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Abstract Delayed diabetic wound healing has placed an enormous burden on society. The key factors

limiting wound healing include unresolved inflammation and impaired angiogenesis. Platelet-rich plasma

(PRP) gel, a popular biomaterial in the field of regeneration, has limited applications due to its non-

injectable properties and rapid release and degradation of growth factors. Here, we prepared an injectable

hydrogel (DPLG) based on PRP and laponite by a simple one-step mixing method. Taking advantages of

the non-covalent interactions, DPLG could overcome the limitations of PRP gels, which is injectable to

fill irregular injures and could serve as a local drug reservoir to achieve the sustained release of growth

factors in PRP and deferoxamine (an angiogenesis promoter). DPLG has an excellent ability in
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Hypoxia-inducible factor-
1-a
accelerating wound healing by promoting macrophage polarization and angiogenesis in a full-thickness

skin defect model in type I diabetic rats and normal rats. Taken together, this study may provide the inge-

nious and simple bioactive wound dressing with a superior ability to promote wound healing.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nonhealing chronic wounds have become a major medical and
social burden worldwide. Diabetes is the leading cause of chronic
ulcers. According to the latest report from IDF (International
Diabetic Federation), 537 million adults are living with diabetes
worldwide. The prevalence of diabetes is predicted to rise to 783
million by 20451. Currently, up to 25% of people with diabetes
face a lifetime risk of chronic non-healing wounds2,3. Diabetic
foot ulcers (DFUs) are one of the most prevalent types of chronic
wounds, putting diabetics at risk of amputation4. At least 68% of
these people will die within 5 years5. The two main reasons why
diabetic wounds are difficult to heal are the unresolved inflam-
mation in the inflammatory phase and the decreased ability of
angiogenesis in the proliferative phase6,7. Unlike the acute in-
flammatory response of normal wounds, the inflammation of
chronic wounds in diabetic patients is at suboptimal levels, and the
inflammatory phase is prolonged indefinitely6. Furthermore, the
polarization of M1 to M2 macrophages is impaired in diabetic
wounds8. Many studies have shown that diabetic wounds have
impaired angiogenesis during the proliferative phase7. The high
glucose exposure interferes with the stability of hypoxia-activated
transcription factor hypoxia-inducible factor-1-a (HIF-1a), a
factor that plays an important role in promoting angiogenesis
through multiple mechanisms, including the regulation of
numerous angiogenesis related genes and generation of angio-
genic growth factors6. As a result, diabetic wounds cannot upre-
gulate vascular endothelial growth factor (VEGF) in response to
soft tissue ischemia, resulting in impaired angiogenesis and
wound healing4,5,9,10. Therefore, promoting the polarization of
macrophages to the M2 phenotype and enhancing angiogenesis in
diabetic wounds are crucial to accelerating wound healing. In
general, surgical debridement, infection control, and application
of wound dressings are part of the routine clinical management of
diabetic wounds. However, due to the failure to restore the
damaged function of the cells surrounding the wound and the lack
of bioactive molecules, the treatment methods are ineffective for
many patients11e13. Local delivery of growth factors has been
proven to be beneficial for wound healing, especially the com-
bined use of multiple growth factors, but the expensive cost limits
its widespread clinical application11,14. Therefore, it is critical to
developing a new therapeutic approach focusing on promoting the
polarization of macrophages to the M2 phenotype during the in-
flammatory phase and accelerating angiogenesis during the pro-
liferative phase for accelerating diabetic chronic wound healing.

Platelet-rich plasma (PRP), especially PRP-derived gel (PG)
products, have been widely applied in many regeneration fields,
including orthopedic regeneration therapy, oral/maxillofacial sur-
gery, skin wound repair, and hair regeneration due to their superior
regeneration ability15e18. PRP is rich in a large number of
different growth factors and chemokines, such as VEGF, platelet-
derived growth factor (PDGF) and basic fibroblast growth factor
(bFGF), which can recruit endogenous cells and promote M2
macrophage polarization to suppress inflammatory responses15.
Platelets in PRP are abundant in sphingosine1-phosphate (S1P),
which can also effectively recruit and polarize M2 macrophages19.
In addition to their regulatory effects on the inflammatory stage,
the growth factors mentioned above can also promote angiogen-
esis in the proliferative phage by promoting endothelial cell
migration and proliferation15. However, the rapid release of
growth factors is one of the most important reasons for limiting
the clinical application of PG. Moreover, the released growth
factors are rapidly degraded by a large number of enzymes in the
wound, so the optimal therapeutic effect cannot be ach-
ieved12,20e23. Besides, PG is not injectable, resulting in incom-
plete filling of irregular damage and inconvenient application.
Injectable hydrogel dressings are more convenient in practice24.
Therefore, the key to improving the therapeutic effect of PG lies in
improving the injectability of PG and realizing the sustained
release of growth factors in PG.

Laponite, an inorganic nanoclay, has been investigated for
various biomedical applications due to its biocompatibility, unique
disc shape, high surface-to-volume ratio, and surface charge25,26.
As a 2D biomaterial, laponite itself is endocytosed by cells,
causing a wide range of cellular responses and enriching biolog-
ical processes, including cell proliferation, migration, and extra-
cellular base generation27. At the same time, degradation products
of laponite [Naþ, Liþ, Mg2þ, Si(OH)4] can be absorbed by the
human body28. Mg2þ can improve inflammation, stimulate cell
proliferation and promote healing29. Si(OH)4 and Li þ can pro-
mote the synthesis of type I collagen via wnt/b-catenin signaling
pathway25,30. More importantly, laponite exhibits unique charging
properties. This nanoclay exhibits a dual charge distribution, with
negative charges on the particle surface and positive charges along
its edges25. Therefore, based on its rich surface charge properties,
it could generate electrostatic interactions with proteins, as well as
other non-covalent interactions such as hydrogen bonds and van
der Waals forces, thereby forming hydrogel by the formation of
clay-protein-clay bridge31e34. This physically cross-linked
hydrogel is shear-thinning, therefore it is injectable. Due to its
rich charge properties, it could also achieve the sustained release
of charged small molecule drugs35,36.

Inspired by this, we innovatively used laponite to improve the
PG gel. The shear-thinning and self-healing hydrogel (PLG) was
prepared through non-covalent interactions between laponite and
the abundant proteins in PRP (Scheme 1). The hydrogel overcame
the limitations of PG gel, which could achieve sustained release of
growth factors, and had injectable properties to achieve complete

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic diagram illustrating DPLG hydrogel for diabetic wound healing. (A) The synthetic route of DPG. PG represents the gel

formed by pure activated PRP. DPG refers to PG loaded with DFO. DPG is not injectable, and the release rate of GFs and DFO from DPG is very

fast. (B) The synthetic route of DPLG. PLG represents the gel formed by activated PRP and Lap (laponite). DPLG refers to PLG loaded with

DFO. DPLG is injectable, which could completely fill irregular defects. And it could realize sustained release of GFs and DFO. (C) DPLG could

act as a bioactive wound dressing to accelerate diabetic wound healing by acting at different stages of wound healing.
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filling of irregular defects. PLG could also serve as a local drug
delivery platform to achieve sustained release of other small
molecule drugs. Deferoxamine (DFO) was selected as a small
molecule drug that could accelerate wound healing by stabilizing
HIF-1a9,10,37e42. DFO containing PLG gel (DPLG) significantly
accelerated diabetes wound healing. In general, the hydrogel
(DPLG) prepared based on DFO, PRP and laponite in this study
has the following advantages: (1) Different from the complex
cross-linking process of traditional gels, the preparation of DPLG
which requires only one-step mixing is simple. (2) DPLG is
injectable, which could fill irregular wounds and is easy to use. (3)
It has good biocompatibility, because it does not involve toxic
cross-linking agents and the degradation products also have bio-
logical activity. (4) It could achieve sustained release of growth
factors in PRP to overcome the limitation of clinical common PG
gel. (5) It could be used as a drug delivery platform to control drug
release and further enhance the clinical therapeutic effect.
Therefore, the gel has the potential for clinical application.
2. Materials and methods

2.1. Materials

DFO was purchased from MedChem Express (New jersey, USA).
Laponite XLG was obtained from Beijing EAST WEST special-
ized technology development Co., Ltd (Beijing, China). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was acquired from Biosharp Biotechnology (Hefei, China).
Calcein-AM and propidium iodide (PI) were purchased from
Invitrogen Corporation (California, USA). Radio-
immunoprecipitation assay (RIPA) buffer and bicinchoninic acid
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(BCA) protein quantitation kit were obtained from Beyotime
Institute of Biotechnology (Shanghai, China). Streptozotocin
(STZ) was purchased from SigmaeAldrich (Missouri, USA).

2.2. Cell culture

Human umbilical vein endothelial cell line (HUVEC) and mouse
fibroblast cell line (L929) were purchased from Chinese Academy
of Science and Technology Cell Bank of China. L929 and
HUVEC were cultured in DMEM medium supplemented with
10% FBS, 1% streptomycin, and 100 IU/mL penicillin. All cells
were kept in a 37 �C, 5% CO2 incubator.

2.3. Animals

SpragueeDawley (SD) rats (male, 8 weeks old) were brought
from Hubei Provincial Center for Disease Prevention and Control
(Wuhan, China). All SPF animals were kept in the Animal facility
Center, Huazhong University of Science and Technology (HUST).
All animal experiments were approved by Institutional Animal
Care and Use Committee, HUST (IACUC Number: 2604).

2.4. Preparation of PRP

Sodium citrate anticoagulated rat whole blood was centrifuged at
900�g (Hunan Xiangyi Laboratory Instrument Development Co.,
Ltd., L525R, Changsha, China) for 5 min to obtain plasma.
Plasma was further centrifuged at 1500�g for 15 min to precip-
itate platelets, and platelets and part of the supernatant were
collected and mixed to obtain PRP. PRP was stored at �80 �C.

2.5. Preparation of hydrogels

The PG was prepared by mixing 1 mL of PRP and 100 mL of
CaCl2 (2.58%, w/w) at room temperature. The preparation of PLG
was achieved by mixing PRP (0.5 mL), calcium chloride (50 mL)
and laponite (0.5 mL, 10%, w/w). In order to obtain DFO-loaded
hydrogels (DPG and DPLG), DFO was further added during the
hydrogel preparation process. The final DFO loading of DPLG
was 600 mg per mL of hydrogel, and the DFO loading of DPG was
600 mg per 500 mL of hydrogel.

2.6. In vitro degradation evaluation of hydrogels

Hydrogels with different compositions (e.g., when the volume
ratio of PRP and laponite was 2:1, it was recorded as P2L1G) were
weighed and described as the initial weight W0. Then, 0.5 cm3

hydrogels were immersed in 4 mL of PBS and placed on a shaker
at 37 �C with a speed of 60 rpm. At pre-set time intervals (1, 4, 12,
24, 36, and 48 h), PBS was removed and the surface moisture of
hydrogel was wiped dry, and then the hydrogel was photographed
and weighed as Wt, respectively. Its morphological changes and
mass changes over time were recorded. The relative weight of
hydrogels was calculated according to the following Eq. (1):

Relative weight (%) Z Wt/W0 � 100 (1)

The stability of PLG in plasma was further investigated. The
plasma was obtained from fresh rat blood by centrifugation at
2000 rpm (Hunan Xiangyi Laboratory Instrument Development
Co., Ltd.，China) for 10 min. The stability of PLG in plasma was
investigated according to the method mentioned above.

2.7. Characterizations of hydrogels

A tube inversion test was used to test the solegel transition, and a
26G syringe needle was used to briefly demonstrate the inject-
ability and self-healing ability of PLG. Scanning electron micro-
scopy (SEM, Quanta 200, FEI, USA) was employed to observe the
microstructures of lyophilized PG and PLG. Elemental surface
chemistry was characterized by energy dispersive X-ray spec-
troscopy (EDX). Fourier transform infrared (FTIR) spectropho-
tometer (AVATAR 360, Thermo, USA) was employed to record
the FTIR spectra of the samples. Samples for FTIR analysis were
prepared by mixing lyophilized gel and KBr and tableting, with a
scan range from 400 to 4000 cm�1.

2.8. Rheological behavior study

Kinexus Rotational Rheometer (Malvern Instruments, Malvern,
UK) was employed to investigate the rheological behavior of
hydrogels. Each sample was equilibrated at 25 �C for 5 min by
placing in the middle of a 15 mm diameter parallel before testing.
The frequency-sweep test of hydrogels was conducted with fre-
quency from 0.1 to 10 Hz and 1% shear strain to record the storage
modulus (Gʹ) and loss modulus (Gʹʹ). Viscosity measurements
were performed at shear rates ranging from 0.1 to 100 s�1 at
25 �C. Recovery experiments were performed to test the self-
healing ability of the hydrogels. The self-healing property of
PLG and DPLG was measured by applying 1% strain for 2 min
followed by 100% strain for 2 min at 1 Hz.

2.9. Release profiles of hydrogels

The release behavior of total protein was assessed using a protein
quantification kit. 500 mL PG or 1000 mL PLG (containing 500 mL
PRP) was placed at the bottom of the low-adsorption EP tube with
0.5 mL of PBS (0.1% sodium azide was added to the media to
inhibit bacterial growth and prevent protein degradation). At
predetermined time points, all the release media was withdrawn
and replaced with 0.5 mL fresh media. BCA kit was used to detect
the amount of protein in the release medium. The cumulative
release profile was calculated by this Eq. (2):

Rt (%) Z [A]t/[A]PRP � 100 (2)

where [A]t was the cumulative protein release amount at different
time intervals, [A]PRP was the total protein in 500 mL activated
PRP.

The release behavior of DFO was detected by high perfor-
mance liquid chromatography (HPLC, UltiMate 3000 Thermo
Fisher Scientific machine, Waltham, MA, USA). 500 mL of DPG
or 1000 mL of DPLG (with equal amount of DFO) was placed at
the bottom of EP tube with 2 mL of PBS. At predetermined time
points, all the release media was withdrawn and replaced with
2 mL fresh media. And the collected release media was lyophi-
lized for further analysis. The release medium freeze-dried pow-
der was dispersed in distilled water and combined with 4 mmol/L
iron (III) chloride in a 1:1 ratio immediately before analysis via
HPLC43. The mobile phase consisted of acetonitrile and phosphate
buffer containing 20 mmol/L EDTA (10:90, v/v), pH was adjusted
to 6.5 and UV detection at 440 nm.
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To detect the release of magnesium ions in PLG, PLG was
immersed in 5 mL of PBS. After incubation for different times (6,
12, 24, 48, 72 h) at 37 �C, the release media was withdrawn and
replaced with 5 mL of fresh media. The detections of Mg2þ were
performed with atomic absorption spectrometer (AAS, China).

2.10. Hemocompatibility assay

The hemolytic properties of hydrogels were evaluated by the he-
molysis test. Briefly, the RBCs were obtained from fresh rat blood
by centrifugation at 2000 rpm (Hunan Xiangyi Laboratory In-
strument Development Co., Ltd.) for 10 min, and then washed
with PBS to purify RBCs. The purified RBCs were further diluted
into a 5% (v/v) RBC stock suspension. The 300 mL diluted RBC
suspension was mixed with: a) 1 mL PBS as a negative control; b)
1 mL deionized water (DW) as a positive control; c) 50 mL
laponite and 1 mL PBS; d) 50 mL PRP and 1 mL PBS; e) 50 mL
PLG and 1 mL PBS. After incubation at 37 �C for 2 h, the mix-
tures were centrifuged for 10 min at 2000 rpm. The hemolytic
properties with different treatments were observed via a digital
camera. Then, the supernatant was collected to measure the
absorbance at 540 nm using the microplate reader (Multiskan
MK3, Thermo, MA, USA)44,45. The percent hemolysis was
calculated via the following Eq. (3)

Hemolysis (%) Z [(Asample e APBS) / (ADW � APBS)] � 100 (3)

The hemocompatibility of PLG gel degradation products was
further investigated. PBS was used to extract PLG for 24 h to
obtain extracts with a concentration of 100%, and the extracts
were serially diluted with PBS to obtain 50%, 25% and 10% of the
extracts. 300 mL diluted RBC suspension was mixed with: a) 1 mL
PBS as a negative control; b) 1 mL 100% extract; c) 1 mL 50%
extract; d) 1 mL 25% extract; e) 1 mL 10% extract; f) 1 mL DWas
a positive control. The experimental method was consistent with
the method mentioned above.

2.11. Cytocompatibility assay

The cytocompatibility of PG and PLG was assessed by MTT assay
according to the previously reported procedure45,46. DMEM me-
dium was used to extract PG or PLG for 24 h to obtain extracts
with a concentration of 100%, and were serially diluted with blank
DMEM medium to obtain 50%, 25% and 10% of the extracts.
L929 or HUVEC cells were seeded in 96-well plates and inter-
vened with different concentrations of extracts for 24 h, and then
the cell viability was assessed by MTT assay.

2.12. Cell proliferation assay

MTT assay and live/dead staining assay were used to evaluate the
proliferative capacity of hydrogels. Briefly, 3 � 103 L929 were
seeded in 96-well plates and intervened with: 1) DMEM as con-
trol; 2) 5 mmol/L DFO; 3) 25% PG extract; 4) 25% PLG extract;
5) 25% PG extract and 5 mmol/L DFO; 6) 25% PLG extract and
5 mmol/L DFO, and the cell proliferation was detected by MTT
method at predetermined time points (24, 48 and 72 h). To further
visualize the proliferation of L929, L929 were seeded in 24-well
plates at 2 � 104 cells per well with DMEM medium and incu-
bated overnight. Then medium was replaced with fresh medium
containing various formulations. At predetermined time points
(24, 48 and 72 h), cells were washed with PBS, and treated with
live/dead staining Kit according to the manufacturer’s protocol,
and detected under a fluorescent microscope (CKX53, Olympus,
Japan).

2.13. Migration assay

HUVEC were seeded in 6-well plates with complete medium and
incubated at 37 �C until they achieved 90% confluence. Each well
was scratched with a 200 mL pipette tip and washed with PBS to
remove the floating cells. The original medium was replaced with
hydrogel extracts. Cells migration was observed under a light
microscope after 24 and 48 h, and the results were analyzed with
ImageJ. The experiments were repeated three times.

2.14. Tube formation assay

In order to investigate the pro-angiogenic ability of the hydrogels,
50 mL of matrigel was first spread in a 96-well plate and incubated
at 37 �C for 1 h to change the matrigel from a liquid state to a gel
state. Simultaneously, HUVECs were digested and resuspended
with different formulations: 1) DMEM as control; 2) 5 mmol/L
DFO; 3) 25% PG extract; 4) 25% PLG extract; 5) 25% PG extract
and 5 mmol/L DFO; 6) 25% PLG extract and 5 mmol/L DFO, and
then 3 � 104 cells HUVEC cells were seeded per well. After being
cultured for 6 h, the tube formation was recorded by observing and
photographing with an optical microscope (CKX53, Olympus,
Japan). The result was analyzed by ImageJ software.

2.15. Storage stability of DPLG

DPLG was stored at 4 �C for 2 weeks. The stability of stored
DPLG and its ability to promote cell proliferation were investi-
gated using the experimental methods described in Sections 2.8
and 2.12.

2.16. In vivo biodegradation assay

100 mL PLG gels were implanted subcutaneously in healthy KM
mice to investigate the degradation behavior of PLG in vivo. The
gels were peeled off for photographing and weighing at pre-
determined time points. The skin around the gel site was fixed in
4% formalin solution for further H&E section analysis.

2.17. Evaluation of wound healing ability of hydrogels in a STZ-
induced diabetic rat full-thickness skin defect model

2.17.1. Diabetic rat model induced by STZ
STZ was used to induce type I diabetes model. SpragueeDawley
(SD) rats (male, 8 weeks old) were fasted for 16 h, and then
intraperitoneally injected with 1% STZ at a dose of 65 mg/kg. The
blood glucose level of the rat was monitored every 3 days, and the
blood glucose level was maintained above 16.7 mmol/L, indi-
cating that the diabetes model was successfully established.

2.17.2. Diabetic wound repair
The full-thickness skin defect model was established after 14 days
of stable blood glucose, and the blood glucose of SD rats was
recorded until the complete wound healing. After 14 days, the
diabetic rats were anesthetized and shaved, and four circular full-
thickness skin defect models were constructed on the back of each
rat with a skin biopsy punch (8 mm in diameter)47,48. In order to
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clarify the advantages of slow release of growth factors, animal
experiments were firstly carried out to compare the ability of PG
and PLG to promote wound healing. Wounds received the
following treatments: 100 mL saline (as a control group),
50 mL PG and 100 mL PLG (The gel volume of PG was halved to
ensure that PG contained the same amount of PRP as PLG). In
another animal experiment, to further examine the ability of the
DFO-loaded gels to promote wound healing, diabetic rats were
randomized and received the following four treatments (n Z 6):
100 mL saline, 50 mL DPG, 100 mL PLG, and 100 mL DPLG (DPG
and DPLG contain the same content of DFO.). The wounds on the
back of each rat were covered with a Tegaderm film. The hydrogel
dressing was changed every 3 days during the treatment period,
and the wound area was recorded. The remaining wound area was
measured by ImageJ software and the wound closure was calcu-
lated by this Eq. (4)

Remaining wound area (%) Z At/A0 � 100 (4)

where A0 is the wound area on Day 0 and At is the wound area at
different time points.

2.18. Histological analysis and immunostaining

Six and fifteen days after surgery, the rats were sacrificed, and
tissues from the wound sites were collected and fixed with 4%
paraformaldehyde for histological analysis such as hematoxylin
and eosin (H&E) staining, Masson’s trichrome staining, and pic-
rosirius red staining. Immunohistochemical (IHC) analysis of
CD31, HIF-1a, VEGF and TGF-b1 and immunofluorescence (IF)
analysis of CD31, a-SMA, F4/80, iNOS, CD206 were performed
according to standard protocols.

2.19. Evaluation of wound healing ability of hydrogels in a rat
full-thickness skin defect model

Eight-week-old SD rats were shaved after anesthesia, and 4
wounds were constructed on the back of each rat with a skin bi-
opsy punch (8 mm in diameter). The wounds received three
treatments (100 mL saline, 50 mL PG and 100 mL PLG) to
demonstrate the advantages of slow release of growth factors
caused by the introduction of laponite. In another animal experi-
ment, rats were randomized to receive the following four treat-
ments (n Z 6): 100 mL saline, 50 mL DPG, 100 mL PLG, and
100 mL DPLG. The wounds were covered with a Tegaderm film.
The hydrogel dressing was changed every 2 days during the
wound treatment period, and the wound area was recorded. The
wound closure was calculated by this Eq. (3)

Wound closure rate (%) Z [A0 ‒ At]/A0 � 100 (3)

where A0 is the wound area on Day 0 and At is the wound area at
different time points. On Days 4 and 8, the rats were sacrificed and
skin tissues around wound site were collected and fixed in 4%
formalin solution for further H&E section analysis and Masson’s
trichrome staining.

2.20. Statistical analysis

All results were described as mean � standard deviation with at
least three independent experiments. One-way ANOVAwere used
to analyze the differences among multiple groups with Graphpad
software. *P < 0.05, **P < 0.01, and ***P < 0.001 indicated as
statistical difference.
3. Results

3.1. PLG hydrogel was injectable and could serve as a depot for
therapeutic drugs

The preparation process of PLG was simple, and the hydrogel
could be formed immediately by one-pot mixing method
(Fig. 1B). Briefly, PLG was prepared by mixing and vortexing
the FDA-approved biomaterial PRP with the bioactive laponite
and a small amount of calcium chloride solution. At the same
time, the corresponding PG gel was also prepared for compar-
ative study. According to a previous report15, by adding calcium
chloride or thrombin to PRP, fibrinogen in plasma could be
converted into a fibrin network structure, thereby converting
PRP from a solution state to a gel-like PG. According to other
literature reports12, PG was prepared by mixing PRP and 2.58%
(w/w) calcium chloride in a volume ratio of 10:1 (Scheme 1A
and Supporting Information Fig. S1A). The prepared PG was not
injectable and could be pressed which led to the flowing out
plasma and the subsequent decreased volume of PG gel (Figs.
S1B and S1C). Firstly, we optimized the prescription of PLG
gel by adjusting the mixing ratio of PRP and laponite (the vol-
ume ratio of PRP to calcium chloride was kept at 10:1). Laponite
was first dispersed in deionized water by stirring and adding
sodium pyrophosphate to obtain laponite stock solution (10%,
w/w), which was then mixed with PRP according to the pro-
portions shown in Supporting Information Fig. S2A and S2C to
investigate the gelation. As shown in Figs. S2B and S2D, when
the volume ratios of PRP and laponite were 2:1; 1:1; 1:2; 1:3,
they were successfully transformed into a gel state immediately
after mixing, and the prepared gels were noted as: P2L1G,
P1L1G, P1L2G, P1L3G. Next, the in vitro stability of hydrogels
was investigated. All hydrogel samples were immersed in PBS
and placed at 37 �C to observe the quality change of hydrogels.
P2L1G was rapidly degraded with a mass loss of nearly 50%
within 1 h, while P1L1G was only slightly degraded within 48 h,
and the mass of other hydrogels was almost unchanged
(Supporting Information Fig. S3A and S3B). Considering that
PRP is an FDA-approved and widely used biomaterial, its con-
tent in the hydrogel may be proportional to the ability of the
hydrogel to promote tissue regeneration. Therefore, unless
otherwise specified, PLG referred to P1L1G in subsequent ex-
periments. To simulate the effect of in vivo ion exchange on
PLG, we further investigated the stability of PLG in plasma. The
stability of PLG was also well maintained in plasma, indicating
that in vivo ion exchange did not significantly interfere with the
stability of PLG (Figs. S3C and S3D).

The internal morphological structures of lyophilized PG and
PLG were further observed by SEM. Fibrin fibers in the PG gel
fused longitudinally to form a sheet-like structure (Fig. 1B).
Interestingly, in the PLG hydrogel, fiber-like filaments were
observed, indicating that PRP was activated and a fibrin network
was formed (Fig. 1D). Further analysis by EDX revealed the
presence of silicon (Si) and magnesium (Mg) in the PLG gel, two
elements derived from laponite (Fig. 1C and E). The presence of
laponite in PLG was further confirmed by FTIR spectroscopy. As
shown in Fig. 1F, the peaks around 1665 and 1535 cm�1 were
derived from the amide bond in PRP, and the peaks around 1006



Figure 1 PLG hydrogel was injectable and could serve as a depot for therapeutic drugs. (A) Photographs of PLG (the gel was stained with

methylene blue for better visualization). SEM (B) and EDS (C) analysis of PG. SEM (D) and EDS (E) analysis of PLG. (F) FTIR analysis of Lap

(laponite), PLG and PRP. (G) Viscosity over shear rates of PLG. (H) G0 and G00 of PLG during cycling three times of shear strain between 1% and

100%. (I) Storage (G0) modulus (�）and loss (G00) modulus (B) of PG and PLG. (J) Total protein release profiles of PG and PLG (n Z 3). (K)

DFO release profiles of DPG and DPLG (n Z 3). Data are reported as mean � SD.
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and 654 cm�1 were corresponding to the stretching and bending
vibrations of SieOeSi in laponite, respectively. PLG contained
both SieOeSi peak and amide peak, indicating the presence of
PRP and laponite.

Unlike non-injectable PG gels that just rely on covalent
polymerization of fibrinogen, PLG could be injected due to its
shear-thinning properties and self-healing properties. In PLG gel,
non-covalent interactions (including electrostatic interactions,
hydrogen bonds, and van der Waals forces, etc.) between protein
and clay or between clay and clay may dominate, and this
physical interaction could be destroyed during injection, result-
ing in shear-thinning properties of the gel. These physical in-
teractions will recover spontaneously after injection, thus PLG
could be transformed into gel state again. As shown in Fig. 1A
(the gel was stained with methylene blue for better visualiza-
tion), the PLG gel could pass through a 26G syringe, and be back
to gel state after injection (Supporting Information Movie 1 and
Fig. S4). This property of PLG was very beneficial for clinical
applications, as it could assist in the filling of irregular wounds.
The shear thinning and self-healing properties of PLG were
further confirmed by rheological behavior. The viscosity of PLG
gradually decreased with the increasing shear rate, confirming
the shear-thinning property of PLG (Fig. 1G). Oscillatory shear
study was further employed to demonstrate the self-healing
ability of PLG. When a low strain of 1% was applied, the stor-
age modulus Gʹ was greater than the loss modulus Gʹʹ, showing
the typical gel state. However, when a high strain of 100% was
applied, the storage modulus Gʹ decreased rapidly and was
smaller than the loss modulus Gʹʹ, showing a solution state
(Fig. 1H). In the frequency sweep test, the Gʹ of both PG and
PLG was larger than Gʹʹ, indicating their elasticedominant
properties. In addition, the Gʹ value was related to the
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crosslink density, and the larger the Gʹ of the gel, the higher the
crosslink density. Therefore, the larger Gʹ of PLG compared to
PG might indicate that the cross-linking density of PLG was
greater than that of PG (Fig. 1I). We further investigated the
rheological properties of the gels loaded with DFO. As shown in
Supporting Information Fig. S5, the loading of DFO had no
significant effect on the rheological behavior of gels.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2022.11.006

Some studies have shown that avoiding the early burst
release and achieving local sustained release of growth factors
in PRP are essential to improve the therapeutic effect of
PRP12,21. To investigate the release behavior of growth factors
from PG and PLG, we examined the total protein release amount
from the hydrogels in vitro. As shown in Fig. 1J, the release of
PG group rapidly reached 26% within the first 1 h, reached
about 85% at 12 h, and then reached a plateau phase. However,
the protein release content in PLG was less than 5% within 1 h,
and about 36% at 12 h. After that, the protein in the PLG was
released continuously at a relatively slow rate. This indicated
that the presence of laponite in PLG could facilitate local sus-
tained release of growth factors. It was speculated that the rich
surface charge of laponite might interact with various growth
factors in PRP, thereby slowing the release of growth factors in
PLG gel.

Because the serum half-life of DFO is short, the strong iron
lowering effect of DFO may cause side effects38, and the high
local concentration of DFO may cause cytotoxicity40, the local
sustained release of DFO is essential to ensure its safety and
therapeutic effect in vivo. When DFO was loaded into PG or
PLG gels, they were denoted as DPG and DPLG, respectively.
Due to the excellent water solubility of DFO and the lack of
covalent or non-covalent interaction between DFO and PRP, the
DFO in the DPG gel could not be released slowly, and about
80% DFO was released within the first 1 h. On the contrary, only
about 10% of DFO loaded in DPLG was released in the first 1 h,
and it also maintained a relatively slow-release rate in subse-
quent time points (Fig. 1K). This may be caused by the elec-
trostatic interaction between the positively charged amine
groups of DFO and the abundant negative charges on the surface
of laponite. As one of the bioactive degradation products of
laponite, the release of Mg2þ was also investigated. As shown in
Supporting Information Fig. S6, the release amount gradually
increased with time, and the concentration of Mg2þ in the
release medium was about 1.12 mmol/L at 72 h. Several studies
have shown that magnesium could dose-dependently promote
the proliferation of osteoblasts or vascular endothelial cells in
the concentration range of 0e10 mmol/L49,50. Therefore, Mg2þ

released from DPLG might be beneficial to further promote
wound healing.

3.2. Hydrogels had good biocompatibility and biological
activity in vitro

To evaluate the biocompatibility of PLG hydrogel, we first
investigated the blood compatibility of PLG. The results show that
laponite alone had a certain hemolytic ability due to its abundant
charge, but after forming a PLG gel with PRP, its safety was
greatly improved (Fig. 2A). Similar to the PBS group, there was
almost no hemolysis phenomenon in PLG gel, and the supernatant
was clear and transparent. And the degradation products of PLG
also showed good blood compatibility (Supporting Information
Fig. S7). Next, cytotoxicity evaluation of the hydrogels was per-
formed by MTT method according to a previous report46. The cell
viability of both HUVEC and L929 was greater than 80% in the
tested groups that had been incubated with leachates of PG and
PLG for 24 h, which confirmed that both PG and PLG had good
cytocompatibility (Fig. 2B and C). The in vivo degradation test
also showed that PLG gel could degrade over time in vivo, and
skin H&E slices showed that the gel might trigger a mild in-
flammatory response in the early stage, but the inflammatory
response would automatically subside over time (Supporting
Information Fig. S8).

Previous studies have confirmed that the growth factors PDGF,
EGF and bFGF in PRP could promote the proliferation of fibro-
blasts15. Laponite and its degradation products could regulate a
variety of biological processes including cell proliferation,
migration, and extracellular matrix generation25,27. As a prolyl-4-
hydroxylase (PHD) inhibitor, DFO could increase the stability and
activity of HIF-1a, thereby increasing angiogenesis9,37,41,42.
Therefore, the bioactivity of the hydrogels was further investi-
gated through cell proliferation assay, scratch assay and tube
formation assay. Firstly, L929 cell line was used to investigate the
ability of the hydrogels for promoting cell proliferation. As
exhibited in the result of live/dead staining, DPLG showed
excellent potential to promote cell proliferation at 72 h, while
PLG and DPG achieved moderate and similar proliferative effects
(Fig. 2D). MTT quantification results showed the same trend
(Fig. 2E). This could be explained by the fact that DPLG con-
tained growth factors derived from PRP, active degradation
products derived from laponite, and the bioactive molecule DFO.
Scratch assays were further employed to investigate the ability of
hydrogels to promote cell migration. DPLG exhibited excellent
pro-migration ability, and DPG and PLG also exhibited signifi-
cantly better ability to promote cell migration than the control
group (Fig. 2F and G). As shown in Fig. 2H and I, DPLG and DPG
showed significant angiogenesis-promoting effect.

3.3. DPLG could accelerate diabetic chronic wound healing

We established a diabetic rat model by a single high-dose
intraperitoneal (i.p.) injection of STZ which could destroy
pancreatic b-cells, thereby inhibiting insulin synthesis. Then,
full-thickness skin defect was constructed on the back of diabetic
rats and treated with different hydrogels as wound dressings or
treated with normal saline as a negative control group (Control,
Fig. 3A). As shown in Supporting Information Fig. S9, compared
with the PG group, wound healing in the PLG-treated group was
significantly faster. The wound healing rate in the PLG group
was significantly higher than that in control on Days 6 and 9.
And the wound healing rate in the PLG group was not only
significantly different from that in control, but also significantly
higher than that in the PG group on Days 12 and 15. This
confirmed that the slow release of growth factors was beneficial
for wound healing. As shown in Fig. 3B, PLG, DPG, and DPLG
all showed faster wound healing compared to control. Among
them, DPLG showed the best wound healing results on Day 15.
The wound area was further quantified to calculate the relative
wound area (Fig. 3C and D). DPLG showed significantly faster
wound closure throughout the treatment period. The relative

https://doi.org/10.1016/j.apsb.2022.11.006


Figure 2 PLG had good biocompatibility and the loading of DFO further increased its biological activity (A) Hemolysis rate of Lap, PRP and

PLG. The inset is the supernatant imaging of RBCs in different treatment groups (n Z 3). Cell viability of (B) HUVEC and (C) L929 treated with

the release media of PLG or PG with different leaching concentrations (nZ 5). (D) Live/dead staining of fibroblasts (green fluorescence, Calcein-

AM indicates live cells; red fluorescence: propidium iodide indicates dead cells). (E) Cell proliferation rate of L929 by MTT (n Z 5). (F)

Representative optical images showing the HUVEC cells migrations in scratch assay. (G) Quantitative analysis of wound closure rate in scratch

assay (n Z 3). (H) Effects of various hydrogels on the tube formation of HUVEC. (I) Quantification of tube junctions and meshes in tube

formation assay (n Z 3). Data are reported as mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.
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wound area of DPLG was only about 18.9%, while the relative
wound area of control was about 63.4% on Day 9, indicating that
DPLG had a significant advantage in accelerating wound healing
in the proliferative phase. At the same time, the relative wound
area of DPG was about 41.3%, which was also significantly
different from that of control. There were also significant dif-
ferences between the DPLG and DPG groups, probably because
the DPLG could achieve a slow and stable release of growth
factors and DFO (Fig. 1J and K), while growth factors and DFO
in DPG could only be released rapidly in an uncontrolled
manner. On Day 15 after treatment, all three hydrogels showed
better wound healing than control. The relative wound area of
control remained at about 61.3%, while the wound in the DPLG
group was almost completely healed, and the relative wound area
was only 6.8%. At this time, the relative wound area of DPG was
about 27%, and 41.9% for PLG group. Compared with the
DPLG, the wound healing in the PLG was worse, confirming that
DFO played an extremely important role in accelerating the
healing of diabetic wounds. The ability of DPLG to promote
wound healing was better than that of DPG, which confirmed the
importance of laponite addition.

3.4. DPLG promoted re-epithelialization and collagen
deposition at the wound site

The therapeutic effect of hydrogels on chronic wounds was further
revealed by elucidating the microscopic process of diabetic wound
healing through histological evaluation. H&E staining showed that



Figure 3 DPLG hydrogel accelerated wound healing in a full-thickness skin defect of diabetic rats. (A) Schematic diagram illustrating the

wound and treatment schedule. (B) The representative photographs of the wound healing process. (C) Schematic diagram of the wound area. (D)

Wound healing ratio of the defects (nZ 3, * indicates significant differences between Control and other groups, # indicates significant differences

between the two groups connected by the line segment). Data are reported as mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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new granulation tissue was formed in DPLG and DPG on Day 6
after treatment (Fig. 4A). Re-epithelialization is an important
stage of skin regeneration, typically characterized by thinning and
maturation of the epidermal structure of the skin47. Epithelial
structures were formed in all groups on Day 15. Among them, the
epithelial structure was the thinnest and the wound was almost
completely closed in DPLG. In addition, skin appendages are
functional skin structures that can be used to evaluate the integrity
of regenerated skin tissue47,51. In the enlarged images in Fig. 4A,
the skin appendage regeneration of DPLG group was significantly
more than that of the other three groups, showing the best skin
function recovery. During the wound healing phase, the deposition



Figure 4 DPLG promoted re-epithelialization and collagen deposition. (A) H&E staining images of wound sections. Skin appendage structures

were indicated by red arrows in the enlarged view. (B) Masson’s trichrome staining images of wound sections. (C) Semi-quantitative analysis of

collagen deposition (nZ 3). (D) Representative slides stained with picrosirius red. Type I and type III collagen were stained yellow and green. (E)

Semi-quantitative analysis of type I and type III collagen on Day 15 (n Z 3). (F) Analysis of the collagen I/III ratio on Days 6 and 15 (n Z 3).

Data are reported as mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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and remodeling of collagen facilitate tissue repair and regenera-
tion48. Masson’s trichrome staining was employed to examine
differences in collagen deposition and remodeling during diabetic
wound healing. All three hydrogel dressings showed higher
amount of blue collagen deposition than control on Days 6 and 15
(Fig. 4B and C). And the collagen deposition area of DPLG
reached about 87.8%, which was 2.2 times higher than that of
control (about 39.7%) on Day 15 (Fig. 4C). The magnified region
of masson staining showed that the collagen fibers in the middle
edge of the wound in DPLG were bold and compact, showing a
mature phenotype21. Collagen types (type I and III) were further
distinguished by picrosirius red staining48,52. Type I collagen is
thicker, and it is the main component of skin tissue, while type III
collagen is thinner and is the main component of reticular fibers53.
The accumulation of both types of collagen fibers facilitates the
deposition of extracellular matrix and accelerates wound healing.
However, the level of type III collagen in scar tissue is low. The
increased deposition of type III collagen during the healing
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process facilitates scarless wound healing48. In DPG and DPLG
groups, the deposition area of yellow or red type I collagen
significantly increased on Day 6. The green type III collagen
increased slightly in PLG, DPG and DPLG groups (Fig. 4D and
Supporting Information Fig. S10). So the ratio of I/III collagen
was higher in DPG and DPLG groups (Fig. 4F). Collagen depo-
sition was further increased in DPLG group on Day 15. Compared
with other three groups, the increase of type III collagen was more
obvious in DPLG. Therefore, although type I collagen and type III
collagen were both increased in four groups, the I/III collagen
ratio was relatively lower in the DPLG group (Fig. 4D‒F). This
might be related to the complex self-regulation of the body, but the
specific mechanism needs to be further studied.

3.5. DPLG improved suboptimal inflammation levels at the
wound site and increased M2 macrophage levels

Generally speaking, the normal wound healing process can be
roughly divided into three stages: inflammatory phase, prolifera-
tive phase and tissue remodeling phase54. Because of the unre-
solved inflammation in the inflammatory phase and the decreased
ability of angiogenesis in the proliferative phase, diabetic wounds
are difficult to heal6,7. Therefore, appropriate measures should be
taken to regulate the three stages of diabetic wound healing to
make it proceed in an orderly manner. In particular, regulating the
macrophage phenotype to promote the end of the inflammatory
stage and increasing the angiogenesis in the proliferative stage, are
beneficial to accelerate wound healing.

As the first of the three stages during wound healing, the main
purpose of the inflammatory phase is to prevent infection.
Monocytes appear at the injury site and transform into macro-
phages, first into the pro-inflammatory M1 phenotype to prevent
infection. As the inflammatory response progresses, macrophages
are polarized into an anti-inflammatory and “pro-healing” M2
phenotype, which help tissue repair by releasing various factors6.
This polarization of macrophages is critical for ending the in-
flammatory phase and accelerating wound healing6,7,55. The
inflammation level of diabetic wounds is at a suboptimal level, in
which the polarization of the M1 phenotype to the M2 phenotype
is blocked, so that the wound is remained in the inflammatory
phase for a long time and cannot enter the proliferative phase6.
Existing studies suggested that PRP has an immunomodulatory
effect, in which S1P contained in platelets could directly recruit
endogenous M2 macrophages and polarize the M1 phenotype to
the M2 phenotype19. At the same time, other growth factors such
as VEGF, TGF-b and PDGF in PRP also have immunomodulatory
effects, which could promote the polarization of M2 macrophage
and promote the resolution of inflammation (Fig. 5A)15.

To investigate inflammation level during diabetic wound
healing, the level of TGF-b1 was examined by IHC staining.
TGF-b is a multifunctional cytokine that induces the trans-
formation of monocytes into macrophages, thereby enhancing
the inflammatory response and tissue debridement21. There are
three isoforms of TGF-b in mammals as TGF-b1, b2 and b3.
Among them, TGF-b1 is the isoform with the most abundant
content and the broadest action spectrum in healing wounds56.
Therefore, TGF-b1 expression was chosen to further evaluate the
wound healing potential of hydrogels. As shown in Fig. 5B and
C, the expression of TGF-b1 in control was significantly lower
than that in the treatment groups on Day 6, and the expression
level increased on Day 1557. The expression levels of TGF-b1 in
DPG and PLG groups were slightly higher than those in control
on Day 6, but the TGF-b1 expression in PLG maintained a higher
level on Day 15, while the TGF-b1 expression in DPG decreased
slightly. In the DPLG group, the expression level of TGF-b1
increased most significantly on Day 6, and decreased signifi-
cantly on Day 15. This phenomenon might be due to the sup-
plementation of exogenous TGF-b1 from PRP in treatment
groups. Moreover, the DPLG group could better maintain the
activity of TGF-b1 due to the slow release of growth factors.
Since the DPLG group synergistically promotes wound healing
in multiple directions, making the healing process closer to
normal wound healing, the expression of TGF-b1 decreased
significantly in the later stage, which might be caused by the
complex self-regulation mechanism of the body. In addition to
inflammatory regulation, TGF-b1 is also associated with extra-
cellular matrix deposition and myofibroblast transformation21.
Therefore, higher levels of TGF-b1 in the DPLG-treated group
were directly related to faster wound closure.

VEGF could promote angiogenesis by mediating multiple
stages of the angiogenic cascade, including vasodilation, endo-
thelial cell migration, and proliferation58. In addition to this,
VEGF could also modulate the chemotaxis and polarization of
macrophages15. Several studies have shown that in a full-thickness
skin defect model, VEGF expression levels rise immediately after
tissue injury and peak on Days 3e7 post-wounding. After about 1
week, with the increase of angiogenesis and the improvement of
hypoxia, the expression level of VEGF gradually decreased58.
Wounds in diabetic animal models induced by STZ show reduced
synthesis of VEGF58. As shown in Fig. 5D and E, on Day 6, the
expression of VEGF in DPG and DPLG groups was significantly
increased compared with control. This was mainly caused by the
introduction of DFO, as DFO could increase the expression of
VEGF by increasing the expression of HIF-1a. The highest
expression level of VEGF in DPLG might due to the introduction
of laponite, which led to the sustained release of exogenous VEGF
in PRP, thus maintaining its higher activity. The wounds in the
DPLG group had almost completely healed on Day 15, and the
reconstruction of blood vessels effectively improved the local
hypoxia, so the expression of HIF-1a decreased, resulting in the
decrease of the expression of VEGF. However, the wounds in
control were still in the proliferation stage on Day 15 due to
delayed healing, and the hypoxia was not effectively improved, so
the expressions of HIF-1a and VEGF were at higher levels40.

Next, we examined the ability of the hydrogels to modulate
macrophages during wound healing by IF staining analysis of
CD206, an important marker of M2 macrophages48. As shown in
Fig. 5F and G, the number of M2 macrophages in the wounds
treated with the three different hydrogel dressing groups increased
compared with control, and the increase of M2 macrophages could
help to end the inflammatory stage, thus making the wound suc-
cessfully enter the proliferation stage. The increase of M2 mac-
rophages in DPLG was more obvious on Day 6, which might be
related to the higher expression of TGF-b1 and VEGF. The
number of M2 macrophages in three hydrogel treatment groups
decreased significantly on Day 15, which might be related to the
end of the inflammatory phase and the entry of the proliferation
phase.

3.6. DPLG increased HIF-1a expression at wound sites and
thereby increased angiogenesis

Angiogenesis is a necessary condition for wound repair, which
could provide necessary oxygen and nutrients to the wound59.



Figure 5 Hydrogels promoted the polarization of M2 macrophage in the diabetic wound beds. (A) Schematic showing that platelets promote

M2 macrophage polarization by releasing growth factors through degranulation. (B) IHC staining of TGF-b1. (C) The Semi-quantification of IHC

staining of TGF-b1 (nZ 3). (D) IHC staining of VEGF. (E) The Semi-quantification of IHC staining of VEGF (nZ 3). (F) Representative images

of F4/80 (green) and CD206 (red) immunostaining showed accumulation of M2 macrophages at the wound bed on Days 6 and 15. (G) IF staining

analysis of M2 polarization. Data are reported as mean � SD (* indicates significant differences between control and other groups, # indicates

significant differences between the two groups connected by the line segment.) *P < 0.05, **P < 0.01, and ***P < 0.001.
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Insufficient angiogenesis is one of the key factors that make dia-
betic wounds difficult to heal7,60. HIF-1a plays an important role
which promotes angiogenesis through multiple mechanisms,
including the regulation of numerous angiogenesis related genes
and generation of angiogenic growth factors, such as VEGF7. The
high glucose in diabetic wounds interferes with the stability of
HIF-1a, resulting in the inability of diabetes wounds to respond to
tissue ischemia, thus failing to up regulate VEGF, leading to
angiogenesis disorders5,9,10. As a stabilizer of HIF-1a, DFO could
maintain the stability of HIF-1a in the diabetic wound environ-
ment, and increase the expression of HIF-1a, thereby increasing
the expression of VEGF. In conjunction with the VEGF released
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from activated platelet, DFO could increase angiogenesis, thereby
accelerating wound healing (Fig. 6A). As shown in Fig. 6B and C,
on Day 6 after treatment, the expression of HIF-1a was the highest
in DPLG, followed by DPG also containing DFO, confirming that
the introduction of DFO could increase the expression of HIF-1a,
and the local sustained release of DFO could play a better effect
than the rapid release. The expression of HIF-1a in DPLG was
Figure 6 DPLG increased HIF-1a expression and angiogenesis. (A) Sch

VEGF released from platelet degranulation. (B) IHC staining of HIF-1a.

staining of CD31. (E) Semi-quantitative analysis of total blood vessels by IH

(* indicates significant differences between control and other groups, # ind

line segment.) Data are reported as mean � SD. *P < 0.05, **P < 0.01,
significantly decreased on Day 15, which might be caused by the
dominant role of the body’s self-regulation. Because with the
progress of wound healing, angiogenesis increased and local
hypoxia environment improved, the expression of HIF-1a
decreased. As a downstream molecule of the HIF-1a pathway,
VEGF showed the same trend (Fig. 5D and E). Benefiting from
improved expression of HIF-1a and VEGF, angiogenesis in
ematic showing that DFO promotes angiogenesis in conjunction with

(C) Semi-quantification of IHC staining of HIF-1a (n Z 3). (D) IHC

C staining of CD31 (nZ 3). (F) IF co-staining for a-SMA and CD31

icates significant differences between the two groups connected by the

and ***P < 0.001.
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diabetic wounds was improved. As shown in Fig. 6D and E,
significantly enhanced neovascularization was shown in all three
hydrogel-treated groups on Day 6. Among them, the number of
blood vessels per visual field in DPLG was as high as about 34,
while the number of blood vessels in control was only about 4.
The average number of blood vessels in DPLG was also higher
than that in PLG (about 25) and DPG (about 28). The number of
blood vessels in control increased significantly on Day 15 after
treatment, while the number of blood vessels in the three
hydrogel-treated groups decreased. This was because during the
remodeling phase, blood vessels would gradually mature to form
mature vascular structures with complete functions, while some
immature blood vessels disappeared21. The tissue regeneration in
control was still incomplete on Day 15, and it was still in the
proliferation stage, requiring a large number of blood vessels to
maintain sufficient oxygen and nutrient supply. Therefore, the
number of blood vessels in control was significantly higher than
that in the other groups40,51. Mature blood vessels have complete
vascular structure and function, and nutrients and oxygen are
mainly transported by mature blood vessels. Therefore, the
maturation of blood vessels is extremely critical for wound
repair40,48. We further examined mature blood vessels with CD31/
a-SMA double IF staining. As shown in Fig. 6F, the number of
CD31/a-SMA double positive blood vessels was the highest in the
DPLG-treated group, and luminal structures were larger. These
results confirm that the hydrogels indeed increased angiogenesis
in diabetic wounds, thereby accelerating wound healing.

3.7. DPLG accelerated common acute wound healing

Delayed wound healing increases the risk of infection or com-
plications. In addition to diabetic chronic wounds, delayed
closure of acute wounds could also exacerbate patient suffering
and increase the burden on medical staff21,61. In order to inves-
tigate the healing effect of the hydrogels in the acute wound
model, a full-thickness skin defect model on the back of normal
rats was further constructed. Wounds (8 mm in diameter) were
constructed on the back of normal rats with a skin biopsy punch,
and treated with three different hydrogel dressings or saline
(control), respectively. The hydrogel dressings were changed
according to the schedule shown in Fig. 7A. Firstly, the ability of
PG and PLG to promote wound healing was examined
(Supporting Information Fig. S11). The average wound healing
rate in PLG group reached about 76% on Day 6, which was
significantly different from that in PG group (about 65%) and
control (about 58%). The mean wound closure rate in PLG group
reached approximately 90% on Day 8, which was significantly
better than that in PG group (about 83%) and control (about
77%). The above results fully confirmed that the PLG exhibited a
better therapeutic effect than PG, indicating the importance of
adding laponite. As shown in Fig. 7B‒D, DPLG significantly
accelerated wound healing. Semi-quantitative analysis of wound
closure rates showed that DPG and DPLG groups had higher
rates of healing than control. The healing rate in control reached
about 77% on Day 8, while it reached about 73% on Day 4, and
about 95% on Day 8 in DPLG group (Fig. 7C). H&E staining
results show that the complete re-epithelialization was achieved
in DPLG group on Day 8, and a large number of intact hair
follicle structures were produced, indicating that not only wound
closure was achieved, but also skin function was restored
(Fig. 7E). Masson staining showed that all three hydrogel
dressings accelerated collagen deposition during acute wound
healing, with the most significant increase of collagen deposition
in the DPLG group. It was obvious that the collagen in the DPLG
group was more mature, and the collagen fibers were bold and
arranged in an orderly manner on Day 8 (Fig. 7F and G).

3.8. DPLG had good storage stability

Preparations with good storage stability will be more conducive to
clinical applications. The storage stability of DPLG was investi-
gated, and the results show that after two weeks of storage, the
rheological properties of DPLG did not change significantly, and it
still had shear-thinning and self-healing abilities. At the same
time, it was confirmed by L929 proliferation assay that the stored
DPLG retained a good biological activity (Supporting Information
Fig. S12).
4. Discussion

Delayed healing of diabetic chronic wounds is a dilemma faced by
up to 25% of diabetic patients2, and the existing clinical care
methods cannot achieve satisfactory therapeutic effects11e13.
There are many reasons why diabetic wounds are difficult to heal,
among which the unresolved inflammation in the inflammatory
phase and the decreased ability of angiogenesis in the proliferative
phase are two very important reasons6,7. Due to the superior
regeneration ability of PRP, it has been widely studied and applied
in many regeneration fields15e17. After being activated by calcium
chloride and/or thrombin, the activated platelets in PRP will
immediately degranulate to secret a large number of growth fac-
tors. At the same time, fibrinogen in the plasma is activated to
convert into fibrin networks, thereby forming a gel structure to
provide a moist environment that is more conducive to heal-
ing11,62. However, this PG has poor mechanical properties, which
is not injectable to completely fill the irregular wound bed, and the
contained growth factors are rapidly released and degraded by the
protease-rich wound environment, making the treatment less
effective11,63. Therefore, in order to overcome the limitations of
PG, we introduced laponite, a nanosilicate with unique disc shape,
high surface-to-volume ratio and abundant surface charge in this
work to prepare a novel hydrogel PLG. Based on the fibrin
network structure generated by the activation of calcium chloride
and the non-covalent interaction of laponite with PRP, PLG
possessed shear-thinning and self-healing properties and could be
injected to fill irregular defects. PLG could achieve the sustained
release of growth factors in PRP. In addition to serving as a
bioactive hydrogel dressing by itself, PLG could also act as a local
drug reservoir, loading drug molecules and controlling their
release behavior. In this study, the small molecule HIF-1a inhib-
itor DFO was loaded within PLG (DPLG), which could help
wound repair by stabilizing HIF-1a and increasing angiogenesis.
Through electrostatic adsorption, DFO could be slowly released
from DPLG, thereby reducing side effects and accelerating wound
healing together with PRP. DPLG effectively overcame the limi-
tations of non-injectable and burst release of PG itself, showing
better therapeutic effect than DPG in wound repair model. Sus-
tained release of growth factors and platelet-derived S1P could
modulate the macrophage phenotype, promote the end of the in-
flammatory phase and drive the healing process into the prolif-
erative phase. Growth factors and DFO synergistically improved
angiogenesis during the proliferative phase. Ultimately, it ach-
ieved the purpose of promoting re-epithelialization, accelerating



Figure 7 DPLG hydrogel accelerated wound healing in a full-thickness skin defect of normal rats. (A) Schematic diagram illustrating the

wound and treatment schedule in normal rats. (B) The representative photographs of the wound healing process. (C) Wound healing ratio of the

defects (n Z 3). (D) Analysis of wound healing trace. (E) H&E staining images of wound sections. (F) Masson’s trichrome staining images of

wound sections. (G) Semi-quantitative analysis of collagen deposition in wounds (n Z 3). Data are reported as mean � SD. *P < 0.05,

**P < 0.01, and ***P < 0.001.
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wound closure and promoting the recovery of skin function.
DPLG has the potential for clinical translation because of its
simple preparation and superior wound healing ability, and is of
great significance for alleviating the pain of patients and reducing
the medical burden on society.

In future studies, the specific mechanism of gel formation by
PRP and laponite will be further investigated. And further ex-
periments will be carried out on large animal models such as pigs.
The skin structure and function of these animals are more similar
to that of humans, which could further verify the safety and ef-
ficacy of this DPLG treatment. In addition, based on the fact that
PRP itself also plays an important role in the field of bone repair,
the application potential of DPLG in bone defect repair will be
evaluated to broaden the application scope of this hydrogel.

5. Conclusions

Overall, we constructed a novel injectable hydrogel dressing
DPLG based on PRP and laponite which improved the current
popular biomaterial PRP in regeneration field by ingenious design
and in a simple way, so that it could better exert its value in the
field of tissue regeneration. Commonly used wound dressings are
mainly hydrocolloids, hydrogels and foams, which lack bioactive
molecules to modulate the wound microenvironment. DPLG
contains both the active ingredients PRP and DFO, which
demonstrate a pleasing effect on wound healing. Although some
growth factor products are used to accelerate wound healing, they
are expensive and easily inactivated, while DPLG is less expen-
sive and could maintain the activity of growth factors better,
resulting in better therapeutic effects. Therefore, DPLG has the
advantages of simple preparation, low cost, good biosafety and
satisfactory effects, which provides a new nursing option for
wound repair. This research is of great significance for alleviating
the pain of patients and reducing the medical burden on society.
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