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ABSTRACT 

Lipid nanoparticle formulated protein transduction domain-bone 

morphogenetic protein-2 enhances wound healing in type 1 diabetic 

mice 

 

Jae Wan Suh 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Jin Woo Lee) 

 

 

Decreased angiogenesis contributes to delayed wound healing in diabetic patients. 

Recombinant human bone morphogenetic protein-2 (rhBMP2), which has been 

approved by the FDA for inducing bone regeneration, has also been shown to 

promote angiogenesis. However, the short half-lives of soluble growth factors 

such as rhBMP2 limit their use in wound-healing applications. To overcome this 

limitation, we propose a novel delivery model utilizing a protein transduction 

domain (PTD) formulated in lipid nanoparticle (LNP). We aim to determine 

whether a gelatin hydrogel dressing loaded with LNP formulated PTD-BMP2 

(LNP-PTD-BMP2) can improve the angiogenic function of BMP2 and improve 

diabetic wound healing. In vitro, we found that compared to the control and 

rhBMP2, LNP-PTD-BMP2 induced higher tube formation of human umbilical 

vein endothelial cells and increased the cell recruitment capacity of HaCaT cells 
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in a scratch wound assay. Large, full-thickness back skin wounds were inflicted 

on streptozotocin-induced diabetic mice. Gelatin hydrogel cross-linked by 

microbial transglutaminase containing rhBMP2, LNP-PTD-BMP2, or a control 

was applied to diabetic wounds. Wounds treated with LNP-PTD-BMP2 exhibited 

enhanced wound closure, increased re-epithelialization rates, and higher collagen 

deposition than the rhBMP2 or control treatments. In an immunofluorescence 

study, the LNP-PTD-BMP2 treatment showed more CD31- and α-SMA-positive 

cells, thus demonstrating a higher neovascularization capacity than rhBMP2 or 

control treatments. Additionally, in vivo near-infrared fluorescent images showed 

that LNP-PTD-BMP2 has a longer half-life than rhBMP2 and that BMP2 

localizes around wounds. These findings suggest that LNP-PTD-BMP2-loaded 

gelatin hydrogel is a viable treatment for diabetic wounds. 

 

 

 

 

 

 

 

 

 

                                                            

Key words: diabetes, wound healing, angiogenesis, lipid nanoparticle, protein 

transduction domain, bone morphogenetic protein-2, gelatin hydrogel 
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I. INTRODUCTION  

Diabetes mellitus is a chronic metabolic disorder that affects millions of 

people worldwide.1,2 Diabetic foot ulceration is one of the most common 

complications of diabetes and is associated with delayed wound healing.3,4 In 

wound healing, the stages of inflammation, cell migration and proliferation, and 

tissue remodeling proceed in a well-coordinated sequence of cellular and 

biomolecular events.2,5 However, in diabetic wounds, chemokine production and 

inflammatory responses are abnormal, growth factor levels are decreased, and 

angiogenic ability is reduced.4,6-8 Previous research has investigated the efficacy 

of advanced treatments such as stem cells, chemokines, growth factors, skin 

substitutes, and gene therapy for improving diabetic wound healing. However, 

the efficacy of these treatments is low, necessitating the development of more 

effective treatment methods.9 
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Insufficient angiogenesis leads to limited recruitment of inflammatory 

cells and reduced supply of oxygen and nutrients.6 Impaired recruitment and 

migration of cells to wound sites also decreases the production of chemokines 

essential for wound repair.2,6,7 Therefore, one of the main strategies for treating 

diabetic wounds should be to improve angiogenesis.9,10 Although several studies 

have demonstrated that growth factor treatments improve angiogenesis, short 

half-lives and adverse effects limit the success of these treatments.6,7,9 

Recombinant human bone morphogenetic protein-2 (rhBMP2) has been 

approved by the FDA and is used clinically for bone regeneration.11 In addition, 

several studies have demonstrated the crucial role of BMP2 in physiological 

development and vascular homeostasis12 including angiogenesis.13-15 BMP 

signaling regulates various processes including mesoderm formation, 

vasculogenesis, sprouting angiogenesis, arteriovenous differentiation, 

endothelial barrier function, and endothelial-to-mesenchymal transition.12,16 

Furthermore, BMP signaling affects endothelial cell (EC) migration, proliferation, 

and network formation.12 During sprouting angiogenesis, BMP signaling 

promotes vascular morphogenesis by regulating vascular activation and 

maturation.12 BMP2 also induces in vitro proliferation of the human pulmonary 

artery and aortic ECs, increases migratory efficiency, and promotes tube 

formation of human dermal microvascular ECs, and human aortic and umbilical 

vein ECs.12,14,17-20  

The angiogenic ability of BMP2 led us to hypothesize whether it could 

improve diabetic wound healing. However, little research has been conducted on 

the association of BMP2 with wound healing. Because BMP2 can affect bone 
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formation, side effects could include ectopic ossification or vascular 

calcification.21,22 However, another recent study has reported that activation of 

BMP signaling is involved in stem cell recruitment to wound sites and in wound 

healing acceleration.23 

The short half-life of rhBMP2 requires that it be administered at a high 

dosage to be effective. Research to overcome this limitation have been actively 

conducted. In a previous study, using the protein transduction domain (PTD), a 

recombinant PTD-fusion polypeptide was delivered intracellularly across the 

membrane without any specific receptor.24,25 After transduction, the PTD-fusion 

polypeptide refolded, cleaved post-translationally, and was secreted in its active 

form.11,25,26 We reported PTD-BMP2 as a prodrug of BMP2 using this strategy.11 

It showed improved functionality in vivo with a lower dose than rhBMP2.11 

Furthermore, to overcome the size limitation imposed by endosomal cellular 

delivery, we previously developed a PTD-BMP-7 formulated in micelle as lipid 

nanoparticle (LNP).27 The micelle improved endosomal transduction of PTD-

BMP-7, and micellized PTD-BMP-7 was successfully processed and secreted as 

active BMP-7.27  

We hypothesize that the newly designed PTD-BMP2 formulated in 

micelle could transduce the wound and secrete successfully active BMP2 and that 

angiogenesis could be enhanced by BMP2, and it could improve the cell 

recruitment and reparative process of wound healing. 

This study aimed at investigating whether LNP formulated PTD-BMP2 

(LNP-PTD-BMP2) can successfully transduce a diabetic wound when applied 

via a gelatin hydrogel dressing and whether the angiogenic function of BMP2 can 
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improve diabetic wound healing.  

 

II. MATERIALS AND METHODS 

1. Preparation of LNP-PTD-BMP2 

Recombinant PTD-BMP2 was synthesized as described previously.11 The 

PTD-fusion BMP2 polypeptide was amplified using pRSET (Invitrogen), a 

bacterial expression vector that contains an Xpress epitope and a His tag. The 

precursor cDNA of BMP2 was PCR-amplified from the cDNA of Saos-2 

osteosarcoma cells. The TAT sequences (RKKRRQRRR) for the PTD domain 

were inserted next to the epitope, and the precursor cDNAs of BMP2 were cloned 

into a TAT-expression cassette. After the transformation of BL21 competent cells 

and IPTG induction, inclusion bodies were obtained from the insoluble fraction 

using 1% Triton X-100 buffer. The insoluble fraction was solubilized with an 8 

M urea solution, and the recombinant protein was purified using Ni-Ti beads and 

imidazole elution. Buffer shock was then used to imbue high surface energy (∆G) 

properties. Denatured polypeptides were micellized with filtered 0.1% egg 

lecithin (BOC Sciences, Shirley, NY, USA) via bath sonication.27  

 

2. Preparation of LNP-PTD-BMP2-loaded gelatin hydrogel  

 Gelatin hydrogel (GH) was synthesized as previously described.28,29 

Gelatin gels were prepared by cross-linking gelatin via microbial 

transglutaminase (mTG). TI transglutaminase formula (Modernist Pantry) was 

dissolved in phosphate-buffered saline (PBS) to obtain a 10% (wt, weight ratio) 

solution, followed by addition of gelatin (Sigma-Aldrich) at 5.5% (w/v%: 
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weight/total solution volume) in PBS. GHs were prepared by mixing the 

appropriate volume of the 10% mTG solution with 5.5% (w/v%) gelatin, 

according to the experimental need. As previously described, 4.4% gelatin 

hydrogel at 200 µl/cm2 was used.29 The GH, mTG solution, and LNP-PTD-BMP2 

were mixed together at room temperature. 

 

3. In vitro wound healing study (enhanced cell recruitment study) 

In vitro wound healing was assessed using a scratch wound assay as 

previously described.30,31 HaCaT cells were seeded at densities of 2×105 cells/ml 

into 6-well plates and incubated at 37 °C under 5% CO2. When the cells reached 

a confluence of 80–90%, they were scratched with 200-μl micropipette tips. 

Floating cells were immediately removed by washing them away with PBS, and 

1.5 ml of the culture medium was added. rhBMP2 and LNP-PTD-BMP2 were 

added at concentrations of 100 ng/ml each. After up to 48 h of cell culture, a 

digital camera (Nikon, Tokyo, Japan) coupled to an optical microscope (Nikon 

TMS) was used to capture the images. Quantification of the percentage of wound 

closure between 0 h and 48 h were assessed using ImageJ (Ver. 1.48, Aspire 

Software International, Leesburg, VA, USA). All experiments were repeated at 

least three times.  

 

4. HaCaT cell proliferation assay with LNP-PTD-BMP2 

The proliferation of HaCaT cells by LNP-PTD-BMP2 was evaluated 

using a water-soluble tetrazolium salt (WST) assay (EZ-Cytox Kit, Daeil Lab 

Service, Seoul, Korea). First, HaCaT cells were seeded in 12-well plates at a 
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density of 1×104 cells/ml and incubated with 100 ng/mL LNP-PTD-BMP2 for 24, 

72 and 120 h at 37 °C, 5% CO2. Then, 10 μl of EZ-Cytox solution was added to 

each well and the cells were incubated at 37 °C for 3 h. The absorbance was 

measured at 450 nm. All samples were tested in triplicate. 

 

5. In vitro angiogenesis study via tube formation assay 

The EC migration and capillary tube formation assays are used to assess 

angiogenesis in vitro.32,33 The human umbilical vein endothelial cell (HUVEC) 

capillary tube formation assays were performed to assess LNP-PTD-BMP2 

induced angiogenesis in vitro.33 

 Primary HUVECs (Lonza, Basel, Switzerland) were cultured in 

endothelial cell growth medium-2 (EBM-2, Lonza) supplemented with 10% fetal 

bovine serum (FBS, Gibco-Invitrogen), 100 units/ml penicillin G, and 100 μg/ml 

streptomycin at 37 °C under 5% CO2/95% air. All cells used in experiments 

underwent fewer than eight passages after resuscitation.33 Further, 500 ng of 

LNP-PTD-BMP2 was added to the HUVEC culture medium, and the medium 

was allowed to sit overnight. The insoluble fractions of cells were used for 

western blotting to detect transduced recombinant protein in cells.  

The tube-like structures formed by HUVECs on Matrigel with reduced 

quantities of growth factors were analyzed as previously described.34-36 Ninety-

six-well culture plates were coated with Matrigel (50 μl/well) and incubated for 

30 min at 37 °C. After HUVECs were cultured in EBM-2 containing 1% FBS, 

they were plated onto the layer of Matrigel at a density of 2×104 cells/well. 

Following incubation at 37 °C for 2 h, the cells were treated with either H2O2 (200 
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nM), rhBMP2 (100 ng) with H2O2 (200 nM), or LNP-PTD-BMP2 (100 ng) with 

H2O2 (200 nM). Each well was analyzed at 1 h intervals for up to 6 h. Tube 

formation was observed using an inverted phase contrast microscope, and the 

number of nodes and tubes were quantified. 

 

6. BMP2 release test and diabetic wound healing study in vivo 

A. Preparation of streptozotocin (STZ)-induced diabetic mouse model 

ICR mice (male, 7 weeks old) were purchased from Orient Bio (Seoul, 

Korea). All the mice were housed in wire cages. The temperature and humidity 

of cages were controlled at 20–22 °C and 40–50%, respectively, throughout the 

experiment. All mice were induced Type I diabetes by STZ (Sigma-Aldrich) 

injection intraperitoneally at dose of 200 mg/kg body weight dissolved in 0.05 M 

citrate buffer, pH 4.5. After one week, a diabetic phenotype was confirmed with 

blood glucose level exceeded 300 mg/dl by a OneTouch Select meter (Johnson & 

Johnson, UK). The animal studies were carried out in accordance with guidelines 

set by the Department of Laboratory Animal Resources (Permit No. 2018-0325) 

at the Yonsei University College of Medicine, Seoul, South Korea. 

 

B. Diabetic wound treatment with rhBMP2 or LNP-PTD-BMP2-loaded gelatin 

hydrogel dressings 

Mice (male, 9 weeks old) were anesthetized by intraperitoneally injecting 

Zoletile (30 mg/kg body weight) and Rumpon (10 mg/kg body weight). The hair 

on the backs of the mice were shaved and wiped with 70% ethanol. Full-thickness 

skin wounds (10 mm in diameter) were created on the backs of diabetic mice. 
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Silicone rings were sutured around each wound to prevent wound contraction.37,38 

 The wounds were filled with control GH, rhBMP2-loaded GH, or LNP-

PTD-BMP2-loaded GH (5 mice/group) using a pipette (Fig. 1). After applying 

the experimental materials, all wounds were covered with Vaseline gauze 

(Covidien, USA), which was used as a moist dressing to minimize GH 

dehydration. The concentration of rhBMP2 was 100 ng/cm2. After concentration 

optimization, the concentrations selected for LNP-PTD-BMP2 were 0, 25, 100, 

and 400 ng/cm2. The wound sites were treated with the control GHs, rhBMP2-

loaded GHs, and LNP-PTD-BMP2-loaded GHs once after surgery, and the 

wound dressing and gauze were changed twice a week.  
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Figure 1. Schematic illustration of the approaches used. The back wound of a 

STZ-induced diabetic mouse treated with rhBMP2 or LNP-PTD-BMP2-loaded 

gelatin hydrogel. After intracellular transduction of micellized PTD-BMP2 and 

processing occurred, active BMP2 was secreted and was followed by autocrine 

and paracrine action. 
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C. Measurement of BMP2 release 

ICG-labeled rhBMP2- or LNP-PTD-BMP2-loaded GH was applied on 

the wound site. After dressing the wound, in vivo near-infrared fluorescent images 

were captured at 0, 1, 3, 5, and 7 days using an animal optical imaging system 

(IVIS, Caliper Life Sciences, MA, USA). During imaging, mice were kept under 

the inhaled anesthesia isoflurane. The excitation and emission wavelengths of 

ICG were 780 and 831 nm, respectively. The fluorescence signal (p/s/cm2) from 

each mouse was measured using Living Image (version 2.50, Xenogen). All tests 

were carried out in 5 mice. 

 

D. Measurement of wound closure  

Photographs of the wounds were taken using a digital camera (Nikon, 

Japan) at days 0, 3, 7, 10, and 14. To evaluate the degree of wound closure, the 

wound area was measured using ImageJ. The wound area on the indicated day 

(At) relative to the initial wound area (A0) (%) was calculated as (A0 - At)/A0 × 

100. 

 

E. Histological analysis of regenerative tissues  

At the time of sacrifice, perilesional skin samples were collected and 

fixed in 10% formalin solution. The skin samples were stained with hematoxylin 

and eosin (H&E) and Masson’s trichrome (MT). The wound area was analyzed 

digitally using ImageJ. The distance between the regenerated keratinocyte cell 

layers was measured on both ends of the wound. The re-epithelialization rate was 

determined by comparing the measured distances with those in the initial wound 
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images of MT-stained histological sections. 

Collagen deposition of regenerated skin tissue at 14 days was measured by 

counting the pixels in MT-positive blue areas of granulation and assessing the 

staining intensity, using ImageJ for quantitative analysis. Von Kossa staining was 

used to evaluate calcium deposition on regenerated perilesional skin tissue. A 

total of five mice per group was analyzed to determine the histology of the 

regenerated tissues. 

 

F. Immunofluorescence 

The sections were collected from the central wound area for 

immunofluorescence analysis. They were deparaffinized and rehydrated. After 

washing the sections twice with PBS, they were incubated with H2O2 for 10 min 

to suppress endogenous peroxidase activity in order to reduce nonspecific 

background staining. The sections were washed twice again with PBS and then 

incubated overnight at 4 °C with primary antibodies against CD31 (50:1, Abcam 

Inc., MA, USA) to detect EC and against α-SMA (α-smooth muscle actin, Sigma-

Aldrich) to detect vascular smooth muscle cells formed during neovascularization. 

Subsequently, the sections were washed three times with PBS. Phycoerythrin-

conjugated goat anti-rabbit secondary antibodies (Santa Cruz Biotechnology Inc., 

CA, USA) were added for visualization of the primary antibodies. For nuclei 

staining, 4′,6-diamidino-2-phenylindole (Sigma-Aldrich) was used. The images 

were taken using an inverted fluorescence microscope (IX-71, Olympus, Tokyo, 

Japan). To determine whether the angiogenic ability of diabetic mouse model 

decreased, the wound sections were compared between ICR mice and diabetic 



14 

 

mice.  

 

7. Statistical analysis 

All data were given as the mean ± standard deviation. Statistical analysis 

was performed using SPSS 25.0 software (SPSS Inc., Chicago, USA). One-way 

analysis of variance (ANOVA) and post hoc analysis were used to identify the 

differences between groups. * indicates p < 0.05, ** indicates p < 0.01, and *** 

indicates p < 0.001. 

 

III. RESULTS 

1. Concentration optimization of LNP-PTD-BMP2 

To determine the optimal concentration of LNP-PTD-BMP2, we loaded 

LNP-PTD-BMP2 in GHs at concentrations of 0, 0.4, or 4 μg/cm2 (Fig. 2). We 

found that a concentration of 0.4 μg/cm2 showed a significantly enhanced wound 

closure capacity, while a concentration of 4 μg/cm2 revealed no significant wound 

closure effect when compared to the defect group (Fig. 2A, 2B). Moreover, 

similar results were found in the neovascularization study (Fig. 2C). Therefore, 

we subdivided the concentrations to 0, 25, 100, and 400 ng/cm2 and obtained the 

wound healing capacity and neovascularization results (Fig. 3). LNP-PTD-BMP2 

concentrations of 100 ng/cm2 and 400 ng/cm2 showed a significantly enhanced 

wound closure capacity and collagen deposition when compared to those in the 

defect group, control group, and groups with lower concentrations (Fig. 3A, 3B, 

3E, 3F). As a result of comparing the neovascularization capacity of different 

concentrations in an immunofluorescence study, 100 ng/cm2 and 400 ng/cm2 of 
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LNP-PTD-BMP2 revealed a significantly greater number of CD31-positive cells 

than the defect group, control group, and groups with lower concentrations did 

(Fig. 3C, 3D). Although 400 ng/cm2 of LNP-PTD-BMP2 revealed a significantly 

greater rate of CD31-positive cells compared to that at 100 ng/cm2 concentration, 

it also showed mild wound inflammation. Finally, we selected 100 ng/cm2 as the 

optimal LNP-PTD-BMP2 concentration.  
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   A B 

C 
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Figure 2. Concentration optimization of LNP-PTD-BMP2(1). (A) Large full-

thickness back skin wounds were inflicted on STZ-induced diabetic mice and 

filled with LNP-PTD-BMP2-loaded GH at concentrations of 0, 0.4, and 4 μg/cm2. 

The photographs of the wounds were taken on days 0, 3, 7, 10, and 14. (B) 

Quantitative analysis of wound closure rate for each concentration. (C) H&E-

stained microscopic images of newly formed red capillary vasculature (black 

arrows) in the regenerated tissue for each concentration on day 14.  
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Figure 3. Concentration optimization of LNP-PTD-BMP2(2). (A) Large full-

thickness back skin wounds created in STZ-induced diabetic mice were filled 

with GH and LNP-PTD-BMP2-loaded GH at concentrations of 0, 25, 100, and 

400 ng/cm2. Representative images show the skin wounds on days 0, 3, 7, 10, and 

14. (B) Quantitative analysis of wound healing rate relative to the initial wound 

over time. (C) Immunofluorescence staining shows expression of CD31 in 

regenerated wound tissues on day 14. (D) Quantitative analysis of CD31-positive 

cells. (E) H&E-stained microscopic images of newly formed red capillary 

F 

G 
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vasculature (black arrows) in the regenerated tissue for each concentration of 0, 

25, 100, and 400 ng/cm2 on day 14. (F) MT-stained regenerated soft tissues 

imaged on day 14. The granulation tissue showed the deposition of newly formed 

collagen tissues (blue areas). (G) Quantitative analysis of collagen deposition for 

each concentration. All quantitative analyses were performed using ImageJ. 

 

2. Wound healing, cell proliferation, and angiogenesis study of LNP-PTD-

BMP2 in vitro 

A scratch wound healing assay on HaCaT cells was conducted to evaluate 

the efficacy of LNP-PTD-BMP2 in inducing in vitro wound healing in 

comparison with that of rhBMP2 (Fig. 4A). The HaCaT cells treated with LNP-

PTD-BMP2 showed a significantly enhanced cell recruitment capacity when 

compared to that of the control and rhBMP2 treatments and showed 81.3% 

wound gap closure at 48 h (Fig. 4B). 

To determine the effect of LNP-PTD-BMP2 on the proliferation capacity 

of HaCaT cells, the WST assay was performed (Fig. 4C). The proliferative 

capacity of HaCaT cells treated with LNP-PTD-BMP2 showed no significant 

differences compared to that in the control group. This result suggests that LNP-

PTD-BMP2 does not inhibit the growth of HaCaT cells. 

HUVEC capillary tube formation assays were performed to assess LNP-

PTD-BMP2-induced angiogenesis in vitro (Fig. 4D). To mimic the in vitro 

diabetic environment, we added H2O2 to the cells. Images were obtained after 6 

h and quantified. Compared to the control and rhBMP2 treatments, the LNP-

PTD-BMP2 treatment showed significantly higher tubes and node formation 
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capacity (Fig. 4E). Intracellular transduction efficiency of LNP-PTD-BMP2 was 

confirmed by western blot analysis. (Fig. 4F). 
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Figure 4. LNP-PTD-BMP2 increased migration and angiogenesis in vitro. (A) 

Incubated HaCaT cells (2×105 cells/ml) were scratched and treated with rhBMP2 

(100 ng/ml) or LNP-PTD-BMP2 (100 ng/ml). After being cultured for 48 h, the 

gap differences were measured from time zero. (B) Wound closure rates were 

quantified using ImageJ. (C) WST assay was performed to determine the 

proliferative capacity of LNP-PTD-BMP2-treated HaCaT cells. Each experiment 

was performed in triplicate (n = 3). All the error bars indicate ± SEM. (D) 

HUVECs were treated with vehicle, H2O2 presenting with vehicle, H2O2 

presenting with rhBMP2 (100 ng), or H2O2 presenting with LNP-PTD-BMP2 

(100 ng) for tube formation assays. Representative images were taken after 6 h. 

(E) Number of nodes and tubes were quantified. Results of five independent 

experiments are presented. (F) HUVECs were treated with 500 ng of LNP-PTD-

BMP2 overnight, and the insoluble fraction was used for western blotting. 

 

3. In vivo BMP2 release profile of LNP-PTD-BMP2-loaded GH 

ICG labeling was used to investigate the in vivo BMP2 release profile of 

the rhBMP2- or LNP-PTD-BMP2-loaded GH. In vivo near-infrared fluorescent 

images were acquired using an animal optical imaging system (Fig. 5A). Wounds 

treated with LNP-PTD-BMP2-loaded GH exhibited high fluorescent intensity 

until day 7 (Fig. 5B). The fluorescent intensity of wounds treated with rhBMP2-

loaded GH significantly diminished beginning on day 5. Therefore, LNP-PTD-

BMP2 showed more stably sustained release and a longer half-life than rhBMP2.  
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Figure 5. In vivo BMP2 release profile of rhBMP2- or LNP-PTD-BMP2-loaded 

GH using ICG labeling. (A) ICG signal from the back wounds was observed 

using IVIS at 1, 3, 5, and 7 days after treatment of STZ-induced diabetic mice 

with ICG-labeled rhBMP2- or LNP-PTD-BMP2-loaded GH. Wounds treated 

with LNP-PTD-BMP2-loaded GH remained exhibited high fluorescence 

intensity until day 7, while wounds treated with rhBMP2-loaded GH abruptly 

diminished beginning on day 5. (B) Relationship of the relative radiant efficiency 

of ICG-labeled LNP-PTD-BMP2 and rhBMP2 showed that LNP-PTD-BMP2 is 

more stable and exhibits longer-term release than rhBMP2. 

 

4. Wound closure and histological changes of LNP-PTD-BMP2 in diabetic 

wound healing  

We confirmed decreased wound healing capacity in an STZ-induced 

diabetic mouse model, as observed in human diabetic patients (Fig. 6A, 6B).39 

Further, we investigated the effect of rhBMP2 or LNP-PTD-BMP2-loaded GH 

on wound closure in this model (Fig. 6C, 6D). Wounds treated with LNP-PTD-

BMP2-loaded GH showed a significantly enhanced regeneration capacity when 

compared to that of the control wounds after day 3. When compared to wounds 

treated with rhBMP2-loaded GH, wounds treated with LNP-PTD-BMP2-loaded 

GH showed significantly decreased wound size after day 7. There was no 

significant difference over time in wound healing between rhBMP2-loaded GH 

and control wounds.  

To investigate re-epithelialization rate and collagen deposition, we 

analyzed the regenerated skin tissues using H&E and MT staining on day 14. The 
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epithelial layer of wound sites treated with LNP-PTD-BMP2-loaded GH showed 

the best re-epithelialization rate among the wounds for control and treated with 

rhBMP2-loaded GH (Fig. 6E, 6F). The rhBMP2-loaded GH dressing showed a 

similar re-epithelialization rate to the control (p = 0.779). Wounds treated with 

LNP-PTD-BMP2-loaded GH showed significantly higher collagen deposition 

than control defect wound (3.3-fold) and wounds treated with rhBMP2-loaded 

GH (4.1-fold) (Fig. 6G, 6H).  
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Figure 6. Comparisons of wound closures and histological changes between 

rhBMP2- and LNP-PTD-BMP2-loaded GHs in diabetic wound healing. (A) 

Comparison of wound healing capacity between a healthy and an STZ-induced 

diabetic mouse. Full-thickness back skin wounds of both mice were 

photographed on days 0, 3, 7, 10, and 14. (B) Quantitative analysis of wound 

closure rate relative to the initial wound size over time between healthy and STZ-

induced diabetic mouse. (C) Wound healing effects of rhBMP2- and LNP-PTD-

BMP2-loaded GH in the STZ-induced diabetic mice. rhBMP2 (100 ng/cm2)- and 

LNP-PTD-BMP2 (100 ng/cm2)-loaded GHs were applied to the back wounds. 

Photographs of wounds were obtained on days 0, 3, 7, 10, and 14. (D) 

E F 

G H
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Quantitative analysis of wound healing rate relative to the initial wound over time. 

(E) MT-stained microscopic images were obtained on day 14 to assess the re-

epithelialization rate. Black boxes indicate the portion of the remaining wounds. 

Black arrowheads indicate the ends of the initial wound. Blue arrowheads 

indicate the ends of the regenerated keratinocyte cell layer. (F) Quantitative 

analysis of re-epithelialization rate. (G) Regenerated soft tissues were stained 

with MT, and microscopic images were obtained on day 14. MT-positive blue 

areas of granulation tissue indicate deposition of newly formed collagen tissues. 

(H) Quantitative analysis of collagen deposition using ImageJ. 

 

To evaluate whether BMP2 causes calcification of wounds and 

regenerated tissue, we analyzed regenerated skin perilesional tissues with Von 

Kossa staining on day 14. No calcium depositions were observed in diabetic mice 

treated with the control, rhBMP2-loaded GH, or LNP-PTD-BMP2-loaded GH 

(Fig. 7). 
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Figure 7. Histological evaluation of calcific deposition in regenerated tissue 

treated with rhBMP2- or LNP-PTD-BMP2-loaded GH. Von Kossa staining of 

regenerated skin perilesional tissues showed no calcific deposit on day 14. 

  



32 

 

5. Neovascularization of LNP-PTD-BMP2 in diabetic wound healing 

To assess wound neovascularization, we used H&E staining, CD31, and 

α-SMA immunofluorescence labeling. The number of red capillary vasculatures 

with the H&E staining were significantly greater in wounds treated with LNP-

PTD-BMP2-loaded GH than in control wounds or in wounds treated with 

rhBMP2-loaded GH (Fig. 8A, 8B). The numbers of CD31-positive cells and α-

SMA positive-cells were significantly greater in wounds treated with LNP-PTD-

BMP2-loaded GH than control wounds or wounds treated with rhBMP2-loaded 

GH (Fig. 8C, 8D). The rate of CD31-positive cells in wounds treated with LNP-

PTD-BMP2-loaded GH was 1.7- and 1.8-fold higher than the rates of control 

wounds and wounds treated with rhBMP2-loaded GH, respectively. The rate of 

α-SMA-positive cells was also found to be 2.9- and 3.1-fold higher, respectively. 
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Figure 8. Neovascularization effects of rhBMP2- and LNP-PTD-BMP2-loaded 

GH in STZ-induced diabetic mice on day 14. (A) Microscopic images of newly 

formed red capillary vasculature (black arrows) in the regenerated tissue obtained 

using the H&E staining. (B) The newly formed red capillary vasculatures were 

A B

C D
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enumerated. (C) Immunofluorescence study shows CD31-positive cells (red) and 

α-SMA-positive cells (green) in the regenerative tissue, suggesting the generation 

of mature vessels. (D) Quantitative analysis of CD31- and α-SMA-positive cells 

using ImageJ. 
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IV. DISCUSSION 

The capacity for angiogenesis is decreased in diabetic chronic wounds 

and plays a critical role in the pathogenesis of wound healing impairment.6,7 

Various studies have been performed to identify treatments that improve 

angiogenesis in chronic wounds. Previous therapeutic approaches have used 

growth factors, endothelial progenitor cells, and stem cells, but the results have 

been limited.40-43  

As a member of the TGF-beta superfamily, BMP was first known to be 

capable of inducing bone formation. rhBMP2 has been widely used for spinal 

fusion in orthopaedic surgery. It has shown promising results, but complications 

were reported in studies using high doses, with 9.9% of patients with anterior 

cervical fusion who used a high dose developing a hematoma after surgery.44-46 

Among them, 73.3% developed a hematoma 4–5 days after surgery.44 The 

hematomas that were correlated with a high dose of rhBMP2 showed a higher 

frequency and later onset than other hematomas that occurred in patients who 

undergo anterior cervical fusion without rhBMP2.44 This report led to the idea 

that BMP2 may also be involved in angiogenesis. 

BMP2 has been gradually revealed to play an essential role in 

pathobiological processes and the homeostasis of skin and various tissues.47 As 

described previously in this article, BMP2 induces chemotaxis in microvascular 

ECs.40,48 In 70% of patients with familial pulmonary arterial hypertension, which 

is an uncommon vascular disorder, BMP2 receptor mutations were identified.49-

51 Decreased expression of BMP2 receptors in lung tissues leads to EC 

dysfunction, resulting in increased vascular resistance.12,49,52,53 In fetal skin, 
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BMP2 promotes dermal and epidermal growth and seems to be involved in 

wound healing.54 Treatment with BMP2 could thus be an ideal therapy for 

diabetic wound healing. This study supports the angiogenic and wound healing 

capacity of BMP2 in vitro and in vivo. 

However, rhBMP2 is difficult to use for healing wounds due to 

limitations such as short half-life.11,55 To overcome this limitation, we used a 

novel delivery method utilizing PTD formulated in micelle. In a previous study, 

micellized PTD-BMP-7 was transduced directly into cells via an endosomal 

pathway, and active BMP-7 was successfully secreted in HEK 293 cells.27 In our 

study, LNP-PTD-BMP2 was successfully transduced into cells independent of 

the BMP2 receptor to secrete active BMP2 (Fig. 4F). In another study, PTD-

BMP-7 injected intraperitoneally in Balb/C nude mice showed five times longer 

half-life and nine times more area under the curve than rBMP-7 in intravital 

fluorescence imaging.25 We found also that LNP-PTD-BMP2 has a longer half-

life and duration of effect compared to rhBMP2 (Fig. 5). Furthermore, when 

LNP-PTD-BMP2 was loaded into a GH and used topically, it was observed 

locally around the wound without a systemic effect, as shown in the in vivo BMP2 

release study (Fig. 5). 

Previous studies found that BMP2 promotes vascular calcification, which 

is similar to osteoblast differentiation in vessels.22 However, in this study, we 

confirmed the absence of calcific deposits around the regenerative tissue via Von 

Kossa staining (Fig. 7). Furthermore, based on the BMP2 release profile from the 

GH, the effect was observed locally around the wound without any systemic 

effect (Fig. 5A). Meanwhile, Lewis et al. demonstrated that BMP signaling 
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inhibits keratinocyte proliferation and migration in skin epithelium during wound 

healing.56 In another study, BMP2 and BMP-4 negatively affect keratinocyte 

proliferation.56-58 It is thought that different experimental settings or the half-life 

of BMP2 constructs may influence the results. In our study, we found that LNP-

PTD-BMP2 enhanced keratinocyte migration and did not inhibit proliferation in 

vitro (Fig. 4A, 4B, 4C). Furthermore, in our experimental settings with LNP-

PTD-BMP2, we observed both the in vitro and in vivo results of fibroblasts, ECs, 

and keratinocytes in the wound healing process of normal and diabetic mice. In 

this study, we used BMP2 as an active form after transduction, and angiogenesis 

and migration were improved through a more prolonged effect, which is thought 

to affect wound healing. 

Our study shows that BMP2 treatment improved angiogenesis and 

diabetic wound healing. Previously, topical growth factor therapy such as 

vascular endothelial growth factor (VEGF) has shown limited success in diabetic 

foot wounds. Although VEGF has displayed some angiogenic capacity, clinical 

trials have failed to show significant effects, leading to unsuccessful attempts in 

clinical settings.7 Several factors, such as a short half-life, may have acted as a 

limiting factor that hinders its use in wound treatment. VEGF acts mainly on ECs 

and activation of angiogenesis.15 BMP2 promotes activation and maturation of 

angiogenesis and affects not only ECs but also vascular smooth muscle cells.15 

Furthermore BMP2 stimulates dermal and epidermal growth, leading to 

keratinized and thickened skin.40,54,59 In view of these points, since BMP2 acts on 

various cells necessary for wound healing, we propose that it is an excellent 

candidate for the treatment of chronic wounds. 
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This study had several limitations. First, the study subjects were limited 

to type 1 diabetes. Second, long-term side effects of BMP2 were not confirmed. 

However, BMP2 was approved by the FDA to use clinically, and it is not expected 

to have fatal side effects. BMP2 is an important molecule in causing vascular 

calcification by acting on vascular smooth muscle cells. Since microvessels were 

observed around wounds, BMP2 treatment does not appear to be related to 

cardiovascular pathology. However, for safety, long-term effects of BMP2 on 

wound sites need to be evaluated and validated through in vivo studies. 

 

V. CONCLUSION 

We designed LNP-PTD-BMP2, which possesses the ability to promote 

direct intracellular transduction and angiogenesis (Fig. 9). Based on the 

accelerated wound healing effects of LNP-PTD-BMP2 observed in this study, we 

propose that LNP-PTD-BMP2 is a potential therapeutic agent that can be used in 

the treatment of diabetic wounds. 
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Figure 9. LNP-PTD-BMP2 is a potential therapeutic agent that can be used in 

the treatment of diabetic wounds. 
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ABSTRACT(IN KOREAN) 

LNP 제형화된 단백질 전달 영역이 포함된 BMP2의  

제1형 당뇨쥐 상처 치유 효과 

 

<지도교수 이진우> 

 

연세대학교 대학원 의학과 

 

서 재 완 

 

 

 혈관신생능의 저하는 당뇨환자의 상처치유지연에서 중요한 병인으로

알려져 있다. 골형성 유도 물질로 FDA의 승인을 받은 재조합 골형성 

단백질-2(rhBMP2)는 혈관신생에 작용하는 것으로 알려졌다. 그러나 

rhBMP2는 짧은 반감기 등의 제한점으로 상처치유에 적용하는 데 어

려움이 있다. rhBMP2와 같은 수용성 성장인자들의 제한점을 해결하

기 위해서 LNP(지질나노입자, lipid nanoparticle) 제형화된 단백질 전

달 영역(protein transduction domain, PTD)을 활용한 새로운 전달 모

형이 활용됐다. 본 연구의 목적은 LNP 제형화된 PTD-BMP2 (LNP-

PTD-BMP2)를 gelatin hydrogel(GH) 드레싱을 사용하여 당뇨병성 

상처에 적용하였을 때 LNP-PTD-BMP2가 성공적으로 세포내로 

transduction할 수 있는지 여부와 BMP2의 혈관신생 기능이 당뇨병

성 상처치유를 향상시키는지를 확인하는 것이다.  
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In vitro에서 시행한 혈관신생연구에서 LNP-PTD-BMP2는 인간제대

정맥내피세포(HUVEC)의 더 높은 튜브 형성을 유도하였고, scratch 

wound assay에서 LNP-PTD-BMP2는 대조군, rhBMP2보다 인간각

질형성세포(HaCaT)의 더 많은 세포 모집 능력(cell recruitment 

capacity)을 유도했다. In vivo에서 streptozotocin으로 유도한 당뇨쥐

의 등에 전층피부상처를 낸 후 microbial transglutaminase로 

crosslink한 GH에 대조군, rhBMP2, LNP-PTD-BMP2를 각각 넣어 

적용하였다. LNP-PTD-BMP2로 처치한 상처에서 유의하게 빠른 상

처치유율 및 재상피화율과 유의하게 높은 collagen 침착이 관찰되었

다. 면역형광염색분석에서 LNP-PTD-BMP2로 처치한 상처에서 

CD31과 α-SMA 양성 세포 수가 유의하게 증가하여 신생혈관형성능

력이 향상된 것을 확인하였다. 또한, in vivo 근적외선형광영상분석에

서는 LNP-PTD-BMP2가 rhBMP2보다 반감기가 더 길고 BMP2 방

출 영역이 상처 주위에 국한됨을 확인하였다. LNP-PTD-BMP2는 당

뇨상처에 성공적으로 transduction되었고 혈관신생 및 상처치유를 향

상시켰다. 본 결과들을 종합할 때, LNP-PTD-BMP2는 당뇨병성 상처

치료에 잠재적인 치료제로 생각한다.  

                                                            

핵심되는 말: 당뇨, 상처 치유, 혈관 신생, 지질나노입자, 단백질 

전달 영역, 재조합 골형성 단백질-2, gelatin hydrogel 


