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ABSTRACT

Management of diabetic wounds remains a major challenge in the medical field, mostly due to incom-
petent outcomes of treatments. Curcumin has been documented as anti-inflammatory, antioxidant,
antimicrobial and antineoplastic agent in addition to wound healing activities. However, its poor aque-
ous solubility and impaired skin permeation handicap its topical pharmaceutical usage. Hydrogel loaded
curcumin nanoparticle (Cur-NP/HG) could overcome this pitfall and enable extended topical delivery of
curcumin. Rat model of diabetes mellitus (DM) type I was induced using single injection of 70 mg/kg
streptozotocin (STZ) followed by full thickness skin wound. Rats were divided into 4 groups. Gpl: control
non-diabetic, GplI: diabetic non-treated, GpllII: diabetic treated with topical curcumin hydrogel (Cur/HG)
and GpIV: diabetic treated with topical Cur-NP/HG. Histological assessment of epidermal regeneration,
dermo-epidermal junction, leukocyte infiltration and collagen deposition, in addition to immunohisto-
chemical staining for vascular endothelial growth factor (VEGF) and aquaporin-3 (AQP3) were performed.
Diabetic rat possessed impaired wound closure, persistence of inflammation and decreased collagen
deposition as compared to non-diabetic control. Application of Cur/HG induced partial improvement of
the healing process in diabetic rats. Cur-NP/HG treatment provoked obvious improvement of the healing
process with complete re-epithelization, intact dermo-epidermal junction, reorganization of the dermis
with significantly increased collagen deposition and VEGF and AQP3 expression. These results illustrated
that Cur-NP/HG have effectively improved the healing process in diabetic skin wound with substantial
differences in the wound healing kinetics compared to wounds that received Cur/HG.

© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

ious causes, wound chronicity is mainly connected with diabetes,
atherosclerosis, vasculitis and trauma (Morton and Phillips, 2016).

Typical healing of a skin wound is a dynamic multicellular
process that requires incorporation of complex molecular and
biological events. It comprises four distinct overlapping phases:
hemostasis, inflammation, proliferation and remodelling (Hamed
et al., 2010). Corruption of such processes at any phase would lead
to impaired healing or even chronicity of the wound. Among var-

Abbreviations: AQPs, aquaporins; Ab, antibody; ANOVA, analysis of variance;
AQP3, aquaporin-3; CT, connective tissue; Cur/HG, curcumin hydrogel; Cur-NP/HG,
hydrogel loaded curcumin nanoparticle; DM, diabetes mellitus; ECM, extracellular
matrix; H&E, hematoxylin and eosin; NPs, nanoparticles; SD, standard deviations;
SPSS, Statistical Package of Social Science; STZ, streptozotocin; VEGF, vascular
endothelial growth factor.
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Diabetes mellitus is the most prevalent cause of impaired
healing of skin wounds. Alarming data showed that 85% of non-
healing diabetic foot ulcers eventually require amputation (Lipsky,
1999). There are divers factors that join all diabetic ulcerations
and impedes proper wound healing as vascular insufficiency, poor
vessel proliferation, impaired immunity (Okonkwo and DiPietro,
2017), and defective growth factors production and collagen accu-
mulation (Xu et al., 2017).

Curcumin (diferuloylmethane), a natural hydrophobic polyphe-
nol, is an orange-yellow crystalline compound and the active
ingredient of turmeric. Curcumin has been found to exhibit
anti-inflammatory, antioxidant, antimicrobial and antineoplas-
tic properties in addition to wound healing activities (Gupta
et al., 2013). However, poor aqueous solubility and impaired
skin permeation of curcumin, in addition to its rapid metabolism
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profile handicaps its topical pharmaceutical usage (Kumar and
Punniamurthy, 2017).

Nanotechnology is a speedily growing interesting field with a
great promise in modern science and medicine. It deals with tiny
materials known as nanoparticles (NPs) having size ranging from
1 to 100 nm. This possesses high surface area compared to volume
which improves the physical, chemical, optical and electronic prop-
erties of the materials (Hussain et al., 2017). Recently, NPs have
been considered as novel candidates for improving the intracel-
lular drug delivery, subcellular targeting and crossing inaccessible
various anatomical and physiological barriers (Dende et al., 2017).
Several studies have been developed to provide suitable nanoform
delivery system for curcumin as nanosuspension, nanoemulsion,
solid-lipid nanoparticles and hydrogel nanoparticles (Dutta and
[kiki, 2013). Curcumin nanoforms have been described for their
increased solubility, bioavailability and stability which recommend
them as therapeutic agent against a wide spectrum of diseases
(Yadav et al., 2018).

Vascular endothelial growth factor (VEGF) is considered as one
of the most pivotal growth factor for wound healing. It is produced
by keratinocytes, macrophages and fibroblast in response to pro-
inflammatory cytokines at early stage of wound healing and acts
on angiogenesis and tissue granulation (Jodo De Masi et al., 2016).

Aquaporins (AQPs) are a family of transmembrane proteins that
transport water, small solutes such as glycerol and ions across cell
membranes. Thirteen AQPs (AQP0-12) have been detected in differ-
ent organs such as the nervous, renal, cardiovascular, respiratory,
reproductive, digestive, musculoskeletal, and integumentary sys-
tems (Day et al., 2014).They are categorized into three groups:
water channel (AQPO, 1, 2, 4, 5, and 8), aquaglyceroporins (AQP3,
7, 9, and 10), and unorthodox AQPs (AQP6, 11, and 12) (Rojek
etal., 2008). AQP3 is a water/glycerol-transporting channel protein
expressed in the skin epidermis mainly in the basal layer of normal
skin but not the stratum corneum (Hara-Chikuma and Verkman,
2008). Their synthesis occurs early in basal cells with a predominant
cytoplasmic accumulation. While keratinocyte differentiation pro-
ceeded upwards, AQP3 is trans-located to the plasma membrane.
No AQP3 expression is found in skin dermis, where water can dif-
fuse rapidly due to its loose architecture and the highly hydrated
glycosaminoglycans contents (Sougrat et al., 2002) and (Sebastian
et al., 2015). They have been demonstrated to play a role in cell
proliferation, migration, immunity, and wound healing in addition
to skin hydration (Ikarashi et al., 2017).

2. Experimental design
2.1. Animals

Forty adult male albino rats weighing (150-200gm) were
included in the study. The animals were bred in the Animal House
of Faculty of Medicine, Cairo University. All procedures were held
under ethical guidelines of animal care and approved by the Ani-
mal Care and Use Committee of Cairo University. The animal were
divided into non-diabetic rats (n=10) and diabetic rats (n=30).

2.2. Induction of diabetes

Thirty rats were injected with STZ freshly dissolved in 10 mM
citrate buffer (pH 4.5) in a dose of 70 mg/kg body weight via
the tail vein. During the first 2 days following STZ injection, rats
were allowed for free access to glucose 20% orally. After 2 days,
the STZ-injected rats were tested for elevated blood glucose lev-
els by blood samples. The animals displaying blood glucose more
than 250 mg/dl were considered to be diabetic and included in the
present study (Zhang et al., 2016).

2.3. Induction of excisional skin wound

One week after inducing diabetes, full thickness excisional
skin wound on the back of all rats were performed. The rats
were anesthetized using ketamine (50 mg/kg/rat) and the back
hair was shaved. The outline of a standard wound per rat, each
6 mm in diameter, was drawn by a surgical marker pen. Then
full thickness excisional wounds were made using scalpel blade
reaching down to the muscle layer (Jodo De Masi et al., 2016)
and the induced wounds were left open. The rats were admin-
istered buprenorphine 0.05 mg/kg intraperitoneal injection, every
8-12h as post-operative analgesics (Suckow et al., 2017). Contin-
uous observation was done to make sure that the rats did not wipe
away the hydrogel. In addition, the wound site was high along their
back near the back of the neck, away from their reach.

2.4. Synthesis of Curcumin Nanoparticles-Hydrogel (Cur-NP/HG)

Curcumin (Sigma Aldrish, Egypt) and curcumin nanoparti-
cles (NT-Cur-NP, NanoTech Egypt for Photo-Electronics, City of 6
October, Egypt) were purchased in the form of yellowish pow-
der. The size of Cur-NP is 30 4+ 5 nm with spherical like shape and
they are freely water soluble. Curcumin and Cur-NP, each was
loaded into N,0-carboxymethyl CS/oxidized alginate hydrogel to
form a gel-forming composite (Li et al., 2012), with concentration
of 7.5 mg/ml (Krausz et al., 2015).

2.5. Groups and treatment

The animals were divided into four groups (n=10 rats/group)
each were kept in separate wire cages at room temperature, fed ad
libitum and allowed for free water supply.

e Group I (C): non-diabetic rats with non-treated skin wound.

e Group II (D): diabetic rats with non-treated skin wound.

e Group Il (D+ Cur/HG): diabetic rats treated with 1 ml of curcumin
hydrogel (Cur/HG) at a dose of 7.5 mg/ml. It was applied topically
on the skin wound once daily for two weeks.

e Group IV (D+ Cur-NP/HG): diabetic rats treated with 1 ml of Cur-
NP/HG at a dose of 7.5 mg/ml. It was applied topically on the skin
wound once daily for two weeks.

3. Evaluation of wound closure

Wound closure size was determined on days 1 and 14. The
area of the wound left unhealed was measured using a traditional
millimeter graded ruler. All rats were photographed and the per-
centage (%) of wound closure was assessed using the Wilson'’s
formula stated as % of wound closure =[(Area on 1day — Area of
X days)/Area on 1day] x 100% (Byrnes et al., 2004). Percentage of
wound closure was presented as mean + standard deviations (SD)

and analysed using one-way analysis of variance (ANOVA).

4. Histological studies

The animals were euthanized by an intraperitoneal injection of
a pentobarbital overdose (Zhou et al., 2017) after 2 weeks of wound
induction. Skin specimens were obtained from the widest area of
the wound tissue with surrounding normal skin margin and fixed
in 10% formol saline for 1 day. Paraffin blocks were processed and
5 wm thick sections were subjected to the following studies:

1. Hematoxylin and eosin (H&E) staining to determine structural
changes.
2. Masson'’s trichrome stain to determine collagen deposition.
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Fig. 1. Gross morphology of diabetic wound size at day 1 and day 14 showing acceleration of the wound healing with Cur/HG (e,f) and Cur-NP/HG (g,h) treatment. (C): control

group (a,b), (D): diabetic group (c,d).

3. Immunohistochemical staining for VEGF and AQP3. Polyclonal
anti-VEGF antibody (Ab) (Thermo Scientific; Cat. # RB-222-R7),
and Polyclonal anti-AQP3 Ab (abcam; Cat. # ab153694) were
used. Deparaffinized and rehydrated sections were incubated
with 3% H202 for 10 min then put into citrate buffer solution
(pH 6.0) and heated twice to recover the antigen. Then, washing

twice with PBS (pH 7.2-7.6) was done. Application of the pri-
mary (1ry) antibodies was followed by incubation in humidity
chamber for about an hour at room temperature, and then incu-
bated with biotinylated secondary Ab (Thermo Scientific; Cat. #
TP-060-BN). Sections were co-stained with Meyer’s hematoxylin
to visualize the nucleus.
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Fig. 2. Photomicrograph of H&E stained sections (x40) showing accelerative effect of Cur-NP/HG on re-epithelization and granulation tissue formation in diabetic skin
wound. (a): GpI showing complete bridging by newly formed epithelial cells (arrowheads) with superficial horny layer. (b): GplI displaying failed re-epithelization of the
epidermis and wide disorganized granulation tissue (star) filling the incisional space. (c): GpIIl demonstrating epithelial cells migration beneath the scab but without bridging
the whole incision, inflammatory cells infiltration (wavy arrow) and granulation tissue (star) invaded with newly formed blood vessels (thin arrows). (d): GpIV exhibiting
complete re-epithelization with complete differentiation of epidermal cells and formation of horny layer over the entire wound. (Thick arrow: the edge of the wound). Scale

bar 200 pm.

5. Morphometry and statistical analysis

Using “Leica Qwin 500 C” image analyser (Cambridge, UK),
assessment of the followings was performed:

a. The area percent (%) of collagen deposition in 10 non-
overlapping low power fields (x10)/rat.

b. The area % of VEGF +ve immunostainig in 10 non-overlapping
high power fields (x400)/rat.

Quantitative data were summarized as means +SD and com-
pared using ANOVA followed by post-Hoc analysis (Tukey test).
The probability value < 0.05 was considered statistically significant.
Calculations were made on Statistical Package of Social Science
software (SPSS), version 19 (Chicago, CA).

6. Results
6.1. Cur-NP/HG accelerated the wound closure

Accelerated wound closure was observed in control and cur-
cumin treated groups as compared to the diabetic non-treated
group (33.3%) (Fig. 1). Diabetic rats that received Cur-NP/HG
showed a higher rate of wound closure (93.3%) compared to Cur/HG
group (58.3%).

6.2. Histological staining

6.2.1. H&E: Cur-NP/HG improved re-epithelization and the
reorganization of the dermis in diabetic wound:

The histological analysis of the healing process in control group
(GpI) demonstrated complete re-epithelization of the wound. The
full differentiation of keratinocytes was confirmed by the presence
of keratinized layer (cells devoid of nuclei) above the nucle-
ated epithelial cells. In addition, intact dermo-epidermal junction,
reorganization of the dermis and formation of appendage-like
structures were observed (Figs.2a and 3a ). Meanwhile, the skin
wound in diabetic non-treated group (GpllI) showed failed re-
epithelization of the epidermis, pronounced leukocytic infiltration
and disorganized granulation tissue filling the incisional space
(Figs.2b and 3b).

Treatment of the diabetic skin wound with curcumin hydro-
gel for 2 weeks in GpIII accelerated the healing process to some
extent provided by partial re-epithelization of the epidermis and
detected luminized blood vessels. However, separation at the
dermo-epidermal junction and mild inflammatory infiltrate were
noted (Figs.2c and 3c).

Application of topical Cur-NP/HG on diabetic skin wound for 2
weeks in GpIV exhibited accelerated healing process. This was clar-
ified by complete re-epithelization with complete differentiation
of epidermal cells over the entire wound area with intact dermo-
epidermal junction and reorganization of the dermis (Figs.2d and
3d).
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Fig. 3. Higher magnification of H&E stained sections (x200) showing: (a): Gpl illustrating intact dermo-epidermal junction, reorganization of the dermis and formation
of appendage-like structure (arrowhead). (b): GplIlI with pronounced leukocyte infiltration (arrows) on the surface of the wound gap. (c): GpllI displaying keratinocytes
differentiation with overlaying horny layer, separation at the dermo-epidermal junction (asterix) and arrays of luminized blood vessels. (d): GpIV exhibiting nearly complete
differentiation of epidermal cells with intact dermo-epidermal junction. Scale bar 50 pwm.

6.2.2. Masson’s trichrome: Cur-NP/HG enhanced collagen
deposition in diabetic wound

Compact collagen bundles formation was found in non-diabetic
non treated group (Gpl). While diabetic non treated skin wounds
demonstrated fine immature collagen deposition exhibiting ran-
domly scattered manner with significant decrease in the mean area
% of collagen deposition as compared to other groups. GpIll showed
fine more organized collagen deposition in the incisional space as
compared to GpIl. While in GpIV, more mature properly organized
collagen deposition was detected with significant increase in the
area % of collagen deposition as compared to GplII and III (Figs.4
and 6a).

6.3. Immunohistochemistry staining

6.3.1. VEGF: Cur-NP/HG increased VEGF expression

Control and curcumin treated groups revealed significant
increase in VEGF +ve immunostaining detected in keratinocytes,
endothelium, connective tissue (CT) cells and extracellular matrix
(ECM) as compared to diabetic non treated groups. However, there
was significant difference between Cur/HG and Cur-NP/HG treated
groups (Figs.5 6b).

6.3.2. AQP3: Cur-NP/HG increased AQP3 expression in
keratinocytes:

Diabetic skin wound showed negative immunostaining of AQP3.
Cur/HG treated group showed +ve AQP3 cells with membranous
reaction in startum basale and few intermediate layers. Meanwhile,
Cur-NP/HG treated group expressed substantial strong +ve AQP3
membranous reaction in the keratinocytes of the basal and many
intermediate layers of the regenerated epidermis that was compa-
rable to the control group. Some intracellular staining was observed
in basal cell layer (Fig. 7).

7. Discussion

The present study demonstrates the efficacy of therapeutic top-
ical application of Cur-NP in diabetic skin wound using a gel-based
formulation. This work succeeded in modeling Type I diabetes
within 2 weeks by using STZ, which was verified by high sugar blood
level, before inducing skin wound. Animal models have been doc-
umented to assess the healing process of excisional, incisional and
burn wounds (Mehrabani et al., 2015). However, the rat model for
excisional wound is considered the most common as the wound
induction is modest and various stages such as scar formation,
epithelialization, and angiogenesis can be distinctly assessed (Zhou
etal, 2017).

The diabetic skin wounds untreated after 2 weeks exhibited
ulceration, inflammation, defective granulation tissue formation
and significant decrease in the collagen deposition with randomly
scattered manner. It has been stated that impaired new blood ves-
sels formation in diabetes retards the healing process and induces
the ulceration (Bodnar, 2015). Diabetes retards all phases of wound
healing; the inflammatory stage through compromising the immu-
nity (Park and Lim, 2011); the proliferative stage via dysfunction of
fibroblasts, collagen deposition, and defective neovascularization,
and the remodelling stage involving defective reestablishment of
tissue structural integrity (Zhou et al., 2017). Diabetic wound is
associated with inadequate ECM production with dermal protein
profile favouring proteolysis. This was attributed to up-regulation
of the activated matrix metalloproteinase. Subsequently, collagen
content in diabetic wound decrease and deteriorates the healing
process (Xu et al., 2017).

Application of Cur/HG and Cur-NP/HG to diabetic wound
for 2 weeks significantly accelerated the healing process, yet
in different efficacy rating. Curcumin hydrogel induced partial
re-epithelization and luminized blood vessels, the hallmarks of
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Fig.4. Photomicrograph of Masson'’s trichrome stained sections showing improving effect of Cur-NP/HG on collagen deposition in diabetic skin wound. Gpl (a and b): intense
staining of collagen bundle in the reticular layer of the dermis (arrows). GplI (c and d): fine sparsely distributed collagen fibrils deposition (arrowheads) in the granulation
tissue. GplII (e and f): properly oriented fine collagen deposition (arrowheads) parallel to the epidermis. GpIV (g and h): displaying increased density of collagen deposition
(arrowheads) intermingling between the cells and the scattered vascular channels. (a, ¢, e and g x100, b,d,f and h x400). Scale bar 100 m and 20 pm.

proliferative phase. Cur-NP/HG treatment exhibited completely
finished re-epithelization and remodelling of the granulation tis-
sue. It was postulated that maturation and remodelling stage of
wound healing is recognized by a reduction of the cell population

and increasing the collagen organization in granulation tissue to
facilitate wound contraction (Kumar et al., 2018).

Curcumin enhance wound healing by alleviating the release
of inflammatory cytokines, accelerating formation of granula-
tion tissue and neovascularization, and increasing growth factors
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Fig. 5. Photomicrograph of VEGF immunohistochemistry (x400) illustrating showing enhancing effect of Cur-NP/HG on VEGF expression in diabetic skin wound. GpI (a and
b): extensive VEGF +ve immunostaining in numerous keratinocytes (arrowheads), in addition to endothelium (curved arrows), CT cells (thin arrows) and ECM (wavy arrows).
GplI (c and d): minimal +ve immunostaining in the endothelial cells (curved arrows), and CT cells (thin arrows) and ECM (wavy arrows). GpllI (e and f): +ve immunostainin in
many keratinocytes (arrowheads), besides endothelium (curved arrows), CT cells (thin arrows) and ECM (wavy arrows). GpIV (g and h): marked VEGF +ve immunostaining
in numerous keratinocytes (arrowheads), endothelium (curved arrows), CT cells (thin arrows) and ECM (wavy arrows). Scale bar 20 pm.

biosynthesis and ECM proteins, such as collagen (Kulac et al., rapid degradation profile by hydrolysis (Akbik et al., 2014). This
2013). Unfortunately, although its well-known strong anti-oxidant, required establishment of suitable vehicle to apply stability and
anti-inflammatory and anti-microbial properties, curcumin dermal solubility of curcumin with sustained release manner to ensure the
delivery is impeded by hydrophobicity, poor skin permeation and
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Fig. 6. Quantification of the mean area % of: (a) collagen deposition in Masson’s trichrome stained sections, (b) VEGF immunohistochemistry. * Significant decrease as
compared to other groups. # Significant decrease as compared to C and D + Cur-NP/HG groups. $ Significant decrease as compared to C.

Fig. 7. Photomicrograph of AQP3 immunohistochemistry (x400) showing enhancing effect of Cur-NP/HG on AQP3 expression in diabetic skin wound. Gpl (a): strongly
stained plasma membranes of keratinocytes in the basal and intermediate layers of the epidermis. Some intracellular staining is observed in stratum basale of the epidermis
(arrowheads). GplI (b): negative immunostaining of AQP3 in the wound area. GpllII (c): +ve immunostaining of plasma membranes of keratinocytes in the stratum basale
and few intermediate layers. GplIV (d): strong +ve staining of plasma membranes of keratinocytes in the basal and intermediate layers with some intracellular staining

(arrowheads). Scale bar 20 pm.

maximum therapeutically effects on skin wounds (El-Refaie et al.,
2015).

Hydrogel formulation facilitated topical application of biologi-
cal molecules, yet rapid release profile of the active ingredients was
still observed in this formulation (Demirci et al., 2015). Nanotech-
nology has provided drug delivery systems with sustained release
profile of the molecules. Subsequently, topical application of drug
nanoforms alleviated the rapid leakage of the biological molecules
from the wound site. Nanogel composite was documented to accel-
erate skin penetration and dermal localization of curcumin while
preventing its degradation (El-Refaie et al., 2015). Moreover, Cur-
NP demonstrated antimicrobial activity in in murine burn model
(Krausz et al., 2015) and low cytotoxicity in vitro (Li et al. 2016)
with enhanced anti-oxidant property indicating its effectiveness
and safety administration in wound management (Hussain et al.,
2017).

Topical treatment of the diabetic skin wounds with Cur/HG and
Cur-NP/HG substantially increased the tissue VEGF compared to
non-treated wounds. Diabetes is associated with defective angio-
genesis in different organs, with imperfect activity occurring in
impaired wound healing. In agreement with the present study, it
was reported that delayed diabetic wound closure 12 days post-
injury in rat model was associated with reduced VEGF (Hamed
et al.,, 2010). The VEGF stimulates degradation of the ECM of exist-
ing blood vessels, by proteases. Thus, providing tube proliferation
for endothelial cells and enhance their migration and prolifera-
tion for new vessels with subsequent penetration of the wound
site (Mohammad et al., 2008). It provides mitogenic and angiogenic
effects on the endothelial cells via binding to the membrane (Zhou
etal., 2017).

Curcumin was reported to increase micro-vessels density in dia-
betic wounds associated with up-regulation of VEGF and CD31, the
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marker of endothelial progenitors, on day 3, 7 and 14. Thus, indicat-
ing curcumin-induced angiogenesis through VEGF pathway (Kant
et al., 2015). Recent study postulated that Cur-NP has more pow-
erful effect on neovascularization and endothelial cells migration
and proliferation which hasten wound healing (Liu et al., 2018).

In the present work, negative immunostaining of AQP3 was
associated with impaired keratinocytes proliferation and migra-
tion in diabetic skin wound. Meanwhile, Cur/HG and Cur-NP/HG
treatment showed substantial strong +ve AQP3 in the keratinocytes
of the regenerated epidermis. AQP3 expression is up-regulated in
skin stress indicating enhancement of keratinocyte proliferation
(Nakahigashi et al., 2011). Re-epithelialization is a critical step for
wound healing that involves migration and proliferation of ker-
atinocytes from the surrounding epidermis and skin appendages
like hair follicles and sweat glands. These events are thought to be
adjusted mainly by AQP3 (Ishida et al., 2018).

The dermoepidermal junction is a unique anchoring structure
which links basal keratinocytes to basement membrane through
integrin combinations. The integrin combinations are expressed by
mature basal keratinocytes. Collagen VII in basement membrane
then is linked to fibrous matrix elements (as: collagens) to com-
plete the anchoring complex to the papillary dermis (Lonnqvist
etal., 2015). The separation in this junction could be related to focal
incomplete differentiation of keratinocytes. The illustrated differ-
ence between Gplll and GplIV in AQP3 expression, which has been
demonstrated to play a pivotal role in keratinocytes proliferation,
migration and differentiation (Ikarashi et al., 2017), could explain
the detected focal separation in Gplll and continuous stability of
dermoepidermal junction in GplIV. In addition, the fine collagen
deposition detected in Gplll could be another reason for this separa-
tion. Meanwhile, GplV displayed more mature properly organized
collagen deposition.

8. Conclusion

Curcumin nanoparticles/hydrogel composite showed much
fasterrecovery of diabetic skin wound via increasing wound closure
rate, granulation tissue formation, collagen deposition, VEGF pro-
duction and AQP3 expression compared with conventional Cur/HG.
Cur-NP/HG could be considered as a promising therapeutic candi-
date for diabetic skin wounds.

References

Akbik, D., Ghadiri, M., Chrzanowski, W., Rohanizadeh, R.,2014. Curcumin as a wound
healing agent. Life Sci. 116, 1-7.

Bodnar, RJ., 2015. Chemokine regulation of angiogenesis during wound healing.
Adv. Skin Wound Care 4, 641-650.

Byrnes, K.R., Barna, L., Chenault, V.M., Waynant, RW., Ilev, LK., Longo, L., Miracco, C.,
Johnson, B., Anders, J.J., 2004. Photobiomodulation improves cutaneous wound
healing in an animal model of type II diabetes. Photomed. Laser Surg. 22,
281-290.

Day, R.E.,Kitchen, P.,Owen, D.S., Bland, C., Marshall, L., Conner, A.C., Bill, R.M., Conner,
M.T., 2014. Human aquaporins: regulators of transcellular water flow. Biochim.
Biophys. Acta 1840, 1492-1506.

Demirci, S., Dogan, A., Karakus, E., Halc, Z., Topgu, A., Demirci, E., Sahin, F., 2015.
Boron and Poloxamer (F68 and F127) containing hydrogel formulation for burn
wound healing. Biol. Trace Elem. Res. 168, 169-180.

Dende, C., Meena, J., Nagarajan, P., Nagaraj, V.A., Panda, A.K., Padmanaban, G.,
2017. Nanocurcumin is superior to native curcumin in preventing degenerative
changes in Experimental Cerebral Malaria. Sci. Rep. 7, 10062.

Dutta, A.K, Ikiki, E., 2013. Novel drug delivery systems to improve bioavailability of
curcumin. J. Bioequiv. Bioavailab. 6, 1-9.

El-Refaie, W.M., Elnaggar, Y.S., EI-Massik, M.A., Abdallah, 0.Y.,2015. Novel curcumin-
loaded gel-core hyaluosomes with promising burn-wound healing potential
Development, in-vitro appraisal and in-vivo studies. Int. J. Pharm. 486, 88-98.

Gupta, S.C,, Patchva, S., Aggarwal, B.B., 2013. Therapeutic roles of curcumin: lessons
learned from clinical trials. AAPS J. 15, 195-218.

Hamed, S., Ullmann, Y., Masoud, M., Hellou, E., Khamaysi, Z., Teot, L., 2010. Topical
erythropoietin promotes wound repair in diabetic rats. . Invest. Dermatol. 130,
287-294.

Hara-Chikuma, M., Verkman, A.S., 2008. Roles of aquaporin-3 in the epidermis. J.
Invest. Dermatol. 128, 2145-2151.

Hussain, Z., Thu, H.E., Ng, S.F., Khan, S., Katas, H., 2017. Nanoencapsulation, an effi-
cient and promising approach to maximize wound healing efficacy of curcumin:
a review of new trends and state-of-the-art. Colloids Surf. B Biointerfaces 150,
223-241.

Ikarashi, N., Kon, R., Kaneko, M., Mizukami, N., Kusunoki, Y., Sugiyama, K., 2017.
Relationship between aging-related skin dryness and aquaporins. Int. J. Mol. Sci.
18, E1559.

Ishida, Y., Kuninaka, Y., Furukawa, F., Kimura, A., Nosaka, M., Fukami, M., Yamamoto,
H., Kato, T., Shimada, E., Hata, S., et al., 2018. Immunohistochemical analysis on
aquaporin-1 and aquaporin-3 in skin wounds from the aspects of wound age
determination. Int. J. Leg. Med. 132, 237-242.

Jodo De Masi, E.C., Campos, A.C., Jodo De Masi, F.D., Ratti, M.A,, Ike, LS., Jodo De Masi,
R.D., 2016. The influence of growth factors on skin wound healing in rats. Braz.
J. Otorhinolaryngol. 82, 512-521.

Kant, V., Gopal, A,, Kumar, D., Pathak, N.N., Ram, M., Jangir, B.L., Tandan, S.K., Kumar,
D., 2015. Curcumin-induced angiogenesis hastens wound healing in diabetic
rats. J. Surg. Res. 193, 978-988.

Krausz, A.E., Adler, B.L, Cabral, V., Navati, M., Doerner, J., Charafeddine, R.A.,
Chandra, D., Liang, H., Gunther, L., Clendaniel, A., et al., 2015. Curcumin-
encapsulated nanoparticles as innovative antimicrobial and wound healing
agent. Nanomedicine. 11, 195-206.

Kulac, M., Aktas, C., Tulubas, F., Uygur, R., Kanter, M., Erboga, M., Ceber, M., Topcu, B.,
Ozen, 0.A., 2013. The effects of topical treatment with curcumin on burn wound
healing in rats. J. Mol. Histol. 44, 83-90.

Kumar, P.S., Punniamurthy, N.,2017. Formulation development and characterization
of curcumin loaded solid lipid nanoparticles forimproved aqueous solubility and
bioavailability. Pharma Innov. J. 6, 7-11.

Kumar, V., Abbas, AK., Aster, ].C. (Eds.), 2018. Robbin Basic Pathology. , 10th ed.
Elsevier, Philadelphia and Pennsylvania, p. 92.

Lonnqvist, S., Rakar, J., Briheim, K., Kratz, G., 2015. Biodegradable gelatin microcar-
riers facilitate re-epithelialization of human cutaneous wounds — An in vitro
study in human skin. PLoS One 10, e0128093.

Li, S., Chen, B., Zhang, M., Li, K,, Diao, Z., Zhang, J., Li, Y., Xu, X., Wang, H., 2012. In situ
injectable nanocomposite hydrogel composed of curcumin, N,O carboxymethyl
chitosan and oxidized alginate for wound healing application. Int. ]. Pharm. 437,
110-119.

Li, X,, Ye, X,, Qi, J,, Fan, R, Gao, X., Wuy, Y., Zhou, L., Tong, A., Guo, G., 2016. EGF
and curcumin co-encapsulated nanoparticle/hydrogel system as potent skin
regeneration agent. Int. J. Nanomed. 11, 3993-4009.

Lipsky, B.A., 1999. Evidence-based antibiotic therapy of diabetic foot infections.
FEMS Immunol. Med. Microbiol. 26, 267-276.

Liy, J., Chen, Z., Wang, J., Li, R, Li, T., Chang, M., Yan, F., Wang, Y., 2018. Encapsula-
tion of curcumin nanoparticles with MMP9-Responsive and thermos-sensitive
hydrogel improves diabetic wound healing. ACS Appl. Mater. Interfaces 10,
16315-16326.

Mehrabani, D., Farjam, M., Geramizadeh, B., Tanideh, N., Amini, M., Panjehshahin,
M.R., 2015. The healing effect of curcumin on burn wounds in rat. World J. Plast.
Surg. 4 (1), 29-35.

Mohammad, G., Pandey, H.P., Tripathi, K., 2008. Diabetic wound healing and its
angiogenesis with special reference to nanoparticles. Digest ]. Nanomater.
Biostruct. 3, 203-208.

Morton, L.M., Phillips, T.J., 2016. Wound healing and treating wounds: differential
diagnosis and evaluation of chronic wounds. J. Am. Acad. Dermatol. 74, 589-605.

Nakahigashi, K., Kabashima, K., [koma, A., Verkman, A.S., Miyachi, Y., Hara-Chikuma,
M., 2011. Upregulation of aquaporin-3 is involved in keratinocyte proliferation
and epidermal hyperplasia. J. Invest. Dermatol. 131, 865-873.

Okonkwo, U.A,, DiPietro, L.A., 2017. Diabetes and wound angiogenesis. Int. ]. Mol.
Sci. 18, E1419.

Park, N.Y., Lim, Y., 2011. Short term supplementation of dietary antioxidants selec-
tively regulates the inflammatory responses during early cutaneous wound
healing in diabetic mice. Nutr. Metab. (Lond.) 8, 1325-1326.

Rojek, A., Praetorius, J., Frekiaer, ]., Nielsen, S., Fenton, R.A., 2008. A current view of
the mammalian aquaglyceroporins. Annu Rev. Physiol. 70, 301-327.

Sebastian, R., Chau, E., Fillmore, P., Matthews, ]., Price, L.A., Sidhaye, V., Milner, S.M.,
2015. Epidermal aquaporin-3 is increased in the cutaneous burn wound. Burns
41, 843-847.

Sougrat, R., Morand, M., Gondran, C., Barré, P., Gobin, R., Bonté, F., Dumas, M., Ver-
bavatz, J.M., 2002. Functional expression of AQP3 in human skin epidermis and
reconstructed epidermis. J. Invest. Dermatol. 118, 678-685.

Suckow, M.A., Gobbett, T.A., Peterson, R.G., 2017. Wound healing delay in the ZDSD
rat. In Vivo 31, 55-60.

Xu, J., Zgheib, C., Hodges, M.M., Caskey, R.C., Hy, ]., Liechty, KW., 2017. Mesenchy-
mal stem cells correct impaired diabetic wound healing by decreasing ECM
proteolysis. Physiol. Genomics 49, 541-548.

Yadav, P., Bandyopadhyay, A., Chakraborty, A., Sarkar, K., 2018. Enhancement of
anticancer activity and drug delivery of chitosan-curcumin nanoparticle via
molecular docking and simulation analysis. Carbohydr. Polym. 182, 188-198.

Zhang, Y., McClain, S.A., Lee, H.M,, Elburki, M.S., Yu, H,, Gu, Y., Zhang, Y., Wolff, M.,
Johnson, F., Golub, L.M., 2016. A novel chemically modified curcumin “Normal-
izes” wound-healing in rats with experimentally induced type i diabetes: initial
studies. ]. Diabetes Res. 2016, 5782904.

Zhou, J., Ni, M,, Liu, X,, Ren, Z, Zheng, Z., 2017. Curcumol promotes vascu-
lar endothelial growth factor (VEGF)-mediated diabetic wound healing in
streptozotocin-induced hyperglycemic rats. Med. Sci. Monit. 23, 555-562.


http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0005
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0010
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0015
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0020
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0025
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0030
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0035
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0040
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0045
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0050
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0055
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0060
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0065
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0070
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0075
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0080
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0085
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0090
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0095
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0100
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0105
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0110
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0115
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0120
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0125
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0130
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0135
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0140
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0145
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0150
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0155
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0160
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0165
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0170
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0175
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0180
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0185
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0190
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195
http://refhub.elsevier.com/S0940-9602(18)30155-9/sbref0195

	Beneficial effect of Curcumin Nanoparticles-Hydrogel on excisional skin wound healing in type-I diabetic rat: Histological...
	1 Introduction
	2 Experimental design
	2.1 Animals
	2.2 Induction of diabetes
	2.3 Induction of excisional skin wound
	2.4 Synthesis of Curcumin Nanoparticles-Hydrogel (Cur-NP/HG)
	2.5 Groups and treatment

	3 Evaluation of wound closure
	4 Histological studies
	5 Morphometry and statistical analysis
	6 Results
	6.1 Cur-NP/HG accelerated the wound closure
	6.2 Histological staining
	6.2.1 H&E: Cur-NP/HG improved re-epithelization and the reorganization of the dermis in diabetic wound:
	6.2.2 Masson’s trichrome: Cur-NP/HG enhanced collagen deposition in diabetic wound

	6.3 Immunohistochemistry staining
	6.3.1 VEGF: Cur-NP/HG increased VEGF expression
	6.3.2 AQP3: Cur-NP/HG increased AQP3 expression in keratinocytes:


	7 Discussion
	8 Conclusion
	References


