Biomedical Materials

PAPER You may also like

LI . . - Preparation an aracterisation o
Transparent injectable sericin-honey hydrogel with — foiaiic ke siiccocou

Extract (Sericin)/PVA Based Smart fabric

antioxidant and antibacterial activities combined Vinha P, Divakar H N, Subbslsh KM et
with feeding sericin accelerates diabetic wound - Selfassembled sik sericinpolosarmer
healing heGromhobic and hrophiie cis for

targeted delivery
Biman B Mandal and S C Kundu
To cite this article: Yongkang Wei et al 2024 Biomed. Mater. 19 035008 - Demonstration of electronic synapses
using a sericin-based bio-memristor
Huanhuan Rong, Miaocheng Zhang, Xin
Liang et al.

View the article online for updates and enhancements.

BREATH
BIOPSY

Main talks

Early career
sessions

confere nce gm’é 6th November

Join the conference to explore the latest
challenges and advances in breath research,,\

you could even present your latest work! Posters

Register now for free!

This content was downloaded from IP address 18.118.37.240 on 21/05/2024 at 12:28


https://doi.org/10.1088/1748-605X/ad2ed4
https://iopscience.iop.org/article/10.1088/1757-899X/1189/1/012011
https://iopscience.iop.org/article/10.1088/1757-899X/1189/1/012011
https://iopscience.iop.org/article/10.1088/1757-899X/1189/1/012011
https://iopscience.iop.org/article/10.1088/0957-4484/20/35/355101
https://iopscience.iop.org/article/10.1088/0957-4484/20/35/355101
https://iopscience.iop.org/article/10.1088/0957-4484/20/35/355101
https://iopscience.iop.org/article/10.1088/0957-4484/20/35/355101
https://iopscience.iop.org/article/10.35848/1882-0786/acc0d2
https://iopscience.iop.org/article/10.35848/1882-0786/acc0d2
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsu-nWN_JGkeAiEaFp5npI-WWDGfAr0SwWuvwu6mDnuQ4eArlv3gSynH3UhacwiKx_Q097TRXGAn5pnevk8Vtzi79itKBOKgvHwdjGzuLK0sFZlKebTb2AiSPJC2ipd3lNkl7qiZZfHVcTu1ib_fkf8hu4BOguLxblWRqk9PRbWsHoANr94PES3OSZ9_5N6Gdm57KkXsHBPmv2sibPolo73jDTJG7xcGnUScPtPxtq_Vq4MLq0r09nVfFcYnjLo2xMTE4gzJtoHT4WHaFSD50cKchIdKsmXHuHd5H8uBaY-FLAbbcQqG-eVrwxiN8OsA5eboN3CXQmAOti1soEeE9RVwMGtmbGlu&sig=Cg0ArKJSzPzDIL-SCE6Z&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/about/events/breath-biopsy-conference-2024/%3Futm_source%3Diop%26utm_medium%3Dad-lg%26utm_campaign%3Dbbcon-bbcon24-reg%26utm_term%3Diop-journal

I0P Publishing

@ CrossMark

RECEIVED
14 November 2023

REVISED
22 February 2024

ACCEPTED FOR PUBLICATION
29 February 2024

PUBLISHED
8 March 2024

Biomed. Mater. 19 (2024) 035008

Biomedical Materials

PAPER

https://doi.org/10.1088/1748-605X/ad2ed4

Transparent injectable sericin-honey hydrogel with antioxidant and
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Abstract
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Wound healing in diabetics is often impaired or delayed due to the presence of high reactive oxygen
species and low antioxidant levels. Here, a sericin-honey semi-interpenetrating network hydrogel
with excellent antioxidant activity was prepared. Besides, the sericin-honey hydrogel is transparent,
injectable, sticky, highly porous, and has good swelling properties, antibacterial activity, and cell
compatibility. Based on its good performance in vitro, sericin-honey hydrogel achieved effective

in vivo treatment on a mouse diabetic wound model, significantly accelerating the wound healing
process. Furthermore, the combined effect of feeding sericin solution played a positive role in

strengthening the effect of diabetic wound repair.

1. Introduction

The number of adult diabetic patients in the world
has reached 450 million, accounting for about 6%.
The risk of chronic diabetic ulcers in diabetic patients
is 15%, and the prognosis of wounds is poor,
the recurrence rate is high, and it often leads to
amputation [1]. The medical expenses of patients
are high, and the long-term medical burden leads
to a decline of the quality of life [2]. The heal-
ing of chronic diabetic skin wounds is an extremely
complicated procedure. The interactions between dif-
ferent cells are involved in all stages of chronic
wound healing, including hemostasis, inflammation
inhibition, granulation tissue formation, vascular
remodeling, re-epithelialization, and remodeling [1].
The difficulty of diabetic wound healing is mainly
due to glucose metabolism caused by hypergly-
cemia, which causes white blood cells to produce
excessive reactive oxygen species (ROS), resulting in

© 2024 IOP Publishing Ltd

reduced cell proliferation, reduced collagen depos-
ition, delayed re-epithelialization, and subsequent
bacterial infection [1-4]. These factors render dia-
betic wounds prone to form long-lasting unhealed
chronic wounds [4, 5]. Furthermore, Active dressings
with injectable and transparent properties are highly
favored in clinical practices. One reason is that inject-
ability facilitates minimally invasive surgery (MIS)
and covers irregular wound surfaces [6, 7]; Another
is that transparency is favorable for real-time mon-
itoring of wound mending, which could decrease the
harm of tearing off the wound dressing frequently [8].
Therefore, to design of injectable transparent wound
dressings with effective ROS scavenging and antibac-
terial activities is of great significance in refractory
diabetic wound management.

The phytochemical flavonoids and phenolic acids
contained in honey (Hon) play an important role
as antioxidants because their free radical scavenging
activity can protect cells from free radical damage
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and ultimately reduce inflammatory responses.
Additionally, honey has anti-inflammatory properties
as it obliterates the deleterious and inhibits scarring
[9]. Honey contains high levels of glycine, methion-
ine, arginine, and proline, which are essential for col-
lagen formation and fibroblast deposition, thereby
beneficial for wound repair [10]. It also promotes
wound healing by stimulating tissue regeneration [9].
Moreover, honey has excellent antibacterial activity,
which is mainly attributed to its high osmotic pres-
sure, pH value, H,O, production, and the presence
of other phytochemical components [11, 12]. The
osmotic action of sugar removes water from bac-
terial cells, which can prevent bacterial growth [13].
In addition, it achieves automatic debridement by
absorbing the edema fluid from the wound [14]. The
high osmolality of honey provides a moist environ-
ment for wound healing and prevents it from attach-
ing to new wound tissue [15]. Some researchers have
found that honey can stimulate fibroblast prolifer-
ation and angiogenesis [16]. On top of it, honey
reduces the pH of the wound, which results in the
release of more oxygen from hemoglobin and pro-
motes wound healing [13]. However, honey is diffi-
cult to apply directly to the wound because it would
flow out of the wound over time and inconvenience
the patient. Therefore, incorporation of honey into
the hydrogel system seems to be more beneficial and
applicable [12].

Sericin (Ser) not only possesses a series of nat-
ural biological activities, such as anti-oxidation [17],
moisturizing [18], anti-cancer [19], anti-diabetic
activity [20], antibacterial [21, 22], anti-freezing
[23], anti-inflammatory [24], inhibiting tyrosinase
and polyphenol oxidase activities [25], enhancing
cell adhesion and proliferation [26] and promot-
ing wound healing [27], etc. Moreover, it has high
biocompatibility and no immunogenicity [28, 29].
Sericin is hydrophilic, biodegradable [30], and rich in
active groups, making it easy to be modified or cross-
linked, including amino groups, hydroxyl groups,
and carboxyl groups. At present, sericin has been
employed to fabricate various bioactive polymers [27,
31-33], and preliminary studies have been conduc-
ted in the repair of injured skin [27], muscle [29],
nerve [34, 35], and others. The combination of the
merits of sericin with the properties of hydrogels
endows the biomaterial with excellent histocompatib-
ility and the capability of creating a moderately moist
microenvironment for wounds [36]. Moreover, the
porous structure of hydrogel facilitates the loading
of cells, drugs, or other biologically active molecules.
Therefore, hydrogel attracted great attention in the
field of wound repair due to it can protect the dam-
aged wound surface, reduce scar formation, and pro-
mote wound healing [8, 37-39]. Sericin-based hydro-
gel has good biocompatibility and physical-chemical
properties, and preliminarily shows good wound
repair potential [40-42]. Honey and sericin (sericin
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hydrogel) have their own advantages and maybe com-
plement each other. However, there are not any pub-
lications or reports about pertinent studies.

As shown in Scheme 1, a multifunctional sericin-
honey semi-interpenetrating network hydrogel dress-
ing with suitable performance was prepared in the
study, and its physical properties, antioxidant activ-
ity, antibacterial activity, and cell compatibility were
evaluated. Based on the results of the in vitro study,
the wound healing effects of sericin-honey hydro-
gel and combined feeding of sericin solution on dia-
betic wounds were investigated using a mouse dia-
betic wound model.

2. Materials and methods

2.1. Materials

Natural silk fibroin deficiency mutant cocoons (140
Nd-s (white cocoon), 185 Nd-s (yellow cocoon))
were obtained from silkworm species preserved
in our laboratory. H,O, were purchased from
Sino pharm Chemical Reagent Co., Ltd (China).
Horseradish peroxidase (HRP) was supplied by
Biosharp Co., Ltd. Mouse skin fibroblasts (NIH3T3)
were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Manuka
honey (UMF15+) was purchased from Comwvita,
New Zealand. Staphylococcus aureus was purchased
from China Center of Industrial Culture Collection
(Beijing China). Male C57BL/6 mice (8—10 weeks old)
were purchased from Changzhou Cavens Laboratory
Animal Co., LTD. Tegaderm transparent dressings
were purchased from 3 M (USA).

2.2. Isolation of sericin from 140 Nd-s silkworm
cocoons

The method for isolating sericin from 140 Nd-s
cocoons was according to our previously established
protocols [7, 43]. In short, 140 Nd-s cocoons were cut
up and dissolved in 6 M LiBr solution at 35 °C for
24 h. After dissolution, the supernatant was centri-
fugalized and transferred to the dialysis membrane
(MWCO 3500, Biosharp). At the same time, the
supernatant was mixed with 1/4 (v/v) 1M Tris-HCI
buffer (pH 9.0) and dialysis was performed for 48 h.
After that, the supernatant is concentrated with poly-
ethylene glycol (PEG-6000) solution.

Sericin concentration was detected by the mass
method, in which the sericin solution with volume V
was taken, and the dry matter weight after drying was
M, so the sericin concentration was M/V x 100%.

2.3. Optimization of formula and preparation of
sericin-honey hydrogel

The sericin isolated from of 140 Nd-s cocoons without
pigment, suitable for preparing a transparent and
visible hydrogel was employed for fabricating sericin-
honey hydrogel. The UV-vis absorption spectra of
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Scheme 1. Sericin-honey hydrogel combined with feeding ser

honey solution was measured by UV-vis spectro-
photometer (UV-2600, Shimadzu, Japan) with a
wavelength range of 250 nm—450 nm. Fluorescence
spectra of sericin was determined by an F-4600
fluorophotometer (Hitachi, Japan). According to our
previous optimized gelation conditions, 2% (w/v)
sericin was employed in this study [8]. A stock solu-
tion of 20% (w/v) honey (Hon) was prepared in
ultrapure water. A series of mixed solutions were
prepared by mixing sericin solution (2%, w/v) with
honey solution (20%, w/v) according the mass pro-
portions (sericin content: honey content) of 1:0.5,
1:0.8, 1:1.0, 1:1.5, 1:2.0, 1:2.5, 1:3.0, respectively.
Following by that, the fluorescence emission spec-
tra of mixtures was evaluated by F-4600 fluoropho-
tometer with an excitation wavelength of 300 nm.
The excitation slit width was set at 10.0 nm and
the emission slit width was set at 2.5 nm. The best
concentration ratio between sericin and honey was
determined by fluorescence spectrum characterist-
ics. Then, the optimized parameters were employed
to fabricate sericin-honey hydrogels. It is noted that
the ratio of sericin solution, H,O, (0.03%, w/v)
and HRP (0.5%, w/v) at a constant ratio of 50:1:1
(v/vlv). Ser and Ser-xHon represented the pure seri-
cin hydrogel and sericin-honey mixture or hydrogel
containing sericin to honey (content) at a ratio of
1/x (w/w).

2.4. Rheological analysis

The Ser-2Hon hydrogel was subjected to rheolo-
gical analysis using a hybrid rheometer (Discovery
HR10, TA, USA) at 25 °C. G’ (Storage modulus) and
G"” (Loss modulus) were determined as the strain
increased from 1% to 1000%. The frequency was fixed
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at 1 rad s™! and then a strain scan was performed to
assess the critical strain.

2.5. Preparation of sericin solution for feeding

The high-yielding 185 Nd-s cocoon containing
carotenoids was chosen as the raw material for feed-
ing. Fresh cocoons of 185 Nd-s were washed with
ultrapure water, dried at room temperature, crushed,
and sifted through a 0.2 mm screen to collect cocoon
powder. The 12 g silkworm cocoon powder was dis-
solved in 200 ml ultrapure water, placed in a pressure
steam sterilizer and treated at 121 °C and 0.1 MPa
for 30 min. The solution was then centrifuged at
5000 rpm for 10 min to collect the sericin super-
natant. Then, the alkaline protease was added to the
sericin solution in proportion (1 g enzyme:250 g
cocoon powder), and the pH was adjusted to 10. The
enzyme was first hydrolyzed in a 45 °C thermostatic
water bath for 2 h, and then adjusted to 85 °C for
10 min to inactivate the enzyme. After that, the seri-
cin solution with around pH 7.6 was obtained and its
concentration was detected by the mass method. The
2% (w/v) sericin solution, obtained by diluting with
water, was used for feeding.

2.6. UV-vis and fluorescence spectrophotometry
The UV-vis absorption spectra of honey solution
was measured by UV-vis spectrophotometer (UV-
2600, Shimadzu, Japan) over a wavelength range of
250 nm-450 nm.

2.7. Scanning electron microscopy (SEM) analysis

For SEM analysis, the samples were frozen with liquid
nitrogen and dried in a vacuum freeze drier. Finally,
SEM (JSM-IT300, JEOL Ltd, Japan) was used to
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observe the morphology of sericin-honey hydrogel
samples. The pore sizes of samples were averaged
from 30 randomly selected pores using Image-Pro
Plus 6 software.

2.8. Evaluation of porosity

The traditional volume method was adopted for
detecting the porosity of sericin-honey hydrogel. The
lyophilized sericin-honey hydrogels were placed in an
aqueous solution with a known volume of V,, and
the volume of the solution containing the sample
was denoted as Vj. One hour later, the lyophilized
hydrogel sample was removed after the liquid is com-
pletely immersed into the pores of the sample, and the
volume of the remaining water is recorded as V.. The
porosity of lyophilized hydrogel was calculated using
the following equation:

V,—V,
2 € %100%.
bevc

Porosity =

2.9. Evaluation of swelling ratio

The swelling behavior of sericin-honey hydrogels
was assessed by gravimetric methods [8]. Lyophilized
hydrogels were immersed in phosphate buffered
saline (pH 7.4) at 37 °C and weighted at determ-
ined time points. At the predefined time points, the
samples were taken out and weighed after removing
excess water from the surface. The swelling ratio was
calculated using the following equation:

W, —W,
Swelling = Td x 100%

d
where swelling is water swelling ratio, W; and W; are
the dry weight and wet weight of the samples at 37 °C,
respectively.

2.10. Evaluation of degradation kinetics

Three samples were randomly taken and sequentially
weighted them before and after drying. V, repres-
ents the weight ratio following and before drying.
The other hydrogel samples were weighed (the weight
is recorded as W;) and placed in a centrifuge tube,
and an appropriate amount of phosphate buffer saline
(PBS) with pH 7.4 or pH 3.0 was added. All the
samples were placed in the incubator at 37 °C. The
degradation solution was changed once a day with
fresh PBS, and samples were taken out at preset time
points for drying and weighing (the drying weight
is recorded as W,). The degradation ratio was per-
formed by the following equation:

W,
Degradation = <1 — u

x 1007%.
me> %

2.11. Fourier transform infrared spectroscopy
(FTIR)

FTIR (Nexus, Thermal Nicolet, USA) was employed
to analyze the secondary structure of the sericin-
honey hydrogel. The spectral region of FTIR was
2400-400 cm ™.

Y Wei et al

2.12. Assessment of antioxidant activity

The antioxidant activity of the sericin-honey hydro-
gel sample was measured by 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) free radical scavenging assay
according to the previous protocol [44]. Briefly, the
sericin-honey hydrogel sample was cut into pieces of
20 mg and stored at 20 °C with a relative humidity of
65% for 24 h. The samples were placed in the test tube.
For the DPPH assay, ultrapure water (0.8 ml) and
0.2 mM ethanolic DPPH solution (1.2 ml) was added
to the sericin-honey hydrogel sample in each tube.
After uniform oscillation, they were sealed and put
into a water bath at 37 °C for 30 min. Subsequently,
the sericin-honey hydrogel samples were removed,
and the absorbances of samples were measured at
517 nm using a UV-vis spectrophotometer (UV-
2600, Shimadzu, Japan), denoted as A;. The blank
sample without sericin-honey hydrogel was a mix-
ture of ultrapure water (0.8 ml) and 0.2 mM ethanolic
DPPH solution (1.2 ml), which was recorded as Ay
under the same experimental conditions. Each group
was repeated three times to fetch the mean value. The
antioxidant activity of sericin hydrogel was detec-
ted by the same method. DPPH radical scavenging
activity was calculated according to the equation:

Ag— A
0 1 100%.

DPPH radical scavenging activity =
0

2.13. Determination of antibacterial properties

S. aureus was selected as a model for inhibition of
bacteria. Firstly, the S. aureus freeze-dried powder
was added into the nutrient broth medium for resus-
citation, and then used after two generations. Then
the sterilized liquid medium was poured into three
groups of glass test tubes. The first group was used
as a blank control group; the second group was added
with Ser hydrogel; and the third group was added with
Ser-2Hon hydrogel. The activated S. aureus was trans-
ferred into three groups of glass test tubes and incub-
ated in an air bath constant temperature oscillator for
8 h, followed by OD600 measurement.

2.14. Evaluation of cell compatibility

The sericin-honey hydrogel was cut into pieces, rinsed
three times with sterile PBS, and immersed in 75%
ethanol for 15 min for disinfection. It was then rinsed
with sterile PBS again, and the hydrogel was stored
in cell culture medium at room temperature for fur-
ther use. The cells were seeded in a 96-well cell culture
plate (1500 cells per well) and incubated overnight
for cell attachment. Thereafter, cells were co-cultured
with the pretreated sericin-honey hydrogel, and a
piece of sericin-honey hydrogel was placed in each
well. Cell culture wells without sericin-honey hydro-
gel were set as controls. Cells were cultured in dul-
becco’s modified eagle medium supplemented with
10% fetal bovine serum in a cell culture incubator
(37 °C, 5% CO,, and 100% humidity). After 2 d, the
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cell viability was evaluated using a Cell Counting Kit-
8 (Dojindo, Gaithersburg, MD).

2.15. Establishment and treatment of diabetic
wound model

Streptozotocin (STZ)-induced type-I diabetic model
was used in wound healing test according to the pre-
vious research method [1, 45]. C57BL/6 mice (8—
10 weeks old) fasted for 12 h were injected with STZ
dissolved in sterile citrate buffer (0.05 M sodium cit-
rate, pH 4.5, 70 mg kg_1~BW). STZ was administered
continuously for 5 d. Then blood glucose was meas-
ured every 3 d. When blood glucose remained above
11.1 mmol 17! for 30 d, the diabetes model was suc-
cessfully established.

The Ser hydrogel and Ser-2Hon hydrogel were
rinsed three times with sterile PBS, immersed in
75% ethanol for 1 h, then rinsed with sterile PBS
and kept at room temperature for further use. Male
C57BL/6 mice were anesthetized with 0.3% pentobar-
bital sodium (50 mg kg~! BW), and then the hair on
the back was shaved, washed with a povidone-iodine
solution, and cleaned with an alcohol swab. A dia-
meter of 1.0 cm circular, full-thickness skin wound
on the back of mice was surgically created. Then,
mice were randomly divided into four groups: (1)
Tegaderm was used to cover the wounds of diabetic
mice (DM); (2) Ser hydrogel and Tegaderm were used
to cover the wounds of DM; (3) the wounds of DM
were covered with Ser-2Hon hydrogel; (4) the wounds
of DM were covered with Ser-2Hon hydrogel com-
bined with the feeding of sericin solution (the seri-
cin solution prepared in section 2.5 was poured into
the drinking bottle of mice). The Tegaderm dressing
was administered as the secondary dressing to keep
the dressings in place. All the mouse experiments were
performed according to the guidelines and approved
by the Ethics Committee of Jiangsu University of
Science & Technology (Zhenjiang, China).

2.16. Statistical analysis of wound healing rate
Wound sites were photographed on days 0, 7, 14, and
21 post-wounding. Wound areas in each group were
measured using the Image pro plus software. The per-
cent of wound area at the indicated days in compar-
ison with the original wound was calculated accord-
ing to the below equation [1]:

The recovery ratio of wound area

Wound area0 — Wound area x
= x 100%.

Wound area0

Wound area x and Wound area 0 are the wound
area after treatment on day x and day 0, respectively.

2.17. Statistical analysis
All the experiments were carried out for n = 3 samples
unless otherwise specified. Data were represented
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as mean =+ standard deviation. Data statistical ana-
lysis was performed using GraphPad Prism 8 soft-
ware (San Diego, CA, USA). The significance level
was measured by comparing the data between groups
and within groups by performing a one-way ana-
lysis of variance (ANOVA) followed by Tukey’s test.
Microscopic images were analyzed using Image-Pro
Plus 6 software.

3. Results and discussions

3.1. Preparation of sericin-honey hydrogels
Sericin hydrogel is promising in wound repair
due to its premium properties and biological
activity [40, 46]. In this study, H,O,/HRP was
employed to fabricate sericin hydrogel. H,O; is able
to react with phenolic hydroxyl groups catalyzed by
HRP [47, 48]. In addition, destyrosine was synthes-
ized by oxidation of sericin with H,O,/HRP, which
promoted the cross-linking of sericin proteins [49].
According to our previous preparation process
of the sericin hydrogel, the sericin solution isolated
from 140 Nd-s cocoons can form into a transpar-
ent hydrogel in the presence of H,O,/HRP within
tens of seconds [48]. In this study, the sericin of
140 Nd-s cocoons were also employed to prepared
sericin-honey hydrogels in view of the visible hydro-
gels are convenient for observation of wound heal-
ing. Honey contains a variety of phenolic compounds,
which have biological activities such as scavenging
free radicals in the body, delaying aging, preventing
cardiovascular diseases, cancer prevention, and anti-
radiation [9]. The UV-vis absorption value has an
obvious peak at 265 nm, which is a typical char-
acteristic peak of honey, and the absorption value
increases along with the higher honey concentration.
The standard curve of honey was obtained by UV-
vis absorption results of honey at different concen-
trations (figures 1(a) and (b)). Besides, the fluores-
cence quenching phenomenon has been understood
as a protein/peptide-polyphenol interaction, which
is mainly influenced by hydrophobic interactions,
electrostatic interactions, van der Waals forces, and
hydrogen bonds [50]. With changes in the structure of
the protein/peptide and/or the physical and chemical
environment surrounding it, the fluorophore could
lead to a emission peak shift and/or decrease [51].
To optimize the ratio of honey to sericin, the
fluorescence quenching properties of sericin and
honey were investigated, and 2.0 (w/v%) sericin was
selected for subsequent quenching experiments. In
this system, the endogenous fluorescence of sericin
mainly depends on tyrosine (Tyr) and phenylalanine
(Phe) amino acids [52]. As shown in figure 1(d), the
fluorescence peak of sericin gradually was decreased
with the increase amount of honey. When the ratio
of sericin content to honey content reaches 1:2
(Ser-2Hon), the shift took placed completely, and
the fluorescence was not obvious decreased even
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the concentration of honey was further improved.
The fluorescence intensity of sericin decreased with
red shift of its absorption peak (figures 1(c) and
(d)), which suggested a combination had occurred
between honey and sericin. Hence, the optimized
ratio of sericin to honey was less than or equal to
1:2 (w/w). Furthermore, we found that the gelation
was poor when the ratio of sericin content to honey
content reached 1:2.5 (Ser-2.5Hon). So, the Ser-2Hon
was employed to form sericin-honey hydrogel for the
following studies. Meanwhile, the rheological exper-
iment of the hydrogel was carried out, and the res-
ults (figure 1(e)) showed that the loss modulus (G)
intersects the storage modulus (G') when the strain
was increased to 477%, and then reverses, indicating
its transition from the gel state to the solution state
and the collapse of the hydrogel network [53].

The Ser-2Hon hydrogel can be injected unim-
pededly through a syringe with a 25 G needle (inner
diameter, 0.51 mm), indicating that it has satisfact-
ory injectable properties [2] (figure 1(f) upper left
column, supplementary video S1). Injectable hydro-
gels not only can easily adapt to irregular wound
surfaces, but also convenient for MIS, becoming an
attractive candidate for innovative dressing [54]. The
Ser-2Hon hydrogel could perfectly cover the mouse
wounds and was transparent (figure 1(f) upper right
column). Transparent hydrogel dressing is convenient
for real-time care of the wound, avoiding the need to
uncover the dressing to observe the state of wound
healing which is detrimental to wound healing [8].
Adhesive ability is important for hydrogel dressing
that can keep the wound dressing from unexpectedly

peeling off [53]. We found that the Ser-2Hon hydro-
gel had good adhesion and was able to stick to the fin-
ger joint (figure 1(f) bottom column, supplementary
video S2) for repeated bending tests without falling
off. These results indicated that the Ser-2Hon hydro-
gel is suitable for wound repair.

3.2. Microstructure and porosity of sericin-honey
hydrogels

The morphology of freeze-dried scaffolds of Ser
hydrogel and Ser-2Hon hydrogel were observed by
SEM. The Ser hydrogel scaffold had a porous struc-
ture with different diameters and distributions, while
the pores of the sericin-honey hydrogel scaffold were
blocked due to the addition of honey (figure 2(a)). As
shown in figure 2(b), the porosity decreased with the
increase of honey. The porosity of Ser hydrogel was
93%, while that of Ser-2Hon was 77%. The porous
structure with a porosity of 77% provides a breathable
environment for the wound and benefits wound heal-
ing. Moreover, the pore sizes of Ser hydrogel and Ser-
2Hon hydrogel were 15.3 pm and 33.4 pum, respect-
ively (figure 2(c)). On one hand, the Ser-2Hon hydro-
gel with larger pore size seems more in favor of skin
cell migration. On other hand, porous microstructure
provides space for cell growth, which also facilitates
the exchange of nutrients and the excretion of meta-
bolites.

3.3. Swelling properties of sericin-honey hydrogels
In general, the water absorption properties of hydro-
gels is expressed by swelling property, which is an
imperative parameter because it affects many aspects
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Figure 2. (a) Scanning electron micrographs of Ser hydrogels (up column) and Ser-2Hon hydrogels (low column). Scale bars,
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(d) Swelling rate of the Ser hydrogels and Ser-2Hon hydrogels from 0 to 168 h at pH 7.4. (e) Degradation rate of the Ser hydrogels
and Ser-2Hon hydrogels from 0 to 21 d at pH 7.4 and pH 3.0. (f) FTIR spectra of Ser hydrogels and Ser-2Hon hydrogels.
Representative results are presented as the means + SD; n = 3 per group. P-values are calculated using one-way ANOVA followed
by Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of hydrogels, such as the diffusion of encapsulated
biosurfactants [8]. The freeze-dried Ser and Ser-2Hon
hydrogels were immersed in PBS with pH 7.4 (neut-
ral) at 37 °C to evaluate their swelling behavior. As
shown in figure 2(e), at the beginning of the swell-
ing process, all samples swell rapidly, and the swell-
ing values of all samples reach the maximum after
24 h. The swelling rates of Ser and Ser-2Hon hydrogels
are reached 1610% and 528% within 24 h, respect-
ively. As the sericin content increases, the swell-
ing rate of Ser-2Hon hydrogel also increases corres-
pondingly, with that of pure Ser hydrogel being the
largest. This phenomenon might be attributed to the
fact that more sericin was contained by the higher
porosity of hydrogel samples (figure 2(d)). The res-
ults showed that the porosity of the sericin-honey
hydrogel could be adjusted by manipulating the ratio
of sericin to honey. The swelling rate of Ser-2Hon
reached more than 500% after 24 h, and the swell-
ing rate increased slowly, followed by the plateau
within the subsequent 168 h, indicating that Ser-
2Hon hydrogel has the proper swelling properties, fit-
ting for wound dressing.

3.4. Degradation properties of sericin-honey
hydrogels

Degradation behaviors of the sericin-honey hydro-
gels are shown in figure 2(e). In the initial stage,
the Ser-2Hon hydrogel began to degrade rapidly,

with degradation rates approaching 30%, while the
degradation of the Ser hydrogel occurs slightly in a
neutral environment. Similarly, the degradation rate
of the Ser-2Hon hydrogel was faster than that of the
Ser hydrogel under acidic conditions. The degrada-
tion rate of Ser-2Hon hydrogel was faster than that
of ser hydrogel at the same pH conditions, whether
neutral or acidic. Honey contained in the Ser hydrogel
is a supersaturation solution of fructose [55], which
is rapidly released when encountering the solution
in the hydrogel sample. Honey might be distributed
amongst sericin chains, reducing contacts between
them, which results in a decreased cross-linking ratio
as well as entanglement [56]. Or rather, the struc-
ture diminishes the stability of the hydrogel, acceler-
ating the degradation rate of the samples. The degrad-
ation rate of the hydrogel in the neutral slowed down
and leveled off after 7 d, reaching 65% at 21 d. This
appropriate degradation ability can avoid secondary
injury to the wound when changing the hydrogel
dressing, ensure a good wound healing environment,
and achieve the desired healing effect. Furthermore,
the degradation rate of Ser-2Hon hydrogel or Ser
was much slower under acidic condition (pH 3.0)
than that of neutral condition (pH 7.4). These phe-
nomena were caused by Ser hydrogel’s pH-responsive
degradation behaviors which were widely presented
in some other sericin hydrogels in previously studies
[7,33, 43, 48].
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Figure 3. (a) UV—-vis absorbance of DPPH: Ser hydrogels and Ser-2Hon hydrogels. (b) Scavenging free radical (DPPH) capability
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48 h. Representative results are presented as the means + SD; n = 8 per group. P-values are calculated using one-way ANOVA

followed by Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001.

3.5. Secondary structure of sericin-honey
hydrogels

The secondary structure of Ser hydrogel and Ser-
2Hon hydrogel freeze-dried scaffolds were analyzed
by FTIR. A serial of characteristic infrared absorp-
tion bands, produced by polypeptide and protein
repeat units, can reveal the secondary structure in
the protein. Amide I (1600-1690 cm™!) mainly con-
tributes from the C=0 stretching vibrations of the
peptide linkages. Amide II (1480-1575 cm ™) mainly
produces from N-H bending and the C-N stretch-
ing vibration. Amide I1I (1229-1301 cm ™ ") primarily
arises from the in-phase combination of C-N stretch-
ing vibration and in-plane N-H bending vibration
[57]. Among them, amide I is widely applied to eval-
uate secondary structures of sericin because it arises
predominantly from the C=O stretching vibration
[58]. In the amide I band, the absorption peaks of
a-helix, B-sheet, S-turn and random coil were 1658—
1650, 1640-1610, 1700-1600 and 1650-1640 cm ™!,
respectively. As shown in figure 2(f), characteristic
absorption bands were observed at 1620 cm™! of
amide 1, 1515 cm ™! of amide IT and 1240 cm™! of
amide III in Ser hydrogel and Ser-2Hon hydrogel
freeze-dried scaffolds. Therefore, it could be safely
concluded that the introduction of honey had no
significant influence on the secondary structures of
sericin.

3.6. Antioxidant activity of sericin-honey hydrogels
The antioxidant activity of sericin-honey hydro-
gel was evaluated by DPPH radical scavenging

8

experiment. As shown in figure 3(a), the DPPH
absorbance of Ser and Ser-2Hon hydrogels decreased
after adding DPPH. The DPPH clearance ratio
was 8.52% and 29.45%, respectively (figure 3(b)).
These results indicated that the antioxidant activity
of sericin-honey hydrogels was enhanced with the
increase of honey content. Firstly, the rest free amino
acids and flavonoids of sericin endow Ser hydrogel
with certain antioxidant properties. Honey has strong
antioxidant activity, mainly because honey contains a
variety of phenolic compounds. These phenolic com-
pounds could function as hydrogen donors, directly
combine with oxygen free radicals, scavenge oxygen
free radicals, and inhibit the activity of some enzymes,
thereby inhibiting the activity of oxygen free radicals.
What is more, the proline, flavonoids and superoxide
dismutase in honey accounts for the antioxidation of
honey [9, 10, 12]. In the process of skin wound repair,
the antioxidant activity of sericin-honey hydrogel
advanced cell proliferation by reducing the oxidative
stress of fibroblasts, thereby promoting the healing
process.

3.7. Antibacterial properties of sericin-honey
hydrogels

The antibacterial properties of sericin-honey hydro-
gels were evaluated by detecting the OD values of bac-
teria after Ser and Ser-2Hon hydrogels were incubated
with S. aureus. Figure 3(c) reveals that the antibac-
terial properties of Ser and Ser-2Hon hydrogels were
significantly higher than those of the control groups.
With the intervention of honey, the antibacterial
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Figure 4. (a) Picture of enzymatically hydrolyzed sericin solution in the mouse water dispenser and changes in fasting blood
glucose over 3 weeks in mice fed enzymatically hydrolyzed sericin solution. (b) Representative photographs of the wound healing
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Ser-2Hon with feeding

activity hydrogel was significantly enhanced.
The sericin-honey hydrogels provide a benign

microenvironment with less microbes for wound
healing.

3.8. Cell compatibility of sericin-honey hydrogels
To assess the cell compatibility of sericin-honey
hydrogels, Cell Counting Kit-8 was used to meas-
ure the viability of NIH3T3 fibroblasts incubated
with sericin-honey hydrogels. The results exhibited
no significant difference in proliferation between
the cells co-cultured with the sericin-honey hydro-
gels and the controls (figure 3(d)), confirming
that the sericin-honey hydrogels have excellent
cytocompatibility.

3.9. Effect of feeding sericin solution on blood
glucose in DM

Based on the antioxidant and anti-inflammatory
properties of sericin, feeding sericin had a significant
hypoglycemic effect. In this study, the enzymatically
hydrolyzed sericin solution (2%, w/v), collected from
cocoons of a high-yield variety 185 Nd-s containing
carotenoids, was employed for feeding. Carotenoids
have antioxidant activity and play a role in lowering
blood glucose. At the same time, the cocoon yield of
185 Nd-s is higher than that of 140 Nd-s, and the cost
of feeding for mice is lower. The blood sugar changes
of DM were tested weekly. As shown in figure 4(a),
on week 3 after feeding, the parameter of mice was
significantly lower than that of mice without feed-
ing with enzymatically hydrolyzed sericin solution,
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showing the combination with feeding the solution is
promising as an auxiliary treatment.

3.10. In vivo evaluation of diabetic wound healing
Sericin is an excellent biocompatibility material
without immunogenicity. Simultaneously, sericin has
a variety of biological activities in wound repair, such
as anti-inflammatory, antioxidant, antibacterial, and
promoting cell proliferation [26, 42]. Here, honey is
combined with sericin to enhance its effect. Honey
has anti-inflammatory properties, which can remove
wounds and inhibit scars. It can also promote wound
healing by stimulating tissue regeneration [9]. Based
on the experiment results above, it is speculated
that sericin-honey hydrogel would not cause obvious
inflammatory response and immunogenicity during
wound healing.

Based on the excellent in vitro performance of
sericin-honey hydrogel, the most common diabetic
full-thickness skin wounds were established in mice
to evaluate the healing effect of sericin-honey hydro-
gel in vivo. DM were treated with sericin hydrogel
(Ser), sericin-honey hydrogel (Ser-2Hon) and Ser-
2Hon hydrogel combined with feeding sericin solu-
tion (Ser-2Hon with feeding) every 7 d. Tegaderm
dressing was used as a secondary dressing to main-
tain the position of the dressing. Tegaderm-covered
DM (DM-control) was used as controls for in vivo
healing evaluation. After treatment, the wound heal-
ing of each group was monitored for 21 consecutive
days.

As shown in figure 4(b), the wound healing rate
was slower and the inflammatory period was longer in
DM-control group. The rapid proliferation phase did
not begin until the inflammatory response weakened
on day 14. However, the wound size decreased signi-
ficantly after Ser-2Hon with feeding treatment, espe-
cially in the early stage of wound regeneration, indic-
ating that the wound healing stage accelerated from
inflammation to the proliferation and remodeling. As
shown in figure 4(c), on day 7 of wound treatment,
the wound healing rate of Ser-2Hon with feeding
group reached 75.41%, and that of Ser-2Hon group
also reached 57.39%, while that of DM-control and
Ser groups were only 24.18% and 32.21%. On day
14, the wound healing rate of Ser-2Hon group and
Ser-2Hon with feeding group reached 88.38% and
90.28%. These results provided strong evidence that
sericin-honey hydrogels promoted diabetic wound
healing. In addition, sericin-honey hydrogels com-
bined feeding sericin solution were more effective in
wound healing, indicating that the reduction of blood
glucose promoted the healing of diabetic wounds.

For histological analysis, wound tissue sections
were stained with hematoxylin-eosin (HE) on day 14
after treatment to further evaluate the effect of the
hydrogel on wound healing. As shown in figure 4(d),
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at day 14, the thickness of granulation tissue after
treatment in the Ser-2Hon and Ser-2Hon with feed-
ing groups increased compared with the other groups,
and the Ser-2Hon with feeding group had signi-
ficantly intact epithelial tissue. At the same time,
significantly more skin appendages (hair follicles,
sebaceous glands) were found in the new tissue
formed in the Ser-2Hon with feeding group on day 14
than in the other three groups, indicating that redu-
cing blood glucose by feeding sericin protein solu-
tion and repairing wounds with sericin honey hydro-
gel play a combined therapeutic effect on diabetic
chronic infection wounds.

4, Conclusion

In this study, a sericin-honey semi-interpenetrating
network hydrogel dressing with suitable perform-
ance was prepared. The dressing has excellent physi-
cochemical and biological properties, transparency,
injectability, stickiness, high porosity, good swelling
properties, antioxidant activity, antibacterial activ-
ity and biocompatibility. After applied to the dia-
betic wound model in mice, the wound healing
rate was significantly accelerated. In addition, the
combined effect of feeding sericin solution played
a positive role in strengthening the effect of dia-
betic wound repair. This study overcame the defects
of direct application of honey and broadened the
application of sericin-based hydrogels in skin injury
repair.
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