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Tetrahedral framework nucleic acids promote diabetic wound
healing via the Wnt signalling pathway
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Abstract

Objectives: To determine the therapeutic effect of tetrahedral framework nucleic

acids (tFNAs) on diabetic wound healing and the underlying mechanism.

Materials and Methods: The tFNAs were characterized by polyacrylamide gel elec-

trophoresis (PAGE), atomic force microscopy (AFM), transmission electron micros-

copy (TEM), dynamic light scattering (DLS) and zeta potential assays. Cell Counting

Kit-8 (CCK-8) and migration assays were performed to evaluate the effects of tFNAs

on cellular proliferation and migration. Quantitative polymerase chain reaction (Q-

PCR) and enzyme-linked immunosorbent assay (ELISA) were used to detect the

effect of tFNAs on growth factors. The function and role of tFNAs in diabetic wound

healing were investigated using diabetic wound models, histological analyses and

western blotting.

Results: Cellular proliferation and migration were enhanced after treatment with

tFNAs in a high-glucose environment. The expression of growth factors was also

facilitated by tFNAs in vitro. During in vivo experiments, tFNAs accelerated the heal-

ing process in diabetic wounds and promoted the regeneration of the epidermis,

capillaries and collagen. Moreover, tFNAs increased the secretion of growth factors

and activated the Wnt pathway in diabetic wounds.

Conclusions: This study indicates that tFNAs can accelerate diabetic wound healing

and have potential for the treatment of diabetic wounds.

1 | INTRODUCTION

Diabetes mellitus (DM) is one of the most serious global health

problems owing to its prevalence and multiple complications.1,2

Diabetic wounds are common and add to the complexity of DM

through healing delays, multiple infections and diabetes-related

amputations.3–5 Because of the long cycle and high cost of wound

treatment, there is an urgent need to explore effective and economi-

cal methods for the treatment of diabetic wounds.

The normal wound-healing process in the skin involves a series of

complex phases, including haemostasis, inflammation, proliferation and

remodelling.6–9 It requires the accurate interplay of multiple cells and

mediators from the start. In DM, persistently high blood glucose levels

affect the normal function of keratinocytes, fibroblasts and vascular endo-

thelial cells.3,9 Subsequently, the decreased production of growth factors,

impaired angiogenesis, attenuated cellular proliferation and migration,Zejing Wang, Hao Lu and Tao Tang contributed equally to this work.
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continuous inflammatory response and abnormal collagen formation all

contribute to chronic non-healing wounds.3,10–12 In addition, due to

delayed wound healing, the local immune capacity is weakened and

leaves wounds susceptible to infection, which eventually leads to tissue

necrosis and amputation.13,14 At present, the main treatments for diabetic

wounds are blood glucose control, wound dressings and surgical debride-

ment.5 Innovative strategies such as growth factor therapy, stem cell

transplantation, genetic engineering and synthetic biomaterials are also

being explored.15,16 However, there is still a lack of convenient, rapid,

economic and effective methods to treat diabetic wounds.

Since Nadrian Seeman designed the first DNA nanostructure in

1982, DNA nanotechnology has been rapidly developed and widely

used.17 From two to three dimensions, DNA nanomaterials have been

used in the bioimaging, biosensing, drug delivery and biomedical fields

owing to their inherent biocompatibility, promising editability and spa-

tial structural controllability.18,19 Tetrahedral framework nucleic

acids (tFNAs) are self-assembled nucleic acid materials with

three-dimensional structures that are formed by four different single-

stranded DNAs (ssDNAs) based on the Watson-Click base comple-

mentary pairing principle.20,21 In contrast to ssDNAs and other DNAs,

tFNAs can enter cells via caveolin-mediated endocytosis and escape

lysosome digestion.22 tFNAs have good biocompatibility, high bio-

safety, editability, nuclease resistance, simple synthesis and high

yields.23,24 Currently, tFNAs play an effective role in biosensing,

regenerative medicine, cancer therapy and other fields.25–27 Previous

studies have confirmed that tFNAs not only promote cell proliferation

and migration but also have anti-inflammatory, antioxidant and anti-

apoptotic effects.28 Therefore, tFNAs can promote angiogenesis,

accelerate wound healing and improve the healing quality.29,30 How-

ever, there have been few reports regarding the effects of tFNAs on

diabetic wounds.

In this study, we evaluated the therapeutic role of tFNAs in dia-

betic wounds, both in vitro and in vivo. Our results confirmed that

tFNAs promoted cellular proliferation and migration in a high-glucose

environment. Moreover, tFNAs facilitated epithelialization, vasculari-

zation, collagen synthesis and secretion of growth factors in diabetic

wounds by activating the Wnt pathway.

2 | MATERIALS AND METHODS

2.1 | Synthesis and characterization of tFNAs

Four different ssDNAs were equally dissolved in TM buffer as described

previously (sequences are shown in Table 1).29,30 The mixture was dena-

tured at 95�C for 10 min, cooled to 4�C for at least 20 min and stored at

4�C. The molecular weights of the single strands and tFNAs were deter-

mined by polyacrylamide gel electrophoresis (PAGE). Atomic force

microscopy (AFM) and transmission electron microscopy (TEM) were

used to determine the morphological structure of the tFNAs. A dynamic

light scattering (DLS) assay was used to determine the particle size distri-

bution of the tFNAs. A zeta potential assay was performed to determine

the electric potential distribution of the tFNAs.

2.2 | Cell culture and groups

Human immortalized keratinocytes (HaCaTs) and human dermal fibro-

blasts (HDFs) were cultured in Dulbecco's modified Eagle's medium

(DMEM; Gibco) supplemented with 10% (v/v) foetal bovine serum

(FBS) and 1% (v/v) penicillin–streptomycin. Human umbilical vein

endothelial cells (HUVECs) were cultured in F12 medium (Gibco)

mixed with 10% (v/v) FBS and 1% (v/v) penicillin–streptomycin. To

mimic the diabetic environment in vitro, cells were cultured under

high glucose (40 mM) conditions for 72 h, and the medium was chan-

ged every 24 h. In the follow-up experiments, the cells were grouped

into three categories, normal cultured group (NC), high glucose cul-

tured group (HG) and HG + tFNAs group. All the cells were cultured

in an incubator in a controlled environment at 37�C and 5% CO2.

2.3 | Cellular uptake of tFNAs

To confirm the cellular uptake of tFNAs in a high-glucose environ-

ment, Cy5-loaded tFNAs or Cy5-loaded ssDNAs were mixed with the

culture medium at a concentration of 250 nmol/L and then incubated

with the cells. After 10 h of treatment, the cells were washed with

phosphate-buffered saline (PBS) and fixed with 4% (w/v) paraformal-

dehyde for 30 min. The cytoskeleton and nucleus were stained with

phalloidin and DAPI (Cell Signaling Technology), respectively. Images

were captured using a fluorescence microscope.

2.4 | Proliferation assay

The Cell Counting Kit-8 (CCK-8; Dojindo, Japan) was used to assess

cell proliferation. HaCaTs (8000 cells per well), HDFs (1500 cells per

well) and HUVECs (2000 cells per well) were seeded in 96-well plates

(100 μl each well). After the cells were cultured for 4 h, cells in the

HG + tFNAs group were treated with tFNAs at a concentration of

250 nmol/L, whereas those in the NC and HG groups were treated

with PBS. Cell proliferation was examined after 24 h and 48 h of

treatment. Ten microliters CCK-8 solution was added to the 100 μl

medium from each well before incubation for 4 h. The samples were

examined at a wavelength of 450 nm.

2.5 | Migration assay

Scratch experiments were performed to investigate the migratory

behaviour of cells. For this, cells were seeded in 6-well plates until

they reached 100% confluency. After washing with PBS, a 200 μl

pipette tip was used to create a cross-shaped scratch in each well.

The cells were washed three times and cultured in a medium contain-

ing different concentrations of tFNAs (0 or 250 nmol/L). At different

time intervals, the area of the scratches was measured, recorded and

compared with the original scratches at 0 h using the Image-Pro

Plus 6.0.
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2.6 | Enzyme-linked immunosorbent assay (ELISA)

The secretion of basic fibroblast growth factor (bFGF), transforming

growth factor-β1 (TGF-β1) and vascular endothelial growth factor-A

(VEGF-A) from the HDFs and tissues of diabetic mice was analyzed

using ELISA kits (Elabscience, China). Cells were seeded in 6-well

plates, incubated overnight and treated with tFNAs (0 or 250 nmol/L).

After treatment for 24 h, supernatants were collected and subjected

to ELISA in accordance with the manufacturer's protocol for qualita-

tive assessment. The animal experiments are described below.

2.7 | Quantitative polymerase chain reaction
(Q-PCR)

The expression levels of bFGF, TGF-β1 and VEGF-A were examined

using Q-PCR. Total cell RNA was extracted using the TRIzol reagent

(Thermo Fisher). The mRNA samples were reverse-transcribed into

cDNA using a cDNA synthesis kit (Prime-Script RT reagent Kit,

Takara, Japan). Human β-actin endogenous reference gene primers

were purchased from Qing Xi Biological Technology (Shanghai, China).

The primer sequences are listed in Table 2. Target genes were ampli-

fied by Q-PCR using an ABI7300 (Thermo Fisher).

2.8 | Animal models

Diabetic BKS db/db mice (BKS – Leprem2Cd/Gpt, male, 8 weeks

old) were purchased from the Model Animal Research Center of

Nanjing University (Nanjing, China). All procedures complied with

the guidelines of the Animal Committee of Changhai Hospital.

The mice were anesthetized with 2% isoflurane and randomly

divided into a control group and a tFNAs group. Full-thickness

excision skin wounds with a diameter of 8 mm were created on

the backs of the mice. After surgery, the areas surrounding the

wounds were subcutaneously injected with tFNAs (100 μl,

250 nmol/L, dissolved in saline) once a day for the next 7 days.

The control group was injected with an equal volume of saline.

Wound areas were photographed and recorded on days 0, 3,

7, 14 and 21. Skin tissue samples were collected for further

study after the mice were euthanized. The wound healing rate

(%) was calculated as follows:

wound healing rate %ð Þ¼ 1�wound areaondayx
wound areaonday0

� �
�100%

2.9 | Histological analysis

Skin tissue samples from both the control and tFNAs groups

were collected on day 21 after surgery. Additionally, normal skin

samples from the diabetic mice were collected for comparison.

After fixation with 4% paraformaldehyde, the samples were

dehydrated, paraffin-embedded, sectioned and stained with hae-

matoxylin and eosin (HE), picrosirius red and Masson's trichrome.

The tissue sections were observed and imaged using a micro-

scope. Images were collected and quantified using the Image-Pro

Plus 6.0.

2.10 | Immunohistochemistry and
immunofluorescence

Tissue sections were incubated overnight with anti-CD31 (D8V9E),

anti-α-SMA (D4K9N), anti-LEF1 (C12A5) and anti-TCF1 (C63D9)

antibodies (Cell Signaling Technology). After washing with PBS,

the sections were incubated with secondary antibodies for 1 h. The

stained sections were then exposed to DAPI for 10 min to stain

the nuclei. Finally, the sections were observed and imaged using a

fluorescence microscope.

TABLE 2 Primer sequences for qPCR

Gene Direction Base sequence

bFGF Forward(50 ! 30) TGGCTTCTAAATGTGTTACGG

Reverse(50 ! 30) CGAATAAAGCAAATGCGTG

TGF-β1 Forward(50 ! 30) CAATTCCTGGCGATACCTCAG

Reverse(50 ! 30) GCACAACTCCGGTGACATCAA

VEGF-A Forward(50 ! 30) CATCCAATCGAGACCCTGGTG

Reverse(50 ! 30) TTGGTGAGGTTTGATCCGCATA

TABLE 1 Base sequences of the ssDNAs used to construct the tFNAs

ssDNA Direction Base sequence

S1 50 ! 30 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAG

TCTGAA

S2 50 ! 30 ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAA

TGTTCG

S3 50 ! 30 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGC

CCATCC

S4 50 ! 30 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTC

TTCCCG
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2.11 | Western blotting

The expression of β-catenin, c-Myc and cyclin D1 was examined

by western blotting. After trituration, protein extraction and

degeneration, the skin tissue samples were separated by

SDS-PAGE and transferred onto PVDF membranes. Membranes

were placed in a blocking solution and incubated with the corre-

sponding primary antibodies (anti-β-catenin (D10A8), anti-c-Myc

(D84C12) and anti-cyclin D1 (92G2); Cell Signaling Technology)

at 4�C overnight. The next day, the membranes were incubated

with secondary antibodies (BA1056; Boster, China) for 1 h at

room temperature. Finally, the membranes were incubated with

the exposure liquid and the protein bands were detected using a

Bio-Rad detection system (Hercules).

2.12 | Statistical analysis

All data are presented as the mean ± standard deviation (SD).

One-way analysis of variance (ANOVA) and the Independent-

samples t-test were used to determine the significance using

the GraphPad Prism software (version 7.0). *p < 0.05, **p < 0.01

and ***p < 0.001 were considered thresholds of statistical

significance.

3 | RESULTS

3.1 | Characterization of tFNAs and cellular uptake

The tFNAs were synthesized using four ssDNAs (S1, S2, S3 and

S4) via specific base pairing (Figure 1A). PAGE was performed to

examine the successful preparation of the tFNAs. The examina-

tion indicated that the molecular weights of ssDNAs were

approximately 30 bp and those of tFNAs corresponded to

approximately 200 bp, which was in accordance with the theo-

retical value of tFNAs (Figure 1B). AFM and TEM were used to

evaluate the geometrical structure of the tFNAs; triangular struc-

tures were detected in the analyses (Figure 1C,D). In addition,

polymers of the tFNAs were detected. The DLS peaks indicated

that the average diameter of each tFNA was 18.03 ± 3.805 nm

and the average diameter of polymeric tFNAs was 140.4

± 24.41 nm (Figure 1E). The zeta potential assay showed that

the nanoparticles were negatively charged and that the charge

of the tFNAs was �1.14 ± 2.89 mV (Figure 1F).

To evaluate the ability of cells to uptake tFNAs and

ssDNAs, HaCaTs, HDFs and HUVECs were treated with

Cy5-tFNAs or Cy5-ssDNAs in a high-glucose environment. The

fluorescence intensity of the Cy5-tFNAs was visibly stronger

than that of Cy5-ssDNAs (Figure 1G). The results revealed that

tFNAs could easily be absorbed by these cells, whereas ssDNAs

could not.

3.2 | tFNAs promoted cell proliferation and
migration in a high-glucose environment in vitro

Keratinocytes, fibroblasts and vascular endothelial cells play an important

role in wound healing.31,32 To explore whether tFNAs influence the bio-

logical behaviour of the three cell lines, CCK-8 and scratch experiments

were performed to determine cell proliferation and migration in a high-

glucose environment.33–35 The results of the CCK-8 assay showed that

the proliferation of HaCaTs, HDFs and HUVECs was inhibited in a high-

glucose environment compared with that in normal culture. After treat-

ment with tFNAs, the three cell types had greater proliferative ability than

those in the HG group. The differences between the groups were more

significant at 48 h than at 24 h after treatment (Figure 2C,F,I). In terms of

migratory ability, the results indicated that the migratory rates of HaCaTs

and HUVECs were attenuated in a high-glucose environment (Figure 2B,

H), whereas those of HDFs were not affected (Figure 2E). After treatment

with tFNAs, the migratory abilities of the three cell types were enhanced

in a high-glucose environment (Figure 2A,D,G). The migration area of the

HaCaTs in the HG + tFNAs group was approximately four times that of

those in the HG group at 48 h (Figure 2B). These results confirmed that

tFNAs promoted the proliferation and migration of HaCaTs, HDFs and

HUVECs in a high-glucose environment.

3.3 | tFNAs facilitated the expression and
secretion of growth factors in a high-glucose
environment in vitro

Wound healing involves the regulation of multiple growth factors,

including the bFGF, TGF-β1 and VEGF-A.31,32,36 Therefore, ELISA and

Q-PCR were used to evaluate the expression (at the transcript level)

and secretion of bFGF, TGF-β1 and VEGF-A under the influence of

tFNAs in a high-glucose environment. As shown in Figure 2J, the

secretion of bFGF, TGF-β1 and VEGF-A in HDFs was reduced in cells

of the HG group and recovered after treatment with tFNAs. Q-PCR

further confirmed that the transcript-level expression of bFGF, TGF-

β1 and VEGF-A was significantly decreased in a high-glucose environ-

ment, and that tFNAs could reverse this trend (Figure 2K).

3.4 | tFNAs accelerated diabetic cutaneous wound
healing in vivo

To evaluate the therapeutic effect of tFNAs on diabetic wound heal-

ing in vivo, diabetic cutaneous wounds were created in BKS db/db

mice and then randomly divided into control and tFNAs groups.

The results in Figure 3A revealed that wound healing was acceler-

ated in diabetic mice after treatment with tFNAs. The wound areas in

the tFNAs group were significantly smaller than those in the control

group on days 7 and 14 after surgery. By day 21, the wounds of the

tFNAs group had been completely covered with the epidermal tissue,

while the control group had a small number of residual wounds.
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Further statistical analysis (Figure 3B) showed that the wound-healing

rate in the tFNAs group was significantly higher than that in the

control group on days 3, 7, 14 and 21 after surgery.

HE and Masson's staining showed that the regenerated skin

tissues of the tFNAs group were more mature (Figure 3C,F), and that

the epidermal thickness and deposited collagen percentages in the

F IGURE 1 Preparation, characterization and cellular uptake of tFNAs. (A) Schematic illustration of the synthesis of tFNAs. (B) PAGE
examination of the molecular weights. (C) AFM evaluation of the tFNAs. The scale bar is 500 nm. (D) TEM evaluation of the tFNAs. The scale bar
is 100 nm. (E) Size distribution of the tFNAs. (F) Zeta potential distribution of the tFNAs. (G) Cellular uptake of tFNAs and ssDNAs (Cy5-tFNAs
and Cy5-ssDNAs: red; nucleus: blue; cytoskeleton: green). Scale bars are 25 μm
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F IGURE 2 The effects of tFNAs on cellular proliferation, migration and growth factors. (A,B) In vitro wound-healing assay of HaCaTs and
semi-quantification of the migration areas. The scale bar is 200 μm. (c) CCK-8 results from HaCaTs. (D,E) In vitro wound-healing assay of HDFs
and semi-quantification of the migration areas. The scale bar is 200 μm. (F) CCK-8 results from HDFs. (G,H) In vitro wound-healing assay of
HUVECs and semi-quantification of the migration areas. The scale bar is 100 μm. (I) CCK-8 results from HUVECs. (J) ELISA results of bFGF, TGF-
β1 and VEGF-A secretion at 24 h. (K) Transcript-level expression of bFGF, TGF-β1 and VEGF-A by Q-PCR at 24 h. Data are presented as the
mean ± standard deviation (SD) (n = 5). Significance: *p < 0.05, **p < 0.01, ***p < 0.001
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F IGURE 3 tFNAs facilitated diabetic wound healing, and increased epithelialization and collagen deposition in diabetic wounds.

(A) Photographs of cutaneous wounds in diabetic mice treated with saline or 250 nM tFNAs at different time points. The scale bar is 5 mm.
(B) Calculation and comparison of the wound healing area percentages between the control and tFNAs groups at different time points. (C) H&E
staining of the control and tFNAs groups on day 21 after surgery. Scale bars are 250 or 50 μm. (D) Comparison of the average regenerative
epidermal thickness between the control and tFNAs groups. (E) Comparison of the deposited collagen percentages between the control and
tFNAs groups. (F) Masson staining of the control and tFNAs groups on day 21 after surgery. Scale bars are 250 or 50 μm. (G) Picrosirius red
staining of the control and tFNAs groups on day 21 after surgery. The scale bar is 25 μm. Data are presented as the mean ± SD (n = 4).
Significance: *p < 0.05, **p < 0.01, ***p < 0.001
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tFNAs group were significantly higher than those in the control group

on day 21 after surgery (Figure 3D,E). Furthermore, the collagen fibres

in the dermis of the tFNAs group were more compact and organized,

whereas those in the control group were relatively loose (Figure 3F).

Picrosirius red staining revealed that the number of yellow and green

collagen fibres in the tFNAs group was higher than that in the control

group (Figure 3G).

Angiogenesis is also a crucial factor affecting wound healing and

provides sufficient nutrition to support the healing process.37 CD31

and α-SMA are important blood vessel markers and can be used as

F IGURE 4 tFNAs increased vascularization in diabetic wounds. (A) Immunofluorescence staining of CD31 and α-SMA expression of the
control and tFNAs groups (white arrow: vessel; nucleus: blue; CD31: red; α-SMA: green). Scale bars are 50 μm. (B) Immunohistochemical staining
of CD31 expression of the control and tFNAs groups (black arrow: vessel). The scale bar is 50 μm. (C) Quantification analysis of the number of
CD31- and α-SMA-positive blood vessels between the control and tFNAs groups. (D) Quantification analysis of the number of CD31-positive
blood vessels between the control and tFNAs groups. Data are presented as the mean ± SD (n = 3). Significance: *p < 0.05, **p < 0.01,
***p < 0.001
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F IGURE 5 tFNAs regulated the secretion of growth factors and the Wnt signalling pathway in diabetic wounds. (A) ELISA results of bFGF,
TGF-β1 and VEGF-A secretion in the control and tFNAs groups. (B) Immunofluorescence to check for the expression of LEF1 and TCF1 in the
control and tFNAs groups (nucleus: blue; LEF1: red; TCF1: pink). Scale bars are 50 μm. (C) Western blot detection of β-catenin, c-Myc and cyclin
D1 expression in the control and tFNAs groups. (D) Semi-quantification of Wnt signalling pathway protein levels in (C). Data are presented as the
mean ± SD (n = 3). Significance: *p < 0.05, **p < 0.01, ***p < 0.001
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indicators of neovascularization.38–40 Therefore, to explore whether

tFNAs could facilitate neovascularization, CD31 immunohistochemis-

try and immunofluorescence of CD31 and α-SMA were used to

observe the blood vessels. Figure 4B,D revealed that there were more

new blood vessels in the CD31-positive diabetic wounds treated with

tFNAs compared to those in the control group on days 14 and 21 after

surgery. These results were further confirmed by immunofluorescence

(Figure 4A,C).

ELISA results of the tissue samples (Figure 5A) indicated that the

secretion of bFGF in diabetic wounds was slightly increased compared

to that in the normal skin on day 14 after surgery, whereas no differ-

ence was observed in the secretion of TGF-β1 and VEGF-A. On day

21, there were no differences in the levels of bFGF, TGF-β1 and

VEGF-A between diabetic wounds and normal skin. However, after

treatment with tFNAs, the secretion of bFGF, TGF-β1 and VEGF-A in

diabetic wounds increased significantly.

In summary, animal experiments revealed that tFNAs could facili-

tate the healing of diabetic cutaneous wounds by promoting epitheli-

alization, vascularization, collagen synthesis and secretion of growth

factors.

3.5 | tFNAs activated the Wnt pathway in diabetic
wounds

The Wnt pathway plays a prominent role in diabetic wound healing3

and can promote epithelialization and improve fibroblast function and

angiogenesis.41 β-catenin is the key effector molecule of the Wnt

pathway. LEF1 and TCF1 are crucial transcription factors, whereas c-

Myc and cyclin D1 are downstream molecules that regulate the cell

state and promote tissue repair.42,43 Considering the close relation-

ship between the results of previous experiments and the function of

the Wnt pathway, we assumed that the Wnt pathway is an essential

component of the mechanism by which tFNAs promote diabetic

wound healing. Western blotting indicated that the levels of β-catenin,

c-Myc and cyclin D1 in diabetic wounds were not markedly changed

compared to those in the normal skin on days 14 and 21 after surgery.

Nevertheless, tFNAs significantly promoted the expression of β-cate-

nin, c-Myc and cyclin D1 in diabetic wounds and activated the Wnt

pathway (Figure 5C,D). Immunofluorescence revealed that the expres-

sion of LEF1 and TCF1 increased in the diabetic wounds treated with

tFNAs compared to that in the control group on days 14 and 21 after

surgery (Figure 5B).

4 | DISCUSSION

As the body's first barrier against external injury, the skin can maintain

internal homeostasis44; therefore, it is essential to repair the damaged

skin in time. Many factors can affect wound-healing, including age,

nutritional status, infection, chemoradiotherapy and DM.45 An

increasing number of patients suffering from diabetic wounds has

resulted in a rise in associated health problems and medical burdens.

Although some therapies, such as negative pressure therapy, stem cell

therapy and various synthetic biological dressings, have exhibited

beneficial effects,15,16,46,47 they are expensive and require more com-

plex operations.

DNA nanotechnology has rapidly developed in recent years and

has been widely used in the biomedical field.48,49 As a novel DNA

nanomaterial, tFNAs can improve cell function and promote tissue

regeneration.18,28 Previous studies have confirmed that tFNAs can

effectively enter cells and promote angiogenesis and wound heal-

ing.29,30 Therefore, considering the obstructive factors of diabetic

wounds and the functions of tFNAs, we explored the effects of tFNAs

on diabetic wound healing. In our research, tFNAs were successfully

assembled by base pairing. The size, shape, molecular weight and elec-

tric charge of the tFNAs were consistent with the characteristics

reported in previous studies. In addition, our study demonstrated that

tFNAs could be readily absorbed by HaCaTs, HDFs and HUVECs in a

high-glucose environment.

Wound healing involves the cooperation of various cell types.

The proliferation and migration of keratinocytes directly affect wound

sealing. Fibroblasts can regulate the healing process by secreting a

variety of extracellular matrix such as collagen and fibronectin. Ade-

quate angiogenesis can ensure the support of oxygen and nutrition

during wound healing.29,31,32 Therefore, the functional status of kera-

tinocytes, fibroblasts and vascular endothelial cells is crucial for

wound healing. In our study, a high-glucose environment directly

affected the proliferation and migration of HaCaTs and HUVECs, as

well as the proliferation of HDFs. Under the action of tFNAs, the pro-

liferation and migration of the three cell types were significantly

enhanced in a high-glucose environment.

Cytokines also directly influence wound healing, including growth

factors, inflammatory factors and chemokines.36 bFGF can promote

granulation tissue formation, epithelialization, angiogenesis and tissue

remodelling.37,50 As a member of the TGF-β family, TGF-β1 regulates

the functions of fibroblasts and keratinocytes and promotes collagen

synthesis and tissue repair during the early stages of wound heal-

ing.31,51 VEGF-A is a strong angiogenic factor that accelerates the

proliferation and migration of vascular endothelial cells.36 Studies

have shown that a decrease in local growth factors is one of the rea-

sons for refractory diabetic wounds.52 In our study, the ability of

HDFs to secrete growth factors was attenuated in a high-glucose

environment. Animal experiments further revealed that the secretion

of bFGF, TGF-β1 and VEGF-A was insufficient after the occurrence of

skin lesions in diabetic mice. After treatment with tFNAs, the expres-

sion and secretion of bFGF, TGF-β1 and VEGF-A improved in the dia-

betic wound environment in vitro and in vivo.

To confirm the therapeutic effect of tFNAs on diabetic wound

healing, diabetic BKS db/db mice were used in this study. The results

showed that the wound-healing rate of diabetic mice was significantly

accelerated after treatment with tFNAs in the first 2 weeks after sur-

gery. Epithelialization of diabetic wounds treated with tFNAs was

completed on day 21 after surgery, while the wounds of the control

group had not healed entirely. The formation of collagen plays a criti-

cal role in wound healing; however, this process is suppressed in
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diabetic wounds.3 In our study, the collagen content of diabetic

wounds was significantly increased after treatment with tFNAs, and

well-organized collagen fibres were found in diabetic wounds treated

with tFNAs. In addition, the regenerated epidermis was thicker and

more solid under the effect of the tFNAs. Adequate blood vessels pro-

vide oxygen, nutrients, growth factors and cells for wound healing. As

mentioned previously, neovascularization is attenuated and damaged

in DM.6,12 Immunohistochemistry and immunofluorescence revealed

that more blood vessels were present in diabetic wounds treated with

tFNAs compared to that in the control group. In summary, tFNAs

could facilitate epithelialization, vascularization and collagen synthesis

in diabetic wounds.

Previous studies have indicated that tFNAs can regulate multi-

ple signalling pathways and produce different biological effects.30

The Wnt signalling pathway is a conserved signal transduction

pathway that involves a variety of biological processes, including

embryonic development, homeostasis and tissue regeneration.3,53

It promotes cutaneous wound healing by regulating the functions

of various cells and accelerating angiogenesis, epithelialization and

dermal matrix formation.41,54 Upregulation of the Wnt signalling

pathway can facilitate diabetic wound healing.3,55 Our results

showed that the levels of β-catenin, c-Myc and cyclin D1 did not

change after skin injury in diabetic mice, and that the Wnt pathway

was not upregulated. After treatment with tFNAs, a pronounced

increase in the expression of these proteins indicated that the Wnt

pathway was activated in diabetic wounds. The levels of LEF1 and

TCF1 were also increased in diabetic wounds treated with tFNAs.

β-catenin is the key effector molecule of the Wnt pathway that

can bind to LEF1/TCF1 in the nucleus. These transcription factors

regulate the expression of numerous downstream molecules, such

as c-Myc and cyclin D1; c-Myc stimulates cells and increases pro-

liferation, whereas cyclin D1 is an important protein in the cell

cycle.3,42,43 Activation of the Wnt pathway can improve the func-

tion of various cells, including keratinocytes, fibroblasts and vascu-

lar endothelial cells. Subsequently, epithelialization, vascularization

and collagen synthesis were enhanced in diabetic wounds. More-

over, with the promotion of cellular proliferation and function,

additional growth factors are secreted to accelerate diabetic

wound healing. This inference was consistent with our previous

experimental results. Thus, the Wnt pathway may be an essential

mechanism underlying the therapeutic effect of tFNAs in diabetic

wound healing. However, the specific molecular interactions

between tFNAs and intracellular molecules need to be verified in

future studies.

In conclusion, our study confirmed that tFNAs can facilitate the

proliferation and migration of HaCaTs, HDFs and HUVECs in a high-

glucose environment. tFNAs can accelerate diabetic wound healing by

promoting epithelialization, vascularization, collagen synthesis and the

secretion of growth factors via the Wnt pathway (Figure 6). These

findings demonstrate that tFNAs have great potential for the treat-

ment of diabetic wounds and pave the way for diabetic wound healing

therapy.

F IGURE 6 Graphical abstract of the therapeutic effects of tFNAs in diabetic wound healing (created with BioRender.com, Agreement
number: AO23WPVP88)
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