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In the last decade, the pharmaceutical application of hydrophilic materials has emerged as one of
the most significant trends in the biomedical and pharmaceutical areas [1]. This Special Issue serves to
highlight and capture the contemporary progress recorded in this field.

In this Special Issue, two articles were devoted to exploiting the employment of polyvinyl alcohol in
the developing of useful drug delivery tools. Polyvinyl alcohol is one of the most popular water-soluble,
non-carcinogenic, biocompatible, biodegradable synthetic polymers, and is largely employed to prepare
hydrogels useful as artificial organs, drug delivery devices, and wound dressings [2]. Specifically, Han
et al. explored the release properties of lutein-loaded polyvinyl alcohol combined with sodium alginate
nanofibers, prepared by electrospinning [3]. The release profiles were analyzed by mathematical
models, highlighting that the employment of the electrospinning in the encapsulation of the carotenoid
molecule is an effective method to achieve the sustained lutein release. Additionally, Avila-Salas et al.
crosslinked polyvinyl alcohol with different dicarboxylic acids to synthesize dressing hydrogels [4].
These formulations were suggested as multi-target therapies in wound healing, as a consequence of
the sustained release of simultaneous bioactive compounds, such as dexpanthenol, allantoin, caffeic
acid, and resveratrol.

The transport and sustained release of bioactive polyphenols, usually extracted from plants or
food, was also dealt with by Guzman-Oyarzo et al. [5]. In order to avoid degradation reactions
of these bioactive molecules, the authors proposed a synthetic strategy involving a flexible and
soft β-ciclodextrin polymer within the highly porous inorganic matrix of nanoporous silicon [6] as
a substrate. This device was tested as carrier for the controlled release of caffeic acid and pinocembrin,
two of the main components of a Chilean propolis with anti-atherogenic and anti-angiogenic activities.

The fast release of selected antioxidants and skin-lightening agents by suitable micellar systems,
was exploited by Odrobinska et al. for applications in cosmetology as components of masks, creams,
and wraps [7]. The authors proposed the synthesis of an innovative material obtained by “click”
chemistry reaction of azide-functionalized polyethylene glycol onto multifunctional polymethacrylates
containing alkyne units, and using bromoester-modified retinol as the initiator. The tendency of
the designed amphiphilic graft copolymers to form micelles allowed them to record a high effective
encapsulation of arbutin or vitamin C and in vitro experiments highlighted the maximum release in
few minutes.

Intelligent polymeric devices able to undergo morphological modifications in response to an internal
or external stimulus, such as pH, redox balance, temperature, magnetic field, and light have been actively
pursued [8–10]. In particular, in this Special Issue, Partheniadis et al. [11] synthesized pharmaceutical
pellets [12] of different sizes, using an extrusion/spheronization technique, and medium viscosity
chitosan for the pH-dependent delivery of piroxicam. The authors suggested that a remarkable
reduction in pellet size influenced the release rate, avoiding the need to employ hydrophilic excipients
such as lactose [13].

In another paper of this Special Issue, Wang et al. explored a novel strategy to drive the reversible
adsorption of peptide-based therapeutics using commercially available contact lenses [14]. To accomplish
this, thermo-sensitive elastin-like polypeptides, alone or tagged with a candidate ocular therapeutic,
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were characterized. This research suggests that elastin-like polypeptides may be useful to control
loading or release from suitable formulations, with the aim to deliver appropriate biologically active
peptides to the ocular surface via contact lenses.

Finally, this Special Issue was completed by three reviews exploiting the employment of particular
materials and/or analyzing specific route of drug administration. In particular, Neugebauer et al.
investigated the synthesis of ionic polymethacrylate-based delivery systems, including conjugates
and self-assemblies [15]. The influence of the hydrophilic/hydrophobic content on physicochemical
and delivery properties of the polymer carriers were exploited, by analysing how the topology and
architecture of the macromolecular devices regulate the physical entrapment or chemical attachment
of the specific drugs.

Furthermore, Tomeh et al. analyzed the use of silk fibroin to prepare versatile drug delivery
devices [16]. Mild aqueous possessing conditions, high biocompatibility and biodegradability, and the
ability to enhance the stability of the loaded active pharmaceutical ingredients, justify the increased
use of these natural polymers in the pharmaceutical and biomedical fields [17].

Finally, Cirillo et al. proposed a review focused on the recent advances in the development of
highly engineered injectable delivery vehicle systems, suitable for combined chemo- and radio-therapy,
as well as thermal and photo-thermal ablation, with the aim of finding effective solutions to overcome
the current obstacles of conventional therapeutic protocols [18].

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: This investigation aims to study the characteristics and release properties of lutein-loaded
polyvinyl alcohol/sodium alginate (PVA/SA) nanofibers prepared by electrospinning. In order
to increase PVA/SA nanofibers’ water-resistant ability for potential biomedical applications,
the electrospun PVA/SA nanofibers were cross-linked with a mixture of glutaraldehyde and
saturated boric acid solution at room temperature. The nanofibers were characterized using scanning
electron microscopy (SEM) and X-ray diffractometer (XRD). Disintegration time and contact angle
measurements testified the hydrophilicity change of the nanofibers before and after cross-linking.
The lutein release from the nanofibers after cross-linking was measured by an ultraviolet absorption
spectrophotometer, which showed sustained release up to 48 h and followed anomalous (non-Fickian)
release mechanism as indicated by diffusion exponent value obtained from the Korsmeyer–Peppas
equation. The results indicated that the prepared lutein-loaded PVA/SA nanofibers have great
potential as a controlled release system.

Keywords: lutein; nanofibers; polyvinyl alcohol; sodium alginate

1. Introduction

Lutein, also known as “plant lutein”, is a natural pigment and an excellent antioxidant [1] widely
found in vegetables, flowers, fruits, and certain algae organisms. The intake of a certain amount
of lutein as a food supplement can prevent a series of organ aging-related diseases [2]. Lutein is
susceptible to light, heat, and pH [3], the property of which compromises its bioavailability and limits
its storage and human administration [4]. The delivery of drugs via nano-carriers is a highly effective
and proven method to improve the bioavailability and until now, numerous nano-carriers including
nanofibers, nanocapsules, liposomes, polymer micelles, and nanogels have been widely investigated
for the delivery of various drugs.

Electrospinning has attracted more and more attention from the past decade due to its potential
use in biomedical materials, filtration, catalysis, optoelectronics, food engineering, cosmetics, and drug
delivery devices [5–7]. Among which drug delivery is one of the most promising applications.
Nanofibers produced by electrospinning exhibit several interesting properties, including high surface
area to volume ratio, and void fraction [8], which make electrospinning nanofibers an appropriate
candidate as a drug delivery system. Polymeric matrices such as polyvinyl alcohol (PVA),
fibrinogen, chitosan, polycaprolactone, and polyvinylpyrrolidone provide an excellent source for
electrospinning based on their biocompatibility [9,10]. PVA nanofibers have been widely utilized
as potential biomaterials owing to its extraordinary hydrophilicity, biocompatibility and mechanical
properties [11–14]. This type of material readily composes into the film due to the fact that it contains
a large amount of –OH groups, which provide a platform for hydrogen bond formation with water

Pharmaceutics 2019, 11, 449; doi:10.3390/pharmaceutics11090449 www.mdpi.com/journal/pharmaceutics4
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molecules. Based on the excellent properties of PVA, much interest in research has been devoted to its
electrospinning for utilization in different areas such as a biosensor [15], antimicrobial fibers [16–18],
composite films [19,20], nanoporous films, and filtration membranes [21–23]. Sodium alginate (SA) is
a non-toxic, biodegradable, compatible, and sustained-release material. SA shows a good hemostatic
effect in combination with calcium ions, therefore, is widely used in hemostatic dressings and wound
permeate absorption dressings [24]. However, the fact that SA alone in aqueous solution is not readily
electrospun into a nanofiber mat and its brittleness largely restricts its application. Blending PVA
and SA is an effective polymer solution that can be electrospun into nanofiber mats and in addition,
their mechanical property and thermal stability can be improved probably owing to hydrogen bond
formation [25]. Various studies have been reported on the development of wound dressing with PVA
and SA [26–30]. The nanofibers made from blending PVA and SA are highly hydrophilic.

Electrospun PVA/SA nanofibers as drug carriers are limited due to the burst release of drugs.
For example, Li et al. [31] reported the preparation of a fast-dissolving drug delivery system using
PVA as a polymeric carrier, in which the drug was released from the nanofiber matrix in an explosive
manner. In order to realize sustained release as required for some drug delivery system, it is necessary
to adjust the hydrophilicity of the nanofiber. Cross-linking is one of the methods that allow drugs to be
released in a controlled manner by adjusting the hydrophilicity of nanomaterials [32–34]. For example,
Zhang et al. [35] cross-linked electrospun gelatin nanofibers with glutaraldehyde saturated steam at
room temperature to improve nanofibers thermal and mechanical properties. Kenawy et al. [36] studied
the controlled release of ketoprofen from electrospun PVA nanofibers with methanol cross-linking.
Zhang et al. [37] used salicylic acid-loaded collagen (COL)/PVA electrospun nanofibers cross-linked
with UV-radiation or glutaraldehyde to control the release of salicylic acid.

In this study, a controlled drug delivery system was developed from electrospun PVA/SA
nanofibers. Lutein was utilized as a model drug. Lutein-loaded nanofibers were cross-linked by using
glutaraldehyde (GA) and saturated boric acid solution as a cross-linking agent. The properties of
nanofibers before and after cross-linking and the lutein release behavior were investigated.

2. Experimental Methods

2.1. Materials

Polyvinyl alcohol (PVA, 9002-89-5(CAS No.), 87%–89%(purity), Mw = 72600–81400), sodium
alginate (SA, 9005-38-3), glutaraldehyde (GA, 111-30-8, 50% aqueous solution), boric acid (10043-35-3,
99.8%), sodium phosphate dibasic (Na2HPO4, 10039-32-4, 99%), potassium phosphatemonobasic
(KH2PO4, 7778-77-0, 99%), potassium chloride (KCl, 7447-40-7, 99.98%), sodium chloride (NaCl,
7647-14-5, 99.9%), and N,N-dimethylformamide (DMF, 4472-41-7, 99.5%) were purchased from Aladdin,
Shanghai China. Lutein (127-40-2, 82.35%) was provided by Shandong Tian Yin Biotechnology co.ltd,
Zibo, China.

2.2. Preparation of Nanofibers

2.2.1. Preparation of Polymer Solutions

In a typical preparation, 1.6 g of PVA and 0.1 g of SA were dissolved in 15 mL of deionized
water at 60 ◦C under constant stirring for 6 h, then cooled to room temperature. Lutein (51 mg, 3%
weight ratio PVA and SA) was dissolved in 5 mL DMF at room temperature. The blended above
PVA/SA solution and lutein solution were mixed and stirred for 5 h at room temperature to ensure
homogeneous distribution.

2.2.2. Electrospinning Lutein-Loaded PVA/SA Nanofibers

Electrospinning was performed to fabricate lutein-loaded PVA/SA nanofibers at room temperature.
The mixed solution was poured into a 10 mL plastic syringe with a needle having an inner diameter of
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0.41 mm. Output voltage applied to the solution was 15 kV. Besides, the flow rate of the injection pump
was set to 0.3 mL/h. The nanofibers collector was cylindrical and covered by aluminum foil. At the
same time, the distance from the syringe needle to the receiver collector was 150 mm. After completing
the electrospinning process, the nanofibers were placed in a vacuum oven for 12 h to remove residual
traces of solvents.

2.2.3. Cross-Linking of Lutein-Loaded PVA/SA Nanofibers

Cross-linking of the electrospun lutein-loaded nanofibers were carried out using a mixture of GA
and saturated boric acid solution. Electrospun lutein-loaded nanofibers were carefully peeled from the
aluminum foil and weighed exactly using a digital balance. A weight of 0.020 g of each sample was
immersed in the cross-linking fluid at room temperature for various times (1 h, 3 h, and 5 h) to carry
out cross-linking. After completing the required cross-linking time for each sample, all the samples
were dried with filter paper and then exposed to a vacuum oven for 12 h at room temperature to
remove residual GA and water.

2.3. Characterization

2.3.1. Morphology

The morphology of the lutein-loaded PVA/SA nanofibers before and after cross-linking was
observed by quanta 250 field emission environment scanning electron microscope (SEM). The average
diameter of the lutein-loaded PVA/SA nanofibers before cross-linking was calculated based on the
SEM image. The distribution of lutein was observed by fluorescence microscope (CKX41, Olympus,
Tokyo, Japan).

2.3.2. Water Contact Angle Analysis

The surface static contact angles of the lutein-loaded PVA/SA nanofibers before and after
cross-linking were investigated using a contact angle meter analysis system (JY-82, Dingsheng,
Chengde, China).

2.3.3. X-Ray Diffractometer Analysis

X-ray diffractometer (XRD, Bruker AXS, Karlsruhe, Germany) was used to observe the physical
state of lutein in PVA/SA nanofibers in the range from 5◦ to 50◦.

2.3.4. FTIR Spectroscopy

The cross-linking effectiveness of lutein-loaded PVA/SA nanofiber mat was analyzed using Fourier
transform infrared (FTIR) spectroscopy (Nicolet5700, Waltham, MA, USA).

2.4. Pharmacotechnical Properties

2.4.1. Determination of Drug Encapsulation Efficiency

To determine the encapsulation efficiency (EE) of lutein in PVA/SA nanofibers, the lutein-loaded
PVA/SA nanofibers were completely dissolved in water and lutein content was measured using
UV-Vis spectrophotometer. The encapsulation efficiency of lutein was determined using the following
equation:

EE (%) = real lutein content in nanofibers/theoretical lutein content in nanofiber × 100. (1)

2.4.2. In Vitro Drug Release

The release profile of lutein from the cross-linked lutein-loaded PVA/SA nanofibers was studied
in phosphate buffer saline (PBS, pH = 7.4) solution. Lutein-loaded PVA/SA nanofibers (20 mg) were
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placed in 50 mL of PBS solution at 37 ◦C with constant stirring. At defined time intervals, 1 mL of
sample was taken from the release medium and replaced with fresh PBS to maintain the original
volume. The amount of lutein released at different time intervals in PBS solution was measured by
a UV-Vis spectrophotometer (UV-3600plus, Shimadzu, Kyoto, Japan). The lutein release percentage
was calculated and release profile was drawn. All the measurements were performed in triplicates.

3. Results and Discussion

3.1. Morphology Characterization and XRD Spectroscopy of PVA/SA Nanofibers

SEM images of un-crosslinked lutein-loaded PVA/SA nanofibers are shown in Figure 1a, displaying
uniform one dimensional nanofibers with no beads and diameters in the range of 240 nm to 340 nm.
Figure 1b shows the fluorescence micrograph of un-crosslinked lutein-loaded PVA/SA nanofibers.
It can be observed that lutein was uniformly distributed along the axis of the nanofibers. Figure 1c
shows the morphology of lutein-loaded PVA/SA nanofibers with 1 h cross-linking. Nanofibers collapse
during the cross-linking, after which nanofibers were not smooth and appeared in an independent
form. The morphology change indicates that the cross-linking agent induced adhesion between the
electrospun nanofibers, which could be attributed to the nanofibers that tend to swell in the presence
of a crosslinker and adhere with each other. In addition, visual observation showed that after the
cross-linking treatment, the nanofiber mats became yellowish and shrank slightly in size, which could
be due to the interaction of hydroxyl groups on the PVA with GA of the cross-linking agent [31,38].
It should be noted that the residual trace amount of GA after cross-linking treatment can induce toxicity
due to its reaction with proteins. The toxicity can be eliminated via reaction with glycine [34,39].

 

Figure 1. (a) SEM and (b) fluorescence microscope image of lutein-loaded polyvinyl alcohol/sodium
alginate (PVA/SA) nanofibers before cross-linking, (c) SEM of lutein-loaded PVA/SA nanofibers after
cross-linking for 1 h, (d) XRD diffraction pattern of free lutein, PVA/SA nanofibers, physical mixture of
lutein and PVA/SA, and lutein-loaded PVA/SA nanofibers.

X-ray diffraction (XRD) measurements were used to study the physical state and distribution
of the lutein-loaded PVA/SA nanofibers. The XRD patterns of free lutein, PVA/SA nanofibers,
and lutein-loaded PVA/SA nanofibers are shown in Figure 1d. Free lutein exhibited two strong crystal
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diffraction peaks between 10◦ and 25◦ (2θ= 20.54◦ and 14.06◦), which were attributed to the crystallinity
of lutein and consistent with the literature [40,41]. As shown in Figure 1d, the crystallization peaks
were not observed in the XRD pattern of PVA/SA nanofibers, which might be due to the sensitivity of
the measurement being too low to detect the crystalline drug. Since in a separate XRD measurement
for physical mixture of lutein and PVA/SA in the same mass ratio as in the electrospun lutein-loaded
PVA/SA nanofiber, as shown in Figure 1d, the characteristic peak of lutein crystalline structure did not
appear as well.

3.2. Contact Angle Measurement

Hydrophilic assessment of biological materials is a very important parameter in the field of drug
delivery. Therefore, in order to determine the hydrophilicity of the nanofibers, the water contact
angle of the lutein-loaded PVA/SA nanofibers before and after cross-linking was measured using
a contact angle meter analysis system (Figure 2). The un-crosslinked PVA/SA nanofibers exhibited
the contact angle of 18.6 ± 0.29◦, which indicates that they had good hydrophilicity. Whereas the
contact angle values of 33.5 ± 0.22◦, 56.2 ± 0.65◦, and 78.2 ± 0.37◦ were observed for the lutein-loaded
PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h, respectively. The cross-linked PVA/SA nanofibers
showed an increase in contact angle compared to un-crosslinked PVA/SA nanofibers indicating that
cross-linking could improve the hydrophilicity of nanofibers and thereby improve the stability of
nanofibers in aqueous media.

 

Figure 2. The shape of water drops and contact angle measurement for lutein-loaded PVA/SA nanofibers:
(a) Un-crosslinked, (b) cross-linked for 1 h, (c) cross-linked for 3 h, and (d) cross-linked for 5 h.

3.3. FTIR Analysis for Cross-Linking Degree

The cross-linking effectiveness of lutein-loaded PVA/SA was analyzed using FTIR. Infrared
scanning was performed in the range of 4000 to 600 cm−1. The FTIR spectra of the lutein-loaded
PVA/SA nanofibers with different cross-linking time are presented in Figure 3. It can be observed
that spectra of lutein-loaded PVA/SA nanofibers consists prominent peaks at 3373 cm−1 is ascribed
to a hydroxyl group, at 2939 cm−1 to C–H stretching (CH2), at 1728 cm−1 and 1268 cm−1 to acetate
groups (C=O and C–O, respectively), and at 1427 cm−1 to C–H stretching (CH3) [42]. The broad
peak of the hydroxyl group at 3373 cm−1 is due to the hydrogen bonding between hydroxyl groups
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of PVA and SA [43]. During the cross-linking of lutein-loaded PVA/SA with GA, the amount of
hydroxyl functions decreases to create acetal functions, while the peak at 1728 cm−1 (C=O) remains
constant [42]. Therefore, the ratio between signal intensity at 3373 and 1728 cm−1 could be an indicator
of cross-linking degree [42,44]. The ratio between the maximum intensity of hydroxyl (hOH) and
carbonyl functions (hCO) decreased from 2.02 to 0.60 as the nanofibers cross-linking time increased
from 1 to 5 h. This reflects a higher cross-linking effectiveness in the lutein-loaded PVA/SA nanofibers.

Figure 3. FTIR spectra for lutein-loaded PVA/SA nanofibers as un-crosslinked, cross-linked for 1 h,
cross-linked for 3 h, and cross-linked for 5 h.

3.4. Disintegration Characterization and In Vitro Drug Dissolution

The lutein-loaded PVA/SA nanofibers were cut into a size of 1 cm × 1 cm and dissolved in
deionized water to verify its disintegration time. As shown in Figure 4a–d, when the lutein-loaded
PVA/SA nanofibers were placed in deionized water, they first floated on the surface. Then the color of
the lutein-loaded nanofibers became darker and the size contracted within 1 s, as the water molecules
rapidly penetrated into the PVA/SA nanofibers scaffold, indicating the lutein release in a rush manner.
As the nanofibers scaffold continued to immerse in deionized water, it rapidly disintegrated and
dispersed into hundreds of small pieces (disintegration of about 3 s), which gradually dissolved
in deionized water. The whole dissolving process was completed within about 7 min. The visual
observation of immediate dissolving of lutein-loaded PVA/SA nanofibers is consistent with the strong
hydrophilicity of PVA/SA composite.
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Figure 4. (a–d) The visual observation of the disintegration of lutein-loaded PVA/SA nanofibers, and (e)
percentage released of lutein from electrospun PVA/SA nanofibers with different cross-linking time
(1 h, 3 h, and 5 h).

The EE and in vitro drug release assessment is necessary in order to determine the bioavailability
and extent of drug assimilation, which subsequently determines the drug therapeutic efficiency [45].
The EE of lutein-loaded PVA/SA nanofibers was found to be 91.9% ± 2.58%, which is comparable with
ciprofloxacin-loaded PVA/SA formulation (EE = 98%) [43].

Since both PVA and SA polymers are hydrophilic, the composite of these two elements (i.e., PVA/SA
nanofibers) by electrospinning is readily soluble in water, as shown by the disintegration test. The
slow release of lutein can be achieved by cross-linking the PVA/SA nanofibers with a cross-linking
agent. In order to study the effect of different levels of cross-linking on the release behavior of lutein
from PVA/SA nanofibers, an in vitro release study was performed for 48 h in PBS (pH = 7.4; Figure 4e).
Drug release from nanofibers can be attributed to three channels including drug desorption from the
surface, proliferation of pores, and/or matrix degradation. All these steps are likely to get affected by
the choice of polymer, porosity, morphology, and geometry of nanofibers [46]. For the lutein-loaded
PVA/SA nanofibers cross-linked for 1 h, lutein was released in a controlled manner with an average
release rate of 12.5%/h and complete lutein was released in 10 h. The controlled release performance
achieved with lutein-loaded PVA/SA nanofibers cross-linked for 1 h was better in terms of release time
span compared to complete release within 7 h in literature [43], which could be attributed to the usage
of cross-linking agent. For the lutein-loaded PVA/SA nanofibers cross-linked for 3 h, the release rate
was apparently decreased to around 9.4%/h, which was further decreased to 0.85%/h for the nanofibers
cross-linked for 5 h. It can be seen from the above experimental results that drug release was dependent
on cross-linking time i.e., the longer the cross-linking time, the better the sustained release of drug,
which was consistent with the previous results by Zhang et al. [37].

3.5. The Release Kinetics Studies

The release curves were fitted to kinetic models to analyze the kinetics of in vitro drug release.
It was proved that lutein was uniformly distributed in the PVA/SA nanofibers. Lutein was loaded
into the polymer matrix by a simple packaging of the polymer, the kinetics of drug release in PVA/SA
nanofibers was analyzed using the Korsmeyer–Peppas kinetic model and the Higuchi model (matrix
system) respectively.

The Korsmeyer–Peppas equation is as follows:

Mt/M∞ × 100% = ktn, (2)

where, Mt is the mass of the released drug at t time, M∞ is the mass of the released drug when the
time approaches infinity, k is a constant, and n is the diffusion exponent. This expression depicts
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a proportional mass release out of the polymer matrix with time. The value of n is dependent on
the type of drug delivery mechanism, geometry, and polydispersity. When n < 0.5, 0.5 < n < 1.0,
and 0.5 < n < 1.0, the type of release follows Fickian diffusion, non-Fickian diffusion, and Case-II
transport, respectively.

Higuchi model is another widely used pattern for analyzing the mechanism of drug release:

Mt/M∞ × 100% = k1t1/2, (3)

where k1 is the diffusion rate constant.
Table 1 shows values of n, k, k1, and the correlation coefficient (R2) from fitting curves with two

models. The R2 values of the Korsmeyer–Peppas model (matrix system) were closer to 1, compared
to that of the Higuchi model for all the three nanofibers with different cross-linking time. From the
Korsmeyer–Peppas model, n values were found to be 0.7398, 0.5840, and 0.6278 for lutein release from
PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h, respectively, indicating that lutein release from
PVA/SA nanofibers occurred through non-Fickian (anomalous) diffusion suggesting that more than
one mechanism process was involved in lutein release. These mathematical models could be purely
empirical through the insignificant changes of R2. Although the release mechanism requires further
clarification, the phenomenon of the study proves that drugs can be released from the electrospun
PVA/SA nanofibers matrices in a continuous manner.

Table 1. The release of lutein from PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h.

PVA/SA Nanofibers
Cross-Linking Time

Korsmeyer–Peppas Model Higuchi Model

1 h
k
n

R2

24.97 ± 2.713
0.7398 ± 0.0653

0.9707

k1
R2

36.19 ± 1.736
0.8993

3 h
k
n

R2

23.08 ± 2.056
0.5840 ± 0.0608

0.9641

k1
R2

25.94 ± 0.7468
0.9560

5 h
k
n

R2

12.81 ± 1.358
0.6278 ± 0.0709

0.9540

k1
R2

15.32 ± 0.5497
0.9334

The release of the drug in the drug-loaded nanofibers is controlled by the diffusion of drug within
the polymer matrix and/or matrix degradation, which involves bulk and surface-polymer erosion,
depending on the polymer composition [47]. When the penetration of water into the nanofiber matrix
is slower than the matrix degradation, surface erosion predominates and when matrix degradation
is faster than water penetration, bulk erosion predominates. In addition, water penetration into the
individual nanofibers can affect the drug release as well. In our case, the initial drug release from the
hydrophilic PVA/SA nanofibers cross-linked for 1 h, was primarily determined by the diffusion of drug
and dissolution of the polymer due to the penetration of water. However, nanofibers become more
hydrophobic when cross-linked for 5 h, which was verified by water contact angle measurements. Due
to the enhanced hydrophobicity of the PVA/SA nanofibers, the degradation of the polymer matrix
occurred relatively slow, at this point the release of the drug in the nanofibers was primarily determined
by the diffusion of drug.

4. Conclusions

In this research, the lutein-loaded PVA/SA nanofibers with uniform and smooth morphology
were obtained by electrospinning. The PVA/SA nanofibers were cross-linked for different time points
and their hydrophilicity was measured with a contact angle measurement experiment. XRD analysis
showed that lutein was present in the stable amorphous state in the PVA/SA nanofibers. The sustained
release was achieved after the tuning the hydrophilicity of the lutein-loaded PVA/SA nanofibers as it
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released the lutein in a controlled manner extending up to 48 h. The drug release kinetics revealed
that the release of the lutein was through non-Fickian diffusion mechanism. The results indicate
that encapsulation of lutein utilizing polymer matrices by electrospinning is an effective method in
drug delivery and cross-linking could further help to achieve the sustained lutein release by tuning
the hydrophilicity. Therefore, the drug-loaded PVA/SA nanofibers developed in this study has great
potential to be used as the delivery system in the near future.
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Abstract: This research proposes the rational modeling, synthesis and evaluation of film dressing
hydrogels based on polyvinyl alcohol crosslinked with 20 different kinds of dicarboxylic acids. These
formulations would allow the sustained release of simultaneous bioactive compounds including
allantoin, resveratrol, dexpanthenol and caffeic acid as a multi-target therapy in wound healing.
Interaction energy calculations and molecular dynamics simulation studies allowed evaluating
the intermolecular affinity of the above bioactive compounds by hydrogels crosslinked with the
different dicarboxylic acids. According to the computational results, the hydrogels crosslinked with
succinic, aspartic, maleic and malic acids were selected as the best candidates to be synthesized
and evaluated experimentally. These four crosslinked hydrogels were prepared and characterized
by FTIR, mechanical properties, SEM and equilibrium swelling ratio. The sustained release of the
bioactive compounds from the film dressing was investigated in vitro and in vivo. The in vitro results
indicate a good release profile for all four analyzed bioactive compounds. More importantly, in vivo
experiments suggest that prepared formulations could considerably accelerate the healing rate of
artificial wounds in rats. The histological studies show that these formulations help to successfully
reconstruct and thicken epidermis during 14 days of wound healing. Moreover, the four film dressings
developed and exhibited excellent biocompatibility. In conclusion, the novel film dressings based on
hydrogels rationally designed with combinatorial and sustained release therapy could have significant
promise as dressing materials for skin wound healing.

Keywords: sustained release; wound healing; crosslinking; allantoin; equilibrium swelling ratio;
accumulative release; thermogravimetric analysis
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1. Introduction

The primary function of the skin is to serve as a protective barrier against external hazards.
The loss of integrity of large portions of the skin as a result of injury or disease may lead to a major
disability or even death [1,2]. Therefore, wound healing is a fundamental physiological process that
restores skin integrity, aiming to repair the damaged tissues [3]. Given its importance, the sequence of
events of wound healing has been extensively studied for several decades [4]. The mechanism of wound
healing is very complex, involving several physiological events such as coagulation, inflammation,
cell proliferation, matrix repair, epithelization and remodeling of the scar tissue [5]. Interruption or
deregulation of one or more phases of the wound healing process leads to non-healing (chronic)
wounds [6].

Dressing materials, which are used for wounds or burns, are known as “artificial skin”. They
should possess properties of normal skin to accelerate the recovery of wounded or destroyed skin areas.
One of the most studied is the hydrogel dressing [7]. Hydrogels are 3D, hydrophilic and polymeric
networks capable of absorbing large amounts of water or biological fluids [8], but do not dissolve when
brought into contact with water [9]. Due to their high water content, porosity and soft consistency,
they closely simulate natural living tissue, more so than any other class of synthetic biomaterials [8].
The network crosslinked by covalent bonds is classified as a chemical gel, while the formation of a
physical gel takes place via a physical association between polymeric chains [10]. Compared with other
biomaterials, hydrogels have the advantages of increased biocompatibility, tunable biodegradability,
and porous structure, among others. However, owing to the low mechanical strength and fragile nature
of the hydrogels, the feasibility of applying hydrogels is still limited. Thus, novel hydrogels with
stronger and more stable properties are still needed and remain an important direction for research [11].

The exclusive physical properties of hydrogels have aroused particular interest in their use in drug
release applications. Their highly porous structure can be easily tuned by controlling the crosslink
density (cross-linking degrees) in the gel matrix and the affinity of the hydrogels for the aqueous
medium in which they are swollen [12]. Their porosity also allows the loading of drugs into the
gel matrix and subsequent drug release at a rate dependent on the diffusion coefficient of the small
molecule or macromolecule through the gel network [13]. The properties that the drug delivery (usually
governed by passive diffusion mechanisms) has also depend on factors such as hydrogel mesh sizes,
stimuli-sensitivity and hydrogel capacity, among others [14].

Therefore, the structural properties of hydrogels and their affinity for certain bioactive molecules
will depend directly on the selection of constituent polymers and the type of crosslinker that will form
the polymeric crosslinked mesh. Among the polymers most used for the preparation of hydrogels for
the treatment of wound healing are chitosan [15] and polyvinyl alcohol (PVA) [16].

For this study, PVA was selected because it is a biocompatible polymer and non-toxic to
humans [17,18]. The formation of hydrogels from PVA can be performed by chemical methods,
which involve the formation of interactions and bonds between the PVA chains and the functional
groups of the crosslinking agents [19]. The concentration of crosslinker affects the porous structure,
swelling features and mechanical strength. By setting the suitable degree of crosslinking, it is possible
to prepare super-porous hydrogels with the desired characteristics. This will provide a platform
to design novel drug delivery systems [20]. There are scientific studies showing that hydrogels
based on PVA formulations cross-linked with specific crosslinkers are excellent bioactive compound
releasing agents, especially at the dermal level: PVA-Glutaraldehyde [21], PVA-Ethylenglycol [22],
PVA-Chitosan [23], PVA-Collagen [24], PVA-Cellulose [25], PVA-starch [7], PVA-Gelatin [26],
PVA-TEOS [27], PVA-Heparin [28], PVA-poly(AAm) [29], among others.

PVA crosslinked with organic acids generates flexible and transparent hydrogels [18] capable of
interacting with water-soluble compounds [30]. Its flexibility allows it to be easily handled during the
treatment of wounds, providing a stronger mechanical protection. On the other hand, its transparency
allows evaluating the process of healing step by step [18].

16



Pharmaceutics 2019, 11, 447

The organic acids or bifunctional molecules of interest in this study have two carboxylic acid
functional groups at both ends of its structure (dicarboxylic acid molecules, for example, succinic acid),
which through an esterification process can generate covalent bonds with the hydroxyl groups present
in the polymer chains of PVA, generating the crosslinking and porosity of the structure [18].

The hydrogels from PVA must meet a number of requirements including biocompatibility, suitable
porosity, swelling, mechanical strength and degradation properties. As mentioned earlier, all these
properties are affected by the kind and concentration of polymers employed in hydrogels as well as by
the cross-linking type and density [13,31]. Therefore, the porosity is directly related to the structure of
the bifunctional molecule with low molecular weight, the length of its skeleton and the amount of ester
bonds it can generate with the PVA chains. For example, the chemical hydrogel has been synthesized
with specific dicarboxylic acids (DCA) [18,32].

As is well known, wound healing is a complex and sequenced process formed by several phases.
In this context, the properties of hydrogels allow utilizing a delivery system of drug combinations
simultaneously (multi-target therapy) [33]. This property of hydrogels could play a key role as a
simultaneous delivery system of therapeutic agents for the wound healing process (constituted by
several coordinated stages). Congruent with the above, drug combination therapy (directed at multiple
therapeutic targets) improves treatment response and minimizes adverse events [34,35]. Due to their
inherent properties, hydrogels are able to efficiently encapsulate and deliver in a controlled release
manner [14]. Additionally, these materials must possess properties similar to normal skin: not possess
toxins, provide an environment that prevents drying of the wound, reduce the penetration of bacteria,
avoid losses of heat, water, proteins and red blood cells, in addition to promoting a rapid healing [36,37].
Thus, the use of biomaterials for the treatment of wounds is an area of interest for the scientific and
medical community.

Therefore, the goal of the present article was to rationally develop hydrogel polymer formulations
based on PVA crosslinked with a series of crosslinkers to improve the wound healing process of
complex injuries through a simultaneous and sustained-release of allantoin, resveratrol, dexpanthenol
and caffeic acid in the skin mouse model.

2. Materials and Methods

2.1. Theoretical Section

2.1.1. Building Molecular Structures

The three-dimensional (3D) structures of allantoin (AL), resveratrol (RES), caffeic acid (CA),
dexpanthenol (DEX), 20 different PVA hydrogel nanopores (PVAnp) (Table S1) and PVA chain (of five
monomers long) were designed and built through MarvinSketch software version 19.1.0, ChemAxon
Ltd., Budapest, Hungary [38]. For all 3D structures, their protonation states at pH 7.0 were considered.
Their geometries were optimized using Gaussian software version 16, revision A.03, Inc., Wallingford,
CT, USA [39] at Density Functional Theory level using the B3LYP method and 6-311+G(d,p) as the
selected basis set. In this study, the DCA selected by Marican et al. 2018 [18] were evaluated.

2.1.2. In-Silico Calculation of Interaction Energies

Interaction energies (ΔE) between the 20 nanopores and the compounds studied were calculated
using a computational strategy implemented by Avila-Salas et al. 2012 [28] which couples a Monte
Carlo conformational sampling [40] and ΔE calculations at the semi-empirical quantum mechanical
(SQM) level [41]. With this methodology, it is possible to quickly evaluate the energy contribution of
each component in the PVAnp-compound binding affinity. ΔE was calculated for molecule1-molecule2
complexes. In this case, molecule1 represents each one of the 20 PVAnp (Table S1) and molecule2
represents the four compounds studied (AL), RES, CA and DEX).
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2.2. Experimental Section

2.2.1. Materials

Polyvinyl alcohol (PVA) 30-60 KDa, succinic acid (SA), aspartic acid (AA) malic acid (MALI),
maleic acid (MALE), NaHCO3, acetonitrile (HPLC grade), allantoin, dexphantenol, caffeic acid and
resveratrol analytical standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). HCl and
methanol (HPLC grade) K2HPO4 and H3PO4 were purchased from Merck (Darmstadt, Germany). All
solutions were prepared using MilliQ water.

2.2.2. Synthesis of Selected Hydrogels Based on PVA, Dicarboxylic Acids and Bioactive
Compound Loading

For this study, twenty hydrogels based on PVA and dicarboxylic acids (PDCAH) were proposed.
However, according to the theoretical analysis, four candidates present the best interactions with
the bioactive compounds (BC) of interest. Therefore, four PDCAH with different crosslinkers were
synthesized. The preparations of these platforms were performed through the esterification of PVA
with DCA according to the method from Rodríguez Nuñez et al. 2019 with minor modifications [12].
Briefly, the reactions were performed by mixing an aqueous solution of PVA with an aqueous solution
of a specific DCA (20 wt %) in presence of 1 × 10−1 mol·L−1 HCl (pH 1). After that, each reaction was
carried out under reflux at 90 ◦C in a necked flask with magnetic agitation. After 3 h, each pre-hydrogel
solution was poured into a new flask and a specific amount of BC (allantoin, dexpanthenol, caffeic
acid, and resveratrol) was added for it encapsulation, as depicted in Table 1. Then, each solution
was homogenized by stirring for 1 h and sonicated for 60 min until a homogenized solution was
obtained. After that, each mixture solution was put in an oven at 45 ◦C overnight until the crosslinking
was complete. Then, the PSAH, PAAH, PMALIH and PMALEH with encapsulated BC were washed
several times with NaHCO3 for removing the excess acid. Finally, the hydrogels were lyophilized in
order to obtain the xerogel. Lastly, each formulation obtained was termed as PSAH-BC, PAAH-BC,
PMALIH-BC and PMALEH-BC, respectively.

Table 1. Specifications of supramolecular PDCAH and amount of BC loading.

PDCAH Crosslinker
Crosslinker

Ratio *

Bioactive Compounds

Allantoin * Caffeic Acid * Resveratrol * Dexpanthenol *

PMALEH Male 20 5 2 2 2

PAAH AA 20 5 2 2 2

PMALIH Mali 20 5 2 2 2

PSAH SA 20 5 2 2 2

(*) % w/w respect to PDCAH; Maleic acid (Male); Aspartic acid (AA); Malic acid (Mali) and succinic acid (SA).

2.2.3. Equilibrium Swelling Ratio of PDCAH

The water uptake process was estimated by equilibrium swelling ratio (% ESR) at desired time
intervals. Each xerogel film was immersed in phosphate buffer saline (PBS) (pH 7.4) and acetate buffer
(pH 3.0) at 25 ◦C for 21 h until swelling equilibrium was attained. The weight of the wet sample
[Ww (g)] was measured after carefully removing moisture on the surface with an absorbent paper.
The weight of the dried sample [Wd (g)] was determined after the freeze-drying process of the hydrogel.
The ESR of the hydrogel samples was calculated as follows (Equation (1)):

ESR (%) =
Ww −Wd

Wd
× 100% (1)
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2.2.4. Infrared Spectroscopy

Fourier-Transform Infrared (FT-IR) spectra of PSAH, PAAH, PMALIH and PMALEH were
recorded on a Nicolet Nexus 470 spectrometer (Thermo Scientific, Waltham, MA, USA) within the
4000–400 cm−1 spectral intervals. All spectra were obtained in KBr pellets from an average of 32 scans
with 4 cm−1 resolution.

2.2.5. Mechanical analysis

Tensile tests were performed by means of a dynamometer model 4301, Instron (Canton, OH,
USA) equipped with a 5 kN load cell. The measurements were performed on dumbbell-shaped films.
The width and the length of the investigated films were 5 mm and 30 mm, respectively, while the
thickness of each film was measured at five random points using a micrometer and the result was
expressed as the average value. All the measurements were carried out at 25 ± 2 ◦C and 50 ± 5%
relative humidity at a crosshead rate of 5 mm·min−1. The reported data are the average values of five
measurements. The obtained stress-strain curves were used to calculate tensile strength (σm, MPa),
elongation at break (ε, %) and Young’s Modulus (E, MPa).

2.2.6. Scanning Electron Microscopy Analysis

The Scanning Electron Microscopy (SEM) analyses were performed for all four formulations.
The films morphology was analyzed using a scanning electron microscope (JEOL-JSM 6380, Tokyo,
Japan) operated at 15kV. Surface and side views of cryogenically fracture films were examined. All
samples were sputtered with a gold layer, around 40 nm in thickness, previous to the analysis.

2.2.7. Sustained Release Kinetics of BC from PDCAH-BC

The BC content of each supramolecular PDCAH (PDCAH-BC) is depicted in Table 1. Each
PDCAH-BC with a weight of 400 mg was disposed into a 10 mL tube and 5 mL of PBS (pH 7.4)
was poured over the formulation as a release medium. The tubes were transferred to an orbital
shaker incubator water bath (Farazteb, Iran) at 33.5 ◦C ± 0.1 ◦C (Skin Temperature) and shaken at
35 ± 2 rpm. At specific time intervals, the PBS was removed and replaced with an equal volume of
PBS in order to maintain sink conditions throughout the study. The samples of each supramolecular
formulation were analyzed by a Perkin Elmer series 200 HPLC system (Norwalk, CT, USA) with a
UV-Vis detector. An YWG C-8 (250 mm × 4.6 mm i.d. × 10 μm) column was used for the analysis
of samples. 20 μL of eluent was injected into the HPLC. The mobile phase used consisted of 20 mM
K2HPO4 (pH 6.0, H3PO4)/Methanol (90:10, v/v), in isocratic mode, at a flow rate of 1.0 mL·min−1.
The samples were monitored at 210 nm (allantoin and dexpanthenol) and 300 nm (caffeic acid and
resveratrol) by absorbance detection at 30 ◦C.

The release of each BC from each supramolecular formulation was determined by applying the
amounts of released and loading BC to the following relationship (Equation (2)):

Cumulative BC release (%) = Cumulative amount of BC released × 100
Inicial amount of BC

(2)

2.2.8. Wound Healing Testing on Dermal Models of Rats

Animals and Maintenance Conditions

The experiments were carried out in adult Sprague Dawley rats of 150–200 grs obtained from the
animal facility from the Universidad de Talca. All the animal care and experimental protocol were
reviewed and approved by Comité Institucional de Ética, Cuidado y Uso de Animales de Laboratorio
(CIECUAL) of the Universidad de Talca (Project identification code: 11170155; approval date of the
committee: 17 December 2017). The animals were maintained in standard environmental conditions
(22 ± 2 ◦C, relative humidity 70–80%, 12-h light cycle). The animals were weighed at the beginning
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and at the end of the experimental period. In addition, the intake of water and food was recorded.
The rats were fed a standard diet manufactured by Champion (6.4% moisture, 3.6% lipids, 6.7% protein,
7.3 ashes, 3.6 fibers, 72.4% carbohydrates). The animals had free access to water and food; the bed was
changed three times a week. Each cage had a record of changes in behavior or intake that was filled
daily by the personnel in charge.

Experimental Procedure

The animals were divided randomly into groups (5 animals per group). At the start of the surgical
procedure, all animals were sedated with isofluorane and anesthetized with a mixture of ketamine
(ketostop, DrangPharmainvetec S.A)/xylazine (Xylaret, Agroland) in a ratio of 3:1 (2.2 μL/g by weight).
Once the anesthetized animals were in the surgical plane, the trichotomy of the inter scapular area was
performed with a hair clipper (Oster gold) and the area washed with 0.25% chlorhexidine soap. Then,
one skin segment in the area of the back between the scapulae was removed; surgery was performed
with a special scalpel or punch. The diameter of the biopsy was around 1 cm. The excised wounds
were covered with to-be-tested hydrogels (PDCAH-BC and controls, 1.2 cm × 1.2 cm) and affixed
with an elastic adhesive bandage. Two groups control were used in this experiment, Madecassol™ a
commercial product and PSAH (film dressing without BC). The commercial product was daily applied
until day 14. The total duration of each test was 14 days. On day 7, the PDCAH-BC and control (film
dressing) were removed to analyze their adhesion and the film dressing was not reapplied. From
days 7–14, the natural wound healing process was analyzed, protocol modified by Murakami et al.,
2010 [42]. The wounds were examined and photographed for measurement of wound size reduction.
These results were expressed in area and were represented by the closure of the wound. Differences in
wound closure between controls and treatments were compared macroscopically. Upon completion of
wound-healing experiments, the animals were sacrificed by excess diethyl ether on day 14 after the
surgery. The rate of wound closure, which represents the percentage of wound reduction from the
original wound size, was estimated utilizing the following formula (Equation (3)):

Wound healing reduction (%) =
wound area day 0− wound area day 14

wound area day 0
× 100 (3)

Values are expressed as a percentage of the healed wounds ± SD.

2.2.9. Histological Analysis

The histological analysis was oriented to the microscopic observation of the wound closure and
was intended to compare the wound healing process. 5 μm thick sections from rat skin biopsies were
used on silanized slides with 2% 3-aminopropyltriethoxysilane in acetone. The sample corresponded
to rat skin affixed in 4% formaldehyde in 0.075 M sodium phosphate buffer pH 7.3, decalcified and
embedded in paraffin. The sections were dewaxed and rehydrated following the routine protocol of
the oral histopathology laboratory of the Universidad de Talca. The skin biopsies were stained with
hematoxylin, eosin, Masson Trichrome and Giemsa.

2.2.10. Cytotoxicity and Cell Viability

The cytotoxicity of PDCAH was evaluated on fibroblast cells. For this purpose, the viability of
fibroblasts was assessed using MTT assay according to the protocol of Mossman et al. [43]. Briefly,
the cells were seeded in 24-well plates (5 μL, 1.6 × 104 cells per well) and 150 μL of Dulbecco’s
Modified Eagle Medium (DMEM)-High medium was added and incubated for 24 h at 37 ◦C in 5%
CO2. Then, the medium was substituted by 100 μL of fresh DMEM-High per well containing three
different concentrations of PMALEH, PAAH, PSAH and PMALIH (500 μg·mL−1, 1500 μg·mL−1, and
2500 μg·mL−1 per formulation). Fresh medium without any PDCAH was used as a control. Cell
viability was evaluated after 24 h by the MTT assays. Specifically, 5 μL of MTT solution (3 mg·mL−1

20



Pharmaceutics 2019, 11, 447

in PBS) and 50 μL of fresh medium were added to each sample and incubated for 4 h in the dark at
37 ◦C; formazan crystals were then dissolved in 100 μL dimethyl sulfoxide and incubated for 18 h.
Supernatant optical density (o.d.) was evaluated at 570 nm (Spectrophotometer, Packard Bell, Meriden,
CT, USA). Untreated cells were taken as control with 100% viability. The cell cytotoxicity of PDCAH
was expressed as the relative viability (%), which correlates with the amount of liable cells compared
with the negative cell control (100%).

2.2.11. Statistical Analysis

All experiments were performed in triplicate. Mean, standard deviation and Student’s t-test was
performed to test the statistical significance in MTT assay studies and graphs were prepared by using
Graphpad Prism 6. Statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. In-Silico Interaction Energy Study

20 nanopores of the PVA hydrogels crosslinked with different dicarboxylic acids were designed
(Table S1). The interaction energy studies between the 20 nanopores and the compounds studied with
healing activity were carried out: allantoin (AL), resveratrol (RES), caffeic acid (CA) and dexpanthenol
(DEX). The results of these studies can be observed in Table 2.

Table 2. Interaction energy values calculated using SQM methods between the hydrogel nanopores
(Hnp) and the different compounds studied.

Id.
Hydrogel Nanopores

(Hnp)

HNP-AL
ΔE

Kcal/mol

HNP-RES
ΔE

Kcal/mol

HNP-CA
ΔE

Kcal/mol

NPH-DEX
ΔE

Kcal/mol

Average
ΔE

Kcal/mol

1 PVAnp-Oxalic acid −3.049 −2.090 −0.589 −1.780 −1.877
2 PVAnp-Malonic acid −3.083 −2.093 −0.876 −1.824 −1.969
3 PVAnp-Succinic acid −3.187 * −2.172 * −0.962 * −1.963 * −2.071 *
4 PVAnp-Malic acid −3.127 * −2.149 * −0.986 * −1.933 * −2.049 *
5 PVAnp-Fumaric acid −3.012 −2.049 −0.873 −1.833 −1.942
6 PVAnp-Maleic acid −3.153 * −2.156 * −0.950 * −1.964 * −2.056 *
7 PVAnp-Citraconic acid −3.052 −2.093 −0.857 −1.783 −1.946
8 PVAnp-Itaconic acid −3.069 −2.079 −0.862 −1.810 −1.955
9 PVAnp-Tartaric acid −3.093 −2.078 −0.868 −1.769 −1.952
10 PVAnp-Glutaric acid −3.095 −2.117 −0.905 −1.839 −1.989
11 PVAnp-Adipic acid −3.089 −2.105 −0.868 −1.791 −1.963
12 PVAnp-Pimelic acid −3.009 −2.012 −0.813 −1.720 −1.889
13 PVAnp-Suberic acid −3.032 −2.073 −0.572 −1.763 −1.860
14 PVAnp-Azelaic acid −3.079 −2.089 −0.872 −1.820 −1.965
15 PVAnp-Phtalic acid −3.108 −2.093 −0.883 −1.784 −1.967
16 PVAnp-Isophtalic acid −3.114 −2.136 −0.924 −1.858 −2.008
17 PVAnp-Terephtalic acid −3.125 −2.141 −0.933 −1.906 −2.026
18 PVAnp-2,5-pyridin acid −3.117 −2.079 −0.842 −1.858 −1.982
19 PVAnp-Aspartic acid −3.130 * −2.150 * −0.951 * −1.910 * −2.035 *
20 PVAnp-Glutamic acid −3.063 −2.133 −0.905 −1.874 −1.994

* Better interaction energy values (more negative).

According to the results obtained from ΔE, the pores generated between PVA and the succinic,
malic, maleic and aspartic acids (marked in red in Table 2), have simultaneously better ΔE for the
4 compounds of interest. Therefore, hydrogels PVA cross-linked with these acids are good candidates
to be evaluated experimentally.

3.2. Preparation of PDCAH

The preparation of formulations was performed as is depicted in Scheme 1 and Figure 1. Concisely,
each hydrogel was prepared using polymerization by esterification in the presence of HCl as a
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catalyst. Once the pre-hydrogel was produced, the specific amount of each BC was added. With this
methodology of loading, it is possible to obtain over 99% retention of the drug. The characterization
analysis from FT-IR established the conjugation between PVA (–OH) and DCA (–COOH) into the
PDCAH (The PDCAH characterization was performed without the loading drug (empty formulation).
According to previous works, a crosslinking degree of 10:2 of PVA:DCA was prepared, which was kept
constant due to its excellent features such as porosity, among others [12,18].

Scheme 1. Schematic representation of the synthesis of PDCAH and loading of BC.

Figure 1. Proposed structures of PDCAH.

3.3. ESR Results

This characterization is very simple but very important at the same time since it confirms the
hydrogel formation. In other words, if there is an increase in the swelling index, it means that the
hydrogel matrix is absorbing the solvent and is not dissolved in the solvent; this being one of the most
important features of a hydrogel [44]. In consequence, this characterization was made to confirm the
preparation of the four hydrogel formulations with different crosslinker agents. Figure 2 shows the
ESR for all four hydrogels. This figure displays an increase in the swelling index across time for all
PDCAH. For all PDCAH, the swelling index in the first segment increased rapidly and afterwards
slowly. This behavior may be due to the hydrogels reaching maximum constant swelling. The PSAH,
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PMALEH, PAAH and PMALIH reached the swelling equilibrium (zero order) at about 4–5 h. After 5 h,
the PSAH, PMALEH, PMALIH and PAAH reached about 300, 400, 500 and 600% or swelling index,
respectively, at pH 7.4. This may be due to the crosslinker agent polarity, which can be explained by the
available hydrophilic groups in their structure that form hydrogen bonds with water molecules. In this
context, we may conclude that the polarity led to an increase in ESR. Also, a significant difference for
the set of formulations was observed between the two pH models. In all cases, the swelling index is
higher a 7.4 than 3.0, observing a difference of ~80% of ESR between pH models. The data previously
mentioned confirming that swelling behavior of the prepared hydrogels are pH-dependent owing to
their ionic networks. In this sense, the four PDCAH absorbed a higher amount of water at 7.4 than 3.0.
The ionic networks from the prepared hydrogels are provided by containing ionic pendant groups from
the crosslinkers (SA, MALE, MALE, and AA), which have different types of pKa (depends on each
crosslinker agent) [45]. This feature at a certain pH provides higher ionization degree in the hydrogel
matrix, producing an intensification of electrostatic repulsion between chains from the networks. This
electrostatic repulsion causes a higher uptake of solvent into the matrix, which increases the size of
the hydrogel [12,18]. The swelling index observed could be related to the diffusion process where
the encapsulated bioactive compounds could diffuse through swollen hydrogel networks toward the
outside [46].
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Figure 2. The swelling ratio of the PDCAH at 24 ◦C as a function of time, pH and crosslinker nature.
Data are shown as mean ± SD (n = 3).

3.4. BC in Vitro Release Behavior of Supramolecular PDCAH

The encapsulation methodology carried out in this work was easier than conventional encapsulation
by absorption. Specifically, the encapsulation was done through mixing BC with the pre-hydrogel
solutions to encapsulate the BC into the PDCAH (PDCAH-BC), which decreased the encapsulation
process time. On the other hand, this methodology allows for the loading of an exact amount of drugs
(compared with the conventional method). The supramolecular PDCAH film was loaded with allantoin
(5%), dexpanthenol (2%), caffeic acid (2%) and resveratrol (2%) according to the standard concentrations
of bioactive compounds utilized in the dermatology area.

In order to analyze the in vitro release behavior of BC from PDCAH-BC, release profiles were
obtained in physiological conditions (33.5 ◦C, PBS at pH 7.4). The samples were evaluated through
HPLC method and the percent of the cumulative amount released was plotted over time. The BC
cumulative release profiles are shown in Figure 3; the four PDCAH-BC provided a rapid release into
the medium until 6 h, as shown for each BC and hydrogel. For example, 35% of allantoin, 38% of
dexpanthenol, 52% of caffeic acid and 56% of resveratrol have been released from PMALEH-BC. After
this initial fast release profile, PMALEH-BC showed a slower and steadier BC release into the medium
for all cases.

The average release rate (%) of BC during the rapid phase (0 to 6 h) is depicted in Table 3 for
each formulation. After 6 h, the rapid release rate changed toward a slower and sustained release.
For PMALEH-BC, the average of the rapid-release phase was 0.58 mg/h, 0.63 mg/h, 0.87 mg/h and
0.93 mg/h for allantoin, dexpanthenol, caffeic acid and resveratrol, respectively. In contrast, the average
of the slow-release phase was 0.11 mg/h, 0.11 mg/h, 0.08 mg/h and 0.08 mg/h for allantoin, dexpanthenol,
caffeic acid, and resveratrol, respectively. In Tables 4 and 5, all the average release values of each
formulation and BC are provided.
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Figure 3. Release of BC from supramolecular PDCAH-BC in PBS at 33.5 ◦C; mean ± SEM, n = 3.

Table 3. The percentage of release rate during the rapid-release phase.

Hydrogel
Rapid-Release Phase of BC (%) until 6 h

Allantoin Dexpanthenol Caffeic Acid Resveratrol

PMALEH-BC 35 ± 4.1 38 ± 2.0 52 ± 1.2 56 ± 2.0
PAAH-BC 35 ± 1.7 32 ± 3.0 50 ± 5.5 58 ± 2.6

PMALIH-BC 58 ± 2.6 47 ± 4.9 32 ± 3.0 38 ± 2.0
PSAH-BC 58 ± 2.6 46 ± 3.0 38 ± 2.0 32 ± 3.0

Table 4. The average release rate during the rapid-release phase.

Hydrogel
Rapid-Release Phase

Allantoin Dexpanthenol

mg/6 h mg/h mg/6 h mg/h

PMALEH-BC 7.0 ± 0.82 1.17 ± 0.14 7.6 ± 0.4 1.27 ± 0.07
PAAH-BC 6.4 ± 0.34 1.07 ± 0.06 6.4 ± 0.6 1.07 ± 0.10

PMALIH-BC 9.4 ± 0.52 1.57 ± 0.09 9.4 ± 1.0 1.57 ± 0.16
PSAH-BC 9.2 ± 0.52 1.53 ± 0.09 9.2 ± 0.6 1.53 ± 0.10

Hydrogel
Caffeic Acid Caffeic acid

mg/6 h mg/h mg/6 h mg/h

PMALEH-BC 10.4 ± 0.24 1.73 ± 0.04 11.2 ± 0.4 1.87 ± 0.07
PAAH-BC 10.0 ± 1.1 1.67 ± 0.18 11.6 ± 0.52 1.93 ± 0.09

PMALIH-BC 6.4 ± 0.60 1.07 ± 0.10 7.6 ± 0.40 1.27 ± 0.07
PSAH-BC 7.6 ± 0.40 1.27 ± 0.07 6.4 ± 0.60 1.07 ± 0.10
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Table 5. The average release rate during the slow-release phase.

Hydrogel
Slow-Release Phase

Allantoin Dexpanthenol

mg/114 h mg/h mg/114 h mg/h

PMALEH-BC 13.0 ± 0.50 0.11 ± 0.00 12.4 ± 0.40 0.11 ± 0.00
PAAH-BC 13.0 ± 0.58 0.11 ± 0.01 13.6 ± 0.48 0.12 ± 0.00

PMALIH-BC 8.4 ± 0.58 0.07 ± 0.01 10.6 ± 1.10 0.09 ± 0.01
PSAH-BC 8.4 ± 0.64 0.07 ± 0.01 10.8 ± 0.80 0.09 ± 0.01

Hydrogel
Caffeic Acid Resveratrol

mg/114 h mg/h mg/114 h mg/h

PMALEH-BC 9.6 ± 0.50 0.08 ± 0.00 8.8 ± 0.62 0.08 ± 0.01
PAAH-BC 10.0 ± 0.76 0.09 ± 0.01 8.4 ± 0.70 0.07 ± 0.01

PMALIH-BC 13.6 ± 0.58 0.12 ± 0.01 12.4 ± 0.40 0.11 ± 0.00
PSAH-BC 12.4 ± 0.4 0.11 ± 0.00 13.6 ± 0.88 0.12 ± 0.01

The release patterns of the BC from the formulations were dependent on the crosslinker type.
For instance, the higher release of allantoin and dexpanthenol occurred in PMALIH and PSAH.
In contrast, the higher release of caffeic and resveratrol was produced in PMALEH and PAAH. Perhaps
the crosslinker nature plays a key role in the release pattern of each biomolecule. Characteristics of
crosslinkers, such as functional groups in its structure, polarity and ability to form hydrogen bonds,
among others, affect the release patterns.

3.5. FTIR Analysis

IR spectra of PDCAH using different dicarboxylic acids such as succinic, malic, aspartic, and
maleic acid are presented in Figure S1a–d, respectively. We can notice that all PDCAH spectra (PSAH,
PMALIH, PAAH, and PMALEH) have most of PVA characteristic IR absorption bands (the PVA spectra,
not shown here). In all spectra, we can find these representative bands that appear at around 3400 cm−1,
between 2840 and 3000 cm−1, over 1688 cm−1. Signals between 1150 and 1085 cm−1 are attributed to a
hydroxyl group (νOH), alkyl groups (νCH2), carbonyl groups (νC=O) and the ester group (C–O–C),
respectively. The last two signals indicate that the crosslinking of PVA was due to the ester linkage
formed between PVA and the different dicarboxylic acids used, as shown in Figure S1. Other important
absorption bands are recorded in the PSAH, PMALIH, PAAH, and PMALEH spectra and prove the
presence of the succinic, malic, aspartic, and maleic acids in their structures. For example, the peak
at 1627 cm−1 present in the PMALEH spectra is a clear indication of the existence of –CO–CH=CH–
stretching. On the other hand, in the PAAH spectra, we found two signals at 1630 and 1419 cm−1

characteristic to the CO–NH group from amide. In Table S2 (See Supplementary Materials), we
summarized the most characteristic bands with their assigned PVA and PVA cross-linked with succinic,
malic, aspartic, and maleic acids. Finally, it is clear that the spectral changes obtained in the above
analysis are evidence of cross-linking reactions between the hydroxyl group of PVA and the carboxylic
groups of succinic, malic, aspartic, and maleic acids.

3.6. Mechanical Analysis

Mechanical properties of the PDCAH were summarized in Table S3. Young modulus (E) specifies
the stiffness or rigidity of the film; tensile strength (σ) indicates the tensile strength of the film up to
breaking; and the elongation at break (ε) describes the flexibility or extensibility of the films up to
breaking [47].

Mechanical analysis results showed that the highest tensile strength was obtained with PSAH
(19.3 MPa), corresponding to PVA crosslinked with succinic acid, which was two times higher than
PAAH, 1.5-times higher than PMALEH and 1.1 times higher than PMALIH. All these values are lower
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than what has been previously reported for pure PVA films [48], indicating that chemical crosslinking
affects the mechanical properties. Based on these results, the changes in elongation at break and tensile
strength appear to follow the same trend. Of the samples measured, sample two had the lowest recorded
εB value (37.8%) followed by sample one (183.9%). The mechanical properties recorded in the case
of sample one may be due to the film porosity observed by SEM analysis (Figure 4). By contrast, the
change in the Young modulus followed a trend opposite to that of the other mechanical properties.
The results indicate that the film from PAAH (176.4 MPa) possessed a rigid structure, low elasticity, and
the lowest mechanical properties. This could be related to the highly fibrous and disorganized structure
observed in SEM images (Figure 4) for this sample. A similar trend had been previously described for
PVA films loaded with natural fibers [48]. From these results, it is clear that the nature of the crosslinker
and possibly the degree of crosslinking could alter the mechanical properties of the films.

 
Figure 4. SEM micrographics from the surface and side view of PDCAH. (a–b) PMALEH; (c–d) PAAH;
(e–f) PSAH; (g–h) PMALIH.
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3.7. SEM Analysis

In Figure 4, the results from the SEM analysis of PDCAH are shown. For PMALEH (see Figure 4a),
a rough and porous surface is observed, which contrasts with the film inner view (see Figure 4b) that
shows a non-porous and compact structure. In the case of PAAH and PMALIH (see Figure 4c,g),
similar smooth surfaces are observed, but for sample PSAH, a rough and fibrous surface is displayed.
On the other side, a highly fibrous and disorganized structure is observed at the bottom of the film
side view from PAAH (see Figure 4d), changing to a more compact structure at the upper part. For
samples PSAH and PMALIH (see Figure 4f,h), fibrous and compact structures are presented in the film
side view, which is similar to that observed in PMALEH. It seems that film morphology would be
highly influenced by the crosslinker chemical structure.

3.8. In Vivo Wound Healing Studies

Figure 5 displays the images of the skin wound taken on day 0 and day 14, after treating with
PAAH-BC, PSAH-BC, PMALIH-BC and PMALEH-BC and controls. After the 14th day, the PDCAH-BC
treated wounds showed excellent results in all groups compared with the controls. The first characteristic
detected was the growth of the new epidermis, which reduced towards the wound center in all treated
wound lesions, resulting in a reduced area of the wounds. While the four formulations present good
wound healing activity, there are some differences between them. For instance, PMALEH-BC achieved
complete healing, while PAAH-BC, PSAH-BC and PMALEH-BC had a wound-healing ratio of 98
and 95%, 90% respectively. The wound healing process in the four proposed formulations was better
than in the commercial and negative control (with a wound healing ratio of 85 and 40%, respectively).
Such an excellent wound-healing effect of PDCAH-BC could be attributed to the synergistic effects
among the bioactive compounds and their sustained release over the wound. On the one hand,
allantoin has been reported to have numerous properties associated with wound healing, among them:
hydrating and removing necrotic tissue, stimulating the cell mitosis as well as promoting epithelial
stimulation, analgesic action and keratolytic activity [49]. On the other hand, the antioxidant agents
such as resveratrol, dexpanthenol and caffeic acid have been reported with multiple activities, including
anti-inflammatory and anti-bacterial activity [50–54]. Therefore, these compounds have shown positive
effects for stimulating skin regeneration and promoting wound healing. Particularly, the treatment of
the PDCAH-BC led to improved premature healing of the wounds. Hypothetically, the combinatorial
therapy proposed in this work, where the bioactive compounds act on several therapeutic targets of the
wound healing could be the key in the obtained results.

 
Figure 5. In vivo assessments of the film dressings for wound healing. NC: PSAH (Negative control,
film dressing without BC); CP: Madecassol™ (Commercial Product); PMALEH, PSAH, PAAH and
PMALIH as proposed film dressings.

3.9. Histological Analysis

Wound healing is a complex process which is involved of the following overlapping but well-defined
stages: hemostasis, inflammation, migration, proliferation and remodeling [55,56]. Hematoxylin and
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eosin (H&E), Masson’s trichrome and Giemsa staining were utilized to evaluate the wound healing
progress. The histology analysis of wounds covered with PDCAH-BC and controls on the 14th
postoperative day is shown in Figure 6. In the Control a, the histological analysis shows a limited
organization of the area under repair and the absence of reepithelialization was observed. On the other
hand, no structural epithelium organization was observed and there was an absence of hair follicle
formation. An increase in the cellular content such as fibroblasts, inflammatory and endothelial cells
was observed, which is interpreted as a smaller organization of the connective tissue. A lot of blood
vessels were observed, showing deep angiogenesis in the repair area. Moreover, moderate hemorrhage
composed of extravasated red blood cells towards the deep area of the sample was observed. In addition,
some incipient hair follicles at the edges of the healing area were detected (Figure 6a). In contrast, in
sample c (PMALIH-BC), stratified epithelium and re-epithelialization in the repair zone was observed.
The connective tissue presented a limited organization with high cellularity and vascularization.
In sample d (PAAH-BC), the repair zone with a moderated organization and the connective tissue were
detected. Moreover, high cellularity and vascularization were observed. In sample e (PSAH-BC), the
repair zone with a moderated organization of connective tissue, vascularization and deep cellularity
was revelated. The presence of hair follicles was evidenced in the deep area of scarring.

Figure 6. Histological images of H&E, Masson’s trichrome and GIEMSA stained sections after 14 days
of wound healing for each sample from “a” to “f” respectively. Control: PDCAH (a); Commercial
Product: Madecassol® (b); PMALIH-BC (c); PAAH-BC (d); PSAH-BC (e) and PMALEH-BC (f). Scale
bars is 100 μm.

In general, in all PDCAH-BC (Figure 6c–f) a better and faster reepithelialization process and
retraction of the wound healing area was exhibited. A better organization of the granulation tissue
in relation to control (a) was detected. Also, there was a greater delimitation of the scar area. In all
PDCAH-BC, the epithelium showed signs of better structural organization, which included defined
basal, spiny and superficial strata, as well as the beginning of granular stratum formation at the lateral
edges of the repair area. The basal stratum of the epithelium had normotypic hyperchromatic cells
compatible with proliferative activity in the reepithelialization zone. A similar characteristic in samples
from PSAH-BC, PAAH-BC, PMALIH-BC and PMALEH-BC was observed. An apparent technical defect
due to the detachment of scar tissue in samples d and e (defect during sample processing) was observed.
However, the microscopical evidence suggests that the histological aspect of the wound healing process
is better in sample from PMALEH-BC than PSAH-BC, PAAH-BC and PMALIH-BC as shown in Figure 6.
In the case of the commercial product, similar features were detected than PMALEH, however, this
formulation was daily applied until day 14 unlike the prepared formulations in this work applied only
one time.

These results are in concordance with the closure evaluations (Figure 5) in which PMALEH-BC
presented 100% wound closure. Moreover, these results could be supported by the release profile of
PMALEH (Figure 3), in which the fastest release was produced with caffeic acid and resveratrol (with
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radical scavenging effects in hemostasis and inflammation [57]). Subsequently, PMALEH-BC allowed
the slow release (later) of allantoin and dexpanthenol so that they could carry out their in later stages
of wound healing (proliferation and remodeling [49,50]).

3.10. PDCAH Cytotoxicity Studies

This study was performed to quantify the cytotoxicity of the prepared formulations on fibroblast
cells. The cytotoxicity of the sterilized PMALEH, PAAH, PSAH and PMALIH was analyzed by a cell
viability assay using L929 fibroblast cells after 24 h. Figure 7 displayed fibroblast cell viability exposed to
three different concentrations of prepared formulations (a concentration range of 500–2500 μg·mL−1 for
each PDCAH analyzed). As indicated in Figure 7, at 500 μg·mL−1 the cell viability is close to 100% for all
four cases. On the other hand, it is observed that when significantly increasing PDCAH concentration,
the fibroblast cell viability only declines slightly. In other words, among the concentration range of
1500 and 2500 μg·mL−1, the cell viability decreases between 95 and 88% for the all four prepared
formulations, respectively. These results confirm that the PDCAH have minimum toxicity over the
fibroblast cell model. These performed assays allow concluding that these proposed formulations
could be biocompatible for medical applications. Therefore, PDCAH could be considered as safe
formulations for sustained release of bioactive compounds with wound healing properties.

Figure 7. Percentage of cell viability obtained from the MTT assay of the L929 fibroblast cells with
respect to a negative control (without PDCAH). n = 3, * = p < 0.05 with respect to the control.

4. Conclusions

In this article, an in-silico strategy has been implemented to quickly evaluate the energy contribution
of each compound (allantoin, dexpanthenol, caffeic acid and resveratrol) in the PVAnp-compound binding
affinity. According to the results obtained from ΔE, the pores generated between PVA and the succinic,
malic, maleic and aspartic acids have better ΔE for the 4 compounds of interest simultaneously. Therefore,
hydrogels PVA cross-linked with these acids were the candidates to be evaluated experimentally.

Thus, based on the in-silico obtained results, novel film dressings based on hydrogels with unique
properties were successfully prepared. Starting with the rational design of these formulations, this
work concluded with in vivo wound healing studies that yielded promising results. Specifically, a
series of hydrogels loaded with bioactive compounds with wound healing activity such as allantoin,
dexpanthenol, caffeic acid, and resveratrol was developed. Moreover, an enhanced wound healing
process in a full-thickness skin defect model with these formulations was demonstrated. The in vitro
release studies exhibited that it is possible to carry out a combinatorial and coordinated sustained
release of all four bioactive compounds, demonstrating an excellent strategy to achieve wound healing.
These formulations have been designed by simply conjugating PVA chains and maleic, malic, aspartic
and succinic acids as crosslinking agents.

The release profile of allantoin, dexpanthenol, caffeic acid and resveratrol exhibited some differences
for each PDCAH. This difference seems to be governed by the affinity of the bioactive compound type
and the crosslinking agent type (intermolecular interactions). The swelling index results concluded that
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these formulations based on hydrogels are stimuli-responsive to pH, time and crosslinking agent type.
Moreover, in a great part of formulations, a rough, porous surface and good mechanical properties were
observed. On the other hand, all four prepared film dressings showed good biocompatibility with L929
mouse connective tissue fibroblasts. The results revealed a viability of more than 88%.

In vivo studies, the PDCAH-BC treated wounds showed excellent results compared with the
controls. Macroscopically, the growth of the new epidermis towards the wound center in all treated
wound lesions was detected for all four cases (PMALIH-BC, PAAH-BC, PSAH-BC, and PMALEH-BC),
resulting in a reduced area of the wounds. While the four formulations present good wound healing
activity, there are some differences between them; this may be due to the nature of the crosslinking
agent in each case. The microscopic evidence suggests that the histological aspect of the wound healing
process is in concordance with the wound closure results. In conclusion, novel film dressings with
simultaneous and sustained-release properties have been obtained and could be excellent candidates
for skin wound healing.
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Abstract: Propolis is widely recognized for its various therapeutic properties. These are attributed to
its rich composition in polyphenols, which exhibit multiple biological properties (e.g., antioxidant,
anti-inflammatory, anti-angiogenic). Despite its multiple benefits, oral administration of polyphenols
results in low bioavailability at the action site. An alternative to face this problem is the use of
biomaterials at nano-micro scale due to its high versatility as carriers and delivery systems of various
drugs and biomolecules. The aim of this work is to determine if nPSi-βCD microparticles are a suitable
material for the load and controlled release of caffeic acid (CA) and pinocembrin (Pin), two of the main
components of a Chilean propolis with anti-atherogenic and anti-angiogenic activity. Polyphenols
and nPSi-βCD microparticles cytocompatibility studies were carried out with human umbilical
vein endothelial cells (HUVECs). Results from physicochemical characterization demonstrated
nPSi-βCD microparticles successfully retained and controlled release CA and Pin. Furthermore,
nPSi-βCD microparticles presented cytocompatibility with HUVECs culture at concentrations of
0.25 mg/mL. These results suggest that nPSi-βCD microparticles could safely be used as an alternate
oral delivery system to improve controlled release and bioavailability of CA or Pin—and eventually
other polyphenols—thus enhancing its therapeutic effect for the treatment of different diseases.

Keywords: controlled release; nanoporous silicon; βCD polymer; caffeic acid; pinocembrin;
polyphenols; HUVECs

1. Introduction

Since ancient times, the use of natural compounds has been of great importance for medicine
mainly in the prevention and treatment of different pathologies [1,2]. That is why they represent the
main source of used compounds in the discovery and/or development of new drugs [3]. An example
of natural compounds with bioactive potential is propolis, which is a resinous compound produced
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by bees from plants exudates. Studies both in vitro and in vivo have identified a wide variety of
biological activities for propolis: antibacterial [4], antifungal [5], antioxidant [6], anti-inflammatory [7],
anti-carcinogenic [8] and anti-angiogenic [9]. These activities are attributed to its polyphenols rich
composition, molecules that present different biological properties: relaxing [10], antioxidant [11],
antithrombotic [12], antiangiogenic [13], anti-inflammatory [14], anti-carcinogenic [15], among others.
Biochemically, polyphenols are secondary metabolites exclusively synthesized by plants and their
entire structure is based in one or more hydroxyl groups attached to an aromatic ring (benzene) [16].
Since the role of polyphenols in plants is related to growth, development and defense, they are found
in leaves, fruits and seeds, as well as in a wide range of food of plant origin (vegetables, tea, cocoa,
wine, etc.) [17]. Concerning to the presence and abundance of polyphenols in propolis, they are
very variable due to their close dependence with the botanical origin of plants, climate, geographical
location, year and time of collection [3,18,19]. Examples of this important dependence are the studies
of three Brazilians, one Polish and one Chilean propolis. For the Brazilians propolis, Daleprane et al. [9]
reported that artepellin C, pinocembrin and kampferol were the main components of green propolis;
3-hydroxy-8,9-dimethoxypterocarpane, medicarpine and daidezein were the main components of
red propolis; and pinocembrin, phenyl ester of caffeic acid, quercetin and galangin were the main
components of brown propolis. For the Polish propolis, Szliszka et al. [20] detected that was mainly
composed by the flavonoids pinobanksin, chrysin and methoxyflavanone; and the phenolics acids
coumarin, ferulic and caffeic. Finally, for the Chilean propolis with anti-atherogenic and anti-angiogenic
activity [21], the main polyphenols detected in the ethanolic extract were caffeic acid (a phenolic acid)
and pinocembrin (a flavonone) [22].

Daily intake of polyphenols has multiple health benefits [23] because they reduce the risk
of developing non-communicable diseases such as diabetes [11], cancer [24] and cardiovascular
diseases [25]. In vivo studies reported that supplementation of the diet with persimmon extract rich in
polyphenols maintains plasma lipid levels in hypercholesterolemic mice [26]; whereas the use of a
mixture of resveratrol, CA and catechin significantly reduces the atheroma plaque in ApoE knockout
mice [27]. Although the consumption of polyphenols contributes to the prevention of diseases, its
oral administration without compound protection translates into a low efficiency at the action site.
This is due to several factors such as concentration, binding site, chemical structure, stability in the
gastrointestinal environment and aqueous solubility, which, in general, have a negative impact on
absorption levels, metabolization degree, distribution throughout the body, life span and compound
excretion [2,28]. Finally, the pharmacokinetics of polyphenols is also influenced by age, health status,
intestinal microbiota and diet of patients, as well as by their oral antibiotic treatments [29,30]. All of the
above is translated into different reports of low bioavailability of polyphenols, for example, 0.56–4.54
nmol/L for anthocyanins [31], 0.46–1.28 μmol/L for flavonones [32], and 37–60 nmol/L for phenolic
acids [33].

Due to the low bioavailability of polyphenols after oral intake, several strategies have been
developed to improve the bioavailability and bioactivity of these compounds. One of them is the use
of microparticles based on biomaterials whose main function is to protect and transport the entire
biomolecule [34]. Concerning this, nanoporous silicon (nPSi), is an excellent biomaterial that has
been successfully used for the controlled release of different drugs and biomolecules, due to its large
surface area, porous structure, biocompatibility, biodegradability, bioresorbability and resistance to
low pH [35–37]. Moreover, because of the versatility of its surface chemistry, different functionalization
strategies routes have been explored in order to enhance the load and controlled release of drugs [38].
A refined technique is to embed polymers into their nanopores to form composites [39]. In this regard,
β-cyclodextrin (βCD), which is a biocompatible and aqueous soluble molecule, has been successfully
used in drug delivery applications. The wide application of βCD in this field is related to the possibility
to form the “host-guest” complexation (βCD/drug) [40]; drugs are encapsulated into its lipophilic cavity
structure, whereas its outer hydrophilic surface can be crosslinked with other molecules (i.e., citric
acid), yielding a 3D-polymer network suitable for drug delivery applications. Therefore by combining
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a flexible and soft βCD polymer within the highly porous inorganic matrix of nPSi as substrate,
both stability and control of drugs release can be improved, increasing their therapeutic potential by
reducing their degradation before they reach the target tissues [40]. Based on this, we hypothesize that
nPSi-βCD composite is a safe alternative system for oral administration of CA and Pin since it has no
toxic effects on human cells. The aim of this work is to determine if nPSi-βCD microparticles are a
suitable and safe material for the load and controlled release of caffeic acid (CA) and pinocembrin (Pin),
two of the main components of a Chilean propolis with anti-atherogenic and anti-angiogenic activity.
This study includes the synthesis and physicochemical characterizations of nPSi-βCD microparticles
loaded or not with CA or Pin, their respective release profiles and the corresponding cytocompatibility
tests for each polyphenol and composite.

2. Materials and Methods

2.1. Materials

Caffeic acid (CA, MW ≈ 180.16 g/mol), pinocembrin (Pin, MW ≈ 256.25 g/mol), chitosan (Chi,
75–85% deacetylated, low MW ≈ 5 × 104 g/mol), β-cyclodextrin (βCD, MW ≈ 1134.98 g/mol), citric acid
(MW ≈ 210.14 g/mol), g NaH2PO2·H2O (MW ≈ 105.99 g/mol) and phosphate buffer solution (PBS) 0.01
M (0.138 M NaCl, 0.0027 M KCl, pH = 7.4 at 25 ◦C) were purchased from MiliporeSigma, St. Louis, MO,
USA. Acetone (C3H6O), dimethyl sulfoxide (DMSO, C2H6OS), isopropanol (C3H7OH), ethanol (EtOH,
C2H5OH), glacial acetic acid (CH3COOH), hydrogen peroxide (H2O2), sodium hydroxide (NaOH),
hydrochloric acid (HCl) and hydrofluoric acid (HF) were acquired from Merck, Darmstadt, Germany.
All chemicals were used without further purification, and solutions were prepared using Milli-Q
water with resistivity of 18.2 M·Ω·cm (pH ∼7.6, otherwise mentioned). Silicon (Si) wafers (p+ type,
boron-doped, orientation <100> resistivity of 0.001–0.005 Ω·cm) were purchased from University Wafer,
South Boston, MA, USA. Fetal bovine serum (FBS), l-Glutamine, penicillin-streptomycin solution and
D-PBS were purchased from Corning, Manassas, VA, USA. CellTiter-FluorTM assay and the CellTiter
96® AQueous One Solution cell proliferation assay (MTS) were acquired from Promega, Madison,
WI, USA.

2.2. Sample Preparation

Si wafers were cleaned by ultrasonication in acetone, isopropanol and distilled water, for a period
of 15 min in each solvent. Acetone removed greasy and oily substances; isopropanol was necessary
to rinse acetone off, and distilled water removed any isopropanol residues. Then, nPSi layers were
fabricated by electrochemical etching from the cleaned Si wafers in HF (48%):EtOH (1:2) solution
under controlled formation conditions: etching time of 30 min and current density of 80 mA·cm−2.
Afterward, an electropolishing pulse was applied to get free-standing nPSi layers. For that, the applied
current density was enhanced to 150 mA/cm2 during 2 s. nPSi free-standing layers were scraped with
a diamond tip to obtain microparticles. They were milled, collected in EtOH and subjected to 10 min
ultrasound agitation for homogenization. Finally, the obtained nPSi particles were chemically oxidized
by H2O2 (30%, v/v) for 12 h in orbital agitation and rinsed with EtOH (Figure 1A).

Oxidized nPSi microparticles were the substrate to synthetize the composite according to the
protocol of Hernandez-Montelongo et al. [41] (Figure 1B). nPSi microparticles were immersed in a Chi
solution for 15 min and after rinsed with EtOH (nPSi-CHI). The Chi solution (1% w/v) was previously
prepared with Chi powder in 100 mM glacial acetic acid, then, the pH value was adjusted at 4 with a
0.1 M HCl and/or NaOH solution. For the composites (nPSi-βCD) synthesis, a monomer solution was
prepared with 10 g βCD, 3 g NaH2PO2·H2O as catalyst, and 10 g citric acid in 100 mL of distilled water.
Then, nPSi-Chi was immersed in this solution for 15 min while stirring. Samples were dried, first at
room temperature, and later at 90 ◦C for 1 h in each case. The βCD–citric acid in situ polymerization in
nPSi-CHI was carried out at 140 ◦C for 25 min. Afterward, samples were rinsed with EtOH, dried at
90 ◦C for 1 h and milled for homogenization.
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Figure 1. Experimental scheme for the synthesis of: (A) nPSi microparticles, and (B) nPSi-βCD
composite microparticles. nPSi: nanoporous silicon, βCD: β-ciclodextrin polymer.

2.3. Physicochemical Characterization

The zeta potential of samples was measured by a ZetaSizer Nano–ZS (Malvern Ltd., Royston, UK)
in distilled water. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
was used for chemical analyses of the microparticles. An FTIR spectrometer (CARY 630 FTIR Agilent
Technologies, Santa Clara, CA, USA) was used in a range between 4000 and 600 cm−1 with a resolution
of 1 cm−1 (NS = 4). The obtained spectra were mathematically processed by data smoothing and
spectral normalized. The morphology of the samples was investigated by a variable pressure scanning
electron microscope (VP-SEM, SU-3500 Hitachi, Tokyo, Japan) using an acceleration voltage of 5
kV. The size distribution of samples was presented as histograms; data was obtained from the SEM
images that were processed using freely available ImageJ software, version 1.52k, National Institutes
of Health, Bethesda, Maryland, USA. The atomic percentage was obtained by energy-dispersive
X-ray analysis (EDX) with an INCA X-sight from Oxford Instruments within the VP-SEM equipment.
Thermogravimetric analyses (TGA) were conducted in a N2 atmosphere at a heating rate of 10 ◦C/min
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(DTG-60H Shimadzu, Tokyo, Japan). Porosity of nPSi samples was obtained by gravimetric analysis
according to the following equation:

%P = (m1 − m2/m1 − m3) × 100 (1)

where m1 is the mass of Si wafer before electrochemical etching, m2 is the mass of sample just after
anodization and m3 is the mass of sample after a rapid dissolution of the whole porous layer in a 3%
KOH solution.

2.4. Polyphenols Loading

Polyphenols, CA and Pin, were reconstituted with 100% DMSO (200 μM) and stored at −20 ◦C
until required. Five mg of samples were loaded with CA and Pin using 1 mL of concentrated aqueous
solution of each polyphenol (2 mM) and placed in a horizontal shaker incubator (NB-2005LN Biotek,
Winooski, VT, USA) for 12 h at 50 RPM and room temperature. After polyphenol loading, samples
were rinsed to remove the unentrapped molecules, they were dried at room temperature and milled for
homogenization. To determine the maximum polyphenol loading, samples were hydrolyzed in 0.1 M
NaOH solutions then they were analyzed by UV–visible spectrometry (UVmini-1240 spectrometer
Shimadzu, Tokyo, Japan). CA and Pin were detected at 310 and 322 nm, respectively. Polyphenol
entrapment efficiency (%PEE) and polyphenol loading efficiency (%PLE) and were calculated from
Equations (2) and (3), respectively [42]:

%PEE = (mp_m/mp_i) × 100 (2)

%PLE = (mp_m/mm) × 100 (3)

where mp_m is the mass of polyphenol in microparticles, mp_i is the mass of polyphenol fed initially
and mm is the mass of microparticles.

2.5. Polyphenols Release Profiles

Polyphenols release data were collected at different times using 5 mg of charged samples in 3 mL
of PBS solution (37 ◦C) as release medium in agitation at 100 RPM. All experiments were conducted in
triplicate and nPSi samples were used as controls in these kinetic experiments.

In order to determine the mechanism of drug release, three models were fitted to the release
profiles: First order, Higuchi and Korsmeyer–Peppas models. The first order equation is [43]:

ln Mt − ln M0 = k1t (4)

where Mt is the absolute cumulative amount of drug released at time point t, M0 is the initial amount
of drug in the solution, and k1 is the first order release kinetic constant. The Higuchi equation is [44]:

Mt = kHt1/2 (5)

where Mt is the absolute cumulative amount of drug released at time point t, and kH is Higuchi release
kinetic constant. The Korsmeyer–Peppas semiempirical model is given by [45]:

Mt/M∞ = kKPtn (6)

where Mt/M∞ is the fractional drug release, t is the release time, kKP is the Korsmeyer–Peppas release
kinetic constant and n is an exponent which characterizes the mechanism of release. The fitting of
models was conducted with SigmaPlot v14.0, Systat Software, Inc., San Jose, USA.
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2.6. Cytotoxicity Assays

2.6.1. Cell Culture

For cell culture, human umbilical vein endothelial cells (HUVECs) were obtained from the
Cell Applications Inc (San Diego, CA, USA), and maintained in Endothelial Cell Growth Medium
(Cell Applications, San Diego, CA, USA) supplement with 10% FBS, 1% l-Glutamine and 1%
penicillin-streptomycin solution. The cell culture was routinely grown under specific conditions
in a humidified atmosphere incubator of 95% air and 5% CO2 at 37 ◦C. Cells were used at no more
than seven passages.

2.6.2. Polyphenols Cytotoxicity

For the in vitro viability assays, CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(MTS) Promega (Madison, WI, USA) was used to determine the toxic effect of CA and Pin on HUVECs
viability. The MTS assay is based on the conversion of a tetrazolium salt into a colored aqueous
soluble formazan product by mitochondrial activity of viable cells at 37 ◦C. The amount of formazan
produced by dehydrogenase enzymes is directly proportional to the number of living cells in culture.
The viability assays were performed according to the manufacturer’s protocols. HUVECs were briefly
placed into 96-well plates (2.5 × 103 cells/per well) in 100 μL and incubated at 37 ◦C. Then, cells were
exposed to increase concentrations up to 2000 μM of polyphenols. The compound was prepared in
dimethylsulfoxide (DMSO). After 24 h of incubation, the medium was removed and 20 μL MTS reagent
was added to the wells, followed by a 4-h incubation at 37 ◦C. The absorbance was determined by a
microplate reader (NanoQuant, Infinite® M200PRO–Tecan, Redwood, CA, USA) at 490 nm. Results
were expressed as the percentage of viability relative to the control. The cell viability was calculated
as follows: cell viability (%) = (OD of treatment group/OD of control group) × 100. Dose-dependent
viability curves were determined using the cell viability trends.

2.6.3. nPSi-βCD Composite Cytotoxicity

To determine the effect of the composite (nPSi-βCD) on HUVEC cell viability, a CellTiter-FluorTM

Cell Viability assay (Promega, Madison, WI, USA) was used. This assay measures a conserved
and constitutive protease activity within live cells using a fluorogenic peptide substrate
(glycyl-phenylalanyl-aminofluorocoumarin; GF-AFC). The substrate enters intact cells where it is
cleaved by the live-cell protease activity to generate a fluorescent signal proportional to the number of
living cells. 1 × 105 cells were exposed to different concentrations of composite and were photographed
using a confocal laser microscope (CLSM, FV1000 Olympus, Tokyo, Japan) with excitation and
emission wavelengths of 390 nm and 505 nm, respectively. The assay was performed according to the
manufacturer’s protocols. The fluorescence intensity analysis was performed with Olympus Fluoview
(FV10 v2.0c) software (Olympus Corporation, Tokyo, Japan). Data was analyzed statistically by analysis
of variance (ANOVA) using Kruskal-Wallis test, and post-hoc test were also conducted using Dunn’s
multiple comparisons. The level of significance was p < 0.05 and the results were expressed as the
arithmetic mean of three biological replicates with its corresponding standard deviation. The statistical
analysis was performed using the GraphPad Prism v7.0c (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

As the synthesis of composite microparticles was obtained by electrostatic attraction of oppositely
charges, zeta potential analysis was performed (Figure 2A). This technique provides the net electrical
charge of the microparticles generated by their functional groups. In the case of nPSi, its negative
zeta potential value (−29.06 ± 0.06 mV) would correspond to the negatively charged silanol groups
produced by the chemical oxidation with H2O2 [46]. nPSi-Chi showed positive values (16.5 ± 0.6
mV) because the grafting with chitosan would generate a rich aminated surface [47]. On the other
hand, the sharp negative zeta potential of nPSi-βCD (−39.8 ± 1.73 mV) was according to βCD value

39



Pharmaceutics 2019, 11, 289

(−28.2 ± 9 mV), which is generated by the hydrophilic outer surface cavity (C–OH groups) of βCD
molecules [48].

Figure 2. Monitoring of the synthesis process of nPSi-βCD composite microparticles via: (A) Zeta
potential and (B) Attenuated total reflectance Fourier transform infrared spectroscopy analysis
(ATR-FTIR) (C) Zoom in of ATR-FTIR spectra.

In that sense, ATR-FTIR analysis was performed to determine the chemical changes of nPSi
microparticles during the cascade synthesis processes (Figure 2B). The spectrum of nPSi showed
a sharp transmittance peak at 1050 cm−1 with a shoulder at 1170 cm−1, which both correspond to
Si–O–Si stretching mode [49]. Besides, weak bands at 880 and 795 cm−1 related to −OySi-Hx and
SiOH, respectively, and the O–H stretching band from SiOH and adsorbed H2O at 3350 cm−1 were
detected [49]. Moreover, molecular water (H2Om) absorbance band was observed at 1630 cm−1 [50].
These detected functional groups are in agreement with the chemical oxidation of nPSi via H2O2.
On the other hand, the spectrum of nPSi-Chi presented the same functional groups as nPSi plus weak

40



Pharmaceutics 2019, 11, 289

bands of N–H and amide III detected at 1408 and 1320–1346 cm−1 [51–53], respectively (Figure 2C).
Those bands are related to the polyamino-saccharide chains of Chi, which were used to link the βCD
polymer with nPSi microparticles. Regarding the spectrum of nPSi-βCD, bands corresponded to
the spectrum of native βCD were observed: C–OH stretching (1021 cm−1) [49], C–O–C stretching
(1150 cm−1) [13], H2Om (1630 cm−1) [50], CH2 asymmetric stretching (2930 cm-1) and O-H stretching
from hydroxyl groups (3300 cm−1) [49]. nPSi-βCD barely showed an extra band than βCD at 1721 cm−1

which correspond to C=O groups generated during the polymerization achieved between βCD and
citric acid [49].

SEM images were produced (Figure 3A) to analyze the size and morphology of samples at the
different stages of synthesis. Moreover, the obtained distribution size from these images is shown
in Figure 3B. nPSi and nPSi-Chi presented irregular shapes with an average size of 2.0–2.5 μm,
and both kind of microparticles showed rougher surface due to their columnar pores of ~50 nm width.
In addition, gravimetric analysis presented an average porosity of 75 ± 5%. In the case of the nPSi-βCD
sample, the microparticle shapes were also irregular with a higher size around of 14.0 μm, and their
faces exhibited a softer appearance. In fact, folds produced by the polymerization could be also
observed. The increase in particle size may have been because the small particles agglomerated during
the polymerization forming higher particles. Similar size distribution of this kind of particles for oral
drug delivery system has been previously reported by Salonen et al. [54]. On the other hand, EDX
analysis was performed on each sample (Figure 3C1) and the atomic percentage and C/Si ratio were
obtained (Figure 3C2). nPSi mainly exhibited Si and O signal due to the oxidation performed by H2O2.
Although the C/Si ratio was 0.76 ± 0.2, C signal was considerable high (~18%). This was most probably
due to contamination when handling. In the case of nPSi-Chi, due to the previous characterization
(Zeta potential and ATR-FTIR), N signal from amines groups of the incorporated chitosan was expected
to be identified but it was not. This can be explained because incorporated chitosan was most likely a
superficial layer and N signal was not strong enough to be detected by EDX technique. However, it is
possible to observe that the C/Si ratio increased twice up to 1.5 ± 0.3 due to the polymer grafting [55].
Regarding the nPSi-βCD sample, a high increase of C signal was identified: the C/Si was raised up to
17.4 ± 8 due to the in situ polymerization of βCD and citric acid. In fact, Na and P traces from the
catalyst were also detected.

Figure 3. (A) Scanning electron microscope images (SEM) of samples at the different stages of
synthesis: (A1,A2) for nPSi, (A3,A4) for nPSi-Chi, (A5,A6) for nPSi-βCD. (B) Histograms of particle
size distribution: (B1) for nPSi, (B2) for nPSi-Chi, (B3) for nPSi-βCD. (C) Atomic % and C/Si ratio of
samples obtained from energy-dispersive X-ray analysis (EDX), (C1,C2), respectively.
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In order to evaluate changes in nPSi-βCD composite microparticles with the loaded polyphenols,
same set of previous physicochemical characterization was carried out. Figure 4A shows how
zeta potential of nPSi-βCD was reduced after the addition of both polyphenols: nPSi-βCD/CA and
nPSi-βCD/Pin presented 5.5 and 10.4 mV lower zeta potential values than nPSi-βCD, respectively.
Regarding the ATR-FTIR analysis (Figure 4B), nPSi-βCD/CA and nPSi-βCD/Pin spectra exhibited the
same functional groups than nPSi-βCD spectrum. Nevertheless, both nPSi-βCD/CA and nPSi-βCD/Pin
exhibited two extra bands related to the bending modes of CH, which are associated to incorporation
of both polyphenols (Figure 4C): β(CH) and γ(CH) at 1187 and 940 cm−1, respectively. β denotes
in-plane bending modes and γ designates out-of-plane bending modes [56].

Figure 4. Monitoring of the polyphenols loading on PSi-βCD composite microparticles via: (A) Zeta
potential and (B) Attenuated total reflectance Fourier transform infrared spectroscopy analysis
(ATR-FTIR). (C) Zoom in of ATR-FTIR spectra.
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Regarding morphology, which was observed by SEM images (Figure 5A), nPSi-βCD/CA and
nPSi-βCD/Pin did not present significantly changes in comparison with nPSi-βCD; the surface of
both nPSi-βCD/CA and nPSi-βCD/Pin microparticles exhibited a softer appearance and some folds
produced by the polymerization. However, the size of the loaded microparticles was higher than
nPSi-βCD (Figure 5B): ~19 and ~22 μm, respectively. As polyphenols are highly hydrophobics,
they could tend to agglomerate smaller particles. As Pin is more hydrophobic than CA, this could
generate more aggregation, and therefore, higher microparticles. On the other hand, EDX analysis
were also performed on the samples (Figure 5C1), atomic percentage and C/Si ratio were obtained too
(Figure 5C2). nPSi-βCD/CA and nPSi-βCD/Pin did not present any more Na and P traces, and the C/Si
ratio considerably increased in comparison with nPSi-βCD: nPSi-βCD showed a C/Si ratio of 17.4 ± 8,
and nPSi-βCD/CA and nPSi-βCD/Pin presented 88.75 ± 22.2 and 105.7 ± 30.5, respectively.

Figure 5. (A) Scanning electron microscope images (SEM) of nPSi-βCD loading with polyphenols:
(A1,A2) for nPSi-βCD, (A3,A4) for nPSi-βCD/CA, (A5,A6) for nPSi-βCD/Pin. (B) Histograms of particle
size distribution: (B1) for nPSi-βCD, (B2) for nPSi-βCD/CA, B3 for nPSi-βCD/Pin. (C) Atomic % and
C/Si ratio of samples obtained from energy-dispersive X-ray analysis (EDX), (C1,C2), respectively.

In order to determine the functionalization degree of Chi and βCD polymer integrated onto
nPSi substrates, TGA analyses were performed (Figure 6A). The plot illustrates the percent mass as
a function of samples temperature under a nitrogen purge. As expected, nPSi sample practically
did not present degradation, but nPSi-Chi showed a slight decomposition of around 3%, this is in
accordance previous characterization that suggests chitosan grafting was just superficially. Moreover,
the thermogravimetric analysis of native βCD was monitored as reference. The βCD decomposition
was clearly appreciable; the first stage with was at 100 ◦C corresponds to the level of absorbed water
(~10.5%). The second stage, which started at 310 ◦C and finished at 350 ◦C, is related to the melting,
decomposition and turning into char of the glucose units of the βCD molecules [57]. In the case
of nPSi-βCD, the phenomenon was gradual, due to the stronger 3D structure net of βCD polymer,
but similar to the native βCD reference. Considering the residual weight at 600 ◦C, it is possible to
ponder that nPSi-βCD was composed by 32% nPSi, 62% βCD polymer, 3% Chi and 3% humidity.
The high percent of βCD polymer (62%) in composite composition can be explained, in addition to the
electrostatic interactions with polymers showed by zeta potential, with porosity of samples which also
worked as an anchor holding the polymer film.
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Figure 6. (A) Thermogravimetric analysis (TGA) of microparticles at different stages of synthesis,
and (B) Polyphenols capacity loading of nPSi-βCD composite microparticles.

%PEE and %PLE of samples were determined by UV-Vis spectroscopy at 310 and 322 nm for
CA and Pin, respectively. Although nPSi (control) did not exhibit a chemical surface compatible
with polyphenols, samples presented high values of %PEE 50 ± 2.0 and 97.5 ± 2.0 for CA and Pin
respectively. This can be explained by the high surface area of their nanopores. In the case of nPSi-βCD,
microparticles exhibited 16.6 ± 1.0 %PEE and 58.5 ± 1.5 %PEE for CA and Pin, respectively. In the same
sense, nPSi samples presented higher %PLE than nPSi-βCD. Figure 6B shows the polyphenols capacity
loading of both kind of microparticles. nPSi presented a load of 36 ± 7 μg CA/mg nPSi (3.6 ± 0.7% PLE)
and 100 ± 18 μg Pin/mg nPSi (10.0 ± 1.8% PLE), and nPSi-βCD showed a load of 12 ± 2 μg CA/mg
nPSi (1.2 ± 0.2% PLE) and 60 ± 7 μg Pin/mg nPSi (6.0 ± 0.7 %PLE). Due to previous characterization
results, it is very possible that polyphenols were mainly adsorbed in the large corona of βCD polymer
around the small nPSi microparticles, which were the substrate of the composite.

To evaluate the polyphenols controlled release functionality, loaded microparticles of nPSi and
nPSi-βCD were immersed in PBS batches at 37 ◦C under stirring. The obtained polyphenols release
profiles are shown in Figure 7A1,A2 for CA, and Figure 7B1,B2 for Pin. After 24 h of release, all samples
presented higher values of %cumulative release. nPSi samples showed 97.6 ± 17.6 and 94.2 ± 17.0 for
CA and Pin, respectively. In the case of nPSi-βCD, microparticles exhibited 93.8 ± 11.2 and 92.3 ± 11.0
for CA and Pin, respectively. Profiles presented a clear contrasting behavior between the control (nPSi)
and composite (nPSi-βCD). Results visibly showed that nPSi-βCD worked much better than nPSi:
both polyphenols retained into nPSi showed a fast release profile during the first minutes, in contrast
with nPSi-βCD, which showed a controlled released for more than 5 h.

To attain deeper perception of the mechanisms that govern the release of polyphenols from
the samples, three release models were fitted to the experimental data: first order, Higuchi and
Korsmeyer-Peppas models (Table 1). In the case of CA release, according to the r2 obtained values
for nPSi, it presented better adjustment with the first order model, where immediate-release dosage
was dispersed in a single action [58]. However, for the release of CA using nPSi-βCD, CA release
kinetics were described with a more accurate precision by the Korsmeyer-Peppas model. This means
that the governing factor of CA release was not the dissolution from samples, but a Fickian diffusion
process [41]. Moreover, in that sense, since the release exponent n from the Korsmeyer-Peppas model
was smaller than 0.5, only diffusive release can be suggested. Therefore, erosion process could be
insignificant [41]. For the case of Pin, both release profiles from nPSi and nPSi-βCD microparticles,
were better adjusted to the Korsmeyer-Peppas model. However, nPSi presented an n value closed to
zero. Regarding nPSi-βCD, it showed an n > 0.5, which suggest that besides Fickian diffusion, erosion
process could also be contributing in the Pin release [41].
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Figure 7. Polyphenols release profiles in phosphate-buffered saline (PBS) at 37 ◦C: (A1,A2) CA and
(B1,B2) Pin.

Table 1. In vitro release kinetics of caffeic acid and pinocembrin in PBS at 37 ◦C.

Polyphenol Sample

First order Higuchi Korsmeyer-Peppas

lnMt − lnM0 = k1t Mt = kHt1/2 Mt
M∞ = kKPtn

k1
(
%h−1

)
r2

adj kH
(
%h−1/2

)
r2

adj kKP(h−n) n r2
adj

Caffeic acid
nPSi 8.1047 0.9355 52.7074 −0.0040 79.7830 0.197 0.7832

nPSi-βCD 0.5694 0.7982 41.6744 0.9074 50.4833 0.3419 0.9649

Pinocembrin
nPSi 76.3252 0.9271 54.5954 −2.1444 91.4797 0.0317 0.9774

nPSi-βCD 0.3892 0.9433 38.5733 0.9451 31.3890 0.6584 0.9654

To evaluate the cytotoxic effect of CA and Pin, human umbilical vein endothelial cells (HUVECs)
cultures were performed. HUVECs are a classic model to study endothelial functions, such as
angiogenesis. Angiogenesis is the formation of new blood vessels from pre-existing vessels [59].
Although it is a physiological process, the abnormal growth of vessels promotes the development
and/or progression of some diseases such as cardiovascular diseases. Regarding this, the MTS test was
used to study the impact of CA and Pin on the viability of HUVECs. Results showed that viability
gradually decreased and responded in a dose-dependent manner for both polyphenols. In the case of
CA, cell viability was slightly reduced from 100% to 80% for concentrations from 2 to 200 μM (p > 0.05),
while surviving cells were ≤70% for concentrations ≥500 μM. (p < 0.01) (Figure 8A). Regarding to the
effect of Pin (Figure 8B), the viability was higher than 80% from 2 to 100 μM, but it decreased to 50%
at 200 μM (p > 0.05). Moreover, cell viability was reduced to less than 20% at concentrations ≥ 500
μM (p < 0.01). According to this, concentrations up to 200 and 100 μM for CA and Pin, respectively,
maintained cell viability ≥80%, that is to say, they did not generate cellular cytotoxicity.
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Figure 8. Viability of HUVECs treated with polyphenols. Cells were exposed to different concentrations of
polyphenols for 24 h and cellular viability was measured by tetrazolium salt (MTS) assay. (A) Cells treated
with 2–2000 mM of caffeic acid, and (B) Cells treated with 2–2000 mM of pinocembrin. Unexposed cells to
nPSi-βCD microparticles were used as a control. The dashed line indicates the cell viability of 80%. All
results are presented as the mean ± standard deviation (SD). The experimental data from all relevant studies
were analyzed using Analysis of Variance (ANOVA) and Kruskal–Wallis test, which indicate the statistical
significance when the percentage of cells viability exposed to the different microparticle concentrations are
different from the control. ** p < 0.01, *** p < 0.001, **** p < 0.0001, (n = 3).

On the other hand, the effect nPSi-βCD microparticles on the viability of HUVECs was also
studied. Cells were cultured in the presence of composite microparticles at concentrations of 0.25, 0.50,
1.25 and 2.5 mg/mL for 6 and 24 h. In the microscopic observation (Figure 9), HUVECs exposed to
the lowest concentrations (0.25 and 0.50 mg/mL) exhibited a normal flattened and thin morphology,
suggesting that microparticles were well tolerated by cells. Instead, the highest concentrations (1.25
and 2.5 mg/mL), generated a large amount of rounded and suspended cells in the culture medium.
This indicates that nPSi-βCD microparticles concentrations higher than 0.50 mg/mL were not well
tolerated by HUVECs, affecting its cell adhesion capacity, an essential survival characteristic of this
type of cells.

 

Control 0.25 mg/mL 0.50 mg/mL 1.25 mg/mL 2.50 mg/mL

6 h

24 h

Figure 9. Microscopical images of the effect of nPSi-βCD microparticles exposition to HUVECs during
a 6 and 24 h culture. Images were taken at 8X magnification. Scale bars: 1 mm.

Concerning the viability percentage of HUVECs exposed to different concentrations of nPSi-βCD
microparticles (Figure 10B), results showed that cell viability at 0.25 mg/mL was higher than 80% but it
started to decrease at concentrations equal or higher than 0.50 mg/mL (63%; p < 0.01). Specifically,
at concentrations of 1.25 and 2.50 mg/mL, cell viability was very low reaching values as low as 20%.
This increase in cell mortality from 0.25 mg/mL to ≥1.25 mg/mL of nPSi-βCD microparticles may be
due to an alteration in the basic cellular functions such as the adherence capacity affected, for example,
cell communication, differentiation and migration leading to cell death [60].
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Figure 10. Cytotoxicity of HUVECs exposed to nPSi-βCD microparticles. The cells were exposed for
6 h and then cellular viability was evaluated with CellTiter-FluorTM assay and fluorescence intensity
measuring was with confocal laser microscope (A) HUVECs exposed to nPSi-βCD microparticles. Scale
bars: 20 μm. (B) Viability percentage of cells exposed to composite microparticles. Unexposed cells to
nPSi-βCD microparticles were used as a control. Dashed line indicates cell viability of 80%. All results
are presented as the mean ± standard deviation (SD). The experimental data from all the studies were
analyzed using Analysis of Variance (ANOVA) and Kruskal–Wallis test, which indicate the statistical
significance when the percentage of cells viability exposed to the different microparticles concentrations
are different from the control. ** p < 0.01, **** p < 0.0001. (n = 3).

4. Conclusions

Physicochemical characterizations showed that nPSi-βCD microparticles were suitable to be
used an alternative as carrier and controlled oral delivery system of both polyphenols, CA and
Pin. The release profiles indicated that nPSi-βCD composite presented a better-controlled release of
polyphenols than nPSi without βCD polymer. Moreover, nPSi-βCD samples loaded higher amount of
Pin than CA, and the release of Pin was higher controlled than CA. For the CA case, a purely diffusive
mechanism of release was suggested, but for the Pin, erosion process could be also contributing
during the release. On the other hand, nPSi-βCD microparticles presented cytocompatibility HUVECs
culture at concentrations of 0.25 mg/mL. Then, these results indicate that nPSi-βCD composite
microparticles could be safely used as an alternative oral delivery system to improve controlled release
and bioavailability of CA and Pin, and eventually other polyphenols with therapeutic potential.
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Abstract: The new polymeric systems for delivery in cosmetology applications were prepared
using self-assembling amphiphilic graft copolymers. The synthesis based on “click” chemistry
reaction included grafting of azide-functionalized polyethylene glycol (PEG-N3) onto multifunctional
polymethacrylates containing alkyne units. The latter ones were obtained via atom transfer
radical polymerization (ATRP) of alkyne-functionalized monomers, e.g., ester of hexynoic
acid and 2-hydroxyethyl methacrylate (AlHEMA) with methyl methacrylate (MMA), using
bromoester-modified retinol (RETBr) as the initiator. Varying the content of alkyne moieties adjusted
by initial monomer ratios of AlHEMA/MMA was advantageous for the achievement of a well-defined
grafting degree. The designed amphiphilic graft copolymers P((HEMA-graft-PEG)-co-MMA), showing
tendency to micellization in aqueous solution at room temperature, were encapsulated with arbutin
(ARB) or vitamin C (VitC) with high efficiencies (>50%). In vitro experiments carried out in the
phosphate-buffered saline solution (PBS) at pH 7.4 indicated the maximum release of ARB after at
least 20 min and VitC within 10 min. The fast release of the selected antioxidants and skin-lightening
agents by these micellar systems is satisfactory for applications in cosmetology, where they can be
used as the components of masks, creams, and wraps.

Keywords: retinol; “click” chemistry; alkyne–azide reaction; ATRP; graft copolymers; amphiphilic
copolymers; micellar carriers

1. Introduction

Innovative drug delivery systems (DDS) with polymeric carriers are designed to prolong and
improve the action of biologically active substances, including pharmaceuticals, in the body, providing
controlled and targeted therapies [1–4]. These polymers should be non-toxic, non-immunogenic,
biocompatible with optional biodegradability, and chemically inert [5]. The well-fitted structures of
well-defined polymers are synthesized to achieve the desired drug loading and release with efficient
concentration at a proper time.

Biopolymers, such as chitosan [6,7], hyaluronic acid [8,9], collagen [10], or dextran [11],
with the ability to aggregate, are often used as carriers in cosmetology. Among the synthesized
amphiphilic polymers, the most common are those based on 2-hydroxyethyl methacrylate (HEMA) [12],
N-isopropylacrylamide [13], 2-(diethylamino)ethyl methacrylate [14], methacrylic acid [15–17],
and polyethylene glycol (PEG) [14,18–20]. These are mostly block copolymers [21], including star [22]
and graft [23–25] topologies, obtained by the controlled polymerization methods for DDS applications.
Specific graft copolymers [26] were achieved by combination of the backbone with side chains,
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which can be introduced by grafting from [27,28] and grafting through [29,30], or via a combination of
both to attain block side chains [15], heterografted structures [31], or brush–block–brush [20].

The excellent biocompatibility, hydrophilicity, good blood compatibility, high water content,
and permeability of the HEMA-based polymers [32] resulted in them finding numerous applications as
biomaterials [33], for example, hydrogels [34], for manufacturing contact lenses with drug delivery [35],
or artificial implants [36]. The presence of the hydroxyl group in HEMA is advantageous for modification
using pre- or post-polymerization reactions. Pre-polymerization modification is usually performed to
convert a hydroxyl group into another with particular properties, e.g., a bromoester group initiating an
atom transfer radical polymerization (ATRP) reaction [37] or a trimethylsilyl protecting group [31,38].
Another opportunity is the preparation of azide-functionalized monomers [39] or amine-functionalized
monomers via an alkyne–azide “click” chemistry reaction with the formation of a triazole ring [40].
However, the “click” approach is commonly applied after the polymerization, when the polymer
is modified with “clickable” groups (post-polymerization modification). The introduction of
alkyne groups into the polymer was helpful in further functionalization with specific groups, e.g.,
pentafluorobenzyl [41], or oligomers, e.g., polyhedral oligomeric silsesquioxanes [42], or to attach
polymer chains, e.g., PEG-N3 (grafting onto) [43].

In our previous work, HEMA-based polymers were successfully synthesized with the use
of bromoester-functionalized retinol as a novel ATRP bioinitiator [44]. Retinol (vitamin A) is a
well-known factor which stimulates collagen and glycosaminoglycan synthesis, supporting the
reduction of wrinkles, acne, and hyperpigmentation. The aim of the current work was to prepare the
alkyne-functionalized HEMA-based polymers for the “click” chemistry reaction. The alkyne group
was introduced into the HEMA monomer (AlHEMA) via the esterification of the hydroxyl group with
hexynoic acid (pre-polymerization modification), whereas the retinol-initiated alkyne-functionalized
polymethacrylates resulting from ATRP were modified by grafting onto via an alkyne–azide “click”
reaction to obtain the amphiphilic copolymers with PEG side chains. The used strategy is different
from that reported in the literature because it provided polymers with adjustable amounts of alkyne
groups (by proper ratios of AlHEMA to comonomer) as the guaranteed “click” sites. The grafted
copolymers with self-assembling abilities were also examined for the encapsulation of active substances
for skin treatment, such as arbutin or vitamin C, to show delivery activities of these potential systems
for cosmetology.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA, 99%, Alfa Aesar, Warsaw, Poland), 2-hydroxyethyl methacrylate
(HEMA, 97%, Aldrich, Poznań, Poland), and anisole (99%, Alfa Aesar) were dried over molecular sieves
and stored in a freezer under nitrogen. Copper (I) bromide (CuBr, 98%, Fluka, Steinheim, Germany) was
purified by stirring in glacial acetic acid, followed by filtration and washing with ethanol and diethyl
ether. After that, the solids were dried under vacuum. Additionally, 4,4-dinonyl-2,2-dipyridyl (dNdpy,
97%, Aldrich), N,N,N′,N”,N”-pentamethyldiethylenetriamine (PMDTA, 98%, Aldrich), triethylamine
(TEA, 99%, Aldrich), pyridine (99%, Aldrich), 2-bromoisobutyryl bromide (BriBuBr, 98%, Aldrich),
ethyl α-bromoisobutyrate (EiB-Br, Aldrich, 98%), 5-hexynoic acid (HexA, 97%, Acros, Geel, Belgium)
all-trans-retinol (RET, 95%, Acros), poly(ethylene glycol)methyl ether 2-bromoisobutyrate (PEG-Br,
Mn = 1200 g/mol, Aldrich), sodium azide (NaN3, 99%, Acros), N,N′-dicyclohexylcarbodiimide (DCC,
99%, Acros), 4-dimethylaminopyridin (DMAP, 99%, Acros), N,N-dimethylformamide (DMF, 99%,
Chempure, Piekary Śląskie, Poland), l(+)-ascorbic acid (VitC, 99%, Chempure), arbutin (ARB, 95%,
Acros), and a 0.1 M sodium phosphate buffer solution (PBS; pH = 7.4, Aldrich) were used as received.
All other chemicals were applied without purification.
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2.2. Synthesis of Alkyne-Functionalized HEMA (2-(Prop-1-En-2-Carbonyloxy)Ethyl Hex-5-Ynate, AlHEMA)

HEMA (3.00 mL, 24.67 mmol) and DCC (5.67 g, 27.48 mmol) were dissolved into a 250-mL
round-bottom flask with 50 mL of methylene chloride, yielding a colorless solution. Then, hexynoic
acid (2.80 g, 24.97 mmol) was added dropwise to the solution. The reactor was cooled to 0 ◦C in an
ice/water bath, and DMAP (0.1397 g, 1.14 mmol) in methylene chloride (2 mL) was added dropwise.
The reaction mixture was stirred for 48 h at room temperature. After that, it was transferred into a
separator with methylene chloride and extracted with H2O to neutral pH in the aqueous fraction.
The organic phase was removed by rotary evaporation. The brown liquid product was dried under
vacuum to constant mass. Yield: 61%. 1H-NMR (300 MHz, CDCl3, ppm): 6.14 and 5.61 (2H,=CH2), 4.35
(4H, –OCH2CH2O–), 2.52 (2H, –OC(=O)CH2–), 2.28 (2H, –CH2-C≡CH), 1.99 (1H, –C≡CH), 1.95 (3H,
–CH3), 1.81 (2H, –OC(=O)CH2CH2–). 13C-NMR (300 MHz, DMSO, ppm) (Supplementary Materials
Figure S1): 172 (C7, –OC(=O)CH2–), 166 (C4, –CC(=O)O), 136 (C2, CH2=C–), 126 (C1, CH2=C–), 83 (C11,
–C≡CH), 72 (C12, –C≡CH), 63 (C5, –OCH2CH2O–), 62 (C6, –OCH2CH2O–), 32 (C8, –OC(=O)CH2–),
27 (C9, –OC(=O)CH2CH2–), 18 (C10, –CH2-C≡CH), 17 (C3, –CH3). Electrospray ionization (ESI) MS
(m/z): calculated for C12H16O4, 224.0; found for [M + Na]+, 247.1 (Supplementary Materials Figure S2).

2.3. Synthesis of 2-Bromoisobutyrate Derivative of Retinol (3,7-Dimethyl-9-(2,6,6-Trimethylcyclohex-1-En-1-
Yl)Nona-2,4,6,8-Tetraen-1-yl 2-Bromo-2-Methylpropanoate, RET-Br)

The RET bioinitiator was prepared with a yield of 95% by esterification with BriBuBr (small excess
in relation to molar amount of OH groups) in the presence of TEA according to a previously reported
procedure [44]. 1H-NMR (600 MHz, DMSO, ppm): 6.50–6.60 (2H, 2* =CH–), 6.25–3.35 (1H, =CH–),
6.10–6.20 (2H, 2* =CH–), 5.60–5.65 (1H, =CH–), 4.09–4.12 (2H, –O–CH2–), 1.98–2.02 (2H, –CH2– ring),
2.00 (6H, –(CH3)2Br), 1.90–1.92 (3H, –CH3 ring), 1.75–1.80 (3H, –CH3 aliphat.), 1.65–1.70 (3H, –CH3

aliphat.), 1.52–1.60 (2H, –CH2– ring), 1.40–1.48 (2H, –CH2– ring), 0.95–1.02 (6H, 2*–CH3 ring). 13C-NMR
(300 MHz, DMSO, ppm) (Figure S4, Supplementary Materials): 171 (C18, –OC=O), 137.7 (C10, =CH–),
137.6 (C11, –C(CH3)–), 136.3 (C8, C14, –C(CH)= ring, =CH– ), 131 (C6, C12, =C(CH3)– ring, =CH–),
126.8 (C9, –CH=), 126.4 (C15, =CH–), 124.5 (C13, –CH=), 80 (C16, –CH2–O), 62 (C19, –C–Br), 46 (C3,
–CH2– ring), 34 (C2, –C(CH3)2– ring), 30 (C5, –CH2– ring), 29 (2*C1, –CH3 ring), 27 (C20, –(CH3)2Br),
21 (C4, –CH2– ring), 19 (C7, –CH3 ring), 9 (2*C17, –CH3 aliphat.). ESI-MS (m/z): calculated for
C24H35O2Br, 434.9; found for [M + H]+, 435.1 (Supplementary Materials Figure S5).

2.4. Synthesis of P(AlHEMA-co-MMA) with EiB-Br as Initiator (Example for III)

MMA (0.24 mL, 2.24 mmol), AlHEMA (1.50 mL, 6.70 mmol), anisole (0.5 mL, 30 vol.% of
monomer), and PMDTA (4.66 μL, 0.022 mmol) were placed in a Schlenk flask and then degassed by
two freeze–pump–thaw cycles. Then, EiB-Br (3.31 μL, 0.022 mmol) was added and degassed again.
After that, CuCl (2.21 mg, 0.022 mmol) was added. The reaction flask was immersed in an oil bath
at 60 ◦C. The polymerization was stopped by exposure to air. Then, the mixture was dissolved in
acetone and passed through a neutral alumina column to remove the copper catalyst. The solution
was concentrated by rotary evaporation. The polymer was precipitated by dropwise addition of a
concentrated solution into diethyl ether. The product was isolated by decantation and dried under
vacuum to constant mass.

2.5. Synthesis of P(AlHEMA-co-MMA) with RET-Br as Initiator (Example for VI)

RET-Br (14.17 mg, 0.033 mmol), dNdpy (26.70 mg, 0.065 mmol), MMA (0.35 mL, 3.27 mmol),
AlHEMA (2.17 g, 9.69 mmol), and anisole (0.25 mL, 10 vol.% of monomer) were placed in a Schlenk
flask and then degassed by three freeze–pump–thaw cycles. After that, CuBr (4.60 mg, 0.032 mmol) was
added. The reaction flask was immersed in an oil bath at 60 ◦C. The next steps were performed according
to above-described procedure for the synthesis of P(AlHEMA-co-MMA) with EiB-Br (Section 2.4).
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2.6. Synthesis of P(HEMA-co-MMA) (VII–IX)

The series of HEMA-based copolymers with various compositions (HEMA/MMA = 75/25, 50/50,
25/75) were synthesized by ATRP (Table S1, Supplementary Materials) as reported earlier [44]. It was a
similar procedure as for AlHEMA, where the copolymerization of HEMA and MMA was performed
with the use of RET-Br in the ratio to monomer 1:400 and a CuBr/dNdpy 0.75/1.5 catalyst system
in anisole at 60 ◦C. 1H-NMR (300 MHz, DMSO, ppm): 6.00–6.25 (2Hmon, –CH2–), 5.60–5.75 (2Hmon,
–CH2–), 4.75–5.00 (1H, –OH–), 4.00–4.20 (2Hmon, –CH2OH), 3.75–4.00 (2Hpol –CH2OH), 3.75 (2Hmon,
–COCH2CH2OH), 3.65 (3Hmon, –OCH3), 3.50–3.60 (3Hpol, –OCH3; 2Hpol, –COCH2CH2OH), 1.90–2.00
(3Hmon, –CH3; 2Hpol, –CH2– main chain), 0.50–1.50 (3Hpol, –CH3).

2.7. Synthesis of Poly(Ethylene Glycol)Methyl Ether 2-Azidoisobutyrate (PEG-N3)

PEG-Br (1 g, 0.83 mmol) and NaN3 (54.16 mg, 0.83 mmol) were dissolved in a 100-mL round-bottom
flask with 20 mL of anhydrous DMF. The reaction mixture was stirred for 24 h at room temperature.
After that, it was transferred into a separator with dichloromethane and extracted with NaHCO3(aq).
The organic phase was removed by rotary evaporation. The brown liquid product was dried under
vacuum to constant mass. Yield: 88%. 1H-NMR (300 MHz, DMSO, ppm) (Supplementary Materials
Figure S8): 3.50 (n*4H, –[OCH2CH2]n–), 3.24 (3H, –OCH3), 1.88 (6H, –C(CH3)2N3). 13C-NMR (300 MHz,
DMSO, ppm) (Supplementary Materials Figure S9): 167 (C4, –OC(=O)–), 75 (C2 and C3, –OCH2CH2O–),
65 (C1, –OCH3), 60 (C5, –C(CH3)2N3), 41 (C6, –C(CH3)2N3).

2.8. “Click” Chemistry Azide–Alkyne Reactions (Example for IVc)

Polymer IV (0.37 g, 0.03 mmol containing 0.696 mmol of AlHEMA units) was dissolved into
a 100-mL round-bottom flask with 10 mL of DMF. Then, the equimolar amount of PEG-N3 (0.90 g,
0.70 mmol) and 2.5-fold molar excess of PMDETA (0.36 mL, 1.74 mmol) were added. The reaction
mixture was purged with an inert gas for 20 min. After that, CuBr (0.25 g, 1.74 mmol) was added and
the reaction mixture was stirred for 48 h at room temperature without access to light. The mixture
was purified from CuBr by means of cationite (Dowex) and concentrated by rotary evaporation.
The product was precipitated in diethyl ether and dried under vacuum to constant mass. The reaction
efficiency was calculated by integral area of the CH proton in the triazole ring (8.01 ppm, HM) and the
≡CH proton from AlHEMA units that were not clicked (1.9–2.0 ppm, HJ) using the following equation:

Eclick =
HM

HM + HJ
× 100%.

2.9. Incorporation of Active Substance into Polymeric Micelles

The amphiphilic copolymer and active substance were dissolved in methanol with the weight
ratio of polymer to bioactive substance = 1:1; then, H2O was added dropwise (200 vol.% of the solvent)
under gentle stirring. The reaction was continued overnight. After that, the vial with sample was
opened to evaporate the organic solvent. The sample was centrifuged to separate the unloaded active
substance (4000 rpm for 10 min in room temperature), which was not dissolved. Next, the homogeneous
aqueous fraction was collected and lyophilized by freezing. A solution of loaded micelles in MeOH
(0.008 mg/mL) was prepared to determine the amount of entrapped substances by ultraviolet–visible
light (UV–Vis) spectroscopy, measuring absorbance at λ = 282 nm for ARB and λ = 267 nm for VitC.
Drug loading content (DLC) was calculated using the following equation:

DLC =
Weight of drug loaded into micelle

Weight of total polymer and loaded drug
× 100%.
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2.10. Active Substance Release Studies

The loaded micelles were dissolved in PBS (pH = 7.4, 1.0 mg/mL). The solution was introduced
into a dialysis cellulose membrane bag (molecular weight cut-off (MWCO) = 3.5 kDa), which was
placed into glass vial with 50 mL of PBS and stirred at 37 ◦C in a water bath. The buffer solution
sample (2.0 mL) was taken from the release medium, at appropriate time intervals, to determine the
concentration of released drug by UV–Vis spectroscopy, measuring absorbance at λ = 282 nm for ARB
and λ = 267 nm for VitC.

2.11. Characterization

1H- and 13C-NMR spectra were recorded with a UNITY/INOVA (Varian) spectrometer operating
at 300 MHz using dimethyl sulfoxide (DMSO) or CDCl3 as a solvent and tetramethylsilane (TMS) as
an internal standard. The monomer conversion was determined by gas chromatography (GC, Agilent
Technologies 6850 Network GC System, Santa Clara, USA). The measurements were carried out in
acetone as the solvent. The signals at different retention times corresponded to MMA (2.3 min),
HEMA (8.5 min), AlHEMA (10.0 min), and anisole (4.9 min). Mass spectrometry (MS, Xevo
G2 QTof, Waters Corporation, Milford, USA) was used to confirm the molecular masses of the
modified retinol and functionalized HEMA. Molecular weights (Mn) and dispersity indices (Đ) were
determined by gel permeation chromatography (GPC) equipped with an 1100 Agilent isocratic pump,
autosampler, degasser, thermostatic box for columns, and differential refractometer MDS RI Detector.
The measurements were carried out in tetrahydrofuran (THF) as the solvent at 30 ◦C with a flow rate
of 0.8 mL/min. The GPC calculations were based on calibration with the use of linear polystyrene
standards (580–300,000 g/mol). Fourier-transform infrared spectroscopy (FT-IR) was conducted with
Perkin-Elmer Spectrum Two 1000 FT-IR Infrared Spectrometer using attenuated total reflection (ATR).
The critical micelle concentration (CMC) was measured by fluorescence spectrophotometry (FL, Hitachi
F-2500, Tokyo, Japan), using pyrene as a fluorescence probe. Excitation spectra of pyrene (λ = 390 nm)
were recorded at a constant concentration of pyrene (3.0 × 10−4 mol/L) and polymer concentrations in
the range of 5 × 10−4 to 1.0 mg/mL. The intensity ratio (I336/I332) from the pyrene excitation spectrum
vs. logC (where C is the concentration in mg/mL) was plotted, where the cross-over point was
estimated as the CMC value. The particle sizes and their distributions, that is, hydrodynamic diameter
(Dh) and polydispersity index (PDI), were measured at 25 ◦C using dynamic light scattering (DLS,
Zetasizer Nano-S90, Malvern Technologies). Each experiment was repeated three times to obtain the
average value. The samples taken during the release process were analyzed by ultraviolet–visible light
spectroscopy (UV–Vis, Thermo Fisher Scientific Evolution 300) to determine the DLC and the amount
of released substance over time. The measurements were carried out in poly(methyl methacrylate) cells.
DLC measurements for double-encapsulated systems were carried out using ultra high-performance
liquid chromatography–mass spectrometry (UPLC–MS). Analysis was conducted on an ACQUITY
UPLC system (Waters) equipped with an ACQUITY photodiode array (PDA) detector and a Waters
ACQUITY UPLC®BEH C18 column (2.1 × 50 mm, 1.7 mm).

3. Results and Discussion

A strategy combining the controlled atom transfer radical polymerization (ATRP) and the Cu(I)
catalyzed 1,3-dipolar azide-alkyne cycloaddition (CuAAC) was applied in the synthesis of amphiphilic
graft copolymers with hydrophilic side chains, e.g., P((HEMA-graft-PEG)-co-MMA). A few-step
procedure, which is presented in Figure 1, included (i) azidation of PEG, (ii) modification of HEMA to
alkyne-functionalized monomer (AlHEMA), (iii) its copolymerization with MMA in the presence of
different initiators (standard EiB-Br or RET-Br), (iv) the “click” reaction between P(AlHEMA-co-MMA)
and PEG-N3. Varying the content of alkyne groups (recognized as the “clicking” moieties) regulated by
MMA units was advantageous to adjust the grafting degree of hydrophilic PEG, whereas a differential
hydrophilic–hydrophobic balance influenced the behavior in aqueous solution. The self-assembly
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and delivery of the selected bioactive substances by the grafted copolymers were compared with the
systems of linear amphiphilic copolymers of HEMA and MMA (combined with various proportions).

 

Figure 1. Synthesis of amphiphilic graft copolymers via grafting onto.

The alkyne derivative of HEMA (AlHEMA) was obtained by the coupling reaction via esterification
between the OH group of HEMA and hexynoic acid. The structure of the resultant AlHEMA was
confirmed by 1H-NMR, showing the shifted methylenoxy signals C and D at 3.61 and 4.11 ppm
(Figure 2a) as the signal F at 4.35 ppm (Figure 2b) due to neighborhood changes following the formation
of an ester group and introduction of the hexynoic moiety (Figure 2b: 2H, H: 1.8–1.9 ppm; 1H, J: 2.0
ppm; 2H, I: 2.2–2.4 ppm, and 2H, G: 2.4–2.6 ppm).
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Figure 2. 1H-NMR spectra of (a) HEMA, and (b) after its modification AlHEMA, (c) P(MMA-co-
AlHEMA) V, (d) P((AlHEMA-graft-PEG)-co-MMA) Vc.

Similarly, the retinol was modified by esterification to an ATRP bioinitiator with bromoester
functionality. In the 1H-NMR spectrum, the signal of the hydroxyl group (Supplementary Materials
Figure S3a; p: 4.7 ppm) disappeared after modification, whereas the signal of the methylene group
in –CH2OH was shifted (Supplementary Materials Figure S3a,b; o: from 4.1 to 4.8 ppm) due to
the presence of the ester group. The successful modification was also confirmed by the 13C-NMR
spectra (Supplementary Materials Figure S4) containing the signals, which corresponded to >C=O
in the introduced ester group (C18: 170 ppm), carbon associated with the ester group (C16: 80 ppm),
and tertiary carbon bonded to bromine (C19: 63 ppm). The lack of a broad band in the region of
3100–3600 cm−1 corresponding to ν(O–H) stretching in the FT-IR spectra of esterified RET, the presence
of the additional peak at 1260 cm−1 from the stretching vibration of C–O, the strong peak at 1730 cm−1

from the stretching vibration of C=O groups, and the strong peak at 800 cm−1 from the stretching
vibration of C–Br were evidence for the newly created bromoester group (Supplementary Materials
Figure S6).

The prepared bromoester-functionalized retinol (RET-Br) and commercially available standard
ATRP initiator, e.g., EiB-Br, were applied in the copolymerization of AlHEMA in the presence of a
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CuBr/dNbpy or CuCl/PMDTA catalyst system in anisole at 60 ◦C (Table 1). The range of initiators was
broadened by RET-Br to develop the biocompatibility of polymers, but it also motivated characterizing
its influence on the reaction rate and properties of the copolymers, including the structural parameters
(i.e., degree of polymerization (DP), dispersity index ( )) in comparison to that obtained with the
use of EiB-Br. The introduction of alkyne groups into monomer prior to the polymerization reaction
guaranteed that the alkyne functionality was contained in all HEMA units incorporated into the
polymer chain, whereas, in the case of the post-polymerization modification of HEMA-based polymers,
it was strongly dependent on the esterification efficiency. The used strategy of pre-polymerization
modification was beneficial for the adjustment of a certain number of alkyne groups in the copolymer
by the initial proportions of AlHEMA/MMA comonomers (25/75, 50/50, 75/25). The alkyne moieties
in copolymers were observed on the FT-IR spectra (Figure 3b) as peaks at 550–700 cm−1 and 3300
cm−1 from the bending and stretching vibrations of ≡C–H, respectively. It was in contrast to the
hydroxy-functionalized polymers (Figure 3a), which revealed a broad band in the region of higher
values of wavelengths corresponding to ν(O–H) stretching in HEMA units.

Table 1. Data for synthesis of AlHEMA/MMA copolymers by ATRP.

M1/M2 Time (h)

Conversion (%)

DPn,GC Mn,GC (g/mol) Mn
a (g/mol) D aNMR GC

M1 M2 M1 M2

I 25/75 4.0 16 28 34 27 115 15,900 21,400 1.36
II 50/50 4.5 48 50 47 52 198 31,600 33,600 2.06
III 75/25 4.5 46 45 42 47 173 33,100 35,500 1.83
IV 25/75 24 33 29 23 22 89 12,200 25,400 1.68
V 50/50 24 27 15 18 17 71 12,000 17,800 1.72
VI 75/25 24 32 24 26 30 109 21,000 30,400 1.65

I: [AlHEMA+MMA]0/[EiB-Br]0/[CuBr]0/[dNdpy]0 = 400/1/0.75/1.5; II–III: [AlHEMA+MMA]0/[EiB-Br]0/[CuCl]0/
[PMDTA]0 = 400/1/1/1; IV–VI: [AlHEMA+MMA]0/[RET-Br]0/[CuBr]0/[dNdpy]0 = 400/1/1/2; anisole 10 vol.% of mon.,
60 ◦C; a determined by GPC in THF with polystyrene standards.

Figure 3. Fourier-transform infrared (FT-IR) spectra for copolymers (a) P(AlHEMA-co-MMA) III and
(b) P(HEMA-co-MMA) IX.

The conversion of AlHEMA was calculated from the 1H-NMR spectrum for the reaction mixture
(Supplementary Materials Figure S7) using protons in methylene groups via integration of signals
corresponding to the monomer (CH2=, B: 5.6 and 6.2 ppm) and polymer (–COO–CH2–, F’: 4.1–4.2 ppm).
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The determination of MMA conversion was based on protons in the methoxy group via integration
of signals corresponding to the monomer (L: 3.75 ppm) and polymer (L’: 3.6 ppm). However, for
further calculations of DP and molecular weight (Mn), the conversion by GC was selected due to
the very good separation of signals, which was not always possible in the case of 1H-NMR analysis.
Comparable values of monomer conversions (AlHEMA vs. MMA) allowed concluding the formation
of statistical copolymers. The detailed data are summarized in Table 1, whereas the representative
1H-NMR spectrum of the purified copolymer P(AlHEMA-co-MMA) is presented in Figure 2c.

Dependent on the initiator (EiB-Br vs. RET-Br), the polymerization progress was characterized
with different rates and total monomer conversions. The use of a standard EiB-Br initiator resulted
in higher conversions within a shorter time compared to RET-Br (45% within 4.5 h vs. 25% within
24 h). However, the biological and non-toxic nature of the retinol starting unit can be beneficial for the
improvement of skin treatment, whereas the resulting conversions are sufficient to obtain copolymers
with the desired properties. In the case of HEMA polymerization initiated by RET-Br (Supplementary
Materials Table S1), the reactions were significantly faster than the series of AlHEMA/RET-Br giving
similar conversions in a shorter time (IV vs. VII = 23/22 vs. 18/18; VI vs. IX = 26/30 vs. 26/32 at 24 h
vs. 0.5–4.5 h), which is rational due to more polar HEMA-based systems. The obtained copolymers
were characterized by moderate dispersity indices usually exceeding 1.5, but their GPC traces were
monomodal and symmetrical, showing some broadness and discrepancy with the increase in the
content of alkyne or hydroxyl moieties (Figure 4).

Figure 4. GPC traces for copolymers (a) P(AlHEMA-co-MMA) and (b) P(HEMA-co-MMA).

Click Reactions

A commercially available low-molecular-weight bromoester monofunctionalized PEG was
converted by the substitution reaction of the bromine atom with an azide group. In the 1H-NMR
spectrum, the signals coming from methyl groups adjacent to –Br or –N3 were placed in the same range
of chemical shifts giving multiplets at 1.82–1.92 ppm or a broad signal at 1.86–1.90 ppm, respectively
(Supplementary Materials Figure S8). Because of the non-synonymous approval, the final identification
of the end bromoester group in PEG was provided by 13C-NMR analysis, which confirmed the
achievement of the azidation reaction. The signal derived from carbon of the carboxyl group was
shifted toward lower chemical shifts (C4: 172 ppm to 168 ppm) due to the impact of a new group
attached to the adjacent carbon (C5: 63 ppm to 60 ppm), whereas the signals of the methylene groups
moved toward higher chemical shifts (C6: 37 ppm to 40 ppm) (Supplementary Materials Figure S9).
The molecular weight of the PEG derivative determined by GPC was consistent with the weight
calculated from 1H-NMR, giving similar values of Mn for PEG-N3 (1380 vs. 1300 g/mol by NMR vs.
GPC, respectively) (Supplementary Materials Figure S10). Additionally, the impurities contained in the
commercial PEG were removed by purification of the modified PEG, which resulted in the reduction
of the dispersity index determined by GPC.
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The hydrophilic PEG-N3 chains were grafted onto the multifunctional P(MMA-co-AlHEMA)
by a Huisgen “click” chemistry CuAAC reaction between azide and alkyne moieties catalyzed by
CuBr/PMDTA in DMF with the formation of 1,4-substituted triazole rings (Figure 1). It was found
that dispersity indices of the resulted amphiphilic graft copolymers were reduced in comparison to
their backbones before the “click” reaction (Table 2, Figure 5). Generally, the discrepancy of Mn,GPC

from Mn,NMR was more significant than for the linear copolymers because of the lower hydrodynamic
volumes of nonlinear macromolecules, which were applied as standards for the calibration in GPC.
Additionally, higher-molecular-weight distribution can influence such a deviation.

Table 2. Data for the synthesis of graft copolymers P((HEMA-graft-PEG)-co-MMA).

DPAlHEMA
FAlHEMA

(%)
Eclick

(%)
ntriazole

DG
(%)

Fhydrophilic

(wt%)
Mn,NMR

(g/mol)
Mn,GPC

a

(g/mol)
D a CMC

(mg/mL)

Ic 34 30 33 11 10 47 28,900 58,600 3.40 0.0159
IIc 94 47 31 29 15 54 69,300 24,100 1.34 0.0169
IIIc 126 73 27 34 20 57 77,300 36,500 1.50 0.0229
IVc 23 26 21 5 6 35 17,200 29,000 1.62 0.0836
VIc 79 72 64 51 47 76 75,000 35,900 1.42 0.4283

a Determined by GPC in THF with polystyrene standards; DPAlHEMA—polymerization degree of AlHEMA; FAlHEMA
and Fhydrophilic—content of AlHEMA and hydrophilic fraction in the copolymer, respectively; Eclick—efficiency of
“click” reaction; ntriazole—number of triazole moieties in the copolymer; DG—grafting degree.

Figure 5. GPC traces for copolymers before (IV, VI) and after “click” reaction (IVc, VIc).

The presence of a triazole proton at 8.01 ppm (HM) and three groups of signals from PEG (methoxy
group at 3.29 ppm (HR), methylene groups at 3.45 ppm (HP), and methyl groups at 2.30 ppm (HN)) in
the 1H-NMR spectrum validated the success of the “click” reaction (Figure 2d). In the series Ic–IIIc,
independently of the amount of alkyne groups, the “click” efficiency (Eclick) reached the level of 30%
(Table 2). It was related to grafting of 11–34 side PEG chains (synonymous with the number of triazole
rings (ntriazole)), which was adjusted by the content of alkyne groups per backbone (FAlHEMA). Various
grafting degrees (DGs) also corresponded to an almost equimolar content of the introduced hydrophilic
fraction (47–57 wt.%). Significant differences were observed for the RET series characterized with the
lowest (IVc) and the highest (VIc) “click” efficiencies (21% vs 64%). The retinol-initiated copolymers IV
and VI used for the “click” reaction were varied from the analogical I and III not only by the starting
group (RET vs. EiB), but also with their structural parameters (FAlHEMA as the result of DPAlHEMA in
relation to the chain length). A two-fold lower number of “clickable” alkyne moieties in the copolymer
IV than in sample I (DPAlHEMA = 79 vs. 136) at a similar content of alkyne groups (FAlHEMA ~72%)
appeared to be more effective in the PEG grafting.
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Chemical structures of the graft copolymers were also confirmed using 13C-NMR and FT-IR
spectroscopies. The presence of signals from carbons of the triazole ring (C1, 130 ppm; C10, 140 ppm)
and the carbon signal of the carboxyl group at the PEG chain (176 ppm) indicated the success of
the “click” reaction (Figure 6). In the FT-IR spectrum, the broad band in region of 3000–3600 cm−1

corresponding to ν(N–H) stretching and the strong peak at 1650 cm−1 from ν(N=N) in the triazole ring
were observed (Figure 7).

Figure 6. 13C-NMR of graft copolymer P((HEMA-graft-PEG)-co-MMA) by “click” reaction.

Figure 7. FT-IR spectra for P(AlHEMA-co-MMA) (a) and P((HEMA-graft-PEG)-co-MMA) (b).

The self-assembling behaviors of the graft copolymers were investigated by determination of
the critical micelle concentration (CMC, Table 2). CMC values of copolymers were measured by a
standard procedure using the emission spectra of pyrene to form the plot of I336/I332 vs. the logarithm
of the copolymer concentration (Supplementary Materials Figure S11). It was noted that the CMC
value decreased with the increase in hydrophobic fraction in the range of series (Ic–IIIc, and IVc vs.
VIc), which is the general relationship in the self-assembly process. The highest CMC value was
observed for the copolymer with a predominated content of hydrophilic fraction (VIc), which was
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generated by the highest degree of PEG grafting, demonstrating the lowest ability for micellization
compared to the other systems. Copolymers Ic–IIIc with equimolar hydrophilic/hydrophobic
fractions (47–57 wt.%) showed similar CMC values in the range of 0.01–0.02 mg/mL. Previously
investigated linear hydroxyl-functionalized copolymers of P(HEMA-co-MMA) self-assembled at
lower concentrations (0.002–0.04 mg/mL, Supplementary Materials Table S1) [44] compared to grafted
copolymers with analogical backbones, which confirmed that the presence of PEG side chains improved
the system solubility.

Satisfactory results obtained in the case of encapsulation of cosmetic substances (ferulic acid,
VitC) into micelles of the linear HEMA-based copolymers [44] encouraged us to investigate the
self-assembling graft polymers in the presence of ARB or VitC. These model bioactive substances
are well-known components in cosmetics due to their antioxidant and skin-lightening activities.
ARB prevents the formation of melanin-avoiding skin diseases, such as melanoma, and it is used as
replacement of hydroquinone, whereas VitC inhibits the influence of free radicals, stimulates collagen
synthesis, and is used with α-tocopherol for a synergistic effect. The efficiency of the single-drug
encapsulation (performed in the ratio of polymer to drug 1:1) was verified by drug loading content
(DLC, Table 3), which was determined by the use of UV–Vis spectra. ARB was encapsulated in larger
amounts than VitC by grafted copolymers (~90% vs. ~15%), which was in contrast to the linear
copolymers (~50–75% vs. ~80%). There was no effect of the grafting degree (Ic–IIIc, IVc vs. VIc) on
the DLC, although the RET-based series was more efficient in ARB encapsulation than the EiB one
(~90% vs. ~55%). The loading results allowed concluding that the structure of copolymer, including
topology and localization of hydrophilic moieties in the polymer, and the nature of active substance
are crucial factors when designing the encapsulated systems with an optimized amount of the cosmetic
substance. The encapsulation of two active substances (VitC and ARB) at the same time was also
attempted. The DLC calculations were performed by UHPLC–MS measurements because the bands
of VitC and ARB overlapped in the UV–Vis spectrum. However, the results indicated that only ARB
was encapsulated. This means that these systems are not sufficient for the dual delivery of these two
specific active substances, whereas double encapsulation may be successful for other bioactive pairs.

Table 3. Characteristics of encapsulated particles and release of active substances.

Dh
a (nm) PDI DLC (%)

Maximum Amount of Released
Drug (%)/Time (h)

ARB VitC ARB VitC ARB VitC ARB VitC

Ic 427 - 0.508 ± 0.028 - 64 - 90/2.5 -
IIc 80 b - 0.717 ± 0.018 - 49 - 90/0.3 -
IIIc 7 b - 0.983 ± 0.016 - 56 - 99/0.5 -
IVc 420 369 0.241 ± 0.046 0.200 ± 0.063 99 16 94/1.5 88/0.17
VIc 310 b 377 b 0.634 ± 0.007 0.621 ± 0.085 87 13 65/4.5 49/0.17
VII 681 834 c 0.093 ± 0.053 0.261 ± 0.081 55 87 c 86/5.0 62/1.0 c

VIII 316 b 250 c 0.904 ± 0.002 0.281 ± 0.060 48 78 c 100/0.8 48/1.0 c

IX 222 b - 0.691 ± 0.086 - 75 - 96/2.5 -
a Particle size distribution data based on intensity calculation method; b non-dominated fraction—the averaged
value for the major fractions above 80%; c data presented in Reference [44]; Ic–VIc: graft copolymers; VII–IX:
linear copolymers.

The resulting ARB or VitC encapsulated particles were analyzed by DLS in PBS solution (Table 3).
Micelles containing ARB obtained from the grafted copolymers (Ic–VIc) were smaller compared to
their linear counterparts (VII–IX). There was no significant effect for samples Ic and IVc differing with
the initial unit (EiB vs. RET) and similar DG, which yielded one fraction of micelles; however, at
a higher content of side chains, more fractions of the superstructures with different hydrodynamic
diameters were observed (Figure 8). A few generations of loaded particles may indicate the presence
of unimers, as well as the formation of micelles and aggregates (Figure 9, Supplementary Materials
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Figure S12). Similar correlations were detected for the systems based on the linear amphiphilic analogs,
although the size differences were more spectacular.

Figure 8. Size distribution plots by intensity for ARB- (a,b) or VitC (c) loaded polymer micelles in PBS
at 25 ◦C.

Figure 9. Particle size distribution data for ARB-loaded micellar systems based on intensity
calculation method.

The release experiments were carried out in PBS at pH 7.4 for the ARB- or VitC-loaded
systems, which demonstrated various release rates of bioactive substance dependent on the
hydrophilic/hydrophobic balance and topology of carriers, including the length of the main
chain/backbone (Table 3, Figure 10). The kinetic profiles showed a tendency of increasing rate
of ARB release with the decrease in hydrophilic content for series of graft copolymers with backbone
DPs ~100 (VIc: (Fhydrophilic = 76%) ARB release 35%, Ic: (47%) 50%, and IVc: (35%) 60% within 30 min).
However, this correlation was not valid for IIc and IIIc, showing significantly faster drug release than
system Ic with a comparable amount of hydrophilic fraction (~100% vs. 50% within 30 min); however,
contrary to the other graft copolymers, they contained two-fold longer backbones contributing to
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micelle core formation. For almost all systems based on the graft copolymers, the release of ARB was
completed at ~90–100% with the exception of VIc with the largest grafting degree and the highest
hydrophilic content. This discrepancy can be explained by the formation of micelles with a thicker
outer layer of hydrophilic PEG, which decelerated the drug release. A similar effect was observed for
VitC, although its release was faster than for ARB (for IVc 88% VitC vs. 32% ARB and for VIc 49% VitC
vs. 14% ARB within 10 min, Figure 10b). In the case of linear hydroxyl-functionalized copolymers,
the release of ARB ranged from 86–100% and it was strongly dependent on the chain length, showing
the fastest release by the longest chain with an equimolar content of hydrophilic fraction (VIII DP = 136)
and the slowest release by the shortest chains with a predominated hydrophobic fraction (VII DP = 73)
(Figure 10c). The randomly distributed hydrophilic HEMA units along the polymeric chains were
responsible for different correlations between release rate and hydrophilic content from that observed
for the graft polymers containing side PEG segments. Surprisingly, both ARB and VitC were released
faster from the graft copolymer systems than from their linear analogues. However, a short release
time is beneficial from the point of view of applying the designed systems in cosmetic products due to
the short time of application on the skin.

Figure 10. Release profiles for micellar systems formed by graft copolymers (a,b) and linear
copolymers (c).

The release kinetics of ARB was also described by fitting to mathematical models, which were
represented as semilogarithmic plots of remaining drug vs. time according to the first-order equation,
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and plots of the cumulative amount of released drug vs. square root of time according to the
Higuchi model. Both types of plots (Supplementary Materials Figures S13 and S14) demonstrated
good correlation coefficients, that is, 0.89–0.99 for Ic–VIc (graft copolymers), 0.93–0.99 for VII–IX
(linear copolymers), 0.85–0.99 for Ic–VIc, and 0.87–0.96 for VII–IX. These results confirmed the
concentration-dependent and diffusion-controlled mechanism.

4. Conclusions

Pre-polymerization modification was applied to obtain the alkyl-functionalized monomer
originating from HEMA, which was used for copolymerization via ATRP with bromoester initiators,
including the modified retinol. The pre-polymerization strategy provided much better control of
the number of alkyne groups in the copolymer, which could be modified into the amphiphilic graft
copolymer via a “click” reaction between the alkyne functionality in the HEMA-based copolymer and
the azide-functionalized PEG. The self-assembling behavior in aqueous solution at room temperature
was employed to encapsulate ARB or VitC into micelles with a relatively high efficiency for almost all
systems (DLC > 50%). In vitro release was carried out indicating the maximum amount of released
ARB after 20 min (up to 5 h) and VitC after 10 min. With respect to both encapsulation and release
studies, the PEG graft copolymers seem to be good candidates for potential delivery applications.
The micellar systems with a short release time (up to 30 min) can be effective in face masks, whereas
the other ones delivering bioactive substances over a longer time are perfect for cream applications.
All these systems need to be tested for toxicity and diffusion through artificial skin to verify their
application in cosmetology (masks, under-eye patches, and wraps).

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/8/378/s1.
Data for synthesis of P(HEMA-co-MMA) copolymers; 1H-NMR spectra of retinol before and after esterification,
PEG-Br and PEG-N3, reaction mixture of copolymerization AlHEMA/MMA; 13C-NMR spectra of AlHEMA,
RET-Br, PEG-Br, and PEG-N3; ESI-MS spectra of AlHEMA and RET-Br; FT-IR spectra and GPC traces for PEG-Br
and PEG-N3; CMC plots; particle size distribution for VitC-loaded systems; kinetic plots.
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Abstract: Two size classes of piroxicam (PXC) pellets (mini (380–550 μm) and conventional
(700–1200 μm)) were prepared using extrusion/spheronization and medium viscosity chitosan (CHS).
Mixture experimental design and numerical optimization were applied to distinguish formulations
producing high sphericity pellets with fast or extended release. High CHS content required greater
wetting liquid volume for pellet formation and the diameter decreased linearly with volume.
Sphericity increased with CHS for low-to-medium drug content. Application of PXRD showed that
the drug was a mixture of form II and I. Crystallinity decreased due to processing and was significant
at 5% drug content. Raman spectroscopy showed no interactions. At pH 1.2, the dissolved CHS
increased ‘apparent’ drug solubility up to 0.24 mg/mL while, at pH 5.6, the suspended CHS increased
‘apparent’ solubility to 0.16 mg/mL. Release at pH 1.2 was fast for formulations with intermediate
CHS and drug levels. At pH 5.6, conventional pellets showed incomplete release while mini pellets
with a CHS/drug ratio ≥2 and up to 21.25% drug, showed an extended release that was completed
within 8 h. Numerical optimization provided optimal formulations for fast release at pH 1.2 with
drug levels up to 40% as well as for extended release formulations with drug levels of 5% and 10%.
The Weibull model described the release kinetics indicating complex or combined release (parameter
‘b’ > 0.75) for release at pH 1.2, and normal diffusion for the mini pellets at pH 5.6 (‘b’ from 0.63
to 0.73). The above results were attributed mainly to the different pellet sizes and the extensive
dissolution/erosion of the gel matrix was observed at pH 1.2 but not at pH 5.6.

Keywords: pellets 1; pellet diameter 2; crystallinity 3; sphericity 4; fast release 5; extended release 6

1. Introduction

Pharmaceutical pellets are multi-particulate drug delivery systems where the whole dose is
divided into subunits with spherical shape and narrow particle size distribution within the range of
0.1 to 1.5 mm [1]. This multi-particulate presentation has several advantages over the tablet single-unit
dosage form [2]. Pellets distribute uniformly in the gastrointestinal tract, which results in less variability
in gastric emptying time, lower plasma level fluctuation, improved drug absorption, and a reduction of
dose dumping. Additionally, their flowability enables processing of an automatic fast operation capsule
and tableting machines, and their spherical shape makes them ideal for application of coatings [3–5].

For the preparation of pellets, extrusion/spheronization can be applied [6,7]. Product quality is
controlled mainly by the composition while machine settings are less critical [8]. Microcrystalline
cellulose (MCC) is usually part of the pellet base [9] due to its ability to retain large amounts of water
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in its structure, which provides elasto-plastic wet mass suitable for successful extrusion and good
product quality [10–12]. However, in certain cases, incompatibilities of MCC have been reported
because of its tendency to adsorb drugs on fibrils [13] and cause possible chemical interactions [14–16].
In addition, its use is obstructed by the prolonged and uncontrolled release of poorly soluble drugs [17].
An alternative is to replace part of the MCC with hydrophilic polymers, which aims to facilitate
and control penetration of the aqueous dissolution medium into the pellet matrix by increasing
hydrophilicity and swelling [18].

Chitosan (CHS) is a natural polysaccharide product of the deacetylation of chitin, which is a
widely abundant polysaccharide. It dissolves in weakly acidic media by protonation of –NH2 groups,
which forms a non-disintegrating gel matrix at high concentrations in water [19]. Its pharmaceutical
importance as a functional excipient lies in its biocompatibility, biodegradability, and non-toxicity [20,21].
Additionally, it enhances the solubility of drugs, their permeation through the gastric mucosa,
aids gastric protection due to its potent cytoprotective and healing action in gastric ulcers, and acts as
a sustain-release agent [22–25]. Its effect on dissolution is influenced by the degree of deacetylation,
the viscosity grade, its content in the formulations, and the drug solubility [19,23,26,27]. At low
contents, it may act as a disintegrant, but, at high contents, it forms a hydrophilic gel, which delays
drug release [28–30]. Due to its function as a ‘molecular sponge’, it can be used as an alternative to
MCC [31]. Piroxicam (PXC) is a non-steroidal, anti-inflammatory, anti-rheumatoid, and analgesic
drug [32,33] assigned to Biopharmaceutical Classification System (BCS) Class II due to its poor solubility
in water [34]. Since CHS is positively charged in acidic media due to the protonation of amine [35,36]
and PXC is cationic (pKa 5.3, Reference [35]) and is not ionized in deionized water, chemical interactions
between these two are not expected and any effects on release should be due mainly to the contribution
of the individual components.

The aim of this work was to prepare different CHS/MCC/PXC pellet formulations of two size classes
(mini and conventional) by extruding through screens with small (0.5 mm) or large (1.0 mm) openings.
Different CHS viscosity grades were initially compared and the one that prompted greater drug
solubility was selected. It was expected that, due to gel formation and diffusional release, a reduction
of pellet size will improve the release rate, and, thus, avoid the need to add hydrophilic excipients such
as lactose [30]. However, extrusion through small orifice screens may adversely affect pellet shape and,
for this reason, optimal pellet formulations with high sphericity, flowability, and instant or extended
release were elucidated by applying a mixture experimental design followed by numerical optimization.
The effect of processing on drug crystallinity was also examined. Since piroxicam has pH-dependent
solubility, release was tested in both acidic and deionized water [37,38]. The release mechanisms were
explained by analyzing the data using the Weibull model, which presents a relatively newer kinetic
approach utilizing the entire drug release profile. This provides a more thorough description of the
release mechanism. This model was described originally for extended release solid forms by Bonferoni
et al. (1998) and interpreted by Papadopoulou et al. (2006) [29,39].

2. Materials and Methods

2.1. Materials

Microcrystalline cellulose (MCC, Avicel® PH-101, lot 6950C) was from FMC (Cork, Ireland) and
chitosan (CHS) from Primex (Siglufjordur, Island). From the supplied CHS grades: TM 3493 (viscosity
(η) 5 cps, deacetylation (DA) 90%), TM 3528 (η = 8 cps, DA = 96%), TM 3603 (η = 121 cps, DA = 90%),
TM 3389 (η = 171 cps, DA = 95%), and TM 3425 (η = 463 cps, DA = 92%). The experimental CHS
powders were prepared by mixing equal quantities of supplied TM 3493 with TM 3528 to give low
viscosity experimental grade CHS1 (5–8 cps, DA = 93%), and TM 3603 with TM 3389 to give the
medium viscosity experimental grade CHS2 (121–171 cps, DA = 92.5%). The high viscosity grade
TM 3425 (463 cps, DA = 92%) was used as received and is denoted as the experimental grade CHS3.
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Chemo Iberica S.A., Spain supplied Piroxicam (PXC). Polyvinylpyrrolidone (PVP) (K25, wt~21000)
was gifted from BASF (Ludwigshafen, Germany).

2.2. Solubility of PXC in pH 1.2 and 5.6 in the Presence of CHS

To determine drug solubility in 0.1 N HCl, solutions with 0.01%, 0.05%, and 0.1% w/v CHS
were prepared in 50 mL 0.1 N HCl and excess drug (100 mg) was added to each. A saturated drug
solution in 0.1 N HCl was also prepared for comparison. The solutions were kept at 37 ◦C for 24 h
under agitation and, prior to analysis, they were centrifuged for 10 min at 4500 rpm (Labofuge 400R,
Heraeus, Germany). The UV absorbance of the supernatant was measured at 334 nm (Pharma Spec
UV-1700 Shimadzu, Kyoto, Japan) and converted to a concentration (mg/mL) from a reference
curve [C = (Abs + 0.0085)/0.7437]. To measure solubility in deionized water (pH 5.6), 100 mg CHS
(non-dissolving in pH 5.6) were suspended in 10 mL deionized water and an excess drug was added.
The drug-saturated solutions were kept in closed containers at 37 ◦C for 24 h under agitation and
centrifuged. The absorbance of supernatant was measured at 359 nm and converted to a concentration
from a reference curve [C = (Abs + 0.0141)/0.4964].

2.3. Preparation of Pellets

Thirty-gram batches of CHS/MCC/PXC were blended in a Turbula® mixer (W.A. Bachofen,
Muttenz, Switzerland) for 20 min and then transferred into a cylindrical vessel (0.8 L) fitted with a
three-blade impeller. PVP 25 binder solution in water (7.5% w/w) was gradually added over 5 min to
give 5% w/w PVP concentration in the final dry pellets. PVP was added to the binder liquid to improve
the consistency of wet mass [40]. Any further wetting liquid required was added as deionized water.
The wet mass was immediately processed in a radial extruder (Model 20, Caleva Process Solutions,
Dorset, UK) that was operated at 25 rpm and fitted with a 1-mm orifice screen for the production of
conventional pellets or a 0.5-mm orifice screen for the mini pellets (both screens had 1.75-mm thickness).
The extrudate was immediately processed for 5 min in a spheronizer (Model 120, Caleva Process
Solutions) fitted with a 12-cm diameter cross-hatch friction plate (0.8-mm depth grooves and pyramidal
protrusions), operated at 1250 rpm and corresponding to 7.85 m/s peripheral velocity. The pellets were
dried (40 ◦C, 12 h) in a tray oven with air circulation (Hereaus, Germany).

2.4. Characterization of Unprocessed Materials

2.4.1. Particle Size

Particle size was determined using an image processing and an analysis system comprised of
a microscope (Leitz Laborux S, Wetzlar, Germany), a video camera (VC-2512, Sanyo Electric, Osaka,
Japan), and software (Quantimet 500, Cambridge, UK). Powder samples dispersed in liquid paraffin
were examined at 40× total magnification. A mean particle diameter was expressed as an equivalent
circle diameter (diameter of a sphere with the same projected area as the particle).

2.4.2. Pycnometric Density

Helium pycnometry was applied (Ultrapycnometer 1000, Quantachrome Instruments,
Boynton Beach, Florida, FL, USA). The instrument was calibrated using a standard 7.0699 cm3

steel ball. Samples were accurately weighed (3 decimals) and purged for 10 min before measurement.
Sample volume (average of 10 runs) was measured from the displaced gas. Measurements were taken
in triplicate and mean values and standard deviations were calculated.

2.4.3. Moisture Content

Samples of about 1 g were placed in an infrared radiation balance and heated at 105 ◦C
(Halogen Moisture Analyzer HR73, Metler Toledo, OH, USA). Sample weight was automatically taken
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every 30 s and the process ended when the loss between two successive values was less than 0.01%.
Moisture content (MC%) was expressed as the weight difference relative to the initial weight.

2.5. Characterization of Pellets

2.5.1. Size, Shape, and Density

Pellet size and shape were determined using an image processing and analysis system, as previously
described [41]. Mean pellet diameter was expressed as an equivalent circle diameter and shape as the
index eR (Equation (1)), which is sensitive to surface irregularity and pellet geometry, and its value
increases with sphericity, which nearly reaches 0.75 for perfect spheres [42]. Examples of pellet shapes
with corresponding eR values are shown in Figure 1.

eR = (2 × π × radius)/perimeter − √(1 − (width/length)2) (1)

)

  
(a) (b) 

Figure 1. Images of pellet batches C (a) and D (b) showing different shapes.

The pycnometric density of the pellets was determined as described above for the unprocessed
materials (Section 2.4.2).

2.5.2. Packing Ability, Flowability, and Porosity

Packing densities (bulk and tapped after 300 taps) were determined with a tester fitted with a
25 mL cylinder (14 mm drop, Erweka SVM 101, USP1, Heusenstamm, Germany). Carr’s compressibility
index (CC%), equal to the volumetric change relative to tapped volume, was calculated from the
density values as the index of packing ability. Flowability was estimated with an apparatus constructed
according to United States Pharmacopeia [43]. Samples were transferred into a cylinder of 1.5 cm
internal diameter and a 5-mm orifice at the center of its base. Pellets flowing through the orifice
were collected on the platform of a balance (Bel Engineering MARK330, Monza, Italy) located 5 cm
underneath the cylinder. Weight data was recorded every 0.2 s and transferred to a computer via an
RS-232 interface. Pellet porosity was expressed as ε% = [1 − (pellet density/powder density)].

2.5.3. Physicochemical Characterization

Raman Spectroscopy

Raman spectra were recorded to detect possible interactions between the drug and excipients
using a bench top Raman spectrometer (Agility, dual band 785/1064 nm model, BaySpec, San Jose, CA,
USA) and supporting software (Agile 20/20). Unprocessed powders or pellet samples were placed
in standard glass vials and scanned over the range of 100 to 2700 cm−1 of Raman Shift using the
laser excitation line 785 nm, exposure time of 1 s, and a power of incident laser beam of 150 mW.
The recorded spectra were the average of 100 runs.
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Powder X-ray Diffraction (PXRD)

Changes in the crystalline state and crystallographic characteristics of the drug were examined
using PXRD (PHILIPS PW1710 diffractometer with CuKα, Ni-filtered 1.5418 Å radiation wavelength,
Phillips, Eindhoven, The Netherlands). The samples were scanned over the 3◦–43◦ 2θ range, at a
speed of 1.2/min. Identification of the crystalline phases was made by comparing with published
PXRD data based on the appearance and intensity of the reflections. Crystallinity was quantified as the
crystallinity index (CI%) expressed by the ratio of the intensity of the strongest reflectance of the drug
in the pellets at 26◦ 2θ, relative to that of the pure drug at the same 2θ. The crystallinity loss (LC%)
due to processing was obtained as a percentage of the difference between the CI% of drug in physical
mixtures (PM) and in pellets relative to that in PM (see Equation (2)).

LC% = [(CI% of drug in PM − CI% of drug in pellets)/CI% of drug in PM] × 100 (2)

2.6. In-Vitro Release

In-vitro release of PXC was tested using the USP II Apparatus at 100 rpm and 37 ± 0.5 ◦C.
Pellet samples of the experimental batches corresponding to 20 mg of drugs were added into 900 mL
dissolution fluid. Since PXC has pH-dependent solubility, tests were conducted in two media including
HCL 0.1 N (pH 1.2) and deionized water (pH 5.6). In the last case, pH was measured at the beginning and
the end of the test and no significant change was recorded. Pellets of MCC/PXC without chitosan were
also tested for comparison. Aliquots were taken at timely intervals and analyzed by UV spectroscopy
(Pharma Spec UV-1700 Shimadzu, Kyoto, Japan) at 334 nm for pH 1.2 and 359 nm for pH 5.6.

Kinetic Models

The drug release data were analyzed using the Weibull equation [44]

ln[−ln(1 −W/Wo)] = −lna + bln(t − to) (3)

where W is the drug released at time t, Wo is the drug released at the end of the test, to is the lag time
before release as determined by trial and error for best line fitting, ‘b’ is the constant characteristic of
the shape of the release curve and the release mechanism [39], and a is a time-scale parameter defined
as a = (td)b where td is the time required for 63.2% release.

2.7. Experimental Design and Optimization of Compositions for Instant or Extended Release

The influence of composition on the properties of pellets and drug release was studied separately
for mini and conventional pellets. This doubled the number of experimental batches and, for this
reason, the d-optimal mixture design including vertices, edge centers, centroid, and axial points was
used as an efficient design applicable to constrained regions [45] (Table 1). The sum of components
CHS (X1), MCC (X2), and PXC (X3) was 95% and the remaining 5% was PVP. Constraints were applied
for CHS and MCC at 10% < X1, X2 < 80%, and for the drug at 5% < X3 < 70%, which provides a
realistic design space. Consequently, the % weights were transformed into a ‘real’ scale (Equation (4)),
where their sum is 1.0, and then into L-pseudo levels (Equation (5)) where their minimum value is 0
and the maximum is 1.

Real = Actual/Total of Actuals (4)

Pseudo = (Real − Li)/(1 − L) (5)

where Li is the lower constraint, and L is the sum of lower constraints.
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Table 1. Experimental mixture design for pellet batches. The design was applied to mini and
conventional pellet batches separately.

Batch
Code

Point in Design
Space

Actual Values (%) Real Values L-Pseudo Values

CHS2 MCC Drug CHS2 MCC Drug CHS2 MCC Drug

A Axial 19.38 54.37 21.25 0.20 0.57 0.22 0.13 0.63 0.23

B Vertex 80.00 10.00 5.00 0.84 0.11 0.05 1.00 0.00 0.00

C Center edge 10.00 47.50 37.50 0.11 0.50 0.40 0.00 0.54 0.46

D Vertex 15.00 10.00 70.00 0.16 0.11 0.74 0.07 0.00 0.93

E Centroid 33.33 35.00 26.67 0.35 0.37 0.28 0.33 0.36 0.31

F Center edge 45.00 45.00 5.00 0.47 0.47 0.05 0.50 0.50 0.00

G # Vertex 10.00 80.00 5.00 0.11 0.84 0.05 0.00 1.00 0.00

H Axial 54.37 19.38 21.25 0.57 0.20 0.22 0.63 0.13 0.23

I Center edge 47.50 10.00 37.50 0.50 0.11 0.40 0.54 0.00 0.46
# This experimental batch was reproduced for testing lack of fit of the applied models.

Multiple linear regression analysis (backward elimination) based on Scheffé polynomial
(Equation (6)) was used to derive model equations between the component levels and the following
pellet properties: mean diameter, shape index, dissolution efficiency at pH 1.2, and drug release at pH
5.6 in 2 h and 8 h. The model includes linear and interaction terms.

Y = b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 (6)

Contour and trace plots were constructed from the regression equations. Contour plots show the
effect of composition on a property. Each component line of the trace plots describes the effect of that
component by moving along an imaginary straight path connecting the centroid of the experimental
design (intersection of the three lines in the plots) to the vertex of that component in the triangle.
This visualizes the effects of one single component while holding the ratio of the others constant.
p < 0.05 was the statistically significant level, and R2 and adjusted Radj2 indicate goodness of fit.

The derived regression equations were subsequently used to optimize formulations for good
sphericity (eR in the range of 0.3–0.51), maximum flowability, and fast or extended release. The criteria
for fast release were set as: maximum DE% and minimum td (time for 63.2% release, Weibull equation)
for release at pH 1.2, and, for extended release, they were set as: minimum DE% for release at pH 1.2,
which is less than 60% release in 2 h and a maximum after 8 h release at a pH of 5.6. Optimization
was applied for preset drug levels. The respective equations for minimization and maximization of a
response di were:

di = (Ymax − Yi)/(Ymax − Ymin) (7)

di = (Yi − Ymin)/(Ymax − Ymin) (8)

where di is the desirability function of a response ranging from 0 to 1, Ymin is the lowest measured
value, Ymax is the highest measured value, and Yi is any value. di = 0 if the response value is outside
the desired range and di = 1 if the response value is within the desired range. For minimization or
maximization, the di varies from 0 to 1. The overall desirability D (Equation (9)) denotes the geometric
mean of the individual desirability of n responses.

D = (d1 × d2 × d3 × . . . × dn)1/n (9)

Design Expert 8.0 (Stat-Ease, Minneapolis, MN, USA) was used to generate the experimental
design, for statistical analysis, to draw the contour and trace plots, and for numerical optimization.
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3. Results and Discussion

The effect of chitosan grade viscosity on the solubility of piroxicam in acidic pH 1.2 and deionized
water was initially examined to select the grade that prompted greater ‘apparent’ solubility. The term
‘apparent’ is used to distinguish from the thermodynamic equilibrium solubility.

3.1. PXC Solubility and Influence of Chitosan

Figure 2 presents the ‘apparent’ solubility of piroxicam in water at both acidic pH 1.2 and deionized
water (pH 5.6) measured in the presence of different CHS viscosity grades. In Figure 2a, the ‘apparent’
solubility of PXC at pH 1.2 (where CHS dissolves) was plotted against CHS concentration while the bars
in Figure 2b show ‘apparent’ solubility at pH 5.6 in the presence of suspended CHS. Due to its primarily
acidic character, PXC is more soluble in basic environments [35,36]. Its measured greater solubility in
CHS-free water at pH 1.2 than at pH 5.6 (0.10, Figure 2a, compared with 0.023 mg/mL, Figure 2a,b) is
attributed to its amphiphilic character that allows some ionization at pH 1.2 (protonation of -NH2)
but not at pH 5.6. From Figure 2a, it can be seen that, at pH 1.2, the ‘apparent’ solubility increased
remarkably from 0.10 mg/mL in CHS-free water to 0.165 mg/mL in the 0.01 w/w CHS solution. Thereafter,
the increase differed for each grade. For the low viscosity CHS1, it was small and reached 0.194 mg/mL
at the highest 0.1% w/w CHS while, for the medium CHS2 and high CHS3 viscosity grades, it increased
exponentially. It reached 0.238 and 0.222 mg/mL. Similarly, Figure 2b shows that the presence of CHS
as suspended polymer in deionized water also increased drug solubility, but, to a lesser extent than
pH 1.2, and the differences between the drug solubilities in the three CHS suspensions were small
(0.138, 0.157, and 0.150 mg/mL for CHS1, CHS2, and CHS3, respectively).

 
(a) (b) 

Figure 2. (a) Apparent solubility of piroxicam at pH 1.2 in the presence of increasing concentrations
of low (CHS1), medium (CHS2), and high viscosity (CHS3) chitosan grades (error bars are standard
deviations, n = 3). (b) Apparent solubility of piroxicam in deionized water (pH 5.6) in the presence of
100 mg chitosan suspended in 10 mL water.

The greater effect of CHS on ‘apparent’ drug solubility at pH 1.2 compared to pH 5.6 is attributed
to the solubility of CHS at pH 1.2 but not in deionized water (pH 5.6). At pH 5.6, polymer fibers sorb
water but do not dissolve, and, hence, only those drug molecules adsorbed onto fibers benefit from
wetting, which results in limited increased solubility. On the other hand, in the acidic environment,
the dissolved CHS chains form water-soluble units with the drug molecules attached to the chains,
which considerably increases ‘apparent’ drug solubility [46]. A possible explanation for the formation
of chitosan/drug water soluble units could be weak hydrogen bonding between hydroxyl groups
present in the chitosan with the hydroxyl of the protonated in the acidic pH zwitterionic tautomer of
piroxicam [47]. The greater drug solubility improvement shown by the high viscosity CHS grades may
be due to network formation of the CHS chains where the CHS-PXC water-soluble units are stabilized.
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The chains of low viscosity CHS are unable to form networks due to their mobility. Therefore, the CHS2
grade that prompted higher solubility was chosen to develop CHS/MCC/PXC pellets.

3.2. Technological Characteristics

3.2.1. Wetting Liquid Volume, Pellet Size, and Shape

The measured properties of the experimental materials are given in Table 2. From Table 2,
it can be seen that the experimental powders had similar median (d50) particle diameters for CHS2
21 μm, for PXC 11 μm, and MCC 31 μm, and similar pycnometric densities for CHS2 1.64 g/cc, MCC
1.69 g/cc, and PXC 1.58 g/cc. The similarity in particle diameters and densities favors good mixing and
homogeneous paste formation [48,49]. The moisture contents of the unprocessed materials fell within
the expected ranges.

Table 2. Properties of the unprocessed experimental materials.

Material
Moisture

Content (%)

Particle Density
(g/cc) #

Particle Size Distribution Parameters # (μm)

d10 d50 d90

CHS2 8.78 ± 0.71 1.64 ± 0.01 10.3 21.0 83.2

MCC 5.38 ± 0.22 1.69 ± 0.01 10.7 31.0 100.6

PXC 0.32± 0.01 1.58 ± 0.01 6.4 11.0 28.6
# d10, d50, and d90 diameters correspond to 10%, 50%, and 90% of the particle size distribution, respectively.

Table 3 presents the volumes of added liquid and the paste consistencies that,
after extrusion/spheronization, gave the highest sphericity for mini and conventional pellets with a
mean pellet diameter and shape indexes. Batches B, F, and H with high CHS2 (80%, 45%, and 54.37%)
showed high consumption. Although both CHS and MCC consist of fibrils in a sponge-like structure,
chitosan-rich pellets, e.g., batch B with 80% CHS2, consumed larger amounts of liquid than MCC-rich
pellets, e.g., batch G with 80% MCC (58.0 mL compared to 42.0 mL). However, the wet mass of batch B
had low plasto-elasticity, that separated under light pressure, and gave low sphericity pellets after
spheronization (eR 0.27 and 0.32 for the mini and conventional pellets, respectively, Table 3) with a large
proportion of small-sized pellets, as reflected by the low mean diameters (367 and 712 μm, Table 3).
This indicates that only part of the consumed liquid was used to form a mass suitable for extrusion,
with the remainder residing loosely in the interior [31]. Batch D with the highest drug content (70%)
gave a creamy paste despite a low consumption value (21 mL), which shows an inability to take up
liquid and form an extrudable paste. This was also indicated by the low pellet sphericity (eR 0.17 and
0.15 for mini and conventional pellets).

From Table 3, it can be seen that the mean diameters of the mini pellets were about half the value
of the conventional pellets (367 to 585 μm compared to 712 to 1206 μm), as expected. Batches B, F,
and H with high CHS2 content and greater liquid consumption gave smaller pellets than batches
A, C, and G with high MCC (mean diameters of 367, 411, and 384 μm when compared to 532, 516,
and 489 μm for the mini pellets, and 712, 984, 967 μm when compared to 1010, 1013, and 1021 μm
for the conventional pellets, respectively). The relationship between liquid consumption and pellet
diameter (not shown graphically) was linear and inversely proportional (R2 0.689 for the mini and
0.820 for the conventional pellets), which generally agrees with previous reports [26]. Mini pellets
were less spherical (eR range 0.15–0.44 compared to 0.16–0.51, Table 3), and this can be attributed to
the more efficient absorption of centrifugal and frictional forces exerted during spheronization by the
conventional pellets due to their larger size and mass.
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Table 3. Wetting liquid consumption, paste consistency, pellet size, and pellet shape of the experimental
mini and conventional pellet batches.

Batch
Code

Wetting
Liquid (mL)

Paste
Consistency

Mini Pellets Conventional Pellets

Mean Pellet
Diameter (μm)

Shape
Index eR

Mean Pellet
Diameter (μm)

Shape
Index eR

A 40.0 Good 532 0.44 1010 0.39

B 58.0 Fragile 367 0.27 712 0.31

C 29.0 Good 516 0.40 1013 0.41

D 21.0 Creamy 585 0.17 1206 0.15

E 41.0 Good 449 0.27 1001 0.51

F 52.0 Good 411 0.32 984 0.43

G 42.0 Plastic 429 0.34 1021 0.42

H 50.0 Good 384 0.28 967 0.40

I 42.0 Good 499 0.15 1002 0.16

3.2.2. Packing, Flowability, and Porosity

Table 4 presents pycnometric (Ps) and packing densities (bulk Pb and tap Pt), porosity (ε%),
Carr’s compressibility index (CC%), and flowability. Tap density expresses the extent while CC%
expresses the easiness of packing. The properties of the mini and conventional pellets were correlated
linearly (R2 for: Ps = 0.856, Pb = 0.818, Pt = 0.815, ε% = 0.939, and flowability of 0.619). Mini pellets
showed greater Pt values (from 0.67 to 0.87) compared to the conventional pellets (0.57 to 0.79), which is
attributed to their smaller size, and, therefore, smaller inter-particle voids less occupied volume.
Batches B and D with irregular pellet shape gave the lowest pt values. The parameter CC% presented
low values (<15%) for both mini and conventional pellets, which indicates good packing ability.

Table 4. Pycnometric densities, packing densities, packing index, porosity, and flowability of the
experimental mini and conventional pellets.

Batch
Code

Mini Pellets Conventional Pellets

Ps
(g/cc)

Pb
(g/cc)

Pt
(g/cc)

CC% ε%
Flowability

(g/s)
Ps

(g/cc)
Pb

(g/cc)
Pt

(g/cc)
CC% ε%

Flowability
(g/s)

A 1.469 0.76 0.87 12.50 10.14 2.65 1.436 0.68 0.76 10.00 12.13 1.90

B 1.470 0.58 0.65 10.81 6.53 2.26 1.489 0.51 0.58 11.48 5.35 1.63

C 1.556 0.72 0.80 9.52 4.29 2.37 1.594 0.65 0.70 6.94 1.97 1.74

D 1.572 0.60 0.68 12.07 0.31 1.93 1.574 0.53 0.61 13.43 0.20 1.41

E 1.476 0.71 0.82 13.16 8.19 2.32 1.516 0.66 0.75 11.59 5.75 1.95

F 1.434 0.69 0.80 13.04 11.48 2.58 1.421 0.73 0.77 4.84 12.30 2.24

G 1.460 0.79 0.86 8.47 12.45 2.81 1.433 0.72 0.79 9.72 14.10 1.99

H 1.452 0.69 0.74 6.78 8.47 2.14 1.455 0.64 0.75 14.66 8.27 1.81

I 1.514 0.61 0.67 8.20 3.89 1.78 1.526 0.51 0.57 11.94 3.08 1.40

Ps: pycnometric density. Pb: bulk density. Pt: tap density. CC: Carr’s compressibility index. ε: porosity. Standard
deviations for Ps < 0.015. Pb < 0.01. Pt < 0.01. CC% < 0.03 and for ε% < 0.83 (n = 3).

The porosity ranges of the mini and conventional pellets were similar (0.31–12.45% and 0.20–14.10%,
respectively). Batches B, E, and H with high CHS2 and up to 21.25% PXC showed low ε% (6.53%, 8.19%
and 8.47% for the mini and 5.35%, 5.75 and 8.27% for the conventional pellets), which implies a denser
structure that is attributed to the binder action of CHS [40]. However, while batches A, F, and G with
high MCC showed higher ε% values (10.14%, 11.48%, and 12.45% for mini pellets and 12.13%, 12.30%,
and 14.10% for conventional pellets), which is similar to those previously reported for MCC pellets [50].
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Batches C, D, and I with high PXC showed unusually low porosities (4.29%, 0.31%, and 3.89% for the
mini and 1.97%, 0.20%, and 3.08% for the conventional pellets).

Flowability depends on pellet size, shape, and orifice diameter. The 6-mm orifice was more
than six times larger than the diameter of the pellets (means of 452 μm and 992 μm for mini and
conventional, respectively, Table 3) and was selected to avoid blocking [51]. From Table 4, it can be seen
that the flowability of the mini pellets was considerably greater than conventional pellet flowability
(from 1.76 to 2.82 g/min when compared to the 1.35 to 1.99 g/min) despite their lower overall sphericity,
which is due to their smaller diameter and easier movement through the orifice.

3.2.3. Analysis of Mixture Design for the Effect of Composition on Pellet Size, Shape, and Flowability

Statistically significant model equations with fitting indices derived from the analysis of the
experimental design that describe the effects of composition on the pellet diameter, the shape,
and flowability for the mini and conventional pellets are presented in Table 5. In all cases there
was no lack of fit. Respective contour and trace plots are presented in Figures 3–5. The plots in Figure 3
show that increasing CHS2 decreased the mean pellet diameter for both mini and conventional pellets
while PXC caused a diameter increase and MCC had a minimal effect. The model equations were
linear (R2 0.837 and 0.742 for mini and conventional pellets respectively). The decrease observed at high
CHS2 content is associated with high wetting liquid consumption followed by shrinkage during drying.
The increase of the pellet diameter at high PXC is due to the irregular, elongated pellet shape (Figure 1b).

Table 5. Results of regression analysis of the experimental mixture design based on Scheffé
quadratic models.

Response
Significance of Terms (p-Values) Model Equation in Terms of Actual

Components
p-sign. R2 Radj

2

Linear Mixture X1X2 X1X3 X2X3

D50/mini 0.002 - - - +3.45X1 + 4.67X2 + 7.10X3 0.002 0.837 0.742

D50/conv. <0.001 0.004 0.058 0.006 +7.71X1 + 10.80X2 + 13.64X3 0.003 0.802 0.746

eR/mini 0.021 - - 0.010 +2.79 × 10−3X1 + 3.12 × 10−3X2 −4.82
× 10−3X3 + 1.44 × 10−4X2X3

0.010 0.832 0.748

eR/conv. 0.036 - - 0.120 +3.86 × 10−3X1 + 4.56 × 10−3X2 −7.37
× 10−4X3 + 1.21 × 10−4X2X3

0.042 0.721 0.581

Flowability/mini 0.015 0.273 0.163 - +0.023X1 + 0.027X2 + 0.023X3 + 1.826
× 10−4X1X2 − 2.815 × 10−4X1X3

0.033 0.838 0.708

Flowability/conv. <0.001 0.001 - - +0.013X1 + 0.019X2 + 0.013X3 + 3.518
× 10−4X1X2

<0.001 0.956 0.934

DE%/pH1.2/mini 0.298 - 0.012 - +0.22X1 + 0.72X2 + 0.26X3 +
0.03X1X3

0.042 0.722 0.582

DE%/pH1.2/conv. 0.004 0.172 0.001 - +0.07X1 + 0.72X2 + 0.44X3 + 5.61x10
− 3X1X2 + 0.02X1X3

0.002 0.945 0.902

DE%/pH5.6/mini <0.001 0.084 0.015 0.001
+0.70X1 + 0.47X2 + 0.57X3 +
5.70x10−3X1X2 − 0.01X1X3 −

0.02X2X3

0.001 0.983 0.962

DE%/pH5.6/conv. 0.042 - - 0.029 +0.16X1 +0.25X2 +0.71X3 −0.01X2X3 0.026 0.764 0.646

td/pH1.2/mini 0.543 0.072 0.009 - 1.44X1 + 0.702X2 + 1.188X3 −
0.025X1X2 − 0.054X1X3

0.039 0.825 0.685

td/pH1.2/conv. 0.069 - 0.042 - 1.079X1 + 0.439X2 + 0.676X3 −
0.030X1X3

0.044 0.717 0.576

td/pH5.6/mini 0.027 - 0.054 0.103 0.234X1 + 1.108X2 + 0.478X3 −
0.036X1X3 + 0.024X2X3

0.035 0.833 0.699

td/pH5.6/conv. <0.001 - <0.001 <0.001 0.084X1 + 0.6118X2 − 0.171X3 +
0.058X1X3 + 0.044X2X3

<0.001 0.979 0.963

%Released 2h/pH5.6 <0.001 0.016 0.002 0.817X1 + 0.513X2 + 0.570X3 −
0.01X1X3 − 0.02X2X3

<0.001 0.964 0.935

%Released 8h/pH5.6 0.002 0.029 - 0.002 0.737X1 + 0.790X2 + 0.747X3 +
0.013X1X2 − 0.025X2X3

0.002 0.953 0.916

X1: Chitosan. X2: Microcrystalline cellulose. X3: Drug. D50: median pellet diameter. eR: shape coefficient. DE%:
dissolution efficiency. td: parameter in the Weibull equation.
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Figure 3. Contour and trace plots of mean pellet diameters for (a) mini and (b) conventional pellets.

 

 

Figure 4. Contour and trace plots of the shape index eR for (a) mini and (b) conventional pellets.
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Figure 5. Contour and trace plots of flowability for (a) mini and (b) conventional pellets.

Considering the pellet shape, from the trace plots in Figure 4, it can be seen that sphericity was
adversely affected by PXC for both mini and conventional pellets. It was positively affected by MCC
while CHS2 had a small effect. The increased irregularity at high drug content is due to the lack of
sufficient excipients resulting in a creamy paste even at low volumes of added liquid (batch D, Table 3).
The regression model for both mini and conventional pellets was reduced quadratic (R2 0.885 and
0.901) with an interaction of the effects of MCC and PXC, i.e., at low MCC levels, the effect of drug
content was small but strongly negative at high MCC (Figure 4b). Furthermore, from Figure 5, it can be
seen that MCC had a positive effect, whereas the drug had a negative effect on flowability, which can
be explained by their respective effects on sphericity (Figure 4). The model describing the effects of
composition on flowability was reduced quadratic for both mini and conventional pellets (R2 0.838
and 0.956), which was indicated by curvilinear plots.

3.3. Physicochemical Evaluation

3.3.1. Raman Spectroscopy

Raman spectra provide information regarding interactions of drugs with excipients. In Figure 6,
the spectra of chitosan (CHS2), microcrystalline cellulose (MCC), piroxicam (PXC), and batches C,
l with 37.5% drug and low or high CHS/MCC ratio (10/47.5 and 47.5/10), respectively, are presented.
The CHS2 spectrum showed two small peaks at 119 cm−1 and 583 cm−1. The MCC spectrum showed
one small double peak at 1196/1120 cm−1. The PXC spectrum showed a large fingerprint region in the
range of 1090 to 1661 cm−1 (enclosed by vertical dotted lines), which is due to the complex patterns of
C–C, C–N, and aromatic ring vibrations [52]. The drug peaks at 1543 and 1570 cm−1 are due to ring
stretching and C=C symmetric stitching vibrations, respectively (indicated by arrows), are present in
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both C, I spectra and are characteristic of form II [53]. The spectra of both C and I showed the same
peaks in the fingerprint region as the drug spectrum, which indicates no polymorphic transformation
or interaction due to processing. Furthermore, peaks at 1007 and 1401 cm−1 that are characteristic of
the PXC monohydrate [35,53] are not seen in the spectra of drug or pellet batches, which indicates an
absence of the monohydrate drug.

 
 

 

Piroxicam  

Figure 6. Chemical structures and Raman spectra of microcrystalline cellulose (MCC), chitosan (CHS2),
unprocessed drug (PXC), and experimental batch I (CHS2 47.5%, MCCI 10%, PXC 37.5%).

3.3.2. Powder X-ray Diffraction (PXRD)

PXRD patterns provide detailed information about the crystallinity of the drug in the pellet
batches. Figure 7 presents the patterns of CHS2, MCC, and PXC powders, pellet batches B and G with
low 5% drug and high (80%) or low (10%) CHS2, and batches H and A with higher 21.25% drug and
high (54.37%) or low CHS2 (19.38%). The CHS2 pattern showed one small reflection at 10.9◦ 2θ and
one strong reflection at 20.0◦ 2θ, whereas the MCC pattern showed three reflections with one broad
between 15◦ and 16.5◦ 2θ, one strong at 22.3◦ 2θ, and one small at 34.2◦ 2θ.

The PXC pattern showed sharp reflections at 9.1◦ and 10.2◦ 2θ, four consecutive reflections between
15◦ and 17◦ 2-θ, and strong, sharp, reflections at 15.9◦, 26.1◦, and 27.1◦ 2θ. The strong reflection at 9.1◦
and the consecutive reflections at 26.1◦/27.1◦ 2θ confirm the presence of the anhydrous form, which is
in agreement with the Raman spectroscopy results. Additionally, from the PXRD pattern of PXC and
using the database of the International Center of Diffraction Data (ICDD 2003) [54], it can be inferred
that the form-II (44-1839 ICDD card) of the piroxicam structure is the major phase, while the form-I
(40-1982 ICDD card) is identified as the minor phase. More specifically, using the mass absorption
coefficient, the density, and the specific reflections of each form, it is estimated that form-II constitutes
69% w/w of the drug, while form-I is 31% w/w. From the patterns of the pellets shown in Figure 7,
it appears that the drug reflections at 9.1◦/10.2◦ and 26.1◦/27.1◦ 2θ are still discernible in the PXRDs
of batches G and B (though small due to the low drug content), and are clearly seen in the PXRDs of
batches A and H with higher drug content, which indicates the predominantly crystalline state of
the drug.
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Figure 7. PXRDs for unprocessed materials and batches B and G with 5% drug content, and batches A
and H with 21.25% drug content.

Crystallinity indices of the drug for the experimental pellet batches with 5% (B, G), 21.25% (A, H),
and 37.5% drug (C, I), and their corresponding physical mixtures are presented in Table 6. In all
cases, there is a loss of percentage in crystallinity due to processing, which is greater for the low drug
batches B and G (21.14–22.57% compared to 2.51–3.87% for A and H, and 2.54–3.98% for C and I). It is
documented that CHS2 is able to amorphize drugs processed by wet granulation [25]. (PVP is also an
amorphizer but, because it is included with a low content of 5%, its contribution is negligible [55]).
This effect should result from the dissolution of some drug content during wetting/extrusion, which is
subsequently converted to an amorphized form after drying. Since the effect of CHS on solubility at
a pH of 5.6 is independent of CHS content (Figure 1b), the amount of amorphized crystalline drug
should not differ between batches, which explains the greater percentage of crystallinity loss observed
in batches B and G with low drug content. Comparing batches with the same PXC content, it can be
seen that the differences in crystallinity loss are small, regardless of the CHS/MCC ratio.
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Table 6. Crystallinity index (CI%) of the drug in the experimental pellet batches and the corresponding
physical mixtures (PM). (Intensity of the drug at 25.8 2θ degrees 2132.55 a.u.).

Batch Code/Drug% CI% of Drug in PM CI% of Drug in Pellet Crystallinity Loss (%)

B/5 24.73 ± 0.31 19.15 ± 0.05 22.56 ± 0.09

G/5 21.62 ± 0.02 17.05 ± 0.18 21.14 ± 0.17

A/21.25 35.96 ± 0.21 34.57 ± 0.15 3.87 ± 0.42

H/21.25 33.84 ± 0.03 32.99 ± 0.04 2.51 ± 0.48

C/37.5 55.29 ± 0.18 53.09 ± 0.16 3.98 ± 0.26

I/37.5 58.21 ± 0.19 56.73 ± 0.21 2.54 ± 0.34

3.4. In-Vitro Release

In Figure 8, release profiles of mini and conventional pellets at two pH media (pH 1.2 and 5.6)
are presented together with data from MCC/PXC pellets without chitosan for comparison purposes.
Although the stay of the drug in the stomach delivered by conventional formulations is usually less
than 120 min., this time may increase considerably for the present pellet formulations due to the
muco-adhesive properties of chitosan [56]. For this reason, release studies of up to 500 min were
conducted since the release exceeded this period for some pellet batches. Representative images of
pellets before and after dissolution at pH 1.2 are shown in Figure 9 for batches A and C. Figure 10
presents images of all experimental batches before and after dissolution in deionized water (pH 5.6).
The dissolution efficiency (DE%) and similarity factors (f2) comparing drug release from mini and
conventional sized pellets at pH 1.2 and pH 5.6 are given in Table 7.

Figure 8. Release profiles of: (a) mini pellets at pH 1.2, (b) conventional pellets at pH 1.2, (c) mini
pellets at 5.6, and (d) conventional pellets at pH 5.6. Release of drug from pellets prepared without
chitosan (PXC/MCC) is also shown for comparison purposes.
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Batch Α 

Batch C 

Figure 9. Images of pellets from batches A and C before (left) and after (right) the dissolution test at pH 1.2.

 

 

 

Figure 10. Images of pellets from all experimental batches (a–i) (Table 1) collected and dried after
dissolution testing at pH 5.6 (Arrows indicate areas of disruption).
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Table 7. Dissolution efficiency (DE%) (mean ±SD, n = 3) and similarity factors (f2) comparing drug
release from mini and conventional pellets at pH 1.2 and 5.6.

Batch Code
DE% for Mini Pellets at:

DE% for Conventional
Pellets at:

Similarity Factor (f2)
Comparing Mini and

Conventional Pellets at:

pH 1.2 pH 5.6 pH 1.2 pH 5.6 pH 1.2 pH 5.6

A 67.56 ± 0.74 28.26 ± 0.17 69.48 ± 1.12 19.73 ± 0.39 77.90 51.93

B 38.85 ± 1.86 61.43 ± 1.52 30.44 ± 2.56 17.75 ± 1.89 44.44 37.00

C 44.87 ± 1.42 15.09 ± 1.05 58.53 ± 2.74 9.40 ± 1.14 50.83 61.14

D 64.46 ± 0.23 29.85 ± 0.68 70.16 ± 1.54 43.24 ± 0.27 62.07 53.94

E 70.70 ± 0.41 30.73 ± 0.37 71.01 ± 1.32 19.73 ± 0.84 49.30 47.75

F 43.78 ± 1.36 60.23 ± 1.89 52.44 ± 1.95 13.45 ± 1.07 52.48 31.74

G 60.64 ± 0.65 40.10 ± 0.41 66.85 ± 1.10 10.76 ± 0.31 69.82 45.43

H 70.41 ± 0.59 45.46 ± 1.24 67.03 ± 0.89 25.26 ± 0.27 41.26 35.77

I 71.84 ± 0.61 33.25 ± 1.18 73.05 ± 1.27 31.49 ± 0.02 53.02 65.12

Comparing Figure 8a with Figure 8c–d, it can be seen that release at pH 1.2 is generally faster than
at pH 5.6. This can be explained partly by the greater ‘apparent’ solubility of the drug at pH 1.2 than
at pH 5.6 in the presence of CHS2 (0.238 compared to 0.157 mg/mL, Figure 2), but mainly due to the
different state of the pellet matrix in the two pH media. Since CHS dissolves in pH 1.2 but not in pH
5.6, the pellet matrix dissolves and erodes during dissolution testing, in parallel to diffusion (Figure 9).
However, in deionized water, erosion occurs to a much lower extent (Figure 10). Additionally, from
Figure 8a–d, it can be seen that the pellet batch prepared with MCC/PXC only (black line open circles)
showed much lower release, which underlines the importance of chitosan as already reported for other
drugs [57].

From Figure 8a,b, it can be seen that, in six of nine cases, drug release at pH 1.2 completes within
3 h. Faster release was obtained from batches H and I with high CHS/medium or high drug (Table 1)
(60–70% within 30 min from mini and about 50% from conventional pellets. Together with batch E,
these batches also gave higher DE% values for both mini and conventional pellets (Table 7). Batches B
and F with high CHS/low PXC and batch C with low CHS/high PXC, respectively, showed the lowest
DE% (Table 7) and extended release. However, since erosion was involved (Figure 9), the extended
release observed was highly dependent on composition and difficult to control. For example, the curves
of batches B and C are located closer together than those of batches A and C (Figure 8a,b), despite the
greater similarity in compositions of the latter two (Table 1).

The plateaus in the curves in the 8 h dissolution-testing period corresponded to less than 100%
release, which may be partly ascribed to changes in solubility due to transformation into a hydrate
form of lower solubility during dissolution [35], but also to the continued slow release after 8 h. In fact,
measurements over a longer dissolution time showed that drug released (%) was still increasing and
reaching above 85% after 24 h for both mini and conventional pellets, with the exception of conventional
pellet batch B (70% release). For the purpose of this study, the end of the test period was considered to
be 8 h. The DE% values for the mini and conventional pellets were linearly correlated (R2 = 0.880)
and differences between their release profiles were small. Only batches B and H had similarity factors
f2 < 50. These contained high CHS (80% and 54.37%, Table 1). Therefore, gel formation, diffusional
release, and pellet size had higher significance than for other batches [30].

From Figure 8c,d, it can be seen that, at pH 5.6, the profiles of the mini pellets differed greatly
from the conventional pellet profiles with the latter displaying much slower release (<50% after 8 h),
which precludes practical use. From the values of the similarity factors f2 in Table 7, it appears that only
batches A, C, D, and I showed similarity between mini and conventional pellets (f2 > 50). These batches
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all had high PXC content (37.5% or 70%) and exhibited erosion after dissolution testing (Figure 10),
which alters the diffusional release. Figure 8c shows that the release curves of the mini pellets fall into
three groups where: one group has a faster release (over 80% in 8 h) and comprises batches B and
F, with high CSH2/PXC ratios of 16.0 and 9.0, respectively; a second group comprises batches G and
H with CSH2/PXC ratios of 2.0 and 2.5 and releases 70–80% after 8 h; a the third group comprises
batches A, D, E, and I with CSH2/PXC ratios of 0.91, 0.21, 1.25, and 1.27, respectively, showing low
release between 50% and 60%. Batch C that had a CSH2/PXC ratio of 0.27, showed poor release.
The latter five batches with reduced or poor release exhibited erosion and loss of matrix integrity
after testing (Figure 10), which altered the beneficial release effect. On the other hand, batches B, F, G,
and H of mini pellets, which did not disintegrate, showed good extended release over 8 h. Of these,
batches B, F, and G also gave extended release at pH 1.2 and, therefore, appear to be promising
extended-release formulations.

From the above, it appears that, when the CSH2/PXC ratio was ≥2, the pellet matrix retains the
characteristics of the chitosan network, which results in extended and complete release after 8 h.

Table 5 shows statistically significant model equations derived from regression analysis of the
experimental design describing the effect of composition on the dissolution efficiency (DE%) at pH 1.2
for mini and conventional pellets. The respective contour and trace plots are presented in Figure 11.
From the contour plots, it appears that, at pH 1.2, greater DE% is obtained for intermediate levels of
the three components, and the trace plots show clearly that CHS exerts the greatest effect. Statistically
significant model equations for the effect of composition on DE% at pH 5.6 for mini and conventional
pellets are also given in Table 5, with their respective contour and trace plots in Figure 12. It can be seen
that, contrary to the effect of CHS2 at pH 1.2, at pH 5.6, greater DE% is obtained for the mini pellets at
high CHS and low drug content and that these two components had the greatest effect (Figure 12).
The conventional pellets showed very low DE% (values 9.40% to 31.49%, Table 7), which indicates
poor release. The trace plots in Figure 12 show that for the conventional pellets at pH 5.6 the drug
component had the greater effect on the release.

 

 

Figure 11. Contour and trace plots of dissolution efficiency for (a) mini and (b) conventional pellets at pH 1.2.
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Figure 12. Contour and trace plots of dissolution efficiency for (a) mini and (b) conventional pellets at pH 5.6.

In-Vitro Release Mechanisms

Further elucidation of the release mechanisms is provided by examining the values of the ‘b’
parameter from the Weibull model, as presented in Table 8 for release at pH 1.2 and pH 5.6 for mini
and conventional pellets. The generally high R2 values of the non-linear regressions indicate good
model fitting. Considering the release times recorded at pH 1.2, it can be seen from Table 8 that, for the
mini pellet batches A, B, C and G and the conventional pellet batches A, E, F, G, H, and I, the parameter
‘b’ is >1.0. This indicates a sigmoidal curve, i.e., a small initial increase up to the infection point
(not visible in the curves since it occurs within in the first 15 min) and followed thereafter by an increase
asymptotically to maximum.

Concerning release from the mini pellet batches at pH 5.6, the data in Table 8 show that, with the
exception of batches G and D, ‘b’ parameter values ranged between 0.69 and 0.75, which indicates
normal (Fickian) diffusion. Batch G presented b = 0.63, which indicates release by diffusion in a
disordered matrix structure. This may be attributed to the high MCC or low CHS2 (10%) resulting in a
non-homogenous structure and possible existence of ‘dry’ regions inside the gel during dissolution.
Batch D showed b = 0.76, which indicates Fickian diffusion enhanced by a further release mechanism.
This may be attributed to the high drug content and erosion during dissolution (Figure 10d). Regarding
release at pH 5.6 for the conventional pellets, it can be seen from Table 8 that the ‘b’ values varied
between 0.69 and 0.96, which implies operation of normal or combined diffusion. However, because less
than 50% of the drug was released in the 8-h test period, a detailed analysis of the mechanisms involved
would be unreliable and of limited value.
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Table 8. Weibull equation parameters (mean ±SD, n = 3) for the dissolution of mini and conventional
pellets at pH 1.2 and 5.6.

Batch
Code

Parameters at pH 1.2 Parameters at pH 5.6

Mini Pellets Conventional Pellets Mini Pellets Conventional Pellets

b # td R2 b td R2 b td R2 b td R2

A 1.16 40.3 ± 1.7 0.996 1.14 36.8 ± 1.5 0.993 0.73 116.2 ± 1.9 0.969 0.71 107.1 ± 1.2 0.990

B 1.05 81.3 ± 1.1 0.988 0.78 83.4 ± 2.6 0.982 0.69 42.3 ± 1.2 0.879 0.67 32.2 ± 0.7 0.968

C 1.15 79.2 ± 0.6 0.992 0.96 69.7 ± 1.9 0.985 0.70 121.1 ± 2.6 0.980 0.85 120.6 ± 1.9 0.992

D 0.74 26.9 ± 2.3 0.912 0.74 26.9 ± 2.9 0.912 0.76 105.9 ± 1.8 0.938 0.79 88.2 ± 2.1 0.994

E 0.96 26.9 ± 1.4 0.997 1.36 42.7 ± 3.5 0.981 0.75 127.9 ± 1.7 0.931 0.70 114.4 ± 1.7 0.963

F 0.69 41.9 ± 2.5 0.973 1.10 55.8 ± 2.7 0.987 0.74 73.8 ± 0.9 0.915 0.76 59.2 ± 1.1 0.956

G 1.12 56.1 ± 3.2 0.987 1.10 51.0 ± 2.3 0.989 0.63 111.2 ± 1.4 0.838 0.79 64.6 ± 0.3 0.972

H 0.70 18.7 ± 1.3 0.921 0.99 55.6 ± 2.3 0.991 0.69 112.2 ± 1.8 0.935 0.78 104.3 ± 1.3 0.970

I 0.81 19.5 ± 2.1 0.981 1.18 33.1 ± 1.8 0.981 0.69 96.1 ± 1.4 0.962 0.96 118.2 ± 1.8 0.991
# For parameter b, SD < 0.01.

3.5. Optimization of Formulations

The numerical optimization was based on the modulation of the parameters eR (>0.30) and
flowability (maximize) for optimal technological properties and release as follows. For fast release in
pH 1.2 solution, the DE% was maximized and the td was minimized. For extended release, DE% in
pH 1.2 was minimized. Release within 2 h in pH 5.6 was set to 60%, and release within 8 h at pH 5.6
was maximized. As seen from the regression analysis results in Table 5, the above parameters were
described by statistically significant models with high values of fitting indices. Therefore, reliable
prediction and optimization of the formulations with optimal technological performance and fast
or extended release can be computed. The results of the numerical optimization are presented in
Table 9 as desirability values for fast (A) and extended release (B). Due to the poor release from the
conventional size pellets at pH 5.6, optimization is presented only for release at pH 1.2.
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Table 9. Desirability values as computed by numerical optimization for fast (A) and extended release
(B) pellets (Criteria for eR, Flowability, DE%, and td are described in the text. Drug content was set to
target levels shown in the fourth column).

A. Numerical Optimization Solutions for Instant Release

Pellet Size CHS2 MCC Drug eR Flowability DE% td (pH 1.2) Desirability

Mini Pellets

10.55 79.45 5.0 0.33 2.70 63.97 47.94 0.925

25.84 59.16 10.0 0.34 2.53 58.51 36.77 0.914

35.04 44.96 15.0 0.33 2.40 64.30 32.39 0.925

37.71 37.29 20.0 0.32 2.32 70.44 30.06 0.934

36.34 33.66 25.0 0.32 2.27 74.57 28.91 0.932

36.35 28.65 30.0 0.30 2.21 77.36 26.25 0.926

32.14 27.86 35.0 0.30 2.18 77.60 28.12 0.919

27.74 27.26 40.0 0.30 2.15 75.72 32.11 0.909

Conventional

46.81 43.19 5.0 0.40 1.95 54.33 52.51 0.889

43.41 41.59 10.0 0.40 1.92 59.17 50.24 0.902

39.24 40.76 15.0 0.40 1.88 63.37 48.28 0.910

34.75 40.25 20.0 0.40 1.85 66.55 47.12 0.914

30.10 39.90 25.0 0.40 1.81 68.57 46.94 0.912

31.80 33.20 30.0 0.37 1.75 70.54 44.38 0.909

32.91 27.09 35.0 0.34 1.68 72.69 41.08 0.904

28.45 26.55 40.0 0.33 1.65 73.05 40.73 0.897

B. Numerical Optimization Solutions for Extended Release
Criteria: Shape index > 0.30. Flowability maximize. DE% at pH 1.2 maximize. Release in pH 5.6 in less than 2 h.

Release in 5.6 at 8 h more than 70%. Drug content set to different target levels (column 4).

Mini Pellets

CHS2 MCC Drug eR Flowability DE%
Release

(2 h)
Release

(8 h)
Desirability

46.02 43.98 5.0 0.30 1.71 49.9 60.0 93.3 0.857

47.32 37.68 10.0 0.33 1.61 54.0 53.1 85.4 0.726

Considering optimization at pH 1.2 for different preset drug levels, it can be seen that high
values of desirability function above 0.919 (in a scale 0 to 1) were obtained for drug levels up to 40%.
These represented pellets with acceptable shape (eR > 0.30) and flowability (>2.15 g/min) that released
drugs with dissolution efficiency between 63.97% and 77.60% for mini pellets and 54.33% to 73.05%
for conventional pellets within a time-scale of 28.12 to 47.94 min and 40.73 to 52.51 min, respectively.
Considering optimization at pH 5.6, it can be seen that good values of desirability function of 0.857 and
0.726 were obtained for pellet formulations with 5% or 10% drug content, with CHS2%/MCC%/PXC%
compositions of 46.0/43.98/5.0 and 47.3/37.7/10.0, respectively (the analysis did not give meaningful
results for drug levels exceeding 10%). These showed DE% values of less than 49.9% and 54% at pH
1.2 and pH 5.6, respectively, and released less than 60% and 53.1% within 2 h, and 93.3% and 85.4%
after 8 h. Therefore, these formulations could be considered suitable for the further development of
extended-release chitosan pellets of a poorly soluble non-interacting drug.

4. Conclusions

Medium viscosity chitosan grade prompted greater ‘apparent’ solubility improvement of piroxicam
in both pH 1.2 and deionized water. However, due to the coherent gel consistency, drug release
from conventional-sized pellets obtained with a 1-mm extrusion screen was extremely slow and
excluded any possibility for practical use. On the contrary, use of mini pellets obtained with a 0.5 mm
extrusion screen gave complete and extended release in deionized water following Fickian diffusion,
as indicated by analysis of 8-h release data, according to the Weibull kinetic model. Batches of mini
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pellets prepared with a chitosan/microcrystalline cellulose ratio ≥2 and drug content up to 21.25%
showed the best extended release that was nearly complete after 8 h and could be potentially used for
further development. Optimization of the results of technological properties and drug release pointed
out optimal formulations for fast-release mini pellets with CHS between 10.55% and 37.71%, MCC
between 27.26% and 79.45%, and drugs up to 40%. For extended release, the optimal formulations
were mini pellets with 5% drug, CHS2 = 46.02% and MCC% = 43.98%, and mini pellets with 10% drug,
CHS2 = 47.32%, and MCC = 37.68%.
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Abstract: Contact lenses are widely prescribed for vision correction, and as such they are an
attractive platform for drug delivery to the anterior segment of the eye. This manuscript explores a
novel strategy to drive the reversible adsorption of peptide-based therapeutics using commercially
available contact lenses. To accomplish this, thermo-sensitive elastin-like polypeptides (ELPs) alone
or tagged with a candidate ocular therapeutic were characterized. For the first time, this manuscript
demonstrates that Proclear CompatiblesTM contact lenses are a suitable platform for ELP adsorption.
Two rhodamine-labelled ELPs, V96 (thermo-sensitive) and S96 (thermo-insensitive), were employed to
test temperature-dependent association to the contact lenses. During long-term release into solution,
ELP coacervation significantly modulated the release profile whereby more than 80% of loaded V96
retained with a terminal half-life of ~4 months, which was only 1–4 days under solubilizing conditions.
A selected ocular therapeutic candidate lacritin-V96 fusion (LV96), either free or lens-bound LV96,
was successfully transferred to HCE-T cells. These data suggest that ELPs may be useful to control
loading or release from certain formulations of contact lenses and present a potential for this platform
to deliver a biologically active peptide to the ocular surface via contact lenses.

Keywords: elastin-like polypeptide (ELPs); contact lens; lacritin; protein therapeutics; drug delivery

1. Introduction

As growth factors and peptides derived from the tear proteome are explored as novel therapies
for the anterior segment [1], it may be worthwhile to explore new drug delivery platforms that can be
integrated with contact lenses [2]. New platforms may benefit from being biocompatible, biodegradable,
and compatible with existing medical devices [3]. One such platform explored by our group and
others are the elastin-like polypeptides (ELPs) [4]. ELPs are composed of repeated pentameric peptides,
(Val-Pro-Gly-Xaa-Gly)n. They reversibly phase separate from aqueous solution above a transition
temperature (Tt) which can be tuned by adjusting the identity of a guest amino acid (Xaa) and the
length (n) [5]. Like parent ELPs, ELP fusion proteins ‘coacervate’ above Tt; furthermore, this assembly
process can functionalize pharmacologically drug carriers [6] or imaging probes [7]. Our group
previously demonstrated the encapsulation [8] and fusion [9] ability of thermo-responsive elastin-like
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polypeptides (ELPs) carrying either small molecules or protein treatments to ocular tissue. Now, this
manuscript reports the surprising discovery that ELPs significantly attach and dramatically extend
release from a commercially available contact lens, Proclear CompatiblesTM. Using this discovery, two
hypotheses were tested: 1) coacervation enhances attachment and slows the detachment of ELPs to
and from contact lens; 2) ELP fusions with a biologically active peptide can transfer proteins from
the lens to a cell-culture model of the corneal epithelium. By involving two types of ELPs, V96
(thermo-sensitive) and S96 (thermo-insensitive), the data show that the attachment and release of ELPs
to contact lenses is both ELP and incubation temperature dependent. As a proof of the concept that
ELPs can deliver a fusion protein, we modified the lens with a prosecretory mitogenic fusion called
LV96 and demonstrated that the proximity between the LV96 on the contact lens enhances transfer to
cultured human corneal epithelial cells.

2. Materials and Methods

2.1. Synthesis, Expression and Purification of ELPs

cDNAs encoding either ELPs V96, S96, or LV96 were cloned into the pET-25b(+) vector that was
originally purchased from Novagen (#69753, Madison, WI, USA) and further modified for ELP or ELP
fusion cloning [10]. The cloned constructs were sequenced, transformed into and expressed in BLR(DE3)
competent Escherichia Coli (E. Coli) (#69053, Novagen, Madison, WI, USA). For V96 and S96, both were
fermented in terrific broth media for 16–18 h at 37 ◦C without isopropyl β-D-1-thiogalactopyranoside
(IPTG). For LV96, it was fermented in terrific broth media for 4 h at 37 ◦C followed by 0.5 mM IPTG
induction. The temperature was immediately decreased to 25–30 ◦C and it was fermented for another
5–6 h. For all ELPs, the supernatant was subjected to ELP-mediated phase separation in 2 M sodium
chloride at 37 ◦C after bacterial cell lysis and clarification of cell debris by centrifugation. Coacervates
were immediately pelleted after the phase separation was observed (hot-spin). After centrifugation,
soluble impurities (supernatant) were removed and coacervates (pellet) were resolubilized in clean
ice-cold phosphate buffered saline (PBS). Thoroughly resolubilized ELPs were centrifuged to remove
any insoluble impurities (cold-spin). After the cold-spin, the supernatant was transferred to a clean
tube. Cycles of hot-spin followed by cold-spin were repeated 3 times to achieve the necessary purity.
LV96 was further subjected to size exclusion chromatography to remove the cleaved byproduct.

2.2. ELPs Inverse Phase Transition Characterization

The Tt-concentration phase diagrams for rhodamine-labeled ELPs or ELP fusion proteins
were characterized by optical density observation at 350 nm (OD 350nm) using a DU800 UV–Vis
spectrophotometer (Beckman Coulter, CA, USA) as a function of solution temperature. Different
concentrations of ELPs (5, 10, 25, 50, and 100 μM) were heated at 1 ◦C/min from 10 to 85 ◦C and OD
350 nm was recorded every 0.3 ◦C. Tt was defined at the point of the maximum first derivative. The Tt

from each concentration was used to plot the phase diagram and fit with Equation 1.

Tt = b−m log10[CELP] (1)

2.3. Rhodamine Labeling of V96, S96 and LV96, and Decoration of Proclear CompatiblesTM Contact Lenses

ELPs were covalently modified with N-hydroxysuccinimide (NHS)-Rhodamine (Thermo Fisher
Scientific Inc, Rockford, IL, USA). The conjugation was performed in 100 mM borate buffer (pH 8.5)
overnight at 4 ◦C to covalently conjugate amine reactive NHS-esters to the primary amine at the ELP
amino terminus. Excess fluorophore was removed using a desalting PD-10 column (GE Healthcare,
Piscataway, NJ, USA) and overnight dialysis against PBS at 4 ◦C. For the initial screening study,
contact lenses were either incubated with 50 μM labeled ELPs overnight at 37 ◦C in a 24-well plate or
spot-decorated with concentrated, labeled ELPs using a 20-μL pipette at 37 ◦C. Proclear CompatiblesTM

contact lenses (CooperVision, Inc., Lake Forest, CA, USA) were incubated in 100 μM rhodamine-labeled
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V96 or S96 for 48 h at 4 or 37 ◦C. After a gentle rinse with ddH2O at 4 or 37 ◦C, contact lenses were
immediately imaged using Zeiss 510 confocal laser scanning microscopy (Carl Zeiss AG, Oberkochen,
Germany), respectively at 37 or at 4 ◦C, and quantified using ImageJ. Decoration of LV96 onto contact
lenses in a ring shape was achieved by overnight incubation of 50 μM rhodamine-labeled LV96 with
Proclear CompatiblesTM contact lens at 37 ◦C followed by washing off LV96 attached at the center of
the lens using ice-cold PBS and pipetting out.

2.4. Characterization of Release Kinetics of ELPs from Proclear CompatiblesTM Contact Lenses

Contact lenses were incubated in 100 μM rhodamine-labeled V96 or S96 for 24 h at 4 ◦C or 37 ◦C.
After one gentle rinse with PBS at 4 or 37 ◦C, contact lenses were immediately placed into 4 mL of PBS
at 4 or 37 ◦C for 1 week. Small aliquots of the solution (100 μL) were withdrawn at predetermined
intervals (5, 15, 30 min, 1, 2, 4, 8, 24, 48, 72, 96, 120, 168 h) and kept at −20 ◦C. After one week, lenses
were thoroughly washed in PBS at 4 ◦C for 24 h to detach ELPs. Fluorescence intensity of collected
samples was measured spectrophotometrically (Ex: 525 nm, Em: 575 nm) using a Synergy™ H1m
Monochromator-Based Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA)
and analyzed using built-in Gen5 2.01 Data Analysis Software (BioTek). Total fluorescence on the lens
was calculated using Equation 2. Since the measurement of the contact lens-bound fraction at each
time point was distorted due to the convex shape of the contact lenses, the percent of retention on
the lens was defined at each time point using Equation 3. Using GraphPad Prism (Prism Software,
Irvine, CA, USA), these retention data failed to fit one-phase dissociation model; however, a two-phase
dissociation model (Equation 4) fit well to the observed profiles. Goodness of fit and predicted values
are reported.

Total Irhodamine = Irelease_Total + Iwash_Total (2)

Retention(t) =
Total Irhodamine −∑t

t=0 Irelease_t

Total Irhodamine
× 100% (3)

Retention(t) = Percent f ast e−k f astt +
(
100− Percent f ast

)
e−kslowt (4)

AUC0−In f inity = AUC0−168h + %last/kslow (5)

2.5. Human Corneal Epithelial Cells-Transformed with SV40 (HCE-T) Uptake Study

HCE-T cellular uptake was conducted on 35-mm glass coverslip-bottomed dishes. Briefly, HCE-T
cells were grown to 70–80% confluence and gently rinsed with warm fresh medium before changing
to fresh media containing either rhodamine-labeled lacritin (10 μM, protein concentration), LV96
(10 μM) or contact lenses loaded with rhodamine-labeled LV96. After incubation at 37 ◦C for 1 h,
cells were rinsed with fresh media, incubated with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min
to stain nuclei, and then imaged using a Zeiss 510 confocal microscope system (Carl Zeiss AG,
Oberkochen, Germany) with quantification by ImageJ (National Institutes of Health, Bethesda, MD,
USA). To evaluate the transfer of contact lens-bound LV96 to the monolayer of HCE-T cells, images
from different zones were directly obtained at the edge of the lens where the highest likelihood of
direct contact between the lens and the monolayer occurred.

2.6. Statistical Analysis

All experiments were repeated at least three times. Statistical analysis was performed by Student’s
t-test or one-way ANOVA followed by Tukey’s post-hoc test using statistical software IBM SPSS Statistics
v21 (IBM Corp., Armonk, NY, USA). A p value of less than 0.05 was considered statistically significant.
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3. Results

3.1. Expression and Purification of ELPs

All ELPs involved in this study, V96, S96, and LV96, were heterologously expressed from a
seamlessly cloned synthetic gene in E. coli (Table 1). Purification was done via inverse transition
cycling [10], which is a non-chromatographic purification method that utilizes ELP-mediated
phase separation from clarified bacterial lysates supplemented with 1~2 M NaCl to induce phase
separation [11]. The final material after purification yielded ~90 mg/L of V96, ~40 mg/L of S96,
and ~10 mg/L of LV96 with> 98% purity, as verified by SDS-PAGE (Figure 1A). The precise determination
of molecular weight by MALDI-TOF for V96, S96, and LV96 was reported previously [10,12].
To determine the Tt of ELPs, optical density at 350 nm over a range of temperatures was measured
(Figure 1B). All ELPs tested showed a negative correlation between the Tt and the ELP concentration [13],
and the phase diagram was fit by Equation 1 (Table 1).

Table 1. Summary of the elastin-like polypeptides (ELPs) involved in this study.

Label
Amino Acid
Composition

*MW (kDa)
Tt (◦C) at

25 μM

Phase Diagram

Slope, m
[◦C/log10(μM)]

y-intercept,
b [◦C]

S96 G(VPGSG)96Y 38.4 57.6 −1.669 59.31
V96 G(VPGVG)96Y 39.5 31.6 −3.252 36.06

LV96 **Lacritin-G(VPGVG)96Y 52.3 26.8 −1.192 28.56

*MW determined by MALDI-TOF analysis. **Lacritin (12.7 kDa) amino acid sequence:
EDASSDSTGADPAQEAGTSKPNEEISGPAEPASPPETTTTAQETSAAAVQGTAKVTSSRQELNPLKSIVEKSILLTE
QALAKAGKGMHGGVPGGKQFIENGSEFAQKLLKKFSLLKPWA.

 

A B
kDa

150

100
75

50

37

25

20

LV
96

V9
6

S9
6

kDa

150

100

75

50

37

25
20

Figure 1. The purity, size, and temperature-dependent phase behavior of V96, S96, and LV96 evaluated
for this study. (A) Identity and purity of V96, S96 and LV96 were analyzed by SDS-PAGE using
Coomassie blue staining. (B) The phase transition temperature was plotted vs. concentration as a phase
diagram, below which ELPs remains soluble, and fit with Equation 1. Solid line: Fit; Dashed line: 95%
confidence interval of mean.

3.2. ELPs Display Differential Attachment to Commercially Available Contact Lenses

Discovery of ELPs’ attachment to contact lenses came from a quick screen of four commonly
marketed contact lenses, including Acuvue Oasys®, Acuvue Advance Plus®, Dailies AquaComfort
PlusTM and Proclear CompatiblesTM (Table 2). Surprisingly, rhodamine-labeled V96 selectively attached
to Proclear CompatiblesTM contact lenses at 37 ◦C after overnight incubation in PBS solution. This
attachment remained stable at 37 ◦C in PBS solution for more than 24 h (Figure 2A). Motivated by
the rationale that the delivery system itself should not scatter light within the central visual field,
we investigated whether it was possible to arrange the ELP only around the periphery of the contact
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lens using a cold wash. Interestingly, by controlling the location of cold washing and warm spotting,
the final deposition pattern on the lens could be controlled (Figure 2B).

Table 2. Summary of the contact lenses involved in this study.

Brand Name Manufacturer Polymer Monomer ELP Attachment

Proclear
CompatiblesTM CooperVision Omafilcon A pHEMA/PC +

Dailies
AquaComfort

PlusTM
CIBA Vision Nelfilcon A HPMC/PEG/PVA −

Acuvue Oasys® Johnson & Johnson Senofilcon A

pHEMA + DMA +
mPDMS + siloxane

macromer +
TEGDMA + PVP

−

Acuvue Advanced
Plus® Johnson & Johnson Galyfilcon A

pHEMA + DMA +
mPDMS + siloxane

macromer +
EGDMA + PVP

−

pHEMA: poly(hydroxyethyl methacrylate); HPMC: Hydroxypropyl methylcellulose; PC: phosphorylcholine;
mPDMS: monofunctional poly(dimethylsiloxane); DMA: N,N-dimethylacrylamide; EGDMA: ethyleneglycol
dimethacrylate; TEGDMA: tetraethyleneglycol dimethacrylate; PVP: poly(vinyl pyrrolidone); PVA: poly(vinyl
alcohol); PEG: poly(ethylene glycol).

 

Label buffer

Wash buffer 

V96 loaded
Contact lens in 
PBS after wash

1 2 3 4A

B
Immersion Cold Wash Warm spotted

Figure 2. ELP selectively phase separate onto Proclear compatiblesTM contact lens. (A) Among four
types of contact lenses tested, rhodamine-labeled V96 preferentially phase separated onto Proclear
compatiblesTM contact lens. 1: Proclear compatiblesTM; 2: Dailies AquaComfort PlusTM; 3: Acuvue
OASYS®; 4: Acuvue Advance Plus®. Label buffer: 50 μM rhodamine-labeled V96 in PBS; Wash buffer:
ddH2O used for gentle wash after contact lens incubation with label buffer. White circles: each well
in 12-well plate; yellow circles: contact lens in the well. (B) Different spatial deposition patterns for
rhodamine-labelled V96 on Proclear compatiblesTM contact lens were evaluated. The entire lens can be
labeled during complete immersion in a warm solution (immersion), the central field can be depleted
by a cold PBS wash (cold wash), or individual positions can be labeled by warm pipet spotting. Upper:
white light; lower: fluorescence.
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3.3. ELP-Mediated Phase Separation Enhances Attachment to Proclear CompatiblesTM

To test whether V96 attachment is due to coacervation of V96 at 37 ◦C, lenses were visualized
following overnight V96 incubation at 37 ◦C (above Tt) or 4 ◦C (below Tt). There was a striking and
significant difference in V96 deposition in response to coacervation (Figure 3A). Contact lenses were
then incubated with V96 at 37 ◦C overnight and cut into halves. The first half was incubated at 4 ◦C and
the second half was incubated at 37 ◦C. Incubation at 4 ◦C resulted in rapid dissociation of V96, whereas
V96 was retained at 37 ◦C (Figure 3B). To test the effects of Tt and incubation temperature on ELPs’
affinity to contact lenses, V96 (Tt = 29.6 ◦C, 100 μM, Equation 1) was compared to a heat-insensitive
control S96 (Tt = 60.0 ◦C, 100 μM, Equation 1). After 24 h incubation, total attachment of V96 at 37 ◦C
was about 5-fold higher than that of S96 at 37 ◦C; and 59-fold higher than that of V96 at 4 ◦C and 8-fold
higher than that of S96 at 4 ◦C (Figure 3C,D). The contact lens association with S96 at 37 ◦C, V96 at
4 ◦C, and S96 at 4 ◦C did not differ significantly from each other (p > 0.50). The difference in contact
lens association between V96 and S96 at 37 ◦C was confirmed using confocal microscopy (Figure 3E).
Heat-insensitive S96 washed away immediately prior to imaging. However, V96 coacervates decorated
the lens uniformly, even after 3 days of incubation at 37 ◦C (Figure 3E). Although the specific biophysical
interactions between ELPs and contact lenses remains to be explored, the ProClear lens composition
(Table 2) clearly demonstrated both a non-specific association with S96 and a coacervate-dependent
association with V96 when incubated above its transition temperature.
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Figure 3. Coacervation of a temperature-responsive ELP enhances loading onto Proclear CompatiblesTM

contact lenses. (A) Contact lenses were loaded overnight at 4 or 37 ◦C with rhodamine-labeled V96
(100 μM) and imaged side by side using confocal microscopy. Each lens’ location is depicted by yellow
lines upon the differential interference contrast (DIC) channel. (B) A contact lens loaded with V96
(100 μM) at 37 ◦C was cut into halves and incubated at 4 or 37 ◦C in ddH2O overnight. Side-by-side
confocal microscopy shows that the half incubated at 37 ◦C retains most of the V96 label. (C) Shown
are representative pictures of lenses loaded with rhodamine-labeled V96 or S96 at 37 or 4 ◦C for 24 h
and washed. (D) Total fluorescence intensity associated with lenses loaded overnight with V96 or
S96 at different incubation temperature. Mean ± SD, N = 3, ****p < 0.0001. Significant differences
between: V96_37 ◦C vs. V96_4 ◦C (p = 0.00004); V96_37 ◦C vs. S96_37 ◦C (p = 0.0002); V96_37 ◦C
vs. S96_4 ◦C (p = 0.00009). (E) Confocal microscopy was used to observe lenses incubated overnight
with rhodamine-labeled S96 and V96 at 37 ◦C and gently washed. Even after 3 days at 37 ◦C, the V96
remained associated with the lens. Scale bar: 50 μm.

3.4. Coacervation Prolongs the Retention of ELPs on Proclear CompatiblesTM Contact Lenses

Having demonstrated that ELP phase separation enhances loading of V96, the retention of ELPs
was explored following washing. Five groups were evaluated for the retention of rhodamine-labeled
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ELPs and lenses: group 1) load V96 at 37 ◦C and retention at 37 ◦C (V96_37 ◦C→ 37 ◦C); group 2) load
V96 at 37 ◦C and retention at 4 ◦C (V96_37 ◦C→ 4 ◦C); group 3) load V96 at 4 ◦C and retention at 4 ◦C
(V96_4 ◦C→ 4◦C); group 4) load S96 at 37 ◦C and retention at 37 ◦C (S96_37 ◦C→ 37 ◦C); group 5)
load S96 at 4 ◦C and retention at 4 ◦C (S96_4 ◦C→ 4 ◦C). After one week of lens retention testing in
PBS, group 1 (V96_37 ◦C→ 37 ◦C) retained ~ 80% of the initial fluorescence, that was mostly lost from
all others (Figure 4A,B). Groups 3, 4, and 5 showed similar retention profiles, while group 2 lost ~
75% of initial signal during the first 24 h. When both incubation and retention temperatures were
below Tt, little difference was observed in either total fluorescence loaded (Figure 3D) or retention
(groups 3, 4, and 5). The relationship between ELP retention and coacervation is most evident by
comparison of groups 1 and 2. To understand retention kinetics, we attempted to fit each dataset first
by a one-phase and then by a two-phase decay model. The two-phase disassociation model was best
(p < 0.0001) and was applied to the estimation of the terminal half-life and percentage of material lost
to washing through fast release (Table 3). Most notably, the area under the curve (AUC) of group 1
during a one-week period (AUC0-120) was about 4-fold higher than group 2, 2-fold higher than group
3, 3-fold higher than group 4, and 2-fold higher than group 5. The extrapolated total AUC (AUC0-Inf)
for group 1 was about 119-fold higher than group 2, 45-fold higher than group 3, 55-fold higher than
group 4, and 44-fold higher for group 5.
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Figure 4. ELP retention on Proclear CompatiblesTM lenses depends on ELP Tt and incubation
temperature. (A) Release profiles of group 1 (V96_37 ◦C → 37 ◦C), group 2 (V96_37 ◦C → 4 ◦C),
and group 3 (V96_4 ◦C → 4 ◦C) were shown. (B) Release profiles of group 4 (S96_37 ◦C → 37 ◦C)
and group 5 (V96_4 ◦C→ 4 ◦C) were shown. Small aliquots of the incubation solution were sampled
over time and the fluorescence intensity of these samples were measured to estimate lens retention
(Equation 3). Lines joining data points represent a best-fit to a biexponential decay model (Equation 4).
Mean ± SD, N = 3.

Table 3. Release kinetics of ELPs from Proclear CompatiblesTM contact lenses.

Parameters Group 1 Group 2 Group 3 Group 4 Group 5

ELP V96 V96 V96 S96 S96
Label Temp (◦C) 37 37 4 37 4

Release Temp (◦C) 37 4 4 37 4

Percent Fast (%) 16.8
(15.6~18.0)

75.0
(63.7~86.2)

35.1
(27.9~42.2)

63.3
(59.3~67.3)

55.9
(52.1~59.6)

kfast (h−1) 2.9 (2.0~3.9) 0.1 (0.06~0.2) 3.3 (0.0~6.7) 3.4 (2.0~4.7) 2.4 (1.4~3.7)
t1/2,fast (h) 0.2 (0.18~0.35) 5.8 (4.0~10.9) 0.2 (0.1~inf.) 0.2 (0.1~0.3) 0.3 (0.2~0.5)

kslow (h−1)
0.0002

(0.0~0.0004)
0.009

(0.004~0.01)
0.007

(0.005~0.009)
0.005

(0.003~0.007)
0.006

(0.005~0.007)

t1/2,slow (h) 4615
(1815~inf.)

78.3
(49.8~183.7)

96.2
(76.9~128.4)

137.1
(101.6~210.7)

112.5
(95.9~136.0)

AUC0-120h 9938 2565 5156 3245 4660
AUC0-Inf 418564 3525 9302 7608 9436

R2 0.89 0.88 0.81 0.82 0.93

Fast and slow represent the fast and slow exponential decay phase in the two-phase dissociation (decay) model,
respectively. Values indicate the mean (95% CI).
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3.5. Co-Incubation of LV96 with Proclear CompatiblesTM Enables Transfer to Cultured HCE-T Cells

To explore cellular delivery from ELP-loaded contact lenses, lacritin, an abundant protein from
normal human tears [14], was selected. Topical lacritin, including lacritin-ELP [12,15], promotes basal
tearing and corneal wound repair in rabbit and mouse models [15] which makes it a potential treatment
for dry eye disease and cornea wound healing. We first added rhodamine-labeled lacrtin-V96 (LV96) or
recombinant lacritin (Lacrt) to HCE-T cells (Figure 5A). After 60 min, high levels of rhodamine-labeled
lacritin had become internalized, whereas LV96 remained associated with the cell surface in lower
relative amounts (Figure 5B). Accordingly, the average nuclei to closest rhodamine pixel distance was
significantly greater for LV96 versus recombinant lacritin after both 10 and 60 min (Figure 5C), possibly
due to steric hindrance with lacritin ligand syndecan-1 [16] on the cell surface and/or with endocytic
machinery. These observations are in accordance with our previous report of comparably low cellular
targeting and delay on cellular uptake of LV96 compared to Lacrt, mainly due to the fusion of V96
and its ability to coacervate at 37 ◦C [12]. Nonetheless, evidence of LV96 cell targeting was clearly
apparent. We next tested delivery from LV96-decorated contact lenses in which rhodamine-labeled
LV96 was restricted to a peripheral ring. HCE-T cells growing directly under (zone 1), adjacent (zone 2)
or outside (zone 3) the ring were scrutinized after one hour (Figure 6A). Most zone 1 cells were covered
with LV96, versus progressively less coverage of zones 2 and 3 cells (Figure 6B) with zone 3 showing
negligible targeting and uptake (Figure 6C).

Figure 5. HCE-T cells associate with both recombinant Lacritin (Lacrt) and a Lacritin-V96 fusion (LV96).
(A) Representative pictures showing live-HCE-T cell targeting and uptake of 10 μM rhodamine-labeled
lacritin (Lacrt) or LV96 over 1 h at 37 ◦C in complete media. Red: rhodamine-labeled Lacrt or LV96; Blue:
DAPI-stained nuclei. Bar = 10 μm. (B,C) Image analysis was used to quantify (B) integrated intensity
per cell and (C) average distance to the nucleus of LV96 vs. Lacrt. Mean ± SD, N = 9 measurements,
****p < 0.0001.
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Figure 6. Spatial proximity is required for the efficient transfer of LV96 from Proclear CompatiblesTM

contact lenses to cultured HCE-T cells. (A) Cartoon showing contact lens loaded with a ring pattern of
LV96 with three zones indicated: 1) under the lens; 2) at the edge of the lens, and 3) distal to the lens. (B)
Confocal imaging was performed to confirm the location of the rhodamine-labeled LV96 bound to a lens
above cultured HCE-T cells, which were incubated for 1 h at 37 ◦C in complete media. Bar = 100 μm.
(C) High magnification images show efficient association of rhodamine-labeled LV96 with cultured
HCE-T cells in zones 1 and 2. In zone 3, less labeling was apparent. Red: rhodamine-labeled LV96;
Blue: DAPI-stained nuclei. Bar = 10 μm. Images shown are representative from at least three
independent experiments.

4. Discussion

Drugs delivered by drops on the eye can suffer from an inefficient pharmacokinetic profile
beginning with an initial transient overdose, followed by a prolonged period of drug insufficiency [17],
further diminished by blinking, reflex tearing, and nasolacrimal system drainage. Only 1~7% by volume
generally targets the eye [18]. Emerging drug delivery systems include: ophthalmic ointments, viscous
polymer vehicles, nanoparticles, in situ gel-forming systems, iontophoresis, and modified punctal
plugs [19–21]. Problems include the lack of optically transparency, instability, difficulty inserting and
discomfort [22]. Druggable contact lenses offer an attractive alternative [23] as they are conceptually
simple, and should not impair vision [24]. Strategies include simple immersion in drug [25,26],
inclusion of drug-loaded colloidal nanoparticles [27,28] and molecular imprinting [29] with a focus on
small molecule therapeutics, including cyclosporine A [30], timolol [31,32] and Latanoprost [33]. Also,
adipose-derived stem-cells loaded contact lens were tested for the treatment of acute alkaline burns [34].
In general, none have succeeded in exerting full spatiotemporal control over drug delivery towards
eliminating a drug bolus on application, and consequential side effects. Further, none have successfully
developed a method to slowly deliver protein therapeutics [35,36], which is more challenging due
to steric hindrance and complex template design. ELP fusion proteins offer a solution, and custom
contact lenses are not required. We report here the selective adsorption of thermo-responsive ELPs to
a commercially available contact lens, elucidate the Tt dependence for attachment and detachment,
and we further showed proof of the concept by the spatiotemporal delivery of model ocular protein
drug lacritin via contact lens to HCE-T cells. Although ELP-contact lens delivery systems have not
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met the desirable zero-order release, 80% retention (group 1: V96_37 ◦C→ 37 ◦C) after initial release
may provide a way to maintain therapeutic dose for an extended time on the ocular surface that
can overcome short half-lives, low tear bioavailability, and prolonged sub-therapeutic concentrations
accompanying eye drop instillation. In addition, by changing the ELP composition and raising its
transition temperature closer to that at the ocular surface, future studies may show that it is possible to
titrate the rate of release necessary for optimal therapy.

The core questions that have to be answered would be the mechanism behind ELP-contact lens
adsorption that is uniquely observed with Proclear CompatiblesTM and further stabilization of ELP
adsorption upon coacervation. As can be seen from the S96 association with the lenses, even below
their transition temperature (Tt), ELPs nonspecifically adsorb to ProClear contact lenses. Upon an
increase in temperature, we hypothesize that adsorbed ELPs nucleate coacervation, which recruits
additional ELPs from solution. The exact interaction that leads to the adsorption of ELPs to ProClear
remains unknown. Electrostatic interactions are ruled out because neither the ELP nor the ProClear
formulation contain excess charged groups. Van-der Waals interactions are possible between the
hydrophobic moiety on the abundant Valine residues on the ELP and hydrophobic groups on the
ProClear formulation. A third possibility is that hydrogen bonding may play an important role for
this adsorption. Two representative biopolymer modalities used to study temperature-dependent
phase transition behavior are ELPs and Poly(N-isopropylacrylamide) (PNIPAM) [37]. Both polymers
undergo coacervation above their transition temperature (Tt). During coacervation, highly unordered
PNIPAM remains unordered with negligible amount of additional hydrogen bond formation [38];
however, highly unordered ELPs are thought to form more ordered structure (type II β-turns, β-spirals,
or distorted β-sheets) that nucleate the growth of coacervate phases [39]. This process involves the
formation of a hydrogen bond called ‘1–4 hydrogen bond’ (C=O of the first residue (valine) and
the NH of the fourth residue (guest residue)) within the ELP pentapeptide [40]. We propose that
these abundant hydrogen bonds may participate in hydrogen bonding with organic phosphates on
the phosphorylcholine (PC)-coated contact lens [41]. Given that every ELP pentamer forms one
additional hydrogen bond upon coacervation, and each ELP contains 96 pentameric units, even small
contributions from these hydrogen bonds to phosphate-mediated hydrogen bonding between ELP
coacervates and contact lens may promote ELP adsorption and coacervation. It should be emphasized
that the adsorption of V96 coacervates to the contact lens does not indicate this particular brand is
sub-optimal in preventing protein adsorption because ELPs and their coacervates do not have the
amino acid compositions, biophysical properties, or affinity for typical proteins [42]. Given that only
Proclear CompatiblesTM contains phosphorylcholine on the contact lens surface among those tested,
further investigations comparing the adsorption of ELP coacervates to pHEMA vs. pHEMA+PC may
give more insights towards the molecular bonding that links ELPs to this formulation of lenses.

Several aspects have to be considered when using ELP coacervates on the lens for future therapeutic
purposes. First, the presence of the ELP layer may alter O2 permeability which may lead to insufficient
oxygen supply to the cornea surface. Second, ELP coacervates may affect visual acuity. These possible
limitations can be solved by loading ELP coacervates in a defined region, e.g., on the edge of the ring
(Figures 2 and 6). This may guarantee sufficient oxygen supply to the cornea surface with clear vision,
while ELP drugs diffuse into the cornea surface.

The delivery of therapeutic ELP fusion proteins to the ocular system and its compatibility,
biodistribution, or therapeutic efficacy were studied by us and other groups. Examples include
the delivery of intravitreal αB crystallin ELP fusion to a mouse model of age-related macular
degeneration [43], topical lacritin-ELP as an eyedrop for healing of mouse corneal wound model [44],
intravitreal injection of poly(VPAVG) particles to a normal rabbit model [45], and cell-penetrating
peptide ELP fusions to a normal rabbit model [46]. As these modalities have shown ELPs as a highly
promising ocular drug delivery platform, it is necessary to have a unique set of evidence that the
delivery of ELPs or ELP fusions can be rerouted to the ocular system via contact lenses in a more
hassle-free fashion.
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Different from other reported contact lens-mediated drug delivery systems, our study represents
a ‘drug refillable system,’ which would enable refill of a drug at home, by the patient [47,48]. Given the
panel of ELP fusion modalities developed in our laboratory, the data presented in this study indicate
that this system’s application catalogue can be broadened to anti-inflammation agents, antibiotics,
polypeptides and diverse protein/antibody therapeutic libraries via encapsulation or recombinant
protein expression strategies. While its underlying mechanism remains to be elucidated, our discovery
may provide a promising new avenue to circumvent challenges associated with the effective delivery
of therapeutics to the ocular surface.
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Abstract: The presented drug delivery polymeric systems (DDS), i.e., conjugates and self-assemblies,
based on grafted and star-shaped polymethacrylates have been studied for the last few years in our group.
This minireview is focused on the relationship of polymer structure to drug conjugation/entrapment
efficiency and release capability. Both graft and linear polymers containing trimethylammonium
groups showed the ability to release the pharmaceutical anions by ionic exchange, but in aqueous
solution they were also self-assembled into nanoparticles with encapsulated nonionic drugs.
Star-shaped polymers functionalized with ionizable amine/carboxylic groups were investigated
for drug conjugation via ketimine/amide linkers. However, only the conjugates of polybases were
water-soluble, giving opportunity for release studies, whereas the self-assembling polyacidic stars
were encapsulated with the model drugs. Depending on the type of drug loading in the polymer
matrix, their release rates were ordered as follows: Physical ≥ ionic > covalent. The studies indicated
that the well-defined ionic polymethacrylates, including poly(ionic liquid)s, are advantageous for
designing macromolecular carriers due to the variety of structural parameters, which are efficient for
tuning of drug loading and release behavior in respect to the specific drug interactions.

Keywords: polymer carriers; drug delivery; conjugates; self-assemblies; star polymers; graft polymers;
poly(ionic liquid)s

1. Introduction

Conventional drug delivery formulations have significantly contributed to the effectiveness of
disease treatment. Nevertheless, there is still a strong need to create modern carriers, including
polymers, which are supposed to improve control of pharmacokinetics and biodistribution of
“classic” and new drugs, their selective accumulation with reduced side effects, and enhanced
effectiveness of therapeutic treatment. The progress in drug delivery has been advanced by the
use of polymeric carriers for noninvasive and spatiotemporal release of different therapeutics [1,2].
The functional materials [3] with great biocompatibility, and optional biodegradability [4], are based
on the “tailor-made” polymers with the well-defined hydrophilic/hydrophobic balance, particle size,
or electric charge distribution. In contrast to linear polymers, the branched topology offers a broader
spectrum of structural parameters, such as length and number of grafts/arms, and higher content of
reactive groups, which can be used to adjust physicochemical properties responsible for efficiency of
drug introduction and delivery. The polymers with sophisticated architectures, like star-shaped [5] and
graft copolymers [6,7], are provided, by strategy of macromolecular engineering [8], to design carriers
for drug delivery systems (DDS) with programmed activities, including controlled drug release profile,
specific targeting to diseased tissues, and prolonged release time.

The nanosized DDS are classified into drug conjugates [9,10] and self-assembling systems [11].
The conjugate formation requires suitable functionalities in the polymer to attach bioactive compounds
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by covalent bonding, whereas proper hydrophilic–hydrophobic balance in the amphiphilic polymer
affords the self-assembling behavior in aqueous solution resulting in micellar and aggregate
superstructures with capability of drug entrapment via physical interactions [12]. The amphiphilic
polymer conjugates can also be designed to provide dual DDS [13,14], containing two drugs loaded
with various strength into the polymer matrix (conjugation vs. encapsulation) in additional respect
to both drug and polymer nature. The interesting alternative is drug attachment via ionic bonding,
which is weaker than the covalent bond due to electrostatic interactions between ions with opposite
charges, but it seems to be more stable than the physical interactions. This variant requires the use of
ionic polymers, including poly(ionic liquid)s (PIL) [15], where the counterions can be biologically active.

Both star-shaped [5,16] and graft copolymers [6,17] are convenient for introduction of multiple
terminal active/functional groups, which can be used as conjugation sites. Generally, the nonlinear
polymers form more stable micelles, which are characterized by longer time release of the drug than
that of linear block copolymers [18]. Due to this, the latter have been stabilized by cross-linking in the
core and/or shell (e.g., the doughnut shape micelles) [19]. The stability of micelles based on graft or
star copolymers has been developed by hydrophobic–hydrophilic block structures of side chains/arms,
which yielded amphiphilic core–shell cylindrical brushes [20], miktobrushes [21], or scorpion-like
polymers [22]. These macromolecules, with the well-organized hydrophobic inner surrounded by
hydrophilic outer layer, exhibited low critical micelle concentrations (CMC) and higher drug loading
capacity compared with micelles of linear block copolymers [23]. It has also been reported that the
star-shaped copolymers, in comparison to their linear analogs with similar molecular weight and
composition, exhibit lower solution viscosity and smaller hydrodynamic radius, which is beneficial
in excretion of system after drug release [24]. Additionally, in the case of the presence of polyester
segments, which were shorter due to branching into the arms, the lower crystallinity improved control
of degradation in correlation with the enhanced drug release [25]. Another advantage of polymers
containing acidic units [26] has been indicated by pH activated drug release, i.e., significantly faster
release at pH below 7.4 than at neutral pH (37 ◦C), which was observed for micellar systems of
block copolymers grafted with 2-alkanone chains via acid-sensitive linker providing pH-dependent
degradation [27]. The pH-dependent systems were also investigated for graft copolymers containing
acidic units in the backbone or in the side chains [20], as well as for star copolymers with polyacidic
segments in the arms [28]. Moreover, disability of self-assembling for some amphiphilic linear
copolymers has been efficiently solved by their grafting onto polymer backbone [29].

In recent years our work was focused on the non-linear polymethacrylates designed for the
nanosized DDS, including conjugates and self-assemblies (Figure 1). These studies provided better
understanding of the influence of the hydrophobic/hydrophilic content on physicochemical and
delivery properties of polymer carriers, which were varied by topology (graft vs. linear and stars vs.
miktostars) and architecture (grafting degree, length of backbone and side chains or number and length
of arms, core type) to regulate physical entrapment or chemical attachment of a drug. Polymethacrylates
with trimethylammonium groups carrying salicylate anions (Sal−), which can be classified as the
grafted and linear poly(ionic liquid)s (GPIL1 and LPIL1, respectively), demonstrated the release
of pharmaceutical anions by ionic exchange with phosphate ones in buffer solution. Additionally,
these polymers, as well as the analogical ones containing Cl− (GPIL2, LPIL2), were self-assembled
into the micellar carriers of non-ionic drugs, such as indomethacin (IMC) or erythromycin (ERY).
Star-shaped polymethacrylates with D-glucopyranoside core were functionalized with carboxylic/amine
groups (DGL1 and DGL2, respectively) to conjugate doxorubicin (DOX), which might be released by
decomposition of hydrolysable covalent bonds. The polyacidic stars with pentaerythritol (PTL1-3) or
D-glucopyranoside core (DGL3), including miktoarmed copolymers with extra poly(ε-caprolactone)
(PCL) arms (DGL4), were also studied for encapsulation of the model drugs (DOX, IMC), which were
delivered by polymeric micelles via diffusion process. The naming protocol of the discussed systems,
for example GPIL1.1, consists of the symbol corresponding to the polymer group with the first number
describing the series of polymers, and the second number identifying the sample in the series. In all
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these systems, the polymer composition and architecture can be used to adjust drug content and
release properties, which were investigated to verify chemical potential of the prepared polymers as
the drug carriers.

Figure 1. Drugs carried by grafted poly(ionic liquid)s (GPIL) (a), and star shaped polymers (DGL, PTL)
(b,c), in the form of conjugates and self-assemblies.
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2. Non-Linear Polymers Containing Ionic Groups in Drug Delivery

In our studies, the atom transfer radical polymerization (ATRP) has been used to obtain the
well-defined polymers with various topologies, i.e., grafted copolymers, as well as star copolymers,
including V-shaped and miktoarmed structures (Figure 1). Pre-polymerization replacement of chloride
anion in monomeric ionic liquid by pharmaceutical one, i.e., salicylate anion (Sal−), led to the design of
the polymerized ionic drug carriers (DDS type I with ionically bonded drug). Post-polymerization
modifications allowed for the introduction of specific functional groups (carboxyl or amine),
which provided the possibility of chemical conjugation of the chosen drug (DDS type II with covalently
bonded drug), whereas the induced amphiphilicity supported drug encapsulation (DDS type III with
drug entrapped via physical interactions). The amphiphilic nature of macromolecules with diverse
topology, including the grafted poly(ionic liquid)s with chloride anions, was beneficial in forming the
self-assembling carriers in aqueous solution.

2.1. Poly(Ionic Liquid) Graft Copolymers (DDS Type I)

Previously designed by our group, amphiphilic ionic graft copolymers for DDS were based on
anionic polyelectrolyte (polyacid) segments grafted from polymethacrylate backbone [30,31], or used
as an extension of polyether (polyethylene or polypropylene glycol) side chains [32,33]. In aqueous
solutions, depending on nature of side chains, they were self-assembled into different core–shell
superstructures with ability for successful encapsulation of IMC [34–36].

The ionic properties are also represented by unique poly(ionic liquid)s, which are made of ionic
monomers containing organic cation and organic or inorganic anion [37]. They gained great interest
in material science because of macromolecular architectures, which can be tailored by combining
both properties of cations and anions [38]. In our recent studies on the amphiphilic graft copolymers,
the monomeric ionic liquids, i.e., commercially available (2-(methacryloyloxy)ethyl)-trimethylammonium
chloride (ChMACl known as choline methacrylate) and containing pharmaceutical salicylate
anion (ChMASal, [39,40]), were grafted from the standard multifunctional ATRP macroinitiators,
i.e., poly(methyl methacrylate-co-(2-(2-bromoisobutyryloxy)ethyl methacrylate))) (poly(MMA-co-BIEM:
MI) [41,42] with various contents of bromoester initiating groups, 25–75% (GPIL1 series and GPIL2,
Figure 1c, Table 1). The side chains resulted in the use of methyl methacrylate (MMA) as the comonomer.
It has been proved that polymers obtained from similar monomers, like phosphorylcholine methacrylate,
provided low cytotoxicity [43]. The studies on polymers of ChMA indicated that depending on
the grafting density, lengths of backbone, and side chains, the anionic drug content in the resulted
cylindrical brushes can be tuned up to 40% weight of the polymer. In aqueous solution, the water-soluble
macromolecules formed small superstructures with hydrodynamic diameters ranging from 20 to 60 nm.
Low aggregation effect was probably caused by repulsive interactions between ionic moieties in the side
chains, which yielded bigger particles with the increase in content of ionic units (and thus salicylate) at
the same grafting degree (GPIL1.1 vs. GPIL1.2, GPIL1.3). However, the increase in grafting degree in
polymers with the same content of ionic units resulted in particle size reduction (GPIL1.3 vs. GPIL1.4),
although this difference was smaller when the ionic drug content was significantly higher due to larger
grafting density (GPIL1.3 vs. GPIL1.5).

In the case of amphiphilic graft polymer with chloride anions (GPIL2.1), the therapeutic activity
was introduced by self-assembling with encapsulation of nonionic drug, i.e., ERY or IMC. In a similar
way, ERY was encapsulated by the salicylate-containing graft polymer (GPIL1.1) to form a dual
drug system, but the content of encapsulated ERY was smaller than that for GPIL2.1 (6% vs. 20%).
For comparison, the analogous linear poly(ionic liquid)s (LPIL1–2) were synthesized using standard
ATRP initiator. i.e., ethyl α-bromoisobutyrate (EBiB) [39,40]. The LPIL systems, both chloride (LPIL2.1)
and salicylate (LPIL1.1–1.2) ones in relation to analogical GPIL, exhibited higher drug loading content
(DLCLPIL > DLCGPIL), but this difference was significantly higher for salicylate systems, whereas the
opposite DLC dependency was indicated for IMC encapsulation [44].
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Table 1. Characterization of poly(ionic liquid)s GPIL vs. LPIL (DDS type I).

No. nsc
a FChMAX

b

(mol %)
DPsc

c DG d

(%)

Mn,NMR

(g/mol)
Mn,SEC

e

(g/mol)
Ð e Dh

f

(nm)

DC
(%)

Ref.

GPIL1.1 75 25 24 22 201,500 17,680 1.04 28 19

[44]

6g

GPIL1.2 75 67 12 22 127,000 19,500 1.04 56 32
GPIL1.3 75 71 28 22 314,500 19,000 1.10 51 36
GPIL1.4 105 74 39 53 724,100 30,400 1.06 22 38
GPIL1.5 185 74 43 74 1,498,500 828,700 1.28 40 39
LPIL1.1 - 78 187 * - 49,200 6200 1.25 293 41 [39,40]

49 g [42]
LPIL1.2 - 45 119 * - 23,100 8300 1.42 232 32 [39,40]

51 g [42]

GPIL2.1 165 19 26 53 579,000 nd nd 24 20 g [44]
32 h

LPIL2.1 - 26 233 * - 28,000 10,400 1.36 149 45 g [42]
11 h [42]

GPIL: grafted poly(ionic liquid)s, where GPIL1: poly(MMA-co-(BIEM-graft-P(MMA-co-ChMASal)), GPIL2:
poly(MMA-co-(BIEM-graft-P(MMA-co-ChMACl)); LPIL: linear poly(ionic liquid), where LPIL1: P(MMA-co-ChMASal),
LPIL2: P(MMA-co-ChMACl); a number of side chains, b content of ionic units in polymer, c degree of polymerization
of side chains, d degree of grafting related to nsc per total DP of backbone, e determined in DMF, f determined in
deionized water, g DLC of ERY for the weight ratio of polymer to encapsulated drug P:D = 1:1; h DLC of IMC for the
weight ratio of P:D = 1:1; * DP of LPIL; nd – not determined.

The ionic exchange was also postulated as the most probable mechanism of drug release.
The dialysis experiments in PBS solution (pH = 7.4) indicated facile displacement of salicylate anions
by phosphate ones, which represent better capability for coordination of the cations in polymer matrix.
The burst release of the ionic drug attached to grafts can be explained by the dense packing character
of grafting polymer topology, which intensified the repulsive interactions between negative charges on
the aromatic rings of Sal−. Another advantageous ability of these ionic systems was good solubility of
the polymer matrix in PBS environment after drug release. In the release studies there was no influence
of the content of ionic units in side chains, when the copolymers with the same grafting degree were
compared (Figure 2). However, at high grafting density corresponding to 3 grafts per 4 units in the
backbone (GPIL1.5), the salicylate release was slightly accelerated.

Comparing the drug release profiles for the grafted poly(ionic liquid)s of ChMA (GPIL) and linear
copolymer analogs (LPIL), there was no significant difference. Although, the content of salicylate anions
ionically bonded to the polymer matrix was larger in the linear copolymers (Sal− content 3.4–4.8 mg in
10 mg of linear polymer vs. 1.9–4.0 mg in 10 mg of graft polymer). According to the release studies
approximately half of these drug amounts were exchanged and removed from the systems, that is
50% in the linear and 50–60% in the grafted carriers. The advantages for the latter ones were the size
of particles, which were formed in aqueous solution. The largest particles of grafted polymers were
5–6 times smaller than the aggregates of linear analogs (56 nm vs. ~250 nm). These results suggested
that the nonionic backbone was entangled into globular form with stretched stiff ionic side chains in the
shell. Surprisingly, the release of a nonionic drug appeared to be troublesome, especially for the systems
based on grafted copolymers (GPIL1.1 and GPIL2.1), where the release was not detected. The LPIL
systems provided the miscellaneous release properties because LPIL1.1–1.2 containing Sal anions were
able to release ERY, but this effect was not reached for chloride contained LPIL2.1, which supported
IMC release (Figure 2). The lack of correlation can be explained by the system complexity related
to carrier topology, possible repulsion effect of ionic groups, drug-polymer interactions, and anion
bulkiness as responsible factors, which can cooperate providing extraordinary drug release behavior.
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Figure 2. Amount of drug released after 48h in correlation with polymer topology (GPIL vs. LPIL),
grafting degree (DG = 22–73%), and content of hydrophilic fraction (a), and release profiles of salicylate
(GPIL1.1, LPIL1.1) and nonionic drugs (ERY, IMC) (b) in PBS at pH = 7.4 and 38 ◦C.

2.2. Conjugates of D-Glucopyranoside Based Star Copolymers (DDS Type II)

Star-shaped polymers with cleavable sugar core were obtained using di-, tri-, tetra-,
hexakis(2-bromoisobutyrate) of mono-, and diacetal derivatives of D-glucopyranosides (DGL, f = 3–6) [45]
as the multifunctional initiators in the controlled ATRP of methacrylates by core first technique.
The resulting 2-, 3-, 4-, and 6-armed star copolymers containing protecting tert-butyl or reactive
glycidyl groups, were modified by acidolysis (into methacrylic acid (MAA)) [46–48] or aminolysis
(into 2-hydroxy-3-[(2-aminoethyl)amine]propyl methacrylate units (AmPMA)) [49] to introduce
hydrophilic moieties, which in the next step were used as the sites for conjugation. Their contents were
controlled by the length and number of arms, efficiency of the modification reaction, and by amount
of the functionalized units having pendant carboxylic groups (polyacids, DGL1 series) [50] or amine
groups (polybases, DGL2 series) [49,51] in the polyelectrolyte stars (Table 2, Figure 1a).

Previously, the conjugation for these stars has been performed with proper derivatives of
fluorescein dye (amine in reaction with polyacids to form amide spacer or isothiocyanate with
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polybases through thiocarbamide bonding) [48,49], which was more successful for cationic than anionic
polyelectrolytes (68% vs. 5%, respectively). Their cellular uptake studies by confocal laser scanning
microscopy indicated that the fluorescent star polymers were found in the entire volume of cytoplasm,
but the signal intensity received from polybases was stronger in comparison with polyacids, for which
less effective internalization was caused probably by electrostatic repulsion with negatively charged
cell membrane [49,52].

Table 2. Characterization of star-shaped polyacids DGL1 and polybases DGL2 (DDS type II).

No.

Polyelectrolytes DOX Conjugates

ref.
f Fh-philic

a DParm
b Mn,NMR

(g/mol)
Mn,SEC

c

(g/mol)
Đ c Dh

d

(nm)

DC
(%)

Dh
d

(nm)

DGL1.1 4 0.56 58 21,800 11,800 1.17 10 5 insoluble

[48,52]DGL1.2 4 0.74 68 24,200 10,900 1.28 8 14 insoluble
DGL1.3 6 0.51 62 35,600 16,300 1.20 9 6 insoluble
DGL1.4 6 0.75 54 30,100 insoluble insoluble 8 19 insoluble

DGL2.1 2 0.54 51 15,800 nd nd 8 27 8

[49,51]DGL2.2 3 0.49 57 26,500 nd nd 7 28 8
DGL2.3 4 0.53 65 41,100 nd nd 12 17 11
DGL2.4 4 0.77 52 38,000 nd nd 12 24 12

DGL star-shaped polymer with D-glucopyranoside core, where DGL1: s-P(MMA-co-MAA)f, DGL2:
s-P(MMA-co-AmPMA)f; a content of hydrophilic fraction in the polymer, b degree of polymerization of arm,
c determined in THF, d determined in PBS solution 0.4 mg/mL; f: number of arms; nd: not determined.

Presented polymer–drug conjugates were prepared from star-shaped polyacids (DGL1.1 – DGL1.4)
and polybases (DGL2.1 – DGL2.4) via amide or ketoimine linking DOX, respectively [52,53]. Various
polymeric prodrugs with DOX have been investigated by other groups [54–58], to reduce its well-known
severe side effects. Our approach was to take advantage of several aspects in the structure of the
polymeric carrier, such as sugar-derived biodegradable core, cleavable amphiphilic arms, decreased
hydrodynamic volume in solution in comparison with linear analogues, increased effectiveness of the
drug protection, and longer time of circulation in the blood stream. Comparing drug conjugation with
4-armed stars based on polybases and polyacids with equimolar content of hydrophilic fraction higher
efficiency was observed for formation of ketimine than amide bond (64% at nDOX = 59 in DGL2.3 vs.
4% at nDOX = 2 in DGL1.1) similarly to the fluorescein conjugates. Moreover, the conjugation efficiency
of polybases decreased with the increase of amine repeating units per arm, whereas in the case of
polyacids, the amount of attached drug increased with the number of the arms as well as the content of
acidic units.

The release studies were performed only for polymeric prodrugs based on polybases, due to the
poor solubility of polyacid-DOX conjugates in water. The lowest amount of drug was released by
conjugate, based on 4-armed star (DGL2.3), whereas 3-armed system (DGL2.2) was able to supply
release of twice larger drug doses (Figure 3). In acidic conditions (pH 5.0), which are more favorable for
hydrolysis of ketimine group than the neutral pH (0.01M PBS, pH 7.4), the drug release occurred faster.

111



Pharmaceutics 2019, 11, 337

Figure 3. DOX release profiles from conjugates of star-shaped copolymers with equimolar compositions
and various number of arms, DGL2.1 (V-shaped), DGL2.2 (3-armed), and DGL2.3 (4-armed) in PBS at
37 ◦C.

2.3. Self-Assembling Star-Shaped Copolymers (DDS Type III)

Another group of 4-armed stars was synthesized in a similar way to sugar based stars using
a core-first strategy via ATRP initiated by tetrakis(2-bromoisobutyrate) of pentaerythritol (PTL, f = 4),
and then acidolysis of tert-butyl groups in the copolymers to deprotect carboxylic groups (PTL1-3
series, Figure 1b, Table 3) [47]. Combinations of two methacrylates (MAA and MMA, PTL1) or
methacrylate and acrylate (MAA and methyl acrylate (MA) as PTL2, MMA and acrylic acid (AA) as
PTL3) with various proportions in the arms were investigated to form the self-assembling PTL cored
star copolymers as the micellar carriers of IMC.

Table 3. Characterization of star-shaped polyacids used for drug encapsulation (DDS type III).

Polyacids

Polyelectrolytes Drug-Loaded

ref.
f Fh-philic

a DParm
b Mn,NMR

(g/mol)
Mn,SEC

c

(g/mol)
D c Dh

d

(nm)
DLE h

(%)
Dh

d

(nm)

PTL1.1

4

0.48 34 15,400 11,600 1.17 147 e 74 571

[47]

PTL2.1 0.36 63 27,800 18,200 1.32 198 f 48 628
PTL2.2 0.70 67 31,800 16,800 1.31 161 f 6 463
PTL3.1 0.55 56 27,000 17,700 1.30 198 f 86 874
PTL3.2 0.76 39 20,200 13,600 1.28 162 f 9 579
PTL3.3 0.98 31 17,400 11,500 1.24 114 g 7 731

DGL3.1
6

0.50 55 32,100 insoluble insoluble 202 66 531
[46,
48]DGL3.2 0.75 50 28,700 6000 1.33 165 47 321

DGL3.3 0.97 47 25,700 insoluble insoluble 180 7 1165

DGL4.1
8 (6 + 2) *

0.48 54/19 * 28,700 8400 1.57 517 48 705
[46]DGL4.2 0.69 44/10 * 28,900 4000 1.67 252 42 1169

DGL4.3 0.92 65/10 * 41,900 6600 1.44 384 60 > 10,000

PTL: Star-shaped polymer with pentaerythritol core, where PTL1: s-P(MMA-co-MAA), PTL2: s-P(MMA-co-AA),
PTL3: s-P(MA-co-MAA); DGL: Star-shaped polymer with D-glucopyranoside core, where DGL3:
s-P(MMA-co-MAA)6, DGL4: s-P(MMA-co-MAA)6PCL2; a content of hydrophilic fraction in the polymer, b degree
polymerization of arm, c determined in THF, d determined in PBS solutions 0.4 mg/mL, e 0.5 mg/mL, f 0.2 mg/mL,
g 1 mg/mL; h for the weight ratio of polymer to encapsulated drug P:D = 1:1 (PTL) and 2:1 (DGL); * P(MMA-co-MAA)
and PCL arms, respectively.

The adjustable distribution of acidic units was convenient for controlling the contents of
hydrophilic fraction, which affected the efficiency of drug encapsulation and release. The highest drug
loading content was obtained for copolymers with equimolar compositions (DLC = 50–90% (50/50)).
The copolymers of MMA/MAA and MMA/AA, with comparable amounts of hydrophilic fractions
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(PTL1.1 and PTL2.1), exhibited formation of aggregates at the same concentrations, whereas CMC
for MA/MAA system (PTL3.1) was twice as high in comparison with MMA copolymers (0.030 vs.
0.017 mg/mL). The rate of drug release for these systems can be summarized by the following
order: MMA/MAA <MMA/AA <<MA/MAA, which shows strong influence of arm composition.
During release studies we have noticed that within 1 h the drug was released faster in neutral
conditions than in an acidic environment, whereas after longer time this tendency was reversed
(Figure 4). Additionally, it was detected that the reduced drug release can also be forced by increased
encapsulation ratio of drug to polymer as it is presented for PTL2.2 (MMA/AA system).

Figure 4. Influence of pH and weight ratio of polymer to encapsulated drug on amount of released drug
in correlation with composition of 4-armed copolymers of MMA/MAA (PTL1.1), MMA/AA (PTL2.1),
and MA/MAA (PTL3.1) with equimolar content of hydrophilic fraction (a), and representative release
profiles of IMC (b) in PBS at 37 ◦C.

Amphiphilic character of star copolymers bearing hexakis(2-bromoisobutyrate)-dihydroxy-D-
(–)-salicin core (DGL3 series, Figure 1b, Table 3) [46,48] gave the opportunity to form more or less
globular self-assembling systems in aqueous solution depending on ionization degree of statistically
distributed ionizable hydrophilic units in the arms. However, the hydrophilic–hydrophobic balance
can also be shifted by introduction of additional hydrophobic arms. In our studies, the miktostars
(DGL4 series, Figure 1b, Table 3) [46] were obtained using two unprotected hydroxyl groups in the core
of polymethacrylate-based macroinitiator (DGL3) as the initiating sites in the insertion-coordination ring
opening polymerization (ROP) catalyzed by tin(II) bis(2-ethylhexanoate). Combined with amphiphilic
polymethacrylate arms containing acidic groups, the formed two poly(ε-caprolactone) (PCL) arms
provided phase-separation in aqueous solution. The yielded micelles with biodegradable core were
detected as bigger particles than their amphiphilic polymethacrylate precursors, playing the role of the
bifunctional macroinitiators in ROP, for example DGL3.2 vs. DGL4.2.

The self-assembly studies on polyacidic stars DGL3 with a similar length of polymethacrylic arms
(DParm ~ 50) has revealed that CMC drastically decreased with the increase in hydrophilic content in
the arms (0.172, 0.024, and 0.006 mg/mL, respectively). Comparing 6-armed polymethacrylate stars and

113



Pharmaceutics 2019, 11, 337

their miktoarm analogues (with extra two hydrophobic PCL arms), the aggregation of the latter ones
was not dependent on the hydrophilic–hydrophobic ratio (CMC of DGL4.1 = DGL4.2 = 0.030 mg/mL).

The successful aggregation of sugar-cored polyacidic stars encouraged us to provide systems
with encapsulated DOX (≤ 65% at polymer/drug ratio = 1:0.5). The drug loading content was reduced
with the increase in arm length and the same with the hydrophilic content in the micellar carriers,
but comparing stars with the corresponding miktostars, the latter ones seemed to be more promising
carriers, especially those with the equimolar compositions (Figure 5). It is also worth noticing that
the 6-armed acidic copolymers with similar arm lengths and equimolar compositions were able to
entrap physically larger amounts of DOX than it was chemically conjugated (22% in DGL3.1 vs. 9 wt%
in DGL1.3 at DParm = 60), but in more hydrophilic systems this difference was insignificant (16% in
DGL3.2 vs. 19 wt% in DGL1.4 at DParm = 50) (Figure 6).

Figure 5. Drug content in micellar systems based on amphiphilic star (DGL3 series) and miktostar
(DGL4 series) copolymers, where Fhydrophilic is average value for comparable pair of star and miktostar.

Figure 6. Influence of drug loading type, conjugates DGL1 vs. micelles DGL3, on drug content in
respect to hydrophilic–hydrophobic balance.

The equimolar system DGL3.1 has also provided the fastest drug release. No significant difference
in percentage amount of released drug between star and miktostar analogs was observed at pH 5,
but in neutral solution the miktostar with dominating hydrophilic fraction (DGL4.2) was more efficient
than the analogous star (DGL3.2), which was in contrast to the more hydrophilic systems DGL4.3
vs. DGL3.3 (Figure 7). Another comparison of drug release from polybase-DOX conjugates (DGL2)
and polyacid based micelles loaded with DOX (DGL3, DGL4), indicated in almost all cases that the
drug was released faster within first 6 h (for micelles) and 24 h (for polymer-DOX conjugates) at acidic
environment than at neutral pH. For example, 60% of DOX was delivered at pH = 5.0 and 44% at
pH = 7.4 by DGL4.3, whereas 84% and 56% by DGL2.1, respectively. It is highly probable that the
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destabilization of self-assembly containing carboxylic groups in the outer layer was activated by the
ionized DOX with amine groups, which are protonated in acidic conditions.

Figure 7. Amount of released DOX from self-assembled star DGL3 vs. miktostar DGL4 copolymers in
correlation with content of hydrophilic fraction in acidic and neutral conditions (a,b), and representative
release profiles of encapsulated DOX (c) in PBS at 37 ◦C.

3. Drug Distribution and Cytotoxicity

The mathematical models describing the kinetics of drug release suggested the diffusion
mechanism. It was confirmed by the good agreement with the Higuchi model represented as
the plot of the cumulative amount of released drug against the square root of time (correlation
coefficient R2 = 0.90–0.99) for the release of ionic and nonionic drugs (ERY, IMC) from LPIL and
GPIL systems [42,44]. Additionally, the kinetics of the nonionic drug release from LPIL1, LPIL2,
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and GPIL2 systems was also concentration dependent, showing good fit with the first-order kinetic
model (R2 = 0.93–0.98) [44], which is expressed by a logarithm of the percentage of drug remaining
vs. time. Similarly, the concentration dependent, and diffusion controlled, release of IMC was
reported for the self-assembling graft copolymers with PMAA side chains (the first-order kinetic
model R2 = 0.9–0.99 and Higuchi model R2 = 0.9–0.97) [34,36], as well as the linear block copolymers
PCL-b-PMAA, and their three armed stars (the first-order kinetic model R2 = 0.85–0.99 and Higuchi
model R2 = 0.91–0.99) [59] or stars with PTL core (the first-order kinetic model R2 = 0.87–0.99 and
Higuchi model R2 = 0.9–0.99) [47]. In the case of conjugate systems DGL2-DOX the Korsmeyer–Peppas
model, based on the diffusion exponent n, which describes Fickian (n ≤ 0.45) and non-Fickian (0.45 < n
< 0.89), the release of drug was applied for verification of release mechanism. According to the “n”
values, almost all samples followed the Fickian diffusion (n < 0.45, R2 = 0.928−0.999) [51].

In respect to DDS applications, the cytotoxicity of designed copolymers was verified by viability
of the selected cell lines. The human bronchial epithelial cells (BEAS-2B) were applied for both linear
and graft copolymers with trimethylammonium groups and salicylate counterions, which due to their
anti-inflammatory and antibacterial activity potential can be beneficial in the treatment of lung and
bronchi diseases [42]. In vitro studies evaluated by MTT assay exhibited very low cytotoxicity towards
BEAS-2B as it is shown in Figure 8. Generally, the cells treated with GPIL5 showed slightly lower
viability than LPIL1.2. However, at concentration 0.0025 μg/mL both LPIL1.2 and GPIL1.5 stimulated
cell growth, which was depicted by cell proliferation at levels of 114% and 110% in comparison to
the control, respectively. In the case of polymers functionalized with carboxylic or amine groups,
the influence of charged polymer particles on their interactions with cells was evaluated by MTS tests
using DOX-resistant breast cancer cells (MCF-7/R), because the star-shaped copolymers with DGL core
were prepared for conjugation or encapsulation of anticancer cytostatic DOX. The results for MCF-7/R
treated with representative drug-free, 4-armed, star-shaped polyacid DGL1.1 showed significant
cytotoxicity in comparison to the polybase DGL2.3 with the same number of arms and hydrophilic
content (Figure 8). However, cytotoxicity of polybasic carriers increased with a decrease in the number
of arms DGL2.1 > DGL2.2 > DGL2.3 [53], whereas 6-armed polyacids were statistically less cytotoxic
than their 4-armed analogs [52]. Moreover, polyacids did not display changes in viability of colon
cancer cells (HCT-116) and viability of normal human dermal fibroblasts (NHDF) cells, which stayed
at the acceptable level [52]. These results are in contrast to those obtained for polybases, which showed
inhibition of HCT-116 cells proliferation and low cytotoxicity toward NHDF cells [49].

Figure 8. In vitro cytotoxicity effect of polymethacrylate carriers containing carboxylic (DGL1.1) or
amine groups (DGL2.3) without drug on MCF-7/R cells (a), and trimethylammonium groups with
salicylate anions (GPIL1.5, LPIL1.2) towards BEAS-2B cells (b).
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4. Experimental

4.1. Characterization Techniques

Molecular weights and dispersity indices (Ð) were determined by size exclusion chromatograph
(SEC, 1100 Agilent 1260 Infinity) equipped with an isocratic pump, autosampler, degasser, thermostatic
box for columns (PLGel 5 mm MIXED-C 300 7.5 mm and pre-column guard 5 mm × 7.5 mm),
and differential refractometer MDS RI Detector. Addon Rev. B.01.02 data analysis software (Agilent
Technologies) was used for data collecting and processing. The calculation of molecular weight was
based on calibration using linear polystyrene standards (580–300,000 g/mol). The measurements were
carried out in THF or DMF (HPLC grade) as the solvent at 40 ◦C with flow rate of 0.8 mL/min.

1H NMR spectra of copolymers in CDCl3, DMSO-d6, or D2O were collected on Varian Inova
600 MHz spectrometer at 25 ◦C using appropriate internal standard (TMS or TSP).

The hydrodynamic diameters (Dh) of particles were measured by dynamic light scattering (DLS)
using a Malvern Zetasizer. Samples placed in PMMA cell after appropriate dilution with a solvent
(0.2, 0.4, 0.5, or 1 mg/mL) were put in the thermostatted cell compartment of the instrument at 25 ◦C.

The CMC was measured by fluorescence spectrophotometry (Hitachi F-2500) using pyrene as
fluorescence probe. Excitation spectra of pyrene (λ= 390 nm) were recorded at constant concentration of
pyrene (3.0 × 10−4 mol/L) and polymer concentrations in the range of 5 × 10−4–1.0 mg/mL. The intensity
ratio (I336/I332) from pyrene excitation spectrum vs. logC (where C is concentration in mg/mL) was
plotted, where the cross-over point was estimated as the CMC value.

For the determination of drug content, polymer systems were dissolved in H2O under vigorous
vortexing and analyzed using a UV–Vis spectrophotometer (Thermo Scientific Evolution 300) at 480 nm
(DOX), 320 nm (IMC). Calibration curves were obtained for drug-H2O solutions with different drugs
concentrations. Drug loading content (DLC for micelles), or drug content (DC for conjugates) and
drug loading efficiency (DLE) were calculated using the following equations:

DLC =
weight of drug loaded into micelle

total weight of polymer and loaded drug
× 100% (1)

DC =
weight of drug in conjugate

weight of drug− polymer conjugate
× 100% (2)

DLE =
weight of drug loaded into micelle

weight of drug in feed
× 100%. (3)

In vitro drug release studies were performed in 0.01 M PBS at pH 7.4 or 5.0 (the pH of 0.01 M
PBS was subsequently adjusted with 0.1 N HCl to pH 5.0). The lyophilized drug-contained system
(2.0 mg) was dissolved in PBS (2.0 mL) and transferred into a dialysis bag (MWCO of 3.5 kDa, Spectrum
Laboratories Inc). Then, the dialysis bag was immersed into PBS (20.0 mL) at 37 ◦C and stirred.
At predetermined time intervals, 1 mL of the buffer solution outside the dialysis bag was taken out.
UV–vis spectroscopy (Thermo Scientific Evolution 300) was used to determine the amount of released
drug by measuring the absorbance maximum (NaSal at 295–298 nm, ERY at 285 nm, IMC at 320 nm,
and DOX at 480 nm). Each result is an average of three parallel measurements.

4.2. Cell Viability Assessment

In vitro cytotoxicity of the selected copolymers was measured using the MTS or MTT assay
(Promega cell proliferation assays) and following cell lines: Bronchial epithelial cells (BEAS-2B from
ATCC, Manassas, VA, USA), human colon cancer cells, and human breast cancer cells resistant
to DOX (HCT116 and MCF-7/R from ATCC as a kind gift from the Center of Oncology – Maria
Sklodowska-Curie Memorial Institute).

Briefly, the selected cells were seeded in a 96-well micro titer plates at a density of 10,000 cells per
well and incubated overnight at 37 ◦C. All cells were grown in DMEMF12 medium (Sigma-Aldrich,
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Germany), supplemented with 10% (v/v) inactivated fetal bovine serum (FBS) (EURx, Poland) and
1% antibiotics (10,000 μg/mL of streptomycin and 10,000 units/mL of penicillin) (Sigma-Aldrich,
Germany), at 37 ◦C in humidified atmosphere with 5% CO2. After 24 h of incubation under standard
conditions, a series of suspension dilutions were added into wells. The cytotoxicity was evaluated
after a predetermined time of incubation (24 or 72 h). The absorbance at 490 nm was measured
using a microplate reader (Epoch, Biotek, Winooski, VT, USA). All experiments were performed in
quadruplicate, and the relative cell proliferation (%) was expressed as a percentage relative to the
untreated control cells (positive control). For more details, see ref. [24,36,43].

5. Conclusions

The nonlinear amphiphilic polymers, including star and graft topologies, are attractive nanocarriers
for drug delivery because, similarly to linear macromolecules, they are capable of transporting drugs.
The bioactive compounds can be effectively introduced into polymer matrix via chemical bonding to
form drug-polymer conjugates, including poly(ionic liquid)s with pharmaceutical counterions, or by
physical interactions in the self-assemblies. Due to the extra structural parameters related to topology,
e.g., number of arms/grafts, the nonlinear polymers offer much broader range of drug loading and
release moderation. The reviewed polymeric systems varying with types of drug loading (physical
vs. covalent vs. ionic) were represented by nanoparticles with sizes up to 200 nm, with exception
of miktostars (up to 500 nm). Although the grafted copolymers were able to carry similar amounts
of ionically attached drug as their linear analogs, they are still advantageous systems for delivery
due to smaller sizes of nanoparticles. Moreover, the design of DDS combining different strengths of
drug entrapment can be strategic for sequential drug release in the combined therapy. Our studies
confirmed that knowing the general correlations between structure, and loading/release effect for
the obtained polymers, the nanocarrier activity with controllable pharmacokinetic properties can be
properly regulated.
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32. Maksym-Bębenek, P.; Biela, T.; Neugebauer, D. Synthesis and investigation of monomodal hydroxy-functionalized
PEG methacrylate based copolymers with high polymerization degrees. Modification by “grafting from”.
React. Funct. Polym. 2014, 82, 33–40. [CrossRef]
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Abstract: Silk is a natural polymer with unique physicochemical and mechanical properties which
makes it a desirable biomaterial for biomedical and pharmaceutical applications. Silk fibroin (SF) has
been widely used for preparation of drug delivery systems due to its biocompatibility, controllable
degradability and tunable drug release properties. SF-based drug delivery systems can encapsulate
and stabilize various small molecule drugs as well as large biological drugs such as proteins and
DNA to enhance their shelf lives and control the release to enhance their circulation time in the
blood and thus the duration of action. Understanding the properties of SF and the potential ways
of manipulating its structure to modify its physicochemical and mechanical properties allows for
preparation of modulated drug delivery systems with desirable efficacies. This review will discuss
the properties of SF material and summarize the recent advances of SF-based drug and gene delivery
systems. Furthermore, conjugation of the SF to other biomolecules or polymers for tissue-specific
drug delivery will also be discussed.

Keywords: silk fibroin; drug delivery; gene delivery; controlled release; bioconjugation

1. Introduction

Polymeric drug delivery systems have emerged as a new efficient alternative to the conventional
formulations to provide a reservoir to the active pharmaceutical ingredients (APIs), improve their
physicochemical properties, and overcome some of the major challenges in drug delivery including
specific targeting, intracellular transport, and biocompatibility in order to improve the treatment
efficiency and life quality of patients [1–4]. An ideal drug delivery system should stabilize the loaded
API, allow for modulating its release kinetics and minimize its adverse effects by tissue-specific
targeting, especially in the case of highly toxic drugs such as anticancer agents. Silk has been
known as a valuable natural material for the fabric industry for centuries, but in the past decades
it has attracted immense attention as a promising biopolymer for biomedical and pharmaceutical
applications [5–7]. Silk protein possesses a unique combination of properties which is rare among
natural polymers. It also enjoys desirable characteristics such as mild aqueous possessing conditions,
high biocompatibility and biodegradability, and the ability to enhance the stability of the loaded APIs
(e.g., proteins, pDNA, and small molecule drugs) [4,5,8,9]. Moreover, silk fibroin (SF) solution can be
processed by various methods to produce different types of delivery systems including hydrogels,
films, scaffolds, microspheres, and nanoparticles [10]. SF exists in three different structural forms: Silk
I, Silk II and Silk III. Silk I exists in water-soluble form and consists of a high percentage of α-helix
domains in addition to random coils [11]. Contrarily, Silk II has mainly β-sheet structure and is more
stable and water-insoluble, while Silk III prevails at the water/air interface [12]. The transformation
from Silk I to Silk II can be tuned by different methods including organic solvent treatment, physical
shear, electromagnetic fields, or chemical processing [13,14]. These properties can be utilized in the
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pharmaceutical industry for producing micro- and nano particles and nano-fibrils or for coating other
pharmaceutical preparations such as liposomes [15,16]. Moreover, the availability of carboxyl and
amino groups in the SF allows for bio-functionalization with various biomolecules or ligands which
could be used for targeted drug delivery [17]. The two main strategies for functionalizing silk protein
are chemical conjugation and genetic modification of silk by chainging the amino acid composition or
adding a fragment to obtain a specific function [18]. A large proportion of drug formulations including
the vast majority of anticancer drug formulations are prepared for parenteral administration, resulting
in direct contact with the blood components. Thus, the drug carriers used in such formulations
should not induce any haematological toxicity or immune responses [3], which necessitates the use of
biocompatible polymers in the formulation. Furthermore, designing delivery systems for biological
drugs such as vaccines and antibodies requires maintaining their physical stability as well as their
biological activity, which is more crucial for the controlled release systems [19]. This is mainly due to
the higher sensitivity of the biological compounds, especially the protein-based therapeutics, to many
of the processing conditions throughout the delivery system preparation compared to small molecule
drugs, which limits the processing strategies [20,21]. Hence, loading the biological therapeutics into
a compatible polymer can increase their stability and consequently their half-life [22]. Moreover,
incorporating the APIs into a natural biocompatible protein such as SF has multiple advantages e.g.,
preserving the API [23], improving the mechanical properties of the formulation [6], modifying drug
release kinetics [24–27], enhancing cell adhesion [16], and compatibility with blood components [25].
The versatility of SF protein processing and formulating methods allows the preparation of a wide range
of drug carriers with different sizes and morphologies using unmodified or engineered SF (Figure 1).
Unmodified SF carriers have been used to deliver various anticancer drugs such as doxorubicin [28],
paclitaxel [29], curcumin [9,30], and cisplatin [31]. In this review, the main strategies for obtaining
different SF-based drug delivery systems and the recent methods for generating functionalized SF for
controlled or targeted drug and gene delivery will be discussed.

Figure 1. A diverse set of physical assemblies and chemical methods for preparing a variety of silk
fibroin (SF) formats for pharmaceutical and biomedical applications.

2. Physiochemical Properties of Silk Fibroin

SF possesses a unique combination of mechanical and biological properties and exhibits special
features of both synthetic and natural polymers [32,33]. Typically, silk represents softness in the clothing
industry, but it is considered one of the most robust natural biomaterials due to its tensile strength and
modulus [34]. This feature is important for the polymers involved in bone tissue regeneration
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as mechanical performance of the polymer is of utmost importance for such applications [35].
SF demonstrates excellent stability under high thermal stress (higher than 250 ◦C) [36].

2.1. Biocompatibility

SF is a biocompatible material that has been officially recognized by the Food and
Drug Administration (FDA) for the development of a plethora of nanotechnological tools [37].
The biocompatibility of silk has been studied extensively over the past two decades. The majority of
the studies have reported excellent biocompatibility and relatively lower immunogenic response in
comparison to other common degradable biological polymers in the pharmaceutical industry such
as polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA) and collagen [22,38,39]. Cytocompatibility
studies on SF formats revealed high compatibility with different cell lines including hepatocytes,
osteoblasts, fibroblasts, endothelial cells and mesenchymal stem cells (MSCs) [40,41]. During SF
processing, organic solvents such as methanol and hexafluoroisopropanol (HFIP) are used to crosslink
SF via inducing structural transformation (α helix to β sheet), which has been found responsible for
the inflammatory potential of SF formulations [42]. However, mild processing conditions that avoid
the use of organic solvents have been used to avoid these inflammatory responses [43]. An evaluation
of the levels of lymphocyte activating factor IL-1β and inflammatory cyclooxygenase-2 (COX-2) gene
expression in relation to SF stimulation did not show any significant differences from those of collagen
or PLA, indicating very low immunogenicity [44]. Another study has evaluated the biocompatibility of
scaffolds consisting of a combination of calcium polyphosphate (CPP) and SF used for the reconstruction
of cartilage and bone defects [45]. The results showed a tangible increase in tissue biocompatibility
and osteogenicity of SF-CPP scaffolds in comparison to CPP scaffolds [45].

2.2. Mechanical Properties

Mechanical stiffness is a key property of SF-based formulations for pharmaceutical and biomedical
applications. The SF material used in tissue engineering, for example, must match the stiffness of
the targeted tissue. The stiffness can also affect the stability and degradability of the SF polymer [46].
Many polymers that have been used in drug delivery devices, such as PLGA and collagen, lack sufficient
mechanical strength. A common strategy to enhance the mechanical strength of the biopolymers
such as collagen is crosslinking. However, the crosslinking reaction could result in undesirable
consequences such as cellular toxicity and immunogenicity [47]. SF possesses robust β-sheet structure
which provides excellent mechanical properties without the need for any harsh crosslinking procedures.
Based on the β-sheet content, SF can transform into different formats including liquid, hydrogels,
or scaffolds [5]. Measurements of mechanical strength are usually obtained from Young’s modulus
using nanoindentation techniques [48]. SF exhibits high tensile strength and resistance to compressive
force making it a very suitable material for drug delivery and tissue engineering [49]. Moreover,
the removal of sericin during the degumming process results in a 50% increase in tensile strength [50]
which makes SF more stable during physical pharmaceutical processing.

2.3. Stability

The stability of the polymeric materials is one of the most important factors in the production of
pharmaceutical formulations. Although biopolymers are preferred to their synthetic counterparts for
clinical applications due to their biocompatibility and biodegradability, they must also meet certain
stability standards to be considered for utilisation in the pharmaceutical industry. One of the common
stability problems of pure SF solution is aggregation or gelation during long-term storage. SF is
available in soluble form (with high content of α- helix and random coil) and insoluble form (with
high content of β-sheet). Depending on the pharmaceutical preparation, either form should be used
and maintained. Storing the soluble SF in highly humid conditions results in a transformation from
α-helix and random coil to β-sheet which could lead to gelation and a decrease in the stability of the SF
solution [51,52]. SF shows excellent stability under thermal stress compared to other proteins. The best
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indicator for protein thermal stability is the glass transition temperature (Tg) which in the case of SF is
affected by its β-sheet content. The Tg of SF films is approximately 175 ◦C and the protein remains
stable up to 250 ◦C which is desirable for formulation processing. On the other hand, Tg of the frozen
SF solution can go to −34 ◦C [53] which is also advantageous in low temperature pharmaceutical
processing. Furthermore, the degree of crystallinity and porosity of SF films are also affected by
Tg [54] The increase in β-sheet content of SF causes a transformation from Silk I to Silk II, refelected by
a significant change in Tg which changes the degree of crystallinity. Stability of the SF in physiological
fluids is another important issue for its biomedical applications. SF could be protected from enzymatic
degradation within the body by coating with polymers such as polyethylene glycol (PEG) in order to
improve the delivery of the associated drugs to the site of action.

2.4. Degradability

Degradability is an important property of biological materials. Although biodegradability is
a main advantage of SF in clinical applications, this property makes pure SF particles liable to proteolytic
enzymes. The degradation rate of SF can be regulated by modifying the molecular weight, the degree
of crystallinity, morphological features, or crosslinking [56]. However, the degree of crystallinity and
crosslinking are not the only approaches to stabilize SF against degradation. For example, an in vitro
enzymatic degradation experiment revealed that SF sheets slightly transformed from Silk II to Silk
I crystalline structure when exposed to collagenase IA. However, when protease XIV was used,
the majority of the SF sheets transformed to Silk I leading to a higher degree of crystallinity. Although
the degradation time was 15 days in both cases, the degradation rate was significantly lower for
protease XIV compared to collagenase IA [57]. Another study reported a predictable loss of mechanical
integrity due to SF degradation [58]. Incubation with protease led to an exponential decrease in the
SF filament diameter to 66% of the initial diameter after 10 weeks. Gel electrophoresis indicated
a decreasing amount of the silk 25 kDa light chain and a shift in the molecular weight of the heavy
chain with increasing incubation time with protease XIV [58]. The enzymatic degradation behavior of
SF was studied by Wongpinyochit et al. [55] using three different proteases (papain, chymotrypsin,
and protease XIV) over a period of 20 days. As shown in Figure 2, the cleavage sites vary from one
protease to another, leading to variations in degradation rate. The degradation rate was higher in the
presence of chymotrypsin compared to papain and protease XIV but the latter two did not have any
significant difference. The degradation rate does not only rely on cleavage sites but also on the enzyme
accessibility, SF format, and the secondary structure of the SF [55]. A previous in vivo degradation
study in rats found that SF degredation is also related to the phagocytic activity of the cells (fibroblasts)
and the presence of sericin with SF [59]. The raw silk (SF and Sericin) has a higher degradation rate
than pure SF because sericin promotes degredation by the cells [59].
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Figure 2. Two-dimensional schematic illustration of silk structure including the heavy chain (i.e.,
N-terminus, crystalline β-sheets, amorphous, and C-terminus) and light chain (A). Enzymatic
specificities of proteolytic enzymes for the silk sequences (B). Number of cleavage sites of proteolytic
enzymes on different silk domains (C). Reprinted from [55] with permission from American Chemical
Society [2018].

3. SF-Based Drug Delivery Systems

Delivery of APIs in sustained and controlled release forms is important for many clinical
applications. Selection of the particle size, composition, and other features depends on the type of the
delivery system and the route of administration. Moreover, using biocompatible and mechanically
durable polymers with mild fabrication and processing conditions in such delivery systems is
advantageous for preserving the bioactivity of the loaded APIs. As discussed earlier, SF meets all
these requirements which makes it a promising candidate for drug delivery [5,60]. SF-based drug
delivery systems can be fabricated by different methods, each resulting in a delivery system with
unique properties such as modified release kinetics, stability, and other features which could be of
benefit in various applications. Various types of SF-based drug delivery systems have been designed
including hydrogels, films, micro- and nanoparticles, nanofibers, lyophilized sponges as well as
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SF-coated polymeric particles. In the following section, some of the most widely studied SF-based
drug delivery systems are reviewed.

3.1. Hydrogels

SF aqueous solution was used to generate hydrogels by different methods. The transition from
solution to gel can be triggered by physiochemical or chemical processes using natural polymers or
synthetic reagents [61]. The physicochemical processes include shearing (spinning), water exclusion
via evaporation or osmotic stress, electric field, and heating [62]. The gel form is stabilized because of
thermodynamically stable β-sheets which result in a stable gel form in physiological conditions unless
extensively degraded by enzymes or oxidative reactions [62]. One recent study used curcumin-loaded
gel scaffolds prepared by electrogelation for wound healing [63]. The prepared gel formulation not only
improved protein adsorption and sustained the release of curcumin, but also enhanced bacterial growth
inhibition by 6-fold against S. aureus [63]. Since protein adsorption on substrates is a key factor for cell
growth and proliferation, SF gel scaffolds can serve in wound healing by promoting cell proliferation.
Sundarakrishnan et al. [64], adapted a chemical approach using horseradish peroxidase (HRP) and
hydrogen peroxide to prepare SF hydrogels that were subsequently crosslinked with di-tyrosinase,
and loaded with phenol red in order to develop a self-reporting pH system for in vitro environment [64].
Addition of phenol red during di-tyrosine crosslinking resulted in stable entrapment of phenol red
within SF hydrogel network due to covalent interactions between phenol red and tyrosine and also
prevented leaking [64].

3.2. Silk Films

Film preparation from SF has attracted more attention recently due to its huge potential as
a biomaterial in pharmaceutical formulations and tissue engineering [65]. SF films can be simply
prepared by casting an aqueous SF solution [66]. However, there are other reported SF film preparation
techniques such as vertical deposition [67], spin coating [68], centrifugal casting [65], and spin assisted
layer-by-layer assembly [69]. Terada et al. [68] investigated the behavior of spin-coated SF films treated
with different ethanol concentrations. Alcohol concentrations of 80% or less resulted in a jelly-like
hydrogel layer while treatment with more than 90% alcohol provided a rigid film surface. This change
in morphology affected the attachment of the fibroblast cells to the SF films. Fibroblasts aggregated on
the rigid surface rather than attaching individually to the hydrogel surface [68]. Another study found
that blending SF with other polymers such as sodium alginate (SA) before casting the film results in
a miscible and transparent film and also induces a structural change in SF [70]. Manipulating the SF/SA
blending ratio shifted the SF conformation to the higher β-sheet content. Moreover, mixing SA with SF
enhanced water permeability, swelling capacity and tensile strength of SF films [70]. Hence, SF/SA blend
can provide unique tunable chataristics that can be benificial in pharmaceutical applications.

3.3. Silk Particles

As discussed earlier, the are an increasing number of SF-based systems that have been used
for encapsulating APIs and achieving modulated drug delivery among which nanoparticle delivery
systems have been studied the most, especially for anticancer drugs. One example of such systems is the
lysosomotropic SF nanoparticles designed by Seib et al. [28] for pH-dependent release of the anticancer
drug doxorubicin in order to overcome drug resistance. SF nanoparticles are largely employed for
controlled release of the loaded drug at the site of action. SF nanoparticles can be fabricated by various
methods, for example polyvinyl alcohol (PVA) blends, which are used for fabricating SF spheres
with controllable sizes and shapes [71] (Table 1). The determinant factors for drug distribution and
encapsulation efficiency in such systems are their charge and lipophilicity. Modifying these factors
results in different drug release profiles [72]. Furthermore, addition of PVA results in a tangible
improvement in the morphology of the SF-particles [73]. One of the popular methods for fabrication
SF particles is the salting-out method. For example, Lammel et al. [74] produced SF particles with
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controllable sizes ranging from 500 nm to 2 μm using potassium phosphate as the salting out agent.
The β-sheet structure and zeta potential of the SF particles were affected by the pH of the potassium
phosphate solution [66,74]. In another study conducted by Tian et al. [75] SF nanoparticles were
prepared using the salting out method, loaded with a combination of doxorubicin and Fe3O4 magnetic
nanoparticles and driven to the target tissue using an external magnetic field to achieve tissue-specific
targeted delivery [75]. It was also found that the entrapment efficiency of doxorubicin can be tuned by
changing the concentration of Fe3O4 in the formulation [75]. However, the size of SF particles produced
by potassium phosphate was over 500 nm, which is not ideal for drug delivery. Recently, Song et al. [43]
produced magnetic SF nanoparticles (MSNPs) with size range of 90–350 nm by using sodium phosphate.
The size and morphology of the MSNPs were governed by the SF concentration, the ionic strength and
pH of the salting-out agent (Figure 3) [43]. Compared to potassium phosphate, sodium phosphate
produced smaller particles and the size did not increase significantly with increasing SF concentration
and ionic strength, providing a promising method to produce smaller particles with high concentration
for drug delivery. The size of the particles can be further reduced by increasing the pH of the salting-out
agent (Figure 3). Although salting-out and PVA methods are preferred over other methods due to their
simplicity and low toxicity, purifying the SF nanoparticles from excess polymers or salting-out agent
is required. Therefore, Mitropoulos et al. [76] managed to prepare SF particles with spherical shape
using a co-flow capillary device with PVA as the continuous phase and silk solution as the discrete
phase. This device allows for generation of SF spheres (2 μm in size) without the requirement for any
further purification steps. Moreover, the diameter of the spheres can be simply adjusted by changing
the concentration of the polymers, the flow rate, and the molecular weight of the selected polymer [76].
However, the size of the particles produced is not within the desired size range for drug delivery.
A more recent study on the microfluidics has used a microfluidic set up (nano-assembler) to produce
smaller sizes of SF particles (150–300 nm) by a desolvation method [77] (Table 1). It was found that
the characteristics of the SF nanoparticles are controlled by two main factors: Flow rate and flow rate
ratio [77]. The use of microfluidic instrument enabled rapid, reproducible and controlled production of
SF nanoparticles with desirable sizes for drug delivery. However, solvent residues within the particles
and the cost of the equipment should also be taken into account. The properties of the SF particles
can also be manuplated by blending with other polymers. For example, Song et al. [9] have recently
produced SF nanoparticles blended with different amounts of polyethyleneimine (PEI). The size of
the SF nanoparticles was found to increase with increasing SF percentage (Figure 3), while the zeta
potential of the particles decreased with increasing SF amount. This allows to fine tune the drug
delivery through controlling the size and zeta potential of the particles.
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Figure 3. Effects of SF concentration, salt, ionic strength and solution pH to the particle size and
protein secondary structure. (a) Particle diameter as a function of SF concentration when adding SF
solutions (concentration from 0.1–12 mg/mL) to sodium phosphate (Na-P) and potassium phosphate
(K-P) solutions (both at ionic strength 1.25 M, pH 8) at the volume ratio of 1:5. (b) Diameter of SF
particles fabricated with K-P or Na-P as a function of their ionic strength. The SF concentration was
fixed at 5 mg/mL. (c-d) AFM images of particles fabricated by adding SF solution (12 mg/mL) in to
sodium phosphate (c) and potassium phosphate (d). Both solutions are at the ionic strength of 1.25 M
and pH 8. (e) Diameter of SF particles fabricated with Na-P as a function of the Na-P solution pH. (f)
FTIR spectra of particles produced by 1.25 M sodium phosphate at different pH values. It was found
that the use of sodium phosphate, lower ionic strength and higher pH of solution produces smaller SF
particles. Reprinted from Reference [43]; with permission from American Chemical Society [2017].

Table 1. Preparation teqniques of SF micro- and nanoparticles.

Preparation Technique Advantages Disadvantages Particle Size

Self-assembly
Simple and safe procedure

Does not require toxic reagents
Sensitive to temperature and

vigorous mixing 100–200 nm [11]

Salting out
Low cost method

The active ingredient can be loaded
during the particle formation

Salting out agent residue
Relatively high particle size

polydispersity

100–350 nm [43]
500 nm–2 μm [74]

Emulsification
Controllable particle size

Low cost method
Organic solvent or surfactant

residues 170 nm [78]

Desolvation
Simple and quick method

Small particle size
Reproduceable technique

Particle aggregation
Organic solvent residue 35–170 nm [79]

Electrospraying
High purity particles

Very good monodispersity
Requires additional step to

insolubilize SF
59–80 nm [80]

600–1800 nm [72]

Microfluidic methods

Rapid procedure
Mild operation conditions

Controllable particle yield and
particle size

Relatively expensive
Residual salting agent or organic

solvents
150–300 nm [77]

Capillary microdot Simple procedure Organic solvents residue 25–140 nm [81]

Freeze drying Porous particles Large particle size 490–940 μm [17]

Supercritical fluids High drug loading

Expensive technique
Not easy to operate

Requires additional step to
insolubilize SF

50–100 nm [82]

PVA Blending method
Time and energy efficient
No use of organic solvent PVA residue 5–10 μm [71]

300–400 nm [71]

Nano-imprinting and
inject printing

Tuneable dimensions of different
nanostructures

Complicated method
Not easy to scale up

Not easy to prepare particles
180 nm–50 μm [83]
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4. Applications of Silk Fibroin for Drug and Gene Delivery

Silk has been used as a carrier for delivery of a wide range of therapeutic agents including small
molecule drugs [3], biological drugs [84], and genes [85]. For each class of therapeutic agents, different
formulations have been designed using various silk processing technologies [86]. One of the main
criteria of the SF-based delivery systems is to stabilize the loaded API and manipulate its circulation
time to achieve the required therapeutic effect. In addition, the designed formulations are usually
optimized to obtain a particular application in drug delivery including stabilising the loaded drug,
controlling drug release, and improving cell adhesion [16]. In the following section, an insight into SF
applications in drug and gene delivery will be provided a summary of which is presented in Tables 2
and 3.

4.1. Drug and Gene Stabilization by SF

One of the main goals of incorporating active ingredients such as small molecules or peptides
into SF-based carriers is to stabilise them by different mechanisms including adsorption, covalent
interaction, and/or entrapment [87]. Without a stable interaction between the drug and the SF-based
carrier to maintain the drug activity, sustained drug release cannot be achieved. Aside from a few
exceptions such as growth factors, the majority of the stabilisation approaches rely on entrapping the
drug within the SF-matrix or SF-particles in an equally distributed manner [22]. SF-based biomaterials
are generally stable to changes in temperature [23], humidity [88], and pH [89]. Therefore, they have
been widely studied for enhancing the stability of other materials, for example, encapsulation of
antibiotics such as erythromycin, which has very low stability in water. However, porous SF sponges
managed to sustain its release and maintain its antimicrobial activity against Staphilococcus Aureus for
up to 31 days at 37 ◦C [3]. SF films have also been used for stabilisation of biological compounds.
For example, enhanced stability of horseradish peroxidase (HRP) when loaded on SF films or mixed
with SF solutions has been reported. The enzymatic activity of SF-loaded HRP was increased by
30–40%, while its half-life showed a tremendous increase from 2 h to 25 days at ambient conditions
in comparison to free HRP [90]. A greater improvement in enzymatic activity (80%) was observed
in glucose oxidase (GOx) when loaded on SF films [91]. Moreover, SF-loaded GOx demonstrated
enhanced thermal and pH stability [92]. Topical application of SF lyogels (gel system in which the pores
are filled with both organic and non-organic solvents) containing hydrocortisone in a mouse model of
atopic eczema resulted in decreased expression of IgE and enhanced the efficacy of hydrocortisone
compared to the commercially available hydrocortisone cream [93]. Moreover, SF lyogels have also
been used for stabilising monoclonal antibodies. The lyogels achieved sustained release of IgG1 over
160 days and the release rate was found to be inversely proportional to the SF concentration [19].
In addition to drug stabilisation, SF has also been investigated for DNA preservation in order to protect
the DNA from the potential destabilising conditions such as temperature and UV radiation. In a recent
study porous cellulose paper was coated with SF and used to preserve the DNA extracted from human
dermal fibroblast cells [23]. The results showed that the DNA integrity was maintained for 40 days
following 10 h of UV radiation at relatively high temperature (37–40 ◦C) [23].

4.2. Controlled Drug Release

Controlled release drug delivery systems are aimed at releasing the encapsulated API in specified
amounts over a specified period of time. One application of such systems is sustained drug release
to maintain the therapeutic concentrations of the drug in the blood or site of action for a longer
duration which is of great importance for the treatment of chronic diseases. Moreover, sustained
drug release reduces the administration frequency and the adverse drug reactions which results in
increased patient compliance [22]. Most of the currently available controlled release formulations in
the market are composed of synthetic polymers such as PEG and PLGA because they provide desirable
pharmacokinetic and pharmacodynamic properties [94]. Although PLGA is approved by FDA as a safe
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ingredient in pharmaceutical products, the processing requirements might restrict its utilisation in
certain controlled release formulations. Therefore, more recently, natural polymers such as SF which
offer tunable sustained release kinetics and stabilization of the loaded APIs have gained more attention
for use in controlled drug release systems.

One of the unique properties of SF is its ability to undergo diverse structural transformations
at the molecular level. The most investigated structural transformation in SF is the change in the
ratio of α-helix to β-sheet content. For example, the permeability and release kinetics of the SF films
are affected by the percentage of β-sheet structure [7]. The mechanism of controlled release from SF
films was studied previously by Hines and Kaplan using different models [95]. The release kinetics of
FITC-dextran from methanol-treated and untreated SF films was evaluated as a function of molecular
weight of FITC-dextran. The methanol-treated films maintained higher percentage of the loaded
FITC-dextran compared to the untreated films which was directly proportional to the molecular weight
of FITC-Dextran [95]. In a more recent study, the release profile of the anticancer drug epirubicin
from five Heparin-SF films (HEP-SF) treated with methanol (MeOH) or glycerol was investigated and
it was found that using different ratios of glycerol in the HEP-SF nanofilm formulation affects the
β-sheet content of the nanofilm leading to a modification in the release profile of epirubicin from the
nanofilm (Figure 4). This mechanism-causal relationship between SF conformation and release profile
also influenced the degree of degradation [7].

Figure 4. Total epirubicin (EPI) release profile from SF nanofilm depending on the ratio of the added
glycerol and the solvent treatment. Reprinted from Reference [7] with permission from the American
Chemical Society.

In a novel study conducted by Yavuz et al. [27] SF was formulated into insertable discs that can
encapsulate either IgG antibody or human immunodeficiency virus (HIV) inhibitor 5P12-RANTES.
Three different formulations were prepared by SF layering, water vapor annealing, and methanol
treatment. These formulations managed to stabilize the protein cargo and to modify its release profile.
High concentrations of IgG were released in a relatively short time from the formulation treated
with methanol due to the highly porous structure in comparison to the other two formulations that
demonstrated a slower and more controlled release. In the case of 5P12-RANTES, the water vapor
annealing showed a sustained release for 31 days and this released protein could inhibit HIV infection
in both blood and human colorectal tissue [27].

Controlled release from SF nanoparticles and microspheres has been studied extensively in the
past decade. In an attempt to control SF particle features, a recent study conducted by Song et al. [43]
demonstrated pH-controlled release of curcumin from SF nanoparticles for up to 20 days with lower
pH promoting the release. Moreover, the SF nanoparticles had higher cellular uptake and induced
significantly higher growth inhibitory effect in MDA-MB-231 cells compared to curcumin solution
(Figure 5).
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Figure 5. Representative microscopic images of MDA-MB-231 cells incubated with free curcumin ((a)
and (b), curcumin amount (10 μg/mL), equivalent to the curcumin amount in CMSPs (curcumin loaded
magnetic SF core−shell nanoparticles) and CMSPs ((c) and (d), 30 μg/mL) for 4 h. The cell nucleus
and cytoskeleton were stained with DAPI (blue) and Texas red (red); all images were taken with an
AF6000 microscope (Leica). Comparing the images in (a) and (b) to (c) and (d), it can be seen that
CMSPs significantly improve the cellular uptake of the curcumin. Reprinted from Reference [43] with
permission from the American Chemical Society [2017].

Another study developed SF microspheres (2 μm) using DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) lipid vesicles as a templates [96]. The physically
cross-linked β-sheet structure of SF and the residual DOPC in the microspheres played key roles in
controlling the release of loaded enzyme (HRP) [96].

In addition to the controlled release systems composed of SF as their main component, SF has also
been used as coating to modify the release kinetics of drug delivery systems made of other polymers.

SF, as a biopolymer, can be processed in aqueous conditions and crosslinked by different methods.
Therefore, SF solution has been utilised for single or multilayer coating of different pharmaceutical
preparations. In a study conducted by Pritchard et al. [97], the adenosine release from SF encapsulated
powder reservoirs was evaluated as a function of reservoir coating thickness. The coating thickness
was varied by changing the concentration of the silk coating solution and the number of coating
layers applied. Increasing the coating thickness or the crystallinity of the SF delayed adenosine burst,
decreased average release rate, and increased the duration of release [97]. Eliminating infections by
releasing antibiotics such as vancomycin from biodegradable microspheres is a very effective strategy.
However, maintaining the antibiotic concentration within the therapeutic window over the required
treatment time remains a challenge [98]. A recent study has addressed this challenge by coating
vancomycin-loaded poly(ε-caprolactone) (PCL) microspheres with SF to reduce the burst release
of vancomycin [98]. The PCL microspheres were prepared by double emulsion (W1/O/W2) solvent
evaporation/extraction process and the coating was performed by suspending the microspheres in
the SF coating solutions (0.1%, 0.5% or 1%). Methanol was used to induce SF transformation from
α-helix to β-sheet [98]. The microspheres coated with 0.1% SF showed smooth surface and presented
a better release profile. By increasing the SF concentration, more cracks and defects were detected
(Figure 6) [98].
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Figure 6. Scanning electron microscope (SEM)images of microspheres coated with 0.1% SF (A), 0.5% SF
(B) and 1% SF (C). Microsphere coated with 0.1% SF showed a smooth surface without defects or cracks.
Microspheres coated with 0.5% and 1% SF showed poor coating comprised of numerous surface defects
and cracks in the film structure (bar size 50 mm). In vitro release of vancomycin from microspheres
coated with different concentration of SF (D). Reprinted from [98] with permission from Taylor &
Francis Online [2011].

Many studies have focused on improving the efficiency of the current nanoformulations and
increasing the bioavailability of the loaded drugs by using adhesive excipients. For example, ocular
drug delivery is a very challenging task and requires highly optimized formulations due to the unique
environment in the eye. Because of the low ocular bioavailability, the frequency of applying the
eye drops is usually high which can cause cellular damage at the ocular surface [99]. Increasing the
residence time of drug on the eye surface will not only improve the efficiency of the therapy but also
reduce the frequency of administration. A study presented by Dong et al. [16] prepared SF-coated
liposomes loaded with ibuprofen for ocular delivery. The SF-coated liposomes exhibited better cell
adhesion in human corneal epithelial cells (HCEC) compared to the conventional liposomes. Moreover,
the drug release and permeation rates could be tuned by adjusting the concentration of the SF [16].
Another study also used SF coating on emodin-loaded liposomes (SF-ELP) to enhance keloids cell
adhesion [100]. This study showed a selective targeting of keloids cells in comparison to normal cells
which was achieved through interaction between SF and the cell in contrast to ligand targeting which is
achieved by binding to specific receptors on the cell surface. SF-coating also limited Brownian motion
and increased the probability of the nanoparticles attaching to the cell surface [100].
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Table 2. SF-based drug delivery systems.

Type of Drug
Delivery System

Associated API Results References

SF sponges Erythromycin
Sustained drug release and prolonged

antimicrobial activity against
Staphilococcus Aureus

[3]

SF films

Horseradish peroxidase (HRP) Enhanced stability [36]

Glucose oxidase (GOx) Increased enzymatic activity [91]

FITC-dextran Controlled drug release [95]

Epirubicin Controlled drug release [7]

SF lyogels Hydrocortisone
IgG

Enhanced efficacy
Enhanced stability and sustained

release
[84]

Insertable SF discs IgG and HIV inhibitor
5P12-RANTES

Enhanced stability and modified
release profile [27]

SF nanoparticles Curcumin Modified release profile and enhanced
cellular uptake [43]

SF microspheres Horseradish peroxidase (HRP) Modified the release profile [96]

SF-coated PCL
microspheres Vancomycin Modified the release profile [98]

SF-coated liposomes Ibuprofen Enhanced adhesion to human corneal
epithelial cells, tunable drug release [16]

Emodin Selective targeting of keloid cells [100]

4.3. Gene Delivery

Gene delivery is defined as the introduction of genetic material including DNA and RNA into
the targeted cells to regulate the expression of particular genes or direct the synthesis of specific
proteins in order to treat disorders caused by dysregulation or malfunction of those proteins [101].
Using plasmid DNA (pDNA) is more common than RNA in gene delivery, especially to cancer
cells [38,101]. Despite that more than 2600 clinical trials on gene therapy have been carried out in
38 countries since the early 1990s, none of these therapies have been granted FDA approval [102].
One of the main reasons why the gene-based formulations have failed to find their way to the
market is that the majority of these formulations use viruses as gene vectors. Viral vectors
usually give rise to concerns regarding systemic toxicity and immune response [38]. Therefore,
the recent studies have shifted their focus toward non-viral vectors using biocompatible polymeric
formulations. Non-viral gene delivery systems are typically designed using cationic lipids such as
DOTAP (1,2-bis(oleoyloxy)-3-(trimethylammonio)propane) or positively charged synthetic polymers
such as polyethyleneimine to provide a safer alternative to viral vectors [103]. However, transfection
efficiency, target specificity and cytotoxicity of the common non-viral vectors remain obstacles to
overcome. In addition to biocompatibility, SF has demonstrated DNase resistance and high transfection
efficiency. These properties make SF a preferable polymeric vector for gene delivery [104]. Using genetic
engineering, SF can be modified to gain more functions that suit the desired application. For example,
modifying silk by adding PLL (poly(L-lysine)) sequences resulted in higher transfection efficiency
of pDNA in human embryonic kidney (HEK) cells [105]. A later study has used SF bioengineered
with PLL domains to interact with both pDNA and tumor-homing peptide (THP) for targeted pDNA
delivery [85]. Even though silk based gene delivery vectors have shown high transfection efficiency
and an acceptable degree of specificity [85], higher specificity is required for more effective targeted
cancer therapy. An improved silk-based gene delivery system has been developed by adding F3 and
Lyp1 peptides to recombinant silk proteins with a relatively high content of THP (25 mol%, 3.4 kDa/13.6
kDa) [103]. F3 peptide is capable of specifically binding to MDA-MB-435 cancer cells while Lyp1
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binds specifically to tumor lymphatics and can also induce cell death in MDA-MB-435 cells [106–109].
The designed system achieved specific delivery of pDNA to the tumorigenic cells [103].

Another approach to capture DNA is using cationic polymers such as polyethyleneimine (PEI)
within the silk formulation [9]. Luo et al. [4] developed cationic SF scaffolds by coating PEI on SF
scaffold for delivery of vascular endothelial growth factor 165/angiopoietin-1 coexpression plasmid
DNA (pDNA & VEGF165–Ang-1). PEI coating converted the surface charge from negative to positive
through amidation reaction between the spermine and the carboxyl groups in the side chains of SF.
The positive surface charge allowed the SF scaffold to form complexes with pDNA which demonstrated
higher transfection efficiency and lower cytotoxicity than PEI/DNA complexes [4]. SF coated PEI/DNA
complexes were also used to transfect HEK 293 and human colorectal carcinoma HCT 116 cells, and the
system exhibited higher selectivity for HCT 116 compared to HEK 293 [110].

Recently, Song et al. [9] investigated the delivery of oligodeoxynucleotides (ODNs) to MDA-MB-231
breast cancer cells. The addition of SF to the nanoparticle formulation not only increased the cellular
uptake of ODN (70%) but also significantly reduced its cytotoxicity (Table 3) [9]. Cell-penetrating
peptides (CCPs) have also been used in SF-based gene delivery systems due to their ability to
penetrate or destabilize cellular membranes. When designing a non-viral carrier for gene delivery,
CCPs are considered among the preferred components to facilitate clathrin-dependent endocytosis
of the particles [111,112]. Functionalization of silk protein with ppTG1 which is a CPP increased its
transfection efficiency for pDNA in HEK 293 cells compared to unmodified silk (Table 3) [113].

Table 3. SF -based formulations for gene delivery.

Formulation Gene Cell line Reference

Recombinant silk–elastin-like polymer
hydrogels (SELPs)

Adenovirus
Ad1–CMV2–LacZ3

Head and neck
cancer in mice [114]

pDNA4

(pRL5-CMV-luc6)
NA [115]

Ad–Luc–HSVtk7 Head and neck
cancer in mice [116]

3D porous scaffold Adenovirus Ad-BMP78 Human BMSCs [117]

Bioengineered silk films pDNA (GFP9) Human HEK cells [105]

Spermine modified SF
pDNA and

VEGF165–Ang-110 In vivo-rat [4]

SF-Coated PEI/DNA Complexes pDNA (GFP) HEK 293 and HCT
116 cells [110]

SF layer-by-layer assembled
microcapsules

pDNA-Cy511 NIH/3T3 fibroblasts [118]

Bioengineered silk–polylysine–ppTG1
nanoparticles

pDNA Human HEK and
MDA-MB-435 cells [113]

Magnetic-SF/polyethyleneimine
core-shell nanoparticles

c-Myc12 antisense
ODNs13 MDA-MB-231 cells [9]

1 Adenovirus; 2 cytomegalovirus promoter gene; 3 beta galactosidase reporter gene; 4 plasmid DNA; 5 renilla
luciferase; 6 luciferase reporter gene; 7 herpes simplex virus thymidine kinase gene; 8 bone morphogenic protein;
9 green fluorescent protein; 10 vascular endothelial growth factor and angiopoietin-1; 11 fluorescent probe; 12 MYC
Proto-Oncogene; 13 oligodeoxynucleotides.

5. Modification of SF for Enhanced Delivery

5.1. SF Bioconjugates

There are many protein-based drugs that have shown a very short half-life in the body. In order to
enhance their in vivo stability, an approach has been designed to utilize SF by forming bioconjugates.
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A covalent bond between the protein or enzyme and SF can be formed by the cross-linking reagents [5].
SF consists of 18 different amino acids among which 10% are polar amino acids such as serine and
lysine with hydroxyl and amino groups in their side chains. These functional groups in SF can be
covalently conjugated to polar groups in other proteins such as insulin using bifunctional reagent
glutaraldehyde [119]. SF-insulin (SF-Ins) bioconjugate not only demonstrated higher in vitro stability
than bovine serum albumin-insulin (BSA-Ins) conjugate, but also prolonged the pharmacological
activity 3.5 times in comparison to native insulin [119]. Covalent conjugation of growth factor BMP-2 to
SF using carbodiimide chemistry preserved BMP-2 activity and also reduced its degradation rate due to
reduction in its unfolding rate as well as protecting it from proteases [120]. Immobilization of enzymes
on silk particles has also been studied recently to enhance the catalytic efficiency of enzymes by
improving enzymatic stability. SF has several active amino groups that have the potential for covalent
binding to several enzymes to immobilize them (Figure 7) such as catalase immobilization on SF
particles via tyrosinase crosslinking [121]. SF films have been also used to immobilize antibodies such
as mouse IgG simply through the conformational transition to fabricate biocompatible biosensors [122].
The immobilization was achieved by slowly drying concentrated SF solution to reach the semisolid state
and then blending it with antibody solution before complete drying. It was found that more antibody
was immobilized on the surface of SF film by controlling the conformational changes during the drying
process in comparison to covalent methods [122]. These results indicate that SF can be functionalized
with antibodies with or without crosslinking agents, offering a wide range of biomedical applications.

Figure 7. (A) Possible routes toward chemical modification of amino acids of silk proteins. Reprinted
from [50] with permission from Elsevier. [2014].(B) The new properties obtained by SF when
functionalised or modified in different positions.
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5.2. Functionalization of SF with Ligands

One of the fundamental advantages of nanoparticles is the greater surface area to the volume ratio
compared to larger particles. This property is essential for encapsulating the APIs such as anticancer
agents and delivering them to the site of action. Moreover, the loaded APIs must be delivered at
a proper concentration to cause the required effect on the target cells and minimise the damage to
other cells [123]. However, recent studies have found that engineered particles with the optimum
size and shape are limited to less than 1% tumor tissue accumulation [124]. Therefore, decorating
polymeric nanocarriers with a targeting molecule has emerged as an effective approach to increase
the specificity of the nanoparticles for the targeted cell lines [125]. As mentioned earlier SF has
several active amino groups (Figure 7) which can be used for binding to other macromolecules [126].
For example, Arg-Gly-Asp (RGD) sequence that acts as a ligand for cell surface integrin receptors
can be linked to SF particles to enhance their attachment to the certain cancer cells that overexpress
integrins [127]. In a similar fashion, due to the overexpression of folate receptors (FR) in a wide
range of tumor cells, modifying the surface of the silk nanoparticles with folate could be used as
a tumor-targeting strategy [128]. Folate-conjugated SF particles (SF-FA) were used to enhance targeted
delivery of doxorubicin (DOX) to human breast adenocarcinoma cell line (MDA-MB-231) [127]. Folate
decoration on silk particle not only increased the retention of the nanoparticles at the tumor site but also
promoted cellular uptake of the particles [129]. DOX incorporated in SF-FA nanoparticles demonstrated
3-folds higher cytotoxic activity in comparison to free DOX in vitro. Moreover, conjugation of folate
to SF nanoparticles changed their cellular uptake mechanism from passive diffusion (free DOX) to
endocytosis [126]. Another example of specific targeting using functionalized SF is modification of
SF with human epidermal growth factor receptor 2 (Her2) which is overexpressed in 30% of breast
carcinomas for targeted drug delivery to breast cancer cells [130]. An alternative functionalization
approach involves using tumor-specific ligands such as nucleic acid sequences like CpG-siRNA [131].

6. Conclusions

Silk is a versatile biomaterial with great potential for drug and gene delivery applications. SF
has been used as a naturally derived biopolymer for development of various types of drug delivery
systems including hydrogels, SF films, microparticles and nanoparticles using a variety of fabrication
methods. Each of these SF-based systems have shown promising features for different biomedical
applications. SF micro- and nanoparticles have been used for delivery of different types of drugs such
as curcumin, doxorubicin and ibuprofen as well as pDNA to various types of cells in a time-specific or
site-specific manner. SF films have been used for controlled release of drugs such as dextran, epirubicin,
and biological agents such as IgG and HIV inhibitor 5P12-RANTES. In addition, they have been used
to stabilise biological agents such as horse radish peroxidase (HRP), glucose oxidase, vaccines and
monoclonal antibodies in order to enhance their shelf life. Moreover, conjugation of SF to biomolecules
such as insulin and BMP-2 has been employed as a strategy to sustain their release and prolong
their biological activity. Functionalisation of SF with biological recognition elements such as RGD
sequence, folate and Her2 has been used for tissue-specific drug delivery. In addition to the SF-based
drug delivery systems, SF has also been used for coating the surface of polymeric microparticles and
liposomes in order to modify their release kinetics or enhance their cell adhesion. However, despite
all the advances made in the fabrication of SF-based constructs for biomedical and pharmaceutical
applications, there is still lack of sufficient studies on the applications of bioengineered or structurally
modified silk for tissue-specific targeted drug and gene delivery. Also, modifying the physichochemical
and mechanical properties of the SF through miximng it with other natural or synthetic polymers in
order to develop tailored SF-based biomaterials is another area to be further explored.
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Abstract: The interest in injectable hydrogels for cancer treatment has been significantly growing over
the last decade, due to the availability of a wide range of starting polymer structures with tailored
features and high chemical versatility. Many research groups are working on the development of
highly engineered injectable delivery vehicle systems suitable for combined chemo-and radio-therapy,
as well as thermal and photo-thermal ablation, with the aim of finding out effective solutions to
overcome the current obstacles of conventional therapeutic protocols. Within this work, we have
reviewed and discussed the most recent injectable hydrogel systems, focusing on the structure and
properties of the starting polymers, which are mainly classified into natural or synthetic sources.
Moreover, mapping the research landscape of the fabrication strategies, the main outcome of each
system is discussed in light of possible clinical applications.

Keywords: injectable hydrogels; drug delivery; anticancer activity; natural polymers; synthetic
polymers; stimuli-responsive materials

1. Introduction

Injectable hydrogels can be defined as three-dimensional hydrophilic polymeric networks with
a very high affinity for body fluids that may be delivered into body through a catheter or by direct
injection with a syringe [1]. Injectable hydrogels have been proposed in the biomedical field as a
platform for tissue engineering, as well as for the delivery of therapeutics (Figure 1) [2–4].

Figure 1. Application of injectable hydrogel systems in biomedical field. Reproduced with permission
from [3]. Elsevier, [2018].

Pharmaceutics 2019, 11, 486; doi:10.3390/pharmaceutics11090486 www.mdpi.com/journal/pharmaceutics144
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A gelling mechanism allows injectable hydrogels to be classified into chemically and physically
cross-linked hydrogels [5].

Chemical intermolecular cross-linking can be created by the generation of new covalent bonds
between polymer chains via photo- or thermo-irradiation [6], or by specific reaction mechanisms
involving Schiff’s base formation [7], Diels–Alder cycloaddition [8], Michael-type addition [9], and
azide–alkyne (CuAAC) click chemistry [10,11]. The encapsulation of suitable therapeutic agents
within the gels during hydrogel formation allows the preparation of three-dimensional structures
able to act as a platform for controlled drug delivery or tissue engineering [12]. Chemical hydrogels
possess higher mechanical strength (due to high stable crosslink points [13]), longer physical stability,
and a prolonged degradation period [14]. Nevertheless, in vivo applications appear reduced due to
some potential toxic agents, such as cross-linking monomers, photo-initiators, organic solvents, or
catalyzers [2]. Non-covalent bonds such as hydrophobic interactions [15], hydrogen bonding [16],
ion cross-linking [17], and host-guest interactions [18] can be exploited in the formation of injectable
physical hydrogels. Usually, in the synthesis of this kind of structure, the required mild reaction
conditions avoid the generation of any toxic by-products. Furthermore, organic solvents, cross-linking
catalysts, or photo-initiation processes are not required during the gelation process [2]. On the
contrary, physical hydrogels suffer from some drawbacks compared with the chemically cross-linked
formulations, particularly related to bond stability and poor mechanical properties [19].

The mechanical properties of injectable hydrogels are a critical parameter for its function and
applications, with the nature of gel being evident by a storage modulus G′ higher than the corresponding
values of the loss modulus G” [20,21]. The resulting mechanical properties of any injectable hydrogels
should be adequate to withstand the deformations occurring in the body [22]. The viscosity of the
polymer solution is an important parameter that should also be considered in the case of injectable
matrices: Precursor aqueous solutions should possess sufficiently low viscosity, or at least adequate
shear-thinning properties, to allow for easy injection [23–25]. This requirement makes molecular
weight control, polymer architecture, as well as chemical composition, very important parameters to be
controlled in the design of an effective hydrogel system, which should also allow a homogeneous drug
dispersion before the gelation of the cross-linked structure [26]. The U.S. Food and Drug Administration
(FDA) fixed the upper limit for any injectable solutions to 0.05 Pa s [27]. Upon gelation, a rapid increase
in this value was observed, followed by a leveling off over time [28]. The mechanical properties of
the whole hydrogel are strictly dependent on another important structural parameter, such as the
porosity (e.g., the space between cross-links). An increased concentration or cross-linking density
would enhance the mechanical strength, thus promoting the integrity duration of the hydrogels [29].
Nevertheless, this would determine the hydrogel’s porosity to be significantly reduced, limiting the
movement of nutrients and solutions for either the growth of the cell in tissue engineering applications
or the modulation of the release profile in drug delivery [30]. Thus, a valuable balance between these
parameters should be achieved.

Clinical applications of injectable hydrogels require some fundamental mandatories, such as
biodegradability, biocompatibility, stability, non-toxicity, and suitable mechanical and viscoelastic
properties. A biocompatible injectable hydrogel should be non-carcinogenic, non-toxic, and should
not induce any chronic or adverse physiological response after its degradation. To develop systems
with high biocompatibility towards tissues, cells, and body fluids, natural polymers are more suitable
than synthetic cross-linked structures due to their subunits, which are more similar to the natural
extracellular matrix [31]. Gradual degradation of the hydrogel into biocompatible by-products should
also be considered because of their possible accumulation that could generate adverse effects. Usually,
carbohydrates, peptides, and nucleic acids naturally degrade in non-toxic by-products [31]. Among the
different applications of injectable hydrogels, cancer therapy is one of the most widely explored [32].
The treatment of cancer by systemic chemotherapeutic procedure, indeed, often determines a high
level of cytotoxicity [33] and, to overcome this inconvenience, intratumor delivery of therapeutics
employing injectable hydrogels can provide a controlled and targeted release within the tumor site [34].
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Here, we have reviewed the synthesis and the application of different injectable hydrogels proposed
as drug delivery systems for the local delivery of chemotherapeutics. Additionally, stimuli-responsive
release of anticancer agents have been treated by the analysis of thermo-, pH-, photo-, or multi-sensitive
drug delivery systems, as well as active targeting hydrogels [35]. Based on the main component of
the polymer network, herein we have classified the injectable hydrogels reviewed and discussed as
synthetic or natural systems. For each class of materials, a summarizing table containing information
about composition, carrier and delivery properties, as well as cancer models employed in either in vivo
or in vitro experiments has been introduced. Moreover, when available, data about studies in health
models have given information about side toxicity and pharmacokinetic profiles. Finally, injectable
hydrogels containing nanoparticle systems as functional additive to control the releasing rate have
been defined as composite materials, while N/S hybrid hydrogels refer to the simultaneous presence of
natural and synthetic polymers within the same polymer structure.

2. Synthetic Injectable Hydrogels

2.1. Polyphosphazenes

Polyphosphazenes (PPZs) are a class of hybrid organic–inorganic macromolecules consisting in a
linear or branched skeletal structure of repeating phosphorus and nitrogen atoms with alternating
single and double bonds [36]. Each phosphorus atom is linked to two organic side groups, ranging
from alkyl and aryl moieties to amino acids (Figure 2) [37].

Figure 2. Representation of Polyphosphazenes. X = O, NH; R and R1 = Alkyl, Aryl, amino acid.

PPZs are obtained via different synthetic routes, with most of the biologically-relevant materials
being prepared by a ring-opening polymerization, followed by macromolecular substitution
reactions [38]. Either the modification of organic side groups and their ratios, or the attachment
of multiple different side groups to the same backbone, allow the preparation of a wide range of
PPZs, with finely tuned physical and mechanical properties [39]. The interest in PPZs as materials
for the formulation of injectable hydrogels is related to the ability of their aqueous solutions to
undergo reversible sol–gel transitions depending on the temperature. In fact, PPZs are in the sol
state at room temperature (or below), but they gelate at body temperature. Such transition is tunable
by adjusting the balance of hydrophobic to hydrophilic substituents [40]. Furthermore, a growing
number of hydrolytically-sensitive PPZ hydrogels have been designed, with negligible toxicity arising
from the degradation of by-products generally consisting of H3PO4, ammonium, and free organic
side groups [41]. On the contrary, the employment of cyclic PPZ architecture should be accurately
investigated, because such derivatives are characterized by a relatively long time of degradation which
can reduce the biomedical applicability [42]. Although a large number of PPZ polymers have not found
commercial success [43], several research groups have developed different types of PPZ injectable
hydrogels (Table 1). PPZ-based hydrogels were successfully tested for the delivery of cytotoxic drugs
or sRNA to solid tumors, both in vitro and in vivo [40,44–50]. They proved the ability of these systems
to extend the release profiles overtime [47] with no-toxicity on healthy mice [46,47] and the possibility
to confer targeted behavior [50]. A further upgrade of the use of PPZ was proposed in [51], where
the injectable hydrogels consisted of a Camptotechin (CPT) prodrug useful for the treatment of lung
and colon cancer cell lines. The insertion of metal ferrite superparamagnetic iron oxide nanoparticles
within the hydrogel structure was proved to be a suitable strategy for enabling tumor imaging and
magnetic hyperthermia ablation [52,53].
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2.2. Polaxamers

Poloxamers (also known as Pluronics) are tri-block amphiphilic polymers consisting of
poly(ethylene oxide)-poly(propyleneoxide)-poly(ethylene oxide) (PEO-PPO-PEO) repeating units [54].
They are non-ionic surfactants, with physical and chemical properties depending on the molecular
weight and hydrophilic (PEO) to hydrophobic (PPO) balance (Figure 3) [55].

Figure 3. Schematic representation of poloxamers. x: 2–130; y: 15–67.

Among others, PF127 (PEO/PPO balance 70/30) is one of the most widely employed poloxamers
for biomedical applications due to the ability to form either micellar nanocarriers for lipophilic drugs
(due to PPO content) or hydrogel networks upon reverse thermal gelation. PF127 water solutions
(>20% by weight) show a low-viscosity state at 4 ◦C, while semisolid gels are obtained upon heating to
room or body temperature, probably due to micellar packing and entanglement [56,57].

To date, PF127 injectable hydrogels (Table 2) have been proposed as delivery vehicles for drug
and drug crystals in the treatment of both blood and solid tumors [58,59]. Interestingly, such systems
were found to reverse the multi-drug resistance in MCF-7/ADR cells because of the ability to increase
the intracellular drug concentration escaping the efflux pumps on the cell membrane [59]. To extend
the drug release profiles overtime, nanoparticle carriers (e.g., micelles or polymeric nanoparticles)
loaded with the cytotoxic agent were incorporated into the hydrogels [60–62]. This approach allowed a
co-delivery of 5-Fluoruracil (5-FU) and Doxorubicin-loaded Poly(d,l-lactide-co-glycolide) nanoparticles
(DOX@PLGA) for the in vitro and in vivo treatment of melanoma [61]. When metal nanoparticles (e.g.,
Cu or Au) were used as loaded nanocarriers, photothermal and hyperthermia effects were achieved
(Figure 4) [62,63].

Figure 4. Schematic representation of the PTX-NPs/AuNRs/gel-mediated photothermal–chemotherapy.
PTX: Paclitaxel; GNR: Gold NanoRods; NIR: Near InfraRed. Adapted with permission from [62].
Elsevier, [2016].

Despite the advantageous features of poloxamers, these polymers suffer from weak mucoadhesivity,
poor mechanical properties, and short residence time due to the easily dissolution at the action site [64].
To overcome these drawbacks, PF127 was mixed with different polymers from synthetic (polyacrylic
acid (PAA) or α-Tocopheryl Polyethylene glycol 1000 Succinate (TPGS)) [65,66] or natural (Hyaluronic
acid (HA)) [67,68] origin to increase the gel strength [65] and enhance the drug efficiency [66]. Finally, it
should be cited the incorporation of cyclodextrins (α-CD) into the hydrogel network for the preparation
of effective depot system in cervix and breast cancer treatment [69]. A further improvement consisted
in the insertion of graphene oxide (GO) or reduced graphene oxide (rGO) materials, with the formation
of hybrid hydrogels with more sustained drug delivery behavior [70].
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2.3. Polyesters

During the last decades, thermosensitive in-situ gels of amphiphilic copolymers based on
biodegradable polyesters and polyethylene glycol (PEG) have represented a suitable alternative in the
intratumoral delivery of hydrophobic therapeutics [71], allowing to recover high drug concentration at
the tumor site while overcoming, at same time, the limitations usually associated with the systemic
administration of these drugs [72]. The advantages of this class of polymers arise from the possibility to
ensure both a physical targeting to the cancer site and a controlled/sustained delivery of hydrophobic
drugs [73], as well as from their high biodegradability which allows the obtainment of stimuli responsive
and biocompatible delivery platforms [74]. On the other hand, the main drawback of such materials
is that their acidic degradation by-products significantly influence the pH value of the surrounding
media, with potential limitations in biomedical applications [75].

Different biodegradable polymers have been proposed for the development of injectable hydrogels,
each showing peculiar features and biological performances (Table 3). The structures of the main
polyesters employed to this regard are sketched in Figure 5.

Figure 5. Schematic representation of poly(ethylene glycol) (PEG) and main biodegradable polyesters.
PLA: Polylactide; PCB: Polycarbonate; PLGA: Poly(lactide-co-glycolide); PCL: Poly(ε-caprolactone);
PU: Poly(urethane).

Biodegradable poly(d,l-lactide)-poly(ethylene glycol)-poly(d,l-lactide) (PLA-PEG-PLA)
amphiphilic triblock copolymer showed the ability to self-assembly in aqueous medium into
core-shell micelles, forming a physical network when exposed to the body temperature [76].
Injectable thermo-sensitive PLA–PEG–PLA for the local delivery of Gemcitabile (GEM) and Cisplatin
(CisPt) was employed to promote synergistic combination therapy against pancreatic cancer [77].
Alternatively, poly(d,l-lactide) PLA was combined with pluronic L (PL) moieties in the preparation of
three-block hydrogels (PLA–PL–PLA) proposed for intraperitoneal therapy of colon cancer [78,79].
This amphiphilic copolymer displayed thermosensitive behavior freely flowing at lower temperatures
but turning into gel at body temperature. d,l-lactic (LA) acid oligomer combined with methoxy
poly(ethylene glycol) and poly(octadecanedioic anhydride) was employed in the preparation of
thermosensitive amphiphilic triblock copolymer suitable for local cancer chemotherapy. In particular,
paclitaxel (PTX) loaded into LA oligomer nanoparticles could be stored as freeze-dried powders, and
easily re-dispersed into aqueous medium at ambient temperature, forming a hydrogel in the injection
site [80].

Poly(d,l-lactide-co-glycolide) (PLGA) and PEG triblock copolymer (PLGA–PEG–PLGA) hydrogels
were synthesized via ring-opening polymerization of d,l-lactide (LA) and glycolide (GA) in the presence
of PEG and Tin (II) 2-ethylhexanoate as macroinitiator and catalyst, respectively. Thermo-induced
gelation of amphiphilic PLGA–PEG–PLGA can be related to the micellar aggregation as a consequence of
the increase in the hydrophobic interactions between the PLGA moieties and the partial dehydration of
the PEG chains [81,82]. Literature data indicates that the transition temperatures of PLGA–PEG–PLGA
gels were in the range 10–40 ◦C for a polymer concentration of 15-20% wt [83]. Copolymer concentration
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influenced sol–gel transition temperature, because the formation of the micellar aggregation network
was simplified when the concentration of the polymer increased [84]. PLGA–PEG–PLGA gel was
proposed as a carrier of topotecan (TPC), DOX, CisPt, and methotrexate (MTX), and employed for the
treatment of osteosarcoma in in vivo experiments (Figure 6) [85,86].

 
Figure 6. Schematic illustration of localized hydrogel formation and drug release. Adapted with
permission from [86]; Elsevier, [2018].

Injectable thermosensitive hydrogel can be loaded with either drug or drug-loaded
nanoparticles [87]. In particular, the interaction of ionic drugs with specific surfactants has been
exploited to achieve sustained release of 2-methoxyestradiol (ME) and Cytarabine (CYT) in the therapy
against leukemia and breast cancer, respectively [88,89]. Additionally, drug-loaded particles entrapped
in a PLGA–PEG–PLGA hydrogel have been proposed as dual-stimuli responsive drug delivery systems
combining the pH-responsivity of the nanoparticles with the temperature response of the PEGylated
polyester gels [90,91]. In addition, in a modern scheduled treatment, sustained co-delivery of DOX
and sRNA@Poly(ethyleneimine)-Lysine (PEI-Lys) complexes displayed significant synergistic effects
in promoting the PLK1 silencing, tumor apoptosis, and cell cycle regulation of osteosarcoma cells [92].

In the pharmaceutical and biomedical fields, the sustained release of both hydrophobic and
hydrophilic drugs from a single release device represents a newsworthy challenge, exhibiting different
clinical survival advantages compared with the single drug treatment. To this regard, a strategy to realize
the synchronous, sustained co-delivery of hydrophilic CisPt and hydrophobic PTX in one injectable
device was achieved by synthesis of a Pt(IV) prodrug based on MPEG–PLGA, able to self-assemble in
a core-corona micelle showing hydrophobic inner cores where PTX can be incorporated [93].

Finally, a promising strategy involved the use of cytokine-carrying thermosensitive MethoxyPEG
(MPEG)−PLGA hydrogels followed by injection of vaccine vectors loading antigens [94]. This device
provides a sustained release profile of granulocyte-macrophage colony-stimulating factor, able to
facilitate proliferation, recruitment, and maturation of dendritic cells and macrophages at the site of
inoculation, providing an efficient tool proposed in the melanoma therapy.

ε-Caprolactone was employed in the synthesis of amphiphilic block copolymers bearing PEG
pendants. Different injectable Poly(ε-caprolactone) (PCL)-based nanocomposite hydrogels with
multicomponent compatibility were proposed for the sustainable release of therapeutics, such as
PTX, Camptotechin (CPT), 5-FU, and DOX. Three-block copolymers (PEG–PCL–PEG) were prepared
by ring-opening polymerization in presence of Tin(II) 2-ethylhexanoate as macroinitiator [73,95–97].
Alternatively, PCL–PEG diblock [98] and PCL–PEG–PCL copolymers [99–102] were synthesized
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in the presence of 1,4,8-trioxa[4.6]spiro-9-undecanone to obtain a modified PCL able to undergo
PEGylation reaction.

A MPEG–b–PCL copolymer diblock was proposed in the synthesis of supramolecular hydrogels
by combination with α-CD to achieve an injectable delivery system for the release of PTX, DOX, and
CisPt in lung and bladder tumors [32,103]. In these systems, α-CD were selectively inserted onto
the linear polymer chains, and the resulted supramolecular complex aggregated in packed columns,
mainly formed by host–guest interactions or π–π stacking between polymeric chains [104]. These
systems have attracted special interest because of their favorable properties, such as thixotropy and
reversibility, with their in situ encapsulation characteristics able to prolong the retention time in cancers,
reducing side effects [105]. In another system, the coordination between platinum(II) atoms and
carboxylic groups of poly-(acrylic acid) (PAA) blocks induced poly(ethylene glycol)–b–poly-(acrylic
acid) (PEG–b–PAA) self-assembly into micelles, with the supramolecular hydrogels eventually formed
by the addition of α-CD [106]. Different supramolecular hydrogels based on PEG block polymers
(e.g., nucleobase (adenine/thymine)-terminated PEG) were tested for the buccal delivery of DOX in
in vivo mouse models [107]. Folic acid (FA)-modified cationic and amphiphilic MPEG–PCL–PEI–FA
was proposed as supramolecular system able to form polyplexes with anionic plasmid for sustained
gene delivery effectively inhibiting in vivo tumor growth [108].

Drug delivery systems based on PEG–PCL–PEG were loaded with 5-FU and PXT and tested
in in vivo experiments for the treatment of colon and breast tumors, respectively [73,95]. Another
promising injectable hydrogel for in situ gel-forming controlled drug delivery systems is based on
PCL–PEG–PCL, due to several benefits, such as prolonged drug release, sol–gel transition around
the body temperature, and ease of handling, being in a solid state at room temperature [109]. In situ
gelling materials based on PCL–PEG–PCL loaded with PTX and CPT were proposed as drug delivery
systems against breast and gastro-intestinal cancers, with excellent results in both in vivo and in vitro
experiments [96,97]. However, the preparation of the anticancer-gel formulations require high
temperatures or extended times, which are unsuitable for formulations containing unstable drugs [110].
Moreover, strong hydrophobicity and high crystallinity of PCL units confer to PCL–PEG–PCL a slow
degradation rate, which is not always desirable.

To address this concern, chemical modification of PCL allowed the synthesis of new polymeric
systems with improved properties. In particular, PCL modified with cyclic ether pendant groups,
i.e., poly(ε-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)-poly(ethyleneglycol)-poly(ε-capro-
lactone-co-1,4,8-trioxa[4.6]spiro-9-undeca-none), were prepared [111]. The insertion of
cyclic ether pendant groups into PCL units was performed by copolymerization of
1,4,8-trioxa[4.6]spiro-9-undecanone with PCL, and the resulting macromer showed modified gelation
performances as a consequence of the changing of PCL crystallization properties. By this approach,
injectable carriers for DOX and PXT were obtained and proposed for the treatment of breast and liver
cancers [99–101,112].

Methoxy poly(ethylene glycol)–b–poly(ε-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)
(PEG–PCL) diblock copolymer was employed to prepare host–guest inclusion injectable nanocomposite
devices based on surface-modified gold nanorods, PTX/PEG–PCL nanoparticles, andα-cyclodextrin [98].
A single local injection of this hydrogel allowed to deliver abundant PTX/PEG–PCL nanoparticles and
gold nanorods at the target site, developing remarkable anticancer activity and photothermal effect.
Alternatively, the coupling of PTX/PEG–PCL with α-CD allowed the synthesis of supramolecular
hydrogels based on the hydrophobic aggregation of pseudorotaxane between cyclodextrins and block
copolymers [113].

Co-delivery of anticancer agents and radiosensitizer isotopes was exploited in the design of
innovative drug delivery systems able to combine the effects of chemo- and radio-therapy with
reduction of the damage to normal tissue and improved therapeutic efficiency [114]. Specifically,
PEG–PCL-based hydrogels were employed in the preparation of multifunctional devices for the
delivery of DOX and β-emitter species, such as iodine-131 and rhenium-188, for the treatment of the
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hepatocellular carcinoma [102,115]. Finally, an advanced system involving linear copolymer formed by
poly(ε-caprolactone) was proposed for transcatheter arterial chemoembolization, a technique based on
the combination of chemotherapeutic efficacy from delivered anticancer drugs and a blockage of tumor
feeding vessels with an embolic material [116]. Specifically, sulfamethazine-based anionic pH-sensitive
block PCL copolymer was fabricated by free radical polymerization [117]. Aqueous solutions of the
synthesized copolymer underwent a sol-to-gel phase transition upon lowering the environmental pH,
and created a gel region able to cover the physiological conditions and low pH environments typical of
the tumor site.

Polyurethane (PU) derivatives, such as poly(amino ester urethane) (PAEU) block copolymers,
were employed as drug delivery systems, thanks to their ability to form electrostatic interactions and
hydrogen bonds with bioactive molecules, and to exhibit sol–gel phase transition after injection into the
body. PAEU copolymers were proposed for the fabrication of injectable radiopaque embolic materials,
based on a mixtures of an aqueous copolymer solution and Lipiodol, a commercial long-lasting
X-ray contrast agent [118]. In particular, exploiting the influence of pH and temperature on the
self-assembly capacity of this polymeric material, a dual drug delivery system was proposed as
a carrier for the regional release of DOX in the liver compartment. Additionally, target-specific
release of CisPt was proposed by incorporation of CisPt chondroitin sulfate-based nanogels into
pH- and temperature-responsive PEG–PAEU hydrogels [119]. In this case, ionic interactions, under
physiological conditions, between the tertiary amine and sulfate groups allowed to form hydrogel
networks able to selectively bind a receptor specifically expressed on cancer cells [120].

Linear copolymers obtained by suitable mixing of polyester monomers were used to synthesize
injectable hydrogels with tailored properties due to their specific hydrophobic/hydrophilic balance.
To this regards, PCLA–PEG–PCLA triblock copolymer was synthesized using a ring-opening
copolymerization involving ε-Caprolactone and LA, in the presence of PEG and Tin(II) 2-ethylhexanoate.
In particular, amphiphilic copolymer was conjugated with heparin to construct non-anticoagulant
heparin prodrugs loaded in thermosensitive hydrogel for anti-metastasis treatment [121] and as a
GEM carrier for the treatment of pancreatic cancer [122]. Moreover, PCLA–PEG–PCLA copolymer
was modified via polyaddition polymerization with sulfamethazine, acting as anionic pH-sensitive
moiety, to synthesize a dual stimuli responsive polymeric system, proposed for the DOX release in
liver cancer [123]. Finally, injectable pentablock copolymer hydrogels PEG–PCL–PLA–PCL–PEG, with
different ratios of PCL and PLA, were proposed as single-shot sustained release of vaccines. Specifically,
vaccine was encapsulated into PLGA nanoparticles and incorporated in the thermoresponsive hydrogels
in order to modulate gelation temperature and minimize burst release of antigen and adjuvants in the
treatment of melanoma [124]. Nevertheless, the synthetic strategies involving lactide, glycolide, or
ε-caprolactone derivatives to generate a temperature-sensitive and biodegradable polymeric backbone
suffered from the lack of chemical functionality in the parent aliphatic polyesters that makes it difficult
to modify the polymeric chains.

A valuable alternative way exploited the employment of methyltrimethylcarbonate
(PCB), cyclic carbonates derived from 2,2-bis(methylol) propionic acid (bis-MPA), as synthon
for functional biodegradable monomers [16]. Ring-opening polymerization, followed by
N,N’-dicyclohexylcarbodiimide-mediated condensation, was the synthetic strategy proposed to prepare
hydrophilic/hydrophobic PEG-functionalized cyclic carbonate based on 2,2-bis(methylol)propionic
Acid (bis-MPA) [125]. Micellization provided a physical cross-linked system, displaying a lower
critical solution temperature at values near the body temperature that can be suitable for PXT release
against hepatic cancer cells. A different protocol involved the formation of a biodegradable polymeric
biomaterial consisting of PEG and a polycarbonate of dihydroxyacetone (pDHA), proposed for the
prevention of the seroma post-operative complications following ablative breast cancer surgery [126].
Vitamins E and D-functionalized polycarbonates were proposed as a hydrophobic block in the synthesis
of three-block copolymers able to form physically cross-linked injectable hydrogels for local and
sustained delivery of herceptin in breast cancer treatment [127,128].
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2.4. Polyacrylates

Photo-induced radical polymerization involving acrylate monomers and/or functionalized
macromers represents an alternative to thermal gelation in the preparation of injectable hydrogels able
to be self-assemble after injection following a UV-irradiation (Figure 7) [129,130].

Figure 7. Schematic representation of the main acrylate polymers. PAA: Poly(acrylic acid); PAAR:
N-alkyl poly(acrylic amide); PEG-PA: PEGylated poly(methacrylic acid).

The main component of this class of materials enclosed PEG acrylate polymers (PEG-PA), which
was designed to allow the insertion of PEG properties (e.g., non-cytotoxicity, non-immunogenicity, and
ability to reduce opsonization) within a hydrogel network, showing increased drug loading capability
and retention time and improved mechanical properties (Table 4) [23,131].

This approach was investigated in the treatment of glioblastoma, employing a system based on
polyethylene glycol dimethacrylate (PEGDMA). The photopolymerizable monomer was UV-irradiated
in the brain tumor resection bed and employed for the delivery of Temozolomide (TMZ) and Paclitaxel
(PTX) [132,133]. This approach could present several advantages, including the killing of the tumor cells
that, after the resection of the main primary tumor, could infiltrate the brain tissue and the parenchyma.

Hybrid materials were also prepared by incorporating carbon nanotubes [134] or Zn ferrite
nanoparticles [135] for breast cancer treatment by combined DOX/photothermal and thermal
ablation therapy, respectively. Injectable hydrogels, proposed for the thermo-responsive delivery
of different drug molecules to prostate cancer in vivo, were prepared by radical polymerization
of oligo(ethylene glycol) methacrylate (OEGMA) monomers [136]. In another study, PAA was
combined with a poly[4-(2,2,6,6-tetramethyl piperidine-N-oxyl)aminomethylstyrene]–b–poly(ethylene
glycol)–b–poly[4-(2,2,6,6-tetramethylpiperidine-N-oxyl)aminomethylstyrene] (PMNT–PEG–PMNT)
triblock copolymer to obtain a redox-active polyion complex for the local protein therapy of murine
colon cancer [137].

A different approach involved the synthesis of specific gold nanorods incorporated into the
three-dimensional network achieved by radical polymerization of methacrylated poly-β-cyclodextrin
(MPCD)-based macromer and N-isopropylacrylamide (NIPAAm) as a poly(N-Alkylacrylamide) (PAAR)
derivative [138]. The hydrogel, exhibiting near-infrared and pH responsivity, was efficiently loaded
by host–guest interactions with adamantane-modified DOX prodrug, and its efficiency was tested in
in vitro tests against MCF7 (breast) and HeLa (cervix) cancer cells, and in in vivo experiments carried
out in the treatment of murine sarcoma.

Alternatively, thermoresponsive supramolecular poly(N-acryloyl glycinamide-co-acrylamide)
(PNAm) hydrogels, bearing polydopamine-coated gold nanoparticles and DOX, were fabricated by
radical photopolymerization [139], and proposed as a breast filler. This system, after heating in the sol
state, was injected into the cavity of resected breasts, where a rapid gelation occurred during cooling to
body temperature.
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2.5. Synthetic Polypeptide

Polypeptides (Pep) are synthetic protein-mimicking materials particularly attractive for their
biocompatibility and biodegradability [140–142]. Another advantage of this class of compounds lies in
the great chemical diversity due to the wide number of monomer sources from 21 natural amino acids
and their synthetic derivatives (Figure 8).

Figure 8. Schematic representation of synthetic polypeptides.

In addition, exploiting intramolecular hydrogen bonds within peptide backbones, polypeptides
can adopt ordered secondary structures (i.e., α-helix and the β-sheet) that confer them the self-assembly
behavior. Self-assembling polypeptides were employed as starting materials for the preparation of
injectable hydrogels (Table 5) [143–145] via gelation processes of their aqueous solutions upon changes
in pH, ionic strength, or temperature. The introduction of cytotoxic molecules into the solution led to
the encapsulation of bioactive agents for the treatment of different tumors. In detail, ionic gelation
was proposed for the preparation of Ce6 carrier system [146] for breast cancer, and stimulation of
immune system in health mice [147,148]. Thermo gelation processes were used for the fabrication
of injectable hydrogels for TMP-2 [149] and DOX-based therapy [150,151] of breast, cervix, and lung
cancers, as well as for DOX or gene (CDN) administration with simultaneous stimulation of immune
responses [152,153]. Furthermore, DOX@Liposome formulations were loaded in Pep hydrogels for an
Losartan (LST) combination therapy [154]. Another approach for the preparation of starting materials
for injectable hydrogels involves the conjugation of peptide moieties to oligoethylene glycol (OEG) [141]
or PEG derivatives, with the formation of PEGylated [155–158] or block [15,159,160] copolymers. Such
hydrogels were found to be suitable for the preparation of pro-drugs [160–162] and the delivery of
different clinically relevant cytotoxic agents, with the possibility to trigger the releasing profile in
response to physiological stimuli such as pH [155], temperature [158], and cell redox state [15,160–162],
or stimulate the immune system (Figure 9) [157].

 
Figure 9. In vivo modulation of dendritic cells (DCs) by sustained release of tumor antigens and tumor
cell lysates 3 (TLR3) agonist from a polypeptide hydrogel, evoking a strong cytotoxic T-lymphocyte
(CTL) response. With permission from [157]; Elsevier, [2018].
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Disulfide bonds were also employed for the preparation of thermo-responsive injectable
hydrogels. For example, PEGylated disulfide bond containing poly(l-cysteine) derivative
(poly(l-EGx-SS-Cys)) possessed an irreversible thermo-responsive behavior in water, probably ascribed
to chemical cross-linking caused by disulfide bond exchange. A thermogel consisting of PEG and
poly(l-EG4-SS-Cys) diblock copolymer was used as reduction responsive injectable hydrogel [164].
Physical cross-linking approach was also employed for the preparation of injectable hydrogels with
excellent shearing thinning features using PEG44-NH2 as a macroinitiator [165].

2.6. Dendrimers and Other Systems

Dendrimers are synthetic branched polymers with a globular structure, nanometric size, and
low polydispersity index [166], fabricated via a sequence of reaction steps in which monomer units
are added to a Generation 0 core [167]. This class of materials possesses unique features for drug
delivery applications, including the high affinity of the inner hydrophobic environment for different
drug molecules, the wide number of functional groups suitable for tailored functionalization [167], and
the ability to cross the cell membrane via paracellular and endocytosis pathways [168,169]. Different
injectable hydrogels based on dendrimers have been proposed in the literature for the treatment
of solid cancers (Table 6), mainly consisting in modified PEG [170], poly(amine-ester) [171], and
polyamidoamine (PAMAM) (Figure 10) [172,173].

Figure 10. Schematic representation of polyamidoamine (PAMAM )dendrimer.

The main component of this class of materials enclosed PEG acrylate polymers (PEG-PA), which
was designed to allow the insertion of PEG properties (e.g., non-cytotoxicity). PEG dendrimers were
modified by insertion of disulfide bonds [174,175] or boronic acid moieties [176] to confer redox
and pH responsivity, respectively. Boronic acid derivatives were also proposed to enhance the pH
biodegradability patterns of injectable hydrogels employed for breast cancer treatment in mouse
models [177], while the formation of Shiff’s base with poly-L-lysine (PL) carried out to an effective MTF
and 5-FU delivery system to colon C26 cells [34]. Targeting behavior can be conferred by derivatization
with heparin residues [178]. PEGylated PAMAM injectable hydrogels with increased solubility
and improved biodistribution characteristics [179] were tested as 5-FU carriers or as pH and redox
responsive DOX delivery vehicles for head/neck and cervix cancer treatment, respectively [172,173].
Other examples of injectable hydrogels for cancer therapy consist in lipid nanocapsule-based hydrogels
able to cross the blood–brain barrier [180], and in pH responsive PVA/GO hybrids loaded with a
CPT-CD complex [181]. The latter systems take the advantages of the peculiar properties of the high
biocompatible carbon nanostructures [182–184].
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3. Natural Polymers

3.1. Polysaccharides

Polysaccharides are widely employed for the fabrication of injectable hydrogels, owing
to their outstanding advantages consisting in water affinity, biocompatibility, biodegradability,
non-immunogenicity, and non-fouling features. Furthermore, the presence of multiple chemical
functionalities (e.g., acid, amine, hydroxyl, and aldehyde groups) allows easy chemical modifications
with the obtainment of a plethora of biomedical devices. They exert biological activities such as
cell recruiting, cell adhesion, and modulation of the inflammatory process, and the pharmacokinetic
profiles can be tailored by choosing the appropriate molecular weight distribution [185,186].

Polysaccharides are obtained from renewable plant and animal sources, including algae (e.g.,
dextran, alginate), plants (e.g., cellulose, agarose), microbes (e.g., dextran, gellan gum), and animals
(e.g., hyaluronic acid, chitosan). In this review, when polysaccharides are mixed with synthetic
polymers to further modify their physical, mechanical, and chemical properties, the resulting systems
are referred as N/S hybrids.

Chitosan (CS, Figure 11), the N-deacetylated derivative of chitin, is a biomaterial with a wide
range of biomedical applications due to its high biocompatibility and biodegradability.

 
Figure 11. Schematic representation of chitosan (CS).

In addition, the wound-healing, anti-tumor, and antimicrobial activities, make CS an ideal starting
material for designing pharmaceutical injectable formulations (Table 7) [187–189]. A CS prodrug of a
photosensitizing agent was used as base material to obtain an injectable pH-responsive hydrogel to be
used in breast cancer and melanoma therapy [190], whereas the chemical cross-linking of CS with β-GP
was proposed in several research works as a valuable strategy to obtain thermo-responsive materials for
the treatment of a number of cancer diseases. In more detail, CS/β-GP systems were either employed
as platforms for the release of antineoplastic drugs [191–194] or loaded with nanoparticles bearing
the anticancer agent, in order to obtain a more sustained drug release in the site of interest [195–198].
Other applications involved the possibility to combine chemo- and radio-therapy [195,199], and
produce local hyperthermia for different types of cancer [200–202]. Thermal gelation of CS in the
presence of G carried out to injectable hydrogels for the treatment of breast cancer [203], while
mixed polysaccharide hydrogels, including CS-ALG [204] and CS-HA-NIPAAm [205,206] complexes,
were designed to produce targeted delivery of anti-VEGF antibody [204], as well as pH-responsive
systems for the DOX [205] and DOX@GO [206] vectorization to colon and breast cancer, respectively.
Injectable hydrogels were also prepared using CS hydrophilic derivatives [207]; for example, CS
modified with glycol moieties was covalently linked with PEG to obtain hydrogel materials for the
release of self-healing [208] and photosensitizing [209] agents. In another approach, DOX@PLGA
nanoparticles were inserted into the hydrogel structure, together with magnetic nanoparticles, to raise
a more sustained release profile combined with magnetic ablation of breast cancer [210]. Furthermore,
supramolecular hydrogels composed of GCS, PF127, and α-CD were proposed as DOX delivery
platforms in the treatment of liver carcinomas [211]. Different modifications involved the bonding of
hydroxybutyl [212], hydroxypropyl [7], carboxymethyl [213,214], and carboxyethyl [215–217] groups.
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In more detais, carboxymethyl chitosan (CMCS) was copolymerized with NIPAAm [213] to
obtain pH- and thermo-responsive depots for the on-off release of 5-FU to cervix and breast cancers.
hydroxypropyl chitosan (HPCS) was condensed with PPLL dendrimers by Schiff’s bases and subjected
to an ionic gelation process in the presence of PEG dendrimers and oxDEX nanoparticles bearing DOX,
IL-2, and IFN-γ for a synergistic anticancer therapy.

In another approach, CS [218], PBCS [219], CS-DA [220], or CS alkyl derivatives [214,216,217]
were condensed with oxidized polysaccharides, including DEX [218,219], ALG [214,216], HA [217],
and PLN [220].

SCS was combined with oxCS [221] or oxALG [222] to obtain pH-responsive injectable hydrogels
for DOX sustained release. Other examples of CS derivatives include GTMACS [223] and CS-CAT [224],
used for DTX or DOX/DTX combination therapy, respectively. TCS was employed to produce an
enzyme-responsive CUR delivery vehicle [226], and CS-TPP was proposed for photothermal therapy
in breast and liver cancers [225].

Hyaluronic acid (HA, Figure 12), a non-sulfated glycosaminoglycan, is one of the major components
of connective tissues and synovial fluid.

 
Figure 12. Schematic representation of hyaluronic acid (HA).

It is able to interact with cell surface receptors (e.g., CD44), thus promoting cell migration, and,
in virtue of its high biocompatibility, has been extensively exploited as a starting material for the
fabrication of different injectable hydrogel systems (Table 8) [227–230]. The thermo-gelation of HA in
the presence of PF127 carried out to injectable hydrogels suitable for DOX release to breast [231] and
colon cancers [68], or for the DOX-DTX synergistic treatment of CT26 cancer cells [67]. Oxidized HA was
chemically cross-linked to obtain an injectable biomaterial mimicking embryonic microenvironments,
thus exerting and controlling the phenotype of aggressive cancer cells [232]. Injectable HA hydrogels
obtained with the same approach were either physically loaded with, or chemically conjugated to,
CisPt-loaded HA nanogels for gastric cancer treatment [233]. Different cross-linking strategies involved
the preliminary derivatization of HA with Tyr residues [234–236], or the insertion of thiol groups [237].
In the first case, horseradish peroxidase (HRP) catalyzed the coupling reaction between HA–Tyr chains
with the formation of injectable hydrogels for the delivery of IFN-α to Kidney cancer (Figure 13) [236],
while the incorporation of hyaluronidase allowed the selective vectorization of conjugated IFN-α [234]
and loaded TZB [235] to liver and breast cancer, respectively.

 
Figure 13. Schematic illustration of in situ formation of IFN-α-incorporated HA–Tyr hydrogels through
enzymatic cross-linking reaction. HRP: horseradish peroxidase. With permission from [236]. Elsevier,
[2016].
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On the other hand, the oxidation of thiol groups was exploited to generate disulfide bonds acting
as cross-links of the hydrogel. The resulting redox-responsive material was employed as a delivery
vehicle of DOX and the combinations of DOX–SRB and DOX–SRB–MTF [237]. HA was also employed
as a functional element for the enzymatic synthesis of PEGylated dendrimers able to modulate the
cellular phenotype of human mammary cancer epithelial cells and mouse myoblasts [240].

Finally, the incorporation of MSNs [238] and α-CD–AuBNs–MSNs [239] within HA hydrogels
allowed the fabrication of hybrid systems suitable for photothermal DOX combination therapy of
mammary and squamous carcinoma, respectively.

Cellulose (CL, Figure 14) is a polysaccharide consisting of repeating β-D-glucopyranose units
obtained from different sources, including wood pulp, cotton, tunicates, fungi, bacteria, and algae [241].

 
Figure 14. Schematic representation of cellulose (CL).

The superior biological features, together with the large availability and low cost, make CL-based
materials suitable for a wide range of applications, including biomedicine (Table 9) [242].

Hydrophilic CL derivatives, such as quaternized cellulose [243] and hydroxypropyl methyl
cellulose [244], were investigated for the DOX-based and PTX/TMZ therapy of hepatocellular
carcinoma [243] and glioma [244], respectively. Pristine CL was also tested as a base material
for the fabrication of hybrid hydrogels for the photothermal treatment of melanoma and hepatic cancer,
both in vitro and in vivo [245], with black phosphorus nanosheets acting as active agent.

Alginate (ALG, Figure 15), an anionic biopolymer consisting of units of mannuronic acid and
guluronic acid in irregular blocks [246], is widely used in biomedical field due to its several favorable
properties, including biocompatibility, hydrophobicity, and availability of hydroxyl and carboxyl
groups for tailored chemical modifications (Table 9) [247].

 
Figure 15. Schematic representation of alginate (ALG).

Injectable hydrogels prepared by ionic gelation were proposed for the delivery of CisPt dendrimers
to breast and lung cancer cells with high efficiency [248], as well as for the incorporation of magnetic
nanoparticles for the thermal ablation of different types of cancers, including breast, ovary, glioblastoma,
and colon [201]. The insertion of NIPAAm moieties carried out the formation of thermo-responsive
vehicles of gene [249] and DOX@micelles [250] to prostate cancer and osteosarcoma. Further
modifications of ALG chains involved the oxidation to aldehyde derivatives, suitable for coupling with
PEI polymers. The obtained in situ gelling systems were proposed as delivery systems for core-shell
nanoparticles loaded with CisPt and PTX, and found to be effective in the treatment of breast, skin,
and liver neoplasia [251,252].
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Dextran (DEX, Figure 16) consists of glucose monomers linked via α-1,6 glycosidic bonds, with
branches originating from α-1,3 linkages. It finds a wide range of applications in the biomedical field,
due to its high availability, low cost, and easy chemical modification.

 
Figure 16. Schematic representation of dextran (DEX).

Moreover, its high stability, hydrophilicity, absence of toxicity, and biodegradability make this
polysaccharide an ideal drug delivery carrier (Table 9) [261]. It is able to promote the penetration of
chemotherapeutic agents in tumor masses [262], thus allowing the fabrication of effective delivery
vehicles for cancer treatment [263]. Preliminary derivatization of dextran, including oxidation [253,254]
and conjugation to acrylic [260] or thiol groups [255], was carried out to obtain effective carriers for the
delivery of cytotoxic drugs [253,254], gene [260], or DOX in combination with Bismuth Nanoparticles
in a combined X-ray radio- and chemo-therapy [255].

Gellan gum (GG, Figure 17) is a linear anionic polysaccharide approved by the FDA as an additive
in food and pharmaceutical formulations (Table 9) [264].

 
Figure 17. Schematic representation of gellan gum (GG).

Its biodegradability, mucoadhesivity, and thermo-reversible gelling properties make it the
ideal candidate for the preparation of injectable matrices to be employed in tissue engineering and
wound healing. Injectable nanocomposites, consisting of GG hydrogels incorporating drug-loaded
nanoparticles, were proposed for the treatment of different cancer diseases. More closely, PTX-loaded
liposomes were loaded on a GG hydrogel matrix and the overall system directly instilled in the urinary
bladder [256]; whereas, in another work, DOX-loaded CuS nanoparticles were embedded in GG
injectable hydrogels for NIR-triggered chemo-photothermal therapy of breast cancer [257].

Agarose (AGR, Figure 18) is an FDA-approved linear polysaccharide derived from marine algae.
A robust injectable thermo-responsive AGR hydrogel incorporating sodium humate and DOX was
proposed as a valuable tool for chemo-photothermal treatment of breast cancer [258]. Furthermore,
DOX@nanoparticles were encapsulated in AGR injectable hydrogels for sustained local drug delivery
(Table 9) [259].
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Figure 18. Schematic representation of agarose (AGR).

3.2. Proteins

The integration of the structural and functional properties of proteins in injectable hydrogels was
also tested, thanks to the high biocompatibility, biodegradability, non-toxicity, and non-immunogenicity
of such materials, as well as by virtue of their similarity to naturally occurring components of organs,
tissues, and cells (Table 10) [25,265–268].

Serum albumins, from both bovine and human serum, are the most abundant protein in blood
plasma (40–50 mg/mL) and the primary transport proteins of various endogenous and exogenous
substances in plasma, including cations, bilirubin, fatty acids, and drugs [269,270].

Albumin from bovine serum (BSA) was proposed as polymeric support in the synthesis of
injectable hydrogels for cancer therapy. BSA was added to the cross-linking agent epichlorohydrin to
prepare a gel with suitable mechanical strength, viscoelastic behavior, shear thinning, injectability, and
self-healing properties useful as DOX delivery vehicles to cervix and breast cancer [269]. Alternatively,
an injectable hydrogel consisting of PEG-modified BSA- and PTX-encapsulated red blood cell membrane
nanoparticles was proposed to improve the intraperitoneal retention of PTX in the treatment of human
gastric cancer [271]. Finally, human serum albumin (HSA) chemically conjugated to PEG dendrimers
was suggested as a functional biomaterial for the induction of apoptosis in pancreatic cancer [270].

Gelatin (GEL) represents another interesting protein material able to spontaneously undergo the
gel–sol transition process at body temperature. Despite its good biological properties, gelatin hydrogel
cannot be used in biomedical applications without chemical modifications, due to its instability
under physiological conditions and, also, poor mechanical properties [272]. Different approaches
were proposed to improve its performance in the biomedical field [273]: GEL–dendrimer [274],
GEL–pectin [275], and GEL–CS [276] composites, cross-linked by means of HRP chemistry [274,275]
or ionic gelation [276], were successfully employed in lung and skin carcinomas studies, and for
the controlled release of DOX@Liposome. In addition, GEL injectable hydrogels were proposed as
DOX carriers in the treatment of prostate cancer [277] in a multifunctional system, also acting as
regenerative matrix with pronounced adhesion to abdominal tissue that, by in situ polymerization,
allow to overcome the inconvenience usually related to radical prostatectomy. Moreover, due to its
surfactant properties [278], GEL was also employed for the fabrication of thermo-responsive hybrid
hydrogels for the controlled release of DOX to gastric cancer [279], with improved efficiency due to
the incorporation of rod-like-shaped nanoparticles, such as carbon nanotubes [280,281]. Finally, an
injectable and colloidal hydrogel composed of amphoteric GEL nanoparticles and polydopamine (PDA)
nanoparticles was developed to realize multi-stimuli (pH, enzymes, and near-infrared light)-responsive
drug delivery properties and combined chemo-photothermal cancer treatment [282]. Due to the
sensitivity of GEL nanoparticles to the tumor microenvironment and PDA nanoparticles to the NIR
laser, DOX-loaded hydrogel could show multiple responsivity to acidic pH and NIR laser irradiation,
resulting in controlled and sustained anticancer release profiles.

Silk fibroin (SF) was proved to be a biodegradable and biocompatible native natural material
derived from Bombyx mori silkworm with safe record in vivo [283,284]. SF hydrogels developed by
the protein conformation transition from amorphous to β-sheet induced by physical cross-linking,
including the ultrasound assisted processes, possess injectability as well as biocompatibility and
safety features [285]. SAL–PTX-loaded silk fibroin hydrogel was fabricated by ultrasound-assisted
cross-linkage, without toxic organic solvents and surfactants, for loco-regional tumor treatment and
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cancer stem cell inhibition in vivo [286]. Additionally, self-assembling pH-responsive silk nanofiber
hydrogels with thixotropic properties were proposed to support the injectable delivery DOX for
the treatment of breast cancers in mouse models [287]. The possibility to obtain benefits from a
photothermal treatment was exploited in the synthesis of SF nanofiber hydrogel systems complexed
with lanthanide-doped rare-earth up-conversion nanoparticles and nano-graphene oxide for breast
cancer treatment [288]. In this case, a synergistic effect of combined up-conversion luminescence
imaging diagnosis and photothermal therapy was confirmed to decrease dosage-limiting toxicity and
tissue damage by over-heating and improve the therapeutic efficiency. An innovative approach that
drastically reduces gelation times involved an enzyme-mediated cross-linking strategy to produce
fast-gelled SF-based injectable hydrogels at physiological conditions [289].

Finally, silk–elastin-like protein (SELP), genetically engineered materials composed of tandem
repeats of a six amino acid sequence commonly found in silkworm silk fibroin and a five amino
acid sequence commonly found in mammalian elastin, was proposed in the synthesis of injectable
hydrogels. This combination of silk and elastin molecular properties results in a polymer which is
responsive to temperature increases and irreversibly forms hydrogels at physiological temperature.
Gelation occurs without the need of chemically-induced cross-linking, because this phase transition
spontaneously occurs when elastin-like units collapse thermodynamically aligning the silk-like units
that form hydrogen-bonded beta sheets, and results in a physically cross-linked matrix. SELP-based
carriers were applied as a platform for drug delivery with negligible toxicity for the radiation treatment
of prostate and pancreas cancers [288,290], for localized delivery in transarterial chemoembolization
to treat intermediate stage hepatocellular carcinoma [290,291], or as gene-directed enzyme prodrug
therapy [292]. In particular, injectable brachytherapy polymers [290,291] composed of SELP labeled
with the radionuclide 131I exhibit a gelling transition as a result of two independent mechanisms, firstly
involving SELP moieties that, at the body temperature, are rapidly converted into an insoluble material.
Afterwards, the high energy β-emissions of 131I further stabilize the depot by introducing cross-links
within the SELP depot over 24 h. Additionally, SELP-based hydrogel was proposed to overcome the
limitations usually associated with the commercial embolic liquids that discourage their employment
in transarterial chemoembolization. To this regard, DOX and SRB, two chemotherapeutics used in the
treatment of hepatic carcinoma, were incorporated into the in situ gelling liquid embolic composed
of SELP polymer [290,291]. Due to its pore size and in vivo gelation properties, SELP restricts the
distribution and controls the release of therapeutic viruses, such as herpes simplex virus, for up to one
month, representing a valuable approach which may also have significant potential for increasing the
safety of adenoviral gene delivery, while not sacrificing efficacy is spatial and temporal delivery of
viruses following injection into a localized area [292]. In this way, gene expression levels at the site of
interest were localized, prolonged, and significantly increased.

4. Conclusions and Future Perspectives

Hydrogel systems represent a relevant class of healthcare products with applications ranging from
tissue engineering, bio-sensing, and bio-imaging, to drug delivery [293]. The huge interest in hydrogels
is underlined by the worldwide market, estimated at around US$10 billion in 2017 and expected to
grow up to US$15 billion by 2020 [294]. Injectable hydrogels have been proved to be a valuable tool for
the delivery of anticancer drugs, providing temporal and spatial control over the releasing rate, thus
improving the therapeutic index of commonly used chemotherapeutics [29]. To date, a few products
are currently available on the market, including CS/Organophosphate (BST-Gel ®), PLGA–PEG–PLGA
(ReGel ®), Poloxamer 407 (LeGOO ®), Poly(vinyl methyl ether co maleic anhydride) (Gantrez ®)
hydrogels, available as cartilage repair [295] hydrogel market, tumors [296], vascular injury [297], and
vaccine adjuvants [298].
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The main limiting issues, concerning sterilization, scale-up, shelf-life, and user compliance
(professional and/or patient), must be addressed before the benefits afforded by injectable hydrogels
can be translated into clinical practice. Some formulations are currently in clinical trials, mainly
consisting in radiopaque PEG hydrogels (TraceIT ® and SpaceOAR ®) useful to improve the target
definition of radiotherapy, thus reducing the radiation doses [299,300].

The scientific community recognizes great potential to the use of injectable systems for anticancer
delivery, but to definitely replace the conventional therapies with the injectable systems, continuous
innovation in the development of new architectures and design strategies is required. For a more
effective translation of injectable hydrogels from research into clinical reality, future attempts should
be done to explore the possibility of combining chemotherapy, hyperthermia therapy, immunotherapy,
and radiotherapy, by selecting appropriate materials and evaluating the biological effects on metabolic
and cellular mechanisms, both in the normal and diseased states.
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