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A drug’s bioavailability, i.e., the extent to and rate at which it enters the systemic
circulation, thus accessing the site of action, is largely determined by the properties of
the drug. Many of the drugs currently entering the clinic are highly hydrophobic and /or
present high molecular weights; others are highly sensitive and easily degrade upon
administration. Pharmaceutical interventions to circumvent poor water solubility and
permeability issues, as well as the physicochemical instability or degradation in the body,
often rely on the use of polymers, either natural or synthetic, which confer unique properties
to the dosage forms and contribute to better clinical outcomes. Therefore, polymeric
excipients have been widely introduced in pharmaceutical manufacturing, for the delivery
and targeting of many drugs, improving their pharmacokinetics and pharmacodynamics.

This Special Issue aims to provide an update on the state of the art and current trends in
polymeric drug-delivery systems specifically designed for improving drug bioavailability.
A total of 32 papers were submitted for publication, and those accepted (40.6% acceptance
rate) may be found online; this Special Issue comprises 10 original research papers and
3 literature reviews from across the globe.

The majority of the papers (8) report the use of polymeric carriers (e.g., liposomes,
microspheres, micelles, nanoparticles, inclusion complexes and supramolecular aggregates)
for targeted or controlled delivery. Strategies such as the development and evaluation of
novel polymers (some of which with stimuli-responsive attributes), solid-state modifica-
tions to enhance drugs’ solubility, the promotion of permeation across biological barriers,
and polymer-protein drug conjugation are addressed.

Figure 1 summarizes the routes of administration of the systems described in this
Special Issue. The parenteral and oral routes are the most prevalent (10 papers), followed
by the oromucosal (buccal), topical and pulmonary routes, with 1 publication each. Unsur-
prisingly, drugs presenting anticancer activity or those effective against inflammation and
autoimmune diseases predominate.

Pulmonary; 1

\_

Topical ; 1

Buccal; 1 Parenteral; 6

Oral; 4

Figure 1. Numbers of papers published by administration route used (or intended).
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A concise summary of the polymer-based drug-delivery systems and strategies pre-
sented in each paper is provided below.

Silibinin, a hepatoprotective, anticancer and chemopreventive agent with low aque-
ous solubility, and chemical instability, has been incorporated in PEG-modified tert-
octylcalix[8]arenes, as a drug-delivery platform [1]. In the first phase, the novel PEGylated
polymers were synthesized by the anionic polymerization of ethylene oxide and char-
acterized using diffusion-ordered NMR spectroscopy. The resulting amphiphilic macro-
molecules consisted of a hydrophobic calixarene core and eight hydrophilic PEG chains.
Inclusion complexes and supramolecular aggregates containing silibinin were then pro-
duced by a solvent-evaporation method. The nanosized self-assembled structures, which
were formed above the critical micellar concentration, dramatically enhanced the solubility
(>1700%) of the drug candidate due to the establishment of hydrophobic non-covalent
host—guest interactions, thus promoting the drug’s solubilization. In vitro release studies,
conducted by membrane dialysis under physiologically relevant conditions, showed a
biphasic release of the drug: initial fast release from the aggregates, followed by a delayed
drug release from the inclusion complexes, for up to 24 h. The cytotoxicity of drug-loaded
and drug-free constructs against human tumor cell lines was evaluated; the constructs were
biocompatible and did not compromise the antineoplastic potential of silibinin.

Simoes and co-workers developed lecithin-based liposomes complexed with copoly-
mers of Pluronic® and poly(acrylic acid)/poly(N,N-dimethylaminoethyl methacrylate),
for controlled drug release [2]. The copolymers, previously synthesized by atom trans-
fer radical polymerization, stabilized the structure of the liposomes, as measured by the
leakage of calcein, a fluorescent dye encapsulated in their aqueous compartment. The
polymer-liposome complexes presented a homogeneous particle size in the nanometer
range, low polydispersity and significantly negative surface charge, preventing agglomera-
tion and promoting stability over time. The absence of cellular toxicity was demonstrated
by the maintenance of the viability of human epithelial cells. Moreover, the polymer—
liposome complexes showed pH- and temperature-responsive behavior, with higher and
faster release of the marker dye. This may be of particular interest for the targeted diag-
nosis and treatment of diseases whose pathophysiology is characterized by changes in
pH/temperature (e.g., tumors, inflammation and infection). Additionally, noteworthy is
the possibility of the particles incorporating both hydrophobic and hydrophilic payloads
and of presenting long plasma circulating half-lives due to the hydrophilic nature of the
polymers used.

Polymer-modified liposomes, as drug-delivery systems, have been thoroughly re-
viewed by Cao, Dong and Chen [3]. The paper guides the reader from the early days when
the first PEGylated liposomal formulation was approved by the FDA (Doxil®, 1995) to the
most recent approaches to liposomes” modification and marketed products. While preserv-
ing the properties of conventional liposomes (e.g., the incorporation of both hydrophobic
and hydrophilic drugs, biocompatibility, tunable physicochemical and biophysical proper-
ties, the controlled release of drugs, passive targeting to tumors, and reduced drug toxicity),
the surface modification of the carrier modulates its physiological properties. Polymers are
mainly grafted or physically adsorbed onto the surfaces of liposomes, to increase the col-
loidal stability and prevent rapid uptake by the mononuclear phagocytic system and blood
clearance. Specific functionalities lent by the surface polymers—e.g., poly(ethylene glycol),
hyaluronic acid, chitosan and alginate—include long blood circulation times and targeting
and/or stimulus-responsive features, resulting in improved drug pharmacokinetics and
pharmacodynamics. The advantages and disadvantages provided by each polymer, and
future research and regulatory perspectives are also addressed in this review.

S-propargyl-cysteine has recently been shown to be an outstanding endogenous hydro-
gen sulfide (H,S) donor, thus capable of alleviating the symptoms of rheumatoid arthritis,
an inflammatory autoimmune disease, which is incapacitating if left untreated. However,
to be clinically relevant, H»S must not be released instantly but rather over a period of time.
The sustained release of the molecule was achieved in the work of Yu et al. [4] through the
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production of poly(lactic) acid microspheres. The microparticulate system was produced
using a double emulsion evaporation method. The formulation that produced spherical
microparticles of adequate size (=30 um; it induced no inflammation at the injection site)
and encapsulation efficiency was chosen for further studies. The system was demonstrated
to deliver H,S for up to 4 days in vitro and 3 days in vivo, following a single subcutaneous
injection in Sprague Dawley rats. In a rat model for studying anti-inflammatory effects, the
therapeutic efficacy against rheumatoid arthritis was also improved and the administration
time interval was increased, compared to those of the free molecule.

Histone deacetylase inhibitors, such as MPT0B291, an azaindolysulfonamide, are a new
class of antitumor agents currently under investigation; however, MPT0B291’s very low
water solubility limits its clinical use and hinders its formulation for the parenteral route.
To circumvent this problem, the encapsulation of MPT0B291 into human serum albumin
nanoparticles was attempted [5]. Nanoparticles (=136 nm; polydispersity index < 0.3; high
encapsulation efficiency and drug loading) produced by a two-stage emulsification method
remained stable for up to 4 weeks in storage, and exhibited in vitro sustained release
of the drug. The cytotoxic effect on human pancreatic carcinoma cells was equivalent
to that of the free drug. However, the nanoparticulate drug-delivery system provided
a higher maximum tolerated intravenous single dose, with reduced side-effects on the
normal cells of Balb/c mice. Additionally, in vivo pharmacokinetic studies, in the Sprague
Dawley rat model, showed a 5-8-fold increase in bioavailability and a longer blood half-life
(2.5 times higher than that of the free drug), which led to a significant improvement of the
anticancer efficacy. The authors claim that the controlled-release, nanoscale, biocompatible,
biodegradable, targeted, safe and effective injectable preparation developed may be of
significant help in bringing other hydrophobic drugs to the clinic.

The effective delivery of peptide and protein therapeutics remains rather challenging
and requires frequent administration by the parenteral route. The task becomes more
difficult if a local, sustained, controlled delivery of the protein drug is needed. To address
these problems, a novel polymer—protein conjugate with poly(ethylene glycol), capped
with a high-affinity adamantane, was synthesized; the conjugate was then complexed
with a cyclodextrin-based polymer by hydrophobic-driven thermodynamic interactions
between the polymeric cyclodextrin cavity and the protein payload cap. Bovine serum
albumin and anti-interleukin-10 monoclonal antibodies were used, respectively, as a model
protein and as proof of the functionality of the system [6]. The affinity-based construct was
capable of maintaining sustained drug release for up to 65 days, largely preserving both
structure and protein function. The possibility of leveraging the affinity-driven loading
of cyclodextrins with hydrophilic, high-molecular-mass compounds—in turn, prolonging
drug release while maintaining antigen specificity (~=70%)—was demonstrated for the first
time. Although in vivo experiments are warranted, significant clinical applications of the
strategy, for antibody-based treatments in cancer or autoimmune diseases, are expected.

The intestinal mucosal barrier poses a challenge in oral drug delivery, and the devel-
opment of dual-acting zeta-potential-amphoteric micelles has been proposed to overcome
it, by allowing optimal mucopermeation and enhancing cellular uptake [7]. The rationale
of the work is that, since the zeta potential of nanoemulsions is known to influence both
parameters in opposite directions (cellular uptake is promoted by positively charged and
permeation by negatively charged nanodroplets), a system capable of zeta-potential shifting
would be beneficial. With this in mind, the study utilized mixed micelles formed by non-
ionic surfactants—including Kolliphor, Labrasol (EL and RH 40) and dimethylsulfoxide as
a co-solvent—as a drug-delivery method. The anchorage of excess stearic acid (SA) with
a hydrophilic carboxylic acid moiety oriented in the hydrophilic shell provided micellar
droplets with a high anionic density. A cationic surface was attained by using excess SA,
forming hydrophobic ionic complexes with two lipophilic cationic polymers (Eudragit
RS 100 and Eudragit RL 100) incorporated within the micellar hydrophobic core, and the
exposure of the ammonium groups of polymers. The two types of zeta-potential-changing
micellar droplets were loaded with fluorescein diacetate, a hydrophobic model drug, and
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the diffusion and cellular uptake through porcine intestinal mucus were investigated. The
complex-loaded micellar droplets provided a significantly higher cellular uptake of the
model drug than blank micelles, and showed no toxicity towards Caco-2 cells. Due to
undergoing slow and time-dependent shifts in zeta potential, the modified micelles signifi-
cantly enhanced the cellular uptake while preserving the mucus-permeating properties,
offering dual benefits in drug delivery.

Polymeric drug-delivery systems, which have also emerged as a robust approach to
enhancing oral drug bioavailability and intestinal drug absorption, are the focus of the
next set of papers. In this respect, the thiolation of polymers, as a means for enhancing
their mucoadhesive properties, is one of the most promising approaches to improving the
therapeutic indices of drugs, by prolonging the mucosal residence time due to adhesion
to mucins at the site of action; additionally, enhanced permeation across mucosa and
enzymatic protection from degradation are also provided. Zaman et al. [8] describe the
successful thiolation of poloxamer, an amphipathic excipient widely used in pharmacy.
The thiomer obtained was evaluated regarding its physicochemical properties, biocom-
patibility in albino rats and adequacy as an excipient for producing compressed tablets.
Tacrolimus, a poorly bioavailable BCS class II immunosuppressant drug, was used as a
model. Tacrolimus-containing tablets, produced with the thiomer, showed a satisfactory
drug-loading capacity, superior mucoadhesion and an improved in vitro dissolution profile
(faster initial release with kinetics independent of the initial drug concentration and a
diffusion-type release pattern), indicating that they were suitable for the controlled oral
delivery of drugs.

A different strategy, with the same purpose of increasing drug oral bioavailability,
is described in the next paper. A stable solid dispersion of the poorly water-soluble gly-
cyrrhetinic acid (GA, a potent anti-inflammatory triterpene saponin) was produced by
co-solvent evaporation. L-arginine, used as a low-molecular-weight co-former, produced
co-amorphous salts of the drug, which were, in turn, added with Soluplus®, a matrix-
forming amphiphilic polymer, to obtain the solid dispersion via hydrogen bonding or
complexation reactions [9]. Above the critical micellar concentration, Soluplus® produced
micelles encapsulating the hydrophobic drug in the core, promoting solubility and prevent-
ing drug crystallization. The solid dispersion was characterized by different microscopic
and spectroscopic methods (e.g., FTIR and XRD), and the anti-inflammatory activity was
evaluated in a cellular inflammation model and in ear edema and gastric ulcer models
in mice. The new oral formulation showed adequate drug loading in the polymer, with
dramatically improved solubility, due to the molecular interactions established. The particle
size was below 100 nm, allowing the particles to evade rapid clearance by the mononu-
clear phagocytic system and increasing their cytomembrane penetrability. Furthermore,
the immunomodulatory effect of the drug was superior, which translated into improved
anti-inflammatory activity both in vitro and in vivo. The authors conclude that this is a safe
and effective method for improving the solubility and bioavailability of GA, also providing
guidance for other drug candidates showing poor oral bioavailability.

The next work in the Special Issue reviews the gastrointestinal physiological challenges
(e.g., poor absorption, metabolic instability, the epithelial mucus layer, intestinal motility,
efflux pumps and disease) impacting the bioavailability of drugs and how chitosan-based
drug-delivery systems may overcome such barriers, while changing the target sites of
absorption [10]. Chitosan is a cationic, biodegradable/biocompatible, atoxic and versatile
molecule that has been shown to improve the intestinal assimilation of drugs. Recent
advances in the development and application of chitosan-based systems that improve
intestinal drug absorption, its mechanisms, and pharmacological applications are exten-
sively discussed. In short, chitosan (or its derivatives) nanoparticles/nanocapsules may
be obtained by ionic gelation, chemical modification, and polyelectrolyte complexation
methods; the oral drug absorption is improved due to protection from enzymatic degra-
dation, mucoadhesion, efflux inhibition, antimicrobial activity, and enhanced permeation
effects of the polymer, which is also capable of controlling the release of the drug. Clinical
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use in diabetes, cancer, infections and inflammation is envisaged as a new paradigm for
nanotechnology-based treatments.

Developing new delivery systems to reduce the risk of intoxication with drugs with
narrow therapeutic indices is of the utmost importance. Digoxin is one such drug that is
used to treat heart failure and atrial fibrillation, and raises safety concerns, especially in
the elderly. However, mucosal drug administration has recently received attention from
researchers, as it avoids the hepatic first-pass effect and degradation by gastrointestinal
enzymes, providing rapid drug absorption and increasing bioavailability. Additionally,
polymeric nanoparticles have wide-ranging potential as carrier systems for bioactive com-
pounds, controlling the drug release profiles and reducing degradation and toxicity. With
these premises in mind, the study aimed to demonstrate the potential of sodium alginate
films containing digoxin-loaded zein nanoparticles, as a buccal drug-delivery system, to
reduce the number of doses and facilitate administration and a rapid onset of action [11].
Sodium alginate was selected for the film matrix, since it is a hydrophilic, biocompatible
polysaccharide, with mucoadhesive properties, which may lead to an increased residence
time at the site of action. The films were obtained by solvent casting, and the nanopar-
ticles were produced by the nanoprecipitation method. Zein is not only mucoadhesive
and biocompatible, but also amphiphilic and thus capable of encapsulating hydrophobic
drugs, such as digoxin. In fact, digoxin was efficiently encapsulated (91%) and the particles
(~ 87 nm) were stable and monodisperse and exhibited positive charges, making them
capable of interacting with the negatively charged sialic acid residues in mucin and pro-
longing the buccal residence time. Films were produced with and without a plasticizer
(glycerol) and varying concentrations of ethanol; the system containing 10% ethanol pre-
sented a swelling profile and mechanical properties compatible with application as a buccal
drug-delivery system. The medicated films also showed controlled drug release, with po-
tential for improved therapeutic effects and compliance, with reduced side effects. Though
complementary assays are necessary, the system developed seems to be a good alternative
to the conventional digoxin solid dosage forms currently available on the market.

Another important strategy addressed in this Special Issue was the use of liposomal
formulations to overcome resistance to antibiotics, which results in increasing difficulty in treat-
ment. Gbian and Omri evaluated the efficacy of free and liposome-encapsulated antibiotics—
gentamycin (GEN) and erythromycin (ERY)—in combination with a broad-spectrum efflux-
pump inhibitor (phenylalanine-arginine 3-naphthylamide—PABN)—against Pseudomonas
aeruginosa strains [12]. Chronic and persistent infections with this opportunistic pathogen
are the leading cause of death in cystic fibrosis patients. Antibiotic multiresistance may be
due to the poor penetration or active removal of antibiotics from the cells by efflux pumps,
justifying the use of inhibitors in this work. Liposomes were prepared by the dehydration—
rehydration vesicle method and characterized with respect to size, size distribution and
encapsulation efficiency; the antimicrobial activity was determined by the microbroth
dilution method. The activity on P. aeruginosa biofilms, and the effects of sub-inhibitory
concentrations on the virulence factor, quorum-sensing signals and bacterial motility were
also studied. The authors showed that the liposomal encapsulation of antibiotics increased
the drug penetration and therapeutic effectiveness. PABN combinations potentiated the
antibiotics by reducing the minimal inhibitory and bactericidal concentrations by 4 to
32 times in total, for both GEN and ERY. In fact, liposomal antibiotics combined with PABN
proved efficacious in inhibiting bacterial growth, eradicating biofilms and reducing viru-
lence factors and motility. Further in vitro and in vivo tests are needed to fully understand
the potential impact and utility of the strategy proposed for the clinical management of
P. aeruginosa infections in cystic fibrosis.

The last paper addresses the relevance of treating chronic wounds in view of the sig-
nificant burden they represent to healthcare systems and their negative impact on patients’
quality of life [13]. The wound-healing cascade and wound-care strategies, such as debride-
ment and especially wound dressing, are reviewed in detail. The properties of the ideal
wound dressing are discussed, as well as the use of nitric oxide (NO) for wound healing
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due to its effects, such as promoting vasodilation, cell proliferation, and angiogenesis, and
antimicrobial activity. Polymers may be engineered with an array of materials, fulfilling
the required properties of a wound dressing. In this respect, hydrogels, which may be
used as storage and delivery matrices for NO, are extensively covered. Such NO-releasing
hydrogel-based systems (presenting either physically adsorbed or chemically attached NO
donors) have been proven to exhibit bactericidal properties, enhance wound healing, and
promote the controlled and sustained release of NO when required. The advantages and
disadvantages of NO-donor incorporation in hydrogels and the mechanisms of NO release
are also presented. The need for dressings customized according to each type of wound is
deemed possible to meet by adjusting the hydrogel. However, extensive characterization
of the physicochemical properties, NO-release kinetics and toxicity profile upon chronic
exposure will be essential in the future.

Overall, these contributions further strengthen the role of polymers in modern drug
delivery and targeting, illustrating the multiple approaches possible and unveiling what
the future may bring.
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Abstract: The hepatoprotective properties of silibinin, as well its therapeutic potential as an anticancer
and chemo-preventive agent, have failed to progress towards clinical development and commercial-
ization due to this material’s unfavorable pharmacokinetics and physicochemical properties, low
aqueous solubility, and chemical instability. The present contribution is focused on the feasibility
of using PEGylated calixarene, in particular polyoxyethylene-derivatized tert-octylcalix[8]arene, to
prepare various platforms for the delivery of silibinin, such as inclusion complexes and supramolec-
ular aggregates thereof. The inclusion complex is characterized by various instrumental methods.
At concentrations exceeding the critical micellization concentration of PEGylated calixarene, the
tremendous solubility increment of silibinin is attributed to the additional solubilization and hy-
drophobic non-covalent interactions of the drug with supramolecular aggregates. PEG-modified
tert-octylcalix[8]arenes, used as drug delivery carriers for silibinin, were additionally investigated for
cytotoxicity against human tumor cell lines.

Keywords: calix[8]arenes; silibinin; inclusion complexes; PEGylation; cytotoxicity

1. Introduction

The plant milk thistle (Silybum marianum) has been used since ancient times as a key
element for various medical treatments. It has been effectively applied for curing gallblad-
der disorders and liver dysfunctions. Researchers’ findings have repeatedly claimed its
effective hepatoprotective action [1]. The World Health Organization has in fact verified
silymarin (a milk thistle derivative) as an established medicine [2]. As such, silymarin is
present in silimonin, silychristin, silibinin, isosilychristin, isosilybin, and silydianin [3-5].
Silibinin (SBN), the main bioactive component, has proven its antioxidant properties and
anticancer activity. It has been established that it possesses therapeutic effects by treating
various malignancies, such as skin cancer [6], prostate cancer [7,8], breast cancer cells [9]
and gastric tumor cells [10]. SBN is characterized by low bioavailability due to its high
hydrophobicity and nonionizable chemical structure [11,12]. It is insoluble in apolar sol-
vents and poorly soluble in water and polar solvents [13]. Its large structure, presented in
Figure 1, further reduces its bioavailability and diffusion. Influencing molecules, such as
phenol derivatives, amino acids and flavonoids, can improve SBN’s bioavailability [14]. To
overcome these limitations and to mitigate the unfavorable pharmacokinetic profile, dif-
ferent nanoparticle-based drug delivery approaches are being developed to improve SBN
bioavailability [15,16]. Systems based on polymeric nanoparticles demonstrate long-term
stability, improved effectiveness, non-toxicity, and targeted drug release in comparison
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with traditional carriers [17-20]. In addition, when the particle size is under 200 nm, an
increased drug accumulation in tumor cells is observed due to enhanced permeability [21].
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Figure 1. Chemical structure of silibinin.

Recently, extensive research efforts have been focused on supramolecules, such as
crown ethers, cyclodextrins, and calix[n]arenes, due to their ability to encapsulate hy-
drophobic drugs through host-guest interactions [22-25]. The use of such macrocyclic plat-
forms for the solubilization of purely water-insoluble, physiologically active substances is a
synthetic approach to forming various types of amphiphilic molecules in a biomimetic way.

Since their discovery, a wide range of applications of calixarenes has been found
due to their ability to entrap small molecules. This valuable feature has opened up many
opportunities for the design and development of drug delivery. Calix[n]arenes, formed
from phenolic units linked by methylene bridges at the 2,6-positions, can self-assemble into
different ordered molecular aggregates. These supramolecular compounds have defined
lower and upper rims and a large central cavity. They can form guest-host inclusion
complexes through the encapsulation of small molecules and ions [26,27]. Calix[n]arenes’
most significant disadvantage is their low aqueous solubility. This issue has already been
addressed via functionalization with polar substituents, such as sulfonates [28,29], phos-
phonates [30], amines, amino acids, peptides and saccharides [26,31-33], or poly(ethylene
glycol) (PEG) [34,35].

In the present contribution, we are focused on the design of original PEG-modified
tert-octylcalix[8]arenes and their evaluation as carriers for silibinin. In contrast to the more
commonly used calix[4]arenes- and calix[6]arenes-based carriers, the products synthesized
by us are characterized by functionalization with long substituents of both the lower and
upper rims. The structure of calix[8]arene is identified by its considerably bigger cavity,
which allows a higher load with larger molecules and aggregates. The attachment of tert-
octyl groups in the upper rim forms a “crown” above the calixarene’s cavity through its side
methyl-branched groups. This architecture additionally enlarges the actual molecule, and
it is highly likely to enlarge the cavity volume of the calixarene basket, which in turn could
lead to the inclusion of bigger molecules. The modification of the lower rim through PEG
chains leads to the construction of a unique architecture of amphiphilic macromolecules,
consisting of a hydrophobic tert-octylcalix[8]arene core and eight long arms of hydrophilic
PEG chains. Although silibinin has been proven to be a very promising drug candidate, and
it is classified as belonging to class II of the Biopharmaceutics Classification System (BCS)
(drugs with high permeability and poor solubility), its bioavailability is limited by its poor
dissolution and solubility. In this regard, the original PEG-modified tert-octylcalix[8]arenes
were investigated in detail as a tool for improving the unfavorable aqueous solubility of
silibinin. Additionally, both non-loaded and SBN-loaded complexes were investigated for
cytotoxicity and against human tumour cell lines.
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2. Materials and Methods
2.1. Materials

The PEGylated tert-octylcalix[8]arenes were synthesized as described in Section 2.2.
Ethylene oxide was supplied by (Clariant, Muttenz, Switzerland). Silibinin, 1,6-diphenyl-
1,3,5-hexatriene (DPH), xylene, potassium hydroxide, RPMI-1640 medium, L-glutamine
and fetal calf serum (FCS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The cell lines HL-60 (chronic myeloid leukemia) and CAL-29 (transitional cell urinary
bladder cancer) were purchased from the Leibniz Institute-DSMZ German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany).

2.2. Synthesis of Amphiphilic PEGylated tert-Octylcalix[8]arenes

The synthesis of a series of products with different degrees of polymerization of
the PEG chains is based on the process of the anionic polymerization of ethylene oxide
(EO). Tert-octylcalix[8]arene was used as an initiator. The synthetic route, modified to
suit the study purposes, was first described by Mustafina et al. [36]. Briefly, a mixture of
p-tert-octylcalix[8]arene, KOH and xylene was placed into a three-necked flask and was
heated to 140 °C under stirring in order to initiate azeotropic water evaporation. After
water evacuation, the mixture was cooled to 110 °C. The synthetic route continued with
the bubbling of ethylene oxide under a nitrogen atmosphere. The process was maintained
for a set period of time in order to achieve PEG chains with the desired total degree of
polymerization. The pH of the mixture was adjusted to pH 7 with 5% HCL. After filtration
the solvent was evaporated. The product was taken up in dichloromethane and washed
several times using deionized water. The solvent was removed under vacuum.

2.2.1. TH NMR and DOSY Characterization

The NMR spectra were acquired on a Bruker Avance II+ 600 NMR spectrometer
equipped with a 5 mm direct detection dual broadband probe, and a gradient coil with
maximum gradient strength of 53 G/cm. All spectra were measured at a temperature of
293 K. The DOSY (diffusion-ordered NMR spectroscopy) spectra were acquired with a
convection-compensating double-stimulated echo-based pulse sequence, using monopolar
gradient pulses (square shaped). The following experimental parameters were used: 32K
time domain data points in the direct dimension (t2); 48 gradient strength increments; linear
gradient ramp from 4 to 95% of the maximum gradient output (from 1.92 to 45.7 G/cm); 128
scans for each gradient step; relaxation delay of 2 s. To achieve optimal signal attenuation,
experiments with different combinations of gradient pulse length, 6, (from 2 to 10 ms) and
diffusion delay, A, (from 100 to 500 ms) were performed. The following parameters were
used for DOSY spectra processing: 64 K data points in F2; exponential window function
(line broadening factor 5); 258 data points in the diffusion dimension. The diffusion
coefficients were calculated by fitting the diffusion profiles (the normalized intensity of
selected signals as a function of the gradient strength G) with an exponential function using
a variant of the Stejskal-Tanner equation adapted to the particular pulse sequence used.
Assuming a spherical shape, the apparent hydrodynamic diameter, dy,, of the particles was
estimated using the Stokes—Einstein equation (Equation (1)) and the obtained value of the

diffusion coefficient, D:
kT

h= 3ty D

)

where k is the Boltzmann constant, T is the temperature (K) and 7 is the solvent viscosity.
In the present experiment, 77(D,0) = 1.2518 x 1073 Pa s at 293 K (NIST, Gaithersburg,
MA, USA).

2.2.2. Determination of the Critical Micellization Concentration (CMC)

A series of aqueous solutions of selected PEGylated tert-octylcalix[8]arenes with
increasing concentrations from 0.008 to 4 wt. % were prepared. In total, 20 uL of a 0.4 mM
solution of 1,6-diphenyl-1,3,5-hexatriene (DPH) in methanol was added to 2.0 mL of each

11
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of the polymer solutions. Afterwards, the solutions were vortexed briefly and left in
the dark overnight. The spectra were recorded at 25 °C on a Beckman Coulter DU® 800
spectrophotometer (Brea, CA, USA) in the wavelength interval 300-500 nm. The main
absorption peak, characteristic for DPH solubilized in a hydrophobic environment, was
at 356 nm.

2.3. Preparation of Inclusion Complexes of Silibinin and PEGylated tert-Octylcalix[8]arenes
Solvent Evaporation Method

For the preparation of inclusion complexes of silibinin and PEGylated tert-octylcalix[8]
arenes and nanosized aggregates prepared thereof, a solvent evaporation method was cho-
sen as previously described [23]. In brief, a series of samples containing a fixed concentra-
tion of SBN (1 mg/mL) and increasing concentrations of PEGylated tert-octylcalix[8]arenes
(2-12 mg/mL) were prepared in absolute ethanol and evaporated to dryness using a Buchi
rotation-type vacuum evaporator. The concentration range was chosen on the basis of
the CMCs of the polymers to enable evaluation of their solubilizing capacity, both as a
molecular solution (as inclusion complexes) and as a dispersion of supramolecular aggre-
gates. Thereafter, the dried SBN:PEGylated tert-octylcalix[8]arenes-containing films were
hydrated for 2 h with deionized water at 50 °C and then stirred for a further 24 h at ambient
temperature in the absence of light. Afterwards, the undissolved silibinin was separated
from the samples by centrifugation for 10 min at 5000 rpm. The clear colorless supernatants
containing aggregates of SBN:PEGylated tert-octylcalix[8]arene complexes were quantified
for SBN by UV-Vis spectroscopy at 286 nm. Phase-solubility graphs were obtained by the
correlation of the amount of dissolved silibinin vs. the concentration of calixarenes.

2.4. Characterization of SBN:PEGylated tert-Octylcalix[8]arenes Inclusion Complexes and
Supramolecular Aggregates

2.4.1. Fourier Transform Infrared (FT-IR) Spectroscopy

The Fourier-transform infrared spectra (FTIR) of pure silibinin, pure PEGylated tert-
octylcalix[8]arenes, their physical mixtures, and lyophilized inclusion complexes were
measured in the range of 400-4000 cm ™! on an IRAffinity-1 FTIR spectrophotometer with a
MIRacle Attenuated Total Reflectance Attachment (Shimadzu, Kyoto, Japan). The samples
were analyzed in attenuated total internal reflection absorbance mode, with an aperture
diameter of 3 mm and a spectral resolution of 1 cm~!. For an optimal signal-to-noise ratio,
50 scans were averaged per sample spectrum. All the spectra were normalized thereafter.

2.4.2. Dynamic Light Scattering (DLS)

The size and size distribution patterns of silibinin-loaded supramolecular PEGylated
tert-octylcalix[8]arenes aggregates were evaluated using a ZetaSizer NanoZS (Malvern
Instruments, Malvern, United Kingdom), equipped with a 633 nm laser. The above-
mentioned parameters were evaluated at the scattering angle of 175° at 25 °C. The hydro-
dynamic diameters (d},) were calculated using the Stokes—Einstein equation (Equation (1))
with n(H,0) = 0.890 x 10~ Pas at 293 K.

2.4.3. Electrophoretic Light Scattering

The zeta potentials of silibinin-loaded supramolecular PEGylated tert-octylcalix[8]
arenes aggregates were determined using a ZetaSizer NanoZS (Malvern Instruments,
Malvern, United Kingdom), equipped with a 633 nm laser. The zeta potentials were
evaluated at the scattering angle of 175° and 25 °C from the electrophoretic mobility using
the Smoluchowski equation (Equation (2))

{=4mnnv/e, )

where 7 is the solvent viscosity, v is the electrophoretic mobility, and ¢ is the dielectric
constant of the solvent.

12
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2.5. In Vitro Release Study

The cumulative release of silibinin from supramolecular OEC-IV and OEC-V aggre-
gates was studied by membrane dialysis under physiologically relevant conditions, namely,
37 °C in acceptor media phosphate-buffered saline (PBS) at pH 7.4, since the possible route
of administration of the tested formulations is parenteral. Briefly, 1 mL of each of the tested
formulations was placed in a cellophane dialysis membrane tube (MWCO 10,000). The
dialysis sacks were then placed in a temperature-controlled vessel in 100 mL PBS. The
amount of acceptor phase was selected based on the solubility of silibinin, and thus, the
chosen amount of dissolution media was able to dissolve more than 10 times the amount of
SBN in the tested formulation. At predetermined time intervals, 2 mL aliquots were taken
from the released medium and silibinin content was evaluated by UV—-vis spectroscopy at
A = 286 nm from a liner curve (R? = 0.9992) (liner eq. A =a+bx).

2.6. Cytotoxicity Evaluation
2.6.1. Cell lines and Cultured Conditions

Human promyelocytic (HL-60) and urinary bladder cancer (Cal-29) cells were culti-
vated in RPMI-1640 culture medium, with the addition of 2 mM L-glutamine and 10% fetal
calf serum, and were kept in an incubator (BB 16-FunctionLine” Heraeus (Kendro, Hanau,
Germany)) at 37 °C in a 5% CO, humidified atmosphere.

2.6.2. MTT Dye Reduction Assay

The cell growth inhibition potentials of free silibinin and its formulations were assessed
using the MTT dye reduction assay. The method is based on the biotransformation of the
yellow tetrazolium dye (MTT) to a violet formazan product via the mitochondrial succinate
dehydrogenase in viable cells. The procedure was performed as described elsewhere [37]
with small modifications [38]. Exponentially growing cells were plated in 96-well flat-
bottomed microplates (100 uL/well) at a density of 3 x 10° cells/mL (HL-60) or 1.5 x 10°
cells/mL (Cal-29), and after 24 h incubation at 37 °C they were treated with increasing
concentrations of a silibinin-free drug (as ethanol solution) or loaded into supramolecular
aggregates of PEGylated tert-octylcalix[8]arenes for 72 h. For each of the tested formulations
a series of 8 wells was used. After the treatment time, samples of 10 puL of MTT solution
(10 mg/mL in PBS) were added to each well. Afterwards, the microplates were incubated
for an additional 4 h at the same temperature. Then, a 100 pL solution of 5% formic acid in
2-propanol was added to each well to dissolve the formed MTT—formazan crystals. The
MTT-formazan absorption was evaluated at 580 nm with a Beckman-Coulter DTX800
multimode microplate reader (Brea, CA, USA). Thereafter, the fractions of surviving cells
were calculated as a percentage of the untreated control. The half-inhibitory concentrations
(IC50) were calculated from the concentration-response curves.

3. Results and Discussion
3.1. Synthesis of Amphiphilic tert-Octylcalix[8]arenes

7

A series of PEGylated tert-octylcalix[8]arenes were synthesized via the “grafting from”
approach. By varying the time of polymerization of ethylene oxide (EO), and hence the
amount of EO, PEG chains of varying degrees of polymerization were grafted from the
lower rim of the tert-octylcalix[8]arene macrocycle. The synthetic approach is schematically
presented in Figure 2. It yielded polymers of molecular weight distribution (M /Ms),
as assessed by gel permeation chromatography (GPC) in the 1.40-1.70 range. A small
fraction of molecular weight of about 1100 was typically present in the GPC eluograms,
which was eliminated after washing with water, to yield My, /M in the range 1.10-1.15
(see ESI, Figure S1). The resulting products were amphiphilic macromolecules, consisting
of a hydrophobic tert-octylcalix[8]arene core and eight arms of hydrophilic PEG chains.

13
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Figure 2. Schematic representation of the synthesis of PEGylated tert-octylcalix[8]arenes.

The polymerization degrees of the PEG fragments and the corresponding average
molar masses of the obtained PEGylated tert-octylcalix[8]arenes were determined from the
relative areas of the signals of the CH; groups of the PEG fragments at 3.5-3.7 ppm, and
the CHj protons of the tert-octyl groups at 1.0 ppm. A representative 'H NMR spectrum is
shown in the ESI (Figure S2). The abbreviations of the newly synthesized PEGylated tert-
octylcalix[8]arenes, as well as theoretical and experimental degrees of polymerization (DP)
of the PEG chains and the number average molar masses (M) of the investigated products,
are given in Table 1. Static light scattering (SLS) measurements of selected samples showed
a very good correlation between the molar masses of the products determined by 'H NMR
spectroscopy and SLS (see below and the ESI, Table S1, Figure S3).

Table 1. Abbreviations, theoretical and experimental degrees of polymerization (DP) of the PEG
chains and number average molar mass (My) of the PEGylated tert-octylcalix[8]arenes.

DP of PEG Chains

Abbreviation Theoretical Experimental @ Mna
OEC-1 5 4 3200
OEC-II 7 6 3900
OEC-1II 19 14 6700
OEC-IV 22 17 7800
OEC-V 42 41 16,200

OEC- VI 57 52 20,000
OEC- VII 100 96 36,000

2 Derived from 'H NMR data in CDCl;.

The successful PEGylation of tert-octylcalix[8]arene was evidenced by measuring
the DOSY spectra of the new materials in CDCls. Figure S2 shows as an example the
DOSY spectrum of sample OEC-IV, where the PEG units (around 3.7 ppm) and the tert-
octylcalix[8]arene fragments (0.4-1.7 ppm, 6.9 ppm) show identical diffusion coefficients,
indicating that they originate from the same molecules.
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3.2. Aqueous Solution Properties

The lowest members of the series of PEGylated tert-octylcalix[8]arenes (OEC-I and
OEC-II) were not soluble in water. OEC-III exhibited limited solubility at low concen-
trations, whereas the higher members (OEC-IV-OEC-VII) spontaneously dissolved in
water in wide concentration intervals. Considering their non-linear chain topology, the
possible steric hindrance caused by the densely functionalized PEG lower rim, and the
screening of the hydrophobic moieties, one may anticipate more complicated and com-
plex self-associating behavior compared to that of linear amphiphilic copolymers. The
association behavior of the PEGylated tert-octylcalix[8]arenes in aqueous solution was
investigated by a variety of methods, including dye solubilization, diffusion-ordered NMR
spectroscopy, and light scattering. For determination of the CMCs, the sensitivity to
changes in the microenvironment of the non-polar dye 1,6-diphenyl-1,3,5-hexatriene(DPH)
was exploited [39-43]. Typically, an increase in the absorbance at 356 nm is associated with
the formation of hydrophobic domains in which the dye is solubilized. Figure 3a shows
a representative absorbance vs. concentration dependence for OEC-1V at 25 °C, from the
break of which the CMC was determined. Similarly, the CMC values of all investigated
species were determined. They fell in the range 4.4-7.2 mg/mL and showed a gradual
increase with increasing My, (Figure 3b). The lower CMC indicated easier and more favored
self-association.
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Figure 3. Absorption intensity at 356 nm and CMC determination of OEC-IV (a) and CMC versus
molar mass of the investigated PEGylated tert-octylcalix[8]arenes in aqueous solution (b).

Below the CMC, only unimers, that is, unassociated PEGylated tert-octylcalix[8]arenes,
exist, whereas above the CMC multimolecular aggregates are formed. The transition from
unimers to multimolecular aggregates, however, is not sharp, as evidenced by Figure 3a,
which could be associated with the polymer nature of the products, their non-linear chain
topology, and the presence of a rigid calixarene moiety, as well as some composition dis-
persity. In this relatively broad transition interval, unimers and multimolecular aggregates
were found to co-exist, as evidenced by dynamic light scattering (see ESI, Figure 54 and
DOSY. DOSY exploits the differences in the translational diffusion coefficients of various
species present in a mixture, thus allowing discrimination between components with
different sizes [44]. In the present study, it was used for determination of the diffusion
coefficients and sizes of aggregates formed in aqueous solutions of the PEGylated tert-
octylcalix[8]arenes, containing 14 (OEC-III), 17 (OEC-IV), 41 (OEC-V) and 96 (OEC-VII)
oxyethylene units. The DOSY spectra of the systems with 14 and 96 oxyethylene units
showed the presence of two components, indicating the formation of two types of aggre-
gates. Figure 4a presents an example of the DOSY spectrum of OEC-III (10 mg in 1 mL
D,0), showing the co-existence of relatively small particles with a diffusion coefficient of
3.38 x 10711 m?/s and larger aggregates with a diffusion coefficient of 1.78 x 1072 m?/s.
The calculated apparent hydrodynamic diameter dy, of the former, of around 10 nm, could
be associated with the size of unimers, while the latter, with a dj, of 190 nm, were un-
doubtedly multimolecular aggregates. Similar results were obtained for the system with
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96 (OEC-VII) oxyethylene units (Figure S2 in the ESI). The lack of a diffusion peak for
the calixarene fragment in unimers could be explained by the relaxation dynamics of the
amphiphilic polymer system in water, which depends in a complex way on the overall
and fragmental motion of the unimers and the aggregates. The systems with 17 and 41
oxyethylene units display only one component in their DOSY spectra corresponding to
particles with relatively small sizes, and with a dy, of about 10 nm (Figure 4b). The good
correlation between the sizes of the co-existing particles determined by DOSY and DLS
(see Figure 4 and Figure 54) is noteworthy.

_/J \\_A_//\j\/\ log(m?/s) _J}J \\—J-—-/\j\h\ log(m?/s)
25

- -12. - -12.5
‘ - -12.0 - -12.0
‘ ‘ - -11.5 - -11.5
- .11.0 - -11.0
l - -10.5 ” F -10.5
- -10.0 - -10.0
- -9.5 - -9.5
(a) (b)
f T T T T T T T T - 9.0 f T T T T T T T T - 9.0
40 35 30 25 20 15 1.0 05 ppm 40 35 30 25 20 15 1.0 05 ppm

Figure 4. DOSY spectra of (a) OEC-III (10 mg/mL in D,0); (b) OEC-V (10 mg/mL in D,0).

Similar behaviors, i.e., the co-existence of unimers and multimolecular aggregates in
relatively wide concentration intervals, were observed for the other three water-soluble
PEGylated fert-octylcalix[8]arenes.

Static light scattering (SLS) was employed to determine the molar mass and aggre-
gation number of the multimolecular aggregates formed at concentrations well above the
CMC. A representative Zimm plot is shown in Figure S3, and the derived parameters
are collected in Table S1. The molar mass of the aggregates reached hundreds of kg/mol,
corresponding to aggregation numbers (Nagg) in the 11-20 range. These are considerably
lower figures, corresponding also to the lower density of the materials within the particles,
compared to the PEGylated calix[4]arenes studied earlier [45], and can be attributed to the
larger size of the calix residue and the enhanced empty volume of the cavity resulting from
the functionalization with the tert-octyl side groups at the upper rim.

3.3. Phase Solubility Evaluation

OEC-1V and OEC-V were selected for the preparation of platforms for the delivery of
silibinin, and the further investigation and evaluation of their potential, because they are
characterized by the lowest CMCs, and thus have enhanced stability upon dilution, larger
Nagg (that is, larger hydrophobic volume and, hence, possibilities for loading greater drug
amounts), and shorter PEG chains, which cause less spatial obstructions upon loading and
the formation of inclusion complexes. The phase solubility of SBN in the presence of aque-
ous solutions of the investigated PEGylated tert-otctylcalix[8]arenes was determined by the
method of Higuchi and Connors [46]. Due to their amphiphilic structure, OEC-IV and OEC-
V can solubilize silibinin via two mechanisms: by the formation of inclusion complexes
at concentrations below their CMC, and additionally by the formation of supramolecular
aggregates at concentrations exceeding CMC. Therefore, the concentration range of the
PEGylated calixarenes was selected to cover concentrations below and above their critical
micellar concentration. The phase solubility profiles are shown in Figure 5.

16



Pharmaceutics 2021, 13, 2025

0.5
1 | e~ OEC-IV .

0.4 |—= OEC-V 7
o) )
£031
% 02 7 ‘/',/ ’
n Va

0.1- j/

0.0 N

0.0 0.2 0.4 0.6 0.8

calix[8]arenes (umol/mL)

Figure 5. Phase solubility profiles of silibinin (SBN) in aqueous media containing various concentra-
tions of OEC-IV (-e) or OEC-V (-M-) at 25 °C.

As evident from the presented data, the gradual increase in the concentration of the
PEGylated tert-octylcalix[8]arenes leads to an increase in the solubility of silibinin. Both
solubility profiles can be defined as Ap type, as they show a positive deviation from
linearity [47]. In the concentration range from 0.0 to 0.25 pmol/mL (concentrations below
the CMC), a linear increase in SBN solubility is observed (R? above 0.99). From the linear
part of the solubility profiles, the slope of the lines can be derived (Table 2). Slopes less
than 1 indicates the formation of “host-guest” inclusion complexes, between SBN and
PEGylated tert-octylcalix[8]arenes, of a stoichiometric ratio of 1:1, following the equation:

D+C &[Dq, ®)

where D is a guest drug molecule, C is the host macrocyclic compound and [DC] is the
inclusion complex [46].

Table 2. Stability constants (Ks), thermodynamic parameter (AG) and solubility enhancement
factor (5) derived from phase solubility diagrams. So—intrinsic solubility of SBN in the absence of
complexing agents.

Parameter Slope » Ks AG So 8
Complex P R®  (mL/umol)  (J/mol)  (umol/mL) (%)

SBN:OEC-IV 0.73556 0.998 126.4 —11.98 1877

0022 @ —————
SBN:OEC-V 0.73301 0.996 124.5 —11.84 1786

In addition, the slope values were used to calculate the stability constant (Ks), the
main parameter describing the solubility of a drug and the stability of the complex, using
the equation:
slope

Ks = So(1 —slope)

@)
where So is the solubility of silibinin in the absence of a complexing agent.

The Ks values are presented in Table 2. The calculated values for Ks are relatively high,
which is an indicator of both the good solubility of silibinin and the sufficient stability of
the complexes. In addition, inclusion complexes with Ks values above 100 are considered
optimal for biological applications because, in addition to the optimized solubility of the
drug, they also provide the ability for controlled release and, respectively, effective drug
delivery in the target compartments [48,49]. For more in-depth characterization of the
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inclusion complexes, the Gibson free energy change of the complexation process was
calculated following the equation:

AG = —RTInKs (5)

Negative AG values (Table 2) indicate the spontaneous complex formation of SBN and
the tested PEGylated tert-octylcalix[8]arenes in aqueous media.

Although there is no significant difference in the studied parameters between the
OEC-IV and OEC-V inclusion complexes, there is a tendency towards the lower solubility
of silibinin in the presence of OEC-V. A probable explanation is the spatial obstruction of
the longer PEG chains, which may hinder the entry of SBN molecules.

At concentrations above the CMC, a positive deviation in the phase solubility profiles
can be clearly seen (Figure 5), evidenced by the formation of supramolecular aggregates,
in the hydrophobic domains of which additional amounts of silibinin can be solubilized,
leading to a sharp increase in its aqueous solubility. The total solubility improvement of
silibinin was studied at OEC-IV and OEC-V concentrations of 1.28 and 0.74 umol/mL
(above CMC), respectively, and was expressed as the solubility enhancement factor (),
calculated by Equation (6) [47]:

5 — S—So
- So
where So and S denote silibinin solubility in the absence and presence PEGylated tert-
octylcalix[8]arenes, respectively.

The solubility enhancement factors are presented in Table 2 and are 100% when
the solubility of silibinin exceeds twice its So (S = 250). Thus, the addition of the tested
PEGylated tert-octylcalix[8]arenes at concentrations far exceeding their CMCs leads to a
more than 20-fold increase in the aqueous solubility of silibinin via two simultaneously
occurring mechanisms: the formation of 1:1 inclusion complexes and the formation of
supramolecular aggregates.

x 100 (6)

3.4. Characterization of OEC:SBN Inclusion Complexes
Fourier Transform Infrared (FT-IR) Spectroscopy

Representative FT-IR spectra of SBN, OEC-1V, the physical mixture of OEC-IV and
SBN and the inclusion complex OEC-IV:SBN are shown in Figure 6. The results obtained
for other OEC samples are quite similar. The spectrum of free SBN (Figure 6b) shows
characteristic peaks at 3452 cm ! (-OH stretching vibration), 1632 cm~! (C=O stretching
vibration) and 1506-1468 (skeleton vibration of aromatic C=C ring stretching) [50]. These
did not interfere with the bands in the OEC-1V spectrum, and were used as marks for the
description of silibinin in the inclusion complex. The characteristic peak at 2873 cm ! in
the spectrum of OEC-IV (Figure 6a) is caused by the asymmetric and symmetric stretch-
ing vibrations of the CH bonds in calixarene [51]. The FI-IR spectrum of the physical
mixture (Figure 6c) is a combination of the spectra of pure SBN and OEC-1V, and shows
the characteristic bands of both molecules. In contrast, the spectrum of the inclusion
complex (Figure 6d) does not show SBN’s characteristic peaks, which is probably due to
the restriction of the vibration of the SBN molecule. This observation suggests that the
silibinin molecule was entrapped in the hydrophobic calixarene cavity.
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Figure 6. FT-IR spectra in the region 1000-3000 cem~1 of (a) OEC-1V, (b) silibinin, (c) the OEC-
IV:silibinin physical mixture and (d) the OEC-IV:silibinin inclusion complex.

3.5. Characterization of Silibinin-Loaded OEC Supramolecular Aggregates
3.5.1. Size, Size Distribution and Zeta Potential
The size, size distribution patterns and ( potential of the formed silibinin:OEC ag-

gregates were measured by DLS and electrophoretic light scattering. The results are
summarized in Table 3. Representative size distribution curves are depicted in Figure 7.

Table 3. Size, size distribution patterns and ( potential of empty and silibinin-loaded supramolecu-
lar aggregates.

Sample Diameter (nm) PDI ¢ Potential (mV)
OEC-IV empty 260.0 £5.2 0.54 —322+£155
OEC-IV:SBN 211.0+24 0.44 —23.1£035
OEC-V empty 295.0 £ 3.8 0,48 —31.5+05
OEC-V:SBN 200.0 £5.6 0.39 —-199+19

Evident in the presented results are the relatively high PDI values (Table 3) corre-
sponding to the bimodal size distributions (Figure 7): a small fraction (less than 13%) of
particles with a size around 10 nm (presumably unimers, see Section 2.2 above) was found
to coexist with a dominant fraction (above 87%) of particles with sizes varying from 200 to
295 nm in all of the studied formulations, whether empty or silibinin-loaded. Given the
very low percentage distribution of the concomitant fractions of particles and their small
sizes, it can be concluded that the presence of these species would not affect the uniform
loading of silibinin in the main group of supramolecular aggregates. Another interesting
finding from the DLS analysis is that the silibinin loading in the aggregates is accompanied
by a decrease in their size (Table 3). A possible explanation for the observed trend is the
condensation of the hydrophobic core of the supramolecular aggregates as a result of the
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binding interactions between the molecules of silibinin and the hydrophobic domains of
the calixarene aggregates. These observations are consistent with the findings of other
authors who have also shown a reduction in the size of polymer micelles with the inclusion
of hydrophobic drugs [52].

30 | —=*— OEC-V empty
—=— OEC-V loaded
gZS
220
‘@
515
E
10
5
0
1 10 100 1000 10,000
dh (nm)
Figure 7. Size distribution curves of non-loaded and silibinin-loaded supramolecular

OEC-V aggregates.

Although the PEGylated tert-octylcalix[8]arenes under investigation in the present
study are nonionic amphiphiles, their supramolecular aggregates, both non-loaded and
silibinin-loaded, show a relatively high negative ¢ potential (Table 3), which is an indicator
of their physical stability. On the other hand, the encapsulation of silibinin was associated
with a substantial shift to less negative values. This shift in the ¢ potential is probably
due not only to the localization of silibinin molecules in the hydrophobic interior of
supramolecular aggregates, but also due to their absorption on the surface as a result of the
formation of hydrogen bonds between the ether oxygens of the PEG chains of PEGylated
tert-octylcalix[8]arenes and the OH or keto groups of silibinin molecules. Nevertheless, the
absolute value of the  potential of the loaded formulations remains relatively high, which
is a prerequisite for sufficient physical stability.

3.5.2. Silibinin Release Study

The release behavior of silibinin from supramolecular OEC-IV and OEC-V aggregates
was investigated via the dialysis technique against PBS (pH 7.4) at 37 °C for 24 h. The
release profiles are shown in Figure 8. The presented results show the two-phase release
profiles of silibinin from both types of aggregates. The initial “burst” release, where
within 3 h almost 50% of the loaded substance was released, was followed by a delayed
silibinin release up to the 24th h. These results are consistent with those of our previous
studies of similar nanosized systems of curcumin delivery, which showed the same release
behavior [23]. This finding confirms our hypothesis that the initial fast release was due
to the release of silibinin from the aggregates, while the slower second phase was due
to the release of silibinin from the inclusion complexes, which were characterized with
relatively high values of Ks and, as such, mediated a slower drug release (see Section 3.3
and Table 2).
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Figure 8. Release profiles of silibinin from supramolecular PEGylated tert-octylcalix[8]arenes aggre-
gates.

3.5.3. Cytotoxicity Study

The PEGylated fert-octylcalix[8]arenes formulations of silibinin were evaluated in
comparison with the free drug for antineoplastic activity against chronic myeloid leukemia
(HL-60)- and transitional cell urinary bladder cancer (CAL-29)-derived cell lines after of
72 h continuous exposure, using the MTT dye reduction assay. Both OEC-V and OEC-1IV
non-loaded systems were tested against these cell lines as well, and as evident from the
concentration—response curves depicted in Figure 9a,b, they exerted only marginal intrinsic
cytotoxicity. The comparative evaluation of the cell growth inhibition following treatment
with the free drug or its formulations (Figure 9¢,d, Table 4) showed strong, concentration-
dependent cytotoxic effects, with ICsy values within the low ug/mL range. Although there
was a shift in the dose-response curves towards higher concentrations in the formulated vs.
free silibinin, the IC5( values thereof were comparable. This suggests that the PEGylated
tert-octylcalix[8]arenes, although being generally devoid of intrinsic cytotoxicity, did not
compromise the antineoplastic potential of the natural compound.

Table 4. IC5, values of free and loaded silibinin (ug/mL).

ICsp
Sample
HL-60 CAL-29
SBN 3.01 3.61
OEC-IV:SBN 448 413
OEC-V:SBN 4.67 4.25
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Figure 9. Cytotoxicity of non-loaded supramolecular PEGylated tert-octylcalix[8]arenes aggregates
(a,b) and their silibinin-loaded counterparts (c,d) against human tumor cell lines HL-60 (a,c) and
CAL-29 (b,d) after 72 h exposure at 37 °C, £SD from 6 separate experiments.

4. Conclusions

Novel PEGylated tert-octylcalix[8]arenes were designed as carriers of silibinin—an
anticancer and chemo-protective agent with hepatoprotective properties and high thera-
peutic potential. The products were obtained by the “grafting from” approach. PEG chains
with degrees of polymerization varying from 4 to 96 were grafted from the lower rim of
the original tert-octylcalix[8]arene macrocycles to produce amphiphilic macromolecules
consisting of a hydrophobic tert-octylcalix[8]arene core and eight arms of hydrophilic
PEG chains. In an aqueous solution, the PEGylated tert-octylcalix[8]arenes were found
to self-associate above a certain critical concentration into nanosized aggregates. The
resulting supramolecular structures were used for the solubilization and delivery of sili-
binin. Tremendous enhancements in the solubility of silibinin (>1700%) were observed,
and were attributed to the simultaneous formation of inclusion complexes and additional
solubilization in hydrophobic domains of the supramolecular aggregates. Accordingly,
two phases were observed in the release profiles of silibinin: fast release from the aggre-
gates and considerably slower release from the inclusion complexes. The investigated
PEGylated tert-octylcalix[8]arenes exerted only marginal intrinsic cytotoxicity, and did
not compromise the antineoplastic potential of silibinin. Based on a recent review, with
a detailed summary of various SBN formulations [53] and focusing on their favorable
physico-chemical characteristics, ability to significantly enhance solubility, excellent bio-
compatibility, and appropriate release profiles, the PEGylated tert-octylcalix[8]arenes were
found to further expand the experimental knowledge in this field, and can be considered
as promising carriers for the delivery of silibinin.
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Supplementary Materials: The following are available online: https:/ /www.mdpi.com/article/10.3
390/pharmaceutics13122025/s1. Figure S1: GPC eluograms of crude (a) and purified (b) OEC-VI.
Figure S2: (a)Representative 'H NMR spectrum of OEC-VII in CDCl; for determination of the average
DP of the PEG chains and number average molar mass (My).-; (b) DOSY spectrum of OEC-IV in
CDClI3 (10 mg/mL); (c) DOSY spectrum of OEC-VII (10 mg/mL in D,0) showing the co-existence of
two populations of particles—unimers and macromolecular aggregates. Figure S3: (a) Debye plot for
OEC-VII in water at 25 °C in the concentration range below the CMC. Measurements were made at
an angle of 90°; (b) Zimm plot for OEC-VII in water at 25 °C in the concentration range above the
CMC. Figure S4: Particle size distribution from DLS of OEC-VII in water at 25 °C in the transition
concentration range. Measurements were made at an angle of 90° and ¢ = 6.2 mg/mL. Table S1: SLS
characterization parameters of selected samples in water at 25 °C in the concentration ranges below
or above the CMCs.
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Abstract: Polymer-liposome complexes (PLCs) can be efficiently applied for the treatment and/or di-
agnosis of several types of diseases, such as cancerous, dermatological, neurological, ophthalmic and
orthopedic. In this work, temperature-/pH-sensitive PLC-based systems for controlled release were
developed and characterized. The selected hydrophilic polymeric setup consists of copolymers of
Pluronic®-poly(acrylic acid) (PLU-PAA) and Pluronic®-poly(N,N-dimethylaminoethyl methacrylate)
(PLU-PD) synthesized by atom transfer radical polymerization (ATRP). The copolymers were incor-
porated into liposomes formulated from soybean lecithin, with different copolymer/phospholipid
ratios (2.5, 5 and 10%). PLCs were characterized by evaluating their particle size, polydispersity,
surface charge, capacity of release and encapsulation efficiency. Their cytotoxic potential was assessed
by determining the viability of human epithelial cells exposed to them. The results showed that
the incorporation of the synthesized copolymers positively contributed to the stabilization of the
liposomes. The main accomplishments of this work were the innovative synthesis of PLU-PD and
PLU-PAA by ATRP, and the liposome stabilization by their incorporation. The formulated PLCs
exhibited relevant characteristics, notably stimuli-responsive attributes upon slight changes in pH
and/or temperature, with proven absence of cellular toxicity, which could be of interest for the
treatment or diagnosis of all diseases that cause some particular pH/temperature change in the
target area.

Keywords: polymer-liposome complexes; Pluronic®—poly(acrylic acid); Pluronic®—poly(N,N—
dimethylaminoethyl methacrylate); stimuli-responsive; intelligent drug delivery systems

1. Introduction

The so-called smart drug delivery systems aim at targeting effectively a given active
agent into a specific location by responding to stimuli such as variations in pH, temperature,
light, etc. [1,2]. The role of controlled-release systems in areas such as gene therapy, the
treatment and/or diagnosis of cancer, neurological, dermatologic, ophthalmologic and
orthopedic diseases, as well as cosmetic products and food engineering, contributes to
explaining the hundreds of publications related to this matter [3,4] and also to addressing
different challenges of the food and cosmeceutical industries (the targeted release of un-
stable bioactives, e.g., antioxidants) [5,6]. The importance of these studies came from the
continuing need to find more reliable, effective and selective drug release solutions.

Controlled delivery systems can be based on polymeric, inorganic or lipid compounds.
Among them, lipids have unique properties that allow the relatively easy formation of
nano-sized structures such as liposomes. They are biocompatible, biodegradable, non-
immunogenic and non-toxic vesicles, ideal for the encapsulation, transport, storage and
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release of hydrophilic and/or lipophilic substances [7,8]. In addition, the use of liposomes
as carriers enhances the solubility and stability of encapsulated drugs, and reduces their side
effects and toxicity [9,10]. However, there are some drawbacks in the in vivo application
of these nanocarriers since they are easily attacked and uptaken by phagocytic cells of the
immune system. This instability represents a major issue and compromises the efficiency
of the drug delivery at the desired target location [2]. To overcome this problem, the
anchoring of polymers into the lipid bilayers of liposomes, leading to the so-called polymer—
liposome complexes (PLCs), has been a successful strategy [9,11]. The presence of polymers
in the liposome surface brings more mechanical resistance and prevents the capture by
the phagocyte system, thus increasing the residence time of PLCs in the bloodstream,
which is an essential condition for a successful treatment. Poly(ethylene glycol) (PEG)-
coated liposomes represent the paradigmatic case of long-circulation liposomes that are
commercialized for cancer treatment [12-14]. PEGylation involves the grafting of PEG to the
surfaces of nanoparticles/liposomes, wherein ethylene glycol units form tight associations
with water molecules, resulting in the formation of a hydrating layer [15].

Over the past few decades, PEG has been considered to be non-immunogenic. How-
ever, there is growing evidence that it might be more immunogenic than previously recog-
nized. This is supported by the presence of anti-PEG antibodies in healthy humans who
are increasingly exposed to PEG additives. Furthermore, there is evidence that formu-
lations containing anticancer drugs in PEGylated liposomes (Doxil®, DaunoXome® and
Ambisome®) could induce CARPA (complement activation-related pseudoallergy), which
is classified as a non-IgE-mediated pseudoallergy caused by the activation of the comple-
ment system [16]. Therefore, it is very important to find new non-immunogenic, generally
recognized as safe (GRAS) polymers capable of extending the half-life of liposomes.

The development of alternative intelligent-release systems based on stimuli-responsive
polymers, namely those sensitive to pH and/or temperature, has been rather well accepted
in the medicine and pharmaceutical fields [17]. Poly(N-substituted acrylamides) are among
the most studied thermosensitive polymers [18], and liposomes functionalized with this
class of polymers can accurately release the encapsulated drug at temperatures above the
lower critical solution temperature [8]. Poly(2-(N,N-dimethylamino)ethyl methacrylate)
(PDMAEMA) has been investigated for gene delivery materials [19], anticancer drug
delivery by micelles [20], coating magnetic nanoparticles in cancer treatments [21] and
more recently for incorporation into drug delivery liposomes [22]. Poly(acrylic acid) (PAA)
is another polymer suitable to deliver and release drugs in tumors and inflammation sites
due to its inherent biocompatibility, pH sensitivity and mucoadhesive properties [23-25].
PAA has been studied in the form of hydrogels and nanoparticles, and incorporated
into liposomes, the latter case corresponding to pH-sensitive PLCs [24-26]. Pluronic®
(PLU), also known as Poloxamer, is a biocompatible and non-toxic triblock copolymer of
polypropylene oxide and ethylene oxide, with known applications in delivery systems [27].
PLU can be incorporated into liposomes to form PLCs due to the hydrophobic nature of
polypropylene oxide, which promotes the polymer anchoring into the lipid bilayer [28-30].
It has been reported that PLU increases the permeation of a drug through the blood-
brain barrier, affects the micro-viscosity of cells and is also capable of sensitizing and
accumulating in multidrug-resistant cancer cells [31,32].

In this work, we are proposing a novel step that goes beyond previous attempts
(e.g., [33]) towards the conjugation of these polymers. Here, we formulate PLCs that com-
bine all benefits of both polymers and liposomes in just one control release system. There-
fore, we are employing PLU, as a nuclear element, conjugated with PAA and PDMAEMA
segments, as stimuli-responsive copolymers that can be used to formulate long-circulation
pH-/temperature-sensitive PLCs. Moreover, the synthetized PLU-PAA and PLU-PD are
hydrophilic polymers that could form three-dimensional networks capable of holding a
large amount of water. It is possible that these polymers could also form a hydrating
layer in our liposomes, as PEG does, protecting them from protein adsorption and the
subsequent opsonization and destabilization.
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PLU was used as an initiator in the PDMAEMA /PAA polymerization reaction, after
esterification with bromide 2-bromoisobutyryl (2-BiB) [22]. The copolymers were syn-
thesized under mild reaction conditions by control/living radical polymerization (LRP),
particularly by atom transfer radical polymerization (ATRP) [34,35]. This technique allows
one to obtain low molecular weights and low dispersity (D), which are crucial parameters
to achieve an efficient polymer-based drug delivery system.

Liposomes were formulated with soybean lecithin (LC), which is a non-toxic, natural
phospholipid found in the organism and is also used as a food supplement [36,37]. Given
the intended drug delivery applications, release profiles, calcein loading capacity (CLC),
stability at different pH/temperatures and cell viability were evaluated to select the most
appropriate copolymer and copolymer/lipid ratio for the proposed PLC systems.

2. Materials and Methods

The following materials were used in the different stages of polymeric synthesis
and PLC formulation: 1,1,4,7,7-pentamethyldiethylenetriamine (98%, Alfa Aesar, Kandel,
Germany), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich, St. Louis, MO, USA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
Amresco®, Seattle, WA, USA), 4-(dimethylamino)pyridine (PMDETA, 99%, Merck, Darm-
stadt, Germany), bromide 2-bromoisobutyryl (2-BiB, 97%, Alfa Aesar, Kandel, Germany),
calcein (Acros Organics, Geel, Belgium), chloroform (99.2%, VWR Chemicals, Fontenay-
sous-Bois, France), copper (I) bromide (99%, Alfa Aesar, Kandel, Germany), deuterated
dimethyl sulfoxide (99.9%, Sigma-Aldrich, St. Louis, MO, USA), dialysis membranes
(MWCO 3500 Da, Medicell Membranes Ltd., London, UK), dichloromethane (99.8%, VWR
Chemicals, Fontenay-sous-Bois, France), dimethyl sulfoxide (DMSO, 99.6%, VWR Chemi-
cals, Fontenay-sous-Bois, France), Dulbecco’s Modified Eagle Medium (GIBCO BRL Life
Technologies, Rockville, MD, USA), fetal bovine serum (FBS, PAA Laboratories, GmbH,
Pasching, Austria), hydrochloric acid (37%, VWR Chemicals, Fontenay-sous-Bois, France),
methanol (99%, VWR Chemicals, Fontenay-sous-Bois, France), N,N-dimethylaminoethyl
methacrylate (DMAEMA, >99%, Merck, Darmstadt, Germany), n-hexane (99.3%, VWR
Chemicals, Fontenay-sous-Bois, France), non-essential amino acids (GIBCO BRL Life Tech-
nologies, Rockville, MD, USA), penicillin-streptomycin solution (GIBCO BRL Life Tech-
nologies, Rockville, MD, USA), Pluronic® F68 (Sigma-Aldrich, St. Louis, MO, USA),
sodium chloride (99%, Sigma-Aldrich, St. Louis, MO, USA), soybean lecithin (LC, Acros
Organics, Fair Lawn, NJ, USA), tert-butyl acrylate (tBA, 99%, Alfa Aesar, Kandel, Ger-
many), tetrahydrofuran (VWR Chemicals, Fontenay-sous-Bois, France), toluene (99%, VWR
Chemicals, Fontenay-sous-Bois, France), triethylamine (99%, Merck, Darmstadt, Germany),
trifluoracetic acid (99%, VWR Chemicals, Fontenay-sous-Bois, France) and Triton® X-100
(Sigma-Aldrich, St. Louis, MO, USA).

2.1. Synthesis of Pluronic®-2-Bromoisobutyrate (PLU-Br)

The initiator was obtained by the esterification of Pluronic® F68 (PLU) with bro-
mide 2-bromoisobutyryl (2-BiB) (Figure 1A). This approach is based on the synthesis
of cholesterol-2-bromoisobutyrate (CHO-Br) reported by Alves et al. [18]. Briefly, alg
sample of 4-(dimethylamino)pyridine (previously recrystallized from toluene) in 10 mL
of dry dichloromethane was mixed with 0.7 mL of triethylamine (dried over CaH; and
vacuum-distilled). The solution was transferred to a 250 mL three-neck round-bottom
flask equipped with a condenser, dropping funnel, gas inlet/outlet and a magnetic stirrer.
After cooling to 0 °C, 1.5 mL of 2-BiB in 10 mL of dry dichloromethane was added. Then,
21 g of PLU in 50 mL of dry dichloromethane was added dropwise to the formed yellow
dispersion, for 1 h under dry nitrogen; subsequently, the temperature was raised to 28 °C.
The reaction was kept under stirring for 22 h. Afterwards, the mixture was washed with a
saturated aqueous sodium chloride solution and dried over magnesium sulfate, followed
by evaporation of half of the solvent. The PLU-Br initiator was precipitated in ethanol and
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finally filtered and dried in vacuum. The final product was obtained in the form of a white
powder and characterized by 'H NMR.
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Figure 1. Schematic representation of the (A) synthesis of Pluronic®—2—bromoisobutyrate (PLU-Br),
(B) synthesis of Pluronic®-poly(N,N-dimethylaminoethyl methacrylate) (PLU-PD), (C) synthesis of
Pluronic®—poly(tert—butyl acrylate) (PLU-PtBA) and (D) synthesis of Pluronic®-poly(acrylic acid)
(PLU-PAA). Molecular weight and dispersity obtained by GPC analysis of PLU-PD and PLU-PtBA
are also presented.

2.2. Synthesis of Pluronic®-Poly(N,N-dimethylaminoethyl methacrylate) (PLU-PD)

PLU-PD was synthesized by ATRP (Figure 1B) according to Eugene et al. [33]. To
obtain the copolymer, the previously prepared PLU-Br was used as an initiator, copper
(I) bromide as a catalyst, 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA) as a ligand
and toluene as a solvent. Succinctly, the monomer N,N-dimethylaminoethyl methacrylate
(DMAEMA, 2 mL freshly passed through a Al,O3 column) and 600 mg of the initiator
PLU-Br were added to a 25 mL Schlenk flask equipped with a magnetic stirrer, and frozen
and bubbled with N, to eliminate oxygen. Then, 30 mg of copper (I) bromide, 26 mg
of PMDETA and 2 mL of toluene (previously bubbled with N,) were added under N,
atmosphere to the Schlenk flask, which was then sealed and deoxygenated under reduced
pressure and then filled with N». The reaction proceeded for 24 h at 80 °C, after which it
was quenched by the addition of acetone and exposure to air. Purification was achieved by
passing the obtained product through a neutral alumina column using acetone as the eluent,
then dialyzed for 48 h, dried by evaporation, dissolved in water, frozen at —20 °C for 24 h
and freeze-dried at —50 °C and 0.04 mbar in an Alpha 1-2 LD Plus (CHRIST, Osterode
am Harz, Germany) for an additional 48 h. The obtained polymer was analyzed by gel
permeation chromatography (GPC) and nuclear magnetic resonance (‘H NMR).
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2.3. Synthesis of Pluronic®-Poly(tert-butyl acrylate) (PLU-PtBA)

PLU-PtBA was also obtained via ATRP (Figure 1C) from the same procedure used in
the synthesis of PLU-PD previously described, except for the monomer used, which was
tert-butyl acrylate (tBA) instead of DMAEMA; also different were the reagent quantities
(500 mg of PLU-Br, 24 mg of copper (I) bromide and 30 mg of PMDETA) and reaction time,
which, in this case, was 30 min. Once purified and isolated, the obtained polymer was
analyzed by GPC and 'H NMR.

2.4. Synthesis of Pluronic®-Poly(poly(acrylic acid) (PLU-PAA)—PLU-PtBA Hydrolysis

PLU-PtBA was hydrolyzed in order to obtain PLU-PAA (Figure 1D) [38]. Briefly, PLU-
PtBA was added to a round-bottom flask with three necks (equipped with a condenser, an
addition funnel and magnetic stirring) with 10 mL of dichloromethane, in a bath at 0 °C
under N; atmosphere. A 5-fold molar excess of trifluoroacetic acid was added dropwise to
the flask, and then the temperature was slowly raised to 30 °C. After 48 h of reaction, the
polymer was precipitated in n-hexane, filtered and dried under vacuum at 40 °C until a
constant weight. PLU-PAA was characterized by 'H NMR.

2.5. Characterization of the Initiator and Polymers
2.5.1. Nuclear Magnetic Resonance (NMR)

'H NMR spectra were collected in a Bruker Avance I1I 400 MHz spectrometer (Bruker,
Billerica, MA, USA), by using deuterated dimethyl sulfoxide as a solvent and tetramethyl-
silane (TMS) as an internal standard, in 5-mm-diameter tubes.

2.5.2. Gel Permeation Chromatography (GPC)

The number-average molecular weight (My) and dispersity (D = M, /M) of PLU-
PtBA and PLU-PD were determined by GPC, in a Viscotek (Dual detector 270, Viscotek,
Houston, TX, USA), with THF as the eluent at 30 °C (1.0 mL/min). Narrow polystyrene
standards were used for the calibration. OmniSEC software (Malvern Instruments, Malvern,
UK) was used along with the TriSEC calibration to determine the My, gpc and D of the
obtained polymers.

2.6. Preparation of Liposomes and Polymer—Liposome Complexes (PLCs)

Liposomes were prepared according to the hydration film method [3,22,24], which
consists of dissolving soybean lecithin (LC) in chloroform (2.9 mM) in a round-bottom flask.
A N stream was then used to evaporate all the chloroform, thus allowing the formation of
a thin lipid film. Bare liposomes (LIP) were obtained by rehydrating the lipidic film in a
buffered solution of 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
at pH 7.0, vigorously stirred and incubated for 24 h above the transition temperature
(ca. 37 °C). PLCs were obtained by adding the copolymer solution of PLU, PLU-PD or
PLU-PAA in HEPES (10 mg/mL) to the LIP in copolymer/LC molar ratios of 2.5, 5 and
10%. The formulations were further vigorously stirred and left for a further 24 h at 37 °C
for the incorporation of polymers into the liposome bilayers, leading to PLCs.

2.7. Particle Size and {-Potential Measurements

A Malvern Instrument Zetasizer Nano-Z (Malvern Instruments, Malvern, UK) was
used to evaluate particle size and (-potential measurements, at 37 °C. The average hy-
drodynamic particle size (Z-average) and polydispersive index (PdI) were determined by
dynamic light scattering at backward scattering (173°) with the Zetasizer 6.20 (Malvern In-
struments, Malvern, UK). (-potential was determined using a combination of measurement
techniques: electrophoresis and laser Doppler velocimetry (Laser Doppler Electrophoresis)
(Malvern Instrument Zetasizer Nano-Z, Malvern Instruments, Malvern, UK). (-potential
outcomes were provided directly by the instrument. The results presented are the average
and standard deviation of at least 10 replicates per sample.
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2.8. Retention Capacity and Leakage Experiments

Calcein was used as a fluorescent dye for the release experiments by means of its
encapsulation into the aqueous compartment of the liposomes. Briefly, the lipid films
obtained after chloroform evaporation were hydrated with 60 mM calcein in HEPES
(50 mM, pH 7.0), vigorously stirred and incubated for 24 h above the transition temperature
(ca. 37 °C) to obtain calcein-loaded LIPs. The incorporation of the copolymers into calcein-
loaded PLCs followed the procedure previously described. To eliminate the non-entrapped
calcein from the external medium, LIPs and PLCs were centrifuged (10,000 rpm for 5 min,
three times; Centurion Scientific Ltd., Stoughton, UK). Washed PLCs were resuspended in
200 pL of HEPES (50 mM, pH 7.0) [22,39].

Release profiles and drug retention capacity along time (up to 35 h) of all formulations
were determined fluorometrically on a Synergy HT fluorescence microplate reader (Bio-Tek
Instruments, Winooski, VT, USA) with excitation and emission wavelengths at 485/20 nm
and 528/20 nm, respectively.

Calcein-loaded LIPs and PLCs were used to evaluate the stability of the liposomes
after 15 min incubation time under physiological conditions (37 °C, pH 7.0), and at pH
2,4,7 and 11 (37 °C), and at 42 °C (pH 7.0). The fluorescence intensity was determined
along time. After the last recording, to induce its total lysis (100% release of calcein), 20 pL
of a solution of Triton X-100 (10%, v/v) was added to each sample [22]. Calcein release
percentage was obtained according to Equation (1).

(F—F)
% Release = -———= x 100 1
(F — F) @
where (F) is the fluorescence intensity of the sample after each incubation time, (F;) is the
initial fluorescence intensity of the sample, and (F;) is the total fluorescence intensity of the
sample after the addition of Triton-X100. The calcein loading capacity, CLC (%), of each
test was determined as the molar concentration of calcein per molar concentration of lipid
(Equation (2)).
[Calcein|
CLC 0/0 = 7 100 2
( ) [ L i pl d] X ( )
A calibration curve ([Calcein] =1 x 1073 (F; — F;), R? = 0.99) was used to obtain the
molar concentration of the encapsulated calcein. The molar concentrations of lipids in LIPs
and PLCs were obtained by using a commercial kit (CHO-POD enzymatic colorimetric
from Spinreact, Lisbon, Portugal) following the instructions of the manufacturer, and the
concentrations were normalized to the total lipid content [40,41].

2.9. Cytotoxicity Assays

Cell viability was determined by assessing mitochondrial dehydrogenase activity,
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). For use in
the assays, human epithelial HEp-2 cells (ATCC, Manassas, VA, USA) were cultured in
DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) heat-inactivated
(30 min/60 °C) fetal bovine serum, and 1% (w/v) non-essential amino acids and 1% (v/v)
penicillin—streptomycin solution (100 U/mL penicillin G, 100 pg/mL streptomycin). HEp-2
cells were seeded in 48-well plates at 1 x 10° cells per well and incubated at 37 °C in a 5%
CO; 95% air atmosphere, to early post-confluence.

LIP and PLCs (75, 375 and 750 pM, in both cases) were added to the cells, in triplicate,
and incubated for 24 h. The cells were then washed twice with PBS and the medium
replaced with DMEM (without phenol red dye) containing 0.5 mg/mL MTT. After 2 h incu-
bation, 0.2 mL dimethylsulfoxide was added to each well and stirred for 20 min at 25 °C on
a plate shaker to solubilize the cells and the formed formazan crystals. The optical density
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(OD) values were collected in a Synergy HT fluorescence microplate reader at 490 nm
(Bio-Tek Instruments, Winooski, VT, USA). Cell viability was calculated by Equation (3).

Cell Viability (%) = ggt x 100% ©)
C

where ODy is the optical density of the cells treated with liposomes, and OD. is the optical
density of the non-treated control cells.

3. Results

The synthesis success of the two copolymers was confirmed by 'H NMR (Figure 2).
From PLU (Figure 2A) to PLU-Br spectra (Figure 2B), a peak at 2.1 ppm appears
(d, CH3C-Br), indicating the presence of the 2-bromo-2-methylpropionyl groups from
the esterification of the PLU with the 2-BiB, confirming the modification/initiator syn-
thesis [22,33]. Figure 2C shows the PLU-PtBA spectrum with a new peak at 1.45 ppm.
This chemical shift is ascribed to the methyl protons (e, —C(CH3)) of the tBA segments.
PLU-PAA (Figure 2D) was obtained by removing the tert-butyl groups of PLU-PtBA by
acidic hydrolysis, as shown in Figure 2C. In Figure 2D, after the hydrolysis, the chemical
shift of tert-butyl groups (1.45 ppm) vanishes completely, which confirms its success. In
Figure 2E, the signals at 2.2-2.4 ppm are ascribed to methyl (f, N-CH3) and methylene
(g, N-CHy) protons of DMAEMA segments, and at 4.2 ppm to the methylene protons ad-
jacent to the oxygen moieties of the ester linkages (h, HyCO-C=0). The number-average
molecular weight (M) and dispersity (D = My, /M) of PLU-PtBA and PLU-PD obtained
from GPC analysis are included in Figure 1. The success of the polymerization approach
is supported by both D close to one and the high conversion level (99% and 84% for
PLU-PD and PLU-PAA, respectively), the latter obtained by peak integration of the 'H
NMR spectra.

LIPs” and PLCs’ particle size and (-potential were assessed at 37 °C and pH 7.0. PLCs
were prepared with copolymer/lipid ratios of 2.5, 5 and 10%, and the corresponding
Z-average, PdI and (-potential are gathered in Table 1. Comparing LIPs with PLCs, an
increase in particle size is observed after the functionalization. Generally, PLCs” Z-average
increases with the percentage of copolymer added. On the other hand, PdI changes slightly,
although it is below 0.5 in every case. Vesicles with a higher percentage of PLU-PD exhibit
lower absolute values of (-potential. The opposite effect can be noticed in PLU-PAA PLCs,
while LIPs are the most negative vesicles studied. The CLC results are also summarized in
Table 1. PLCs present higher EE than LIP for all copolymer/lipid ratios, and the PLCs with
5% of PLU-PD/PLU-PAA are those with the highest CLC (ca. 27%).

PLCs’ stability was estimated by measuring calcein release at 37 °C and pH 7 (Figure 3).
All samples exhibit lower releases when compared to LIPs. PLCs with 10% of PLU-PD/PLU-
PAA show a release of ca. 25% after 30 h, which contrasts with LIPs, which release around
60% of their encapsulated calcein after the same time. Moreover, the increase in the PLCs’
copolymer/lipid ratio also lowers the release rate, which indicates enhanced efficiency in
retaining the content. Among copolymers, PLU-PD was demonstrated to be more effective
than PLU-PAA, considering that, for the same incubation time and amount of copolymer,
the PLU-PAA PLCs are faster releasers (i.e., 5% PLCs, Figure 3).

Calcein release was also determined at different pHs (from 2 to 11, at 37 °C) and
different temperatures (37 and 42 °C, at pH 7), as shown in Figures 4 and 5a, respectively.
When slight changes in pH were applied (either higher or lower then 7.0), PLCs became
significantly less stable (Figure 4). As expected, the same outcome was not observed in LIPs
(Figure 4). Among the copolymers, the pH destabilization is more evident with PLU-PAA
PLCs (i.e., 10% PLCs, Figure 4). On the other hand, PLU-PD PLCs exhibit a faster and
higher calcein release at 42 °C (ca. 22%) for the same incubation time (Figure 5a).
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Figure 2. TH-NMR spectra of (A) Pluronic® F68, (B) PLU-Br, (C) PLU-PtBA, (D) PLU-PAA and
(E) PLU-PD, where (a) -CHj is the methyl protons of PPO units; (b) -CH is the methine proton of PPO
units; (c) -CH, is the methylene proton of PEO units; (d) CH3C-Br, from 2-bromo-2-methylpropionyl
group; (e) -C(CHjs) is the methyl protons of tBA units; (f) N-CHj is the methyl protons of DMAEMA
units; (g) N-CHj is the methylene protons of DMAEMA units; (h) H,C-O-C=0 is the methylene
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protons of DMAEMA units; (i) —CHy— from PDMAEMA backbone.

Table 1. Physical characterization of LIPs and PLCs at 37 °C and pH = 7. Molar concentration of
encapsulated calcein, molar concentration of lipids and CLC. Data denoted as mean =+ standard

deviation (SD), n = 5.

Formulation Z-Average PdI G-Potential 1o ein] mM)  [Lipid] (mM) CLC (%)
(nm) (mV)
LIP 236.1 + 7.1 0.439 + 0.06 282446 002040002  0.259 + 0.04 111 + 04
PLUPD25% 2677 +89 0.377 + 0.05 245+64  0064+£0004  0.256+0.05 251+ 15
PLU-PD 5% 351.0 £ 8.0 0.433 + 0.03 210432 0.074+0005  0.269 +0.02 273+ 17
PLUPD10%  3625+77 0.426 + 0.04 189482 005440006  0.246 = 0.07 21.9+25
PLUPAA25% 2449 £83 0.484 + 0.08 203425 004140002 0210 £ 0.03 19.6 + 0.8
PLU-PAAS5%  2251+28 0.436 + 0.07 248431  0.064+0006  0.236+0.03 27.0+2.7
PLU-PAA10% 2537 +7.2 0.397 + 0.08 262488 004140002  0.226+0.05 18.1+ 09

Regarding cell viability studies, Figure 5b depicts the percentage survival of HEp-2
cells when exposed to different concentrations of LIPs and 10% PLU-PD/PLU-PAA PLCs,
after 24 h. The results demonstrate that, for the tested concentrations, LIPs and/or PLCs

are revealed to be non-cytotoxic to HEp-2 cells.
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Figure 4. Calcein release profiles after 2 h of incubation at 37 °C and different pHs. Blue circles:
LIP; purple diamonds: 2.5% of copolymer; orange triangles: 5% of copolymer; pink squares: 10%

of copolymer. (a) PLU-PD PLCs. (b) PLU-PAA PLCs. Results are expressed as mean =+ standard
deviation (SD), n = 3.
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Figure 5. (a) Calcein release of LIP, PLCs with 10% PLU-PD and PLCs with 10% PLU-PAA after 2 h
of incubation at 42 °C and pH = 7. Results are expressed as mean =+ standard deviation (SD), n = 3.
(b) Viability of HEp-2 cells after 24 h of incubation with LIP (purple bars), PLCs of 10% PLU-PD

(orange bars) and PLCs of 10% PLU-PAA (pink bars). Results are expressed as mean + standard
deviation (SD), n = 3.
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4. Discussion

As far as we are aware, the synthesis of PAA or PDMAEMA copolymers using
the ATRP method with PLU-Br as an initiator has never been reported in the context
of PLC formulation. Compared with other LRP methods, e.g., oxyanion-initiated poly-
merization [35,42] and reversible addition-fragmentation chain transfer (RAFT) polymer-
ization [43], ATRP (Figures 1 and 2) is simpler and avoids severe conditions. Moreover,
the LRP approach stands out due to the strict control of the copolymer homogeneity in
terms of both structure and molecular weight, allowing low D values and high conver-
sion levels to be achieved. The advantage of using PLU-PD and PLU-PAA copolymers
for the formulation of PLCs rests on the PLU hydrophobic segment and its high affinity
with the lipid membranes, which enables and facilitates their incorporation [44]. Further-
more, thanks to the stimuli-responsive character of PAA and PDMAEMA segments [22,24],
pH-/temperature-sensitive PLCs could be developed.

The low Z-average and Pdl results (Table 1) reveal acceptable homogeneity and size
distributions of the formulated PLCs, which are key parameters for several biomedical
applications. For instance, small particles (e.g., liposomes) are able to accumulate in tumors
due to their higher permeation capacity [3,4,45]. Nevertheless, further studies are necessary
in order to tune these parameters according to the targeted application.

Concerning the (-potential, the observed trends can be explained by the positive and
negative character of PDMAEMA and PAA, respectively (Table 1). The PDMAEMA and
PAA segments of the synthesized copolymers, PLU-PD and PLU-PAA, are located at the
external side of the liposomes. Therefore, the surface charge of PLCs is determined by
the polymer and tuned according to the copolymer/lipid ratios (Table 1). In addition,
the (-potential values are significantly negative, which contributes to preventing the ag-
glomeration of the developed PLCs, and thus to keeping them stable over time, as desired.
Taking into account both surface charge distribution and copolymer size, the stabilization
of electrosteric quality is plausible [46].

The stabilizing effect of PLU-PD and PLU-PAA was confirmed by the PLCs” improved
CLC (Table 1) and low release profiles obtained at 37 °C and pH 7.0, when compared with
LIPs (Figure 3). The copolymers incorporated on the LIP surface avoid cell uptake and act
as an extra barrier to the encapsulated dye, preventing its escape. Even if, during the PLC
washing, some calcein is lost [3,9,47], a larger amount of dye is kept in the inner aqueous
compartment of the liposomes when conjugated with the copolymers, thus explaining the
significant difference between LIPs” and PLCs” CLC (Table 1).

In a simulated physiological medium for release (37 °C and pH 7.0), LIPs and PLCs
show again a distinct behavior (Figure 3). LIPs, which present a low CLC (ca. 11%), are
also less stable than any PLC formulation, releasing up to 60% of their content after 30 h
(Figure 3). On the contrary, PLU-PD and PLU-PAA PLCs show lower release profiles.
Moreover, increasing the copolymer/lipid ratio in the complex, the release becomes slower,
ca. 25% after 30 h for 10% PLU-PDMAEA /PAA (Figure 3), which indicates that, from both
formulations, the PLCs’ content release can be controlled and tuned.

Additionally, in acid and alkaline medium, at 37 °C, PLCs show pH stimuli-responsive
properties in the form of a sharp and high percentage release profile at certain pH values
(Figure 4). A possible explanation for this behavior lies in the conformational changes of
PDMAEMA /PAA when exposed to mild to acidic or alkali conditions (Figure 4) [22,24].
The fast release at low pH is especially relevant for cancer treatments, because tumor areas
are typically acidic, which can promote the drug release only in that specific zone [48]. The
PLCs’ destabilization above pH 7 may appear less interesting, although, for other purposes,
such as diagnosis or therapeutic monitoring, it might be a relevant attribute.

These results confirm the development of pH stimuli-responsive PLCs both with
PLU-PD and PLU-PAA, which are possible candidates for pH-sensitive drug delivery
systems [35,42,49].

Contrariwise, for the thermal stimuli experiments at 42 °C and pH 7, the difference
between PLU-PD and PLU-PAA PLCs is notorious, as shown in Figure 5a. LIP and PLU-
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PAA PLCs released a low percentage of calcein after 2 h of incubation (ca. 10%), comparable
to the release profiles observed at 37 °C (Figures 3 and 4), indicating no sensitivity to the
temperature change. In contrast, PLU-PD PLCs released ~23% of the total encapsulated
calcein in the same 2 h, which is a result substantially different from that observed at 37 °C
(ca. 5% after 2 h and ~25% after 30 h of incubation) (Figures 3 and 4), revealing a clear
sensitivity to higher temperatures [43]. This characteristic of PLU-PD PLCs is interesting,
particularly for cases where the desired release site presents higher temperatures, above
37 °C as, e.g., in tumors and adjacent regions or local infections [22].

Cell viability studies are essential in the development of appropriate PLC formulations.
The results presented in Figure 5b demonstrate that all studied PLCs reveal no cytotoxicity
towards HEp-2 cells within the range of the tested concentrations. The percentages above
100% indicate that all cells were able not only to survive but also to reproduce in the
presence of the LIP and PLCs (Figure 5b). Therefore, all the results of this work consolidate
the potential of the developed PLU-PDMAEMA and PLU-PAA PLCs as long-circulation
stimuli-responsive drug delivery systems for biomedical applications.

5. Conclusions

PLU-PD and PLU-PAA copolymers were successfully synthesized by ATRP with PLU-
Br as the initiator, the latter obtained by esterification of PLU with 2-BiB. Low-molecular-
weight and -dispersity copolymers were obtained, which is a crucial feature towards the
formulation of PLCs.

The incorporation and anchoring of these copolymers in liposomes resulted in long-
term functional PLCs with acceptable average size and polydispersity and without a
tendency to aggregate. The achieved low and controlled release, considerable retention
(CLC) and pH/temperature sensitivity are distinctive factors given that temperatures
above physiologic levels and low pH are common in tumors and inflammation regions.
Furthermore, no cytotoxicity towards HEp-2 cells was detected.

Overall, safe and stable PLCs with pH/thermal stimuli-responsive properties were
developed, which can be loaded with any type of hydrophilic or hydrophobic active
compound for the treatment and/or diagnosis of a large number of diseases.
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Abstract: Liposomes are highly advantageous platforms for drug delivery. To improve the colloidal
stability and avoid rapid uptake by the mononuclear phagocytic system of conventional liposomes
while controlling the release of encapsulated agents, modification of liposomes with well-designed
polymers to modulate the physiological, particularly the interfacial properties of the drug carri-
ers, has been intensively investigated. Briefly, polymers are incorporated into liposomes mainly
using “grafting” or “coating”, defined according to the configuration of polymers at the surface.
Polymer-modified liposomes preserve the advantages of liposomes as drug-delivery carriers and
possess specific functionality from the polymers, such as long circulation, precise targeting, and
stimulus-responsiveness, thereby resulting in improved pharmacokinetics, biodistribution, toxicity,
and therapeutic efficacy. In this review, we summarize the progress in polymer-modified lipo-
somes for drug delivery, focusing on the change in physiological properties of liposomes and factors
influencing the overall therapeutic efficacy.

Keywords: liposome; polymer; drug delivery; long circulation; polymer-lipid conjugates; targeting;
stimulus-responsive

1. Introduction

Efficient drug delivery systems are highly demanded in treating human diseases by
satisfying pharmacological properties and therapeutic efficiencies [1]. Liposomes (Figure 1),
first discovered in 1961 and reported in 1965 by Bangham et al. [2], are vesicles of closed
lipid bilayer(s) composed mainly of phospholipids (PLs) with or without cholesterol (Chol),
the major components of mammalian cell membranes. The hydrophobic interior of the lipid
bilayer and the internal aqueous phase of liposomes enable the encapsulation of respective
hydrophobic and hydrophilic drugs with relatively high drug encapsulation. Together with
their good biocompatibility, tunable physicochemical and biophysical properties, as well as
controlled release of drugs, liposomes are among the most feasible and extensively studied
drug-delivery systems that are promising for advanced drug delivery in the treatment of
cancers and other diseases [3,4]. More significantly, a number of liposomal formulations
have been approved for clinical practice by the Food and Drug Administration (FDA) of
the United States and the European Medicines Agency (EMA) of Europe since the first
nanosized drug delivery system based on poly(ethylene glycol)-modified (PEGylated)
liposome, Doxil®, was approved in 1995 [5,6]. More promising formulations are under
clinical trials [7]. Meanwhile, more administration routes, such as nasal [8], inner ear [9],
skin [10], oral [11], intra-articular [4,12], and gastrointestinal drug delivery [13], have
been designed. Combination therapy by co-delivery of multiple therapeutic agents with
liposomal formulations has also become an emerging research area [14].
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(a) Conventional (b) Polymer-“grafted” (c) Polymer-coated
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Figure 1. Liposomes for drug delivery: (a) conventional liposome, (b) polymer-“grafted” liposome,
and (c) polymer-coated liposome, where liposomes are coated by a layer of adsorbed polymer, by
the layer-by-layer (LbL) assembly, or by crosslinked polymers (polymer-“caged”). Liposomes can
encapsulate hydrophobic drugs (orange ovals) in the hydrophobic region and hydrophilic ones (green
triangles) in the interior aqueous region.

2. Conventional Liposomes as Drug-Delivery Carriers

The concept in designing liposomal formulations (Figure 2) [15] clearly depicts the
complexity. The vesicle composition plays a central role in determining the physicochemical
properties, surface structure, interactive properties, and in vivo performance, including
pharmacokinetics, biodistribution, toxicity, and therapeutic efficacy.
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Figure 2. Concept map on developing liposomal drug delivery systems. Adapted from Ref. [15],
published by Elsevier, 1993.

The physicochemical properties of liposomes, including phase state of the membranes,
surface charge, and rigidity of lipid membranes, are determined by the lipid composition
and size distribution of the vesicles and impact the physiological and pharmacokinetics
performances of liposomal formulations, and consequently the efficacy of encapsulated
drugs and toxicity [3,16]. The bilayer composition of conventional liposomes (Figure 1a)—
also called the first-generation liposomes—is purely lipid-based. The major component
of conventional liposomes is zwitterionic PL, including phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), and sphingomyelin (SM), as well as nonionic lipids, such as
cholesterol. The phase state of the bilayer, which characterizes the permeability, is deter-
mined by the structure of PLs (including headgroup, alkyl chain length, degree of unsatu-
ration, and the ratio of cholesterol inserted in the bilayer [17]). A small amount of charged
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PLs, including negatively charged phosphatidylserine (PS) and phosphatidylglycerol (PG),
as well as positively charged, double-chain surfactant carrying a trimethylammonium
(TAP) headgroup, directly regulates the surface charge characteristics of liposomes [6].
Electrostatic repulsion between the charged liposomes prevents the prepared liposome
dispersion from aggregating and governs the interaction between liposomes and the sur-
rounding biological substances, further influencing the toxicity. Briefly, positively charged
liposomes are relatively more toxic than negatively charged ones [18]. Additionally, the size
distribution of liposomes plays a less significant role in influencing their toxicity, but largely
determines the biodistribution and circulation time of liposomes [7]. Liposomes of sizes
ranging from 100 to 200 nm can take advantage of the enhanced permeability and retention
(EPR) effect of tumor blood vessels and passively accumulate at the tumor sites (Figure 3),
thereby resulting in targeted drug delivery and reduced systemic toxicity [19-21].
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Figure 3. Nanoparticles, including liposomes, passively penetrate the blood vessel through the gaps
between endothelial cells by the enhanced permeation and retention (EPR) effect at the tumor site,
followed by endocytosis by the tumor cell. Adapted with permission from Ref. [22]. Published by
Nature Publishing Group, 2007.

Efficient loading of therapeutic agents (payload), including hydrophobic, ionic, and
zwitterionic ones, into liposomes to obtain a reasonable drug-to-lipid ratio is critical for
the drug delivery system [3,23]. The encapsulated molecules by liposomes show improved
solubility in aqueous media, particularly for the hydrophobic drugs, enhanced stabil-
ity and bioavailability, as well as reduced side effects. Efficient drug-loading methods,
depending on the nature of drugs, have been developed [24-27]. Drug-free liposomes
can be prepared using hydration—-extrusion, sonication, reverse phase evaporation, mi-
crofluidics, and supercritical carbon-dioxide-mediated processes [28-30]. Drug-loading
is performed during liposome formation (passive loading) or afterward (such as active
loading). Water-insoluble drugs or therapeutic agents, which are incorporated in the center
of the hydrophobic region of the lipid bilayer, are generally encapsulated into liposomes
passive way, resulting in high encapsulation effectiveness. During this process, interactions
between lipid and drug molecules play a key role, whereas hydrophobic lipid molecules,
such as PCs with longer and saturated alkyl chains, favor encapsulation [31]. Hydrophilic
drugs can be encapsulated by passive or active loading [25]. For water-soluble weak acids
and bases, remote loading of these molecules into liposomes takes advantage of the ion
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gradient across the bilayer, forming a stable (semi-)solid phase (gel-like) precipitate in
the interior of the liposome, thereby resulting in high loading efficiency and avoiding
burst/fast release [24,32].

The effectiveness of liposomal drug formulation is achieved mainly via the uptake of
liposomes by target cells, mediated by liposome adsorption onto the cell surface, followed
by cellular uptake via membrane fusion or endocytosis, or other methods [33]. Drugs
are released from the liposomal formulation by passive permeation and diffusion, and
exert their therapeutic effects [26]. Controlled and prolonged drug release can be achieved
by tuning the physicochemical properties of the liposomal carriers, modification with
stimulus-responsive and/or targeting moieties, and so on.

Despite the advantages mentioned previously, there are still some problems associ-
ated with using conventional liposomes as drug delivery platforms. Their colloidal and
in vivo stabilities are vital issues (Figure 2). One problem associated with conventional
liposomes, especially the neutral ones, is the colloidal instability of aqueous dispersion
over time, giving rise to vesicle fusion and aggregation, causing limited shelf time [34].
After administration, the interactions between liposomes and biomacromolecules or cells
in the surrounding biological environment, i.e., plasma proteins and cells, play a key role
in the pharmacokinetics of liposomes. Another problem is that liposomes bind to proteins
and other biomolecules in the biological fluid (such as serum albumin) via electrostatic,
hydrophobic, and other specific interactions, forming a “protein corona” about the sur-
face, which alters the characteristics of the liposomal formulation (size, surface charge,
and properties, etc.) [35,36]. The formed complex may disrupt liposomes, promote drug
pre-release [37], and determine biodistribution and cellular uptake pathways. The protein
corona enables non-specific rapid clearance of administered liposomes from circulation
by the mononuclear phagocyte system (MPS) before reaching the target sites other than
the MPS tissues (i.e., liver and spleen) [38—40], resulting in low efficacy. Characteristics of
liposomes, including lipid composition, size, surface charge, fluidity, and hydrophobicity,
influence the circulation time [41,42].

To overcome the problems associated with using conventional liposomes as drug-
delivery carriers, the outer surface of conventional liposomes provides sites for functional-
ization. Tuning the physiochemical properties, most importantly, the interfacial properties
of liposomes by varying lipid composition (the second-generation liposomes), by surface
modification with gangliosides or sialic acid (the second-generation liposomes), and sur-
face modification of liposomes with polymers, has been intensively investigated to modify
liposome-involved interactions (i.e., liposome-liposome, liposome—serum proteins) [43—47].
Versatile polymers, including natural and synthetic ones, have long been used as drug
delivery carriers due to their tailorable structures, properties, and functionalities [48]. De-
pending on the characteristic of the incorporated polymer, the polymer-modified liposomes
show superior performances in improved colloidal stability, prolonged circulation, and tar-
geted and triggered release [49]. Briefly, surface modification of liposomes with polymers
uses at least one of the following strategies: polymer grafting on the surface of liposomes
and liposomes coated with physically adsorbed polymers (Figure 1b,c). Additionally, multi-
functional liposomes have also been engineered by incorporating polymers with more than
one specific functionality.

3. Polymer-“Grafted” Liposomes

For polymer-grafted liposomes, hydrophilic polymers bear one nonadsorbing end with
the other end attached to the liposome surface either by the “grafting to” approach, where
the hydrophobic anchors are inserted into the lipid bilayer mainly in forms of amphiphilic
polymer-lipid conjugates (Figure 4a) and bola amphiphiles composed of two hydrophilic
chains connected by a hydrophobic domain [50,51], or by the “grafting from” approach
through directly grafting polymers from the liposomal surface (liposome-surface-initiated
atom-transfer radical polymerization) [52]. The hydrophilic polymers form a thicker
hydration layer surrounding the liposome surface, which inhibits the interactions between
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nearby liposomes, and between liposome and proteins and/or cells in the biological
environment by steric, hydration, and/or electrostatic repulsion [34].

The interactions between surface-grafted nanocarriers and biomolecules are deter-
mined by the grafting density, molecular weight, and configuration of grafted hydrophilic
polymers [53,54]. The configuration of polymers bound to a surface, whether forming
a mushroom or polymer brush, is mainly dependent on the ratio between the Flory dimen-
sion (R¢) and the averaged distance between adjacent chains (D) (Figure 4b) [55].

R¢ = aN%/® (1)

D =(A/M)"? @)

where a4 is the monomer size or persistence length, N is the degree of polymerization, A is
the area per grafted polymer chain in the bilayer, and M is the molar fraction of polymer-
lipid conjugates. The R¢/D values below and above 1.0 indicate mushroom and brush
configurations, respectively [55]. In general, increasing chain length and grafting density
is beneficial for suppressing protein adsorption and/or macrophage uptake, reducing
liposome uptake by MPS, and obtaining prolonged circulation time. Such liposomes are
also referred to as “stealth liposomes”.

Quite a large number of hydrophilic polymers and their derivatives have been investi-
gated to prolong the circulation of liposomes. PEGylated liposome is the most extensively
studied and most successfully commercialized one. The PEGylated liposomal formulations
approved include Doxil® /Caelyx® for the delivery of doxorubicin (DOX, Figure 4c) and
Onivyde® for irinotecan [5]. More are under clinical or preclinical studies.

3.1. Stealth Liposomes

Surfaces modified with antifouling polymers can effectively resist the non-specific
adsorption of proteins and/or adhesion of cells [56,57], therefore overcoming the problems
associated with rapid clearance of conventional liposomes by the RES system. Such poly-
mers include PEG-based materials, zwitterionic polymers, and polyampholytes [56,57].
In general, the antifouling performance of the surface-grafted polymer is positively cor-
related with the hydration level of the polymeric moieties [57]. The configuration of
grafted polymers, whether in brush or mushroom configuration, also greatly influences the
physiochemical and biological performance [53,54].

3.1.1. PEGylated Liposomes

PEGylation has been recognized as the “gold standard” for steric protection of lipo-
somes [58]. PEG ((-O-CH,-CHj-)p) is hydrophilic, highly flexible, and inexpensive. The
antifouling property of PEG is attributed to its hydrophilic nature and hydration ability
under aqueous conditions. In contrast, hydrogen bonding dominates the interaction be-
tween water molecules and PEG chains [59], and entropic origin, where the high flexibility
of PEG chains will be suppressed upon fouling. The thick hydration layer surrounding the
polymers, particularly the tightly bound water molecules lying the outmost interfacial layer,
inhibits non-specific protein adsorption. In contrast, the mobility of polymers plays a less
significant role in the antifouling property [60]. Consequently, PEGylated liposomes show
decreased RES uptake and increased blood circulation time, depending on the molecular
weight and content of grafted PEG in the vesicles [61].
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Figure 4. PEGylated liposomal formulation. (a) Chemical structure of PEG-DSPE conjugate, where n
represents the number of repeating units; (b) Determination of the configuration of surface-grafted
polymer; (c) TEM image of PEGylated doxorubicin; (d) Pharmacokinetics of PEGylated liposomal
doxorubicin (open symbols) and free drug (solid symbols); (e) Blood concentration after the first and
second doses (solid and open symbols, respectively) for PEGylated liposome induces ABC while
poly(sarcosine)-modified liposomes do not cause ABC; (f) Mechanism of ABC induced by repeated
administration of PEGylated liposomes. The panel (b) is adapted with permission from Ref. [54],
published by Royal Society of Chemistry, 2018. The panel (c) is adapted with permission from Ref. [5];
Copyright © 2012 Elsevier B.V. All rights reserved. The panel (d) is adapted from Ref. [62]; Copyright
© 1994, American Association for Cancer Research. The panel (e) is adapted with permission from
Ref. [63]; Copyright © 2020 Elsevier B.V. All rights reserved. The panel (f) is adapted from Ref. [64],
an Open Access article distributed under the terms of the Creative Commons Attribution License;
Copyright © 2019 Mohamed et al.

The configuration of grafted PEG, as illustrated in Figure 4b, is determined by the
molecular weight and grafting density. The PEG extension length is given by Equation (1)
for the mushroom configuration and by Equation (3) for the polymer brushes:

Lbrush ~ ’11\13/5/1)2/3 (3)

where D is the distance between grafted PEG polymers. For the most widely used con-
jugation of PEGyggp and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), the
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configuration of surface-grafted PEG undergoes a transition from mushroom (3.5 nm) to
brush (10 nm, fully PEGylated) when the content of PEG,0-DSPE exceeds 4 mol%, and
the liposomes transit to micelles when PEGy(o-DSPE is more than ca. 8 mol% [65].

Incorporating PEG-lipid conjugates may also change the phase state of the lipid
bilayers, which in turn changes the permeability, bending modulus of the bilayer, and other
properties of the liposomes [65-67]. Adding DSPE into distearoylphosphatidylcholine
(DSPC) bilayer changes the phase state of the bilayer from gel-phase (<ca. 10 mol%) to
tilted gel phase (Lp'), interdigitated gel phase (L), untitled gel phase (LB), or micellar
phase, depending on the content and molecular weight of the PEG moieties [68]. A previous
study has demonstrated that the fluid-phase PEGylated liposomes interact more weakly
with human serum albumin than those in gel-state [67].

Steric interaction plays an essential role in the improved colloidal stability and favorable
pharmacokinetic and therapeutic properties of PEGylated formulation [34,69]. Direct measure-
ment of the normal forces between PEG functionalized DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) bilayers (DMPC + 7.5 mol% DMPE-PEG;qy, either in gel- or in fluid-phase,
where DMPE is the abbreviation of 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine) using
a surface-force apparatus revealed the presence of roughly exponentially decayed long-
range electrostatic (Debye length ca. 20 nm across 0.25 mM NaNOs) originating from the
phosphate group of PE molecules (Figure 4a) and short-range steric repulsion [70]. Steric
interaction between PEG-grafted liposomes increases as PEG-lipid concentration and the
molecular weight of the PEG chain increase [55]. Similarly, PEGylated liposomes also ex-
hibit diminished protein and cellular interactions and favorable pharmacokinetic behaviors
and therapeutic effects, including very long circulation/elimination time, low RES-uptake,
and specific accumulation at tumor sites. The blood clearance curve of liposomes shows
a Ty, up to 15.3 h for PEG-DSPE incorporated ones and a 4-fold increase compared to
those without PEGylation. Meanwhile, the inclusion of PEG-DSPE also decreases the
amount of liposome in liver but promotes the accumulation in the tumor tissues [71].
Compared with free doxorubicin drug molecules which are rapidly cleared from blood
circulation, the elimination half-life of PEGylated liposomal doxorubicin is ca. 45 h in
humans (Figure 4d) [62]. These features account for the broad application of PEGylated
liposomes as drug delivery carriers.

Despite these advantages, increasing studies on PEG polymer and PEGylated prod-
ucts also reveal some unfavorable effects. The most significant one is that the adminis-
tration of PEGylated liposomes can cause complement activation, which leads to an ac-
celerated blood clearance (ABC) phenomenon (Figure 4f) and hypersensitivity reactions
upon repeated administration, resulting in decreased therapeutic efficacy [72,73]. Differ-
ent approaches have been investigated to eliminate complement activation by playing
with PEGylated formulations and designing alternative polymers as grafting moieties for
long-circulating liposomes.

3.1.2. Accelerated Blood Clearance (ABC)

The first injection of PEGylated liposomes induces the production of PEG-specific Im-
munoglobulin M (IgM) antibodies by the spleen [74]. Upon the second injection, anti-PEG
antibodies can bind to PEGylated liposomes, giving rise to complement activation, which in
turn enhances the rapid clearance of vesicles from the systemic circulation by complement-
mediated phagocytosis [75]. This phenomenon is called accelerated blood clearance (ABC,
Figure 4e,f) [64,76]. The plasma concentrations of PEGylated liposome after the second
dose drop dramatically than those after the first dose, as shown in Figure 4e [63]. Moreover,
possibly due to the prevalent application of PEG in consumer and pharmaceutical products,
anti-PEG antibodies, IgG, and/or IgM have been detected in ~72% of the individuals who
have never received PEGylated drug treatment [77,78]. These pre-existing antibodies may
also induce allergic reactions after individuals receive the first dose [79].

The ABC phenomenon is influenced by many factors, including the backbone of
the polymers, PEGylation of the liposomes, molecular weight of PEG, PEG-lipid link-
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ages, animal species, the time interval between administrations, lipid dose, the physic-
ochemical properties (size and charge, for example) of the formulation, as well as the
encapsulated drugs [64,69,73,80-83]. Studies have shown that, for empty PEGylated li-
posomes (HSPC/Chol/mPEGygp-DSPE = 1.49:1.00:0.134, molar ratio, where HSPC is
the abbreviation for hydrogenated soy phosphatidylcholine), no ABC was observed at
high doses of >5 umol PLs/kg, but was observed for low doses of <1 umol PLs/kg;
a time interval of 4-7 days between the first and second doses induces a much more pro-
nounced ABC phenomenon [84]; encapsulation of cytotoxic or tolerogenic agents, such
as doxorubicin and rapamycin, also inhibits the ABC phenomenon, possibly due to the
released doxorubicin in spleen impairing the production of anti-PEG IgM; prolonging
the administration interval from 7 days to 4 weeks also eliminates ABC [73,85,86]. More
recently, researchers also found that using high-molecular-weight free PEG to saturate
already-existing anti-PEG antibodies offers a window for up to 2 months for the practical
application of PEGylated therapeutics [85,87].

More strategies have been developed to address the ABC phenomenon. Inserting
ganglioside into PEGylated liposome prevents the immunogenicity of PEG and induces
B cell tolerance to subsequent doses, thereby preserving the therapeutic efficacy upon
repeated administration [88].

As the negative charge on PEG-phospholipid, the most commonly used PEG-incorporating
amphiphile has proven to play a key role in complement activation [89], PEG-nonphospholipid
conjugates, such as PEGygp-conjugated hexadecylcarbamoylmethyl hexadecanoate (HDAS-
PEG) and cleavable PEG-cholesterol, and can also lessen or eliminate ABC phenomenon [90,91].
On the contrary, introducing a hydroxyl group at the end of the PEG chain can cause
enhanced clearance of the subsequent doses [92].

As alternatives to PEG, a number of hydrophilic polymers have been used to fabricate
long-circulating liposomes. Poly(carboxybetaine) (PCB), branched PEG, poly(sarcosine)
(PSar, Figure 4e, right panel), polyglycerol, poly(hydroxyethyl-l-asparagine) (PHEA),
poly(vinylpyrrolidone) (PVP), poly(N,N-dimethylacrylamide) (PDMA), poly(N-acryloyl
morpholine) (PAcM), poly[N-(2-hydroxypropyl)) methacrylamide] (HPMA), and poly(2-
methyl-2-oxazoline) (PMOX) can effectively reduce or eliminate immunogenic response
upon repeated injections [63,80,93-96]. However, PMOX was proved to induce a pro-
nounced ABC effect in rats [80].

3.1.3. Zwitterionic Polymer-Lipid Conjugates

Compared with uncharged PEG polymers, which form hydrogen bonds with water
molecules and cannot completely prevent protein binding [97], zwitterionic polymers
interact with water molecules mainly via charge—dipole interaction. Therefore, they are
more hydrated than PEG. Water molecules surrounding the zwitterionic moieties are
more ordered, forming a physical and energy barrier resistant to the adsorption of biolog-
ical proteins, such as bovine serum albumin and lysozyme [98]. In contrast to the ABC
phenomenon associated with PEGylated liposomes, the highly hydrophilic zwitterionic
polymers are expected to exhibit improved immunological safety meanwhile maintaining
the stealth properties [99]. Consequently, zwitterionic polymer-grafted liposomes incor-
porating PCB- and poly-(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC)-grafted
liposomes have been designed and investigated as alternatives to PEGylated ones [34,100].

Cao et al. [100] synthesized superhydrophilic zwitterionic PCB-DSPE conjugate with
a sharp polarity contrast between the PCB and alkyl chains of DSPE. The highly hydrophilic
PCB brushes can stabilize liposome structure more so than amphiphilic PEG chains. Similar
to PEGylated liposomes, PCBsgg,2000-stabilized liposomes are stable at 4 °C for over
half a year, and have a longer blood circulation half-life (ca. 3-7 h) than that of the
small unilamellar vesicles (SUVs) of DSPC (<1 h). Moreover, doxorubicin encapsulated
in DSPC/PCBs00p-DSPE 10% eliminated tumors by a single i.v. injection, and cured mice
faster than commercial Doxil® [100]. Unlike PEGylated liposomes, the pH-sensitive PCB-
stabilized liposomes were internalized into cells via endocytosis with superior cellular
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uptake and drug release. Meanwhile, surface-grafted PCB avoided the ABC phenomenon
and promoted accumulation of drug-loaded liposomes to tumor sites [101].

Taking into consideration of the 2-(methacryloyloxy)ethyl phosphorylcholine (MPC)
moieties that resemble the highly hydrated headgroups of PC lipids, which largely account
for the extreme hydration lubrication of synovial joints [102-104], Lin et al. [34] designed
and synthesized PMPC-DSPE conjugates, aiming to improve the colloidal stability of
conventional liposomes while simultaneously improving the lubrication behavior of the
polymer-grafted surface. Compared with bare HSPC-SUVs, which aggregate shortly after
preparation, incorporating 2 mol% DSPE-PMPC can significantly inhibit SUV aggregation
for more than 90 days [34]. The PMPCylated liposomes exhibit superior in vivo retention
time to the commonly used PEGylated ones. The in vivo intra-articular retention time
(half-life, T¢ /») of HSPC/PMPC (2%) is 85 h, much longer than HSPC/PEG (<20 h) and com-
monly administrated HA (<1 h) [12]; size-dependent retention behavior was also observed
for HSPC/PMPC (2%), of which the T /; is 85 h and 18-22 h for diameters of 170 and 80 nm,
respectively, but not for HSPC/PEG (17 + 4 h). More interestingly, PMPCylated liposome-
coated surfaces are capable of affording extremely low friction coefficients (at 10~ level)
under physiologically high pressures, which is one order of magnitude better than those for
PEGylated liposomes (friction coefficients 0.006-0.011), attributed to the higher hydration
level of MPC moieties [34]. These results together indicate that PMPCylated liposomes are
more appropriate as drug carriers for intraarticular drug delivery and as efficient boundary
lubricants for treating osteoarthritis (OA), a degenerative joint disease characterized by
slowly disrupted synovial cartilage and undermined lubrication performance [4].

As the hydration level of zwitterionic polymer plays a central role in antifouling
ability, recently developed antifouling polymers, such as strong-hydration materials (poly
trimethylamine N-oxide, PTMAO) [105], amino acid-based zwitterionic polymers prepared
from L-serine, lysine, ornithine, asparagine, hydroxyethyl-L-asparagine, glutamine, and
repeated glutamic acid and lysine motifs [106-108], as well as poly(ectoine) [109], also
provide feasible options for polymer-grafted liposome, in the context of developing long-
circulating formulations. Moreover, further studies on the immunogenic and toxicological
performances of the modified liposomes are highly demanded.

4. Polymer-Coated Liposomes

The outer surface of liposomes allows adsorption of polymers through non-specific
(electrostatic, dipole-charge, hydrogen-bonding, van der Waal’s) interactions. As a con-
sequence of the adsorbed polymers, the interfacial and physiochemical properties of li-
posomes are modified, thereby attaining colloidal, biological, and mechanical stability,
prolonged circulation half-life, reduced permeability and controlled release of the payload,
as well as targeting [45,110-112]. Direct adsorption of single-component hydrophilic poly-
mers on the liposome surface, incorporating polymers modified with multiple hydrophobic
anchors (“comb-like” structure) into a lipid bilayer, layer-by-layer (LbL) deposition of
complementary polymers, and caged liposomes with cross-linked polymers are among the
most commonly used approaches.

4.1. Liposomes Coated with One Layer of Polymer

Coating liposomes with polymer adsorption is performed by adding polymer solution
dropwise into already-prepared liposome dispersion, which avoids pre-functionalization
of the polymers and is a feasible way of modifying the properties of liposomes. The
chemical structure, charge, and molecular weight of polymers predominately determine
their interaction with liposomes and the polymer-liposome configuration. As shown in
Figure 5a, as the content of low-molecular-weight hyaluronic acid (HA) increases, the
configuration of cationic liposome-polymer dispersion changes from aggregation, to phase
separation, then dispersion, along with an increase followed by a decrease in the colloidal
size (Figure 5a) [113].
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Figure 5. Schematic of liposomes coated with polymers. (a) Schematic of the configuration of low-
molecular-weight HA /liposome complex. Reprinted with permission from Ref. [113]. Copyright ©
2015, American Chemical Society. (b) Liposomes modified with hyaluronic acid—ceramide (HA-CE),
whereas multiple hydrophobic anchors were introduced to HA. Reprinted with permission from
Ref. [114]. Copyright © 2013 Elsevier B.V. All rights reserved. (c) Layer-by-layer (LbL) deposition of
appositively charged polyelectrolytes. Enhanced therapeutic efficacy was obtained under optimized
LbL deposition conditions. Reprinted with permission from Ref. [115]. Copyright © 2019, American
Chemical Society. (d) Polymer-caged liposomes. Liposomes were modified with poly(acrylic acid)-
cholesterol, followed by cross-linking with diamine. Reprinted with permission from Ref. [116].
Copyright © 2007, American Chemical Society.

Polymers can adsorb on the oppositely-charged liposomes by electrostatic, hydropho-
bic, and hydrogen-bonding interactions, and bind to zwitterionic PC vesicles, introduc-
ing charges to the surface [117]. Therefore, liposomes modified with charged polymers
are electrostatically repulsive and are supposed to be colloidal-stable. The coating layer
also serves as a barrier controlling the release rate of encapsulated drugs. For example,
prolonged release of encapsulated N-acetylcysteine was observed for chitosan-coated li-
posomes compared to the uncoated ones (DPPC/Chol/DPPG, whereas DPPC and DPPG
refer to 1,2-dipalmitoyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol sodium salts, respectively) [118].

Strong polymer-liposome interaction may cause leakage of the entrapped agents [119],
while weak attachment may cause polymer detachment after injection, leading to a shorter
circulation time [120]. For a polymer-coated liposome drug-delivery system, sufficient
polymer molecules (saturation concentration) are required to cover the liposomal surfaces.
Meanwhile, special attention should be paid to avoid the following problems: inhomo-
geneous distribution of polymers along with the same vesicle and on vesicles from the
same batch [121], dehydration, and fusion of vesicles [122], and bridging or depletion
flocculation of the liposome-polymer mixture [123].

Charged polysaccharides, including HA, chitosan, and alginate, have attracted much
attention for liposome-based drug delivery systems. In addition to biocompatibility,
biodegradability, good aqueous solubility, and charge characteristics, certain polysac-
charides also exhibit specific properties without functionalization, such as reinforced
mucoadhesion for chitosan and CD44 targeting for HA. Surface-functionalized polysac-
charide derivatives could enable the coated liposomes with specific properties. Biocom-
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patible synthetic polymers, such as polyvinyl alcohol (PVA), zwitterionic polymers, and
dendrimers [124,125] have also been investigated. It was found that coating with zwitteri-
onic polymer can also inhibit nonspecific protein adsorption to liposomes [124], while
polyphenylene dendrimer-coated liposomes (DOPE:Egg PC:Chol = 1:1:1, molar ratio,
whereby DOPE is the abbreviation of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine)
could inhibit the binding of specific opsonins while increasing the adsorption of proteins
that control cellular uptake [125].

To reinforce the attachment between polymer and lipid and form a stable coating
layer, one solution is to introduce more anchors to polymer-lipid conjugates [114,120,126].
Liposomes modified with PVA-conjugated hydrophobic anchors (PVA-R) are resistant to
aggregation or fusion, and prolong the circulation time in lungs after pulmonary administra-
tion, possibly through reduced clearance by macrophage, whereas higher molecular-weight
PVA is more effective [120]. To stabilize the coated HA layer, amphiphilic hyaluronic acid
derivative and hyaluronic acid—ceramide (HA-CE) were involved in the encapsulation of
the anti-cancer drug doxorubicin, and a contrast agent for magnetic resonance imaging,
Magnevist, was used. which enabled simultaneous targeted drug delivery and cancer imag-
ing (Figure 5b) [114]. To overcome the problems associated with coating by one polymer
layer, the layer-by-layer (LbL) technique (Figure 5c) and polymer-caging (Figure 5d) have
also been investigated (Figure 1c).

4.2. Layer-by-Layer (LbL)

LbL coating is a simple process achieved by subsequent adsorption materials to form
a stable layer on the substrate/surface. Electrostatic attraction is the most commonly used
driving force fabricating LbL structures. Other assemblies by virtue of hydrophobic, charge—
transfer, host—guest, biologically specific, coordination chemistry, and covalent bonding
interactions have also been reported [127]. The versatility of LbL assembly, particularly of
the outermost layer, provides a wide range of properties and functions to the drug delivery
systems, including but not limited to steric stability, stealth properties, active targeting, and
environmental responsiveness [115,128,129].

For the self-assembly of alternatively deposited charged polymers on liposomes,
an ion-exchange phenomenon whereby the associated counterions about the substrates are
replaced by the next layer of charged polyelectrolytes, the main driving force is entropy gain
from the released counterions [130]. The internal charge balance of the system is therefore
maintained by the intrinsic lipid/polymer and polymer/polymer ion pairs, and extrin-
sic polymer/counterion pairs. As surface-charge reversal has been commonly observed
in such systems [131,132], charge overcompensation is considered to play a significant
role in successfully building the multilayers [133]. However, it was reported that charge
overcompensation during the growth of multilayers poly(diallyldimethylammonium chlo-
ride)/poly(styrene sulfonate) (PDADMAC/PSS) took place only on the adsorption of
polycations, due to the differences lying in the reaction-diffusion ranges of charges from
positive and negative polyelectrolytes [134].

Competitive interactions between polyelectrolyte-liposome and oppositely charged
polyelectrolytes also drive the formed structures and the colloidal stability of the liposomes.
Despite charge reversal revealed by measuring zeta-potential values after each coating,
sequential adsorption of biopolyelectrolytes with respectively high and low charge densi-
ties, dextran sulfate-sodium salt and poly-L-arginine, onto cationic liposomes composed of
1,2-dioleoyl-sn-glycero-3-phosphocholine and 1,2-dioleoyl-3-trimethylammonium-propane
(DOPC/DOTAP, 1:1, molar ratio) resulted in the formation of heterogeneous polyelec-
trolyte patches [135]. The number of polymers adsorbed on the surface is determined by
the surface—polymer interaction and is self-regulated due to electrostatic repulsion. Charges
on the liposome core control the adsorption amount of polymer in the first layer. However,
no template effect was observed for the second and following layers, namely, the amount
of adsorbed polymers for the subsequent layers is independent of the liposomal membrane
composition [133]. Taking together the “soft” nature of lipid bilayer into consideration,
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rational selection of a polycation/polyanion pair with reasonable charge densities is of cru-
cial importance to the successful fabrication of multilayers. A summary of representative
studies on LbL-coated liposomes for drug delivery is listed in Table 1.

Table 1. Presentative studies on LbL-coated liposomal systems designed for drug delivery.

Liposome Composition Polycations Polyanions Encapsulated Agents Properties Ref.
Good stability in simulated
s gastrointestinal fluids after
Soya lecithin (24.5 mg), . S . lyophilization, sustained release with
Chol (11.5 mg), Chitosan Polyacrylic acid (PAA) Paclitaxel (PTX) 3-h lag £ d with [136]
tearyl amine (SA, 2 mg) ao-hlag time compared with
s ’ PTX-liposome, enhanced cytotoxicity
by PTX due to cell affinity of chitosan
Bovine serum Increased colloidal stability, Enhanced
DPPC/Chol/DDAB Chitosan Alginate Ibumin (Blsl A) drug encapsulation efficacy, sustained [137]
atbu linear release of BSA
Recombinant human .
DPPC/Chol /DDAB Chitosan Alginate (th) osteogenic Locally restricted release of thOP-1 [138]
. and resulting effect
protein-1/rhOP-1
1-Hydroxy
Dextran sulfate (DXS) pyrene-3,6,8-trisulfonic Temperature-dependent release
DMPC/DLPA Chitosan or deoxyribonucleic acid (HPTS), P b . [131]
. achieved by DNA denaturation
acid (DNA) alendronate,
and glucose
Ideal resistibility to GI conditions,
rapid drug release as a response to
EYPC/Chol . . . colonic pH, strong mucoadhesive
(5:1, mass ratio) Trimethyl chitosan (TMC) Pectin Celastrol causing better colon localization and [139]
prolonged colonic retention, improved
cytotoxicity and visceral toxicity
T doe Poly(L-glutamic R Biocompatible and
EYPC/Chol/EYPG Poly-L-lysine (PLL) acid) PGA biodegradable polyelectrolytes (1401
Poly-L-aspartic 1_/; f};giescer:etr}l);gbg ,8- Controlled release of HPTS by the
DLPA/DMPC PLL ¥ P yaroxypyrene-s,, coverage of the first layer and the [119]
acid (PAsp) trisulfonic tio of DLPA
acid (HPTS) ratoo
AZD6244 (selumetinib), Combination chemotherapy, CD44
an allosteric inhibitor of receptor targeting, hypoxic pH
gg)g?go/ DOII)E/ C:.‘O; PLL Hyaluronan or DXS Mek1/2, and PX-866, targeting and passive tumor targeting, [141]
w938, mo?ar ratio a covalent inhibitor enhanced efficacy by the
of PI3K synergistic effect
Good colloidal stability (>45 days),
Poly(ethylene glycol)- 3 i 4
DPPC/ChOI/DD.AB PLL block-poly(L-aspartic DOX and mitoxantrone pH. sensﬁ}ve, gxtenci.ed. systemlc [142]
(8:4:1, molar ratio) X circulation time, diminished
acid) (PEG-b-PLD) b
urst release
High drug-load retention, stable
(;S;D 3?9/1;\2I1)C};1{ ?;?(1)) Poly-L-arginine (PLA) DXS DOX stored under room temperature [143]
7, Welg after lyophilization
Extended serum half-life of 28 h,
DSPC/Chol/POPG . DOX-loaded liposome, enhanced efficacy by a synergistic
(56:39:5) PLA SIRNA SiRNA-loaded film effect between SIRNA (144]
and doxorubicin
Stable lyophilized formulation in
simulated GI fluids, sustained release
Soya lecithin (24.5 mg), for 24 h, 4.07-fold increase in oral
Chol (11.5 mg), PAH PAA PTX bioavailability compared to free drug, [145]
SA (2 mg) comparable antitumor efficacy with
improved safety as opposed to
i.v. Taxol®, target potential
Egg PC/Chol/SA Amoxicillin and Prolonged drug release in simulated
7:3:1, molar ratio PAH PAA metronidazole astric fluid, improved efficac [146]
8 P Y
Galactomannan (GMC, Epidermal growth Up to 5 times the sustained release of
DODAB a neutral polymer) Xanthan (XAN) factor (EGF) EGF at a first-order rate of 0.005 min~! (147]
pH-triggered drug release, CD44
Chol/DSPC/POPG poly(B-amino ester) HA DOX targeting, improved therapeutic effect [148]

(2:6:2, mass ratio)

and reduced side effects

Chol: cholesterol; DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DLPA: dilauroyl phosphatidic acid;
DPPC: 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine; DDAB: dimethyldioctadecyl-ammonium bromide; EYPC:
egg yolk L-a-phosphatidylcholine; EYPG: egg yolk L-a-phosphatidyl-DL-glycerol; DOTAP: dioleoyl-3-
trimethylammonium propane; DOPE: 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; DSPC: 1,2-distearoyl-
sn-glycero-3-phosphocholine; POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt;
DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DODAB: dioctadecyl ammonium bromide; SA: stearyl amine.
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In addition to the properties of polymers, the layer-by-layer assembly is also sensitive
to processing parameters. For example, salt concentration and valence in the solution
determine the ionization degree of the polyelectrolytes, the Debye length of charges, and
the kinetics and thermodynamics of the assembly [115]. Other parameters, such as concen-
tration of polymers in the solution, temperature, titration rate, as well as stirring speed,
also play non-negligible roles in the coating process and should be optimized whenever
necessary [115,132,138,149]. During the fabricating process, separating the coated parti-
cles and free polymers followed by a washing step to remove residual free polymers are
essential after the coating of each layer [150].

Compared with liposomes coated with one layer of polymer, the thin multi-layer is
more robust with greatly enhanced stability in resisting damages both in the biological envi-
ronment and from surfactants, lyophilization, spay-drying, etc. [8,151]. The stiffness of the
liposomal core, which can be modulated by incorporating cholesterol, directly influences
the mechanical properties of the LbL liposomal system, giving rise to a longer elimination
lifetime and higher tumor accumulation and penetration obtained with the compliant
liposomes (DSPC with 40 mol% Chol) than those of the DSPC-liposomes [152]. Moreover,
this multilayer provides more sites for drug encapsulation and regulates the release kinetics
of encapsulated drugs to a more significant extent [142,153]. The improved release profile
for low-stable drugs was obtained by anionic xanthan and cationic-galactomannan-coated
cationic-DODAB liposomes for protein drug delivery. One layer of xanthan and galac-
tomannan slowed down the release of encapsulated epidermal growth factor, which is
five times slower than that of plain liposomes [147]. Although the number of layers is
essential to developing stabilized formulation and to the pharmacokinetics of encapsulated
drugs [140,142], the coverage of polymers in the first layer and the ratio of charged lipids
on the vesicle controlled the release rate [119].

4.3. Cross-Linked-Polymer-Caged Liposomes

Chemical cross-linking of the polymers coated on the liposome can efficiently prevent
dissociating of polymers and make liposomes more stable, but sometimes it is at the expense
of controllable releasing of the payload. To address this problem, triggered release is partic-
ularly in demand. Lee et al. [116] prepared DPPC-DOPG-Chol-liposomes (51.4:3.6:45, molar
ratio, whereby DOPG is the abbreviation of 1,2-dioleoyl-sn-glycero-3-phosphoglycerol)
modified with cholesterol-poly(acrylic acid) conjugates, followed by cross-linking of PAA
with 2,2’-(ethylenedioxy)-bis(ethylamine), forming a remarkably stable “polymer-caged
liposome” that preserved the spherical configuration even after free-drying and rehydra-
tion, whereas un-crosslinked ones were not stable during long circulation (Figure 5d).
More significantly, the residual carboxylate groups allow for the pH-sensitive release of the
payload. Later, protease-triggered, polymer-caged liposomes were fabricated using a uroki-
nase plasminogen activator (peptide GSGRSAGC) and poly(acrylic acid) graft copolymer,
which was thereafter crosslinked with diamine [154]. The caged liposomes were stable
under physiological conditions until interacting with tumor-specific protease and quickly
releasing its contents. Polydopamine coating infers a surface with antifouling properties.
Awasthi et al. [155] succussed in crosslinking dopamine uniformly on liposomes under
physiological conditions, in contrast to the traditional protocol performed under basic
conditions, which yield unstable and non-uniform coatings. Implants coated with a stable
polydopamine liposome are resistant to biofouling, which enables practical application of
polydopamine-coated liposomes.

5. Targeting and Stimulus-Responsive Functionalization for Biomedical Applications

Liposomes that can target specific sites or/and are responsive to environmental stimu-
lus are important to mediate liposome-target interaction and drug release, obtaining local,
on-demand delivery. Selectively targeted, stimulus-responsive, and dual functionalized
liposomes have attracted much attention as drug-delivery vehicles. Polymer-modified
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liposomal drug-delivery systems for specific disease and tissue targeting are of particular
importance for therapeutic applications [156,157].

5.1. Targeting

Mucosal drug delivery [158] has enabled targeted delivery to the mucus layer with
a prolonged local effect. Chitosan, acquired by partial deacetylation of chitin, is com-
prised of glucosamine and N-acetyl glucosamine linked by p-(1-4) glycosidic bonds. The
primary amine groups on the chitosan backbone are protonated at a low pH, making
chitosan molecules positively charged. More importantly, chitosan can bind to a negative
mucus layer and is mucoadhesive, showing enhanced penetration across intestinal and
nasal barriers and improved bioavailability of drugs at the diseased sites. For this reason,
chitosan-coated liposomes have been examined for administration via intravenous, oral,
ocular, and transdermal routes [159,160]. Studies have shown that liposomes coated with
chitosan can penetrate through the intestinal mucosa after oral administration, without
detaching from the liposome surfaces [161]; when complexed with sodium tripolyphos-
phate (TPP), chitosan formed a crosslinked coating layer for liposomes encapsulating
quercetin, which increased bioavailability and optimized release of quercetin in intestine
after oral administration [162].

Targeting tumor-associated compounds, such as CD44 and folic receptor, is crucial
to enhance the therapeutic efficacy of anticancer liposomal formulations (Figure 3) [163].
HA, a major component of the extra-cellular matrix (ECM), is biocompatible and non-toxic,
therefore, it has a wide application in biomaterials [164]. HA receptor CD44 is a transmem-
brane protein that maintains a low level in normal cells but is overexpressed in a number
of solid tumors [165]. As HA is a targeting agent to cancer cells overexpressing CD44,
HA-DPPE conjugates facilitate the recognition of modified liposomes by MiaPaCaz2 cells
expressing CD44, and the uptake increases with increasing molecular weight of HA from
4800 to 12,000 Da [166]. As HA is negatively charged under biological conditions due to
the negative carboxylic residues, HA-coated liposomes show colloidal stability and no
significant change in encapsulated drug for >3 months, in contrast to <1 month for the un-
coated ones, possibly attributable to the polymer-liposome network [167]. Folate receptor
is another tumor marker overexpressed in many cancers, such as ovarian, endometrial, and
renal cancers [168]. A commonly used approach to target folate receptors is to conjugate
folic acid, a high-affinity ligand, to a polymer via the gamma-carboxyl of folic acid. As
a targeting ligand, folic acid (FA) shows unique advantages, such as non-immunogenic,
good stability, high specificity, low price, and compatibility with organic solvents. It also
has disadvantages, of which the hydrophobicity of folic acid is a big concern. Incorporating
folate-PEG-lipid conjugates (FA-PEG-DSPE/DPPE/SA) into liposomes has proven to sig-
nificantly promote folate receptor-mediated endocytosis, remarkably improve therapeutic
effects, and reduce systemic toxicity [169].

The blood-brain barrier (BBB) rigorously blocks drugs from penetrating the brain.
By introducing two targeting moieties, including the D-peptide ligand targeting nico-
tine acetylcholine receptors on the BBB and an integrin ligand targeting integrin on the
blood-brain tumor barrier and glioma cells, to the modified liposomes encapsulating dox-
orubicin, a better anti-glioma effect along with prolonged median survival was observed
for glioma-bearing nude mice than those treated by liposomes with none or one moiety;
deep penetration of the formulation is still limited by high interstitial pressure and dense
ECM in tumors [170].

5.2. Stimuli-Responsive Polymers

Triggered release of encapsulated therapeutic agents at the desired site is important
to achieve high bioavailability and therapeutic efficacy. Specific fusion or destabilization
of liposomes as responses to certain pathological changes between normal tissues and the
diseased or target sites, or to the changes in environmental conditions between endosome
and cytoplasm after uptake by cells through the endocytic pathway, can be utilized to
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enable effective controlled release and improved therapeutic efficacy of the payload. In
combination with the above-mentioned polymer modification techniques, drug-delivery
liposomes responsive to one or more stimuli, such as pH, temperature, light, redox, and
specific enzymes, have been intensively studied and well-reviewed [171-175].

A reduction in pH has been reported for tumor tissues (pH 6.72-7.01 for human
tumor xenograft lines) [176], inflammatory diseases (ca. 0.5 pH unit reduction) [177], or
endo/lysosome (pH ~6.2 for early endosome, and 4.6-5.0 for lysosome) [178]. The change
in pH can be utilized to modulate the release of encapsulated therapeutic agents from
pH-sensitive liposomes by means of destabilization of liposomes or vesicle fusion. A brief
summary of representative polymers for liposomal modification is listed in Table 2. Briefly,
the strategies for designing polymer include: (1) protonation/deprotonation of charged
groups triggered by a change in pH induces hydrophilicity /hydrophobicity transition and
sometimes conformational switch of polymers; (2) pH-cleavable PEGylation (dePEGylation)
by acid-labile linkers.

Table 2. pH-responsive polymers for the modification of liposomes for drug delivery.

Responsive Composition of Responsive TARGETING .
Polymer pH Vesicles Groups Payload SITE Properties Ref.
Polymers/Modified Polymers
. H-induced destabilization of
. Lecithin/Chol/ prt . .
Octylamme—graft— PASP-¢-C8 Cytarabine the hpf).somes, good blgloglcal
poly (aspartic) 5.0 (48:12:x Carboxyl groups (CYT) Tumor cells stability, strong toxicity to [179]
(PASP-g-C8) Y tumor cells, and low effect on
mass ratio)
normal ones
. Potentially for pH- and temperature-sensitive
Lipid-poly(2- Lt
ethylacrylic acid) 45 PC/Chol/PEAA Carboxyl group Calcein Iumﬁr Ocl{ duztg lipid ;nc.hore(cil PEAA [180]
(PEAA-C10) localize: an uei'to the intro _uct1on
infection of diisopropylamide
High molecular affinity to
highly CD44-expressing cells
- d delivering drugs to the
MGlu-HA-C10, _ EYPC/HA Doxorubicin . and & Arug
CHex-HA-C10 pKa =5.37-6.70 derivatives Carboxyl groups (DOX) Interior of cells interior of cells as a result of [181]
pH-responsive membrane
disruptive ability
in endo/lysosomes
MGlu-HA and
Chex-HA yv1_th EYPC/HA A model Antigen- Cytoplasm1§ delivery of OVA
anchor moieties ~ derivati Carboxvl tioeni tei tine cell into dendritic cells, promoted [182]
(MGlu-HA-AL4 derivatives - Carboxylgroups - antgencprotein - presentingcells i1 cypokine producton from
and W ova S cytopiasm these cells with CHex-HA-A
CHex-HA-A14)
Transferring the content into
Succinylated EYPC/SucPG Cﬂ{é‘;ﬁ’ﬁ:‘;‘eg% ff‘e‘;‘crl‘gsgﬁ
pOI(}é(Eclﬁcé;lOD - (9:}1,12:525,;111((1) )7:3, Carboxyl groups Calcein Cytoplasm and/or lysosome potentially [183]
with high stability and
high efficiency
3-methyl- PR .
glutarylated EYPC/ c Lof pH-ser1151t1V1ty-1r}iicﬁc1ng' di
hyperbranched 6.5 polymer =7/3 Carboxyl groups Pyranine ytosol o content release at mildly acidic [184]
P . ’ DC2.4 cells pH, efficient drug-delivery to
poly(glycidols w/w cytosol of DC2.4 cells
(MGlu-HPGs-C10) Y :
DOPE/CHEMS/ L .
Tumor-specific pH-triggered
DSPE-PEG-H7K 6.8 DSPE-PEG or H; sequence DOX Glioma DOX release under [185]
(R2)2 DSPE-PEG-H7K 3 o
acidic conditions
R2)2
Chol/SPC/DSPE- .
Endoplasmic
ca. 6.5 (pKa PEGjgq0 or . . . o .
DSPE-PEGago-TH of the DSPE-PEGay- ~ [Midazolering  p el pTxy | feticulumand 86.3% tumor inhibition [186]
imidazole ring) TH (33:59:2:6 in histidine Golgi apparatus, rate in mice
& BN tumor cell
molar ratio)
SPC/Chol/STP- Enhanced recognition ab}hty
and peneration by formation of
PEG2000- -Lys-Asp-Glu- «-helix at
DSPE-PEG-STP 5.8 DS(I;E / 21.)1ox Glu-segment DOX Cytoplasm Lys-Asp-Glu.Glusegmentin  [157]

mass ratio)

the N-terminal in the presence
of protons
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Table 2. Cont.

SPIie/l sCshr(;ltl(g)O 1, Areinine and Enhanced cellular uptake and
R6H4-C18 6.4 25 o SIINE PTX Tumor intracellular [188]
.5 mol% histidine drue deli
R6H4-C18 rug dettvery
pH-responsive block copolymer
Stearoyl-PEG-
poly(methacryloyl mPEG- Stable in serum, undergoing
sulfadimethoxine) 70 DSPE /stearoyl- Sulfadimethoxine Cancer rearrangement in 'tumor-hke [189]
copolymer PEG- environment, high intracellular
(stearoyl- PSDM/lipid drug delivery
PEG-PSDM)
Configurational transition of
the polymer below pK1
leading to disruptive lipid
bilayer of erythrocytes,
enhanced cytosolic delivery of
Poly(styrene-co- DSPC/SMA Carboxylate Cytoplasmic encapsulated biomolecules
maleic acid) pKi: 5.27 (20:1, groups . [190]
(PSMA) molar ratio) K1: 5.07 delivery through endosome
PRI destabilization together with
stability in serum, excellent
cytocompatibility, and efficient
drug delivery than
unmodified liposomes
Methoxy-
poly(ethylene
glycol)-b-poly(N-2- mPEG-P(HPMA- ECM targeting, rapid drug
hydroxypropyl 50 g-His)-chol Imidazole ring DOX n}i);z?ie(glélﬁ) release in an acidic [191]
methacrylamide-co- : /DPPC (1:34, of histidine of tumor environment, preferential
histidine)-cholesterol molar ratio) tumor accumulation
[mPEG-P(HPMA-
g-His)-Chol)]
HSPC or pH-controllable drug release
DOPC/Chol/ due to escape of the bola
PEG,,-PDPA,-PEG,, PEG,-PDPA,,- Tertiary polymer from liposome at
triblock copolymers ca. 62 PEGn, amine groups box Tumor acidic pH as a result of 511
in various hydrophobic to hydrophilic
molar ratios transition of the PDPA segment
HSPC/DOPC/
ChOl/C7H15- .
CrH15-AZO-b- 6.0 AZO-b-PDPA,,-b- Tertlary DOX - pH- and photo-dual responsive  [192]
PDPA,-b-mPEG . amine groups
mPEG, with
different ratios
dePEGylation
i%}éggé(%}jgz/_ Prolonged circulation time and
mPEG-Hz-CHEMS 5.5[193] Hydrazone - - almost eliminated [194]
CHEMS/PTX ABC phenomenon
(90:10:3:3) p
DOPE/DSPC/ . .
CHEMS/Chol/ ﬁ’ C(de la?:sle Calcein/ Simultaneous long circulation
PEGg-Hz-DPPE 5.0 PEGg-Hz-DPPE hy razide= aicein, Tumor and pH sensitivity, increased [195]
. ydrazone gemcitabine .
(4:2:2:2:0.5, hybri tumor aggregation
: ybrid bond
molar ratio)
Stronger pH sensitivity than
mPEGq-Hz-stearate SPC/ B that of PEGygo-Hz-PE,
(PHS) <65 cholesterol/PHS Hydrazone bond Tumor superior cellular uptake and [19]
endosomal escape
S100PC/Chol/ Highly sensitive to mild acidic
mPEG2000-Hz- Breast environment, accumulative
MPEGz000-Hz-Chol 55 Chol Hydrazone PIX cancer cells drug release and enhanced (193]
(90:10:3) cellular uptake at pH 5.5
. Stabilized liposome in serum
PEG-diortho . X e
ester-distearoyl 55 PoD/ _DOPE Diortho ester ANTS and DPX - and blO.Od. c1rcu'l ation, sensitive [197]
(1:9) to acidic environment but

glycerol (POD)

stable in neutral pH

MGIlu-HA: 3-methylglutarylated hyaluronic acid; Chex-HA: 2-carboxycyclohexane-1-carboxylated hyaluronic
acid; TH: an engineered a-helical cell penetrating peptide AGYLLGHINLHHLAHL(Aib)HHIL-NH,; PDPA:
poly(2-(diisopropylamino) ethylmethacrylate; STP: a peptide SKDEEWHKNNFPLSP; ANTS: 8-aminonaphthalene-
1,2,3-trisulfonic acid; DPX: p-xylenebis(pyridinium) bromide.

The pH-responsive homopolymer-bearing carboxyl groups, such as poly(aspartic),

grafted with hydrophobic anchor octylamine (PASP-g-C8) [179], has been applied to induce
destabilization and /or fusogenicity under weakly acidic conditions. Modification of widely
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investigated polymers with pH-sensitive moieties for the functionalization of liposomes
could combine the functionality of both the polymer (such as long circulation for PEG)
and pH sensitivity to the liposomal formulation. Such polymers include pH-sensitive
PEG-lipid conjugates (DSPE-PEG-H7K(R2)2/TH/STP and stearoyl-poly(ethylene glycol)-
poly(methacryloyl sulfadimethoxine) copolymer (stearoyl-PEG-PSDM) [185-187,189], HA
derivatives bearing 3-methyl glutarylated (MGlu) units or 2-carboxycyclohexane-1-carboxylated
(CHex) units (MGlu-HA or CHex-HA) [181], 3-methylglutarylated hyperbranched poly(glycidol)
(MGlu-HPG) [184,198], etc. Liposome-coated MGlu-HA or CHex-HA not only exhibited a high
cellular association to high CD44-expressing cells, but also delivered encapsulated drugs into
cells via pH-responsive membrane-disruptive ability [181].

For copolymers bearing weakly charged groups and hydrophobic groups, the de-
creased ionization of the hydrophilic segments induces configuration changing from ran-
dom coil to collapsed uncharged globular, which in turn changes the surface charge and
aggregation of liposomes, as reflected by the zeta-potential and size distribution [190]. Such
phenomena that hydrophilic-to-hydrophobic transition of polymers destabilizes liposomal
formulation have been reported for poly(styrene-co-maleic acid) (PSMA, pK; = 5.27), which
undergoes a conformational change from charged random coil to uncharged globular, as
a result of the decreased degree of ionization in the carboxylate groups. The pK1 value of
PSMA can be adjusted by the molecular weight of the polymer. Consequently, enhanced
cytosolic delivery of encapsulated biomolecules through endosome destabilization together
with stability in serum, excellent cytocompatibility, and more efficient drug delivery than
unmodified liposomes were observed for the PSMA-modified DSPC liposomes [190]. A hy-
drophobic to hydrophilic transition was reported for the PDMA section of a bola triblock
copolymer, PEG,-PDPAL-PEGy,. The bola polymer stabilizes liposome at normal pH but
destabilizes it and promotes drug release under acidic conditions [51].

Stimulus-responsive dePEGylation is an attractive approach for triggered release
(Figure 6). Although the stealth liposomes show a long circulating time and minimal
payload leakage during circulation, they may diminish the fusogenic capacity of lipo-
somes and hinder the release of encapsulated drugs at the diseased/target sites (PEG
dilemma) [171,199]. To facilitate drug release at the desired location/enhance internaliza-
tion of the nanocarriers into target cells, cleavage of PEG (dePEGylation) at the desired
sites can be made using PEG-(stimuli-responsive linker)-lipid conjugates. Such linkers
include not only pH-responsive diortho ester [197], vinyl ether [200,201], hydrazone or
hydrazide-hydrazone [14,202], but also reducing agent-responsive disulfide [203] and
enzyme-responsive peptides [204]. In addition to promoting extracellular/intercellular
release, the dePEGylation approach exposes the liposomal surface, which may cause en-
hanced liposome—cellular interaction, restored fusogenicity of liposomes, and enablement
of endosomal escape, as well as a lowered anti-PEG immune response [171].

Mild hyperthermia has been investigated as an effective method of enhancing lo-
cal drug release. For thermo-sensitive polymers with a lower critical solution tempera-
ture (LCST) near body temperature, the temperature-induced configuration change can
be utilized to manipulate drug release from liposomes. Poly(N-isopropylacrylamide)
(PNIPAAm) is a prototype polymer exhibiting an LCST near 32 °C in an aqueous envi-
ronment, above which temperature its polymer chain undergoes a coil-to-globule tran-
sition [205]. Therefore, PNIPAAm derivatives have been the most popular polymers for
thermo-responsive drug delivery. The reported PNIPA Am derivatives and their correspond-
ing LCST include C1,Hy5-PNIPAAmM-COOH conjugate (37 °C) [206], PNIPAAm-DSPE
(34 °C in water and 29.8 °C in 0.01 M PBS, pH 7.4) [207], and p(NIPAAm-co-DMAAm)-
DSPE (46.9 °C in water and 38.8 °C in PBS) [207]. As PNIPAAm is not biodegradable,
poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) polymers have been studied as
biodegradable alternatives [208]. Quick thermo-responsive polymer p(NIPAM-r-HPMA)
(LCST 42 °C), synthesized by a reversible addition-fragmentation chain transfer (RAFT)
technique, maintained the stability of liposomes at 37 °C but promoted 70% doxorubicin
release within 1 min even at 42 °C with 1% polymer incorporated into the liposome [209].
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Other reported thermo-sensitive polymers for liposome modification include a block copoly-
mer of (2-ethoxy)ethoxyethyl vinyl ether (EOEOVE) with anchor group octadecyl vinyl
ether (ODVE) (P(EOEOVE-s-ODVE)) [210], Pluronic F127 and its derivatives [211], etc.
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Figure 6. Liposomes modified with pH-sensitive PEG-Hz-DPPE polymers. DePEGylation was
achieved by introducing a pH-sheddable hydrazide-hydrazone linker to the PEG-lipid conjugate.
Under mild acidic environments, rapid endo/lysosomal escape and enhanced accumulation of drugs
in model tumor cells show that cleavable PEGylation is an efficient strategy for cancer therapy.
*p <0.05 ** p < 0.01;, ** p < 0.001 versus free drug. Adapted from Ref. [195]. Copyright © 2019,
Future Medicine.

In addition to pH and temperature, stimuli such as light, redox, magnetic fields,
and enzymes have also been reported to trigger drug release from liposomes modified
with specific stimulus-responsive molecules [172,212]. Liposomes functionalized with
a combination of more than one stimulus or combined stimuli and targeting have also been
designed for more effective drug release [213].

6. Conclusions and Perspective

In summary, polymer-modified liposomes as drug-delivery carriers have found broad
and promising applications by specific polymers. In addition to the clinically approved
formulations, much more promising studies have been conducted at lab-scale. Some critical
issues should be addressed to bring more liposomal drug-delivery systems into market.
More efforts should be put into regulatory matters and scaling-up of complex formulations,
sufficient and comprehensive in vitro and in vivo experiments, and a deeper understanding
of the mechanism of action for encapsulated drugs.
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Abstract: Rheumatoid arthritis (RA) is a chronic, inflammatory autoimmune disease that mainly
erodes joints and surrounding tissues, and if it is not treated in time, it can cause joint deformities
and loss of function. S-propargyl-cysteine (SPRC) is an excellent endogenous hydrogen sulfide donor
which can relieve the symptoms of RA through the promotion of H,S release via the CSE/H;S
pathway in vivo. However, the instant release of HjS in vivo could potentially limit its further
clinical use. To solve this problem, in this study, a SPRC-loaded poly(lactic acid) (PLA) microsphere
(SPRC@PLA) was prepared, which could release SPRC in vitro in a sustained manner, and further
promote sustained in vivo H,S release. Furthermore, its therapeutical effect on RA in rats was also
studied. A spherical-like SPRC@PLA was successfully prepared with a diameter of approximately
31.61 um, yielding rate of 50.66%, loading efficiency of 6.10% and encapsulation efficiency of 52.71%.
The SPRC@PLA showed significant prolonged in vitro SPRC release, to 4 days, and additionally, an
in vivo HjS release around 3 days could also be observed. In addition, a better therapeutical effect
and prolonged administration interval toward RA rats was also observed in the SPRC@PLA group.

Keywords: S-propargyl-cysteine; poly(lactic acid); endogenous hydrogen sulfide; water-in-oil-in-
water; rheumatoid arthritis

1. Introduction

Rheumatoid arthritis (RA) is a chronic, inflammatory autoimmune disease that mainly
erodes joints and surrounding tissues [1-4] and if it is not treated in time, it can cause
joint deformities and loss of function. It is often accompanied by tissue and organ in-
jury, including cardiovascular and lung [5-7]. The pathogenesis of RA is still not clear,
therefore, an ideal drug has not been found to completely cure this type of disease [8,9].
At present, the treatment of RA is mainly based on non-steroidal anti-inflammatory drugs,
glucocorticoids, traditional anti-rheumatic drugs, and biological agents for improving the
condition of the disease [10-12]. However, the specific treatment of RA is still a dilemma in
modern medicine.

Poly(lactic acid) (PLA) is produced by the polymerization of lactic acid. Because of its
excellent properties such as good biocompatibility and degradability, it has been widely
studied since it was discovered [13-16]. The initial raw material of PLA is plant starch,
which produces extremely low pollution during the production process, and can also be
completely decomposed into CO, and H,O after use and utilized by nature [17,18]. Due to
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its excellent performance, PLA has been recognized to be a new type of green and envi-
ronmentally friendly polymer material. Because of its biodegradability, PLA can be mixed
with specific drugs to produce microparticles [19]. When these microparticles reach the
action site, they slowly decompose into CO; and HyO, and the drug is gradually released
at the corresponding action site, therefore, improving the therapeutic index [13,14,20,21].

Hydrogen sulfide (H;S) has always been considered to be a poisonous gas with a
smell similar to rotten eggs, and it is produced in large quantities in some polluted envi-
ronments [22]. With the deepening of research, recent studies have found that H,S is also
an important physiological gas molecule and is considered to be the third gasotransmitter
after nitric oxide (NO) and carbon monoxide (CO) [23,24]. Endogenous H;S is produced
via the catalyzation of cystathionine pyridoxal-5-phosphate dependent enzymes, including
cystathionine-3-synthase (CBS), cystathionine-y-lyase (CSE), and 3-mercaptopyruvate sul-
furtransferase (3-MST). In human blood, the concentration of H,S at normal physiological
levels is about 40 uM, and the local concentration in the brain can reach more than 100 uM.
As a gas signal molecule, H,S could reduce high glucose-induced myocardial injury [25]
or kidney injury [26], however, the half-life of direct administration of HjS is too short,
and it is also difficult to precisely control the dosage. Therefore, it is of great significance
to study a series of HyS donor which could be used as a CSE substrate to further release
H5S in a relatively slow manner [27,28]. S-allyl-cysteine (SAC) is an extract in garlic, which
could reduce the area of myocardial infarction by regulating the level of H,S in ischemic
myocardial tissue [29,30]. According to the structure of SAC, our group synthesized a
compound called S-propargyl-cysteine (SPRC, also known as ZYZ-802) [31-33], which is
a compound with a similar structure to SAC (Figure 1). Our previous study found that
SPRC could be used as a new type of H,S donor for ischemia-hypoxic cell models and the
treatment of coronary artery ligation rat myocardial infarction models [32,34]. In addition,
SPRC could also exert its neuroprotective effect through its anti-inflammatory effect [35,36].
Recent studies have also shown that SPRC could treat rheumatoid arthritis in rats by
regulating endogenous HjS [31,37,38]. However, the instant release of HyS by SPRC might
prevent its clinical use, hence, how to achieve a sustained release of H,S in vivo through
SPRC remains to be a challenging problem.

A 0 B 0

XN /:N(”\OH M /:N(”\OH

Figure 1. The chemical structure of (A) S-allyl-cysteine (SAC) and (B) S-propargyl-cysteine (SPRC).

In this study, we aim to solve the problem that SPRC might prompt the H,S in
an instant manner, a SPRC-loaded PLA-based microsphere was successfully prepared
(SPRC@PLA), which showed sustained release of SPRC in vitro, therefore, elevating the
plasma Hj)S concentration for almost 3 days. Through this long elevation period, the
administration interval for treating RA has also been increased as compared with that
determined in a previous study [31].

2. Materials and Methods
2.1. Materials

Poly(lactic acid) (PLA) polymer, with Mw around 10,000~18,000 Da and viscosity
of 0.16~0.24 was purchased from Evonik Industries (AG, Essen, Germany). SPRC was
synthesized, as previously reported [39,40]. Poly(vinyl alcohol) (PVA), with MW around
25,000 Da, and 88% mole hydrolyzed, was purchased from Polysciences (Warrington,
PA, USA). Elisa kit of TNF-«, IL-1f3, IL-6, and IL-10 were purchased from MultiSciences
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(Hangzhou, Zhejiang, China). Complete Freund’s adjuvant (CFA), monobromobimane
(MBB), diethylenetriaminepentaacetic acid (DTPA), dichloromethane (DCM), and acetoni-
trile were purchased from Macklin Industrial Corporation (Shanghai, China).

2.2. The Preparation of SPRC-Loaded Poly(Lactic Acid) (PLA) Microsphere (SPRC@PLA)

A double emulsion evaporation method (W1/0/W2) was followed with slight mod-
ification [41]. First, 50 mg of SPRC was dissolved in 1 mL of distilled water to prepare
the inner water phase (W1). Meanwhile, the oil phase (O), which was various amounts
of PLA dissolved in 12 mL of DCM, was also prepared. Then, the W1 was dispersed
in O, with further emulsification through an Ultraturrax T25 high-speed homogenizer
(IKA, Staufen, Germany) at 9000~12,000 rpm for 5 min to prepare the primary water-in-oil
emulsion (W1/0). Then, the W1/0O was dispersed in 100 mL of 0.5% (w/w) PVA solution
with a paddle agitation at 800 rpm for 4 h, until the evaporation of organic solvent. Then,
particles were collected through filtration via sieve with 200 mesh, intended to remove the
potential bulk shape microspheres, and washed three times with distilled water to remove
the excess residual PVA and SPRC on the surface. Finally, the obtained particles were
lyophilized overnight to obtain the SPRC@PLA. Table 1 showed the detailed information
of the different formulations.

Table 1. The formulations of different SPRC-loaded poly (lactic acid) (PLA) microspheres
(SPRC@PLAS).

Formulations SPRC W1 PLA DCM HS W2
F-1 50 mg 1mL 400 mg 12 mL 12,000 rpm 100 mL
F-2 50 mg 1mL 800 mg 12mL 12,000 rpm 100 mL
E-3 50 mg 1 mL 1200 mg 12 mL 12,000 rpm 100 mL
F-4 50 mg 1mL 800 mg 12 mL 9000 rpm 100 mL
F-5 50 mg 1mL 800 mg 12mL 15,000 rpm 100 mL

W1 is the distilled water volume, HS is the homogenization speed, and W2 is the PVA volume.

2.3. The Production Yeild of SPRC@PLA

The percentage of production yield (PY) was calculated using the following equation:

PY (%) = (Wsprcarra)/ (WprLa + Wspre), 1)

where W is the weight of corresponding component.

2.4. The Quantification of SPRC

The loaded drug (SPRC) was quantified by HPLC method, as reported with little
modification [42]. Briefly, an Agilent 1200 series HPLC system (Santa Clara, CA, USA) was
used to detect SPRC samples from physicochemical properties. A reversed-phase HPLC
column (Agilent C18 column, 250 mm X 4.6 mm, 5 um) was used. The mobile phase was
chosen as acetonitrile and water. The detection wavelength was set as 220 nm. The gradient
procedure was as follows: 0-1 min, 3% acetonitrile; 1-2 min, 3-15% acetonitrile; 2-5 min,
15-25% acetonitrile; 5-7 min, 25% acetonitrile; 7—10 min, 25-30% acetonitrile The wave-
length of SPRC was determined as 220 nm, the flow rate was 0.5 mL-min~!, the column
temperature was set as 35 °C, and the sample injection volume was 20 pL.

2.5. The Morphology Study of SPRC@PLA

Samples were firstly dispersed in distilled water, and a Microtrac S3500 (Mont-
gomeryville, PA, USA) was used for the measurement of particle size and size distribution.
A Phenom Pro Desktop SEMS-3400 scanning electron microscope (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) was conducted to observe the morphology of SPRC@PLA.
Samples were gold coated before examination.
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2.6. The Encapsulation Efficiency of SPRC@PLA

The loading efficiency (LE) and encapsulation efficiency (EE) were determined by
dissolving 50 mg of SPRC@PLA in 3 mL of DCM with further extract SPRC with 5 mL
distilled water and analyzed using a 1290 Infinity II LC System (Agilent Technologies, Inc.,
Santa Clara, CA, USA). LE and EE were calculated using the following equations:

LE (%) = (Wsprci — Wsprcs)/ WsprcerLa ()

EE (%) = (Wsprci — Wspres)/ Wsprci 3)

where Wgprc; is the weight of SPRC initially fed, Wgprcs is the weight of SPRC in super-
natant, and Wsprcerra is the weight of SPRC@PLA.

2.7. The SPRC Release In Vitro

The in vitro releasing experiment was conducted, using the method as reported with
little modification [43]. First, 50 mg of differently prepared SPRC@PLA was dispersed in
vials filled with 3 mL of PBS buffer (pH = 7.4, 37 °C) and placed in a shaker bath with a
constant shaking speed of 100 rpm and temperature at 37 °C (Clifton Shaking Bath NES5,
Nikel Electro Ltd., Weston-super-Mare, UK). Then, 0.5 mL of the samples were taken out,
and then the same volume of PBS was refilled at predetermined intervals, and samples
were analyzed using a 1290 Infinity II LC System (Agilent Technologies Inc., Santa Clara,
CA, USA).

2.8. The Measurement of H»S Release In Vivo

The concentration of HyS was measured, as reported with little modification [44], and
the schematic for detection of H,S in vivo is shown in Figure 2. Briefly, 15 pL of serum sam-
ple, 25 pL of MBB acetonitrile solution, and 35 uL of 0.3% DTPA containing Tris-HCl buffer
(pH 9.5) were mixed and incubated in a hypoxia incubator for 30 min. Subsequently, 25 uL
of sulfosalicylic acid was added to stop the reaction, and then centrifugated at 12,000 rpm
for 10 min. Finally, 30 pL of supernatant, 267 pL of acetonitrile, and 3 pL of internal
standard (hydrocortisone methanol solution) were mixed and analyzed with LC-MS.

A

pKa,=19.00
e - 82_

pKa=7.04

H,S

0%/\ O O
» Tris-HCI, pH 9.5 \J\P q)}/
Br = , P 2 N

2 N=N
<0

monobromobimane
(MBB)

—— > N-N N-N + 2(Br)
1% 02 lo) 7 S N 0

sulfide dibimane
(SDB)

Figure 2. The mechanism for the detection of H,S. (A) The acid dissociation constant of H,S; (B) the
mechanism of monobromobimane (MBB) reaction with HS™ to produce SDB in an alkaline and
hypoxia environment.

Samples were analyzed using an Agilent 1200 series HPLC system (Agilent Technolo-
gies Inc., Santa Clara, CA, USA) coupled with an Agilent 6460 Triple Quadrupole (Agilent
Technologies Inc., Santa Clara, CA, USA). A ZORBAX Eclipse Plus 95 C18, 2.1 x 50 mm,
1.8 um column (Agilent Technologies Inc., Santa Clara, CA, USA) was used and tempera-
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ture was set at 35 °C. The mobile phase consisted of water (A) and acetonitrile (B) and the
gradient delivery was as follows: at 0-0.5 min, 5% B; 0.5-0.6 min, 5-20% B; 0.6-5.0 min,
20-47.5% B; 5.0-5.1 min, 47.5-95% B; 5.1-6.0 min, 95% B, at a flow rate of 0.3 mL-min 1.
The mass spectrometer was operated in positive ion mode. The scan type chosen was MRM
with gas temperature at 325 °C and gas flow at 10 L-min~!. Scan time was 500 ms and
start-stop mass was 100~1000. The sample injection volume was 5 uL.

2.9. The SPRC@PLA Promoted H,S Release In Vivo

The Animal Care and Use Committee of Municipal Affairs Bureau of Macau approved
all studies described herein (approval number AL010/DICV /SIS/2018, 23 June 2018), and
the experiment was conducted under the guidance of the NIH Guide for the Care and Use of
Laboratory Animals (8th edition). The neonatal Sprague-Dawley (SD) rats were purchased
from the University of Hong Kong.

Samples of SPRC powder and SPRC@PLA were dissolved or dispersed in saline for
subcutaneous injection, each sample contained the same amount of SPRC, and the amounts
used were calculated through the weight of the rats (100 mg-kg!). The rats’ serum was
collected at predetermined times (0, 0.5, 1, 1.5, 2, 3, 6, 12, 24, 48, and 72 h) into heparin
sodium tubes and analyzed. Each group contained 3 rats.

2.10. SPRC@PLA Showed Anti-Inflmmation Effect towards Rheumatoid Arthritis

The AIA rat model was established via the injection of CFA (10 mg-mL~!), according
to the manufacturer’s instructions. In total, 30 rats were randomly divided into four
groups as follows: Control group (n = 5), no intervention; AIA group (n = 5), injection of
100 pL of CFA; SPRC group (n = 5), after injection of 100 uL of CFA, further subcutaneous
injected with 2 mL of SPRC solution every 3 days for 30 days; SPRC@PLA group (n = 5),
after injection of 100 pL of CFA, further subcutaneous injected with 2 mL of SPRC@PLA
suspension every 3 days for 30 days (the amounts of SPRC used were all equivalent to
100 mg-kg ! of SPRC.)

The paw volume was measured using a UGO Basile 7140 plethysmometer (Ugo Basile,
Gemonio VA, Italy) and body weight was measured at the 0, 5th, 15th, 20th, 25th, and
30th day post the injection of CFA. The arthritis index was scored (Table 2) from 0 to 4 per
limb, with 0 = no sign of inflammation and 1~4 = increasing degrees of inflammation, and
a maximum score of 16 per rat.

Table 2. The arthritis scoring system.

Arthritis Score

Degree of Inflammation

= W N -

No erythema and swelling
Erythema and mild swelling confined to the tarsals or ankle joint
Erythema and mild swelling extending from the ankle to the tarsals
Erythema and moderate swelling extending from the ankle to metatarsal joints

Erythema and severe swelling encompassing the ankle, foot, and digits; ankylosis of the limb might be present

At day 30, a blood sample was collected from rats in each group, the pro-inflammatory
cytokine levels (TNF-c, IL-13, and IL-6) and anti-inflammatory cytokine (IL-10) level in
serum were measured using ELISA kits, according to the manufacturer’s instructions.

2.11. Statistical Analysis

Statistical analyses of samples were performed using IBM SPSS Statistics Base (V22,
IBM, Armonk, NY, USA.) and GraphPad Prism (V8, GraphPad Software, San Diego, CA,
USA). Each experiment was performed at least three times. The data are expressed as the
mean £ SD. Statistical significance was determined using a one-way analysis of variance
(ANOVA) test, unless otherwise stated, p < 0.05 was considered to be significant.
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3. Results
3.1. The Characterization of SPRC@PLA

First, the influence of PLA was investigated. As shown in Table 3, with an increase in
the amount of PLA used, a decreasing trend of LE and an increasing trend of EE could be
observed. The influence of the amount of PLA used on particle size was also investigated.
The particle size showed an increasing trend with an increase in the amount of PLA used.
While interestingly, there is no significant influence on PY.

Table 3. The influence of the amount of PLA used (n = 3, mean + SD).

Samples PLA PY LE EE Particle Size
F-1 400 mg (49.81 + 0.61)% (10.14 =+ 0.57)% (44.94 +234)%  (13.28 & 1.90) um
F-2 800 mg (50.66 =+ 0.55)% (6.10 £ 0.27)% (52.71 + 2.16)% (31.61 £ 2.01) um
F-3 1200 mg (49.45 + 0.55)% (4.44 + 0.20)% (55.04 £2.19)%  (51.60 =& 2.07) um

PY, production yield; LE, loading efficiency; EE, encapsulation efficiency.

The influence of homogenization speed was also investigated. As shown in Table 4,
with an increase in homogenization speed, the LE and EE both showed an increasing trend
while conversely, the particle size showed a decreasing trend. Interestingly, the PY still
showed no significant change with an increase in homogenization speed.

Table 4. The influence of homogenization speed (1 = 3, mean + SD).

Samples HS PY LE EE Particle Size
F-4 9000 rpm (50.18 + 0.68)% (5.25 =+ 0.36)% (45.05 + 345)%  (47.78 & 2.84) um
F-2 12,000 rpm (50.66 £ 0.55)% (6.10 £ 0.27)% (52.71 £2.16)% (31.61 +2.01) pm
F-5 15,000 rpm (49.79 + 0.69)% (7.05 + 0.20)% (57.52 + 2.54)% (20.39 = 2.72) um

Where the HS: homogenization speed; the PY: production yield; LE: loading efficiency; EE: encapsulation efficiency.

The in vitro release profiles from F-1 to F-5 were also investigated for the selection of
the optimized formulations, and the results are shown in Figure 3. SPRC might dissolve
extremely fast in PBS due to its high hydrophilicity. However, a significantly prolonged
in vitro release period could be observed in F-1 to F-5 as compared with the SPRC group,
which was up to almost 4 days. F-3 and F-4 both showed an incomplete cumulative release
potential due to the larger size usually accompanied with a relatively sustained release
manner. In addition, F-1, F-2, and F-5 all showed a sustained and complete release within
96 h. By combining the in vitro release results with the particle size, it could be deduced
that particle size might play a vital role in the property of in vitro release.
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Figure 3. The in vitro release of SPRC from SPRC@PLA in PBS (1 = 3, mean =+ SD).
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F-1 to F-5 showed a similar PY, which indicated that neither the amount of PLA used,
nor the homogenization speed could influence the PY of the prepared SPRC@PLA. Normally,
for subcutaneous injection, micro-sized particles with a range between 20 to 100 um [45] are
generally used, since, on the one hand, it usually has sufficient size to incorporate enough
active pharmaceutical ingredient, and, on the other hand, sizes between this range are normally
suitable, and therefore do not induce inflammation in the injection area. Hence, although F-1
and F-5 both showed a sustained and complete release of SPRC, for further in vivo study, F-1
and F-5 were not selected.

Above all, F-2 was chosen as the optimized formulation for further study due to
its high EE, stable PY, relative monodispersed particle size, as well as its sustained and
complete release in vitro. The SEM of F-2 is shown in Figure 4. For a convenient expression,
F-2 is denoted as SPRC@PLA for the remainder of this paper.

Figure 4. The SEM of SPRC@PLA microspheres (scale bar = 20 um).

3.2. The Elevation of Plasma H,S Concentration by Supplementations

Generally, H,S is unstable, and can exist as the mixed state of hydrogen sulfide (H,S),
hydrogen sulfide anion (HS™), and sulfide anion (5*~) under physiological conditions
(Figure 1A). It has been reported [46,47] that H,S, HS~, or S*~ could react quickly with
MBB to produce a relatively stable SDB in a Tris-HCI buffer (pH 9.5) under 1% oxygen
(Figure 1B). It would be much easier to detect the SDB rather than the H,S in vivo. Herein,
the LC-MS was adopted for the measurement of SDB in vivo, which could indirectly reflect
the equal amount of H,S in vivo. Two peaks, as shown in Figure 5A, indicated effective
separation of SDB (Peak 1) and internal standard (Peak 2). Then, the calibration curve was
calculated with a concentration range from 0.625 to 20 uM, (Figure 5B) which indicated
a good linear correlation of this method. The SPR promoted H;S release in vivo in a fast
manner, while SPRC@PLA sustained<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>