotoxic properties. Additionally, modifying the structure of genistein by incorporating
structural features with bulky and flexible lipophilic substitutions on the genistein scaffold
can increase their binding affinities for estrogen α-receptors. These results indicate that
the 7-O-substitutes of genistein are an effective approach to obtaining compounds with an
improved antiproliferative activity [29].
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Figure 6. The proliferation rate of MDA-MB-231 cells correlated with relative fluorescence units
(RFU) obtained from all cells in the samples with PrestoBlueTM test after 6 h, 24 h, and 72 h of
incubation with (a) TGE and (b) GE. Untreated cells were used as references. The obtained results are
proportional to the number of cells. The data are representative of two independent experiments and
are expressed as the mean ± SD. The error bars represent the ±SD.

To sum up, both TGE and GE have the ability to act against neoplastic activity towards
estrogen-negative and estrogen-positive cells, which makes them potential substances in
the fight against breast cancer. The obtained results constitute the basis for extending the
research to include the characteristics of the action of the new derivative both on individual
phases of the cell cycle, as well as the induction of biochemical markers and targeted
receptor activity.

2.4. Antioxidant Chemistry–Oxidation of TGE by Potential and With Hydrogen Peroxide

The ROXY™ electrochemical system is a technique that can be applied for mimicking
drug metabolism [30,31] or for interaction studies [32] as well as other electrochemical
cells coupled on-line to the electrospray ionisation (ESI)-MS for study of biological redox
reactions [33]. In the work of Sagandykova and co-workers [34], the electrochemical unit
coupled to ESI-MS was used for fragmentation activity relationships of selected flavonoids.
Selected compounds were subjected to electrochemical degradation and the differences in
formed products were analysed for correlation with their structures and antioxidant activity.

The TGE itself as a template was used for the interpretation of the unknown structures
of products created during the oxidation of TGE. The product ion analysis was obtained and
specific product ions and neutral losses were assigned to the substructures of the molecule.
To the best of our knowledge, the MS fragmentation of TGE has not been discussed in the
literature. The EPI spectrum of pseudomolecular ions displayed a lot of product ions, which
are presented in Table 1. The structures of characteristic fragments, which are proposed,
are presented in Figure S1. There are many strategies to identify unknown structures. The
one used in this article is based on the assumption that much of the parent compound
structure will be retained in the new products or decomposition products. The product ion
mass spectrum of the parent compound and fragmentation pattern of the parent compound
are used as the templates for the identification of the unknown structure. An orthogonal
approach was used to identify new compounds. On the one hand, identification is based
on the fragmentation spectrum and on the other hand, consideration of the mechanisms
(logical oxidation pathways) that generate the formation of a particular structure.

The formation of the TGE electrochemical oxidation product was monitored by ESI-
MS in negative polarization and the results are summarised in Table 1. The formation of
the TGE degradation product after treatment with hydrogen peroxide is summarised in
Table 2. Very interesting results were obtained using two oxidizing agents simultaneously:
hydrogen peroxide and potential, which are summarized in Table 3. TGE without being
subjected to oxidation was analysed as a controls sample and is subject only to possible
transformation in ESI source, which is an electrochemical cell by itself but with constant
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potential [35]; in this case, 4.5 kV. This data may be also indicative of electrochemical
reactions and provide insights into structure–activity studies.

Table 1. Summary of proposed structures of main oxidation products of TGE formed after oxidation
with potential.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

TGE [M-H]− = 387 Da; DP (−80), CE (−40)
0V, m/z (EPI−) 387: 369(1); 343(1); 327(1); 313(1); 299(1); 295(1); 286(1); 269(100); 268(13); 255(1); 241(1); 225(1); 224(1); 211(1); 201(1);

199(1); 196(1); 181(1); 157(1)

A

B

C

Electrode: BDD; pulse 5: pulse of 1 s/+2.5 V + pulse of 0.5 s/−0.3 V
m/z: EPI−

402: 384(4); 374(8); 368(3); 358(11); 342(3); 339(5); 329(9); 326(11);
317(7); 312(9); 303(2); 294(5); 284(20); 283(7); 268(22); 255(7);

241(4); 195(9); 177(10)
M = 402 Da:

15-thioformyl-6-hydroxy-TGE (1)

1/Major O gain (+16) + 2H loss (−2)

M = 404 Da:

6-hydroxy-TGE (2)

2/Minor O gain (+16)
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Table 1. Cont.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

419: 401(1); 391(57); 385(29); 375(57); 371(14); 357(14); 351 (43);
347(1); 329(43); 327(29); 315(29); 301(29); 299(29); 295 (29);
285(28); 283(42); 271(14); 269(86); 257(14); 255(28); 227(14);

195(43); 177(14); 165(57); 151(14)
M = 420 Da:

15-thioformyl-2,3-dihydro-2,6-dihydroxy-TGE (3)

3/Medium O gain (+16) + H2O gain (+18) +
2H loss (−2)

M = 422 Da:

2,3-dihydro-2,6-dihydroxy-TGE (4)

4/Minor O gain (+16) + H2O gain (+18)

423: 405(6); 395(25); 359(1); 339(19); 331(6); 307(1); 283 (6); 269(6);
257(100); 255(1); 229(13); 212(6); 185(13); 176(12); 120(13)

M = 424 Da:

2,3,6,7-tetrahydro-2,6-dihydroxy-TGE (5)

5/Minor 2H2O gain (+36)

433: 415(9); 405(13); 399(4); 387(9); 369(9); 315(9); 287(9);
269(100); 243(4); 213(9); 193(17); 177(4); 139(4)

M = 434 Da:

15-thioformyl-2,6,3′-trihydroxy-TGE (6)
or

6/Medium 3O gain (+48) + 2H loss (−2)
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Table 1. Cont.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

435: 417(7); 389(7); 372(1); 363(2); 345(5); 301(10); 286(6); 280(1);
271(17); 269(100); 256 (3), 255(4); 241(2); 227(3); 212(7); 194(7);

176(1); 150(48)
M = 436 Da:

15-thioformyl-2,3-dihydro-2,6,3′-trihydroxy-TGE (7)
or

or

or

7/Medium 2H loss (−2) + 2O gain (+32) +
H2O gain (+18) or 3O gain (+48)

In the TGE mass spectrum recorded for the reference/control sample, the ion at m/z 773
is presented. This is a dimer of the TGE molecule formed by bridging as a disulfide. The
compound of M = 773 Da was decomposed when two oxidizing agents were applied
simultaneously: hydrogen peroxide and potential. In addition, ions at m/z 355 and 339
are present in the reference spectrum of TGE. They are probably the result of uncontrolled
fragmentation in the ion source and do not appear in the TGE fragmentation spectrum. The
ions at m/z 355 and 339 are formed by the loss of two oxygen molecules and three oxygen
molecules, respectively. The observed ion at m/z 369 is formed by the loss of a water
molecule and is a characteristic signal in the TGE fragmentation spectrum. Furthermore,
these are ions whose intensity increases during potential oxidation. Additionally, TGE
adducts/polymerization with oxidation products are observed, exemplified by m/z ions
836, 819, 811, 809, 795, 773, 749, and 673 with low intensities and very complicated mass
spectra. Therefore, these spectra were not analyzed.
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Table 2. Summary of proposed structures of main products of TGE formed after oxidation with 0.34
M H2O2, 0 V.

Product Mass, Characteristic Ions, m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction–Suggested Reactions

TGE [M-H]− = 387 Da
m/z: EPI−

435: 349(1); 286(1); 269(100); 241(1); 224(1); 213(1); 201(1); 181(1);
165(1); 157 (1); 121(2)

M = 436 Da:

2,6,3′-trihydroxy-TGE (8)

8/Major 3O gain (+48)

M = 438 Da:

2,3-dihydro-2,6,3′-trihydroxy-TGE (9)

9/Minor 2O gain (+32) + H2O gain (+18)

451: 423(2); 285(100); 283(2); 269(3); 257(5); 229(2); 217(3); 213(1);
121(2)

M = 452 Da:

2,6,8,3′-tetrahydroxy-TGE (10)

10/Minor 4O gain (+64)

453: 438(67); 435(17); 425(50); 409(17); 407(33); 395(17); 364(100);
338(17); 309(33); 295(17); 287(67); 285(100); 269(17); 241(17);

229(17); 123(33)
M = 454 Da:

2,3-dihydro-2,6,8,3′-tetrahydroxy-TGE (11)

11/Medium 3O gain (+48) + H2O gain (+18)
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Table 2. Cont.

Product Mass, Characteristic Ions, m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction–Suggested Reactions

467: 450(2); 449 (1); 434(61); 433(1); 421(2); 405(1); 370(4); 369(1);
328(13); 317(2); 301(10); 284(20); 283(17); 268(100); 267(7); 255(6);

239(4); 211(2); 193(6); 151(3); 121(3)
M = 468 Da:

2, 6, 8,3′,5′-pentahydroxy-TGE (12)

12/Minor 5O gain (+80)

469: 454(5); 441(7); 437(30); 425(6); 423(20); 411(5); 409(100);
397(4); 383(8); 380(4); 355(2); 353(20); 339(5); 325(13); 317(3);
311(7); 307(11); 303(7); 295(2); 285(28); 283(4); 269(8); 257(3);

241(4); 225(1); 199(2); 185(2); 171(6); 151(4); 147(2); 121(2)
M = 470 Da:

2,3-dihydro-2,6,8,3′,5′-pentahydroxy-TGE (13)

13/Medium 4O gain (+64) + H2O gain (+18)

485: 467(1); 451(3); 439(2); 437(30); 435(11); 409(100); 407(3);
393(6); 375(3); 350(3); 319(2); 301(5); 285(5); 269(5); 257(2); 243(1);

227(2); 199(2); 183(1); 151(2); 143(1); 121(2)
M = 486 Da:

2,3-dihydro-2,6,8,3′,5′,6′-hexahydroxy-TGE (14)

14/Medium 5O gain (+80) + H2O gain (+18)
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Table 2. Cont.

Product Mass, Characteristic Ions, m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction–Suggested Reactions

501: 483(1); 473(1); 453(11); 437(7); 425(10); 409(100); 407(5);
393(5); 379(5); 364(8); 352(3); 336(3); 309(3); 291(2); 282(5); 268(2);

155(1); 139(1); 123(1)
M = 502 Da:

2,3-dihydro-2,6,8,2′,3′,5′,6′-heptahydroxy-TGE (15)

15/Minor 6O gain (+96) + H2O gain (+18)

520: 502(3); 476(6); 474(98); 457(58); 448(10); 435(83); 430(29);
429(6); 406(5); 404(8); 390(5); 372(3); 358(6); 353(6); 338(5); 326(6);

306(3); 283(4); 269(100); 197(5); 177(8); 121(10)
M = 520 Da:

2-hydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE (16)

16/Minor 6O gain (+96) + 2H2O gain (+36)

536: 518(1); 502(1); 490(3); 473(11); 455(1); 454(1); 435(86); 429(1);
402(1); 384(1); 382(1); 370(3); 353(3); 338(1); 308(1); 285(2);

269(100); 214(2); 165(1); 121(2)
M = 536 Da:

16-sulfenic-2-hydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE (17)

17/Minor 7O gain (+112) + 2H2O gain (+36)
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Table 3. Summary of proposed structures of main oxidations products of TGE formed after 0.34 M
H2O2 and potential.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

TGE [M-H]− = 387 Da
m/z: EPI−

423: 395(7); 339(7); 307(27); 287(3), 269(3); 257(100); 229(10);
213(1); 185(10); 177(3); 159(1); 143(1); 135(1); 121(10)

M = 424 Da:

6,7,8,9-tetrahydro-6,8-dihydroxy-TGE (18)

18/Medium 2H2O gain (+36)

435: 349(1); 286(1); 269(100); 241(1); 224(1); 213(1); 201(1); 181(1);
165(1); 157 (1); 121(2)

M = 436 Da:

2,6,3′-trihydroxy-TGE (8)

8/Major 3O gain (+48)

M = 438 Da:

2,3-dihydro-2,6,3′-trihydroxy-TGE (9)

9/Minor 2O gain (+32) + H2O gain (+18)

451: 423(2); 285(100); 283(2); 269(3); 257(5); 229(2); 217(3); 213(1);
121(2)

M = 452 Da:

2,6,8,3′-tetrahydroxy-TGE (10)

10/Medium 4O gain (+64)
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Table 3. Cont.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

453: 438(67); 435(17); 425(50); 409(17); 407(33); 395(17); 364(100);
338(17); 309(33); 295(17); 287(67); 285(100); 269(17); 241(17);

229(17); 123(33)
M = 454 Da:

2,3-dihydro-2,6,8,3′-tetrahydroxy-TGE (11)

11/Medium 3O gain (+48) + H2O gain (+18)

467: 450(2); 434(61); 421(2); 370(4); 328(13); 317(2); 301(10);
284(20); 268(100); 255(6); 239(4); 211(2); 193(6); 151(3); 121(3)

M = 468 Da:

2,6,8,3′,5′-pentahydroxy-TGE (12)

12/Medium 5O gain (+80)

469: 454(5); 441(7); 437(30); 425(6); 423(20); 411(5); 409(100);
397(4); 383(8); 380(4); 355(2); 353(20); 339(5); 325(13); 317(3);
311(7); 307(11); 303(7); 295(2); 285(28); 283(4); 269(8); 257(3);

241(4); 225(1); 199(2); 185(2); 171(6); 151(4); 147(2); 121(2)
M = 470 Da:

2,3-dihydro-2,6,8,3′,5′-pentahydroxy-TGE (13)

13/Minor 4O gain (+64) + H2O gain (+18)

473: 457(1); 409(1); 399(13); 351(13); 323(1); 313(25); 307(100);
306(12); 305(1); 295(25); 284(1); 281(13); 269(63); 239(1); 223(13);

181(1); 177(88); 165(1); 139(1); 121(50)
M = 474 Da:

2,3,6,7,8,9-hexahydro-2,6,8,3′,5′-pentahydroxy-TGE (19)

19/Medium 2O gain (+32) + 3 H2O gain (+54)
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Table 3. Cont.

Product Mass, Characteristic Ions m/z, (rel. int., % for EPI)
No. Oxidation

Product/Intensity
Proposed Metabolic

Reaction-Suggested Reactions

485: 467(1); 451(3); 439(2); 437(30); 435(11); 409(100); 407(3);
393(6); 375(3); 350(3); 319(2); 301(5); 285(5); 269(5); 257(2); 243(1);

227(2); 199(2); 183(1); 151(2); 143(1); 121(2)
M = 486 Da:

2,3-dihydro-2,6,8,3′,5′,6′-hexahydroxy-TGE (14)

14/Minor 5O gain (+80)+ H2O gain (+18)

501: 483(2); 473(1); 453(3); 437(9); 425(8); 409(100); 407(9); 393(5);
379(5); 364(11); 352(3); 336(1); 309(3); 291(7); 282(5); 268(1);

155(1); 139(1); 123(1)
M = 502 Da:

2-hydro-2,6,8,2′,3′,5′,6′-heptahydroxy-TGE (15)

15/Minor 6O gain (+96) + H2O gain (+18)

520: 502(6); 476(2); 474(30); 457(16); 448(7); 435(13); 430(12);
429(7); 404(5); 390(1); 358(3); 353(7); 338(4); 326(9); 306(4); 283(3);

269(100); 197(6); 177(5); 121(12)
M = 520 Da:

2,3-dihydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE (16)

16/Minor 6O gain (+96) + 2H2O gain (+36)

536: 518(2); 502(2); 490(2); 473(4); 455(1); 435(12); 429(1); 402(1);
370(3); 353(4); 338(1); 308(1); 285(2); 269(100); 214(1); 165(1);

121(3)
M = 536 Da:

16-sulfenic-2-hydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE (17)

17/Minor 7O gain (+112) + 2H2O gain (+36)
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In addition to the described background, there are analytically significant signals in
the spectra. Based on the fragmentation spectra, structures were proposed for 19 new
compounds–oxidation products–in three different environments. Compounds 1–7 are
characteristic of potential oxidation (Table 1). Compounds 8–17 are formed by oxidation
with hydrogen peroxide (Table 2). The combination of the two oxidizing agents’ potential
and hydrogen peroxide generates the formation of compounds 8–17, the same as in the
oxidation with hydrogen peroxide, and in addition, two new compounds 18 and 19 appear
(Table 3). The proposed fragmentation pathway of new compounds and structures of
characteristic fragments are presented in Figures S2–S15. Based on the proposed TGE
potential oxidation products, four oxidation mechanisms are proposed for oxidation with
potential (Figure 7a), two different TGE oxidation pathways for oxidation with hydrogen
peroxide (Figure 8a) and the same oxidation pathways 1 and 2 as for hydrogen peroxide,
and two new pathways 3 and 4 for the two oxidizing factors potential and hydrogen
peroxide occurring simultaneously (Figure 9a). The structures for the major compounds
according to the proposed oxidation mechanisms are shown in Figures 7, 8 and 9b.

The compounds of M = 404, 406, 418, 420, 440, 442, 456, and 458 Da occur in the
proposed oxidation pathways but are not observed in the spectra. These compounds
are unstable and are rapidly converted to further structures, so they are seen with low
intensities or not observed at all. It is likely that in an active environment these compounds
are unstable and undergo further oxidation. However, the formation of compounds that
differ by 2Da and that can be combined into characteristic pairs, i.e., 404/406, 418/420,
420/422, 422/424, 434/436, 436/438, 452/454, and 468/470 related to oxidation with
the attachment of a water molecule to TGE structure or oxidation alone, was observed.
Compounds of M = 402 Da, M = 486 Da, 502 Da, 520 Da, 536 Da, and 474 Da also occupy
an important place in the oxidation tracts.

The most intense ion in the MS spectrum of TGE, after potential oxidation, is the ion
at m/z 402 (compound 1). The EPI spectrum of this pseudomolecular ion displayed a lot of
products ions, which are presented in Table 1. The structures of characteristic fragments,
which are proposed, are presented in Figure S2. Based on these data, the structure of the
compound 1 has been assigned as 15-thioformyl-6-hydroxy-TGE. During the formation
of this compound, dehydrogenation occurs first in the aliphatic side chain (the mildest
form of oxidation) and then oxidation in the A ring of TGE. This compound contains an
additional -OH group in the A ring in the ortho position. There are ions m/z 384, 268 in the
fragmentation spectrum that indicate this order. Fragmentation proceeds by elimination
of the water molecule from the C ring, therefore two -OH groups are adjacent to each
other (the ion at m/z 384). Additionally, the ion confirming such an arrangement of -OH
groups is fragmented at m/z 177. From the fragment at m/z 384, the neutral molecule of
M = 116 Da (S=CHCOOCHCH2) is eliminated, generating a fragment at m/z 268, while
from the fragment at m/z 374, the neutral molecule of M = 132 Da (S=CHCOOCH2CHO) is
eliminated, generating a fragment at m/z 241. These eliminations indicate the occurrence
of dehydrogenation at sulfur. It was initially assumed that this compound is formed by
oxidation in the C ring; however, a correlation was observed between the compound
of M = 402 Da and the compound of M = 420 Da, where the compound of M = 420 Da
(compound 3) is formed by the attachment of a water molecule. Therefore, the compound
of M = 402 Da must have a double bond in the C-ring to which a molecular water attaches
to form the compound of M = 420 Da. The EPI spectrum of pseudomolecular ions at m/z
419 displayed a lot of product ions, which are presented in Table 1. The structures of
characteristic fragments, which are proposed, are presented in Figure S3. Based on these
data, the structure of compound 3 has been assigned as 15-thioformyl-2,3-dihydro-2,6-
dihydroxy-TGE. A mass of 424 Da is formed during both oxidation with potential and
oxidation with hydrogen peroxide with potential, but these are two different compounds
due to their different fragmentation spectra, the interpretations of which are shown in
Figures S4 and S5, respectively. In the fragmentation spectrum of the compound formed
during the action of hydrogen peroxide with potential, there is a characteristic fragment
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m/z 339 formed by loss of the neutral moiety of M = 56 Da (O=C=C=O) from the ion at
m/z 395. Therefore, compound 18 is formed by the attachment of two water molecules
to the A ring of TGE. Based on these data, the structure of the compound 18 has been
assigned as 6,7,8,9-tetrahydro-6,8-dihydroxy-TGE. In contrast, compound 5 is formed by
the attachment of two water molecules, with the first oxidation going to A ring and the
second to C ring. Based on these data, the structure of the compound 5 has been assigned
as 2,3,6,7-tetrahydro-2,6-dihydroxy-TGE. During oxidation by potential, a compound of
M = 436 Da (compound 7) is formed from compound of 420 Da by oxidation in the ortho
position. In this case, the fragmentation spectrum is not clear, and it is not possible to
indicate whether this oxidation involves the A or B ring, but it is certainly an oxidation in
the ortho position. The rationale behind this interpretation is the proposed structure for
the fragment at m/z 176. However, it was observed that the neutral molecule S=C=C=O
falls off, which confirms the assumption of oxidation by dehydrogenation in the aliphatic
part of the TGE. The proposed fragmentation pathway of compound 7 and structures
of characteristic fragments, which confirmed the proposed structures, is presented in
Figure S6. The product of mass at M = 436 Da (compound 8) is also formed when hydrogen
peroxide and potential with hydrogen peroxide are applied, but it is a different compound
due to the different fragmentation spectra. The proposed fragmentation pathway of
impurity eight and structures of characteristic fragments, which confirmed the proposed
structures, is presented in Figure S7. These compounds are formed by two different
oxidation mechanisms. The fragmentation spectrum of compound 8 shows a characteristic
fragment at m/z 349, which confirms the occurrence of two -OH groups in the B-ring by
eliminating the neutral fragment of M = 86 Da. In addition, this elimination shows the
occurrence of the -OH group in the C-2 position of TGE. Based on these data, the structure
of compound 8 has been assigned as 2,6,3′-trihydroxy-TGE.

Further oxidation of compound 8 with hydrogen peroxide proceeds to carbon C- 8 in
the A ring of TGE, generating a compound of mass 452 Da (compound 10). The proposed
fragmentation pathway of compound 10 and the structures of characteristic fragments that
confirmed the proposed structure are shown in Figure S8. Based on these data, the structure
of compound 10 has been assigned as 2,6,8,3′-tetrahydroxy-TGE. The next oxidation in this
sequence proceeds to carbon 5’ in the B ring of TGE, generating the compound of mass
468 Da (compound 12). The proposed fragmentation pathway of compound 12 and the
structures of the characteristic fragments that confirmed the proposed structure are shown
in Figure S9. Based on these data, the structure of compound 12 has been assigned as
2,6,8,3′,5′-pentahydroxy-TGE. Compound 12 completes the first oxidation sequence with
hydrogen peroxide. In the proposed second sequence of TGE oxidation with hydrogen
peroxide, an interesting structure is the compound of M = 520 Da (compound 16), for
which the fragmentation spectrum is characterized by strong signals for ions at m/z 474,
457, 435, 430, and 269 (Figure S10). In addition to the saturation of all carbons of A, C,
and B rings, additionally in the C ring, an enol is formed from ketone because there is one
hydrogen atom in the neighborhood. The interpretation of the fragmentation spectrum for
the compound with M = 520 Da shows that the B-ring (saturated with -OH groups) with
all -OH groups are very stable. It passes unchanged through all fragments except the ions
at m/z 435, 406, 390, 178, or m/z 122. These are the fragments with the “stripped” B ring.
However, it is the m/z 435 ion that is the precursor to the m/z 390 and 406 ions. The m/z 435
ion comes directly from the m/z 502 ion because there are no intermediate fragments in the
fragmentation spectrum. Based on these data, the structure of the compound 16 has been
assigned as 2-hydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE. When it would seem that the
oxidation of the TGE molecule with hydrogen peroxide would end with the compound
of M = 520 Da, due to the saturation of all carbons, a compound of M = 536 Da appears,
as compound 17. The interpretation of the fragmentation spectrum for compound of
M = 536 Da (Figure S11) confirms the presence of oxygen at the sulfur due to several
characteristic fragments, e.g., at m/z 474, which is formed by elimination of the -OSCH2
group, or the m/z 454 ion, which is formed by loss of the neutral molecule O=SH-CH3.
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Based on these data, the structure of the compound 17 has been assigned as 16-sulfenic-
2-hydro-2,3,4,6,8,2′,3′,5′,6′-nonahydroxy-TGE.

 

(a)

(b)

Figure 7. The proposed oxidation pathways of TGE (a) and structures of main reaction products
(b) formed by the oxidation with potential.

During the TGE oxidation with hydrogen peroxide and potential simultaneously, an
additional oxidation sequence (No. 3, 4) is observed that is not present during the other
oxidizing agents. This is a sequence containing a different compound of M = 424 Da
(compound 18) than in the case of oxidation by potential. It is formed by the oxidation of
the A ring at positions C-6 and C-8 of TGE as a molecular water addition. The proposed a
fragmentation pathway of compound 18 and structures of characteristic fragments, which
confirmed the proposed structures, is presented in Figure S5. Based on these data, the
structure of compound 18 has been assigned as 6,7,8,9-tetrahydro-6, 8-dihydroxy-TGE.
Compound 19 with M = 474 Da completes this oxidation sequence. The suggested fragmen-
tation pathway of compound 19 and the structures of the characteristic fragments that con-
firmed the proposed structure are shown in Figure S12. Based on these data, the structure
of compound 19 has been assigned as 2,3,6,7,8,9-hexahydro-2,6,8,3′,5′-pentahydroxy-TGE.
Only in this case, there is an attachment of two water molecules. Oxidation sequence
No. 3 and 4 (Figure 9a) are characteristic of the action of hydrogen peroxide and potential
simultaneously. Thus, oxidation of the compound alone does not occur. The potential
favors the attachment of water molecules.
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(a)

(b)

Figure 8. The proposed oxidation pathways of TGE (a) and structures of main reaction products
(b) formed by the oxidation with hydrogen peroxide.
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(a)

(b)

Figure 9. The proposed oxidation pathways of TGE (a) and structures of main reaction products
(b) formed by the oxidation with potential and hydrogen peroxide. * not observed.

In summary, three forms of TGE oxidation were observed: the oxidation by water
molecule attachment, the oxidation by oxygen attachment, or the dehydrogenation as a
mild form of oxidation. The first attack of oxygen probably occurs in the C ring of TGE in
the case of oxidation with potential. In addition, the formation of compounds resulting from
oxidation on rings with dehydrogenation in the side chain is observed during potential
oxidation. Compound 5 is formed by the attachment of two water molecules to the A and
C rings. Compounds 3, 4, 9, and 16 are formed by the attachment of a water molecule to
the C ring. Compound 18 is formed by the attachment of two water molecules to the A
ring. Compound 19 is formed by attaching two water molecules to the A ring and one
to the C ring after prior oxidation of the B ring of TGE. The substitution in the A ring is
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due to an inductive effect. The electrodonor group -OH causes a partial positive charge to
appear on the adjacent C atom. The elimination of the neutral moiety -CH2O is observed in
the fragmentation spectrum. This is a characteristic elimination in fragmentation spectra
of compounds that are formed by the oxidation by attachment of a water molecule. It
has been observed that the experiment with potential favors the attachment of a water
molecule. In this case, a higher number of water molecules are observed in the A ring. In
the experiments without the action with potential, there are the water molecules attached
mainly to the double bond in the C ring of TGE.

Our experiments are important for predicting the physicochemical properties of the
new compound TGE. Electrochemistry, which helps determine metabolism patterns, is
in turn considered to have a great potential as a fast alternative to in vitro assays [36].
The prooxidation activity of flavonoids can be directly related to the number of hydroxyl
groups in the molecule. Mono- and dihydroxyl flavonoids usually do not show such
activity, while in the case of polyhydroxyl compounds (especially when OH groups are
attached to the B ring), a significant increase in the production of reactive oxygen species
(ROS) is observed. From the present work, it appears that the TGE antioxidant can undergo
modifications of the A, C, and B rings upon oxidation. This is a much more extensive
structural variation than formerly was thought, that changes occur mainly in the B ring.
What is particularly interesting about the results of our product studies with TGE is the
variety of antioxidant chemistries displayed by the A ring. TGE produced products that are
not typical of well-documented genistein antioxidant reactions: the B ring hydroxylation
and formation of radical addition products. We do not observe structures derived from
the two significant metabolites of genistein identified by Kullig et al. [37], i.e., 5,7,8,4’-
tetrahydroxyisoflavone and 5,7,3’,4’-tetrahydroxyisoflavone, on oxidative metabolism in
human liver microsomes. However, it has been reported that GE can be metabolized by
the cytochrome P450s to hydroxylated metabolites (6-, 8-, and 3′-hydroxyGEN) [38] and
by the gut microbiota to dihydrogenistein (DGEN), 5-hydroxy-equol (5-OH-equol), and
6′-hydroxy-O-desmethylangolensin (6′-OH-DMA) [39,40]. We observe that the oxidation
by potential proceeds much further (more -OH groups) than was found by Kullig et al. [37]
for genistein metabolites in microsomes. In addition, oxidation products are observed
that result from dehydrogenation at the -SH group, which are new compounds. The
characterization of these product structures provides potential markers of TGE antioxidant
reactions. Sensitive assays for specific TGE oxidation products may thus be useful markers
for antioxidant reactions of the isoflavone in biological systems.

2.5. Description of Qualitative Changes Observed in the IR-ATR Spectra during the Oxidation of
the TGE Monolayer on the Au Electrode

The free radical peroxidation of unsaturated lipids in biomembranes disrupts the
various important structural functions associated with this natural protective barrier for
cells; as a result of this oxidation, various in vivo pathologies can occur [41]. It is known
that genistein and its metabolites possess an ability to inhibit lipid peroxidation in biological
membranes. It is supposed that molecules are localized near the lipid–water interference of
the membrane or/and they are incorporated into its hydrophobic core, which causes an
increase in membrane rigidity and stability to the diffusion of free radicals [42]. The aim of
our preliminary studies of TGE oxidation on the surface of the Au 2D electrode is to mimic
the oxidation of a new GE derivative on the surface of a biomembrane.

Vibrational Studies on Oxidative Monolayers–Simulation of Active Substance
Immobilization on the Surface of Biological Membranes

At the beginning, it should be emphasized that the following assumption was made
regarding the interpretation of IR spectra, that in a tightly packed monolayer, limited by
the surface of the electrode, more oxidation products of TGE by H2O2 are possible due to
the differences in the inner and outer environment of the molecule.

Figure 10a (3600–2500 cm−1), 10b (1800–1420 cm−1), and 10c (1420–800 cm−1) show
the comparison of IR-ATR spectra of TGE on the Au electrode before and after oxidation by
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H2O2 (spectra: I–1 mM 5 min, II–1 mM 15 h, and III–2 mM 24h). The presence of hydroxyl
groups in the TGE molecule before and after oxidation is proven in the IR spectrum by the
presence of the broad band between 3600 and 3200 cm−1.The presence of a broad band may
suggest the absence of hydrogen bonding with hydroxyl groups in the TGE molecule before
and after oxidation. At the same time, it should be taken into account that during oxidation
more OH groups are added, but in a tightly packed monolayer the outer molecules are
much more susceptible to oxidation (which means more hydroxyl groups) than the inner
ones because the whole molecule is exposed to H2O2; for the inner molecules only the B
ring will be the most susceptible to oxidation.

Bands from C-H stretching vibrations from the methylene group of the TGE molecule
are observed at 2959, 2927, and 2855 cm−1. It can be observed that relative intensities, as
well as wavenumbers of these bands, remain unchanged during oxidation.

The band from the carbonyl stretching vibration from the chain [20] has the same value
of 1738 cm−1 before and after oxidation. However, the band from the carbonyl stretching
vibration assigned to the ring [20] is shifted towards higher wavenumbers from 1659 to
1667 cm−1, which indicates a weakening or breaking of the intramolecular C=O–O-H
hydrogen bond. This can be caused by the oxidation of the –OH group in the A ring into
a C=O group or by the presence of additional –OH groups as it can be presented in the
compounds of M = 436, 452 and 468 Da, as can see in Figure 8.

In IR spectra of TGE, both before and after oxidation, bands from 1615 to 1518 cm−1

mainly originate from C=C vibrations. However, their values are slightly shifted to-
wards higher wavenumbers after oxidation, which can indicate changes in aromatic rings
during oxidation.

In the range of deformation, vibrations of hydroxyl groups 1400–1300 cm−1 following
changes that occurred during oxidation are observed: the band at 1362 cm−1 disappears
and the band at 1316 cm−1 rises.

In IR spectra of TGE before oxidation, the doublet at 1179 cm−1 and 1158 cm−1

originate from C-O-C asymmetric stretching and C-OH stretching vibrations. During
oxidation, the band at 1158 cm−1 shifts into 1167 cm−1 and the new band is formed at
1110 cm−1, which probably originates from stretching C-O vibrations and can prove the
presence of new -OH groups after oxidation.

In the TGE spectrum before oxidation, the main band from C-H deformation out-of-
plane vibrations from aromatic rings is at 841 cm−1. During oxidation, bands at 869 cm−1

and 850 cm−1 are observed that can prove that the oxidation of TGE influences the rings of
the molecule.

The comparison of IR spectra does not indicate the polymerization of TGE molecules
during oxidation by H2O2, which is in agreement with the results obtained by Xu and co-
workers for the caffeic acid monomer without the presence of horseradish peroxidase [43].
On the other hand, polymerization by Ar-Ar (B rings) is possible but difficult to prove.
Likewise, polymerization via Ar-O-Ar (B-rings) is also possible, but the expected aryl ether
band is in the range of 1270–1230 cm−1 and is found in the spectrum of the initial sample.

From the comparison of the theoretical IR spectra (obtained by the B3LYP calculations)
of TGE vs. M436, TGE vs. M452, and TGE vs. M468 (Figures S16–S18), one can see that
introducing the OH-groups to the skeleton of the TGE molecule results in the significant
modification of the theoretical TGE spectrum in the region of 1300–900 cm−1. This is
actually the region in the experimental spectrum presented above in Figure 10c as spectrum
III (2 mM 20 min), corresponding to the intensive oxidation by H2O2. However, in this
experimental spectrum, only the bands at: 1110, 869, and 850 cm−1 have an increased
intensity. This qualitative comparison supports our belief that in the 2D area the molecules
with additional OH groups in the B ring should dominate.
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Figure 10. IR-ATR spectra of Au-TGE before and after oxidation with H2O2, (a) from 3600 to
2500 cm−1; (b) from 1800 to 1425 cm−1; (c) from 1400 to 800 cm−1.

2.6. Molecular Modeling and the Quantum Mechanical Density Functional Calculations

A theoretical estimation of the antioxidant activity of TGE was also studied. There
exists an extensive discussion in the literature on how to define the antioxidant power of
selected species, starting from colorimetric determination of the total oxidant status (TAS)
and the total antioxidant capacity (TAC) [44–46]. Here, we apply a theoretical method
based on the density functional theory allowing the comparison of various antioxidants
using two parameters, i.e., the bond dissociation energy (BDE) and the Gibbs free energy
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of the antioxidant reaction with H2O2 [47,48]. As long as many of the antioxidants were
investigated experimentally, their antioxidant effectiveness was evaluated, and the above-
mentioned parameters were calculated, there is a possibility to evaluate the antioxidant
power of new analogues theoretically by a simple comparison. This method allows us to
locate TGE within the series or the scale of known antioxidants.

One of the best reliable thermodynamic parameters to describe the hydrogen atom
transfer (HAT) mechanism of antioxidant activity is the bond dissociation enthalpy (BDE).
A corresponding model reaction is given below:

Ge-OH + R• → Ge-O• + R-H (1)

where Ge-OH denotes, for example, the genistein with the OH group at the C4′ position. R
is the radical whose unpaired electron is abstracted by the antioxidant (here the genistein
molecule). In this way, the free radical (R•) is deactivated by the antioxidant. Such a picture
oversimplifies a more complex mechanism because apart from electron transfer the proton
is transferred as well.

The bond dissociation enthalpy is defined as follows:

BDE = H(Ge-O•) + H(H•) − H(Ge-OH) (2)

where H denotes the enthalpy.
According to this mechanism, the hydroxyl group of the antioxidant compound

(Ge-OH) releases the hydrogen atom (H•), being transformed to the respective free radical
(Ge-O•). The higher antioxidant activity corresponds to the weaker O-H bond. In Table 4, the
bond dissociation enthalpy (BDE) was estimated with the density functional theory (DFT)
and one of its implementations, i.e., the B3LYP/6-311++G(d,p) method for genistein and
thiogenistein. For comparison, analogical calculations were carried out for phenol, Trolox,
and curcumin. Trolox is a popular antioxidant compound frequently used in the laboratory
studies. The BDE was calculated for isolated (non-interacting with environment) molecules.

Table 4. The O-H bond dissociation enthalpy (BDE), in kcal/mol as predicted with the B3LYP/6-
311++G(d,p) DFT method.

Compound BDE

Phenol 82.90
Genistein 81.56

Thiogenistein 81.82
Trolox 73.91

Curcumin (*) 75.56
(*) this calculation was carried out with the B3LYP/6-31G(d,p) method.

A series of the BDE values shows that the lowest BDE corresponds to Trolox while
the highest BDE can be ascribed to phenol. The BDE values of genistein and thiogenistein
are comparable and smaller than the BDE of phenol and curcumin. It suggests that the
antioxidant activity of genistein and thiogenistein is governed by the OH-substituted core
of these compounds. One can mention that the phenolic residue appears in a plethora of
antioxidants [49].

The antioxidant activity of TGE and the related species was estimated also for the
reaction with the ABTS•+ radical cation (Equation (3)). This is a one electron reduction
reaction of the ABTS•+ radical cation. A corresponding reaction is given below:

Antioxidant + ABTS•+ → Antioxidant•+ + ABTS (3)

With the use of the B3LYP/6-31G(d,p) method, the Gibbs free energy output of the
Equation (3) reaction was estimated. The corresponding values are presented in the Table 5.
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Table 5. The Gibbs free energy difference for the Equation (3) reaction according to the B3LYP/6-
31G(d,p) density functional calculations.

Antioxidant ΔG, kcal/mol

Genistein (GE) 16.02

Genistein thiolated at O-7 (TGE) 15.37

Genistein thiolated at O-4′ 14.88

Genistein thiolated at O-5 14.99

Genistein thiolated at O-7 by a modified thiol
residue with the extra -CH2- group (M26P) 14.49

Trolox 11.44

The ΔG results presented in Table 5 may reflect real reactions only qualitatively
assuming that the values of Trolox are the reference point and that the ΔG values above
11.44 kcal/mol denote a poorer antioxidant activity than is exhibited by Trolox. From
Table 5, one can conclude that the antioxidant activity of the thiolated genistein, i.e., TGE
and M26P (genistein substituted at O-7 with a modified thiol residue by the extra -CH2-
group), seems to be rather poorer than Trolox.

A slight prevalence of the antioxidant activity of TGE over GE predicted with the
B3LYP/6-31G(d,p) method (15.37–16.02 = −0.65 kcal/mol) was verified with the B3LYP/6-
311++G(d,p) methods to be 1.22 kcal/mol in favour of TGE. This result ensures us that TGE
is a better antioxidant than GE.

Moreover, the genistein substituted with the thiol residues at the B ring at O-4′ as well
as in the A ring at O-5 seems to be a slightly better antioxidant than the genistein substituted
at the A ring at O-7 (TGE). This is a promising line for further studies on new antioxidants.

The predictive activity of new derivatives of naturally available compounds based
on structural changes is important for considering such molecules as drug candidates
and for creating new structures with promising properties. Flavonoids are well-known
antioxidants, and their redox properties can be related to their pharmacological activity.
The current state of knowledge on the biological activity of flavonoid compounds indicates
unequivocally that their positive effect on the human body results mainly from antioxidant
properties. The antioxidant activity of individual flavonoids depends on the number of
hydroxyl groups and their position. Para and ortho positions enhance these properties.
However, observations in in vitro studies are not always confirmed in in vivo studies,
particularly with regard to the number of -OH groups [50,51]. The antioxidant activity
of flavonoids is possible through different mechanisms of action, among others; also,
indirectly, flavonoids can chelate transition metal ions (copper, iron), which prevents the
formation of reactive hydroxyl radicals in cells. The presence of “soft” donor atoms, such
as nitrogen or sulfur (thiogenistein), can determine the formation of active complexes with
iron ions, which are characterized by a strong anticancer activity. In contrast, compounds
contained in their structure, “hard” donor atoms such as oxygen, lead to the formation of
redox-inactive complexes by blocking the coordination sphere [52,53].

3. Materials and Methods

3.1. Materials

The reagents used in the study were obtained from POCh (Gliwice, Poland) and Sigma-
Aldrich (Saint Louis, MO, USA). They were of the highest purity and used without prior
purification. All solutions were prepared with deoxidized water, distilled, and cleaned in a
“Milli-Q” filter apparatus (Millipore Corporation, Bedford, MA, USA). Its final resistance
was 18.2 MΩ/cm.

TGE was synthesized in Łukasiewicz Research Network–Industrial Chemistry Insti-
tute (Łukasiewicz-ICHP), Warsaw, Poland. Ammonium formate buffer was obtained from
Sigma-Aldrich (99%, LC–MS grade, Saint Louis, MO, USA). The pH of the solutions used in
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the experiments was determined using a commercially available Mettler Toledo (Greifensee,
Switzerland) pH meter.

The monolayers of the TGE compound on the gold electrodes were prepared in the
self-assembly process. First, the monolayers of the TGE compound were prepared on a
gold surface by immersing the purified gold electrodes in ethanolic solutions containing
1 mM TGE. After their removal, the electrodes were rinsed thoroughly with ethanol, water,
and ethanol to wash off the physically adsorbed molecules and left to dry in the air.

3.2. Antioxidant Study
3.2.1. ABTS Radical Scavenging Assay

The ABTS radical scavenging activity was measured based on the following slightly
modified method proposed by Re and co-workers [54]. Briefly, the ABTS-mixture solution
was prepared by mixing 2.45 mM potassium peroxodisulfate (the final concentration)
and 7 mM ABTS water solutions. For the formation of free radicals ABTS·+, the final
solution was left in the dark at room temperature for 16 h. The obtained radical was
stable in this form for about 72 h and stored in the dark at room temperature. For the
study of thiogenistein scavenging activity, ABTS·+ solution was diluted with ethanol to an
absorbance at 734 nm reached 1.3 (±0.03). Stock solutions of genistein and thiogenistein
in DMSO were diluted such that, after the introduction of each dilution into the 1 mL of
ABTS·+ solution, they reached a final concentration of 100 μM, 50 μM, 25 μM, and 10 μM
(<1% DMSO). The absorbance of the resulting solutions was measured at 734 nm in a
microplate reader POLARstar Omega (BMG Labtech, Ortenberg, Germany) after 5, 10, 15,
30, and 45 min after dark incubation. Genistein was used as a reference standard. The
percent sweep (RSA %) was calculated according to the equation below:

RSA% =

(
ABTS•+absorbance − sample absorbance

)·100
ABTS•+absorbance

[%]

The results were expressed as mean ± standard deviation (SD) from 3 samples for
each experimental group.

3.2.2. H2DCF-DA ROS Detection Assay

The level of generated ROS was measured in the murine macrophage cells line (RAW
264.7, ATTC). Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma),
with the addition of 10% (v/v) fetal bovine serum (FBS, Sigma). Cells were seeded at
6 × 104 cells per well in a 96-well plate and incubated for 24 h in a humidified atmosphere
at 37 ◦C with 5% CO2. Then, cells were treated with different concentrations of GE and
TGE and with 10 μg/mL of LPS. Oxidative species produced by cells incubated with GE
and TGE for 24 h were detected with the dichloro-dihydrofluorescein diacetate (DCFH-DA)
assay. The DCFH-DA is internalized within the cells in reduced form. In the presence
of ROS, the probe is oxidized into the fluorescent form, thus, the measured intensity is
proportional to the intracellular oxidative stress. The RSA%, and ROS generation levels
were evaluated following the manufacturer’s protocols for absorbance, fluorescence, or
luminescence measurement using a microplate reader POLARstar Omega (BMG Labtech,
Ortenberg, Germany). The results were expressed as mean ± standard deviation (SD) from
6 samples for each experimental group.

3.3. In Vitro Study–Cell Viability, Cytotoxicity

Two models of neoplastic cells, breast (MCF-7 estrogen positive and MDA-MB-231
estrogen negative cells) were selected for the study. Breast cancer cells, MCF-7 (ATTC),
were grown in the Eagle’s Minimum Essential Medium (EMEM) with the addition of 10%
(v/v) fetal bovine serum (FBS, ATTC) and 0.1 mg/mL human recombinant insulin (Gibco).
MDA-MB-231 (ATTC) cells were maintained of complete growth medium Leibovitz’s L-15
supplemented by 10% FBS (ATTC).
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Genistein and thiogenistein in a DMSO stock solution were each diluted in the growth
culture medium and added in quintuplicates to the wells in the final concentration (100,
50, 25, 12.5, and 6.25 μM). The maximum content of DMSO was <1%. Both cell lines
were incubated with the addition of drugs for 6 h, 24 h, and 72 h after that, the cells were
washed three times in Hank’s Balanced Salt Solution (Gibco) and analysed by the viability
(PrestoBlue™, Thermo Fisher, USA) and cytotoxicity (ToxiLight, and ToxiLight 100% Lysis
Control, Lonza, USA) assays. The obtained results were compared statistically using the
t-test.

The cell viability, toxicity, RSA%, and ROS generation level were evaluated following
the manufacturer’s protocols for absorbance, fluorescence, or luminescence measurement
using a microplate reader POLARstar Omega (BMG Labtech, Ortenberg, Germany).

3.4. Electrochemical Measurements

TGE was injected to electrochemical treatment in 20 mM ammonium formate–
acetonitrile (1:1) adjusted to pH 7.4 with ammonia solution using 1 mL syringe (Hamilton,
Reno, NV, USA). The final concentration of TGE was 4 μg/mL.

Electrochemical degradation was carried out using the ROXY potentiostat (Antec Sci-
entific, Zoeterwoude, the Netherlands) with a flow rate of 10 μL/min at room temperature
and with the use of a BDD electrode in a potential range from 0 to 2500 mV. The system was
composed of a palladium (Pd) counter electrode and a HyREF (Pd/H2) reference electrode.

3.5. MS Spectrometry

The MS analysis was performed on an MS/MS mass spectrometer model 4000 Q
TRAP (Applied Biosystems, Concord, Ontario, Canada). The quadrupole/linear ion trap is
a hybrid system in which the final quadrupole can operate as a conventional mass filter
or as a linear IT (ion trap) with an axial ion inject. The analysis was performed in the
EMS and EPI (Enhanced Product Ion Scan) modes with an electrospray ionization source
(ESI). The EPI was performed by fragmenting the pseudomolecular ions of TGE and its
degradation compounds. Spray voltage was used in a negative ionization mode at −4500 V,
curtain gas pressure was set at 20 psi, the capillary temperature was set at 200 ◦C, and
declustering potential was set at −80 V. The collision energies applied were optimized for
each compound individually.

3.6. IR Measurements

The infrared spectra were recorded on the Nicolet iS10 FT-IR spectrometer (Thermo
Scientific, Waltham, MA, USA) using ATR sampling module, on the diamond crystal, in
the range from 4000 to 650 cm−1, with the spectral resolution of 4 cm−1. For one spectrum
1000 scans were recorded. All data were analyzed using Omnic software. TGE monolayers
were treated with hydrogen peroxide by immersing the electrodes in a solution of concen-
trations of 1 mM (5 min, 15 h) and 2 mM (20 min). After this, the electrodes were removed
washed with ethanol and dried.

3.7. Quantum Mechanical Modeling

Quantum mechanical modeling was performed using the density functional B3LYP
method with medium-size Gaussian basis sets, i.e., 6-31G(d), 6-31G(d,p), and 6-311++G(d,p)
for the H, C, N, O, and S atoms depending on the system investigated. Molecular geometry
was optimized with the Berny algorithm implemented in the Gaussian G16 program [55].
The minimum was confirmed with all positive harmonic frequencies. All the calculations
were performed on the HPC cluster in the Interdisciplinary Centre for Mathematical and
Computational Modelling at the University of Warsaw, Poland.

4. Conclusions

In the presented study, we identified the main oxidation products of TGE generated
under different environmental conditions, which can in effect determine the input of a
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particular structural feature to the activity. Many experimental approaches were used for
the characterization of TGE after oxidation. They were based on electrochemistry and mass
spectrometry (ESI-MS). The electroactive centers of TGE were identified and its oxidation
mechanisms were suggested. The main reaction products formed by the oxidation of TGE
were identified. These product structures indicate reactivity of the thiogenistein C, A, and B
rings in reactions with peroxyl radicals and with a potential. Three types of oxidations were
observed: the oxidation by oxygen attachment, the oxidation by water attachment, and
dehydrogenation as the mildest form of oxidation occurring during potentiation. Four main
oxidation pathways were also observed during the potential oxidation. When hydrogen
peroxide was used, the oxidation mechanism is bidirectional. When both oxidizing agents
were used simultaneously, two new pathways were observed in addition. It was observed
that where the oxidation occurs without potential (hydrogen peroxide, potential + hydrogen
peroxide) the water molecule joins the double bond of the C ring first. Where oxidation with
potential was used, more water molecules were observed to attach to the rings, including
the A ring. It was observed that the A ring was more favored for oxidation due to the
presence of an inductive effect. To summarize, our results show that the A ring is the critical
active site in TGE that contributes to its *OH trapping efficacy, which is similar to the GE
MGO trapping efficacy [56].

IR-ATR studies indicated that in the case of a tightly packed monolayer, the B ring
was the most susceptible to oxidation, as it is the most protruding one. It should be taken
into account that in the outer molecules bounding the 2D surface, the A ring may also
undergo oxidation. For this reason, it is possible to obtain different TGE oxidation products
in the monolayer.

The anticancer and antioxidative activity of our new thiolated analogue of genistein
was evaluated based on cell culture and the ABTS·+ radical cation. TGE has a high cytotoxic
activity towards the human breast cancer cells (MCF-7 estrogen positive and MDA-MB-231
estrogen negative) and neutralizes the LPS-induced reactive oxygen species production
better than GE, even though the thio-linker blocks one of its -OH groups. This can be
interpreted by our results that the oxidation of TGE, on the one hand, takes place by
passing the hydrogen atom to free oxygen radicals, and on the other hand, it can occur by
attaching additional -OH groups to the frame of the molecule.

In this work, antioxidant activity was calculated by density functional theory studies
for a possible correlation with the structures of TGE and products of electrochemical and
oxidation conversion and investigating the mechanism of reactions of the TGE with the
ABTS+. The model system used for these studies is reasonably predictive of antioxidant
chemistry in more complex biological systems.

The understanding of the biological activity of antioxidant compounds is a very
important aspect of human life. We hope that understanding these procedures will help
to determine key molecular fragments involved in the subsequent biochemical processes
in living organisms and give information about their role in metabolic processes and
pharmacological activity [57]. We plan to study whether reactions of TGE and peroxyl
radicals in lipid bilayers in vitro and in biological membranes in vitro and in vivo yield
products similar to those observed in this study in a homogeneous solution system.
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Abstract: A series of 3,3-diethylazetidine-2,4-dione based thiazoles 3a–3j were designed and synthe-
sized as new human neutrophil elastase (HNE) inhibitors in nanomolar range. The representative
compounds 3c, 3e, and 3h exhibit high HNE inhibitory activity with IC50 values of 35.02–44.59 nM,
with mixed mechanism of action. Additionally, the most active compounds 3c and 3e demonstrate
high stability under physiological conditions. The molecular docking study showed good correlation
of the binding energies with the IC50 values, suggesting that the inhibition properties are largely
dependent on the stage of ligand alignment in the binding cavity. The inhibition properties are
correlated with the energy level of substrates of the reaction of ligand with Ser195. Moreover, most
compounds showed high and broad-spectrum antiproliferative activity against human leukemia
(MV4-11), human lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231), and urinary
bladder carcinoma (UMUC-3), with IC50 values of 4.59–9.86 μM. Additionally, compounds 3c and
3e can induce cell cycle arrest at the G2/M phase and apoptosis via caspase-3 activation, leading to
inhibition of A549 cell proliferation. These findings suggest that these new types of drugs could be
used to treat cancer and other diseases in which immunoreactive HNE is produced.

Keywords: human neutrophil elastase; antiproliferative activity; thiazole; molecular docking

1. Introduction

Human neutrophil elastase (HNE, E.C. 3.4.21.37) is a 30 kDa serine protease of the
chymotrypsin family stored in the azurophilic granules of neutrophils. This enzyme can
hydrolyse extracellular matrix proteins such as elastin, fibronectin, proteoglycans, and
collagens. Due to the fact that HNE is the main mediator of inflammation, it participates in
the pathogenesis of various inflammatory diseases, including acute lung injury (ALI), acute
respiratory distress syndrome (ARDS), chronic obstructive pulmonary disease (COPD),
and rheumatoid arthritis and Wegener’s granulomatosis [1–5]. Due to the possibility
of tissue damage, HNE activity is regulated by specific endogenous inhibitors such as
α1-antitrypsin, α2-macroglobulin, elafin and secretory leukocyte protease inhibitor [6–8].
Human neutrophil elastase has also been associated with the metastasis and progression
of various types of cancer via its degradation of extracellular matrix components. A high
immunoreactivity of HNE in patients with breast cancer and lung cancer is correlated with
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poor prognosis and a reduction in the survival rate [9–16]. HNE is responsible for cellular
proliferation of lung cancer cells [17].

Therefore, human neutrophil elastase has become an important therapeutic target,
which has resulted in the intensive search for small, effective HNE inhibitors as promising
therapeutics. In recent years, many HNE inhibitors belonging to different classes of com-
pounds have been designed (Figure 1), such as sivelestat sodium hydrate A (ONO-5046,
Elaspol) [18], N-benzoylindazoles B [19], indoles [20], 1H-pyrrolo [2,3-b]pyridines C [21],
isoxazol-5(2H)-ones D [22], heteroaryl oxime esters E [23], sulfonyl fluorides (SuFEx) F [24],
and phthalimides [25]. A very interesting group of compounds that caught our attention
are azetidine-2,4-diones, also known as 4-oxo-β-lactams [26]. These compounds showed
the ability to serine acylation in HNE, and further research on the structure optimization
showed that N-phenyl derivatives of 3,3-diethylazetidine-2,4-dione G (Figure 1) show
much higher activity and selectivity towards HNE [27–32].

 
Figure 1. Structures of selected HNE inhibitors.

Due to the broad spectrum of activity, the thiazole scaffold is currently one of the
most studied heterocyclic compounds [33,34]. We previously reported that compounds
containing the thiazole ring show high antitumor activity and are characterized by low
toxicity to healthy cells [35–37].

The aim of our project was two-fold. Firstly, we aimed at designing hybrid molecules
containing the 3,3-diethylazetidine-2,4-dione and thiazole systems, which have the ability
to inhibit human neutrophil elastase. Secondly, we investigated whether such derivatives
exhibit anticancer activity. In addition, through the introduction of different substituents,
we modified the electronic properties and geometry of the molecules. The inhibition
of human neutrophil elastase was carried out by the spectrofluorimetric method using
N-methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-methylcoumarin (MeOSuc-AAPV-AMC)
as substrate. The antiproliferative activity was tested against four human cancer cell
lines, leukemia (MV4-11), lung (A549), breast (MDA-MB-231), urinary bladder (UMUC-3),
and normal mouse fibroblast (BALB/3T3) cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliun bromide (MTT) or sulforhodamine B (SRB) assays. The molecular
docking study of the inhibitors to the HNE binding site was used to analyze the influence
of pharmacophore group on the activity of the studied compounds.
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2. Results and Discussion

2.1. Chemical Synthesis

The synthetic pathway leading to the final thiazole derivatives 3a–3j is reported
in Scheme 1. In the first step 1-(4-(2-chloroacetyl)phenyl)-3,3-diethylazetidine-2,4-dione
(2) was obtained starting from previously described 1-(4-aminophenyl)-2-chloroethanone
(1) [38] treated with the appropriate 2,2-diethyl malonyl dichloride and triethylamine in
dry dichloromethane. Next, using the Hantzsch reaction of precursor 2 with ten different
thioureas, appropriate thiazole derivatives 3a–3j were obtained with 52–99% yields. The
structure of all compounds was confirmed on the basis of spectral data, including 1H NMR
(400 MHz), 13C NMR (100 MHz), and ESI-HRMS analysis (see Supplementary material).
The 1H NMR spectrum of precursor 2 showed characteristic signals derived from two
ethyl and a chloroacetyl groups at 0.98, 1.86 and 5.19 ppm, respectively. There is also a
characteristic signal from the carbonyl group of the chloroacetyl fragment in the 13C NMR
spectrum at about 191 ppm. The final thiazoles 3a–3j showed characteristic singlets at
(7.30–7.51) ppm derived from thiazole-5H proton, whereas in the 13C NMR spectrum we
observe characteristic peaks at about 9.40 and 23.30 ppm, and at about 172 ppm derived
from the 3,3-diethylazetidine-2,4-dione system. The high resolution mass spectrometry
spectra fully support the proposed structures of the target compounds.

Scheme 1. Synthesis of the 3,3-diethylazetidine-2,4-dione based thiazoles 3a–3j.

2.2. Elastase Inhibitory Activity and Kinetic Analysis

Inhibition of human neutrophil elastase was carried out by the spectrofluorimetric
method using N-methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-methyl-coumarin (MeOSuc-
AAPV-AMC) as a substrate, and compared with sivelestat, which is a selective inhibitor of
human neutrophil elastase. The results are summarized in Table 1. Curves for the deter-
mination of IC50 values for inhibition of HNE activity of compounds 3a–3j and sivelestat
can be found in Supporting Information (see Figures S1–S11). All tested compounds 3a–3j

showed the ability to inhibit HNE in nanomolar concentration, with IC50 values in the range
of 35.02–312.19 nM. Among the tested compounds, the highest activity was demonstrated
by thiazoles 3c, 3e and 3h with IC50 values 38.25, 35.02 and 44.59 nM, respectively. These
compounds contain the trimethoxyphenyl, benzenesulfonamide and naphthyl groups.
These values are only two times lower than the inhibition value for standard sivelestat,
which was 18.78 nM. It can be seen that the HNE inhibitory activity increases in a series
of compounds 3b, 3i and 3d containing 4-fluorophenyl, 4-trifluoromethylphenyl and per-
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fluorophenyl groups with IC50 values 176.28, 167.57, and 110.02 nM, respectively. This
is probably due to an increased electron-acceptor or steric effect. The opposite effect is
observed for compounds 3a and 3j containing the 4-chlorophenyl and 2,4,6-trichlorophenyl
groups with IC50 227.29 and 248.74 nM, respectively. Also, the same relationship can be
seen for derivatives 3f and 3j containing the 3,5-dimethylphenyl and 2,4,6-trichlorophenyl
groups with IC50 values of 243.96 and 248.74 nM, respectively.

Table 1. Human neutrophil elastase inhibitory activity of 3,3-diethylazetidine-2,4-dione based thia-
zoles 3a–3j and kinetic analysis of their mechanism of action.

Thiazole
Derivatives

IC50 ± SD [nM] Dose [μM] Vmax Km
Inhibition

Type
Ki [nM] Kis [nM]

3a 227.29 ± 35.08 100.00
250.00

53.19
55.25

195.19
264.55 mixed 590.41 426.00

3b 176.28 ± 13.49 100.00
250.00

63.29
15.95

280.95
112.31 mixed 72.15 65.50

3c 38.25 ± 4.91 50.00
100.00

40.65
25.58

193.65
207.26 mixed 66.06 99.50

3d 110.02 ± 4.41 100.00
250.00

30.49
10.59

126.00
90.08 mixed 138.22 49.33

3e 35.02 ± 3.88 50.00
100.00

28.82
28.57

210.77
355.14 mixed 35.78 240.00

3f 243.96 ± 19.40 100.00
250.00

44.64
37.31

186.93
204.42 mixed 144.40 426.00

3g 312.19 ± 5.76 250.00
500.00

56.50
15.97

229.24
74.35 mixed 137.24 171.25

3h 44.59 ± 6.04 50.00
100.00

29.15
15.04

190.67
184.09 mixed 33.94 46.50

3i 167.57 ± 18.09 100.00
250.00

75.76
32.26

284.78
154.24 mixed 596.64 425.00

3j 248.74 ± 32.76 250.00
500.00

24.63
6.88

132.14
71.54 mixed 209.35 38.00

Sivelestat 18.78 ± 0.13 – – – – – –

Vmax—maximum velocity, Km—inhibition constant, Ki—enzyme-inhibitor dissociation constants, Kis—enzyme-
substrate-inhibitor dissociation constants.

Compound 3g containing the indazole group shows the lowest inhibitory activity, IC50
312.19 nM, and replacement of this group with a naphthyl group significantly increases the
inhibitory activity.

Next, kinetic analysis of the mechanism of inhibition of human neutrophil elastase by
thiazoles 3a–3j was determined using double-reciprocal plots of Lineweaver-Burk plots
and Dixon analysis. The results are shown in Table 1. In our research, we showed that all
derivatives 3a–3j showed a mixed mechanism of inhibition of elastase, indicating that the
tested compounds can inhibit elastase in two different models.

The first model is one in which the inhibitor binds better to the free enzyme (competi-
tive mechanism), while the second model is one in which the inhibitor binds better to the
enzyme-substrate complex (non-competitive mechanism). Next the secondary plots of slope
versus concentration of test compounds were plotted to determine the enzyme-inhibitor dis-
sociation constants Ki, and similarly as was used to determine enzyme-substrate-inhibitor
dissociation constants Kis, the secondary plots of intercept versus concentration of tested
compounds were plotted. The Ki values for the compounds 3c, 3e, 3f, 3g, and 3h were
lower than the Kis values, suggesting that these inhibitors bind more strongly to the free
enzyme than the enzyme-substrate complex (mixed type I inhibition). For the remaining
compounds, the Ki values are higher than the Kis values, indicating that these compounds
have a higher affinity for the enzyme-substrate complex (mixed type II inhibition). The
plot for the most active inhibitor 3e is presented in Figure 2.
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Figure 2. Lineweaver-Burk plots for inhibition of human neutrophil elastase in the presence of
compound 3e.

2.3. Molecular Docking Study

According to reference [32], the studied compounds are likely to be bound to protein
by the formation of a covalent bond between serine and the azetidine-2,4-dione moiety,
followed by the decomposition of the ligand molecule into two fragments. Thus, either stan-
dard (non-covalent) docking or the covalent docking involving the whole ligand molecule
do not seem to be suitable for predicting the inhibition properties due to the following
facts: (i) the low-energy ligand poses do not necessarily correspond to the conformations
that facilitate the reaction with serine, thus, they may be chemically meaningless; (ii) after
the ligand decomposition, the covalently bound ligand fragment is exactly the same for
all considered compounds, thus, performing covalent docking would not produce any
distinguishable results. To overcome these difficulties, we decided to carry out the standard
docking that takes into account the complete molecular structure of all ligands but analyze
only those poses that fulfil additional structural criteria. Namely, it was assumed that in
order to enable the chemical reaction between the azetidine-2,4-dione moiety and serine
(according to the structural data in the PDB database, covalent ligand bonding occurs
always with contribution of Ser195) the distance between the serine hydroxyl oxygen atom
and any of the two oxygens in the azetidine-2,4-dione group must be smaller than 0.3 nm.
The poses that do not fulfil these cutoff-based criteria were discarded in further analysis.
(Docking for sivelestat was carried out as well and an analogous distance-based cutoff was
applied. According to reference [39], covalent binding occurs involving the carbonyl group;
this was accounted for when defining the corresponding cutoff).

This procedure can be considered as closely related to the covalent docking of whole
ligand molecules or to docking with energy constraints on the interatomic distance. Here,
the role of either additional covalent bonds or the constraint-inherent energy contribution
is played by ‘logical constraint’, i.e., filtering out the ligand poses that fall outside the
cutoff criteria. The molecular docking study was used to analyze the influence of the
pharmacophore group on the activity of the studied compounds. The binding energies
found during docking simulations are given in Table 2 and graphically illustrated in
Figure 3. Each of the final energy values was averaged over the set of poses exhibiting
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the same structural orientation in the binding cavity, as confirmed by separate RMSD
calculations and visual inspection (Figure 3B). All of the obtained ligand-protein interaction
energies display similar magnitude, varying in the range of ~−7.3–−8.5 kcal/mol. The
most favorable interactions are exhibited by compounds 3c, 3e, 3h and sivelestat. These
compounds displayed their high inhibition potencies in the experimental studies. Moreover,
the binding energies calculated for all sets of compounds are fairly well correlated with
the experimentally determined values of IC50 (Figure 3A). Thus, one can conclude that a
reasonable agreement between the theoretical and experimental results exists, especially
when considering the mechanism of ligand binding which can be tackled by a docking
study only in an indirect manner. At the same time one can observe that the compounds
exhibiting the highest IC50 values were not always correctly identified in the calculations;
this is discussed later.

Table 2. The docking results with respect to the studied ligands. The calculations were averaged over
the five structures available in the PDB database; the corresponding standard deviations are given
as well.

Compound Binding Energy ± SD [kcal/mol]

3a −7.32 ± 0.24
3b −7.81 ± 0.23
3c −8.39 ± 0.54
3d −8.15 ± 0.31
3e −8.42 ± 0.63
3f −7.82 ± 0.26
3g −8.23 ± 0.22
3h −8.53 ± 0.21
3i −7.98 ± 0.14
3j −7.76 ± 0.08

Sivelestat −8.51 ± 0.22

The relatively good correlation of the binding energies with the IC50 values suggests
that the inhibition properties are largely dependent on the stage of ligand alignment in
the binding cavity. In other words, the inhibition properties are correlated with the energy
level of substrates of the reaction of ligand with Ser195.

The very small scatter of ligand-protein interaction energies across the studied set
of compounds (1.2 kcal/mol) can be explained in terms of their high structural similarity
(they differ only by the type of one substituent) combined with extremely close locations
and orientations exhibited by them when interacting with the binding cavity.

The results of the docking studies were also analyzed with respect to the mechanistic
protein-ligand interaction pattern that is essential for interpretation of the obtained binding
energy values. The summary given below relies on analysing the ligand-protein contacts
that take place if the distance between any corresponding atom pair is smaller than the
arbitrarily accepted value of 0.4 nm. The provided description can be related to all the
studied compounds due to their nearly identical orientations in the binding cavity, which
was partially imposed by cutoff criteria (Figure 3). The accuracy limits in this context result
mainly from the molecular topology of the ligand, i.e., different chemical character of a
single moiety). The graphical illustration of the docking results (on example of 3e) is given
in Figure 3C.

The network of interactions responsible for distinguishing between potencies of partic-
ular compounds is created by Trp172, Thr175, Phe215 and (partially) Arg217. Independently
of the compound, its limiting, aromatic substituent always maintains contact with Phe215
and Trp172 via attractive π-π or CH-π interactions. The presence of interactions with Thr175
is dependent on the character of the substituent and concerns only those compounds which
contain polar groups in this region of molecule. Interactions with Arg217 occurs mainly
with thiazole ring (as in Figure 3C and according to description below), however, the
Arg217 sidechain is the most flexible among all sidechains considered explicitly during
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docking and can exhibit interactions also with the limiting substituent when the latter is
polar. Although corresponding docking poses are only of the secondary type, the difference
in energy levels is rather small (<0.3 kcal/mol), which suggests the consideration of this
contact in the discussion.

Figure 3. (A) The correlation between the calculated binding energies, averaged over the five elastase
structures available in the PDB database, and the corresponding (experimental) values of IC50. The
horizontal bars represent the standard deviation values within the set of binding energies. Green
symbol corresponds to sivelestat whereas red ones correspond to the remaining compounds. (B) The
superposed positions of all studied ligands (stick representation) in the binding cavity of the 1bma
structure of elastase. All of these positions were identified as the optimal ones during the standard
(non-covalent) docking procedure with additional conditions imposing the maximal distance of
oxygen atoms at the azetidine-2,4-dione group and Ser195 as equal to 0.3 nm. (C) The location of
the 3e ligand molecule bound to the 1bma structure of elastase and found in the docking procedure.
The ligand molecule is shown in a ball-and-stick representation, whereas all the closest amino-acid
residues are represented by sticks. The description of the interaction types is given in the text.
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As the physical-chemical character of interactions formed by this crucial substituent
and neighboring residues is not uniform and involves e.g., hydrogen bonding donation
and acceptance, CH-π and π-π stacking, the detailed interpretation of the dependence of
the moiety type on the compound potency is not straightforward. It seems that binding
energies determined in the study result from the detailed balance of either favorable or
non-favorable interactions of competitive character.

For instance, the compounds exhibiting the most favorable binding energies (3c, 3e

and 3h) have a distinctly different character of their substituents and the corresponding
favorable interactions with protein can be rationalized differently. Compounds 3c and 3e

contain a relatively large number of hydrogen bonding acceptors and/or donors which
enables attractive interactions with Arg217 and Thr175. Compound 3h does not contain
any polar group in the corresponding substituent, but this is compensated by the enhanced
magnitude of the π-π interactions of the condensed aromatic ring with Trp172 and Phe215.
Compound 3g, also bearing a larger, aromatic (indazole) ring is not capable of creating
equally attractive interactions due to different substitution positions and, subsequently, the
altered relative orientation of the ring with respect to the Phe215 sidechain. Finally, the
energy balance, in particular the intermolecular contacts, depends partially on the factors
that cannot be explicitly considered during docking e.g., the presence of solvent or the
mobility of the protein backbone. The latter factor is demonstrated by a high variability
of the determined binding energies and their dependence on the geometry of the protein
backbone around Val99, as observed for compounds 3c and 3e.

The remaining ligand-protein interactions concern the polar interactions of Arg217
with thiazole ring (hydrogen bonding) and CH-π stacking also involving the thiazole ring
and Val99 sidechain. The phenyl ring of the ligand maintains contact with His57 (aromatic
π-π interactions) and Gln192. The same Gln192 is located in the vicinity of the azetidine-2,4-
dione group where it is able to form hydrogen bonding with the nitrogen atom, stabilizing
the arrangement of the azetidine-2,4-dione moiety with respect to Ser195. Thus, this type
of interaction is probably essential in the context of the formation of covalent bonding
with Ser195.

The part of the ligand molecule that contains the azetidine-2,4-dione moiety is es-
pecially crucial for the occurrence of the reaction with Ser195. Due to imposed logical
constraints, the attractive, hydrogen bonding-mediated interactions are always observed
in the case of one of the oxygen atoms in the azetidine-2,4-dione group and neighbor-
ing Ser195 sidechain. Apart from this contact (and the presence of Gln192, mentioned
above) no other specific, attractive interactions can be ascribed to this part of the ligand
molecule. The vicinity of the two cysteines (Cys42 and Cys58) and the aliphatic substituents
of the azetidine-2,4-dione group seems to be only an opportunistic consequence of other
protein-ligand interactions discussed above.

Thus, to summarize, the docking results showed that the potency of compounds is
correlated with the energy level of the ligand-protein complex (substrates for the subsequent
ligand-protein reactions resulting in the formation of a covalent bond) but only when a
certain arrangement of the ligand is achieved, enabling for occurring further stages of
process. This arrangement relies on close contact of the azetidine-2,4-dione group and the
Ser195 sidechain, maintained through hydrogen bonding and stabilized by interactions
with Gln192. The order of potencies of compounds considered in the present study depends
on the interactions with Trp172, Thr175, Phe215 and (partially) Arg217.

2.4. Antiproliferative Activity

3,3-Diethylazetidine-2,4-dione based thiazoles 3a–3j were assessed for their antiprolifera-
tive activity against a panel of four cancer cell lines: human biphenotypic B myelomonocytic
leukemia (MV4-11), lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231),
urinary bladder carcinoma (UMUC-3), and normal mouse fibroblast (BALB/3T3) cells. Bio-
logical studies were carried out using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) or sulforhodamine B (SRB) assays. The results are summarized in Table 3.
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Curves for the determination of IC50 values of antiproliferative activity of compounds 3a–3j

can be found in Supporting Information (see Figures S12–S16). All derivatives 3a–3j showed
high activity against MV-4-11 cells, with IC50 values between 4.59–7.15 μM. The antiprolif-
erative activity of the tested compounds against human lung carcinoma (A549) cells is also
very high, with IC50 values in the range of 5.59–7.31 μM. Some decrease in activity for this
type of cancer was observed for compounds 3d and 3h, with IC50 values 15.28 and 9.20 μM,
respectively. Our research also showed that compounds 3a–3c, 3e and 3g have very high
activity against human breast adenocarcinoma (MDA-MB-231) with IC50 values between
6.19 and 9.86 μM. Compounds 3f, 3h, 3i and 3j showed good activity with IC50 values
in the range of 11.65–14.64 μM. In this type of cancer, compound 3d showed the lowest
activity with an IC50 value of 72.09 μM. Studies with urinary bladder carcinoma (UMUC-3)
cells showed that four compounds 3b, 3c, 3e, an 3g showed good activity against this type
of cancer, with IC50 values between 6.90 and 9.07 μM.

Table 3. Antiproliferative activity of thiazoles 3a–3j against human biphenotypic B myelomonocytic
leukemia (MV4-11), lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231), urinary
bladder carcinoma (UMUC-3), and normal mouse fibroblast BALB/3T3 cells.

Thiazole
Derivatives

IC50 ± SD [μM]

MV-4-11 A-549 MDA-MB-231 UMUC-3 Balb/3T3

3a 7.15 ± 0.94 7.01 ± 0.47 9.86 ± 0.94 10.68 ± 1.41 10.87 ± 1.18
3b 5.92 ± 1.71 7.31 ± 0.46 9.34 ± 1.12 9.07 ± 0.49 11.49 ± 1.47
3c 4.59 ± 2.03 6.40 ± 0.08 6.38 ± 0.71 6.90 ± 0.21 7.42 ± 1.04
3d 5.40 ± 2.06 15.28 ± 4.98 72.09 ± 25.98 62.73 ± 9.98 46.52 ± 4.99
3e 6.23 ± 0.42 6.32 ± 0.89 6.42 ± 1.70 7.49 ± 0.64 6.57 ± 0.21
3f 5.89 ± 1.67 7.28 ± 1.07 12.48 ± 1.79 19.70 ± 5.49 23.83 ± 4.53
3g 5.38 ± 0.46 5.59 ± 0.16 6.19 ± 0.42 7.89 ± 0.23 6.03 ± 0.46
3h 6.64 ± 1.59 9.20 ± 1.36 14.64 ± 3.17 13.31 ± 1.81 22.44 ± 8.62
3i 5.47 ± 1.52 6.42 ± 0.72 11.65 ± 3.70 10.67 ± 3.05 10.13 ± 0.87
3j 5.11 ± 1.42 6.21 ± 0.73 14.30 ± 3.45 25.29 ± 9.94 34.48 ± 22.72

cisplatin 1.33 ± 0.17 4.09 ± 1.00 19.43 ± 6.80 1.73 ± 0.17 8.04 ± 3.16
IC50—compound concentration leading to 50% inhibition of cell proliferation. IC values were calculated for
each experiment separately (experiments were repeated 3–5 times) and data are presented as mean values ± SD,
calculated using Prolab-3 system based on Cheburator 0.4 software [40].

The less potent of the series for this cancer cell line was compounds 3a, 3h and 3i, with
IC50 values in the range of 10.67–13.31 μM. Compounds 3d, 3f and 3j showed the lowest
activity with IC50 value in the range of 19.70–62.73 μM. Due to the lack of a standard drug
that is structurally similar to our compounds, we decided to use cisplatin, which is active
against all cancer cell lines tested. Studies have shown that our compounds, except 3d, are
more active against MDA-MB-231 than cisplatin. Also, most compounds show less toxicity
than cisplatin.

Anticancer drugs are toxic to cancer cells, but also show some toxicity to healthy cells.
Therefore, in the next step, we determined the selectivity index (SI) of the cytotoxic activity
of the 3,3-diethylazetidine-2,4-dione based thiazoles by comparing the cytotoxic activity
(IC50) of compounds against the normal fibroblasts BALB/3T3 with the cytotoxic activity
(IC50) of cancer cell lines (Table 4). The selectivity indexes for thiazoles 3a–3j against MV4-
11 and A-549 cells were in general much higher than for MDA-MB-231 and UMUC-3 cells.
The compounds 3f, 3h and 3j showed the higher selectivity index against all tested cancer
cell lines.
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Table 4. The selectivity index (SI) of tested compounds. The SI index = IC50 for normal cell line
(Balb/3T3)/IC50 for appropriate cancer cell line.

Thiazole
Derivatives

Cell Lines/Calculated Selectivity Index SI

MV-4-11 A-549 MDA-MB-231 UMUC-3

3a 1.52 1.55 1.10 1.02
3b 1.94 1.57 1.23 1.27
3c 1.62 1.16 1.16 1.07
3d 8.61 3.04 0.64 0.74
3e 1.05 1.04 1.02 0.88
3f 4.04 3.27 1.90 1.21
3g 1.12 1.08 0.97 0.76
3h 3.38 2.44 1.53 1.69
3i 1.85 1.58 0.87 0.95
3j 6.75 5.55 2.41 1.36

A beneficial SI > 1.0 indicates a drug with efficacy against cancer cells greater than toxicity against normal cells.

2.5. Apoptosis and Cell Cycle Assays

To explore the antiproliferative activity of the tested compounds, the influence of the
most active ones, i.e., 3c and 3e, on apoptosis induction and caspase-3 activation and the
distribution of cell cycle phases in the A549 cells after 48-h incubation were analyzed by
flow cytometry. The rate of cell apoptosis and necrosis was detected using Annexin V-
FITC/PI double staining. As shown in Figure 4A,B, both compounds were found to induce
apoptosis in the A549 cells in a concentration-dependent manner, whereas no induction
of necrosis was observed. Compound 3e turned out to be a stronger inducer of apoptosis
than 3c. The percentage of A549 cells undergoing apoptosis increased significantly from
6.05 ± 0.17% in the control to 8.79 ± 0.50%, 14.45 ± 1.02%, and 23.39 ± 0.31% after the
incubation with 5, 10, or 20 μM of the 3e, respectively (Figure 4B). In turn, compound 3c

induced apoptosis only at the concentrations of 10 and 20 μM, and the percentage of cells
undergoing apoptosis increased from 6.05 ± 0.17% in the control to 10.14 ± 0.76% and
14.67 ± 0.68%, respectively (Figure 4B). Moreover, compound 3e at a concentration of 5 μM
induced apoptosis to a similar level as cisplatin (CDDP) used at a concentration of 4 μM. To
identify the mechanism of the 3c- and 3e-induced apoptosis in the A549 cells, the activation
of effector caspase-3 was evaluated by flow cytometry. As shown in Figure 5A,B, the
treatment of the cells with both compounds resulted in a concentration-dependent increase
in the number of cells with active caspase 3. To further explore the antiproliferative activity
of compounds 3c and 3e, the influence of both compounds on the distribution of cell cycle
phases in the A549 cells was analyzed. The 3c or 3e treatment resulted in an increased
number of A549 cells in the G2/M phase and the sub-G1 apoptotic subpopulation with a
concomitant reduction of the cell number in the G0/G1 phase (Figure 6A–C). Compared to
the control, compound 3c used at a concentration of 5, 10, or 20 μM significantly elevated
the G2/M fraction from 6.20 ± 0.23% to 9.69 ± 0.77%, 15.68 ± 5.31%, and 29.04 ± 1.09%,
respectively (Figure 6B). The exposure of the cells to 0, 5, 10, and 20 μM of compound 3e

resulted in the accumulation of cells in the G2/M phase from 6.20 ± 0.23% to 9.08 ± 0.69%,
10.83 ± 1.06%, and 35.78 ± 0.46%, respectively (Figure 6C). The G2 checkpoint prevents
cells from entering mitosis when DNA is damaged, providing an opportunity for repair and
stopping the proliferation of damaged cells [41]. The cell cycle arrest at the G2/M phase
indicates that the damage of intracellular DNA is difficult to repair [42]. Apoptosis is a
crucial process involved in the regulation of tumor formation and in the treatment response;
therefore, cancer therapy has been linked to activation of the apoptosis signal transduction
pathway. Caspase-3, an executioner caspase, plays an important role in apoptosis and
becomes a primary target for cancer treatment [43]. In conclusion, these results indicate
that compounds 3c and 3e can induce cell cycle arrest at the G2/M phase and apoptosis
via caspase-3 activation, leading to the inhibition of A549 cell proliferation.
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Figure 4. Effect of compounds 3c and 3e and cisplatin (CDDP) on apoptosis induction in the A549 cell
line. After the 48-h exposure to the indicated concentrations of the compounds, the cells were stained
with annexin (An) V-FITC)/propidium iodide (PI) and examined with flow cytometry. (A) The
representative graphs obtained by flow cytometric analysis: dot plots indicate the percentage of
An−/PI+ necrotic cells (Q1), An+ /PI+ late apoptotic cells (Q2), An−/PI− viable cells (Q3), and
An+ /PI− early apoptotic cells (Q4). (B) Statistical analysis of the apoptotic (early + late apoptosis)
and necrotic rate populations after the 3c, 3e, and cisplatin (CDDP) treatment. Data are presented as
mean ± SD from three independent experiments; *** p < 0.001 in comparison to the control; one-way
ANOVA followed by Dunnett’s post hoc test.
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Figure 5. Flow cytometry analysis of active caspase-3 in A549 cells treated with compounds 3c and
3e for 48 h. (A) Representative histograms of A549 cell culture—M1 and M2 gates represent peaks for
viable (caspase-3 negative cells) and apoptotic cell fractions (caspase-3 positive cells detected after
cell staining with PE-conjugated anti-active caspase-3 antibodies), respectively. (B) Quantification
of caspase-3 activity in A549 cell culture. The results are mean values ± SD of three independent
experiments; statistical significance at p < 0.001 *** in comparison to the control; one-way ANOVA
followed by Dunnett’s post hoc test.

2.6. Compounds Stability

Testing the stability of new drugs is of great importance for obtaining a good thera-
peutic profile as well as the safety of their future use. Degradation impurities can reduce
drug efficacy and generate undesirable side effects. Therefore, two of the most active 3,3-
diethylazetidine-2,4-dione based thiazoles 3c and 3e were evaluated for chemical stability
in an aqueous phosphate buffer at pH 7.3 imitating physiological conditions using spec-
trophotometric analysis (Table 5). An exemplary spectrum for compound 3e is presented in
Figures 7 and 8. The absorbance maxima of compound 3c at 293 nm and at 262 and 322 nm
for compound 3e decreased over time, indicating spontaneous hydrolysis with a t1/2 of
46.2 and 39.6 min, respectively. The tested compounds demonstrate high stability under
physiological pH conditions.
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Figure 6. Effect of compounds 3c and 3e on cell cycle distribution in A549 cells. After the treatment
with the indicated concentrations of compounds 3c and 3e for 48 h, the cells were stained with
propidium iodide and analyzed by flow cytometry. (A) Representative DNA histograms of A549 cells
treated with compounds 3c and 3e. (B,C) Statistical analysis of the percentages of A549 cells in the
sub-G1, G0/G1, S, and G2/M phases after treatment with compounds 3c and 3e, respectively. Data
are expressed as means ± SD from three independent experiments. ** p < 0.01 and *** p < 0.001 in
comparison to the control; one-way ANOVA followed by Tukey’s post hoc test.

Table 5. Half-life (t1/2) for the spontaneous hydrolysis of selected compounds 3c and 3e.

Thiazole
Derivatives

λ [nm] k [min−1] t1/2 [min]

3c 293 0.015 46.2
3e 262, 322 0.0175 39.6

255



Int. J. Mol. Sci. 2022, 23, 7566

 

y = -0.0175x - 1.0842
R² = 0.994

-6

-5

-4

-3

-2

-1

0
0 50 100 150 200 250

lo
g(

A t-A
ꝏ

)

t [min]

3e

Figure 7. Semilogarithmic plots used to determine rate constants for spontaneous hydrolysis of
compound 3e.

Figure 8. The changes in absorbance spectra of compound 3e during spontaneous hydrolysis. The
spectrum was monitored for 250 min with 10 min intervals in 0.05 M phosphate buffer (pH 7.3, 25 ◦C).
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3. Materials and Methods

3.1. Chemistry

All reactions were performed under a nitrogen atmosphere. All reagents and starting
materials were purchased from commercial suppliers and used without further purification.
The dichloromethane was dried over calcium hydride. 1H NMR (400 MHz) and 13C NMR
(100 MHz) spectra were recorded on a Bruker Avance III multinuclear instrument. High
resolution mass spectrometry measurements were performed using a Synapt G2-Si mass
spectrometer (Waters) equipped with a quadrupole-Time-of-flight mass analyser. The
mass spectrometer was operated in the positive ion detection mode. The results of the
measurements were processed using the MassLynx 4.1 software (Waters) incorporated
with the instrument. Melting points were determined in open glass capillaries and are
uncorrected. Analytical TLC was performed using Macherey-Nagel Polygram Sil G/UV254
0.2 mm plates. 2,2-Diethyl malonyl dichloride and appropriate thioureas were commercial
materials (Merck).

3.1.1. 1-(4-(2-Chloroacetyl)phenyl)-3,3-diethylazetidine-2,4-dione (2)

2,2-Diethyl malonyl dichloride (1.51 g, 1.32 mL, 7.67 mmol) was added to a stirred so-
lution of 1-(4-aminophenyl)-2-chloroethanone (1) (1.0 g, 5.90 mmol) in dry dichloromethane
(25 mL) and then triethylamine (1.55 g, 2.13 mL, 15.34 mmol) was added. The reaction
mixture was stirred at room temperature for 20 h. The solvent was removed under reduced
pressure, tetrahydrofuran (20 mL) was added and next the triethylamine hydrochloride
was filtered off and the solvent was removed under reduced pressure. The product was
purified on silica gel column chromatography (230–400 mesh) using (dichloromethane,
Rf = 0.58) to reach the desired product: 1.30 g, 76%; mp 76–78 ◦C. 1H NMR (DMSO-d6,
400 MHz), δ (ppm): 0.98 (t, 6H, 2CH3, J = 7.7 Hz); 1.86 (q, 4H, 2CH2, J = 7.0 Hz); 5.19 (s,
2H, CH2); 7.88 (d, 2H, 2CH, J = 8.4 Hz); 8.12 (d, 2H, 2CH, J = 7.7 Hz). 13C NMR (DMSO-d6,
100 MHz), δ (ppm): 9.32 (2CH3); 23.18 (2CH2); 48.02 (C); 71.98 (C); 119.37 (2C); 130.55 (2C);
132.64 (C); 137.54 (C); 171.99 (2C); 190.96 (C).

3.1.2. 1-(4-(2-(4-Chlorophenylamino)thiazol-4-yl)phenyl)-3,3-diethylazetidine-2,4-dione
(3a) Typical Procedure

N-(4-Chlorophenyl)thiourea (0.187 g, 1.0 mmol) was added to a stirred solution of 1-
(4-(2-chloroacetyl)phenyl)-3,3-diethylazetidine-2,4-dione (2) (0.294 g, 1.0 mmol) in absolute
ethyl alcohol (20 mL). The reaction mixture was stirred under reflux for 20 h. Next, the
reaction mixture was added to water (50 mL) and neutralized with NaHCO3 solution.
The separate precipitate was collected by filtration and dried in vacuum to afford the
desired product: 0.35 g, 82%; mp 164–166 ◦C, eluent: (dichloromethane/methanol (95:5);
Rf = 0.81). 1H NMR (DMSO-d6, 400 MHz), δ (ppm): 0.99 (t, 6H, 2CH3, J = 7.7 Hz); 1.85 (q,
4H, 2CH2, J = 7.7 Hz); 7.39 (d, 2H, 2CH, J = 9.1 Hz); 7.42 (s, 1H, CH); 7.76–7.79 (m, 4H,
4CH); 8.05 (d, 2H, 2CH, J = 8.4 Hz); 10.47 (s, 1H, NH). 13C NMR (DMSO-d6, 100 MHz),
δ (ppm): 9.39 (2CH3); 23.31 (2CH2); 71.64 (C); 104.62 (C); 118.86 (2C); 119.91 (2C); 125.06 (C);
127.17 (2C); 129.30 (2C); 132.63 (C); 133.44 (C); 140.46 (C); 149.53 (C); 163.36 (C); 172.08 (2C).
ESI-HRMS (m/z) calculated for C22H21ClN3O2S: 426.1043 [M + H]+. Found: 426.1039
[M + H]+.

3.1.3. 3,3-Diethyl-1-(4-(2-(4-fluorophenylamino)thiazol-4-yl)phenyl)azetidine-2,4-dione (3b)

Yield: 0.14 g, 68%, (dichloromethane/methanol (95:5), Rf = 0.81); mp 155–157 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.97 (t, 6H, 2CH3, J = 8.0 Hz); 1.83 (q, 4H, 2CH2,
J = 7.6 Hz); 7.17 (t, 2H, 2CH, J = 8.8 Hz); 7.37 (s, 1H, CH); 7.18 (q, 2H, 2CH, J = 4.8 Hz);
7.75 (d, 2H, 2CH, J = 9.2 Hz); 8.02 (d, 2H, 2CH, J = 9.6 Hz); 10.31 (s, 1H, NH). 13C NMR
(DMSO-d6, 100 MHz), δ (ppm): 9.40 (2CH3); 23.30 (2CH2); 71.64 (C); 104.20 (C); 115.99 (d,
2C, J = 20.9 Hz); 118.95 (d, 2C, J = 9.4 Hz); 119.93 (2C); 127.14 (2C); 132.49 (C); 133.53 (C);
138.13 (C); 149.45 (C); 157.37 (d, C, J = 227.8 Hz); 163.88 (C); 172.21 (2C). ESI-HRMS (m/z)
calculated for C22H21FN3O2S: 410.1339 [M + H]+. Found: 410.1335 [M + H]+.
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3.1.4. 3,3-Diethyl-1-(4-(2-(3,4,5-trimethoxyphenylamino)thiazol-4-yl)phenyl)azetidine-2,
4-dione (3c)

Yield: 0.34 g, 71%, (dichloromethane/methanol (95:5), Rf = 0.61); mp 188–190 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.97 (t, 6H, 2CH3, J = 7.6 Hz); 1.83 (q, 4H, 2CH2,
J = 6.8 Hz); 3.61 (s, 3H, CH3); 3.80 (s, 6H, 2CH3); 7.11 (s, 2H, 2CH); 7.37 (s, 1H, CH); 7.75 (d,
2H, 2CH, J = 8.4 Hz); 8.01 (d, 2H, 2CH, J = 8.8 Hz); 10.24 (s, 1H, NH). 13C NMR (DMSO-
d6, 100 MHz), δ (ppm): 9.40 (2CH3); 23.34 (2CH2); 56.10 (2CH3); 60.61 (CH3); 71.68 (C);
95.19 (2C); 104.07 (C); 120.03 (2C); 126.95 (2C); 132.43 (C); 132.49 (C); 133.59 (C); 137.75 (C);
149.35 (C); 153.48 (2C); 163.37 (C); 172.16 (2C). ESI-HRMS (m/z) calculated for C25H28N3O5S:
482.1750 [M + H]+. Found: 482.1749 [M + H]+.

3.1.5. 3,3-Diethyl-1-(4-(2-(perfluorophenylamino)thiazol-4-yl)phenyl)azetidine-2,4-dione (3d)

Yield: 0.43 g, 89%, (dichloromethane/methanol (95:5), Rf = 0.80); mp 162–164 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.96 (t, 6H, 2CH3, J = 7.6 Hz); 1.82 (q, 4H, 2CH2,
J = 7.6 Hz); 7.42 (s, 1H, CH); 7.70 (d, 2H, 2CH, J = 8.4 Hz); 7.87 (d, 2H, 2CH, J = 8.8 Hz);
10.10 (s, 1H, NH). 13C NMR (DMSO-d6, 100 MHz), δ (ppm): 9.35 (2CH3); 23.29 (2CH2);
71.62 (C); 106.24 (C); 119.87 (2C); 120.80 (C); 126.34 (C); 127.10 (2C); 132.62 (C); 133.14 (C);
141.44 (2C); 143.86 (2C); 149.13 (C); 164.64 (C); 172.10 (2C). ESI-HRMS (m/z) calculated for
C22H17F5N3O2S: 482.0962 [M + H]+. Found: 482.0963 [M + H]+.

3.1.6. 4-(4-(4-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)phenyl)thiazol-2-ylamino)benzenesulfo-
namide (3e)

Yield: 0.36 g, 82%, (dichloromethane/methanol (95:5), Rf = 0.39); mp 130–132 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 1.00 (t, 6H, 2CH3, J = 7.7 Hz); 1.86 (q, 4H, 2CH2,
J = 7.7 Hz); 7.22 (s, 2H, NH2); 7.51 (s, 1H, CH); 7.80 (d, 2H, 2CH, J = 6.3 Hz); 7.82 (d, 2H,
2CH, J = 6.3 Hz); 7.88 (d, 2H, 2CH, J = 9.1 Hz); 8.09 (d, 2H, 2CH, J = 8.4 Hz); 10.74 (s,
1H, NH). 13C NMR (DMSO-d6, 100 MHz), δ (ppm): 9.40 (2CH3); 23.31 (2CH2); 71.66 (C);
105.37 (C); 116.68 (2C); 119.97 (2C); 127.26 (2C); 127.65 (2C); 132.67 (C); 133.34 (C); 136.54 (C);
144.22 (C); 149.66 (C); 163.00 (C); 172.16 (2C). ESI-HRMS (m/z) calculated for C22H23N4O4S2:
471.1161 [M + H]+. Found: 471.1157 [M + H]+.

3.1.7. 1-(4-(2-(3,5-Dimethylphenylamino)thiazol-4-yl)phenyl)-3,3-diethylazetidine-2,4-dione (3f)

Yield: 0.20 g, 99%, (dichloromethane/methanol (95:5), Rf = 0.87); mp 140–143 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.97 (t, 6H, 2CH3, J = 8.0 Hz); 1.83 (q, 4H, 2CH2,
J = 8.0 Hz); 2.62 (s, 6H, 2CH3); 6.61 (s, 1H, CH); 7.29 (s, 2H, 2CH); 7.35 (s, 1H, CH); 7.76 (d,
2H, 2CH, J = 9.2 Hz); 8.01 (d, 2H, 2CH, J = 9.2 Hz); 10.15 (s, 1H, NH). 13C NMR (DMSO-
d6, 100 MHz), δ (ppm): 9.41 (2CH3); 21.75 (2CH3); 23.33 (2CH2); 71.68 (C); 104.02 (C);
115.30 (2C); 120.00 (2C); 123.56 (C); 127.08 (2C); 132.49 (C); 133.58 (C); 138.48 (2C); 141.48 (C);
149.36 (C); 163.93 (C); 172.19 (2C). ESI-HRMS (m/z) calculated for C24H26N3O2S: 420.1746
[M + H]+. Found: 420.1747 [M + H]+.

3.1.8. 1-(4-(2-(1H-Indazol-5-ylamino)thiazol-4-yl)phenyl)-3,3-diethylazetidine-2,4-dione (3g)

Yield: 0.16 g, 83%, (dichloromethane/methanol (95:5), Rf = 0.42); mp 186–188 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.98 (t, 6H, 2CH3, J = 7.2 Hz); 1.84 (q, 4H, 2CH2,
J = 7.6 Hz); 7.33 (s, 1H, CH); 7.39–7.43 (m, 1H, CH); 7.48–7.53 (m, 1H, CH); 7.77 (d, 2H, 2CH,
J = 8.8 Hz); 8.05–8.07 (m, 3H, 3CH); 8.30 (d, 1H, CH, J = 2.0 Hz); 10.23 (s, 1H, NH); 12.94 (s,
1H, NH). 13C NMR (DMSO-d6, 100 MHz), δ (ppm): 9.43 (2CH3); 23.32 (2CH2); 71.67 (C);
103.56 (C); 107.14 (C); 111.10 (C); 119.87 (C); 119.94 (2C); 123.55 (C); 127.17 (2C); 132.46 (C);
133.67 (C); 133.74 (C); 135.08 (C); 136.75 (C); 149.53 (C); 164.58 (C); 172.16 (2C). ESI-HRMS
(m/z) calculated for C23H22N5O2S: 432.1494 [M + H]+. Found: 432.1491 [M + H]+.

3.1.9. 3,3-Diethyl-1-(4-(2-(naphthalen-1-ylamino)thiazol-4-yl)phenyl)azetidine-2,4-dione (3h)

Yield: 0.14 g, 63%, (dichloromethane/methanol (95:5), Rf = 0.89); mp 69–71 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.98 (t, 6H, 2CH3, J = 7.2 Hz); 1.83 (q, 4H, 2CH2,
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J = 7.6 Hz); 7.31 (s, 1H, CH); 7.50–7.58 (m, 3H, 3CH); 7.65–7.69 (m, 1H, CH); 7.75 (d, 2H,
2CH, J = 7.6 Hz); 7.91–7.96 (m, 1H, CH); 8.01 (d, 2H, 2CH, J = 8.8 Hz); 8.25–8.33 (m, 2H, 2CH);
10.20 (s, 1H, NH). 13C NMR (DMSO-d6, 100 MHz), δ (ppm): 9.40 (2CH3); 23.31 (2CH2);
71.64 (C); 104.65 (C); 117.06 (C); 119.95 (2C); 122.62 (C); 123.85 (C); 126.17 (C); 126.45 (C);
126.59 (C); 126.64 (C); 127.12 (2C); 128.76 (C); 132.52 (C); 133.70 (C); 134.48 (C); 137.14 (C);
149.44 (C); 166.18 (C); 172.18 (2C). ESI-HRMS (m/z) calculated for C26H24N3O2S: 442.1589
[M + H]+. Found: 442.1581 [M + H]+.

3.1.10. 3,3-Diethyl-1-(4-(2-(4-(trifluoromethyl)phenylamino)thiazol-4-yl)phenyl)-azetidine-
2,4-dione (3i)

Yield: 0.24 g, 52%, (dichloromethane/methanol (95:5), Rf = 0.92); mp 170–172 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.99 (t, 6H, 2CH3, J = 7.0 Hz); 1.85 (q, 4H, 2CH2,
J = 7.7 Hz); 7.50 (s, 1H, CH); 7.70 (d, 2H, 2CH, J = 8.4 Hz); 7.79 (d, 2H, 2CH, J = 8.4 Hz);
7.94 (d, 2H, 2CH, J = 8.4 Hz); 8.08 (d, 2H, 2CH, J = 8.4 Hz); 10.76 (s, 1H, NH). 13C NMR
(DMSO-d6, 100 MHz), δ (ppm): 9.37 (2CH3); 23.29 (2CH2); 71.66 (C); 105.37 (C); 117.05 (2C);
119.82 (2C); 123.78 (C); 126.46 (C); 126.80 (2C); 127.22 (2C); 132.72 (C); 133.32 (C); 144.79 (C);
149.62 (C); 162.96 (C); 172.15 (2C). ESI-HRMS (m/z) calculated for C23H21F3N3O2S: 460.1307
[M + H]+. Found: 460.1302 [M + H]+.

3.1.11. 3,3-Diethyl-1-(4-(2-(2,4,6-trichlorophenylamino)thiazol-4-yl)phenyl)azetidine-2,4-
dione (3j)

Yield: 0.22 g, 89%, (dichloromethane/methanol (95:5), Rf = 0.91); mp 78–80 ◦C. 1H
NMR (DMSO-d6, 400 MHz), δ (ppm): 0.96 (t, 6H, 2CH3, J = 7.2 Hz); 1.82 (q, 4H, 2CH2,
J = 7.6 Hz); 7.30 (s, 1H, CH); 7.70 (d, 2H, 2CH, J = 8.0 Hz); 7.82 (s, 2H, 2CH); 7.85 (d, 2H,
2CH, J = 8.4 Hz); 9.86 (s, 1H, NH). 13C NMR (DMSO-d6, 100 MHz), δ (ppm): 9.39 (2CH3);
23.28 (2CH2); 71.59 (C); 104.84 (C); 119.88 (2C); 127.07 (2C); 129.36 (4C); 132.28 (C); 132.53 (C);
133.40 (C); 134.71 (C); 149.46 (C); 166.16 (C); 172.12 (2C). ESI-HRMS (m/z) calculated for
C22H19Cl3N3O2S: 494.0264 [M + H]+. Found: 494.0261 [M + H]+.

3.2. Human Neutrophil Elastase Inhibition Assay
Kinetic Analysis of the Inhibition of Human Neutrophil Elastase

Kinetic studies were conducted in the presence of different concentrations of substrate
(5, 25, 50 and 100 μM) and test compounds (in the range of 0–500 nM). The reaction
conditions were the same as in the HNE inhibition assay and the reaction was monitored
for 10 min at 25 ◦C with the same Ex an Em wavelengths. By Lineweaver–Burk plots, kinetic
values such as the Michaelis–Menten constants and maximum velocity were determined.
Next, two inhibition constants for inhibitor binding with free enzyme or enzyme–substrate
complex (Ki and Kis) were obtained by plotting the secondary plot of the slopes of the
determined straight lines or vertical intercept (1/Vmax) versus inhibitor concentration [44].

3.3. Molecular Docking Study

The ligand molecules were prepared manually by using the Avogadro 1.1.1 soft-
ware [45] and optimized within the UFF force field [46] (3000 steps, conjugate gradient
algorithm). The flexible, optimized ligands were docked into the binding pockets of the
high-resolution elastase structures found in the following five PDB entries: 1bma (X-ray
resolution: 0.192 nm), 1hv7 (X-ray resolution: 0.17 nm), 1qnj (X-ray resolution: 0.11 nm),
2de9 (X-ray resolution: 0.13 nm) and 2h1u (X-ray resolution: 0.16 nm). The AutoDock
Vina software [47] was applied in all docking simulations. The procedure of docking
was carried out within the cuboid region which covered the whole co-crystallized ligand
present in the 2h1u PDB structure as well as the closest amino-acid residues that exhibit
contact with that ligand (of dimensions: 20 × 20 × 20 Å3). In order to provide a sufficient
number of conformationally diverse ligand arrangements, the number of possible poses
generated during a single run was increased to 15, whereas the energy threshold between
the highest- and lowest-ranked poses was increased to 5 kcal/mol. Apart from that, all the
default procedures and algorithms implemented in AutoDock Vina were applied during
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the docking procedure. The predicted binding energies were averaged over all protein
structures applied for docking, whereas only the ligand poses exhibiting the same desired
structural features regarding the distance with respect to Ser195 were subjected to calcula-
tions of such average energy. The more favorable binding mode is associated with the lower
binding energy value; only the lowest energy values corresponding to the given ligand
and poses fulfilling the cutoff criteria were accounted for during subsequent analysis. The
visual inspection of the location and orientation of the docked ligands, in order to control
the uniformity of the binding pattern, was performed. The docking methodology was
initially validated by the docking simulation of the non-covalently-bound ligand molecule
originally included in one of the studied protein structures (i.e. PDB:2h1u). Details of the
procedure are given in our previous work [25].

3.4. Antiproliferative Activity

Cell preparation, an in vitro antiproliferative assay, and MTT and SRB cytotoxic tests
were performed according to the literature [35,48–50].

3.5. Apoptosis and Cell Cycle Assays

The fluorescence-activated cell sorting (FACS) technique was employed to analyze
the 3c- and 3e-induced cell death, the activation of executive caspase-3, and the cell cycle
in the A549 cells. The quantitative analysis of apoptosis and necrosis was performed
using an Annexin V-fluorescein isothiocyanate (FITC)/ propidium iodide (PI) apoptosis kit
(BD Biosciences, BD Pharmingen™, San Jose, CA, USA) as previously described [36]. To
determine the active form of caspase-3, the A549 cells were plated into 6-well plates at a
density of 6 × 105 cells/well. The next day, the growth medium was replaced with a fresh
one supplemented with compound 3c or 3e (10, 20, and 40 μM) or the DMSO vehicle (0.1%;
control cells). After 48-h incubation, the samples were harvested and the level of active
caspase-3 was determined using the phycoerythrin (PE) Active Caspase-3 Apoptosis Kit
(BD Pharmingen™) according to the manufacturer’s instructions. The stained cells were
analyzed using FACS Calibur, and data were analyzed using Cell Quest Pro Version 6.0
(BD Biosciences, San Jose, CA, USA) for the Macintosh operating system. The results were
calculated as a percent of cells with active caspase-3 among all the analyzed cells. The cell
cycle analysis was performed by determination of the DNA contents on the basis of PI
staining as previously described [36].

3.6. Analysis of Compounds Stability

Spontaneous hydrolysis of most active compounds was determined as previously
described [51]. The kinetics hydrolysis of the compounds was evaluated at 25 ◦C in 0.05 M
phosphate buffer, pH 7.3, by measuring changes in absorbance spectra during incubation
using a T60U spectrophotometer (PG Instruments). The absorbance (At) at characteristic
absorption maxima for each compound was measured at 10 min intervals until there was
no further decrease in absorbance (A∞). Using these measurements, semilogarithmic plots
of the dependence of log(At–A∞) on time were prepared, and k’ values were determined
from the slope of these plots according to first order reaction kinetics. Half-conversion
times were calculated using equation: t1/2 = 0.693/k’.

4. Conclusions

In the present work, we developed an efficient method for the synthesis of new
thiazole derivatives containing 3,3-diethylazetidine-2,4-dione moiety. The resulting com-
pounds are promising human neutrophil elastase inhibitors. The best results were obtained
introducing the trimethoxyphenyl, benzenesulfonamide and naphthyl groups, which re-
sulted in corresponding HNE inhibitors with IC50 values of 35.02–44.59 nM. Additionally,
the tested compounds demonstrate high stability under physiological conditions. The
molecular docking study showed good correlation of the binding energies with the IC50
values, which, as a consequence of accepted logical constraint, suggests that the potency
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of compounds is determined during ligand alignment in the binding cavity prior to its
covalent binding via Ser195. Additionally, the obtained derivatives show a high and broad
spectrum of antiproliferative activity, which suggests that these new drugs, viaHNE inhibi-
tion, will be active against the cancers that produce immunoreactive HNE. Additionally,
compounds 3c and 3e can induce cell cycle arrest at the G2/M phase and apoptosis via
caspase-3 activation, leading to the inhibition of A549 cell proliferation.
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Abstract: Non-coding micro-RNA (miRNAs) regulate the protein expression responsible for cell
growth and proliferation. miRNAs also play a role in a cancer cells’ response to drug treatment.
Knowing that leukemia and lymphoma cells show different responses to active forms of vitamin D3,
we decided to investigate the role of selected miRNA molecules and regulated proteins, analyzing if
there is a correlation between the selected miRNAs and regulated proteins in response to two active
forms of vitamin D3, calcitriol and tacalcitol. A total of nine human cell lines were analyzed: five
leukemias: MV-4-1, Thp-1, HL-60, K562, and KG-1; and four lymphomas: Raji, Daudi, Jurkat, and
U2932. We selected five miRNA molecules—miR-27b, miR-32, miR-125b, miR-181a, and miR-181b—
and the proteins regulated by these molecules, namely, CYP24A1, Bak1, Bim, p21, p27, p53, and
NF-kB. The results showed that the level of selected miRNAs correlates with the level of proteins,
especially p27, Bak1, NFκB, and CYP24A1, and miR-27b and miR-125b could be responsible for the
anticancer activity of active forms of vitamin D3 in human leukemia and lymphoma.

Keywords: leukemia; lymphoma; miRNAs; vitamin D3 analogs; calcitriol; tacalcitol; cell cycle;
aneuploids; miR-27b; miR-125b

1. Introduction

Disorders of crucial stages of hematopoiesis, such as self-renewal, proliferation, and
differentiation, are the leading causes of hematopoietic and lymphatic neoplasms. An
essential element is unblocking the differentiation process and directing the cells to apop-
tosis. Therapies lead to complete remission and thus extend the patient’s survival time.
One of the therapies that offer such a possibility is differential therapy using a retinoic
acid derivative (ATRA) [1]. The use of ATRA was initiated to treat patients with acute
promyelocytic leukemia, achieving complete disease remission. Thanks to differential
therapy, this fatal disease became utterly curable. Further clinical trials confirmed the high
effectiveness of ATRA, also in combination with conventional chemotherapy [2–4]. The
appearance of the so-called differentiation syndrome (DS), i.e., the retinoic acid syndrome,
is a severe and prevalent complication after such treatment [5]. Therefore, it constantly
emphasizes developing new, combined differential therapies that target specific abnor-
malities underlying cancer pathogenesis. Attempts are being made to use the active form
of vitamin D3—calcitriol—and its derivatives in patients with myeloid neoplasms [6,7].
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Oncogenic microRNAs play a key role in the development of leukemia and lymphoma [8,9].
Moreover, they could be biomarkers and molecular factors in diagnosing and treating
leukemias and lymphomas [10–12]. It turns out that miRNA molecules can directly regu-
late the actions of active forms of vitamin D3. In the 3 ‘UTR region of the classic vitamin
D receptor (VDR) mRNA, there is an element recognized by miR-125b [12]. Studies have
shown that its overexpression reduces the level of vitamin D receptor protein in MCF-7
breast cancer cells by 40% compared to the control [12]. miR-125b is not the only molecule
that regulates the level of the vitamin D receptor, as miR-27b also binds at the 3 ‘UTR site
of the gene for the classic vitamin D receptor, reducing its expression, which was observed
in cancer cells of the pancreas and colon [13]. Similarly, the expression of the CYP24A1
enzyme, which converts calcitriol, is regulated by miR-125b, suggesting that the level of
this enzyme may be correlated with the level of miR-125b expression [14]. The miR-125b
molecule, in addition to regulating the expression of proteins directly responsible for the
action of calcitriol, also controls other key proteins of the cell [15,16]. The participation of
this molecule in many essential processes, e.g., in apoptosis, suggests that it could become
a target in anti-cancer therapy [17,18]. Other reports indicate that VDR may upregulate
the expressions of miR-125b and miR-27b. This shows a more complex mechanism of
interaction of these miRNAs and vitamin D3 [19–21]. miR-125b regulates apoptosis in
mature hematopoietic cells by blocking the pro-apoptotic Bak1 protein, is also responsible
for the resistance to chemotherapeutic agents used to treat leukemia, such as vincristine
and daunorubicin, and plays a significant role in the regulation of p53 protein expression
and influences the activity of the NF-κB factor [22–24]. It is known that the use of calcitriol
may affect the expression profile of miRNA molecules in cells. Experiments on the HL-60
acute promyelocytic leukemia and U937 lymphoma cells proved that calcitriol reduced
the expression of miR-181a and miR-181b [25]. Decreasing the level of these non-coding
structures increased the level of mRNA and p27 protein [26]. The p27 protein is directly
related to monocyte differentiation [27]. Calcitriol also decreases miRNAs such as miR-302c
and miR-520c in Kasumi-1 and K562 human leukemia cells, increasing their sensitivity to
NK cell activity [28]. The expression of miR-32 is also reduced after the use of calcitriol,
which is associated with an increase in the level of the pro-apoptotic protein Bim and
sensitizes AML cells to the cytostatic cytosine arabinoside [29]. Similarly, the effect of
calcitriol was noticed against miR-26a in HL-60 acute promyelocytic leukemia cells, which
was associated with the regulation of factor E2F7, which causes an increase in p21 pro-
tein expression [30]. Moreover, calcitriol caused a significant reduction in the levels of
miR-17-5p/20a/106a, miR-125b, and miR-155, which are repressors for AML1, VDR, and
C/EBPβ in acute promyelocytic leukemia HL-60 cells [31]. In the conducted research, we
analyzed the level of the miRNA molecules and the regulated proteins in human leukemia
and lymphoma cells. The level of tested molecules was analyzed in response to calcitriol
and tacalcitol.

2. Results

2.1. Calcitriol and Tacalcitol Effect on the Cell Cycle in Human Leukemia and Lymphoma

Calcitriol and tacalcitol increased the percentage of cells in the G1/G0 phase of the
cell cycle. The changes were observed only in the MV-4-11, Thp-1, and HL-60 cell lines.
These cell lines have been defined as sensitive to calcitriol and tacalcitol. In the case of the
MV-4-11 cell line, an increase in cells in the G1/G0 phase was observed after 48 h, and this
effect lingered until 120 h after calcitriol and tacalcitol use. At the same time, the population
of cells in the S phase of the cell cycle decreased. The most significant reduction in the
percentage of cells in the S phase was observed after 72 h, as compared to the control cells.
There were no significant changes in the percentage of cells in the G2/M phase of the cell
cycle (Figure 1a). A similar effect of an increase in the percentage of cells in the G1/G0
phase of the cell cycle was observed in the Thp-1 cell line. Ninety-six hours after using
the tested compounds, an increase in the percentage of cells in the G1/G0 phase by about
20% compared to control cells was observed, with a simultaneous decrease in the number
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of cells in the S phase of the cell cycle. However, there were no significant changes in the
percentage of cells in the G2/M phase of the cell cycle (Figure 1b).

 

 
Figure 1. Cell cycle analysis of leukemia cells: acute biphenotypic myelomonocytic leukemia MV-4-11
(a), acute monocytic leukemia Thp-1 (b), and acute promyelocytic leukemia HL-60 (c) after the use
of calcitriol and tacalcitol. The cell cycle was analyzed 24, 48, 72, 96, and 120 h after incubation
with 10 nM calcitriol and tacalcitol. The graph shows the mean ± standard deviation. *—statistical
significance (p < 0.05) compared to the control.

The use of calcitriol and tacalcitol showed a similar effect against the third sensitive cell
line HL-60. Incubation with the tested compounds increased the percentage of cells in the
G1/G0 phase. A slight effect of the substances used was observed after 24 h of incubation,
but the most remarkable differences were noted after 72 h. Around a 20% increase in the
percentage of cells in the G1/G0 phase was observed compared to the control cells. In
addition, the population of cells in the S phase of the cell cycle was reduced. There were
no changes in the percentage of cells in the G2/M phase (Figure 1c). After calcitriol and
tacalcitol use, there were no statistically significant changes in the other tested leukemia
and lymphoma cells (Supplementary Materials, Figure S1).
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2.2. Population of Aneuploid Cells and Response to Calcitriol and Tacalcitol

The population of aneuploid cells was analyzed in human leukemia and lymphoma
cells. Studies have shown that the highest percentage of aneuploid cells was present in
the two sensitive to calcitriol and tacalcitol cell lines: MV-4-11 and Thp-1. About 14% of
aneuploid cells were observed in the MV-4-11 cell line, while about 17% were observed in
the Thp-1 cell line. Interestingly, the remaining leukemia cell lines were 10% aneuploids
(Figure 2a). However, analysis of the lymphoma cells showed a low percentage of aneuploid
cells. In Raji, about 2% of aneuploid cells were observed. Around 3% of Daudi cells were
aneuploid, and only 1% in Jurkat and U2932 (Figure 2b).

(a) (b) 

Figure 2. Diploids and aneuploids in human leukemia (a) and lymphoma (b) cells. The highest
percentage of cells with abnormal chromosome numbers (aneuploids) was observed in the two
sensitive to calcitriol and tacalcitol leukemia cell lines: MV-4-11 and Thp-1. The graph shows the
mean ± standard deviation (n = 3). **** p < 0.0001.

Interestingly, the use of calcitriol and tacalcitol reduced the number of aneuploid
cells in three sensitive cell lines: MV-4-11, Thp-1, and HL-60. Incubation of the MV-4-11
cells with calcitriol and tacalcitol reduced the number of aneuploids. The most significant
effect of the tested substances was observed after 72 h when there was an approximately
10% decrease in the population of aneuploid cells. Lowering the number of aneuploid
cells was observed after 96 and 120 h (Figure 3a). A similar effect was observed in Thp-1
cells. A decrease in the percentage of aneuploids was observed after 24 h, while significant
differences were observed after 48 h of incubation with the tested compounds. Tacalcitol
reduced the number of aneuploids by about 10% and calcitriol by about 5% (Figure 3b). A
downward trend in the aneuploid population was also observed in HL-60 cells. A slight
decrease in the percentage of aneuploids was observed 48 h after the treatment. However,
a significant reduction occurred after 72 h, and this effect continued after 96 and 120 h.
Interestingly, in the case of HL-60 cells, the percentage of aneuploids increased over time in
the cell culture, and after 120 h, it was the highest, at about 15% (Figure 3c).

In the case of two other leukemia cell lines of KG-1 and K562 and all lymphoma
cells, no changes in the percentage of aneuploid cells were observed after the calcitriol and
tacalcitol treatment (Supplementary Materials, Figure S2).
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Figure 3. The population of aneuploids in leukemia cells after calcitriol and tacalcitol use. Active
forms of vitamin D3 reduced the percentage of aneuploids in MV-4-11 (a), Thp-1 (b), and HL-60 (c).
The graph shows the mean ± standard deviation. *—statistical significance (p < 0.05) compared to
the corresponding time point.

2.3. miR-181b and p27 Protein Involved in Cell Cycle

The basic level of p27 protein was significantly higher in the Raji and Daudi cells
than PBMCs. However, the level of remaining cells was comparable to the control cells
(Figure 4a). The use of calcitriol and tacalcitol resulted in an increased level of p27 in
MV-4-11, HL-60, and Thp-1 cells. Conversely, calcitriol significantly reduced p27 in Raji
and tacalcitol in KG-1, Daudi, and Jurkat cells (Figure 4b). miR-181a can impact the level of
p21 protein by regulating the p53 protein, while miR-181b directly regulates the level of
p27 [32,33]. It turned out that most cell lines have similar levels of the miR-181b molecule
compared to PBMC. The exception was the HL-60 cell line, which had a much higher
miR-181b than the control cells (Figure 4c). Interestingly, miR-181b decreased after using
calcitriol and tacalcitol in three sensitive cell lines, MV-4-11, Thp-1, and HL-60. However,
it increased in K562, Raji, Daudi, and Jurkat cells (Figure 4d). The miR-181a and p21
protein analysis did not show any correlation between the basal level and after treatment
(Figure S3).
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Figure 4. The p27 (a) protein (ELISA test) in human leukemia and lymphoma cells compared to the
control: (a) PBMCs; (b) untreated cells of the appropriate cell line. miR-181b (c) in human leukemia
and lymphoma cells compared to the control: (c) PBMCs; (d) untreated cells of the appropriate cell
line. The relative quantification (RQ) was calculated using as control: (a) and (c) PBMCs; (d) and
untreated cells of the appropriate cell line. *—statistical significance (p < 0.05) compared to the control.

2.4. miR-32b and Pro-Apoptotic Bim Protein

The miR-32 molecule and the Bim protein levels were determined in human leukemia
and lymphoma cells. The miR-32 level in all tested cell lines was significantly lower than
in the PBMCs used as the control. In all leukemia cell lines, the level of Bim protein was
significantly higher than the level observed in the control cells. Lymphoma cells had a
similar level of Bim protein to the normal blood cells (Figure 5a). Cell incubation with
calcitriol or tacalcitol caused a decrease in the Bim level in three sensitive cell lines: MV-4-
11, Thp-1, HL-60, KG-1, Daudi, and Jurkat (Figure 5b). The analyzed level of the miR-32
molecule showed that all the tested cell lines had significantly lower levels compared to
the control (Figure 5c). Interestingly, the active forms of vitamin D3 increased the level of
miR-32 in three sensitive cell lines: MV-4-11, Thp-1, HL-60, K562, and Daudi. Calcitriol
caused an increase in Jurkat, while tacalcitol decreased the level in this cell line (Figure 5d).
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Figure 5. Pro-apoptotic protein Bim (ELISA test) level (a), and miR-32 molecule (c) in human
leukemia and lymphoma compared to the control: (a) and (c) PBMCs; (b,d) untreated cells of the
appropriate cell line. The relative quantification (RQ) was calculated using as the control: (a,c) PBMCs;
(d) untreated cells of the appropriate cell line. The Bim (b) and miR-32 (d) after use of calcitriol and
tacalcitol. *—statistical significance (p < 0.05) compared to the control.

2.5. miR-125b and Regulated Proteins: Pro-Apoptotic Protein Bak1, NFκB, and p53,
and CYP24A1
2.5.1. miR-125b

The miR-125b in the tested cell lines showed that six cell lines: MV-4-11, Thp-1, K562,
Raji, Daudi, and Jurkat, had a lower level of this molecule compared to the PBMCs. HL-60
had a similar level to the control cells, and two cell lines—KG-1 and U2932—had levels
higher than the PBMCs (Figure 6a). The use of calcitriol and tacalcitol caused the increase
of miR-125b in seven tested cell lines. No changes were observed in KG-1 and Raji. No
significant differences also were observed after calcitriol use in the Daudi and U2932 cell
lines (Figure 6b).
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Figure 6. The miR-125b in human leukemia and lymphoma cells compared to the control: (a) PBMCs;
(b) untreated cells of the appropriate cell line. The relative quantification (RQ) was calculated using
as control: (a) PBMCs; (b) untreated cells of the appropriate cell line. The miR-125b in tested cell
lines (a), and after incubation with calcitriol and tacalcitol (b). The graph shows the mean ± standard
deviation. *—statistical significance (p < 0.05).

2.5.2. Bak1

It turned out that the level of Bak1 protein in all myeloid neoplasms and Daudi and
Jurkat cells was similar to the level present in PBMCs. A significantly higher pro-apoptotic
protein Bak1 than in the control cells was observed in Raji and U2932 lymphoma cells
(Figure 7a). Calcitriol and tacalcitol caused significant upregulation of the Bak1 protein
in the sensitive cells MV-4-11, Thp-1, and HL-60. Interestingly, calcitriol itself caused a
reduction in the level of Bak1 protein in K562 and Daudi cells (Figure 7b).
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Figure 7. Bak1 in human leukemia and lymphoma cells compared to the control: (a) PBMCs;
(b) untreated cells of the appropriate cell line. The relative quantification (RQ) was calculated using as
the control: (a) PBMCs. The Bak1 level in the tested cell lines (a), and after incubation with calcitriol
and tacalcitol (b). The graph shows the mean ± standard deviation. *—statistical significance
(p < 0.05).

2.5.3. NFκB Protein

A protein that the miR-125b molecule regulates is also the transcription factor NFκB.
The analysis of the level of this molecule in cells not treated with calcitriol and tacalcitol
showed that MV-4-11 and Daudi cells had levels similar to those observed in normal
cells. On the other hand, Thp-1, Jurkat, and U2932 cells have much more significant NFκB
protein levels than normal cells. The remaining cells of the HL-60, K562, KG-1, and Raji
lines selected for the study had lower levels compared to the control cells (Figure 8a). After

272



Int. J. Mol. Sci. 2022, 23, 5019

calcitriol and tacalcitol treatment, the level of NFκB was downregulated in three sensitive
cell lines: MV-4-11, Thp-1, and HL-60. There were no significant changes in the other cell
lines (Figure 8b).
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Figure 8. NFκB in human leukemia and lymphoma cells compared to the control: (a) PBMCs;
(b) untreated cells of the appropriate cell line. The relative quantification (RQ) was calculated using as
control: (a) PBMCs. NFκB in the tested cell lines (a), and after incubation with calcitriol and tacalcitol
(b). The graph shows the mean ± standard deviation. *—statistical significance (p < 0.05).

2.5.4. CYP24A1

Analysis of the amount of protein in cells not treated with calcitriol and tacalcitol
showed that all the cell lines tested had a significantly higher level of the CYP24A1 com-
pared to the control PBMCs (Figure 9a). However, only in the sensitive cells, namely,
MV-4-11, Thp-1, and HL-60, an increase in the level of the CYP24A1 protein was observed
after the use of calcitriol and tacalcitol (Figure 9b).
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Figure 9. CYP24A1 in human leukemia and lymphoma cells compared to the control: (a) PBMCs;
(b) untreated cells of the appropriate cell line. The relative quantification (RQ) was calculated using
as control: (a) PBMCs. CYP24A1 in the tested cell lines (a), and after incubation with calcitriol and
tacalcitol (b). The graph shows the mean ± standard deviation. *—statistical significance (p < 0.05).

2.6. miR-27b

These studies analyzed two microRNA molecules that regulate the classical vitamin
D receptor levels: miR-27b (Figure 10) and miR-125b (Figure 6). The level of the miR-27b
molecule was lower in all tested cell lines compared to the PBMCs (Figure 10a). Cell
incubation with calcitriol and tacalcitol increased miR-27b in almost all tested cell lines.
The K562 cell line was the only cell line where no significant changes were observed. In
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addition, there were no statistically significant changes in Thp-1, KG-1, Raji, and Daudi
after using calcitriol (Figure 10b).

a b 

 

Figure 10. miR-27b in human leukemia and lymphoma cells compared the control: (a) PBMCs; (b)
untreated cells of the appropriate cell line. The relative quantification (RQ) was calculated using as
control: (a) PBMCs; (b) untreated cells of the appropriate cell line. The miR-27b in the tested cell
lines (a), and after incubation with calcitriol and tacalcitol (b). The graph shows the mean ± standard
deviation. *—statistical significance (p < 0.05).

2.7. Selected mRNA and miRNA Expression Level and Overall Survival

Using The Cancer Genome Atlas (TCGA) data, we correlated the expression level of
selected mRNAs and miRNAs with overall survival (OS). The analyses were performed for
acute myeloid leukemia. No data on the expression of the studied genes in patients with
lymphoma were found. The analysis showed that the high level of the five examined genes
are a poor prognosis factor in AML. These genes included VDR, Bak1, Bim, p21, and NFκB.
Interestingly, the high expression level of p27 and p53 and all selected miRNAs was a good
prognostic marker, extending the life span for patients with AML (Figure 11). There was no
data about the CYP24A1 expression level and OS in AML patients.
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Figure 11. Kaplan–Meier overall survival (OS) for AML patients with high (red) and low (blue)
expression of tested mRNA and miRNA. The VDR (a), Bak1 (b), Bim (c), p21 (d), and NFκB (e) high
expression showed shorter overall survival (OS) compared to the low expression. On the other hand,
high expression of p27 (f), p53 (g), miR-32 (h), miR-27b (i), miR-125b (j), miR-181a (k), and miR-181b
(l) showed longer overall survival compared to low expression.

3. Discussion

Accumulating evidence indicates that small, non-coding microRNAs (miRNAs) are
involved in the cellular response to calcitriol [34]. MicroRNAs are RNA molecules (usually
18 to 25 nucleotides) that play a regulatory role in plant and animal cells. They attach to
the messenger RNA of target genes and control their expression and basic cell processes.
Mature miRNA molecules anneal complementarily to the 3 ‘UTR region of the target gene
mRNA, blocking and reducing its expression [35–37]. Using computational predictions,
studies published by Calin et al. showed that one cluster containing miR-15a/16-1 holds
about 14% of the genes in the human genome [38]. Studies confirm that microRNAs
can directly regulate tumor growth. In 2006, Costinean et al., using transgenic mice
overexpressing miR-155, proved that this molecule is responsible for developing B-cell
neoplasms [39]. This experiment shows that miRNAs are essential in understanding the
complex process of cancer formation. Many studies confirm that changes in the miRNA
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expression profile correlate with cancer development. Moreover, numerous experiments
show that these molecules are responsible for cancer cells’ sensitivity to chemotherapeutic
agents [40], suggesting that they may be an effective therapeutic target [36,37,41]. Analysis
of the microRNA expression profile in cancer cells can provide valuable information on the
stage of the disease [42,43].

3.1. Active Forms of Vitamin D3 Affect the Cell Cycle of Human Leukemia and Lymphoma Cells

The antiproliferative effect of calcitriol, through the arrest of cells in the G0/G1 phase,
was observed in colon cancer cells. In these studies, this effect was caused by an increase
in the cyclin p21 and p27-dependent kinase inhibitors and a simultaneous decrease in the
amount of cyclin A and cyclin E [44]. In pancreatic cancer cells, calcitriol and its analogs
also inhibited cells in the G1 phase, associated with an increase in p21 and p27 proteins [45].
The p21 protein belongs to the family of cyclin-dependent kinase inhibitors, including the
p27 and p57 proteins. The p21 protein is crucial in arresting cell growth following DNA
damage. Increasing the amount of this protein leads to an accumulation of cells in the G1
phase [46]. Our previous studies also showed that active forms of vitamin D3 increased the
number of human leukemia and lymphoma cells in G0/G1 [47]. The use of calcitriol and
tacalcitol increased the percentage of cells in the G0/G1 phase and decreased the number in
the S phase in sensitive MV-4-11, Thp-1, and HL-60 leukemia cells. No changes in the cell
cycle were observed in the remaining leukemia and lymphoma cells used in the studies.
Interestingly, all tested cell lines showed a significantly higher level of p21 protein than
normal blood cells. At the same time, calcitriol and tacalcitol did not cause significant
changes in the level of p21 protein in all tested cell lines. On the other hand, the amount of
p27 protein was comparable in most cell lines to that observed in normal PBMCs. However,
two cell lines, Raji and Daudi, expressed significantly higher levels of p27 than control cells.
The use of calcitriol and tacalcitol increased the amount of p27 protein in sensitive cells,
while in insensitive cells, no changes were observed, or the amount of this molecule was
reduced. The results may indicate that the inhibition of sensitive cells in the G1/G0 phase
is due to an increase in p27 protein by calcitriol and tacalcitol. Increasing the expression of
p27 by calcitriol and tacalcitol may also be very beneficial in terms of the overall survival
in patients with AML. It turns out that high p27 levels extend the OS of AML patients.
The use of calcitriol and tacalcitol increases the level of p27, which may be an effective
therapeutic tool.

Analysis of the miR-181 molecules and p21 and p27 levels showed that miR-181a was
significantly lower in all tested cell lines. In contrast, the level of miR-181b was similar
in most of the cell lines tested to that observed in control PBMCs. The use of calcitriol
and tacalcitol caused an increase in miR-181a and a decrease in miR-181b in sensitive
cells, while in insensitive cells, mainly a decrease in miR-181a and an increase in miR-181b
were observed. The obtained results suggest that the p21 protein is not involved in the
blockade of sensitive to calcitriol and tacalcitol cells in the G1/G0 phase, but p27 and its
level may depend on the amount of miR-181b molecule. The pioneers who discovered the
role of the miR-181b molecule in the regulation of the cell cycle believe that the transition
of cells between these phases requires the joint operation of several mechanisms and that
interference with only one of the factors regulating this complicated process may have only
a moderate impact on its course. They also emphasize that it is unrealistic to expect that
the p27 protein is fully controlled only by the miR-181b molecule [25]. Cell cycle control
is a very complex process involving many molecular factors, including many miRNA
molecules [32]. Interestingly, the induction of the p21 or p27 protein leads to an increase in
the expression of the Bak1 protein and the activation of caspase 7 [48]. In the conducted
studies, we observed a simultaneous increase in the levels of the Bak1 and p27 proteins.
For a full explanation of the mechanism of action of the active forms of vitamin D3, it will
be rational to determine the activity of caspases.
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3.2. Population of Aneuploid Cells in Human Leukemia and Lymphoma Cells and Response to
Active Forms of Vitamin D3

The number of cells with an abnormal number of chromosomes—aneuploids—was
also estimated. In leukemia cell lines, the percentage of aneuploids was significantly higher
compared to lymphomas. Calcitriol and tacalcitol caused a significant reduction in the
rate of aneuploid cells in the sensitive cell lines MV-4-11, Thp-1, and HL-60. The role of
aneuploid cells in tumor development has not yet been elucidated. It turns out that the
presence of aneuploid cells is responsible for the more aggressive phenotype of cancer [49].
In vitro studies confirm that aneuploid cells have a different growth rate, metabolism, cell
cycle kinetics, and size than diploid cells. Numerous studies show that aneuploidy is a
hallmark of developing cancer cells. Many mechanisms are responsible for their formation,
opening the door for developing new therapeutic strategies against aneuploid cells [50].
Interestingly, studies show that the presence of aneuploid cells increases the sensitivity
of tumors to cytostatics, which may also be an excellent target in anti-cancer therapy [51].
Calcitriol and tacalcitol showed the most significant activity against cell lines with the
highest percentage of aneuploid cells, suggesting that the sensitivity of human leukemia
cells to these substances may depend on the presence of aneuploid cells. On the other
hand, knowing that aneuploid cells arise through disturbances in the mechanisms of cell
division, it may be suggested that calcitriol and its analogs show selective activity against
cells in which these processes are disturbed. However, additional and detailed studies are
necessary to explain these phenomena.

3.3. Pro-Apoptotic Proteins Bim and Bak1 in the Response of Human Leukemia and Lymphoma
Cells to Calcitriol and Tacalcitol

Programmed cell death or apoptosis occurs in response to developmental changes
and disease states, and it is required to maintain a state of homeostasis in the body. Cell
resistance to apoptosis is one of the hallmarks of cancer cells [52,53]. Proteins of the Bcl-2
family play a key role in regulating apoptosis and modulating death signaling through the
internal or mitochondrial pathway [54]. While the Bcl-2 proteins and several close relatives
promote cell survival, other family members, such as Bax and Bak, induce apoptosis. For
example, the BH3 family members (Bim, Puma, Noxa, Bid, Bad, and Bik) induce apoptosis
by activating the Bax and Bak proteins [55]. Interestingly, a low concentration of the Bim
protein can activate Bak1. However, to obtain the same level of both proteins, a high
concentration (μM) of the Bim protein is necessary [56]. In the conducted studies, the
use of calcitriol and tacalcitol resulted in a decrease in the pro-apoptotic protein Bim and
an increase in the amount of Bak1 protein. Therefore, examining the status of other pro-
apoptotic BH3 proteins can explain the role in regulating Bak1 levels under the influence of
calcitriol and tacalcitol.

These results indicate that cells sensitive to calcitriol and its analog may undergo
apoptosis by increasing the amount of the Bak1 protein. It is known that miRNA molecules
can regulate both tested pro-apoptotic proteins. Studies have shown that the miR-125b
molecule regulates Bak1 protein expression. In vivo studies confirmed that inhibition of
miR-125b reduced the tumor growth of CML cells in mice. Low miR-125b levels affected the
expression of the Bak1 protein, promoting apoptosis and inhibition of cell proliferation [57].
The reduction in Bak1 levels inhibited paclitaxel-induced apoptosis and led to an increase
in paclitaxel resistance. In turn, the restoration of Bak1 expression with the miR-125b
inhibitor restored the sensitivity of these cells. [58]. The conducted studies that indicated
that the miR-125b molecule also significantly affects the chemotherapy of ovarian cancer
cells. The increase in the expression of this molecule contributes to cisplatin resistance
by inhibiting the amount of the Bak1 [59]. The pro-apoptotic protein Bim is regulated
by the miR-32 molecule and miR-181a [60]. This molecule is crucial in the apoptosis of
cancer cells of epithelial origin and the response to paclitaxel chemotherapy. Lowering
the amount of Bim protein by the miR-32 molecule may contribute to the resistance of
cancer cells to the induction of apoptosis in the tumor environment [61,62]. Interestingly,

277



Int. J. Mol. Sci. 2022, 23, 5019

the level of Bim protein in all leukemia cell lines was higher than that observed in normal
cells. However, this level in lymphoma cells was similar to the level present in control
cells. Furthermore, the use of calcitriol and tacalcitol resulted in a decrease in Bim and an
increase in the amount of the miR-32 molecule, which suggests that the amount of this
pro-apoptotic protein may be regulated by the miR-32 molecule. Moreover, very interesting
observations were made based on the analysis of the survival of patients with AML and the
level of expression of miR-32, Bak1, and Bim. The high level of Bak1 and Bim expression
correlates with a shorter overall survival. On the other hand, a high level of miR-32 is a
good prognostic marker and extends the survival rate. Moreover, the use of calcitriol and
tacalcitol causes an increase in miR-32 and a simultaneous reduction if Bim in sensitive
cells. These observations suggest that calcitriol and tacalcitol may be useful treatment
for regulating gene expression and increase the overall survival prognostic factor in AML
patients AML. On the other hand, the level of the pro-apoptotic Bak1 protein in cells not
treated with calcitriol and tacalcitol was similar to the control cells (except for Raji and
Daudi cells). There were also no differences in the basal level of this protein between
sensitive and insensitive cells. The use of calcitriol and tacalcitol increased the amount
of Bak1 and miR-125b proteins, indicating that this molecule probably does not affect the
level of Bak1 protein in human leukemia and lymphoma cells.

3.4. miR-125b and Proteins Involved in Cell Proliferation and Survival: NFκB and p53
NFkB

One of the critical factors that initiate, or block, apoptosis is the transcription factor NF-
κB, which can be affected by p53. In the conducted studies, no relationship was observed
between the basal amount of the NF-κB protein and the sensitivity of cells to calcitriol
and tacalcitol. Studies indicate that blocking the NF-κB activity plays a crucial role in p53-
induced cell death. It turns out that inhibition of NF-κB in cancer cells with an unmutated
form of p53 leads to a decrease in response to cytostatics [63]. The nuclear factor-kappa B
belongs to the family of transcription proteins, responsible for regulating the inflammatory
process, immune response and proliferation, and apoptosis. Constitutive activation of the
NF-κB pathway is often present in many types of cancer and chronic inflammatory diseases,
such as multiple sclerosis, enteritis, rheumatoid arthritis, or asthma [64]. The regulation
of cellular metabolism by NF-κB depends on the protein p53. Many mutations, including
those involving p53, contribute to the activation of NF-κB in cancer cells. The p53 protein
is antagonistic to the factor NF-κB, which may inhibit cancer development. A mutation
in the p53 blocks the NF-κB pathway [65]. In addition, this factor can interfere with p53
transcriptional activity by lowering the p53 levels and inhibiting apoptosis by increasing
the anti-apoptotic proteins [66].

In the conducted studies, it was observed that the level of NF-κB factor is reduced, in
both sensitive and insensitive cells, after using calcitriol. The miR-125b molecule is known
to be involved in regulating the expression of NF-κB [67]. It turns out that the level of
miR-181b can also indirectly affect the amount of this transcription factor by regulating the
CYDL protein. This protein is a tumor suppressor that lowers the NF-κB levels. It turns out
that an increase in the amount of miR-181b causes a slowdown in CYDL production and
an increase in the amount of NF-κB [68]. Interestingly, the transcription factor NF-κB can
induce apoptosis and increase the amount of p21 protein in Ewing sarcoma cells through a
pathway independent of the p53 protein. Based on the conducted research, it was found
that an increase in the amount of the p21 protein protected cancer cells from apoptosis
induced by TNF-α [69]. In other studies, it has also been found that monocyte apoptosis
induced by TNF-α can be inhibited by an increase in p21 via NF-κB [70]. In these studies, a
decrease in the level of transcription factor NF-κB was related to an increase in the amount
of the miR-125b molecule, which may indicate that this molecule may affect the level of
the NF-κB protein. We did not observe significant changes in the p21 and p53 protein
levels (Figures S3 and S4). In cells sensitive to calcitriol and tacalcitol, a decrease in the
amount of miR-181b was observed, and in insensitive cells, an increase in miR-181b, which
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may indicate that this molecule is not involved in the regulation of the NF-κB levels in
human leukemia and lymphoma cells by calcitriol or its analog. Interestingly, calcitriol
can block the NF-κB. Studies showed that VDR interacts with IKKβ, which is necessary
for NF-κB activation [71,72]. On the other hand, cells without VDR are characterized by
an increased level of NF-κB [73]. The simultaneous increase in the VDR and miR-125b
levels is responsible for the lowering of the NF-kB level, but further analyses are required.
Interestingly, high levels of NFkB are associated with a reduced life expectancy in AML
patients. The action of calcitriol and tacalcitol in the human leukemias and lymphomas is
presented in the Figure 12.

 

 

Figure 12. Vitamin D3 analogs (VDA) biological activity in leukemia and lymphoma cells. The effect
on miRNA and protein expression in sensitive and insensitive to VDAs leukemia and lymphoma cells.

3.5. miR-125b and miR-27b in the Regulation of Classic Vitamin D Receptor and CYP24A1

Our recent studies showed that the level of two receptors, the classic vitamin D receptor
(VDR) and 1,25D3-MARRS, increased at the same time under the influence of active forms
of vitamin D3. This effect was observed after calcitriol and tacalcitol use in three cell lines,
MV-4-11, Thp-1, and HL-60. In the case of the remaining cells used in the studies, an
increase in one of the tested receptors or a decrease in the level of these molecules was
observed, and a simultaneous lack of sensitivity to calcitriol and tacalcitol [74]. It turns out
that the response to calcitriol and tacalcitol via the vitamin D-VDR receptor may depend on
the level of miRNA molecules that regulate the level of this protein. Research shows that
two miRNAs, miR-27b and miR-125b, can control the amount of the vitamin D receptor—
VDR [75]. The analysis of the level of these molecules showed that almost all leukemia
and lymphoma cells selected for the study had significantly lower levels of miR-27b and
miR-125b. The higher miR-125b characterized only KG-1 and U2932 compared to normal
cells. In turn, the use of calcitriol and tacalcitol resulted in a significant increase in the
amount of these molecules in all cell lines selected for research. The results indicate that
the increase in miR-27b and miR-125b molecules did not reduce the level in cells sensitive
to calcitriol and tacalcitol. Research indicates that the expression of miR-27b and miR-125b
can be activated by the action of VDR [20,21]. However, the detailed molecular mechanism
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has not been known so far. Therefore, a thorough understanding of miR-27b and miR-125b,
and vitamin D3, should be of interest to future research. Interestingly, high levels of miR-
27b and miR-125b extend survival in AML patients. The use of calcitriol and tacalcitol
increased the expression of these molecules. It seems that the use of these substances in
patient treatment could significantly extend the survival rate. Therefore, further work is
needed on the precise understanding of their molecular interactions. Significantly lower
levels of CYP24A1 mRNA characterized human leukemia and lymphoma cells selected
for the study compared to normal cells. In contrast, the level of CYP24A1 protein was
significantly higher in all neoplastic cells than in control cells. No differences in the level
of this enzyme were observed between sensitive and insensitive cells, which may suggest
that the basic level of this enzyme does not determine the sensitivity of leukemia and
lymphoma cells to calcitriol and tacalcitol. The use of calcitriol and tacalcitol increased the
amount of CYP24A1 mRNA in all cancer cell lines used in the study. In turn, the protein
level analysis showed that the increase in the level of this molecule was observed only in
cells sensitive to calcitriol and tacalcitol. In contrast, in non-sensitive cells, a decrease in the
level of the CYP24A1 protein was observed. A vitamin D response element in the gene’s
promoter region encodes the CYP24A1 enzyme. Accumulating evidence suggests that high
levels of CYP24A1 affect the biological activity of calcitriol in cancer cells. The combined
use of calcitriol and CYP24A1 inhibitors increases the antiproliferative activity of calcitriol
and its analogs [76]. The amount of CYP24A1 protein may depend on the level of the
miR-125b molecule [77]. In the conducted studies, an increase in the level of the miR-125b
molecule was observed in all tested cell lines. In cells sensitive to calcitriol and tacalcitol,
an increase in the level of the CYP24A1 protein was observed. In contrast, in insensitive
cells, a decrease in the amount of this enzyme was mainly observed. In cells sensitive to
calcitriol and tacalcitol, along with an increase in the CYP24A1 protein, an increase in the
miR-125b molecule was noticed, suggesting that this molecule may not affect the level of
this protein in these cells. In contrast, in cells insensitive to calcitriol and tacalcitol, the
level of CYP24A1 may be decreased by the miR-125b molecule. Interestingly, only in cells
sensitive to the action of calcitriol and tacalcitol, did we observe an increase in VDR and
CYP24A1 expression [74]. VDR is known for activating the CYP24A1 promoter region
and initiating CYP24 transcription. It is also known that calcitriol actively induces CYP24
splicing [78]. Further research is required to identify the mechanisms responsible for this
differential response of sensitive and insensitive cells to vitamin D3 derivatives.

4. Materials and Methods

4.1. Human Leukemia and Lymphoma Cell Lines

The following human cancer cell lines were used: leukemia: KG-1, K562, HL-60,
MV-4-11, Thp-1; lymphoma–Jurkat, U2932, Daudi, and Raji. All cells were derived
from the Hirszfeld Institute of Immunology and Experimental Therapy repository, Polish
Academy of Sciences in Wroclaw, Poland. All tested cell lines were cultured in RPMI
1640w/GLUTAMAX-I media (Gibco, Gaithersburg, MD, USA) containing 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA), streptomycin (0,1 mg/mL), and
penicillin (100 U/mL) (Polfa Tarchomin, Warsaw, Poland). In addition, media for Thp-1
were supplemented with 0.05 mM β-mercaptoethanol, MV-4-11, and HL-60 with sodium
pyrogroniate 1 mM and HL-60 additionally with 3.5 g/L glucose (all Sigma-Aldrich, Stein-
heim, Germany). Cells were incubated at 37 ◦C with a 5% CO2 in a humid atmosphere
incubator (NuAire, Plymouth, MN, USA).

4.2. Human Normal Blood Cells

Samples of peripheral blood from 10 healthy people who consciously and voluntarily
submitted them for testing and signed individual statements were collected after obtaining
the consent of the Bioethics Committee at the Medical University of Wroclaw, No. 71/2017.
First, whole blood was collected into test tubes with EDTA anticoagulant by specialized
personnel of the Diagnostics laboratory at the Institute of Immunology and Experimental
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Therapy. According to the manufacturer’s instructions, blood mononuclear cells were then
isolated using the Ficoll-Paque PLUS kit (GE Healthcare, Amersham, UK).

4.3. Calcitriol and Tacalcitol

The active forms of vitamin D, calcitriol (1,25-(OH)2D3) and tacalcitol (PRI-2191,
1,24-(OH)2D3, were used. Compounds were synthesized at the Pharmaceutical Research
Institute (PRI, Warsaw, Poland). Stock solutions of calcitriol and tacalcitol were obtained
by dissolving 50 μg lyophilizate in 99.8% ethanol (Avantor, Gliwice, Poland), obtaining a
10–4 nM solution, and was stored at −20 ◦C.

4.4. Real-Time PCR

Cells suspended in the media were centrifuged for 5 min at 300× g and washed with
PBS. The cell pellet was resuspended in 700 μL of TRIzol (Invitrogen, Carlsbad, CA, USA).
Then 0.2 mL of chloroform (Avantor, Gliwice, Poland) was added and mixed for 15 s.
Samples were incubated for 5 min at room temperature and centrifuged for 15 min at
12,000× g at 4 ◦C. The aqueous phase was transferred to new tubes, and then 0.5 mL of
isopropanol (Avantor, Gliwice, Poland) was added. Samples were incubated for 5 min
at room temperature and centrifuged for 15 min at 12,000× g at 4 ◦C. The supernatant
was removed, and the RNA pellet was resuspended in 1 mL of 75% ethanol with DEPC.
Samples were centrifuged for 5 min 7500× g at 4 ◦C. The supernatant was removed, and
the samples were air-dried for 5 min at room temperature. Each sample was dissolved in
30 μL of molecular biology-grade water (Sigma-Aldrich, Steinheim, Germany) and left on
ice until completely dissolved. The RNA concentration was measured using a NanoDrop
2000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

A total of 1 μg of RNA was used for purification. The following mixture was prepared:
1 μg RNA, 1 μL RNAz inhibitors, 1.5 μL DNAseI buffer, 1 μL DNAseI enzyme (all reagents
from ThermoFisher Scientific, Waltham, MA, USA), made up to 15 μL with molecular
biology water (Sigma-Aldrich, Steinheim, Germany). DNA digestion was carried out in
a Veriti thermal cycler (Applied Biosystems, Foster, CA, USA) at 37 ◦C for 15 min. After
incubation, 2 μL EDTA (ThermoFisher Scientific, Waltham, MA, USA) was added to the
samples and incubated for 10 min at 65 ◦C to inactivate the enzyme. Electrophoresis was
performed on both samples after and before cleaning.

For mRNA, 15 μL of the mixture after purification, 4 μL of a 5× concentrated buffer
for reverse transcriptase, and 1 μL of reverse transcriptase enzyme from the iScript kit
(BioRad, Hercules, CA, USA) were added. The reverse transcription process was carried
out in a Veriti thermal cycler under the following conditions: 5 min at 25 ◦C, 30 min at
42 ◦C, and 5 min at 85 ◦C. Samples were stored at −20 ◦C. For miRNA, 1 μg of RNA was
used for reverse transcription. The reaction mixture was then prepared using the TaqMan
MicroRNA Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA, USA). The
following reverse transcription microRNA probes were used: TaqMan MicroRNA Assay
RT hsa-miR-27b, TaqMan MicroRNA Assay RT has-miR-32-5p, TaqMan MicroRNA Assay
RT hsa-miR-125b-5p, TaqMan MicroRNA Assay RT hsa-miR-181a-5p, TaqMan MicroRNA
Assay RT hsa-miR-181b-3p. The reverse transcription reaction was performed in a Veriti
thermocycler under the following conditions: 30 min at 16 ◦C, 30 min at 42 ◦C, and 5 min at
85 ◦C. After reverse transcription, the samples were stored at −20 ◦C. To analyze vitamin
D receptor (VDR) (Hs01045840_m1), 1.25D3-MARRS (Hs00607126_m1), and CYP24A1
(Hs00167999_m1) expression, 50 ng of cDNA was used. The final reaction volume was
10 μL, and TaqMan Universal PCR Master Mix (Applied Biosystems, Foster, CA, USA) and
TaqMan probes were used. 50 ng of cDNA per reaction was used to examine the expression
of selected microRNA molecules. The final volume of the reaction mixture was 10 μL.
The template also contained TaqMan Universal PCR Master Mix, TaqMan Small RNA
probes (Applied Biosystems, Foster, CA, USA), and 4.8 μL of reverse transcription product
in addition to the template. The following probes were used to perform the Real-Time
PCR reaction: TaqMan MicroRNA Assay TM hsa-miR-27b, TaqMan MicroRNA Assay
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TM hsa-miR-32-5p, TaqMan MicroRNA Assay TM hsa-miR-125b-5p, TaqMan MicroRNA
Assay TM hsa-miR-181a-5p, and TaqMan MicroRNA Assay TM hsa-miR-181b-3p. The
reaction was run under the following conditions: 95 ◦C for 10 min, 40 cycles consisting of
denaturation at 95 ◦C for 15 sec, and annealing at 60 ◦ C for 1 min in a Real-Time PCR Via
7 Reaction Machine (Applied Biosystems, Foster, CA, USA). Expression of the tested genes
was estimated using the comparative method ΔΔCt. Data were analyzed using Data Assist
v. 3.01 (Applied Biosystems, Foster, CA, USA). At least three independent RNA isolations
were performed for all cell lines used in the study.

4.5. ELISA Tests

Commercial ELISA assays (Elabscience, Houston, TX, USA) were used to determine
the CYP24A1, p53, NFκB, Bak1, Bim, p21, and p27 proteins. The manufacturer’s instructions
were followed in all steps. Standard curves were prepared by diluting the standard for
each protein to be assayed in 1 mL Reference Standard & Sample Dilution. The standard
dilutions were prepared as follows: CYP24A1 (10; 5; 2.5; 1.25; 0.63; 0.31; 0.16; 0 ng/mL), p53
(5000; 2500; 1250; 625; 312.5; 156.25; 78.13; 0 pg/mL), NFκB (4000; 2000; 1000; 500; 250; 125;
62.5; 0 pg/mL), Bak1 (10; 5; 2.5; 1.25; 0.63; 0.31; 0.16; 0 ng/mL), Bim (20; 10; 5; 2.5; 1.25; 0.625;
0.313; 0 ng/mL), p21 (1000; 500; 250; 125; 62.5; 31.25; 15.63; 0 pg/mL), p27 (20; 10; 5; 2.5;
1.25; 0.625; 0.313; 0 ng/mL). In total, 100 ng of each sample were diluted 25× in Reference
Standard & Sample Dilution. Then 100 μL of the sample and the standard were added
to the wells of a 96-well coated plate. Samples were incubated for 90 min at 37 ◦C. The
solution in the well was then carefully removed, and 100 μL of biotinylated Biotinylated
Detection Ab was immediately added and incubated for 1 h at 37 ◦C. After incubation, the
wells were washed three times with 350 μL Wash Buffer, and 100 μL of the HRP conjugate
solution was added to each well and incubated for 30 min at 37 ◦C. Then the plates were
washed 5 times with Wash Buffer. In total, 90 μL of Substrat Solution were added, and
plates were incubated in the dark for 15 min at 37 ◦C. After a time, 50 μL of Stop Solution
was added. The color of the solution turned from blue to yellow. Spectrophotometric
measurement was performed at a wavelength of 450 nm using a Synergy H4 Hybrid
Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski VT, USA). Standard
curves were plotted using the Curve Expert software (Hyams, D.G., CurveExpert software,
http://www.curveexpert.net, 2010 (accessed on 10 August 2017)).

4.6. Cell Cycle Analysis and Aneuploids Population

Cells (105 cells/well) were plated in 24-well plates (Corning Incorporated, Corning,
NY, USA) in 2 mL of media. After 24 h, 10 nM of calcitriol and tacalcitol were added. Cells
were harvested at 24, 48, 72, 96, and 120 h in 15 mL tubes (Corning Incorporated, Corning,
NY, USA), centrifuged at 400× g at 4 ◦C for 10 min. The supernatant was removed, and
cells were washed with PBS and counted. One million cells were resuspended in 0.7 mL
of 70% cold ethanol and stored at −20 ◦ C for a minimum of 24 h. On the day of the cell
cycle analysis, the 70% ethanol was removed by centrifuging the samples at 400× g at 4 ◦C
for 10 min. Then the cell pellet was washed by adding 0.5 mL PBS and resuspended in an
8 μg/mL RNAse solution (ThermoFisher Scientific, Waltham, MA, USA), transferred to
cytometer tubes (Corning Incorporated, Corning, NY, USA), and incubated for 1 h at 37 ◦C.
After incubation, 50 μL of 0.1 mg/mL propidium iodide (ThermoFisher Scientific, Waltham,
MA, USA) was added to the cells. After 30 min incubation at room temperature, samples
were analyzed using a BD LSRFortessa flow cytometer using FACS Diva software (Becton
Dickinson, San Jose, CA, USA). The percentage of cells in particular phases of the cell cycle
was determined using ModFit LT software (Verity Software House, Topsham, ME, USA).

4.7. Statistical Analysis

Statistical analysis of the obtained results was performed using the Statistica 7.1
program (StatSoft Inc., Tulsa, OK, USA). Before selecting the test, the normality of the
distribution was analyzed using Levene’s test. Next, data showing a normal distribution
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were analyzed using one-way ANOVA. Finally, non-parametric data were analyzed with
the Kruskal–Wallis test. Results were statistically significant when p < 0.05. The charts were
prepared using Excel (Microsoft Office) and GraphPad Prism version 6.04 for Windows
(GraphPad Software, La Jolla, CA, USA).

4.8. Overall Survival Analysis

TCGA survival data was linked to VDR, Bak1, Bim, p21, p27, p53, miR-27b, miR-32,
miR-125b, miR-181a, and miR-181b expression in patients with acute myeloid leukemia by
downloading data from http://www.oncolnc.org/ (accessed on 18 April 2022). Survival
data up to 3000 days was used for the survival analysis. Kaplan–Meier curves and log-rank
tests were performed using the survival package [79].

5. Conclusions

The studies indicate that the antitumor activity of calcitriol and tacalcitol results from
the interaction of several miRNA molecules and the level of the targeted protein. Active
forms of vitamin D3 caused an increase in the p27 protein that blocked cells in the G0/G1
phase of the cell cycle. At the same time, there was an increase in the pro-apoptotic protein
Bak1. It correlated with the decreased level of miR-181b regulating p27. Interestingly, the
use of calcitriol and tacalcitol resulted in an increase in miR-27b and miR-125b as well as
CYP24A1, with a simultaneous reduction in NF-kB. These two miRNAs’ (miR-27b and
miR-125b) roles should be studied further to understand the molecular mechanism of
vitamin D3 action.
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Abstract: A small library of new angelicin derivatives was designed and synthesized with the aim
of bypassing the side effects of trimethylangelicin (TMA), a promising agent for the treatment of
cystic fibrosis. To prevent photoreactions with DNA, hindered substituents were inserted at the
4 and/or 6 positions. Unlike the parent TMA, none of the new derivatives exhibited significant
cytotoxicity or mutagenic effects. Among the synthesized compounds, the 4-phenylderivative 12 and
the 6-phenylderivative 25 exerted a promising F508del CFTR rescue ability. On these compounds,
preliminary in vivo pharmacokinetic (PK) studies were carried out, evidencing a favorable PK profile
per se or after incorporation into lipid formulations. Therefore, the selected compounds are good
candidates for future extensive investigation to evaluate and develop novel CFTR correctors based
on the angelicin structure.

Keywords: trimethylangelicin; synthesis; CFTR; pharmacokinetics; SEDDS

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the
gene for the cystic fibrosis transmembrane conductance regulator (CFTR) protein, an anion-
conducting transmembrane channel that regulates electrolyte transport and mucociliary
clearance in the airways [1,2]. The recently approved drugs ivacaftor, lumacaftor, tezacaftor,
and elexacaftor have changed the approach to CF therapy, improving the quality of life of
CF patients [3]. These new drugs work on the CFTR defect, correcting or potentiating CFTR
function [4–6]. TMA (4,6,4′-trimethylangelicin) (Figure 1) is a small molecule known to
modulate the function of CFTR and control the inflammatory status of CF by targeting NF-
κB and reducing IL-8 expression, demonstrating to be a promising agent for the treatment
of CF [7–9]. Thus, TMA received an Orphan Drug Designation for the treatment of CF
(EU/3/13/1137) by the EMA in 2013 [10].
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Figure 1. Structure of 4,6,4′-trimethylangelicin (TMA) and 4-isopropyl-6-ethyl-4′-methylangelicin
(IPEMA).

Unluckily, TMA suffers from serious disadvantages, such as poor solubility, photo-
toxicity and mutagenicity. These drawbacks aroused a growing interest in investigating
the structural modification of the TMA nucleus to identify new-generation TMA analogs
with a comparable or better activity profile for the original hit compound but without the
undesirable effects.

In previous work, we defined some structural determinants of the angelicin scaffold
to maintain biological activities and eliminate side effects, thus identifying 4-isopropyl-
6-ethyl-4′-methylangelicin (IPEMA) (Figure 1) as a promising candidate with TMA-like
inhibitory activity on NF-kB/DNA interactions but lacking mutagenicity and DNA dam-
aging properties [11]. Further investigations revealed that IPEMA significantly rescued
F508del CFTR-dependent chloride efflux at nanomolar concentrations and maintained the
potentiation activity of CFTR in FRT-YFP-G551D cells, acting by the same mechanism of
TMA [12].

Going on modifying the TMA scaffold, we report here the design, synthesis and pre-
liminary screening of a small library of new TMA analogs (Figure 2). The pharmacokinetic
profile of the most active derivatives, together with the previously reported IPEMA, was
also investigated to identify the drug-likeness features to move TMA derivatives forward.

Table 1. R substituents for the A series of TMA analogs.

Compounds R4 R6 ID Final Product 1

1 - Me -
2 - Et -

3, 8, 11 cPr Me CPDMA
4, 9, 12 Ph Me 4-PhDMA
5, 10, 13 Ph Et 4-PhEMA
3, 14, 17 cPr Me CPMA
6, 15, 18 iPr Me IPMA
7, 16, 19 iPr Et IPEA

1 The ID is derived from the chemical name for TMA: CP, cyclopropyl; DMA, dimethylangelicin; Ph, phenyl;
EMA, ethylmethylangelicin; MA, methylangelicin; IP, isopropyl; EA, ethylangelicin.

 
Figure 2. General structure of TMA analogs. See Tables 1–3 for the R specification.
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Table 2. R substituents for the B series of TMA analogs.

Compounds R4 R6 ID Final Product 1

24 Me Ph 6-PhDMA
25 Me p-NH2Ph pANDMA
26 Me m-NH2Ph mANDMA
27 Me Pyridyl PyDMA
28 Me Thienyl ThiDMA

1 The ID is derived from the chemical name as for TMA: Ph, phenyl; DMA, dimethylangelicin; pAN, para-aniline;
mAN, meta-aniline; Py, pyridyl; Thi, thienyl.

Table 3. R substituents for the three series of TMA analogs.

Compounds R4 R6 ID Final Product 1

29 - Ph -
30, 32, 34 iPr Ph IPPhMA
31, 33, 35 cPr Ph CPPhMA

1 The ID is derived from the chemical name for TMA: IP, isopropyl; Ph, phenyl; MA, methylangelicin; CP,
cyclopropyl.

2. Results and Discussion

2.1. Chemistry

As previously described, a hindered substituent at position 4 impairs DNA interca-
lation, thus preventing the unwanted photoreaction of the lactone or furan double bond
of the furocoumarin scaffold with the nucleic acid [11,13]. For this reason, new analogs
with cyclopropyl and aryl substituents at position 4 were designed (Figure 3, A series),
in addition to the ethyl, propyl, and isopropyl derivatives already reported [11]. To also
investigate the role of steric hindrance at position 6, we designed a further series of analogs
with aryl substituents at this position (Figure 3, B series). Finally, derivatives with steric
hindrances at both positions 4 and 6 were also considered (Figure 3, C series). In all cases, a
4′-methyl group or no substituent was inserted in the furan ring.

Figure 3. Series of TMA analogs.

Depending on the series of compounds, three different synthetic pathways were
required. The A series, which included the analogs with steric hindrance only at position
4 was synthesized according to Scheme 1, adopting the previously reported synthetic
strategies [11,14].
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Scheme 1. Synthesis of the A series of TMA analogs. Reaction conditions: a. Ethyl-3-cyclopropyl-3-
oxopropionate (for 3) or ethyl benzoylacetate (for 4,5) or ethyl isobutyrylacetate (for 6,7), H2SO4, 1 h,
40–95%; b. Chloroacetone, K2CO3, KI, acetone, reflux, 12 h, 40–95%; c. KOH, EtOH abs., reflux, 2 h,
10–33%. d. Chloroacetaldehyde diethylacetale, K2CO3, KI, DMF, reflux, 18 h, 36–83%; e. TFA, MW,
120 ◦C, 5 min, 24–29%. See Table 1 for the R specification.

The starting 7-hydroxybenzopyran-2-ones (3–7) were synthesized by condensing the
opportune resorcinol derivative (1, 2) with the appropriate acetoacetic ester derivatives.
Compounds 3–5 were functionalized with α-chloroacetone, obtaining the O-α-ketoethers
8–10. The intermediate ethers were finally cyclized in an anhydrous alkaline medium that
provided the desired 4′-methylangelicins 11–13. Alternatively, starting benzopyranones 3,
6, and 7 were condensed with chloroacetaldehyde diethylacetale, affording ethers 14–16,
which were finally cyclized to angelicins 17–19 characterized by an unsubstituted furan
ring.

The B series, which included analogs with steric hindrance at position 6, was synthe-
sized according to Scheme 2, using bromoangelicin 23 as a common intermediate.

 

Scheme 2. Synthesis of the B series of TMA analogs. Reaction conditions: a. Ethyl acetoacetate,
H2SO4, 1 h, 82%; b. Chloroacetone, K2CO3, KI, acetone, reflux, 12 h, 69%; c. KOH, EtOH abs., reflux,
1 h, 34%; d. Arylboronic acid, Na2CO3, Pd(PPh3)4, DME, reflux, 2 h, 33–76%. See Table 2 for the R
specification.

The starting 6-bromo-7-hydroxybenzopyran-2-one (21) was synthesized by condens-
ing bromoresorcinol (20) with ethyl acetoacetate, which was then functionalized with α-
chloroacetone to O-α-ketoether 22 and finally cyclized to 4-methyl-6-bromo-4′-methylangeli
cins 23 in the same conditions as previously reported. The resulting 6-bromoangelicin
was submitted to Suzuki coupling with opportune arylboronic acids to obtain the desired
6-arylangelicin (24-28). Benzene, pyridine and thiophene were chosen as representative
aryl substituents; p- and m-aniline as more hydrophilic and salifiable groups were also in-
troduced at position 6. Compound 25 was also prepared as a mesylate salt (25a, pANDMA

mesylate or pANDMAa) to improve the poor solubility of the parent TMA and analogs.
The C series, which included analogs with steric hindrance at both positions 4 and 6,

was synthesized according to Scheme 3, using phenylresorcinol as a key intermediate.
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Scheme 3. Synthesis of the C series of TMA analogs. Reaction conditions: a. Phenylboronic acid,
Na2CO3, Pd(PPh3)4, DME, MW, 130 ◦C, 5 min, 26%; b. Ethyl isobutyrylacetate (for 30) or ethyl-3-
cyclopropyl-3-oxopropionate (for 31), H2SO4, 1 h, 25%; c. Chloroacetone, K2CO3, KI, acetone, reflux,
6 h, 95%; d. KOH, EtOH abs., reflux, 1 h, 20–22%. See Table 3 for the R specification.

In this case, the 6-phenyl substituent was inserted via Suzuki coupling on the start-
ing resorcinol 20, since we noted that Pechmann condensation on bromoresorcinol with
hindered acetoacetic esters did not occur. The obtained 6-phenylresorcinol (29) was con-
densed with the opportune derivatives of ethyl acetoacetate, then functionalized with
α-chloroacetone and finally cyclized to 4-alkyl-6-phenyl-4′-methylangelicins (34, 35).

2.2. Biological Activity
2.2.1. Functional Rescue of Mutant F508del CFTR Protein in CF Airway Cells

To investigate the corrective properties of the new TMA derivatives, we performed
functional experiments to test whether some analogs maintain the F508del CFTR rescue
property of the parent TMA.

To verify the possibility that the title compounds may act as correctors in CFBE41o-,
overexpressing F508del and the high sensitivity halide-sensing yellow fluorescent protein
(HS-YFP) YFP-H148Q/I152L, we examined the effect of 48 h preincubation with vehicle or
the TMA analogs or TMA or VX809 (Lumacaftor), as a positive control.

At the time of the assay, the correction of the F508del-CFTR function was evaluated in single-
cell analysis by measuring the decrease in YFP fluorescence after the concomitant addition of
extracellular iodide and the activating cocktail (20 μM forskolin and 5 μM VX770), in the presence
or absence of the 10 μM CFTR inhibitor, CFTRinh-172. Figure 4 shows the activity of the TMA
analogs compared to VX809 and TMA. Analogs not represented in the figure were less active than
the vehicle. At least two derivatives show CFTR activity similar to that of the parent TMA.

Figure 4. Evaluation of different TMA analogs as F508del CFTR correctors in CFBE41o- YFP-F508del
cells. Correction of F508del-CFTR function was assessed, in a single cell, by measuring the decrease
in YFP fluorescence upon addition of extracellular iodide and with the activating cocktail, in the
presence or absence of CFTR inhibitor, CFTRInh-172. Iodide influx was tested under control condition
(vehicle) or after 48 h incubation with the correctors 200 nM or 1 μM VX809. The YFP fluorescence
decay rate was calculated by fitting the fluorescence data with an exponential function of time courses.
CFTR activity was obtained by the difference between the fluorescence decay rate of YFP in the
presence and absence of CFTRInh-172. Fluorescence coming from every single cell of at least five
cells per field was recorded. Each bar corresponds to the mean ± SEM of data points coming from at
least three different experiments (5–10 different cells/each experiment). Statistical comparisons were
made using a nonparametric Kruskall–Wallis test (** p < 0.01, and **** p < 0.0001, ns: not significant).
pANDMAa = pANDMA mesylate.
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Combining these data and analogous data obtained from the previous set of TMA
derivatives [11,12], it can be seen that rescue activity was maintained, also hindering the 4
or 6 positions alternatively, taking TMA as a reference. The steric hindrances at positions
4 and 6 simultaneously have a detrimental effect depending on the dimension of the two
substituents. If one of the substituents is a phenyl group, the other must be at most a
methyl group, as can be seen by comparing compound 4-PhDMA (active) with 4-PhEMA

(inactive, Figure 4). The presence of a 6-aryl substituent is poorly tolerated, as in the case of
6-PhDMA, mANDMA, PyDMA, ThiDMA, IPPhMA, and CPPhMA (inactive), unless an
amine is present specifically at the para position (compare pANDMA with mANDMA).
A moderate steric hindrance at both positions 4 and 6 is allowed only if the substituents
are small alkyl groups: this is the case of the previously identified IPEMA [12], bearing an
isopropyl and an ethyl group, respectively. Almost all the derivatives without substituents
in the furan ring exhibited activities lower than those of the vehicle.

As shown in the representative experiments, correction of F508del-CFTR upon treat-
ment with 4-PhDMA and pANDMA mesylate (Figure 5, panels A and B, respectively)
resulted in a greater reduction in YFP fluorescence induced by increased iodide influx
compared to cells treated with vehicle alone.

Figure 5. Representative time courses. Cells were treated for 48 h with vehicle or VX809 or 4-PhDMA

(A) or pANDMAa (pANDMA mesylate) (B). CFTR activity was measured as described in Figure 3.
The arrow indicates the addition of iodide.

Based on this preliminary screening, compounds 4-PhDMA and pANDMA mesylate

were the most interesting of the new series.
Differently from IPEMA [12], none of these TMA analogs were able to potentiate the

CFTR function (data shown in Supplementary Materials, Figure S1).
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2.2.2. In Vitro Toxicity Studies: Photochemical Behavior

To confirm that the phototoxicity of the parent TMA was abolished, the photoadduct
formation with DNA under UVA irradiation was investigated in the new TMA analogs by
means of TLC analysis upon UVA irradiation of DNA/compound mixture.

Typically, if photoadducts between the lactone ring and thymine took place upon
irradiation, the photoadducts appear as a violet fluorescent band at lower Rf values when
observed under UV light, whereas the unchanged compounds (not photoreacted) appear
at higher Rf values.

As shown in the Supplementary Materials, only TMA, used as a reference, showed
photoadducts (Figure S2A) upon UVA irradiation, while the other compounds exhibited
only the unchanged bands (Figure S2B–D, on 4-PhDMA, 6-PhDMA, and pANDMA, as
representative compounds), thus demonstrating that they do not react with DNA under
UVA irradiation.

Interestingly, the abolition of photoreaction is achieved by hindering positions 4 or
6, despite the distance of the latest one from the photoinducible double bonds on the
furocoumarins ring. This is probably due to the non-planar shape of the 6-arylderivatives,
preventing the intercalation into DNA and the subsequent addition.

2.2.3. In Vitro Toxicity Studies: Evaluation of Mutagenic Effects (Ames Test)

To investigate whether changes in the structure of TMA abolish the mutagenic effect
observed with this class of compounds, the most promising TMA analogs were evaluated
by the Ames test. Compounds 4-PhDMA and pANDMA were tested for genotoxicity eval-
uation using the histidine-requiring Salmonella typhimurium mutant TA97A, TA98, TA100,
and TA1535 strains that allow checking frameshift mutation and base pair substitution,
with and without metabolic activation induced by S9 Mix.

The histidine-requiring Salmonella typhimurium mutant strains described are particu-
larly appropriate to check the genotoxic potential of new chemical compounds because they
both have a plasmid that induces an increase in error-prone DNA damage repair (pKM101),
and mutations that induce increased permeability to larger molecules through a defective
lipopolysaccharide layer (rfa mutations) and avoid the possibility to repair excision DNA
damage (uvrB mutations) [15,16].

The number of spontaneous revertants is relatively constant, but it dramatically
increases—generally in a dose-dependent way—when a mutagen is added to the plate.
In general, the cut-off to discriminate between a mutagenic and nonmutagenic result is
considered as a two-fold revertants increase over the response of the negative control
(spontaneous revertants).

For the above-reported considerations, the Ames test is generally considered an appro-
priate preliminary screening tool to determine the mutagenic potential of new chemicals
for different industrial applications, from agrochemicals, pharmaceuticals, and medical
devices to health products (e.g., for personal care, cosmetics, nutraceuticals, etc.). For the
high significant predictive capacity, the regulatory agencies require the Ames test for the
registration or acceptance of new compounds [16].

The results obtained for the compounds 4-PhDMA and pANDMA are reported in
the Supplementary Materials (Tables S1–S3): data were obtained employing the cited
mutant, according to the method reported by Maron & Ames [15]. None of the samples had
genotoxic activity at all concentrations tested with all the Salmonella strains. In conclusion,
all of the samples can be considered non-genotoxic for the Ames test.

2.2.4. In Vitro Toxicity Studies: Evaluation of the Cytotoxic Activity toward HepG2 Cells

Since the compounds are designed for oral administration and are likely to undergo the
hepatic first-pass effect, we tested their cytotoxic potential toward HepG2 hepatoma cells.
We could exclude the significant cytotoxicity of 4-PhDMA, pANDMA, and pANDMA

mesylate, as well as of the other compounds we screened, as cell viability was greater than
75% at the highest concentration tested (50 μM) (Figure S3 in the Supplementary Materials).
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2.3. Pharmacokinetic Profile

The main pharmacokinetic parameters of 4-PhDMA, pANDMA, and pANDMA me-

sylate were evaluated in c57BL/6 male mice, using water as dispersing vehicle. In addition,
previously reported IPEMA was also tested, as it appeared to be the most active compound
of all the synthesized TMA analogs.

Figure 6 shows the plasma concentration versus time curves obtained after adminis-
tration of the selected compounds.

Figure 6. Plasma concentration versus time curves obtained after administration of the selected
compounds IPEMA, 4-PhDMA, pANDMA, and pANDMA mesylate suspended or dissolved in
water to c57BL/6 male mice.

The results highlight that the oral bioavailability of lipophilic TMA derivatives (IPEMA,
4-PhDMA, and pANDMA) was very low, due to their poor water solubility, while the hy-
drophilic salt pANDMA mesylate was nearly four-times more bioavailable than pANDMA

(Table 4).

Table 4. Main PK parameters of the selected compounds.

Compound
t1/2

(h)
Cmax

(nmol/L)
Tmax

(h)
AUC 0-inf
(nmol/L*h)

CL/F
(mL/h/g)

IPEMA 9.01 ± 1.34 120.4 ± 55.3 1 ± 0 394.50 ± 98.72 0.0633 ± 0.005
4-PhDMA 21.13 ± 0.98 221.77 ± 184.09 1.25 ± 1.06 2747.36 ± 513.61 0.0014 ± 0.0014
pANDMA 1.91 ± 0.71 1523.5 ± 260.9 0.5 ± 0 2405.4 ± 208.2 0.0083 ± 0.0007

pANDMA mesylate 1.87 ± 0.43 3868.3 ± 1065.2 0.375 ± 0.177 9402.6 ± 742.2 0.0091 ± 0.0002

The experiment was performed in c57BL/6 male mice. t1/2: elimination half-life; Cmax: maximum plasma
concentration, Tmax: time to maximum plasma concentration, AUC0-inf: area under the plasma concentration vs.
time curve, CL/F: apparent oral clearance.

2.3.1. Formulation of Lipophilic TMA Analogs

Since the oral bioavailability of lipophilic molecules is limited due to their poor wa-
ter solubility, the most promising lipophilic TMA derivatives (4-PhDMA and IPEMA)
were formulated in self-emulsifying formulations (self-emulsifying drug delivery sys-
tems, SEDDS). SEDDS are mixtures containing drugs, an oil phase, surfactant, and co-
surfactant/cosolvents that spontaneously self-emulsify upon contact with the aqueous
environment in the gastrointestinal tract producing a milky or transparent emulsion able
to improve drug solubilization. Furthermore, other phenomena, such as reduced efflux
mediated by P-glycoproteins, along with improved lymphatic transport and intestinal wall
permeability, can also contribute to an increase in oral bioavailability [17]. Thus, the most
promising lipophilic derivatives of TMA (4-PhDMA and IPEMA) were formulated in two
self-emulsifying formulations, previously built for the parent TMA [18], and characterized
by the presence of two different oil phases. The first formulation, named A, contains a
mixture of monoglycerides, diglycerides, and triglycerides of long-chain fatty acids, mainly
linoleic and oleic acid (Maisine® CC) as the oil phase, instead the second formulation,
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named B, contains a mixture of medium-chain triglycerides (mainly capric and caprylic
acid derivatives (LabrafacTM Lipophile WL1349) as the oil phase.

The formulations were characterized by measuring the droplet size and PDI. The
results are reported in Table 5.

Table 5. Properties of the SEDDS developed for IPEMA and 4-PhDMA.

Compound Formulation Droplet Size (nm) PDI (-)

IPEMA A 14.62 ± 2.80 0.24
IPEMA B 15.10 ± 1.50 0.18

4-PhDMA A 13.23 ± 2.10 0.31
4-PhDMA B 14.56 ± 1.57 0.35

The results show that both formulations are produced after dispersion emulsion with a
droplet size smaller than 20 nm with a narrow droplet size distribution (PDI < 0.7); therefore,
after oral administration, diffusion and lipid digestion processes can be facilitated.

2.3.2. Bioavailability of IPEMA and 4-PhDMA Formulated in SEDDS

Figure 7 shows the comparison between the plasma concentration versus time curves
obtained after the administration of the selected lipophilic compounds IPEMA and 4-

PhDMA suspended in water and formulated in SEDDS.

Figure 7. Plasma concentration versus time curves obtained after administration of the selected com-
pounds IPEMA and 4-PhDMA, suspended in water or formulated in SEDDS to c57BL/6 male mice.

The PK profiles clearly indicate that the SEDDS formulations were able to significantly
increase the oral bioavailability of lipophilic derivatives.

In particular, the bioavailability of IPEMA formulated in SEDDS was increased 20-
fold and 16-fold for A and B, respectively, while for 4-PhDMA it was increased 6.4-fold
and 4.8-fold for A and B, respectively (Table 6). Formulations A containing a mixture of
long-chain mono, di, and triglycerides as oil phase were more effective than formulations
B containing medium-chain triglycerides; this is probably due to the higher solvent ca-
pacity of the mixture of long-chain mono, di and triglycerides, in particular, after oral
administration [19].
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Table 6. Main PK parameters of the selected compounds formulated in SEDDS.

Compound/.
Formulation

t1/2

(h)
Cmax

(nmol/L)
Tmax

(h)
AUC 0-inf
(nmol/L*h)

CL/F
(mL/h/g)

IPEMA A 5.99 ± 0.87 3184,582 ± 897,45 0.25 ± 0 12,456.1 ± 1456.3 0.0021 ± 0.007
IPEMA B 6.15 ± 1.09 845.73 ± 76.54 0.25 ± 0 6671.16 ± 432.13 0.0037 ± 0.002

4-PhDMA A 6.08 ± 4.78 4374.8 ± 2296.6 1.5 ± 0.71 17,699.4 ± 6170.2 0.0012 ± 0.0005
4-PhDMA B 7.31 ± 4.29 2683.0 ± 370.4 1.25 ± 1.06 13,337.8 ± 6463.4 0.0017 ± 0.0008

The experiment was performed in c57BL/6 male mice. t1/2: elimination half-life; Cmax: maximum plasma
concentration, Tmax: time to maximum plasma concentration, AUC0-inf: area under the plasma concentration vs.
time curve, CL/F: apparent oral clearance.

3. Materials and Methods

3.1. Chemistry

All the general and detailed synthetic procedures, characterization data, and mass
spectra can be found in Supplementary Materials.

3.2. Biology
3.2.1. CFTR Functional Rescue

The effect of TMA analogs on CFTR function was tested in CFBE41o- overexpressing
F508del and the high sensitivity halide-sensing yellow fluorescent protein (HS-YFP) YFP-
H148Q/I152L (a generous gift from N. Pedemonte, Gaslini Institute, Genova, Italy). YFP
CF cells were seeded on round glass coverslips and preincubated for 48 h with vehicle or
test compounds or VX809 or TMA. At the time of the assay, cells were washed in Dulbecco’s
PBS (in mM: 137 NaCl, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, and 0.5 MgCl2, pH 7.4)
and subsequently incubated with a stimulation cocktail (20 μM forskolin and 5 μM VX770)
in the presence and absence of 10 μM CFTR inhibitor, CFTRInh-172 (Sigma), for 30 min.
The coverslips were then transferred on a Nikon TMD inverted microscope through a
Nikon Fluor 40 objective. The signal was acquired with a Hamamatsu C2400–97 charge-
coupled intensified video camera at a rate of 1 frame/3 s. The fluorescence coming from
every single cell was analyzed by custom software (Spin, Vicenza, Italy). The results are
presented as transformed data to obtain the percentage signal variation (Fx) relative to
the time of addition of the stimulus, according to the equation: Fx = ([Ft − Fo]/Fo) ×
100, where Ft and Fo are the fluorescence values at time t and at the time of stimulus
addition, respectively. The assay of each sample consists of a continuous 99-s fluorescence
reading with 30 s before and 69 s after injection of the iodide-rich Dulbecco’s PBS (in mM:
137 NaI, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, and 0.5 MgCl2, pH 7.4) to reach a
final iodide concentration of 50 mM [20]. The different sensitivity of HS-YFP toward iodide
and chloride allows assays to be performed by measuring the transport of anions through
the plasma membrane as changes in cell fluorescence. For this assay, cells expressing
HS-YFP are equilibrated in a physiological chloride-rich saline solution (e.g., Dulbecco’s
PBS). During fluorescence reading, cells are exposed to a high concentration of iodide.
Iodide influx quenches the cell fluorescence with a rate that depends on the permeability
of the cell membrane to halides, and therefore, on the activity of the anion channels or
transporters [21].

3.2.2. Phototoxicity

UVA irradiation was carried out by using Philips HPW 125 lamps, mainly emitting at
365 nm. The total energy that struck the sample was monitored by means of a radiometer
(Variocontrol, Waldmann, Villingen-Schwenningen, Germany), equipped with a Vario-
control UV Sensor (Waldmann). The radiant power emitted by the UVA lamp was about
8 mW/cm2. The samples were maintained at room temperature during irradiation.

The test compounds were dissolved in ethanol (2 mg/mL) and salmon testes DNA
(Sigma-Aldrich) was dissolved in 10 mM NaCl and 1 mM EDTA solution (1.5 × 10−3 M).
Each test solution (250 μL) was added dropwise to the DNA solution (5 mL). The mixture
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was irradiated with 15 J/cm2 UVA light in a glass dish for 1 h. After irradiation, the
DNA was precipitated with 1 M NaCl and two volumes of cold ethanol; the precipitated
DNA was collected, washed with 80% ethanol, dried, and then dissolved in water. To
obtain hydrolysis, the final solution was acidified with 1 M HCl, heated at 100 ◦C for 1 h,
neutralized with NaOH and extracted three times with chloroform. Then, all of the organic
layers were collected, dried under a high vacuum, and dissolved in ethanol. The hydrolyzed
mixtures were separated by thin layer chromatography (TLC; F254 plates, 0.25 mm, Merck,
Darmstadt, Germany) eluting with EtOAc/EtOH (9:1). The plates were analyzed with a
Mineral Light Lamp VL-4LC VILBERT-LOURMAT (Vilber, Marne-la-Vallée, France).

3.2.3. Mutagenicity Assay

The mutagenicity assay was performed for the test compounds following the plate
incorporation method with the histidine-requiring Salmonella typhimurium mutant TA97A,
TA98, TA100, and TA1535 strains purchased by Molecular Toxicology Inc. (Boone, NC,
USA; moltox.com). All strains (100 μL per plate of fresh overnight cultures) were checked
with and without the addition of 0.5 mL of a 5% S9 exogenous metabolic activator (S9 mix).
The lyophilized post-mitochondrial supernatant S9 mix (Aroclor 1254-induced, Sprague–
Dawley male rat liver in 0.154 M KCl solution), commonly used for the activation of
pro-mutagens in mutagenic metabolites (Molecular Toxicology, Inc., Boone, NC, USA),
was stored at −80 ◦C before use. The concentration tested for all the samples were 5,
10, 20, 50, and 100 μL/plate from a stock solution of 500 nM. A fully grown culture of
the appropriate tester strain (0.1 mL) was added to 2 mL molten top agar (0.6% agar,
0.6% NaCl, 0.5 mM L-histidine/biotin solution) at 46 ◦C, together with 0.1 mL of each
sample solution at different concentrations, and 0.5 mL S9 mix for assays with metabolic
activation. The ingredients were thoroughly mixed and poured onto minimal glucose
agar plates (1.5% agar in 2% Vogel–Bonner medium E with 5% glucose solution). DMSO
was used as negative a control (100 μL/plate). Positive controls were prepared as follows:
2-aminoanthracene (2 μg/plate) and 2-nitrofluorene (2 μg/plate) for TA 97A, TA98 and
TA1535 with and without metabolic activator (S9 mix), respectively; 2-aminoanthracene
(2 μg/plate) and sodium azide (2 μg/plate) for TA100, with and without metabolic activator
(S9 mix), respectively. The plates were incubated at 37 ◦C for 72 h and then his+ revertants
were checked and counted using a Colony Counter 560 Suntex (Antibioticos, Italy). A
sample was considered mutagenic when the observed number of colonies was at least
twofold over the spontaneous level of revertants [15,16]. All determinations were made
in triplicate. Statistical analysis: relative standard deviations were calculated using the
statistical software STATISTICA 6.0 (StatSoft, Italia srl, Vigonza, Italy).

3.2.4. Cytotoxicity Assay

The potential toxicity of TMA analogs on hepatic tissue was assessed by evaluating the
viability of HepG2 cells (ATCC, HB-8065) using the MTT assay, as previously reported [22].
Cells were maintained in DMEM complete medium (10% FBS, 1% l-glutamine and 1%
PEN-STREP) and seeded in a 96-well plate (5 × 104 cells/mL). They were treated for
24 h with TMA analogs (concentration range from 3.125 μM to 50 μM). At the end of the
treatment, cells were washed and an MTT solution (0.5 mg/mL in complete medium)
was added to each well and incubated for 4 h at 37 ◦C. The solution was discarded, and
the produced blue formazan crystals were dissolved with acidified isopropanol (2% HCl).
Absorbance was measured at 570 nm using a multiplate reader (Victor Nivo, Perkin Elmer).
The percentage of viable cells was calculated considering untreated cells as control.

3.3. Formulation of Lipophilic TMA Derivatives

Self-emulsifying formulations (SEDDS) were prepared as described in previous work [18],
in particular, medium-chain triglycerides (LabrafacTM Lipophile WL1349) or glycerol/
glyceryl monolinoleate (Maisine® CC) were selected as the oil phase, diethylene glycol-
monoethyl ether (Transcutol® HP) as the cosolvent, and polyoxyl-35-castor oil (Cremophor®
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EL) as the surfactant. Ten percent (w/w) of the oil phase, 40% (w/w) of cosolvent and 50%
(w/w) of surfactant were well mixed, then the TMA derivative (4-PhDMA or IPEMA)
was introduced to obtain formulations with a drug concentration of 4 μg/μL. Loaded
formulations were characterized by measuring the droplet size, and the polydispersity
index (PDI), using a laser light scattering analyzer (Zetasizer ZS 90, Malvern Instruments,
Worcestershire, UK). For the measurement, SEDDS were diluted in a ratio of 1:250 (v/v)
with distilled water and mixed for 1 min prior to testing. From the light scattering signal
(monitored at 25 ◦C and 173◦ in automatic mode), the intensity-weighed diameter of
dispersion droplets (reported as the z-average) and the PDI were calculated using the
manufacturer’s software

3.4. Pharmacokinetic Profile
3.4.1. In Vivo Pharmacokinetics

All experimental procedures involving animals were conducted in accordance with
the 3R principle to minimize their pain and discomfort. The experimental design and
the procedures have been authorized by the Italian Ministry of Health (Authorization no.
853-2018-PR obtained on 11 November 2018). All mice were maintained in IVC cages with
free access to food and drink with a 12/12 h of dark/light. For the PK analysis, C57Bl6 male
mice (n = 3 per time point) were gavaged with selected compounds (20 mg/kg), suspended
in water, or dissolved in SEDDS formulations, after an overnight fast. Plasma samples were
collected from the submandibular plexus before and 0.5, 1, 2, 3, 4, 6 24 and 48 h after the
administration of the compounds or their formulations. The main PK parameters have
been calculated with standard formulas using the PK Solver plug-in for Microsoft Excel
and analyzed by means of Student’s t-test or one-way ANOVA using GraphPad Prism
ver. 8.0 software (GraphPad Software Inc., San Diego, CA, USA), when appropriate. If
not otherwise stated, the PK data are expressed as mean ± SD. p < 0.05 was considered
statistically significant.

3.4.2. Quantification of TMA Analogs in Plasma Samples by UHPLC-HRMS

The TMA analogs were extracted and analyzed from mouse plasma as already re-
ported [18]. Briefly, 100 μL of plasma were treated with 300 μL of cold acetonitrile spiked
with 80 nM of internal standard (IS, 6,4′-dimethylangelicin) [23], and then the samples were
centrifuged for 10 min at 12,000× g (Hettich Mikro 120 Benchtop Centrifuge) and 25 ◦C.
Ten microliters of the supernatant were injected into the UHPLC system.

The UHPLC-HRMS system was equipped with an Agilent 1260 Infinity II LC liquid
chromatographer coupled to an Agilent 6545 LC/Q-TOF mass analyzer (Agilent Tech-
nologies, Palo Alto, CA, USA). The analytical column was a Kinetex 2.6 μm C18 Polar,
100 A, 100 × 2.1 mm (Phenomenex, Bologna, Italy), thermostated at 30 ◦C. The mobile
phase components A and B were water and methanol, respectively, both containing 10 mM
ammonium formate. The eluent flow rate was 0.25 mL/min. The mobile phase gradient
profile was as follows (t in min): t0-3 2% B; t3-18 2-100% B, t18-20 100% B; t20-30 0%
B. The MS conditions were: electrospray (ESI) ionization in positive mode, Gas Temp
325 ◦C, Drying Gas 10 L/min, Nebulizer 20 psi, Sheath Gas Temp 400 ◦C, Sheath Gas Flow
12 L/min, VCap 4000 V, Nozzle Voltage 0 V, Fragmentor 180 V. Centroid full scan mass
spectra were recorded in the range 100–1000 m/z with a scan rate of 1 spectrum/s. MS data
were analyzed using the Mass Hunter Qualitative Analysis software (Agilent Technologies,
Palo Alto, CA, USA).

Chromatographic peaks of the TMA analog were identified and integrated by consid-
ering the Extracted Ion Chromatogram (EIC) of the [M+H]+ species selected with a window
of 5 ppm and normalized by the IS. Quantification of TMA analogs was carried out by
external calibration of normalized signals using a seven-point calibration curve obtained by
spiking blank plasma with each TMA analog in the range of 20–3000 nM. Linearity showed
an R2 > 0.98 and the limit of detection of the method was assessed to be approximately
10 nM.
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4. Conclusions

A small library of TMA analogs was designed and synthesized to identify new agents
with improved safety profiles and bioavailability with respect to the parent TMA. From
preliminary screening data on CFTR correction activity, together with previously obtained
data on IPEMA [11], we try to outline the structural determinants that allow maintaining
the correction potential. A certain steric hindrance at either positions 4 or 6 is essential
to abolish photoreactivity towards DNA. However, the simultaneous presence of bulky
substituents in both positions compromised the maximal CFTR functional rescue achieved.
A balanced combination was found to be the presence of a phenyl group at positions 4 or 6,
and a methyl substituent at positions 6 or 4, respectively, as exhibited by 4-PhDMA and
p-ANDMA, the most active derivatives of the series. Only small alkyl groups are tolerated
together at the two positions, as is the case for IPEMA. In the furan ring, the presence of a
methyl group at position 4′ leads to a better in vitro pharmacological profile compared to
the unsubstituted derivatives. All of the analogs were demonstrated to be nongenotoxic for
the Ames test.

In terms of pharmacokinetic profile, the more lipophilic compounds showed poor
bioavailability and should be opportunely formulated as SEDDS. On the other hand, the
introduction of a hydrophilic group in the para position of the 6-phenyl substituent gives rise
not only to an improvement in bioavailability but also to the opportunity to make a soluble
salt that demonstrated appropriate Cmax and AUC, together with low interindividual
variability in absorption.

In conclusion, by modifying the parent TMA at position 4 or 6, we obtained a large
series of analogs with an improved safety profile and bioavailability, per se or after in-
corporation into suitable delivery systems. Furthermore, a CFTR functional screening
assay selected some of these analogs to undergo future extensive electrophysiological
experiments in CF primary bronchial epithelial cells, to evaluate their ability to functionally
rescue the F508del CFTR protein.
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Abstract: The aim of the current work was to study the physicochemical properties and biological
activity of different types of porous granules containing silver or gallium ions. Firstly, hydroxyapatites
powders doped with Ga3+ or Ag+ were synthesized by the standard wet method. Then, the obtained
powders were used to fabricate ceramic microgranules (AgM and GaM) and alginate/hydroxyapatite
composite granules (AgT and GaT). The ceramic microgranules were also used to prepare a third type
of granules (AgMT and GaMT) containing silver or gallium, respectively. All the granules turned
out to be porous, except that the AgT and GaT granules were characterized by higher porosity and a
better developed specific surface, whereas the microgranules had very fine, numerous micropores.
The granules revealed a slow release of the substituted ions. All the granules except AgT were
classified as non-cytotoxic according to the neutral red uptake (NRU) test and the MTT assay. The
obtained powders and granules were subjected to various antibacterial test towards the following four
different bacterial strains: Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa
and Escherichia coli. The Ag-containing materials revealed high antibacterial activity.

Keywords: silver; gallium; calcium phosphates; biomaterials; antibacterial activity

1. Introduction

A significant increase in the development of biomaterials for use in bone disease
treatment has been recorded in recent years. One of the main reasons is the increasing
number of orthopaedical surgeries and the need to replace bone tissue with an appropriate
multifunctional biomaterial [1–5].

Currently, materials are being sought that can act as carriers for delivering drugs to the
bone as a poorly vascularized tissue. Particular importance is attached to the administration
of antibacterial agents (antibiotics) in this way, due to the high risk of potential bacterial
infection during surgery, known as surgical site infections (SSIs) [6–10].

Calcium phosphates (CaPs) are used to a great extent in orthopaedic surgery and
dentistry, in the form of cements, scaffolds, granules or coatings [11–13]. Among the
CaPs, synthetic hydroxyapatite (HA), with the formula Ca10(PO4)6(OH)2, can be distin-
guished, due to its beneficial properties, such as its similarity to bone mineral, bioactivity,
osteoconductivity and non-toxicity [14–17].

It is worth mentioning that HA can be easily modified by various ionic substitution,
in order to obtain additional biological or physicochemical properties [13,15,17]. For exam-
ple, the incorporation of carbonates (CO3

2−) into the HA structure leads to an increased
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solubility of material and a great tendency to nanocrystallinity, whereas substitution with
fluorides (F−) causes better thermal stability of HA [18–22]. Moreover, a feature of HA that
deserves attention is the ability to adsorb many biologically active substances; therefore,
HA can potentially be used as a carrier for drugs [15,16,23].

Silver has been well known for its antibacterial properties for many years (its beneficial
role in the treatment of infection dates back to at least 4000 B.C.) and its mechanism of action
is one of the best understood [24,25]. Silver ions mainly affect thiol groups (-SH), present
in bacterial proteins’ structure, by substituting hydrogen atoms and the arising of S-Ag
binding. Such modifications in the protein structure of bacteria cells cause a denaturation,
deactivation and malfunction of membrane pumps. As a consequence, membrane cells
shrink and detach from the cell wall, then the content of the cell leaks outside the membrane
and finally, the cell wall is torn apart [26].

As an antibacterial agent, silver is currently used in hospitals to reduce nosocomial
infections in the treatment of burns and open wounds, but also in water cleaning sys-
tems [24,27]. Recently, silver has been identified as a promising agent for potential use
in treating multidrug-resistant bacteria infections [28,29]. Many studies focusing on the
synthesis of silver-substituted HA have been reported, which highlight its abilities in in-
hibiting bacterial growth and simultaneously intensifying osseointegration, consequently
resulting in silver-doped HA being regarded as a very promising biomaterial [30–33].

Gallium ions also exhibit antibacterial activity; however, their use is not as common as
silver. Their main advantage over silver ions is significantly lower cytotoxicity in higher
concentrations with regard to human cells. The Ga3+ antibacterial mechanism of action
is mainly based on the substitution of iron ions with gallium ions in the bacteria protein
metabolism (“the Trojan horse strategy”), which causes the impairment of bacteria cell
functions [26,34]. Moreover, there are many studies that outline the beneficial effect of
gallium on bone tissue. It should be noted that Ga ions exhibit antiresorptive and antios-
teoporotic properties, as well as antitumor, anti-inflammatory and immune suppressive
properties [26,35,36]. As a result, HA doped with gallium can be used as biomaterial, which
on the one hand enhances bone growth and on the other hand protects from bacterial
infection [37–40]. In the available literature, the use of the aforementioned biomaterial as a
drug delivery system is reported [41–43].

In the present work, the new bone substitutes, based on HA modified with Ag+ or
Ga3+ ions as antibacterial agents, were prepared in the form of three types of granules. The
obtained materials were subjected to physicochemical analysis, followed by cytotoxicity
and antimicrobial evaluation.

2. Results

2.1. Chemical Structure and Elemental Analysis of the Synthesized Powders

The powder X-ray diffractometry (PXRD) patterns of the samples are presented in
Figure 1a. The revealed reflections in all the diffractograms indicated that the materials are
composed of hydroxyapatite. The obtained powders are homogenous, with no additional
crystalline phase.

It is worth mentioning that the reflections were broad and poorly resolved, illustrating
the poorly crystalline feature of the synthesized powders. In order to determine crystallite
sizes along c and a axes, the Scherrer formula was used for the reflections at approx. 25.9◦
and 39.8◦, respectively [44], which is as follows

d =
0.94λ

β cos θ
, (1)

where

d—crystallite size (nm)
λ—wavelength of used radiation (nm)
β—full width at half maximum (FWHM) of the peak (radians)
θ—the diffraction angle of the corresponding reflection (◦).
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Figure 1. Powder X-ray diffractograms (a) and FT-IR spectra (b) of the synthesized powder samples.

It was also possible to evaluate the crystallinity of the materials, using the following
formula [45]:

χ =

(
K

β(002)

)3

(2)

where

χ—the degree of crystallinity
K—constant (for hydroxyapatite it is equal to 0.24)
β(002)—full width in a half minimum (FWHM)for (002) reflection (◦).

The calculated parameters are shown in Table 1. The values of the crystal dimensions
confirm that apatitic crystals in all the samples were elongated along the c axis. The samples
are nanocrystalline with a low degree of crystallinity.

Table 1. Parameters of the obtained HA powders.

Ag-HA Ga-HA

Crystallinity index (CI) 0.45 0.39
Crystallite size—c-axis (nm) 27 ± 2 26 ± 3
Crystallite size—a-axis (nm) 6 ± 2 7 ± 2
Ionic dopant content (wt%) 0.46 0.41
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The Fourier transform infrared spectroscopy (FT-IR) spectra presented in Figure 1b
show a band corresponding to the apatitic chemical structure. One can observe three
intensive bands within the range of 1095–960 cm−1 and two bands within the range
of 605–560 cm−1, originating from the stretching and bending vibrations of phosphate
P–O bonds, respectively. At approximately 3565 cm−1 and 630 cm−1, respectively, the
stretching and libration vibrations of the characteristic structural hydroxyl groups can
be observed. In addition, a wide band at approx. 3470 cm−3 (stretching) and a band at
1650 cm−3 (bending) confirm the presence of adsorbed water in the samples, which is
common for the wet method. The slightly detectable band at 1385 cm−3 originates from the
nitrate residues, while the band at 872 cm−1 comes from the carbonates [46–49].

The Ag+ and Ga3+ ion content in the Ag-HA and Ga-HA samples, respectively, were
measured by the atomic absorption spectrometry (AAS) method. The elemental analysis
shows that the dopant’s concentration is slightly lower than the theoretical value (0.54 and
0.45% for Ag and Ga, respectively), indicating only a partial substitution of these elements
into the apatitic structure (see Table 1).

2.2. Ultrastructure, Porosity and Mechanical Strength of the Granules

The representative scanning electron microscopy (SEM) images of various types of
granules are shown in Figure 2a–i. The ceramic AgM and GaM granules comprised micro-
sized, regular spheres with an approximate diameter of 0.2–1 mm (see Figure 2a). The
composite granules (AgT, GaT, AgMT and GaMT) were significantly larger and their
average diameter was around 3.5 mm (see Figure 2d,g). As observed, all the samples
revealed a porous feature; however, the outer surface of the ceramic microgranules seemed
to be more porous than the outer surface of the composite, which in turn was rough and
undulating. In Figure 2b,c,e,f,h,i, the cross-sections through all the types of granules are
presented. It should be noted that the large number of macropores and mesopores in the
internal structure of the granules can be observed, especially in the composite granules,
which may indicate a high porosity of the materials. In addition, the cross-sections through
the AgMT and GaMT granules show the microgranules, which were used during their
preparation (indicated with white arrows in Figure 2h,i).

The porosity measurements using the mercury intrusion were only available for the
composite granules (see Table 2). As observed, the total volume of pores and the degree of
porosity is significantly higher for the AgT and GaT granules than for the AgMT and GaMT
granules. It is worth mentioning that the specific surface area (SSA) of the pores is also
better developed for the AgT and GaT granules, which is in accordance with the SEM results
(see Figure 2d–f). The high SSA of these granules may be caused by their well-developed
mesoporous structure. This is also an important factor in the case of the average diameter
of pores; highly developed mesopores, as well as the presence of numerous macropores,
may be the reason for a larger diameter of pores in the case of the AgT and GaT granules
(see Table 2).

Table 2. Results of porosity and mechanical strength studies.

Sample
Total Volume of

Pores (cm3/g)

Porosity of
Granules

(%)

SSA of
Pores (m2/g)

Volume of
Mesopores

(cm3/g)

Percentage
of

Mesopores
(%)

Average
Diameter of
Pores (nm)

Apparent
Density of
Granules
(g/cm3)

Average
Mechanical

Strength
(N/granule)

GaT 0.87 65 79 0.32 37 40 0.8 34
GaMT 0.28 36 21 0.06 22 35 1.3 110
AgT 0.94 65 55 0.23 25 65 0.7 37

AgMT 0.56 55 42 0.12 22 45 1.0 15

It should be noted that the average mechanical strength of the synthesized granules
was vastly different in two analyzed types of granules (see Table 2). The AgT and GaT
granules exhibited mechanical strength of around 35 N, which was approximately three
times lower than the mechanical strength of the GaMT granules. This may be explained
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by the higher apparent density of the GaMT granules. Surprisingly, the AgMT granules
showed significantly lower mechanical strength, together with great apparent density.

 

Figure 2. Representative SEM images of the samples: ceramic microgranules (AgM and GaM) (a–c);
composite granules (AgT and GaT) (d–f); composite granules AgMT and GaMT (g–i).

In the case of the ceramic microgranules (AgM and GaM), it was not possible to
conduct an evaluation of the mechanical compressive strength and mercury intrusion
porosimetry method, due to the very small size of the microgranules and their pores.
Therefore, we decided to estimate the sizes of the pores using the SEM pictures (data not
shown) and Olympus software measure IT.

According to this evaluation, ceramic microgranules AgM and AgT have two types of
pores, including larger, irregular ones with a diameter of about 25 ± 3 μm and 15 ± 3 μm
for AgM and GaM, respectively, and smaller, oval ones with a diameter of about 5 ± 2 μm.

2.3. Study of Silver and Gallium Ions Release from Granules

In Figure 3a,b, the results of the release of silver and gallium ions are presented. It can
be observed that in all of the cases (for the “T” granules, as well as the “TM” granules),
the amount of released silver ions was fairly low. The lowest release was observed for
GaMT granules. It is also worth noting that in the case of the AgMT and GaMT granules,
silver or gallium ions started to be released after a longer time than from the AgT and GaT
granules, respectively. Regarding the AgT and GaT granules, the presence of the doped
ions could be observed in the sample after only 1 h, whereas in the case of the AgMT and
GaT granules, the ions were detected in the samples after 12 h. However, in the case of
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the silver-containing samples, this did not influence the final concentration of silver ions,
which was similar in both cases.

Figure 3. The results of the release study of silver and gallium ions from: AgT and GaT granules (a);
AgMT and GaMT granules (b).

2.4. Cytotoxicity Studies of Powders and Granules

Figure 4 and Figure S1 (in Supplementary Materials) show the results obtained in
the cytotoxicity tests. As can clearly be observed, the BALB/c 3T3 cells viability or mito-
chondrial metabolic activity did not fall below 70% in comparison to the untreated control,
using the AgM, GaM, GaT, AgMT and GaMT granules in the NRU; neither was this the
case in the MTT test across the whole range of tested dilutions (Figure 4). Therefore, all
these materials were classified as non-cytotoxic in both assays (Tables 3 and 4). On the
other hand, Ag-HA powder (see Figure S1) and AgT reduced 3T3 cells viability and enzy-
matic activity to below 70% after exposition to the undiluted extracts (100 mg/mL) and
were classified as cytotoxic in both assays (Tables 3 and 4). The Ga-HA powder was not
classified as cytotoxic, according to the methodology of the NRU assay, but it significantly
decreased the mitochondrial metabolic activity of cells treated with the undiluted extract
(see Figure S1 and Table 3). However, in the first of the dilutions in the twofold dilution
series, none of these samples (Ag-HA, Ga-HA powders and AgT) negatively affected the
cell culture condition.

Table 3. Results of the neutral red uptake test for the highest concentrations of tested extracts
(100 mg/mL) in comparison to the untreated control.

Sample Cells Viability ± SD (%) IC50 (mg/mL) Classification

HA powder 101 ± 2 N Non-cytotoxic
Ag-HA powder 0 ± 0 75 Cytotoxic
Ga-HA powder 80 ± 10 N Non-cytotoxic
AgM granules 100 ± 3 N Non-cytotoxic
GaM granules 98 ± 4 N Non-cytotoxic
AgT granules 0 ± 0 61 Cytotoxic
GaT granules 80 ± 4 N Non-cytotoxic

AgMT granules 93 ± 7 N Non-cytotoxic
GaMT granules 96 ± 5 N Non-cytotoxic

LT 0 ± 0 <10 Cytotoxic
PE 102 ± 7 N Non-cytotoxic

LT—latex, reference cytotoxic material. PE—polyethylene foil, reference non-cytotoxic material. N—calculation
was not possible due to the lack of cytotoxicity in the whole range of tested concentrations. SD—standard
deviation. Results with cells viability decreased under 70% are bolded.
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Figure 4. The NRU (blue bars) and MTT (orange bars) tests results obtained for granules in the whole
range of tested extracts concentrations. Black stars indicate the decrease in the cells’ viability under
70%, which classifies the sample as cytotoxic.

Table 4. Results of the MTT assay for the highest concentrations of tested extracts (100 mg/mL) in
comparison to the untreated control.

Sample Cells Viability ± SD (%) IC50 (mg/mL) Classification

Ag-HA powder 0 ± 0 59 Cytotoxic
Ga-HA powder 37 ± 9 86 Cytotoxic
AgM granules 107 ± 2 N Non-cytotoxic
GaM granules 108 ± 5 N Non-cytotoxic
AgT granules 17 ± 7 74 Cytotoxic
GaT granules 70 ± 9 N Non-cytotoxic

AgMT granules 101 ± 0 N Non-cytotoxic
GaMT granules 107 ± 15 N Non-cytotoxic

LT 0 ± 0 <10 Cytotoxic
PE 102 ± 7 N Non-cytotoxic

2.5. Results of Antibacterial Activity Studies
2.5.1. Preliminary Studies

The pilot test of antibacterial activity was based on the migration of Ag and Ga ions
from the prepared samples to the surrounding agar medium and inhibition of bacterial
growth within the migration zone. The results obtained in this experiment showed that
only the Ag-HA powder and porous AgT granules exhibited antibacterial activity (Table 5),
confirming the release of Ag+ from the samples. Larger growth inhibition zones were
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observed for Ag-HA powder (11–13 mm) than for AgT granules (8–10 mm). This difference
can be explained by the fact that the granules are composed not only of Ag-HA powder
but also of sodium alginate and chondroitin sulphate; therefore, the content of Ag-enriched
powder was lower in the granules. The lowest susceptibility to silver ions was noted with
regard to the E. coli strain (Table 5). In the case of the AgM ceramic microgranules, no
antibacterial activity was observed for all tested strains. This was expected, due to the low
porosity of the microgranules, which reduced the Ag+ release. No effect of Ga3+ ions on
the antibacterial activity of the samples was observed under the test conditions. This could
have been caused by the lower antibacterial activity of the Ga ions or their slower release
from the samples, in comparison with the Ag-enriched samples.

Table 5. Results of agar plate test. Diameter of the well drilled in agar medium: 7.5 mm.

Sample

Zones of Bacterial Growth Inhibition (mm)

Staphylococcus
aureus

Staphylococcus
epidermidis Escherichia coli Pseudomonas

aeruginosa

HA 0 0 0 0
Ag-HA 12 13 11 12
Ga-HA 0 0 0 0
AgM 0 0 0 0
GaM 0 0 0 0
AgT 10 10 8 10
GaT 0 0 0 0

AgMT 0 0 0 0
GaMT 0 0 0 0

The agar plate test has limitations, which are related to the restricted release and
migration of antibacterial ions in viscous and solid agar medium. Therefore, to gain
a deeper insight into the antibacterial properties of the tested samples, an antibacterial
activity assessment of porous materials and a bacterial adhesion test were performed. Due
to the different form of the samples (powders and granules), the tests were performed
separately for the powders pressed into the tablets and for the porous granules.

2.5.2. Antibacterial Activity of Powders

The assessment of the antibacterial activity of the tested materials is based on a
comparison of the number of viable bacteria eluted from the pure hydroxyapatite and
Ag- and Ga-doped hydroxyapatite. The results of this assessment for pressed Ag-HA and
Ga-HA powders were compared with those of the pressed HA powder and the positive
controls (amount of bacteria in 50 μL of working bacterial suspensions). The tablets pressed
from HA powder served as a reference, which allowed us to estimate the amount of viable
bacteria eluted from pure non-doped material. As shown in Figure S2a, approximately 3%
and 48% of bacteria introduced into the tablets were eluted from the HA reference samples
inoculated with S. aureus and S. epidermidis, respectively. No viable Gram-positive bacteria
were eluted from the Ag-HA and Ga-HA tablets (in the case of S. epidermidis, the results
were statistically different), suggesting the antibacterial activity of both silver- and gallium-
doped hydroxyapatite. However, for both Gram-negative strains, no bacteria were eluted
from the HA reference tablets or from the Ag-HA and Ga-HA tablets (Figure S2a). Thus, the
evaluation of antibacterial activity of the Ag and Ga ions was impossible in the case of the
E. coli and P. aeruginosa strains. This observation was possibly caused by the relatively high
density and low porosity of the pressed tablets, which enabled the bacteria to enter into
the tablets but did not allow them to be eluted after the incubation. In turn, the bacterial
adhesion test allows us to evaluate the ability of tested materials to prevent the adhesion of
bacteria, which is a crucial starting point in the biofilm formation process. In this test, the
tablets of pressed HA powder served as a reference for the Ag-HA tablets and the Ga-HA
tablets, similar to the AATCC test method 100-2004. The results are presented in Figure S2b.
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For all the tested bacterial strains, Ag-HA significantly reduced the number of adhered
bacteria in comparison with pure HA by 10–82%, depending on the strain (Figure S2b). A
higher rate of bacterial viability reduction was observed for both Gram-negative strains
(by 49–82% compared with pure HA) in comparison with both Gram-positive strains (by
10–33% compared with pure HA) (Figure S2b). The effect of gallium ions doping on the
antiadhesive properties of HA was less distinct, which is probably related to the lower rate
of Ga3+ release from the Ga-HA tablets. A statistically significant reduction in the number
of adhered bacterial cells in the case of the Ga-HA tablets was found for all strains (by
12.5–64% compared with pure HA), with the exception of S. epidermidis (Figure S2b).

Difficulties in the interpretation of the results of antibacterial activity assessment for
the reference and ions-doped HA powders (as shown in Figure S2a) necessitated the testing
of the antibacterial activity of the powders in another mode. Thus, powdered samples
were subjected to additional tests, based on the direct contact between the powders and
bacteria, followed by an evaluation of their survival rate. In this test, the impact of bacterial
adhesion on the tested powder was eliminated, as both free and powder-adhered cells
were plated and counted. Two concentrations of powder suspensions, 0.1 mg/mL and
1 mg/mL, were tested, while the final titre of all bacterial strains was 3.0 × 106 CFU/mL.
A statistically different antibacterial effect was found even for pure HA powder in both
tested concentrations for S. epidermidis and P. aeruginosa, causing the reduction in bacterial
viability to 40–60% of the control. However, the effect of HA powder for S. aureus and E.
coli was not detected (Figure 5).

Figure 5. Antibacterial activity of hydroxyapatite powders against 4 bacterial strains: Staphylococcus
aureus (a), Staphylococcus epidermidis (b), Escherichia coli (c) and Pseudomonas aeruginosa (d).
(′) and (′′) symbols accompanying powders designation on X axes indicate their concentration in
mixtures (0.1 mg/mL and 1 mg/mL, respectively). (*) symbol indicates statistically significant
differences between the samples and control, (#) symbol indicates statistically significant results
between HA′ and the samples, ($) symbol indicates statistically significant results between HA′′ and
the samples, (ˆ) symbol indicates statistically significant results between Ag-HA′ and the samples,
(@) symbol indicates statistically significant results between Ag-HA′′ and the samples, (~) symbol
indicates statistically significant results between Ga-HA′ and the samples; according to one-way
ANOVA with post-hoc Dunnett’s test or post-hoc Tukey’s test (p < 0.05).
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Although it was recognized that hydroxyapatite was biologically inert and did not act
toxically on bacteria, there were some observations indicating the antibacterial activity of
nanohydroxyapatite, both artificial (obtained by the wet precipitation method or by the
microwave-assisted method) [50,51] and natural source-derived [52]. Our results are, to
some extent, confirmation of previous reports. The effect of the Ag-HA powder was the
most striking; in the case of all strains, 1 mg/mL of Ag-HA powder reduced the bacterial
viability completely or almost completely. The same was observed for the 0.1 mg/mL
Ag-HA powder concentration by comparison with both Gram-negative strains, while in
the case of the Gram-positive strains, the reduction in bacterial viability reached 25–35%
of the control (Figure 5). The statistical analysis also confirmed that the presence of Ag
ions caused a statistically different antibacterial effect in comparison with pure HA powder
(with the exception of a 0.1 mg/mL concentration, tested against S. epidermidis strain). In
turn, the effect of Ga ions in the HA powder was much less obvious. It did reduce the
viability of S. epidermidis and P. aeruginosa by comparison with the control (to approx. 40% of
the control) (Figure 5b,d). However, in the case of 1 mg/mL of Ga-HA and P. aeruginosa, the
antibacterial effect was statistically different compared with the same concentration of HA
powder (Figure 5d). Moreover, this effect was dose-dependent (Figure 5d). This observation
is the more important in light of the fact that P. aeruginosa is a critically dangerous bacterial
strain, causing morbidity and mortality in many patients and is remarkably resistant to
antibacterial agents, thus is difficult to eradicate [53]. These observations are in accordance
with the results of the bacterial adhesion test, which showed that P. aeruginosa is the most
susceptible to Ga-HA antibacterial activity among all tested strains. To summarize, the
direct contact test revealed more details than the antibacterial activity test, based on the
AATCC test method 100-2004, and confirmed the strong antibacterial activity of Ag-HA
and the moderate antibacterial activity of Ga-HA.

2.5.3. Antibacterial Activity of Granules

For porous granules, the assessment of the antibacterial activity required a reference
sample in the form of granules prepared from pure HA powder (HAT), which was prepared
in an analogous way as AgT, GaT, AgMT and GaMT. The physicochemical properties of the
HAT granules (size, morphology, porosity) were similar to the AgT and GaT granules (data
not shown). The results of the antibacterial activity for these granules, based on the AATCC
test method 100-2004, showed that amount of both Gram-positive bacteria significantly
increased after incubation with the reference HAT granules, in comparison with the control
(Figure 6a).

This phenomenon might have been caused by the presence of organic polymers
(sodium alginate and chondroitin sulphate), which served as a nutrient for bacterial cell
propagation. Alginate oligosaccharides are known for their antibacterial activity exhibited
in relation to S. aureus and other staphylococci [54]. However, hydrogel wound dressings,
based on alginate polymers, require additional antibacterial agents to reveal antibacterial
activity [55]. In turn, the number of E. coli and P. aeruginosa was reduced after incubation
with HAT, which can especially be explained in the case of the latter strain, as P. aeruginosa
cannot use alginate as a carbon source [56]. Silver-containing AgT and AgMT granules
caused the most significant mortality of all the tested strains (Figure 6a), confirming their
strong antibacterial activity. Gallium-doped materials (GaT and GaMT) also caused a
decrease in bacterial viability by 70–100% by comparison with pure HAT (Figure 6a);
only in the case of S. epidermidis and GaT granules was this effect less notable (only a
20% decrease). The bacterial adhesion test related to the second aspect of the bacteria-
biomaterial interactions showed the strong impact of AgT on bacterial adhesion (although
for S. epidermidis, it was less and was not significant) (Figure 6b). AgMT granules exhibited
a much weaker effect on bacterial adhesion than AgT, which can be explained by the lower
content of silver in the granules. The effect of gallium presence in GaT and GaMT on
bacterial adhesion limitation was much less distinct than that observed for the presence of
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silver in the tested granules (Figure 6b). Surprisingly E. coli showed a stronger reaction to
GaMT than to GaT, although the latter contained a higher Ga concentration (Figure 6b).

Figure 6. Antibacterial activity according to the AATCC 100-2004 test method (a) and bacterial
adhesion (b) of hydroxyapatite-based granules against 4 bacterial strains. (*) symbol indicates
statistically significant differences between the samples and control, (#) symbol indicates statistically
significant results between the samples and HAT granules, ($) symbol indicates statistically significant
results between AgT and all doped samples, (ˆ) symbol indicates statistically significant results
between GaT and all doped samples; according to one-way ANOVA with post-hoc Dunnett’s test or
post-hoc Tukey’s test (p < 0.05).
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An unexpected observation was made in the case of S. epidermidis, namely, the bacterial
adhesion to AgMT, GaT and GaMT was significantly higher than that of the reference HAT
granules (Figure 6b). This phenomenon is difficult to explain; however, this may be on
account of the different surface topography of these granules.

AgM and GaM microgranules, due to the low porosity resulting from the high sintering
temperature (15–25 μm and 5 μm; as mentioned above) and micro-dimensional form, could
not be evaluated for antibacterial activity, using the same tests as other materials. Therefore,
extracts obtained after microgranule incubation (24 h) with bacterial culture broth were
inoculated with four reference bacterial strains. Then, the bacterial growth in the extracts
was monitored. However, no antibacterial effect was observed. The rate of bacterial
growth in both collected extracts was on a comparable level with the bacterial growth of
the control (data not shown). The above results may be explained by the low porosity of
microgranules, which negatively affects the release of Ag+ and Ga+ ions from the samples
in this particular test. However, we have indirect proof that AgM and GaM microgranules
reveal antibacterial activity, namely, that AgMT and GaMT granules (composed of 50% of
AgM and GaM microgranules, respectively) exhibit notable antibacterial activity, according
to the AATCC 100-2004 test method (Figure 6a). Therefore, their antibacterial activity must
have been related to the presence of AgM and GaM microgranules in the granules’ structure.

3. Materials and Methods

3.1. Synthesis of Silver- or Gallium-Containing Hydroxyapatite Powders

Hydroxyapatite powders enriched with gallium (Ga-HA) or silver ions (Ag-HA) with
0.45 wt% and 0.54 wt% nominal value of Ga or Ag, respectively, were synthesized using the
conventional wet method (coprecipitation in an aqueous solution), which was described
in detail in our previous work [57]. The following reagents were used in the aforemen-
tioned synthesis: calcium nitrate tetrahydrate Ca(NO3)2·4H2O (Sigma-Aldrich, Bangalore,
India), ammonium dibasic phosphate (NH4)2HPO4 (Chempur, Piekary Śląskie, Poland),
silver nitrate AgNO3 (Avantor Performance Materials, Gliwice, Poland) and gallium nitrate
trihydrate Ga(NO3)3·3H2O (Sigma-Aldrich, Burlington, MA, USA) as sources of calcium,
phosphorus, silver and gallium, respectively. Briefly, an aqueous solution of (NH4)2HPO4
was added dropwise into an aqueous solution of Ca(NO3)2·4H2O and one of the afore-
mentioned reagents (AgNO3 or Ga(NO3)3 3H2O) and stirred gently at pH 10 and at a
temperature of 60 ◦C for 2 h. Then, the obtained precipitate was left for 24 h for ageing.
Next, the precipitates were filtered, soaked several times in distilled water and dried at
120 ◦C in air. For comparison, pure, unsubstituted hydroxyapatite (HA) was synthesized
by the same method.

3.2. Preparation of Microgranules

Microgranules were obtained using Ag-HA and Ga-HA powders according to the
method adapted from [58]. Additional reagents, used in the preparation of microgranules
by using camphene emulsion, were as follows: gelatine, 20 mesh pure p.a. (Chempur,
Piekary Śląskie Poland); poly(vinyl alcohol) PVA, average molecular weight 130,000
(Sigma-Aldrich, USA); poly(acrylic acid sodium salt) (Sigma-Aldrich, St. Louis, MO,
USA); Triton™ X-100 (Sigma-Aldrich, St. Louis, MO, USA); camphene (Sigma-Aldrich,
Madrid, Spain).

Firstly, a 10% aqueous gelatine solution was prepared, with the addition of 2% PVA.
Afterwards, 0.2% Triton X-100 and 0.3% poly(acrylic acid sodium salt) were added to the so-
lution as dispersants. Meanwhile, camphene and Ag-HA or Ga-HA powder were mixed to-
gether at 60 ◦C in a 0.5:1 ratio. A 10% gelatine solution was added to the camphene/Ag-HA
(Ga-HA) mixture (2 mL of solution per 1 g of hydroxyapatite powder) and the obtained
slurry was dispersed in oil in a beaker using a magnetic stirrer (150–250 rpm). Subsequently,
the beaker was kept in an ice-cooled bath for 5 min, then the obtained microgranules were
separated from the oil, rinsed with ethanol and finally dried at room temperature.

312



Int. J. Mol. Sci. 2022, 23, 7102

At the next stage, microgranules were sintered at a high temperature (initially 500 ◦C
for 1 h at a heating rate of 3 ◦C/min, then at 1250 ◦C for 3 h at a heating rate of 5 ◦C/min).
The granules were then sieved using test sieves (Ø 0.2 mm and Ø 1 mm), in order to
separate those with a 0.2–1 mm diameter.

The obtained granules were named AgM and GaM for silver- and gallium-containing
samples, respectively. For comparison, pure HA was synthesized according to the afore-
mentioned procedure.

3.3. Preparation of Composite Granules

In order to fabricate composite granules, the following reagents were used: sodium
alginate (Sigma Aldrich, US), chondroitin sulphate sodium salt (TCI, Belgium), calcium
chloride anhydrous CaCl2 (Sigma-Aldrich, China) and the following previously synthesized
powders and microgranules: HA, Ag-HA, Ga-HA, AgM and GaM.

At first, a 4% aqueous sodium alginate solution was prepared at 40 ◦C and chondroitin
sulphate sodium salt was added to obtain a 0.5% suspension. Then, two types of composite
granules were prepared.

In the first type of granules, 1 g of Ag-HA or Ga-HA (or HA) powder was added to the
suspension (10 mL) and mixed vigorously, resulting in a milky, dense slurry. Meanwhile, the
cross-linking solution (1.5% CaCl2) was prepared. Finally, the slurry was added dropwise
to a CaCl2 solution, stirred using a magnetic stirrer and granules were formed. The granules
obtained were left in the cross-linking agent for 10 min, rinsed with distilled water, dried in
air and then lyophilized.

During the preparation of the second type of granules, pure, unsubstituted HA and
AgM or GaM microgranules (ratio 1:1) were used instead of Ag-HA or Ga-HA powders.
The other stages of production remained unchanged. All the obtained granules are listed in
Table 6.

Table 6. List of all the obtained granules from Ag-HA or Ga-HA materials.

Granules Fabrication method Comment

AgM Camphene emulsion Microgranules containing Ag-HA
GaM Camphene emulsion Microgranules containing Ga-HA
HAT Alginate cross-linking Composite granules containing HA
AgT Alginate cross-linking Composite granules containing Ag-HA
GaT Alginate cross-linking Composite granules containing Ga-HA

AgMT Alginate cross-linking Composite granules containing AgM and HA
GaMT Alginate cross-linking Composite granules containing GaM and HA

3.4. Physicochemical Analysis of Ag-HA and Ga-HA

The phase composition of the powder samples was determined by powder X-ray diffrac-
tometry (PXRD, Bruker D8 Advance, Billerica, MA, USA). The diffractometer was equipped
with a LYNEXEYE position sensitive detector and with Cu-Kα radiation (λ = 0.15418 nm).
The measurements were carried out in the Bragg–Brentano (θ/θ) horizontal geometry
(flat reflection mode) between 15◦ and 60◦ (2θ) in a continuous scan, using 0.03◦ steps
and 2 s/step (total time 384 s/step). Phase identification was achieved by comparing
the obtained diffractograms of HA, Ag-HA and Ga-HA samples with the JCPDS 09-0432
standard pattern.

Fourier-transform infrared studies (FT-IR) were conducted using the Spectrum 1000
spectrometer (Perkin Elmer, Llantrisant, UK). The data were collected with a 2 cm−1 resolu-
tion over a range of 4000–400 cm−1 at 30 scans, using the standard KBr pellet technique.

PXRD patterns and FT-IR spectra were processed using GRAM/AI 8.0 software
(Thermo Scientific, Burlington, ON, USA) and subsequently, graphs were prepared with
KaleidaGraph 3.5 software (Synergy Software, Reading, PA, USA).

The gallium and silver content in the Ga-HA and Ag-HA samples, respectively, was
measured by atomic absorption spectrometry (AAS). Briefly, AgNO3 (Avantor Performance
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Materials, Poland) and Ga(NO3)3·3H2O (Sigma-Aldrich, USA) were weighed out, dissolved
in distilled water (separately) and then diluted several times, in order to prepare the
solutions necessary for the calibration curves. Then, the known quantities of synthesized
Ag-HA and Ga-HA powders were weighted out, dissolved in suprapure 63% HNO3 and
adequately diluted with distilled water. Finally, the obtained solutions were measured
by AAS spectrometry (ANALYST 400, Perkin Elmer, Llantrisant, UK), with detection at a
wavelength λ = 328.07 nm for silver and λ = 287.42 nm for gallium.

3.5. Physicochemical Analysis of the Granules

In order to determine the morphology of the prepared granules, a microscopical study
was performed using scanning electron microscopy (SEM) JSM 6390 LV (JEOL, Tokyo,
Japan) at 20 or 30 kV accelerating voltage. The survey was based on taking images of
granules (previously covered with a gold layer in a vacuum chamber) from both the outer
and the inner surface (after the cross-section). The cross-sections were prepared by carefully
cutting the granules with a surgical lancet.

The porosity and specific surface area of the granules were evaluated using the mer-
cury intrusion porosimetry method with the Autopore IV 9510 instrument (Micromeritics,
Norcross, GA, USA). The measurements were conducted with Hg intrusion pressure in
the range of 0.0035–400 MPa. The dried fragments of the tested sample were degassed in a
penetrometer to a pressure of 50 mmHg. Finally, the volumes and size distributions of the
pores were calculated using the Washburn equation [59], which is as follows:

PC =
2σ cos θ

r
(3)

where

PC—capillary pressure
σ—mercury interfacial tension
θ—contact angle
r—pore radius.

The samples were also tested in order to evaluate the mechanical compressive strength,
by measuring the strength needed for destruction of the granules. The study was performed
using the Tinius Olsen H 10K-S instrument (Tinius Olsen, Horsham, PA, USA). Briefly, the
granules were placed between the stationary plate and the measuring head, then were
put under a pressure test, while moving the head at a speed of 5 mm/s. The mechanical
compressive strength is a ratio of pressure used for the destruction of the granule (N) and
the diameter of the granule (mm).

In order to evaluate in vitro Ga3+ and Ag+ release from the granules, 0.5 g of each
sample was placed in a conical tube with a volume of 50 mL, then 50 mL of phosphate
buffered saline (PBS) of pH = 7.4 was added. Afterwards, the tubes were placed in a water
bath at 37 ◦C and stirred gently. The release study of silver and gallium ions was carried
out for three weeks. Sample aliquots of 10 mL were taken at specific time intervals, namely
1 h, 2 h, 3 h, 6 h, 12 h, 24 h, 2 days, 5 days, 1 week, 2 weeks and 3 weeks, and replaced with
the same amount of fresh PBS.

The amount of released ions was determined by inductively coupled plasma mass
spectrometry (ICP-MS), using an ICP mass spectrometer, Thermo Electron X Series II
(Thermo Electron Corporation, Allentown, PA, USA).

3.6. In Vitro Cytotoxicity Studies

In order to evaluate the cytotoxicity to mammalian cells, the materials (Ag-HA, Ga-HA
powders and six types of granules), were tested with the following two assays: the neu-
tral red uptake (NRU) test performed on the basis of the ISO 10993 guideline Annex
A [60] and the MTT assay, based on the reduction in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide by the mitochondrial succinate dehydrogenase. In the NRU
assay, the quantitative estimation of viable cells in the tested cultures was based on their
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neutral red uptake in comparison to the results obtained for untreated cells. Dead cells have
no ability to accumulate the dye in their lysosomes. The MTT assay allowed us to evaluate
the mitochondrial metabolic activity of the tested cultures. Only cellular oxidoreductase
enzymes in living cells have the ability to reduce the tetrazolium MTT dye into an insoluble,
purple formazan. Both tests were performed with the BALB/c 3T3 clone A31 mammalian
cell line (mouse embryonic fibroblasts from American Type Culture Collection).

For the NRU and MTT assays, the BALB/c 3T3 cells were seeded in 96-well microplates
(15,000 cells/100 μL) in DMEM (Lonza) culture medium (supplemented with 10% of calf
bovine serum, 100 IU/mL penicillin and 0.1 mg/mL streptomycin) and incubated for 24 h
(5% CO2, 37 ◦C, >90% humidity). At the end of the incubation, each well was examined
under a microscope to ensure that the cells formed a confluent monolayer. Subsequently, the
culture medium was replaced by the tested extracts of materials. The extracts were prepared
by incubation of the tested materials in the cell culture medium (100 mg/mL) with reduced
serum concentration (5%) at 37 ◦C for 24 h, then shaken and sterilized by filtration. The cells
were treated with four dilutions of each extract in a twofold dilution series for 24 h (three
data points for each). Subsequently, the treatment medium was removed. The cells were
washed with PBS and treated with the neutral red medium or MTT medium for 2 h. Then,
the medium was discarded, the cells were washed with PBS and treated with desorbing
fixative (ethanol and acetic acid water solution or isopropanol). The amount of neutral red
medium accumulated by the cells was evaluated colorimetrically at 540 nm. The amount of
insoluble purple formazan was evaluated colorimetrically at 570 nm. Polyethylene film
and latex were used as the reference materials (with no cytotoxicity and high cytotoxicity,
respectively). The percentage of viable cells in each well was calculated by comparing
its OD540 or OD570 result with the mean result obtained for untreated cells (incubated in
the same conditions with fresh culture medium). Samples were considered cytotoxic if
they reduced cell survival or mitochondrial metabolic activity below 70%, compared to the
untreated cells (a baseline cell viability and enzymatic activity). When the BALB/c 3T3 cell
viability was not decreased below 70% across the whole range of tested dilutions of the
samples, it was considered non-cytotoxic in this range of concentrations.

3.7. Antibacterial Activity Studies
3.7.1. Strains and Maintenance

The following bacterial strains from ATCC were used in this study: Staphylococcus
aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228, Pseudomonas aeruginosa ATCC
27853 and Escherichia coli ATCC 25922. Bacteria, maintained in microbanks at −80 ◦C, were
cultured in Mueller–Hinton (M–H) agar medium (Biomaxima, Lublin, Poland), at 37 ◦C
for 20–24 h and then transferred into a Mueller–Hinton (M–H) broth (Biomaxima, Lublin,
Poland) for a further 24 h incubation at 37 ◦C. Depending on the particular experiment,
bacterial inoculates were obtained either by bacterial cell scrapping from agar medium
to sterile saline or by the dilution of the suspension in the culture broth prior to the
experiments. Bacterial titres were selected individually for each test. The tested biomaterials
were sterilized by EthO (ethylene oxide) before the tests. All tests of antibacterial activity
were performed in triplicate.

3.7.2. Agar Plate Test

Wells (Ø = 7.5 mm) were drilled in Mueller–Hinton agar (Biomaxima, Lublin, Poland)
in 90 mm Petri dishes (thickness: approx. 5 mm). A number of 25 ± 1 mg samples, sterilized
in EtOh, were placed inside the wells to evenly cover the surface of the wells. Then, liquid
Mueller–Hinton agar medium (approx. 40 ◦C) was poured into the wells and allowed to
set. Next, 100 μL of bacterial inoculate in sterile 0.9% NaCl (0.1 McFarland standard, an
equivalent of approx. 3.0 × 107 CFU (colony forming units)/mL) was placed onto the
agar and evenly spread. The test was performed individually for each bacterial strain.
Subsequently, plates were incubated at 37 ◦C for 20–24 h. Afterwards, bacterial growth
inhibition zones (in mm) were measured.
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3.7.3. Antibacterial Activity Test (AATCC Test Method 100-2004 “Antibacterial Finishes on
Textile Materials: Assessment of Developed from American Association of Textile
Chemists and Colorists”)

Pellets for antibacterial activity studies were obtained by weighting 0.2 g of powder
(HA, Ag-HA or Ga-HA) and forming it into a tablet, using a manual hydraulic pellet press.
An evaluation of the antibacterial activity of the tested samples was performed on the basis
of the AATCC test method 100-2004 for textile materials and adapted for porous ceramic
materials. Briefly, samples (200 ± 15 mg of pellets formed from the obtained powders
and 50 ± 2 mg of each synthesized granule) were sterilized by ethylene oxide. AgM and
GaM microgranules were not subjected to this test, due to their small size and low porosity
caused by high sintering temperature, which significantly reduced the accuracy of this
particular measurement. A working bacterial suspension (3.0 × 107 CFU/mL) of each
strain was prepared in M–H broth and diluted 250-fold in sterile 0.9% NaCl. Samples
were placed on sterile microscope slides (Chemland, Stargard Szczeciński, Poland) and
inoculated with a working bacterial suspension, which was completely absorbed by the
samples, leaving no remaining liquid (50 μL both for 200 mg tablets and 50 mg granule
portions). Then, all samples were transferred to sterile 50 mL Falcon tubes (Corning, Union
City, CA, USA), which were screwed to prevent evaporation and then incubated at 37 ◦C
for 24 h. An amount of 50 μL of working bacterial suspension of each strain was placed in
another sterile 50 mL Falcon tube and treated as above, to control the viability of bacteria,
without contact with the tested materials (control+). Afterwards, 5 mL of sterile 0.9%
NaCl was added to all samples and vigorously shaken (1 min) to elute the bacterial cells.
Samples of the collected eluate were plated onto M–H agar Petri dishes using an EasySpiral
Dilute (Interscience, Saint Nom La Bretèche, France) automatic plater (each sample in
triplicate). M–H agar plates with plated bacteria eluted from the samples were incubated at
37 ◦C for 20–28 h. CFUs were then counted for each plate using a Scan 300 colony counter
(Interscience, Saint Nom La Bretèche, France). The reduction in the number of bacteria was
calculated as a percentage of CFU in control+ for each bacterial strain individually.

3.7.4. Bacterial Adhesion Test

The samples (200 ± 15 mg of pellets formed from the obtained powders and 50 ± 2 mg
of each synthesized granule) were sterilized by ethylene oxide in the wells of a 12-well plate
(Corning, Union City, CA, USA). AgM and GaM microgranules were also not subjected to
this test for the same reason as mentioned in Section 3.7.3, namely due to the difficulty in
the test performance. Then, 2 mL of bacterial suspensions (3.0 × 108 CFU/mL) in M–H
broth were added to each well individually for each bacterial strain. Next, the plates were
protected with stripes of parafilm (Bemis, Neenah, WI, USA) to prevent evaporation at
the liquid phase, then incubated in an Innova 42 incubator (New Brunswick Scientific,
Enfield, CT, USA) at 37 ◦C, 2 h, 100 rpm. Afterwards, tablets and granules were aseptically
transferred onto a sterilized Whatman filter membrane to remove the excess of the bacterial
suspension, placed in sterile 50 mL Falcon tubes (Corning, Union City, CA, USA) and
washed carefully 4 times with 20 mL of 0.9% NaCl, to remove all unbound bacterial cells.
Then, the pieces were transferred again to the sterilized Whatman filter membrane to
remove excess saline, moved to another set of 50 mL Falcon tubes and treated with 1 mL of
0.25% trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO, USA) to digest the proteins,
which enable the cells to adhere to the prostheses (15 min at 37 ◦C). After intense vortexing
(1 min), trypsin was inactivated with 4 mL of M–H broth and diluted with 5 mL of 0.9%
NaCl. Finally, 50 μL of each resulting liquid was plated in triplicate on M–H agar plates
using the EasySpiral Dilute plater (Interscience, Saint Nom La Bretèche, France), then the
plates were incubated at 37 ◦C for 20–24 h and the CFU were counted on each plate using a
Scan 300 counter (Interscience, Saint Nom La Bretèche, France).
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3.7.5. Direct Contact with Powders Test

Sterilized HA, Ag-HA and Ga-HA powders were suspended in sterile PBS pH 7.4 to
obtain the suspensions 2 mg/mL and 0.2 mg/mL, which were sonicated (Sonic-6, Polsonic,
Warsaw, Poland) for 15 min for better dispersion. Bacterial working solutions were prepared
for each bacterial strain, including 6.0 × 106 CFU/mL of M–H broth diluted 125-fold in
sterile 0.9% NaCl. Then, the powder suspensions and bacterial working solutions were
mixed in sterile 5 mL screwed tubes in the proportion 1:1 (resulting in a mixture of 1 mg/mL
or 0.1 mg/mL of powder with 3.0 × 106 CFU/mL in M–H broth, diluted 250-fold in
sterile 0.9% NaCl). Positive controls (control+) for each bacterial strain were prepared
by mixing PBS pH 7.4 and bacterial working solutions under the same conditions as the
powder suspensions. The tubes were then incubated at 37 ◦C, for 24 h at 5 rpm using
a RM 5–30 V CAT roller mixer (Ingenieurbüro CAT M.Zipperer, Ballrechten-Dottingen,
Germany). Finally, samples of the mixtures (50 μL) were plated onto M–H agar Petri dishes
using an EasySpiral Dilute (Interscience, Saint Nom La Bretèche, France) automatic plater
(each sample in triplicate). M–H agar plates with plated bacteria eluted from the samples
were incubated at 37 ◦C for 20–28 h. CFUs were then counted for each plate, using a Scan
300 colony counter (Interscience, Saint Nom La Bretèche, France).

3.7.6. Antibacterial Activity in Sample Extracts

Samples of AgM and GaM microgranules were sterilized by ethylene oxide in 50 mL Falcon
tubes and were then immersed in sterile PBS pH 7.4 (proportion: 0.1 g of granules/1 mL PBS)
at 37 ◦C for 24 h in an Innova 42 incubator (New Brunswick Scientific, Enfield, CT, USA)
at 100 rpm. An amount of 100 μL of the extracts was collected under sterile conditions
and transferred into the wells of a 96-well plate, mixed with 100 μL of sterile M–H broth
and inoculated with 10 μL of bacterial working suspension to produce a final titre of
0.75 × 105 CFU/mL. An amount of 100 μL PBS with pH 7.4, mixed with 100 μL of sterile
M–H broth and inoculated with bacteria as above, served as a positive control, while the
non-inoculated variant served as an assay control. Then, the plates were incubated at 37 ◦C
and 200 rpm for 24 h in an Innova 42 incubator (New Brunswick Scientific, Enfield, CT,
USA) and absorbance of the extracts was measured at 660 nm using a Synergy H4 Hybrid
Microplate Reader (Thermo Electron Corporation, Allentown, PA, USA). The absorbance
of the assay control was subtracted from the absorbance of the samples.

3.7.7. Statistical Analysis

Statistically significant differences between the various samples were calculated ac-
cording to a one-way ANOVA with post-hoc Dunnett’s test or post-hoc Tukey’s test, or
according to a Student’s t-test, using GraphPad Prism 8.0.0 Software (San Diego, CA, USA).
Samples were used in different numbers for various tests but at least in triplicate (details in
appropriate sections).

4. Conclusions

In our work, we investigated the antibacterial activity of various materials with poten-
tial application as bone substitutes. We focused on two ionic dopants with antibacterial
properties, Ag+ and Ga3+, due to their different mechanisms of action and efficiency.

Three types of granules containing silver or gallium ions (ceramic microgranules,
hydroxyapatite/alginate composite granules, and granules made of ceramic microgranules
and alginate) were examined. The studied samples differed in morphology, porosity and
mechanical properties. The granules were tested for the release of silver and gallium
ions and for their antibacterial properties. It should be noted that the granules exhibited
different silver and gallium release. Two cytotoxicity tests showed that the majority of the
materials are not toxic, except the Ag-HA powder and AgT granules that were found toxic
in both assays. However, in the first of the dilutions in the twofold dilution series, none of
these samples negatively affected the cell culture condition. The results of the antibacterial
tests turned out to be promising, as all the silver-containing materials caused significant
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mortality of the tested bacterial strains. The antibacterial efficacy of gallium-containing
materials were significantly lower.

The aim of our future work is to investigate the porous granules doped with silver or
gallium as antibiotic delivery systems targeting bone tissue.

We assume that the presence of silver or gallium ions, together with an antibiotic, may
improve the effectiveness of the prevention and treatment of intraoperative infections of
osseous tissue.
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Abstract: Skin disorders of different etiology, such as dermatitis, atopic dermatitis, eczema, psoriasis,
wounds, burns, and others, are widely spread in the population. In severe cases, they require
the topical application of drugs, such as antibiotics, steroids, and calcineurin inhibitors. With
milder symptoms, which do not require acute pharmacological interventions, medications, dietary
supplements, and cosmetic products of plant material origin are gaining greater popularity among
professionals and patients. They are applied in various pharmaceutical forms, such as raw infusions,
tinctures, creams, and ointments. Although plant-based formulations have been used by humankind
since ancient times, it is often unclear what the mechanisms of the observed beneficial effects are.
Recent advances in the contribution of the skin microbiota in maintaining skin homeostasis can shed
new light on understanding the activity of topically applied plant-based products. Although the
influence of various plants on skin-related ailments are well documented in vivo and in vitro, little
is known about the interaction with the network of the skin microbial ecosystem. The review aims
to summarize the hitherto scientific data on plant-based topical preparations used in Poland and
Ukraine and indicate future directions of the studies respecting recent developments in understanding
the etiology of skin diseases. The current knowledge on investigations of interactions of plant
materials/extracts with skin microbiome was reviewed for the first time.

Keywords: dermatology; skin; microbiota; interaction; topical; skin diseases; plant materials;
phytotherapy; keratinocytes; fibroblasts

1. Introduction

More and more drugs, dietary supplements, and cosmetic products appear on the
pharmaceutical and cosmetic market, which contain medicinal plant materials or sub-
stances of plant origin [1,2]. In recent years, phytotherapeutic preparations are gaining
greater importance in solving many problems in dermatology and cosmetology [3]. Se-
vere skin ailments require the application of antibiotics, steroids, or calcineurin inhibitors.
However, in mild skin disorders, the topical application of plant-based remedies in various
pharmaceutical forms, such as raw infusions, creams, ointments, balms, and tinctures can
be effective and successfully prevent further disease development [4,5].

Human skin is a complex organ that accounts for about 15% of the total body weight
of an adult and has a surface area of 1.5–2 m2. This organ is responsible for many vital func-
tions [6]. It protects against external factors; participates in thermoregulation, metabolism,
the regulation of fluid balance, and body shape maintenance; and eliminates toxins from
the body by sweat excretion [7]. It consists of several layers, such as the living tissue of the
dermis, epidermis, and the outer-facing layer, which is called the stratum corneum [8].
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On the microanatomic level, skin is composed of keratinocytes, Langerhans cells,
fibroblasts, mast cells, macrophages, endothelial cells, and lymphocytes, which form a
complicated and fine-tuned organization such as the skin immune system [9,10]. Likewise,
the superficial layer of the skin is home to millions of bacteria, fungi, and viruses that
compose the skin microbiota [8]. This microbial ecosystem supports many skin functions,
including metabolism, vitamin synthesis, protection against pathogen invasion, immunity
development, and regulation [11].

Currently, an increase in the incidence of skin diseases worldwide is observed, which
is mostly linked to the adverse factors of modern civilization [12]. For instance, 42 of the
145 surveyed people in Poland reported past or present skin disorders [13]. In Ukraine,
the morbidity rate of skin diseases increases every year. The currently reported problems
mostly relate to dermatitis, atopic dermatitis, eczema, psoriasis, wounds, and others. Many
factors influence skin well-being, with the highest contribution attributed to domestic
detergents, cosmetics, and antiseptics.

The present review aims to summarize the current information on the plant materials
that are contained in pharmaceutical and cosmetic preparations available in Poland and
Ukraine and marketed as non-prescription medicines or medical products. The paper
presents the current knowledge regarding the traditionally used plant raw materials related
to their influence on the skin and skin microbiota. Medicinal plants used in treating wounds,
burns, dermatitis, atopic dermatitis, eczema, and other skin inflammatory diseases have
been included.

Based on the scientific database Scopus, a graphical representation of the publication
trend in the field of the present review was generated. The trend in the number of papers
focused on plant extracts or materials plants and skin shows a significant increase over the
last 20 years. Around 190 reports were published in 2001 according to Scopus, and in 2021,
it was over 1300 original papers and reviews. Similarly, a dynamic increase in the interest
in research devoted to plant preparations and microbiota was observed (Figure 1) in 2001
when 4 papers matching chosen keywords were recorded compared to 377 in 2021. This
analysis confirms that the general interest in the different aspects of the interaction of plant
materials with skin increases, and the subject is worth further investigations. This trend
can be explained by the fact that natural therapies are gaining much interest in the context
of changes in the lifestyle of the population around the world.

 

Figure 1. Graphical representation of the publication trend in the field of using plants related to
their influence on the skin and microbiota. A graph was created based on the Scopus database,
keywords 1 (plant material or plant extract and skin) and keywords 2 (plant material or plant extract
and microbiota) were used.
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2. Methods Used in the Review

A literature search was conducted using scientific databases such as PubMed, Scopus,
and Wiley Online Library for relevant studies with the keywords “microbiome”, “micro-
biota”, “commensal”, “topical”, “plant materials”, and “phytotherapy”, “dermatology”,
“skin”, “skin disorders”, “keratinocytes”, “fibroblasts”. All search terms were used in
various combinations, and studies were screened for relevance based on their abstracts.
Studies written in English, Polish, and Ukrainian languages were considered.

The selection of non-prescription medicines and medical products was based on the
search of topically used remedies containing material of plant origin in the Ukrainian
directory of drugs “Compendium” and on the Polish pharmacy websites. Moreover, the
Ukrainian online service “Tabletki.ua”, which provides information on the availability of
medical preparations and other pharmaceutical products in pharmacies, was considered.

3. Human Microbiota in the Skin Inflammation Process

The skin is the habitat and a source of nutrients for various symbiotic, commensal, and
pathogenic microorganisms described as skin microbiota [7]. Early studies showed that
abundant bacterial genera on the surface layers of the human skin include Staphylococcus,
Propionibacterium, Micrococcus, and Corynebacterium [14]. The composition of the human
microbiome similarly varies quantitatively and qualitatively according to the body site
on which it is located, depending on the distinctive characteristics (pH, moisture, salinity,
and sebum content), and may also vary due to other factors (e.g., genotype, age, and
sex) [5,12]. The recent surveys have a greatly advanced understanding of the host-symbiont
and host-pathogen relationships and established that the skin microbiota plays a beneficial
role, much like the gut microbiota, indicating that the bacteria present on our skin have
similar functions in immune regulation and disease pathogenesis [11,13,14].

Commensal bacteria can passively occupy a similar ecological niche to a pathogenic
microbe, thus impeding its skin colonization. Additionally, commensal bacteria on hu-
man skin can selectively induce antimicrobial peptides production and provide a protec-
tive effect in vivo when administered before the infectious challenge. The human micro-
biome may also modulate the immune system, directing it to eliminate the disease-causing
factor [14,15].

4. Interaction of Plant Origin Material with Microbiota

The interaction of microorganisms with plants can be considered from two sides. On
the one hand, there is the influence of plants on microbes’ growth and metabolic functions,
as medicinal plants contain extractable biochemical and bioactive compounds, which can
target certain viruses, bacteria, or fungi [16]. On the other hand, a metabolically active
microbial community can alter the chemical structure and composition of natural products
applied to the skin.

To date, there are a lot of known natural products which act effectively against bacteria,
fungi, viruses, or protozoa. For instance, phenolics have antifungal and antiviral properties,
and it is established that their overall harmfulness to microorganisms is associated with
the measure of hydroxyl bunches and their locations on the phenol bunch. Low dosages
of phenols (0.032%, 320 g/mL) destroyed fast-developing cultures of Staphylococci and
Streptococci [17]. Quinones have been found to frame irreversible edifices with nucleophilic
amino acids in proteins, leading to protein inactivation and function loss resulting in an-
tibacterial effects. Quinones may also make it difficult for bacteria to obtain substrates [18].
The antimicrobial mode of action of tannins is linked to their ability to inactivate microbial
adhesins, enzymes, and cell envelope transport proteins [19].

Several in vivo and in vitro examinations demonstrated that different plant prepara-
tions repress bacterial species found in cutaneous diseases. Chamomile essential oil and
bisabolol were found to have activity mostly against Gram-positive bacteria, Staphylococcus
aureus, Bacillus subtilis, and the fungus Candida albicans. Aqueous extracts from Allium cepa
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showed antifungal activity against Malassezia furfur, Candida albicans, other Candida sp., and
other dermatophyte species [17].

In terms of the influence of microbiota on plant materials, it should be mentioned that
the literature review showed a lack of information about the skin microbiota metabolism.
However, nowadays, many investigations on microbiota residing in the gut have been
described. For instance, human and swine microbiota transformed natural products
in the goldenrod infusion into smaller molecules, mainly phenylpropanoid acid deriva-
tives [20].Twenty metabolites were detected and characterized after incubating the linden
flower extract with human gut microbiota [21]. All changes in the chemical composition
of the raw plant material caused by the interaction with microbiota can lead to poten-
tially active compounds responsible for their bioactivity in vivo. This is also evidenced
by experiments on the gut microbiota-derived metabolites of ellagitannins-urolithins. It
was established that urolithins inhibit proinflammatory cytokines expression in RAW
264.7 macrophages, which has an important role in inflammatory bowel diseases [22].

5. Phytotherapy in Skin Diseases

Patients and physicians widely use phytotherapy throughout the whole world. This
type of therapy is as old as humankind. Plant-derived drugs are in demand because
of several advantages, such as often having fewer side effects and better patient toler-
ance. Apart from this, treatment with natural products is more affordable to patients than
chemical medicines.

Clinical trials and in vitro and in vivo experiments were conducted for many plant ma-
terials, showing their effectiveness in inhibiting the formation of cytokines and eicosanoids,
preventing the inflammatory reaction cascade. However, still, the use of most herbal
medicines is based solely on their longstanding traditional use in folk medicine [23].

Over the years, plants that deserve special attention in treating skin diseases have
been identified. Below is a list of plant materials that are the most popular in the traditional
treatment of skin diseases in Poland and Ukraine (Table 1).
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Different herbal parts are used in treating skin ailments, but the most usable are the
above-ground parts, such as herbs, leaves, or flowers. Among all plant effects are frequently
noted anti-inflammatory, bactericidal, and wound healing effects. The mostly described
plants are traditionally used for minor superficial wounds, burns, minor inflammations of
different etiology, irritations, bedsores, and ulcers. However, for example, Chelidonii herba
is applied to warts, corns, and pimples due to their antiseptic and fungicidal effects, and
Melissae folium, like antiviral, antimicrobial external remedies for herpes.

Polish and Ukrainian pharmaceutical markets have been analyzed and preparations
marketed as non-prescription medicines or medical products containing plant material
from Table 1 as an active ingredient are presented in Table 2.

In Poland, as in Ukraine, the most popular plant material for treating skin diseases
is marigold flowers (Calendulae flos). It is in pharmaceutical forms, such as ointments or
tinctures, and is produced by different manufacturers. It is used externally in treating
mild inflammatory conditions of the skin and ancillary in treating minor skin injuries. At
Polish pharmacies, a large number of remedies from linseed, chamomile, and tormentil are
found. Tormentil is presented mostly in ointments (“Tormentiol”, “Tormentile Forte”, and
“Tormentillae unguentum compositum”), linseed in ointments and creams (“Linomag”),
and chamomile in ointments, gels, and tinctures (“Kamagel” and “Azulan”). Ukrainian
pharmacies have some distinguishing topical remedies of Hippophae rhamnoides, such as
“Sea buckthorn ointment”, “Olasol spray”, and some balms.

The plant materials were selected for the literature surveys based on the above ap-
proach. The plants which are considered effective in the treatment of inflammatory skin
diseases are discussed below. Additionally, to information on the chemical composition, ac-
tivity studies, and traditional use, data were also searched for in studies of the effect of skin
microbiota on natural products contained in the listed plant materials and/or the analyses
of changes in the composition of the microbiome as a result of the use of preparations from
the raw materials mentioned above.

5.1. Allium cepa L. (Onion Bulbs)

The plant substance of Allii cepae bulbus consists of thick and fleshy leaf sheaths and
leaf approaches from Allium cepa L. (Amaryllidaceae). Biologically active compounds of
onion bulbs are flavonoids and sulfur-containing compounds. In traditional medicine,
onions have been used externally to treat insect bites, wounds, minor burns, boils, warts,
and bruises [27]. Many studies have demonstrated the antioxidant and antimicrobial
activity of the extracts [28]. The study using human fibroblasts showed that the onion
extract inhibited their proliferation, induced apoptosis, and decreased expression of β1
integrin, which may be beneficial in treating keloid and hypertrophic scars [29]. However,
data on the activity of onion extracts in treating hypertrophic scars are inconclusive.

The effect of Mederma (Merz Pharma, Frankfurt, Germany) gel, containing Allium cepa
as the active ingredient, was investigated in a rabbit hypertrophic scar model. No significant
effect of the gel on the reduction in scar hypertrophy, vascularization, or inflammation was
determined, but an improvement in the organization of dermal collagen was observed [30].
The effectiveness of the same gel was investigated in patients with new surgical scars
compared to petrolatum emollient. No significant differences were found in the activity of
these formulations in the treatment of scars as assessed by redness, itching, burning, pain,
thickness, or overall cosmetic appearance [31]. Another study comparing the activity of
Mederna with a petroleum-based emollient assessed the appearance and symptomatology
of postoperative scars. The onion extract gel was ineffective, no difference was found in
the evaluation of the redness and itching of the scar after one month of use. In contrast, a
reduction in redness has been observed in patients using the emollient [32].
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The effectiveness of this plant material in treating scars after minor dermatological
procedures has been proven for the occlusive overnight intensive patch medical device
containing onion bulbs extract and allantoin. After 24 weeks, a clear improvement in
the appearance of the scar was observed, assessed with the Patient and Observer Scar
Assessment Scale and a Global Aesthetic Improvement Scale [33]. The beneficial effect in
the treatment of scars has also been confirmed for other combined preparations containing
Allium cepa extract. The gel enriched with allantoin and heparin (Contractubex, Merz
Pharma, Frankfurt, Germany) improved vascularization, pigmentation, and the overall ap-
pearance of the scar according to the Vancouver Scar Scale [34]. The use of a gel containing
Allium cepa extract, allantoin, and pentaglycan (Kaloidon gel, Laboratorio Farmacologico
Milanese SRL, Caronno Pertusella, Italy) for 24 weeks successfully reduced neoangiogene-
sis in patients with hypertrophic scars and keloids, resulting in the clinical improvement of
skin lesions [35]. Moreover, using a patch containing 10% Allium cepa extract, 1% allantoin,
and 4% pentaglycan (Kaloidon patch, Laboratorio Farmacologico Milanese SRL, Caronno
Pertusella, Italy), after 24 weeks, showed beneficial effects according to the Patient and
Observer Scar Assessment Scale. In addition, significantly improved skin scar thickness
and vascularization were observed after 12 weeks [36].

There are two medicinal products available on the Polish market, containing Allium cepa
extract, allantoin, and heparin. It is a Contractubex (Merz Pharma, Frankfurt, Germany) gel
and Cepan (Unia, Warsaw, Poland) cream, which additionally contains chamomile extract. In
the literature, no reports on the interactions of extracts from onion bulbs with skin microbiota
were found.

5.2. Aloe vera L. (Aloes Leaves)

Aloe vera is a plant that belongs to the Asphodelaceae family. Aloe vera leaf gel is mainly
used in dermal ailments. This gel is rich in polysaccharides. Glucomannan, acetylated
glucomannan, galactogalacturan, glucogalactomannan, and acemannan had been extracted
and described from this Aloe species [37]. Moreover, such sterols as lupeol, campesterol,
and β-sitosterol were also found [37].

In the past, the influence on skin cells was investigated. In vitro pharmacological
studies determined that the effect of Aloe vera gel and its compounds on HaCaT cells
lies in decreasing photodamage; maintaining membrane integrity; reducing the levels
of TNF-α, IL-8, IL-12 and p65; and increasing IκB-α protein expression. Aloe vera gel,
in turn, increases the wound healing ability, number of cells, keratinocyte proliferation
and differentiation, and cell surface expression of adhesion molecules (β1-integrin, α6-
integrin, β4-integrin, and E-cadherin) in HEKa [38]. In vivo pharmacological studies on
Aloe vera were also conducted and showed an increasing amount of fibroblasts, TGF-β
gene expression, wound closure and skin tensile strength, collagen deposition, and wound
healing activity as re-epithelialization and angiogenesis [38]. Moreover, it was established
that Aloe sterols reduce skin dryness, epidermal thickness, wrinkle formation, and pro-
inflammatory cytokines levels, and lupeol, campesterol, and β-sitosterol are significantly
anti-inflammatory in wounded mice [37]. Polysaccharides isolated from A. vera help
to regulate the wound healing activity, inducing matrix metallopeptidase (MMP)-3 and
metallopeptidase inhibitor-2 gene expression during the skin wound repair in rats [39].

In most cases, aloes occur in complex medical products as additional ingredients. On
the Ukrainian market, it is presented in creams “Express BITE” and “Express Burn” (Georg
BioSystems, Kirovograd, Ukraine).

5.3. Arnica montana L. (Arnica Flowers)

Arnica montana is a widely used therapeutic plant belonging to the Asteraceae family.
This plant possesses numerous medicinal activities due to such constituents as flavonoids,
sesquiterpene lactones (metacryl, isobutyryl, tygloyl, methacryloyl, and isovaleryl helenalin
derivatives), acetylenes, hydroxycoumarines (umbelliferone and scopoletin), phenyl acrylic
acids, essential oil components, and phenolic acids (chlorogenic and caffeic acid). It is also
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known to contain pyrrolizidine alkaloids (tussilagin and isotussilagin) [40]. It has been
used for centuries in dermatology as an antiphlogistic, antibiotic, and anti-inflammatory
remedy [41]. The pharmaceutical form in traditional topical use is presented as herbal
preparations in semi-solid and liquid dosage forms for cutaneous use [42].

Lyss et al. investigation shows that the main anti-inflammatory sesquiterpene lac-
tone from arnica, helenalin, modifies the NF-κB/IκB complex, preventing the release of
IκB [38,40]. Some results present that arnica reduced the UVB-induced inflammatory re-
sponse as demonstrated by the inhibition of myeloperoxidase activation, a decrease in
NF-κB levels, and a reduction in proinflammatory cytokines levels (IL-1β, IL-6, TNF-α, and
IFN-γ) in in vivo studies [43]. In some in vitro experimental models, the production of IL-6,
IL-8, and TNF-α pro-inflammatory cytokines was also measured. The secretion of IL-6, IL-8,
and TNF-α in an H2O2-stressed fibroblast cell culture decreased, which indicates the cyto-
protective effect against cell membrane oxidative damage and higher anti-inflammatory
activity [42,44].

Arnica is a popular and characteristic plant material for the Polish market and two
OTC medicines with extracts from this plant material are available at Polish pharmacies.
“Arnithei” gel (Dr. Theiss Naturwaren, Homburg, Germany) contains an arnica tincture
and is used for relieving bruises, sprains, and local muscle pain. “Uzarin” gel (Nes Pharma,
Tarnów, Poland) contains the extract of Arnica montana and Calendula officinalis and is
applied for bruises, swellings, first-degree burns, and after insect bites. In some sources,
the beneficial effect of arnica extracts on the composition of skin microbiome is mentioned;
however, there are no fine basic studies supporting these statements [45].

5.4. Calendula officinalis L. (Marigold Flowers)

Calendula officinalis (Asteraceae) is one of the most popular plants used clinically
throughout the world [46]. This plant contains triterpene saponins (2–10%), mainly
oleanolic acid glycosides; free and esterified triterpene alcohols, especially faradiol 3-
mono- and diesters; carotenoids (up to 3%): α- and β-carotene, lutein, and rubixanthin;
flavonoids (0.3–0.8%) based on quercetin, quercitrin and isorhamnetin; polysaccharides;
sterols; sesquiterpenoids (aloaromadendrol and epicubebol); phenolcarbonic acids; fatty
and amino acids; tocopherols; and essential oil (0.2–0.3%) with α-cadinol and β-cadinen
as the major components [24,25,47,48]. Frequently, the infusion, tincture, and ointment of
marigold are used as a wound healing remedy for inflammation of the skin and mucous
membranes and externally in the treatment of long-healing wounds, cuts, boils, burns, and
ulcers [25,48,49].

Pharmacological studies had confirmed that extracts from this plant exhibit a broad
range of biological effects, such as antibacterial, antifungal [47,48,50,51], antioxidant [47,52],
anti-inflammatory [47,48,51,52], spasmolytic, anticancer [24,53], anti-HIV, and hepatoprotec-
tive activities [51], and stimulate the proliferation and migration of fibroblasts in vitro [54].
In fact, most of the studies on marigold focus on its anti-inflammatory property. Some
results present that C. officinalis, with other plants, reduced cutaneous inflammation at
the price of the downregulation of inflammatory IL-1β, IL-6, and IL-8 and suppressed an
increase in stratum corneum dehydration through the upregulation of AQP3 [55]. Marigold
flowers extracts protect HaCaT skin cells against an oxidative stress challenge in the form
of H2O2 [56]. Moreover, other scientists found that the n-hexane and the ethanolic extracts
modulated the inflammatory phase of wound healing by activating the transcription factor
NF-κB and increasing the amount of the chemokine IL-8 [57].

Nowadays, marigold flowers are one of the most famous plant materials among
manufacturers and patients as they are presented in large amounts in Polish and Ukrainian
pharmacies. For patients, it is available mainly in two forms (ointments and tincture) and
is used in mild inflammations of the skin, minor wounds, burns, and cuts. One study
on the potential influence of the marigold extract on the composition of skin microbiota
was performed. The 90% hydroethanolic extract from marigold was shown to inhibit the
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growth of P. acens and S. epidermidis. The results suggest that this plant material can be
considered a skin prebiotic important in treating acne [58].

5.5. Chelidonium majus L. (Greater Celandine Herb)

Chelidonium majus L. is also known as greater celandine (family Papaveraceae). The
herb of Chelidonium majus L. contains over 20 different alkaloids, including chelerythrine,
chelidonine, sanguinarine, isochelidonine, and protoberberines (berberine, coptisine, dihy-
drocoptisine, and stylopine) protopine [59]. Several flavonoids were found in the aerial
parts in low amounts. Among them are derivatives of kaempferol and quercetin. Moreover,
other phenolic compounds such as hydroxycinnamic acids, hydroxybenzoic acids, and
their derivatives were identified. Additionally, organic acids (chelidonic, malic, citric, and
succinic acids), biogenic amines (histamine, methylamine, and tyramine), essential oil
constituents, triterpenoids, saponins, vitamins A and C, and nicotinic acid were found in
C. majus extracts [60].

N. Cordes et al.’s investigation shows that ukrain, an alkaloid thiophosphoric acid
derivative of C. majus., demonstrates a protective effect in normal human fibroblasts in
modulating radiation toxicity [61]. Vavrecková et al. determined the antiproliferative
activity of the extract on human keratinocytes, showing IC50 was lowest for sanguinarine
(2.26 μM), extract (as chelidonine) ca. 5.68 μM, chelidonine, and chelerythrine ca. 28 μM,
and poor activity of berberine and hydrastinine. The lactate dehydrogenase assay showed
the cytostatic activity of the C. majus extract rather than cytotoxic activity which can
be considered beneficial in treating wards [62]. Some medical products with celandine
extracts are available on the Ukrainian market and presented in such preparations as
“CHYSTOTIL” cream (Khimpharmzavod Chervona Zirka, Ukraine) and “CHYSTOTIL”
ointment (NATURE LIFE, Ukraine). Bactericidal, wound healing, anti-inflammatory, and
analgesic properties are indicated.

5.6. Hamamelis virginiana L. (Witch Hazel Leaves, Bark)

Hamamelis virginiana L., also known as witch hazel, is a shrub that belongs to the
Hamamelidaceae family [63,64]. Preparations from Hamamelis leaves, bark, and twigs,
present in extracts, tinctures, creams, and salves, are utilized to treat dermatological (sun-
burn, irritated skin, and atopic eczema) and vascular disorders (hemorrhoids, varicose
veins, and phlebitis), highlighting the fact that this plant has a wide range of biologically
active substances [64–66].

Witch hazel bark contains up to 10% tannins (hamamelitannin and catechins), free
gallic acid, and a small amount of flavonols, fats, and waxes. Leaves contain 3–10% of
tannins (a mixture of gallotannins and condensed catechins–procyanidins); notably a small
amount of hamamelitannin; phenolic acids (caffeic and gallic acids); flavonoids such as
kaempferol, quercetin, quercitrin, and isoquercitrin; and essential oil [26,64,67–69]. Numer-
ous in vitro and in vivo studies have shown that this plant has antitumoral, antioxidant,
anti-inflammatory, antibacterial, antiviral, and antimutagenic activity [63,64,68–70]. For in-
stance, the extract of witch hazel leaves and small twigs can decrease the amount of IL-8 pro-
duced by fibroblast cells [71]. The hazel extract and its component—hexagallloylglucose—
regulated the inflammatory response via inhibiting NF-κB and PAR-2 pathways in human
keratinocytes [72].

Witch hazel, one of the active ingredients, was found in the combined homeopathic
ointment TRAUMEEL® S (Biologische Heilmittel Heel GmbH, Baden-Baden, Germany),
which is available on the Ukrainian market and applied for the treatment of bedsores,
burns, pityriasis, and trophic ulcers. No papers reporting the possible interactions of hazel
extracts with human sin microbiome were found.

5.7. Hippophae rhamnoides L. (Sea-Buckthorn Fruits)

Hippophae rhamnoides L., (Elaeagnaceae family), is commonly known as sea buckthorn.
Fruits and seeds contain fatty oil (about 8% in fruits and about 12% in seeds), which contains
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a significant amount of carotene (up to 250 mg%), vitamins E, F, and K, phospholipids (up
to 1%), and fatty acids (linoleic, oleic, palmitic, palmitoleic, and stearic). Fruits contain
mono- and disaccharides, mucus, vitamins (C, B1, B2, B6, B9, P, and PP), organic acids
(malic, tartaric, oxalic, and succinic), sulfur-containing substances, including betaine and
choline, tannins, flavonoids (rutin, quercetin, kaempferol, and isorhamnetin), phenolic
acids (chlorogenic and caffeic), and coumarin [25]. Patients have used sea buckthorn for a
long time due to its rich composition, which provides a wound healing effect, modification
of sebum characteristics, and improvement of atopic skin [73].

To date, many investigations have been conducted on seeds and their non-polar com-
pounds. It was shown that the palmitic acid-enriched fraction supported cell proliferation
properties on normal human keratinocytes (NHEK) and normal human dermal fibroblasts
(HDFa). However, some fractions did not alter the cellular morphology of normal ker-
atinocytes and did not influence the inflammatory response [73]. There are also studies
confirming that sea buckthorn seed oil stimulated the proliferation of dysplastic cells, while
it also impaired the ability of both normal and dysplastic cells to migrate over a denuded
area [74]. 1,5-dimethyl citrate isolated from Hippophae rhamnoides was demonstrated to
prevent LPS-induced NO production and inhibited the expression of IKK-α/β, IκB-α,
NF-κB p65, iNOS, and COX-2 and the activities of IL-6 and TNF-α [75].

Sea buckthorn ointment (Fitolic, Ivano-Frankivsk, Ukraine) and Olasol spray (STOMA,
Kharkiv, Ukraine) are drugs popular in Ukraine and contain sea buckthorn oil, used for
healing infected wounds, including long-term non-healing burns, trophic ulcers, and skin
grafts. Moreover, some other medical products consisting of Hippophae rhamnoides extract
are available, such as the balms Mintalon (Minta, Kharkiv, Ukraine) and Reskinol (Botany,
Kramatorsk, Ukraine). To the best of our knowledge, the interaction of sea buckthorn
extracts with skin microbiota has never been investigated.

5.8. Linum usitatissimum L. (Linseed)

Linseed is usually defined as the ripe dried seeds of Linum usitatissimum L. (Linaceae),
which contain 30–45% of fixed oil, 25% protein, 3–9% polysaccharides, and 0.1–1.5%
cyanogenic glycosides. In addition, it also contains lignans, mainly secoisolariciresinol, and
its glycosides [76]. It is a herbal medicinal product with well-established use in treating
habitual constipation [77]. In traditional medicine, flax seeds have been used to relieve
inflammation of the upper respiratory tract and gastrointestinal tract and externally in skin
inflammation, eczema, ulcers, burns, chilblains, hard-to-heal wounds, skin drying, and
cracking [78].

On the Polish market, some drugs contain virgin linseed oil, indicated in the treatment
of skin diseases such as eczema and rash, as well as in conditions of excessive dryness
and symptoms of psoriasis. In addition, there are preparations containing flax in medical
products that intensely moisturize, soften, and nourish the skin during or after radiotherapy.

In vivo studies have shown that the external application of linseed oil has an anti-
inflammatory effect. In rats with carrageenan-induced paw edema, a reduction in clinical
signs of inflammation, infiltration of inflammatory cells, vascular congestion, and an
improvement in biochemical parameters were observed [79].

The effectiveness of treating burns with linseed oil has been proven in animal models.
After applying linseed oil to second-degree burns in rats, a higher wound closure rate
was observed, and the performed biopsy showed better tissue regenerative properties and
higher angiogenesis than the control [80]. In another study, also on the model of second-
degree burns in rats, it was confirmed that after 21 days of linseed oil application, the
severity of the inflammatory process decreased, and collagen synthesis, re-epithelialization,
and angiogenesis increased [81]. In a burn model in rabbits, after 12 days of treatment
with linseed oil, the degree of wound closure was significantly higher than in the control
group; moreover, complete wound closure was 9 days earlier than in the control group.
A histopathological study showed that in the group treated with linseed oil, the wound
contained fewer inflammatory cells and had complete re-epithelialization with reduced
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thickness compared to the non-treated control. In addition, an increased number of new
capillaries, collagen fibers, and fibroblasts was observed [82]. The effectiveness in treating
burns was also confirmed for a gel containing flax seed polysaccharides (composed of
glucose, mannose, xylose, and arabinose in glycerol) in the rats’ burns model. The group
treated with the gel showed the best results. The skin was naturally colored, and a histologi-
cal evaluation showed epidermal regeneration without inflammation, growth in connective
tissue, and increased collagen production [83].

The beneficial effects of flax have also been confirmed in wound healing. In wound
models made in rats, it was shown that the application of linseed oil accelerates wound clo-
sure, increases re-epithelialization, and reduces inflammation [84,85]. The histopathological
examination also showed the increased synthesis of collagen fibers, vascularization, and
hair follicles [86]. Linseed oil used on wounds made with a scalpel in rabbits increased the
skin’s elasticity and firmness and stimulated microcirculation and the influx of fibroblasts,
as well as the growth of collagen fibers [87]. No information on the research focusing on
interactions of flax extracts with skin microbiota was found in the literature.

5.9. Matricaria chamomilla L. (Chamomile Flowers)

Flowers from Matricaria chamomilla L. (Asteraceae) contain not less than 4 mL/kg of
essential oil and 0.25% of apigenin-7-glucoside. In addition to essential oil and flavonoids,
they contain coumarins, phenolic acids, and polysaccharides [88]. The indications for
external use include the treatment of minor ulcers and inflammation of the mouth and
throat, inflammation of the skin (sunburn), superficial wounds and small boils (furuncles),
and as an adjunct to the treatment of skin and mucosa irritation around the anus and
genital region [89].

The anti-inflammatory properties of the essential oil and water extract of chamomile
flowers have been confirmed in animal models. In a model of rats with carrageenan-
induced paw edema, they reduced swelling and decreased prostaglandin E2 secretion and
NO levels. In a mouse model with xylene-induced ear swelling, they reduced the swelling
and lowered the allergic reaction. Additionally, the essential oil reduced the duration and
frequency of scratching in mice with dextran-induced itching [90].

The acceleration of the second-degree burn regeneration in rats was observed for the
chamomile flower oil extract, which significantly reduced the lesion area after 20 days [91].
In addition, another study showed that the same extract reduced the size of the incision
made on the back of rats after just 5 days. Complete healing was observed after 11 days,
while for olive oil alone, the healing process took 20 days [92].

The ability to regenerate wounds was also confirmed for ethanolic and methanolic
extracts from M. chamomilla flowers. The daily use of the gel containing 5 or 10% ethanolic
extract improved wound healing in diabetic rats by increasing fibroblast proliferation and
revascularization. A higher wound closure ratio was noted after three days of treatment
compared to the control group. No significant differences were observed between the
treatment with the gel containing 5 and 10% of the extract [93]. The wound healing capacity
of the methanolic extracts was tested in an excision wound model on the rats’ dorsum,
using concentrations of 2.5, 5, and 10%. Seven days after the injury, a difference in wound
regeneration was observed between the test and control groups, the ointment containing
10% of the extract had the strongest healing effect. After 11 days, the differences in wound
healing after the application of the 2.5, 5, and 10% ointments were insignificant, and still, all
of them aided the healing more strongly than the control. Histopathological examinations
carried out after 14 days showed that using the ointments with the chamomile flower
extract increased the number of fibroblasts, basal epidermal cells, and the amount of
collagen. In contrast, the number of neutrophils in the wound decreased [94]. The activity
of the ethanolic extract from chamomile flowers was also tested in a model of wounds
infected with Staphylococcus aureus in mice. After 14 days of daily use, the wound was
completely healed, and the hair was present, without scarring, while scar tissue appeared
in the gentamycin-treated group and severe inflammation in the control group. Moreover,
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in the group treated with chamomile extract, an increase in granulation tissue production,
fibroblast density, keratinization on the wound surface, and thickness of collagen fibers
was observed [95].

The clinical efficacy of the M. chamomilla flower extract applied to the forearm and face
of healthy volunteers was tested. Skin physiology was assessed after 2 h and 2 and 4 weeks
of daily use. The use of the extract significantly increased the hydration of the corneum, and
after prolonged use, it reduced the transepidermal water loss by 27% [96]. Another study
looked at the activity of chamomile gel in preventing acute radiation dermatitis in head
and neck cancer patients. The effect of a gel containing 8.35% of chamomile flower extract
was compared with urea cream. The use of the gel delayed the onset of the inflammatory
reaction to the radiation. In addition, its use was associated with a lesser incidence of
itching, burning, and discoloration among patients, which were seen in the group using
urea cream [97].

The activity of 3% of M. chamomilla essential oil was tested in a BALB/c mouse model
in which atopic dermatitis was induced with dinitrochlorobenzene. The daily use of the oil
for four weeks contributed to a decrease in the levels of Ig E and Ig G1 and histamine in the
blood of the animals. In addition, it reduced the frequency of scratching [98]. Although
several basic and clinical studies were performed with chamomile extract as a skin medicine,
no research considering its influence on skin microbiota has been reported so far.

5.10. Potentilla erecta L. (Tormentil Root)

Tormentillae rhizoma is a whole or cut dried rhizome of Potentilla erecta (syn. Potentilla
tormentilla, Rosaceae), containing not less than 7% of tannins expressed as pyrogallol. The
composition is dominated by condensed tannins (up to 22%), but ellagitannins (including
agrimoniin and pedunculagin) are also present. In addition, there are phenolic acids
(coumaric, sinapic, caffeic, and gallic acids and their derivatives), flavonoids (kaempferol
and quercetin and their derivatives), as well as triterpene saponins [99].

The indications for use exclusively based on longstanding use only include the symp-
tomatic treatment of mild diarrhea and mild inflammation of the oral mucosa [100].

On the Polish market, ointments containing a liquid extract from the rhizome of
common tormentil are available. It is used together with zinc oxide and ichthammol. The
indication for the use of these preparations is the treatment of minor skin lesions, such as
scratches or abrasions of the epidermis. In the case of ointments that additionally contain
borax, the indications for use are extended to the treatment of purulent and acne lesions.

Studies on in vitro models have shown the astringent, antimicrobial, antioxidant, and
anti-inflammatory effects of tormentil rhizomes [101].

The potent anti-inflammatory properties of the agrimoniin-rich fraction were con-
firmed in in vitro and in vivo models of UVB-induced inflammation. The investigation
using HaCaT keratinocyte cells showed that the abovementioned fraction reduced the
production of prostaglandin PGE2 by inhibiting COX-2 [102]. In similar studies on the
HaCaT cell model, it was demonstrated that the tormentil ethanolic extract inhibits the
activation of NF-κB and, in addition to inhibiting PGE2 production, also inhibits the pro-
duction of IL-6 [103]. In the in vivo model of erythema induction on the skin of healthy
volunteers, a significant reduction in inflammation and redness was observed after the
use of the agrimoniin-rich fraction in the concentration of 100 mg/mL [102]. The effect
of the methanolic extract from P. erecta rhizomes on the healing of diabetic wounds was
investigated in Wistar rats with streptozocin-induced diabetes. Studies have shown that the
extract significantly accelerates wound contraction compared to control and increases nitric
oxide, glutathione, and collagen levels, while the thiobarbituric-acid reactive substances
levels decreased [104]. No studies on the influence of the tormentil rhizome extract on skin
microbiota or the metabolism of natural products contained in this plant material by skin
microorganisms have been reported.
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5.11. Quercus robur L. (Common Oak Bark)

Common oak belongs to the family Fagaceae and contains a highly variable amount
of tannins (8–20%). Quercus cortex contains hydrolyzable tannins (gallotannins, ellagi-
tannins, and flavonols-ellagitannins) and condensed tannins (proanthocyanidins). More
than 20 compounds (catechins and low-molecular-mass, oligomeric, and polymeric proan-
thocyanidins) have been isolated from the bark [105,106]. Triterpenes, insoluble lipid
polyesters, and volatile acids are also presented in oak bark. It is considered a traditional
herbal medicinal product for the symptomatic treatment of minor inflammation of the oral
mucosa or skin in pharmaceutical forms, such as infusion and decoction [105,106].

Ji-Ae Hong et al. found that Quercus fruits rescued UVB-induced cytotoxicity and
substantially inhibited cellular ROS production in human keratinocytes [107]. Likewise,
this study showed that Quercus fruits effectively prevent skin photoaging by enhancing
collagen deposition and inhibiting MMP-1 via the ERK/AP-1 signaling pathway. Quercus
mongolica and its isolated compounds have shown inhibitory activities toward inflammatory
cytokines and chemokines. Potent activities against MCP-1, TARC, IL-6, IL-8, IL-10, and
IL-13 in keratinocytes irradiated with UVB were determined [108]. Chang Seok Lee et al.’s
study revealed that oak wood vinegar has anti-inflammatory and antiproliferative effects
in a 2,4-dinitrochlorobenzene-induced contact dermatitis mice model. Furthermore, they
showed that the mechanism by which oak wood vinegar most likely inhibits epithelial
proliferation is through STAT3 inactivation [109].

In most cases, oak bark is used in decoctions by humankind, but in the Ukrainian mar-
ket, this plant material was also found in a combined medical product as cream, “Bioflorin”
(Khimpharmzavod Chervona Zirka, Kharkiv, Uktaine), which has anti-inflammatory and
wound healing properties. No information on the interactions of oak bark extracts with sin
microbiota was found in the available literature.

5.12. Salvia officinalis L. (Sage Leaf)

Salviae folium, obtained from Salvia officinalis L. (Lamiaceae), has a monograph in the
European Pharmacopoeia (Ph. Eur. 10th Edition), European Medicines Agency (EMA), and
European Scientific Cooperative on Phytotherapy (ESCOP). The medicinal plant material
consists of whole or cut dried sage leaves containing not less than 12 or 10 mL/kg of
essential oil, respectively. In addition to the essential oil containing monoterpenes and
sesquiterpenes, the chemical composition includes diterpenoids, triterpenoids, flavonoids,
hydroxycinnamic acid derivatives, and phenolic glycosides [110]. Traditionally, sage
leaf can be used to relieve dyspeptic disorders such as heartburn and flatulence, reduce
hyperhidrosis, relieve inflammation of the mouth and throat, and treat inflammation of the
skin [111].

Medicinal products available on the Polish market are intended primarily for treating
inflammations in the mouth and throat. These are concentrates for preparing rinse solutions
(Dentosept, Salviasept, Tinctura Salviae, and Tymsal) and gels applied directly to the
lesions within the oral cavity (Aperisan, Dentosept A, and Mucosit). In addition, sage
leaf is available as a single herb for making infusions (Salviae folium), as well as in the
form of herbal mixtures for making infusions for gargling (Septosan) and for use in mild
inflammatory conditions of the female genitalia (Vagosan). The only medicinal product to
be applied directly to the skin is sage ointment containing the ethanolic extract of Salvia
officinalis leaves.

The traditional use of sage leaf has been partially supported by scientific research.
Studies conducted on in vitro and in vivo models have confirmed its anti-inflammatory,
antioxidant, and antimicrobial properties as well as the beneficial effects on wound heal-
ing [112].

Strong anti-inflammatory properties after topical application on a model of mouse
ear edema induced by croton oil have been demonstrated for n-hexane and chloroform
extracts from sage leaves. The component responsible for the anti-inflammatory activity
was ursolic acid [113].
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The essential oil of S. officinalis showed antifungal activity against clinical strains of
dermatophytes isolated from skin and nails and also inhibited NO production by LPS-
stimulated macrophages [114]. In in vitro studies, sage leaf oil showed stronger antibacte-
rial properties against S. aureus and P. aeruginosa than penicillin and mupirocin. Studies
on an in vivo model of infected wounds in BALB/c mice showed that the ointment con-
taining 4% of the S. officinalis oil statistically reduced the number of bacteria compared to
the control group and the mupirocin-treated group. Moreover, compared to the control
group, there was a shortening of the inflammatory phase, acceleration of cell proliferation,
increased collagen accumulation, revascularization, and re-epithelialization. The content of
pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) decreased, and the content of growth
factors (FGF-2 and VEGF) increased [115].

In another in vivo study in a Wistar rat model, the wound healing capacity of an
ointment containing 3 and 5% hydroethanolic extract of sage leaves was tested. The time
of wound closure and re-epithelialization was significantly shortened compared to the
control group. Moreover, the formation of new blood vessels and the number of fibroblasts
increased in the wound, improving the proliferation phase of healing [116]. The methanolic
extract of S. officinalis leaves inhibited hyaluronidase, elastase, and collagenase activity
in vitro. In vivo studies on Swiss albino mice inhibited the formation of wrinkles induced
by UV exposure [117]. In the prospective randomized, double-blind placebo-controlled
study, an area of the skin of healthy volunteers was irradiated to induce local erythema.
An ointment containing 2% sage extract has been shown to reduce local inflammation and
erythema to a similar extent as 1% hydrocortisone ointment [118]. Although sage leaves
extracts and essential oil are widely used for skin problems, no reports on the interactions
of this plant material with skin microbiome were published.

5.13. Sophora japonicum L. (Japanese Pagoda Tree Fruits)

The Japanese pagoda tree is also named sophora and belongs to the Fabaceae family.
At least 153 constituents, including flavonoids, isoflavonoids, triterpenoids, alkaloids,
mineral elements, and amino acids, were identified and isolated from S. japonica. The most
important and abundant components of the dried flower buds and ripe fruits are rutin and
sophoricoside [119]. These substances have been used to control the quality of medicinal
products and determine the high medicinal value of this plant material. Based on the
chemical composition, this plant material has anti-inflammatory, antibacterial, antiviral,
and antioxidant effects and is traditionally used in treating wounds and trophic ulcers.

Sophora’s polysaccharides protect HaCaT keratinocytes from UVB irradiation-induced
skin injuries and may involve the MAPK signaling pathway, which contributes to apoptotic
cell death [120]. Sophoricoside ameliorates contact dermatitis due to the inhibition of the
phosphorylation and degradation of IκB-α/β and the nuclear translocation of NF-κB p65 in
B cells [121]. In turn, sophoricoside exhibited a potent inhibitory effect in the IL-5 bioassay
in a dose-dependent manner [122]. This isoflavone glycoside inhibited the IL-6 bioactivity
with an IC50 value of 6.1 μM. In contrast, it had no effects on IL-1β and TNF-α production
and was established as a selective inhibitor of cyclooxygenase COX-2 activity [123].

In Ukraine, a tincture of Japanese sophora fruit (FITOPHARM, Kyiv, Ukraine) is
very popular as an antiseptic and wound healing preparation and is used in purulent
inflammatory processes (wounds and trophic ulcers).

5.14. Symphytum officinale L. (Comfrey Root)

Symphytum officinale is a plant belonging to the Boraginaceae family, rich in allantoin,
phenolic acids (e.g., rosmarinic, p-hydroxybenzoic, caffeic, chlorogenic, and p-coumaric
acids), pyrrolizidine alkaloids, triterpene saponins, tannins, amino acids, flavonoids, triter-
penes, terpenoids, saponins, sterols, and mucopolysaccharides [124]. The comfrey plant ma-
terial therapeutic properties include anti-inflammatory, analgesic, granulation-promoting,
and anti-exudative effects [125,126].
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The previous investigation determined the in vivo wound healing effects of Symphy-
tum officinale L. leaves extract. The results showed that comfrey extract modulates the
inflammatory process and stimulates collagen production [126]. Proliferative and antiox-
idant studies demonstrate a beneficial effect on human skin fibroblasts. It is non-toxic
and simultaneously expresses the high ability to reduce ROS [125]. Several investiga-
tions with isolated compounds from comfrey were conducted, and it was established that
crude comfrey polysaccharides possess the antioxidative activity and revealed that, by
efficiency, it is superior to allantoin ointment in burn wound healing. Moreover, poly[3-
(3,4-dihydroxyphenyl) glyceric acid from S. asperum and S.caucasicum roots inhibits the
TNF-α production by human macrophages [127]. Furthermore, rosmarinic acid isolated
from Symphytum officinale L. was shown to inhibit the formation of inflammation mediators
of the arachidonic acid cascade in vitro [128]. Moreover, researchers conclude that comfrey
root extract inhibits NF-κB by interfering with the activation pathway, at least in part at the
level of IκB-α phosphorylation and possibly of IKK activation.

Mostly, medicines from comfrey root are presented in ointments (“Ointment Dr. Taissa
with Comfrey”, Dr. Theiss Naturwaren GmbH, Homburg, Germany, and “Ointment with
Comfrey”, DKP Pharmaceutical Factory, Zhytomyr, Ukraine) and used in the treatment of
pain in the joints, back, lower back with radiculitis, osteochondrosis, arthritis, domestic
injuries and bruises, sprains, dryness, and cracked skin. No research on the interaction of
comfrey extracts with skin microbiome is available.

6. Conclusions

Plants have been used to prevent and treat skin diseases of various etiologies since
ancient times. Due to their longstanding use, people have gained information regarding
their effectiveness, active ingredients, as well as associated side effects. However, very
often, it is not clear what mechanisms are responsible for the observed therapeutic effects.
Moreover, recent advances in understanding the contribution of the skin microbiota in
the maintenance of skin homeostasis can put new light on understanding the activity
of topically applied plant-based products. Although the influence of various plants on
skin-related ailments is well documented in vivo and in vitro, little is known about the
interaction with the network of the skin microbial ecosystem, especially considering the
prolonged treatment. It is also unclear whether skin microbiota can alter the chemical
composition of herbal drugs applied directly on the skin surface. It was shown that some
of the reported plant materials (e.g., sage leaves preparations) could have antimicrobial
potential. However, available reports are strictly limited to investigating plant preparations
influencing the growth of single strains of the chosen microorganisms. The analysis of the
number of studies reported in Scopus between 2001 and 2021 using plant extract/material
and skin microbiota as keywords showed that only 48 reports were found. Skin microbiota
is a complex ecosystem that can certainly be modulated by plant extracts in many ways.
Without solid basic studies involving human skin microbiota, the interaction of plant
materials with the microbiome will remain unknown. Recently, there has been an arising
interest in an investigation of the interaction between drugs and gut microbiota [129,130].
Based on the present review, it can be suspected that one of the major problems related to
the lack of proper studies is the lack of well-described and reliable models that can be used
for the investigation of the interactions between skin microbiome and plant extracts in vitro.
More focus on this aspect of the problem is needed. For sure, future studies devoted to the
investigation of skin microbiota with topically used plant materials or extracts are essential
for the complex understating of the mechanism of action of those natural drugs in the
prevention and treatment of various skin diseases.

Author Contributions: Conceptualization, S.G.; data writing—original draft preparation, N.M., W.S.
and I.V.; writing—review and editing, N.M., W.S., S.G., A.B. and J.P.P.; supervision, S.G. All authors
have read and agreed to the published version of the manuscript.

342



Int. J. Mol. Sci. 2022, 23, 9644

Funding: The presented research was financially supported by the NCN research grant Preludium
Bis 2 No. 2020/39/O/NZ7/01109.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bilia, A.R. Herbal Medicinal Products versus Botanical-Food Supplements in the European market: State of Art and Perspectives.
Nat. Prod. Commun. 2015, 10, 125–131. [CrossRef]

2. Aberer, W. Contact Allergy and Medicinal Herbs. JDDG J. Ger. Soc. Dermatol. 2007, 6, 15–24. [CrossRef]
3. Gurib-Fakim, A. Medicinal Plants: Traditions of Yesterday and Drugs of Tomorrow. Mol. Asp. Med. 2006, 27, 1–93. [CrossRef]

[PubMed]
4. Shedoeva, A.; Leavesley, D.; Upton, Z.; Fan, C. Wound Healing and the Use of Medicinal Plants. Evid. Based Complement. Altern.

Med. 2019, 2019, 2684108. [CrossRef]
5. Wyszkowska-Kolatko, M.; Koczurkiewicz, P.; Wójcik, K.; Pękala, E. Rośliny Lecznicze w Terapii Chorób Skóry. Postępy Fitoter.

2011, 12, 191–196.
6. Bos, J.D.; Kapsenberg, M.L. The Skin Immune System Its Cellular Constituents and their Interactions. Immunol. Today 1986,

7, 235–240. [CrossRef]
7. Bos, J.D.; Kapsenberg, M.L. The Skin Immune System: Progress in Cutaneous Biology. Immunol. Today 1993, 14, 75–78. [CrossRef]
8. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The Human Skin Microbiome. Nat. Rev. Microbiol. 2018, 16, 143–155. [CrossRef]
9. Lai-Cheong, J.E.; McGrath, J.A. Structure and Function of Skin, Hair and Nails. Medicine 2021, 49, 337–342. [CrossRef]
10. Aтoпiчний дepмaтит. Available online: https://www.dec.gov.ua/mtd/atopichnyj-dermatyt/ (accessed on 18 June 2022).

(In Ukrainian)
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Abstract: This review is aimed to provide to an “educated but non-expert” readership and an
overview of the scientific, commercial, and ethical importance of investigating the crystalline forms
(polymorphs, hydrates, and co-crystals) of active pharmaceutical ingredients (API). The existence
of multiple crystal forms of an API is relevant not only for the selection of the best solid material
to carry through the various stages of drug development, including the choice of dosage and of
excipients suitable for drug development and marketing, but also in terms of intellectual property
protection and/or extension. This is because the physico-chemical properties, such as solubility,
dissolution rate, thermal stability, processability, etc., of the solid API may depend, sometimes
dramatically, on the crystal form, with important implications on the drug’s ultimate efficacy. This
review will recount how the scientific community and the pharmaceutical industry learned from the
catastrophic consequences of the appearance of new, more stable, and unsuspected crystal forms. The
relevant aspects of hydrates, the most common pharmaceutical solid solvates, and of co-crystals, the
association of two or more solid components in the same crystalline materials, will also be discussed.
Examples will be provided of how to tackle multiple crystal forms with screening protocols and
theoretical approaches, and ultimately how to turn into discovery and innovation the purposed
preparation of new crystalline forms of an API.

Keywords: crystal polymorphism; hydrates; co-crystals of active pharmaceuticals

1. Introduction

Crystal polymorphism has been known and studied since the early days of solid-state
chemistry and crystallography [1,2], but it is only in the recent past that it has emerged as a
strategic research area involving the use of molecular crystalline materials (pharmaceuticals,
nutraceuticals, fertilizers, pigments, high-energy materials, etc.) [3–6].

Although the unexpected appearance of a new crystal form of a known active principle
is often a threat for an API on the market (see below), it is also true that the urge for
a careful pre-screening and form selection is a potent stimulus for research in various
areas, and provides opportunities for innovation and new discoveries, especially in the
burgeoning subfield of molecular co-crystals. This latter class of crystalline compounds is
proving particularly apt to innovation and the development of new drugs and/or of new
formulations of old ones [7,8].

In order to help the reader to put the current academic and industrial interest on
crystal forms into a wide perspective, this review will move from the early days awareness
of the importance of searching for crystal forms to the current impact and consequences
for the scientific community and for the industrial sector of the discovery of polymorphs,
solvates, and co-crystals of APIs.

2. Polymorphism: The Awareness

The existence of a substance in more than one crystal form has been known since
1822 [1], but we have to wait until 1962 for Walter McCrone, unanimously recognized
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as the father of this field of research, to provide the definition of a polymorph as “a
solid crystalline phase of a given compound resulting from the possibility of at least two
crystalline arrangements of the molecules of that compound in the solid state . . . every
compound has different polymorphic forms . . . ” He also opinioned that “the number
of forms known for a given compound is proportional to the time and money spent in
research on that compound” [2]. This “prediction” was published in 1962, but it took more
than three decades before the phenomenon of polymorphism would hit the pharmaceutical
field in a rather shocking way (see below the Section 5).

In addition to polymorphs, i.e., crystals having the same chemical composition but
different structures, the term “crystal forms” nowadays encompasses not only the as-
sociation of the molecule of interest with solvents (solvates), but also the association
with molecules that form solids at room temperature (co-crystals) or with salts (ionic co-
crystals). It is important to stress that all these crystal forms can be polymorphic. Therefore,
understanding polymorphism is of primary importance when embarking on any drug
development/authorization/manufacture/formulation process.

The effort is by no means only theoretical or academic and has important implications
both in terms of the drug ultimate efficacy and of the protection of the intellectual property
rights associated with the final pharmaceutical product [9].

A number of statistical analyses of the literature have been carried out in an attempt to
estimate the extent of polymorphism. A search of the Cambridge Structural Database on the
keywords “polymorph”, “form”, “modification”, or “phase” indicates that approximately
4.2% of the ~1,200,000 entries fall into this category. Approximately 25% of the entries are
either solvates or hydrates. Other studies based on different selection criteria reveal results
falling somewhere between these two extremes [10–13].

It is worthy of note that the “International Conference on Harmonization” [14] in-
cludes under the heading of “polymorphs”: “single entity polymorphs; molecular adducts
(solvates, hydrates), amorphous forms”. The FDA currently requires that pharmaceutical
manufacturers investigate the polymorphism of the active ingredients before clinical tests
and that polymorphism is continuously monitored during scale-up and production pro-
cesses [15]. The European Patent Office also demands the characterization of solid drugs
by means of X-ray diffraction to ensure the integrity of the crystal form [16].

3. Polymorphism: The Implications. Different Crystals. Different Properties

A truly significant contribution to the understanding of crystal polymorphism in all
its numerous facets and industrial implications (from polymorph detection, screening, and
assessment to the impact on intellectual property rights in the case of active principles) is
due to the work of the late Joel Bernstein and to his intense dissemination efforts [3].

Polymorphs, although possessing exactly the same chemical composition, may differ
in a number of properties (see Table 1). The analogy with molecular isomers is strong:
if a crystal is seen as a supermolecule then its polymorphic modifications are solid state
super-isomers [17]. These isomers may show physico-chemical differences that, in some
cases, are as large as to make them behave as practically different species altogether.

Table 1. Physico-chemical properties that may depend on the crystal form.

Physical and
Thermodynamic Properties

Density and refractive index, thermal and electrical conductivity, hygroscopicity, melting points,
free energy and chemical potential, heat capacity, vapor pressure, solubility, thermal stability, and

color and shape of crystals.

Spectroscopic Properties Electronic, vibrational, and rotational properties, and nuclear magnetic resonance spectral features.

Kinetic Properties Rate of dissolution, kinetics of solid-state reactions, and kinetic inertness.

Surface Properties Surface free energy, crystal habit, surface area, and particle size distribution.

Mechanical Properties Hardness, compression, and thermal expansion.

Chemical Properties Chemical and photochemical reactivity.
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Even shape and color may differ in a significant manner from form to form with im-
portant implications at the manufacturing and processing levels. A striking example is pro-
vided by ROY (ROY = red, orange, yellow polymorphs of 5-methyl-2-[(2-nitrophenyl)amino]-
3-thiophene carbonitrile), the most polymorphic compound in the Cambridge Struc-
tural Database, with its crystal forms differing in color and morphology as shown in
Figure 1 [18,19]. The palette of polymorphs of ROY has been recently enriched by the
discovery of new ways to search for polymorphs and increase polymorphic diversity, based
on crystallization induced by suitably designed mixed-crystal seeds (see also below) [20].

Figure 1. Differences in shape and color between the first ten (out of 13) discovered polymorphs of
ROY (ROY = red, orange, yellow polymorphs of 5-methyl-2-[(2-nitrophenyl) amino]-3-thiophene
carbonitrile). Reprinted with permission from Ref. [21]. 2010, American Chemical Society.

4. Polymorphism: The Rationale

Crystal polymorphism is a manifestation of the perpetual thermodynamic–kinetic
dualism ruling the physical world. The thermodynamic stability of a polymorph is strictly
dependent on pressure and temperature; however, due to kinetic considerations, metastable
forms can exist or coexist in the presence of more stable forms [22,23].

For crystals of organic molecules, such as most APIs, the energy difference between
different polymorphic forms is usually of the order of few kJ/mol, mainly because of
the entropic contribution to the free energy. Polymorphs can be grouped in two major
categories depending on whether there is a transition point between two solid phases
at a given temperature, i.e., the two phases interconvert via a phase transition, or the
two phases do not share a point of identical free energy before melting, i.e., the two phases
do not interconvert via a phase transition. In the first case, the two phases are said
to be enantiotropically related, while in the second case the two phases are said to be
monotropically related (see Figure 2) and will be discussed briefly in the following.

When polymorphs are enantiotropically related, there is a transition temperature at a
temperature below the melting point of the lower melting form. The two crystalline phases
are in equilibrium at the transition temperature. The transition temperature is real (Burger–
Ramberger Rule 1) and corresponds to ΔGtrans = 0, i.e., ΔH = Ttrans ΔS. Melting is observed
only for the polymorph that is stable at a higher temperature (mpI in Figure 2, left).
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Figure 2. E/T diagrams, with G and H vs. temperature in the enantiotropic (left) and monotropic
cases (right).

In the case of a monotropic system, the transition temperature between two crystals is
only virtual, since the two G curves only cross in the field of stability of the liquid phase.
The two polymorphs have independent melting points (mpII and mpI in the Figure 2,
right), and they cannot interconvert in the solid state, as there is no point in the phase
diagram where ΔGtrans = 0. The transformation can only occur in one direction, from the
metastable to the stable form, and cannot be predicted on a thermodynamic ground but
may be activated for kinetic reasons. As it will be shown in the following, it is often the case
that a thermodynamically metastable crystal form is kinetically favored at the nucleation
stage and is crystallized in preference to the thermodynamic form. Therefore, it is often
possible to make intentional use of thermodynamically metastable crystal forms to take
advantage of very special properties (see below).

The transformation of a stable to a metastable polymorph in a monotropic system
can occur only if it is mediated by a liquid or gas phase, as in fast recrystallization from
melt, crystallization from solution, or in vapour digestion processes. Conversion from the
metastable to the stable form can be obtained via slurry, or may occur because of changes
in pressure, as during a mechanical treatment; it can also be triggered by the presence of
impurities.

In this respect, monotropic systems are the true Sword of Damocles for the phar-
maceutical industry, because the interplay of kinetic and thermodynamic factors in a
crystallization process is often unpredictable, with consequences that are well known to
the practitioners in the area, as it will be discussed below.

As efficaciously pointed out by Bernstein “it is sometimes difficult to comprehend why
and how new polymorphs still emerge (while others disappear) long after crystal-form
screens presumably have been completed. [...] The point is that it can never be stated with
certainty that the most stable form has been found; at best it can be determined which
of the known forms is the most stable. [...] a new (and most often more stable) form can
appear at any stage in the history of a compound (or life-cycle of a drug)” [24].

These are the reasons why the “quest for polymorphs” has become a central point in
the development of a substance that is administered in the solid form, whether this is a
drug, a nutraceutical, a fertilizer, etc. This will be clarified in the following.

4.1. Examples of Polymorphism in Single Component (Unary) Systems

An early textbook example of polymorphism affecting a very commonly used drug is
provided by paracetamol.

The crystallization of paracetamol from methanol affords a so-called Form I, which
although poorly compressible, is the marketed phase. Form I [25] is the thermodynamically
stable form at all temperatures, and melts at 440–445 K with a ΔHfus of 26–34 kJ mol−1.

352



Int. J. Mol. Sci. 2022, 23, 9013

Crystallization from benzyl alcohol yields the highly compressible Form II [26], which
is metastable, and melts in the range 427–433 K with a ΔHfus of 26.4–33.5 kJ mol−1. The
difference in the hydrogen bonded chains, constituting the basic packing motif in both
forms, is shown in Figure 3. A Form III has also been discovered, which can only be
stabilized under certain conditions [27].

Figure 3. Hydrogen bonded chains in paracetamol Form I (top, refcode HXACAN04) and Form II
(bottom, refcode HXACAN21).

The two forms have different crystal shapes. Moreover, Form II is elusive and hard to
crystallize, unless selective impurities are present in solution. Recently, it has been shown
that metacetamol, used as an additive, inhibits the growth of Form I and favors the growth
of Form II (see Figure 4) [28].

Figure 4. Crystal habits and shapes of the two polymorphs of paracetamol. The outcome of the
crystallization can be changed by doping the crystallization with metacetamol. Reprinted with
permission from Ref. [28]. 2020, American Chemical Society.

Importantly, the two types of paracetamol crystals have also been shown to possess
different wettability properties, with consequences on the way the drug is processed and
formulated [29].

An example of the dependence of bioavailability on polymorphic form is provided
by the antibiotic chloramphenicol palmitate. Chloramphenicol palmitate exists in three
polymorphic forms [30], which recently have been fully characterized thanks to advances
in analytical methods. Of these, the so-called forms A and B are monotropically related.
Form B is pharmacologically active and is used in suspensions (see Figure 5), while Form A
is inactive as an antibiotic. However, Form B is metastable under ambient conditions and,
due to its better solubility, in suspension it slowly recrystallizes into form A. Using a ther-
modynamically metastable modification in the production of tablets, creams, suspensions,
and solutions, is sometimes the reason why unwanted changes take place upon storage,
caused by transition into the thermodynamically stable modification at ambient conditions.
Chloramphenicol palmitate shows that it is possible to make use of thermodynamically
unstable crystal forms taking advantage of the considerable kinetic inertness [31].
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Figure 5. Crystal packing of chloramphenicol palmitate Form B (view down the crystallographic
c-axis).

Another example is provided by the drug Bitopertin, which has been shown to pos-
sess three unsolvated, non-hygroscopic crystalline forms, designated as form A, form B,
and form C [32]. Form A is enantiotropically related to form B, with form A being the
thermodynamically stable polymorph below the transition temperature (~83 ◦C). Form A
and form C are also enantiotropically related, with form A being the thermodynamically
stable form below the calculated transition temperature (~70 ◦C). Form B and form C are
otherwise monotropically related. The complex relationship between the three phases is
shown in Figure 6.

Figure 6. E/T (energy vs. temperature) diagram showing the complex phase relationship between
the three unsolvated, non-hygroscopic crystalline forms, designated as form A, form B, and form C
of Bitopertin. Figure adapted from [32].

The reader, by now, will have appreciated that the nomenclature of crystal forms is a
relevant problem. There is no convention on the naming of polymorphs, with consequences
in the understanding of differences and properties of one or another form. This aspect
may become particularly relevant when tackling intellectual property issues related to
polymorphism.

4.2. Conformational Polymorphism

Conformational polymorphism, viz. polymorphism originated by different molecular
conformations in different crystals, is a widespread phenomenon. It has been estimated
that ca. 39% of the flexible organic molecules in the CSD exhibit conformational poly-
morphism [33]. As pointed out by Cruz-Cabeza and Bernstein, however, conformational
polymorphism results from “conformational changes”, which should not be confused with
“conformational adjustments”. Conformational adjustments occur for any structurally
non-rigid molecule in the solid state as a compromise between the optimization of pack-
ing energy and the optimization of molecular structure (with respect to the gas-phase

354



Int. J. Mol. Sci. 2022, 23, 9013

unconstrained environment); no energy barrier is involved. Conformational changes,
on the contrary, are observed only if an energy barrier separates distinct minima in the
intramolecular energy conformational curve, as shown in Figure 7.

Figure 7. Schematic representation of the concepts of “conformation change” and “conformational
adjustment” in a PES (potential energy surface) profile. Reprinted with permission from Ref. [33].
2014, American Chemical Society.

L-glutamic acid is an example of conformational polymorphism. L-glutamic acid, in
its zwitterionic form, crystallizes in the two forms α and β, both orthorhombic P212121 (see
Figure 8). A detailed thermodynamic investigation of the temperature dependence of the
two forms has shown that α-glutamic acid is the preferred form at low temperatures and
the β form is most stable at ambient temperatures [34].

Figure 8. (Top) The α and β forms of L-glutamic acid and a comparison of the hydrogen bonded
chains in the α (middle) and β (bottom) polymorphs.

4.3. Tautomeric Polymorphism

Tautomeric polymorphism may occur due to the crystallization of different tautomers.
A textbook example is provided by barbituric acid. The keto form, used in all common
representations of this important chemical, is the preferred tautomer in solution; it is
also found in two polymorphs and one hydrated form. The stable thermodynamic form,
however, as shown by both solid-state NMR and X-ray diffraction [35,36], turned out to be
the enol form IV, obtained by the grinding of commercial barbituric acid, or via extremely
slow solid-state conversion upon storage at ambient conditions. See Figure 9 for a view of
the packing of form IV.

355



Int. J. Mol. Sci. 2022, 23, 9013

Figure 9. (Top): keto/enol tautomerism of barbituric acid; (bottom): crystal structure at room
temperature of the enol form.

The isostructural compound 2-thiobarbituric acid possesses five polymorphs and one
hydrated form. In both the crystalline form II and the hydrate form, the 2-thiobarbituric acid
molecules are present in the enol form, whereas only the keto isomer is present in crystalline
forms I, III, V, and VI. The stable form IV can also be obtained mechanochemically, as in the
case of barbituric acid, and has been shown, by single-crystal X-ray diffraction and 1D and
2D (1H, 13C, and 15N) solid-state NMR spectroscopy, to contain both tautomers in a 50:50
ordered distribution (see Figure 10).

Figure 10. (a) Keto/enol tautomerism of thiobarbituric acid and (b) the crystal structure of the most
stable form at room temperature, showing the presence of both the keto and enol forms [37].

5. Polymorphism: The Impact

The examples provided in the previous sections were intended only to give an idea of
the spread and complexity of the phenomenon. It was only when some major “polymor-
phism incidents” severely hit the pharmaceutical industry, however, that the community at
large became aware of the “sword of Damocles”.

Undoubtedly, the case of the drug Ritonavir (Norvir®) is one of the most striking,
also because it had a huge impact on a particularly fragile typology of patients. Norvir®

was produced by Abbott and administered for the treatment of HIV. After many years
of research, production, and distribution, in 1998, drug production lines begun to show
problems related to “undesirable” crystal formation in a series of production batches
that failed the dissolution test. An investigation of the reason for the failure showed the
unexpected appearance of a new crystalline form of ritonavir that affected the way the
drug dissolved, hence its absorption [38]. In spite of all the efforts, Abbott was not able to
avoid formation of what turned out to be the thermodynamically more stable, much less
soluble, form of ritonavir, form II. Form I and form II are monotropically related with no
thermodynamic solid-to-solid transition point at any temperature, hence crystallization of
form II could not be predicted.
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In terms of crystal structure, the two forms differ in the relative arrangement of the
molecules, which affects the hydrogen bonding pattern, as is shown in Figure 11.

Figure 11. The hydrogen bonding networks in crystals of Ritonavir form I (left) and form II
(right) [38].

This dramatic incident (the drug was not available for patients till Abbott found an
alternative formulation based on soft-gel capsules) was a shock for the pharmaceutical
industry and prompted a more thorough investigation of the relative stability of crystal
forms. The episode has been thoroughly described in a review by Bučar, Lancaster, and
Bernstein [24]. Subsequent investigations led to the discovery of several additional crys-
talline forms of ritonavir [39,40], all less thermodynamically stable than the “unwanted”
Form II.

Another important case of unexpected (and unwanted) appearance of a more stable
monotropic crystal form of a drug is that of Rotigotine (Neupro®), a Parkinson drug
produced by UCB and administered to patients as skin patches. In 2008, a new form
suddenly appeared, which crystallised in the patches (see Figure 12), reducing the drug
efficacy [41]. The product had to be withdrawn from the market with considerable impact
on the patients and on the company. The new crystal form was described in a patent filed
in November 2008 and granted in July 2012 [42,43].

Figure 12. The appearance of the stable crystalline form of Rotigotine on the patches used for
administering the drug. Reprinted with permission from Ref. [43]. 2015, Elsevier.

There are, of course, several other examples of “disappearing (and reappearing)
polymorphs”. The interested reader is addressed to the review published by J. Bernstein
and others in 2015 [24,44].

5.1. Polymorphism: The Reaction of the Scientific Community

Unsurprisingly, the events described above motivated renewed efforts from both
the academic and industrial communities. Polymorphism began to be systematically
investigated and a number of spinoff companies or new research branches within large
pharmaceutical companies were launched. Nonetheless, despite the knowledge of the
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factors that can cause polymorphs to “appear” (or to disappear), our ability to predict the
real occurrence of polymorphism is still embryonic. In most cases, the crystallization of
a new crystal form of a substance is still an unexpected event (for example, accidental
seeding with impurities may trigger the crystallization of a new, more stable polymorph)
rather than the result of a controlled process.

It became clear that the investigation of the crystalline phase(s) of a new API was
not simply the characterization of the new pharmaceutical in its solid form, but, rather,
the beginning of a long journey in the quest for crystalline materials with controllable
properties. This journey required specific skill and training and also access to a variety
of solid-state methods and techniques to be used in combination. The objective is that of
minimizing, if not eliminating, the chances of an unexpected appearance of unknown new
crystal forms of a drug at later stages of its development, or even when the drug is already
on the market.

It is now clear that it is not only necessary to explore as thoroughly as possible
the “crystal space domain” of the molecule of interest, but also to be able to follow the
production, storage, and distribution of the product to guarantee persistence of the solid
form, hence of the selected properties.

Polymorph assessment has indeed become part of the system of quality control in
the pharmaceutical industry [4–6]. It is necessary to make sure that the scaling-up from
laboratory preparation to industrial production does not introduce variations in crystal
forms. Polymorph assessment also guarantees that the product conforms to the guidelines
of the appropriate regulatory agencies and does not infringe on the intellectual property
protection that may cover other crystal forms. The schematic diagram in Figure 13 shows
how polymorph screening can lead to relevant patenting in the process of drug develop-
ment, while continuous polymorph assessment will be required once the drug is on the
market.

Figure 13. A flow-chart showing how polymorph screening ought to be associated with the API
selection, before entering trial stage, and the quality control process, once the API is on the market.

Both initial polymorph screening and continuous crystal form assessment require the
combined use of several solid-state techniques, among them (not exclusively or in any
preferential order): microscopy and hot stage microscopy (HSM), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), infrared and Raman spectroscopy
(IR and Raman), single crystal/powder X-ray diffraction (SCXRD, PXRD), and solid state
nuclear magnetic resonance spectroscopy (SSNMR) [45]. The discussion of these techniques
and of the pros and cons and pitfalls is well beyond the scope of this review.

Clearly, in the pharmaceutical field, the screening of crystal forms is motivated by
safety and commercial necessities and is relevant in terms of patenting and in general of
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intellectual property protection. Interestingly, this has had repercussion also for fundamen-
tal science. Litigations over polymorphs and hydrates, in addition to the polymorphism
“incidents” mentioned above, have fueled research in solid-state chemistry, and oriented
the experience and competence of many academic research groups worldwide. The birth of
many spinoff companies, responding to the demand of industrial outsourcing of accurate
solid-state investigation, ought also to be mentioned.

5.2. Crystal Structure Prediction

On closing this section, it is also important to mention the increasing importance that is
being acquired by computational crystal structure prediction (CSP). The term “crystal struc-
ture prediction” (CSP) comprises computational methods to explore the thermodynamic
domain of molecular crystals. CSP aims to find the most thermodynamically stable crystal
structure of a given molecule by evaluating the crystal energy landscape. In this respect,
crystal structure prediction is complementary to experimental screening and provides
information on the existence and relative energies of polymorphs [46,47].

As we have seen, if polymorphs are enantiotropically related, the stable structure
depends on the temperature, i.e., polymorphs may interconvert. If the polymorphs are
monotropically related, thermodynamically metastable polymorphs may be kinetically
inert and persist indefinitely because of the difficulty in transforming into the stable form.
The cases discussed above of ritonavir and rotigotine are emblematic examples of the
consequences of the late appearance of more stable crystal forms. It would thus be of
paramount importance in the development of a new drug, or of any new material where
the solid form properties are essential for its utilization, to reach a good level of confidence
on the relative thermodynamic stability of the crystal phase under examination. Even more
so it would be of great value to be able to design ab initio the most stable crystal structure
of a given molecule.

Because of polymorphism, computed crystal energy landscapes invariably contain
several crystal structures separated by small differences in energy. Hence, the main use
of CSP is to explore the range of packings and relative energies of the thermodynamically
feasible crystal structures. A successful CSP would always generate the most stable crystal
structure; the same structure, however, would invariably be obtained experimentally only
if the crystallisation process were completely under thermodynamic control.

A detailed discussion of CSP is beyond the scope of this review. The interested reader
is addressed to a more specialized literature [46,48]. It is worth mentioning, however, that
crystal structure prediction methods are periodically assessed via the Blind Tests organized
by the Cambridge Crystallographic Data Centre [49]. The Blind Test is based on a collection
of unpublished crystal structures, which are sent out in the form of chemical diagrams
to those developing CSP methods, with the challenge to submit predictions of the crystal
structure by a given deadline.

The sixth blind test of organic crystal structure prediction was held in 2016 over five
target systems constituted of a small nearly rigid molecule, a polymorphic drug candidate, a
chloride salt hydrate, a co-crystal, and a bulky flexible molecule (see Table 2). The challenge
saw the participation of 25 teams [50].

All targets, apart from a single potentially disordered polymorph of the drug candidate,
were predicted by at least one participating group, each group being allowed to propose
up to 100 predicted structures ranked in order of likelihood [50].

Overall, the results of the 2016 Blind Test demonstrates the increased maturity of CSP
methods and shows how CSP calculations can guide and complement our understanding
and experimental studies of organic solid forms.

The seventh crystal structure prediction blind test, organized by the CCDC, was
launched in October 2020 and registration closed on 14 June 2022: results will be presented
at the end of September 2022 [51].
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Table 2. The five systems used in the sixth blind test.

Target Chemical Diagram Crystallization Conditions, Remarks, and Clarifications

(XXII) Crystallized from an acetone/water mixture; chiral-like character due to potential
flexibility of the six-membered ring, but no chiral precursors used in synthesis.

(XXIII)
Five known polymorphs (A–E). The most stable polymorphs at 257 and 293 K.

Crystallization conditions include slow evaporation of acetone solution and of an
ethyl acetate:water mixture.

(XXIV) Crystallized from 1 M HCl solution. The substituents of the C=C double bond are in
the cis configuration.

(XXV) Slow evaporation of a methanol solution, which contained a racemic mixture of the
enantiomers of Tröger’s base.

(XXVI) Slow evaporation from 1:1 mixture of hexane and dichloromethane. No chiral
precursors used in synthesis.

The fact that the most stable structure in CSP is not always observed reflects the
limitations of the thermodynamic modelling of crystallization. Kinetic effects on the
nucleation and growth of less stable crystal forms are not taken in account. Moreover, a
crystallization in the “real world” (in vitro, not in silico) implies the use of solvents and
compounds with a purity profile determined by the detection methods and also of hardware
(glassware and instruments) with the possible release of microparticles, all implying the
possibility of unintentional seeding and other physical effects that may favor the nucleation
of less thermodynamically stable forms.

However, CSP is progressing rapidly. The increasing success of the Blind Tests indicate
that the future will show a wider utilization of CSP to guide the experimental work in the
quest for “missing” polymorphs [48].

6. Solvates and, Especially, Hydrates

An API can form polymorphs, i.e., different crystals of the same chemical entity;
however, an API can also form different crystal structures with solvent molecules, i.e.,
solvates [52]. Crystalline solvates may present different stoichiometries, i.e., mono-, di-,
tri-solvates, etc. or they can be non-stoichiometric. In this latter case, they adsorb/release a
variable number of solvent molecules depending on the temperature, relative humidity
(in the case of hydrates), or other physical conditions. Solvate formation is also largely
unpredictable. Solvates are sometimes called “pseudo-polymorphs”, but this practice ought
to be discouraged, since solvates have a different chemical composition from the pure API.
Moreover, crystalline solvates can show polymorphism, i.e., the same compositions, the
same API/solvent stoichiometric ratio, but different crystal structures.

When crystalline materials are being used for living beings, the permitted solvents
are often restricted to water and very few bio-compatible (GRAS: generally regarded as
safe) solvents [53]. Clearly, in the case of an API, hydrates are not only common but are
also amply manageable and fully acceptable in formulation.

For this reason, we will hereafter focus on hydrates, with the understanding that
solvates and hydrates share much in terms of the methods of characterization and analysis.
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In fact, precipitation from a solution either by solvent evaporation or by a temperature
gradient is the most common way to obtain crystals. In these conditions, the formation of a
solvate is an unsurprising event. In the case of hydrates, it is also very common that water
is taken up from glassware, reactants, and solvents. The situation is further complicated by
the ubiquity of water [54]. The formation of hydrates, though not certain, is indeed very
common [52,55].

A statistical analysis based on the crystal structures deposited in the CSD [56] (until
2016) showed that approximately 7–8% of the organic crystal structures are in the form of
hydrates, whereas only 1.4% form single entity polymorphs, as listed in Table 3.

Table 3. Occurrence in the CSD of various crystal forms [56].

CRYSTAL FORMS % of All Organic Structures

Organic crystal structures 100

Single component molecular organic structures 72.1

Single component polymorphic structures 1.4

Hydrates 7.4

Molecular organic hydrates 2.7

Polymorphic molecular organic hydrates 1.0

Cocrystals 1.1

Polymorphic cocrystals 1.9

The association of water with a crystalline material can take different forms [52]. Water
may form stoichiometric hydrates, whereby water molecules are linked, generally via a
hydrogen bond and/or via coordination of the oxygen atoms to other atoms in the crystal,
or may be absorbed in disordered regions or cracks and cavities within the crystal mosaic
or adsorbed on the crystal surface (Figure 14). This is an important notion to keep in mind
when evaluating the amount of water present in a crystalline material, especially when the
extent of hydration is a relevant aspect for the utilization of the crystalline material, as in
the formulation of pharmaceuticals.

Figure 14. A representation of the types of association of a solvent with a crystalline solid.
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Stoichiometric versus Non-Stoichiometric Hydrates

As mentioned above, crystalline hydrates can be non-stoichiometric, i.e., may absorb
a variable number of water molecules in the crystal structure, depending on the envi-
ronmental conditions such as humidity and temperature. The most relevant structural
difference between a stoichiometric and a non-stoichiometric hydrate is that, in the former
case, hydrate and anhydrate usually possess different crystal structures, whereas in the
non-stoichiometric case the features of the crystal structure are retained (almost) unaltered
upon absorption and release various amounts of water. This is made possible by the
presence, in the structure of non-stoichiometric hydrates, of channels or cavities that allow
the entrance, transit, and exit of water molecules without significantly affecting the overall
packing.

The stoichiometric versus non-stoichiometric nature of the hydrate can be assessed
by dynamic vapor sorption (DVS), a technique that allows us to establish whether water
uptake is continuous as the humidity increases or passes through an abrupt change, which
accompanies the crystal structure transformation from anhydrate to hydrate. In the stoichio-
metric case, anhydrous and hydrated crystals show distinctly different physicochemical
properties (e.g., aqueous solubility) and hysteresis between hydration and dehydration.
If the structures are investigated by diffraction, they will very likely show different unit
cells and a different organization of the molecules. In the non-stoichiometric case, on
the contrary, the difference in the physico-chemical properties will be small and the solid
phases will show a highly variable composition in terms of water content, but a very small
variation in cell parameters and overall structure organization.

Ampicillin and theophylline are good examples of the dependence of hydrate forma-
tion on water activity in organic solvents for the compounds.

Anhydrous crystalline ampicillin is kinetically stable for several days in MeOH/H2O
mixtures over the whole range of water activity. Even though at ambient conditions the
crystalline trihydrate is more thermodynamically stable and less soluble than the anhydrate,
conversion to the hydrated form occurs only with the addition of seeds at a water activity
>0.381 [57] (see Figure 15).

Figure 15. (Top): packing comparison and interconversion process between anhydrous and trihydrate
ampicillin (refcodes AMCILL and AMPCIH01, respectively). (Bottom): comparison between the
powder diffractograms calculated on the basis of the single-crystal data, showing the difference
between the two patterns.
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Theophylline forms an anhydrate and a monohydrate that interconvert in organic
solvents, depending on the water activity. At a low water activity (<0.25) the anhydrate is
the only species present, whereas at a higher water activity the monohydrate is the most
stable form [57,58] (see Figure 16).

Figure 16. (Top): The structures of the anhydrate ((a), refcode BAPLOT01) and of the monohydrate
((b), refcode THEOPH01) crystals of theophylline. The anhydrate is obtained from a mixture of an
organic solvent and water at low water activity. (Bottom): comparison of the the powder diffrac-
tograms calculated on the basis of the single-crystal data, showing the difference between the two
patterns.

Although hydrate formation can sometimes be reversed by the drying process, the
dehydration of hydrates can lead to the formation of amorphous material or crystal defects
that can have potential deleterious effects on physical and chemical stability [59,60]. Hy-
drates are generally expected to be thermodynamically more stable, hence less soluble and
slower to dissolve than anhydrates above the critical water activity for hydrate formation.
Hence, dehydrated hydrates tend to be metastable with an easy uptake of water (or other
solvents).

An interesting notion, albeit slightly counterintuitive, is that most organic hydrates are
less soluble in water than the corresponding anhydrous compounds at the same tempera-
ture, as shown by the solubility data compared in Table 4. As an example, the solubilities
of anhydrous and hydrated crystals of caffeine are 49.7 and 21.8 mg/mL, those of car-
bamazepine 0.424 and 0.139 mg/mL, and those of sulfaguanidine 1.38 and 1.07 mg/mL,
respectively [59]. The reason is that in hydrates, some of the water–molecule interac-
tions, mainly taking place via hydrogen bonds, are already satisfied in the crystals, thus
decreasing the solvation energy contributions to dissolution.

Hydrates are also patentable because they often meet the required non-obviousness
and innovativeness criteria. In terms of novelty, anhydrates and hydrates, often because
of their difference in solubility (see above), have properties that are distinct from those of
polymorphs and other solvates of the same API. One should keep in mind that, even when
crystallization takes place from water, it is difficult if not impossible to predict whether a
stable hydrate might precipitate out, let alone its physico-chemical properties.
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Table 4. Comparison of solubility data for three examples of hydrated and anhydrous compounds.
Data reprinted with permission from Ref. [59]. 2008, Elsevier.

Material Molecular Structure Solid State Form Solubility (mg/mL)

Caffeine
(CAF)

Anh = triclinic β-phase form
Hyd = monoclinic 4/5 hydrate

Anh = 49.7
Hyd = 21.8

Carbamazepine (CBZ) Anh = monoclinic low temp. form
Hyd = orthorhombic dihydrate

Anh = 0.424
Hyd = 0.139

Sulfaguanidine (SFG) Anh = monoclinic form II
Hyd = monoclinic monohydrate

Anh = 1.38
Hyd = 1.07

Rifaximin: An Example of a Multiple Non-Stoichiometric Hydrate.

A cautionary word is in order: the water content, as determined from diffraction data,
is averaged over all unit cells forming the crystals used for that specific experiment. In
the case of polycrystalline material, however, adsorbed water might be present, and this
may impact on the water content established by analytical methods (e.g., Karl Fischer
titration) [55]. Care should thus be taken when comparing information coming from
diffraction and analytical methods, especially in the cases of non-stochiometric hydrates
(see below).

A good example of a commercial drug with important properties depending on the
degree of hydration is provided by Rifaximin. Rifaximin, (4-deoxy-4′-methylpyrido[1′,2′-
1,2]imidazo-[5,4-c] rifamycin SV) is a synthetic antibiotic; its mechanism of action relies on
the inhibition of bacterial RNA synthesis by binding the β-subunit of the deoxyribonucleic
acid (DNA)-dependent ribonucleic acid (RNA) polymerase [61,62]. Several distinct crys-
talline forms of Rifaximin have been reported [63,64]. They are basically non-stoichiometric
hydrates that interconvert depending on the amount of water and on the way dehydra-
tion/hydration is carried out. What is important is that they exhibit remarkable differences
in water solubility ranging from 2 mg/L up to more than 40 mg/L, which deeply affects the
Rifaximin bioavailability. It is thus of paramount importance to be able to clearly identify
the different hydrates, and this can be done via powder X-ray diffraction (see Figure 17).

Form α, a form with a low water content, can only be obtained by the dehydration of
form β. Figure 18 shows that transition β→ α-form on heating on a hot stage microscope a
single crystal of the β-form. It is noteworthy how the β-form at 25 ◦C (monoclinic β angle,
shown in red, ca. 91◦) transforms at 50 ◦C into the α-form with the monoclinic β angle
changing to ca. 110◦.

The relationship between the different crystal phases can be better appreciated by
comparing the structures determined by single-crystal X-ray diffraction (see Figure 19). The
packing in all forms of Rifaximin can be seen as obtained by a juxtaposition of “molecular
rods” formed by pairs of Rifaximin molecules. In addition to a change in the relative
orientation of Rifaximin molecules within a dimeric pair, forms α, β, δ, and ε present a
different relative arrangement of the molecular rods, which seem to “slide” on passing
from one form to the other.

Crystal forms of Rifaximin solvates with organic solvents are also known in the patent
literature [65,66].
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Figure 17. (a) The intricate hydration/dehydration phase relationship between the various forms of
Rifaximin, (b) the powder X-ray diffraction patterns five forms of Rifaximin, (c) dissolution rates of
Rifaximin hydrates at 250 (left) and 100 (right) rpm of mixing rate. Time vs. absorbance at 293 nm.
Reproduced with permission from [63,64].

Figure 18. The single crystal to single crystal form β → form α transformation. The red and green
lines evidence the change in the monoclinic β-angle from 91◦ in Rifaximin form α to 110◦ in Rifaximin
form β. Reprinted with permission from Ref. [63]. 2019, Royal Society of Chemistry.
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Figure 19. A comparison of molecular packings in four hydrate forms of the antibiotic Rifaximin.
Reproduced with permission from [63].

An interesting example of how dissolution rate profiles may be altered, and hygro-
scopic behavior improved by the formation of solvates is that of the recently reported and
patented Rifaximin τ, a transcutol® (transcutol® IUPAC name 2-(2-ethoxyethoxy)-ethanol)
solvate crystal shown in Figure 20.

Figure 20. The solid-state structure of Rifaximin τ, showing the interaction of Rifaximin with
transcutol® [67,68]. Reprinted with permission from Ref. [67]. 2019, Royal Society of Chemistry.

The comparison of the dissolution rate profiles in Figure 21 clearly shows how the
dissolution rate of Rifaximin τ is higher than the one observed for amorphous Rifaximin.
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Figure 21. Comparison of dissolution rates for Rifaximin τ, amorphous Rifaximin, and Rifaximin α

at neutral pH. Reprinted with permission from Ref. [67]. 2019, Royal Society of Chemistry.

7. Molecular Co-Crystals

After discussing polymorphs and hydrates, we will now review the topic of co-crystals.
Undoubtedly co-crystals have become one of the major attractions for all those interested in
altering the physico-chemical properties of APIs or in finding new ones. This is because the
association in the solid state of two or more chemically distinct entities, each forming stable
solid phases at ambient conditions, is proving to be one of the most fruitful ways to modify
solid state as well as biological properties of the crystals of active molecules. This can
be applied to pharmaceuticals already in use and/or to access different pharmacological
properties by combining different drugs in one crystalline material (co-drugs).

The term co-crystal was used for the first time in 1963 by Hoogsteen when he reported
the structure of an adduct between 1-methyl adenine and 1-methyl thymine (CSD refcode
MTHMAD, see Figure 22) [69].

Figure 22. Hydrogen bonding pattern in the 1:1 co-crystal of 1-methyl adenine and 1-methyl thymine,
first reported in 1963 by Hoogsteen (CSD refcode MTHMAD).

The first hint to the possibility of using co-crystallization as an instrument to modify
solid state properties can probably be found in a 1991 paper by Margaret Etter [70], where
she discussed “ways to prepare organic crystals and to use co-crystallization to probe the
forces involved in aggregation phenomena” and “how molecular aggregation can impart
unexpected new properties to organic compounds”.

As a matter of fact, the very definition of a co-crystal is not straightforward, and has
been addressed in slightly different ways by various authors. In 2003, J. Dunitz defined
a co-crystal as “a crystal containing two or more components together” [71]. In 2004, M.
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Zaworotko and O. Almarsson provided a definition of a pharmaceutical co-crystal as “a
stoichiometric multiple component crystal in which at least one component is molecular
and a solid at room temperature (the co-crystal former) and forms a supramolecular
synthon with a molecular or ionic API” [72]. In 2005, C. Aakeröy and D. J. Salmon preferred
“compounds constructed from neutral molecular species [...] that are solids at ambient
conditions [...] and [...] present in definite stoichiometric amounts” [73].

In the context of this review, the definition of a co-crystal as “a multicomponent crystal
formed by two or more compounds that are solid at RT and that interact via non-covalent
bonding” has been adopted. A corollary of this definition is that a co-crystal is not a solvate
(solvent molecules are not solid at RT) and is not a salt (ions do not have separate identities)
but could be the association of a neutral molecule with a coordination compound or with
an organic or inorganic salt. In this latter case, the definition of ionic co-crystals is adopted.

Indeed, co-crystals may offer new ways to design or to alter the properties of solid
active ingredients including the thermal stability, the shelf life, the solubility, the dissolu-
tion rate, the compressibility, etc., by linking the co-crystal former with a suitable ancillary
molecule, a co-former. Obviously, these ought to be GRAS molecules for pharmaceuti-
cals [53]. If the co-former happens to be another API, the co-crystal is a co-drug, with all
the implications for the regulatory process and authorizations. It is important to appreciate
that the differences in physico-chemical properties between a co-crystal and the parent
single-molecule crystal are usually larger than those between polymorphs and often also
than those between the active ingredient and its solvates/hydrates.

Co-crystals may also be polymorphic. Figure 23 shows a schematic representation of
two polymorphs of a co-crystal of an API and a conformer.

Figure 23. A schematic representation of two polymorphs of a co-crystal of the same API and a
conformer.

7.1. Co-Crystals in Pharmaceutics

For the reasons outlined above, it should be clear why the topic of pharmaceutical
co-crystals is being extensively investigated. The subject has been addressed in a number of
books, publications, and reviews. Good entry points are the books cited above [6,7], while
reviews on the subject matter, with a focus on pharmaceutical co-crystals, were written by
Zaworotko et al. in 2016 [74] and, very recently, by Nangia et al. [75]. The occurrence of
polymorphism in multicomponent systems, including co-crystals, has also been reviewed
recently [76].

As an example, it is worth citing the thorough exploration of the co-crystal domain of
carbamazepine with a series of pharmaceutically acceptable carboxylic acids, as reported
by Childs et al. [77]. The authors not only explored a large number of co-formers, but also
tested and compared four different screening techniques to form co-crystals. Out of this
screening, 27 co-crystals with 18 carboxylic acids were generated and characterized both by
XRD (see Figure 24).
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Figure 24. The acid–amide synthon frequently occurring in the co-crystals of carbamazepine with
carboxylic acids.

Within the broad family of co-crystals, ionic co-crystals deserve a special mention, as
they contain ionized components together with an API or an API precursor [78]. The ionic
co-former may be either a salt of an ionizable molecule (carboxylic acid, amine, etc.), or
a metal salt, e.g., LiCl. The stability of the ionic co-crystals depends on the interactions
established by the organic moiety with cations and anions; usually oxygen or nitrogen
atoms donate electrons towards the cation, while hydrogen bonds are formed between
hydrogen donor groups on the organic moiety and the anions. Therefore, they resemble
the interactions that a solvent molecule might establish with ions in solution.

An example of an ionic co-drug co-crystal co-drug is provided by the co-crystals [79]
obtained by reacting LiCl (a drug used as a mood stabilizer in patients affected by bipolar
disorder) together with piracetam, a cognition enhancing medicine (Nootropil®). The
preparation of these materials can be easily attained by mechanical mixing of the API (in
this case piracetam) with LiCl, but also with other salts such as LiBr as well as with other
bio-compatible inorganic salts [80,81].

It is worth mentioning, on passing, that ionic co-crystals have also been used in the
food sector long before the subject of co-crystals gained popularity. The preparation of
compounds based on the association of sugars with inorganic salts dates back more than
a century. Since combining NaCl with carbohydrates allows for the introduction of a
combined source of sodium and calories, the idea of ionic co-crystals with sugars is rather
interesting from a nutraceutical point of view. A number of carbohydrates have been found
to form stable co-crystals with NaCl, in particular pentoses (e.g., ribose, arabinose, and
xylose), hexoses (e.g., glucose, fructose, galactose, and mannose), as well as disaccharides
(e.g., sucrose, lactose, and trehalose). The subject of ionic co-crystals with carbohydrates
has been reviewed by Oertling [82].

7.2. Co-Crystals Properties

Compared to polymorphs, solvates and co-crystals are more likely to induce significant
changes in the solid-state properties of the active ingredient. Clearly, whether additional
pharmaceutical and clinical tests might be required will depend on the nature of the
coformer, especially if it does not belong to the molecules admitted as GRAS.

In many pharmaceutical applications, the key issues are often, but not exclusively,
those related to the solubility and/or dissolution rate of the active molecules of interest.
This aspect is also of interest from a patenting point of view, because it may allow an
extension of the intellectual property protection of an active ingredient.

A number of authors have explored the preparation of pharmaceutical co-crystals to
attain better solubility or better dissolution rates [83,84]. The reader may refer to Good
and Rodriguez-Hornedo (2010) [85] for an example of evaluation of the factors controlling
and affecting co-crystal solubility. Several studies have been reported on the intrinsic
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dissolution rates of co-crystals. For instance, in the case of the co-crystals of poorly soluble
2-[4-(4-chloro-2-fluorophenoxy)phenyl]pyrimidine-4-carboxamide with glutaric acid, a
dissolution rate 18 times higher than that of the pure API was observed [86].

The co-crystal of melatonin with pimelic acid is another example (Figure 25) [87]. The
oral bioavailability of melatonin in humans is limited and efforts to improve the dissolution
rate and solubility are ongoing. Co-crystal formation occurs when a 1:1 molten mixture
of melatonin and pimelic acid is allowed to crystallize in the temperature range 50–70 ◦C.
The co-crystal displays a significantly higher apparent solubility and acceptable stability as
compared to the original melatonin. Figure 26 also shows that the melatonin concentration
in the end drops back to the equilibrium solubility level of the pure drug, but the 3 h of
increased solubility can be crucial for obtaining a higher bioavailability.

Figure 25. Packing diagram of the melatonine/pimelic acid co-crystal showing the hydrogen bonding
(A). Powder dissolution profiles of melatonine, melatonine-pimelic acid co-crystal, and of a 1:1
physical mixture in PBS (pH 6.8) at 37 ◦C (B). Adapted with permission from Ref. [87]. 2015, Royal
Society of Chemistry.

Dissolution enhancement can also be found in a number of different crystal forms
of niclosamide, an active ingredient belonging to the salicylamide class [88], obtained by
solvent-free synthesis and characterized by diffraction, thermal methods, and solid-state
NMR spectroscopy (1H, 15N, 13C CPMAS). Since niclosamide has a very poor aqueous
solubility in water, it has proven extremely important to increase its dissolution rate via the
formation of ionic co-crystals.

The effect of co-crystallization on the dissolution rate has been studied in the case
of the co-crystals of hesperetin with picolinic acid, nicotinamide, and caffeine, shown in
Figure 26a. The dissolution rate experiments in Figure 26b show the parachute effect
accompanying dissolution of the three co-crystals, with solubility reaching a maximum
concentration in a short time then dropping down, first abruptly, then slowly but steadily,
approaching the levels shown by pure hesperetin. This change in solubility is explained by
the breakdown of co-crystals to the starting molecules on extended exposure to an aqueous
medium, as is confirmed by FT-IR analyses of residues.

7.3. Chiral Resolution via Co-Crystallization

Co-crystallization is a viable route to the resolution of racemic mixtures. There are, ba-
sically, two main strategies for chiral resolution via co-crystal formation. The first approach
is based on the preparation of a chiral host compound with cavities capable of forming
inclusion complexes with only one of the enantiomers of the guest molecule. In the second
approach, an enantiopure co-former is co-crystallized with a target molecule resulting
in the formation of “diastereoisomeric” co-crystals. Broadly speaking, a supramolecular
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heterosynthon should favor chirality with respect to homosynthons. This is because a
homosynthon is inherently centrosymmetric, while a heterosynthon is inherently non-
centrosymmetric and should favor polarity/chirality.

Figure 26. (a) The effect of co-crystallization on the dissolution rate for co-crystals of hesperetin with
picolinic acid, nicotinamide, and caffeine. (b) Equilibrium solubility (24 h) of hesperetin, HESP-PICO,
HESP-NICO, and HESP-CAFF. Reprinted with permission from Ref. [89]. 2017, American Chemical
Society.

If the chosen coformer is enantiopure, chiral resolution could be achieved via either
enantiospecific co-crystal formation, when the co-crystal is formed with only one enan-
tiomer of the target molecule or a diastereomeric co-crystal pair—when the co-crystals are
formed with both enantiomers. Unlike for salts, for which diastereomeric salt pair forma-
tion appears to be a general rule, co-crystals more frequently behave enantiospecifically.

The basic idea is that the reaction (whether in solution or in the solid state) of a
racemic R,S molecule (R,S-M) with an enantiopure coformer, say an R-coformer (R-C),
might lead to the formation of a “diastereoisomeric co-crystal”, namely R-M/R-C and
S-M/R-C aggregates. These co-crystals will possess definitely different crystal structures
and different physicochemical properties that could be used for resolution. Analogously,
if R,S-M is capable of salt formation, say via an acid-base reaction with an enantiopure
acid/base capable of hydrogen bonding donor/acceptor interaction via proton transfer,
“diastereoisomeric salts” will be formed, e.g., R-MH+—R-C− and S-MH+—R-C−.

There are several examples in the literature. What is probably the first utilization
of the “diastereoisomeric co-crystal” approach dates back to 1939 when Eisenlohr and
Meier reported on the chiral resolution of racemic 5-(1-hydroxyethyl)benzene-1,3-diol
(resorcylmethylcarbinol) with an alkaloid brucine (see Figure 27).

Figure 27. If RS-resorcylmethylcarbinol (left) and brucine (right) are co-crystallized from methanol,
only dextro-resorcylmethyl carbinol forms a co-crystal with brucine [90].

Resolution of optical isomers of 4-amino-p-chlorobutyric acid lactam (Baclofen®) by
co-crystallization with (2R,3R)-(+)-tartaric acid has been obtained by forming a co-crystal
in which only the (R) enantiomer is present. This can be attributed to a supramolecular
heterosynthon (see Figure 28) [91].
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Figure 28. Resolution of optical isomers of 4-amino-p-chlorobutyric acid lactam (Baclofen®) by
co-crystallization 4-amino-p-chlorobutyric acid lactam lactam [91].

The unsubstituted (2R,3R)-tartaric acid has been successfully applied for chiral resolu-
tion of 4-amino-p-chlorobutyric acid lactam. It was established that only (R-)-4-amino-p-
chlorobutyric acid lactam co-crystallizes with (2R,3R)-tartaric acid, resulting in the forma-
tion of a 2:1 co-crystal (Figure 29) [91].

Figure 29. The 2:1 co-crystal of (R-)-4-amino-p-chlorobutyric acid lactam with (2R,3R)-tartaric
acid [91].

Leyssens et al. have shown enantioselective co-crystal formation in the case of 2-
(2-oxopyrrodin-1-yl)butanamide (etiracetam) with S-mandelic and S-tartaric acid (see
Figure 30), while co-crystals are not formed with the R-etiracetam enantiomer [92]. Con-
glomerate formation was also reported as a result of crystallization from a racemate via
formation of molecular co-crystals [93].

Figure 30. The enantioselective co-crystal formation in the case of S-enantiomer of 2-(2-oxopyrrodin-
1-yl)butanamide (S-etiracetam) with S-mandelic and S-tartaric acid. The same reaction with R-
etiracetam does not lead to co-crystal formation [92].

An alternative route to chiral resolution via crystal engineering is that based on inclu-
sion compounds, a strategy pioneered by F. Toda [94]. Co-crystallization with derivatives
of lactic acid led to the enantiomeric excess (ee), including an “inclusion complex” with
3-methylcyclohexanone obtained with an ee > 99% (KUCJAT, Figure 31) [95].
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Figure 31. KUCJAT. The carbons of 3-methylcyclohexane are marked in orange and HCH have been
removed for the sake of clarity [95].

A similar approach has been applied for the optical resolution of racemic N-R-3-
hydroxypyrrolidines using ((2R,3R)-1,4-dioxaspiro[4.4]nonane-2,3-diyl)bis (diphenylmethanol)
as an optically active host compound [96]. Three racemic N-R-3-hydroxypyrrolidine were
tested (R=H, benzyl, or ethyl) and it was established that the capability of the optical res-
olution of ((2R,3R)-1,4-dioxaspiro[4.4]nonane-2,3-diyl)bis(diphenylmethanol) was very
high for only N-benzyl-3-hydroxypyrrolidine (ee 100%), whereas for N-ethyl- and 3-
hydroxylpyrrolidine, enantioselectivity was low.

8. Conclusions

The purpose of this article was to provide an overview of the main issues concerning
drugs in the crystalline state.

There is little doubt that the design, synthesis, characterization, and biological and
pharmacological evaluation of new active ingredients are the first and paramount objectives
of research in the pharmaceutical field. However, obtaining a new drug is not enough: the
road from bench to market is often long, steep, and tortuous. One aspect that has emerged
in all its relevance is that of the impact of the solid-state form of the active ingredient on
its utilization as a drug. The vast majority of drugs are constituted of organic molecules.
Organic molecules are often structurally non-rigid and conformationally adaptable, and
often carry functional groups that form strong and directional intermolecular interactions
(hydrogen bonds, halogen bonds, etc.) or that confer anisotropy and polarity, hence impose
orientational preference to surrounding molecules, whether of the same or of different type.
This variability has consequences when the active ingredient is crystallized from a solution,
melt, or vapor phase, because the formation of a solid from a less condensed phase is the
outcome of a competition between kinetics and thermodynamic aspects. The isolation of
stable or metastable crystal forms, whether enantiotropically or monotropically related, is
a manifestation of such dualism, as it is the precipitation of a solvate or of an unsolvated
crystal of the API from solution. As we have seen in this review, an active ingredient can be
brought in the solid state in an impressive number of alternative forms: solvates, hydrates,
salts, co-crystals, and all these forms can be polymorphic.

These are the reasons why the discovery of a drug, whether destined to treat a new
disease or to replace old and less efficacious pharmaceuticals, is undoubtedly a fantastic
achievement, but it is also the beginning of a journey in another domain, that of the
aggregate form of the new drug, the crystal domain. As a matter of fact, the drug will
have to be isolated, its preparation scaled up, purified, stored, packed, distributed, and
ultimately administered to patients and all these steps will be carried out, in the vast
majority of cases, with the drug in the solid form, sometimes amorphous, most often a
polycrystalline material.
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To summarize:

(i) An API can take many solid forms (polymorphs, solvates, salts, co-crystals) all con-
taining exactly the same active principle but in different structural arrangements
and/or associated to different molecules (solvents, coformers, counterions, salts, etc.);

(ii) Different solid forms will possess different properties, which might affect a drug’s
processing, formulation, distribution, storage, administration to the patient and,
ultimately, its therapeutic efficacy;

(iii) Since there is no way to guarantee that a transformation to a more stable form will
occur, or that a more stable form will appear, a preliminary, thorough exploration
of the crystal domain is the only way to minimize the chances of the undesired
appearance of a new and more stable form at a later stage of development;

(iv) Besides maximising control on the crystal form of the API, the investigation of hy-
drates and co-crystals may afford alternative, often improved or innovative properties
of the drug;

(v) Polymorphs, hydrates, and co-crystals may meet the requisites of novelty, utility, and
non-obviousness useful for extending the patenting life of a drug.

The examples provided in the article have been chosen with the intention of stressing
why the quest for new crystal forms of any given API can be both “joy and sorrow” for the
academic and industrial researcher. This article has a provocative title, the same title as the
lecture delivered by one of us (D.B.) at the ACCORD22 meeting.
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Stolarczyk, E.U. Development of a

Sensitive Screening Method for

Simultaneous Determination of Nine

Genotoxic Nitrosamines in Active

Pharmaceutical Ingredients by

GC-MS. Int. J. Mol. Sci. 2022, 23,

12125. https://doi.org/10.3390/

ijms232012125

Academic Editors: Geoffrey Brown,

Enikö Kallay and Andrzej Kutner

Received: 31 August 2022

Accepted: 4 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Development of a Sensitive Screening Method for
Simultaneous Determination of Nine Genotoxic Nitrosamines
in Active Pharmaceutical Ingredients by GC-MS

Anna B. Witkowska 1,2,*, Joanna Giebułtowicz 3, Magdalena Dąbrowska 1 and Elżbieta U. Stolarczyk 1,4
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Abstract: A worldwide crisis with nitrosamine contamination in medical products began in 2018.
Therefore, trace-level analysis of nitrosamines is becoming an emerging topic of interest in the field of
quality control. A novel GC-MS method with electron ionization and microextraction was developed
and validated for simultaneous determination of nine carcinogenic nitrosamines (NDMA, NMEA,
NDEA, NDBA, NMOR, NPYR, NPIP, NDPA, and N-methyl-npz) in active pharmaceutical ingredients
(APIs): cilostazol, sunitinib malate, and olmesartan medoxomil. The method was validated according
to the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use (ICH) guidelines, demonstrating good linearity in the range of LOQ up to 21.6 ng/mL
(120% of specification limit). The limits of detection for the nine nitrosamines were determined to be
in the range 0.15–1.00 ng/mL. The developed trace level GC-MS method turned out to be specific,
accurate, and precise. The accuracy of all the tested APIs ranged from 94.09% to 111.22% and the
precision evaluated by repeatability, intermediate precision, and system precision was RSD ≤ 7.65%.
Nitrosamines were not detected in cilostazol and sunitinib, whereas in olmesartan medoxomil NDEA
was detected at the level of LOQ. The novel protocol was successfully applied for nitrosamines
determination in selected APIs and can be used for the routine quality control of APIs under Good
Manufacturing Practices rules, ensuring the safety and effectiveness of pharmaceutical products.

Keywords: nitrosamines; gas chromatography–mass spectrometry; active pharmaceutical ingredient;
ionization; microextraction; validation

1. Introduction

A worldwide crisis with nitrosamine contamination in medical products began in
2018 [1]. Since then, widespread investigations by regulatory agencies, including the Euro-
pean Medicines Agency (EMA) and United States Food and Drug Administration (US FDA),
were undertaken. In drugs such as angiotensin II receptor blockers (ARBs), ranitidine, met-
formin, rifampin, rifapentine, and, recently, verenicline, N-nitrosodimethylamine (NDMA)
and other nitrosamines have been detected [2,3]. Nitrosamines are known as probable
human carcinogens (IARC 2A group for NDMA), potent genotoxic agents, and “cohort
of concern” compounds according to ICH M7 guidance [4,5]. They can form in reaction
of amine source (e.g., 2◦, 3◦ amines, amidines, hydrazines) and nitrosating agents (e.g.,
nitrite in acidic conditions, nitrogen oxide, nitrous acid). According to newly established
guidelines, every marketing authorization holder has to identify the risk of nitrosamine
formation or cross-contamination in the manufacturing/storage of chemical and biological
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medicines. Root causes of nitrosamine impurities in APIs (active pharmaceutical ingredi-
ents) and drug products can be manufacturing process related as well as stability of the
drug substance/product or excipient compatibility related (Figure 1) [6–8].

Figure 1. Root causes of nitrosamine impurities in APIs and drug products.

The scale of the problem is revealed by the fact that, till now, more than one thousand
batches of medical products have been recalled from the market due to the detection of
harmful nitrosamines [9].

A large number of studies also resulted in the introduction of new, more restrictive
legislation that regulated the concentration of nitrosamines in drug products. Therefore,
trace-level analysis of nitrosamines is becoming an emerging topic of interest in the field
of quality control. Till now, a wide range of quantitative analytical methods to measure
nitrosamine traces in pharmaceuticals have been established, including gas chromatogra-
phy with single quadrupole or tandem mass spectrometers (GC-MS/MS) with a headspace
system or direct injection [10–16], liquid chromatography–tandem mass spectrometers (LC-
MS/MS) or high-resolution mass spectrometers [17–20], and liquid chromatography with
UV detectors and supercritical fluid chromatography (SFC) [21–23]. Solid-phase extraction
(SPE), solid-phase microextraction (SPME), and dispersive liquid–liquid microextraction
(DLLME) are also commonly used with GC-MS to produce comparable results of the LOQ
(range 0.5–1.5 ppb) to LC-MS/MS [24–26]. Many already established methods are complex
and can be applied to only one drug product/API, such as ranitidine and metformin. Our
newly established, sensitive analytical screening procedure involving microextraction is
fast, simple, environmentally friendly, and with limits of quantitation (LOQs) close to multi-
step methods involving SPME or SPE extraction. Moreover GC-MS offers low operational
costs, and is commonly used for analysis of volatile impurities in APIs. We demonstrate,
for the first time, that our analytical procedure can be successfully applied for various APIs
selected for quantitative testing after risk assessment.

2. Results and Discussion

2.1. Risk Assessment

Figure 2 presents the structures of tested APIs and N-nitrosamines examined in
this study.
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Figure 2. Structures of the APIs and nitrosamines presented in this study. Red circles—types of
nitrosamine-related substructures present in APIs.

Since 2019, national regulatory agencies (US FDA, EMA) have obligated every market-
ing authorization holder to review their manufacturing process in order to identify the risk
of nitrosamine formation or cross-contamination and, if necessary, to perform confirmatory
testing. Kao et al. [27] in their recent study reported a substructure-based approach as a
method for screening and investigating nitrosamines in medical products. According to
their work, there are eight substructures present in APIs: DBA (dibutylamine), DEA (diety-
lamine), DIPA (diisopropylamine), DMA (dimethylamine), IPEA (isopropylethylamine),
MPA (methylphenulamine, NMP (N-methyl-2-pyrrolidone), and a tetrazole ring can be
suspected to be precursors of nitrosamines. A tetrazole ring is present in the structure of
olmesartan medoxomil and cilostazol, while DEA in sunitinib malate (Figure 2). Another
risk factor for nitrosamine contamination of sunitinib malate is the use of pyrrolidine in
the synthesis. Many suppliers of raw materials for the synthesis of APIs do not provide
information about the reagents used in the synthesis, which is why it is so important to
selectively check batches with risk elements. Regulatory agencies have implemented ana-
lytical methods for sartans, antihistamines, and antidiabetic drugs, but they also continue
to test other drug products; so, our new, sensitive screening method for determination of
the nine nitrosamines in cilostazol and sunitinib malate is a very useful and suitable tool.

2.2. Method Development

A key parameter in the development of the microextraction method for the samples
was optimization of the sample solvent. The solubility studies of olmesartan medoxomil,
sunitinib malate, and cilostazol are presented in Supplementary Tables S1–S3. The choice of
solvent involved the selection of the medium in which centrifugal extraction of the analytes
under study was most efficient. Finally, methanol was chosen as the solvent in which
cilostazol, olmesartan medoxomil, and sunitinib malate were slightly soluble. During
method development, the centrifuge speed, centrifugation time, and amount of solvent
taken for extraction were optimized. The best sensitivity was obtained for a centrifugation
speed of 15,000 rpm, time of 10 min, and 250 μL of solvent. At lower centrifugation speeds
and shorter times (5000 rpm, 10,000 rpm, 2 and 5 min), there was no complete extraction of
the analytes (Table S4). At longer centrifugation times, no increase in method sensitivity was
observed. During the extraction, no evaporation of the solvent in the centrifuge chamber
was noticed. From the capillary columns commonly used in the analysis of nitrosamines,
such as DB-5 ms, DB-624 ms, and VF-WAXms [28–30], the best chromatographic separation
was obtained on the column VF-WAXms (30 m × 0.32 mm, film thickness of 1.0 μm). For
the quantification analysis on a single quadruple mass spectrometer, we used electron
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ionization in selected ion monitoring mode (SIM) of particular ions, ensuring the highest
sensitivity was chosen (see Section 3.2).

2.3. Validation Results

During the development of the method, satisfactory separation of nine nitrosamines
was obtained in selected APIs. The standard added to the sample did not cause peaks
splitting and the matrix did not affect the result (Figures S1–S27). Figure 3 shows a
chromatogram of the standard solution.

Figure 3. SIM mode chromatogram of the N-nitrosamines standard—18 ng/mL.

Results for linearity, limit of detection (LOD), and LOQ are summarized in Table 1. The
determination coefficients (R2) of the linear regression for the nine nitrosamines were over
0.995, which clearly demonstrates that the method was suitable for quantitative analysis.

Table 1. Validation results for linearity, LOD, and LOQ.

Analyte Range (ng/mL)

*Y = ax + b
(R2 ≥ 0.990)

** ta

** tb

LOD
(ng/mL)

LOQ
(ng/mL)

S/N ≥ 3 (3.3× σ/S) S/N ≥ 10 (10× σ/S)

NDMA 0.45–21.6

Y = 0.0127x + 0.0005
(R2 = 0.9996)

158.53
0.5695

0.15 0.47 0.45 1.43

NMEA 1.5–21.6

Y = 0.0104x + 0.0011
(R2 = 0.9997)

159.85
1.4050

0.50 0.40 1.50 1.20

NDEA 1.0–21.6

Y = 0.0088x + 0.0009
(R2 = 0.9997)

153.81
1.3608

0.30 0.45 1.00 1.37

NDPA 3.0–21.6

Y = 0.0029x + 0.0007
(R2 = 0.9988)

70.521
1.4061

1.00 0.78 3.00 2.38

382



Int. J. Mol. Sci. 2022, 23, 12125

Table 1. Cont.

Analyte Range (ng/mL)

*Y = ax + b
(R2 ≥ 0.990)

** ta

** tb

LOD
(ng/mL)

LOQ
(ng/mL)

S/N ≥ 3 (3.3× σ/S) S/N ≥ 10 (10× σ/S)

NMOR 3.0–21.6

Y = 0.0039x−0.0002
(R2 = 0.9991)

83.655
0.7650

1.00 0.67 3.00 2.03

NPYR 1.5–21.6

Y = 0.0085x + 0.0007
(R2 = 0.9994)

105.24
0.7193

0.50 0.60 1.50 1.82

NPIP 1.5–21.6

Y = 0.0087x + 0.0005
(R2 = 0.9992)

91.615
0.4482

0.50 0.69 1.50 2.10

NDBA 1.5–21.6

Y = 0.0032x + 0.0002
(R2 = 0.9986)

71.346
0.4260

0.50 0.88 1.5 2.66

N-methyl-npz 1.5–21.6

Y = 0.0065x + 0.0013
(R2 = 0.9996)

137.02
2.2741

0.50 0.46 1.50 1.40

* a—slope; b—y-intercept. ** ta, tb—parameters of the Student’s t-test; tb = b/Sb, ta = a/Sa, where Sa—the standard
deviation of a, and Sb—the standard deviation of b.

The LODs and LOQs calculated both ways from the linearity and ratio peak/noise
height were very similar. LODs were determined to be within the range 0.15–1.00 ppb
(Table 2); such low LODs are comparable to the results obtained with GC-MS/MS by Liu at
al. [11] (Table S5).

The accuracy of the method was verified at three levels—80%, 100%, and 120%—of the
specification limit. The results for accuracy for all tested APIs are summarized in Table 2.
The results exhibited that recoveries for all nitrosamines in sunitinib malate ranged from
94.09% to 111.22%, for cilostazol from 95.91% to 104.87%, and for olmesartan medoxomil
from 92.20% to 108.72%, respectively.

Method precision was evaluated by repeatability, intermediate precision, and system
precision. As summarized in Table 3, this GC-MS method exhibited satisfactory RSD%
values for repeatability in all APIs in the range of 0.76–5.75%, and for intermediate precision
and system precision in the range of 1.13–7.65% and 1.03–3.65% (area), respectively. Since
the acceptance criteria for recovery and precision for all APIs were established for 60–115%
and RSD < 21%, all the results meet the criteria according to the Association of Official
Analytical Chemists [31].

The robustness of the GC-MS method was evaluated on standard solution to determine
the impact on the result in case of small variations in the chromatographic parameters:
oven initial column temperature ± 5 ◦C; first temperature ramp ± 1 ◦C/min; and gas
pressure ± 10%. The robustness results (Table S6) showed that the retention time for all
nitrosamines change within a range of ± 1.1 min and the separation of the nitrosamines
was not affected.
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Table 2. Validation results of the accuracy for sunitinib, cilostazol, and olmesartan medoxomil.

Analyte

Accuracy
Mean Recovery 60–115%

RSD ≤ 21% (n = 9)

Sunitinib
Malate

Cilostazol
Olmesartan
Medoxomil

NDMA
94.45 98.26 104.66
1.98 2.11 5.68

NMEA
94.09 99.14 95.85
2.10 1.78 4.24

NDEA
97.97 97.15 97.34
3.57 2.02 4.44

NDPA
97.07 95.91 92.20
5.05 2.15 6.50

NMOR
111.22 97.10 103.60

2.89 3.66 5.16

NPYR
95.87 100.62 108.72
3.82 3.00 5.29

NPIP
99.37 96.66

ND5.13 6.02

NDBA
99.30 104.87 102.17
6.10 2.38 8.98

N-methyl-npz 102.94 99.90
ND7.53 5.17

ND—not detected.

Table 3. Validation results of precision for sunitinib malate, cilostazol, and olmesartan medoxomil.

Analyte

Matrix Sunitinib Cilostazol Olmesartan Medoxomil System Precision

Repeatability
RSD (%)

Intermediate
Precision
RSD (%)

Repeatability
RSD (%)

Intermediate
Precision
RSD (%)

Repeatability
RSD (%)

Intermediate
Precision
RSD (%)

Area Ni-
trosamine/Area

NDMA-d6
RSD (%)

Retention
Time RSD

(%)

NDMA 2.12 2.05 0.76 1.13 3.07 2.51 1.31 0.03

NMEA 2.25 1.99 1.27 1.42 2.47 2.21 1.08 0.02

NDEA 2.48 3.37 1.10 1.37 3.00 4.04 1.31 0.02

NDPA 3.95 6.26 2.97 2.25 5.75 4.24 1.03 0.01

NMOR 3.18 5.55 2.73 4.49 3.07 3.97 3.52 0.01

NPYR 2.51 5.08 1.77 3.91 2.55 7.50 2.42 0.01

NPIP 3.67 4.06 3.91 4.60 ND ND 2.01 0.01

NDBA 4.32 6.81 1.68 1.46 4.51 4.71 3.07 0.01

N-methyl-
npz 2.22 6.45 5.60 7.65 ND ND 3.65 0.01

ND—not detected.

Moreover, during validation, the stability of the standard solution and sample solution
was investigated. Standard solution stability studies for all nitrosamines in methanol
demonstrated that after 24 and 48 h in 25 ◦C, the RSD% (area) ranged from 0.63 to
4.79%, demonstrating that the standard solution was stable up to 48 h after preparation
(Tables S7–S15). Stability of the sample solution of cilostazol, olmesartan medoxomil, and
sunitinib malate spiked with nitrosamines at 100% of a specification level was evaluated
after 24 h in 25 ◦C by measuring the peak area quotient of nitrosamines and NDMA-d6.
The RSD% for all the nitrosamines in olmesartan medoxomil was in range of 1.36–18.33%,
in cilostazol, 0.69–9.14%, and in sunitinib malate, 0.38–10.63%, which indicated the increase
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in RSD with time and the necessity of sample solution preparation directly before analysis
(Tables S16–S24).

Supplementary Material Table S5 shows the comparison of the results of this pub-
lication with various reported GC-MS and GC-MS/MS methods for the detection of N-
nitrosamines. The novel GC-MS method with microextraction showed superior results
in the validation test compared with other GC-MS and GC-MS/MS methods. The devel-
oped method offers several benefits over previously established methodologies, including
enhanced sensitivity (LOD below 1 ppb), with no requirements for derivatization and
multistep sample preparation (SPE, SPME or DLLEM); a reduction in solvent usage (only
250 μL); and application to a wide variety of APIs. We have also demonstrated that the
developed method using a single quadrupole is as good as the method with tandem mass
spectrometry.

2.4. Application of the Method for Nitrosamine Determination in Selected APIs

The validated GC-MS method was applied to determine nine nitrosamines in three
active pharmaceutical ingredients: cilostazol, sunitinib malate, and olmesartan medoxomil.
In cilostazol and sunitinib, no nitrosamines were found. NDEA was detected in olmesartan
medoxomil at a concentration of 1.66 ng/mL. Therefore, based on the proposed European
Pharmacopoeia Commission limit (30 ppb), the acceptance criteria for nitrosamines in APIs
have been meet. Olmesartan medoxomil have never been recalled from the market due to
detection of nitrosamines beyond acceptable intake limits [2].

3. Materials and Methods

3.1. Materials

Cilostazol (99.8%), sunitinib malate (99.7%), and olmesartan medoxomil (99.7%) were
purchased from Pharmaceutical Research Institute (Poland). The nitrosamines mix (contain-
ing NDMA, NMEA, NDEA, NDPA, NMOR, NPYR, NPIP, and NDBA) EPA 8270 (Appendix
IX), certified reference material; 2000 μg/mL in methanol) was obtained from Sigma-
Aldrich (USA). 1-Methyl-4-nitrosopiperazine was obtained from Angene International
Limited (London, England). N-Nitrosodimethylamine-d6 (1000 μg/mL in methanol) was
purchased from LGC (Kiełpin, Poland). Methanol LC-MS reagent was obtained from J.T
Baker (Oslo, Norway).

3.2. Equipment and Method

The GC-MS analysis was performed using a Shimadzu gas chromatograph GCMS-
QP2010 ULTRA with MS detector. The separation of nitrosamines was performed on a
VF-WAXms polyethylene glycol column (30 m × 0.32 mm, film thickness of 1.0 μm) from
Agilent Technologies. In the study, centrifuge tubes with a 0.2 μm PVDF filter from Anchem
and an M-Science centrifuge from MPW Med. Instruments were used. All the GC-MS
method’s experimental conditions are presented in Table 4. The ions selected for each
nitrosamine for quantification and confirmation are shown in Table 5.

3.3. Standard Solution Preparation

The internal standard (IS) solution (70 ng/mL in methanol) was prepared from the
internal stock solution NDMA-d6 (1000 μg/mL in methanol) and diluted with methanol.
The nitrosamine intermediate dilution was prepared by dissolving the appropriate amount
of the nitrosamines mix (certified reference material) to reach 10 μg/mL of the nitrosamine
mix in MeOH. A standard solution of nine nitrosamines at the concentration level of
18.0 ng/mL was prepared from the nitrosamine intermediate dilution in a 10 mL volumetric
flask with methanol.
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Table 4. GC-MS method experimental conditions.

GC Parameters

Carrier gas Helium
Column flow rate 2.1 mL/min

Oven initial temperature 75 ◦C (hold time: 2 min)
First temperature ramp 9.0 ◦C/min

Second temperature 200 ◦C/min (hold time: 2 min)
Second temperature ramp 15.0 ◦C/min

Final temperature 240 ◦C (hold time: 3 min)
Pressure 45.5 kPa

Injection mode Splitless, high-pressure injection 130 kPa
Injection port temperature 150 ◦C

MS Parameters

Ion Source Temperature 240
Interface Temperature 240

Acquisition type SIM
Solvent delay 6.5 min

Table 5. GC-MS SIM for the detected nitrosamines.

Compound Quantification Ion (m/z) Confirmation Ion (m/z)

NDMA 74 44
NMEA 88 56
NDEA 102 56
NDPA 130 70
NMOR 116 56
NPYR 100 68
NPIP 114 55

NDBA 116 158, 84
N-methyl-npz 99 100, 56

NDMA-d6 80 50

3.4. Sample Solution Preparation

A total of 150 mg of API was weighed into 2 mL centrifuge tubes with filtration
equipment and 250 μL of the internal standard solution (70 ng/mL NDMA-d6) was added.
Then, the solution was centrifuged at 15,000 rpm for 10 min. A clear organic phase
was transferred to a sample vial because the selected APIs were practically insoluble in
methanol.

3.5. Blank Preparation

The blank solution was prepared as described in Section 3.4., but without addition of
the sample.

3.6. Validation of the GC-MS Method

The GC-MS method for the nine nitrosamines in API was validated according to ICH
guidelines. The specificity of the method was examined using a blank solution, standard
solution, sample solution, and reference solution (sample solution spiked with standard
solution at a 100% concentration level of the specified limit).

The calibration curve was prepared in methanol at concentrations from LOQ to 120%
(0.45–21.6 ng/mL) of the specified limit for nitrosamines with respect to sample preparation,
the internal standard solution was added in a concentration of 70 ng/mL NDMA-d6.
The linearity for every nitrosamine was evaluated by linear regression and statistical
evaluation. Linearity experiments included the determination coefficient, y-intercept, slope
of regression line, and residual sum of squares (Sr). The determination coefficients (R2) of
the linear regression for each calibration curve should be ≥0.995.
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The accuracy of the method was established on three different concentrations: a sample
spiked with nitrosamines at 80%, 100%, and 120% of the specification limit; the acceptance
criteria were 60–115% and the precision at each concentration should not exceed RSD < 21%.
In 2020, the European Pharmacopoeia Commission adopted a new general chapter for
trace-level analysis of nitrosamine impurities where the recommended maximum allowed
limit for nitrosamines in active substances was set at 0.03 ppm (30 ppb) [32]; therefor, in the
present study, the same limit was implemented.

Limit of detection (LOD) and limit of quantitation (LOQ) were calculated in two
different ways: using peak height (S) and noise height (N), where the LOQ was stated
as S/N ≥ 10 and LOD as S/N ≥ 3, and using linearity parameters such as the standard
deviation of the response (σ) and the slope of the curve (S); then, LOD and LOQ were
determined from the following equations: LOD = (3.3 × σ/S) and LOQ = (10 × σ/S).

The precision of the method was examined as repeatability, intermediate precision,
and system precision. Repeatability for all nitrosamines was obtained from analysis of
the six sample solutions. Intermediate precision was assessed as a result of the intra-
laboratory variations, i.e., a different day or analyst (the RSD should not exceed 21%),
while the difference between the results were tested by statistical Horwitz‘s test. System
precision was evaluated by six replicate injections of the standard solution (calculation—
Supplementary Note S1).

During validation, the stability of the solutions and robustness of the method also
were evaluated. The stability of the solutions was established by measuring the peak area
quotient of the nitrosamines and NDMA-d6 for the reference solution, with nitrosamines at
a 100% concentration level of the specified limit and for a sample solution of API (cilostazol,
sunitinib, and olmesartan medoxomil) spiked with nitrosamines at 100% of the specification
level (18.0 ng/mL) after 24 h under autosampler conditions (20 ◦C ± 5 ◦C). Robustness
of the developed method was investigated by injecting the standard solution in different
chromatographic conditions: column temperature, ±5 ◦C; rate, ±1 ◦C/min; and carrier gas
pressure, ±10%.

4. Conclusions

A new, sensitive, simple, environmentally friendly method for extracting nine ni-
trosamines from active pharmaceutical ingredients, using the high-pressure direct injection
GC-MS method, was developed in this study. Based on the performed risk evaluation in
the manufacturing process, three APIs were examined. This is the first described method
for the determination of nitrosamines in cilostazol and sunitinib malate. The implemented
GC-MS method for cilostazol and sunitinib malate showed no influence of the manufactur-
ing process on the development of nitrosamine impurities. The quantitative method for
each API was validated according to the requirements of the ICH guideline. The validation
of the GC-MS method proved that the method was sensitive, accurate, precise, and suitable
for nitrosamine determination in multiple APIs. The results obtained during the validation
showed that the LOD and LOQ were in the range from 0.15 to 1.00 ng/mL. In conclusion,
the presence of nine nitrosamines was determined as below the acceptable intake limits
in selected APIs; however, it is necessary to test other APIs containing specific amine
substructures in their structures to ensure the safety of the drugs for patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012125/s1.
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Abstract: Chemical stability is one of the main problems during the discovery and development
of potent drugs. When ignored, it may lead to unreliable biological and pharmacokinetics data,
especially regarding the degradation of products’ possible toxicity. Recently, two biologically active
drug candidates were presented that combine both opioid and neurotensin pharmacophores in one
entity, thus generating a hybrid compound. Importantly, these chimeras are structurally similar
except for an amino acid change at position 9 of the peptide chain. In fact, isoleucine (C6H13NO2)
was replaced with its isomer tert-leucine. These may further lead to various differences in hybrids’
behavior under specific conditions (temperature, UV, oxidative, acid/base environment). Therefore,
the purpose of the study is to assess and compare the chemical stability of two hybrid peptides
that differ in nature by way of one amino acid (tert-leucine vs. isoleucine). The obtained results
indicate that, opposite to biological activity, the substitution of tert-leucine into isoleucine did not
substantially influence the compound’s chemical stability. In fact, neither hydrolysis under alkaline
and acidic conditions nor oxidative degradation resulted in spectacular differences between the two
compounds—although the number of potential degradation products increased, particularly under
acidic pH. However, such a modification significantly reduced the compound’s half-life from 204.4 h
(for PK20 exposed to 1M HCl) to 117.7 h for [Ile9]PK20.

Keywords: hybrid peptides; stability; degradation; chemical structure

1. Introduction

Drug degradation, either enzymatic or chemical, is crucial for its clinical response
and efficacy. However, most drugs available tend to have a short half-life or are unstable
as a result of their exposure to various environmental factors. In addition to enzymatic
stability, the chemical stability of the molecule is another equally important feature of all
compounds tested for potential medical use. It determines the sensitivity of the compound
to degradation by various non-enzymatic processes. In fact, several chemical reactions may
affect structures in aqueous solutions, including hydrolysis, deamidation, isomerization or
oxidation [1]. Each of these processes may lead to the transformation of the physicochemical
properties of the compound, which may occasionally be manifested by a change in the
action profile and therapeutic potential.

The most important factors that can often cause inactivation of drugs are temperature
(both too low and too high), environmental pH and UV radiation. This property is impor-
tant due to the exposure of peptide drugs to unfavorable conditions during the production

Int. J. Mol. Sci. 2022, 23, 10839. https://doi.org/10.3390/ijms231810839 https://www.mdpi.com/journal/ijms
391



Int. J. Mol. Sci. 2022, 23, 10839

process and subsequent storage and use of the finished preparation. Furthermore, the
resistance of the drug substance to the degrading effect of acidic pH is important in the
case of oral formulations that enter the stomach. High chemical stability is necessary for
the drug substance to exhibit adequate biological activity throughout the shelf-life of the
preparation and to be able to produce desired effects. Indeed, as the drug undergoes
degradation, it becomes less effective. In addition, drug decomposition may yield toxic
byproducts that are harmful to the patient.

All of the abovementioned factors are especially true for peptide compounds, reducing
their therapeutic application. In fact, peptides, compared to other structures formed by
antibodies or proteins, are more susceptible to enzymatic and chemical degradation. They
owe this property to their chemical structure, as each amino acid in the sequence is linked to
the other by way of peptide bonds (amide bonds), which undergo spontaneous degradation
through hydrolysis. Other reactions may occur, such as diketopiperazine formation as a
consequence of the degradation of the N-terminus [2,3]. In addition, oxidation appears
to be the most important type of chemical degradation of protein/peptides, which can be
affected by pH [4] or even the flexibility of the peptide backbone [5].

Since hybrid compounds have gained attention due to their potent multifunctional
behavior with a more favorable profile in terms of possible side effects, much work devoted
to such compounds can be found. PK20 and [Ile9]PK20, which are hybrid structures
encompassing both opioid and neurotensin pharmacophores, although modified, were
designed and synthesized to reduce pain. Indeed, a modified pharmacophore of an opioid
endorphin-2 (Tyr-Pro-Phe-Phe-NH2) has been designed by an incorporation of known
elements that possess the ability to increase its resistance to metabolic degradation: Tyr
was replaced by Dmt in position 1 and a D-amino acid residue (D-Lys) was inserted in
position 2 of the peptide sequence. In addition, a neurotensin pharmacophore (pyrGlu-Leu-
Tyr-Glu-Asn-Lys-Pro-Arg8-Arg9-Pro-Tyr-Ile-Leu-OH) was strongly reduced and modified,
especially by the replacement of Arg8-Arg9 with Lys-Lys. Nonetheless, the structures of
these two hybrid peptides are similar (Figure 1), if not the same, except for one amino
acid: tert-leucine → isoleucine (Tle → Ile). An additional substitution such as Ile12 by
Tle was suggested to improve the metabolic stability [6]; PK20 revealed its resistance
to degradation as the exact half-life of the peptide was calculated to be 31 h 45 min [7].
However, most of the drug biological activity was affected, which was further confirmed in
our studies focused on antinociceptive effect [8,9] and neuroprotective effects. For example,
[Ile9]PK20-induced analgesia was significantly lower: 0.005 at 120 min and 0.02 nmol/rat
after specific time-points of 30, 60 and 120 min, respectively, when compared to PK20.
PK20 was also significantly stronger than its structural analogue at a dose of 0.02 nmol/rat
and at 30 min drug post-administration when compared to morphine (3 nmol/rat) [8,9].
These were also confirmed by differences in the intrinsic activity of the receptor which was
targeted ([Ile9]PK20 had lower efficacy (Emax = 151.2% ± 74.5) and potency at mu opioid
receptor (EC50 = 1244 nM) relative to PK20 (Emax = 149.17% ± 2.9 and EC50 = 79 nM),
respectively) [9]. Additionally, the protective properties of PK20 and [Ile9]PK20, assessed in
an in vitro model of excitotoxic injury in organotypic hippocampal slice cultures subjected
to NMDA, demonstrated PK20 hybrid as a more potent agent when compared to its [Ile9]-
analogue. The extent of damage to the CA1 region of the hippocampus, in the case of
a combined administration of PK20 and NMDA, was equal: 1.47% ± 1.20 for the dose
of 25 ng/mL, 5.18% ± 2.84 for the dose of 50 ng/mL and 6.82% ± 6.08 for the dose of
100 ng/mL, respectively [10]. In contrast, for [Ile9]PK20 administered simultaneously with
NMDA, the values were as follows: 8.53% ± 2.65 for the dose of 25 ng/mL, 19.04% ± 8.52
for the dose of 50 ng/mL and 8.62% ± 0.62 for the dose of 100 ng/mL, respectively (data
not published).
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Figure 1. Chemical structure of the PK20 opioid–neurotensin hybrid peptide with the indication of a
performed modification resulting in the production of [Ile9]PK20.

Tle and Ile are structural isomers belonging to the same class of leucines with the same
atomic composition (C6H13NO2) but they have different chemical structures, including
different bond coordination and stereochemistry (Figure 1). Thus, their presence in the
peptide structure led to diverse results. In fact, incorporation of Ile into the 9th position of
the peptide chain caused a decrease in the analgesic activity in vivo when compared with
PK20, having a tert-leucine (Tle9) in the corresponding position [8]. Nonetheless, [Ile9]PK20
produced the maximal pain-relieving effect, although with a distinct pharmacokinetic
profile in comparison with PK20 [9]. Furthermore, in the case of [Ile9]PK20, a replacement
of Tle with Ile led to reduced binding at the target receptors (i.e., mu opioid receptor and
NTS1 neurotensin receptor) [9].

Considering the aforementioned, this paper aims to present whether such a slight
structural difference may influence the chemical stability of both drugs when exposed to
thermal, acidic/basic, oxidative and UV factors.
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2. Results

PK20 and [Ile9]PK20 Degradation Depending on Conditions

PK20 opioid–neurotensin hybrid peptide was found to be quite stable, particularly
in thermal and acidic degradation (Table 1, Figures 2A and 3A—left panel). At varying
temperatures ranging from 22 ◦C (room temperature) through 37 ◦C to +80 ◦C, the re-
maining concentration of the peptide was approximately 50 μg/mL, which corresponds
to 100%. Furthermore, PK20 behaved similarly when incubated at room temperature or
−80 ◦C (Table 1), resulting in a 100% recovery. In contrast, alkaline stress led to significant
peptide degradation (Table 1, Figure 2—left panel). In fact, after 24 h of hydrolysis in 1 M
NaOH and at 37 ◦C, the percentage of PK20 remaining was 30.32%, while after 24 h of
hydrolysis in 1M hydrochloric acid, the recovery reached almost 80% (78.19%). In addition,
the calculated half-life of PK20 in 1M HCl was 204.4 h, while in 1M NaOH, t1/2 was 11.36 h.

Table 1. Summarized results obtained for the chemical degradation of PK20 and [Ile9]PK20 opioid–
neurotensin hybrid peptides.

Condition
Drug

Concentration
Injected (μg/mL)

Concentration Found
(Mean ± SD, μg/mL)

Recovery (%) RSD (%) *

PK20 [Ile9]PK20 PK20 [Ile9]PK20 PK20 [Ile9]PK20

Acidic degradation (1 M HCl)
37 ◦C (24 h) 50 39.09 ± 6.33 44.39 ± 4.48 78.19 88.79 16.18 10.10
80 ◦C (12 h) 50 27.22 ± 2.75 26.12 ± 1.52 54.43 52.25 10.09 5.83

Basic degradation (1 M NaOH)
37 ◦C (24 h) 50 15.16 ± 0.34 18.56 ± 0.59 30.32 37.13 2.27 3.19
80 ◦C (12 h) 50 5.71 ± 1.67 5.61 ± 1.83 11.44 11.23 29.17 32.69

Oxidative degradation (30% H2O2)
37 ◦C (24 h) 50 30.52 ± 0.49 31.39 ± 0.27 61.04 62.79 1.60 0.87
80 ◦C (12 h) 50 9.80 ± 0.2 8.24 ± 6.69 19.60 16.48 2.07 81.14

Thermal degradation
Room temperature (24 h) 50 51.36 ± 1.64 49.71 ± 2.24 102.72 99.41 3.19 4.50

37 ◦C (24 h) 50 49.98 ± 0.35 44.16 ± 0.99 99.97 88.32 0.70 2.24
80 ◦C (12 h) 50 48.67 ± 2.74 43.27 ± 1.18 97.34 86.54 5.63 2.73
−80 ◦C (24 h) 50 51.90 ± 0.20 51.87 ± 0.40 103.80 103.74 0.38 0.77

Two freeze–thaw cycles (24 h (−80 ◦C),
–2 h (22 ◦C), 24 h (−20 ◦C)) 50 43.25 ± 9.42 49.04 ± 1.03 86.50 98.08 21.78 2.09

Photolytic degradation (365 nm UV
light 7 h)

50 18.72 ± 0.94 9.63 ± 0.11 37.44 19.25 5.04 1.14

* RSD—relative standard deviation.

Importantly, neither acidic nor basic degradation provided at the higher temperature
of +80 ◦C for 12 h showed any of PK20′s stability improvement; the percentage of PK20
remaining was 54.43 and 11.44%, respectively. It is noteworthy that, in all of the studied
stress conditions, PK20 degraded to similar degradants, as it was revealed in Figure 2A,B
(left panel). However, one of the newly produced compounds was characteristic for alkaline
conditions only: Compound J (Figure 4) with a corresponding m/z of 487.42 (Figure 2B;
left panel).
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Figure 2. PK20 (panel left) and [Ile9]PK20 (panel right) degradation in acidic (1M HCl) and basic (1M
NaOH) conditions depends on: the temperature and time of exposure (panel (A) and (B), respectively)
and time of exposure (panel (C) and (D), respectively). Chromatograms show degradation products
with corresponding molecular weights.
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Figure 3. Thermal (A) and photolytic (B), and oxidative (C) PK20 (panel left) and [Ile9]PK20 (panel
right) chimera degradation.
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Figure 4. Representative structures of potential PK20′s degradation products based on the
molecular weight obtained. Products commonly observed in Figure 2 are given in brack-
ets, and these are as follows: compound K—Pro-Phe-Tle [m/z observed = 374.22 g/mol vs.
MW calculated = 374.5 g/mol]; compound J—Pro-Phe-Tle-Leu m/z observed = 487.42 g/mol
vs. MW calculated = 487.6 g/mol]; compound H—Phe-Lys-Lys-Pro-Phe-Tle-Leu [m/z ob-
served = 890.96 g/mol vs. MW calculated = 891.2 g/mol] with PK20 [m/z observed = 1357.45 g/mol
vs. MW calculated = 1357.7 g/mol].
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The replacement of Tle in PK20 with Ile in [Ile9]PK20 did not significantly change
the compound’s chemical stability. In fact, neither hydrolysis under alkaline and acidic
conditions nor oxidative degradation resulted in spectacular differences between the two
compounds–although the number of potential degradation products increased, particularly
under acidic pH (Figure 2A,C; right panel). Interestingly, only the [Ile9]PK20 exposure to
UV light led to an observable decrease in the stability, as the percentage of the compound
remaining was only 19.25% (in comparison with 37.44% for PK20) (Table 1). Some additional
differences were noted when the compound was treated with temperature, especially under
the two freeze–thaw cycles. Surprisingly, [Ile9]PK20 was much more resistant than its
mature hybrid compound PK20, as the recovery reached approximately 100% (Table 1).

Even though there were no changes in the recovery values for both compounds exam-
ined under acidic and basic conditions, the [Ile9]PK20 half-life deteriorated significantly,
estimated at 117.7 h for acidic and 4.69 h for alkaline conditions.

The exposure of an aqueous solution of PK20 to UV light for 7 h resulted in a slight
degradation (Table 1, Figure 3B—left panel). A similar result was found for PK20 under
oxidative stress (Table 1, Figure 3C—left panel), although an increase in temperature
worsened the obtained results. For PK20 treatment with 30% H2O2, either at a temperature
of 37 ◦C for 24 h or 80 ◦C for 12 h, the remaining compound was 61.04 and 19.60%,
respectively (Table 1). Importantly, some novel degradants were detected as a result of H2O2
treatment, with molecular weights exceeding the value of PK20 (m/z = 1357.45 g/mol)
(Figure 3C; left panel). This was true for the peaks with the corresponding m/z of 1371.27
and 1387.23 g/mol.

As was presented in Figure 2, the PK20 chimera is stable under specific conditions,
although some degradation products can be distinguished (Figure 4). According to the
time of appearance on the chromatogram (retention time), one of the first degradation
products (TR = 8.6 min) was the compound K with m/z of 374.22 g/mol corresponding
with the amino acid structure Pro-Phe-Tle (Figure 2C,D (left panel) and Figure 4). In both
acidic and basic stress, PK20 degradation resulted in the formation of a compound H with a
molecular mass of 890.96 g/mol (TR = 10.0 min) (Figure 2; left panel). Furthermore, in both
conditions, PK20 was degraded to unknown products and/or impurities at the retention
time of PK20 peak (11.2 min): 8.6 (MW = 374.22 g/mol), 9.2 (MW = 384.24 g/mol), 9.7
(MW = 1210.16 g/mol) and 10.6 min (MW = 497.40 g/mol). However, only under alkaline
stress, at 80 ◦C, and at the time-point of 13.6 min, did the chimera produce the compound J

(Pro-Phe-Tle-Leu, MW = 487.42 g/mol) (Figure 2B (left panel) and Figure 4).
Although both PK20 and its analogue [Ile9]PK20 are quite similar in terms of their

stability under thermal, photolytic and oxidative stress (Figure 3, Table 1), where the
differences occurred. These relate to the quantity and quality of the degradation products.
Indeed, as it was presented, the hybrid peptide [Ile9]PK20 breaks down into a much larger
amount of degradation products (Figure 3—right panel)—though some are the same for
PK20 (e.g., compounds with m/z of 1340 and 384 for UV light exposure; Figure 3B, right
and left panels).

Possible structures of several new degradants are presented in Figure 5.
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Figure 5. Representative structures of potential [Ile9]PK20’s degradation products based
on the molecular weight obtained, and identified as: compound K’—Pro-Phe-Tle [m/z
observed = 374.22 g/mol vs. MW calculated = 374.5 g/mol]; compound J’—Pro-Phe-Tle-Leu [m/z
observed = 487.42 g/mol vs. MW calculated = 487.6 g/mol]; compound H’—Phe-Lys-Lys-Pro-Phe-
Tle-Leu [m/z observed = 890.96 g/mol vs. MW calculated = 891.2 g/mol] with [Ile9]PK20 [m/z
observed = 1357.45 g/mol vs. MW calculated = 1357.7 g/mol].

3. Discussion

Peptides are known for their extreme instability under enzymatic and chemical con-
ditions, which are particularly important in terms of drug storage and the route of its
administration into the body. This, in turn, is critically important to both the safety and
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efficacy of drugs. Such stability, or lack thereof, is due to the structure of the molecule.
The prediction of the possible pathway of degradation enables an understanding of labile
functionalities crucial in designing less reactive and more stable analogues [11]. Therefore,
herein we decided to determine whether substituting one amino acid with its structural
isomer may influence the compound stability when exposed to different stress conditions.

Based on previous studies demonstrating [Ile9]PK20 as a much weaker analgesic
peptide in comparison to PK20, with a completely different pharmacokinetic profile [8,9]
it was probable that the insertion of Ile instead of Tle into the compound’s peptide chain
could also result in dramatic changes and dissimilarities in chemical stability. However,
none of the factors used, such as acidic or basic pH, oxidative conditions and low or high
temperature, resulted in substantial changes between either peptide. Moreover, these two
compounds were found to be stable, particularly under acidic conditions. Additionally,
thermal treatment did not affect the recovery of the peptides. However, when exposed
to UV light for 7 h, [Ile9]PK20 turned out to be more rapidly degraded than its mature
compound, as the percentage of [Ile9]PK20 remaining was only 19.25% (in comparison with
37.44% for PK20).

Although there were no important changes in the behavior of both compounds, the
replacement of Tle with Ile in the peptide chain influenced their half-life.

The half-life is a key element in the therapeutic efficacy and potency of drug molecules
at the site where it is administered. In addition, it is well known that incorporating a
non-natural amino acid into the peptide results in the extension of its half-life [12]. This is
consistent with our results demonstrating Tle as a crucial element that possibly induces
conformational changes of the entire molecule. Thus, the final effect is the improvement in
the resistance to the action of numerous stress factors. Indeed, the presence of Tle in PK20
led to the achievement of long-term stability, both in acidic and basic conditions. The PK20
half-life values were 204.4 h for 1 M HCl and 11.36 h for 1 M NaOH. At the same time, Tle
substitution for Ile resulted in a significant reduction in the half-life: 117.7 h for acidic and
4.69 h for alkaline conditions [13].

When analyzing the mass peaks from the LC-MS/MS and, further, the type of the
assigned structure that were formed under the stress conditions, significantly more peaks
were shown for [Ile9]PK20 compared with PK20. The degradation reactions, and ultimately
the efficiency of degradation processes, vary as a function of the environmental conditions
and reaction types, and are dependent on the structure of the compound exposed. In
line with this, apart from the identified degradation products, the used factors (i.e., UV,
temperature, acidic or basic pH, etc.) possibly induced modifications on the amino acids,
as some products with the molecular weight exceeding the output value were detected.
The situations mentioned above are well known in the literature [14,15]. For example, as
provided by Alsant et al. [11], changes in the MW of +16 and +32 amu occur frequently
and correspond to the addition of one and two oxygen atoms, respectively. Likewise, a
change in the MW of +18 or −18 amu can readily be explained by the addition or loss of
water. Additionally, other products have been described in the literature, such as side chain
ring opening or isobaric conversion between amino acids by way of the loss of side chain
groups [16]. Furthermore, UV irritation is well known for its ability to produce reactive
species, including hydroxyl radicals (OH•), superoxides (O2

−), solvated free electrons
(eaq

−), hydroperoxyls (HO2
•) and hydrogen peroxide (H2O2) [16,17]. Similarly, several

free or bond amino acids can be found to undergo photolytic oxidation when exposed to
UV light or H2O2 solely [18,19]. Our studies revealed numerous unidentified degradation
products, although we can suspect the modification type from the change of m/z. For
instance, the decrease in mass of −17 amu under UV light suggests detachment of the OH•
radical (1340.25). However, most of the degradation products cannot be identified only by
LC-MS/MS analysis. Nonetheless, additional studies are needed to determine the exact
structures of every potential degradation product or impurities, as well as to predict the
pathway of degradation.
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4. Materials and Methods

4.1. Drugs and Chemicals

PK20 (Dmt-D-Lys-Phe-Phe-Lys-Lys-Pro-Phe-Tle-Leu-OH) and its analogue [Ile9]PK20
(Dmt-D-Lys-Phe-Phe-Lys-Lys-Pro-Phe-Ile-Leu-OH) were synthesized as previously de-
scribed using Fmoc-based solid-phase peptide synthesis (SPPS) [20]. Methanol (LC-MS
grade) and acetonitrile (LC-MS grade) were purchased from Merck KGaA (Darmstadt,
Germany). Deionized water was produced with a Simplicity UV system (Merck-Millipore
(Burlington, MA, USA). Hydrogen peroxide (H2O2), sodium hydroxide (NaOH) and hy-
drochloric acid (HCl) were purchased from POCH (Gliwice, Poland).

4.2. LC Apparatus and LC-MS Conditions

The LC-MS/MS was performed using a Dionex Ultimate 3000RS device (Dionex,
Sunnyvale, CA, USA) equipped with an autosampler, column oven and degasser. The
chromatograph was coupled with a Bruker Amazon SL ion trap mass spectrometer (Bruker
Daltonik, Bremen, Germany) without splitting.

The separation was carried out using Kinetex XB-C18 column (150 mm × 2.1 mm × 1.7 μm;
Phenomenex, Torrance, CA, USA). The mobile phase consisted of A: 0.1% formic acid in
deionized water and B: 0.1% formic acid in acetonitrile (MeCN). The two-step gradient was
used from 5% B to 50% B in 13 min and from 50% B to 65% B up to 20 min. The column
temperature was maintained at 25 ◦C with a flow rate equal to 0.3 mL/min. The eluate was
introduced directly to the mass spectrometer. The ion trap setting was as follows: capillary
voltage 4500 V, endplate offset 500 V, nebulizer pressure 40 psi, drying gas temperature
145 ◦C and gas flow rate 9 L/min. The instrument used a smart parameter setting (SPS)
fixed at 1000 amu. The scan range was from m/z = 70 to m/z = 2200. Compounds were
analyzed in negative ion mode.

4.3. The Stock Solution of Investigated Compounds

Accurately weighed, around 1 mg of each compound was dissolved in deionized
water to reach the stock solution’s concentration of 1 mg/mL. The stock solution was
prepared before each experiment and used immediately.

4.4. Quantification of Peptides Using LC-MS

Before LC analysis, the ionization of each quantified compound in the positive ion
mode was optimized by the direct injection of standard (50 μg/mL in 0.1% HCOOH in
H2O; 0.3 mL/min) into the ESI source of the mass spectrometer. The intensity of the most
abundant ion for each compound was monitored in order to choose optimal conditions.
The quantification of investigated compounds was performed using the dominating ion
(for both PK20 and [Ile9] PK20 the ion at m/z =1357.40 ± 0.3, retention time ca. 11.2 min).

The calibration curves were plotted as the amount of injected compound (ng) vs.
detector response (peak area) using extracted ion chromatograms (EIC) for the characteristic
ion for each compound. The linear range for each quantified compound was between 5
and 200 ng per injection. Five amount levels were used for the plotting of curves. Samples
at each level were analyzed in triplicate.

4.5. Method Validation

The method for quantifying peptides detected during the LC-MS analysis was val-
idated according to ICH guidelines [21]. Method selectivity, sensitivity, linearity and
precision were evaluated. The developed method met ICH criteria in each of the evaluated
aspects. The method was selective, sensitive, linear and precise and could be used to
assess the degradation processes of investigated peptides. Calibration curves, recorded
MS spectra for standards, samples chromatogram of standards and method precision and
recovery data are given in the supplementary materials (Figures S1–S3 and Table S1).
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4.6. Degradation and Analysis Procedures of the Stressed Compounds

The stability of PK20 and [Ile9]PK20 was tested under acidic, basic, oxidative, heat,
freeze and ultraviolet light conditions. All experiments were conducted in triplicate (n = 3).
The comparison of peak areas in degradative and non-degradative conditions for both
compounds can be observed in Figures 3 and 4.

4.6.1. Acid and Base Hydrolysis

Drug solution (50 μg/mL) was prepared in HCl (1 M) or NaOH (1 M). Aliquots were
kept at a temperature of 80 ◦C (LBK type water bath, SWL Bytom, Poland) for 12 h and
37◦C (medical water bath, LW102, Auritronic, Krakow, Poland) for 24 h. At a specific
time-point, acidic and basic solutions of both PK20 and [Ile9]PK20 were neutralized with
an equal volume of 1 M NaOH or 1 M HCl, respectively, and diluted with an equal volume
of 0.2% formic acid in acetonitrile and analyzed using LC-MS.

4.6.2. Thermal Degradation

Solutions (50 μg/mL) of both hybrid peptides were prepared in Mili-Q water, and
aliquots were kept at room temperature 22 ◦C, 37 ◦C and −80 ◦C for 24 h and at 80 ◦C
for 12 h. One aliquot was also subjected to two freeze–thaw cycles with the sample first
frozen at −80◦C for 24 h, defrosted under running tap water at room temperature for
2 h and second frozen at −20◦C for 24 h and defrosted under running tap water at room
temperature for 2 h. Then, the solutions of PK20 and [Ile9]PK20 were diluted with an equal
volume of 0.2% formic acid in acetonitrile and analyzed with LC-MS.

4.6.3. UV Degradation

PK20 and [Ile9]PK20 solution (50 μg/mL) was prepared in Mili-Q water, and aliquots
were kept in clear plastic vials exposed to UV light (366 nm, Camag, UV Lamp 4, Camag,
Switzerland) for 7 h. After the incubation, the drug solution was diluted with an equal
volume of 0.2% formic acid in acetonitrile and analyzed with LC-MS.

4.6.4. Oxidative Degradation

PK20 and [Ile9]PK20 solution (50 μg/mL) was prepared in 30% (v/v) hydrogen per-
oxide (H2O2). Aliquots were incubated at 37 ◦C for 24 h and 80 ◦C for 12 h. After the
incubation, each drug solution was diluted with an equal volume of 0.2% formic acid in
acetonitrile and analyzed with LC-MS.

5. Conclusions

Drug degradation is crucial for the clinical response of a compound. Here, we com-
pared the chemical stability of two hybrid peptides that differ in nature by way of one
amino acid (tert-leucine vs. isoleucine in PK20 and [Ile9]PK20, respectively). Our studies
indicated that, although the difference in chemical stability is not substantial, the half-time
of PK20 is significantly higher than for [Ile9]PK20 for both basic as well as acidic conditions.
Moreover, the recovery of PK20 is higher for both UV and oxidative conditions. These
differences may be important for future in vivo use of both compounds. Additionally, our
study shows, for the first time, that the simple change of one amino acid can influence the
chemical stability of a whole molecule. Thus, it is important to perform stability analysis
for every analogue of a known compound, even if the modification is small and seems to
be negligible.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231810839/s1.
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Abstract: The purpose of this work was to demonstrate the use of the AQbD with the DOE approach
to the methodical step-by-step development of a UHPLC method for the quantitative determination
of the impurity profile of new CPL409116 substance (JAK/ROCK inhibitor) on the preclinical and
clinical step of drug discovery studies. The critical method parameters (CMPs) have been tested
extensively: the kind of stationary phase (8 different columns), pH of the aqueous mobile phase
(2.6, 3.2, 4.0, 6.8), and start (20–25%) and stop (85–90%) percentage of organic mobile phase (ACN).
The critical method attributes (CMAs) are the resolution between the peaks (≥2.0) and peak symmetry
of analytes (≥0.8 and ≤1.8). In the screening step, the effects of different levels of CMPs on the
CMAs were evaluated based on a full fractional design 22. The robustness tests were established
from the knowledge space of the screening step and performed by application fractional factorial
design 2(4−1). Method operable design region (MODR) was generated. The probability of meeting
the specifications for the CMAs was calculated by Monte-Carlo simulations. In relation to literature
such a complete AQbD approach including screening, optimization, and validation steps for the
development of a new method for the quantitative determination of the full profile of nine impurities
of an innovative pharmaceutical substance with the structure-based pre-development pointed out
the novelty of our work. The final working conditions were as follows: column Zorbax Eclipse
Plus C18, aqueous mobile phase 10 mM ± 1 mM aqueous solution of HCOOH, pH 2.6, 20% ± 1%
of ACN at the start and 85% ± 1% of ACN at the end of the gradient, and column temperature
30 ◦C ± 2 ◦C. The method was validated in compliance with ICH guideline Q2(R1). The optimized
method is specified, linear, precise, and robust. LOQ is on the reporting threshold level of 0.05% and
LOD at 0.02% for all impurities.

Keywords: Analytical Quality by Design (AQbD); design of experiment (DOE); method operable
design region (MODR); pharmaceutical impurity profiling; analytical method development; CHI
logD; CPL409116; JAK/ROCK inhibitor

1. Introduction

The pharmaceutical industry is closely regulated by the quality control system. The
quality of pharmaceutical products and substances (API) should be assured and doc-
umented at every stage of the manufacturing and product lifecycle. According to the
International Council for Harmonization ICH Q9 guideline [1], it is not enough to ensure
quality, it is also necessary to identify and control the potential quality problems arising
during the process of development and manufacture. In order to fulfil this requirement, a
systematic approach to the pharmaceutical process and product development is necessary.
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This approach is known as quality by design (QbD) and is outlined in the ICH Q8 guide-
line [2]. Originally, the QbD methodology focused on the development of pharmaceutical
manufacturing but recently it has been implemented into the development and optimiza-
tion of analytical methods and is called Analytical Quality by Design (AQbD) [3–8].

Appropriate analytical methods are necessary to ensure the effectiveness and safety
of a pharmaceutical product and to meet regulatory requirements, as well as QC needs.
The inefficient analytical methods can lead to inaccurate results and misleading informa-
tion, significantly affecting the drug development process. The application of the AQbD
approach ensures that analytical procedures are well understood, robust, and consistently
deliver the intended performances throughout their lifecycle.

The application of QbD into analytical methods development has been well adopted by
the pharmaceutical and biopharmaceutical analysts [3–10] and has progressively increased
over the last years to achieve a higher quality of analytical methods and thus a higher
quality of the pharmaceutical product. Most of the applications are focused on the use of
experimental design (DOE) and statistical screening of spaces of the method’s operating
parameters to account for method robustness, especially for separation techniques [11–20].
Also, there have been published papers describing a general, systematic life-cycle approach
to the development of analytical procedures. [6,8,21–25]. However, much more effort is
still required to improve the AQbD procedures and target the concept towards all kinds of
methods from clinical to commercial and manage their lifecycle management as well as
updated regulations. Therefore, it is expected that the update of ICHQ2(R1) [25] and the
development of a new ICHQ14 [26], guidelines for the development of current analytical
procedures will be released soon and is an excellent opportunity to define how analytical
methods should be developed, described, and validated in regulatory submissions.

The AQbD methodology is quite similar to the QbD process as described in ICH Q8 [2].
The starting point is to define the intended purpose of the method and the analytical target
profile (ATP), while in QbD it is the step to define the quality target product profile (QTPP).
Each analytical method should have its intended purpose, taking into account the area
of its application, for example, to support research, manufacturing process, formulation
development, release, and stability testing for clinical or commercial drugs, quantitative,
qualitative, or limit tests. The method ATP is determined by combining the intended
purpose and the ICH Q2(R1) quality requirements [25], such as specificity, precision,
accuracy, linearity, range, quantitation limit, and detection limit. Furthermore, the potential
critical method attributes (CMAs) could be determined as an analytical equivalent of the
critical quality attributes (CQAs) in the QbD approach. CMAs should fulfil the specification
requirements as well as the quality limits of the measured parameters. The next step
of AQbD workflow is risk-assessed to identify and prioritize factors (critical method
parameters, CMP), that can affect the method attributes [11,19,24]. The Ishikawa diagram
is a useful tool to identify critical method parameters. CMPs are further investigated
for robustness using the statistical DOE and multivariate analysis. DOE is a structured,
cost-effective, and cost-efficient method to organize, limit the number of experiments, and
determine the simultaneous effects and interactions of multiple CMPs on the CMAs. The
objective of DOE is the definition of the analytical DS—MODR (method operable design
region), which is the operating range of CMPs that guarantee quality results. [9,20,21].
Figure 1 shows the scheme of the AQbD methodology.

The aim of the study was to apply the AQbD approach to the methodical step-by-step
development of a chromatographic method for determining the full profile of impurities,
process, and degradations, an innovative pharmaceutical substance of the CPL409116
(Figure 2), dual JAK (Janus kinase) and ROCK (Rho-associated kinase) inhibitor [28–30].

Control of the purity of the CPL409116 substance was crucial at the stage of devel-
opment of the process of large-scale synthesis and the production of the substance for
preclinical and clinical trials.

To meet the quality requirements of the formal ICH regulatory guidelines [2,25], but bearing
in mind the cost and time effectiveness of the preclinical stage of drug development main goal
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was to design a quick, simple, and robust analytical method that allows easy application for
control of manufacturing of finished dosage form of a pharmaceutical product.

Figure 1. AQbD methodology workflow on the base of Tome at al. [27].
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Figure 2. Chemical structure of CPL409116.

Based on our best knowledge, the literature presented works related to the partial
introduction of QbD to the correction, verification, and improvement of pharmacopeial
methods or methodologies of known pharmaceutical substances [11,12,19,31,32]. Our
studies were focused on the implementation of the complete AQbD approach including
screening, optimization, and validation steps, for the development of a new method for
the quantitative determination of the full profile of nine impurities from the process and
degradation of an innovative pharmaceutical substance. In our case, structure-based
analysis was a very important step due to the greater differences in the structures of
the tested compounds than in the case of the presented optimizations of the methods
for the separation of related compounds. For these reasons, the structure-based pre-
development studies based on the calculated physicochemical properties such as logP, logD,
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pKa including CHI logD—experimentally determined chromatographic hydrophobicity
index were also performed.

Our work concerns a wider range of simultaneously optimized parameters of the
chromatographic method compared to those described in the literature. The development
presented in [31–33] was carried out on one column, while our study tested eight different
stationary phases. We also used a much wider screening of pH values of the aqueous
mobile phase (from 2.6 to 6.8).

Moreover, apart from the commonly considered resolution between neighbors peaks
as a critical method attribute (CMA), we also took into account the peaks symmetry factor,
which is important in terms of quality criteria.

2. Results and Discussion

2.1. Analytical Target Profile (ATP)

Controlling the impurity profile of a pharmaceutical active substance and pharma-
ceutical formulation is a key element for drug development and quality assurance since
the provided data can directly influence the safety of drug therapy, reducing the impurity-
related adverse effects of drug products.

There are two main steps of the control of impurities during the manufacture of drugs,
the control of raw materials before drug manufacturing and the control of finished products
before batch release. This two-stage control process requires selective, specific, and sensitive
analytical techniques. In this context, the most current techniques coupled to AQbD for the
quantitation of impurities in active pharmaceuticals ingredients (APIs) are high-performance
liquid chromatography (HPLC) and ultrahigh-pressure liquid chromatography (UHPLC) in
reversed-phase mode with UV or mass spectrometer detectors [9,11,12,14,15]. In this work,
the UHPLC method with UV detection was optimized.

The first step in the AQbD approach is to define ATP [11–13]. The ATP conceptu-
alizes the objective of the analytical method, but also the quality requirements for the
reportable result, which include both performance characteristics associated with one or
more CMAs and criteria for validation parameters for demonstrating that the method is
fit for purpose [11,20]. When dealing with quantitative determination of impurities, the
ATP is mainly focused on method selectivity to ensure a complete separation between API,
related and unknown impurities, and at a pinch also—excipients. The second objective is
also to achieve the required sensitivity of the method (limit of quantitation (LOD) equal or
lower than the 0.05%) [11,13]. The method under development was intended to be used in
routine quality control, hence the criteria for ATP related to the validation parameters were
generally taken from the ICH Q2 (R1) guidelines [9,25].

Therefore, in the present study, ATP is set as: (a) a robust, selective, and specific
method, (b) good linearity, precision, and accuracy of impurities determination, and (c)
statistically challenged validation [11,12].

2.2. Risk Assessment, Critical Method Attributes CMAs, Critical Method Parameters CMPs

CMAs are an element of method performance that must be measured to access whether
a method can produce fit for purpose data. The CMAs are directly connected with the ATP
and are response variables that can give information on the quality of the chromatogram.
In the present study, the CMAs are: (a) resolution between the peaks should be ≥2.0,
and (b) peak symmetry of analytes should be ≥0.8 and ≤1.8. Many parameters could
influence the chromatographic performances (of CMAs), which involve aspects related to
the chromatographic system, the column, and the mobile phase. In order to indicate the
risk factors of the chromatographic method, a fishbone diagram was performed as shown
in Figure 3 [11,14,34].

From this diagram, it was possible to identify the CMPs that could potentially affect the
selected CMAs and, therefore, required an in-depth investigation using DOE methodologies.
The following parameters were considered for the multivariate optimization: stationary
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phase chemistry, pH of aqueous eluent of the mobile phase, start and stop percentage of
organic eluent of the mobile phase, and oven temperature.

Figure 3. Ishikawa diagram for critical method parameters (CMP).

The settings of the other factors were selected based on preliminary experiments. In
particular, following common practice, the injection volume was set to a low value (1 μL),
gradient time was set to 7 min (to obtain optimum analysis time, elution time for all of the
compounds is lower than 4 min), and the flow rate of mobile phase was set to 0.5 mL min−1.

In this study linear gradient elution has been chosen. This is simple and typically
the default elution method (“first choice” method) during chromatography methods de-
velopment. The linear gradient minimizes peak broadening against isocratic elution and
produces more accurate and repeatable results. This second factor is particularly relevant
when a transfer method to another instrument is an option, thus linear elution allows
for the development of a more universal methodology. Different gradient speeds have
occurred by changing the initial and final amount of organic phase, at a range from 20% to
25% and from 85% to 90%, respectively.

ACN was chosen as a type of organic solvent in the mobile phase. MeOH as an organic
solvent has been disregarded on a base of preliminary studies, due to high retention and
no elution of some of the tested compounds.

Moreover, the wavelength of UV detection was determined and set to 297 nm as a
maximum of absorbance JAK01 (CPL409116) and eight of its impurities and 230 nm to
control the JAK SM-05 impurity.

2.3. Structure-Based Pre-Development Study

One of the first steps during the development of a chromatographic method is to a
knowledge of the chemical structure of analyzed compounds to assess opportunities and
identify initial risks during optimization of the analytical method, and also to determine
correctly CMPs, like pH of the mobile phase. The basic molecular descriptors, which
strongly affect the retention factors, are hydrophobicity (lipophilicity) of molecules or
ions, expressed by the partition coefficient logP, and distribution coefficient (logD) for
ionizable compounds [35–37]. In addition, most of the new drug molecules that are
currently undergoing preclinical research or clinical trials contain ionized groups. Acid-
base chemistry strongly influences not only retention and chromatography resolution but
also affects band broadening [38,39], which further complicates the development of an
effective separation method.

For the initial characterization and determination of the differences between the
CPL409116 (JAK01) compound and its impurities, calculations of the physicochemical
properties (logP, logD, and pKa) have been performed using the ACD Labs Percepta
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program (Table 1) [40]. On this basis, it was found that most of the molecules have basic
dissociation constants pKa in the range 1.98–2.70 except for JAK-07 (0.90 and 3.98) and
JAK-08 (0.79 and 2.70), and JAK ImpB characterized by basic pKa 2.70 and 3.56, but in
particular, JAK-09, having a different basic nature (pKa = 2.68 and 9.92). In the pH range of
5.5–8.0, all compounds exist in a single, unprotonated form, which definitely facilitates the
development of the chromatographic method.

Table 1. Calculated physico-chemical properties and determined the chromatographic hydrophobicity
index CHI logD of CPL409116 and its impurities.

Compound
Name

logP clogD 2.6 clogD 4.5 clogD 7.4 clogD 10.5 pKa (Acid) pKa (Base)
CHILogD

pH 2.6
CHILogD

pH 7.4
CHILogD
pH 10.5

SM-05 0.46 0.46 0.46 0.46 0.46 − −2.50 −0.12 −0.03 0.99

JAK-09 1.27 −2.03 −1.83 −1.16 1.16 12.52
−1.12
2.68
9.92

0.71 1.22 2.38

JAK ImpC −4.22 −4.29 −4.22 −4.22 −4.22 13.41 −0.95
2.00 1.25 3.41 3.23

JAK ImpA 0.54 0.1 0.53 0.43 −1.91 7.95
12.58

−0.53
2.00
2.68

1.49 1.49 1.99

JAK ImpB 1.07 −0.26 1.02 1.07 1.07 12.52
15.09

−1.11
2.70
3.56

2.40 2.21 2.45

CPL409116
(JAK01)

1.44 0.98 1.43 1.44 1.44 12.52
−1.11
2.00
2.70

3.51 3.09 3.05

JAK-07 3.45 0.96 0.62 0.3 0.3 −
−0.78
0.90
3.98

3.80 2.55 2.57

JAK-08 2.55 2.3 2.55 2.55 2.54 12.52
−1.12
0.79
2.70

4.63 4.04 3.61

JAK ImpE 3 2.71 3 3 3 −
−1.20
1.98
2.40

4.86 4.82 4.07

JAK ImpD 2.65 2.36 2.65 2.65 2.65 −
−1.20
1.99
2.40

5.12 4.46 3.83

A much more complicated situation was concerned with the descriptors determining
the lipophilicity of compounds (logP and clogD). Generally, logP factors show a promising
distinction of retentions in chromatographic conditions. But the data obtained for the com-
pound JAK ImpC (logP/logD = −4.22) suggested very poor retention that was inconsistent
with the observed retention times of the compound in chromatographic conditions.

Due to this observation and to better characterise elution conditions for method devel-
opment, it was decided to determine the chromatographic hydrophobicity index CHI logD
of CPL409116 and its impurities by the methodology described by Valko et al. [41]. Chro-
matographic hydrophobicity index CHI logD has been originally used for high-throughput
physicochemical property profiling for rational drug design [42], where determined values
strongly correlate to lipophilicity (logP and/or logD) of molecules [37,41].

On a basis of determining lipophilicity described by CHI logD at pH 2.6, 7.4 and 10.5
on ACE Ultracore SuperC18 column more valuable data were obtained in a contest of
chromatography interactions molecules with stationary phase extended with their acid-
base properties (Table 1). Particularly, strong pH dependence on retention factors has
been observed for JAK ImpC and also for JAK07, JAK08, and JAK09. Greater differences
and a wider range of CHI logD values, calculated on a base of peaks retention times of
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compounds, in the lower pH range than in the pH 7.4–10.5 range have been observed. The
use of mobile phases with a lower pH would allow obtaining higher chromatographic
resolutions and higher selectivity of the analytical method.

Moreover, CPL409116 is practically insoluble in aqueous solutions (e.g., in phosphate
buffer with a pH of 7.4 below 0.1 μg ml−1), hence the choice of more acidic separation
conditions where the compound may protonate is expected to reduce carryover, problems
with clogging of the column and its longer lifetime.

In summary, various dissociation constants of the tested compounds made it necessary
to check the elution conditions in more detail in the pH range 2.6–6.8, taking into account
peak shape. Using more acidic conditions in the mobile phase should lead to the preparation
of more robust and effective analytical methods. As a final CMP, six different buffers at
pH 2.6, 3.2, 3.8, 4.0, 4.2, and 6.8 as an aqueous mobile phase has been chosen.

Impurities generally have molecular structures that are close to or related to the API,
they also tend to show similar chromatographic behavior. In the case of impurities of
CPL409116 JAK ImpC and JAK ImpA have very close hydrophobic index CHI logD at pH
2.6 that same like main compound have similar retention to JAK07 or JAK ImpD and JAK
ImpE at pH 7.4 (Table 1).

It is possible to modulate the effectivity of separation and chromatographic resolu-
tion by changing the pH of the mobile phase or temperature. But a much more effective
way is modulation of selectivity of stationary phase that is strongly important if analysed
compounds have a very close molecular structure with comparable hydrophobicity. In
this manner, the most effective idea is to explore the selectivity space and chemistry of
stationary phases. Based on the work of Snyder and Dolan [43], [44] five terms describ-
ing selectivity are: (a) the hydrophobic interaction between the solute and the column;
(b) the resistance of the bonded phase to penetration by bulky molecules; (c) hydrogen
bond (H-B) interactions between basic solutes and acidic sites (silanols) in the column;
(d) H-B interactions between acidic solutes and a vicinal-silanol pair on the column surface;
and (e) cation exchange between ionized bases and ionized silanol groups in the column.
On this base the Hydrophobic-Subtraction Model (HSM) has been prepared for quantitative
comparison of differences in chromatographic columns and the resulting data are publicly
available for free through different websites, i.e., www.hplconline.org [45] (accessed on
29 January 2021 or USP chromatographic column database [46].

For the present work, eight columns that differ in chemistry and parameters of station-
ary phase have been chosen (Table 2).

Table 2. List of the tested column and their properties: Fs—factor describes column similarity;
H—parameter is a measure of the phase hydrophobicity; S—a measure of the resistance of the
stationary phase to penetration by a solute molecule; A—measure of the hydrogen-bond acidity of
the phase; B—a measure of the hydrogen-bond basicity of the phase; C—a measure of the interaction
of the phase with ionized solute molecules.

L.p. Column Name Fs H S A B C (pH 2.8) C (pH 7.0) EB USP Type Phase Chemistry

1. ZORBAX Eclipse Plus C18 0 1.03 0 −0.0700 −0.0200 0 0.0200 7.8 L1 C18
2. Kinetex EVO C18 9.65 1.01 −0.00600 −0.170 −0.0240 −0.110 −0.0100 4.38 L1 C18
3. ACQUITY UPLC BEH C18 15.51 1.00 0.0280 −0.366 0.00700 0.142 0.0880 6.4 L1 C18

4. InfinityLab Poroshell
120 Phenyl Hexyl 18.23 0.752 −0.0830 −0.394 0.0180 0.136 0.140 3.59 L11 Phenyl−Hexyl

5. Kinetex Biphenyl 26.75 0.697 −0.173 −0.583 0.0340 0.122 0.817 2.63 L11 Biphenyl
6. Kinetex PFP 78.79 0.680 0.0800 −0.270 −0.0300 0.940 1.53 2.4 L43 Pentafluorophenyl
7. ACQUITY UPLC CSH C18 21.15 0.954 −0.00200 −0.179 0.118 0.0820 0.171 5.62 L1 C18

8. ACQUITY UPLC CSH
Fluoro−Phenyl 25.63 0.708 −0.0590 −0.435 0.129 −0.0680 0.223 2.865 L11 Fluoro−Phenyl

Columns have been chosen on a base similarity factor Fs and also taking into account
differences in acid-base interaction of stationary phase (C(pH 2.8) and C(pH 7.0). CPL409116
contains a few different heterocyclic rings, aliphatic amine functionality, amide, ether and
nitrile substituents chemistry of stationary phases has been diversified between different
chemical modifications, octadecyl, phenyl-hexyl, biphenyl, and pentafluorophenyl.
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Therefore, during screening, the authors advise the fixing of qualitative factors such
as the type of stationary and mobile phases based on scientific knowledge of the molecules
and any relevant impurities. These parameters are very unlikely to change during routine
use. Subsequently, quantitative factors such as pH, and the composition of the mobile phase
or temperature, can be examined when optimizing a method for robustness. If necessary,
pre-tests on qualitative factors can be conducted. Usually, the chosen columns will be those
optimizing peak shapes, time of analysis, and selectivity. Knowledge of the interactions
between the stationary phase, the mobile phase, and the molecule of interest should of
course be included in such studies.

At the stage of preclinical and clinical development, a very important factor is the
assessment of the potential genotoxicity and mutagenicity of new compounds in accor-
dance with the requirements of the ICH M7 (R1) guidelines [47]. In the case of risk or
analysis of mutagenic compounds, it is necessary to use very sensitive analytical methods,
which in most cases means the use more sophisticated methodology or mass spectrometry
detection [48,49].

Compound CPL409116 and their related substances, processing by-products and
impurities, have been evaluated by two complementary (Q)SAR prediction methodologies
to assess the potential mutagenicity of impurities. One methodology should be expert rule-
based (DEREK Nexus, module in Star Drop software) [50–52] and the second methodology
should be statistically-based (Toxicity Estimation Software Tool (T.E.S.T)) [53,54].

No structural alters and no mutagenicity risks were found for the CPL409116 and its
related substances (Table 3) and it did not require changes to the previous assumptions
regarding the level of impurity quantification.

Table 3. Summary of evaluation of mutagenicity. (Q)SAR results for CPL409116 and related substances.

Compound Name
DEREK Nexus Results

(Q)SAR Rule-Based
T.E.S.T Results

(Q)SAR Statistic-Based
ICH M7 Class

CPL409116
(JAK-01)

Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.25 Class 5

JAK-07 Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.26 Class 5

JAK-08 Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.23 Class 5

JAK-09 Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.39 Class 5

JAK SM-5 Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.22 Class 5

JAK ImpA Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.16 Class 5

JAK ImpB Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.28 Class 5

JAK ImpC Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.29 Class 5

JAK ImpD Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.15 Class 5

JAK ImpE Mutagenicity is INACTIVE Mutagenicity NEGATIVE
Predicted value p = 0.16 Class 5

2.4. Screening Study

The Screening Phase Method development was initiated with the screening activity
using an Agilent scouting system equipped with an 8-position column manager and solvent
selection valve. For screening experiments, eight column chemistries with a wide range
of selectivity difference, wide pH range, different bonding, and with different similarity
factors (Fs) [12,43] were used. A large difference in Fs factor indicates that the two columns
are very different. During this study, columns’ Fs values were compared with Agilent
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ZORBAX Eclipse Plus C18. Columns selected, operating pH range of the columns, bonding
details, and Fs values were mentioned in Table 2.

The buffer pH selection was carried out in the range of pH 2.6–6.8. Formic acid solution
(10 mM) was used to prepare a buffer solution of pH 2.6, and ammonium formate (10 mM)
buffer with different concentrations of additives was used to prepare buffer solutions of pH
3.2, 4.0, and 6.8. The initial screening experiments were carried out using different columns,
different pH buffer solutions, and different components of a start (from 20% to 25%) and
end gradient (from 85% to 90%) organic modifier compositions as variables.

The statistical experimental design was performed based on full fractional design 22

(two factors: start and end gradient composition, two-level) with full repetition for each
tested column and difference pH of buffer solutions [13,14]. Flow rate, gradient time, and
column temperature were kept constant. A total of 128 experiments were performed by
statistical design at the screening step.

After running the screening experiments, processing was done to integrate all the
peaks properly and then the generated chromatographic responses were transferred to
the STATISTICA software [55–57] to generate knowledge space for linear additive effects,
curvilinear effects, and complex effects of different variables.

Multiple linear regression was applied for the calculation of the coefficients of the nine
models for resolution between all pairs of peaks (Rs) and 10 models of the symmetry factors
for all peaks (As), then the models were refined to improve their quality by removing some
of the non-significant and entangled effects. The evaluation of statistical analysis tools
like ANOVA for each response was used to determine the significance of each method
parameter selected for the study using the p-value (significance level p < 0.05). For all
models, good fits were obtained; coefficients of determination R2 were above 0.99, and lack
of fits is not statistically significant (p > 0.05).

The results are evaluated based on the desirability factor used in the STATISTICA soft-
ware [55–57]. The desirability factor approach is a very useful method for the optimization
of multiple response processes. The relationship between the approximated (predicted)
baseline responses and the utility of the response is called the desirability function. The
idea behind this approach is the “quality” of a product or process that has multiple qual-
ity characteristics, with one of them outside of some “desirability” limits, is completely
unacceptable. The method finds operating conditions that provide the “most desirability”
response values. 0.0 represents a completely undesirable value and 1.0 represents a com-
pletely desirable or ideal response value. In this study, for resolutions between all pairs
of peaks, desirability equals 0.0 when all resolution factors are less than 2.0, for symmetry
factors desirability equals 1.0 when all symmetry factors are more than 0.8, and desirability
equals 0.0 when all symmetry factors are more than 1.8.

Cumulative desirability plots of results and multiple response curves are used to iden-
tify the optimum pH of the aqueous mobile phase, range of start and end % of acetonitrile,
and a suitable column for further optimization.

The trellis graph (Figures 4 and 5) shows the results (desirability plot) of screening
experiments using different columns, different pH, different start, and final % of acetonitrile,
separately for the resolutions and symmetry factors. The red tint in the graphs shows the
“knowledge space”, the area where all the critical method attributes (CMAs), i.e., the
resolution between peaks, and symmetry factors are within the expected range (Rs ≥ 2.0,
and 0.8 ≤ As ≤ 1.8), and green tint shows the area where no requirements of CMAs are
not met. Figure 6 presented an example of chromatograms corresponding to the selected
conditions of separation from screening tests.

Based on the evaluation of the screening experiments results calculated by the STATIS-
TICA Software (version 13.3) TIBCO Inc. (Palo Alto, CA, USA), the values of the critical
parameters of the methods (CMPs) allow for obtaining the optimal conditions, meeting the
acceptance criteria (CMAs) for the separation of the test substance CPL409116, and its nine
impurities are shown in Table 4.
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pH 2.6 pH 3.2 pH 4.0 pH 6.8

C1

C2

C3

C4

C5

C6

C7

C8

Figure 4. Screening experiment results showing the interaction effect of columns, % of organic
solvent at the start and end gradient, and pH with CMAs as a desirability plot of resolutions (RS).
C1—ZORBAX Eclipse Plus C18 (2.1 × 50 mm, 1.8 μm, Agilent Technologies), C2—Kinetex EVO
C18 (2.1 × 50 mm, 1.7 μm, Phenomenex), C3—ACQUITY UPLC BEH C18 (2.1 × 50 mm, 1.7 μm
Waters), C4—InfinityLab Poroshell 120 Phenyl Hexyl (2.1 × 50 mm, 1.9 μm, Agilent Technologies),
C5—Kinetex Biphenyl (2.1 × 50 mm, 1.7 μm, Phenomenex), C6—Kinetex PFP (2.1 × 50 mm, 1.7 μm,
Phenomenex), C7—ACQUITY UPLC CSH C18 (2.1 × 50 mm, 1.7 μm, Waters), and C8—ACQUITY
UPLC CSH Fluoro-Phenyl (2.1 × 100 mm, 1.7 μm, Waters).
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pH 2.6 pH 3.2 pH 4.0 pH 6.8

C1

C2

C3

C4

C5

C6

C7

C8

Figure 5. Screening experiment results showing the interaction effect of columns, % of organic solvent
at the start and end gradient, and pH with CMAs as a desirability plot of symmetry factors (AS).
C1—ZORBAX Eclipse Plus C18 (2.1 × 50 mm, 1.8 μm, Agilent Technologies), C2—Kinetex EVO
C18 (2.1 × 50 mm, 1.7 μm, Phenomenex), C3—ACQUITY UPLC BEH C18 (2.1 × 50 mm, 1.7 μm
Waters), C4—InfinityLab Poroshell 120 Phenyl Hexyl (2.1 × 50 mm, 1.9 μm, Agilent Technologies),
C5—Kinetex Biphenyl (2.1 × 50 mm, 1.7 μm, Phenomenex), C6—Kinetex PFP (2.1 × 50 mm, 1.7 μm,
Phenomenex), C7—ACQUITY UPLC CSH C18 (2.1 × 50 mm, 1.7 μm, Waters), and C8—ACQUITY
UPLC CSH Fluoro-Phenyl (2.1 × 100 mm, 1.7 μm, Waters).
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Figure 6. An example of chromatograms from screening experiments on the eight tested columns:
C1—ZORBAX Eclipse Plus C18 (2.1 × 50 mm, 1.8 μm, Agilent Technologies), C2—Kinetex EVO
C18 (2.1 × 50 mm, 1.7 μm, Phenomenex), C3—ACQUITY UPLC BEH C18 (2.1 × 50 mm, 1.7 μm
Waters), C4—InfinityLab Poroshell 120 Phenyl Hexyl (2.1 × 50 mm, 1.9 μm, Agilent Technologies),
C5—Kinetex Biphenyl (2.1 × 50 mm, 1.7 μm, Phenomenex), C6—Kinetex PFP (2.1 × 50 mm, 1.7 μm,
Phenomenex), C7—ACQUITY UPLC CSH C18 (2.1 × 50 mm, 1.7 μm, Waters), and C8—ACQUITY
UPLC CSH Fluoro-Phenyl (2.1 × 100 mm, 1.7 μm, Waters).
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Table 4. Summary of the screening experiments results.

Column pH of Buffer Critical Method Parameters (CMAs)

Optimal Conditions of CMPs

Start Gradient
[% ACN]

End Gradient
[% ACN]

ZORBAX Eclipse Plus C18
(2.1 × 50 mm, 1.8 μm, Agilent

Technologies)

2.6 Symmetry factor of JAK09 and JAK ImpD 19–21 84–86

3.2

Resolution of JAK SM-05/JAK09
Symmetry factor of JAK 09

Symmetry factor of JAK ImpC (>1.77)
Symmetry factor of JAK ImpD

21–23 88–90

4.0
Resolution of JAK ImpC/JAK ImpB (<1.5)

Symmetry factor of JAK ImpD (>2.0)
Symmetry factor of JAK ImpE (>1.9)

not found not found

6.8 Resolution of JAK ImpC—JAK Imp E 20–23 85–90

Kinetex EVO C18
(2.1 × 50 mm, 1.7 μm, Phenomenex)

2.6
Resolution of JAK ImpA/JAK ImpB (<1.5)

Symmetry factor of JAK09 (>1.8)
Symmetry factor of JAK ImpC (>1.8)

not found not found

3.2
Symmetry factor of JAK09 (>1.8)

Symmetry factor of JAK ImpB (>1.8)
Symmetry factor of JAK ImpD (>1.8)

not found not found

4.0 Symmetry factor of JAK09 (<1.7)
Symmetry factor of JAK ImpC (<1.7) 20–24 85–87

6.8 Resolution of JAK ImpB/JAK07 not found not found

ACQUITY UPLC BEH C18
(2.1 × 50 mm, 1.7 μm Waters)

2.6 Resolution of JAK ImpB/JAK ImpC (<0.8) not found not found

3.2
Resolution of JAK ImpC/JAK ImpB (<0.5)

Symmetry factor of JAK09 (>2.1)
Symmetry factor of JAK ImpC (>1.9)

not found not found

4.0 Resolution of JAK ImpB/JAK ImpC (<0.8) not found not found
6.8 Symmetry factor of JAK09 (>1.6) 20–25 85–90

InfinityLab Poroshell 120 Phenyl
Hexyl (2.1 × 50 mm, 1.9 μm,

Agilent Technologies)

2.6 Symmetry factor of JAK ImpC (>2.0) not found not found

3.2 Resolution of JAK07/JAK08 (<0.5)
Symmetry factor JAK07 (>1.8) not found not found

4.0 Resolution of JAK08/JAK01 (<0.5)
Symmetry factor JAK07 (<0.6) not found not found

6.8 Symmetry factor JAK09 (>2.0)
Symmetry factor JAK07 (>1.8) not found not found

Kinetex Biphenyl
(2.1 × 50 mm, 1.7 μm, Phenomenex)

2.6

Resolution of JAK07/JAK01 (<0.6)
Symmetry factor of JAK09 (>2.3)

Symmetry factor of JAK ImpB (>2.4)
Symmetry factor of JAK07 (>2.3)

not found not found

3.2
Resolution of JAK07/JAK01 (<1.1)
Symmetry factor of JAK09 (>1.9)

Symmetry factor of JAK ImpB (>1.9)
not found not found

4.0 Symmetry factor of JAK01 (>2.5) not found not found

6.8 Resolution of JAK07/JAK ImpB (<0.8)
Symmetry factor of JAK07 (>2.4) not found not found

Kinetex PFP
(2.1 × 50 mm, 1.7 μm, Phenomenex)

2.6
Resolution of JAK09/JAK ImpA (<1.6)

Symmetry factor of JAK09 (>1.8)
Symmetry factor of JAK ImpC (>1.8)

not found not found

3.2
Resolution of JAK08/JAK07 (<0.5)
Symmetry factor of JAK09 (>1.8)

Symmetry factor of JAK ImpC (>2.1)
not found not found

4.0 Resolution of JAK ImpE/JAK ImpD (<0.8)
Symmetry factor of JAK ImpC (>1.9) not found not found

6.8 Resolution of JAK08/JAK07 (<0.85) not found not found

ACQUITY UPLC CSH C18
(2.1 × 50 mm, 1.7 μm, Waters)

2.6 Resolution of JAK ImpC/JAK ImpA (<1.8)
Symmetry factor of JAK07 (>1.8) not found not found

3.2 Resolution of JAK07/JAK08 (<2.0)
Symmetry factor of JAK07 (>1.8) not found not found

4.0 Resolution of JAK ImpB/JAK ImpC (<0.6) not found not found

6.8
Symmetry factor of JAK09

Symmetry factor of JAK ImpB
Symmetry factor of JAK07

20–23 85–87

ACQUITY UPLC CSH
Fluoro-Phenyl

(2.1 × 100 mm, 1.7 μm, Waters)

2.6 Resolution JAK ImpE/JAK ImpD (<2.28, >2.00)
Symmetry factor of JAK07 (<1.8) 20–21 89–90

3.2 Resolution JAK ImpE/JAK ImpD (<2.3, >2.00)
Symmetry factor of JAK07 (<1.8) 20–23 85–90

4.0 Resolution JAK07/JAK ImpE (<1.3) not found not found

6.8 Resolution JAK08/JAK01
Symmetry factor of JAK01 (<0.8) not found not found

For further study follow chromatographic condition was selected ZORBAX Eclipse
Plus C18, pH 2.6, 20% of ACN at start gradient, 85% of ACN at end gradient; Kinetex EVO
C18, pH 4.0, 21% of ACN at start gradient, 86% of ACN at end gradient; ACQUITY UPLC
CSH Fluoro-Phenyl, pH 2.6, 20% of ACN at start gradient, 85% of ACN at end gradient.

417



Int. J. Mol. Sci. 2022, 23, 10720

2.5. Optimization and Robustness Testing

In the following step of method development, the conditions chosen during the
screening experiments were tested. The real sample of JAK01 substance and a sample of
the test substance spiked with impurities at the 0.15% level, apart from the SST solution,
were running, and robustness tests were performed. Although the acceptance criteria of
CMAs were met for all three conditions selected for the screening study, a chromatogram of
the real substance with overload concentrations of JAK01 with impurities spiked at 0.15%
level is insufficient. On column Kinetex Evo C18, impurity JAK07 elutes on the slope of
the main peak of JAK01 (Figure 7). On the ACQUITY UPLC CSH Fluoro-Phenyl column
we observe a similar situation, impurity JAK08 elutes on the slope of the peak of JAK01.
Because of this, there may be problems with coelution and peak integration when applying
the method to routine testing.

Figure 7. Chromatogram of JAK01 substance solution spiked with impurities at 0.15% level on the
Kinetex EVO C18 (2.1 × 50 mm, 1.7 μm, Phenomenex) column.

Therefore, the best choice of chromatographic conditions for the determination of
JAK01 impurities seems to be on the Zorbax Eclipse Plus C18 column, pH 2.6, with 20%
of ACN at the start and 85% of ACN at the ending gradient. The higher resolution
(Rs > 8.5) between the main peak of JAK01 and the nearest impurity is observed under
this condition on the SST solution, compared to Kinetex Evo C18 and ACQUITY UPLC
CSH Fluoro-Phenyl columns. On the Kinetex Evo C18 column, the resolution between
JAK01 and the next peak JAK07 equals 2.2, and on the ACQUITY UPLC CSH Fluoro-Phenyl
column resolution between JAK01 and JAK08 equals 5.1.
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In the next step, separations conditions on a Zorbax Eclipse Plus C18 column with
10 mM formic acid pH 2.6 as an aqueous mobile phase were applied to the robustness test.

Typically, the robustness of a developed method is tested by changing one method
parameter at a time, keeping the other variables constant. During our studies, many
variables were changed simultaneously in various combinations using the DOE approach,
based on the fractional factorial design with central point values, and with full repetition
for statistical analysis of robustness.

Apart from variables tested at the screening step, the column temperature, and concen-
tration of formic acid were additionally tested. The range of variable values was established
from the knowledge space of the screening step, % of ACN at the start of the gradient
(20% ± 1%), % of ACN at the end of the gradient (85% ± 1%). The concentration of
formic acid was tested in the range of 10mM ± 1 mM, and the column temperature was
30 ◦C ± 2 ◦C. The other parameters of separation are kept at a constant value that was
detailed described in Section 3.2.

The application of fractional factorial design (2(4−1)) with a center point and repetition
instead of full factorial design with center points (34) and repetition allows obtaining the
same knowledge about the robustness of the method when performing 18 experiments
instead of 81. The runs of the experimental plans were carried out in a randomized order
with SST solution and a test solution containing 0.5 mg mL−1 of JAK01 and 0.75 μg mL−1

of JAK01 impurities corresponding to 0.15% level, to assure sufficient selectivity.
The design of the experiment plan and corresponding raw data were presented in

Table 5.
Multiple linear regression was applied for the calculation of the coefficients of the nine

models for resolution between all pairs of peaks and ten models of the symmetry factors
for all peaks, then the models were refined to improve their quality by removing some of
the non-significant and entangled effects. The evaluation of statistical analysis tools like
ANOVA for each response was used to determine the significance of each method parameter
selected for the study using the p-value (significance level p < 0.05). The graphical analysis
of the effects presents in Figure 8 as an example of the Pareto chart (for Rs between JAK01
and JAK07 and As for JAK01), which allows the retained coefficients and the significant
terms of the models to be identified the impact of the tested variables on the CMAs.

 

Figure 8. The Pareto chart for Rs between JAK01 and JAK07 and As for JAK01 for robustness tests.
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After verifying the reliability of the regression models, the results were converted to
the desirability plots for a specified value of CMAs (Rs ≥ 2.0 for all pairs of peaks, and the
symmetry factor of all peaks 0.8 ≤ As ≤ 1.8) for values of the CMPs from the robustness
testing range. The analysis of these plots was used to estimate the final design space of the
proposed method.

Based on the results of the statistical analysis, we can conclude that the assumed re-
quirements for CQAs are met in the whole robustness tested range of the CMPs—desirability
factors are well above 0.0, near the maximum value equals 1.0.

2.6. Method Operable Design Region (MODR) and Control Strategy

Based on the results of the design of the experiment from robustness tests, the STATIS-
TICA software was also employed for verifying the MODR, i.e., it was checked whether
the CMPs selected in the screening phase, in a small range centered on the optimized value,
had a significant effect on CMAs.

For this purpose, probability maps were calculated by Monte-Carlo simulations,
propagating the predictive error by using the model equation to the CMAs and computing
the probability of reaching the desired objectives [11,12]. The threshold for the risk of
failure was set to 10%. This means that in the calculated zone the values of the CMAs are
satisfied with a probability of 90%. For all variables (CMAs) risk of failure was well below
10% at the robustness tested range of CMPs.

Based on the statistical result evaluations of the screening, optimization, robustness,
and risk tests, the MODR corresponds to the following intervals, 20% ± 1% of ACN at the
start of the gradient, 85% ± 1% of ACN at the end of the gradient, the concentration of
formic acid 10 mM ± 1 mM, and the column temperature 30 ◦C ± 2 ◦C.

The control strategy of the method was designed by taking into account the results
of robustness testing and identifying system suitability criteria [21]. The intervals for the
accepted CMAs values were included between the lowest and the highest values for the
CMAs measured when performing a robustness study. The obtained interval resolutions
for the SST solution were shown in Table 5. Additionally, based on the screening study, we
could define the requirements for the resolution between JAK01 and the nearest impurity
peak for SST solution as more than 6.4. Less value of it causes that impurity peak may
coelute with the main peak of JAK01 at an overloaded concentration in the test solution.

2.7. Validation

Validation of the method was carried out in compliance with ICH guideline Q2(R1) [25].
The validation data are reported in Table 6, showing adequate performances for the in-
tended purpose. The determined content of all CPL409116 (JAK01) impurities showed
evidence of good precision (RSDs were less than 10.0%). LOQ concentration value is on the
reporting threshold level of 0.05% for all impurities.

Table 6. Summary of the validation results.

Parameter Acceptance Criteria
JAK

SM-05
JAK
09

JAK
Imp A

JAK
Imp C

JAK
Imp B

JAK
07

JAK
08

JAK
Imp D

JAK
Imp E

Compliance
with Acceptance
Criteria (Yes/No)

Linearity, R

LOQ—120% of the
specification limit (for each

impurity) Concentration levels
n = 5,

R ≥ 0.99

0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 Yes

Repeatability,
RSD (%)

LOQ—%RSD (area) ≤ 15 %
100% of the specification

limit—%RSD (area) ≤ 15 %

6.8 8.5 2.7 4.7 4.2 9.1 3.4 2.5 2.0 Yes
4.5 5.2 0.8 1.8 2.0 5.3 1.8 3.3 1.5 Yes

Limit of
Detection (LOD),

S/N ≥ 3 (n = 3) 6 3 8 9 11 5 5 4 11 Yes

Limit of
Quantitation (LOQ)

S/N ≥ 10 (n = 6) 21 12 22 29 31 14 16 8 32 Yes

Specificity
Resolution between two

neighboring peaks, Rs ≥ 2.0 - 9.6 12.0 8.4 4.6 9.9 4.1 5.8 5.6 Yes
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The developed method was finally applied for the analysis of a real sample of
CPL409116 substance from a large-scale synthetic process. Overlay chromatograms JAK01
test solution and JAK01 test solution spiked with impurities at 0.15% level shown in
Figure 9.

Figure 9. Overlay chromatograms JAK01 test solution (A), and JAK01 test solution spiked with
impurities at 0.15% level at 230 nm (B), and at 297 nm (C), on the ZORBAX Eclipse Plus C18
(2.1 × 50 mm, 1.8 μm, Agilent Technologies, Waldbronn, Germany) column.
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3. Material and Methods

3.1. Chemicals and Reagents

Reference standard JAK01 (CPL409116) and its impurities (JAK07, JAK08, JAK09, JAK
ImpA, JAK ImpB, JAK ImpC, JAK ImpD, JAK ImpE, and JAK SM-05) were manufactured
in-house by Celon Pharma S.A. (Lomianki, Poland).

Mix reference substances to the distribution coefficient chromatographically deter-
minations (CHI logD) including paracetamol, acetanilide, acetophenone, propiophenone,
butyrophenone, and valerophenone (purity >99.0%) were purchased from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany).

Acetonitrile (ACN) (hypergrade for LC-MS), and methanol (MeOH, hypergrade for
LC-MS) were purchased from Merck KGaA (Darmstadt, Germany), and dimethyl sulfoxide
(DMSO, for HPLC) from POCH (Gliwice, Poland). Formic acid (98–100%, eluent additive
for LC-MS) and ammonia (25% solution, eluent additive for LC-MS) were obtained from
CHEM-LAB NV (Zedelgem, Belgium). Ultra-pure water for HPLC was obtained from the
water purification system Milli-Q IQ 7000 from Merck KGaA (Darmstadt, Germany).

3.2. Solutions and Sample Preparations

A number of buffers (10mM HCOONH4) with different pH levels were prepared
for these experiments. Buffers (pH 3.2, 3.8, 4.0, 4.2, and 6.8) were prepared by mixing
the formic acid solution with different levels of ammonia (25% solution) to adjust the
pH. The individual phases of formic acid were prepared by adding a suitable amount of
concentrated acid to water. Stock solutions were prepared for all compounds and stored at
4 ◦C. A standard stock solution of JAK01 (3 mg mL−1) was prepared using a mixture of
DMSO:MeOH (20:80 v/v). Stock solutions (4 mg mL−1) for each impurity (JAK07, JAK08,
JAK09, JAK ImpA, JAK ImpB, JAK ImpC, and JAK SM-05) were prepared in a mixture
of DMSO: MeOH (20:80 v/v). Stock solutions (4 mg mL−1) for JAK ImpD and JAK ImpE
were prepared in DMSO. Working standard solutions were daily prepared using MeOH. A
mix of all compounds at the concentration level of 0.1–1 μM (as SST solution) was used
to screen the chromatographic conditions. In the next stage of the research, a mixture of
JAK01 (0.5 mg mL−1; 100%) with nine of its impurities (each at the level of 0.75 ug mL−1;
0.15%) was used. For the tested impurities, linearity in the range of 0.05% to 0.18% was also
demonstrated by preparing mixtures of compounds at the appropriate concentration level
and a solution of impurities at 0.02% was prepared for detection limit (LOD) determination.

For the CHI logD determination, separate solutions of all the tested sample were
prepared at a concentration of 1 mM in DMSO. Reference mix solutions have a concentration
of 1 mM in DMSO.

3.3. Instrumentations and Chromatographic Conditions

Eight different chromatographic columns were evaluated: ZORBAX Eclipse Plus
C18 (2.1 × 50 mm, 1.8 μm, Agilent Technologies), Kinetex EVO C18 (2.1 × 50 mm,
1.7 μm, Phenomenex), ACQUITY UPLC BEH C18 (2.1 × 50 mm, 1.7 μm Waters), InfinityLab
Poroshell 120 Phenyl Hexyl (2.1 × 50 mm, 1.9 μm, Agilent Technologies), Kinetex Biphenyl
(2.1 × 50 mm, 1.7 μm, Phenomenex), Kinetex PFP (2.1 × 50 mm, 1.7 μm, Phenomenex),
ACQUITY UPLC CSH C18 (2.1 × 50 mm, 1.7 μm, Waters), and ACQUITY UPLC CSH
Fluoro-Phenyl (2.1 × 100 mm, 1.7 μm, Waters). When performing the chromatographic
optimization, eluent A consisted of formic acid (10 mM, pH 2.6) and ammonium formate
(10 mM) buffer with different concentrations of additives was used to prepare buffer solu-
tions of 3.2, 4.0, and 6.8, and eluent B consisted of the organic solvent (ACN). The elution
was performed with linear gradient mode. The starting and ending percentage of eluent
B was optimized at a screening phase at a range from 20% to 25% and from 85% to 90%.
The ending percentage of eluent B was isocratically maintained for 2 min. The whole
gradient time was 7 min and included 4 min of elution step, 1 min of washing and 2 min of
stabilization step. The other working conditions were as follows: sample injection volume,
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1 μL; flow rate, 0.50 mL min− 1; oven temperature, 30 ◦C (28–32 ◦C); detection UV 297 nm
(230 nm for JAK SM-05), and the autosampler temperature, 15 ◦C.

The chromatographic analyses were run by an Inifinity II 1290 UHPLC Method Devel-
opment System (Agilent Technologies, Waldbronn, Germany) equipped with quaternary
high-pressure pump, 12-position solvent selection valve, multisampler with thermostat,
multicolumn thermostat including 8-position quick-change column selection valve and
diode array detector. UHPLC system was controlled by OpenLab Client/Server System
(version 2.5) (Agilent Technologies, Waldbronn, Germany).

The CHI logD for JAK01 and its impurities was determined on an UltraCore 2.5
SuperC18 (2.1 × 50 mm, 2.5 μm, ACE) column with eluent A consisting of formic acid
(10 mM, pH 2.6), and ammonium acetate (50 mM) buffers with different concentrations
of additives were used to prepare buffer solutions of 7.4, and 10.5, and eluent B consisted
ACN [58].

3.4. Calculations and Software

Calculations of physico-chemical properties were made with the ACD Labs Percepta
software (2020.1.1 release) (Advanced Chemistry Development, Inc., Toronto, ON, Canada)
including PhysChem and Drug Profiler modules [40].

For evaluation of potential mutagenicity two complementary (Q)SAR prediction
methodologies were used DEREK Nexus module (Lhasa Ltd., Leeds, UK) in the Star
Drop software (version 6.6) (Optibrium Ltd., Cambridge, UK) [50–52] was used for rule-
based calculations. For statistically-based (Q)SAR methodology the Toxicity Estimation
Software Tool T.E.S.T (version 4.2.1) (US Environmental Protection Agency, Cincinnati, OH,
USA) [53,54] software was used.

The STATISTICA (version 13.3) TIBCO Software Inc. (Palo Alto, CA, USA) was used
for DOE and investigations—generate plans of the experiment, screening, optimization,
robustness, and risk study of analytical method conditions, and statistical analysis of
obtained results [55–57].

4. Conclusions

The present work has demonstrated the application of AQbD for the selection and
development of a chromatographic analytical method for the determination of purity
CPL409116 (JAK01) for controlling the large-scale synthetic process of the substance, per-
forming stability tests, and manufacturing of the final drug form for clinical trials.

The ultimate goal of the chromatographic method development is to obtain an accept-
able resolution of all components within a reasonable analysis time. To meet the quality
requirements of the formal ICH regulatory guidelines [2,25], but bearing in mind the cost
and time effectiveness of the preclinical stage of drug development, the main goal was to
design a quick, simple, and robust analytical method.

At the beginning of the method development process, physico-chemical properties
of CPL409116 and its related substances have been performed. In practice, not all values
obtained from calculations give adequate information to use for chromatography method
development. However, for this purpose, a very useful strategy is the determination of the
hydrophobicity index CHI logD that gives also the possibility to narrow the scope of tested
pH of the stationary phases at the screening stage.

In the present work, final method selection has been performed by screening analysis
with eight chromatographic columns differing in chemical modifications of the stationary
phase (C18, phenyl-hexyl, biphenyl), three linear gradients with various increasing of the
organic phase, and aqueous phases differing in pH in acidic range (pH 2.6–6.8).

As a result, we selected three different conditions that meet acceptance criteria (ATP),
but as a most universal condition, Agilent Zorbax Eclipse Plus C18 column with 10 mM
formic acid pH 2.6 as an aqueous mobile phase, was applied for the robustness test.

Using a DOE approach and application of fractional factorial design with a center
point and repetition, instead of full factorial design with center points and repetition, allows
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for obtaining the same knowledge about the robustness but is limited to 18 experiments
based on simultaneous changes of many variables.

In this way, the need to perform a large number of analytical runs was effectively
limited, confirming the scope of applicability of the selected analytical method with the
AQbD method. Based on the results of the statistical analysis, we can conclude that the
assumed requirements for CQAs are met in the whole robustness tested range of the
CMPs—desirability factors are well above 0.0, near the maximum value equals 1.0.
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Abstract: In recent years, new cross-linkers from renewable resources have been sought to replace
toxic synthetic compounds of this type. One of the most popular synthetic cross-linking agents
used for biomedical applications is glutaraldehyde. However, the unreacted cross-linker can be
released from the materials and cause cytotoxic effects. In the present work, dialdehyde starch
nanocrystals (NDASs) were obtained from this polysaccharide nanocrystal form as an alternative to
commonly used cross-linking agents. Then, 5–15% NDASs were used for chemical cross-linking of
native chitosan (CS), gelatin (Gel), and a mixture of these two biopolymers (CS-Gel) via Schiff base
reaction. The obtained materials, forming thin films, were characterized by ATR-FTIR, SEM, and XRD
analysis. Thermal and mechanical properties were determined by TGA analysis and tensile testing.
Moreover, all cross-linked biopolymers were also characterized by hydrophilic character, swelling
ability, and protein absorption. The toxicity of obtained materials was tested using the Microtox test.
Dialdehyde starch nanocrystals appear as a beneficial plant-derived cross-linking agent that allows
obtaining cross-linked biopolymer materials with properties desirable for biomedical applications.

Keywords: dialdehyde starch nanocrystals; cross-linking; Microtox test; HSA and AGP adsorption

1. Introduction

Natural polymers are increasingly being used in medical sciences, pharmaceutical,
and food industries due to their high biocompatibility and biodegradability. They are also
susceptible to numerous functionalizations due to multiple reactive groups, such as hy-
droxyl and amino groups. Chitosan and gelatin are examples of such materials. Chitosan is
non-toxic, bioactive, and antibacterial [1]. This significantly increases the interest in research
where chitosan is used in tissue engineering [2], drug delivery systems [3], wound dressing
materials [4], packaging materials [5], and as a dietary supplement in weight reduction and
preparations lowering cholesterol [6]. Another biomaterial commonly used in biomedical
applications is gelatin. Gelatin is one of the main biopolymers widely used in the food,
cosmetic, biomedical, and pharmaceutical industries [7]. However, pure gelatin generally
has uncontrollable dissolvability and degradability, poor mechanical properties, and ther-
mal instability, which significantly limit its wide practical applications [8]. Polysaccharides
require cross-linking to improve their mechanical strength and stability in an aqueous
environment. It can be done by physical and chemical methods, e.g., UV irradiation [9], the
use of natural and synthetic cross-linkers [10,11], or enzymes [12]. Compared to the other
methods, the main advantage of chemical cross-linking is the formation of a strong covalent
bond [13]. The standard cross-linker used for biomedical applications is glutaraldehyde.
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However, this compound cannot be widely used due to inherent disadvantages, especially
in biomedical applications. It was found that glutaraldehyde can lead to undesirable effects
of cytotoxicity.

Moreover, glutaraldehyde is corrosive and irritating to the skin, eyes, and respiratory
tract and is considered to cause health problems for those who handle it, e.g., occupational
asthma [14,15]. Lee et al. [16] showed a decrease in mitochondrial activity in nanofiber
scaffolds cross-linked with glutaraldehyde after two days of culture. Rho et al. [17] also
observed similar cytotoxicity behavior when using glutaraldehyde to cross-link collagen
nanofibers. Current trends aim to look for non-toxic and safe cross-linkers, e.g., based on
biopolymers, which can meet high requirements in medicine [18].

In the past few decades, intensive research on the improvement of the properties
of polysaccharides resulted in the preparation of nanocrystalline polysaccharides. They
are characterized by many valuable properties, such as high tensile strength, differen-
tiated morphology, and large specific surface area, distinguishing them from inorganic
nanoparticles [19]. In starch granules, the crystalline and amorphous regions coexist. Starch
nanocrystals (NCSs) are crystalline structures resulting from the disruption of the amor-
phous form of starch granules by acid hydrolysis [20]. Recently, nanostarch has gained
much attention as a potential reinforcing material in composites due to its excellent mechan-
ical, biodegradable, renewable, and biocompatible properties. Starch nanocrystals, which
combine natural abundance and excellent mechanical properties, are promising candidates
as polymer reinforcement agents, e.g., natural rubber [21] and soy protein plastics [22].

Nowadays, numerous studies are focused on the topic of modification of nanocrys-
talline polysaccharides. The periodate oxidation process is one of the methods of modifica-
tion of nanocrystalline polysaccharides. In this process, the bond between C2 and C3 in the
glycosidic ring is cleaved, and then two aldehyde groups are introduced to these carbon
atoms [23]. This simple one-pot method requires only sodium periodate and water as the
oxidant and solvent, respectively (Figure 1). The aldehyde groups introduced into the
polysaccharide structure can serve as cross-linking agents for biopolymers. The dialdehyde
polysaccharides based on pectin [24], chitosan [25], xylan [26], alginate [27], starch [28],
hyaluronic acid [29], pullulan [30], galactomannan [31], cellulose [32], carboxymethyl
cellulose [33], and xanthan gum [34] are used for cross-linking of polymers containing
amino groups.

Figure 1. Scheme of the oxidation of nanocrystalline starch with sodium periodate.

Proteins play a crucial role in the functioning of living cells. Research into the adsorp-
tion of proteins on the surface of materials has gained widespread attention in various
applications [35]. Therefore, it is necessary to study the interaction of multiple types of
proteins on the surface of biofilms. Examples of such proteins are human serum albumin
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(HSA) and acid glycoprotein (AGP). HSA is the most abundant globular protein in blood
plasma, with a physiological concentration of 40–50 g/L. This blood serum protein in-
teracts with many drugs, making it widely used in the clinical treatment of diseases [36].
Acid glycoprotein is a member of the acute phase protein family with a total molecular
weight of 41–44 kDa [37]. It has a single polypeptide chain of 183 amino acid residues
and is synthesized by the liver and organs such as the heart and lungs [38]. The primary
physiological function of AGP is to transport compounds such as basic drugs, heparin, and
certain steroid hormones [39].

To the best of our knowledge, there is only published work concerning the applica-
tion of dialdehyde cellulose nanocrystals as cross-linking agents [40,41], but not about
dialdehyde starch nanocrystals. Chen et al. [42] described the synthesis method of oxidized
starch nanocrystals. They reported that the oxidation reaction time was two hours in the
dark, and the suspensions were washed by centrifugation with distilled water to pH = 7.
A subsequent paper by Chen et al. [43] proposed combining nanocrystalline dialdehyde
starch with graphene oxide nanosheets to form highly porous aerogels, which can be used
as supercapacitor electrodes and efficient adsorbents. However, no research group used
nanocrystalline dialdehyde starch as a cross-linking agent. Oxidized starch nanocrystals,
like starch nanocrystals, have a large specific surface area [44] of the material, which could
affect the efficiency of the cross-linking process. In addition, starch nanocrystals are charac-
terized by good mechanical properties. Hence, they are used as reinforcement agents [45].
Therefore, we consider that dialdehyde starch nanocrystals can also improve the mechani-
cal properties of materials. In addition, the nanocrystalline form of oxidized starch might
be a more favorable cross-linking agent for the properties of the obtained material.

The objective of the present study was to prepare dialdehyde starch nanocrystals for
cross-linking of biopolymer films. Commonly available methods were applied to perform
the detailed characterization of all received materials. In addition, the mechanical properties
of the obtained materials and their hydrophilic nature using contact angle measurement
were determined. The acute toxicity of the prepared biofilms was preliminarily studied
using the Microtox test. The biological properties of designed, cross-linked biopolymer
films, including adsorption of protein (human serum albumin (HSA) and acid glycoprotein
(AGP)), were tested.

2. Results and Discussion

2.1. Synthesis of Starch Nanocrystals

The acid hydrolysis method of native corn starch was used to synthesize starch
nanocrystals. This simple method removes the amorphous region of polysaccharides using
sulfuric acid. The differences in the size of the granules, their porosity, and the amylose
content affect the hydrolysis efficiency. In addition, it was reported that the pores on the
starch surface increase the availability of acid to the inside of the granule, which promotes
the hydrolysis process [46]. The reaction yield of the obtained nanocrystalline starch was
26%. The NCS yield from maize starch was the same as that reported for waxy maize [47]
and similar to that reported for mango kernel starch [48].

2.2. Characterization of Starch Nanocrystals

The size distributions and particle concentrations of NCSs are shown in Figure 2a. The
mean size of the starch nanocrystals was 58 nm and was consistent with previous results
described by other research groups [49,50].
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Figure 2. (a) SEM image, with inset showing the size distributions and particle concentrations of
starch nanocrystals; (b) ATR-FTIR spectra; (c) X-ray diffraction (XRD) patterns; and (d) TGA-DTG
curves of starch nanocrystals.

The structure of NCSs was confirmed by ATR-FTIR analysis (Figure 2b). Starch
nanocrystals displayed a characteristic FTIR spectrum like that of the native starch. In
the spectrum of NCSs, the absorption bands at 3357 cm−1 attributed to O–H stretching
vibrations, 2867 cm−1 to asymmetric CH stretching, 1149 cm−1 to the stretching vibration
absorption peak of C–O, and 1076 cm−1 to C–O stretching were observed. The received
spectrum is in agreement with the literature data [51]. The band’s intensity at 2928 cm−1,
corresponding to the C-H stretching vibration, was found to change with the ratio of
amylose to amylopectin [52]. A reduction in the amylose ratio results increased the intensity
of this band (2928 cm−1) in the ATR-FTIR spectrum. In the spectrum obtained for starch
nanocrystals, an increase in the intensity of this characteristic band was observed, which
confirms selective hydrolysis of the amorphous regions, mainly containing amylose.

The X-ray diffraction signal of NCSs (Figure 2c) was observed at 2θ around 15◦,
a doublet one at 17–18◦, and another near 23◦, corresponding to a typical A-type starch
pattern [53]. Similar observations were previously reported for starch nanocrystals derived
from cassava starch [54].

The SEM images of NCSs are shown in Figure 2a. After acid treatment, the corn starch
granules were fragmented to nanocrystals, with small, irregular, and square-like structures
with larger aggregates. The morphology of starch nanocrystals is in good agreement with
the crystalline type, as previously reported [55]. Nanocrystals produced from A-type
starches rendered square-like particles.

A TGA-DTG analysis was performed to determine the thermal properties of starch
nanocrystals. The TGA curve and its derivative for starch nanocrystals are shown in
Figure 2d. The thermogravimetric curve of NCSs shows three degradation stages. In the
range between 30 ◦C and 140 ◦C, a 7% mass loss was observed due to evaporation of the
adsorbed water. The intensive decomposition takes place between 310 ◦C and 450 ◦C, with
a 41% mass loss, corresponding to the thermal degradation of the starch polymer chain.
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The additional decomposition step of nanocrystalline starch in the temperature range of
120–360 ◦C, with 27% weight loss, due to the partial degradation of the NCS structure
was observed.

2.3. Synthesis of Dialdehyde Starch Nanocrystals

The oxidized starch nanocrystals were synthesized by the oxidation reaction of the
previously obtained starch nanocrystals. The common oxidation reaction of starch to
dialdehyde starch is described. Still, only two reports are available in the literature on the
synthesis and potential utility of oxidized starch nanocrystals. Sodium periodate (NaIO4)
was used as an oxidation agent in a 1:1 weight ratio with starch nanocrystals to give
dialdehyde starch nanocrystals (NDASs) as high as 65% degree of oxidation. The reaction
was carried out at 40 ◦C for 3 h. Oxidized starch nanocrystals were precipitated from the
reaction mixture with acetone, which greatly facilitated its separation. The reactions with
different sodium periodate:nanocrystal starch ratios (0.5:1, 0.7:1) were also tested, resulting
in 30% and 45% oxidation degrees.

2.4. Characterization of Dialdehyde Starch Nanocrystals

The size distributions and particle concentrations of NDASs are shown in Figure 3a.
The mean size of the oxidized starch nanocrystals was 212 nm. The oxidation process
increased the size of the dialdehyde starch nanocrystals. Opposite results of particle size
changes were reported by Chen et al. [42].

Figure 3. (a) SEM image, with inset showing the size distributions and particle concentrations of
dialdehyde starch nanocrystals; (b) ATR-FTIR spectra; (c) the X-ray diffraction (XRD) patterns; and
(d) the TGA-DTG curves of dialdehyde starch nanocrystals.

The structure of NDASs was confirmed by ATR analysis. After oxidation, the peak
appearing at 1721 cm−1 was attributed to the characteristic absorption of carbonyl groups
(Figure 3b). Its intensity was very weak, possibly because internal cross-links created some
hemiacetal linkage during the oxidation process. The new sharp band at 1631 cm−1 was

433



Int. J. Mol. Sci. 2022, 23, 7652

observed. It may be derived from the carbonyl group after an effective oxidation process of
starch nanocrystals. Additionally, the band at 3372 cm−1 representing hydroxyl stretching
vibrations was of lower intensity than the NCS spectra. This can be explained by the
opening of cyclic structure and oxidation of starch saccharide units. Significant changes
were also noticed in the vibration range of 1300–1400 cm−1, which may be caused by the
opening and oxidation in the glucoside ring between the second and third carbon atoms.

The X-ray diffraction patterns of NDASs showed many intensive signals (2θ = 13.2◦,
15.6◦, 22.7◦, 26.3◦, 30.0◦, 31.4◦, 32.8◦, and 34.1◦) proving the presence of the crystalline
nature of the obtained product. After careful analysis of the literature data, it was shown
that the above diffraction signals could be attributed to the signals derived from NaIO3.
It should be pointed out that obtained product was repeatedly washed with deionized
water, and despite this, NaIO3 signals in the diffractogram of NDASs were observed. This
may indicate the formation of a strong complex between the dialdehyde product and the
reduced form of the oxidant. Previous work noted similar mechanisms for dialdehyde
chitosan and dialdehyde starch [56,57].

After oxidation, the regular square-like particles of starch nanocrystals disappeared
and were transformed into rough shapes with many needle forms (Figure 3a). The needle
form length was less than 10 μm, and coarse shapes had an average size of 5–20 μm.

To determine the thermal properties of oxidized starch nanocrystals, a TGA-DTG
analysis was performed under the same conditions as in the case of NCSs. The TG curve of
NDASs shows three degradation stages (Figure 3d). The first degradation step is observed
between 20 ◦C and 80 ◦C and shows a 5% loss of weight. This weight loss may be related
to the loss of bound water. The intensive destruction takes place in the second stage in the
range between 156 and 410 ◦C and is associated with the 49% mass loss corresponding
to the thermal degradation of the dialdehyde starch nanocrystal chain. At the maximum
decomposition rate, Tmax = 222 ◦C in oxidized starch nanocrystals is lower than that for
starch nanocrystals (Tmax = 365 ◦C) due to the fact that nanocrystalline oxidized starch has
open pyranose rings after oxidation reaction on two and three of the carbon atoms in this
structure. The same effect was observed with dialdehyde starch.

2.5. Formation of Chitosan, Gelatin, and Chitosan–Gelatin Films by Cross-Linking with
Dialdehyde Starch Nanocrystals

The primary purpose of this research work was to obtain innovative polysaccharide-
based material biofilms for biomedical applications. To investigate the effect of oxidized
starch nanocrystals as a cross-linking agent, biofilms of chitosan, gelatin, and chitosan–
gelatin (1:1) were prepared. The amount of cross-linker was 5 wt%, 10 wt%, and 15 wt%
in relation to chitosan, gelatin, and chitosan–gelatin. Biopolymer films were smooth and
transparent (Figure S1).

In order to determine the influence of oxidized starch nanocrystals on the properties
of biofilms, the structure, morphology, thermal stability, and swelling ability were charac-
terized for obtained materials. The properties of the obtained materials determine their
subsequent applications. Materials for biomedical applications should be non-toxic and
biocompatible because of their interaction with biological membranes. They should also be
characterized by hydrophilicity, adequate strength, and porosity, which will allow the free
growth of cells on the material surface.

2.5.1. Determination of Cross-Linking Degree of the Films

The cross-linking of macromolecules causes significant changes in the polymeric
material properties. Thus, the degree of cross-linking is an essential and important feature
for polymer networks. Cross-linking improves the thermal stability and resistance to
cracking effects by liquids. In determining the degree of cross-linking, the non-cross-linked
film was dissolved completely in an acetic acid solution (5%), and the degree of cross-
linking of studied films is presented in Figure 4a. As expected, the degree of cross-linking
of the films increases with the increase in the amount of cross-linking agent. The chemical
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cross-linking between components of films and dialdehyde starch nanocrystals improved
the cross-linking density of polymer films. The highest degree of cross-linking was achieved
for chitosan–gelatin films cross-linked with 15% NDAS addition, which may be caused by
intermolecular cross-linking between both biopolymers.

Figure 4. (a) Degree of cross-linking of chitosan (CS), gelatin (Gel), and chitosan–gelatin (CS-Gel,
1:1) cross-linked by 5%, 10%, and 15% cross-linker; statistical significance is indicated with asterisks:
* p < 0.05. (b) The surface free energy (γs) and its polar (γs

p), and dispersive (γs
d) components for

biofilms based on chitosan (CS), gelatin (Gel), and chitosan–gelatin (CS-Gel) cross-linked with 5%,
10%, and 15% NDASs.

2.5.2. Contact Angle Measurement

Interactions between materials and biological fluids are defined by surface free energy.
Measurements of the contact angle of polar (glycerin) and non-polar (diiodomethane)
liquids can assess the resulting materials’ surface nature and potential applications. Surface
free energy is one of the parameters determining the applications of the obtained materials.
The dispersive and polar components provide detailed information on the tested surface.
The contact angle of glycerin and diiodomethane and the surface free energy and its polar
and dispersive components are presented in Table S1 and Figure 4b.

Results prove that all obtained biofilms have average glycerin contact angles lower
than 90◦, indicating a hydrophilic surface. The value of the surface free energy of pristine
chitosan is 30.70 mJ/m2, which is well confirmed by literature data [58]. Moreover, the
chitosan films cross-linked with NDASs were characterized by a lower wettability by
glycerol than pure chitosan. Chitosan and gelatin films cross-linked by NDASs were
characterized by slightly higher surface free energy values than pure chitosan and pure
gelatin. The same situation may be observed for the values of the polar component for
neat chitosan and gelatin films after the cross-linking process. Gelatin and chitosan films
cross-linked by NDASs were characterized by higher values of γs

p than the neat gelatin and
chitosan film. The highest polarity among the selected materials was Gel-10%NDAS due to
it having the highest polar component of surface free energy. For chitosan–gelatin materials
cross-linked with NDASs, a decrease in surface free energy and its polar component
was observed.

Gierszewska et al. [59] investigated the effect of adding glutaraldehyde (0.5 wt%
content) to chitosan and chitosan/montmorillonite to determine changes in hydrophilicity.
They noticed that the application of the cross-linking agent caused a decrease in the
surface free energy, from 33.5 mJ/m2 (pure chitosan) to 29.5 mJ/m2 in chitosan with
glutaraldehyde. Similar results were obtained for chitosan/montmorillonite cross-linked
with dialdehyde starch. The addition of a cross-linker to these samples caused a decrease
in surface free energy. In work on chitosan and mixtures of collagen materials, hyaluronic
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acid, and chitosan cross-linked with oxidized starch, the surface free energy values after
the modifications were higher [60].

2.5.3. ATR-FTIR Spectroscopy and X-ray Diffraction (XRD)

The strong and broad bands at 3356 cm−1 and 3287 cm−1 were attributed to stretching
vibrations of O–H and N–H, respectively. A weak band at 2867 cm−1 is assigned to
stretching vibrations of C-H. The characteristic absorption bands at 1649 cm−1 (C=O
stretching of amide I) and 1551 cm−1 (N–H bending of amide II) were observed in the
unmodified chitosan spectrum (Figure 5a). The bands in the region of 1151 cm−1 to
1027 cm−1 were the characteristic bands of C–O–C asymmetrical stretching and confirmed
by literature data [61].

Figure 5. ATR-FTIR spectra of (a) chitosan, (b) gelatin, and (c) chitosan–gelatin films cross-linked by
dialdehyde starch nanocrystals and the X-ray diffraction (XRD) patterns of (d) chitosan, (e) gelatin,
and (f) chitosan–gelatin films cross-linked with dialdehyde starch nanocrystals.

The changes in the intensity and shape of the hydroxyl band (3356 cm−1) and amine
band (3287 cm−1) can be explained by the reaction of an amino group of chitosan with the
carbonyl group from a cross-linker. Hoffmann et al. obtained similar results for chitosan
films cross-linked with dialdehyde dextran and glutaraldehyde [62]. Furthermore, in
chitosan films cross-linked with NDASs, a new band near 778 cm−1 is observed, attributed
to the =C–H bond (deformation stretching vibrations). It’s due to the fact that some
aldehyde groups of cross-linker are not linked to chitosan.

In the spectrum of gelatin, the characteristic absorption bands at 3292 cm−1 (assigned
to the O–H stretching, N–H stretching vibrations, and intramolecular hydrogen bonds),
3076 cm−1 (amide B), 2943 cm−1 (CH stretching), 1636 cm−1 (C=O stretching vibration of
amide I), 1537 cm−1 (amide II, attributed to a combination of CN stretch and in-plane NH
deformation), 1242 cm−1 (amide III, corresponds to CN stretching and NH in-plane bend-
ing), and 1077 cm−1 (C–O stretching) were observed (Figure 5b). The received spectrum is
consistent with the literature data [63].

The amino group from gelatin and the aldehyde group of NDASs form a Schiff base,
and a new peak can appear in the region 1650–1600 cm−1 [64]. In addition, in this bio-film,
this cross-linking fingerprint region (1650–1600 cm−1) is covered by the strong amide I
peak of gelatin [65]. In addition, the band at 1077 cm−1 (C–O stretching vibration) becomes
very broad with the addition of NDASs.
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The ATR-FTIR spectrum of the CS-Gel composite showed similar characteristic peaks
of the pure chitosan and gelatin with some shifts. The peaks related to bending vibrations
of the amine groups in pure chitosan were shifted from 1649 cm−1 and 1551 cm−1 to
1642 cm−1 and 1573 cm−1, respectively, in the CS-Gel composite. The shift of amino bands
in the CS-Gel composite spectrum showed a complex involving intermolecular hydrogen
bonding between chitosan and gelatin [66].

A new band formation at 779 cm−1 for CS-Gel cross-linked with NDASs was also
observed, as for cross-linked chitosan samples. In addition, no significant changes in the
spectrum of the cross-linked CS-Gel film were noticed.

The crystalline structure of CS, Gel, and the CS-Gel films cross-linked by NDASs was
characterized by XRD patterns and is shown in Figure 5d–f. The X-ray diffractograms
of CS show crystalline diffraction peaks at 2θ = 10.5◦, 15.1◦, and 20.9◦. According to the
literature [67], these crystalline peaks of pure CS can be ascribed to the reflection planes of
(020), (110), and (200). All the chitosan films cross-linked with NDASs showed diffraction
peaks at 2θ = 20.9◦, while the intensity of this peak decreased with the increase in the
cross-linker amount. The peaks at 2θ = 10.5◦ and 15.1◦ for CS-15%NDAS disappeared.
For gelatin, the signal located at about 2θ = 8.6◦ corresponds to the inter-helix distance
of the triple helix of gelatin, and a broad diffraction peak in the 2θ range of 15.0–25.0 is
typical of the amorphous fraction of gelatin [68]. The obtained pattern is consistent with
the literature data [69]. For the gelatin samples, an increase in the amount of cross-linking
agents caused a decrease in the intensity of signals. However, the chitosan/gelatin mixture
did not show any crystalline peaks, indicating the amorphous structures of chitosan and
gelatin. This result also exhibited that the chitosan and gelatin were mixed well, forming
the composite [70]. The intensity of the diffraction patterns for CS-Gel cross-linked by
NDASs decreases with an increasing amount of cross-linking agent. The same effect was
observed for cross-linked gelatin and chitosan films.

2.5.4. Thermal Analysis

The thermogravimetric decomposition process was used to define the thermal proper-
ties of the obtained biofilms. The thermal parameters of the obtained biofilms are listed in
Table 1, and the TG and DTG curves are presented in Figure S2.

The thermal stability of the films was analyzed using thermogravimetric analysis
(TGA) and the derived thermogravimetric analysis (DTG) to observe various stages of
degradation. Chitosan film exhibits two degradation stages well explained in the litera-
ture [71]. At the first stage of chitosan degradation, approximately 8% of the initial weight
loss occurred between 29 and 140 ◦C due to the loss of moisture content. The main decom-
position stage appeared in the temperature range of 180–420 ◦C. The 51% weight loss in
this stage corresponds to main chain scission, side group abstraction, and ring-opening
reactions. Gelatin film shows two degradation stages [72]. Neat gelatin shows a main
decomposition in the temperature range of 200–450 ◦C, with 62% weight loss. The 9%
initial weight loss between 20 and 120 ◦C is attributed to the removal of moisture and other
volatile impurities. Non-cross-linked chitosan–gelatin film degraded in two steps [73].
The 15% weight loss in the first stage (in the temperature range from 20 to 140 ◦C) was
attributed to water loss. The second stage, with 57% weight loss from 150 to 525 ◦C, was
due to the actual decomposition of the macromolecules.

Three degradation steps were observed in thermogravimetric curves of chitosan,
gelatin, and chitosan–gelatin films cross-linked with NDASs. For all cross-linked films,
the first decomposition stage ranges between 30 ◦C and 120 ◦C. It shows about 8–13% loss
in weight due to the evaporation of bound and adsorbed water, similar to unmodified
polysaccharides and their mixtures. The main step of thermal degradation of all cross-
linked materials is the intensive destruction, which occurs in the temperature range between
160 ◦C and 350 ◦C and shows about 55% loss in weight. Furthermore, there is an additional
stage of decomposition in the temperature range between 120 ◦C and 190 ◦C. The weight
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loss at this stage is slight (2–4%). It may indicate that the cross-linking bond of biofilms was
broken in this step. The content of residue at 600 ◦C correlates with the range of 23–40%.

Table 1. Thermal parameters of neat chitosan (CS); gelatin (Gel); chitosan–gelatin (CS-Gel, 1:1);
and these films cross-linked by 5%, 10%, and 15% addition of NDASs (TGA-DTG analysis in a
nitrogen atmosphere).

Sample

First Stage Second Stage Third Stage Residue
600 ◦C

(%)
Tmax

(◦C)
Δm
(%)

To

(◦C)
Tmax

(◦C)
Δm
(%)

To

(◦C)
Tmax

(◦C)
Δm
(%)

CS 30, 60 8 - - - 145 286 51 40
CS-5%NDAS 22, 53 13 134 145 3 162 274 49 34
CS-10%NDAS 31, 52 13 121 142 4 165 277 50 33
CS-15%NDAS 32, 55 12 125 141 4 161 258 47 37

Gel 34, 56 9 - - - 168 307 62 27
Gel-5%NDAS 38, 61 11 141 163 3 175 312 64 23
Gel-10%NDAS 35, 59 8 138 164 3 197 312 58 30
Gel-15%NDAS 37, 60 9 124 147 4 185 306 55 32

CS-Gel 26, 70 15 - - - 152 290 57 28
CS-Gel-5%NDAS 38, 57 13 135 150 2 168 284 54 31

CS-Gel-
10%NDAS 32, 57 12 134 148 3 168 285 51 34

CS-Gel-
15%NDAS 33, 57 11 131 144 4 165 270 51 34

Other research groups also investigated the effect of cross-linking agents on the ther-
mal properties of chitosan, gelatin, and their mixtures. Sutirman et al. studied poly
(methacrylamide) grafted chitosan beads cross-linked with glutaraldehyde [74], and they
also observed three decomposition stages in chitosan cross-linked beads. They observed
that the thermal stability of chitosan had been improved through cross-linking and grafting
copolymerization. In the work of Kaczmarek-Szczepańska et al. [75], glyoxal (10 wt%) was
a cross-linking agent for chitosan hyrogels loaded with tannic acid. After modification,
the three steps of degradation of the hydrogel were also noticed. Zhao et al. studied
gelatin hydrogels cross-linked with two cross-linking agents (genipin and polyphenol) [76].
They noticed two decomposition stages of samples and observed that the interactions
between gelatin and cross-linkers improved the thermal stability. Similar observations
have been made by Nieto-Suárez et al. [77] for thermograms of chitosan–gelatin scaffolds
cross-linked with glutaraldehyde, and these authors also indicated that chitosan–gelatin
materials decompose in three stages. Moreover, they observed that the Tmax shifts to higher
temperatures upon the increase in gelatin concentration, thus indicating higher stability of
scaffolds with gelatin.

2.5.5. SEM and AFM

The surface morphology of films was determined by scanning electron microscopy
(SEM) for all samples (Figure 6). All the neat films were transparent, smooth-surfaced, and
homogeneous. When NDASs were added, the film surfaces became a little rougher in a
few samples. However, in most biofilms, the cross-linking process creates a smooth surface,
which proves the homogeneity of the samples. The surface structures of the different films
depend mainly on the degree of cross-linking and interactions between polymers [78].
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Figure 6. AFM and SEM (1000×) images of (a) chitosan films cross-linked by (d) 5% NDASs, (g) 10%
NDASs, and (j) 15% NDASs; (b) gelatin film cross-linked by (e) 5% NDASs, (h) 10% NDASs, and
(k) 15% NDASs; and (c) chitosan–gelatin films cross-linked by (f) 5% NDASs, (i) 10% NDASs, and
(l) 15% NDASs.

The surface roughness is an essential parameter in subsequent material applications.
The surface roughness of obtained biofilms was examined using a topographical atomic
force microscope. The 3D and 2D atomic force microscopy (AFM) images of the obtained
biofilms are shown in Figure 6 and Figure S3, respectively. The pure gelatin film was
smooth and homogenous. After increasing NDAS content, as shown in Table 2, rougher
surfaces were observed in the originally smooth gelatin matrix.

Table 2. The roughness parameters of chitosan, gelatin, and chitosan–gelatin films cross-linked
with NDASs.

Roughness
Parameters (nm)

Sample

CS CS-5%NDAS CS-10%NDAS CS-15%NDAS

Rq 9.24 1.73 2.29 6.20
Ra 7.49 1.34 1.78 4.90

Rmax 89.9 28.1 31.3 33.9

Gel Gel-5%NDAS Gel-10%NDAS Gel-15%NDAS

Rq 1.83 2.48 3.26 4.70
Ra 1.48 1.61 2.36 2.64

Rmax 10.2 33.6 86.7 106.0

CS-Gel
CS-Gel-

5%NDAS
CS-Gel-

10%NDAS
CS-Gel-

15%NDAS

Rq 4.65 3.16 2.06 1.45
Ra 3.14 2.54 1.58 1.07

Rmax 65.6 27.1 18.3 14.8

Furthermore, the surface of the gelatin film displayed a surface roughness, of Rq
value of 1.83 nm, which increased to 4.70 nm as the NDAS addition reached 15%. A
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relatively smooth morphology was observed for pure chitosan, which is mainly related to
the chitosan’s physical properties, such as high intrinsic chain stiffness [79]. Biofilms based
on chitosan modified with oxidized starch nanocrystals are characterized by a relatively
rough surface. The opposite trend was observed for chitosan–gelatin films cross-linked
with NDASs, and surface roughness decreases with the rising content of cross-linking
agents for these materials.

Other research groups also investigated the effect of cross-linking agents on chitosan
and its mixtures. Olewnik-Kruszkowska et al. studied chitosan films cross-linked with
1 wt%, 2 wt%, and 3 wt% squaric acid [80] and noted that roughness parameters increased
with an increased amount of the cross-linker. They reported the highest surface roughness
parameters’ values after cross-linking. In the case of chitosan cross-linked by 3 wt% of
squaric acid, Rq and Ra are 3.67 nm and 2.95 nm, respectively. Sionkowska et al. [60]
investigated the effect of the addition of dialdehyde starch (5 wt% content) for chitosan
and mixtures of collagen, hyaluronic acid, and chitosan on the roughness parameters. They
observed that the application of the cross-linking agent promoted an increase in the Rq
parameter, from 3.2 nm (pure chitosan) to 4.8 nm in the case of chitosan cross-linked with
dialdehyde starch. Opposite results were obtained for collagen/hyaluronic acid/collagen
cross-linked with oxidized starch. The addition of a cross-linker caused a decrease in the
Rq parameter from 23.0 nm to 7.2 nm. In the work of Abbasi et al. [81] genipin (0.125 wt%,
0.25 wt%, 0.5 wt%, 0.75 wt%, 1 wt%, and 2 wt%) as a cross-linking agent was used for
gelatin films. After modification, the observed roughness was lower for materials with
genipin than in the case of pure gelatin film.

2.5.6. Mechanical Properties

The mechanical properties are crucial for the applications of biofilms subjected to a
certain level of mechanical forces. To investigate the effect of dialdehyde starch nanocrys-
tals on the mechanical properties of biofilms, mechanical tests were performed, and the
obtained tensile strength, Young’s modulus, and elongation at break are summarized
in Figure 7a–c, respectively.

Figure 7. The value of (a) tensile strength, (b) Young’s modulus, and (c) elongation at break of
chitosan (CS), gelatin (Gel), and chitosan–gelatin (CS-Gel) cross-linked by 5%, 10%, and 15% cross-
linking agent; statistical significance is indicated with asterisks: * p < 0.05, ** p < 0.01. The swelling
degree of (d) chitosan, (e) gelatin, and (f) chitosan–gelatin cross-linked by 5%, 10%, and 15% cross-
linker (NDASs).
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The values of tensile strength for unmodified samples of chitosan, gelatin, and chitosan–
gelatin (1:1) were about 3 MPa, 5 MPa, and 5.5 MPa, respectively (Figure 7a). For chitosan
and gelatin films cross-linked by NDASs, the tensile strength increases with the increasing
addition of cross-linking agents. The sample CS-15%NDAS is characterized by the most
significant difference in tensile strength value. This parameter increased to 9.08 MPa,
3 times higher than the value of this parameter for the pure chitosan sample. Moreover,
tensile strength increases with rising amounts of cross-linking agents for chitosan and
gelatin films cross-linked with NDASs. An increase in strength for all samples with a 5%
addition of cross-linking agent in comparison to neat polysaccharides and mixture was
observed. Amino groups from chitosan and gelatin form a covalent bond with carbonyl
groups from NDASs. The creation of a new cross-linking network in chitosan films is
responsible for the increase in mechanical properties.

Young’s modulus describes the stiffness of obtained materials; for pure gelatin, it was
about 192 MPa. The value of this parameter for a neat gelatin sample is almost the same as
that for gelatin films cross-linked with 5% and 10% NDASs (Figure 7b). In this series of
measurements, the gelatin sample with a 15% addition of NDASs reached the highest value
of Young’s modulus—245 MPa. Moreover, for chitosan films cross-linked with NDASs,
an increase in the Young’s modulus value is observed with an increase in the amount of
cross-linking agent. The chitosan samples cross-linked with a 15% addition of NDASs are
characterized by the highest value of Young’s modulus, which is 4.5 times higher than that
of neat chitosan film. In the case of a mixture of chitosan and gelatin, cross-linked with
NDASs, an increase the value of the Young modulus is observed with increasing amounts
of cross-linking agent, except for the sample with 10% NDAS addition.

The elongation at break is the ratio of the length of the specimen after and before the
break. The percentage of elongation at break indicates the stretchability of the samples [82].
The highest value of percentage of elongation at break for the neat samples (CS, Gel, and
CS-Gel) was achieved for the chitosan sample (3.35%). This parameter for gelatin and
chitosan–gelatin is practically the same and was about 2.65% and 2.56%, respectively
(Figure 7c). In the case of chitosan materials cross-linked with NDASs, the percentage of
elongation decreases with an increasing amount of cross-linking agent. The opposite trend
was observed for cross-linked gelatin samples. Furthermore, for the mixture of chitosan
and gelatin, the elongation at break is almost the same for all films—neat and cross-linked.

In our previous research, we obtained chitosan film cross-linked with dialdehyde
starch (DAS) [56]. The tensile strength value for the chitosan sample cross-linked with 15%
DAS was about 6 MPa, whereas the sample with the same amount of NDASs was above
9 MPa. The most significant difference in Young’s modulus value was observed for the
CS-15%NDAS sample. This parameter increased to about 350 MPa, above 1.5 times more
than that for chitosan film cross-linked with the same amount of DAS. Based on the results,
it can be concluded that oxidized starch nanocrystals resulted in a greater improvement in
mechanical properties of chitosan compared to the chitosan films cross-linked with DAS.

2.5.7. Swelling Ability

The swelling of biofilms greatly depends not only on the properties of the used polymer
but also on the medium of swelling. The polymer structure gives the biofilms the ability to
absorb solvent, while the cross-links between the network chains provide the biofilms with
the ability to resist uncontrolled biodegradation. The retracting and expanding forces must
balance each other to reach swelling equilibrium [83]. The swelling ability of the obtained
biofilms in PBS solution was determined and is shown in Figure 7d–f. According to the
literature, materials based on biopolymers are easily wettable by polar solvents due to
the presence of functional groups capable of interacting with water molecules [84]. This
usually results in a high degree of swelling.

The swelling ratio of the pure chitosan sample after the first hour of immersion in the
PBS solution was 153%. Moreover, the swelling ratio for chitosan–gelatin films cross-linked
with oxidized starch nanocrystals is 3 times higher than that for chitosan film after the
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same period. For all films cross-linked by NDASs, the percentage swelling ability increases
with increasing immersion time in PBS solution. The highest degree of swelling after 24
h is observed for chitosan–gelatin materials cross-linked with NDASs. This is due to the
numerous functional groups in chitosan and gelatin macromolecules capable of absorbing
polar solvents.

Skopinska-Wisniewska et al. [85] obtained similar results with gelatin materials cross-
linked by dialdehyde starch. The swelling ratio increased in the initial stage and stabilized
after 6 h of immersion in PBS for these samples. Kaczmarek et al. [86] investigated the
swelling ability of 3D chitosan–gelatin hydrogels cross-linked with oxidized starch. Their
results showed that the higher cross-linker content resulted in higher water absorption
than unmodified scaffolds. For the sample 50Gel/50CTS + 5% ST (dialdehyde starch),
the swelling ability is about 842%. This results from the sample structure reorganization
after the cross-linker addition and the change of pore sizes. After immersion for 1 h for
the sample CS/Gel + 5% NDASs, we obtained a swelling ability of about 360%, which
may be related to the different structure of the material in the form of a thin film and the
nanocrystalline structure of the cross-linking agent.

2.5.8. Toxicity Assessment

The Microtox test measures the toxicity exerted on Gram-negative Aliivibrio fischeri
bacteria. The bioluminescence of the species is directly correlated to its metabolism and
cell viability. Upon contact with a toxic substance, the bioluminescence decreases in a
dose-dependent manner. Additionally, the lyophilized bacteria are supplied with their cell
walls broken, which results in higher susceptibility to toxicants. The prepared films were
subjected to this test to evaluate their toxicity, and the results are summarized in Figure 8.

Figure 8. The decrease in A. fischeri cell viability upon 5-minute exposure to chitosan (CS), gelatin
(Gel), and chitosan–gelatin (CS-Gel) films prepared by cross-linking with 0%, 5%, 10%, or 15%
addition of dialdehyde starch nanocrystals (NDASs). Statistical significance is indicated with asterisks:
* p < 0.05, ** p < 0.01.

The toxicity values obtained in this study suggest that non-cross-linked CS-Gel film is
the most toxic (non-biocompatible) material among the non-cross-linked films. It can be
seen that the toxicity exerted by non-cross-linked chitosan is the lowest as compared to non-
cross-linked gelatin and chitosan–gelatin films. However, such a high cell viability decrease
for CS (61%) has to be connected to its antimicrobial properties exerted on A. fischeri used in
the test, as it has been reported as non-toxic [87,88]. In the case of CS and CS-Gel films cross-
linked with NDASs, the toxicity of the films decreases as compared to neat biopolymers.
However, in the case of gelatin films, the addition of oxidized starch nanocrystals as the
cross-linking agent induces dose-dependent toxicity, which increases with an increase in
NDASs, reaching almost no viable cells at 15% NDAS addition. This stays in contrast with
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the toxicity study by Karami Juyani et al., who observed no apparent toxicity of gelatin
films towards bone marrow stromal cells while CS films exerted such effects [89]. In the
case of the CS-Gel combination, the increasing addition of the cross-linking NDASs also
increases the toxicity, but even at 15% NDASs, the cell viability decrease was significantly
lower than that for non-cross-linked films.

Other research groups also investigated the toxicity of other types of obtained materials
using the Microtox test. Szurkowska et al. conducted preliminary biological tests on the
bacteria Allivibrio fischeri for hydroxyapatite material co-substituted with manganese(II)
and silicate ions [90]. Tammaro et al. [91] examined the potential environmental hazards
of photovoltaic panels. In the work of Isidori et al. [92], in situ monitoring of gaseous
pollutants at 17 sampling points in two seasons (winter and summer) was performed.
However, no research group has used Microtox to analyze the toxicity of biopolymers
cross-linked with dialdehyde starch nanocrystals, which is a research novelty.

2.5.9. Protein Adsorption Study

The study of the interaction of the obtained biopolymer films with human serum
proteins allows for assessing the suitability of these materials as potential dressings. It is
believed that material may be suitable for dressing purposes if it exhibits a high ability
to interact with blood serum proteins [93]. When the tested films directly contact the
blood, the protein is adsorbed onto the film’s surface, resulting in platelet adhesion and
activation [93]. Cell adhesion requires the cell adhesion receptors to form cell-anchoring
points, and protein adsorption is a crucial step during this process [94]. Human serum
albumin (HSA) is the most abundant protein in the blood. It is a negative acute-phase
protein. Another important serum protein is an acid glycoprotein (α-AGP), a positive
acute-phase protein. The assessment of the material’s ability to interact with these proteins
allows predicting whether the obtained material is a potential biomaterial for the synthesis
of dressings. Therefore, in the present study, as a model, HSA and α-AGP were used to
evaluate the protein adsorption behavior of the biopolymer films after different contact
times (1–24 h). The obtained results are presented in Table 3 (incubation after 1, 4, and 24 h).
Data in the full range of incubation timescales are presented in Supplementary Materials
in Table S2 and in the diagram in Figure 9. As can be seen, all the materials show the
ability to interact with blood serum proteins. The amount of deposited protein ranges from
0.031 after 1 h to 0.189 mg/cm2 after 24 h of exposure for HSA and from 0.065 after 1 h
to 0.266 mg/cm2 after 24 h of exposure to α-AGP. The material that shows the ability to
bind the largest amount of both proteins is non-cross-linked gelatin (Gel). The amounts of
adsorbed HSA and AGP are comparable and amount to 0.111 mg/cm2 and 0.121 mg/cm2,
respectively, after 24 h of exposure. The properties of gelatin significantly change after it
has been cross-linked. The addition of a cross-linking agent in the form of oxidized starch
nanocrystals (NDASs) causes the material to preferentially interact with acid glycoprotein
from the first hour of incubation. Moreover, increasing the addition of cross-linking agent
and thus the degree of cross-linking of the gelatin increases the ability of the material to
bind the glycoprotein. Gelatin cross-linked with 15% NDAS addition binds almost 4 times
more glycoprotein than albumin.
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Table 3. Amount of protein bound on the surface of biopolymers in mg of protein per 1 cm2 of
biopolymer film, after 1, 4, and 24 h of incubation.

Amount of
Adsorbed Serum
Protein (mg/cm2)

Incubation
Time (h)

Sample

CS
CS-

5%NDAS
CS-

10%NDAS
CS-

15%NDAS

HSA
1 0.067 0.116 0.093 0.159
4 0.067 0.131 0.106 0.167
24 0.072 0.144 0.119 0.174

AGP
1 0.068 0.073 0.081 0.069
4 0.070 0.084 0.086 0.081
24 0.064 0.082 0.085 0.081

Gel
Gel-

5%NDAS
Gel-

10%NDAS
Gel-

15%NDAS

HSA
1 0.094 0.039 0.036 0.046
4 0.112 0.042 0.037 0.065
24 0.126 0.044 0.039 0.069

AGP
1 0.103 0.117 0.136 0.255
4 0.111 0.129 0.144 0.256
24 0.111 0.130 0.141 0.256

CS-Gel
CS-Gel-

5%NDAS
CS-Gel-

10%NDAS
CS-Gel-

15%NDAS

HSA
1 0.031 0.042 0.039 0.052
4 0.033 0.047 0.040 0.053
24 0.044 0.049 0.041 0.058

AGP
1 0.066 0.073 0.065 0.079
4 0.073 0.074 0.067 0.080
24 0.064 0.072 0.070 0.084

Figure 9. Amount of bound serum proteins AGP and HSA at the surface of obtained biopolymer films.

In the case of the non-cross-linked chitosan film, the preference for binding one of the
proteins is no longer apparent. Both HSA and AGP proteins are bound in similar amounts,
and the addition of NDASs as a cross-linking agent increases the amount of adsorbed HSA.

A similar situation occurs in the case of the obtained material from mixtures of both
chitosan and gelatin biopolymers. For non-cross-linked films, the amounts of bound protein
are very similar, with a slight predominance of the amount of glycoprotein. Taking into
account that the pure chitosan film does not show such differences, it can be assumed that
the greater amount of bound AGP compared to HSA is related to the addition of gelatin,
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which interacts preferentially with glycoprotein. The addition of NDASs as a cross-linking
agent slightly increases the protein binding capacity of this material while reducing the
difference between the amounts of adsorbed AGP and HSA.

The obtained results of the ability to bind HSA by the synthesized materials as potential
materials for dressings do not differ from the results published in the literature. Singh and
Dhiman used bovine serum albumin (BSA) to evaluate the protein adsorption on their
polymer films: gum acacia-cl-(poly(HEMA-co-carbopol)) (GAHCP) and [poly(HEMA)-co-
carbopol] (HCP), where HEMA is 2-hydroxyethyl methacrylate. Researchers observed
that after 24 h, GAHCP hydrogel films and HCP films showed albumin adsorption of
0.19 ± 0.02 mg/cm2 and 0.24 ± 0.02 mg/cm2, respectively [95]. It should be emphasized
that no data on the study of AGP binding capacity of biomaterials or data for similar
systems tested with HSA were found in the literature.

3. Materials and Methods

3.1. Materials

Corn starch, chitosan (low molecular weight: MW = 50 kDa, deacetylation degree =
75–85%), sodium periodate, diiodomethane (pure for analysis), glycerol, human serum al-
bumin, and acid glycoprotein were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used without further purification. Acetic acid, sodium hydroxide, concentrated hy-
drochloric acid (35%), concentrated sulfuric acid (96%), acetone, and phosphate-buffered
saline (PBS, pH = 7.4) were purchased from Avantor Performance Materials (Gliwice,
Poland). Gelatin was purchased from CHEMPUR (Piekary Slaskie, Poland)—20 mesh
pure. Diluent solution 2% NaCl and bacteria A. fischeri for toxicity assessment were
supplied by the producer of Microtox (Modern Water, Cambridge, UK).

3.2. Starch Nanocrystal Synthesis

The starch nanocrystals were prepared by the hydrolysis process reported previ-
ously [96]. Corn starch was hydrolyzed under constant magnetic stirring for five days at
40 ◦C in a 3.16 M aqueous H2SO4 solution. After the hydrolysis, the nanocrystals were
separated from the acid by centrifugation for 10 minutes at 8000 rpm at 4 ◦C. Subsequent
washing and centrifugation with distilled water were performed until neutrality of the
eluent and pH were controlled by litmus paper. A homogeneous dispersion of starch
nanocrystals was obtained using an Ultra Turrax T25 homogenizer for 5 min at 13,500 rpm.
The starch nanocrystals were dried at room temperature for 48 h.

3.3. Dialdehyde Starch Nanocrystal Synthesis

Previously obtained starch nanocrystals (1.5 g) were dissolved in deionized water
(30 mL). Subsequently, sodium periodate (0.7 M) with three different weight ratios of
oxidant to starch nanocrystals (0.5:1, 0.7:1, and 1:1) was added to the starch nanocrystal sus-
pension. The flask was covered with aluminum foil to prevent light-induced decomposition
of sodium periodate. The reaction mixture was stirred with a magnetic stirrer (IKA, Staufen,
Germany) in an oil bath at 40 ◦C for 3 h. After the reaction was complete, the appropriate
quantity of acetone was added, and white amorphous powder was formed immediately.
Oxidized starch nanocrystals were isolated by filtration, washed with deionized water, and
dried at room temperature for 24 h.

3.4. Biopolymer Preparation

Chitosan and gelatin were separately dissolved in acetic acid (C = 1% m/m) to obtain
1% solutions. Both biopolymers were mixed in a volume ratio of 1:1. Chitosan, gelatin, and
their blend were mixed with the desired amount of oxidized starch nanocrystals (5%, 10%,
and 15%). This amount is relative to dry protein/polysaccharide weight. The mixing of
blends was carried out for 2 h with magnetic stirring. Next, all solutions were poured onto
the leveled glass plates to allow the solvent to evaporate. Evaporation time was five days
at room temperature for the volume 10 mL solutions of polysaccharide and mixture.
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3.5. Characterization of Starch Nanocrystals, Dialdehyde Starch Nanocrystals, and
Cross-Linked Biopolymers
3.5.1. Determination of the Content of Aldehyde Groups

The aldehyde group content of the samples was determined by acid–base titration [56].
Oxidized starch nanocrystals (0.10 g) and 5 mL 0.25 M sodium hydroxide were added to
the Erlenmeyer flask. The mixture was heated in a water bath at 70 ◦C until the sample
was dissolved, and then it was cooled with cold water. Standardized 0.25 M hydrochloric
acid (7.5 mL) and distilled water (15 mL) were added. Then, phenolphthalein was added,
and the solution was titrated by 0.25 M sodium hydroxide. The procedure was repeated
three times. The percentage of dialdehyde units is given by Equation (1):

Aldehyde content, % =
C1V1 − C2V2

W
× 161 × 100% (1)

where C1 and C2 (mol/L) represent the concentrations of NaOH and HCl solutions, respec-
tively; V1 and V2 (dm3) represent the volume of NaOH and HCl solutions, respectively; W
is the weight of the sample (g); and 161 (g/mol) is the molecular weight of the repeating
unit in dialdehyde starch nanocrystals.

3.5.2. Particle Size Distribution Analysis

The particle size distribution was analyzed using the Malvern Panalytical NanoSight
LM10 instrument (sCMOS camera, 405 nm laser) using NTA 3.2 Dev Build 3.2.16 software.
Before the measurements, the material dispersions were diluted with deionized water to
achieve an operating range of nanoparticle concentration. The temperature of the sample
chamber was set and maintained at 25.0 ± 0.1 ◦C; the syringe pump infusion rate was set
to 200. For each sample, three 60-second movies were recorded.

3.5.3. Determination of the Cross-Linking Degree of the Films

The cross-linking degree of films was determined by the extraction method, where the
insoluble matrix (“gel”) reflected the cross-linked fraction of films, and the non-cross-linked
fraction was fully dissolved in the solvent [97]. The acetic acid solution (5%) was chosen
as a suitable solvent for chitosan–gelatin-based films. The precise initial weight of each
sample (m1) was determined before measurement. Then, all samples were put in an acetic
acid solution and were extracted at 70 ◦C for 24 h in an oil bath. After this treatment, the
insoluble residue was dried at 60 ◦C for 24 h and then weighed again (m2). The degree of
cross-linking was calculated by using Formula (2):

Degree o f the cross − linking, % =
m2

m1
× 100% (2)

3.5.4. Contact Angle Measurement

The contact angle of polar glycerol and non-polar diiodomethane at constant temper-
ature (27 ◦C) was measured on the biopolymers’ surface and cross-linked biofilms. The
measure was performed with a DSA10 goniometer (Kruss GmbH, Hamburg, Germany)
equipped with a camera. The surface free energy (γs) and its polar (γs

p) and dispersive
(γs

d) components were calculated by the Owens–Wendt method using the mean of at least
five measurements of the contact angle of two measuring liquids [98].

3.5.5. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy
and X-ray Diffraction (XRD)

Structures of obtained materials were evaluated by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy using a Spectrum Two spectrophotometer
(Perkin Elmer, Waltham, MA, USA) equipped with an ATR device (diamond crystal). The
spectra were collected in the region from 4000 cm−1 to 400 cm−1 at a resolution of 4 cm−1

and with 64 scans at room temperature.
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X-ray diffraction (XRD) measurements were carried out in an X’PertPRO diffractometer
(Malvern Panalytical, Almelo, Holland) with CuKα radiation (λ = 1.540 Å). All samples
were recorded through the 2θ range of 5–120◦ with a step size of 0.008◦ at room temperature.

3.5.6. Thermal Analysis

Thermal gravimetric analysis of dialdehyde starch nanocrystals, starch nanocrystals,
and cross-linked biofilms was accomplished on a TA Instruments (SDT 2960 Simultaneous
DSC-TGA, New Castle, DE, USA) thermogravimetric analyzer. TGA measurements were
performed at a 10 ◦C/min heating rate in the atmosphere of nitrogen in the range from
ambient to 600 ◦C.

3.5.7. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)

Scanning electron microscopy (SEM) analyses of oxidized starch nanocrystals, starch
nanocrystals, and cross-linked biofilms were carried out using a 1430 VP LEO (Electron
Microscopy Ltd., Cambridge, UK) at an acceleration voltage of 20 kV. The samples were
covered with a thin layer of gold before observation, and images were captured at differ-
ent magnifications.

Topographic images of the obtained biofilms were recorded by the atomic force mi-
croscopy (MultiMode Nanoscope IIIa Veeco Metrology Inc., Santa Barbara, CA, USA)
technique. Surface images were acquired using a scan width of 1 μm with a scan rate of
1.97 Hz. The samples were scanned with 5 μm × 5 μm areas and analyzed using NanoScope
Analysis software. Roughness parameters, namely arithmetic mean, Ra; root mean square,
Rq; and the highest peak value, Rmax, were determined.

3.5.8. Mechanical Properties

In order to perform mechanical testing, the samples were cut with initial dimensions
of 50 mm in length and 4.5 mm in width. The samples were inserted between the machine
limbs and stretched to break using an EZ-Test E2-LX Shimadzu texture analyzer (Shimadzu,
Kyoto, Japan). The measurements were carried out at the speed of 20 mm/min using a
50 N load head. The tensile strength, Young’s modulus, and elongation at break for average
values of 5 measurements were obtained.

3.5.9. Swelling Ability

The conventional gravimetric methods were used for the determination of the swelling
ability [99]. The weight samples were immersed in phosphate-buffered saline (PBS) solution
(pH = 7.4) and removed at regular time intervals. The excess buffer on the surface was
wiped off, and the samples were weighed until equilibrium was reached. The swelling
ability was determined as follows (3):

Swelling ability, % =
ms − md

md
× 100% (3)

where ms and md denote the weights of swollen and dry samples, respectively.

3.5.10. Toxicity Assessment

The materials prepared in the study were then assessed in terms of the acute toxicity
in the Microtox test. Slight modifications were applied to the standard 81.9% screening
test procedure for the testing of films [56]. Briefly, after registering the bioluminescence of
the A. fischeri bacteria directly before the addition of the sample (time t = 0), 900 μL of 2%
sodium chloride solution (Microtox Diluent; Modern Water, Cambridge, UK) precooled
to 15 ◦C was added, and into such a resulting bacterial suspension, a film fragment was
submerged. Next, the bioluminescence emitted by the bacteria at 490 nm was registered
using Microtox M500 5 minutes and 15 minutes after the start of the exposure to the tested
films [100]. The supplied software, Modern Water MicrotoxOmni 4.2 (Modern Water,
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Cambridge, UK), was used to calculate the percentage effect (toxicity) exerted by the
materials. All the materials were tested in triplicate.

3.5.11. Protein Adsorption Study

Fluorescence emission spectra were obtained on a Jasco FP-8300 spectrofluorometer
(Jasco, Tokyo, Japan). Fluorescence spectra were recorded at 298 K, ranging from 290 to
400 nm at excitation wavelength 280 nm for human serum albumin (HSA) (Figure S4) and
from 300 nm to 400 nm at excitation wavelength 289 nm for α1-acid glycoprotein (AGP)
(Figure S5). Spectrum registration range was 285–400 nm for HSA and 300–400 nm for
AGP, scanning speed was 100 nm/min, and Em/Ex bandwidth was 2.5 nm/5 nm. A stock
solution of human serum albumin and α1-acid glycoprotein in phosphate buffer (PBS,
pH = 7.4, 50 mM) at a concentration of 10 μM was used to prepare a protein standard
curve. From the stock protein solution, solutions in PBS, pH = 7.4, 50 mM were prepared
with the following concentrations: 1 μM, 2 μM, 3 μM, 4 μM, 5 μM, 6 μM, 7 μM, 8 μM, and
9 μM. Spectra were recorded for each protein solution by excitation at 280 nm for HSA and
289 nm for AGP, and a standard curve was plotted (R2 = 0.99).

An albumin solution and α1-acid glycoprotein were prepared in phosphate buffer
pH = 7.4 (50 mM) at concentrations of 6.62 μM and 9.98 μM, respectively. Further, cut
biofilms with a size of 2 × 2 cm were placed in Eppendorf tubes (Eppendorf, Hamburg,
Germany). Two milliliters of the protein suspension were then added to each sample
of the biofilms and incubated at 36 ◦C at 600 rpm. For the supernatant from each tube,
fluorescence spectra were recorded by excitation at 280 nm at intervals of 1 h, 2 h, 3 h, 4 h,
5 h, 6 h, and 24 h from the start of incubation. The measurement was repeated three times.

4. Conclusions

In summary, novel biopolymer films based on fully natural and biocompatible materi-
als, gelatin, chitosan, gelatin–chitosan, and NDASs, were prepared by solvent evaporation.
The cross-linking agent was obtained by periodate oxidization of starch nanocrystals and
characterized by ATR-FTIR, SEM images, NTA, and XRD analysis. Schiff’s base bond
between NDASs and biopolymers was created. The highest degree of cross-linking was
observed for chitosan–gelatin with a 15% addition of NDASs. All the prepared cross-linked
films are homogeneous. The values of surface free energy polar component and contact
angle for prepared materials allow stating that materials cross-linked with dialdehyde
starch nanocrystals are promising for biomedical applications due to the nature of the sur-
face. Creating a new cross-linking network between polysaccharides and oxidized starch
nanocrystals leads to better mechanical properties. The swelling ability of all cross-linked
biopolymer materials increased with an increase in the cross-linking agent content in the
polysaccharide composition. The addition of chitosan into gelatin films caused the lowest
toxicity effect on the surface compared to pristine gelatin films. All obtained materials can
interact with blood serum proteins: HSA and AGP. Cross-linking of materials with NDASs
increases the ability of these interactions, which is beneficial for biomedical applications of
materials. Moreover, it has been noticed that NDAS cross-linked gelatin films preferentially
bind glycoprotein, which can be used, for example, in pharmaceutical analysis, apart from
their use in dressing materials. It can be assumed that the films’ properties were improved
compared to the properties exhibited by samples without NDASs. The proposed materials
can be applied as thin biofilms in biomedical applications.
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Abstract: The early characterization of drug membrane permeability is an important step in pharma-
ceutical developments to limit possible late failures in preclinical studies. This is particularly crucial
for therapeutic peptides whose size generally prevents them from passively entering cells. However, a
sequence-structure-dynamics-permeability relationship for peptides still needs further insight to help
efficient therapeutic peptide design. In this perspective, we conducted here a computational study
for estimating the permeability coefficient of a benchmark peptide by considering and comparing
two different physical models: on the one hand, the inhomogeneous solubility–diffusion model,
which requires umbrella–sampling simulations, and on the other hand, a chemical kinetics model
which necessitates multiple unconstrained simulations. Notably, we assessed the accuracy of the two
approaches in relation to their computational cost.

Keywords: peptide membrane permeability; molecular dynamics simulation; umbrella sampling;
Markov State Model; free energy profile

1. Introduction

To reach an intracellular target, a drug must cross the cellular membrane. This process
can be performed by endocytosis, which is generally involved in internalizing macro-
molecules or drug nanocarriers [1], or by using membrane transporter proteins, such as
the human ATP binding cassette (ABC) [2] and solute carrier (SLC) [3] families, or the
outer membrane porins [4] and TonB-dependent transporters [5] of gram-negative bacteria.
However, the predominant mechanism for xenobiotics is a passive diffusion across the
lipid bilayer along a concentration gradient [6,7]. It is, thus, essential in pharmaceutical
developments to characterize the drug membrane permeability to anticipate their pharma-
cokinetic properties. This is particularly crucial for peptide-based therapeutics. Indeed,
peptides are very promising compounds for modulating protein-protein interactions (PPIs),
especially those involved in intracellular signaling pathways [8]. This is partly due to their
size, which is well-appropriate for covering the generally large molecular surfaces involved
in PPIs. However, this size may turn out to be a disadvantage for membrane permeation.

Passive membrane permeability of drugs can be characterized experimentally by using
the parallel artificial membrane permeability assay (PAMPA), which consists in measuring
the number of compounds that have crossed a planar artificial membrane from donor
to acceptor wells [9]. Alternative methods have been developed to monitor in real-time
the entry of drugs into unilamellar liposomes using fluorescent probes [10,11]. In both
approaches, the drug membrane permeability P is quantified as P = J/ΔC, where J is
the flux of the drug through the membrane and ΔC the difference between the donor (or
outside) and acceptor (or inside) drug concentrations.

Throughout a membrane permeation process, a peptide can bind the lipid headgroup-
water interface, fold into secondary structures, form aggregates, insert into the lipid hy-
drophobic tails, and perturb the bilayer organization [12,13]. These multiple possible events
depend on the peptide apolar/polar/charged amino acid composition, its structure and
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flexibility, the solvent pH, the ionic strength, and the membrane content in lipids. All these
factors make it challenging to predict the membrane permeability and deeply understand
the mechanism of peptide translocation. To tackle this issue, molecular dynamics (MD)
simulations of peptide crossing lipid bilayers are valuable tools to gain insight into the
physical-chemical factors that govern the permeation process.

However, membrane permeation occurs on a millisecond to second timescale [10] which
are generally out of reach for classical MD simulations. Thus, enhanced sampling methods,
such as metadynamics or umbrella sampling (US), are needed to provides valuable
information about the compound propensity to partition between water and membrane,
the structures of the intermediate states within the bilayer, and about the mechanisms
of permeation [14,15]. In particular, trajectories from US simulations allow to compute
drug free energy profiles (FEP) across lipid bilayers and can be employed to estimate
their membrane permeability by using the so-called inhomogeneous solubility-diffusion
model (ISDM) proposed by Marrink and Berendsen [16]. This approach has been applied
to several drugs over the past few years [14,17–19] and recently to peptides [20].

Since membrane permeability is a kinetic property, it can be naturally computed by
using a kinetic model of the permeation process. This consists in describing the elementary
steps of a compound membrane permeation and formulating each of the corresponding
reaction rates as a function of the concentrations in the intermediate states. Then, the
master differential equations are solved to yield the compound concentrations on both
sides of the membrane as a function of time, from which the membrane permeability
can be retrieved with Fick’s law of diffusion [18]. Importantly, this method requires to
preliminary determine the rate constants of the kinetic model. This can be done with
Markov State Model (MSM) analyses which can extract long-time kinetic information of
a molecular system from an ensemble of “short” MD trajectories starting from multiple
initial configurations [21,22].

For small compounds, calculations based on kinetic models appear to provide mem-
brane permeability values that better correlate with experiments than those based on
ISDM [18]. Nevertheless, as far as we know, the former approach has never been applied to
peptides. In the present study, we comparatively assessed the two computational methods
to estimate the membrane permeability for a benchmark cyclic peptide of 10 amino acid
residues. Notably, we scrutinized the accuracy of the two approaches in relation to their
computational cost.

2. Results and Discussion

We applied the two computational approaches to a paradigmatic ten amino acids
cyclic peptide for which PAMPA assays were performed [9]. Constrained or unconstrained
MD trajectories of the peptide assembled with a planar lipid bilayer were collected to
ultimately calculate the peptide permeability coefficient through Equation (4) or (8) for
the ISDM or the MSM-based model, respectively. In both approaches, the free energy
profile of the peptide perpendicularly crossing the planar bilayer membrane is crucial for
estimating its permeability coefficient. In the ISDM method, the latter is directly related to
the FEP ΔG(z) through Equations (2)–(4). On the other hand, in the MSM-based approach,
without the knowledge of the energy barrier location, the Markov State Models could
be biased since the phase space sampling by short trajectories depends on the starting
points along the collective variable. Therefore, the initial configurations must correspond
to maximum energy states for the trajectories not to be trapped in energy minima. Thus,
we will present first the free energy analyses and, subsequently, the quantitative estimates
for the permeability coefficients.

2.1. Free Energy Profiles

The weighted histogram analysis method (WHAM) [23] applied to the umbrella
sampling trajectories for the cyclic decapeptide designated as CDP5 (Section 3.1) yields the
free energy profile displayed in Figure 1. Moving from the bulk water to the membrane, the
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peptide encounters a first energy barrier of about ΔGin = 3 kcal/mol located on the surface
of the lipid headgroups in the water phase (z = 2.4 nm). Then the FEP exhibits a minimum
on the other side of the lipid headgroup plane, inside the membrane (z = 1.4 nm), where the
amphiphilic peptide is stabilized by both hydrophobic and polar interactions with the lipid
tails and headgroups, respectively. We note that the free energy of this stable state is roughly
equal to that one in the bulk water. Therefore, the free energy barrier for moving out from
the interior of the membrane into the bulk water is also ΔGout = ΔGin = 3 kcal/mol.
The major energy barrier for crossing the membrane is located at its center (z = 0.0 nm),
indicating that the rate-limiting step during the peptide permeation is the flip-flop passage
from one lipid layer to the other. The necessary energy to overcome this barrier is about
ΔGf lip = 12 kcal/mol.

Figure 1. Symmetrized CDP5 free energy profile computed from umbrella sampling trajectories. Error
bars were estimated using the gmx wham bootstrap algorithm [24]. The orange vertical line and shaded
area indicate the mean and one σ of the lipid headgroup positions, respectively. Free energy difference
ΔG(z) = G(z)− G(zmax) was calculated with zmax = 3.8 nm in the water phase. Four representative
structures of the peptide-membrane system are shown for the peptide positions z = 0.0, 1.4, 2.0, and
2.7 nm. Peptides, lipid headgroups, and lipid tails are displayed using sticks, semi-transparent spheres,
and lines, respectively.

The FEP computed for the CDP5 peptide is very similar to those of amphiphilic
cyclic hexapeptides reported by Sugita et al. [20], indicating that these cyclic peptides of
comparable size should have the same mechanism of membrane translocation in which the
flip-flop event within the bilayer is the rate-limiting step. This contrasts with the FEPs of
amphiphilic small compounds computed by Dickson et al. [18], which exhibit two marked
energy minima located at the inner lipid headgroup surfaces much lower than the free
energy in the bulk water. For these small compounds, the energy barrier at the membrane
center is generally small, depending on their hydrophobicity, indicating that the major
rate-limiting step of their permeation process is moving from the interior of the membrane
into the bulk water.

To compute the peptide membrane permeability using kinetic models, we built a first
Markov State Model (CDP5_2.4) from unconstrained MD simulations of the peptide with
initial positions at z = 2.4 nm and z = 0.0 nm corresponding to the two maxima of its FEP
computed from US trajectories. Moreover, to assess the sensitivity of this approach to
the initial configurations, we also built Markov State Models (CDP5_2.3 and CDP5_2.6),
respectively from trajectories starting at z = 2.3 nm and z = 0.0 nm on the one hand, and
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from trajectories starting from z = 2.6 nm and z = 0.0 nm, on the other hand. A fourth
Markov State Model (CDP5_all) was also built using all the aforementioned trajectories
(Section 3.3). From each of these sets of unconstrained MD trajectories, we computed the
peptide stationary distributions π and the free energy profiles ΔG = −kBT log π, which
are shown in Figure 2.

Figure 2. CDP5 free energy profiles computed from four different sets of unconstrained trajectories
(Section 3.3). Diamonds indicating the discrete states are colored according to the metastable state to
which they belong. FEPs were set to zero in the water phase, including the FEP computed from US
trajectories (black lines).

FEPs derived from unconstrained trajectories show significant differences with
respect to the profile computed from the US trajectories: First, the energy barriers
to cross the lipid headgroups are smaller (by about 2 kcal/mol) than the US ones,
except for the (CDP5_2.6) set of trajectories. Secondly, the positions of the energy
minima inside the membrane are shifted toward the lipid tails (z = 1.0 nm) compared
to the US FEP (z = 1.4 nm). However, the most striking difference is the free energy
barrier corresponding to the flip-flop step: the unconstrained simulations yield a central
free energy barrier of about 2 kcal/mol, while the US flip-flop barrier almost reaches
12 kcal/mol. This suggests that the peptide membrane permeability estimated with the
kinetic models will be much higher than in the ISDM-based approach.

It is interesting to note that the four FEPs generated by the four sets of unconstrained
simulations display different qualitative behaviors, implying that a slight change in their
initial conditions could entail a sensible variation in the results. In particular, we notice that
the free energy needed to translocate the peptide from inside the membrane into the water
phase is larger than the energy barrier associated with the flip-flop step in the CDP5_2.6
model, while it is smaller in the three other cases (Figure 2). The emergence of high in-out
free energy barriers in the CDP5_2.6 case is a consequence of the initial peptide positions,
which were slightly shifted from the minor maxima of the US FEP (z = 2.4 nm) toward the
water bulk. Therefore, fewer peptide trajectories could naturally sample this maximum
energy state which increases the barrier height, compared to the three other cases (where it
could even be observed a local shallow energy minimum at this location). This highlights
the sensitivity of the peptide FEPs computed from unconstrained MD simulations upon
their initial configurations.
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2.2. Membrane Permeability Calculations

In the framework of the ISDM approach, an estimate of the peptide permeability
coefficient can be directly obtained from the US trajectories by extracting the integrated
autocorrelation times τzz, the collective variable variance σ2

z , and the free energy profile
ΔG(z) and applying Equations (2)–(4). For the CDP5 peptide, we get the value reported in
Table 1. Compared to experiments, the ISDM-based estimation of the peptide membrane
permeability is about one order of magnitude lower than the value found in PAMPA
assays [25].

Table 1. Membrane permeability coefficient results for the cyclic decapeptide CDP5. PAMPA value
was taken from [25].

Method log[P(cm/s)]± σP

PAMPA −6.7

ISDM −8.1 ± 0.4

MSM CDP5_2.3 −1.0 ± 0.1
MSM CDP5_2.4 −1.2 ± 0.1
MSM CDP5_2.6 −1.4 ± 0.1
MSM CDP5_all −1.0 ± 0.1

On the other hand, further calculations and analysis are necessary to get an estimate
of the permeability coefficient within the liposome kinetic model approach. Rate constants
are derived as the inverse of the mean first passage times (MFPTs) and then converted
to apparent rate constants for the liposome model using Equation (6). As detailed in
Appendix A, integration of the kinetic model Equation (5) yields a three-exponential
time evolution for the substrate in the inner aqueous compartment (Equation (A7)). By
substituting kI of Equation (8) with the fastest rate constants κn appearing in the substrate
time evolution, we obtained the permeability coefficients reported in Table 1. Compared to
the PAMPA value, it appears that the liposome kinetic models overestimate the peptide
membrane permeability by about five to six orders of magnitude.

While comparing theoretical with experimental estimates of the peptide membrane
permeability, we should bear in mind that PAMPA assays use hexadecane plates separating
two water compartments [25] instead of a lipid bilayer or spherical liposomes. Thus, if we
assume that crossing a hexadecane plate is easier than a lipid bilayer, this difference in the
membrane nature might explain the lower permeability found by the ISDM-based method
compared to experiments. On the other hand, the permeability estimated with liposome
kinetic models being proportional to the liposome radius, it should be intuitively much
lower than the permeability through a planar membrane. This is the opposite tendency that
we can notice in Table 1 and, altogether, it appears that the MSM-based approach greatly
overestimates the peptide membrane permeability compared to experiments.

The discrepancy between the ISDM-based and the MSM-based approaches can be
understood as a consequence of the difference in the free energy barriers of the FEPs
computed by the two methods. As the energy barrier for the flip-flop step is larger in
the US FEP than in the unconstrained simulations-derived one, permeation through the
membrane is intuitively less easily achieved within the ISDM framework than from the
standpoint of the MSM-based liposome kinetic models. To a lesser extent, the slight
variations of the energy barrier between the MSM-based FEPs can account for the slight
differences in the permeability coefficient estimations (Table 1).

3. Methods and Materials

3.1. Building the Peptide-Membrane System

The peptide that we chose for the benchmark of the two methods that compute membrane
permeability is a cyclic decapeptide named CDP5 (Figure 3). Four out of its ten residues were
N-methylated to improve its cell permeability and oral bioavailability [26,27]. Its membrane

457



Int. J. Mol. Sci. 2023, 24, 5021

permeability coefficient was measured using PAMPA experiments [9] with a hexadecane layer
separating the donor and acceptor compartments [25]. It should be noted that this hexadecane
layer differs from the lipid bilayer that will be considered in our simulations and which is a
more realistic model of experimental liposomes. Nevertheless, as far as this study is concerned,
the experimental value of CDP5 permeability coefficient reported in [25] (log Pexp = −6.7) will
be used as a reference for our theoretical results.

Figure 3. Sequence and structure of the cyclic decapeptide CDP5 with four N-methylated residues.

The modified peptide CDP5 was parameterized using the highly optimized chemical
building blocks from CGenFF [28] to be compatible with the CHARMM36 force field for
lipids [29]. An initial three-dimensional structure was generated from its sequence using
OpenBabel [30] and PyMol [31]. After an energy minimization of 5000 steps and two short
equilibration runs (1 ns in NVT and 2.5 ns in NPT ensemble), CDP5 was submitted to a
100 ns MD simulation in water with a sodium chloride concentration of 0.15 mol/L, using
a V-rescale thermostat and a Parrinello-Raman barostat set at 300 K and 1 bar, respectively.
Lennard-Jones potentials were cut off at 1.2 nm, electrostatic interactions were calculated
using the smooth PME method [32], and covalent bonds with hydrogen were constrained
using LINCS algorithm [33], for all simulations in this work. The resulting trajectory
showed strong structural stability of the CDP5 peptide and was clustered based on RMSD
with a cutoff value of 0.15 nm. The representative structure of the most populated cluster
(Figure 3) provided the peptide conformation to be assembled with the membrane.

A lipid bilayer composed of 25 POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) molecules per leaflet were built at the temperature of T = 293.15 K using
CHARMM-GUI [34]. The membrane was energy minimized and equilibrated in water
with 0.15 mol/L of NaCl by running a 250 ps NVT and a 125 ps NPT equilibration with
a semi-isotropic pressure scaling, followed by three 500 ps NPT runs with decreasing
position restraints on lipid phosphate groups from 1000 to 0 kJ/mol/Å2. Then, the
peptide and the lipid bilayer were assembled in a rectangular box, solvated, energy
minimized, and equilibrated with 1 ns NVT and 1 ns NPT runs by decreasing the
position restraints on peptide backbone heavy atoms and lipid phosphate groups from
4000 and 1000 to 50 and 0 kJ/mol/Å2, respectively. The final conformation of the
equilibration procedure was taken as the initial configuration for US simulations.

GROMACS 2021 [35] was used for all simulations, with CHARMM36 [29] force-field
for lipids, and TIP3P [36] model for water.

3.2. ISDM-Based Calculation of Membrane Permeability

This subsection presents the calculations that were performed to estimate the pep-
tide membrane permeability by using the inhomogeneous solubility-diffusion model
(ISDM) [16].

Umbrella Sampling and WHAM Analysis

In the initial configuration of the peptide-membrane system, the solute is located in the
bulk water at a distance zmax = 4 nm from the center of the lipid bilayer (the membrane plane
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being oriented perpendicular to the z-axis). Starting from this initial position, the solute was
pulled toward and inside the lipid membrane by an increment of Δz = 0.1 nm until it reached
the position zmin = 0 nm corresponding to the center of the bilayer. For each peptide position
(or window), which is maintained with an umbrella potential of 1000 kJ/mol/Å2, energy
minimization was performed, followed by a 1 ns NVT and 1 ns NPT equilibration. Then, a
production simulation of 250 ns was performed. The final conformation of the equilibration
stage was pulled and used as a starting conformation for the next window.

The last 130 ns of the production trajectories were analyzed with the WHAM analy-
sis [23] implemented in GROMACS [24]. More specifically, taking as input the values of
the collective variable z for each window, gmx wham tool was used to compute both the
free energy profile ΔG(z) = G(z)− G(zmax) and the normalized integrated autocorrelation
time τzz defined as:

τzz =
1
σ2

z

∫ ∞

0
[z(0)− 〈z〉][z(t)− 〈z〉]dt (1)

where σ2
z is the variance of the collective variable z defined as σ2

z = 〈z2〉 − 〈z〉2. It could
be noted that gmx wham provides both averages and standard errors of the FEP and τzz by
using bootstrap calculations [24].

Inhomogeneous Solubility-Diffusion Model

The ISDM considers that, due to the inhomogeneous nature of lipid membranes, the
diffusion rate of a solute strongly depends on its position in the latter [16]. Moreover, it
assumes that the diffusion process obeys the classical diffusion equation, implying that the
dependence of 〈z2〉 on time is linear. Thus, the position-dependent diffusion coefficient can
be calculated as the ratio of the variance σ2

z over the integrated autocorrelation time τzz
provided by WHAM analyses of US simulations:

D(z) =
σ2

z
τzz

(2)

Using the diffusion coefficient D(z) and the free energy ΔG(z), the local resistance of
the solute permeation through the membrane can be defined as [16]:

R(z) =
exp[βΔG(z)]

D(z)
(3)

where β = 1/(kBT), with T the temperature and kB the Boltzmann’s constant. The sum
of all the R(z) along the variable z gives the global resistance and its inverse yields the
membrane permeability:

PISDM =

[∫ zmax

−zmax
R(z)dz

]−1
(4)

To estimate the errors on the permeability coefficient, 100 bootstrapped trajectories
were generated from the original trajectory of each window using an in–house script. Then,
for each bootstrapped trajectory, the permeability coefficient was calculated as described
above. The final results were computed as the mean of these 100 values and errors were
given by the standard deviation.

3.3. MSM-Based Calculation of Membrane Permeability

In this subsection, we present the different steps of the method for computing the
peptide membrane permeability by using a kinetic Markov State Model (MSM) [21].

Multiple Unconstrained MD Simulations

A kinetic Markov State Model is essentially based on the transition probabilities between
the model discretized states. These probabilities can be estimated by running multiple
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unbiased MD simulations, which make the system pass through its different minimum
energy states. Nevertheless, to sufficiently sample the transition events, it is recommended
to run these simulations from out-of-equilibrium initial configurations, which can “go down
the hill” to the nearest metastable states in a short time [21,22]. The identification of these
maximum energy states implies the preliminary determination of the system’s free energy
landscape. Regarding the permeation of CDP5 peptide, its FEP exhibits two main transition
states, a major one at the center of the bilayer (z = 0 nm) and a minor one at the surface
of the lipid headgroups (around z = 2.4 nm) (Figure 1). Consequently, we decided to run
simulations of the peptide-membrane system, starting from four sets of 75 conformations
each, extracted from the previous US simulations, with peptide positions z = 0.0, 2.3, 2.4, and
2.6 nm. Each of these 4 × 75 initial configurations were submitted to a 100 ns unconstrained
MD production in the same conditions as the US simulations.

Building the Markov State Models

To study the sensitivity of the computed permeability to the initial configurations of
the peptide-membrane system, we built four Markov models from four different sets of
MD trajectories (Table 2).

Table 2. Markov State Models built from four different sets of 100 ns unconstrained trajectories of the
peptide-membrane system.

MSM Name Nb of Trajectories Initial Positions

CDP5_2.3 2 × 75 z = 0.0 and 2.3 nm
CDP5_2.4 2 × 75 z = 0.0 and 2.4 nm
CDP5_2.6 2 × 75 z = 0.0 and 2.6 nm
CDP5_all 4 × 75 z = 0.0, 2.3, 2.4, and 2.6 nm

PyEMMA [22] was used to build and analyze the four MSMs. For each kinetic model,
the estimated implied relaxation timescale was plotted as a function of different lag times
τ (Figure 4). From these graphs, we considered that the implied relaxation timescales are
approximately constant from 3 timesteps, i.e., τ = 300 ps, and that this lag time is suitable
for calculating accurate kinetic coefficients of all MSMs. These plots also indicate that the
models are characterized by three implied slow relaxation timescales (blue, red, and green
lines in Figure 4). The transition matrix was estimated using the above lag time value, and a
Chapman–Kolmogorov test was performed to verify the Markovianity of each model [22].

Next, PCCA+ [37] clustering was applied to describe all trajectories of each MSM in
terms of a few metastable states. Since three implied slow relaxation timescales could be
identified, we asked PCCA+ to cluster the trajectories into four metastable states (Figure 5).
Moreover, PCCA+ provides the values of the MFPTs between each pair of metastable states
(Figure 5), which were used to derive the rate constants corresponding to the entry of the
solute into the membrane kin, the exit out of it kout, and the flip-flop transitions from one
lipid layer to the other k f lip (Figure 6A).
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Figure 4. PyEMMA implied timescales as a function of lag time for each Markov State Model.
Timescales are sorted in descending order using the color lines blue, red, green, cyan, violet, yellow,
and pink. Black lines indicate timescale equal to lag time.

Figure 5. PyEMMA metastable states are represented by colored discs with a radius proportional
to their population. The most populated states (labeled 3 and 4) always identify the water phase,
while the smaller ones (labeled 1 and 2) represent the two lipid leaflets. Transitions are described
with arrows whose thickness and label are associated to the rate constant and MFPT, respectively.
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Figure 6. Designation of the kinetic rate constants in membrane planar (A) and spherical (B) geometry.
In the liposome model, wo and lo stands for the outer water and lipid compartment, respectively, and
similarly for the two inner compartments wi and li.

Kinetic Model Master Equations

Similarly to what was done by Dickson et al. [18], the master equations describing the
passive diffusion of a solute from an outer water compartment into the water interior of a
spherical liposome were solved by considering two lipid compartments (indicated as outer
and inner lipid compartments) as schematically depicted in Figure 6B. The differential
equations describing the time dependence of the solute in the four compartments read:

dSI(t)
dt

= ∑
J

[−kI JSI(t) + kJISJ(t)
]

Swo(0) = Stot, Slo(0) = Sli(0) = Swi(0) = 0

(5)

where I, J = wo, lo, li, wi are the indices that refer to the outer water, outer lipid, inner lipid,
and inner water compartments, respectively, and the summation runs over the nearest
compartments. At time t = 0, the solute is entirely in the outer water compartment
(Equation (5)).

Knowing that the rate constant k of each kinetic step depends on the permeability
coefficient P, the surface area A separating two compartments, and the volume V of the
donor compartment, through the relation k = P(A/V), it should be noted that the apparent
rate constants kwo,lo, klo,wo, klo,li, kli,lo, kli,wi, and kwi,li in the membrane spherical geometry
are related to the rate constants kin, kout, and k f lip previously estimated by the Markov State
Models in the membrane planar geometry as

kwo,lo =
VW
Vwo

Al
AL

kin, kwi,li =
VW
Vwi

Al
AL

kin

klo,wo =
VL
Vl

Al
AL

kout, kli,wi =
VL
Vl

Al
AL

kout

klo,li =
VL
Vl

Al
AL

k f lip, kli,lo =
VL
Vl

Al
AL

k f lip

(6)

where AL, VL, and VW are the lipid bilayer surface area, its interior volume, and the
bulk water volume in the planar membrane systems simulated by MD, respectively.
In the spherical liposome model, the surface area is considered equal on both outer
and inner layers: Al ≡ Ali = Alo . Similarly, we assumed that the volumes of the two
compartments in the lipid bilayer are equal: Vl ≡ Vli = Vlo . Quantitatively, we used
a liposome radius r = 100 nm and a ratio of 1000:1:1:10 for the volumes of the four
compartments Vwo : Vlo : Vli : Vwi, conforming to the experimental conditions of the
liposome experiments reported in [10]. For the MD areas and volumes, we used the
POPC area per lipid AL = 65.6 Å2 and the volume per lipid VL = 1.2 nm3 [18]. The bulk
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water volume VW was calculated from the volume per molecule 30.5 Å3 and the number
of water per lipid (89 in our simulated systems).

Equations (5) are a system of four ordinary differential equations (three of which are
independent) that we solved numerically using SciPy routines [38]. We also solved the
system analytically, using the numerical values of the eigenvalues of the matrix associated
with the system of differential equations (Appendix A).

Permeability Coefficient from Kinetic Models

Following reference [39] and subsequent papers [10,40], the permeation coefficient is
extracted from experimental data by fitting the luminescence curve with a biexponential
function as a function of time:

I(t) = I(∞) + [I(∞)I − I(0)I ]e−kI t + [I(∞)I I − I(0)I I ]e−kII t (7)

where I(∞) = I(∞)I + I(∞)I I is the total maximal luminescence, I(∞)I and I(∞)I I are
the maximal luminescence of the fast and slow phase respectively, I(0)I and I(0)I I are the
initial luminescence for the two phases, and kI and kII are the corresponding rate constants.

For luminescence experiments with liposomes, the permeation coefficient has been
related to the rate constant kI of the fast exponential phase and the liposome radius as:

Plipo =
Vwi
Al

kI =
r
3

kI (8)

From the point of view of the four-step model describing the process, where a peptide
undergoes adsorption, flip-flop, and desorption through the liposome membrane bilayer,
the relevant kinetics are expressed as three exponential functions, as in Equation (A7),
rather than the two fitting functions for the luminescence intensity of Equation (7). We
can, however, still use the rate constant associated with the fastest exponential phase
in the liposome model and substitute its value in Equation (8) to obtain the membrane
permeability coefficient, as it has been done in [18].

Errors on the permeability coefficient are derived using the Bayesian estimator in
PyEMMA for the MSMs, which generates samples of transition matrices rather than one
single transition matrix, as in the case of the maximum likelihood estimator. With this
method, we obtained a sample of 100 transition matrices for each MSM, from which
PyEMMA can compute samples for different quantities, such as the MFPT. The reported
results were evaluated based on the mean value of the MFPT samples and their standard
deviation, using propagation of uncertainties to compute the errors on the rate constants.

4. Conclusions

The ISDM approach is probably the most popular method used to estimate the mem-
brane permeability of chemical compounds. However, Dickson et al. recently showed
that an alternative method, based on Markov State Models of the permeation process,
yielded permeability coefficients in better agreement with experimental data for seven
small molecules [18]. In the present study, we applied and compared the two computational
methods for a larger compound, the cyclic decapeptide CDP5. As opposed to the tendency
reported by Dickson et al., we found that the ISDM-based and MSM-based method slightly
underestimates and largely overestimates the peptide membrane permeability, respectively.

A probable explanation of the peptide permeability overestimation by our MSM-
based calculations lies in the too-short duration of its unconstrained MD simulations
required to build the Markov State Models. Indeed, due to its size and polarity, the
CDP5 decapeptide cannot pass through the lipid headgroups as easily and rapidly as
the small compounds simulated by Dickson et al. [18]. Thus, the peptide unconstrained
simulations starting from maximum energy positions on the lipid headgroup surface in
water require longer times to go down the hill and move towards the energy minimum
inside the membrane. As a consequence, the peptide population π and the free energy
ΔG = −kBT log π at these maximum energy positions are larger and lower than expected,

463



Int. J. Mol. Sci. 2023, 24, 5021

respectively. Accordingly, the MSM-based peptide permeability coefficient is excessively
large compared to experiments and ISDM calculations.

To remedy this default, it would probably be necessary to extend the duration of the
unconstrained MD simulations and/or multiply their starting points. However, for the building
of one Markov State Model, we have already performed a total of 15 μs MD simulations,
whereas the ISDM approach has needed 10 μs US. In addition, the building of accurate MSMs
requires running unconstrained MD simulations from maximum free energy states, which,
very often, have to be predetermined by US calculations. Thus, predictions of the membrane
permeability of peptides with the MSM-based method would require much more computer
resources than the ISDM approach, which was able to yield reasonable estimations.
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Appendix A. Analytical Resolution of the Kinetic Model Equations

Equation (5) can be rewritten in matrix form as

d�S(t)
dt

= D · �S(t) + �B

�S(0) = �S0

(A1)

where �S (and similarly �S0) is defined as

�S =

⎛
⎝ Swo

S−
Swi

⎞
⎠, S− =

1
2
(Si − So), Si = Swi + Sli (A2)

The matrix D, the coefficients vector �B, and the initial conditions �S0 read:

D =

⎛
⎝ −Ko ko 0

−k f −K f k′f
0 ki −Ki

⎞
⎠ (A3)

�B =
Stot

2

⎛
⎝ ko

k−
ki

⎞
⎠, �S0 =

Stot

2

⎛
⎝ 1

− 1
2

0

⎞
⎠ (A4)

where Stot indicates the constant total amount of solute in the system that is initially con-
tained entirely in the outer aqueous compartment, as aforementioned. We have simplified
notations by defining:

ko ≡ klo,wo, Ko ≡ ko + kwo,lo

ki ≡ kli,wi, Ki ≡ ki + kwi,li

k f ≡ kli,lo, k′f ≡ klo,li

K f = k f + k′f , k− = k′f − k f

(A5)
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Appendix A.1. Approximated Solution for the Inner Acqueous Compartment

Knowing that the volume of the outer aqueous compartment is much larger than the
volumes of the other compartments, and for symmetry reasons, we infer that

Ko � ko, ki � ko, K f � 2k′f � 2k f (A6)

The solution to the differential equations yields the time evolution for the solute in the
aqueous inner compartment, which is given by the sum of three exponential functions plus
constants, in terms of the rate constants and of the eigenvalues λ1, λ2, λ3 of the matrix D,
with λn = −κn and κn ≥ 0, for n = 1, 2, 3:

Swi(t) =
3

∑
n=1

[
βn

κn
+

(
ν0n − βn

κn

)
e−κnt

]
(A7)

where ν0n are the initial conditions for the eigenvectors νn, and βn are the components of �B
in the eigenvector basis:

ν0n ≡ νn(t = 0) =
Stot

2
ki

Ki − ∑m =n κm

∏m =n(κm − κn)
(A8)

βn =
Stot

2
ki ∏

m =n

(Ki − κm)

(κm − κn)
. (A9)

The initial conditions ν0n and the coefficients βn are here derived in the approxima-
tions (A6), while the exact expressions are reported in Appendix A.2, together with the
solutions for the solute in the remaining three compartments. In the limit Ki → ki, which
implies kwi,li � kli,wi, the substrates are trivially constant as a function of time and equal to
their initial values fixed in Equation (5):

Swo(t) ≡ Stot, Slo(t) ≡ Sli(t) ≡ Swi(t) ≡ 0 (A10)

The condition Ki � ki would be satisfied if the inner aqueous compartment became
much larger than the volume of the membrane, for instance, assuming that the rate con-
stants are roughly of the same order of magnitude (as it will generally be the case for the
current models). As we depart from this trivial limit, in other words, as the inner aqueous
compartment volume becomes comparable to the membrane volume, we expect that the
substrate would start decreasing in the outer aqueous compartment to partly fill the inner
aqueous compartment once equilibrium is reached, as will be confirmed by our results.

Appendix A.2. Full Solutions for the Kinetic Model Equations

The exact solutions to the set of Equation (5) describing the time evolution of the solute
inside the liposome model illustrated in Figure 6B are sums of three exponential functions
plus constants:

Swo(t) =
3

∑
n=1

⎡
⎣ k′f

k f
−

(Ki − κn)
(

k f + k′f − κn

)
kik f

⎤
⎦νn(t)

Slo(t) =
3

∑
n=1

⎡
⎣ k′f

k f
−

(Ki − κn)
(

k′f − κn

)
kik f

⎤
⎦νn(t) +

Stot

2

Sli(t) =
3

∑
n=1

[
k′f
k f

− (Ki − κn)

ki

]
νn(t) +

Stot

2

Swi(t) =
3

∑
n=1

νn(t)

(A11)
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where νn(t) are the eigenvectors solutions to the system of differential equations:

νn(t) =
βn

κn
+

(
ν0n − βn

κn

)
e−κnt, n = 1, 2, 3 (A12)

If no specific approximation is applied for the membrane system, the initial conditions
ν0n for the eigenvectors νn yield:

ν0n =
Stot

2
ki

Ki + k− − ∑m =n κm

∏m =n(κm − κn)
(A13)

and the constant coefficients βn can be expressed as

β j =
Stot

2
ki

∏m =n(Ki − κm) + k−
(

K f + Ki − ∑m =n κm

)
− k f ko + k′f ki

∏m =n(κm − κn)
(A14)
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Abstract: Papain-like protease (PLpro) is critical to COVID-19 infection. Therefore, it is a significant
target protein for drug development. We virtually screened a 26,193 compound library against the
PLpro of SARS-CoV-2 and identified several drug candidates with convincing binding affinities. The
three best compounds all had better estimated binding energy than those of the drug candidates
proposed in previous studies. By analyzing the docking results for the drug candidates identified
in this and previous studies, we demonstrate that the critical interactions between the compounds
and PLpro proposed by the computational approaches are consistent with those proposed by the
biological experiments. In addition, the predicted binding energies of the compounds in the dataset
showed a similar trend as their IC50 values. The predicted ADME and drug-likeness properties also
suggested that these identified compounds can be used for COVID-19 treatment.

Keywords: COVID-19; virtual screening; PL protease; MD simulations; drug discovery

1. Introduction

With more than 756 million cases and 6.8 million deaths worldwide as of February
2023, the SARS-CoV-2 (COVID-19) pandemic is one of the most significant pandemics
in recent history [1]. In the United States, deaths due to this virus have surpassed the
1918 H1N1 pandemic, the most lethal flu pandemic in the last century [2–4]. To curb these
numbers, vaccines against COVID-19 have been in development since the sequencing of the
virus in early 2020 [5,6]. As of the writing of this article, many vaccines have been approved
worldwide and more are still in development: Pfizer-BioNTech and Moderna in the United
States, Oxford-AstraZeneca in the United Kingdom, Covaxin in India, etc. [7]. Despite this
success, cases continue to surge in the US, Japan, Germany, and many other high-income
nations [8]. Although they have not experienced as many infections, low-income nations
are disproportionally underserved by current vaccines, resulting in extended restrictions
on their populations [7]. To ease the negative impact of these issues, continued drug
development for COVID-19 is very important.

Drugs developed for COVID-19 vary in size and primarily target one of three viral
proteins: RNA-dependent RNA polymerase (RdRp), 3C-like protease (3CLpro or Mpro), and
papain-like protease (PLpro) [9,10]. Remdesivir, the first COVID-19 drug approved by the
FDA, is an adenine analog nucleoside inhibitor that disables RdRp by incorporating itself
into the new sequence and blocking transcription [11,12]. Molnupiravir (EIDD-2801) and
Favipiravir are further drugs of this type in development [9–11]. The next most prominent
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drug in development is PF-07321332, developed by Pfizer, which binds to the active site
of 3CLpro using a series of hydrogen bonds, with Glu166, Gln189, and His164 of 3CLpro

being the most important residues anchoring and stabilizing the ligand throughout the
binding process [10,13]. Its mechanism is similar to Boceprevir, which inhibits COVID-19
3CLpro and has been approved by the FDA to treat HCV [10,14]. On a separate note, many
antibodies, such as REGEN-COV and Sotrovimab, approved by the FDA to treat mild
COVID-19 have different targets from the aforementioned proteins [9].

PLpro is a well-known cysteine protease. PLpro not only cleaves non-structural pro-
teins 1–3 (nsp1–3) from polyprotein 1ab, a major protein involved in early COVID-19
infection [10,15,16], but also aids in immune evasion by cleaving ubiquitin (Ub) and inter-
feron (IFN)-stimulated gene 15 (ISG15), which are significant parts of the NF-κB pathway.
Near the catalytic site, the last four residues of Ub bind to leucine, arginine, and two
glycines, respectively, which are known as P1–P4. Most of the above substrates are an-
chored by P1–P4 before cleavage by the catalytic site [10]. Along with this, PLpro plays a
role in attaching the replication/transcription complex (RTC) to the modified endoplasmic
reticulum (ER) membranes [15].

This wide range of functions makes PLpro an attractive drug target. Most drugs against
PLpro prevent Ub and ISG15 from reaching the catalytic site. GRL-0617, the most prominent
drug candidate against PLpro, binds to P3 and P4 using H-bonds and hydrophobic inter-
actions between Tyr265, Tyr 269, Pro248, and Pro249. GRL-0667, a more potent inhibitor
(IC50 = 0.32 μM), utilizes a similar mechanism, with its smaller size and conformation
allowing for greater interaction with the binding site [10]. Some derivatives of GRL-0617’s
functional groups are more potent than GRL-0617, such as XR8-89 (IC50 = 0.113 μM) and
XR8-83 (IC50 = 0.21 μM) [16]. Acting as a Zn2+ ejector and disrupting the interaction
with Cys111, Ebselen also inhibits PLpro with an IC50 of 0.67 ± 0.09 μM [10,17]. Re-
garding virtual screening studies, cyanobacterial metabolites, such as Cryptophycin 1
(−7.7 ± 0.09 kcal/mol), and compounds from natural sources, such as matcha green tea
and Nigella sativa, have good binding affinity when docked to PLpro, indicating likely
inhibitory activity as well [18–21].

To push drug development further, we screened a 26,193 compound library for po-
tential candidates against PLpro using molecular docking and molecular mechanics with
generalized Born and surface area (MM-GBSA) calculations. While the potential candidates
were compared to GRL-0617 and our previous best compound, the top three candidates
were selected to undergo further molecular dynamics (MD) simulations. Overall, this study
identified three novel drug candidates (F3077-0136, F2883-0639, and F0514-5148) against
PLpro that have lower binding affinities than the control compounds, potentially surpassing
them in inhibitory power.

2. Results

2.1. Docking Analysis of Top Three Compounds against SARS-CoV-2 PLpro

To develop effective drugs against SARS-CoV-2 PLpro, we docked 26,193 compounds
on PLpro (PDB ID: 7LBR) by performing ligand–protein docking. Based on the docking re-
sults, the binding energies were calculated using Prime MM-GBSA in Maestro. As a result,
the top three compounds with the best binding energies were found to be F3077-0136
(−91.92 kcal/mol), F2883-0639 (−90.96 kcal/mol), and F0514-5148 (−89.66 kcal/mol)
(Table 1). Moreover, a reported PLpro inhibitor (GRL-0617) [22,23], the best drug can-
didate kaempferol 3-O-sophoroside 7-O-glucoside from our previous study [21], and the
existing ligand XR8-89 in 7LBR were used as controls. From Table 1, it can be seen that these
three compounds show better binding energies than the control compounds, indicating
that these top three compounds may be drug candidates against SARS-CoV-2 PLpro.
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Table 1. The estimated binding energies of the top three compounds and the control compounds.

Compound Structure Binding Energy (kcal/mol)

F3077-0136

 

−91.92

F2883-0639

 

−90.96

F0514-5148

 

−89.66

GRL-0617

 

−60.75 [21]

Kaempferol 3-O-sophoroside
7-O-glucoside

 

−87.97 [21]

XR8-89

 

−87.41

From 2D ligand–protein interaction diagrams (Figure 1), we found that the top three
compounds could all interact with Tyr268. F3077-0136 and F0514-5148 interact with Tyr268
by each forming one pi–pi stacking. F2883-0639 interacts with Tyr268 by forming one
hydrogen bond and one pi–pi stacking. Furthermore, both F2883-0639 and F0514-5148
interact with Asn267 by each forming one hydrogen bond. Notably, Asn267 and Tyr268 are
the residues on blocking loop 2 (BL2), which plays an essential role in inhibitor binding [24].
This potentially explains why these top three compounds can tightly bind to PLpro.

Additionally, F3077-0136 interacts with Arg166 by forming a hydrogen bond and a
pi–cation interaction. F0514-5148 also interacts with Arg166 by forming a hydrogen bond.
Both F3077-0136 and F2883-0639 interact with Tyr273 by each forming one hydrogen bond.
All the interactions between the top three compounds and the residues in the binding
pocket are summarized in Table 2. We also calculated the strength of the hydrogen bonds
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between the top three compounds and the residues (Table S1), and the data indicated
that the hydrogen bonds between the top three compounds and the binding residues
were strong.

Figure 1. The docking poses and 2D ligand–protein interaction diagrams for 7LBR and the top three
ligands: (A) F3077-0136; (B) F2883-0639; (C) F0514-5148. The pink arrow indicates the hydrogen bond;
the green line represents pi–pi stacking; the red line represents pi–cation interaction; the yellow line
represents the halogen bond.
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Table 2. The interactions between the top three compounds and the residues of SARS-CoV-2 PLpro

and their distances (H-bond: hydrogen bond).

Residue F3077-0136 F2883-0639 F0514-5148

Leu162
Halogen bond

(3.33 Å)

Asp164 H-bond
(1.87 Å)

Arg166 H-bond
(2.29 Å, 2.05 Å)

H-bond
(2.31 Å)

Pi–cation
(4.58 Å)

Tyr171
Pi–pi stacking

(4.82 Å)

Asn267 H-bond
(2.03 Å)

H-bond
(2.02 Å)

Tyr268
Pi–pi stacking

(4.64 Å)
H-bond
(2.67 Å)

Pi–pi stacking
(5.45 Å)

Pi–pi stacking
(4.78 Å)

Tyr273 H-bond
(1.85 Å)

H-bond
(1.75 Å)

Thr301 H-bond
(2.71 Å)

Asp302 H-bond
(2.03 Å)

2.2. Physicochemical Properties Prediction

To explore the physicochemical properties of the top three compounds, we predicted
the absorption, distribution, metabolism, excretion (ADME), and the drug-likeness prop-
erties by using Qikprop in Maestro. The results are shown in Table 3. First, the molec-
ular weights and the QPlogS of the top three compounds were in the recommended
ranges of 130.0 to 725.0 and −6.5 to 0.5, respectively. F3077-0136 and F2883-0639 showed
better solubility than F0514-5148 because the QPlogS value of F0514-5148 was close to
−6.5. In addition, Lipinski’s rule of five (RO5) and Jorgensen’s rule of three (RO3) were
used to evaluate the drug-likeness. Lipinski’s rule of five (RO5) requires molecular
weight < 500, an octanol–water partition coefficient (LogP) < 5, the number of hydro-
gen bond donors ≤ 5, and the number of hydrogen bond acceptors ≤ 10 [25]. Jorgensen’s
rule of three (RO3) requires aqueous solubility (LogS) > −5.7, the apparent Caco-2 cell per-
meability > 22 nm/s, and the number of primary metabolites < 7 [26]. All three compounds
passed the RO5 and RO3 tests, while both F3077-0136 and F2883-0639 showed no RO5
and RO3 violations and F0514-5148 had two violations for each test. These results demon-
strate that these three compounds are potential drug candidates. Therefore, F3077-0136,
F2883-0639, and F0514-5148 were studied further.

Table 3. Selected Qikprop descriptors for the top three compounds and the control compounds.

Compound mol_MW 1 QPlogS 2 RO5 3 RO3 4

F3077-0136 393.459 −5.404 0 0
F2883-0639 436.355 −5.440 0 0
F0514-5148 658.807 −6.367 2 2
GRL-0617 304.391 −4.952 0 0

F5367-0114 372.433 −4.230 0 0
1 mol_MW represents the molecular weights of the molecules. The recommended range is 130.0–725.0. 2 QPlogS is
the predicted aqueous solubility. The recommended range is −6.5~0.5. 3 RO5: number of violations of Lipinski’s rule
of five. The maximum is four. 4 RO3: number of violations of Jorgensen’s rule of three. The maximum is three.
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2.3. Molecular Dynamics (MD) Simulation Analysis

To further analyze the stability of PLpro bound to the top three compounds, we
conducted MD simulations to calculate the root-mean-square deviation (RMSD) for the
proteins (Figure 2), the total energies (Figure 3), the H-bond (Figure S5), the radius of
gyration (rGyr) (Figure S6), the solvent-accessible surface area (SASA) (Figure S7), and
the root-mean-square fluctuation (RMSF) (Figure S8). RMSD can be used to evaluate
the stability of a protein structure. As shown in Figure 2, the RMSD of 7LBR bound
to F2883-0639 and F0514-5148 stabilized around 0.25 nm from 4 to 100 ns, similar to the
RMSD for the cocrystal structure 7LBR-XR8-89. This suggested that the protein structures
of 7LBR bound to F2883-0639 and F0514-5148 were stable. The RMSD of 7LBR bound
to F3077-0136 ranged from 0.20 to 0.38 nm from 4 to 90 ns and then stabilized around
0.25 nm after 90 ns. Moreover, the complex 7LBR-F5367-0114, which showed worse binding
energy (−29.81 kcal/mol), was applied as a negative control. The RMSD of 7LBR-F5367-
0114 stabilized around 0.25 nm from 5 to 45 ns and then ranges from 0.3 to 0.4 nm until
100 nm. As the positive control, the RMSD of 7LBR bound to GRL-0617 ranged from
0.20 to 0.30 nm from 4 to 75 ns and then rose higher than 0.30 nm (Figure 2). Both the
negative and positive controls showed higher RMSD values than the top three complexes.
Therefore, we concluded that the proteins bound to the top three compounds were more
stable than the proteins bound to F5367-0114 and GRL-0617. The total energies of the top
three complexes and the control complexes are shown in Figure 3. The energies of the
7LBR–ligand complexes stabilized at around −1.49 × 106 KJ/mol, which also indicated
the good stabilities of these systems. In addition, as depicted in Figure S5, 7LBR bound
to F3077-0136 exhibited a higher number of hydrogen bonds than the other proposed
complexes and was even better than the cocrystal structure 7LBR-XR8-89 from 0 to 60 ns,
indicating the higher stability of 7LBR-F3077-0136. In Figure S6, the values for rGyr can be
seen to stabilize around 2.35 to 2.43 nm, except for the negative control 7LBR-F5367-0114,
indicating that the three proposed complexes have similar flexibilities compared to the
positive control and the cocrystal structure. Furthermore, the SASA analysis plot (Figure S7)
shows that the SASA values of the top three complexes were in the range of 159 nm2 –172
nm2, similar to the positive control and the cocrystal structure. This suggests that the top
three complexes have similar solvent accessibilities as those of the positive control and
the cocrystal structure. Notably, as shown in Figure S8, the top three complexes exhibited
similar RMSF distributions compared to the positive control and the cocrystal structure,
indicating their steady binding stabilities.

Figure 2. The comparison of the proteins’ RMSD values. The blue, red, green, yellow, pink, and
purple lines represent the RMSD values for 7LBR after binding to F3077-0136, F2883-0639, F0514-5148,
F5367-0114 (negative control), GRL-0617 (drug candidate from a previous study), and the cocrystal
structure 7LBR_XR8-89, respectively.
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Figure 3. The comparison of the total energies of the protein–ligand complexes. The blue, red,
green, yellow, pink, and purple lines represent the energies of the complexes 7LBR_F3077-0136,
7LBR_F2883-0639, 7LBR_F0514-5148, 7LBR_F5367-0114, and 7LBR_GRL-0617 and the cocrystal struc-
ture 7LBR_XR8-89, respectively.

3. Discussion

COVID-19 has led to the largest economic, educational, and societal disruptions of
any pandemic seen throughout history, with an estimated USD 3.3 trillion deficit within
the United States and USD 202.6 billion in lost revenue throughout American healthcare
systems [27]. Hence, drug development for the treatment of COVID-19 has accelerated dras-
tically. PLpro is one of the critical therapeutic targets for COVID-19 treatment. Numerous
studies have proposed PLpro inhibitors, such as GRL-0617 and its derivative, XR8-89 [16,28].
GRL-0617 is not an ideal antiviral agent due to its insufficient potency [16]; however, it can
be used as a control for virtual screening. The cocrystal structure (PDB ID: 7LBR) of XR8-89
with SARS-CoV PLpro was applied for screening in this study. The existing ligand XR8-89
was used as another control. As one of the derivatives of GRL-0617, XR8-89 showed better
binding energy than GRL-0617 (Table 1), which was consistent with their IC50 data (the
IC50 of GRL-0617 is 1.61 μM and the IC50 of XR8-89 is 0.113 μM) [16]. The binding energy
of XR8-89 was close to those of the top three candidates, which indicates that the top three
candidates should have similar or better inhibitory potency against PLpro, as a previous
study acknowledged that binding energy is a significant indicator of drug potency [29].
Furthermore, in addition to XR8-89, we tested the other compounds listed in the paper by
Shen et al. [16] and compared the estimated binding energies with IC50 values. As can be
seen in Figure S1, our predicted binding energies showed a similar trend as the IC50 values,
suggesting the accuracy of the docking results.

In addition, there were six more candidates with better binding energies than the con-
trol group (Table S2). The binding energies of those candidates were around −88 kcal/mol.
By comparing the protein–ligand interactions, we found that five of them interacted with
Asn267, Tyr268, and Gln269 (Table S3). These three residues belong to the BL2 loop
(Gly266-Gly271) which is an essential structure in PLpro for inhibitor binding [24]. There-
fore, F3222-1354, F1827-0078, F3166-0259, F3222-3821, and F1614-0151 may exert inhibitory
effects on PLpro. Among these five compounds, the Qikprop descriptors for F1827-0078,
F3166-0259, and F1614-0151 fell within the recommended range, suggesting that these
three compounds may be used for COVID-19 treatment (Table S4). To further validate our
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results, we are also testing these candidates using biochemical methods in our collaborative
lab, and the outcomes will be published in the future once our collaborators complete
the experiments.

4. Materials and Methods

4.1. Ligand Preparation

The structures of the 26,193 tested compounds were provided by the College of
Pharmacy, University of Georgia. Before preparation, we analyzed this database using
DataWarrior [30]. More than 90% of the compounds had molecular weights (MWs) be-
low 450 (MW ≤ 450) (Figure S2), and around 96% of the compounds showed good hy-
drophilicity (cLogP ≤ 5) (Figure S3). After calculating the drug-likeness values in DataWar-
rior, around 70% of the compounds fell within the recommended range (drug-likeness
value > 0) (Figure S4). All the tested compounds were prepared using Ligprep in Maestro
12.4 (Schrödinger). The process employed by Ligprep involves adding hydrogen molecules,
computing the correct partial charges, and generating possible conformations. The force
field used was OPLS3e by default [31].

4.2. Protein Preparation

The protein structure of SARS-CoV-2 PLpro (PDB ID: 7LBR [16]) from RCSB’s Protein
Data Bank (https://www.rcsb.org/, accessed on 20 April 2022) [32] was prepared using
Schrodinger Maestro. The protein preparation included three steps [33]. The first step
was preprocessing, which included assigning bond orders, adding hydrogen, creating
zero-order bonds to metals, creating disulfide, and generating het states using Epik [34].
The second step was optimization, which involved optimizing the hydrogen bond using
PROPKA [35]. The third step was minimization, which was performed by using the OPLS3e
force field [31].

4.3. Ligand–Protein Docking

To estimate the interactions between target proteins and the tested compounds, we
conducted ligand–protein docking by using the Ligand Docking panel in Maestro. Before
running docking jobs, a receptor grid box was generated based on the existing ligand
XR8-89 (Ligand ID: XT7) in the structure 7LBR [16]. The size of the receptor grid box was
set as the default (20 Å). Ligand–protein docking was performed as flexible docking in
extra-precision (XP) mode.

4.4. MM-GBSA Calculation

To predict the binding energies of the tested compounds bound to PLpro, we per-
formed Prime molecular mechanics with generalized Born and surface area (MM-GBSA)
calculations in Maestro. The pose-viewer files generated after dockings were uploaded
into the Prime MM-GBSA panel to calculate binding energy. The force field used was
OPLS3e [31].

4.5. ADME and Drug-Likeness Properties Prediction

After the calculation of binding energies, we applied the Qikprop module in Maestro
to predict absorption, distribution, metabolism, excretion (ADME), and drug-likeness
properties for further screening [36]. For Qikprop, the top three compounds were prepared
using Ligprep. Finally, the descriptors, such as the rule of five (RO5) and rule of three
(RO3), were applied to analyze the candidates.

4.6. Molecular Dynamics Simulations

To further investigate the dynamic interactions between PLpro and the top three
compounds, we conducted molecular dynamics (MD) simulations using GROMACS ver-
sion 2030.4 and CHARMM36 force field [37,38]. The starting coordinates for the protein–
ligand complexes were obtained from our ligand–protein docking studies. Then, we used
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CHARMM-GUI to build the MD simulation solution box, which was a cubic box with a
length of 112 Å, and filled it with water molecules [39]. Next, the minimized structures
were equilibrated using a constant number of particles, volume, and temperature (NVT)
ensemble and a number of particles, pressure, and temperature (NPT) ensemble. The target
equilibration temperature was 303.15 K. Finally, MD simulations were performed for 100 ns
and the conformations were calculated and recorded every 2 ps. During the simulations,
the simulation solution box was isotropic and the periodic boundary condition was applied.
After the MD simulations, we calculated the root-mean-square deviation (RMSD) for the
protein and the energies of the system along the simulation trajectories.

5. Conclusions

This study demonstrated that F3077-0136, F2883-0639, and F0514-5148 were the best
three drug candidates. In particular, F3077-0136 and F2883-0639 showed better drug-
likeness properties. In this study, we applied several computational approaches to a
26,193 compound library provided by the College of Pharmacy, University of Georgia.
All compounds were available for the ensuing assays. Before the biological assays, we
docked all 26,193 compounds on PLpro, predicted the binding affinities to identify the best
inhibitors, predicted the drug-likeness, and performed MD simulations to validate the
predicted binding. Overall, this study not only provides clues for bench research but may
also speed up the process of COVID-19 drug development.
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