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Abstract 

Background: The effect of bone marrow-derived mesenchymal stem cells (BM-MSCs) and 

nanoscaffolds were evaluated in enhancing wound healing in irradiated albino rats. Methods: 

Sixty-four male rats were subjected to 6 grays (Gy) of gamma (γ)-rays. Surgical wounds were 

created on the rats’ backs and they were randomly assigned to one of four groups (16 each); these 

were an irradiated control group, which did not receive treatment, an NS group treated with a 

nanoscaffold, a BM-MSC group injected subcutaneously with 1 million BM-MSCs, and a 

combination BM-MSC+NS group treated with BM-MSCs and a nanoscaffold. Wound healing 

was measured clinically and histologically. Results: The greatest reduction of anteroposterior 

wound dimensions was recorded in the BM-MSC+NS group (-69.79 ±19.27), followed by the NS 

group (-61.12 ±17.32), then the BM-MSC group (-43.89 ±20.04), and the least decrease was 

observed in the control group (-16.69 ±12.18) (p = 0.001). Meanwhile, the greatest reduction of 

lateral wound dimensions was recorded in the NS group (-60.41 ±11.80), followed by the BM-

MSC+NS group (-45.23 ±62.82), then the BM-MSC group (-41.07 ±24.78), with the control 

group demonstrating the least reduction (-16.49 ±20.90) (p = 0.008). Histologically, the 

combination group demonstrated the best healing results compared to the other groups. 

Conclusion: Nanoscaffolds and/or BM-MSC transplantation improved wound healing and 

regeneration in irradiated rats, providing possible therapeutic strategies for delayed wound 

healing during radiotherapy. 
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Introduction 

Treatment of head and neck cancers with 

radiotherapy may subject patients to 

multiple oral complications, ranging from 

acute to chronic side effects. Radiation 

directly affects oral tissues including the 

vasculature, jaw muscles and bones, 

mucosal membranes, and salivary glands.1,2 

Adverse reactions to radiotherapy depend 

on the volume and area being irradiated, 

total radiation dose and fractionation, 

patient’s age and clinical condition, and 

associated treatments. Acute reactions 

which usually occur during treatment or 

weeks afterwards are often reversible, while 

chronic or late complications occurring 

months or years after radiotherapy are 

irreversible.3 

Compromised wound healing in 

irradiated tissues is a common and 

challenging clinical problem. Wound healing 

is a series of processes involving control of 

inflammation, cell migration, and new tissue 

remodeling.4 Radiation therapy causes 

changes in vascularity, regulatory growth 

factors, and fibroblasts, resulting in 

alteration in wound healing regardless of 

whether radiation was before or after 

surgery.5 

Significant developments occurred in 

tissue engineering and stem cell-based 

therapies over the past decades.6 

Mesenchymal stem cells (MSCs) are 
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undifferentiated cells that are able to self-

renew and possess a high proliferative 

capacity and mesodermal differentiation 

potential.7 Scaffolds also play a critical role 

in tissue engineering and significant 

advances in the development of 

biodegradable polymers have been made. 

Electrospinning is a simple, low-cost 

method for producing nanofibers with a high 

surface area and a porous structure that has 

wide applications in tissue engineering, 

tissue repair substitutes, wound dressing 

materials, and carriers for drug delivery.8,9 

Electrospun polymer nanofibers serve as 

skin substitutes as they can prevent fluid and 

protein loss from wound areas, help remove 

exudates, inhibit infection, exhibit anti-

adhesion properties, and guide endogenous 

cells to proliferate and remodel.10 Thus, our 

present study aimed to investigate the 

efficacy of bone marrow-derived 

mesenchymal stem cells (BM-MSCs) and 

nanoscaffolds in enhancing wound healing 

in irradiated albino rats. 

Materials and Methods 

Sample size was calculated using the 

G*Power software (version 3.1.9.7) to 

achieve a power of 1-β = 0.80 and a 

significance level of α = 0.05, resulting in 64 

rats.11 The simple randomization method 

was used by generating a random digit 

table.12 

I. Animal Grouping and Surgical 

Procedure 

Sixty-four male albino rats, weighing 

approximately 140-150 gm, were housed in 

the National Center for Radiation Research 

and Technology (NCRRT) of Egypt. The 

protocol was approved by Cairo University’s 

Department of Animal Care, in accordance 

with the European Commission’s guiding 

principles for care and use of laboratory 

animals, under approval number (CU III – S 

62-17). 

All rats received a single dose of 6 

grays (Gy) of gamma (γ) radiation at a dose 

rate of 0.751 rad/s using a research 

 
a Gammacell® 40 Exactor, Best Theratronics Ltd. 
Ottawa, Ontario, Canada 
b JEOL Ltd., Japan 
c BD FACSCaliburTM Flow Cytometer, BD 
Biosciences, Franklin Lakes, NJ, USA 

irradiatora and were kept in quarantine for 

three days.13 Rats were randomly divided 

into four groups: an irradiated control group 

that did not receive treatment, an NS group 

treated with nanoscaffolds, a BM-MSC 

group injected subcutaneously with 1 million 

BM-MSCs and a combination BM-MSC+NS 

group treated with BM-MSCs and 

nanoscaffolds.14 Within each group, rats 

were further subdivided into two subgroups 

(eight each) according to the date of 

sacrifice. 

II. Nanoscaffold Preparation 

Nanoscaffold fibers were prepared using a 

nano fiber electrospinning unit at the 

NCRRT. Thirteen percent polycaprolactone 

(PCL) was dissolved in 1:1 chloroform: 

dimethylformamide, which was then 

sterilized using 25 kGy of cobalt-60 γ-

radiation and examined through a scanning 

electron microscope (SEM).b 

Human MSCs were purchased from 

the Genetic Engineering Center at Al-Azhar 

University. The cells were categorized 

according to morphology, 

immunophenotyping (CD44+ and CD34-), 

and their ability to differentiate. They were 

counted using a hemocytometer, and surface 

markers were determined using a flow 

cytometer.c,5 

III. Wound Induction 

On the third post-irradiation day, surgery 

was performed on 12-hour fasting rats under 

general anaesthesia. Ketamined 50 mg/kg 

body wight and xylazine (M.H. Reg. No. 

1373/ 99 Vet; ADWIA, Egypt) 20 mg were 

injected intramuscularly in a 1:1 ratio, and 

2% lidocainee was injected locally. The rats’ 

backs were shaved and the site was prepared 

for surgery with consecutive applications of 

10% povidone-iodine scrub and 70% 

isopropanol. 

The surgical site was marked as a 1.5 

cm diameter circle, a full-thickness wound 

was created, and tissues were discarded. The 

wound was washed with saline and either 

covered with a nanoscaffold (NS group), or 

d Ketam®, 50 mg/ml, EIPICO, Egypt 
e Alexandria Co. for Pharmaceuticals & Chemical 
Industries, Alexandria, Egypt 
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injected subcutaneously with 1 million BM-

MSCs (BM-MSC group), or both (BM-

MSC+NS group).14 The amount of injected 

material was uniformly distributed along the 

wound margins. Rats were placed in 

separate cages till the date of sacrifice. 

IV. Animal Sacrifice and Specimen 

Preparation 

Rats in each group were randomly 

subdivided into two subgroups (eight each) 

according to the date of sacrifice – either 

first or second week. Sacrifice was 

performed with overdose anesthetic 

injections.16 The wounded site was excised in 

a circular pattern, with normal tissue 

included in skin specimens, and then fixed in 

10% buffered formalin and processed using 

a paraffin tissue processing machine. Tissue 

specimens were cut into 5 µ thick sections,  

mounted on glass slides, stained with 

hematoxylin and eosin (H&E) stain, and 

examined under a light microscope to 

evaluate histological changes during the 

healing process. 

Other tissue sections were stained 

with Masson’s trichrome stain to evaluate 

collagen fiber formation and orientation. 

The area percentage of collagen fibers was 

measured by the image analyzer computer 

system connected to the microscope via the 

Leica Qwin 500 software.f The image 

analyzer was first calibrated automatically to 

convert the measurement units (pixels) 

produced by the image analyzer 

programmer into actual micrometer units. 

The area percentage occupied by collagen 

fibers during wound healing was measured 

using an object lens of 20X magnification 

(total magnification of 200). 

V. Clinical Evaluation and Area 

Measurement 

Wounds were photographed using a Canon 

EOS 70D digital camerag and the area was 

measured using the Image J software.h,17 

Wound surface area was quantified for all 

photographs using digitizing methods and 

the linear dimensions in the images were 

 
f Leica Microsystems Inc., Wetzlar, Germany 
g Canon Inc., Ōta, Tokyo, Japan 

measured using the ruler tool in the Aperio 

ImageScopei viewing software.18,19 

Results 

I. Clinical Findings 

Anteroposterior and Lateral Wound 

Dimensions 

At both weeks one and two, the highest mean 

values of anteroposterior and lateral wound 

dimensions were recorded in the control 

group, followed by the BM-MSC group, then 

the NS group, with the least value recorded 

in the BM-MSC+NS group. An analysis of 

variance (ANOVA) revealed a statistically 

significant difference between all groups (p 

= 0.00). At week one, Tukey’s post hoc test 

revealed no significant difference between 

the NS group and the BM-MSC group, while 

at week two, there was no significant 

difference between the NS and the BM-

MSC+NS groups. Moreover, the difference 

between anteroposterior wound dimensions 

of the NS group and the BM-MSC group was 

statistically insignificant (Table 1). 

Within each group, the mean value of 

anteroposterior and lateral wound 

dimensions decreased significantly with 

time except for the lateral dimensions of the 

control group which demonstrated an 

insignificant reduction. The greatest 

difference of anteroposterior wound 

dimensions was recorded in the NS group, 

followed by the BM-MSC+NS group, then 

the BM-MSC group, and the least reduction 

was found in the control group. The Kruskal-

Wallis test revealed a statistically significant 

difference between all groups (p = 0.027). 

The Mann-Whitney U test revealed that the 

difference between the NS, BM-MSC, and 

BM-MSC+NS groups was statistically 

nonsignificant, as was the difference 

between the control and BM-MSC. The 

greatest percentage reduction of 

anteroposterior wound dimensions was 

recorded in the BM-MSC+NS group, 

followed by the NS group, then the BM-MSC 

group, with the least reduction being 

demonstrated in the control group. The 

difference between groups was statistically 

h National Institutes of Health, Bethesda, Maryland, 
USA 
i Leica Biosystems, Wetzlar, Germany 
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significant according to the Kruskal-Wallis 

test (p = 0.00). The Mann Whitney U test 

revealed that the difference between the NS 

group and the BM-MSC+NS group was 

statistically nonsignificant (Table 2). 

Table 1. Descriptive statistics of anteroposterior and lateral wound dimensions and comparison 

between groups (ANOVA) and within each group (paired t-test) 

 Group Mean ±SD 
(mm) 

Mean ±SD 
(mm) 

p-
value 

1st Week 2nd Week 
Anteroposterior Wound 

Dimensions 
Control 1.35 ±0.14a 1.11 ±0.10a 0.01* 

NS 0.90 ±0.11b 0.35 ±0.16b,c 0.00* 

BM-MSC 1.01 ±0.08b 0.56 ±0.19b 0.00* 

BM-MSC+NS 0.69 ±0.15c 0.20 ±0.12c 0.00* 

p-value  0.000* 0.000*  

 

Lateral Wound Dimensions Control 1.54 ±0.19a 1.28 ±0.32a 0.06ns 

NS 0.90 ±0.16b 0.36 ±0.13c 0.00* 

BM-MSC 1.03 ±0.20b 0.58 ±0.21b 0.01* 

BM-MSC+NS 0.59 ±0.26c 0.20 ±0.12c 0.01* 

p-value  0.000* 0.000*  

Significance level: p≤0.05; *significant; ns: nonsignificant; SD: standard deviation; Tukey’s post hoc test: 
means sharing the same superscript letter are not significantly different. 
 

Table 2. Difference between first and second week values and percentage change in values over 

time of anteroposterior and lateral wound dimensions (Kruskal-Wallis test) 

 Group Mean ±SD (mm) Mean ±SD (%) 

Anteroposterior Wound Dimensions Control -0.24 ±0.18b -16.69 ±12.18c 

NS -0.55 ±0.17a -61.12 ±17.32a 

BM-MSC -0.45 ±0.23a,b -43.89 ±20.04b 

BM-MSC+NS -0.49 ±0.19a -69.79 ±19.27a 

p-value  0.027* 0.00* 

 

Lateral Wound Dimensions Control -0.26 ±0.33 -16.49 ±20.90 b 

NS -0.54 ±0.11 -60.41 ±11.80 a 

BM-MSC -0.45 ±0.33 -41.07 ±24.78 a 

BM-MSC+NS -0.39 ±0.32 -45.23 ±62.82 a 

p-value  0.28ns 0.008* 

Significance level: p≤0.05; *significant; ns: nonsignificant; SD: standard deviation; Mann Whitney U 
test: means sharing the same superscript letter are not significantly different. 
 

The greatest difference in lateral 

wound dimensions was recorded in the NS 

group, followed by the BM-MSC group, then 

the BM-MSC+NS group, with the least 

reduction seen in the control group. The 

Kruskal-Wallis test showed a statistically 

nonsignificant difference between groups (p 

= 0.28). The greatest percentage reduction 

in lateral wound dimensions was recorded in 

the NS group, followed by the BM-MSC+NS 

group, then the BM-MSC group, with the 

least reduction seen in the control group. 

The Kruskal-Wallis test revealed that the 

difference between all groups was 

statistically significant (p = 0.008), while the 

Mann-Whitney U test revealed that the 

difference between the NS, BM-MSC, and 

BM-MSC+NS groups was statistically 

nonsignificant (Table 2). 

Area of Wound Recovery 

Wound recovery was calculated by 

measuring the wound area at each time 

interval and comparing it with the original 

wound area (at the time of surgical 

procedure) as a percentage. One week post-

wounding, the least wound recovery was 

recorded in the control wound (1.69%), 

followed by the BM-MSC wound (34.21%), 

then the NS wound (38.15%), and the best 
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wound recovery was seen in the combination 

group BM-MSC+NS (88.55%). Two weeks 

post-wounding, the control wound showed 

the worst wound recovery (22.7%). The 

wounds of the BM-MSC and NS groups 

expressed similar recovery percentages 

(95.22% and 95.7% respectively). The 

highest percentage of wound recovery was 

again detected in the BM-MSC+NS group 

(97.92%) (Figure 1). 

Figure 1. 

Measurements of wound dimensions for the control group (A1 and A2), for the NS group (B1 and B2), 
for the BM-MSC group (C1 and C2), and for the BM-MSC+NS group (D1 and D2) after the 1st and 2nd 
weeks respectively 

II. Histological Findings 

Hematoxylin and Eosin 

One week post-wounding, the control group 

showed relatively large wounds with absence 

of granulation tissue. Chronic inflammatory 

infiltrate was detected in the wound bed and 

the margins of the epithelium showed 

vacuolization. The NS group demonstrated 

small wound sites, where the epithelium was 

normal at one edge and thin at the other. The 

wound gap was completely filled with 

granulation tissue infiltrated with chronic 

inflammatory cells. The BM-MSC group 

showed relatively large wound sites almost 

completely filled with granulation tissue 

with a mild chronic inflammatory cell 

infiltrate. The BM-MSC+NS group 

demonstrated wounds that were fully 

covered with a blood clot and the underlying 

granulation tissue showed well-formed 

collagen fibers and a chronic inflammatory 

cell infiltrate (Figure 2). 

Two weeks post-wounding, the edges 

of the control wound were approximated. 

However, the gap was deep, partially filled 

with granulation tissue, and not covered by 

epithelium. The granulation tissue was 

infiltrated with chronic inflammatory cells, 

and the gap was bordered with both acute 

and chronic inflammatory cells. The NS 

group demonstrated wound sites covered 

with intact, well-organized epithelium and 

the underlying dermis contained well-
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arranged collagen fibers, hair follicles, and 

sebaceous glands. The BM-MSC group had 

intact well-organized epithelium, with an 

underlying dermis showing more or less 

arranged collagen fibers, many hair follicles, 

and sebaceous glands. In the BM-MSC+NS 

group, the wound site was completely 

covered with normal epithelium, and the 

underlying dermis showed normal collagen 

fibers, sebaceous glands, and hair follicles – 

many of which opened to the surface of the 

epithelium (Figure 3).

Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photomicrograph of dorsal skin at the wound site of irradiated control group (C) and treatment groups 
(NS, BM-MSC, and BM-MSC+NS) one week post-wounding; epithelium at the wound site (E), 
granulation tissue (G), chronic inflammatory cells (black arrows), blood clot (B), and blood vessels (V) 
are shown. [H&E x100] 

Area Percentage of Collagen Fiber 

Formation 

At weeks one and two, the highest mean 

value with regards to the area percentage of 

collagen fiber formation was recorded in the 

BM-MSC+NS group, while the lowest value 

was recorded in the control group. An 

ANOVA revealed a statistically significant 

difference between all groups (p = 0.00). At 

week one, Tukey’s post hoc test revealed no 

significant difference between the NS and 

the BM-MSC groups, while at week two, 

there was a significant difference between all 

groups. The mean value of area percentage 

of collagen fibers increased with time in all 

groups. The increase was significant in the 

NS group (p = 0.04), but nonsignificant in 

the control (p = 0.42), BM-MSC (p = 0.35), 

and BM-MSC+NS (p = 0.24) groups (Table 

3). 

Discussion 

Radiation contributes significantly to 

delayed cutaneous wound healing.20 

Normally, wound closure occurs within 

14 days without radiation, while post-

irradiation wound closure might extend for 

over 30 days.21,22 Our study explored 

different treatment strategies for irradiated 

tissues and no obvious signs of infection, 

such as redness or swelling, were found in 

any treatment groups throughout the 

experiment. Only some scarring was noticed 

in the control and BM-MSC groups. 

In our study, combing both BM-MSCs 

and nanoscaffolds showed the best results, 

and wounds treated with only nanoscaffolds 

provided better healing properties compared 
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to those treated with BM-MSCs and 

compared to untreated irradiated rats. These 

findings are in accordance with Marquardt 

and Heilshorn who reported superior wound 

healing results in irradiated rats with 

wounds that were injected with MSCs 

throughout the edges and covered with a 

scaffold.23 This is also in line with Chen et al. 

and Sun et al. who stated that electrospun 

scaffolds produce nano-fibrous meshes 

comparable to the native extracellular 

matrix in a simple and versatile fashion.24,25 

Nanofiber scaffolds support three-

dimensional growth and infiltration of cells, 

which is essential in bioactive wound healing 

where a permissive scaffold is crucial for 

fibroblast and keratinocyte ingrowth and 

migration into wounds, and offer acellular 

skin substitutes that improve healing.26,27

Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

Photomicrograph of dorsal skin at the wound site of the irradiated control group (C) and treatment 
groups (NS, BM-MSC, and BM-MSC+NS) two weeks post-wounding; epithelium at one side of the wound 
(W), granulation tissue at the base of wound bed (G), a gap in the center (*) still not covered by 
epithelium, chronic inflammatory cells (black arrows),  intact epidermis with thin keratin layer at the 
wound site (E), normal underlying dermis (D), hair follicle (HF), and sebaceous gland (S) are shown.  
[H&E x100] 
 

Table 3. Descriptive statistics and comparison of area percent in different groups (ANOVA test) 

and within each group (paired t-test) 

Group Mean ±SD (%) Mean ±SD (%) p-value 
 1st Week 2nd Week  

Control 19.08 ±6.01c 22.07 ±3.29d 0.42ns 
NS 40.96 ±6.77b 50.89 ±5.13b 0.04* 

BM-MSC 34.32 ±8.30b 41.19 ±7.09c 0.35ns 
BM-MSC+NS 53.63 ±7.25a 61.90 ±6.67a 0.24ns 
p-value 0.000* 0.000*  

Significance level: p≤0.05; *significant; ns: non-significant; SD: standard deviation; Tukey’s post hoc 
test: means sharing the same superscript letter are not significantly different. 

The absence of scarring in both 

nanoscaffold groups can be attributed to 

electrospinning, which provides a high 

surface area to volume ratio and has been 

proven to promote cell-matrix interactions 

at the nanoscale.28,29 Nanoscaffolds also 

facilitate oxygen permeability and allow 

fluid accumulation, which highly prompts 

wound healing. Moreover, pores in non-

W 
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woven electrospun scaffolds (1–10 µm) are 

too small to allow bacterial penetration, 

resulting in resistance to infection and 

healing without scarring.30,31 

The true mechanism of action of 

MSCs in accelerating wound closure has not 

yet been fully understood. However, it has 

been suggested that MSCs enhance wound 

repair through recruitment of inflammatory 

and progenitor cells, differentiation, and 

paracrine signaling.32 Ionizing radiation 

causes rapid and acute bone marrow 

suppression that is reversible in non-lethal 

doses. The tenable explanation of the 

superior wound healing found in the BM-

MSC group compared to the control group 

could be due to their ability – when delivered 

to wounds externally – to provide a 

replacement and compensation for the 

progenitor cells suppressed in the bone 

marrow after radiation exposure.33 

Mesenchymal stem cells possess significant 

potential for tissue damage therapy. They 

can regulate inflammation, inhibit 

apoptosis, promote angiogenesis, and 

support the growth and differentiation of 

local stem and progenitor cells.34 

Additionally, MSCs recruit fibroblasts and 

stimulate their migration from the 

surrounding tissues via chemotaxis.35,36 

The reason why the BM-MSCs group 

ranked third after the combination and NS 

groups might be that the direct injection of 

BM-MSCs does not guarantee engraftment 

of transplanted cells and a lot of cells might 

have died upon injection.23 It has been 

shown that the application of biomaterial 

carriers can protect the cells in the wound 

environment and support their viability and 

function.37 

Histologically, our results support 

those of Levengood et al. who stated that at 

two weeks, a scab covered the width of the 

wound bed in the control group.38 

Hypertrophic epidermis was present 

between the scab and the neo-dermal tissue 

but re-epithelialization remained 

incomplete, whereas more collagen was 

present in the neo-dermis. A more mature, 

stratified neo-epidermis was present in the 

chitosan-PCL NS group, which was thicker 

than the normal epidermis surrounding the 

wound. Additionally, collagen deposition in 

the neo-dermis became more uniform in 

density.38 In Ma et al.’s study, necrotic 

fibrinoid debris, inflammatory infiltration, 

and fibroblast and capillary hyper-

proliferation was found in the control group 

on day 10, indicating that inflammation 

remained, while wounds in the NS group 

demonstrated epithelialization without 

capillary hyperplasia. More layers of 

keratinocytes were seen in the NS group, 

indicating the proliferating stage of 

keratinocytes. A thin epidermal layer with 

several skin appendages were found in the 

NS group. The nanoscaffold group also 

demonstrated a higher amount of collagen 

production than the negative control. 

Transplanted MSCs accelerated the 

formation of hair follicles and sebaceous 

glands most probably because they 

promoted epithelial ingrowth through 

chemotactic interaction and facilitated 

sending follicle progenitor cells toward the 

center of the wound during re-

epithelialization.39 

The present study revealed that tissue 

engineering combining electrospun 

nanoscaffolds and human BM-MSC 

transplantation improves wound healing 

and regeneration in irradiated rats, 

providing a possible therapeutic strategy for 

delayed wound healing during radiotherapy. 

Polycaprolactone nanoscaffolds offer a 

suitable wound dressing that protects 

surgical incisions from the external 

environment and thus, preventing scar 

formation. The potential side effects of 

interspecies transplantation of MSCs have to 

be considered in future studies. 
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