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ABSTRACT: The emergence of nontoxic, eco-friendly, and biocompat-
ible polymers derived from natural sources has added a new and exciting
dimension to the development of low-cost and scalable biomaterials for
tissue engineering applications. Here, we have developed a mechanically
strong and durable hydrogel composed of an eco-friendly biopolymer that
exists within the cell walls of fruits and plants. Its trade name is pectin, and it
bears many similarities with natural polysaccharides in the native
extracellular matrix. Specifically, we have employed a new pathway to
transform pectin into a ultraviolet (UV)-cross-linkable pectin methacrylate
(PEMA) polymer. To endow this hydrogel matrix with cell differentiation
and cell spreading properties, we have also incorporated thiolated gelatin
into the system. Notably, we were able to fine-tune the compressive
modulus of this hydrogel in the range ∼0.5 to ∼24 kPa: advantageously, our results demonstrated that the hydrogels can support growth and
viability for a wide range of three-dimensionally (3D) encapsulated cells that include muscle progenitor (C2C12), neural progenitor (PC12),
and human mesenchymal stem cells (hMSCs). Our results also indicate that PEMA-gelatin-encapsulated hMSCs can facilitate the formation
of bonelike apatite after 5 weeks in culture. Finally, we have demonstrated that PEMA-gelatin can yield micropatterned cell-laden 3D
constructs through UV light-assisted lithography. The simplicity, scalability, processability, tunability, bioactivity, and low-cost features of this
new hydrogel system highlight its potential as a stem cell carrier that is capable of bridging the gap between clinic and laboratory.
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■ INTRODUCTION

In the current aging population, degenerative diseases caused by

compromised tissues have become one of the major healthcare
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challenges worldwide.1 A promising avenue to address this
looming challenge entails the delivery of regenerative cells to the
affected tissues.2 In response, tissue engineers have proposed the
development of three-dimensional (3D) microenvironments
that can guide embedded cells into mature tissue, which can
integrate in vivo with dysfunctional tissues for repair.2−7 The
underscored importance of such 3D systems has led to the
conception of hydrogel-based biomaterials.8 These systems can
shield cells from the detrimental shear forces throughout the
needle injection phase to maximize postinjection cell viability
and, at the same time, can retain the cells within a 3D
environment to enable optimal tissue regeneration.9,10

Put simply, hydrogels are largely hydrated 3D structures
stabilized via cross-linked hydrophilic polymers; their aqueous
characteristics enable a native-like state for the encapsulated
cells.11,12 The multifaceted challenge in tissue engineering is to
find an ideal hydrogel pre-polymer that can mimic the biology of
human tissues in terms of structure, function, and perform-
ance.7,12,13 Furthermore, these polymers are also idealized to be
conveniently functionalized so that their chemical and physical
behavior can be manipulated for therapeutics such as stem cell
and drug delivery.14−17 Biopolymers derived from natural
sources such as collagen, elastin, hyaluronic acid, and heparin
are appealing in this respect because they are biocompatible,
biodegradable, and are easy to modify with various cell adhesive
and differentiation promoting motifs.18−22 Alternatively, other
approaches that are based on synthetic materials such as
poly(ethylene glycol) and cell adhesive oligopeptides among
others have also been explored over the years.17,23,24 However,
even though they are biocompatible and easier to modify
chemically and biocompatible as well, they are typically more
costly and less scalable than naturally derived biomaterials.21,25

Therefore, natural biopolymers are the ones that currently hold
most promise as tissue engineering hydrogels, as they are
nontoxic, biocompatible, easily accessible, and inexpensive at
the same time. Indeed, some of these hydrogels, particularly the
alginate- and gelatin-based ones, have been FDA-approved and
are already a utility in the clinic.26,27 Still, alginate-based
hydrogels are usually associated with brittleness and low
mechanical stability,28 while the gelatin-based ones tend to
degrade rapidly within the bodysince they form the substrate
for collagenase.26 For these reasons, the quest for a suitable
polymeric source remains one of the critical challenges in the
field of hydrogel-based tissue engineering.
Here, we have addressed some of the aforementioned

shortcomings that currently dominate the field by using cheap
and readily available waste materials to manufacture a low-cost
and biocompatible hydrogel system. To this end, we have
primarily used pectin, an inexpensive and negatively charged
polysaccharide that is found in the cell walls of terrestrial
plants.29−31 Because of pectins thickening and gelling abilities, it
has been widely employed in the food processing industry.32,33

The same properties have made it a suitable biomaterial-based
carrier for drug delivery and gene delivery.34,35 In recent years, it
has also received increasing attention from tissue engineers
because it is easy to cross-link and is biodegradable, nontoxic,
and biocompatible.31,36−40 However, despite its resemblance
with many of the sugar-like biopolymers (hyaluronic acid,
alginate, carrageenan, etc.) used in tissue engineering, pectin is
still not a well-established biopolymer in the field.41

In this study, we have compensated for this “lack of attention”
by developing a feasible methodology for methacrylating pectin
into pectin methacrylate (PEMA) and demonstrated that this

approach can be used to manufacture mechanically stable cell
culture systems. This methodology can also (using ultraviolet
(UV) light-assisted lithography) enable a cell-laden hydrogel
that resembles the complex tissue-like architectures present in
the human body.
Advantageously, we have demonstrated that PEMA-based

hydrogels enable a sustained viability for a wide range of cells
(muscle (C2C12), neural progenitor (PC12), and human
mesenchymal stem cells (hMSCs)) for long periods of time.
Notably, our system exhibits superior mechanical and load-
bearing properties than many of the brittle hydrogels currently
used in the clinic and in combination with another waste
material, namely, gelatin from slaughterhouse waste, pectin,
could facilitate cell growth and spreading in 3D (Figure 1). It
also displays a favorable long-term degradation profile and
enables hMSCs to exhibit important bone differentiation
markers. Indeed, PEMA-gelatin can stimulate hMSCs to secrete
a mineralized bone matrix with hydroxyapatite (HA)-like
properties, one of the most important mineral components of
bone.42−46 It therefore holds great promise as a carrier system
for treating bone disorders through targeted stem cell delivery.
To date, several studies have successfully used hydrogels for
various tissue engineering applications; however, only a few of
them encompass the wide range of properties required of

commercializable and clinically implementable tissue engineer-
ing hydrogels.

■ RESULTS
Commercially available pectin is chemically defined as an α-(1−
4)-linked D-galacturonic acid polysaccharide that is partially
methyl esterified (Figure 2a).30 It therefore contains a mixture of
carboxyl groups and methoxyl groups. Here, we have activated
its carboxyl groups with 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to
functionalize its polymeric backbone with methacrylate groups
(Figure 2a) to obtain pectin methacrylate (PEMA), a photo-
cross-linkable polymer that can transform into a hydrogel with
low-level UV light and a suitable photoinitiator (PI) (Figure 2b).
Additionally, we also incorporated thiolated gelatin (Gelin-S)

Figure 1. Pectin from apple waste and gelatin from slaughterhouse
waste were combined into a potent hydrogel for three-dimensional
(3D) cell encapsulation and differentiation.
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into the system using a Michael addition reaction between thiol
and acrylate groups. This inclusion significantly increased the
bioactivity of the composite scaffold while enhancing its

mechanical properties simultaneously. We have characterized
this hydrogel in terms of its chemical, mechanical, hydration,
and morphological properties in the following sections. In

Figure 2. Chemistry behind the developed hydrogels and the corresponding characterizations. (a) Chemical structure of pectin before and after
methacrylation. (b) Photographic images of PEMA before and after UV cross-linking. (c) ζ potential measurements of PEMA with low, medium
(Med), and high methacrylation degrees. (d) Nuclear magnetic resonance (NMR) spectroscopy of PEMA with different methacrylation degrees. (e)
Rheological analysis of the different PEMA variants.
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addition, we have also thoroughly examined its structural
integrity and degradation profile and demonstrated that it can
sustain the viability of a wide range of cell types for up to 21 days
in culture.
Chemical Characterization. In brief, the carboxyl groups

on the backbone of pectin were activated with NHS/EDC and
conjugated with aminoethyl methacrylate to yield PEMA
prepolymers (Figure 2a). PEMA polymers can be readily
cross-linked to form a hydrogel by UV exposure in the presence
of a photoinitiator (Irgacure 2959) (Figure 2b). Specifically, the
ζ potential analysis of PEMA (Figure 2c) reveals a correlation
between its methacrylation degree and its charge, the charge
becoming more positive as the methacrylation degree increases
(0 → 60%). This increased potential can be attributed to a
reduced number of negatively charged carboxyl groups and,
therefore, an overall increase of the charge of PEMA, which is
indicative of a successful functionalization.47

The functionalization of pectin with methacrylate groups was
further validated using nuclear magnetic resonance (NMR)
spectroscopy (Figure 2d). The singlet peaks at ∼5.1 and ∼4.9
ppm of pure pectin proton nuclear magnetic resonance (1H
NMR) are assigned to the methyl carboxylate (COOCH3) and
carboxylic acid (COOH) groups, respectively (denoted as R,
Figure 2a).48,49 Aminoethyl methacrylate conjugates to these
COOCH3 or COOH groups, and thus uponmethacrylation, the
corresponding signals at ∼5.1 and ∼4.9 ppm were gradually
decreased. This methacrylation was further confirmed from the
1H NMR spectra via the presence of methacrylate peaks at∼5.7,
∼6.1, ∼4.2, ∼3.7, and ∼1.9 ppm (Figure 2d).50,51

Upon UV-mediated cross-linking, the methacrylate-associ-
ated NMR signals (∼5.7, ∼6.1, and ∼1.9 ppm) disappeared and

new signals at 1.85, 1.36, and 1.12 ppm emerged, validating the
formation of a cross-linked product (Figure S1a).52 The pectin
methacrylation and UV-assisted cross-linking were also
validated via Fourier transform infrared (FTIR) spectroscopy
(Figure S1b). The FTIR spectrum of pure pectin has signals at
1735 and 1612 cm−1 corresponding to the carbonyl group
(methyl carboxylate and carboxylic acid).49 After methacryla-
tion, the peak at 1612 cm−1 shifts to 1645 cm−1 due to an amide
bond (amide I) formation between aminoethyl methacrylate
and carboxylic acid/methyl carboxylate groups, and the intensity
of the peak at 1645 cm−1 is increased with increasing degree of
methacrylation. In particular, the peak at 1645 cm−1 stems from
amide I, while the peak at 1544 cm−1 corresponds to amide II
and that at 806 cm−1 to CH acrylate groups.53−55 After UV-
cross-linking, the amide I peak from PEMA shifts to 1600 cm−1

and the acrylate (CH)-derived signal disappears.56,57

Furthermore, FTIR spectroscopy was also used to characterize
the interaction of Gelin-S after UV-cross-linking with PEMA.
From these spectra, we observed a thiol-Michael addition
reaction between thiolated gelatin (Gelin-S) and the meth-
acrylate groups present on PEMA, which is evident from the
disappearance of the acrylate associated at 806 cm−1 and the
thiol group at 2450 cm−1 due to the reaction between thiol and
the acrylate groups (Figure S1b).55

Moreover, our rheology data confirmed the above-mentioned
chemical modifications of PEMA, as the storage/loss modulus
and viscosity of the prepolymer solution was generally higher for
PEMA-High and PEMA-Med compared to PEMA-Low and
PEMA-Blank (Figure 2e). This can be attributed to the
methacrylate groups as they are capable of hydrophobic
interaction, which in turn can result in some gelling behavior;

Figure 3.Morphological and stability assays. (a) Scanning electron microscopy (SEM) of the different hydrogel variants developed herein. (b) Pore
sizes within the imaged hydrogels were analyzed with ImageJ and are displayed. (c) Disintegration and (d) swelling profile of PEMA hydrogels with
different methacrylation degrees and photoinitiator concentrations.
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this is also corroborated by the increased positive charge
observed from the ζ potential measurements (Figure 2c) of
PEMA. Furthermore, we observe a decreasing viscosity upon
increasing shear rate (Figure 2a), which is a key feature of shear-
thinning systems.
Hydrogel Porosity, Swelling, and Disintegration

Studies. An ideal hydrogel carrier should enable cell survival,
proliferation, and differentiation, to become amenable for tissue
engineering.5 This function is only possible if the system permits
a continuous inflow of nutrients and outflow of metabolic waste
products. For this reason, an interconnected hydrogel network
with controlled porosity and pore size plays a key role in keeping
the encapsulated cells thriving and alive. In this regard, studies
have shown that a pore size >100 μm is typically needed to

assure that an efficient waste and nutrient exchange occurs with
the surrounding environment.58,59 Scanning electron micro-
graphs of PEMA hydrogels show that the low methacrylation of
pectin results in pore areas around 0.08 mm2, which decrease to
∼0.03 mm2 for PEMA-Med and PEMA-High (Figure 3a),
suggesting that our hydrogels are optimal for nutrient and waste
exchange.
Next, the hydrogel disintegration and swelling profiles were

examined to determine the stability of PEMA (Figure 3c,d). We
found that PEMA-Low was unstable and completely disinte-
grated after 3 days in culture, whereas other PEMA variants
remained stable for up to 21 days in culture. We noted that the
stability of these systems could be further improved by
increasing the photoinitiator concentration from 0.1 to 0.3%.

Figure 4.Mechanical analysis. (a) Brief explanation of the working principle behind themechanical analysis. (b) Cyclic stress−strain curves (up to five
cycles) corresponding to PEMA hydrogels cross-linked in the presence of 0.3% photoinitiator. (c) Ultimate stress, strain at breaking point and
compressive modulus of the respective hydrogels. (d) Stress at 40% strain, total energy dissipated, and mechanical recovery after 40% strain were
retrieved from the stress−strain curves. The significant differences between different data sets were determined through one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. Significance levels are indicated according to the legend: **(p < 0.01), ***(p < 0.001), ****(p <
0.0001), and ns means not significant.
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In addition, no change was observed in the water retention
capacity of PEMA-Med and PEMA-High, as they remained at a
swelling factor of ∼30 for up to 21 days in culture (Figure 3d).
In summary, the results displayed in Figure 3b suggest that

PEMA-Low is not suitable for long-term cell culture because it
disintegrates rapidly, whereas PEMA-Med and PEMA-High
display an optimal pore size and long-term physiological
stability.
Mechanical Analysis.The mechanical properties of a tissue

engineering hydrogel play an important role in directing the
stem cell differentiation into a specific lineage. For instance,
studies have shown that a Young’s modulus in the range of 25−
60 kPa is typically needed to support optimal osteogenesis, while

typical moduli for supporting differentiation into neural and
muscle lineages are 8−17 and 0.1−1 kPa, respectively.60,61 Since
most of the tissues in the human body are very dynamic, a
hydrogel carrier for stem cell delivery should be able to also
endure continual and cyclic mechanical forces.
To characterize the mechanical properties of our hydrogels,

we examined their stress−strain curves both with and without
cyclic loading (five cycles) (Figure 4a). This allowed us to
determine the compressive modulus, durability, material
toughness, and the amount of energy dissipated per cycle. As
seen in Figure 4b, the mechanical hysteresis after each cyclic
loading was low for PEMA-Low and PEMA-Med, while it was
slightly more pronounced for PEMA-High. This demonstrates

Figure 5.Cell viability studies. (a) Schematic briefly explaining the setup used in the cell-laden hydrogel experiments. (b−d) Viability was determined
from live-dead fluorescence imaging (green corresponds to live cells and red to dead cells), from which the number of dead, live, and total cells were
determined and combined into a cell viability percentage (%). (e) Metabolic viability was likewise determined through a colorimetric assay.
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the elastic nature of PEMA hydrogels, and for this reason, they
should be able to readily integrate into load-bearing environ-
ments such as cartilage, muscle, and bone, unlike their brittle and
less elastic alternatives that are currently used in the clinic
(alginate, gelatin, etc.). For example, the compressive modulus
of 5% (w/v) gelatin methacrylate (GelMA) hydrogels with
∼80% methacrylation degree has been reported in the range of
∼3−5 kPa for experiments dealing with sustainable cell
encapsulation.62 Additionally, the compressive modulus of
alginate methacrylate (2% (w/v)) has been reported to be
∼4−5 kPa.63
We further characterized the mechanical properties of

different variants of PEMA and found that the compressive
modulus, ultimate stress, and total energy dissipated were the
highest for PEMA-Med. We attribute this high energy
dissipation for PEMA-Med to arise from its manifold larger
ultimate stress and compressive modulus compared to PEMA-
Low and PEMA-High. The PEMA-Med system also recovered
nearly 100% after continuous mechanical loadings (difference in
ultimate stress between cycles 2 and 3), while the recovery
remained substantially lower for PEMA-High at around 90%
(cycle 2→ 5). The compressive modulus of the hydrogels could
be further varied from∼0.5 to ∼17 kPa, and by including Gelin-
S into PEMA-Med, the compressive modulus increased to ∼24
kPa, with a hydrogel breaking point of ∼62% (Figure S3), while
the mechanical recovery remained >90% (cycle 2 → 5). For
these reasons, the developed PEMA-gelatin can potentially be
fine-tuned to meet the required mechanical properties for an
optimal guidance of stem cells into muscle, neural, or bone
tissue. However, PEMA-High was found to be highly hydro-
phobic, requiring excessive agitation for optimal dissolution, and
PEMA-Low was highly unstable under physiological conditions
(Figure 3c,d); therefore, we limit our studies to PEMA-Med
hydrogels.
Cell Viability. Cell viabilities of encapsulated hMSC, PC12,

and C2C12 cells were evaluated for up to 7 days in culture by
using a live-dead staining kit and a colorimetric assay. The
images of the live-dead stained hydrogels are shown in Figure
5b−d, from which the cell viability was quantified by counting
the number of dead cells (red) and live cells (green), and
therefrom calculating the percentage of live cells (viability %).
The cell viability was around 80−85% for 3 days in culture, after
which it dropped below 80%. As supporting data, we performed
a series of colorimetric assays that, to a large extent, followed the
same trends as the live-dead images (Figure 5e). The viability
results displayed in Figure 5b−e are in accordance with the
current FDA guidelines for clinical approval of stem cell
therapies, which mandates a 70% stem cell viability.64

To increase the biocompatibility of PEMA hydrogels, we
incorporated another biopolymer into this systemthiolated
gelatin (Gelin-S)that can form covalent bonds through a
Michael addition reaction with the acrylate groups on PEMA.65

The spreading and cell viability of hMSCs within this system
were found to be higher than pristine PEMA; this emphasizes
the importance of a combination of polysaccharide and a
collagen-like backbone in tissue engineering hydrogels. Our
results show that the hMSCs could reach∼50% confluency with
∼90% survival after 14 days in 3D culture (Figure 6). The
modified PEMA hydrogel was found to be stable for 21 days in
culture and enabled the cells to form well-defined actin fibers
(Figure S4a).
Osteogenic Differentiation. Some of the most important

hallmarks of osteogenic differentiation are alkaline phophatase

(ALP) secretion and extracellular matrix (ECM)mineralization.
The two are interconnected as ALP is an early bone marker
protein in the process of bone calcification. In this process, ALP
plays an important role because it is capable of hydrolyzing
pyrophosphatean inhibitor of mineralizationinto inorganic
phosphate, a calcification promoter.66 For these reasons, an ALP
assay was employed and from this assay, we observed a high
alkaline phosphatase (ALP) secretion from the hMSCs after 7
days in culture, suggesting that PEMA-gelatin is amenable as a
stem cell carrier for targeting bone disorders (Figure S4b). We

have also examined the formation of calcium deposits through
Alizarin Red S (ARED) staining, as ARED displays strong
affinity for calcium (Figure 7a). These results clearly show
significant ARED staining for hMSCs-laden PEMA-gelatin
hydrogels cultured in osteogenic media after 5 weeks in culture.
Unfortunately, control samples cultured in normal growth
media started to degrade after 5 weeks and it was thus not
possible to include these here.
We took our calcification assays a step further by using

scanning electron microscopy (SEM) to put the apatite-
inducing capacity of the hydrogels in the spotlight (Figure
7b). The SEM images clearly show that the hydrogels were
completely densified after 5 weeks in culture compared to our
porous pristine hydrogels (Figure 3a). To elucidate the cause of
this interesting phenomenon, we turned to energy-dispersive X-
ray (EDAX) spectroscopy (Figure 7c,d). From the EDAX
measurements, it is evident that the main ingredients in the
observed dense deposits in Figure 7b are indeed calcium and
phosphate, two of the main components of bone apatite.
Furthermore, we also observed small traces of another important
bone mineralite, namely, magnesium. Notably, the calcium
phosphate ratio was calculated to be 1.68 ± 0.03, which is really
close to the one typically reported for hydroxyapatite (HA)
(1.67), which is one of the most important components in the
hard phase of bone.
Finally, we turned to FTIR and X-ray diffraction (XRD)

measurements to characterize the speculated bone apatite
formation even more (Figure 7e,f). From the FTIR results, a
strong υ4(PO4)

−3 peak was observed in PEMA-gelatin (but not
pristine hydrogels) after 5 weeks in culture. This peak is one of
the most widely recognized FTIR-based HA markers.67

Figure 6. hMSCs spreading and viability within PEMA-gelatin. In brief,
cells were encapsulated and live-dead fluorescence imaged on days 1, 3,
7, and 14. The images showed cell viability at around 80%, which
increased to around 90% after 14 days in culture. The cell area coverage
was likewise quantified from the live-dead fluorescence images.
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Similarly, important HA-associated peaks ((002) and (001)
crystalline planes) were observed in the XRD results.68 Overall,
the chemical characterizations further support our assumption
regarding hMSC-mediated bone apatite formation in PEMA-
gelatin.
Microfabrication. The development of well-defined tissue-

like architectures is also one of the important challenges in tissue
engineering, as tissues such as blood vessels, muscle, cardiac, and
bone are characterized by highly anisotropic architectures.69−71

We have tried to recapitulate this native-like morphology by
fabricating micropatterned PEMA-gelatin that consists of
microchannels with a spacing and width of 100 μm (Figure
8a). We used a shadow mask and a UV source to cross-link
hMSC-laden PEMA-gelatin hydrogels into micropatterned
structures. We observed the formation of aligned and highly
anisotropic tissue structures with well-defined actin fibers after
only 7 days in culture (Figure 8b). These hMSC-based
structures remained stable in culture for 21 days and secreted
substantial amounts of ALP in differentiation media after 14
days in culture (Figure 8c). Therefore, these results indicate that
the developed PEMA-gelatin system could potentially be used as
a micropatterned stem cell carrier with the capacity to induce
osteogenesis into anisotropic tissue-like structures similar to
those found in native spongy bone.

■ DISCUSSION

Polysaccharide-based biopolymers are among the most widely
used materials in biomedical engineering and have unequiv-

ocally become the “gold standard” for hydrogels.21,25,72 One of
the primary reasons for the success of polysaccharides in the field
is related to their resemblance with the many “sugar-based”
polymers in the ECM of native tissues. However, unfortunately,
most of these biopolymers are expensive and difficult to
functionalize chemically and manufacture in a feasible manner.
Among them, the one that has arguable been used the most is
alginate because it is readily functionalized, biocompatible, and
easy to extract and process for further downstream applications.
Indeed, alginate-based hydrogels have already been approved by
the U.S. Food and Drug Administration for a number of
applications in the clinic.27 Although alginate exhibits many
desirable properties, including nontoxicity, biocompatibility,
and the capacity to sustain high cell viability for prolonged
periods of time, it still faces a number of shortcomings related to
its brittleness and rapid degradation in the body.28

Here we have addressed some of these challenges by turning a
polysaccharide from apple peel waste, pectin, into a UV-cross-
linkable hydrogel with tunable mechanical properties and
stability in physiologically relevant environments. Pectin is a
low-cost, edible, recyclable, nontoxic, and naturally derived
polysaccharide, which makes it appealing for use as a
biomaterial.30 Compared to other natural polymers, established
methodologies for transforming pectin prepolymers into tissue
engineering hydrogels are rather sparse, making this concept
ripe for further investigations. Even still, some methods for
cross-linking of pectin have been utilized in recent years to form
hydrogels that are biocompatible and stable in physiologically

Figure 7. Mineralization studies. (a) Alizarin Red S (ARED) images of hMSC-laden PEMA-gelatin hydrogels after 5 weeks in culture and (b) the
associated SEM images. (c) Energy-dispersive X-ray (EDAX) mapping of calcium (purple) and phosphate (yellow) and (d) the associated EDAX
spectrum. (e) FTIR and (f) X-ray diffraction (XRD) studies of freeze-dried cell-laden hydrogels following their osteogenic culture.
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relevant environments.30,31,36,37,73,74 Many of these methods
have been based on electrostatic-driven cross-linking mediated
by the interaction of positively charged ions or biopolymers such
as chitosan with the negatively charged backbone of
pectin.30,36,37,73,74 Unfortunately, some of the cross-linking
ions used in the above-mentioned studies can be toxic for cells at
high concentrations, and most ionic cross-linked hydrogels are
troubled by brittleness issues, making them unsuitable as
regenerative biomaterials for load-bearing tissues. As an
alternative, pectin has been recently thiol-norbornene function-
alized to enable the formation of pectin hydrogels through
photo-cross-linking in the presence of UV light, a bicysteine-
modified peptide and a water-soluble photoinitiator (VA.086).31

Albeit, this methodology is nontoxic and yielded a biodegrad-
able and biocompatible hydrogel system; in the authors’
opinion, the approach is significantly compromised by the
high costs usually associated with norbornene click chemistry
and the many chemical steps needed to go from the prepolymer
stage to a hydrogel. Some recent studies have also demonstrated
that pectin-based thin films and nanowires can be made from
emulsion polymerization of glycidyl methacrylate-modified
pectin.51,75 In the present study, we have managed to convert
methacrylate pectin into PEMA and have demonstrated that we
could fine-tune its disintegration profile and mechanical
properties by simply changing its methacrylation degree and
the photoinitiator concentration. Notably, we have shown that

we can cover a broad range of mechanical properties ranging
from around 0.5 to 17 kPa through this methodology.Moreover,
in contrast to alginate- and gelatin-based hydrogels, our
hydrogel could endure cyclic loadings with a mechanical
recovery close to 100%, which makes our system unique
compared tomany of the other available hydrogel-based systems
out there. This attribute also makes the system amenable for
skeletal tissue engineering as the ECM of skeletal tissues are
exposed to dynamic loads on a daily basis.
The cell survival rate and the ability of cells to migrate, spread,

differentiate, and connect with other cells are also imperative in
tissue regeneration.2 Even though our results with PEMA
demonstrate a homogeneous distribution and a high viability of
a wide range of cell types, PEMA did not facilitate sufficient
cell−matrix interactions. This is not surprising, as most
polysaccharide-based biomaterials are typically unable to induce
strong cellular responses on their own.25,72 Indeed, the native
ECM comprises other bioactive molecules apart from
polysaccharides, such as collagen fibers, fibronectin, laminin,
and soluble growth factors.25,52We have tried to recapitulate this
important feature into our system through gelatin incorporation.
To this end, we have used thiolated gelatin as thiol groups can
form covalent bonds with the acrylate groups on PEMA through
aMichael addition reaction. This gelatin incorporationmade the
hydrogel system better suited for the survival and growth of
adherent cells, as evidenced by the results obtained with the

Figure 8. Microfabrication studies. (a) A schematic that briefly explains the setup used to generate cell-laden and microfabricated hydrogels. (b)
Phalloidin (red)-Hoechst nuclear staining (blue) of the hydrogels at different time points and (c) alkaline phosphatase staining (purple).
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hMSCs. Specifically, they were shown to attach and spread into
individual cells with well-defined actin stress fibers. Further-
more, the hMSCs could also secrete ALP and facilitate the
formation of hydroxyapatite within the hydrogel matrix as is
evident from XRD and FTIR spectroscopy, both of which are
important hallmarks for osteogenic differentiation.
Advantageously, the methacrylate groups on PEMA allowed

us to micropattern our cell-laden hydrogels through UV-assisted
patterning. This unique feature can ultimately pave the road for
the engineering of more complex and native-like tissues. We are
aware of the fact that many groups have previously used GelMA
and poly(ethylene glycol) diacrylate (PEGDA) for photo-
patterning cell-laden hydrogels. Even still, our new hydrogel
solution displays some clear advantages over these state-of-the-
art solutions.71,76 We acknowledge that PEGDA is sufficiently
stable; however, it is also bio-inert at the same time,76 and
therefore, does not exhibit cell spreading- and differentiation-
inducing properties. Importantly, PEGDA is unable to promote
cell migration and cell infiltration from the surrounding tissue,
which in turn significantly limits its biointegration properties.
While GelMA displays such properties, it rapidly degrades
both in vitro and in vivodue to the action of the collagen-
degrading protease, collagenase.28,77 Another shortcoming of
GelMA is intimately linked to their weak mechanical properties
because they typically are not durable and tough enough for
resisting the natural environment of load-bearing tissues.28 We
also note that most of the conventional hydrogel materials (not
GelMA) are produced through complex multistep procedures
that are costly and time-consuming. For instance, PEGDA,
alginate, and hyaluronic acid-based hydrogelsthe most
commercially available onesneed some custom modification
with either bioactive small peptides such as the arginine−
glycine−aspartate (RGD) motif or proteins such as laminin and
fibronectin. Even still, both solutions come at a high price, which
significantly comprises the dream of custom-making tissue
substitutes for the broad populace in an “off-the-shelf” manner.
PEMA-gelatin circumvents these shortcomings by providing a

highly stable, mechanically durable, and tissue regenerative
hydrogel without any unwanted tradeoffs. Since this system is
based on readily available waste materials that are modified
through simple one-step chemical protocols, this hydrogel is also
easy to upscale and can be manufactured at a significantly lower
price than other hydrogels currently in the market. Finally, the
shear-thinning properties of PEMA make it amenable for 3D
bioprinting and open up the possibility for launching cheaper
bioinks.

■ CONCLUSIONS

Due to the aging population, tissue degeneration and organ
failure are expected soon to become one of the biggest
healthcare problems in the developed parts of the world. Albeit
organ and tissue transplantation are viable options in many
cases, the number of patients in need for transplantation by far
outweighs the number of potential donors. Artificial tissues
grown in the laboratory and targeted delivery of stem cells hold
great promise for this problem, and could potentially meet this
growing demand in the healthcare sector. The state-of-the-art
methodology in the field is currently based on hydrogels that can
stimulate and drive progenitor cells into new and healthy tissues.
The critical importance of nontoxic, biocompatible, mechan-
ically stable, tissue regenerative, as well as low-cost and scalable
hydrogel systems has motivated researchers to search for

abundant and bioactive polymers that can meet these require-
ments.
Here, we have joined this ongoing effort by transforming a

naturally derived polymer, namely, pectin, into a cross-linkable
hydrogel. The methodology that we employed to accomplish
this was simply based on methacrylating pectin (PEMA)
because we hypothesized that PEMA could form a hydrogel
with low-level UV light and a photoinitiator. Indeed, this was the
case, and to make the system more cell-friendly, we also
incorporated gelatin into it. Our final hydrogel displayed an
amazing portfolio of the highly sought properties in this field.
This wide spectrum of properties includes mechanical tough-
ness, load-bearing properties, bioactivity, stability in physio-
logical environments, and nontoxicity, while the system all
together remained less expensive and scalable. Notably, we have
demonstrated that hMSCs growing inside such hydrogels can
turn into bone cells and facilitate the formation of bonelike
apatite, which is considered one of the hallmarks of bone
differentiation. We have also demonstrated that our hydrogel
could easily yield stable micropatterns with a 100 μm resolution
and that hMSCs can grow within these (in a localized manner)
and differentiate into bonelike cells. For these reasons, PEMA-
gelatin holds great promise as a 3D biomaterial with intrinsic
osteogenic activity of use for treating bone disorders. Overall,
our data suggest that the PEMA-gelatin hydrogel can be used as
a bone regenerative stem cell carrier as well as a biomaterial
capable of driving stem cells into complex tissue-like
architectures through UV micropatterning. The method
presented here, therefore, presents a step forward in our
capacity to stimulate stem cells to become mature tissues with
the same complexity as native ones.

■ MATERIALS AND METHODS
Materials. Pectin from apple (50−75% esterification), 2-(N-

morpholino)ethanesulfonic acid (MES), sodium chloride (NaCl), N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide hydrochloride (EDC), 2-aminoethyl methacrylate hydro-
chloride (AEMA), 3-(trimethoxysilyl)propyl methacrylate (TPM),
poly(2-hydroxyethyl methacrylate) (poly-HEMA), 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure D-2959), deuter-
ated water (D2O), bovine serum albumin (BSA), β-glycerophosphate
disodium salt hydrate, Dulbecco’s phosphate-buffered saline (DPBS),
Dulbecco’s modified Eagle’s medium (DMEM)-high glucose,
penicillin−streptomycin, trypsin−ethylenediaminetetraacetic acid sol-
ution 1×, dexamethasone, and Alizarin Red S were purchased from
Sigma-Aldrich (St. Louis, MO). Thiol-modified gelatin (Gelin-S) and
degassed, deionized (DI) water at pH 5.0−8.0 (degassed (DG) water)
were purchased from ESI-BIO. PC12 (ATCC CRL-1721) cell line,
C2C12 (ATCC CRL-1772) cell line, and Roswell Park Memorial
Institute (RPMI)-1640 culture medium (ATCC 30-2001) were
purchased from LGC Standards, Sweden. Human bone marrow-
derived mesenchymal stem cell (hMSC) (PT-2501) was obtained from
Lonza Inc. Gibco. DMEM, low-glucose GlutaMAX supplement,
pyruvate (catalog number: 21885025), snake skin dialysis tubing
(3.5k molecular weight cut-off), 5-bromo-4-chloro-3-indolyl phos-
phate/nitroblue tetrazolium (BCIP/NBT), rhodamine phalloidin,
Hoechst 33342, and alkaline phosphatase (ALP) substrate kit were
purchased from Thermo Fisher Scientific. Fetal bovine serum (FBS)
and fetal horse serum (FHS) were obtained from Biowest. Silicone
Isolators (JTR24R-0.5) were purchased from Grace Bio-Labs, and 16%
paraformaldehyde (formaldehyde) aqueous solution was obtained from
electron microscopy sciences.

Synthesis of Pectin Methacrylate (PEMA). Pectin methacryla-
tion was achieved by reacting pectin from apple peels (molar weight:
∼706 kDa)78 with AEMA. Briefly, to prepare the medium-PEMA with
48.82% theoretical methacrylation of acidic carboxyl groups, the pectin
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powder (1 g) wasmixed at 1% (w/v) into a 50mMMES buffer solution
(100 mL, pH 6.5) containing 0.5 M NaCl at room temperature. After
the powder was completely dissolved, 0.69 g (60mM) of NHS and 2.3 g
(120mM) of EDCwere added to this solution and stirred for 10 min to
activate the carboxylic acid groups of the pectin. Then, 0.994 g (60
mM) of AEMA was added to the solution and allowed to react for 24 h
at room temperature in the dark. Themolar ratio of NHS/EDC/AEMA
was maintained at 1:2:1. Low (30 mM) and high (90 mM) AEMAwere
used to synthesize low and high degrees of PEMAmethacrylation, while
keeping the NHS/EDC/AEMA molar ratio constant. After 24 h, the
solution mixture was precipitated by the addition of excess acetone and
dried under the fume hood. The resulting polymer was dehydrated and
dissolved in 100mL of deionized (DI) water for further purification and
subsequently dialyzed against DI water for 3 days and lyophilized.
Preparation of Prepolymer Solution of PEMA-Gelin-S. 2% (w/

v) lyophilized PEMA-Med was dissolved in DI water containing 0.6%
(w/v) photoinitiator (Irgacure D-2959), and 2% (w/v) lyophilized
Gelin-S was dissolved in degassed water (DG water). These solutions
were mixed and vortexed together for 1 min. Therefore, the final
concentration (w/v) of PEMA-Med and Gelin-S in prepolymer
solution was always kept at 1% (w/v) containing 0.3% (w/v)
photoinitiator.
Fabrication of Photo-Cross-Linked Hydrogels. To prepare

photo-cross-linked PEMA (Low, Med, and High) hydrogels, 2% (w/v)
freeze-dried PEMA polymer with different degrees of methacrylation
was added and dissolved in a photoinitiator (PI) solution of 0.1 or 0.3%
(w/v) in DI water at room temperature. Then, the PEMA polymer
solutions were injected between a poly(methyl methacrylate) slide and
a glass coverslip separated by a 2mm spacer and then cross-linked using
ultraviolet (UV) light ∼7 mW/cm2 for 1 min to form the hydrogels.
This procedure was also used to form PEMA (Med)-Gelin-S hydrogel.
All photo-cross-linked specimens were washed five times with DI water
and then used for downstream studies.
Fourier Transform Infrared (FTIR) Spectroscopic Character-

ization. FTIR spectroscopy was used to observe the chemical
composition and structural change both before and after UV curing
of hydrogels. Therefore, a PerkinElmer Spectrum 100 FTIR
spectrometer equipped with the attenuated total reflection accessory
at a resolution of 4 cm−1 for 16 scans was used to record the FTIR
spectra. The transmittance spectra for lyophilized PEMA (Low, Med,
and High), Gelin-S, PEMA (Med)-Gelin-S, photo-cross-linked PEMA
(Low, Med, and High), and photo-cross-linked PEMA (Med)-Gelin-S
(N = 3) samples were collected after background subtraction at 25 °C in
the range of 4000−500 cm−1. PerkinElmer Spectrum software was used
to correct baseline and normalize data. The FTIR spectrum of the
photo-cross-linked PEMA (Med)-Gelin-S hydrogel indicates that the
peaks related to acrylate and thiol groups completely disappeared,
which shows that almost all of the thiol groups on Gelin-S reacted with
the acrylate groups on PEMA.
Proton Nuclear Magnetic Resonance (1H NMR) Character-

ization. The chemical modification of PEMA was quantified using 1H
NMR spectroscopy. The pectin powder and lyophilized PEMA (Low,
Med, and High) (2% (w/v)) were mixed in D2O and placed in NMR
tubes to characterize the 1H NMR spectroscopy. Moreover, the
lyophilized PEMA (Low, Med, and High) (2% (w/v)) was dissolved in
D2O with 0.3% (w/v) PI, placed in NRM tubes, and photo-cross-linked
by UV exposure ∼7 mW/cm2 for 1 min to form a hydrogel. D2O was
used as the solvent to dissolve the pectin samples due to their high
affinity to water. The 1H NMR spectra were recorded at room
temperature on a Varian Mercury 400 MHz spectrometer by
tetramethylsilane as internal standard. The conditions used for the
experiments were spectral width 8012.82 Hz, acquisition time 8.18 s,
and pulse 6.5 ms. All samples were obtained at room temperature. The
chemical shifts (δ) were described in parts per million (ppm) related to
the solvent’s signal peak. Additionally, we estimated the degree of
methacrylation from the relative integrated intensities of methyl
protons (∼1.9 ppm) in aminomethyl methacrylate and H-4 signal
(∼4.4 ppm) from the pectin molecule, and ∼22, ∼48, and ∼61%
degrees of methacrylation are obtained for low, medium, and high
methacrylation, respectively.

ζ Potential Analysis. ζ potential of the pectin and PEMA (Low,
Med, and High) prepolymer solutions were measured by laser Doppler
anemometry using a Malvern Zetasizer instrument (Nano Series ZS,
Malvern Instruments, Worcestershire, U.K.) fitted with a 4 mW He−
Ne laser operating at a wavelength of 632.8 nm at 25 °C. Each specimen
was dissolved in DI water at a concentration of 1 mg/mL.

Scanning Electron Microscopy (SEM). The microporous
structure of samples was investigated using a scanning electron
microscope (FEI Quanta 200 ESEM FEG), which was operated with
an accelerating voltage of 10 kV. First, the photo-cross-linked hydrogel
samples (N = 3 for each group) were washed, freeze-dried, cross-
sectioned, and coated with gold (Au, 10 nm) prior to SEM imaging.
Based on the captured SEM images, ImageJ software (National
Institutes of Health (NIH)) was used to quantify of the pore size
distribution.

Swelling and Disintegration Studies. The effect of the degree of
methacrylation and photoinitiator concentration on the swelling
behavior and stability of the photo-cross-linked pectin hydrogels was
characterized by assessment of the hydration kinetics and dissolution
behavior. To this end, to assess the swelling properties, PEMA
hydrogels (N = 4 for each time point) were placed into six-well cell
culture plates containing DPBS and then incubated at 37 °C to reach
equilibrium swelling state. The DPBS was replaced every 2 days. At the
respective time points, the swollen weight (Ws) of each hydrogel was
recorded after being wiped by a paper wiper to drain the excess DPBS
from the hydrogel surface. Afterward, the swollen hydrogels were
freeze-dried to record their final dry weight (Wd). Using the following
equation, the swelling ratio was calculated as the weight of the swollen
hydrogel (Ws) to the weight of the freeze-dried sample (Wd).

=
−W W
W

swelling ratio s d

d (1)

To evaluate the disintegration rate of the hydrogels, the final freeze-
dried weight (Wf) and initial freeze-dried weight (WI) of each sample
were recorded at various time points. The disintegration rate was then
obtained by dividing the final dry weight (Wf) by the initial dry weight
(WI) (eq 2). For each combination, at least four samples were analyzed.
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Rheology. The loss modulus (G″) and storage modulus (G′) of
PEMA solutions as well as PEMA-Gelin-S were tested by the Discovery
Hybrid Rheometer HR-2 from TA Instruments with 40 mm diameter
parallel plates at 25 °C. To determine the linear viscoelastic region,
amplitude sweep was performed from 0.01 to 100 Pa at a fixed angular
frequency of 1 rad/s. Moreover, steady shear experiments were
performed to evaluate the shear thinning behavior of PEMA and
PEMA-Gelin-S solutions at 25 °C. Flow sweep experiment with shear
rate ranging from 0.01 to 100 s−1 was conducted, while the gap size was
adjusted to 300 μm. All measurements were performed in triplicate.

Mechanical Characterization.To evaluate the effect of the degree
of methacrylation, photoinitiator concentration, and Gelin-S on the
mechanical behavior of the PEMA cross-linked hydrogels, compression
and cyclic compression tests were performed at a constant compression
rate of 0.5 mm/min using an Instron (model 5967, U.K.) mechanical
tester with a 50 N load cell. Photo-cross-linked hydrogels disks (∼10
mm diameter, ∼2 mm thick, N = 6) were prepared and left to swell in
DPBS at 37 °C overnight prior to mechanical testing. The hydrogels
were compressed at a rate of 0.5 mm/min up to 80% strain. The
compressive modulus of hydrogels was defined as the slope of stress vs.
strain plots, corresponding to 15−25% strain. To determine the
recovery of the samples, five complete compression recovery cycles up
to 40% compressive strain were carried out at a loading rate of 0.5 mm/
min. The recovery (%) was calculated as the ratio of toughness between
fifth and second recovery cycles. The energy dissipation of hydrogels
during cyclic loading was measured based on the area blocked within
the loading and unloading hysteresis curves.

Cell Viability and Metabolic Activity of 3D Encapsulation of
PC12, C2C12, and hMSCs. PC12 pheochromocytoma cell lines were
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cultured in RPMI-1640 medium supplemented with 10% (v/v) heat-
inactivated FHS, 1% (v/v) penicillin−streptomycin, and 5% (v/v) FBS
in T-75 flasks at 37 °C under a 5% CO2 atmosphere. The PC12 cells
were used at passage levels of 6−8 for all live-dead experiments. To
evaluate the viability of 3D encapsulated PC12 cells, 1 × 106 cells/mL
were encapsulated in prepolymer solutions containing 2% (w/v) PEMA
(Low, Med, and High) in the presence of a 0.1% (w/v) or 0.3% (w/v)
photoinitiator and then deposited (10 μL) into each microwell array (2
mm diameter × 1 mm depth) fixed on a glass slide. The solutions were
cross-linked by photopolymerization under∼7 mW/cm2 UV for 1 min.
The resulting samples were washed five times with DPBS to eliminate
residual un-cross-linked reagents and cultured in PC12 cell growth
medium (RPMI-1640 supplemented with heat-inactivated FHS (10%
v/v), FBS (5% v/v), and penicillin−streptomycin (1% v/v)). Culture
medium was changed every 2 days for 3 and 7 days. To assess the
metabolic activity of 3D PC12 cell encapsulation, 3 × 106 cells/mL
were used in the experiments.
Murine C2C12 myoblasts cells (between passages 6 and 8) were

cultured in DMEM supplemented with FBS 10% (v/v), penicillin−
streptomycin (1% v/v), and incubated at 37 °C and 5% CO2. The cells
were detached from flasks at 70% confluency by trypsinization, and they
were either subcultured or used for experiments. For the cytotoxicity
tests on 3D encapsulated C2C12 cells, aliquots of 1× 106 cells/mL (for
live/dead analysis) or 3 × 106 cells/mL (for metabolic activity
monitoring) were encapsulated in prepolymer solutions containing 2%
(w/v) PEMA (Low,Med, andHigh) in the presence of a 0.1% (w/v) or
0.3% (w/v) photoinitiator. The mixture of C2C12 cells and PEMA
hydrogel precursor solution was deposited (10 μL) into each microwell
array mounted on a glass slide and then photo-cross-linked under
previously described UV conditions. The samples were washed five
times with DPBS and then cultured in C2C12 growth media (DMEM
supplemented with FBS 10% (v/v), penicillin−streptomycin (1% v/
v)). The culture medium was replaced every 2 days for 3 and 7 days.
hMSCs were cultured in DMEM (low glucose, GlutaMAX)

supplemented with FBS 10% (v/v) and 1% (v/v) penicillin−
streptomycin. For osteogenic differentiation, the cells were cultured
in DMEM (low glucose, GlutaMAX) containing 10% FBS, 1% (v/v)
penicillin−streptomycin, 0.1 μm dexamethasone with 10 mM β-
glycerophosphate, and 50 μg/mL ascorbic acid. hMSCs were used at
passage numbers between 3 and 4 for all cell viability analysis and
differentiation studies. 3 × 106 hMSCs/mL suspension was mixed with
2% (w/v) PEMA (Low, Med, and High) in the presence of a 0.1% (w/
v) or 0.3% (w/v) photoinitiator and then deposited (10 μL) into each
microwell array mounted on a glass slide and photo-cross-linked under
previously described UV conditions. To encapsulate PEMA (Med)-
Gelin-S-hMSC-laden hydrogels, 3% (w/v) PEMA (Med) and 1.2 mg of
photoinitiator were dissolved in 133 μL of DPBS and Gelin-S (2% w/v)
was dissolved in 200 μL of DGwater separately, before mixing together.
Afterward, 67 μL of hMSC solution with a density of 6 × 106 cells/mL
was mixed with the hydrogel precursor and then deposited (10 μL) into
each microwell array mounted on a glass slide. Finally, the PEMA
(Med)-Gelin-S-hMSC-laden hydrogels were obtained through UV
light-assisted cross-linking. All cell-encapsulated hydrogel samples were
washed five times with DPBS and then cultured with either fresh hMSC
growth media or differentiation media and incubated at 37 °C in a 5%
CO2 incubator. The culture media was replaced every 3 days up to 5
weeks. After 5 weeks, the cell-laden hydrogel samples were washed
three times with DPBS and three times with sterile water and then
lyophilized for analysis by XRD, EDAX, and FTIR techniques. The
XRD analysis of the samples was achieved with a HUBER G670 X-ray
powder diffractometer (Germany). An imaging plate detection method
in the Guinier geometry equipped with a secondary monochrome and
Cu X-ray tube with Cu Kα1 radiation (λ = 1.54056 Å) was used to
collect X-ray powder pattern. To this end, the X-ray generator tube was
set to run at 40 kV and 40 mA at room temperature in the 2θ range of
3−80° and a scan step size of 0.005°. The EDAX analyses of the freeze-
dried samples were performed by employing an energy-dispersive X-ray
(EDX) spectroscopy (Oxford Instruments) detector, which was linked
to the SEM (JSM-6010LA) instrument. The EDX permitted the
quantitative determination of Ca and P, and the Ca/P ratio was

measured by dividing the weight percentage of calcium element by the
weight percentage of phosphorous element.

Microfabrication of Patterned PEMA (MED)-Gelin-S-hMSC-
Laden Hydrogel. To prepare hMSC-encapsulated micropatterned
hydrogel constructs, first the glass slides were cleaned via sonication in
ethanol and deionized water several times and subsequently dried at
room temperature. The glass slides were then soaked in 5% (v/v) TPM
in toluene solution at 60 °C for at least 12 h, after which they were
rinsed with ethanol and left to dry prior to coating them with poly-
HMEA. Afterward, glass slides were treated with 4.5% (w/v) poly-
HEMA solution in pure ethanol and left to dry for 3 days and sterilized
by using UV light prior to use. Then, 150 μL of the prepared PEMA
(Med)-Gelin-S-hMSC solution was pipetted between an untreated
glass and coated glass slide separated by a 200 μm spacer. A photomask
with parallel strips pattern (zebra pattern) with 100 μm width was
placed on top of the glass slide and exposed to ∼7 mW/cm2 UV for 1
min. Following polymerization, the coverslip was removed and washed
five times with DPBS to remove unreacted solution and then cultured
with either fresh hMSC growth media or differentiation media and
incubated at 37 °C in a 5% CO2 incubator. Here, the cell culture media
was replaced every 3 days up to 2 weeks.

Live/Dead Viability Assay and Metabolic Activity Assay. Cell
viabilities of hydrogel encapsulated PC12, C2C12, and hMSCs were
evaluated by a live/dead assay kit (Life Technologies) following the
suggested manufacturer’s instructions. At predetermined time periods
(days 1, 3, and 7), cell-encapsulated hydrogels were washed two times
with DPBS and then stained with a live/dead assay kit containing
calcein-AM (live cells) and ethidium homodimer-1 (dead cells) for 15
min at 37 °C. Cell-laden hydrogels were imaged by using a confocal
laser scanning microscope (Zeiss LSM 700, Germany). The images
were then assessed with ImageJ software (National Institutes of
Health). To analyze the cell viability at the respective time points, the
images were split into green (live cells) and red (dead cells) color
channels to separately count live and dead cells. The cell viability
percentage within the hydrogels was determined according to eq 3

= ×viability(%)
live cell count

total cell count
100

(3)

Metabolic activity of hydrogel-encapsulated PC12, C2C12, and hMSCs
were assessed by using a cell cytotoxicity assay kit (colorimetric) from
Abcam following the manufacturer’s instructions. First, the cell-laden
hydrogels were washed twice with DPBS. Afterward, the hydrogels were
transferred into 96-well plates containing 100 μL/well growth medium
and 20 μL/well of assay solution and then incubated for 24 h at 37 °C.
The optical densities of the respective samples were measured using a
Spark multimode microplate reader (Tecan) at 570 and 605 nm. The
ratio of OD570 to OD605 is used to determine the cell viability in each
well. At least six samples were measured at each time point.

Quantification of Cell Spreading. Cell spreading within the
micropatterned and unpatterned PEMA-Gelin-S-hMSC-laden hydro-
gels was evaluated via fluorescent staining. First, the samples were
washed three times with DPBS and fixed using a solution of 4%
paraformaldehyde in DPBS for 15 min at room temperature. Then, the
samples were permeabilized for 5 min with 0.1% (w/v) Triton X-100 in
DPBS at room temperature. A solution of 1% (w/v) BSA in DPBS was
utilized to block the samples at room temperature for 30 min.
Afterward, the samples were incubated for 45 min incubation at 37 °C
with a solution of rhodamine phalloidin (1:40 dilution in 0.1% (w/v)
BSA). The hydrogels were washed three times in DPBS and then the
nuclei of the cells were stained with Hoechst (33342) and incubated for
15 min at 37 °C. The samples were then washed three times in DPBS
and imaged using confocal laser scanning microscopy and finally
evaluated with NIH ImageJ software. For each condition, at least six
specimens were stained.

Alkaline Phosphatase (ALP) Staining. The intracellular alkaline
phosphatase (ALP) activity of the micropatterned and unpatterned
PEMA-Gelin-S-hMSC-laden hydrogels was evaluated by using a BCIP/
NBT solution. First, the samples were washed three times in DPBS,
then covered with BCIP/NBT, and finally left for 2 h at room
temperature. In the end stage, the samples were rinsed three times in
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DPBS to eliminate excess BCIP/NBT assay before imaging with a Zeiss
Axioscope 40 microscope (Carl Zeiss, Germany).
Alizarin Red S Staining. The PEMA-Gelin-S-hMSC-laden hydro-

gels were quantified by Alizarin Red S staining for mineralized bone
nodule formation. To make the Alizarin Red S solution, 1 g of Alizarin
Red S powder was dissolved in 50 mL of DPBS and then the pH of the
solution was maintained at ∼4.2 to get a complete Alizarin Red S
solution. Finally, the Alizarin Red S staining solution was filtered using a
syringe filter (0.45 μm, Q-Max Syringe filter). The PEMA-Gelin-S-
hMSC-laden hydrogels were first fixed with 4% formaldehyde solution
at room temperature for 30 min. Then, the samples were washed with
DPBS and immersed in the Alizarin Red S solution in the dark at room
temperature. After 1 h, the samples were washed repeatedly with DPBS
to remove the weakly adhered Alizarin Red S and then imaging was
performed using a Zeiss Axioscope 40 microscope (Carl Zeiss,
Germany).
Statistical Analysis. All statistical analysis was done using the

GraphPad Prism software program (v7; San Diego). The significant
differences among the grouped data sets (as in pore size analysis,
viability, and cell coverage) were evaluated through one-way analysis of
variance and followed by Tukey’s post hoc test when the groups were
independent and followed a normal distribution. If the data deviated
from the normal, nonparametric Dunn’s multiple comparison was used
instead. Type 1 error rate was set to 0.05, and the statistical significance
was specified as *(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p <
0.0001), and ns means not significant.
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