
Nitric Oxide Regulates Cell Behavior on an Interactive Cell-
derived Extracellular Matrix Scaffold

Qi Xing1, Lijun Zhang1,2, Travis Redman1, Shaohai Qi2, and Feng Zhao1,*

1Department of Biomedical Engineering, Michigan Technological University, 1400 Townsend 
Drive, Houghton, MI 49931

2Department of Burns, the First Affiliated Hospital of Sun Yat-sen University, Guangzhou, 
Guangdong, China

Abstract

During tissue injury and wound healing process, there are dynamic reciprocal interactions among 

cells, extracellular matrix (ECM) and mediating molecules which are crucial for functional tissue 

repair. Nitric oxide (NO) is one of the key mediating molecules that can positively regulate 

various biological activities involved in wound healing. Various ECM components serve as 

binding sites for cells and mediating molecules, and the interactions further stimulate cellular 

activities. Human mesenchymal stem cells (hMSCs) can migrate to the wound site and contribute 

to tissue regeneration through differentiation and paracrine signaling. The objective of this work 

was to investigate the regulatory effect of NO on hMSCs in an interactive ECM-rich 

microenvironment. In order to mimic the in vivo stromal environment in wound site, a cell-derived 

ECM scaffold that was able to release NO within the range of in vivo wound fluid NO level was 

fabricated. Results showed that the micro-molar level of NO released from the ECM scaffold had 

an inhibitory effect on cellular activities of hMSCs. The NO impaired cell growth, altered cell 

morphology, disrupted the F-actin organization, also decreased the expression of focal adhesion 

related molecules integrin α5 and paxillin. These results may contribute to the elucidation of how 

NO acts on hMSCs in wound healing process.

Introduction

Tissue injury and healing is a complex series of reactions and interactions at both the 

cellular and molecular level [1]. During the inflammation, proliferation, and remodeling 

phases of the wound healing process, there are dynamic, reciprocal interactions among cells, 

growth factors and mediating molecules, as well as extracellular matrix (ECM) [2]. One of 

the most important mediating molecules is nitric oxide (NO), a highly reactive and lipophilic 

molecule that functions in many aspects of the wound healing process; such as, 

inflammation mediation, matrix deposition and remodeling, cell proliferation, and 

angiogenesis [3]. Specifically, NO regulates signaling pathways of the anti-inflammatory 

cytokine secretion that are involved in tissue repair and wound healing [4]. NO stimulates 

collagen synthesis and keratinocyte migration, thus contributing to wound contraction and 
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closure [4]. NO is generated in vivo from L-arginine catalyzed by three types of nitric oxide 

synthases (NOSs) [5]. Among them, inducible NOSs (iNOSs) responds to acute 

inflammatory stimuli including wounding, thermal injury, and exposure to endotoxins or 

cytokines, which all produce large amounts of NO from immune and non-immune cells [6]. 

During the early inflammation phase of would healing, there is a rapid increase of NO which 

may peak as fast as 48 hours. The majority of NO synthesis is contributed to inflammatory 

cells, including neutrophils and macrophages. In the following proliferation and remodeling 

phases, fibroblasts and endothelial cells continue releasing NO, but the overall NO release 

profile can be described as a decreasing curve over time [7]. The physiological function of 

NO is based on its regulation of cells including cell adhesion, proliferation, migration and 

differentiation. Therefore, investigation of NO effect on cellular behavior in vitro will help 

to understand the mechanism of NO in tissue repair.

Nitric oxide has a short half-life, which limits its influence distance from the source to ~100 

μm [8]. Furthermore, NO donors of small molecules are fairly easy to disperse into the 

environment rapidly. It is thus crucial to develop systems capable of local and controllable 

NO release for effective delivery. The small NO donors can be conjugated onto 

macromolecular scaffolds for spatially controlled and sustained NO release, which may 

provide a more efficient method to investigate the effects of NO on cell behaviors in vitro. A 

wide variety of macromolecular scaffolds, including protein, synthetic polymers, and 

inorganic nanoparticles, have been successfully employed to fabricate NO-releasing 

materials [9]. However, none of them can recapitulate the microenvironment in natural 

tissues. A scaffold that largely mimics the ECM components and structure of native tissues 

may benefit the in vitro investigation on the impact of NO for cellular functions.

The ECM in natural tissues plays a critical role in regulating cell behaviors such as 

proliferation, adhesion, migration, and differentiation [10]. The interactions between ECM 

and cells, and also between ECM and growth factors, are fundamental to all phases of tissue 

healing [2]. ECM is composed of a complex assembly of different proteins and 

proteoglycans which play important roles in wound healing [11]. Structural protein, 

collagen, is deposited at the wound site to restore tissue integrity [12]. Adhesion 

glycoprotein, fibronectin, mediates cell-ECM interaction and cell-cell contacts, thus 

promoting cell migration and adhesion to wound sites [13]. Proteoglycans maintains tissue 

hydration, which is critical for wound healing process [14]. In addition, degradation and 

remodeling of ECM by matrix metalloproteases is crucial for leukocyte influx, angiogenesis, 

and tissue remodeling [15]. Employment of ECM as a scaffold in an in vitro model system 

for a wound healing study would better recapitulate the naturally occurring 

microenvironment. A cell-derived ECM scaffold highly mimics the complex morphology 

and composition of natural ECM, and can be engineered to display different topography and 

composition [16, 17]. We have recently derived a highly aligned ECM scaffold from a 

human dermal fibroblast cell sheet grown on nanograted substrate [18]. The ECM scaffold 

contains aligned protein nanofibers of 78 ± 9 nm in diameter, which is comparable to the 

collagen nanofiber size in human body, and support the cell growth and alignment [18]. The 

aligned ECM scaffold also replicates the anisotropic architecture found in many native 

tissues such as blood vessel and myocardium. Our ECM scaffold is mainly composed of 
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polypeptides with numerous primary amine groups which enable conjugation of NO donors 

through carboxylic acid reaction [19]. S-Nitroso-N-acetyl-D-penicillamine (SNAP) is one of 

the well-known biocompatible NO donors that naturally releases NO under physiological 

conditions. In this study, SNAP was incorporated into the aligned ECM scaffold for 

localized NO release.

Human mesenchymal stem cells (hMSCs) exist in virtually all tissues in the body including 

bone marrow, fat, muscle, and skin. Several studies suggest that hMSCs contribute to tissue 

regeneration after mobilization, migration and engraftment of the damaged tissues [20–22]. 

The immune cells, inflammatory cytokines together with fibroblasts and endothelial cells in 

the wound area release signals recuiting hMSCs to migrate into the stroma of the damaged 

tissues. Then hMSCs differentiate into corresponding cell types, as well as release various 

growth factors and chemokines promoting tissue regeneration and repair [22]. In addition, 

systematically administrated MSCs can also migrate toward specific tissues to improve 

tissue regeneration [23]. Therefore, the in vitro investigation of the response of hMSCs to 

NO in an interactive ECM scaffold model will contribute to the current understanding of the 

extremely complex tissue healing mechanism.

In the present work, a highly aligned natural ECM scaffold capable of releasing NO was 

fabricated to provide an ECM-rich microenvironment partially mimicking the in vivo stroma 

in wound healing site. The effects of locally released NO on hMSCs’ viability, proliferation, 

morphology, and adhesion were studied. The results will provide new insights into the 

mechanism of NO therapeutics in wound healing by studying the cellular response to 

exogenously delivered NO.

Materials and Methods

Preparation of highly aligned ECM scaffold

The fabrication of highly aligned ECM scaffold followed our previously published paper 

[24]. Briefly, the nano-grated Polydimethylsiloxane (PDMS) was coated with bovine 

collagen I to facilitate cell adhesion. Human dermal fibroblasts (ATCC, Manasass, VA) at 

passage 4 were seeded on the PDMS at a density of 10,000 cells cm−2. The cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 20% fetal 

bovine serum (FBS), 20% Ham F12, 500 μM sodium ascorbate, and 1% penicillin/

streptomycin (Life Technologies, Rockville, MD). The culture was maintained by changing 

medium twice per week and cells were allowed to proliferate for up to 6 weeks. The 

resulting fibroblast cell sheet was placed into the first decellularization solution, which 

contained 1 M NaCl, 10 mM Tris, and 5 mM Ethylenediaminetetraacetic acid (EDTA) 

(Sigma, St Louis, MO). The cell sheet was shaken for 1 h at room temperature and rinsed 

thoroughly with phosphate buffered saline (PBS). The cell sheet was then placed in a second 

decellularization solution containing 0.5 wt% SDS, 10 mM Tris, and 5 mM EDTA, and 

shaken for 0.5 h at room temperature. After PBS wash, the sample was rinsed in DMEM 

medium with 20% FBS for 48 h at room temperature and rinsed again with PBS.

Xing et al. Page 3

J Biomed Mater Res A. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Preparation of SNAP incorporated ECM scaffold

The ECM scaffolds were sterilized with 70% ethanol and rinsed with PBS. Then the ECM 

scaffold was soaked in a mixture of N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide 

(EDC) (5 mM, Sigma) and SNAP (1mM, Sigma) solution in DI H2O at 4 °C for 18 h. The 

EDC-SNAP solution was removed and the scaffold was washed with DI H2O and ready for 

cell seeding. The SNAP incorporated ECM scaffold was designated as SNAP-ECM, and the 

ECM scaffold without modification was designated as control ECM.

Chemical structure and morphology of the ECM scaffold

The chemical structure of the ECM scaffold was observed with an attenuated total 

reflectance-infrared spectroscopy (FTIR-ATR). The dried samples were frozen in liquid 

nitrogen for 10 seconds, crushed into small pieces with a mortar and pestle, and then 

analyzed following the instrument’s standard operating procedures. For morphology 

observation, samples were fixed with 4% paraformaldehyde, dehydrated, and sputter-coated 

with a 5 nm platinum coating. The morphology of the ECM scaffolds was viewed by a 

Hitachi S-4700 FE-SEM.

NO release profile

The NO release under physiological conditions was measured as described in our previous 

publication [25]. To do this, the samples were immersed in cell culture medium at 37 °C in 

5% CO2 incubator. The supernatant was collected at specific time points for nitrite 

concentration quantification via the Griess assay kit (Life Technologies) with absorbance 

recorded on a Versamax tunable microplate reader (Molecular Devices, Sunnyvale, CA).

hMSCs culture, viability, apoptosis and proliferation assay

Bone marrow–derived hMSCs were provided by Texas A&M University Health Science 

Center. Passage 5 hMSCs were seeded on SNAP-ECM and control ECM at the density of 

7,000 cells/cm2 and cultured in alpha-MEM supplemented with 10% FBS, 1% L-glutamine, 

and 1% penicillin/streptomycin (Life Technologies). Samples were taken out at 6h and 24h, 

and viable cells were stained by calcein AM (Life Technologies) and counted. Another set 

of samples were harvested for apoptosis assay using EnzChek® Caspase-3 Assay Kit #2 

(Life Technologies). For proliferation assay, samples were taken out at 24 h and 72 h, fixed 

and stained with Ki67 and DAPI. The percentage of Ki67-positive cells was calculated as 

the number of Ki67-positive cells divided by the total number of cells obtained from DAPI 

staining, and the data was pooled for statistical analysis.

Cytoskeleton protein and adhesion molecule staining and quantification

Samples were taken out at 6 and 24 h, fixed with 4% paraformaldehyde, blocked with 1% 

bovine serum albumin, and incubated with primary antibodies against integrin α5 and 

paxillin (Abcam, Cambridge, MA). The samples were then washed and incubated with 

secondary antibodies conjugated to Alexa Fluor 488 (Life Technologies). The F-actin was 

stained with rodamine phalloidin (Life Technologies). Finally the samples were mounted 

and viewed using an Olympus FV-1000 confocal microscope or Olympus BX-51 fluorescent 

microscope. All the images were taken at the identical settings. The intensity of integrin α5 
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and paxillin in each cell was analyzed by Image J using the previously published method 

[26]. The mean level of intensity was obtained by dividing total fluorescence intensity by 

cell area for at least 20 cells in each condition.

Statistics/data analysis

Experiment results were expressed as means ± standard deviation (SD) of the means of the 

samples (at least three independent samples were used for each assay). Student’s t-test 

(Microsoft Excel) was used for comparisons, and statistical significance was accepted at p< 

0.05.

Results

Chemical modification of the ECM scaffolds

The reaction scheme for preparing SNAP-ECM was demonstrated in Scheme 1. The primary 

amine groups on protein chains in the ECM scaffold reacted with the carbonyl groups on 

SNAP, with the aid of crosslinking reagent EDC, resulting in amide bond formation. Figure 

1 showed the FTIR-ATR spectra of the ECM scaffolds before and after SNAP 

functionalization. The characteristic bands of the protein structure were the C=O stretching 

for amide I at around 1628 cm−1, N-H deformation for amide II at around 1540 cm−1, C-N 

stretching for amide II at around 1400 cm−1, and N-H bending for amide III at around 1236 

cm−1. The 1540 cm−1 peak shifted to 1553 cm−1 after SNAP-incorporation, which might 

indicate the conjugation of SNAP molecules into the protein. The overall peak position and 

intensity did not change significantly, suggesting that the incorporation of SNAP did not 

affect the basic ECM chemical structure.

Morphology and NO-releasing of the ECM scaffolds

The SEM images in Figure 2 revealed that the ECM scaffolds contained numerous ECM 

protein nanofibers, most of which were aligned in the same direction. After SNAP-

conjugation, the nanofibers in the ECM scaffold maintained their morphology and 

alignment.

The NO release profile from the SNAP-ECM and control ECM scaffolds within 72 hours 

under physiological conditions was depicted in Figure 2 C and D. The cumulative NO 

release was characterized with a rapid NO generation within the first two hours and a much 

slower release rate in the remaining time. From 24 h to 72 h, the increase of NO 

concentration was quite low. During the continuous 72 h of NO release, the in situ NO 

concentration rose from around 6.2 μM to 16.2 μM. On the contrary, the control-ECM did 

not show any detectable NO release over the 72 h period.

Cell viability, apoptosis, and proliferation

The viable cell number per area was counted and shown in Figure 3A. At 6 h, the viable 

cells on SNAP-ECM and control ECM were comparable (15.0 ± 0.7 cells/mm2 for SNAP-

ECM verses 15.7 ± 0.7 cells/ mm2 for control-ECM). After 24 h of continuous exposure to 

NO, the number of viable cells on SNAP-ECM slightly decreased to 14.6 ± 0.7 cells /mm2, 

which was significantly lower than that on the control ECM (20.0 ± 0.3 cells/mm2) 
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(p<0.01). The apoptosis assay in Figure 3B indicated that there were more apoptotic cells on 

SNAP-ECM than on control ECM. The significant difference was only found at 6 h 

(p<0.05). The apoptotic cells increased on both scaffolds from 6 h to 24 h. The proliferation 

of hMSCs was analyzed by Ki67 expression, as shown in Figure 3C. The average 

percentage of Ki67 positive cells on SNAP-ECM decreased from 41.8 ± 2.4% at 24 h to 

26.9 ± 2.8% at 72 h. On the other hand, the percentage of Ki67 positive cells on control-

ECM increased from 33.6 ± 0.6% at 24 h to 48.2 ± 4.0 % at 72 h. There were significant 

difference between SNAP-ECM and control-ECM at both time points (p<0.01).

Morphology and cytoskeleton organization in hMSCs

The morphology of hMSCs grown on SNAP-ECM and control-ECM was quite different as 

observed in the SEM images of Figure 4 A. Most of the cells on SNAP-ECM exhibited 

round and retracted cell body with less filopodia; while most of the cells on control ECM 

had stretched and elongated cell body with more filopodia. The morphology difference was 

also confirmed by cytoskeleton protein F-actin staining (Figure 4 B). After 6 h attachment 

on the control ECM scaffold, the F-actin fibers in most of hMSCs exhibited very good 

orientation along one direction, which was arisen by the directional clue of underlying 

highly aligned ECM fibers. On the contrary, the F-actin fibers of hMSCs grown on SNAP-

ECM were randomly distributed throughout the cells. At 24 h, the F-actin in hMSCs on the 

control ECM remained highly aligned, and the F-actin organization in MSCs on SNAP-

ECM was still in disorder. The mean area of each cell on SNAP-ECM was significantly 

smaller than the mean area covered by a cell on control-ECM at both 6 h and 24 h (Figure 5 

A). In addition, from 6 h to 24 h the mean cell area increased 12% for control-ECM sample, 

but only increased less than 1% for SNAP-ECM sample. The circularity of cells grown on 

SNAP-ECM was consistently higher (p< 0.01) than those cells on control-ECM at both 

times points (Figure 5 B), which quantitatively revealed that cells on SNAP-ECM exhibited 

more polygonal or rounder morphology than cells on control-ECM. From 6 h to 24 h, the 

circularity of cells decreased 8% and 22% for SNAP-ECM and control-ECM samples, 

respectively. The circularity reduction indicated that hMSCs started to elongate on both 

samples, but became much more stretched on control-ECM.

Adhesion molecules expression

The focal adhesion related molecules, including paxillin and integrin α5, expressed in 

hMSCs on control ECM and SNAP-ECM were stained and quantified, as shown in Figure 6. 

The cells grown on the control ECM exhibited positive staining not only around the nucleus, 

but also at the edge of stretched cell body. Although the cells grown on SNAP-ECM did not 

spread as much as the control, the α5 and paxillin staining appeared throughout the cell 

surface. The image quantification showed that both paxillin and α5 intensity in cells grown 

on SNAP-ECM was significantly lower than that on the control ECM throughout 24 h 

except that the α5 intensity on SNAP-ECM at 24 h was not statistically different than the 

corresponding control.
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Discussion

The influence of NO on cell proliferation, migration and differentiation have been studied 

using different NO donors on various substrates such as tissue culture plastic, hydrogel and 

polymer nanofibers [25, 27, 28]. However, none of these systems provide a naturally 

occurring ECM-rich microenvironment that can dynamically interact with cells and 

mediating molecules involved in tissue healing process. Highly aligned cell-derived ECM 

scaffolds recapitulate both the in vivo 3D nanofibrous anisotropic structure and biochemical 

microenvironment, therefore can serve as an ideal platform to study the in vitro cell growth, 

adhesion and interaction. In this work, the ECM scaffold was employed not only to support 

cell culture but also to deliver locally released NO after SNAP conjugation. Our study 

demonstrated the NO (with concentration at micro-molar level) can significantly impact the 

hMSC proliferation, morphology, and adhesion, on the ECM scaffold.

The capacity of NO to regulate cell proliferation varies depending on NO concentration and 

cell types. It has been reported that low doses of NO can promote endothelial cell growth but 

induce apoptosis and senescence in smooth muscle cell and fibroblasts [3, 29]. High doses 

of NO has inhibitory effects on all cells. The NO level measured in the wound fluid of 

miscellaneous wounds was reported largely in the range of 5 to 100 μM [30]. In our 

experiment, the NO concentration at 6 h was around 9.7 μM and increased to around 15.5 

μM at 24 h, which was within the reported physiological NO range. The initial exponential 

increase of NO also resembled the rapid accumulation of NO in the early inflammation 

phase. In the following 48 hours, the NO concentration only increased 0.7 μM. Thus, most 

of our cellular assays were performed within the first 24 hours. The comparable viable 

hMSCs at 6 h on both SNAP-ECM and the control ECM indicated that this level of NO did 

not affect the initial cell attachment on the ECM scaffold. However, the NO resulted in the 

presence of more apoptotic cells, retracted cellular body, and less expression of adhesion 

molecules. This initial cell inhibitory tendency on SNAP-ECM continued. At 24 h, hMSCs 

exposed to NO had significantly less viable cells, cell spreading, and focal adhesions 

molecules. Although there was higher percentage of proliferating hMSCs on SNAP-ECM at 

24 h, the proliferation of hMSCs on SNAP-ECM was seriously inhibited by 72h. The overall 

effect of the NO-releasing ECM scaffold on hMSCs during this period was suppressing. The 

result was correspondent with previous evidences that NO inhibited proliferation of smooth 

muscle cells, endothelial cells, and fibroblasts [27, 31]. Due to the fact that different 

materials and various cell growth assays were used in those reports, it was difficult to 

compare our results with other studies completely.

The hMSCs on SNAP-ECM showed reduced cellular area and round cell shape, which was 

consistent with several other studies that the continuous exposure to NO resulted in cellular 

area reduction and morphology change. The bone marrow MSCs cultured in the presence of 

200 μM SNAP showed significant reduction of cellular area [32]. The swiss 3T3 cells 

without SNAP treatment demonstrated substantial degree of spreading compared to the 

SNAP-treated cells [33]. Similar results were also found in the renal tubule epithelial cell 

culture, where the addition of a NO donor produced rapid retraction of lamellipodia together 

with cell rounding [34]. The underlying mechanism is involved with the stress fiber 

formation or the status of actin polymerization, which controls the cell shape and 
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lamellipodia protrusion. Our results demonstrated that the cells on the control ECM 

elongated and the stress fibers (F-actin) stretched and aligned, which corresponded to the 

lamellipodia protrusion shown in Figure 4 A. While cells on SNAP-ECM had round cell 

body and the stress fibers were contracted and disoriented, which corresponded to the 

lamellipodia retraction shown in Figure 4 A. The proliferation and cytoskeleton organization 

of hMSCs are closely associated with cell phenotype and paracrine signaling [35]. The actin 

cytoskeleton configuration can be used as one of the indicators for hMSC differentiation. 

While hMSCs were in the process of differentiation, cell proliferation decreased. The 

reduction of cell growth and cellular area on SNAP-ECM indicated that in the context of 

wound healing microenvironment, where NO is present at the micro-molar level, hMSCs 

may undergo differentiation and functioning through releasing paracrine factors. Several 

studies demonstrated that MSCs in the wound sites expressed keratinocyte-specific markers, 

contributed to fibroblasts in fibrotic lesion and formed glandular structure [36, 37]. In 

addition, MSCs secreted pro-angiogenic factors to promote formation of new capillary tubes 

in the wound site [36].

The NO-releasing scaffold also influenced the focal adhesion of hMSC as shown by the 

expression of integrin α5 and the focal adhesion adapter protein paxillin. Focal adhesions 

usually appear at the edge of cells, which sense environmental cues. The organization of 

focal adhesions affects many cellular events including cell survival, migration and 

differentiation [38]. The N-terminal of paxillin can bind to the regulator of actin 

organization. Integrin α5 connects ECM protein fibronectin and cytoskeleton protein F-actin 

through adaptor proteins. In this study, we found that the increased randomness of F-actin 

was concurrent with the relatively lower expression of paxillin and integrin α5 for cells 

grown on SNAP-ECM. The observation was consistent with previous reports that the NO 

may play a role in destabilization of contacts between focal adhesion and the cytoskeleton, 

thus releasing cytoskeleton from the focal adhesion complex [39]. Another study also 

showed that NO inhibited adhesion of human umbilical vein endothelial cells (HUVECs) 

and attenuated recruitment of paxillin [28]. There was a strong dependence on integrin α5 of 

cell attachment, proliferation and migration in 3D cell derived ECM [40]. The decreased α5 

expression in our study was also correspondent to the less viable and proliferating cells on 

SNAP-ECM. It was reported that the effect of NO on actin stress fiber formation is time-

dependent and reversible [34]. We also found that the expression of α5 and paxillin slightly 

increased from 6 to 24 h for SNAP-ECM samples. In addition, the NO-exposed cells had a 

tendency to elongate with time increasing after 24 h. Collectively, all the data indicated that 

the effect of NO on cell morphology, adhesion, and migration may slowly diminish when 

NO releasing rate is decreased. It was reported that the co-localization pattern of integrin α5, 

paxillin and fibronectin on 3D cell derived ECM was similar to the pattern observed in vivo, 

which was probably due to the similarity of composition or 3D structure [40]. Therefore, the 

results obtained in our experiments may reflect the cell adhesion patterns found in the body. 

During wound healing process, the expression of focal adhesion molecules is critical for cell 

migration on the surrounding ECM as well as the cell response to growth factors [2]. For 

example, integrin α5 is a major receptor for fibronectin that acts as provisional matrix, 

allowing for epithelial cell attachment and migration across the wounds [41]. The reduced 

expression of focal adhesion molecules indicated the possible restricted hMSC mobility in 
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the initial inflammatory phase of wound healing. The hMSCs retained in the wound area 

may benefit the tissue healing.

Conclusions

Here we reported the effects of locally delivered NO on the viability, morphology, and 

adhesion of hMSCs grown on a SNAP-incorporated natural ECM scaffold. The NO-

releasing scaffold provided an in vitro platform that partially mimics the in vivo stromal 

microenvironment in wound healing. The results showed that the presence of micro-molar 

level of NO in SNAP-ECM led to lower cell viability and decreased proliferation, which 

was consistent with reduced cellular area and disrupted organization of F-actin stress fibers. 

The decreased expression of focal adhesion related molecules integrin α5 and paxillin 

implied that the cell migration would be suppressed. These results may contribute to our 

knowledge of hMSC behaviors in a NO-rich environment during wound healing process.
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Figure 1. 
FTIR spectrum of SNAP-ECM and control ECM. The 1540 cm−1 peak shifted to 1553 cm−1 

after the reaction while the overall peak position and intensity did not change significantly, 

indicating the SNAP molecules were conjugated into the proteins but did not affect their 

basic ECM chemical structure.
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Figure 2. 
Morphology and NO release profile of SNAP-ECM and control ECM. (A) SEM image of 

SNAP-ECM; (B) SEM image of control ECM; scale bar: 1 μm. (C) The cumulative NO 

release and (D) NO concentration over 72 h from SNAP-ECM and control ECM under 

physiological conditions. The ECM scaffold morphology did not change significantly after 

SNAP incorporation. The SNAP-ECM scaffold showed continuous NO release over 72 h.
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Figure 3. 
Culture of hMSCs on SNAP-ECM and control ECM. (A) Viability, (B) apoptosis and (C) 

proliferation of hMSCs. The cells on SNAP-ECM showed less viability by 24 h and less 

proliferation capacity by 72 h than those on normal ECM substrates. * p < 0.05; ** p < 0.01.
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Figure 4. 
Morphology and cytoskeleton F-actin organization of hMSCs. (A) SEM images of hMSC on 

SNAP-ECM and control-ECM at 24 h; scale bar: 5 μm. (B) F-actin staining of hMSCs on 

SNAP-ECM and control-ECM at 6 and 24 h; Scale bar: 50 μm. Arrows indicate the 

direction of the alignment. Cells on control ECM stretched the cell body and exhibited more 

organized F-actin filaments than cells on SNAP-ECM.
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Figure 5. 
Quantitative characterization of cell morphology of hMSCs grown on control ECM and 

SNAP-ECM at 6 and 24 h. (A) Average cellular area covered by each cell; (B) Average 

circularity of cells. ** p < 0.01. Cells on SNAP-ECM covered less area and showed more 

round shape.
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Figure 6. 
The expression of focal adhesion related molecules in hMSCs. (A) Immunofluorescence 

staining of integrin α5 and paxillin on SNAP-ECM and control ECM at 6 h. Scale bar: 40 

μm. (B) Intensity of integrin α5 and (C) intensity of paxillin in each cell. ** p < 0.01
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Scheme 1. 
The reaction between SNAP and ECM with the aid of crosslinker EDC.
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