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Preface to “Advanced Polymers for Biomedical
Applications”

Polymers are the largest and most versatile class of biomaterials, being extensively applied for
therapeutic applications. From natural to synthetic polymers, the possibilities to design and modify
their physical-chemical properties make these systems of great interest in a wide range of biomedical
applications as diverse as drug delivery systems, organ-on-a-chip, diagnostics, tissue engineering,
and so on.

In recent years, advances in the synthesis and modification of polymers and characterization
techniques have allowed the design of novel biomaterials as well as the study of their biological
behavior in vitro and in vivo.

The purpose of this reprint is to highlight recent achievements in the synthesis and modification

of polymers for biomedical applications for final applications in the field of biomedicine.

Luis Garcia-Ferndndez
Editor
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Abstract: Natural polymers have been widely used for biomedical applications in recent decades.
They offer the advantages of resembling the extracellular matrix of native tissues and retaining
biochemical cues and properties necessary to enhance their biocompatibility, so they usually improve
the cellular attachment and behavior and avoid immunological reactions. Moreover, they offer a
rapid degradability through natural enzymatic or chemical processes. However, natural polymers
present poor mechanical strength, which frequently makes the manipulation processes difficult.
Recent advances in biofabrication, 3D printing, microfluidics, and cell-electrospinning allow the man-
ufacturing of complex natural polymer matrixes with biophysical and structural properties similar to
those of the extracellular matrix. In addition, these techniques offer the possibility of incorporating
different cell lines into the fabrication process, a revolutionary strategy broadly explored in recent
years to produce cell-laden scaffolds that can better mimic the properties of functional tissues. In this
review, the use of 3D printing, microfluidics, and electrospinning approaches has been extensively
investigated for the biofabrication of naturally derived polymer scaffolds with encapsulated cells
intended for biomedical applications (e.g., cell therapies, bone and dental grafts, cardiovascular or
musculoskeletal tissue regeneration, and wound healing).

Keywords: biofabrication; microfluidics; electrospinning; 3D printing; electrospraying; natural
polymers; cell encapsulation

1. Introduction

Polymeric biomaterials have been developed to provide an artificial matrix that can
mimic the cell microenvironment. This artificial matrix needs to provide appropriate
biophysical and structural properties (e.g., stiffness, roughness, topography, and alignment)
as well as biochemical cues (e.g., signaling, growth factors, and proteins) in order to
promote the native capacity of cells to adhere, migrate, proliferate, and differentiate towards
the growth of new tissue [1].

Natural polymers extracted from biological systems such as plants, microorganisms,
algae, or animals have been used for decades in the biomedical field. These materials
retain the biochemical cues and properties necessary to improve their biocompatibility
and present similar structures to the extracellular matrix (ECM) of native tissues [2-5].
Therefore, they usually present good cellular attachment, improve cellular behavior, and
avoid immunological reactions, although in some cases, these properties are limited
due to batch variability within production and purification processes. The most com-
mon natural polymers used in biomedical applications include polysaccharides (e.g.,
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alginate [5-7], hyaluronic acid [3,8], and chitosan [9,10]), proteins (e.g., collagen [11],
silk [12,13], gelatin [14-16], and fibrin [17]), and bacterial polyesters (e.g., bacterial cellu-
lose [18]). However, the poor mechanical strength of natural polymers frequently makes
the manipulation and biofabrication process difficult. For this reason, the use of derivatives
or blends with different polymers are usually required to obtain appropriate mechanical
properties for their use. An example is the modification of gelatin with methacrylamide to
obtain a photopolymerizable biomaterial that can be used for 3D bioprinting and microflu-
idics [19-22].

Actual biomedical challenges require the use of complex polymer matrixes that can
mimic the native ECM and regenerate the lost or damaged tissues [23-25]. Recent advances
in biofabrication techniques allow the production of a polymer matrix with biophysical
and structural properties similar to the ECM, and its combination with different cell
lines is capable of proliferating and differentiating into the desired tissue. Moreover, the
incorporation of different growth factors or other biomolecules can improve the migration,
growth, and differentiation of the cells [3,26].

Currently, numerous research lines for polymer matrix biofabrication follow two
different strategies for the incorporation of the cells: (i) cell implantation on the previously
formed polymer matrix and (ii) fabrication of a polymer matrix with encapsulated cells.

The first strategy was used in the last decade, and it is restricted to the method of
cell implantation. Normally, these systems do not present a good integration between
cells and the polymer matrix, and their efficacy for tissue regeneration depends on the
physical properties of the polymer matrix such as hydrophobicity, degradation rate, or
stiffness [14,27]. Among the most used techniques, we can highlight layer-by-layer [28,29],
melt molding [30], photolithography [31], and self-assembling [32].

The second strategy is the most investigated in recent years, since it allows the fabrica-
tion of advanced cell-laden structures with complex cellular microenvironments. Recently,
some advanced techniques (i.e., microfluidics [33,34], electrospinning [10,35], and 3D print-
ing [36,37]) allow the integration of cells directly into the polymer matrix with the adequate
physical and biological properties to imitate the ECM of the desired tissue.

This review focuses on the biofabrication techniques of microfluidics, electrospinning,
and 3D printing using natural polymers. These techniques have been recently explored to
create polymer matrixes with embedded cells for biomedical applications, and they are in
continuous evolution, as we are going to illustrate in the present review.

2. Microfluidics

Microfluidics has emerged as a powerful tool for the high throughput generation of
monodisperse microgels [33,34]. Microgels are defined as 3D-crosslinked particles that pro-
vide a porous polymeric network and can recapitulate the cellular microenvironment (i.e.,
ECM), mimicking in vivo conditions and diffusion of nutrients and metabolic waste [38-40]
(Figure 1A,B). Specifically, microgels are fabricated in microfluidic devices by the genera-
tion of polymer droplets (i.e., droplet-based microfluidics) through water/oil emulsions
followed by physical or chemical crosslinking. The most frequently used geometry configu-
rations to generate the droplets in the devices are Tjunction, flow-focusing, and co-flowing
(or capillary) laminar streams, which are illustrated in Figure 1C [41-44]. Microgels are
especially attractive as cell carriers, because their large surface-to-volume ratio promotes
efficient mass transport and enhances cell-matrix interactions, but it is important to notice
that cell microencapsulation requires a polymer network that ensures cell viability during
microgel preparation and adequate crosslinking chemistry to form a polymer network [45].
Microfluidics technology provides a tight control over microgel chemical properties and
composition by easily tuning the flow rates and components in the microfluidic channels,
being a versatile biofabrication platform, where different crosslinking strategies can be
applied [41]. As mentioned, the microdroplets generated in the microfluidic devices should
undergo physical (e.g., electrostatic interaction, thermal gelation, and hydrogen bond inter-
action) or chemical crosslinking (photopolymerization, Michael addition, and enzymatic
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reaction) to form solidified microgels [38]. Physical or chemical gelation will be chosen
based on different factors like the type of polymer, the strategy for tissue encapsulation, as
well as the final biomedical application. In addition, different crosslinking mechanisms can
be combined to fulfil the desired features of the microgel systems [38,43,46,47], and these
crosslinking processes can take place inside the microfluidic device (in situ crosslinking) or
after microgel collecting [38]. In this review, most recent examples of interesting processes
for the microfluidics generation of cell-laden microgels prepared using natural polymers
and different crosslinking strategies are exposed (Table 1).

A Natural cellular microenvironment B Cellular microenvironment in artificial ECM-based microgels
Elasticity
A o\ Degradation sites
<P Bio-© Y @ Qi Biomolecule
@ molecules § V affinity sites

Adhesion sites

\|Biomolecules

Aqueous

Flow Oil
T Junction Focusing l Co-Flow

«—000e =00 (T

Oil ——

Qil

Figure 1. Recapitulating the natural cellular microenvironment in biomimetic microgels using
droplet-based microfluidics. (A) The natural cellular microenvironment is composed of different cell
types, ECM, and biomolecules such as growth factors. (B) Droplet-based microfluidics allows for
versatile and high throughput generation of cell-laden microgels that can mimic the natural cellular
environment. By mixing defined amounts of selected cells, ECM, and biomolecules, the microen-
vironment can be designed in a bottom-up approach with defined properties [34]. (C) Schematic
illustration of different types of droplet generators, including T-Junction, flow-focusing, and co-flow
(capillary) configurations. Adapted with permission from John Wiley and Sons Copyright®.
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Table 1. Summary of the studies exposed in this review regarding microfluidics generation of cell-laden microgels.

Microfluidics Crosslinking . . o,
Polymer Approach Strategy Microgel Size Range Additives Cell Type Ref.
. . Ionic crosslinking
Alginate Flow-focusing (Calcium-EDTA) 10-50 pm No MSCs [48]
. . Ionic crosslinking .
Alginate Flow-focusing (calcium) 20-50 pm poly-D-lysine bMSCs [49]
. . Ionic crosslinking - .
Alginate Flow-focusing (Calcium-EDTA) ~140 pm PNiPAM HepG2 [33]
. Centrifugal Ionic crosslinking .
Alginate microfluidics (calcium) Tunable (also fibers) No HepG2 [50]
Double emulsion Ionic crosslinking Hepatocytes and
i <
Alginate (w/o/ w.) flow (calcium) <200 um Collagen endothelial cells [11]
focusing
. Enzymatic
Acrylar.mde. Flow-focusing reaction and pho- ~80 um No Hu?“"m dermal [8]
hyaluronic acid Lt fibroblasts
topolymerization
Enzymatic
Furylamine and crosslinking,
tyramine T-junction Diels-Alder click ~250 um MAL-PEG-MAL ATDC-5 cells [51]
hyaluronic acid chemistry, or a
combination
N—ca.rboxyhc Asymmet.rlc Schiff base ~200 yim Oxidized dextran NIH-3T3 52]
chitosan cross-section reaction fibroblasts
. ) Ionic crosslinking
Chitosan Lactate Flow-focusing (G1Phy and TPP) 100-130 um No hMSCs [45]
Double L
GelMA flow-focusing Photopolymerization 100200 pum No macrophages [20]
GelMA Capillary Photopolymerization ~165 pm no bMSCs [53]
PolI)I(EtS}??ene ECFCs
GelMA T-junction Photopolymerization 300-1100 pm yiethy breast cancer cells [21]
glycol)- .
O hiPSCs
fibrinogen
GelNB Capillary Photopolymerization 300-600 um PEG-SH bMSCs [22]
. . . . Thiol-Michael Vinyl sulfonated
Thiolated gelatin T-junction addition reaction 100-250 um hyaluronic acid bMSCs [16]
Dextre.an- Flow-focusing enzyFna’Flc 120-200 um No hMSCs [54]
tyramine crosslinking
Dextran Flow-focusing Ignlc cros.slmk- ~90 um PEG and Alginate ratp .ancreatlc [55]
ing(calcium) islet
PEG diacrylate
Me?ea;:g/il;ited Flow-focusing Michael addition 60-120 um monomers with mESCs [56]

8-arm PEG-thiol

2.1. Naturally Derived Polymer Used for the Preparation of Cell-Laden Microgels
Using Microfluidics

2.1.1. Alginate

Alginate is a classic polymer used for the generation of microgels through microflu-
idics [38]. Typically, an aqueous alginate solution is emulsified in an oil phase and
crosslinked ionically with bivalent ions such as Ca?*, which can be found for example
in CaCl, or CaCOs;. The ionic crosslinking process occurs immediately upon contact of
alginate chains and Ca?* ions [48]. Kumacheva and co-workers have reported the most
representative works of alginate-based cell-laden microgels for the last years [43,46,57,58].
Alginate microgels can be prepared through an internal or external gelation approach [38].
In the internal crosslinking, also called in situ crosslinking methodology, alginate is exposed
directly to the crosslinking agent, triggering gelation [59]. In the external approach, alginate
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droplets are firstly formed and then put into contact with the crosslinker solution [60]. This
last approach provides a better control over the final morphology of the microgels [38].

Utech et al. [48] reported an interesting method for the fabrication of alginate mi-
crogels using a water-soluble calcium-ethylenediaminetetraacetic acid (calcium-EDTA)
complex as a crosslinking agent. They were able to encapsulate individual MSCs with
high cell viability due to the mild polymerization approach. Moreover, encapsulated MSCs
grew and proliferated over two weeks. Encapsulation of MSCs in polymeric microgels
is an excellent approach to improving cell persistence and immunomodulation [61]. Cell
therapies based on MSCs are particularly interesting in ameliorating immune-related dis-
eases and dysregulations, but they are limited due to short in vivo persistence [44,45,61,62].
Mao et al. [61] reported the encapsulation of MSCs in alginate-polylysine microgels using
a microfluidic device. The encapsulated MSCs in their microgel formulation significantly
increased their in vivo persistence after intravenous injection and responded to inflamma-
tory cytokines, improving immunomodulatory effect of MSCs in a model of allogeneic
transplantation.

Alginate has been also combined with synthetic polymers to fabricate microgels [33,63,64].
Chen et al. [33] synthetized a functional diblock copolymer, alginate-conjugated poly(IN-
isopropylacrylamide) (PNiPAM), to fabricate microgels in a flow-focusing device also
using calcium-EDTA complex as a crosslinking agent. The permeability of the as obtained
microgels could be modified by controlling temperature at low critical solution temperature
(LCST), and the encapsulated human hepatocellular carcinoma cell (HepG2) showed high
cell viability thanks to the mild conditions of the crosslinking process.

In recent years, other interesting microfluidic methodologies have been developed to
overcome some limitations of conventional droplet-based microfluidics. This is the case
for the work carried out by Cheng et al. [50], where an efficient centrifugal microfluidic
system for controllable fabrication of simple structured alginate hydrogel beads and fibers
was exposed. Among the advantages of centrifugal microfluidics, it is highlighted by the
use of simple experiment facilities (i.e., a centrifuge) and the absence of an oil continuous
phase and subsequent necessary washing steps. HepG2 cells were encapsulated in the
developed alginate capsules and fibers, demonstrating the high validity of the method, and
showing excellent potential for biomedical applications. Other studies have optimized a
water-in-oil-in-water (W/O/W) double emulsion methodology to encapsulate cells. Chan
et al. [11,35] developed a double emulsion platform to encapsulate rat hepatocytes and
endothelial cells using a combination of alginate and collagen. The developed microgels
provided an excellent physical support for the spheroids.

2.1.2. Hyaluronic Acid

Hyaluronic acid-based building blocks have been prepared by pseudo Michael addi-
tion crosslinking in a microfluidic device [8,38]. Sideris et al. [8] reported a microfluidics
methodology for the fabrication of hyaluronic acid microgels that could self-assemble
to form a biodegradable scaffold through two orthogonal chemistries. Human dermal
fibroblasts were seeded after microgel preparation, demonstrating good cell spreading after
two days of culture. Ma et al. [51] developed a new hyaluronic acid derivative, furylamine
and tyramine hyaluronic acid, that can be crosslinked using enzymatic crosslinking, Diels-
Alder click chemistry, or a combination of both methods. The versatility of this strategy
provided control over crosslinking time and elasticity by simply switching the crosslinking
strategy. After evaluating the mechanical properties, gelation time, microgel size, swelling,
enzymatic degradation, and bioactivity of the obtained microgels, the group concluded
that the microgels synthetized through the combination of both crosslinking methods were
the most promising candidates for cell encapsulation and delivery, since the use of the
strategies alone resulted in low elasticity and poor cell encapsulation performance.
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2.1.3. Chitosan

Jang et al. [52] proposed a new in situ crosslinking methodology for the fabrication of
microgels by merging two droplets of different viscosities in an asymmetric cross-junction
microfluidic device. Thus, oxidized dextran (ODX) and N-carboxymethyl chitosan (N-
CEC) were mixed to undergo an in situ crosslinking via a Schiff base reaction, resulting
in microgel formation. This asymmetric cross-junction geometry was an interesting ap-
proach to overcoming the high surface tension of microdroplets of contrasting viscosities,
which usually requires significant surfactant concentrations. In addition, the crosslinking
methodology allowed the encapsulation of NIH-3T3 fibroblasts, which showed high via-
bility after two days of culture, demonstrating the biocompatibility of the entire process.
Mora-Boza et al. [45] reported the fabrication of hMSCs-laden microgels, applying also
an in situ crosslinking approach for chitosan lactate (ChLA), a water-soluble chitosan
derivative. The ionotropic gelation was based on a combination of glycerylphytate (G1Phy)
and tripolyphosphate (TPP) as ionic crosslinkers, obtaining polymeric microgels with
homogeneous size distribution between 104 and 127 um. The authors demonstrated that
the presence of G;Phy, which has been recognized as a potent antioxidant and bioactive
compound [65], supported encapsulated hMSC viability over time and modulated hMSCs
secretome at adverse conditions, resulting in an appealing cell delivery platform for hMSCs
therapy applications.

2.1.4. Gelatin

Photocrosslinkable gelatin derivative, methacrylated gelatin (GelMA), has been widely
applied for the preparation of cell-laden microgels through microfluidics [15,38]. Lee
et al. [20] developed microtissues containing macrophages through flow-focusing mi-
crofluidics using GeIMA as a macromer solution. The macrophages’ viability was well
maintained, and mechanical properties of the microgels could be controlled through GelMA
concentration, which had a strong influence on the proliferation and polarization of the
encapsulated cells. A similar methodology was applied by Weitz’s group to encapsulate
bone marrow derived MSCs. The authors demonstrated that the encapsulated cells mi-
grated to the surface of the microgels after four weeks of culture, indicating their capacity
to participate in regenerative processes. Moreover, they demonstrated in vivo osteogenic
potential by increasing the percentage of calcium deposits and expression of bone-related
proteins like BMP-2 [53].

Photocrosslinkable gelatin has also been applied in combination with other synthetic
polymers like polyethyleneglycol (PEG) [21,22]. Seeto et al. [21] used a custom designed
microfluidic device with a Tjunction geometry that allowed the production of microgels
with a wide range of diameters from 300 to 1100 um. The group used a combination
of poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol)-fibrinogen (PF), and
GelMA, which underwent fast photocrosslinking using a full spectrum light source and
Eosin Y as a light photoinitiator. High cellular densities of different cell lines, including
horse endothelial colony forming cells (ECFCs), breast cancer cells, or human induced
pluripotent stem cells (hiPSCs), were encapsulated in the microspheres, showing good cell
distribution, high viability, and functional cellular activities. Forsythe’s group combined
PEG with another photocrosslinkable derivative of gelatin, gelatin norbornene (GelNB),
to fabricate cell-laden microgels using visible light. The encapsulated hBMSCs in the
GelNB-PEG microspheres demonstrated chondrogenesis properties when incubated with
chondroinductive media, including significant upregulation of collagen-II expression in
comparison to bulk hydrogels [22]. Cartilage repair properties have also been observed in
the stem cell-laden microgels reported by Feng et al. [16]. In their work, thiolated gelatin
and vinyl sulfonated hyaluronic acid were mixed in a microfluidic device to generate mi-
crogels through a thiol-Michael addition reaction. Encapsulated bMSCs showed excellent
viability, proliferation, and chondrogenic properties. Furthermore, the in vivo experiments
demonstrated that the cell-laden microgels were injectable and could self-assemble into
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cartilage-like structures, providing an effective method for cartilage tissue regeneration,
since they were able to inhibit vascularization and hypertrophy.

2.1.5. Dextran

Dextran application in microfluidics technology has also been explored [38,54,55].
Henke et al. [54] developed very stable dextran-tyramine microgels through enzymatic
crosslinking for hMSCs encapsulation, which demonstrated significantly higher cell viabil-
ity in comparison to PEGDA and alginate microgels. Dextran-based microgels supported
cells” metabolic activity and allowed cell analysis for 28 days of culture. Liu et al. [55]
combined dextran with PEG to generate water-in-water droplets in a cross-flow microflu-
idic device. This strategy allowed avoiding the use of organic solvent and its subsequent
removal. The droplets could be also used as templates for the fabrication of alginate
microgels. Moreover, the platform was demonstrated to be a promising system for tissue
engineering applications, since the encapsulated rat pancreatic islets maintained high
viability and the function of insulin secretion after seven days of culture.

2.1.6. Heparin

Heparin has been combined with PEG to generate bioactive microgels via Michael
addition to encapsulate and enhance the differentiation of mESCs [38,56]. Siltanen et al. [56]
mixed heparin methacrylate and PEG diacrylate monomers with 8-arm PEG-thiol to fab-
ricate bioactive microgels that provided a suitable environment for endodermal differ-
entiation. The authors also incorporated growth factors FGF-2 and Nodal to evaluate
the differentiation processes of the encapsulated cells, showing that 3D differentiation
processes significantly upregulated the expression levels of endoderm markers.

2.2. Future Perspectives in Fabrication of Cell-Laden Microgels through Microfluidics

Microfluidics is a versatile technology to generate monodisperse cell-laden microgels,
whose properties can be easily tuned if a sensible selection of biomaterials and crosslink-
ing strategies is applied [38,47,66]. These microgels can be applied as building blocks
that can self-assemble into mesoscale tissue structures and replicate structures of native
tissues [8,67,68]. Nevertheless, some limitations must be overcome before clinical imple-
mentation of microfluidic microgels see a bright future [38]. One of the foremost concerns is
related to the scalability of current microfluidic strategies. A higher and more robust mass
production of cell-laden microgels is necessary to scale-up this technology and be able to
obtain macroscale tissue assemblies that can be implemented in the clinic [38,67]. Therefore,
new devices that can support large-scale production of microgels with complex geometries,
such as core-shell morphology, are needed [38]. Another limitation of current cell-laden
microgels is the lack of proper vascularization. Vascularization is essential for effective
tissue implantation. Thus, a biomimetic tissue construct should contain essential elements
like different cell lines, ECM components, and a vasculature network to maintain cellular
interaction and normal tissue function [38,69-71]. Regarding this issue, many efforts are
being made in recent years to develop devices and strategies to fabricate vasculature in
the hydrogels or incorporate well-perfused vasculature networks through microfluidics
systems [38].

3. Cell-Electrospinning (CE) and Bio-Electrospraying (BES)

Electrospinning is a well-known technology that allows the fabrication of micro/nanofiber
scaffolds using different synthetic and natural polymers [72-75]. A typical electrospinning
set up requires a nozzle tip, a high voltage supply, a pump to control flow rate, and a
grounded collector. The process is based on the application of an electric field between the
metallic syringe needle and the grounded collector, while the polymer solution is pumped
out from the needle at a controlled rate. A conical shape called a “Taylor cone” is generated
at the end of the nozzle. When the electrostatic forces within the cone are higher than the
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surface tension of the solution, the polymer generates a jet, and it is accelerated toward the
collector plate, forming a randomly oriented nanofibers mat [75,76].

The concept of electrospinning was first introduced by Anton Formhals in the 1930s.
Since then, it has been widely applied in numerous fields such as textiles, agriculture,
filtration, sensors, and the biomedical area [24,77-83]. Specially, this technique has had a
great impact on the area of tissue engineering, since it presents several advantages: the
nanofiber mats can create complex structures that can simulate the native structure of the
ECM, promoting the normal functions of cells; it has an easy manufacture and availability;
the high porosity and high surface area due to the nano size of the fibers enhance cellular
activities such as cell attachment proliferation and differentiation [84-89].

Electrospinning has been a great advancement in the context of biomedical and tissue
engineering applications. However, this technique presents some limitations, i.e., the use
of cytotoxic solvents, and poor cell infiltration and distribution, since the cell seeding
and incubation take place after the substrate processing. In order to overcome these
limitations, a new methodology was developed called cell-electrospinning (CE), which
differs from the conventional electrospinning on the use of living cells. CE consists of the
application of the electrospinning process to a polymer solution combined with living
cells, generating electrospun fibers with embedded cells. Figure 2a shows the schematic
setup of the CE technique [90,91]. Jayasinghe et al. introduced this methodology for the
first time in 2006. In this study, the authors were able to encapsulate living astrocytoma
(1321N1) cells into polydimethylsiloxane electrospun fibers using a coaxial methodology.
Cell viability, metabolic activity, and cell proliferation were examined and proven to be
maintained for six days [90,92]. After this innovative study, the concept of CE was extended
to different cell lines (stem cells, osteoblasts, cardiac myocytes, or neuroblastoma) and
materials (polyvinyl alcohol (PVA), alginate, or Matrigel) [6,91,93-97]. Today, CE presents
a breakthrough in polymer scaffolds processing, and offers remarkable opportunities in
the area of biomedicine.

On the other hand, electrospray is a technique analogous to electrospinning that can be
performed using the same device. The main difference between both techniques relies on
the jet of the polymer generated after the high voltage application. In this case, the resulting
jet suffers continuous break-ups, and the aerosolization of the solution takes place, resulting
in the production of polymeric nanoparticles [98,99]. The properties and size of the particles
will depend on the material and processing parameters. Particularly the viscosity of the
polymer solution is a crucial parameter that can act as a switch between electrospinning
and electrospraying [100]. Electrospray has been broadly used in different fields such as
sensors, food processing, and biomedical applications due to its simplicity and ability to
process different polymers. Even though it was developed before ES, today the use of
electrospray is less common than electrospinning for the processing of polymer solutions.

Similarly to CE, the technique bio-electrospray (BES) was developed for the prepara-
tion of nano/microgels encapsulating living cells (images of living structures fabricated
using BES are shown in Figure 2b,d). Jayasinghe et al. were also pioneers in using this
technique in 2006 [92]. In this work, the group processed Jurkat cells obtaining deposited
droplets in the range of tens of micrometers. BES does not influence cell viability, which
has been verified on cell lines such as sperm or stem cells [101-105]. This methodology has
been proven to be a useful tool for cell encapsulation, the controlled deposition of cells on
planar surfaces, drug delivery, and immunotherapy [102,106].

The successful application of these techniques requires that the viability and bifunc-
tionality of the encapsulated cells be not negatively affected during the process. Several
conditions such as the solution’s viscosity, electric field applied, distance to the collector, or
feed rate can influence the fiber size and shape, as well as the viability of the loaded cells.
Therefore, controlling both material and processing parameters is essential to avoid stress
damage of cells during the process, and therefore to provide high cell viability values of
encapsulated cells. In this review, we extensively investigate the most important research
studies carried out to fabricate cell-laden scaffolds using selected natural polymers and
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applying CE and BES technologies. It is expected that this review can serve as a reference
tool and can give a better understanding of the methodologies for future research works.
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Figure 2. (a) Cell-electrospinning process with the basic components. Adapted from [79,91] with permission from MDPIL.

(b—d) Images of living structures fabricated using either BES or (e—g) CE. (b) Characteristic optical image illustrating a four

cell culture system created in three dimensions (the image depicts cellular networks in three dimensions). (c¢) Confocal

microscopy image of a three-dimensional culture prepared with the three major cell types of the myocardium (cardiac

myocytes, endothelial cells, and fibroblasts). (d) Immobilized cells as composite living beads. (e) A vessel formed with cells

embedded in the individual fibers. (f,g) The fiber configurations that could be altered from containing a single cell to a

heterogeneous cell population. Adapted from [103] with permission from Wiley Materials.

3.1. Naturally Derived Polymers for CE and BES

Electrospinning and electrospraying techniques have shown great processability
using both naturally and synthetically derived polymers. Synthetic polymers such as
poly(dimethylsiloxane), polycaprolactone, or polylactic acid have been widely used for
electrospinning and electrospray because of their versatility in the selection of the solvent
that can provide adequate viscosity, conductivity, and surface tension of the polymer solu-
tion [91,106,107]. However, viability of encapsulated cells is highly affected by the use of
the organic solvents commonly used, such as tetrahydrofuran, acetone, or chloroform [108].
Therefore, natural polymers such as alginate, collagen, and cellulose, compatible with
non-toxic solvents, are frequently used for achieving biofabrication using living cells by
cell-electrospinning and bio-electrospraying methodologies. Naturally derived polymers
possess numerous advantages such as high cell affinity, low immunogenicity, or ECM
biomimetic properties [109]. However, their low mechanical strength makes them challeng-
ing to process by electrospinning or electrospray [110]. These limitations can be overcome
by blending natural polymers with synthetic polymers as well as modifying the processing
methodology by employing a core-shell nozzle [109,111,112].

In this review, we will make an overview of the different biomaterials based on natural
polymers and blends used for CE and BES techniques and the processing procedure used
to obtain mechanically stable systems.

3.1.1. Alginate

Alginate is a low-cost biodegradable polymer biocompatible with numerous cell
lines, but it also presents a poor mechanical strength. Alginate was used by Xie et al.
for entrapment of living cells by BES technology. In this study, the droplet formation
was analyzed to optimize the production of monodisperse cell-laden microcapsules with
controllable size. The electrospray procedure was performed in dripping mode, and
an additional ring electrode was used to improve stabilization. This modified set up
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allowed the successful encapsulation of Hep G2 cells into calcium alginate microbeads
with narrow size distribution and more controlled conditions compared to conventional
electrospray [113].

Several works have prepared blends of alginate with other polymers to increase its
electrospinnability. For example, Yeo et al. described a cell-electrospun system based on a
blend of alginate, poly(ethylene oxide) (PEO), and lecithin to encapsulate MG63 osteoblast
cells for their application in bone regeneration [6]. The concentration of the polymers as
well as the electric field applied were optimized to ensure adequate cell viability as well as
mechanically stable nanofiber mats. As a result, the highest cell viability for encapsulated
osteoblasts (around 80%) was obtained with 2 x 10° MG63 cells/mL, 2 wt% alginate,
2 wt% poly(ethylene oxide), and 0.7 wt% lecithin subjected to a 0.16 kV/mm electric field.
Moreover, osteogenic differentiation of the cells was confirmed after 10 days of culture.
Subsequently, hybrid scaffolds with high mechanical strength were prepared combining
the cell-laden electrospun fibers and poly(e-caprolactone) microstructures prepared by 3D
printing. It can be said that the cell-laden electrospun scaffolds enhanced the potential of
3D structures for bone regeneration, providing a high surface area and ECM-like structure.

Alginate/PEO blend was also used by Yeo et al. for encapsulating C2C12 myoblast
cells by CE for skeletal muscle regeneration [114]. In this work, a high cell viability (around
90%) was obtained for encapsulated cells with an applied electric field of 0.075 kV/mm. It
must be highlighted that alignment of the cell-laden fibers in the mat during the CE process
allowed the achievement of highly aligned cells, which is proven to facilitate myogenic
differentiation. Therefore, this study provides a new tool for achieving cell topographical
cues by controlling fibers” orientation, which can be very advantageous, especially for
muscle regeneration.

In order to go a step further in this direction, this group proposed a method to
prepare a hierarchical platform with a topographical cue for co-culture of human umbilical
vein endothelial cells (HUVECs) and C2C12 myoblasts cells [115]. An alginate/PEO
blend was again used to develop aligned HUVECs-laden fibers by uniaxial CE, and cell
viability at different electric fields was studied (schemes of native skeletal muscle structure
and CE process, SEM and live/dead images, and quantitative analysis of orientation
cell viability are presented in Figure 3a—e). Encapsulated HUVECs presented high cell
viability (around 90%) at 10.5 kV of electrical field, homogeneous cell distribution, and
efficient cell growth. The mat was combined with PCL/collagen struts prepared by 3D
printing as a physical support. C2C12 cells were then seeded on the cell-laden fibers and
co-cultured to facilitate myoblast regeneration. As a result, scaffolds containing HUVECs-
laden electrospun fibers with a highly aligned topographical cue were able to enhance the
myogenic-specific gene expressions.

3.1.2. Gelatin

Gelatin is a collagen derivative with great biodegradability and biocompatibility, but
low mechanical strength, which limits its fiber-forming ability [14]. Nosoudi et al. have
demonstrated the successful production of cell-laden nanofibers using a gelatin/pullulan
blend [116]. In this work, the electrospinnability of gelatin is enhanced by the presence of
pullulan that increases the tensile strength of the blend. An 8 kV voltage and a concentration
of 5 mg/mL gelatin/pullulan were used during the process, and adipose-derived stem
cells (ADSCs) encapsulated within the fibers presented a 90% viability. This work offers a
new area to be studied, since the use of gelatin for CE has been restricted until now by its
mechanical properties.
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Figure 3. Schematics of (a) a native skeletal muscle structure with a vascular network and (b) the cell electrospinning
process using human umbilical vein endothelial cells (HUVECsS). (¢) SEM and live/dead images of HUVECs-laden fibers
fabricated using various electric fields. A quantitative analysis of (d) orientation factor of nanofibers and (e) cell viability
where the analysis of variance (ANOVA) was used for the multiple comparisons and p * < 0.05, p ** < 0.01, and p *** < 0.001
indicate the statistical significance. Adapted from [115] with permission from Elsevier.

3.1.3. Fibrin

Fibrin matrix is formed by the polymerization of fibrinogen and thrombin in blood
plasma. Due to good biocompatibility and fast biodegradability, it has been widely investi-
gated for tissue engineering applications such as skin, cardiovascular, or musculoskeletal
tissue regeneration. However, the mechanical properties of the fibrin matrix are very low.
In a recent study by Guo et al., a fibrin matrix was used for cell encapsulation using CE
technology [17]. C2C12s murine myoblasts were loaded as cellular aggregates (80-90 um in
diameter) into a fibrin/PEO polymer solution (schematic of CE process and cell suspension,
cell-laden scaffold, and live/dead images are shown in Figure 4a—e). PEO was used to
improve the mechanical properties of fibrin, as previously observed with alginate [6,114].
Electrospinning parameters were optimized to obtain homogeneous cells distribution in-
side the fibers and good proliferation after exposure to a 4.5 kV electric field and seven days
of incubation. Moreover, myogenically induction provided elongated and multinucleated
cells, demonstrating that encapsulated cells remained reactive to biological cues.
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Figure 4. C2CI12 can be electrospun into fibrin scaffolds. (A) Schematic of cell-laden wet-
electrospinning setup identifying key parameters. (B) Bright field image of an aggregated cell
suspension. (C) Cell-laden scaffold wrapped around ABS frame. (D) Cross-section of a cell-laden
scaffold on Day 0 stained with DAPI (blue, nuclei). (E) High (20x) magnification of cell-laden mi-
crofiber bundles showing live (green) cells and dead (red) cells. For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper. Adapted from [17]
with permission from Elsevier.

3.1.4. Collagen

Collagen is one of the most abundant proteins in mammals and a main protein
of the ECM. It is highly biocompatible and relatively non-immunogenic. Matrigel™ is
derived from extracts of Engelbreth-Holm-Swarm mouse tumors and consists principally
of collagen type IV, entactin, perlecan (heparan sulfate proteoglycan), and laminin.

CE technology was applied to a Matrigel-rich collagen biopolymer to encapsulate
primary cardiomyocytes within fibers for the first time [117]. In this case, the applied
voltage was 230 V, which resulted in cell viability values of around 80%, similar to the
controls. Immunofluorescence staining exposed that the integrity of the encapsulated
cells was maintained after the CE process. Combination of CE methodology with this
biopolymer system allowed creating 3D cardiac patches that were demonstrated to enhance
the cardiac tissue regeneration.

Matrigel with a high concentration of laminin was used in another work by Sampson
et al. to encapsulate N2A mouse neuroblastoma cells [95]. In this study, CE technology was
compared to aerodynamically assisted bio-threading (AABT). Samples prepared by CE
presented cell viability values from 60% to 85% until three days of incubation. In vivo eval-
uation in mice was performed, demonstrating a good biocompatibility of the electrospun
samples and the CE technique, compared to the control by AABT.

3.2. Future Trends

CE and BES are emerging biomedical techniques with great capabilities for living cells’
encapsulation into nano/microscale fibers. They allow the preparation of cell-laden scaf-
folds with high surface area and ECM-like structure using a simple methodology. Variation
of both material’s and processing parameters can be controlled, which has demonstrated
to have a direct effect on cell viability. Embedded cells have been proven to present good
cell viability values and proliferation, and are responsive to cell cues. Moreover, alignment
of the fibers can guide the cells to grow in the fiber direction. Therefore, these technologies
have been demonstrated not to have a negative effect on cells for optimized processing
conditions. However, some challenges still need to be addressed. Preliminary in vivo
studies tested on animal models have demonstrated a good biocompatibility of CE, but
more research studies are necessary to assess the efficacy and true applicability for tissue
regeneration. Improvement of the mechanical properties of the mats and the cell density is
still required. In addition, restrictions to developing 3D structures must be solved. These
limitations can be overcome by combining these techniques with other biofabrication
methodologies such as 3D printing. In this way, more complex scaffolds that are able to
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better simulate the complexity of native tissues can be achieved and the range of potential
biomedical applications can be expanded.

4. 3D Printing

3D printing is a technology with the capacity to create objects by adding materials
layer by layer using computer aided design (CAD) software [109,118]. This technology
converts an object into sliced horizontal cross-sections that can be printed layer by layer
to sort out the complete object in 3D (Figure 5). This technology allows the preparation
of complex scaffolds for tissue engineering in a fast and low-cost way without the use of
other expensive techniques [119]. One of the main advantages is the capacity to prepare
low-volume scaffolds with the appropriate geometry to use in tissue engineering, allowing
huge advances in implant materials and personalized scaffolds.

External Stimulus

2D Printing 3D Printing 4D Printing

Figure 5. Differences between 2D, 3D, and 4D printing.

The development of new bioinks for 3D bioprinting has attracted attention in recent
years. A bioink for biomedical applications can be defined as a formulation that can contain
biologically active components and cells and is suitable for processing by an automated
biofabrication technology [120]. The limitations of polymer-inspired bioink are toxicity,
presence of toxic degradation products, and immune response between others. Recent
studies have tried to develop new biocompatible bioinks and also polymer-free “bioink”
consisting only of cells [121].

In recent years, 3D printing has been evolving into 4D printing. This technology is
based on a shape transformation of the printed object in response to external stimulus,
such as light, humidity, magnetic fields, enzymatic reactions, pH changes, or peptide
detection [122,123] (Figure 5).

Therefore, functional 3D objects with the capacity to respond to biological conditions
have been reported [123,124]. One of the main functions of 4D printing is the production
of flexible-wearable biosensors with the capacity to detect small metabolites. In this sense,
Nesaei et al. develop a bioink based on Prussian Blue and glucose oxidase enzyme solution
to print two different microelectrodes that detect glucose in a concentration range between
100 and 1000 uM [125].

4D bioprinting also tries to include the use of cells to print living cellular structures
with the capacity to evolve over time. The capacity to change the structure after receiving
a stimulus could modify cell behavior and allow the formation of complex structures for
tissue engineering [122]. For example, Kirillova et al. reported and advanced 4D bioprinting
that allowed the fabrication of self-folding tubes based on hyaluronic acid and alginate.
In this system, bone marrow stromal cells were encapsulated in a methacrylated alginate
bioink and printed in different layers in combination with methacrylated hyaluronic
acid layers. The system was crosslinked using a green light that is safe for the cells.
Due to the difference in crosslinking degree between layers, the 3D bioprinted scaffolds
have the capacity to fold forming tubes with the cells homogeneously distributed on the
surface [126].
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The technology used for 3D printing is an important factor to determine the resolution
capacity, velocity, and cell viability. The most important technologies used in the biomedical
tield are inkjet, extrusion, laser-assisted, and stereolithography bioprinting (Figure 6) [127].

Pneumatic or
mechanic preasure

Heater or
piezoelectric Laser pulse
actuator Projector array
Pattern ligh
Donor layer

Bio-ink layer Bio-ink

Inkjet Extrusion Laser-assisted

Bioprinting Bioprinting Bioprinting Stereolithography

Figure 6. Schematic representation of bioprinting technologies.

Inkjet bioprinting is a droplet-based bioprinting system where the polymer solution
in the chamber is extruded through a nozzle and droplets are generated on demand by
the breaking of surface tension. The droplet can be generated using a thermal actuator, a
piezoelectric actuator, or electrostatic forces. This technique only works with low viscosity
liquids with low cell density [128].

Extrusion-based bioprinting is the most common and inexpensive technique. It is
able to produce structures by staking multiple layers of a bioink by extrusion of a polymer
solution through a micro-nozzle using continued pressure (pneumatic or mechanical) [129].
The properties of this technique are the capacity to deliver multiple cells and materials, i.e.,
high viscosity polymers with high cell densities, with a high cell viability.

Laser-induced forward transfer bioprinting consists of the deposition of a bioink layer
that is in contact with a donor layer with the capacity to respond to a laser stimulation.
During printing, a laser pulse is applied on the donor layer, and the bioink is propelled
to the underneath substrate and immediately crosslinked [130]. This technique presents
problems of cell viability due to the heating from the laser.

Finally, stereolithography uses light or laser to photolytically crosslink the bioinks
layer by layer. This technique presents the highest resolution possible and high cell
viability [128].

The reason for the increasing popularity of 3D bioprinting is the tremendous potential
of the technique, which allows the production of tissues and other biological systems that
mimic the in vivo tissue to repair. We are going to focus on the key points in 3D printing
technology for biomedical applications: the development of new bioink and 3D printing
for biomedical applications.

4.1. Recent Advances in Bioinks

Normally, the material used as bioink consists of natural polymers, cells, drugs,
growth factors, and other materials that can be deposited in a controlled way. Bioinks
should be non-toxic, easily printable, biocompatible, and biodegradable. We can define
different families of natural polymers, as described in Table 2, that are commonly used for
the preparation of bioinks.
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Table 2. Most common natural polymers used for the preparation of bioinks.

. Bioprinting
Compound Advantages Disadvantages Technique Ref.
Low cytotoxicity,
Alginate biodegradable, allow cell Low mechanical properties Extrusion [19,130,131]
adhesion
Low cytotoxicity, Low mechanical properties
Chitosan biodegradable, antibacterial and depends on the origin Extrusion [131,132]
a activity, allow cell adhesion and MW
<]
£ C Poor mechanical properties . .
%» Gelatin Lox Cytot.ox1C1t.y, improved and depends on the Extrusion, .Ink]et, [133-135]
o cell adhesion, biodegradable . . Laser-assisted
- temperature. Low viscosity
-
2 . Similar to the ECM, .
2 Hyalqronlc biocompatible and Low mechamcal strepgth Extrusion, Inkjet [136-138]
acid . and rapid degradation
biodegradable
Improved cell adhesion, good Low mechanical strength Extrusion, Inkjet,
Collagen biocompatibility and low viscosity Laser-assisted [139-141]
Good mechanical properties, . .
Agarose biodegradable Low cell adhesion Extrusion [142]
Fibrin Biocompatible, improved cell ~ Low mechanical properties, Extrusion, Inkjet [143]

adhesion, non-cytotoxic rapid degradation

The main problems of the commonly used bioinks are their low cell affinity and their
limited mechanical properties. Recent advances in the development of bioinks are focused
on the synthesis of derivatives that improve the mechanical properties and cell affinity and
that provide signals to promote cell growth, adhesion, and differentiation.

4.1.1. Alginate Based Bioinks

Alginate hydrogels have been extensively used as bioinks due to their good biocom-
patibility and similitude with the ECM. The easy way to use alginate as a bioink is by
crosslinking with a solution of calcium chloride [144]. One of the main problems of alginates
is their low printability and geometry accuracy due to their limited mechanical properties.
To improve these properties, a variety of covalent crosslinking methods have been used.
For example, Aldana et al. developed an alginate-based bioink with tunable mechanical
properties using blends of alginate and gelatin methacrylamide (GelMA), obtaining a
photopolymerizable biomaterial with different printability, accuracy, and mechanical and
biological properties, depending on the ratio of alginate:GelMA [19].

A similar approximation was used by Soltan et al. The authors investigated the
use of oxidized alginate (alginate dialdehyde, ADA) to obtain covalently crosslinked
hydrogels with gelatin [145]. The mechanical properties of the hydrogel and therefore
their printability and cell viability depend on the degree of oxidation and the ratio of
ADA:gelatin. The authors printed different layers using two different cell types, human
umbilical vein endothelial cells and rat Schwann cells, checking their viability over time.

In addition, the cell adhesion could be modified by the development of new blends.
For example, the group of Boccaccini developed a hybrid hydrogel composed of alginate
and keratin. This hydrogel promotes cell attachment, proliferation, spreading, and viability,
being a good candidate for biomedical applications [146].

4.1.2. Chitosan Based Bioinks

Chitosan has been widely employed in tissue engineering and biomedical applica-
tions due to its biocompatibility, biodegradability, and antimicrobial activity [147-150].
Normally, chitosan is crosslinked using genipin or glutaraldehyde by a chemical crosslink-
ing mechanism [151]. Recent advances have been focused on the development of new
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crosslinking agents to improve the printability and accuracy of chitosan systems and, at the
same time, add biological properties to the system to promote cell adhesion, migration, or
differentiation. For example, the group of Prof. San Roman developed an ionic crosslinker
based on phytic acid (G;Phy) for 3D printing [152]. This new crosslinker allowed the 3D
printing of low concentrate chitosan/GelMA to obtain scaffolds with excellent mechanical
and biological properties.

Another approximation to crosslink chitosan based bioinks for their use in laser-
assisted bioprinting was developed by He et al. The authors provided a photocurable
bioink based on the copolymerization of chitosan and acrylamide (AM) [153]. The capacity
to use this bioink in laser-assisted bioprinting allows the preparation of complex 3D
hydrogel scaffolds with high strength and good biocompatibility [154].

A different approach was presented by Puertas et al. in which the carboxymethyl
derivative of chitosan was crosslinked with partially oxidized hyaluronic acid via Schiff
base formation [155]. This study presented a novel bioprinting methodology based on a
dual-syringe system with a static mixing tool that allowed the in situ crosslinking of the
reactive hydrogel-based ink in the presence of living cells. This new approach allowed the
use of low viscosity solutions while obtaining 3D printed scaffolds with good mechanical
stability and proliferation of encapsulated cells.

4.1.3. Other Natural Polymer Based Bioinks

There are a great variety of natural polymers that are being used as bioinks. In the
previous topics, we showed different examples using GelMA in combination with alginate
or chitosan. Other natural polymers such as hyaluronic acid, fibrinogen, agarose, collagen,
or silk have been used as bioinks. Due to their bad mechanical properties or low cell affinity,
these natural polymers need to be modified, crosslinked, or blended to obtain adequate
properties for their use as scaffolds. For example, Skardal et al. developed a bioink based on
GelMA and methacrylated hyaluronic acid. This bioink allows the direct incorporation of
cells due to the good biological properties [156]. This group also developed another bioink
based on the combination of fibrin and collagen with stem cells [157]. This bioink was used
to print a full-thickness skin as a carrier of stem cells for the treatment of wound healing.

4.1.4. Sacrificial Bioinks

Sacrificial bioinks are used to provide the necessary mechanical properties during
the bioprinting step. After the scaffold is printed, the sacrificial bioink will be removed to
create open spaces to allow cell adhesion and migration. Normally, water-soluble synthetic
polymers are used as sacrificial bioinks due to their low adhesion to natural polymers.

Synthetic polymers such as pluronic, PVA, or PEG are commonly used as sacrificial
bioinks in natural polymers scaffolds like in the research of Zou et al. Here, the authors
used PVA as a sacrificial bioink to prepare a porous scaffold of alginate agarose. First,
a support scaffold of PVA was printed, and then the empty space was filled with an
alginate/agarose/HUVECs bioink. Once the scaffold was finished, PVA was removed,
with cell media forming a porous structure (Figure 7).

Important progress has been made in recent years in the use of sacrificial polymers.
Jian et al. developed a bioprinting method using two different inks for meniscal reconstruc-
tion [154]. The system consists of two nozzles; one of them prints PCL by high-temperature
melt deposition, forming the principal construct that provided the physical properties,
and the second nozzle uses a mix of GelMa, ECM, and chondrocytes, and it is deposited
in the free space between PCLs. Once the scaffold is finished, PCL only provides the
necessary mechanical properties to the scaffold in the first days and is degraded, forming a
microchannel in the scaffold that allows the transport of nutrients to the cells.
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Nozzle 1: Printing the
internal and external
sacrifice scaffold

Nozzle 2: Printing cell
bioink

After crosslinking

Dissolve scaffold in cell media

c |
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HUVECs HO9c2 Alginate  Agarose PRP

Cell bioink The formation of micro-fluid channel
networks and hollow hydrogels structure

Figure 7. Flow diagram for the biofabrication of the large-size, hollow, and micro-fluid channel
networks valentine-shaped heart. Reprinted from [158], with permission from Elsevier.

4.1.5. Evolution of the Bioinks

The continuous research into new materials and processes promotes the fast evolution
of the bioinks. In recent years, potential candidates have been emerging quickly. Decellu-
larized ECM, self-assembling peptides, cellular aggregates, or nanobiocomposites have
emerged in recent years [159-162].

From the point of view of the polymer field, the incorporation of nanomaterials into
a bioink in order to improve the stiffness, shear-thinning, degradation, or stability is
interesting. One of the most important nanocomposites is nanocellulose. Nanocellulose is
derived principally from bacteria [163], and its use, combined with other bioinks, integrates
the common properties of the cellulose: high stiffness, modulus, hydrophilicity, and thermal
stability. For example, Han et al. studied the effect of nanocellulose on alginate/gelatin
bioinks [164]. Their result showed that the incorporation of a small amount of nanocellulose
improved the printability, stability, and fidelity of the structure, but high amounts of
nanocellulose promoted a negative impact on the elongation and compression yield.

4.2. 3D Printing for Biomedical Applications

Current research on 3D printing in biomedical applications can be classified into
the following areas: (i) printing of bioactive and biodegradable scaffolds and (ii) directly
printing tissues and organs.

4.2.1. Bioactive and Biodegradable Scaffolds

One of the main research fields in tissue engineering is the development of advanced
scaffolds for tissue regeneration. In this case, the bioink will be a polymer system alone or
a mixture incorporating cells, where the polymer systems play the role of the ECM. Com-
pared with traditional scaffold-fabrication methods (salt-leaching, cryogels, or gas-foaming)
that prepared simple-shapes supports with an inhomogeneity porosity, 3D printing can
prepare complex structures, with the adequate shape to fill the defect and with an effec-
tive control of the porosity and microstructure. These systems require the presence of an
interconnected porous network to allow cell growth and migration and flow transport of
nutrients [120].

Bioactive scaffolds obtained by 3D printing can be divided into two families: scaffolds
printed without cells (cell-free scaffolds) and scaffolds directly printed with cells (cell-
loaded scaffolds).

Cell-free scaffolds are normally prepared from high water content polymer systems that
present a high biocompatibility and a controlled biodegradation. The facility to prepared
complex structures makes this kind of scaffold suitable for the reconstruction of complex
tissues like osteochondral tissue. Osteochondral tissue is composed of different layers with
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PCL/Gelatin support

different structures and compositions [25]. 3D printing is capable of producing scaffolds
that simulate the structure of this tissue. For example, Gao et al. designed a multilayer
system using GeIMA with or without hydroxyapatite to obtain a scaffold that simulates
the ECM in the osteochondral tissue [165]. The design of a proper bioink is a crucial
point for the correct regeneration of the tissue. In this sense, Ma et al. developed a novel
polymeric/ceramic bioink for customizing craniomaxillofacial bone reconstruction [166].
The bioink was based on a hyperelastic PEGylated urethane composited with microscale
-TCP. This bioink presented a high biocompatibility and osteoinductivity due to its
biomimetic composition. In addition, it presented adequate mechanical properties for
surgical manipulation and it had the capacity of osteoregeneration.

Cell-loaded scaffolds were developed due to the problems of seeding cells directly into
3D printed scaffolds (inhomogeneous distribution and inefficient cell adhesion). The main
objective of this technique is to simulate the structure of the ECM in vitro to allow cell
growth and differentiation. This technique allows the preparation of semi-functional tissues
like in the case of the group of Prof. Jorcano. This group developed a functional skin by
3D bioprinting using extrusion bioprinting to deposit different layers composed of fibrin
and fibroblast or keratinocytes to form the dermis and the epidermis layers [167]. With
this technique, the authors obtained a functional skin that can be used for implantation in
burned tissues.

4.2.2. Directly Printing Tissue and Organs

The preparation of cell-loaded scaffolds does not assure the final functionality of
the scaffold due to the dispersion of the cells and growth factors. For this reason, recent
advances in 3D bioprinting are focused on the evolution of a direct-printing technology:
tissue structures with physiological functions, containing seed cells, growth factors, and
nutritional components [119]. One of the main goals is the pre-vascularization of the
scaffolds, because the absence of a vasculature is one of the leading causes of failure
for current 3D bioprinted scaffolds [168]. Recent advances have obtained functional
vascularized tissues that showed better biointegration. Kim et al. developed a perfusable
vascularized human skin formed by an epidermis, dermis, and hypodermis [169]. The
system involves the preparation of a support of PCL and gelatin followed by the impression
of the different skin layers: (1) The hypodermis layer was composed of fibrinogen and
adipose-derived ECM with human adipocytes. (2) The vasculature was printed using a
gelatin/glycerol/thrombin bioink with human umbilical vein endothelial cells. (3) The
dermal layer was composed of fibrinogen, dermal-derived ECM, and human dermal
fibroblast. (4) The final epidermis layer was composed of human keratinocytes. The result
showed a fully functional skin with a microenvironment close to a real skin that can be
used to test skin drugs or similar (Figure 8).

®

Hypodermis Vascular Chanels Dermis Epidermis

Figure 8. Schematic diagram exhibiting the 3D cell printing process for fabrication of a 3D full-thickness skin model.

4.3. Future Perspectives in 3D Printing

Considerable advances have been achieved in the use of polymers for 3D bioprinting.
However, this field is still in the early stages of development. One of the principal key
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factors is the development of a bioink adequate to our system. The bioink needs to
have a good printability and geometry accuracy, adequate mechanical properties, and
good biocompatibility and needs to be biodegradable. Many bioinks have already been
formulated and used, but researchers continue to develop new compositions, looking to
obtain better properties and new biofunctionalities. These characteristics allow the 3D
bioprinting of fully functional tissues and organs.

Recently, 4D bioprinting technology has emerged as a powerful platform to obtain
stimulus responsive bioprinting. This new methodology is in its first stages. Only a proof
of concept with smart polymers has been developed. In the next years, this technology will
evolve into more sophisticated systems and will be used in the advanced biomedical field.

5. Summary and Future Direction

In this review, we have entered into the relationship between natural polymers and
new biofabrication techniques. The use of 3D printing, microfluidics, and electrospin-
ning techniques has been widely investigated for the biofabrication of naturally-derived
polymer scaffolds with encapsulated cells. Important challenges must be addressed for
the successful biofabrication of these cell-laden natural scaffolds. On the one hand, the
poor mechanical strength of natural polymers makes the processing and material manipu-
lation difficult. In this sense, different modifications and blends have been investigated
to improve the mechanical properties of the processed scaffold. On the other hand, the
application of these techniques must ensure that the viability and functionality of the
encapsulated cells are not negatively affected during the processing. Controlling both
material parameters (e.g., solvent, viscosity, or polymer concentration) and processing
parameters (e.g., pressure, voltage, or feed rate) is essential to avoid stress damage of cells
during the fabrication, and therefore to provide high cell viability, metabolic activity, and
proliferation of the encapsulated cells. Therefore, it is one of the main challenges that need
to be addressed. In the last years, different modifications, blends, and adaptations of the
biofabrication process have been investigated, but we are still in the first stages of the
development of these technologies. There are indeed still many technological issues and
limitations that need to be solved. One of the most important concerns is the clinical imple-
mentation of the cell-laden scaffolds fabricated using these techniques. Some preliminary
in vivo studies in animal models have been performed. However, more research studies
regarding immunological response and vascularization (which are essential for effective
tissue implantation) are still necessary to assess the real applicability of the materials for
clinical applications. Despite all these limitations and challenges, many efforts are being
made to develop more complex techniques to simulate the complexity of native tissues
and overcome the processing limitations, so we cannot exclude the possibility that in a few
years biofabrication techniques will evolve and allow obtaining fully functional organs
and tissues.
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Abstract: This article deliberates about the importance of polymer-based bioadhesive biomaterials
medical application in healthcare and in redefining healthcare management. Nowadays, the application
of bioadhesion in the health sector is one of the great interests for various researchers, due to
recent advances in their formulation development. Actually, this area of study is considered as
an active multidisciplinary research approach, where engineers, scientists (including chemists,
physicists, biologists, and medical experts), material producers and manufacturers combine their
knowledge in order to provide better healthcare. Moreover, while discussing the implications
of value-based healthcare, it is necessary to mention that health comprises three main domains,
namely, physical, mental, and social health, which not only prioritize the quality healthcare, but also
enable us to measure the outcomes of medical interventions. In addition, this conceptual article
provides an understanding of the consequences of the natural or synthetic polymer-based bioadhesion
of biomaterials, and its significance for redefining healthcare management as a novel approach.
Furthermore, the research assumptions highlight that the quality healthcare concept has recently
become a burning topic, wherein healthcare service providers, private research institutes, government
authorities, public service boards, associations and academics have taken the initiative to restructure
the healthcare system to create value for patients and increase their satisfaction, and lead ultimately
to a healthier society.

Keywords: bioadhesion; biomaterials; biomedical application; healthcare system management;
innovation; polymer based bioadhesive

JEL Classification: 11; I10; I11; I18; 121; 128; H51

27



Polymers 2020, 12, 3015

1. Introduction

Currently, in the 21st century, healthcare management plays an important role in focusing and
aligning the myriad continuous improvements that optimize the application of bioadhesion as related
to innovative biomaterials’ medical use. This article intends to reveal the importance of bioadhesive
biomaterials” application in the healthcare system. Nowadays, the application of bioadhesion is one
of greatest interests for various researchers who intend to develop new biomaterials, therapies and
technological possibilities, such as biomedical application. Accordingly, progressive innovation in
the bioadhesion of biomaterials has trended sharply upward, and is expected to double by 2020,
especially with a focus on delivering quality healthcare. Although redefining health, the World
Health Organization (WHO) defined ‘health’ as a state of complete physical, mental and social
wellbeing that not only considers the illness, but prioritizes the concept of value-based healthcare [1].
On the other hand, from the functional perspective, bioadhesives can be considered as an identical
material, which is biological in nature and holds together for extended periods of time by interfacial
forces. Essentially, it is an area of active multidisciplinary research approach, wherein engineers,
scientists (including chemists, physicists, biologists, and medical experts (supportive medical),
materials producers, and manufacturers combine their knowledge [2]. Finally, from the practical
point of view, this article proposes some research assumptions, which state that the bioadhesion of
biomaterials for redefining healthcare management is not a new concept. Its implementation has
been used for several years for medical applications, such as dentistry and orthopedics, and it is
now entering new fields, for example, tissue sealing and directed drug delivery systems. In addition,
the said issues and solutions affect and involve healthcare delivery organizations, health plans and
employers, i.e., healthcare service providers, private research institutes, government authorities
and public service boards, research institutes, associations and academics. The outcome will be, in
the long-term, to restructure the healthcare system, which will not only create value for patients and
increase satisfaction, but it will also improve the health effects through enabling new efficiencies and
lowering costs.

1.1. Notion of Biomaterials

Regarding the notion of “biomaterials”, it is necessary to mention that there are two significant
topics that are inter-related with the concept of the word biomaterial. The first conceptual meaning
of biomaterial deals with the term ‘bio’, which exemplifies, as a way of filling in the gaps where
the question arises, whether we are discussing the process of taking out of life or putting into life.
The second term, “material”, has a broader sense, which indicates a substance. Now the question arises
of how this material can enable us to keep our life more flexible. Research shows that from the healthcare
benefit point of view, several scholars have made an effort to define the term “biomaterials” and its
application as well as utility in our day-to-day life. In medical science, research has shown that it
has ample potential to keep our life more flexible, in that it will easily enable us to respond to altered
circumstances. Although, biomaterials’ presentation in medical science did not get that recognition
until the Consensus Conference on Definitions in Biomaterials Science, held in 1987. According to
the European Society for Biomaterials, earlier, the term biomaterials and its medical application were
not so profoundly known in the medical science, though its application was already existing [3],
as the definition is a result of considered debate, which definitely has some reliability from a healthcare
point of view. On the other hand, this conceptualization of biomaterials concludes that a biomaterial
is “a non-viable material and its application in a medical device, is envisioned to interrelate with
the biological systems” [4].

1.2. Overview of Bioadhesion

Bioadhesion may be defined as the binding of a natural or synthetic polymer or biological-origin
adhesive to a biological substrate. When the substrate is a mucus layer, the term is known as
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mucoadhesion [5]. On the other hand, while referring to the application of bioadhesion in broad
terms, it is necessary to mention that the terminology “bioadhesion” itself represents an extensively
differentiated phenomena, as it covers the adhesive properties of both the synthetic components as
well as the natural surfaces (such as cells). Furthermore, research shows that bioadhesion could
also refer to the usage of bioadhesives in order to link the two surfaces together, especially in drug
delivery, dental and surgical applications [6]. As such, the significance of bioadhesive biomaterial
application has emerged and been recognized due to its consequences for the specific development of
new biomaterials, therapies and technological products for redefining the healthcare sector.

2. Bioadhesion of Biomaterials

While discussing the significance of the bioadhesion of biomaterials, it is mandatory to
highlight that in the contemporary world, healthcare is a fundamental issue in translational research,
especially when it is innovative, as well as the fact that the bioadhesion of biomaterials application is
being used in healthcare in order to fight against life-threatening diseases. In addition, over the past two
decades, innovative biomaterials applications have been viewed as a significant issue in translational
research in the field of regenerative medicine, where biomaterials have been extensively applied
in numerous medical devices for the benefit of healthcare. In this regard, it is necessary to state
that the study of biomaterials is essentially associated with the study of biocompatible materials,
especially for biomedical applications, which encompasses not only the synthetic materials, such as
metals, polymers, ceramics and composites, but also includes biological materials, for example proteins,
cells and tissues. The below-mentioned Figure 1 shows examples of the bioadhesion of biomaterials.

Protein with D Neutral hydrophilic D
and hydrophobic ///// Faces.

D Neutral hydrophilic hydrophilic polymer-— El Moderate adsorption f (L.S...pH Moderate adsorption f (1.S...pH
i +
polymer---weak adsorption strong adsorption

Y/ 1/ /A 7

Figure 1. Bioadhesion of biomaterials (based on the idea from the Bioadhesion of Biomaterials, and
Medical Devices, Springer Book [7]).

On the other hand, the term bioadhesion refers to the situation wherein natural and synthetic
materials stick to each other, and especially to biological surfaces. Henceforth, the application
of bioadhesive polymers in healthcare emerges, specifically with the use of medical devices for
the effects on the biological exterior and crossing point. In this review article, the authors attempt to
prove that, from the healthcare point of view, bioadhesion’s presentation is advantageous. Considering
the grafting of medical devices in the human body;, it is necessary to remember that though this
embedding procedure is a very useful and important aspect of healthcare, we cannot ignore
the probability of high risks due to the interface for microorganisms. As implantable medical devices
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are the idyllic location for the growth of microbes, infections are triggered quickly by bacteria that
mainly originate in the body itself. Consequently, some phases effect the bioadhesion of implantable
medical devices, including surface topography, chemical interaction, mechanical interaction and
physiological interactions.

Research shows that, considering these aspects, medical practitioners will likely try their best
to control the medical devices through bioadhesion processes by enhancing the desirable interaction
of bioadhesion and eliminating the adverse interactions. Therefore, to comprehend the debate
on the bioadhesion of biomaterials in order to redefine healthcare management, it is necessary to
mention some methods of the bioadhesion testing, which includes the evaluation of (a) surface
roughness/surface morphology/surface topography, (b) chemical interactions, (c) physiological factors,
(d) physical and mechanical effects, and (e) the contact angle and testing of biofilm formation [7,8].
In this conceptual article, focus has been placed on natural polymer-based bioadhesive biomaterials,
i.e., polysaccharide/carbohydrate-based adhesives and protein-based adhesives. Carbohydrates in
the form of polysaccharides are mostly available from plants (available in three different forms:
cellulose, starch and natural gum), the exoskeleton of various marine animals, and/or are synthesized
by some microorganisms. Cellulose is the principal structural material of the cell walls of plants. It is
a homopolymer of 3-p-hydroglucopyranose monomeric units that are linked via a linkage between
the C-1 of the monomeric unit and the C-4 of the adjacent monomeric unit [8]. Due to the presence of
the large number of hydroxyl groups, cellulose molecules readily form hydrogen bonds with other
cellulose molecules so as to give highly crystalline structures, as the bonds are generally sensitive
to water. These unique structural properties of cellulose are hindering its use as an adhesive itself.

As such, the future applications of these adhesives demand the modification of natural polymers
so as to give components that can undergo further cross-linking to form water-insensitive bonds [8].
For example, cellulose converted to various cellulose derivatives in the form of ester and ether (e.g.,
cellulose acetate, carboxymethyl cellulose, hydroxyethyl cellulose, etc.) can be used in the formation of
carbohydrate polymer as an adhesive. Instead, it is important to address the fact that cellulose adhesion
performs at its best when connected through hydrogen bonds ranging from the macro level to the nano
level. Regarding this matter, it is obligatory to mention that for knowledge about the application of
these bioadhesive materials, in terms of composition, structural design and interactions with surfaces,
it is crucial to expose the basic information about the biochemical and mechanical principles that are
associated with the process of biological adhesion.

Similarly, protein-based bioadhesives are also recognized as one of the most significant and prolific
categories of macromoecules in cells that facilitate the creation of bonding among microorganisms.
In another way, it can be said that correspondingly, each protein molecule can be imagined as a polymer
composed of amino acids, which are known as tiny macromolecules that contain an amine group,
a carboxylic acid group and a variable side chain [9].

2.1. Polysaccharides-Based Adhesives

Even though cellulose, starch and gums are commercially available and used in and for adhesives,
it is a challenge to establish novel adhesive polysaccharides which will be commercially available at low
costs and are applicable in wet and dry states. Some interesting and praiseworthy polyssacharide-based
biomaterials (bacterial cellulose, Levan, and chitosan) are stated below, which have excellent
applications in the medical field.

Bacterial cellulose, as synthesized by Acetobactor xylinum, is a potential and promising natural
polymer that has already been used quite successfully in several healthcare applications. It can be used
in a wide variety of biomedical applications, from topical wound dressing to durable scaffolding that is
useful in tissue engineering, and the regeneration of other tissues such as bone and cartilage. Although
it was reported by Brown 1886, more attention to this biomaterial has been paid in the second half of
the 20th century [10-12]. Itis well organized in contrast to standard or plant cellulose, sometime referred
as microbial cellulose. Bacterial cellulose and microbial cellulose have unique structural and mechanical

30



Polymers 2020, 12, 3015

properties compared to plant cellulose, but the molecular formulas (C¢H19Os) of both bacterial and
plant cellulose are the same [11,12]. Intensive study on the production of bacterial cellulose was
conducted by Herstrin and Schramn (H.S.) in 1954 [13].

They established that Acetobacter xylinum synthesized cellulose in the presence of glucose and
oxygen. Moreover, the established H.S. medium is considered as a standard nutrient medium and
A. xylinum as a model bacterium to produce bacterial cellulose [13]. However, it is an incompetent
and expensive medium for bacterial cellulose production from the present point of view. The search
for cost-effective alternatives is therefore a motivation. Agro-waste-based carbon sources (coconut
water, pineapple juice, etc.) are reported as an alternative nutrient medium (as fruits contain abundant
sugar in the form of glucose and fructose) for the production of bacterial cellulose [14] in an economic
way. At the Tomas Bata University in Zlin, the second author optimized the production conditions of
bacterial cellulose using “apple juice” as a nutrient medium and “Gluconobacter xylinus (CCM 3611T)”
as the bacterial strain [15-17]. The bacterial cellulose once formed is deposited on the surface of a static
liquid medium (as shown in Figure 2). It is reported that the most active layer of cellulose-producing
bacteria is always in contact with the air. During the process of fermentation, the older layers of
cellulose are pushed down by the newly formed cellulose fibrils.

i3 Sababubababdbi)

Production of BCin
nutrition.medium

BC pellicle out Pure BCinwet state
«v‘ .

3

of the medium

Purification

Freeze-drying

Raw bacterial cellulase
attached with bacteria

Figure 2. Scheme of production and purification of bacterial cellulose (BC), which exhibits the formation
of cellulose fibrils by bacteria.

From a structural point of view, bacterial cellulose comprises a group of similar chains that are
composed of p-glucopyranose units. Moreover, they are interlinked by intermolecular hydrogen bonds,
which are identical in chemical composition to those of plant cellulose [17]. Such properties of BC and
the lack of irregularities lead to both superior reinforcement and thermal expansion properties when
used with matrix materials to form bacterial cellulose-based biocomposites [18]. From the degree of
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polymerization point of view, research shows that bacterial cellulose has a higher degree of purity
and greater fibrousness, and the range of polymerization exists in the bacterial cellulose between
2000 and 6000. However, this relatively low stage of polymerization may limit the adhesion through
interpenetrating networks or mechanical interlocking. On the other hand, in this circumstance
it has been observed that in most of the cases, the adhesion in composite materials is limited to
hydrogen bonding. Consequently, other applications of bioadhesion must be explored. The inter- and
intra-molecular binding and/or adhesion is accomplished through hydrogen bonding and interactions
with surfaces, and it is necessary to reveal the basic biochemical and mechanical principles involved in
biological adhesion. According to a Vision and Technology Roadmap developed by Agenda 2020 [19],
bacterial cellulose has a bright future as a renewable source of carbohydrate-based biopolymers.
However, research still needs to be done for nanocellulose adhesion [19].

On the other hand, Levan is a fructan-type homopolysaccharide that is composed of fructose
units joined by (3-2,6 glycosidic linkages. It is widely present in nature and is produced by various
microorganisms and plants from sucrose-based substrates (for a recent review, [20]), whereas microbial
Levan is produced in the form of long-chained exopolysaccharides by the action of the Levan sucrase
enzyme. Plant-derived Levan, instead, is shorter, and its biosynthesis takes place in the vacuoles and
requires the action of several enzymes [21]. Levan stands out from other natural polysaccharides with its
unusual properties such as high adhesive strength, very low intrinsic viscosity, several health benefits,
and its ability to form gel alcohol and self-assembled structures. Recent efforts to associate these unique
features with high-value medical applications have revived the interest in this underexplored polymer,
and bring Levan into the focus of scientific and industrial interest. The applications of Levan in hair
care products and whiteners, as well as its medical applications in healing wounds and burned tissue,
anti-irritant, antioxidant and anti-inflammatory activities, weight loss and cholesterol control, are well
documented [20].

Besides many mesophilic sources, the first extremophilic source of Levan was reported in 2009 [22].
Since then, Halomonas Levan (HL), produced by extremophilic Halomonas smyrnensis bacteria as
well as its chemical derivatives, has been the subject of various high-value applications, ranging from
laser-deposited bioactive surfaces to tissue engineering. These include its use in antioxidant [23]
and anti-cancer [24,25] agents, as well as its suitability for the controlled delivery of peptide- and
protein-based drugs [26,27] and as phosphonated HL in adhesive multilayer thin films obtained by
the layer-by-layer (LbL) technique [28]. Moreover, HL was found to increase the biocompatibility
and change the crystallinity in chitosan/levan/polyethyleneoxide ternary blend films [29]. It is
also used as a crosslinker, and the obtained stimuli-responsive hydrogels were found to release
5-aminosalicylic acid (5-ASA) in a temperature-controlled manner [30]. Levan has also been reported
as a suitable polymer for obtaining nanostructured bioactive surfaces by combinatorial matrix-assisted
pulsed laser evaporation (C-MAPLE), and the obtained gradient surfaces were found to modulate
the ERK signaling of osteoblasts [31,32]. Moreover, due to its high biocompatibility and heparin
mimetic activity, a sulfated derivative of Halomonas Levan (SHL) has been reported to be a suitable
functional biomaterial in designing engineered smart scaffolds with applications in cardiac tissue
engineering [33,34]. Additionally, recently, SHL was found to not only improve the mechanical and
adhesive properties of multilayered free-standing films, but also to allow myogenic differentiation,
and it led to cytocompatible and myoconductive films [35]. All the above-mentioned studies make
Levan polysaccharide a very promising bioadhesive for many medical applications.

Among polysaccharides, chitin and chitosan are among the most abundant natural compounds
on earth, beside cellulose. Chitosan is obtained from crustaceans after the deacetylation of chitin or
extraction from insects or fungi [36,37]. In view of the present scientific literature, chitosan is probably
one of the most published polysaccharides. However, chitosan has not the same commercial success
as cellulose. It is estimated that approximately 10 billion tons of chitin can be synthesized each year,
where the main sources are crustaceans, insects, mollusks and fungi [38]. This biomaterial is still
under investigation, and its adhesive properties present an industrial challenge as well as an important
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research area. In last decade, chitosan has gained significant attention as an adhesive biomaterial,
due to its biodegradability, non-toxicity, biocompatibility and anti-microbial properties [39,40].

For the adequate adhesive properties of polymers, surface tension, ability of penetration and
viscosity are the most important parameters. In a study, it was proven that the surface tension of
chitosan decreases with increasing concentrations. The adhesive surface tension must be inferior at
the material surface energy to obtain sufficient molecular interactions [41]. Kurtek et al. determined that
2% (w/v) of chitosan in a 1% (v/v) acetate solution exhibited 38.59 mIN/m surface tension at the dispersive
end and 1.10 mN/m in the polar part [42]. This has proven that acid-base Lewis interactions were
dominating. Furthermore, chitosan with a low surface tension indicates that it is easily spread on
many and different types of materials. On top of this, Bajaj et al. [43] obtained a viscosity of chitosan
solution that increased with concentration, but decreased with temperature. Few researchers compared
the viscosity of chitosan solutions with different molecular weights [43—45]. Moreover, the wide range
of chitosan viscosity is an advantage in terms of its use as an adhesive. Since the adhesive viscosity
depends on the application, it can be easily adapted as a chitosan solution.

Chitosan is the only cationic polysaccharide, due to the NH3+ group at an acidic pH [46]. The -OH,
-NHj+, -NH,, -CH,OH and -NHCOCHj3; groups of chitosan are responsible for chemical modifications
intended to improve cross-linking, and consequently improve adhesiveness.

For appropriate adhesive, high tensile strength (TS) is among the important parameters.
Once the material is dried, it has to achieve good mechanical properties and also good resistance to
water, moisture, temperature, etc. In our study, pure chitosan films and chitosan films in blends with
rice starch were prepared. The determination of the physical-mechanical properties of films has been
made [40]. Films were prepared with different concentrations of chitosan, rice starch, and as plasticizers
when glycerol was added [38,40,47]. The addition of glycerol led to an increase in the elasticity of
chitosan films and gave high resistance to mechanical constrains. At the same time, glycerol decreased
the drying time of the films, since it acted as a hygroscopic agent. The results have shown that
the tensile strength of chitosan films varied from 62.3 to 64.8 MPa. These differences can be explained
by the influence of ultrasound as a pretreatment and the ratio of hydrogen bonds between hydroxyl
and amino groups in chitosan films [39-41]. The temperature of decomposition was also determined
in order to characterize adhesive thermal resistance [39,47]. The thermal degradation of chitosan films
was at 253 °C, and this showed that it can be used at temperatures above room temperature and even
more. The analysis of chitosan paper coating films has also been made in combination with rice starch
and curdlan, in different amounts of components [39,47]. Based on the results, it was determined that
chitosan improved the tensile properties, decreased water vapor permeability, and improved moisture
content and surface appearance, which is for the paper coating very important. Apart from this,
the cross-linking of other polysaccharides, such as rice starch and curdlan, with chitosan was also
evaluated for bonding applications.

The literature shows that chitosan films are very good biomaterials when used as biomedical
adhesives, such as for wound healing, tissue repair, etc. [38-43]. Some commercial applications of
chitosan as an adhesive are already on the market, such as Axiostat® (Gujarat, India), HemConTM
(Portland, OR, USA), Chitoflex® PRO (Portland, OR, USA), CeloxTM (Crewe, UK) and Surgilux
(Delhi, India). Chitosan has become a popular biopolymer in the medical field. Due to its unique
properties among polysaccharides, it has been shown as a competitive adhesive compared to some
fossil sources. Nevertheless, progress in bioadhesives should be aimed at lowering the costs and
the impact on the environment. This biotechnological challenge should be focused on the environmental
assessment approach, especially for developing bio-based sustainable adhesives.

2.2. Protein-Based Adhesives

In order to discuss the practice of biological adhesive application for medical uses, it is necessary
to emphasize one of the most important aspects that needs to be taken into consideration. That is,
what are the most important requirements that the organisms must fulfill? All bio-based adhesives
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are superbly adapted, not only in view of chemical composition, biomechanical properties and gland
morphology, but also in terms of being strongly optimized for the environment and for the requirements
of the organism. Aquatic adhesives, for example, perform ideally under wet conditions, but mostly
show no or weak bonding ability to dry surfaces. This guarantees that prospective applications under
dry conditions (i.e., as skin sealant) are less favorable for such systems.

Currently, more than 100 marine and terrestrial organisms are known to produce bioadhesives [48],
some of them for 500 million years. This high variety of adhesive systems with, e.g., permanent
or temporary holdfast, the ability to bond on different surfaces and with curing times from
milliseconds to minutes, surely offer a broad portfolio, suitable for every desirable medical application.
In the following chapter, we aim to give a short overview of existing and prospective biological
adhesive systems; further details could be found elsewhere [48-50].

The most well-known and best-established system is certainly fibrin. Fibrin and fibrinogen are
components of the blood clotting system together with thrombin, calcium ions and factor XIII. Fibrin is
the most biocompatible medical sealant available today on the market [51,52]. This is in view of its
biocompatibility, biodegradability, lack of heavy metals or absence of volatile organic compounds in
relation to other commercial medical sealants. However, its bonding strength (approx. 0.01 MPa) is
about one magnitude lower than synthetic adhesives, such as gelatin-resorcinol-formalin adhesives
(approx. 0.1 MPa), which dominate today’s adhesive market [48].

One of the promising characteristics of the biological adhesives derived from marine species,
such as Mytilus spec., is their curing time within seconds, strong bonding (35-75 MPa) [53] in
different environments and on different surfaces (hard/soft, even Teflon® [54]) and their sustainability
(biocompatible, biodegradable, non-toxic, etc.). No commercial product on the market to date
is able to cover such a vast application range. In Mytilus, six different L-DOPA-rich proteins
(mussel adhesive protein; MAP) maintain the holdfast. The catecholic amino acid, L-DOPA
(L-3,4-dihydroxyphenylalanine), is currently the best-characterized key compound in marine adhesive
proteins, produced not only by Mytilus but also used by Phragmatopoma and Sabella for a permanent
holdfast [55,56]. The tissue adhesive Cell-TakTM (USA) was the first example (year 1986, TM-No.
73604754) of a marine-derived sealant, based on mussel adhesive proteins only. With the technical and
scientific progress within the last few years, producing L-DOPA recombinantly, technological advances
in particular in the biopolymer-DOPA engineering sector have been made, shown by the increasing
number of publications [57,58] and technical possibilities [59].

Snail mucus is certainly one of the most exciting and promising, but also annoying, biomaterials in
the animal kingdom. Gastropods produce a temporary viscoelastic mucus (see contribution in [56,60,61])
able to bind to any sharp or smooth surfaces, even extreme anti-adhesive non-slip materials and
water-coated slippery hydrogels [60]. Moreover, snail mucus is proposed to have a promoting effect on
skin cell migration, proliferation, survival and antiphotoaging [62-68]. Consequently, snail mucus
is today sold in the cosmetics sector (see Patent US 5538740 A). Moreover, its viscoelastic properties
make snail mucus promising for new biomimetic medical adhesives [69]. Still little is known about
the composition of this biomaterial [56] and its bonding ability on different surfaces. Additionally,
different to the I-DOPA in mussels, snail mucus proteins are still not produced recombinantly; instead,
the mucus is still harvested from living animals.

While most frogs and salamanders use toxic or noxious secretions as defence, some species
instead use adhesives [50,70]. Upon release through epidermal glands on the body and trunk [71],
the secretion of those amphibians cures immediately, enabling an irreversible and strong bonding
(tensile strength > 0.07 MPa, shear stress > 2.8 MPa on wood) to biological (human skin) and artificial
(wood, glass, metal) surfaces [55,72].

Chemical analyses show that the glue in the frog Notaden spec. and the salamander Plethodon
spec. is mainly protein based (55-78% dry weight), with a high amount of water (70-90%) and a low
level of sugar (0.41-0.75% dry weight) [73]. Yet there is a clear difference between the two species.
In Notaden, there is a wide range (13-500 kDa) of proteins, with a few prominent protein bands
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(>8) and a dominant glycoprotein (Nb-1R) at 350-500 kDa [74,75]. The Plethodon glue, in contrast,
contains a low range (15-120 kDa) of proteins, with a relatively high number of prominent bands
(>18) and a pH from 5.0 to 8.0 [73]. Up to now, only a few biocompatibility studies for bioadhesives
have been performed, probably due to their limited availability. In vitro studies on the adhesive
secretions from the frog Notaden bennetti have shown that this adhesive not only shows a good cell
compatibility [76], but also has a great potential for medical applications as a tissue glue [72,77,78].
Within the salamanders, some glue-producing species (i.e., Ambystoma opacum, Plethodon shermani)
appear to be cell-compatible, having a probably proliferative effect on some primary cell lines [79].
The adhesive secretions of other species (Ambystoma maculatum, Plethodon glutinosus), however, have
a cytotoxic effect on cell lines, making those glues less favorable candidates for potential medical
applications [79].

Recently, researchers from the Ludwig Boltzmann Institute for Experimental and Clinical
Traumatology have started to investigate the adhesive secretions of Chilopoda, or centipedes.
The animals are known to use highly painful and lethal venoms [80], produced and secreted through
glands in the forcipules (maxillipeds) to capture a wide variety of prey, including amphibians, reptiles
and even mammals. As a defensive strategy, some species release on the ventral surface of each
sternite [81] a fast-hardening glue droplet, which bonds strongly to glass and metal surfaces [50].

A comparison of the biochemical data of Henia vesuviana [82] with those of Haplophilus subterraneus
reveals differences in the numbers and sizes of the protein bands. In the Henia glue, two major
bands (12 and 130 kDa) were described [82], while in Haplophilus so far only three prominent
bands, between 30 and 67 kDa, could be observed. In the adhesive defense secretion of other
centipedes, cyanogenic components, such as hydrogen cyanide (HCN) and precursors (benzoyl nitrile,
benzaldehyde, mandelonitrile and others) [83-86], are also present, to increase the repellent effect to
predators. In the glue of Henia, such substances seem to be absent [82], and nothing is known so far of
the glue of Haplophilus. A detailed and profound chemical and cytotoxic characterization of centipede
glue is currently in progress, evaluating its potential as an alternative in convenient wound closure
and for other tissue applications.

3. Bioadhesive Biomaterials’ Biomedical Applications

Bioadhesives are generally used in wound healing and hemostasis, and their use is incipient in
other biomedical applications such as tissue engineering and regeneration. The incoherence between
the tissue and the biomaterial is connected using the tissue adhesives in tissue regeneration [87].

Furthermore, while discussing the practical applications of bioadhesive biomaterial research in
medical aspects, it is necessary to mention that over the past decade, a growing amount of attention
has been paid to bone tissue engineering for research and development in bioadhesive biomaterials’
biomedical applications, and resource management, around the world to meet the societal challenges.

Accordingly, the progressive innovation in bioadhesive biomaterials has trended sharply
upward, and is expected to double by 2020, especially with a focus on the application of
bone tissue engineering. As such, to provide a quality healthcare service, microbially derived
polysaccharides (MPs) are demanding, as they are sued for novel, multi-informant, operationally
deployable, commercially exploitable and natural-origin raw materials for the production of
commercially applicable products in the form of hydrogel and bio composites. These MPs are
of bacterial origin (bacterial cellulose (Acetobacter xylinum); chitosan (Aspergillus niger) and Levan
(Microbacterium laevaniformans)). Beside the applications of MP and MP-based bio-composites in
the health and nano-biotechnology sectors (cell to-cell interactions, biofilm formation, and cell protection
against environmental extremes), such polysaccharides are also used as thickeners, bioadhesives,
stabilizers, probiotics, and gelling agents in the food and cosmetic industries, and as emulsifier,
biosorbents and bioflocculants in the environmental sector.

Concerning the application of bacterial cellulose (BC), it is necessary to indicate that the application
of BC has been observed in a broad spectrum, especially in different areas, such as the newspaper
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industry, electronics, and tissue engineering, due to its remarkable mechanical properties, conformability
and porosity. This work has primarily focused on the issue of the biocompatibility of BC and BC
nanocomposites and their biomedical aspects, such as surface modification for improving cell adhesion,
and in vitro and in vivo studies that focus on the cellulose networks. In summation, the relevance of
biocompatibility studies has also emphasized the development of BC-based biomaterials” medical
applications in bone, skin and cardiovascular tissue engineering [88].

On the other hand, as regards the biological properties” influence on biomedical application,
chitosan has many beneficial biomedical properties, such as biocompatibility, biodegradability,
and no toxicity. Therefore, it has been observed that the biological activity of chitosan is closely related
to its solubility. This also highlights the development and improvement of scaffolding, i.e., the support
of biomaterials using a framework for regenerative medicine. Regarding biomaterials’ medical
applications, it is obligatory to remark that scaffolds are one of the crucial factors for tissue engineering,
such as scaffolds containing natural polymers that have recently been developed more quickly and have
gained more popularity. These include chitosan, a copolymer derived from the alkaline deacetylation
of chitin. In order to provide a quality healthcare nowadays, the expectations for the use of these
types of scaffolds are increasing as the knowledge regarding their chemical and biological properties
expands, and new biomedical applications are being investigated [89,90].

In this review article, we emphasize the intrinsic properties offered by chitosan and its medical
application in tissue engineering, which proffer it as a promising substitute for regenerative medicine
as a bioactive polymer. Moreover, from the application point of view, Qasim et al. [91] showed that
the electrospinning of chitosan and its composite formulations for creating fibers in combination with
other natural polymers is actively working in tissue engineering. It shows that the favorable properties
and biocompatibility of chitosan electrospun composite biomaterials can be used for a wide range of
applications [92,93].

Simultaneously, Levan is also another important and useful biomaterial, known as
an Exopolysaccharide (EPS), which is mainly covered by microorganisms. These types of microorganisms
are natural, nontoxic, biocompatible and biodegradable polysaccharides, which are composed of
fructose units joined by (3-2,6 linkages. Apart from these characteristics, Levan is also an unconventional
fructose polymer produced by extremophilic microorganisms that demonstrates hydroxyl groups
and that has the capability to form strong adhesive bonds with various substrates. Therefore,
considering the biomedical application of Levan, research shows that it has a strong bioadhesive
property. As such, bioadhesives are important devices in both biomedical and tissue engineering
applications. While medical adhesives and sealants require wound healing, the robust adhesion and
protection against external injure in tissue engineering is performed to ensure the improvement of
biomaterial/cell interactions. From the healthcare benefit point of view, a recent study has shown
that the new findings concerning Levan’s use in biomedical applications as surgical bandages and
sealants and in tissue engineering mainly contribute to promoting and controlling the specific cellular
responses related to their adhesion, metabolism and ideally stem cell differentiation mechanisms [94].

Apart from the above-mentioned discussion concerning some polymer-based bioadhesive
biomaterials’ medical applications, it is also necessary to highlight another important Exopolysaccharide
(EPS), i.e., dextran, which is excreted from the cell having bacterial origin, and is also extensively
used in different kinds of biomedical applications. It is mainly useful for the following healthcare
issues: magnetic separation, magnetic resonance imaging, hyperthermia, magnetically guided drug
delivery, tissue repair, and molecular diagnostics [95]. Consequently, from the healthcare point of
view, this research shows that currently, several technological as well as medical challenges have been
determined due to the advancement of nanotechnology and to the progress of materials sciences.
The usage of nanotechnology in biomedical applications has significantly shown very promising and
amazing outcomes at a global scale by developing new materials with controllable and reproducible
properties [96].
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The protein-based adhesives materials are basically from animal sources which trigger an
inflammatory response compared with human derived materials. Nowadays, various protein-based
bioadhesive products are under development for clinical trials (phase III and phase IV), for example,
as hemostatic sealants in cardiac surgery as vascular graft attachments, valve attachments, etc.,
drug delivery systems (as for example in the gastrointestinal tract, nasal delivery and ocular
drug delivery), wound-healing dressings and military applications [87].

4. Implementation of Bioadhesive Biomaterials in Healthcare

In this contemporary age, bioadhesive biomaterials are considered as an innovative
property-oriented material that is able to build an intimate relationship with the living tissue. Currently,
biomaterials are revolutionizing many aspects of preventive and therapeutic healthcare that play
an important role, especially during the development of new medical devices, prostheses, tissue repair
and replacement technologies, drug delivery systems and diagnostic techniques. As such, due to
advanced biomaterials’ promising opportunities, presently the application of biomaterials in health
sectors is one of the main focuses of major research efforts around the world. Research shows that
development in this field of research requires a multidisciplinary approach, whereby scientists interact
with engineers, materials producers and manufacturers. On the other hand, it is necessary to mention
that to face the recent challenges in healthcare management is often very demanding. Therefore, it has
been observed that the required skills and resources are beyond the capabilities of a single organization,
or even of a single country. Accordingly, collaborative research is thus becoming the key to achieving
breakthrough results in order to bring leadership in the global marketplace [97]. “Bioadhesion of
Biomaterials” covers the bioadhesion aspect of biomaterials as healthcare challenges via the research
and development of effective and low-cost materials. However, their application as medical devices is
limited given the degradation [7].

From the healthcare point of view, biomaterials can be demarcated as “materials that mainly clasp
with some innovative properties that facilitate to emanate in immediate contact with the living tissue
without eliciting any adverse immune rejection reactions.” These types of biomaterials are envisioned
for usage in healthcare, especially for the purpose of the diagnosis of disease and for the treatment or
for the prevention of other diseases in the human body or other animals. Additionally, it is essential to
express that this condition is normally not dependent upon being metabolized for the achievement of
any of its principal intended purposes or not. Equally, these devices and/or any type of biomaterials
are typically used for the physical replacement of some hard or soft tissue, which has suffered any
accidental damage or destruction through some pathological processes [9].

In relation to biomaterials’ applications in healthcare, it is known that biomaterials used for
health purpose is not a new concept. The application of biomaterials in health issues started long ago.
Although, the noticeable advancement of biomaterials application has been observed since the 1940s,
but substantial development has been detected over the past 25 years, especially while applying
therapeutic medical technologies and implant devices [9]. Furthermore, from the implementation
of bioadhesive biomaterials” applications in healthcare, research shows that from ancient periods,
tissue adhesives’ and sealants” applications in healthcare have renovated a lot, especially in wound
management and in traumatic and surgical injuries. For example, tissue adhesives” and sealants’
applications in healthcare are well-known for treating disorders of hemostasis (the physiological
process that stops bleeding at the site of an injury while maintaining the normal blood flow circulation
within the body) [98]. Instead, various biologically driven glues and synthetic adhesives are clinically
utilized either for the betterment of health as an adjunct to conventional hemostats and wound closure
techniques, such as suturing, or for a replacement purpose. As a result, it can be said that this kind of
bioadhesive biomaterial set-up in healthcare gradually improves the ability to effectively and quickly
control bleeding. Consequently, it helps in reducing the risk of complications due to severe blood loss,
which is an important implementation of medical adhesives, thus making it a highly suitable tool
for wound management [99]. In order to provide more vibrant information about the polymer-based
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bioadhesive biomaterials” medical applications, the below-mentioned Table 1 demonstrates some
examples of polymer-based bioadhesive biomaterials’ medical applications.

Table 1. Types of polymer-based bioadhesive biomaterials’ medical applications.

Polymer-Based

Bioadhesive Biomaterials Medical Applications

Drug delivery, wound dressing, implantable devices (Scaffold) and
Bacterial Cellulose (BC) BC-based biomaterials’ medical applications in bone, skin and
cardiovascular tissue engineering.

Tissue engineering and a promising substitute for regenerative

Chitosan . . .
medicine as a bioactive polymer.

Surgical bandages and sealants and in tissue engineering mainly
Levan contributing to promoting and controlling specific cellular responses
related to their adhesion, and wound healing.

5. Redefining Healthcare Management in Relation to Bioadhesive Biomaterials’
Medical Applications

To address the conceptualization of “redefining healthcare management”, it is significant to
discuss the idea of re-emerging “value-based healthcare” for healthy societal development. Currently,
this value-based healthcare impression motivates researchers, mainly those who are interested in
innovative bioadhesive biomaterial applications in healthcare due to the recent developments in their
formulation. Here, engineers, scientists (i.e., chemists, physicists, biologists, and medical experts),
material producers, and manufacturers combine their knowledge to reconsider all the aspects of
healthcare management in order to provide and maintain the good health of a population. According to
the report of the Economist Intelligence Unit [100], value-based healthcare can be considered as
the formation and operation of a quality health system that explicitly prioritizes quality health
products. In this regard, it is necessary to say that bioadhesive biomaterial applications in healthcare
deliver quality health through integrated and technologically sophisticated heath care delivery
systems. Modern healthcare also has four main principles, including the following: (i) evidence-based,
patients-centered and inclusive care; (if) community, continuous and coordinated; (iii) being ethically
sound and (iv) having a regulated healthcare system [100-103]. This review article intends to describe in
Figure 3 the contemporary understanding of the significance of bioadhesive biomaterials for biomedical
applications in healthcare for redefining healthcare management as a novel approach.
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Figure 3. The conceptual approach of redefining healthcare management.
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As such, the value-based healthcare concept, i.e., to redefine the healthcare system, particularly
emphasizes the proper health objective in order to increase the value. Research shows that value is
generated from health consequences, which are important for the following three reasons. The presented
Figure 3 illustrates that for the conceptual approach to redefining healthcare, which demonstrated
the way to enhance quality healthcare as well as to maintain a programmatic approach, it is necessary
to have a holistic physical, mental and social health condition or environment, a need-integrated and
technologically sophisticated healthcare delivery system to provide unique patient circumstances,
and care for all-inclusive patients’ medical needs, including critical and chronic disease prevention
as well as the management of undesirable conditions [103].

However, to redefine healthcare, transformations must be done by both health providers and
patients, as well through appropriate healthcare delivery and proper clinical data management by
strengthening primary care, building integrated health systems, i.e., quality assurance for quality
treatment, and implementing appropriate health payment schemes, i.e., the economy of the healthcare
system that will promote the value and reduce moral hazards, enabling health information technology,
and creating a policy appropriate for a healthy community [1].

The conceptual framework of redefining healthcare management in relation to bioadhesive
biomaterials was developed based on the idea of the care management conceptual model [101].
In this research, the main highlighted point is intended to highlight the importance of innovative
bioadhesive biomaterials” medical applications, so as to redefine all the aspects of health practice.
This review article intended to raise the awareness of healthcare service providers, private research
institutes, government authorities, public service boards, associations and academic initiatives to
restructure the healthcare system in a way that will not only create value for patients and increase
satisfaction, but it will also create a healthier society. Therefore, based on the idea of the care
management conceptual model, this study develops a thematic diagram (Figure 4) to define the linkage
of redefining healthcare management in relation to bioadhesives for medical applications. Figure 4
represents this connection between the healthcare service providers, patients and members, i.e.,
research institutions, associations and academics. This schematic diagram demonstrates the critical
element of the patient in this connection, influencing medical issue factors. By including the patient
element in the framework, this study considers the potential influence of patient characteristics, i.e.,
effective self-care and the relationships of patients with clinics/clinicians and community resources, i.e.,
high-quality clinical care.
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Figure 4. Thematic diagram of redefining healthcare management in relation to bioadhesive biomaterials
(based on the idea of care management conceptual model) [101].

To define the relation to bioadhesive biomaterials’ medical applications, it is necessary to state that
biomaterials are widely used in many kinds of medical devices. The biomaterials used can be protein,
metal, polymer, ceramic or composites. Similarly, bioadhesion will occur when the medical device
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contacts the biological surface. Figure 3 demonstrates that bacterial cellulose, Levan, and chitosan
have excellent and praise-worthy applications in the medical field (already explained in an earlier part
of this article).

Protein-based adhesives also play a vital role, especially when using biological adhesives for
medical applications. The remarkable thing is that since primeval eras, tissue adhesives and sealant
applications in healthcare have renovated a lot, particularly in wound management and in traumatic
and surgical injuries. Thus, based on our previous discussion, it can be said that the processes of quality
clinical care as well as patients’ effective self-care have a close connection that redefines the existing
healthcare in such a way that can avoid further risks and can receive the needed preventive services.
A linkage, therefore, represents the combined influence of all seven basic factors (health policies,
providers, patients, members, bioadhesive biomaterials’ medical applications, quality clinical care and
patients’ self-care) and their levels of collaboration that enable one to achieve the expected outcome,
i.e., economic value-based healthcare for the delivery of a preventive service.

6. Conclusions

Finally, it can be said that this review article delivers an understanding of the consequences of
the bioadhesion of biomaterials and its implications for redefining healthcare management as a novel
approach, even though some research has been performed in order to describe the polysaccharides-based
adhesive application at a micro level or at a nano level, which has been done for the preparation of
molecularly smooth films for healthcare resolution. As such, it is necessary to continue this research in
this area in order to obtain a better understanding about the adhesive interactions beyond hydrogen
bonding, including mechanical interlocking, interpenetrating networks, and covalent linkages, on a
fundamental level to improve the interfacial properties of thermoplastics, thermosets and biopolymers.
Relating to this issue of bioadhesive biomaterials” applications in the healthcare system, this study
exposes the presentation of the progressive innovation in the bioadhesion of biomaterials. Meanwhile,
today, innovative biomaterial applications tend sharply upward, and are expected to double by 2020,
especially with a focus on delivering quality healthcare. While redefining health, it is necessary to
mention that health consists of three main domains, namely, physical, mental, and social health, that are
prioritized with a value-based healthcare concept.

The analyses revealed some important research assumptions that were predictive of both healthcare
management and innovative biomaterials applications, which state that the bioadhesion of biomaterials
for redefining healthcare management is not a new concept. Its implementation has been used
for several years for medical applications, such as dentistry and orthopedics, and is now entering
new fields, for example, tissue sealing and directed drug delivery systems. From the practical
implication point of view, the results provide an important insight into the notion of involving
healthcare delivery organizations, i.e., healthcare service providers, in medical science for resource
management, which will help us to cope up with the socio-economic challenges of Horizon 2020.
As an outcome, it is assumed that government authorities and public service boards, research institutes,
associations and academics will aim to restructure healthcare systems, which will not only create value
for patients and increase satisfaction, but will also improve health outcomes through enabling new
efficiencies and lowering costs.
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Abstract: Due to their highly hydrophilic nature and compositional versatility, hydrogels have as-
sumed a protagonic role in the development of physiologically relevant tissues for several biomedical
applications, such as in vivo tissue replacement or regeneration and in vitro disease modeling. By
forming interconnected polymeric networks, hydrogels can be loaded with therapeutic agents, small
molecules, or cells to deliver them locally to specific tissues or act as scaffolds for hosting cellular
development. Hydrogels derived from decellularized extracellular matrices (lECMs), in particular,
have gained significant attention in the fields of tissue engineering and regenerative medicine due
to their inherently high biomimetic capabilities and endowment of a wide variety of bioactive cues
capable of directing cellular behavior. However, these hydrogels often exhibit poor mechanical
stability, and their biological properties alone are not enough to direct the development of tissue
constructs with functional phenotypes. This review highlights the different ways in which external
stimuli (e.g., light, thermal, mechanical, electric, magnetic, and acoustic) have been employed to
improve the performance of dECM-based hydrogels for tissue engineering and regenerative medicine
applications. Specifically, we outline how these stimuli have been implemented to improve their
mechanical stability, tune their microarchitectural characteristics, facilitate tissue morphogenesis
and enable precise control of drug release profiles. The strategic coupling of the bioactive features
of dECM-based hydrogels with these stimulation schemes grants considerable advances in the
development of functional hydrogels for a wide variety of applications within these fields.

Keywords: extracellular matrix; hydrogels; external stimuli; tissue maturation; drug delivery

1. Introduction

Tissue engineering (TE) and regenerative medicine (RM) are closely related research
fields where biology, medicine, and engineering converge towards the development of
solutions for in vitro or clinical applications. The most recurrent include repairing or
replacing tissues whose function is impaired, and developing relevant tissue models for
testing drugs or studying pertinent mechanisms of prevalent and rare diseases [1]. Over
the past 20 years, hydrogels have been key to the great advances made in these fields
to manufacture functional tissue-like structures and the implementation of minimally
invasive therapeutics for regenerative and drug delivery purposes. In particular, their
highly hydrophilic nature and compositional versatility makes them ideal building blocks
for designing cell-friendly and multifunctional microenvironments suitable for engineering
tissues [2].
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Recent efforts have been focused on designing hydrogels whose physicochemical and
mechanical characteristics are ideal for their use as enablers of currently emerging biofab-
rication technologies [3]. This field focuses on the automated generation of structurally
organized and biologically functional products for TE and RM applications. The main
goal of this approach is to develop in vitro tissue models or transplantable constructs for
in vivo repairing or replacement of tissues [4]. Among the ample variety of 3D bioprinting
techniques, the extrusion-based ones have proven the most popular and with the highest
potential to fabricate anatomically relevant, multi-material, tissue-like constructs [5]. Hy-
drogels suitable for extrusion-based 3D bioprinting should exhibit physical properties such
that they can be extruded through a nozzle or needle in a controlled manner without losing
their integrity (i.e., printability) [6-8]. This can be accomplished by properly tuning their
mechanical properties, specifically their rheological behavior and viscosity profiles. In this
regard, mechanically robust hydrogels must be viscous enough to be able to form a filament
as they are extruded and deposited on a surface, and chemically suited to build structurally
sTable 3D constructs upon crosslinking [9-11]. Another relevant application of hydrogels is
in drug delivery, where they have been widely implemented as depots for the localized and
controlled release of therapeutic molecules, growth factors, and cells [12-14]. In particular,
the encapsulation of these agents within hydrogels provides improved bioavailability, high
and controlled release rates, and protection from early enzymatic degradation. This makes
hydrogels powerful carriers for developing highly biocompatible and tunable delivery
systems for the treatment of various diseases [15,16].

Depending on their origin, the materials commonly employed in the formulation of
hydrogels can be classified into either synthetic or natural. Synthetic materials are known to
have exceptional mechanical and physicochemical properties, but lack the bioactivity exhib-
ited by natural materials [2]. Recently, hydrogels derived from decellularized extracellular
matrices (AECMs) have been explored as the most compelling candidates for mimicking
the microenvironments of native tissues [17-19]. This has been attributed to the fact that,
unlike other natural or synthetic materials, extracellular matrices (ECMs) exhibit a cocktail
of bioactive molecules that interact synergistically to create the adequate environment for
cellular development. ECMs hold a complex of hierarchically assembled fibrous proteins
that comprise the structural backbone of tissues and grant adequate mechanical stability
for supporting cellular adhesion, chemotaxis, and migration in vivo [20]. The most abun-
dant of these fibrous proteins are various types of collagen, which are the main structural
components of ECMs due to their ability to self-assemble into hierarchically organized
fibers or networks [21]. These collagen structures are responsible for providing stiffness
and tensile strength, as well as for most of the mechanotransduction cues produced during
tissue development [22]. Moreover, different types of collagen can also interact with cells
through membrane receptors, thus actively participating in cell growth, differentiation,
and migration [23]. Other fibrous proteins, such as elastin and fibronectin, associate with
collagen structures to counter their characteristic stiffness and are responsible for tissue
elasticity and mechano-regulation. In turn, the relative ratio of these proteins within ECMs
yields different mechanical characteristics, which are closely related to native tissue func-
tionality [20]. Another large family of ECM molecules are proteoglycans, which comprise
glycosaminoglycan (GAG) chains covalently linked to a protein core. An exception to this is
hyaluronic acid (HA), a high-molecular weight GAG that, instead, interacts noncovalently
with ECM proteins [24]. GAGs are extremely hydrophilic and adopt extended conforma-
tions essential for hydrogel formation and for withstanding high compressive forces [25].
Accordingly, this hydrated network of GAGs and proteoglycans comprises the majority
of the extracellular space and closely interacts with fibrous proteins to create a versatile
network for cellular scaffolding. As several of the growth factors secreted by cells can bind
to their surrounding matrix, an easily accessible repository for such factors is enabled by
this hydrated network. This ultimately helps direct essential morphological organization
and physiological function [20]. Accordingly, the heterogeneous composition of ECMs, rich
in essential molecules implicated in native tissue development, makes them ideal materials
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for the development of hydrogels intended for TE and RM applications. dECM-based
hydrogel formulations are, therefore, not only biocompatible, but also provide superior
bioactive cues for guiding cellular behavior when compared to other natural materials [26].

To isolate ECMs and formulate hydrogels with them, tissue samples are exposed
to decellularization procedures and subsequently solubilized to form pre-gels, which
conserve the majority of the original ECM components and can later be patterned into
constructs with desired geometries [27]. However, decellularization and solubilization
procedures involve mechanical and chemical processing, as well as the use of proteolytic
enzymes, which largely disrupt the hierarchical organization of ECM components and
alter their native architecture [27]. Although the components of dECM hydrogels have
been shown to partially re-assemble under physiological conditions (i.e., 37 °C, pH 7.0), the
resulting conformations are not equivalent to those normally found in the native tissue [28].
Consequently, hydrogels formulated solely from dECMs often exhibit poor architectural
characteristics and mechanical stability [17,28,29], which translates into suboptimal tissue
maturation processes. To overcome these impediments, a variety of external stimuli have
been explored to improve the performance of dECM hydrogels. Several physical stimuli
(e.g., temperature, light, strain, stress, electric, magnetic, and acoustic) have been imple-
mented to improve the mechanical stability of dECM-based hydrogels through alternative
crosslinking mechanisms or by tuning their microarchitecture according to specific tissue
hallmarks. The microarchitecture is, in fact, one of the most important performance param-
eters when these hydrogels are intended for the engineering of physiologically relevant
tissues [30,31]. Moreover, considering that the functionality of many native tissues is
dependent on built-in mechanisms that promote dynamic behaviors in response to external
stimuli (e.g., muscle contraction, neuronal electrical transduction, and articular loading),
construct stimulation during maturation is thought to help guide the development of tis-
sues with functional phenotypes [32]. On this matter, several stimuli-responsive materials
and biomolecules have been combined with dECM-based hydrogels to guide their response
to external stimuli. This approach has also enabled numerous applications in the localized
delivery of therapeutics, considering that the release of loaded pharmacological agents can
be precisely controlled through finely tuned responses [33].

In this review, we outline recent advances in the development of dECM-based hydro-
gels, understood as those derived from whole ECMs or based on their major components
(e.g., collagen, HA, and fibronectin) for TE and RM applications. We particularly focus on
elucidating how different types of external stimuli have been employed for improving their
performance, both for cellular scaffolding and for the controlled delivery of therapeutics
(summarized in Table 1). Our aim is to highlight the protagonism of biomimetic materials
with tunable stimuli-responsive properties on recent advances in biofabrication and drug
delivery, as well as to address their potential for future developments in these fields.
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2. Enhancing the Mechanical Properties of dECM-Based Hydrogels

As the main component of the majority of ECMs is type I collagen, the most straight-
forward approach for inducing gelation of dECM-derived hydrogels is through thermal
stimuli [60]. Type I collagen molecules are triple-helical structures that, under physiologi-
cal conditions of temperature and pH, are able to assemble into hierarchically organized
structures that interact through hydrogen bonding forces (Figure 1A) [61,62]. In native
tissues, collagen molecules assemble into fibrillar structures, which, in turn, organize
into fibers and create the characteristic fibrous backbone of ECMs. However, collagen
crosslinking dynamics are not fully preserved on ECM-derived hydrogels, mainly as the
decellularization and enzymatic solubilization processes to produce them largely disrupt
their organizational hierarchy and therefore compromise their ability to reassemble [21,63].
Moreover, thermal crosslinking is considerably limited by the heat transport rate within
the surrounding environment, which results in slow gelation processes that, in turn, lead to
insufficient structural stability over time, as evidenced by reversible sol-gel transitions [64].
For this reason, when extruded through 3D bioprinting devices, thermally crosslinked
dECM hydrogels normally exhibit poor shape fidelity [65]. This is concerning from the
tissue engineering viewpoint, as the degradation kinetics of dECM-based hydrogels are
usually faster than the required matrix remodeling rates for the timely maturation of bio-
fabricated constructs and for in vivo regeneration [62,66]. Accordingly, there is a critical
need to improve the biomechanical performance of dECM-based hydrogels such that they
can be successfully implemented in tissue engineering applications with the ultimate goal
of clinical translation. In order to address this limitation, several methods have been
employed, which we discuss in detail below [61,65,67].

2.1. Improving Thermal Gelation Dynamics

With the purpose of reducing the gelation time of a porcine skin dECM bioink upon
deposition, a 3D cell printing system equipped with two heating modules located above
and below the construct was devised by Anne and colleagues [68]. They found that this
setup, combined with an increase in the dECM concentration of the hydrogels, improved
the structural stability of dECM constructs over time. This was due to the faster gelation
kinetics triggered by the setup and the denser hydrogel networks, which facilitated the
self-assembly of ECM proteins into tissue-like patterns. However, although a 2.5% (w/v)
concentration presented the best mechanical performance, increasing hydrogel viscosity
inadvertently reduced cell viability, which hampered the possibility of fabricating more
stable constructs [68]. Alternatively, several researchers have incorporated polymeric
frameworks during dECM-based hydrogel deposition to add structural support without
the need of high dECM concentrations [18,61,69]. For instance, Pati and colleagues bio-
printed adipose tissue and cartilage-derived dECM bioinks on a polycaprolactone (PCL)
framework that provided sufficient structural support to allow adequate thermal gelation
and tissue maturation without significantly reducing the viability of embedded human
adipose tissue-derived stem cells (hASCs) and human inferior turbinate-derived stromal
cells (hnTMSC:s) [70]. Their bioprinting process consisted of the sequential layer-by-layer
deposition of the PCL frame and of the dECM bioink in every alternating gap between PCL
filaments. By acting as an external structure that supported the constructs, the PCL helped
to relieve the low mechanical properties of the dECM bioink before thermal crosslinking
and during construct maturation. Likewise, Lee and colleagues bioprinted a liver dECM
hydrogel embedded with human bone marrow derived mesenchymal stem cells (hBMM-
SCs) within a PCL framework in a similar fashion [71]. In both studies, the use of a frame
granted a structurally stable and biocompatible microenvironment for the proliferation
and differentiation of embedded human stem cells into tissue-specific lineages.
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Figure 1. Hydrogel crosslinking upon thermal and light stimuli. (A) Self-assembly of collagen molecules upon thermal
stimulus. (B) Photo-induced crosslinking between tyrosine residues, (C) methacryloyl, or (D) norbornene moieties (Created
with BioRender.com).

2.2. Photocrosslinking

Stimulation with light has been an alternative strategy for strengthening the me-
chanical properties of hydrogels, as it can initiate photocrosslinking reactions in a wide
variety of biomaterials [72-74]. These reactions typically occur in the presence of a pho-
toinitiator molecule (e.g., riboflavin (RF), riboflavin phosphate (RFP), lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpro-
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piophenone (Irgacure 2559), ruthenium /sodium persulfate (Ru/SPS)), which forms reactive
radical species upon light-mediated degradation [67,74]. Once generated, these species can
react with specific functional groups on the main backbone chain of ECM proteins to form
covalent bonds or reactive radical intermediates [74]. Ultraviolet (UV) light (100-400 nm),
blue light (400-490 nm), and white light (400-700 nm) are the most common light stimuli
for inducing photocrosslinking reactions. However, as UV light is known to induce DNA
mutations and cell death, it is the least preferred wavelength range for photocrosslinking
reaction schemes [35,75].

Notably, dECM hydrogels have shown photosensitive properties in the presence of
photoinitiators due to the destabilization of nearby collagen or proteoglycan residues.
Although the precise mechanisms of these reactions are elusive, it has been reported that
tyrosine and histidine residues may be involved in this light-induced crosslinking ap-
proach [76-78]. This is as tyrosine residues form m—m complexes that facilitate dityrosine
bonds in the presence of singlet oxygen (Figure 1B) [76], and the imidazole group of histi-
dine residues is easily oxidized to transient intermediates that can lead to new crosslinked
products [77].

Numerous studies exploring the photocrosslinking dynamics of collagen hydrogels
in the presence of RF [79-82], have demonstrated a consistent increase in elastic and
compressive moduli upon blue-light [81] or UV [79] exposure. Similarly, our research
group developed a photoresponsive hydrogel by mixing small intestinal submucosa (SIS)
dECM with RF that photocrosslinks in response to blue light. We reported that an increase
in RF (up to 0.5% (w/v)) led to a proportional increase in the storage modulus from 2 kPa
to 4 kPa [75]. Jang and colleagues developed a heart dECM hydrogel, also with RF, which
demonstrated increased mechanical properties upon UVA light exposure. Additionally,
the material exhibited an entropy-driven self-assembly of collagen with an increase in
temperature to 37 °C [66]. With this dual crosslinking scheme, the compressive modulus of
these hydrogels increased from 0.18 kPa to 15.74 kPa, and the dynamic complex modulus
from 0.33 kPa to 10.58 kPa.

Recently, Kim and colleagues showed that using Ru/SPS as a photoinitiator system
potentiated dityrosine crosslinking in corneal and heart dECMs upon blue-light expo-
sure [41]. Due to its high absorptivity within this light range (400-450 nm), high molar
extinction coefficient, and high chemical stability in its excited state, Ru/SPS allowed effi-
cient curing reactions at relatively low concentrations (0.5-2 mM) and exposure time (5 s),
which demonstrates better crosslinking dynamics than RF. In particular, they show that
Ru/SPS-mediated dityrosine crosslinking increased the compressive modulus of corneal
and heart dECMs up to 60 and 70 kPa, respectively. However, their complex modulus
remained below 1 and 0.5 kPa. Moreover, with extrusion-based and digital-light pro-
cessing bioprinting technologies, they built multi-layered and complex geometries with
both bioinks and demonstrated that their method allows the additive manufacturing of
constructs with high shape fidelity.

However, beyond the utilized photoinitiator, the efficiency of these photocrosslinking
reactions is highly limited by the low concentration of reactive tyrosine or histidine residues
on dECM protein backbones [78]. Therefore, recent efforts have focused on increasing the
number of photosensitive groups that can participate in these crosslinking reactions.

Biochemically Modified dECM-Based Hydrogels with Augmented Photosensitivity

Several research groups have potentiated photocrosslinking in dECM-based hydrogels
by the addition of biochemically modified natural polymers with enhanced photosensi-
tivity. These biochemical modifications introduce pendant groups with reactive double
bonds (e.g., methacrylate, acrylate, norbornene, vinyl ethers, and N-vinyl amide) [74]
that can be easily destabilized in the presence of free radicals, thus facilitating the forma-
tion of covalent bonds and increasing the efficiency of photocrosslinking (Figure 1C,D).
Methacryloyl-modified gelatin (GelMA) is perhaps the most commonly implemented bio-
chemically modified material due to its high biocompatibility, ease of processing and rapid
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crosslinking upon light exposure [18,83]. Bejleri and colleagues, for example, developed a
photoresponsive GelMA (0.1 mM)-based bioink mixed with cardiac dECM and eosin Y as
a photoinitiator (5% (w/v)) for bioprinting cardiac patches [35]. This crosslinking scheme
yielded a homogeneous distribution of dense fibers within the bioprinted constructs with-
out reducing cell viability. The incorporation of GelMA was reported to significantly
increase the storage modulus of the bioprinted constructs after the photocrosslinking
process. Furthermore, Skardal and colleagues developed a porcine liver dECM-based
bioink mixed with thiolated HA and thiolated gelatin, two different PEG-based crosslink-
ers (PEG-acrylate and PEG-alkyne) and a photoinitiator (Irgacure 2959) [34]. This bioink
spontaneously crosslinked at neutral pH due to the formation of thiol-acrylate bonds
between the PEG-acrylate and the thiolated polymers. However, further crosslinking was
achieved upon pendant thiol group exposure to UV light, due to the photo-induced near-
instantaneous thiol-alkyne polymerization reaction with the PEG-alkyne crosslinkers. This
study also reported that the stiffness increased by nearly 200-fold (i.e., from 0.1 to 19.8 kPa)
by varying the concentration, molecular weight, and geometry of the alkyne-modified
PEG crosslinker.

Direct biochemical modifications to dECM proteins have also become recurrent ap-
proaches as they eliminate the need of incorporating additional materials. For instance,
thiol- and methacryloyl-modified HA hydrogels were investigated by Lee and colleagues
for developing prolonged-action delivery vehicles to the ocular surface [36]. The modifica-
tion of HA with these pendant groups, in combination with the addition of 0.01% (w/v)
RF as photoinitiator, allowed forming dense photocrosslinked networks upon blue light
exposure, which can be attributed to thiol-ene reactions between methacryloyl and thiol
groups. They demonstrated that the photocrosslinking process prolonged the stability
of the hydrogel, and dictated the release of loaded bovine serum albumin (BSA). Wu
and colleagues also developed a photocrosslinkable construct to fabricate personalized
pharmaceutical tablets with controlled dosages of active pharmaceutical ingredients, both
hydrophilic and hydrophobic (e.g., lisinopril and spironolactone) [84]. The manufactured
constructs consisted of two layers. First, a lisinopril-loaded hydrophilic hydrogel based on
3% (w/w) norbornene-functionalized HA mixed with PEG dithiol (PEGDT) supplemented
with 10% (v/v) eosin Y as photoinitiator and 10% (v/v) PEG. Second, a spironolactone-
loaded hydrophobic hydrogel based on 30% (w/w) PEG diacrylate (PEGDA), 50% (w/w)
PEG, and 20% (v/v) ethanol supplemented with both 1 mM eosin Y as photoinitiator and
0.05 M mPEG-amine as co-initiator. The layers were dually photocrosslinked upon visible
light exposure due to thiol-ene reactions between thiol groups of PEGDT and norbornene
groups of HA, and the covalent bonds formed between destabilized acrylate groups of
PEGDA, respectively. They demonstrated that, irrespective of drug loading concentration,
but with the appropriate light dosage, these tablets achieved optimal mechanical properties
and dual sustained release profiles over time [84].

Direct biochemical modifications to dECM hydrogels have also been conducted. For in-
stance, Ali and colleagues successfully bioprinted a bioink based on methacryloyl-modified
kidney dECM (KdAECMMA) and mixed with HA, glycerol, and gelatin [38]. The storage
modulus of irradiated KIECMMA constructs increased 1.7-fold with respect to constructs
fabricated with unmodified kidney dECM (KdECM). Moreover, the stiffness of KIECMMA
hydrogels increased proportionally to dECM concentration, but remained unaltered at a
low level for KAECM hydrogels. Consequently, KIECMMA hydrogels presented a lower
degradation rate and helped maintain the stability of entrapped bioactive molecules by
protecting them from early enzymatic degradation. Similarly, our research group devel-
oped methacryloyl-modified SIS dECM hydrogels (SISMA) mixed with 0.05% (w/v) RF,
which significantly potentiated their mechanical properties upon blue-light irradiation
without the need for excipient materials. As shown in Figure 2A, the storage modulus
of SISMA hydrogels is around 3 and 3.5 times greater than that of unmodified hydrogels
before and after blue light exposure for 5 min. Furthermore, the photocrosslinking reaction
in unmodified hydrogels saturates rapidly, yielding a similar storage modulus after 2 min
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and 5 min of exposure, while that of SISMA hydrogels increases according to exposure
time. These results support the notion that this biochemical functionalization significantly
improves the overall mechanical stability of hydrogels and their crosslinking dynamics,
resulting in superior printability and enhanced shape fidelity of constructs (Figure 2B,C).
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Figure 2. (A) Methacryloyl-modified small intestine submucosa dECM (SISMA) hydrogel bioprinted into a square lattice
with high shape fidelity. (B) Filament formation of unmodified SIS and SISMA hydrogels made at the same ECM concen-
tration (25 mg/mL) upon extrusion as a key feature for adequate printability. (C) Storage modulus of unmodified-SIS
and SISMA hydrogels before and after photocrosslinking with varying exposure time. SISMA hydrogels exhibit superior
mechanical stability, before and after blue light irradiation, and superior crosslinking dynamics.

Similarly, Parthiban and colleagues developed a methacryloyl-modified bone dECM
hydrogel (BoneMA) mixed with 0.15% (w/v) LAP which, upon photocrosslinking, sup-
ported the formation of interconnected vascular networks from embedded human um-
bilical vein endothelial cells (HUVECs) [39]. The elastic modulus of photocrosslinked
BoneMA hydrogels also increased according to exposure time, which demonstrates that
this crosslinking method allows highly tunable mechanical properties [85]. BoneMA con-
structs showed a higher total vessel length and visibly faster network formation than
GelMA constructs (which have shown vasculogenic potential), possibly due to the reten-
tion of pro-angiogenic growth factors from the tissue of origin, which promoted faster
vascularization in vitro [39].

3. Tunning Microarchitectural Characteristics of dECM-Based Hydrogels

Although the composition of dECM-based hydrogels is a major contributor to their su-
perior bioactivity, biomimicry is not only important composition-wise, but also architecture-
wise [86]. The structural organization of ECM components in vivo imparts highly special-
ized biomechanical characteristics that are specific to tissue location and function. For
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instance, a linear orientation of ECM fibrillar components predominates within tissues
exposed to high tensile stresses (e.g., tendons and some ligaments), whereas circumferential
organization predominates within tissues that experience multiaxial tension, compression,
and shear (e.g., annulus fibrosus and meniscus) [87]. The spatial distribution of cells within
tissues is a major contributor to the microstructure as well, considering that organized cel-
lular interactions are often necessary for specific tissue functions. This is typically observed
within muscular tissues, as muscle cells must hierarchically organize into myotubular
structures and then muscle fibers to ensure cooperative interactions during contraction [88].
The precise structural organization of hydrogel microenvironments upon deposition is
therefore an essential feature for developing constructs with tissue-specific functionalities.
Controlling the initial structural properties and distribution of embedded cells can dictate
cellular fate (e.g., from pluripotency to specific differentiation profiles) and posterior matrix
remodeling in uniquely prepared structural patterns.

Although the controlled patterning of hydrogels is highly effective in recapitulating the
macro-geometry of tissues, it often fails in replicating micro-architectural characteristics. A
wide variety of tissue architectures have been induced in dECM-based hydrogels through
several types of stimuli including mechanical, magnetic, electric, and acoustic. These
approaches are discussed below.

3.1. Mechanical Stimuli

As many tissue architectures require the anisotropic alignment of fibrous ECM pro-
teins (mainly collagen) [86], the most straightforward approach has been to tune the shear
stress during extrusion to induce their alignment in the direction of flow. This mechanical
stimulus was exploited by Kim and colleagues for the unidirectional alignment of the
collagen fibrils of a corneal stroma-derived dECM (Co-dECM) bioink to reproduce the
architecture of native corneal stroma after tissue maturation [89]. They found that by in-
creasing the nozzle gauge up to 25 G it was possible to induce collagen fibril alignment and
create anisotropic structures that guide keratocyte orientation into linear patterns. This ini-
tial cellular distribution led to the secretion of collagen fibrils during keratocyte maturation
in perpendicular directions, which, in turn, yielded the characteristic crisscrossed pattern
of native corneal stroma that is fundamental for corneal transparency (see Figure 3A) [90].
The shear-induced alignment of collagen fibrils was also performed by Schwab and col-
leagues to reproduce the architecture of knee articular cartilage [91], which comprises three
distinct layers: a superficial layer with fibrils tangentially oriented to the joint surface, a
middle layer with random orientation, and an internal layer with columnar alignment
(see Figure 3C) [86]. With a computer-aided design (CAD), they printed a tyramine-HA
(THA)-collagen I bioink with embedded human mesenchymal stem cell (hMSC) spheroids.
The superficial layer was printed in horizontal filaments while the internal layers were
formed by circular-vertical structures. As expected, the initial shear-induced alignment of
collagen fibrils guided the unidirectional migration of hMSCs from spheroid micropellets
and significantly increased cytoskeleton alignment along the direction of fibrils, which
was not observed in isotropic THA-collagen I hydrogels. Recently, another research group
reported an alternative method to increase the shear-induced cellular alignment in bio-
printed constructs by pre-incubating methacryloyl-modified collagen (ColMA) bioinks
with myoblasts (C2C12) [92]. Their rationale was that the pre-incubation period promoted
cell-matrix interactions before printing, which induced cell transition from spherical to
elongated morphology and favored their alignment during extrusion. Moreover, according
to their findings, pre-incubated constructs had significantly higher cytoskeleton alignment
and superior myotube formation after 21 days, when compared with constructs that were
not pre-incubated.
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Figure 3. Examples of hierarchical cellular organization and ECM architecture in different native tissues. (A) Corneal

stroma, (B) skeletal tissue, (C) cartilage, (D) meniscus, and (E) blood vessels (Created with BioRender.com).

In addition to shear-stress, other mechanical stimuli, such as strain, have been explored
for the microarchitectural remodeling of bioprinted constructs [93,94]. For instance, Puetzer
and colleagues induced circumferential alignment of collagen fibers within a meniscus-
replicating construct [95]. They anchored the meniscus model at the horns to mimic the
native tibial attachment sites in vivo, and to restrict the compaction of the collagen hydrogel,
a phenomenon commonly observed during the maturation of dECM-based constructs.
This geometrical constraint induced residual hoop stress circumferentially and encouraged
the alignment of fibrils. Clamped menisci developed native-like sized and circumferential
fibers in the outermost surface, as well as radially aligned fibers in the innermost surface,
thereby resembling native tissue after 8 weeks of culture (see Figure 3D). This approach
was also explored by Choi and colleagues for the development of anisotropically aligned
skeletal muscle constructs. Accordingly, they bioprinted a skeletal muscle-derived dECM
bioink with embedded myoblasts (C2C12) in a PCL anchoring set up that geometrically
constrained opposite ends of the construct. This generated a longitudinal constant strain by
opposing hydrogel compaction during the maturation process [94]. With this mechanical
stimulus, they reported that 76% of cells were unidirectionally aligned after 7 days and
with an elastic modulus comparable to that of native skeletal muscle within 14 days of
incubation. Most importantly, striated band patterns were observed within myotubular
structures, which indicated that the contractile apparatus of native muscle was successfully
formed, implying structural and functional maturity.

3.2. Electrical Stimuli

Other approaches have coupled mechanical with electrical stimulation for the engi-
neering of hierarchically organized and functional muscle tissue, considering that beyond
mechanical response it also displays inherent electrosensitive properties. In addition to
anisotropic cellular alignment, mature muscular phenotypes have specific ECM patterns
around myotubular structures to allow adequate muscle contraction. Collagen IV fibers,
which attach directly to sarcolemmas and connect them to other types of collagen [96],

61



Polymers 2021, 13, 3263

exhibit a lower degree of alignment/stiffness in parallel locations to myotubes to minimally
interfere with myotube contraction. In contrast, fibers located in series with myotubes have
a higher degree of alignment to bear and transmit the contraction forces to the imposed load
(see Figure 3B) [97]. Accordingly, Kim and colleagues demonstrated that by applying an
out-of-phase mechanical and electrical co-stimulation scheme (for short exposure periods
of 20 min) to myoblast-laden Matrigel/fibrinogen constructs previously matured to skeletal
muscle tissue, they remodeled into the characteristic muscular structural patterns [98]. The
rationale behind this approach is that mechanical stretching generates tensile stress along
the load direction, while muscle contraction triggered by an electric potential induces shear
and compressive stress on collagen IV fibers parallel to myotubes and tensile stress at in-
trafascicularly terminating ends [98]. They showed that an alternating application of these
two stimuli yielded a superior contraction force in the matured constructs compared to
applying either of the two stimuli separately or simultaneously. The synergistic stimulation
scheme effectively maximized fiber alignment in serial ECM locations and minimized it in
parallel ECM locations.

Electrical stimulation alone, for longer time periods, has also been employed for con-
trolling cell alignment within ECM-based hydrogels [99]. Electrosensitive cell types (e.g.,
cardiomyocytes, myoblasts, and neural stem cells) align parallel to the electric field vector
to maximize the field gradient across them, whereas other types of cells (e.g., adipose-
derived stromal cells, or endothelial progenitor cells) align perpendicularly to minimize
it [100]. However, the effectiveness of electrically induced cellular alignment has proven
to be low and to require long stimulation periods that, ultimately, may reduce cell viabil-
ity [101]. The incorporation of rod-shaped electrosensitive nanostructures (e.g., carbon
nanotubes (CNTs) and gold nanowires (GNWs)) into ECM-based hydrogels has emerged
as a plausible alternative to guide their electrical response as they can easily align with the
direction of the applied electric field and therefore facilitate the alignment of surround-
ing microstructures [51,102]. Kim and colleagues, for example, embedded GNWs in a
myoblast-laden collagen bioink and demonstrated that the electrically induced alignment
of these nanostructures significantly narrowed the fiber orientation distribution. This, in
turn, favored myogenic differentiation compared with electro-stimulated myoblast-laden
collagen constructs in the absence of GNWs and non-electrostimulated constructs [51].

3.3. Magnetic Stimuli

The incorporation of magnetic nanostructures, specifically iron oxide nanoparticles
(IONs), has also shown great promise for the alignment of ECM fibers due to their high
sensitivity to externally applied magnetic fields. A recent work by Betsch and colleagues
showed that streptavidin-coated IONs incorporated within collagen—agarose hydrogels
successfully guided the anisotropic alignment of collagen fibers for the recreation of the
cartilage microarchitecture [54]. Upon exposure to an external magnetic field during
the temperature gelation process, collagen fibers were forced to align unidirectionally
due to the traveling motion of these nanoparticles across the hydrogel. The authors
showed that collagen fiber alignment in all formulated hydrogels more than doubled their
compressive tangent modulus and yielded mechanical features that were similar to those
of the native cartilage. Moreover, the fabrication of a two-layered construct, consisting of
an anisotropically aligned superficial layer and a randomly oriented internal layer led to
remarkable collagen I and II secretion by embedded primary knee articular cartilage cells
than in any of the bioprinted samples of either of the two individual layers. This suggests
that the combined microarchitectural characteristics of the two-layered construct, which is
similar to native cartilage, significantly improves chondrocyte maturation. Similarly, Rose
and colleagues developed a magnetically responsive hybrid hydrogel consisting of (i) rod-
shaped acrylate-modified poly(ethylene oxide-stat-propylene oxide) microgels loaded with
monodispersed IONSs in (ii) a surrounding fibrin (i.e., polymerized fibrinogen) matrix with
embedded chicken-derived primary dorsal root ganglions (DRGs) [55]. Upon exposure to
a low-intensity magnetic field (in the mT order), the rod-shaped microgels aligned well
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along the field direction. Their orientation was subsequently fixed with an in situ fibrin
crosslinking treatment. Although embedded microgels fail to provide cell adhesion focal
points and fibrin fibers are not directly aligned, microgel alignment was sufficient to guide
neurite growth parallel to their direction. This novel approach demonstrated that minimal
structural guidance can trigger nerves to grow unidirectionally.

3.4. Acoustic Stimuli

The development of complex microarchitectures with non-linear patterns within ECM-
based hydrogels is an ongoing challenge due to the requirements in terms of means for high
spatial control. In this regard, acoustophoretic systems have shown the most promising
results as demonstrated by the guided migration of cells into specific patterns that follow
the pressure fields formed by standing surface and standing bulk acoustic waves [103,104].
In addition to favoring the development of hydrogel constructs with high cellular align-
ment, acoustophoresis has been used to organize embedded cells within hydrogels into
the cylindrical structures needed to guide the fabrication of vascular networks. As re-
ported by Kang and colleagues, HUVECs and human adipose-derived stem cells (hADSCs)
embedded within a catechol-functionalized HA hydrogel were successfully co-aligned
into collateral cylindrical patterns (see Figure 3E) [105]. This was enabled by employing
surface acoustic waves of 280 um wavelength, which concentrated the cylindrical patterns
at intervals similar to the intercapillary distance of human skeletal muscle. This initial cell
patterning led to both interconnected capillary networks due to the enhanced branching
between parallel structures, and the organized formation of functional endothelial barriers.
Moreover, these mature constructs were able to successfully integrate with host vasculature
after subcutaneous transplantation into dorsal regions of mice, forming perfusable and
interconnected networks with native microvessels. This was in contrast with constructs
that were not patterned.

Similarly, Petta and colleagues proposed an acoustic-based technology, termed sound
induced morphogenesis (SIM), in which they combine acoustic patterning with physiolog-
ical self-assembly to generate multi-scale and perfusable vascular networks [106]. With
vertical mechanical vibrations (80 Hz and 0.5 g acceleration amplitude), they generated
acoustic surface standing waves that patterned HUVEC and hMSC spheroids in concentric
rings within a fibrin hydrogel. They showed that the small distance between adjacent
rings favored HUVEC sprouting from the patterned spheroids in capillary-like structures
that fused with sprouts from adjacent rings, thus creating microvessel-like morphologies.
Moreover, when embedding an endothelialized macrochannel through the center of the
hydrogel, simulating a macrovessel, the capillary-like sprouts from patterned spheroids
were able to fuse with this structure as well, and create perfusable multiscale vascular
networks after only 5 days.

Despite these efforts on recreating vascular networks, these works employ simple
and symmetric geometries that may not recapitulate the arbitrary and non-symmetrical
arrangements of vasculature in most biological tissues. To circumvent this, acoustic holog-
raphy was recently proposed by Ma and colleagues for constructing sophisticated 3D cell
patterns according to complex pressure fields [107]. In this technique, complex patterning is
enabled by propagating a 5 MHz acoustic plane through a 3D-printed topography (termed
the ‘hologram’). This is precisely designed to induce a specific phase field, which is then
projected towards the hydrogel to induce cell arrangement according to the generated
pressure field. Accordingly, by changing the topography of the hologram, it is possible to
obtain desired patterns on demand. As a proof-of-concept, they demonstrated that human
colon cancer cells (HCT-116) embedded in collagen hydrogels could be patterned with this
technique into complex structures (e.g., asymmetric geometric patterns, human profiles),
prior to temperature gelation and without significant impact on cell viability. Although
acoustic holography is yet to be employed for the development of physiologically relevant
structures, their work demonstrated the potential of this technology in tissue engineering
and mechanobiology.
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4. Improving Morphogenesis and Functionality of dECM-Based 3D Cultures with
External Stimuli

Although the mechanical and micro-architectural characteristics of dECM-based hy-
drogels significantly influence cell behavior [108,109], in most cases, they are not enough
for ensuring full functionality in vitro. This is as they fail to replicate the myriad of bio-
chemical signals originating from the native extracellular environment, which are essential
for directing cellular fate [110]. During maturation, cells must be able to communicate with
each other and their niche through biochemical and mechanotransductional cues, as these
interactions induce morphogenetic signals that ultimately lead to tissue functionality [111].
Therefore, ensuring an adequate maturation process is key for directing morphogenesis
and the hierarchical organization of tissues at the macro and micro scales. Several strate-
gies that employ external stimuli for directing specific maturation profiles in cell laden
dECM-derived hydrogels are discussed below.

4.1. Directing Stem Cell Differentiation

One of the most valuable applications of external stimuli in TE and RM is directing
stem cell differentiation into specialized and adult-like phenotypes [112]. Mechanical and
electrical stimulation, for example, have been widely explored for directing the differenti-
ation of human mesenchymal stem cells (hMSCs) towards osteochondral lineages [113].
This has been attributed to the modulating effect of such stimuli over calcium (Ca?*) influx
towards intracellular compartments. In this regard, specific intracellular Ca* profiles have
shown to direct chondrogenesis and osteogenesis in vivo, as calcium channels participate
in the transduction of mechanical signals that direct these differentiation profiles during em-
bryonic development [114,115]. Notably, brief and pulsed Ca?* influx periods during early
differentiation stages have shown to promote MSC chondrogenesis, whereas prolonged
Ca?* exposure periods promote osteogenesis [116,117]. Accordingly, these physiological
hallmarks have been harnessed to promote the osteochondral differentiation of MSC-laden
dECM-derived hydrogels by modulating the activity of these channels through mechanical
stimuli [118]. Alternatively, it is possible to control the activity of voltage-gated calcium
channels with electrical stimuli (Figure 4A,B) [116,119,120].
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Figure 4. Schematic of the modulating effect of (A) mechanical, (B) electrical, and (C) light stimuli on
the activation of specific signaling pathways that direct differentiation profiles of stem cells. Specific
stimulation regimes that mimic mechanotransductional or electrical cues in embryonic development
can activate calcium signaling. Similarly, ROS production upon light stimulation can promote the
oxidation of PTEN, a strong inhibitor of mTOR, and thus upregulate mTOR signaling [121]. (Created
with BioRender.com).
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For instance, Aisenbrey and colleagues studied the chondrogenic effect of mechanical
stimuli on cartilage mimetic hydrogels with embedded human induced pluripotent stem
cell (hiPSC)-derived mesenchymal progenitor cells (MP-iPSCs) [122]. Their mimetic hy-
drogels consisted of 8-arm PEG functionalized with norbornene, PEG dithiol crosslinkers,
and thiolated chondroitin sulfate, which is the main proteoglycan of cartilaginous tissues.
The obtained cylinder-like constructs were subjected to mechanical compressive strains
daily, during 1 h for 3 weeks, and the combined effect of this dynamic culturing with
the presence or absence of differentiating growth factors was explored (e.g., TGF32 and
BMP2). Their results showed that the mimetic hydrogel alone induced morphogenetic
signatures, as evidenced by chondrogenic gene expression and immunohistochemical anal-
yses. However, the combination of dynamic culturing and growth factor supplementation
synergistically induced chondrogenesis while limiting tissue hypertrophy, which has been
a main drawback observed on static culturing in the absence of growth factors. Similarly,
Choi and colleagues showed that simultaneous growth factor supplementation and me-
chanical stimulation with low-intensity ultrasound (10 min/day, 1 MHz) also promoted
chondrogenic differentiation in MSC-embedded fibrin-HA hydrogels. After 28 days, an
increased sulfated GAG and collagen synthesis was observed in the stimulated constructs,
which is a characteristic behavior of mature chondrocytes [118].

Regarding electrical stimuli, Vaca-Gonzalez and colleagues recently showed that inter-
mittent 60 kHz electrical stimulation of hMSCs-embedded HA-gelatin hydrogels (30 min,
4 times per day for 21 days) not only enhanced GAG and type II collagen synthesis, but
significantly increased the expression of chondrogenic markers (e.g., SOX-9 and aggrecan)
without the need for differentiating growth factors [123]. Moreover, longer electrical stimu-
lation periods of 4 h performed 3 times/day (7.6 mV/cm, 10 Hz) on type I collagen- and
HA-coated PCL scaffolds, seeded with MSCs, significantly promoted osteogenesis [124].
This was demonstrated, after 28 days of stimulation, by the increased alkaline phosphatase
(ALP) activity and increased expression of osteogenic markers (e.g., osteopontin, osteocal-
cin, and ALP).

The modulation of Ca2* signaling has also been harnessed for the differentiation of
other types of stem cells towards electrically active lineages, such as neural, cardiac, or
skeletal muscle cells [125,126]. In this case, the increased Ca?* handling induced by external
stimuli has shown to promote early electrical /contractile activity by upregulating expres-
sion profiles of genes related to voltage-gated ion channels, which ultimately directs their
maturation towards electrically active phenotypes [127]. However, as these differentiation
routes require higher intensity and sustained electrical currents, most approaches have
employed nanocomposite hydrogels embedded with electroconductive nanostructured
materials to achieve superior electrical percolation networks within the hydrogel. This, in
turn, ensures an early electrical connectivity within embedded cells, and facilitates their
differentiation towards electrically active lineages. In this regard, carbon-based nanostruc-
tures such as graphene, reduced graphene oxide (rGO) [46,128], and carbon nanotubes
(CNTs) [47,129], have been widely explored for their exceptional electroconductivity [130].
Nonetheless, a major setback in their implementation has been their limited cytocom-
patibility and poor dispersibility in hydrophilic media, which result from their inert sp2
hybridized carbon backbone [131].

To circumvent this, several studies have functionalized their surfaces with hydrophilic
agents [48,132,133], controlled the reduction degree of graphene oxide (GO) by using
weaker reducing agents [49], or included hydrophobic moieties within the hydrogels
to promote hydrophobic or 7—m stacking interactions with these nanostructured materi-
als [129]. For instance, Shin and colleagues devised a catechol-functionalized HA hydrogel
where CNTs were stably dispersed along with polypyrrole nanocomposites through hy-
drophobic interactions with the present catechol moieties [129]. They showed that these
electroconductive motifs significantly promoted the differentiation of hiPSC-derived neural
progenitor cells and human fetal neural stem cells with improved electrophysiological
functionality, as demonstrated by the upregulation of calcium channel expression and
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improved depolarization dynamics. Alternatively, our group proposed a biocompatible,
in situ reduction scheme for GO embedded within SISMA bioinks, which harnessed the
enhanced dispersibility and bioactive properties of GO at initial maturation stages, and
subsequently increased its electroconductivity by two orders of magnitude upon partial
reduction aided by ascorbic acid exposure [40]. With this maturation scheme, embedded
human adipose-derived MSCs maintained high viability levels, as well as enhanced cell
adhesion and proliferation, which demonstrated the enormous potential of this scaffold
and maturation scheme for facilitating biocompatible electrical stimulation regimes that
can potentially guide their differentiation towards neurogenic or myogenic phenotypes.
Carboxyl-functionalization of CNTs was also proposed by Ahadian and colleagues to
facilitate their stable dispersion in GelMA hydrogels [47]. Their incorporation significantly
enhanced the differentiation of mouse embryonic bodies into cardiogenic phenotypes, as
demonstrated by the upregulation of cardiogenic markers (e.g., Tnnt2, Nkx2-5, and Actcl)
and increased contractile function upon electrical pulse stimulation of 3V at 1 Hz for 2 days.
Although GelMA hydrogels are not strictly ECM-derived, this dispersion method can be
easily extrapolated to ECM-derived hydrogels considering that gelatin is a hydrolyzed
form of collagen and, in turn, retains some of its physical and chemical properties [134].

The electrically guided differentiation of stem cells, through the incorporation of
other electroconductive nanostructured materials, has also been studied with GelMA
hydrogels. Black phosphorus (BP) nanosheets, for example, were explored by Xu and
colleagues to enhance the neural differentiation of seeded MSCs [50]. They showed that
the electrical stimulation (100 mV/cm) of BP-embedded GelMA hydrogels for a 7-day
period significantly increased the expression of neuronal markers (e.g., nestin, Tujl) when
compared to electrostimulated and non-electrostimulated GelMA hydrogels. Heo and
colleagues similarly showed that the potentiating effect of gold nanoparticles (GNPs) on
hydrogel electroconductivity significantly improved osteogenic differentiation of MSCs.
They demonstrated that GNP addition to MSC-embedded GelMA hydrogels induced
a marked increase in osteogenic markers (e.g., BSP, OCN, COL1, and Runx2) and ALP
activity [135]. The observed changes occurred in a dose-dependent manner after 14 days
of incubation. These approaches exemplify other routes that could be considered for
engineering electroconductive ECM-derived hydrogels that direct stem cell differentiation.

In addition to electrically or mechanically induced calcium signaling, intracellu-
lar ROS modulation has also shown to contribute to stem cell differentiation processes
(Figure 4C) [121,136,137]. In this regard, light stimuli have been employed to induce ROS
production by degrading embedded photosensitizers within the hydrogels. Lu and col-
leagues, for instance, demonstrated that the implementation of photodynamic therapy
promoted the chondrogenic differentiation of bone marrow stem cells (BMSCs) embedded
in type I collagen hydrogels conjugated with carbon dots through genipin crosslinkers [37].
The hydrogels were injected into a joint cartilage defect created on mice, followed by
stimulation with a near-infrared (NIR) laser for 3 min every other day for 8 weeks. The
stiffness of the crosslinked hydrogel and the non-lethal doses of intracellular ROS after
stimulation synergistically upregulated cartilage-specific genes (e.g., SOX9, ACAN, and
COL2A1) and enhanced GAG secretion. Moreover, the authors proved that increased ROS
levels significantly promoted the activation of mTOR signaling, which is an important
pathway in chondrogenic differentiation [138].

4.2. Maturation of Electrosensitive Tissues

Beyond its effect on directing differentiation profiles, electrical stimulation has also
proved useful for achieving electrically mature phenotypes in differentiated myocardial
and neural cells. The post-mitotic nature of terminally differentiated cardiomyocytes and
neurons has hampered their use within 3D culture systems that need to be dynamically
remodeled for proper functionality. Therefore, the use of phenotypically immature precur-
sors has been the most straightforward and cost-effective solution, as it eliminates the need
of acquiring pluripotent stem cells and implementing precisely controlled differentiation
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regimes every time [139]. Accordingly, several electroconductive dECM-based hydrogels
have been envisioned for improving the maturation of these tissues by promoting elec-
trically active phenotypes in biomimetic microenvironments [49]. Tsui and colleagues,
for instance, developed an rGO-embedded myocardial dECM hydrogel that showed high
hiPSC-derived cardiomyocyte viability after 35 days and increased contractile and elec-
trophysiological function by tuning rGO reduction degree and concentration within the
bioink [49]. Alternatively, Roshanbinfar and colleagues developed an electroconductive
hydrogel based on pericardial tissue-derived dECM and carbodihydrazide-functionalized
multi-walled CNTs (MWCNTs) with embedded hiPSC-derived cardiomyocytes for engi-
neering cardiac tissue [140]. The embedded cells showed enhanced unidirectional orien-
tation, greater contraction amplitude and speed, and improved calcium handling, when
compared to the non-electroconductive counterparts. As a result, the presence of MWC-
NTs improved the beating properties of the constructs, as evidenced by the synchronous
contraction of the engineered tissues without signs of arrhythmia.

Similarly, Koppes and colleagues developed a CNT-based electroconductive nanocom-
posite hydrogel but, instead of relying solely on the electric activity of the embedded cells,
they explored the effect of a low-voltage direct current (DC) stimulation on the maturation
of nerve tissue constructs [52]. They investigated this by manually casting tissue constructs
from a Matrigel and type I collagen hydrogel embedded with carboxyl-functionalized sin-
gle walled CNTs (SWCNTs) and dorsal root ganglia cells isolated from neonatal rats. The
constructs were electrically stimulated for 8 h, incubated for 48 h, and subsequently fixed
for studying neurite outgrowth. They found that the sole presence of the SWCNTs led to a
1.6-fold increase in the neural length and a 3.3-fold increase in the total outgrowth of cells,
when compared to nanomaterial-free hydrogels. Moreover, relative to nanomaterial-free
and non-stimulated tissue constructs, the electrical stimulation resulted in an exceptional
2.1-fold and 7-fold increase in neural length and total neurite outgrowth, respectively.

Interestingly, other studies have explored the effect of electrical stimuli on non-
electroconductive hydrogels, and have shown that its coupling with mechanical stim-
ulation compensates for the possible loss in electrical conductivity by reduced percolation.
Ronaldson-Bouchard and colleagues developed a protocol for engineering mature human
cardiac muscle based on the electromechanical stimulation of hiPSC-derived cardiomy-
ocytes embedded on a fibrin hydrogel obtained after crosslinking of fibrinogen with
thrombin [141]. With a custom-made bioreactor, newly formed cardiac tissue constructs
were stimulated with a mechanical preload while applying electrical signals with the aid
of two carbon rods placed in parallel to the tissue. Maturation was enhanced by slowly
increasing the electrical stimulation frequency over the course of 2 weeks, which resulted
in what the authors termed “intensity training”. This work, and the others mentioned pre-
viously, illustrate the importance of external stimuli during maturation stages for achieving
superior morphogenesis in electrically active tissues.

4.3. Maturation of Load-Bearing Tissues

Mechanical stimuli have also been widely exploited for inciting mechanotransduc-
tional cues that guide functional phenotypes in load-bearing tissues. Typically, dynamic
culturing of tissue constructs is employed to induce different types of stress on the ma-
terials, which can ultimately direct cell fate. Tensile and compressive forces, as well as
fluid-induced shear stress, are among the most common stimuli for inducing such re-
sponses [142]. Goldfracht and colleagues explored the effect of dynamic culture conditions
on cardiac tissue constructs fabricated with a composite hydrogel made of porcine heart
dECM and chitosan [143]. Specifically, ring-shaped constructs were casted on molds, incu-
bated for 24-48 h, and subsequently transferred to a passive stretcher device that exerted a
constant tensile stress on them. Their results demonstrated enhanced morphogenesis as
evidenced by continuous spontaneous contractions for up to six months. After 30 days
under these dynamic conditions, embedded hiPSC-derived cardiomyocytes were arranged
anisotropically, along the axis of stretch, and exhibited an organized sarcomeric pattern
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with distinguishable aligned Z bands. Additionally, the cardiomyocytes showed an upreg-
ulation in the expression of genes related to the contractile apparatus. Furthermore, the
authors used programmed electrical stimulation to induce and map the development of
arrhythmias, which demonstrated that the developed tissue models can be employed for
in vitro disease modeling.

Similarly, the biosynthetic activity of primary human articular chondrocytes, embed-
ded in methacryloyl-modified HA and GelMA (GelMA-HAMA) hydrogels, was shown
to be significantly improved with the application of uniaxial and biaxial loads within
precise mechanical stimulation regimes. As shown by Meinert and colleagues, uniaxial
compressive and shear loads, applied independently and biaxially for 1 h after 14 days of
3D culturing, induced the immediate upregulation of hyaline cartilage-specific genes (e.g.,
ACAN, COL2A1, and PRG4) in an amplitude dependent manner [144]. Moreover, they
show that intermittent biaxial loading applied at regular intervals (1 h daily at 1 Hz for
14 more days) promoted the secretion of type II collagen and the generation of a hyaline
cartilage-like matrix in comparison to unstimulated constructs, without compromising
cell viability. They suggest that these mechanical stimuli generate the necessary mechan-
otransductional cues for ensuring cartilage development and function. Likewise, Vasquez
and colleagues showed that the mechanical loading of osteocytes controls osteoblast bone
formation dynamics in a type I collagen 3D co-culture model [145]. In particular, they
demonstrate that by applying a loading regime that consisted of cyclic compressions (2.5 N,
10 Hz, 5 min) to models pre-cultured for 7 days, prostaglandin E; (PE;) release increased
by about 4-fold, 30 min post-load; they also noted increased type I pro-collagen secretion
for up to 5 days post-load. The secretion of these two agents is a clear indicator of bone
formation, as PE; is a crucial regulator of osteoblast proliferation and differentiation [146].
Additionally, type I pro-collagen synthesis has been correlated with bone collagen synthesis
and bone formation rate [147].

5. Stimuli-Responsive dECM-Based Hydrogels for the Delivery of Therapeutics

Hydrogels have been widely implemented for the localized and controlled delivery of
therapeutics due to their versatility and high biocompatibility. Several design parameters
such as pore size, backbone charge, hydrophilicity, and crosslinking density, can be strate-
gically tuned to modulate the solubility /dispersibility of hydrophobic and hydrophilic
molecules within hydrogels [13]. Moreover, their release profiles can be precisely con-
trolled with specific changes in hydrogel structure induced by swelling, dissolution, or
degradation, as a consequence of exposure to external stimuli (e.g., light, ultrasound, and
electric and magnetic fields) [148]. The strategic design of drug-loaded hydrogels has there-
fore been directed towards the inclusion of stimuli-responsive molecules (e.g., polymers,
proteins and peptides) or nanostructured materials (e.g., iron oxide, gold nanoparticles,
carbon nanotubes, graphene oxide, and reduced graphene oxide) that respond to indi-
vidual or combined stimuli [15]. Recent approaches that have employed external stimuli
for controlling drug release profiles in rationally designed dECM-derived hydrogels are
discussed below and summarized in Figure 5.

5.1. Light-Triggered Drug Release

As evidenced in previous sections, the incorporation of light-sensitive nanostructured
materials, molecules, or polymers into ECM-based hydrogels has been extensively investi-
gated in recent years. However, the use of these hydrogels as vehicles for controlled drug
delivery upon exposure to light is still largely unexplored.

As NIR laser irradiation is undoubtedly the most extensively studied light stimulus for
controlled drug delivery on ECM-based hydrogels, a broad variety of release mechanisms
triggered by this stimulus have been considered in several pharmacological applications.
NIR-triggered photodynamic therapy (PDT), a process in which cell death is induced
by an increase in ROS generation with the activation of a photosensitizer, is one of the
emerging anticancer therapies with the highest potential for clinical translation [149]. This
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is as, through this approach, it is possible to simultaneously harness the controlled acti-
vation of anticancer drugs and their release rates from the hydrogel matrix. For example,
Xu and colleagues relied on the elevated levels of ROS during PDT to induce hydro-
gel degradation and the subsequent release of the chemotherapeutic drug doxorubicin
(DOX) [43]. In this work, the researchers developed an injectable and photodegradable
HA-based hydrogel loaded with DOX for achieving NIR light-tunable and on-demand
drug release for combined PDT and chemotherapy. The developed hydrogel consisted of
adipic dihydrazide-modified HA (HA-ADH) conjugated with the photosensitizer proto-
porphyrin IX (PpIX) (HA-ADH-PpIX). Moreover, a dialdehyde-functionalized thioketal
(TK—CHO) crosslinker was incorporated into the hydrogel for introducing ROS-cleavable
acylhydrazone bonds between the hydrazide groups of HA-ADH-PpIX and the benzalde-
hyde groups of TK-CHO. Upon irradiation with NIR light (633 nm), PpIX was activated,
and the resulting high local production of ROS facilitated hydrogel degradation by cleaving
the acylhydrazone bonds within the hydrogel network. The controlled release of DOX,
combined with the induced cell death by the high ROS levels, demonstrated an outstanding
anticancer activity in both an in vitro breast cancer model (MCEF-7 cells) and an in vivo 4T1

tumor-bearing mouse model [43].
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69



Polymers 2021, 13, 3263

Alternatively, Xing and coworkers potentiated the anticancer effects of PDT with
the localized release of NIR light-activated anticancer drugs and a local temperature
increase [14]. They developed an injectable nanocomposite hydrogel by incorporating
gold nanoparticles (AuNPs) within a collagen hydrogel loaded with the photosensitive
drug meso-Tetra (N-methyl-4-pyridyl) porphine tetrachloride (TMPyP), which becomes
cytotoxic and produces ROS upon NIR laser irradiation (635 nm). Moreover, the presence
of AuNPs in the hydrogel permitted a simultaneous photothermal therapy (PTT), as these
nanoparticles exhibit a high photon-to-heat conversion efficiency upon irradiation with
NIR light. This led to a remarkable local temperature increase which, in combination with
the cytotoxic effect of activated TMPyDP, resulted in an exceptional antitumor efficacy in a
breast (MCF-7) tumor-xenograft mouse model. In addition, the researchers demonstrated
that the hydrogel significantly improved the bioavailability of the drug by protecting
it from rapid body clearance, as well as minimized the collateral effects by allowing a
localized retention of the treatment within the tumor region [14].

PTT alone has also been employed for controlling cargo release via degradation
of hydrogel networks in response to local temperature increase. For instance, Highley
and coworkers developed an NIR-responsive nanocomposite hydrogel by mixing gold
nanorods with a 3-cyclodextrin (3CD)- and adamantane (Ad)-modified HA hydrogel [150].
They exploited the light-absorbing properties of gold to induce local heating upon irradi-
ation and, in turn, destabilize the hydrophobic interactions between 3CD and Ad. This
resulted in hydrogel degradation and subsequent payload release. Their results showed
that NIR irradiation is well-suited to induce plasmonic heating and increase the release of
encapsulated molecules between 0.37-500 kDa by more than 2-fold [150]. Alternatively, Sun
and colleagues developed an NIR-responsive hydrogel based on benzoxaborole-modified
HA (BOB-HA) and a fructose-based glycopolymer, supplemented with perylene diimide
zwitterionic polymer (PDS) as photosensitizer, photothermal polymeric nanoparticles,
ascorbic acid, and DOX [45]. By irradiating with NIR at 660 nm, PDS and ascorbic acid
interacted for the conversion of oxygen into hydrogen peroxide, which was able to cleave
dynamic covalent bonds based on benzoxaborole-carbohydrate interactions within the hy-
drogel network. This controlled degradation led to the site-specific release of the embedded
photothermal nanoparticles and the DOX for chemotherapy. Moreover, upon irradiation
with 915 nm NIR 3 days after the first irradiation, the photothermal nanoparticles were
able to locally increase temperature for PTT. As a result, this combined therapy nearly
eradicated tumors in a 4T1 mouse model, while those untreated kept growing.

Lastly, light stimuli have also been shown useful in drug delivery applications by
inducing conformational changes in hydrogels. This is exemplified in ECM-based hydro-
gels with the work reported by Wu and colleagues [151]. Briefly, the authors developed
NIR-responsive core-shell hybrid nanogels for fluorescence imaging and combined chemo-
photothermal cancer therapy. The hybrid nanogels were assembled by coating Ag-Au
bimetallic nanoparticles with a thermo-responsive nonlinear PEG-based hydrogel shell
decorated with superficial semi-interpenetrating HA chains. The temperature increase
in Au cores upon NIR irradiation, as well as the local temperature increase during incu-
bation, induced a hydrophilic to hydrophobic transition of the PEG chains in the shell,
which destabilized its interactions with the loaded anticancer drug (temozolomide) and
allowed its release. These hybrid nanogels exhibited high anticancer activity against
mouse melanoma B16F10 cells as it allowed a multimodal therapy that combined localized
chemotherapy with NIR-triggered photothermal treatment [151]. Likewise, Rosales and col-
leagues designed a drug delivery system based on a UV light-responsive azobenzene- and
BCD-modified HA hydrogel, crosslinked via azobenzene-3CD hydrophobic interactions.
Azobenzene is a photoisomer that transitions from its trans to cis isomeric configuration
upon exposure to light in the 350-550 nm wavelength range [152]. This transition in-
duces a conformational change within the hydrogel that reduces azobenzene’s affinity
for the hydrophobic cavity of BCD and, in turn, the reduced crosslinking density within
the hydrogel allows the release of the encapsulated molecules. However, when the light
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stimulus is removed, the azobenzene moieties return to its trans state and the hydrogel
recovers its original conformation. This reversible behavior grants a high tunability of
its mechanical properties and makes it suitable for different applications, such as drug
delivery or mechanobiology studies, in which temporal regulation of material properties is
key for robust and more compelling studies [153].

5.2. Magnetic-Triggered Release

Magnetic forces, induced by static or dynamic magnetic fields, have been used to
trigger the controlled release of molecules from hydrogel depots. This release can be
mediated by reversible or non-reversible structural changes that disrupt the hydrogel
network itself or the bonds that entrap the molecules within the hydrogel. Bettini and
colleagues, for example, developed an ION-embedded collagen hydrogel scaffold with
drug-retaining and paramagnetic properties [57]. IONs were covalently conjugated to
the collagen network by implementing a dehydrothermal (DHT) treatment at 120 °C
for 48 h. As controls, the authors synthesized collagen hydrogels without IONs and
crosslinked either by a chemical treatment with formaldehyde and DHT or solely by DHT
treatment. Surprisingly, ION-conjugated hydrogels exhibited a higher crosslinking degree,
as demonstrated by smaller pore size and a lower swelling degree. Moreover, only the
ION-conjugated and formaldehyde-crosslinked hydrogels were capable of retaining loaded
cargo, i.e., fluorescein molecules. After stimulating the loaded ION-conjugated hydrogels
with a permanent magnet, deformation of the scaffold was induced, thus facilitating
the flow of water and dissolved fluorescein out of the gel by means of pore collapse. By
applying consecutive magnetic stimulation cycles, they demonstrated the controlled release
of fluorescein.

Similarly, Dai and colleagues proposed dopamine-conjugated hyaluronan (HA-DOPA)
hydrogel embedded with IONSs as a drug delivery platform for anticancer therapies [56].
In this hydrogel, crosslinking was facilitated by the interaction between catechol groups
of dopamine and iron(Ill) of IONs, and DOX was then loaded and retained by means
of electrostatic interactions with the positively charged HA-DOPA. Moreover, besides
serving as crosslinking agents, IONs also played an important role in the on-demand
release of DOX. The authors demonstrated that the release rate of the entrapped drug
could be accelerated with an external alternating magnetic field (AMF), as it generated
local hyperthermia and subsequent hydrogel destabilization. The authors also showed
that the release rate could be slowed down when removing the applied magnetic stimulus.
In vivo experiments were performed on a A375-xenografted tumor mice model, where the
combined chemotherapy (DOX) and hyperthermia (IONs) therapy resulted in significantly
smaller tumor volume after 18 days when compared to the control group treated only
with PBS. Moreover, single modality treatment (either chemotherapy or hyperthermia)
failed to show an equivalent efficacy of the combined therapy at the same dose level of the
chemotherapeutic agent.

5.3. Ultrasound-Triggered Release

Mechanical stress generated by ultrasound has also been employed to disrupt the
bonds between drugs and hydrogels for enabling drug release. Sun and coworkers de-
signed a dual-crosslinked hydrogel based on methacrylic HA and a four-armed PEG
acrylate (4arm-PEG-Aclt) for the ultrasound-induced delivery of tannic acid as a drug
model [154]. The crosslinked hydrogel network was constructed through free radical
polymerization of 4arm-PEG-Aclt with HA previously modified with 4-(aminomethyl)
phenylboronic acid and methacrylic anhydride (PhB-mHA). Then, a dynamic crosslinking
was achieved by forming boronate ester bonds between phenylboronic acid (conjugated
along the polymeric network) and tannic acid. This dual-crosslinking endowed the hydro-
gel with remarkable mechanical properties, thereby making it resistant to deformation by
external mechanical forces (i.e., compression). Moreover, boronate ester bonds dynamically
respond to ultrasound, thereby allowing the non-invasive and on-demand release of tannic
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acid. This can be attributed to the dynamic shear force generated by this stimulus, which is
enough to disrupt such bonds [154].

Alternatively, ultrasound-induced drug release has been achieved by destabilizing en-
capsulating agents with acoustic droplet vaporization (ADV) mechanisms, which mediate
their transition from liquid to gas phase in response to pressure induced by acoustic stimuli.
In this regard, Dong and colleagues developed an acoustically responsive hydrogel consist-
ing of sonosensitive micron-sized emulsions embedded within a fibrin matrix which, under
2.5 MHz sound waves, released encapsulated basic fibroblast growth factor (bFGF) [58].
The emulsion entails a water-in-perfluorocarbon (PFC)-in-water (W; /PFC/W,) double
emulsion, with bFGF in the W phase, and its release occurs when PFC within each droplet
phase transitions from liquid to gas, thereby disrupting the droplet morphology. They
showed that this hydrogel-emulsion system allowed a non-invasive and on-demand release
of bFGEF, as hydrophobic PFC acted as a diffusion barrier for bFGF until its removal by ADV.
To further demonstrate the applicability of this hydrogel-emulsion system, they added an
external layer of a HUVEC-laden fibrin hydrogel to test whether angiogenesis is promoted
by bFGEF release. In this regard, HUVEC angiogenic sprouting was significantly enhanced
after ADV-mediated bFGF release, specifically when increasing acoustic pressure and emul-
sion volume fraction. A recent work by the same group demonstrated that release profiles
of two or more payloads could be specifically modulated by loading them within emulsion
droplets containing PFCs with different ADV thresholds (i.e., with varying carbon chain
lengths in the PFC) [59]. Accordingly, by tuning the frequency of ultrasound standing wave
fields (SWFs), they could precisely control the release of two different factors relevant in
angiogenesis, namely bFGF and platelet-derived growth factor BB (PDGE-BB), at specific
time points during maturation.

5.4. Electric-Triggered Release

Although electrical stimuli have been largely unexplored for controlling drug release
in dECM-derived hydrogels, a recent work by Ha and colleagues harnessed the ionic
currents induced by this type of stimulus for modulating release profiles of model drugs
within collagen-GelMA hydrogels embedded with silver nanowires (AgNWs) [53]. They
showed that when applying a current with electric potential of 1V, a consistent weight loss
was observed as a function of exposure time in the conductive hydrogel, while collagen and
GelMA hydrogels remained unchanged. They attributed this weight loss to the enhanced
electrical conductivity of AgNW, which facilitated the generation of an outward osmotic
gradient as a consequence of the flow of ions crossing the hydrogel. Moreover, this weight
loss was highly correlated to the release of encapsulated fluorescein isothiocyanate (FITC)-
dextran particles, which suggests that electrically induced structural changes and promote
outward flows of fluids that facilitate the release of loaded molecules [53].

5.5. Temperature-Triggered Release

Temperature-responsive materials have also been incorporated within dECM-hydrogels
for directing the release of loaded cargoes as most delivery applications must be performed
at physiological temperature (37 °C). As an example, Ravichandran and colleagues de-
scribed the synthesis of a temperature-responsive injectable hydrogel for the controlled
release of drugs and proteins, based on ColMA building blocks and the thermo-responsive
polymer N-isopropyl acrylamide (NIPAm) [155]. In this case, drug release is attributed
to temperature-induced hydrogel deswelling, as well as changes in the drug/molecule
affinity to the matrix, as NIPAm is hydrophilic at 25 °C but becomes hydrophobic at 37 °C.
In consequence, as temperature approaches physiological conditions, the hydrogel shrinks
due to conformational changes from elongated to coiled morphologies, which induces an
outward flow of water and alters drug-hydrogel affinity. Moreover, hydrogel collapse is
prevented due to the pH-responsiveness of CoIMA. As carboxyl groups of collagens are
converted into carboxylate anions (-COO™) at physiological pH (~7.4), the electrostatic
repulsion between them grants sufficient hydrogel porosity for facilitating drug release.
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The coupled effect of NIPAm solubility change and ColMA swelling favored significantly
the release of the model drugs bovine serum albumin (BSA) and vitamin E, yielding over
80% release after 5 days [155].

6. Perspectives on Clinical Translation

Despite the considerable advances in the engineering of functional ECM-based hy-
drogels, their translation into clinical scenarios is still in its infancy. In particular, few
preclinical models have been developed for evaluating their performance beyond in vitro
setups. ECM-based hydrogel constructs destined for replacing injured tissue or organ
defects have been limited to in vitro characterizations and monitoring of their maturation
dynamics, mainly as true biomimicry has not been fully accomplished yet. Accordingly,
only a handful of these hydrogels have been implanted in animal models, and these usually
comprise simple cellular patterns that can be easily integrated with host tissues [105]. This
is the case of the HA-based constructs developed by Kang and colleagues, in which acous-
tically patterned cells unidirectionally aligned in cylindrical tubes were able to integrate
with mouse vasculature and form perfusable and interconnected networks [105]. Similarly,
of the thirteen works mentioned in Section 5 where ECM-based hydrogels have been
implemented for the localized delivery of therapeutic agents, only four have evaluated
drug release dynamics and effects on animal models: [14,43,45,56]. This, in turn, could
have been the result of the low outreach and reception that ECM-based hydrogels have
had on drug delivery fields, where highly accessible and easier to use synthetic or natural
biodegradable materials are commonly employed [156].

Moreover, according to the ClinicalTrials.gov database by the U.S. National Library
of Medicine, there has been only one clinical trial where tissue-derived ECM hydrogels
have been studied. This trial was conducted in the U.S., and its main aim was to evaluate
the safety and feasibility of a porcine myocardial tissue-derived ECM hydrogel delivered
trans-endocardially to human subjects following myocardial infarction [157]. Although
the study was not intended to evaluate efficacy, physicians reported myocardial function
improvement for all intervened patients (n = 15). This clinical trial demonstrated the
significant advances that the tissue engineering industry and academic research groups
have accomplished towards overcoming translational challenges faced by tissue-derived
ECM hydrogels, particularly in terms of shelf-life and scalability [19]. It also further
demonstrated the biomimetic potential of ECM-based hydrogels that could be further
exploited for facilitating the translation of TE and RM into clinical scenarios.

The translation of ECM-based hydrogels into clinical settings is especially appealing,
as they hold much promise for the emerging field of precision medicine. For instance,
Noor and colleagues demonstrated the feasibility of personalized regenerative medicine
by developing cardiac patches using patient-derived ECM hydrogels and cells [158]. From
a biopsy of omental tissue, the authors isolated and reprogramed the patient’s own cells
into stem cells, while the ECM was processed into a personalized hydrogel. The repro-
grammed stem cells were further differentiated into cardiomyocytes and endothelial cells,
embedded into either the ECM hydrogel or a sacrificial material, and bioprinted into
thick and perfusable cardiac patches. Although they only addressed the formulation and
bioprinting of these constructs, the diverse strategies described in this review for improv-
ing tissue organization and morphogenesis could be exploited for improving construct
maturation, taking the field one step closer towards the biofabrication of functional person-
alized tissues suitable for transplantation. Alternatively, the isolation and biointegration of
diseased human cells into ECM-derived hydrogels could potentiate the development of
in vitro models for studying the involved physiological and pathophysiological hallmarks.
Goldfracht and colleagues, for example, showed that in vitro heart tissue models with
patient-derived hiPSC-cardiomyocytes embedded in ECM-based hydrogels (discussed
in detail in Section 4.3) could recapitulate the abnormal phenotypes of arrhythmogenic
disorders by using diseased cells from patients [143]. They demonstrated that this disease
model could be used even further to create a personalized model to evaluate the efficacy of
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therapeutics against patient-specific cardiac pathologies. The implementation of biofabri-
cation technologies appears critical for developing robust in vitro models of disease that
could be eventually translated into the clinical practice for the high-throughput screening
of therapeutics. We believe that this is a route that enables a foreseeable future of favorable
outcomes for diseased patients.

7. Concluding Remarks

ECMs have been devised as the next-generation materials for alleviating the limitations
regarding functionality and cell development faced with advanced TE technologies, such
as 3D bioprinting and RM therapies. The utilization of these materials for the formulation
of hydrogels is considered one of the most promising approaches for achieving superior
tissue functionality due to their inherent biochemical composition that can guide cell thrive.
However, their heterogeneous and biomimetic biochemical composition alone has been
demonstrated insufficient for guaranteeing morphogenesis of engineered tissues in vitro
or in vivo, nor to be appropriate for their use in advanced biomanufacturing technologies
that require particular mechanical properties.

As shown in this review, external stimuli have been pivotal for facilitating the recapitu-
lation of biologically relevant micro- and macro-environments in bioengineered tissues. For
instance, light stimuli between the UV and visible ranges have become the gold standard
for facilitating crosslinking schemes that ultimately improve the mechanical properties of
ECM-based hydrogels. Directed electric, magnetic and pressure fields have been crucial for
sculpting microarchitectural characteristics that drive cellular organization in tissue-specific
patterns. Their effects on electrochemical gradients have been fundamental, as well, for
directing stem cell differentiation profiles and dictating morphogenetic cues that mediate
tissue maturation. Beyond their contribution in the biofabrication of biomimetic constructs,
external stimuli have proven to be critical for controlling the delivery of therapeutics from
hydrogel depots. This comprises an advanced strategy for accelerating tissue regeneration,
both in vitro and in vivo, with specific release profiles of embedded biomolecules or drugs.

However, this review demonstrates that among the limited collection of papers that
developed and evaluated stimuli-responsive hydrogels based on ECM components, only
a handful really implemented tissue-derived ECMs as their main hydrogel component.
Collagen and HA hydrogels are undoubtedly the most commonly used for implementing
the referred schemes, probably due to their accessibility and ease of use. Nevertheless, we
believe that the synergistic action of the native ECM components in tissue-derived ECM
hydrogels, coupled with the mentioned stimulation regimes, could significantly potentiate
these results, leading us one step closer towards functional and biomimetic constructs for
TE and RM.
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Abstract: The development and treatment of some diseases, such as large-area cerebral infarction,
cerebral hemorrhage, brain tumor, and craniocerebral trauma, which may involve the injury of the
dura mater, elicit the need to repair this membrane by dural grafts. However, common dural grafts
tend to result in dural adhesions and scar tissue and have no further neuroprotective effects. In
order to reduce or avoid the complications of dural repair, we used PLGA, tetramethylpyrazine, and
chitosan as raw materials to prepare a nanofibrous dura mater (NDM) with excellent biocompati-
bility and adequate mechanical characteristics, which can play a neuroprotective role and have an
antifibrotic effect. We fabricated PLGA NDM by electrospinning, and then chitosan was grafted
on the nanofibrous dura mater by the EDC-NHS cross-linking method to obtain PLGA/CS NDM.
Then, we also prepared PLGA /TMP/CS NDM by coaxial electrospinning. Our study shows that the
PLGA/TMP/CS NDM can inhibit the excessive proliferation of fibroblasts, as well as provide a sus-
tained protective effect on the SH-SY5Y cells treated with oxygen—glucose deprivation/reperfusion
(OGD/R). In conclusion, our study may provide a new alternative to dural grafts in undesirable cases
of dural injuries.

Keywords: nanofibrous dura mater; antifibrosis; neuroprotection; PLGA; tetramethylpyrazine

1. Introduction

The dura mater surrounds the brain and retains the cerebrospinal fluid [1]. The dura
mater may be damaged in the development and treatment of neurosurgical diseases, such as
large-area cerebral infarction, cerebral hemorrhage, brain tumor, and craniocerebral trauma,
which need to be repaired in time [2]. For dura mater that is difficult to complete in a one-
stage repair process, it can be repaired with dural grafts through duroplasty [3]. Autologous
dura grafts obtained from the periosteum and fascia have no immune rejection, but their
clinical application is greatly limited due to insufficient quantities, difficult sampling,
postoperative pain, and other shortcomings [4,5]. Dural grafts have several important
features: supporting tissue regeneration, avoiding an immune inflammatory response, good
watertight confinement, anti-adhesion, inhibiting scar tissue formation, biodegradability,
and releasing therapeutic drugs to promote recovery [6,7].

Many synthetic polymers, such as polylactic acid (PLA), polyglycolic acid (PGA), and
their copolymer, polylactic-co-glycolic acid (PLGA), have been widely used in biomedical
engineering due to their good biocompatibility, non-toxicity, film-forming properties, and
biodegradability [8,9]. In addition, the use of PLGA as a carrier for sustained drug release is
also a hot topic of current research due to the controlled degradation rate of PLGA [10-12].
However, PLGA also has defects as a graft. The degradation products of PLGA are lactic
acid and hydroxyacetic acid, which are by-products of human metabolism [13]. The
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accumulation of acidic degradation products can decrease the local pH value, trigger
inflammatory reactions, and affect the rate of polymer degradation [14].

As a natural polysaccharide with good biocompatibility, degradability, antibacterial
properties, and mechanical strength, chitosan (CS) is a kind of good implant material [15].
Previous studies have shown that CS can inhibit the proliferation of fibroblasts and suppress
type I and III procollagen production, and it has anti-fibrosis as well as anti-adhesive
effects [16-19]. In addition, chitooligosaccharides (COS), the degradation products of CS,
have been proven to promote nerve regeneration [20,21]. CS is an alkaline polysaccharide
among natural polysaccharides that can chemically bind to other substances through some
primary amino groups carried by the CS main chain. It has been reported that CS can buffer
the acidity produced from the degradation of PLLA [22,23].

2,3,5,6-tetramethylpyrazine (TMP) is an active compound extracted from the herb
Chuanxiong Ligusticum, which exhibits neuroprotective effects [24,25]. TMP can protect
neurons by scavenging oxygen free radicals, protecting mitochondrial function, inhibiting
calcium inward flow and glutamate release, as well as attenuating ischemia-induced
neuronal death by regulating the expression of bcl-2 and bax proteins [26-30]. In addition,
TMP affects neurogenesis, for example, it can promote the differentiation of neural stem
cells into neurons [31,32]. At present, TMP has been widely used in the clinical treatment
and basic research of cardiovascular and cerebrovascular diseases. However, due to its
poor water solubility, short half-life, and low concentration of distribution at the injury site,
it requires high doses and multiple administrations to maintain therapeutic concentrations,
which is a drawback for clinical treatment [33-35].

To overcome the above drawbacks and limitations, in this study, we designed and
fabricated PLGA/TMP nanofibrous dura mater (NDM) with a coaxial electrospinning
technique, and then generated PLGA /TMP/CS NDM by chemically binding a CS coating
to the surface of the NDM. Our study found that the PLGA/TMP/CS NDM could inhibit
the excessive proliferation of fibroblasts in vitro, thus exerting anti-adhesive effects and
inhibiting the formation of scar tissue. Through the degradation of the PLGA and CS, TMP
was released into the cell matrix, which could promote the survival of OGD/R-treated
SH-SY5Y cells, as well as facilitate the regeneration of SH-SY5Y cells, and finally, exert a
sustained neuroprotective effect.

2. Materials and Methods
2.1. Materials

PLGA (50:50, Mw: 60,000-80,000) was purchased from Match Biomaterials (Shenzhen,
China), TMP and MES Buffered Solution from Aladdin (Shanghai, China), ethylcarbodi-
imide hydrochloride (EDC), N-hydroxysuccinimide (NHS), acetic acid, hexafluoroiso-
propanol (HFIP), and N,N-dimethylformamide (DMF) from Macklin (Shanghai, China),
and CS from Sigma-Aldrich (America). Fibroblasts were a gift from Ziyi Zhou from the
Medical Cosmetology Center at the Affiliated Hospital of Qingdao University. Human
neuroblastoma SH-SY5Y cells were provided by the Institute of Neuroregeneration and
Neurorehabilitation, Qingdao University. Dulbecco’s modified eagle medium (DMEM) and
antibiotic-antimycotic were purchased from Solarbio (Beijing, China). Fetal bovine serum
(FBS) was purchased from Pan (Adenbach, Germany). Phalloidin-iFluor 488 and DAPI
staining solution were acquired from Abcam (Shanghai, China). The following antibodies
from ABclonal (Wuhan, China) were used: Ki67 Rabbit pAb and GAP43 Rabbit pAb. Goat
Anti-rabbit IgG H&L/Alexa Fluor 555 as a secondary antibody was from Bioss (Beijing,
China). A Cell Counting Kit-8 (CCK8) was supplied from Targetmol (Boston, MA, USA).

2.2. Electrospinning

PLGA/TMP/CS NDM was fabricated by the electrospinning technique. Briefly, PLGA
was dissolved in HFIP via magnetic stirring at room temperature for 4 h to form an
electrospinning solution with a concentration of 20 wt.% [36]. The solution flowed out
from the syringe at a rate of 2 mL/h. PLGA NDM was fabricated by electrospinning for
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1 h with +12 kV, and the acceptance distance was 15 cm. The PLGA NDM was immersed
in EDC/NHS solution (0.96 g of EDC and 0.14 g of NHS in 50 mL of MES buffer) at
4°C for 12 h. The CS solution (3 wt.%) at an equal volume to the EDC/NHS solution
was added to ensure an excess of CS, and the mixed PLGA-CS system was kept for
24 h at room temperature until the cross-linking between the PLGA and CS components
(via the coupling reaction between the NHS-ester groups belonging to PLGA and some
primary amine groups of CS) was accomplished [12]. Then, the cross-linked product was
rinsed repeatedly with deionized water and dried to obtain PLGA /CS NDM. For coaxial
electrospinning, the shell solution consisted of 20% PLGA in HFIP, and the core of the
fibers was 10 mg/mL TMP dissolved in ethanol. The prepared solutions were delivered to
the outer and inner coaxial needle at 2.0 and 0.1 mL/h feeding ratios, respectively, with a
programmable syringe pump. The applied voltage was 12 kV and the acceptance distance
is 15 cm. The fibers were collected in a layer-by-layer manner during a 4 h period to obtain
PLGA/TMP/CS NDM [36,37].

2.3. NDM Characterization

The morphology of the nanofiber was observed using scanning electron microscopy
(SEM, VEGA 3 SBH, TESCAN, Shanghai, China) and the nanofiber diameter was mea-
sured by applying Nano Measurer software. The chemical structure and composition
of the fibers were characterized by Fourier infrared spectroscopy (Nicolet Is50, Thermo
Electron Corporation, Waltham, MA, USA). All NDMs were prepared for the same size
(5 cm x 1 cm, about 0.02 mm in thickness) to characterize their tensile mechanical property
by employing an Electro-mechanical Universal Testing Instrument (CMT6103, Mechanical
Testing & Simulation, Eden Prairie, MN, USA). Thermogravimetric analysis (TGA) of the
NDMs was performed using a Thermal Gravimetric Analyzer (TASDT650, TA INSTRU-
MENTS, New Castle, DE, USA).

2.4. Encapsulation Efficiency (EE)

The absorbance value of the TMP was detected using a full-function microplate
detector (Synergy Neo2, Bio Tek, Vermont, USA) to determine the maximum UV absorption
peak at a wavelength of 280 nm (Supplementary Figure S1). The PLGA/TMP/CS NDM
samples were immersed in DCM until the TMP was completely dissolved, and then its
actual content was determined spectrophotometrically using a corresponding calibration
curve. Comparatively, the theoretical content of the TMP was considered to be the overall
TMP amount consumed during the electrospinning. The calculation of the EE (in %) of the
TMP was performed as follows:

EE = (actual content/theoretical content) x 100 1

2.5. In Vitro TMP Release Profiles

The PLGA/TMP/CS NDM was immersed in 5 mL of PBS solution (pH = 7.4) as
a release medium and placed in a thermostatic shaker for gentle shaking. For current
measurements, 1 mL of the PBS solution was taken out at different times to spectropho-
tometrically determine the TMP release (using the corresponding calibration curve), and
then 1 mL of fresh PBS solution was added to the release medium contained in the shaker.
The cumulative TMP release (C, in %) was calculated according to the following equation:

C=(m;+mp+... +my)/mg x 100% )

where m;, mp, and m;, are the weights determined at the times t;, tp, and ty, respectively,
and my is the total weight of TMP to be released.

2.6. Extraction of NDM Immersion Solution

Multiple different NDMs with the same mass were sterilized by ethanol fumigation
for 3 h and UV irradiation for half an hour. The NDMs were immersed in 8 mL of fresh
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DMEM complete medium (DMEM with 10% FBS) under aseptic conditions at 37 °C, while
a separate fresh DMEM complete medium was used as a control. The NDMs were removed
after 1, 4, 7, and 14 days of immersion from the medium, and the remaining medium was
the NDM immersion solution.

2.7. Cell Culture

Fibroblasts and SH-SY5Y cells were cultured using DMEM complete medium contain-
ing 10% FBS at 37 °C and 5% CO,. Depending on the needs of the experiment, fibroblasts
were seeded evenly on glass slides and different NDMs of a certain number, while SH-SY5Y
cells were grown directly onto well plates and glass slides of a certain number. The culture
medium was replaced every two days during the culture. Prior to cell seeding, all the glass
slides and NDMs were sterilized by ethanol fumigation for 3 h and UV irradiation for
30 min.

2.8. OGD Challenge

The complete medium was replaced with deoxygenated glucose-free extracellular solu-
tion (in mM: 116 NaCl, 5.4 KCl, 0.8 MgSOy, 1.0 NaH,POy, 1.8 CaCly, and 26 NaHCO3) [38].
The cells were cultured in a dedicated chamber (Plas-Labs, Lansing, MI, USA) with 95%
Ny /5% CO; at 37 °C for 3 h. Then, the cells were reperfused using fresh complete medium
containing different immersion solutions according to the experimental requirements and
transferred to normal conditions for culture.

2.9. Cell Viability

A cell viability assay for fibroblasts and SH-SY5Y cells was performed following an
algorithm reported elsewhere [39]. The fibroblasts were seeded evenly at a density of
5000 cells/well on glass slides and different NDM amounts in 24-well plates for culture.
CCKS solution was added and incubated with the cells for 3 h at 1, 3, and 5 days after
culture, respectively. The absorbance value at 450 nm was measured using a 96-well plate
reader. The SH-SY5Y cells were seeded in 48-well plates at a density of 5000 cells/well,
and after 24 h of culture, the cells were treated with OGD/R, after which CCKS8 solution
was added and incubated for 2 h. The absorbance value at 450 nm was measured using
a 96-well plate reader. The absorbance values at 450 nm corresponded to the amounts of
formazan dye that resulted under the action of cellular dehydrogenases exerted on the
tetrazolium salt present in the initial CCK8 solution which, in turn, was proportional to the
number of living cells.

2.10. Lactate Dehydrogenase (LDH) Release Assay

According to the manufacturer’s instructions (Beyotime, Shanghai, China), the su-
pernatants from the OGD/R-treated cell culture medium were harvested, and the ab-
sorbance value at 490 nm was measured using a 96-well plate reader with the absorbance
value at 600 nm as reference. The LDH release was calculated according to the manufac-
turer’s formula. The absorbance values at 490 nm were proportionally correlated with the
LDH release.

2.11. Cell Morphology

The fibroblasts were seeded at a density of 5000 cells/well on glass slides, the PLGA
NDM and PLGA/CS NDM in 24-well plates for culture. After 5 days of culture, the
fibroblasts were stained with Phalloidin-iFluor 488 and DAPI to observe the morphology
using fluorescence microscopy. For the SH-SY5Y cells, they were stained and observed in
the same way after OGD/R treatment.

2.12. Immunofluorescence

Cells on the NDM and glass slides were fixed in 4% paraformaldehyde, then perme-
abilized with 0.5% Triton X-100 for 15 min and blocked in 5% FBS for 2 h. The primary
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antibodies against Ki-67 (1:200) and Gap43 (1:200) diluted in the blocked buffer were added
to incubate with cells at 4 °C overnight. Then the cells were labeled by a secondary antibody
and stained with DAPI The samples were observed using fluorescence microscopy and
analyzed using Image ] software.

2.13. Statistical Analysis

The statistical analysis was performed using GraphPad Prism software. The results are
presented in the form of the mean + standard deviation. Statistical comparisons between
groups were performed using one-way ANOVA. Values of * p < 0.05, ** p < 0.01, and
#** p < 0.001 are considered statistically significant.

3. Results and Discussion
3.1. NDM Characterization

We fabricated PLGA NDM and PLGA /TMP NDM using an electrospinning device
according to the previously described conditions and coated them with CS by EDC/NHS
cross-linking to prepare PLGA /TMP/CS NDM. We observed the morphology of the NDM
by SEM. A smooth surface structure was shown on the fibers of the PLGA NDM, which were
arranged in a disordered manner and interwoven into a network. The mean diameter of the
fibers was 646 & 103 nm, which was relatively uniform (Figure 1A). The PLGA/TMP NDM
was morphologically similar to the PLGA NDM, with 692 & 97 nm in mean fiber diameter
(Figure 1B). For the PLGA /CS NDM, shiny granular agglomerates could be seen on the
fiber surfaces (Figure 1C). To determine whether these were made of CS, structural analysis
on the molecular scale of the PLGA/CS NDM was performed via infrared spectroscopy
(FTIR) (Figure 1D). In the PLGA spectrum, the peak at 1087 cm~! was assigned to C-O
stretching, that located at 1748 cm ™! to C=0 stretching vibrations, and the peaks placed
between approximately 2950 and 3000 cm ! to C-H stretching vibrations mainly involving
methyl (CH3) and methylene (CH2) groups [40]. Instead, the infrared spectrum of the CS
displayed the two vibrations of amide I and amide II at 1646 and 1587 cm ™!, respectively.
These weak peaks ascribed to the vibrational mode of amide I and II are due to a high
degree of N-deacetylation associated with the CS used. In addition, the band at 2870 cm ™!
was attributed to C-H stretching involving the carbon atoms of the sugar rings. The broad
band centered at ca. 3500 cm ™! corresponded to the N-H stretch vibrations overlapped by
the O-H stretches of the OH groups [41,42]. On the other hand, the simultaneous presence
of the bands at 3500, 1635, and 1536 cm ™! (for CS) and at 1748 cm ™! (for PLGA) on the
PLGA /CS NDM spectrum confirms the coexistence of CS and PLGA in the same mixed
system (PLGA /CS NDM). Moreover, the strengthening of the bands at 1635 and 1536 cm ™!
on the IR spectrum of the PLGA/CS NDM is consistent with the increased number of
amide cross-linkages newly formed during the grafting of CS onto PLGA via the EDC/NHS
coupling reaction [12].

The tensile results of all NDMs are shown in Figure 2A as the stress—strain curves
of the PLGA NDM and PLGA/CS NDM. The tensile strength of the PLGA NDM was
6.27 + 0.96 MPa, while that of the PLGA/CS NDM is 8.71 &+ 1.03 MPa. Correspondingly,
the values of the maximum strain (at break) are ca. 216% for the PLGA NDM and 161%
for the PLGA/CS NDM. It is obvious that the CS improved the mechanical stress of the
PLGA NDM but had a negative effect on the flexibility. According to experimental data
reported elsewhere [43], the tensile strength of the human dura mater is about 7 MPa, and
the maximum strain is 11%. The result suggests that the PLGA /CS NDM is more suitable
for a dural graft than the PLGA NDM.
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Figure 1. (A—C) SEM images showing the PLGA NDM (A), the PLGA/TMP NDM (B), and the
PLGA/CS NDM (C). (D) FTIR spectra of the PLGA NDM, CS, and PLGA/CS NDM.
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Figure 2. (A) Stress—strain curves of PLGA NDM and PLGA /CS NDM. (B) TGA profiles of PLGA
NDM, PLGA/CS NDM, and PLGA/TMP NDM.
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The thermal stability of the NDMs was characterized using thermogravimetry (Figure 2B).
The NDMs showed two stages of weight loss. From 30 to 200 °C, the PLGA NDM showed
a gradual weight loss of 7.9 wt.%, while the PLGA/CS showed a 6.52% loss, and the
PLGA /TMP NDM showed a 9.32% loss due to the desorption of solvent, adsorbed, and
bound water. Then, the PLGA/TMP NDM began to decompose at 230 °C, while the PLGA
NDM and PLGA /CS NDM did so at about 260 °C. The decomposition of the PLGA/CS
NDM and PLGA/TMP NDM was completed at around 340 °C, while that of the PLGA
NDM was done at about 360 °C. The ash residue of the NDM was around 2%. This shows
that the CS and TMP had a weak influence on the thermal stability of the PLGA. However,
the physiological temperature of the human body cannot interfere at all with the thermal
stability of the systems investigated by thermogravimetry.

3.2. Encapsulation Efficiency and In Vitro TMP Release Profiles

According to our calculations, the EE (%) of TMP is (57.95 £ 2.46) %, and the working
concentration of TMP can be reached after release (the standard curve used to obtain the
value of the EE is plotted in the Supplementary Materials, Figure S2A). Figure 3 shows
the in vitro release profile of the TMP (the associated calibration curve is displayed in the
Supplementary Materials, Figure S2B). During the first 8 h, the TMP exhibited a burst release
of more than 50%, reaching the working concentration that could play a neuroprotective
role in the early stage. After this steep increase, the release of the TMP occurred. It was
released moderately and sustainedly until the 14th day, when the process leveled off and
the cumulative release ratio reached about 80%.
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Figure 3. TMP release profiles in vitro from PLGA/TMP/CS NDM (measurements were performed
in triplicate). During the first 8 h, the TMP exhibited a burst release of more than 50%.

3.3. PLGA/CS NDMs Inhibit the Excessive Proliferation of Fibroblasts

During wound healing, fibroblasts are activated. Activated fibroblasts have higher
cytoskeleton tension, indicated by obvious stress fibers and contractile phenotype, which
enhance the secretion of ECM and promote wound healing and tissue regeneration. A
balanced secretion of ECM is essential for wound healing, as the accumulation of excessive
ECM can lead to the development of tissue adhesions and cause tissue fibrosis and scar
tissue formation [44]. It has been reported that PLGA can reduce the formation of epidural
fibrosis [45]. To investigate the effect of the PLGA NDM and PLGA/CS NDM on fibroblasts,
we seeded fibroblasts on NDMs for culture and performed cell viability assays on the
fibroblasts after 1, 3, and 5 days of cell culture. As shown in Figure 4A, cell viability was
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increased from day 1 to day 5, regardless of the NDM used for culture. However, cell
viability was decreased in the PLGA NDM and PLGA /CS NDM compared to the control
group (TCP), in which the cells were cultured under normal conditions, and the PLGA/CS
NDM induced lower cell viability than that observed in the PLGA NDM, although there
were no statistical differences between the two groups. This is consistent with the previous
reports that CS can progressively inhibit the proliferation of fibroblasts in a CS dose-
dependent manner [17].
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Figure 4. (A) Cell viability of fibroblasts seeded on glass slides as the control group (TCP), on
PLGA NDM and PLGA/CS NDM after culture of 1, 3, and 5 days. *** p < 0.001 as compared with
TCP. (B-D) Fluorescence micrographs showing the morphology of the fibroblasts after 5 days of
culture. (B) TCP cells. (C) Cells seeded on PLGA NDM. (D) Cells seeded on PLGA/CS NDM.
The cell nuclei were stained with DAPI (blue), and the actin cytoskeleton was stained with
Phalloidin-iFluor 488 (FITC, green). Data of 3 replicates are plotted in Figure 4A.

From a morphological point of view, the fibroblasts of the TCP stained with FITC-
Phalloidin were compared to the fibroblasts similarly stained and cultured in the presence
of NDMs. Fibroblasts on the TCP group showed a normal long spindle shape, while
fibroblasts on the PLGA NDM and PLGA/CS NDM groups became more elongated,
grew more branched, and overall became irregular in morphology (Figure 4B-D), which
means that both the PLGA NDM and PLGA/CS NDM could have affected the growth and
morphology of the fibroblasts. These results are in agreement with those of the CCK8.

To further determine whether NDMs reduced fibroblast cell viability by decreasing cell
proliferation, the fibroblasts were labeled as Ki-67, and the cell proliferation capacity was
analyzed. The percentage of Ki-67-positive cells was significantly decreased in the PLGA
NDM and PLGA/CS NDM groups compared to the TCP group, and this phenomenon was
more pronounced in the PLGA /CS NDM group (Figure 5 and Supplementary Materials,
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Figure S3), which was consistent with the previous CCKS results. This suggests that
the PLGA/CS NDM repressed cell viability by inhibiting the excessive proliferation of
fibroblasts, which is in line with a previous report [46].

. -o --o

Figure 5. Fluorescence micrographs displaying Ki-67-positive fibroblasts seeded on TCP (i), PLGA
NDM (ii), and PLGA/CS NDM (iii) after 5 days of culture. The cell nuclei were stained with
DAPI (blue) and the cell nuclei with Ki-67-positive were labeled with red, meaning the cells were

DAPI

Ki-67

Merged

proliferating.

The cell viability of the fibroblasts showed an increasing trend in the PLGA/CS NDM
group with the passage of culture time, meaning that the PLGA /CS NDM was capable
of supporting tissue regeneration in our culture system. However, the PLGA/CS NDM
was able to inhibit the excessive proliferation of fibroblasts and, thus, maintain a balanced
secretion of ECM. During wound healing, an excessive proliferation of fibroblasts and
excessive secretion of collagen type I can cause wound adhesion and ultimately lead to the
formation of scar tissue. It has been reported that CS can inhibit the secretion of collagen
type I with fibroblasts in scar tissue but has no effect on normal fibroblasts, which also
prevents the formation of scar tissue [44,47]. In a few words, these results suggest that
PLGA/CS NDM has the potential to both support wound healing and prevent dural
adhesion and scar tissue formation.

3.4. PLGA/CS NDMs Promote the Survival of OGD-Treated SH-SY5Y Cells

Previous studies have shown that CS degradation products (COS) can promote nerve
repair by improving the local microenvironment (in particular, by stimulating Schwann
cell proliferation), regulating macrophage migration, and alleviating the cell apoptosis of
cortical neurons treated with glucose deprivation [21,48]. In order to investigate whether
PLGA /CS NDMs have neuroprotective effects on ischemia-reperfusion brain injury, SH-
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SY5Y cells underwent an OGD treatment, and the immersion solution of the PLGA NDM
and PLGA /CS NDM were mixed 1:1 with fresh complete medium for reperfusion to avoid
the direct influence of the topological structure of the NDMs on SH-SY5Y cells. Cell viability
was detected with CCKS after 24 h of reperfusion. In Figure 6A, there was no significant
difference in the cell viability between the PLGA NDM group and the OGD/R group, while
the cell viability of the PLGA/CS NDM group was significantly improved. This result
suggested that PLGA /CS NDM can promote the survival of SH-SY5Y cells treated with
OGD/R. In view of these results, we believe that PLGA /CS NDMs are more suitable for
neuroprotection as a sustained release carrier.
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Figure 6. (A) Cell viability of OGD-treated SH-SY5Y cells—treated for 3 h and reperfused with
immersion solution of PLGA NDM and PLGA /CS NDM mixed 1:1 with fresh complete medium.
(B) Cell viability of OGD-treated SH-SY5Y cells—treated for 3 h and reperfused with complete
medium containing different concentrations of TMP. *** p < 0.001 as compared with the TCP.* p < 0.05
and ## p < 0.001 as compared with the cells reperfused only with complete medium. (C) Cell viability
of OGD-treated SH-SY5Y cells—treated for 3 h and reperfused with immersion solution of PLGA/CS
NDM and PLGA /TMP/CS NDM. The durations of the PLGA /TMP/CS NDM immersion were 1 day,
3 days, and 5 days, respectively, to obtain the corresponding immersion solutions. (D) LDH release
assay of OGD-treated SH-SY5Y cells—treated for 3 h and reperfused with immersion solution of
PLGA NDM, PLGA/CS NDM, and PLGA /TMP/CS NDM.

3.5. The Working Concentration of TMP with Neuroprotective Effect

It has been reported that TMP shows good neuroprotective effects on OGD/R-treated
SH-SY5Y cells and neurons in in vitro experiments. However, the working concentra-
tion of TMP is not identical in different reported investigations, which may be related
to the state of the cells, the batch of the drug, the laboratory environment, or the treat-
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ment procedure [49-51]. To determine the working concentration of TMP upon OGD/R
challenge, we used OGD-treated SH-SY5Y cells that were then reperfused with complete
medium with different concentrations of TMP. After 24 h of reperfusion, the cell viability
was detected with CCKS. The results show that the OGD/R treatment significantly reduced
the cell viability of SH-SY5Y cells compared to the control group. TMP (50 uM) did not have
an obvious protective effect against OGD/R-induced injury, while 100 pM, 200 uM, and
400 uM of TMP significantly improved the cell viability of OGD/R-treated SH-SY5Y cells,
the last two concentrations having almost the same effect (Figure 6B). Therefore, we con-
cluded that TMP has a neuroprotective effect on our culture system when the concentration
in the culture medium exceeds 100 uM.

3.6. PLGA/TMP/CS NDMs Promote the Survival of OGD-Treated SH-SY5Y Cells

TMP has been shown to have significant neuroprotective effects on ischemia—reperfusion-
induced brain injury and has been applied in clinical and basic research. In addition, TMP
can diminish the proliferation of fibroblasts [52]. However, the clinical application of TMP
has been limited due to its poor water solubility, short half-life, and low concentration of dis-
tribution at the injury site. To address these drawbacks, we fabricated a PLGA/TMP NDM
with the coaxial electrospinning technique, in which the PLGA serves as a slow-release
carrier for the TMP. The TMP was released into the medium by the degradation of the
PLGA. To enhance the neuroprotective effect of the NDM, we fabricated a PLGA/TMP/CS
NDM by grafting CS onto the PLGA /TMP NDM. However, we did not observe that the
PLGA/TMP/CS NDM further reduced the proliferation of fibroblasts compared to the
PLGA/CS NDM (Supplementary Materials, Figure S4), possibly because the TMP con-
centration released from the NDM did not reach the working concentration of 400 uM
to diminish the proliferation of fibroblasts, according to the report. To investigate the
neuroprotective effects of the PLGA/TMP/CS NDM on ischemia-reperfusion-induced
brain injury, SH-SY5Y cells were subjected to OGD treatment. We extracted the immersion
solution of the PLGA/TMP/CS NDM after 1, 4, 7, and 14 days, and mixed the immer-
sion solution 1:1 with fresh complete medium for reperfusion after the OGD treatment.
After 24 h of reperfusion, the cell viability was tested with CCKS, and the LDH release
was assayed. The CCKS results show that the PLGA/CS NDM promoted the survival of
SH-SY5Y as before. The cell viability was further increased with the 1-, 4-, 7-, and 14-day
immersion solution of the PLGA/TMP/CS NDM groups compared to the PLGA/CS NDM
group. From day 1 to day 14, the cell viability continued to increase (Figure 6C), which may
have been due to the COS produced with the CS degradation and the TMP released from
the NDM. However, the LDH release assay revealed that the effects of the NDM on LDH
release were not obvious. Only 7- and 14-day immersion solution of the PLGA /TMP/CS
NDM could significantly reduce the release of the LDH compared to the OGD/R group.
(Figure 6D). In conclusion, these results indicate that PLGA/TMP/CS NDM may have
long-term neuroprotective effects for ischemia-reperfusion-induced brain injury.

3.7. PLGA/TMP/CS NDM Promote Nerve Repair

TMP not only has neuroprotective effects, but it also enhances neurogenesis. COS can
facilitate nerve regeneration. To investigate whether PLGA /TMP/CS NDM can promote
the regeneration of neural tissue subjected to ischemia-reperfusion injury, we used OGD-
treated SH-SY5Y cells and reperfused them with the previous immersion solution for
different durations, as described in Figure 6C. The cells were labeled as GAP43. GAP43 is an
axonal membrane protein involved in neural outgrowth, synapse development formation,
and neural cell regeneration. The expression of GAP43 means that OGD-treated SH-SY5Y
cells are undergoing neural regeneration. The labeling results show that the OGD/R
treatment slightly increased the expression of the GAP43 protein, but there was no statistical
difference. Both the PLGA/CS NDM and PLGA /TMP/CS NDM further increased the
expression of the GAP43 protein, while the PLGA NDM did not have such an effect
(Figure 7 and Supplementary Materials, Figure S5). The results suggest that COS and TMP
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may promote the expression of GAP43 during NDM degradation. Regarding the effect
of OGD/R treatment on GAP43 protein expression, the results of different studies were
inconsistent. This may be related to factors such as the cell status or treatment process.
Some researchers consider that OGD injury can activate the endogenous mechanisms of
neuroprotection and neuroplasticity, which may promote the expression of GAP43 [53]. We
believe that when cells grow well or when the OGD treatment time is short, GAP43 protein
expression may be up-regulated. On the contrary, when the cell growth status is poor or
the OGD treatment is severe, the expression of the GAP43 protein may be down-regulated.

Figure 7. Fluorescence micrographs showing the expression of GAP43 of SH-SY5Y cells. (i) TCP
cells. (ii) The cells treated with OGD for 3 h and reperfused only with complete medium. (iii,iv) The
OGD-treated cells reperfused with immersion solutions of PLGA NDM (iii) and PLGA /CS NDM
(iv). (v—viii) The OGD-treated cells reperfused with immersion solution of PLGA/TMP/CS NDM,
with durations of NDM immersion of 1 day (v), 4 days (vi), 7 days (vii), and 14 days (viii).

To further clarify the influence of the PLGA/TMP/CS NDM on nerve repair, we
stained the actin cytoskeleton and observed the cell morphology. We found that approxi-
mately 35% of the SH-SY5Y cells showed pyknosis and lost neurites most likely caused by
OGD/R injury. The PLGA NDM and PLGA /CS NDM did not improve the cell morphology.
The immersion solution of the PLGA/TMP/CS NDM reduced the damage to the neurites,
and the proportion of cells without neurites gradually decreased from day 1 to 14 of the
immersion solution (Figure 8A,B). These results indicate that PLGA/TMP/CS NDM can
protect the neurites of OGD/R-treated SH-SY5Y cells during degradation. As for the reason
the PLGA/CS NDM had no effect, we suppose that the level of COS could not reach the
working concentration due to the short immersion time of the NDM, and the time of the cell
culture was not enough. We next measured the length of the remaining neurites. As shown
in Figure 8C, the lengths of the remaining neurites of the OGD-treated cells reperfused
with the PLGA NDM immersion solution were significantly reduced, while they were
significantly recovered by those reperfused with the PLGA/TMP/CS NDM immersion
solution. We also noted that the PLGA/CS NDM seemed to have had a good effect on the
recovery of the lengths of the neurites. Therefore, PLGA/TMP/CS NDM may promote
nerve repair with COS and TMP.
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Figure 8. (A) Fluorescence micrographs showing the morphology of SH-SY5YS cells treated with
OGD/R for 2 days. (i) TCP cells. (ii) The cells treated with OGD for 3 h and reperfused only with com-
plete medium. (iii,iv) The cells treated with OGD and reperfused with immersion solution of PLGA
NDM (iii) and PLGA/CS NDM (iv). (v—viii) The cells treated with OGD and reperfused with immer-
sion solution of PLGA /TMP/CS NDM, the durations of which were 1 day (v), 4 days (vi), 7 days (vii),
and 14 days (viii). (B) The percentage of cells after 2 days of OGD/R treatment. (C) Lengths of
neurites of the cells after 2 days of OGD/R treatment. * p < 0.05 and *** p < 0.001 as compared to TCP.
#p <0.05, % p <0.01 and ¥ p < 0.001 as compared to OGD/R.

Interestingly, we found that the results of the nerve repair did not exactly match the
CCKS8 results. According to our statistical results, the morphology of the OGD/R-treated
SH-SY5Y cells seemed to be almost completely restored with the PLGA/TMP/CS NDM, but
the cell viability was not regained to normal levels, which might have been a consequence of
an insufficient analysis of the cell morphology. Furthermore, no in vivo experiments were
carried out, so the physiological significance of PLGA /TMP/CS NDM needs to be further
studied. In conclusion, our results suggest that PLGA /TMP/CS NDM systems inhibit the
excessive proliferation of fibroblasts in vitro and promote the survival and neural repair of
OGD/R-treated SH-SY5Y cells in our culture system. Thus, PLGA/TMP/CS NDM may be
an alternative for dural grafts.

4. Conclusions

In this paper, we report some PLGA/TMP NDM structures with antifibrotic and neu-
roprotective effects fabricated with the coaxial electrospinning technique, where the PLGA
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component was chosen as a slower release carrier. To neutralize the acidic environment gen-
erated by PLGA degradation and to enhance the beneficial effect of the NDM (antifibrotic,
neuroprotective), we prepared PLGA/TMP/CS NDM by grafting CS on the NDM surface
via the EDC/NHS cross-linking method. We found that all NDMs inhibited the excessive
proliferation of fibroblasts, but the PLGA /TMP/CS NDM systems were more effective. In
terms of neuroprotection, the PLGA /TMP/CS NDM structures were able to promote the
survival of OGD/R-treated SH-SY5Y cells as well as nerve repair. In conclusion, the study
suggests that PLGA/TMP/CS NDMs may have long-lasting neuroprotective effects and
prevent tissue adhesion, fibrosis, and scar tissue formation as dural grafts in undesirable
cases of dural injuries.
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calculation of EE. (B) TMP standard curve made with PBS as the solvent for calculation of TMP
release amount; Figure S3: Percentage of Ki-67 positive cells as in Figure 4; Figure S4: Cell via-
bility of fibroblasts seeded on seeded on glass slides as the control group (TCP), on PLGA NDM,
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Abstract: The gold standard for the partial restoration of sensorineural hearing loss is cochlear
implant surgery, which restores patients” speech comprehension. The remaining limitations, e.g.,
music perception, are partly due to a gap between cochlear implant electrodes and the auditory
nerve cells in the modiolus of the inner ear. Reducing this gap will most likely lead to improved
cochlear implant performance. To achieve this, a bending or curling mechanism in the electrode
array is discussed. We propose a silicone rubber-hydrogel actuator where the hydrogel forms
a percolating network in the dorsal silicone rubber compartment of the electrode array to exert
bending forces at low volume swelling ratios. A material study of suitable polymers (medical-
grade PDMS and hydrogels), including parametrized bending curvature measurements, is presented.
The curvature radii measured meet the anatomical needs for positioning electrodes very closely
to the modiolus. Besides stage-one biocompatibility according to ISO 10993-5, we also developed
and validated a simplified mathematical model for designing hydrogel-actuated CI with modiolar
hugging functionality.

Keywords: sensorineural hearing loss; cochlear implants; self-bending electrode arrays; silicone
rubber-hydrogel composites; actuators; swelling behavior; curvature; biocompatibility

1. Introduction

Cochlear Implants (CIs) are currently the best solution in compensating for sensorineu-
ral hearing loss by direct electrical stimulation of the auditory nerve cells in the inner ear [1].
ClIs consist of electrode shafts made from silicone rubber with platinum electrode contacts
that are connected via platinum wires with the receiver—stimulator of the implant [2].
Even though this implant is the gold standard for sensorineural hearing loss, a series of
limitations, e.g., listening to music or communicating in noisy environments, are yet to be
overcome [3,4]. One reason for these limitations is the low effective number of stimulating
channels [5], which is due to the wide distance between electrodes and the nerve ganglion
cells to be stimulated [6]. Since these nerve cells are situated in the modiolus, a reduction in
the distance between implant and cells can be achieved using a CI electrode bent towards
the modiolus. Available products are pre-bent shafts that are released from straight stylets
during insertion, known as the Contour Advance® (CI612) electrode shaft from the Cochlear
Nucleus Profile™ (Cochlea Ltd., Sydney Australia), the Hi-Focus electrode (Advanced
Bionics, Valencia USA), and the peri-modiolar push-wire-based electrode Combi 40PM
(MED-EL Innsbruck Austria) [5,7]. Another research approach involves using smart alloys
which, in contact with tissue at body temperature, change from a stretched shape into a
previously impressed curved shape [8]. However, implanting these smart alloys as straight
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electrodes was obstructed by the reaction of the immediate materials to, e.g., body heat
(surgeon) or other heat sources in the operating room, such as lamps.

To overcome the distance between the electrodes and the modiolus, the integration
of an actuator into CI arrays using the swelling properties of hydrogels might present a
promising alternative.

1.1. Fundamentals of Material and Components

Polydimethylsiloxanes (PDMS) are silicone elastomers used in medical applications
since their material properties, e.g., flexibility, biocompatibility, stability, hemocompatibility,
and sterilization resistance, are advantageous for longtime implantation. For neuronal
implants, liquid silicone rubbers (LSR) or room-temperature polymerized silicone rub-
bers (RTV) are typically used [9,10] due to favorable characteristics for implants, such
as a high degree of physical or chemical purity and thus a very low negative tissue re-
sponse [11]. PDMS has proven to be a suitable material for integrations in manufacturing
Cl-electrode arrays.

Hydrogels are three-dimensional hydrophilic crosslinked polymer networks able
to swell and shrink with specific characteristics of deformation. They are increasingly
used in biomedical applications [12] as mechano-active implants, for example, for tissue
repair and regeneration, such as arthrosis, by using mechanical stimuli in order to control
cell or drug delivery, accelerating tissue remodeling or healing processes [13]. Examples
of synthetic hydrogels are crosslinked poly(methacrylic acid), poly(vinyl alcohol), and
polyacrylamide (PAM) [14]. The first silicone rubber-hydrogel composite in the context
of ClIs under investigation was polyacrylic acid (PAA), used as filler material in a silicone
rubber called Silastic. In vivo and in vitro biocompatibility tests showed positive cellular
and tissue responses, and an intracochlear curled array could be achieved [15]. Abbasi et al.
continued developing an intra-cochlear electrode by using PDMS-PAA as interpenetrating
polymer networks proven to have hydrophilic characteristics. Positive cytotoxicity tests
were shown, but significantly different cell-adhesion behavior was observed. The best
adhesion was achieved for composite samples consisting of 20% (w/v) PAA content, which
was suggested to result from an increased wettability of the PDMS-PAA network [16]. To
increase the possibility of usage in vivo, our investigation into this field was completed
using medical-grade silicone rubber.

In this study, we compare the swelling behavior of medical-grade silicone rubbers
Nusil Med 4850 (Avantor Sciences, Radnor, PA, USA) [17] and Silpuran 2430 (Wacker
Chemie AG, Miinchen, Germany) [18] as well as the hydrogel polyacrylamide/acrylate
(PAMAA) as a swelling filler as an approach towards a curved CI electrode array. PAMAA
is a hydrophilic copolymer of acrylamide and acrylic acid but crosslinked enough to
be insoluble in water. It can absorb up to 400% of its own weight in water and swells
proportionately [19]. Based on our previous work presented by Stieghorst et al., the general
feasibility of the actuating effect with hydrogel-silicone rubber composites was shown by
using the PDMS Sylgard 184 and the hydrogel PAM [20-22]. Due to further experimental
results with PAM that negatively influenced the stability of manufactured electrode arrays,
we extended the concept by testing different material combinations with the hydrogel
PAMAA in different sample designs. In this context, the usability of two medical-grade
PDMS (restricted: Silpuran 2430; unrestricted: Nusil Med 4850) in combination with
PAMAA is shown in the present study. The general principle of the curling and hugging
actuation results from the use of a bimorph actuator consisting of a pure silicone rubber
shaft containing electrodes and wires and a silicone rubber-hydrogel composite attached
on top of the electrode shaft. The dehydrated hydrogel particles that are compounded
into the silicone rubber may swell under water uptake, which leads to the desired curling,
as reported by Walling et al. [23]. In our approach, the Ringer solution was used as a
substitute for human perilymph [24,25]. The experiments were designed to evaluate the
biocompatibility and swelling behavior as well as the functionality of the actuator in
Cl-like samples.
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1.2. Fundamental Physical Processes

This section derives a general description of bending actuation based on swelling tests
and visual inspection of the bent test specimen. For the free swelling tests, hydrogel-PDMS
composite samples were used, as described in Section 2. For this bending study, bimorph
actuators, as given in design B of the same figure, were considered. From literature and data
sheets, the following parameters were available: the Young’s modulus of the pure silicone
rubber (Eppms) and its density (pppms), the density of the dry hydrogel (™ d1), and the
weight fraction of the dry hydrogel contained in the silicone rubber matrix (fg). As the
considerations presented in the following sections only address the final steady states, we
do not take the particle size into account, which has an influence on the dynamic behavior.

The measurable quantities obtained by visual inspection are the thickness of the PDMS
layer in design B (hppms) and the corresponding thickness of the composite layer in its
dry, initial state (heomp,init). After swelling, the quantity heomp,init Teaches the heomp fin
value according to the newly swollen state. The bending radius R of such a swollen test
specimen may also be assessed by visual inspection and fitting. The swelling process can
be described by analogy with osmosis, where the hydrogel acts as both a semi-permeable
membrane and receptacle. The osmotic pressure in the hydrogel is limited by the mechani-
cal stress corresponding to the maximum elastic deformation of the PDMS network during
hydrogel swelling, which must be balanced with the external osmotic pressure of the
perilymph/Ringer solution [26]. The amount of swelling can be calculated from the mea-
surements of the Ringer solution uptake of the free swelling composite samples (design A),
with m; indicating the initial weight of the sample in a dry state and m¢ indicating the final
weight of the same sample in a swollen state.

The physical bending model is based on the following considerations. It is assumed
that in the free-swollen composite material in specimens of design A, the effective net force
is zero. Actually, the internal osmotic pressure of the hydrogel phase in a swollen composite
sample is balanced by the opposite stress generated by the elongation of the interweaving
PDMS matrix. In contrast, the PDMS-hydrogel composite material in design B will have
regions of mechanical limitation of swelling. In particular, in the regions near the interface
of the PDMS/ composite layer, an effective pressure will predominate, which arises from the
internal osmotic pressure exceeding the reduced elongation of the PDMS but is balanced
by the remaining elongation induced into the pure, adjacent PDMS layer. The distribution
of this internal pressure from the PDMS/composite interface towards the freestanding end
of the composite is initially unknown and must be clarified by additional investigations.

In order to make stress and pressure accessible, the Ringer solution uptake of the
composite is transformed into the corresponding volumes. Starting from the known
quantities m;, my, and fy, the volumes V; and Vf can be calculated via the densities of the
PDMS (pppms) and the hydrogel phase in its dry (op,4,) and swollen state (0psw)

Vi:mi<1_fH+fH> (1)

PPDMS  PHdry

V. — m;i(1— fy) +mf—mi(1—fH)

@)
©PPDMS PH,sw
which yields the relative volume expansion v (expressed as (V—V;)/V)):
I=fu o m/mi=1+fu
v = PPDMS PH,sw ®)

1-fu fu
PPDMS + pH,dry

Due to the bending of the test specimen, we assume a radially increasing value of the
relative volume expansion v(r).

In a free swelling PDMS-hydrogel composite, the swelling is always isotropic, which
means that the linear expansion factor Al /Iy = {/v is the same irrespective of the spatial
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direction; we have to check this for the complex stress and pressure balance in design B.
However, it might be reasonable to expect that in the vicinity of the interface from the
composite to the surrounding fluid, almost free swelling is reached.

An approach with finite differences is sketched in Figure 1. On the upper left side, a
cross-section of design B is given. The bending here takes place out of the drawing plane
along the x-axis. The small inset shows that bending along the section plane and a small
segment of this circular bending was magnified and related to the bending radius R. This il-
lustrates that the bending of the PDMS composite is different from a classic bimorph, as both
layers undergo elongations Ax;, as can be seen in Figure 1. As indicated in the graph to the
right, the stress o in pure PDMS must increase from the fluid-PDMS interface (position R)
towards the internal PDMS composite interface (position R + hipppss). In the swollen compos-
ite material, on the other hand, it seems to obvious that there is an osmotic pressure p that
decreases towards the composite—fluid interface (position R + hppp1s + hcomp, fin). Thus,
the elongations along the X-axis of the composite in its swollen state are Axg, Axr,nppMS,
and AXR.uppMS+hcomp fin, @S graphically illustrated in Figure 1c. From the similar triangles
characterized by the hypotenuses denoted by R, R + hpppms, and R + hppms + Heomp fin, the
following equalities result:

Xo+Axg X0+ AXginppms X0 + AxRJthDMSJrhcom]z:,fin 4)
R R+ hppms R+ hppms + heomp,fin

e - r
X,
AXR*‘hPDMS‘*hcomp,fin 3 10

h 5 ; /Th

composite, ' composite,

initial 4 /’ final /
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| : i
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Figure 1. Swelling of cylindrical specimens “Design B”: (a) cross-section with pure silicone rubber
(gray) and dry, initial silicone-hydrogel composite (hatched) compartments, (b) cross-section showing
bending in (x-) direction due to swelling of the silicone-hydrogel composite, (c) calculation of
elongations in x-direction for given bending radius R and final height of the composite layer and
(d) schematic distribution of stress and pressure in PDMS and composite compartments.

Equation (4) can be rewritten as:

R+ hPDMS + hcomp,fin
1+ S<R + hppms + hcomp,fin)

R+ hppms
1 + S(R + hPDMS)

R = (1+¢(R)) = (1+¢(R)) ®)

where ¢ signifies the extensional strain or elongation at different interfaces of the composite
expressed as follows: &(R) = Axg/Axy, (R + hpppis) = Axg + hppas/Axg and e(R + hppps +
heomp fin) = BXR + hppms + Beomp fin/ Bxo. At the same time, it is assumed that an isotropic
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swelling at the composite—fluid edge can provide the necessary boundary condition for
the determination of all further parameters. This holds if shear moduli and transverse
contractions can be neglected, which leaves the sectional planes in the radial direction free
of forces. Furthermore, if the modulus of elasticity of the hydrogel in its swollen state makes
a negligible contribution to the Young’s modulus of the composite body compared to the
PDMS, one obtains Epp fin = (1 —fu)(opDMs/P H,dry) EppMms for the freely swollen composite
layer. Under the variable volume expansion v(r), this leads to:

1 _
Ecomp,sw(r) = Eppums o rj;H X (;1:);\45 (6)
Ary

Basically, both the stress in the PDMS and the pressure in the composite act like torques
on a one-armed lever with a pivot point at the center of the bending circle. These both sum
to zero, as otherwise, the pivoting point would become displaced. While the torques for the
PDMS layer can be easily specified, the pressure curve in the composite actually requires
the functional for equilibrium pressure via the volume-limited swelling of the hydrogel. In
this generalized form, one obtains the final relationship:

h (R +¢ R + h heom fin
0— <R+ Pl;MS) (R) ( > PDMS)EPDMS _ / P p(r,e(r))dr 7)
Jhppms

2. Materials and Methods
2.1. Sample Preparation

Two silicone rubbers were used to evaluate their suitability for the envisioned appli-
cation. Silpuran 2430 (Wacker Chemie AG, Burghausen, Germany) is a two-component
(RTV2) silicone rubber approved for human use in a restricted interval not exceeding
28 days. The two-component medical LSR NuSil® MED-4850 (Avantor Sciences, Radnor,
PA, United States) is approved for use in human implantation for a period of greater than
28 days. The components of both PDMS are mixed in a ratio of 1:1. Relevant PDMS
properties are shown in Table 1. Nusil Med 4850 has a tensile strength of 10.17 MPa and a
maximum elongation of 675%, while Silpuran 2430 has a tensile strength of 6 MPa and a
540% elongation. Therefore, mechanical stability after the expansion is expected for both
PDMSs [17,18].

Table 1. Material properties of Silpuran 2430 and Nusil Med 4850 [17,18].

Silpuran 2430 Nusil Med 4850
Curin 10 min 5 min
& at135°C at 150 °C
Biocompatibility Restricted (<28 days) Unrestricted
o Room temperature R,
Polymerization polymerized (RTV 2) Liquid Silicone Rubber (LSR)
Hardness Shore 20 50
Tensile strength 6 MPa 10.17 MPa
Elongation at rupture 540% 675%

11ISO 888; 2 According to ISO 10993-5 no cytotoxicity.

Samples consist of either Silpuran 2430 or Nusil Med 4850 mixed with the hydrogel
powder (polyacrylamide/-acrylate (PAMAA) (AC33-GL-000110, Goodfellow, Hamburg,
Germany)). Three sample designs were used for the investigation (see Figure 2). Sample
design A was used to investigate basic material properties. Sample designs B and C were
exclusively produced with the unrestricted medical LSR Nusil Med 4850 and were used for
proof-of-principle observations. For samples B and C, the compound was added onto a
silicone rubber layer to investigate the interactive material behavior in the course of the
swelling process and to evaluate the compounds’ readiness to use as an actuator on Cls.
The sample design A and B size (see Figure 2) results in a surface-to-volume ratio of 1.7 mm,

101



Polymers 2022, 14, 1766

which is close to that of CI electrode array, as can be seen in Figure 2. Sample design C had
measures in accordance with cochlea measurements. The molds for sample designs A and
B were 3D-printed (Formlabs, Berlin, Germany) with artificial resin (Clear resin, Formlabs,
Berlin, Germany). The mold for sample type C was produced manually with acrylic glass.

A | POMS-PAMAA wy, =w, = 2.5mm
g [ POMS-PAMAA | Ry =1.2mm
PDMS h, = 0.Bmm
" 1= 20mm

FDMS-PAMAA PDMS

¢ } .
C : —
dp = 0.65mm d, = 0.30mm
| \

[ = 35mm

Figure 2. Schematic of the three sample designs, where w, h, and 1 are the width, height, and length
of the outlined samples, respectively. (A): Rectangular design consisting of one-layer composite
compound material; (B): rectangular piggy-back design: the bottom layer is the silicone rubber,
and the upper layer is the compound material; (C): CI-shape design with an additional layer of
composite material.

Since the grain diameter is 2.5 mm, PAMAA granules were ground and sieved into
different grain-size fractions to evaluate the influence of grain size on the actuator’s per-
formance (see Appendix A.1). Three grain-size fractions were produced using a ball
mill (Pulverisette 23, Fritsch, Idar-Oberstein, Germany). The first fraction contained all
grains with a diameter (&) < 20 pm, the second fraction consisted of 20 um < @ < 50 pm
(diameter) grains, and the third fraction contained 50 ym < @ < 100 pm (diameter)
grains. The particle size distribution of these fractions was determined statistically us-
ing a helium-neon laser for optical spectrometry (HELOS) sensor (Sympatec GmbH,
Clausthal-Zellerfeld, Germany).

In preliminary tests, several PAMAA contents from 10 wt% up to 40 wt% were investi-
gated. Samples with initial hydrogel percentage of >30 wt% exhibited very high volume
expansions, unfit for the dimension in the inner ear. Therefore, this study focused on
PAMAA hydrogel fractions between 20 and 30 wt%, as given in Table 2. Silicone rubber and
hydrogel particles were mixed together by means of a speed mixer (Hauschild Engineering,
Hamm, Germany) at 3500 rpm. As displayed in Table 2, sample designs B and C were not
prepared with the smallest grain-size fractions. This was the result of the low amount of
the respective powder after long grinding and sieving processes. It was decided to first
evaluate the other fractions. Sample design C was then only prepared with the medium
grain-size fraction due to the results from sample design A.

2.2. Swelling Tests

To investigate the hydrogel swelling, samples were stored in Ringer solution for up to
28 days in a dry cabinet at 37 °C. Test containers (microboxes made of PP) were filled with
10 mL Ringer solution (Berlin-Chemie AG, Berlin, Germany), then dry samples were added
after measuring the initial weight. The samples” weight change was measured eight times
in one-hour steps after initial weighing. Then, measurements were completed in 24 h steps
for seven days, followed by one measurement per week. Before weighing, samples were
dabbed lightly on a tissue wipe to remove any adhering liquid drops. The swelling ratio
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was plotted vs. the square root of time. For sample designs B and C, the values of radii of
each sample and their corresponding median were determined using GraphPad Prism.

Table 2. List of manufactured samples with designs according to Figure 2. The investigated silicone
rubbers are given for each design, as well as the PAMAA particle size and the respective weight
percentage used in the compounds.

PAMAA Particle Size Layer Height Material Combinations
Samples of design A Silpuran 2430 + PAMAA | Nusil Med 4850 + PAMAA
<20 pm 20 wt%, 25 wit%, 30 wt%
20-50 pm n = 6 samples each
50-100 um P
Samples of design B Nusil Med 4850 + PAMAA
20-50 pm 20 wt% | n = 6 samples
50-100 pm 20 wt%, 25 wt%, 30 wt% | n = 6 samples each
Samples of design C Nusil Med 4850 + PAMAA
Basal 0.65 mm o |1y =
20-50 pm Apical 0.30 mm 20 wt% I n = 3 samples

2.3. Biocompatibility Tests

For first biocompatibility information on the silicone rubber-hydrogel, the water-
soluble tetrazolium dye assay (WST-1 assay, Cell proliferation Reagent WST-1, Roche
GmbH, Basel, Switzerland) was used in accordance with EN ISO 10993-1-19. Further
information can be found in Appendix A.2. If the cell viability was confirmed, consecutive
tests need to be performed in later steps of the conformity-evaluation procedure.

3. Results and Discussion
3.1. Hydrogel Processing and Particle Size Distribution

Hydrogel with an initial particle size of 2.5 mm was ground and sieved to generate
three particle-size fractions. Several iterations of the grinding process were necessary to
obtain sufficient material for n = 6 samples for each of the three weight percentages under
evaluation (20 wt%, 25 wt%, 30 wt%). Only small amounts of particle size fraction <20 pm
were produced due to rapid reagglomeration of the hydrogel particles.

Optical spectroscopy (laser scattering/diffraction) was performed to determine the
particle size distribution in the investigated grain-size fractions. Both cumulative and
density distributions were calculated. For each sample, three measurements were taken
that showed varying median values of particle sizes depending on the sieve mesh size.

Figure 3 shows a distribution diagram with both cumulative and density distributions
obtained through laser diffraction for hydrogel powder of the grain-size fraction <20 pm.

xi0 = 12.44 pm xsp = 27.08 pm xo0 =51.58 pym
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Figure 3. Exemplary distribution diagram of mean particle size distribution measured via spec-
troscopy (laser scattering) showing cumulative and density distributions for one sample of the
grain-size fraction <20 pum. Measurement was repeated three times (see Table 3).
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Table 3. Laser diffraction results of hydrogel particle size distribution of the grain size mass fractions
<20 pm, 20-50 um, and 50-100 pm. Three averaged median values (1 = 3) for each size distribution

are shown.
50-100 (um) 20-50 (um) 0-20 (um)
Median (xsg) 77.39 48.00 28.34
Standard deviation 6.38 1.01 1.26

After sieving with a mesh size of 20 um, the particle fraction was expected to consist of
particles <20 pm, while spectroscopy results showed a median for one sample of 27.08 um
(marked red). As can be seen in Figure 3, a large number of particles with higher grain
size was detected, while a lower quantity of particles with grain size smaller than <20 pm
was recorded. Particle sizes as median and standard deviation values averaged over
three measurements are listed in Table 3. With the exception of the smallest fraction, the
PAMAA has median values that correspond to the grain-size mass fractions expected
after sieving. In the following, the ranges of the grain size distribution are replaced by
the measured grain-size fraction median values of 77 pm (replacing 50-100 pm), 48 pm
(replacing 20-50 pm), and 28 pum (replacing 0-20 pm).

It is known that the process of mixing silicone rubber with crosslinked fillers in
elastomers requires the break-down of the pellets for efficient dispersion of pellet fragments
as small micro-scale particles [27]. The smallest possible grain-size fraction proposed in
our approach was 20 um, with a measured median value of 28 um. Assuming the 20 um
sieve is flawless, this result confirms a particle aggregation after the sieving procedure.
During hydrogel manufacturing, reagglomeration is a known problem caused by, e.g.,
residual water [28]. Reagglomeration is likely to occur due to water uptake of the hydrogel
particles in our processing and storage environment. Yet, the agglomeration mainly seems
to occur for particle sizes <20 pm. Yanagioka et al. reported that the agglomeration of
inorganic particles in polymeric composite materials is fundamentally important but not
yet completely understood [29]. Their study also reported a relationship between particle
distribution within a polymer matrix and some composite mechanical properties, such as
agglomeration and swelling [29].

3.2. Swelling Tests
3.2.1. Design A—Hydrogel-Silicone Rubber-Compound Properties

The sample weight measurements indicate a rapid mass increase during the first 24 h
after immersing the sample in Ringer solution. An increase in hydrogel concentration
induces a significant increase in the degree of swelling, which is, however, influenced by
the PDMS matrix. Figure 4 shows a sample of design A, which exhibits a typically uneven
surface structure after the swelling process. This structure is due to inhomogeneous particle
distribution in the initial compound. Based on the fact that swelling behavior is dependent
on the hydrogel fraction, the crosslinking density, and the particle grain size [30], three
parameters were evaluated in our study, including the influence of the silicone rubber
matrix, the initial hydrogel content, as well as the hydrogel particle size, and will be
discussed in the following. In general, the samples showed a rapid weight increase during
the first 24 h after being placed in the Ringer solution. PAMAA-Silpuran 2430 samples all
show a rapid water uptake in the first 24 h. Regarding the swelling characteristics, samples
with the highest particle content (30 wt%) dispersed into Silpuran 2430 show the highest
volume swelling ratio (max. 370%), while the compound with the lowest amount of dry
hydrogel (20 wt%) led to the lowest volume swelling ratio (max. 156%) (for comparison, see
Figure 5). For the initial hydrogel percentage of 20 wt% and 25 wt%, the maximum volume
swelling increases with an increase in grain size. Thus, for an initial hydrogel amount of
25 wt%, the highest results are 164% (28 pm mean grain size), 214% (48 pm mean grain
size), and 256% (77 pm mean grain size). However, this fact could not be observed for the
30 wt% hydrogel. For this initial hydrogel amount, the highest volume swelling ratio was
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obtained for a grain-size fraction of 48 um. The grain-size fraction influences the duration
of water uptake until the saturation point is reached.

Figure 4. Optical microscopy image of sample design A representing Nusil Med 4850-PAMAA in
swollen state (672 h). Hydrogel particle size fraction was 77 pm, and hydrogel content was 30 wt%
prior to swelling.

Nusil Med 4850-PAMAA samples showed a steep increase in swelling ratio over the
first hours of tests until they reached a saturation point. After this point, the swelling
evolved much slower and mainly depended on the hydrogel particle size. Overall, for the
smallest and the largest grain-size fractions, the swelling ratio was leveled down around
the saturation point. In contrast to the compounds made of Silpuran 2430, the smallest
grain-size fraction contained in the Nusil Med 4850-PAMAA composite led to the highest
swelling ratios (187%/30 wt% PAMAA), and the highest grain-size fractions (77 pm) led
to the lowest maximum swelling ratios (113%/25 wt%). In the case of hydrogel particles
with a mean grain size of 48 um, the swelling ratio followed a descending tendency to an
equilibrium value after reaching the saturation point. For the smallest and medium grain-
size fractions of hydrogel, an increased amount of PAMAA led to an increased swelling
ratio. This was not true for the samples containing the highest grain-size fractions, where
the highest initial weight percentage of PAMAA exhibited the lowest swelling ratio.

For test results with Silpuran 2430-PAMAA, the lowest grain-size fraction of 28 um and
the highest fraction of 77 um displayed lower swelling ratios compared to the middle grain-
size fractions with 48 um particles. However, this trend cannot be observed for tests with
Nusil Med 4850-PAMAA. Here, the lowest grain-size fraction indicated the highest swelling
ratios, while the middle and greatest grain-size fractions had similarly low swelling ratios.
As can be observed for several material combinations (see Figures 5 and 6), the swelling
ratio decreased after reaching equilibrium. This is assumed to be due to particle loss. In
general, the Nusil Med 4850-PAMAA composite samples achieved a lower equilibrium
swelling compared to samples composed of Silpuran 2430 (see Figures 5 and 6) for each
grain-size fraction. The time until a saturation point was reached differed significantly
for both silicone rubbers, irrespective of the amount of hydrogel or grain-size fraction. A
possible explanation goes in parallel with the leaching as seen above: Nusil has a weaker
interaction with the hydrogel, which speeds up the water uptake. Silpuran holds the
particles tighter, which slows down the swelling. This indicates that the experiments
can be modeled with the described equations in Section 1.2. Another difference in the
swelling behavior between the silicone rubbers is that PAMAA with Silpuran 2430 exhibits
higher swelling ratios than PAMAA with Nusil Med 4850. In the context of sodium
polyacrylate, the dependence of the shear modulus on swelling behavior results in an
ascending tendency. Additionally, the osmotic swelling pressure and the elastic modulus
strongly depend on the ionic composition of the surrounding fluid [26]. Among many
things, the Young’s modulus and Shore hardness seem to influence the swelling ratio. Our
performed swelling measurements show the following: the Nusil Med 4850 (hardness
Shore 50)-based composites displayed lower swelling ratios compared to those obtained
for Silpuran 2430-based hydrogels, for which the rubber component was characterized by a
lower Shore hardness (20) and, consequently, by an augmented elasticity. This leads to the
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conclusion that increased Shore hardness leads to decreased elasticity and, therefore, to
reduced hydrogel swelling in the network.
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Figure 5. Mean swelling ratio over square root of time (total swelling time: 672 h) for Silpuran
2430-PAMAA composite samples with initial hydrogel content of 20 wt%, 25 wt%, and 30 wt%. Error
bars indicate standard deviation for test samples with hydrogel particle size (median) of (a) 28 um,
(b) 48 pm, and (c) 77 um. For each material combination, n = 6 samples were investigated.
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Figure 6. Mean swelling ratio over square root of time (total swelling hours: 672) for Nusil Med
4850-PAMAA composite samples with initial hydrogel content of 20 wt%, 25 wt%, and 30 wt%. Error
bars indicate standard deviation for test samples with hydrogel particle size (median) of (a) 28 um,
(b) 48 um, and (c) 77 pm. For each material combination, n = 6 samples were investigated.

3.2.2. Design B—Bimorph Hydrogel-Silicone Rubber-Composite on Silicone Rubber Base

The casting mold for manufacturing samples with design B proved to be difficult
since the composite layer had to be applied onto a layer of pre-vulcanized silicone rubber.
Nevertheless, the resulting interface proved to be mechanically stable enough to withstand
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delamination after water uptake of the hydrogel phase (see Figure 7). Figure 8 shows the
mean swelling ratio as a function of the square root of time for Nusil Med 4850-PAMAA
samples with a grain-size fraction of 77 um.

Figure 7. Optical microscopy image of swollen sample design B using Nusil Med 4850-PAMAA:
swelling medium—Ringer solution; swelling time—168 h; hydrogel particle size fraction—77 pum;
initial hydrogel content—20 wt%.
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Figure 8. Mean swelling ratio over square root of time (total swelling time: 672 h) for Nusil Med
4850-PAMAA composite design B samples with initial hydrogel concentration of 20 wt%, 25 wt%, and
30 wt%. Error bars indicate standard deviation for test samples with hydrogel particle size (median)
of 77 um. For each material combination, n = 6 samples were investigated.

In comparison to samples of design A, the samples of design B displayed a distinctly
lower swelling ratio with a Ringer solution absorption, attaining a maximum at a relatively
early stage of swelling and then slightly deswelling until equilibrium was reached. The
swelling ratio of sample design B with an initial hydrogel content of 30 wt% did not reach
60% during the first 24 h. In the course of the next measurements until 336 h, the maximum
value of the swelling ratio declined by up to 45%. Samples with 25 wt% PAMAA reached
a maximum swelling ratio of 55% after 8 h, and Ringer solution saturation was detected
after 336 h at 45%. Samples with 20 wt% hydrogels have a maximum swelling ratio of 45%
after 72 h. After 336 h, saturation was measured at 41%. Compared to the results of design
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A with the same material composition and grain size, a reduction in half of the swelling
ratio from 100% to 56% was found. In general, the lower swelling ratios were caused by
the silicone rubber’s retarding force given by an additional PDMS layer, which is the solid
part within the process for inducing the matrix bending apart from swelling. This is also
confirmed and was expected according to the theoretical description of the swelling process
in Section 1.2.

To evaluate the swelling calculations mentioned in Section 1.2, cross-sections of sam-
ples of design B were evaluated and measured, as seen in Figure 9.

Figure 9. Cross-sections of design B samples with (A) initial hydrogel content of 20 wt% and a
hydrogel particle size of 48 um, and (B) initial hydrogel content of 30 wt% and a hydrogel particle
size of 77 um.

Based on the considerations in Section 1.2, a computational model was set up in
which all known parameters were first included. These were the density of the silicone
elastomers pppyms = 0.965 g/mL and their Young’s modulus of Eppyjs = 6 MPa, as well
as the density of PAMAA in the dry state py 4, = 0.75 g/mL. The density of PAMAA in
the swollen state reaches that of water pp s, = 1.0 g/mL. For further comparison, data on
free-swelling Nusil specimen A were evaluated and converted to volume increases. The
mass increases my/m;, which is in the range of 2.0-2.8, were thus transferred to enlarged
volumes towards 149%-198%. A rough comparison of the linearly achieved elongations in
design B (see Figure 9) shows rather larger values compared to those resulting from the
measurements with specimen A. From this, it was concluded that free swelling of specimen
B at the free end of the composite layer (Hcomp fin) was achieved with high probability, and
therefore the main working hypothesis of the approach in Section 1.2 holds. Thus, for the
specimen shown in Figure 9a (fy = 20%, 48 um size fraction) with hppyss = 0.8 mm and
heomp,i = 1.2 mm OF Heopy iy = 1.5 mm, a radius of curvature of 7.6 mm was achieved. The
elongation at the free end of the composite € (R + hippps + heomp,fin) Was subsequently found
to be 0.20 and was very close to the value of 0.186 obtained from the associated data of the A
designs. The corresponding Young’s modulus of the swollen silicone-hydrogel composite
averaged Ecomp,sw = 3.7 MPa. The mean pressure in the swollen hydrogel composite was
thus 0.68 MPa. The mean stress in a layer of pure PDMS was 0.97 MPa. The stress in the
PDMS composite interface reached a value of 1.67 MPa, assuming a linear pressure profile
in the composite.

This very consistent picture achieved with the 48 pm particles in design B is no longer
reached for the 77 um fraction. For hgopy fin, only 1.4 mm is measured, which means that
the elongation of 0.14 was below the maximum value of 0.15 from the measurements with
design A. Additionally, the bending radii reaching 14 mm indicated the partial detachment
of the hydrogel. Nevertheless, the calculated stress along the inner interface still reached
values of 1.2 MPa.
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3.2.3. Design C—CI Shape with Silicone Rubber—Hydrogel Top Layer

Figure 10 shows a sample consisting of Nusil Med 4850-PAMAA in a dry state, while
Figure 11 displays two examples of Nusil Med 4850-PAMAA after 168 h and 336 h of
swelling in Ringer solution, proving excellent interlayer adherence. The samples proved
to be mechanically stable even after a total swelling time of 672 h. The expected curving
was achieved. The achieved curvature radius for one sample of design C (Figure 11b) was
3.9 mm for the basal and middle section and 3.1 mm for the apical section. The determined
radii for all samples are listed in Table 4.

silicone rubber-
hydrogel-layer

silicone rubber
layer

Figure 10. (a) Optical microscopy images of sample design C of Nusil Med 4850-PAMAA (25 wt%
hydrogel particle size fraction of 48 um) in dry state deposited on Nusil Med 4850 imitating a CI. (b) is
an enlargement of image (a).

silicone rubber layer

; \ silicone rubber-hydrogel-
%\ composite layer

X o

Figure 11. Optical microscopy images of two samples of design C manufactured with Nusil Med
4850-PAMAA (20 wt% hydrogel particles; grain-size fraction 48 um) deposited on Nusil Med 4850 as
a substrate. Samples are shown after (a) 168 h and (b) 336 h in Ringer solution.

The volume swelling ratios of design C being lower than those of sample design A
was likely due to the same effect as for sample design B. However, the swelling ratios of
the CI shapes (about 40%) and the samples of design B (between 40 and 55%) achieved
quite similar swelling values. As listed in Table 4, the determined radii of samples of
design B (10.9-16.6 mm) are considerably higher than those of the samples of design C
(between ~2.5 and 3.9 mm). This is assumed to be due to the different sample geometries.
Samples of design B consist of a PDMS layer with a significantly higher thickness and
therefore stiffness, which inhibits the curvature. In contrast, the CI-shape design facilitates
an increased curvature due to its thinner PDMS layer and thin diameter towards the apex
of the array.
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Table 4. Curvature radii determined for samples of designs B and C.

HydrogeloContent Gra.l n-Size Individual Radii for the Samples Prepared (S1-S6) (mm) Mean Radius
(Wt%) Fraction (um) (mm)
Design B

S1—17.4 S2—7.7 S3—7.5
20 48 S4—87 S5—9.8 S6—14.4 109
S1—15.9 52—12.0 S3—12.6
20 77 S4—56 S5—12.3 S6—14.8 122
S1—14.4 S52—21.2 53—16.2
25 77 S4—16.5 S5—16.2 S6—15.2 16.6
S1—13.7 S2—17.5 53—13.3
30 77 S4—14.0 S5—11.4 S6—18.8 14.8
Design C
basal section—3.9
20 48 S1 middle section—3.9
apical section—3.1 3.6
basal section—2.5
20 48 S2 middle section—1.25 1.9

apical section—1.87

In design C, only two test samples were fabricated with 20% hydrogel content in the
48 um particle size fraction. In the Ringer solution, both samples showed 360° full-circle
bending after 168 h and even achieved two complete turns after 336 h. One of the samples
reached a mean bending radius of 3.6 mm and showed a loss of swollen layer thickness of
about 100 pm in the visual inspection. The second sample, on the other hand, achieved
a mean bend radius of 1.9 mm and the best value of 1.25 mm in the middle range. At
300 um PDMS thickness and initial composite thickness of 350 um in the basal region, the
linear swell increase was 17%, and the corresponding isotropic volume increase was 60%,
respectively. The elongation at the free-swelling end was 14.6%, well below the theoretically
expected value of 18.6%. The stress values were 0.63 MPa on average, 1.1 MPa at the inner
interface, and the mean pressure prevailing in the composite was 0.49 MPa. Overall, these
values were very similar to the test specimen described above according to Design B with a
77 pum particle size fraction. That is, a loss of hydrogel particles may still have occurred here
as well. Overall, the achievement of two full circles exceeds the minimum requirements of
1.5 revolutions or 540° as established for CI. The local achievement of a 1.25 mm bending
radius would fit even the narrowest apical turn in the human cochlea, whose radius is
about 1.3 mm. Even though the number of specimens is statistically small and no further
parameter variations are available, it is clear that as the specimen dimensions decrease, the
bending radii also decrease while the internal stress and pressure ratios remain the same.
The possibility that leaching also occurs in the 48 um particle size fraction with thinner
coatings requires further investigation.

In addition, the observed volume increase in such actuating implant shafts results
in diameters lower than the dimensions of the human scala tympani [31]. This indicates
that the usage of a swelling actuator does not bear the danger of damaging the basilar
membrane by shear force through swelling. Additionally, the implant will not completely
fill the space in the scala tympani and therefore will not induce the risk of displacing the
remaining perilymph by filling space, which could affect homeostasis.

3.3. Biocompatibility Tests

The tested composite samples displayed an open-pore and flexible surface. In the
first in vitro investigations, cells were reluctant to grow on the surface, and microscopic
evaluation was complicated due to cells growing in different dimensions. Furthermore,
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the absorption of the cell culture media by the samples quickly left no conditions for cell
proliferation. Since the aim of the tests was to evaluate the materials’ biocompatibility and
not the cell growth on the material surface, a WST test was completed using cell culture
media conditioned with the composites.

Figure 12 shows light microscopy images of the cell morphology and proliferation in
a well with conditioned media (Figure 12a) and the negative control (Figure 12b). Due to
good cell proliferation, a cell layer of 100% confluence was developed.

Figure 12. Light microscopy images of a layer of NIH-3Te fibroblast cells grown in well plates for
evaluation of cell morphology and proliferation: (a) cells in media conditioned with Nusil Med
4850-PAMAA composite samples and (b) the negative control. Cells in both wells showed normal
morphology and proliferated as expected.

The cell viability results of each test repetition with n = 6 samples were evaluated.
Results of the third repetition were considerably lower, with 51 + 5.1% for Silpuran
2430 + PAMAA and 58.2 & 7.6% for Nusil Med 4850 + PAMAA when compared to the
general results obtained. This could have been due to unintentional experimental faults.
Except for the situation mentioned above, Silpuran 2430-PAMAA samples showed cell
viability higher than 70%. In Figure 13, a summary of WST-1 tests with each material
combination and the negative control is plotted. While cells cultured in Nusil 4850-PAMAA-
conditioned medium exhibited a mean cell viability of about 80%, the Silpuran composite
showed a slightly higher value of 83%.

WST-1 assay

120

100

80

—t—
—t—

60

40

MEAN CELL VIABILITY [%]

20

Nusil4850 + PAMAA Silpuran2430 + PAMAA Neg.K. DMEM

Figure 13. WST-1 biocompatibility results of Silpuran 2430-PAMAA and Nusil 4850-PAMAA samples
repeated four times with 1 = 6 samples, mean + standard deviation, and negative control. Mean
cell viability for all repetitions corresponding to each material combination was calculated. All
composites, irrespective of particle size and percentage of the hydrogel phase, yielded the same result
of over 70% cell viability.
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These high cell viabilities of more than 70% are generally declared to be non-toxic
sample reactions and are positive for a first biocompatibility evaluation. However, further
testing of possible interaction reactions of silicone rubber with PAMAA has to be performed
according to ISO 10993-5. In addition, long-term biocompatibility tests also have to be
performed in future experiments.

To our knowledge, reports in the literature on the biocompatibility of pure PAMAA
do not exist. However, nanocomposite hydrogels based on PAMAA have been investigated
as biomaterials for tissue engineering. When implanted subcutaneously in mice, these
nanocomposite hydrogels showed good biocompatibility with the absence of an immune
response [32].

4. Conclusions and Outlook

A curved unwired cochlear implant shaft based on a PAMAA hydrogel-PDMS rubber
composite as a swelling actuator with bending radii close to the typical apical geometry
of human cochlea was successfully manufactured. Even though the crosslinked PAMAA
hydrogel is solely characterized by a maximum water uptake of 400%, its mixture with
PDMS (with an initial hydrogel content ranging from 20 to 30 wt%) led to swelling ratios
of up to 375% (Silpuran 2430) and up to 190% (Nusil Med 4850). However, in a swollen
state, the hydrogel-PDMS composite was still able to exert the necessary bending forces on
a PDMS rubber substrate to which the composite was deposited and adhered. The internal
interfaces of swelling and stretched materials withstand these forces well and steadily.
In addition, the only slight volume increase suggests no danger of damaging the basilar
membrane by too much swelling nor misbalancing the homeostasis by reducing the free
space in the scala tympani. In the final design, CI arrays with the possible variants of inter-
nal connecting wires must still be tested. Here, there is a chance that the fine wires could
minimize the elongation of the pure silicone rubber, which, according to our estimations,
could further improve the curvature properties of the electrode shafts. Additional potential
for optimization lies in the use of higher particle concentrations with smaller particle size
fractions if these become able to be processed. However, further challenges of biocompati-
bility have to be considered. Modified hydrogels with similar swelling capacities have to
be developed as well as methods to process hydrogel fractions with a very low particle size
(in our case, <28 pum) to avoid agglomeration as an undesirable phenomenon.
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Appendix A
Appendix A.1 Sample Preparation

The grinding process was started with two grinding balls with a 15 mm diameter for
30 min with a frequency of 30 s 1. Subsequently, the material was ground with 30 grinding
balls with a 5 mm diameter at a frequency of 30 s~! for 50 min. After grinding, the powder
was sieved using a vibratory screening machine (Analysette 3 Pro Fritsch, Idar-Oberstein,
Germany) with an amplitude of 1 mm and a sieving duration of 60 min. Sieve mesh sizes
of 100 um, 50 pm, and 20 um were used. Due to the rapid agglomeration of the hydrogel
particles, the sieves became clogged often and had to be cleaned with purified water in an
ultrasonic bath. All powder with the desired grain-size fraction was stored. The rest was
ground again following the described procedure.

Appendix A.2 Biocompatibility Tests

By determining the metabolic activity of native murine NIH-3T3 fibroblasts, the
samples were evaluated in line with ISO 10993-5. Due to the high water absorption of
the hydrogel, tests were performed with conditioned media instead of direct sample
contact. For each material (Silpuran 2430-PAMAA and Nusil Med4850-PAMAA), six
samples consisting of 0.8 mm? silicone rubber-hydrogel composite were tested. The
samples were autoclaved at 121 °C for 20 min in a 100 mL wide-necked Schott bottle.
Under sterile conditions, 20 mL of cell culture medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM, Biochrom, Berlin, Germany) with 10% fetal calf serum (FCS,
Biochrom, Berlin, Germany) and 0.5% L-Glutamin (Biochrom, Berlin, Germany) was added
to the bottle and incubated with the sample under cell culture conditions (37 °C/5% CO,)
for seven days in a slightly open bottle.

The conditioned cell culture medium was then aliquoted and frozen at —20 °C. For
the WST-1-Assay, 10,000 fibroblasts per well were cultivated for 48 h at 37 °C and 5% CO,
in the conditioned cell culture media (100 uL per well), the negative control (unconditioned
cell culture medium, proliferation under normal conditions), and the positive control
(DMSO, induces cell death). Then, 10 uL. of WST-1 solution was added to each well and
incubated again for 30 min (37 °C, 5% CO;). After the incubation period, the cleavage of
the tetrazolium salt WST-1 to formazan was measured with a multi-well spectrophotometer
(ELISA reader) and determined quantitatively. The measured absorbance correlated directly
with the number of viable cells, calculated by the mean optical density of a certain sample
and the negative control wells, which were set at 100% cell viability.
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Abstract: Over the past few decades, polyetheretherketone (PEEK) artificial bone joint materials
faced problems of poor wear resistance and easy infection, which are not suitable for the growing
demand of bone joints. The tribological behavior and wear mechanism of polyetheretherketone
(PEEK)/polytetrafluoroethylene (PTFE) with black phosphorus (BP) nanosheets have been investi-
gated under dry sliding friction. Compared with pure PEEK, the COF of PEEK/10 wt% PTFE/0.5 wt%
BP was reduced by about 73% (from 0.369 to 0.097) and the wear rate decreased by approximately
95% (from 1.0 x 10~% mm?/(N m) to 5.1 x 10~ mm?/(N m)) owing to the lubrication of the BP
transfer film. Moreover, BP can endow the PEEK composites with excellent biological wettability
and antibacterial properties. The antibacterial rate of PEEK/PTFE/BP was assessed to be over 99.9%,
which might help to solve the problem of PEEK implant inflammation. After comprehensive eval-
uation in this research, 0.5 wt% BP nanosheet-filled PEEK/PTFE material displayed the optimum
lubrication and antibacterial properties, and thus could be considered as a potential candidate for its
application in biomedical materials.

Keywords: black phosphorus; polyetheretherketone; lubrication properties; antibacterial properties

1. Introduction

For decades, the demand for artificial joints has been growing dramatically [1-3],
while the research and development of new artificial bone joints has attracted extensive
attention [4-6]. However, secondary injury after implantation, which is mainly caused by
postoperative infection and wear of materials [7], is a key issue.

Polyetheretherketone (PEEK), a thermoplastic material with outstanding comprehen-
sive properties, has been widely used in the manufacturing of aerospace items, electronic
information products, automobile manufacturing, pharmaceutical and medical devices,
etc., owing to its excellent biocompatibility, self-lubricating properties, chemical resistance,
and good formability [8-10]. Since PEEK was first introduced into orthopedic joints in
1987 [11], it has been extensively used in the manufacture of artificial bone joints [12,13]
and has been recognized by many medical device manufacturers and orthopedic surgeons
owing to its biomechanical properties similar to those of human bones [14-16]. Even
though its bioinertness remains a limitation for bone graft applications [12,17], PEEK im-
plant modification by adding zirconia [18-20], cobalt alloy [21], titanium alloy [22], and
so on improves the mechanical properties, biological activity, treatment of postoperative
infection, and inflammation regulation of bone graft. Although PEEK possesses high raw
material cost and high molding energy consumption [23], it exhibits the advantages of high
strength, high temperature resistance, and chemical corrosion resistance [24], which are
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difficult to be matched by other polymers. PEEK can also be applied to manufacturing high
value-added products [25,26].

Polytetrafluoroethylene (PTFE), an excellent solid lubricating material [27-29], has
good self-lubricating performance when combined with PEEK [13,30,31]. Lin et al. [30] re-
ported that the tribological characteristics of PEEK were enhanced by using a PTFE compos-
ite as a sacrificial tribofilm-generating part in a dual pin-on-disk tribometer. Haidar et al. [31]
reported that the physical nature of transfer film adhesion by PEEK/PTFE could increase
its wear tolerance to changes in environmental moisture.

Black phosphorus (BP), a novel graphene-like two-dimensional material, has been
successfully applied in the solid lubrication technology field [32,33] because of its unique
fold structure and interlayer interaction by the van der Waals force [34-37]. Moreover, BP
has broad prospects in biomedicine in virtue of the effect of bacteriostatic/bactericidal
effects without cytotoxicity [38—41]. However, research results of the dual functions of the
tribological and antibacterial properties mainly focused on the modification of alloy and
ceramic materials [42-45], and only a few studies concentrated on the evaluation of the
dual functions of PEEK and other polymers [7,46]. The main objective of this work is to
develop a new type of PEEK composite material formulation with double functions of
wear-resistance and antibacterial properties and dedicated to providing a new reference for
solving the problem of secondary injury of artificial bone joints (see Figure 1). Therefore,
the PEEK/PTFE/BP composite is evaluated from tribological and antibacterial aspects in
this work.

Future applications

Black phosphorus
(BP)

Figure 1. The schematic diagram and future applications of the PEEK/PTFE/BP artificial bone joint.

2. Materials and Methods
2.1. Materials

The PEEK purchased from Victrex (450P), Lancashire, UK was used as the matrix, and
the average particle diameter was 15 um. The PTFE with a mean particle diameter of 12 um
was supplied by DuPont (MP1300), Wilmington, DE, USA. Red phosphorus (RP) powder
(Aladdin, Shanghai, China, AR > 98.5%) with an average grain size of 15 pm was used
as the raw material to prepare the BP nanosheets. The materials used in the antibacterial
experiment were LB broth medium (Item No: A507002, Sangon, Shanghai, China), agar
powder (Item No: A505255-0250, Sangon, Shanghai, China), Staphylococcus aureus (control
No: ATCC29213, CGMCC), and phosphate buffered saline (Hopebio, Qingdao, China).
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2.2. Preparation of Black Phosphorus Nanosheets

BP nanosheets were prepared using the high-energy ball-milling technique with RP
as the raw material by using a planetary ball mill (Pulverisette 7, FRITSCH, Germany) at
a speed of 800 rpm for 36 h. The ball-milling process was carried out alternately in the
order of 25 min milling and 5 min suspension. The weight ratio of ball-to-powder was
20:1. Stainless steel balls with diameters of 4.5 mm, 6.5 mm, and 10.0 mm were employed
as the ball-milling medium, and the weight ratio of the ball grinding medium was 1:3:1.
After cooling down to room temperature naturally, the ball mill tank was unscrewed in a
nitrogen-filled glove box to collect BP and grind it for later use.

2.3. Preparation of PEEK/PTFE/BP Composite

Firstly, the powder mixtures of PEEK, PTFE, and BP were put into the ethanol (liquid-
solid mass ratio: 1:1), and the mixed solution was stirred for 0.5 h at room temperature.
After that, the mixed solution was poured into a ball mill tank and mechanically ground
at a speed of 300 rpm for 2 h. Then, the mixed powder was placed into a vacuum drying
oven at a temperature of 70 °C for 6 h. Afterwards, it was ground and filtered through an
800-mesh screen.

The mixed powder was pressed under a pressure of 100 MPa and sintered in a vacuum
muffle furnace at 360 °C. The sintering procedure is shown in Figure 2. Finally, the pre-
pared composite materials were pure PEEK (P1), PEEK/10 wt% PTFE (P2), PEEK/10 wt%
PTFE/0.5 wt% BP (P3).

Ball milling Drying the powders

PTFE — @
~ L
— ‘
Pre[ssure I
‘_I“A —,
Grinding
L ]
L |
Time (min) Cold sintering process

Figure 2. The schematic diagram of the preparation of PEEK/PTFE/BP composites through the cold
sintering process.

2.4. Frictional Tests and Characterizations

2.4.1. Characterizations of Red Phosphorous (RP) and Black Phosphorous (BP) Nanosheets
The use of X-ray diffraction (D/Max 2550, Rigaku, Akishima, Japan) and Raman

spectra (LabRAM HR Evolution, Horiba, Japan) with a laser of 532 nm and a power of

50 mW were adopted for the characterization of the RP and the prepared BP. The high

resolution transmission electron microscope (HR-TEM, FEI Tecnai G2-F20, Hillsboro, OR,

USA) was used to examine the morphology of the BP. Atomic force microscopy (AFM,
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Bruker Dimension ICON, Santa Barbara, CA, USA) was used to determine the thickness of
the BP.

2.4.2. Frictional Tests and Characterizations of PEEK Composite Materials

The tribotests of the composites were conducted with a universal mechanical tester
(UMT-5, CETR, Campbell, CA, USA) with a ball-on-disk configuration. GCr15 bearing steel
balls with a diameter of 4.68 mm and a surface roughness S, of 50 nm were chosen as the
tribopair materials, and they were rinsed with alcohol prior to each experiment. Tests were
performed under normal loads of 3 N at a frequency of 5 Hz, and the reciprocating friction
stroke was 5.0 mm.

The morphologies of worn tribopair surfaces were investigated by using the scanning
electron microscopy (ZEISS, Jena, Germany, GeminiSEM 300, Signal A = SE2, Vac < 1073 Pa,
beam current = 72.9 pA) and energy dispersive X-ray spectroscopy (Oxford Xplore30,
Oxford, UK). The wear volumes of the worn composite were measured using a 3D white
light interference surface topography device (Nexview NX2, Zygo, Middlefield, CT, USA).
The static contact angles of the composites were measured with 50 pL distilled water,
normal saline (AS-ONE, Osaka, Japan) and calf serum (Pingrui Biotechnology, Beijing,
China) by using a contact angle instrument (OCA-25, DataPhysics, Filderstadt, Germany).

2.5. Antibacterial Experiment by Film Sticking Method

The sample of PEEK/10 wt% PTFE, PEEK/10 wt% PTFE/0.5 wt% BP, and polypropy-
lene covering film were sterilized in alcohol for 30 min and dried to reserve. After dropping
100 uL S. aureus suspension cultivated by LB medium with a concentration of 10° CFU/mL
to the sample (size: 20 mm X 20 mm X 2 mm), the sample was covered with PP film using
sterile forceps to ensure that the bacteria contacted the sample evenly, and then kept in
a 37 °C incubator (SLI-1200, Sanyo, Osaka, Japan) for 24 h. The sample and the covering
film were washed with 9.9 mL sterile PBS solution (diluted 100 times), and the collected
solution was continuously diluted 10 times with the PBS solution. Then, the appropriate
dilution ratio of 100 pL bacteria solution was applied to the surface of the medium and
kept in a 37 °C incubator for 24 h. After culture, photos were taken in order to count the
colony values of all the plates. The antibacterial experiments (the procedure as described
in Figure 3) were repeated 3 times to reduce the experimental error. According to HG/T
3950-2007, the bacterial inhibition rate (%) was represented in Equation (1):

R (%) =(C — E)/E x 100% (1)

R: Antibacterial rate, % 2)

C: Concentration of control group, CFU/mL (©)]

E: Concentration of experimental group, CFU/mL 4)
C(E): CFU x dilution ratio x 10/mL, CFU/mL (5)
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Figure 3. The schematic diagram of the antibacterial experiment process.

3. Results and Discussion
3.1. Characterizations of RP and BP

According to the XRD analysis of Figure 4a, the XRD peaks of BP prepared by high-
energy ball milling were consistent with those of pure BP (JCPDS no.73-1358), with sharp
diffraction peaks and good crystallinity. Raman spectra confirmed the information about
the BP, as shown in Figure 4b. The characteristic peaks of BP appeared at 359.5 cm ™!,
434.0cm~ !, and 462.3 cm 1, corresponding to three atomic vibration modes Agl, Bzg, and
Ag? of the phosphorus atom, respectively [2]. Software digital micrograph analysis of the
HR-TEM image in Figure 4c showed that the lattice spacing of the prepared BP nanosheet
was 0.53 nm, which was attributed to d-spacing of (020) crystal lattices as reported in the
literature [32,47]. The lamella thickness of the BP nanosheet (see Figure 4d) was 5 nm,
which proved the ultra-thin morphological characteristics of the prepared nanosheets.
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Figure 4. The Raman spectra (a) and X-ray diffraction (b) of RP and BP nanosheets; the HR-TEM
image (c) and AFM image (d) of the BP nanosheets.

3.2. Tribological Properties and Analysis of Composite Materials

The coefficients of friction (COFs) of the samples under 3 N at the sliding speed of
50.0 mm/s were summarized and shown in Figure 5. The COF of pure PEEK was relatively
low at first, and then it gradually increased to 0.369. After the incorporation of 10 wt%
PTFE, the COF reduced from 0.369 to 0.178. After 0.5 wt% BP nanosheets were added
into the PEEK/PTFE composite, the lubrication performance of the composite was greatly
improved, and the COF reduced significantly, with a minimum COF of 0.097. Figure 5c
presented the wear rates of three samples P1, P2, and P3. The wear marks of the polymers
were summarized by using a three-dimensional interference surface topography device,
and the wear rates were calculated using ZYGO MetroProX software. Compared with pure
PEEK, the wear rate of the composite after the addition of 10 wt% PTEFE filler obviously
decreased from 1.0 x 10~* mm?®/(N m) to 4.3 x 10~°> mm?3/(N m). Similarly, the incorpora-
tion of BP significantly reduced the wear rate of the composite to 5.1 x 107® mm?/(N m).
On the whole, compared with pure PEEK, the COF reduced by about 73%, and the wear
rate decreased by approximately 95% for PEEK/10 wt% PTFE /0.5 wt% BP.
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Figure 5. Cont.
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Figure 5. The friction coefficients and wear rates of the samples. (a) Variation curves in the COFs as
a function of time for three samples; (b) The average COFs of three samples; (c) The wear rates of

three samples.

The SEM-EDX micrographs of the bearing steel ball surfaces after the dry friction
condition were presented in Figure 6. As can be seen from Figure 6a, the thick transfer film
formed on the spherical surface of the PEEK had so poor wear resistance that it easily fell off
and produced fragments during the reciprocating motion. The double formation of PEEK
and PTFE mixed transfer film (see Figure 6b) significantly reduced the COF. The transfer
film (see Figure 6c) formed on the spherical surface of the PEEK/PTFE/BP composite was
relatively smooth, thin, and uniform. The transfer film contained higher phosphorus (P)
and oxygen (O) elements (see Figure 6f), which proved that BP can form a stable transfer
film at the sliding interface. Because the BP layers were combined by van der Waals force,
the BP transfer film had good adhesion with the tribopairs, which can protect the tribopairs

from wear.
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Figure 6. SEM-EDX micrographs of the bearing steel ball surfaces sliding against different com-
posites: (a) pure PEEK; (b) EDX image of area 1; (c) PEEK/10 wt% PTFE; (d) EDX image of area 2;
(e) PEEK/10 wt% PTFE/0.5 wt% BP; (f) EDX image of area 3. (EHT = 10.00 kV, Mag = 160 x).

The SEM micrographs of the worn surfaces of different composites were shown
in Figure 7. Rough furrows were parallelly distributed on the PEEK worn surface (see
Figure 7a), showing severe adhesive wear. This was due to the dimensional cutting of the
PEEK materials by the micro convex body on the surface of the steel ball, resulting in the
plastic deformation and furrow effect of PEEK. The addition of PTFE (see Figure 7b) reduced
the mechanical wear to a certain extent. However, the worn surface of the PEEK/PTFE/BP
(see Figure 7c) was relatively smooth with very slight furrows. Therefore, BP reduced the
COF and improved the wear resistance of the PEEK composites.

3.3. Biological Wettability and Antibacterial Property

The static contact angle values of different composites under distilled water, normal
saline, and calf serum were shown in Figure 8. It can be clearly seen that there was no
significant difference between the contact angle values of pure PEEK and PEEK/10 wt%
PTFE for the three liquids mentioned. The PEEK/10 wt% PTFE/0.5 wt% BP showed the
optimum wettability with contact angle values of 76.9°, 69.3°, and 53.1° under distilled
water, normal saline, and calf serum, respectively. The addition of BP could diminish the
surface tension of the liquid and improve the biological wettability of PEEK composites,
which might reduce the biological responses for the implant materials.
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Figure 7. The SEM micrographs of the worn surfaces of different composites: (a) pure PEEK;
(b) PEEK/10 wt% PTFE; (c) PEEK/10 wt% PTFE/0.5 wt% BP. (EHT = 3.00 kV, Mag = 1600x).
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Figure 8. The contact angles of the composites with distilled water, normal saline, and calf serum.
(**: p < 0.01, ***: p < 0.001, statistically significant difference; PEEK vs. PEEK/PTFE, PEEK/PTFE/BP).

The photographs of the agar plates of S. aureus after incubation with PEEK/10 wt%
PTFE and PEEK/10 wt% PTFE/0.5 wt% BP were presented in Figure 9. The group of com-
posites added to BP can effectively inhibit the reproduction of S. aureus. The antibacterial
rates of PEEK/PTFE/BP calculated by three repeated experiments were 99.9% (see Table 1),
which were evaluated as class I strong antibacterial material based on HG/T 3950-2007.
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Many studies on BP nanosheets as antibacterial materials have been conducted [48-51],
indicating that the surface of BP nanosheets could produce reactive oxygen species, destroy
bacterial cell membranes, and inhibit bacterial reproduction.

R\ Z L

PEEK+PTFE

PEEK+PTFE+BP

Figure 9. Photographs of agar plates of S. aureus after incubation with PEEK/10 wt% PTFE and
PEEK/10 wt% PTFE /0.5 wt% BP.

Table 1. A summary of the antibacterial rates of three repeated antibacterial experiments.

Concentration of the Colon (CFU/mL) . .
Serial Number Antibacterial Rate
Control Group Experimental Group (%)
1 3.4 x 108 <104 99.9
2 5.8 x 10° <10* 99.9
3 1.5 x 10° <10* 99.9

4. Conclusions

In summary, this research investigated the tribological behavior and wear mechanism
of PEEK/PTFE with the addition of BP, and conducted biological wettability and the antibac-
terial experiments. Compared with pure PEEK, the COF of PEEK/10 wt% PTFE/0.5 wt%
BP was reduced by about 73% (from 0.369 to 0.097) and the wear rate decreased by ap-
proximately 95% (from 1.0 x 10~* mm?®/(N m) to 5.1 x 10~® mm?3/(N m)) owing to the
lubrication of the BP transfer film, making PEEK composite materials more wear-resisting
for use in artificial joint implants.

In addition, BP endowed the PEEK composites with excellent biological wettability
and antibacterial properties. It was measured that PEEK/PTFE/BP was considered as
class I antibacterial material owing to its antibacterial rate above 99.9%, which was helpful
to solve the problem of adverse infection reaction caused by PEEK materials implanted in
the body.

PEEK/PTFE/BP composites can realize blending and granulation, and are suitable for
3D printing and injection molding. Thus, it is expected that the research results will provide
a potential opportunity for an extensive range of applications for PEEK artificial joint
materials. The formulation is prior to commercial PEEK production, which still requires
improved mechanical properties and extensive clinical biological tests.
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Abstract: In this study, a novel polystyrene-block-quaternized polyisoprene amphipathic block
copolymer (PS-b-PIN) is derived from anionic polymerization. Quaternized polymers are prepared
through post-quaternization on a functionalized polymer side chain. Moreover, the antibacterial
activity of quaternized polymers without red blood cell (RBCs) hemolysis can be controlled by block
composition, side chain length, and polymer morphology. The solvent environment is highly related
to the polymer morphology, forming micelles or other structures. The polymersome formation would
decrease the hemolysis and increase the electron density or quaternized groups density as previous
research and our experiment revealed. Herein, the PS-b-PIN with N,N-dimethyldodecylamine as side
chain would form a polymersome structure in the aqueous solution to display the best inhibiting
bacterial growth efficiency without hemolytic effect. Therefore, the different single-chain quaternized
groups play an important role in the antibacterial action, and act as a controllable factor.

Keywords: antimicrobials agents; amphiphilic block copolymer; quaternized polymer; hemolysis; micelle

1. Introduction

Antibacterial agents are substances that can be added into materials to produce an-
tibacterial properties in order to directly kill bacteria or inhibit the growth of bacteria for a
long time. There are significant demands to develop new antibacterial agents while facing
severe challenges. Since most antibiotics function by releasing low molecular weight bio-
cide to kill bacteria or inhibit the growth of the bacteria, issues such as (1) rapid revolution
of resistance mechanism to cause ineffectiveness, (2) limited capability due to chronic and
repeating usage, and (3) environmental problems must be addressed. Consequently, the
number of new antibiotics approved for marketing per year declines continuously. Instead
of developing new antibiotics, the use of alternative antibacterial agents with different
mechanisms to eliminate bacteria, such as silver nanocomposites, host-defense peptides,
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and synthetic polyelectrolytes, have drawn increasing attention recently [1-5]. Most silver
nanocomposites have demonstrated good antibacterial ability; however, high nanosil-
ver concentration may cause harmful environmental impacts, as well as cytotoxicity and
genotoxicity in living organisms [6,7]. Host-defense peptides, usually found in the innate
immune system, kill bacteria by damaging the cell membrane or invading the cell when
approaching bacteria [8-10]. These antibacterial peptides generally have low cytotoxicity;
however, the expensive production and susceptibility to proteolysis will challenge the
success in further commercialization [11,12].

The synthetic polyelectrolytes bearing ionic groups, including phosphor-, sulfo- deriva-
tives, and ammonium groups, have drawn increasing attention recently since they can
be manufactured on a large scale with low cost, while killing bacteria in ways similar to
peptides [13-15]. In addition, the antimicrobial or biological activity can be manipulated
by tailoring the molecular structure, such as the molecular weight, density, and type of
ionic groups, and even by building random or block copolymers [16,17]. Of the polyelec-
trolytes, quaternary ammonium groups are the mostly explored of late due to promising
bacteria-killing performance and good environmental stability. Nevertheless, the positive
antibacterial property is usually accompanied by high cytotoxicity (hemolysis), which
becomes the most critical issue for the quaternized polyelectrolytes.

The balance between hydrophobicity and hydrophilicity of the polyelectrolyte is the
key to achieving good anti-bacterial activity and low cytotoxicity concurrently, which
may be achieved by molecular engineering on the polyelectrolytes. Homopolymers such
as polynorbornene can be feasibly synthesized via homopolymerization of designated
monomers [18]. However, tuning the hydrophobicity can only be achieved by changing the
chemical structure of the polymer backbone, which requires specific molecular engineering
on the monomer structure. Tew and colleagues have synthesized four polynorbornene
homopolymers with different backbone structures to tailor hydrophobicity, one of which
showed distinctive selectivity between anti-bacterial activity and hemolytic property [19].
In contrast to homopolymers, random copolymers can tailor amphiphilicity easily by
adopting different monomers in a variety of compositions [20-22]. Mizutani et al. have
prepared a series of degradable copolymers to examine the effect of polymer properties
on their antimicrobial and hemolytic activities. The acrylate copolymer with quaternary
ammonium groups and the acrylamide copolymers shows low or no antimicrobial and
hemolytic activities [23]. Directly combining the useful monomers with functional groups
selectivity is the advantage of random copolymer, but the lack of precise synthesis makes
it difficult to control the antibacterial activity, hemolysis, and even cytotoxicity. Sen et al.
have synthesized and compared series of amphiphilic pyridinium polymers, and observed
that the spatial positioning of the charge and tail significantly influences the toxicity of
these polymers. This result may be used as a guiding principle in the design of polymeric
antimicrobial compounds with reduced toxicity [24]. Song et al. have tested four series of
polymers with cationic and hydrophobic groups distributed along the backbone against
six different bacterial species, and for host cytotoxicity. In their study, the antibacterial
and hemolytic activities of polymers can be controlled by the exact distance of ammonium
groups along the backbone [25].

Compared to homopolymers and random copolymers, block copolymers are more ad-
vantageous in controlling the microstructures, which are not well discussed in most homo
or random copolymer literature. The antibacterial activity relates to the morphology in
solution. By varying the lengths of the constituent blocks or ratio of the amphiphilic blocks,
block copolymer could be transformed into a designated molecular structure [26]. Kenichi
Kuroda et al. have reported that the block and random copolymers with similar polymer
lengths and monomer compositions display the same level of bactericidal activity, but the
block copolymers display selective activity against E. coli over red blood cells (RBCs) [27].
In a previous study, we synthesized a polystyrene-block-quaternized polyisoprene amphi-
pathic block copolymer, denoted as PS-b-PIN for alkaline direct methanol fuel cells [28].
PS-b-PIN is amphiphilic block copolymer composed of a hydrophobic polystyrene (PS)
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segment and a quaternized polyisoprene (PIN) segment bearing pendant quaternary am-
monium groups attached to the polyisoprene backbone via alkyl spacers. Since PS-b-PIN is
amphiphilic block copolymer and contains many of quaternized side chains, it can be used
as an antibacterial agent. Herein, we assembled the prepared PS-b-PIN with different long
side chains into large polymersomes in the buffer solution to serve as antibacterial agents.
Through precise synthesis of block copolymer, the antimicrobial activities can be controlled
and polymer morphology manipulated to examine the relationship between them.

2. Materials and Methods
2.1. Materials

PS-b-PIN with different long side chains was provided by author Chi-Yang Chao
from the Department of Materials Science and Engineering at National Taiwan University
(NTU). Tetrahydrofuran (THF, Reagent Grade) was dried from a mixture of sodium under
nitrogen atmosphere. Ethanol (>99.5%), dimethyl sulfoxide (DMSO), human hemoglobin,
Triton X-100, and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Surface Charge Determination of PS-b-PIN

The PS-b-PIN stock solutions with different side chain length were diluted by ddH,O
to 1000 ppm. The zeta potential of the prepared PS-b-PIN solutions were determined
using a Zetasizer Nano-Z590 (MalvernInstruments Ltd., Malvern, UK), based on laser
Doppler electrophoresis.

2.3. Antibacterial Analysis of PS-b-PIN

The antimicrobial efficacy of PS-b-PIN was investigated by using pathogenic bac-
terial strains of Escherichia coli (American Type Culture Collection (ATCC) 25922) and
Staphylococcus aureus (ATCC 23235), obtained from the Department of Clinical Labora-
tory, Sciences and Medical Biotechnology at National Taiwan University (Taipei, Taiwan).
Measurements of bacterial growth were obtained following the protocol of the ISO 22196
standard test methods. Typically, bacteria were cultivated in 3% Bacto tryptic-soy broth
(TSB) (Becton Dickinson, Sparks, MD, USA) at 37 °C for 12 h. After serial dilution of the
suspension, an aliquot of solution (2 mL) was spread on Luria-Bertani (LB) agars and
incubated at 37 °C for 12 h. The bacterial concertation of the suspension was decided by
colony counting assay with approximately 1 x 10° colony formation unit per milliliter
(CFU/mL). The bacteria suspension was then diluted into 1 x 10° CFU/mL by TSB for
later antibacterial tests.

To test the effect of side chain length of PS-b-PIN on antibacterial, the PS-b-PIN stock
solutions with different side chain length were prepared at the concentration of 5000 ppm
in 25% (w/w) ethanol aqueous solution and well dispersed by a sonication process for over
30 min before use. The TSB diluted PS-b-PIN solutions were then mixed with the E. coli
with equal volume of 250 pL in separate micro tubes with final PS-b-PIN concentration
of 0.4, 2, 10, 50 and 100 ppm. After orbital shaking incubation (37 °C, 30 rpm) for 16 h,
the OD of TSB solutions containing E. coli were determined by ultraviolet-visible (UV-Vis)
spectrophotometer (Cary 50 Conc; Varian, Palo Alto, CA, USA) at 600 nm. Sterile and
inoculated culture media were used as a negative and positive control, respectively. The
growth rate of E. coli was calculated according to the following equation:

% E. coli growth rate = 100 — (OD sample/OD positive control) x 100%

Moreover, the TSB diluted PS-b-PIN solutions were mixed with E. coli or S. aureus
solution with equal volume of 250 uL in separate micro tubes with a final PS-b-PIN con-
centration of 100, 1000, and 2500 ppm. After orbital shaking incubation (37 °C, 30 rpm)
for 3 and 5 h, bacterial suspensions were collected from the tube and then stained by
BacLight LIVE/DEAD bacterial viability kit (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. The resulting samples were observed under
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a fluorescence microscope. Live and dead bacterial cells were counted through image
analysis by Image] software (National Institutes of Health, Bethesda, MD, USA).

2.4. Cytotoxicity Test of PS-b-PIN

NIH 3T3 cells, derived from NIH Swiss mouse embryo cultures, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and penicillin and streptomycin (100 pg/mL) at 37 °C in an atmosphere of 5% CO,,
and the culture medium was changed on alternate days.

NIH 3T3 cells were seeded into 48-well plates at the density of 1 x 10° cells/well and
incubated for 24 h. The culture medium was pre-mixed with the prepared PS-b-PIN stock
solution with final concentration of 1, 10, 100, 1000, and 2500 ppm for 24 h at 37 °C, and
then followed by centrifugation at 2800 rpm for 5 min. The supernatant was then applied
for culturing of pre-seeded NIH 3T3 cells for 24 h.

For cell viability assay, 0.5 mg/mL MTT solution was added to each well and incubated
for 3 h at 37 °C. Subsequently, the MTT solution was aspirated, and the formed formazan
crystals were dissolved in DMSO. The spectrophotometric absorbance at 570 nm was
measured using a multi-well plate reader (PowerWave X, BioTek Instruments, Winooski,
VT, USA).

2.5. Hemolysis Test of PS-b-PIN

Hemolytic activity was evaluated by examining hemoglobin release from rat red blood
cells (RBCs) by direct contact to PS-b-PIN. Fresh rat whole blood was collected in spray-
dried K2EDTA tube (Thermo Fischer Scientific, Waltham, MA, USA) and tested within three
days. Next, 180 uL of hole blood was mixed with PS-b-PIN and 100 uL phosphate buffered
saline buffer (PBS) with final concentration of 100, 1000, and 2500 ppm by totally volume
of 300 pL in micro centrifuge tubes for 2 min. The RBCs in the mixed solution were then
washed by repeatedly add of 1000 uL PBS, centrifugation (1200 rpm, 4 °C for 5 min) and
supernatant was removed; this was repeated five times. The remaining RBCs were lysed to
release of hemoglobin by adding of 800 pL H,O and centrifuged under 3000 rpm at 4 °C for
5 min. Then, 10 pL of solution was mixed with 90 uL of Drabkin’s reagent (Sigma-Aldrich,
St. Louis, MO, USA) to oxidize the hemoglobin into cyanmethemoglobin and absorbance
at 540 nm was measured using a microplate reader (PowerWave X, BioTek Instruments,
Winooski, VT, USA). For standard calibration of the absorbance, human hemoglobin and
Triton X-100 were used as negative and positive controls of the hemolysis test. Samples
with a hemolysis ratio less than 5% were regarded as “no hemolysis” [27].

2.6. Morphology Determination by Transmission Electron Microscopy

PS-b-PIN were re-dissolved in ethanol/THF (v/v = 95/5) solution under ultrasonic
oscillator for 24 h. A drop of the polymer solution was dipped on a copper mesh and
vacuum dried for 24 h. The sample on the mesh was treated with ruthenium tetroxide
(RuOy4) vapour for 3 min to stain the polystyrene rich domains. Transmission electron
microscopy (TEM) images were obtained from Hitachi H-7100 Transmission Electron
Microscope (Hitachi High-Technologies, Tokyo, Japan) equipped with a CCD camera using
an accelerating voltage of 75 keV.

2.7. Statistical Analysis

All the data were presented as the mean =+ standard deviation. Student’s f-test was
used to analyze the significance of the differences between groups. The value of p < 0.05
was considered statistically significant.

3. Results
3.1. Zeta Potential of PS-b-PIN

The previously developed PS-b-PIN diblock copolymer was synthesized according
to the route depicted in Figure 1, provided by author Chi-Yang Chao from the Depart-
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ment of Materials Science and Engineering at National Taiwan University (NTU) [28].
The molecular weight of PS and PI in PS-b-PIBr was 6000 and 2000 g/mol, respectively,
with the polydispersity index (PDI) of 1.20. Herein, the side chain length in PS-b-PIN
could be adjusted by reacting PS-b-PIBr with trimethylamine (PS-b-PIN (C1-Br)), N,N-
dimethylbutylamine (PS-b-PIN (C4-Br)), N,N-dimethyloctylamine (PS-b-PIN (C8-Br)), N,N-
dimethyldodecylamine (PS-b-PIN (C12-Br)), N,N-dimethylhexadecylamine (PS-b-PIN (C16-
Br)), or N,N-dimethylhexadecylamine (PS-b-PIN (C18-Br)). Figure 2 shows the zeta po-
tential of PS-b-PIN polymer with different side chain lengths in an aqueous solution.
Increasing the side chain length increased the zeta potential of PS-b-PIN particles, as the
carbon side chain length was lower than 12. When the PS-b-PIN was conjugated with
N,N-dimethylhexadecylamine (C16-Br) or N,N-dimethylhexadecylamine (C18-Br), there
was no significant difference in zeta potential in comparison with that conjugated N,N-
dimethyldodecylamine (C12-Br).

PS-b-PIN
(Cn-Br, n=1, 4, 8, 12, 16, and 18)

Figure 1. Synthesis of PS-b-PIN block copolymers with different side chain length.
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Figure 2. The zeta potential of PS-b-PIN with different side chain length. *: p < 0.05.

3.2. Effect of Side Chain Length of PS-b-PIN on Antibacterial

In order to test the effect of side chain length of PS-b-PIN on inhibition of bacterial
growth, the prepared PS-b-PIN (C1-Br), PS-b-PIN (C4-Br), PS-b-PIN (C8-Br), PS-b-PIN
(C12-Br), PS-b-PIN (C16-Br), and PS-b-PIN (C18-Br) at the concentrations of 0.4, 2, 10, 50,
and 100 ppm were incubated with E. coli for 16 h. The results of E. coli growth rate shown
in Figure 3 reveal that there was a positive relationship between the bacterial growth rate
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and PS-b-PIN concentration. Moreover, the antibacterial effect of PS-b-PIN increased as
the length side chain increased. However, the PS-b-PIN with N,N-dimethyldodecylamine
as a side chain could achieve a better antibacterial effect due to the higher surface charge
density, which could lead to ionic interaction with bacteria wall constituents and disruption
of the cell bacteria membrane to cause bacterial death [29,30]. However, the PS-b-PIN
with longer side chain length (C16-Br and C18-Br) could not exhibit an effective inhibition
on the E. coli growth. It could be suggested that more flexible long carbon side chain
would form intramolecular aggregates to reduce the active polymer chains, resulting in
the lower antibacterial activity. Since the PS-b-PIN (C12-Br) had best effect on inhibiting
bacterial growth, we decided to use this kind PS-b-PIN block copolymer sample for the
following tests.

PS-b-PIN (C1-Br) PS-b-PIN (C4-Br) PS-b-PIN (C8-Br)
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Figure 3. The E. coli growth rate after treatment with PS-b-PIN with different side chain lengths for
16 h.

To investigate the antibactericidal ability of PS-b-PIN against both Gram-negative and
Gram-positive bacteria, 1 x 10 CFU/mL of bacteria were directly mixed with PS-b-PIN
under orbital shaker incubator at 37 °C. In order to examine the antibacterial mechanism
of PS-b-PIN, the bacteria number with different treatment were assayed at the incubation
time of 3 and 5 h (Figure 4). Since PS-b-PIN has an absorption background at 600 nm under
tested concentration, Live/Dead fluorescence assays were used. After 3 h of incubation,
the number of E. coli was lower for control and PS-b-PIN treated groups. This was due
to the lag phase of bacterial growth in which the number increase of bacteria was merely
assayed. After 5 h incubation, E. coli started to grow in log phase and an obvious number
increase was observed for the control group. In contrast, growth of E. coli was clearly
inhibited by mixing with PS-b-PIN within a 5 h incubation. Similar growth tendency was
also observed for S. aureus. At the concentration of 2500 ppm, the prepared PS-b-PIN
against E. coli was more efficient than that against S. aureus. This greater antimicrobial
efficiency might be attributed to the thickness of bacterial wall. The cell wall thickness of
Gram-negative bacteria E. coli is around 7-8 nm, which was thinner and consequently more
susceptible than that of Gram-positive bacteria S. aureus (20-80 nm) [31]. These results
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demonstrated that PS-b-PIN has antibacterial activity against not only Gram-negative but
also Gram-positive bacteria in the short treating time.

(a)

3h Control 1000 ppm 2500 ppm

5h Control 1000 ppm 2500 ppm

E. coli
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Figure 4. Inhibition of bacterial growth at different PS-b-PIN concentrations. (a) Fluorescence images
and (b) the living number of E. coli and S. aureus with different PS-b-PIN concentrations treatment at
3and 5 h.

3.3. Cytotoxicity of PS-b-PIN

As the pilot study of biocompatibility tests, cytotoxicity was investigated through
MTT assays. Since PS-b-PIN can be well dispersed in aqueous solution, extract method was
used [32]. Therefore, extract solution of PS-b-PIN was then used for the culturing of NIH
3T3 cells. Figure 5 shows the cell viability of NIH 3T3 cells incubated with PS-b-PIN extract
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solution for 24 h. It was observed that for PS-b-PIN with extracted concentration from 100
to 1000 ppm, over 80% of cell viability was reached. Since no cell toxicity dependency on
PS-b-PIN concentration was observed, it was assumed that the copolymer chain of PS-b-PIN
was stable in the aqueous phase and no toxic ingredients were dissolved in the solution.

_I_

Survival rate (%)
8

0 1 10 100 1000 2500
Concentration (ppm)

Figure 5. The cytotoxic effect toward 3T3 cells at different PS-b-PIN concentration.

3.4. Hemocompatibility of PS-b-PIN

The amphiphilic copolymer, PS-b-PIN, was further investigated with the breakage
ability toward lipid bilayer of cell membrane. For that, lytic activity of the PS-b-PIN copoly-
mer against RBCs was examined through hemolysis assays. By directly mixing copolymer
with rat whole blood, PS-b-PIN showed no hemolysis (<5%) at all tested concentrations
(100-2500 ppm). It is also noteworthy that the hemolysis does not show concentration
dependence on copolymer (Figure 6). In contrast to PS-b-PIN, the non-ionic surfactant,
Triton X-100, was observed to induce 95% hemolysis of RBCs. It is known that non-ionic
surfactants such as Triton can exist as both micelles and monomers in solution and interfere
with protein-lipid and lipid-lipid interaction of cell membrane as lysis agents [33]. On
the other hand, the prepared PS-b-PIN, as an amphiphilic functional group, is theoreti-
cally stronger lysis agent for RBCs membranes, as it did for NIH 3T3 cell membranes [34].
The ability to destroy the RBCs and NIH 3T3 cell membranes might be attributed to the
difference in the membrane structure and composition. It is well known that the RBCs
has a double-layer phospholipid structure with a thickness of approximately 10 nm, in
which many protein molecules intercalate on the membrane, and there is a strong net-like
fiber tissue under the membrane to support the membrane structure [35]. Therefore, these
intercalated proteins and net-like fiber tissue would provide RBCs with greater flexibility
and deformability than NIH 3T3 cells against the PS-b-PIN destruction.

3.5. Morphologies of PS-b-PIN Polymersome

To examine the morphology of PS-b-PIN, 5000 ppm of PS-b-PIN was dissolved in
ethanol/THF (v/v = 95/5) solution within an ultrasonic oscillator bath for one day. One
drop of the polymer solution was dipped onto a copper mesh for TEM visualization
observation. The PS-b-PIN was dried and treated with RuOy4 vapour to selectively stain the
PS domains, which appeared dark in the TEM image, as shown in Figure 7. The hollow
sphere with a diameter of 0.5-1 pm was clearly observed, and the thickness of a circle was
around 80 nm for each sphere regardless the diameter. The image accordingly suggests that
PS-b-PIN could form microstructure in solution. Since PS segment is hydrophobic and PIN
segment is hydrophilic, PS-b-PIN would form large polymersomes in the buffer solution
with PIN segments facing out by its hydrophilic interaction.
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Figure 6. Hemolysis test of PS-b-PIN on RBC cells.

Figure 7. TEM images of PS-b-PIN with RuQOy stained.

When a polymersome forms in the aqueous solution, the hydrophobic chains (PS
segments) interfold inside, and positively charged quaternary ammonium chains (PIN
segments) are exposed on the surface. On the other hand, the bacterial cell wall surface
is negatively charged due to teichoic acids and lipopolysaccharides of Gram-positive and
Gram-negative bacteria, respectively [36,37]. The polymersome then tends to interact
and attach to the bacterial surface through charge-charge interaction. Since quaternary
ammonium chains contain long alkyl structures, they can interrupt the bacterial cell mem-
brane by inserting the alkyl chains into the lipid-lipid bilayer. As the size of the PS-b-PIN
polymersome is approximately 500 nm, it can tear down the bacteria (about 3—4 um) while
maintaining its polymersome structure. After reacting with bacteria, the polymersome can
disperse back into the solution again for another bactericidal function (Figure 8). Therefore,
PS-b-PIN polymersome can kill bacteria while dispersed into the solution and also main-
tains a low bacterial number during a certain incubation time. However, PS-b-PIN may
aggregate due to electrolytes and proteins in the physiological environment after a lengthy
incubation time with bacteria.
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Figure 8. Schematic of proposed quaternized amphiphilic block copolymers PS-b-PIN polymersome
formation and antibacterial activities.

4. Conclusions

In this study, we have investigated the effects of PS-block-PIN quaternized amphiphilic
block copolymer on antibacterial activity. The amphiphilic block copolymer structure is
a significant element in our research. Through molecular composition and morphology
control, we were able to manipulate the morphology into polymersome in the solution.
Due to the polymersome structure, it is possible to strike a balance among antibacterial,
hemolytic, and cytotoxic activities. The block copolymer displayed high bactericidal activity
against E. coli, while it displayed selective activity over RBCs and was not hemolytic. So
far, we have manipulated the polymer structure to attain good antibacterial activity. This
study highlights quaternized amphiphilic block copolymer structures as a new design
agent to improve the activity by quaternization on side chains, as well as to understand the
mechanism of antibacterial actions by the formation of morphology.
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Abstract: The 5-year survival rate for pancreatic cancer remains low, and the development of new
methods for its treatment is actively underway. After the surgical treatment of pancreatic cancer,
recurrence and peritoneal dissemination can be prevented by long-term local exposure to appropriate
drug concentrations. We propose a novel treatment method using non-woven sheets to achieve
this goal. Poly(L-lactic acid) non-woven sheets containing gemcitabine (GEM) were prepared, and
GEM sustained release from this delivery system was investigated. Approximately 35% of the
GEM dose was released within 30 d. For in vitro evaluation, we conducted a cell growth inhibition
test using transwell assays, and significant inhibition of cell growth was observed. The antitumor
effects of subcutaneously implanted GEM-containing non-woven sheets were evaluated in mice
bearing subcutaneous Panc02 cells, and it was established that the sheets inhibited tumor growth for
approximately 28 d. These results suggest the usefulness of GEM-containing non-woven sheets in
pancreatic cancer treatment.
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liver metastases, local recurrence, or peritoneal dissemination soon after surgery, resulting
in a significantly poor disease prognosis. At present, surgical resection is the first and
most effective therapeutic option for the treatment of localized pancreatic cancer without
distant metastases; however, after pancreatectomy, 40.1% of patients have positive resection
margins [2], 32.6% have local recurrence [3], and 13% develop peritoneal dissemination [4].
Therefore, it is important to control local recurrence after pancreatectomy to improve
patient survival rates. Although intra-operative radiotherapy as an adjuvant treatment
strategy has been used in a bid to reduce local recurrence, its effectiveness is still controver-
sial as a recent randomized trial (ESPAC-1) showed that adjuvant chemoradiotherapy has
a negative effect on patient survival [5]. Thus, it is thought that there is no effective local
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required for cell division, eliminates the cancer cells, and suppresses the spreading and
growth of the cancer. The cytotoxicity of gemcitabine is not limited to the S phase of the cell
cycle and is equally effective in saturated and exponential cells. Toxicity appears to be the
result of a combination of several effects on DNA synthesis [6]. In other words, GEM is an
anticancer agent whose activity depends on the concentration and the time of contact with
cells [7-9]. GEM has been used in pancreatic cancer, non-small cell lung cancer, biliary tract
cancer, urinary epithelial cancer, unresectable breast cancer, and ovarian cancer that have
worsened after chemotherapy [6]. Typical adverse events are myelosuppression, which is a
decrease in white blood cells and platelets [6]. Clinical effectiveness of GEM in pancreatic
cancer is limited by its rapid plasma metabolism and development of chemo-resistance [10].
To address this concern, we developed non-woven sheets containing GEM to be used in
local therapy of pancreatic cancer, featuring a continuous release of GEM.

The treatment of local lesions by subcutaneously introducing an anticancer drug
reservoir is a therapeutic strategy for local intraperitoneal cancer. It enables repeated and
sustained drug release to a target lesion; however, several risks are associated with this
method, such as catheter obliteration, infection via the catheter, and the development
of mechanical ileus owing to the presence of the catheter in the abdominal cavity [11].
Some controlled release devices have also been developed for local cancer treatment. A
study reported a local pancreatic cancer therapeutic strategy using a mixture of fibrin glue
and GEM [12]. However, there are challenges to employing controlled release devices
in clinical settings owing to the difficulty of maintaining a steady gradual supply of the
drug and using these devices over an extended period of time. We focused on pancreatic
cancer treatment and the prevention of its local recurrence and dissemination because
chemotherapy for the disease is limited by the difficulty of drug administration after
surgery. Anticancer drugs are often poured into the peritoneal cavity in hyperthermal
conditions in cases in which cytological dissemination is detected by rapid pathological
diagnosis or in those with a high risk of rapid recurrence [13]. However, maintaining
the concentration of water-soluble anticancer drugs is difficult. Recently, electrospinning
has received considerable scientific interest as a convenient and straightforward process
for the fabrication of non-woven sheets of ultrafine fibrous biodegradable polymers [14].
Electrospinning is superior to conventional methods in that it can be conveniently used
to fabricate various composite nanofibers that cannot be fabricated using conventional
methods [15]. This implies that there is the possibility of fabricating novel local therapeutic
devices for use in the human body.

The diameters of electrospun fibers often fall within the sub-micron range, whereas
those of conventional polymer fibers are usually greater than the micron range [16]. The
small diameter and non-woven morphology of these fibers result in a large specific surface
area, which is advantageous for filter and biomedical applications.

2. Materials and Methods
2.1. Chemical Materials

Poly(L-lactic acid) (PLLA; H-900, Mn = 61.323, Mw = 123.284, Mw/Mn = 2.010) was
purchased from Mitsui Chemicals (Tokyo, Japan). GEM was purchased from Eli Lilly Japan
K XK. (Hyogo, Japan). The solvent 1,1,1,3,3-hexafluoro-2-propanol (HFIP) was purchased
from Wako Chemicals (Osaka, Japan).

2.2. Cell Lines

Panc02, murine pancreatic cancer cells, were provided by Dr. Bunzo Nakata (Osaka
City University Medical School, Osaka, Japan), and NIH-3T3 cells were purchased from
RIKEN Bioresource Research Center (Ibaraki, Japan).

2.3. Animals

Female C57BL/6 mice (6-8-week-old), purchased from CLEA Japan (Tokyo, Japan),
were kept under standard housing conditions and provided ad libitum access to food and
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water. Animals used in all experiments were acclimatized for at least one week in the
breeding room of the animal experimentation unit of Osaka University Graduate School of
Medicine. In vivo experiments were performed following a protocol approved by the Ethics
Review Committee for Animal Experimentation of Osaka University Graduate School of
Medicine (#21-055-0).

2.4. Preparation of GEM-Containing Non-Woven Sheets

HFIP was added to 1 g of PLLA and 0.1 g of GEM to make a total mass of 10 g. This
solution was used as a PLLA solution with a GEM content of 10 wt%. Other solutions with
different GEM contents used for the preparation of PLLA non-woven sheets were prepared
in the same way. The solutions were dried for 3 h using a desiccator, with an applied
voltage of 17 kV, an injection distance of 15 cm, an injection rate of 3 mL/h, a collector
rotation speed of 100 rpm, and an injection volume of 4 mL, using electric field spinning
equipment (IMC-164E, Imoto Machinery Co., Kyoto, Japan). The fabricated non-woven
sheets were observed using a scanning electron microscope (5-3000N, Hitachi High-Tech
Corp., Tokyo, Japan) and an ion-sputtering device (E-1010, Hitachi High-Tech Corp., Tokyo,
Japan). The accelerating voltage was 15 kV, and the magnification was 4000 times.

2.5. Measurement of GEM Release In Vitro

Approximately 10 mg of 10 wt% GEM-containing PLLA non-woven sheet was cut into
rectangles and immersed in phosphate-buffered saline (PBS) in a sample tube. The sample
tube was placed on a bio shaker and shaken at 100 rpm at 37 °C. At a specific time point
(Oh,1h,4h,24h,7d,30d, or 60 d), the non-woven sheet was removed and transferred
to a new sample tube. Chloroform (1 mL) was added to the sample tube to dissolve the
sheet, and then 1 mL of water was added to it. After proper stirring, the aqueous layer
was drained off and high-performance liquid chromatography (HPLC) measurements
were performed. The separation was performed on an TSKgel ODS-80Tm column (Tosoh,
Osaka, Japan) using 0.1 M NaCl solution. The solution was passed through a 0.45-um filter
before being transferred to the sample tube. A GEM peak was observed at approximately
14 min of elution. The GEM concentration was calculated based on the peak area. To
determine the quantity of GEM released, the measured GEM quantity was subtracted from
the initial quantity.

2.6. Measurement of GEM Release In Vivo

Non-woven sheets were implanted into the backs of the mice. After a specified period
of time (Oh, 1h,4h,24h,7d, 30d, or 60 d), the non-woven sheets were removed and
dissolved, and the concentration of GEM in the water was measured using the same
procedure used for measuring the in vitro GEM concentration.

Approximately 10 mg of 10 wt% GEM-containing PLLA non-woven sheet was cut
out and implanted into the backs of the mice. After wound suturing, the sutures were cut
againat1h,4h,1d,7d,30d, and 60 d, and the non-woven sheets were removed. These
sheets were dried at room temperature (approximately 15-25 °C) to remove excess water.
Then, 1 mL of chloroform was added to the sheets and stirred vigorously to dissolve them.
After incubation at 37 °C for 1 d, 1 mL of water was added to the aqueous layer. GEM was
extracted into the aqueous layer by stirring.

2.7. In Vitro Cytotoxicity Assay

Non-woven sheets with different GEM contents were cut into circular forms with a
diameter of 14 mm and immersed in 70% ethanol before the cell culture experiments were
conducted. The seeding densities of Panc02 cells and NIH-3T3 cells were standardized
at 1 x 10* cells/well. Then, the plates were removed after every two days and washed
with PBS. Floating cells were washed away, and the number of cells that adhered to the
non-woven sheet was determined using a fluorescent plate reader (Synergy HT, Biotek
Instruments, Inc., Winooski, VT, USA). For the experiment to evaluate growth inhibition
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through GEM slow release, cells were first seeded in a transwell plate (Transwell Perme-
able Supports, 0.4-pm with Size 24 Cluster Plate, PC Membrane, Costar®, Thermo Fisher
Scientific, Waltham, MA, USA) and, after 6 h, the cut-out non-woven sheets were placed on
a net.

The number of cells that adhered to the bottom of the plate after 1, 3, 5, and 7 d
was determined using the DNA assay method. First, 1 mL of sodium lauryl sulfate (SDS)
solution (SDS 20 mg, sodium chloride 0.90 g, trisodium citrate dehydrate 0.44 g, deionized
water 100 mL) was added to each well, and the plates were incubated at room temperature
(approximately 15-25 °C) for 1 h. Next, 100 puL from each well was dispensed into 96-well
plates, and 100 uL of Hoechst solution (Hoechst 33258 20 uL, sodium chloride 0.18 g,
trisodium citrate dehydrate 0.09 g, deionized water 20 mL) was added to each well, in order
to measure the fluorescence intensity using a plate reader (setting parameters: excitation
wavelength (nm) = 360, emission wavelength (nm) = 460, sensitivity = 80).

2.8. Antitumor Efficacy of the GEM-Containing Non-woven Sheets in a Subcutaneous
Tumor-Bearing Mouse Model

Approximately 10 mg of 10 wt% GEM-containing non-woven sheets was cut and
implanted into mouse back subcutaneous tissues. Then, 1 h,4h,1d, 2 d, and 7 d following
wound suturing, tissues around the non-woven sheets (including subcutaneous fat) were
excised. To verify that GEM sustained release leads to its transfer to surrounding tissues
without being metabolized, we measured its concentrations in the tissues. As a control
for the non-woven sheet, a GEM solution was injected into mouse subcutaneous tissue
at a dose of 1 mg (20 mg/mL x 50 pL) per animal. GEM concentrations in the tissues
of these control mice were measured at the same time points as those for the non-woven
sheet-injected mice.

The weights of the excised tissues were measured, and saline was added to them at a
weight several times greater so that the total volume was at least 0.6 mL. Then, the tissue
suspension was homogenized using an ultrasonic homogenizer and stored in a refrigerator
at —20 °C. GEM tissue concentration measurement was performed at SRL Inc. (Tokyo,
Japan) using HPLC.

One million panc02 cells were injected into the dorsal region of C57BL/6 mice. One
week after the cell injection, the tumor size reached approximately the size of a grain of
rice (a length of approximately 5 mm). After confirmation of the tumor, 10 mg of 10 wt%
GEM-containing PLLA non-woven sheet was implanted into mouse subcutaneous tissues.
Similarly, as a control experiment, a GEM solution was injected into mouse subcutaneous
tissues using a syringe (20 mg/mL x 50 uL). Then, tumor size was measured from the
body surface in the days following wound suturing. For tumor size measurement, the long
and orthogonal diameters, “a” and “b,” respectively, of the tumors were measured using a
ruler. Tumor size was determined using the formula:

Tumor size (mm?) = ab?/2 1

Tumor size was measured from the body surface after every 7 d, starting from the day
of implantation of the non-woven sheet.

For the control group (n = 6), approximately 10 mg of GEM-free PLLA non-woven
sheet was implanted into mouse subcutaneous tissue, whereas for the systemic group
(n =4), 50 puL of GEM aqueous solution was intraperitoneally administered to the mice at a
concentration of 20 mg/mL; for the “GEM aqueous solution group” (n = 4), approximately
10 mg of GEM-free PLLA non-woven sheets and 50 uL of GEM aqueous solution at a
concentration of 20 mg/mL were subcutaneously injected into the mice (GEM 1 mg/head).
For the “GEM 0.5 mg-containing non-woven sheet group” (n = 4), approximately 5 mg
of 10 wt% GEM-containing PLLA non-woven sheets was implanted into the mice (GEM
0.5 mg/head); for the “GEM 1.0 mg-containing non-woven sheet group” (n = 6), approxi-
mately 10 mg of 10 wt% GEM-containing PLLA non-woven sheets was implanted into the
mice (GEM 1.0 mg/head).
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(a)

2.9. Statistical Analyses

Student’s t-test was used to determine statistical significance, and p-values less than 0.05
were considered statistically significant. All results are expressed as the mean =+ standard
error of the mean (SEM).

3. Results
3.1. Preparation of GEM-Containing Non-woven Sheets

Figure 1 shows the different non-woven sheets prepared at different GEM concen-
trations, as observed by scanning electron microscopy (Figure 1a). The degradability of
the GEM-containing non-woven sheets was evaluated for three months under in vitro and
in vivo conditions (Figure 1b).

(b)

——
Before

in vitro

in vivo

Figure 1. Scanning electron micrographs of GEM-containing non-woven sheets. (a) Scanning electron
microscopy images of GEM-free and GEM-containing non-woven sheets at concentrations ranging
from 0.01% to 10% content. Scale bar: 10 um. (b) Scanning electron microscopy images of denatured
GEM-free non-woven sheets after 1, 2, and 3 months of in vitro or in vivo evaluation. Scale bar:
10 pm.

3.2. Measurement of GEM Release from GEM-Containing Non-woven Sheets

Analysis of in vitro GEM release from the non-woven sheets showed an initial burst
of 28.4 £ 2.0% on day 1, followed by a 29.8 &+ 1.1% and 35.6 &= 2.1 % release by days 7 and
60, respectively (Figure 2a). For In vivo evaluation, the non-woven sheets implanted in
the backs of mice were removed after some time, and the quantity of GEM released was
determined by measuring GEM concentrations in the non-woven sheets. As in the in vitro
evaluation, there was an initial burst of 30.1 = 7.9 % on day 1, followed by a 30.5 & 1.5%
and 67.8 £ 1.5% release by days 7 and 60, respectively (Figure 2a).
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Figure 2. Percentage of GEM released from non-woven sheets with time in vitro and in vivo. (a) Cu-
mulative release of GEM from 10 mg of 10 wt% GEM-containing non-woven sheets in vitro and
in vivo was evaluated for a period of up to 60 d after non-woven sheet fabrication. After 60 d,
35.6 &+ 2.1% and 67.8 £ 1.5% of GEM was cumulatively released in vitro and in vivo, respectively.
(b) Korsmeyer—-Peppas model: the approximate in vitro and in vivo expression levels are calculated
as y = 0.0613x + 3.1123 (R? = 0.95) and y = 0.20427x + 2.6726 (R% = 0.89), respectively. Data are
presented as the mean =+ standard error of the mean (SEM).

3.3. In Vitro Cytotoxicity Assay

The evaluation of the cytotoxic activity of the non-woven sheets using a DNA as-
say showed that cells that were directly attached to the sheets exhibited high GEM
concentration-dependent cytotoxicity (Figure 3a). The results of the DNA assay under
non-contact conditions, using the transwell plate, showed that only non-woven sheets con-
taining high GEM concentrations exhibited cytotoxic activity; sheets containing 0.01 wt%
GEM showed no cytotoxic activity, even on day 7 (Figure 3b).
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Figure 3. Cytotoxic effects of the non-woven sheets on the murine pancreatic cancer cell line (Panc02)
and NIH-3T3 cells. (a) Relative cell viability in the treatment group over time (compared with the
control group [GEM-free non-woven sheet]). Cell viability on days 1, 3, 5, and 7, respectively, was
22.3 +2.8%, 2.3 £ 0.9%, 0.05 £ 0.9%, and 0.6 & 0.6% in the presence of 1 wt% GEM; 31.1 & 9.9%,
1.8 £ 0.3%, —5.0 £ 5.8%, and 4.1 % 2.6% in the presence of 0.1 wt% GEM; and 90.4 & 9.9%, 57.7 & 23.7%,
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(a)

(b)

69.9 £ 7.2%, and 32.5 & 13.0% in the presence of 0.01 wt% GEM (in decreasing GEM concentrations).
(b) Relative cell viability in the treatment group over time (compared with the control group). Cell
viability on days 1, 3, 5, and 7 was 62.9 & 6.2%, 0.4 £ 0.1%, 1.0 & 0.1%, and 4.0 £ 0.6% in the presence
of 1 wt% GEM; 64.5 & 17.8%, 3.0 £ 1.2%, 2.7 = 0.1%, and 3.2 =+ 0.6% in the presence of 0.1 wt% GEM;
and 91.3 + 11.4%, 104.6 & 19.0%, 98.9 & 21.9%, and 106.8 £ 19.9% in the presence of 0.01 wt% GEM,
respectively (in decreasing GEM concentrations). (c) Cytotoxic effects of non-woven sheets containing
0.01 wt% GEM against Panc02 cells under contact and non-contact conditions. Non-woven sheets
containing 0.01 wt% GEM exhibited significantly higher cytotoxic effects than the control under
contact conditions. (d) Cytotoxic effects of non-woven sheets containing 0.01 wt% GEM against
NIH-3T3 cells under contact and non-contact conditions. Data are presented as the mean =+ standard
error of the mean (SEM). Significant differences were determined using the Student’s t-test (* p < 0.05;
**p <0.01; n.s: Not significant).

3.4. Antitumor Efficacy of GEM-Containing Non-woven Sheets in Panc02 Tumor
Cell-Bearing Mice

GEM tissue concentrations in areas surrounding the non-woven sheet were measured
in both groups, namely, that subcutaneously administered the GEM solution and that
subcutaneously implanted GEM-containing non-woven sheets (Figure 4a,b).
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Figure 4. Invivo antitumor effects of the GEM-containing non-woven sheets. (a) GEM tissue
concentrations. GEM concentrations in surrounding tissues following the implantation of the non-
woven sheets in mice were measured at each time point. GEM concentrations released from the
GEM-containing PLLA sheetsat1h,4h,1d,2d, and 7 d were 89.6 &+ 134, 21.5 + 12.3,1.1 £ 0.3,
1.3 £ 0.6, and 2.4 & 0.8 ug/mL, respectively. In contrast, GEM concentrations released from the GEM-
free PLLA sheets containing the GEM solution at 1 and 4 h were 132.4 £ 54.3 and 2.3 £ 0.8 pg/mL,
respectively, but GEM was not detected after 1 d. (b) Diagram showing the transplantation process.
Tumors were implanted intradermally, and non-woven sheets were implanted subcutaneously. GEM-
free non-woven sheets were injected with GEM at the time of implantation. (c¢) Antitumor effects
of the GEM-containing non-woven sheets. Mice were subcutaneously inoculated with Panc02 cells,
and changes in tumor size were measured over time. Control group: Tumor size on days 0, 7, 14,
21, and 28 was 40.3 & 12.1, 301.9 + 78.2, 664.8 + 157.4, 1801.2 & 353.7, and 3118.3 + 384.9 mm?,
respectively (n = 6). Systemic administration group: Tumor size on days 0, 7, 14, 21, and 28 was
36.0 & 2.3,260.4 + 16.7,929.0 + 121.2, 1835.3 + 269.8, and 3588.9 + 397.7 mm?, respectively (n = 4).
Subcutaneous administration (GEM 1.0 mg) group: Tumor size on days 0, 7, 14, 21, and 28 was
38.0 4+ 2.0, 283.5 4 44.6, 744.4 + 65.9, 2019.6 + 257.3, and 3544.4 + 556.9 mm?, respectively (n = 4).
Non-woven PLLA/GEM (GEM 0.5 mg) sheet group: Tumor size on days 0, 7, 14, 21, and 28 was
34.9 + 9.7, 151.8 + 34.7, 326.5 + 62.1, 923.0 + 96.8, and 1384.5 4 158.4 mm?3, respectively (n = 4).
Non-PLLA/GEM (GEM 1.0 mg) woven sheet group: Tumor size on days 0, 7, 14, 21, and 28 was
31.4 + 7.6,68.9 4 24.0,125.0 + 45.5, 388.9 + 98.6, and 702.2 + 163.9 mm3, respectively (n = 7). Results
are presented as the mean +