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Bone-marrow-derived mesenchymal stem cells (MSCs) are of growing interest for the treatment of diabetic
wound healing. However, they are often associated with poor proliferation and viability at the wounded site.
Here, it is reported the use of human epidermal growth factor -curcumin bandage bioconjugate (EGF-Cur B)
loaded with MSCs (MSCs-EGF-Cur B) at the wounded site for diabetic wound healing. Conjugation eﬃciency of
EGF was determined by FTIR and XPS, surface morphology was analyzed by SEM and AFM and hydrophilicity by
contact angle. Chemical integrity of curcumin with the polymeric matrix was studied by FTIR and, antiinﬂamatory and biocompatibility of EGF-Cur B were determined by TNF α ELISA and MTT study respectively. The
culture of MSCs over EGF-Cur B enhanced MSC viability and expression of transcription factors associated with
the maintenance of pluripotency and self-renewal (OCT¾, SOX2, and Nanog) as compared to MSCs grown in
standard conditions. Its therapeutic eﬀect was examined on diabetic full-thickness excisional wound model in
terms of size and histological examination. Synergetic combinational approach especially when treated with
MSCs-EGF-Cur B signiﬁcantly enhanced wound closure by increasing granulation tissue formation, collagen
deposition, and angiogenesis as compared to other groups. In conclusion, biocompatible therapeutic MSCs-EGFCur B might have great application for diabetic wound healing in the near future.

1. Introduction
Worldwide about 420 million people have diabetes and among them
roughly 15% of the patients experience injurious foot ulcers [1]. If
necessary treatments are delayed then it frequently leads to limb amputation, resulting in a signiﬁcant economic burden for both society
and patients. In recent years, mesenchymal stem cells (MSCs) have
proved to be a valuable therapeutic tool for wound ulcers management
due to its remarkable potential in self-renewal and multilineage differentiation through the release of soluble growth factors and cytokines
[2–6]. Secretion of these factors stimulates angiogenesis, modulate inﬂammation, protect damaged cells and induce proliferation of progenitor or stem cells [2–5]. However, an implication of stem cell towards wound healing therapies has so far shown many limitations in
pre-clinical studies along with hindering its future developments [2–5].
The primary limitations are poor proliferation and low viability of the
MSCs at the transplanted site [2,7]. Proliferation and diﬀerentiation of
MSCs in vivo chieﬂy regulated by various growth factors and cytokines

in an autocrine and paracrine manner [2,8]. However, research reports
have suggested that during ex vivo expansion of MSCs, the expression of
growth factors and cytokines were gradually down-regulated in each
serial passage [7,8]. Therefore, it is critical to actively maintain the
proliferation, diﬀerentiation and stemness properties of expanded MSCs
for transplantation. To counteract these issues mostly diﬀerent growth
factors have been added to the media of stem cell cultures [9,10].
One such potent factors for MSCs expansion is epidermal growth
factor (EGF), which activates epidermal growth factor receptor (EGFR)
signaling pathway to promote migration, proliferation, and survival
without aﬀecting the pluripotency of stem cells [8,9,11] and also it
enhances proliferation, and migration of ﬁbroblast, keratinocyte, and
endothelial cells at wounded site [12,13]. However, the known obstacle
for EGF treatment is its degradation owing to excessive protease activity
and persistent chronic infection at the wound site [12,14]. In this regard, many pharmaceutical companies and research groups have come
up with new approaches for EGF delivery in the form of gel or cream
namely Regen-D 150 ®, Easyef®, and EGF CYTOKINOL®. Moreover,
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was homogenized with 20 ml of alginate solution (0.5% w/v) for 3 min.
The resultant suspensions were transferred to a six-well plate (Corning,
NY, USA) and lyophilized for two days (−80 °C and < 10 μm mercury
pressure, LYPHLOCK, Labconco, Kansas City, MO) to obtain Cur B for
further application. Void B preparation followed the same procedure
except for the addition of curcumin.

stabilization of EGF for wound healing application has also been done
using nanoparticles and conjugated proteins [15,16]. Incidentally,
polymeric ﬁbers have also gained much attention because of their
porous structure along with a large surface area and aptitude to chemically conjugate with proteins [17,18]. Previously, our groups have
formulated a ﬁber i.e. curcumin loaded polymeric bandage for healthier
wound healing application and the current study was conducted as a
continuation of our previous study [17].
The other criteria for delay diabetic wound healing is an excess
generation of ROS at wound site that consecutively inhibits proliferation and promotes senescence of MSCs [4,19,20]. We hypothesized that
application of antioxidant compound like curcumin (a natural anti-inﬂammatory and antioxidant) using proper dressing materials could be
certainly helpful against oxidative damage. The release of soluble
growth factors and cytokines by MSCs along with the antioxidant activity of curcumin may lead to synergism in wound healing. Thus, a
therapeutic combination of MSCs and curcumin can be experimented
together by taking the advantage of the synergistic action of the both
towards wound healing. In the present study, an attempt was made to
chemically conjugate EGF with polymeric ﬁbers, as an approach to
deliver EGF for better growth of the therapeutic MSCs and various
dermal cells at the wounded site. The formulated EGF conjugated curcumin bandage (EGF-Cur B) was well characterized by various analytical techniques. Immunoblotting and microscopy study conﬁrmed
preservation of proliferation with stemness character of MSCs grown on
EGF-Cur B. Its therapeutic eﬀect was examined on diabetic full-thickness excisional rat wound model in terms of size and histological examination. Comprehensive results conﬁrmed signiﬁcantly enhanced
wound closure by increasing granulation tissue formation, collagen
deposition, and angiogenesis compared to other groups.

2.4. Measurement of surface exposed and conjugated amine group
Quantiﬁcation of amine group in the formulated polymeric bandages was done by following ﬂuoresceinamine assay [23]. In brief, the
Void B and Cur B (~5 mg) were infused with 2 ml of phosphate buffered saline (PBS) at pH 7.4 and 3 μl of Fluorescamine solution and kept
for 24 h. The incubated solution then subjected to centrifugation at
2000 rpm for 10 min (SIGMA 3 K30, Germany) and the supernatant was
taken for ﬂuorescent measurement at the excitation wavelength and the
emission wavelength of 390 and 475 nm respectively (Perkin Elmer,
Model No.LS 55, Massachusetts, USA). The surface exposed amine
group on polymeric bandages were calculated from a ﬂuoresceinamine
standard plot.
2.5. Chemical conjugation of EGF with Cur B and Void B
The number of amine group exposed on the surface of Void B and
Cur B were 0.082 mmol/mg and 0.141 mmol/mg respectively, as
measured by the above mentioned ﬂuoresceinamine assay. Conjugation
of EGF to Void B and Cur B were done by following the protocol reported by Choi et al. [23]. Cur B and Void B (~25 mg) were taken
separately in 50 ml tubes and allowed to mix with rhEGF (2000 ng), 1hydroxybenzole (HOBt) (0.32 μmol), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (0.32 μmol) in 1 ml of
phosphate buﬀer saline (PBS, pH 6.0). The above polymeric bandages
were gently stirred with the above solution at room temperature
overnight. Resultant EGF-Cur B and EGF-Void B were rinsed with distilled water to eliminate unreacted EGF and lyophilized for three days
(−80 °C and < 10 μm mercury pressure, LYPHLOCK, Labconco, Kansas
City, MO) to get a lyophilized bandage for further use.

2. Materials and methods
2.1. Materials
Curcumin (> 95%) was purchased from UNICO Pharmaceuticals,
Ludhiana, India. Human recombinant EGF (rhEGF) was purchased from
Sigma–Aldrich Co. (St. Louis, MO). Chitosan (degree of deacetylation = 85%, average molecular weight 650 kDa), sodium alginate
(medium viscosity ≥2000 cP, molecular weight between 75 and
100 kDa) and oleic acid were obtained from Sigma-Aldrich, Germany.
Antibodies used were SOX2 and OCT¾ (Santa Cruz, CA), Nanog (Cell
Signaling Technology USA), α-SMA, CD3, VWF and cytokeratin (Abcam
Biotechnology, Cambridge, UK). All chemicals were obtained from
Sigma–Aldrich Co. (St. Louis, MO) unless mentioned.

2.6. Analysis of surface conjugation by FTIR and X-ray photoelectron
scattering (XPS) study
The Fourier transform infrared (FTIR) spectral (Perkin Elmer, Model
Spectrum RX 1, USA) for CUR B and Void B were analyzed to conﬁrm
the surface modiﬁcation and presence of curcumin in the polymer
matrix of the bandage. Further, the spectra of EGF-Cur B and EGF-Void
B were studied to conﬁrm the surface modiﬁcation and conjugation of
EGF with polymeric bandages. Brieﬂy, the samples were pressed with
KBr to make a pellet by applying a pressure of 300 kg/cm2 before obtaining their IR absorption spectra. The spectra were detected over a
range of 4000–400 cm− 1 [24]. Conjugation of EGF on EGF-Cur B and
EGF-Void B was further conﬁrmed by XPS (VG Microtech system UK,
ESCA 2000) study. Survey scans spectra of C1s, O1s, and N1s were
studied. The extent of EGF conjugation on the polymeric bandage was
studied by comparing the N1s peak intensity to the C1s peak intensity
or the O1s peak intensity [25].

2.2. Cell lines and primary cells
NIH-3T3 mouse embryonic ﬁbroblasts cell line is a generous gift
from Dr. Shantibhusan Senapati, (Institute of Life Sciences,
Bhubaneswar, India) and it was grown using Dulbecco's Modiﬁed
Eagle's Medium (DMEM) supplemented with 10% FBS, 1% L-glutamine
and 1% penicillin-streptomycin at 37 °C in a humidiﬁed, 5% CO2 incubator (Hera Cell, Thermo Scientiﬁc, Waltham, MA). MSCs from bone
marrow were isolated by following a standard protocol by our group
[21]. All chemicals for cell culture were purchased from Himedia Laboratories Pvt. Ltd., Mumbai, India.

2.7. Physiochemical characterization
The morphology, surface characteristics and pore structure of EGFCur B and EGF-Void B were observed using scanning electron microscopy (SEM). For SEM (EVO18, Carl Zeisis, Germany) study the different samples were gold coated and examined with an accelerating
voltage of 10–30 kV. Its three-dimensional surface topographic structure was studied by atomic force microscopy (AFM) (JPK Nanowizard
II, JPK instrument, Berlin, Germany) and imaged in non-contact mode
with frequency 312 kHz and scan speed 2 Hz. The hydrophilic/

2.3. Preparation of curcumin loaded and void polymeric bandages
Curcumin-loaded bandages (Cur B) and Void bandages (Void B)
were prepared by following our previous protocol [22]. Brieﬂy, to
prepare the Cur B, 50 mg of curcumin was blended with 1.75 ml of oleic
acid. The resultant suspension was then emulsiﬁed with 20 ml of
chitosan solution (0.5% w/v) for 2 min by means of homogenization
(Biospec Products Inc., Bartlesville, OK). Further, the above solution
2
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Kingdom). Immunodetection for diﬀerent proteins were done by using
the primary antibody against OCT¾ (1:800), SOX2 (1:1000), Nanog
(1:1000) and α Tubulin (1:3000) followed by appropriate HRP horseradish peroxidase (HRP) conjugated secondary antibody treatment. α
Tubulin was used as an internal control.

hydrophobic properties of the EGF-Cur B and EGF-Void B were examined by sessile drop water contact angle measurement (OCA15 Plus,
Data Physics Instruments, Germany). Further, the release proﬁle of EGF
from EGF-Cur B was studied. In brief, the EGF-Cur B (~10 mg) were
placed in 1 ml of PBS and incubated at 37 °C. After the designated time,
the supernatant was collected, and renewed with 1 ml of fresh PBS. The
collected supernatants were stored at −80 °C until ﬁnal test. Release
kinetics of EGF in each collected sample was quantiﬁed using ELISA KIT
(Invitrogen), according to the manufacturer's instructions.

2.11. Excisional wound healing studies in diabetic rat model
All the in vivo experiments were carried out with the permission of
the Institutional Animal Ethics Committee of Institute of Life Sciences,
Bhubaneswar, India. Six to eight weeks Dawley rats (150–200 g) were
selected and animals were intraperitoneally injected with 100 μl of
streptozotocin (60 mg/kg) in sterilised PBS to induce diabetic-like
symptoms. After 2 days the blood glucose levels were measured with
glucometer (Arkray Glucocard, USA) and diabetic-induced rats were
selected with glucose level higher than 300 mg/dl. Streptozotocin-induced diabetics rats were randomized to six treatment groups: no
treatment, MSCs alone, MSCs seeded on Void bandage (MSCs-void B),
MSCs seeded on EGF bandage (MSCs-EGF-void B), MSCs seeded on
curcumin bandage (MSCs- Cur B) and MSCs seeded on curcumin EGF
bandage (MSCs-EGF-Cur B) (n = 5 wounds per treatment groups). In
order to create the wound, animals were anesthetized intramuscularly
by ketamine (100 mg/kg) and xylazine (10 mg/kg), followed with
circular wounds with a diameter of 10 mm full-thickness were created
on the back of diabetic Dawley rats. Each wound was covered with
equal size (1.5 cm2) of diﬀerent bandages seeded with MSCs
(2.5 × 105) or cotton gauze as a control no treatment for comparison.
One day prior to wound healing study, diﬀerent bandages were seeded
with MSCs followed by washing in sterile PBS three times before being
placed within each wound. Digital photographs (Sony, Cyber-shot, DSCH9) were taken at days 0, 4, 7, 10 and 12. Each wound area was
measured using Image J software and percentage of wound reduction
was calculated by observing the wound area at the present time.

2.8. In vitro anti-inﬂammatory study
To analyze the anti-inﬂammatory properties of the formulated
bandages, a TNF α ELISA study was conducted [22]. Brieﬂy, EGF-Void
B, EGF-Cur B (size 0.5 cm × 0.5 cm) were placed in a 24 well plate,
seeded with NIH-3T3 mouse embryonic ﬁbroblasts cells at a seeding
density 10,000 per bandage. Monolayer cells (without bandage) were
treated as negative control. Cells treated with 0.5 mg/ml of lipopolysaccharides (LPS) were used as a positive control. The cells were allowed to proliferate for 48 h and the supernatant was collected and
centrifuged at 8000 rpm (Sigma microcentrifuge- 6PK, Germany) for
30 min to remove cell debris. TNF α concentration in the cell supernatant was calculated by using the TNF α ELISA kit (Mouse TNF α
ELISA KIT R&D Systems, Minneapolis, MN, USA) according to the
manufacturer's instruction.
2.9. In vitro biocompatibility evaluation
Isolation of MSCs from bone marrow and its characterizations were
done as previously described by our group [21]. The proliferation of
MSCs on EGF-Cur B was analyzed by using the colorimetric MTT assay.
The test was based on the cleavage of a yellow tetrazolium salt to insoluble purple formazan crystals by the mitochondrial dehydrogenase
enzyme of metabolically active cells. In brief, MSCs were seeded at
5000 and 10,000 seeding density on 24 well plate as a monolayer
(without bandage) and over Cur B and EGF-Cur B (size
0.5 cm × 0.5 cm). After 5 days of incubation, 10 μl of MTT reagent
(Sigma) was added, and the plates were incubated for 3 h at 37 °C in a
cell culture incubator (Hera Cell, Thermo Scientiﬁc, Waltham, MA),
following which the bandages were shifted to another new plate and
the intracellular formazan crystals were solubilized in DMSO. The
colour intensity was measured at 540 nm using a microplate reader
(Synergy HT, BioTek Instruments Inc., Winooski, VT, USA). Live-Dead
(Invitrogen) viability assay and SEM study were performed to determine the biocompatibility potential of EGF-Cur B compared to Cur B.
Brieﬂy, Cur B and EGF-Cur B of size 5 cm × 5 cm seeded with MSCs at
10,000 seeding density and incubated for 5 days. After incubation,
MSCs were processed either for Live/Dead Viability assay or for SEM
study. Live/Dead assay was conducted by using the Live/Dead Viability/Cytotoxicity assay kit (Life Technologies) and the MSCs were observed under ﬂuorescent microscope. The imaging of MSCs under SEM
(EVO18, Carl Zeisis, Germany) was performed by following the standard SEM imaging procedure [17].

2.12. Histology and immunohistochemical studies
After wound healing treatments for 12 days, the full thickness of the
re-epithelized skin of diﬀerent treated groups was excised from the
sacriﬁced animals and was ﬁxed with 2.5% formaldehyde solution for
1 h and embedded in paraﬃn. Their tissue sections (4 μm) were taken
and stained with hematoxylin and eosin (H&E) to study the principal
stages of healing and Masson's Trichrome to access the levels of collagen depositions in the re-epithelized skin during wound healing.
Further, immunohistochemical staining was carried out by using antiα-SMA (1/1000), CD31 (1/200), VWF (1/200), cytokeratin (1/1000)
and EGFR (1/200) antibodies (AbCAM, Cambridge, MA, USA) by an
indirect avidin−biotin- immunoperoxidase technique (Vectastain ABC
Elite, Vector Laboratories, Burlingame, CA), as speciﬁed by the manufacturer's protocol.
2.13. Statistics
Data are shown as mean ± S.E.M. Statistical analysis was performed by using one-way ANOVA with the Tukey's test applied post hoc
for paired comparisons of means. Values of p < 0.05* were indicative
of signiﬁcant diﬀerences and p < 0.005** were indicative of a very
signiﬁcant diﬀerence.

2.10. MSC stemness study by western blotting
The western blotting analysis was carried out to study the stemness
characteristics of MSCs seeded on three dimensional Cur B and EGF-Cur
B versus MSCs plated on to a standard two-dimensional cell culture
plate. Brieﬂy, 1.5 × 105 cells were seeded over each formulated bandage (1 cm2) and kept for 72 h. After incubation period, proteins were
isolated from samples following a standard protocol [26]. An equal
amount of proteins from all the samples were separated on sodium
dodecyl sulfate polyacrylamide gel electrophoresis followed by electrophoretic transfer from the gel to PVDF Polyvinylidene diﬂuoride
(PVDF) membrane (GE Healthcare, Buckinghamshire, United

3. Results and discussion
The wound healing potential of MSCs can be attributed to its eﬃcacy to induce neovascularisation and attract endogenous cell to the
site of inﬂammation. Moreover, MSCs also secrete cytokines and growth
factors that have paracrine eﬀects on wounded cells which also enhances the wound healing process. In addition, it has the aptitude to
diﬀerentiate into various cell types required for closure of the wound
3
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Fig. 1. Schematic representation of conjugation of epidermal growth factor (EGF) onto the curcumin bandage (Cur B) by EDC/NHS chemistry. The bandage was
formed as a result of interaction between positively charged chitosan (C) and negatively charged sodium alginate (A).
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Fig. 2. Chemical conjugation of EGF with Void B was conﬁrmed by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) studies. XPS of (a)
Void B (b) EGF-Void B and FTIR spectra of (c) Void B (d) EGF Void B.

EGF.

[2,5,19,27]. However, ex vivo MSCs expansion clearly reliant on the
availability of growth factors like EGF which reported to maintain MSC
proliferation, stemness and self-renewal [8,11,12,28–30]. To this end in
the current study, we utilise an EGF curcumin bandage bioconjugate
(EGF-Cur B) to eﬀectively deliver MSCs for cutaneous diabetic wound
healing. The approach of preparing EGF-Cur B for wound healing
treatment is schematically presented in Fig. 1. It was prepared as a
product of interaction between positively charged chitosan (C) and
negatively charged sodium alginate (A). The presence of free amino
groups in the backbone of chitosan was employed for conjugation of

3.1. Analysis of surface conjugation
The amine groups exposed on the surface of the bandage were
chemically conjugated with EGF by activation of –COOH groups of the
protein with EDC and HOBt. After the conjugation reaction, the amount
of conjugated -NH2 groups on the surface of Void B and Cur B were
calculated to be 0.82 mmol/mg and 0.141 mmol/mg respectively as
measured by the ﬂuoresceinamine assay. To better understand the
4
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Fig. 3. EGF-Void B and EGF-Cur B were surface characterized by (a) photographs (b) SEM, Scale bar: 50 μm. (c) AFM, Scale bar: 5 μm. (d) water contact angle, Scale
bar: 1 mm. and (e) FTIR showing the spectra of (i) alginate (ii) chitosan (iii) curcumin (iv) EGF-Cur B and (v) EGF-Void B. (f) In vitro release kinetics of EGF from EGFCur B in PBS at 37 °C. Data as mean ± SEM, n = 3.

3.2. Physiochemical characterization

conjugation of EGF on Void B, XPS and FTIR spectra were analyzed
before and after conjugation. XPS study demonstrated void B showed
C1s and O1s, whereas EGF-void B showed an extra signiﬁcant peak of N1s
Fig. 2a & b. The extra N1s peak could be due to the formation of the
covalent bond of conjugated EGF on the polymeric bandage. Similar
conﬁrmation study was conducted by Wang et al., where the authors
evidenced covalent bonding of the porphyrin (TPP) with reduced graphene oxide (RGO) by XPS analysis [25]. In their study, N1s region for
Porphyrin-RGO nanohybrids (RGO-TPP 1 and RGO-TPP 2) exhibits
three peaks at 397.5, 399.3 and 400.0 eV, attributed to CeN, NeH, and
C]N, respectively. These marker peaks conﬁrm the presence of covalent functionalization of RGO with porphyrins. Similar peaks were also
found in the EGF-void B which also indicates the formation of covalent
bonding of EGF with Void B. Further, the conjugation was validated by
FT-IR study as shown in Fig. 2c & d, FTIR spectrum of EGF-void B
showed a peak at 1614.01 cm−1 corresponded to C]O amide bond,
conﬁrming the conjugation of EGF to the surface of polymeric bandage
[24]. XPS and FT-IR studies suggested that the protein EGF was successfully conjugated with the polymeric bandage and on application to
the diabetic wounded area this expected to promote the proliferation
and migration of growing cells.

Our previous study reported Cur B is light, soft, porous, ﬁbrous in
texture with large surface area [17]. These characteristics were commonly required for in vivo wound healing applications. It also aﬀorded
sustained release of curcumin at the wounded site. In the current study,
EGF-Cur B was prepared and SEM and AFM studies were employed to
analyze its surface morphology. The topology characterization revealed
it is well porous and spongy (Fig. 3a, b & c), these textures could enable
the free transport of oxygen to the wound. The AFM studies shown a
microporous structure and large surface area of formulated bandage
that could facilitate the attachment and proliferation of MSCs as well as
for the transport of oxygen and nutrient [31]. The relative hydrophobicity and hydrophilicity of the surface of polymeric bandage were
analyzed by water contact angle study. In general, a contact angle
above 90○ corresponds to a hydrophobic surface, while a contact angle
value below 90○represents a hydrophilic surface [32]. The contact
angle of EGF-void B and EGF-Cur B were 76.89○ and 64.82○ respectively (Fig. 3d). In this regards, studies have shown the contact angle of
hydrophobic chitosan ﬁlm and hydrophilic alginates were ~95○ and
~31.6○ respectively. In this respect, the above-observed contact angel
5
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signature peaks, attributing curcumin could be present in a dispersed
condition in EGF-Cur B [22,34]. The in vitro release proﬁle of EGF from
EGF-Cur B showed its biphasic release pattern. Herein, we found a rapid
release of about 52% in 2 days followed a sustained release of about
84% over 15 days of our observation (Fig. 3f). Thus, we hypothesize
that the sustained release of EGF from EGF-Cur B can promote better
proliferation of MSCs that may essentially endorse better diabetic
wound healing [4]. Use of polymeric bandage for diabetic wound
healing and its biocompatibility or safety testing is another crucial
parameter need to be considered before animal appliance. Wound
treatment with diﬀerent biomaterials often associated with high ROS
generation leading to oxidative damage and inﬂammations. Generally,
higher expression of cytokines preferably TNFα is considered as a
biomarker for immunotoxicity [35]. Inﬂammation study of bandages
was analyzed by measuring TNF-α through ELISA. Our results demonstrated same trend release of TNF-α from cells seeded over EGF-Void B,
EGF-Cur B as well as untreated control cell (Fig. 4). This suggests that
the formulated polymeric bandages could be used as a biocompatible
and nonimmunogenic matrix, may allocate it for potential applications
in the ﬁeld of the wound dressing.
Fig. 4. Anti-inﬂammatory activity of EGF-Cur B was studied by ELISA. The
concentration of TNF-α in supernatants collected from cultured mouse embryonic ﬁbroblasts cells seeded over EGF-Void B and EGF-Cur B were analyzed
for TNF-α by ELISA kit. Cells with no treatment were used as a negative control.
Cells treated with LPS were used as positive control. Each experiment was
performed 3 times and represented as the mean ± SEM.

3.3. Cell seeding and in vitro analyses
To assess the possibility of EGF-Cur B as a biocompatible delivery
vehicle for MSCs, we evaluated the cell viability and proliferation capacity of MSCs cultured within the formulated bandage in vitro. MTT
assay was carried out to evaluate the cell proliferation of MSCs on EGFCur B and Cur B. Result showed that at 5000 cells/well-seeding density,
the cell proliferation was nominal compared to the seeding density at
10,000 cells/well. At lower cell density, the opportunities for cell-cell
contact are diminished so less cell proliferation was observed [36]. As
expected, the MTT assay indicated a higher proliferation of MSCs that
seeded over EGF-Cur B than Cur B at a seeding density of 10,000 cells/
well (Fig. 5a). Further, we have studied the viability of MSCs (10,000
cells/well) seeded over Cur B and EGF-Cur B at diﬀerent time points (3,
5 and 7 days) by conducting MTT assay. In between the 5th and 7th
day, we have observed a signiﬁcant enhanced viability of MSCs seeded
over EGF-Cur B as well as CUR-B compared to monolayer culture, followed by saturation of cell proliferation in both the formulations.
Further, at 5th day, a signiﬁcant diﬀerence in viability of MSCs were
observed that seeded over EGF-Cur B in comparison with CUR-B (data
not shown) and thus 5th day data is represented in MTT Fig. 5a. Similarly, the Live-Dead assay studied on 5th day further provided a direct observation of the proportion of living and dead cells grown on
formulated bandages. Results demonstrated that the MSCs cultured
over EGF conjugated bandage showed more viable cells compared to

falls in between chitosan and alginate. However, the chemical structure
of curcumin having molecular oxygen is a proton donor and could easily make a bond with water and aﬀorded more hydrophilicity compared to void [33]. FTIR analysis was taken into consideration to
conﬁrm the presence of curcumin in polymeric bandage formulation as
well as to examine any chemical changes that might occur in the
polymer due to the addition of curcumin during the synthesis reaction.
Fig. 3e showed the FTIR spectra's of alginate, chitosan, native curcumin, EGF-void B and EGF-Cur B. The band for amide at 1654 cm−1
can be seen in the infrared spectrum of chitosan. The alginate spectrum
shows a characteristic band of carbonyl (C=O) band at 1420 cm−1. The
FTIR spectrum of native curcumin exhibited an absorption band at
3510 cm−1 attributed to the phenolic OeH stretching vibration. Additionally, sharp absorption bands at 1605 cm−1 (stretching vibrations
of benzene ring of curcumin), 1510 cm−1 (C=O and C=C vibrations of
curcumin), 1627 cm−1 (C]C double bonds) and 1602 cm−1 due to
aromatic C]C double bonds [22]. These marker peaks were also found
in EGF-Cur B and were not noticed in void B, suggesting curcumin exists
inside the polymeric bandage matrixes. Further, no shifting of these

(a)

(b) EGF-Cur B

Cur B

EGF-Cur B

Cur B

(c)

6

Fig. 5. Proliferation potency of MSCs
seeded over Cur B and EGF-Cur B were
analyzed by MTT assay, Live/dead viability assay and SEM study. (a) MSCs
were cultured over Cur B and EGF-Cur B
for 5 days and cell viability was estimated
by
MTT
assay.
n]6,
mean ± SEM, (**) p < 0.01 and (***)
p < 0.001, Diﬀerent treatments vs the
monolayer. (b) Cell viability of MSCs
seeded over Cur B and EGF-Cur B were
studied using the LIVE/DEAD viability/
cytotoxicity assay kit (Invitrogen). Scale
bar 50 μm. (c) Scanning micrographs of
MSCs seeded over Cur B and EGF-Cur B
for 5 days, Scale bar 200 μm.
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(b)

(a)

Fig. 6. (a) Western blot analysis to study the expression of stemness proteins of MSCs cultured over Cur B and EGF-Cur B. (b) Protein levels were also analyzed by
densitometric analysis using Image J software. N]3, mean ± SEM. (*) P < 0.001 Diﬀerent treatments vs the monolayer.

(a)

(b)

Fig. 7. Eﬀective wound healing activity of MSCs-EGF-Cur B after topical application on full thickness diabetic wound in rat. (a) Macroscopic appearances of diabetic
wounds of rat treated with NS (as control), MSCs, MSCs- void B, MSCs-EGF-void B, MSCs- Cur B, MSCs-EGF-Cur B at diﬀerent days of post-wounding. (b) The dermal
wound area at diﬀerent post wounding days as a percentage were calculated with respect to the original size. Data as mean ± SEM, n = 5; p < 0.05* and
p < 0.005**, All groups vs Control.

bandages (Cur B and EGF-Cur B) displayed a high expression of proteins
associated with self-renewal and pluripotency compared to plated
control MSCs (Fig. 6). In this regard, many studies have clearly demonstrated that ex vivo expansion of MSCs is troublesome as because
MSCs proliferate relatively short period of time in ex vivo culture owing
to a steady failure of stemness properties with time [19]. This hampers
the multipotency of MSCs and reduces the ability of these cells to secret
pro-regenerative paracrine factors and successive diﬀerentiation into
various cell types in the wounds [4,19]. It seems that the proliferate
MSCs within the formulated EGF-Cur B can sustain their stemness
functions and can be taken as an engineered biomaterial for stem cell
niche.

unconjugated bandage (Fig. 5b). In addition to the MTT and Live-Dead
analysis, the SEM study was further taken in account to substantiate the
above ﬁnding. SEM study showed that the seeded MSCs exhibited a
rounded morphology, clustered growths and these have grown signiﬁcantly higher number over the EGF-Cur B compared to Cur B
(Fig. 5c). Thus, delivery of MSCs over EGF-Cur B notably accelerated
the proliferation, viability, and migration of MSCs compared to Cur B,
indicating that the EGF might have a certain role in the proliferation
and diﬀerentiation of MSCs. Eom et al. suggested that long-term culture
of bone marrow-derived MSCs gradually decreased the expression of
growth factors including EGF, resulted in induction of retarding the
proliferation or diﬀerentiation. On exogenously supplements of growth
factors during serial passage for 2 months, they could be able to preserve the proliferation or diﬀerentiation and stemness of MSCs by activation of AKT and ERK signaling [8]. These results suggested that
EGF-Cur B may be taken further as a suitable functional niche for MSCs
proliferation and survival.

3.5. Excisional wound healing studies in diabetic rat model
Excisional wound healing studies in the diabetic rat model demonstrated that treatment of wounds with Cur B (irrespective of conjugated or unconjugated) has shown noticeable dryness and there were
no signs of inﬂammation in all days of our observations at all. In this
regard, our previous study advocated that the natural drug curcumin
can eﬀectively quench the ROS generated through dermal wounding,
thereby decreasing the inﬂammation by inhibition of the NFκB pathway
[17]. Wound closure including wound contraction and re-epithelialization on the 12th day was more prominent in MSCs-EGF-Cur B as
compared to the other groups (Fig. 7a). There was no signiﬁcant difference in wound closure within all treated groups before and on the

3.4. MSC stemness study by western blotting
An ideal carrier system should have the ability to support the selfrenewal of MSCs and also help to maintain these cells in their undiﬀerentiated state. Thus, we intend to investigate the changes in the
stem cell characteristics of MSCs seeded within polymeric bandage
against MSCs grown on a form of two-dimensional cell culture. Western
blotting results conﬁrmed that MSCs cultured within polymeric
7

Materials Science & Engineering C 111 (2020) 110751

C. Mohanty and J. Pradhan

Fig. 8. Schematic representation of mechanisms of action of MSCs-EGF-Cur B in
diabetic wound healing processes. The formulated dressing system can support the
proliferation of cultured MSCs and maintain
these cell in undiﬀerentiated state. MSCs
prolong to express the transcription factors
associated with self-renewal and pluripotency including OCT¾, SOX2 and
Nanog. Once treated in wounded bed area
the MSCs can diﬀerentiate into mature
tissue speciﬁc cells as well as secrete growth
factors that are required for wound repair.
Our studies previously conﬁrmed treatment
with curcumin bandage facilitate slow release of curcumin resulting in sustained
blocking of the inﬂammatory pathway
NFκB pathway [17].

skin cell types and can contribute to wound repair. Moreover, the detailed mechanisms commitment of the MSCs and how they are diﬀerentiated requires further investigation.

7th day. However, a considerable decrease in the wounds area was
evident on day 12th post-wounding with MSCs-EGF-Cur B
(12.58 ± 4.97, p < 0.01), MSCs- Cur B (25.06 ± 3.12, p < 0.05),
MSCs-EGF-void B (34.91 ± 9.59), MSCs- void B (43.67 ± 1.82),
MSCs (48.51 ± 0.05), compared with untreated control wounds
(Fig. 7b). The wounds closure was signiﬁcantly more observed in MSCsEGF-Cur B treatment groups as compared to the other groups. At this
juncture, we hypothesized that besides curcumin, the growth factor
EGF and MSCs simultaneously play a crucial role in better diabetic
wound healing. In this regard, many researches including Tamama et al.
reported that pluripotency of MSCs is essentially required for its ex vivo
expansion and therapeutic utilities [27]. Numerous studies have suggested that the growth factors including EGF induces EGFR signaling
thereby promoting the proliferation, and pluripotency of stem cells
[29,37]. A series of recent studies conﬁrmed that EGF is primarily required at the initial stage of wound repair, therefore researchers have
attempted to use EGF as a supplement in the initial stage of wound
repair. The addition of EGF has not been successful in inhibiting the
persistent diabetic inﬂammation owing to its proteolytic degradation at
wounded site [28,38]. Oxidative stress induced by elevated glucose is
an essential pathogenesis for the persistent complications of diabetic
wound healing, and it is also an impediment to stem cell therapy. In the
current setup, the diabetic inﬂammation might be taken care by the
antioxidant and anti-inﬂammatory drug curcumin which helps in the
reduction of inﬂammation, that can further allow persistent availability
of EGF. Further, constant availability of EGF might promote proliferation and migration of MSCs and dermal cells as well. Accordingly, our
results demonstrated that both the Cur B and EGF-Cur B treated groups
containing curcumin/EGF or both have not shown any signs of inﬂammation as observed up to day 7. However, on the 12th day postwounding, it was observed that MSCs-EGF-Cur B treated wounds
showed signiﬁcant healing response as compared to the other groups
(Fig. 7b).
This marked diﬀerences in the wound healing activity which may
hint of a synergistic relationship between the MSCs, EGF, and curcumin
in the bandage which not only allows reduction of inﬂammation but
also maintains the stemness and proliferation of MSCs (Fig. 8). In this
study, we hypothesized that MSCs might be diﬀerentiated into multiple

3.6. Histology and Immunohistochemical Studies
Further, histological examination of H&E, and masson trichome
stained sections demonstrated that MSCs-EGF-Cur B treated wounds
showed much faster wound maturation and neoepidermis formation,
well-formed thick granulation tissue with new blood vessels, as well as
more densely packed collagen with uniform alignment compared to
other groups (Fig. 9a, b & g). Myoﬁbroblasts are essential for wound
contraction and are distinguished by expression of α -smooth muscle
actin (α -SMA) [39]. In our study, better contraction in MSCs-Cur B and
MSCs-EGF-Cur B treated wounds were supported by the higher expression of α -SMA with comparison to the other treatment groups
(Fig. 9c & h). Several studies on wound healing have also explained the
treatment of curcumin may promote the early inﬂux of ﬁbroblasts at the
wounded site, thereby producing enough extracellular matrix for faster
healing [17,40]. For the better evaluation of the wound healing mechanism by MSCs-EGF-Cur B, we further accessed the expression levels
of terminal diﬀerentiation marker proteins for endothelial (von Willebrand factor (VWF), CD31) and keratinocyte (cytokeratin) by immunohistochemistry (Fig. 9d, e & f). MSCs-EGF-Cur B treated wounds
showed noteworthy higher expression of all marker proteins (Fig. 9i, j &
k). It is well known that poor angiogenesis results in impaired wound
healing and chronic wound formation [38,41]. An insuﬃcient vascularisation due to venous insuﬃciency and cuﬃng of microvessels are
usually the major contributing reasons towards the impairment healing
in diabetics [14,38,41]. In our study, we observed higher expression of
CD31 and VWF conﬁrmed new capillaries restored in wounds treated
with MSCs-EGF-Cur B (Fig. 9d & e). This suggests enough revascularization in MSCs-EGF-Cur B treated wound, this is another factor that
could provide better resistance to diabetic infections. Thus, MSCs-EGFCur B combination therapy eﬀectively promotes vascularization, epidermis and dermis remodeling on diabetic wound healing.
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(g)

(h)

(i)

(j)

(k)

Fig. 9. Evaluation of regenerated skin structure by (a) H &E staining, (b) Masson Trichome staining for collagen and immunohistochemical monitoring of (c) α-SMA
(d) CD31 (e) VWF and (f) cytokeratine in diﬀerent treated groups after 12 day of post wounding. Scale bar: 50 μm. (g–k) Graphs showing the quantitative analysis of
the histological and immunohistochemical images using ImageJ software (n = 3; Data presented as mean ± SEM, Signiﬁcance level set at *p < 0.05 or
**p < 0.005 or ***p < 0.0005, Control Vs Treatments).

4. Conclusion

Validation, Visualization, Supervision, Writing - review & editing.

In summary, the present study represents an investigation of MSCsEGF-Cur B and its therapeutic potential in dermal diabetic wound
healing in a rat model. The observed comprehensible results demonstrated that the formulated EGF-Cur B formed a stable, non-toxic and
biocompatible platform for therapeutic MSCs delivery towards better
wound healing. Results conﬁrmed that application of MSCs-EGF-Cur B
could enhance MSC delivery for diabetic wound healing potentially by
maintaining the viability, pluripotency and self-renewal of MSCs in
formulated bandages in comparison to MSCs grown in standard conditions. Further, it was conﬁrmed that MSCs loaded in EGF-Cur B
bandages inﬂuenced the wound healing through a variety of mechanisms, including angiogenesis, promoting epithelialization, and enhancing collagen deposition and granulation tissue formation as evident
from immune histology studies. To this end, it is noteworthy to suggest
that synergistic combinations of EGF, curcumin, and MSCs in polymeric
bandage can overcome all limitations associated with diabetic wound
healing thereby paving way for more successful regenerative therapy.

Acknowledgments
This work was supported by a ﬁnancial grant from Science &
Engineering Research Board (SERC/LS-115/2011) Department of
Science and Technology, India to CM in the form of FAST Track
Scientist Fellowship. The author would like to acknowledge Dr.
Sanjeeb. K. Sahoo for his generous help in designing wound healing
animal experiments. The help of Dr. Abha Singh for providing MSCs
and Mr. Sudhir in animal experiments, Mr. Santosh Choudhury,
Institute of Physics, Bhubaneswar for conducting XPS, Miss Aiswarya
Institute of Minerals and Materials Technology, Bhubaneswar for performing the contact angle study and Mr. Priyadarshi Roy for taking SEM
and AFM image are thankfully acknowledged.
References
[1] N. Eating, Beat diabetes: an urgent call for global action, Lancet 387 (2016) 1483,
https://doi.org/10.1016/S0140-6736(16)30185-4.
[2] J.K. Leach, J. Whitehead, Materials-directed diﬀerentiation of mesenchymal stem
cells for tissue engineering and regeneration, Transp. Res. Rec. 4 (2018)
1115–1127, https://doi.org/10.1021/acsbiomaterials.6b00741.
[3] B. Dash, Z. Xu, L. Lin, A. Koo, S. Ndon, F. Berthiaume, A. Dardik, H. Hsia, Stem cells
and engineered scaﬀolds for regenerative wound healing, Bioengineering 5 (2018)
23, https://doi.org/10.3390/bioengineering5010023.
[4] D.E. Lee, N. Ayoub, D.K. Agrawal, Mesenchymal stem cells and cutaneous wound
healing: novel methods to increase cell delivery and therapeutic eﬃcacy, Stem Cell
Res Ther 7 (2016), https://doi.org/10.1186/s13287-016-0303-6.

CRediT authorship contribution statement
Chandana Mohanty: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing - original draft.
Jyotsnarani Pradhan: Conceptualization, Resources, Software,
9

Materials Science & Engineering C 111 (2020) 110751

C. Mohanty and J. Pradhan

[24] M. Das, W. Duan, S.K. Sahoo, Multifunctional nanoparticle–EpCAM aptamer bioconjugates: a paradigm for targeted drug delivery and imaging in cancer therapy,
Nanomedicine 11 (2015) 379–389, https://doi.org/10.1016/j.nano.2014.09.002.
[25] A. Wang, W. Yu, Z. Huang, F. Zhou, J. Song, Y. Song, L. Long, M.P. Cifuentes,
M.G. Humphrey, L. Zhang, J. Shao, C. Zhang, Covalent functionalization of reduced
graphene oxide with porphyrin by means of diazonium chemistry for nonlinear
optical performance, Sci. Rep. 6 (2016), https://doi.org/10.1038/srep23325.
[26] K.C. Rustad, V.W. Wong, M. Sorkin, J.P. Glotzbach, M.R. Major, J. Rajadas,
M.T. Longaker, G.C. Gurtner, Enhancement of mesenchymal stem cell angiogenic
capacity and stemness by a biomimetic hydrogel scaﬀold, Biomaterials 33 (2012)
80–90, https://doi.org/10.1016/j.biomaterials.2011.09.041.
[27] K. Tamama, C.K. Sen, A. Wells, Diﬀerentiation of bone marrow mesenchymal stem
cells into the smooth muscle lineage by blocking ERK/MAPK signaling pathway,
Stem Cells Dev. 17 (2008) 897–908, https://doi.org/10.1089/scd.2007.0155.
[28] G.D. Winter, Some factors aﬀecting skin and wound healing, J. Tissue Viability 16
(2006) 20–23, https://doi.org/10.1016/S0965-206X(06)62006-8.
[29] A. Chandra, S. Lan, J. Zhu, V.A. Siclari, L. Qin, Epidermal growth factor receptor
(EGFR) signaling promotes proliferation and survival in osteoprogenitors by increasing early growth response 2 (EGR2) expression, J. Biol. Chem. 288 (2013)
20488–20498, https://doi.org/10.1074/jbc.M112.447250.
[30] N. Khanbanha, F. Atyabi, A. Taheri, F. Talaie, M. Mahbod, R. Dinarvand, Healing
eﬃcacy of an EGF impregnated triple gel based wound dressing: in vitro and in vivo
studies, Biomed. Res. Int. 2014 (2014) 1–10, https://doi.org/10.1155/2014/
493732.
[31] C. Cunha, S. Panseri, S. Antonini, Emerging nanotechnology approaches in tissue
engineering for peripheral nerve regeneration, Nanomedicine 7 (2011) 50–59,
https://doi.org/10.1016/j.nano.2010.07.004.
[32] R. Godawat, S.N. Jamadagni, S. Garde, Characterizing hydrophobicity of interfaces
by using cavity formation, solute binding, and water correlations, Proc. Natl. Acad.
Sci. 106 (2009) 15119–15124, https://doi.org/10.1073/pnas.0902778106.
[33] K. Priyadarsini, The chemistry of curcumin: from extraction to therapeutic agent,
Molecules 19 (2014) 20091–20112, https://doi.org/10.3390/
molecules191220091.
[34] C. Mohanty, S. Acharya, A.K. Mohanty, F. Dilnawaz, S.K. Sahoo, Curcumin-encapsulated MePEG/PCL diblock copolymeric micelles: a novel controlled delivery
vehicle for cancer therapy, Nanomedicine 5 (2010) 433–449, https://doi.org/10.
2217/nnm.10.9.
[35] M. Elsabahy, K.L. Wooley, Cytokines as biomarkers of nanoparticle immunotoxicity,
Chem. Soc. Rev. 42 (2013) 5552, https://doi.org/10.1039/c3cs60064e.
[36] R.-M. Mège, J. Gavard, M. Lambert, Regulation of cell–cell junctions by the cytoskeleton, Curr. Opin. Cell Biol. 18 (2006) 541–548, https://doi.org/10.1016/j.
ceb.2006.08.004.
[37] X. Liu, J. Qin, Q. Luo, Y. Bi, G. Zhu, W. Jiang, S.H. Kim, M. Li, Y. Su, G. Nan, J. Cui,
W. Zhang, R. Li, X. Chen, Y. Kong, J. Zhang, J. Wang, M.R. Rogers, Cross-talk between EGF and BMP9 signalling pathways regulates the osteogenic diﬀerentiation
of mesenchymal stem cells, J. Cell. Mol. Med. (2013), https://doi.org/10.1111/
jcmm.12097 n/a-n/a.
[38] S. Guo, L.A. DiPietro, Factors aﬀecting wound healing, J. Dent. Res. 89 (2010)
219–229, https://doi.org/10.1177/0022034509359125.
[39] A. Desmouliere, I.A. Darby, B. Laverdet, F. Bonté, Fibroblasts and myoﬁbroblasts in
wound healing, Clin. Cosmet. Investig. Dermatol. (2014) 301, https://doi.org/10.
2147/CCID.S50046.
[40] G.S. Sidhu, A.K. Singh, D. Thaloor, K.K. Banaudha, G.K. Patnaik, R.C. Srimal,
R.K. Maheshwari, Enhancement of wound healing by curcumin in animals, Wound
Repair Regen. 6 (1998) 167–177, https://doi.org/10.1046/j.1524-475X.1998.
60211.x.
[41] K. Anderson, R.L. Hamm, Factors that impair wound healing, J. Am. Coll. Clin.
Wound Specialists 4 (2012) 84–91, https://doi.org/10.1016/j.jccw.2014.03.001.

[5] V. Mundra, I.C. Gerling, R.I. Mahato, Mesenchymal stem cell-based therapy, Mol.
Pharm. 10 (2013) 77–89, https://doi.org/10.1021/mp3005148.
[6] T. Ma, Mesenchymal stem cells: from bench to bedside, World J. Stem Cells 2
(2010) 13, https://doi.org/10.4252/wjsc.v2.i2.13.
[7] S. Lee, E. Choi, M.-J. Cha, K.-C. Hwang, Cell adhesion and Long-term survival of
transplanted mesenchymal stem cells: a prerequisite for cell therapy, Oxidative
Med. Cell. Longev. 2015 (2015) 1–9, https://doi.org/10.1155/2015/632902.
[8] Y.W. Eom, J.-E. Oh, J.I. Lee, S.K. Baik, K.-J. Rhee, H.C. Shin, Y.M. Kim, C.M. Ahn,
J.H. Kong, H.S. Kim, K.Y. Shim, The role of growth factors in maintenance of
stemness in bone marrow-derived mesenchymal stem cells, Biochem. Biophys. Res.
Commun. 445 (2014) 16–22, https://doi.org/10.1016/j.bbrc.2014.01.084.
[9] F. Hu, X. Wang, G. Liang, L. Lv, Y. Zhu, B. Sun, Z. Xiao, Eﬀects of epidermal growth
factor and basic ﬁbroblast growth factor on the proliferation and osteogenic and
neural diﬀerentiation of adipose-derived stem cells, Cell. Reprogram. 15 (2013)
224–232, https://doi.org/10.1089/cell.2012.0077.
[10] A. Youssef, D. Aboalola, V.K.M. Han, The roles of insulin-like growth factors in
mesenchymal stem cell niche, Stem Cells Int. 2017 (2017) 1–12, https://doi.org/10.
1155/2017/9453108.
[11] R.J. Bodnar, Epidermal growth factor and epidermal growth factor receptor: the yin
and Yang in the treatment of cutaneous wounds and cancer, Adv. Wound Care 2
(2013) 24–29, https://doi.org/10.1089/wound.2011.0326.
[12] W.T. Lawrence, R.F. Diegelmann, Growth factors in wound healing, Clin. Dermatol.
12 (1994) 157–169.
[13] M. Rodrigues, L.G. Griﬃth, A. Wells, Growth factor regulation of proliferation and
survival of multipotential stromal cells, Stem Cell Res Ther 1 (2010) 32, https://doi.
org/10.1186/scrt32.
[14] R. Zhao, H. Liang, E. Clarke, C. Jackson, M. Xue, Inﬂammation in chronic wounds,
Int. J. Mol. Sci. 17 (2016) 2085, https://doi.org/10.3390/ijms17122085.
[15] G. Guo, X. Li, X. Ye, J. Qi, R. Fan, X. Gao, Y. Wu, L. Zhou, A. Tong, EGF and
curcumin co-encapsulated nanoparticle/hydrogel system as potent skin regeneration agent, Int. J. Nanomedicine Volume 11 (2016) 3993–4009, https://doi.org/10.
2147/IJN.S104350.
[16] G. Gainza, W.S. Chu, R.H. Guy, J.L. Pedraz, R.M. Hernandez, B. Delgado-Charro,
M. Igartua, Development and in vitro evaluation of lipid nanoparticle-based dressings for topical treatment of chronic wounds, Int. J. Pharm. 490 (2015) 404–411,
https://doi.org/10.1016/j.ijpharm.2015.05.075.
[17] C. Mohanty, M. Das, S.K. Sahoo, Sustained wound healing activity of curcumin
loaded oleic acid based polymeric bandage in a rat model, Mol. Pharm. 9 (2012)
2801–2811, https://doi.org/10.1021/mp300075u.
[18] M. Dai, X. Zheng, X. Xu, X. Kong, X. Li, G. Guo, F. Luo, X. Zhao, Y.Q. Wei, Z. Qian,
Chitosan-alginate sponge: preparation and application in curcumin delivery for
dermal wound healing in rat, J. Biomed. Biotechnol. 2009 (2009) 1–8, https://doi.
org/10.1155/2009/595126.
[19] X. Wei, X. Yang, Z. Han, F. Qu, L. Shao, Y. Shi, Mesenchymal stem cells: a new trend
for cell therapy, Acta Pharmacol. Sin. 34 (2013) 747–754, https://doi.org/10.
1038/aps.2013.50.
[20] F. Atashi, A. Modarressi, M.S. Pepper, The role of reactive oxygen species in mesenchymal stem cell adipogenic and osteogenic diﬀerentiation: a review, Stem Cells
Dev. 24 (2015) 1150–1163, https://doi.org/10.1089/scd.2014.0484.
[21] A. Singh, S. Jain, S. Senapati, R.S. Verma, S.K. Sahoo, Magnetic nanoparticles labeled mesenchymal stem cells: a pragmatic solution toward targeted cancer theranostics, Adv. Healthc. Mater. 4 (2015) 2078–2089, https://doi.org/10.1002/
adhm.201500343.
[22] C. Mohanty, S.K. Sahoo, The in vitro stability and in vivo pharmacokinetics of
curcumin prepared as an aqueous nanoparticulate formulation, Biomaterials 31
(2010) 6597–6611, https://doi.org/10.1016/j.biomaterials.2010.04.062.
[23] J. Suk Choi, H. Sang Yoo, Electrospun nanoﬁbers surface-modiﬁed with ﬂuorescent
proteins, J. Bioact. Compat. Polym. 22 (2007) 508–524, https://doi.org/10.1177/
0883911507081101.

10

