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Abstract

Hydrogels have shown great potential for cartilage tissue engineering applications due to their
capability to encapsulate cells within biomimetic, 3-dimensional (3D) microenvironments.
However, the multi-step fabrication process that is necessary to produce cell/scaffold constructs
with defined dimensions, limits their off-the-shelf translational usage. In this study, we have
developed a hybrid scaffolding system which combines a thermosensitive hydrogel,
poly(ethylene glycol)-poly(N-isopropylacrylamide) (PEG-PNIPAAmM), with a biodegradable
polymer, poly(e-caprolactone) (PCL), into a composite, electrospun microfibrous structure. A
judicious optimization of material composition and electrospinning process produced a
structurally self-supporting hybrid scaffold. The reverse thermosensitivity of PEG-PNIPAAmM
allowed its dissolution/hydration upon cell seeding within a network of PCL microfibers while
maintaining the overall scaffold shape at room temperature. A subsequent temperature
elevation to 37 °C induced the hydrogel's phase transition to a gel state, effectively
encapsulating cells in a 3D hydrogel without the use of a mold. We demonstrated that the hybrid
scaffold enhanced chondrogenic differentiation of human mesenchymal stem cells (hMSCs)
based on chondrocytic gene and protein expression, which resulted in superior viscoelastic
properties of the cell/scaffold constructs. The hybrid scaffold enables a facile, single-step cell
seeding process to inoculate cells within a 3D hydrogel with the potential for cartilage tissue

engineering.
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1. Introduction

Senescence-related degenerative diseases, such as osteoarthritis, osteoporosis and
various vascular disorders, have become prevalent due to the exponential growth of the aging
population [1]. Tissue engineering approaches, especially those using stem cells, present a
viable means to produce tissue replacements to remedy such diseases while overcoming
several issues associated with allografts, such as shortage in donor organs and immuno-
incompatibility. In addition to their potential for in-vivo implantation, engineered tissues also
provide valuable in-vitro tissue models as platforms to develop therapeutic interventions
including drug discovery/testing [2-4]. Depending on the complexity and dimensions of the
assembly, two different approaches are typically utilized to create biomimetic in-vitro tissues. A
scaffold-less approach utilizes individual cells or a patch of cells to assemble a structure
resembling native tissue [5]. This process offers the ability to control each layer individually as
they are added, enabling complex composition and spatial distribution of cells with various
phenotypes. In contrast, a scaffold-based approach simplifies the tissue morphogenesis
process by using a physical structure as a cell culture substrate, allowing for the generation of
engineered tissues with relatively large dimensions. The consequence for its simplicity is the
need for a well-designed structure to guide appropriate cellular behaviors such as stem cell self-
renewal, differentiation and maturation.

Hydrogels are one of the most popular scaffolding systems due to their capability to
encapsulate cells in a 3D physiological-like microenvironment [6, 7]. Many different types of
hydrogels have been developed through chemical modification and functionalization to direct
stem cell behaviors for enhanced morphogenesis of various tissues, such as angiogenesis [8],
neurogenesis/myogenesis [9], osteogenesis/adipogenesis [10], and dermal tissue formation
[11]. Notably, several hydrogel systems have demonstrated an excellent ability to enhance
chondrogenesis of stem cells due to their hydrated fibrous nanostructure providing a cellular

environment similar to native cartilage [12-16]. However, a major drawback of using hydrogel



scaffolds is the necessity for multi-step synthesis processes to create the cell/scaffold
constructs with defined dimensions, limiting their off-the-shelf usage. The process generally
requires dissolution of a hydrogel precursor polymer before mixing with cell-containing solution,
followed by a gelation step via chemo-, photo- or thermo-sensitive crosslinking inside a mold to
form cell-encapsulating hydrogels with a defined shape [17]. The elimination of these multi-step
processes by increasing dissolution rate in cell-containing media and enabling in-situ
polymerization without the need for a mold, would facilitate the use of hydrogel scaffolds in
surgical procedures.

In this regard, electrospinning provides a means to produce a fibrous network exhibiting
a very high surface area to volume ratio for faster dissolution. The non-woven mesh of fibers
can be produced with diameters ranging from a few nanometers to several micrometers, by
electrically pulling a polymer solution with high electric potentials [18]. Any polymer solution with
the appropriate viscosity, conductivity and surface tension can be electrospun for a variety of
applications. A few hydrogels, such as poly (ethylene glycol) (PEG) [19] and poly(N-
isopropylacrylamide) (PNIPAAmM) [20, 21], have been electrospun to create fibrous scaffolds.
However, these electrospun hydrogel scaffolds collapse upon cell seeding, unable to maintain
their macro-scale structures.

In this study, we developed a novel electrospun hybrid scaffold which integrates a
thermosensitive hydrogel, PEG-PNIPAAmM, with a biodegradable polymer, poly(e-caprolactone)
(PCL). We demonstrate that the thermosensitive hydrogel component of the hybrid scaffold
quickly dissolves and fills the pores within the structure to encapsulate seeded cells, while PCL
provides overall structural integrity, resulting in superior mechanical properties of cell/scaffold
constructs as compared to scaffolds of the pure forms of its individual constitutive components
(Fig. 1). The hybrid scaffold of cell-conforming hydrogel within an electrospun fibrous network
enhanced chondrogenic differentiation of human mesenchymal stem cells (hMSCs). Our novel

scaffold design provides a facile means to inoculate cells in 3D hydrogel with a mold-less, single



step cell seeding process, potentially applicable for various tissue engineering applications.

2. Materials and Methods
2.1. Thermosensitive hydrogel synthesis

N-isopropylacrylamide (NIPAAm) (Sigma Aldrich) monomer and PEG-dimethacrylate
(PEG-DMA, M.W. = 8000) (Alfa Aesar) were utilized to synthesize a thermosensitive hydrogel
polymer, PEG-PNIPAAmM, using a modified free-radical polymerization protocol [22]. Briefly,
NIPAAmM and PEG-DMA were dissolved together in methanol under a nitrogen atmosphere at
various total precursor concentrations with a fixed NIPAAM:PEG-DMA ratios of 9:1 to optimize
the gelation behaviors of the synthesized PEG-PNIPAAm (Figure S1). Azobisisobutyronitrile
(AIBN) (Sigma Aldrich) was added to the solution as a free-radical initiator. The reaction flask
was heated to 65 °C, and refluxed for 48 hours, followed by the evaporation of methanol. The
resulting solid polymer was washed in n-hexane (Sigma Aldrich) at 45 °C for 12 hours to
remove unreacted monomers. It was then grinded into a powder and vacuum-filtered with three

rinses of n-hexane.

2.2. Hydrogel characterization

Fourier transform infrared (FTIR) spectroscopy and proton nuclear magnetic resonance
(H NMR) spectroscopy were used to analyze the chemical structure of the synthesized PEG-
PNIPAAmM. Dry powder samples were used for FTIR analysis with a Nicolet 6700 FTIR
Spectrometer (Thermo Fisher Scientific) to measure infrared absorbance peaks of the PEG-
PNIPAAm. Alternatively, the polymer was dissolved in deuterated chloroform (Sigma Aldrich) at
20 wt.% and subjected to H NMR spectroscopy using a Varian Inova 400 NMR machine
(varian, Inc.). The H NMR data was analyzed using Mnova Analytical Chemistry Software
(Mestrelab Research). Pure PEG-DMA and NIPAAmM monomers were used as controls.

The lower critical solution temperature (LCST) of the thermosensitive PEG-PNIPAAM



hydrogel was characterized at various solution concentrations (4-18 wt.% dissolved in
Dulbecco’s Modified Eagle Medium: nutrient mixture F-12 (DMEM/F12) (Fisher Scientific) at 4
°C) using a standard inversion assay under various temperatures. The temperature of the
polymer solution was gradually increased from room temperature (23 °C) to 41 °C, during which
the vials containing the dissolved hydrogel solution were tilted 45° to determine gelation after

every 2 °C temperature increase.

2.3. Cell viability in hydrogel

Bone marrow-derived human MSCs (Sciencell) were used to determine the
biocompatibility of the PEG-PNIPAAmM hydrogel. PEG-PNIPAAmM powder was sterilized by an
exposure to gamma irradiation at a dose of 10 kGy [23] before being dissolved in sterile
DMEM/F12 overnight at 4 °C. The cells were inoculated into the polymer solution at a cell
density of 12 x 10° cells/mL with the final polymer solution concentrations of 5, 7.5 and 10 wt.%.
Approximately 475 pl of the cell/hydrogel solution was plated in each well of a 24-well plate to
form approximately a 2.5 mm thick cell-laden hydrogel construct and incubated at 37 °C for 20
minutes to achieve gelation. An additional 500 ul of warm DMEM/F12 solution was then added
to the cell/hydrogel specimens. The samples were cultured for 24 hours before being subjected
to a live/dead cell assay using 2 pM Calcein-AM (Fisher Scientific) and 4 uM ethidium
homodimer-1 (Fisher Scientific) in sterile phosphate buffer solution (PBS) (Fisher Scientific).
The samples were incubated in the staining solution for 5 minutes at 37 °C. Unbound excess
stain solution was aspirated and washed with warm PBS. 10% formaldehyde in PBS solution
was used to fix the cells for 30 minutes while maintaining the gelled structure of the hydrogel at
37 °C. The fluorescently labeled samples were immediately imaged using a fluorescence
microscope. Five different locations (center and four corners of a square) in three different focal

planes from three biologically independent samples were utilized to quantify cell viability.



2.4. Hybrid scaffold fabrication

Different blending ratios of polymer solutions including but not limited to 25%, 50% and
65% PEG-PNIPAAM to PCL, were dissolved in chloroform at various overall polymer
concentrations. Optimal electrospinning parameters, including overall polymer concentration (5
— 8 wt. %), solution feed rate (8 — 10 mL/hr), applied voltages (-9.5 to -13.0 kV), and spinneret-
to-collector distance (25 — 55 cm), were experimentally determined by a design-of-experiment
(DOE) approach for each blending ratio to achieve an appropriate average fiber diameter of 11
pum for uniform cell distribution upon cell seeding (Table S1 and Fig. S2-S5) [24-26]. Pure PCL
scaffolds with similar morphology and fiber diameters were also electrospun as described
previously and used as controls [26]. The electrospinning duration was adjusted to achieve a
scaffold thickness of approximately 2.5 mm. The resulting fibrous mesh was then vacuum dried
overnight at <30 mmHg to remove residual chloroform [27]. Individual cylindrical scaffold

samples were then cut from the mesh using a 6 mm medical biopsy punch (Miltex).

2.5. Hybrid scaffold characterization

Scaffold morphology and fiber diameters were evaluated using scanning electron
microscopy (SEM) and ImageJ Software. Individual scaffold dimensions were measured with
digital calipers and weighed before further testing. Scaffold porosity was determined using a
liquid displacement method similar to our previous work [26]. Gelation of the hybrid scaffolds
was induced by injecting 65 uL of DMEM/F12 solution onto each scaffold and incubating them
at 37 °C for 20 minutes. To visualize the hydrogelation within the hybrid scaffolds, the constructs
were immediately snap frozen in liquid nitrogen and lyophilized for 2 days using a Freezone 1
lyophilizer (Labconco) before being imaged by SEM. Alternatively, to visualize the PCL structure
of the hybrid scaffolds, the hydrogel component was removed with a cold PBS wash overnight

on a shaker plate, followed by SEM imaging.



2.6. Mechanical characterization

Mechanical characterization of the scaffolds was performed as previously described
[26]. Briefly, a custom-made compression system composed of a Soloist Motion servo controller
and a Z-axis lift stage (Aerotech), was utilized to subject the scaffold to a sinusoidal
compressive strain of 0.05 at 1 Hz while the force was recorded using a load cell (Honeywell).
The characterization of dry scaffolds was performed at room temperature, whereas the
characterization of hydrated scaffolds was performed after each scaffold was injected with 65 pL
of warm DMEM/F12 media and incubated for 20 minutes at 37 °C. The compression setup was
placed inside a cell culture incubator to maintain the temperature at 37 °C. Alternatively, the
hydrated scaffolds were cooled down to room temperature to examine the effect of the
thermosensitive hydrogel on the overall mechanical properties of the hybrid scaffolds.
Furthermore, the hybrid and pure PCL scaffolds after two weeks of cell culture were similarly

subjected to mechanical characterization.

2.7. Chondrogenesis of hMSCs in the hybrid scaffolds

Scaffolds were sterilized by gamma irradiation at 10 kGy [23]. Approximately 12 x 10°
hMSCs were suspended in 1 mL of DMEM/F12 media and 65 pL of the cell solution was seeded
into each scaffold (Fig. 1). The cell-seeded scaffolds were immediately incubated at 37 °C for
20 minutes. During this incubation period, no spillage of cell-containing solutions from the
scaffolds was observed, likely due to capillary forces generated by the macropores within the
scaffolds. An additional 600 pL of media was supplemented into each well. Samples of
cell/scaffold constructs were snap frozen in liquid nitrogen, OCT-embedded and cryosectioned
to determine the cellular distribution throughout the thickness of the scaffolds upon seeding, as
previously described [26]. Alternatively, the cell/scaffold constructs were pre-cultured in
DMEM/F12 media for three days before subjecting the cells to chondrogenic media (low glucose

DMEM media with 0.1 yM Dexamethasone (Sigma Aldrich), 200 uyM ascorbic acid (Sigma



Aldrich), 10% fetal bovine serum (Fisher Scientific), 1% penicillin/streptomycin (Fisher Scientific)
and 10 ng/mL TGF-B3 (Peprotech Inc.)) for 2 weeks. In addition, PDMS molds having cylindrical
holes with a diameter of 6 mm were utilized to cast cell-laden pure PEG-PNIPAam hydrogel at
approximately 6.5 wt.%, with a thickness of 2 mm (Figure S6). After the culture period, the
cell/scaffold constructs were subjected to biomechanical analysis as described earlier, or

biochemical and histological analyses as described below.

2.8. Gene expression analysis

After 14 days of culture, mMRNA was extracted from the samples using the Qiagen
RNeasy MiniKit according to the manufacturer’s protocol. The cDNA was synthesized by using
the iScript cDNA Synthesis Kit (Bio Rad). The synthesized cDNA was subjected to real time-
polymerase chain reaction (rt-PCR) using custom SYBR Green primers to determine
chondrogenic gene expression. The primers used were collagen type Il (COL2AL; forward:
CAACACTGCCAACGTCCAGAT, reverse: CTGCTTCGTCCAGATAGGCAA), aggrecan (ACAN;
forward: TGAAACCACCTCTGCATTCCA, reverse: GACGCCTCGCCTTCTTGAAAT), and
SOX9 (forward: TGCTCAAAGGCTACGACTGGA, reverse: TTGACGTGCGGCTTGTTCT).
GAPDH (forward: ATGGGGAAGGTGAAGGTCG, reverse: TAAAAGCAGCCCTGGTGACC)
was used as an endogenous control gene. The data were subjected to gene expression

analysis by the comparative threshold method [28].

2.9. Histological analysis

The cell/scaffold constructs were washed twice with warm PBS and then fixed in 10%
buffered formalin at 37 °C for 30 minutes. The samples were snap frozen in liquid nitrogen,
embedded in OCT compound, and cryosectioned. The sectioned samples were quickly heated
up to 37 °C to minimize the dissolution of hydrogel, and subjected to either Alcian Blue or

Safranin-O staining as previously described [25, 26]. The stained samples were then imaged



using a microscope in brightfield mode.

2.10. Statistical analysis

All experiments were performed with at least three biologically independent samples,
and represented as an average * standard deviation (SD), except for gene expression in which
the standard error of mean (SEM) for n = 6 (biologically independent triplicate with technical
duplicate) was used. For mechanical testing, n = 6 was used. The data were subjected to
ANOVA with Tukey’s post-hoc test using the SPSS software (IBM) to determine statistical

significance (p < 0.05).

3. Results

The aim of this study was to develop a hybrid scaffold that exploits the superior
bioinductiveness of hydrogels and the mechanical stability of electrospun microfibers (Fig. 1).
To minimize the number of steps required in traditional hydrogel processing techniques such as
chemical or UV-irradiation crosslinking, a thermosensitive hydrogel, PEG-PNIPAAmM, was
utilized. First, the molecular structure of the synthesized PEG-PNIPAAmM polymer was analyzed
by FTIR and H NMR spectroscopy. The characteristic peaks of PEG-PNIPAAmM in its FTIR
spectrum were compared to those of the precursor components, NIPAAm and PEG-DMA (Fig.
2a). The major functional molecular groups observed in PEG-PNIPAAmM were derived from
PEG-DMA due to the stretching of the epoxy group at 2948 cm™ (labeled 1, C-H stretching) and
1466 cm™ (labeled 2, C-H stretching) [29, 30]. In addition, the peaks associated with NIPAAm’s
broad N-H stretching vibration peak around 3435 cm™ (labeled 3), amide groups at 1650 cm™
(Amide 1,C=0 stretching) and 1550 cm™ (labeled 4, Amide II, N-H bending), and isopropy! group
splitting at 1387 cm™ and 1367 cm™ (labeled 5) were also observed in the synthesized PEG-
PNIPAAmM [31-33]. A similar validation of the molecular structure was performed with an H NMR

analysis (Fig. 2b). The most prominent peaks, PEG-DMA’s peak associated with -H of the PEG
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main chain located at 3.6 ppm (labeled as 1 in Fig. 2b) [22, 34], as well as NIPAAm’s C-H
proton at 3.8 ppm and methylene proton peak at 1.1 ppm (labeled as 2 and 3, respectively) [22,
35], were all present in PEG-PNIPAAmM. The intensity ratio of the peaks for 1-ethylene protons
associated with NIPAAm and 1-ethylene protons associated with PEG-DMA were used to
determine an approximate ratio of 650:1 between PNIPAAmM and PEG crosslinking chains in the
synthesized polymer.

The hydrogelation behavior of PEG-PNIPAAmM was characterized by dissolving PEG-
PNIPAAmM in cell culture media (DMEM/F12) at various concentrations and subjecting them to
an inversion assay at various temperatures (Fig. 2c, d, €). The LCST of each solution dissolved
at 4 °C was determined by incubation at increasing temperatures for five minutes until gelation
was observed (Fig. 2d). The solution of pure DMEM/F12 (0 wt.%) was used as a control. The
lowest temperatures at which the thermosensitive hydrogel solidified were plotted with respect
to solution concentration to determine the LCST (Fig. 2e). The highest concentration tested (18
wt.%) formed a gel at 29 °C. As the concentration decreased, the temperature required to
induce gelation gradually increased. A solution of 5 wt.% was the minimum concentration
required to form a hydrogel at 37 °C.

Based on the determined LCST of PEG-PNIPAAm, cell viability was examined with
hMSCs cultured in various hydrogel concentrations (5, 7.5 and 10 wt.%) using a Live/Dead cell
assay (Fig. 3). Interestingly, greater cell clustering within the 3D hydrogel constructs was
observed as the hydrogel concentration increased. The quantification of live/dead cells by
image analysis demonstrated that the hydrogel at 5 wt.% supported the highest cell viability at
approximately 90%. Cells cultured in 7.5 wt.% hydrogel constructs were approximately 80%
viable after 24 hours of culture, but was statistically insignificant from the 5 wt.% condition. In
contrast, the cells cultured in 10 wt.% hydrogel constructs exhibited a significant decrease in cell
viability at approximately 50%.

After the chemical and biological characterization, the PEG-PNIPAAmM hydrogel was
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composited into electrospun PCL to form hybrid scaffolds for 3D cell culture. Solutions with
different blended mass ratios of PEG-PNIPAAM:PCL were synthesized to vary the scaffold
characteristics (Table 1, Fig. 4). The optimization of electrospinning parameters was performed
by a design-of-experiment (DOE) approach for each PEG-PNIPAAmM:PCL ratio (Table S1, Fig.
S2-S5). Solution properties, such as polymer concentration and solvent system, and
electrospinning parameters, such as solution feeding rate, applied voltages and collection
distance, were optimized to synthesize fiber diameters of approximately 11 um, with a scaffold
porosity of approximately 90%, to promote complete cellular infiltration upon seeding without
impacting the scaffolds’ mechanical properties as previously shown [26]. Solutions with a PEG-
PNIPAAmM concentration above 70% failed to produce fiber diameters greater than 8 pm, and
were excluded from subsequent analyses. The individual electrospun fibers from all conditions
exhibited a typical cylindrical morphology (Fig. 4a, b, c, d). Various properties of the hybrid
scaffolds having three representative PEG-PNIPAAmM:PCL ratios including 25%, 50% and 65%
(represented by PEG-PNIPAAmM percentages) were examined as compared to pure PCL control
scaffolds (0%) (Table 1). Based on the porosity of each scaffold condition, the appropriate
volume of cell culture media was added to fill the pores, followed by incubation at 37 °C for 20
minutes. The media was maintained within the scaffold during incubation, likely due to capillary
force generated by the porous fibrous structure of the scaffold. The samples were subsequently
lyophilized to reveal the structural changes of the scaffolds due to the hydrogelation of PEG-
PNIPAAmM (Fig. 4e, f, g, h). As expected, the hydration of pure PCL control did not change the
scaffold structure. In contrast, the hydration of the hybrid scaffolds resulted in the dissolution
and gelation of PEG-PNIPAAmM as evident from the structural change, i.e., formation of
nanostructured hydrogel within the micropores of the scaffolds. The pores of 65% hybrid
scaffold were completely filled by the hydrogel after hydration as depicted in the SEM image
(Fig. 4h). The structural integrity of the 65% hybrid scaffold after hydrogel formation was

determined by subsequently removing the hydrogel component PEG-PNIPAAmM from the
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scaffold by cold PBS washes (Fig. 5). After hydrogel removal, the overall structure of the
scaffold was maintained in spite of pit formation on the surface of the electrospun fibers. The
65% PEG-PNIPAAmM scaffold had minimal dimensional changes upon hydration with an
approximately 10% reduction in height from its original dimensions. The PEG-PNIPAAmM
concentration within the 65% hybrid scaffold upon hydration, calculated from the blending ratio
and porosity of the scaffold, was approximately 6.2 wt.%, above the critical gelation
concentration of 5 wt.%.

Mechanical testing of the hybrid scaffolds was performed to determine the effects of
hydration of the hydrogel component on the overall mechanical properties of the scaffolds. The
scaffolds were subjected to a dynamic compressive strain of 0.05 at 1 Hz to determine the
compressive moduli, which were further decomposed to the elastic and viscoelastic moduli as
previously shown (Fig. 6 and Fig. S7) [26]. As-synthesized samples (Dry 23 °C) of pure PCL,
and 25%, 50% and 65% PEG-PNIPAAmM hybrid scaffolds exhibited similar compressive moduli
of approximately 35—-40 kPa. However, hydration and incubation of the scaffolds at 37 °C (Wet
37 °C) resulted in a significant increase in the compressive modulus of the 65% hybrid scaffold
due to the gelation of PEG-PNIPAAmM. Specifically, the compressive modulus of the 65% hybrid
scaffolds, 62.1 + 6.7 kPa, increased by close to 2-fold from its dry modulus of 29.8 + 4.6 kPa,
was significantly higher than both that of pure PCL and other PEG-PNIPAAmM scaffolds in the
same condition. Meanwhile, the 25% scaffold remained at 30.1 + 7.4 kPa, relatively similar to its
dry compressive modulus, likely due to the PEG-PNIPAAmM concentration, once dissolved within
the pore volume of the scaffold, being below the 5 wt.% minimum concentration for its phase
transition to a gel state. The 50% hybrid scaffold exhibited a slight increase to 42.6 + 4.5 kPa
upon hydration. In comparison, pure PEG-PNIPAAmM hydrogel constructs exhibited a
significantly lower compressive modulus of 19.3 + 4.2 kPa, as compared to the scaffolds

containing electrospun PCL fibers. The compressive modulus of the 65% hybrid scaffolds
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significantly decreased to approximately 25 kPa, when the temperature was returned to 23 °C
(Wet 23 °C), slightly below its as-synthesized dry compressive modulus. In contrast, the pure
PCL scaffold maintained approximately 40 kPa at both 37 and 23 °C under the hydration
conditions. The elastic (G’, Fig. 6b) and viscoelastic (G”, Fig. 6¢) moduli were also derived from
the mechanical data. As expected, the pure PCL samples retained their elastic and viscoelastic
properties throughout all conditions. In contrast, the 65% hybrid scaffold exhibited a statistically
significant increase in viscoelasticity upon hydration, indicating more efficient gelation within the
scaffolds as demonstrated from the morphological observation (Fig. 4).

Another important characteristic of an optimal scaffold is its ability to allow uniform
cellular infiltration within the structure [24]. To examine such uniform cell seeding, hMSCs were
seeded in the hybrid scaffolds having various blend ratios. Cellular localization was determined
by fluorescence imaging of the vertical cross-sections of the cell/scaffold constructs using DAPI
nuclear staining (Fig. 7). Cells seeded in both the 25% and 50% hybrid scaffolds showed
sedimentation of the seeded cells near the bottom of the scaffolds. In contrast, cells seeded in
the 65% hybrid scaffold penetrated the entire thickness and uniformly distributed throughout the
thickness of the scaffold. The seeded cells were localized both in the pores (filled by the
hydrogel) and on the fibers (Fig. S8).

Based on the results from the scaffold characterizations, the 65% hybrid scaffolds were
utilized to test their performance for tissue morphogenesis. Approximately 8 x 10> hMSCs were
seeded in either pure PCL (0%), pure PEG-PNIPAAmM (100%) or 65% hybrid scaffolds with a
similar thickness of 2.5 mm, and the hMSC/scaffold constructs were subjected to chondrogenic
conditions. The live-dead cell assay on the cell/hybrid scaffold constructs showed a cell viability
of 89+3%, a value similar to 5 wt.% hydrogel as shown in Figure 3. Furthermore, the hybrid
scaffold did not induce acute inflammatory responses of hMSCs (Figure S9). After a two week
culture period, chondrogenic gene expression including collagen type Il (COL2A1), aggrecan

(ACAN) and SOX9 was significantly upregulated in the cells cultured in the 65% hybrid scaffolds
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to the similar levels exhibited by cells cultured in pure PEG-PNIPAAmM hydrogels (100%), as
compared to those in pure PCL controls (0%) (Fig. 8a, b, c). At the protein level, the deposition
of chondrogenic extracellular matrix (ECM) was enhanced in the 65% hybrid scaffolds as
evident from greater intensities of Safranin-O and Alcian blue stains for glycosaminoglycan (Fig.
8d). As expected from the gene and protein expression results, the culture of hMSCs in the 65%
hybrid scaffold resulted in greater compressive moduli and significantly greater viscoelasticity as
compared to that of the cell-cultured pure PCL (Fig. 9). Although the cells cultured in the pure
hydrogel expressed similar high levels of chondrogenic gene expression as compared to the
hybrid scaffold, its intrinsically inferior structural integrity resulted in the lowest compressive

modulus among the conditions compared.

4. Discussion

In conjunction with biochemical factors, the physical environment of the cells in
engineered tissues, such as scaffold stiffness, pore size and its spatial arrangement,
significantly affects tissue morphogenesis. The dimensionality of the scaffolds, which governs
the availability of adhesion sites in 3D, has especially been shown to alter intracellular signaling
cascades as compared to those in 2D [36-38]. In fact, stem cell behaviors including self-
renewal, migration, and more importantly differentiation, are partly regulated by the 3D
distribution of adhesion sites [39]. Chondrogenesis of MSCs has been particularly shown to be
enhanced by 3D encapsulation of the cells as compared to a monolayer culture, likely due to a
similar cellular arrangement found in the native environment, where individual cells are
surrounded by hydrated ECM. The 3D encapsulation of MSCs maintains a spherical cell
structure which is believed to disrupt stress actin fiber formation within the cell, activating
various signaling pathways including the p38 MAPK pathway, and inhibiting the ERK and Rho
kinase pathways [40-43]. Such activation/inhibition of the signaling cascades -collectively

upregulates the activity of SOX9, the major chondrogenic transcription factor for the ECM
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associated genes: COL2A1 and ACAN. For this reason, various types of hydrogels have been
utilized for cartilage tissue engineering applications [13, 15, 16]. Indeed, the developed hybrid
scaffolds significantly enhanced the chondrogenesis of MSCs as evident from comparable
expression of chondrogenic genes to that of cells in the pure hydrogel, resulting in superior
overall mechanical properties as compared to those of cell/pure PCL scaffold constructs.
Although the modulus of the cell/hybrid scaffold constructs did not reach that of human articular
cartilage after 2 weeks of culture, we expect to approach the native properties faster by using
the hybrid scaffold with a longer culture duration as compared to either of the pure forms of PCL
or PEG-PNIPAAmM.

Chemical and UV crosslinking strategies are popular choices for cell encapsulation in
hydrogels. However, their dependency on diffusion kinetics of the chemical crosslinkers or the
penetration depth of UV light, limits the size of cell/lhydrogel constructs that can be
manufactured having uniform cellular infiltration and material properties [44, 45]. In this regard,
thermosensitive hydrogels offer an alternative strategy for uniform cellular encapsulation due to
the relatively fast and thickness-independent thermal transfer in aqueous conditions. Among
many thermosensitive hydrogels considered, PEG-PNIPAAmM was employed in this study
because of its biocompatibility, chemical modifiability, solvent miscibility for electrospinning, and
its reverse thermo-sensitivity. PEG-PNIPAAmM utilizes the thermosensitive gelation properties of
PNIPAAmM and the hydrophilicity of PEG for improved water retention. Both of the individual
components, PEG and PNIPAAmM, as well as their conjugated form, are biocompatible with a
limited immune response from the body [22, 46-48]. Through a cell viability assay, we also
demonstrated the minimal cytotoxicity of PEG-PNIPAAmM except the noticeable decrease in cell
viability at a high hydrogel concentration, which is likely due to hydrogel syneresis causing
dehydration within the gel [49].

Our cell seeding results in the hybrid scaffold demonstrated the capability of PEG-

PNIPAAmM to uniformly encapsulate seeded cells in 3D and support their viability. The hybrid
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scaffold judiciously optimized for blending composition and fiber diameter, enabled uniform
cellular infiltration throughout the thickness of the constructs upon cell seeding. Notably, the
process does not require any additional steps for cell seeding, unlike typical hydrogel systems,
where the use of a mold is necessary to maintain the scaffold shape. More importantly,
encapsulation of cells within the hydrogel of the hybrid scaffold further enhanced the
chondrogenic differentiation of hMSCs, as evident by the gene expression analysis and
histology, demonstrating superior bioinductivity over pure PCL scaffolds.

In addition to its utility in mold-less cell encapsulation in 3D, the incorporation of PCL into
PEG-PNIPAAmM enhanced the mechanical properties of the hybrid scaffolds. One approach to
address the relatively weak mechanical properties of hydrogels utilizes the supplementation of
the hydrogel with supporting materials, including electrospun fibers [50]. Slow biodegradable
polymers including PCL and its conjugates have been used in the form of either a mesh or cut
segments to reinforce various hydrogels [51]. The inclusion of electrospun fibers, typically
nanofibers, has been shown to increase the mechanical modulus of the hydrogel constructs, as
compared to their pure forms. Recently, a few studies have electrospun a blend of a hydrogel
precursor and a supporting polymer to synthesize a monolithic scaffold. Although this strategy
enhanced the mechanical properties of the scaffolds upon hydration, the inherently small pore
sizes of the nanofibrous structure typically prevented cellular infiltration, negatively impacting 3D
tissue morphogenesis. In this regard, our previous studies have demonstrated the utility of
electrospun microfibrous scaffolds for uniform cellular distribution, upon seeding via capillary
action of the porous structure [24-26]. The limitation of producing microfibrous hydrogel
structure by electrospinning is that most hydrogel precursors possess high conductivity in
electrospinning solutions, typically resulting in small fiber diameters. In the present study, a
careful screening of electrospinnable hydrogel polymers and solvent compatibility with
supporting polymers, enabled the synthesis of the hybrid scaffolds composed of microfibers. In

fact, the compressive modulus of the 65% hybrid scaffold composed of microfibers was almost
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3-fold greater than that of pure hydrogel. Moduli, especially the viscoelastic modulus, were
considerably enhanced as compared to that of the pure PCL scaffolds, likely due to the hydrogel
filling the pores of the microfibrous PCL backbone.

Overall, the developed hybrid scaffold offers advantages over pure hydrogel or pure
PCL electrospun fibrous scaffolds for enhanced processability and improved chondrogenic stem
cell differentiation. Unlike other hydrogel systems, the hybrid scaffold contains a non-
fragmented supporting structure of electrospun microfibers that provides mechanical stability.
Furthermore, such structural integrity simplifies the processing steps for 3D cell encapsulation in
the hydrogel, by removing the necessity of using molds during gelation to shape the construct. It
also accommodates uniform cell seeding throughout the scaffold while providing a hydrogel
network to mimic native ECM. The hybrid scaffold developed in this study, therefore, potentially
offers a platform for tailored tissue scaffolding with easy modification of the hydrogel chemistry
for functional enhancement, such as ligand incorporation for cell type-specific adhesion and
crosslinking density for mechanical property modulation. At the same time, it mediates the
inherent shortcomings of other hydrogel systems, i.e., mechanical instability and a multi-step
fabrication process. Although MSC-derived chondrogenesis was investigated in this study to
demonstrate the functionality of the developed hybrid scaffold, it is possible to expand the
customization of either the hydrogel or the polymer backbone to optimize the scaffold for

different applications and desired tissue types.

5. Conclusions

In this study, we have developed a hybrid scaffold system that combines the superior
bioinductivity of a hydrogel with the mechanical stability of electrospun fibers. The combination
of thermosensitive PEG-PNIPAAmM and PCL microfibers in a monolithic form enabled 3D cell
encapsulation within the hydrogel by a simple cell seeding process. The hybrid scaffold

improved the mechanical properties of cell/scaffold constructs while enhancing chondrogenic
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differentiation of hMSCs. Therefore, this novel scaffolding strategy may provide an opportunity
to develop off-the-shelf, easy-to-use tissue scaffolding systems for various engineered tissues

that benefit from 3D cell encapsulation within hydrogels.
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Table 1. Morphological characterization of PEG-PNIPAAM/PCL scaffolds with various blending

ratios.
Ratio of PEG- Avg. Fiber Avg. Scaffold
PNIPAAM Dimeter (um) Porosity (%)
0% 11.6+1.0 92.7+0.2
25% 11.1+0.5 94.9+4.9
50% 11.2+0.6 92.8+3.8
65% 11.2+0.8 89.7+5.2
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Figure Captions

Figure 1. Schematic of 3D cell encapsulation in mold-less hydrogel using electrospun
hybrid scaffolds. Thermosensitive PEG-PNIPAAmM composited with PCL, was electrospun to
produce thick (~ 2.5 mm) hybrid scaffolds composed of microfibers. Upon the inoculation of cell-
suspended media solution at room temperature (RT), large pores allow uniform cell infiltration
throughout the thickness of the scaffolds, while dissolving the PEG-PNIPAAM component from
the microfiber. Subsequent increase in temperature to 37 °C induces the gelation of the

dissolved PEG-PNIPAAmM to encapsulate the seeded cells by the hydrogel in 3D.

Figure 2. Chemical and functional characterization of PEG-PNIPAAmM. The chemical
structure of the synthesized PEG-PNIPAAmM was characterized by (a) FTIR and (b) H NMR. The
FTIR characteristic absorbance peaks of PEG-DMA (blue) and NIPAAm (red) monomers were
compared to those of the synthesized PEG-PNIPAAmM (green), showing that the characteristic
peaks of PEG-DMA (1: epoxy group C-H stretching, 2: C-H bending,) and NIPAAm (3: N-H
stretching, 4: amide groups C=0 and N-H bending, 5:isopropyl group splitting) are present in
PEG-PNIPAAM. The H NMR characteristic peaks of PEG-DMA (1: PEG chain proton) and
NIPAAmM (2: C-H proton, 3: methylene proton) further validate the synthesis of PEG-PNIPAAM.
An example of temperature-sensitive gelation behaviors of PEG-PNIPAAmM at a solution
concentration of 5 wt.% as compared to a control cell culture medium (0 wt.%) is shown at (c)
room temperature (23 °C) and (d) 37 °C. (e) The lower critical solution temperature (LCST) was
determined by subjecting different concentrations of PEG-PNIPAAmM to a temperature sweep (n

=5).

Figure 3. Concentration-dependent cell viability in PEG-PNIPAAmM hydrogels. Human
MSCs were cultured in PEG-PNIPAAmM hydrogels with different concentration of (a) 5 wt. %, (b)

7.5 wt. % or (c) 10 wt. % for 24 hrs, and subjected to a live-dead cell assay, showing live
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(green) and dead (red) cells under fluorescence microscopy. (d) Cell viability was quantified
from the fluorescent images (scale bar: 100 um). * denotes statistical significance of p < 0.05.

ns denotes no statistical significance (n = 45).

Figure 4. Morphological characterization of as-spun and hydrated PEG-PNIPAAmM:PCL
hybrid electrospun scaffolds. Microstructure of (a, b, ¢, d) as-spun or (e, f, g, h) hydrated
electrospun scaffolds ((a, e) pure PCL, (b, f) 25% PEG-PNIPAAmM:PCL blends, (c, g) 50% PEG-
PNIPAAmM:PCL blends, (d, h) 65% PEG-PNIPAAM:PCL blends. The hydrated samples were

lyophilized before imaging (scale bar: 50 pm).

Figure 5. Morphological characterization of PCL backbone in the hybrid electrospun
scaffolds. (a) 65% PEG-PNIPAAmM scaffolds were washed with PBS overnight at 23 °C to
remove the hydrogel component from the scaffold (scale bar: 50 um), revealing (b) pit formation

in the PCL fibers without losing the overall microfibrous structure (scale bar: 5 um).

Figure 6. Mechanical characterization of PEG-PNIPAAmM:PCL hybrid electrospun
scaffolds. PEG-PNIPAAmM:PCL scaffolds with various blending ratios (25%, 50% and 65%)
were subjected to sequential mechanical testing (1) as-spun at 23 °C (Dry 23 °C), (2) after
hydrated at 37 °C (Wet 37 °C), (3) followed by cooled down to 23 °C (Wet 23 °C). (a) The
dynamic compressive moduli were decomposed to (b) elastic (G’) and (c) viscoelastic moduli
(G”) at the different hydration and temperature conditions. Pure PCL scaffolds (indicated as 0%)

and pure PEG-PNIPAAmM at 37 °C (indicated by red dotted line) were used as controls. *, t and

T denote statistical significance (p < 0.05) with respect to pure PCL control (0%) scaffolds within
the same environmental condition, the same scaffold type in the Dry 23 °C condition, and pure

PEG-PNIPAAmM hydrogel at 37 °C, respectively (n = 6).
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Figure 7. Localization of the inoculated cells in PEG-PNIPAAM:PCL hybrid electrospun
scaffolds. Human MSCs were seeded into (a) 25%, (b) 50% and (c) 65% PEG-PNIPAAmM:PCL
hybrid scaffolds having a thickness of approximately 2.5 mm. The cross-sectional images show
that cells seeded in the 65% scaffolds are evenly distributed throughout the thickness of
scaffolds while cells seeded in the 25% and 50% scaffolds exhibited sedimentation toward the
bottom. Dashed lines outline the top and bottom of the cell-seeded scaffolds. Cells are

visualized by DAPI nuclear staining (scale bar: 500 um).

Figure 8. Enhanced chondrogenic differentiation of human MSCs cultured in the PEG-
PNIPAAmM:PCL hybrid scaffolds. Chondrogenic gene expression of (a) COL2A1L, (b) ACAN,
and (c) SOX9 was upregulated in the cells cultured in the 65% PEG-PNIPAAm hybrid scaffolds
(65%) or pure PEG-PNIPAAmM hydrogels (100%) for two weeks compared to that of the cells
cultured on the tissue culture polystyrene as a negative control (Neg) and in the pure PCL
scaffolds (0%). * and ** denote statistical significance of p < 0.05 and p < 0.01, respectively (n =
6). (d) Histochemical staining with Safranin-O and Alcian blue shows enhanced
production/deposition of chondrogenic ECM in the hybrid scaffolds as compared to pure PCL

(scale bar: 100 um).

Figure 9. Mechanical characterization of cell/scaffold constructs. Two-week culture of
hMSCs in the 65% PEG-PNIPAAmM hybrid scaffolds (65%) resulted in a superior (a) dynamic
compressive, (b) elastic (G’) and (c) viscoelastic (G”) moduli over the pure PCL control (0%) or
the pure PEG-PNIPAAmM hydrogel control (100%). * and ** denote statistical significance of p <

0.05 and p < 0.01, respectively (n = 6).
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