
1

© The Author(s) 2022. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com

Burns & Trauma, 2022, 10, tkac001
https://doi.org/10.1093/burnst/tkac001

Research Article

Research Article

Curcumin-incorporated 3D bioprinting gelatin

methacryloyl hydrogel reduces reactive oxygen

species-induced adipose-derived stem cell

apoptosis and improves implanting survival

in diabetic wounds

Sizhan Xia 1,†*, Tingting Weng1,†, Ronghua Jin1, Min Yang1,

Meirong Yu2, Wei Zhang1, Xingang Wang 1,* and Chunmao Han 1,*

1Department of Burns and Wound Care Center, Second Affiliated Hospital of Zhejiang University College of Medicine,
Hangzhou 310000, China and 2Clinical Research Center, The Second Affiliated Hospital of Zhejiang University College
of Medicine, Hangzhou 310000, China

*Correspondence. Xingang Wang, E-mail: wangxingang8157@zju.edu.cn; Chunmao Han, zrssk@zju.edu.cn
†These authors contributed equally to this work.

Received 6 August 2021; Revised 7 December 2021; Accepted 3 January 2022

Abstract

Background: Gelatin methacryloyl (GelMA) hydrogels loaded with stem cells have proved to be an

effective clinical treatment for wound healing. Advanced glycation end product (AGE), interacting

with its particular receptor (AGER), gives rise to reactive oxygen species (ROS) and apoptosis.

Curcumin (Cur) has excellent antioxidant activity and regulates intracellular ROS production and

apoptosis. In this study, we developed a Cur-incorporated 3D-printed GelMA to insert into adipose-

derived stem cells (ADSCs) and applied it to diabetic wounds.

Methods: GelMA hydrogels with Cur were fabricated and their in vitro effects on ADSCs were

investigated. We used structural characterization, western blot, ROS and apoptosis assay to

evaluate the antioxidant and anti-apoptotic activity, and assessed the wound healing effects to

investigate the mechanism underlying regulation of apoptosis by Cur via the AGE/AGER/nuclear

factor-κB (NF-κB) p65 pathway.

Results: A 10% GelMA scaffold exhibited appropriate mechanical properties and biocompatibility

for ADSCs. The circular mesh structure demonstrated printability of 10% GelMA and Cur-GelMA

bioinks. The incorporation of Cur into the 10% GelMA hydrogel showed an inhibitory effect on

AGEs/AGER/NF-κB p65-induced ROS generation and ADSC apoptosis. Furthermore, Cur-GelMA

scaffold promoted cell survival and expedited in vivo diabetic wound healing.

Conclusions: The incorporation of Cur improved the antioxidant activity of 3D-printed GelMA

hydrogel and mitigated AGE/AGER/p65 axis-induced ROS and apoptosis in ADSCs. The effects

of scaffolds on wound healing suggested that Cur/GelMA-ADSC hydrogel could be an effective

biological material for accelerating wound healing.
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Highlights

• This study is the first to examine that 3D printed curcumin-GelMA scaffold alleviates ROS generation and apoptosis in ADSCs
treated with AGEs.

• This study is the first to show that curcumin is involved in the inhibitory effect of AGEs/AGER-induced NF-κB transportation
to the nucleus and caspase-3 activation in ADSCs.

• This study is the first to discuss that ADSCs encapsulated into 3D printing curcumin-GelMA can expedite diabetic wound
healing in vivo.

Background

Chronic wounds caused by diabetes often result in repeated
hospitalization, reduced quality of life and, in severe cases the
involvement of organs and limbs, often requiring amputation
[1–3]. Current treatments for diabetic wounds are not com-
pletely effective. Therefore, there is an urgent need for novel
treatments to prevent and treat chronic diabetic wounds.
Many previous studies reported that tissue engineering tech-
nology can be used for wound healing and mesenchymal stem
cells (MSCs) are the ideal seed cells [4, 5]. Originally derived
from mesoblasts, adipose tissue-derived stem cells (ADSCs)
can easily be obtained using minimally invasive techniques;
they have the capacity for multidirectional differentiation and
possess considerable self-renewal ability. In addition, they
have been shown to accelerate wound healing [6]. Damaged
skin has a harsh microenvironment with increased reactive
oxygen species (ROS) and inflammation, leading to decreased
vitality and increased apoptosis, which impede wound healing
[7, 8]. Therefore, it is essential to improve seed cell vitality for
wound healing; determining the mechanisms underlying seed
cell vitality may lead to novel approaches to wound healing.

Advanced glycation end products (AGEs) are stable
products of complex reactions, including condensation,
rearrangement, lysis and oxidative modification, which are
considerably increased in diabetes mellitus [9]. AGEs in
diabetes can cause much pathological damage, including
skin fibroblast and vascular endothelial cell apoptosis, which
impedes wound healing [10, 11]. AGEs cause pathological
changes by stimulating signal transduction pathways through
binding to specific advanced glycation end product receptors
(AGERs) on the cell membrane [12]. AGERs consist of
extracellular domains, a single transmembrane spanning helix
and a cytoplasmic domain, which are essential for signal
transduction [13]. Previous studies have proposed that the
binding of AGEs to AGERs promotes ROS and inflammatory
responses, which causes endothelial dysfunction and activates
transcription factor nuclear factor-κB (NF-κB) [14, 15].
AGE/AGER interaction activates various signaling pathways,
including those related to apoptosis.

Curcumin (Cur) is a polyphenolic substance extracted
from the rhizomes of curcumae with strong antioxidant, anti-
inflammatory, anti-bacterial and anti-hyperblastosis activities
due to its role in pleiotropic signaling transmission [16–18].
Numerous studies have reported the efficacy of Cur treatment
for chronic wounds and diabetes. Although Cur has a wide
range of activities, its physical and chemical properties (poor

water solubility, chemical instability and rapid degradation)
limit its medicinal use. Previous studies have reported that
gelatine methacryloyl (GelMA) can be used to deliver drugs
with desirable release profiles [19]. The incorporation of
methacrylate groups in gelatine is responsible for the tun-
able mechanical properties, biocompatibility and favorable
drug release properties of GelMA, by affecting the degree
of crosslinking by ultraviolet light [20, 21]. These properties
make GelMA the ideal bioink for 3D bioprinting. In this
research, we used Cur, an antioxidant and anti-apoptosis
element, to regulate the unfavorable microenvironment of
the diabetic wound, which is detrimental to the survival
of ADSCs. Therefore, Cur was loaded into 3D bioprinting
GelMA hydrogels to provide an appropriate microenviron-
ment for ADSCs. Then, we evaluated the role of Cur in
ADSCs with AGEs, and demonstrated that Cur modulated
the effects of ADSCs on diabetic wounds by targeting the
AGE/AGER/p65 pathway.

Methods

The material

GelMA synthesis Briefly, 1 g of gelatin was dissolved in
PBS at 10% mass fraction and 1 mL of methacrylic anhy-
dride (J&K Scientific, Beijing, China) was slowly added and
reacted in a waterbath at 60◦C for 2 h, during which the
temperature was kept constant. After the reaction was com-
pleted, the solution was filtered and dialyzed in a dialysis
bag (3.5 kDa; Beyotime, Shanghai, China) for 3 d and then
lyophilized (NO.7670030; Labconco, Kansas, MO, USA).
Lyophilized GelMA was dissolved in PBS containing 0.3%
lithium 2,4,6-trimethylbenzoyl phosphate (Tokyo Chemical
Industry; Tokyo, Japan) as a photoinitiator at 50◦C [22].

3D bioprinting of the GelMA scaffold 3D GelMA scaffolds
were fabricated using an extruded bioprinter (BioArchitect
Pro; Regenovo, Hangzhou, China). The temperature of the
nozzle and platform was kept at ∼20 and 18◦C, respectively,
and the printing speed and pressure were set at 5 mm/s and
0.2 MPa, respectively. The GelMA and the cell suspension
containing Cur were blended thoroughly to obtain 10%
GelMA, 20 μM Cur and 5 × 105 cells/mL of ADSCs. The
bioink was printed as a circular mesh structure under a
210 μm diameter nozzle, cross-linked with blue light for
20–30 s and then placed in DMEM/F12 containing 10%
fetal bovine serum (FBS; Invitrogen Life Technologies) for
incubation.
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Isolation and culture of human ADSCs ADSCs were obtained
from liposuction patients aged 30–45 years. All donors signed
informed consent at the Second Affiliated Hospital of Zhe-
jiang University College of Medicine. Adipose tissue was
digested with 0.1% collagenase I (Invitrogen, Carlsbad, CA,
USA) for 45–60 min at 37◦C, then centrifuged and filtered to
obtain ADSCs and cultured in DMEM/F12 with 10% FBS.

Preparation of cur-GelMA hydrogel A 0.368 mg portion of
curcumin (Beyotime, Shanghai, China) was dissolved in 1 mL
of DMSO to form a 1 mM solution and stored at −20◦C
until use. Cur was added to the GelMA hydrogel and mixed
evenly to achieve the required concentration (20 μM) of the
Cur-GelMA solution.

Scanning electron microscopy After lyophilization of 10%
GelMA and 10% Cur-GelMA hydrogel for 24–48 h,
samples were coated with gold–palladium using an E-1010
ion sputterer (High-Tech Group, Tokyo, Japan) for 4–5 min
and analyzed by XL30 scanning electron microscope (SEM)
(Philips, Eindhoven, The Netherlands) and SU-8010 SEM
(SEM; Hitachi).

Porosity The hydrogel pores were calculated directly using
ImageJ. Porosity = pore area/total area.

Swelling ratio GelMA hydrogels were immersed in PBS at
37◦C for 24 h, weighed and recorded as Wwet, then dried
by lyophilization for 24 h, weighed and recorded as Wdry.
Swelling ratio (SR) = (Wwet − Wdry)/Wdry × 100% [22].

Atomic force microscopy A Park XE-70 atomic force micro-
scope (AFM) (Park Systems Inc., Suwon, South Korea) was
used to analyze single molecule force spectroscopy of GelMA.
The samples were placed on the carrier table of the AFM
and observed at room temperature and under atmospheric
conditions. The probes used were commercially available
silicon nitride (OMCL-TR400PSA; Olympus, Co. Ltd, Tokyo,
Japan) with a force constant of �0.08 N/m, a microcan-
tilever length of 200 μm and an average spring constant
of �87.24 ± 1.56 pN/nm. The images were obtained in tap
mode. The force distance curves were analyzed with Origin
software.

Degradation The degradation of Cur was indirectly mea-
sured by the absorbance value. Cur was added to 2 mL of
DMEM/F12 with 10% FBS to form a 20 μM solution. Sam-
ples were incubated at 37◦C and 5% CO2. After incubation,
200 μl of the solution was added to a 96-well plate and the
absorbance value (420 nm) was measured using a microplate
reader. DMEM/F12 medium containing 10% FBS without
Cur served as a negative control.

Cell treatment According to a previous report, AGER expres-
sion did not increase with AGEs (800 μg/mL) in BMSCs for
24 h [23]. Studies have shown that Cur has cytotoxic effects
at high concentrations (>25 μM) [24]. Therefore, AGEs

(800 μg/mL, Biovision, Milpitas, CA, USA) and Cur (20 μM)
were added to the ADSCs in Petri dishs or in GelMA scaffolds.
A p65 inhibitor, pyrrolidinedithiocarbamate (PDTC) (30 μM;
Beyotime), was also added to the cultured cells to block p-p65
activity.

Cell viability The live/dead assay was used to detect cell via-
bility [live: calcein AM, dead: propidium iodide (PI); KeyGen
Biotech Co., Ltd, Nanjing, China]. Samples were incubated in
the solution (AM:PI:PBS = 1:1:1000) for 1 h at 37◦C without
light. The live/dead of ADSCs loaded in GelMA was directly
detected using a fluorescence microscope without extracting
ADSCs (calcein AM, excitation/emission: 488/525 nm; PI,
excitation/emission: 488/690 nm).

Measurement of intracellular ROS ADSCs were incubated
in the working solution (10 μM CM-H2DCFDA, Beyotime,
Shanghai, China) for 1 h at 37◦C in the dark. A fluorescence
microscope and a flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) were used to detect intracellular ROS. The
intracellular ROS of ADSCs loaded in GelMA was detected
using a fluorescence microscope without extracting ADSCs
(CM-H2DCFDA, excitation/emission: 488/525 nm) [25].

Apoptosis assay ADSC apoptosis was determined using V-
FITC/PI according to the manufacturer’s instructions (Bey-
otime). Flow cytometery was used to analyze the apoptosis
rate. The apoptosis of ADSCs loaded in GelMA was directly
detected using a fluorescence microscope without extracting
ADSCs (Annexin V-FITC, excitation/emission: 488/525 nm;
PI, excitation/emission: 488/690 nm).

Cell transfection The sequence for the AGER siRNA was as
follows: AGER siRNA: 5′- GCCTCTGAACTCACAGCCA
−3′ (GenePharma, Shanghai, China). ADSCs were cul-
tured in 6-well plates for transfection using Lipofec-
tamineTM3000 (L3000150, Invitrogen, MC, USA) according
to the manufacturer’s instructions. After 48 h the transfected
ADSCs were used for western blot, ROS and flow cytometry.

Western blot RIPA was applied to extract the total cellular
protein, and a BCA protein assay kit was used to determine
the protein concentration. The protein was transferred to a
PVDF membrane and the primary antibody was incubated
at 4◦C overnight, followed by incubation with the secondary
antibody (BA1054, Boster, Wuhan, China) at room temper-
ature for 2 h. The primary antibodies were rabbit AGER
(#55222, 1:500; Cell Signaling Technology/CST, Beverly, MA,
USA), p65 (#3033, 1:500; CST), p-p65 (#8242, 1:500; CST)
and β-actin (ab8227, 1:1000; Abcam, Cambridge, UK).

Caspase-3 activity assay Annexin V-mCherry and Green-
Nuc™ caspase-3 were used to detect caspase-3 activity (Bey-
otime). ADSCs were incubated in the solution (5 μL of
annexin V-mCherry and 1 μL of GreenNuc™ caspase-3
substrate per 200 μL of binding buffer) for 30-45 min at
37◦C without light. Cell membrane permeability Caspase-3
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Substrate GreenNuc™ for the detection of caspase-3 activity
in cultured cells can be used for real-time monitoring [26].
Immunofluorescence microscopy was used to obtain images
(GreenNuc™, excitation/emission: 500/530 nm; Annexin V-
mCherry, excitation/emission: 587/610 nm).

Cell immunofluorescence staining ADSCs were fixed with
4% paraformaldehyde for 30 min, followed by 0.2% Triton
X-100 permeable cells for 1 h. ADSCs were incubated
overnight at 4◦C in the dark with the first antibody: p65
(1:200; CST) and p-p65 (1:200; CST). Subsequently, ADSCs
were incubated with secondary antibody goat anti-rat IgG
Alexa Fluor 488 (1:200; Boster, Wuhan, China) for 1 h
at room temperature in the dark. DAPI (1:10000) was
used for nuclear counterstaining (green, excitation/emission:
488/525 nm; red, excitation/emission: 594/610 nm).

In vivo ADSC survival assay Cells were labeled with 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine (DiR,
US Everbright, Suzhou, China) prior to transplantation at
37◦C for 30–45 min. Subsequently, 5 × 105 ADSCs were
transplanted into the wound with or without 3D-printed
10% GelMA. At days 3, 7, 14 and 21 after transplantation,
isoflurane anesthesia was administered to mice and an in vivo
imaging system (IVIS) was used to trace ADSCs.

In vivo experiments Thirty 6-week-old nu/nu athymic nude
mice were used in this research (Experimental Animal
Center of Zhejiang University). All animal experiments were
conducted at the Animal Center of Zhejiang University and
approved by Animal Care and Use Committee. Diabetes
was induced in the mice by an intraperitoneal injection
of 150 mg/kg of streptozocin (STZ) (Sangon Biotech Co.,
Ltd, Shanghai, China). Under ketamine anesthesia, a 15-
mm punch was used to incise a full skin defect on the
dorsal of nude mice and the wound edges were sutured
with silicone rings to limit wound contraction due to skin
contraction. The nude mice were implanted with 10%
GelMA, 10% GelMA-ADSCs or 10% Cur-GelMA-ADSCs
(20 μM Cur) scaffold immediately after surgery, with
the GelMA scaffold acting as a negative control and the
GelMA-ADSCs scaffold acting as a positive control. The
surface of the wound was covered with Vaseline gauze
and transparent film to maintain a moist environment and
prevent external infection, and the dressing was changed
every 2 days. The mice were sacrificed by administering an
excessive dose of ketamine at 14 and 21 days after scaffold
implantation; skin tissues were then subjected to further
evaluation.

Histological analysis Samples were fixed in 4% paraformalde-
hyde for 24–48 h, dehydrated and paraffin-embedded and
5-6 μm paraffin sections were cut. Paraffin sections were
heated at 60◦C for 1 h, deparaffinized and rehydrated.
The treated sections were subjected to subsequent exper-
iments, including hematoxylin and eosin (H&E) staining,

Sirius Red staining and TUNEL assay. The level of re-
epithelialization was calculated as: (diameter of original
wound−diameter of wound without epithelium)/(diameter of
original wound) × 100% [27]. Total collagen and organized
collagen were recorded by white light microscopy and
polarized light microscopy, respectively, and their ratios were
analyzed by ImageJ.

For immunohistochemical staining, the sections were incu-
bated with rabbit AGEs (ab23722, 1:50; Abcam) overnight
at 4◦C; diaminobenzidine was used to produce a brown
precipitate. The tissue sections were incubated for 60 min
at room temperature with the secondary antibody. To evalu-
ate the immunohistochemical staining, immunoreactivity was
blindly assessed by two independent observers using light
microscopy.

For immunofluorescence staining, the sections were
incubated with rabbit CD-31 (ab281583, 1:500; Abcam)
and mouse α smooth muscle actin (α-SMA; ab7817, 1:500;
Abcam). Then, the tissue sections were incubated with
secondary antibodies for 1 h at room temperature without
light, including goat anti-rat IgG Alexa Fluor 488 and rat
anti-mouse IgG Alexa Fluor 594 (1:200; Boster). DAPI
(1:10000) was used for nuclear counterstaining. A fluorescent
microscope was used to take photographs of the slides (green,
excitation/emission: 488/525 nm; red, excitation/emission:
594/610 nm).

Statistical analysis

The data were processed using the statistical software SPSS
22.0 (IBM, Armonk, NY) and the measurement data obeyed
the normal distribution and were expressed as means ± SD.
A t-test was used for comparison between two groups at
the same time point. One-way ANOVA was performed to
compare the differences between multiple groups at the same
point and two-way ANOVA for comparison between multiple
groups at multiple time points. The statistical significance
level was set at p < 0.05. In the figures, we used ∗ to denote
p-values, in which ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.

Results

Characterization of GelMA and Cur-GelMA scaffolds

The GelMA hydrogel and Cur were mixed to a final
concentration of 10% GelMA [28, 29] and 20 μM Cur
[30]. The SEM results showed that the Cur-GelMA and
GelMA scaffolds had large internal pores and high porosity
(Figure 1a–c). Importantly, the pore sizes of both scaffolds
were suitable for cell proliferation (100–500 μm). Addition-
ally, a SEM was used to characterize the scaffold morphology,
which showed that Cur particles were uniformly adsorbed on
GelMA (Figure 1d). The Cur-GelMA and GelMA scaffolds
exhibited applicable SRs (Figure 1e), suggesting that both
scaffolds maintained a moist wound and absorbed nutrients
from tissue exudates [31]. Furthermore, we seeded ADSCs on
a 10% GelMA scaffold to observe cell adhesion. The scaffold
exhibited appropriate mechanical properties for developing
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Figure 1. Structure of GelMA and Cur-GelMA scaffolds. (a) Scanning electron microscopy images of 10% GelMA and 10% Cur-GelMA. (b, c) Quantification of

the pore size and porosity of GelMA and Cur-GelMA scaffolds. (d) Scanning electron microscopy images of Cur in GelMA scaffold showing smooth surface

morphologies. The mean diameter of particles was 0.99 ± 0.12 μm. (e) Quantification of the swelling ratio of GelMA and Cur-GelMA scaffolds. (f) Representative

images of ADSCs on 10% GelMA surfaces. (g–i) Typical atomic force microscopy curve and Young’s modulus of GelMA. (j) Printability test of 10% GelMA and

10% Cur-GelMA hydrogels. (k) Cur degrades in DMEM/F12 with 10% FBS. GelMA Gelatin methacryloyl, Cur curcumin, ADSC adipose-derived stem cell

a confluent cluster of ADSCs on day 10 (Figure 1f). A typical
atomic force microscopy curve and Young’s modulus of
GelMA hydrogels are shown in Figure 1g–i. The circular
mesh structures (3 cm × 3 cm × 1 mm) were printed to

demonstrate the printability of 10% GelMA and Cur-GelMA
bioinks (Figure 1j). Cur degradation in culture medium
(DMEM/F12 with 10% FBS) was evaluated for 6 days
(Figure 1k).
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Figure 2. Effects of AGEs on ROS production, and the apoptosis and cell viability of ADSCs on 3D printing scaffolds. (a) Intracellular ROS levels were visualized with

a fluorescence microscope. (b) ADSCs were stained with V-FITC/PI and visualized by fluorescence microscope. (c) Cell viability (live/dead fluorescence images)

of ADSCs encapsulated in the 10% 3D printing GelMA scaffolds. AGE Advanced glycation end-product, ROS reactive oxygen species, ADSC adipose-derived

stem cell, GelMA gelatin methacryloyl

Cur-GelMA scaffold alleviates ROS generation

and apoptosis of ADSCs treated with AGEs

To detect whether Cur and AGEs affect ROS generation in
ADSCs encapsulated into Cur-GelMA or GelMA scaffolds,
samples were treated with or without AGEs (800 μg/mL).
Fluorescence microscopy showed that ROS production was
increased after AGEs incubation, but decreased in the Cur-
incorporated GelMA scaffold on days 1 and 7 (Figure 2a). In
addition, we further investigated whether AGEs and Cur were
implicated in the modulation of ADSC apoptosis. FITC/PI
staining indicated that AGEs increased cell apoptosis, which
was attenuated by Cur by days 1 and 7 (Figure 2b). To
investigate the biocompatibility of GelMA and Cur-GelMA
scaffolds, we conducted a cell viability assay, which showed
that Cur prevented AGE-induced cell death in the GelMA
scaffold (Figure 2c). These data suggest that Cur encapsulated
in the GelMA scaffold could inhibit AGE-induced ADSC ROS
and apoptosis.

AGEs/AGER axis induces ROS production

and apoptosis

To further investigate the interaction between AGEs/AGER,
we examined the expression of AGER in ADSCs after trans-

fection of siRNA and pretreatment with or without AGEs.
The results showed that the levels of AGER were enhanced
by AGE exposure, but significantly decreased after trans-
fection with siAGER (Figure 3a). H2DCFDA probes were
loaded onto ADSCs to detect intracellular ROS expression.
Fluorescence microscopy and flow cytometry showed that
AGEs treatment induced intracellular ROS production, but
this was diminished after AGER knockdown (Figure 3b, c).
Subsequently, according to flow cytometry, interfering with
the expression of AGER attenuated AGEs-induced apoptosis
(Figure 3d). These results suggested that the AGE/AGER axis
increased ROS production and ADSC apoptosis.

Cur and NF-κB are implicated in ROS production

and ADSC apoptosis

Cur can prevent intracellular ROS production and apoptosis
of pancreatic beta cells [32]. Furthermore, the AGEs/AGER
axis activates NF-κB, which leads to apoptosis [33]. To detect
whether Cur affects AGER and p65 induced by AGEs, we
detected AGER and p-p65 protein levels after AGEs pretreat-
ment, with or without the NF-κB inhibitor PDTC. The results
showed that AGER and p-p65 levels were decreased after Cur
exposure, while the p-p65 level was significantly reduced after
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Figure 3. Effects of the AGE/AGER axis on ROS production and ADSC apoptosis. (a) Left: western blot shows AGER expression after transfection with siAGER;

siRNA served as a negative control for siAGER. Right: quantitative analysis comparing AGER expression levels between the groups. (b) ROS production was

tested by fluorescence microscope and the total cell number was observed by bright field microscopy to calculate the percentage. (c) Flow cytometry showing

ROS levels in ADSCs. (d) FITC/PI stained ADSCs analyzed by flow cytometry. Data are shown as means ± SD. Statistical analysis: ∗p<0.05, ∗∗p<0.01 and ∗p<0.05.

AGE Advanced glycation end product, AGER AGE receptor, ADSC adipose-derived stem cell, ROS reactive oxygen species

PDTC exposure (Figure 4a). Moreover, Cur could inhibit
AGEs-induced ROS production (Figure 4b, c). Cur and PDTC
also could decrease ADSC apoptosis (Figure 4d). Therefore,
it is possible that Cur suppresses NF-κB signaling, leading to
ROS production and ADSC apoptosis.

Cur involved in the inhibitory effect of AGEs/AGER

induced NF-κB transportation to the nucleus and

caspase-3 activation in ADSCs

Since NF-κB signaling participated in ROS production
and apoptosis, we evaluated whether Cur could regulate
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Figure 4. Cur suppresses AGEs/AGER axis-mediated ROS and ADSC apoptosis. (a) ADSCs pre-treated with AGEs were mixed with Cur or the p65 inhibitor PDTC

(30 μM). Left: western blot demonstrates protein expression levels of AGER and phosphorylated and total p65. Right: comparison of AGER and p-p65 expression

levels between the study groups. (b) ROS level was tested by fluorescence microscopy and total cell number was observed by bright field microscopy to

calculate the percentage. (c) Flow cytometry showing ROS levels in ADSCs. (d) FITC/PI stained ADSCs analyzed by flow cytometry. Data are shown as means

± SD. Statistical analysis: ∗p<0.05, ∗∗p<0.01 and ∗p<0.001. AGE Advanced glycation end product, AGER AGE receptor, ROS reactive oxygen species, ADSC

adipose-derived stem cell, Cur curcumin, PDTC pyrrolidinedithiocarbamate

NF-κB p65. First, we detected AGER and p-p65 protein
levels after Cur treatment for 0–24 h and incubation
with AGEs (800 μg/mL) for 24 h. AGERs and p-p65
were down-regulated in response to Cur (Figure 5a). The

transcription factor NF-κB p65 was involved in regulating
gene transcription and apoptosis, which is normally activated
during translocation from the cytoplasm to the nucleus.
Translocation of p65 from the cytoplasm to the nucleus
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Figure 5. Role of NF-κB p65 signal in the inhibitory effect of Cur on ADSCs. (a) Left: time course analysis of AGER and phosphorylated and total p65 protein

expression levels in ADSCs pre-treated with AGEs (800 μg/mL; 24 h) treated with Cur (20 μM). Right: comparison of AGER and p-p65 expression levels between

the study groups. (b) ADSCs pre-treated with AGEs (800 μg/mL; 24 h) with or without Cur (20 μM; 24 h). Translocation of p65 from the cytoplasm to the

nucleus was quantified by cell immunofluorescence staining (red arrowheads). (c) V-mCherry/caspase-3 stained ADSCs analyzed by flow cytometry. Relative

fluorescence intensity was used to calculate cell apoptosis and caspase-3 expression level. Data are shown as means ± SD. Statistical analysis: ∗p<0.05, ∗∗p<0.01

and ∗p<0.001. (∗p vs 0 h of AGER, #p vs 0 h of p-p65). NF-κB nuclear factor-κB, Cur curcumin, ADSC adipose-derived stem cell, AGE advanced glycation end

product, AGER AGE receptor

was detected using cell immunofluorescence staining. Cur
significantly inhibited the translocation of p65 induced by
AGEs (Figure 5b). Caspase-3, the principal apoptosis marker,

is involved in the apoptosis induced by mitochondrial and
cytosolic pathways [34]. Therefore, we evaluated caspase-
3 activity using fluorescence microscopy and found that
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Figure 6. Cur-GelMA scaffold enhances ADSC survival and accelerates diabetic wound healing. (a) Above: schematic diagram of in vivo wound healing of nude

mice. Below: schematic representation of 3D bioprinted GelMA scaffolds and in vivo transplantation. (b) Representative immunohistochemistry of AGEs in nude

mice and streptozocin-induced nude mice skin tissue. Quantification of AGEs+ cells (%) analyzed using ImageJ software. (c) Left: gross appearance of the skin

wounds after administration of GelMA, GelMA-ADSCs or Cur-GelMA-ADSCs. Excisional wound-splinting assay demonstrating improved wound closure with

Cur-GelMA-ADSCs compared to the other scaffolds. Right: wound healing rate of each group. (d) IVIS was used to detect DiR fluorescence after DiR labelling

of ADSCs transplanted on the surface of excisional wounds on days 0, 3 and 7. (e). IVIS was used to detect DiR fluorescence after DiR labelling of ADSCs in 3D

printing scaffolds transplanted in excisional wounds on days 0, 3, 7, 14 and 21. The color scale is shown on the right side. (f) Left: representative H&E-stained

sections on days 14 and 21 after wound creation. Pink arrows point to the epithelial tongues and green arrows to the GelMA of interest. Right: Percentage of re-

epithelialization between the evaluated groups. (g) Left: representative SR-stained section on days 14 and 21 after wound creation. Right: the percentage of total

collagen and organized collagen between the groups. (h) TUNEL fluorescence staining of wounds from the three groups on days 14 and 21 showed apoptosis

(red arrowheads). (i) Representative immunofluorescence images on days 14 and 21 after wound creation showing the presence of CD31+ and α-SMA+ vessels.

Data are shown as means ± SD. Statistical analysis: ∗∗p<0.05, and ∗∗∗p<0.01. (∗p vs Gel-ADSCs, #p vs Gel.) Gel-MA gelatin methacryloyl, ADSC adipose-derived

stem cell, Cur curcumin, AGE advanced glycation end product, DiR 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine, IVIS in vivo imaging system, H&E

hematoxylin and eosin, SR swelling ratio
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the ADSC apoptosis induced by AGEs was significantly
decreased by Cur through inhibition of the caspase-3 pathway
(Figure 5c). Therefore, it is possible that Cur suppresses
p65 signal activity, leading to ADSC apoptosis through the
caspase-3 system.

Cur-GelMA scaffold promotes in vivo cell survival and

diabetic wound healing

We applied a nude mouse model of full-thickness skin defect
to verify that Cur-GelMA-ADSCs accelerate the diabetic cuta-
neous wound healing response. The animals were repeat-
edly treated with topical GelMA or Cur-GelMA scaffold
obtained from a 3D bioprinter in the presence or absence
of encapsulated DiR-ADSCs (Figure 6a). We injected DiR-
marked ADSCs onto or into the chronic wounds. First, we
used immunohistochemistry to detect AGE expression in
the skin of normal and STZ-induced type 1 diabetic nude
mice. AGE expression in diabetic nude mice was higher
than that in normal nude mice (Figure 6b). Subsequently,
treatment with GelMA-ADSCs significantly expedited re-
epithelialization compared to treatment with GelMA. Impor-
tantly, topical application of Cur-GelMA-ADSC scaffold sig-
nificantly accelerated wound healing compared to GelMA-
ADSC treatment. H&E demonstrated a higher degree of
wound re-epithelialization after 14 and 21 days in the Cur-
GelMA-ADSC group compared to the GelMA and GelMA-
ADSC groups (Figure 6c and f). In addition, we transplanted
DiR-labeled ADSCs directly onto the surface of the wound
and IVIS showed that only a small number of cells survived
at day 7 (Figure 6d). DiR- labeled ADSCs were loaded into
the GelMA and mice were administered topical GelMA-
ADSCs with or without Cur. When the cells were loaded into
Cur-GelMA, a greater number of living cells were detected
on day 21 compared to GelMA-ADSCs (Figure 6e). Cur-
GelMA-ADSCs increased the quantities of total and orga-
nized collagen (Figure 6g). We used a TUNEL assay to detect
apoptosis in skin tissues. We found that Cur ameliorated
apoptosis in skin tissue (Figure 6h). Furthermore, the detec-
tion of endothelial markers CD31 and α-SMA suggested that
the blood vessels were mature, indicating that Cur-GelMA-
ADSCs could induce angiogenesis (Figure 6i).

Discussion

ADSCs demonstrated strong differentiation and secretion
abilities, increased the activity of vascular endothelial cells
and keratinocytes and accelerated wound healing [35–37].
However, the persistence of hypoxia, inflammation and high
glucose in the wound microenvironment leads to low survival
rates after stem cell transplantation, limiting the efficacy of
their cell therapy. In the present study, we demonstrated that
ADSCs encapsulated in 3D printed GelMA had a greater
proportion of living cells even 21 days after transplantation.
The 3D-printed, grid-like scaffold increased the survival of

the transplanted cells by facilitating the absorption of nutri-
ents from the wound. Additionally, the 3D-printed grid-like
scaffold was beneficial to the growth of new granulation and
new blood vessels.

AGEs are toxic metabolic products produced by and
accumulated in the diabetic microenvironment. AGEs
stimulate the pathophysiological cascades related to diabetic
complications. AGEs and AGERs comprise an important
complex involved in cell dysfunction by increasing ROS
production and decreasing ATP production and mito-
chondrial activity [13, 38]. Excessive AGEs accumulation,
followed by AGER activation, is linked to aging and
diabetic complications [39]. Apoptosis is one of the potential
mechanisms by which AGEs affect cell function [40].
Excessive ROS production and AGEs induce apoptosis
and impair diabetic wound healing. We found that AGEs
upregulate AGER expression and cell apoptosis, which may
be related to increased caspase-3 activity and sustained by
NF-κB p65 activation. Future experiments should decrease
caspase-3 activity to detect the role of AGEs/AGERs/NF-κB
p65/caspase-3 in ADSC apoptosis.

Cur, extracted from the rhizome of Zingiberaceae, has
antioxidant, anti-inflammatory and anti-apoptotic activities
[41, 42]. Studies have shown that Cur is involved in cellular
ROS production and apoptosis in MSCs [43]. In addition,
liposomal Cur has been demonstrated to enhance the activity
of endothelial-differentiated-human periodontal ligament
stem cells and dental pulp stem cells as an anti-inflammatory
strategy [44, 45]. In addition, Cur pretreated ADSCs can
accelerate the re-epithelialization and angiogenesis of acid
inflicted burn wounds [46]. Here, we demonstrated that
Cur reduced AGE-induced AGER and caspase-3 expression,
ROS production, apoptosis and NF-κB p65 activation.
Additionally, Cur enhanced the survival of transplanted
GelMA-ADSCs scaffolds on diabetic wounds and accelerated
wound healing.

Stem cells and bioengineering skin substitutes are widely
used to treat large full-thickness skin defects and chronic
wounds [47], but there are several limitations to their use,
such as decreased vitality, apoptosis and death of cells after
transplantation [48, 49]. Several skin repair and regeneration
treatments are available, and the stem cell-based method
for biomaterial loading is preferred owing to its bioactivity
and biocompatibility [50, 51]. Gelatine contains an argi-
nine, glycine and aspartate sequence, which promotes cell
attachment and proliferation on the scaffold, and a matrix
metalloproteinase sequence that promotes cell migration and
remodeling [52–54]. Crosslinks can be established under
ultraviolet radiation at room temperature and neutral pH.
However, methacrylation does not affect the function of gela-
tine. Additionally, 10% GelMA interconnecting channels are
beneficial for nutrition/oxygen perfusion and neovasculariza-
tion [28, 29] and they have suitable mechanical properties
for 3D printing. In this study, Cur incorporated with GelMA
was selected as the 3D printing bioink and was loaded with
ADSCs to repair full-thickness skin defects of diabetic nude
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mice. Furthermore, the incubation of ADSCs with Cur signif-
icantly downregulated AGER and inhibited ROS production
and ADSC apoptosis, which contributes to angiogenesis and
the re-epithelialization of wounds.

Conclusions

Cur-GelMA hydrogel fabricated by the 3D printing technique
had good biocompatibility and enhanced wound healing by
ameliorating ADSC apoptosis. Cur promoted tissue repair by
mitigating AGE/AGER/NF-κB p65-induced ROS generation
and ADSC apoptosis. This composite can repair or regenerate
the skin. Further studies are required to investigate this
promising biomaterial and its clinical potential for wound
healing.
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