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ABSTRACT
This study focuses on fabricating sodium nitroprusside-releasing chitosan-based (CS/SNP) 
nanofibers through electrospinning. Based on SEM images and FTIR spectroscopy, the applica
tion of one-step photocrosslinking significantly improved the stability of the nanofibers in 
aqueous environments. SEM images showed that the porous nanofibrous structure was main
tained for up to 24 h. Incorporating SNP into the nanofibrous scaffolds demonstrated an 
enhanced biocompatibility with osteogenic cells. The cell viability increased with rising SNP 
content. Enhanced cell attachment, spreading, and proliferation were also observed through 
fluorescence microscope images of CS/SNP nanofibers, followed by the positive regulation of 
Smad and Runx2 pathway. The crosstalk between CS and NO reduced the possible toxicity and 
enhanced the osteoinductivity of NO. Furthermore, the nanofibers contributed to escalated 
osteogenic differentiation and mineralization, as evidenced by heightened expression of 
osteogenic markers such as alkaline phosphatase (ALP) expression and calcium deposition. 
Overall, the photo-crosslinked electrospun CS/SNP nanofibers demonstrate substantial poten
tial as scaffolds in the field of bone tissue engineering.

ARTICLE HISTORY 
Received 19 September 2023  
Accepted 16 November 2023 

KEYWORDS 
Bone tissue engineering; 
chitosan; drug delivery; 
nanofibers; osteoconduction; 
sodium nitroprusside (SNP)

Introduction

Bone trauma, diseases and damages are major problems 
in ageing societies. Osteoporosis and other bone dis
eases mainly affecting the elderly, leading to more than 
10.4 million fractures worldwide [1]. In Taiwan, 20% of 
women and 12% of men over the age of 65 years suffer 
from vertebral fractures [2]. With a rapidly ageing 
population, debilitating bone diseases and fractures 
are only going to rise. Thus, effective solutions to pre
venting and treating bone defects must be sought.

The autologous bone graft is the current golden 
standard for critical bone defect therapy. However, 
complications such as donor site morbidity, pain, para
esthesia, prolonged hospitalization, deep infection, hae
matoma, inflammation, and restricted availability 
hound this treatment [3]. New bone therapy strategies 
have thus been widely studied and developed. 
Revolutionary methods typically involve transplanta
tion of stem cells, transduction of genes encoding for 
osteogenic factors, promotion of inherent regeneration 
capacity of bone via cell-supporting scaffolds, and deliv
ery of osteoinductive biomolecules and substances [4].

Osteoinductive substances often utilized in bone tis
sue engineering include bone morphogenetic proteins 
(BMPs) [5–9], peptides [10], naringin [11], and dexa
methasone [12]. BMP-2 and BMP-7 are particularly 
popular and effective, but are very labile and expensive. 
Therefore, cheaper and more stable alternative sub
stances are worth considering. A possible and interest
ing candidate is nitric oxide (NO).

NO, a short-lived free radical, is an important 
signalling molecule in bone. Synthesized from 
L-arginine by NO synthase (NOS) enzymes, it has 
been implicated in osteoprogenitor cell differentia
tion, bone formation and resorption inhibition [13– 
15]. It is critical for fracture healing with its suppres
sion impairing healing [16]. Due to its nature, NO is 
difficult to handle with the use of NO donors being 
widely applied. A commonly studied NO donor is 
sodium nitroprusside (SNP). SNP is a potent intra
venous hypotensive drug used to lower blood pres
sure during hypotensive and cardiac emergencies, 
effects attributed mainly to its role as NO donor 
[17–19]. Systemic supplementation of SNP has been 
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shown to improve fracture healing [16]. Coupled 
with its stability and availability, SNP was selected 
as NO donor for this study.

However, NO’s effects are biphasic and governed 
by NO concentration, target cell or tissue, and release 
profile. At low concentration, it promotes osteoblast 
proliferation. At high concentration, it inhibits prolif
eration [13]. The toxicity of NO has been attributed to 
nitrosative stress from build-up of reactive nitrogen 
species [20], and activation of apoptotic pathways 
[21]. SNP is also toxic due to cyanide release [22]. 
Due to the toxicity, short half-life and multiple ther
apeutic targets of NO, controlled and localized NO 
delivery is important to maintain therapeutic effect on 
defect sites throughout the recovery period while 
minimizing side effects.

Many NO delivery platforms have been designed 
and variously applied to prevent infection [23–27] and 
platelet adhesion [28], promote wound healing [29] 
and implant integration [30,31] and maintain viability 
of donated organs [32]. However, there has only been 
limited work on NO-releasing biomaterials intended 
for bone repair [16,33]. However, these studies did not 
thoroughly elaborate on biomaterial design, proper
ties, biocompatibility and osteoinductivity. Thus, this 
research intends to fill the knowledge gap regarding 
NO-releasing scaffolds designed for bone tissue 
engineering.

The nanofibrous membrane is a promising type of 
delivery drug. Their high surface-to-volume ratio, 
interconnected three-dimensional porosity, large 
void volumes to aid cell seeding and penetration, sur
face microstructure, mechanical strength comparable 
to physiological stresses, and various controllable fea
tures such as degradation and incorporation of growth 
factors and other bioactive substances have made 
them particularly attractive for biomedical applica
tions [34,35]. Several methods for nanofiber fabrica
tion exist. Electrospinning is among the most often 
used for its simplicity, convenience, continuous opera
tion, reproducibility and high encapsulation efficiency 
which is critical for economic drug delivery. During 
electrospinning, a polymer jet is ejected from 
a capillary under the action of an electrical field, 
stretched and elongated by bending instabilities form
ing fine fibres, and collected on a grounded collector. 
Continuous fibres in the nano- to microscales can be 
easily prepared in this fashion.

Chitosan (CS), a polysaccharide, is a random copo
lymer of 1,4-D-glucosamine and N-acetyl glucosa
mine [36,37] usually obtained by alkaline or 
enzymatic treatment of chitin, the second most abun
dant natural polymer after cellulose. CS has been con
sidered as a good candidate for drug delivery and 
tissue engineering applications due to its biocompat
ibility, biodegradability, low toxicity, mucoadhesivity 
[38–40] and low immunogenicity [39]. CS-based 

biomaterials have been widely and successfully applied 
to bone tissue engineering. As such, CS was selected as 
the polymer for electrospinning. Our group previously 
showed that electrospun CS nanofibrous scaffolds are 
more biocompatible and osteoinductive than dense CS 
films [41]. Thus, this work envisions a nanofibrous CS 
scaffold that serves as a tissue engineering scaffold and 
NO-release platform. The other advantage of CS 
nanofibers is that the CS can balance the crosstalk 
between NO and reactive oxygen species (ROS). That 
is, CS would lead to the depolarization of the mito
chondrial membrane, altering the expression of apop
tosis caused by NO [42]. Due to the cationic property 
of CS, the reactive ROS-sensitive linker was sup
pressed by mitochondria-targeted antioxidants [43]. 
The biocompatibility of SNP was thus further 
improved. In this study, we further investigated the 
mechanism of osteogenic differentiation induced by 
CS-SNP nanofibers, after the parameters of CS/SNP 
electrospinning were optimized.

Materials and methods

Materials

Sodium nitroprusside dihydrate (SNP, 99%), chitosan 
(low molecular weight with a degree of deacetylation 
75–85%), trifluoroacetic acid (TFA, 99%), dicloro
methane (DCM, 99.8%), acetic acid (99.8%), tetraethy
lene glycol diacrylate (TTEGDA), 2,2-dimeththoxy- 
2-phenylacetophenone (DMPA, 99%) and sodium 
carbonate (99.8%) were purchased from Sigma- 
Aldrich (St. Louis, MO). Calcium hydroxide (95%) 
was purchased from J.T. Baker (Japan). Sodium 
hydroxide pellet was obtained from UniRegion Bio- 
Tech (Taiwan). Potassium bromide was obtained from 
Fluka (St. Louis, MO, U.S.A.).

For cell culture and in vitro analysis, Dulbecco’s 
modified eagle medium (DMEM), foetal bovine 
serum (FBS), penicillin, trypsin-EDTA were pur
chased from Gibco Life Technologies (Thermo 
Fisher Scientific-TW). Kaighn’s modification of 
Ham’s F-12 medium was purchased from Manassas 
(VA, U.S.A.). MTT kit was purchased from Carlsbad 
(CA, U.S.A.) Dimethyl sulphoxide (99.9%) was pur
chased from J.T. Baker (Japan). Zinc chloride (98%), 
calcium chloride (99%), glycine (99%), 4-nitrophenyl 
phosphate disodium salt hexahydrate (p-NPP), 
CellLytic™ M cell lysis reagent, 25% glutaradehyde in 
PBS, dexamethasone (97%), L-ascorbic acid (98%), β- 
glycerophosphate disodium hydrate (99%), phalloi
din-Atto488, 4’,6-Diamidino-2-phenylindole dihy
drochloride (DAPI, 98%), triton X-100, bovine 
serum albumin (BSA, 98%), CF594-conjugated goat 
anti-mouse IgG, mouse monoclonal anti-vinculin IgG, 
goat polyclonal anti-human osteopontin IgG, CF647- 
conjugated rabbit anti-goat IgG, Griess reagent 
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(modified), sodium nitrite (99%) and hydrochloric 
acid (37%) were purchased from Sigma-Aldrich 
(St. Louis, MO). Micro BCA™ protein assay kit was 
obtained from ThermoScientific (IL, U.S.A.). 
Formaldehyde in aqueous PBS (10% v/v) was obtained 
Mallinckrodt Baker (KY, U.S.A.). 
Ethylenediaminetetraacetic acid (EDTA) disodium 
salt was purchased from Kanto Chemical Co, Inc 
(Tokyo, Japan). Sodium sulphide nonahydrate (98%) 
was purchased from Acros Organics (NJ, U.S.A.). 
Hydrazine sulphate was purchased from J.T. Baker 
Company (Japan). Distilled deionized (DI) water was 
used throughout the experiment.

Preparation of chitosan nanofibers

CS (low molecular weight) solutions with concen
trations of 80 mg/mL were prepared by dissolving 
pre-weighed CS powder into two-solvent system of 
trifluoroacetic acid (TFA) and dichloromethane 
(DCM) mixed at volume ratio of 7:3. For SNP- 
containing scaffolds, SNP was added by mixing 
into CS solution. The solution was stirred at 
speed of 500 rpm and temperature of 32°C for 24 
h. Five to six hours prior to electrospinning, tetra
ethylene glycol diacrylate (TTEGDA) photo- 
crosslinker and 2,2-dimethoxy-2-phenylacetophe
none (DMPA) were added into the CS/SNP solu
tion. The solution was then stirred for 5–6 h until 
homogeneous.

A syringe (3 mL) was filled with prepared CS/ 
SNP solution and placed in electrospinning syringe 
pump and connected to a high voltage power sup
ply. A grounded aluminium collector and 1 × 1 cm2 

cover glass slips were set 12 cm below syringe nee
dle. Then, polymer solution was pumped out at 
flow rate of 0.2 mL/h under a voltage difference of 
17 kV. Electrospinning was carried out at 26–29°C 
for 3 or 5 h. UV lamps were turned on through 
electrospinning duration for photo-crosslinked 
samples. Then, CS/SNP nanofibers were dried in 
ambient temperatures overnight before further 
characterization. Chamber humidity was main
tained around 40–60%.

In this study, TTEGDA concentration was varied 
from 0 to 10 wt% while DMPA concentration is 
held constant at 1.5 w.%. Weight percentages are 
based on the total CS amount. UV power is varied 
from 0 to 160 W.

Neutralization of CS/SNP nanofibers was carried 
out by immersing membranes in a strongly alkaline 
solution. Nanofibers were treated with 5 M aqueous 
sodium carbonate solution for 1 h at 50°C. After 
immersion, membranes were repeatedly washed 
with DI water for 5 min each until neutral. 
Membranes were then dehydrated in 70% ethanol 

for 10 min. After carefully removing superficial 
liquid using filter paper, membranes were dried at 
ambient conditions for 1 day. Samples were further 
oven-dried at 40°C overnight prior to further char
acterization and experimentation.

FE-SEM (field emission scanning electron 
microscope) analysis

SEM (JEOL JSM-6390LV, Japan) images were taken to 
analyse the morphology of nanofibers. Membrane 
samples were stuck onto sample platform using cop
per tapes and coated with platinum using a JEOL JFC- 
1100 E sputtering device for 90 s. Platinum-coated 
samples were loaded into a JSM-6390LV scanning 
electron microscope (JEOL, Japan). Nanofibers were 
observed at an acceleration voltage of 15–20 kV. 
Selected SEM images were used to observe nanofiber 
morphology and structure after electrospinning. 
Specifically, these images were used for determining 
nanofiber diameter and diameter distribution using 
ImageJ software. Average nanofiber diameter was cal
culated from at least forty fibres per sample.

Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra of membranes were collected using 
a FTS-3500 Excalibur FTIR spectrometer (Varian 
Inc.) equipped with KBr beam splitter. The spectra 
were recorded at resolution of 4000–400 cm−1 in 
absorbance mode.

For unneutralized CS/SNP nanofibers, an attenuated 
total reflection (ATR) add-on was utilized. Samples IR 
spectra were obtained as-spun on aluminium collectors. 
Blank aluminium foil was used as background.

For neutralized CS/SNP nanofibers, membrane sam
ples were scraped off glass slide collectors and ground 
using mortar and pestle. Resulting powder was mixed 
with KBr powder and compressed into disks. Samples 
were loaded into FTIR spectrometer without ATR attach
ment. Pure KBr spectra was used as background.

Swelling test

Hydrophilic CS nanofibers easily take up water in aqu
eous environments causing swelling and loss of nanofi
brous structure, necessitating photo-crosslinking of 
nanofibers to improve their mechanical properties. To 
evaluate the effectivity of photo-crosslinking on nanofi
bers’ mechanical performance, electrospun CS/SNP 
nanofibers photo-crosslinked at different conditions 
were immersed in PBS for 24 h. After immersion, samples 
were gently blotted with filter paper to remove superficial 
moisture. Samples were then dried at room temperature 
for at least 1 day and were then analysed using SEM to 
evaluate surface morphology after immersion.

MATERIALS TECHNOLOGY 3



SNP and NO assay

Quantification of SNP for in vitro drug release was 
performed using the method described by Vesey and 
Batistoni [44]. The assay is based on the colour reac
tion of SNP and sulphides in basic pH which produces 
an intense red-purple colour with maximum absor
bance at 540 nm.

Nanofibrous samples were immersed in 1× PBS 
with aliquots being drawn at certain time points. 
Samples were mixed with 0.1 M EDTA solution and 
colour development reagent at a volume ratio of 
1:1.5:1. Colour was allowed to develop for 10 min 
before absorbance at 540 nm was measured using 
MQX200R microplate reader (Bio-Tek Instrument 
Inc., U.S.A.). Entire assay was performed in the dark. 
A calibration curve was constructed using SNP stan
dard. Colour development reagent comprised 5 g 
sodium sulphide, 50 mg hydrazine sulphate and 20 g 
sodium hydroxide dissolved in 1 L DI water which was 
freshly prepared every 3 days.

The amount of NO was captured using the Apollo 
1000 free radical analyser and MOPF100 NO micro
sensor. The radical concentrations were recorded and 
analysed before the microsensors were polarized by 
0.1 M CuSO4 solution under continuous stirring. 
During polarization, the background sensor current, 
observed as the baseline on a current-time chart, 
decreased slowly.

Cell culture

Nanofibrous membranes with 1 cm2 were sterilized 
and placed in 24-well plates. 7F2 cells were seeded 
on each membrane at an initial density of 5000 cells/ 
mL. Cell-seeded scaffolds were maintained in an incu
bator at 37°C with 5% CO2. Culture medium was 
renewed every 2 days. On selected time points, cells 
were harvested, and prepared for observation either 
via SEM or fluorescence microscopy.

Harvested cells were washed in PBS, initially fixed 
with 0.2% GA for 10 min, and further fixed with 2.5% 
GA for 2 h. After repeated washing with PBS, samples 
were serially dehydrated in graded ethanol solutions, 
in order: 30%, 50%, 70%, 80%, 90%, 95%, and 99.9% 
ethanol for 10 min each. Dehydration in absolute 
ethanol was repeated 3 times. Samples were dried in 
a Samdri®-PVT-3D critical point dryer (Tousimis, Inc., 
U.S.A.). Cells were observed by SEM.

Analysis of Runx and smad expression and 
immunocytochemical staining

To measure the levels of Runx1 and Runx2 mRNA in 
mouse granulosa cells, primers for mouse Runx1 and 
Runx2 were designed using the Primer Express 2.0 
software, whereas the GAPDH primers and probe 

were purchased from Applied Biosystems (Foster 
City, CA). Real-time PCR was performed using either 
SYBR Green (Runx1 and Runx2) or TaqMan 
(GAPDH) [45].

For Smad1 and Smad6 analysis, protein extractions 
of lysed cells were fractionated by 10% SDS-PAGE, 
electroblotted onto a Hybond-P membrane, which 
was probed with antibodies to Smad1 and P-Smad1, 
or with antibodies to Smad6 and P-Smad6. Then, 
samples were developed using an ECF Western blot
ting kit (Amersham Pharmacia Biotech) and visua
lized using a Typhoon 9410 Imager (Amersham 
Biosciences, Piscataway, NJ).

Harvested cells were washed in PBS for 5 min, 
and quickly fixed in 3.7% formaldehyde for 10 
min. After repeated washing with PBS, samples 
were treated with 0.1% Triton X-100 for 5 min. 
Cells were washed twice to remove remaining sur
factant. To block non-specific interactions, sam
ples were immersed in 1% BSA solution for 10 
min. After removing solution, samples were incu
bated in primary antibody diluted in blocking 
medium for 1 h at room temperature or overnight 
at 4°C. After rinsing with 1× PBS, samples were 
incubated in secondary antibody and phalloidin- 
Atto 488 (1:4000 in PBS) at room temperature for 
1 hour. Nuclei were counterstained with DAPI 
(1:1000) for 30 min. Cells were observed under 
fluorescence microscope.

For cytoskeleton staining, primary antibody was 
mouse anti-vinculin monoclonal IgG (1:800) that 
was labelled with CF594-conjugated goat anti-mouse 
IgG. For osteopontin labelling, primary antibody was 
goat anti-human osteopontin polyclonal IgG (1:100) 
that was labelled with CF647-conjugated rabbit anti- 
goat IgG.

Cell viability tests

To evaluate cell viability via MTT reduction, cultured 
cells were harvested on selected time points, rinsed with 
PBS, and transferred into new 24-well plates. Each well 
was added with 400 µL MTT working solution. After 
incubating for 4 h, working solutions were carefully 
withdrawn, and replaced with 600 µL DMSO. After shak
ing for 15 min, 200 µL aliquots were taken and placed in 
96-well plates. Absorbance at 570 nm of samples were 
measured using MQX200R microplate reader (Bio-Tek 
Instrument Inc., U.S.A.. Entire assay was performed in 
the dark.

To prepare MTT working solution, MTT powder 
was placed in light-protected tube, and dissolved in 
PBS to prepare 5 mg/mL MTT stock solution. In lami
nar hood, stock solution was filtered through 0.22 µm 
membrane filter and diluted with PBS to ratio of 1:9 (v/ 
v). Solution was repeatedly aspirated and dispensed to 
completely mix.
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ALPase expression

ALPase is an early marker for cell differentiation 
towards the osteocytic phenotype. The hydrolysis of 
p-nitrophenyl phosphate (p-NPP) by action of ALPase 
results in p-nitrophenol, which has a strong absor
bance at 405 nm, is the basis for ALPase activity quan
tification. Murine 7F2 osteoblast cells were seeded on 
scaffolds in 24-well plates at a density of 5000 cells/mL 
and incubated at 37°C with 5% CO2. At each time 
point, scaffolds were washed twice with PBS, and 
lysed with 0.2 mL lysis buffer for 15 min. Lysate was 
treated with 0.600 mL ALPase buffer for 30 min. 
Reaction was stopped by treating with 0.15 mL 3N 
NaOH at 4°C for 10 min. Then, absorbance was read 
at 405 nm using MQX200R microplate reader.

ALPase buffer was prepared by dissolving MgCl2 (1  
mM), ZnCl2 (1 mM), and glycine (0.1 M) in deionized 
water. After adjusting to pH 10.4, p-NPP tablets were 
dissolved to prepare 1 mg/mL solution.

ALP activity was normalized to total protein to 
correct for differences in cell number. Total protein 
was measured via bicinchoninic acid (BCA) assay. 
A modification on the biuret reaction of Cu(II) ions 
with proteins, the BCA assay has better sensitivity due 
to the intense colour of Cu(I) ions with bicinchoninic 
acid.

For this assay, lysate from 7F2 cells cultured on CS/ 
SNP nanofibers and BCA working reagent were mixed 
and placed in 96-well plates. Mixtures were incubated 
at 37°C for 2 h. After, incubation, absorbance was 
quantified at 562 nm using a microplate reader.

Statistical analysis

All data were presented as mean ± standard deviation. 
Statistical significance between the two specified 
groups was assessed using a two-tailed Student’s 
t-test. For groups containing more than two datasets, 
a one-way ANOVA was employed. Each treatment 
consistently included more than four replicates. 
A p-value less than 0.1, 0.05, or 0.01 was considered 
statistically significant. The statistical calculations 
were conducted using MINITAB software.

Results and discussion

Morphologies and composition of CS/SNP 
nanofibers

CS solutions with SNP contents of 0–50% were elec
trospun and SEM images are shown in Figure 1. The 
electrospinnability of CS/SNP solutions was depen
dent on SNP content. At SNP loadings with 0 to 
20%, nanofibers were uniform, fine, continuous, and 
randomly oriented in Figure 1(a). No significant 
beads-in-string morphologies were observed, though 
the fibre diameters were much varied at SNP 

concentration of 20%. When SNP content was raised 
to 30%, spindle-shaped irregularities were seen. 
Further increase in SNP loading to 40% led to the 
formation of spherical beads along the nanofiber 
length. At SNP loading of 50% and above, nanofibers 
were no longer formed. Using ImageJ software, the 
diameters of nanofibers (0–30% SNP) were measured. 
From Figure 1(b), the average nanofiber diameter was 
unaffected by SNP content, but the diameter variation 
increased with SNP addition.

The CS/SNP solutions containing less than 30% 
SNP were able to form uniform and homogenous 
nanofibers, and the optimized conditions were similar 
to the electrospinning of pure CS [37]. However, pre
vious research indicated that adding salts to polymer 
solutions would affect solution electrical conductivity 
[46,47] and viscosity [48], two critical factors for elec
trospinning. These two parameters may promote bead 
formation by raising jet instability [49,50], which 
would be the reason for the difficulty in obtaining 
homogenous nanofibers. In previous studies, it was 
common to blend other polymers to enhance electro
spinnability when using additives [11,23,37]. 
However, in this research, pure CS combined with 
SNP demonstrated excellent spinnability. Moreover, 
our study suggested that the properties of the CS 
solution remained largely unaltered with SNP concen
trations below 30%. This research clearly established 
the remarkable electrospinnability of SNP in the CS 
solution.

The IR spectra of pure (CS NF) and SNP-loaded 
(SNP 10% CS NF) nanofibers are presented in Figure 1 
(c). The characteristic peaks of CS nanofibers in IR 
spectra showed a strong absorbance from protonated 
N-H at 1675 cm−1, N-H stretching band at 1580 cm−1, 
CH2 bending at 1407 cm−1, CH3 symmetrical defor
mation at 1348 cm−1, CH vibration band at 1153 cm−1, 
and a broad peak at 1030–1081 cm−1 for CO stretching 
vibration [51]. From the IR spectra, indications of the 
presence of SNP were seen at 1940 cm−1, which is 
correspondent to the NO moiety in SNP in previous 
research [52].

To improve the stability of nanofibers in an aqu
eous environment for cell culture or following bio
medical applications, the CS and CS-SNP nanofibers 
were treated by photo-crosslinker, TTEGDA, and 
photo-initiator, DMPA, under UV irradiation in 
the electrospinning process. DMPA decomposed 
under UV exposure. Then, the methylated DMPA 
segment activated the acrylate double bond of 
TTEGDA to initiate the photo-crosslinking reaction. 
The propagation of TTEGDA monomers eventually 
formed a network with CS nanofibers [53]. The 
SEM images of photocrosslinked fibres are pre
sented in Figure 2(a), indicating the unchanged 
nano-structures after crosslinking. The fibre dia
meters from SEM images were calculated and 
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presented in Figure 2 (b), proving that the fibre 
diameter was not significantly changed due to 
TTEGDA crosslinking.

UV energy used for irradiation was investigated 
with 5 wt% TTEGDA and 1.5 wt% DMPA. SEM 
images in Figure 2(c) show that CS/SNP nanofibers 
were generally continuous, uniform, and smooth 
when UV irradiation ranged from 0 to 160W. 
Image analysis of photo-crosslinked CS/SNP nano
fibers in Figure 2(d) reveals the unchanged fibre 
diameter treated with different UV irradiation 
energies. This may be due to entanglement relaxa
tion brought by SNP addition counteracting the 
reported increase in viscosity by high-power 

irradiation [46]. Thus, the UV irradiation did not 
drastically change the electrospinnability of CS/ 
SNP solutions, meaning that the stability of the 
Taylor cone in the spinning process was not influ
enced but enhanced.

Figure 3(a) shows the nanofiber morphologies 
immersed in PBS aqueous solution after 24 hours, 
where the nanofibers were crosslinked with 0, 2.5, 5 
and 10% TTEGDA, respectively. The CS/SNP nanofi
bers without TTEGDA crosslinking (0 wt%) were 
highly swelled after a 24-hour immersion, where the 
nanofibrous structures were almost destroyed comple
tely. On the contrary, with photo-crosslinking, the 
nanofibrous structures could be maintained in PBS. 

Figure 1. Characterization of CS/SNP nanofibers with various SNP loading. (a) SEM images of electrospun CS/SNP nanofibers. (b) 
diameters of CS/NP nanofibers evaluated according to SEM images. (c) IR spectra of CS and CS/SNP nanofibers. All the given 
percentages are mass percentages with respect to the CS amount.
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When the TTEGDA concentrations were 5% and 10%, 
the structures of CS/SNP were roughly unchanged 
after a one-day immersion. The results indicate that 
the one-step TTEGDA photo-crosslinking process was 
seamlessly integrated with the electrospinning 
method, significantly improving the stability of CS/ 
SNP nanofibers in an aqueous solution. This enhanced 
nanofiber stability is particularly crucial when incor
porating hydrophilic additives like SNP. The photo- 
crosslinking effectively mitigated burst release, 
thereby preventing potential side effects.

From Figure 3(b), the delivery profile of SNP from 
nanofibrous membranes was a typical diffusion- 
driven release platform. Nanofibers with higher SNP 
loading were able to release more SNP. However, no 
matter whether nanofibers contained 10% or 20% 
SNP, the burst release was effectively hindered by 
crosslinking. The photocrosslinking enhanced the 
mass-transfer resistance of CS nanofibers, successfully 
reducing the sudden release of SNP.

Without photo-crosslinking (CS/10% SNP), the NO 
release reached 99% just in one day, as revealed in 
Figure 3(c). Previous studies have reported a high local 
concentration of NO caused by burst release as cytotoxic 
[22]. In contrast, the photo-crosslinking process reduced 
the excessive release of NO from CS nanofibers contain
ing SNP, thereby preventing cytotoxicity induced by 
elevated local NO concentrations. After 2 days, the 
released NO content was equivalent to 13.3 μM (24%) 
which was not cytotoxic and comparable to S-nitrosated 
PLGH-cysteine nanofibers developed by Wold et al [54], 
suggesting potential improved biocompatibility.

By comparing the results in Figure 3(b and c), the 
release of NO was modulated by CS nanofibers effec
tively. After 2 days, photocrosslinked CS/10% SNP 
released 35% SNP when NO was released by 24%. 
After a 4-day immersion, SNP was released by 45% 
when NO was released by 48%. The results supported 
that the release slope of NO was lower than that of SNP. 
The reason is possibly because the CS nanofibers played 

Figure 2. Morphologies of photo-crosslinked CS/SNP nanofibers. (a) SEM images of CS/10% SNP nanofibers with 0, 2.5, 5 and 10% 
TTEGDA. (b) diameters of CS/10% SNP nanofibers with 0, 2.5, 5 and 10% TTEGDA. (c) SEM images of photo-crosslinked electrospun 
CS/10% SNP nanofibers exposed to 0, 80, 120, 160 W UV irradiation in the spinning process. (d) diameters of photo-crosslinked 
electrospun CS/10% SNP nanofibers exposed to 0, 80, 120, 160 W UV irradiation in the spinning process. The amount of SNP was 
fixed as 10 g SNP/100 g CS.
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a role as a reservoir of NO. Thus, the release of NO 
would be adjusted by the crosstalk between CS and NO, 
reducing the possible toxicity of NO. The interaction 
between CS and NO was previously suggested by Lu 
et al. [23], where the CS matrix was noted for its ability 
to deliver NO gradually rather than through immediate 
release. However, it’s important to note that this inter
action between CS and NO is being reported for the first 
time in the current study. Figure 3(c) presents that after 
9 days, the NO release at a steady-state reached about 
90–100%. In previous studies, the majority of NO- 
releasing devices released their payload within a few 
hours [55] to one day [54]. The comparatively extended 
release duration of CS/SNP nanofibers in this study was 

attributed to the interplay between NO and CS, and this 
interaction was further enhanced by CS crosslinking. 
Essentially, the synergy between NO and CS, coupled 
with the increased stability resulting from photocros
slinking, is expected to further augment the osteoinduc
tive effects of CS/SNP nanofibers.

Cell attachment and morphology on CS/SNP 
nanofibers

The morphologies of osteoblasts grown on CS/SNP 
electrospun nanofibers were investigated in 
Figure 4. From Figure 4(a), there was no clear 
difference in cell attachment on SNP-free (0 wt%) 

Figure 3. (a) SEM images of photo-crosslinked CS nanofibers with 10% SNP, 5% TTEGDA and irradiation of 120W. (b) SNP release 
from CS nanofibers with 10% SNP and 20% SNP, which are photocrosslinked by 10% TTEGDA and 120W irradiation. (c) NO release 
from CS nanofibers containing 10% SNP without photocrosslinking, with 5% TTEGDA photocrosslinking and with 10% TTEGDA 
photocrosslinking under 120W irradiation.
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and SNP-containing (10 wt%) CS films. That was, 
the CS films would not present the effects of encap
sulated SNP on cell proliferation and attachment. 
On the contrary, the addition of SNP encouraged 
the spreading of osteoblasts when CS nanofibers 
were applied instead of CS films. The cell densities 
were higher on CS/SNP nanofibers, and distinct 
and clear lamellipodia formation and filopodia 
extension were visible in Figs. 4(b).

From CS/10 wt% SNP films in Figure 4(a) and nano
fibers in Figure 4(b), more cells growing on nanofi
brous scaffolds compared to dense films. However, 
lamellipodia on CS film were rounder and broader 
compared to the tighter and more angular morphology 
observed on cells cultured on nanofibers. Among nano
fibrous membranes, SNP content did not significantly 
affect the number of attached cells, but cell spreading 
was greater on SNP-rich scaffolds. On CS/20 wt% SNP 
and CS/30 wt% SNP, some cells occupied very large 
areas. Cell–cell adherent junctions between these cells 
were clear (white arrows, 20 wt% and 30 wt% in 
Figure 4(b). In summary, the cell attachment increased 
by applying nanofibers instead of films. The SNP con
tents improved the activation of cytoskeletons, indu
cing the expression of cell–cell junctions.

On day 3, vinculin expression in Figure 5 was 
higher in osteoblasts cultured on SNP-loaded nanofi
bers in comparison to SNP-free nanofibers (0 wt%). 
The intensity of positive signals of vinculin was sig
nificantly higher on CS nanofibers with 20 wt% SNP 
loading. A long section coinciding with the edges of 
several cells touching indicated cell–cell junctions.

The strong response of vinculin, a cytoskeletal pro
tein associated with both cell–cell and cell–material 
interactions [56], is an indicator of excellent cell 
spreading. Its clear expression in these fluorescence 
images confirmed the cytoskeleton activation by CS/ 
SNP nanofibers. The cellular adhesion would be 
highly correlated with differentiation through the cas
cade pathway; that is, the cell-material binding would 
initiate signalling cascades regulating cell fate [57,58].

Phosphorylation of Smad1 and Smad6 was exam
ined to further investigate the effects of SNP/NO 
release. Smad1, one of the receptor Smad proteins, 
acts in response to BMPs [20], while Smad6 (inhibi
tory Smad) is structurally divergent from the other 
Smads and antagonizes signal transduction. The ana
lysis of Smad1 and Smad6 phosphorylation is illu
strated in Figure 6. Figure 6 (a) shows that 
phosphorylation of Smad1 increased by two factors, 

Figure 4. Cytoskeleton fluorescence images of osteoblasts cultured for 3 days on CS/SNP films and nanofibers with various SNP 
contents. F-actin and nucleus are labeled green and blue, respectively. All the CS nanofibers were photocrosslinked with 5% DMPA 
and with 10% TTEGDA under 120W irradiation. All given percentages are weight percentages with respect to total CS.
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which were nanofibrous structures and SNP loading. 
The results indicate that the Smad1 phosphorylation 
was promoted by 75% when CS nanofibers were 
applied instead of films (p < 0.01), and the P-Smad1/ 
Smad1 ratio was enhanced by 181% as SNP content 
increased from 0 wt% to 20 wt%. Since Smad1 plays an 
important role in transducing osteogenic receptor 
molecules and in mediating biomineralization signal
ling, the results provide evidence that nanofibers and 
NO release are highly effective promoters of bone 
formation due to their enhancement in osteogenic 
responses.

Figure 6(b) shows the Smad6 phosphorylation of 
osteoblasts. The results suggest that nanofibers and 
SNP loading suppressed the expression of Smad6. CS 
nanofibers decreased Smad6 phosphorylation by 
about 16%, compared with CS films. The Smad6 sup
pression was less efficient than the Smad1 promotion 
due to nanofibrous structures. With SNP loading of 
20 wt%, Smad6 expression was inhibited by 71%. 
Smad6 interferes with phosphorylation of receptor 
Smads and negatively regulates TGF-β signalling 
[22]. The suppression of TGF-β signalling would inhi
bit osteogenic differentiation; in other words, the inhi
bition of Smad6 would promote osteogenic 
differentiation. Thus, the results in Figure 6(b) reveal 
that the enhanced cell spreading caused by nanofi
brous structures and SNP delivery would be osteocon
ductive by inhibiting Smad6 expression. Moreover, 
the SNP release was more effective than nanofibers, 
corresponding to the tendency in Smad1 expression. 

The Smad1 activation and Smad6 inhibition explain 
the pathway initiated by cytoskeleton anchoring after 
accepting released NO and attaching to nanofibers.

From Figure 6(c), the Runx2 expression was 
enhanced by 37.5% when nanofibers were applied 
instead of films, and 20% SNP loading increased 
Runx2 regulation by 645% relative to nanofibers with
out SNP (0 wt%). That is, the loaded SNP efficiently 
delivered NO (as Figure 3) to cellular receptors, initi
ating Smad and Runx2 expressions through cytoske
leton activation [59,60]. Kim et al. [61] claimed that 
NO would induce BMP expression, where NO itself or 
cGMP (latter produced by NO signalling) promotes 
osteoblastic metabolism. In osteogenic cells, Erk- 
mediated spreading and migration were found to be 
NO/cGMP/PKG-dependent [62,63], initiating the 
Smad pathway. These research support our results 
that after the cytoskeleton activation, Runx2 and 
Smad expression were promoted, which would 
enhance osteogenic differentiation.

On the other hand, Figure 6 presents that the 
Smad1, Smad6 and Runx2 were not significantly 
regulated by the SNP loading on CS film. 
According to Figure 4(a), the cytoskeleton was not 
activated due to SNP addition in CS film. Thus, it is 
inferred that the cytoskeleton expression was 
enhanced by nanofibrous structures first, followed 
by the Smad and Runx2 regulation induced due to 
NO release. Huang et al. reported that in the BMP 
pathway, the Runx2 would be negatively regulated 
or not influenced if Smad was not activated or 

Figure 5. Vinculin expression of 7F2 cells cultured for 5 days on CS/SNP nanofibers containing 0, 5, 10 and 20 wt% SNP. Vinculin 
and nucleus are labeled as blue and red, respectively.
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inhibited [64], corresponding to our results. Based 
on the finding from Smad and Runx2 expression, it 
is inferred that the CS film was not effective on 
Smad phosphorylation, which was possibly caused 
by the inactivated cytoskeleton. Thus, Runx2 was 
not positively regulated on CS film even though 
SNP was loaded.

After the pathway of mRNA expression was identi
fied, the cell viability and makers of osteogenic differ
entiation were analysed in the following experiments. 
From Figure 7(a), the cell viability was clearly promoted 
by SNP loading in nanofibers and increased with the 
SNP content. Moreover, the nanofibrous structures 
enhanced the cell viability. Figures 7(b and c) show 

Figure 6. Smad and Runx2 expression of osteoblasts (a) phosphorylation of Smad1 in terms of P-Smad1/Smad1. (b) phosphoryla
tion of Smad6 in terms of P-Smad6/Smad6. (c) the mRNA level of Runx2 relative to GAPDH. The significant differences between 
two indicated were denoted by #(p < 0.1) according to a two-tailed t-test (n >4). The significant differences of the groups below 
the same horizontal line were denoted by **(p < 0.05) according to ANOVA test (n > 4).
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Figure 7. (a) cell viability with free SNP addition and on various CS scaffolds, including CS film, CS NF, CS film with 10% SNP (CS/ 
10% SNP film), and CS NF with the addition of 5%, 10%, 20% and 30% SNP. The significant differences between two indicated 
were denoted by #(p < 0.1) and ##(p < 0.05) according to a two-tailed t-test (n >4). The significant differences of the groups below 
the same horizontal line were denoted by *(p < 0.1) and **(p < 0.05) according to ANOVA test (n > 4). Figure 7 (b) ALP expression 
and (c) calcium deposition of 7F2 cells on CS/SNP nanofibers with differing SNP content and spinning time in osteogenic 
differentiation medium. The significant differences of the groups below the same horizontal line were denoted by *(p < 0.05) and 
**(p < 0.01) according to ANOVA test (n > 4).
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that the osteogenic differentiation was promoted by 
SNP loaded in CS nanofibers and increased with the 
SNP content. The results support that the CS nanofi
brous scaffolds containing SNP were highly osteocon
ductive, which was the downstream differentiation 
following Smad and Runx2 activation.

Based on mRNA expression and osteogenic markers, 
the presence of a high SNP content enhanced the acti
vation of Smad1 and Runx2, while it suppressed Smad6 
under similar conditions. There was no statistically 
significant difference between SNP concentrations of 
20 wt% and 30 wt%. The regulation of Smad and Runx2 
proved to be highly efficient when the SNP concentra
tion exceeded 20 wt%. Furthermore, cell viability, ALP 
expression, and calcium deposition consistently and 
gradually increased with higher SNP contents.

Among all the tested scenarios, the nanofibers with 
the highest SNP concentration of 30 wt% exhibited the 
most favourable osteoconductive effects in this study. 
This suggests that these indicators of osteogenic dif
ferentiation were highly responsive to the SNP content 
during the culture process. It’s worth noting that the 
Smad and Runx2 pathways induced by SNP/CS nano
fibers were reported for the first time in this research, 
thereby demonstrating the osteoinductive effects of 
the nanofibers developed in this study.

Conclusion

In this work, uniform and homogenous CS/SNP nano
fibers with up to 30 w% SN were successfully fabricated 
via electrospinning under optimized conditions. The 
average fibre diameter was 149.8 ± 60.76 nm which 
was not greatly affected by SNP content. FTIR analysis 
confirmed the incorporation of SNP into the nanofi
bers. In vitro drug release studies revealed that CS/SNP 
nanofibers were capable of sustainably releasing 37 µg 
SNP/mg for up to 7 days. Electrospun fibres were 
rapidly swelled in aqueous environments, necessitating 
crosslinking. Photo-crosslinking of CS/SNP nanofibers 
was optimized at 5% TTEGDA concentration and 
120W UV irradiation. At these conditions, CS/SNP 
nanofiber stability and biocompatibility were signifi
cantly improved.

CS/SNP nanofibers were more biocompatible to 
osteoblasts than SNP-free nanofibers. Blending of 
SNP improved osteoblast viability and reduced cyto
toxicity compared to free SNP. The cell viability 
increased with the SNP content of CS/SNP nanofibers. 
Fluorescence microscope images revealed that CS/ 
SNP nanofibers improved cell attachment, spreading 
and proliferation. CS/SNP nanofiber also significantly 
promoted osteogenic differentiation, as evidenced by 
elevated expressions of ALP and calcium deposition. 
The osteogenic differentiation was positively regulated 
by Smad and Runx2 pathway, which was activated by 
the crosstalk between SNP and CS nanofibers.
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