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14 Abstract: Cell-based therapies and tissue engineering applications require biocompatible substrates
15 that support and regulate the growth, survival, and differentiation of specific cell types. Extensive
16 research efforts in regenerative medicine are devoted to the development of tunable biomaterials
17 which support various cell types including stem cells. In this research, the non-cytotoxic biopolymer
18 polycaprolactone (PCL) was fabricated into 2D and 3D scaffolds with or without the low-pressure
19 oxygen plasma treatment to enhance hydrophilicity. Cellular responses and biocompatibility were
20 evaluated using a human Wharton’s jelly mesenchymal stem cell line (BCP-K1). The 2D PCL
21 scaffolds enhanced initial cell attachment compared to the 3Ds indicated by a higher expression of

22 focal adhesion kinase (FAK). Whilst, the 3D scaffolds promoted cell proliferation and migration as
23 evidenced by higher cyclin A expression and filopodial protrusion, respectively. The 3D scaffolds

24 potentially protected the cell entering to apoptosis/necrosis program and induced -cell
25 differentiation, evaluated by gene expression. Both 2D and 3D PCL appeared to have stronger
26 effects on cell behavior than a control substrate (polystyrene). In summarize, the different
27 configuration and surface properties of PCL scaffolds provide various options for modulation of
28 stem cell behaviors, including attachment, proliferation, survival, and differentiation, when
29 combined with specific growth factors and culture conditions.

30 Keywords: polycaprolactone; oxygen plasma; Wharton's Jelly mesenchymal stem cells

31

32  1.Introduction

33 Improved substrate material biocompatibility for regenerative medicine has been the focus of
34 intensive research efforts for several decades [1]. Material composition and fabrication technique
35  must be carefully selected according to target cell type and ultimate application. The surface
36  architecture of these materials has been refined to micro- and nanoscales in order to mimic specific
37  cell niches. In cell-based therapy, the biomaterial must permit cell attachment, proliferation,
38  homeostasis, and tissue formation [2-4]. However, many limitations of previous biomaterial support
39  platforms have been encountered, including an inability to control cell growth and differentiation [5].
40  In addition, most regenerative medicine and tissue engineering techniques are based on exogenous
41  cell-culture systems that may induce graft-versus host disease. In response, endogenous regenerative
42 medicine has been developed in which the patient’s own cells or tissues are used [6] to support and
43 promote cell proliferation, survival, and differentiation, thereby increasing intrinsic regenerative
44 capacity after transplantation [7]. Not all biomaterials can support all cell types, including stem cells.
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45  Hence, establishing a tunable material may facilitate a new generation of multidisciplinary
46  regenerative medicine applications.

47 Polycaprolactone (PCL) is a polymer with known biocompatibility. Moreover, treatment of PCL
48  with oxygen plasma increases hydrophilicity and induces chemical surface remodeling without
49  altering the basic topography [8], properties that can significantly enhance cell attachment and
50  proliferation [4]. Substrate geometry is also an important determinate of stem cell behavior on PLC
51  and other materials. For instance, 2D scaffolds are generally considered more suitable for tissue layer
52 construction such as skin and cornea, while 3D scaffolds may be more applicable for complex tissue
53  formation by permitting the coordinated cell-cell and cell-matrix interactions required for
54  appropriate cell migration and differentiation [9].

55 The current study aimed to develop and evaluate a tunable biomaterial with the potential for
56  stem cell modulation and ERM applications. Non-cytotoxic biodegradable PCL was fabricated by a
57  high pressure super critical CO2 technique followed by low pressure oxygen plasma surface
58 modification as described by Kosorn et al. (2012) [10]. PCL scaffolds were constructed as 2D and 3D
59  platforms and assessed for biocompatibility by evaluating attachment, proliferation, apoptosis,
60  stemness maintenance, and differentiation of the human Wharton’s jelly mesenchymal stem cell
61  (hWJMSC) line BCP-K1. The introduction should be succinct, with no subheadings. Limited figures
62  may be included only if they are truly introductory, and contain no new results.

63 2. Materials and Methods

64 2.1 Standard Cell Culture

65 The hWJMSC line BCP-K1 was obtained from The Human and Animal Cell Culture Research
66  Unit, Department of Biology, Faculty of Science, Chiang Mai University, Thailand. Cells were
67  maintained and propagated in a complete medium containing Dulbecco's Modified Eagle Medium
68  (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 ng/ml basic fibroblast growth
69  factor (bFGF) (all from Gibco, USA). Cells were incubated at 37°C under an atmosphere with 95%
70 humidity and 5% CO2. The medium was replaced every 2-3 days. At 70% confluence, cells were
71 subcultured by trypsinization.

72 2.2 Preparation of Plasma Modified 2D and 3D PCL Scaffolds

73 Scaffolds of PCL in 2- and 3-dimensional (2D and 3D) forms were obtained from National Metal
74  and Materials Technology (MTEC, Bangkok, Thailand). Fabrication and oxygen plasma surface
75  modification were performed as previously described by Kosorn et al. (2012) [10]. Briefly, the 2D PCL
76 scaffolds were prepared by hydrolysis of PCL pellets (Sigma Aldrich, USA) in 6 N NaOH at 50°C for
77 5 h, followed by soaking in deionized water and freeze-drying overnight. For 3D scaffold
78  preparation, PCL pellets were loaded into a cylindrical vessel, heated at 60°C for 10 min, filled with
79 CO2 at 15 MPa, and then soaked in deionized water for 3 h. Both 2D and 3D PCL scaffolds were then
80  treated with pure oxygen plasma using a low-pressure radiofrequency discharge plasma cleaner
81  (model PDC-002, Harrick) at 30 W for 30 min. In this study, plasma-treated 2D and 3D PCL scaffolds
82  are abbreviated as 2D-TP and 3D-TP, while untreated 2D and 3D PCL scaffolds are termed 2D-NP
83  and 3D-NP, respectively. All types of scaffolds were finely cut into small circular pieces 0.6 cm in
84  diameter. To sterilize the scaffolds for cell culture, each side was exposed for 15 min to standard UV
85  light in a biosafety cabinet. Sterile circular pieces were then placed into 96-well plates filled with
86  complete medium and seeded as described. These “ready-to-use scaffolds” were prepared at least 30
87  min prior to cell culture experiments.

88 2.3 Cell Proliferation and Attachment Assays

&89 The BCP-K1 cells were suspended at 3 x 105 cell/ml in medium and seeded onto the PCL scaffolds
90  or polystyrene (PS) as a control and maintained for 1, 3, or 5 days in culture as described, followed
91 by analyses of cell proliferation and attachment by enzyme-linked immunosorbent assay (ELISA).
92 Focal adhesion kinase (FAK) and cyclin-A protein expression levels were used as markers for cell
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93  proliferation and attachment, respectively. The assays were performed as described by Inthanon et
94 al. (2016) [11]. Briefly, cells were fixed in 4% (v/v) formaldehyde for 30 min at room temperature and
95  then washed three times (5 min/wash) with ice-cold washing buffer (0.05% (v/v) Tween 20 in 1X PBS)
96  with gentle rocking. The samples were subsequently immersed in quenching buffer containing 1X
97  PBS, 1% (v/v) H202, and 0.1% (v/v) sodium azide for 20 min and then in blocking solution containing
98 5% (v/v) bovine serum albumin (BSA) for 1 h. Diluted anti-FAK and anti-cyclin-A primary antibodies
99  were added drop-wised onto the samples and incubated at 4°C overnight. A horseradish peroxidase
100 (HRP)-labeled secondary antibody was added onto each sample for 1 h before applying the HPR
101  substrate, o-phenylenediamine dihydrochloride (OPD) (all purchased from Sigma-Aldrich). The
102 absorbance was read at 492 nm on a microplate reader. Five independent replicates were performed
103 for each sample.

104 2.4 Observation of Cellular Attachment under Scanning Electron Microscopy (SEM)

105 Attached cells were fixed in 2.5% (w/v) glutaraldehyde (Sigma-Aldrich, USA) for 20 min after 1,
106 4,12, 24, or 72 h in culture. The samples were washed three times with PBS (5 min per wash) with
107  gentle rocking, dehydrated in graded ethanol solutions, and then air-dried at room temperature. The
108  samples were set onto copper stubs and coated with gold particles in a sputter unit (SPITM Module
109  Sputter/Carbon Coater system, SPI® supplies, USA). Cell morphology on both 2D and 3D PCL
110 scaffolds was observed under SEM.

111 2.5 Gene Expression by Semi-Quantitative Polymerase Chain Reaction (PCR)

112 A 3 x 10° cell/ml suspension of BCP-K1 cells was seeded on 2D PLC scaffolds, 3D PCL scaffolds,
113 or PS and then maintained in culture for 5 days prior to RNA extraction. In this experiment, the PS
114 control was divided into two subsets; 1-day and 5-day culture which are abbreviated as 1d-ctrl and
115 5d-ctr], respectively. Total RNA extraction and first strand cDNA synthesis were performed by using
116  RNA extraction kit (NucleoSpin® RNAII, Fisher Scientific, Ireland). First strand cDNA was
117  synthesized from mRNA via reverse transcriptase reaction using a Phusion® RT-PCR kit (Thermo
118  Scientific, USA). The cDNA solution was read the absorbance at 280 nm by using NanoDrop®1000
119 (Thermo Scientific, USA). The absorbance values were then calculated to total cDNA concentrations.
120 The cDNA (100 ng per sample) was used as the template for gene expression assessment by semi-
121  quantitative PCR. Two gene groups were examined: (i) the apoptosis/necrosis-related genes caspase
122 8, Apaf-1, Bcl-2, and PARP-1 and (ii) the pluripotency/differentiation-related genes SSEA-4, NES
123 (encoding nestin), COL2A1, and PPAR-2. GAPDH was used as the internal control for all reactions.
124 The primer sequences (with accession numbers) for each gene are shown in Table 1. PCR products
125 were electrophoresed on 1% (w/v) agarose gels at 75 V for 45 min and bands photographed under a
126  UV-transilluminator. Gene expression was indirectly quantified as band intensity using Image]
127 software (NIH). Expression levels were normalized to GAPDH expression and then 1d-ctrl. Each
128  experimental condition was repeated five times.

129 2.6 Statistical Analysis

130 All data are presented as mean * standard deviation (SD). Treatment group means were
131  compared by student’s T-test and ANOVA for independent or paired samples, respectively. A P
132 value £0.05 was considered statistically significant for all tests.
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141 Table 1. Primer sequences and accession numbers
Gene Accession number Sequence
caspase 8 NM_001228 4 F.5-TGCAGGGGCTTTGACCACGA-3
R:5-TGGGGGCCTCCTGTCCATCA-3
bcl-2 NM_000633.2 F.5-TGTGGCCTTCTTTGAGTTCG-3-
R:5-TCACTTGTGGCTCAGATAGG:-3
Apaf-1 NM_0132292 F:5-TGGCCAGTGCCAAGATGCACA-3
R:5-CGACCTCCTGCTTGGCCTGC-3
PARP-1 NM_0179153 F:5-AATCTCCAGGGGGTAGAACT-3
R:5-CAGAGCCTGTTGAAGTTGTG-3
SSEA-4 NM_2032894 F:5-GCCCTAGAACTCCAATCACA-3
R:5-CCCAGATGGTATTGGACACA-3
NES NM_006617.1 F:5-TCCTGCTCGCTCTCTACTTT-3
R:5-CCCAGATGGTATTGGACACA-3
COL2A1 NM_001844 .4 F:5-CCCATTGGTCCTTGCATTAC-3
R:5-GTCCTCTGCGACGACATAAT-3
PPAR-2 NM_1387123 F:5-GCATTATGAGACATCCCCACT-3
R:5-CCTATTGACCCAGAAAGCGAT-3
GAPDH NM_002046.4 F.5- TGCTGGCGCTGAGTACGTCG-3
R:5- TGACCITGGCCAGGGGTGCT-3
142
143 3.Results
144 3.1.Differences in Cell Attachment and Proliferation Between Cells Growing on 2D and 3D Scaffolds
145 The capacities of PLC scaffolds to support attachment and proliferation of BCP-K1 cells were

146  evaluated by ELISA of FAK and cyclin-A protein expression, respectively. ELISA results showed that
147  BCP-K1 cultures expressed higher FAK levels on 2D PCL scaffolds (both 2D-TP and 2D-NP) than on
148 3D scaffolds on all test days (Figure 1a). The time course of the expression changes also differed among
149 substrates. On 2D-TP and 2D-NP scaffolds, FAK expression increased progressively with time, while
150  FAK expression decreased with time on 3D-TP and 3D-NP scaffolds. Further, expression on 3D-TP
151  scaffolds was markedly lower than on control PS and untreated 2D-TP scaffolds on all days.
152 Conversely, cyclin-A expression on day 1 was substantially lower in cells growing on 2D-TP, 2D-NP,
153 and control scaffolds than on 3D-TP and 3D-NP scaffolds. However, expression on 2D and control
154 scaffolds increased progressively while expression on 3D scaffolds peaked on day 3 and decreased
155  markedly thereafter (Figure 1b). This expression pattern indicates high cell proliferation rate on the
156  limited surface area of the 3D scaffolds until day 3, at each time cells reached confluence and cyclin-
157 A is downregulated concomitant with proliferation rate (Figure 1b).

158 3.2 Cellular Attachment on Different Substrates

159 The morphology of BCP-K1 cells was monitored by SEM during culture for 72 h on the indicated
160  substrate (Figure 2). These SEM pictures revealed a faster rate of cell attachment on 2D scaffolds as
161  evidenced by a generally flattener spindle shape and greater numbers of foot adherent pads
162 (filopodia) compared to cells on other substrates (Figure 2, 3). Alternatively, cells on 3D scaffolds
163 remained spherical for up to 4 h before attaching onto the surface and primarily exhibited irregular
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164  shapes and large adherent patches of cytoplasm around the nucleus (Figure 2a and 2b on 3D-TP and
165  3D-NP column). In addition, cells growing on 2D PLC scaffolds exhibited more numerous filopodial
166  structures (Figure 3a, 3b). Cells on 3D-NP scaffolds tended to migrate more readily than cells on 3D-
167 TP scaffolds as evidenced by the greater number of filopodial protrusion (Figure 3d, 3e). However,

168  more cells on 3D scaffolds exhibited irregular shapes and undefined cytoplasmic edges compared to
169  cells on 2D PCL scaffolds.
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171 Figure 1. Relative percent expression (%»RE) of (@) FAK and (b) cyclin-A protein by BCP-K1 cells cultured
172 on different scaffold types for 1, 3, and 5 days as evaluated by ELISA. The letters and Roman numerals
173 on top of the bars represent significant differences (p < 0.05) in expression compared to day 1 (a, b),
174 day 3 (A, B, ©), and day 5 (I, II, IID).
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176 Figure 2. SEM pictures of BCP-K1 morphology on PS, 2D-TP, 2D-NP, 3D-TP and 3D-NP PCL scaffolds
177 at various time of culture (1-72 h) (magnification = 1,000X). The second row of each time point indicates
178 the cell boundary and position on the scaffolds (exhibiting in green).
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179 Figure 3. Filopodial protrusions (white arrows) around the cytoplasmic edge at 12 h of culture on
180 (a) 2D-TP (b) 2D-NP, and (c) 3D-TP scaffolds. Cells on 3D-NP scaffolds extended more numerous
181 filopodia than cells on 3D-TP scaffolds at (d) 24 h and (e) 72 h (magnification = 4,300X).

182 3.3 Shifts in ApoptosisiNecrosis-related and PluripotencyDifferentiation-related Gene Expression on Different
183 Substrates

184  33.1. Apoptosis/Necrosis-related Genes

185 To evaluate whether the scaffolds could support cell survival, the expression levels of multiple
186  apoptosis/necrosis-related genes were investigated by RT-PCR. The apoptotic-related genes caspase
187 8 and bcl-2 were detectable in all cultures (Figure 4). Co-expression of caspase 8, Apaf-1. and PARP-1
188  was found in 1d-ctrl and other 5d-ctrl (Figure 4, 5a). On 2D-PCL scaffolds, pro-apoptotic caspase 8
189  expression was higher than anti-apoptotic bcl-2 expression, while cultures on 3D-PCL scaffolds
190  expressed slightly more bcl-2 than caspase 8 (Figure 4, 5a).

191 332 Pluripotency/Differentiation-related Genes

192 The pluripotency/differentiation status of cells cultured on each type of substrate was also
193 evaluated. The highest expression of the stem cell marker SSEA-4 was observed in control cells and
194 the lowest level in cells growing on 3D-TP scaffolds. The rank order of expression was 5d-ctrle = 2D-
195  TPe<>2D-NPb > 3D-NP? (Figure 4, 5b). The control cultures also exhibited the highest expression level
196  of the neural progenitor marker NES. Overall rank order was 5d-ctrlB = 2D-NPB > 2D-TPAB = 3D-NPAB
197  and 3D-TPA (Figure 4, 5b). Expression levels of the chondrocyte marker COL2A1 and adipocyte
198  marker PPAR-2 were undetectable in all cultures (data not shown).

199
1d-ctrl Sd-ctrl 2D-TP 2D-NP 3D-TP 3D-NP product size (bp)

caspase 8 200

bcl-2 280

Apaf-1 294

PARP-1 470

SSEA-4 363

NES o

GAPDH 224
200 Figure 4. PCR products were electrophoresed on agarose gels. Band intensity was used as a semi-
201 quantitative measure of gene expression level after 5 days in culture. The PCR product size of each

202 gene is shown in the right column.
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203 Figure 5. Relative expression (RE) levels of (a) apoptosis/necrosis-related genes and (b)
204 pluripotency/differentiation-related genes. The letters, Roman numerals, and Greek symbols on top
205 of the bars represent significant differences (p < 0.05) of relative gene expression in (a) a-c for caspase-
206 8, A-C for bcl-2, 111 for Apaf-1, and a-B for PARP-1 and in (b) a-c for SSEA-4 and A-B for NES) on the
207 indicated substrate.
208 4. Discussion
209 Polycaprolactone synthetic polymer was introduced more than a decade ago and has since been

210  used extensively as a biomaterial for tissue engineering and regenerative medicine due to
211  advantageous properties such as non-cytotoxicity and tunable biodegradability [1,12]. Moreover,
212 many laboratories worldwide have continued to improve the biocompatibility of PCL, for instance
213 by increasing its hydrophilicity [2-4]. Oxygen plasma surface modification has been reported to
214 increase the hydrophilicity of PCL polymer, resulting in better cell attachment and proliferation [1,
215 4, 13]. In addition to surface properties, the geometric form (2D or 3D) of the biopolymer has a
216 substantial influence on proliferation, differentiation, and survival [14, 15]. In this study, we found
217  substantial differences in proliferation, differentiation, and survival of the hWJMSC line BCP-K1
218  depending on substrate (PS or PCL), conformation (2D or 3D), and surface hydrophilicity (oxygen
219  plasma-treated and untreated). These results suggest that PLC is a flexible substrate for multiple
220  applications in regenerative medicine and tissue engineering.

221 Substrate attachment of anchorage-dependent cells is crucial for subsequent morphological
222 development, proliferation, and differentiation [16]. In this study, the attachment and proliferation
223 efficiencies of BCP-K1 cells on PCL scaffolds were evaluated by the expression of FAK and cyclin-A,
224 respectively. The non-receptor tyrosine kinase FAK is strictly required for cell-extracellular matrix
225 (ECM) interactions during substrate adhesion [17]. The survival and proliferation of anchorage-
226  dependent cells requires FAK as a responsive mediator of integrin signaling [18, 19]. FAK and other
227  associated signaling pathways were demonstrated to regulate the cell cycle via cyclins and cyclin-
228  dependent kinases (Cdks) [19-21]. Cyclin-A was chosen as a protein marker for cell proliferation
229  capacity in the current study as it is a vital component of the cell cycle machinery [22, 23]. FAK
230  expression was significantly higher in cells on 2D scaffolds. A rougher surface on 2D scaffolds may
231  enhance cell attachment and proliferation compared to 3D scaffolds due to significantly greater FAK
232 expression and phosphorylation [24-26]. Alternatively, the pores on 3D scaffolds may act as spatially
233 limiting compartments influencing the concentrations of various signaling ligands, resulting in lower
234 FAK expression [19]. However, in a stressful environment after initial seeding (such as growth on the
235  stiffer ECM under lower ligand stimulation), alternative signaling via RhoA protein to control the
236 cell cycle through regulation of cyclin proteins may occur [21, 27, 28]. This difference may explain
237  why higher levels of cyclin-A were found during the early days after seeding on 3D PCL scaffolds.
238 Despite the difference in surface hydrophilicity between plasma-treated and untreated surfaces
239  (approximately 3-fold [10]), there were no substantial differences in FAK and cyclin-A expression
240 levels between TP and NP substrates. However, degradation rate of the material also increases after
241  treatment, leading to rapid loss of functional groups and other essential active molecules from the
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242 surface [29]. Preparation of material by washing and soaking in ethanol and PBS may have also
243 enhanced surface degradation, resulting in losing oxygen plasma and other functional molecules on
244 the surface, mitigating any potential difference in FAK and cyclin-A expression among PS, TP, and
245 NP substrates.

246 The biocompatibility of PCL for cell-cell and cell-matrix interactions has been confirmed [30,
247  31]. The surface microtopography of materials directly influences attachment patterns, cell shape,
248  and spread [32, 33]. According to SEM, 2D scaffolds appeared to accelerate the initial rate of cell
249  attachment. It is speculated that the surface of the 2D scaffolds provided anchorage points for initial
250  attachment to hold the cell body in place, allowing subsequent filopodial protrusion to regulate cell
251  shape and further growth [34]. Indeed, more numerous filopodial structures on 2D PCL scaffolds has
252 been shown to promote greater cell attachment [35, 36]. This result was further verified by the
253  increased FAK expression described here, as filopodial shafts contain signaling pathways (e.g. FAK,
254  Racl/Cdc42/RhoA) promoting substrate adhesion [37]. Some studies have revealed that in 3D
255  environments, cells generally migrate into the substrate by producing various protrusion types,
256  including some large adhesion patches called lamellipodia [38]. In fact, newly seeded cells transiently
257  may express filopodia for early attachment, which quickly disappear [39] or are converted into
258  lamellipodia [You et al., 2014]. When migrating cells reach new environments, filopodia protrusion
259  is initiated to detect surface topography, as observed on 3D-NP scaffolds (Figure 3d, 3e). These
260  protrusions are then converted into lamellipodia and direct cell shape and spread [40, 41]. Fewer
261  filopodial protrusions and the conversion to lamellipodia may have conferred the irregular cell shape
262  and undefined cytoplasmic edges observed in 3D PCL scaffold culture.

263 Cytotoxicity and viability testing are essential for biomaterial development but provide
264  insufficient information for actual medical applications. In addition, other biological properties of the
265  scaffolds have to be addressed in order to understand how they affect the target cells. Some scaffolds
266  offer proper surface topography for cell adherence, but not proliferation, which leads to cell death
267  [42, 43]. There are 2 major types of cell death, apoptosis and necrosis, each governed by distinct
268  regulatory mechanisms and having unique biological and morphological manifestations [44].
269  Apoptosis or programmed cell death (PCD) is a key mechanism for embryogenesis and homeostasis
270  in multi-cellular organisms. In contrast, spontaneous necrosis or cell lysis is a cellular response to
271  acute non-physiological injuries [45]. Initiation of either programmed apoptosis or necrosis is
272  induced by external stimuli through a death ligand that subsequently activates a signaling cascade
273 including caspase family proteins. Programmed death appears to follow 3 routes; (1) caspase 8
274  activation by external death signals cleaves an effector caspase (such as caspase 3) leading to apoptosis
275  through an extrinsic pathway [46], or (2) mitochondria-mediated release of cytochrome C initiates
276  apoptosome formation via the apoptotic protease activating factor, Apaf-1, activating the intrinsic
277  apoptotic pathway [47, 48], and (3) external death signals stimulate PARP-1, resulting in programmed
278  necrosis distinct from caspase-independent PCD [45, 49]

279 Whether cells survive or die under specific conditions is determined by the balance between
280  expression levels of competing gene groups involved in cell fate decisions [50]. The expression of
281  caspase 8 was detectable in all culture samples, but this does not necessarily indicate apoptosis
282  without co-expression of other downstream pro-apoptotic factors (e.g., Apaf-1 or PARP-1). Co-
283  expression of caspase 8, Apaf-1, and PARP-1 was found in 1d-ctrl and 5d-ctrl, suggesting that some
284  cells were undergoing apoptosis via an intrinsic pathway and/or necrosis pathway via activated
285 caspase 8/Apaf-1 [47,48] and PARP-1, respectively [45, 49]. On 2D PCL scaffold cultures, caspase 8
286  expression was higher than bcl-2 expression, suggesting activation of an extrinsic apoptosis pathway,
287  while cultures on 3D PCL scaffolds expressed slightly more bcl-2 than caspase 8, suggesting that most
288  cells were able to grow and survive due to the anti-apoptotic actions of bcl-2 [51].

289 Numerous specific combinations of stem cells and biomaterials have been examined to improve
290  the intrinsic properties of scaffolds and understand how they influence proliferation and
291 differentiation [52-54] in this study. SSEA-4 was chosen as a marker for stem cell self-renewal [55],
292 while NES, COL2A1, and PPAR-2 genes were used to assess differentiation to neural, chondrocyte,
293  and adipocyte lineages [55]. Co-expression of pluripotency and differentiation markers (SSEA-4 and
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294  NES) observed in control cultures may result from the specific culture conditions employed. The
295  presence of bFGF in the culture medium can induce NES expression (as well as the expression of
296  other neural markers) without changing cell morphology [55-57]. SSEA-4-positive MSCs can be
297  induced to either neural or non-neural lineages [55]. Alternatively, the cells may be in an intermediate
298  state between multipotent and differentiated [55, 58]. In addition, differentiation capacity of cells is
299  limited by density. A high density of WIMSCs at confluence reduces proliferation rate, decreases
300  colony-forming capacity, and ultimately leads to loss of multipotency [59] (pp. 45-72). Hence, 1d-ctrl
301  and 5d-ctr] were enriched in bFGF at low cell density, and so expressed highest levels of SSEA-4 and
302  NES. With time in culture and concomitant proliferation, cells may have consumed most bFGF from
303  the medium. Thus, by the time cells reached confluence on day 5, there was a decrease in SSEA-4 and
304  NES expression in all samples. The lowest levels of SSEA-4 and NES expression were observed in
305  cells on 3D-TP PCL scaffolds, suggesting that these cells may reach confluence before day 5, resulting
306  in loss of proliferation capacity and/or self-renewal (stemness). Further, the 3D structure provides
307  physical guidance supporting cell attachment and spread, thereby promoting more rapid
308  proliferation [61] during the early period after seeding. Interestingly, long-term culture of MSCs in
309  medium supplemented with bFGF induced loss of osteogenic/adipogenic differentiation potential
310  [59] (pp. 45-72), while adding bFGF to a chondrocyte precursor culture inhibited chondrocyte
311  terminal differentiation [61] and osteogenesis of adipocyte-derived stromal cells in a dose-dependent
312 and irreversible manner [62]. Inclusion of bFGF in culture medium also downregulated the
313 expression of adipogenic genes, thereby inhibiting adipogenesis and lipid accumulation [62-64].
314 In summary, manipulation of stem cell cultures for propagation, pluripotency maintenance, or
315  differentiation requires specific culture conditions (e.g. substrate surface roughness, stiffness, and
316  degree of hydrophobicity as well as the presence of certain growth factors) [33]. While these 2D and
317 3D PCL scaffolds did not exhibit a high capacity for stemness maintenance or differentiation
318  induction, they markedly influenced cell growth, survival, and phenotype due to differences in
319  topography and surface hydrophilicity. Two-dimensional scaffolds are suitable for cell propagation
320  and tissue layer preparation whilst 3D scaffolds are widely applied for tissue formation [65]. Plasma
321  oxygen treatment also improves biocompatibility by creating surface properties advantageous for
322 cell-matrix interactions [31]. Hence, PLC scaffolds may offer various options for stem cell fate
323 modulation when combined with certain growth factors and appropriate culture conditions.

324 5. Conclusions

325 This study describes the effects of oxygen plasma-treated and untreated 2D and 3D PCL
326  scaffolds on the attachment, proliferation, survival, stemness, and differentiation of hWJMSCs. Both
327 2D and 3D PCL scaffolds enhanced cell attachment and proliferation compared to a commercial
328  substrate (PS) but slightly altered the stemness properties. These scaffolds also decreased apoptosis
329  and protected cells from death via programmed necrosis. Compared to untreated scaffolds, oxygen
330  plasma-treated scaffolds exhibited greater biocompatibility as manifested by improved cell
331  attachment and proliferation. The 2D platform appeared more suitable for rapid cell adherence and
332 propagation while the 3D scaffolds offered greater opportunity for cell migration. In conclusion, PCL
333 scaffolds exhibit flexible properties that can be manipulated to either enhance or inhibit cell
334 propagation, differentiation, and migration of specific target cells for specific regenerative medicine
335  and tissue engineering applications.
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