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Preface

In recent years, the biomedical engineering field has seen remarkable advancements, focusing

mainly on developing novel solutions for enhancing tissue regeneration or improving therapeutic

outcomes. One of the key components of the latest developments is polymers (natural, synthetic,

or blended formulations) due to their indisputable wide range of properties and functionalities

that transform them into ideal materials for designing drug delivery systems or scaffolds for tissue

engineering. This reprint, devoted to the topic of “Polymer Materials for Drug Delivery and

Tissue Engineering”, gathers a multidisciplinary collection of articles that merge the knowledge and

expertise of worldwide researchers that present their latest research in the field of polymer-based

materials. This reprint also brings together articles that report original research on the design

and synthesis of novel drug delivery systems and scaffolds or that provide insights into polymer

interaction. Polymers are valuable tools for the development of drug delivery systems and

biomimetic scaffolds due to their tailorable design, versatility, attractive physiochemical properties,

and excellent biocompatibility. With ongoing advancements in polymer science and personalized

medicine, polymers hold great promise in revolutionizing the current landscape of the biomedical

field, providing a real opportunity for designing personalized biomedical products that can be easily

adjusted to meet patients’ needs.

This reprint, entitled ”Polymer Materials for Drug Delivery and Tissue Engineering”, is a tribute

to all the dedicated scientists engaged in the field of polymer materials for drug delivery and

tissue engineering applications. The editors express their gratitude to all the contributing authors

of this Special Issue as their insightful research and commitment to advancing the field have not

only elevated the quality of our Special Issue but also contributed significantly to the broader

scientific community. Also, we acknowledge all the members of the Polymers Editorial Office for

their indispensable support and invaluable work in the development of this Special Issue.

Ariana Hudita and Bianca Gǎlǎţeanu

Editors
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Editorial

Polymer Materials for Drug Delivery and Tissue Engineering

Ariana Hudit,ă * and Bianca Gălăt,eanu

Department of Biochemistry and Molecular Biology, University of Bucharest, 91-95 Splaiul Independentei Street,
050095 Bucharest, Romania; bianca.galateanu@bio.unibuc.ro
* Correspondence: ariana.hudita@bio.unibuc.ro

In recent years, the biomedical engineering field has seen remarkable advancements,
focusing mainly on developing novel solutions for enhancing tissue regeneration or im-
proving therapeutic outcomes. One of the key components of the latest developments is
polymers (natural, synthetic, or blended formulations), due to their indisputable wide range
of properties and functionalities that transform them into ideal materials for designing
drug delivery systems or scaffolds for tissue engineering.

The Special Issue “Polymer Materials for Drug Delivery and Tissue Engineering”
gathers a multidisciplinary collection of articles that merge the knowledge and expertise
of worldwide researchers that present their latest research in the field of polymer-based
materials. This Special Issue brings together articles that report original research on the
design and synthesis of novel drug delivery systems and scaffolds or highlight insights
into polymer interaction [1–5]. To improve the current knowledge and open up new per-
spectives in the use of biopolymer blends, Wilharm et al. [6] characterized the interaction of
collagen and elastin fibers during polymerization and revealed that elastin is incorporated
homogeneously into the collagen fibers. The results contribute significantly to designing
elastin-based biomaterials with or without actuatoric applications. In another study [7], a
bioactive scaffold obtained based on demineralized human spongiosa Lyoplast was tested
to reveal its microstructure and biochemical properties. The reported findings validate the
biopolymer for its further use in developing scaffolds for articular hyaline cartilage tissue
engineering, as the material preserves the typical hierarchical porous structure and the
presence of collagen and other extracellular matrix proteins, with no cytotoxic-mediated
effect in vitro on chondroblasts. Moreover, Laomeephol et al. [8] revealed the advantages of
blending Bombyx mori silk fibroin (SF) and recombinant spider silk protein eADF4(C16) into
a hydrogel that showed superior mechanical and biological performance when compared
with the characteristics of individual materials.

Furthermore, this Special Issue reveals other biomedical applications of polymers
such as the development of organ-on-a-chip platforms. With a focus on the urology field,
Galateanu et al. [9] presented an overview of the use of polymers in developing microfluidic
devices for creating physiological organ biomimetic systems for the kidney, bladder, and
prostate using lithography, or bioprinting, representing valuable tools for understanding
disease mechanisms or developing more effective drugs.

For tissue engineering purposes, polymers are widely used for the design and fabri-
cation of biomimetic scaffolds that can substitute the defective tissue while maintaining
a suitable environment to promote healing [10]. Depending on the intended applica-
tion, a polymer-based scaffold can be designed to mimic the natural extracellular matrix
(ECM) and therefore provide mechanical support for cellular adhesion, proliferation, and
differentiation in a 3D manner that resembles the complex architecture of the targeted
defective tissue. Scaffolds can be easily tuned depending on the requirements imposed
by the intended applications in terms of mechanical properties, degradation rates, and
surface characteristics, this versatility being the main reason why the same polymer can be
used for the development of a variety of scaffolds that meet different tissue engineering

Polymers 2023, 15, 3103. https://doi.org/10.3390/polym15143103 https://www.mdpi.com/journal/polymers1
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applications. Moreover, the scaffold can be tailored to encapsulate and act as a reservoir for
soluble bioactive molecules that can be released in a controlled manner or as a response
to cues provided by the biological microenvironment. For example, polycaprolactone
(PCL) was employed as a starting material for the development of multiple scaffolds that
respond to different potential tissue restorative applications [11–13]. Busuioc et al. [11]
manufactured bioactive and bioresorbable composite materials based on PCL and calcium
magnesium silicate powders through an electrospinning technique to aid and sustain
bone tissue regeneration. PCL-based scaffolds were also developed to feature antibacte-
rial properties, as infections are frequently associated with tissue injuries. An oxidized
regenerated cellulose/PCL bilayered composite (ORC/PCL) [12] incorporating different
concentrations of cefazolin was screened to select the best formulation that can act as a
synthetic dural substitute, with proper antibacterial activity. Despite the observations that
drug incorporation triggers mechanical and physical changes in comparison with pristine
scaffolds, the ORC/PCL composite loaded with 2.5 g cefazolin was selected as a promising
formulation resembling the microstructure and physical and mechanical properties of the
drug-unloaded composite while featuring antibacterial activity sustained for up to 4 days.
Khunova et al. [13] also proposed the use of PCL for designing a bioactive scaffold that can
act as a potential substrate to prevent bacterial infections associated with wound healing.
Using electrospinning, PCL nanofibers reinforced by halloysite nanotubes (HNTs) loaded
with erythromycin were manufactured, as a strategy to overcome the low solubility of the
drug in aqueous solutions. The addition of HNTs in the PCL nanofibers improved the
mechanical properties of the final scaffold, which presented a superior Young modulus and
tensile strength and a strong antibacterial effect on both Gram-negative (Escherichia coli)
and Gram-positive (Staphylococcus aureus) bacteria.

For wound healing applications, Al. Arjan and collaborators [14] proposed a pH-
sensitive dressing prepared by blending bacterial cellulose (BC) with polyvinyl alcohol
(PVA) and graphene oxide (GO), which was studied as a potential drug delivery platform
after curcumin loading. The GO content impacts the physical–mechanical performance
of the composite hydrogel in terms of the biodegradation rate, and mechanical and hy-
drophilicity properties. In vitro studies on Gram-positive and Gram-negative bacteria, as
well as on cancer cells, revealed a dual role of the pH-responsive PVA/BC-f -GO dressing
material that exhibits both antimicrobial and anticancer activities.

As in tissue engineering applications, the biocompatibility and biodegradability of
polymers are essential features that promote their use for drug delivery system develop-
ment, such as nanoparticles, micelles, and hydrogels [15]. Drug delivery systems improve
drug solubility, protect the drug load from degradation, decrease the adverse effects associ-
ated with free-drug administration, and can be easily tuned to feature a controlled release
of the drug suitable for the desired application. A strategy for modulating the release of the
loaded drugs is the design of stimuli-responsive drug delivery systems. Such an example
is the temperature- and pH-responsive poly(N-isopropyl acrylamide)-co-poly(acrylamide)
(PNIPAM-co-PAAm) drug delivery system fabricated by Thirupathi and collaborators [16].
To validate the drug delivery behavior, curcumin was employed as a model drug, with the
results showing a nearly complete release of the cargo in the presence of combined pH and
temperature.

Moreover, especially for drug delivery systems developed for cancer treatment, func-
tionalization strategies can be employed to direct nanoshuttles to tumor cells, thus in-
creasing the therapeutic efficacy of the drug cargo while reducing toxicity [15]. For col-
orectal cancer management, Ullah et al. [17] designed chitosan nanoparticles loaded with
5-fluorouracil (5-FU) and decorated with folic acid (FA) to improve folate receptor affinity.
Their results revealed the enhanced cytotoxicity of the 5-FU-FA chitosan nanoparticles
compared to free 5-FU and non-functionalized 5-FU chitosan nanoparticles in Caco2 tumor
cell cultures. However, functionalization strategies are not mandatory for developing
effective nanoshuttles for anticancer drug delivery, since nanosized drug delivery systems
accumulate preferentially in tumor cells, due to the abnormalities of the tumor vasculature.
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A nanosystem based on Bombyx mori silk sericin was successfully developed for doxoru-
bicin delivery and induced cytotoxicity and genotoxicity in MCF-7 tumor cells selected as
an in vitro model for breast cancer [18].

In conclusion, polymers are valuable tools for the development of drug delivery
systems and biomimetic scaffolds due to their tailorable design, versatility, attractive phys-
iochemical properties, and excellent biocompatibility. With ongoing advancements in
polymer science and personalized medicine, polymers hold great promise in revolutioniz-
ing the current landscape of the biomedical field, providing a real opportunity for designing
personalized biomedical products that can be easily adjusted to meet patients’ needs.
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Abstract: Organ-on-chips (OOCs) are microfluidic devices used for creating physiological organ
biomimetic systems. OOC technology brings numerous advantages in the current landscape of
preclinical models, capable of recapitulating the multicellular assemblage, tissue–tissue interaction,
and replicating numerous human pathologies. Moreover, in cancer research, OOCs emulate the 3D
hierarchical complexity of in vivo tumors and mimic the tumor microenvironment, being a practical
cost-efficient solution for tumor-growth investigation and anticancer drug screening. OOCs are
compact and easy-to-use microphysiological functional units that recapitulate the native function
and the mechanical strain that the cells experience in the human bodies, allowing the development of
a wide range of applications such as disease modeling or even the development of diagnostic devices.
In this context, the current work aims to review the scientific literature in the field of microfluidic
devices designed for urology applications in terms of OOC fabrication (principles of manufacture
and materials used), development of kidney-on-chip models for drug-toxicity screening and kidney
tumors modeling, bladder-on-chip models for urinary tract infections and bladder cancer modeling
and prostate-on-chip models for prostate cancer modeling.

Keywords: organ-on-chip; tumor-on-chip; polymeric microfluidic devices; kidney-on-chip; bladder-
on-chip; prostate-on-chip

1. Introduction

Regardless of the therapeutic area of new emerging therapies and novel agents entering
the market, nephrotoxicity is a major challenge, as the kidney is the second target of
drugs and chemicals after the liver. More than 25% of the adverse effects in today’s
pharmacotherapy are caused by nephrotoxic effects [1]. Of these, 20% are reported during
postmarket surveillance [2], as early stages of drug development fail to deliver relevant
output with this respect [3]. Consequently, the poor correlation between the preclinical
and clinical outcomes has led to the failure of most drugs before reaching the patient [4].
Preclinically approved drugs have been withdrawn a few times due to the side effects
observed in the clinical trials [5,6]. Therefore, the pharmaceutical industry is under high
pressure to speed up the drug-development process and to design new cures that are very
effective in humans with reasonable costs [7].

The traditional in vivo tests on animal models are costly and often fail to accurately
predict the efficiency and toxicity in humans due to the species’ different metabolic re-
sponses to specific agents and the variations in some genes’ expressions, such as cytochrome
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P450 genes [8]. Consequently, the poor similarity between the physiological environment
in animals and human bodies, which may alter the results of drug efficiency in various
diseases, is a major barrier for future use of in vivo tests on animals [9]. With respect
to cancer research, animal models in particular lack predictability [10] since they do not
recreate the exact human tumor microenvironment (TME) and may exhibit different cell
biology and cancer behavior when tumorous cells interact locally with stromal cells. In
addition, the ethics concerns of sacrificing animals are a significant barrier in testing many
discovered drugs on animals [11,12]. In 2021, the European Parliament agreed with a large
majority to ban experiments on animals, which have killed about 12 million animals in
2017, revealing the importance of finding alternatives for biological assays developed with
other procedures than sacrificing animals [13].

Despite tremendous research efforts and advanced medical treatments, cancer con-
tinues to be one of the most frequent causes of death in the world. In 2020, 18.1 million
new cases and 9.5 million cancer-associated deaths were reported worldwide [14]. Ac-
cording to American Institute for Cancer Research, more than 50% of cancer cases were
reported in men. Prostate, bladder, and kidney cancers account for an estimated 23% of
all cancers diagnosed in men in the last two years. Furthermore, recent World Health
Organization (WHO) statistics are estimating a ~55% increase of overall cancer cases from
2020 to 2040 [15]. Alarmingly, the mortality rate is expected to increase by ~65% by 2040,
highlighting the urge to find and acquire more efficient anticancer remedies.

The main difficulties in cancer research are forming an effective in vitro TME able to
accurately recapitulate the local tissue in which the tumor is forming [16]. Conventional
preclinical in vitro models for anticancer drug screening are generally classified in 2D
cell cultures and 3D cell architectures and have been extensively exploited as simple and
cost-efficient methods to simulate cancer propagation and drug response [17]. The 3D
cancer models deliver a helpful substitute to animals, but they still do not consider the
dynamic environment of the human tissues or organs. However, they do not reproduce the
complex assemblage of the human 3D cells from living organs to properly elucidate the
cancer cell migration and invasion, also taking into consideration the mechanical forces
(such as hydrostatic pressure, fluid shear stress, breathing motions in lung) naturally
occurring in human bodies. Nonetheless, neither of these systems is transporting a blood
or nutrient-rich medium through an endothelium-lined vasculature, limiting the real
prediction of tissue–tissue interactions and circulating immune cells during therapeutic
drug dosage [18,19].

Standard cell-culture techniques fail to provide insights into complex multifaced
interactions that take place in a multiorgan system. The need to transport fluids containing
pharmaceutical compounds through models of different pathological conditions while
accurately simulating physiological processes is challenging the scientific media to engineer
new technology able to replace animal testing.

Microfluidics is the science and technology of systems that allow the processing and
manipulation of microscale fluids (10−9 to 10−18 L) using channels with sizes of tens to
hundreds of micrometers [20]. By combining microelectronics with structural analysis and
molecular biology, microfluidics leads to a deeper understanding of the mechanism by
which the cellular, biochemical, and physiochemical environment indicate tumor sensitivity
and resistance to therapy [21].

Recently, new devices known as organ-on-chips (OOCs), which are able to recapitulate
the multicellular assemblage, tissue–tissue interactions, and to replicate human pathologies
and the appropriate physical TME, have emerged as a practical cost-efficient solution for
tumor-growth investigation and anticancer-drug screening by combining the microfluidic
technology with 3D cell-culture procedure to simulate the entanglement of the cells as in
their native environment [19,22,23]. OOCs are compact and easy-to-use microphysiological
functional units that recapitulate the native function and the mechanical strain that the cells
experience in the human bodies, allowing the development of a wide range of applications
such as disease modeling or even the development of diagnostic devices. However, impor-
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tant features of the membranes involved in the fabrication of OOC compartments to allow
cells’ structural support and nutrient transportation are often poorly investigated. Nowa-
days, both synthetic and natural polymers are explored for the manufacturing process of
advanced OOC microdevices, being able to replicate various organ bionic pathophysio-
logical models. Poly(dimethylsiloxane) is one of the most employed synthetic polymers
used for lung, liver, heart, and multi-organ-on-chip (MOOC) membranes in microfluidic
devices due to its extraordinary high transparency and flexibility. However, it is not a
degradable material able to contribute to the formation of the natural extracellular matrix
(ECM). Alternative biopolymers with higher biocompatibility, such as collagen-based mate-
rials containing cell-growth factors and hormones, have been used for OOC fabrication to
simulate the physiological behavior of living organs. Despite significant advances, many
polymeric materials still do not meet the mechanical properties of the in vivo organs and
do not exhibit optimal cytocompatibility suitable for accurate pharmaceutical screening or
dynamic simulation of cancer cell behavior.

This review brings to attention the specifications and fabrication methods for OOCs
and the importance of polymeric porous materials used in OOCs in relation to cell behavior.
In this context, the current work aims to review the scientific literature in the field of
microfluidic devices and materials designed for urology applications in terms of OOC
fabrication (principles of manufacture and materials used), development of kidney-on-chip
models for drugs toxicity screening, and kidney tumors modeling, bladder-on-chip models
for urinary tract infections and bladder cancer modeling, and prostate-on-chip models for
prostate cancer modeling.

2. Fabrication of Organ-on-Chip

2.1. Principle and Manufacture of Organ-on-Chips

Microfluidic technologies have rapidly developed in the past years in terms of fabrica-
tion methodology, materials involved, and complexity of the systems to faithfully respond
to the medical requirements. OOCs are microfluidic cell-culture micromachines that can
recapitulate an organ-level response to medical treatment and reconstruct physiological
dynamics observed in native human tissues, for instance, physiological flow, biomechanical
motions, nutrient transportation, and drug delivery [22], in a convenient manner, delivering
a platform with a new opportunity for oncology research. As biology-inspired engineered
microdevices [24], the OOCs for tumor investigation must enable a series of possibilities:
(i) the introduction of pharmaceutical compounds or reagents as fluids with the similar
dynamic flow as for biological fluids; (ii) the ability to perfuse these fluids around on the
chip, and to combine and mix them; (iii) the introduction of other sensors or devices for
monitoring the results, such as detectors for bioanalysis.

By incorporating tumor organoids in microfluidic devices, “tumor-on-chip” (TOCs)
models that allow the reconstruction of the TME are created. These chips enable a deeper
understanding of the tumor mechanism in vivo, which runs to enhanced preclinical eval-
uation of drug efficiency. Human solid tumors are highly heterogeneous [16], owning a
complex microenvironment with a dense ECM, abnormal vessels, various stromal cells,
or different immune-type cells [22]. Additionally, the nearby stromal tissues of the tumor
act as an active source (and reservoir) of different cytokines and growth factors that affect
the tumor development and pharmacological feedback. Several studies have shown that
the complex variety of the cellular microenvironment may impact in some respect the
tumor behavior, including tumorigenesis, angiogenesis, tumor invasion, metastasis, and
endurance to therapeutic products. Many compounds generated by tumorous or stromal
cells determine the propagation dynamics of solid tumors. Moreover, the 3D nature and
the size of the tumor proved to be an utmost concern in the proper understanding of tumor
dynamics showing a direct connection between the size of a tumor and its aggressiveness
and the ability of a drug to be delivered to it [25–27]. Consequently, cancer is a true suite
of complex pathologies that share some common elements and presents few differences
that seriously complicate the choice of satisfactory treatment. Unlike in vivo tumor-growth
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microenvironments, in vitro cancer models are typically investigated under atmospheric
conditions not specific to the living organs. In an in vitro metastasis cell culture, migrated
tumor cells have to be subjected to varying microenvironments and oxygen gradients to
mimic the activity of in vivo intravasation [28]. Tumor chips combine micromachining
and cell biology to manipulate the external conditions and precisely mimic physiological
environments, such as dynamic mechanical stress, fluid shear, oxygen, and drug concentra-
tion gradients and cell patterning to reflect the full picture of tumor formation and growth
mechanism [29,30].

As TOCs resulted from the need to investigate appropriately cancerous cells in their
specific TME, the fabrication technology is the same as for conventional OOCs, whereas
the healthy organ cells were replaced by diseased cells. The microdevices are named
chips since they were originally engineered using micromanufacturing techniques used
in computer-microchip production [20]. Microfluidic systems can be employed to form
tumor chips with a single-line channel by engaging cells from a single source, or more
complex organ chips that associate two or more tissue categories that can be interposed
right through a porous ECM-coated membrane or an ECM gel that fills one or more
micronetworks [31]. The viability of the cells can be preserved over prolonged time intervals
(up to several months) by perfusing the culture medium either across the endothelium-
lined vascular microchannels, parenchymal microchannels, or both. More importantly, the
culture medium can be substituted by blood for several hours through endothelialized
vascular channels [32].

There are two steps required to be taken into consideration for the proper design of a
tumor chip: (1) to comprehend the fundamentals essential for the physiological function
of the aimed organ, and afterward to establish the key factors such as various cell types,
structures, and the organ’s particular physiological microenvironment; (2) to construct a cell-
culture device relying on the identified features. Different procedures have been embraced
to build tumor-chip kits, among which the most extensively engaged are photolithography
and soft lithography [33,34], replica molding [35], microcontact printing, and bioprinting
techniques [36–38].

2.1.1. Lithography

Lithography represents an etching process applied in microfabrication to project
parts on a thin layer or the form of a substrate (also named a wafer) and is commonly
divided into three categories: photolithography (or UV lithography), soft lithography, and
replica molding. Photolithography employs light to transfer a geometric shape from a
photomask to a photosensitive chemical photoresist on the wafer. In the first step, masks
are required that correspond to the targeted constructions [22,34]. The manufacturing
process continues with the deposition of a spin-coated photoresist layer on a wafer that
can be corroded by chemical reagents, for instance, silicon, glass, or quartz, and the
photoresist is subjected to UV photopolymerization. Afterward, the pattern is moved to
the wafer and is etched to achieve a microfluidic chip with microflow channels. Although
extensively employed, the lithography-manufacturing processes are costly due to the
cleanroom requirements, the necessity of multiple masks, and time-consuming multiple
processing steps. Recently, Kasi and coworkers proposed a rapid-prototyping organ-chip
device using maskless photolithography [39]. The authors reported a simplified method
that describes a rapid and cleanroom-free microfabrication compatible with soft lithography
for fast-prototyping organ-chip devices in a maximum of 8 h. Soft lithography used for
tumor-chip microfabrication involves in the first stage the preparation of a microchannel
mold on a silicon substrate by photolithography [40], followed by the use of a liquid
polymer (commonly polydimethylsiloxane, PDMS) to discharge the mold to acquire an
optically transparent elastomeric stamp with microstructures. In the end, different complex
3D microchannels are achieved on various polymer wafers by transferring the pattern from
the stamp. Ferreira et al. have recently developed a fast alternative to soft lithography to
manufacture OOCs based on PDMS with integrated microactuators. The novel protocol
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decreases the complexity and number of steps, and is more time and cost-efficient compared
to complex multilayered microfluidic devices [41].

Replica molding represents the technology in which a patterned silicon mold is em-
ployed, followed by the pouring step of a liquid polymer (usually PDMS) onto the mold
for thermal crosslinking [42]. Later, the PDMS instrument is removed from the substrate
and fixed on a clean, smooth wafer (for instance glass) to achieve a microfluidic chip with
microfluidic networks.

The microcontact-printing technology is very similar to the replica-molding tech-
nique [36]. It is differentiating only by the supplementary steps further used to manipulate
the pattern of cultured cells by printing the PDMS stamp on the wafer with biomolecules
(such as proteins) in a designed pattern so that the cells on the membrane can be modeled
as well by adjusting the pattern of the printed proteins [43,44]. However, even though
microfluidic devices have been successfully fabricated by lithography or related techniques,
the procedures are still costly and time-consuming. Additionally, these procedures are
able only to produce the microchip itself, while other components such as microtissues,
mechanical stimuli, or result detectors need to be separately produced.

Recent advances in lithography-based fabrication techniques have emerged in high-
throughput technologies with a standardized format, being more user-friendly and afford-
able for large preclinical research studies. The OrganoPlate system (Mimetas, Leiden, The
Netherlands) is a commercial compact microfluidic device that can process 96 independent
cultures using a standard microtiter plate. The microdevice replaces the inner membrane
with a gel-media boundary for transepithelial transportation showing good results for
the investigation of fluidic diffusion, tumor-cell invasion, and aggregation and toxicity
assays [2]. The main technologies used for the microfabrication of OOCs are shown in
Figure 1.

Figure 1. Fabrication technologies for OOCs: (A) The fabrication of micropatterned slabs of PDMS
through photolithography; (B) Schematic 3D-printing process for the fabrication of microfluidic devices.

Injection molding allows fast replication of polymeric (micro)structures with great
surface quality. Generally, the injection-molding process requires a few basic steps: (a) the
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material is melted and the molds are compressed together, and (b) the material is injected
into the mold and cooled down prior to removal [34]. Although it has the advantage of
large-scale production of OOCs, the fabrication process requires the careful adjustment
of multiple parameters such as injection pressure, injection speed, melting temperature,
etc. [45], to ensure high-quality production. Thermoplastic materials such as polystyrol [46]
were used for the fabrication of liver-on-a-chip microdevices. One of the main disadvan-
tages of this technique refers to the limited area of materials that can be used, as most of
the polymers show thermal shrinkage during the fabrication [45]. However, the injection-
molding process is reducing the time of fabrication and the final costs and therefore is
predominantly used for the production of the commercially available elements of OOCs.

Laser-ablation methods, such as micromachining or computer numerical-control
(CNC) micromachining, are surpassing the limitations of manual control during the fabri-
cation of OOC microdevices. Laser micromachines use a laser to engrave the OOC device,
and the process is applicable to a wide range of materials such as metals, glass or polymers.
Shaegh et al. [47] designed a rapid prototyping method to produce microfluidic chips
from thermoplastics with patterned microvalves combining laser ablation and thermal-
fusing bonding. In this study, a CO2-assisted laser micromachine was used to pattern
and cut PMMA layers covered with polyurethane film in order to generate a gas-actuated
microvalve for microfluidic lab-on-a-chip applications. CNC micromachining is a fully au-
tomated manufacturing process in which the machines are operated via numerical control,
wherein a computer software dictates the shape of the desired object. The laser-processing
techniques have the advantage of rapidly creating precise and complex geometries of mi-
crodevices. Moreover, the laser-ablation techniques may be combined with the previously
discussed methods for rapid prototyping or master models in order to achieve the desired
microfluidic system, but require high technical knowledge for operating and expensive
machinery to perform OOC fabrication [34].

2.1.2. Bioprinting

Bioprinting technology has emerged in the last years as a versatile tool based on
layer-by-layer addition that can be easily used for tumor-chip manufacturing [48–50]. A
significant advantage is related to a wider range of materials and cells that can be printed
simultaneously onto a substrate of cell-compatible biomaterials to construct 3D composite
blocks with good spatial resolution and reproducibility [51,52]. Bioprinting also comprises
a large group of procedures that can be divided into fused-deposition modeling (FDM),
stereolithography, inkjet printing, and laser-assisted bioprinting [53]. Bioprinting pro-
cedures are appealing due to numerous advantages that accommodate the tumor-chip
fabrication. Bioprinting technology can reconstruct the diverse TME and the 3D nature
of the tumor by using bioinks that form cell conglomerations that can include various
cell types, such as tumor-related fibroblasts, immune cells, and endothelial cells, to create
vascular systems [54]. In addition, layer-by-layer bioprinting enables the formation of
the biomimetic microenvironment for a heterogenous supply of biologically important
proteins and growth factors that are essential to managing cancer-cell signaling, growth,
and invasion [55]. Furthermore, the bioprinting technique allows for the printing of cells
quickly and precisely in microfluidic chips, pattern vasculature, and model biological
barriers. Vascularization channels play a significant role as they are vital to preserve tissue
activities or to differentiate tissue parts. The tumor vasculature is much distinct from the
blood vessels of healthy tissues, showing alterations in heterogeneity, multidirectional
blood flow, permeability, and unordered distribution all over the diseased cells [56]. Proper
vascularization of specific cancer-type cells has constantly been questioned in the produc-
tion of functional in vitro tumor-cell cultures. Bioprinting technology manages to overcome
these difficulties, showing the ability to replicate the abnormalities encountered in tumor
tissue by building miniaturized pathophysiological models and offering control of features
at the same size scale of living cells [57–59]. The main polymers used as bioinks for OOCs
by bioprinting are summarized in Table 1.
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Table 1. The main polymers used as bioinks for OOCs by bioprinting.

Bioink Composition Bioprinting Method OOC Model References

Collagen extrusion Lung, gut [60,61]
Gelatin extrusion kidney [62,63]

Methacrylate gelatin
(GelMa) extrusion Vessel, liver [64,65]

Alginate extrusion Heart [66,67]
Cellulose extrusion tumor, liver [68,69]

Polyethyleneglycol (PEG)
Poly ε caprolactone (PCL) inkjet, extrusion Colon tumor [59,65]

2.2. Material Requirements for the Fabrication of Organ-on-Chips

Many biomaterials and fabrication methods have been recently developed to meet the
OOCs’ functions. While designing the OOC microdevice, the organ or tissue characteristics
and behavior must be considered to accurately simulate the in vivo motions, cell prolif-
eration, or drug responses. Considering the organ characteristics aimed to be mimicked,
different types of OOCs can be created.

However, although each type of OOCs may function differently, the main components
remain the same. The OOC system is generally equipped with two compartments: first,
the blood vessel compartment, which contains the endothelial cells; and secondly, the
organ compartment, in which the cells of the investigated organ are introduced. These
compartments are usually separated by a porous polymeric membrane able to provide
cell communication between the two compartments of the device. Thus, the polymeric
membranes play an essential role in the successful functioning of the OOC system, acting
as interfaces with selective permeability for cell adhesion and cell separation.

The culture medium included in OOCs system may be artificially produced or natu-
rally derived from living organs. The natural medium mainly contains biological fluids
such as blood, plasma, etc., and organ fragments. The artificial environment is fabricated by
involving nutrients that mimic the physiological conditions, such as salts, oxygen and CO2
gasses, and blood substitutes. Thus, the cell-culture medium will provide a continuous
supply of nutrients and the porous polymeric membrane will deliver the cells of interest
that are cultured on the other side of the membrane. In addition to the nutrient-rich fluid
perfusion and oxygen ventilation from the blood-vessel compartment, in the organ com-
partment, mechanical forces can be applied to the polymeric membrane to simulate the
peristalsis respiratory motions from the in vivo organs.

Despite the significant progress in material science, only a few materials can recapitu-
late the physiological conditions of living organ testing. First and foremost, the materials
involved in the construction of the OOCs microdevices should ensure the necessary biocom-
patibility to provide a biologically safe and nontoxic environment that allows cell migration
without generating any inflammatory response or exacerbated immunogenicity. Polymeric
materials are desirable because of their great structural similarity to the ECM.

Besides biocompatibility, an essential requirement for the polymeric membrane that
separates the OOCs compartments is the similarity with the ECM in order to support the
cell attachment and diffusion through its pores from one side of the interface to the other
compartment. Proteins such as collagen, fibronectin, and vitronectin are ideal candidates
as they are involved in biological processes and play an important role in the cell-adhesion
mechanism. Moreover, it was shown that the surface roughness of the membrane could
affect cell behavior. In the case of synthetic polymers such as PMMA layers, it was ob-
served that the cell adhesion and spreading of vascular cells improved with higher surface
roughness, but proliferation was not affected, and it was indicated that the cell adhesion
is dependent on the protein adsorption [70]. In the case of PDMS, surface roughness and
surface energy play a key role in the cell-attachment process. It was observed that higher
surface energy promotes the formation of stronger cell–ligand bonding, leading to im-
proved cell growth and proliferation. However, the cell-membrane interaction drastically
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decreases above critical surface energy and critical roughness ratio. Thus, the study on
the cellular behavior of HeLa and MDA MB 231 cells on a rough PDMS surface revealed
that the optimum conditions for cell adhesion, growth, and proliferation are obtained at
moderate surface energy and intermediate roughness ratios [71].

Additionally, the hydrophilicity of the polymeric membrane represents an important
factor in determining the protein adsorption and, therefore, cell adhesion. It was observed
that the hydrophobicity of the polymeric membrane could cause the absorption of small
nonspecific molecules such as drugs or biomolecules from the cellular media, misleading
the experimental results [72]. For this reason, most synthetic polymers have been submitted
to chemical or physicochemical surface modifications to increase the hydrophilicity of the
materials by enhancing their wettability properties. PMMA structures have been modified
with different hydrophilic functionalities such as aminated polyethyleneglycol [73] or sub-
mitted to oxygen plasma treatment for the activation of the PMMA surface [74] to control
the cell adhesion. The cellular adhesion is strongly determined by the surface wettability
and roughness of the polymer, while the cell attachment is influenced by the cell type [75].
Premnath and colleagues [76] developed a simple approach to laser-modify the surface of a
silicon chip to adjust cell adhesion and proliferation, and showed that the cervical cancer
cells’ behavior is modulated to migrate onto untreated sites. Transparent polyethersul-
fone (PES) membranes have proven to be with optimized morphology, and have showed
improved adhesion and cell viability compared to the commercial hydrophilic polytetraflu-
oroethylene (PTFE) [77]. Moreover, the increase in hydrophilicity of the polymeric layers
enhanced the cell adhesion as well as the cell-adhesive proteins. It is worth mentioning
that hydrophilicity/hydrophobicity balance can also control the essential nutrient diffusion
through the polymeric membrane from the OOCs compartments and generally, water
contact-angle measurements are performed to determine the wettability properties of the
polymers (Table 2).

Table 2. The main polymers employed in the fabrication of membranes in OOCs microdevices.

Polymer Chemical Structure
Contact Angle

with Water
Young’s Modulus Application

Polydimethylsiloxane
(PDMS) 107◦ [78] Variable from kPa

to MPa

Cardiovascular [79]
Kidney [80]
Liver [81]
Lung [82]

Poly (bisphenol-A-
carbonate) (PC) ~85◦ [83] ~1.2 GPa [84]

Tumor vasculature [85]
Colon and breast

cancer [86]

Poly (ethylene
terephthalate) (PET) 83◦ [87] 4.7 GPa [88]

Gut [89]
Kidney [90]
Liver [91]

Polylactic acid (PLA) ~75◦ [92] 3.1 GPa [93] Endothelial barrier [94]
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Table 2. Cont.

Polymer Chemical Structure
Contact Angle

with Water
Young’s Modulus Application

Poly (ε-caprolactone)
(PCL) 120◦ [95] ~400 MPa [96] Blood-brain barrier [97]

Polytetrafluoroethylene
(PTFE) 108◦ [98] 392 MPa [99] Liver [100]

As the surface properties such as surface roughness and wettability influence the
first stages of cell adhesion and migration, the mechanical properties of the polymeric
membrane are modulated by the material’s stiffness and influence the later stages of cell
growth. Investigations such as tensile strength, compressive stress, and wettability are
generally achieved to determine if the polymer properties are suitable for the application.
Thus, the mechanical performances of the interface membrane from the OOCs should
be chosen accordingly to the native organ characteristics and to mimic the occurring
physiological stimuli present in the replicated environment. Moreover, the porosity of the
membrane layer represents an essential feature as it provides cell communication between
the chip compartments and allows nutrient transportation to the cells. Pore size and shape
also determine the space available for the cells to migrate, and small pores mainly reduce
the cell adhesion, but increase the barrier function of cells.

2.3. Polymers for Organ-on-Chips

Materials used to manufacture OOCs play a crucial role as they may directly interact
with the biological fluids and cellular system, affecting the experiment results. Although
several types of polymeric structures have been employed, only a few polymers exhibit
the required specifications needed to fabricate the OOCs, and both synthetic polymers and
biopolymers have been investigated.

In the last few years, synthetic and natural polymers have been used for OOC applica-
tions as their performances depend on the polymer structure, porosity, transparency, flexibility,
stiffness, etc. Synthetic polymers such as polydimethylsiloxane (PDMS) [101], polycarbonate
(PC) [102], polyethylenetereftalate (PET) [103], aliphatic polyesters, polyurethanes [104], etc.,
have been employed for the preparation of porous-compartment-separation membranes
due to their easily adjusting porosity, surface roughness, and mechanical properties. Ex-
hibiting improved biocompatibility, natural polymers such as collagen, gelatin, or polysac-
charides have attracted significant attention lately due to their faithful replication of the
native tissues with channel interconnections that allow the perfusion of oxygen and nu-
trients to simulate the natural behaviors of cell differentiation, spreading, and adhesion
along the separating membrane [105]. However, natural polymers show batch-to-batch
composition variability and lower mechanical properties, thus affecting the reproducibility
of the experiments. However, each employed biomaterial still exhibits weaknesses to
achieve the optimal OOC performances.

Polydimethylsiloxane (PDMS) is an elastomeric polymer and one of the most em-
ployed synthetic materials for organ-chip production, as it exhibits optical transparency,
biocompatibility, gas-permeation properties, flexibility, and allows permanent microscopic
observation of 3D cell structures for real-time assessment of tumor behavior and response
to therapy [101,106,107]. Microfluidic systems made from PDMS offer a much closer physi-
ological microenvironment to that of the living TME from a biomechanical point, exhibiting
porosity and significantly lower stiffness. However, PDMS exhibits an important limitation
in chemical screening due to its hydrophobicity, which leads to nonspecific absorption of
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small molecules such as drugs or pharmaceutical compounds [108,109]. Nevertheless, the
limitations of PDMS materials have been overcome through surface modification treat-
ments with another polymer that enhances the hydrophilicity of the PDMS-based materials
to facilitate cellular adhesion and migration in microfluidic compartments. One of the
most commonly employed surface-modification approaches consists of oxygen-plasma
treatment by converting some hydrophobic methyl groups into hydroxyl functionalities
via oxidation. It was reported that the hydrophilicity of the oxidized PDMS after plasma
treatment can increase by almost 30◦ [110].

Moreover, the wettability behavior of PDMS materials can be improved by coating
the polymer layers with other hydrophilic polymers. The proteins from ECM composition
are generally used to achieve the natural moiety of PDMS to ensure cell attachment and
proliferation. ECM proteins, such as collagen and fibronectin, create covalent bonding onto
the PDMS surface and thus facilitate cell adhesion by modifying the surface roughness of the
synthetic polymer [111]. Although the hydrophilicity and biocompatibility are significantly
increased this way, dissociation processes during protein coating are associated with this
approach [112]. Other biopolymers, such as gelatin [113], fibronectin [114], or hydrophilic
synthetic polymers such as polydopamine [115,116] and polyethylene glycol [117] have
been successfully employed for modifying the surface roughness of PDMS and managed
to enhance the cellular adhesion for short-term cellular culture.

Polycarbonate (PC) structures are commonly used polymeric materials for the OOCs
fabrication and as porous membranes for Transwell® inserts. The PC structures are
hydrophobic, exhibit high transparency, and are inert and stable under biological pro-
cesses [118]. Similar to PDMS, the surface of PC is commonly modified by gas plasma
treatment or protein coating [119]. However, PC structures exhibit higher rigidity than
PDMS. They are not suitable for stretchable membranes or soft substrates.

Other thermoplastics are tested, such as polyolefins [103], styrene-ethylene butylene
styrene (SEBS) [120], polyurethanes [121], and copolymers [122], but there is still a demand
for novel materials in this domain.

Polyolefins such as cyclic olefin polymers (COP) and cyclic olefin copolymers (COC)
are thermoplastic materials that have also been employed for the manufacturing of mi-
crofluidic devices, being less gas-permeable than PDMS. COP and COC are lipophobic
materials and do not exhibit unspecific adsorption of small molecules, allowing their use in
drug-development and diffusion experiments [122]. Moreover, they exhibit optical trans-
parency, good chemical resistance to polar solvents, thermal resistance, and reproductible
mass production.

Polymethylmethacrylate (PMMA) is another frequently used material as a
substrate [123,124]. Kang and coworkers [125] demonstrated that PMMA chemically
attached to porous orbitally etched polyethylene terephthalate (PTFE) membranes is im-
permeable to small hydrophobic compounds and more consistent results concerning the
anticancer vincristine drug cytotoxicity on human lung adenocarcinoma cells cultured in
PDMS-based chip. Thus, PMMA shows promising features for tumor chip microdevices
fabrication as the small molecules cannot infiltrate the material.

Aliphatic polyesters such as polylactic acid (PLA) and poly (ε-caprolactone) (PCL)
have been used to mimic the in vitro blood–brain barrier, functioning as membranes in
OOCs microdevices. Both polymers are biodegradable and hydrophobic. Although their
surface can be chemically modified to enhance the wettability and cell proliferation, these
polymers have been sparsely employed as they tend to degrade under biological processes
releasing acidic degradation products that could affect the cellular medium [123].

To fulfill the requirements of mechanical actuatable OOCs, the employed materials
need to be optically transparent, flexible, easily moldable, and nonabsorptive to drugs and
cell nutrients. Moreover, it is necessary to find sustainable alternative materials. At present,
the manufacturing process of OOCs and experimental validation remain high-priced so
that less-expensive and reusable materials should be employed.
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Gelatin is an animal protein obtained by collagen hydrolysis, and is very much em-
ployed in drug-delivery and tissue-engineering applications [126] due to its ability in drug
transportation and cell-growth promotion [127]. Gelatin exhibits biocompatibility and
flexibility, and forms complexes with proteins, growth-factor nucleotides, and biopoly-
mers, and can be shaped in colorless gels [128]. Additionally, photo-crosslinked gelatin
methacrylate (GelMa) is highly used in tissue engineering and shows interest in OOC
formation [129,130].

Collagen-based ECM gel (known as Matrigel) is a commercial product that contains
ECM hydrogel made of tumor-derived basement membrane proteins employed for cell
culture [131]. Matrigel gives structural and signal-transduction functions. Tumor cells
exhibit aggressive behavior in Matrigel medium, and it is frequently used to assess the
malignancy of cancer cells and observe the mechanism of tumor growth [132].

Bacterial cellulose paper has also attracted interest for tumor-chip applications as it has
good biocompatibility, and it is a naturally derived polymer that is densely vascularized
through nanofibers [133,134]. Recent advances in bioprinting are multiplying the paths for
creating complex perfused systems, and the discovery of new materials that accomplish
the full requirements of native living cells is still under extensive development.

3. Kidney-on-Chip

The kidney is the second major target of drugs and chemicals after the liver, receiv-
ing 25% of the cardiac output and being responsible for drug and metabolite excretion
and fluid–electrolyte balance. Thus, exposure of the kidney to high concentrations of
xenobiotics and drugs metabolites leads to drug-induced nephrotoxicity, and furthermore
to (i) acute kidney injury (AKI), which is often associated with increased morbidity and
mortality; (ii) chronic kidney disease (CKD); and (iii) end-stage renal disease (ESRD) in
the general population [135]. The physiological function of the kidney is supported by
a very complex architecture of the renal tissue that consists of a 3D distribution of more
than ten cell types within an ECM and an elaborated vasculature system with high blood
flow [2]. The kidneys are responsible for maintaining the balance of the body fluids and
also discarding metabolites regulating filtration, reabsorption, and secretion processes
through the nephron, the kidney’s functional unit. The nephron consists of (i) the renal
corpuscle, which includes the Bowman’s space, encapsulating the capillaries (glomerulus);
(ii) the proximal renal tubule, which reabsorbs sodium chloride and sodium bicarbonate,
completes the reabsorption of glucose, and also is the unique site of amino-acid and anion
transport; and finally (iii) the renal distal convoluted tubule, which plays a critical role in
sodium, potassium, and divalent cation homeostasis [136,137].

The mechanisms through which various drugs are nephrotoxic are diverse and can
be selective or non-selective, depending on whether they injure a specific type or multiple
types of cells. Moreover, the nephrotoxic effect can be direct, many drugs having an
affinity for specific transporters throughout the nephron and causing cell death in the
corresponding segments through a variety of mechanisms, or indirect, secondary to the
osmotic effect and hemodynamic changes (ex: iodinated contrast agents), drug-induced
nephrolithiasis or ischemia.

3.1. In Vitro 2D/3D Models for Kidney Disease Modeling

Current approaches to further testing drugs before entering clinical trials to assess
nephrotoxicity are using in vitro models, such as 2D, 3D, and microfluidic models—kidney-
on-chip and the more recently introduced approaches based on stem cells [3].

The majority of the 2D models use cell lines distributed in tight monolayers, such as
porcine LLC-PK1 cells and Madin–Darby canine kidneys. Human cells such as the renal
tubular cell line HK-2 have also been used in vitro, albeit with limited applicability due
to their poor expression of the SLC2 transporter family. Moreover, due to the kidney’s
complex structure sustaining its function, the 2D models (despite being the gold standard
for a long time now) are a poor representation of the in vivo environment, including low
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expression of OATs and OAT2 transporters and poor apical-basal polarization [8]; 3D
in vitro models known as organoids, are challenging to develop and are not currently
validated for prediction of drugs nephrotoxicity. Most of them mimic only a part of the
nephron (glomerulus or tubules) and are tested for a limited number of drugs. One of
the challenges in recreating an in vitro nephron model is to step forward from traditional
2D models characterized by rather static conditions to mimic the dynamic conditions
such as blood and urinary flow, exposing tubular epithelial cells to fluid shear stress
facilitating transepithelial osmotic gradient [138]. For kidney-tissue engineering, the most
challenging part is recreating the vascular network. Xuan Mu et al. tried to mimic a
nephron by combining fibrillogenesis and liquid molding to build a 3D vascular network in
the hydrogel. They succeeded in obtaining a cytocompatible, mechanically stable vascular
network that could mimic passive diffusion of organic molecules and is showing promise
in simulating physiological functions based on active mass transfer in hydrogels. This
would benefit not only the drug screening for nephrotoxicity but also other vasculature-rich
organ-related research [139].

3.2. Kidney-on-Chip Models

In this view, the kidney-on-chip approach tries to mimic the dynamic, flowing envi-
ronment more closely and consists of a 2D/3D cellular model developed in a microfluidic
device. This whole system finally consists of a 3D architecture built up by renal cells grown
on an ECM interface or next to perfusable microchannels where the media and/or other
body fluids such as blood or urine can flow across the cell surface [140] (Figure 2). Using
these models, studies have shown that fluid shear stress (FSS) has a major influence on renal
tubular cells’ phenotype [141], hence their importance in nephrotoxicity and other renal-
function-related studies. FSS can induce inflammation through immune-cell-mediated
activation and monocyte adhesion [142]; it increases the expression of certain genes such
as ABCG2, RBP4 (a marker for tubular function loss) [143], CYP1A1, and SLC47A1, af-
fects the cytoskeleton organization, and upregulates the formation of tight junctions [144].
Consequently, kidney-on-chip models are designed for high-throughput screening of drug
toxicity by delivering essential output data regarding the glomerular filtration processes,
the drugs pharmacokinetics with impact on drugs validation, and relevant dose determina-
tion. In this view, several types of kidney-on-chip models have been developed targeting
different segments of the renal unit.

3.2.1. Glomerulus-on-Chip

The glomerulus is the filtering unit of the kidney, consisting of a capillary network
and podocytes, highly differentiated epithelial cells that are responsible for the actual
filtration process of the blood. Considering this, there is an obvious interest in developing
a functional system recapitulating the glomerular function to support preclinical stages of
new drug development or to sustain research in the kidney disease field, including (but
not limited to) kidney neoplasms. Despite the efforts made in the past few years to recreate
a glomerulus-on-chip system, the main challenge in developing an in vitro glomerulus
model is the lack of functional human podocytes. Various studies have been performed
to create a glomerulus-on-chip model by obtaining human-induced pluripotent stem-cell
(iPSCs)-derived podocytes and placing them in a microfluidic device together with endothe-
lial cells (primary or secondary iPSC-derived). These microfluidic devices were designed to
create the two compartments separated by a porous membrane. Musah et al. showed that
podocytes extended their processes through the membrane when exposed to constant flow
and mechanical strain, and selective filtration was proven by the presence of excreted inulin
and retention of albumin on each side of the membrane [145]. Roye et al. also tried to build
a glomerulus-on-chip with hPSC-derived podocyte and endothelial cells, and succeeded
in obtaining essential functionality and structure [146]. Both models were carried out to
study the effect of adryamicin as a chemotherapeutic agent, and showed that the treatment
induced podocyte detachment and endothelial-barrier disruption, leading to albumin-
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uria. This glomerulus-on-chip model could be a promising start for an in vitro study of
proteinuria and glomerular kidney disease and chemotherapeutic drug-nephrotoxicity
assessment. Moreover, in 2017 Wang et al. developed a glomerulus-on-chip model using
rat cells to create a diabetic nephropathy model that also served to assess the hyperglycemic
pathological response [147].

Figure 2. Complex kidney-on-a-chip for personalized medicine: (A) kidney and nephron,
(B) glomerulus-on-a-chip, and (C) tubule-on-a-chip.

3.2.2. Tubule-on-Chip

Most kidney-on-chip studies use proximal tubule cells, as this part of the nephron is
the primary site of drug clearance and a critical target for drug-induced nephrotoxicity.
Therefore, the in vitro reproduction of proximal tubule function is of major interest in the
preclinical assessment of candidate compounds. For this, hollow fibers are used as scaffolds
to design a tubular model that resembles the structure of the proximal tubule. Such models
were developed by coating the hollow fibers with a hydrogel that served as ECM for human
proximal-tube endothelial cells (hPTECs) [148]. This approach enabled the observation of
the secretory clearance of albumin-bound uremic toxins and albumin reabsorption [149].
Other studies developed a proximal tubule-on-chip using a polyester membrane to split
the main compartment of the device into a luminal-like channel and a basal interstitial-like
channel that were populated with PTECs seeded on an ECM coating [90]. This study
reports significant changes in PTEC physiology and morphology, such as polarization,
display of columnar shape, primary cilia, and transporters due to the simulated FSS
induced within the system, and highlights the impossibility to achieve all these under
static-culture conditions. These observations were also confirmed by other studies [150,151].
Another strategy in achieving proximal tubule-on-chip systems is bioprinting of tubular
3D architectures [152]. Homan et al. used this technique to obtain functional proximal
tubule-on-chips by growing PTECs on a fibrinogen ECM coating the lumen of a structure
printed with Pluronic ink [153].

One of the first kidney-on-chip models for nephrotoxicity screening used primary renal
tubular cells to assess cisplatin toxicity, and the results most resembled in vivo models [154].
Other nephrotoxicity studies performed on kidney-on-chip models include the study of
ifosfamide and acrolein nephrotoxicity assessment performed by Le Clerc et al. [155], the
gentamicin kinetics study using MDCK on a porous membrane coated by fibronectin [156],
and the toxicological assessment of polymyxins and their nephrotoxic potential on a 3D
MPS human model [151].
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Lastly, one interesting approach in nephrotoxicity testing is using versatile high-
throughput screening platforms such as the OrganoPlate™ system powered by Mimetas
for robust and reproducible results in preclinical studies. In this view, several studies
report the expression and function of renal transporters and cell-polarization response to
cisplatin [157] by modeling the proximal tubule functions in independent chips placed in a
standard microtiter plate [158].

3.3. Multiorgan-on-Chip Models That Include Kidney-on-Chip

Taking the use of OOC models even to the next level, recent studies report the devel-
opment of multiorgan-on-chip or body-on-chip models as platforms enabling the screening
of multiorgan toxicity. In particular, integrating a kidney-on-chip device into a multior-
gan system would bring valuable insights regarding secondary toxicity of drugs beyond
systemic toxicity and the inflammatory response. Maschmayer et al. created a four tissue
coculture (skin, small intestine, kidney, and liver), with 28 days of reproducible capacity,
on a microphysiological four-organ-chip model, which is a promising line of research for
pharmacodynamic and pharmacokinetic drug parameters and toxic profile [159]. Chang
et al. used a combination of liver and kidney cells on a chip platform to study the nephro-
toxic effect of aristolochic acid, a nephrotoxic agent that first needs to be activated in the
liver [160].

4. Bladder-on-Chip

The urinary bladder is a hollow organ located in the lower abdomen that acts as a
reservoir for the temporary storage of urine received from kidneys, further expelled during
micturition through the urethra [161]. As a structure, the urinary bladder is composed pri-
marily of smooth muscle, collagen, and elastin [162]. Microscopically, the urinary bladder
has a stratified architecture, organized in the following layers: lining epithelium (urothe-
lium), lamina propria, muscularis propria, and serosa, the urothelium acting therefore as
a barrier that is exposed to potential carcinogens [163]. Among urinary bladder diseases,
cystitis and cancer are the most common; thus, the existing OOC platforms developed until
now address these pathologies, with a significantly limited number of published studies
available that show the OOC platforms as tools for bladder research are yet to be explored.
The use of bladder-on-chip for disease modeling could pave the way for a better knowledge
of the disease physiopathology and could advance research by accelerating the discovery
of novel drugs, as well as by significantly improving drug-efficacy studies.

4.1. Modeling Bladder Cancer

Bladder cancer (BC) is the most common cancer of the urinary system and ranks
globally as the 10th most common type of cancer, a pathology that affects men more
than women [164,165]. BC is defined as a carcinoma of the urothelial cells and can be
divided by the tumor depth of bladder-wall invasion in non-muscle-invasive BC (NMIBC),
muscle-invasive BC (MIBC), and metastatic BC, subtypes that are characterized by different
molecular signatures, BC being one of the most frequently mutated human cancers [166,167].
While the approval of immunotherapy for both NMIBC and MIBC, as well as targeted
therapy (erdafitinib) and antibody-drug conjugate therapy (enfortumab vedotin) signifi-
cantly improved the therapeutical management of BC, the alarming statistics regarding
the disease recurrence and overall survival of BC patients highlight the emerging need
for developing better preclinical study models [168]. At the moment, the most intensively
used preclinical models for BC research are in vitro 2D cell cultures (cell lines, conditionally
reprogrammed cell cultures) and 3D organoids, and in vivo carcinogen-induced mouse
models, genetically engineered mouse models, and patient-derived xenograft. However,
each preclinical model presents unique features, together with different disadvantages
such as failure to mimic the 3D tumor microarchitecture, microenvironment, and tumor
heterogeneity; and lack of immune system, thus failing to ease the transition between
preclinical models and clinics [169–172]. For example, a highly neglected aspect of many
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preclinical models is the presence of the tumor microenvironment consisting of malignant
and nonmalignant cells (cancer-associated fibroblasts, cancer-associated immune cells),
ECM, and blood vessels, an entity that orchestrates cancer progression and modulates
therapeutic response [20].

In this view, Liu and colleagues [173] aimed to reconstruct the bladder microenviron-
ment by coculturing four types of cells into a two-layer microfluidic device made of a PDMS
piece and a glass slide. The fabricated microfluidic device connected to perfusion equipment
featured four indirectly connected cell-culture chambers (BC cells, fibroblasts, macrophages,
endothelial cells), ECM channel units (Matrigel), and culture-medium channels. Therefore,
using this microfluidic device, four types of cells were allowed to simultaneously interact
through soluble biological factors and metabolites that proved to diffuse through the ECM
channel units between cell-culture chambers, in a dynamic setup provided by continuous
medium perfusion. The validated microfluidic system proved to be a good platform for
cell-motility patterns and phenotypic alteration of stromal cells, as well by generation of
reticular structures based on BC cells, and opened the perspective of OOC implementation
for precision medicine, as BC cells treated with different clinical neo-adjuvant chemother-
apy showed different treatment responses, revealing the drug sensitivity of tumor cells
in this experimental setup. In another study, a microfluidic chip was designed to cocul-
ture BC cells and fibroblasts and further analyze changes in mitochondrial-related protein
expression of these cells and their characteristics of energy metabolism [174].

Therefore, to investigate tumor metabolism, the microfluidic chip fabricated was
composed of four cell-culture pools, two for BC cells and two for fibroblasts, interconnected
through two ECM microchannels (Matrigel) and two microchannels with the outside, which
were continuously fed with cell-culture medium injected through the peripheral perfusion
channel. By comparing the coculture system with individual cultures of BC cells and
fibroblasts, significant differences in lactic-acid concentration and mitochondrial-related
protein expression were observed; results that revealed that cells conduct glycolysis more
efficiently under coculture conditions, and show enhanced overall mitochondrial activity
and protein expression, highlighting the importance of using OOC in bladder tumor energy-
metabolism studies. Finally, Lee et al. [175] designed a simple 3D microfluidic device based
on PDMS and Matrigel to culture MIBC cells and NMIBC cells, for modeling metastasis.
The study showed an increased expression of CD44 and RT4 after 2 weeks of culture in
MIBC cells as compared with NMIBC cells, associated with a significant increase of MMP-9
gelatin degradation, showing that the OOC system could be further employed for migration
and metastasis studies.

4.2. Modeling Urinary Tract Infections

On the other hand, urinary tract infections (UTI) are among the most common bacterial
infections, divided into uncomplicated and complicated infections, isolated infections of
the bladder being referred to as cystitis and treated subsequently with antibiotics [176].
However, despite completing the antibiotic-based treatment regimen, cystitis is character-
ized by a high recurrence frequency, which involves readministration of antibiotics [177].
UTI is most frequently caused by uropathogenic E. coli (UPEC) bacteria, which underlies
more than 80% of the diagnosed cases [178]. Once entering the urinary bladder, the E. coli
can float freely in the urine and be eliminated through micturition or form intracellular
bacterial communities (IBC) that the bladder struggles to clear [179]. Therefore, to reveal
the insights of UPEC infection and IBC formation, Sharma and colleagues [180] used a
commercially available OOC purchased from Emulate to model UPEC infection and mimic
the interface between the blood vessels and the tissue layers of the human bladder. To
reconstruct the bladder native architecture, human bladder microvascular endothelial cells
were cocultured with human bladder epithelial cells and exposed dynamically to urine
and nutritive cell-culture media, while using the application and release of linear strain to
recreate micturition. By infecting the epithelial layer underflow with UPEC and monitoring
OOC by microscopy, the bacteria motility, interaction with cells, and IBC formation could
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be monitored. Moreover, the addition of human-blood isolated neutrophils into the OOC
system revealed that their diapedesis to sites of infection on the epithelial side can lead to
the formation of neutrophil swarms and neutrophil extracellular traps (NETs), and that
IBCs offer substantial protection to bacteria from antibiotic clearance. Administration of
antibiotics in the developed bladder-on-a-chip model through urine revealed their potential
to kill bacteria floating freely in the urine much faster than bacteria residing in bladder
cells, as well as the increased resistance of IBCs to treatment, aspect that highlight the
importance of completely eradicating IBCs to avoid infection recurrence. No doubt, this
complex study shows the potential of the bladder-on-chip as relevant platforms for model-
ing infections, as well as their use for drug screening of multiple antibiotics or novel drugs
in a physiologically relevant manner.

5. Prostate-on-Chip

The prostate is an exocrine gland that secretes sperm-nourishing and protective fluid.
It is located beneath the urinary bladder and part of the male reproductive system [181]. The
prostate-tissue architecture consists of ducts and acini lined with glandular or secretory cells
on top of basal cells and surrounded by a fibromuscular stroma [182,183]. Consequently, the
prostate displays two major components: one is the epithelium, containing neuroendocrine
cells and basal cells that express integrins and hold the differentiation potential toward
luminal (secretory) cells that will express androgen receptor protein [184,185]; the other
component of the prostate tissue is the stroma, which is separated from the epithelium by a
basement membrane. Prostate cancer is the most common cancer diagnosed worldwide in
men and is characterized by molecular changes caused by genetic and epigenetic modi-
fications leading to malignant transformation of the cells [186,187]. Androgens regulate
prostate development and cell differentiation from embryonic development to adults, and
thus, a better understanding of early interactions between prostate cells leading to develop-
ment would be essential in unraveling the mechanisms underlying prostate cancer [185].
Many studies in this field have been developed, starting with 2D conventional cultures and
3D models, and ending with versatile proposals of prostate-on-chip systems. Likewise, for
other previously discussed pathologies, in prostate cancer, 2D cell cultures fail to provide
the proper tissue-level complexity, not only in their limitation to one cell type but also
due to their missing crucial TME aspects, as well as FSS simulation [188]. The schematic
representation of the prostate-on-chip model is presented in Figure 3.

Figure 3. Prostate-on-chip.
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On the other hand, animal models that do display the in vivo tissue-level complexity
fail to mimic human anatomy or physiology [189]. To address this issue, various engineered
microfluidic devices have been proposed for concomitant multiple cell-culture types. For
example, Picollet-D’hahan, N. et al. used polyelectrolyte nanofilms to create a model of
prostate epithelial cancer cells (PC3) and normal prostate epithelial cells (PNT-2) [190]. Fur-
thermore, Jiang et al. [191] reported the development of a human prostate gland model for
a better understanding of the epithelium/stroma interaction, both in terms of unrevealing
the R1881-mediated epithelial cell (PrEC)-differentiation mechanism towards functional
secretory cells and coculturing of these cells with prostate stromal cells (BHPrS1). For
this, they designed a microfluidic device fabricated by soft-lithography techniques from
Polydimethylsiloxane (PDMS), which incorporates a commercial polyester membrane of
0.8 μm-diameter pores, 1% porosity, and a thickness of 23 μm. The major advantage of this
device is its ability to overcome the impossibility of establishing long-term 2D static cocul-
tures of these cell types due to their different culture-media requirements [191]. Moreover,
this device was able to sustain an in vivo-like behavior of the cells that displayed groups
forming gland-like buds.

6. Benefits and Challenges of OOCs/TOCs in Urology

Experimental research demonstrated that microfluidic OOC technology might function
to screen recently developed anticancer compounds, cellular and nanotechnology-based
treatments, improve therapy conditions, and establish the effects (or side effects) of com-
bined therapies in in vivo-like TME (Figure 4).

Figure 4. Schematic representation of the available in vitro and in vivo models for the urology-
associated pathology study, highlighting their advantages and disadvantages and revealing the
potential key role of the organ/tumor-on-chip devices to bridge the gap between conventional 2D/3D
culture systems and animal models in preclinical studies.

Imitating organ-level pathophysiology found in vivo is the key factor in developing
successful OOC models and requires clear efficacy validation. One of the main challenges
in OOC fabrication and usage remains the straightforward optimization to functionally
connect multiple organ systems in order to collect media from the output of the microde-
vice and feed it into another to accurately mimic the sequential adsorption, distribution,
metabolism, and excretion of the compounds. The microfluidic technology allows perfusion
of cell-culture medium through or across tissue structures and maintains biomechanical
stimuli in a controlled manner (for instance, continuous, intermittent, or cyclic). More-
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over, during an experiment, the easy access to cells or media for dosing, sampling, and
analysis with small-molecule compounds (antibodies, hormones, drugs, etc.) offers an
unquestionable advantage over the animal and other previous static models, including
spheroids and organoid cultures. Previous studies already showed that TOCs mimic the
native environment of cells, including 3D topology or physical stretch and strain, and
they are able to maintain precise control over inter-and intra-organ flow rates, forming
a miniaturized version of the human body. Additionally, bladder-on-chip models allow
modeling of urinary infections by simulating E. coli bacterial infection of the urinary tract
cells. These insights are crucial in the framework of studies that focus on in vivo processes
such as angiogenesis, tumorigenesis, invasion, metastasis, and infection, enabling in vitro
analysis of how local microenvironmental signals and chemical gradients influence these
processes [192]. The existence of a perfused endothelium-lined capillarity endorses the
superiority of OOCs over static models by providing precise control over cell-culture con-
ditions and over platform pharmacokinetics and drug toxicity, respectively. The ability
to adjust key parameters such as concentration gradients, cell patterning, tissue–organ
interactions, and to replicate an organ-like mechanical microenvironment that exists in
human living TME placed OOCs in the “Top 10 Emerging Technologies” at the World
Economic Forum [193].

The multiple benefits of OOCs have made them indisputable alternatives for animal
studies or 3D culture assays. However, clinical trials require time, and OOCs are still com-
peting with animal testing to predict clinical responses. Moreover, OOCs are not considered
as easy to be handled as conventional cell models. Although they allow long-term experi-
ment and minimal user input, the technical robustness remains a challenge, as the compact
and complex microfluidic devices are engaging multiple parameters that simultaneously
run to achieve optimal functionality. Air-bubble formation or unintended infection risks
at connection points are the most common factors that may lead to experiment failure.
Shourabi et al. [194] recently designed an optimized integrated microfluidic gradient gener-
ator for mechanical stimulation and drug delivery by dynamic culturing of human lung
cancer cells (A549 cell line) made from two PDMS-layer microfluidic chips with a porous
membrane interfacing in between. The key feature of this system consists in two bubble
trappers designed to remove the unwanted bubbles that could enhance the shear stress on
cells. In this way, the concentration gradient generator’s performance is guaranteed, and
precise control of fluid shear stress on cells is obtained. The results showed that the chip
exhibits a high cell-viability rate (95%) and will be employed to study the toxicity effect of
different concentrations of cisplatin on renal cells.

Microfluidic OOC microdevices can be also employed for studying the role of cancer
stem cells (CSCs) in tumor initiation and cancer relapse [195]. As the chemotherapeutic
regiments kill tumor cells but are ineffective on CSCs, the microfluidic OOCs have the
potential to give insights on tumor cell–CSC interaction, as well as accelerating drug
development to also target this subpopulation of cells [196]. By employing a biomimetic
in vitro model such as OOCs for CSC research, various environmental parameters such
as oxygen gradient, glucose, and fluid shear stress can be mimicked, offering valuable
insights on CSCs’ multicellular interaction and drug-resistance mechanisms to conventional
therapies [197].

However, there is still a place for developing new materials that facilitates the non-
invasive assessment of drug effects and meets the industrial-scale production demands.
Novel materials based on biopolymers have been developed in the last few years to over-
come the main drawbacks of PDMS-based OOC microdevices, and significant attempts
to produce scalable systems have been reported [198]. Therefore, as the technology has
evolved in the last years and the introduction of commercial prefabricated tumor chips that
are user-friendly and custom-made for culture and fluidic control is expanding [199], it will
undoubtedly facilitate the possibilities of medical research for oncology treatments.
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7. Conclusions and Future Considerations

Human OOCs/TOCs offer a promising alternative to conventional 2D/3D static
cultures, and even to in vivo models that lack similarity with human anatomy and/or
physiology. These microfluidic devices hold the potential to sustain relevant preclinical
studies for developing new therapies, including anticancer drugs, and bring new insights
for a better understanding of pathogenesis mechanisms. Replicating the physiological
TME, TOC models are seen as promising and more realistic alternatives for investigating
the metastasis, distribution, and mechanism of tumor propagation. Involving microfluidic
technologies, OOC models can mimic the complexity of in vivo tumors and can be more
accurately used to predict therapeutic efficacy and drug toxicity or side effects. Although
OOCs closely mimic the native organ functions, one must consider that most of the cell
cultures interact with polymeric substrates and porous polymeric membranes to replicate
the physiological microenvironments. Thus, the polymer material properties such as
surface roughness, wettability, and mechanical properties significantly affect cell adhesion
and proliferation.

Moreover, size porosity and biodegradability influence cell migration and viability.
While most of the studies present the use of common synthetic polymers beneficial for
OOCs fabrication, other studies employ less common polymeric structures with improved
cytocompatibility, wettability, or mechanical stability. Although there is a place for deeper
investigations to optimize the materials’ properties and fabrication methods, the OOC/TOC
models are adding necessary steps to personalized medicine for creating high-precision
remedies with the possibility to use biopsy from the patient that could be expanded in vitro
and evaluated for cost-effective screening of treatments that are particularly efficient for
that patient.
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Abstract: The therapeutic delivery system with dual stimuli-responsiveness has attracted attention
for drug delivery to target sites. In this study, we used free radical polymerization to develop a tem-
perature and pH-responsive poly(N-isopropyl acrylamide)-co-poly(acrylamide) (PNIPAM-co-PAAm).
PNIPAm-co-PAAm copolymer by reacting with N-isopropyl acrylamide (NIPAm) and acrylamide
(Am) monomers. In addition, the synthesized melamine-glutaraldehyde (Mela-Glu) precursor was
used as a cross-linker in the production of the melamine cross-linked PNIPAm-co-PAAm copoly-
mer hydrogel (PNIPAm-co-PAAm-Mela HG) system. The temperature-responsive phase transition
characteristics of the resulting PNIPAM-co-PAAm-Mela HG systems were determined. Furthermore,
the pH-responsive drug release efficiency of curcumin was investigated under various pH and
temperature circumstances. Under the combined pH and temperature stimuli (pH 5.0/45 ◦C), the
PNIPAm-co-PAAm-Mela HG demonstrated substantial drug loading (74%), and nearly complete
release of the loaded drug was accomplished in 8 h. Furthermore, the cytocompatibility of the
PNIPAm-co-PAAm-Mela HG was evaluated on a human liver cancer cell line (HepG2), and the find-
ings demonstrated that the prepared PNIPAm-co-PAAm-Mela HG is biocompatible. As a result, the
PNIPAm-co-PAAm-Mela HG system might be used for both pH and temperature-stimuli-responsive
drug delivery.

Keywords: thermoresponsive copolymer; curcumin; pH-stimuli; cytocompatibility; drug delivery

1. Introduction

The controlled delivery of therapeutic drugs has been considered an effective technique
for maintaining therapeutic effectiveness [1–3]. Controlled drug delivery carriers enable
therapeutic concentrations to be maintained while also protecting drugs from enzymatic
degradation, improving drug solubility, decreasing adverse effects, and extending release
time [4]. Although drug delivery carriers are advantageous, they do have significant clinical
limits [5]. As a result, self-regulating drug delivery systems that deliver drugs based on
changes in physiological parameters are required [6]. As drug carrier systems, a variety of
drug delivery methods, such as nanoparticles, polymeric materials, and lipids, have been
employed [7–9].

Hydrogels are cross-linked polymeric networks having the ability to expand in an
aqueous medium or biological fluid and hold a considerable amount of water [10,11]. The
hydrogels mimic adjacent tissues due to their biocompatibility and high-water content.
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Because of their swelling–deswelling capabilities, hydrogels are widely used in biotech-
nological and biomedical applications such as tissue engineering, regenerative medicine,
and diagnostic biosensor fields [12,13]. Chemically cross-linked hydrogel polymers are
currently attracting much research attention as prospective drug delivery matrices. The
drug release behavior might be influenced by internal or external stimuli such as pH,
temperature, light, and ultrasound [14–19]. Dual-stimuli materials, such as temperature
and pH-sensitive hydrogel materials, are frequently used in biomedical fields because these
parameters may be easily controlled in vitro and in vivo [20].

However, for practical applications, homogenous dispersion of therapeutic molecules
in hydrogels is essential, which is one of the key disadvantages of present hydrogel materi-
als. Because of the enhanced swelling capacity of hydrogels, the drug is released quickly.
The selective and controlled release of a loaded drug is considered to be an efficient strategy
for minimizing undesirable side effects on normal cells and tissues [21]. As a result, the
development of dual-stimuli controlled delivery systems, such as pH and temperature-
responsive systems, is thought to be important for regulated and selective drug delivery in
target sites. Because of their ability to respond to temperature changes in the presence of
biological fluid, thermosensitive hydrogels are gaining popularity in drug delivery and
tissue encapsulation [22]. Among them, thermoresponsive poly(N-isopropyl acrylamide)
(PNIPAm) is the most well-investigated polymer due to its distinctive phase transition
from an extended hydrophilic state to a collapsed hydrophobic state in water at around
32 ◦C. The PNIPAm-based hydrogels undergo an abrupt phase transition both below and
above LCST (about 32 ◦C). In the presence of temperature stimuli, the drug-loaded PNI-
PAm hydrogels undergo globular structural change, releasing the loaded drugs from the
hydrogel network [23]. At swelling temperatures below LCST, the cross-linked hydrogel
formed with PNIPAm polymer is hydrophilic. They, on the other hand, acquire a collapsed
state whenever the temperature in the aqueous medium is above the LSCT.

Aside from thermoresponsive hydrogels, dual-stimuli responsive hydrogels are pro-
duced by copolymerizing two or more appropriate monomers. These pH-responsive
hydrogels are a type of stimuli-responsive material used in biological applications. In
response to pH variations, such hydrogel systems regulate drug release from the drug-
loaded hydrogel. These pH-responsive hydrogels are often synthesized from polymers with
weakly basic (-NH2) or weakly acidic (-COOH) functional units [16,24]. The drug release
can be accomplished by the protonation and deprotonation of these functional groups
present in hydrogels. Both pH and temperature-responsive hydrogel systems are required
for specific biomedical applications such as synergistic chemo-photothermal therapy and
magnetic hyperthermia-induced drug delivery applications. Copolymerization of NIPAm
with appropriate pH-sensitive monomers bearing basic functional groups in the presence
of a limited number of cross-linkers results in dual pH and temperature-stimuli-responsive
hydrogels [25].

We developed a thermo- and pH-responsive PNIPAm-based copolymer by combin-
ing polyacrylamide (PAAm) units cross-linked with melamine (Mel) units to produce
PNIPAm-co-PAAm-Mel copolymer hydrogel (HG). The thermoresponsive PNIPAm has
used swelling–deswelling behavior under temperature changes to achieve its sharp phase
transition. Because of its basic amine functional groups, PAAm has a pH-responsive seg-
ment that can act as a drug-binding site. Additionally, Mel units have been employed to
increase the cross-linkage of the copolymer network as well as the number of drug-binding
sites. In order to characterize the synthesized PNIPAm-co-PAAm-Mel HG material, var-
ious experimental methods such as 1H NMR, FTIR, SEM, and zeta potential were used.
Curcumin (Cur) was used as a model cargo to assess in vitro drug loading and pH and
temperature-responsive release characteristics. The in vitro drug release study performance
at 8 h revealed that under combined pH and temperature stimuli, nearly complete release of
Cur occurs at 45 ◦C and pH 5.0, compared to approximately 75% release only at pH stimuli
(pH 5.0) or approximately 58% release only at temperature stimuli (45 ◦C), respectively. As
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a result, the prepared dual-stimuli responsive PNIPAm-co-PAAm-Mel HG system may be
used for selective drug delivery to the target region.

2. Materials and Methods

2.1. Reagents and Chemicals

Acrylamide (AAm, 99%), melamine (Mel, 99%), 2,2-azobisisobutyronitrile (AIBN,
12 wt.% in acetone), N-Isopropylacrylamide (NIPAm, 97%), ethanol (99%), tetrahydrofuran
(THF, 99.9%), diethyl ether (99.7%) and curcumin (98%), were purchased from Sigma
Aldrich Chemical Co., Saint Louis, MO, USA, and used as received.

2.2. Synthesis of PNIPAm-co-PAAm Copolymer

The PNIPAm-co-PAAm copolymer was synthesized via a free radical polymerization
process using AIBN as the initiator [26]. 2.0 g (17.5 mmol) NIPAm and 1.38 g (17.7 mmol)
AAm were solubilized in a 50 mL two-necked round bottom flask containing 15 mL dry THF
solvent for this experiment. The reaction flask was then continuously purged with nitrogen
gas for 45 min before adding around 0.05 g of AIBN in THF (0.5 mL) and performing the
reaction at 68 ◦C for 24 h under inert conditions. The resulting viscous mass was then
precipitated in hexane (100 mL). This precipitation procedure was repeated five times
to remove the unreacted monomer, and the white precipitate that formed was vacuum
dried at room temperature. The copolymer was named PNIPAm-co-PAAm copolymer
(Scheme 1A).

Scheme 1. The scheme represents the (A) preparation of PNIPAm-co-PAAm copolymer; (B) Mela-Glu
cross-linked PNIPAm-co-PAAm HG system.

2.3. Synthesis of Glutaraldehyde-Modified Melamine Precursor

Approximately 1.0 g (7.9 mmol) melamine was mixed in 25 mL of water: ethanol
(40:60 vol/vol) mixture for this reaction. In the presence of an acetic acid catalyst, 2.38 mL
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(2.3 mmol) of glutaraldehyde was added. The reaction was carried out at 90 ◦C for 48 h.
The product was purified and recrystallized from hot methanol after the reaction mixture
was concentrated using a rotary evaporator. The final product was designated as Mela-Glu
precursor (Scheme 1B).

2.4. PNIPAm-co-PAAm Copolymer Cross-Linked with Mela-Glu Precursor

The PNIPAm-co-PAAm copolymer was cross-linked with Mela-Glu precursor as
follows. Approximately 1.0 g of PNIPAm-co-PAAm copolymer was dissolved in 25 mL
ethanol. Next, 0.3 g of Mela-Glu precursor in ethanol (5 mL) was slowly introduced,
allowing for a cross-linking reaction between the amine groups of PAAm segments and the
aldehyde groups of Mela-Glu units through Schiff base reaction in the presence of an acetic
acid catalyst [27]. The obtained hydrogel sample was placed in a dialysis membrane tubing
with molecular weight cutoff (MWCO) at 3.5 kDa and placed in a beaker containing 200 mL
of ethanol-water (1:1 v/v) mixture. The surrounding solvent was exchanged every 6 h, and
a fresh 200 mL of ethanol-water was used. Finally, the purified sample was separated and
dried at room temperature under vacuum for 12 h. The Mela-Glu precursor cross-linked
hydrogel obtained was designated as PNIPAm-co-PAAm-Mela HG (Scheme 1).

2.5. Characterization
1H-NMR analysis of the PNIPAm-co-PAAm copolymer, Mela-Glu precursor, and

PNIPAm-co-PAAm-Mela HG sample was carried out using the OXFORD instrument
(600 MHz). Scanning electron microscopy (SEM, JEOL 6400 instrument) at 10 kV was
applied to measure the surface structure of the prepared copolymer sample. X-ray photo-
electron spectroscopy (XPS) analysis was performed on the XPS instrument (Tucson, AZ,
USA 85706). Fourier-transform infrared (FTIR) analysis was carried out using JASCO FTIR
4100 instrument. Particle size and the zeta potential measurements were performed on the
Malvern Zetasizer Nano-ZS. UV-vis spectral analysis was performed using an Agilent Inc.
UV-Vis spectrophotometer.

2.6. Turbidity Measurement

For this experiment, about 25 mg/mL of the PNIPAm-co-PAAm-Mela HG sample was
dissolved in 5 mL distilled water to measure the turbidity of the synthesized PNIPAm-co-
PAAm-Mela HG sample. The absorbance of the obtained polymer solution was measured
at various temperatures ranging from 25 to 80 ◦C. The absorbance of the sample at each
temperature was measured.

2.7. Drug Loading into PNIPAm-co-PAAm-Mela HG

A model drug, Cur, was used for drug loading and release experiments in vitro. The
swelling diffusion method was used to load Cur into the PNIPAm-co-PAAm-Mela HG
system at a polymer: drug w/w ratio of (10:3) [28]. In 3 mL of water, 0.1 g of PNIPAm-co-
PAAm-Mela HG sample was dissolved, and 30 mg of Cur drug was combined. For 24 h,
the suspension mixture was stirred at room temperature. The drug loading content into
the PNIPAm-co-PAAm-Mela HG was determined using a UV-Vis spectrophotometer at
425 nm after the Cur encapsulated copolymer was separated by centrifugation at 50 ◦C.
The drug-loaded sample was labeled as PNIPAm-co-PAAm-Mela@Cur HG (Scheme 2). The
drug loading percentage was calculated to be around 78% using the following equation.

Drug loading (%) = (Wt. of the drug in sample/Wt. of the sample) × 100 (1)
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Scheme 2. A proposed schematic representation of drug loading into the PNIPAm-co-PAAm-Mela
HG system. The pH stimuli and the combined pH and temperature-stimuli-responsive release
behavior of the PNIPAm-co-PAAm-Mela HG system.

2.8. pH and Temperature-Responsive Drug Release Experiments

The PNIPAm-co-PAAm-Mela/Cur HG was evaluated in vitro under various circum-
stances, including (i) varied pH (pH 7.4 and 5.0); (ii) different temperatures (25 ◦C and
45 ◦C); and (iii) the combination of pH + temperature (pH 7.4/45 ◦C and pH 5/45 ◦C,
respectively). For these experiments, approximately 25 mg/mL of drug-loaded sample
PNIPAm-co-PAAm-Mela@Cur HG was placed in a dialysis bag (Mol. wt. cut off 5000 kDa),
and the bag was immersed in a beaker containing 25 mL of phosphate-buffered saline (PBS)
solution at different pH and temperature under gentle magnetic stirring. At the set time,
about 1 mL of release media was removed, and the released Cur was measured using a
UV-Vis spectrophotometer at 425 nm. The calibration curve plot was used to calculate
the released Cur. The cumulative drug release was calculated using the equation below.
Drug release (%) = (Amount of Cur released at time t/Total amount of Cur in the HG
sample) × 100.

2.9. Cytocompatibility Study

The synthesized PNIPAm-co-PAAm-Mela HG, Cur loaded PNIPAm-co-PAAm-Mela@Cur
HG, and pure Cur samples were tested for in vitro cytocompatibility utilizing the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. HepG2 cells
(2 × 104 cells/well) were grown in a 96-well plate for 24 h at 37 ◦C for this experiment.
The existing medium was replaced with new media containing varying concentrations
of PNIPAm-co-PAAm-Mela HG, PNIPAm-co-PAAm-Mela@Cur HG, and pure Cur. After
4 h, the MTT solution was added to each well and incubated for another 4 h. Following
that, about 20 μL of DMSO was added to dissolve the existing formazan crystals, and the
absorbance at 592 nm was measured using a microplate reader.
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2.10. Statistical Analysis

All results, expressed as the mean ± SD, were analyzed using a two-tailed Student’s
t-test or one-way analysis of variance (ANOVA). The acceptable level of significance was
p < 0.05.

3. Results and Discussion

3.1. Structural Study of PNIPAm-co-PAAm-Mela HG System

The 1H NMR spectrum analysis confirmed the structure of the prepared PNIPAm-co-
PAAm-Mela HG. The 1H NMR spectra of the hydrogel system in CDCl3 solvent are shown
in Figure 1. Because of the solubility of hydrophilic PAAm and hydrophobic PNIPAm and
Mela segments, all of the relevant proton signals for PNIPAm-co-PAAm-Mela HG block
copolymer are presented in Figure 1a. The resonance peaks for methyl (-CH2) and -OCH2-
groups were δ0.7 ppm, δ1.2 ppm and δ1.8 ppm, respectively. The significant resonance
signal at δ3.2 ppm indicates that the copolymer included the PNIPAm polymer segment in
the PNIPAm-co-PAAm copolymer HG. The resonance peaks of methyl protons in isopropyl
units are indicated by the peak at δ3.6 ppm. Furthermore, after Mela groups cross-linking,
the resonance signals at δ2.4 ppm and δ1.82 ppm indicated that the melamine groups were
cross-linked via glutaraldehyde units Figure 1b.

Figure 1. Characterization of PNIPAm-co-PAAm copolymer samples. (a,b) 1H NMR spectrum; and
(c) FT-IR analysis of PNIPAm-co-PAAm copolymer; and PNIPAm-co-PAAm-Mela HG samples, re-
spectively. (d) SEM images of the (i) PNIPAm-co-PAAm copolymer; (ii) PNIPAm-co-PAAm-Mela HG;
(iii) PNIPAm-co-PAAm-Mela/Cur HG samples, respectively. The red circles in figure (d) (iii) indicate
the presence of Cur molecules in the hydrogel samples.
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The structure of the PNIPAm-co-PAAm-Mela HG system was determined using
FT-IR spectroscopy. The FTIR spectrum is shown in Figure 1c, with the characteristic
vibration peak at 1542 cm−1 corresponding to the imine group (-C=N-) vibration, the peak at
1453 cm−1 indicating the stretching bands of C-N groups, and the sharp band at 1417 cm−1

indicating the N-H groups of NIPAm units in the PNIPAm-co-PAAm copolymer sample.
The stretching mode of C=O groups in PNIPAm and PAAm segments was attributed to
the absorption peak at 1727 cm−1. Additionally, the intense stretching peak appeared
at 2836 cm−1 and 2912 cm−1 of the PNIPAM-co-PAAM-Mela copolymer system’s alkyl
carbon C-C stretching modes.

SEM analysis was used to examine the surface morphology of the prepared copolymer
samples. SEM analysis was carried out on dried powder samples of PNIPAm-co-PAAm
copolymer, PNIPAm-co-PAAm-Mela HG, and Cur loaded PNIPAm-co-PAAm-Mela/Cur
HG, respectively. The PNIPAm-co-PAAm copolymer exhibited flake-like particles with
an average particle size of around 2–3 μm, as shown in Figure 1d(i). In contrast, the
Mela-Glu precursor cross-linked PNIPAm-co-PAAm HG sample (Figure 1d(ii)) exhibited
slight aggregation with interconnected particles with appropriate pores with an average
diameter of about 1 μm, which could be attributed to the cross-linking of PNIPAm-co-PAAm
polymer chains via Mela-Glu precursor. Furthermore, the Cur drug-loaded PNIPAm-co-
PAAm-Mela/Cur HG sample exhibited a similar aggregated morphology with micropores
(Figure 1d(iii)).

The composition of PNIPAm-co-PAAm-Mela HG was determined by XPS analysis.
As seen in Figure 2, the XPS spectra with prominent signals for carbon (C1s), nitrogen
(N1s), and oxygen (O1s) peaks suggested that the presence of N-isopropyl acrylamide
and acrylamide monomer segments existed in the PNIPAm-co-PAAm-Mela HG system.
The high-resolution C1s spectra of PNIPAm-co-PAAm-Mela HG were shown in Figure 2a,
with the peak at 284.5 eV and −289.2 mV, representing the aliphatic C-C binding mode.
The nitrogen peak at 403.3 eV indicates the C-N groups of N-isopropyl acrylamide and
acrylamide monomers in the PNIPAm-co-PAAm-Mela HG. The N1s spectra in Figure 2b
revealed two peaks at 398.4 eV and 399.25 eV, evidenced that the C-N and C=N bonds of
the amide and imine groups of N-isopropyl acrylamide and acrylamide monomer, as well
as the melamine units of PNIPAm-co-PAAm-Mela HG [29]. Furthermore, the O1s signal at
402.9 eV represents the C=O groups of N-isopropyl acrylamide and acrylamide monomer
in the PNIPAm-co-PAAm-Mela HG (Figure 2c). This supports that the PNIPAm-co-PAAm-
Mela copolymer material was successfully synthesized [30].

3.2. Physicochemical Properties of PNIPAm-co-PAAm-Mela HG System

The surface charge of the synthesized PNIPAm-co-PAAm-Mela HG was evaluated
using zeta potential analysis. The presence of amide (-N-H), imine (-C=N-), and carbonyl
(-C=O) groups in the copolymer segments increased the pH sensitivity of the PNIPAm-
co-PAAm-Mela HG. The zeta potential of the PNIPAm-co-PAAm-Mela HG samples was
measured at 25 ◦C and 45 ◦C, respectively. As shown in Figure 3a, the zeta potential
value decreased from +19 mV to −13 mV and from +16 mV to −9 mV for samples eval-
uated at 25 ◦C and 45 ◦C, respectively, as the pH increased from 2 to 10. At low pH and
higher temperature (45 ◦C), the hydrophobic PNIPAm segments combine to form the
hydrophobic micelle core, whereas the hydrophilic PAAm forms the outer shell structure.
The PNIPAm-co-PAAm-Mela HG, on the other hand, enhances hydrophilicity at higher
pH, allowing them to transit the sol phase. The zeta potential values are slightly lower at
higher temperatures (45 ◦C) than at lower temperatures (25 ◦C), which may be attributed
to the development of aggregated micelles above LCST. The dynamic light scattering (DLS)
technique was used to determine the linear to globule phase transition at different tempera-
tures, such as 25 ◦C and 45 ◦C. As seen in Figure 3b, the DLS intensity remained consistent
at 25 ◦C for the sample concentration of 25 mg/mL. Moreover, the solution temperature
above LCST, the PNIPAm-co-PAAm-Mela HG showed increased turbidity (gel phase) and
showed appropriate particle size when the solution temperature increased from 25 ◦C
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to 45 ◦C. On the other hand, when cooling the sample to about 25 ◦C, the sample did
not show any considerable particle size and appeared to be a clear transparent solution.
The DLS measurement under repeated heating and cooling conditions was examined at
45 ◦C and 25 ◦C, respectively (Figure 3b). DLS methods were also used to investigate the
temperature responsiveness of the PNIPAm-co-PAAm-Mela HG polymer. Figure 3c shows
that at 25 ◦C, no significant particles are formed. However, tiny particles are repeatedly
formed at 45 ◦C. This work demonstrated that the PNIPAm-co-PAAm-Mela HG polymer
undergoes a significant phase transition at temperatures above the LCST.

Figure 2. XPS analysis of PNIPAm-co-PAAm-Mela HG. The core level spectra of (a) C 1s; (b) N 1s;
and (c) O 1s, respectively.

3.3. Phase Transition Mechanism of PNIPAm-co-PAAm-Mela HG System

The relative turbidity of PNIPAm-co-PAAm-Mela HG polymer (25 mg/mL) was
investigated from 25 to 80 ◦C (Figure 4a). At a medium temperature of less than 40 ◦C,
the sample displayed a transparent and homogenous clear solution, as illustrated in the
graph (Figure 4a) and the sample vial. The PNIPAm-co-PAAm-Mela HG polymer absorbs
water and becomes hydrated, swelling at this low LCST (linear structure). At temperatures
above 40 ◦C, however, the clear solution became turbid, and the relative turbidity in the
solution medium increased with increasing temperature to above 45 ◦C, indicating that the
linear copolymer chain collapses into a hydrophobic globule micelle structure [31]. UV-Vis
absorption and relative turbidity were used to study the swelling and deswelling properties
of the prepared PNIPAm-co-PAAm-Mela HG at various solution temperatures. At 25 ◦C
and 45 ◦C, UV-Vis absorbance of the PNIPAm-co-PAAm-Mela HG sample (25 mg/mL) was
determined. As shown in Figure 4b, a significant weak absorption peak was seen at 25 ◦C,
which might be attributed to the linear polymer structure and clear solution medium. At
45 ◦C, however, the solution medium becomes turbid due to temperature-induced micelle
formation caused by the transition of the PNIPAm-co-PAAm-Mela HG’s hydrophilic linear
to hydrophobic globule structure above LCST (Figure 4b).
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Figure 3. (a) Zeta potential and (b) particle size of PNIPAm−co−PAAm-Mela HG sample. Mean
with error bar n = 3. (c) DLS analysis of PNIPAm−co−PAAm-Mela HG at below and above LCST.

Figure 4. (a) Relative turbidity of PNIPAm−co−PAAm-Mela HG at 25 ◦C to 80 ◦C. (b) UV-vis
absorption of PNIPAm-co-PAAm-Mela HG sample at 25◦C and 45◦C. (c) Illustrates the phase tran-
sition of PNIPAm−co−PAAm−Mela HG below and above LCST. The violet color indicates the
hydrophobic PNIPAm domain, and the brown color indicates the hydrophilic PAAm segments in the
presence of water.

The unique properties of dual-stimuli-responsive hydrogels include the ability to
undergo noticeable phase transitions in response to physical stimuli rather than chemical
or mechanical stimuli. At 25 ◦C, the PNIPAm-co-PAAm-Mela HG polymer dissolves
readily in water and forms a non-cross-linked homogenous solution. The copolymer
segments of PNIPAm-co-PAAm-Mela HG comprise hydrophilic amide (-CO-NH-) groups
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and hydrophobic isopropyl (-CH(CH3)2) groups. In deionized water, the PNIPAm-co-
PAAm-Mela HG polymer undergoes a sharp phase transition and exists in solution as a
linear hydrophilic polymer chain below LCST. In contrast, above LCST, the PNIPAm-co-
PAAm-Mela HG transformed into a hydrophobic globule coil shape (Figure 4c).

3.4. Cur Loading and pH-Responsive Delivery from PNIPAm-co-PAAm-Mela/Cur HG System

Because the PNIPAm-co-PAAm-Mela HG has a higher LCST than human body tem-
perature, fast micelle formation may be prevented when it is injected into the body. By
fine-tuning the temperature stimuli, it is possible to maintain selective and controlled drug
release to the target sites. Cur, an anticancer drug, may be encapsulated into the PNIPAm-
co-PAAm-Mela HG by mixing them with a polymer solution at low temperatures. At low
temperatures, the loaded Cur in the PNIPAm-co-PAAm-Mela HG can be protected against
denaturation. The drug molecules can be interacted with the PNIPAm-co-PAAm-Mela
HG by hydrogen bonding or electrostatic interactions (Scheme 2). The amide, imine, and
carbonyl functional groups in the PNIPAm-co-PAAm-Mela HG system act as drug binding
sites as well as protonation centers, ionize in low pH conditions and promote the release of
loaded drugs from the PNIPAm-co-PAAm-Mela HG system (Scheme 2).

The pH and temperature-responsive drug release behavior of the prepared Cur loaded
PNIPAm-co-PAAm-Mela/Cur HG has been evaluated at different pH and temperature
conditions, specifically at different pH (pH 7.4 and 5.0); at different temperatures (25 ◦C and
45 ◦C); and the combined pH and temperature (pH 7.4/45 ◦C, pH 7.4/45 ◦C, respectively).
First, the pH-responsive Cur release behavior from the PNIPAm-co-PAAm-Mela/Cur HG
was studied.

Figure 5a demonstrated the Cur release behavior at various pHs, with approximately
~30% and ~82% of Cur released in 12 h at pH 7.4 and 5.0, respectively. The enhanced Cur
release observed at pH 5.0 might be attributed to acid-induced protonation of the nitrogen
part of PNIPAm and cross-linked Mela groups, as well as the loaded Cur molecules
(Figure 5a). Second, Figure 5b depicted the temperature-responsive release behavior,
which revealed that around ~26% and ~68% of Cur release was observed at 25 ◦C and
45 ◦C, respectively, throughout a 12 h release period. The release of physisorbed Cur
molecules was responsible for the increase in release at 45 ◦C (Figure 5b). Third, at pH
7.4/45 ◦C and pH 5.0/45 ◦C, respectively, the combined pH and temperature-stimuli-
responsive Cur release were determined. As seen in Figure 5c, a gradual release of Cur
was detected, with about ~65% released at pH 7.4/45 ◦C; an almost complete release
of Cur was observed at pH 5.0/45 ◦C, respectively, in a 12 h release period. Under the
combined pH and temperature conditions, enhanced Cur release was observed due to
the temperature-induced phase transition and pH-induced protonation of the functional
groups and Cur molecules, which induce an electrostatic repulsive force. Therefore, the
PNIPAm-co-PAAm-Mel HG system showed considerably enhanced Cur release under the
combined pH and temperature stimuli conditions.

The drug loading mechanisms could be described as follows. As shown in Scheme 2,
the loaded Cur molecules are strongly associated with the amine, imine, and amide groups
via H-bonding/electrostatic interactions at pH 7.4. As a result, only a negligible amount
of Cur was released from the PNIPAm-co-PAAm-Mela/Cur HG system at pH 7.4. The
enhanced Cur release observed at the combined acidic pH and temperature (pH 5.0/45 ◦C)
might be attributed to the temperature-induced phase change and acid-induced protonation
of drug-binding functional sites and drug molecules, both of which force out the Cur
molecules from the PNIPAm-co-PAAm-Mela/Cur HG system (Scheme 2).

The experiment results showed that combining pH and temperature stimuli resulted
in greater Cur release efficiency from the PNIPAm-co-PAAm-Mela/Cur HG system than
single stimuli, such as only pH or temperature stimuli (Tables 1 and 2). The majority
of thermoresponsive polymers reported in the literature [23,32–34] primarily focused on
temperature (Table 3), but in this work, our proposed melamine cross-linked PNIPAm-
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co-PAAm-Mela/Cur HG system has advantages such as enhanced drug loading and
dual-stimuli-responsive drug release to the target sites.

Figure 5. In vitro Cur delivery of PNIPAm-co-PAAm-Mela/Cur HG system. (a) Cur release at
different pH, (b) Cur release at different temperature stimuli, and (c) Cur release with the combined
pH and temperature conditions, respectively. Mean with error bar n = 3.

Table 1. Cur release efficiency from PNIPAm-co-PAAm-Mela HG system at different temperatures.

Sample LCST (◦C) Release Efficiency (%)

PNIPAm-co-PAAm-
Mela HG/Cur 40

25 ◦C 45 ◦C

26 68

Table 2. Cur release efficiency from PNIPAm-co-PAAm-Mel HG system at pH/temperatures.

pH Release Efficiency (%)

7.4 30
5.0 82

7.4/45 ◦C 65
5.0/45 ◦C 100

Table 3. Various PNIPAM-based copolymer hydrogels for Cur delivery.

Polymers Stimuli Refs.

Quaternized triblock terpolymers Temperature [32]
pNIPAM grafted chitosan hydrogels Temperature [33]

Peptide-PNIPAM hydrogel Temperature [23]
Rechargeable pNIPAM hydrogel Temperature [34]

PNIPAm-co-PAAm-Mela HG pH and temperature This work

3.5. Cytocompatibility

The cytocompatibility of the prepared PNIPAm-co-PAAm copolymer, PNIPAm-co-
PAAm-Mela HG, Cur-loaded PNIPAm-co-PAAm-Mela/Cur HG system, and pure Cur was
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tested in vitro at 37 ◦C using the HepG2 cell line. The cytocompatibility of control HepG2
cells and different concentrations of synthesized PNIPAm-co-PAAm copolymer samples are
shown in Figure 6A. As shown in Figure 6A, the synthesized PNIPAm-co-PAAm copolymer
exhibits about ~90% cell viability even at a sample concentration of 200 μg/mL, indicating
that the PNIPAm-co-PAAm copolymer is biocompatible in nature [35,36]. On the other
hand, Figure 6B shows that the PNIPAm-co-PAAm-Mela HG system without Cur loading
demonstrated ~90% cell survival in all investigated sample concentrations, demonstrating
that the prepared PNIPAm-co-PAAm-Mela HG also shows excellent biocompatibility to
the HepG2 cells. In contrast, the Cur-loaded PNIPAm-co-PAAm-Mela/Cur HG system
was shown to be toxic to HepG2 cells at all sample concentrations. It was observed that
cells treated with a sample concentration of 200 μg/mL demonstrated nearly complete cell
killing efficiency, implying that a concentration of 200 μg/mL of PNIPAm-co-PAAm-Mela
HG is sufficient for complete cell killing [37]. This in vitro study indicates that the prepared
PNIPAm-co-PAAm-Mela HG might be used for drug loading and pH stimuli-responsive
drug release to specific sites.

Figure 6. (A) In vitro cytocompatibility of (a) control HepG2 cells and (b) PNIPAm-co-PAAm
copolymer; (B) In vitro cytocompatibility of (a)PNIPAm-co-PAAm-Mela HG; (b) PNIPAm-co-PAAm-
Mela/Cur HG; and (c) pure Cur drug, respectively, at different concentrations. Statistical significance
to the cell toxicity with different samples (*, significant p < 0.05; **, highly significant p < 0.01).
(C) Fluorescence microscopy images of HepG2 cells represent (a) dark-field image; (b) PNIPAm-
co-PAAm-Mela HG treated cells; and (c) Cur loaded PNIPAm-co-PAAm-Mela/Cur HG system,
respectively. (D) Cell viability of (a) PNIPAm-co-PAAm-Mela HG treated cells; and (b) Cur loaded
PNIPAm-co-PAAm-Mela/Cur HG system, respectively, at different sample concentrations. Mean
with error bar n = 3.
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3.6. Fluorescence Image Analysis

The cell-killing efficacy of the released Cur was determined by staining HepG2 cells
with propidium iodide and acridine orange to distinguish between living and dead cells.
As seen in Figure 6C, the cells treated with PNIPAm-co-PAAm-Mela HG fluoresced green,
indicating that the majority of the cells were alive. The Cur-loaded PNIPAm-co-PAAm-
Mela/Cur HG sample treated cells, on the other hand, exhibit red fluorescence, indicating
that around >95% of cells were killed [38,39]. This might be due to the released Cur drugs
from the PNIPAm-co-PAAm-Mela/Cur HG system, which induced cell death. As seen
in Figure 6D, the cell killing efficiency is a function of sample concentration. The cell
killing efficiency rose when the PNIPAm-co-PAAm-Mela/Cur HG sample concentration
increased, which may be attributed to an increase in released Cur from the PNIPAm-co-
PAAm-Mela/Cur HG system, and the released Cur induced more cell death.

4. Conclusions

In this study, we developed a dual-stimulus PNIPAm-co-PAAm-Mela/Cur HG copoly-
mer system for temperature-responsive and pH-induced drug delivery applications. To
evaluate the drug delivery behavior of the PNIPAm-co-PAAm-Mela HG copolymer, we
employed Cur as a model drug. The PNIPAm-co-PAAm-Mela HG system had much higher
Cur loading efficiency (73%) due to the existence of more drug-binding sites of amide,
amine, and imine sites in the PNIPAm and Mel cross-linked PAAm segments. The drug
release investigation revealed that a nearly complete release of Cur was accomplished in
the presence of the combined pH and temperature stimulation conditions (pH 5.0/45 ◦C
Furthermore, the results of the cytocompatibility investigation show that the prepared
PNIPAm-co-PAAm-Mela HG system is cytocompatible and that the loaded drug may be
released in the intracellular microenvironment. The overall study findings demonstrated
that the PNIPAm-co-PAAm-Mela HG system might be used for controlled drug release to
specific sites in chemotherapeutic applications.
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Abstract: The present work reports the synthesis and characterization of polycaprolactone fibers
loaded with particulate calcium magnesium silicates, to form composite materials with bioresorbable
and bioactive properties. The inorganic powders were achieved through a sol–gel method, starting
from the compositions of diopside, akermanite, and merwinite, three mineral phases with suitable
features for the field of hard tissue engineering. The fibrous composites were fabricated by electro-
spinning polymeric solutions with a content of 16% polycaprolactone and 5 or 10% inorganic powder.
The physico-chemical evaluation from compositional and morphological points of view was followed
by the biological assessment of powder bioactivity and scaffold biocompatibility. SEM investigation
highlighted a significant reduction in fiber diameter, from around 3 μm to less than 100 nm after the
loading stage, while EDX and FTIR spectra confirmed the existence of embedded mineral entities.
The silicate phases were found be highly bioactive after 4 weeks of immersion in SBF, enriching the
potential of the polymeric host that provides only biocompatibility and bioresorbability. Moreover,
the cellular tests indicated a slight decrease in cell viability over the short-term, a compromise that
can be accepted if the overall benefits of such multifunctional composites are considered.

Keywords: polycaprolactone; diopside; akermanite; merwinite; electrospinning; bone scaffolds

1. Introduction

Tissue engineering (TE) means the development of biological substitutes to “restore,
maintain, or improve tissue function” [1]. One of the strategies of this interdisciplinary
field is represented by the design of suitable materials to be implemented as scaffolds.
Depending on characteristics, a scaffold can offer temporary cell support, space filling, or
be utilized as releasing matrix of active molecules [2]. Numerous biocompatible materials
have been researched and clinically studied so far, including metals, ceramics, polymers,
and composites; however, choosing the most suitable microenvironment to stimulate
cellular adhesion, growth, and differentiation is still a challenge [3,4].

Polymer–bioceramic composites, which result from combining two or more distinct
phases, can be successfully used as heterogenous functional matrices with the ability to
mimic the natural extracellular matrix (ECM), and are currently intensively researched [5].
Depending on their composition, these kinds of materials can combine the advantages
of each constituent to offer a biodegradability rate compatible with morphogenesis rate,
biocompatibility, non-toxicity, non-immunogenicity, and adequate morphological and me-
chanical properties [2,5–8]. In the simplest formulation, a polymer–bioceramic composite
is fabricated employing a polymer, to offer flexibility, and a bioceramic, to provide proper
mechanical properties; this is similar to bone ECM, which is composed of approximately
35% organic matrix (collagen fibrils) and 65% mineral reinforcement (crystallized calcium
phosphate) [2,5].
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Among bioceramics, calcium magnesium silicates-based systems play an important
role in TE due to their proven biocompatibility, excellent mechanical properties, and high
versatility, as their chemical composition and structure can be easily redesigned to respond
to different clinical conditions [9]. During the degradation process, these systems release
bioactive ions at a controlled rate, with major benefits for bone formation and the human
body. Specifically, Ca2+, as the main element of bone tissue, is vital for osteogenesis, support-
ing cell growth and adapting cellular responses to bioceramics; Si2+ inhibits osteoporosis and
stimulates the metabolic pathways of bone calcification; and Mg2+ modulates the degradation
rate and mechanical strength of calcium silicates [6,10–15]. Furthermore, it has been found
that Si2+ and Mg2+ are more important than Ca2+ in the process of cell differentiation [10].
So, in other words, each element has its role, but the properties of the resulting biomaterials
are directly related to the ions’ relative concentration [9,14].

Considering all the above, it is easy to acknowledge ternary silicate bioceramics, such
as diopside (D), akermanite (A), or merwinite (M), as frequently used materials in bone
regeneration applications. Numerous studies previously investigated their properties,
including the capacity to inhibit microbial growth, which is particularly critical for bone
matrix [9,16,17], and concluded their applicability for TE as pure structures [6,10,18–20], or
doped for improved bioactivity [21–24]. Calcium magnesium silicates have been produced
in the form of particles (subsequently employed as fillers or decorations), thin or thick
coatings, as well as porous scaffolds; most researchers have reported suitable mechanical
properties, high bioactivity, and lack of cytotoxicity. CaO–MgO–SiO2-based bioceramics
can be fabricated by wet or dry techniques: coprecipitation, sol–gel, combustion, spray
pyrolysis, fusion process, solid-state sintering, etc. [6,13,15,25–27]. In our work, we chose
the sol–gel method; although this requires rather expensive reagents and longer reaction
times, it allows good control of the composition and structural characteristics of the obtained
powders [13,25].

With respect to the main classes of polymers used in TE, natural and synthetic, the latter
category offers the advantage of controlled composition and structure, tunable biodegrad-
ability, and possibility of functionalization. Polycaprolactone (PCL), as a synthetic material
that enables good processability, precise control over degradation, molecular weight, or
hydrophobicity [1], is often employed in nanofibrillar form in TE, drug delivery and wound
healing [28–36]. It is approved by FDA and its biodegradability, bioresorbability, biocom-
patibility, and hydrophilicity can be modelled by the addition of inorganic additives [37].
Solution blow spinning, centrifugal spinning, electrospinning, and pressurized gyration
have been studied to obtain PCL nanofibers [38]. Each method has advantages and draw-
backs. Electrospinning, limited by its low yields relative to the industrial scale, is still one
of the most used as it is a cost-effective, easy-to-apply technique in TE [4,39,40].

Thus, in this work, three types of mineral powders, differing in terms of calcium
content, were loaded on polycaprolactone fibers by introducing them in the precursor
electrospinning solutions. The novelty of this work resides in the achievement of new
composites based on calcium magnesium silicates and polycaprolactone, namely the com-
bination of the bioactive properties of the first with the bioresorbability of the second.
Since few studies are available on this topic, their morphological and biological charac-
teristics were investigated, and correlations were established with the compositional and
processing parameters.

2. Materials and Methods

2.1. Powder Synthesis

The inorganic powders were synthesized by a sol–gel method and characterized from
compositional, structural, and morphological points of view [41]. The sol–gel method is a
wet-chemistry approach that involves the conversion of salt or alkoxide-type precursors first
in a solution or colloidal suspension and then in a gel with high viscosity by hydrolysis and
polycondensation/polymerization processes; such a gel consists of an extended network
built on bridging oxygen and with high amounts of liquid phase embedded [42]. Briefly,
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three different powders were processed, having as a starting point the oxide compositions
of diopside (CaMgSi2O6, D), akermanite (Ca2MgSi2O7, A), and merwinite (Ca3MgSi2O8,
M); these were thermally treated at 1000 or 1300 ◦C. The pulverulent samples employed as
mineral loading consist of consolidated blocks with a high percentage of open porosity;
the first composition (D) contains diopside as leading crystalline compound, the second
(A) is a balanced mixture of diopside, akermanite, and merwinite, and the third (M) has a
majority of dicalcium silicate [41].

2.2. Composites Preparation

The composite fibers were fabricated through an electrospinning technique using chloro-
form (CF, CHCl3, ≥99%, Sigma-Aldich, St. Louis, MO, USA) and N,N-dimethylformamide
(DMF, C3H7NO, 99.8%, Sigma-Aldich) as solvents, polycaprolactone (PCL, (C6H10O2)n,
Mw = 80,000 g/mol, Sigma-Aldich) as the polymeric phase, and the previously described
powders as the inorganic component (D, A, M). The CF:DMF solvent ratio was set at 4:1.
Electrospinning uses electrical forces to shape a jet of polymeric solution with adequate
rheological properties that is pushed through a nozzle and afterwards subjected to pro-
cesses of drying and stretching, until collected on a grounded support [43]. Briefly, the
electrospinning solutions were prepared in two stages, as follows: in the first, the mineral
powder was dispersed in the solvent mixture by ultrasonication for 30 min, while in the
second, the polymer was dissolved in the obtained suspension by magnetic stirring for
24 h. For each type of powder (D, A, M), two suspensions were achieved, with 5 or 10 wt%
inorganic content; PCL concentration was 16 wt% for all cases. The final samples were
coded as PCL-D-5%, PCL-D-10%, PCL-A-5%, PCL-A-10%, PCL-M-5% and PCL-M-10%, as
a function of loading type and concentration (Table 1).

Table 1. Composition of the electrospinning solutions.

No.
Sample

Code
PCL
(%)

D
(%)

A
(%)

M
(%)

1 PCL

16

- - -

2 PCL-D-5% 5 - -

3 PCL-D-10% 10 - -

4 PCL-A-5% - 5 -

5 PCL-A-10% - 10 -

6 PCL-M-5% - - 5

7 PCL-M-10% - - 10

2.3. Investigation Techniques
2.3.1. Physico-Chemical Characterization

The morphology was evaluated by scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM+EDX) with a FEI Quanta Inspect F electron microscope
(FEI Company, Hillsboro, OR, USA),20 or 30 kV accelerating voltage, 10 mm working dis-
tance, and gold coating by DC magnetron sputtering for 40 s. The vibrational characteristics
were investigated by attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) with a Thermo Scientific Nicolet iS50 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), 400–4000 cm−1 wavenumber range, 4 cm−1 resolution, and
64 scans/sample.

2.3.2. Biological Evaluation

The powder bioactivity was assessed by immersion in simulated body fluid (SBF)
prepared according to Kokubo et al. [44], pH = 7.3, at 37 ◦C, for 4 weeks. It is widely accepted
that such in vitro studies represent a standard approach to evaluate the apatite-forming
capability of implantable materials, as a first step towards hard tissue bonding through a
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chemically stable and mechanically appropriate interface; by immersion in SBF solutions
that mimic the composition of human plasma and selecting suitable testing parameters,
reliable data on specimen bioactivity can be achieved [45]. In our case, the solid to liquid
ratio was 1:10.

Mouse fibroblasts (L929 cells) were grown in MEM supplemented with 2 mM
L-glutamine, 10% fetal calf serum (FCS), 100 units/mL of penicillin, and 100 μg/mL
of streptomycin, at 37 ◦C, in a humidified incubator, under an atmosphere containing
5% CO2. All cell cultivation media and reagents were purchased from Biochrom AG
(Berlin, Germany).

Cell viability was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay at 24 and 48 h after the cells were seeded onto the investigated fibrous
composites. Briefly, the surfaces were sterilized in flow with UV light, 15 min on each
side. Following the sterilization, 1 cm2 squares were placed in 24-well plates and seeded
with 20.000 cell/well for 24 and 48 h. After the desired time passed, the medium was
exchanged with medium containing 1 mg/mL MTT and further incubated for 4 h in the
incubator. Finally, the solution was extracted and the formed formazan crystals were dis-
solved in dimethyl sulfoxide (DMSO). Negative control was represented by cells cultivated
on aluminum foil. The percentage of viable cells was obtained using Equation (1).

Cell viability = [(A570 of treated cells)/(A570 of untreated cells)] × 100 (%), (1)

Morphological investigation was performed using fluorescence microscopy for cells
grown for 24 h on the developed scaffolds. The cells were grown in the same way presented
above; after 24 h, they were washed with PBS, fixed in 4% paraformaldehyde dissolved
in PBS for 15 min, followed by a washing step. Sequentially, the cells were stained for
15 min with 20 μg/mL Acridine Orange solution and washed again with PBS. Finally, the
fluorescence images were taken using a confocal microscope (Andor DSD2 Confocal Unit,
Belfast, UK) mounted on an Olympus BX51 epifluorescence microscope, employing a 40×
objective. The images were recorded using a suitable filter cube (excitation filter 466/40 nm,
dichroic mirror 488 nm, and emission filter 525/54 nm).

3. Results and Discussion

Figure 1 displays SEM images at different magnifications of the pristine and D-loaded
PCL fibers. Figure 1a,b indicates non-woven fibers, randomly arranged in several layers,
with an average diameter of 3 μm for the polymeric fibers. The length of the fibers cannot be
estimated, but it can be stated that they have a great tendency to gather tightly, sometimes
even to stick. Their surface is smooth, the diameter relatively constant along the entire
length, and the overall aspect is slightly wavy/winding, suggesting high flexibility. Very
rarely, fibers with a much smaller diameter or areas with electrospinning defects can
be detected.

The addition of mineral powders (D, A, M) at a proportion of 5 or 10% triggers
significant modifications in the general appearance, reducing the fiber diameter to a large
extent, below 100 nm, most of them being around 30 nm (Figure 1c,d and Figure 2). This
behavior highlights the major changes induced by the presence of the powder in the
precursor solution. In addition, the degree of interconnection increases, which makes
the scaffolds appear in the form of networks with many points of connectivity, the most
congested points being supported by the inorganic aggregates. The presence of micrometric
entities homogeneously distributed in the volume of the fiber network is not equivalent
to the presence of ceramic aggregates, thus indicating the emergence of polymeric beads
on the primary fiber. However, a closer look reveals the existence of several bright areas
corresponding to the ceramic bodies. The increase in the loading concentration does not
result in significant differences to the general look, which suggests that a large proportion of
the powder has sedimented in the precursor solution. The only major dissimilarity appears
in the case of D, for which 10% concentration was not favorable for the electrospinning
process, resulting in an electrosprayed sample (Figure 1e,f). This is probably correlated
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with the fact that the powder was thermally processed at a lower temperature (1000 ◦C)
and consists of smaller entities that affect the solution viscosity and rheological properties,
hindering the flow process and jet stretching.

Figure 1. SEM images of the electrospun samples: (a,b) PCL, (c,d) PCL-D-5%, and (e,f) PCL-D-10%.

Bafandeha et al. [46] fabricated poly (vinyl alcohol)/chitosan/akermanite scaffolds
by electrospinning and reported fiber diameters of less than 100 nm, without beads, for
1 wt% akermanite content and with a considerable number of beads for 2 wt% akermanite,
which was attributed to the improper viscosity of the electrospinning solution. In our case,
5 or 10% silicate powder was integrated in the precursor system, leading to considerable
fiber thinning, of 30 times, as well as large and numerous local diameter enlargements
because of the conductivity and viscosity changes occurring after mineral phase addition.
An obvious reduction in fiber diameter was also observed for other PCL scaffolds loaded
with mineral powders, such as ZnO, TiO2, and HAp [47].

Otherwise, the inorganic aggregates are caught as if in a spider web, either covered
with a small layer of PCL or just attached to the fiber surface (Figure 2), making their outer
side available and prone to biomineralization. Thus, the mineral blocks that are coated with
polymer will require a longer time for the bioactivity to be displayed, namely the period
necessary for polymer degradation and ceramic surface exposure.

Figure 3 integrates the EDX spectra associated with the simple and composite fibers at
the concentration of 5% ceramic powder. If, in the case of PCL, the main elements of the
polymer (C, O) are visible, in the other three spectra, additional elements specific to the
loading composition can be found (Si, Ca, Mg). In this way, the distribution of the mineral
aggregates in the polymeric fibrous network is confirmed.
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The loading procedure was also validated from the FTIR spectra (Figure 4) recorded
for the pristine and powder-containing fibers. According to the scientific literature, the
polymer fingerprint is defined by the vibrational bands typical of C–H, C=O, and C–O,
occurring at around 2945, 1720, and 1165 cm−1, respectively [48,49]. For the composite
fibers, below 1100 cm−1, some additional bands emerge; in the range 800–1100 cm−1, the
signals of Si–O bonds and Si–O–Si groups are visible, whereas below 550 cm−1, bands
specific to the Ca–O and Mg–O oxide bonds overlap [50–52].

Figure 2. SEM images of the electrospun samples: (a,b) PCL-A-5%, (c,d) PCL-A-10%, (e,f) PCL-M-5%,
and (g,h) PCL-M-10%.
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Figure 3. EDX spectra of the electrospun samples with 5% powder loading.

Figure 4. FTIR spectra of the electrospun samples with 5% powder loading.

In the SEM images taken of the thermally treated powders immersed in SBF for
4 weeks (Figure 5), the behavior of D, A and M during the biomineralization process
is noticeable. In the case of D and A compositions, a new morphology is highlighted
from place to place, namely quasi-spherical, porous structures, similar to a ball of fibers.
As Ca concentration increases from D to A, the spheres grow in diameter (from around
100 nm to about 500 nm) and acquire a better-defined morphology, which suggests greater
bioactivity. In the case of M, the morphology is different from the other two, and is also
specific to apatite, a tangle of fibrillar structures that completely covers the block surface,
of 10 nm in diameter for an individual entity. It can be concluded that the increase in Ca
content leads to improved bioactivity, speeding up the healing process and subsequently
the implant osseointegration. Furthermore, this in vitro assay validates the multifunctional
character of the loaded scaffolds, since the bioresorbability of PCL is complemented by the
bioactivity of the silicate powders, opening the possibility for the emergence of synergistic
effects. Shahrouzifar et al. [23] obtained diopside scaffolds by sintering at 1200 ◦C and
observed some spare nanometric plates of apatite on the surface of the pure scaffold, while F-
and Sr-doped scaffolds were generously covered with apatite microspheres after 1 week of
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immersion in SBF; all these structures displayed a leaf-like morphology. Since our D powder
was thermally treated at 1000 ◦C and the soaking time was longer (1 week vs. 4 weeks), better
mineralization was achieved for an undoped material, confirming that the crystallization
degree and grain growth represent determining parameters in the process of mineralization.

Figure 5. SEM images of the mineral powders after immersion in simulated body fluid for 4 weeks:
(a) diopside, (b) akermanite, and (c) merwinite compositions.

When combined with chitosan for the production of scaffolds by 3D-bioprinting, aker-
manite conferred bioactivity, the surface becoming almost wholly coated with a thick layer
of bone-like apatite after 10 days of immersion in SBF; the newly formed precipitate had a
sponge-like morphology [10]. Moreover, the soaking period and akermanite concentration
were strongly correlated with the degree of coverage, resulting in a dense and homoge-
neous apatite deposition for 80 wt% akermanite. Thus, it is desirable to have as much
akermanite as possible in the fibrous scaffolds, so that a fast and extended mineralization
can occur, which will further promote the intimate connection between the living bone and
artificial implant, ensuring a stable and lasting bond.

Merwinite has been studied to a lesser extent, but the available data suggest that
the rate of apatite growth is extremely high for merwinite compared to akermanite and
diopside, following the same trend as CaO content; as observed, the freshly emerged layer
displayed a cauliflower-like morphology and completely covered the scaffold surface, the
density was extremely favored in the case of calcium resources provided by merwinite [9].

After testing the biocompatibility of the developed composite materials, it was found
out that they were not cytotoxic and ensure a favorable platform for fibroblast proliferation.
Thus, Figure 6 presents the calculated cell viability, which indicates that a concentration of
10% inorganic powder ensures a slightly better response compared to 5% loading. Moreover,
a higher concentration of mineral loading is correlated with a small increase in cell viability
with the seeding time.

Figure 6. Cell viability for fibroblasts in contact with the electrospun samples for 24 and 48 h.
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Indeed, PCL stands out as the sample with the highest cell viability; this result can
be explained based on its different morphology compared to all other specimens. In other
words, if PCL fibers have a diameter around 3 μm, the size of the powder-containing
fibers drops below 100 nm (Figures 1 and 2). Due to its dimensional compatibility at the
micrometric scale, the PCL scaffold seems to ensure a better environment for cell adhesion
and proliferation. However, the addition of a silicate powder offers an indisputable
advantage in terms of bioactivity, which makes this slight decrease in cell viability a
compromise we can afford.

The morphological evaluation of L929 cells grown on the investigated materials
was performed using fluorescence microscopy; the corresponding images are reported in
Figure 7. Similar to the MTT results, the microscopy images reveal the biocompatibility of
the electrospun samples, irrespective of the loading type and concentration. The fibroblast
cells grown on the control surface show an elongated morphology and an intact oval nu-
cleus, with a normal shape and size (Figure 7A); regardless of the experimental conditions,
cell morphology was not altered (Figure 7B–H).

Figure 7. Morphology of fibroblasts in contact with the electrospun samples for 24 h: (A) Con-
trol, (B) PCL, (C) PCL-D-5%, (D) PCL-D-10%, (E) PCL-A-5%, (F) PCL-A-10%, (G) PCL-M-5%, and
(H) PCL-M-10%.

The in vitro assays performed in this paper are in concordance with previous studies,
which have confirmed that polycaprolactone-based scaffolds, membranes, or gels have
good biocompatibility with osteoblasts, bone marrow mesenchymal stem cells, dental
pulp cells, or fibroblast-like cells [49,53–60]. The encouraging results obtained for L929
fibroblasts justify additional investigations on the proposed materials. Further studies
should focus on more information regarding cell adhesion and migration, as well as a
long-term evaluation of cell behavior in the presence of the samples.

4. Conclusions

Calcium has a key role in bone remodeling by modulating the cellular responses to
bioceramics, as well as promoting cell growth and osteogenic differentiation. Therefore,
three calcium magnesium silicate compositions, corresponding to diopside, akermanite,
and merwinite, were processed as thermally treated sol–gel-derived powders and subse-
quently integrated in polycaprolactone fibers. The fibrous composites were fabricated by
electrospinning and evaluated in terms of powder loading degree and particle distribution
in the fibers, as well as response to immersion in simulated biological fluid and influence
on fibroblast cells. If the inorganic component proved to be bioactive, gradually increasing
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from diopside to akermanite and then to merwinite (the bioactivity increased with the
increase in Ca amount), the loaded fibers represent cell-friendly supports, achieving better
cell proliferation when combined with a higher powder concentration.
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Abstract: Oxidized regenerated cellulose/polycaprolactone bilayered composite (ORC/PCL bilay-
ered composite) was investigated for use as an antibacterial dural substitute. Cefazolin at the
concentrations of 25, 50, 75 and 100 mg/mL was loaded in the ORC/PCL bilayered composite.
Microstructure, density, thickness, tensile properties, cefazolin loading content, cefazolin releasing
profile and antibacterial activity against S. aureus were measured. It was seen that the change in
concentration of cefazolin loading affected the microstructure of the composite on the rough side, but
not on the dense or smooth side. Cefazolin loaded ORC/PCL bilayered composite showed greater
densities, but lower thickness, compared to those of drug unloaded composite. Tensile modulus was
found to be greater and increased with increasing cefazolin loading, but tensile strength and strain at
break were lower compared to the drug unloaded composite. In vitro cefazolin release in artificial
cerebrospinal fluid (aCSF) consisted of initial burst release on day 1, followed by a constant small
release of cefazolin. The antibacterial activity was observed to last for up to 4 days depending on the
cefazolin loading. All these results suggested that ORC/PCL bilayered composite could be modified
to serve as an antibiotic carrier for potential use as an antibacterial synthetic dura mater.

Keywords: synthetic dural substitute; drug release; antibiotics carrier; cefazolin

1. Introduction

Dura mater is the outermost membrane of meninges which surrounds the brain and
spinal cord to retain the cerebrospinal fluid (CSF) inside. During neurosurgical proce-
dures, intracranial lesions might lead to partial dura removal or dural perforation and the
restoration of the dura mater to regain a watertight dural closure should be performed. The
solitary use of native dura for such reconstruction could struggle to achieve an adequate
primary closure in certain situations and might result in post-operative complications,
morbidity and even loss of life [1,2]. Several dural substitutes and dural sealants are com-
mercially available and used in place of native dura mater for dural repair and closure
restoration. Recently, a new bilayered knitted fabric reinforced composite (ORC/PCL
bilayered composite) was developed for potential use as a dural substitute [3–5]. This
composite membrane contained two different morphologies including a composite layer
which incorporated a relatively faster resorption ORC that could in situ generate pores for
tissue ingrowth and a dense nonporous layer of relatively slower resorption PCL on the
opposite side which helped provide the load bearing and liquid leakage resistance [6–8].
This type of dural substitute also offered several advantages including low cost, simple
production as well as similar mechanical properties to human dura mater.
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In general, post-operative CNS infection such as meningitis and post-operative sur-
gical site infections (SSIs) have been reported following craniotomy and neurosurgical
procedures [8,9]. Several risk factors associated with these post-operative infections have
been identified, including CSF leakage, prolonged operation procedure (>3 h), diabetes,
implantation of prosthetic devices such as shunt and cranioplasty materials [9,10]. The
predominant pathogens causing these infections are Gram-positive bacteria, particularly
Staphylococcus aureus (S. aureus) and coagulase-negative staphylococci (CoNS). The incidence
rates of post-operative surgical site infections (SSIs) have been reported to decrease when
antibiotic prophylaxis strategies were implemented [11,12]. The ideal antimicrobial drugs
for prophylaxis should be effective against the most common organisms found at the
surgical sites without eliminating other causative organisms [9,13]. Cephalosporins are the
most commonly used prophylactic antibiotics in different types of surgical procedure [14].
In particular, cefazolin, the first generation cephalosporin, has been considered as the
prophylactic drug of choice for post-neurosurgical infections [11]. This is because it is
most effective against Gram-positive bacteria such as S. aureus and CoNS, which are the
major causes of the post-operative SSIs and post-craniotomy infections. Moreover, several
advantages of cefazolin have been reported including a low toxicity and low cost [12,15].
Cefazolin is given parenterally via intramuscular or intravenous administration since its
absorption from the GI tract is insufficient.

Localized drug delivery is one of the most effective strategies for delivering drugs
to the specific targeted site, which led to more preferable therapeutic effects [16]. It has
been reported that a localized delivery system showed superiority over the conventional
systemic antibiotic delivery [17]. A higher dose reaching directly to the desired site, de-
creased systemic toxicity, reduced the bacterial resistance as well as improved patient
compliance [17–19]. The ideal localized system should exhibit a burst release of a large
amount of drug in the initial period and be followed by a continual therapeutic dose release
to prevent latent infection [16,19]. Cefazolin has been experimentally loaded into several
carriers including a PCL sponge pad or fibers [20,21], PCL/sodium-alginate [22], meso-
porous silicon microparticles [23], hydroxyapatite [24] and gelatin nanofiber mats [25,26]
for use as localized drug release systems. Initial burst release of cefazolin was typically seen
and followed by a sustained release from 24 h to 32 days depending on the type of carrier.

Preventing the incidence of post-neurosurgical infection is clinically crucial during
neurosurgical procedures. Since an implant was reported to be one of the risk factors for
SSIs, the use of an antibacterial dural substitute with the localized antibiotics delivery
would probably help in decreasing this risk. This would be used as an adjuvant or add-on
treatment and not as a replacement for systemic antibiotics prophylaxis via an intravenous
route. Previously, commercial collagen artificial dura mater was experimentally mixed with
cefuroxime sodium, ceftriaxone sodium or norvancomycin aimed to provide sustained
drug release directly to the brain surface and it overcame the problem of the blood–brain
barrier that lowered drug concentrations in the cerebrospinal fluid compared to the venous
blood [27]. However, no antibacterial activity was carried out and only a short release
study for up to 72 h was performed, although the release time of 6–7 days was designed.
Vancomycin soaked commercial crosslinked collagen based dural substitute was also
investigated for possible use in infected and contaminated wounds. However, the study
was brief and only colony counting and antibacterial activity at 24 h were measured [28].
Therefore, data of an antibiotic loaded dural substitute that can perform dual functions for
dural restoration and local release of antibiotics in the prevention of surgical site infection
are still limited and not exhaustively studied.

It was hypothesized that ORC/PCL bilayered composite which was developed and
already passed in vitro and in vivo studies [3–5] could be further modified to act as an
antibiotic dural substitute. The characteristics and properties of the carriers are impor-
tant factors which could influence the drug releasing behavior of the material and the
incorporation of drug in the carriers would in turn affect the property of the materials.
This study was carried out to gain the understanding and knowledge to further develop
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an antibacterial dural substitute, which has rarely been reported. In this study, cefazolin
was chosen as a model antibiotic for investigation. Various concentrations of cefazolin
were loaded into previously selected ORC/PCL bilayered composite (P20 formulation)
and their effects on physical properties, mechanical properties, drug loading and releasing
characteristics and antibacterial activity were investigated for potentially being used as an
antibacterial dural substitute in dural closure application.

2. Materials and Methods

2.1. Raw Materials

All raw materials including polycaprolactone (PCL, Mw ~ 80,000, Sigma-Aldrich,
St. Louis, MI, USA), oxidized regenerated cellulose (ORC, Surgicel®®, Nu-Knit®®, Ethicon
Inc., Raritan, NJ, USA) and N-methyl-2-pyrrolidone (NMP, PharmasolveTM, Ashland Inc.,
Wilmington, DE, USA) were purchased and used in the as-received form. The antibiotic
used was cefazolin sodium (Fazolin®®, Siam Bheasach Co., Ltd., Bangkok, Thailand) and
was supplied in the powder form.

2.2. Sample Preparation

NMP was equally divided into two parts. Cefazolin powders were dissolved in the
first part of NMP at the concentrations of 0, 25, 50, 75 and 100 mg/mL and stirred at room
temperature until clear solution was obtained while 20 g of PCL was dissolved in the second
part of NMP by heating at 60 ◦C using a hotplate until obtaining a clear viscous PCL solution.
After cooling down to a temperature of approximately 40 ◦C, both parts were then mixed
well together, producing 20% w/v cefazolin loaded PCL solutions. PCL solutions was used
to evenly infiltrate both sides of ORC knitted woven fabric (30 × 70 × 1.0 mm3) and was
then additionally recoated on one side of the loaded fabric as described previously [3,4].
The infiltrated and coated fabrics were then submerged in deionized water for 30 s to
solidify the PCL and to leach out the solvent and they were then further dried in the oven
at 40 ◦C for 24 h to obtain cefazolin loaded ORC/PCL bilayered composite (designated
P20, P20_25, P20_50, P20_75 and P20_100, respectively). Cefazolin loaded PCL was also
fabricated for use as comparative samples. The cefazolin loaded PCL solutions, which
were prepared in the same manner as described previously, were poured into a cavity
of a mold (30 × 70 × 1.0 mm3). The mold was then submerged in deionized water for
30 s and dried in the oven at 40 ◦C for 24 h to obtain cefazolin loaded PCL (designated
PCL, PCL_25, PCL_50, PCL_75 and PCL_100, respectively). The concentration of cefazolin
solution used to infiltrate the ORC/PCL bilayered composite or mix in PCL in this study
was selected based on the concentration of cefazolin solution used for typical intravenous
or intramuscular injection which ranges from about 20 mg/mL to 250 mg/mL. Table 1
shows the formulations that were employed to prepare the samples.

Table 1. Formulations of the prepared samples.

Samples Cefazolin (g) NMP (mL) PCL (g)
ORC

Impregnation

P20 0 100 20 Yes
P20_25 2.5 100 20 Yes
P20_50 5.0 100 20 Yes
P20_75 7.5 100 20 Yes

P20_100 10.0 100 20 Yes
PCL 0 100 20 No

PCL_25 2.5 100 20 No
PCL_50 5.0 100 20 No
PCL_75 7.5 100 20 No

PCL_100 10.0 100 20 No
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2.3. Microstructure

Microstructure of the fabricated samples was observed by using a scanning electron
microscope (JEOL JSM-5410) using an accelerating voltage of 20 kV. Prior to observation,
the samples were gold sputter coated to improve the conductivity and prevent charging of
the samples.

2.4. Bulk Density

Weight of the sample and its dimensions (width, length and thickness) were measured
by a precision balance (Sartorious) and a vernier caliper (Mitutoyo), respectively. The bulk
density was determined by dividing the weight by the calculated volume.

2.5. Tensile Properties

Rectangular specimens (10 mm × 70 mm) were cut from the fabricated samples and
were used for tensile testing following ISO 527-4 to determine tensile modulus, tensile
strength and tensile strain at break. All the tests were performed by a universal testing
machine (Instron 55R 4502) equipped with a 10 kN load cell using a constant crosshead
speed of 50 mm/min at 23 ◦C and 50% RH.

2.6. Total Cefazolin Loading Content

Specimens (10 mm × 10 mm) were immersed in a bottle containing 5 mL of artifi-
cial cerebrospinal fluid (aCSF; 6.279 g/L sodium chloride, 0.216 g/L potassium chloride,
0.353 g/L calcium chloride, 0.488 g/L magnesium chloride, 1.932 g/L sodium bicarbonate,
0.358 g/L disodium hydrogen phosphate and 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethane-
sulfonic acid (HEPES) 11.915 g, pH 7.4 [27]) and incubated for 24 h at 37 ◦C in an incubator.
The specimen was taken out and aCSF was collected and filtered. The absorbance of the
collected aCSF was then measured by using a UV–Vis spectrophotometer (Perkin Elmer)
at a wavelength of 270 nm and compared with a linear equation of the calibration curve
(cefazolin in aCSF, R-squared = 0.9996) to quantify the amount of released cefazolin from
the sample. The standard cefazolin solutions ranged from 0.02, 0.05, 0.10, 0.25, 0.5, 1, 5, 10,
15, 20, 25 to 30 μg/mL. The collected sample was further dried at 40 ◦C and dissolved in
5 mL dimethylformamide (DMF) in a shaking incubator for 24 h at 37 ◦C, 100 rpm. The
DMF solution was then filtered through a silica glass filter and the amount of cefazolin
was quantified by using a UV–Vis spectrophotometer in a similar manner as that for aCSF
but using the linear calibration curve of cefazolin in DMF solutions (R-squared = 0.9867)
instead. The total amount of cefazolin in the samples was calculated by combining the
measured cefazolin amount in the aCSF and that in DMF solution. The measurement was
performed in triplicate and the result was expressed as the ratio of the total amount of
cefazolin (mg) to the mass (g) of each specimen.

2.7. In Vitro Cefazolin Release Study

Specimens (10 mm × 10 mm) were prepared and each sample was placed in a plastic
bottle containing 5 mL of aCSF and secured in place with a frame sheet to ensure that both
sides of the sample were totally immersed in the solution. This was then incubated in an
incubator at 37 ◦C. Every 24 h, the specimen was removed, slightly blotted with tissue
paper and placed in a new bottle containing 5 mL of fresh aCSF. The remaining solution was
collected and filtered with a 0.45 μm syringe filter (Corning). The absorbance of cefazolin
in the collected solution was then measured by using a UV–Vis spectrophotometer (Perkin
Elmer) at a wavelength of 270 nm and compared with a linear equation of the prepared
calibration curve (cefazolin in aCSF; R-squared = 0.9996) as previously described to quantify
the amount of cefazolin released from the sample.

2.8. Minimum Inhibitory Concentration (MIC)

The MIC value of cefazolin used against Gram-positive S. aureus ATCC 25923 was
assessed by using the standard broth macrodilution method as described previously [29].
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Cefazolin solution was prepared by reconstituting 1 g vial cefazolin with 10 mL sterile
aCSF to give a resultant concentration of 100 mg/mL and further diluted to obtain a stock
solution of 0.01 mg/mL (10 μg/mL). A series of 2-fold higher concentrations of cefazolin
than the final dilution range as well as control was prepared in duplicate as follows: 10, 5.0,
2.5, 1.25, 0.625, 0.3125, 0.1560, 0.0780, 0.0390 and 0.000 μg/mL. In addition, uninoculated
wells of antibiotic-free broth were also prepared to ensure the sterility of the cefazolin
solution and aCSF. All the wells were then incubated at 35 ◦C ± 2 ◦C for 18–20 h. The
MIC value was determined as the lowest dilution of cefazolin that completely inhibited the
visible growth of the test organism which is evidenced by the absence of turbidity in the
well. The bacterial inoculum was prepared according to a standard broth culture method
(European Committee for Antimicrobial Susceptibility Testing of the European Society of
Clinical and Infectious, 2000). In brief, the bacterial colonies were taken with a sterile loop
and transferred to 5 mL of sterile nutrient broth (NB). The broth was then incubated in a
shaking incubator at 37 ◦C until the visible turbidity (4–6 h) was observed. The density of
the suspension of bacterial culture was diluted with NB to give a turbidity equivalent to
the 0.5 McFarland standard (approximately 1.5 × 108 cfu/mL). This was performed using
visual inspection such that the appearance of black lines was compared when observed
through the bacterial inoculum and McFarland standard suspension. This inoculum was
then transferred to a tube, which was further adjusted with NB to achieve a final organism
density of 1.5 × 106 cfu/mL.

2.9. Antibacterial Activity

The antibacterial activity of the samples was evaluated by using the agar disk-diffusion
method or Kirby–Bauer test. The S. aureus ATCC 25923 (1.5 × 106 cfu/mL) were inoculated
on Mueller–Hinton agar plates. Specimens (10 mm × 10 mm) were then gently placed
down to ensure even contact to the agar surface. Cefazolin loaded ORC/PCL bilayered
composites contained two distinct surfaces, namely rough or porous surface (R) and smooth
or dense surface (S), resulting from the processing. Both surfaces of the composite were
independently evaluated whereas only one surface of the cefazolin loaded PCL was tested
due to indistinguishable appearance between the two sides. All the plates were then
incubated at 37 ◦C for 24 h, in which the samples were transferred to fresh S. aureus agar
plates every 24 h. This was performed repeatedly until the inhibition (clear) zones were not
observed. The size of the clear space around the sample indicated the antibacterial activity
of the sample. All dimensional measurement was carried out by using a vernier caliper
and used to calculate the inhibition zone values using the following formula:

H = (D − d)/2, (1)

where H is the inhibition zone (mm);
D is the clear space diameter around the sample (mm);
d is the specimen diameter (mm).

2.10. Statistical Analysis

The data were described as the mean ± standard deviation values. Data were analyzed
by using statistical analysis software (GraphPad Prism version 6, GraphPad Software, San
Diego, CA, USA). One-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparisons test, was employed to determine the significant between groups or samples.
A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Physical and Mechanical Properties
3.1.1. Microstructure, Bulk Density and Thickness

Figure 1 shows the microstructure of cefazolin loaded samples. Regardless of cefa-
zolin concentrations, all cefazolin loaded PCL generally displayed an open microstructure
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resulting from the exchange of solvent and water in the fabrication process (Figure 1a,c,e,g).
However, the amount of dense area surrounding pores tended to increase with increas-
ing cefazolin content in the PCL solution. Upon examining higher magnification images
(Figure 1b,d,f,h), only PCL_25 showed a bicontinuous-like structure having a pore size less
than 5 μm while PCL_50, PCL_75 and PCL_100 showed cellular structure having larger
pore size of about 10–20 μm. In contrast, cefazolin loaded ORC/PCL bilayered composites
exhibited a bilayer structure comprising a nonporous layer and a composite layer. In the
case of the nonporous layer side, all formulations similarly displayed dense solid structure
of PCL similar to those of cefazolin loaded PCL, but no pores were observed in this case
(Figure 1i,j,m,n,q,r,u,v). In the case of the composite layer side, different microstructures
were obtained depending on the cefazolin concentrations. At a low cefazolin concentration
of 25 mg/mL, the composite layer side consisted of knitted ORC fabric mostly embedded
within the continuous PCL matrix with exposed fabric in some areas (Figure 1k). Increasing
the cefazolin concentration to 50 mg/mL resulted in a dense PCL layer without any exposed
ORC fabric resembling the dense structure of the nonporous layer side (Figure 1o). Further
increasing the cefazolin concentration to 75 and 100 mg/mL led to the coating of PCL on
top of the ORC fabric since the knitted ORC morphology was still evidenced, but with the
thick coating of the PCL layer on top (Figure 1s,w). At high magnification, PCL matrix was
observed to be dense for P20_25 and P20_50 (Figure 1l,p) while some pores were observed
in the PCL matrix close to the ORC fibers for P20_75 and P20_100 (Figure 1t,x).

Figure 2 shows the bulk density and thickness of cefazolin loaded and drug unloaded
samples. The bulk density and thickness of all formulations of cefazolin loaded ORC/PCL
bilayered composite did not differ significantly. In comparison to their corresponding drug
unloaded samples (P20 or PCL), bulk density of both cefazolin loaded ORC/PCL bilayered
composite and cefazolin loaded PCL samples was greater, but the thickness was lower.
However, the significant difference (p < 0.05) in bulk density between cefazolin loaded
and drug unloaded samples was seen for P20_25 and all cefazolin loaded PCL except
PCL_100. In contrast, thickness of all cefazolin loaded ORC/PCL bilayered composites was
significantly lower than that of P20 while only that of PCL75 was significantly different.

3.1.2. Tensile Properties

Figure 3 shows tensile properties of drug loaded and unloaded samples. Tensile
modulus of cefazolin loaded ORC/PCL bilayered composite increased with increasing
cefazolin concentration, which reached statistical significance when cefazolin concentration
was 50 mg/mL or above (Figure 3a). However, this was not observed in cefazolin loaded
PCL, in which the tensile moduli of all samples were seen to be in the same range and did
not differ significantly from that of PCL (Figure 3b). Generally, tensile strengths of both
cefazolin loaded ORC/PCL bilayered composite and cefazolin loaded PCL were found to be
significantly lower compared to unloaded samples (p < 0.05). Tensile strength of cefazolin
loaded PCL samples tended to decrease when cefazolin concentration was increased while
those of cefazolin loaded ORC/PCL bilayered composite remained relatively unchanged
(Figure 3c,d). All cefazolin loaded ORC/PCL bilayered composites exhibited similar tensile
strain at break regardless of the concentration of cefazolin, but all were significantly lower
than that of drug unloaded composite (Figure 3e). In contrast to cefazolin loaded ORC/PCL
bilayered composite, tensile strain at break of cefazolin loaded PCL samples tended to
decrease with increasing cefazolin concentration, but only reached statistical significance at
the highest concentration of cefazolin (p < 0.05) (Figure 3f). Comparing between cefazolin
loaded ORC/PCL bilayered composite and cefazolin loaded PCL at a similar cefazolin
concentration, the composites had greater tensile modulus than those of PCL, but tensile
strengths were in similar ranges. Tensile strain at break of cefazolin loaded PCL was much
greater than those of cefazolin loaded ORC/PCL bilayered composite.
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Figure 1. SEM images showing the microstructure of fabricated cefazolin loaded samples:
(a) PCL_25 at 50×; (b) PCL_25 at 1000×; (c) PCL_50 at 50×; (d) PCL_50 at 1000×; (e) PCL_75 at
50×; (f) PCL_75 at 1000×; (g) PCL_100 at 50×; (h) PCL_100 at 1000×; (i) P20_25 smooth side at
50×; (j) P20_25 smooth side at 1000×; (k) P20_25 rough side at 50×; (l) P20_25 rough side at 1000×;
(m) P20_50 smooth side at 50×; (n) P20_50 smooth side at 1000×; (o) P20_50 rough side at 50×;
(p) P20_50 rough side at 1000×; (q) P20_75 smooth side at 50×; (r) P20_75 smooth side at 1000×;
(s) P20_75 rough side at 50×; (t) P20_75 rough side at 1000×; (u) P20_100 smooth side at 50×;
(v) P20_100 smooth side at 1000×; (w) P20_100 rough side at 50×; (x) P20_100 rough side at 1000×.
Magnification 50× (bar = 500 μm) and magnification 1000× (bar = 10 μm).
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Figure 2. Influence of cefazolin concentration in the ORC/PCL bilayered composite and PCL on
density and thickness of fabricated samples: (a) Density of cefazolin loaded ORC/PCL bilayered
composite; (b) thickness of cefazolin loaded ORC/PCL bilayered composite; (c) density of cefazolin
loaded PCL; (d) thickness of cefazolin loaded PCL. Data are expressed as mean ± standard deviation
(SD). Significance between cefazolin loaded samples versus control (P20 or PCL) is indicated as
* (p < 0.05).

3.2. Total Cefazolin Content

The measured total cefazolin loading contents in fabricated cefazolin loaded ORC/PCL
bilayered composite and cefazolin loaded PCL are shown in Table 2. Increasing cefazolin
concentration in the solution significantly increased the uptake of cefazolin in both types
of fabricated samples. For a similar cefazolin concentration employed, the loading con-
tent of cefazolin in the ORC/PCL bilayered composite was greater than that of cefazolin
loaded PCL.

Table 2. Total cefazolin contents loaded in the samples. Data are expressed as mean ± standard
deviation (SD).

Samples
Total Cefazolin Content

(mg Drug per 100 mg Sample)

P20_25 1.94 ± 0.15
P20_50 2.77 ± 0.17
P20_75 3.61 ± 0.07

P20_100 5.54 ± 0.09

PCL_25 1.74 ± 0.10
PCL-50 2.49 ± 0.13
PCL_75 2.80 ± 0.11
PCL_100 3.28 ± 0.11
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Figure 3. Influence of cefazolin concentration in the ORC/PCL bilayered composite and PCL on
tensile properties: (a) Tensile modulus of cefazolin loaded ORC/PCL bilayered composite; (b) tensile
modulus of cefazolin loaded PCL; (c) tensile strength of cefazolin loaded ORC/PCL bilayered
composite; (d) tensile strength of cefazolin loaded PCL; (e) tensile strain at break of cefazolin loaded
ORC/PCL bilayered composite; (f) tensile strain at break of cefazolin loaded PCL. Data are expressed
as mean ± standard deviation (SD). Statistical significance between cefazolin loaded samples versus
control (P20 or PCL) is indicated as * (p < 0.05).

3.3. In Vitro Cefazolin Release

Figure 4 shows the daily concentration of eluted cefazolin (μg/mL) from cefazolin
loaded samples for up to 30 days. All samples displayed similar release profiles including
a sharp initial burst release of the highest concentration of cefazolin on the first day,
followed by a significantly declined release thereafter. While cefazolin was gradually
eluted from cefazolin loaded PCL samples for approximately 15 days (Figure 4a), almost
all cefazolin was rapidly eluted from cefazolin loaded ORC/PCL bilayered composite
during the 4–10 days depending on the cefazolin loading (Figure 4b). Figure 5 shows
the cumulative percentage of released cefazolin as a function of time for cefazolin loaded
samples over 30 days. The burst and delayed release were observed for cefazolin loaded
PCL samples (Figure 5a), where the cumulative percentage of released cefazolin was found
to reach approximately 50% in 1 day. In contrast, cefazolin loaded ORC/PCL bilayered
composite exhibited a greater burst release, in which most of cefazolin was released in
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1 day and followed by constant small release thereafter (Figure 5b). No differences in daily
released content or cumulative release among different formulations for both cefazolin
loaded PCL and cefazolin loaded ORC/PCL composite were observed.

Figure 4. Cefazoline release profile of cefazolin loaded samples in aCSF solution: (a) Cefazolin loaded
PCL; (b) cefazolin loaded ORC/PCL bilayered composites. Data are expressed as mean ± standard
deviation (SD).

Figure 5. Cumulative cefazoline release profile of cefazolin loaded samples in aCSF solution: (a) Cefa-
zolin loaded PCL; (b) cefazolin loaded ORC/PCL bilayered composites. Data are expressed as mean
± standard deviation (SD).

3.4. Minimum Inhibitory Concentration (MIC)

Table 3 shows a series of half-decreasing concentrations of cefazolin employed against
S. aureus ATCC 50923. Based on this result, the MIC value, the lowest concentration of
cefazolin that inhibited the bacterial growth, was 0.3150 μg/mL (Well 5).
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Table 3. Minimum inhibitory concentration (MIC) value of cefazolin against S. aureus ATCC 50923.

Well Number
Cefazolin Concentration

(μg/mL)

Bacterial Growth
( = No Growth; Clear Solution,
�= Growth; Turbid Solution)

1 5.0
2 2.5
3 1.50
4 0.650
5 0.3150
6 0.1563 �

7 0.0780 �

8 0.0390 �

9 0.0195 �

10 0.0 �

11 Nutrient broth (NB), no
bacterial inoculum

12 NB + aCSF, no bacterial
inoculum

3.5. Antibacterial Activity

Figure 6 shows the antimicrobial activity profiles of cefazolin loaded ORC/PCL bi-
layered composite and cefazolin loaded PCL, which were assessed by using Kirby–Bauer
methods for up to 7 days. Cefazolin loaded ORC/PCL bilayered composite showed an
antibacterial activity against S. aureus for up to 4 days while cefazolin loaded PCL showed
a slightly longer activity for up to 5 days. The greatest inhibition zone was observed on
day 1, which was relatively similar in both cefazolin loaded ORC/PCL bilayered composite
and cefazolin loaded PCL regardless of the concentration of cefazolin. It can be noted that
the inhibition zone of cefazolin loaded ORC/PCL bilayered composite tended to display a
greater value compared to that of the cefazolin loaded PCL at the same concentration of ce-
fazolin. The inhibition zone of the smooth side of the cefazolin loaded ORC/PCL bilayered
composite and cefazolin loaded PCL tended to increase with increasing cefazolin content
and the longest inhibition durations (4 and 5 days, respectively) were similarly found at
100 mg/mL (Figure 6b,c). Contrarily, the inhibition zone and antibacterial duration of the
rough side of cefazolin loaded ORC/PCL bilayered composite did not correspond with the
concentration of cefazolin loading (Figure 6a). In a similar tested period, P20_75 tended
to show the greatest inhibition zone while P20_100 showed the second smallest inhibition
zone. In the case of antibacterial duration, P20_50 and P20_75 displayed a longer period
than P20_50 and P20_100. A drug unloaded composite (P20) also exhibited an antimicrobial
activity on day 1 which decreased thereafter, in which the rough side (Figure 6a) exhibited
a greater inhibition zone (6.1 ± 0.1 mm) compared to the smooth side (4.1 ± 0.2 mm)
(Figure 6b). However, the inhibition zones of P20 on both sides were still smaller than those
of cefazolin loaded ORC/PCL bilayered composite. In contrast, the drug unloaded PCL
did not show any antibacterial activity.
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Figure 6. Antibacterial activity of cefazolin loaded samples against S. aureus as indicated by inhibition
zone: (a) Rough side of cefazolin loaded ORC/PCL bilayered composite; (b) smooth side of cefazolin
loaded ORC/PCL bilayered composite; (c) cefazolin loaded PCL. Bar = 10 mm.

4. Discussion

The microstructure of cefazolin loaded PCL resembled the microstructure of porous
polymers that were fabricated by a nonsolvent induced phase inversion process wherein
the delayed demixing took place when the NMP exchanged into water and precipitation
occurred in the PCL solution [30,31]. The microstructure was also observed to be influenced
by the cefazolin content which led to an increase in observed viscosity of the PCL solution
similar to the increase in polymer content or additives. This caused the insufficiency solvent
and nonsolvent exchange to form pores during phase separation and solidification which
tended to decrease the porosity of the samples [30,31]. Pore morphology was also affected
by cefazolin content. It was previously reported that several pore structures could be
obtained by an immersion precipitation process including unconnected latex, nodules,
bicontinuous structures, cellular structures or macrovoids depending on the parameters
employed in the process, including, but not limit to, solvent and nonsolvent used, polymer
solution composition and casting conditions [31,32]. In this study, a bicontinuous-like
structure containing interconnected pores was attained at the lowest cefazolin concentration
(PCL_25) while cellular structure resulted when using a greater cefazolin concentration.
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All cefazolin loaded ORC/PCL bilayered composites retained a bilayered structure
which consisted of a composite layer and nonporous PCL layer similarly to those of drug
unloaded ORC/PCL bilayered composite, P20 [3]. However, the microstructure of the
composite side resembled that of P20 only at the lowest cefazolin loading (P20_25) wherein
the viscosity of PCL solution was still comparable and could infiltrate the ORC fabric
readily, but not fully cover the surface since the PCL content was low. Using the immediate
viscosity solution of P20_50, a fraction of the solution would still be able to infiltrate
and fill the gaps among the fibers of ORC and the surplus part that could not infiltrate
would spread and coat on the surface instead which resulted in the smooth coating on
the surface. Using high viscosity solution of P20_75 and P20_100, limited infiltration was
achieved and the majority of the solution would coat on the ORC while preserving the
ORC morphology underneath. The coating layer of P20_100 was observed to be thicker
than that of P20_75. These changes in solution viscosity and microstructure with increasing
cefazolin content were in the same fashion as increasing PCL concentration in fabricating
ORC/PCL composite as reported previously [3]. Unlike cefazolin loaded PCL, no effect
of such an increase in viscosity was noted on the dense PCL side and all formulations
similarly displayed nonporous structure. This was thought to be partly due to the solvent
absorption by ORC fabric which concentrated the PCL solution and the easier transport of
the solvent though the composite side. These could depress the exchange of solvent and
nonsolvent at the dense PCL side, resulting in demixing without pore generation.

Cefazolin loaded ORC/PCL bilayered composite exhibited greater densities, but
lower thickness, than drug unloaded composite. These changes after cefazolin loading
were also observed in cefazolin loaded PCL. These could all be related to the increase in
solution viscosity which decreased the swelling ability of the samples during solvent–water
exchange in the solidification step and the decrease in coating layer due to the difficulty
to achieve the spreading during the infiltration and recoating process. Despite this, the
thickness (0.65–0.69 mm) of the composites was still in the same range as those observed in
human dura (0.3–0.8 mm) [33], while densities (0.63–0.67 g/cm3) were lower than that of
human dura (1.03 g/cm3) [34]. These results suggested that cefazolin loaded composites
could still be employed and handled similarly to the drug unloaded ORC/PCL bilayered
composite and natural dura mater.

Apart from physical properties, changes in tensile properties were also observed
after cefazolin loading. Cefazolin loaded PCL was weaker and less ductile after cefazolin
loading since the tensile strength and strain at break decreased with increasing cefazolin
concentration, while the tensile modulus was relatively unchanged (Figure 3b,d,f). This
was consistent with the previous findings for other types of drug loaded PCL [35–38]. In
contrast, tensile strength of cefazolin loaded ORC/PCL bilayered composite was unaffected,
but the increase in tensile modulus and the decrease in strain at break with increasing
cefazolin concentration were observed instead (Figure 3a,e). Therefore, the underlying
mechanism might be different. The changes in tensile properties observed were anticipated
to be due to the effect of incorporated cefazolin that could restrict both the deformation
of ORC fabric as well as the polymer chain movement of the PCL matrix. In the case
of cefazolin loaded PCL, the restriction of PCL chain movement imposed by cefazolin
obviously increased the brittleness and decreased the strength of the sample. In the case
of ORC/PCL bilayered composite, the reinforcing effect of ORC fabric was relatively
greater and might have offset the effect of cefazolin on strength reduction due to PCL
chain movement restriction resulting in overall unchanged tensile strength. The restraint
of ORC deformation imposed by cefazolin also amplified the stiffness of ORC and gave
rise to the increase in tensile modulus. Despite the changes in the tensile properties of all
cefazolin loaded ORC/PCL bilayered composites, these tensile values were still within
the same range of human dura mater as reported previously, including 11.2–171.5 MPa,
1.3–27.1 MPa and 16.0–49.7% for tensile modulus, tensile strength and strain at break,
respectively [34,39,40].
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The release profiles of cefazolin loaded PCL were biphasic, comprising the burst release
of approximately half of the total cefazolin content and followed by a gradual release for
15 days which was similar to typical burst biphasic release kinetics of drug loaded polymer
matrix wherein the initial burst release phase is followed by a power-law phase resulting
from Fickian diffusion processes or “anomalous” processes which encompass both diffusion
of drugs and swelling of polymers [41,42]. In contrast, the release profile of cefazolin loaded
ORC/PCL bilayered composite was found to be mainly burst release where most of the
cefazolin was eluted in this phase and followed by relatively constant release thereafter for
up to 4–10 days. This is monophasic release kinetics comprising a zero-order release phase
that displays a constant rate of drug release via non-Fickian diffusion [42]. The difference
in these release profiles between two types of cefazolin loaded samples could be related to
the dissimilarity of the composition and microstructure as observed. The cefazolin loaded
ORC/PCL bilayered composite contained two layers comprising a composite layer which
in situ produced porous channels by relatively faster ORC resorption and the relatively
slower degradation of the nonporous PCL layer. These microstructures would aid the
diffusion of aCSF solution into the samples, mainly through the composite layer, and
caused a rapid dissolution and release of cefazolin resulting in the burst release as observed.
Since three different mechanisms of drug release from the polymer matrix were reported,
including release of surface loaded drug, diffusion and degradation of the carrier [43,44],
the release of antibiotics from dense PCL layer in ORC/PCL bilayered composite could
also occur, but contributed less than that of the composite layer. In the case of cefazolin
loaded PCL, the diffusion pathway of aCSF into the PCL matrix to dissolve and lead to the
release of cefazolin would be more difficult and drug would be slowly released [45]. The
initial rapid release of cefazolin loaded PCL might be due to the release of surface loaded
cefazolin and part of the drugs which were close to the inner surface of PCL. A subsequent
gradual release would be caused by the diffusion and swelling or degradation of PCL.
Moreover, both release phases of cefazolin loaded PCL would also be amplified by the
open porous microstructure which could act as an additional route for solution diffusion
and drug release. Compared to other cefazolin loaded carriers [20–26], cefazolin loaded
PCL fabricated in this study exhibited similar biphasic release kinetics to those reported
previously, especially when using PCL as a carrier. The rate of elution tended to be faster
than that of dense electrospun fiber [21], but comparable to that of PCL sponge which
contained microscopic pores [20]. In contrast, ORC/PCL bilayered composite displayed
much faster release of cefazolin than cefazolin loaded carriers reported previously and
also exhibited different release kinetics. It should be noted that the limitation of using of
a UV–Vis spectrophotometer for cefazolin measurement is that it might not specifically
detect the cefazolin compared to chromatographic or mass spectrometric methods.

Concerning the MIC of cefazolin against S. aureus which was determined to be
0.3150 μg/mL, the duration of the release content of cefazolin from cefazolin loaded
ORC/PCL bilayered composite which was still closed to MIC value was approximately
3 days for all samples, except that of P20_100, which was 10 days. This correlated quite well
with the results of antibacterial activity which was found to last for 3–4 days. In the case of
cefazolin loaded PCL, the duration for which the released cefazolin concentration was still
in MIC range was about 14 days which differed from the antibacterial activity durations of
4–5 days. This could be due to the dissimilarity in the solution saturated condition in the
release study compared to the moistened agar in antibacterial activity testing which would
affect the cefazolin release, in particular from PCL matrix. Interestingly, it was also observed
that a drug unloaded ORC/PCL composite (P20) also exhibited antibacterial activity. This
was probably due to the known antibacterial property of ORC that was reported to produce
an acidic environment which was not suitable for microorganisms to survive [46,47]. The
antibacterial activity of ORC in the composites can be further confirmed by observation
that a greater inhibition zone was observed from the rough side of the composite where the
knitted ORC fabric was presented compared to that of the smooth PCL side. However, no
clear difference in the inhibition zone of the cefazolin loaded ORC/PCL composite between
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the rough side and smooth side was observed. This was possibly because the antibacterial
activity of released cefazolin was much greater than that of ORC and dominated the activity.
In addition, the greater transport ability of solution through the rough side might not be
advantageous over the smooth side in this contact situation compared to full immersion in
the release test.

The burst effect can be regarded as a negative consequence when long-term controlled
release applications are needed, but a rapid release or high initial rates of delivery may
be the optimal mechanism in certain situations [48]. It should be noted that the purpose
of antimicrobial prophylaxis is to achieve drug levels in serum and tissue that surpass
the MIC of the bacterial organisms likely to be faced during operation and prophylaxis
after wound close is unessential [49–51]. Therefore, the burst release of cefazolin loaded
ORC/PCL bilayered composite, which could be a problem in some applications which
require a sustained release of drug for a long period of time, might not be relevant for
an antibacterial dural substitute, which requires a localized release of high concentration
of antibiotic prophylaxis to ensure that any bacterial infections (if any) are totally and
immediately eliminated at the site of implantation. Additionally, the burst release of a high
concentration of cefazolin observed in the present study could be an advantage as this
could reduce the risk of antibiotic resistance.

5. Conclusions

The antibacterial synthetic dural substitute was successfully fabricated by incorpo-
rating cefazolin into ORC/PCL bilayered composite, which still had the physical and me-
chanical properties in the range of natural dura mater. Cefazolin released from ORC/PCL
bilayered composite was found to be monophasic, comprising mainly a burst release.
Among all formulations, P20_25 might be most suitable since it showed relatively similar
releasing profile and antibacterial activity to other higher drug loaded formulations and still
exhibited comparable microstructure and physical and mechanical properties to the drug
unloaded composite. Although cefazolin loaded ORC/PCL bilayered composite was found
to exhibit a burst release of antibiotic, in which its antibacterial activity was sustained for up
to 4 days, this might not fully predict in vivo performance where the environment and the
clearance of the released cefazolin from the site of injury might be different. Further studies
in animals are required to confirm its performance prior to translating to clinical study.
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10. Erman, T.; Demirhindi, H.; Göçer, A.İ.; Tuna, M.; İldan, F.; Boyar, B. Risk factors for surgical site infections in neurosurgery
patients with antibiotic prophylaxis. Surg. Neurol. 2005, 63, 107–113. [CrossRef] [PubMed]

11. Bratzler, D.W.; Dellinger, E.P.; Olsen, K.M.; Perl, T.M.; Auwaerter, P.G.; Bolon, M.K.; Fish, D.N.; Napolitano, L.M.; Sawyer, R.G.;
Slain, D.; et al. Clinical practice guidelines for antimicrobial prophylaxis in surgery. Am. J. Health Syst. Pharm. 2013, 70, 195–283.
[CrossRef]

12. Liu, W.; Ni, M.; Zhang, Y.; Groen, R.J. Antibiotic prophylaxis in craniotomy: A review. Neurosurg. Rev. 2014, 37, 407–414.
[CrossRef]

13. Gyssens, I.C. Preventing postoperative infections: Current treatment recommendations. Drugs 1999, 57, 175–185. [CrossRef]
[PubMed]

14. Brocard, E.; Reveiz, L.; Régnaux, J.P.; Abdala, V.; Ramón-Pardo, P.; del Rio Bueno, A. Antibiotic prophylaxis for surgical
procedures: A scoping review. Rev. Panam. Salud. Publica 2021, 45, e62. [CrossRef] [PubMed]

15. Kusaba, T. Safety and efficacy of cefazolin sodium in the management of bacterial infection and in surgical prophylaxis. Clin.
Med. Ther. 2009, 1, 1607–1615. [CrossRef]

16. Wassif, R.K.; Elkayal, M.; Shamma, R.N.; Elkheshen, S.A. Recent advances in the local antibiotics delivery systems for management
of osteomyelitis. Drug Deliv. 2021, 28, 2392–2414. [CrossRef] [PubMed]

17. Stebbins, N.D.; Ouimet, M.A.; Uhrich, K.E. Antibiotic-containing polymers for localized, sustained drug delivery. Adv. Drug
Deliv. Rev. 2014, 78, 77–87. [CrossRef]

18. Dash, A.K.; Cudworth, G.C. Therapeutic applications of implantable drug delivery systems. J. Pharmacol. Toxicol. Methods 1998,
40, 1–12. [CrossRef]

19. Wu, P.; Grainger, D.W. Drug/device combinations for local drug therapies and infection prophylaxis. Biomaterials 2006, 27,
2450–2467. [CrossRef] [PubMed]

20. Mutsuzaki, H.; Oyane, A.; Sogo, Y.; Sakane, M.; Ito, A. Cefazolin-containing poly(ε-caprolactone) sponge pad to reduce pin tract
infection rate in rabbits. Asia-Pac. J. Sports Med. Arthrosc. Rehabil. Technol. 2014, 1, 54–61.

21. Radisavljevic, A.; Stojanovic, D.B.; Perisic, S.; Djokic, V.; Radojevic, V.; Rajilic-Stojanovic, M.; Uskokovic, P.S. Cefazolin-loaded
polycaprolactone fibers produced via different electrospinning methods: Characterization, drug release and antibacterial effect.
Eur. J. Pharm. Sci. 2018, 124, 26–36. [CrossRef]

22. Lee, J.H.; Park, J.K.; Son, K.H.; Lee, J.W. PCL/sodium-alginate based 3D-printed dual drug delivery system with antibacterial
activity for osteomyelitis therapy. Gels 2022, 8, 163. [CrossRef]

23. Yazdi, I.K.; Murphy, M.B.; Loo, C.; Liu, X.; Ferrari, M.; Weiner, B.K.; Tasciotti, E. Cefazolin-loaded mesoporous silicon micropar-
ticles show sustained bactericidal effect against Staphylococcus aureus. J. Tissue Eng. 2014, 5, 2041731414536573. [CrossRef]
[PubMed]

24. Munir, M.U.; Ihsan, A.; Javed, I.; Ansari, M.T.; Bajwa, S.Z.; Bukhari, S.N.A.; Ahmed, A.; Malik, M.Z.; Khan, W.S. Control-
lably biodegradable hydroxyapatite nanostructures for cefazolin delivery against antibacterial aesistance. ACS Omega 2019, 4,
7524–7532. [CrossRef]

25. Rath, G.; Hussain, T.; Chauhana, G.; Garg, T.; Goyall, A.K. Fabrication and characterization of cefazolin-loaded nanofibrous mats
for the recovery of post-surgical wound. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1783–1792. [CrossRef] [PubMed]

74



Polymers 2022, 14, 4449

26. Rath, G.; Hussain, T.; Chauhana, G.; Garg, T.; Goyall, A.K. Development and characterization of cefazolin loaded zinc oxide
nanoparticles composite gelatin nanofiber mats for postoperative surgical wounds. Mater. Sci. Eng. C 2016, 58, 242–253. [CrossRef]

27. Wang, H.; Dong, H.; Kang, C.G.; Lin, C.; Ye, X.; Zhao, Y.L. Preliminary exploration of the development of a collagenous artificial
dura mater for sustained antibiotic release. Chin. Med. J. 2013, 126, 3329–3333. [PubMed]

28. Kaplan, M.; Akgun, B.; Demirdag, K.; Akpolat, N.; Kozan, S.K.; Cagasar, O.; Yakar, H. Use of antibiotic-impregnated DuraGen ®

to reduce the risk of infection in dura repair: An in vitro study. Cen. Eur. Neurosurg. 2011, 72, 75–77. [CrossRef]
29. Suwanprateeb, J.; Thammarakcharoen, F.; Phanphiriya, P.; Chokevivat, W.; Suvannapruk, W.; Chernchujit, B. Preparation and

characterizations of antibiotic impregnated microporous nano-hydroxyapatite for osteomyelitis treatment. Biomed. Eng. Appl.
Basis Commun. 2014, 26, 1450041. [CrossRef]

30. Guillen, G.R.; Pan, Y.; Li, M.; Hoek, E.M.V. Preparation and characterization of membranes formed by nonsolvent induced phase
separation: A review. Ind. Eng. Chem. Res. 2011, 50, 3798–3817. [CrossRef]

31. Tan, X.M.; Rodrigue, D. A review on porous polymeric membrane preparation. Part I: Production techniques with polysulfone
and poly (vinylidene fluoride). Polymers 2019, 11, 1160. [CrossRef] [PubMed]

32. van de Witte, P.; Dijkstra, P.J.; van den Berg, J.W.A.; Feijen, J. Phase separation processes in polymer solutions in relation to
membrane formation. J. Membr. Sci. 1996, 117, 1–31. [CrossRef]

33. Bashkatov, A.N.; Genina, E.A.; Sinichkin, Y.P.; Kochubey, V.I.; Lakodina, N.A.; Tuchin, V.V. Glucose and mannitol diffusion in
human dura mater. Biophys. J. 2003, 85, 3310–3318. [CrossRef]

34. Van Noort, R.; Black, M.M.; Martin, T.R.P.; Meanley, S. A study of the uniaxial mechanical properties of human dura mater
preserved in glycerol. Biomaterials 1981, 2, 41–45. [CrossRef]

35. Opálková Šišková, A.; Bucková, M.; Kroneková, Z.; Kleinová, A.; Nagy, Š.; Rydz, J.; Opálek, A.; Sláviková, M.; Eckstein Andicsová,
A. The drug-loaded electrospun poly(ε-caprolactone) mats for therapeutic application. Nanomaterials 2021, 11, 922. [CrossRef]

36. Gao, Y.; Li, J.; Xu, C.; Hou, Z.; Yang, L. Mechanical properties and drug loading rate of a polycaprolactone 5-fluorouracil controlled
drug delivery system. Mater. Res. Express 2021, 8, 095302. [CrossRef]

37. Glover, K.; Mathew, E.; Pitzanti, G.; Magee, E.; Lamprou, D. 3D bioprinted scaffolds for diabetic wound healing applications.
Drug Deliv. Transl. Res. 2022. [CrossRef]

38. Rychter, M.; Baranowska-Korczyc, A.; Milanowski, B.; Jarek, M.; Maciejewska, B.M.; Coy, E.L.; Lulek, J. Cilostazol-loaded
poly(ε-caprolactone) electrospun drug delivery System for cardiovascular applications. Pharm. Res. 2018, 35, 32. [CrossRef]

39. van Noort, R.; Martin, T.R.; Black, M.M.; Barker, A.T.; Montero, C.G. The mechanical properties of human dura mater and the
effects of storage media. Clin. Phys. Physiol. Meas. 1981, 2, 197–203. [CrossRef]

40. Zarzur, E. Mechanical properties of the human lumbar dura mater. Arq. Neuropsiquiatr. 1996, 54, 455–460. [CrossRef]
41. Kamaraj, N.; Rajaguru, P.Y.; Issac, P.K.; Sundaresan, S. Fabrication, characterization, in vitro drug release and glucose uptake

activity of 14-deoxy, 11, 12-didehydroandrographolide loaded polycaprolactone nanoparticles. Asian J. Pharm. Sci. 2017, 12,
353–362. [CrossRef] [PubMed]

42. Yoo, J.; Won, Y.Y. Phenomenology of the initial burst release of drugs from PLGA microparticles. ACS Biomater. Sci. Eng. 2020, 6,
6053–6062. [CrossRef]

43. Hu, X.; Liu, S.; Zhou, G.; Huang, Y.; Xie, Z.; Jing, X. Electrospinning of polymeric nanofibers for drug delivery applications. J.
Control. Release 2014, 185, 12–21. [CrossRef] [PubMed]

44. Karuppuswamy, P.; Reddy, V.J.; Navaneethan, B.; Luwang, L.A.; Ramakrishna, S. Polycaprolactone nanofibers for the controlled
release of tetracycline hydrochloride. Mater. Lett. 2015, 141, 180–186. [CrossRef]

45. Liu, D.Q.; Cheng, Z.Q.; Feng, Q.J.; Li, H.J.; Ye, S.F.; Teng, B. Polycaprolactone nanofibres loaded with 20(S)-protopanaxadiol for
in vitro and in vivo anti-tumour activity study. R. Soc. Open Sci. 2018, 5, 180137. [CrossRef]

46. Frantz, V.K. Absorbable Cotton, Paper and Gauze: (Oxidized Cellulose). Ann. Surg. 1943, 118, 116–126. [CrossRef]
47. Spangler, D.; Rothenburger, S.; Nguyen, K.; Jampani, H.; Weiss, S.; Bhende, S. In Vitro Antimicrobial Activity of Oxidized

Regenerated Cellulose against Antibiotic-Resistant Microorganisms. Surg. Infect. 2003, 4, 255–262. [CrossRef]
48. Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug delivery systems. J. Control.

Release 2001, 73, 121–136. [CrossRef]
49. Page, C.P.; Bohnen, J.M.; Fletcher, J.R.; McManus, A.T.; Solomkin, J.S.; Wittmann, D.H. Antimicrobial prophylaxis for surgical

wounds. Guidelines for clinical care. Arch. Surg. 1993, 128, 79–88. [CrossRef]
50. Patel, S.; Thompson, D.; Innocent, S.; Narbad, V.; Selway, R.; Barkas, K. Risk factors for surgical site infections in neurosurgery.

Ann. R. Coll. Surg. Engl. 2019, 101, 220–225. [CrossRef]
51. Mindermann, T. Empirically adapted or personalized antibiotic prophylaxis in select cranial neurosurgery? Acta Neurochir. 2021,

163, 365–367. [CrossRef] [PubMed]

75



Citation: Wilharm, N.; Fischer, T.;

Hayn, A.; Mayr, S.G. Structural

Breakdown of Collagen Type I Elastin

Blend Polymerization. Polymers 2022,

14, 4434. https://doi.org/10.3390/

polym14204434

Academic Editors: Ariana Hudita

and Bianca Gǎlǎţeanu
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Abstract: Biopolymer blends are advantageous materials with novel properties that may show
performances way beyond their individual constituents. Collagen elastin hybrid gels are a new repre-
sentative of such materials as they employ elastin’s thermo switching behavior in the physiological
temperature regime. Although recent studies highlight the potential applications of such systems,
little is known about the interaction of collagen and elastin fibers during polymerization. In fact,
the final network structure is predetermined in the early and mostly arbitrary association of the
fibers. We investigated type I collagen polymerized with bovine neck ligament elastin with up to
33.3 weight percent elastin and showed, by using a plate reader, zeta potential and laser scanning
microscopy (LSM) experiments, that elastin fibers bind in a lateral manner to collagen fibers. Our
plate reader experiments revealed an elastin concentration-dependent increase in the polymerization
rate, although the rate increase was greatest at intermediate elastin concentrations. As elastin does
not significantly change the structural metrics pore size, fiber thickness or 2D anisotropy of the final
gel, we are confident to conclude that elastin is incorporated homogeneously into the collagen fibers.

Keywords: elastin; collagen; polymerization; fiber formation

1. Introduction

Thermoresponsive hydrogels find widespread applications in medicine where syn-
thetic and protein-based hydrogels are described. The potential applications include drug
delivery, tissue engineering or the separation of bio molecules [1–4]. For example, an
elastin-like polypeptide sequence, attached to graphene, with a high switching rate was
designed, which revealed shrinking/bending upon irradiation with NIR (near infrared)
light [5]. Examples of drug delivery have been presented by various groups, such as when
an elastin-like peptide (ELP) solution is loaded with an anti-tumor drug. After injection into
a tumor, the ELP coacervates due to the body temperature and forms a depot from which
the drug is released over some time [6]. Similarly, the loading of ELPs with bone morpho-
genetic protein was described to enhance mineralization [7]. In another application, ELPs
were combined with chitosan to form a multilayer system, which changes its wettability
state when heated above 50 ◦C [8]. This system can assist in fine tuning cellular adhesion.

The temperature-induced contraction has an identical root for synthetic as well as
protein-based polymers. All these polymers exhibit a lower critical solution temperature
(LCST) upon which they become insoluble. The reason for this behavior is the imbalance
between hydrophilic–hydrophobic interactions between a polymer and a solvent. Hy-
drophobic segments along a polymer chain can reduce their solvent-accessible surface
area upon an increased temperature by aggregation, which exerts a pulling force on the
non-contracting network segments. In fact, the driving force for the contraction is the
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entropy gain for the solvent molecules. Water molecules around hydrophobic segments
are highly ordered but with an increasing temperature this order is disrupted and the
hydrophobic segments can associate and fold. The contraction is then actually induced
when the entropy gain by the released water molecules is greater than the enthalpy gain by
water binding to the polymer [9]. Poly(N-isopropylacrylamide) (PNIPAM) is one of the
most investigated thermoresponsive polymers as its transition temperature is relatively
insensitive to environmental conditions and is in the physiological regime (~32 ◦C) [10].
However, PNIPAM polymers have been shown to reduce cell viability for different poly-
merization types as well as different cell types [11]. Elastin is, therefore, a prime candidate
for bio compatible thermoresponsive hydrogels as it is composed of alternating hydrophilic
and hydrophobic segments and has already been shown to exhibit a LCST [12]. Recently,
a collagen elastin thermoactuator with a tunable transition temperature in the physiolog-
ical temperature regime was designed [13]. It was demonstrated that the incorporation
of elastin from bovine neck ligament into a 2 mg/mL type I collagen gel resulted in a
reversible thermoswitchable system with a transition temperature in the physiological
temperature regime. As the system showed a temperature-induced phase transition like
a volume contraction, it was argued that this process can be described by Euler buckling,
which refers to the buckling of a rod under an axial critical load. In fact, two cases are
possible when collagen and elastin are polymerized: the formation of individual fibers
between collagen fibers (“perpendicular”) and the incorporation of elastin monomers in a
parallel manner (“lateral”) into a collagen fiber. Although a lateral fiber alignment seemed
likely as the buckling behavior was observed, convincing experiments have been lacking
so far. We now present insights into the polymerization features of an elastin collagen
hydrogel with significant evidence that elastin is laterally incorporated into the collagen
fiber. Both elastin and collagen are the main components of connective tissue and exhibit
distinct features. While elastin is structurally heterogeneous as the hydrophilic segments
contain some α-helix and the hydrophobic segments are mostly of a random coil design,
collagen is relatively homogeneous as three single peptide chains form a collagen triple
helix [12,14]. The elastin is expressed in the endoplasmic reticulum, transported outside
of the cell and then bound to micro fibrils, where, by a complex mechanism involving
the crosslinking of lysine residues, an elastin fiber is formed with elastin on the inside
and several micro fibrillar proteins on the outside [15]. Collagen fibrils are formed by an
association of collagen triple helical monomers via an enzymatic crosslinking of lysine
residues, and several fibrils then associate into fibers; however, our preparation steps were
devoid of any crosslinking steps, so that the interaction between the collagen and elastin
were dominated by an electrostatic interaction [16].

This work aims to present evidence that the structural metrics pore size and fiber
diameter of a type I collagen hydrogel are not significantly changed upon the addition of
bovine elastin. As we have found evidence supporting our thesis, we conclude that elastin
monomers attach in a parallel fashion to the collagen fibers. This agrees with our own
earlier studies with circular dichroism experiments, where we saw a systematic decrease in
the helical structures in collagen and elastin after polymerization [13].

2. Experiments

2.1. Hydrogel Preparation

Collagen hydrogels for all experiments in this study were prepared using the same
protocol as described before [13]. The basis for all the hydrogels was a mixture of collagen
I monomers from rat tail (collagen R, 0.4% solution and Cat. No. 47256.01; SERVA Elec-
trophoresis, Heidelberg, Germany) and bovine skin (collagen G, 0.4% solution and Cat.
No. L 7213; Biochrom, Berlin, Germany) in a mass fraction of 1:2, respectively. To initiate
the polymerization of the monomer mixture solution, a 1 M phosphate buffered solution
containing disodium hydrogen phosphate (Cat. No. 71636, Merck KGaA, Darmstadt,
Germany), sodium dihydrogen phosphate (Cat. No. 71507, Merck KGaA, Darmstadt,
Germany) and ultrapure water was added to produce a final pH value of 7.5, ionic strength
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of 0.7, and a phosphate concentration of 400 mM. To produce the collagen–elastin hydrogels,
appropriate amounts of elastin powder (elastin, Cat. No. 6527, Merck KGaA, Darmstadt,
Germany) were added to the buffer solution prior to the polymerization. All solutions
were kept on ice. The polymerization of the final solutions was initialized by placing the
samples in an incubator at 37 ◦C.

2.2. UV/VIS Plate Reader Experiments

The experiments were performed on a TECAN infinite® 200 plate reader (absorbance
mode, 405 nm, target temperature 37 ◦C, 25 flashes, and a sampling rate of 1/min; TECAN
Trading AG, Männedorf, Switzerland) using flat bottom 96-well plates (Carl-Roth GmbH,
Karlsruhe, Germany) for the sample preparation and measurement. For a single experiment,
three solutions were prepared directly before the measurement, namely, (I) 1.2 mL of a
2 mg/mL collagen solution (0.4 mL R, 0.8 mL G, each 4 mg/mL of stock solution), (II) 1.2 mL
of a 2 mg/mL collagen solution (same as above) with 0.6 mg of elastin and (III) 1.2 mL of a
2 mg/mL collagen solution (same as above) with 1.2 mg of elastin. A 200 μL amount of the
final solution was filled in each well, resulting in 6 wells of a 96-well plate per condition
and 18 wells for all three conditions. The remaining 78 wells were filled with distilled water
to ensure high humidity during the polymerization and to counteract the dehydration of
the samples.

2.3. Zeta Potential

A 6 mg amount of elastin was dissolved in a 3 mL phosphate buffer (pH 7.5, 400 mM)
at 4 ◦C. Additionally, 3 mL of collagen (1 mL R and 2 mL G, each 4 mg/mL stock solution)
was mixed with 3 mL of the phosphate buffer (pH 7.5, 400 mM) at 4 ◦C. Both solutions
were subjected to zeta potential measurements on a NanoZS (Malvern) zetasizer with
a backscatter optical arrangement (173◦). Each condition was measured three times by
preparing a fresh solution each time. Each sample (1 mL) was left for 120 s in the instrument,
which was precooled at 4 ◦C, to reach the thermal equilibrium. Each sample was measured
eight times with twenty runs and a 30 s delay between the measurements.

2.4. Pore size and Fiber Diameter

The collagen and collagen–elastin samples were prepared as described above. A
200 μL amount of the ice-cooled solution was placed in each well of a cooled 24-well
μ-plate (μ-Plate 24 Well ibiTreat; Cat. No. 82406; ibidi, Gräfelfing, Germany). Subsequently,
the 24-well plate was placed in an incubator at 37 ◦C to start the polymerization for 2 h. The
polymerized hydrogels were washed three times using PBS and fluorescently stained by ap-
plying 20μg/mL of 5(6)-Carboxytetramethylrhodamine N-succinimidylester (TAMRA-SE;
Cat. No. 21955; Merck KGaA, Darmstadt, Germany) overnight and subsequently washed
three times using the PBS. Using an LSM microscope (TCS SP8; Leica, Wetzlar, Germany),
three-dimensional image cubes of the fluorescence signal of the TAMRA-SE using a 561 nm
excitation laser and HC PL APO CS2 40x/1.10 water immersion objective were recorded.
The pore size and fiber diameter were determined as published previously [17,18]. To
compensate for the apparent collagen–elastin clusters that would disturb a fiber diameter
determination, a custom-built cluster deletion algorithm was used to solely measure the
actual fiber diameter sizes.

2.5. Directionality

The above obtained images were also used to quantify the directionality and its
standard deviation of the network. The imageJ plugin, “Directionality”, with the “Fourier
components” method was used. A total of 70 planes of each of 10 different random positions
for both gels (collagen and collagen–elastin) were summarized into one image which was
then analyzed. The clusters in the collagen–elastin samples were removed prior to analysis
using the same, custom-built cluster deletion algorithm as described above.
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2.6. Elastin Influence on the Network Structure

To investigate the influence of elastin polymerization on the final hydrogel structure,
we used a Col-F collagen binding reagent (Col-F; Cat. No. 6346; ImmunoChemistry
Technologies, Bloomington, MN, USA) and a collagen I antibody (Immunotag™ Collagen
I Polyclonal Antibody; Cat. No. #ITT5769; G-Biosciences, St. Louis, MO, USA). The
collagen–elastin hydrogels were prepared in 24-well μ-plates as described above.

For the collagen I antibody staining, the samples were incubated with 5% BSA solved
in PBS for 30 min at room temperature—with aspirate goat serum, and incubate sections
with primary antibody (ITT5769) in PBS overnight at 4 ◦C or 1 h at 37 ◦C; 3 × 1:1000
(600 μL/well). The samples were washed three times with PBS for 5 min each.

For the Col-F staining, the samples were incubated with 3% BSA solved in PBS for
30 min at room temperature—with aspirate goat serum, and incubate sections with primary
antibody (ITT5769) in PBS overnight at 4 ◦C or 1 h at 37 ◦C; 3 × 1:200 (300 μL/well). The
samples were washed three times with PBS for 5 min each.

Three-dimensional images were recorded using an LSM microscope (TCS SP8; Leica,
Wetzlar, Germany) with a 63×/1.20 HC PL APO CS2 water immersion objective and a
488 nm (Col-F) and 561 nm (collagen antibody) excitation laser, respectively. The final
image dimensions were 100 μm by 100 μm in x-y and a roughly 30 μm to 50μm z dimension.

2.7. Live Polymerization

The samples were prepared as described above. A 1 mL amount of the cooled solution
was placed in a well of a pre-cooled 24-well μ-plate and then placed in a LSM microscope
with an incubation chamber (TCS SP8; Leica, Wetzlar, Germany) at 37 ◦C and 100% relative
humidity. Using a HC PL APO CS2 40×/1.10 water immersion objective and a 561 nm
laser in the reflection mode, a 1 h recording of the polymerization process and hydrogel
network formation was observed and recorded as live imaging videos. The videos had an
image size of 1024 × 1024 px with a frame-rate of 1 fps.

2.8. Statistical Methods

The employed statistical methods included the mean, median, standard deviation and a
box plot as well as a Mann–Whitney-U test. The methods are named at the relevant position.

3. Results

3.1. Plate Reader

Figure 1 displays the polymerization curves of a collagen solution and two collagen
elastin solutions at 37 ◦C. The heating curve of the collagen is in strong agreement with the
literature data, as it highlights the onset of clouding after 30 min as well as no significant
changes in the turbidity after 2 h [19]. The clouding curve is generally associated with fiber
formation which increasingly contributes to light scattering. The addition of elastin then
introduces several features into the polymerization process. The most striking feature is that
the final absorption (>2 h) was only slightly increased, although 25% or 30%, respectively,
should be expected as this is the net increase in the biomass for each sample. This is a
strong indication that the alignment of elastin and collagen monomers must occur in a
lateral manner, as the opposite case of a perpendicular alignment would contribute to
light absorption and scattering. The small increase in absorption, at times >2 h, might be a
consequence of an elevated fiber thickness as elastin monomers attach to the collagen triple
helix. The lateral addition of elastin is also likely as circular dichroism experiments on
elastin–collagen gels have shown that the addition of elastin leads to a reduced PPII (poly-
proline II) content, probably due to PPII helix distortion [13]. The addition of low amounts
of elastin increases the polymerization rate by a factor of two while the polymerization
rate maximum is shifted to an earlier time (37 min instead of 49 min, see Table 1). At these
concentrations, the elastin may act as a nucleation center for polymerization. Additional
effects which could fasten the assembly might include the burying of hydrophobic domains
in collagen but especially in elastin, which has alternating hydrophilic and hydrophobic
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segments [20,21]. Additionally, a potential entropy gain by a helix distortion, as mirrored in
the reduced PPII helix content in collagen after an elastin addition, supports the thesis of a
conformation-dependent collagen–elastin interaction [13]. Such an entropy gain by a helix
distortion was described for an alpha helix [22]. Taken together, collagen’s and especially
elastin’s propensity to bury their hydrophobic domains, as well as a general increase in
the monomer concentration, might contribute to an increase in the polymerization rate. In
terms of the type of fiber alignment, we argue that hydrophobic burying implies a parallel
alignment, as in the otherwise perpendicular type no significant burying can take place.

Figure 1. (a) Mean polymerization curves at 37 ◦C for a 2 mg/mL collagen solution as well as two
collagen–elastin solutions containing 20 w% (0.6 mg/mL elastin) and 33.3 w% (1.2 mg/mL elastin),
respectively. (b) Derivative of the mean of the curves in (a). Six wells were recorded per sample and
the color-coded curves in figure (a) denote one standard deviation. Supplementary Figure S3 shows
the extended curves. The random spikes in the beginning of the collagen curve result from water
condensation and evaporation under the well plate cover.
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Table 1. Characteristic values for polymerization. t 1
2

stands for the time where the derivative of the
turbidity curves has the greatest value, i.e., the increase in turbidity is the greatest, while Abs. at
t(1/2) (a.u.) stands for the absorption value (turbidity) at the time of t 1

2
.

Maximum Rate
(a.u./Time)

t 1
2

(min) Abs. at t 1
2

(a.u.)
Abs. after
120 min (a.u.)

Collagen, 405 nm 0.033 49 0.34 1.01 ± 0.03

Collagen + 0.6 mg
Elastin, 405 nm 0.064 37 0.46 1.11 ± 0.02

Collagen + 1.2 mg
Elastin, 405 nm 0.037 46 0.45 1.17 ± 0.03

A further addition of elastin, however, decreased the polymerization rate. This was
unexpected as the polymerization rate is always proportional to the monomer concentra-
tion. Thereby, at relevant concentrations, elastin can be viewed as a perturbation towards
polymerization as it may interfere with the proper alignment of collagen triple helical
monomers. A fingerprint of this feature was the additional absorption shoulder at 20 min
which probably signified a second polymerization process introduced by the elastin. This
shoulder is believed to originate from the formation of elastin–collagen clusters which form
at elevated elastin concentrations. This is a likely process, as elastin to collagen ratios of
more than 0.22 will exceed elastin–collagen equimolarity. In fact, based on the molar masses
of collagen (300,000 Da) and elastin monomers (ca. 67,000 Da), 0.5 mg/mL of elastin is
sufficient to accommodate 2 mg/mL of collagen in an equimolar manner [23,24]. The plate
reader experiments fell well within this consideration, as they showed that 0.6 mg/mL of
elastin did not lead to an additional clustering peak at 20 min, while the 1.2 mg/mL sample
did so; therefore, the upper limit for an elastin addition seems to lie between these values.
As the absorption value in the 33.3 w% curve of the 20 min peak was much smaller than the
maximum absorption, it can be argued that most of the biomass was polymerized into the
gel. Another interpretation may be that the shoulder at 20 min signified clouding by elastin
coacervation, a well-known effect which describes the heat-induced elastin aggregation by
an association of hydrophobic elastin segments. However, elastin coacervation is quite fast
and usually complete after several minutes; therefore, we can exclude this effect here [25].
It is important to note that a similar experiment was performed by Vazquez-Portalatin et al.
by also using collagen type I and bovine neck ligament elastin. They similarly recorded the
clouding of elastin–collagen solutions for several elastin–collagen ratios [26]. Opposed to
our experiments, they observed an overall increase in the polymerization rate and a shift in
the polymerization start to earlier times with an increasing elastin proportion; however, the
maximum polymerization rate was around 21 min, which was twice as fast as our observa-
tion of around 40 min. Additionally, the turbidity-dependence on the elastin concentration
was much lower than in our experiments. This might not only have to do with the fact
that they used only rat tail collagen (R collagen), another wavelength (313 nm) and PBS
(phosphate-buffered saline) instead of a phosphate buffer. In fact, they used comparable
elastin–collagen ratios but with a 1:10 dilution. This gives credit to our above claim of a
saturative process during polymerization. Obviously, in our experiments, the addition of
elastin at elevated concentrations seemed to induce a second polymerization process apart
from the “classical” polymerization which we introduce as a cluster formation, probably
because the monomers met more often which also increased the chance that the monomers
met without being optimally aligned in the gel. These clusters grew on their own without
participating in the classical polymerization. In fact, Paderi et. al. discuss how a perpen-
dicular chain alignment can inhibit collagen polymerization which may, in our case, have
been the nucleation center for the cluster formation [27].
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3.2. Videos of Polymerization

Videos S1–S3 (supplement) show the fiber formation of a collagen solution and
two elastin–collagen solutions, while Video S4 (supplement) shows a comparison video.
Video S1 is characterized by early and quick flashes of fibers and nodes which resulted
from their diffusion through the focal plane. Small fibers and nodes could be observed
as early as five minutes after combining both solutions (the collagen stock and buffer).
This was contrasted to the plate reader experiments where no significant changes in the
absorbance were observed before 25 min. This was because the plate reader measures
absorbance which is quite small for small particles, so that only sufficiently large particles
or fibers can contribute to the absorbance. The videos emphasize that the fibers assembled
rather quickly while they were still subjected to convection, i.e., liquid flow. The onset
of polymerization was characterized by a fiber flow velocity reduction which came to
a complete stop as soon as sufficiently large enough fibers had come into contact. The
fiber growth occurred in the early stages end to end and was then followed by a fiber
thickening, which is in line with the literature claims that axial growth is much faster
than lateral growth [28]. The sequence of the axial followed by the lateral fiber growth
was retained when the elastin was added, implying that the elastin did not significantly
interfere with the fiber assembly process in terms of the network structure. Moreover, when
the polymerization sequence of the collagen–elastin solution was identical to the one of the
pure collagen polymerization sequence, then the elastin must have been homogeneously
incorporated into the collagen system, i.e., laterally. It was further obvious, that the elastin-
containing networks polymerized earlier, which was in good agreement with the plate
reader experiments. Consequently, elastin seemed to facilitate polymerization as described
above, although this effect was concentration-dependent. The maturing collagen network
was still drifting through the focal plane as seen in the appearance and disappearance
of fibers and nodes. This implies that the network was subjected to density fluctuations
during the polymerization. This was contrasted to the elastin containing networks, which
did not drift through the focal plane. This might relate to our observations, namely, that the
elastin-containing gels appeared to stick to the walls of the petri dish. This effect might limit
the z-drift. A final observation was that the elastin-containing networks contained some
clusters which were more prominent in the high-elastin concentration sample. Video S4
shows quite nicely how these clusters disappeared after around 30 min. We believe that
the clusters sunk either to the bottom of the gel or were bound randomly to the existing
fibers, although we could not observe such diffusion to the fibers. We further argue that the
presence of these clusters coincided with the presence of the elevated absorbance around
20 min in the elastin-containing turbidity curves (Figure 1); however, further experiments
are required to understand the interaction between the elastin and collagen R and G. This
question bears some importance, as G collagen is more closely related to the formation
of nodes than R collagen [19]. In fact, further applications might demand answering the
question of whether elastin is also present in the nodes as a local matrix stiffness can guide
the cell migration [19].

3.3. Zeta Potential

The zeta potential measurements of the individual collagen and elastin solutions in the
phosphate buffer at pH = 7.5 and 4 ◦C revealed that all solutions exhibited a zeta potential
around −4 mV (Figure 2). Values in this range are optimal for aggregation as values
smaller than ± 30 mV are considered to induce aggregation [29]. Although biopolymers
such as collagen and elastin have plenty of ionizable groups, zeta potential values around
zero indicate a low degree of ionization. This low potential, as described above, favors
monomer aggregation in any way, including laterally, as the resulting hydration shell
will be small at these values so that the repulsion will effectively play no role. In fact,
both collagen assembly and elastin assembly (coacervation) are endothermic and entropy
driven at 37 ◦C, while the loss of an ordered hydration shell is the largest contribution to
entropy gain [25,30]. However, a decrease in Gibbs energy is roughly twice as much in
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collagen than it is in elastin, implying that collagen can more easily lose its hydration shell.
Moreover, although the thermodynamics for elastin relate to the effect of coacervation,
we did not see this effect in the plate reader experiments, where no early clouding could
be detected. Collagen and elastin monomers could, therefore, align in a parallel manner
before a temperature increase shifts the Gibbs energy change from positive to negative
such that, after a loss of the respective hydration shell, the collagen–elastin association is
more favorable than an elastin–elastin association (coacervation). Elsewhere, the lateral
merging of a hydration shell of peptides has been described which opens up the possibility
of a multistep mechanism of an early elastin–collagen interaction [31]. It is also noted
that the employed collagen was already in its triple helical state so that the elastin should
not have interfered with the triple helix formation; however, the data of Wilharm et. al.
show that the circular dichroism of collagen–elastin is not an ideal superposition for each
component and that it lacks some PPII content [13]. This shows how the presence of elastin
might impact the collagen helix anyway, probably due to the destabilization of the intricate
H-bond equilibrium in collagen, probably in a lateral manner.

Figure 2. Zeta size measurements of a collagen (2 mg/mL) and an elastin solution (2 mg/mL) in a
phosphate buffer at pH 7.5 and 4 ◦C. Incremented mean (thick lines) and one standard deviation
(thin lines) are shown. As data points along the curves have slightly varying total run times from 7 to
10 min (due to variations in temperature regulation by the device), the data points were averaged
accordingly and plotted over the increment. Original data can be found in supporting Figure S4.

3.4. Directionality

Figure 3 shows the 2D anisotropy for an exemplary network, while Figure 4 compares
the 2D anisotropy of a collagen and a collagen–elastin network. The sections of all sam-
ples show two preferred directionalities, one around 65◦ and another around −80◦. The
directions seem to be inversely populated by collagen and elastin–collagen. Regarding the
origin of this preferred orientation, one explanation might be the gelation condition. In fact,
the gels were gelled within an incubator placed on a microscope. The incoming air and
humidity induced a mild current which might have oriented the fibers accordingly. This
is also visible in the Videos S1–S4 where the material is drifting until the polymerization
starts and the flow is restricted. Although this drift was unavoidable when using this exper-
imental approach, this technique was used to specifically prepare oriented gels [32]. While
the addition of elastin did not change the network directionality, the standard deviation of
the angle distribution might have been slightly increased (Figure 4). This direct comparison
between the respective standard deviations across the angle distributions of all 10 position
reveals a minor significant difference as the Mann–Whitney U test was p = 0.08, which was
larger than the generally accepted threshold of 0.05. Under the assumption of this threshold,
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both distributions would not originate from one set of data, i.e., the addition of elastin
would lead to a flattened angle distribution. It can be concluded that elastin’s presence
interferes with the formation of larger, similarly oriented domains. Mostaço-Guidolin et al.
have found the interesting observation that a similar orientation of collagen and elastin
fibers in the arterial wall of rabbits was greatest when they were middle-aged and lowest
when they were young or old [33]. In the context of our experiments, this might imply
that an elastin addition creates less mature networks as it seems to slightly interfere with a
proper alignment of collagen fibers. The above-described plate reader experiments support
this claim, as they showed an elastin concentration-dependent increase in the polymer-
ization rate. A faster rate means less time for the monomers to perfectly align, such that
stacking irregularities can occur. This was already discussed earlier, where a faster rate
was suspected to contribute also to the cluster formation. Nonetheless, our analysis of
the 2D anisotropy in the collagen and elastin–collagen networks could not conclusively
portray a difference in the 2D anisotropy, as the p-value was just slightly larger than 0.05,
which supports our claim of a lateral elastin–collagen alignment. In fact, a predominantly
perpendicular alignment of the collagen and elastin fibers should significantly increase the
standard deviation of the angle distribution. Additionally, the above-mentioned bubbles
were removed prior to the 2D anisotropy analysis so that the observed potential increase
in the standard deviation might as well have originated from this preprocess, implying
that there was no real difference at all between the collagen and elastin in terms of the 2D
anisotropy. The above arguments are in line with the narrative that if 2D anisotropy as a
network metric does not significantly change upon an elastin addition, then the structure
cannot be changed, i.e., elastin is incorporated mostly homogeneously into collagen.

Figure 3. (a) Exemplary skeletonized image of a 2 mg/mL collagen network. (b): Angle distribution
of (a). The degree values are given in the mathematical sense, i.e., 0◦ is pointing to the right. The fit is
a Gaussian function, provided by ImageJ.

3.5. Laser Scanning Microscopy (LSM)

LSM recordings of a collagen–elastin hydrogel with primary collagen antibody staining
support the above claims of lateral collagen–elastin polymerization (Figure 5). The left
image (Figure 5a) represents an exemplary primary collagen antibody-stained sample.
In total, images from seven random positions were recorded which all displayed the
discussed features.
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Figure 4. (a) Polar plot of the 2D anisotropy analysis of each 10 random positions in one 2 mg/mL
collagen network and one collagen–elastin (33.3 w% elastin) network. The coordinates refer to the
determined angle (polar angle) and the standard deviation (radial length) while the circles refer to
the median values of the distributions of the standard deviations, i.e., elastin increases the standard
deviation of the network and, thereby, the 2D anisotropy. (b) Comparison between the standard
deviation of the angle distribution of the samples already displayed in Figure 4. Significance was
tested with the Mann–Whitney U test. This standard deviation is referred to as “2D anisotropy”.

Figure 5. Fluorescence images of a 33.3 w% elastin–collagen gel. (a) collagen type I antibody and
(b) Col-F. The dots in each image are most likely clustered elastin–collagen monomers.

The right image (Figure 5b) shows all the network features (collagen + elastin). A
comparison with the primary collagen antibody-stained image reveals identical features
in both images while any observable differences must be attributed to the brightness
thresholding of the image software. The left image contains the well-known features of the
R + G collagen mixture, namely, the nodes and fibers, while the right image does not convey
any additional structural features; therefore, a lateral alignment of the elastin and collagen
monomers appears likely. This is further plausible, given the architecture of the elastic fiber
under physiological conditions. Elastin is synthesized in the endoplasmic reticulum and
then transported outside of a cell by binding to an elastin-binding protein. Upon binding of
this protein to the galactosugars of micro fibrils outside of a cell, elastin is released from the
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elastin-binding protein and interacts then with the microfibrils. Elastin is then incorporated
in a complex way into the microfibrils resulting finally in a fiber which contains elastin
on the inside and a microfibrillar shell outside [15]. Basically, elastin needs a scaffold to
be deposited on and several proteins of the fibrillin class as well as MAGP-1 where it is
shown to interact with elastin [34]. Furthermore, although the elastin–fibrillin interaction is
very complex, it has been shown that elastin binds to a glycine and proline-rich region in
fibrillin-2 [35]. Consequently, some homology to collagen is given, which lends credibility
to the elastin–collagen interaction as seen in the above described LSM recordings; however,
other proteins such as fibulin-5 are also central to elastic fiber formation [36]. The list
of important proteins continues and their non-existence in our system may be a likely
explanation for the lack of formation of distinct elastic fibers. This consideration hardens
our claim of a lateral, or at least, homogenous incorporation of elastin into collagen fibers,
as elastin monomers simply do not experience guidance and as such are subjected to
following collagen fibrillogenesis.

The image in Figure 5 contains the clustered collagen and elastin which was already
discussed in the section, “plate reader”, where the high elastin concentration sample
displayed an absorption peak prior to the main maximum. These clusters are said to
contribute to clouding as the early binding of elastin to collagen might form these clusters
which, by chance, are not polymerized into the final network. As we can see the clusters
also in the “collagen only” channel (Figure 5a), they must have at least contained some
collagen, but as the clusters also appeared after the elastin addition, they must have also
contained elastin.

An interesting accordance is seen when the 3D pore size of the networks is compared
(Figure 6). The addition of elastin lowered the median pore size by only ~4%. Additionally,
the interquartile range was smaller after the elastin addition (0.46 μm for the collagen
and 0.32 μm for the collagen–elastin). A likely explanation for this effect is an increase in
the fiber diameter because of a lateral fiber alignment between the elastin and collagen
chains. The resulting thicker fibers would automatically lead to a decreased pore size when
the network architecture remains unchanged, which was shown earlier. Indeed, Figure 6
reveals an increase in the fiber thickness by ~10% which is, again, similar to the percentage
changes for the pore size. In fact, other imaginable polymerization types, i.e., a branched
fiber alignment, should significantly reduce the median fiber thickness. Consider also the
network illustration shown in Figure 7. If the addition of elastin to the network would
connect random points along the turquois fibers, the pore size would be halved or at least
significantly reduced. This effect must lead to a significant decrease in the median pore
size which, presently however, was not observed.

Figure 6. (a) Pore diameter of a 2 mg/mL collagen gel and a 33.3 w% elastin collagen gel. (b) Fiber
diameter of the same gel. Ten positions for each condition were used and 100 planes were summed
each prior to analysis. Significance was tested with the Mann–Whitney U test.
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Figure 7. Drawn intersection of collagen fibers (blue lines), which enclose a pore (circle); however, a
hypothetical elastin fiber (red line) will divide the pore in two much smaller pores. As we did not see
a significant decrease in the pore size, the only other mechanism must be lateral polymerization.

4. Discussion

The most remarkable finding within our experiments was that the addition of elastin
to a collagen solution at pH 7.5 does neither induce significant changes within the poly-
merization process nor structural changes within the network later. Initially, we discussed
two extremes of a collagen–elastin interaction, namely, perpendicular and lateral poly-
merization. While we expected a mixed state between these two extremes prior to the
experiments, it became quickly clear that the experiments favored the lateral state over
the perpendicular and mixed state (Figure 8). This was also initially proposed as we
had observed a Euler buckling-like behavior of the hybrid gels under heating in earlier
experiments [13]. This phase transition-like behavior can only manifest if elastin conveys
a compressive force on collagen fibers in the axial direction. In the opposite case of a
perpendicular connection, one would expect a linear decline in the volume with the tem-
perature, as the collagen network would gradually follow the contractive force conveyed
by elastin. An homogenous incorporation by a lateral fiber alignment is also likely from
another perspective. The persistence length lp of a polymer describes the length over which
bending fluctuations are correlated, where a larger value means that the respective polymer
is rather inflexible. The literature reports values for collagen of lp = 10 nm to 20 nm and for
elastin of lp = 0.3 nm to 0.6 nm [37–39]; therefore, elastin monomers are around 30 times
more flexible than collagen monomers. Together with only 1/4th of collagen’s mass, it is
easily imaginable that elastin monomers attach quickly and in a highly adaptive manner to
collagen monomers.
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Figure 8. Proposed incorporation of elastin into a collagen fibril (hydrophilic and hydrophobic
segments of elastin are not shown). The random coil ends of collagen should signify the suggested
interference of elastin with collagen’s secondary structure during polymerization. Elastin monomers
are thought to bind to collagen through local H-bonds, van-der-Waals bonds and ionic bonds,
although the latter is less likely due to the low zeta potential.

5. Conclusions

We showed insights into the polymerization features of elastin–collagen hydrogels.
Especially, it was shown that elastin and collagen chains interact in a lateral fashion. This
was directly demonstrated with the LSM recordings of collagen and collagen–elastin gels
where the collagen was separately stained over the collagen–elastin and further indirectly,
as the addition of elastin did not change the structural metrics pore size, fiber thickness
or 2D anisotropy. Although we did not quantify changes in the axial and lateral poly-
merization rate, a visual inspection of the Videos S1–S4 highlights no changes in this
polymerization metric after the elastin addition, i.e., the axial fiber growth still starts ear-
lier than for lateral growth; however, the plate reader experiments revealed an elastin
concentration-dependent acceleration of the polymerization rate and no signs of elastin
coacervation in the presence of collagen. This is a strong sign that a lateral elastin–collagen
association precedes the temperature-induced loss of the hydration shell in both, leading
to homogenous elastin–collagen hybrid fibers. Further, the zeta potential experiments
confirmed a similarly low potential for elastin and collagen, confirming optimal conditions
for aggregation. Taken together, the addition of bovine neck ligament elastin to type I
collagen solutions accelerated the polymerization rate, although no significant structural
changes of the resulting gels could be observed. To generalize our findings, we showed
elastin’s propensity to bind to other bio polymers such as collagen in a lateral manner and
our findings can help to guide the preparation of other elastin-based bio materials with or
without actuatoric application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14204434/s1, Figure S1. Left: 10 stacked images of a
2 mg/mL collagen type I gel. Right: cluster detection as indicated by black dots. These were ignored
for the fiber thickness estimation as shown in Figure S2; Figure S2. Left: exemplary 2 mg/mL collagen
gel. Right: fiber thickness estimation. Detection was similarly undertaken for the elastin–collagen
after cluster removal as shown in Figure S1; Figure S3. Top: extended polymerization curves. Mean
polymerization curves at 37 ◦C for a 2 mg/mL collagen solution as well as two collagen elastin
solutions containing 20 w% (0.6 mg/mL elastin) and 33.3 w% (1.2 mg/mL elastin), respectively.
Bottom: derivative of the mean of the top curves. Six wells were recorded per sample and the
color-coded curves in the top figure denote one standard deviation; Figure S4. Measured zeta
potential values over time. Three samples were analyzed per condition. Video S1: Collagen; Video S2:
20 Elastin + Collagen; Video S3: 33.3 Elastin + Collagen; Video S4: Comparison.
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Abstract: Nanoparticles play a vital role in cancer treatment to deliver or direct the drug to the
malignant cell, avoiding the attacking of normal cells. The aim of the study is to formulate folic-
acid-modified chitosan nanoparticles for colon cancer. Chitosan was successfully conjugated with
folic acid to produce a folic acid–chitosan conjugate. The folate-modified chitosan was loaded with
5-FU using the ionic gelation method. The prepared nanoparticles were characterized for size, zeta
potential, surface morphology, drug contents, entrapment efficiency, loading efficiency, and in vitro
release study. The cytotoxicity study of the formulated nanoparticles was also investigated. The
conjugation of folic acid with chitosan was confirmed by FTIR and NMR spectroscopy. The obtained
nanoparticles were monodispersed nanoparticles with a suitable average size and a positive surface
charge. The size and zeta potential and PDI of the CS-5FU-NPs were 208 ± 15, 26 ± 2, and +20 ±
2, respectively, and those of the FA-CS-5FU-NPs were 235 ± 12 and +20 ± 2, respectively, which
are in the acceptable ranges. The drug contents’ % yield and the %EE of folate-decorated NPs were
53 ± 1.8% and 59 ± 2%, respectively. The in vitro release of the FA-CS-5FU-NPs and CS-5FU-NPs
was in the range of 10.08 ± 0.45 to 96.57 ± 0.09% and 6 ± 0.31 to 91.44 ± 0.21, respectively. The
cytotoxicity of the nanoparticles was enhanced in the presence of folic acid. The presence of folic acid
in nanoparticles shows much higher cytotoxicity as compared to simple chitosan nanoparticles. The
folate-modified nanoparticles provide a potential way to enhance the targeting of tumor cells.

Keywords: colon cancer; targeted delivery; folate-conjugated nanoparticles; cytotoxicity

1. Introduction

Colon cancer (CC) is one of the leading causes of mortality and morbidity in the
world. Nine percent of all cancer cases are colon cancer. Throughout the world, CC
is the third most common cancer type and the fourth most common cause of death [1].
CC is the most common type of cancer among all cancer types in western countries.
Cases of colorectal cancer have increased remarkably in the past fifty years, and such
cases have become the second highest in females and the third highest in males. The
primary means of treatment for CC is surgery, with chemotherapy and/or radiotherapy
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being indicated depending on the nature and severity of the disease. Chemotherapy
using different anticancer agents can be used as an adjuvant treatment on the second
number after surgery, as a neo-adjuvant treatment before surgery, or as a main treatment
to abate tumor size and growth as well as metastasis risk [2]. The 5-fluorouracil (5-FU)
drug is an analog of the pyrimidines, and therefore uses the same metabolic routes as
uracil and thymine. It is classified as an antimetabolite drug, interfering with nucleoside
metabolism in RNA and DNA, and is used for the treatment of various tumors, such
as those found in breast adenocarcinoma, the gastrointestinal tract, the ovary, the head,
and the neck [3]. Despite its effectiveness, 5-FU presents some drawbacks. After oral
administration, 5-FU bioavailability is highly variable due to its inconsistent absorption
in the gastrointestinal tract and first-pass metabolism through the liver. Thus, the 5-FU
half-life is extremely short (6–20 min), and frequent and high doses are required to maintain
adequate plasma concentrations [4]. An alternative to overcoming these drawbacks and
improving drug bioavailability, promoting controlled drug release, and choosing for more
cell selectivity is the application of polymeric nanoparticles as 5-FU carriers. The oral
delivery of drugs is of tremendous interest for patients seeking safe and controlled drug
delivery. Compared to injections, the oral administration of anticancer drugs via oral route
is cost-effective, reducing the hospitalization duration of the patient, as well as improving
the patient’s quality of life. Examples of some drugs that are used for cancer treatment are
as follows: 5-flourouracil (5-FU), hexacarbonyl-(5-FU), and N4 pentoxylcarbonyl-5-deoxy-
5flourocytidine (capecitabine) [5].

Chitosan is a semi-crystalline, linear polysaccharide that is composed of (1-4)-2-
acetamido-2-deoxy-β-D-glucan (N-acetyl D-glucosamine) and (1-4)-2-amino-2-deoxy-β-
D-glucan (D-glucosamine) units. Chitosan is not extensively present in the environment
in its original form but can be derived easily from chitin (a natural polymer) by removing
its acetyl group. The ratio of D-glucosamine to the sum of D-glucosamine and N-acetyl
D-glucosamine gives the degree of deacetylation (DD) of chitosan. DD indicates the number
of amino (NH2) groups along the chains [6]. Chitosan provides a valuable tool for the
current system of novel drug delivery owing to its intrinsic biological and physicochemical
properties. The characteristics of chitosan nanoparticles (NPs), such as their small size,
better stability, inexpensiveness, easy manufacturing process, lower toxicity, and versatile
method of administration, made them favorable drug and gene delivery carriers. Chitosan
can be easily chemically modified due to the presence of its active functional groups such
as amine (NH2) and hydroxyl (OH) groups. Due to pH changes and electrostatic inter-
actions throughout the gastrointestinal tract (GIT) that are vital for maintaining the NP’s
stability, the permanent positive charge of chitosan favors their mucoadhesion property in
the intestinal mucosa layer. This characteristic has been used to develop enhanced drug
delivery systems that could help in CC treatment [7].

The surface morphology of nanoparticles (NPs) can be modified with the conjugation
of targeting ligands, such as folic acid (FA), antibodies, integrins, transferrin, and polysac-
charides, to improve receptor affinity and internalization by target tissues. Many tumor cell
surfaces overexpress folate receptors (FRs), which are less often expressed in normal and
healthy cells. This feature makes tumor cells an excellent target for tumor-targeting drug
delivery [8]. Folic acid (FA) has emerged as an optimal targeting ligand for the selective
delivery of attached imaging and therapeutic agents to cancer cells and inflammation sites.
The use of FA as a target ligand has arisen primarily from its following features: (1) its easy
conjugation to both therapeutic and diagnostic agents; (2) its great affinity for the folate re-
ceptors (FRs); and (3) the distribution of folate receptors (FRs) in limited numbers in normal
tissues. Folic acid as a targeting ligand has been investigated by many scientists [9]. In one
study, it was demonstrated that the folic-acid-modified chitosan NPs were excellent vectors
for the colon-specific delivery of 5-aminolevulinic acid (5-ALA) for fluorescent endoscopic
detection [10]. The FA decoration upheld the establishment of a genuine affinity for FRs+
cancer cells even when co-cultured closely with higher numbers of healthy cells [11]. In one
study, FA was evaluated in vitro, in which it was conjugated with carboxymethyl chitosan,
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and its nanoparticles were loaded with doxorubicin for targeted drug delivery. These
FA-modified NPs manifested FA feasibility as an excellent targeted delivery carrier [12].
In the present study, folic-acid–chitosan-conjugated nanoparticles for oral delivery were
prepared and evaluated for in vitro release and cytotoxicity studies.

2. Materials and Methods

2.1. Materials

Chitosan (deacetylation degree—83% and mol wt—310,000–375,000), 5-flourouracil
and folic acid were obtained from Sigma-Aldrich (lot# A263299) (Sigma-Aldrich, Inc. St.
Louis, MO, USA). TPP (85%), potassium dihydrogen phosphate, calcium chloride, 1-ethyl-
3-(3 dimethylaminopropyl) carbodiimide (EDC), and sodium hydroxide were obtained
from Sigma Chemicals (Merck Pte. Ltd. 2 Science Park Drive, Singapore). Acetic acid,
hydrochloric acid, ethanol, and DMSO were obtained from Merck (Merck KGaA, Darmstadt,
Germany).

2.2. Conjugation of Folic Acid (FA) with Chitosan (CS)

The conjugation process of folic acid (FA) to chitosan (CS) is described as follows.
FA and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution in anhydrous
dimethylsulfoxide (DMSO) (20 mL), with 1:1 molar ratio, was made and stirred at room
temperature until the EDC and FA were mixed well. The solution was then slowly added
to 0.5% (w/v) CS in an aqueous solution of 0.1 M of acetic acid with a pH of 4.7, and then
stirred at 25 ◦C in the dark area for 16 h to let the FA conjugate onto the CS molecules.
Then, 1 M of NaOH was added to adjust the pH of the solution to 9.0. The solution was
centrifuged at 2500 rpm to settle down the FA–CS conjugate. The sediment was first
dialyzed against a phosphate buffer with a pH of 7.4 for 3 days, and then against water for
4 days. Finally, the FA–CS conjugate was collected as a sponge by freeze-drying and kept
for further study [13].

2.2.1. Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectroscopy (FTIR) was performed using an ATR
FTIR spectrometer (L1600300, PerkinElmer, Beaconsfield, UK). The FTIR spectra of chitosan,
folic acid, and its conjugate (FA–CS) were obtained. The recording range of the spectrum
was 600–4000 cm−1 at 32 scans per minute with a resolution of 4 cm−1 in absorbance
mode. After recording, the spectra were baseline, corrected, and normalized using Spectra
software to identify the characteristic peaks and differences [14].

2.2.2. H-NMR

For NMR spectroscopic analyses, solutions of CS, FA, and their conjugates were
prepared in 1.97 mL of CDCl3 and kept at room temperature until their complete dissolution.
Acetic acid was used as a co-solvent for the solubility of chitosan in CDCl3. 1H-NMR spectra
were obtained using a Bruker AV-500 MHz NMR spectrometer. Bruker–Topspin software
(version 4.1.1) was used for the analysis of NMR spectra.

2.2.3. Determination of Folate (FA) Content

The FA–CS conjugates were accurately weighed and then dissolved in 50 mL of 0.2
molar sodium bicarbonate buffer solution with a pH of 10 at 25 ◦C with magnetic stirring.
The solution was centrifuged at 3500 rpm for 10 min (Laboratory Centrifuge, YJ03-0434000,
Shanghai, China). The supernatant was tested for determining folate (FA) using a UV–
visible spectrophotometry technique with a wavelength of 365 nm. The folate content was
calculated as the percentage of FA in a unit weight of conjugate. For each experiment, at
least three duplicates were carried out and the results were averaged.
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2.3. Preparation of Nanoparticles (NPs)

The FA–CS NPs were synthesized by ionic cross-linking with tripolyphosphate (TPP)
using the method described by Salar and Kumar, 2016, with slight modifications. The
FA–CS conjugate solution (0.2%, w/v, pH 2.5) was prepared using 1% v/v acetic acid at
room temperature. The TPP (0.2%, w/v) solution in distilled water was prepared. For the
synthesis of the 5-FU-loaded nanoparticles, an aqueous solution of 5-FU (500 mg/10 mL)
was prepared separately. A solution of 5-FU was added drop-wise into the FA–chitosan
conjugate solution. The TPP solution was added into the conjugate solution drop-wise in a
1:3 ratio. The solution was allowed to stir for 1 h on a magnetic stirrer at room temperature.
The nanoparticle’s suspension was centrifuged at 5000 rpm for 10 min for separating the
nanoparticles from the solution, and then freeze-dried for 24 h to obtain the final product
of the NPs. NPs without an FA conjugation were also prepared in the same manner.

2.4. Characterization
2.4.1. NP Size and Zeta Potential

Photon correlation spectroscopy was used to determine the particle size and zeta
potential of FA-CS-5FU-NPs and CS-5FU-NPs at 25 ◦C in quartz cell and zeta potential cell
with a detect angle of 90◦, respectively, using a Malvern Zetasizer Nano ZS 90 (Malvern In-
struments Ltd., Malvern, UK). In 5.0 mL of deionized water, one mg of NPs was added, and
vortex stirring (Velp Scientifica, Usmate Velate, Italy) was used to fortify the mixture [15].

2.4.2. Nanoparticle Morphology

The surface morphology of NPs was examined using the scanning electron microscopy
(SEM) technique (JSM6360LA, JEOL, Tokyo, Japan). The NPs were fixed with carbon tape
onto studs and directly examined under the SEM. Images of the NPs were captured at a
20,000× magnification level [15].

2.4.3. Percentage Yield, Drug Entrapment Efficiency (%EE), and Drug-Loading Efficiency

Precisely weighed 15 mg of FA-CS-5FU-NPs and CS-5FU-NPs was dispersed in 15
mL of distilled water under magnetic stirring at 200 rpm for 2 h in two separate beakers
followed by centrifugation (Laboratory Centrifuge, YJ03-0434000, Shanghai, China) at 5000
rpm for 45 min. The supernatant of both formulations was isolated and analyzed for free
5-FU using the UV spectroscopy technique. The percentage (%) yield was calculated using
the formula given in Equation (1) [16]:

% yield = Mass of NPs obtained/ total weight of drug and polymer × 100 (1)

Both drug entrapment efficiency (%EE) and drug-loading efficiency were determined
indirectly using free drug concentration. After centrifugation, the obtained sediments of
the formulations were dissolved in ethanol, aliquot filtered, and analyzed at 265 nm in UV
spectroscopy for drug entrapment efficiency using Equation (2).

EE (%) =
5FUtotal − 5FU Free

5FUtotal
× 100 (2)

The total drug load collected from the supernatant and sediment was used to calculate
the drug-loading efficiency using Equation (3). Triplicates were conducted and the results
were averaged [16].

Drug loading e f f iciency =
5FUtotal − 5FUfree

Weight of 5FU loaded nanoparticles taken
× 100 (3)

2.5. In Vitro Release of Nanoparticles

The release rate for the designed formulations was studied for up to 2 h in 900 mL of
release media such as simulated gastric fluid (solution of 0.2 MHCL and 0.2 MKCl, pH 1.2)
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and simulated intestinal fluid (solution of 0.2 M potassium dihydrogen phosphate and 0.1
M sodium hydroxide, pH 6.5) for up to 24 h using a dissolution tester (basket method type 1)
at 37.5 ± 0.5 ◦C. The stirring speed was set at 100 rpm. Then, 15 mg of FA-CS-5FU-NPs and
CS-5FU-NPs was placed in two separate baskets and run the apparatus. At predetermined
time intervals (0.5, 1, 1.5, 2, 4, 8, 12, 16, 20, and 24 h), a 5 mL sample was withdrawn
and replaced with a fresh dissolution medium. All the samples were analyzed using a
UV–visible spectrophotometer at a wavelength of 265 nm. The cumulative percentage of
the drug released was calculated [17].

2.6. Cytotoxicity Studies

For the cytotoxicity study, human colon carcinoma cell lines (Caco2) were used. Cells
were cultured in Eagle’s minimum essential medium supplemented with 2 mM of glu-
tamine, 20% fetal bovine serum (FBS), 1.5 g/L of sodium bicarbonate, 1 mM of sodium pyru-
vate, and 0.1 mM of nonessential amino acid. Cells were equilibrated with 5% CO2. Grow-
ing temperature was set at 37 ◦C in an incubator allowing humidified air to pass through.
Cytotoxicity studies of the 5-FU solution, CS-5-FU-NPs, and FA-CS-5-FU-NPs were per-
formed on the Caco-2 using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. First, 5 × 103 cells were seeded in 96-well plates and incubated for 24 h
without drug/formulations. The cells were then treated with the 5-FU solution, CS-5FU-
NPS, and FA-CS-5FU-NPS, and were then incubated for 24 h. The cells in the absence
the 5-FU solution, CS-5FU-NPS, and FA-CS-5FU-NPSNPs were considered as the control
group. The MTT solution was added to assess the cytotoxicity of drug and nanoparticles.
Cells were incubated for 4 h in MTT solution followed by the addition of DMSO to dis-
solve formazan and quantified spectrophotometrically using a microplate reader (Thermo
Varioscan Multiplate Reader).

2.7. Data Analysis and Statistics

The obtained data were statistically analyzed using ANOVA (one-way analysis of
variation) and the student’s t-test (IBM® SPSS® Statistics version 19, Armonk, NY, USA),
and the Statistical Package Minitab® version 20 (Minitab, LLC, State College, PA, USA).
Data with values of p < 0.05 were considered statistically significant. All the tested data
were described as triplicate (n = 3) and mean ± standard deviation (S.D.).

3. Results and Discussion

3.1. Synthesis of FA–CS Conjugate

The synthesis of the FA–CS conjugates was carried out by means of carbodiimide
chemistry using the water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(Figure 1). The EDC is a “zero-length” crosslinked chemical. It is used in the formation of
conjugate via amide linkage without leaving a spacer molecule [18]. The EDC reacted with
the COO− of the FA and 5-FU to form an intermediate of active ester. The intermediate
reacted further with the primary amine (NH2) group of the CS, giving rise to an amide (N–
H) bond, with an isourea by-product that was removed easily by filtration or dialysis [18].
The FTIR and 1H-NMR spectra (Figures 2 and 3) successfully confirmed the conjugation of
folic acid onto chitosan molecules.
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Figure 2. FTIR spectra of (a) pure chitosan, (b) pure FA, and (c) FA–CS conjugate.

Figure 3. Cont.
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Figure 3. 1H-NMR spectra of (A) pure chitosan, (B) pure FA, and (C) FA–CS conjugate.

3.1.1. FTIR Studies

In an FTIR of chitosan (Figure 2), a strong band at the region of 3400 cm−1 represents
NH functional groups (primary amine). The absorption band at around 2977 cm−1 can
be attributed to CH symmetric stretching. Bands at 1401 cm−1 indicate a methyl group
(CH3). Symmetrical bending in the range of 1260–800 cm−1 belong to the glycosidic ring;
in particular, the band at 1156 cm−1 corresponds to the glycosidic linkage. Similarly,
an FTIR of pure folic acid showed the IR spectrum at 3100–3500 cm−1 which can be
attributed to the OH carboxylic of glutamic acid moiety and the NH group of the pterin
ring stretching. Absorption at 1760 cm−1 represents C=O carboxylic acid in pure FA.
Similarly, the absorption band at 1432 cm−1 represents the phenyl and the pterin ring.
The band at 3321 cm−1 pure folic acid is absent/overlapped in the conjugate formulation,
indicating the coupling of folate with a chitosan polymer [19]. The primary amine of the
chitosan reacted with the carboxylic acid group of folic acid, forming an amide bond. The
amide bond formation between the chitosan and folic acid was evidenced by a shift of the
FTIR wavenumber of folic acid from 1760 to 1680 cm−1. The assignment of FTIR peaks was
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correlated with earlier studies [20–22]. The peaks at 2.07 ppm attributed to the acetamino
group CH3, and the CH peak appeared at 3.50–3.95 ppm, corresponding to carbons 3, 4, 5,
and 6 of the glucosamine rings of CS.

3.1.2. H-NMR Study

FA has two active –COOH groups at its end point. Among these, γ-COOH is more
sensitive to the reaction, owing to its high reactivity [23]. The final product of FA-CS was
synthesized by the reaction between the activated FA ester and the primary amine NH2
groups of CS through the formation of an amide bond under homogeneous conditions.
The peaks at 2.08 ppm attributed to the hydrogen atom of the methyl group (CH3) of the
acetamino groups of chitosan, as well as CH peaks at 3.77–3.8 ppm, can be explained by
hydrogen bonded to carbons 3, 4, 5, and 6 of the glucosamine rings of CS [24]. The CS
conjugation was confirmed by the peculiar signals at 2.5 ppm, which attributed to the
aromatic protons of the FA, and characteristic peaks at 2.84 ppm corresponded to the FA
proton from the H22 [25]. This was ascribed to the development of amide linkage after the
folic acid–chitosan conjugation. Ji et al. previously reported similar results at 2.45 ppm in
relation to the FA proton from the H10 and H22 [24], respectively, which is in line with the
current study.

3.1.3. Folate (FA) Content

Folate content was found to be 5% of the total weight of the FA-CS-5FU-NPs formula-
tion. Folic acid is commonly engaged as a ligand for targeting cancer cells, as its receptors
are over-expressed on the surface of several human cancer cells. Integrating folic acid
into chitosan-based drug delivery inventions directs the systems with a well-organized
targeting ability [26].

3.2. Characterization of Nanoparticles
3.2.1. Size, Zeta Potential, and Surface Morphology

The size of the CS-5-FU NPs was found to be 208 ± 14.65 nm, while the FA-CS-5-FU
NPs was 235 ± 11.5 nm, as shown in Table 1 and Figure 4A,B. The poly dispersity index
(PDI) was found to be 0.2 and 0.19 for of the FA-CS-5-FU NPs and the CS-5-FU NPs. This
small size of NPs is important since such NPs in anticancer drugs can easily escape the
leaky tumor vasculature and accumulate within the tumor region to exert cytotoxic effects
on proliferating cells [27]. The zeta potential of the FA-CS-5-FU NPs was found to be +20
± 2. The FA-CS-5-FU NPs show an insignificant decrease in zeta potential as compared
to the CS-5-FU NPs (Table 1; p > 0.05). Other studies have also found a decrease in the
value of zeta potential after folate conjugation. [28–30]. The obtained zeta potential value
of +26 ± 2 mV in the instance of folic-acid-modified chitosan NPs indicates that folic
acid binds to chitosan quite strongly. The free positive NH2 groups of chitosan molecules
may account for the positive value. This positive zeta potential is helpful in crossing the
negatively charged membrane of cancer cells. The value of the zeta potential (ZP) indicates
the repulsive interactions between suspended particles and can therefore be used to forecast
the stability of colloidal aqueous dispersions. The prepared nanoparticles were spherical in
shape and smooth in surface, as shown in Figure 4B.

Table 1. Physicochemical characterization of folic-acid-modified 5-FU-loaded chitosan NPs. Data
were presented as triplicate (n = 3) and mean ± SD.

Formulation Code Size (nm)
Zeta Potential

(mV)
PDI

Drug Content
(%) Percent Yield %EE %LE

CS-5-FU NPs 208 ± 15.00 +26 ± 2.00 0.19 ± 0.01 55 ± 1.00 90 ± 4.24 61 ± 2.00 43 ± 3.00
FA-CS-5-FU NPs 235 ± 12.00 +20 ± 2.00 0.25 ± 0.01 53 ± 1.00 80.8 ± 3.19 59 ± 2.00 39 ± 2.00
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Figure 4. (A) Size distribution of nanoparticles, (B) surface morphology of folic-acid-modified
5-FU-loaded chitosan NPs.

3.2.2. Drug Content, Encapsulation Efficiency, and Drug-Loading Efficiency

TPP was used as a cross linker in folate-modified chitosan nanoparticles loaded
with 5-FU. The drug content and %EE of the drug were estimated based on the amount
of the drug in the supernatant and the sedimented pellets of dispersed nanoparticles
after centrifugation. The FA-CS-5-FU NPs demonstrated 5-FU content of 53 ± 0.14%
and EE of 59 ± 0.23%. The drug-loading efficiency was 43 ± 3% and 39 ± 2% for CS-5-
FU NPs and FA-CS-5-FU NPs, respectively. A decrease in the loading efficiency of NPs
with FA conjugation occurred because the folic acid changed a number of amino groups
on the chitosan molecules, lowering their positive charges and thereby attracting drug
molecules [13]. Consequently, it emerged that the amount of folic acid conjugations in the
mixture had a significant effect on the loading efficiency (LE) (Table 1; p < 0.05).

3.3. In Vitro Release

In vitro drug release was evaluated at a pH of 1.2 and 6.5 to measure the 5-FU release
from the FA-CS-5FU-NPs and the CS-5FU-NPs using a USP dissolution apparatus 1. Such
conditions were set to simulate the acidic gastric and physiological environment of the
intestine. The percentage of drug released from the FA-CS-5FU-NPs and the CS-5FU-NPs
was in the range of 10.08 ± 0.45% to 96.57 ± 0.09% and 6 ± 0.31% to 91.44 ± 0.21%,
respectively. In artificial gastric liquid, 17.02 ± 0.12% and 14.5 ± 0.41% of 5-FU were
released from the FA-CS-5FU-NPs and CS-5FU-NPs, respectively, in the first 2 h. The
difference in the release pattern of these two formulations was insignificant, as shown in
Figure 5 (p > 0.05). The initial release of 5-FU at an acidic pH was followed by a sustained
release of up to 24 h. The initial release may be due to weakly bound drugs on the surface
of nanoparticles [20].
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Figure 5. In vitro release study of pure 5-FU, CS-5FU-NPs, and FA-CS-5FU-NPs.

Drug release at a pH of 6.5 within the first 2 h from the FA-CS-5FU-NPs and CS-5FU-
NPs was 39.37 ± 3% and 36 ± 2.45%, and the accumulative release in 24 h (1440 min)
was 96.57 ± 7% and 91.44 ± 7.45%, respectively. These in vitro values indicate that the
FA-decorated nanoparticles can be used as a 5-FU delivery vector with a typical controlled
release process. The remarkably high release rate of 5-FU from the folic-acid-conjugated
nanoparticles, more interestingly at a pH of 6.5, may be due to the increased acidity of the
respective release media caused by the presence of folic acid on the targeted nanoparticles.
The improved hydrophilicity of the FA–CS nanoparticles due to the addition of folate was
linked to the increased release rate [31]. Taken together, the acidic environments of tumor
cells are likely to elicit the release of 5-FU from the developed delivery vehicles, and the
sustained drug release profile from the vehicles over time can reduce dosing regimens [32].

3.4. Cytotoxicity Studies

Cytotoxicity studies of free drug and NPs were performed on caco-2 cell lines. The
percentage of cell death was determined and shown in Figure 5. The IC50 value of free 5-FU
was found to be 4.21 μg/mL. This value was reduced to 3.43 μg/mL (CS-5-FU-NPs) and
2.67 μg/mL (FA-CS-5-FU-NPs) when 5-FU was incorporated into nanoparticles, showing
significantly more cytotoxicity than the free drug. Up to 9% of cell death was induced
by the free drug (5-FU solution). The percentage of cell death increased when the CS-5-
FU-NPs and FA-CS-5-FU-NPs were applied. This increase might be due to the combined
effect of drug and hydrophilicity of the FA–CS nanoparticles due to the addition of folate,
which began to increase the release rate of 5-FU from NPs. However, a significant effect
(p < 0.05) on the percentage of cell death was produced when the FA–CS-conjugated NPs
were applied (Figure 6). This was the resultant effect of the combination of the drug and
folic acid conjugation with chitosan. The FA receptors are more expressed on cancer cells;
therefore, the introduction of folic acid on NPs makes them more targeted and cytotoxic
in action.
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Figure 6. Cytotoxicity study shows the % cell death of 5-FU, CS-5-FU-NPs, and FA-CS-5-FU-NPs.

4. Conclusions

Nanoparticles were successfully prepared using the ionic gelation method. The size
and zeta potential and PDI of the CS-5FU-NPs were 208 ± 15, 26 ± 2, −20 ± 2, respectively,
and those of the FA-CS-5FU-NPs were 235 ± 12, +20 ± 2 and 0.25, respectively, which are
within acceptable ranges. FTIR and 1H-NMR studies confirmed the conjugation of folic
acid with the nanoparticles. The drug contents’ % yield and the %EE of folate-decorated
NPs were 53 ± 1, 80.8 and 59 ± 2%, respectively. The in vitro release of FA-CS-5FU-NPs
and CS-5FU-NPs was in the range of 10.08 ± 0.45 to 96.57 ± 0.09% and 6 ± 0.31 to 91.44
± 0.21, respectively. The percentage of cell death increased in the presence of folic acid,
as compared to the free drug and chitosan nanoparticles due to the overexpression of
folate receptors on the cancer cells. The results of all these parameters indicate that folate-
modified chitosan 5-FU nanoparticles can be used successfully for the delivery of 5-FU
with enhanced cytotoxicity and targeted delivery to the tumors.
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Abstract: Polymeric materials have been essential biomaterials to develop hydrogels as wound
dressings for sustained drug delivery and chronic wound healing. The microenvironment for wound
healing is created by biocompatibility, bioactivity, and physicochemical behavior. Moreover, a
bacterial infection often causes the healing process. The bacterial cellulose (BC) was functionalized
using graphene oxide (GO) by hydrothermal method to have bacterial cellulose-functionalized-
Graphene oxide (BC-f -GO). A simple blending method was used to crosslink BC-f -GO with polyvinyl
alcohol (PVA) by tetraethyl orthosilicate (TEOS) as a crosslinker. The structural, morphological,
wetting, and mechanical tests were conducted using Fourier-transform infrared spectroscopy (FTIR),
Scanning electron microscope (SEM), water contact angle, and a Universal testing machine (UTM).
The release of Silver-sulphadiazine and drug release kinetics were studied at various pH levels and
using different mathematical models (zero-order, first-order, Higuchi, Hixson, Korsmeyer–Peppas,
and Baker–Lonsdale). The antibacterial properties were conducted against Gram-positive and
Gram-negative severe infection-causing pathogens. These composite hydrogels presented potential
anticancer activities against the U87 cell line by an increased GO amount. The result findings show
that these composite hydrogels have physical-mechanical and inherent antimicrobial properties and
controlled drug release, making them an ideal approach for skin wound healing. As a result, these
hydrogels were discovered to be an ideal biomaterial for skin wound healing.

Keywords: antibacterial; biopolymers; curcumin; drug delivery; hydrogels; pH-responsive; skin
wound healing

1. Introduction

A wound is a type of injury caused by surgery, trauma, infection, diabetes, or other
factors. Chronic wounds on the skin have become a life-threatening issue in recent years.
According to reports, approximately 10 million people experience burning worldwide,
leading to death if not handled properly [1]. Skin wounds of this nature necessitate
immediate attention and treatment. Dehydration is caused by burning, which can lead to
fatal complications. Choosing a suitable wound dressing is critical in caring for and the
treatment of burn and chronic wounds. The material choice is crucial in facilitating quick
wound healing and retaining fluidic contents with minimal dehydration [2,3]. An ideal
wound dressing should have enough mechanical stability to support skin injuries, flexibility,
water retention, antibacterial properties, and tear resistance, and be easily removable. It
should also absorb a large amount of wound exudate from the wound surface, as the
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exudate volume in burning wounds is usually relatively high [4,5]. It should protect against
pathogens that cause severe disease by preventing their growth in the wound environment
and surface. It should be biodegradable and easily removable to avoid skin peeling after
application. Long-term drug delivery and growth factors should be easily swellable with
controlled biodegradation. Various advanced wound dressings are commercially available
for the care and treatment of skin-burning wounds. Ointment, cream, gels, natural oils,
mists, gauzes, and bandages are among the wound dressings available [6,7]. Most chronic
wound healing products are effective in wound healing, but their role in skin burns has yet
to be determined.

Mechanical strength, swelling, water retention, and controlled therapeutic agent
release are all problems with biomaterials. In addition, some of them are poor blood
coagulators, while others lack antibacterial properties [8–10]. The non-biodegradability
of these wound dressings is a significant issue, and most of the materials used in these
dressings are also expensive. Taking all of this into account, developing an advanced
dressing material with all of the necessary wound-healing and tissue engineering proper-
ties [11,12]. Hydrogel-based wound healing materials with all of the above properties can
treat chronic and burn wounds. Hydrogels are typically made up of natural or synthetic
polymers. However, they lack mechanical properties, biodegradation, and a low swelling
ratio, limiting their clinical use as chronic wound dressings [13,14].

It is essential to develop composite hydrogels with enhanced functionalities to address
these limitations. Bacterial nanocellulose is a biopolymer and polysaccharide that can
retain enough biofluid. Water absorption, swelling, biodegradation, and long-term drug
delivery properties make it a good candidate for biomedical applications. Cellulose is the
most abundantly available natural polymer and is extensively used in several biomedical
applications [15,16]. Graphene oxide is a potential material well-known due to its multi-
functional behavior, and it has become popular with researchers due to its potential and
versatility, including large surface area, π-π stacking, etc. The most widely credited material
for developing next-generation biomaterials is graphene oxide (GO). On the basal plane
and at the edge, GO has both hydrophobic and hydrophilic parts, with oxygen-containing
functional groups like hydroxyl, epoxy, carbonyl, and carboxyl groups [17]. In addition,
GO contains several oxygen-containing functional groups in biomedical applications and
essential properties. Furthermore, GO-based materials have multifunctional properties [18].

We have reported the fabrication of composite hydrogels for burn and chronic wound
healing applications. The bacterial nanocellulose and different graphene oxide amounts
were functionalized via the hydrothermal method. Then, BC-f -GO was crosslinked with
PVA using TEOS as a crosslinker to fabricate composite hydrogel. According to the best
of our knowledge, these formulations have never been reported. The curcumin has been
loaded into the composite hydrogel to determine its release behavior and kinetics. FTIR,
SEM, water contact angle, and UTM determined the structural, morphological, wetting,
and mechanical properties. The swelling was analyzed at different pH in PBS and aqueous
media. The in vitro biodegradation and drug release analysis was conducted in PBS media.
Antimicrobial were performed against Gram-positive and Gram-negative infection-causing
pathogens to observe their antibacterial performance in burn and chronic wound healing.

2. Materials and Methods

2.1. Materials

A well-reported method was used to synthesize bacterial nanocellulose by a method by
Saiful et al. [19], polyvinyl alcohol (PVA), Graphene oxide (CAS No. 763713-1G) tetraethyl
orthosilicate (CAS No. 78-10-4), potassium persulfate (initiator), hydrochloric acid (CAS
No. 7647-01-0), phosphate buffer saline (MDL No. 806552-1L) solution, and Sigma-Aldrich,
Petaling Jaya, Selangor, Malaysia, supplied the ethanol. These chemicals were analytically
graded and used as received.
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2.2. Hydrogel Fabrication

The GO-functionalized-bacterial cellulose (GO-f -BC) was synthesized by the hy-
drothermal approach, in which bacterial cellulose (0.7 g) and various amounts of GO
(0.01, 0.02, 0.03, and 0.04 mg) were placed in a 50 mL stainless-steel autoclave for 30 min.
The stainless-steel autoclave was placed in the oven at 50 ◦C overnight to have BC-f -GO,
and the stainless-steel autoclave was removed after the overnight reaction to obtain BC-
f -GO, which was then added in 25 mL double deionized water (DDW) and stirred at
55 ◦C for 1 h to have a homogenized mixture. PVA (0.3 g) was added in 10 mL DDW and
dissolved at 80 ◦C. These were mixed and stirred at 55 ◦C for 1 h to have a homogeneous
suspension. The crosslinker (TEOS (240 μL)) was added to 5 mL ethanol, added into the
whorl of the mixture solution, and allowed to stir at 55 ◦C for another 2 h. Finally, 0.2 g of
Potassium persulfate as initiator was dissolved into 5 mL of DDW, added to the solution as
an initiator, and stirred at 55 ◦C for 3 h for successful crosslinking. After 3 h, we had a light
yellowish color of the fabrication composite hydrogels and shifted the composite hydrogels
into Petri plates. These Petri plates were oven-dried at 45 ◦C, and different codes (BSG-1,
BSG-2, BSG-3, and BSG-4) were assigned to these composite hydrogels after a different GO
amount (0.01, 0.02, 0.03, and 0.04 mg). The proposed chemical schematic of the composite
hydrogel has shown in Scheme 1.

Scheme 1. The proposed chemical interaction of the bacterial cellulose, polyvinyl alcohol, GO, and
crosslinked via TEOS.

3. Characterizations

3.1. FT-IR

The structural and functional group information was analyzed by Fourier transform
infrared (FT-IR) Nicolet 5700, Waltham, MA, USA, spectrophotometer. FT-IR analysis was
carried out at attenuated total reflectance (ART) mode with wavenumber (4000 to 400 cm−1)
and 120 scans per sample.

3.2. SEM

The surface morphologies of well-dried hydrogels were examined (JSM-6701S, JEOL,
Peabody, MA, USA). First, double-sided carbon tape was used to secure the hydrogels to
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the aluminum stubs, which were then gold-sputtered. Then, micrographs were taken to
examine their morphologies.

3.3. Water Contact Angle

The wetting behavior of composite hydrogels was studied using a water contact
angle system (JY-82, Dingsheng, Chengde, China) to determine their hydrophilicity and
hydrophobicity. We recorded wetting at zero and ten seconds to investigate wetting
behavior over time.

3.4. Swelling

Swell tests were performed in PBS and aqueous media at various pH levels to de-
termine their pH-responsive behavior. The sliced hydrogels were weighed (50 mg), and
the initial weight (Wi) was taken. These hydrogels were submerged in PBS and aqueous
media-containing beakers at room temperature. Hydrogels that had swelled were removed
from the corresponding media. After 12 h, the extra surface media was carefully removed
and weighed (Wf) as the final weight and swelling (%) were calculated using Equation (1).

Swelling (%) =
Wf − Wi

Wi
× 100 (1)

whereas: Wf = Hydrogel final weight, Wi = Hydrogel initial weight.

3.5. Biodegradation

The hydrogels were tested in vitro in PBS buffer solution (pH 7.4, at 37 ◦C with 5% CO2)
to see how they degraded. The squarely sliced hydrogels were carefully weighed (45 mg)
and placed in PBS buffer solution to determine biodegradation behavior. Equation (2) was
used to calculate the percentage of biodegradation.

Weight loss (%) =
Wi − Wt

Wi
× 100 (2)

whereas: Wt = Hydrogel weight at “t”, Wi = Hydrogel initial weight.

3.6. Curcumin Loading and Franz Diffusion Release

The dermatologic antibiotic curcumin prevents infection in partial-thickness and
full-thickness chronic and burns wounds. However, it is still commonly used to treat
third-degree burns. Curcumin (10 mg) was dissolved in ethanol (5 mL) and dropped into
the polymeric mixture dropwise (BC 0.7 g, PVA 0.3 g, and GO 0.4 mg). The heterogeneous
mixture was stirred for two hours at 55 ◦C, then crosslinked with TEOS (240 μL), and
stirred for three hours at the same temperature. In vitro drug release was measured using
the Franz diffusion transdermal method at three different pH levels (6.4, 7.4, and 8.4), as
Saiful et al. [15] reported in PBS buffer solution at 37 ◦C. In addition, the calibration analysis
was conducted to evaluate the release of Silver-sulfadiazine from hydrogel at different
pH levels.

3.7. Drug Release Kinetics

We used mathematical models to study drug release mechanisms (3–8) (zero order, first
order, Higuchi, Hixson–Crowell, Korsmeyer–Peppas, and Baker–Lonsdale). In addition,
data from Franz diffusion at various pH levels were used to evaluate drug release kinetics.

Zero-order Mt = Mo + Kot (3)

First order logC = logCo − kt
2.303

(4)

Higuchi model f t = Q = KH × t1/2 (5)

Hixson Crowell model Wo
1/3 − Wt

1/3 = kt (6)
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Korsmeyer-Peppas model ln
Mt

Mo
= n lnt + lnK (7)

Baker-Lonsdale model Ft =
3
2

[
1 −

(
1 − Mt

Mo

) 2
3
]

Mt

Mo
= K(t)0.5 (8)

Mt = amount of drug release at “t”, and KH, K, and Ko are constants.

3.8. In Vitro Analysis
3.8.1. Antimicrobial Activities

The disc diffusion method has been used to evaluate the antibacterial activities of
the composite hydrogels, which have been assessed against Gram-positive (Staphylococcus
aureus (S. aureus)) and Gram-negative (Escherichia coli (E. coli) and Pseudomonas aeruginosa
(P. aeruginosa)) bacterial strains. The bacterial strains were provided by ATCC, USA. The
molten agar was poured on the Petri dishes and allowed to cool at ambient temperature
and bacterial media was applied via cotton swab. Then, the hydrogels (70 μL) were placed
on bacterial cultured Petri dishes using a micropipette. The Petri dishes were incubated at
37 ◦C for 24 h, and the diameter of zone inhibition was measured in millimeters (mm).

3.8.2. Anticancer Analysis

The cytotoxicity of the materials was investigated against the U87 cell line by MTT
assay to determine cell viability and cell morphology under in vitro conditions. The
purpose of this study is to determine the anticancer behavior of composite hydrogels and
drug-loaded composite hydrogels [20].

3.9. Statistical Analysis

SPSS Statistics 21 (IBM SPSS Statistics 21, SPSS Inc., New York, NY, USA) analyzed
the triplicate data and presented it as mean ± standard error. Figures with Y-error bars
represent the standard error. p < 0.05, n = 3.

4. Results and Discussions

4.1. FTIR Analysis

The FT-IT spectral profile of the hydrogel can, as shown in Figure 1, determine the
structural and functional analysis of the material present in hydrogels. The vibration
band from 1110 to 1000 cm−1 is attributed to the asymmetric stretching of –Si–O–C and
–Si–O–Si due to TEOS and confirmed the successful crosslinking of bacterial cellulose
and polyvinyl alcohol. These polymers and GO were also crosslinked due to hydrogen
bonding (H–bonding) that presents the absence peak at 1759 cm−1 and broadband at
3600–3200 cm−1. The increased broadband valley is due to increased intra and inter-
hydrogen bonding [21]. The characteristic peaks of BC are hydroxyl, COO−, and pyranose
rings. The absorption peak of the saccharine structure and pyranose ring is confirmed at
1060 cm−1 and 876 cm−1, respectively. The stretching peak at 2950 cm−1 is due to alkyl
–CH of BC. The stretching peaks at 1643 and 1469 cm−1 are attributed to functional groups
of C=O and C–C and confirm the presence of GO and it is associated with the polymeric
matrix via H-bonding. Hence, the FT-IR spectral confirms successful crosslinking of the
polymers and GO interaction with the polymeric matrix that has been determined via
available functional groups and interaction.
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Figure 1. FTIR spectra of composite hydrogels to determine the structural, and functional groups
and their physicochemical interactions.

4.2. SEM Morphology

The surface of hydrogel is a fundamental phenomenon for drug release and interaction
with the body’s biological system. Therefore, SEM analysis was performed to investigate the
surface properties of the hydrogel materials, as shown in Figure 2. The increasing amount of
GO causes more particulate-like (GO-flakes) morphology than smooth surface morphology.
These GO-flakes impart their unique role in the hydrogels’ morphology by increasing
surface roughness and closing the packing of the hydrogel. Such surface morphology helps
burn and chronic wounds by providing them with important hydration [22,23]. However,
it was also observed that an increasing GO amount also causes cracking on drying. Hence,
it is essential to introduce the only optimized amount of GO to have the desired surface
morphology with structural integrity.

Figure 2. The surface morphology of the hydrogels via SEM.

4.3. Water Contact Angle

The ability of a liquid to contact the solid surface is known as wetting. When the
liquid and solid surfaces are brought together, they result from intermolecular interactions.
A force balance between adhesive and cohesive forces determines the degree of wetting.
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Wettability is essential in the bonding or adherence of two different materials. Wettability
describes the material hydrophilicity and hydrophobicity caused by the surface forces
that control wetting. A liquid drop spreads across the surface due to adhesive forces
between the liquid and the solid. Due to cohesive forces within the liquid, the drop balls
up and avoid contact with the surface [24]. We have observed the wetting behavior of
the hydrogels at different times (zero and ten seconds) and with an increased amount
of GO. As time and GO amount increase, the hydrogel’s wetting behavior shifts from
hydrophobicity to hydrophilicity. BSG-4 and BSG-1 had water contact angles of 103.8◦ and
65.4◦ at zero seconds, respectively. However, after ten seconds, the water contact angles for
BSG-4 and BSG-1 were 63.40◦ and 96.10◦, respectively. The wetting of BSG-2 = 75.50◦ and
BSG-3 = 83.40◦ was observed at zero seconds as shown in Figure 3. The wetting analysis
clearly shows that the hydrophilicity to hydrophobicity ratio has shifted. That is due to
the increasing amount of GO, as it contains several oxygen-based functional groups that
caused hydrogen bonding and other weak interactions [25]. A more hydrophilic nature
for BSG-4 was observed with increased hydrophilicity by an increasing GO amount and
prolonged contact time. Hence, BSG-4 will be helpful to absorb more wound exudate and
keep the burn and chronic wound hydrated.

Figure 3. The wetting analysis of the hydrogel was conducted via water contact angle to determine the
hydrophilicity and hydrophobicity nature of the hydrogels. The wetting behavior was investigated at
different time intervals and 4(a–d) wetting behavior at 0 s while 4(e–h) wetting behavior of hydrogels
at 10 s.

4.4. Swelling

Swelling is a significant feature of hydrogels for burn and chronic wound healing and
drug delivery. The impacts of pH on the swelling behavior of hydrogels were studied at
various pH levels, as shown in Figure 4a,b. All hydrogels showed minimal swelling in acidic
and basic pH, with amazing swelling at pH 7. It reveals that hydrogels were extremely
sensitive to changes in pH. The hydrophilic groups on the bacterial cellulose, PVA, and
GO structures caused swelling due to H-bonding. The water penetrates the void space
inside the hydrogels in neutral media. Functional groups in BC, such as carboxyl groups,
were protonated to produce more electrostatic repulsion forces [26,27]. The available
oxygen-based functional facilitate hydrogen bonding. However, in acidic media, the –OH
functional groups have protonated those decreases in swelling, dissociating at higher pH.
The hydrogels also have different swelling due to a variable amount of GO. It may act as a
crosslinker as it has such a closely packed hydrogel structure due to the enhanced weak
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intra-hydrogel bonding and electrostatic interactions [28,29]. BSG-1 has maximum, and
BSG-4 has minimum swelling in aqueous and PBS media. At pH 7, electrostatic repulsion
causes hydrogen bonding and void spaces in hydrogels, resulting in maximum swelling.
As a result, the tested hydrogels cause the hydrogel to swell dramatically.

Figure 4. The physicochemical analysis of the hydrogels was conducted to study to analyze the
behavior of the hydrogel with biofluid during application. Swelling in PBS (a) and aqueous (b) media,
(c) biodegradation in PBS buffer solution (d), and stress–strain curve of hydrogels.

4.5. Biodegradation

Biodegradation is a characteristic of drug delivery hydrogels that are likely related to
drug release. In vitro degradation of hydrogels was carried out under in vitro conditions in
PBS buffer solution. The hydrogels exhibited different biodegradation due to different GO
amounts, as shown in Figure 4c. The hydrogel BSG-1 has maximum weight loss, and BSG-4
has the most minor. It may be due to the increasing amount of GO that acts as a crosslinker
to hold the polymeric chain tightly. Biodegrading also occurs due to alkyl linkage and
glycosidic bonds in BC, facilitating drug release [30]. The different biodegradation also
confirms the successful hydrogel fabrication, and the difference in degradation ratio was
due to varying amounts of GO. The increased GO amount provides a closely packed
structure with increased crosslinking density. The available alkyl linkage and glycosidic
bonds of BC breakdown cause biodegradation [31]. Hence, controlled swelling facilitates
controlled drug release and other therapeutic agents essential for wound healing.

4.6. Mechanical Testing

The mechanical behavior of hydrogels was studied using a stress–strain curve. The
mechanical properties of hydrogels provide structural integrity and substantial strength to
resist swelling and degradation. The mechanical properties of hydrogels can be controlled
by optimizing crosslinker and filler (GO) amounts. It is worth mentioning that increasing
the GO amount improved the tensile strength and elastic modulus from BSG-1 to BSG-4,
as shown in Figure 4d. Hence, the mechanical strength confirms that our hydrogels have
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been successfully fabricated with sufficient strength to resist swelling after absorbing
wound exudate.

4.7. In Vitro Drug Release

Stimulated release, degradation-controlled release, solvent-controlled release, and
diffusion-controlled release are the four mechanisms of drugs released from the polymer
network of hydrogels. Solvent-controlled mechanisms include osmotic pressure-controlled
and swelling-controlled mechanisms. The swelling of hydrogels is an essential factor in
their structural design. It is strongly associated with the controlled release of drugs from
hydrogels. The extracellular matrix of hydrogel expands on swelling and makes the drug
available on the surface via diffusion pathways. We have taken BSG-4 to load curcumin,
which is a natural antibacterial and anticancer drug, due to its optimum physicochemical
characterizations. In vitro drug release of curcumin-BSG-4 loaded was determined via the
Franz diffusion method under different pH-level (6.4, 7.4, and 8.4) in PBS media, and the
drug release profile has been shown in Figure 5. The hydrogels are pH-responsive and offer
other drug release mechanisms under different pH levels. The drug release mechanism
was found in 7.4 > 6.4 > 8.4 pH, and it is strongly related to swelling and biodegradation of
hydrogel, as shown in Figure 6a–c. The pore size of hydrogels increases during swelling due
to the diffusion process and the drug is released [32]. Hence, maximum drug release was
found at 7.4 pH, and the residual drug could not be determined as the hydrogel films broke
into tiny pieces. The drug release can be prolonged by increasing the crosslinker amount.
The increasing crosslinker amount can control swelling and degradation, essential factors
for the drug delivery system [33]. The drug release at different pH is strongly linked to the
hydrogels’ swelling behavior that facilitates drug release on swelling under various other
mechanisms. From the drug release profile, a smooth drug release was observed ≈ 91.38%
at pH 7.4 after 33 h as seen in Figure 6b. The drug contains hydrogel broken down into
pieces and it is not easy to determine drug release from small pieces. The controlled drug
release time can be increased or decreased purely depending on crosslinking factors, which
optimizes the swelling and degradation of the hydrogels that are necessary parameters
for controlled drug release. Hence, these hydrogels could be desired dressing materials
with pH-sensitive behavior that could be helpful in controlled drug delivery for burn and
chronic wound healing.

Figure 5. The drug release of curcumin was studied at 37 ◦C under different pH levels to determine
the release analysis behavior: (a) Curcumin release at pH 6.4; (b) Curcumin release at pH 7.4 and;
(c) Curcumin release at pH 6.4.
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Figure 6. Cont.
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Figure 6. The hydrogel sample BSG-3 was taken to on a random basis to determine curcumin release
kinetics at different pH levels (6.4 (a–f), 7.4 (g–l), and 8.4 (m–r)) against different mathematical models
(Zero order, First order, Higuchi, Korsmeyer-Peppas, Hixson & Bakers-Lonsdale).

4.8. Drug Release Kinetics

Drug release provides a deep understanding of the mass transport mechanisms in-
volved. A therapeutic system must provide a specific drug release profile to mathematically
calculate the resulting drug release kinetics. Various mathematical models were used to
develop simple and complex drug delivery systems and predict overall release behavior.
They make it possible to measure an extensive range of vital parameters and apply a
model fitting to the experimental release data of curcumin from BSG-4 as presented in
Figure 6. Understanding how to use these equations is crucial to grasping the various
factors influencing drug release velocity. Their dissolution behaviors affect the efficacy of a
patient’s therapeutic regimen [34,35]. These mathematical models have different values
of the regression coefficient (R2) at different pH levels. All the different parameters have
been summarized in Table 1, these values provide drug release behavior through the poly-
meric matrix. Among all the factors, R2 is the most prominent factor that describes the
drug release behavior from different therapeutic systems. The release of curcumin follows
various mechanisms at different pH levels that can be described based on the maximum
of R2. We have calculated the value of R2 against all fitting models. It was observed that
at pH 6.4, curcumin follows the Hixson model with a maximum R2 value (0.99054). The
Hixson model describes the release of the curcumin dissolution approach. The release of
curcumin was observed to follow zero-order at 7.4 pH by R2 value (098106). The zero-order
describes the quick release of therapeutic agents that is very important to control the attack
of the pathogens. However, the curcumin release behavior was observed at pH 8.4 to
follow zero-order due to the maximum R2 value (0.9782). The release of curcumin from the
composite hydrogel at pH 8.4 is found to be as effective as it is at pH 7.4. However, the
mathematical fitting models have been summarized in Table 1.

Table 1. The drug release kinetics summarizes against different models to determine the best-fitted
model at different pH levels (6.4, 7.4, and 8.4).

Drug Release at
Different pH-Levels

Models Intercept/Standard Error Slop/Standard Error Regression Coefficient (R2)

Drug release kinetics at
pH 6.4

Zero order −0.52979/0.37126 0.48568/0.01755 0.98837

First order 0.16701/0.09621 0.03517/0.00455 0.86721

Higuchi −14.19939/6.18472 13.67722/1.49206 0.89251

Korsmeyer-Peppas 0.94986/0.17899 0.78764/0.15055 0.74554

Hixson −0.7623/0.2354 33.8974/0.47476 0.99054

Bakers-Lonsdale −18,183.23/10,589.06 9974.14/2554.60 0.58753
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Table 1. Cont.

Drug Release at
Different pH-Levels

Models Intercept/Standard Error Slop/Standard Error Regression Coefficient (R2)

Drug release kinetics at
pH 7.4

Zero order 0.8095/0.21262 0.2173/0.01005 098106

First order 0.14378/0.07845 0.02573/0.00371 0.83965

Higuchi −11.10565/4.33 17.22369/1.04596 0.96431

Korsmeyer-Peppas 1.4071/0.15032 0.56002/0.12644 0.67412

Hixson 31.14956/0.84 −0.92297/0.04151 0.98014

Bakers-Lonsdale −80,632.11/21,021.06 32,004.02/4835.30 0.82628

Drug release kinetics at
pH 8.4

Zero order −2.2668/0.65 0.61835/0.03 0.9782

First order 0.04723/0.08 0.04155/0.003 0.93277

Higuchi −12.57362/5.93 9.85459/1.43 0.82256

Korsmeyer-Peppas 0.59247/0.19 0.91234/0.16 0.76697

Hixson 34.79252/0.59 −0.56507/0.03 0.97366

Bakers-Lonsdale −15,727.59/5918.95 5546.23/1361.49 0.63407

4.9. Antimicrobial Activities

Chronic and burn wounds, and many surgical procedures are all susceptible to bac-
terial infection. It can lead to severe disease, muscle tissue death, septicemia, and even
death. Antimicrobial agents that are effective in treating bacteria are desperately needed.
The prepared hydrogels were evaluated against severe wound infection-causing microbes
(S. aureus, E. coli, and P. aeruginosa) via the disc diffusion method. The prepared hydrogels
were applied to the bacterial lawns in Petri dishes, and these plates were kept in incubation
for 12 h. Antibacterial activities were determined via measuring zone inhibition, as shown
in Figure 7. These hydrogels have different zone inhibitions against treated bacterial strains.
The hydrogel BSG-1 performed minimum, and BSG-4 exhibited maximum antibacterial
activity. The maximum antibacterial activities of BSG-4 may be due to the maximum GO
amount that ruptures the bacterial membrane with sharp edges of GO [9,36]. On the other
hand, the bacterial cell membrane is composed of lipopolysaccharides and phospholipids.
The polymeric part of the hydrogel may interact with the bacterial membrane to surround
and penetrate several available functional groups to hinder bacterial growth [37,38]. The
covalently crosslinked hydrogels via TEOS have inter/intra-hydrogen bonding and weak
interactions. BSG-4 exhibited maximum antimicrobial activities, which can be polymeric,
and GO components of hydrogels that may communicate with DNA to stop bacterial
replication. Hence, the prepared hydrogel could be a potential biomaterial with promising
antibacterial activities, which is helpful to treat burns and chronic wounds.

Figure 7. The antibacterial activities of composite hydrogels against different severe skin infections
causing Gram-positive and Gram-negative pathogens. * p < 0.05, ** p < 0.01 and *** p < 0.001 and
n = 3.
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4.10. Anticancer Activities

Figure 8 presents the anticancer activity via cell viability after different time intervals
(24, 48, and 72 h) and cell morphology of all samples of composite hydrogels and curcumin-
loaded composite hydrogels against U87 cell lines. After 72 h of contact time with composite
hydrogels and curcumin-BSG-4 composite hydrogels, nearly 79.56 to 87.58 percent of U87
cells were determined to be nonviable, respectively, as exhibited in Figure 8a. Curcumin
combined with PVA/BC-f -GO was discovered to have improved anticancer properties.
The BSG-4 composite hydrogel also had the highest cell nonviability among the composite
hydrogels, which could be owing to the increased GO content [20,39]. The curcumin-
loaded-BSG-4 had the strongest antitumor effect. This could be due to the interaction
of the composite hydrogel with the cellular membrane, allowing curcumin to conduct
anticancer functions. Cell clustering may also be found for BSG-1 and BSG-2, as shown by
the red circle, even after 72 h, whereas some cell adherence can be seen for both samples
as presented in Figure 8(b–e). However, the red arrows indicated cell detachment, which
might occur as a result of cell death, as well as the cell repute. Curcumin was delivered via
the drug-loaded BSG-3 composite hydrogel membrane, resulting in increased anticancer
activity [36,40]. As a result of the synergetic impact of the release of curcumin-loaded-BSG-3
composite hydrogels after 72 h, the anticancer activities are at their peak. As a result, the
curcumin-loaded-BSG-3 composite hydrogel could be used as a biomaterial for wound care
and treatment in cancer patients.

Figure 8. The anticancer activities of composite hydrogels against U87 cell line, (a) cell viability in
terms of anticancer activities, and (b–f) cell morphology with different indications.

5. Conclusions

The pH-sensitive composite hydrogels were prepared by blending bacterial nanocellu-
lose with PVA and GO and crosslinked with optimized TEOS. The controlled drug delivery
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was determined at various pH levels, and the drug release mechanism was investigated
using different mathematical models. In hydrogels, FTIR reveals all of the functional groups
of bacterial nanocellulose, GO, and TEOS and well-defined crosslinking and hydrogen
bonding. GO-flakes were observed via SEM and increasing GO-flakes were observed due
to the increasing GO amount. BSG-4 was more stable than other hydrogels. Due to complex
polymerization formation, the biodegradation rate of hydrogels was slowed by increasing
the GO content. In addition, increasing the GO amount increased the mechanical and hy-
drophilicity properties. Swelling in the buffer and non-buffer solutions demonstrates that
the prepared hydrogels are pH-sensitive. Therefore, hydrogels are a good fit for controlled
drug release due to their responsive behavior, and they could be used to release curcumin
in a controlled manner. Furthermore, these newly composite hydrogels have exhibited sub-
stantial potential, but BSG-4 and curcumin-loaded-BSG-4 have potential antibacterial and
anticancer activities. Hence, these composite hydrogels could be promising biomaterials
for chronic wound healing applications.
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Abstract: The healing of a burn wound is a complex process that includes the re-formation of injured
tissues and the control of infection to minimize discomfort, scarring, and inconvenience. The current
investigation’s objective was to develop and optimize a geranium oil–based self-nanoemulsifying
drug delivery system loaded with pravastatin (Gr-PV-NE). The geranium oil and pravastatin were
both used due to their valuable anti-inflammatory and antibacterial activities. The Box–Behnken de-
sign was chosen for the development and optimization of the Gr-PV-NE. The fabricated formulations
were assessed for their droplet size and their effects on the burn wound diameter in experimental
animals. Further, the optimal formulation was examined for its wound healing properties, antimicro-
bial activities, and ex-vivo permeation characteristics. The produced nanoemulsion had a droplet
size of 61 to 138 nm. The experimental design affirmed the important synergistic influence of the
geranium oil and pravastatin for the healing of burn wounds; it showed enhanced wound closure
and improved anti-inflammatory and antimicrobial actions. The optimal formulation led to a 4-fold
decrease in the mean burn wound diameter, a 3.81-fold lowering of the interleukin-6 serum level
compared to negative control, a 4-fold increase in the inhibition zone against Staphylococcus aureus
compared to NE with Gr oil, and a 7.6-fold increase in the skin permeation of pravastatin compared
to PV dispersion. Therefore, the devised nanoemulsions containing the combination of geranium oil
and pravastatin could be considered a fruitful paradigm for the treatment of severe burn wounds.

Keywords: nanotechnology; burn wound; ex-vivo permeation; essential oil; statins; Box–Behnken
design

1. Introduction

Skin, the largest organ of the human body, is an important protective organ that can
safeguard the body against various dangers such as pathogens, toxins, ultraviolet radiation,
and mechanical damage [1]. Skin has three main layers, namely, the epidermis, dermis, and
hypodermis, each of which has a unique composition and function that contributes to the
overall protection against external environmental factors [2]. Critical burns and wounds
are amongst the most prevalent life-threatening dangers. The healing process of open skin
includes the restoration of the skin’s normal protective layer following trauma caused by
accident or an intentional surgical procedure. This healing process has several integrated
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and coordinated successive phases, namely, hemostasis, inflammation, proliferation, revas-
cularization, and remodeling [3,4]. A person’s age, sex, level of stress, and pre-existing
medical conditions all affect the time needed for complete wound healing [5]. Wounds
associated with diabetes are a significant type that result from the stress diabetes causes in
the body. The wound healing process is impaired in diabetic patients due to neuropathy,
hypoxia, decreased immunity, fibroblastic dysfunction, and impaired angiogenesis [6,7].
Treatment strategies to accelerate the wound healing process were assessed, and many of
them showed positive results [8–10].

Statin drugs are among the important cholesterol-lowering agents used currently [11].
Besides their powerful cholesterol-lowering activity, they have desirable effects on wound
healing in many animal models [12,13]. Treatment of different wound animal models
with statins led to an increase in vascular endothelial growth factor (VEGF), an important
inducer of angiogenesis and promoter of wound healing [14,15]. Statins also improved
epithelialization and enhanced the mechanical strength of the skin, both of which improved
the healing of wounds [16]. Pravastatin (PV) is one of the statins; it was patented in 1980
and approved for clinical use in 1989. Like other statins, PV exerts its hypolipidemic action
by inhibiting the enzyme HMG-CoA reductase, which is expressed in the liver and plays
a pivotal role in cholesterol output [17]. In a recent clinical trial involving patients who
received radiation for head and neck cancer, PV was administered in a dosage of 40 mg/day
for 12 months. The results showed that PV was an efficient antifibrotic agent, and this
finding supports the theory that PV could reverse radio-induced fibrosis and enhance the
wound-healing process [18].

Geranium (Gr) oil is an essential oil extracted from the plant Pelargonium graveolens
that was cultivated originally in South Africa and then distributed in Asia and the Middle
East [19]. Gr oil is known traditionally for its calming effects on emotional distresses such
as frustration, anger, and anxiety and its ability to lower high blood pressure [20]. Gr oil
possesses immune-boosting properties and immune-modulating properties against natural
killer cells [21]. Recent studies showed anticancer activity of this essential oil that resulted
from two of its major components, citronellol and trans-geraniol [22,23]. The aerial parts of
P. graveolens have been used for wound healing because they possess antimicrobial activity
against Staphylococcus aureus, Candida glabrata, Bacillus subtilis, Enterococcus faecalis, Candida
krusei, Mycobacterium tuberculosis, and Mycobacterium intracellulare [24]. Rose geranium
oil has its own market in the cosmetic, perfume, and aromatherapy industries. Its anti-
inflammatory and palliative effects on the skin make this essential oil a good candidate for
many topical formulations [25,26].

Self-nanoemulsifying drug delivery systems (SNEDDS) are anhydrous mixtures of
a low-solubility drug, an oil, a surfactant, and a cosurfactant with a droplet size of less
than 100 nm [27]. These nanoemulsions have been used extensively in recent times in
dermal applications owing to their nanosized droplets, which enhance the solubility and
transdermal permeation of the incorporated drug [28–30]. Different low-solubility drugs
from different drug classes, such as antiviral drugs, immunomodulators, nonsteroidal anti-
inflammatory drugs, and lipid-lowering agents, have been incorporated in nanoemulsion
formulations [31–33]. Besides the ease of making nanoemulsion formulations, they readily
gain acceptance from authorities because they are considered to be drugs that are generally
recognized as safe during manufacturing [34].

A design of experiment (DOE) approach was used in the formulation of the varying
dosage forms in this study to choose the optimal formulation and test its biological activity.
The DOE has been used extensively in nanotechnology formulations to help researchers
study the interactions of drug excipients, solve problems during formulation, study the
process parameters and how they affect each other, and reduce the number of experiments
to reach the optimal formulation [35].

To our knowledge, no studies have been done to investigate the combined effect of
statins and Gr oil in treating burn wounds. Therefore, the objective of this study was to
introduce a transdermal drug delivery system containing a Gr oil–based nanoemulsion
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loaded with PV (Gr-PV-NE). The intended choice of a transdermal drug delivery system
was made based on its localized action and the droplet size of the nanoemulsion, which
could promote skin membrane permeation and avoid presystemic metabolism and efflux
mechanisms [36,37].

2. Materials and Methods

2.1. Materials

PV was acquired as a generous gift from the Saudi Arabian Japanese (SAJA) Phar-
maceutical Company Limited (Jeddah, Saudi Arabia). Gr oil was purchased from the
Beutysway Commercial Foundation (Jeddah, Saudi Arabia). Tween 80 and Span 80 were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Transcutol was a gift from Gat-
tefosse (Saint-Priest, France). High-performance liquid chromatography–grade methanol
and acetonitrile were obtained from Merck (Darmstadt, Germany). All other reagents and
chemicals were of analytical grade.

2.2. Methods
2.2.1. Experimental Design and Optimization of Self-Nanoemulsion Formulations

With reference to this study, the Box–Behnken design (BBD) was pursued to scrutinize
the influence of independent variables on dependent ones. Twenty-three formulations
were made with the chosen design using Design-Expert Version 13 Software (Stat-Ease, Inc.,
Minneapolis, MN, USA). The selected statistical design produced various relationships
between the independent variables, and they are summarized in Table 1. The three explored
factors were the amount of Gr oil in milligrams (A), amount of PV in milligrams (B), and
hydrophilic-lipophilic balance (HLB) of the surfactant mixture (Tween80/Span80) (C) in
the prepared nanoemulsion. The estimated responses were the globule size of the prepared
NEs (Y1) and the mean burn wound diameter (Y2). Preliminary studies were followed to
select the factors’ levels.

Table 1. Independent variables and their levels, along with dependent variables and their constraints,
in the BBD of the nanoemulsion formulations.

Independent Variables
Levels

−1 0 1

A = Geranium oil amount (mg) 100 200 300
B = Pravastatin amount (mg) 10 20 40

C = HLB of surfactant mixture 11 12 13
Dependent Variables Goal

Y1 = Globule size (nm) Minimize
Y2 = Mean burned wound diameter (mm) Minimize

2.2.2. Gr-PV-NEs Preparation

The production procedure had two steps. The first step was the fabrication of the plain
SNEDDS, in which a Gr oil concentration of 10%, 20%, or 30% (according to the design)
was blended with 60% of the surfactant mixture with an HLB of 11, 12, or 13 (according to
the design) and then brought to 100% by the Transcutol cosurfactant. In the second step,
PV was mixed with the plain NEs with the aid of sonication in concentrations of 10, 20, or
40 mg/g of the prepared self-nanoemulsion according to the design, as shown in Table 2.
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Table 2. BBD and responses of Gr-PV-NEs.

A B C Y1 Y2

Run
Geranium Oil

Amount
(mg)

Pravastatin
Amount

(mg)
HLB

Droplet Size
(nm)

Mean Burned Wound
Diameter (mm)

Polydispersity
Index

1 200 10 13 110 ± 2.0 7.5 ± 0.30 0.09 ± 0.02
2 300 20 11 128 ± 4.5 4.5 ± 0.18 0.11 ± 0.03
3 100 20 11 99 ± 7.0 8.0 ± 0.90 0.15 ± 0.03
4 100 10 12 62 ± 1.5 9.0 ± 1.10 0.21 ± 0.04
5 300 20 13 129 ± 3.2 4.5 ± 0.62 0.13 ± 0.02
6 100 40 12 61 ± 1.5 5.0 ± 0.51 0.32 ± 0.04
7 200 20 12 81 ± 5.0 6.5 ± 0.25 0.28 ± 0.05
8 200 20 12 80 ± 4.5 6.0 ± 0.18 0.19 ± 0.04
9 300 40 12 89 ± 3.5 3.0 ± 0.09 0.22 ± 0.05

10 200 10 11 109 ± 4.0 7.5 ± 0.64 0.38 ± 0.06
11 200 40 13 108 ± 8.0 5.0 ± 0.33 0.40 ± 0.05
12 200 40 11 110 ± 2.5 4.5 ± 0.21 0.10 ± 0.02
13 200 20 12 79 ± 1.9 6.0 ± 0.30 0.35 ± 0.02
14 100 20 13 99 ± 4.0 7.5 ± 0.42 0.30 ± 0.04
15 300 10 12 87 ± 3.5 5.0 ± 0.17 0.29 ± 0.05
16 100 10 11 95 ± 2.9 10 ± 1.20 0.26 ± 0.05
17 300 40 13 135 ± 5.5 3.5 ± 0.09 0.18 ± 0.04
18 100 10 13 101 ± 2.1 9.5 ± 0.50 0.32 ± 0.03
19 100 40 11 97 ± 6.1 5.5 ± 0.11 0.27 ± 0.05
20 300 20 12 90 ± 1.5 4.0 ± 0.30 0.19 ± 0.06
21 300 40 11 138 ± 3.1 2.5 ± 0.30 0.11 ± 0.03
22 100 20 12 65 ± 2.0 7.0 ± 1.90 0.25 ± 0.05
23 200 10 12 77 ± 1.8 7.0 ± 0.21 0.39 ± 0.06

2.2.3. Determination of Globule Size

The droplet size and polydispersity index (PDI) of each of the fabricated Gr-PV-NEs
was examined by diluting 100 μL of each formulation with 900 μL of double distilled
water in a volumetric flask. Next, the diluted samples were vigorously mixed, and 100 μL
of the dispersed sample was withdrawn to determine its droplet size; this was done
with a Zeta track particle size analyzer (Microtrac, Inc., Montgomeryville, PA, USA) [38].
Assessment of the sample was carried out in triplicate, and the results were presented
as the mean ± standard deviation (SD). PDI is a good tool for evaluating foemulation
homogeneity.

2.2.4. Assessment of Wound Healing
Animal Handling and Care

The guidelines of the Animal Ethics Committee, Beni Suef Center for Laboratory
Animals, Beni Suef, Egypt, were adopted in animal handling and care. Investigators abided
by the guidelines articulated in the Declaration of Helsinki and its Guiding Principles in
the Care and Use of Animals (NIH Publication No. 85-23, 1985 revision) and adopted the
ethical approval of the protocol before experimentation (Approval No. 26/4-21).

The experimental rats were obtained and kept in laboratory cages with free access
to food and water. Animals’ suffering was minimized according to the guidelines. The
animals were kept for a minimum of 14 days prior to the investigation under standard
conditions of temperature (25 ± 1 ◦C) and relative humidity (55 ± 5%) with a 12 h light
and 12 h dark cycle.

Sixty-nine rats were used in the study; they were divided into 23 groups, with 3 rats
per group. Each group was treated with one of the formulations developed by the ex-
perimental design. An intraperitoneal dose of thiopental of 15 mg/kg was administered
simultaneously with an intramuscular dose of 25 mg/kg of ketamine. The hair on the rat’s
back was shaved, and the skin was sterilized with an alcohol swab. Following that, burn
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wounds were induced on the back skin using 1.5 cm skin biopsy heated bunches. Then, the
investigated formulation for each group was applied once daily for a period of 14 days [39].

Measurement of Burn Wound Diameter

After the application of each formulation once a day for 14 days, a caliper was used
to measure the average diameter of the induced wound lesions in each group to evaluate
the second response for each formulation. Measurements were done in triplicate, and the
findings were introduced as the mean ± SD.

2.3. Optimization of the Gr-PV-NEs

The desirability function was the basis of the Design-Expert software for obtaining
the optimal NE formulation. The main objective of the optimization process was to find a
formulation with the smallest droplet size and mean burn wound diameter. The software
chose the solution with the desirability value closest to 1. To guarantee the model’s validity
and adequacy, the elected formulation was fabricated, depicted, and eventually compared
with the response values expected by the software.

2.4. Characterization of the Optimized Formulation
2.4.1. Determination of Entrapemnt Efficiency

Percentage drug entrapment efficiency (EE%) was determined for the optimum Gr-PV-
NE formulation (containing 40 mg PV) using an indirect method. Sample was centrifuged
at 15,000 rpm for 30 min using cooling centrifuge (SIGMA 3–30K, Steinheim Germany).
After centrifuge, 1 mL of supernatant transparent layer was diluted with 10 mL distilled
water. The PV amount in the sample was determined by a reported high-performance
liquid chromatography (HPLC) method. In short, the withdrawn samples were diluted
with the mobile phase, which composed of 10 mM ammonium acetate, methanol, and
triethylamine in a ratio of 40:60:0.17 v/v/v. Ten microliters of the prepared samples were
injected with a flow rate of 1.0 mL min−1. The PV detection wavelength and elution time
were set to be 239 nm and 2.15 min, respectively. Results were taken in triplicate and
the average was taken into consideration and EE% was calculated using the following
equation.

EE% = [TD−FD]/TD × 100 (1)

where TD is the total added drug amount, FD is the free unentrapped drug

2.4.2. Zeta Potential Determination

Zeta potentiap (ZP) of optimum Gr-PV-NEs (containing 40 mg PV) was examined via
diluting 100 μL of the formulation with 900 μL of double distilled water in a volumetric
flask. The diluted samples were thoroughly mixed, and 100 μL of the mixed samples were
employed to determine its ZP using a Zeta track analyzer (Microtrac, Inc., Montgomeryville,
PA, USA) [38]. Assessment of the sample was carried out in triplicates, and the results were
presented as the mean ± standard deviation (SD).

2.4.3. Measurement of Burn Wound Diameter and Interlukin-6 Level

As in previously described evaluations of different Gr-PV-NE formulations, the test
in this study was repeated on 15 rats that were divided into 5 groups. The first group
(Group A) was treated with the optimum formulation proposed by the design and followed
to determine the outcomes of the first stage of the animal test. The second group (Group B)
was treated with the optimum formulation that contained no PV. The third group (Group C)
was treated with the optimum formulation prepared utilizing oleic acid in lieu of Gr oil.
The fourth group (Group D) was treated with Gr-PV mixture. The fifth group (Group E)
was treated with normal saline and served as a negative control. The test continued for
14 days. The formulations were applied once a day and the required parameters were
evaluated. All tested formulations contained PV amount equal to 40 mg/g of the tested
formulation.
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For the assessment of interleukin-6 (IL-6), a previously described quantitative sand-
wich enzyme-linked immunoassay technique (R&D Systems, Inc., Minneapolis, MN, USA)
was employed. A microplate was covered with a particular monoclonal antibody that was
specified for rat IL-6. Consequently, the animals’ IL-6 that was present in the tested sample
was engaged by the antibody. Following the elimination of any unbound interleukin, an
enzyme-linked polyclonal antibody particular for rat IL-6 was appended, and the original
blue color was transformed into a yellow one. Finally, the IL-6 level in the tested samples
was evaluated by measuring the intensity of the produced color [36].

2.4.4. Ex-Vivo Permeation Study

The test was performed according to a previously described procedure [40]. A freshly
excised section of abdominal rat skin was obtained from a male Wistar rat and utilized to
determine the permeation profile of PV from various formulations (i.e., Gr-PV-NE optimum
formulation, PV-NE prepared with oleic acid instead of Gr oil, Gr-NE prepared without
PV, physical mixture of PV and Gr oil, PV aqueous dispersion, and plain NE prepared
without PV or Gr oil). All formulations except for the plain nanoemulsion contained
PV amount equal to 40 mg/g of the tested formulation. The institutional animal ethics
committee approved the experimental protocol. In brief, the abdominal skin hair was
guardedly clipped and removed without causing any skin damage. Then, rats were
slaughtered, and abdominal skin was separated from the subsidiary connective tissues
and cleaned with a Ringer solution before experimentation. Automated Franz diffusion
cells (MicroettePlus; Hanson Research, Chatsworth, CA, USA) having a permeation area
of 1.76 cm2 were employed for determining the ex-vivo skin permeation of the PV from
the previously stated formulations. The skin (2.5 × 2.5 cm2) was inserted between the
donor and receptor chambers of the cells with the stratum corneum layer oriented toward
the donor compartment. The receptor milieu was phosphate buffer saline (PBS, pH 7.4)
adjusted at 37 ± 0.5 ◦C in a sufficient volume to meet the sink condition for ex-vivo
permeation studies. One milliliter of the various tested formulations was applied to the
stratum corneum layer of the skin through the donor chamber and covered with Parafilm to
diminish evaporation. At time intervals of 1, 2, 4, 6, 8, 10, 12, and 24 h, 0.5 mL aliquots were
extracted from the receptor compartment. Immediately, a fresh receptor milieu previously
heated to 37 ± 0.5 ◦C replaced the withdrawn samples. The PV amount in the gathered
samples was determined by a reported high-performance liquid chromatography (HPLC)
method previously described in Section 2.4.1.

2.4.5. Antibacterial Activity Evaluation

The antimicrobial action of the previously stated formulations (Section 2.4.2) was
examined applying a disc diffusion method [41]. The well-known Gram-positive bacterium
S. aureus, ordinarily present in infected burns, was utilized as a test bacterium. Following
the procedure endorsed by the Clinical and Laboratory Standards Institute, an S. aureus
suspension was made to the 0.5 McFarland turbidity standard and mounted on Mueller–
Hinton agar plates. Filter-paper discs (with a diameter of 10 mm) were immersed in the
tested samples and then put in the center of the agar plate and incubated for 24 h at 37 ◦C.
When inhibitory concentrations were reached, a clear so-called inhibition zone containing
no colonies could be seen around the discs. Lastly, the inhibition zones’ diameters were
measured for each examined formulation.

2.4.6. Statistical Analysis

Compiled IL-6 serum level data were tested using the one-way ANOVA followed
by the post-hoc Tukey honest significant difference (HSD) test for multiple comparisons,
and the level of significance was set at a p-value of less than 0.05 using SPSS software
(version 22, Chicago, IL, USA). The obtained data were tested for normality using the
Kolmogorov–Smirnov (K-S) test.
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3. Results and Discussion

3.1. Assessment of Gr-PV-NE Droplet Size

Regarding the topical administration of active agents, the physicochemical specifica-
tions of nanoemulsions are fundamental factors that must be determined in the fabrication
process [42].

The droplet size is an essential key parameter and can identify an emulsion as being a
microemulsion or a nanoemulsion. The present investigation revealed that the developed
formulations had a droplet size of between 61 ± 1.5 and 138 ± 3.1 nm (see Table 2), with
an acceptable polydispersity index ranging from 0.09 to 0.40, confirming the acceptable
homogeneity and favorable size distribution of the developed formulations.

A quadratic model of polynomial analysis was employed to scrutinize the collected
data on droplet size. The chosen design showed the employed model’s competence
in exploring the influence of the amount of Gr oil (A), amount of PV (B), and HLB of
the surfactant mixture (C) on the developed emulsions’ droplet size. The advocated
mathematical model had an adjusted R2 value of 0.9729 and predicted R2 value of 0.9445,
which were closely related, as shown in Table 3. The ANOVA analysis of the data provided
the following equation.

Globule size = +78.26 + 14.87A + 1.29B + 0.1909C + 3.04AB − 0.1560AC − 1.51BC + 0.5087A2 − 2.68B2+35.64C2 (2)

As perceived, the amount of Gr oil (factor A) had a significantly agonistic action on the
droplet size at a p-value of less than 0.0001; thus, any increase in the amount of Gr oil would
eventually increase the droplet size. Increasing the amount of Gr oil might have provided
more space in which the PV could be housed within the nanoemulsion, giving droplets a
larger diameter. Further, the increase in the amount of Gr oil would be accompanied with a
corresponding decrease in the amount of cosurfactant used and its capacity to downsize a
nanoemulsion’s droplets, leading to the formation of larger droplets, as similar findings
had previously reported [36]. On the other hand, the amount of PV and HLB value of the
surfactant mixture exerted an insignificant effect on the droplet size.

Based on the above equation and Figure 1, which show the effect of the studied factors
on the droplet size, an interesting result was detected: There was a significant impact
exerted by the quadratic term of factor C (i.e., C2) on the droplet size of the developed
formulations. As shown in Figure 1A, such an observation implies that the peripheral
levels of factor C had a positive effect on the droplet size, whereas the middle level exerted
a negative effect, yielding droplets with a smaller diameter. Such phenomena could be
due to the fact that each lipid material must have a particular HLB value to lower the
nanoemulsion droplet size, as reported by other researchers [43,44]. Therefore, it might
be deduced that the best HLB value for the Gr oil used in the formulations should be the
middle value among those used in the proposed design.

Table 3. Regression analysis results for Y1 and Y2 responses.

Dependent
Variables

R2 Adjusted
R2

Predicted
R2 F-Value p-Value

Adequate
Precision

Y1 0.9840 0.9729 0.9445 88.79 0.0001 30.3760
Y2 0.9892 0.9817 0.9642 132.17 0.0001 38.5081
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Figure 1. Main effect diagram (A), contour plot (B), and three-dimensional (3D) surface plot
(C) showing the effects of different independent variables on the droplet size (Y1) of different
Gr-PV-NE formulations.

3.2. Assessment of Wound Healing

The healing of open wounds is a complicated dynamic chain of events that encom-
passes some sequential and overlapping processes, including hemostasis, inflammation,
epithelialization, cell proliferation, revascularization, and collagen development [45]. In the
present investigation, the healing impact of the fabricated formulations on burn wounds
was determined by measuring the wound diameter. The diameters fluctuated between
2.5 ± 0.30 and 10 ± 1.2 mm (see Table 2) and followed a quadratic model of polynomial
analysis. The chosen experimental design employed the model’s adequacy to observe
the impact of independent variables on the diameter of burn wounds (Y2). The statistical
model had an adjusted R2 value of 0.9817, which was in line with an expected R2 value
of 0.9642, as shown in Table 3. The ANOVA analysis of the collected data yielded the
following equation.

Mean burn wound diameter = +6.03 − 1.64A − 1.51B + 0.0377C + 0.5102AB + 0.1786AC + 0.1548BC−
0.3194A2 − 0.2792B2 + 0.41108C2 (3)

It was noticed that there was an inverse relationship between the amounts of Gr oil
and PV and response Y2 values at a p-value of less than 0.0001. The potential of the PV to
decrease the burn wound size might be related to its ability, as a member of the statin class
of drugs, to promote the output of the VEGF at the injury site; VEGF is a key element for
developing new blood vessels [46]. Further, PV is also thought to inhibit mevalonate and
farnesyl pyrophosphate production, leading to enhanced epithelialization and renovation
of tissues of wounded skin [47]. Additionally, the wound healing action of Gr oil (factor A)
might be due to its strong antibacterial activity against the Gram-negative bacterial strains
that are mostly responsible for wound infections and that are resistant to treatments, and
similar findings were reported in the literature [45]. The influence of the studied factors on
the mean burn wound diameter is shown in Figure 2.
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Figure 2. Main effect diagram (A), contour plot (B), and 3D surface plot (C) showing the effects of
different independent variables on the mean burn wound diameter (Y2) obtained after the application
of different Gr-PV-NE formulations.

3.3. Optimization and Evaluation of Nanoemulsion Formulations

Following the completion of the tests described, a nanoemulsion formulation with
the most appropriate specifications (i.e., the optimum formulation) was defined. Varying
combinations of independent variables were suggested by the experimental design. The
optimum formulation had 275 mg of Gr oil, 40 mg of PV, and a surfactant mixture with an
HLB of 12 with a desirability value of 0.784. The fabricated optimal Gr-PV-NE had a droplet
size of 95 ± 2.4 nm and a mean burn wound diameter of 3 ± 0.3 mm. Such results were
in close accordance with the predicted values of the same responses, which were 90 nm
for the droplet size and 3.18 mm for the mean burn wound diameter. Figure 3 clarifies the
desirability ramp and bar chart for different levels of the studied factors and predicted
dependent variables of the optimal formulation. Optimum formulation acquired an EE%
of 91.3 ± 2.6% and ZP value of −17.3 ± 1.2 mV indcating the acceptable drug loading and
stability of the developed optimal formulation.
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Figure 3. Desirability ramp and bar chart for optimization. (A) The desirability ramp shows the
levels of independent variables and predicted values for the responses of the optimum formulation.
(B) The bar chart shows the desirability values for the combined responses.

3.3.1. Wound Healing Action Assessment
Burn Wound Diameter Evaluation

As can be observed in Figure 4, the optimum Gr-PV-NE (formulation A) had the
lowest mean burn wound diameter of 3 ± 0.5 mm, while the group treated with normal
saline (formulation E) had the largest wound diameter, 12 ± 1.5 mm, compared with the
other tested formulations. It was also noticed that the nanoemulsion containing no PV
(formulation B) had a wound diameter (i.e., 6 ± 0.75 mm) greater than that of formulation
A but very close to that of formulation C (i.e., 5.5 ± 0.5 mm), which was a nanoemulsion
containing oleic acid instead of Gr oil. Such outcomes affirm the synergistic wound healing
activity of PV and Gr oil. On the other hand, the Gr-PV mixture (formulation D) had a
mean burn wound diameter of 8 ± 1 mm, which was greater than that of the optimum
nanoemulsion formulation, indicating the predominant wound healing activity of the
nanosized formulation compared with the mixture of Gr oil and PV. Figure 5 also illustrated
the wound healing results of rat skin after 14 days of treatment The obtained rsults were
found to be significant at asignificance level of 0.05 (p-value < 0.05)
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Figure 4. Mean burn wound diameter for different formulations: optimum Gr-PV-NE (A), Gr-NE
(B), PV-NE (C), PV-Gr mixture (D), and normal saline (E).

Figure 5. Mean burn wound diameter for different formulations: optimum Gr-PV-NE (A), Gr-NE
(B), PV-NE (C), PV-Gr mixture (D), and normal saline (E).

IL-6 Level Evaluation

IL-6 is an abundant cell protein that helps in modulating immune system responses.
The IL-6 level is usually raised by triggers such as injuries, inflammatory conditions, micro-
bial infections, disturbances of the immune system, and malignant tumors; accordingly,
IL-6 could be an advantageous marker for detecting inflammation and immune system
activation [48].

As could be seen in Figure 6, formulation A (i.e., Gr-PV-NE) had the lowest IL-6
serum level of 944 ± 100 U/mL, whereas formulation E (i.e., normal saline) had the
highest level of IL-6 (3600 ± 450 U/mL); this indicated the superiority of formulation A in
counteracting inflammation compared with the other tested formulations. The superior
anti-inflammatory activity of the optimum nanoemulsion formulation could be due to its
content of PV and Gr oil [49]. It is well known that statins can depress the output of pro-
inflammatory cytokines [50] via inhibiting HMG-CoA reductase, which could invigorate the
mevalonate pathway. As a result, PV might minimize the occurrence of the isoprenylation
and geranylgeranylation of proteins, particularly Ras protein prenylation. The suppression
of Ras diminishes the efficiency of transcription factor nuclear factor kappa B, which plays
a pivotal role in many inflammatory reactions [51].

The anti-inflammatory action of Gr oil might be connected to the prohibition of some
intracellular signaling pathways encompassing several inflammatory mediators’ actions.
Abe et al. [52] revealed the ability of Gr oil to depress the adherence response of human
neutrophils in vitro and diminish the induced neutrophil mobilization in the peritoneal
cavity following the intraperitoneal administration of the oil. Several studies have explored
the components that might be responsible for such bioactivity [53]. It was found that the
major components of the oil, namely, geraniol, citronellol, and linalool, were proven to
have anti-inflammatory influences [54,55].
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Figure 6. IL-6 levels for different formulations: optimum Gr-PV-NE (A), Gr-NE (B), PV-NE (C), PV-Gr
mixture (D), and normal saline (E).

Formulations B and C had Il-6 values of 1415 ± 200 U/mL and 1611 ± 150 U/mL,
respectively. Although these values indicated a higher effect of formulation C, which con-
tained PV and oleic acid instead of Gr oil in the nanoemulsion, compared with formulation
B, which contained only Gr oil in the nanoemulsion, such difference was found to be in-
significant using Tukey post test. Moreover, formulation D, which was composed of PV and
Gr oil, had an IL-6 value of 3200 ± 400 U/mL, affirming the favorable anti-inflammatory
behavior of the optimum nanoemulsion formulation (formulation A).

IL-6 serum levels of the different tested groups were examined for normal distribution
characteristics using the K-S test of normality. The observed high p-values and low D-values
for all of the formulations suggested that there was no considerable difference between the
collected data and the data that were normally distributed.

The outcomes of the ANOVAs confirmed that all of the tested formulations (except for
formulation D) had much higher IL-6 levels than formulation E, with a p-value of less than
0.01; therefore, the noticed variations between formulations could not happen by chance.
The Tukey HSD post-hoc test revealed that the IL-6 serum levels of all of the formulations
varied significantly from each other (p-value < 0.01), except that the comparisons between
formulations C and B and D and E were found to be insignificant. Such findings are quite
reasonable because formulation B and formulation C each contained one component (i.e.,
PV in the case of B and Gr oil in the case of C) that had an IL-6–lowering effect.

3.3.2. Ex-Vivo Permeation Study

Upon reviewing the ex-vivo permeation results presented in Table 4 and Figure 7, the
following information was detected. First, the nanoemulsion formulation that contained
PV and oleic acid instead of Gr oil promoted drug permeation across the skin by more than
5.8 when compared with the PV aqueous dispersion. More importantly, the optimized
Gr-PV-NE encouraged skin permeation of PV by 7.6-fold and 2.7-fold in comparison with
the PV aqueous dispersion and PV-Gr physical mixture, respectively. Such enhancement
might be due to a synergistic effect of a nanoemulsion as a drug delivery system and
the effect of Gr oil (which contains components like citronellol and geraniol, which acted
as penetration enhancers) on the permeation by PV; similar results were found in the
literature [44]. Nanosized emulsions are known to offer a large surface area for drug
permeation, in addition to their surfactant and cosurfactant contents, which are thought to
fluidize the stratum corneum layer, which is the main barrier to the permeation of drugs
through the skin [56]. The obtained rsults were found to be significant at a significance
level of 0.05 (p-value < 0.05).
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Table 4. Inhibition zones against S. aureus and percentage PV permeated for varying formulations.

Run
A:

Geranium
Oil Amount

B:
Pravastatin

Amount

C: HLB
Value

Pravastatin
Permeated

%

Inhibition
Zone against

S. aureus
(mm)

Optimum
formulation
(Gr-PV-NE)

275 mg 40 12 84% ± 3.1 20.0 ± 1.8

Gr-NE 275 mg 0 12 0 19.0 ± 1.4
Oleic acid-PV-NE 0 40 12 64% ± 2.4 6.00 ± 0.8

Gr-PV mixture 275 mg 40 0 31% ± 1.2 12.0 ± 1.1
PV aqueous
dispersion 0 40 0 11% ± 0.6 4.50 ± 0.3

Plain NE 0 0 12 0 5.00 ± 0.5

Figure 7. Ex-vivo permeation profiles of PV from different tested formulations.

3.3.3. Antibacterial Activity Assessment

Table 4 shows the collected antibacterial activity data, which revealed the follow-
ing. The optimum Gr-PV-NE had the largest growth inhibition zone against S. aureus
(20 ± 1.8 mm) compared with the other tested formulations. The antimicrobial activity of
the optimized formulation appeared to be mainly due to its Gr oil content, which is known
to have significant antibacterial activity against S. aureus due to its components of citronel-
lol, geraniol, linalool, isomenthone, nerol, and citronellyl formate [57]. Such components
exert their antimicrobial effects by interacting with the bacterial cell membrane, increasing
its fluidity and leading to the leakage of cell components [57]. Such results were further
confirmed by comparing the growth inhibition zones for formulations that contained Gr oil
with those that contained no Gr oil. Results indicated that the formulations that contained
Gr oil enhanced the antimicrobial activity by four times compared with those that did not
contain Gr oil. The NE containing Gr oil had 1.6 times the antimicrobial activity as the
physical mixture; in the N, the Gr oil present in the nanosized dispersion enhanced the per-
meation of the formulation across the microbial membrane and potentiated its action. The
obtained rsults were found to be significant at asignificance level of 0.05 (p-value < 0.05).

4. Conclusions

The present investigation utilized the BBD for the characterization and optimization
of a Gr oil–based nanoemulsion loaded with PV for the transdermal management of burn
wounds. The fabricated nanoemulsions had a reasonable droplet size of 61 to 138 nm. The
experimental design confirmed the substantial synergistic effect of the Gr oil and PV for
burn wound healing. Such a blend increased the management of the wound healing and the
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anti-inflammatory character and antibacterial effects of each of the constituents. The optimal
formulation had up to a 4-fold decrease in the mean burn wound diameter, a 3.81-fold
lowering of the IL-6 serum level, a 4-fold increase in the inhibition zone against S. aureus,
and a 7.6-fold increase in PV permeation upon comparison with different formulations. It
was conclusively seen that the obtained nanoemulsions that contained a combination of Gr
oil and PV could be considered a promising paradigm for handling burn wounds.
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Abstract: Natural biopolymers demonstrate significant bone and connective tissue-engineering ap-
plication efficiency. However, the quality of the biopolymer directly depends on microstructure
and biochemical properties. This study aims to investigate the biocompatibility and microstructural
properties of demineralized human spongiosa Lyoplast® (Samara, Russian Federation). The graft’s
microstructural and biochemical properties were analyzed by scanning electron microscopy (SEM),
micro-computed tomography, Raman spectroscopy, and proteomic analysis. Furthermore, the cell
adhesion property of the graft was evaluated using cell cultures and fluorescence microscopy. Mi-
crostructural analysis revealed the hierarchical porous structure of the graft with complete removal
of the cellular debris and bone marrow components. Moreover, the proteomic analysis confirmed the
preservation of collagen and extracellular proteins, stimulating and inhibiting cell adhesion, prolifer-
ation, and differentiation. We revealed the adhesion of chondroblast cell cultures in vitro without any
evidence of cytotoxicity. According to the study results, demineralized human spongiosa Lyoplast®

can be effectively used as the bioactive scaffold for articular hyaline cartilage tissue engineering.

Keywords: biopolymers; demineralized human spongiosa; scanning electron microscopy;
micro-computed tomography; Raman spectroscopy; proteomic analysis; chondroblasts; tissue
engineering; scaffold; fluorophores

1. Introduction

Current treatment options for degenerative bone and cartilage tissue pathology aim to
enhance post-traumatic and post-operative defects regeneration using various biological or
synthetic products.

Biodegradable scaffolds, including calcium phosphate, aerogels [1–6], autologous [7–9],
allogeneic [10–12], or xenogeneic grafts [13–17] demonstrate significant efficiency as bone
substitute materials. Ideally, biocompatible materials’ resorption rate coincides with the
formation rate of the new organotypic tissue. Allogeneic products incorporate identical
structural and biological components and provide optimal conditions for genetically pro-
gramed physiological regeneration in the human body [10,18]. Original technology of the
human bone tissue products manufacturing developed at Samara Tissue Bank at Samara
State Medical University has been successfully applied in bone tissue repair for more
than twenty years. This technology provides thorough mechanical cleaning and complete
removal of the antigenic components from human spongiosa while preserving its biological
activity [18,19]. Microstructural and biochemical properties of the natural biopolymers
play a crucial role in the regeneration process and directly depend on the manufacturing
technology.

This study aims to investigate the microstructure and biocompatibility of the novel
biopolymer material from demineralized human spongiosa.
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2. Materials and Methods

2.1. Manufacturing and Characterizing Materials

The biopolymer Lyoplast® analyzed in this study is lyophilized demineralized human
spongiosa manufactured at the Samara tissue bank at the “BioTech” Biotechnology Center,
Samara State Medical University (RF patent No. 2366173 of 15.05.2008; certificate of
conformity ISO 13485:2016, reg. No. RU CMS-RU.PT02.00115; certificate ISO 9001:2015, reg.
No. TIC 15 100 159171) (Figure 1).

Figure 1. Samples of demineralized lyophilized human spongiosa Lyoplast®.

Experimental samples of Lyoplast® material underwent compulsory low-frequency
ultrasonic treatment using ultrasonic bath “Sapphire” TTC (RMD), (Sapphire LTD, Moscow,
Russia with a frequency of 24–40 kHz.

Lyophilization of the material (vacuum drying by sublimation) was performed us-
ing a sublimation unit ALPHA2-4LSC (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany).

Demineralization of human spongiosa was carried out in a weak HCl solution. Her-
metically packaged lyophilized product was then sterilized with gamma rays using a
certified GU-200 M (NIIP Joint-Stock Company, Moscow, Russia).

The residual content of lipids in the biomaterial was estimated using a spectropho-
tometer (SF-56 “Lomo-Spektr”, St. Petersburg, Russia). Finally, the humidity of the product
was determined using a thermogravimetric infrared moisture meter (Sartorius-MA-150,
Malente, Germany).

The study was carried out using physical, chemical, biological, and cultural methods.

2.2. Scanning Electron Microscopy (SEM)

The samples were examined using a JEOLJSM-6390 A Analysis Station SEM (Tokyo,
Japan). Bioimplant samples were washed and fixed with a 2.5% aqueous solution of glutaric
aldehyde. After that, they were spiked with ethanol of increasing concentration, followed
by drying at room temperature for 24 h. Immediately before the study, the biomaterial
was sprayed with gold or carbon to improve the surface electrical conductivity required
for SEM.

2.3. Micro-Computed Tomography (Micro-CT)

Micro-CT scanning of the Lyoplast® lyophilized allogeneic spongiosa samples was
performed in Laboratory of Microanalysis in Skolkovo Technopark (Moscow, Russia) using
high-resolution 3D X-ray microscope VersaXRM-500 (Xradia, Inc. Pleasanton, CA, USA)
with voltage range 30–160 kV, maximum power 10 W, 360◦ rotation, and maximum spatial
resolution < 0.7–1 μm (True Spatial Resolution™). At the first stage, the scanning of the
sample was performed using a resolution of 8.6 μm/pixel at a voltage of 80 kV with a set of
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1081 projections and 0.5 s exposition ti0me. Next, a region of interest (ROI), including bone
trabeculae [20] was selected and scanned with a resolution of 1.1 μm/pixel at a voltage of
80 kV with 1441 projections and 0.5 s exposition time. The obtained data were reconstructed
with the Filtered Back Projection method using the XRM Reconstructor software. Computed
microtomography data were saved in TXRM and DICOM formats, and 3D models of the
sample structure were saved in TXM and TIFF formats.

2.4. Raman Spectroscopy (Raman Spectroscopy)

This research was performed at the Department of Laser and Biotechnical Systems of
Samara National Research University. Spectral characteristics of lyophilized, demineralized
human spongiosa Lyoplast® were studied using an experimental setup that included a high-
resolution digital spectrometer Shamrock SR-303I (Oxford Instruments PLC, Abingdon, UK)
with a built-in cooling chamber AndorDV420A-OE (Oxford Instruments PLC, Abingdon,
UK) and an RPB785 fiber-optic probe combined with a laser module LuxxMasterLML-
785.0RB-04(Laser Components Germany GmbH, Olching, Germany), all under the control
of a PC workstation. This spectrograph provided 0.15 nm wavelength image resolution
with low intrinsic noise. To exclude the autofluorescence contribution in the Raman
spectra, we used a method for subtracting the fluorescence component of the polynomial
approximation with additional filtration of random noise effects. In this work, the Raman
spectra were analyzed in 350–2200 cm−1. The laser power of 400 mW was applied for 30 s
exposure time, without evident degradation of the samples. Raman spectra were registered
using an optical probe, which was placed above the object at a distance of 7 mm. We used
the method of spectral contour fitting and deconvolution of the Gaussian function in the
software environment MagicPlotPro 2.7.2. Thus, we conducted a non-linear regression
analysis of Raman spectra to decompose the signal into spectral lines [21–24].

2.5. Mass Spectroscopy (Proteomic Analysis)

Samples of lyophilized, demineralized spongiosa were subjected to heat treatment
(100 ◦C, 5 min) in a medium containing 2% SDS (sodium dodecyl sulfate) and 5% mercap-
toethanol, centrifuged, and separated in a 10% polyacrylamide gel in the presence of SDS.
After electrophoresis, the gel was stained with Coomassie G250 and cut into fragments
according to the visually detectable fractions. For qualitative identification of tightly bound
proteins, gel fragment samples were washed with ammonium hydrogen carbonate and
acetonitrile solution (1:1) at 50 ◦C, dehydrated in 100% acetonitrile, and then treated with
trypsin solution in 50 mM ammonium hydrogen carbonate. The reaction was stopped
with the addition of 0.1% trifluoroacetic acid, and the released peptides were extracted
from the gel by placement in an ultrasonic bath and separated by high-performance liquid
chromatography (Dionex Ultimate 3000, Country) using an AcclaimPepMap C18 analytical
column (2 μm, 100 Å, 75 μm × 15 cm) (Thermo Scientific). Mass spectra of the eluant
were obtained on a maXis Impact mass spectrometer (Bruker, Germany) equipped with
a CaptiveSpray (Bruker, Germany) ion source. The mass spectra were processed using
DataAnalysis 4.1 software to obtain the mass lists, following a preset script to analyze
continuous chromatograms. Proteins were identified from the mass lists using the Mascot
2.4.0 program (Matrix Science). Protein representation in the sample was evaluated using
Multi Quant 3.0.2 software from the MRM transition peak area.

2.6. Obtaining a Line of Human Juvenile Chondroblasts

We used a culture of juvenile chondroblasts obtained from cartilage fragments of the
interphalangeal joints of removed extra toes in healthy children diagnosed with polydactyly.
Collection of biological material for cell culture was performed after parents/legal repre-
sentatives had signed voluntary informed consent and with approval from the Bioethics
Committee at Samara State Medical University. Tissue donors were somatically healthy and
negative for HPV, HIV, HBsAg, and HCV infections. Material preparation was performed in
the Biotech Department “BioTech” cell culture laboratory at Samara State Medical Univer-
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sity. This laboratory is equipped with a suite of class B “clean rooms”, with the possibility
of upgrading to class A areas following ISO 5 standard. Cartilage tissue fragments were
washed three times with sterile Hanks’ solution, mechanically crushed, and then subjected
to enzymatic treatment with 0.1% collagenase solution Biolot LLC (Saint Petersburg, Russia)
for two hours in a shaker incubator BioSan (Riga, Latvia). The enzyme was inactivated by
adding sterile 0.02% Versene solution (Biolot LLC, Russia). The material was transferred to
centrifuge tubes and was washed in complete growth medium 199 containing 10% fetal
calf serum (Biolot LLC, Russia) and spun at 1500 rpm on a low-temperature centrifuge
Eppendorf 572 R (Eppendorf SE, Hamburg, Germany) at 4 ◦C for 20 min. The pellet was
transferred into sterile plastic culture dishes (TRR Techno Plastic Products AG, Trasadingen,
Switzerland) with an area of 25 cm2. A fresh portion of 10% 199 complete growth medium
was added to the culture vial, then placed in a CO2 incubator. The condition of cells in the
culture vial was monitored daily by observation under an inverted microscope Olympus
CKX-41 (Olympus Corporation, Tokyo, Japan). The culture medium was changed every
three days until the culture had attained 80% confluence, at which point the cells were
transferred into new culture vials. The obtained chondroblast lines were analyzed for
viability at the second passage using fluorescence microscopy.

2.7. Creation of a Cell-Tissue Graft

The Lyoplast® tissue engineering product is a 3D carrier of demineralized human spon-
giosa seeded with juvenile chondroblasts. The chondroblasts were seeded on the scaffold.
Cell culture was removed from the bottom of the culture plate at four passages in a tradi-
tional manner and seeded at a density of 5 × 104 cells per 27 mm3 (3 mm × 3 mm × 3 mm)
block of the medium. The tissue-engineered constructs were placed in 7 mL vials with a
complete growth medium (2 samples per vial) and were cultured in an incubator at 5%
CO2 and 20% O2 at 37 ◦C. Samples of demineralized spongiosa Lyoplast® of similar size
but without chondroblasts served as a control group.

2.8. Fluorescence Microscopy

Fluorescence microscopy was performed using the Leica DMIL LED fluorescence
module (Germany). For this purpose, a Live/Dead® Viability/Cytotoxicity AssayKitflu-
orophore kit (Thermo Fisher Scientific Inc, Waltham, MA, USA) was used. Staining was
performed according to the manufacturer’s protocol. The kit contains Calcein-AM and
ethidium homodimer-1 solutions and is designed for simultaneous fluorescent staining of
live and dead cells. Calcein-AM, the acetoxymethyl ester of calcein, is highly lipophilic
and permeable to cell membranes. Although calcein-AM is not a fluorescent molecule,
calcein produced by esterase reaction with calcein-AM in viable cells emits strong green
fluorescence (490 nm excitation, 515 nm emission), while calcein-AM stains only viable cells.
On the other hand, the nucleus staining dye ethidium homodimer-1 cannot pass through
cell membranes, but it penetrates the membrane of dead cells, reaches the nucleus, and
intercalates with the double helix of the cell DNA, where it shows red fluorescence (535 nm
excitation, 617 nm emission). Thus, living cells glow green, while dead cells glow red.

2.9. MTT Assay for the Study of Demineralized Human Spongiosa Cytotoxicity

A culture of juvenile human chondroblasts of the seventh passage was used to study
the cytotoxicity of the human spongiosa. A culture of human chondroblasts was seeded on
a 24-well plate (SPL LIFE SCIENCES, Gyeonggi-do, Korea) at a dose of 4 × 104 cells/well
and incubated in a CO2 incubator Sanyo MSO-18AC (SANYO Electric Co., Ltd., Osaka,
Japan) at 37 ◦C and 5% CO2. Control №1—medium only; control №2—medium with
spongiosa. Probes №1 and №2 are cells only and cells with spongiosa, respectively. After
the monolayer reached 80% confluency, the nutrient medium 199 Biolo t LLC, (Saint
Petersburg, Russia) with a serum content of 10% (Biolo T, Russia) was changed in the
wells, and Lyoplast® spongiosa samples Lyocell (Samara, Russia) were placed in cubes
5 mm × 5 mm × 5 mm in size. Permeable plate inserts SPL LIFE SCIENCES, Gyeonggi-do,
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Korea were used to hold the material above the monolayer to exclude mechanical damage
to the monolayer. After 48 h of cultivation with the material, cell viability was determined
using 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany), which allows evaluating the ability of live cells to
convert soluble tetrazolium salt into an insoluble purple precipitate of formazan due to the
action of cellular dehydrogenases. After removing the medium, each well was incubated
with 0.3 mg/mL MTT in a growth medium at 37 ◦C for 3.5 h. At the end of the incubation
period, the medium was removed by pipetting; intracellular formazan was dissolved in
200 μL of DMSO; and the optical density was measured at 550 nm on a Tecan Infinite M200
Pro microplate reader (Tecan Group Ltd., Männedorf, Switzerland). The percentage of
viable cells was determined based on the calculated optical density, taking as 100% the
values in the wells with cells without material.

3. Results and Discussion

3.1. Materials Characterization

Low-frequency ultrasound exposure, such as cavitation and microwaves, ensured
complete destruction and removal of all cellular and bone marrow components, including
bone cells, stroma, myeloid cells, and lipids from the spongiosa. Quality control of the
scaffold delipidization was performed using physical and biochemical methods listed
below. After lyophilization in a sublimation unit, the humidity of the biomaterial did not
exceed 5%.

Exposure of the material to hydrochloric acid resulted in the final destruction of bone
cells and demineralization of the scaffold.

The shelf life of lyophilized demineralized spongiosa Lyoplast® is three years after
gamma-ray sterilization. Storage and transportation of the finished product does not
require any special temperature conditions.

3.2. Scanning Electron Microscopy

SEM examination of human spongiosa that underwent all stages of the Lyoplast®

bioimplant production process, including ultrasound treatment of the biomaterial, deminer-
alization, lyophilization, and γ-sterilization, showed complete preservation of the original
trabecular bone architectonics. According to the results of the SEM, the completed biopoly-
mer product is a porous three-dimensional (3D) matrix with a hierarchical structure of pores
of various calibers (300–800 μm), free of cellular and bone marrow components. Trabeculae
of lamellar bone are visualized on the image; their contours are precise and interconnected
to form fine pores. Similarly, these fine pores do not contain cellular and bone marrow
components. The 3D photos demonstrate a self-similar hierarchical architecture of the
human spongiosa organization (Figure 2).

Figure 2. Architectonics of demineralized lyophilized human spongiosa (SEM). Trabecular architec-
ture: (A) cross section of trabeculae (marked by an arrow), ×100; internal structure of the trabeculae
(B) ×500.
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3.3. Micro-Computed Tomography

Non-destructive microstructural analysis of the Lyoplast® human spongiosa bioim-
plant using computed microtomography confirmed the preservation of spongy bone’s
trabecular architectonics and porous microstructure with a pore caliber of 300 to 800 μm.
Three-dimensional reconstruction of bone tissue samples using a resolution of 8.6 μm/pixel
and a voltage of 80 kV made it possible to visualize the surface of the pores, free from
cellular debris and fatty components of the bone marrow (Figure 3).

Figure 3. Architectonics of demineralized lyophilized human spongiosa (Micro-CT). Trabecular
architecture: (80 kV, 8.6 μm/pixel; 1081 projections; 0.5 s exposition time).

Using a resolution of 1.1 μm/pixel and a voltage of 80 kV confirmed the hierarchical
bone tissue architectonics and allowed us to visualize osteocyte lacunae in the intrinsic
structure of bone trabeculae. The average caliber of osteocyte lacunae was 10–30 μm. The
investigation also confirmed the absence of a cellular component in the lacunae. In addition,
three-dimensional image inversion allowed a detailed analysis of the number and condition
of osteocyte lacunae. (Figure 4). An essential advantage of micro-computed tomography
compared to scanning electron microscopy (SEM) is the combination of high-throughput
fashion and ultra-high resolution, making it possible to simultaneously visualize a signifi-
cant number of osteocyte lacunae while maintaining high image quality.
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Figure 4. Architectonics of demineralized lyophilized human spongiosa (Micro-CT). Trabecular
architecture: (80 kV, 8.6 μm/pixel; 1081 projections; 0.5 s exposition time) (a)—visualization of the
osteocyte lacunae; (b,c)—image inversion and osteocyte lacunae detection).

3.4. Raman Spectroscopy

Raman spectroscopy allowed us to obtain detailed information about spectral contour
decomposition of demineralized spongiosa samples using a Gaussian function as a trial
(Figure 5). The mean value of the coefficient of correlation between the recovered and input
spectrum (R2) in the region of 750–2050 cm−1 was 0.99, indicating near-perfect agreement.

Figure 5. Spectral contour decomposition of demineralized spongiosa samples. The solid line-original
Raman spectrum; the dashed lines-the Raman lines after separation.

We have established no mineral components in the demineralized spongiosa, as indi-
cated by the disappearance of the Raman line at 956 cm−1, corresponding to PO43−(ν1).
As can be seen in Figure 3, the demineralized spongiosa lacks fat, as indicated by the
absence of an intense Raman line at 1307 cm−1 (lipids). At the same time, the preservation
of the organic matrix is observed, as indicated by the presence of Raman lines at 850 cm−1

(proline), 1238 cm−1–1272 cm−1 (Amide III), 1450 cm−1 (proline), 1167 cm−1 (glycosamino-
glycans), and 1660 11 cm−1 (Amide I). Collagen is the main protein component of bone
tissue, and it forms the fibrillar framework of the bone matrix. The amino acid sequence
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of collagen is notably rich in proline, about half of which is hydroxylated during collagen
breakdown to form hydroxyproline.

3.5. Mass Spectroscopy

Proteomic analysis of the demineralized human spongiosa demonstrated the presence
of collagenous and extracellular bone matrix proteins. The ability of these proteins to
stimulate and inhibit cell adhesion, proliferation, and differentiation is noteworthy. We
identified five main types of collagen (I, IV, VI, XII, XIV), fibronectin, vitronectin, osteo-
pontin, matrix Gla-protein, along with TGF-β mimecan, decorin, and other proteins in the
human spongiosa organic matrix. A list of these proteins, their localization, and their mass
are presented in Table 1.

Table 1. List of organic components identified in the analysis of demineralized human spongiosa
Lyoplast®.

Proteins (Polypeptide Chains) Localization Mass, kDa

Matrix Gla-protein Bone 12,353
Secreted phosphoprotein 24 Bone 24,338

Transforming growth factor beta-1 (TGF-β1) Bone 25,000
Mimecan Bone 33,922

SPARC (Osteonectin) Bone 34,632
Bone sialoprotein 2 Bone 35,148

Osteopontin Bone 35,423
Lumican Extracellular matrix (ECM) 38,429
Decorin ECM 39,747

Chondroadherin Cartilage matrix protein 40,476
Biglycan ECM 41,654

Fibromodulin ECM 43,179
Prolargin ECM 43,810

Osteomodulin Bone 49,492
Vitronectin Plasma, ECM 75,000

Collagen (I) alpha chain ECM 108–168
Collagen (IV) alpha chain ECM 108–168
Collagen (VI) alpha chain ECM 108–168
Collagen (XII) alpha chain ECM 108–168
Collagen (XIV) alpha chain ECM 108–168

Tenascin ECM 240,853
Fibronectin Plasma, ECM 262,625

We assign properties and functions of the identified proteins according to Baghy et al. [25–28].
In summary, collagen acts as a cell-binding protein that performs an adhesive function by
integrating collagen bundles, a major component of the extracellular matrix. Bone, basal
membrane, and soft tissue collagens are found in human spongiosa. Fibronectins bind cell
surfaces and compounds, including collagen, fibrin, heparin, DNA, and actin. Fibronectins
are involved in cell adhesion, cell motility, opsonization, wound healing, and maintenance
of cell shape. They also participate in the regulation of type I collagen deposition by
osteoblasts. Vitronectin is a glycoprotein of the hemopexin family, which is abundant in
serum and the extracellular matrix of bone tissue. It is involved in fibrinolysis, mediates
cell adhesion and migration, and binds glycosaminoglycans, collagen, and plasminogen.
These three organic substances (collagen, fibronectin, vitronectin) are widely used in
biotechnology to create the cytoadhesive surface of the culture plate.

Mimecan, or osteoglycin, is a small proteoglycan rich in leucine, important for collagen
fibrillogenesis. Decorin, lumican, and biglican are small proteoglycans of the extracellular
matrix that bind to fibronectin, inhibit cell adhesion, attach to tumor growth factor, and
reduce tumor cells’ mitogenic activity. They play a regulatory role in connective tissue
development and repair processes. TGF-β1 is a secreted protein that performs many
cellular functions, including control of cell growth, cell proliferation, cell differentiation,
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and apoptosis. Osteopontin is involved in cell proliferation, migration, and adhesion,
including bone marrow mesenchymal stem cells, hematopoietic stem cells, osteoclasts, and
osteoblasts. Osteonectin is a bone tissue glycoprotein that binds calcium. It is released by
osteoblasts during bone formation, initiating mineralization and promoting the formation
of mineral crystals. Osteonectin also has an affinity for collagen. Finally, bone sialoprotein
is a critical component with a high sialic acid content of the extracellular bone matrix,
constituting approximately 8% of all non-collagenous proteins. It has the function of
forming the hydroxyapatite core during bone mineralization. Matrix Gla-protein associates
with the organic matrix of bone and cartilage and acts as an inhibitor of bone formation,
thereby playing an essential role in bone mineralization but acting as a mineralization
inhibitor in cartilage and vessels. Finally, the extracellular matrix protein tenascin is
involved in the control of migrating neurons and axons during neuronal development,
synaptic plasticity, and regeneration. Its role in osteoblasts differentiation is unknown.
This comprehensive analysis of protein constituents complements the results of Raman
spectroscopy and provides a broader understanding of the biochemical composition of the
organic matter of human spongiosa Lyoplast®.

3.6. Obtaining a Line of Human Juvenile Chondroblasts and Creating a Cell-Tissue Graft

Observations of the native culture showed that cells had excellent adhesive properties.
On the first day in culture, most chondroblasts from the suspension were deposited

from the medium to the bottom of the plate, where they attached and spread out. They took
on an elongated shape with a well-defined boundary, connecting through 3–5 processes.
The cytoplasm contained many vacuoles in the peripheral zone. The nucleus was oval
shaped, usually located in the center of the cell, and contained 1–3 nuclei. The number
of cells gradually increased during cultivation, forming a uniform monolayer. When the
culture reached 80% confluence, the chondroblasts adhered tightly to each other, and there
were practically no areas free of cells. At this stage, cell transplantation was performed
using the standard method. A qualitative culture assessment was carried out using cultural
and morphological methods in the fourth passage. Our earlier preclinical animal studies,
using combined cell-tissue grafts based on rabbit allogenic demineralized spongiosa and
rabbit rib cartilage cell culture, showed the healing of the animal joint’s simulated bone
and cartilage defects. Finally, organotypic hyaline cartilage tissue was revealed [19], and
it is promising for translational use of Lyoplast® human spongiosa. The unique structure
and composition of the demineralized human spongiosa allowed us to use it as an effective
bioscaffold for creating the cell-tissue graft.

The findings reported by Doran and his study group members in 2021 [29] also
demonstrated the efficiency of using cartilaginous differon cells for articular cartilage tissue
restoration. Obtained results demonstrate the prospect for further use of demineralized
human spongiosa for articular hyaline cartilage defects repair. Obtaining such cell-tissue
grafts is relatively simple and does not require complex bioreactor systems.

Cell cultures stained with hematoxylin and eosin showed the geometric pattern typical
of cartilage differon cells. The cells were aligned, forming concentric and ellipsoidal figures
resembling osteons and insertion plates of compact bone tissue. The presence of polygonal
cells was noted. The cytolemma of chondroblasts in culture was smooth, and the weakly
oxyphilic cytoplasm contained vacuoles. Nuclei of regular round shape with a smooth
envelope were located mainly in the center. Chromatin in the form of fine granularity was
located diffusely in the nuclei. The large processes were shortened, and the intercellular
substance was visualized as translucent layers (Figure 6a). The fluorescence microscopy
with a Live/Dead® fluorophore kit revealed 93% viable cells (Figure 6b).
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(a) (b) 

Figure 6. Human juvenile chondroblast culture: (a) hematoxylin and eosin staining. Light microscopy,
×100; (b) live chondroblasts exhibiting bright green glow. Fluorescence microscopy. Staining with
Live/Dead® fluorophores, ×100.

Upon examining living and damaged cells populated on a 3D carrier made of Lyoplast®

human spongiosa using the Live/Dead® kit, we detected viable cells with bright green
coloration and damaged or dead cells with a bright red nucleus (Figure 7a). On closer
examination, the cells on the surface of the trabeculae were evenly distributed throughout
the scaffold depth, and the shape was polygonal (elongated, triangular, rounded). We
visualized the outgrowths with which the chondroblasts were connected, creating a uni-
form monolayer, which was indicative of good cell adhesion to this material. When the
cell-tissue graft was examined using SEM, we saw adsorption of proteins on the trabeculae
surface, where cells of elongated shape were connected by outgrowths (Figure 7b).

Figure 7. Demineralized spongiosa using the Lyoplast® technology with populated chondroblasts:
(a) populated viable chondroblasts on the surface of the biocarrier (arrows indicate attached cells).
Live/Dead® fluorophore staining. Fluorescence microscopy, ×100; (b) cells inhabiting the surface of
trabeculae are marked by arrows. SEM, ×100.

3.7. MTT Assay of the Demineralized Human Spongiosa MTT Test Results

MTT Assay of the Demineralized Human Spongiosa MTT Test Results Are Presented
in Table 2 and Figure 8.
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Table 2. MTT test. Indicators of optical density in experimental and control wells.

Controls Probes

Medium Medium + Spong Cells Cells + Spong

OD, units 0.0716 0.0782 0.491 0.512

STDV 0.007163155 0.000260349 0.023076494 0.002760717

Using MTT test (48 h treatment), it was found that for the experimental group
(Cells + Spong and controls (Cells only)), the optical density was 0.491± 0.023 and 0.512 ± 0.003,
correspondingly. Statistical analyses revealed that no significant statistical differences in
cell viability (p = 0.513) were observed between control cells (Cells only) and cells grown in
the presence of the investigated biomaterial (Cells + Spong).

Thus, the investigated biomaterial—demineralized human spongiosa Lyoplast®—is
not cytotoxic.

Figure 8. MTT test. No difference in cell viability between control (Cells only) and probe
(Cells + Spong) was detected by MTT test.

4. Conclusions

Microstructural analysis of the demineralized human spongiosa convincingly demon-
strates its preserved hierarchical porous structure. Pores of various configurations and
calibers are entirely free of cellular debris and bone marrow components. Furthermore,
the proteomic analysis confirmed the complete preservation of collagen and other extra-
cellular matrix proteins. These proteins play a crucial role in inhibiting and stimulating
cell adhesion, proliferation, and differentiation. We revealed the adhesion of chondroblast
cell cultures in vitro without any evidence of cytotoxicity. Revealed features of the dem-
ineralized human spongiosa create optimal conditions for hyaline articular cartilage and
subchondral bone regeneration. Thus, according to the study results, demineralized human
spongiosa Lyoplast® can be effectively used as the bioactive scaffold for articular hyaline
cartilage tissue engineering. For the future perspective, the identified microstructural
and biochemical features of the demineralized human spongiosa can be considered in 3D
bioprinting and creating tissue-engineering constructs of the cartilage tissue.

5. Patents

Patent RF № 2170016 from 17.02.1999 “Method of saturation of bone spongy tissue
grafts with medication” Volova L.T., Kirilenko A.G., Uvarovsky B.B.

Patent RF № 2156139 from 15.03.1999 “Method of sterilization of lyophilized bone
transplants” Volova L.T., Kirilenko A.G., Uvarovsky B.B.
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Patent RF № 99108699 from 21.04.1999 “Method of bone marrow removal from cancel-
lous bone grafts” Volova L.T., Kirilenko A.G.

Patent RF № 2366173 of 15.05.2008. “Method of manufacturing large-block lyophilized
bone implants” Volova L.T.
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Olejniková, P.; Ondreáš, F.;

Špitalský, Z.; Ghosal, K.; Berkeš, D.

Antibacterial Electrospun

Polycaprolactone Nanofibers

Reinforced by Halloysite Nanotubes

for Tissue Engineering. Polymers 2022,

14, 746. https://doi.org/10.3390/

polym14040746

Academic Editors: Ariana Hudita

and Bianca Gǎlǎţeanu
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Abstract: Due to its slow degradation rate, polycaprolactone (PCL) is frequently used in biomedical
applications. This study deals with the development of antibacterial nanofibers based on PCL and
halloysite nanotubes (HNTs). Thanks to a combination with HNTs, the prepared nanofibers can be
used as low-cost nanocontainers for the encapsulation of a wide variety of substances, including
drugs, enzymes, and DNA. In our work, HNTs were used as a nanocarrier for erythromycin (ERY)
as a model antibacterial active compound with a wide range of antibacterial activity. Nanofibers
based on PCL and HNT/ERY were prepared by electrospinning. The antibacterial activity was
evaluated as a sterile zone of inhibition around the PCL nanofibers containing 7.0 wt.% HNT/ERY. The
morphology was observed with SEM and TEM. The efficiency of HNT/ERY loading was evaluated
with thermogravimetric analysis. It was found that the nanofibers exhibited outstanding antibacterial
properties and inhibited both Gram- (Escherichia coli) and Gram+ (Staphylococcus aureus) bacteria.
Moreover, a significant enhancement of mechanical properties was achieved. The potential uses of
antibacterial, environmentally friendly, nontoxic, biodegradable PCL/HNT/ERY nanofiber materials
are mainly in tissue engineering, wound healing, the prevention of bacterial infections, and other
biomedical applications.

Keywords: biocompatible; antibacterial; halloysite; erythromycin; polycaprolactone; nanofibers;
electrospinning; tissue engineering

1. Introduction

Halloysite nanotubes (HNTs) are natural, nontoxic, biocompatible, eco-friendly, and
low-cost materials recognized by the Environmental Protection Agency as nanomaterials
(EPA 4). Presently, HNTs play a significant role in drug-carrier systems suitable for different
biomedical applications, e.g., tissue engineering [1,2].

HNTs, naturally occurring in 1:1 layered aluminosilicate clay, consist of aluminum and
silicon oxide layers rolled into tubes. The layers are rolled into tubes because of differences
in the sizes of silicon and aluminum ions [3]. The typical length of the nanotubes is about
1–2 μm. Their outer and inner diameters range from 50 to 100 nm and from 10 to 50 nm,
respectively [4,5]. For biomedical applications, the most significant advantages of HNTs
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compared to other tubular silicates are that they present a unique combination of structure,
natural availability, rich functionality, good biocompatibility, and cytotoxicity [2,3,6–9].

One of the most remarkable features of HNTs is their different surface chemistries at
the inner and outer sides of the tubes: silica sheets make up the external surfaces of the
tubes and aluminum oxide makes up the inner (lumen) surface chemistry. Furthermore,
alumina has a positive charge up to pH 8.5, and silica has a negative charge at pH values
above 1.5 [10,11]. Due to differently charged outer and inner sides, it is possible to utilize
HNTs as multifunctional nanocontainers for the selective modification of the outer and
inner sides of nanotubes [7,11–16].

Halloysite’s inner diameter fits well to macromolecules and proteins [6]. In this regard,
drugs of smaller molecular size are typically vacuum-loaded within the inner lumen of
the nanotube, and drugs with larger molecular size can attach to the outer surface of the
halloysite [17].

HNTs have also been successfully used as low-cost nanocontainers for several an-
tibiotics such aminoglycoside gentamicin [18] and β-lactam antibiotic amoxicillin [19]. In
addition, a wide range of applications of vancomycin-loaded halloysite nanotubes have
been presented in alginate-based wound dressing [20] and silk fibroin hydrogel applicable
for bone tissue engineering [21].

Electrospinning is a technology for the fabrication of continuous nanofibers with
a simple setup [22]. Electrospun nanofibers can be prepared from natural or synthetic
polymers or their blends. In the past decade, significant progress has been achieved in re-
searching advanced electrospun nanofibers for biomedical applications or one-dimensional
nanofibers made of intrinsically conducting polymers [23]. Recent advances in the elec-
trospinning of functional scaffolds for tissue engineering and nanofiber scaffolds were
summarized in the work of Hanumantharao et al. [24]. Simultaneously with the improve-
ment of electrospun process technology, a lot of effort is being made to study new types of
antimicrobial nanoparticles or make the known ones much more effective against microbial
effects [25–28].

At present, there have been many examples where a biodegradable polymer ma-
trix was combined with antimicrobial nanofillers (e.g., metals and/or metal oxides) for
the preparation of polymer nanocomposites for biomedical applications [29–31]. An ex-
tensively used synthetic, biodegradable, semi-crystalline polymer used for biomedical
applications is polycaprolactone (PCL) [32]. PCL is well known for its versatile use, bio-
compatibility, chemical stability, thermal stability, slow biodegradation (around 24 months),
tissue compatibility, and easy processing [31,33]. PCL is often used in biomedicine as an
FDA-approved material in the form of nanofibers that have evolved as controllable drug
delivery systems [34,35]. Furthermore, due to its slow degradation rate, PCL is a preferred
polymer mainly used as a long-term drug delivery carrier. Another advantage of PCL is
its compatibility with a wide range of drugs, which provides a homogenous distribution
of predominantly lipophilic drugs in the carrier matrix due to its hydrophobic nature [36].
Moreover, in our earlier work, it was confirmed that except for an important and strong
reinforcing effect, all studied PCL/Gel nanofibers with an HNT content from 0.5 to 9.0 wt.%
were non-toxic and had no effect on cell behavior [35]. Thus, through a combination of low-
strength PCL with drug-loaded halloysite, it is possible prepare reinforced biodegradable
polymer nanocomposites with regular drug release.

In this work, electrospun nanofibers based on PCL and drug-loaded HNTs were
studied. HNTs were used as a nanocarrier for erythromycin (ERY) as a model antibacterial
active compound with wide range of antibacterial activity on both Gram-positive and
Gram-negative bacteria. ERY—a macrolide antibiotic used to treat a number of bacterial
infections, e.g., respiratory tract infections and pelvic inflammatory disease—was used
for HNT loading. In addition, erythromycin is clinically used in dermatology as a very
effective topical antibiotic drug in treating bacterial skin disease.

ERY is soluble in methanol but has minimal solubility in an aqueous solution and
presents acid instability, which limit its broader application. Therefore, drug-carrier systems
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based on HNTs and ERY have great potential to overcome these weaknesses. Moreover,
cheap ERY was chosen as a model substrate for another type of pH-sensitive macrolide
antibiotics intensively studied by our group [37].

2. Materials and Methods

2.1. Materials

PCL CAPA® 6800 (Mw = 80,000) and Erythromycin E6376 were obtained from Sigma-
Aldrich Saint Louis, MO 63103, USA and ULTRA HalloPure, respectively, produced by
I-Minerals Inc., Vancouver, BC, Canada. The ULTRA HalloPure comprised purified HNTs
with 93.5% of halloysite, 6.1% of kaolinite, and 0.4% of quartz from Dragon Mine in Utah
of USA, produced by Applied Minerals Inc., New York, NY, USA. The dimensions are
presented in Table 1. Methanol and distilled water were purchased from Lachner s.r.o.,
Neratovice, Czech Republic.

Table 1. Structural parameters of ULTRA HalloPure.

Length (μm) Inner Diameter (nm) Outer Diameter (μm) Aspect Ratio

1.0–2.0 15–20 0.10–0.20 Typically 15

2.2. Loading of a Drug in Halloysite Nanotubes

The loading of active agents to halloysite is based on the diffusion of molecules from
an external solution into the inner part of HNTs due to the concentration gradient. The
evaporation of the solvent under the vacuum elevates the concentration of the active agents
in the solution and enhances the diffusion rate. Therefore, fast-drying solvents with low
viscosities such as acetone or ethanol are preferable for organic substances [38]. To eliminate
potential water on the outer part of HNTs before the loading procedure, HNTs were dried
in the oven for 2 h at 150 ◦C. Since ERY is soluble in methanol, after the drying, it was
dissolved in methanol. HNTs were dispersed in the ERY solution and sonicated for 20 min.
The rate of halloysite to erythromycin was 60:40. After the sonification, halloysite loaded
with ERY was dried in a vacuum and washed with distilled water using a 0.2 μm membrane
filter. Residual unloaded ERY was removed with methanol (4 h).

HNTs were dried in the oven for 2 h at 150 ◦C. We dissolved 400 mg of the drug
in 25 mL of methanol. We dispersed 600 mg of dried halloysite in a drug solution (ratio
40:60 ERY:HNT), which was then sonicated for 20 min. Then, this dispersion was dried
in a vacuum. After vacuum drying, it was washed with distilled water using a 0.2 μm
membrane filter. Residual unloaded ERY was removed with methanol (4 h).

2.3. Optimization of Electrospinning Process Parameters

The electrospinning process for PCL composites (Figure 1) was optimized and pre-
viously described by our group [29]. Briefly, a solution of 10% w/v PCL was prepared in
a mixture of chloroform and methanol in a ratio of 4:1 and continuously stirred for 2 h.
Then, the mixture was kept unstirred for another 15 min to remove any bubbles present
in the solution. Prepared HNTs loaded with ERY were added to the PCL solution and
stirred for another 1 h. Electrospun fibers were fabricated using a Spellman high voltage
power source (Spellman High Voltage Electronics Corporation, New York, NY, USA) and
syringe pump (New Era Pump Systems, Inc., New York, NY, USA). The electrospinning
apparatus consisted of a 10 mL syringe that was integrated with a grounded electrode, and
the needle diameter was 0.41 mm. The distance between tee collector and source was kept
to 13 cm. One thin aluminum sheet was fixed over the static collector. The feeding rate for
the electrospinning solution was set to 1 mL/h at a voltage of 25 kV. The temperature for
the location varied between 21 and 29 ◦C, and the humidity varied from 73% to 93%.
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Figure 1. Scheme of electrospun nanofiber preparation.

2.4. Scanning Electron Microscopy

For the needs of scanning electron microscopy (SEM), the sample’s surface was covered
in gold with a Sample Preparation System Quorum Technologies Q150R S/E/ES sputter
coater evaporator (Quorum Technologies, Laughton, England, and the micrographs were
obtained with an FIB Microscope Quanta 3D 200i (FEI Company, Tokyo, Japan) in a
secondary electron mode at different magnitudes. The surface morphologies of pure and
modified fibers were obtained.

2.5. Transmission Electron Microscopy

The structure of HNTs loaded with ERY was characterized by transmission electron
microscopy (Jeol TEM 1200EX, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 100
kV. The sample was dispersed on a copper grid with carbon support film.

2.6. Antibacterial Activity

The antibacterial activity of HNT/ERY before and after removing residual ERY from
HNTs was assayed. The antibacterial activity of PCL/HNT/ERY nanofibers was assessed
with the diffusion method by placing the HNT, HNT:ERY, 1 cm2 of prepared PCL fiber,
PCL/HNT fiber, and PCL/HNT and ERY fiber on the inoculated (106 cells/mL) MHA
(Mueller Hinton Agar) growth media. For inoculation, the model bacteria S. aureus CCM
3953 (Czech Collection of Microorganisms) and E. coli CCM 3988 were used. The antibac-
terial activity of prepared nanofibers was evaluated as the occurrence of a sterile zone of
inhibition around the modified HNTs with ERY and modified fibers of PCL/HNT and ERY,
respectively, after cultivation for 24 h at 37 ◦C. With the aim to wash out the residual ERY
from the surface of the prepared materials, modified HNTs with ERY and the PCL/HNT
and ERY fibers were washed two times in methanol and two times in water. The antibac-
terial activity was evaluated again as described above. To evaluate the sustained release
of ERY from the PCL/HNT fiber, serial cultivation was examined as follows. The fresh
prepared PCL/HNT and ERY fibers were first placed on the inoculated growth media, and
the antibacterial effect was evaluated after 24 h of cultivation at 37 ◦C. Then, these same
fibers from the grown bacterial cultures were replaced with fresh ones that were again
cultivated and considered. This procedure was repeated for 5 days.

2.7. Mechanical Property Measurement

Mechanical properties were tested in uniaxial tension at a crosshead speed of
5 mm·min−1 and ambient temperature of 22 ◦C using a Zwick Roell Z010 (Zwick-Roell,
Ulm, Germany) equipped with a 10 kN load cell. Six specimens of rectangle shape (ap-
proximately 30 × 5 mm2) were tested for each type of material, and the averages and

153



Polymers 2022, 14, 746

standard deviations were determined. The thickness of the specimens was measured with
a micrometer.

2.8. Thermogravimetric Analysis

Thermal stability was determined by thermogravimetric analysis (TGA) using a Q1500
D instrument (from MON Budapest, with TA Universal Analysis software). Each sample
(100 mg) was heated from 30 to 600 ◦C at a heating rate of 10 ◦C/min in the presence of
air with a flow of 50 mL/min. The corresponding weight loss was recorded as a function
of temperature.

3. Results and Discussion

3.1. Microscopic HNT/ERY’ Structure Analysis

As our task was the preparation of antimicrobial nanofibers for biomedical appli-
cations, the main criterion for the selection of an appropriate type of halloysite was its
purity. For this reason, we selected ULTRA HalloPureTM tubular halloysite. This particular
HNT type has a very high purity (93.5%), with only trace levels of feldspar. The second
reason for our study was ULTRA HalloPure’s geometry. From the point of view reinforcing
effect, which is essential for nanofibers based on low-strength PCL, it is necessary to use
HNTs with long aspect ratios. Moreover, long-aspect-ratio HNTs provide more prolonged
antibacterial effects due to the release of an active compound. The geometry of the used
HNT type (length, inner and outer diameter, and aspect ratio) is presented in Table 1.

The micromorphology and nanomorphology of HNTs both modified and loaded with
ERY were studied with transmission electron microscopy. The structure of HNTs before
ERY loading is shown in Figure 2. TEM images of HNTs loaded with ERY are shown in
Figure 3.

Figure 2. TEM of unmodified HNTs before ERY loading.

Figure 3. TEM of HNTs loaded with ERY.
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3.2. Loading Efficiency of HNTs

A thermogravimetric study of HNTs and HNT/ERY was performed to determine
loading efficiency, i.e., the amount of ERY loaded into HNTs. As mentioned earlier, the
loading of active agents to HNTs is based on the diffusion of molecules from external solu-
tions into the inner part of HNTs due to the concentration gradient. As shown in Figure 3,
the unmodified HNTs were stable up to 500 ◦C, at which point de-hydroxylation [6,39]
occurred with a disruption of the tube-wall multilayer packing. At 600 ◦C, the weight
loss of the unmodified HNTs was 12.5 wt.% (blue curve in Figure 4). Pure erythromycin
showed steep decomposition around 300 ◦C followed by a slow degradation process up to
600 ◦C. (red curve in Figure 4). The efficiency of the used loading method was evaluated
via a comparison TGA of pristine HNTs with HNTs loaded with ERY (HNT/ERY) washed
with water (green curve in Figure 4) and methanol (orange curve in Figure 4).

The sample of HNT/ERY washed in water (HNT/ERY/WAT) showed the main decom-
position around 300 ◦C followed by gradual degradation process and further degradation
step around 500 ◦C, reflecting the behavior of precursors.
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Figure 4. TG curves of ERY, HNTs, HNT/ERY washed in water, and HNT/ERY washed in methanol.

The weight loss of HNT/ERY/WAT—37.9 wt.% at 500 ◦C—corresponded to the rate
of erythromycin loaded on both the inner and outside surface of HNTs (HNT:ERY at 60:40)
and the rate of ERY loaded exclusively onto the inner surface of HNTs, as evaluated on the
sample from which residual ERY was removed with methanol: 4.6 and 11.5 vol.%, respec-
tively. In summary, we obtained extremely highly-loaded HNTs suitable for antibacterial
applications in biomedicine.

3.3. Morphological Observation of PCL/HNT/ERY Nanofibers

Our previous study described the morphology of electrospun PCL antibacterial com-
posites with different fillers—hydrophobic quantum dots working on the principle of photo-
dynamic therapy—for wound healing in tissue engineering in detail [29]. A strongly porous
material with interconnected structures was obtained via the electrospinning method. This
3D structure is very suitable for use in tissue engineering. Despite this fact, we created
relatively homogeneous nanofibers with an average thickness of 3–4 μm, and the same
effect was not observed in the case of HNT-loaded samples. As shown in Figure 5, the
fibers contained a lot of beads in their structure due to the very high probability of the
electric conductivity of the electrospinning solution to change, which is one of the key
factors of the electrospinning process. Hydrophobic quantum dots are semiconductors,
and HNTs or ERY-loaded HNTs are insulators. Therefore, the final electric conductivity of
the solution was significantly lower and the viscosity of solution was reduced. All those
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parameters affected the final structure of the fibers. These beads had only a minor effect on
antibacterial and mechanical properties because these were determined by releasing ERY
from HNTs, as shown later.

Figure 5. SEM images at high magnification (5000×) in the secondary electron mode of electrospun
(A) pure PCL, (B) PCL and 6 wt.% HNT nanofibers, (C) PCL and 6 wt.% HNT/ERY (80:20), and
(D) PCL and 6 wt.% HNT/ERY 60:40.

3.4. Antibacterial Properties of PCL/Halloysite/ERY

The antibacterial activity of HNT/ERY before and after the removal of residual ERY
from HNT surfaces was assayed (Figure 6), and the obtained antibacterial properties
of PCL/HNT and ERY are shown in Figure 7. Because PCL and HNT/PCL were not
antibacterial active, as is clear from Figure 7, no inhibition zone was formed; the HNT/ERY
and PCL/HNT/ERY nanofibers revealed significant antibacterial activity.

Zones of inhibition were observed around the HNT and ERY fibers and the = PCL/HNT
and ERY fibers. After the successful incorporation of ERY into the carrier HNTs (proving
that it was also a part of the prepared PCL/HNT fibers), the washing of the fibers in
methanol followed by washing in water was conducted to ensure that the whole residual
ERY of the surface was removed. Next, the antibacterial assay was repeated with washed
materials. As is clearly shown in Figures 6 and 7, even though the zones of inhibition of
washed samples were smaller, antibacterial activity was recorded again, which means that
the antibiotic was incorporated into the HNT nanostructures. Accordingly, HNTs are an
appropriate carrier for ERY.

Finally, the antibacterial activity was assayed when the PCL/HNT and ERY fibers
were repeatedly (three times) replaced on fresh inoculated growth media. The results are
shown in Table 2. These results support the idea of sustained release from the prepared
fiber because the antibacterial effect was still observed after the second replacement (72 h)
for E. coli and after the first replacement (48 h) for S. aureus (Table 2).
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Figure 6. Comparison of the antibacterial activity of HNT/ERY before and after removing ERY from
the outside surface of HNTs assayed with the disk diffusion method on E. coli and S. aureus. The
antibacterial activity was recorded as the inhibition zone diameter ± SE (standard error).
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Figure 7. Comparison of the antibacterial activity of washed and unwashed PCL/HNT fibers with
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Table 2. Antibacterial activity of PCL/HNT and ERY fiber after 3x replacement.

Model Bacteria
Zone of Inhibition (mm)

Mode of Application Fiber PCL/HNT Fiber PCL/HNT and ERY

E. coli

Placed on the growth media 0 40
Replaced for the 1st time 0 35
Replaced for the 2nd time 0 21
Replaced for the 3rd time 0 0

S. aureus

Placed on the growth media 0 30
Replaced for the 1st time 0 30
Replaced for the 2nd time 0 0
Replaced for the 3rd time 0 0
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3.5. Mechanical Properties of PCL/HNT/ERY Nanofibers

As it is clearly evident, the mechanical properties of investigated PCL nanofiber
system were significantly influenced by the presence of both unmodified and HNT-loaded
ERY (Figure 8, Table 3). The introduction of HNT particles into nanofibers significantly
increased the Young’s modulus and tensile strength. Furthermore, elongation at break
remained unchanged for this system. The observed enhancement correlated well with
the results obtained on PCL [40]. Stress transfer, volume replacement, and segmental
immobilization [41–43] reinforcing mechanisms were responsible for this enhancement of
mechanical performance. The loading of ERY into HNTs decreased Young’s modulus to the
value of the PCL while elongation at break was significantly increased. The observed trend
re-affirmed the effect of plasticizers—small compatible molecules that are able to decrease
the glass transition temperature of polymers—and suggested the good compatibility of
ERY with the PCL/HNT nanofibers. More importantly, tensile strength also decreased
upon ERY loading. However, the decrease was so slight that the values of the PCL/HNT
and ERY systems were still more than 100% higher than those of the pure PCL system. A
similar tensile strength enhancement (about 100%) was observed for PCL/gelatin/HNT
microfiber system loaded with metronidazole [44].

Figure 8. Tensile strength, elongation at break, and Young’s modulus of PCL, PCL/HNT, and
PCL/HNT and ERY nanofibers.
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Table 3. Young’s modulus, tensile strength, and elongation at break of PCL, PCL/HNT, and
PCL/HNT and ERY samples.

Sample Young’s Modulus (MPa) Strength (MPa) Elongation at Break (%)

PCL 0.9 ± 0.4 0.3 ± 0.1 27.9 ± 5.4
PCL/HNT 2.1 ± 0.4 1.0 ± 0.1 32.9 ± 6.8

PCL/HNT and ERY(80:20) 0.7 ± 0.4 0.76 ± 0.1 56.8 ± 9.2
PCL/HNT and ERY(60:40) 0.9 ± 0.3 0.83 ± 0.1 57.4 ± 9.5

4. Conclusions

In this work, antibacterial, biodegradable, environmentally friendly, and nontoxic
nanofibers with good biocompatibility and cost-effective production were prepared via
the electrospinning of PCL and HNTs loaded with ERY. The PCL/HNT/ERY nanofibers
exhibited outstanding antibacterial properties and resulted in the inhibition of both Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. We observed
the gradual release of ERY out of the nanofibers, that was detected as repetitive antimi-
crobial activity after the material replacement on fresh prepared inoculated growth me-
dia. In addition to the antibacterial properties, the significant enhancement of mechan-
ical properties was achieved via the incorporation of both unmodified and ERY-loaded
HNTs, thus improving suitability of the system for medical applications. To summa-
rize, PCL/HNT/ERY nanofibers with strong antibacterial effects have great potential as
a progressive new biomedical material in both tissue engineering and a number of other
biomedical applications.
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Abstract: Poly(2-hydroxyethylmethacrylate)/Naproxen (NPX/pHEMA) and poly (2-hydroxypropyl
methacrylate)/Naproxen (NPX/pHPMA) composites with different NPX content were prepared in
situ by free radical photopolymerization route. The resulted hybrid materials were characterized by
Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), scanning
Electron microscopy (SEM), and X-ray diffraction (XRD). These composites have been studied as
drug carrier systems, in which a comparison of the in vitro release dynamic of NPX between the
two drug carrier systems has been conducted. Different factors affecting the performance of the
release dynamic of this drug, such as the amount of Naproxen incorporated in the drug carrier
system, the pH of the medium and the degree of swelling, have been investigated. The results of
the swelling study of pHEMA and pHPMA in different media pHs revealed that the diffusion of
water molecules through both polymer samples obeys the Fickian model. The “in vitro” study of the
release dynamic of Naproxen from NPX/pHEMA and NPX/pHPMA drug carrier systems revealed
that the higher percentage of NPX released was obtained from each polymer carrier in neutral pH
medium, and the diffusion of NPX trough these polymer matrices also obeys the Fickian model. It
was also found that the less the mass percent of NPX in the composites, the better its release will
be. The comparison between the two drug carrier systems revealed that the pHEMA leads to the
best performance in the release dynamic of NPX. Regarding Naproxen solubility in water, the results
deducted from the “in vitro” study of NPX/pHEMA10 and NPX/pHPMA10 drug carrier systems
revealed a very significant improvement in the solubility of NPX in media pH1 (2.33 times, 1.43 times)
and 7 (3.32 times, 2.60 times), respectively, compared to those obtained by direct dissolution of
Naproxen powder.

Keywords: poly(hydroxyalkylmethacrylate)/Naproxen; drug release; solubility enhancement;
drug-polymer miscibility; cell adhesion; toxicity; performance comparison

1. Introduction

Medications are introduced into the human body through various drug delivery
routes. For example, administered orally (by mouth), intravenously, intramuscularly, or
breathed into the lungs (inhaled). The oral route remains the most popular way of drug
administration [1]. In fact, it is the most preferred route by patients due to the ease of
self-administration, pain avoidance, and cost-effectiveness. Some other advantages are that
the oral ingestion route provides, for the patients, the least amount of sterility constraints,
the minimal possibility to introduce systemic infection as a complication of treatment, the
versatility to accommodate various types of drugs, and, most importantly, high patient
compliance. Hence, it is the most employed route of drug delivery [2,3]. However, an
orally administered drug must reach its target site at a concentration sufficient to induce
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the desired therapeutic effect. The term “bioavailability” refers to the fractional extent to
which an administered dose of drug reaches its site of action or bloodstream from which
the drug has access to finally reach its site of action [4,5]. Although the definition applies
to any route of administration, practically-speaking the term is usually used for the oral
route [6]. A severe drawback of oral ingestion of drugs is the limited absorption of some
drugs due to their physical characteristics (e.g., poor aqueous solubility and low membrane
permeability) [4]. According to the biopharmaceutical industry, all drugs must meet certain
minimal requirements to achieve clinical effectiveness. More than 40% of newly discovered
chemical entities entering the drug development pipeline fail to reach therapeutic range
due to their poor water solubility, which in turn influences the absorption of the drug from
the gastrointestinal tract, thereby leading to low bioavailability [7]. Among the severe
drawbacks of oral drug administration is that, in some cases, a significant portion of the
drug is destroyed in the stomach (very acidic pH) before reaching the intestines (neutral pH)
where it will be absorbed, and, therefore, additional amounts of drug are required to reach
the therapeutic threshold, not to mention the side effects that can cause fragments resulting
from the degradation of these drugs. Other medications cause direct irritation to the gastric
mucosa due to the inhibition of prostaglandins and prostacyclins and thus causes ulceration,
epigastric distress, and/or hemorrhage [8]. In order to minimize these inconveniences,
several authors have run towards the encapsulation of these drugs in the form of intelligent
systems labeled as “drug-carrier” acting according to the environment where they are
found. Sustained release of aspirin formulation would reduce the undesired side effects,
reduce frequency of administration, and improve patient compliance [9]. Zheng et al. [10]
investigated the ibuprofen/montmorillonite intercalation composites as the drug release
system, and the in vitro results revealed that the release of ibuprofen from this system was
affected by the pH value of the dispersion. The release rate in simulated intestinal fluid
(pH = 7.4) was noticeably higher than that in simulated gastric fluid (pH = 1.2).

Polymers have played a key role in the advancement of drug delivery technology.
The “in vitro” release of ibuprofen was also investigated by Carreras et al. [11]. These
authors encapsulated this drug by poly(ε-caprolactone) using the solvent casting method.
The results obtained revealed that the system has low homogeneity in particle size dis-
tribution, with a particle size average of 846.9 nm, and, therefore, they are microspheres.
Mangindaan et al. [12] developed a controlled release system composed of surface modified
porous polycaprolactone (PCL) membranes combined with a layer of tetraorthosilicate
(TEOS)–chitosan sol–gel. The drugs chosen in this investigation were silver-sulfadiazine
(AgSD) and ketoprofen, which were impregnated in the TEOS–chitosan sol–gel, and the
results obtained revealed that the release of AgSD on O2 plasma-treated porous PCL mem-
branes was prolonged when compared with the pristine sample. On the contrary, the
release rate of ketoprofen revealed no significant difference on pristine and plasma-treated
PCL membranes. Diclofenac sodium(DS) combined with an electrospinning nano-and-
nanofiber (DS-NNEM) mesh of polycaprolactone (PCL)-chitosan (CH) prepared by the
electrospinning technique was the subject of a controlled release study of soluble DS in
water [13]. Because of the very slow degradation of nanofiber mats, these authors suggested
that DS is released either by diffusion or by permeation through DS-NNEMs structure. In
summary, the results suggest that NNEMs technology can potentially serve as a biomimetic
platform for loading and the sustained release of biologically active therapeutic compounds
and other drugs for prolonged periods.

Naproxen (NPX), also known by its trade name “Proxen” (Scheme 1), belongs to
the family of aryl propanoic acids such as ibuprofen, ketoprofen and diclofenac. This
medication is a potent nonsteroidal anti-inflammatory drug (NSAIDs) that is used to treat
acute pain, inflammation, as well as pain related to arthritis and rheumatic diseases [14,15].
However, the pharmaceutical applications of Naproxen is hampered by its poor water
solubility [16]. Naproxen is a weak acid drug (pKa 4.2) that belongs to BCS class II drugs.
It is a highly lipophilic drug (log P 3.18) with an aqueous solubility of 0.0159 mg·mL−1 at
25 ◦C [15,17].
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Scheme 1. Chemical structure of Naproxen.

Among the polymers that have attracted the attention of many researchers in the
biomedical field, poly(2-hydroxyethyl methacrylate)(pHEMA) was found as a suitable
compatible biomaterial [18,19] and a good candidate for drug delivery [20–26] and bone
implantation [27–30]. This material can be prepared by bulk polymerization with low water
content or by suspension polymerization to form microbeads [31,32]. pHEMA is usually
reported to be biocompatible but less biodegradable [33]. However, for oral administration
of this polymer, it must not be biodegradable.

Although pHEMA has been extensively studied in the biomedical field, its analog
with additional methyl group, poly (2-hydroxypropyl methacrylate)(pHPMA) is very little
known in this field. Therefore, it will be curious to know the reasons why this polymer has
not been able to place itself among polymers selected as potential candidates as a carrier in
drug delivery or as scaffolds used in the biomedical field.

In order to have an idea on the performance of pHPMA in the drug release domain,
a comparative study on the effect of the 2-hydroxyalkyl methacrylate substituent on the
release dynamics of Naproxen from the Naproxen/poly (2-hydroxyalkyl methacrylate)
drug carrier system was carried out. To reach this goal, two series of composites involving
Naproxen combined with pHEMA and Naproxen combined with pHPMA as polymer
composites were prepared with different compositions by solvent casting route. The
distribution of NPX particles in the resulted systems were studied by FTIR, DSC, XRD, and
SEM methods, while the cell viability and the cell adhesions were examined by MTT test
and LDH essay. A comparative study of the efficiency of these two drug carrier systems
was carried out on the release dynamic of Naproxen by varying different parameters that
affect the release performance of NPX, such as the percentage of medication incorporated
in the polymer matrix and the pH media. The improvement in the solubility of Naproxen
in the different pH media was also deduced from the release process.

2. Materials and Methods

2.1. Chemicals

HEMA (purity, ≥99%), HPMA (purity, ≥99%), and AIBN (purity, 98%) were provided
by Sigma Aldrich (Taufkirchen, Germany). Proxen tablets manufactured by GRUNEN-
THAL were purchased from Riyadh Pharma (Saudi Arabia). Monomers were purified
from hydroquinone (inhibitor) by distillation under reduced pressure. AIBN was purified
three times by dissolution and recrystallization in ethanol. Human oral cancer cell line
Ca9-22 cells were obtained from the laboratory of Dr. Abdelhabib Semlali (GREB–laval
University, Quebec City, QC, Canada). RPMI-1640 medium was purchased from Ther-
moFisher (Burlington, ON, Canada), and the fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin solution were from Sigma Aldrich (St. Louis, MO, USA).

2.2. Naproxen Extraction

Commercialized Proxen 500 mg tablets were ground into a fine powder using an
electric grinder. The Proxen powder obtained is added to a 3M HCl solution and stirred
for 24 h then left to stand for 1 h. Naproxen (NPX) or (S)-2-(6-methoxynaphthalen-2-yl)
propionic acid, which is very poorly soluble in water precipitates, the additives dissolve,
and the precipitant is then recovered by filtration. The extracted NPX powder is washed
several times with water and then dried under a vacuum at 25 ◦C to constant weight. In
order to remove the residual matter from the organic phase, the dry precipitate obtained is
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dissolved in chloroform and then transferred to a separating funnel containing an equiv-
alent amount of distilled water. The whole is then stirred until the complete dissolution
of Naproxen. The two phases are finally separated by settling. This process was repeated
three times to ensure the purification of the product. Pure Naproxen is then extracted from
the isolated organic phase by evaporating chloroform at room temperature (25 ◦C) using
a rotary. The melting point of the pure NPX white crystals obtained, measured by DSC
analysis, indicates 166 ◦C, which agree with the literature [34].

2.3. Preparation of NPX/pHEMA and NPX/pHPMA

NPX/pHEMA and NPX/PHPMA composites containing 2, 5, 7, and 10 wt% of NPX
were prepared in situ by free radical polymerization at 25 ◦C in the presence of NPX using
camphorquinone as a photoinitiator. Using known amounts distillated under reduced
pressure of HEMA and HPMA monomers, camphorquinone and NPX were weighed with
precision and placed in a Teflon pan traversed with a stream of nitrogen U. These mixtures
are irradiated throughout the reaction time by means of UV light coming from a UV lamp
with a wavelength of 380 nm and a power of 13.3 MW. A solid film deposed in the Teflon
pan is obtained indicating the completion of the polymerization reaction. To remove all
traces of residual monomer encrusted in the film obtained, the Teflon pan and polymer film
set are placed in a vacuum oven maintained at 40 ◦C until constant mass. The aggregated
NPX particles deposited or glued to the film surface are removed by washing three times
with distillated water. Two series of NPX/pHEMA and NPX/pHPMA mixtures containing
2, 5, 7, and 10 wt% of NPX content are prepared by this same method, and the preparation
conditions are summarized in Table 1.

Table 1. Preparation conditions of NPX/pHEMA and NPX/pHPMA composites.

Drug-Carrier
System

HEMA
(g)

HPMA
(g)

NPX
(g)

NPX (wt%)
Camphorquinone

(g)

NPX/pHEMA2 5.00 - 0.102 2.0 1.0
NPX/pHEMA5 5.00 - 0.263 5.0 1.0
NPX/pHEMA7 5.00 - 0.376 7.0 1.0
NPX/pHEMA10 5.00 - 0.555 10.0 1.0
NPX/pHPMA2 - 5.00 0.102 2.0 1.0
NPX/pHPMA5 - 5.00 0.263 5.0 1.0
NPX/pHPMA7 - 5.00 0.376 7.0 1.0

NPX/pHPMA10 - 5.00 0.555 10.0 1.0

2.4. Characterization

The FTIR spectra of NPX powder, PHEMA homopolymer, NPX/PHEMA, and NPX/
PHPMA composites films were performed in the wavenumber range 400–4000 cm−1 on
a Nicolet 6700 FT-IR from the company Thermo Scientific. A 30,000–200 cm−1 diameter
diamond-like Smart orbit crystal reflector, supplied by the same company, was used to
accomplish this task. The DSC thermograms of drug, polymer, and their mixtures were
performed on a Shimadzu DSC-60 (Japan) previously calibrated with indium. An amount
of 8–10 mg of NPX powder or film samples were deposited in an aluminum pan and then
closed, being placed in the DSC analysis cell. All samples were scanned from −40 to +240 ◦C
under nitrogen gas atmosphere at a heating rate of 20 ◦C·min−1. All the thermograms
taken from the second scan run revealed no traces of polymers or drug degradation. The
Tg value of pure constituents or their mixture was taken precisely as the median point on
the thermogram indicating the variation in the heat capacity versus the temperature. The
Tm value was taken exactly at the top of the endothermic peak. The surface morphology
of NPX particles, polymers, and their composites were examined by scanning electronic
microscope using a JEOL JSM-6360LV SEM (Tokyo, Japan) at an accelerating voltage of
10 kV. The surface and cross-sections of samples were sputter-coated with a thin layer
of gold prior and was imaged at a magnification range of 300–3000 nm. The crystalline
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structures of NPX powder, polymers, and mixtures were examined by XRD analysis on an
X-ray diffractometer (Rigaku D/max 2000) equipped with a Cu anode tube. The applied
voltage was 40 kV and a generator current of 100 mA. All samples were examined at
2θ = 5◦–80◦ at a scanning rate of 1.0◦·min−1.

A U-2910 spectrophotometer manufactured by Hitachi Company was used to measure
ultraviolet and visible light absorbance of NPX released. Absorbance was measured using
quartz cuvettes with a side length of 1 cm. The wavelength corresponding to the maximum
absorbance of NPX was 230 nm. The released NPX concentration was deduced from a
linear calibration curve indicating the change in absorbance versus concentration.

2.5. Cell Culture and Proliferation Assessment

The human oral cancer cell line Ca9–22 cells were cultured at 37 ◦C and 5% CO2 in
RPMI-1640 medium (Thermo Fisher Scientific, Burlington, ON, Canada), supplemented
with L-glutamine, 5% fetal bovine serum (FBS, Gibco) provided by the same company,
and 1% penicillin/streptomycin solution (Sigma-Aldrich, Oakville, ON, Canada). Cell
proliferation was bi-evaluated using two MTT and LDH tests as described by Semlali et al.
2021 [35,36] and Contant et al. 2021 [37]. For the MTT assay, 105 Ca9-22 cells per well
containing the sample were seeded in 24-well plates for 24 h. After adhesion and growth
of the cells, the culture medium is replaced by a new one containing a solution of MTT at
5 mg·ml−1 in PBS and left for 3 h at 37 ◦C in the dark. Then, the cells were lysed with HCl,
0.05 N, in 1 mL of isopropanol. Addition of 100 μL of analysis buffer to test wells from
96-well microplates was required to measure absorbance at 550 nm by an iMark reader
(Bio-Rad). The percentage of viable proliferating cells was determined using Equation (1)

Cell.viability(%) =
ODT − ODB
ODC − ODB

× 100, (1)

where ODT, ODB, and ODC are the optic densities of the treated cell, blank, and control,
cell respectively.

Adhesion positive control was the plate for the treated cultured tissues. The negative
control for cell adhesion was the plate for untreated cultured tissue. LDH assay was realized
by the LDH Cytotoxicity Detection Kit from Roche, which allows to directly quantify the
cell death in culture based on the measurement of lactate dehydrogenase released into
growth media. As described in our previous work [35,36], 105 cells per well were seeded in
24-well plates containing NPX/pHEMA and NPX/pHPMA with different compositions.
After adhesion for 24 h, 50 μL of each supernatant was transferred in triplicate into a 96-well
plate and supplemented with 50 μL reconstituted substrate mixture. Then, the plates were
incubated for 30 min at room temperature in the dark until the yellow color developed,
before reading at 490 nm with an xMark microplate absorbance spectrophotometer (Bio-
Rad, Mississauga, ON, Canada). Triton X-100 (1%) was used as a positive control for
LDH, and the negative one was obtained with untreated cells. LDH release activity was
calculated using Equation (2)

LDH.activity(%) =
ABSp − ABSnc

ABSpc − ABSnc
× 100, (2)

where ABSp, ABSnc, and ABSpc are the absorbance of drug-carrier system, positive control,
and negative control, respectively.

2.6. Swelling Properties

The swelling behavior of pHEMA and pHPMA hydrogels was studied on samples of
thin films of dimensions 3 cm × 3 cm and thickness varying between 2.20 and 2.56 mm.
Each film sample of determined mass (mo) was placed in 50 mL of an aqueous solution
at known pH (1 or 7) and maintained at 37 ◦C, then stirred (260 rpm) until the swelling
equilibrium was reached. The mass of the medium absorbed at each time interval (mt) is
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obtained by weighing the film after delicately wiping the droplets deposited on the two
surfaces using tissue paper. The swelling degree of pHEMA and pHPMA film samples was
determined from Equation (3).

S(wt%) =
mt − mo

mo
× 100, (3)

2.7. Density Measurements

Polymer density values were determined at 25 ◦C using a pycnometer, in which
cyclohexane was used as a non-solvent and Equation (4) [38]:

ρ =
mp × ρchx

mp + mpc + mT
, (4)

where mp is the mass of the polymer, mpc is the mass of the pycnometer with cyclohexane,
and mT is the mass of the pycnometer with cyclohexane and polymer. ρchx is the density of
cyclohexane (0.78 g·cm−3). Each experiment was triplicated, and the density was taken
from the average arithmetic values obtained.

2.8. In Vitro Release Dynamic of NPX

The “in vitro” release dynamic of NPX from the NPX/pHEMA and NPX/pHPMA
drug carrier systems was investigated at body temperature (37 ◦C) in aqueous media of
pH1, 3, 5, and 7. NPX released was monitored for 72 h, in which 0.5 mL of the solution
was withdrawn after each time interval, then dosed by UV analysis. The accumulative
drug release percent ADR (wt %) at time t was calculated at chosen time intervals using the
following equation:

ADR(wt%) =
mt × 100

mo
, (5)

where mt and mo are the total mass of NPX released at a certain time t and the initial mass
of drug loaded in the polymer.

3. Results and Discussions

3.1. Characterization
3.1.1. FTIR Analysis

A comparison between the FTIR spectra of the NPX/pHEMA composites with those
of their components shown in Figure 1 reveals, for the composite absorption bands, that
they are practically similar to those of pure pHEMA. The NPX/pHEMA spectra exhibits a
shift in the broad absorption band of the hydroxyl group vibrations from 3472 to 3463 cm−1

and a shift of the sharp absorption band attributed to the carbonyl group (C=O) vibration
of pHEMA from 1727.62 cm−1 to 1724.32 cm−1. It is well known that the position of the
vibration peak of the carbonyl group suggests that most of the carboxylic acid groups
are associated with the intermolecular hydrogen bonds formed between the HEMA de-
rived moieties and the acid groups [39–41]. In addition, the wide absorption band in the
spectral region 3200–3600 cm−1 corresponding to the vibrations of the OH group also
confirms that hydrogen bonds form in the structure of poly(2-hydroxyethyl methacrylate-
co-acrylic acid). The deconvolution in Lorentzian peaks of the hydroxyl absorption band
between 2600 cm−1 and 4000 cm−1 (Figure 2) also reveals the appearance of a new band at
3274.54 cm−1, attributed to the vibration of the hydrogen bond between hydroxyl group
of pHEMA and carbonyl group of NPX. On the carbonyls side, the deconvolution of
the absorption band between 1600 cm−1 and 2000 cm−1 (Figure 3) reveals another new
absorption band at 1723.5 cm−1, thus confirming this finding. Similar results are also
observed for NPX/pHPMA composites in Figure 4. Indeed, the comparison between the
FTIR spectra of the NPX/pHPMA composites with that of its pure polymer reveals a small
shift in the absorption band of the carbonyl group of pHPMA toward the lower wave
number (from 1724.12 cm−1to 1727.34 cm−1) and in the hydroxyl group (from 3400.07 cm−1
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to 3395.36 cm−1). These facts are without doubt attributed to a dynamic caused by the
hydrogen bond interactions leading to a miscibility of these two components.

Figure 1. Comparative FTIR spectra of: (A) pure NPX; (B) NPX/pHEMA2; (C) NPX/pHEMA5;
(D) NPX/pHEMA7; (E) NPX/pHEMA10; (F) virgin pHEMA.

Figure 2. Deconvolution in Lorentzian of the FTIR spectra of pure pHEMA and NPX/pHEMA7
composite spectra between 4000 cm−1 and 2600 cm−1.
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Figure 3. Deconvolution in Lorentzian curves of the FTIR spectra of pure pHEMA and NPX/pHEMA7
composite spectra between 2000 cm−1 and 1600 cm−1.

Figure 4. Comparative FTIR spectra of: (A) pure NPX; (B) NPX/pHPMA2; (C) NPX/pHPMA5;
(D) NPX/pHPMA7; (E) NPX/pHPMA10; (F) virgin pHPMA.
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3.1.2. XRD Analysis

The crystalline structure of NPX in the pHEMA and pHPMA polymer matrices was
investigated by X-ray diffraction, and the results obtained are gathered with their pure
components in Figures 5 and 6, respectively. As shown in Figure 5, the XRD pattern of
pure NPX aggregated powder shows its highly crystalline structure and nature through
the distinct peaks at 6.5◦, 12.4◦, 16.6◦, 19◦, 20◦, 22.5◦, 24◦, and 28.6◦ 2θ, which are in good
agreement with the literature [42,43]. The XRD spectra of pHEMA and pHPMA reveal
an amorphous structure. The XRD motif of the NPX/pHEMA7 composite shows no new
crystallinity signals or those characterizing the crystallinity of pure NPX; as for the pure
polymer, this material exhibits a completely amorphous structure. Similar results are also
obtained for the NPX/pHPMA systems as shown in Figure 6. This indicates that the NPX
drug is uniformly distributed in its molecular level inside the polymer matrix.

Figure 5. X-ray diffraction spectra of NPX, pHEMA, and NPX/pHEMA systems with different
NPX contents.

3.1.3. DSC Analysis

The DSC thermograms of pure NPX, pHEMA, and NPX/pHEMA systems with
different NPX contents are shown in Figure 7. The thermal curve of pure pHEMA shows a
glass transition temperature (Tg) at 86 ◦C, which agrees with that of the literature [44], while
the pure Naproxen shows, through its thermal plot, a sharp endothermic peak at 166 ◦C
characterizing its melting temperature [34]. The NPX/pHEMA thermograms reveal a small
shift in the Tg of pHEMA toward the low temperatures and a complete disappearance of
the NPX melting peak. This reveals a uniform distribution of the NPX filler in the polymer
matrix in its molecular level, in which Naproxen loses its crystallinity, thus confirming the
results obtained by FTIR and XRD analysis. The decrease in the Tg value of the polymer in
the mixture is probably due to the increase of the free volume between the polymer chains
caused by the insertion of MPX molecules between them, thus promoting the chain sliding.
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Figure 6. X-ray diffraction spectra of NPX, pHPMA, and NPX/pHPMA systems with different
NPX contents.

Figure 7. DSC thermograms of pure NPX, pHEMA, and NPX/pHEMA7 systems.
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The thermal analysis of NPX/pHPMA systems by DSC technique led to the results of
Figure 8. As it can be observed on the thermogram of pure pHPMA, a transition appears at
83 ◦C characterizing the glass transition of this polymer [45]. Concerning the NPX/pHEMA
system, as for the system containing PHEMA carrier, a shift was shown in the Tg of the
pHPMA from 82 ◦C to 54 ◦C as the NPX content in the mixture increased. A complete
disappearance of the transition characterizing the fusion of the NPX is also observed
on the thermograms of NPX/pHPMA mixtures, except that containing 10 wt% of NPX
content, in which a weak transition at 131 ◦C attributed to the melting point of excess of
NPX aggregates.

Figure 8. DSC thermograms of NPX, pHPMA, and NPX/pHPMA systems with different NPX contents.

3.2. Cells Adhesion and Toxicity

As shown in Figure 9 (in blue), the NPX/pHEMA drug-carrier system with different
NPX contents presents, in general, a good adhesion compared to the negative (untreated
tissue culture plate) and positive (tissue culture plate treated for cell adhesion) control used
in this study. However, the NPX amount incorporated in the pHEMA in drug carrier system
seemed to not significantly affect the cell adhesion when the Ca9-22 cells were treated with
naproxen. These results were also confirmed by the LDH assay (Figure 10 in green). In
addition, NPX/pHEMA drug carrier systems, as well as the pure pHEMA, induce low
cytotoxicity compared to the negative and positive controls (2% Triton). Comparable results
were also observed when the pHEMA was replaced by pHPMA in the drug carrier system,
regardless of the range of the composition investigated (Figure 9 in blue and Figure 10
in green).
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Figure 9. Effect of NPX content in NPX/pHEMA and NPX/pHPMA drug carrier systems on Ca9-22
cells adhesion

Figure 10. Effect of NPX content in NPX/pHEMA and NPX/pHPMA drug carrier systems on Ca9-22
cells cytotoxicity.

3.3. Swelling Behavior

Figure 11 shows the variation of the swelling degree of pHEMA and pHPMA film
samples versus time, and Table 2 collects the deducted swelling degree at equilibrium.
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Figure 11. Variation of the swelling degree of (A) pHEMA, (B) pHPMA film samples versus time at
37 ◦C.

Table 2. Swelling capacity of pHEMA and pHPMA film samples in different pH of medium.

Film Sample

Swelling Degree at Equilibrium

pH

1 3 5 7

pHEMA 66.21 64.14 62.50 62.45
pHPMA 34.22 33.36 32.88 32.06

The comparison of the swelling degree values of these two polymer samples reveals
that the absorption capacity of the pHEMA film is approximately double that of pHPMA,
regardless of the pH of absorbed medium. This seems to be obvious and can be explained
quite simply by the more hydrophilic character of the hydroxyethyl substitute belonging to
the HEMA units, with regard to that of the hydroxypropyl of pHPMA, which contains an
additional methyl. These results also reveal that, for both samples, the swelling capacity
increased slightly when the pH medium decreased. This is probably due to the protonation
of the oxygen of certain hydroxyl or carbonyl groups belonging to the monomeric units,
thus increasing the hydrophilicity of the polymer. Generally, the swelling kinetics are used
to investigate the diffusion of small molecules such as water through polymeric materials
when immersed in a penetrating medium during a certain time. According to Comyn [46],
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the kinetics that govern the diffusion of small molecules through a polymer material are
given by Equation (6)

mt

mmax
= 1 −

∞

∑
n=0

8

(2n + 1)2π2
exp

[
−D(2n + 1)2π2t

l2

]
, (6)

where mt and mmax are the masses of the absorbed molecules during t time and at the
maximum absorption (equilibrium), respectively. D and l are the diffusion coefficient with
regard to the small molecules and the film thickness, respectively. For the short times of the
initial stage of diffusion and when the mt/mmax ratio is lower than 0.5, Equation (6) above
takes the following expression:

mt

mmax
= 2 ×

(
D × t
π × l2

)1/2
, (7)

in which, D can be deduced from the slope of the linear portion of the curve corresponding
to the variation of mt/mmax versus square root of time.

The fundamental equation of mass uptake by a polymer material is given by
Equation (8) [47]:

mt

mmax
= k × tn, (8)

where n exponent is the type of diffusion mechanism and k is the constant that depends on
the diffusion coefficient and the film thickness. By analogy with Equation (7), k takes the
following expression:

k =
2
l

(
D
π

)n
, (9)

Equation (8) can be linearized by entering the logarithm of its two members as follows:

ln
(

mt

mmax

)
= ln k + n ln t, (10)

The variation of ln(mt/mmax) versus lnt for pHEMA and pHPMA materials is plotted
in Figures 12 and 13, respectively. Straight lines were obtained, indicating that the diffusion
of water molecules through these polymer materials obeys the Fick’s model as long as
their temperature in media (37 ◦C) is well above Tg (80 ◦C for pHEMA and 87 ◦C for
pHPMA). This condition also indicates that the diffusion of water through the polymer
film is purely and simply governed by a mechanical process and non-disturbed by a
probable esterification reaction, which can occur in acidic media between the hydroxyl
group contained in these polymers and the carboxylic group of Naproxen. The data of n, D,
and k values deducted from these linear curves are gathered in Table 3. These results reveal,
for both systems, an increase of the diffusion rate of water molecules when the pH of the
medium increased. This property is highly valued in the field of drug delivery because this
carrier is able to swell sufficiently and therefore delivers an appropriate amount of drug
directly into the target organ (intestines, neutral pH medium).
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Figure 12. Variation of ln (mt/mmax) versus ln (t) for the pHEMA material.

Figure 13. Variation of the ln (mt/mmax) versus ln (t) for the pHPMA material.
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As can be seen from these data, practically no change in the order of the water diffusion
through each polymer material is observed, regardless the pH of medium, which is close
to 0.40. The diffusion coefficient attributed to pHEMA material is higher than that of
pHPMA, except those experimented in medium at neutral pH, which are both close to
0.80 mm2·h−1. This is probably due to the decrease of the affinity between pHPMA and
water caused by the hydropropyl group of the substitute (less hydrophilic) compared to
that of hydroxyethyl group of pHEMA (more hydrophilic). These data also reveal that, for
the pHEMA material, the D value decreased when the pH of the medium increased. In this
same pH order, this parameter increased for the pHPMA.

Table 3. Diffusion parameters of water at different pHs through pHEMA and pHPMA materials.

Polymer
Sample

n k D (mm2·h−1)

pH 1 3 5 7 1 3 5 7 1 3 5 7
pHEMA 0.36 0.35 0.38 0.41 4.03 3.67 4.52 4.73 1.16 1.24 1.06 0.80
pHPMA 0.37 0.37 0.39 0.40 8.06 9.27 9.50 10.43 0.54 0.44 0.51 0.79

3.4. Drug–Polymer Interactions

The drug–polymer Flory–Huggins interaction parameter denoted χd,p gives an impor-
tant idea on the chemical affinity and the magnitude of the adhesion force between the drug
and the polymer carrier through its sign and its absolute value, respectively. According
to the Flory–Huggins theory [48], a negative value of χd,p indicates miscibility of a drug
carrier system, and a positive value indicates its immiscibility. The χd,p values of the drug
carrier systems involving NPX and pHEMA on the one hand and NPX and pHPMA on the
other hand were estimated using the data of Table 4 and Equation (11) [49]:

ΔHf

R

(
1

Tf
− 1

T

)
= ln vd +

(
1 − 1

λ

)
vp + χd,pv2

p, (11)

where ΔHf and Tf are the enthalpy of fusion of Naproxen and the melting temperature
of the pure drug. R is the gas constant, and T is the measured solubility temperature
for a volume fraction v with subscripts d and p denoting drug and polymer, respectively.
λ is the ratio of the molar volumes of the drug and polymer. χd,p is the drug–polymer
Flory–Huggins interaction parameter. The results obtained are gathered for comparison in
Table 5.

Table 4. Some characteristic data of pHEMA, pHEPMA, and Naproxen taken at 25 ◦C.

Compound
Density

(g·mL−1)

Hansen Solubility
Parameter
(KPa1/2)

Molar
Volume

(mL·mol−1)

ΔHf
(kJ·mol−1)

Tf (◦C)

pHEMA 1.25 103.8 - -
pHPMA 1.33 108.2 - -

Naproxen 1.27 c 21.62 c 157.3c 31.50 a,b 154.6 a,b

a Ref. [50]; b Ref. [34]; c Ref. [51].

Table 5. Comparative values of the Flory–Huggins parameters of the NPX/pHEMA and NPX/pHPMA
drug carrier systems determined at 25 ◦C using Equation (9).

Drug-Carrier System χd,p Drug-Carrier System χd,p Δ(χd,p)

NPX/pHEMA2 −0.27 NPX/pHPMA2 −0.30 0.03
NPX/pHEMA5 −1.28 NPX/pHPMA5 −1.33 0.05
NPX/pHEMA7 −1.72 NPX/pHPMA7 −1.77 0.05
NPX/pHEMA10 −2.26 NPX/pHPMA10 −2.32 0.06
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As it can be seen from these results, the values of χd,p are all negative regardless of
the drug carrier system and its composition. According to the Flory–Huggins theory, a
negative value of χd,p indicates the miscibility of the drug carrier system. These data also
reveal that the values of χd,p increase with the NPX loading incorporated into the polymer.
This means an increase in the affinity of NPX molecules with regard to the polymer when
the drug loaded in the drug carrier system increased. This seems to be obvious because
the density of hydrogen bonds between the hydroxyl groups of pHEMA or pHPMA and
the carbonyl of the carboxyl group of NPX increases with the drug load in the drug carrier
system. This leads to an increase of the attraction forces between these two components.

The comparison of the values χd,p of the NPX/pHPMA system with those of the
NPX/pHEMA system indicates a slight increase in the interactions between NPX and
pHPMA compared to those between NPX and pHEMA, whatever the composition of the
mixture studied. These results also reveal that the more the amount of NPX increases in
the drug carrier system, the greater the absolute value of the difference between the Flory–
Huggins interaction parameters of the NPX/pHEMA and NPX/pHPMA drug systems,
Δ
(

χd,p

)
also increases.

3.5. In Vitro Release Dynamic of NPX
3.5.1. Release Kinetics of NPX

The release dynamic of NPX from NPX/pHEMA and NPX/pHPMA drug carrier
systems with different compositions are shown in Figures 14 and 15, respectively. As it
can be seen from the curve profiles obtained for both systems, the maximum percentage of
NPX released is reached with the drug carrier systems containing 2 wt% of NPX content.
The comparison between the NPX release capacities for these two different systems during
72 h of the release process reveals that the NPX/pHEMA shows the best performance.
Indeed, for the NPX/pHEMA2, a maximum of 42 wt% of NPX was released in neutral
pH medium during this period and about 31 wt% in acidic media (pH 1 and 3), while
for the NPX/pHPMA2, only 10.5% wt% of NPX was released in neutral pH medium and
7.4% in acidic media (pH 1 and 3) during the same period. This represents a reduction
in NPX release dynamics of about a quarter. The decrease in NPX release dynamics
observed by replacing pHEMA by pHPMA appears to be due to a dramatic decrease in
the hydrophilicity of the carrier polymer caused by the additional methyl group in the
substituent. The decrease in hydrophilicity when passing from the pHEMA to pHPMA
carrier reduces the degree of swelling as revealed in Table 2. This limits the water amount
absorbed by the polymer carrier necessary for the dissolution of a significant part of NPX
incorporated in this material. It was also observed from these same curves, for both systems,
the behavior of NPX release versus time is characterized by two pseudo stable zones of the
release dynamic. The first zone, which is rapid and short, is observed during about the first
4–7 h of the release process, depending on the nature of the drug-carrier used and the pH
of the medium. The second zone, which is long and slow, is observed during the 65 h of
the release process. The first step is mainly attributed to the leaching of a fraction of NPX
particles deposited on the surface or slightly embedded in the sample film. The second step
characterizes the steady state in which the release of NPX in the media is governed mainly
by a material transfer mechanism.
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Figure 14. Release kinetics of NPX from (A) NPX/pHEMA2, (B) NPX/pHEMA5 (C) NPX/pHEMA7,
(D) NPX/pHEMA10 drug carrier system at different pHs.

Figure 15. Release kinetics of NPX from (A) NPX/pHPMA2, (B) NPX/pHPMA5 (C) NPX/pHPMA7,
(D) NPX/pHPMA10 drug carrier system at different pHs.
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3.5.2. Enhancement of NPX Solubility

The improvement of the solubility of NPX in water is an integral part among the
objectives targeted by this investigation. To reach this goal, a comparison between the
solubility of NPX in its powder form and that incorporated in the NPX/pHEMA and
NPX/pHPMA drug carrier systems was carried out at 37 ◦C. An excess amount of NPX
powder was dissolved under continuous stirring in a known volume of water maintained
at 37 ◦C until the appearance of a stable precipitate, indicating the supersaturation of
the solution. The solution was then filtered through a Whatman filter number 1. The
solubility of NPX was determined by means of UV-visible spectroscopic analysis. Two
solutions of pH 1 and 7 were prepared, and the results obtained are gathered in Table 6. The
maximum NPX amount dissolved in these media was deducted from the maximum release
of this medication from the NPX/pHEMA and NPX/pHPMA drug carrier systems, and
the results obtained are also grouped for comparison in this table. The comparison of the
maximum solubility data obtained reveals that the pHEMA is much more efficient than the
pHPMA used as supports. These data also reveal an enhancement of the solubility of NPX
in pH media 1 and 7, in which the NPX/pHEMA system was able to dissolve 2.60-fold
that of that of because the NPX amount dissolved from the NPX/pHEMA10 system is
more than 1.34 times in pH medium 1 and 2.60 times in neutral pH from the NPX/pHPMA
system. The comparison of the NPX solubility data obtained by direct dissolution of the
powder with that deduced from the release process involving these two polymers reveals a
marked improvement when this drug is incorporated in the molecular state in one of these
two polymers. These results also show that the pHEMA used as a support is more efficient
than the pHPMA in increasing the solubility of NPX in water. For example, in neutral
pH medium, pHEMA was able to improve the solubility of this medication by 3.32 times
that of its direct dissolution as powder and 2.33 times in pH medium 1, while pHPMA
increased this solubility by only 1.28 and 1.74 times in pH media 7 and 1, respectively.

Table 6. Maximum solubility of NPX dissolved in pH media 1 and 7 at 37 ◦C.

System pH 1 pH 7

NPX powder 29.51 61.68
NPX/pHEMA10 68.84 205.04
NPX/pHPMA10 51.28 78.77

3.5.3. Surface Morphology

Figure 16 groups the micrographs of NPX powder, virgin pHEMA, NPX/pHEMA2,
and NPX/pHEMA10 film samples before and after the release process in media pH 1
and 7 chosen among the most significant images. The NPX image shows crystal particles
aggregated into defined geometric shapes resembling piles of rubble from houses destroyed
by an earthquake. These aggregates, which are sized between 3 μm × 3 μm × 2 μm and
50 μm × 25 μm × 6 μm, show smooth and homogeneous morphology surfaces, while
the micrograph of the virgin pHEMA film presents roughness on the surface, which is
probably due to the film preparation. NPX/pHEMA systems containing 2 wt% and 10 wt%
NPX contents before the release process show comparable morphology surfaces, in which
the observed obliquely aligned parallel grooves mark the surface of the mold where they
were prepared. These same samples observed after the NPX release process in pH 1 and
7 media exhibit surface morphologies very marked by the very hollow relief and cavities,
thus revealing the large amount of NPX released and also show a significant degree of
swelling of the film notably in pH medium 1. Regarding the NPX/pHPMA drug carrier
system, as shown in Figure 17, the images are practically comparable to those of the system
involving pHEMA as carrier are observed. Indeed, the surfaces of the samples before the
drug release process as for the blank carrier show the same type of grooves, except that
with 10 wt% NPX, in which they are less marked. This reveals that the surfaces of the
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two carriers involved in the drug carrier system behave substantially the same during the
drug release and show no particular mark distinguishing one or the other polymer.

Figure 16. SEM images of NPX powder and surface morphology of virgin pHEMA, NPX/pHEMA2,
and NPX/pHEMA10 film samples before and after the NPX release process in media pH 1 and 7.
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Figure 17. SEM images of NPX powder and surface morphology of virgin pHPMA, NPX/pHPMA2,
and NPX/pHPMA10 films samples before and after the NPX release process in media pH 1 and 7.

3.5.4. Diffusion Behavior of NPX

The diffusion behavior of NPX from NPX/pHEMA and NPX/pHPMA drug carrier
systems was investigated. According to Lin et al. [52], for a percentage less than 60 wt% of
a substance released from the initial amount incorporated into a material, the diffusion of
this substance in its liquid state through this material follows a Fickian model, as long as,
in this investigation, the limit of the percentage of NPX released is far from being reached
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whatever the drug carrier system and the composition. Fick model is therefore applicable
to describe the diffusion behavior of NPX from the polymer matrix [53]. The equation
resulting from the Fickian model is given by Equation (12) [54–56]

mt

mo
= k

√
t, (12)

where mt/mo is the fraction of drug released, t is the release time, and k is a constant
characteristic of each sample.

If the drug released from the drug carrier system obeyed the Fick diffusion model, the
graph showing the change in the fraction of drug released mt/mo versus the square root
of time would give a straight line with a slope k. Under these conditions, the value of the
diffusion coefficient (D) will then be deduced from Equation (13) [57]:

k = ′
√

D
π × l2 , (13)

where l is thickness of film, from which the drug is released. The k and D values were
calculated from the data of Figures 18 and 19 using Equations. (11) and (12) and the results
obtained are gathered in Table 7.

Table 7. Summary of diffusion data NPX through NPX/pHEMA and NPX/pHPMA drug carrier systems.

pH System
k·102

(h−1/2)
R2 D·103

(mm2·h−1)
System

k
(h−1/2)

R2 D 103

(mm2·h−1)

1 NPX/pHEMA2 3.56 0.9988 6.161 NPX/pHPMA2 0.85 0.9991 0.386
3 NPX/pHEMA2 3.54 0.9976 6.642 NPX/pHPMA2 0.82 0.9994 0.359
5 NPX/pHEMA2 3.96 0.9983 8.830 NPX/pHPMA2 0.91 0.9996 0.401
7 NPX/pHEMA2 4.76 0.9990 13.239 NPX/pHPMA2 1.22 0.9995 0.636
1 NPX/pHEMA5 2.71 0.9950 3.628 NPX/pHPMA5 00.66 0.9996 0.270
3 NPX/pHEMA5 2.79 0.9950 3.678 NPX/pHPMA5 0.70 0.9994 0.262
5 NPX/pHEMA5 3.09 0.9977 4.240 NPX/pHPMA5 0.79 0.9997 0.278
7 NPX/pHEMA5 3.25 0.9978 5.343 NPX/pHPMA5 0.81 0.9994 0.396
1 NPX/pHEMA7 1.93 0.9998 1.724 NPX/pHPMA7 0.61 0.9997 0.172
3 NPX/pHEMA7 1.96 0.9994 2.446 NPX/pHPMA7 0.65 0.9994 0.198
5 NPX/pHEMA7 2.26 0.9985 3.017 NPX/pHPMA7 0.73 0.9998 0.262
7 NPX/pHEMA7 2.36 0.9941 3.597 NPX/pHPMA7 0.81 0.9999 0.348
1 NPX/pHEMA10 1.80 0.9980 1.338 NPX/pHPMA10 0.0032 0.9996 0.147
3 NPX/pHEMA10 1.81 0.9987 1.455 NPX/pHPMA10 0.0032 0.9996 0.147
5 NPX/pHEMA10 1.75 0.9976 1.254 NPX/pHPMA10 0.0036 0.9996 0.167
7 NPX/pHEMA10 1.80 0.9977 1.6778 NPX/pHPMA10 0.0046 0.9997 0.205

As it can be seen from these data, all the R2 values are close to unity. This indicates
that the data correspond well to the linear regression of these curve profiles. These results
also indicate that the NPX release behavior from both NPX/pHEMA and NPX/pHPMA
systems follows a Fickian model with an order of 0.5. The higher the value of k, the higher
the diffusion coefficient and, therefore, the faster the rate of the drug diffusion through the
carrier. In general, the k and D values increased with the pH medium regardless of the drug
carrier system used. This can be explained by the solubility of NPX, which becomes more
soluble in media of higher pH. Knowing that the pKa of Naproxen is equal to 4.19 [58],
the solubility of this drug increases with increasing pH of the medium due to the passage
of the carboxylic acid group towards the carboxylate salt group that is more soluble in
water, notably when the pH medium becomes equal to or greater than the pKa. In addition,
it can also be seen in Figures 18 and 19, as the amount of NPX increases, the D value
decreases. This can be explained by two main factors that can intervene simultaneously
in the management of the drug release process: (i) the increase in the viscosity of the
medium, which reduces the rate of diffusion and (ii) the presence of an NPX excess not

183



Polymers 2022, 14, 450

soluble in the polymer matrix, which hinders the passage of soluble molecules during the
diffusion process.

Figure 18. Diffusion behavior of NPX through (A) NPX/pHEMA2, (B) NPX/pHEMA5 (C) NPX/
pHEMA7, (D) NPX/pHEMA10drug carrier system with different NPX contents in different pH media.

Figure 19. Diffusion behavior of NPX through (A) NPX/pHPMA2, (B) NPX/pHPMA5 (C) NPX/
pHPMA7, (D) NPX/pHPMA10drug carrier system with different NPX contents in different pH media.
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3.5.5. Effect of the Initial NPX Amount

The influence of the initial NPX amount loaded in pHEMA and pHPMA carriers
on the dynamic release of this medication from the corresponding drug-carrier systems
was studied at a selected period of 72 h of the release process. The results obtained for
NPX/pHEMA and NPX/pHPMA systems are plotted for comparison in Figure 20. As can
be observed from these curve profiles, the two drug carrier systems have practically the
same trends, in which the release dynamic decreased, passing through a reflection point at
6.0 wt% of NPX common for all samples and then stabilizes or tends to stabilize when the
percentage of NPX is greater than 7.0 wt%.

Figure 20. Cumulative NPX released from (A) NPX/pHEMA and (B) NPX/pHPMA drug carri-er
systems at 72 h of the release process.

A more rapid decrease in the release dynamic is also observed on these profiles in
neutral pH medium when the initial NPX loaded in the drug carrier systems was less
than 5 wt%. The decrease in the NPX released observed in all pH media, when the drug
content in the polymer matrix increased, is mainly due to the limited solubility of this drug
inside the drug carrier system and to the increase of the viscosity of the solution inside
the polymer matrix. Indeed, dissolving loads greater than 5 wt% seems to be difficult,
especially in acidic pH media.
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3.5.6. Effect of pH Medium

The impact of the pH of the medium on the release dynamic of NPX from NPX/pHEMA
and NPX/pHPMA systems was carried out at 72 h of the release process, and the results
obtained are plotted in Figure 21. These curve profiles reveal comparable dynamics of
the NPX released by the two drug-carrier systems regardless of the time period. Pseudo-
stability of the release dynamics is observed for all samples in very acidic media (pH 1 and
3), then a slight increase or decrease depending on the initial NPX amount incorporated
in the polymer matrix is observed at higher pH (5 and 7), except that containing the
lowest NPX load (2 wt%), in which the release dynamic rapidly increased. The pseudo-
reproducibility of the behavior of the drug release dynamics at different periods for these
two systems shows that the transfer of NPX from the polymer material is mainly handled
by a stable, purely mechanical process. The increase in the release dynamic with the pH
of the medium is mainly due to the increase of the solubility of Naproxen in neutral pH
media inside the polymer matrix. Indeed, as previously revealed from the results of Table 6,
the solubility of NPX increased dramatically when the media pH increased. These results
were also observed by Kumar et al. [59] and attribute the low solubility of Naproxen in
lower pH media to its unionization. These same authors add that the unionization of the
drug can facilitate its permeability through the polymer material, but drug solubility is the
limiting factor.

Figure 21. Variation of the NPX released from NPX/pHEMA and NPX/pHPMA drug carrier systems
versus the pH of medium taken at 72 h of the release process.
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3.5.7. Performance of XPN/pHEMA and NPX/pHPMA Drug Carrier Systems

As it was noted in Section 3.5.1, for both the drug carrier systems, it was revealed
that the release behavior of NPX versus time followed two main stages regardless of the
composition and the pH of the medium. Each stage is characterized by a zone, in which the
release dynamic of NPX passes by pseudo stability. The rate of NPX released during the
corresponding period was taken from the slope of the pseudo linear curve, and the data
obtained are illustrated for NPX/pHEMA and NPX/pHPMA systems in Tables 8 and 9,
respectively, noting that the cumulative percentage of the drug released during each period
was calculated by multiplying the rate by time. Knowing that, for a system to be effective
in the field of drug delivery, it must be able to uniformly deliver an appropriate amount
of this drug in the intestines (neutral pH) and in the stomach (pH = 1–3). On this basis,
the performance of these two systems on the NPX release was founded, and the results
obtained are summarized for NPX/pHEMA in Table 8 and for NPX/pHPMA in Table 9.
These data reveal that the two systems containing 2% by weight NPX appear to be the
most effective of all the others because NPX/pHEMA2 drug-carriers were able to release
28.68 wt% of NPX uniformly during 65 h of the release process into a neutral medium
with a release rate of 0.441 wt%·h−1. In contrast, only 21.32 wt% was released uniformly
(0.328 wt%·h−1) during this same period into the acidic medium (pH = 1). On the other
hand, during the same period, the drug carrier system involving the pHPMA2 was able
to release uniformly 6.83 wt% of NPX in neutral pH with a rate of 0.102 wt%·h−1; at the
same time, only 4.62 wt% was released in medium with pH = 1 with a constant rate of
0.069 wt·h−1. In general, the comparison of the performances of these two systems reveals
that involving the pHEMA appears to be the most efficient.

Table 8. Percentage of NPX released and instantaneous release rate of NPX from NPX/pHEMA
system with different compositions.

System pH
SZ
(h)

RNR
(wt%·h−1)

CNR
(wt%)

LR
(R2)

System
SZ
(h)

RNR
(wt%·h−1)

CNR
(wt%)

LR
(R2)

N
PX

/p
H

EM
A

2 1
0–7 1.001 07.01 0.978

N
PX

/p
H

EM
A

7

0–4 0.776 3.104 0.985
7–72 0.328 21.32 0.976 4–72 0.171 11.29 0.979

3
0–7 0.964 0.138 0.972 0–4 0.803 3.21 0.982

7–72 0.336 21.84 0.975 4–72 0.172 11.35 0.973

5
0–7 1.124 7.87 0.967 0–4 0.783 3.13 0.985

7–72 0.366 23.79 0.977 4–72 0.209 13.79 0.981

7
0–7 1.290 9.03 0.980 0–4 0.636 2.54 0.988

7–72 0.441 28.67 0.982 4–72 0.223 14.72 0.987

N
PX

/p
H

EM
A

5 1
0–7 0.969 6.783 0.977

N
PX

/p
H

EM
A

10

0–4 0.687 2.75 0.951
7–72 0.229 14.89 0.938 4–72 0.185 12.58 0.921

3
0–7 0.993 6.95 0.986 0–4 0.668 2.67 0.973

7–72 0.233 15.15 0.943 4–72 0.180 6.80 0.933

5
0–7 1.081 7.57 0.975 0–4 0.718 2.87 0.977

7–72 0.275 17.88 0.950 4–72 0.161 10.95 0.967

7
0–7 1.013 7.09 0.971 0–4 0.605 2.42 0.990

7–72 0.300 19.50 0.939 4–72 0.174 11.83 0.961

SZ: stability zone; RNR: rate of the NPX release; CNR: cumulative NPX released; LR: linear regression.

As it can be seen from the results of Table 9, the NPX/pHPMA2 drug carrier system
appeared to be the best performing system in terms of the percentage of NPX released
into the medium at neutral pH over the longest period. Indeed, this system was capable
to release uniformly the greatest percentage of NPX (28.67% by weight) in the medium at
neutral pH (intestines) with a release rate of 0.44 wt%·h−1 for 67 h of the release process.
During this time, only 21.32 wt% of this drug was released into the medium at pH = 1
(similar to that of in the stomach), with a constant rate of 0.33 wt%·h−1. Concerning the
system involving the pHPMA as a carrier, as in the case of that of the NPX/pHEMA system,
the most efficient is that initially containing 2 wt% of NPX (NPX/pHPMA2). Indeed,
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6.83 wt% NPX was released uniformly (0.102 wt%·h−1) from this system in the neutral
pH medium and 4.62 wt% slowly (0.069 wt%·h−1) in acidic medium (pH1) during the
same period. Thus, regardless of the polymer used as a carrier in this work, the most
efficient system is the one that contains the least NPX load. Finally, the addition of a
methylene group on the substituent of the hydroxyl ethyl methacryloyl unit of pHEMA
had the effect of reducing by more than four times the percentage of NPX released, as well
as its release rate in the various media invested. This can be attributed to the reduction in
the hydrophilicity of the polymer upon switching from pHEMA to pHPMA.

Table 9. Percentage of NPX released and instantaneous release rate of NPX from NPX/pHPMA
system with different compositions.

System pH
SZ
(h)

RNR
(wt%·h−1)

CNR
(wt%)

LR
(R2)

System
SZ
(h)

RDR
(wt%·h−1)

CNR
(wt%)

LR
(R2)

N
PX

/p
H

PM
A

2 1
0–5 0.330 1.65 0.966

N
PX

/p
H

PM
A

7

0–5 0.285 1.43 0.955
5–72 0.069 4.62 0.977 5–72 0.076 5.09 0.975

3
0–5 0.311 1.56 0.971 0–5 0.193 0.97 0.953

5–72 0.069 4.62 0.980 5–72 0.052 3.48 0.973

5
0–5 0.330 1.65 0.985 0–5 0.209 1.05 0.963

5–72 0.077 5.162 0.982 5–72 0.057 3.82 0.976

7
0–5 0.511 2.56 0.990 0–5 0.244 1.22 0.981

5–72 0.102 6.83 0.972 5–72 0.064 4.29 0.977

N
PX

/p
H

PM
A

5 1
0–5 0.244 1.22 0.968

N
PX

/p
H

PM
A

10

0–5 0.184 0.92 0.929
5–72 0.061 4.09 0.977 5–72 0.050 3.35 0.974

3
0–5 0.250 1.25 0.960 0–5 0.193 0.97 0.952

5–72 0.066 4.42 0.973 5–72 0.052 3.48 0.977

5
0–5 0.279 1.40 0.963 0–5 0.224 1.12 0.944

5–72 0.072 4.82 0.971 5–72 0.060 4.02 0.977

7
0–5 0.285 1.43 0.955 0–5 0.240 1.20 0.954

5–72 0.076 5.09 0.975 5–72 0.066 4.42 0.978

SZ: stability zone; RNR: rate of the NPX release; CNR: cumulative NPX released; LR: linear regression.

3.5.8. Distribution of NPX Released on Target Organs

According to Belzer et al. [60], the mean total gastrointestinal transit time (GITT) is
between 53 and 88 h divided into three main stages: (i) gastric transit (pH 1.5–3, 5), which
lasts between one and 4 h; (ii) intestinal transit (pH 7–9), which varies between 4 and 12 h;
(iii) transit in the colon (pH 5–7), which lasts between 48 and 72 h. Taking into account the
pH of the medium and the GITT, it was possible to estimate approximately from the data in
Tables 8 and 9 the distribution of the percentages of cumulative NPX released in different
organs and the mean stomach/digestive organ ratio (SDOR) (Equation (14)), independently
of the effects of enzymes and microorganisms.

SDOR(wt%) =
rs

rsi + rc
× 100 (14)

where rs, rsi, and rc are the percentages of NPX released in the stomach, small intestine,
and colon, respectively, during a certain transit time.

The results obtained are gathered for comparison in Table 10. These data reveal that
both the drug carrier systems containing 2 wt% of NPX are the most efficient because the
NPX/pHEMA2 drug carrier systems are able to reduce the NPX amount released in the
stomach to 3.18 wt% of the total amount released for the fast GITTs and 14.85 wt% for the
slow GITTs, and 4.41 wt% and 14.83 wt% for the NPX/pHPMA2 system.
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Table 10. Estimated distribution of the cumulative NPX released from NPX/pHEMA and NPX/
pHPMA drug carrier systems on the principal digestive organs timed, according to Belzer approach.

Drug Carrier Stomach Small Intestine Colon SDOR

System Transit (wt%) Transit (wt%) Transit (wt%) (wt %)

Transit Time
Min Max Min Max Min Max

Min (48) Max (72)
(1 h) (4 h) (4 h) (12 h) (48 h) (72 h)

NPX/pHEMA2 0.98 3.93 5.16 7.94 24.7 17.2 3.18 14.85
NPX/pHEMA5 0.98 3.92 4.05 5.44 14.4 17.1 5.04 14.46
NPX/pHEMA7 0.79 3.16 2.54 2.68 10.7 12.04 5.63 17.67

NPX/pHEMA10 0.68 5.42 2.42 2.09 8.35 11.83 5.94 28.02
NPX/pHPMA2 0.32 1.28 2.04 1.64 4.9 5.71 4.41 14.83
NPX/pHPMA5 0.25 0.99 1.14 1.13 3.65 5.09 4.96 13.73
NPX/pHPMA7 0.24 0.96 0.96 0.96 3.07 4.29 5.62 15.46

NPX/pHPMA10 0.22 0.87 0.96 0.97 3.17 4.42 5.06 13.9

4. Conclusions

To conclude this work, we can say that the objectives of this work have been achieved.
Indeed, the comparison between the physicochemical properties of pHPMA with those
of pHEMA revealed properties slightly inferior to those of pHEMA necessary for the
admission of pHPMA as a carrier in the drug delivery domain. The miscibility of NPX
with pHEMA and pHPMA binary systems, in which the NPX is distributed uniformly in
its molecule state, are proven in all compositions by the FTIR method through the presence
of hydrogen bonds between their components. This miscibility was also confirmed by the
DSC method through the shift toward the low temperatures of the Tg of the polymer, the
disappearance of the melting temperature of NPX in the mixture, and by XRD through the
disappearance of the signals characterizing the crystalline structure of NPX.

The cell adhesion essay and cytotoxicity test of pure polymers and drug carrier sys-
tems revealed that the NPX/PHPMA system, as well as the NPX/pHEMA system with
compositions, generally exhibit good adhesion compared to the negative and positive
controls used in this study. In addition, these two systems, as well as their pure polymers,
induce low cytotoxicity compared to the negative and positive controls.

The swelling study of pHEMA and pHPMA carriers revealed that the presence of
additional methylene group in the substituent of the HPMA unit of pHPMA caused the
swelling capacity to drop to half that of pHEMA. The determination of the Flory–Huggins
interaction parameters of the NPX/pHEMA and NPX/pHPMA binary systems reveals
greater interactions between the components of NPX/pHEMA system at compositions
equal to or less than 5 wt% NPX; on the other hand, they are greater for NPX/pHPMA at
compositions greater than 5 wt% NPX.

The “in vitro” study of the release dynamic of Naproxen from NPX/pHEMA and
NPX/pHPMA drug carrier systems revealed that the higher percentage of NPX released
was obtained from each polymer carrier in neutral pH medium, and the diffusion of water
and NPX solution trough these polymer matrices also obeys the Fickian model with a
kinetics order close to 0.5, regardless of the pH of the medium. It was also found that
the less the mass percent of NPX in the composites, the better its release will be. The
comparison between the two drug carrier systems revealed that the pHEMA leads to the
best performance in the release dynamic of NPX.

Regarding the Naproxen solubility in water, the results deducted from the “in vitro”
study of NPX/pHEMA10 and NPX/pHPMA10 drug carrier systems reveal a very signif-
icant improvement in the solubility of NPX in media pH1 (2.33 times, 1.43 times) and 7
(3.32 times, 2.60 times), respectively, compared to those obtained by direct dissolution of
Naproxen powder.

According to Belzer, the approximate estimation of the distribution of the percentages
of cumulative NPX released in different organs and the mean stomach/digestive organ
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ratio, independently of the effects of enzymes and microorganisms, revealed that both drug
carrier systems containing 2 wt% of NPX are the most efficient because the NPX/pHEMA2
drug carrier systems are able to reduce the NPX amount released in the stomach to 3.18 wt%
of the total amount released for the fast GITTs, 14.85 wt% for the slow GITTs, and 4.41 wt%
and 14.83 wt% for the NPX/pHPMA2 system. Although pHEMA seems to be the more
performing carrier of the two polymers when administered orally (requiring a relatively
large amount of drug absorbed at neutral pH), pHPMA combined with a small amount of
medication (2 wt%) can also be used if the purpose is the application on the skin surface or
as contact lenses to treat certain diseases of the surface of eyes caused by viruses, bacteria,
parasites, and fungi because the eyes absorb only a tiny amount of the drug dissolved in
a neutral medium. In this case, a regular release of small amounts of drug for as long as
possible is desirable in order to limit the frequency of administration of the drug by this
route, providing more comfort to the patient.
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Abstract: The aim of the present work was to optimize the process parameters of the nano spray
drying technique for the formulation of benzydamine-loaded casein nanoparticles and to investigate
the effect of some process variables on the structural and morphological characteristics and release
behavior. The obtained particles were characterized in terms of particle size and size distribution,
surface morphology, production yield and encapsulation efficiency, drug-polymer compatibility, etc.,
using dynamic light scattering, scanning electron microscopy, differential scanning calorimetry, and
Fourier transformed infrared spectroscopy. Production yields of the blank nanoparticles were signifi-
cantly influenced by the concentration of both casein and the crosslinking agent. The formulated
drug-loaded nanoparticles had an average particle size of 135.9 nm to 994.2 nm. Drug loading varied
from 16.02% to 57.41% and the encapsulation efficiency was in the range 34.61% to 78.82%. Our study
has demonstrated that all the investigated parameters depended greatly on the polymer/drug ratio
and the drug release study confirmed the feasibility of the developed nanocarriers for prolonged
delivery of benzydamine.

Keywords: benzydamine; casein; biopolymers; nanoparticles; nano spray drying; nano micelles;
drug delivery

1. Introduction

Over recent decades there has been a growing scientific interest towards the use of
naturally occurring materials for drug delivery purposes. This is mainly due to their
numerous advantages over synthetic materials, namely biocompatibility, biodegradability,
and low immunogenicity [1]. Moreover, natural materials produce non-toxic metabolites,
unlike synthetic polymers which can be contaminated with unreacted toxic monomers and
crosslinkers [2]. Due to their specific structure and corresponding features, naturally occur-
ring materials such as polysaccharides and peptides are widely used for the formulation of
micro- and nanoparticulate drug delivery systems. These carriers can provide controlled
and targeted release, thus improving the therapeutic performance of the encapsulated drug
and minimizing the risk of side effects [3]. Amongst the potential biopolymers, proteins are
preferred as natural drug delivery systems due to the relatively easy preparation processes
and production of well-defined structures, which enables surface modification and may
provide modified and targeted release [1]. Among proteins, casein (CAS) is considered a
suitable biopolymer for the preparation of nanoparticulate drug delivery systems due to
its structural and physicochemical characteristics [2].

Casein is a collective term used to define a family of calcium (phosphate)-binding
phosphoproteins commonly found in mammalian milk [4]. Casein from bovine milk
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is composed of four peptides, namely αs1, αs2, β, and k, which differ in the content of
amino acids, phosphorus, and carbohydrates, but they are all amphiphilic in nature [5].
Cysteine amino acid residues that allow the formation of disulfide bonds are found only in
the polypeptide chains of k-casein. In general, the peptide surface is negatively charged
due to phosphorylation [1]. The lack of secondary structures because of the proline-rich
amino acid sequence [6] and the tendency for binding amorphous calcium phosphate
cause electrostatic, hydrogen, and hydrophobic interactions, leading to self-assembly of the
casein peptides into stable agglomerates known as casein micelles [7]. The inner part of the
micelle is composed of αs1, αs2, and β caseins, whereas the outer layer that stabilizes the
micelle contains glycosylated k-casein [8]. Casein micelles exhibit pH-dependent behavior.
Their structure tightens when the negative surface charge of casein molecules decreases,
and expands with increasing surface charge, which leads to electrostatic repulsion between
the molecules [9–11]. Given the amphiphilic properties and pH-dependent behavior of
casein, and its ability to participate in hydrophobic and hydrophilic interactions, it is clear
why this biopolymer has found a place in scientific research as a potential nanoparticle
drug delivery carrier.

Various methods have been reported for the preparation of casein nanoparticles for
drug delivery, including pH-shifting [12], high pressure homogenization [13–18], electro-
static complexation [19], solvent displacement [20], emulsification solvent evaporation [21],
and spray drying [22–24]. Nano spray drying, a variation of the established spray dry-
ing technology used to convert liquids into solid powders, is a relatively new technique
adopted for the preparation of nanosized drug delivery systems. The method is based on
the use of a revolutionary sprayer developed by the Swiss Büchi Labortechnik AG, which
is equipped with a piezoelectric vibrating spray mesh head, allowing the formation of
fine droplets, which are dried and electrostatically collected [25]. As a result, spherical
submicron structures of particle size below 1000 nm with improved biopharmaceutical
behavior are obtained [26–33]. Although spray drying of proteins has been reported in
numerous scientific papers [34–37], no data on nano spray drying of casein have been
found in the literature. The technology was therefore a research challenge. For the present
study, benzydamine hydrochloride (BZ) was used as a model drug.

Benzydamine hydrochloride is a nonsteroidal anti-inflammatory drug with local
anesthetic and analgesic properties for pain relief and treatment of inflammatory conditions
of the mouth and throat such as oral mucositis, postoperative sore throat and mucosal ulcers.
The mechanism of the anti-inflammatory effect of benzydamine has not yet been fully
understood. According to Quane et al. [38], the anti-inflammatory activity of benzydamine
may be due to its membrane-stabilizing or inhibitory effect of the synthesis of TNF-α.
Unlike NSAIDs, which have acidic properties, benzydamine is a weak base, highly lipid-
soluble in its unionized form [39].

According to Beckett et al. [40] and Bickel et al. [41], only a limited amount of weak,
basic, lipid-soluble drugs is absorbed into buccal tissue via mouthwash application. The
small degree of absorption into buccal tissue is confirmed by the poor systemic availability
(5%) [42]. To enhance absorption and thus bioavailability, benzydamine hydrochloride
was incorporated into nanoparticles. Due to the specific binding properties and pH-
dependent drug release, casein is considered a promising biopolymer for the preparation
of benzydamine loaded casein nanoparticles.

The aim of the present work was to optimize the process parameters of the nano
spray drying technique for the formulation of BZ-loaded casein nanoparticles. Further-
more, an investigation of the effect of process variables on structural and morphological
characteristics and release behavior was conducted.

2. Materials and Methods

Benzydamine hydrochloride (Mw 345.87 g/mol), sodium caseinate (from bovine milk)
and CaCl2·2H2O (Mw 147.01 g/mol) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical grade.
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2.1. Preparation of Blank Casein Nanoparticles and BZ-Loaded Casein Nanoparticles

The blank casein nanoparticles where prepared via coacervation followed by spray
drying using nano spray dryer Büchi B-90 (Büchi Labortechnik AG, Flawil, Switzerland),
as previously reported by Gandhi et al. [2]. A certain amount of sodium caseinate was
dissolved in 100 mL deionized water, previously adjusted to pH 2 with 1M hydrochloric
acid. Then, the crosslinking agent CaCl2·2H2O (2 μL/mL) was added dropwise to the
casein solution under high-speed homogenization at 25,000 rpm (Miccra MiniBatch D-9,
MICCRA GmbH, Heitersheim, Germany) for 15 min and casein micelles were produced.
The obtained nanosuspension was then stirred on a magnetic stirrer at 500 rpm for 30 min)
to allow effective crosslinking of casein molecules. Finally, the suspension was spray
dried using nano spray dryer Büchi B-90 under the following predetermined conditions:
mesh size of 4.0 μm, inlet temperature 40 ◦C, solution feed rate 50%, spray intensity 70%,
drying gas speed 120 L/min, pressure 30 nbar. To study the effect of different formulation
variables on the produced particles, 32 full factorial design was applied. Nine batches of
formulations were prepared at varied protein and crosslinker concentrations (Table 1).

Table 1. Composition and characteristics of blank casein nanoparticles (n = 3, PDI (polydispersity index), Dv10, Dv50 and
Dv90 (10, 50 and 90% of the total volume of particles, respectively, are with size below the indicated value).

Sample
Code

Variables Dv10 ± SD
(nm)

Dv50 ± SD
(nm)

Dv90 ± SD
(nm)

PDI
ζ ± SD

(mV)
Yeild ± SD

(%)Polymer (%) Crosslinker (M)

Cas1-Ca1 0.5 0.5 2885.0 ± 5.26 3470.0 ± 22.3 4020.0 ± 6.6 109.20 −15.4 ± 0.4 37.87 ± 9.26
Cas1-Ca2 0.5 1.0 48.5 ± 2.04 174.5 ± 4.1 256.1 ± 2.7 8.44 −22.5 ± 0.8 43.54 ± 2.04
Cas1-Ca3 0.5 1.5 46.1 ± 7.25 133.2 ± 1.6 2156.0 ± 4.7 34.47 −19.0 ± 0.6 50.30 ± 7.25
Cas2-Ca1 1.0 0.5 89.8 ± 2.83 138.1 ± 3.5 463.2 ± 3.0 22.68 −17.0 ± 0.7 49.57 ± 2.83
Cas2-Ca2 1.0 1.0 51.3 ± 4.55 4190.0 ± 20.2 6050.0 ± 3.2 543.90 −13.3 ± 0.7 40.88 ± 4.55
Cas2-Ca3 1.0 1.5 36.5 ± 3.02 104.1 ± 8.5 191.0 ± 9.0 1.21 −23.6 ± 0.6 64.80 ± 3.02
Cas3-Ca1 1.5 0.5 91.8 ± 2.57 956.2 ± 14.3 5556.0 ± 5.1 6.18 −17.9 ± 0.7 51.04 ± 2.57
Cas3-Ca2 1.5 1.0 115.0 ± 4.50 212.9 ± 2.9 1362.0 ± 7.9 8.06 −15.1 ± 0.5 35.04 ± 4.50
Cas3-Ca3 1.5 1.5 90.1 ± 2.69 149.2 ± 2.6 2944.0 ± 4.0 13.21 −16.3 ± 0.5 57.68 ± 2.69

BZ-loaded casein nanoparticles were prepared following the methodology described
in the previous paragraph. Briefly, protein aqueous solution (1.5% w/v) was prepared by
dissolving a certain amount of sodium caseinate in deionized water, previously acidified
to pH 2 using 1N hydrochloric acid. Then, BZ was added to the solution, followed by
protein crosslinking with CaCl2·2H2O (2 μL/mL) at a stirring rate of 25,000 rpm. The
procedure continued as previously described. Four batches of drug-leaded formulations
were developed at varied drug–polymer ratios. The composition of the batches is presented
in Table 2.

Table 2. Composition of BZ-loaded casein nanoparticles of various batches.

Sample Code
Sodium Caseinate

(%)

Benzydamine HCl
(mg)

Variables

Polymer: Drug Ratio

Cas2-Ca3-BZ-1 1.5 1.500 1 1
Cas2-Ca3-BZ-2 1.5 0.750 2 1
Cas2-Ca3-BZ-4 1.5 0.375 4 1
Cas2-Ca3-BZ-6 1.5 0.250 6 1

2.2. Characterization
2.2.1. Production Yield, Drug Loading and Entrapment Efficiency

The production yields of the nanoparticles from different batches were calculated
using the weight of the spray dried nanoparticles with respect to the initial quantity of the
drug and polymer, according to the following equation:

Production yield (%) =
Spray dried nanoparticles (mg)

Drug (mg) + Polymer (mg)
(1)
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Drug loading and drug entrapment efficiency of BZ-loaded CAS nanoparticles were
determined spectrophotometrically. BZ-loaded nanoparticles were dispersed into 10 mL
previously acidified at pH 2 deionized water and were stirred for 60 min until complete
swelling of casein micelles occurred, allowing BZ extraction in the aqueous medium. Then,
the blend was centrifuged at 5000 rpm and filtered (0.22 μm, Chromafil®, Macherey-Nagel,
Düren, Germany). Drug concentration was determined after proper dilution using an
Evolution 3000 Pro UV/Visible spectrophotometer (Thermo Scientific, Waltham, MA, USA)
at a wavelength of 306 nm. The drug loading (DL) was calculated according to Equation (2),
and entrapment efficiency (EE) was calculated according to Equation (3):

DL (%) =
Amount of drug in the formulation

Total amount of nanoparticles
× 100 (2)

EE (%) =
Actual drug content

Theoretical drug content
× 100 (3)

2.2.2. Particle Size Analysis, Size Distribution and Zeta Potential

Particle size of the obtained CAS nanoparticles was determined by dynamic light
scattering method using Nanotrac particle size analyzer (Microtrac, York, PA, USA). The
system is equipped with 3 mW helium/neon laser at 780 nm wavelength and measures the
particle size with noninvasive backscattering technology, performing particle size analysis
in the range of 0.8 nm to 6.5 μm. The equipment allows determination of ζ-potential in
the range from −200 mv to +200 mV. The samples were prepared by dispersing a small
amount of dry nanoparticles in purified water, and the dispersions (refractive index 1.33,
average viscosity 0.87 ± 0.05 cP) were stirred on a magnetic stirrer and then analysed for
particle size and zeta potential. All the measurements were performed at 25.0 ◦C at 20-s
intervals and were repeated three times.

2.2.3. SEM Analysis

Imaging of the obtained CAS nanoparticles was performed using scanning electron
microscopy (Prisma E SEM, Thermo Scientific, Waltham, MA, USA). The samples were
loaded on a copper sample holder and sputter coated with carbon followed by gold using
vacuum evaporator (BH30). The images were recorded at 15 kV acceleration voltage at
various magnifications using DBS (back-scattered electrons) detector.

2.2.4. FTIR Spectroscopy

The samples were evaluated for drug/polymer interactions by Fourier transformed
infrared spectroscopy (FTIR). The spectra were collected using a Nicolet iS 10 FTIR spec-
trometer (Thermo Fisher Scientific, Pittsburgh, PA, USA), equipped with a diamond atten-
uated total reflection (ATR) accessory, operating in the range from 600 cm−1 to 4000 cm−1

with a resolution 4 nm and 16 scans. The obtained spectra were analysed with OMNIC®

software package (Version 7.3, Thermo Electron Corporation, Madison, WI, USA).

2.2.5. Differential Scanning Calorimetry (DSC)

Thermal analysis of the CAS nanoparticles was performed using DSC 204F1 Phoenix
(Netzsch Gerätebau GmbH, Selb, Germany) based on the heat flux principle and cooled
with a an intracooler. An indium standard (Tm = 156.6 ◦C, ΔHm = 28.5 J/g) was used for the
temperature and heat flow calibration. The samples were hermetically sealed in aluminum
sample pans. An empty pan, identical to the sample pan, was used as reference. The
measurements were performed under argon atmosphere at a heating rate of 10 ◦C/min.

2.2.6. In Vitro Drug Release

In vitro release study was carried out by diffusion using dialysis bag. The dialysis
membrane (Sigma, MWCO 12,000 Da) was cut into equal pieces (6 × 2.5 cm2) and soaked
in distilled water for 24 h before use. An accurately weighed amount of nanoparticles
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(equivalent to 10 mg BZ) was dispersed in 2 mL of PBS buffer (pH = 7.4) and transferred
into the dialysis bag. Each bag was placed into a beaker containing 20 mL dissolution
media (PBS buffer, pH 7.4) and kept on an electromagnetic stirrer at 50 rpm and 37 ± 0.5 ◦C.
Samples of 2 mL were taken at predetermined time intervals and replaced with equivalent
volume of fresh media. The samples were then filtered (0.45 μm Chromafil® syringe filter,
Macherey-Nagel, Düren, Germany) and analyzed for drug content as mentioned above.
Mean results of triplicate measurements and standard deviation were reported.

3. Results and Discussion

3.1. Synthesis and Characterization of Blank Casein Nanoparticles

Casein concentration and the crosslinking agent (CaCl2·2H2O, Mw = 147.01 g/mol)
concentration were varied at three different levels according to the applied 32 full factorial
design. Three different concentrations of casein solution were used: low concentration
0.05% (1), medium concentration 0.1% (2) and high concentration 0.15% (3). The con-
centration of the crosslinking agent was also set at three levels: low concentration 0.5 M
(1), medium concentration 1.0 M (2) and high concentration 1.5 M (3). The other process
parameters were kept constant as described in the Materials and Methods section. The
dependent variables were particle size and production yields. The composition of the
obtained casein nanoparticles with different formulation variables is shown in Table 1.

Nine batches of blank casein nanoparticles were obtained by spray drying technique.
Mean particle sizes (Dv50, Table 1) varied in a wide range between 74.5 nm and 4.19 μm.
The smaller particles showed extremely high degree of aggregation, leading to the forma-
tion of larger clusters, as evidenced from the scanning electron micrographs. Analysis of
Dv10 was found to be far more representative for the particle size range of the formulated
structures. According to the results, a tendency for reduction of the particle size was
observed when the crosslinker concentration increased. According to the data published
in the literature [42], the larger the amount of the crosslinker, the stronger the packing of
the structure and the denser the micelle, resulting in particles of a smaller size range. Our
results confirmed this relation, but the impact was not significant. As for the aggregation,
clusters of nanoparticles occurred within each of the three groups of batches and no de-
pendences could be outlined. For that reason, the combined effect of the two factors—the
concentration of casein and the crosslinker—on the particle size was investigated, and the
plot is shown in Figure 1. Since our goal was to produce particles of the smallest possible
size, the batches revealing practically no or little degree of aggregation were considered
for further investigation (samples prepared at casein concentration 1.5% and crosslinker
concentration of 0.5 M proved to be unsatisfying).

Production yields, on the other hand, gradually increased when higher casein con-
centrations were used. The yields obtained varied in the range from 35.04% to 64.80%.
Production yields were determinative for the selection of optimum models for drug loading
and further investigation, therefore the combined effect of the two variables on the yields
was studied. The plot is presented in Figure 2. The highest values were obtained when
1.5 M calcium chloride solution was used. Among all the formulated batches, Cas2-Ca3
(casein 1%, calcium chloride 1.5 M) was determined to be optimal in terms of production
yield and desired particle size range.
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Figure 1. 3D plot representing the impact of the concentration of the polymer and the crosslinking agent on the mean
particle size of blank casein spray dried nanoparticles.

Figure 2. 3D plot representing the impact of the concentration of the polymer (%) and the crosslinking agent (M) on the
particles production yields.
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3.2. Synthesis and Characterization of BZ Loaded Casein Nanoparticles

BZ-loaded CAS nanoparticles were prepared via coacervation method, followed by
spray drying. In order to investigate the effect of polymer and drug concentration over
the production yield, particle size, surface morphology, drug entrapment efficiency and
release behavior, four batches of drug-loaded nanoparticles were prepared based on the
optimized formulation of blank nanoparticles (sample Cas2-Ca3, prepared at 1.0% casein
concentration, 1.5 M CaCl2·2H2O) and varying the polymer/drug ratio (1:1, 2:1, 4:1, 6:1)
(Table 2). The results of the study are summarized in Table 3.

3.2.1. Drug Loading and Entrapment Efficiency

Drug loading of the developed BZ-loaded casein nanoparticles varied in a wide range
from 16.02% to 57.41%. A tendency for decrease in drug loading was observed with increase
of polymer/drug ratio, which was not surprising regarding the amount of polymer used
for the formulation of the model particles. Entrapment efficiency was substantial, varying
from 76.23% to 78.82% for the samples prepared at 2:1, 4:1 and 6:1 ratio. Significantly
lower entrapment efficiency was determined for the sample Cas2-Ca3-BZ-1, prepared at
1:1 polymer/drug ratio. It could be suggested that the polymer had a limited capacity to
incorporate drug molecules during nanoparticles formulation. For the above sample, the
amount of the polymer was probably not sufficient to entrap and retain the drug and form
a stable structure.

Our hypothesis was confirmed by morphological analysis of the samples using scan-
ning electron microscopy (Figure 4). The lack of clearly defined nanostructures in model
Cas2-Ca3-BZ-1 was evidenced by the obtained scanning electron micrographs in contrast
to the other samples. In addition, the larger amount of BZ in this sample probably led to
displacement of calcium phosphate and disruption of micellar integrity. The phenomenon
has been observed in other studies and has been thoroughly described in the literature [43].
With an increase of the polymer/drug ratio from 1:1 to 2:1, a double increase of the EE was
observed (Table 3). Higher amounts of casein led to more efficient incorporation of benzy-
damine in the nanoparticles, which is probably due to the enhanced hydrophobic effect
favoring micellar solubilization of the drug [19]. A further increase in the polymer/drug
ratio (4:1 and 6:1) did not lead to a significant change in the drug entrapment efficiency.

3.2.2. Production Yield

Production yields were high, ranging from 58.23% to 74.71% except for the batch
produced at 1:1 polymer/drug ratio (34.61%). The increase in the amount of casein in
the formulations, relative to BZ, led to a slight reduction of production yields, which was
probably due to the enhanced viscosity of the feeding suspension, which made it difficult to
pass through the spray mesh. On the other hand, batch Cas2-Ca3-BZ-1, although expected
to provide the highest yield, refuted our suggestions. A possible explanation for this could
be the disruption of micellar integrity due to displacement of calcium phosphate and the
formation of precipitate prior to spray drying [44].

Table 3. Characteristics of the spray dried BZ-loaded casein nanoparticles (n = 3). DL = drug loading,
EE = entrapment efficiency.

Sample Code
Particle Size ± SD

(nm)
ζ ± SD
(mV)

DL ± SD
(%)

EE ± SD
(%)

Yield ± SD
(%)

Cas2-Ca3-BZ-1 994.2 ± 2.21 18.11 ± 0.86 57.41 ± 0.27 34.61 ± 0.23 30.42 ± 4.28
Cas2-Ca3-BZ-2 243.6 ± 2.47 16.33 ± 0.55 35.04 ± 034 78.82 ± 0.39 74.71 ± 5.41
Cas2-Ca3-BZ-4 159.8 ± 2.43 15.24 ± 0.58 26.21 ± 0.22 76.23 ± 0.28 68.76 ± 5.01
Cas2-Ca3-BZ-6 1359 ± 1.73 14.23 ± 0.66 16.02 ± 0.31 77.44 ± 0.57 58.23 ± 5.08
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3.2.3. Particle Size and Size Distribution

Particle size and size distribution were analyzed by dynamic light scattering and the
results are presented in Table 3 and Figure 3. The median particle size ranged from 135.9 nm
to 994.2 nm with a clear tendency for size reduction with increase in casein concentration.
Bimodal particle size distribution was observed in batch Cas2-Ca3-BZ-1, suggesting a high
aggregation tendency. However, no clearly distinguished structures were observed under
scanning electron microscope, corresponding to the results obtained for production yield,
drug loading and entrapment efficiency. Probably, nanoparticle formation could not be
accomplished at 1:1 polymer/drug ratio, whereas the samples prepared at 2:1, 4:1 and 6:1
polymer/drug ratio were clearly distinguished and less cohesive, with minimal degree of
aggregation.

Figure 3. Dynamic light scattering histograms of BZ loaded casein nanoparticles of batches Cas2-
Ca3-BZ-1 (A), Cas2-Ca3-BZ-2 (B), Cas2-Ca3-BZ-4 (C) and Cas2-Ca3-BZ-6 (D).

3.2.4. Surface Morphology

Surface morphology evaluation of the four batches of nanoparticles was performed
using scanning electron microscopy. The micrographs are presented in Figure 4. Three
different patterns of surface morphology were observed: rough spherical particles, wrin-
kled spherical particles and wrinkled irregularly shaped particles. A tendency towards
increased surface roughness was observed with raising casein concentrations. Irregular,
wrinkled, fragmented, and highly aggregated structures with an average particle size of
about 994 nm were observed at drug/polymer ratio 1:1 (Figure 4A, batch Cas2-Ca3-BZ-
1). It is well known that inlet temperature plays a key role in the spray drying process,
significantly affecting the surface morphology of the dry particles. According to Both
et al. [45], spray drying at high inlet temperatures generally results in the formation of less
wrinkled particles with a large, hollow core. Therefore, it could be assumed that the higher
viscosity of the feeding suspension together with the low inlet temperature (40 ◦C) might
be associated with increased stickiness and subsequent agglomeration of these particles. As
for the other three batches of nanoparticles, they all had a rounded shape and a wrinkled
surface. In addition, as the concentration of the polymer raised and the percentage of drug
diminished relative to the casein content, the rugosity degree of particles increased. It
could be assumed that the lower drug content per unit mass led to the formation of loose
matrix structures. Upon drying, these structures shrink, leading to the formation of smaller
particles with multiple surface invaginations. Our hypothesis was confirmed by particle
size analysis.
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Figure 4. SEM micrographs of BZ-loaded casein nanoparticles of batches Cas2-Ca3-BZ-1 (A), Cas2-
Ca3-BZ-2 (B), Cas2-Ca3-BZ-4 (C) and Cas2-Ca3-BZ-6 (D) at 25,000× magnification.

3.2.5. Differential Scanning Calorimetry (DSC)

The phase state of BZ incorporated into the spray dried casein nanoparticles was
analyzed using differential scanning calorimetry (DSC). The obtained thermograms are
presented in Figure 5. The thermogram of casein revealed a broad endothermic peak at
84.8 ◦C, which could be attributed to the evaporation of water present in casein micelles.
Benzydamine hydrochloride, on the other hand, being solid crystalline, showed a charac-
teristic peak at 166.5 ◦C, which corresponds to its melting point. In drug-loaded samples, a
gradual decrease in peak intensity was observed, with an increase in the polymer/drug ra-
tio from 1:1 to 6:1, as shown in Figure 5C–F. It can be assumed that changes occurred in the
degree of crystallinity of BZ during spray drying and the drug was partially transformed
into its amorphous phase depending on the drug content in the formulated nanoparticles.
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Figure 5. DSC thermograms of Benzydamine hydrochloride (A), blank casein nanoparticles (B), BZ-loaded casein nanopar-
ticles of batches Cas2-Ca3-BZ-1 (C), Cas2-Ca3-BZ-2 (D), Cas2-Ca3-BZ-4 (E) and Cas2-Ca3-BZ-6 (F).

3.2.6. Fourier-Transform Infrared Spectroscopy (FTIR)

The spectra for casein (Figure 6) show peaks at 1646 cm−1 in the amide I region
and 1530 cm−1 in the amide II region, which could be assigned to the stretching of the
carbonyl group (C=O) and to the symmetric stretching of N-C=O bonds, respectively.
Casein shows a band at 1077 cm−1, suggesting interactions of monocationic phosphates
with Na+. The peaks in the amide I and amide II regions also appear in the crosslinked
nanoparticles and in the drug loaded nanoparticles. The band at 977 cm−1, attributed to
bionic phosphate, has very low intensity on the casein spectrum and increased intensity
in the crosslinked systems, suggesting interaction with Ca2+. Characteristic bands for
stretching of aromatic C=C at 1497 cm−1 of benzydamine hydrochloride can be seen in
the spectra of the drug-loaded nanoparticles. The band at 1357 cm−1 is attributed to C-N
vibrations of the heterocyclic ring.
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Figure 6. ATR-FTIR spectra of casein, crosslinked placebo nanoparticles and crosslinked BZ-loaded nanoparticles.

3.2.7. In Vitro Drug Release

The dissolution profiles of BZ from casein nanoparticles are presented in Figure 7. The
percentage of released drug during 5-h study was incomplete, varying from 73.30% (Cas2-
Ca3-BZ-4) to 91.81% (Cas2-Ca3-BZ-1). Initial burst effect was observed in models Cas2-Ca3-
BZ-1 and Cas2-Ca3-BZ-2 in the first 60 min, releasing more than 50% of the encapsulated
drug. This was probably due to the higher drug loading and the accumulation of BZ in the
periphery of the nanoparticles during the process of spray drying. The batches Cas2-Ca3-
BZ-4 and Cas2-Ca3-BZ-6 demonstrated prolonged drug release over time, releasing almost
75% of the incorporated benzydamine. It was probably the greater amount of casein per
unit mass in these two batches that refrained the drug from free diffusion from the particle
core to the periphery, despite the larger surface area available for dissolution.

Figure 7. In vitro BZ release from spray dried casein nanoparticles prepared at different poly-
mer/drug ratios (n = 3).

4. Conclusions

In this study, self-assembled casein nanocarriers were produced by nano spray dry-
ing. The process parameters were investigated, and an optimized model of blank casein
nanostructures was outlined. Furthermore, four batches of BZ-loaded nanoparticles with a
particle size from 135.9 nm to 994.2 nm were developed. BZ loading in the nanoparticles
depended on the polymer/drug ratio. BZ was transformed from crystalline into amor-
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phous during spray drying, which implies an increased dissolution rate. The drug release
study confirmed the feasibility of the developed nanocarriers for prolonged delivery of
benzydamine.
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Abstract: Binary-blended hydrogels fabricated from Bombyx mori silk fibroin (SF) and recombinant
spider silk protein eADF4(C16) were developed and investigated concerning gelation and cellular
interactions in vitro. With an increasing concentration of eADF4(C16), the gelation time of SF was
shortened from typically one week to less than 48 h depending on the blending ratio. The biological
tests with primary cells and two cell lines revealed that the cells cannot adhere and preferably formed
cell aggregates on eADF4(C16) hydrogels, due to the polyanionic properties of eADF4(C16). Mixing
SF in the blends ameliorated the cellular activities, as the proliferation of L929 fibroblasts and SaOS-2
osteoblast-like cells increased with an increase of SF content. The blended SF:eADF4(C16) hydrogels
attained the advantages as well as overcame the limitations of each individual material, underlining
the utilization of the hydrogels in several biomedical applications.

Keywords: silk fibroin; spider silk; hydrogel; self-assembly; cell culture

1. Introduction

Hydrogels are well suited as scaffolds for tissue engineering due to their characteristics
resembling natural extracellular matrices. Hydrogels can be applied in various biomedical
fields, such as injectable hydrogels or printable bioinks for space-filling or cell/biological
factor delivery [1]. Silk fibroin is a naturally derived fibrous protein which is widely used
as a base material in hydrogel fabrication, due to its self-assembly, mechanical stability
of the gels, and biocompatibility [2]. In this work, silk fibroin derived from two different
sources, Bombyx mori silk cocoons and recombinant spider dragline silk proteins, were
chosen to form blended hydrogels, and their cytocompatibility was tested in vitro.

Combining two materials is an approach to gain the advantage from both materials as
well as to overcome some limitations to achieve products with desired features [3]. Silk fi-
broin (SF) can be derived at high amounts from silkworms by isolating the SF solution from
silk glands or dissolving silk cocoons with the drawback of some inhomogeneities common
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to all nature-derived materials. However, SF solution can be produced under certified con-
ditions, and SF is already available from several companies, such as Fibrothelium GmbH,
Aachen, Germany, Sigma-Aldrich, MO, USA, and Advanced Biomatrix, CA, USA. Glycine-
alanine repeats of SF can form beta sheet structures, which is relevant for self-assembly
as well as the physical strength of the obtained materials [4]. However, self-gelation of
SF is extremely slow (ca. 7–12 days depending on the SF concentration) [5], which is
impractical in various applications, especially for cell encapsulation. Several strategies
have been applied to accelerate the self-assembly process of SF, including an application of
physical or mechanical forces, an addition of chemicals, as well as a simple blending with
other polymers. Regarding the works from Mandal BB’s group, non-mulberry SF, with its
primary structure containing a high ratio of alanine-glycine and poly-alanine sequences,
was simply blended with B. mori SF, and rapid gelation can be achieved. The biological
properties were drastically improved due to the presence of arginine-glycine-aspartic acid
(RGD) motifs in non-mulberry SF [6–9].

The recombinant spider silk protein (eADF4(C16)), derived from ADF4 of the dragline
silk protein of Araneus diadematus containing poly-alanine sequence, can be spontaneously
assembled into hydrogels within hours depending on the protein concentration or the
ionic strength of the solution [10,11]. The advantage of this recombinant protein is its large
availability with continuous properties. eADF4(C16) is a commercially available spider
silk protein from AMSilk GmbH, Martinsried, Germany. Major limitation of eADF4(C16)
is cell adhesion and proliferation unless the protein is genetically modified, e.g., with
a tag comprising the cell adhesion motif RGD [12]. Hence, binary blending of SF and
eADF4(C16) could expectedly be beneficial in enhancing the interaction with cells, as well
as accelerating the gelation process within a range suitable for practical uses.

Herein, the gelation of SF and eADF4(C16) blends was evaluated. Since the hydrogels
were proposed to serve as cell-loaded substrates, the interaction with primary cells and
cell lines was tested. Physico-chemical properties of the hydrogels, which could affect the
cellular behavior, namely micromorphology, hydrophobicity, and protein diffusivity, were
also identified. This work as a proof-of-concept study provides information of blended
SF:eADF4(C16) hydrogels for further applications e.g., cell-encapsulation for cell delivery
or injectable or printable materials.

2. Materials and Methods

2.1. Material

Thai Bombyx mori silk cocoons were received from Queen Sirikit Sericulture Cen-
ter, Nakhon Ratchasima province, Thailand. Recombinant protein eADF4(C16) based
on dragline silk protein ADF-4 of Araneus diadematus was produced according to the
published protocol [13]. Briefly, a bacterial expression plasmid containing gene correspond-
ing to 16 repeats of module C of ADF4 protein (sequence: GSSAAAAAAAASGPGGYG
PENQGPSGPGGYGPGGP) was induced in E. coli strain BLR(DE3) using isopropyl β-
D-1-thiogalactopyranoside (IPTG). Approximately 3–4 h after the induction, cells were
harvested, lysed and eADF4(C16) was isolated by precipitation using 30% ammonium
sulfate, before redissolution in 6 M guanidine thiocyanate (GdnSCN) and lyophilization.
All reagents used in this study were of analytical grade and supplied from Sigma-Aldrich,
MO, USA, unless otherwise stated.

To extract SF from silk cocoons, 40 g of the cocoons were boiled in 1 L of 0.02 M
Na2CO3 for 20 min twice to remove sericin, before leaving to dry. Four gram of dried silk
fiber was dissolved in 16 mL of 9.3 M LiBr (1:4 weight-to-volume ratio), and incubated
at 60 ◦C for 4 h. After that, LiBr was eliminated by dialyzing the SF solution against
deionized water for 48 h using a dialysis tube with molecular weight cut-off (MWCO) of
12–16 kDa [14]. The concentration of the protein solution was determined from dry solid
weight. To prepare the sterile SF solution, the solution was autoclaved at 121 ◦C for 20 min
and stored in a refrigerator until usage.
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eADF4(C16) powder was dissolved in 6 M GdnSCN at a concentration of 4 mg/mL
and incubated at 37 ◦C for 1 h. The solution was then dialyzed against 10 mM Tris-HCl
buffer (pH 7.4) using a dialysis tube with MWCO of 6–9 kDa. Subsequently, the protein
solution was concentrated using dialysis against 20% w/v polyethylene glycol (PEG;
Mn = 35 kDa), and the concentration was determined from the absorbance at 280 nm [10].
The eADF4(C16) was UV-irradiated for 20 min for sterilization.

2.2. Gelation Kinetics

Gelation of the protein solutions and blends was investigated using the change of
turbidity, as the gelation is associated with fibril assembly causing light scattering [5,10].
2% and 3% w/v SF and eADF4(C16) solutions were prepared and mixed at the volume ratio
of SF:eADF4(C16) of 10:0, 7:3, 5:5, 3:7 and 0:10. The effects of different buffers, including
Dulbecco′s Modified Eagle′s Medium (DMEM), phosphate buffer saline (PBS), and normal
saline solution (NSS), on the gelation kinetics were investigated by supplementing the
protein mixtures with 10X concentrated solutions. The samples were prepared from the
sterile stock solutions using aseptic techniques to avoid microbial contamination. 100 μL of
the mixtures were transferred to a 96-well plate, and the change of visible light absorption
at 550 nm was measured using a microplate reader (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany). The temperature was controlled at 37 ◦C, and the microplate was
sealed to prevent water evaporation. The measurement was conducted every 15 min for
40 h.

2.3. Visualization of Microstructures

The morphologies of hydrogels were observed upon freeze-drying using a field
emission scanning electron microscope (FESEM; JSM-7610F, Jeol, Tokyo, Japan). The
samples were prepared as above described by incubating the mixtures in tight-sealed vials
at 37 ◦C until achieving the complete gelation. The samples were immediately frozen using
liquid nitrogen for 30 min and at −80 ◦C overnight before lyophilization. Flash freezing the
samples in liquid nitrogen was performed to preserve the microstructure of the hydrogels.

To visualize the micromorphological structure using FESEM, the freeze-dried samples
were cut and coated with platinum. The FESEM was operated with an acceleration voltage
of 5 kV.

2.4. Quantitative Determination of Secondary Structures

The structures of freeze-dried hydrogels were determined using Fourier-transform
infrared (FTIR) spectroscopy in an attenuated total reflection (ATR) mode (Nicolet™ iS™
5, Thermo Fisher Scientific, Waltham, MA, USA). The absorbance spectra within the
range of 4000 to 800 cm−1 were collected with 1.0 cm−1 resolution. The secondary struc-
tures were quantified using Fourier self-deconvolution (FSD) and curve-fitting techniques
according to the established protocol [15]. In brief, the deconvolution of amide I spec-
trum (1725–1575 cm−1) was obtained using Omnic 8.0 software (Thermo Fisher Scientific,
Waltham, MA, USA) by fitting the Voigt line shape with a half-bandwidth of 25 cm−1 and
an enhancement factor of 2.5. Subsequently, the deconvoluted spectrum was fitted with
the Gaussian function using Origin Pro 9.0 software (OriginLab, MA, USA). The content
of beta sheet structure was obtained from the peak area between 1616–1637 cm−1. Other
structures, namely random coil, alpha-helix and beta turn, were determined from the peaks
at 1638–1655, 1656–1662 and 1663–1696 cm−1, respectively [16].

2.5. Protein Adsorptivity of Blended Hydrogels

Fetal bovine serum (FBS), a mixture of soluble proteins which is widely used in in vitro
biological experiments, was selected to study the protein adsorptivity of the SF:eADF4(C16)
hydrogels. 2% Hydrogels were prepared in a silicone mold, cut into a disc shape with a
diameter of 5 mm and a thickness of 1 mm, and immersed in 10% FBS in PBS buffer (pH 7.4)
at 37 ◦C for a particular period. After that, the hydrogels were washed with PBS to remove
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redundant proteins and incubated in 1 mL of PBS at 4 ◦C overnight with gentle shaking to
extract the protein. Supernatants obtained from the samples immersed in PBS overnight
without FBS were used as blanks. Protein content in the extracted solution was determined
using Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s instruction. 80 μL of the supernatant was mixed with 20 μL of the dye,
incubated at room temperature for 15 min, and the absorbance was measured at 595 nm.

2.6. Cell Preparation

Three different cell types, including human adipose-derived stromal cells (hASCs),
L929 mouse fibroblasts, and SaOS-2 human osteoblast-like cells, were chosen to investigate
their activities while culturing on the developed SF:eADF4(C16) hydrogels. Primary hASCs
were used as a model for tissue engineering applications. L929 and SaOS-2 were selected
to represent normal and tumor cells, respectively.

Human ASCs were isolated from subcutaneous fat tissues collected from female
participants enrolled to Chulalongkorn Memorial Hospital, Thailand for laparotomy with
an approval from institutional ethic committee on human research, Faculty of Medicine,
Chulalongkorn University (project no. 416/61). Isolation and culture procedures were
conducted following established protocols [17,18]. Briefly, 10–15 g fat tissue was washed
with PBS before enzymatically digested using 0.1% collagenase type II (Gibco, New York,
NY, USA) supplemented with 1% bovine serum albumin at 37 ◦C with continuous shaking
for 1 h. The digested specimen was then centrifuged, and the upper oil layer was removed.
The bottom dark brown layer, known as stromal vascular fraction (SVF), was collected,
resuspended with PBS and centrifuged. After that, SVF was resuspended with culture
medium (DMEM/F12 + 10% FBS + 1% antibiotics) and transferred to a T-75 tissue culture
flask. The culture was maintained at 37 ◦C with fed air supplemented with 5% CO2.

After initial plating for 48 h, cells were washed with PBS to remove unattached
cells and refed with the new medium. Typically, hASCs reached 80–90% confluency
within 2 weeks. Subculture was performed using TrypLE Express enzyme (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s advice with a subculture
ratio of 1:2.

L929 and SaOS-2 were cultured in DMEM supplemented with 10% FBS and 1% antibi-
otics. The cells were maintained in a CO2-incubator, and the subculture was treated using
trypsin (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol.

2.7. Evaluation of Cell Attachment and Proliferation on the Silk Hydrogels

Hydrogels were prepared as mentioned above using autoclaved SF and UV-irradiated
eADF4(C16) solutions, and the overall concentration of protein mixtures was fixed at 2%
w/v. 100 μL of the protein mixtures were transferred to a tissue culture-treated 48-well pate
and incubated at 37 ◦C under humidified atmosphere for at least 48 h to allow complete
gelation. For pure SF solutions, gelation was accelerated using sonication at 40% amplitude
for 30 s [19].

All hydrogels were hydrated with the complete media for 24 h prior to cell seeding.
hASCs at a density of 5000 cell/cm2, L929 and SaOS-2 at a density of 10,000 cell/cm2 were
seeded on the hydrogels. Seeding density was based on the proliferation profile of each
cell, of which its logarithm growth phase should be achieved within 1 to 5 days. Cells
cultured on the tissue culture-treated plate (TCP) were used as controls. The cell culture
media, DMEM/F-12 + 10%FBS + 1% antibiotics and DMEM + 10%FBS + 1% antibiotics
were used for culturing hASCs and L929 or SaOS-2, respectively, and the samples were
stored in a CO2 incubator at 37 ◦C and 5% CO2 supplementation.

On day 1, 3, 5 and 7 after cell seeding, the cell proliferation was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Briefly,
cells were washed with PBS, treated with 0.5 mg/mL MTT solution, and incubated at
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37 ◦C in the dark for 30 min. After that, the MTT dye was removed and replaced with
dimethyl sulfoxide (DMSO) to extract the precipitated formazan. The blue solution was
then retrieved, and its absorbance at 570 nm was measured with a visible-light background
correction at 650 nm.

Cell morphology was observed using a phase contrast imaging as well as fluores-
cent live-dead staining with calcein AM and propidium iodide (PI) dyes (Thermo Fisher
Scientific, Waltham, MA, USA). At the designated time-points, cells were washed and
stained with the fluorescent dyes. Bright-field and fluorescent images were obtained using
a fluorescence microscope (Nikon Eclipse 80i, Nikon, Tokyo, Japan) with green and red
filters to visualize calcein AM stained (lived) and PI stained (dead) cells, respectively.

2.8. Statistical Analysis

Statistical analysis was performed using IBM® SPSS® Statistics software version 22
under the license of Chulalongkorn University. Data was analyzed using one-way analysis
of variance (ANOVA) with Bonferroni post-hoc tests at the significant level of 0.05.

3. Results

3.1. Gelation Time of SF:eADF14(C16) Blends

The gelation of fibroin solutions was associated with the formation of heterogenous
microstructures, which affected the light scattering degree in the visible range [5]. There-
fore, the gelation can be noticed from the point at which an abrupt change of the visible-
light absorbance value occurs. Figure 1 demonstrates the gelation time of 2% and 3%
SF:eADF14(C16) blends. Only eADF4(C16) showed gel formation within less than a day,
while a blending with SF significantly prolonged the gelation time. Increasing protein
concentrations resulted in faster gelation. The SF:eADF4(C16) samples at a ratio 3:7 un-
derwent the gelation in less than 40 h. Furthermore, a supplementation with DMEM, PBS,
and NSS significantly reduced the gelation time, especially for blended samples (5:5 and
3:7 ratio). DMEM addition yielded slower gelation kinetics in case of blended 5:5 and 3:7
SF:eADF4(C16) solutions, when compared to those in presence of PBS and NSS.

3.2. Micromorphology of the Freeze-Dried Hydrogels

The microstructures of freeze-dried hydrogels were visualized using FESEM (Figure 2).
The microstructures of all samples presented a high porosity with a ridge- or wall-like
structure, and the fracture surfaces displayed an accumulation of nanofibers.

3.3. Secondary Structures of the Hydrogels

Figure 3A,B display the FTIR spectra and the secondary structure content of the
freeze-dried SF:eADF4(C16) hydrogels, respectively. Comparing in sol and gel state, the
peak shift from approximately 1650 cm−1 of the sol groups toward a lower wavenumber
(1625 cm−1) of the gel group can be noticed, indicating a transition of the predominated
random coil structure in the sol state to a beta sheet structure after gelation. The results
were in accordance with the amount of secondary structures quantified using FSD and
curve-fitting. A reduction in random coil and an increase of beta sheet structure could be
clearly observed, especially in samples containing SF. The samples with higher eADF4(C16)
content possessed a higher beta sheet and lower random coil content in the sol state, which
slightly changed after gelation.
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Figure 1. Gelation time of (A) 2% and (B) 3% w/v of SF:eADF4(C16) solutions with different ratios as
indicated and upon addition of Dulbecco′s Modified Eagle′s Medium (DMEM), phosphate buffer
saline (PBS) and normal saline solution (NSS) at 37 ◦C. “Plain” refers to SF:eADF4(C16) blends in
the absence of salts. The gelation time was interpreted from the time-point at which the absorbance
values reached the half-maxima. The experimental time was limited to 40 h. The ratio indicates the
volume ratio of the respective 2% and 3% protein solutions.
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Figure 2. FESEM images of freeze-dried hydrogels. The number on the left indicates the
SF:eADF4(C16) volume ratio. The scale bars of 500× and 15 kx magnification are 10 and 1 μm,
respectively.
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Figure 3. Physico-chemical properties of the SF:eADF4(C16). (A) FTIR spectra of freeze-dried
hydrogels, (B) The content of protein conformation, quantified from the amide I region of FTIR
spectra, and (C) Adsorption of proteins in the hydrogels after immersion in 10% FBS. NS: non-
significant difference.

3.4. Protein Adsorptivity of the Hydrogels

Adsorption of soluble proteins in SF:eADF4(C16) hydrogels was determined using
FBS as a model (Figure 3C). For all samples, FBS can be rapidly adsorbed onto the hydrogels
in the first hour of immersion before maintaining a plateau. The adsorption of the proteins
in the SF hydrogel (10:0) was slower than in the others, but the identical protein level could
be achieved within 6 h.

3.5. Proliferation of Cells Cultured on the Silk Hydrogels

Due to the very long gelation time, gelation of pure SF was accelerated using ultrason-
ication, and the 7:3 SF:eADF4(C16) hydrogel was omitted from the cell culture experiment.
Cell proliferation was determined from MTT assay (Figure 4). For primary cells, such
as hASC, the results showed no significant difference among all samples. Cells on TCP
presented the growth phase in the first five days before plateauing on day 7 (population
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doubling time (PDT) = 61.3 h), while those on the silk hydrogels showed low proliferation
rates after 3 days (Figure 4A). The proliferation of two cell lines, L929 and SaOS-2 was
depended on the sample composition, as samples with higher SF content showed enhanced
cellular activities. L929 cells (PDT on TCP = 21.0 h) cultured on hydrogels containing
SF (10:0, 5:5, 3:7 SF:eADF4(C16)) showed a similar behavior, while the growth of cells
on the eADF4(C16) (0:10) hydrogel was significantly lower (Figure 4B). Similar results
were noticed for SaOS-2 (PDT on TCP = 25.9 h) (Figure 4C). The cells on 2% SF hydrogels
presented the highest growth rate, which was not significantly different from those on
TCP for all time-points. The absorbance values were lower depending on an increasing
eADF4(C16) content, with the lowest cell activity for 2% eADF4(C16).

Figure 4. Cell proliferation determined using the MTT assay of (A) human adipose-derived stromal
cells (hASC), (B) mouse L929 fibroblasts, and (C) human SaOS-2 osteosarcoma cells cultured on 2%
SF:eADF4(C16) hydrogels for 7 days. Cells cultured on tissue culture. The asterisk (*) indicates the
statistical difference at p-value ≤ 0.05.
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3.6. Morphology of Cells on the Hydrogels

Bright-field images of hASC, L929, and SaOS-2 (Figure 5) cultured on silk hydrogels for
1 and 5 days showed the cell morphology after the initial attachment and in the exponential
growth phase, respectively. Fluorescent images of hASCs (Figure 6) demonstrated live and
dead cells, stained by calcein AM and PI dyes, respectively. The number of cells visualized
from the images were in accordance with the cell proliferation results. It can be recognized
that cells attached to hydrogels containing SF within 1 day after seeding. In contrast, cells
on hydrogels with an increasing content of eADF4(C16) were less stretched and presented
a lower attachment. On pure 2% eADF4(C16), cells could not attach well and preferably
formed cell aggregates.

Figure 5. Bright-field images of hASC, L929 and SaOS-2 cells cultured on 2% SF:eADF4(C16) hydrogels on day 1 (top panel)
and day 5 (bottom panel) (scale bar = 50 μm).
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Figure 6. Fluorescence images of calcein AM (Live) and PI (Dead) stained hASC cells cultured on 2% SF:eADF4(C16)
hydrogels on day 1 and day 5 (scale bar = 500 μm).

4. Discussion

Blended SF:eADF4(C16) hydrogels were fabricated in order to combine the advantages
of eADF4(C16) in facilitating rapid gelation and enhanced interactions with cells provided
by SF. As shown in Figure 1, it can be clearly seen that the addition of eADF4(C16) can
induce faster gelation of SF, i.e., the gelation of 5:5 and 3:7 hydrogels occurred within
48 h. The gelation of pure 2% and 3% SF solutions were not observed after one week,
which was in agreement with a previous study [20]. As expected, an increase of protein
concentration from 2% to 3% led to a shorter gelation time, due to a higher opportunity
in chain-chain interactions [5,10]. Additionally, the presence of cations, especially the
mixtures of monovalent and divalent cations as in DMEM, significantly shortened the
gelation time of SF:eADF4(C16) blends. This finding confirmed the previous study in which
the addition of DMEM and divalent cations, such as Ca2+, triggered a faster eADF4(C16)
hydrogel formation [11]. Also, accelerated gelation of SF was achieved in presence of
the divalent cation Ca2+, but not the monovalent K+ [21]. However, our results showed
that mixtures of monovalent cations, such as in PBS, and NSS, were able to affect the
gelation of SF:eADF4(C16). We propose that the presence of cations mostly influences
assembly of eADF4(C16) rather than that of SF, due to the polyanionic characteristics of
eADF4(C16). Interactions with counterions result in a decrease of chain repulsion and
facilitates molecular interactions.

Typically, the sol-gel transition of silk proteins, either by spontaneous gelling or
physical intervention, relates to the self-assembly process [22]. Conformational changes
from random coil in sol state to the highly ordered beta sheet structure in gel state were
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in accordance with the gelation of SF and eADF4(C16). The hydrogen bonding and
hydrophobic interaction between hydrophobic glycine-alanine repeats or poly-alanine
sequences result in a formation of beta sheet stacks and a subsequent gel formation [5,10].
Our findings showed a reduction of random coil structure as well as an increased beta
sheet content after the gelation of all samples (Figure 3B). Notably, the eADF4(C16) showed
a lower degree of beta sheet structures than that of SF. As the heavy chain of SF, which
mainly directs the formation of beta sheets, possesses a molecular weight of 391 kDa [4],
the presence of smaller eADF4(C16) chains with a molecular weight of 47.7 kDa [23]
could disturb the molecular organization, resulting in the detected reduction of beta sheet
formation upon an increase of eADF4(C16) content.

Cell interactions of SF:eADF4(C16) hydrogels were evaluated using the primary
cell, hASC, and two cell lines, L929 mouse fibroblasts and SaOS-2 human osteoblast-like
cells. For all cells, those cultured on pure eADF4(C16) hydrogels were rounded, loosely
attached to the hydrogel surface, and preferably formed cell aggregates (Figure 5). The
surface hydrophilicity, determined from water contact angle measurement of blended films
(Figure S1), and the protein adsorptivity of the hydrogels (Figure 3C) could not strongly
influence the cellular adhesion. In addition, as the isoelectric point of SF and eADF4(C16)
was approximately 3.9 and 3.5, respectively [24,25], the negatively charged materials at the
physiological pH (pH 7.4) could not well support cellular attachment through electrostatic
interaction with negative-charged cell surface.

The proliferation of hASC primary cells on all hydrogels was slower, and a lower cell
number was obtained than that on the TCP control (Figure 4A). SF and eADF4(C16) hydro-
gels were biocompatible, as seen from no dead cells in all samples (Figure 6). However, the
lack of cell adhesion motifs in eADF4(C16), such as RGD, resulted in a low cellular adhesion
to the material [26,27]. Furthermore, cells maintained their spherical forms and preferably
formed micro-aggregates due to the loose attachment on the hydrogel surface [28]. There-
fore, an extended initial lag phase of primary cells with low proliferation potential could
be observed, and any growth phase could not be observed within the experimental period.

For L929 fibroblastic cells, proliferation rate depended on the type of samples, as
hydrogels with high SF content supported cellular activities better (Figure 4B). Apart
from the reason that eADF4(C16) cannot support proper cellular adhesion [12,29], Yamada
et al. reported the presence of fibroblast growth-promoting peptides, VITTDSDGNE and
NINDFDED, at the N-terminus of SF heavy chain [30]. Hence, the higher content of SF in
the blended materials could be beneficial in promoting the proliferation of L929 fibroblasts.

As shown in Figure 4C, the growth of SaOS-2 on 10:0 hydrogels were statistically
similar to the control (TCP) on day 5 and 7, and the values were proportionally reduced
with increasing eADF4(C16) content. Furthermore, as noticed from Figure 6, the hASC
could spread more on hydrogels with higher SF content. It can be presumed that the
material acts as a physical cue directing the cellular activities including cytoskeleton
organization and cell morphology [31]. Cells cultured on the stiffer materials exhibit
a stretch morphology, generating a greater force on actin cytoskeleton, which favor an
osteogenic expression [32,33].

The blended hydrogels, especially the 7:3 and 5:5 SF:eADF4(C16) formulations, exhib-
ited accelerated gelation kinetics together with an enhanced cellular activity. Our results
showed that the physical and biological properties of the hydrogels are tunable depending
on the blending ratio. The simple blending of two different silk proteins reflects a sim-
ple preparation route to obtain the hydrogels with required properties such as biological
activity of mechanical features for an intended cell biological application.

5. Conclusions

Blended SF:eADF4(C16) solutions show accelerated sol-gel transition in combination
with the enhanced cell binding of the resulting hydrogels. Faster gelation was noticed
with an increment of eADF4(C16) content to at least 50%. At the ratio of 7:3 and 5:5
SF:eADF4(C16), an enhanced cellular adhesion as well as cell proliferation have been
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noticed. The developed blended hydrogels supported viability of hASC primary cells.
Proliferation of cell lines depended on SF content, as an increasing SF content enhanced
cell proliferation. The different behavior of each cell type on the blended SF:eADF4(C16)
hydrogels could serve as the fundamental data to design the applications of such hydrogels
in the future. In addition, for further works, the mechanical properties of the SF:eADF4(C16)
should be evaluated, both the modulus and the thixotropic properties of the hydrogels, to
investigate their utilization as a printable bioink. Since the high crystallization of SF could
limit the shear thinning and self-recovery of the hydrogels, the addition of eADF4(C16)
which is known for its thixotropy [11] could ameliorate the printability of the developed
hydrogels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13234182/s1, Figure S1: Water contact angle of blend SF:eADF4(C16) films.
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Abstract: Transdermal drug delivery systems (TDDSs) have become innovative, fascinating drug
delivery methods intended for skin application to achieve systemic effects. TDDSs overcome the
drawbacks associated with oral and parenteral routes of drug administration. The current investiga-
tion aimed to design, evaluate and optimize methotrexate (MTX)-loaded transdermal-type patches
having ethyl cellulose (EC) and hydroxypropyl methyl cellulose (HPMC) at different concentrations
for the local management of psoriasis. In vitro release and ex vivo permeation studies were carried
out for the formulated patches. Various formulations (F1–F9) were developed using different concen-
trations of HPMC and EC. The F1 formulation having a 1:1 polymer concentration ratio served as the
control formulation. ATR–FTIR analysis was performed to study drug–polymer interactions, and it
was found that the drug and polymers were compatible with each other. The formulated patches
were further investigated for their physicochemical parameters, in vitro release and ex vivo diffusion
characteristics. Different parameters, such as surface pH, physical appearance, thickness, weight
uniformity, percent moisture absorption, percent moisture loss, folding endurance, skin irritation, sta-
bility and drug content uniformity, were studied. From the hydrophilic mixture, it was observed that
viscosity has a direct influence on drug release. Among all formulated patches, the F5 formulation
exhibited 82.71% drug release in a sustained-release fashion and followed an anomalous non-Fickian
diffusion. The permeation data of the F5 formulation exhibited about a 36.55% cumulative amount of
percent drug permeated. The skin showed high retention for the F5 formulation (15.1%). The stability
study indicated that all prepared formulations had very good stability for a period of 180 days.
Therefore, it was concluded from the present study that methotrexate-loaded transdermal patches
with EC and HPMC as polymers at different concentrations suit TDDSs ideally and improve patient
compliance for the local management of psoriasis.

Keywords: transdermal drug delivery system (TDDS); hydroxypropyl methyl cellulose (HPMC);
ethyl cellulose (EC); methotrexate; patches
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1. Introduction

Psoriasis is a chronic inflammatory disease affecting about 1–3% of the world’s popu-
lation [1]. This lifelong disease has an equal gender distribution, and its incidence rate may
vary from 50 to 140 new cases per 100,000 cases per year [2]. Its mortality risk is increased
exponentially in terms of severe psoriasis when compared to the general population, even
though it is usually not life threatening [3]. Psoriasis leads to decreased patient quality of
life due to its link with high levels of morbidity and ailment. The management protocols of
psoriasis vary depending upon the severity index of the disease [4].

Topical agents constitute first-line therapy, typically sufficient for active management
of the disease to combat mild to moderate types of psoriasis [5]. Phototherapy and systemic
management are crucial to consider when either suboptimal effects arise from topical
therapies or when the intensity of the psoriasis limits the use of topical agents [6]. Currently
available systemic tools comprise biological and nonbiological therapies, which are utilized
as monotherapy or in combination with other modalities to manage moderate to severe
psoriasis [7].

Methotrexate, orally administered retinoid, and cyclosporine represent prominent
nonbiological systemic agents. Methotrexate administered via oral and parenteral routes
presents an excellent therapeutic strategy to treat psoriasis owing to its epidermal cell
proliferation inhibition, as well as anti-inflammatory actions at low doses [8]. However,
a large number of reported toxicities due to methotrexate systemic administration, such
as liver impairment, and gastric side effects, including diarrhea vomiting and stomatitis,
appear [9]. Methotrexate is a folate antagonist, and it displays prominent antineoplastic
activity, as well as having a use for psoriasis management [10]. It competitively inhibits the
enzyme dihydrofolate reductase, leading to DNA inhibition synthesis. Methotrexate, when
delivered to the psoriatic site by means of transdermal drug delivery, has the potential to
reduce side effects associated with this drug and avoid first-pass metabolism [11]. A major
problem with methotrexate is that the drug is hydrosoluble and available in ionized form
at physiological pH (7.4), leading to limited capacity for passive diffusion [12].

To minimize the likelihood of side effects, as well as skin permeation, and to maintain
a therapeutic concentration in the target tissues, numerous approaches have been pro-
posed, such as liposomes, polymeric nanoparticles, microspheres, solid lipid nanoparticles,
nanoemulsions and nanoemulsion gel and patch formulations [13]. However, transdermal
patches offer numerous advantages in terms of ease of preparation, high loading capacity
for hydrophilic and lipophilic drugs and long-term stability with improved dermal deliv-
ery [14]. A transdermal patch is used to deliver a specific dose of medication through the
skin and into the bloodstream. Transdermal delivery provides controlled, consistent drug
administration and produces continuous drug input. It has a short biological half-life and
eliminates pulsed entry into the systemic circulation [15]. It is convenient and especially
evident in patches that require application only once a week. Such a simple dosing regimen
could enhance patient compliance with drug therapy [16].

Polymers are widely used in modern pharmaceutical technologies, and they play a
vital role in drug delivery advancements. Polymers act as carriers in targeted therapies
and offer controlled drug delivery while reducing the bitter taste of drugs [17]. Hydrox-
ypropyl methylcellulose (HPMC) is a derivative of cellulose of hydrophilic nature [18]. It is
widely used in controlled-release formulations due to its swelling, gelling and thickening
properties. Furthermore, HPMC is nontoxic in nature, and its swelling and easy compres-
sion properties make it convenient for use in the preparation of controlled drug delivery
systems [19].

Ethylcellulose (EC) is a derivative of cellulose of hydrophobic nature. It is a white to
light free-flowing powder used widely in the manufacturing of controlled drug delivery
systems. EC has very limited side effects; hence, it is considered safe to employ in tablets,
oral capsules, ocular or vaginal preparations and topical preparations [20]. EC is an inert,
hydrophobic polymer that exhibits certain properties such as good stability during storage,
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lack of toxicities and good compressibility, which are suitable for designing controlled drug
delivery systems [21].

This study was undertaken to develop methotrexate-loaded matrix-type patches
by employing a combination of hydrophilic and hydrophobic polymers, hydroxypropyl
methylcellulose (HPMC) and ethyl cellulose (EC), for the pertinent and effective dermal
treatment of psoriasis, with improved cutaneous deposition of methotrexate to enhance
its local effect. The success associated with methotrexate through dermal application via
patch formulations could also be represented by increased patient compliance due to the
topical administration of therapeutic substances, representing a less invasive and more
comfortable and convenient route of administration.

2. Materials and Methods

2.1. Materials

Methotrexate was kindly gifted by Wilsons Pharmaceutical (Pvt.) Ltd., Pakistan. Ethyl
cellulose (EC) and hydroxypropyl methyl cellulose (HPMC) (Dow Chemical Company,
693 Washington St, #627, Midland, MI, 48640, USA, +1-989-636-1000) were used as rate-
controlling polymers. Ethanol (Sigma-Aldrich Inc., P.O. Box 14508, St. Louis, MO, 63178,
USA, +1-314-771-5750), PEG-400 (Sigma-Aldrich Co., 3050 Spruce Street, St. Louis, MO,
63103, USA, +1-314-771-5765), sodium hydroxide (NaOH) (Sigma-Aldrich Chemie GmbH,
Riedstrasse 2, 89555 Steinheim, Germany, +49-7329-970), dichloromethane and calcium
chloride (Dow Chemical Co., 2030 Dow Ctr, Midland, MI, 48674, USA, +1-989-638-8173)
were used in the preparation of patches and buffers. Analytical-grade chemicals were used
in this study.

2.2. Preparation of Transdermal Patch

The solvent evaporation technique was used for the formulation of methotrexate-
loaded patches, with EC and HPMC as rate-controlling polymers at different concentrations
(Table 1). The polymers were weighted accurately using an analytical weighing balance
(Shimadzu AX 200, Kyoto, Japan), placed in a solvent system (15 mL) comprising ethanol
and dichloromethane (1:1) and allowed to swell for 6 h. The plasticizer used was PEG-
400. A 100 μL volume of ethanolic hydrochloric acid was taken in a beaker, and a proper
amount of methotrexate was added. Dichloromethane and ethanol (1:1) were taken in a
separate beaker and placed in a sonicator (Elma D-78224, Germany) for 2 min. The drug
and polymers were mixed homogeneously by slow stirring. A uniform dispersion was
poured in Petri dishes with an area of 19.5 cm2. The Petri dishes were placed in an oven
(Memmert, Germany) at 40 ◦C for 12 h.

Table 1. Composition of methotrexate transdermal patches.

Batch Amount of MTX (mg)
Total Amount of Polymers

Plasticizer PEG-400
(%)

Amount of Solvents (v/v) mL
EC

(mg)
HPMC
(mg)

Combination
EC/HPMC

Dichloromethane Ethanol

F1
(Control) 5 100 100 1:1 25 20 20
F2 5 100 200 1:2 25 20 20
F3 5 100 300 1:3 25 20 20
F4 5 100 400 1:4 25 20 20
F5 5 100 500 1:5 25 20 20
F6 5 200 100 2:1 25 20 20
F7 5 300 100 3:1 25 20 20
F8 5 400 100 4:1 25 20 20
F9 5 500 100 5:1 25 20 20

2.3. ATR–FTIR Analysis (Preformulation Study)

ATR–FTIR analysis was carried out on the pure drug (methotrexate) and various
physical mixtures of patch formulations (F1 to F9) to investigate possible interactions. A
total of 32 scans were observed for each spectrum at a resolution of 4 cm−1 from 4000 to
600 cm−1.
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2.4. Physicochemical Evaluation of Patches

The physicochemical properties of the formulated patches were evaluated using the
following parameters.

2.4.1. Surface pH

The surface pH of the formulated patches was evaluated by placing a 1 cm2 portion
of a patch in 1 mL of distilled water for 2 h at room temperature (25 ± 2 ◦C) in a test
tube. Excess water from the test tube was removed by the filtration process. A pH meter
(InoLab®, Xylem Analytics, Dr. Karl Slevogt Street 1. Weilheim 82362, Germany) was
used for the identification of the surface pH of the formulated patches. The pH meter was
placed at the swollen part of the patch, and three readings were recorded for the average
(mean ± SD) result [22].

2.4.2. Physical Appearance

All formulated patches were physically inspected for smoothness, color, clarity, trans-
parency, and homogeneity.

2.4.3. Thickness

The uniformity of thickness was evaluated for all formulated patches. A vernier
caliper (Germany) was used for the evaluation of the thickness of the formulated patches.
The thickness of patches was evaluated at 6 different places, and then the average was
calculated [23].

2.4.4. Weight Uniformity

All formulated patches were weighed individually for weight uniformity. An analyti-
cal weighing balance (Shimadzu AX 200, Kyoto, Japan) was used for the determination of
weight. Individual weight was compared with average weight [24].

2.4.5. Folding Endurance

The efficacy of the plasticizer was investigated with the folding endurance test. The
folding of a patch at the same point until a break or crack appears shows the folding
endurance capacity of a patch. At the same point, a patch was folded several times without
cracking or breaking defines the value of folding endurance. The folding endurance test
was conducted for all formulated patches [24].

2.4.6. Moisture Uptake

The formulated patches were weighed accurately for the determination of percent
moisture uptake. Aluminum chloride and the patches were placed in a desiccator to
maintain humid conditions. After 3 days, the patches were taken out of the desiccator.
The patches were weighed again. The difference between the initial and final weights of
the patches gave the value of percent moisture uptake. Finally, average percent moisture
uptake was calculated [25].

% Moisture Uptake = (wf − wi)/wi × 100 (1)

where wf is the final patch weight, and wi is the initial patch weight.

2.4.7. Moisture Loss

All formulated patches were weighed individually for the determination of moisture
loss. The patches, along with anhydrous calcium chloride, were placed in the desiccator at
37 ◦C in order to maintain dry conditions. After 3 days, the patches were taken out of the
desiccator. The patches were weighed again. The difference between the initial and final
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weights of the patches gave the value of percent moisture loss. Finally, average percent
moisture loss was calculated [14].

% Moisture Loss = (wi − wf)/wi × 100 (2)

where wi is the initial weight, and wf is the final weight.

2.4.8. Moisture Content

The formulated patches were weighed accurately for the determination of moisture
content. The patches, along with silica, were placed in the desiccator at room temperature
for 24 h. The patches were taken out of the desiccator and weighed again until a constant
weight was calculated. Percent moisture content was calculated using the following
equation [26].

% Moisture Loss = (wi − wf)/wi × 100 (3)

whereas wi is the initial patch weight, and wf is the final patch weight

2.4.9. Tensile Strength and Percent Elongation at Break

The mechanical properties of the formulated patches were determined using a pulley
system. A scale was used for the identification of the initial patch length. One end of the
patch was tied with a thread, while the second end was tied with a rope crossing over the
pulley. A weighing pan was attached to the hanging side of the thread. Gradually, weight
was added until a crack or break appeared in the patch. The total weight in the pan was
calculated for the tensile strength. The thread pointer indicated percent elongation of work.
From the following equation, the total amount of force (tensile strength, kg/cm2) required
to break a patch was calculated.

Tensile Strength = F/(a.b(1+L/I)) (4)

Where,
F is the force needed to break a patch, a is the patch width (cm) and b is patch

thickness (cm).
L is patch length (cm), and I is patch elongation before patch breakage (cm). The

percent elongation of the patches was determined from the following equation [27].

% Elongation = (Lf − Li)/Li × 100 (5)

where Lf is the final patch length before breaking, and Li is the initial patch length.

2.4.10. Drug Content Uniformity

Drug content uniformity was evaluated for the formulated patches. A patch was
placed in a volumetric flask filled with phosphate buffer (pH = 7.4) and then placed in a
sonicator for 8 h. After sonication, the solutions were filtered. A double-beam UV–visible
spectrophotometer (Shimadzu 1601, Kyoto, Japan) was used for the identification of drug
content using a 303 nm wavelength [11].

2.4.11. Water Vapor Transmission Rate

Oven-dried and properly washed equal-diameter glass vials were used as transmission
cells. In the transmission cells, 1 g of anhydrous calcium chloride was kept. At brim, the
formulated patches were fixed. Transmission cells were weighed and then placed in the
desiccator. Potassium chloride solution was kept closed in the desiccator to maintain 84%
humidity. After predetermined time intervals, i.e., 6, 12, 24, 36, 48 and 72 h, cells were
removed from the desiccator. Then, the cells were weighed again for the identification of
the water vapor transmission rate [28].
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2.5. Stability Studies

Stability studies were carried out for a period of 180 days for all formulated patches.
The incubator was maintained at 37 ± 0.05 ◦C and 75 ± 5 RH, and the patches were kept for
stability studies. After a regular interval of 30 days, drug content and physical appearance
were evaluated for the formulated patches. Drug content determination was carried out
according to the procedure described in Section 2.4.1.

2.6. Skin Irritation Studies

For skin irritation studies, healthy male albino rabbits (2–2.5 kg) were used, and
proper NOC was taken from the Research Ethical Review Board of Gomal Center of
Pharmaceutical Sciences, Faculty of Pharmacy, Gomal University, Dera Ismail Khan, KPK,
Pakistan. The rabbits used in this study were given standard food at least three days
before administration of the formulations. The standard food was prepared according to a
published recipe composed of 10% white fish meat, 18% middlings, 20% grass meal and
40% bran [29]. Water was also allowed ad libitum. All rabbits were housed in a temperature
(25 ± 2 ◦C)- and relative-humidity-controlled (50 ± 10%) room. The sparse hairs on the
abdomen of each rabbit were carefully shaved a day before the scheduled experiment
with an electrical clipper without damaging the stratum corneum. The application area
was swept with dry cotton. The Draize patch test was used for skin irritation studies.
Five groups, each containing 3 rabbits, were selected for skin irritation (hypersensitivity)
reactions. Group 1 served as the nontreated group, and Group II served as the control
group with USP adhesive tape. Group III was served with methotrexate-loaded patches,
Group IV was served with 0.8% v/v aqueous solution of formalin (which is a standard
irritant) and Group V was served with blank patches. The skin irritation study was carried
out for a period of 1 week. A visual scoring scale was used for the identification of skin
irritation grades. Skin irritation was graded as follows: “0” indicated no skin irritation,
“1” indicated slight skin irritation, “2” indicated well-defined skin irritation, “3” indicated
moderate-type skin irritation and “4” indicated scar formation on the skin [29].

2.7. In Vitro Drug Release Studies

In Vitro drug release studies were carried out using a Franz diffusion cell apparatus
(model γ9-CB (71026), PermeGear, Hellertown, PA, USA). A Tuffryn membrane was used
as a synthetic membrane for drug release from the formulated patch of methotrexate with
EC and HPMC at different concentrations. Between the donor and receptors compartments,
the Tuffryn membrane was placed. A 1 cm2 area of the formulated patch was placed over
the Tuffryn membrane. The formulated patch piece was placed in such a manner that the
drug-releasing surface faced the Tuffryn membrane. Phosphate buffer (pH = 5.5) was used
in the receptor compartment. The receptor compartment is surrounded by water jackets
in which water circulates. The receptor fluid temperature was maintained at 32 ± 0.5 ◦C.
Magnetic beads were used for the stirring of receptor fluids. At predetermined time
intervals of 0.5, 1, 1.5, 2, 4, 8, 12, 16, 20 and 24 h, a 2 mL sample was taken from the receptor
fluid. In order to maintain sink conditions, fresh receptor fluid of an equal volume was
added to the receptor compartment. For the determination of drug content, these samples
were analyzed spectrophotometrically at a 303 nm wavelength [30].

Kinetic Model Profiling

The drug release data were fitted into a Korsmeyer–Peppas kinetic model to investigate
the mechanism of drug release [31,32]. The power-law equation is shown below

Mt/M∞ = Ktˆn (6)

where Mt and M∞ are the fractions of drug released after time t.
K represents the constant rate.
n represents the exponential release value.
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When n = 0.5, it is a quasi-Fickian diffusion mechanism.
When n > 0.5, drug release occurred by an anomalous non-Fickian, Case II or zero-

order release mechanism
When n = 0, it indicates a zero-order release mechanism.

2.8. Ex Vivo Permeation Studies
Preparation of Rabbit Skin

For skin irritation studies, healthy male albino rabbits (2–2.5 kg) were used. For ex
vivo permeation studies, proper NOC was taken from the Research Ethical Review Board
of Gomal Center of Pharmaceutical Sciences, Faculty of Pharmacy, Gomal University, Dera
Ismail Khan. The rabbits were allowed to roam freely and take food (standard) and water
(ad libitum) at their own will. After administering an overdose of ketamine and xylazine
injections, the rabbits were sacrificed. Hairs from the abdominal region of each rabbit were
surgically removed. The skin was then dipped in warm water at 60 ◦C for 45 s for adhering
fats. Excised skin was placed in distilled water, washed at –20 ◦C and stored until further
use [30].

For the determination of drug (methotrexate) permeation from the formulated patches
across rabbit skin, a Franz diffusion apparatus was used for this study. Before starting
the experiment, excised skin that was kept at −20 ◦C was hydrated for at least 1 h. Then,
between the donor and receptor compartments, the skin was placed. The stratum corneum
(SC) side of the skin was placed facing the donor compartment of the Franz cell apparatus.
Then, a 1 cm2 piece of the formulated patch was placed over the rabbit skin. The drug-
releasing surface of the formulated patch faced the SC of the rabbit skin. In the receptor
compartment, phosphate buffer (pH 7.4) was used. The temperature of the receptor fluid
was maintained at 37 ± 0.5 ◦C by means of water circulating in the water jackets around
the receptor compartment. The receptor fluids were stirred by means of magnetic beads.
At predetermined time intervals of 0.5, 1, 1.5, 2, 4, 8, 12, 16, 20 and 24 h, a 2 mL sample was
taken from the receptor fluid. In order to maintain sink conditions, fresh receptor fluid of
an equal volume was added to the receptor compartment. For the determination of drug
content, these samples were analyzed spectrophotometrically at a 303 nm wavelength [30].

2.9. Drug Retention Study

The drug retention study was carried out after the permeation experiment. Skin from
the Franz cell apparatus was removed carefully and cleaned with phosphate buffer solu-
tion, then dried and cut into small pieces. The skin pieces were then stirred in phosphate
buffer (pH = 7.4) overnight. Retained drug from the skin was extracted using methanol,
and samples were centrifuged. The supernatant was filtered through a 0.45 μm cellu-
lose acetate filter. The filtrate was analyzed with a UV–visible spectrophotometer at a
303 nm wavelength.

2.10. Statistical Analysis

One-way ANOVA was used as the statistical tool. A value of p < 0.05 was considered
significant. All experiments were performed in triplicate, and the result was expressed as
the mean value ± standard deviation.

3. Results

TDDS is user friendly, painless, and convenient, and it usually leads to enhanced
patient compliance. Transdermal patches control drug delivery by employing different
combinations of polymers. In the current study, various polymers were used to prepare
methotrexate-loaded transdermal patches. The polymers used were ethyl cellulose (EC)
and hydroxypropyl methyl cellulose (HPMC) at different ratios.
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3.1. Drug Excipient Compatibility Studies (ATR–FTIR Analysis)

The methotrexate spectrum was compared with the spectrum of EC and HPMC
polymers formulations at different concentrations.

The methotrexate ATR–FTIR spectrum shows its characteristic absorption band as
a broad signal at 3450 cm−1 (O–H being stretched from the carboxyl group overlaying
with O–H being stretched from crystallized water). At 3080 cm−1 (primary amine, N–H
stretched), 1670–1600 cm−1 is allocated to C=O stretching (–C=O stretched from the car-
boxylic group and C=O stretched from the amidic group (Figure 1). Hence, the C=O band
is split into a double in the methotrexate sample). The corresponding N-H band from the
amidic group appears in the spectral range of 1550–1500 cm−1. It is partly overlapped
with the aromatic C=C stretching. The carboxylic group band appears in the range of
1400–1200 cm−1, corresponding to –C–O stretching. The molecular structure of the entire
formulated patch of methotrexate indicates that it is in good agreement, which confirms
its purity. The ATR–FTIR spectra of the physical mixture of methotrexate and polymers
show major peaks. The FTIR spectrum of methotrexate with EC and HPMC polymers at
different concentrations was compared with the methotrexate spectra. The major peaks of
methotrexate and polymers were found preserved.

3.2. Physicochemical Assessment of Methotrexate-Loaded Transdermal Patches

All fabricated patch formulations of methotrexate were tested for physicochemical
characterization. The results of various physicochemical tests revealed that all formulated
patches were clear, smooth, transparent, flexible and nonsticky in appearance. The surface
pH of all formulated patches (F1–F9) was found to be within the acceptable range, i.e.,
5–5.9. Hence, skin irritation did not occur. Patch (F1–F9) thickness ranged between 0.50
and 0.60 nm, which showed uniform thickness. The weight ranged between 72.25 ± 0.08
and 78.67 ± 0.004 mg, which showed that the formulated patch weights were almost
similar (Table 2). All formulated patches (F1–F9) passed the folding endurance test. The
folding endurance of all formulated patches was more than the predefined range of folding
endurance, i.e., ≥30. Hence, all formulated patches proved to be the best and acceptable
dosage forms used transdermally. However, there was an increase in moisture content
with an increase in hydrophilic polymers. This may be due to the higher affinity of water
for hydrophilic polymers than hydrophobic polymers. The percent moisture uptake was
found to be higher in the patch containing EC because it absorbs moisture. The low
moisture content in the prepared formulations helped them to remain stable and free from
being completely dry and brittle patches. The moisture loss ranged from 6.8 ± 0.38 to
8.28 ± 0.85. Similarly, the moisture absorption observed was found to be satisfactory and
ranged from 8.45 ± 1.22 to 12.79 ± 1.46. The tensile strength and elongation values of the
formulated patches ranged between 9.36 kg/cm2 and 12.75 kg/cm2, and proper flexibility
was observed, as indicated by the high values. All formulated patches showed uniformity
in drug content that was quite good and ranged between 97.42% and 99.13%. The results
of this study show that the formulated patches could produce transdermal matrix-type
patches with uniform drug contents. The plasticizer used was PEG-400 to reduce the
brittleness of the patches. The current study indicates that the addition of PEG-400 at 25%
w/w of polymers produces uniform, flexible and smooth patches. Patches formulated with
the addition of PEG-400 as plasticizer were found to be best for tensile strength and folding
endurance properties.
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Figure 1. ATR–FTIR spectra: (a) MTX; (b) F1; (c) F2; (d) F3; (e) F4; (f) F5; (g) F6; (h) F7; (i) F8; (j) F9.
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Table 2. Characterization of MTX-loaded transdermal patches (F1–F9). Data were expressed as mean ± SD, n = 3.

Formulation
Code

Characteristics

Thickness
(mm)

Weight
Uniformity

(mg)

% Moisture
Absorbance

% Moisture
Loss

% Drug
Content

Water
Transmission

Rate

Folding
Endurance

Tensile
Strength,

Kg/cm2

F1 0.51 ± 0.03 73.86 ± 0.05 9.25 ± 1.62 6.28 ± 0.85 97.17 ± 3.21 3.58 ± 0.23 83 ± 2.03 10.43 ± 0.71
F2 0.52 ± 0.02 74.37 ± 0.03 10.81 ± 1.12 7.31 ± 0.21 99.13 ± 2.34 3.77 ± 0.65 92 ± 1.21 9.36 ± 0.83
F3 0.54 ± 0.07 76.55 ± 0.08 11.36 ± 1.32 7.82 ± 0.38 96.97 ± 2.24 3.89 ± 0.34 78 ± 3.24 11.35 ± 0.85
F4 0.55 ± 0.04 77.15 ± 0.05 11.56 ± 0.73 8.25 ± 0.22 97.11 ± 3.23 3.97 ± 0.54 86 ± 2.32 12.75 ± 0.72
F5 0.56 ± 0.04 78.67 ± 0.04 12.79 ± 1.46 8.94 ± 0.62 95.42 ± 2.23 4.23 ± 0.37 89 ± 2.54 10.93 ± 0.76
F6 0.50 ± 0.05 72.75 ± 0.08 8.45 ± 1.22 6.22 ± 0.15 99.54 ± 2.56 4.13 ± 0.41 64 ± 4.62 9.45 ± 0.81
F7 0.51 ± 0.02 73.57 ± 0.04 8.99 ± 1.44 6.58 ± 0.45 97.25 ± 3.43 3.93 ± 0.18 58 ± 5.12 12.34 ± 0.77
F8 0.52 ± 0.04 73.48 ± 0.08 9.67 ± 0.52 7.10 ± 0.23 98.64 ± 1.65 3.69 ± 0.32 52 ± 5.32 10.87 ± 0.83
F9 0.53 ± 0.09 74.86 ± 0.04 10.24 ± 0.97 7.31 ± 0.57 97.67 ± 4.36 3.84 ± 0.69 56 ± 5.35 11.66 ± 0.74

3.3. Stability Studies

Stability studies of all formulated patches are shown in Table 3. All formulated
patches showed almost similar drug content data, as observed at the beginning of the
study. All formulated patches showed acceptable, flexible and elasticity properties at the
beginning Figure 2a, and end of this study in Figure 2b, thus ensuring the stability of the
formulated patches.

Table 3. Stability studies of MTX-loaded transdermal patches (F1–F9), Data were expressed as mean ± SD, n = 3. Significant
compared to formalin (p < 0.05).

Evaluation
Parameters

F. Code 30 Days 60 Days 90 Days 120 Days 150 Days 180 Days

Drug content (%)

F1 97.17 ± 3.21 97.02 ± 1.99 96.89 ± 1.11 96.72 ± 3.22 96.61 ± 1.21 96.55 ± 2.11
F2 99.13 ± 2.01 99.04 ± 1.65 98.85 ± 1.28 98.77 ± 2.14 98.58 ± 3.11 98.49 ± 2.01
F3 96.97 ± 2.11 96.86 ± 2.56 96.71 ± 1.32 96.59 ± 2.14 96.42 ± 3.01 96.32 ± 2.46
F4 97.11 ± 3.10 96.89 ± 2.35 96.73 ± 2.12 96.64 ± 2.98 96.59 ± 2.76 96.47 ± 3.23
F5 95.42 ± 1.23 95.33 ± 2.27 95.09 ± 2.32 94.89 ± 2.65 94.76 ± 2.35 94.66 ± 2.87
F6 98.92 ± 2.11 98.14 ± 3.11 97.76 ± 2.46 96.56 ± 2.45 95.78 ± 2.26 95.23 ± 3.43
F7 99.19 ± 3.01 98.89 ± 1.02 97.93 ± 2.75 97.45 ± 3.46 96.69 ± 2.33 96.21 ± 3.10
F8 97.25 ± 2.76 96.87 ± 3.15 95.87 ± 2.46 95.22 ± 3.25 94.76 ± 3.11 94.32 ± 2.33
F9 96.63 ± 1.90 96.34 ± 2.32 95.82 ± 3.56 95.25 ± 2.31 94.78 ± 2.10 94.21 ± 2.19

Appearance

F1

No change No change No change No change No change No change

F2
F3
F4
F5
F6
F7
F8
F9

3.4. Skin Irritation Study

The skin irritation study revealed that no irritation erythema or edema occurred.
During the study period and after the removal of transdermal patches, no edema or
erythema was found, which indicates that the formulations were nonirritant, while formalin
(standard irritant) produced severe erythema and edema. The Draize test was negative,
indicating that no skin irritation occurred if the score of the tests was less than 2 showed in
Table 4.
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(a) (b) 

Figure 2. Physical appearance of formulated (F1–F9) patches shown at Day 1 (a) and after 180 days (b).

Table 4. Results of skin irritation on rabbits. Data were expressed as mean ± SD, n = 3. Significant
compared to formalin (p < 0.05).

Rabbit Groups

Visual Observation

Erythema Edema

Result of Skin Irritation Studies

Control 0.00 ± 0.00 0.00 ± 0.00
Adhesive tape 0.46 ± 0.62 1.02 ± 0.19

Blank patch 1.12 ± 0.46 1.06 ± 0.31
F1 Patch 0.83 ± 0.28 1.25 ± 0.16
F2 Patch 0.93 ± 0.67 1.08 ± 0.24
F3 Patch 1.03 ± 0.82 0.83 ± 0.69
F4 Patch 1.25 ± 0.71 1.12 ± 0.33
F5 Patch 0.37 ± 0.54 0.72 ± 0.26
F6 Patch 0.85 ± 0.43 1.05 ± 0.16
F7 Patch 0.94 ± 0.83 1.22 ± 0.35
F8 Patch 1.04 ± 0.74 1.06 ± 0.66
F9 Patch 0.98 ± 0.64 0.86 ± 0.27
Formalin 3.05 ± 0.23 3.21 ± 0.51

3.5. In Vitro Drug Release Study

In vitro drug release studies are needed for predicting the reproducibility of the rate
and duration of drug release. The results from the in vitro drug release studies show that
the release from the formulated patches increases with an increase in the concentration
of the hydrophilic polymer (HPMC). The formulations from F1 to F5 showed higher
release, while formulations from F6 to F9 showed lower release over a time period of
24 h in Figure 3. Hence, from the drug release profile of all formulations, F5 showed the
best controlled-release profile of 82.71%. This may be attributed to the presence of the
hydrophobic polymer (EC) and hydrophilic polymer (HPMC) in the ratio of 1:5. It was
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noted that the hydrophilic polymer released the drug at a faster rate than the hydrophobic
polymer. The F5 formulation is an optimized formulation. The diffusion mechanism
is responsible for drug release for transdermal drug delivery systems. This mechanism
involves drug transport from the polymer matrix into the respective medium based on the
concentration gradient. The variation in the concentration gradient leads to drug release,
as well as a greater distance for diffusion. This could be the most probable reason for the
comparatively slower rate of drug diffusion when the distance for diffusion increases.

Figure 3. Release profile of MTX from F1 to F9, data were expressed as mean ± SD, n = 3.

3.6. Drug Release Kinetics

All the data obtained from the formulated patches were fitted to the Korsmeyer–
Peppas model for the confirmation of the exact drug release behavior showed in Table 5.
In our present study, the F5 formulation showed the best fit with the Korsmeyer–Peppas
equation (R2 = 0.974), showing an anomalous or non-Fickian diffusion mechanism of drug
release (n = 0.50131). There was complete and controlled drug release of methotrexate
found over a period of 24 h. The optimized formulation for the current study was F5. Thus,
F5 releases the drug at the predefined rate for a prolonged period of time into the systemic
circulation, leading to minimal dose frequency and adverse effects.

Table 5. Drug release kinetics (F1–F9), Data were expressed as mean ± SD, n = 3.

Formulations K ± SO R2 N

F1 0.001 ± 2.8337 0.943 0.307 Fickian diffusion
F2 0.001 ± 5.0820 0.949 0.317 Fickian diffusion
F3 0.002 ± 0.0001 0.940 0.342 Fickian diffusion
F4 0.001 ± 0.0002 0.941 0.345 Fickian diffusion
F5 0.001 ± 0.0005 0.974 0.501 Anomalous non-Fickian diffusion
F6 0.001 ± 0.0001 0.929 0.301 Fickian diffusion
F7 0.001 ± 0.0001 0.924 0.301 Fickian diffusion
F8 0.002 ± 0.0003 0.933 0.303 Fickian diffusion
F9 0.001 ± 0.0006 0.967 0.303 Fickian diffusion
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3.7. Ex Vivo Drug Permeation Study

The ex vivo permeation result of methotrexate-loaded patches having EC and HPMC
at different concentrations showed in Figure 4. The F5 formulation exhibited a maximum
percent cumulative amount of drug permeation (34.68%), producing a significant difference
(p < 0.05) compared to the F1 formulation (25.11%) in 24 h. The F1 formulation produced
9.14 μg/h/cm2, which is less than the required flux of 20.11 μg/h/cm2. An increase
in HPMC concentration increases flux values; thus, the F5 formulation, containing a
greater amount of HPMC, produced about 1.5-fold greater flux compared to the target flux.
Similarly, the F9 formulation exhibited a cumulative drug permeation of 21.68% compared
to the F1 formulation, which exhibited a cumulative drug permeation of 25.11%. The flux
value of F9 was found to be 9.23 μg/h/cm2.

Figure 4. Percent cumulative amount of MTX permeated (F1–F9), Data were expressed as mean ± SD, n = 3. Significant
compared to formalin (p < 0.05).

3.8. Drug Retention Analysis

The drug retention study (see Figure 5), revealed that the retention of methotrexate is
more in the deep layers of the skin. In the case of F5, when compared to other formulations,
there is a statistically significant difference in drug retention primarily in the epidermis
and dermis (ANOVA, p < 0.05).
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Figure 5. Skin drug retention analysis of methotrexate patches (F1–F9), Data were expressed as mean ± SD, n = 3. Significant
compared to formalin (p < 0.05).

4. Discussion

Preformulation studies play a very crucial role in successfully creating a formulation.
In order to determine drug excipient compatibility, ATR–FTIR analysis was carried out.
ATR–FTIR is a nondestructive and quick technique used for obtaining the IR spectrum
of a pure drug (methotrexate), as well as various patch formulations (F1 to F9). It is used
for the identification and characterization of interactions between drugs and synthetic,
semisynthetic, and native macromolecules. The ATR–FTIR spectra revealed several peaks in
the final formulation, which confirmed the chemical structure retained within the drug with
efficient loading into the formulation. The current study showed no chemical interaction
between methotrexate and the physical mixtures with polymers (EC, HPMC) used [33].
The solvent evaporation technique was employed for the formulation of methotrexate-
loaded transdermal-type patches having HPMC and EC at different concentrations [34].
The surface pH of the formulated patches was determined to investigate the possibilities of
irritation during in vivo studies. This test is of utmost importance during transdermal drug
delivery because alkaline or acidic pH causes irritation to the skin [35]. Uniform weight
measurements and thicknesses were observed, which were evident due to low standard
deviation values [26]. The folding endurance value is important during the formulation
of transdermal patches. This test indicates that formulated patches can integrate with
skin folding and do not break during use [24]. The drug release pattern of transdermal
matrix-type patches can be affected by moisture uptake and moisture loss. In this study,
the values of moisture content and moisture uptake were low. This indicates that the
patches remain stable during long-term storage, and brittleness is reduced. Formulated
patches are protected from microbial contaminations, having low moisture uptake and
reduced bulkiness [8]. Tensile strength and elongation are related to the effectiveness of
the plasticizer used in formulations [36]. It is necessary for the drug distribution to be
homogenous and uniform because it helps in the evaluation of sustained drug deliveries
from formulated patches. Uniform drug content data were observed from the formulated
patches, which were revealed by low standard deviation values. Plasticizer use in the
formulation of transdermal patches is necessary to improve the patch-forming properties
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and physical appearance of the patches. This prevents the patches from cracking and
breaking and increases patch flexibility for obtaining the desired mechanical properties [37].
The successfully formulated patch formulations were screened for their irritation potential,
as withdrawal of the patch from the site of application resulted in irritation in the form
of erythema and edema, so it is necessary for patch formulations to completely lack
irritation potential in order to obtain patient acceptability and a therapeutic outcome [3].
The in vitro drug release profile of the methotrexate-loaded patches showed an initial
burst release, followed by a gradually approaching plateau, giving an indication of the
controlled-release behavior of the matrix formulations. This burst release might be due
to the release of superficially adhered drug contents. Drug release could be prolonged by
adjusting adequate ratios of EC and HPMC [38]. There was a decrease in the release rate
with an increasing concentration of HPMC in the formulations. This is because increased
proportions of HPMC in the matrix resulted in a proportionate decrease in the amount
of water uptake, leading to lesser drug release. EC, owing to its hydrophobic nature,
produced a retarded drug release from the matrix [16]. The optimized F5 formulation
showed a controlled-release pattern. This is advantageous in the case of chronic conditions
such as psoriasis because rapid or burst release is not useful owing to its toxicity potential
due to greater drug release and faster absorption of the drug in inflamed psoriatic lesions.
The Korsmeyer–Peppas model was used for kinetic drug profiling. Data were fitted into
this model in order to investigate the Fickian or non-Fickian diffusion pattern, followed
by formulated patches. The value of “n” determines whether the drug release mechanism
that weathers the release pattern is Fickian or non-Fickian diffusion. If the value of “n” is
equal to 0.5, the diffusion is said to be Fickian. If the value of “n” ranges between 0.5 and 1,
the diffusion is said to be anomalous diffusion. When the value of “n” is equal to 1, the
diffusion is said to be Case II transport behavior [39]. The in vitro skin permeation profile
is considered a significant tool to exclude the risks of unfortunate drug effects. In vitro skin
permeation experiments describe the rate and mechanism of the percutaneous absorption
of drugs. Studies have shown that diffusion rate is affected due to the physicochemical
characteristics of the formulations. These include hydrogen bonding, drug loading capacity,
surface charge and mode of application [16]. The skin permeation experiment concluded
that patch formulations play a significant role in controlling methotrexate release, as well
as drug targeting to the skin. Studies have shown that diffusion rate is affected due to the
physicochemical characteristics of the formulation. During skin retention studies, greater
retention was observed. This might be due to the strong interaction of the drug with
keratinocytes. It is also expected that more drug is retained in the dermis compared to the
epidermis, as revealed by skin anatomy studies, which show the dermis layer is thicker
than that of the epidermis. Regardless, the accumulation of more amounts of drug in the
deeper layer of skin is advantageous, as these layers are mainly affected by psoriasis [40].
Stability studies performed for the formulated patches were carried out for 180 days. After
specific intervals of 30 days, the formulated patches showed optimum stability with no
obvious physicochemical changes [41].

5. Conclusions

The results of the current study indicate that methotrexate, having EC/HPMC poly-
mers at different concentrations, has the best and excellent patch-forming abilities. All
formulated patches (F1–F9) were evaluated, and the F5 formulation exhibited the best
in vitro drug release pattern and ex vivo drug permeation ability, having the highest de-
position of methotrexate compared to other formulated patches. This greater retention
on the deeper layer of the skin is significant for targeting psoriasis because this chronic
ailment prevails in the epidermis and dermis layers. Thus, F5 showed the best potential for
transdermal drug delivery. The controlled and slow release of the drug showed that the
F5 formulation is suitable for transdermal patches. FTIR studies showed no interaction
between the drug (methotrexate) and polymers (EC/HPMC) used. Methotrexate was
distributed uniformly in the formulated patches and was of an amorphous nature.
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Abstract: Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] is a bacterial derived
biopolymer widely known for its unique physical and mechanical properties to be used in biomedical
application. In this study, antimicrobial agent silver sulfadiazine (SSD) coat/collagen peptide coat-
P(3HB-co-4HB) (SCCC) and SSD blend/collagen peptide coat-P(3HB-co-4HB) scaffolds (SBCC) were
fabricated using a green salt leaching technique combined with freeze-drying. This was then followed
by the incorporation of collagen peptides at various concentrations (2.5–12.5 wt.%) to P(3HB-co-4HB)
using collagen-coating. As a result, two types of P(3HB-co-4HB) scaffolds were fabricated, including
SCCC and SBCC scaffolds. The increasing concentrations of collagen peptides from 2.5 wt.% to
12.5 wt.% exhibited a decline in their porosity. The wettability and hydrophilicity increased as
the concentration of collagen peptides in the scaffolds increased. In terms of the cytotoxic results,
MTS assay demonstrated the L929 fibroblast scaffolds adhered well to the fabricated scaffolds. The
10 wt.% collagen peptides coated SCCC and SBCC scaffolds displayed highest cell proliferation rate.
The antimicrobial analysis of the fabricated scaffolds exhibited 100% inhibition towards various
pathogenic microorganisms. However, the SCCC scaffold exhibited 100% inhibition between 12 and
24 h, but the SBCC scaffolds with SSD impregnated in the scaffold had controlled release of the
antimicrobial agent. Thus, this study will elucidate the surface interface-cell interactions of the
SSD-P(3HB-co-4HB)-collagen peptide scaffolds and controlled release of SSD, antimicrobial agent.

Keywords: P(3HB-co-4HB); silver sulfadiazine; collagen peptide; infection-resistance scaffolds

1. Introduction

Biomaterial scaffolds are materials which have been engineered to interact with our
biological system in providing three-dimensional structure and mimicking an extracellular
matrix (ECM). Therefore, it is crucial to design biologically active scaffolds with well
interconnected configuration and surface chemistry to enhance the cellular interactions
on the scaffold interface [1,2]. The scaffold interface would enhance and facilitate the cell
infiltration, proliferation and differentiation of cell lines, and eventually contribute to the
tissue regeneration.
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Polyhydroxyalkonates (PHAs) are insoluble granules accumulated in cell cytoplasm
as carbon and energy storage compounds under stress conditions [3–5]. PHAs are a
biodegradable thermoplastic which exhibit similar thermo-mechanical properties to syn-
thetic polymers [6]. Among the variety of PHAs, copolymer P(3HB-co-4HB) is widely used
in biomedical applications due to the non-toxic biodegradation products, wide range of
physical and mechanical properties, non-carcinogenic effects and biocompatibility [7]. It
possesses exceptional properties for medical and pharmaceutical fields [8,9]. Moreover,
P(3HB-co-4HB) has Food and Drug Administration (FDA) clearance for clinical usages
among all the other PHAs available [3]. The P(3HB-co-4HB) was biosynthesized by bac-
terium Cupriavidus necator (formally Ralstonia eutropha) from structurally related sources
such as 4-hydroxybutyric acid (4HBA), 4-chlorobutyric and γ-butyrolactone [7].

However, P(3HB-co-4HB) lacks active functional sites for cell attachment which limits
the applications for regenerative medicine. Many studies have been carried out in this
direction to overcome this limitation. Therefore, surface modification is carried out by incor-
porating natural polymers, such as collagen, gelatin, pullulan and chitosan, in enhancing
the hydrophilicity of the scaffolds [10]. Nevertheless, the desirability and wide applicability
of collagen is often attributed to its abundance in the human body as the key structural
fibrous protein of the ECM [11]. Hence, collagen peptide was used as the biomolecules to
enhance the hydrophilicity of the scaffolds fabricated in our study. Collagen peptide is a
biomolecule which not only has the ability to improve the hydrophilicity of the scaffold
but has the natural ability to interact with host cells [12,13].

Biomaterial scaffold-affiliated microbial infections are an emerging threat in clinical
practices, which cause serious infection and impact healing. Therefore, designing scaf-
folds with antimicrobial efficacy have extensively gained priority in resolving biomaterial-
associated infections [14]. Silver sulfadiazine (SSD) is an antibacterial agent that exhibits
broad-spectrum antibacterial activity against Gram-positive and Gram-negative bacteria,
as well as fungi, even at very low concentrations [15–17]. SSD is a much preferred antibacte-
rial agent of choice due to the ability of SSD to reduce early infections at low concentration.
However, currently available formulations of antimicrobial agents lack the ability to control
the release of antimicrobial properties [18,19]. There are many scaffolds developed with
antimicrobial properties and Table 1 lists common examples of antimicrobial biopolymer
incorporated with SSD.

Table 1. List of common examples of various antimicrobial scaffolds incorporated with SSD.

Biopolymer/Materials Fabrication of Scaffolds Applications References

Collagen/SSD Facile blending Wound dressings [19]

Collagen/SSD Electrospinning Wound healing applications [15]

Collagen/SSD Blending with SSD-loaded
alginate microspheres

Conventional burn dressings in
second-degree burns [16]

Polycaprolactone (PCL)/SSD Electrospinning Antibacterial scaffold [20]

P(3HB-co-4HB)/collagen
peptide/SSD Aminolysis Potential wound healing [9]

Polycaprolactone (PCL) and
Polyvinyl alcohol (PVA)/SSD Electrospinning Antimicrobial wound dressing [21]

Poly(lactic acid) (PLA)/SSD Electrospinning,
structural reconstruction Antimicrobial wound dressing [22]

Following the aforementioned background, in the present work, the surface archi-
tecture of P(3HB-co-4HB) was enhanced by incorporating collagen peptides and silver
sulfadiazine (SSD) as the antimicrobial mechanism agent. Two different scaffolds, namely
SSD coat/collagen peptide coat-P(3HB-co-4HB) [SSCC] and SSD blend/collagen peptides
coat-P(3HB-co-4HB) [SBCC] scaffold, were fabricated by the combination of salt leaching
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and freeze-drying techniques which are low cost and apply green technology to fabri-
cate the scaffolds. The study provides evidence for increased hydrophilicity due to the
incorporation of collagen peptide. This elucidates surface interface-cell interactions of
the modified P(3HB-co-4HB) scaffolds and release mechanism of the antimicrobial agent
from the scaffolds, thus driving the research effort forward for emerging infection-resisting
biomaterials in tissue engineering and regenerative medicine in the future.

2. Materials and Methods

2.1. Biosynthesis of P(3HB-co-95 mol% 4HB) Copolymer

The bacteria strains used in this study were Cupriavidus malaysiensis USMAA1020
transformant harbouring additional PHA synthase gene from Cupriavidus malaysiensis
USMAA2–4 to produce P(3HB-co-95 mol% 4HB) copolymer. The biosynthesis was carried
out as previously described [23]. A preculture of 5% (v/v) of the working volume was
transferred into 20 L fermenter (Biostat® C plus, Sartorius Stedim, German) containing
mineral salts medium (MSM) with carbon precursors (1,4-butanediol and 1,6-hexanediol in
the 1:5 ratio). The fermentation was carried out at 30 ◦C with an agitation speed of 200 rpm,
the aeration rate of 1 vvm and controlled pH of 7 for 108 h. Sampling was done at intervals
of every 12 h. The composition of PHA produced was determined by gas chromatography
(GC) using Shimadzu Gas Chromatography GC-2014 according to methods previously
described [24]. Endotoxin removal was carried out on extracted P(3HB-co-95 mol% 4HB)
copolymer as previously described. The extracted polymer was characterized based on the
molecular weight using Shimadzu GPC-2014 and tensile test using tensile testing machine
(GoTech Al-3000, Shimadzu, Japan) [24].

2.2. Surface Functionalization of SSD/Collagen Peptide-P(3HB-co-4HB) Scaffolds

Surface functionalization of P(3HB-co-4HB) was carried out by salt leaching and sol-
vent casting technique followed by freeze-drying method. Briefly, P(3HB-co-4HB) copoly-
mer was dissolved in chloroform (5.5% w/v) and sodium bicarbonate (NaHCO3) parti-
cles sieved with known mesh sizes (200 μm) were added as porogen with mass ratio of
salt:polymer at 6:1. The resulting polymer matrix was washed with deionized water to
leach out the porogens. The scaffolds were freeze-dried for 24 h and later vacuum-dried
for 48 h (BINDER GmbH, Tuttlingen, Germany) to remove any remaining solvent.

There were two types of scaffolds prepared using the various functionalization com-
bination methods by incorporating different concentration of collagen peptide (2.5 wt.%,
5 wt.%, 7.5 wt.%, 10 wt.%, 12.5 wt.%) and 0.04% (w/v) of SSD. Collagen peptide powder
from Tilapia fish skin with high purity (95%) and molecular weight of less than 3000 Da
was used (Hainan Zhongxin Chemical Co. Ltd., Haikou, China).

The SSD coat/collagen peptide coat-P(3HB-co-4HB) scaffold (SCCC) was prepared
by coating different concentration of collagen peptide in the silver (I) sulfadiazine (Sigma
Aldrich) dispersed in hydrochloric acid solution (1.0 mM, pH 3.0).

The preparation of SSD blend/collagen peptide coat-P(3HB-co-4HB) scaffold (SBCC)
was prepared with SSD added into the dissolved P(3HB-co-4HB) with NaHCO3 porogen
and then solvent cast, as mentioned above.

Cross-linking was carried out using GA vapor-phase technique where the scaffolds
were placed in an airtight desiccator containing 25% aqueous GA solution heated to 100 ◦C.
Subsequently, the samples were washed for 24 h to remove GA, and then dried in vacuum
for 24 h [8,25]. The scaffolds will be known as SCCC and SBCC from here on.

2.3. Characterization of Scaffolds

The functional group present in the scaffolds fabricated were determined and analyzed
using FTIR-ATR spectrophotometer (Model RX1, PerkinElmer, Buckinghamshire, UK). The
spectra of the samples were obtained in the range of wave number between 650 cm−1 and
4000 cm−1. The spectrum of the FTIR was recorded in transmittance mode as function of
wave number and the results were computed after 4 automated scans [24]. The surface
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morphology of the scaffolds coated with gold were mounted on aluminium stump and
was observed using scanning electron microscopy (SEM) (Leo Supra 50 VP Field Mission
SEM, Carl-Ziess SMT, Oberkochen, Germany). The scaffolds were cut into 1 cm × 1 cm.
The dry weight before immersion (mo) was used as the initial weight of the scaffolds. The
scaffolds were immersed in distilled water for 24 h. In order to obtain the wet weights
(mf), the immersed scaffolds were removed from the solution, gently wiped with absorbent
paper and air-died for 15 s before weighing. Water uptake was calculated using the
formula below:

Water uptake =
(

mo − m f

)
/ mo × 100% (1)

The contact angle of the fabricated scaffolds was conducted by using sessile drop
method (KSV CM200 Contact Angle) to determine their wettability properties. The scaffolds
were cut into 1 cm × 1 cm pieces. The scaffolds were placed on the instrument and the
droplet of water was then deposited on the polymer surface by a specialized microsyringe.
The water droplet was observed from the computer screen and the contact angle was
calculated. The porosity of the scaffolds was calculated using Image Analyser Software
(Olympus Co. Ltd., Tokyo, Japan). The values of 100 different spots were analyzed and
averaged [8].

2.4. Antimicrobial Activity

Four bacterial strains, which include Bacillus licheniformis, Staphylococcus aureus ATCC
12600, Escherichia coli ATCC 11303 and Pseudomonas aeruginosa ATCC 17588, were used.
Briefly, the tested bacterial suspensions (1.5 × 106 CFU/mL) were transferred in sterilized
nutrient broth. Then, 20 μL of the bacteria suspension (7.5 × 105 CFU/mL) was added to
each antimicrobial coated porous scaffold. The incubation is done under suitable conditions
for varied time intervals (0, 6, 12 and 24 h). In every 6 h interval, the scaffold with bacteria
adhesion was dissolved in 10 mL of distilled water and vortexed. After that, 100 μL of the
bacterial suspension was spread on nutrient agar to observe the colonization of bacteria.
The percentage of dead cells is calculated relatively to the growth control by determining
the number of living cells (CFU/mL) of each scaffold using the agar plate count method.
The percentages of inhibition were calculated using following Equation:

C% = (Co − Ce) / Co × 100% (2)

where C% is percentage of inhibition, Ce is CFU after incubation period and Co is initial
CFU before incubation period.

2.5. Biocompatibility and Cell Proliferation Evaluation

Mouse fibroblast cell culture (L929, ATCC) was cultured in cell culture flasks con-
taining Modified Eagle Medium (MEM) supplemented with 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 1 mM of sodium pyruvate, 1000 U/mL penicillin-streptomycin and
10% (v/v) of bovine calf serum, which were incubated at 37 ◦C in 5% (v/v) CO2 for 2–3 days.
The various scaffolds fabricated and its positive control (P(3HB-co-4HB) without collagen
were cut in size (6 mm in diameter) fitting the 96-well flat bottom culture plate and steril-
ized under UV cross-linker (Spectrolinker™, XL-1000 UV Cross-linker, Westbury, NY, USA)
at 1200 μJ/cm2 for 30 min [8,9]. The scaffolds were then placed in the 96-well flat bottom
culture plate. Suspension of the mouse fibroblast cell lines (L929) [2.5 × 104 cells/mL]
were directly cultivated onto the scaffolds and film. The seeded scaffolds and film were
incubated in a 5% (v/v) CO2 incubator at 37 ◦C for 96 h. The cells viability and proliferation
were assayed with MTS[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium/PMS (phenazinmethosulfate). MTS and PMS solution were
used to evaluate the biocompatibility of the fabricated of scaffolds. Standard curve was
plot based on the cell density from the range of 1 × 103 to 5 × 105 cells/mL. The media was
used as the positive control and scaffolds without any incorporation of collagen peptide

240



Polymers 2021, 13, 2454

were used as negative control. The absorbance values were plotted against the counted cell
numbers, and thus a standard curve was established [9].

2.6. Statistical Analysis

The qualitative results were presented as means and standard deviation (s.d). The
qualitative data were analyzed using ANOVA and Tukey’s HSD test with SPSS 20.0 soft-
ware. All p values < 0.05 were considered significant.

3. Results and Discussion

3.1. Biosynthesis of P(3HB-co-4HB) via Batch Fermentation

The biosynthesis of P(3HB-co-4HB) copolymer was carried out using Cupriavidus
malaysianesis USMAA1020 transformant, which possessed an excess copy of the phaC
gene. This cultivation regulated 4HB molar fraction to achieve 95 mol% of P(3HB-co-
4HB) with PHA content of 78 wt.% and its concentration at 17.3 g/L in 20 L bioreactor,
the mixed substrates of 1,6-hexanediol and 1,4-butanediol at 1:5 ratio. The high 4HB
monomers are favored for implantable medical products. This was in agreement with the
previous study [23], the 1,6-hexanediol and 1,4-butanediol were utilized as carbon sources
as 4-hydroxybutyryl-CoA was initially formed and converted to 4-hydroxybutyrate. The
copolymer was recovered by the chloroform extraction method and subjected to physical
properties. Based on the results obtained, as summarized Table 2, the average molecular
weight (MW) of the polymer was 585 kDa while the polydispersity index was in the range
3.2. Besides, the tensile strength of the polymer was recorded at about 23 MPa with the
elongation at break around 611%.

Table 2. Physical and mechanical properties of P(3HB-co-4HB).

Copolymer
Tensile Strength Elongation at Break Young Modulus Mw Mn

PDI b

(MPa) a (%) a (Mpa) a (kDa) b (kDa) b

P(3HB-co-95
mol% 4HB) 23.2 ± 4 611.8 ± 1 226.6 ± 20 585 ± 8 132 ± 11 3.2 ± 0.5

Values are mean ± SD of three replicates; a Determined using Gotech Al-3000 tensile Machine; b Calculated from GPC analysis, Mn:
number-average molecular weight; Mw: weight average molecular weight; Mw/Mn: polydispersity index.

3.2. Fabrication of SBCC and SCCC Scaffolds

In this study a three-dimensional, porous scaffold was successfully engineered with
the use of a combination of techniques, namely particle leaching and freeze-drying. Figure 1
shows a schematic of the fabrication of porous antimicrobial SSD-P(3HB-co-4HB)-collagen
peptide scaffolds termed as SBCC and SCCC scaffolds. The system contained two phases
in developing a highly porous, well interconnected pore structure of the scaffold. The
first phase involved the particle leaching using NaHCO3 (200 μm), followed by the freeze-
drying technique. The combination of methods has shown many advantages over other
methods as it is easier to control pore structures. This will produce porous scaffolds
with open surface pores and interconnected bulk pores which will facilitate cell seeding
and homogeneous cell distribution and promote tissue regeneration [26,27]. Despite the
homogenous pores’ structures, the surface properties of these polymers are hydrophobic
which will possibly inhibit the infiltration of cell suspension into the scaffolds preventing
smooth cell seeding.

Therefore, it is crucial to modify the surface characteristic from hydrophobic to hy-
drophilic to facilitate cell seeding. In this case, the surface of the porous P(3HB-co-4HB)
scaffolds was coated with hydrophilic collagen peptide to increase the hydrophilicity of
the surface, thus improving cell interaction [28–30]. In this study, apart from the surface
modification of P(3HB-co-4HB) scaffold with collagen layer, incorporation of antimicrobial
agent, SSD was carried out. This was executed by introducing the SSD either through
blending (SBCC) or coating of the scaffolds (SCCC). Fabrication of scaffolds that release
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the antimicrobial agents or respond to infections is crucial in developing biomaterials in
tissue engineering [31–33].

Figure 1. Schematic of fabrication of SBCC and SCCC scaffolds using a combination of salt leaching modification and
freeze-drying technique with collagen peptide coating and cross-linking with glutaraldehyde.

Besides, surface morphology is crucial in developing biomaterials as this determines
the cell-matrix interface interactions. As seen in Figure 2, the SEM micrographs reveal
the formation of the three-dimensional interconnected porous structure of SBCC and
SCCC scaffolds. Interestingly, the pore sizes observed using SEM were much smaller
than the range of porogen sizes (NaHCO3) used to create them. This could be attributed
to the combination of techniques used, mainly freeze-drying. Hence, combining salt
leaching with freeze-drying may enhance pore interconnectivity and assist the formation
of homogenous pores ranging from 100 to 200 μm [34]. However, SCCC scaffolds exhibited
rougher appearance with less interconnection and possessed numerous macropores as
compared to SBCC. Basically, the porous-based connectivity surface is favored to enhance
the ECM architecture and provide a larger space to induce cell-material interactions [35–39].
Additionally, both the scaffolds created similar morphology with generally amorphous
pores with smooth edge.

The fabricated scaffolds differed in terms of their construction. SSD coated onto
the porous SCCC scaffolds showed solubility in aqueous medium in contrast to the im-
pregnated collagen in SBCC. Hence, the collagen peptide coated P(3HB-co-4HB) porous
scaffold were then cross-linked via GA vapor phase. The dissolution analysis on scaffolds
of cross-linking and uncross-linking scaffolds were shown in Figure 3. The percentage of
dissolutions was significantly higher for uncross-linked SCCC scaffolds with the amount
retained only between 15% and 45%. On the contrary, the crosslinked SSD/collagen
peptide-coated P(3HB-co-4HB) scaffold exhibited collagen retain percentage from up to 80%
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to 90%. This demonstrates that cross-linking with GA enhanced the scaffolds resistance
to dissolution. After GA vapor cross-linking, the membranes became visibly yellowish
and shrunk dimensionally. The aldimine linkages (CH=N) between the free amine groups
of protein and GA attributes to the color change, whereas the covalent bond formed be-
tween the aldehyde groups of GA caused shrinkage [40,41]. The aldimine linkage was a
reflection of Schiff base reaction, whereby the carbon in the aldehyde group of GA was
attacked by nucleophilic nitrogen in the amino group of collagen peptides, and hence re-
placed the oxygen in the aldehyde group and eliminated water molecule [30]. Nonetheless,
GA cross-linking with vapor phase methodology showed low or no detectable cytotoxic
effects [25,42]. As described by Teixera et al. (2021), this will enable a sustainable approach
in achieving green methodology and the lowest environment impact possible at all stages
of fabrication for biomedical application [43].

Figure 2. Micrograph of porous structure of (a) control-P(3HB-co-4HB), (b) SCCC 2.5 wt.%, (c) SCCC 5 wt.%, (d) SCCC
7.5 wt.%, (e) SCCC 10 wt.%, (f) SCCC 12.5 wt.%, (g) SBCC 2.5 wt.%, (h) SBCC 5 wt.%, (i) SBCC 7.5 wt.%, (j) SBCC 10 wt.%
and (k) SBCC 12 wt.%.
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Figure 3. The percentage of collagen retained on cross-linked SCCC and uncross-linked SCCC scaffold. Data represent means
± SD (n = 3). Mean data accompanied by different alphabets as of cross-linked SCCC scaffolds (a–b); and uncross-linked
SCCC (A–D) indicates significant difference within each respective group (Tukey’s HSD test, p < 0.05).

3.3. Functional Group Identification Using FTIR Analysis

FTIR analysis shown in Figure 4 was carried as an evidential analysis to determine and
analyze the characteristic bands that correlate to functional groups of the fabricated scaf-
folds. The FTIR spectrum for collagen (a) showed symmetric and unsymmetric stretching
of the primary amine (NH2) bands at 3275 cm−1 and 3150 cm−1, respectively. The hydroxyl
(OH) from carboxylic acid portion also is expected to be overlapped with the symmetric
amine at 3275 cm−1. The moderate peaks at 2937 cm−1 represent CH3 (bend) and CH2
(stretch) of the alkanes’ substructure. A strong band at 1633 cm−1 represents (C=O) from
the amide moiety. Another strong peak can be seen at 1531 cm−1 and represents NH2
bending [44–48]. The peaks of the (C=C) bands of the aromatic portion also can be clearly
observed between the peaks of 1531 cm−1 to 1449 cm−1. In addition, a moderate peak at
920.89 cm−1 would represent a C-H (out-of-plane) band from the aromatics.

In the case of P(3HB-co-4HB) polymer (b), moderate peaks at 2963 cm−1 and 2899 cm1

represent CH3 (bend), CH2 (stretch) and CH of the alkanes’ substructure. A strong band
at 1633 cm−1 represents (C=O) and another strong band at 1161 cm−1 exhibits the (C-O)
band [8,49].

Comparatively, the FTIR spectra of SBCC (c) and SCCC (d) are rather comparable to
each other as they exhibit all the expected bands and peaks of the designated collagen,
P(3HB-co-4HB) polymer and pure SSD. The major characteristic absorption peaks in both
FTIR spectra of SBCC (c) and SCCC (d) ca. 3283, 3150, 2900, 1719, 1630, 1540, 1450 and
1164 cm−1. The absorption peak at 3283 and 3150 cm−1 are assigned to NH2 symmetric
and asymmetric stretching, respectively. A distinctive peak at 2900 cm−1 represents CH3
(bend) and CH2 (stretch) of the alkanes’ substructure. Whilst the strong peak at 1719 cm−1

represents (C=O) peak. The absorption peak at 1630 cm−1 corresponds to NH2 bending.
The peaks at 1540 cm−1, 1450 cm−1 belong to the peaks of the (C=C) bands of the aromatic
portion. The peaks of asymmetric stretching vibration of (SO2) group cannot be resolved
in these spectra as the band of (C-O) can be dominantly seen in this fingerprint region at
1164 cm−1 [50].
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Figure 4. FTIR spectra of scaffolds (a) collagen, (b) P(3HB-co-4HB), (c) SBCC, and (d) SCCC. Arrows I, II, III indicate amide
I, amide II and amide III, respectively.

It was observed that the prominent characteristic peaks of SBCC (c) and SCCC (d)
with a few bands shift in comparison to each other with the dominant characteristics are
from the P(3HB-co-4HB) polymer (b) which are indicative of the reservation of the chemical
aspect of these blends production. It can be concluded that the SSD did not engage with
its active groups in any chemical interaction with any of the components of SBCC (c)
and SCCC (d) built up. From the FTIR spectra of the two, there is also no evidence of
electrostatic interaction nor chemical reaction have taken place between all the materials
that made up the blend due to very little shift of all the vibrational wavenumbers (i.e., less
than 5 cm−1) throughout the major bands of interest.

3.4. Porosity Analysis

The pores in scaffolds are imperative as they provide an ideal framework for cells to
bind, proliferate and form extracellular matrix. As such, here the porosity was determined
with six different collagen concentrations of the scaffolds. The fabricated scaffolds exhibited
a gradual drop of the pore size from 145 to 53 μm with increasing collagen concentrations
(Figure 5). Similarly, the porosity of the SBCC declined by 50% from the control scaffold.
This decrease in porosity could have been due to the larger collagen layer deposits on the
surface of scaffolds [51–55]. Based on various studies, pore sizes above 100 μm are ideal
for cell infiltration and migration. Interestingly, 10 wt.% scaffolds resulted in a desirable
pore size despite the higher concentration of collagen peptide. In developing biomaterial,
pore structures of scaffolds play a crucial role in facilitating cell seeding, cell penetration
and distribution in the scaffolds. Thus, the adhesion of cells and formation of new tissues
and organs occurs [56–58]. It is emphasized that an ideal scaffold depends on biomaterial
source, fabrication technique and the pore geometry. As such, it is vital to develop a
scaffold with specific porosity properties for potential application in tissue engineering
and regenerative medicine [59,60].

245



Polymers 2021, 13, 2454

Figure 5. Porosity analysis of SSD coated/collagen coated P(3HB-co-4HB); SCCC and SSD blend/collagen coated P(3HB-
co-4HB); SBCC scaffolds. Data represent means ± SD (n = 3). Mean data accompanied by different alphabets as of SCCC
scaffolds (a–d) and SBCC scaffolds (A–D) indicates significant difference within each respective group (Tukey’s HSD test,
p < 0.05).

3.5. Hydrophilicity of Fabricated Scaffolds

The hydrophilicity of the SCCC and SBCC scaffolds was determined using water con-
tact angle analysis (Table 3). The graph clearly showed a decline in the contact angle as the
concentration of collagen peptide increases, thus indicating the increase of hydrophilicity.
Ideally, a contact angle of less than 90◦ indicates that the surface is wet-prone, hence being
categorized as a hydrophilic surface [61–63]. Whole wetting was observed with the water
droplet becoming a flat puddle with 0◦ contact angle on SBCC and SCCC with 10 wt.%
and 12.5 wt.% collagen peptides. Additionally, the collagen peptide coating enhanced the
surface wettability of sample scaffolds. The significant hydrophilicity enhancing effect of
collagen peptide could be associated with the amino groups in collagen [64,65].

The wettability analysis of different sample collagen concentrations is demonstrated in
Figure 6. A steady rise of water uptake percentage with the increment of collagen peptide
concentrations can be observed. Water uptake ability elucidates the hydrophilicity of fabri-
cated scaffolds which will increase the efficiency of absorption of essential supplements
required for cell attachment. Overall, the collagen peptide coated P(3HB-co-4HB) scaffold
absorbed a larger amount of water, exceeding 100% (v/v) of the total volume of the scaffold
even at the low concentrations of collagen peptide (2.5 wt.%). As anticipated, the results
pointed out that the hydrophilicity of both SCCC and SBCC scaffolds have similar water
uptake ability. The water uptake ability properties of scaffolds are crucial in order to en-
hance the proliferation of a cell. The optimal design of a scaffold strongly depends on both
materials and the surface treatment in modulating cell seeding and proliferation [60,66].

3.6. Evaluation of Cell Proliferation of Fibroblast Cells on Scaffolds

In general, a functional scaffold requires the ability to support attachment and pro-
mote proliferation of cultured cells [67]. In line with it, the L929 fibroblasts cells behavior
towards SCCC and SBCC scaffolds with different collagen concentrations was investigated
as shown in Figure 7. Cells adhered well with progressive growth and by day three, the
scaffold surfaces supported high cell density. The cell proliferation was spotted to increase
significantly on scaffold coated with 2.5 wt.% until it reaches 10 wt.% as compared to the col-
lagen free scaffold. However, the number of fibroblast cells decreased (10.6 × 105 cells/mL)
at the highest collagen peptide concentration (12.5 wt.%). This may be attributed to the
reduction of pore size, which caused less pore accessibility and proliferation [8,30,68,69].
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In the current study, 10 wt.% collagen coated scaffold with pore size around 108.6 ± 8.7 μm
demonstrated highest proliferation rate (12.4 × 105 cells/ mL), as shown in Figure 8, in
comparison to control, as well as 2.5 wt.%, 5 wt.% and 7.5 wt.% collagen coated scaffolds.
In short, scaffolds fabricated using combined techniques displayed the highest cell prolif-
eration. These findings clearly implied the enhancement of cell proliferation attributes to
the effects of collagen on cell viability. In short, these findings clearly demonstrated the
process of incorporating collagen layer on the scaffold is an efficient way to initiate cell
attachment and supports cell growth [63,64].

Table 3. Water contact angle of scaffolds with various collagen peptide concentration.

Collagen Peptide (wt.%)
Types of Scaffolds

Coat/Coat Blend/Coat

0

49.9 ± 2.7 73.3 ± 1.4

2.5

32.5 ± 2.8 45.2 ± 2.4

5.0

1 3 3 315.3 ± 3.3 25 ± 5.4

7.5

8.58 ± 0.8 14.81 ± 1.2

10.0

0 0

12.5

00 0
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Figure 6. Water uptake analysis of SSD coated/collagen coated P(3HB-co-4HB); SCCC and SSD blend/collagen coated
P(3HB-co-4HB); SBCC scaffolds. Data represent means ± SD (n = 3). Mean data accompanied by different alphabets as of
SCCC scaffolds (a–d) and SBCC scaffolds (A–D) indicates significant difference within each respective group (Tukey’s HSD
test, p < 0.05).

Figure 7. Proliferation of L929 cells on the SSD coated/collagen coated P(3HB-co-4HB); SCCC and SSD blend/collagen
coated P(3HB-co-4HB); SBCC scaffolds. Data represent means ± SD (n = 3). Mean data accompanied by different alphabets
as of SCCC scaffolds (A–F) and SBCC scaffolds (a–g) indicates significant difference within each respective group (Tukey’s
HSD test, p < 0.05).
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(a) 

(b) 

Figure 8. Micrograph of proliferation of L929 cells on (a) control-P(3HB-co-4HB), SCCC scaffolds (b) SCCC 10 wt.%. Data
represent means ± SD (n = 5).

3.7. Antimicrobial Analysis of SCCC and SBCC Scaffolds

Antimicrobial analysis was carried out using the colonization test as summarised
in Table 4. Antimicrobial substance, silver sulfadiazine (SSD), was incorporated in the
scaffolds. Silver compounds, especially (SSD), has been widely used as an antibacterial
agent in various biomedical applications [69,70]. Based on the results obtained, both SCCC
and SBCC scaffolds revealed desirable antimicrobial effects. However, SBCC scaffolds
required 48 h to inhibit certain pathogenic microorganisms which was due to the elution of
silver sulfurdiazine impregnated with SSD possessed, whereby Ag ions were physically
entrapped in the scaffolds where controlled release of antimicrobial agent occurred [70].
Meanwhile, the results revealed that in SCCC with scaffolds, the silver ion was continuously
released directly leading to almost 100% inhibition for most of the microorganism within
12 h. Both scaffolds showed different functionality according to the releasing rate of silver
ion. The schematic of the antimicrobial release of both the scaffolds is illustrated in Figure 9.
The SCCC scaffolds, which rapidly release SSD, are thus appropriate for further work
towards dermal application, especially skin damage to the epidermis and the upper dermis
that can be regenerated spontaneously and healed in relatively shorter periods [71–74]. On
the condition of chronic wounds, such as diabetic ulcers, long-term release of antimicrobials
is highly suggested since regeneration occurs at the edges of injuries [75]. Therefore, the
SBCC scaffold can be beneficial for such cases. The antimicrobial effect of SBCC scaffold
is effective by the significantly prolonged release of silver ion, which continues to kill
microbes after the release system is exhausted. The release of silver ions is accompanied
by the contact killing of the layer that contains silver ion gradually released by diffusion
and scaffold degradation [69]. Furthermore, according to Heo and coworkers [73], silver
sulfadiazine binds with microbial DNA and releases the sulfonamide, interfering with the
intermediary metabolic pathway [76].
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Table 4. Antimicrobial test of SCCC and SBCC scaffolds against various microorganisms.

Time (h)

Inhibition of Microorganisms (%)

6 12 24 48

SCCC SBCC SCCC SBCC SCCC SBCC SCCC SBCC

Staphylococus aerus
ATCC 12600 65 ± 5 13 ± 1 85 ± 3 36 ± 5 100 ± 0 83 ± 8 NA 100 ± 0

Escherichia coli
ATCC 11303 79 ± 8 34 ± 5 100 ± 0 51 ± 9 100 ± 0 92 ± 6 NA 100 ± 0

Pseudomonas aeruginosa
ATCC 17588 85 ± 7 43 ± 9 100 ± 0 45 ± 5 100 ± 0 87 ± 12 NA 100 ± 0

Bacillus licheniformis 98 ± 2 65 ± 10 100 ± 0 95 ± 5 100 ± 0 100 ± 0 NA 100 ± 0

Candida albicans 93 ± 7 33 ± 6 100 ± 0 71 ± 10 100 ± 0 94 ± 6 NA 100 ± 0

Values are mean ± SD of three replicates; NA denotes not applicable.

Figure 9. Schematic represents the releasing rate of silver ion from (a) SCCC scaffolds which rapidly release SSD and (b) the
slow release of silver ion impregnated in the SBCC scaffolds.

4. Conclusions

In this study, we demonstrated that a combination of a simple and green approach
to fabricate collagen and SSD incorporated P(3HB-co-4HB) scaffolds using porogen leach-
ing and freeze-drying techniques. In comparing the SCCC and SBCC scaffolds, both the
scaffolds differed in the incorporation of antimicrobial agent. Biomaterial based microbial
infections pose serious concerns in the biomedical field. This study focuses on the develop-
ment of highly efficient potential biomaterials that release the antimicrobial agents. This is
in response to the limitations caused by some biomaterials with antimicrobial properties
that inhibit microbial infections but slow down the cell seeding and tissue integration.
Here, both the SCCC and SBCC scaffolds enhanced cell seeding and proliferation of L929
cells. Nonetheless, SCCC has higher antibacterial efficiency within the first 24 h, whereby
the antibiotic is rapidly released as compared to the controlled release of the antimicrobial
properties in SBCC scaffolds. Entrapment of SSD in P(3HB-co-4HB), as in SBCC, resulted
in a reduced burst release of SSD as compared to SCCC. Nonetheless, both the SCCC and
SBCC scaffolds could be an excellent candidate to inhibit microbial colonization based on
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the biomaterial application without causing antibiotic resistance. The study provides evi-
dence and elucidates the surface interface-cell interactions of the modified P(3HB-co-4HB)
scaffolds and release of the antimicrobial agent from the scaffolds, thus paving the way in
developing infection-resistance biomaterials in the biomedical field in the future.
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Abstract: In this paper, Bombyx mori silk sericin nanocarriers with a very low size range were
obtained by nanoprecipitation. Sericin nanoparticles were loaded with doxorubicin, and they were
considered a promising tool for breast cancer therapy. The chemistry, structure, morphology, and
size distribution of nanocarriers were investigated by Fourier transformed infrared spectroscopy
(FTIR–ATR), scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
and dynamic light scattering (DLS). Morphological investigation and DLS showed the formation
of sericin nanoparticles in the 25–40 nm range. FTIR chemical characterization showed specific
interactions of protein–doxorubicin–enzymes with a high influence on the drug delivery process and
release behavior. The biological investigation via breast cancer cell line revealed a high activity of
nanocarriers in cancer cells by inducing significant DNA damage.

Keywords: silk sericin; nanoprecipitation; breast cancer; doxorubicin

1. Introduction

Silks are natural protein-like fibers produced by arthropods, such as spiders or silk-
worms. Domestic-species-producing silks have been used since antiquity. Certain species,
such as domesticated silkworm Bombyx mori, have a central role within textile industry
applications and more recently in biomedical applications [1–3]. Bombyx mori proteins have
been intensively studied for their biocompatibility, great mechanical properties, tunable
biodegradation process, easy processing, and favorable source supply. Silk is composed of
two major proteins: silk fibroin (fibrous protein) and silk sericin (globular protein) [4–8].
Silk fibroin is the main protein with large usage in the biomedical field. Silk sericin was orig-
inally removed as it was associated with the general immune body response to silks [9–11].
Therefore, silk sericin was largely neglected as a biomaterial for medical applications. How-
ever, silk sericin has attracted the particular interest of researchers due to special properties
such as antioxidant effect, UV protection, moisture adsorption, or antibacterial protection.
Recent studies in the literature revealed that sericin is currently used in cosmetics, pharma-
ceuticals, wound dressing, drug delivery, or cell culture. The antioxidant properties allow
sericin to stand against lipid peroxidation by scavenging reactive species or to suppress
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tumor genesis by reducing oxidative stress or inflammatory responses [12–14]. Further-
more, the antioxidant properties of silk sericin contributed to cancer applications due to
the capability to reduce oxidative stress or suppressing cancer cytokines for skin and colon
cancer [15,16]. In recent years, silk sericin was used in the development of scaffolds for
regenerative medicine in wound healing or tissue engineering [6,17–19].

In this regard, silk sericin may favor and sustain migration, proliferation, or collagen
type I production due to methionine amino acid [20–22]. Silk sericin promoted open wound
healing and added to silver-zinc sulfadiazine cream prevented burn wound infection. It
was also effective in healing second-degree burn wounds without serious inflammatory
reactions [22]. Besides particular properties, which recommended silk sericin for various
biomedical applications, the drug-delivery field represents the specific area in which
different nanoparticle systems have been developed [23–30]. However, the future concept
pathway is used to overcome the current limitations so that it sustains the continuous
development of nanoparticle systems. Silk sericin proved the ability for self-assembling
capacity by loading various active principles. The unique chemistry favored surface charge
modification for DNA binding and active targeting by poly(ethylene glycol) (PEG) and
folate for cancer management [24,26,31].

This unique ability offers the possibility to easily prepare nanoparticles for drug/
biomolecule delivery. These characteristics are tightly related to sericin chemistry and, in
the last decades, studies showed new interesting insights on silk sericin structure. Therefore,
silk sericin showed less amphiphilic character but higher hydrophilic character. This aspect
was considered an impediment for self-assembling into nanoparticles, as compared to
silk fibroin [32]. However, the synergistic effect of a proper preparation method, such
as nanoprecipitation, and a specific precipitation agent may favor the preparation of silk
sericin nanoparticles. Nanoparticles should display the desired characteristics such as
size, morphology, and size distribution. Nanoprecipitation is a simple and fast method to
produce nanoparticles from various types of polymers [33–38].

Doxorubicin is an anthracycline with therapeutic effects in a wide range of solid
tumors, which still plays a major role in chemotherapy that induces apoptosis by causing
DNA damage [39]. A great effort has been made to develop targeted nanodrug delivery sys-
tems due to their high therapeutic efficacy in cancer management. Polymeric nanoparticles
are promising systems for drug delivery based on their nanometric size, high surface-area-
to-volume ratio, favorable drug release profiles, and targeting features that can promote
their preferential accumulation in tumor tissue. Various preparation routes have been ad-
dressed in the literature in an attempt to show the interaction of doxorubicin with various
polymeric systems [40,41]. In this regard, doxorubicin-loaded RGD-conjugated polypeptide
nanoformulation was developed by an emulsion solvent evaporation method [42]. These
zwitterionic biodegradable drug-loaded polypeptide vesicles showed great potential for
cancer treatment having high drug loading content (45%) and loading efficiency (95%) [42].
An interesting approach was related to the encapsulation of doxorubicin by polymerization-
induced self-assembly methods [41]. Photopolymerization of various monomers in the
presence of photocatalytic doxorubicin hydrochloride proved an interesting method to
prepare drug-loaded polymeric nanoparticles with higher polymerization rates and good
doxorubicin encapsulation efficiency [41]. Protein nanoparticles were also prepared by
various routes to easily entrap and release various anticancer drugs [43]. They are prepared
within biological systems, require fewer production steps, and show high biocompatibility
and biodegradability, as compared to synthetic polymers. Protein nanoparticles have been
prepared from various proteins including water-soluble proteins (bovine and human serum
albumin, silk sericin) and partially soluble or insoluble proteins (silk fibroin, zein, and
gliadin) [44]. TRAIL and Dox-loaded albumin nanoparticles showed great potential for
synergistic apoptosis-based anticancer therapy [45].

This research study emphasizes the possibility to easily develop silk sericin nanopar-
ticles by an optimized nanoprecipitation method. The novelty of the study arises from
the development of sericin nanoparticles with a lower size distribution with respect to
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the literature data. Furthermore, the nanoparticles’ preparation is based on an optimized
procedure that can be easily transferred being useful for other similar systems.

The present research study reports on the preparation and complex characterization
of self-assembled silk sericin nanoparticles in the presence of acetone with secondary
conformational changes. Doxorubicin loading in sericin nanoparticles and drug release
behaviors were studied in neutral, acidic, and enzymatic media. DLS, SEM, and TEM
were employed for morphological and structural characterization of the nanoparticles. The
structural changes showed similar behavior to silk fibroin by revealing a special and stable
physical crosslinking structure of nanoparticles. Moreover, we investigated the sericin
particles’ potential to reduce MCF-7 cells’ viability and to induce DNA fragmentation when
loaded with doxorubicin.

2. Materials and Methods

2.1. Materials

Bombyx mori silk sericin powder (quality level 200) and all other reagents, includ-
ing sodium hydroxide (reagent grade, ≥98%, pellets, anhydrous), potassium phosphate
(ACS reagent, ≥98%), hydrochloric acid (ACS reagent, 37%), doxorubicin (doxorubicin
hydrochloride 98.0–102.0%, HPLC), protease XIV from Streptomyces griseus (≥3.5 units/mg
solid), α-Chymotrypsin from bovine pancreas (≥40 units/mg protein), and nonsolvent
acetone (ACS reagent, ≥99.5%) were provided by Sigma Aldrich (3050 SPRUCE Street,
St. Louis, MO 63103, USA).

2.2. Preparation of Silk Sericin Nanoparticles

Firstly, silk sericin solutions were obtained by direct dissolution of protein in dis-
tilled water considering the hydrophilic character and good water solubility. Briefly,
solutions with 0.1, 0.25, 0.5, and 1% (w/v) were prepared under moderate stirring at
room temperature.

Silk sericin nanoparticles were prepared via nanoprecipitation in which silk sericin
solutions (0.1, 0.25, 0.5, and 1% w/v) were added into an organic phase of a nonsolvent,
acetone. The nanoprecipitation technique involved the drop-wise addition of protein
aqueous solution into acetone under vigorous stirring. The resulted nanoparticles were
recovered by water and acetone vaporization. The workflow of nanoparticle preparation is
shown in Scheme 1. The nanoparticle formulations were called SER 0.1%–SER 1% following
the sericin concentration.

2.3. Drug Loading in Sericin Nanoparticles

Doxorubicin was loaded within sericin nanoparticles via the direct method by disso-
lution into the aqueous phase. The next step involved the addition of the dissolved drug
aqueous phase into the acetone organic phase under vigorous stirring at neutral pH of 7.45
(1.25–5 wt.% doxorubicin in NPs). The drug-loaded nanoparticles were also recuperated
by water and acetone vaporization. The drug was loaded in all prepared formulations 0.1,
0.25, 0.5, and 1% (w/v).

2.4. Drug Release Behavior

In vitro drug release behaviors of doxorubicin-loaded sericin nanoparticles were
investigated in different pH conditions and enzymatic medium at 37 ◦C. Briefly, 5 mL
of drug-loaded nanoparticles (4 wt.%) in phosphate buffer saline solution (PBS, pH 7.45)
was placed in a tubular cellulose membrane, followed by immersion in flasks with a fixed
volume (40 mL). The flasks were further incubated in an orbital mixer (Benchmark Scientific)
at 300 rpm, and 37.0 ± 0.5 ◦C. 5 mL of PBS dialysate was collected at predetermined
time intervals and then investigated by UV–VIS spectroscopy (SHIMADZU UV-3600
instrument). To maintain a constant volume, after each collection, 5 mL of fresh PBS were
added to every flask. A similar procedure was performed for an acidic medium (pH = 3).
Protease type XIV from Streptomyces griseus and protease α-chymotrypsin from bovine
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pancreas were used for enzymatic drug release test. Enzymes were added in a suspension
of drug-loaded NPs for 1 h prior to release test, and the drug release behavior followed the
above-mentioned protocol. The enzyme activity was 8 U/mL. The release efficiency was
calculated as follows:

RE (%) =
amount o f released DOX

amount o f the loaded DOX
× 100 (1)

The encapsulation efficiency was calculated with the following equation:

EE (%) =
amount o f the loaded DOX − amount o f unloaded DOX

amount o f the loaded DOX
× 100 (2)

Scheme 1. Workflow of sericin nanoparticle preparation.

2.5. Characterization Methods
2.5.1. FTIR–ATR Analysis

FTIR–ATR investigation was performed using a Bruker Vertex 70 FTIR spectropho-
tometer with an attenuated total reflectance (ATR) accessory. FTIR spectrophotometer used
32 scans and a resolution of 4 cm−1 in mid-IR region 4000–600 cm−1. Sericin nanoparticles
SER 1% (w/v), loaded with doxorubicin and aqueous mixtures of enzyme–doxorubicin,
were analyzed.

2.5.2. Morphological Characterization

Scanning electron microscopy (SEM) analysis was performed to reveal the main
features of sericin nanoparticles, including aggregates’ size, shape, or morphology. Silk
sericin nanoparticles were investigated by a Quanta Inspect F scanning electron microscopy
device equipped with a field emission gun (FEG) with 1.2 nm resolution and with an X-ray
energy-dispersive spectrometer (EDS).

Transmission electron microscopy (TEM) analysis was performed using a TECNAI
F30 G2 S-TWIN microscope operated at 300 kV in an energy-dispersive X-ray analysis
(EDAX) facility. Formulations of sericin nanoparticles with 1% (w/v) and 0.1% (w/v) were
evaluated by TEM.
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2.5.3. Dynamic Light Scattering (DLS)

The size distribution of the nanoparticles was evaluated by dynamic light scattering in
a static domain using a Malvern Zetasizer Nano instrument. Nanoparticles prepared from
all sericin concentrations were subjected to DLS investigation (0.1, 0.25, 0.5, and 1% (w/v)).

The average molecular weight of silk sericin was determined by DLS in a static domain
using a Malvern Zetasizer Nano instrument in the molecular weight module. The analysis
was performed using glass cuvettes with square aperture. Toluene was used as a reference
standard solvent and water as a common solvent for silk sericin. Zeta potential and
isoelectric point were also determined by DLS using several protein solutions with pH
ranging between acid and neutral (pH 1–7.45). The zeta potential value was considered at
a neutral point. The isoelectric point value was considered for zeta potential.

2.5.4. Conformational Analysis by Circular Dichroism (CD)

The secondary structure of silk sericin solution and sericin nanoparticles dispersion
was evaluated by a Jasco J-1500 spectrophotometer, Japan (J-1500 Circular Dichroism
Spectrophotometer) using a quartz cell of 1 mm path length. During this analysis, the
samples were scanned three times at low concentrations in the range of 180–250 nm with a
scan rate of 100 nm/min.

2.6. In Vitro Biological Evaluation of Free and Doxorubicin-Loaded Sericin Nanocarriers
2.6.1. Cell Culture Model

MCF-7 human epithelial mammary gland cell line (ATCC® HTB-22™) was employed
in this study as in vitro model since it retains several characteristics of differentiated
mammary epithelium including the ability to process estradiol via cytoplasmic estrogen
receptors and the capability of forming domes. Moreover, the MCF-7 cell line is positive
for the estrogen and the progesterone receptor and negative for the HER2 marker. The
MCF-7 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic–antimycotic solution (ABAM, con-
taining 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg amphotericin B) and
maintained at 37 ◦C in a humidified air atmosphere of 5% CO2 throughout the experiment.
The medium renewal was carried out every other day.

2.6.2. Cell Viability Assay

The MTT assay was used to measure MCF-7 breast cancer cells’ viability after incuba-
tion with Ser NPs and Ser NPs + DOX at a final concentration of 20 mg/mL Ser NPs ± Dox.
Briefly, MCF-7 cells were seeded at an initial density of 2 × 105 cells/cm2 in 96–well culture
plates and treated with 20 mg/mL Ser NPs and Ser NPs + DOX for 6 and 24 h. At each
time point, the culture media was discarded and replaced with a freshly prepared solution
of MTT (1 mg/mL). The samples were further incubated for 4 h in standard cell culture
conditions to allow the metabolically active cells to form formazan crystals, which were
dissolved in DMSO. The absorbance of the resulting solutions was measured at 550 nm
using a Flex Station III multimodal reader (Molecular Devices).

2.6.3. Cytoskeleton Investigation and DAPI staining

To evaluate the potential morphological modifications induced in the MCF-7 breast
cancer cells by the treatment with Ser NPs + DOX, the cytoskeleton’s actin filaments were
stained with FITC–phalloidin. In this view, MCF-7 cells were seeded at an initial cell
density of 2 × 105 cells/cm2 in 96–well culture plates and treated with 20 mg/mL Ser
NPs and Ser NPs + DOX for 6 and 24 h. At each time point, the MCF-7 monolayers were
fixed with a 4% paraformaldehyde solution for 20 min, permeabilized with a 2% BSA/0.1%
Triton X100 solution for 1 h and consequently stained with FITC–conjugated phalloidin for
1 h at 37 ◦C in a humidified environment. In the end, the MCF-7 monolayers were stained
with DAPI to highlight cell nuclei and reveal chromatin fragmentation. The samples were
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imaged using the Olympus IX73 inverted fluorescence microscope (Olympus) and images
were captured using CellSense Imaging Software.

2.6.4. Measurement of DNA Damage by Comet Assay

The DNA damage induced by the Ser NPs + DOX in MCF-7 breast cancer cells was
quantified at a single cell level using OxiSelect Comet Assay Kit three-well slides (Cell
Biolabs) assay. The MCF-7 cells were seeded in six-well plates at an initial density of
0.3 × 106 cells/cm2 and treated with simple Ser NPs and DOX-loaded Ser NPs. After 6 h
and 24 h, the cells were detached from the culture vessels and processed as recommended
by the manufacturers’ instructions. Briefly, cells were resuspended in agarose in a 1:10 ratio
and transferred on the agarose precoated comet assay slides. After gelling, the comet
assay slides were immersed in the lysis buffer for 60 min at 40 ◦C in the dark, followed
by alkaline solution treatment for 30 min in the same conditions. Then, the slides were
placed in the electrophoresis solution and then transferred to the electrophoresis tank. The
electrophoresis was carried out at 1 V/cm for 15 min. Finally, samples were stained with
100 μL Vista Green DNA Dye solution for 15 min at room temperature in the dark. In total,
150 randomly selected cells from each slide were analyzed using a fluorescence microscope
(Olympus IX73) and CellSense software. The length of the comet tail was chosen as an
indicator of DNA damage.

2.6.5. Statistical Analysis

The data obtained from the MTT assay were statistically analyzed using GraphPad
Prism 6 software (San Diego, CA, USA), one-way ANOVA, and the Bonferroni test. Control
samples were considered as 100% viability for each time point. All the experiments were
performed with three biological replicates and each data set is presented as the average
of three replicates (mean ± standard deviation). A value of p ≤ 0.05 was considered to
indicate a statistically significant difference. All experimental controls were represented
by MCF-7 cell cultures, where fresh culture media was added instead of nanoparticles
treatment and were identically processed as described for each assay separately.

3. Results and Discussions

3.1. FTIR–ATR Analysis

FTIR investigation showed the main characteristic peaks for doxorubicin, enzymes,
sericin, and their interactions. The spectrum of doxorubicin had the following peaks:
peak at 3517 cm−1 was assigned to water molecules bonded within the drug structure;
peak at 3323 cm−1 was attributed to hydroxyl stretching vibration; peak at 3128 cm−1

was attributed to N-H stretching vibration; peaks at 2977 cm−1 and 2931 cm−1 were
assigned to C-H stretching vibration within the ring; peak at 1728 cm−1 was assigned
to C=O stretching in carbonyl group within vibrating in quinone and ketone; peak at
1584 cm−1 was attributed to N-H bending vibration and C-N stretching vibration; peak
at 1525 cm−1 was assigned to hydroxyl group bending vibration; peak at 1410 cm−1 was
attributed to methyl bending vibration; peaks at 1285 cm−1, 1207 cm−1, 1115 cm−1, and
1075 cm−1 were attributed to C-N and C-O-C stretching vibrations, C-O stretching vibration
within the tertiary, and secondary and primary alcohols; peaks at 999 cm−1 and 865 cm−1

were assigned to the skeletal ring (Figure 1). The sericin spectrum revealed a specific
protein spectrum with the following characteristic peaks: peak at 3291 cm−1 was attributed
to hydroxyl stretching vibration; peak at 3070 cm−1 was attributed to N-H stretching
vibration; peak at 2972 cm−1 was assigned to C-H stretching vibration; peak at 1649 cm−1

was assigned to C=O stretching in carbonyl group within amidic backbone (amide I); peak
at 1529 cm−1 was attributed to N-H bending vibration and C-N stretching vibration (amide
II); peak at 1395 cm−1 was attributed to methyl, methylene, and methine groups bending
vibration; peak at 1242 cm−1 was attributed to C-N (amide III); peak at 1068 cm−1 was
attributed to C-O-C and C-O stretching vibrations (Figure 1).
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Figure 1. FTIR–ATR spectra of sericin, doxorubicin, and doxorubicin-loaded sericin nanoparticles.

Both enzymes (protease IV and chymotrypsin) showed a typical protein-specific
spectrum with amide I, amide II, and amide III. The main peaks are shown in Figure 2a,b.
Sericin–doxorubicin interaction revealed a drug-specific peak at 3510 cm−1, assigned to the
water molecules bonded within the drug molecules. Another important peak appeared
at 3070 cm−1, attributed to unsaturated =C-H stretching vibration characteristic for the
aromatic structures similar to doxorubicin structure. Therefore, FTIR analysis showed the
presence of doxorubicin within the sericin structure. Furthermore, the analysis revealed no
chemical bonds between the sericin and drug, suggesting that the association was induced
only by physical interactions (Figure 1).
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(a) (b) 

Figure 2. FTIR–ATR spectra of enzymes (protease IV and chymotrypsin), doxorubicin, and association of chy-
motrypsin/doxorubicin (a) and protease IV/doxorubicin (b).

Protease IV and chymotrypsin revealed an association with doxorubicin even to a
greater extent than sericin. Thus, chymotrypsin–drug association showed two new peaks at
3176 cm−1 and 3113 cm−1, attributed to N-H stretching vibration. This fact may suggest that
the amidic groups are more visible, as compared to the singular drug or enzyme. A higher
contribution to the spectrum can be explained by the fact that these groups manifested
supplementary physical interactions. Another important peak at 860 cm−1, attributed to
the drug skeletal ring, appeared into the association spectrum (Figure 2a). This approach
revealed that the presence of the drug molecules within the chymotrypsin structure was also
governed by physical interactions. Protease IV had also some association with doxorubicin.
The spectrum (Figure 2b) showed a different overview regarding drug association, as
compared to the chymotrypsin approach. Therefore, the spectrum showed the absence
of amide I and the presence of a broad peak centered at 1558 cm−1 with a significant
visible shoulder around 1600 cm−1. This peak probably represents the contributions of
amide I and amide II from the protease and peak contribution assigned to hydroxyl group
bending vibration (1584 cm−1). The peak at 1419 cm−1 increased its intensity, and a new
peak appeared at 1345 cm−1. This fact can be attributed to the contribution of the bending
vibration for methyl, methylene, and methine groups. Furthermore, the presence of the
peak at 850 cm−1, attributed to the skeletal drug structure, confirmed the presence of
doxorubicin within the protease XIV structure (physical interactions). One last aspect
that can be concluded from protease investigation with respect to sericin highlights the
apparent stronger association interactions for the enzymes. This fact can be explained in
the case of enzymes by the amide, hydroxyl, and skeletal contributions.
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3.2. Drug Release Behavior
3.2.1. Neutral Medium

Doxorubicin release behaviors from sericin nanoparticle formulations were investi-
gated by in vitro tests (PBS: pH 7.45, 37 ◦C). All nanoparticle formulations had relatively
similar behavior with significant differences in release efficiency and time. The results are
shown in Figure 3. Both the efficiency and the release time increased for sericin nanoparti-
cles prepared from lower concentrations. The release profile showed a specific behavior
with a faster release for the first 100 min with an efficiency of 35%. This behavior cannot
be associated with a specific burst release. The release behavior followed a slower release
for the next 180 min for SER 1% and for the next 360 min for SER 0.1%. Formulations with
SER 0.25% and SER 0.5% followed a slower release time placed within this interval. All
nanoparticles SER 0.1%–SER 1% revealed a high entrapment efficiency of 90–95%. Mor-
phological and dimensional analyses showed that the size of the nanoparticle aggregates
decreased for those obtained from lower sericin concentrations. These results may suggest
that small-size aggregates reached higher efficiency but for a longer release time. The
maximum cumulative release efficiency was 74%. This means there was still some en-
trapped doxorubicin within the mass of sericin nanoparticles. The obtained results in terms
of release and encapsulation efficiency can be correlated with other sericin formulations
containing low soluble agents [46,47]. Most probably, this behavior was influenced by
the fact that the nanoparticles were self-assembled in the presence of doxorubicin. This
approach facilitated the formation of sericin–doxorubicin conjugates which are driven by
multiple physical bonding [47]. In this situation, the doxorubicin remained entrapped, and
only specific environments could act as release stimulus. Therefore, specific media such as
pH decrease or enzymatic activity may facilitate further release.

Figure 3. Doxorubicin release profile from sericin nanoparticles in neutral medium.

3.2.2. Acidic Medium

FTIR was performed to investigate the drug–protein interaction. As previously men-
tioned, there are significant physical interactions that keep the drug inside the nanoparticles.
Considering that the main interactions appeared between carboxyl and amino groups, a
new in vitro test was performed in an acidic medium. The idea was to protonate the car-
boxyl negative conjugate form of COO− within sericin structure to disrupt the interaction
with amino positive conjugate form NH3+ from doxorubicin. Thus, the entrapped drug
could be released. This approach was based on the sericin zeta potential results, which had
a considerable negative charge into a neutral medium (pH 7.45). The analysis showed a
higher release efficiency within a shorter time period, as compared to the neutral medium.
Figure 4 revealed a release efficiency of over 90% for all formulations SER 0.1%–SER 1%
in a release time of 30–50 min. The release profile showed different behavior with a faster
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release for SER 0.1% and SER 0.25% for the first 15 min, followed by a slower release for
the next 15 min. SER 0.5% and SER 1% revealed a relatively constant release behavior for
longer release time, as compared to SER 0.1% and SER 0.25%. This fact allowed them to
reach a higher release.

Figure 4. Doxorubicin release profile from sericin nanoparticles in acidic medium (pH 3).

3.2.3. Enzymatic Media

The drug–protein interaction was also investigated by enzymatic activity. Two specific
enzymes, namely, protease type XIV from Streptomyces griseus and protease α-chymotrypsin
from bovine pancreas were used. The enzymatic activity involved an enzymatic degra-
dation of sericin protein with the easier release of entrapped drug molecules due to the
disruption of physical interactions in drug–protein structure. The results showed an unex-
pected behavior considering the lower release with respect to the neutral medium. In the
case of protease type XIV from Streptomyces griseus, the release efficiency was slightly over
20% (Figure 5a), while in the case of protease α-chymotrypsin from bovine pancreas, the
release efficiency was slightly under 20% (Figure 5b). Both situations followed a similar
profile release and a release time of 180 min. The profile showed a faster release within the
first 50 min, followed by a slower release. The poor release efficiency can be explained by
the strong physical interactions between the doxorubicin molecule and enzymes’ chemical
structure. In this case, the drug molecules released from the nanoparticles’ mass were
further embedded in the structure of the enzymes. These results are in good agreement
with the FTIR analysis that showed stronger interactions within drug–enzyme association
as compared to sericin nanoparticles.

3.3. Morphological Characterization
3.3.1. SEM Analysis

SER 1% nanoparticles were obtained with a size distribution of 200–300 nanometers
with round and specific fusiform shapes (Figure 6a). Higher magnification images revealed
closer insights into nanoparticles’ morphology with a bunch nanostructure and nanowaved
surface (Figure 6b). The nanowaved morphology showed lower sizes of 15–20 nm winding
the surface. Individual nanoparticles of 23 nm could be detected, suggesting that the
bunch nanostructuring is formed of aggregates of smaller nanoparticles. Morphological
characterization continued with formulations SER 0.5% and SER 0.25%. The results for
SER 0.5% and SER 0.25% formulations revealed nanoparticle aggregates with a size range
size of 100–200 nm (SER 0.5%) and 100–150 nm (SER 0.25%), as shown in Figure 6c,d.
Aggregates for SER 0.5% had round and fusiform shapes (Figure 6c), while those for
SER 0.25% exhibited only round shapes (Figure 6d). This could be explained by the
size range differences since the size increase led to the deviation from the usual round
shape. Formulation SER 0.1% was investigated in order to reveal a specific trend of
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sericin formulations. The lower the sericin concentration was, the smaller the nanoparticle
aggregates were obtained. Figure 6e showed aggregates with a size range of 80–130 nm.
The aggregates had a round shape like SER 0.25%. The higher magnification image revealed
the same bunch nanostructuring with a nanowaved surface (Figure 6f).

Figure 5. Doxorubicin release profiles from sericin nanoparticles in enzymatic media: protease XIV (a); chymotrypsin (b).

3.3.2. TEM Analysis

TEM analysis was performed to confirm the SEM results regarding aggregates size,
morphology, and nanostructuring. Formulation SER 1% exhibited individualized nanopar-
ticles with a range size between 20 and 35 nm (Figure 7a, higher magnification). The
overview image showed also individualized nanoparticles in a significant number (Figure 7b).
The nanoparticle aggregates revealed the internal nanostructuring. The aggregates were
composed of smaller nanoparticles of 20–35 nm (Figure 7c,d). Besides aggregates, one may
notice individualized nanoparticles, suggesting that only a part of them associate with
such structures. Formulation SER 0.1% had even smaller individualized nanoparticles with
respect to other formulations (15–25 nm, Figure 7e,f). This result confirmed the formulation
trend with smaller nanoparticles for lower sericin concentration. This fact can explain the
size differences between the aggregates or their shape. The nanoprecipitation appeared as
a suitable self-assembling method able to optimize the nanoparticles’ features among other
nanoformulation methods [30,48,49]. The nanoparticle low average dimension was directly
related to some important sericin properties. The mechanism followed a nucleation step,
which is typical for the nanoprecipitation method [37,50–52]. This mechanism assured the
preparation of a high number of small nanoparticles.
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Figure 6. SEM microphotographs for sericin nanoparticles from various sericin concentrations: (a,b) SER 1%; (c,d) SER 0.5%
and SER 0.25%; (e,f) SER 0.1%.
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Figure 7. TEM images for individualized nanoparticles obtained from 1% sericin concentration (a,b); TEM images for
nanoparticles aggregates obtained from 1% sericin concentration (SER 1%) (c,d); TEM images for individualized nanoparti-
cles obtained from 0.1% sericin concentration (SER 0.1%) (e,f).
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3.4. Dynamic Light Scattering, Zeta Potential, and Isoelectric Point

DLS analysis showed more specifically nanoparticles aggregates size. The sericin
nanoparticle formulations SER 0.1%–SER 1% revealed an increase of the mean diameter
with the increase of the concentration of sericin solutions. All formulations showed a
close size distribution profile and close mean size diameter. The size distribution of sericin
nanoparticle aggregates and mean diameter are shown in Figure 8a. The results confirmed
the morphological investigation by SEM and TEM on aggregates size increasing profile but
with a higher size distribution due to the swelling effect.

Figure 8. DLS dimensional distribution of sericin nanoparticles with various concentrations (a); DLS zeta potential of sericin
nanoparticles—SER 0.1% formulation (b).

The nanoparticles’ surface zeta potential and isoelectric point were used to evaluate
the protein surface charging at various pH values. The results revealed a negative surface
charging with a zeta potential of −20.2 mV with a standard deviation ±0.9 mV (Figure 8b.)
This value represents the zeta potential for neutral pH (7.45). The isoelectric point was
established in the pH range 2–2.5. This value of zeta potential can influence the tumor cell
line interaction or the mechanism of nanoparticle synthesis.

Molecular Weight Evaluation by DLS

The average molecular weight of silk sericin was evaluated by the detection of light
scattering based on the interactions of protein molecule–light. Therefore, the sericin so-
lutions were exposed to a monochromatic wave of light and using multiple detectors.
The analysis supposed the investigation of four diluted solutions with various concen-
trations between 0.2 and 2% (w/v) of silk sericin. An average molecular weight of about
11,700 ± 100 g/mole was determined.

3.5. Conformational Analysis by Circular Dichroism (CD)

CD analysis for sericin showed two positive peaks and one sharp negative peak. The
positive peaks at 180 and 186 nm, together with the negative peak at 205 nm, suggest
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a secondary conformational arrangement dominated by β-sheet and random coil. The
sericin nanoparticles had a shifting of the negative peak to lower values and shifting of the
positive peaks to higher values. The positive peak was also split into two peaks (Figure 9).
This shows some conformational changes of random coil toward the β-sheet structure.

Figure 9. CD curves of native sericin (0.05 wt.% concentration) and sericin nanoparticles (SER-0.1%).

The sericin formulations led to the obtaining of sericin nanoparticles ranging between
15 and 40 nm depending on the solution concentration. These size values are below the
usual sizes of polymeric nanoparticles. This fact can be attributed to several important fac-
tors including sericin chemistry, molecular weight, concentration, or preparation method.
In the case of molecular weight (MW), there are various studies in the literature showing
the influence or not of the MW on the size of the nanoparticles for different polymeric
systems. Most probably, the molecular weight’s influence on nanoparticles size is directly
correlated to every studied system. In our study, the low molecular weight fitted the sericin
in the oligomeric range (polypeptides), and it could induce such small nanoparticles. The
sericin chemistry clearly influenced the hydrophilicity, water solubility, or behavior within
the organic phase (acetone). The high water solubility could be also influenced by the low
molecular weight. The high water solubility, together with the low molecular weight and
chemistry, positively influenced the sericin behavior in acetone dispersion. In contact with
acetone, the sericin molecules gather and induce a nucleation process. This is a more con-
trolled process mechanism than instant precipitation. This approach is directly correlated
to the preparation method. Nanoprecipitation follows a three-stage process: nucleation,
growth, and aggregation [52–54]. Therefore, this approach allowed a supersaturation of
sericin molecules per volume with a nucleating process, followed by a growth step. A high
sericin concentration led to the generation of nanoparticles with a larger size distribution
reaching 35–40 nm, while a low concentration led to the generation of nanoparticles with a
narrow distribution. Both high (1% w/v) and low (0.1 w/v) concentrations led to the gener-
ation of a relatively high number of nanoparticles, suggesting no influence on the number
of nanoparticles. Thus, in the initial stage, a high number of nanoparticles were formed,
while the size differences appeared in the growth step due to the addition of new molecules
on the nuclei surface. Another important issue to be addressed is the aggregation process.
The dimensional and morphological investigation showed larger nanoparticle aggregates
with a range size between 100 and 300 nm. These nanoparticle aggregates were formed
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along with individual nanoparticles. Therefore, this process probably appears only in the
case of supersaturation for nanoparticles’ concentration per volume of dispersion media.

3.6. In Vitro Antitumor Activity Evaluation of DOX-Loaded Sericin Nanocarriers

As described above, based on the nanoparticles’ size and doxorubicin release profile,
the 0.1% sericin formulation was employed in the in vitro biological investigations. To
evaluate the viability of MCF–7 breast cancer cells after 6 h and 24 h of exposure to unloaded
Ser NPs and DOX-loaded Ser NPs, the quantitative MTT assay was performed. Data were
statistically analyzed and graphically represented in Figure 10 using GraphPad Prism 6
software.

Figure 10. Graphical representation of MCF-7 breast cancer cells viability after 6 h and 24 h of
treatment with free and DOX-loaded Ser NPs (Dox Ser NPs vs. untreated control **** p ≤ 0.0001; Dox
Ser NPs vs. Ser NPs ˆˆˆˆ p ≤ 0.0001).

Our data showed that after 6 h of treatment, none of the treatments induced cell
viability alterations. Moreover, after 24 h of exposure to free Ser NPs, the viability of the
MCF-7 cells remained similar to the control, demonstrating good biocompatibility of the
pristine sericin nanocarriers. In contrast, after 24 h of treatment, the DOX-loaded Ser NPs
significantly decreased the viability of the MCF-7 cells (**** p ≤ 0.0001). Moreover, MCF-7
breast cancer cell morphology was investigated by fluorescence microscopy after staining
the cytoskeleton fibers with phalloidin–FITC and the cell nuclei with DAPI. The images
captured are presented in Figure 11. No alterations were produced by the treatment with
unloaded Ser NPs during 24 h, as compared with the untreated cells. In contrast, the
treatment with DOX-loaded Ser NPs induced modifications in terms of actin filaments’
organization and distribution in the cellular cytoplasm. Additionally, the fluorescence
microscopy images captured in the samples treated with DOX-loaded Ser NPs revealed
red fluorescence inside the MCF-7 cells. Considering that doxorubicin is well known as a
red fluorescent chemical compound, this valuable observation indicates/proves that the
DOX-loaded Ser NPs successfully enter the cells.
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Figure 11. Fluorescence microscopy images of MCF-7 cells treated for 6 h and 24 h with free Ser NPs and DOX-loaded
Ser NPs, as compared with an untreated MCF-7 monolayer: green fluorescence–phalloidin–FITC: actin filaments; blue
fluorescence–DAPI: cell nuclei; red fluorescence–DOX). Scale bar: 50 μm.

Finally, to assess the genotoxic potential of the DOX-loaded Ser NPs treatment, the
comet assay was performed. After fluorescence image processing and data analysis, the
DNA damage profile in MCF-7 cancer cells after Ser NPs + DOX treatment was established
based on the average length of the comet tails. As presented in Figure 12, the comet-like
structures correlated with enhanced DNA migration were identified only in MCF-7 cells
exposed for 24 h to the treatment with DOX-loaded Ser NPs. As DNA damage is a hallmark
of apoptosis, our data suggest that DOX encapsulation in Ser NPs triggers apoptosis of
MCF–7 breast cancer cells.

Sericin nanocarriers have previously been used for breast cancer management [28].
Mandal and Kundu showed that paclitaxel-loaded sericin nanocarriers induced apoptosis
in MCF-7 breast cancer cells. Similarly, we demonstrated that DOX-loaded Ser NPs signifi-
cantly decreased MCF-7 cells viability after 24 h of treatment and altered the morphology
of the cells, as revealed by the fluorescent labeling of the cell’s cytoskeleton.

Regarding DOX, the literature reports two potential mechanisms of action in the cancer
cell: (i) the intercalation into DNA and disruption of topoisomerase-II-mediated DNA
repair and (ii) the generation of free radicals producing damages to cellular membranes,
DNA, and proteins [55]. Our data showed that the DOX-loaded Ser NPs induced DNA
damage in MCF-7 cells, as compared with the pristine Ser NPs, probably due to the toxic
effect of the delivered DOX.
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Figure 12. (a) Graphical representation showing the comet tail length as an indicator of DNA damage
in MCF–7 cell cultures treated for 6 h and 24 h with simple and DOX-loaded Ser NPs (Dox Ser NPs
vs. untreated control **** p ≤ 0.0001; Dox Ser NPs vs. Ser NPs ˆˆˆˆ p ≤ 0.0001); (b) representative
fluorescence micrographs of the comet-like structures in MCF–7 cell cultures treated for 6 h and 24 h
with simple and DOX-loaded Ser NPs.

4. Conclusions

In conclusion, we obtained sericin nanoparticles with a size range between 15 and
40 nm. This dimensional range is below the usual range of the polymeric nanoparticles. The
nanoprecipitation proved to be a suitable method for sericin nanoparticles’ preparation,
loading, and release. The advanced morphological investigation showed the size and
size distribution of the nanocarriers with a direct positive influence on the biological
investigation. Moreover, we also showed that the DOX-loaded Ser NPs significantly
decreased MCF-7 cells viability, altered their morphology, and induced DNA damage, as
compared with the unloaded Ser NPs.
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