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Abstract: Anticoagulants prevent the blood from developing the coagulation process, which is the
primary cause of death in thromboembolic illnesses. Phenindione (PID) is a well-known anticoagulant
that is rarely employed because it totally prevents coagulation, which can be a life-threatening
complication. The goal of the current study is to synthesize drug-loaded Ag NPs to slow down the
coagulation process. Methods: A rapid synthesis and stabilization of silver nanoparticles as drug-
delivery systems for phenindione (PID) were applied for the first time. Results: Several methods are
used to determine the size of the resulting Ag NPs. Additionally, the drug-release capabilities of Ag
NPs were established. Density functional theory (DFT) calculations were performed for the first time
to indicate the nature of the interaction between PID and nanostructures. DFT findings supported that
galactose-loaded nanostructure could be a proper delivery system for phenindione. The drug-loaded
Ag NPs were characterized in vitro for their antimicrobial, cytotoxic, and anticoagulant activities,
and ex vivo for spasmolytic activity. The obtained data confirmed the drug-release experiments.
Drug-loaded Ag NPs showed that prothrombin time (PT, sec) and activated partial thromboplastin
time (APTT, sec) are approximately 1.5 times longer than the normal values, while PID itself stopped
coagulation at all. This can make the PID-loaded Ag NPs better therapeutic anticoagulants. PID
was compared to PID-loaded Ag NPs in antimicrobial, spasmolytic activity, and cytotoxicity. All the
experiments confirmed the drug-release results.

Keywords: silver nanoparticles; galactose-assisted; phenindione (2-phenyl-1,3-indandione); density
functional theory (DFT); anticoagulant; thrombosis; antimicrobial; cytotoxicity; spasmolytic
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1. Introduction

The vascular system must be in a homeostatic state for coagulation and fibrinolytic
processes to function properly. These processes are crucial to the protective physiological
systems of the organism. In healthy individuals, microscopic blood clots are frequently
required for the repair of vascular injuries. The fibrinolytic system effectively eliminates
insoluble clots by breaking them down into soluble fragments through proteolytic diges-
tion and repairing the damaged vessel’s endothelial surface [1]. Anticoagulants prevent
the blood from developing the coagulation process. Anticoagulant therapy is focused
on preventing blood vessel clot formation, which is the primary cause of death in throm-
boembolic illnesses [2–4]. Orally ingestible medications are used in standard therapeutic
protocols for the prophylaxis and treatment of venous thrombosis and to lower the risk of
recurrent myocardial infarction [5,6]. In order to achieve more effective therapeutic results,
combination therapy with anticoagulants and platelet aggregation inhibitors is routinely
utilized in high-risk patients [7,8]. However, these medications have some undesirable side
effects, such as aspirin-related gastrointestinal ulcers, allergy-related bleeding, or warfarin-
induced skin necrosis [6,9]. Furthermore, the effectiveness of these medications is still
not adequate. Therefore, medicinal chemists continue trying to find new drug candidates
in this therapeutic area [10]. Among the known oral anticoagulants, coumarin, warfarin,
and indanone derivatives are well distributed. Their therapeutic action depends on their
ability to suppress the formation of several functional factors of blood coagulation in the
liver [1,11].

Numerous medications have an impact on platelet and coagulation activity. They
might work by amplifying the innate inhibition of coagulation, especially at the level of
thrombin and factor Xa. Many oral anticoagulants work by inhibiting vitamin K, which
prevents the formation of factors II, VII, and X, protein C, and other proteins that are neces-
sary for blood clotting. The more popular oral anticoagulants are vitamin K-like coumarin
derivatives, such as warfarin, dicoumarides, and phenindione (2-phenyl-1,3-indandione,
PID). Clinically, warfarin is used to reduce the incidence of thromboembolism associated
with prosthetic heart valves and atrial fibrillation. PID’s effects are comparable to those of
warfarin, but it is no longer often used due to the risk of serious side effects [1,11–14].

Indane and its analogues present a variety of biological applications by serving as
pharmacophores and by providing scaffolds for the rational design of medications deliber-
ated at diverse biological targets [15]. The indanes’ bioactive profile stimulated the creation
of therapeutically effective medications and therapeutically useful molecules. Indanes
enhance the molecular interactions with target peptides and enzymes, enabling the effi-
cient modulation of enzyme expression to yield the optimal pharmacological effect [16].
Indanes are effective scaffolds for the synthesis of anticancer and anti-inflammatory com-
pounds [17–19]. The bioactive compounds based on these scaffolds allow for the targeting
of composite metastatic pathways, providing an additional benefit for treating malignan-
cies with multiple subtypes. Similarly, indanes and indanones form the core structure of
several bioactive natural compounds and secondary metabolites with radical scavenging
properties that serve as a blueprint for the structural optimization of bioactive indane-based
synthetic compounds [20].

The indanone nucleus, its analogs, and derivatives offer intriguing biological uses
and medicinally significant molecules that are therapeutically effective. Indanone-based
medications provide an expeditious profile in the current drug development paradigm
focused on anti-inflammatory and anti-Alzheimer therapies. Indane nucleus is a successful
medication for Parkinson’s disease treatment. The indanone structural motif is applied in
the treatment of pulmonary embolism, mural thrombosis, and cardiomyopathy or serves
as an anticoagulant [21]. Therefore, indanes are strong candidates for molecules in the
modern drug development paradigm.

Silver nanoparticles (Ag NPs), on the other hand, possess anticoagulant and anti-
inflammatory activity, which makes them ideal candidates for biological applications [22–30].
Finding an environmentally friendly method to make NPs is the main challenge in con-
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temporary synthetic organic chemistry [31–33]. The noble metal cations can be converted
to their nano-forms using biological procedures that utilize various biological resources
as reducing and stabilizing agents [34–37]. Polymer-based NPs were synthesized due to
the spectrum of biological interest [38]. Recently, the application of carbohydrates has
become a popular area in NP synthesis [39–41]. Sugars as reducing agents for the green
synthesis of metal NPs have been applied in the last ten years [42–46]. Many mono-, di-,
and polysaccharides were used as reducing and capping agents for the preparation of noble
metal NPs due to their sustainability, abundance, low cost, harmlessness, renewability,
biodegradability, and compatibility with biological systems [47–51]. The capping agents
have an effective role in NP’s growth and control of their size but could be hazardous [52],
causing many doubts about their use in biological applications [53].

Bearing in mind the structural moiety of indanones and Ag NPs and their biological
activities, novel Ag NPs as drug-delivery systems for PID were obtained. The synthe-
sized drug-loaded Ag NPs could be effective as a new therapeutic anticoagulant in both
thrombosis treatment and medical device coating.

2. Materials and Methods

All solvents and reagents were purchased from Merck (Merck Bulgaria EAD, Sofia,
Bulgaria). The melting point was determined on a Boetius hot stage apparatus and is un-
corrected. Elemental analyses were performed with a TruspecMicro (LECO, Mönchenglad-
bach, Germany). PID was characterized using IR, 1H-NMR, and 13C-NMR. IR spectra
were determined on a VERTEX 70 FT-IR spectrometer (Bruker Optics, Ettlingen, Germany).
1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance III HD 500 spectrometer
(Bruker, Billerica, MA, USA) at 500 MHz (1H-NMR) and 125 MHz (13C-NMR), respectively.
Chemical shifts are given in relative ppm and were referenced to tetramethylsilane (TMS)
(δ = 0.00 ppm) as an internal standard; the coupling constants are indicated in Hz. The
NMR spectra were recorded at room temperature (ac. 295 K). The purity was determined
by TLC using several solvent systems of different polarities. TLC was carried out on
precoated 0.2 mm Fluka silica gel 60 plates (Merck Bulgaria EAD), using chloroform:n-
hexane:methanol: acetone = 4:4:1:1 as a chromatographic system.

2.1. Synthetic Methods
2.1.1. Synthesis of 2-Phenyl-1,3-Indandione

2-phenyl-1,3-indandione is synthesized using a known procedure, via condensation of
phenylacetic acid 2 with phthalic anhydride 1 to phenylmethylenphthalide 3, and further
rearrangement in the presence of sodium ethoxide to PID 4 [54] (Scheme 1).

 
Scheme 1. Synthesis of phenindione (PID).

2-phenyl-1H-indene-1,3(2H)-dione (4): 1H-NMR: 4.29 (s, 1H, CH), 7.21–7.22 (m, 2H,
Ar), 7.31–7.39 (m, 3H, Ar), 7.91–7.98 (dd, J = 10, 5, 2H, Ar), 8.06–8.10 (dd, J = 10, 5, 2H, Ar);
13C-NMR: 198.3 (CO), 142.7, 136.0, 133.2, 129.0, 128.8, 123.8, 59.8 (CH). IR [KBr]: ν, cm−1
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3088, 3078, 3025, 3006 (ν C-H (Ar-H)), 2888 (ν (CH), methine group), 1746, 1705 (ν (C=O)),
1582, 1498, 1473, 1453 ν( CC ) Ar, 1344 (δ(CH), methine group), 768 (γ C-H(Ar-H)); Anal.
calcd. for C15H10O2: C 81.07; H 4.54; Found: C 81.10; H 4.57 (Supplementary Materials
Figures S1–S3).

2.1.2. Synthesis of Galactose-Assisted PID-Loaded Ag NPs

A 0.01 M AgNO3 solution was added to 1.25 g (0.007 mol) of galactose that had been
dissolved in 25 mL of water and refluxed for 2 min. Different concentrations of PID were
added to the solutions to examine how the ratio of Ag NPs to the drug molecule would
impact drug release and biological activity. Galactose and AgNO3 concentrations were
constant during the course of the trials, whereas medication concentrations varied based
on the ratio. Drug molecules were arranged in the following ratios to Ag NPs: 1:1, 1:5, 1:10,
1:20, and 1:50 (concentration range from 4 × 10−4 to 2 × 10−2 mol/L). In about 5 min, the
color of the solution turned pale yellow, indicating the formation of Ag NPs.

2.2. Characterization of the Ag NPs. Analytical Techniques

The solution was utilized for UV-Vis, TEM, single particle ICP-MS (sp-ICP-MS),
dynamic light scattering (DLS), and zeta potential. The suspension was centrifuged at
5000 rpm for 15 min, filtered (0.22 m, Chromafil®, Macherey-Nagel, Düren, Germany), and
the precipitate was used for Fourier transform infrared spectra (FTIR) and X-ray diffraction
(XRD) analyses.

2.2.1. UV-Vis Spectra

UV–Vis spectra were recorded in the range between 320 and 800 nm using a Cary-
60 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The produced
nanoparticle dispersions’ absorbance was measured in a quartz cuvette with a 1 cm optical path.

2.2.2. FTIR Spectra

IR spectra were determined on an FT-IR spectrometer VERTEX 70. The spectra were
collected in the range from 600 cm−1 to 4000 cm−1 with a resolution of 4 nm and 20 scans.
The instrument is equipped with a diamond-attenuated total reflection (ATR) accessory.
The IR spectra were analyzed with the OPUS-Spectroscopy Software, Bruker (Version 7.0,
Bruker, Ettlingen, Germany).

2.2.3. spICP-MS

A 7700 Agilent ICP-MS spectrometer equipped with a MicroMist™ nebulizer and
Peltier-cooled double-pass spray chamber was used for the characterization of silver
nanoparticles at 107 amu. The ICP-MS operating parameters are as follows: RF power—
1.55 kW; sample flow rate—0.322 mL min−1; carrier Ar gas flow rate—1.2 L min−1; acqui-
sition time 60 s; dwell time 5 ms; and transport efficiency 0.032. The transport efficiency
was determined by using the particle-size method [55]. Ultrapure water (UPW) was used
throughout the experiments (PURELAB Chorus 2+ (ELGA Veolia, High Wycombe, UK)
water purification system). For the sonication of silver colloids, an ultrasonic bath (Kerry
US, Burlingame, CA, USA) was used. Reference materials (RM) of citrate-stabilized silver
dispersions Ag NPs (Sigma-Aldrich, Saint Louis, MO, USA) with mean size 40 ± 4 nm
and total mass concentration of silver 0.02 mg mL−1 were used in this study for transport
efficiency determination and calibration.

A standard solution of Ag 9.974 ± 0.041 mg L−1 in 2% HNO3, (CPAchem Ltd.,
Bogomilovo, Bulgaria) was used for the preparation of ionic standards.

2.2.4. TEM

The morphology and size of drug-loaded Ag NPs were also observed using TEM. A
drop of the nanosuspension was placed on a 200 mesh formvar-coated copper grid and
allowed to dry for 24 h. Images were obtained using Talos F200C G2 Transmission Electron
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Microscope (Talos 1.15.3, Thermo Fisher Scientific, Waltham, MA, USA) operating at 200 kV
and analyzed using Velox Imaging Software (Velox 2.15.0.45, Waltham, MA, USA).

2.2.5. DLS and Zeta Potential

DLS measurements were carried out on a Brookhaven BI-200 goniometer with verti-
cally polarized incident light at a wavelength of l = 632.8 nm supplied by a He–Ne laser
operating at 35 mW and equipped with a Brookhaven BI-9000 AT digital autocorrelator.
The scattered light was measured for dilute aqueous dispersions in the concentration range
0.056–0.963 mg mL−1 at 25, 37, and 65 ◦C. Measurements were made at angles ζ in the range
of 50–130◦. The system allows measurements of ζ-potential in the range from −200 mV to
+200 mV. All analyses were performed in triplicate at 25 ◦C.

2.2.6. X-ray Diffraction (XRD)

The level of crystallinity of the synthesized nanoparticles was studied by using X-
ray powder diffractometry. Using a SIEMENS D500 X-ray powder diffractometer (KS
Analytical Systems, Aubrey, TX, USA), the diffraction patterns of Ag NPs (blank) and
drug-loaded Ag NPs were recorded at a 2θ range from 10◦ to 80◦. All measurements
were carried out at a 35 kV voltage and a 25 mA current. Using a Cu-anticathode (K1),
monochromatic X-rays (1.5406) were produced.

2.3. In Vitro Drug Release

Using the dialysis bag approach, in vitro drug release was evaluated. A dialysis mem-
brane was hydrated in distilled water for 24 h (MWCO 12 kDa, Sigma-Aldrich, St. Louis,
MO, USA). Drug-loaded Ag NPs (equivalent to the amount of PID in ratios of 1:1, 1:5, 1:10,
1:20, and 1:50) were dispersed in 10 mL of phosphate-buffered saline (PBS) and then trans-
ferred to the dialysis bag, closed with a plastic clamp. Each bag was placed into a beaker
with 40 mL of PBS (dialysis medium, pH 7.4). Aliquots with 2 mL of each dialysis medium
were taken for measurements, and then the fresh medium was added at specified intervals.
The drug release experiment lasted 24 h. The mean results of triplicate measurements and
standard deviations were reported. The solution in the Falcon tube was shaken before each
evaluation of UV–visible absorbance. For data analysis, PID’s maximum absorption band
values (λ = 274, 230, and 204 nm) were employed. Additionally, drug-only controls (one
drug control for each ratio) were made.

2.4. Computational Perspective

In the current study, the 3D structure of PID and the surface of nanoparticle containing
three galactose molecules were built and optimized by Gauss View 6.0 and Gaussian 09W
package [56] for delivering the PID as an anticoagulant. The density functional theory
(DFT) approach was carried out utilizing the B3LYP method with the 6–311 g++(d,p)
basic set for all atoms. All these calculations were conducted at the ground state in the
gas phase. The harmonic frequencies of all the structures were checked for positivity
to determine that they were at their true minimum. The aim was to obtain optimized
geometries, molecular electrostatic potential (MEP) surfaces, HOMO (highest occupied
molecular orbital)-LUMO (lowest unoccupied molecular orbital) analysis and determine
the type of interaction between PID and nanoparticle-containing three galactoses. Using
the following formula, the Eads (adsorption energy) of PID on the surface of nanoparticle
containing galactose was estimated [57]:

Eads = (EPID on nanostructure)− (Enanostructure + EPID)

Herein, EPID on nanostructure, Enanostructure, and EPID are denoted as the total energy of PID
on the nanostructure, the primal energy of free nanostructure, and the primal energy of
free PID, respectively.
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2.5. Microbiological Tests

Tested Microorganisms

Twenty tested microorganisms, including six Gram-positive bacteria (Bacillus subtilis
ATCC 6633, Bacillus amyloliquefaciens 4BCL-YT, Staphylococcus aureus ATCC 25923, Listeria
monocytogenes NBIMCC 8632, Enterococcus faecalis ATCC 19433, and Micrococcus luteus
2YC-YT), six Gram-negative bacteria (Salmonella enteritidis ATCC 13076, Klebsiella sp.—
clinical isolate, Escherichia coli ATCC 25922, Proteus vulgaris ATCC 6380, Pseudomonas
aeruginosa ATCC 9027, Salmonella typhimurium NBIMCC 1672), two yeasts (Candida albicans
NBIMCC 74, Saccharomyces cerevisiae ATCC 9763) and six fungi (Aspergillus niger ATCC
1015, Aspergillus flavus, Penicillium sp., Rhizopus sp., Mucor sp.—plant isolates, Fusarium
moniliforme ATCC 38932) from the collection of the Department of Microbiology at the
University of Food Technologies—Plovdiv, Bulgaria, were selected for the antimicrobial
activity test.

Culture media
Luria-Bertani agar medium supplemented with glucose (LBG agar)
LBG agar was prepared according to the manufacturer’s (Laboratorios Conda S.A.,

Madrid, Spain) prescription: 50 g of LBG-solid substance mixture (containing 10 g tryptone,
5 g yeast extract, 10 g NaCl, 10 g glucose, and 15 g agar) was dissolved in 1 L of deionized
water (pH 7.5), and the then medium was autoclaved at 121 ◦C for 20 min.

Malt extract agar (MEA)
MEA was prepared by the manufacturer’s (HiMedia®, Mumbai, India) prescription:

50 g of the MEA-solid substance mixture (containing 30 g malt extract, 5 g mycological
peptone, and 15 g agar) were dissolved in 1 L of deionized water (pH 5.4), and then the
medium was autoclaved at 115 ◦C for 15 min.

Antimicrobial activity assay
The antimicrobial activity of the samples was determined by using the agar-well

diffusion method. The tested bacteria B. subtilis and B. amyloliquefaciens were cultured on
LBG agar at 30 ◦C. The tested bacteria S. aureus, L. monocytogenes, E. faecalis, S. enteritidis,
Klebsiella sp., E. coli, P. vulgaris, and P. aeruginosa were cultured on LBG agar at 37 ◦C for
24 h. The yeast C. albicans was cultured on MEA at 37 ◦C, while S. cerevisiae was cultured
on MEA at 30 ◦C for 24 h. The fungi A. niger, A. flavus, Penicillium sp., Rhizopus sp., Mucor
sp., and F. moniliforme were grown on MEA at 30 ◦C for 7 days or until sporulation.

The inocula of the tested bacteria/yeasts were prepared by homogenization of a small
amount of biomass in 5 mL of sterile 0.5% NaCl. The inocula of tested fungi were prepared
by the addition of 5 mL of sterile 0.5% NaCl into the tubes. After stirring by vortex V-1 plus
(Biosan, Riga, Latvia), they were filtered and replaced in other tubes before use. The number
of viable cells and fungal spores was determined using a bacterial counting chamber Thoma
(Poly-Optik, Görlitz, Germany). Their final concentrations were adjusted to 108 cfu/mL for
bacterial/yeast cells and 105 cfu/mL for fungal spores and then inoculated in preliminarily
melted and tempered at 45–48 ◦C LBG/MEA agar media. Next, the inoculated media
were transferred in a quantity of 18 mL in sterile Petri plates (d = 90 mm) (Gosselin™)
and allowed to harden. Then six wells (d = 6 mm) per plate were cut, and triplicates of
60 μL of each extract were pipetted into the agar wells. The Petri plates were incubated at
identical conditions.

The antimicrobial activity was determined by measuring the diameter of the inhibition
zones around the wells on the 24th and 48th hour of incubation. Tested microorganisms
with inhibition zones of 18 mm or more were considered sensitive; moderately sensitive
were those in which the zones were from 12 to 18 mm; resistant were those in which the
inhibition zones were up to 12 mm or completely missing [58].

2.6. Cytotoxic Activity

In order to evaluate the in vitro biocompatibility of the PID-loaded Ag NPs, a series of
cell viability assays were performed against human malignant cell lines of hematological
(bcr-abl positive LAMA-84 and K-562 chronic myeloid leukemia cells) and epithelial (T-
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24 urothelial bladder carcinoma cells) origin, as well as normal murine fibroblast cells
(CCL-1). All cell lines were purchased from the German Collection of Microorganisms
and Cell Cultures (DSMZ GmbH, Braunschweig, Germany). Cell cultures were cultivated
in a growth medium RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and
5% L-glutamine and incubated under standard conditions of 37 ◦C and 5% humidified
CO2 atmosphere.

Cell viability assay
The experimental design involved several cytotoxicity assays that measured cell

growth inhibition by the newly synthesized drug-loaded Ag NPs. Cell viability was eval-
uated using a standard MTT-based colorimetric assay. Exponential-phased cells were
harvested and seeded (100 μL/well) in 96-well plates at the appropriate density (3 × 105)
for the suspension cultures (LAMA-84 and K-562) and 1.5 × 105 for the adherent ones
(CCL-1, T-24). Cells were treated and incubated with various concentrations of the exper-
imental compounds in the concentration range of 400–6.25 μM. After an exposure time
of 72 h, filter-sterilized MTT substrate solution (5 mg/mL in PBS) was added to each
well of the culture plate. A further 1–4 h incubation allowed for the formation of purple,
insoluble formazan precipitates. The latter was dissolved in isopropyl alcohol solution
containing 5% formic acid prior to absorbance measurement at 550 nm using a microplate
reader (Labexim LMR-1). Collected absorbance values were blanked against MTT and
isopropanol solution and normalized to the mean value of untreated control (100% cell via-
bility). Semi-logarithmic “dose-response” curves were constructed, and the half-inhibitory
concentrations of the screened compounds against each tested cell line were calculated.
Values of p ≤ 0.05 were considered statistically significant.

2.7. Anticoagulant Activity

Platelet-poor plasma is used for screening coagulation tests and markers of activa-
tion of coagulation. It is obtained by centrifugation of the blood with sodium citrate at
3000–3500 U/min and 2000× g for 10–15 min. Prothrombin time (PT) activated partial
thromboplastin time (APTT), and fibrinogen was immediately analyzed on an automated
coagulation analyzer Sysmex SC 2000i (Siemens Corporation, Wakinohama-Kaigandori,
Chuo-Ku, Kobe 651-0073, Japan). Fibrinogen was measured by von Clauss chronometric
method [59].

2.8. Smooth Muscle Activity
2.8.1. Ex Vivo Experiments on Gastric Smooth Muscle Preparations (SMPs) from Rat Wistar

SMPs with dimensions 1.0–1.5 mm wide and 10–12 mm long were obtained from adult
male Wistar rats weighing about 270 g. Strips were circularly dissected from corpus gastric
muscle and mounted in a tissue bath and superfused with warmed (37 ◦C) Krebs solution.
The number of SM preparations used for each data point is indicated by n.

The pH of the solution was measured before each experiment by a pH meter, HI5521
(Hanna Instruments, Woonsocket, RI, USA). Krebs bathing solution was continuously
aerated with a mixture of 95% O2 and 5% CO2. Krebs contained the following (in mmol/L):
NaCl 120; KCl 5.9; CaCl2 2.5; MgCl2 1.2; NaH2PO4 1.2; NaHCO3 15.4; glucose 11.5 at
pH 7.4.

2.8.2. Method of Studying a Mechanical Activity of Isolated SM Preparation

The contractile activity (CA) of the SMPs and the changes in substance-evoked re-
actions were detected isometrically by using Tissue Organ Bath System 159,920 Radnoti
(Dublin, Ireland). The initial mechanical stress of the preparations obtained by the stretch
tension system corresponded to a tensile force of 10 mN. SM tissue vitality was tested by
adding 1 × 10−6 mol/L Ach at baseline. The tissue was equilibrated for 60 min and washed
every 15–20 min by replacing the Krebs solution. In the meanwhile, the compounds were
prepared for the experiment. This requires a more concentrated solution than the actual
concentration in the bath, so only a small volume (1/100) of the drug stock was needed to
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achieve the desired concentration. Then, an agonist was picked (a compound that causes
active contraction) to which the tissue responds. The intactness of the contractile apparatus
of SMPs during and at the end of experiments was checked by adding 1 × 10−6 mol/L Ach
between each treatment with drugs.

2.9. Ethics Statement

Animals used in experiments were male Wistar rats. The experiments were approved
by the Ethical Committee of the Bulgarian Food Agency with No 229/09.04.2019 and were
carried out following the guidelines of the European Directive 2010/63/EU. The animals
were provided by the Animal House of Medical University Plovdiv, Bulgaria.

2.10. Statistical Analysis

The Instat computer program for analysis of the variance was used. The mean and
standard error of the mean (SEM) for each group were calculated. A two-way ANOVA for
repeated measurements was used to compare different groups with the respective controls.
A p-value of p < 0.05 was considered representative of a significant difference.

IBM SPSS Statistics v. 26 statistical package was used for statistical analyses.

3. Results and Discussion

Drug-loaded Ag NPs were synthesized using a previously described procedure under
green one-pot reaction conditions: in water as a solvent, with no organic solvents, and
at the boiling point of water [44]. Anhydrous AgNO3 was used as a precursor for Ag
NPs. The capping and reducing agent that can quickly reduce Ag+ to the ground state
at the boiling point of water (100 ◦C) was galactose [44]. Galactose-capped Ag NPs were
chosen due to their lower toxicity [60,61], biocompatibility, and suitability for exploitation
in medical applications. PID was used as a compound with known anticoagulant activity.

3.1. Physical Characterizations of Galactose-Assisted Drug-Loaded Ag NPs

Initially, the synthesis of drug-loaded Ag NPs was monitored by recording the UV–
visible spectra in the region 190–800 nm (Figure 1). The absorption maximum in galactose
solution was detected at 287 nm, while PID was observed at 274, 230, and 204 nm. The
appearance of a surface plasmon resonance (SPR) at 418 nm showed the formation of the Ag
NPs [41,62]. The SPR property of metallic NPs is one of the most important characteristics,
which depends on the size and shape of synthesized metals [63].

 

Figure 1. Absorption spectra of PID (red), AgNPs (light green), and PID-loaded Ag NPs (blue).
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The position of the SPR in the visible part of the spectrum also serves as a reference
for the shape of the nanoparticles [64–68]. The wavelength of the SPR peak is in the region
410–450 nm, which is indicative of the spherical shape of the obtained nanoparticles [41,69,70].

UV–visible spectroscopy is used also to investigate Ag NP colloidal aggregation [71].
In our previous study, we observed a symmetric plasmon band for the drug-loaded Ag
NPs, which corresponds to their low degree of aggregation [41]. In the present study, the
observed plasmon band is rather asymmetric. A possible explanation is the existence of
two tautomeric forms for PID.

The synthesis of drug-loaded Ag NPs was also investigated by using FTIR and com-
pared to any of the reactants (Figure 2). IR analysis depicted shifts in the characteristic
peaks of galactose, Ag NPs, and PID-loaded Ag NPs indicating interactions amongst
the molecules.

 

Figure 2. IR spectra of PID, PID-loaded Ag NPs, and galactose in the region of 4000–400 cm−1.

IR analysis depicted the changes resulting from modified galactose-assisted PID-
loaded Ag NPs carrier functionality due to incorporating silver nanoparticles. The par-
ticipation of the carbohydrate in the synthesis of the nanoparticles is confirmed by the
observed band shifts in the IR spectrum of drug-loaded Ag NPs compared to pure galac-
tose [72]. Certain functional groups, such as C-O and glycosidic hydroxyl groups, have a
significant contribution to the fixation of nanoparticles [73].

Wiercigroch et al. separated the IR spectra of galactose into five regions [74]. According
to the authors, the first region involves deformation vibration (β) of the pyranose ring, In
the pyranose ring of galactose, stretching vibrations v(C-O), (C-C), and in-plane bending
(COH) were seen at 1151, 1104, and 1045 cm−1 [75], respectively, whereas shifts were seen
for the PID-loaded Ag NPs at 1211, 1121, 1119, 1094, 1069, and 1051 cm−1. The presence
of an α-anomer is shown by an 837 cm−1 band in both galactose and PID-loaded Ag
NPs IR spectra [76,77]. The bands corresponding to the vibrations of the alpha and beta
anomeric forms of galactose as well as the vibrations of the pyranose ring are observed in
the second region of the infrared spectrum. The bands that correspond to the hydroxyl
group vibrations are in the fifth region. The bands for the C-H stretching vibrations of
the methylene and methine groups are observed in the fourth region, while the bands
for the deformation C-H vibrations of the methylene groups are located in the third area.
A stretching vibration for the hydroxyl groups in the galactose spectrum appeared at
3386 cm−1, 3205 cm−1, and 3131 cm−1, while shifts were observed at 3390 cm−1 and
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3216 cm−1 for PID-loaded Ag NPs. The bands for the stretching C-H vibration ν(C-H) in
the galactose molecule appeared at 2949 cm−1, 2937 cm−1, and 2916 cm−1. Four bands
were observed for drug-loaded Ag NPs at 2939, 2867, 2863, and 2849 cm−1. The bands for
the deformation vibrations of the CH2 group in the IR spectrum of galactose are observed
in the area 1457–1248 cm−1, and a shift from 1496 cm−1 to 1238 cm−1 was observed for
PID-loaded Ag NPs.

Ag NPs were synthesized in the presence of [Ag(NH3)2]+ with the assistance of
carbohydrates [41,78]. It is well known that biomolecules interact with the silver’s upper
face, where the initial bond to the metal was formed [79,80]. The size and rate of aggregation
are decreased by silver nanoparticle coating [81]. The dynamic surface location of the silver
nanoparticles allowed the measurement of particle size, shape, and accumulation rate.
The reaction parameters, which include temperature, pH, reactant concentration, and
duration, have an impact on the shape and size of the silver accumulating [82]. Silver
nanoparticles with less than 10 nm diameter have the potential to enter the nuclear cavity
and interact with genetic material. Cytotoxicity of nanoparticles relies on their structure; for
example, plate-like shape Ag NPs are more dangerous than those with a wire or spherical
shape [83–86].

To establish the size and shape of the Ag NPs, spICP-MS, DLS, and Zeta potential
were used.

The nanocolloid suspensions were examined by using spICP-MS to determine the
size and distribution by size of the silver core in synthesized PID-loaded Ag NPs. The
investigated parameters of the particles, such as mean, mode, and median diameter, as well
as size distribution histogram, were evaluated by using an ionic calibration strategy [55].
For this purpose, a set of Ag+ ionic standard solutions in 0.5% HNO3 with a concentration
range of 45–1200 ng L−1 were prepared. The levels of calibration standards were selected
so that the mass of the delivered silver for chosen dwell time corresponded to Ag NPs with
diameters in the range of 20–50 nm.

Reference material of citrate-stabilized Ag NPs with certified size 40 ± 4 nm and one
ionic standard solution of Ag+ (1 ng L−1) were used for determination of the transport
efficiency and instrumental sensitivity. The transport efficiency was calculated by the
particle-size method [55].

All measurements were made at the following parameters: dwell time 5 ms, acquisition
time 60 s, sample flow rate 0.322 mL·min−1, and transport efficiency 0.061. The size
histogram of the analyzed NPs is presented in Figure 3.

 

Figure 3. Particle-size distribution histogram of galactose-assisted Ag NPs (~300 NPs).

Based on the obtained histogram, it can be concluded that Ag NPs have an asymmetri-
cal size distribution, with the highest NPs fraction between 20 and 24 nm, which is close to
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the method’s detection limit—LODsize 17 nm. The estimated mean diameter, mode, and
median are as follows: 28 nm, 22 nm, and 27 nm.

The results from the size distribution histograms (Figure 3) were confirmed by the TEM
images (Figure 4a,b). The obtained data clearly show the size and form of the nanoparticles
as well as the individual nanoparticles. The TEM image confirmed the synthesis of spherical
particles of different sizes for drug-loaded Ag NPs (Figure 4). We assume that galactose, as
well as the benzene ring in PID-loaded Ag NPs (Figure 4a,b), prevent the aggregation of
the particles.

  
(a) (b) 

Figure 4. TEM images of galactose-assisted PID-loaded Ag NPs (a,b).

Based on the DLS, the median average size of the obtained particles was identified in
the range of 20 to 40 nm for PID-loaded Ag NPs (Figure 5).

 

Figure 5. Dynamic light scattering histograms of PID-loaded Ag NPs.

For the complex production of silver, many groups, including hydroxyl, carboxyl,
phenol, and carbonyl, are associated with oxygen and nitrogen by covalent bond linkage;
as a result, they are likely absorbed on their surface [80]. Using NMR and DFT calculations,
Sigalov [87] examined the PID for keto-enol tautomerism. According to the estimated data,
a strong hydrogen bond contributes to the enol form’s stability in the DMSO solution. It
was suggested that the strong Ionic interaction with an anion in the enol forms promotes a
rapid proton transfer between carbonyl oxygen atoms, which is the reason for the symmetry
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of their NMR spectra. It was shown that during keto-enol tautomerization, the 2-phenyl-
1,3-indandione in its di-keto form interacts with an anion similarly. That was the reason to
assume that the PID’s enol-form can form hydrogen bonds to galactose OH groups while
connecting to galactose coating.

The zeta potential of drug-loaded Ag NPs was −12.28 ± 0.28 mV. These results are
close to previously described Ag NPs [41]. Carboxylic acids, as the oxidized products of
sugars, are utilized to provide a negative surface charge density to counteract the Van
der Waals forces responsible for particle coalescence. The carboxylic groups of generated
galactonic acid could be a source of the negative charge of the zeta potential. To stabilize
metal surfaces, self-assembling carboxylic acids ensure a dense covering [88].

Using the X-ray powder diffraction pattern of galactose, a Rietveld refinement analysis
was performed. The proposed cell parameters in the monoclinic space group P 2/m were
a = 9.75166 Å, b = 15.63694 Å, c = 7.88817 Å, β = 104.532o (cell volume: 1164.35 Å3). The
XRD analysis supports galactose’s role in the synthesis of Ag NPs (Figure 6). XRD patterns
of pure galactose (Figure 6a) and PID (Figure 6d) revealed multiple distinctive peaks in
the 2θ area as a result of their crystalline structure. The X-ray diffraction pattern of PID-
loaded Ag NPs showed the reflections for silver at 2θ = 37.80◦ and 43.84◦. We were able to
refine the X-ray diffraction pattern of PID, as well. The unit cell parameters found were
a = 18.24746 Å, b = 5.24937 Å, c = 9.32495 Å, and β = 124.144◦. The space group is P 2/m.

Compared to the typical galactose XRD pattern, the Ag NPs pattern was altered
(Figure 6b). The reflections for silver were measured at 2θ = 37.80◦ and 43.84◦. The 1 1 1
plane, which is associated with the spherical structure of silver [89], corresponds to the
strong Bragg reflection at 38.16◦.

Figure 6. X-ray diffraction patterns of galactose (a), Ag NPs (b), PID-loaded Ag NPs (c), and PID (d).

3.2. Phenindione Adsorption onto Galactose-Loaded Nanostructure by DFT

At first, the PID molecule and nanostructure were optimized separately, then the PID
drug was placed on the nanostructure, and optimization was performed. The length of the
nanostructure was chosen to be 19.11 Å, and its structure consists of 20 carbons, 16 oxygen,
and 36 hydrogens. The optimized geometry of PID, nanostructure, and PID-nanostructure
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is demonstrated in Figure 7. The PID molecule was first situated in various locations on the
external surface of the nanostructure with diverse orientations. The ideal and most stable
geometry of the PID on the nanostructure is shown in Figure 7c. As can be seen from this
figure, the galactose molecules are held together through hydrogen bonds. In addition, the
PID molecule interacts with one of the galactose molecules through a weak hydrogen bond.
The estimated value of the adsorption energy (Eads) for PID on nanostructure is obtained as
−0.438 eV (Table 1). The PID’s adsorption energy is negative indicating that the adsorption
of this drug on nanostructure is exothermic. The interaction of the PID molecule with the
nanostructure is weak due to the fact the Eads value of PID on the nanostructure is small
and the presence of a weak hydrogen bond between this molecule and the surface of the
nanoparticle. As a result, galactose nanostructure can be utilized as a drug delivery system
for the phenindione molecule.

Figure 7. (a) The optimized structure of PID, (b) nanostructure, and (c) PID on nanostructure.

Table 1. The adsorption energy (Eads) of PID on nanostructure, electronic energy (Eelec), HOMO-
LUMO energy levels, and additional quantum parameters.

Parameters PID Ag NPs PID-Loaded Ag NPs

Eelec (eV) −19,838.000 −56,172.470 −76,010.908
Eads (eV) - - −0.438

EHOMO (eV) −6.86 −7.16 −6.83
ELUMO (eV) −2.73 −0.02 −2.71
ΔEgap (eV) 4.13 7.14 4.12

η 2.06 3.57 2.06
σ 0.48 0.28 0.48
χ 4.79 3.59 4.77
Pi −4.79 −3.59 −4.77
ω 5.57 1.80 5.52

The quantum descriptors including HOMO-LUMO energy gap (ΔE = ELU–MO − EHOMO),
absolute hardness (η = (ELU–MO − EHOMO)/2), absolute softness (σ = 1/η), chemical potential
(Pi = −χ), global electrophilicity (ω = Pi

2/2η) and absolute electronegativity
(χ = −(EHOMO + ELUMO)/2) [90,91] were calculated and are summarized in Table 1. The
stability and chemical reactivity of a surface or molecule can be investigated using the
HOMO/LUMO energy gap. The low-energy gap indicates high chemical reactive nature
and vice versa [92,93]. According to Table 1, ΔE value for PID on nanostructure is lower
than free PID or nanostructure suggesting this complex possesses higher chemical reactivity
than others. In addition, a high ω value illustrates that a compound is more capable of
interacting with biological macromolecules such as DNA [94]. A high ω value for PID on
nanostructure means that this complex has a high biological activity. Figure 8a demon-
strates the HOMO-LUMO energy level for PID on the nanostructure. As clear, the electron
density of HOMO is situated in the phenyl group of the PID molecule, and the electron
cloud of LUMO is located in the indandione group of the PID molecule.
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Figure 8. (a) HOMO–LUMO diagram of PID on nanostructure, and (b) MEP surface of PID on
nanostructure.

MEP (molecular electrostatic potential) surface is estimated for PID on nanostructure
using the DFT approach and represented in Figure 8b. This surface is beneficial for illus-
trating the distribution of charge within the system. The MEP utilizes various colors in a
3D scheme including red and blue color. The blue color denotes the electron-deficient zone
(positive charge), and the red one demonstrates the electron-rich area (negative charge) [95].
Based on Figure 8b, it can be predicted that the interaction between PID and nanostructure
leads to charge transfer from PID molecule to the nanostructure. The charge transfers
between phenindione and nanostructure result in a weak interaction. Therefore, the result
of MEP also confirms that the galactose nanostructure can act as an appropriate drug
delivery system for PID.

3.3. Parametric Drug Release Optimization

To find out how the ratio of Ag NPs to the drug molecule would affect the drug
release and biological activity, different amounts of PID were used in the preparation of
the solutions. The most popular method of medication is oral. Oral medication, compared
to intravenous treatments, is easier to take, less painful, and less expensive. A drug’s
oral bioavailability will be hampered if its water solubility is too low. Nanocarriers can
be used to resolve such solubility issues [96]. The influence of Ag NPs to drug ratio was
evaluated utilizing an in vitro approach with dialysis bags in order to get insights into the
drug release trends of PID-loaded Ag NPs [97,98]. Due to a lack of universal, accepted
practices, this is a typical technique to learn about innovative drug delivery systems [99].
To determine the in vivo–in vitro correlation of nanoparticle formulations, as well as to
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direct the development and quality control, drug release profiles from dialysis-based assays
are used [100,101].

Profiles of PID-molecules only (controls) were compared to those seen in the presence
of Ag NPs to determine the drug release properties of the PID-loaded Ag NPs. Different
Ag NPs to drug ratios (1:1, 1:5, 1:10, 1:20, and 1:50) were utilized to examine how the ratio
might impact the drug’s release. One drug control per ratio was made using an ethanol
solution of PID.

Under normal physiological conditions, the pH value of blood is 7.4. To simulate
the physiological conditions, the drug release study was carried out in a neutral medium
(PBS, pH 7.4). The solution of drug-containing Ag NPs was kept in a cellulose dialysis bag
with a molecular weight cut-off of 12,400 Da. The pores in this cut-off were big enough
to trap the Ag NPs inside the membrane while yet allowing the medicine to escape from
the dialysate. Since the calibration curve for PID was linear, it was possible to conduct the
quantification tests. Therefore, determining the drug release in the first 6 h was crucial for
our investigation.

During the 24 h period, drug release was measured. We found that the absorbance
intensity rose with time during the initial 5 to 10 h of the drug release experiment, indicating
an increasing concentration of the PID in the dialysate (Figure 9).

 
Figure 9. Drug release concentrations of PID-loaded Ag NPs in molar ratios of 1:1, 1:5, 1:10, 1:20,
and 1:50.

The obtained data showed that the drug release pattern changed a little after the fifth
hour, but the rate of increase in absorbance intensity remained constant until the 24th hour.
Therefore, in the 24th hour, the maximal concentration of PID had been released in the
dialysate, proving that the drug release was complete under the given conditions and
that the concentration of the released drug was stable. Due to the existence of a galactose
coating and the effectiveness of the drug loading for Ag NPs, the concentration for PID-only
samples was greater.

However, at the sixth hour of the drug-release experiment, PID-loaded Ag NPs with a
molar ratio of 1:50 demonstrated a very good drug release between 80 and 86%, whereas a
molar ratio of 1:20 showed 60–68%, while a molar ratio of 1:1 showed roughly 19% drug
release. The obtained results suggested the effectiveness of drug loading, as well as the
possible application of Ag NPs as a drug delivery system for PID.
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3.4. Antimicrobial Activity

One of the most pervasive problems in the world today is antibiotic resistance, and
many potent medications have failed to control illnesses. According to the literature, Ag
NPs possess antimicrobial activity [48,51,69,102,103]. Thus, we measured the antimicro-
bial activity of the PID-loaded Ag NPs compared to PID only. The antimicrobial activity
was tested in vitro against human pathogenic bacteria and economically relevant phy-
topathogenic fungi. In our experiments, six Gram-positive bacteria, six Gram-negative
bacteria, two yeasts, and six fungi were used. The inhibition zones of bacterial and fungal
growth caused by the novel compounds are outlined in Table 2. The methanol used as a
solvent for the samples did not show any antimicrobial effect.

Table 2. Antimicrobial activity of the tested PID vs. PID-loaded Ag NPs.

Inhibition Zones, mm

Tested Microorganism PID PID-Loaded Ag NPs

Bacillus subtilis ATCC 6633 17 12
Bacillus amyloliquefaciens 4BCL-YT 25 13
Staphylococcus aureus ATCC 25923 27 27

Listeria monocytogenes NBIMCC 8632 22 15
Enterococcus faecalis ATCC 29212 23 17

Micrococcus luteus 2YC-YT 30 20
Salmonella enteritidis ATCC 13076 21 15

Salmonella typhimurium NBIMCC 1672 25 13
Klebsiella pneumoniae ATCC 13883 11 -

Escherichia coli ATCC 25922 18 13
Proteus vulgaris ATCC 6380 14 10

Pseudomonas aeruginosa ATCC 9027 18 12
Candida albicans NBIMCC 74 11 -

Saccharomyces cerevisiae ATCC 9763 9 -
Aspergillus niger ATCC 1015 11 13

Aspergillus flavus 9 -
Penicillium chrysogenum 13 10

Rhizopus sp. 11 8
Fusarium moniliforme ATCC 38932 11 14

Mucor sp. 11 -
Dose 0.6 mg/disk, dwell = 6 mm.

We observed that the PID, as well as PID-loaded Ag NPs, exerted very good activ-
ity against Gram-positive bacteria including Micrococcus luteus 2YC-YT, Staphylococcus
aureus ATCC 25923, Bacillus amyloliquefaciens 4BCL-YT, Gram-negative bacteria including
Salmonella enteritidis ATCC 13076, and modest activity against the other bacteria and fungi.

The obtained data showed that in general antimicrobial activity of PID is higher than
drug-loaded Ag NPs. We can explain this fact with the time needed to release the drug from
the Ag NPs. These observations were also confirmed by anticoagulant and spasmolytic
activity measurements.

3.5. Cytotoxic Activity

A series of MTT experiments were conducted against normal murine fibroblast cells,
malignant human cell lines of leukemic (LAMA-84, K-562), and urothelial bladder carci-
noma (T-24) origin to accommodate the cytotoxicity of the target compounds. The results
of the antiproliferative assays are presented in Table 3. According to the obtained data,
cell growth of both normal and malignant in vitro cultures tends to be unaffected by
free PID and the unloaded galactose-assisted Ag NPs (IC50 values invariably exceeding
200 μM), indicating favorable biocompatibility. However, a moderate enhancement of PID
cytotoxicity was established in the PID-loaded Ag NPs formulation (particularly in the
suspension-growing leukemic cell lines LAMA-84 and K-562), possibly due to improved
cellular kinetics and intracellular delivery of the phenindione derivative. Moreover, a
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number of studies reported on the inhibitory effect of indandione analogues on various
kinases and other enzymes (e.g., akt, braf, PI3K, SIK2, among others) [104–106], which may
account for the antiproliferative activity of these compounds in the tested leukemia models,
bearing in mind their BCR-ABL positive phenotype. Nevertheless, the growth-inhibitory
potential of the drug-loaded Ag NP is twice as low in the normal fibroblast cellular sys-
tem, displaying a certain selectivity towards the leukemic cells with elevated constitutive
kinase activity.

Table 3. In vitro cytotoxicity of the tested compounds [μM ± SD] against cell lines of different origin.

Compound/Cell Line CCL-1 LAMA-84 K-562 T-24

PID-loaded Ag NPs 65.4 ± 8.3 25.3 ± 1.2 27 ± 3.2 53.2 ± 4.7
Ag NPs >200 >300 >300 >300

PID >300 >200 >200 >300
CCL-1—murine fibroblast cell line; LAMA-84, K-562—BCR-ABL+ chronic myeloid leukemia; T-24—urothelial
bladder carcinoma.

3.6. Anticoagulant Activity

All over the world, venous thromboembolism is the major cause of cardiovascular
mortality, next in rank to myocardial infarction and stroke [107,108]. This clinical situa-
tion affects patients in various settings and age groups, including children [109,110]. The
most prevalent manifestation of venous thromboembolism is deep vein thrombosis, the
expression of which may manifest in its most severe form known as acute pulmonary
thromboembolism [111,112]. The major treatment for both situations involves the adminis-
tration of full anticoagulation, thus minimizing the recurrence of venous thromboembolism.
One homeostatic mechanism that stops continued bleeding after tissue injury is coagulation.
It happens when platelets, plasma clotting factors, and injured tissue interact. The fibri-
nolytic cascade, which controls fibrin and fibrinogen breakdown and minimizes excessive
thrombus formation, counterbalances the coagulation cascade. The coagulation cascade,
the fibrinolytic cascade, and the platelet function interact dynamically to produce normal
clotting and hemostasis [113].

The capacity of anticoagulants to prevent the production of vitamin K-dependent
clotting factors (II, VII, IX, and X) causes their anticoagulant effect. Warfarin, for exam-
ple, shows its anticoagulant effect 8–12 h after oral or intravenous administration. [13].
Anticoagulants stop the blood coagulation process. Anticoagulant therapy is primarily
focused on preventing the development of blood vessel clots, which are the main cause of
death in thromboembolic disorders. In our experiments, for screening coagulation tests, a
platelet-poor plasma was used. We observed that PID itself showed no coagulation. The
measured PT, APTT, and fibrinogen, as well as the reference values, are shown in Table 4.

Table 4. Anticoagulant properties of PID-loaded Ag NPs.

PID-Loaded Ag NPs (Molar Ratio) PT, s APTT, s Fibrinogen, g/L

1:1 14.1 35 0.91
1:5 13.9 34.9 1.34

1:10 13.7 35.3 1.31
1:20 14.1 35.7 1.25
1:50 no coagulation 43.1 1.31

reference 8–10.8 28.2–31.4 1.91–2.87

When PID was tested for its anticoagulant activity, it showed no coagulation. That
means that the compound can prolong the coagulation of blood for a longer time causing
bleeding in patients. Bleeding is a life-threatening complication.

Drug-loaded Ag NPs, on the other hand, showed that PT (sec) and APTT (sec) are
approximately 1.5 times longer than the normal values. Only the molar ratio of 1:50 exerted
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no coagulation, as PID did itself for any of the molar ratios used. This could make the Ag
NPs better anticoagulants than PID itself.

3.7. Ex Vivo Experiments on SM Activity

The intrinsic biological activity of substances could be studied both in vivo and ex
vivo using isolated tissues that are still functionally active. The ex vivo approach, which is
frequently used to assess the potential biological activity of recently synthesized experi-
mental compounds and approved pharmaceutical drugs, is carried out on isolated tissues
responsive to physiological stimuli [114]. Because they may still create active tension when
separated from the body, SM cells were a natural choice for our study’s platform for ex
vivo contractility evaluation [115,116]. Many internal organs primarily have SM tissue.
It is a complex superposition of bioelectrical (slow wave with characteristic frequency
and amplitude) and contractile activity (CA) (tone, frequency, and amplitude of sponta-
neous or induced muscle contractions), which can be measured isometrically in isolated
tissues [117–119] and related to the motor activity of the stomach.

The primary function of smooth muscle is contraction. On ex vivo conditions smooth
muscles can preserve their elastic properties for up to 10 h and show a significant change
in their tone, frequency, and amplitude of contraction under exogenously administered
pharmacological agents [120,121].

The isolated tissue bath experiment is a conventional pharmacological technique for
evaluating concentration-response correlations in a range of contractile tissues. Pharmacol-
ogists and physiologists continue to utilize this method, even though it has been around
for more than a century, due to its versatility, simplicity, and reproducibility [122]. The
isolated tissue bath continues to be a significant part of drug development and fundamental
research because it enables the tissue to behave like a tissue. Since it permits the tissue to
behave like a tissue, the isolated tissue bath continues to be a crucial component of drug
development and fundamental research. The ability of the living tissue to function as a
whole organ with physiologically realistic contraction or relaxation is the main advantage of
this technology. It also has the advantage of bringing the effects of the drugs under research
closer to how they would act in the body by allowing for the calculation of important
pharmacological variables while retaining tissue function [122]. Previously [123–127], we
applied the isolated tissue bath for ex vivo SM activity investigation of different compounds.
Thus, we applied the same technique to the exogenous administration of 5 × 10−5 mol/L
PID-loaded Ag NPs (n = 7), compared to Ag NPs (n = 6) and PID only (n = 6). We found
that a single administration of Ag NPs showed no change in smooth muscle spontaneous
contractile activity (SCA) for about 6 h (Figure 10). After the 6th hour, we found that the
acetylcholine response slightly decreases.

According to González et al. [128] Ag NPs modify the contractile activity of ACh
through nitrogen oxide production and possibly induce smooth muscle hyperreactivity.
The obtained data (Table 5) showed that under the same experimental conditions in the
tissue bath, PID showed a rapid significant relaxation response with a pronounced change
in the tone and amplitude of spontaneous contractions.

The maximum tonic relaxation appears approximately after 10.47 ± 0.22 min and per-
sists with the same force for 6 h. No change was observed in the ACh response before and
after administration of the PID, which indicates that the main neurotransmitter pathway is
not affected, unlike Ag NPs. This data confirmed the fact that indane and its analogues
showed not only anticoagulant activity but can also affect smooth muscles [129]. When
PID-loaded Ag NPs were applied, we found they affected the tone and the amplitude of
contractile activity the same way as PID did (Table 5). For comparison, the maximum
effect of PID-loaded Ag NPs (1:10; 1:20; 1:50) at concentration 5 × 10−5 M was a relaxation
with a strength, which was approximately two times lower than the relaxation evoked by
5 × 10−5 M PID on the same tissues. After the sixth hour, the effect reaches its peak, which
confirms our hypothesis that the nanoparticles release the PID gradually. PID-loaded Ag
NPs (1:1 and 1:5) at concentration 5 × 10−5 M did not affect the SCA parameters of gastric
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SMPs. Acetylcholine did not significantly change after the 6th hour, demonstrating that
the Ag NPs have already released the maximum amount of PID. Thus, the obtained data
correspond to the dialysis drug-release experiments. We assumed that the effects of all
PID-loaded Ag NPs on the contractile processes are probably caused by a specific trigger
action of the nanoparticles they exert in gastric SM tissue.

 

Figure 10. Representative tracings of gastric SM activity parameters before and after application
with Ag NPs, PID, and the most pronounced effect of PID-loaded Ag NPs (1:20) at concentration
5 × 10−5 mol/L.

Table 5. Changes in the parameters of SCA of gastric SMPs under the influence of Ag NPs, compared
to PID-loaded Ag NPs (in a molar ratio of 1:1, 1:5, 1:10, 1:20, 1:50), and PID itself.

Compound/Parameter Tonic Activity (mN)
Strength of The Contractile

Reaction (mN)
Frequency (Number of

Contractions/min)

SCA (initial reaction) 1.81 ± 0.19 3.40 ± 0.19 4.97 ± 0.04
Ag NPs 1.69 ± 0.03 3.15 ± 0.16 4.93 ± 0.03

SCA (initial reaction) 1.89 ± 0.12 3.00 ± 0.18 4.80 ± 0.09
PID-loaded Ag NPs (1:1) 1.80 ± 0.07 2.88 ± 0.05 4.90 ± 0.07

SCA (initial reaction) 2.03 ± 0.15 3.64 ± 0.21 5.04 ± 0.05
PID-loaded Ag NPs (1:5) 2.07 ± 0.22 2.14 ± 0.11 5.09 ± 0.17

SCA (initial reaction) 1.99 ± 0.11 3.64 ± 0.21 5.03 ± 0.03
PID-loaded Ag NPs (1:10) 0.77 ± 0.09 * 2.14 ± 0.11 * 4.87 ± 0.11

SCA (initial reaction) 1.94 ± 0.07 2.44 ± 0.13 5.07 ± 0.10
PID-loaded Ag NPs (1:20) 0.91 ± 0.08 * 0.98 ± 0.07 * 4.90 ± 0.09

SCA (initial reaction) 1.67 ± 0.14 3.50 ± 1.21 4.88 ± 0.06
PID-loaded Ag NPs (1:50) 0.80 ± 0.14 * 1.73 ± 0.16 * 4.83 ± 0.08

SCA (initial reaction) 1.96 ± 0.09 2.42 ± 0.22 4.90 ± 0.04
PID 0.44 ± 0.07 * 0.13 ± 0.03 * 4.87 ± 0.03

The comparison is between spontaneous effects on CA in Krebs solution before and after the application of testing
substances. All data were expressed as mean values ± standard error of the mean (mean ± SEM); * statistically
significant differences (p < 0.05).

4. Conclusions

Rapid synthesis and stabilization of silver nanoparticles as drug-delivery systems for
PID was applied for the first time. The size range for the produced Ag NPs is determined
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by using various approaches. Galactose was used as a capping and reducing agent. DFT
calculations illustrate that the interaction of PID onto nanostructure is weak, suggesting
that galactose-loaded nanostructure can be used as a drug delivery system for phenindione.
MEP surface analysis confines that the interaction between phenindione and nanostructure
leads to charge transfer from phenindione drug to nanostructure. Additionally, the drug-
release capabilities of Ag NPs were established. The drug release showed very good release
properties of the Ag NPs between 5 to 10 h of the experiments. The maximum concentration
of PID was reached till the 20th h, proving that the drug release was complete under the
given conditions and that the concentration of the released drug was stable. Due to the
existence of a galactose coating and the effectiveness of the drug loading for Ag NPs, the
drug release concentration for PID-only samples was greater. The drug-loaded Ag NPs
were characterized in vitro for their antimicrobial and anticoagulant activity and ex vivo for
spasmolytic activity compared to PID only. The obtained data showed that Ag NPs exerted
very good antimicrobial activity against Gram-positive bacteria (Micrococcus luteus 2YC-YT,
Staphylococcus aureus ATCC 25923, Bacillus amyloliquefaciens 4BCL-YT), and Gram-negative
bacteria like Salmonella enteritidis ATCC 13076, but a bit lower than PID only showed itself
due to the time needed to release the drug from the Ag NPs. These observations were also
confirmed by anticoagulant and spasmolytic activity measurements. When PID was tested
for its anticoagulant activity, it showed no coagulation. That means that the compound
can prolong the coagulation of blood for a longer time, causing bleeding in patients, which
can be a life-threatening complication. Drug-loaded Ag NPs, on the other hand, showed
approximately 1.5 times higher PT and APTT than the normal values. This could make
them better anticoagulants than PID itself. The ex vivo spasmolytic experiments showed
that PID expressed a rapid and significant relaxation response with a pronounced change
in the tone and amplitude of spontaneous contractions. For PID-loaded Ag NPs in the same
experiments, the effect reaches its peak after the fifth hour, which confirmed our hypothesis
that the nanoparticles release the PID gradually. PID-loaded Ag NPs (1:1 and 1:5) at
concentration 5 × 10−5 M did not affect the SCA parameters of gastric SMPs. Acetylcholine
did not significantly change after the 6th hour, demonstrating that the Ag NPs have already
released the maximum amount of PID.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines11082201/s1, Figure S1: 1H-NMR spectrum of phenindione,
Figure S2: 13C-NMR spectrum of phenindione; Figure S3: FT-IR spectrum of phenindione.
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Abstract: Reactive oxygen species (ROS) are highly reactive products of the cell metabolism derived
from oxygen molecules, and their abundant level is observed in many diseases, particularly tumors,
such as hepatocellular carcinoma (HCC). In vivo imaging of ROS is a necessary tool in preclinical
research to evaluate the efficacy of drugs with antioxidant activity and for diagnosis and monitoring
of diseases. However, most known sensors cannot be used for in vivo experiments due to low stability
in the blood and rapid elimination from the body. In this work, we focused on the development of an
effective delivery system of fluorescent probes for intravital ROS visualization using the HCC model.
We have synthesized various lipid nanoparticles (LNPs) loaded with ROS-inducible hydrocyanine
pro-fluorescent dye or plasmid DNA (pDNA) with genetically encoded protein sensors of hydrogen
peroxide (HyPer7). LNP with an average diameter of 110 ± 12 nm, characterized by increased stability
and pDNA loading efficiency (64 ± 7%), demonstrated preferable accumulation in the liver compared
to 170 nm LNPs. We evaluated cytotoxicity and demonstrated the efficacy of hydrocyanine-5 and
HyPer7 formulated in LNP for ROS visualization in mouse hepatocytes (AML12 cells) and in the
mouse xenograft model of HCC. Our results demonstrate that obtained LNP could be a valuable tool
in preclinical research for visualization ROS in liver diseases.

Keywords: reactive oxygen species; hepatocellular carcinoma; HyPer7; hydrocyanine; lipid nanoparticles

1. Introduction

Reactive oxygen species (ROS) are chemically reactive molecules with various essential
functions in living organisms and include hydroxyl radical (·OH), superoxide anion (O2·−),
singlet oxygen (1O2), and hydrogen peroxide (H2O2) [1,2]. Under normal physiological
conditions, the production of ROS is essential for the cells to defend against pathogens
and to promote growth and death. However, the increased production of ROS leads to
the damage of many biomolecules, apoptosis, and cell arrest [3–5]. Most cellular H2O2 is
produced spontaneously or catalytically by superoxide dismutase from (O2·−) [6]. H2O2 is
relatively stable in the aqueous solution. It is a potent redox signaling molecule and also
can facilitate transmembrane transport [7].

Various methods have been developed to visualize ROS, based on spectrophotom-
etry, fluorescence, chemiluminescence, and electron spin resonance [8,9]. Fluorescence
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imaging methods are widely used and allow continuous monitoring of the ROS-associated
molecules in situ in living cells on a real-time scale using fluorescence-based probes [9].
The most common probes in biomedical research are non-selective sensors based on a
leuco-form of fluorescent dyes, which can light up when oxidized by ROS to parental
fluorescein, rhodamine, or hydroethidine. However, there are numerous limitations for
in vivo applications of these probes critically reviewed in publications [10–13]. Alternative
fluorochromes with emission maxima in the near-infrared region offer low phototoxicity
to the cells, low autofluorescence, and good tissue penetration, making them attractive
for imaging in tissues [11]. Among these, cyanine dyes are particularly interesting due
to their physical and chemical properties and their ability to react with intracellular and
extracellular ROS. Genetically encoded sensors are another class of ROS-sensitive probes,
e.g., HyPer7. It is a selective ratiometric sensor that allows monitoring H2O2 concentration,
and it can be easily visualized by fluorescence microscopy. Although these probes were
used to detect ROS in vivo in several studies, it is still challenging to deliver them to specific
organs or tissues [14–16]. To prevent early oxidation and increase blood circulation time,
cyanine dyes and genetically encoded sensors, such as HyPer7, can be loaded or conjugated
to nanoparticles for better visualization of ROS in vivo. Kim et al. showed that hydrocya-
nine conjugated to chitosan-functionalized pluronic-based nanocarriers can detect ROS
in tumor sites by fluorescence and show fluorescence up to two days after injection [14].
Another study showed that the nanoencapsulation of sensors could improve detection or
imaging of H2O2 in biological systems [17]. Hammond et al. developed a novel nanoprobe
based on dye encapsulation with improved sensor function for intracellular measurement
of H2O2 [18]. Lipid nanoparticles (LNPs), possessing excellent biocompatibility and low
toxicity, are a clinically approved small interfering RNA (siRNA) delivery system for liver
diseases, so we decided to use this technology to deliver fluorescent probes for detection of
ROS in hepatocellular carcinoma (HCC).

HCC is one of the most malignant and common diseases and is the third leading cause
of cancer death [19]. The common mechanism of hepatocarcinogenesis is chronic inflamma-
tion associated with severe oxidative stress [20]. It is evident that ROS play a pathogenetic
role in the progression of HCC, as they can stimulate the growth of cancer cells [21]. To
assess the HCC, noninvasive imaging tools such as magnetic resonance imaging (MRI),
ultrasound (US), and computed tomography (CT) are currently used. US is a well-suited
tool for diagnosing HCC due to its cost-effectiveness and accuracy in detecting the focal
liver lesions [22]. The introduction of microbubbles contrast agents leads to the improved
diagnostic capability of HCC by conventional US [23]. MRI and CT are considered as
powerful tools for detection of HCC. Recently, several functioning MRI techniques, such
as hepatobiliary contrast agents, have been developed to improve the evaluation of liver
lesions [23]. However, early diagnosis of HCC still remains challenging, and more studies
are required to develop the imaging tools for detection of HCC. Visualization of ROS in
HCC models could help to diagnose the disease at an early stage and investigate new drug
delivery systems.

Here, we report on the development of an effective delivery system of HyPer7 and
hydrocyanine-5 (hydro-Cy5) formulated in LNPs for ROS visualization in HCC. LNPs have
demonstrated successful accumulation in the liver and were able to deliver ROS sensors.
We expect that it will become an effective system for the detection of ROS in liver diseases.

2. Materials and Methods

2.1. Cell Culture

AML12 and Huh-7 cell lines were obtained from ATCC. AML12 cells and the Huh-7
cell line were maintained in a 37 ◦C humidified incubator with 5% CO2 in DMEM/F12
(PanEco, Moscow, Russia) supplemented with 10% fetal bovine serum (FBS) (Capricorn,
Ebsdorfergrund, Germany).
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2.2. Synthesis of Hydro-Cy5-siRNA-LNPs

Hydro-Cy5 dye was synthesized based on starting sulfo-Cy5 dicarboxylic acid (Lu-
miprobe, Moscow, Russia) based on a previously established procedure [24] and formulated
in LNPs as described previously [25].

First, hydro-Cy5 was dissolved in ethanol (10 mg/mL) and mixed with lipids. LNP
were obtained by mixing a solution of small interfering RNA to firefly luciferase (siLuc)
(0.4 mg/mL) in a microfluidic device in a citrate buffer (10 mM, pH 3.0) and an ethanol
solution of a mixture of hydrocyanine (3:1 by volume) and lipids and lipidoids (C12-200, 1,2-
dystearoyl-CH-glycero-3-phosphocholine, 1,2-dimyristoyl-CH-glycero-3-phosphoethano-
lamine-N-[methoxy(polyethylene glycol)-2000] and cholesterol) as described previously [25].
The molar ratio of hydro-Cy5:siLuc was 1:1 (hydro-Cy5-LNP_1) or 2:1 (hydro-Cy5-LNP_2).

For biodistribution studies, we used cyanine 5.5 dye (instead of leuco-form of hy-
drocyanine 5) to obtain fluorescently labeled LNP with different diameters (110 nm and
170 nm); the molar ratio for cyanine 5.5:Luc was 1:10.

2.3. Synthesis of LNPs with Plasmid Encoding HyPer7

For HyPer7 construct generation, EGFP was removed from pAAV.TBG.PI.eGFP.WPRE.bGH
(addgene #105535, Watertown, MA, USA) using NotI and HindIII restriction enzyme
sites. Then, amplified from pCS2+HyPer7-NES (addgene #136467, forward primer: 5′-
ATATATGCGGCCGCGCCACCATGCACCTGGC-3′, reverse primer: 5′-ATATATAAGCTTT-
TACAGGGTCAGCCGCTCCA-3′), a cytosolic version of HyPer7 with an added nuclear
exclusion sequence (NES) was cloned into the prepared backbone.

Two methods were used to obtain lipid nanoparticles with plasmid DNA (pDNA):
manual formulation and microfluidics. In manual formulation, LNPs were obtained by
mixing solutions of pDNA (0.1 mg/mL) in citrate buffer (10 mM, pH 3) and lipids in ethanol
(3:1 by volume) by rapid addition of ethanol in the buffer and further suspension. The lipids
(C12-200, dioleoylphosphatidylethanolamine—DOPE or dioleoylphosphatidylcholine—
DOPC, cholesterol, PEG-lipid) were mixed in ethanol in a molar ratio of 35:16:46.5:2.5.
The weight ratio of DNA/C12-200 is 1:10. The mixture was incubated for 10 min at room
temperature to complete particle self-assembly. The nanoparticle suspension was diluted in
a PBS, dialyzed overnight in 2000 molecular weight dialysis cassettes against 500 times the
volume of PBS at pH 7.4, and filtered through a polyethersulfone syringe filter (0.22 μm)
(Table S1).

Another formulation method of LNPs was focused on mixing solutions of pDNA and
lipids (3:1 by volume) using the NanoAssemblr® Benchtop microfluidic device (Precision
NanoSystems, Vancouver, BC, Canada). The molar ratio of lipids in the mixture, the mass
ratio of DNA/C12-200, and the concentration of pDNA were used the same as in the
manual formulation. The solution mixing range was 10 mL/min. The use of microfluidic
formulation allows the mixing rate to be adjusted by the flow rate of each of the solutions.
The aqueous and ethanol phases containing dissolved components of nanoparticles are
injected into each inlet of the NanoAssemblr cartridge using syringes. Computer control
allows the input mixing parameters to be controlled to optimize particle characteristics
such as particle size and encapsulation efficiency and eliminate variability.

2.4. Characterization of Obtained LNP

Particle sizes were measured and calculated by intensity using Zetasizer Nano ZSP
(Malvern Panalytical, Malvern, UK) according to the manufacturer’s protocol [26]. The load-
ing efficiency of pDNA was analyzed by using the Quant-iT™ RiboGreen® reagent (Thermo
Fisher Scientific R11491, Waltham, MA, USA) as described earlier [27]. First, a calibration
curve was obtained using standard pDNA in the concentration range 0.03–0.2 μg/mL.
After that, DNA concentration was measured in obtained nanoparticles before and after
disruption with the Triton X-100 buffer. The difference in these values shows the portion of
loaded pDNA.
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2.5. Cytotoxicity of Obtained Lipid Nanoparticles (MTT Assay)

The cytotoxicity of selected LNPs was measured on a culture of mouse hepatocytes
(AML12). Cells were seeded in a 96-well plate and grown to 70% confluent monolayer (48 h,
5% CO2, 37 ◦C). The LNPs were diluted in DMEM/F12 (PanEco, Moscow, Russia) with 10%
FBS (Capricorn, Ebsdorfergrund, Germany), added to the cells, and incubated for 24 h (5%
CO2, 37 ◦C). The next day, the cells were washed with PBS and MTS-reagent was added
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. Absorbance at
490 nm was then analyzed. Unexposed cells were used as a control.

2.6. Analysis of ROS Activity In Vitro

Analysis of ROS activity in vitro was performed using a fluorescent microplate reader
(Varioskan Lux, ThermoFisher, Waltham, MA, USA). We incubated hydro-Cy5-LNPs with
10 μM H2O2 for 10 min at room temperature and quantified fluorescence at 640/680 emis-
sion/excitation filters.

For imaging experiments, AML12 cells were seeded in a 35 mm glass confocal dish.
Twenty-four hours after incubation with LNP, cells were washed with 1 mL PBS (PanEco,
Moscow, Russia). To determine the response of LNP- hydro-Cy5 to exogenous H2O2, a
solution of H2O2 was added to a final concentration of 10 μM. Cell imaging was performed
using a Nikon Eclipse Ti2 microscope. Fluorescence of LNP- hydro-Cy5 probes was
analyzed at 640/680 excitation/emission filters.

2.7. Delivery of LNPs to the Liver and Analysis of ROS Activity in Vivo in HCC Model

All experiments were approved and performed in accordance with institutional guide-
lines of the Koltsov Institute of Developmental Biology of the Russian Academy of Sciences
(Approval #60) and Pirogov Russian National Research Medical University (Moscow, Rus-
sia, Approval 06/2021).

Biodistribution. For biodistribution experiments we intravenously injected cyanine 5.5-
LNP (size 110 nm and 170 nm) and analyzed whole body fluorescence using IVIS Spectrum
CT (Perkin Elmer, Waltham, MA, USA) at 5 min, 1, 4, 6, and 24 h after injection at 675/720
excitation/emission filters. Spectral unmixing was performed using Living Imaging 4.5.3
software to separate the tissue autofluorescence signal. For the biodistribution experiment
of LNPs loaded with pDNA, we used plasmid-encoding firefly luciferase (Fluc) with an
average diameter 110 nm and injected it intravenously (500 μg DNA/kg); after that, we
analyzed its luminescence using IVIS Spectrum CT (Perkin Elmer, Waltham, MA, USA) at
3, 6, 9, and 14 days after injection.

HCC model. To induce ROS in the liver, we used an HCC xenograft model. We injected
Huh-7-Luc cells (2 × 106 cells in 50% Matrigel®) to the nu/nu mice (male, 6–8 weeks
old) in the median lobe of liver. Seven days after tumor implantation, we injected the
obtained LNPs in PBS, and analyzed its fluorescence using IVIS Spectrum CT. For ex
vivo visualization of ROS, animals were anesthetized (Zoletil® (tiletamine + zolazepam)
20 mg/kg, xylazine 0.2 mg/kg) and livers were imaged using 640/680 excitation/emission
filters. Photons of tumor and healthy tissue were quantified using Living Image software
(Xenogen Corp., Alameda, CA, USA).

2.8. Statistical Analysis

GraphPad Prism 8.2.1 (GraphPad Prism Software, Inc., San Diego, CA, USA) was used
for statistical analysis. Tukey’s multiple comparison test with 95 % confidence level or two-
way ANOVAs were used for statistical analysis. A p-value less than 0.05 was considered as
significant.

3. Results

3.1. Synthesis and Characterisation of Lipid Nanoparticles and ROS Analysis In Vitro

Previously, we synthesized two different hydro-Cy5 derivatives and analyzed their
sensitivity for ROS detection [7]. In this study, we investigated the possibility of using the
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free dye after intravenous bolus injection into the blood of healthy animals and animals with
HCC, as was previously described in other studies [28,29]. Unfortunately, we observed
rapid hydro-Cy5 dye excretion from the body and a strong fluorescence signal in the
bladder within 5 min after intravenous injection (Figure S1). Therefore, we decided to
encapsulate hydro-Cy5 in LNP to improve targeted delivery to the liver. The zeta potential
of hydro-Cy5-LNP is −7.58 mV.

One of the newly developed molecular probes for ROS visualization is the pDNA
HyPer7, which encodes the HyPer protein sensitive to H2O2 and capable of responding
to the ROS changes in the cell within seconds [30]. In order to efficiently deliver HyPer7
to the liver in vivo, we also decided to encapsulate it in LNPs, as publications show that
LNPs can serve as an efficient delivery system for different molecules [25]. While LNP are
clinically approved for siRNA and mRNA delivery, efficient encapsulation and delivery of
pDNA requires optimization of composition and molar ratio of lipids. For the synthesis of
LNPs with HyPer7, we decided to compare the LNP formulation by using two different
helper lipids, DOPE and DOPC. The other lipids used and their proportions were not
changed. The manual formulation leads to the formation of particles of uncontrolled size
in the diameter range of 120 to 250 nm with a high degree of sample heterogeneity. The
main disadvantage of this method is the lack of the possibility to control the parameters of
the LNPs using the mixing rate in manual formation. In the case of microfluidic cartridges,
the particles have a smaller size, significantly higher efficiency of pDNA loading, and their
characteristics are much more reproducible. The polydispersity of LNPs is comparable to
that of particles obtained by manual formulation, but the polydispersity index (PDI) values
are not critical for using such nanoparticles in vivo (Table 1).

Table 1. The characteristics of LNPs obtained by manual and microfluidic formulation.

Formulation Cationic Lipid Particle Size, nm PDI
DNA Concentration

in the Particles, ng/μL
DNA Loading
Efficiency, %

Manual DOPE 177.7 ± 48.1 0.18 6.3 ± 1.1 10.8 ± 1.9%
Manual DOPC 214.3±15 0.2 8 13.6%

Microfluidic DOPE 120 0.2 34 62%
Microfluidic DOPC 108 ± 12 0.22 ± 0.02 36 ± 5 64 ± 7%

Cytotoxicity and stability of the obtained LNPs were then evaluated. The particles
were shown to retain their size at 4 ◦C in the sterile solution (Figure 1B). We evaluated
the cytotoxicity of LNP-pDNAs (IC50 = 0.429 ng DNA/ml) that is comparable with other
studies (Figure S2). We used the similar LNP concentration as in our previous study that
demonstrates that the administration of LNP did not result in pathological changes in
liver tissue [31]. It is also comparable to the IC50 data of previously studied LNPs with
siRNAs [32].

We obtained two types of particles: LNP_1, LNP_2 (1× and 2× dye excess to siLuc
during synthesis, respectively) with an average diameter of 80 nm. It was shown that
the hydro-Cy5 encapsulated in particles didn’t change the fluorescence intensity when
interacting with the H2O2. In contrast, LNP_2 showed a slight fluorescence increase
when reacted with highly reactive hydroxyl radical (Figure 1C). These data suggest a high
stability of the LNPs and a high degree of dye protection against oxidation after intravenous
injection.

Next, we decided to determine optimal amount of dye incoroporated in LNP for the
detection using IVIS Spectrum CT. For this purpose, we conjugated LNP with different
amount of cyanine 5.5 and showed that the amount of incorporated dye impacts LNP de-
tection in organs (Figure S3) and further efficacy evaluation. So, we proceeded experiments
with LNP_2 and tested their efficacy in vitro.

Next, we analyzed the efficacy of hydro-Cy5-LNP for ROS visualization on the AML12
cell line in vitro. For this purpose, AML12 were incubated with hydro-Cy5-LNP for 24 h,
and then 10 μmol H2O2 was added to the cells. Confocal images were taken of the AML12
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before and after H2O2 addition. Cell nuclei were stained with Hoechst 33342 (in blue),
and the LNPs were imaged in red to monitor oxidation of hydro-Cy5-LNP in the cells.
We demonstrated in vitro that hydro-Cy5-LNPs fluorescence increased in the presence
of 10 μmol H2O2, which is relevant to ROS changes in vivo during liver inflammation
(Figure 2).

Figure 1. Synthesis and characterization of LNP. (A) Schematic representation of the LNPs composi-
tion; (B) the stability of obtained LNPs; (C) fluorescence intensity analysis of LNP with hydrocyanine
(LNP_1, LNP_2) before and after interaction with ROS (H2O2 and hydroxyl radical (*OH)).

 

Figure 2. Confocal microscopy images of the AML12 cells incubated with hydro-Cy5-LNP before (A)
and after (B) H2O2. Nuclei are stained with Hoechst, and hydro-Cy5 is indicated in red color. The
scale bar is 50 μm.
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3.2. Intravital Delivery of ROS Sensor-Lipid Nanoparticles and Visualization of Hepatocellular
Carcinoma

To preliminarily evaluate the size effect on particle delivery efficiency, we intra-
venously injected cyanine 5.5-labeled LNPs to the FvB/N mice. Whole-body fluorescence
images were analyzed using the IVIS Imaging CT system in 15 min, 1, 4, and 24 h of
injection of the 110 and 170 nm particles (Figure 3C). It was shown that LNPs with an
average diameter of 110 nm demonstrated preferable accumulation in the liver after 24 h
(Figure 3A), while LNP with size of 170 nm mainly accumulated in the spleen (Figure 3B).
So, we decided to use 110 nm LNP for further experiments.

Figure 3. Biodistribution of 110 nm (A) and 170 nm (B) cy5.5-labeled LNPs in 24 h after injection
and the quantification of fluorescence intensity in the liver in 5 min, 1, 4, and 24 h after injection (C);
the luminescence intensity (D) in mice in 9 days after intravenous injection of LNPs loaded with
pDNA Fluc and quantification of luminescence intensity at 6th, 9th, and 14th days after injection
of LNPs (E). Control indicates a healthy mouse. Data are presented as mean ± SD, n = 4 (ns—not
significant, *—p < 0.05).

Next, we evaluated the efficiency of pDNA-LNP delivery to mouse liver cells. LNPs
containing pDNA to Fluc with a diameter 110 nm were injected intravenously and the
luminescence intensity was analyzed 3, 6, 9, and 14 days after injection. It was shown that
the particles effectively transfected the liver after 6 days up to 14 days without reinjection
(Figure 3D,E). These results confirm the possibility of effective pDNA delivery using LNPs.

To evaluate the efficacy of ROS imaging using the developed LNPs, we decided to use
the HCC mouse model. We demonstrated the efficacy of ROS imaging in a mouse model
of HCC after the administration of hydrocyanine nanoparticles. It was shown that these
particles effectively accumulate in liver tissue and specifically fluoresce in the area of the
pathology (Figure 4).
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Figure 4. Images of liver tissues of the mice with HCC after administration of LNPs loaded with
hydrocyanine: ex vivo imaging using IVIS Spectrum CT 3 h after injection (A) and quantification
of fluorescence intensities (B); (C). Images of mice after injection of LNPs loaded with HyPer7;
(D). Quantification of fluorescence intensities after injection of LNPs loaded with HyPer7; red line
indicates control. Data are presented as mean ± SD, n = 3.

We observed an insignificant increase in fluorescence intensity (1.5 times in comparison
with control) in 48 h after LNP-HyPer7 injection (Figure 4C). Similar results were observed
10 days after injection of HyPer7-LNP (Figure S4). However, the injection of obtained LNPs
into the HCC-bearing mouse did not significantly change the fluorescent signal. These
results demonstrate persistent limitations of HyPer7 for in vivo imaging that requires either
different pDNA delivery methods (viral or hydrodynamic) or other detection methods.

4. Discussion

ROS play an important role in many biological pathways, but long-term inflammation
leads to the overproduction of ROS, causing oxidative stress and the development of many
pathologies, including liver diseases [11,33]. Cancer cells have elevated levels of ROS that
promote tumor growth and are responsible for the development of numerous liver diseases,
including alcoholic liver diseases, nonalcoholic fatty liver diseases, hepatic fibrosis, and
hepatitis C virus [5]. ROS activate hepatic stellate cells, increasing the inflammation and
initiating liver fibrosis [34]. One of the most common malignant liver diseases is HCC,
which is associated with many cellular processes and affects the metabolism of liver cells,
resulting in increased ROS production. For diagnosis and monitoring of different liver
diseases and namely HCC, visualization of ROS remains an important tool for preclinical
study. Here, we demonstrate the development of two types of LNPs loaded with ROS
sensors—pDNA HyPer7 and the hydro-Cy5 dye, which can be used for the detection and
monitoring of ROS in HCC.

LNP technology has played the central role in the development of the first three ap-
proved drugs, namely Patisiran as siRNA medicine and Tozinameran and Elasomeranas
as mRNA vaccines [35]. Patisiran (ONPATTRO®) is used for the treatment of polyneu-
ropathies associated with the hereditary disease transthyretin-mediated amyloidosis [36].
The two recent FDA approval of COVID-19 based modified mRNA vaccines are formulated
in LNPs [37]. The LNPs formulation is a promising strategy for DNA/RNA delivery
(pDNA, mRNA, siRNA) to the different tissues, and it can be effective for the accumulation
of ROS-sensitive dyes in the liver and improve the visualization of ROS [38,39]. In our
work, we compared the manual formulation of LNPs and formulation by microfluidic
device. Manual formulation can be easily conducted while microfluidic technologies allow
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to produce homogenous-sized LNPs and have accelerated the development of LNP-based
nanomedicine [40]. Lopes et al. outlined that microfluidic technologies promote the more
stable and uniform LNPs [41]. Unsurprisingly, microfluidic device technology allows
production of LNP with high loading efficiency and low PDI, which we observed by pDNA
and hydro-Cy5 formulation. We demonstrated that obtained LNPs are stable and retain
their size within 30 days, which means that the LNPs do not aggregate over time, which is
essential for using them both in vitro and in vivo. Composition of lipids can impact LNP
characteristics; however, we did not observe any difference in DNA loading efficiency using
two different helper lipids, DOPE and DOPC. This could be explained by the similar chem-
ical structure of both lipids. However, selection between DOPE and DOPC by formulation
in LNPs can affect the transfection efficiency both in vitro and in vivo. Zhang et al. found
that DOPE-containing LNP formulation enhances the mRNA delivery to the liver [42].
While Kulkarni et al. showed that replacement of DSPC with DOPC increased transfection
efficacy with pDNA-LNP in vitro more than 40x times [43]. However, we observed only
slight changes in DOPE- and DOPC-LNP-pDNA transfection efficacy in vivo in 24–72 h
after intravenous injection. Danaei et al. outlined that the nanoparticles with the PDI value
0.2 and below are most commonly accepted in practice for polymer-based nanoparticle
materials [44]. In our work, we used LNPs with PDI values no more than 0.22 obtained
by a microfluidic device, which is consistent with the previous studies [45]. Multiple
formulation parameters, lipid components and composition, lipid ration, and processing
parameters are crucial for LNPs with PDI values less than 0.2 [46].

Genetically encoded probes that are sensitive to the H2O are promising approaches
for monitoring the production of intracellular H2O2. The main problem of HyPer and other
probes containing the circular permutation is their high sensitivity to the pH. Recently,
a new member of the HyPer family, HyPer7, was introduced that is non sensitive to the
changes in pH and more sensitive to the H2O2 [47]. We used HyPer7 in this study for
visualization of ROS in vivo that was formulated in LNP for the efficient delivery to the liver.
Although, we demonstrated that we can successfully deliver pDNA Fluc to the liver cells,
we did not observe the significant fluorescence after HyPer7-LNP injection in comparison
with control. Possibly, it might be due to the fact that the one of main disadvantages of
green fluorescence probes to be used in vivo models is the low tissue penetration [48]. The
low fluorescence intensity of the liver after intravenous injection of HyPer7-loaded LNPs
could be also explained by the insufficient delivery method that could be optimized by the
other composition of the lipids or amount of pDNA or detection methods. Godbout et al.
outlined that it is crucial to modify the composition of the lipids used for formulation
in LNPs that will lead to the specific delivery of LNPs to the organs [49]. Additionally,
adenovirus-mediated delivery, polymeric nanoparticles, or hydrodynamic transfection
could increase the efficacy of HyPer7 delivery. Zamboni et al. demonstrated that polymeric
biodegradable poly(beta-amino-ester) nanoparticles enabled high DNA delivery to HCC
cells [50]. Additionally, it should be noted that HyPer is generally used for ratiometric
imaging of the living cells, so detection method plays an essential role in the efficacy of
H2O2 measurement; in particular, intravital microscopy should be considered [51].

One of the probes that can be used for visualization of ROS are hydrocyanine dyes
that are nonfluorescent in leuco form but can be oxidized by hydroxyl radicals and become
fluorescent cyanine molecules [52]. Different probes from the hydrocyanine family have
different emission wavelengths and can be used for different purposes for in vitro and
in vivo studies. Hydrocyanines were used for measuring the ROS production in vivo
in different animal models, such as inflammation, but their application is limited due
to the low tissue penetration of optical probes [52]. In our work, we used hydro-Cy5
dye that was formulated in LNP to protect it from oxidation in the blood stream and
increase accumulation in vivo. To prove the high stability of obtained LNPs, we decided
to compare the efficacy of LNPs loaded with two different excess levels of hydro-Cy5.
We did not observe significant changes in the fluorescence intensities by adding H2O2,
which proves the high stability of LNPs. We also tested efficacy of hydro-Cy5-LNP in
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AML12 cells and demonstrated that LNPs increased fluorescence already 5 min after H2O2
addition compared to non-treated cells, which indicates that hydro-Cy5 encapsulated in
LNPs is sensitive to the intracellular H2O2 and can be used for further in vivo experiments.
Therefore, we decided to study the biodistribution of hydro-Cy5-LNPs of two sizes—110
and 170 nm. Although intravenous studies show that the liver is the major organ depot for
nanoparticles [42], we observed the accumulation of hydro-Cy5-LNP 170 nm in the spleen
but not in the liver compared to the hydro-Cy5-LNP 110 nm, which does not allow us to
use it for detection of ROS in HCC. We successfully demonstrated ROS-sensitive detection
of tumor tissue in an orthotopic HCC model after intravenous injection of hydro-Cy5-LNP.
It should also be noted that this delivery platform could also be used for simultaneous
siRNA delivery and ROS visualization.

In conclusion, we synthesized LNPs with ROS-sensitive probes and demonstrated
the successful delivery of pDNA-LNP and hydro-Cy5-LNP to the liver. We showed that
accumulation of hydro-Cy5-LNP results in ROS-specific visualization of tumor tissue in
the mouse model of HCC compared to the control. We believe that our results present a
valuable tool to visualize ROS in liver diseases by LNPs loaded with hydro-Cy5 that can be
used in preclinical research.

Supplementary Materials: The following supporting information can be downloaded at: https://
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labeled LNP administration with 1× or 2× dye excess in 4 h and 24 h after injection. Figure S4: Whole
body fluorescent images in 10 days after LNP-HyPer7 administration; Table S1: The parameters of
LNPs synthesis.
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Abstract: Chronic, multifactorial illnesses of the gastrointestinal tract include inflammatory bowel
diseases. One of the greatest methods for regulated medicine administration in a particular region
of inflammation is the nanoparticle system. Silver nanoparticles (Ag NPs) have been utilized as
drug delivery systems in the pharmaceutical industry. The goal of the current study is to synthesize
drug-loaded Ag NPs using a previously described 3-methyl-1-phenylbutan-2-amine, as a mebeverine
precursor (MP). Methods: A green, galactose-assisted method for the rapid synthesis and stabilization
of Ag NPs as a drug-delivery system is presented. Galactose was used as a reducing and capping
agent forming a thin layer encasing the nanoparticles. Results: The structure, size distribution, zeta
potential, surface charge, and the role of the capping agent of drug-loaded Ag NPs were discussed.
The drug release of the MP-loaded Ag NPs was also investigated. The Ag NPs indicated a very good
drug release between 80 and 85%. Based on the preliminary results, Ag NPs might be a promising
medication delivery system for MP and a useful treatment option for inflammatory bowel disease.
Therefore, future research into the potential medical applications of the produced Ag NPs is necessary.

Keywords: silver nanoparticles; mebeverine precursor; green method; galactose; inflammatory bowel
diseases

1. Introduction

Inflammatory bowel diseases (IBDs) are functional chronic multifactorial diseases of
the gastrointestinal tract with a complex pathogenesis and multifaceted therapy approaches,
aimed at alleviating clinical symptoms and improving the life quality of patients. IBDs are
becoming more widespread globally, although the actual cause is still unknown. Their treat-
ment includes dietary changes and uptake of drugs from various pharmacological groups
such as antidiarrheals, prokinetic agents, bulk-forming laxatives, tricyclic antidepressants,
anticholinergics, serotonin receptor antagonists, and newer pharmacological classes target-
ing chloride ion channels and guanylate cyclase C [1]. Chronic inflammation most often
affects the colon or small and large intestines [2]. Despite the fact that some of the currently
available treatments for ulcerative colitis are helpful, there are still certain restrictions
on their use due to their nonspecific distribution, gastrointestinal drug metabolism, and
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considerable side effects [3]. A well-designed drug delivery system is beneficial to enhance
therapeutic efficacy, such as the use of drug-release system, prodrugs, system affected by
pH, micro- and nanoparticulate systems, etc. [4,5]. A number of medications, including
corticosteroids, antibiotics, and immunosuppressants, have recently been shown to support
mucosal healing. Innovative platforms based on biomaterials with greater efficacy and
fewer adverse effects are required to deliver pharmaceutical medications to the wounded
location. They can be used as effective drug delivery systems to facilitate colon-specific ad-
ministration and stable drug release [6]. Drug delivery methods to the micro- or nanometer
scale might prolong colonic residency duration but also have more advantages for treating
IBD. A size-dependent accumulation of micro- and nanoparticles, especially in the inflamed
intestinal regions, can be observed [7,8]. That makes them one of the best options for drug
delivery regulation.

The synthesis of nanomaterials is an essential aspect of nanotechnology. Nanoparticles
(NPs) of noble metals have been known for the last decades [9] due to their expanding num-
ber of pharmaceutical and biomedical applications, such as drug delivery, photothermal
therapy, radiotherapy, imaging, etc. [10,11]. Amongst the different noble metal NPs, silver
and gold NPs are mostly synthesized so far due to their remarkable biological activities
and unique physicochemical properties [12–27]. Typically, they are synthesized using
hazardous chemicals which affect the environment and human health. This necessitated
the development of environment-friendly methods and gave rise to the green synthesis
methodology [28,29].

Critical objectives in modern synthetic organic chemistry include the improvement
of reaction efficiency, the avoidance of toxic reagents, the reduction of waste, and the
responsible utilization of our resources. Starting from this assumption, the search for a
green alternative to produce NPs or the discovery of green molecules is a challenge in
order to obtain safe materials [30]. The biological techniques include the use of different
biological resources as reducing and stabilizing agents to change the noble metal cations to
their nanoforms [31–34].

Recently, the application of carbohydrates has become a popular area in NPs synthesis.
Many interesting methods are being applied currently to the green preparation of nanosized
silver nanoparticles (Ag NPs) such as the biosynthesis of nanoparticles by starch [35–37],
by plant leaf broth [38], by edible mushroom extract [39], etc. Green syntheses of Ag NPs
with polyoxometallates, polysaccharides, Tollens, Fehling’s, irradiation, etc., were reported
as well [40,41]. Polymer-based NPs were synthesized due to the spectrum of biological
interest [42]. Sugars as reducing agents for the green synthesis of metal NPs were applied
in the last ten years [43–47]. Many mono-, di-, and polysaccharides were used as reducing
and capping agents for the preparation of noble metals NPs due to their sustainability,
abundance, low cost, harmlessness, renewability, biodegradability, and compatibility with
biological systems [48–52]. To prevent aggregation, the capping agents were applied. The
capping agents are most often organic molecules that bind the metallic core, developing
a layer on the surface of NPs. Many capping agents have been used in conventional
syntheses, such as cetyltrimethylammonium bromide, polyvinylpyrrolidone, oleic acid,
sodium dodecyl sulfate, tetraethyl ammonium bromide, etc. [53–55]. These reagents have
an effective role in NPs growth and control of their size but could be hazardous [56],
causing many doubts about their use in biological applications [57]. The reducing agents
commonly used in a chemical route are hydrazine, formaldehyde, and sodium tetrahy-
dridoborate [58], which are toxic to the environment and living organisms. Other typical
capping and reducing agents are sodium citrate and tannic acid, which are used to obtain
highly monodispersed NPs [30,59].

The major challenge of using Ag NPs as drug-delivery systems, particularly in the
treatment of inflammatory bowel disease, is carrying out site-specific drug delivery to the
colon. Contrarily, long-term medicine has numerous adverse effects that are detrimental
to the patients’ quality of life, causing diarrhea, ulcers, or vomiting [60–63]. Targeting the
medications directly to the colonic region of the gastrointestinal tract is the main problem
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facing researchers [64]. Another obstacle to overcome is the retardation of skeletal and
growth development brought on by an inadequate diet. Cytokines and other inflammatory
mediators lead to changes in the hormonal axis that have an immediate impact on growth.
A proper diet and the correct anti-inflammatory treatment can help with these issues.

The quest for NPs synthesis and their application as drug-delivery systems prompted
us to obtain Ag NPs as drug-delivery systems for recently described antispasmodics in
new therapeutic approaches for irritable bowel syndrome treatment [65]. Recently, we
explored the synthesis of a mebeverine precursor (MP, 3-methyl-1-phenylbutan-2-amine,
Figure 1b) based on its pharmacological properties. Our decision was also driven by the
structural similarity to mebeverine (Figure 1a), a second-generation papaverine analogue
with a history of pharmacological applications as an IBD treatment.

 

Figure 1. Structure of mebeverine hydrochloride (a) and the mebeverine precursor (MP) (b) (MP
common structure in red).

In order to explore their biological activity, we synthesized many MPs with a C-3
substituent [65] (Scheme 1).

 

Scheme 1. Reaction pathway for the synthesis of MP.

In the present study, we focused our investigation on the synthesis of drug-loaded Ag
NPs with the most active MP (3, Figure 1b). The MP structure was chosen as the leader
compound with favorable antimicrobial, immunohistochemical, and spasmolytic activity,
and a reasonable effective choice for orally active long-term therapy of chronic IBD [65].

2. Materials and Methods

All solvents and reagents were purchased from Merck (Merck Bulgaria EAD, Darm-
stadt, Germany). Melting point was determined on a Boetius hot stage apparatus and was
uncorrected. IR spectra were determined on a VERTEX 70 FT-IR spectrometer (Bruker Op-
tics, Ettlingen, Germany). MP was characterized by 1H NMR, 13CNMR, IR, and HRESIMS.
The purity was determined by TLC using several solvent systems of different polarity. TLC
was carried out on precoated 0.2 mm Fluka silica gel 60 plates (Merck Bulgaria EAD), using
chloroform: diethyl ether: n-hexane = 6:3:1 as a chromatographic system. Neutral Al2O3
was used for column chromatographic separation. The product, after evaporation of the
solvent, was purified by recrystallization from diethyl ether.
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2.1. Synthetic Protocol
2.1.1. Synthesis of MP [65]

To a solution of 5 mmol of the starting ketone 3-methyl-1-phenylbutan-2-one 1 in 25 mL
formamide, a catalytic amount of methanoic acid was added. The mixture was refluxed
for 2 h at 180 ◦C, then poured into water and extracted with CH2Cl2 (3 × 20 mL). The
combined extracts were washed with Na2CO3 solution, water, and dried using anhydrous
Na2SO4, filtered on the short column filled with neutral Al2O3, and then concentrated.
The obtained formamide was directly hydrolyzed with 50 mL 5N H2SO4 and 1 h reflux
at 100 ◦C to 3-methyl-1-phenylbutan-2-amine (3, MP). The mixture then was poured
into water and extracted with CH2Cl2 (2 × 20 mL). The water layer was alkalized with
NH4OH and extracted with CH2Cl2 (3 × 20 mL). The combined extracts were dried
using anhydrous Na2SO4, filtered on the short column filled with basic Al2O3, and then
concentrated. Spectral data confirmed the structure of the MP.

3-methyl-1-phenylbutan-2-amine (MP) 1H-NMR: 0.98 (dd, J = 9.8, 6.8, 6H, 2×CH3),
1.35 (broad s, 2H, NH2), 1.67 (dq, J = 10.8, 6.8, 1H, CH(CH3)2), 2.40–2.43 (m, 1H, CHNH2),
2.81–2.86 (m,2H, CH2), 7.19–7.22 (m, 3H, Ar), 7.28–7.31 (m, 2H, Ar); 13C-NMR: 140.3
(Ar), 129.2 (Ar), 128.5 (Ar), 126.1 (Ar), 58.2 (CHNH2), 41.3 (CH2), 33.1 (CH(CH3)2), 19.4
(CH(CH3)2), 17.5 (CH(CH3)2). IR(KBr) νmax, cm−1: 3419 ν(N–H), 3071, 3061, 3030 ν(C-H,
Ph), 2960 νas(C–H, CH3), 2938 νas(C–H, CH2), 2898 νs(C–H, CH3), 1627 δ(NH2), 1590, 1571
ν(C=C, Ph), 1494 δ(CH2), 1464 δas(CH3), 1375 δ(CH3, i-Pr); HRMS (ESI) m/z 164.14323.

2.1.2. Synthesis of Galactose-Assisted Ag NPs

A total of 1.25 g (0.007 mol) galactose was dissolved in 25 mL water and refluxed
for 5 min; then 0.63 mL of 0.01 M AgNO3 solution was added, and the mixture was kept
at boiling. In about 5 min, the color of the solution turned pale yellow, indicating the
formation of Ag NPs.

2.1.3. Synthesis of Galactose-Assisted MP-Loaded Ag NPs

A total of 1.25 g (0.007 mol) galactose was dissolved in 25 mL water and refluxed for
2 min; then 0.63 mL of 0.01 M AgNO3 solution was added. To find out how the ratio of
Ag NPs to the drug molecule would affect the drug release, different amounts of MP were
used in the preparation of the solutions. Throughout the trials, Ag NP concentration was
constant, whereas drug concentration changed depending on the ratio. The chosen ratios of
drug molecules to Ag NPs were 1:1, 1:3, and 1:6, respectively. The solution’s color changed
to a light yellow after roughly 5 min of reflux, signifying the generation of Ag NPs.

2.2. Characterization of the Ag NPs. Analytical Techniques

After NPs preparation, the solution was used for UV-Vis, transmission electron mi-
croscopy (TEM), single-particle ICP-MS (sp-ICP-MS), dynamic light scattering (DLS), and
zeta potential. For Fourier transform infrared spectra (FTIR) and X-ray diffraction (XRD)
analysis, the suspension was centrifuged at 5000 rpm for 15 min and filtered (0.22 μm,
Chromafil®, Macherey-Nagel, Düren, Germany), and the precipitate was used.

2.2.1. UV-Vis Spectra

UV–Vis spectra were recorded in the range between 320 and 800 nm using a Cary-60
UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Solution spectra
were obtained by measuring the absorption of the prepared nanoparticle dispersions in a
quartz cuvette with a 1 cm optical path.

2.2.2. FTIR Spectra

IR spectra were determined on a VERTEX 70 FT-IR spectrometer (Bruker Optics,
Ettlingen, Germany). The spectra were collected in the range from 600 cm−1 to 4000 cm−1

with a resolution of 4 nm and 20 scans. The instrument was equipped with a diamond
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attenuated total reflection (ATR) accessory. The IR spectra were analyzed with the OPUS-
Spectroscopy Software, Bruker (Version 7.0, Bruker, Ettlingen, Germany).

2.2.3. spICP-MS

A 7700 Agilent ICP-MS spectrometer (Agilent Technologies, Tokyo, Japan) equipped
with MicroMist™ nebulizer and Peltier cooled double-pass spray chamber was used for
the characterization of silver nanoparticles at 107 amu. The ICP-MS operating parameters
were as follows: RF power—1.55 kW; sample flow rate—0.336 mL min−1; carrier Ar gas
flow rate—1.2 L min−1; acquisition time 60 s; dwell time 5 ms; and transport efficiency
0.032. The transport efficiency was determined by the particle-size method [66]. Ultrapure
water (UPW) was used throughout the experiments (PURELAB Chorus 2+ (ELGA Veolia)
water purification system). For the sonication of silver colloids, an ultrasonic bath (Kerry
US) was used. Reference materials (RMs) of citrate-stabilized silver dispersions Ag NPs
(Merck Bulgaria EAD) with mean size 40 ± 4 nm and total mass concentration of silver
0.02 mg mL−1 were used in this study for transport efficiency determination and calibration.

A standard solution of Ag 9.974 ± 0.041 mg L−1 in 2% HNO3 (CPAchem Ltd.,
Bogomilovo, Bulgaria) was used for the preparation of ionic standards.

2.2.4. TEM

The morphology, shape, and size of the nanoparticles were investigated by TEM (Talos
1.15.3, Thermo Fisher Scientific, Waltham, MA, USA). The nanoparticles suspension was
added dropwise onto a formvar/carbon-coated copper grid, and then the TEM observation
of the samples was performed at an operating voltage of 200 kV.

2.2.5. DLS and Zeta Potential

DLS measurements were performed on a Brookhaven BI-200 goniometer with ver-
tically polarized incident light at a wavelength l = 632.8 nm supplied by a He–Ne laser
operating at 35 mW and equipped with a Brookhaven BI-9000 AT digital autocorrelator.
The scattered light was measured for dilute aqueous dispersions in the concentration
range 0.056–0.963 mg mL−1 at 25, 37, and 65 ◦C. Measurements were made at θ angles in
the range of 50–130◦. The system allows measurements of ζ-potential in the range from
−200 mV to +200 mV. All analyses were performed in triplicate at 25 ◦C.

2.2.6. X-ray Diffraction (XRD)

The degree of crystallinity of the synthesized nanoparticles was studied by X-ray
powder diffractometry. The diffraction patterns of Ag NPs (blank) and drug-loaded Ag
NPs were recorded at a 2θ range from 10◦ to 80◦ using a SIEMENS D500 X-ray powder
diffractometer (KS Analytical Systems, Aubrey, TX, USA). All the measurements were
performed at a voltage of 35 kV and a current of 25 mA. The monochromatic X-rays
(1.5406 Å) were generated by Cu-anticathode (Kα1).

2.3. In Vitro Drug Release

In vitro release of MP from the Ag NPs was performed using the dialysis bag method.
A dialysis membrane (MWCO 12 kDa, Sigma-Aldrich, St. Louis, MO, USA) was hydrated
in distilled water for 24 h. An accurately weighed amount of drug-loaded NPs (equivalent
to the amount of MP in ratios of 1:1, 1:3, and 1:6) was dispersed in 10 mL of phosphate
buffered saline (PBS) and then transferred to the dialysis bag, which was closed using a
plastic clamp. Each bag was placed into a beaker containing 40 mL PBS (pH 7.4, dialysis
medium). Aliquots (2 mL) from the dialysis medium were taken for measurements and
subsequently replaced at predetermined time intervals with fresh medium. The drug-
release study was performed for 24 h. The mean results of triplicate measurements and
standard deviations were reported. The solution in the Falcon tube was shaken before each
evaluation of UV–visible absorbance. For data analysis, the MP’s maximum absorption
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band values (λ = 192 nm) were employed. Additionally, drug-only controls (one drug
control for each ratio) were made.

3. Results and Discussion

The accumulation of nanoparticles in the colon region is one of the most important
features of an effective nanomedicine for colon diseases. In the present study, galactose-
assisted drug-loaded Ag NPs were synthesized using a direct rapid, entirely green one-pot
method. Ag NPs were chosen due to a variety of biological activities [67–74]. In addition,
more important is their protective effect on gastrointestinal tract [75]. Galactose was used
as a reducing and capping agent. It can quickly reduce Ag+ to the ground state at the
boiling point of water (100 ◦C) [45]. Galactose-capped Ag NPs were chosen for the lower
toxicity [76,77], so they can be recognized as more biocompatible and therefore are more
suitable for exploitation in medical applications. With favorable spasmolytic, antibacterial,
immunohistochemical activity and lack of cytotoxicity, the MP structure was selected as a
viable and effective option for orally active long-term therapy of chronic IBD [65].

3.1. Characteristics of Galactose-Assisted Ag NPs Compared to Galactose-Assisted Drug-Loaded
Ag NPs

Initially, the synthesis of the Ag NPs in an aqueous solution was monitored by record-
ing the absorption spectra at a wavelength range of 190–600 nm (Figure 2). The absorption
maximum in galactose solution was detected at 287 nm and MP was observed a 192 nm.
In the early 10 min of the Ag NPs formation process, the UV–Vis spectrum included the
appearance of a single, strong, and broad surface plasmon absorbance at 412 nm. The sur-
face plasmon resonance effect causes an absorbance band in the electromagnetic spectrum,
usually in the visible light range. Particle size and shape, coating, particle spacing, and
other variables can all have an impact on the peak [78–81]. The fact that we observed the
peak at the region 410–450 nm corresponds with the literature data for spherical nanopar-
ticles [45,82,83]. The absorption spectra obtained from all the prepared solutions after
10 min are shown in Figure 2.

 

Figure 2. Absorption spectra of galactose (green), MP (purple), Ag NPs (blue), and drug-loaded Ag
NPs (dark blue).

A hypochromic effect of the absorption maximum of galactose at 287 nm was observed
for MP-loaded Ag NPs. In the meanwhile, a hyperchromic effect of the absorption max-
imum at 412 nm was also seen. The observed effects were proportional to the increased
concentration of Ag NPs in the presence of the MP [84].
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The UV–visible spectra showed an application of a simple one-pot galactose-assisted
green method for the synthesis and stabilization of Ag NPs as drug-delivery systems. The
symmetrical plasmon band of MP-loaded Ag NPs indicated the low degree of aggrega-
tion [85]. We presume that the lack of aggregation is due to the presence of an isopropyl
group in the structure of the MP. Since the intensity of an absorption peak is proportional to
the concentration of Ag NPs in the colloidal solution, the appearance of such well-defined
peaks suggests that the production yield of our method was quite good.

The stability of drug-loaded Ag NPs was also investigated by FTIR and compared to
MP, galactose, and galactose-assisted Ag NPs spectrum (Figure 3). IR analysis depicted
shifts in the characteristic peaks of galactose, Ag NPs, and MP-loaded Ag NPs, which
indicates the interactions between the molecules. The shifts were observed for stretching
vibration ν(O–H) from 3386, 3205, and 3131 cm−1 in galactose compared to 3421 cm−1

for Ag NPs and 3382, 3203, and 3124 cm−1 for MP-loaded Ag NPs. Shifts could be found
also for the stretching C–H vibration ν(C–H) at 2949, 2937, and 2916 cm−1 for galactose
compared to 2939–2849 cm−1 region Ag NPs and 2972 cm−1 for drug-loaded Ag NPs. The
deformation vibrations (scissoring δ, wagging ω, and torsion τ) of the CH2 group were also
shifted from 1457–1248 cm−1 in IR of galactose to 1500–1238 cm−1 for the IR of Ag NPs,
and 1456–1245 cm−1 for MP-loaded Ag NPs. The stretching vibrations ν(C–O), ν(C–C),
and in-plane bending β(COH) in the pyranose ring of galactose were observed at 1151,
1104, 1067, and 1045 cm−1 [86], while the Ag NPs showed peaks at 1119 and 1049 cm−1 and
MP-loaded Ag NPs—at 1103 cm−1. The IR spectrum of galactose and MP-loaded Ag NPs
showing the band at 837 cm−1 indicates the presence of the α-anomer, while for galactose-
assisted Ag NPs, two bands appeared at 836 cm−1 and 883 cm−1, corresponding to both
the anomers—α and β [87,88]. The shifts of the bands in the IR spectra of galactose-assisted
Ag NPs and MP-loaded Ag NPs relative to the bands in the IR spectrum of galactose
are most indicative of the adsorption and modification of Ag NPs on the surface of the
carbohydrate [89].

The depicted shifts in the IR spectra of galactose and MP compared to Ag NPs and
MP-loaded Ag NPs confirmed that galactose molecules participate with their C–O and
glycosidic OH groups in the formation and stabilization of the Ag NPs [90].

Carbohydrate-assisted (by reduction of glucose, galactose, maltose, and lactose) syn-
thesis of silver NPs in the presence of [Ag(NH3)2]+ obtained Ag NPs with controllable
sizes [91]. It is well known that, irrespective of the approach, biomolecules are involved in
the reduction of silver nanoparticles, and also have an interaction with the upper face of
silver, which is their initial connection of originating particles [92,93]. The coating of silver
nanoparticles decreases the agglomeration rate and size [94]. The dynamic surface site of
the silver nanoparticles persisted through the particle size, shape, and accumulation rate.
The reaction conditions such as temperature, pH, extract volume, reactant concentration,
and time describe the size and gradation of the growing particles and, thus, influence
the shape and size of the silver accumulates [95]. Silver nanoparticles less than 10 nm
may elapse by the nuclear opening and interact with genetic material. These crystals are
appropriate for diagnostics and gene therapy, but they are genotoxic. The shape of the
nanoparticles is shown to affect cytotoxicity, e.g., plate-shaped silver nanoparticles have
revealed higher toxicity as compared to wires or spherical nanoparticles [96–99].

To establish the size and shape of the Ag NPs, spICP-MS, DLS, and zeta potential were
used.

The nanocolloid suspensions were examined by spICP-MS to determine the size and
distribution by size of the silver core in synthesized galactose-assisted Ag NPs and MP-
loaded Ag NPs. The information about Ag core size is obtained by single-point calibration
with RM of citrate-stabilized Ag NPs with size 40 ± 4 nm and one ionic standard of Ag+

(1 ng L−1) for sensitivity determination.
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Figure 3. IR spectra of MP, galactose, galactose-assisted Ag NPs, and MP-loaded Ag NPs in the
region 4000–400 cm−1.

The introduction of a sufficient number of particles and a 10% likelihood of particle
coincidence at the chosen dwell duration were ensured by gravimetrically diluting nanocol-
loid suspensions with UPW to DF = 5 × 105. Before each dilution step and during the
instrumental measurements, the NPs were subjected to an ultrasound treatment for 10 min
in order to achieve a uniform dispersion in the solutions.

The histogram size distribution for galactose-assisted Ag NPs, presented in Figure 4,
shows that the particle size distribution is asymmetric with a high fraction of small particles
(19–22 nm), which is close to the method’s detection limit—LODsize 18 nm. The estimated
mean diameter for this sample is 42 ± 1 nm, while the most frequent diameter is 20 nm.
The results received for MP-loaded Ag NPs show that most detected particles have a size
near or below the determined method detection limit (LODsize 18 nm).
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Figure 4. Particle size distribution histogram of galactose-assisted Ag NPs (~400 NPs).

The results from the size distribution histograms (Figure 4) were confirmed by the
TEM images (Figure 5a,b). The obtained results clearly indicate the shape and size of the
nanoparticles and illustrate the individual nanoparticles as well. The TEM image confirms
the synthesis of smaller spherical particles with different size between 10 and 26 nm for
galactose-assisted Ag NPs and between 10 and 17 nm size for the drug-loaded Ag NPs.
This explains the fact that we cannot quantify the MP-loaded Ag NPs using the spICP-MS.

   
(a) (b) (c) 

Figure 5. TEM images of galactose-assisted Ag NPs (a,b); MP-loaded Ag NPs (c).

The TEM images show that the galactose participated as a capping and protecting
agent. A thin, galactose-based coat with an average size of 2.136 nm can be observed in
TEM images (Figure 5b,c). Many groups such as hydroxyl, carboxyl, phenol, and carbonyl
are linked with oxygen and nitrogen with covalent bond linkage for the complex formation
of silver, and so they are probably absorbed on its surface [94]. We assume that galactose in
galactose-assisted Ag NPs (Figure 5a,b), as well as the isopropyl group of MP in MP-loaded
Ag NPs (Figure 5c,d), prevent the aggregation of the particles.

The dynamic light scattering histograms show that the median average size of the
obtained particles is 27.9 nm for galactose-assisted Ag NPs and 18 nm for MP-loaded Ag
NPs (Figure 6).

The zeta potential of galactose-assisted Ag NPs was -21.99 ± 1.53 mV and for drug-
loaded Ag NPs it was −10.72 ± 0.74 mV. The negative charge of the zeta potential could
refer to carboxylic groups of galactonic acid produced. Carboxylic acids (in this case, the
oxidation products of the sugars) are used to provide a negative surface charge density
in order to counteract the van der Waals forces responsible for particle coalescence. Self-
assembled carboxylic acids ensure dense coating on the metal surfaces and therefore
stabilize them [100].
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Figure 6. Dynamic light scattering histograms of galactose-assisted Ag NPs and MP-loaded Ag NPs.

The XRD analysis supports galactose’s role in the synthesis of Ag NPs (Figure 7). Pure
galactose ‘s XRD pattern (Figure 7a) and MP’s structure (Figure 7d) revealed multiple
distinctive peaks in the 2θ area because of their crystalline structure.

Figure 7. X-ray diffraction patterns of galactose (a), Ag NPs (b), MP-loaded Ag NPs (c), and MP (d).

The Ag NPs pattern modified the normal galactose XRD pattern (Figure 7b). At 38.16◦
and 44.36◦ of 2θ, the detected signals of Ag NPs are quite weak. The 1 1 1 plane, which
can be indexed to the spherical structure of silver [45], corresponds to the strong Bragg
reflection at 38.16◦.

The silver reflection of MP-loaded Ag NPs (Figure 7c) can be observed at 37.92◦ and
44.02◦ of 2θ.

3.2. Parametric Drug-Release Optimization

The most popular method of medicine administration is oral. Oral medication is
self-administrable, painless, easy to take, and less expensive than intravenous methods. A
drug’s oral bioavailability will be hampered if its water solubility is too low. Nanocarriers
can be used to resolve such solubility issues [70]. The influence of Ag NPs-to-drug ratio was
evaluated, utilizing an in vitro approach with dialysis bags in order to obtain insights into
the drug-release trends of MP-loaded Ag NPs [101,102]. Due to a lack of universal, accepted
practices, this is a typical technique to learn about innovative drug delivery systems [103].
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To determine the in vivo–in vitro correlation of nanoparticle formulations, as well as to
direct the development and quality control, drug-release profiles from dialysis-based assays
are used [104]. Additionally, they can be utilized to distinguish between different release
patterns, such as fast vs. gradual releases [105].

Profiles of MP-molecules only (controls) were compared to those seen in the presence
of Ag NPs in order to determine the drug-release properties of the MP-loaded Ag NPs.
Different Ag NPs-to-drug ratios (1:1, 1:3, and 1:6) were utilized to examine how the ratio
might impact the drug’s release. One drug control per ratio was made using an ethanol
solution of MP.

Under normal physiological conditions, the pH value from the stomach to the intestine
basically showed an increasing trend, specifically, acidic stomach (pH 1.5 to 3.5), duodenum
(pH 6), terminal ileum (pH 7.4), terminal cecum (pH 6), and colon (pH 6.7) [106,107]. To
simulate the physiological conditions, the drug-release study was carried out in a neutral
medium (PBS, pH 7.4). A cellulose dialysis bag with a molecular weight cut-off of 12,400 Da
was used to hold the solution of drug-containing Ag NPs. The pores in this cut-off were
large enough to let the medication out of the dialysate while still keeping the Ag NPs inside
the membrane. Since the calibration curve for MP was linear, it was possible to conduct the
quantification tests.

The length of the intestine, the composition of the gut microbiota, and individual
variances in stomach and intestinal fluid and peristalsis may all have a role in the transport
time of the gastrointestinal system. There are considerable variations in gastrointestinal
emptying periods, not just between healthy participants but also between IBD patients
and healthy people, which may raise the uncertainty of when the medicine will reach the
colon. Although the small intestine’s average transport time is thought to be 4 h, individual
differences often range from 2 to 6 h [107]. Therefore, determining the drug release at the
first 6 h was crucial for our investigation.

During the 24 h period, the drug release was measured. We found that the absorbance
intensity rose with time during the initial five hours of the drug-release experiment, indi-
cating an increasing concentration of the MP in the dialysate (Figure 8).

 

Figure 8. Drug-release concentrations for MP-loaded Ag NPs in molar ratio 1:1, 1:3, and 1:6.

After the fifth hour, the pattern of drug release changed slightly as the rate of increase
in absorbance intensity keep unchanged until the 24th hour. The UV–visible spectra of the
released pharmaceuticals in the dialysate, therefore, overlapped in the 24th hour, indicating
that the drug release was complete under these circumstances and that the concentration of
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the released drug in the dialysate was stable. All experiments showed that the dialysate
drug concentrations of MP only were a bit higher. That could refer to the protective coat of
the galactose and indicates the effectively loaded MP, which slows down the drug release.
Nevertheless, MP-loaded Ag NPs indicate a very good drug release between 80 and 85%
for all drug ratios at the 6th hour of the experiment. According to the preliminary findings,
Ag NPs might be a useful medication delivery mechanism for MP and a potent tool for
the treatment of inflammatory bowel disease. For this reason, additional research on long-
acting delivery formulations and potential medical uses for MP-loaded Ag NPs will also be
required to add to the benefits of this study.

4. Conclusions

The rapid synthesis and stabilization of silver nanoparticles using galactose was
accomplished utilizing a straightforward, entirely green, one-pot approach. Without the
use of microwave irradiation or any other intermediate procedures, the nanoparticles were
synthesized in a short amount of time at relatively low temperatures at the water boiling
point. The size range for the produced Ag NPs, as determined by various approaches, was
10 to 26 nm for galactose-assisted Ag NPs and 10 to 17 nm for Ag NPs loaded with MP.
Galactose was employed as a reducing and capping agent. A thin galactose layer encasing
the nanoparticles was visible in the TEM pictures. Additionally established were the Ag
NPs’ drug-release capabilities. A valuable perspective for our future investigation is the ex
vivo and in vivo determination of the long-acting delivery systems and possible medicinal
applications of drug-loaded Ag NPs, namely, in the field of gastrointestinal inflammatory
diseases.
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Abstract: In this nanotechnology era, nanostructures play a crucial role in the investigation of novel
functional nanomaterials. Complex nanostructures and their corresponding fabrication techniques
provide powerful tools for the development of high-performance functional materials. In this study,
advanced micro-nanomanufacturing technologies and composite micro-nanostructures were applied
to the development of a new type of pharmaceutical formulation, aiming to achieve rapid hemostasis,
pain relief, and antimicrobial properties. Briefly, an approach combining a electrohydrodynamic
atomization (EHDA) technique and reversed-phase solvent was employed to fabricate a novel beaded
nanofiber structure (BNS), consisting of micrometer-sized particles distributed on a nanoscale fiber
matrix. Firstly, Zein-loaded Yunnan Baiyao (YB) particles were prepared using the solution electro-
spraying process. Subsequently, these particles were suspended in a co-solvent solution containing
ciprofloxacin (CIP) and hydrophilic polymer polyvinylpyrrolidone (PVP) and electrospun into hybrid
structural microfibers using a handheld electrospinning device, forming the EHDA product E3. The
fiber-beaded composite morphology of E3 was confirmed through scanning electron microscopy
(SEM) images. Fourier-transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis
revealed the amorphous state of CIP in the BNS membrane due to the good compatibility between
CIP and PVP. The rapid dissolution experiment revealed that E3 exhibits fast disintegration prop-
erties and promotes the dissolution of CIP. Moreover, in vitro drug release study demonstrated the
complete release of CIP within 1 min. Antibacterial assays showed a significant reduction in the
number of adhered bacteria on the BNS, indicating excellent antibacterial performance. Compared
with the traditional YB powders consisting of Chinese herbs, the BNS showed a series of advantages
for potential wound dressing. These advantages include an improved antibacterial effect, a sustained
release of active ingredients from YB, and a convenient wound covering application, which were
resulted from the integration of Chinese herbs and Western medicine. This study provides valuable
insights for the development of novel multiscale functional micro-/nano-composite materials and
pioneers the developments of new types of medicines from the combination of herbal medicines and
Western medicines.

Keywords: electrospinning; electrospraying; Yunnan Baiyao; ciprofloxacin; antimicrobial;
combined medicine

1. Introduction

Controlled drug release is a hot topic in the field of pharmaceutical technology. Con-
ventional drug delivery systems, as the most widely used formulations, suffer from several
drawbacks: large fluctuations in blood drug concentration, leading to the occurrence of
“peak-trough” phenomena, where adverse effects may arise during peak drug concen-
tration, while subtherapeutic drug levels during trough concentration can compromise
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therapeutic efficacy [1–8]. Hence, achieving fast or pulsatile drug release and sustained
release can not only enhance treatment effectiveness but also reduce the frequency of
administration, thus improving patient convenience [9–14].

Ciprofloxacin (CIP) is a synthetic third-generation fluoroquinolone antibacterial medi-
cation with broad-spectrum antibacterial action and excellent bactericidal characteristics.
It has been reported to be many times more effective than norfloxacin and enoxacin. CIP
also exhibits good antibacterial action and pharmacokinetic qualities with little adverse
effects [15,16]. Traditional Chinese herbs are unique medicinal substances used in tradi-
tional Chinese medicine and serve as a significant hallmark distinguishing it from other
medical practices. These herbs are abundant in resources and have a long history of use.
Many of them contain natural active ingredients such as organic acids, flavonoids, terpenes,
saponins, alkaloids, etc. These herbs exhibit antibacterial, antiviral, anti-inflammatory,
antioxidant, anti-tumor, analgesic, immune-modulating, and tissue-regenerating activities,
among others [17,18]. However, due to the standard pharmaceutical procedures utilized
in the manufacturing of Chinese medications, there are obstacles in establishing control-
lable quality, safety, efficiency, and patient compliance in traditional Chinese medicine
(TCM) [19]. Yunnan Baiyao (YB), a commercially available herbal preparation, has been
used to treat bruises, injuries, and bleeding wounds. However, in practical use, the pow-
dered form of YB is difficult to apply to the surface of wounds and cannot effectively
eliminate bacteria around the wound. Therefore, it is possible to design a drug delivery
system that combines CIP with YB to address these limitations.

In recent decades, the rapid advancement of nanotechnology and study of new ex-
cipients has led to significant improvements in the bioavailability of drugs, while simulta-
neously promoting safe, effective, and convenient drug delivery systems [20–32]. Hence,
many newly proven safe and biocompatible excipients have been introduced, such as
PVA, PVP, PEO, PCL, gelatin, etc. [33–39]. These excipients are designed to be combined
with drug molecules to create nanomedicine products for disease treatment [40]. Tradi-
tional powders prepared as nanofiber membranes offer expanded dosage forms that are
easy to administer and can combine both traditional Chinese and Western medicine to
enhance therapeutic efficacy [41–44]. Incorporating traditional particles and capsules into
electrospun nanofiber membranes facilitates drug delivery, improves taste, and enhances
patient tolerance and treatment outcomes. The handheld electrospinning device is an
emerging medical product that integrates electrospinning technology with existing medical
techniques, providing functions such as immediate disinfection and wound management.
Additionally, it is considered one of the smallest electrospinning apparatuses in the world,
characterized by its compact size, light weight, and practicality. Driven by batteries, it
allows for continuous production of nanofibers with a simple press of a button, enabling
single-handed operation that seamlessly conforms to the user’s hand shape. It provides the
flexibility to achieve in situ and directed deposition of various polymer nanofiber materials,
marking a significant leap in the development of electrospinning devices.

In this study, electrospinning and electrospray coating were combined (both belong-
ing to EHDA technique) to fabricate a novel hybrid material consisting of electrospun
nanofibers and electrospray particles by using a handheld electrospinning device [45,46].
This material was developed for wound antimicrobial and healing applications. A series
of characterization (SEM, XRD and FTIR), rapid disintegration, in vitro drug release, and
antimicrobial study was conducted to evaluate the prepared hybrid nanofibers.

2. Materials and Methods

2.1. Materials

Yunnan Baiyao was purchased from a local Laobaixing Drugstore (Shanghai, China).
Ciprofloxacin and ethanol were purchased from China National Pharmaceutical Group
Corporation. Zein was bought from Shanghai Xingye Biological Technology Co., Ltd.
(Shanghai, China). Polyvinylpyrrolidone (PVP K60) was purchased from Merck Chemical
Reagent Co., Ltd. (Shanghai, China). Acetic acid and anhydrous ethanol were obtained
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from Shanghai Fitst reagent Factory (Shanghai, China). Milli-Q water was used throughout
the study. All other chemical solvents were analytical grade.

2.2. Preparation of Precursor Solutions

Two different EHDA techniques were employed for the sequential preparation of Zein-
YB microparticles via electrospray (single-fluid blending electrospraying) and CIP-PVP
nanofibers via electrospinning (single-fluid blending electrospinning). Subsequently, a
hybrid structure of nanofibers and microparticles, referred to as YB-CIP beaded nanofibers,
was fabricated. Hence, three precursor solutions were prepared, corresponding to the
electrostatic spray and electrostatic spinning processes. The specific parameters for the
two EHDA techniques and the composition and concentrations of the three solutions are
presented in Table 1.

Table 1. Parameters for the EHDA processes.

No. EHDA Process
Working

Fluid

Experimental
Conditions Drug

Contents
Morphology

V (kV) D (cm)

E1 Electrospraying Fluid 1 a 20 20 20.0% YB Particles
E2 Electrospinning Fluid 2 b Cell 20 20.0% CIP Fibers
E3 Sequential EHDA process Fluid 3 c Cell 20 15% (YB) & 5% (CIP) Hybrids

a Fluid 1: An amount of 3.0 g YB and 12.0 g Zein were co-dissolved in 100 mL 75% ethanol solution. b Fluid 2:
An amount of 8.0 g PVP and 2.0 g CIP were co-dissolved into 100 mL mixture of ethanol and acetic acid with a
volume ratio of 90:10. c Fluid 3: An amount of 15.0 g microparticles E1 from electrospraying were suspended into
50 mL of Fluid 2 uniformly through continuous stirring.

2.3. Preparation of YB-CIP Beaded Fiber by Electrospinning

Firstly, Zein and YB were co-dissolved in a 100 mL solution of 75% ethanol. Micropar-
ticles, denoted as E1, were prepared using a simple electrospray process. Subsequently,
15 g E1 was uniformly dispersed into 200 mL of Fluid 2 with continuous stirring, forming a
suspended working fluid denoted as Fluid 3. Then, the HHE-1 handheld electrospinning
apparatus (Qingdao Junada Technology Co., Ltd., Qingdao, China) was used to fabricate
the YB-CIP beaded fiber E3. The specific experimental conditions were as follows: the
EHDA process is powered by 7th-grade Nanfu alkaline batteries (AAA), with a voltage
range of 0~10 ± 1 kV (rated current generally below 90 mA) and a particle deposition
distance of 20 cm. The ambient temperature and humidity were maintained at 21 ± 5 ◦C
and 47 ± 7%, respectively.

2.4. Characterization
2.4.1. Analysis of Morphology

The YB particles and nanofibers were used for morphology characterization by SEM
(FEI Quanta G450 FEG, Inc., Hillsboro, OR, USA). Briefly, steps of fixing the prepared YB
particles and nanofiber membrane to a sample holder with conductive adhesive, assuring a
level surface under N2 environment, and subsequently applying a 1.5 min gold sputtering
treatment using an ion sputter coater were conducted. A thin layer of 5 nm gold was
deposited on the sample surface for SEM observation. ImageJ software v1.48 (National
Institutes of Health, Bethesda, MD, USA) was used to measure the average diameter of
the nanofibers.

2.4.2. XRD and FTIR Analysis

X-ray diffraction (XRD) analysis of YB particles and nanofiber membrane was con-
ducted using the D8 ADVANCE diffractometer (Bruker, Carteret, NJ, USA). The operating
conditions included a working voltage of 40 kV and a tube current of 30 mA. The diffraction
patterns were recorded in continuous mode within an angular range of 5◦ to 60◦ with a
step size of 0.02◦ and a scanning speed of 5◦/min.
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FTIR spectroscopy of samples was recorded on a PerkinElmer FTIR Spectrometer
(Spectrum 100, Billerica, MA, USA) by KBr method. The spectral curve was performed in
the range 500–4000 cm−1 with a resolution of 2 cm−1.

2.5. Fast Dissolution Performance

The rapid disintegration and drug dissolution processes of the prepared drug-loaded
nanofiber membrane E3 were evaluated by two self-developed methods. Briefly, one method
included dropping a drop of water over a nanofiber mat collected on a glass slide, while the
other method entailed depositing a piece of electrospun thin film on wet paper. All of proce-
dures were photographed with a digital camera (Canon PowerShot SX50HS, Tokyo, Japan).

2.6. In Vitro Drug Release

The paddle method was used to assess the CIP release profiles of EHDA products in
accordance with the Chinese Pharmacopoeia (2020 Edition). An amount of 25 mg EHDA
product E2 and 0.1 g E3 were added to six vessels, which contained 500 mL phosphate-
buffered solution (0.1 M, pH = 7.0). The dissolution media were maintained at 37 ± 1 ◦C
with a rotation rate of 50 rpm. At a preset time point, 5.0 mL of the solution was with-
drawn and filtered through a 0.22 μm film (Millipore, MA, USA). To keep the volume
of the bulk solution constant, 5.0 mL of fresh PBS was added after sampling. A UV–vis
spectrophotometer (UV-2102PC, Youke Instrument Co., Ltd., Shanghai, China) was used to
measure the absorbance of CIP at λmax = 276 nm. The experimental data were reported as
mean ± standard deviation, and experiments were repeated 6 times.

There are multiple active ingredients in YB. The UV–vis spectrophotometer detection
method cannot be exploited for quantitative analyses of YB sustained-release performance
from the insoluble Zein microparticles. Thus, a direct observation with the eyes was
conducted to assess the YB sustained release effect.

2.7. Antibacterial Performances of Nanofibers

The in vitro antibacterial effects of E1, E2, and E3 were evaluated using a plate count
method. Gram-positive Bacillus subtilis (Wb800) and Gram-negative Escherichia coli dh5α
(E.coli dh5α) were used as experimental microorganisms. The detailed process was as
follows: (1) 5 mL of sterilized Luria–Bertani (LB) broth was loaded into an Erlenmeyer flask.
(2) An amount of 50 mg EHDA products was placed into the LB broth solution, which
contained about 1.5 × 105 CFU of E. coli dh5α and Wb800, respectively. (3) The mixtures
were incubated in a shaking incubator for 12 h at a constant temperature of 37 ◦C. (4) A
total of 100 μL cell solution was seeded onto LB agar by surface spread plate technique.
(5) After plates were incubated at 37 ◦C for 24 h, the number of CFU was counted.

Pure phosphate-buffered saline (PBS) was used as a blank control, and the antibacterial
efficacy (ABE, %) of the specimen could be calculated according to the equation:

ABE (%) = (Np − Nt)/Np × 100%

where Np and Nt represent the numbers of viable bacterial colonies of the blank control
(pure PBS buffer added) and experimental group, respectively. All the experiments were
performed six times, and the data were expressed as the mean values.

2.8. Statistical Analysis

All experiments were performed in triplicate throughout the study. The data were
analyzed and plotted using Origin Pro 2021 (Origin Lab Co., Northampton, MA, USA).

3. Results and discussion

3.1. The Sequential EHDA Process

Electrohydrodynamic atomization (EHDA) utilizes electrical energy to directly evap-
orate solvents, rapidly drying and solidifying microfluids within a timescale of 10−2 s,
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resulting in the generation of materials at the micro/nanoscale [47,48]. EHDA mainly com-
prises two processes: electrospinning and electrospray. The principles of electrospinning
and electrospray are similar, with two differences. Firstly, it lies in the concentration of the
polymer solution. When the liquid concentration is high, the jet from the Taylor cone is
relatively stable, leading to fiber deposition on the receiving device [49]. Conversely, when
the liquid concentration is low, the jet from the Taylor cone becomes unstable due to the
effect of high electric voltage, resulting in the transformation of larger droplets into smaller
ones and ultimately forming particles. Secondly, it depends on the degree of interaction
between polymer solutions. If the degree of interaction is high, fibers are formed; if the
degree of interaction is low, particles are formed. Therefore, by adjusting the concentration
of the spraying solution and the type of polymer, the transition between electrospinning
and electrospray can be achieved.

The working fluid for an effective EHDA technique has to be electrospinnable [50]. It
can be understood that electrospinning typically produces solid products in the form of
nanofibers through the continuous stretching of a viscous polymer fluid jet [51,52]. On the
other hand, electrospray coating typically generates solid products in the form of particles
through droplet fragmentation and repulsion [53]. Hence, A new type of hybrid material
on different scales can be envisioned based on the outcomes of these two EHDA processes,
as shown in Figure 1.

 

Figure 1. A schematic diagram of the fabrication for bead-on-string nanofibers composed of electro-
spun nanofibers and electrospray particles.

Electrospraying possesses advantages such as simple preparation, good reproducibil-
ity, high drug loading capacity, controllable particle size and surface morphology, and
narrow size distribution. Moreover, during the spraying process, the droplets carry like
charges, resulting in mutual repulsion and excellent self-dispersion. This property prevents
particle aggregation and enables the production of monodisperse drug-loaded nanoparti-
cles. Therefore, it has been widely applied in the field of pharmaceuticals.

The electrospraying process was performed using an electrospinning device. The
working Fluid 1 was shown in Figure 2a. As shown in Figure 2b, the entire electrospraying
process was successfully carried out, and product E1 was collected on the collector, exhibit-
ing a white area. Figure 2c is an enlarged view of the needle during the electrospraying
process, where the Taylor cone is manifested as a typical cone shape. The droplets are
affected by Coulomb repulsion and are fragmented into tiny droplets in the air, forming
particles that scatter and deposit on the collector as the solvent rapidly evaporates.
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Figure 2. The typical electrospraying process: (a) The working Fluid 1; (b) Electrospraying equipment
operation; (c) The electrospraying process and Taylor cone.

The electrospinning process was performed by HHE-1 handheld electrospinning
device. Working Fluid 3, depicted in Figure 3a, had a brown color. It was loaded into a
5 mL syringe, connected to a stainless-steel needle, and inserted into the handheld device
along with a stainless-steel needle. As shown in Figure 3b, as the device button was
continuously pressed, electrospun fibers (E3) were collected on the collector (white area
in Figure 3b). In the magnified view of Figure 3b, the fiber-beaded surface morphology
can be clearly observed. The liquid flow rate from the stainless-steel needle was carefully
monitored, and the electrospinning effect was observed. The electrospinning process was
shown in Figure 3c, where a straight jet is ejected from the Taylor cone at the needle tip,
which gradually bends and undergoes whipping phenomena as the solvent evaporates,
eventually forming fibers [54].

 

Figure 3. Hand-held electrospinning equipment and typical electrospinning process: (a) The working
Fluid 3; (b) Hand-held electrospinning equipment operation; (c) The electrospinning process and
Taylor cone.

3.2. Morphology of Product

The morphological changes of different EHDA products are shown in Figure 4. Irreg-
ularly arranged YB–Zein particles were obtained on aluminum foil, exhibiting excellent
dispersion without significant agglomeration (Figure 4a). Interestingly, there were hardly
any “satellites” (submicron particles) observed around the electrosprayed YB–Zein particles
(Figure 4a). Due to their small size, these “satellites” may be regarded as a negative aspect
for drug release applications because the loaded drug molecules have a short diffusion
path to reach the surrounding fluid. As expected, the electrospun CIP-PVP nanofibers (E2)
exhibited fine linear morphology. The fibers showed no adhesion, interweaving with each
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other, and had a certain porosity (Figure 4b). Additionally, the diameter of the E2 electro-
spun fibers was about 640 ± 130 nm (Figure 4e). PVP is a linear polymer known for its good
spinnability. Moreover, PVP has excellent solubility in water, ethanol, methanol, acetone,
and other organic solvents [55,56]. Hence, the FDA has approved PVP for biomedical uses,
and it is frequently investigated for various dosage forms such as powders, particles, tablets,
and capsules. Furthermore, Figure 4b revealed a smooth surface of E2 nanofibers with no
drug particles formed due to phase separation during the static process. The electrospun
hybrid material YB-CIP beaded nanofiber (E3) prepared from the suspension working
Fluid 3 exhibited a mixture of typical beads or spindle bodies along with nanofibers, as
shown in Figure 4c,d.

Figure 4. SEM images and the average diameters of EHDA products. (a) YB–Zein particles E1;
(b) CIP-PVP nanofibers E2; (c) Hybrid YB-CIP nanofibers E3; (d) Magnified image of the hybrid
YB-CIP nanofibers E3; (e) Average diameter of CIP-PVP nanofibers E2; (f) Average diameter of YB–
Zein particles E1; (g) Average diameter of CIP-PVP nanofibers E3; (h) Average diameter of hybrids
E3 microparticles.

The size of the EHDA products was evaluated using ImageJ software. The aver-
age diameter of CIP-PVP nanofibers (E2) and YB particles (E1) was determined to be
640 ± 130 nm (Figure 4e) and 2.56 ± 0.78 μm (Figure 4f), respectively. The diameter of
the PVP fibers and Zein particles in the YB-CIP beaded nanofiber (E3) was measured to
be 610 ± 320 nm (Figure 4g) and 2.85 ± 0.79 μm (Figure 4h), respectively. The difference
in PVP fiber diameter between E2 and E3 was attributed to the addition of Zein particles.
The E1 particles were uniformly distributed within the fibers, and their addition increased
the stretching effect on the flowing fluid jet, resulting in an uneven thickness. However,
there was no significant difference in the average diameter of Zein particles between E1
and E3, indicating that E1 could be redispersed as a suspension in Working Fluid 3 without
altering the particle size.

3.3. Physical State and Compatibility of Components

The crystalline nature of raw materials and compounds were analyzed by X-ray
diffraction. As shown in Figure 5, characteristic peaks corresponding to CIP and YB are
observed in their respective XRD spectra, indicating the crystalline form of CIP and YB.
However, the XRD spectra of PVP, Zein, and hybrid compounds exhibit broad peaks within
specific angular ranges, indicating the presence of amorphous phases. The broad peaks
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suggest a lower degree of crystallinity in the samples. PVP is an amorphous linear polymer
known for its excellent electrospinnability, which prevents the crystallization of many
drugs. It can be inferred that the crystalline component of CIP loses its crystal state during
the electrospinning process and exists in an amorphous form within the hybrid membrane.
This result is favorable for the rapid dissolution and release of the active ingredient CIP, as
it eliminates the need to overcome lattice energy for dissolution [57,58].

 
Figure 5. XRD spectra of CIP, YB, PVP, Zein, and Hybrid.

The FTIR spectra of the materials (CIP, YB, Zein, and PVP) and hybrid were shown in
Figure 6a. The characteristic peak at 3275 cm−1 corresponds to the stretching vibration of
O-H in CIP. The characteristic peak at 3054 cm−1 is attributed to the stretching vibration
of C-H, and the absorption peak at 1986 cm−1 represents the vibration of water molecules
absorbed by CIP. Additionally, there are several sharp peaks in the fingerprint region of
CIP. However, when CIP is encapsulated in compounds containing corn protein, these
sharp peaks almost disappear. It could be explained by secondary interactions between
the (O-H) and (C-H) of CIP molecules and the Zein carriers (Figure 6b), which typically
include hydrogen bonding, hydrophobic contacts, and electrostatic interactions [59]. On
the one hand, this facilitates the rapid dissolution of CIP. On the other side, it contributes
to the stable transport and storage of the thin film. Moreover, in the hybrid spectrum,
the characteristic peak of C=O was found at 1658 cm−1, which exhibits a slight blue
shift compared to Zein (1661 cm−1) and a slight red shift compared to PVP (1658 cm−1).
Combined with the molecular structure in Figure 6b, this further confirms the interactions
between the components and the encapsulation effect of E3 on CIP and YB.

Figure 6. (a) FTIR spectra of CIP, YB, PVP, Zein, and Hybrid; (b) The molecular formats of the
components (Zein, PVP, and CIP).
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3.4. Rapid Disintegration of YB-CIP Beaded Nanofiber Membrane

The dissolution experiment was conducted using a glass slide, as shown in Figure 7a.
After depositing YB-CIP fibers for 5 min, a drop of water was added to the YB-CIP fibers. A
camera was used to photograph the rapid dissolution process. Upon contact with the water
droplet, the YB-CIP fibers rapidly disintegrated into a transparent gel, gradually revealing
the logo of “USST” The time from “a1” to “a6” was about 4.8 ± 0.4 s. By morphological
analysis of the water-dripped place, different images were observed. One typical image
is that the water-soluble CIP-PVP nanofibers were swollen and dissolved upon water
absorption, while the water-insoluble Zein particles dispersed uniformly on the glass
slide (Figure 7b). Another typical image is that the dissolved drug CIP precipitated and
re-crystallized into elongated strips, as shown in Figure 7c.

 

Figure 7. Rapid disintegration of YB-CIP beaded nanofiber membrane. (a1–a6) Dissolution process;
(b,c) Different OM images of the water-dripped place after drying.

Furthermore, as shown in Figure 8a, the fiber membrane was cut into circular pieces
with a diameter of 1.2 cm using a puncher, which was used to simulate the rapid disinte-
gration experiment of an artificial tongue. First, the water-soaked filter paper was placed
in a Petri dish, and then a circular YB-CIP fiber membrane was placed on the surface of
the wet paper. As shown in Figure 8b, the dissolution and passive diffusion process of the
YB-CIP fiber membrane transformed into a water-absorbing gelation process, which was
captured by a camera. The time from “1” to “6” was about 1.7 ± 0.4 s. The fiber membrane
changed from opaque white to semi-transparent. Obviously, the gelation process was
promoted by the hygroscopicity of the PVP matrix, the tiny diameter of the nanofibers, and
the three-dimensional network structure of the nanofiber membrane. It is worth noting that
a faint yellowish color gradually shows in fiber membranes “7” to “8” in Figure 8b. This
process had a relatively long duration of approximately 91.7 ± 11.4 s, indicating a passive
diffusion process. However, the YB–Zein particles could not be dissolved and removed;
thus, a light-yellow trace was left there, as indicated by the red arrow in Figure 8b-8. Of
course, when additional stirring was introduced (e.g., mimicking tongue movements or
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a wound place), the diffusion and transportation process remained very rapid. It should
be mentioned that due to the hygroscopic nature of the polymer carrier (i.e., PVP), the
membrane needs to be stored in a low-humidity environment, which is a common concern
for many conventional dosage forms.

 
Figure 8. Rapid disintegration experiment of simulated artificial tongue. (a) Circular YB-CIP fiber
membrane; (b) Artificial tongue process, the dissolution process is according to the order from “1” to
“8”, the up-left inset of “8” is an enlarged image indicted by the red arrow and circle, in which are
YB-Zein particles.

3.5. In Vitro Drug Release

The in vitro release profiles of CIP from E2 and E3 were determined using UV–vis
spectrophotometry. The wavelength scan of CIP in the range of 170–370 nm was performed,
as shown in Figure 9a. The results indicated maximum absorbance of CIP at 276 nm.
Subsequently, a series of CIP solutions with different concentrations was formulated to
construct a standard curve of A = 0.1148 C + 9.8924 × 10−4 with a R value of 0.9997
(Figure 9b), where A was the absorbance and C was CIP concentration (1–50 μg/mL).

The CIP release performances of EHDA product E2 and E3 are shown in Figure 9c,d,
respectively. These release profiles were constructed based on the accumulative percentage
of CIP released over time. Clearly, both the CIP-PVP nanofibers E2 and the beads-on-
a-string E3 exhibited a pulsatile release of the loaded CIP within 1 min. These results
demonstrated that the E3, on one hand, was able to release the Western medicine as rapidly
as the electrospun nanofibers E2, by which it can be expected that the therapeutic effect
of CIP can be rapidly initiated for urgent wound treatment requiring fast antimicrobial
activity. On the other hand, E3 contained the insoluble YB-Zein microparticles, which could
manipulate the sustained release of active ingredients in YB for playing their important roles
in wound healing (Figure 9e). YB is famous for its excellent functions such as promoting
myogenesis and stopping pain and detumescence. A sustained release profile of YB is
better for this functional performance.

It is noteworthy that rapid release of CIP can be attributed to two main factors:
(1) the excellent hydrophilic nature of the PVP K60 matrix [55] and (2) the electrospun
membrane exhibits characteristics such as a large fiber surface area, small diameter, and
high porosity [60–62], which accelerate the dissolution and diffusion of CIP from the PVP
matrix. In contrast, the YB released from the Zein particles through a diffusion process
due to the insolubility of Zein in water. The micro-scale diameters mean a longer way
for the YB diffusion routes and thus a better sustained release effect. Although UV–vis
cannot be explored for quantitative analyses of the YB release profiles due to multiple
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active ingredients, the direct observations of the taupe color by eyes can judge the sustained
release effect of YB to 12 h.

 

Figure 9. In vitro drug release. (a) Absorbance curve of CIP; (b) Standard calibration curve of CIP;
(c,d) In vitro CIP pulsatile release from E2 and E3, respectively; (e) An observation of the YB sustained
release effect from the electrosprayed insoluble Zein microparticles E1.

Additionally, an interesting phenomenon is the color change of the materials conver-
sion. The raw YB powders show a gray color. In Figure 2a, the YB–Zein solution showed
a taupe color, and the YB–Zein particles E1 showed a deeper taupe color. However, the
suspensions for handheld electrospinning showed a yellow color in Figure 3a, and the
electrospun E3 showed almost a white color (Figure 8a). In the YB sustained-release exper-
iments, the taupe colors were gradually increased as the YB ingredients were gradually
freed from the Zein particles to the dissolution media in Figure 9e.

3.6. Analysis of Antibacterial Performances

As a useful wound dressing, the first and foremost thing is its antibacterial perfor-
mance [63–65]. Bacterial counts and antibacterial rates in the culture medium were deter-
mined using the plate counting method at 6, 12, and 24 h of incubation. The Escherichia coli
and Staphylococcus aureus represent Gram-negative and Gram-positive bacteria, respectively.
As shown in Table 2, the powders of YB have a certain antibacterial performance. When
they were loaded into Zein microparticles through electrospraying, the formed EHDA
product E1 still had antibacterial effects. Furthermore, with the increase of incubation time,
the antibacterial effects increased significantly, suggesting the sustained release of active
ingredients from the Zein particles. For Wb800 and Escherichia coli dh5α, the increases are
from 88.3% to 99.9% and from 81.1% to 99.9% after 2 and 12 h, respectively.

As for the little molecule CIP, it has a fine sterilizing effect. After 2 h of incubation,
the ABE% could reach a value of around 99.0%, suggesting its fast effect on antibacterial
performance. As anticipated, when the YB-loaded microparticles were combined with the
electrospun CIP-loaded PVP nanofibers, synergistic antibacterial effects were achieved,
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having fast initiation and also an extension effect in antibacterial performance. YB is famous
for its hemostatic and myogenic effects. Its encapsulation into Zein particles can benefit
the myogenic effects for wound healing, whereas the combination with CIP can endow the
hybrid EHDA products with a desired antibacterial performance. The strategy of tailoring
components, compositions, and organization formats through advanced fabrication meth-
ods can promote the development of novel biomedicines [66–68]. The present protocol is a
fine example of taking into consideration several factors together to create new kinds of
medicated products. Additionally, the handheld electrospinning in situ for treating open
wound places should be more convenient than the raw powders of YB.

Table 2. The antibacterial performance of the EHDA products against Wb800 and Escherichia coli
dh5α (n = 6) a.

Bacteria Samples Initial
CFU

CFU after 2 h CFU after 6 h CFU after 12 h

CFU (ABE%) CFU (ABE%) CFU (ABE%)

Wb800

YB 1.5 × 105 2.8 × 104 (88.3%) 1.4 × 104 (98.7%) 6.7 × 103 (99.9%)
E1 1.5 × 105 4.7 × 104 (80.4%) 2.4 × 104 (97.8%) 8.5 × 103 (99.9%)
E2 1.5 × 105 1.2 × 103 (99.5%) 2.8 × 102 (>99.9%) 1.9 × 102 (>99.9%)
E3 1.5 × 105 2.1 × 104 (91.3%) 3.6 × 102 (>99.9%) 2.1 × 102 (>99.9%)

Blank 1.5 × 105 2.4 × 105 1.1 × 106 7.3 × 106

Escherichia coli
dh5α

YB 1.5 × 105 5.1 × 104 (81.1%) 2.2 × 104 (98.1%) 4.7 × 103 (99.9%)
E1 1.5 × 105 7.4 × 104 (72.6%) 3.5 × 104 (97.1%) 5.3 × 103 (99.9%)
E2 1.5 × 105 4.2 × 103 (98.4%) 8.9 × 102 (>99.9%) 3.4 × 102 (>99.9%)
E3 1.5 × 105 7.6 × 103 (97.2%) 1.3 × 103 (>99.9%) 5.7 × 102 (>99.9%)

Blank 1.5 × 105 2.7 × 105 1.2 × 106 8.1 × 106

a Abbreviations: YB, Yunnan Baiyao powders (10 mg, an equal amount loaded in microparticles E1); CFU,
colony-forming units; ABE, antibacterial efficacy.

3.7. Release Mechanism

The process of multi-drug release from the hybrid product E3, which is made up
of electrospun PVP nanofibers and electrosprayed YB–Zein particles, is rather evident
based on the analysis outlined above, as shown in Figure 10. When the hybrid prod-
uct E3 is immersed in the dissolution medium, the CIP-PVP nanofibers dissolve rapidly.
This represents a typical first-stage erosion process for the rapid release of CIP. Then, YB
molecules distributed or adsorbed on the surface of YB–Zein particles dissolve into the
dissolution medium, gradually opening pathways for water molecules to penetrate the
interior cross-sections of the Zein particles. As water molecules permeate from the sur-
face to the core of Zein particles, the loaded YB molecules freely diffuse back into the
bulk solution from the Zein particles. Throughout the entire process, the Zein skeletons
maintain the diffusion and exchange of water and YB molecules. In theory, the diffusion
process continues until achieving a uniform drug concentration distribution throughout
the entire bulk solution and reaching dynamic equilibrium in terms of absorbance between
the dissolution medium and the solid Zein skeletons. Human health always relies on the
establishment of new methods [69–72], with the continuous emergence of “bottom-up”
approaches involving molecular reactions to create new materials and “top-down” methods
for preparing nanomaterials [73–75]. In this study, the trans-scale combination of nanofibers
and microparticles has been utilized to generate functional hybrid materials, enhancing the
functional performance of the materials. Meanwhile, the release profile of a drug always
relies on the property of the host matrix that is exploited to encapsulate the drug [76–79].
Here, another combination of water-soluble PVP and water-insoluble Zein has been utilized
to provide the different release behaviors of different drugs. The above-mentioned two
“combinations” are finally aimed to the third combination, i.e., the combination of Chinese
Herbs and Western Medicine for an improved wound healing effect.
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Figure 10. Multi-drug dissolution-controlled release and synergistic mechanism.

4. Conclusions

In this study, a continuous EHDA process was developed to prepare a novel drug
mixture, E3. Zein was used as a sustained-release carrier PVP K60 was used as the spinning
matrix; and YB and CIP were used as model drugs for hemostasis, analgesia, and antimicro-
bial purposes, respectively. A handheld electrospinning device was successfully employed
to fabricate bead-on-string structured nanofiber blend membranes for rapid antimicro-
bial activity and long-lasting hemostasis. SEM revealed well-dispersed YB–Zein particles
with almost no unfavorable smaller particles on the surface, providing the possibility of
sustained release of YB. The CIP–PVP fibers exhibited a good linear morphology with a
uniform and smooth surface, free from beads or spindles, enabling rapid drug release for
antimicrobial efficacy. The YB–CIP hybrid membrane presented a fiber-beaded structure.
In vitro dissolution tests demonstrated the complete release of the antimicrobial drug CIP
within 1 min. The prepared E3 exhibited desirable functional performance in facilitating
the rapid breakdown and dissolution of CIP, thereby enhancing patient convenience. The
antimicrobial analysis experiment demonstrated the excellent antibacterial performance
of YB–CIP against Escherichia coli. Based on the combination of handheld electrospinning
and electrospraying and the combination of nanofibers of soluble polymeric matrix and
microparticles of insoluble protein, a new concept about the development of combined
medicine from the traditional Chinese herbs and modern Western medicine was demon-
strated. The present protocols pioneered a new approach for developing many new sorts
of combined biomedicines.
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Abstract: Lansoprazole (LZP) is used to treat acid-related gastrointestinal disorders; however, its
low aqueous solubility limits its oral absorption. Black seed oil (BSO) has gastroprotective effects,
making it a promising addition to gastric treatment regimens. The present study aims to develop
a stable multifunctional formulation integrating solid dispersion (SD) technology with a bioactive
self-nanoemulsifying drug delivery system (SNEDDS) based on BSO to synergistically enhance LZP
delivery and therapeutic effects. The LZP-loaded SNEDDS was prepared using BSO, Transcutol P,
and Kolliphor EL. SDs were produced by microwave irradiation and lyophilization using different
polymers. The formulations were characterized by particle apparent hydrodynamic radius analysis,
zeta potential, SEM, DSC, PXRD, and in vitro dissolution testing. Their chemical and physical stability
under accelerated conditions was also examined. Physicochemical characterization revealed that
the dispersed systems were in the nanosize range (<500 nm). DSC and PXRD studies revealed that
lyophilization more potently disrupted LZP crystallinity versus microwave heating. The SNEDDS
effectively solubilized LZP but degraded completely within 1 day. Lyophilized SDs with Pluronic
F-127 demonstrated the highest LZP dissolution efficiency (3.5-fold vs. drug) and maintained chemi-
cal stability (>97%) for 1 month. SDs combined with the SNEDDS had variable effects suggesting that
the synergistic benefits were dependent on the formulation and preparation method. Lyophilized
LZP-Pluronic F127 SD enabled effective and stable LZP delivery alongside the bioactive effects of the
BSO-based SNEDDS. This multifunctional system is a promising candidate with the potential for
optimized gastrointestinal delivery of LZP and bioactive components.

Keywords: lansoprazole; solid dispersion; bioactive SNEDDS; black seed oil; multifunctional drug
delivery systems

1. Introduction

Gastrointestinal disorders associated with gastric hyperacidity, such as peptic ulcers
and gastroesophageal reflux disease (GERD), are prevalent conditions that can be exac-
erbated by factors including Helicobacter pylori infection, non-steroidal anti-inflammatory
drug (NSAID) use, corticosteroid administration, alcohol consumption, stress conditions,
and continuous intake of spicy and caffeine-containing products [1–4].

Proton pump inhibitors (PPIs) like lansoprazole (Figure 1) are commonly prescribed
to reduce gastric acid production through inhibition of the H+/K+-ATPase enzyme with a
typical daily dosage of 15–30 mg [5]. However, lansoprazole has low aqueous solubility
and is classified as a Biopharmaceutics Classification System Class II drug, resulting in
incomplete dissolution from oral dosage forms, and low and erratic oral bioavailability [6,7].
Various formulation strategies were conducted to improve solubility, dissolution, and
absorption of LZP. For example, Zhang et al. prepared an SD formulation of LZP using
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fluid-bed coating technology where 90% of drug was dissolved at the end of experiment [8].
In alignment with such an achievement, various studies showed that SD formulations
were able to enhance drug bioavailability compared to pure LZP [9,10]. Moreover, Ubgade
et al. prepared a nanosuspension formulation of LZP and in vitro dissolution showed that
the prepared formulation was able to enhance initial and total drug dissolution behavior
compared to the pure drug [11].

Figure 1. The chemical structure of lansoprazole (obtained from ChemSpider chemical structure
database, http://www.chemspider.com/, accessed on 28 September 2023).

Self-nanoemulsifying drug delivery systems (SNEDDSs) incorporate oils, surfactants,
and co-surfactants to form nano-scale emulsion droplets upon mild agitation, enhancing
the surface area for dissolution and absorption compared to the drug alone [12]. Recent
research incorporated naturally derived oils with biological activities as an attempt to
potentially augment the therapeutic activity of administered therapeutic molecules [13].

In light of this, several reports revealed that black seed oil (BSO) has a protective
and healing effect on gastric ulcers [14,15]. Along with this, various studies showed that
the administration of thymoquinone (TMQ), the major constituent in BSO, reduces peptic
ulcers produced by NSAIDs and other agents like ethanol [16–18]. In detail, Kanter et al.
studied the impact of BSO and TMQ on gastric ulcers in rats. Their study reported that both
BSO and TMQ were able to reduce peptic ulcer indices, with a more prominent reduction
observed in the BSO-treated group [14]. This suggests that the incorporation of BSO rather
than TMQ alone into SNEDDS formulations could combine the benefits of TMQ alongside
additional protective components intrinsic to BSO. Furthermore, Radwan et al. prepared a
TMQ-loaded SNEDDS to study the impact of increasing drug solubility on the therapeutic
effects. Their study reported that the formulated TMQ-SNEDDS decreased the ulcer index
by 2-fold compared to free TMQ alone, as indicated in their findings [17]. Despite their
reported in vivo activity, the FDA has not yet approved black seed extracts or concentrated
thymoquinone for treating any medical conditions like high cholesterol, diabetes, or high
blood pressure. However, black seed extracts remain available for purchase over-the-
counter as dietary supplements marketed to aid digestion and promote energy levels.
Research has consistently shown black seed derivatives to be well-tolerated and safe, as
evidenced by their designation as “generally recognized as safe” (GRAS) by the FDA [19].
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While the formulation of drugs within SNEDDSs addresses solubility limitations,
practical challenges with physical/chemical instability over the shelf-life still restrict clinical
translation. Chemical instability might arise from incompatibilities between excipients
and the loaded drug, leading to its degradation in the presence of these excipients [20].
Thus, formulated SNEDDSs are often separated from the therapeutic agent to circumvent
stability issues [21,22]. As an alternative technology, SDs represent stabilized carrier
systems capable of maintaining improved drug performance through nano-dispersed or
molecularly dissolved drug domains within hydrophilic polymer matrices [23].

The current research proposes a novel formulation approach combining solubility-
and stability-enhancing technologies with a bioactive natural oil into a single optimized
product. The specific aims are to prepare and characterize drug-free and drug-loaded
BSO-SNEDDSs; fabricate lansoprazole SDs and evaluate their in vitro dissolution; assess
the effects of BSO-SNEDDSs on SD dissolution behavior; and conduct stability testing to
identify a lead candidate formulation. The findings could provide clinically translatable
dosage forms with synergistic delivery of lansoprazole and bioactive BSO components for
a potentially more effective treatment for acid-related gastrointestinal disorders.

2. Materials and Methods

2.1. Procurement of Plant Material and Isolation of Bioactive Components

The methodologies implemented for assembling, isolating, and calibrating black
seed oil (BSO) have been delineated comprehensively within our prior investigative
studies [13,24,25].

2.2. Chemical and Reagents

The proton pump inhibitor lansoprazole was acquired from Mesochem Technology
(Beijing, China). The surfactant Kolliphor EL (KrEL) was obtained from BASF (Lud-
wigshafen, Germany). The triblock copolymer Pluronic-F127 (PF-127) was sourced from
Sigma Aldrich (St. Louis, MO, USA). The co-solvent Transcutol® P (TCP) was provided
by Gattefossé (Lyon, France). The polymer polyethylene glycol 4000 (PEG 4000) was pro-
cured from BDH Chemicals Ltd. (Poole, UK). The gelatin capsules size 0 were supplied by
Capsugel (Morristown, NJ, USA). The cellulose derivative hydroxypropyl methylcellulose
(HPMC) E3 was acquired from JRS Pharma (Rosenberg, Germany).

2.3. Preparation and Characterization of LZP-SNEDDS

Self-nanoemulsifying drug delivery systems (SNEDDSs) were developed utilizing black
seed oil, Transcutol P, and Kolliphor EL at optimized concentration ratios (25/25/50 w/w).
For the preparation of a drug-free SNEDDS, the components (2 g) were added to vials in the
specified amounts and blended using a vortex mixer. Drug-loaded SNEDDSs were formed
by incorporating lansoprazole (30 mg) into the formulation ingredients using a similar
procedure. Both drug-free and drug-loaded SNEDDSs, with and without accompanying
solid dispersions, were subjected to dilution with deionized water (at a 1:1000 w/w ratio)
and then subjected to mixing for 1 min. The resulting solutions were centrifuged and
analyzed using a Zetasizer dynamic light scattering instrument (Model ZEN3600, Malvern
Instruments Co., Worcestershire, UK) to determine the particle apparent hydrodynamic
radius and zeta potential of the dispersed systems. This enabled the characterization of the
nanoemulsion properties formed upon dilution of the self-emulsifying formulations [25].

2.4. Preparation of Solid Dispersion (SD) Formulation

Solid dispersions (SDs) of lansoprazole (LZP) were prepared in this work using mi-
crowave irradiation (MW) and lyophilization (LP) techniques. The polymers Pluronic F-127
and polyethylene glycol 4000 (PEG4000) were selected for MW preparation due to their
relatively low melting points, which enabled uniform heating and mixing during irradia-
tion. In contrast, Pluronic F-127 and hydroxypropyl methylcellulose (HPMC) were used
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for LP preparation. The compositions of the LZP/polymer ratios and their corresponding
preparation methods are outlined in Table 1.

Table 1. Composition of solid dispersion formulations.

Formulation Code LZP PF-127 PEG-4000 HPMC
Sodium Hydrogen

Carbonate
(NaHCO3)

Disodium Carbonate
(Na2CO3)

MW-PF-127 1.0 4.0 - - - -

MW-PEG 4000 1.0 - 4.0 - - -

LP-PF-127 1.0 4.0 - - 1.4 12.6

LP-HPMC 1.0 - - 4.0 1.4 12.6

All numbers in table are expressed as mass ratios (w/w). LZP (lansoprazole), PF-127 (Pluronic-F127), PEG-4000
(polyethylene glycol-4000), HPMC (hydroxypropyl methylcellulose), MW-PF-127 (solid dispersion prepared
using Pluronic-F127 by microwave method), MW-PEG-4000 (solid dispersion prepared using polyethylene glycol
4000 by microwave method), LP-PF-127 (solid dispersion prepared using Pluronic-F127 by lyophilization method),
and LP-HPMC (solid dispersion prepared using hydroxypropyl methylcellulose by lyophilization method).

2.4.1. Microwave Method

Lansoprazole (LZP) was blended with the polymers Pluronic F-127 and polyethylene
glycol 4000 (PEG4000) in a 1:4 ratio by weight to produce mixtures for microwave solid dis-
persions (MW-SDs) [26]. Approximately 1 g of each drug–polymer mixture was thoroughly
mixed in a porcelain mortar to achieve a homogeneous preparation. Domestic microwave
irradiation (Samsung Model ME0113M1) was then utilized to prepare the MW-SDs [21,27].
The microwave instrument was preheated for around 2 min prior to irradiation of the
mixtures. The LZP-polymer mixtures were subjected to microwave radiation at 900 W
power for about 2 min and 6 min to obtain the MW-PF-127 and MW-PEG-4000 MW-SD
formulations, respectively. The molten dispersions were stirred continuously with a glass
rod during irradiation to maintain homogeneity. Upon cooling to room temperature, the
solidified dispersions were gently crushed and sieved through a 315 μm screen to achieve
uniform fine powders.

2.4.2. Lyophilization Method

A preliminary LZP solubility study was conducted to select the optimum pH for
preparing the LZP solution. Among the three tested pH levels (9.2, 10.0, and 10.8), the
latter showed the highest LZP solubility (1.882 ± 0.069 mg/mL) and therefore, was selected
as the optimum pH for the lyophilization process. LZP was dissolved in the prepared
bicarbonate buffer (pH 10.8) using a magnetic stirrer to generate an ~0.74 mg/mL solution.
Predetermined quantities of the polymers Pluronic F-127 and hydroxypropyl methyl-
cellulose (HPMC) were added to the LZP solution at a 4:1 ratio by weight and mixed
thoroughly to produce formulations for lyophilized solid dispersions (LP-SDs). The pre-
pared drug–polymer solutions were frozen at −60 ◦C prior to lyophilization. The frozen
dispersions were then lyophilized for at least 48 h at −60 ◦C using a freeze dryer (Al-pha
1-4 LD Plus, Osterode am Harz, Germany) to allow solvent sublimation. This could poten-
tially achieve a porous matrix with the drug molecularly dispersed in the polymer scaffold.
The obtained LP-SDs were gently crushed and sieved through a 315 μm screen to achieve
uniform fine powders [28].

2.5. Scanning Electron Microscopy (SEM)

The prepared microwave solid dispersions with Pluronic F-127 and PEG4000 (MW-PF-127
and MW-PEG-4000) and the lyophilized solid dispersions with Pluronic F-127 and HPMC
(LP-PF-127 and LP-HPMC) were analyzed using scanning electron microscopy (SEM). The
samples were mounted on stubs and sputter coated with gold for 60 s at 20 mA using a
Q150R sputter coating unit (Quorum Technologies Ltd., East Sussex, UK) under an argon
atmosphere. This allowed examination of the surface morphology and topography of
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the different solid dispersion formulations using SEM imaging (Carl Zeiss EVO LS10,
Cambridge, MA, USA) under high vacuum [24,28].

2.6. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was utilized to characterize the prepared solid
dispersion samples using a DSC-60 instrument (Shimadzu, Kyoto, Japan). Approximately
2 mg of each sample was weighed into a non-hermetically sealed aluminum pan. The
samples were heated from 25 ◦C to 250 ◦C at a 10 ◦C/minute heating rate to obtain
thermographs. The DSC measurements were performed under a nitrogen atmosphere
with a 40 mL/min flow rate. Post-analysis, the DSC curves were subjected to baseline
manual correction using TA 60 thermal analysis software. This enabled investigation of the
thermal behavior and identification of any thermal events such as melting, crystallization,
or degradation in the solid dispersion formulations [29].

2.7. Powder X-ray Powder Diffraction (PXRD)

Powder X-ray diffraction analysis was conducted to investigate crystallinity changes
after SD preparation. The LZP, polymers, physical mixtures, and SD formulations were
subjected to an X-ray diffractometer instrument (Ultima IV, Rigaku Inc. Tokyo, Japan). The
obtained PXRD pattern was investigated to assess the crystalline state of LZP within the
prepared SD formulations. Each sample was measured in the scanning range of 3–60◦
with a scanning rate of 1◦/min using an X-ray diffractometer. The characteristic peak of
each sample was assessed by collecting the data by monochromatic radiation (Cu Kα’ 1,
λ = 1.54 Å), operating at a voltage of 40 kV and current of 40 mA. This allowed evaluation
of the nature of crystallinity of lansoprazole within the solid dispersion formulations
compared to pure drug and physical mixtures [28].

2.8. In Vitro Dissolution Test

Dissolution tests were performed to evaluate and compare the drug release behavior
of formulations. A USP Type II dissolution testing apparatus (UDT-814, LOGAN Inst.
Corp., Franklin, NJ, USA) was employed for the study. Formulations containing equivalent
amounts (15 mg) of lansoprazole were placed in capsules, surrounded by sinkers, and
placed into vessels containing 900 mL of pH 6.8 phosphate buffer (prepared according
to European pharmacopeia specifications). Paddles were set to rotate at 75 rpm for the
duration of the dissolution experiments. Prior to initiating the release studies, buffer
media were equilibrated to 37 ◦C in the jacketed vessels. Samples were manually drawn
from vessels at pre-defined time points of 5, 10, 15, 30, 60, and 120 min. An in-line filter
assembly was used to withdraw aliquots, which were subsequently analyzed by a validated
UPLC method to determine the amount of drug dissolved over time [28]. Formulation
performance was compared based on the dissolution efficiency (DE)% [21,30].

2.9. Stability Study

The thermal stability of SD, drug-loaded SNEDDS, and raw LZP drug substances
was evaluated under accelerated conditions. All samples were packaged in tightly capped
amber glass containers to protect them from moisture and light exposure. These stability
test units were then placed in programmable climate-controlled chambers (Binder GmbH,
Tuttlingen, Germany) preset to maintain 40 ± 2 ◦C and 75 ± 5% relative humidity. At time
points of 1, 7, and 30 days, samples were retrieved and their drug content was analyzed
using the UHPLC analytical method. This experiment was designed to assess and compare
the changes in lansoprazole content and overall stability of the various pharmaceutical
systems exposed to elevated heat and moisture over time [31].
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2.10. Quantification of LZP Using the Developed UPLC-UV Method

Lansoprazole (LZP) was quantified using the ultra-high performance liquid chro-
matography with ultraviolet detection (UHPLC-UV) method. The analyses were performed
on a Dionex UltiMate 3000 UHPLC system equipped with an autosampler and DAD detec-
tor (Thermo Scientific, Bedford, MA, USA). An Acquity BEH C18 column (2.1 × 50 mm,
1.7 μm) was used for separation. The column temperature was maintained at 40 ± 0.5 ◦C.
An isocratic mobile phase consisting of 0.1% triethylamine (pH 6.7)/acetonitrile (58:42, v/v)
achieved separation of LZP. The flow rate was 0.4 mL/min and the detection wavelength
was set at 320 nm.

2.11. Software

The data from the current study were analyzed primarily using the Python program-
ming language (version 3.9.13) within a Jupyter Notebook environment. The specific
Python packages utilized included NumPy for data manipulation, Pandas for data frames,
Matplotlib and Seaborn for visualization, StatAnnotations for statistical validation, and
itertools for additional data processing functions. Portions of this article describing the
data analysis methods and presenting results were composed with writing assistance from
Claude (developed by Anthropic and operated by Poe) and Bing AI chat. Some Python
scripts supporting the data analysis were also developed with input from these AI tools.
However, the authors maintained overall responsibility for the direction, ideas, content,
and finalization of the manuscript.

2.12. Statistical Analysis

The normality of the data was assessed by the Shapiro–Wilk test (Scipy.stats python
package) [32]. The homogeneity of the variances was assessed by Levene’s test (Scipy.stats
python package) and homoscedasticity (pingouin python package). For dependent vari-
ables (with a fairly normal distribution and equal variances), the independent T-test was
used to test the statistical significance between two independent samples, the depen-
dent T-test (Scipy.stats and statannotations python package) for two paired samples, and
one-way ANOVA followed by the Tukey’s post hoc test (Scipy.stats and scikit_posthocs
python packages) for >2 samples. If the sample contain significant outliers and/or if the
normality assumption is significantly violated, Kruskal–Wallis H followed by the Dunn
post hoc test with Bonferroni correction (Pingouin and scikit_posthocs python packages)
was used for >2 samples [33]. The two-way ANOVA test was carried out to analyze the
effect of two independent factors on one dependent variable (OLS and SM from Statsmod-
els.formula.api and Statsmodels.api python packages, respectively). A p-value of ≤0.05
was denoted statistically significant in all the statistical analysis tests.

3. Results

3.1. Characterization of Lansoprazole-Loaded Self-Nanoemulsifying Delivery System

The apparent hydrodynamic radius of the drug-free SNEDDS formulation droplets sig-
nificantly increased from 295 nm to 431.5 nm after incorporating LZP (p < 0.05) (Figure 2A).
However, there was no significant difference in the apparent hydrodynamic radius when
an SD was added to the SNEDDS formulation. Interestingly, the PDI of the drug-loaded
SNEDDS showed a significant increase compared to the combination of the drug-free
SNEDDS and SD (p < 0.05) (Figure 2B). Additionally, all zeta potential values exhibited
significant differences (p < 0.05), with the drug-free SNEDDS having the highest value
(−39 mV), while the combination with SD had the lowest zeta potential value (−23 mV)
(Figure 2C).
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Figure 2. Influence of SNEDDS loading and combination with SD on (A) particle apparent hydrody-
namic radius, (B) PDI (polydispersity index), and (C) ZP (zeta potential). SNEDDS (self-emulsifying
drug delivery system), and SD (solid dispersion prepared using Pluronic-F127 by lyophilization
method). The PS data were statistically analyzed by Kruskal–Wallis H followed by the Dunn post
hoc test (Bonferroni correction) while the PDI and ZP data were analyzed by ANOVA followed by
Tukey’s post hoc test. A significant p-value (<0.05) is marked with an asterisk (*). Outliers in the
dataset were symbolized using a diamond shape ( ).

3.2. SEM
3.2.1. Microwave Method

Scanning electron micrographs revealed that raw lansoprazole exists as small crystals
with well-defined edges, indicating its crystalline nature (Figure 3). In contrast, the MW-SD
formulations appeared as larger particles with smoother surfaces. This change in morphol-
ogy suggests that the drug was dispersed within the carrier matrices rather than remaining
in a crystalline state. No evidence of phase separation or incomplete solidification was
observed in the solid dispersion systems.

 

Figure 3. SEM images of pure LZP and MW-SD formulations (MW-PF-127 and MW-PEG-4000).
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3.2.2. Lyophilization Method

Comparison of the scanning electron micrographs revealed noticeable differences in
particle size between the microwave (MW) and lyophilized (LP) solid dispersions (SDs).
The LP-SD particles prepared with Pluronic F-127 appeared remarkably smaller than their
MW-SD counterparts (Figure 4). Additionally, images of the LP-SD with hydroxypropyl
methylcellulose (LP-HPMC) showed needle-shaped crystalline structures at higher magni-
fication (Figure 4, LP-HPMC). These may be indicative of incomplete amorphization in the
LP-HPMC formulation. Similar to the MW-SDs, no evidence of incomplete separation or
residual solvents was observed for the LP-SDs.

 

Figure 4. SEM images of pure LZP and prepared LP-SD formulations (LP-PF-127 and LP-HPMC).

3.3. DSC
3.3.1. Microwave Method

The DSC thermogram of pure lansoprazole (LZP) exhibited a sharp endothermic
melting point peak at approximately 178 ◦C, followed by a decomposition exotherm at
around 182 ◦C (Figure 5). In contrast, the microwave solid dispersion (MW-SD) with
Pluronic F-127 and its corresponding physical mixture displayed sharp endothermic peaks
at about 58–60 ◦C. Similarly, the MW-SD with PEG-4000 and its physical mixture showed
endotherms at approximately 64 ◦C. Notably, the characteristic LZP melting and decompo-
sition peaks were completely absent in the thermograms of the MW-SD formulations.

3.3.2. Lyophilization Method

The lyophilized formulations also exhibited changes in thermal behavior compared to
the raw materials. The physical mixture of LP-PF-127 showed an endotherm at approxi-
mately 60 ◦C, similar to microwave processed samples (Figure 6). However, the LP-PF-127
solid dispersion itself displayed a broader, lower temperature endotherm centered around
55 ◦C. Both LP-PF-127 and LP-HPMC formulations presented two diffuse peaks, around
84 ◦C and 126 ◦C for the former, and 91 ◦C and 128 ◦C for the latter. Notably, the character-
istic melting peak for lansoprazole was again absent in the DSC curves of the lyophilized
solid dispersions.
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Figure 5. DSC spectra of pure LZP and MW-SD formulations (MW PF-127 and MW-PEG-4000) along
with their corresponding physical mixture.

Figure 6. DSC spectra of pure LZP and LP-SD formulations (LP-PF-127 and LP-HPMC) along with
their corresponding physical mixture.
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3.4. PXRD

The PXRD patterns of lansoprazole (LZP) exhibited characteristic peaks at 5.8, 17.0,
17.6, 22.4◦, and 25–26◦ (Figures 7 and 8). The polymers Pluronic F-127 and PEG-4000
showed peaks near 19◦ and 23◦ (Figure 7), while hydroxypropyl methylcellulose (HPMC)
displayed peaks at 38.0◦ and 44.3◦ (Figure 8). As expected, physical mixtures of LZP with
the polymers revealed a combination of the drug and polymer peaks (Figures 7 and 8).

Figure 7. PXRD patterns of LZP, PF-127, PEG 4000, physical mixtures, and the prepared solid
dispersion formulations using the microwave method. The Figure employs blue rectangles to visually
designate the locations of LNS characteristic peaks of interest.
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Figure 8. PXRD patterns of LZP, PF-127, HPMC, physical mixtures, and the prepared solid disper-
sion formulations using the lyophilization method. The Figure employs red rectangles to visually
designate the locations of LNS characteristic peaks of interest.

For microwave solid dispersions (MW-SDs), the intensities of the LZP peaks decreased
but were still present, indicating some residual crystallinity. In contrast, the lyophilized
SDs showed complete disappearance of the LZP peaks at 5.8◦ and 22.4◦ and a substantial
reduction in the peaks at 17.0◦ and 17.6◦. Additional peaks between 30 and 40◦ were
observed for the lyophilized SDs.
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Overall, the results suggest that the lyophilization process was more effective at
disrupting the crystallinity of LZP compared to microwave irradiation. However, some
residual crystalline drug was detected in both MW-SDs and lyophilized SDs by PXRD.

3.5. In Vitro Dissolution Studies
3.5.1. SNEDDS Formulations

Pure lansoprazole (LZP) exhibited poor dissolution with only 45% drug release and
25% dissolution efficiency (DE) by the end of the experiment (Figure 9A,B). In contrast,
the LZP-loaded SNEDDS formulation significantly (p < 0.05) enhanced LZP dissolution,
increasing the DE over 3-fold compared to the pure drug (Figure 9B). However, the com-
bination of pure LZP and drug-free SNEDDS (in separate capsules) failed to improve
LZP dissolution.

Figure 9. (A) In vitro dissolution profile of pure LZP, drug-loaded bioactive SNEDDS, and drug-free
bioactive SNEDDS + pure LZP. (B) Graphical representation of DE of corresponding formulations.
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3.5.2. SD Formulation

All solid dispersions significantly (p < 0.05) enhanced LZP release except for MW-PEG-4000
that showed slow drug release and a similar DE as the pure drug (Figure 10A,B). In
particular, both LP-SD formulations (prepared using the lyophilization method) showed fast
LZP release and a significantly (p < 0.05) higher DE compared to the MW-SD formulations.
Notably, both lyophilized SDs (LP-SDs) displayed rapid drug release with a 3.5- and 3.3-fold
higher DE than pure LZP for LP-PF127 and LP-HPMC, respectively.

Figure 10. (A) In vitro dissolution profile of pure LZP and the prepared SD formulations.
(B) Graphical representation of DE of corresponding formulations.

3.5.3. SD Formulation + Drug-Free Bioactive SNEDDS

The two-way ANOVA test indicates that combining SDs with drug-free SNEDDS
did not significantly impact DE overall (p = 0.51). However, the differential analysis of
each formulation showed that MW-PEG-4000 and LP-HPMC SDs showed a significantly
increased DE upon SNEDDS addition (p < 0.01) (Figure 11A,B). Meanwhile, MW-PF-127
and LP-PF-127 SDs exhibited no DE enhancement with the SNEDDS.

3.6. Stability Study

The chemical stability study revealed interesting differences between the formulations.
The lansoprazole (LZP)-loaded SNEDDS experienced complete drug degradation after just
1 day of storage under accelerated conditions (Figure 12A). In stark contrast, both pure
LZP and the lyophilized solid dispersion LP-PF127 maintained exceptional stability, with
>97% of intact drug remaining after 1 month.

Aligning with the chemical stability results, the LZP-loaded SNEDDS exhibited signif-
icant discoloration to a deep brown/black color by the end of the storage period. However,
pure LZP, LP-PF127, and the drug-free SNEDDS showed no noticeable change in physical
appearance after storage.
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Figure 11. In vitro dissolution profile of pure LZP, SD formulation, and SD formulation + drug-free
bioactive SNEDDS (A) MW-PF-127, (B) MW-PEG-4000, (C) LP-PF-127, (D) LP-HPMC and
(E) Graphical representation of DE of corresponding formulations.

Overall, the findings indicate that the SNEDDS system afforded limited protection
against drug degradation, while the lyophilized solid dispersion provided excellent protec-
tion against degradation under accelerated conditions. The physical discoloration of the
SNEDDS correlates with the extensive drug degradation observed.
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Figure 12. The (A) chemical and (B) physical stability study of pure LZP, LP-PF-127, and drug-loaded
bioactive SNEDDS under accelerated storage conditions for 1 month (left).

4. Discussion

In the present study, an SNEDDS was utilized to enhance the dissolution of LZP based
on its previously reported advantages [34,35]. SNEDDS formulations consist of surfactants,
cosurfactants, and oils, with the oils able to be derived from natural sources. Recently,
there has been interest in incorporating natural compounds with pharmacological activity
into SNEDDSs to provide additional therapeutic effects for diseases such as cancer [36,37],
hypertension [25], and bacterial infections [38].

Previous studies have shown that thymoquinone (TMQ), a major constituent of black
seed oil (BSO), possesses gastroprotective effects and can help treat peptic ulcers more
potently when formulated using a SNEDDS-based delivery approach [17]. Additional
research found BSO to be more effective than TMQ alone for reducing peptic ulcer indices
in animal models [14]. In light of these findings, the current study selected BSO rather
than isolated TMQ to develop a “bioactive-SNEDDS” system combining the benefits of the
gastro-protective components intrinsic to BSO. It was hypothesized that incorporating BSO
as the oil phase may augment the anti-ulcer activity of encapsulated lansoprazole (LZP).
Therefore, BSO was employed not only for SNEDDS preparation but also in developing a
multifunctional SNEDDS intended to co-deliver LZP and bioactive molecules from BSO
which could potentially improve peptic ulcer treatment outcomes.

In the current study, the in vitro dispersion of three systems (Figure 2) were in the
nanosize range which could significantly enhance LZP bioavailability following oral
administration [39]. Furthermore, all the formulations exhibited negative zeta potential
values ranging from −22.5 to −39 mV, which aligns with prior studies [24,40,41]. Specifi-
cally, the drug-free SNEDDS produced the highest magnitude potentials, signaling greater
colloidal stability likely due to nonionic surfactant inclusion and anionic species binding to
droplets. Previous research suggested that hydroxyl ions from water or fatty acid impurities
in surfactants could attribute to the observed negative ZP values [42,43]. The increase in
zeta potential values after incorporating the drug and solid dispersion (SD) may be linked
to residues of lansoprazole and sodium carbonate from the SD, potentially introducing
partial positive charges to the surface.

Furthermore, the in vitro dissolution study revealed that the prepared bioactive
SNEDDS was able to increase the dissolution efficiency of LZP by 3.5-fold compared
to the pure drug. However, the stability study revealed complete drug degradation follow-
ing just 1 day of incubation in the stability cabinet. This could be attributed to the presence
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of free fatty acids in the SNEDDS components, which can create an acidic microenviron-
ment promoting LZP degradation during storage, as reported previously [44]. Based on
previous experience, the instability issues with SNEDDSs are often addressed by separating
the drug from the formulation [21].

Therefore, in the current work, drug-free bioactive SNEDDS and pure LZP were placed
in separate capsules and subjected to in vitro dissolution testing. However, this failed to im-
prove the dissolution of pure LZP. Consequently, there is a need to investigate an adjuvant
technology to enhance LZP dissolution alongside the drug-free bioactive SNEDDS.

Solid dispersions (SDs) were explored in this study as a means to improve LZP
dissolution when co-administered with the drug-free bioactive SNEDDS, as reported
previously [21,45]. For MW-SDs, LZP and the polymer (Pluronic F-127 or PEG 4000) were
mixed and subjected to microwave irradiation. For the LP-SD, the drug and polymer are
typically dissolved in a solvent before freeze-drying. However, the poor aqueous solubility
of LZP would require a large volume of solvent for industrial production [46]. Therefore, a
bicarbonate buffer was utilized as the solution medium due to its known high solubility
for LZP [47] and added advantages regarding stability [48]. Accordingly, the bicarbonate
buffer enabled the preparation of an LZP solution for lyophilization using a minimal
solvent volume.

The DSC analyses provided vital information corroborating the changes to LZP’s
physical state induced by SD preparation. The DSC spectrum of raw LZP was consistent
with those previously reported in the literature, confirming the purity of the drug substance
used [24,49]. In the SDs prepared by lyophilization, two new broad endothermic peaks
were observed, which could have resulted from the melting of sodium carbonate and
sodium bicarbonate components within the buffer system. The literature indicates that the
melting points are approximately 96 ◦C and 160 ◦C for these species, respectively [50,51].
Interestingly, both MW- and LP-SDs demonstrated a disappearance of the LZP melting
endotherm. This may have been due to either a dilutional effect or the transformation of
the drug into an amorphous state within the polymer matrices. Therefore, PXRD analysis
was subsequently conducted to further characterize the polymorphism changes in the
SD formulations.

The PXRD analysis revealed changes to LZP’s crystalline state within the SD matrices
prepared by the MW and LP methods. The analysis by PXRD revealed that lansoprazole
(LZP) was partially or extensively converted to an amorphous form within the solid
dispersion (SD) matrices prepared by the microwave (MW) and lyophilization (LP) methods.
In particular, the intensities of LZP’s characteristic diffraction peaks were substantially
decreased following the LP process, more so than with the MW preparation. This suggests
that greater solubilization and amorphization of LZP occurred when it was dissolved within
the alkaline carbonate buffer system during lyophilization, compared to the drug potentially
maintaining some degree of crystallinity when subjected to microwave irradiation alone.
Additionally, new peaks detected in the LP-SDs could be correlated to the presence of
bicarbonate buffer components, consistent with previous reports [52,53]. These findings
indicate that lyophilization more potently disrupted LZP crystallinity versus microwave
heating, likely attributable to enhanced drug solubilization facilitated by the carbonate
vehicle during freeze-drying.

In vitro dissolution testing was used to characterize the drug release behavior from
the SDs to assess the impact of the preparation method and combination with the drug-
free SNEDDS. Statistical analysis revealed that all SDs, except MW-PEG-4000, enhanced
lansoprazole (LZP) dissolution relative to the pure drug. This aligns with a prior report
showing a slower drug release from microwave-prepared SDs with PEG versus other
polymers [54]. Additional studies found that PEG 4000 SDs enabled retardation of drug
release compared to the free drug [55] and exhibited a small water absorption and solubility
enhancement [56]. The inferior performance of MW-SD PEG-4000 may relate to drug
recrystallization during the cooling step, as reported by Hempel et al. [57].
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In contrast, the MW-PF127 SD provided a moderate ~2-fold increase in LZP dissolution
efficiency, likely attributable to drug amorphization within the matrix as evidenced by
PXRD. However, the lyophilized LP-PF127 SD achieved a 3.5-fold enhancement, which can
be rationalized by the higher extent of drug amorphization induced during lyophilization
along with the alkaline microenvironment generated by the bicarbonate buffer to facilitate
wetting and dissolution. A comparable trend was observed with LP-HPMC SDs.

Combining the SDs with the drug-free bioactive SNEDDS showed no significant
overall improvement in LZP release. However, MW-PEG-4000 SDs exhibited enhanced
dissolution upon SNEDDS addition, potentially due to increased water absorption and
wetting enabled by the self-emulsifying system. In contrast, the high water solubility and
amphiphilic properties of Pluronic polymers may negate the need for an adjuvant SNEDDS
to achieve optimal LZP release from PF127-based SDs [26].

LP-PF-127 exhibited the highest independent dissolution efficiency and stability,
suggesting its optimization as a standalone formulation. However, incorporating the
drug-free SNEDDS remains justifiable due to potential synergistic anti-ulcer effects from
BSO bioactives.

There are several potential avenues for furthering this research. In vivo pharmacoki-
netic and pharmacodynamic studies evaluating the optimized LP-PF-127 SD-SNEDDS
system could provide insights into its translation potential by comparing its performance to
commercial products and other test formulations. Additional investigations into the direct
gastroprotective effects of the combined drug-free SNEDDS using relevant animal disease
models would help validate the hypothesized synergistic benefits from BSO bioactives.
Finally, mechanistic studies examining the mode of anti-ulcer action of BSO components
and how formulation impacts tissue distribution and bioavailability could provide insights
to support platform translation.

5. Conclusions

This work demonstrates the development of an integrated gastroprotective oral deliv-
ery system containing lansoprazole solid dispersions and a bioactive black seed oil-based
SNEDDS. An SNEDDS incorporating black seed oil provided a 3.5-fold improvement in lan-
soprazole dissolution; however, stability issues with drug loading prompted separation into
a drug-free system. SD characterization revealed varying degrees of crystallinity disruption
induced by different preparation techniques and polymers. In vitro dissolution directly
correlated to these physicochemical property alterations, with lyophilization generating the
optimal amorphous form that dramatically boosted drug release performance. Remarkably,
the lyophilized Pluronic F-127 SD formulation demonstrated superior performance, and up
to 97% of the drug remained stable under accelerated conditions for a month. Combining
lyophilized dispersions with the bioactive SNEDDS offered minimal additional dissolution
enhancement but preserved synergistic anti-ulcer potential through its natural oil com-
ponents. The integrated solid dispersion–SNEDDS formulation is a promising candidate
to enhance oral treatment of acid-related gastrointestinal disorders. Future work should
evaluate the in vivo performance and continue optimizing the formulation to advance
toward an efficacious clinical product.
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Abstract: Triptolide (TP) is an epoxy diterpene lactone compound isolated and purified from the tra-
ditional Chinese medicinal plant Tripterygium wilfordii Hook. f., which has been shown to inhibit the
proliferation of hepatocellular carcinoma. However, due to problems with solubility, bioavailability,
and adverse effects, the use and effectiveness of the drug are limited. In this study, a transferrin-
modified TP liposome (TF-TP@LIP) was constructed for the delivery of TP. The thin-film hydration
method was used to prepare TF-TP@LIP. The physicochemical properties, drug loading, particle
size, polydispersity coefficient, and zeta potential of the liposomes were examined. The inhibitory
effects of TF-TP@LIP on tumor cells in vitro were assessed using the HepG2 cell line. The biodis-
tribution of TF-TP@LIP and its anti-tumor effects were investigated in tumor-bearing nude mice.
The results showed that TF-TP@LIP was spherical, had a particle size of 130.33 ± 1.89 nm and zeta
potential of −23.20 ± 0.90 mV, and was electronegative. Encapsulation and drug loading were
85.33 ± 0.41% and 9.96 ± 0.21%, respectively. The preparation was stable in serum over 24 h and
showed biocompatibility and slow release of the drug. Flow cytometry and fluorescence microscopy
showed that uptake of TF-TP@LIP was significantly higher than that of TP@LIP (p < 0.05), while
MTT assays indicated mean median inhibition concentrations (IC50) of TP, TP@LIP, and TF-TP@ of
90.6 nM, 56.1 nM, and 42.3 nM, respectively, in HepG2 cell treated for 48 h. Real-time fluorescence
imaging indicated a significant accumulation of DiR-labeled TF-TP@LIPs at tumor sites in nude mice,
in contrast to DiR-only or DiR-labeled, indicating that modification with transferrin enhanced drug
targeting to the tumor tissues. Compared with the TP and TP@LIP groups, the TF-TP@LIP group
had a significant inhibitory effect on tumor growth. H&E staining results showed that TF-TP@LIP
inhibited tumor growth and did not induce any significant pathological changes in the heart, liver,
spleen, and kidneys of nude mice, with all liver and kidney indices within the normal range, with
no significant differences compared with the control group, indicating the safety of the preparation.
The findings indicated that modification by transferrin significantly enhanced the tumor-targeting
ability of the liposomes and improved their anti-tumor effects in vivo. Reducing its distribution
in normal tissues and decreasing its toxic effects suggest that the potential of TF-TP@LIP warrants
further investigation for its clinical application.

Keywords: targeted therapy; lipidosome; transferrin; anti-tumor; hepatocellular carcinoma; fluores-
cence imaging

1. Introduction

Hepatocellular carcinoma (HCC) is not only the most common form of primary liver
cancer, but also the leading cause of cancer-related deaths worldwide. Its pathogenesis is
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closely related to chronic infection by the hepatitis B and C viruses, as well as alcoholic
cirrhosis, and treatment options currently include surgical resection, liver transplantation,
liver-directed therapy, and systemic chemotherapy. However, patients with liver cancer
are usually diagnosed at an advanced stage, and as such, they cannot undergo surgical
resection and liver transplantation [1]. In most countries, mortality from HCC is also almost
equal to morbidity, largely due to poor response to both conventional chemotherapy and
targeted therapeutic drugs [2–4]. Hence, in addition to early detection, diagnosis, and
surgery, it is necessary to develop new treatment strategies to improve HCC treatment [5].
In this context, Chinese herbal medicine, one of the integrated treatment modalities, has
gained increasing attention for its anti-inflammatory and anti-cancer properties.

Triptolide (TP), first isolated by Kup-chan et al. from Tripterygium wilfordii Hook.
f. (TWHF) in 1972, has significant broad-spectrum anti-tumor and anti-autoimmune ef-
fects [6]. As the major active ingredient of TWHF, TP exhibits almost all these therapeutic
effects, as well as, unfortunately, toxicity [7]. Recent studies have shown that TP displays
significant anti-tumor activity and other potential therapeutic effects against various can-
cers, such as liver, lung, and pancreatic cancers [8,9], prompting extensive exploration of
these properties [10,11]. In particular, TP has been reported to inhibit the proliferation and
invasion of tumor cells with activities comparable to or even better than some traditional
anti-tumor drugs, including adriamycin, mitomycin, paclitaxel, and cisplatin, to name a
few [12]. The anti-tumor activity of TP is reflected in its strong cytotoxicity, which can
eliminate drug resistance, while inhibiting neovascularization and tumor metastasis. Early
studies have also shown that the anticancer properties of TP mostly involve its induction
of apoptosis, thus preventing the development of many tumors [13,14]. However, the
mechanism by which TP induces cell death varies depending on the cell type. In addition
to apoptosis, TP can also affect the metabolism of tumor cells by reducing cell viability
and growth through cell cycle arrest. However, as the clinical use of TP increased, several
studies and clinical reports reported that TP also had serious adverse effects, including
multi-organ toxicity (hepatotoxicity [15,16], nephrotoxicity [15], cardiotoxicity [17], and
reproductive toxicity [18]). This, together with its poor water solubility, resulted in reduced
clinical application of TP [19]. Consequently, it would be advantageous to design a drug
delivery system that includes modification of the molecular structure, as well as providing
effective delivery of TP to targeted sites, while reducing the accumulation of free drugs in
other tissues and organs to lessen the incidence of toxic and adverse effects and improve
therapeutic efficacy.

Considering the highly potent activity of TP against various types of malignant cells,
the current study aimed to improve the treatment of HCC through the targeted delivery of
TP to reduce its toxic side effects.

The phospholipid bilayers of liposomes increase the solubility of insoluble drugs,
reduce the rate of blood clearance, and prolong the half-life of the drug in the body, thereby
increasing bioavailability [20]. The advantages of using liposomes include increased
circulation time, improved drug stability, lower toxicities, and enhanced targeting capability.
However, it is worth noting that despite their efficacy in treating various cancers, liposomes
lack the ability for specific targeting [21]. By introducing targeting molecules (e.g., peptides,
monosaccharides, polysaccharides, folic acid, antibodies, or antibody fragments) on the
liposome surfaces that can specifically bind to tumor cells, the retention of nano drugs
within tumor tissues can be promoted, thus enhancing the efficiency of endocytosis and
their enrichment within tumor cells [22]. Human transferrin receptors (TFRs) are single-
chain transmembrane glycoproteins composed of 700 amino acids with two disulfide
subunits that are involved in the transport of ferric ions [23,24]. Transferrin (TF) acts as a
carrier of ferric ions and enters the cell via the TFR. To maintain their rapid proliferation,
cancer cells require more iron than normal cells [25], and thus many tumor cells, such as
HepG2 and MDA-MB 231 cells, overexpress the TFR. The elevated expression of the TFR
can be used to enhance the targeting of therapeutic cargo-loaded nanoparticles, such as
liposomes. Through receptor-mediated endocytosis (RME), the TFR-targeted nanocarriers
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can improve the specificity of the drug cargo towards cancer cells [26,27]. Many studies
have used PEGylated liposomes combined with TF and PEG to achieve targetability and
longevity for drug delivery to solid tumors [28,29]. To date, there have been several reports
of the use of nano agents, including liposomes [30], cubosomes [31], polymer vesicles, and
polymer nanoparticles [9,32] for targeting liver cancer.

In this study, a TF-mediated liposomal drug delivery system was designed to slow
down its release in vivo, as well as increase its targeting ability in vivo and in vitro, thereby
reducing the drug’s toxicity, while enhancing its effects against HCC.

2. Materials and Methods

2.1. Materials

Hydrogenated soy lecithin (HSPC), stearoyl phosphatidylethanolamine-polyethylene
glycol 2000 (DSPE-PEG2000), and cholesterol (CHO) were purchased from A.V.T. Pharma-
ceutical Co., Ltd. (Shanghai, China). DSPE-PEG2000-MAL was obtained from the Xi’an
Ruixi Biological Technology Co., Ltd. (Xi’an, China), while phosphate buffer (pH = 7.2–7.4)
was obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China). Holo-
transferrin was obtained from Best Biological Technology Co., Ltd. (Nanjing, China),
thiazolyl blue tetrazolium bromide (MTT) was obtained from Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China), and fetal bovine serum (FBS) and Dulbecco’s modified Eagle
medium (DMEM) were obtained from SenBeiJia Biological Technology Co., Ltd. (Nanjing,
China). Triptolide (TP) was purchased from Nantong Feiyu Biological Technology Co., Ltd.
(Nantong, China), and Traut’s reagent was purchased from Nanjing JinYibai Biological
Technology Co., Ltd. (Nanjing, China), but obtained from the Labgic Technology Co., Ltd.
(Beijing, China) together with 4-diamidino-2-phenylindole (DAPI, MW 350.2). Finally,
coumarin-6 was purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).

2.2. Cell Culture

The human hepatocellular carcinoma cell line (HepG2) was obtained from the Center
for Excellence in Molecular Cell Science (Shanghai, China).

2.3. Animals

BALB/c nude mice (female, aged 6–8 weeks, 18–20 g) were purchased from Qinglong-
shan Laboratory Animal Company Limited (Nanjing, China). The Animal Care and Use
Committee of Nanjing University of Chinese Medicine approved the animal experiments
(approval number 202107A034). The animals were housed under pathogen-free conditions
and provided with sterile food and water at Nanjing University of Chinese Medicine’s
Laboratory Animal Center.

2.4. Preparation of Triptolide Liposomes (TP@LIP) and Triptolide Liposomes Modified by
Transferrin (TF-TP@LIP)

TF-TP@LIP liposomes were prepared by membrane hydration. Using the encapsula-
tion rate and drug loading as the main evaluation indices, we used a star design-response
surface optimization method to optimize and verify the best prescription of TP@LIP. Briefly,
this involved dissolving TF in PBS at a concentration of 10 mg/mL prior to thiolation with
Traut’s reagent. The molar ratio of Traut’s reagent to TF was 20:1, and the reaction was
allowed to proceed for 1 h on a shaker protected from light. DSPE-PEG2000-MAL was
then dissolved in 2.5 mL of PBS (pH 6.5), and the mixture was allowed to react with the
thiolated TF in darkness overnight to yield DSPE-PEG2000-TF containing different ratios
of each substance. In addition, the lipid components of HSPC/Chol/DSPE-PEG2000/TP
(69:9:12:12, mass ratio) and HSPC/Chol/DSPE-PEG2000/TP (58:14:4:22, molar ratio) were
separately used for several steps, including the preparation of blank and TP liposomes
(TP@LIP). To obtain a thin film, HSPC, Chol, DSPE-PEG2000, and TP were dissolved in
absolute ethanol in a pear-shaped bottle before drying on a rotary evaporator at 37 ◦C.
An appropriate amount of isotonic buffer was then added, mixed well, and hydrated
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at atmospheric pressure for 30 min before ultrasonication (SM-1000D, SHUNMATECH,
Co., Ltd. Shanghai, China). The resulting mixture was then passed through 0.2 μm and
0.1 μm polycarbonate fibro-lipid membranes six times to obtain the liposome solution. The
TF-modified tretinoin liposomes (TF-TP@LIPs) were obtained by incubating the above-
mentioned tretinoin liposomes with an appropriate amount of synthetically resoluble
TF-PEG2000-DSPE lyophilized powder solution at 60 ◦C for 1 h. Liposomes loaded with
Coumarin 6 (TF-C6@LIP, C6@LIP) were also prepared using the above procedure. To
evaluate the stability of the TF-TP@LIP and TP@LIP, the samples were placed in a penicillin
bottle and stored at 4 ◦C. The particle size and PDI (polydispersity index) were determined
after 0, 1, 2, 3, 4, 5, 6, and 7 days.

2.5. Characterization of Liposomes

Dynamic light scattering with a Zetasizer Nano ZS90 (Malvern, UK) was used to
determine the particle size, polydispersity index, and zeta potential for all liposomes,
while transmission electron microscopy (TEM) was used to observe their morphologies
(HT7800, Hitachi, Tokyo, Japan). Furthermore, high-performance liquid chromatography
(HPLC) was used for measuring the TP content (Alliance HPLC E2695, Waters Corporation,
Milford, MA, USA). The unencapsulated drug was separated from the liposome solution
by centrifugal ultrafiltration (4500 rpm, 5 min) (TG16-WS, Changsha, China), and the
encapsulation rate was determined by HPLC. Specifically, the method involved the addition
of 20 volumes of methanol to the liposome solution, followed by demulsification using
ultrasound for 20 min and measurement of the total TP amount (Wtotal). In addition,
0.2 mL liposome solution was measured precisely into an ultrafiltration centrifuge tube
(MWCO 30,000 Da), diluted to 1 mL with PBS, and centrifuged (4500 rpm, 5 min) to obtain
the unwrapped TP. The unwrapped drug content (WUnwrapped drug) was determined, and
the encapsulation efficiency (EE) was calculated as:

EE% = 1 − (WUnwrapped drug/Wtotal) × 100%,

where WUnwrapped and Wtotal represent the unencapsulated amount and the total amount
of the drug, respectively. The drug loading (DL%) for TP-loaded liposomes was then
calculated using the following equation:

DL% = (WTP − WUnwrapped drug/WTotal amount of lipids) × 100%.

2.6. In Vitro Drug Release from LIPs

The drug-releasing properties of TP@Lip and TF-TP@Lip were evaluated in vitro
using dialysis, as previously reported [33]. For this purpose, equal volumes of TP@Lip,
TF-TP@Lip, and TP solution (5 mL) were placed in dialysis bags (MWCO 8–14 kDa), which
were then placed in 200 mL of PBS (pH 7.2~7.4) containing 1% Tween 80. The bags were
gently shaken at 100 rpm (37 ◦C), and at predetermined intervals (0.25, 0.5, 1, 2, 4, 6, 8, 10,
and 12 h), 2 mL of the surrounding buffer was collected and replaced with fresh buffer. The
samples were analyzed by HPLC to determine the TP content. The cumulative release rate
was then calculated and plotted for each time point (n = 3).

2.7. Hemolytic Examination of TF-TP@LIP

One milliliter of mouse blood was collected into an anticoagulation tube and cen-
trifuged. After removal of the plasma layer, an appropriate amount of physiological saline
was added to the tube and mixed. This was followed by centrifugation at 2000 rpm for
5 min, and after removing the supernatant, saline was again added. The above procedure
was repeated two to three times, with the resulting erythrocytes made up to a 2% (v/v)
suspension with saline and set aside. Corresponding solutions were subsequently added
in the order shown in Table 1 with proper mixing prior to a 2 h incubation at 37 ◦C. Hemol-
ysis and coagulation reactions were observed for each tube (tubes No. 1 to 3 represented
different concentrations of the test samples, No. 4 was the negative control, and No. 5 was
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the positive control). Finally, after the incubation, the tubes were centrifuged (500 rpm,
5 min), with the resulting supernatant collected to determine the absorbance (OD) of each
well at 540 nm. Based on the results, the hemolysis rate was determined according to the
following equation:

Hemolysis rate (%) = ODSamplesODNegative/ODPositive − ODNegative

Table 1. Hemolysis experiment design table.

Test Tube 1 2 3 4 5

2% Red Blood Cells Suspension (μL) 500 500 500 500 500
Saline solution (μL) 450 400 300 500
Distilled water (μL) 500

Sample (μL) 50 100 200

2.8. Cellular Uptake

Fluorescent-labeled Coumarin 6 liposomes (C6@LIP) and TF-modified Coumarin
6 liposomes (TF-C6@LIP) with different coupling densities were investigated by flow
cytometry of HepG2 cells. The cells were cultured (5 × 105 cells/well) in 12-well plates for
24 h to allow attachment. C6@LIP and TF-C6@LIP, with different coupling densities, were
added to the cultures, with blank liposomes acting as blank controls. The final concentration
of Coumarin 6, in this case, was 50 ng/mL. Cells were collected when in the logarithmic
growth phase and treated with TF-modified Coumarin-6 liposomes before incubation for
6 h. The cells were then washed with PBS, trypsinized, and centrifuged at 1000 rpm for
5 min. The cells were resuspended in PBS and the fluorescence intensities measured using
flow cytometry (Gallios, Beckman Coulter, Brea, CA, USA).

Fluorescence microscopy was also used to verify the uptake of C6@LIP or TT-C6@LIP
by HepG2 cells. C6, at a final concentration of 50 ng/mL, was incubated with HepG2
cells together with C6@LIP and TF-C6-LIP, with blank liposomes as a blank control. After
incubation for 6 h, the cells were washed with PBS, fixed with 4% paraformaldehyde for
15 min at room temperature (RT), and stained with DAPI. A fluorescence microscope (Axio
Vert A1, Zeiss, Germany) was then used for imaging the HepG2 cells.

To verify whether HepG2 cells could take up TF-TP@LIP through TFR-mediated endo-
cytosis, a 20-fold excess of free TF was preincubated with the cells before the competitive
inhibition experiment.

2.9. In Vitro Cytotoxicity

To evaluate the cytotoxicity of TF-TP@LIP in vitro, different concentrations of TF-
TP@LIP were added to cells in 96-well flat-bottomed plates (8 × 103 cells/well) and grown
overnight. After the addition of 5 mg/mL of MTT, the cells were incubated for a further
4 h, after which the culture supernatants were discarded, and 100 μL of DMSO was
added. Absorbances were measured at 490 nm with an EnVision Multimode Plate Reader
(PerkinElmer, Waltham, MA, USA) to assess cell viability. Comparative studies were also
conducted using TP@LIP and the free drug [34].

2.10. Analysis of Apoptosis and the Cell Cycle by Flow Cytometry

To observe cellular apoptosis, HepG2 cells were first incubated with TF-TP@LIP,
TP@LIP, and TP alone (TP was administered at a final concentration of 80 nM) for 24 h. The
cells were then washed twice with cold PBS, and after being collected using EDTA-free
trypsin, were resuspended in binding buffer and stained with Annexin-V-FITC and PI
solution (BD, China) for 30 min at room temperature, before analysis by flow cytometry to
assess apoptosis.
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HepG2 cells were cultured in 6-well plates at a density of 3 × 105 cells/well for 24 h.
TP, TP@LIP, and TF-TP@LIP (TP was administered at a final concentration of 80 nM) were
then added, and after another 24 h incubation, the cells were resuspended in 1 mL of
RNase A solution, according to the instructions of the cell cycle assay kit (MULTI SCIENCE,
Hangzhou, China). This was followed by incubation for 30 min in a water bath at 37 ◦C
before measurement of the cell cycle distribution by flow cytometry.

2.11. Animal Tumor Models

Based on previous methods, BALB/c nude mice were used to establish in vivo tumor
models. The mice were injected with a 200 μL suspension of HepG2 cells (approximately
6×106 cells suspended in PBS) on each side (near the hind limb) prior to fluorescence
imaging of the tumors. The growth of the tumors was monitored, and the volumes were
calculated as follows:

tumor volume (mm3) = A × B2/2,

where “A” and “B” represent the longest and shortest diameters of the tumor, respectively.

2.12. Live Fluorescence Imaging

Nude mice were injected with TF-DiR@LIP, DiR@LIP, and DiR via the tail vein at a
dose of 0.1 mg/kg (n = 3). After 1, 2, 4, 6, 8, 12, and 24 h, the animals were anesthetized by
isoflurane inhalation, and the distribution of the nano-formulation in vivo was visualized
using an IVIS Spectrum Imaging System (Axio Vert A1, Zeiss, Germany). After 24 h, the
mice were euthanized, and tissues (heart, liver, spleen, lung, kidney, and tumor tissues)
were harvested, dissected, and imaged.

2.13. Safety Evaluation

At the end of treatment, blood was collected from the mice, centrifuged to obtain
the serum, and used to measure the liver index (ALT/AST/TP/ALB) and kidney index
(BUN/CRE/UA). Heart, liver, spleen, lung, and kidney tissues were also dissected, and
after being weighed, were fixed in paraformaldehyde, paraffin embedded, and cut into
30 μm thick sections. The sections were then stained with hematoxylin–eosin (H&E) and
evaluated for morphological changes, signs of inflammation, necrosis, or cell damage.

2.14. Statistical Analysis

All experimental data are presented as the mean ± SD. Statistical analysis was per-
formed using a one-way ANOVA for multiple samples, as well as a Student’s t-test for
paired sample sets. For all analyses, p-values less than 0.05 were considered statistically sig-
nificant, while those less than 0.01 were considered extremely significant. For all analyses,
GraphPadPrism 6.0 software was used.

3. Results and Discussion

3.1. Characterization of the Liposomes

The physical properties of liposomes normally affect the amount of drugs that can be
loaded, as well as their injectability, biodistribution, in vivo clearance, shelf life, and dose
prediction and the pharmacokinetic profile of the drug administered [35]. In this study,
thiolated TF was allowed to react with DSPE-PEG2000-MAL to yield DSPE-PEG2000-TF,
a functional phospholipid with targeting potential. A thin-film dispersion method was
also applied to prepare TF-TP@LIP, and a diluted solution of the latter was observed
under TEM. In this case, results showed that TF-TP@LIP was spherical and uniformly
distributed (Figure 1). Table 2 provides further information on the physical properties
of the liposomes, including the particle size, polydispersity index (PDI), zeta potential,
encapsulation efficiency, and drug loading capacity.
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Figure 1. Characteristics of the liposomes. (A) Transmission electron microscopy images of TP@LIP;
(B) Transmission electron microscopy images of TF-TP@LIP; (C) Particle size distribution of TF-
TP@LIP; (D) Zeta potentials of TF-TP@LIP.

Table 2. Physicochemical properties of liposomes. Particle size, zeta potential, encapsulation effi-
ciency, and drug loading of liposomes (unmodified and modified with transferrin).

Liposomes Size (nm) PDI
Zeta Potential
(mV)

EE% DL%

TF-Blank@LIP 125.02 ± 2.20 0.19 ± 0.05 −23.90 ± 2.30
TP@LIP 121.10 ± 3.40 0.15 ± 0.03 −17.50 ± 0.20 88.23 ± 0.14 10.26 ± 0.02
TF-TP@LIP 130.33 ± 1.89 0.20 ± 0.04 −23.20 ± 0.90 85.33 ± 0.41 9.96 ± 0.21

Based on the USP pharmacopeial forum (USP-PF), the mean globular diameter of
particles for IV administration should be less than 500 nm, as determined by DLS, ir-
respective of the lipid concentration [36]. TP@LIP was found to have a mean particle
size of 121.10 ± 3.40 nm, a polydispersity index of 0.15 ± 0.03, and a zeta potential of
−17.50 ± 0.20 mV, while the values for TF-TP@LIP were 130.33 ± 1.89 nm, 0.20 ± 0.04,
and −23.20 ± 0.90 mV, respectively. Therefore, if the particle size of a long-circulating
liposome is less than 150 nm, it would be able to penetrate the blood vessels in the tumor
area effectively through the enhanced permeability and retention effect (EPR), leading to
enrichment within the tumor region. At the same time, this would improve the distribution
of the drug in the body, while reducing its toxicity. Interestingly, the particle size of the
liposomes prepared in this study was about 130 nm, which is conducive to their passive
targeting to reach the tumor tissue [37]. Incubation of TP@LIP with TF-PEG2000-DSPE
resulted in an increase in particle size with no significant change in the PDI, indicating that
the LIP had a homogeneous particle distribution and that its reproducibility, obtained by
the thin-film dispersion method, was high (Figure 1 and Table 2).
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The encapsulation rates (EE%) for the TP@LIP and TF-TP@LIP liposomes were
88.23 ± 0.14% and 85.33 ± 0.41%, respectively (Table 2). In our previous study, we investi-
gated three methods for determining the encapsulation of fat-soluble drugs by liposomes,
namely, low-speed centrifugation, dextran gel columns, and ultrafiltration centrifugation.
The ultrafiltration centrifugation method does not require much equipment and saves time.
This method can also assess drug encapsulation more accurately, and thus the ultrafiltration
centrifugation method was selected for determining the encapsulation rate of triptolide
liposomes (Supplementary Section S2). Since the ultrafiltration tube can adsorb some of the
drug, pre-saturation treatment is required before the ultrafiltration centrifugation operation.
In addition, due to the “concentration polarization” effect, the membrane permeability of
free drugs tends to be low, so the liposome solution to be tested should be diluted during
the experiment to avoid this phenomenon [32].

These results indicated that TF-TP@LIP had a uniform particle size distribution and
good electronegative properties. It was also within the nanoscale size and had good
physicochemical characteristics, which could potentially regulate the pharmacokinetic and
pharmacodynamic characteristics of drugs, thereby improving their therapeutic indices [38].

To investigate the serum stability of TF-TP@LIP, 10% FBS was prepared as the medium,
and the particle size distribution, as well as PDI of TF-TP@LIP, were quantified with DLS.
It was found that the single peak of the particle size distribution of TF-modified ryanodine
liposome was still present after mixing with 10% fetal bovine serum. As shown in Figure 2A,
the particle size distribution and PDI of TF-TP@LIP did not change significantly within
24 h after mixing with the serum, thereby indicating good serum stability for TF-TP@LIP.
In addition, the results of the stability experiment showed that the particle size did not
increase after 7 days in TP@LIP and TF-TP@LIP. This demonstrates good stability for
TP@LIP and TF-TP@LIP (Figure 2B,C).

Figure 2. Liposome stability, drug release, and induction of hemolysis. (A) Serum stability of TF-
TP@LIP; (B) Stability of TF-TP@LIP; (C) Stability of TP@LIP; (D) Release profiles of TP, TP@LIP,
TF-TP@LIP; (E) Induction of hemolysis. (1. DSPE-PEG2000-TF; 2. TP@LIP; 3. TF-TP@LIP; 4. Negative
control group; 5. Positive control group).
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3.2. In Vitro Release of TF-TP@LIP

The in vitro release of free TP, TP@LIP, and TF-TP@LIP was investigated using dialysis,
and the results are shown in Figure 2D. Due to the rapid release of the TP on the surface of
liposomes, there was an initial release of the drug, but this changed to a slow-release phase
after 1 h. To gain insight into the release mechanism, three mathematical models, including
the first-order, Korsmeyer–Peppas, and Weibull models, were utilized to predict the release
behavior of TP; the results are shown in the in Supplementary Materials (Section S5). From
the kinetic parameters (Section S5), it appears that the experimental data are best described
by the first-order model (Figure 2D). The release experiments further showed that both
TP@LIP and TF-TP@Lip had similar drug-release behavior, indicating that the combination
with TF had no significant effects on the release behavior of the TP liposomes. The slow-
release characteristic at this phase could be attributed to the fact that TP was held by the
lipid, and therefore, TP was released gradually from the lipid matrices mainly through
dissolution and diffusion. These results showed that TP could be released from the two
lipids. Such slow release in the body is not only beneficial to reducing leakage of the drug
in the blood circulation before reaching the tumor tissue, but also effectively enhances the
stability of the drug.

3.3. Hemolytic Activity of Liposomes

Liposomes are commonly administered intravenously. However, many factors within
the bloodstream can disrupt liposomes. For example, phospholipases in the circulatory sys-
tem hydrolyze phospholipids, high-density lipoproteins disrupt phospholipid membranes,
and various modulators of the complement system, such as antibodies and complement,
bind to liposomes, thus disrupting the hydrophilic channels in the phospholipid membrane.
This leads to leakage of the encapsulated drugs and the entry of water and electrolytes,
while accelerating liposome clearance. Therefore, in this study, liposome stability was
evaluated by examining liposome–serum interactions [30]. The synthesis of functional
phospholipids (DSPE-PEG2000-TF) involves various reactions and reaction materials. To
investigate the biosafety of this synthetic material, the hemolysis rate was quantified using
a multimode plate reader. It was clear, from the results of the quantitative analysis, that the
hemolysis rate was less than 5%, indicating that the synthesis and preparation were safe.
The results are shown in Figure 2E.

3.4. Cellular Uptake and Targeting Effects In Vitro

The results of the MTT assay showed that the anti-tumor activity of TF-TP@LIP was
dependent on the TF coupling density. When the TF/lipid ratio was 2:1, TF-TP@LIP
showed the greatest inhibitory effect on cells (Figure 3A). This may have been due to the
high affinity of TF-TP@LIP in binding to TFR to reach saturation. Based on existing studies
describing the mechanism of TP endocytosis, C6 dye was used instead of TP to determine
the intracellular uptake and distribution of liposomal vectors [39]. TFR was strongly
expressed on the surfaces of the human hepatoma HepG2 cells. These cells were used to
assess the in vitro targeting of TF-TP@LIP. Targeted fluorescent liposomes (TF-C6@LIP)
and non-targeted fluorescent liposomes (C6@LIP) with different coupling densities were
also incubated with HepG2 cells for 4 h. The flow cytometry results (Figure 3B) showed
that the fluorescence intensity of the targeted liposomes in the cells was significantly higher
than that of non-targeted liposomes, thus confirming the fluorescence microscopy findings
(Figure 3C). The observations also suggested that the TF modification enhanced the uptake
of liposomes by HepG2 cells. In addition, the uptake of TF-C6@LIP by the cells increased
with the degree of TF modification (Figure 3B).
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Figure 3. Uptake of liposomes by cells. (A) Anti−tumor activity of TF−TP@LIP with different
coupling densities; Uptake of TF−TP@LIP investigated by flow cytometry (B) and fluorescence
microscopy (C) (scale bar: 100 μm). (D) Uptake of TF−TP@LIP by HepG2 cells. (**** p < 0.0001,
** p < 0.01, * p ≤ 0.05, ns, p > 0.05).

To verify whether HepG2 cells take up TF-TP@LIP through TFR-mediated endocytosis,
a 20-fold excess of free TF was preincubated with the cells in a competitive inhibition exper-
iment. The results (Figure 3D) of this experiment indicated that uptake of TF-C6@LIP by
the HepG2 cells was significantly decreased, thereby suggesting that TF-C6@LIP targeting
of the TFR enhanced liposome targeting of the cells. Studies [30,40,41] have confirmed that
TF-modified liposomes can even enter tumor cells through receptor-mediated endocytosis,
indicating that the targeting by TF-TP@LIP could be related to TFR-mediated endocyto-
sis. This would lead to larger amounts of TP entering the tumor tissue due to the strong
affinity of the receptor-mediated interaction and its ability to transport the TF-modified
nano-targeted liposomes into hepatoma cells.

3.5. Anti-tumor Effects of TF-TP@LIP In Vitro

To investigate the inhibitory effects of TP@LIP on hepatocellular carcinoma cells, TP,
TP@LIP, and TF-TP@LIP groups with different mass concentrations were set up to compare
the effects of drug administration. As shown in Figure 4A, the IC50 values of HepG2
cells in the free TP, TP@LIP, and TF-TP@LIP groups were 90.6 nM, 56.1 nM, and 42.3 nM,
respectively. The results further demonstrated that the anti-tumor effects of TP were
effectively improved after encapsulation with TF-modified liposomes, and indicated that
TF did not undergo structural changes and lose its biological function by the modification,
which was the basis for TF-TP@LIP to target tumor tissues. Notably, MTT assays showed
that inhibition of HepG2 cell proliferation by TF-TP@LIP was affected by the density of
the TF modification. When the TF-to-lipid mass ratio was 2:1, TF-TP@LIP LIP significantly
reduced cell viability compared to TP, TP@LIP, and other densities of TF-TP@LIP.
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Figure 4. The effects of TF-TP@LIP on the proliferation, apoptosis, and cell cycle of HepG2 cells.
(A) Cytotoxicity of TP, TP@LIP, and TF-TP@LIP in HepG2 cells after 48 h; (B) Flow cytometric
analysis and quantification of apoptosis in HepG2 cells following treatment with Control, Free TP,
TP@LIP, and TF-TP@LIP for 24 h at an equivalent TP concentration; (C) Flow cytometric analysis
and quantification of cell cycle distribution of HepG2 cells following treatment with Control, free TP,
TP@LIP, and TF-TP@LIP for 24 h at equivalent TP concentrations. (** p < 0.01).

Flow cytometry showed that TF-TP@LIP significantly increased the percentage of
apoptotic cells in comparison with the free TP and TP@LIP groups (** p < 0.01) (Figure 4B).
In addition, a comparison of the distribution of cells in the phases of the cell cycle (G0/G1,
S, and G2-M phases) among the different treatment groups indicated that treatment with
TF-TP@LIP increased the percentage of cells in the G2-M phase and significantly decreased
those in the G1 phase, compared with the free TP and TP@LIP groups. This indicated
that TF-TP@LIP increased cell cycle arrest and thus inhibited hepatocellular carcinoma cell
HepG2 proliferation (Figure 4C). These results confirmed that TF was stably bound to the
surface of liposomes and effectively enhanced their uptake by TFR-expressing cancer cells.
Studies [42,43] have shown that if DNA damage cannot be repaired during the cell cycle,
cells will initiate an apoptotic program, causing the death of cells with DNA damage, as
suggested here. Compared with the control group, both the TF-TP@LIP groups showed
significantly enhanced cycle arrest and promotion of apoptosis, which could be related to
the fact that TF modification enhanced the uptake of the liposomes by hepatoma cells.
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3.6. In Vivo Real-Time Imaging

In vivo imaging enables non-invasive real-time monitoring and quantitative anal-
ysis of tumor growth and metastasis in living animals. It can also be used to observe
preparations targeting tumor organs through in vivo imaging [43]. The present study
observed in vivo NIRF imaging of TF-DiR@Lip in tumor-bearing mice to determine its
bio-distribution. In this study, DiR, a fluorescence probe, was loaded into liposomes to
mimic TP. The intensity of the fluorescence signals represents the accumulation of the drug
in the mice. As shown in Figure 5, there was rapid accumulation of the DIR-labeled TF-
DIR@LIP over time, with higher fluorescence intensity visible in the tumor tissues 4 h after
injection. However, no obvious fluorescence accumulation was seen in the tumor tissues
of the DIR-labeled DIR@LIP (non-targeting control) and free DIR mouse groups. Tumor
tissue fluorescence was only seen in the DIR@LIP group, demonstrating that TF-TP@LIP
was effective for tumor targeting.

 

Figure 5. Results of in vivo imaging after tail vein injection of DIR, DIR@LIP, and TF-DIR@LIP in
tumor-bearing nude mice. Tissue distribution 24 h after injection in the different treatment groups.
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3.7. In Vivo Anti-Hepatoma Efficacy

When the tumor volumes reached 120–150 mm3, the mice were randomly divided
into four groups according to the principle of even distribution of tumor size, namely,
the control, TP, TP@LIP, and TF-TP@LIP groups. The drug was administered through
the tail vein at a dose of 0.2 mg/kg TP in a volume of 200 μL. A total of seven doses
was administered. Tumor suppression was monitored for 18 days, and the body weights,
as well as tumor volumes, in each group were measured and recorded every other day
from the first day of administration. Compared with other groups, there was significant
inhibition of tumor growth in the TF-TP@ LIP group. At the end of the treatment, the tumor
volumes and tumor weights of the TF-TP@ LIP group were visibly smaller than those of
the other groups (Figure 6). After drug administration, the main organs of nude mice,
namely, the heart, liver, spleen, lung, and kidney, were collected for evaluation using H&E
staining of tissue sections. The morphological changes of the organ tissues of each group
are shown in Figure 7. The organ tissues of the free TP group showed obvious changes,
such as the infiltration of inflammatory cells and disordered tissue, indicating toxicity of
the free drug. Compared with the control group, no abnormal changes were found in the
major organs of the mice in the TF-TP@ LIP treatment group. In addition, the values of the
main liver and kidney parameters in the TF-TP@ LIP group were within the normal range
and did not differ significantly from those in the control group, demonstrating the safety of
the formulation.

Figure 6. Growth inhibition of HepG2-cell xenograft tumors in the different treatment groups.
(A) Body weight; (B) Tumor volume; (C,D) Morphology tumor tissue after treatment in different
treatment groups (** p < 0.01, * p < 0.05).

104



Biomedicines 2023, 11, 2869

Figure 7. Biochemical indices and histological sections. (A) Blood biochemical tests; (B) H&E-stained
sections of heart, liver, spleen, lung, and kidney tissues from mice in the different treatment groups
(400×). (* p < 0.05).

4. Conclusions

Drug delivery systems using transferrin-mediated liposome targeting show promise
for cancer therapy. In this study, a TF-modified liposome, targeting the TFR on the surface
of hepatocellular carcinoma cells, was designed for the delivery of TP. This active targeting
delivery system had good biocompatibility and low toxicity. Compared with free TP
and non-targeted TP liposomes, the addition of TF significantly enhanced hepatoma cell
cytotoxicity, as well as showed enhanced uptake of the TF-TP@LIP in vitro. The inclusion
of TF also increased cell cycle arrest and promoted apoptosis in hepatoma cells. The results
of in vivo experiments further showed that TF-TP@LIP had stronger anti-tumor effects
in vivo compared with the free TP TP@LIP groups, and the results of in vivo and in vitro
studies were consistent. In addition, the toxicity of TF-TP@LIP was evaluated by changes
in tissue morphology, observed by H&E staining of pathological sections. Compared with
the control group, pathological changes were observed in sections of heart, liver, lung, and
kidney tissues in the TP group due to toxicity and side effects, while the tissue structures in
the TF-TP@LIP group were normal, indicating the relative safety of the preparation and
that the toxicity of TF-TP@LIP was less than that of free TP. Therefore, the use of transferrin
for targeting TP-containing liposomes may prove to be an effective nanomedicine for the
treatment of liver cancers.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11102869/s1, Figure S1: Size histogram of TEM images
of TP@LIP; Figure S2: Size histogram of TEM images of TF-TP@LIP; Figure S3: Elution Curve of
TP(A) and TP@LIP(B); Table S1: The choice of centrifugal strength; Table S2: The choice of centrifugal
time; Table S3: Ultrafiltration recovery rate of free TP.
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Abstract: The continuous twin-screw wet granulation (TSWG) process was investigated and opti-
mized with prediction-oriented I-optimal designs. The I-optimal designs can not only obtain a precise
estimation of the parameters that describe the effect of five input process parameters, including the
screw speed, liquid-to-solid (L/S) ratio, TSWG feed rate, and numbers of the 30◦ and 60◦ mixing
elements, on the granule quality in a TSWG process, but it can also provide a prediction of the
response to determine the optimum operating conditions. Based on the constraints of the desired
granule properties, a design space for the TSWG was determined, and the ranges of the operating
parameters were defined. An acceptable degree of prediction was confirmed through validation
experiments, demonstrating the reliability and effectiveness of using the I-optimal design method to
study the TSWG process. The I-optimal design method can accelerate the screening and optimization
of the TSWG process.

Keywords: twin-screw wet granulation (TSWG); I-optimal design; continuous manufacturing;
process understanding; design space

1. Introduction

The pharmaceutical industry is currently undergoing a paradigm shift from traditional
batch production to continuous manufacturing (CM) [1,2]. Twin-screw wet granulation
(TSWG) is a typical method of continuous granulation; it has the advantages of a high
processing volume, higher production efficiency, short residence time, and better mixing
and controlling processes compared with traditional batch manufacturing [3]. In addition,
TSWG can be readily integrated into the CM of pharmaceutical dosage forms and pro-
vides easier process scale-up, better quality assurance, low production costs, and material
waste [4].

During the TSWG process, the powder and liquid binders are added at the entrance
of the granulator through powder feeders and nozzles, respectively, and then the low-
strength wetted agglomerates are formed and blended inside according to the conveying
and mixing profile of the system. These primary agglomerates are broken apart into smaller
rounded granules, allowing for growth through layering as the primary powder adheres
to the surface. Uniform granules are produced by breakage and layering of the primary
agglomerates under the two main rate-controlling processes [5]. In this granulation process,
the critical quality attributes (CQAs) of the granules produced by TSWG are affected by
many parameters. The present literature shows that the materials and binder properties,
the process parameters, such as the liquid-to-solid (L/S) ratio, the rotation speed of the
screw, the material feed rates, and the configuration of the screw elements (conveying
elements, kneading elements, distributive elements, etc.) are the key process variables of
the TSWG process [6].
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An accurate model for the TSWG process would provide a thorough understanding of
the process dynamics and can be used to optimize the operating conditions of the TSWG
process [1]. Therefore, it is important for the process understanding to clarify the influence
mechanism of the process conditions on the particle properties. Experimental studies using
the design of experiment (DoE) method are typically performed to analyze the mechanism
involved during the granulation process and have been extensively used to develop mod-
els to quantify the relationship between critical process parameters (CPPs) and CQAs of
particles. Different DoE methods have been performed to evaluate the influence of material
properties and process variables on the characteristics of granules [6–9]. Seem et al. sum-
marized the comprehensive review of the experimental twin-screw granulator literature,
indicating the complex interactions between the role of the screw element type, screw con-
figuration, feed formulation, and liquid flow rates on the granules [10]. Liu et al. analyzed
the effects of throughput, screw speed, and screw components on the properties of granules
and tablets in the TSWG process using a Box–Behnken experimental design, and the design
space for TSWG was defined and validated to demonstrate the robustness of the optimal
operating conditions [7]. Kumar et al. used a full-factor experimental design to study
the effects of process parameters (feed rate, screw speed, and L/S ratio) and equipment
parameters (number of kneading elements and staggered angles) on residence time distri-
bution, solid–liquid mixing, and final particle size distribution in the TSWG process. The
results showed that it is necessary to strive for a balance between material throughput and
screw speed to achieve a specific granulation time and solid–liquid mixing to achieve a
high granulation yield [11]. Meng et al. studied the relationship between liquid content,
throughput, and rotational speed with key performance indicators such as particle size,
porosity, flowability, and particle morphology in the acetaminophen formula TSWG process
using a face-centered cubic experimental design method. The results showed that the screw
configuration should be fully utilized to achieve different particle characteristics [12]. It
can be noticed that the previous research mainly focused on certain aspects of material
properties, process parameters, or screw configurations, but it must be added that, in the
case of process optimization, all aspects of the critical process parameters (CPPs) need to be
considered at the same time, making it a complex process for the traditional approach that
can be managed to balance the screening design and prediction optimization. In addition,
the process parameters of TSWG include both discontinuous factors (e.g., screw elements
configuration) and continuous factors (e.g., screw speed), and it is difficult for the common
DoE method to handle.

Compared to other DoE methods, the optimal design approach can handle different
types of models and experimental factors, such as continuous factors, categorical factors,
and mixture factors [13,14]. It can help to obtain an improved process understanding and
characterization and make predictions by the models at the same time, which provides a
new and effective tool for the study of TSWG. Willecke et al. used D-optimal designs as
a non-standard experimental design to investigate the impact of fillers properties (three
principal components derived from eight selected pharmaceutical fillers), binder type, and
binder concentration in granules together on the properties of the granule and tablet. The
results showed that the filler properties mainly affected the granule characteristics, such
as particle size, friability, and specific surface area, and the binder type and concentration
had a relevant influence on granule flowability, friability, and compactibility [15]. Stauffer
et al. used D-optimal designs to investigate the impact of raw material variability upon the
granule size distribution, density, and flowability of granules produced via TSWG. Three
principal components from raw material variability together with screw speed and L/S
ratio were used as factors, and then the significant factors obtained from analysis were used
to determine the design space of the TSWG process to reduce the active pharmaceutical
ingredient (API) batch-to-batch variability [16]. Meng et al. developed an interaction
model between input and output variables in the continuous TSWG of anhydrous caffeine
particles using a D-optimal design and stepwise regression. Response surface design
was used to study the dependence of key quality attributes of particles and tablets (D10,
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D50, D90, loose density, compacted density, and Hausner ratio) on selected key process
parameters (L/S, barrel temperature, and screw speed) and screw configuration. The
results showed that the impact of throughput and barrel temperature was relatively less
than the L/S ratio. Higher liquid saturation leads to narrower particle size distribution,
smaller porosity, enhanced flowability, and decreased tablet tensile strength, but slower
drug release [17]. The usefulness of prediction-oriented optimal design criteria, such as
the I-optimality criterion and the G-optimality criterion in the response surface of TSWG,
is more reasonable. The I-optimality criterion can determine regions in the design space
where the response falls within an acceptable range by minimizing the average variance
in prediction over the design space. To build an accurate response surface in predicting
the response and determining optimum operating conditions, the I-optimal design is more
suitable [14]. However, the use of an I-optimal design for the process optimization of TSWG
has not been reported.

This work proposed a systematic understanding of the TSWG process by the DoE
method to investigate the effect of process parameters on granules properties. Ibuprofen
was selected as the model drug due to its high market demand. Five process variables of
screw speed, L/S ratio, powder feed rate, and screw element number (30◦ kneading and
60◦ kneading) of a twin-screw granulator were investigated using the I-optimal experimen-
tal design method. The analysis of variance was used to quantify the process response
to variation in the parameters. The predictability of the developed models was validated
within and without the defined design space. The I-optimal design was used for the first
time to acquire better insight into the TSWG process.

2. Materials and Methods

2.1. Materials

The model formulation used in this study comprised 10% ibuprofen (Lot No. A2107096,
Aladdin Biochemical Technology Co., Ltd., Shanghai, China) as API with a melting point
of 75~78 ◦C and a density of 1.03 g/cm3; 40% lactose (Lot No. 1320020470) and 40% micro-
crystalline cellulose (MCC, Lot No. 20200719) were used as fillers (Infinitus Company Ltd.,
Guangzhou, China). Additionally, 10% polyvinylpyrrolidone (PVP K-30, ISP Technologies,
Inc., Wayne, NJ, USA) was used as a dry binder and premixed with the raw materials using
a V-mixer (Chenli powder equipment Co., Ltd., Wuxi, China). Distilled water was added
as the granulation liquid.

2.2. Continuous Twin-Screw Wet Granulation

TSWG experiments were performed on a Pharma 11 twin-screw granulator (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The granulator comprised two co-rotating screws
with a diameter of 11 mm and a length-to-diameter (L/D) ratio of 40:1. The Pharma
11 granulator employed the types of screw elements including conveying, kneading, and
chopping elements. The pre-blend raw materials were fed into the barrel of the granula-
tor by a single-screw feeder which was controlled by a digital governor. The relationship
between the opening value (x, %) and mass flow (y, g/min) followed a linear relationship
y = 0.6560x − 5.1585 (R2 = 0.9990). Granulation liquid was transferred to the liquid feed nozzle
by a peristaltic pump (WCL Fluid Technology Co., Ltd., Changzhou, China) through silicon
tubing (2.4 mm × 5.6 mm, 19 #). The relationship between the rotating speed (x, r/min) and
mass flow (y, g/min) followed a linear relationship y = 0.5822x − 0.5756 (R2 = 0.9959).

The TSWG setup is illustrated in Figure 1, which shows the Pharma 11 co-rotating
parallel twin-screw granulator used for manufacturing granules. The powder inlet port
was located on top of the conveying zone, and the liquid nozzle was adjacent to it.
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Figure 1. Setup and screw configuration of TSWG.

The screw configuration is a simple system composed of conveying zone, kneading
zone, and discharge zone. As the screw configuration shows in Figure 1, the conveying
zone comprised two types of feed screw elements, i.e., a long-hellx feed screw (2 L/D) and
a feed screw (1 L/D); the kneading zone was a combination of mixing elements in 90◦ and
0◦ with mixing elements in forward stagger angles of 30◦ and 60◦ and one distributive
feed screw element at the end of the granulator barrel in order to reduce the number of
oversized agglomerates.

In the granulation process, the temperature of the jacket around the granulator barrel
was kept constant at 25 ◦C using an active cooling system, and other parameters were set
according to the designed experiments.

2.3. Experimental Design

I-optimal design was structured based on an iterative search algorithm and provided
lower average prediction variance across the region of experimentation, which is desirable
for response surface methods (RSMs) as prediction is important. In the current study, five
process variables, screw speed (X1), L/S ratio (X2), powder feed rate (X3), number of the
60◦ mixing elements (X4), and number of the 30◦ mixing elements (X5), were systematically
investigated to understand their effects on granule properties and optimize the granulation
process. The common scale was utilized to describe each variable, whereby the highest
coded value was equal to +1, the middle coded value was equal to 0, and the lowest was
assigned a value of −1. Table 1 shows the independent variables and their levels in the
DoE. The CQAs of TSWG were the moisture content, D50, span, and yield, and they were
identified as Y1–Y4, respectively.

Table 1. Independent variables and their levels in I-optimal design.

Independent Variables
Levels

Minimum (−1) Intermediate (0) Maximum (+1)

Continuous X1: screw speed (r/min) 200 250 300
X2: L/S ratio 0.35 0.4 0.45
X3: powder feed rate (%) 20 25 30

Discrete numeric X4: number of the 60◦
mixing elements (pcs) 4 7 10

X5: number of the 30◦
mixing elements (pcs) 3 6 9

Considering that the independent variables included both continuous numeric vari-
ables (X1, X2, X3) and discrete numeric variables (X4, X5), an I-optimal design which
contained 27 runs was performed, as shown in Table 2. The I-optimal design determined
important factors and fit a quadratic polynomial model to the response. The results from
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the I-optimal design were adopted to build the nonlinear quadratic mathematical model,
as follows:

y =b0 + b1X1 + b2X2 + · · ·+ bnXn + ∑ bikXiXk + ∑ biiX2
i (1)

Table 2. Independent variable sets in I-optimal design and responses.

Run Order Pattern
Independent Variables

X1 X2 X3 X4 X5

1 0--++ 250 0.35 20 10 9
2 0---- 250 0.35 20 4 3
3 +-0-+ 300 0.35 25 4 9
4 0+-+0 250 0.45 20 10 6
5 -++00 200 0.45 30 7 6
6 0-00- 250 0.35 25 7 3
7 +++-0 300 0.45 30 4 6
8 --0+- 200 0.35 25 10 3
9 -0-0- 200 0.4 20 7 3

10 -00++ 200 0.4 25 10 9
11 +0--+ 300 0.4 20 4 9
12 +-+0- 300 0.35 30 7 3
13 00+-+ 250 0.4 30 4 9
14 --+0+ 200 0.35 30 7 9
15 -+--+ 200 0.45 20 4 9
16 00000 250 0.4 25 7 6
17 +-++0 300 0.35 30 10 6
18 00000 250 0.4 25 7 6
19 +0-+- 300 0.4 20 10 3
20 00000 250 0.4 25 7 6
21 ++0++ 300 0.45 25 10 9
22 0+++- 250 0.45 30 10 3
23 -0+-- 200 0.4 30 4 3
24 0--00 250 0.35 20 7 6
25 --0-0 200 0.35 25 4 6
26 +---0 300 0.35 20 4 6
27 0+0-- 250 0.45 25 4 3

In the equation, the measured response is denoted as y; b0 is a constant. The effect
of each calculated term is described by the regression coefficients b1 to bi. Independent
variable Xi is coded in terms of factors. The interaction and quadratic terms are denoted as
XiXk and Xi

2, respectively.

2.4. Characterization of Particle Properties

The granules exiting the system were collected and analyzed using different techniques
to quantify the attributes. After drying for 24 h in a 60 ◦C oven, the samples were analyzed
for particle size distribution, span of the size distribution (span), and granule yield. All
measurements were performed in triplicate, and the test methods followed a previously
published paper [18].

2.5. Method Validation

Validation studies were conducted to evaluate the process models using the percentage
of prediction error, which was calculated with Equation (2).

e =
|y − ŷ|

y
% (2)
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2.6. Data Analysis and Modeling

Design-Expert 12 software (Stat-Ease Inc., Minneapolis, MN, USA) was utilized for con-
ducting the five-factor, three-level I-optimal design in this study. Additionally, this software
was employed for generating response contour plots and performing the relevant analyses.

3. Results and Discussion

3.1. Fitting Data to the Model

Table 3 displays an overview of the primitive data. The models were constructed
using a forward/backward stepwise regression method and then regression of all subsets
with the minimized Bayesian information criterion (BIC) to determine the model with the
best prediction capability. The non-statistically significant effects were eliminated, and the
quadratic polynomial equations were simplified during the regression analysis (Table 4).
The regression models produced satisfactory results, with coefficients (R2) greater than 0.9.
The predicted R2 values were reasonably close to the adjusted R2 values, indicating that
the experimental data were well matched by the proposed models. All lack-of-fit tests were
not significant relative to the pure error (p-value of the lack-of-fit test greater than 0.05),
which means the results of the non-significant lack-of-fit test are good. The equations in
terms of coded factors are listed in Equations (3)–(6), corresponding to Y1 to Y4, which
can be used to make predictions about the response for given levels of each factor. By
default, the high levels of the factors are coded as +1 and the low levels are coded as −1.
The coded equation is useful for identifying the relative impact of the factors by comparing
the factor coefficients.

Table 3. The responses of I-optimal design.

NO. Y1: Moisture Content Y2: D50 Y3: Span Y4: Yield

% μm %

1 30.49 498.5 2.16 81.19
2 31.74 463.1 1.24 92.12
3 28.14 450.9 1.58 88.18
4 35.86 609.1 1.14 92.20
5 33.57 441.9 1.60 88.64
6 29.50 498.6 1.37 91.31
7 32.53 592.0 1.24 91.58
8 29.65 438.3 1.74 84.82
9 32.20 481.8 1.48 90.12

10 30.78 464.4 1.88 85.00
11 31.22 476.8 1.42 90.87
12 27.90 446.9 1.71 86.61
13 29.63 485.6 1.47 89.45
14 28.39 389.6 2.25 78.37
15 33.47 555.4 1.38 89.27
16 32.19 508.4 1.30 92.73
17 29.12 454.9 1.87 83.81
18 31.99 521.9 1.22 90.81
19 32.02 515.4 1.11 95.05
20 32.28 528.5 1.34 91.86
21 33.57 586.5 1.32 90.08
22 32.80 517.2 1.36 91.13
23 30.67 461.8 1.54 88.40
24 30.52 438.9 1.73 86.66
25 29.50 438.0 1.68 85.38
26 29.01 440.0 1.53 89.37
27 32.80 536.2 1.24 93.65

114



Biomedicines 2023, 11, 2030

Table 4. The regression equation of the response surface quadratic model and their ANOVA results.

Response
Variable

Regression Equation R 2 Adj R2 * Pre R2 * p (Lack-of-Fit Test) PRESS *

Y1
=32.15 − 0.25X1 + 2.07X2 − 0.86X3 + 0.33X4 −
0.23X5 − 0.46X1

2 − 0.67X5
2 (3) 0.9402 0.9182 0.8740 0.0615 12.47

Y2

=512.16 + 22.95X1 + 47.68X2 − 18.24X3 +
14.75X1X2 + 21.91X1X3 − 9.96X2X3 −
13.30X3X4 − 22.42X1

2
(4) 0.9072 0.8659 0.7844 0.2183 16,088.62

Y3

=1.31 − 0.12X1 − 0.23X2 + 0.068X3 + 0.088X4 +
0.14X5 − 0.062X2X4 − 0.11X2X5 − 0.054X3X5
+ 0.069X4X5 + 0.12X1

2 + 0.093X2
2 + 0.11X3

2 −
0.058X4

2 + 0.051X5
2

(5) 0.9706 0.9364 0.7750 0.4604 0.4937

Y4

=91.90 + 1.85X1 + 2.99X2 − 1.09X3 − 1.17X4 −
2.06X5 − 0.62X1X2 − 0.38X1X3+ 0.51X2X4 +
0.92X2X5 + 0.77X3X5 − 0.66X4X5 − 1.54X1

2 −
1.54X2

2 − 1.55X3
2

(6) 0.9791 0.9548 0.8633 0.7291 52.71

* Adj R2: Adjusted R2; Pre R2: Predicted R2; and PRESS: Predicted residual sum of squares.

3.2. The Effect of Factors on the Moisture Content

Response contour plots were utilized for illustrating the correlation between the
independent and dependent variables. These plots allow for the simultaneous examination
of the impact of two factors on the response while maintaining the other factors constantly
in a two-dimensional setting. By varying the axis variables while maintaining other factors
at stationary levels, we observed the change rules intuitively, as shown in Figure 2. The
regression equation and ANOVA results are shown in Tables 4 and 5.

Figure 2. The response contour plot displays the effects of independent variables on the moisture
content: (a–c) effects of X1 and X2, (d–f) X3 and X4, and (g–i) X2 and X5 on the moisture content
while other factors were maintained at low, middle, and high levels, respectively.
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Table 5. Regression coefficients and associated probability values (p-values) for the models of
granule CQAs.

Model
Terms

Y1: Moisture Content Y2: D50 Y3: Span Y4: Yield

Coef. p-Values Coef. p-Values Coef. p-Values Coef. p-Values

Intercept 32.15 512.16 1.31 91.90
X1 −0.25 0.0968 22.95 0.0003 −0.12 <0.0001 1.85 < 0.0001
X2 2.07 <0.0001 47.68 <0.0001 −0.23 <0.0001 2.99 <0.0001
X3 −0.86 <0.0001 −18.24 0.0017 0.07 0.0043 −1.09 0.0003
X4 0.33 0.0215 0.09 0.0003 −1.17 <0.0001
X5 −0.23 0.1070 0.14 <0.0001 −2.06 <0.0001

X1X2 14.75 0.0364 −0.62 0.0477
X1X3 21.91 0.0026 −0.38 0.2213
X1X4
X1X5
X2X3 −9.96 0.1270
X2X4 −0.06 0.0131 0.51 0.069
X2X5 −0.11 0.0008 0.92 0.0066
X3X4 −13.30 0.0463
X3X5 −0.05 0.0413 0.77 0.015
X4X5 0.07 0.0070 −0.66 0.0171
X1

2 −0.46 0.0569 −22.42 0.0133 0.12 0.0033 −1.54 0.001
X2

2 0.09 0.0140 −1.54 0.0012
X3

2 0.11 0.0044 −1.55 0.001
X4

2 −0.06 0.1333
X5

2 −0.67 0.0085 0.05 0.1302

In this study, it can be observed from Table 5 that the factor screw speed (X1) and
the quadratic term X1

2 had negative effects on the moisture content (Y1). Similarly, the
number of 60◦ kneading elements (X5) and the quadratic term X5

2 had negative effects on
the moisture content (Y1). The L/S ratio (X2) and number of 30◦ kneading elements (X4)
had positive effects on the moisture content (Y1). The powder feed rate (X3) had negative
effects on the moisture content (Y1).

The L/S ratio (X2) was found to be the most influential factor for moisture content
(Y1). This makes sense since a higher L/S ratio (X2) provides a greater liquid amount,
leading to greater liquid distribution and providing more surface wetting of granules [19].
However, under the assumption of uniform material mixing at a fixed L/S ratio (X2),
increasing the screw speed and powder feed rate will not change the moisture content of
particles theoretically. A possible reason is that the increased screw speed and powder
feed rate result in insufficient mechanical dispersion between liquid and particles to form a
homogenous liquid distribution [11].

3.3. The Effect of Factors on the Mean Particle Size

Particle size and distribution were regarded as some of the most important attributes
of the granules because granules with appropriate particle size and distribution can sig-
nificantly increase the blend uniformity, flowability, and compactibility of the product [8].
Response contour plots for D50 (Y2) are shown in Figure 3. Analysis of variance (ANOVA)
was performed and results are shown in Tables 4 and 5, which provide information about
the model of D50 (Y2).

In this study, it can be observed from Table 4 that the factor screw speed (X1), L/S
ratio (X2), and powder feed rate (X3) had significant effects on the mean granule size D50
(Y2). The L/S ratio (X2) was found to be the most influential factor in achieving granules
with the desired mean granule size D50 (Y2), and the screw speed (X1) and L/S ratio (X2)
had a positive effect on granule size. The powder feed rate (X3) had a negative effect on
granule size. However, the number of 30◦ (X4) and the number of 60◦ kneading elements
(X5) were not found as having a significant effect on granule size in this study. Interaction
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effects between X1 and X2, and X1 and X3 influenced the granule size positively, while
interaction effects between X2 and X3, and X3 and X4 influenced the granule size negatively.
The quadratic term X1

2 had negative effects on D50 (Y2).

Figure 3. The response contour plot displays the effects of independent variables on the granule size
D50: (a–c) effects of X1 and X2, (d–f) X2 and X3, and (g–i) X2 and X4 on the granule size D50 while
other factors were maintained at low, middle, and high levels, respectively.

In this study, it can be seen that the higher screw speed can produce a larger granule
diameter. It is reported that high screw speeds can increase the conveying capacity of
the screws, resulting in a lower barrel fill level and lower residence times within the
granulator [6,10,20]. However, this appears to contradict some studies, suggesting that
the granule size slightly increased at low screw speeds [7]. They found that the lower
barrel fill level results in low compaction and particle interaction and is not conducive
to the growth of granules. However, at low screw speeds, the longer residence times of
particles in the barrel allow for greater growth of the granules. A possible reason is that
increasing the screw speed can increase the throughput and provide a greater compaction
force, which enhances the consolidation and compaction between granules in the barrel;
this could promote granulation and produce granules with larger sizes. However, at the
same time, the intense mechanical forces generated by the high-speed rotation of the screws
cause more aggressive particle breakage and attrition, resulting in smaller granules. These
two effects are opposite for particle growth, and under different conditions, one of the
factors may play a dominant role. It may be that, as reported within typical operation limits
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(e.g., screw speed and throughput ranges, kneading element configuration), screw speed
has a positive effect on granule growth, but outside the upper and lower ranges, the effect
on granule size becomes the opposite [10]. A possible reason is the high fill levels at
low screw speeds, which lead to material compaction where blockages can form at high
mass loads.

In the present study, the effect of the L/S ratio (X2) on particle size was in agreement
with the research report that increasing the L/S ratio (X2) can reduce the number of fines
and produce particles with superior flow properties [5,7]. A possible reason is that an
increased L/S ratio (X2) can provide more liquid to form a higher liquid distribution and
more surface wetting of granules [19].

It is found that increasing material feed rate (X3) at a constant L/S ratio (X2) mainly
had a negative effect on the particle size of granules. That is, an increasing throughput
decreased the average granule diameter in the present study. It is explained that the higher
barrel fill level at high throughput leads to restricted liquid distribution along with an
increase in friction between the barrel wall and granules, resulting in higher attrition of
granules [21]. However, some research showed that the average granule diameter was
higher at increased material throughput due to a higher filling degree of the barrel [7,9],
and this may be attributed to the presence of a kneading screw element in the screw
configuration, which could promote granulation.

It was observed that the number of 30◦ and 60◦ kneading elements, as well as their
interaction, were found to have no significant effect on the granule size. A possible reason
was assumed that the increased number of kneading elements provided stronger mixing
ability and compaction forces, which enhanced the consolidation and compaction between
granules and also led to a more homogeneous distribution of the granulation liquid within
the setting range [11].

3.4. The Effect of Factors on the Span

The results of the ANOVA analysis of span (Y3) are shown in Tables 4 and 5. Response
contour plots are shown in Figure 4. The results showed that screw speed (X1), L/S ratio
(X2), and powder feed rate (X3) had significant impacts on span (Y3), and the L/S ratio
(X2) was found to be the most significant term among them. The three main terms were
reported to be critical factors that determine the granule properties [3]. These parameters
have a great influence on the fill level within the granulator. The variation in fill level can
make considerable differences in binder distribution and granule properties [5,22]. The
effect of the L/S ratio (X2) on the span is similar to its effect on D50 (Y2). An appropriate
amount of liquid is a necessary condition for particles to grow to the target size and
distribution. Within the scope of the experiment, a higher L/S ratio (X2) can produce
granules with a more uniform distribution. The number of 30◦ (X4) and 60◦ kneading
elements (X5), as well as their interaction, were found to have positive significant effects
on the span (Y3), which indicates that increasing X5 can broaden the span of the final
granules. Kneading elements can make the liquid distribution become more uniform in
screw configurations and provide more densification [23]. We found a notably higher
improvement in liquid distribution homogeneity when increasing the kneading block
length [24]. When the number of kneading elements increased, it can provide stronger
compaction forces, which enhanced the consolidation and compaction between the particles.
The uniform distribution during nucleation makes the granules’ growth less reliant on
mechanical dispersion provided by the kneading elements [24].
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Figure 4. The response contour plot displays the effects of independent variables on the span:
(a–c) effects of X1 and X2, (d–f) X3 and X5, and (g–i) X2 and X4 on the span while other factors were
maintained at low, middle, and high levels, respectively.

3.5. The Effect of Factors on the Production Yield

Tables 4 and 5 display the results from the ANOVA analysis on yield (Y4). Response
contour plots are shown in Figure 5. It can be observed from Table 5 that the screw speed
(X1) and L/S ratio (X2) had positive effects on the production yield. The powder feed rate
(X3), the number of 30◦ (X4), and the number of 60◦ kneading elements (X5) had negative
effects on the production yield. There was an interaction between factors X1X2, X1X3, and
X4X5, which had a negative effect on yield (Y4), while X2X4, X2X5, and X3X5 had a positive
effect on yield (Y4). Quadratic terms X1

2, X2
2, and X3

2 had a negative effect on yield (Y4).
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Figure 5. The response contour plot displays the effects of independent variables on the production
yield: (a–c) effects of X1 and X2, (d–f) X3 and X5, and (g–i) X4 and X5 on the production yield while
other factors were maintained at low, middle, and high levels, respectively.

The L/S ratio (X2) was the most significant positive factor that contributed to the
production yield model. It was seen that the yield increased as the L/S ratio (X2) increased,
and granules produced at a low L/S ratio (X2) had a high span and broad size distribution,
including the fine and large agglomerates. However, granules produced at a high L/S
ratio (X2) had low span and narrow size distribution [20]. It is inferred that the low L/S
ratio (X2) results in concentrated wetted areas by direct injection through liquid inlet ports.
The particles suffer from insufficient mechanical dispersion to form homogenous liquid
distribution, which results in small dry fine and large wetted agglomerates [25].
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3.6. Defining a Design Space and Validation of the TWSG Process

In order to produce granule products that meet the quality requirements, the TWSG
process parameters should be operated within a defined design space. The design space
represents a combination and interaction of input variables and process parameters that
are designed to meet the quality attributes [26]. Therefore, the process parameters and the
screw element configuration can be optimized to produce a granular product with different
physical properties.

The granules obtained by TSWG need to be dried downstream; in the drying pro-
cess, the amount of water needed to be reduced during the drying phase. To maximize
production efficiency and minimize energy consumption, it was encouraging to produce
qualified products with minimum water [8]. Therefore, the minimal L/S ratio required for
granulation needs to be determined. The granules with a span value less than 1.50 were
considered to have a narrow size distribution that can enable efficient downstream tablet-
ing processing. Meanwhile, the median particle size D50 needs to be close to the desired
granule size, and the particle size distribution should be as narrow as possible to obtain
the maximum yield. Therefore, the granule diameter (400 μm < D50 < 600 μm), span
(span < 1.5), and production yield (150 μm < granule size < 1200 μm, target: maximize)
were used as representative CQAs of granules in the design space determination based
on the previous experiments and data reported in the literature [8,27]. Table 6 displays
the constraints regarding the CQAs. We navigated the design space via the regression
models of D50, span, and production yield. Figure 6 illustrates the design space from
various perspectives.

Table 6. Constraints on dependent responses.

Dependent Responses Constraints Optimum

X1: L/S ratio 0.35 ≤ X1 ≤ 0.45 minimum
Y2: Mean particle size D50 400 μm ≤ Y2 ≤ 600 μm -
Y3: Span of granule Y3 ≤ 1.5 minimum
Y4: Yield 90 ≤ Y4 ≤ 100 maximize

X2 

X3 

X5 

X1 

X2 

X5 

X1 

X3 

X5 

X1 

X2 

X3 

Figure 6. Design space for TSWG from different viewpoints.
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The overlay plots depict the range of two factors while the remaining factors are held
at a specified level. The bright yellow section represents the design space for TSWG with a
90% confidence interval. The dark yellow section indicates a portion of the design space
where there is a 10% probability of failing to meet process objectives. The dark gray area
is outside of the design space and does not meet technical requirements. The successful
application of the I-optimal design helped define the design space, ensuring the desired
quality of the final granule by considering the operating parameter ranges of the five factors
being investigated.

Additional validation experiments were carried out to evaluate the accuracy of the
established regression models. The operating parameters of one experiment were within
the design space, and the other experimental parameters were outside the design space.
The operating conditions and experimental and predicted values are shown in Table 7. The
results showed that the prediction error percentage, comparing the actual values obtained
from validation experiments with the anticipated values from the responses, was below
10%, which is considered acceptable. This suggests that the models are reliable and possess
an effective predictive capability.

Table 7. Process parameters and experimental results of validation test points.

CPP
(X1; X2; X3; X4; X5)

CQA Experimental Value (y) Predicted Value (ŷ) ARD (%)

(240; 0.45; 30; 4; 7) Y1 33.1 30.5 7.7
Y2 532.1 494.2 7.1
Y3 1.3 1.3 5.2
Y4 91.2 97.4 6.8

(200; 0.4; 25; 7; 7) Y1 33.2 31.8 4.3
Y2 466.8 499.1 6.9
Y3 1.6 1.5 4.9
Y4 87.8 94.8 7.9

4. Conclusions

The results of this study demonstrate the effective application of the I-optimal design
method in analyzing the factors influencing TWSG related to target granule attributes. Five
investigated process parameters—screw speed, L/S ratio, powder feed rate, and numbers
of the 60◦ and 30◦ mixing elements—were studied via modeling using the I-optimal design.
A design space that defined the ranges of operating parameters for TWSG was determined
based on constraints for the target granule quality: mean particle size, span, and yield.
Validation experiments confirmed the accuracy and reliability of the mathematical models.
The application of the I-optimal design provides a precise estimation of the parameters
and prediction of the response to determine optimum operating conditions. This study
enhances comprehension of TWSG cost-effectively and efficiently, confirming that an I-
optimal design is a viable approach for exploring the complicated TWSG process.
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Abstract: Cell-penetrating peptides (CPPs), developed for more than 30 years, are still being exten-
sively studied due to their excellent delivery performance. Compared with other delivery vehicles,
CPPs hold promise for delivering different types of drugs. Here, we review the development pro-
cess of CPPs and summarize the composition and classification of the CPP-based delivery systems,
cellular uptake mechanisms, influencing factors, and biological barriers. We also summarize the
optimization routes of CPP-based macromolecular drug delivery from stability and targeting per-
spectives. Strategies for enhanced endosomal escape, which prolong its half-life in blood, improved
tar-geting efficiency and stimuli-responsive design are comprehensively summarized for CPP-based
macromolecule delivery. Finally, after concluding the clinical trials of CPP-based drug delivery
systems, we extracted the necessary conditions for a successful CPP-based delivery system. This
review provides the latest framework for the CPP-based delivery of macromolecular drugs and
summarizes the optimized strategies to improve delivery efficiency.
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1. Introduction

How macromolecular drugs can be efficiently delivered to target cells remains a big
challenge. There are two ways to place macromolecular drugs into target cells: one is to
directly introduce the macromolecular drugs into cells based on membrane disruption; the
other is to deliver them by using delivery vehicles [1], which are mainly divided into either
viral vehicles or non-viral vehicles. Various macromolecular drug delivery systems are
shown in Figure 1.

Delivery, based on membrane disruption, can quickly and directly deliver almost all
macromolecular drugs that can be dispersed in a solution; however, it must also avoid
cell disturbance or death caused by membrane destruction [1]. The delivery methods
based on membrane disruption are mainly classified into three approaches: (1) electro-
magnetic/thermal; (2) mechanical; and (3) chemical. These approaches usually include
electroporation [2], microinjection [3], osmotic pressure [4], nanoneedles [1], pore-forming
agents [5], and more (Figure 1). The principle underlying these approaches is to briefly
destroy the cell membrane so that macromolecular drugs can enter the cell, after which the
cell membrane is repaired and can restore cell homeostasis. However, such an approach has
strict requirements regarding the degree and time of membrane disruption, and it requires
chemically modifying the macromolecular drugs to prevent their degradation [6]. Currently,
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the selection of a suitable membrane disruption method and its precise implementation in
a high-throughput way remains challenging [1].

Figure 1. Delivery systems for macromolecular drugs.

Viral delivery vehicles can overcome cellular barriers and can effectively deliver
macromolecular drugs into cells. The most commonly used types of viral delivery vehicles
are the retrovirus (RV), lentivirus (LV) [7], adenovirus (AV), and adeno-associated virus
(AAV) [8]. LVs are a subtype of RVs and can be stably integrated into the host genome of
mammalian cells [9]. Compared with the RV and AV, the LV and AAV are the most used
vehicles in clinical trials because of their lower immunogenicity. However, the LV is prone
to bring about higher off-target effects [10], and the drug-loading capacity of the AAV is also
limited [11]. Aside from these vehicles, there are also herpes simplex virus (HSV) vehicles,
with a larger packaging capacity [9], and the Epstein-Barr virus (EBV); EBV is subordinate to
HSV, but it is also used as a delivery vehicle for CRISPR/Cas [12,13]. In addition, there are
Sendai virus vehicles, which are used as a negative-strand RNA virus vehicle system [14],
as well as the baculovirus, which is used as a gene expression vehicle [15] (Figure 1).
Although viral vehicles have high delivery efficiency for macromolecular drugs, their
limited drug-loading capacity, high production costs, uncontrollable viral release, limited
viral tropism, and safety issues regarding viral gene integration into the host genome have
still not been completely resolved [16].

Non-viral delivery vehicles have been widely explored in recent years because of
their lower immunogenicity, unrestricted drug-loading, high flexibility, simple synthesis,
low cost, and easy storage [17–20]. Non-viral delivery vehicles can be divided into three
categories: (1) organic nanovehicles; (2) inorganic nanovehicles; and (3) composite nanopar-
ticles [21]. Of these vehicles, organic nanovehicles include cell-penetrating peptides (CPPs),
bacteria-derived or lipid-based nanovehicles, and polymeric nanovehicles (Figure 1). Since
low delivery efficiency is a problem for most non-viral delivery vehicles [22], CPPs that can
traverse the biological barrier (cell membranes) with high efficiency have been extensively
explored. CPPs are not only simple to synthesize but are diverse in their types and are
widely used [23]. They can also be combined with other delivery vehicles to further im-
prove the delivery efficiency of macromolecular drugs [24–26]. Compared with the usual
way of membrane disruption, the use of CPPs causes less damage to the cell membrane and
is more effective and safe [27]. Therefore, CPPs are very useful tools for macromolecular
drug delivery.

2. The History of CPP Development

CPPs usually comprise 5–30 amino acids with good biological safety and can efficiently
carry macromolecular drugs through the cell membrane. The history of CPPs can be traced
back to 1988. The first CPP was discovered when researching potential targets for the
treatment of AIDS, namely, the Trans-Activator of Transcription (Tat) protein of human
immunodeficiency virus type 1 (HIV-1) [28,29]. Then, in 1991, the homologous protein
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Penetratin/Antp from the antennae of Drosophila melanogaster was discovered [30]. The
amphipathic penetrating peptide MPG [31], truncated HIV-Tat [32], and VP22, derived
from HSV structural protein, were discovered in 1997 [33]. Then, the first chimeric peptide
Transportan (TP) was reported in 1998 [34]. Subsequently, Oligo R [35], Pep-1 [36], and
SS-31 [37] were discovered one after the other.

Transportan is a combination of the peptide mastoparan, isolated from wasp venom,
and the N-terminal fragment of the human neuropeptide galanin. Transportan 10 (TP10),
a chimeric peptide derived from mastoparan, comprises a 14-residue peptide from wasp
(Vespula lewisii) venom linked to a 6-residue sequence from the neuropeptide galanin
through an extra lysine residue, was developed in 2007 [38]. The tumor-targeting pene-
trating peptide iRGD was reported in 2009 [39]. In 2011, PepFect14 was reported to have
improved the stability in serum [40]; PepFect15 was reported a year later [41]. Further
research in 2013 found that the cancer-specific penetration peptide, BR2, can effectively
deliver a single-chain antibody (scFv) [42]. Thereafter, PepM and PepR from the dengue
virus capsid protein were discovered [43]. In recent years, the mitochondrial-penetrating
peptide MtCPP-1 [44]; skin-permeable IMT-P8 [45]; bioreducible B-mR9 [46]; Tat-NTS,
which can inhibit the transcriptional activity of p53 [47]; VP1, derived from the VP1 pro-
tein of chicken anemia virus [48]; Ara-27, from Arabidopsis thaliana [49]; and peptide
SOX2-iPep have been reported as successful [50]. Notably, various types of cyclic CPPs and
intracellular organelle targeting CPPs have been newly developed [51–53]. Milestones in
the development process of CPPs are depicted in Figure 2.

Figure 2. Milestones for the discovery and development of CPPs.

3. Classification of the CPP-Based Macromolecular Drug Delivery System

The components of the CPP-based delivery system include CPPs and delivered drug
cargo. There are many types of CPPs and drug cargoes. CPPsite 2.0, a CPP database,
currently holds around 1850 peptide entries and maintains more detailed information
about different types of CPPs and delivered cargoes. The CPPsite 2.0 website can also
be used to predict the tertiary structures of CPPs [54,55]. Below, we summarize the type,
classification, and connection between the CPPs and the delivered drug cargoes (Figure 3).

3.1. Classification of CPPs

Generally, CPPs can be divided into three categories by their source, physical and
chemical properties, and composition. According to the literature, CPPs can be divided into
synthetic CPPs, chimeric CPPs, and protein-derived CPPs [56]. According to their physical
and chemical properties, CPPs can be divided into cationic CPPs, amphipathic CPPs, and
hydrophobic CPPs [57]. In addition, according to their composition, CPPs can be divided
into cyclic CPPs and linear CPPs. Although they only occupy a small proportion (about 5%)
compared with linear CPPs, cyclic CPPs reduce the degree of conformation freedom due
to the peptide cyclization, which greatly improves their binding specificity with targeted
molecules [58]. This stable structure of cyclic CPPs has greater resistance to proteolytic
degradation [59]. Cyclic CPPs also perform better in terms of oral bioavailability [60]. In
addition, cyclic CPPs can more efficiently interfere with protein–protein interactions (PPIs)
than can traditional small-molecule drugs (MW ≤ 500) [61].
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Figure 3. The components and classification of the CPP-based macromolecular drug delivery.

3.2. Classification of Cargos

Generally, macromolecular drug cargoes can be divided into nucleic acids, proteins,
polymer chemicals or imaging agents, PNAs (peptide nucleic acids), and more (Figure 3).
Small-molecule drugs include peptides and different types of chemicals. Macromolecular
nucleic acid drugs mainly include antisense oligonucleotides (ASOs), mRNA, siRNA,
miRNA, and pDNA. Macromolecular protein drugs mainly include different types of
proteins and antibodies with functional activity. Protein-based therapy has a faster effect,
better functional strength, and durable controllability; its lack of genetic toxicity has been
extensively highlighted [62]. Moreover, the use of CPPs can promote the delivery of
protein cargoes into cells non-invasively [63]. Because the delivery only by single CPPs has
shortcomings of non-specificity, easy hydrolysis, and a short half-life [35,64], combining
CPPs with other vehicles increases the delivery efficiency for macromolecular drugs [63]. In
addition, accumulating research indicates that CPP-modified vehicles can be used to deliver
other types of macromolecular-complexed drugs, including nanoparticles, liposomes,
micelles, and cellulose-based superabsorbent hydrogels [65–67].

3.3. CPP and Cargo Connection Types

The CPP and cargo connection types can be divided into those with covalent bonds
and those with non-covalent connections. The non-covalent connection methods mainly
include hydrophobic interactions and electrostatic interactions [68]. The electrostatic in-
teraction connection method has poor stability, which is highly dependent on the ionic
strength and pH [69]. There are many types of covalent bond connection methods; these
bonds include peptide bonds [70], disulfide bonds [71,72], sulfanyl bonds [35], maleimide
bonds [73], imine bonds [73], and triazole bonds [74]. Covalent linkages of CPPs to cargoes
provide high stability and precise control over site selectivity [21]; however, sometimes, the
covalent connection method is not conducive to the release of cargo. Notably, ConjuPepDB,
a database of peptide-drug conjugates, has been recently released. It covers more than
1600 peptide-conjugated drug molecules, along with basic information about their biomed-
ical application and the type of chemical conjugation employed [75].

4. Cellular Uptake Mechanisms, Influencing Factors, and Biological Barriers

Cellular uptake plays a key role in the efficient delivery of macromolecular drugs.
CPPs can interact with the plasma membrane phospholipids, proteoglycans, and protein
receptors on the cell surface that are taken up into cells [61]. The cellular uptake mecha-
nisms of CPP-based macromolecular drug delivery mainly include two categories: direct
penetration and endocytic routes. The penetrating peptide and the smaller penetrating
peptide–cargo complex penetrate directly into the cell. The methods of direct penetration
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mainly include the carpet model [1], barrel-stave model [76], toroidal pore model [77], in-
verted micelle model [78,79], and membrane thinning [80]. Different macromolecular drugs
have different endocytic pathways. The endocytic pathways of CPP-based macromolecular
drug delivery mainly include five types: clathrin-mediated endocytosis (CME), caveolin-
mediated endocytosis, autophagy pathway, macropinocytosis pathway, and caveolin- and
clathrin-independent mode of endocytosis (Figure 4). These energy-dependent endocytic
pathways transport most of the uptaken macromolecular drug cargoes to the early endo-
some, the late endosome, and finally to the lysosome. For the CPP cargoes to function
after their uptake into cells, the delivered proteins and RNAs inside the endosomes must
escape into the cytoplasm, whereas the delivered pDNA needs to enter the nucleus in order
to function.

Figure 4. Cellular uptake mechanisms of CPP-based macromolecular drug delivery. The mechanisms
mainly include two categories: direct penetration pathways and endocytotic pathways. Direct
penetration pathways are usually energy-independent, whereas endocytotic pathways are energy-
dependent. In order for the CPP-cargos to function after entering the target cells, proteins and RNA
endosomes must escape into the cytoplasm, whereas pDNA must enter the nucleus.

Different pathways of cellular uptake have distinct characteristics. It was reported
that some viruses use caveolin-mediated endocytic pathways to avoid lysosome degrada-
tion [81–83]. CME is very important because it is the main way for cells to obtain nutrients;
for example, by promoting the absorption of cholesterol and iron. However, the average
diameter of clathrin-coated vesicles is about 100 nm, which limits the size of the cargo trans-
ported via this route [84]. Some studies also indicate that the macropinocytosis pathway
can enhance the cellular uptake of macromolecular cargoes; this is conducive to the delivery
of therapeutic genes [85]. The spread of the SARS-CoV-2 virus highlights the importance of
research on the cellular uptake mechanism because a better understanding of the cellular
uptake mechanism will help develop antiviral therapies [86]. However, research on the
cellular uptake routes is still in the preliminary stage, and the reported uptake pathways of
many macromolecular particles remain controversial.

Such complicated cellular uptake routes are also affected by many factors: the nature
of the delivery system (size, shape, charge, and surface rigidity), the cell types, and the
experimental factors (conditions such as the drug concentration, action time, and treat-
ment temperature) [87]. Generally, small nanoparticles are easier for cellular uptake, and
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nanoparticles above 200 nm tend to accumulate in the spleen and liver [88,89]. However,
if the size of the nanoparticles is less than 10 nm, they will be rapidly cleared by the kid-
neys and will not easily accumulate at the tumor site through the enhanced permeability
and retention (EPR) effect [90–92]. In addition, positively charged nanomaterials exhibit
higher cellular uptake than neutral or negatively charged nanomaterials. The harder the
nanoparticle, the easier it is for it to be taken up by the cells [83]. Moreover, when the
hydrodynamic size is the same, nanorods can penetrate better than nanospheres [93].

Aside from the complex cellular uptake mechanisms, the transport of macromolecule-
contained vesicles is also hindered by a variety of biological barriers in the delivery process,
such as tissue pressure [93], opsonization, rapid kidney filtration, serum endonucleases,
the macrophage system, hemorheological limitations [94], encapsulation of endosomal
vesicles, lysosomal degradation, and intracellular transmission difficulties (Figure 5). The
delivery system, loaded with pDNA, must enter the nucleus to function. As the gatekeeper
of the cell nucleus, large protein assemblies, called nuclear pore complexes (NPCs), control
the entry of genetic material into the nucleus [95]. NPCs are the last barrier to the pDNA
delivery system. Therefore, the resolution of these obstacles needs to be further studied
using optimization strategies.

Figure 5. Biological barriers to CPP-based delivery systems. Biological barriers include tissue
pressure, opsonization, rapid kidney filtration, serum endonucleases, a macrophage system, and
hemorheological limitations. After the delivered macromolecular drugs enter the target cells, the
biological barriers mainly include the encapsulation of endosomal vesicles, lysosome degradation,
and the difficulty in intracellular transmission. The delivery system loaded with pDNA must enter
the nucleus to function; thus, the NPC is another barrier to the pDNA delivery system.

5. Optimization Strategies of CPP-Based Delivery Systems

5.1. Enhancing the Endosomal Escape

Owing to the low endosomal escape efficiency of most non-viral delivery vehicles [96],
encapsulation has been recognized as a key challenge for macromolecular drug delivery
systems [97]. Even though one study reported that non-viral vehicles modified with CPP
may inhibit drug degradation in lysosomes [98], the endosomal escape ability of most non-
viral vehicles remains limited. Generally, the pH buffering effect of the proton group causes
instability of the endosomal membrane or fusion with the lipid bilayer of the endosome.
This increases the endosomal escape of non-viral vehicles such as membrane cleavage
peptides and polymers, lysosome agents, and fusion lipids [99]. Among them, pH-sensitive
peptides and polymers are widely used for endosomal escape [100–103]. In addition,
Shiroh Futaki’s team developed a lipid-sensitive endosomal lytic peptide that is totally
different from the pH-sensitive cleavage peptide, and it was successfully used for antibody
delivery [85].
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Using the CPP delivery strategy, combined with endosomal escape, Xia Ningshao’s
team proposed a multifunctional chimeric peptide eTAT bio-macromolecular delivery sys-
tem that greatly enhances the lysosome escape efficiency and delivery efficiency; it was suc-
cessfully used in a mouse model with acute liver failure [104]. The protein delivery system
consists of four modules in series: a CPP (TAT), a pH-dependent membrane-active peptide
(INF7), endosome-specific protease sites, and a leucine zipper. The acidification allosteric
of INF7 can destroy the endocytic vesicle membrane, and then with endosome-specific
protease hydrolysis and cleavage, macromolecular protein escapes from the destroyed
endosomal membrane and dimerizes through the leucine zipper, enhancing the serum
tolerance, and further increasing the number of macromolecular cargos that escaped from
the endosome [104]. In addition, polyethyleneimine (PEI) plays a unique proton sponge
role that promotes endosome escape to a certain extent; it is usually used in combination
with other components in the delivery system. In the CPP-based delivery system, PEI
combined with other effectors can deliver siRNA successfully and can inhibit various kinds
of tumors [105]. Since PEI still has cytotoxic and non-biodegradable properties [106,107],
further optimization strategies have been proposed to overcome them [108,109].

5.2. Extending Half-Life in Blood

The shape and size of CPP-based vehicles can be designed to extend their half-life in
the blood. It is believed that complex nanoparticles or nanovehicles at around 100 nm are
an ideal choice for prolonging their half-life in the blood. Exosomes derived from living
cells have excellent biocompatibility, low immunogenicity, and good delivery capabili-
ties [110,111]. Exosomes hold great promise to serve as vehicles for targeted drug delivery.
Loading superparamagnetic iron oxide nanoparticles (SPIONs) and curcumin (Cur) into
exosomes and then conjugating the exosome membrane with neuropilin-1-targeted peptide
(RGERPPR, RGE) by click chemistry can be used to obtain glioma-targeting exosomes
with imaging and therapeutic functions [110,111]. Mechanical extrusion of approximately
107 cells grafted with lipidated ligands can generate cancer cell-targeting extracellular
nanovesicles (ENV). And aptamer-conjugated nanovesicles have been used for targeted
drug delivery [110,111]. By using arginine-rich CPPs to induce active macropinocytosis, the
cellular uptake of CPP-modified EV can be enhanced. The induction of macropinocytosis
via a simple modification to the exosomal membrane using stearylated octaarginine, which
is a representative CPP, significantly enhances cellular EV uptake efficacy. Consequently, ef-
fective EV-based intracellular delivery of an artificially encapsulated ribosome-inactivating
protein, saporin, in EVs was attained [112]. By designing a novel peptide-equipped exo-
some platform that can be assembled under convenient and mild reaction conditions, the
Bangce Ye team was able to bind the HepG2 cell-derived exosome surface to CPP (R9) [113].
This not only enhances the penetrating capacity of exosomes but also assists exosomes in
loading ASOs. Interestingly, such a CPP-equipped delivery system remarkably increases
the delivery of ASO G3139 to silence anti-apoptotic protein Bcl-2 [113].

5.3. Targeting CPPs

The targeting CPPs contain peptide sequences that have natural targeting abilities
and can penetrate the cell membrane by interacting with the cell surface receptors when
they reach a specific site [114]. Adding a targeting moiety could reduce the side effects by
reducing the accumulation of drugs in non-targeted tissues; however, it may increase the
complexity of peptides, the difficulty of synthesis, and the price [115]. Therefore, the target
sequence should be added with caution. Several targeting CPPs are introduced below,
including R6LRVG, tLyP-1, and iRGD.

5.3.1. R6LRVG Targeting CPP

Oral medication is simple and convenient for patients, and the slow-release absorption
of the drug reduces the side effects [116]. R6LRVG targeting CPP is an intestinal targeting
penetrating peptide that consists of CPP (R6) and LRVG peptide [117]. Usually, LRVG
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peptide is used to target the intestinal epithelial cells in order to improve the oral bioavail-
ability of drugs. Tyroserleutide (YSL), a tripeptide extracted from pig spleen, can suppress
the invasion of mouse cancer cells [118]. Based on this evidence, Liefeng Zhang’s team de-
signed YSL-PLGA nanoparticles modified by R6LRVG (YSLPLGA/R6LRVG nanoparticles)
and enhanced the absorption of YSL for oral anti-tumor therapy [119].

5.3.2. tLyP-1 Targeting CPP

Tumor-specific CendR peptides contain a tumor-homing motif and a cryptic CendR
(C-terminal C-end Rule) motif that is proteolytically unmasked in tumor tissue. The cyclic
tumor-homing peptide, LyP-1 (CGNKRTRGC), contains a CendR element and can penetrate
tissue. In the truncated form of LyP-1, in which the CendR motif is exposed (CGNKRTR;
tLyP-1), both LyP-1 and tLyP-1 internalize into cells through the neuropilin-1-dependent
CendR internalization pathway. The targeted penetrating peptide tLyP-1 can promote
tissue penetration through NRP-1-dependent Cend rule (CendR) internalization, thereby
increasing the delivery of macromolecular drugs to the target tissue [120,121]. Guo Yuan
and Qiu Zeng’s team designed a peptide-functionalized dual-targeted delivery system
that encapsulates paclitaxel and GANT61 (an inhibitor of SHH signaling pathway) in a
tLyP-1 peptide-modified reconstituted high-density lipoprotein nanoparticle (tLyP-1-rHDL-
PTX/GANT61 NP) for metastatic triple-negative breast cancer (TNBC) treatment. The
apolipoprotein A-1 and tLyP-1 peptide, modified on the surface of nanoparticles, enable the
delivery system to target tumor cells by binding to the overexpressed scavenger receptor B
type I and neuropilin-1 receptor. Moreover, the tLyP-1 peptide also enables the deep tumor
penetration of nanoparticles, thus further facilitating paclitaxel and GANT61 delivery. In
metastatic TNBC model, such a nanoparticle delivery system successfully inhibited the
growth and metastasis of a primary tumor, and it has good biological safety [122].

5.3.3. iRGD Targeting CPP

iRGD (CRGDKGPDC) is a cyclic tumor-targeting penetrating peptide, composed
of a tumor-specific RGD motif (recognizing highly expressed integrins in cancer vas-
culature) and a CendR motif (which can enhance vascular permeability) [39]. Because
iRGD has tumor-targeting properties and can efficiently penetrate the blood-brain barrier
(BBB) [123,124], it has been extensively studied. Yunfeng Lin’s team used iRGD to enhance
targeted delivery to tumor sites. Briefly, Doxorubicin (DOX), iRGD-NH2, and tetrahedral
framework nucleic acid (tFNA) are mixed in sequence to prepare tFNA/DOX@iRGD,
which can target αv integrin-positive breast cancer cells and transfer them to lysosomes
to release cytotoxicity [125]. The iRGD modification enhances the penetration of tFNA,
which is used to target the delivered chemotherapeutics to triple-negative breast cancer.
iRGD can also be used to improve the radiotherapy of glioblastoma [124]. The iRGD-
modified ultrasmall single-crystal Fe nanoparticles, combined with immune checkpoint
blocking immunotherapy, promoted ferroptosis and immunotherapy [126]. In addition,
the Ppa-iRGDC-BK01 (iRGD derivative) can exert a multiple-quenching effect on the pho-
tosensitivity. This effectively prevented non-specific phototoxicity in the light-responsive
nano-delivery system [127].

5.4. Stimuli-Responsive Strategies

Stimuli-responsive strategies are designed for the characteristic differences between
target organizations and non-target organizations. Different factors, including pH value,
enzyme activity, light radiation, reactive oxygen species (ROS), redox potential, adenosine
triphosphate, temperature gradient, ultrasonic energy, and magnetic field, are utilized
to design activatable CPPs (ACPPs) [128,129]. Combining stimulus-responsive strategies
can greatly improve the targeting delivery system and can enhance the therapeutic effect
of diseases. Several stimuli-responsive strategies have been integrated with CPP-based
macromolecular drug delivery systems (Figure 6 and Table 1).
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Figure 6. The main stimuli-responsive strategies of CPP-based macromolecular drug delivery. This
figure lists the main stimulus factors used in stimuli-responsive strategies of CPP-based delivery
systems in recent years, including pH, enzyme, light, ultrasound, ROS, ATP, and redox.

5.4.1. pH-Responsive Strategy

Generally, the acidity of tissues in pathological conditions (e.g., malignancy) is higher
than that of normal tissues. The pH values of different intracellular substructures also
differ. For example, endosomes and lysosomes have a higher acidity than the remaining
subcellular sites [130]. Therefore, pH-sensitive nanoparticles can utilize this low-pH mi-
croenvironment to deliver therapeutic macromolecular drugs to target tissues [131]. This
pH-responsive strategy has been extensively studied in the field of therapeutic delivery.
Generally, pH-responsive nanoparticles can be synthesized by introducing ionizable pH-
sensitive functional groups (such as amines or carboxylic acids) or acid-labile chemical
bonds (such as hydrazone or ester bonds) with a specific acidity [132,133]. In a CPP-based
macromolecular drug delivery system, Chunmeng Sun’s team combined CPPs (R6) with
pH-responsive nanoliposomes to deliver Artemisinin to inhibit tumor growth in mice
with breast cancer [134]. Four CPP-activation strategies are frequently used to design
pH-responsive macromolecule delivery: (1) pH-sensitive linker; (2) pH-sensitive confor-
mational change; (3) pH-sensitive charge conversion; and (4) pH-sensitive side-chain
modification (Table 1). These strategies mainly aim to remove the inhibitory domains or
change the residue modifications that sterically mask the CPP.

5.4.2. Enzyme-Responsive Strategy

Enzymes play an important role in biological metabolism, with a high degree of
selectivity and specificity [135]. Owing to the high expression of matrix metalloproteinase
(MMP), hyaluronidase (HAase), proteolytic enzymes, and other extracellular enzymes in
tumor tissues, developing macromolecular drug delivery systems that respond to different
enzyme concentrations have been promoted [136].

Through integrating an MMP-responsive strategy into a CPP-based delivery sys-
tem, Gao Jing’s team designed an integrated hybrid nanovesicle composed of cancer
cell membranes (Cm) and matrix metallopeptidase 9 (MMP-9)-switchable peptide-based
charge-reversal liposome membranes (Lipm) that coat lipoic acid-modified polypeptides
(LC) co-loaded with phosphoglycerate mutase 1 (PGAM1) siRNA (siPGAM1) and DTX.
This hybrid nanovesicle comprises a cancer cell membrane (enhancing the ability of homol-
ogous targeting) and a CPP-bound MMP-9 sensitive peptide (R9-PVGLIG-EGGEGGEGG)
that carries DTX, lipoic acid-modified Polypeptide (LC) and siRNA of PGAM1 (a key
aerobic glycolytic enzyme in cancer metabolism) to treat lung cancer [137]. This deliv-
ery system exhibits a favorable negative surface charge that maintains the stability of
systemic circulation. It accumulates in tumor sites overexpressing MMP-9, exposes posi-
tively charged CPPs after MMP lysis, and leads to enhanced internalization in the target
cells [138]. Moreover, this delivery system has no obvious toxicity and successfully prolongs
the life span of tumor-xenografted mice. Hyaluronic acid (HA) is the main endogenous
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ligand of CD44. It is usually used to construct hyaluronidase-responsive vehicles and to
deliver siRNA [139], pDNA [140], and other genetic materials. Nanoparticles modified
with HA can effectively target cancer cells that overexpress CD44 [81]. To integrate the
hyaluronidase-responsive strategy into a CPP delivery system, Jianping Liu’s team devel-
oped hyaluronic acid (HA)-coated LOX-1-specific siRNA-condensed CPP nanocomplexes
(NCs) and showed that HA-coated CPP NCs were promising as nanovehicles for efficient
macrophage-targeted gene delivery and antiatherogenic therapy [141]. They also revealed
that macrophages internalized these types of NCs via the caveolae-mediated endocytosis
pathway [141]. Tingjie Yin’s team presented a biomineralization-inspired dasatinib (DAS)
nano drug (CIPHD/DAS) that sequentially overcomes all the abovementioned hindrances
for the efficient treatment of solid tumors. CIPHD/DAS exhibited a robust hybrid structure
constructed from an iRGD-modified hyaluronic acid-deoxycholic acid organic core and a
calcium phosphate mineral shell. This optimized strategy, with sequential permeabilization
of the capital “leakage obstacles”, validates a promising paradigm that overcomes the
“impaired delivery and penetration” bottleneck associated with nano drugs in the clinical
treatment of solid tumors [142]. Aside from the MMPs and hyaluronidase, cathepsin, elas-
tase, autophagy-specific enzymes, and aminopeptidase have also been utilized to trigger
the removal of an inhibitory domain or to change the residue modification that masks the
CPP activity (Table 1).

5.4.3. Light-Responsive Strategy

The tumor vascular system is characterized by a poor structure, uneven branching,
and uneven distribution, which makes the spatial distribution of nanovehicle-based macro-
molecular drugs disorderly [143]. Usually, a light-responsive strategy has a good effect on
tumor treatment by directly acting on the tumor site. The stimuli used for light response
strategies usually include ultraviolet light (UV; 10–400 nm), visible light (400–750 nm), and
near-infrared light (NIR; 750–900 nm), among which NIR is widely used to integrate with
CPP-based drug delivery systems. Yang Ding’s team proposed functionalized peptide–
lipid hybrid particles, which were applied to encapsulate a PLGA polymeric core together
with indocyanine green (ICG) and packaged by a lipoprotein-inspired structural shell. To
initiate the precision tumor-penetrating performance, tLyP-1-fused apolipoprotein A-I-
mimicking peptides (D4F) were utilized to impart tumor-homing and tumor-penetrating
biological functions. The sub-100 nm drug vehicle possessed a long circulation time with
uniform mono-disparity; however, it was stable enough to navigate freely, penetrate deeply
into tumors, and deliver its cargo to the targeted sites. Moreover, ICG-encapsulated
penetrable polymeric lipoprotein particles (PPL/ICG) could achieve real-time fluores-
cence/photoacoustic imaging and could monitor the in vivo dynamic distribution. Upon
NIR laser irradiation, PPL/ICG exhibited a highly efficient phototherapeutic effect that
eradicated the orthotopic xenografted tumors with good biosafety [144]. These external
triggers, such as UV light, have also been explored to activate different types of CPPs by
removing the inhibitory domain or changing the residue modification or conformational
transition; however, they were validated relatively less when in vivo (Table 1).

5.4.4. ROS-Responsive Strategy

Generally, ROS levels would be significantly increased due to an abnormal metabolism
in a variety of pathological conditions, including diabetes, cancer, premature senescence,
and neurodegenerative diseases [145]. The ROS-responsive strategy for the site-specific
delivery of macromolecular drugs was developed by exploiting the differences in ROS
levels between healthy and pathological tissues. Tumor cells overexpress FGL1 and PD-
L1, which, respectively, bind to LAG-3 and PD-1 on T cells, forming important signaling
pathways (FGL1/LAG-3 and PD-1/PD-L1) that negatively regulate immune responses.
In order to interfere with the inhibitory function of the FGL1 and PD-L1 proteins, Xue-
nong Zhang’s team designed a new type of ROS-sensitive nanoparticle to load FGL1
siRNA (siFGL1) and PD-L1 siRNA (siPD-L1), which formed a stimuli-responsive polymer
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with a poly-l-lysine-thioketal and modified cis-aconitate to facilitate endosomal escape.
Moreover, the tumor-penetrating peptide iRGD and the ROS-responsive nanoparticles were
co-administered to further enhance the delivery efficiency of siFGL1 and siPD-L1, thereby
significantly reducing the protein levels of FGL1 and PD-L1 in tumor cells. This nanoparticle
construction had good tumor microenvironment responsiveness, and the delivery efficiency
was sharply enhanced [146]. Most ROS-responsive strategies are designed by introducing a
4-boronic mandelic acid moiety between a cationic CPP and an anionic inhibitory domain
(Table 1).

5.4.5. Other Responsive Strategies

The integration of an ultrasound-responsive strategy into a CPP-based delivery system
has also rapidly developed in recent years. Among the ultrasound-responsive strategies,
low-intensity focused ultrasound (LIFU) is widely used. JianLi Ren’s team successfully
developed novel tumor-homing-penetrating peptide-functionalized drug-loaded phase-
transformation nanoparticles (tLyP-1-10-HCPT-PFP NPs) for LIFU-assisted tumor ultra-
sound molecular imaging and precise therapy. Induced by the tLyP-1 peptide with targeting
and penetrating efficiency, the tLyP-1-10-HCPT-PFP NPs could increase tumor accumu-
lation and penetrate deeply into the extravascular tumor tissue, penetrating through the
extracellular matrix and the cellular membrane into the cytoplasm. With LIFU assistance,
the tLyP-1-10-HCPT-PFP NPs could phase-transform into microbubbles and enhance the
tumor ultrasound molecular imaging for tumor diagnosis [147]. The ATP-responsive strat-
egy has also been integrated with a CPP-based macromolecular drug delivery system.
For example, Kaiyong Cai’s team reported an adenosine triphosphate (ATP)-responsive
nanovehicle with zeolitic imidazolate framework-90 (ZIF-90) for breast cancer combination
therapy. Briefly, Atovaquone (AVO) and hemin are loaded into ZIF-90; then, the iRGD
peptide is modified on the ZIF-90 nanoplatform. Hemin can specifically degrade BTB and
CNC homology1 (BACH1), consequently changing the mitochondrial metabolism; AVO
acts as the inhibitor of the electron transport chain (ETC). The degradation of BACH1 using
Hemin can effectively improve the anti-tumor efficiency of the mitochondrial metabolism
inhibitor, AVO, by increasing its dependency on mitochondrial respiration. This nano
platform displays both tumor-targeting and mitochondria-targeting capacities, along with
a high level of ATP-responsive drug release behavior and limited side effects [148]. In addi-
tion, it was reported that the strategies regarding the hypoxia-responsive fusion/conjugate
constructs and the GSH-responsive release of the inhibitory domain could be used to design
an ACPP-based macromolecular delivery system (Table 1).

5.5. Multiple Stimuli-Responsive Strategies

Monotherapy, with a continuous low dose, usually cannot completely suppress tumor
growth; consequently, it is easy to increase the risk of metastasis and drug resistance [149,150].
Therefore, the combined use of multiple stimuli-responsive therapies may have a better
therapeutic effect. For example, Tingjie Yin’s team combined hyaluronidase-responsive,
light-responsive, and tumor-targeted peptide strategies to achieve a focus-specific pene-
trated delivery with photothermal therapy-mediated chemosensitization and photother-
mal therapy-strengthened Integrin targeting. By combining polyethylene glycol (PEG),
hyaluronic acid (HA), and iRGD-modified graphene oxide (GO), they constructed iRGD-
modified GO nanosheets (IPHG). The IPHG can be actively transported through the vas-
culature, significantly improving the infiltration of drugs in tumors. After the tumors
infiltrated by IPHG-DOX are exposed to NIR stimulation, the induced photothermal effect
makes the tumors susceptible to chemotherapy and inhibits cytoskeleton remodeling. Con-
sequently, IPHG-DOX significantly inhibited the growth and metastasis of breast cancer
in situ, and it could be used to prevent tumor resistance and metastasis caused by poor
chemotherapy targeting [151].

The combination of redox-responsive and light-responsive nanoparticles with CPPs
has also been developed to enhance chemo-photodynamic therapy. For example, by
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co-administering tumor-penetrating peptide iRGD and GSH-responsive SN38-dimer (d-
SN38)-loaded nanoparticles, a gradual stimulation response strategy was developed [152].
These nanoparticles were transformed into nanofibers concomitantly when the tumor site
was irradiated by laser to promote their retention in the tumor and the burst release of ROS
for photodynamic therapy. D-SN38, loaded with disulfide bonds, responds to high levels of
GSH at the tumor site, resulting in the release of SN38 and excellent chemo-photodynamic
effects. This enhanced chemo-photodynamic therapy effect produced high anti-tumor
effects in breast tumor models [152]. In addition, to achieve synergistic chemodynamic
therapy and chemotherapy, the iRGD-modified theranostic nano drug (iRPPA@TMZ/MnO)
contains pH-responsive and redox-responsive manganese oxide, which provides a new
type of therapeutic, diagnostic nanomedicine for brain MRI diagnosis and the treatment
of glioma [123]. There are also additional stimuli-responsive strategies based on the ultra-
sound response. For example, Jianping Liu’s team developed a TAT-based hyaluronidase-
responsive strategy combined with ultrasound to provide a new method for the precise
treatment of liver cancer [141].

All in all, CPPs can be unidirectionally inactivated by introducing inhibitory domains
or when bulky groups are undesired, side-chain modifications can be used to mask the CPP
activity. Masking groups can be removed by local triggers, such as enzymes or a low pH, as
well as external triggers, such as light. Aside from these temporary activations, reversible
activation has also been achieved by controlling the conformation of CPPs. Notably, the
triggers used to activate CPPs are not so binary when in vivo. Some enzymes that are
overexpressed in diseased tissue are also expressed in lower amounts in healthy tissue,
and gradient pH variations can also be observed between tissues. Light-triggered CPP
activation is beneficial to create temporal and special control; however, it is challenged
by the poor tissue penetration depth as well as the potential cellular toxicity induced by
the harmful wavelengths. Considering the heterogeneity and complexity of a disease
microenvironment, multiple stimuli-responsive strategies may be more promising for
designing CPP-based macromolecular drug delivery systems (Table 1).
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6. Clinical Challenges of CPP-Based Macromolecular Drug Delivery

Several types of clinical trials have involved CPP-based macromolecular drug delivery
(Table 2). For example, as a c-Jun N-terminal Kinase (JNK) inhibitor, the AM-111 penetrating
peptide (brimapitide) drug is being tested to treat acute unilateral sudden deafness. The
XG-102 drug (brimapitide), a TAT-coupled dextrogyre peptide that selectively inhibits
the c-Jun N-terminal kinase for treating postoperative ocular inflammation, has entered
Phase III clinical trials [186,187]. In addition, TAT-based class A botulinum toxin drugs
have also been extensively explored in clinical practice [188,189]. Although several trials of
initial CPP-based macromolecular drugs have been discontinued, advanced CPP-integrated
macromolecules are still actively tested in clinics (Table 2).

Table 2. CPP-based therapeutics in clinical trials.

CPPs Cargos
Recruitment

Status
Application Gov ID Year Refs

TAT Botulinum toxin A Phase IIIb
(completed) Cervical dystonia NCT01753310 2012 [190]

TAT JNKI-1 Phase III
(completed)

Postoperative ocular
inflammation

NCT02508337,
02235272

2015
2017 [187]

TAT PSD-95 protein
inhibitor

Phase III
(completed) Ischemic stroke NCT02930018 2016 [191]

TAT D-JNKI-1 gel Phase III
(completed)

Hearing loss, idiopathic
sudden sensorineural

NCT02809118,
02561091

2016
2015 [186]

TAT Botulinum toxin A Phase II
(completed) Cervical dystonia NCT02706795 2016 [188]

TAT δ-PKC inhibitor Phase II
(completed) Myocardial infarction NCT00785954 2008 N/A

TAT ε-PKC inhibitor Phase II
(completed)

Pain: postherpetic
neuralgia, spinal cord
injury, postoperative

NCT01106716,
01135108,
01015235

2010
2011
2013

[192,193]

TAT PKC inhibitor Phase II
(completed)

Acute myocardial
infarction NCT00093197 2004 [194]

TAT Botulinum toxin A Phase I/II Glabellar lines N/A 2015 [189]

TAT Dextrogyre peptide Phase I
(completed)

Intraocular inflammation
and pain NCT01570205 2012 [195]

TAT MAGE-A3,HPV-16 Phase I
(completed)

Head and neck
carcinoma NCT00257738 2005 [196]

TAT Cu, Zn-Superoxide
dismutase Phase I Obesity N/A 2011 [197]

ATX-101 N/A Phase Ib/Iia
(recruiting) Several cancers NCT04814875 2021 [198]

AM-111 D-JNKI-1 gel Phase II
(completed)

Acute sensorineural
hearing loss NCT00802425 2008 [199]

P28 P28GST Phase II
(completed) Intestinal inflammation NCT02281916 2014 [200]

P28
P28, Non-HDM2-
mediated peptide
inhibitor of p53

Phase I Central nervous
system tumors NCT01975116 2016 [201]

P28
P28, Non-HDM2-
mediated peptide
inhibitor of p53

Phase I
(completed)

P53 ubiquitination in
patients with advanced

solid tumors
NCT00914914 2013 [202]

ALRN-6924 Palbociclib Phase Iia
(completed)

Solid tumor, Lymphoma,
Peripheral T-cell

lymphoma
NCT02264613 2014 [203]

ALRN-6924 Cytarabine Phase I
(completed)

Acute myeloid leukemia,
Myelodysplastic

syndromes
NCT02909972 2016
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Table 2. Cont.

CPPs Cargos
Recruitment

Status
Application Gov ID Year Refs

ALRN-6924 Paclitaxel Phase 1
(active)

Advanced, metastatic or
unresectable
solid tumors

NCT03725436 2018

ALRN-6924 Cytarabine Phase 1
(active)

leukemia, brain tumor,
pediatric lymphoma NCT03654716 2018

ALRN-6924 Topotecan Phase 1a
(terminated) Small cell lung cancer NCT04022876 2019

R7 Cyclosporin A Phase II Psoriasis N/A 2003 [204]

(R-Ahx-R)4 PMO Phase III
(terminated)

Cardiovascular disease,
coronary artery bypass NCT00451256 2007 [205]

(R-Ahx-R)4
PMO targeted to

human c-Myc Phase II
Obstruction of vein graft

after cardiovascular
bypass surgery

N/A 2009 [206]

TransMTS Botulinumtoxin A Phase III
(completed) Cervical dystonia NCT03608397 2018 [188]

MTS Botulinumtoxin A
Phase III, Phase

II, Phase II
(completed)

Skin aging,
hyperhidrosis, lateral

canthal lines, crow’s feet,
and facial wrinkles

NCT02580370,
02565732 2015 [207,208]

AVB-620
(ACPP) Cy5, Cy7 Phase II

(completed) Breast cancer NCT03113825 2017 [209]

Pepducin PZ-128 Phase II Coronary artery disease N/A 2015 [210]

AVB-620
(ACPP) Cy5, Cy7 Phase I

(completed)

Interpretative tumor
detection using a

ratiometric activatable
fluorescent peptide

NCT02391194 2015 [211]

BT1718 Toxic DM1 Phase I/Iia
(active)

Targeting MT1-MMP for
treatment of solid tumors NCT03486730 2018 [212]

PEP-010 Paclitaxel Phase 1
(recruiting) Metastatic solid tumor NCT04733027 2021

ATP128 BI 754091 Phase 1b
(recruiting) Stage IV colorectal cancer NCT04046445 2019

2022

PTD4 HSP20
phosphopeptide

Phase II
(recruiting)

Scar prevention,
reduction NCT00825916 2009 [213]

Charged
Oligo peptide SN38 Phase I Tumor N/A 2016 [214]

Refs: References. Gov ID: Gov Identifier from Clinical trials.gov.

However, to date, the macromolecular drugs formulated with a CPP-based delivery
system have not been formally approved by the FDA for marketing. Therefore, we proposed
that a successful CPP-based macromolecular drug delivery system must be safe (low
cytotoxicity, no residues after its action, and biodegradable), effective (a strong specificity
and good effects), manufacturable (high drug-loaded, with a clear structure for scale-up,
and uniform and stable materials), and cost suitable (Figure 7).
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Figure 7. Conditions for successful CPP-based macromolecular drug delivery. In the experimental
phase of the delivery system, safety and efficiency are the main concerns. In the final application to
the clinic, manufacturing and cost will be essential factors to be considered. Successful CPP-based
delivery of macromolecular drugs must concomitantly satisfy the conditions of safety, efficiency,
manufacturing, and cost.

7. Challenges and Future Directions

By comparing different CPP-based macromolecular drug delivery platforms, this
review deconstructs the literature into a comprehensive and understandable framework.
(1) The source and classification of CPPs are introduced in detail; then, the cellular uptake
mechanisms and influencing factors are analyzed based on the CPP-based delivery system.
(2) The optimization strategies of CPP-based delivery systems, including improving en-
dosomal escape, prolonging the half-life in blood, targeting CPPs, as well as single and
multiple stimuli-responsive strategies, are examined. (3) The CPP-based delivery systems
have achieved good curative effects in refractory diseases, including glioma, solid tumors,
and triple-negative breast cancer. After reviewing the clinical attempts, the conditions for a
successful CPP-based macromolecular drug delivery system are summarized to provide
reference significance.

Discoveries from a CPP-based delivery system, combined with therapeutic macro-
molecular drugs, have prompted renewed attention in this field. However, a successful
CPP-based delivery system has not yet been developed. In recent years, research on macro-
molecular drug therapy has mainly focused on breakthroughs in solving the stability of
and targeting CPP-based delivery systems. Specifically, targeting without off-target toxicity
is the most important key to ensuring the safety and efficacy of CPP-based macromolec-
ular drug delivery, whereas good stability is an unavoidable key that should be scaled
up. Although the current review proposes the latest optimization strategies, the complex
structure of CPP-based macromolecular drug delivery systems, when combined with some
targeting moiety, may bring about new safety and production issues. Thus, the CPP-based
drug delivery platforms remain immature and need to be further improved in the future.
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Abstract: Twin-screw wet granulation (TSWG) is a method of continuous pharmaceutical manu-
facturing and a potential alternative method to batch granulation processes. It has attracted more
and more interest nowadays due to its high efficiency, robustness, and applications. To improve
both the product quality and process efficiency, the process understanding is critical. This article
reviews the recent work in process understanding and optimization for TSWG. Various aspects of
the progress in TSWG like process model construction, process monitoring method development,
and the strategy of process control for TSWG have been thoroughly analyzed and discussed. The
process modeling technique including the empirical model, the mechanistic model, and the hybrid
model in the TSWG process are presented to increase the knowledge of the granulation process,
and the influence of process parameters involved in granulation process on granule properties by
experimental study are highlighted. The study analyzed several process monitoring tools and the
associated technologies used to monitor granule attributes. In addition, control strategies based on
process analytical technology (PAT) are presented as a reference to enhance product quality and
ensure the applicability and capability of continuous manufacturing (CM) processes. Furthermore,
this article aims to review the current research progress in an effort to make recommendations for
further research in process understanding and development of TSWG.

Keywords: twin-screw wet granulation (TSWG); process understanding; process model; continuous
manufacturing (CM); process analytical technology (PAT); quality control

1. Introduction

In the past decade, continuous manufacturing (CM) of pharmaceutical solid dosage
forms has gained significant attention [1]. As an emerging technology, it has high potential
to improve their product quality and reliability, reduce the manufacturing costs and waste,
and increase manufacturing flexibility and agility in response to fluctuations in drug
product demand [2]. The release of the “Continuous Manufacturing of Drug Substances
and Drug Products, Q13” by the ICH, offers further evidence of the ongoing efforts of
regulatory bodies to support the modernization of the pharmaceutical industry throughout
the development and implementation of innovative continuous approaches.

Recently, twin-screw wet granulation (TSWG), as a typical application in continuous
pharmaceutical industry, has gained significant attention. Granulation is an important pro-
cess of solid dosage drug manufacturing. It could improve the properties of granule, such as
particle size, dissolution rate, bulk density, powder flowability, compressibility, active phar-
maceutical ingredient (API) uniformity, granular strength and density by wet granulation
or dry granulation method [3,4]. Compared with the batch granulation techniques, such
as the fluid-bed granulation, roller compaction, and high-shear wet granulation methods,
TSWG could be seen as a promising tool for transforming traditional batch mode to CM in
the pharmaceutical industry [5]. It has the advantages of processing high volume, higher
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production efficiency, short residence time, and better mixing and controlling processes [6].
It can be readily integrated into the CM of pharmaceutical dosage forms. In addition,
TSWG provides easier process scale-up, better quality assurance, low production costs, and
materials waste [7].

A deep understanding of the process is essential for the CM implementation of phar-
maceutical products. Unlike traditional batch manufacturing, CM involves a series of
integrated and interconnected unit operations that work together to produce a consistent
quality product. In batch processes, material quality is assumed to be uniform throughout
the entire batch, while material quality is subjected to variations in continuous processes
if the process is not within a state of control [8]. The Quality by Design (QbD) guidelines
promote the thorough generation of product and process understanding, which is nec-
essary for the continuous and systematic operation of processes and quality control of
products. This includes determining essential critical quality attributes (CQA), critical
process parameters (CPP), and control strategy [9]. In the conventional batch production
mode, the product quality control is carried out by sampling and analyzing after each
unit step process, which is not suitable for the continuous process. With the development
of advanced process analytical technology (PAT), it offers a path towards the successful
deployment to maintenance a state of control for CM during production and allow real-time
evaluation of system performance [10]. Moreover, the methods for monitoring, controlling,
and optimizing in CM necessitate distinctive strategies. A QbD approach in conjunction
with PAT has thus been identified as a promising pathway towards the successful industrial
implementation of CM for pharmaceutical uses [11].

However, the technology transfer from batch granulation to continuous granulation
based on TSWG is considered a challenge with technical difficulty due to its flexible geome-
try structure, diverse formulations, and complex granulation mechanism. At the same time,
the product produced by TSWG needs to be conducive to the downstream processing, and
the granule produced by TSWG need to meet the high regulatory standards in the pharma-
ceutical industry to ensure the safety and quality of the products. Facing the considerable
demand of TSWG in CM for drugs, enhancing the knowledge of manufacturing processes
and improving the control of the TSWG process are the key to establishing adaptive pro-
cessing procedure for TSWG. Therefore, this work focuses on the process understanding
for TSWG, discusses the recent progress in process understanding and optimization for
TSWG, including some progress in process model construction, the method for process
monitoring, and the progress of process control for TSWG. This article aims to enhance
comprehension and advancement of processing by reviewing and presenting existing re-
search on twin-screw granulation, which is gaining interest, and the crucial need for viable
continuous processing.

2. Process Understanding and Optimization

Understanding the process is the first step for the application of TSWG. There are
many factors that affect the TSWG process, which can be divided into six categories,
i.e., apparatus, materials, people, process variables, measurement, and environment, as
shown in Figure 1. The variation of variables makes the TSWG system an exceptionally
large operating space. Therefore, because of the complexity and variability of the
TSWG system, it is required a systematic understanding of the dynamic change in the
characteristics of the material while progressing in the TSWG process to control. The
process model development approach can be adopted through the statistical, mechanistic,
and hybrid models in the TSWG process to increase the knowledge of the granulation
process. The process design, control, and variable optimization of the TSWG process can
also be developed by modeling techniques.
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Figure 1. Ishikawa diagram for the twin-screw granulation process behavior.

2.1. Empirical Model

Empirical models are mathematical expressions that are created by analyzing observed
data from experiments or observations. Empirical models are often used in scientific
research to quantify relationships between variables in a specific context or system. Using
the QbD principle, the empirical model developed based on the statistical data from design
of the experiment (DoE) can evaluate the effect of CPP and critical material attributes
(CMA) on the CQA simultaneously. The statistical data from the DoE could contribute
to developing the model and defining the design space, thus ensuring desired quality of
the product [12]. It is an effective method applied to TSWG for process understanding,
designing, controlling, and optimizing continuous pharmaceutical manufacturing.

Studying the process settings and generalizing the conclusions contribute to better
understanding of the TSWG. Many researchers have used the QbD principle to study the
TSWG process. At present, the research on CPP in the TSWG process mainly focuses on the
geometry and configuration of the screw elements, process variables, and product quality.
Different experimental design methods have been performed to evaluate the influence of
material properties (formulation, adhesive), process variables (type and number of screw
elements, screw speed, liquid feed rate, and liquid to solid (L/S) ratio) on the characteristics
of granules [1,13–17]. Seem et al. [18] summarized the comprehensive review of the
experimental twin-screw granulator (TSG) literature, indicating the complex interplay
between the role of screw element type, screw configuration, feed formulation and liquid
flowrates on the granules. The specific parameters haven been investigated, as well as the
CQA of granules defined in the corresponding paper, and the DoE method used to process
development with corresponding modeling methods have been summarized in Table 1.
The overview of research papers that used the QbD principle for process understanding
and optimization on TSWG can make a reference for further research.
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The screw configuration, screw speed, and throughput have a large impact on the
granule properties. The degree of shear applied to the material during granulation process
can be varied by adjusting of these parameters. The screw configuration includes the pitch
and length of the conveying elements, the thickness and angle of the kneading elements.
The process variables consist of the properties of the materials and binder, L/S ratio, screw
speed, and material feed rates, etc. Due to the large diversity of the model formulations
and equipment, it is difficult to draw general conclusions. However, based on the literature,
the results of this research showed that the process parameters, such as L/S ratio, screw
speed, and throughput, are the key process variables of the TSWG process. It is important
for the process understanding to clarify the influence mechanism of the process conditions
on the particle properties.

The L/S ratio has been extensively identified as the most predominant factor in
preparing TSWG products with desired quality attributes [36,37]. It is reported that the
low L/S ratio produces the granules with broad and bimodal size distribution, while the
size distribution becomes narrow and monomodal at high L/S ratio that are too large to
be directly used for tableting [18]. The increase of L/S ratio could promote the growth of
granules, increase bulk and tapped density, and facilitate the strength and flow properties of
the particles. A second-order polynomial model based on a central composite face-centered
experimental design demonstrates that as the L/S ratio increases from 10% to 70%, the
proportion of fines dramatically decreases due to the high aggregation rate resulting from
the liquid [23]. Moreover, the initial multi-factor analysis of variance (ANOVA) based on a
face-centered cubic design model indicated that bulk and tapped densities and the shape
of granules were greatly affected by the L/S ratio [22].

Changes in throughput can impact the barrel filling, with a higher value leading to
more material hold-up volume due to the compression and packing of primary particles.
A PLS model that was built based on a full factorial experimental design showed that the
increment of material throughput could quickly lower the yield due to insufficient mixing
between powder and liquid [21]. A non-linear quadratic mathematical model based on a
Box–Behnken experimental design showed that the increased throughput could produce
granules with a narrower PSD by reducing the oversized granules and fines [14]. Finally,
a stepwise least squares regression model built on a sequential experiment showed that
throughput significantly influences particle porosity. The larger porosity could be largely
due to the high upstream throughput force and reduced residence time, the materials were
conveyed faster, and particles suffered from less interaction and compaction [27].

2.2. Mechanistic Model

Mechanistic models can be constructed to reveal the mechanism of material transfor-
mation in the TSWG process, and the model could then be coupled with process control
systems to allow control of product specification in TSWG systems. Among the various
modeling and simulation methods applicable for the wet granulation process, the popula-
tion balance model (PBM), discrete element method (DEM), computational fluid dynamics
(CFD), and the combination of these models have drawn widespread attention (Figure 2).

DEM, as a scientifically meaningful model method, is playing an increasingly im-
portant role in simulating a variety of phenomena including the mechanistic aggregation,
consolidation, and breakage rate expressions in the TSWG process. DEM adopts Newton’s
second law and can track the spatial coordinate of each particle. It can obtain compart-
mental residence time data, particle velocities, collision rates, and provide macroscopic
information and microscopic insights into the complex TSWG process [38]. With the im-
provement of high-performance computer capabilities such as the graphics processor unit
(GPU) acceleration and parallel computing, the DEM can speed up the simulation and
overcome the problem of computations further, indicating that the real-time simulations
become possible for the TSWG implications in the near future.
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Figure 2. Schematic of the models for granulation.

PBM employs the principle of particle number density conservation and can simulate
the granulation process of particles in batch or continuous production mode. Moreover,
it can track the particle properties in the granulation process. Different dimensional PBM
models have been developed for process simulation, such as 1D PBM [39] and multi-
dimensional PBM [40]. The advanced modeling tool can predict granule size, PSD, liquid
content distributions, RTD, etc. [41–43]. Based on the PBM framework, the model was also
constantly improved. For instance, in improving a 1D PBM [37,44] for process simulation,
a high-dimensional stochastic PBM was constructed to estimate the residence times for
different screw element geometry [45]. A novel four-dimensional, stochastic PBM for
twin-screw granulation was proposed to describe the mechanistic rates and track more
complex particle properties and their transformations [46].

Besides the commonly used mechanistic models, a regime map based on the regime
theory can present a method to describe the variation and behavior in the granulation
process [47]. Moreover, this semi-mechanistic technique can predict the RTD curve [48] and
mean residence time (MRT) with decent precision for TSWG.

2.3. Hybrid Model

Compared with the complex numerical simulation models, easier and more efficient
modeling methods are an urgent requirement for the simulation application of the TSWG
process. The hybrid model combined multiple modeling technique can provide a more
comprehensive understanding of the complex pharmaceutical processes, which is an
effective approach to improve the limitations of a single kind model. Artificial neural
network (ANN) model provides a powerful tool for data analysis and pattern recognition
for drug development processes. However, the ANN model has a complex model structure,
the network involves input layer, hidden layer(s), and output layer. Many parameters
need to be optimized to achieve better model performance. To improve the predictive
capability of the artificial neural network (ANN) model, kriging interpolation is applied to
get new data to develop an improved ANN model for the mean residence time. The results
showed that the hybrid model combined with kriging interpolation could predict the mean
residence time with more accuracy for TSWG [49].

In order to obtain a more accurate model, the models combining CFD, DEM, and PBM
have also been proposed. A multi-scale, compartmental PBM-DEM model of a continuous
TSWG process was presented [50]. The PBM describes the mechanistic rate aggregation,
breakage, consolidation, and the DEM was used to obtain residence time information
and gather collision and velocity information. The simulated results are consistent with
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experimental trends, demonstrating the model’s qualitative ability to model and predict
the effects of screw element configuration and process parameters on the product size
distribution, porosity, and liquid distribution.

A new framework based on fuzzy logic is proposed to predict the granule size dis-
tribution accurately in the TSG process, outperforming the standard fuzzy logic systems
and the ANN [51]. A versatile simulation model with high-performance for TSWG can be
further used for defining the design space. A hybrid model combining PBM and ANN was
developed, which was utilized to determine particle size distribution and mean residence
time, respectively [36]. In addition, the model can simulate and predict the PSD with fairly
high accuracy throughout the simulations, as well as define the design space to develop
and optimize the TSWG process.

3. Process Monitoring

The purpose of using PAT tools in the TSWG process is to monitor, control, and
optimize the process parameters to produce the granule with desired quality. Real-time
monitoring of the manufacturing process can help to visualize and provide the product
information throughout the process, and with the real-time in-process measurement of
CQAs, the off-spec products can be effectively identified and removed from the stream
to ensure safety and quality. The common object of granulation technology is to prepare
granules with a fine appearance, excellent uniformity, and high yield. Review of the pub-
lished papers, qualitative and quantitative analysis using PAT tools for granule produced
by TSWG have been reported. These analyses include the API content of the granules,
RTD, moisture content, PSD, and particle density, etc. The powder properties of particles
are complex, the more parameters detected during the process, the more information
represented. However, as the number of detection parameters increases, the testing time
or the duration of data processing will also increase, ultimately leading to a reduction in
detection efficiency. In specific applications, it is necessary to consider comprehensively
the experimental conditions and the operability, thus to select the parameters that affect
drug quality as much as possible in the TSWG process.

There have been many reports on the application of PAT tools in process monitoring
of TSWG, incorporating techniques such as near-infrared (NIR) spectroscopy, Raman
spectroscopy, spatial filter velocimetry (SFV), etc. These techniques can contribute to
the enhancement of product quality through the development of process knowledge.
Moreover, PAT tools are an indispensable element in the implementation of process
control strategies [52].

3.1. Spectroscopy

A molecular vibrational spectroscopic technique like NIR spectroscopy and Raman
spectroscopy techniques enhanced real-time process monitoring application efficiency.
The qualitative and quantitative analysis with non-invasive and non-destructive mea-
surement can be easily used for continuous process flow to obtain multi-dimensional
information online.

The NIR spectrum contains both the physical and chemical characteristics of the ma-
terial with specific absorption and scattering effects. Hence, it is specific and sensitive to
the particle properties (e.g., particle size and distribution, surface morphology, density,
shape, and surface texture) that affect the path length and light penetration [53]. Therefore,
the influence of different installation positions of the NIR spectroscopy probe on in-line
measurements was investigated. By characterizing NIR interfaces in different positions of
a TSWG process, NIR spectra obtained during the process were analyzed from different
aspects by multivariate methods to determine the granules’ powder dynamics and API con-
tent. The results showed that the linear motion of granules in the barrel produced enough
representative measurements for developing a model with a low prediction error [54].
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NIR chemical imaging (NIR-CI) is a promising technique that combines traditional
optical imaging and NIR spectroscopy. It is especially suitable for the measurement of
particles and provides better process visualization and characterization of the TSWG.
The NIR-CI image has been used as a qualitative and quantitative analytical method
to characterize the mixing and flow of material in the TSWG [55]. The residence time
distribution (RTD) was detected and investigated as a function of process parameters
(screw rotation speed and material feeding rate) and screw configuration (number and
angle of kneading elements). NIR-CI provides the possibility to better characterize and
visualize the phenomenon of particle segregation along the TSG barrel and conduct
process optimization to ensure granule quality [56]. The mixing behavior and the
distribution of liquid and powder during the granulation process can be visualized
by NIR-CI. Moisture homogeneity of granules was characterized and verified by the
moisture map, which helps analyze the mixing state of liquid and powder material
transportation inside the screw chamber [57].

Raman spectra is another representative molecular vibrational spectroscopic method.
The application of Raman spectra requires no sample pre-treatment. The fast and non-
destructive measurement of the method is suitable and used as the PAT tool. Furthermore,
Raman spectra are not sensitive to water, so it is applicable for wet granulation process
monitoring. An in-line API quantification method using Raman spectroscopic was devel-
oped to determine the API concentration for the TSWG process [58], indicating that Raman
spectroscopy is one of the promising PAT tools for the API determination and process mon-
itoring for the TSWG process. It should be noted that the measurement needs to be taken
in the dark, as Raman spectra are influenced by light. Thus, the Raman on-line analytical
method needs to be optimized to enable measurement in interior light conditions [59]. The
results showed that the prediction error could be reduced significantly by optimizing the
measurement setup.

3.2. Imaging Technique

The imaging technique showed great potential for process monitoring of the contin-
uous TSWG. It can measure the manufacturing process in a non-contact manner with no
sample consumption, saving time and cost. Furthermore, due to the fast response time,
it can determine and visualize the agglomeration behavior and the state of the material
in static and dynamic modes during the granulation process. Besides, this technique can
provide multi-dimensional information such as particle size and distribution, shape and
surface morphology, etc.

EyeconTM 3D imaging system (Innopharma Laboratories, Dublin, Ireland) is a di-
rect imaging particle analyzer generally used for process detection for TSWG. It has a
digital camera surrounded by green, red, and blue light sources. To obtain the particle’s
three-dimensional (3D) features, the illumination direction of the light sources is placed
following the rule of photometric stereo. The surface orientation models were calculated by
transforming the image intensities on different light illuminants to detect and reconstruct
the edges of the particles. An iterative algorithm was adopted to obtain the best fitting
ellipse for the granules from the projected two-dimensional (2D) image and compute the
equivalent area diameter.

The feasibility of implementing the EyeconTM 3D imaging system for in-line monitor-
ing of the TSWG process was evaluated. The study showed that Eyecon™ (Innopharma
Labs, Dublin, Ireland) provided good in-line images and PSD information despite the
granules with a dense moving flow [60]. The capability of the EyeconTM camera for the
in-line size monitoring and controlling of granules in TSWG was evaluated. EyeconTM

could detect the size enlargement and count reduction when the L/S ratio changed [61]. In
addition, the EyeconTM exhibited sensitivity to the perturbations and the variations in the
TSWG process [62].
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Besides PSD data, imaging techniques can obtain 2D properties distributions, includ-
ing particle size and its distribution and liquid content of granules, to get better insight into
the TSWG [34].

Imaging techniques can also obtain the temperature information of the subjects. For
example, the FLIR A655sc infra-red camera, equipped with a 45◦ lens and a detector,
can monitor the temperature of granules. When coupled with the properties of granules
produced by TSWG, it can enhance overall understanding of the wetting mechanisms
during TSWG [63].

3.3. Acoustic Emissions Technique

The acoustic emissions (AE) technique shares the advantage of NIR spectroscopy
in that it is a non-invasive technique that can be utilized in real time monitor of the
manufacturing process. However, instead of capturing optical signal, AE methods capture
the mechanical information of process events.

The previous research has demonstrated that AE, a non-destructive ultrasonic
technique, is a reliable predictor of Gaussian PSD [64–67]. The maximum amplitude
of the time-domain AE signal, generated by the collision of a moving particle with a
rigid surface, is correlated with particle size to estimate a single descriptor, typically
d50. In order to enhance the ability of AE to predict a bimodal PSD for TSWG, H.A.
Abdulhussain et al. adopted frequency-domain signal analysis along with artificial
intelligence (AI) techniques [68]. Moreover, they developed a novel digital signal filter
for the AE signal, which adjusts the signal based on impact mechanics to ensure that
all particle sizes are accurately represented in the correlations. When using the filter,
AE-based PAT showed exceptional predictive accuracy for near-elastic collisions, as
demonstrated in a trial with lactose monohydrate granulation.

3.4. Multi-Technique Integrated Method

Different PAT methods with distinct functioning mechanisms can reflect varied aspects
of information from the test subjects. Therefore, combined with the advantages and disad-
vantages of different methods, the multi-technique integrated method can comprehensively
reflect the information on the material properties.

Complementary PAT tools, including Raman, NIR spectrometer, and SFV probe, were
used to evaluate the feasibility of solid-state and particle size measurements for the TSWG
process [15]. On the premise that the main challenge of probe fouling was solved, it
proved that both Raman and NIR were suitable for monitoring the material properties
of the model drug (theophylline) throughout the wet granulation process, and the SFV
probe showed the ability for the in-line measurement of particle size and the particle size
distribution. Furthermore, multivariate data obtained by the three PAT tools were used to
monitor the granules’ moisture content, particle density, and flowability [53]. The results
indicated that the moisture content showed a high degree of correlation with the NIR data,
and the imaging data reflected the flowability of the granules. It has been proved that
multi-technique integrated for the TSWG process can obtain complementary information.

Meng et al. [69] used three PAT methods, i.e., imaging technique, NIR, and Raman,
to monitor the TSWG process. The three probes were mounted over a belt of a conveyor
platform that carries on the granules from TSWG to avoid fouling or contamination of
probes. For monitoring different properties, EyeconTM monitored the granule size and
shape variation, NIR combined with chemometrics for physical property prediction, and
Raman spectroscopy was employed to measure the content of drug components and trans-
formations between materials. The study demonstrated the implementation of different
PAT tools for continuously in-line/on-line monitoring of produced granules, which provide
a better process design and monitoring of TSWG.
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4. Process Control

According to ICH Q10 and Q13 guidelines, the quality of production could be ensured
by establishing control strategies to maintain the process under control, in other words, to
use process monitoring tools and control methods for the improvement of product quality,
assuring the continued applicability and capability of processes [70].

QbD principle is a useful tool for establishing the control strategies for continuous
manufacturing, as it provides the basic concepts and scheme for control model con-
struction [71]. To establish variable rate process control strategies for solid oral dosage
forms in continuous manufacturing, a comprehensive and systematic methodology was
established for improving process understanding and control strategy for TSWG, fol-
lowed by the QbD principle [72]. Based on risk assessment and DoE results, process
optimization could define an appropriate operating parameter range. The empirical
control strategy assures product quality consistency through model-based adjustment
of process parameters in real-time, increases throughput, and reduces the incident risk
of complete shutdown. As a general guideline for the control strategy of continuous
manufacturing, it is useable across different unit operation chains.

Multivariate statistical process control (MSPC) strategy based on principal component
analysis was a way to develop a control strategy for a continuous pharmaceutical manufac-
turing line. The barrel temperature, screw speed, and liquid feeding rate were detected
during manufacturing for a TSWG [73]. Hotelling’s T2 and the corresponding Q residuals
statistics control charts were applied to analyze and evaluate the impact of the fluctuations
to get profound knowledge of the process. It was found that the model can monitor the
performance of the manufacturing line and can detect process disturbances. In-line mea-
surement of the granule size with the imaging camera, the particle size, and count were then
assessed using the Shewhart control charts [61], providing a real-time characterization of
product quality attributes for TSWG applications. Fanny Stauffer et al. [74] used the MSPC
strategy to display twin-screw granulation lines’ process dynamics and deviations. The
developed model can identify key points of the product within manufacturing activities. It
provides a new way to rationalize the sampling strategy, design the diversion strategy, and
continue process verification.

Feedback control strategy as an advanced process control (APC) solution is one way
of automation in-process control method. After the monotonic increasing relation between
particle size and L/S ratio, the P controller was used to carry out a real-time feedback
control strategy for the TSWG process implemented via a camera equipped with a custom
image analysis software firstly [75]. The liquid feeding rate was chosen as the process
variable (PV) to drive the granule size to the set value. The validation of the developed
system showed that the controller could compensate for the impact of interference by
adjusting the liquid feeding rate, and the on-line particle size analyzer can provide the
granule size with a measurement error of less than 5 μm. The model predictive control
method can be implemented for TSWG process control successfully as one of the feedback
control strategies. By in-line NIR spectroscopy monitoring, the L/D ratio of the wet granule
based on a PLS regression model and an automatic supervisory controller was established
for TSWG. When inducing artificial disturbances, it correctly follows the dynamic set point
and obtains an RMSE of 0.25% w/w relative to the setpoint [76]. Torque is an important PV
in the TSWG process, and the feasibility of the APC approach by adjusting the torque was
investigated. The results showed little correlation between the torque and the granule size,
which was unsuitable for characterizing the granule size in the APC strategy for the TSWG
process. This may be due to the fact that the torque is not only related to the granule size,
but also affected by the material properties such as temperature and viscosity, resulting in
the change of the shear force [77].

As the utilization of PAT tools becomes more sophisticated and the development of
control strategies becomes more scientific, it is feasible to incorporate real-time release
testing (RTRT) methods to monitor CQAs in real-time for TSWG process. This ensures the
TSWG unit can produce high-quality products that meet the downstream quality require-
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ments with minimized intermediate testing, and improve overall operational efficiencies
while ensuring product quality.

5. Conclusions and Future Perspectives

TSWG is a rapidly popular technology for pharmaceutical processes. However, the
interaction between the screw configuration (the conveying and mixing elements), the
process conditions, and the formulation properties makes the TSWG a complex process.
The large diversity in the properties of raw materials, excipients, and binder liquid in
different formulations diversify the products manufactured by TSWG. The influence law
of these critical process variables on the critical properties of granules for TSWG process
remains poorly comprehended. Although the research on TSWG has made great progress
in the past few decades, there still exists considerable demand and potential for process
understanding and optimization to improve the utilization of this technique. The black
box approach such as the DoE method was used to understand the granulation mecha-
nisms; mechanistic modeling tools for mechanism study can help increase the granulation
mechanisms compared with the black-box approach, while the mathematical formulations
of these numerical methods are extremely complex and slow when applied to practical
problems, mainly due to the high computational requirements. Thus, improving the current
models is necessary to monitor the continuous production process. The switch from the
batch-mode of granulation process to the continuous TSWG process needs to consider how
to assess and assure the drug quality and safety.

The application of PAT tools in practical production is facing many challenges. These
include the reasonable layout of sensors, the way for large process data processing, multi-
sensor integrated control simultaneously, etc., that need to be thoroughly considered
for extensive applications. Several research studies have investigated the application of
different PAT tools for monitoring of the TSWG process, including NIR spectroscopy,
Raman spectroscopy, and acoustic emission techniques as mentioned in the paper. These
tools have been shown to provide real-time monitoring of CQAs such as moisture content,
granule size, and drug content uniformity. However, the successful application of each
PAT tool depends on several factors, including the characteristics of the material, the
configuration of the twin-screw granulator, and the operating conditions to ensure the
measurement accuracy. Therefore, it is important to carefully assess the applicability of
each PAT tool based on the characteristics of the process.

To ensure the quality of the product from CM in meeting the regulatory requirements
and guidelines, accurate control strategy for each unit in the CM line including TSWG
was needed to regulate the pharmaceutical process, which highlighted the importance
of understanding the process. To ensure that the products from CM meet regulatory
requirements and guidelines in terms of quality, an accurate control strategy for each unit
in the CM line is necessary, which highlighted the importance of process understanding for
TSWG. This work summarized the progress in process understanding and development
for TSWG to provide a comprehensive reference for future studies.
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Abstract: In clinical practice, drug therapy for cancer is still limited by its inefficiency and high
toxicity. For precision therapy, various drug delivery systems, including polymeric micelles self-
assembled from amphiphilic polymeric materials, have been developed to achieve tumor-targeting
drug delivery. Considering the characteristics of the pathophysiological environment at the drug
target site, the design, synthesis, or modification of environmentally responsive polymeric materials
has become a crucial strategy for drug-targeted delivery. In comparison to the normal physiological
environment, tumors possess a unique microenvironment, characterized by a low pH, high reactive
oxygen species concentration, hypoxia, and distinct enzyme systems, providing various stimuli
for the environmentally responsive design of polymeric micelles. Polymeric micelles with tumor
microenvironment (TME)-responsive characteristics have shown significant improvement in precision
therapy for cancer treatment. This review mainly outlines the most promising strategies available
for exploiting the tumor microenvironment to construct internal stimulus-responsive drug delivery
micelles that target tumors and achieve enhanced antitumor efficacy. In addition, the prospects of
TME-responsive polymeric micelles for gene therapy and immunotherapy, the most popular current
cancer treatments, are also discussed. TME-responsive drug delivery via polymeric micelles will be
an efficient and robust approach for developing clinical cancer therapies in the future.

Keywords: tumor microenvironment; cancer therapy; stimuli-responsiveness; drug delivery; precision

1. Introduction

Cancer encompasses a range of conditions marked by the unregulated proliferation
of abnormal cells with the potential to infiltrate surrounding tissues. Globally, it is the
primary contributor to mortality, accounting for approximately 7.6 million deaths in 2008,
equivalent to nearly 13% of the total fatalities. More recent statistics from 2020 indicate
an alarming increase, with approximately 10 million deaths attributed to cancer. Current
projections suggest a potential surge in cancer cases, reaching an unprecedented 22.2 million
by 2030 [1].

Surgery is the primary treatment modality for cancer, but it is effective only for
eradicating tumors in the early stages of the disease [2]. In most cases, patients are required
to undergo drug therapy. The therapeutic agents used in cancer treatment include small-
molecule chemotherapeutics, peptides, monoclonal antibodies, and others, which need to
be delivered to the target site through specific mechanisms to exert their therapeutic effects.
However, practical applications often face challenges such as low solubility, short half-life,
and instability of these drugs in vivo. Moreover, a lack of target selectivity affects both
cancerous and normal cells, leading to severe side effects on tissues such as bone marrow
and the gastrointestinal tract. The resulting challenges, including multidrug resistance and
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a narrow therapeutic index, limit its efficacy. Dose reductions due to side effects further
compromise therapeutic outcomes and may contribute to potential metastasis [3,4].

Nanotechnology advancements paved the way for cancer treatment via nanodrug
delivery systems [5]. For instance, mesoporous silica nanoparticles [6], gold nanorods [7], li-
posomes [8], and micelles [9] are extensively utilized for drug delivery and cancer treatment.
Among these nanoparticles, micelles, which are made from the self-assembly of amphiphilic
polymers, not only increase the solubility of hydrophobic drugs but also increase their
biocompatibility, pharmacokinetics, and cellular uptake; extend in vivo circulation; prevent
drugs from being quickly decomposed; and protect against enzymatic degradation [10].
Micelles have an outstanding small particle size due to the number of monomers forming
a micelle, which is controlled in a thermodynamically dependent manner and formed
within a narrow space. The particle size of micelles is crucial since it can impact biodis-
tribution [11,12]. The micellar particle size can be controlled by tuning the structure of
the amphiphiles, the aggregation number of the amphiphiles, the molecular weight of
the amphiphiles, the synthesis process, and the hydrophilic/hydrophobic segment ratio.
The structure of amphiphiles endows micelles with specific properties essential for drug
delivery, such as the ability to solubilize hydrophobic drugs in the hydrophobic core, self-
assembly, and drug encapsulation by simple physical mixing. The corona of micelles can
be tailored to actively target drug molecules at the site of interest by conjugating ligands
specific to target tissues or cells, facilitating molecular recognition and interaction between
micelles and target cells. Interestingly, altering amphiphilic copolymer components can
easily modify several physiological properties, including surface charge, surface properties,
and particle size. Other essential properties, such as biodegradation, biocompatibility, and
elimination, can also be utilized in amphiphiles [13–15].

Solid tumors are characterized by poorly developed blood vessels and hypervascu-
larization containing gaps in the endothelial lining. In addition, the hyperpermeability
of the tumor microvasculature allows polymeric micelles to passively diffuse and reach
tumor tissues through the secretion of materials and factors from tumors, such as primary
fibroblast growth factor, nitric oxide, vascular permeability factors, prostaglandins, vas-
cular endothelial growth factor, and bradykinin [16]. To maximize their tumor-targeting
capacity, smart micelles have been developed to control drug release; these micelles remain
stable under physiological conditions and in healthy tissue while releasing the drug upon
exposure to certain conditions in the cancer niche and unavailable in normal tissue [17].
Solid tumors also exhibit a unique microenvironment, including an acidic pH, a reducing
environment, the overexpression of certain enzymes, hypoxia, reactive oxygen species
(ROS), and increased adenosine-5′-triphosphate (ATP) levels, which can be harnessed for
designing smart stimulus-responsive micelles.

In addition to traditional chemotherapy, gene therapy and immunotherapy have gar-
nered widespread attention for their application in cancer treatment in recent years. The
efficient delivery of nucleic acid drugs such as DNA and RNA and immunomodulators,
including antibodies, peptides, and small molecules, has become a focal point of research.
In synthesizing polymer micelles, the hydrophobic core and hydrophilic shell structure of
the micelles can be tailored by selecting appropriate materials, holding significant promise
for enhancing both in vitro and in vivo gene delivery efficacy. Cationic polymer-based
micelles, specifically those composed of polyethyleneimine (PEI), are being explored as
advantageous carriers for gene encapsulation. These micelles, which feature stimulus re-
sponsiveness and active targeting, enhance the stability and permeability of genes through
cell membranes and specificity. Notably, polymeric micelles exhibit promise in cancer
immunotherapy by enhancing the delivery of immunostimulatory agents and improving
the pharmacokinetics and biodistribution of immune-modulating drugs. The dual potential
of polymeric micelles in gene delivery and cancer immunotherapy highlights their signifi-
cance in advancing cancer treatment strategies [18,19]. This review summarizes various
strategies for tumor microenvironment (TME)-responsive drug delivery using micelles,
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focusing on pH, redox reaction, enzyme, ROS, and hypoxia responsiveness, and outlines
the prospects of polymeric micelles in gene therapy and cancer immunotherapy.

2. Tumor Microenvironment

Tumor cells induce substantial molecular, cellular, and structural alterations within
their host tissues. The evolving TME is intricate and continuously changing. Although
the composition of the TME varies among different types of tumors, common features
include immune cells, stromal cells, blood vessels, and the extracellular matrix. It is widely
recognized that the TME is not a passive bystander but rather an active facilitator of
cancer progression. During the early stages of tumor growth, dynamic and reciprocal
interactions occur between cancer cells and TME components, supporting cancer cell
survival, local invasion, and metastasis [20]. To counteract hypoxic and acidic conditions,
the TME orchestrates an angiogenic program to restore oxygen and nutrient supplies while
eliminating metabolic waste. A diverse array of adaptive and innate immune cells infiltrates
tumors, exhibiting both pro- and antitumorigenic effects [21].

The TME possesses distinctive attributes that can be harnessed for TME-targeted
nanoparticles. Notably, the extracellular pH in the TME tends to be more acidic (pH 6.5 to
pH 6.9) than the physiological pH of normal tissue (7.2 to 7.5). This acidity arises from the
heightened glycolysis rate in cancer cells, which converts glucose into lactic acid to meet
their energy demands. This pH variance in tumor cells offers the potential for designing
pH-responsive cancer-targeting systems [22]. Another unique feature is hypoxia, where
deep-seated tumor cells suffer from oxygen deprivation due to irregular vascular networks
within solid tumors. These slowly proliferating cells in hypoxic regions display reduced
susceptibility to conventional antiproliferative drugs [23].

Additionally, the TME exhibits altered expression of specific enzymes, often from
the protease family, such as matrix metalloproteinases (MMPs), or from the lipase family,
such as phospholipase A2. Enzyme–substrate specificity has spurred the development of
enzyme-responsive nanomaterials for targeted drug delivery [24]. Furthermore, tumor
cells in the TME face heightened oxidative stress, which is attributed to elevated levels
of superoxide anion radicals, hydroxyl radicals, and hydrogen peroxide. To combat this,
tumor cells increase their redox potential by expressing redox species such as superoxide
dismutase and reduced glutathione (GSH). This imbalance in oxidation and reduction
potentials within the TME presents an excellent opportunity for designing TME-targeted
nanoparticles that recognize elevated levels of ROS compared to those of normal cells
due to their aerobic metabolism resulting from oncogenic transformation [25–27]. These
inherent TME stimuli offer promising prospects for the development of TME-responsive
nanoparticles. While targeting the TME for cancer treatment holds significant promise,
current FDA-approved treatments have limited effectiveness. As our understanding of
how the TME contributes to tumorigenesis continues to evolve, new therapeutic targets
and strategies will undoubtedly emerge.

3. Strategies for TME-Responsive Drug Delivery

The amphiphiles of micelles can be specifically designed to respond to internal stimuli
such as pH, redox conditions, enzymes, and temperature for tumor-specific drug delivery.
The nanoparticles should interact with the tumor site and prevent interaction with healthy
tissues, which ideal targeted nanoparticles can offer. Stimulus-responsive micelles are
highly preferred for this approach due to their desirable features. They can interact well
with the site of action cells and respond to the surrounding tumor microenvironments, such
as through changes in pH, enzymes, or redox [28]. The mainstream strategies for TME-
responsive drug delivery are summarized as shown in Figure 1. Some typical stimulus-
sensitive cleavage linkers that can be exploited to construct TME-responsive amphiphilic
polymers are listed in Figure 2 [29].
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Figure 1. Schematic illustration of TME-responsiveness for drug delivery based on polymeric micelles.

Figure 2. Schematic illustrating amphiphilic polymer structures, linkage types, and cleavage mech-
anisms of some typical TME-responsive linkers. A and B stand for hydrophilic and hydrophobic
segments, respectively.

3.1. pH Responsiveness

The human body sustains a steady pH of 7.4 in healthy physiological tissues [30].
Moreover, tumor disease sites have a pH of 5~6 due to the accumulation of lactic acid
that results from the rapid division of cancer cells [31]. This pH variation can be ex-
ploited to release the cargo of micelles in a controlled manner exclusively at the tumor
site in response to its acidic pH (Figure 3) [32]. Cargo release can be accomplished by
either breaking the labile bond, which forms the amphiphile of micelles, or destabilizing
micelles via alteration of the size, shape, or hydrophilic–hydrophobic balance. Diverse
pH-responsive micelles have been investigated and developed for cancer treatment. The
strategy for selecting polymers relies on the existence of ionizable chemical groups. These
polymers can be classified into anionic pH-responsive micelles and cationic pH-responsive
micelles depending on the content of the ionizable chemical group of polycarboxylic or
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polyamine groups. To select a suitable polymer that is usually a weak acid or base, it
should be considered whether its pKa is suitable for the desired pH at the site of action [33].
A negatively charged polymer containing carboxylic groups is used to design anionic
pH-responsive micelles. The carboxylic acid groups are protonated (nonionized) at ba-
sic pH with hydrophobic properties. They can be deprotonated under acidic conditions
(ionic form) while being hydrophilic at acidic pH. This change from hydrophobic to hy-
drophilic allows destabilization of the micellar system. This results in cargo release at tumor
sites. Polymers with these characteristics usually contain carboxylic acid groups such as
polymethacrylic acid, poly(acrylic acid) (PAAc), polyglycolic acid, and polyglutamic acid.
In addition, polymers consisting of sulfonic acid groups such as poly(4-styrene sulfonic
acid) and poly(2-acrylamido-2-methylpropane sulfonic acid) are also utilized as negatively
charged polymers [34].

 
Figure 3. Schematic illustration showing drug release via micelle dissociation under different internal
acidic conditions. Red dots are the released drug. Following micelles’ endocytosis, they are entrapped
within the early endosome, late endosome, and then the lysosome. Red dots are the released drug,
concentrated in the lysosomal area due to the highest acidity level.

These polymers are usually desired for the synthesis of hydrogels capable of shrinking
and swelling in a pH-dependent manner to achieve cargo release. A positively charged
polymer, which contains polybases such as PEI and polyamines, is used to synthesize
these types of micelles. The amine group in the polymeric chain can accept protons at
acidic pH and donate protons at basic pH. Cationic pH-responsive micelles can improve
cellular uptake due to their positive surface charge resulting from ionizable polyamines,
for instance, poly(N,N′-dimethylamino ethyl methacrylate) and PEI. Tuning the pKa of the
cationic amine groups allows the polymers to be protonated at acidic pH and deprotonated
at basic pH. This charge alteration destabilizes the micellar complex and triggers cargo
release. Unfortunately, cationic polymers are considered more cytotoxic than anionic
polymers due to their ability to interact with negatively charged proteins during blood
circulation non-specifically. Moreover, positively charged micelles cause serum inhibition,
rapid clearance, and instability with opsonin. Anionic polymers are impeded for efficient
cellular uptake due to cellular repulsion by negatively charged plasmalemma. Charge-
reversal pH-responsive micelles, which can be transformed from negatively to positively
charged micelles and vice versa in a pH-dependent manner, have recently been developed.
This approach’s advantage is achieving active tumor targeting without a specific targeting
ligand [35].

Moreover, it increases the circulation half-life of micelles in the blood, enhances
cellular uptake, and accomplishes efficient drug release in target cells [36]. Peng et al.
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designed charge-reversal micelles consisting of positively charged micelles composed
of an amphiphilic copolymer core with a mitochondrial active targeting moiety (triph-
enylphosphonium) (TPP) and denoted as Ce6@TPPM. Furthermore, the pH-responsive
outer layer consisted of anionic 2,3-dimethyl maleic anhydride (DMA)-conjugated biotin-
polyethylene glycol (PEG)-NH2 for active tumor targeting and Ce6 delivery, denoted as
Ce6@TPPM-BioPEG-DMA. The system was stable at pH 7.4 in physiological environ-
ments with a negatively charged surface (Ce6@TPPM-BioPEG-DMA). Upon reaching the
acidic tumor microenvironment, the system efficiently accumulated due to ligand–receptor-
mediated active targeting; subsequently, the system converted to a positively charged
layer (Ce6@TPPM) at pH~6.5, which further accelerated the accumulation of micelles
in the tumor tissue and allowed the TPP to be re-exposed inside tumor cells to actively
target the mitochondria (Figure 4) [37]. This strategy overcomes the cytotoxicity and rapid
clearance of positively charged micelles and enhances the cellular uptake of negatively
charged micelles.

 

Figure 4. Schematic illustration showing a pH-responsive micelle of BioPEGDMA@TPPM micelles
for enhanced PDT. The self-assembly and Ce6 loading were followed by coating with BioPEGDMA
via electrostatic interaction, resulting in tumor-targeted delivery and charge reversal in TME. The
endo/lysosomal escape, mitochondria targeting, generation of ROS under laser irradiation, and
stimulated immune responses based on BioPEGDMA@TPPM.
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3.2. Redox Responsiveness

The difference in the concentrations of the tumoral reductants, which are represented
mainly by GSH, was approximately 2–10 × 10−3 M, especially in multidrug-resistant tumors.
Moreover, the GSH concentration in the extracellular fluid ranged from 2 to 10 × 10−6 M.
There are three prominent redox couples, GSH/GSSG [38], NAD(P)H/NAD(P)+ [39], and
Tex(SH)2/TrxSS [40], which exist in the TME. Redox-responsive micelles containing redox-
sensitive moieties have been designed to deliver and release cargoes exclusively at tumor sites
in response to tumor-reductive environments.

The most commonly employed redox-responsive polymer is a disulfide bond-containing
polymer that can rapidly respond to and be cleaved by redox components such as GSH.
Disulfide bonds can be readily cleaved by GSH to form a sulfhydryl group, leading to
destabilization of the micellar system and cargo release. Rapid cleavage of disulfide bonds
(within minutes to hours) is more favorable than long cleavage periods (from weeks to
months), represented by polycarbonates and aliphatic polyesters, due to rapid intracellular
drug release, which is advantageous for inhibiting cancer cell growth during the first hours
after injection [41]. Diselenide (Se-Se) and carbon–selenide (C-Se) bonds have also attracted
attention from many studies due to their lower bond energies (Se-Se 172 kJ/mol and C-Se
244 kJ/mol) [42,43], which require less energy for bond cleavage than disulfide bonds
(S-S 268 kJ/mol) [44]. Moreover, the maleimide–thioester bond (C-S 272 kJ/mol) exhibited
increased blood stability and decreased cargo release [43].

Sahoo et al. fabricated the most promising redox-responsive micellar system by
self-assembly of poly(N,N′-dimethylaminoethylmethacrylate)-b-(poly(2-(methacryloyl)-
oxyethyl-2′-hydroxyethyl disulfidecholate)-r-2-(methacryloyloxy)ethyl-1-pyrenebutyrate).
The anticancer agent doxorubicin (DOX) was encapsulated in the micellar core, and DNA
was complexed with the outer layer of micelles to form micelleplexes. In the absence of
GSH, 8~10% of the DOX was released within 48 h. Moreover, in the presence of 10 mM GSH,
90% of the DOX was released, confirming the cleavage of disulfide bonds that conjugate
the hydrophobic cholate group with the polymeric backbone, allowing DOX molecules
to be released into the tumor medium due to the disassembly of micelles (Figure 5) [45].
An earlier study in 2018 showed the least drug leakage in a formulation based on redox-
responsive drug release [46]. The authors achieved less than 5% leakage of paclitaxel (PTX)
within 48 h by conjugating the drug to the hydrophobic part of the amphiphilic block
copolymer to form PEG-b-poly(5-methyl-5-propargyl-1,3-dioxan-2-one)-g-PTX, which self-
assembled into micelles for the treatment of HeLa tumor-bearing mice. However, in the
presence of 10 mM dithiothreitol (DTT), the release reached 70%. Briefly, the advantage
of redox responsiveness is stability in healthy tissues, which results in fewer side effects
and cytotoxicity.

Figure 5. Schematic illustration showing the micelles’ self-assembly and DOX loading followed by
DNA condensation. DOX and DNA are released upon GSH overexpression in the TME.
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Disulfide crosslinking chemistry was extensively used for not only small-molecule
drugs but also macromolecular therapeutics such as nucleic acids. It was extensively uti-
lized in advancing the development of polyplex-based carriers to deliver a wide range of
cargo molecules, such as plasmid DNA, siRNA, and mRNA. Interestingly, the introduction
of charge-preserved disulfide crosslinking via 1-amidine-3-mercaptopropyl groups pre-
sented high protection to packaged nucleic acids against enzymatic degradation compared
to charge-compensated crosslinking via 3-mercaptopropionyl groups to polycation segment
of PEG, thereby facilitating maximized intracellular delivery of nucleic acids [47,48].

3.3. Enzyme Responsiveness

Enzymes play essential roles in metabolic and biological processes in the human body
due to their catalytic properties and high specificity [49]. In tumors, several enzymes are
dysregulated and overexpressed in cancer cells. Exploiting these overexpressed enzymes as
triggers for cargoes loaded in micelles can be achieved by incorporating enzyme-responsive
moieties into the side chain or main chain of the micelles that can be degraded by these
enzymes in either the intracellular or extracellular tumor microenvironments to release the
cargo [50,51]. There are two main types of enzyme-responsive micelles: oxidoreductases
and hydrolyzed micelles.

Oxidoreductases, such as oxygenases (oxygen transfer from molecular oxygen), oxi-
dases (electron transfer to molecular oxygen), peroxidases (electron transfer to peroxidases),
and dehydrogenases (hydride transfer), function as catalysts for oxidation–reduction re-
actions. Oxidoreductases have been exploited for enzyme-responsive drug release due
to the oxidative environments they can produce in many diseases, including cancer. The
ability of oxidoreductases to catalyze the transfer of electrons between biological molecules
requires the presence of an enzyme cofactor, which can function as an electron carrier, such
as NAD+ or NADP+; accordingly, the electron donor is a reductant. In contrast, the electron
acceptor substrate is an oxidant [52].

On the other hand, some hydrolysis enzymes are also overexpressed in many stages of
human cancers and are involved in cancer initiation, progression, angiogenesis regulation,
and metastasis [53]. Generally, MMPs are the most utilized enzymes for stimuli-responsive
drug delivery. Chen et al. developed a promising micellar nanoplatform formed by the
self-assembly of the biotin-PEG-block-poly(L-lysine)(Mal)-peptide-DOX (biotin-PEG-b-
PLL(Mal)-peptide-DOX) amphiphilic copolymer for the treatment of mouse squamous
cell carcinoma and African green monkey kidney fibroblast cells (Figure 6). The peptide
is an MMP-2-sensitive linker that can be cleaved in the presence of the MMP-2 enzyme
to release DOX in the tumor milieu. The presence of the MMP-2 enzyme induced 46.2%
DOX release within 6 h, and almost no drug leakage occurred in the absence of MMP-
2 or MMP-2 in combination with the inhibitor [54]. This system has precise enzyme
responsiveness and active targeting properties via biotin ligands and can be considered
among the most promising nanoplatforms for safe and precise drug delivery. Despite newer
studies reporting that 30% [55], 40% [56], and 62.5% [57] of the loaded drugs leaked out in
the absence of MMP-2, these drugs cannot be considered to have precise responsiveness or
safety for clinical use compared with the biotin-PEG-b-PLL(Mal)-peptide-DOX formulation.
Cathepsin B is one of the most widely overexpressed cysteine cathepsins in various cancers,
and it is involved in the degradation of fibronectin, type IV collagen, and laminin, which
leads to cell migration, invasion, and angiogenesis [58].

A micellar nanoplatform was formed by the self-assembly of the [(DEAMEMA)-
c-(BMA)]-b-[(PEGMA300)-c-(peptide)] amphiphile, which is responsive to cathepsin B.
The BIM peptide was conjugated to the amphiphile through the FKFL peptide linker,
which can be cleaved in the presence of cathepsin B to release BIM specifically in the
endolysosome/lysosomes of tumor cells. To confirm the cathepsin B-triggered cleavage
of FKFL, the authors performed a cathepsin B cleavage assay; then, the cleavage was
quantified via RP-HPLC and mass spectrometry. As a result, cathepsin B rapidly and
specifically cleaved the FKFL linker to release BIM in the endosome of SKOV3 ovarian
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cancer cells and induced apoptosis to kill cancer cells [59]. Phospholipase A2 (PLA2) is
overexpressed in several types of tumors at 22-fold higher concentrations than those in
normal tissues, especially in prostate cancer [60]. Gao et al. designed PLA2-responsive
phospholipid micelles loaded with superparamagnetic iron oxide nanoparticles (SPIONs)
to successfully release drugs in response to PLA2 and via noninvasive magnetic resonance
imaging (MRI) [61]. A later study reported biocompatible upconversion nanoparticle
(UCNP)-loaded phosphate micelles for bioimaging prostate cancer cells. The release of
UCNPs via PLA-2-responsive cleavage was achieved exclusively at tumor sites rather than
in healthy cells [62].

 
Figure 6. Schematic illustration of the formation of MMP-2-responsive polymeric micelle-based
biotin-PEG-b-PLL(Mal)-peptide-DOX amphiphilic and intracellular delivery. The red star stands
for DOX.

3.4. ROS Responsiveness

ROS, such as hydrogen peroxide (H2O2), singlet oxygen, superoxides, hypochlorite
ions, peroxynitrites, superoxide anions, and hydroxyl radicals, are byproducts produced by
electron transport reactions in the mitochondria of healthy cells [63,64]. They are important
for metabolism and intercellular signal functioning and exist at low concentrations of
approximately 20 × 10−9 M. In cancer cells, these levels increase 1000-fold due to abnor-
mal metabolism, mitochondrial malfunction, and oncogene expression, which result in
abnormal metabolism, proliferation, and survival [65]. This difference can be exploited
to trigger the release of drug-loaded micelles in the tumor microenvironment specifically.
ROS-responsive micelles can be developed by employing various ROS-sensitive mate-
rials, such as thioketals, thioethers, ferrocene groups, boronic esters, and sulfides [66].
These materials can undergo certain reactions, such as hydrophobic-to-hydrophilic or
hydrophilic-to-hydrophobic transitions, upon elevated ROS levels in tumor microenviron-
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ments, leading to micellar system destabilization and drug release. Thioketal is widely
used as a ROS-sensitive linker due to the ease of cleaving this linkage [67]. For example,
Wang et al. developed micelles for prostate-specific membrane antigen-negative (PISMA
(-)) prostate cancer treatment. The micellar system was made by the self-assembly of
two copolymers. First, the DUP-1 peptide was conjugated with PEG-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DUP-PEG-DSPE). Second, DOX and TK linkers were
decorated with the side chain of PEG-b-PLL to produce a ROS-responsive polymer prodrug
(P(L-TK-DOX)) to form a micellar system loaded with a ROS generation agent (α-tocopherol
succinate, α-TOS). The micellar system was shown to accumulate and internalize cancer
cells via the DUP-1-targeting peptide specific for PSMA (-). α-TOS release upon exposure
to elevated concentrations of ROS in the tumor microenvironment could further elevate
ROS levels to induce toxicity and enhance ROS responsiveness. Interestingly, less than 5%
of the DOX leaked out in the absence of ROS. Moreover, in the presence of different ROS
concentrations (20 nM, 0.1 mM, and 1 mM H2O2), the DOX release increased to 18%, 57%,
and 79%, respectively, within 48 h. The study conclusion revealed that the combination of
ROS-sensitive drug release behavior and active targeting of tumors is an effective treatment
for human PSMA(-) prostate cancer [68].

3.5. Hypoxia Responsiveness

Hypoxia is involved in many diseases, such as cardiovascular disorders, rheumatoid
arthritis, anemia, and cancer [69]. The oxygen level decreases due to rapid cancer cell
growth and insufficient blood supply, which results in tumor angiogenesis and metastasis.
An abnormal vascular network is incapable of providing adequate oxygen to cancer cells,
especially in the center of the tumor region, which results in an acute hypoxic or oxygen
deficiency gradient, which increases from tumor terminals or blood vessels to the tumor
center. Hypoxia is a significant stimulus that triggers drug release due to its rarity in nor-
moxic cells [70]. However, the distance between hypoxic region blood vessels and increased
efflux transporters prevents the influx of nanoparticles to these hypoxic regions [71]. To
overcome this dilemma, several strategies exist for developing drug delivery systems that
can provide deep penetration into the hypoxic region. The accumulation of nanoparticles
in hypoxic regions could be facilitated by developing nanoparticles upon size-, shape-,
and charge-dependent uptake via passive diffusion [72]. Active targeting of nanoparticles
is a robust and efficient method to deeply penetrate tumor sites by conjugating target-
ing ligands such as the cyclic peptide internalizing RGD (iRGD) on the outer surface of
the nanosystem or therapeutic drug to increase their ability to penetrate the neuropilin-1
receptor, which is overexpressed in tumor cells and angiogenetic blood vessels [73].

Hypoxia is also involved in the induction of radioresistance, chemoresistance, and
cancer recurrence through hypoxia evasion of apoptosis, inactivity of stem cells, and dysreg-
ulation of the cell cycle [74]. Hypoxia-bioreductive prodrugs or hypoxia-activated prodrugs,
also known as hypoxia-selective cytotoxins (for instance, quinone derivatives such as mit-
omycin C, N-oxide derivatives such as banoxantrone dihydrochloride and tirapazamine,
and nitroimidazole derivatives such as 2-nitroimidazole), are inactive compounds that are
spontaneously converted to cytotoxic substances upon specific metabolic pathways that
exist in the hypoxic microenvironment [75]. This conversion can be employed directly to
kill cancer cells. In addition, upon the prodrug’s conversion from one property to another, a
micellar system containing these prodrugs is constructed to trigger drug release, specifically
in hypoxic tumor regions, resulting in micelle destabilization and drug release.

3.6. Other Stimulus Responsiveness

Cancer cells tend to absorb large amounts of glucose to promote tumor growth, metas-
tasis, and survival [76,77]. Therefore, glucose-responsive micelles can be designed by
incorporating glucose oxidase (GOx) within the polymeric chains of the micellar system.
Upon reaching the tumor microenvironment, a competitive combination of GOx and glu-
cose destabilizes the micellar system and triggers drug release in cancerous tissues [78].
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Most of the applied strategies involve treating diabetes. However, several cancers are
involved in diabetes and glucose metabolism. A glucose-responsive nanosystem can indi-
rectly trigger drug release via the conversion of glucose to gluconic acid by the catalysis
of GOx, which decreases the pH of the medium and triggers release. Another strategy
for killing cancer cells via glucose-responsive treatment is carried out by competing with
cancer cells for glucose consumption and converting glucose to gluconic acid and H2O2;
this approach is known as cancer starvation therapy. H2O2 is essential for physiological pro-
cesses, such as cell growth and the immune response. Moreover, increasing concentrations
of H2O2 resulted in increased cytotoxicity and cancer cell death [79].

ATP is present in all organisms, is involved in the production and degradation of
many cellular compounds, and is the primary source of cellular energy for signaling and
metabolism. A substantial concentration of ATP was observed in the intracellular compart-
ment (∼3 mM) compared to the extracellular environment (∼0.4 mM) [80]. Utilizing this
difference in ATP concentration gradient between extracellular and intracellular spaces,
ATP-responsive drug delivery systems were engineered, which stably encapsulate the
therapeutic cargoes in the extracellular medium, smoothly releasing those cargoes after
exposure to the high-ATP concentration milieu of the cytosol [81]. For example, a polyplex
micelle was formulated with reversible phenyl-boronate ester linkages with phenylboronic
acid moieties in the block copolymers and polyol moieties of oligoRNAs hybridized with
mRNA in the polymeric micelle (PM) core. This design substantially protected the mRNA
from enzymatic degradation in the extracellular space and efficiently released entrapped
mRNA to the cytosol for efficient translation.

Polymers that undergo phase transitions upon exposure to certain salt concentrations
exhibit reduced electrostatic strength due to the high salt concentration, making these
polymers ionic strength- or salt-responsive materials. An increase in salt concentration
decreases the electrostatic repulsion between the copolymers, leading to precipitation and
drug release [82]. Salt-responsive materials exhibit unusual rheological behavior due to
the attractive Coulombic interactions between oppositely charged species, which cause
alterations in the solubility, size, length, and surface charge of the polymer [83,84]. These
materials respond to the ionic strength of PAAc and methacrylic acid, which undergo
viscosity changes and shrinkage upon exposure to high salt concentrations due to the attrac-
tion pairs of the ions [85]. Compared with those in normal lactating breast epithelium, salt
concentrations in breast cancer tissues were significantly greater. Brain cancers also exhibit
an influx of intracellular sodium ions to promote tumor cell proliferation. The epithelial
sodium channel (ENaC) regulates the entry of sodium into the intracellular compartment.
Abnormalities in ENaC function correlated with tumors result in antiapoptotic effects,
uncontrolled tumor growth, cell migration, and angiogenesis [86]. Exploiting the difference
in salt concentration between the tumor microenvironment and healthy tissue to construct
ionic strength-responsive drug delivery systems has not been widely investigated.

3.7. Multistimulus Responsiveness

Polymeric micelles that are responsive to multiple stimuli are gaining prominence
and demonstrate significant promise for targeted drug delivery and cancer therapy. The
integration of various sensitivities into a single polymeric micellar system allows more
precise control of drug delivery and release, leading to enhanced anticancer activity both
in vitro and in vivo. These combined sensitivities to different stimuli can occur simultane-
ously or sequentially, offering versatility in therapeutic applications. Luo et al. designed
pH- and redox-responsive PMs to deliver the anticancer drug DOX (Figure 7). The present
study investigated the pH sensitivity of the PMs by determining the pKb values, which
were 6.45, 6.57, and 6.72 for PM-1, PM-2, and PM-3, respectively. The low critical micelle
concentration (CMC) values (3.1 mg/L, 4.2 mg/L, and 6.4 mg/L) indicated the thermody-
namic stability of the polymeric micelles, which made them efficient drug carriers. The
redox responsiveness of the PMs was evaluated through size and zeta potential changes in
the presence of DTT, which demonstrated increased particle sizes due to the cleavage of
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disulfide bonds. The in vitro drug release profiles of DOX-loaded PMs were examined at
different pH values and in the presence of DTT. The results indicated that controlled drug
release was triggered by specific microenvironmental cues, such as pH and reducing agents.
Cytotoxicity assays revealed that blank PMs had negligible cytotoxicity, while DOX-loaded
PMs exhibited greater cytotoxicity against HepG2 cells than free DOX [87]. Zhang et al.
designed a multifunctional polymeric system for dual-enzyme- and redox-triggered intra-
cellular drug release to improve cancer treatment efficacy. The key components of their
system were the enzyme-responsive polymer PBA-PEG-Azo-PCL and the redox-responsive
prodrug mPEG-ss-CPT. Azo bonds in PBA-PEG-Azo-PCL were shown to be cleaved by
azoreductase and the coenzyme NADPH, mimicking the tumor tissue microenvironment.
The micelles exhibited highly sensitive tumor microenvironment responsiveness, with
changes in size indicating successful cleavage of the azo bonds. Additionally, the disulfide
bonds in mPEG-ss-CPT were cleaved in the presence of GSH, increasing the micelle size.
The dual-responsive behaviors were explained by a series of chemical reactions, ensuring
controlled drug release. In vitro drug release studies demonstrated that the micelles exhib-
ited good stability in blood circulation but rapidly released their cargo inside tumor cells,
particularly under conditions mimicking the tumor microenvironment. In vivo and ex vivo
fluorescence imaging confirmed the selective accumulation of the micelles at the tumor site.
The dual-responsive micelles exhibited significant anticancer activity with minimal side
effects on normal tissues, as demonstrated by tumor volume changes, survival rates, and
histological analyses [88].

 

Figure 7. Schematic illustration indicating the co-micellization of pH/redox dual-responsive diblock
copolymers for drug delivery and controlled release triggered by acidic pH and overexpression of
GSH in TME.

4. Prospects in Cancer Therapy

4.1. Gene Therapy

Gene delivery requires appropriate carriers with high gene transfer efficiency, good
biocompatibility, and low cytotoxicity. Genetic materials such as plasmid DNA (pDNA),
siRNA, and RNA demand cationic polymers to successfully complex these negatively
charged genetic agents with cationic polymer-based micelles [89]. Naked genetic materials
suffer rapid elimination from the body, instability in the blood circulation, and inability to
diffuse through the cell membrane, ascribed to their large anionic charge. Consequently,
a nanocarrier is required to entrap these genes with a high buffering capacity for im-
proved transfection and the capability to efficiently target diseased cells and release the
genes in the intracellular compartment, allowing the siRNA to target the cytoplasm and
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DNA to target the nucleus. Employing viral carriers to encapsulate genes is unfavor-
able due to their potential genotoxicity and chance of producing replication-competent
viruses [90]. Cationic polymers have been extensively used to deliver nucleic acids through
their electrostatic polyionic self-assembly with nucleic acids, allowing the polyion complex
formation, named “polyplex” [91]. Polyplex micelles are stealth-polymer shielded nucleic
acid delivery systems constructed through electrostatic self-assembly between nucleic
acids and polycationic block copolymers of PEG or poly(oxazoline), where the nucleic
acid is packaged with polycations as the core compartment and the stealth polymer chains
surrounding the core as the protective shell compartment. This characteristic core–shell
architecture of polyplex micelles protects the nucleic acid cargoes from hydrolytic and
enzymatic degradation, which increases the stability and permeability of the nucleic acids
through the cell membrane. Surface modification of PEG (PEGylation) onto nucleic acid
delivery carriers is a well-known strategy for extending blood retention and improving
therapeutic outcomes in vivo. However, PEG shells often present a trade-off between
prolonged blood retention and promoted transfection because high-stealth shielding is
advantageous in prolonging blood circulation, whereas it is disadvantageous in obtain-
ing efficient transfection due to low cellular uptake and inefficient endosomal escape
(PEG dilemma) by minimizing the interactions with the plasma membrane before inter-
nalization and endolysosomal membranes after internalization of the targeted cells. To
overcome this PEG dilemma, Nishiyama et al. developed stepwise acidic pH-responsive
plasmid DNA delivery nanocarriers with a surface covered by ethylenediamine-based
polycarboxybetaines. These nanocarriers switched their surface charge potential from
a neutral charge at pH 7.4 to a positive charge at tumoral pH 6.5 and endolysosomal
pH 5.5, thereby promoting cellular uptake and increasing the endosomal escape toward
efficient gene transfection [92]. In another strategy, cyclic RGD (Arg-Gly-Asp) (cRGD)
peptide as a ligand was introduced to the distal end of the PEG chains to improve the
specific integrin-mediated uptake of disulfide core-crosslinked polyplex micelle-based gene
carriers [93,94].

Utilizing smart micelles with stimulus responsiveness and active targeting can lead to
robust, highly specific, and optimal development of gene delivery strategies. Polycations
made of PEI for gene delivery are among the most common polycations because they
exhibit high transfection ability, attributed to the high buffering capacity of the polycation
due to the proton sponge effect, by which the polycation buffers endosomal acidification
and escalates endosomal ion osmotic pressure due to protonation of the amine groups,
resulting in rupture of the membrane of the endosome and the subsequent release of the
captured system into the cytoplasm. Accordingly, polycations also demand a high N/P
ratio (molar ratio of amino groups (N) in polymer to phosphate groups (P) in nucleic acid)
to form a secured complex, resulting in high stability and transfection ability [95,96].

A novel dual-responsive PEI-based polymeric micelle system has been developed for
the targeted delivery of therapeutic agents in cancer treatment. Overcoming challenges
such as mucosal barriers, nonspecific uptake, and intracellular drug resistance is crucial for
achieving high therapeutic efficiency. The key feature of this system is the presence of a
sheddable PEI shell, which responds to variations in extracellular pH and intracellular GSH
levels. The micelle system exhibited ultrasensitive negative-to-positive charge reversal
in response to the extracellular pH. When exposed to the acidic environment commonly
found at tumor sites, the surface charge of the micelles changes from negative to positive.
This transformation enhances electrostatic interactions, significantly improving the uptake
of micelles by cancer cells. Upon internalization by cancer cells, the micelles encounter
another layer of responsiveness. The disulfide linkages within the system can be cleaved
by the presence of GSH in the cytoplasm. Importantly, GSH concentrations are often
greater in cancer cells than in normal cells. The cleavage of disulfide linkages triggers the
deshielding of the hydrophilic PEI shell, leading to the rapid release of the encapsulated
therapeutic agent. The mechanism of this dual-responsive polymer micelle involves several
stages. Initially, micelles, with their originally negatively charged surface, exhibit prolonged
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circulation time in the bloodstream. At the tumor site, they take advantage of the enhanced
permeability and retention effect, accumulating at higher concentrations. The ultrasensitive
negative-to-positive charge reversal that occurs in response to an acidic pH facilitates
efficient internalization by cancer cells through electronic interactions and folate receptor
(FR)-mediated endocytosis. Furthermore, the micelles escape from lysosomes, a cellular
organelle, via a proton sponge effect. Excess intracellular GSH triggers the cleavage of
disulfide linkages, resulting in the deshielding of the PEI shell and rapid release of the
therapeutic agent into the nucleus [97].

Gao et al. developed pH/redox dual-responsive polyplexes demonstrating promising
characteristics for codelivering siRNA and DOX. The polyplex exhibited efficient encap-
sulation of DOX and siRNA, along with pH-/redox-triggered payload release, facilitated
by protonation of PHis and disulfide bond cleavage. Specifically, at an N/P ratio of 7, the
polyplex displayed superior payload delivery efficiency, MDR1 gene silencing, cytotoxicity
against MCF-7/ADR cells, and more potent inhibition of MCF-7/ADR tumor growth
than at higher N/P ratios. This enhanced performance at N/P 7 was attributed to the
increased electrostatic attraction between the siRNA and oligoethylenimines (OEIs), which
suppressed the release of MDR1 siRNA and OEIs. A stronger electrostatic interaction was
crucial for overcoming payload endolysosomal sequestration by OEI-induced membrane
permeabilization [98]. Pan et al. synthesized dendrimer micelles self-assembled from
two copolymers. First, PEG2k-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PEG2k-
DOPE)-conjugated generation 4 polyamidoamine dendrimer (G4-PAMAM-D)-incorporated
MDR-1 siRNA (siMDR-1) was used. Second, the PEG5k-DOPE-conjugated tumor-specific
monoclonal antibody 2C5 (mAb 2C5) was used for chemotherapeutic DOX and gene
codelivery. The results revealed significant specific binding between cell surface-attached
nucleosome tumor cells and the mAb 2C5, which enhanced cellular uptake and increased
cytotoxicity in MDR cancer cell lines [99]. An exciting pH-responsive crosslinked polyplex
micelle was engineered for mRNA delivery based on cis-aconitic anhydride-modified
poly(ethylene glycol)-poly(L-lysine). This polyplex micelle was stable at pH 7.4, whereas it
released the packaged mRNA when the pH was decreased below 6.5 (tumoral pH), thus
providing high protein expression in the tumor compared to the commercial transfection
reagent PEI [100].

4.2. Immunotherapy

Cancer immunotherapy has emerged as a successful treatment strategy following
conventional surgical, chemical, and radiotherapeutic approaches [101]. Biological therapy
harnesses the body’s immune system to induce an attack on tumor cells, resulting in an
antitumor effect. The immune system is trained to identify and target specific cancer
cells, enhancing the effectiveness of immune cells in eliminating cancer [102]. Notably,
cancer immunotherapy addresses both primary tumor and secondary tumor metastasis
by triggering a systemic immune response [103]. Additionally, it can impede tumor re-
currence by fostering a cancer-specific memory immune response that becomes activated
upon encountering tumor-associated antigens [104]. Among the various immunotherapy
modalities explored, immune checkpoint inhibitors (ICIs), chimeric antigen receptor T cells,
and oncolytic viruses have been extensively studied for their notable achievements in clini-
cal trials. High-dose interleukin-2 has been among the earliest immunotherapies used to
activate T cells. Both ICIs and adoptive cell transfer therapy have been demonstrated to be
effective against various malignancies [105,106]. Cancer immunotherapy has been proven
to mitigate metastasis, prevent tumor recurrence, and reverse multidrug resistance in tumor
cells. Notably, its efficacy has been established for treating head and neck cancer, lung
carcinoma, leukemia, breast carcinoma, ovarian carcinoma, renal carcinoma, and bladder
tumors [107], as polymeric micelles show promise in the realm of cancer immunother-
apy by serving various purposes, such as improving the delivery of immunostimulatory
agents and enhancing the pharmacokinetics and biodistribution of immune-modulating
drugs [108].
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These immunotherapeutics include but are not limited to antibodies, small molecules,
peptides, and cytokines. A study developed pH- and enzyme-responsive micelles for PD-1
and PTX codelivery, resulting in synergistic cancer chemoimmunotherapy via antitumor
immunity by PTX-induced immunogenic cell death (ICD), while aPD-1 blocks the PD-
1/PD-L1 axis to suppress immune escape due to PTX-induced PD-L1 upregulation [109].
Different types of cytokines, such as interleukins, interferons, and colony-stimulating factor
(CSF), are employed for immunotherapy. In two studies, pIL-12 was codelivered with
DOX via pH-/enzyme-responsive micelles to synergistically enhance NK cells and tumor-
infiltrated cytotoxic T lymphocytes to achieve synergistic antitumor immune responses
through cancer immunity cycle (CIC) cascade activation and amplification, providing
therapeutic antitumor and antimetastatic efficacy [110]; this combination of nanosystems
was subsequently used to develop a complete CIC-boosted combinatory strategy for devel-
oping immunotherapies against cancer and modulating the polarization of protumor M2
macrophages to activated antitumor M1 macrophages [111]. Interferon cytokine-based Mn
and ABZI codelivery activate the STING pathway, mature dendritic cells (DCs), and eventu-
ally kill tumor cells via cytotoxic CD8+ T cells and NK cells [112]. Mao et al. loaded M-CSF
in pH-responsive micelles. The results showed significant inhibition of tumor growth by
promoting T-cell tumor infiltration and reversing the M1/M2 polarization balance within
the tumor microenvironment [113]. Li et al. designed polymeric micelles based on the am-
phiphilic diblock copolymer poly(2-ethyl-2-oxazoline)-poly-(D, L-lactide) (PEOz-PLA) in
combination with carboxyl-terminated Pluronic F127, for the codelivery of the antigen oval-
bumin (OVA) and the Toll-like receptor-7 agonist CL264 (carboxylated-NPs/OVA/CL264)
to lymph node-resident DCs. Surface modification with carboxylic groups endows micelles
with endocytic receptor-targeting ability, promoting internalization by DCs through the
scavenger receptor-mediated pathway. Adjusting the mass ratio of PEOz-PLA to carboxy-
lated Pluronic F127 in the mixed micelles enabled the release of encapsulated CL264 to
the early endosome. This resulted in increased expression of costimulatory molecules and
secretion of cytokines stimulated by DCs, contributing to an enhanced immune response.
Moreover, incorporating PEOz outside the micellar shell facilitated major histocompatibil-
ity complex I antigen presentation by facilitating endosome escape and cytosolic release of
antigens. This study validated the efficacy of the system in inducing potent immune re-
sponses in vivo. Immunization with this codelivery system in tumor-bearing mice not only
significantly inhibited tumor growth but also prolonged survival. The findings highlighted
the potential clinical applications of this system as an effective antitumor vaccine for cancer
immunotherapy. The study also emphasized the importance of particle surface character-
istics in enhancing immune responses and demonstrated the advantages of carboxylated
NPs in comparison to other formulations [114].

5. Conclusions and Outlooks

This review examines recent advancements in TME-responsive polymeric micelles,
which are increasingly utilized for delivering chemotherapeutics and biologics in cancer
treatment. We categorize TME-responsive strategies based on the endogenous charac-
teristics of the tumor environment. Currently, genes and immunotherapies are at the
forefront of cancer treatment, with TME-responsive micelles contributing significantly to
this area and showing potential for further development. Numerous preclinical studies
have demonstrated the efficacy of these micelles in targeted drug delivery for precise
cancer therapy. However, comprehensive safety assessments, including long-term toxicity,
biodistribution, pharmacokinetic, metabolic, and excretion studies, are essential before
proceeding to clinical trials.

One challenge in this field is the complexity of the manufacturing and quality control
processes required for sophisticated micellar systems, which limits industrial scaling. Sev-
eral micellar formulations, such as Genexol-PM, have reached clinical trials and received
FDA approval for breast cancer treatment. However, achieving the desired therapeutic
effectiveness and clinical translation remains challenging. A deeper understanding of
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micelle–biological component interactions is necessary, particularly concerning biodistribu-
tion and microenvironmental responses. Issues such as insufficient stimulus sensitivity and
nonspecific distribution can lead to off-target effects. Identifying the most effective stimuli
for targeted delivery with minimal off-target effects remains a critical research area.

The development of site-specific, patient-tailored micelles is essential for advancing
precision cancer treatment. Designing micelles with targeted therapeutic agents and moi-
eties that align with an individual’s genetic profile can enhance delivery efficiency and
ensure treatment safety and efficacy. These micelles, integral to precision medicine, deliver
precise therapeutic doses to cancer sites and facilitate disease monitoring through advanced
imaging techniques. We anticipate that polymeric micelles will emerge as a robust platform
for clinical cancer therapy in the near future.
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Abstract: Transdermal drug delivery (TDD) is one of the key approaches for treating diseases, avoid-
ing first-pass effects, reducing systemic adverse drug reactions and improving patient compliance.
Microneedling, iontophoresis, electroporation, laser ablation and ultrasound facilitation are often
used to improve the efficiency of TDD. Among them, microneedling is a relatively simple and efficient
means of drug delivery. Microneedles usually consist of micron-sized needles (50–900 μm in length)
in arrays that can successfully penetrate the stratum corneum and deliver drugs in a minimally
invasive manner below the stratum corneum without touching the blood vessels and nerves in
the dermis, improving patient compliance. Hydrogel-forming microneedles (HFMs) are safe and
non-toxic, with no residual matrix material, high drug loading capacity, and controlled drug release,
and they are suitable for long-term, multiple drug delivery. This work reviewed the characteristics
of the skin structure and TDD, introduced TDD strategies based on HFMs, and summarized the
characteristics of HFM TDD systems and the evaluation methods of HFMs as well as the application
of HFM drug delivery systems in disease treatment. The HFM drug delivery system has a wide scope
for development, but the translation to clinical application still has more challenges.

Keywords: hydrogel-forming microneedles; transdermal drug delivery; controlled release;
permeation pathway; environmental response

1. Introduction

Transdermal drug delivery (TDD) is a route of drug delivery for treating or preventing
disease by absorbing drugs through the skin, permeating into the skin and further into the
blood circulation [1]. TDD avoids first-pass effects, prolongs the action of drugs with short
half-lives through slow release and avoids fluctuations in blood levels, reduces side effects
and improves patient compliance [2]. The stratum corneum barrier plays a key role in TDD,
and many methods have been used to improve the efficiency of TDD, including the use of
chemical penetration enhancers and different physical enhancement approaches, such as
microneedling [2,3], iontophoresis [4], electroporation [5], laser ablation [6] and ultrasound
facilitation [7–9].

In recent years, microneedles have gained widespread interest in TDD and have shown
brilliant achievements in delivering both chemical small molecules and biomacromolecules
whilst being minimally invasive and painless [10–17]. Microneedles usually consist of
micrometer-sized needles (50–900 μm in length) in the form of microneedle arrays that
can successfully penetrate the stratum corneum and deliver drugs in a minimally invasive
manner below the stratum corneum without damaging blood vessels and nerves in the
dermis [18,19], improving patient compliance and allowing drugs exposed in the epidermis
or dermis to be rapidly absorbed by surrounding capillaries and lymph nodes [20–22].
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Some of the microneedle products approved for marketing by the FDA and undergoing
clinical trials are shown in Table 1 and ??, respectively. As shown in Table 1, microneedling
devices are often intended for aesthetic use rather than medical purposes. Additionally,
clinical trials (Table ??) of microneedles for disease treatment, such as influenza, psoriasis,
and diabetes, have gradually increased in recent years.

Microneedles can be fabricated with different materials and can be classified into five
main types (Figure 1), namely solid microneedles, coated microneedles, hollow micronee-
dles, dissolving microneedles and hydrogel-forming microneedles (HFMs) [23–25]. Among
these, HFMs, an attractive type of microneedles first reported in 2012, consist of a swellable
polymer (cross-linked hydrogel) that enables the sustained delivery of drugs for long peri-
ods of time by either incorporating the drug into the polymer structure during preparation
or by loading the drug into a separate reservoir and attaching it to the HFMs [26]. In the
following, the application and evaluation methods of HFMs in TDD are analyzed and
discussed in detail.

Figure 1. Schematic representation of methods of traditional (A) and hydrogel (B) microneedles
mediated drug delivery across skin (arrows point to the order of operations). The figure was adopted
from ref. [11] with permission from WILEY-VCH VERLAG GMBH & CO. KGAA.
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2. Characteristics of HFMs as TDD System

HFMs are safe, have no residual matrix material and are suitable for long-term,
multiple-drug delivery. HFMs have the advantages of resisting the closure of skin tis-
sue pores after puncture into the skin, and no matrix material remains when the HFM
patch is removed due to the inherent swelling insolubility and viscoelastic properties of
the matrix material [26,27]. HFMs also bring benefits from avoiding drug deposition after
microneedle tip penetration [28].

HFMs are characterized by water absorption and swelling, and sustainable and con-
trolled drug release. Drugs can be loaded in HFMs in two ways, either by incorporating
the drug into the microneedle matrix during preparation or by loading the drug into a sep-
arate reservoir and then attaching it to the hydrogel microneedle as a substrate [29]. Both
methods of preparation allow for the continuous delivery of the drug over a long period of
time. Materials used to prepare HFMs are non-toxic, degradable and biocompatible [30],
and commonly used materials include natural compounds such as gelatin and polymer
copolymers such as poly (methyl vinyl ether-co-maleic acid) cross-linked with polyethylene
glycol (PMVE/MAPEG) [10,31]. Among these, PMVE/MAPEG has an excellent water
absorption capacity and allows the preparation of super-swollen HFMs that can absorb
fluids and swell up to 20 times their original size [11,32]. HFMs pierce the skin and rapidly
absorb interstitial fluid, causing the hydrogel to swell, creating a continuous, unobstructed
hydrogel conduit for the drug permeating into the skin [33].

HFMs are able to control the drug release behavior through the crosslinking density
of the hydrogel microneedle matrix material, thus achieving controlled drug delivery
kinetics [34]. For example, the degree of swelling of PMVE/MAPEG decreases with
increasing cross-linkage. When the PMVE/MAPEG ratio was 2:1 and 4:3, respectively, the
degree of swelling increased by 294% and 250%, respectively [35]. In addition, increasing
the concentration of the cross-linking agent ethylene glycol dimethacrylate (EGDMA)
decreases the release of the loaded drug, and the t1/2 of the drug increased from 2.64 h
to 45.67 h when EGDMA was added from 1% to 8%. It indicates that by increasing the
cross-linking agent, the cross-linking degree can be increased and the swelling degree can
be decreased, which results in lower and more sustained drug release [36]. Some main
characteristics of different HFM formulations have been summarized in Table 2.

Table 2. Characteristics of different HFM formulations.

Compounds Polymer Characteristics Ref.

Fluorescein, FITC-Dextran,
Doxorubicin

Methacrylated hyaluronic
acid

Methacrylated hyaluronic acid microneedles fully swelled
within 1 min, with swelling ratio of ~2.74; >80% of

fluorescein, FITC-Dextran, and >50% of doxorubicin were
released from the microneedle patches within 30 min.

[37]

HRP Silk

The beta sheet content in the microneedle devices was
increased from 14% to 15% and 21% as the water vapor

annealing time increased from 0 h to 2 h and 8 h, and the
HRP release reduced to 37% and 18%.

[38]

FITC-dextran
Silk fibroin, urea,

N-dimethylformamidee,
glycine and 2-ethoxyethanol

The swelling-modified silk fibroin microneedles with
different microscopic pore size attains 250–650% swelling

ratio after PBS immersion;
the swelling-modified silk fibroin microneedles display

significantly enhanced transdermal drug release kinetics
compared with the controlled silk fibroin films, with
2–10-times larger accumulative release ratio than the

corresponding control groups during the entire release
process in vitro.

[2]
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Table 2. Cont.

Compounds Polymer Characteristics Ref.

Light-responsive ibuprofen
conjugates

Crosslinked 2-hydroxyethyl
methacrylate

The crosslinked 2-hydroxyethyl methacrylate hydrogel
shows maximum swelling degrees of around 50% after
24 h; the system allows the release of ibuprofen during

prolonged periods of time (up to 160 h).

[39]

Sildenafil citrate
Polyvinyl alcohol and
polyvinylpyrrolidone

crosslinked by tartaric acid

The hydrogel’s swelling percentage was 348.07–72,897%
with different formulations. [40]

Doxorubicin Methacrylated hyaluronic
acid

The swelling ratio increased rapidly and reached a
maximum of 337% at 10 min; the release profile of

doxorubicin/SMNs dramatically turned into a slow rate
after 90 min and less than 90% doxorubicin was released at

the end of the detection point (12 h). The maximum
doxorubicin concentration that appeared at 1 h was

0.58 ± 0.35 μg/mL for the doxorubicin/DMNs group, and
was 1.28 ± 0.32 μg/mL for the doxorubicin/SMNs group

at 2 h, respectively. The crosslinking network of SMNs
significantly retarded the diffusion of small molecule drugs
within the needle matrix, and extended the drug release

duration, increasing the drug transdermal efficacy.

[41]

Nicotinamide
mononucleotide

Polyvinyl alcohol,
carboxymethyl cellulose,

DMSO

Formulations of microneedles containing 2.9%
carboxymethyl cellulose have a higher swelling ratio

(186%) in comparison with the 0% carboxymethyl cellulose
composite (48%) and a higher nicotinamide

mononucleotide release of 91.94 ± 4.03% at 18 h compared
with the carboxymethyl cellulose-free polyvinyl alcohol

matrix of 50.48 ± 3.73% at 18 h.

[42]

3. Materials for Forming HFMs

Similar to other types of microneedles, the common preparation method for HFMs is
mainly micromolding [43,44], where a microneedle matrix in its flowing hydrogel state is
injected into the mold using centrifugal and decompression methods and then dried. The
release and permeation behavior of the active ingredients is mainly controlled by the nature
of the polymers that make up the microneedle matrix, independent of the microneedle
preparation process.

Preferred microneedle materials should be biocompatible and non-immunogenic, have
fine-mechanical strength, and be able to carry potentially large and complex drugs without
damage. The commonly used materials for HFMs include Gantrez S-97, a co-polymer of
poly(methylvinylether co. maleic acid) (PMVE/MA) [12,45], methacrylated hyaluronic
acid (MeHA) [46], Gantrez AN-139, a co-polymer of poly(methylvinylether co. maleic
anhydride) (PMVE/MAH) [47,48], polyvinyl alcohol (PVA)/polymer blends [49,50] and
crosslinked PVA [51], crosslinked 2-hydroxyethyl methacrylate (pHEMA) [39], poly(styrene-
b-acrylic acid) (PS-b-PAA) [52], modified silk [2] and clay/polymer blends [53].

Some cross-linked polymers, such as those prepared through esterification reactions,
have different degrees of polymerization, resulting in widely varying structures and there-
fore different properties of water absorption and swelling. This results in different rates
of swelling after the microneedle tips are inserted into the skin, leading to different drug
release profiles, such as burst and sustained drug release [11]. For example, HFMs based
on the ‘super-swelling’ polymer PMVE/MAPEG consisted of drug reservoirs and mi-
croneedle tips which did not contain the drug [11]. When the tips were inserted into
the skin, the microneedle tips rapidly absorbed the interstitial fluid, creating continuous
conduits between the dermal microcirculation and the attached patch-type drug reservoirs,
which sustainedly released the drug. In another report, HFMs (two layers) assembled
from a lyophilized drug reservoir layer and a microneedle layer consisting of 20% (w/w)
poly(methyl vinyl-maleic acid) crosslinked by esterification with 7.5% (w/w) poly(ethylene
glycol) (Mw 10,000 Da) significantly enhanced the penetration of metformin hydrochlo-
ride in subcutaneous neonatal pig skin in vitro. The combined HFMs delivered 27.6-fold
and 71.2-fold more drug over 6 h and 24 h, respectively, than controls using only drug
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reservoirs [12]. In addition, on-demand drug release can be achieved using HFMs through
stimulation control. Hardy et al. prepared HFMs using the light-responsive materials
2-hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA) to
achieve on-demand delivery of ibuprofen [39]. In another report, the glucose-sensitive
molecule 4-(2-acrylamidoethylcarbamoyl)-3-fluorophenylboronic acid (AFPBA) was chosen
for integration with the hydrogel scaffold for its suitable equilibrium association constant
with glucose (Figure 2C). After immersion in a glucose solution, the pore size of Gel-
AFPBA-ins hydrogel (a hydrogel in which GelMA and AFPBA are cross-linked and then
copolymerized with insulin) (Figure 2B) increased and insulin was released faster and more
with an increasing glucose solution concentration (Figure 3) [54].

Figure 2. Schematic representation of responsive microneedle dressing for diabetic wound healing.
(A) Diabetic wounds in mice treated with the hydrogel-based microneedle dressing. (B) Prepara-
tion of glucose-responsive insulin-releasing Gel–AFPBA–ins hydrogels. (C) Mechanism of glucose-
responsive insulin release from the prepared hydrogels. The figure was cited from ref. [54] with
permission from the Royal Society of Chemistry.
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Figure 3. Schematic representation of glucose responsiveness and insulin release of the Gel–AFPBA–
ins hydrogels. (A) Scanning electron microscope images of the cross-sectional morphology of the
hydrogels after reaction with different glucose solutions. The insets show the appearance of the
corresponding hydrogels. (B) Surface area and (C) average pore size of the hydrogels after reaction
with different glucose solutions. (D) Insulin release kinetics from the hydrogels in different glucose
solutions. Mean ± s.d. (n = 5 for 3 repetitions). The figure was cited from ref. [54] with permission
from the Royal Society of Chemistry.

4. Evaluation Methods for HFMs

The materials, design, and preparation process of HFMs are important parameters in
determining the properties of microneedles, while effective drug delivery also depends on
the mechanical strength, skin penetration and release kinetics of HFMs.

4.1. Appearance and Morphology

The morphology and dimensions of HFMs (including the tip radius, height, width,
length and spacing) can be characterized by optical microscopy, scanning electron mi-
croscopy (SEM) or optical coherence tomography (OCT), confocal laser scanning mi-
croscopy (CLSM), and multiphoton microscopy (MPM).

Optical microscopy and SEM are commonly used to image and measure the morphol-
ogy of HFM arrays and the height, width and spacing of microneedles [55]. OCT imaging
is highly accurate, has a certain imaging depth and imaging speed, and is often used to
observe, in situ, the penetration depth of microneedle patches after puncturing into isolated
or in vivo skin or to record the process of microneedle changes within the skin [56,57]. By
loading the microneedles with fluorescent dyes similar to the physicochemical properties
of the drug, the distribution of the drug in the microneedles can be assessed by CLSM [58].

4.2. Swellability and Water Insolubility

The swelling properties of HFMs were determined by placing the microneedle array
in distilled water or PBS and removing and weighing at specific time intervals to calculate
the percentage of swelling [59]. Ex vivo skin such as porcine skin was also used, with
the subcutaneous tissue layer carefully removed and the skin placed on tissue paper
equilibrated with PBS (pH 7.4). HFM patches were punctured into the isolated skin
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and then removed at specific time intervals and their base-width swelling capacity was
measured using digital microscopy [60].

Water insolubility is an important property of HFMs. The solubility of HFMs was
calculated by swelling them sufficiently and then placing them at 90 ◦C to dry completely to
a constant weight and comparing the weight before swelling with the weight after swelling
and drying to a constant weight [59].

4.3. Mechanical Strength

The shape of the microneedle determines how much force can be applied to the
microneedle before the needle breaks. The diameter and angle of the needle tip, as well as
the height and basal measurement of the microneedle, determine whether the microneedle
can be safely and reliably inserted into the skin [61]. In general, smaller tip diameters,
smaller tip angles and higher tip height-to-width ratios facilitate successful skin penetration.
It was found that the average depth of penetration, as determined for the nine microneedles,
was significantly higher for the triangular and square base geometries, (340 μm and 343 μm,
respectively) than for microneedle arrays with a hexagonal base (197 μm). Accordingly,
the average distance between the microneedle base plate and the stratum corneum was
estimated at 660 μm, 657 μm and 803 μm for the triangular (34% penetration), square
(34% penetration) and hexagonal (20% penetration) base geometries, respectively [62].
Mechanical strength is generally tested using a texturizer or a motorized force-measuring
table [63,64]. For fracture testing, arrays of microneedles are microscopically observed
before and after testing to determine height differences.

4.4. Skin Piercing and Transdermal Permeation Properties

Microneedles act on the skin surface, puncturing the epidermis and creating micro-
scopic pores through which the drug diffuses into the dermal microcirculation. The success
of microneedle puncture can be assessed using a paraffin membrane or porcine skin. The
porcine skin has similar physical properties to human skin and can be used as a simulated
human skin model [63,65,66]. When conducting relevant experiments, the skin was first
washed with PBS (pH 7.4), and then the skin was placed dermally downwards on a wax
sheet [67]. The HFMs were then pressed into the skin with the thumb for 30 s. The mi-
croneedle arrays were removed from the skin and stained with 150 μL of 1% methylene
blue solution for 5 min to assess the position of the stained microneedle pinholes. Excess
staining solution was gently washed away with PBS. The stained skin was imaged with a
digital microscope and the percentage of stained blue microneedles was calculated to assess
the skin puncture performance of the microneedle arrays. The 100% success rate indicated
that all microneedle arrays would be observed in the skin [68]. In general, parameters such
as the microneedle tip diameter, basal width, length, type of microneedle and its mechanical
strength play a crucial role in forming the size of the microchannel in the skin [69].

OCT can be used for in situ observation of the depth of microneedle puncture into
the skin in vitro. Kaiyue et al. inserted microneedle patches into rat skin in vitro and
imaged the microneedle patches together with the treated skin with OCT; the microneedle
tips reach a depth of about 300 μm into the skin and do not break during the insertion
process [58].

Fluorescence microscopy can be used to examine the distribution and accumulation
of the drug in the skin. Using fluorescence imaging, Aljuffali et al. observed that after
transdermal administration, fluorescence was only detected on the skin surface in the free
fluorescent probe group and only a weak fluorescent signal was present in the hair follicles,
whereas fluorescence was significantly enhanced in the skin of the fluorescently labelled
nanocarrier group, suggesting a pro-permeation effect of the nanocarriers [70].

When the drug itself is fluorescent or the drug delivery system is labelled with flu-
orescence, CLSM is often used to observe fluorescence at different skin depths, allowing
verification of the depth of penetration of the agent into the skin tissue and visualization
of the accumulation of the agent in the skin tissue. Alvarez-Roman et al. used CLSM to
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determine the penetration, distribution and accumulation of polymeric nanoparticles in
isolated porcine skin [71]. Moreover, by loading coumarin 6 and rhodamine B into the
inter-layer and tip-layer of the microneedles, respectively, and inserting into the skin of the
knee joint of hairless rats for 30 min, the depth and distribution of the microneedles in the
skin were evaluated by tracing the fluorescence of coumarin 6 and rhodamine B by using
CLSM and performing 3D reconstruction [58].

MPM is suitable for the characterization of human skin and allows the assessment
of skin morphology and layers at a subcellular level. The two-photon excitation princi-
ple overcomes the limitations of fluorescence imaging and allows for in vivo non-toxic
manipulation. Excitation occurs almost exclusively at the target inspection site without
damaging surrounding tissue [72]. MPM also extends the applicability of fluorescence
lifetime imaging microscopy (FLIM), and MPM-FLIM allows non-invasive, high-resolution
examination of human skin for in vitro, ex vivo, and even clinical in vivo applications [73].
MPM has been used to evaluate the pathophysiological features of inflamed skin, skin
permeation and delivery of drugs [74–76].

4.5. In Vitro Release and Transdermal Behaviour

The in vitro TDD can be assessed by Franz diffusion in the donor compartment of the
diffusion cell, with the stratum corneum of porcine skin fixed face up to the receiving cell,
with PBS (pH 7.4) kept constantly at 37 ◦C as the receiving medium [77]. The microneedle
arrays were applied to the isolated skin and samples were taken from the receiving cell at
set intervals. For measuring in vitro drug release, microneedles are placed in PBS (pH 7.4,
37 ◦C), and samples are taken at set intervals to determine drug concentrations. Skin
permeation of drugs can also be evaluated by in vivo animal models, often in suitable rats
or mice. The hair of the anaesthetized animal is removed and the skin is then punctured
using a microneedle patch, whilst other parameters associated with drug efficacy can be
assessed, such as the microneedle strength, permeation efficiency and irritation [78].

It has been noted that skin structure and immune responses in animal models differ
significantly from those in humans. In addition, the biochemical properties of ex vivo
human skin are different compared to in vivo human skin [79]. Therefore, human trials
need to be included in the study when conducting pharmacodynamic studies [80].

4.6. Biosafety and Stability

Biosafety and stability are two important issues that limit the widespread use of
HFMs. One of the safety aspects of HFM systems for clinical use is biocompatibility. To
ensure that HFM products are acceptable for human exposure, several tests are required
to assess their biocompatibility, based on exposure times of less than 24 h, 24 to 30 h, and
more than 30 h [81]. Cytotoxicity, sensitization, irritation, intracutaneous reactivity tests,
genotoxicity and subacute/subchronic systematic toxicity tests are recommended for the
different periods of HFM use [81].

The hemolytic assay is one of the early ways to assess toxicity [82]. Elim et al. used
red blood cells from rats to evaluate the hemolytic of HFMs, and no hemolytic was ob-
served, indicating that the materials used were haemocompatible [40]. Vicente-Perez et al.
investigated the effect of repeated application HFMs arrays prepared by Gantrez® S-97
BF and polyethylene glycol in the mouse skin, which displayed mild erythema, but did
not stimulate the humoral immune system or cause infection or trigger an inflammatory
response cascade [83]. Al-Kasasbeh et al. demonstrated for the first time in human vol-
unteers that repeat HFM application and wear did not induce prolonged skin reactions
or prolonged disruption of skin barrier function. Importantly, concentrations of specific
systemic biomarkers of inflammation (C-reactive protein (CRP); tumor necrosis factor-α
(TNF-α)), infection (interleukin-1β (IL-1β), allergy (immunoglobulin E (IgE)) and immunity
(immunoglobulin G (IgG)) were all recorded over the course of this fixed study period.
No biomarker concentrations above the normal, documented adult ranges were recorded
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over the course of the study, indicating that no systemic reactions were initiated in volun-
teers [84].

The stability of HFMs can be evaluated to ensure that active ingredients are protected
during storage. This is usually done by storing HFMs and their cargo at various tempera-
tures, including −25 °C, 4 °C, 20 °C, 40 °C and 60 °C, followed by analytical assessments.
Generally, the protein cargo of HFMs has better storage stability and a longer shelf-life
due to the rigid glassy microneedle matrices restraining molecular mobility and limiting
access to atmospheric oxygen. Water should be particularly focused when non-vacuum
storage conditions are present, as they can not only destroy the stability of cargo but also
the mechanical properties of the HFMs themselves [85].

5. Application of HFMs in Disease Treatment

HFMs have been widely used for the treatment of various diseases, such as cardiovas-
cular diseases, metabolism-related diseases and cancer, due to their outstanding advantages
mentioned above.

5.1. Anticancer

Using HFMs for transdermal anticancer drug delivery can overcome the disadvantages
of low bioavailability and side effects of oral administration and can also be used for the
local administration of drugs for the treatment of superficial tumors such as melanoma,
improving bioavailability while avoiding systemic exposure of the drug. Taking advantage
of the abundant immune cells including antigen-presenting cells and Langerhans cells in
the epidermis and dermis, the activation of the skin’s immune microenvironment can act
synergistically with the drugs delivered by HFMs.

Chen et al. prepared HFMs with cross-linking polyvinylpyrrolidone (PVP) and
PVA as a matrix, loaded with 1-methyltryptophan and indocyanine green-encapsulated
nanoparticles for the treatment of melanoma [86]. This system successfully induced im-
munogenic cell death, enhanced immune response and provided a promising melanoma
treatment (Figure 4).

Figure 4. Schematic illustration of the mechanism of antitumor immunity. The figure was cited from
ref. [61] with permission from the American Chemical Society.
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Huang et al. prepared HFMs loaded with doxorubicin (DOX) and trametinib (Tra)
using photo-cross-linked dextrose methacrylate (DexMA) as the microneedle matrix and
successfully achieved the slow release of the drugs and exploited the synergistic effect of
DOX and Tra (Figure 5) [87].

Figure 5. Characterization of DexMA hydrogel microneedles (MNs). (A–C) Images of blank MNs,
methylene blue-loaded MNs, and DOX-loaded MNs, respectively. (D–F) Images of a single mi-
croneedle corresponding to ((A–C), marked with a dotted box), respectively. (G) SEM image of MNs.
(H) MNs mechanical property. (I) In vitro drug release from MNs. The figure was adopted from
ref. [87] with permission from Elsevier, Limited.

5.2. Treating Diabetes

HFMs are a promising drug delivery system for the treatment of diabetes because they
are minimally invasive, painless, have no microneedle matrix residue and can be repeatedly
administered multiple times.

Chen et al. used silk protein and phenylboronic acid/acrylamide as a microneedle
matrix loaded with insulin to prepare glucose-responsive smart HFMs [88]. After the
microneedles penetrated the skin, insulin was released autonomously to control the blood
glucose concentration when the glucose concentration in the skin tissue increased. The
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HFMs also retain their original needle shape after a week in water, offering the potential
for safe, residue-free and sustained drug release.

Wang et al. fabricated HFMs by using PVA as a microneedle matrix, loaded with
glucose oxidase (core) and catalase (shell) and loaded 4-nitrophenyl 4-(4,4,5,5-tetramethyl-
1,3,2-dioxol-2yl) benzyl carbonate (insulin NBC) modified insulin into PVA, and PVA
was further gelated by an H2O2-labile linker: N1-(4-boronobenzyl)-N3-(4-boronophenyl)-
N1,N1,N3,N3-tetramethylpropane-1,3-diaminium (TSPBA) [89]. When microneedles were
exposed to high glucose concentrations, local high levels of H2O2 were produced and
insulin NBC was oxidized and hydrolyzed, leading to the rapid release of free insulin and
control of blood glucose concentrations (Figure 6).

Figure 6. Schematic representation of the glucose-responsive insulin delivery system using H2O2-
responsive PVA-TSPBA gel. (A) Insulin is triggered to release by a hyperglycemic state from the
core matrix of the PVA-TSPBA MN patch, and the local inflammation can be greatly reduced by the
catalase-embedded PVA-TSPBA shell. (B) Modification of insulin with NBC and H2O2-responsive
release. (C) H2O2 responsiveness mechanism. The figure was adopted from ref. [89] with permission
from the American Chemical Society.

5.3. Treating Rheumatoid Arthritis

Rheumatoid arthritis is a systemic disease involving multiple joints. Early drug treat-
ment is mostly oral administration, but long-term oral anti-rheumatoid arthritis medication
often brings about serious side effects, while local injection drug treatment methods not
only require specialist handling but may also pose the risk of joint damage and infection.
HFMs are suitable for the delivery of drugs for this disease because of their painless and
minimally invasive delivery of various active molecules.

Cao et al. designed modified hyaluronic-acid-fabricated HFMs, loaded with reverse
deoxythymidine and cholesterol-modified deoxythymidine, which had a protective effect
against cartilage/bone erosion in mice joints [90]. Compared to dissolving microneedles,
HFMs not only increased the loading of nucleic acid aptamers into the cavity of the mi-
croneedle mold but also allowed the loading of HFMs to be controlled by adjusting the con-
centration of the aptamer solution, avoiding waste and loss of aptamers during preparation.
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6. Summary and Outlook

As a new type of TDD method, HFMs have been increasingly researched for TDD,
mainly in the treatment of cardiovascular diseases, tumors and diabetes mellitus, with
the greatest advantage being the controlled release of the drug and the targeted drug
delivery in the original lesion. In addition, the HFMs are prepared with certain functional
modifications, such as some photothermal materials (e.g., gold nanorods, Prussian blue,
and indocyanine green) and photosensitizers (e.g., protoporphyrin, zinc titanocyanine,
and titanium dioxide), which induce the HFMs to produce exogenous stimuli (changes in
temperature, magnetic fields, and light) or endogenous stimuli (changes in pH, enzymes,
and redox gradients), while combining the delivered drug molecules, antibodies, nucleic
acids, etc., to achieve targeted treatment of diseases. However, HFM development still
faces potential biosafety issues during prolonged use, batch industrial production and
sterilization challenges, which poses a huge challenge for their clinical application and is a
hot topic for future research.
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