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1. Introduction

Bone is the second most common transplanted tissue [1, 2] with an estimated 2.2 million grafting
procedures performed annually worldwide [3]. The gold standard for bone regeneration is to use
autologous bone grafts for traumatic injuries, fracture non-unions, spinal fusion, and hip joint
replacements, and other bone-related diseases [4]. However, autologous grafting is associated with
limited availability of donor tissue for clinical applications [5-7] and significant patient morbidity. and
complication rates of 8.6%-20.6% [1, 8, 9]. Allograft technologies have been developed to address the
limited availability of autograft bone. However, the process of decellularization, sterilization, and allograft
storage disrupts the osteoinductive nature of the tissue and results in clinical failure rates of 16-35%
predominantly due to the inability of these grafts to adequately re-vascularize [10, 11]. As such, there is a
significant and growing need for strategies to promote vascularized bone graft substitutes for this unmet
clinical need. Several strategies have been used to stimulate musculoskeletal healing, such as controlled
release of growth factors to promote vascularization [12-15] or regulation of osteogenesis with
mechanical properties [16-21]. Nonetheless, the lack of host vasculature penetration and integration
between engineered bone scaffold constructs and host tissue still remains a fundamental challenge
during bone fracture healing [22-24]. An understanding of the scaffold’s underlying physical properties
and its biochemical environment is crucial to elicit the desired biological responses for bone regeneration
[25, 26].

Surface topographical characteristics are important aspects in designing biological implants, as
they have great implications in cell guidance and behavior [27-35]. The development of microfabrication
and related microelectromechanical systems (MEMS) technologies such as soft lithography offers
unprecedented reproducibility and precision to create surface topography that can interact with cells and
tissues in‘a systematic manner [36-39]. For instance, Dalby et al. demonstrated that different
arrangements of topographical disorder could modulate osteogenic differentiation of human
mesenchymal stem cells (hMSCs) [40]. The Chen group demonstrated that the inherent rigidity of
different sized micropatterns could shift the balance of hMSC fates, alternating between osteogenesis
and adipogenesis [41, 42]. Our laboratory also reported that 10 um diameter post microtextures on
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marrow-derived connective tissue progenitor cells (CTPs) compared with those cultured on smooth
surface [21, 43]. These results suggest that varying geometry and arrangement of the surface topography
can result in the modification of cell proliferation and morphology as well as the potential to enhance
lineage specificity. However, there has been little investigation on the synergistic effects of microscale
surface topography and biochemical attributes for tuning hMSC fate in vivo. Particularly, in vivo studies
concerning microtextured materials have demonstrated mixed results in which microgrooved surfaces
produced the same cellular and tissue response as smooth surfaces [44, 45]. It has been suggested that
an amorphous layer was formed between the surface microtexture and the connective tissue due to the
influence of inflammatory cells present at the site of implant surface. Hence, cells from the connective
tissue were unable to sense and respond to the micro-topograhy [44, 46].

The goal of this study is to evaluate the long-term combined effect of microtextured topography
and biochemical cues on hMSC proliferation and osteogenic differentiation, and re-vascularization in mice
for potential bone tissue engineering applications. Specifically, PDMS substrates with 10 pm cylindrical
post (diameter, height, and interspace) were created to culture hMSCs for 6 weeks under two different
conditions: 1) one group in the proliferative basal medium (BM) during the entire study; 2) another group
in the BM for the first five weeks and inthe differentiative osteogenic medium (OM) for the last week. The
in vitro pre-culture maximized material-cell interaction for lineage specificity on microtextured scaffolds,
ensuring adequate hMSCs sensing and response to topographical signals for in vivo development. The in
vivo study investigated the potential osteogenic differentiation and vascular integration of hMSCs with the
host environment by subcutaneous implantation of hMSCs on microtextured substrates in BM and OM for
6 weeks.

2. Materials and Methods
2.1 Experimental Design

Bone marrow derived hMSCs were cultured for 6 weeks on 10 um micropost PDMS substrates
under two conditions: 1) in the proliferative basal medium (BM) during the entire study, and 2) in the BM
for the first five weeks and in the differentiative osteogenic medium (OM) for the last week. Cell seeded
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histological stains, and real time polymerase chain reaction (RT-PCR). Cell seeded scaffolds were also
subcutaneously implanted into mice for 6 weeks.
2.2 In vitro evaluation of hMSCs cultured on microtextured substrates
2.2.1 Fabrication of microtextured substrates

The microfabricated-patterned mold was prepared using soft lithography techniques as previously
described (Fig. 1) [43]. To prepare the PDMS substrate, liqguid PDMS base and curing agent (Sylgard 184;
Dow Corning) were mixed at a ratio of 10:1, degassed, and poured uniformly on top of the patterned mold.
After curing the patterned mold at 85 °C for 2 h, solidified PDMS casts with 10 um cylindrical posts were
released from the mold (Fig. 3,a). Patterned PDMS substrates were cut into 4 mm diameter disks,
sterilized for 30 min with 70 % ethanol, and washed 3 times with phosphate buffered saline (PBS) for
subsequent cell culture.
2.2.2 Cell culture

Human MSCs (PT-2501, Lonza, Allendale, NJ) were cultured on microtextured 4 mm disks under
standard culture conditions. For the BM condition, hMSCs seeded on microtextured PDMS scaffolds were
grown in Dulbecco's modified Eagle's medium (DMEM) low glucose (CCFAA001, UCSF Cell Culture
Facility) supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 1% penicillin-streptomycin
(P/S) (CCFGKO003, UCSF Cell Culture Facility), and 10 ng/mL recombinant human FGF-2 (R&D Systems,
Minneapolis, MN) for 6 weeks. For the OM condition, hMSCs seeded on PDMS substrates were first
grown under BM for 5 weeks before exposed to osteogenic media (OM) in DMEM high glucose
(CCFAA005, UCSF Cell Culture Facility) supplemented with dexamethasone (107 M) (D4902, Sigma), L-
Ascorbic acid 2-phosphate (100 uM) (A8960, Sigma), B-glycerol phosphate (10 mM) (50020, Sigma),
sodium pyruvate (100X) (CCFGE001, UCSF Cell Culture Facility), ITS+ (BD Biosciences, NJ), and 1%
P/S for another week. Seeding density for both conditions was 2X10° cells/cm?.

Mouse preosteoblast cell lines MC3T3 (obtained from R.Franceschi, University of Michigan, Ann
Arbor, MI) and calB 2T3 (obtained from S.E.Harris, University of Texas, San Antonio, TX) were cultured
on microtextured substrates as positive controls. For the BM condition, they were grown on microtextured
PDMS scaffolds in a- Minimum Essential Medium w/o nucleosides (a-MEM) (CCFAC006, UCSF Cell
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MEM, 2% FBS, L-Ascorbic acid 2-phosphate (10 pg/mL), B-glycerol phosphate (10 mM), and 1% P/S.
Seeding density for both conditions was 2X10° cells/cm?.

For all data shown, hMSCs were used between passages 5-7. MC3T3 and calB2T3 were used
between passages 12-16 and passages 15-25, respectively. Individual experiments were repeated at
least 3 times with different cell preparations.

2.2.3 Cell proliferation and morphology

After cells were cultivated for 6 weeks on microtextured substrates, the media was removed and
washed with PBS. For the proliferation study, they were stained with 0.4% trypan blue and counted. For
morphology observation, they were fixed in a solution containing 3 % glutaraldehyde (G7651, Sigma), 1M
sodium cacodylate (Polysicences) and 0.1M sucrose (Sigma). After 2 days, the substrates were washed
with distilled water. Dehydration was achieved by placing these scaffolds in an increasing concentration
of ethanol (50-100%). Dehydrated samples were then mounted on aluminum stubs, sputter-coated with
gold-palladium, and examined with SEM (Ultra 55, Carl Zeiss).

2.2.4 Quantitative gene expression

Total RNA of hMSCs from different conditions was extracted using the RNeasy® Mini Kit
(Qiagen). The quantity of the RNA was determined using NanoDrop™ ND-1000 spectrophotometer
(NanoDrop Technologies, DE, US). cDNA was obtained using 100 ng of total RNA plus master mix from
Fast SYBR® Green Cells-to-CT™ Kit (Life Technologies) with BioRad iCycler (BioRad, CA). Real-time
quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed using 7900HT
PCR system (Applied Biosystems) and Fast SYBR Green PCR kit (Life Technologies). For in vitro cell-
based scaffolds, relative quantification of human Collagen X (COL X), Collagen | (COL I), Alkaline
Phosphatase (ALP), Bone Sialoprotein (BSP), Osteocalcin (OC), Collagen Il (COL Il), and Peroxisome
Proliferators-Activator Receptor y (PPARYy) was performed using the comparative Ct (crossing of
threshold) method (AA Ct method) [47] with GAPDH from hMSCs cultured on smooth surface and human
osteosarcoma cell line Saos-2 cultured on smooth surface as negative and positive controls, respectively.
Primers (IDT Technologies) used in this study were previously published sequences (Table 1). In vivo
scaffolds were also analyzed with previous mentioned markers. Relative quantification of mouse platelet
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(Table 2) were analyzed with mouse GAPDH used as an internal control and no cDNA used as a
negative control. Each experiment was performed at least in triplicate.
2.2.5 Immunofluorescence of bone-specific markers

Cells on microtextured substrates were fixed with 4% formaldehyde followed by PBS washes,
permeabilized with 0.1% Triton X-100 for 10 min, and incubated in blocking solution (PBS, 1% bovine
serum albumin (BSA)) for 30 min. Samples were incubated with primary antibodies (COL IA: sc-8783,
OC: sc-30044; Santa Cruz Biotechnology) at a dilution of 1:200 for 1 hr and washed twice for 5 min with
PBS to remove residues. Another incubation with secondary antibodies (COL1A: anti-goat sc-2783,
Santa Cruz Biotechnology; OC: anti-rabbit A-21206, Life Technologies) at a dilution of 1:500 for 1 hr was
used followed by PBS washes for 5 min. DAPI (Vectashield) was added for nuclear staining. Images were
obtained using 6D High Throughput Perfect Focus System (Nikon Instruments) for in vitro scaffolds (Fig.
S1). Invivo scaffolds (Fig. 9 &10) were analyzed with laser scanning spectral C1si confocal microscope
(Nikon Instruments).
2.2.6 Mineral content

Quantitative analysis of ALP activity was performed as previously described [48], using Sigma
Fast p-nitrophenyl phosphate tablet sets (Sigma). Cell seeded scaffolds were washed with PBS, then
substrate buffer made from p-nitrophenyl phosphate tablet sets were added to each sample. After 10 min,
NaOH was added to supernatants taken from each sample to stop enzymatic activity. ALP activity was
measured by Spectra Max M2 plate reader (Molecular Devices) at 405 nm using p-nitrophenyl as a
standard and analyzed according to the manufacturer’s protocol (85L-3R, Sigma).
2.2.7 Calcium deposition

Samples were fixed with 70% ethanol at room temperature for 15 min. After washes with distilled
water for’5 min, 1% alizarin red stain (Sigma) was added to samples for 20 min. Samples were washed
with distilled water 4 times. Images were obtained using Leica DFC 295 (Leica Microsystems).
2.2.8 Histology

Hall Brunt Quadruple stain [49] was used to distinguish bone (red) from cartilage (blue). Samples
were fixed with 70% ethanol. They were stained with 0.5% celestine blue solution (51050, Fisher
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(75290, Fluka) for 5 min, 1% alcian blue in 1% acetic acid (74240, Merckmillipore) for 6 min, 1%
phosphomolybdic acid for 1 min, and 0.5% direct red solution (28160, Polysicences) for 6 min. Samples
were washed with distilled water for 2-5 min between each stain. Images were obtained using Leica DFC
295 (Leica Microsystems).

2.3 In vivo animal studies

All animal studies were approved by the UCSF IACUC. Immunocompromised nude mice
(Homozygus Nu/J strain #002019; Jackson Laboratories, Sacramento CA) were used for transplantation
in order to prevent any graft rejection. A total of 6 adult male mice (9-14 weeks old) were anesthetized
with an intraperitoneal injection of 1.5 mg ketamine and 0.15 mg medetomidine: The skin was cleaned
with povidone-iodine and chlorhexidine gluconate (4% w/v). Using a scalpel ‘or surgical scissors, 1-2 mm
incisions were created in the skin on the dorsal side of the mice approximately 10-15 mm from the midline.
Subcutaneous pockets were generated in the connective tissue beneath the incision using
blunt dissection and scaffolds were placed at least 1 mm laterally from the incision site with the printed
scaffold features facing the subcutis. Each mouse received 8 scaffolds. Scaffolds were placed
approximately 20 mm from each other in a linear fashion, dorsal to caudal, such that scaffolds are
sufficiently isolated from each other. The incisions were closed with two 6.0 silk sutures and covered with
a triple antibiotic ointment. Anesthesia was reversed and animals were provided with post-surgical
analgesics per approved protocol. Animals were socially housed, allowed to ambulate freely, and
survived for 6 weeks prior to cellular and molecular analyses. We have previously found that this protocol
is well tolerated by the animals.

Three types of scaffolds were prepared by methods described in previous section (2.2.2) for
transplantation: 1) microtextured PDMS without cells, 2) hMSCs on microtextured PDMS in BM, and 3)
hMSCs on microtextured PDMS in OM. Harvested scaffolds were analyzed using methods illustrated
previously in this section (2.2.3-2.2.8).

2.3.1 Immunofluorescence of angiogenic marker

In vivo scaffolds were fixed using same procedure in section 2.2.5. Primary antibodies anti-
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(A-11014, Life Technologies) were used to incubate harvested scaffolds. DAPI was added for nuclear
staining. Images were obtained using laser scanning spectral C1si confocal microscope (Nikon
Instruments).
2.3.2 Histology

Harvested scaffolds were fixed in 4% paraformaldehyde for 15 min and processed to paraffin
using standard protocols. Sections were cut at 5 pum and mounted on glass slides. Hematoxylin and Eosin
(HE) was performed on the subsequent slides. Slides were deparafinized using 3 changes of xylene for 2
min, rehydrated through a graded ethanol series (100%, 95%, 70%) each for 1 min. Slides were washed
in water followed by 7 min in Mayers Haematoxylin to stain nuclei (HXMMHGAL; American Mastertech).
Excess haematoxylin was removed with water for 1 min followed by bluing (HXB00242E, American
Mastertech) for 1 min. Excess bluing was removed with water for 1 min. Slides were then placed in 70%
ethanol for 1 min and Eosin/Phloxine were used to stain cytoplasm and connective tissues (STE0457,
American Mastertech). Eosin was differentiated for 1 min in'95% alcohol and the tissue sections are
dehydrated in 2 changes of 100% alcohol followed by 3 changes of 2 min in xylene and mounted in a
resinous based mounting media (361254D Depex, Fisher Scientific). Slides were dried and viewed under
Leica DFC 295 (Leica Microsystems).
2.4 Statistical Analysis

Sample pairs were analyzed by the Student’s t-test. Multiple samples were evaluated with one
way or two way analysis of variance (ANOVA) followed by Bonferroni and multiple comparison using
Prism (San Diego;, CA). A Pvalue of <0.05 was accepted as statistically significant for all samples.
3. Resulis
3.1 In vitro culture analysis
3.1.1 Cell proliferation and morphology

The microtextured PDMS disks cultured with hMSCs exhibited a higher proliferative capacity in
BM than OM after a 6-week culture period (Fig. 2). Positive control mouse pre-osteoblast cell lines
calB2T3 and MC3T3 demonstrated significantly more cell growth in both BM and OM compared with that
of the hMSCs (Fig. 2). The SEM images also revealed that hMSCs tended to attach onto cylindrical posts
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cultured in OM condition displayed layers of ECM that covered most of the microtextured surfaces (Fig.
3,C).
3.1.2 Gene and extracellular matrix protein (ECM) expression

The expression of osteoblast-specific markers was assessed in hMSCs on microtextured
substrates under BM and OM conditions in vitro using real time RT-PCR (Fig. 4). Findings indicated that
hMSCs on microtextured substrates differentiated toward osteogenic lineage even when cultured under
proliferative BM condition as shown by the relative expression of osteoblast-specific markers (COL I, ALP,
BSP, and OC) (Fig 4,a). The osteogenic capacity of hMSCs on microtextured substrates in BM was
significantly elevated by switching to OM as indicated by a 5.5-to-6 fold increase in COL |, 2.7-fold
increase in ALP, 1.3-t0-1.7 fold increase in BSP, and 1.6-fold increase in OC (Fig 4). The chondrogenic
and adipogenic markers (COL Il and PPARy) were not expressed (Fig 4,a).

The osteogenic differentiation of hMSCs on microtextured substrates was also confirmed by
immunohistological detection of osteoblast markers COL | and OC. Human MSCs on microtextured
substrates in both BM and OM showed a greater intensity of osteoblast markers compared with hMSCs
on smooth surfaces (Fig. S1).

3.1.3 Histological analysis of hMSCs on microtextured substrates

Direct visualization of mineralization and calcium deposition verified bone cell differentiation and
bone formation. The hMSCs on microtextured substrates in OM possessed a significant increase in ALP
activity compared with-cells in BM (Fig. 5). Results from alizarin red data indicated that hMSCs on
microtextured substrates stained more intensely in OM than BM (Fig. S2). Overall, the spatial distribution
and intensity of both alizarin red stain were found to be consistently greater for cells cultured in OM than
BM.

3.2 In'vivo animal study
3.2.1 Scaffold morphology

After a 6-week implantation period in the mice, harvested scaffolds displayed various levels of
vascularization, which we observed during the explant process (Fig. 6) (Table 3). Generally, hMSCs on
microtextured substrates in OM showed a more extensive vascular invasion throughout the entire scaffold

(Fig. 6(c,d)), while hMSCs on post microtexture in BM exhibited vascularization mostly on the edge of the



scaffolds (Fig. 6,b). Minimal vasculature was observed in the microtextured substrates without hMSCs
(Fig. 6,a). SEM images demonstrated that all implanted scaffolds developed ECM rich capsules with
uniform shape and thickness around the entire microtextured substrates (Fig. 7). However, the sprouting
of new blood vessels [50] in tissues surrounding the implants was significantly higher for hMSCs on
microtextured substrates in OM (Fig. 7(e,f)) compared with microtextured substrates without hMSCs (Fig.
7(a,b)) and hMSCs on microtextured substrates in BM (Fig. 7(c,d)).

3.2.2 Gene and ECM expression

The expression of osteoblast-specific markers was assessed in harvested scaffolds using
quantitative RT-PCR (Fig. 8,a). Similar to the gene analysis results in vitro, hMSCs on microtextured
substrates in BM differentiated toward osteogenic lineage with increased expression of osteoblast-
specific markers (ALP, BSP, and OC) (Fig. 8,a). Compared with hMSCs on microtextured substrates in
BM, the osteogenic capacity of hMSCs on microtextured substrates in OM was expedited as shown by a
4-fold increase in COL I, 3.3-fold increase in ALP, 2.2-fold increase in BSP, and maintained a constant
level of OC expression (Fig. 8,a). The chondrogenic and adipogenic markers (COL Il and PPARYy) were
not expressed (Fig 8,a). The synergistic effects of microtextured surfaces and the OM enhanced
osteogenesis of hMSCs in vivo. The expression of angiogenic genes showed that PECAM and VEGF
were 5.8- and 58.7-fold higher in hMSCs on microtextured substrates in OM compared with BM,
suggesting that both the microtopology and growth-factor induction contribute to angiogenic capacity of
this system (Fig. 8,b).

The osteogenic differentiation of harvested scaffolds was further confirmed by the
immunohistochemistry of COL | and OC. Both hMSCs on microtextured substrates in BM and OM
exhibited high intensity of COL | and OC (Fig. 9). The vascularization of harvested scaffolds was
observed using mouse PECAM (Fig. 10). Although microtextured substrates showed minimal cell
attachment and lacked any vasculature, hMSCs on microtextured substrates in both BM and OM
confirmed the presence of hMSCs and demonstrated vascularization to various degrees (Fig. 10).

3.2.3 Histological analysis
The ALP activity of harvested scaffolds was comparable between hMSCs on microtextured

substrates in BM (116 mU/L) and OM (120 mU/L) (Fig. 11). Microtextured substrates alone exhibited ALP



activity of 65 mU/L, which was significantly lower compared with PDMS substrates that were cultured with
cells (BM and OM), probably due to non-specific cell attachment to the substrate surfaces over the period
of in vivo implantation. Alizarin red results showed that hMSCs on microtextured substrates in both BM
and OM were stained more intensely compared with microtextured substrates, indicating improved
calcium deposition from bone matrix formation (Fig. S3). HE stain showed densely nucleated epithelial
layers surrounding the scaffolds for hMSCs on microtextured substrates in BM (Fig. 12,b) (Fig. S4,a),
whereas loose epithelial layers with extensive blood vessels were identified for hMSCs on microtextured
substrates in OM (Fig. 12,c-e) (Fig. S4,b). Blood was also detected in the vascular lumen of hMSCs on
microtextured substrates in OM (Fig. 12,c-e).
4. Discussion

Bone regeneration and repair require the coordination of multiple cellular processes, the first of
which is the migration, proliferation, and differentiation of osteoprogenitors [51]. This process is regulated
in part by soluble and adhesive factors from ECM that bind to cell surface receptors, but recent advances
suggest that the mechanical properties of the ECM also play an important role in mediating cell signaling,
migration, proliferation, and differentiation [52, 53]. Therefore, to better mimic the natural environment of
the cells, synergistic effects of mechanical, chemical, and topographical cues at the micro- and nanoscale
is necessary to modulate specific'cell function [54, 55]. We postulate that the osteogenic differentiation of
hMSCs can be optimized both invitro and in vivo with a combined effect from topographical cues based
on post microtexture design and biochemical supplements. Our group previously demonstrated that
microposts with 10 um in diameter, height, and interspace provide the greatest cell-surface contact area,
longer residence time to establish adhesive contacts and corresponding cell proliferation [21, 43]. In the
present study, we assessed the ability of 10 um microposts in two different conditioning medium (BM &
OM), independently of surface chemistry, to influence hMSC morphology, proliferation, and osteogenic
differentiation in vitro and in vivo.

The number of hMSCs that remained on the substrates after 6 weeks did not change significantly
compared with the initial seeding density. This was probably due to the poor cell adhesion properties of
PDMS [56] which could reduce initial cell attachment and affect subsequent cell proliferation for long-term
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more proliferative in BM than OM. Cells on microtextured substrates in BM showed excellent attachment,
spreading and even distribution on the substrate surface (Fig. 3). Cells on microtextured substrates in OM
exhibited dense layers of matrix coverage on the substrate surface. Since the surface topography and
surface chemistry of underlying substrates were identical, these results suggest that the BM condition
helped the growth of hMSCs, whereas the OM condition deposited more ECM proteins for matrix support.
Such effect is contributed by the different biomolecular components of the culture medium: serum and
growth factor in BM support the proliferation of hMSCs, but the presence of dexamethasone, ascorbic
acid and B-glycerol phosphate in OM induce the differentiation of hMSCs.

A group of osteoblast-specific markers based on the model of osteoblast differentiation
demonstrated by Stein and Lian [57] was used to assess different stages of ‘osteogenic differentiation of
hMSCs on microtextured substrates in BM and OM conditions (Fig. 4). We found that hMSCs on
microtextured substrates in OM showed an increased level of COL | compared with BM (Fig. 4(a,b)),
suggesting the early matrix formation for hMSCs stimulated by osteogenic factors [58]. Despite culturing
in BM, hMSCs on microtextured surface differentiated into osteogenic lineage, as evidenced by the
increase in osteoblast-specific markers such as ALP, BSP, and OC (Fig. 4(a,b)). The addition of OM
further elevated the expression of these markers with negligible chondrogenic expression (COL II),
indicating hMSCs on microtextured surfaces undergo a direct and specific osteogenesis. The substantial
amount of ALP from hMSCs on microtextured substrates in BM and OM (Fig. 4(a,b)) was observed which
signified the ECM maturation post proliferative period [59, 60]. The increased levels of BSP and OC (Fig.
4) indicated final stage of extracellular-matrix mineralization [59, 60]. Our data showed that the addition of
OM significantly augmented the osteogenic capability of hMSCs on microtextured substrates during each
stage of differentiation (Fig. 4). More importantly, the expression level of late stage makers for matrix
mineralization process (BSP & OC) were greatly improved compared with those involved during matrix
maturation (COL 1) (Fig. 4(a,b)). The combined osteoinductive effects from topography and biochemical
cues far exceeded that of using either one alone (Fig. 4). Additional verification from immunofluorescence
staining of COL | and OC (Fig. S1), quantitative measurement of ALP (Fig. 5), and calcium deposition
from alizarin red (Fig. S2) all confirmed osteogenic differentiation of hMSCs with adequate matrix

deposition and maturation. These results suggest that the combination of microtextured surfaces and



differentiation factors provided by the OM significantly improve osteogenic differentiation and
mineralization of hMSCs in vitro.

To further assess the osteogenic differentiation of hMSCs on microtextured surfaces, scaffolds
consisting of microtextured substrates without cells, hMSCs on microtextured substrates in BM, and
hMSCs on microtextured substrates in OM were implanted subcutaneously in mice for 6 weeks. Gene
expression analysis showed that hMSCs on microtextured substrates in OM exhibited higher levels of
COL I, ALP, and BSP compared with BM, suggesting that pre-culture in OM is more effective in promoting
hMSCs osteogenic differentiation in vivo (Fig. 8,a). The expression of OC, a marker of late-stage matrix
mineralization was expressed equally in hMSCs on microtextured substrates inOM and BM (Fig. 8,a). In
vivo matrix maturation, mineralization, and bone formation was further analyzed with ALP (Fig. 11) and
alizarin red (Fig. S3). Both hMSCs on microtextured substrates in BM and OM showed significant ALP
activity, extensive calcium deposition, and substantial amount of bone matrix formation. The ALP activity
was also observed in microtextured substrates without cells (Fig. 11), which was probably a non-specific
catalytic and enzymatic activity due to the invasion of subepithelial connective tissues of the animals into
scaffolds [61]. Clearly, the differentiative OM condition accelerates the number of hMSCs into early
osteoblast differentiation in vivo. However, the osteogenic phenotype of the hMScs pre-cultured under
BM suggests that the in vivo microenvironment was sufficient to enable these constructs to promote
osteogenesis and mineralization.

We observed that hMSCs on microtextured substrates in OM showed a more expansive local
microvasculature around the implants, whereas hMSCs on microtextured substrates in BM displayed
some level of vascularization on the edge of the scaffolds, and microtextured substrates alone exhibited
no vascularization at all (Fig. 6,10,12) (Table 3). We discovered abundant blood vessels in tissues
surrounding the implants as well as regions with clusters of red blood cells for scaffolds consisted of
hMSCs on microtextured substrates in OM (Fig. 7(e,f)). This observation was further confirmed by the
high level of expression in mouse vascular-specific markers PECAM and VEGF (Fig. 8,b).
Immunofluorescence staining showed that individual endothelial cells scattered around the scaffolds (Fig.
10). Observation of mouse angiogenic-related markers implied that the endothelial cells were recruited

from the host. Based on the evidence of invasion of host capillaries into the cell-based scaffolds, the



appearance and differentiation of hMSCs into mature osteoblasts, and the lack of chondrogenic
expression (COL Il) in vivo (Fig. 8,a), we speculated that the implanted hMSCs on microtextured
substrates in OM underwent an intramembraneous ossification process [62]. Cells on microtextured
substrates in BM demonstrated dense nucleated epithelial-like tissue layers, whereas hMSCs on
microtextured substrates in OM exhibited very loose tissue structure occupied with numerous blood
vessels (Fig. 12). The formation of blood vessels for scaffolds consisted of hMSCs on microtextured
substrates in OM establishes mass transport between the body and the implanted microtextured scaffolds
[63]. Past reports have suggested that h(MSCs, without differentiation, have the capacity to enhance
angiogenesis through active synthesis and release of paracrine and autocrine factors (e.g. VEGF) [64,
65]. Human MSC-derived progenies such as osteoblasts and chondrocytes are not as capable of
elaborating angiogenesis when populated in microchannels of anastomized scaffolds [66]. Although the
in vivo gene expression study (Fig. 8) confirmed the osteogenic differentiation of harvested scaffolds, it is
possible that undifferentiated hMSCs could contribute to the increased angiogenic response through
paracrine and autocrine signaling from cell-based scaffolds. Overall our in vivo data suggested that
engineered scaffolds with controlled physical topography and proper biochemical environment could
enable angiogenesis of cell-seeded scaffolds: Further investigation is needed to elucidate the mechanistic
links through which the vascular endothelial cells and the hMSCs-derived osteoblasts on microtextured
substrates interact.
5. Conclusions

We have showed for the first time that the combined effects of biochemical supplements and
micro-topographical signals can synergistically generate highly functional microvascular networks for
tissue engineered bone constructs in animals. Human MSCs on post microtextures cultured in the OM
condition consistently expressed higher level of osteoblast-specific markers and induced greater amount
of bone matrix and mineralization compared with the BM condition. The in vivo study found increased
osteogenic differentiation and identified the presence of substantial amounts of microvasculature for
hMSCs on the post microtextures in OM, indicating well-vascularized grafts within the host. This study

demonstrates the potential advancement toward engineering vascularized cell-based bone scaffolds



through combining topographical and biochemical cues by leveraging the precision and reproducibility of
microfabrication and related MEMS techniques for developing therapeutic orthopedic grafts in the future.
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Figure Legends and Tables

Table 1. Alist of primers used in RT-PCR analysis of in vitro and in vivo microtextured scaffolds.
Table 2. A list of primers used in RT-PCR analysis of in vivo cell-cultured microtextured scaffolds.
Table 3. The number of harvested scaffolds with vascular formation based on a double-blind observation.

Figure 1. Fabrication of PDMS post microtextures by soft lithography. Briefly, 10 um thick SU-8 2010 photoresist was
spin coated on top of silicon wafers. The post microtexture pattern with 10 um inter-space was transferred from a
photomask onto the photoresist under UV exposure. The liquid PDMS and curing photocatalyst were mixed at a ratio
of 10:1, degassed for 20 min, and then poured uniformly on top of the patterned mold. The PDMS substrates were
cured at 85 °C for 2 h.

Figure 2. Number of cells on PDMS microtextured substrates in basal medium (BM) and osteogenic medium (OM) for
6 weeks. The positive control mouse pre-osteoblast cell lines calB2T3 and MC3T3 and hMSCs were cultured on
microtextured substrates. Proliferation study showed that hMSCs have less proliferative capacity than the positive
controls in both BM and OM conditions. The number of hMSCs on microtextured surfaces increased significantly in
BM compared to OM. (n>3, *p<0.05, **p<0.005, ****p<0.0001)

Figure 3. SEM images of hMSCs on PDMS microtextured substrates for 6 weeks. (a) PDMS post microtexture. (b)
hMSCs on PDMS microtextured substrates in BM. (c) hMSCs on PDMS microtextured substrates in OM. On
microtextured substrates in BM (d), hMSCs mostly tended to attach next to the posts and spread their processes
towards posts and other cells (white arrows). hMSCs on microtextured substrates in OM (e) showed cell spreading
over the top of the microposts and coverage with-ECM (black arrows) on the substrate surfaces.

Figure 4. RT-PCR analysis of h(MSCs on microtextured substrates in BM and OM. Relative gene expression of
hMSCs on microtextured substrates in BM-and OM compared to the negative controls, hMSCs cultured in BM (a) and
hMSCs cultured in OM (b) on smooth surface. Relative gene expression of hMSCs on microtextured substrates in BM
and OM compared to the positive control, human osteosarcoma cell line Saos-2 on smooth surface (c). The PDMS
microtextured substrates enhanced the osteogenic differentiation of hMSCs in the proliferative basal medium (BM)
condition as indicated by the high levels of expression in osteogenic markers (COL |, ALP, BSP, and OC) (a,b). The
osteogenic differentiation of (MSCs on microtextured substrates was further elevated by culturing under the
differentiative osteogenic medium (OM) (a,b). The expression of BSP, an early marker of osteoblast differentiation,
and OC, a marker of late-stage differentiation, were significantly enhanced for hMSCs on microtextured substrates in
BM and OM compared to the positive control human osteosarcoma cell line Saos-2 (c), affirming the effectiveness of
using microtextured substrates and biochemical supplements to promote late-stage bone differentiation. (n>3,
*p<0.05)

Figure 5. Alkaline phosphatase levels were normalized for cells cultured on microtextured surfaces in basal medium
(BM) and osteogenic medium (OM). The level of mineralization enhanced significantly for h(MSCs on microtextured
substrates in OM compared to BM. The positive control pre-osteoblast cell lines calB2T3 and MC3T3 showed a
greater level of mineralization in both BM and OM. (n=3, **p<0.005)

Figure 6.Vasculature observed from harvested scaffolds after a 6-week implantation in mice. (a) microtextured
substrates without hMSCs. (b) hMSCs on microtextured surfaces in BM. (c,d) hMSCs on microtextured surfaces in
OM. Microtextured substrates without hMSCs (a) that were implanted in mice lacked any microvasculature and
integration with the surrounding host tissues. hMSCs on microtextured surfaces in BM (b) exhibited micro-vessel



growth surrounding the edge of the substrates, whereas hMSCs on microtextured surfaces in OM (c,d) showed a
more perfused and extensive network of blood vessels in all directions.

Figure 7. SEM images of harvested scaffolds after a 6-week implantation in mice. (a,b) microtextured substrates
without hMSCs. (c,d) hMSCs on microtextured surfaces in BM. (e,f) hMSCs on microtextured surfaces in OM. All
implanted scaffolds developed ECM rich capsules with uniform shape and thickness around the entire microtextured
substrates. However, the sprouting of new blood vessels [50] in tissue surrounding the implants was significantly
higher for hMSCs on microtextured surfaces in OM (e,f). Red blood cells (black arrows) were observed for implants of
hMSCs on microtextured surfaces in OM (g,f).

Figure 8. RT-PCR analysis of harvested scaffolds after a 6-week implantation in mice. (a) The expression of
osteogenic markers (COL I, COL X, ALP, BSP, and OC) were determined for blank microtextured substrates (PDMS)
without hMSCs, hMSCs on microtextured surface in basal medium (hMSCs + PDMS in BM), and hMSCs on
microtextured surface in osteogenic medium (hMSCs + PDMS in OM). (b) The expression of angiogenic markers
(PECAM and VEGF) were measured for blank microtextured substrates (PDMS), hMSCs on microtextured surface in
basal medium (hMSCs + PDMS in BM), and hMSCs on microtextured surface in osteogenic medium (hMSCs +
PDMS in OM). Gene analysis of harvested implants demonstrated that hMSCs on microtextured surfaces in OM
(hMSCs + PDMS in OM) provided the optimal condition to accelerate the early and late stage of hMSCs osteogenesis
in vivo. hMSCs on microtextured surfaces in OM (hMSCs + PDMS in OM) also promoted vascularization based on
the increased expression of angiogenic makers, indicating successful integration of vascularized osteogenic bone
grafts. (n>3, *p<0.05, ***p<0.001)

Figure 9. Immunofluorescence staining of osteogenic markers COL | (red, b,f,j) and OC (green, c,g,k) for harvested
scaffolds after a 6-week implantation. Nuclei were stained with DAPI (d,h,l). (Note: the original color images were
converted to grayscale and reversed to provide visual clarity.) (a-d) microtextured substrates without hMSCs. (e-h)
hMSCs on microtextured surfaces in BM. (i-l) hMSCs on microtextured surfaces in OM (i-l). Blank microtextured
substrates showed minimal cell attachment on the surface (d) and exhibited no COL | and OC stainings (b,c). hMSCs
on microtextured surfaces in BM (f,g) and OM (j,k) revealed high intensity of COL | and OC compared to the negative
control blank microtextured substrates (b,c), indicating the differentiation of hMSCs toward osteogenic lineage on
microtextured surfaces in vivo.

Figure 10. Immunofluorescence staining of human mitochondria (green, e,d,g) and mouse PECAM (red, b,e,h) for
harvested scaffolds after a 6-week implantation. Nuclei were stained with DAPI (c,f,i). (Note: the original color images
were converted to grayscale and reversed to provide visual clarity.) (a-c) microtextured substrates without hMSCs. (d-
f) hMSCs on microtextured surfaces in BM. (g-i) hMSCs on microtextured surfaces in OM. Blank microtextured
substrates without hMSCs showed minimal cell attachment on the surface (c) and exhibited neither human nor
mouse markers (a,b). hMSCs on microtextured surfaces in BM (d,e) and OM (g,h) revealed elevated signals of
human mitochondria and mouse PECAM compared to the negative control blank microtextured substrates without
hMSCs (a,b); which confirmed the presence of hMSCs on the microtextured surfaces and identified mouse blood
vessels attracted to the scaffolds.

Figure 11. Alkaline phosphatase levels were determined in harvested scaffolds after a 6-week implantation. hMSCs
on microtextured surfaces in basal medium (BM) and osteogenic medium (OM) demonstrated bone matrix
mineralization characterized by an increased level of alkaline phosphatase activity in vivo. (n=3, **p<0.005, *p<0.05)

Figure 12. Cross-sectional images of HE staining for harvested scaffolds after a 6-week implantation. (a)
microtextured substrates without hMSCs. (b) hMSCs on microtextured substrates in BM. (c-e) hMSCs on
microtextured substrates in OM. Microtextured substrates were shredded into PDMS pieces during HE sectioning (a).
No stained tissue debris detected for microtextured substrates (a). hMSCs on microtextured substrates in BM (b)



showed densely nucleated epithelial layers surrounding the substrates, whereas hMSCs on microtextured substrates
in OM (c-e) exhibited very loose tissues accompanied by extensive blood vessels (black arrows). Blood (red arrows)
was also observed in the vascular lumen for h(MSCs on microtextured substrates in OM (c-e).

Figure S1. Immunofluorescence staining of osteogenic markers COL I (red, b,f,j) and OC (green, c,g,k) on
microtextured scaffolds. Nuclei were stained with DAPI (d,h,l). (Note: the original color images were converted to
grayscale and reversed to provide visual clarity.) (a-d) hMSCs on smooth PDMS substrates. (e-h) hMSCs on
microtextured surfaces in BM. (i-I) hMSCs on microtextured surfaces in OM (i-l). hMSCs on microtextured surfaces in
BM (f,g) and OM (j,k) revealed high intensity of COL | and OC compared to the negative control, undifferentiated
hMSCs on smooth surface (b,c), indicating the differentiation of hMSCs toward osteogenic lineage.

Figure S2. Alizarin red staining of cells cultured on microtextured surfaces in basal medium (BM) (a-d) and
osteogenic medium (OM) (e-h). (a,e) microtextured substrates. (b,f) calB2T3 on microtextured surfaces. (c,g) MC3T3
on microtextured surfaces. (d,h) hMSCs on microtextured surfaces. The OM condition (f-h) enhanced calcium
deposition of cells on microtextured surfaces compared to the BM condition (b-d). hMSCs on microtextured
substrates in both BM (d) and OM (h) showed significant amount of calcium deposition.

Figure S3. Alizarin red staining of harvested scaffolds after a 6-week.implantation. (a,d) microtextured substrates
without hMSCs. (b,e) hMSCs on microtextured surfaces in BM. (c,f) hMSCs on microtextured surfaces in OM. The
microtextured substrates showed minimal calcium deposition on top.of the substrate surfaces. hMSCs on
microtextured surfaces in BM (b,e) and OM (c,f) showed significant amount of calcium deposition characterized by
the amount of red staining, indicating the successful differentiation of h(MSCs toward osteogenic lineage.

Figure S4. Cross-sectional HE staining of harvest scaffolds after a 6-week implantation. (a) hMSCs on microtextured
substrates in BM. (b) hMSCs on microtextured substrates in OM. hMSCs on microtextured substrates in BM (a)
exhibited dense epithelial-like tissue surrounding the scaffolds, while hMSCs on microtextured substrates in OM (b)
showed loose tissue structure and blood vessels.
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Figure 4.

a. hMSCs in BM on smooth surface as negative control
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Figure 8.

a. RT-PCR analysis of osteoblast-specific markers
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Figure 10.
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Table 1.

Species MGa?(r:eers Forward (5-3’) Reverse (5’-3’)

COL | CAGCCGCTTCACCTACAGC | TTTTGTATTCAATCACTGTCTTGCC

COL X CAAGGCACCATCTCCAGGAA | AAAGGGTATTTGTGGCAGCATATT
ALP ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA
BSP CATTTTGGGAATGGCCTGTG ATTGTCTCCGCTGCTGC

Human oc GAAGCCCAGCGGTGCA CACTACCTCGCTGCCCTCC

CcoL Il TATGCCAACTTCCCACACG AAGGCACCTTGTAAGACCTAGAC

PPARy | CCAGATGCCAACTTCCCACACG | AAGGCACCTTGTAAGACCTAGAC

GAPDH ATGGGGAAGGTGAAGGTC TAAAAGCAGCCCTGGTGACC




Table 2.

Species MGa?(r:s Forward (5-3’) Reverse (5’-3’)
PECAM TGCTCTCGAAGCCCAGTATT | CGCTGAACACCGCGGGGTGGGAATGGC
Mouse VEGF | GGAGATCCTTCGAGGAGCACTT GGCGATTTAGCAGCAGATATAAGAA
GAPDH TGCCCCCATGTTTGTGATG TGTGGTCATGAGCCCTTCC




Sample

Overall Vascularization

Edge Vascularization

No Vascularization

PDMS

1

hMSCs + PDMS in BM

2

2

hMSCs + PDMS in OM
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