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A B S T R A C T   

Regeneration of pathological wounds, such as diabetic ulcers, poses a significant challenge in clinical settings, 
despite the widespread use of drugs. To overcome clinical side effects and complications, drug-free therapeutics 
need to be developed to promote angiogenesis while overcoming inflammation to restore regenerative events. 
This study presents a novel bioactive nanozyme based on cobalt-doped nanoglass (namely, CoNZ), which exhibits 
high enzymatic/catalytic activity while releasing therapeutic ions. Cobalt oxide “Co3O4” tiny crystallites pro
duced in situ through a chemical reaction with H2O2 within CoNZ nanoparticles play a crucial role in scavenging 
ROS. Results showed that CoNZ-treatment to full-thickness skin wounds in mice significantly accelerated the 
healing process, promoting neovascularization, matrix deposition, and epithelial lining while reducing pro- 
inflammatory signs. Notably, CoNZ was highly effective in treating pathological wounds (streptozotocin- 
induced diabetic wounds). Rapid scavenging of ROS by CoNZ and down-regulation of pro-inflammatory markers 
while up-regulating tissue healing signs with proliferative cells and activated angiogenic factors contributed to 
the observed healing events. In vitro experiments involving CoNZ-cultures with macrophages and endothelial 
cells exposed to high glucose and ROS-generating conditions further confirmed the effectiveness of CoNZ. CoNZ- 
promoted angiogenesis was attributed to the release of cobalt ions, as evidenced by the comparable effects of 
CoNZ-extracted ionic medium in enhancing endothelial migration and tubule formation via activated HIF-1α. 
Finally, we compared the in vivo efficacy of CoNZ with the clinically-available drug deferoxamine. Results 
demonstrated that CoNZ was as effective as the drug in closing the diabetic wound, indicating the potential of 
CoNZ as a novel drug-free therapeutic approach.  

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. Institute of Tissue Regeneration Engineering (ITREN), Dankook University, Cheonan, 31116, Republic of Korea. 

** Corresponding author. Institute of Tissue Regeneration Engineering (ITREN), Dankook University, Cheonan, 31116, Republic of Korea. 
E-mail addresses: ducious@gmail.com (J.-H. Lee), kimhw@dku.edu (H.-W. Kim).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2023.08.014 
Received 27 May 2023; Received in revised form 27 July 2023; Accepted 13 August 2023   

mailto:ducious@gmail.com
mailto:kimhw@dku.edu
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2023.08.014
https://doi.org/10.1016/j.bioactmat.2023.08.014
https://doi.org/10.1016/j.bioactmat.2023.08.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2023.08.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 31 (2024) 298–311

299

1. Introduction 

The regeneration of pathological wounds, such as those associated 
with diabetic ulcers, vascular deficits, hypertension, and chronic kidney 
disease, poses a significant challenge in clinical settings [1,2]. They are 
commonly accompanied by severe inflammation, including excessive 
production of reactive oxygen species (ROS) and the presence of 
pro-inflammatory cytokines [3–6]. These events damage surrounding 
cells and tissues, creating a positive feedback loop that exacerbates 
chronic inflammation and functional impairment. Furthermore, patho
logical wounds often exhibit poor vascularization, which restricts the 
delivery of oxygen and nutrients to the wound site, complicating the 
healing process and contributing to the persistence of chronic wounds 
[7,8]. To successfully heal pathological wounds and improve patient 
outcomes, it is crucial to address these challenges and develop effective 
strategies to reduce inflammation while improving neovascularization. 

One of the common pathological conditions that cause delayed 
wound healing is diabetes mellitus (DM), which is characterized by 
elevated blood sugar levels resulting from impaired insulin secretion or 
reception, crucial for regulating blood sugar. Diabetic wounds are 
distinguished by severe inflammation accompanied by heightened 
oxidative stress, which induces chronic inflammation and hinders 
adequate angiogenesis, thereby significantly delaying the healing pro
cess [6,9–12]. Consequently, diabetic wounds incur substantial medical 
expenses, compromise the quality of life, and may even lead to fatality. 
For the treatment of pathological wounds including diabetic wounds, 
medications have been extensively employed in clinical settings, each 
targeting specific aspects of the healing process [13,14]. However, these 
medications often give rise to side effects and complications, including 
allergic reactions, increased drug resistance among pathogens, and 
interference with other medications [15]. To address these limitations, 
more advanced therapeutic approaches have emerged, involving the 
utilization of bioactive molecules, engineered cells, and functional bio
materials [16–19]. 

In particular, biomaterials offer a promising solution to address the 
challenges of diabetic wounds. In addition to delivering drugs to the 
targeted tissues, biomaterials themselves can have therapeutic effects, 
eliminating the need for drug-based approaches. Recent studies have 
demonstrated the therapeutic potential of biomaterials. Among the 
formulations of biomaterials, ionic-doped bioactive glasses have been 
shown to release ions with anti-inflammatory and pro-angiogenic 
properties, and they can also guide stem cell lineage [20–25]. For 
example, when doped with copper or zinc, bioactive glasses have 
demonstrated the efficacy in promoting angiogenesis, thereby acceler
ating the wound healing process [26,27]. Another promising approach 
recently explored is the nanozymes, which are nanomaterials with 
enzymatic actions that can scavenge ROS and alleviate the inflammatory 
environment of cells. Examples of nanozymes include cerium oxide, 
ultrafine copper oxide, silver and cobalt oxide [10,20,27–31]. These 
biomaterial-based approaches have the potential to provide safe and 
effective treatments for pathological wounds. 

With these in mind, here we propose a biomaterial-based drug-free 
therapeutic approach for pathological wound, particularly diabetic skin 
wound. We present a novel bioactive nanozyme based on cobalt-doped 
nanoglass (namely, CoNZ), which possesses high enzymatic and cata
lytic (‘anti-inflammatory’) capability while releasing therapeutic (‘pro- 
angiogenic’) ions [32–35]. Among other ions that can be doped to 
nanoglass, cobalt is particularly noteworthy because we discovered the 
in situ production of cobalt oxide “Co3O4” tiny crystallites through 
chemical reactions with ROS (mainly H2O2) within the CoNZ network, 
which proven to play a decisive role in scavenging various ROS and 
inhibiting inflammatory cascade. Furthermore, cobalt ions released 
from CoNZ show specific therapeutic properties of promoting angio
genesis with increased endothelial migration and tubule formation. We 
demonstrate the efficacy of CoNZ first in a full-thickness skin wound 
model and then in a streptozotocin-induced diabetic wound model in 

mice, by in-depth analysis of inflammatory signs, neovascularization, 
matrix deposition, and epithelial lining. The currently developed CoNZ 
is considered to represent a promising drug-free nanotherapeutic plat
form for healing pathological wounds. 

2. Results and discussion 

2.1. Synthesized CoNZ bioactive nanozyme holds enzymatic and catalytic 
capacity with therapeutic ionic release 

In this study, we synthesized cobalt ion-doped bioactive nanozyme 
(CoNZ) through a modified sol-gel method, employing poly(ethylene 
glycol) as a structure template under an alkaline condition. High- 
resolution scanning electron microscopy (HR-SEM) images showed 
CoNZ particles with an average diameter of 54.8 (±5) nm (Fig. 1A). 
CoNZ displayed a mesoporous structure with a specific surface area of 
126.8 m2/g, an average mesopore size of 6.2 nm, and a pore volume of 
0.158 cm3/g, akin to the characteristics of undoped pure bioactive 
nanoglass (BGn) (supplementary data, Fig. S1). 

Notably, we observed various enzymatic and catalytic properties of 
CoNZ, as measured by its superoxide dismutase (SOD) activity, peroxi
dase activity, catalase activity, and oxygen generation capacity. We 
assessed the SOD activity of CoNZ through a colorimetric assay (Fig. 1B), 
given its crucial role in protecting mitochondrial tissues from superoxide 
radicals that are highly toxic to cells. The SOD mimetic activity of CoNZ 
was found to be nearly 30 times higher than that of the BGn control, 
based on its effective scavenging of superoxide anion O2

− . We used an 
optimal doping level of 5% Co in the nanoglass composition, which 
showed the highest SOD activity among the samples with different Co- 
doping concentrations (supplementary data, Fig. S2). The peroxidase 
mimetic activity of CoNZ was also significantly enhanced (Fig. 1C), 
given that the decomposition of H2O2 into H2O is highly beneficial in 
protecting cells from oxidative stress. The colorimetric TMB assay 
showed a rapid increase in absorbance in a CoNZ dose-dependent 
manner, in contrast to the 0.5 M H2O2 control solution (supplemen
tary data, Fig. S3). Furthermore, CoNZ exhibited significantly higher 
catalase activity than BGn (Fig. 1D). These capabilities of CoNZ to 
scavenge radical species were found to be closely related to the oxygen 
generation reaction. We measured the kinetic conversion activity of 
CoNZ through current density, for oxygen evolution reaction (OER) and 
oxygen reduction reaction (ORR), which also corresponds to the ROS 
scavenging activity. CoNZ showed higher current density for OER than 
BGn with little difference in ORR, with the highest activity observed at 
5% Co-doping (Fig. 1E and F, and supplementary data, Fig. S4). 

Next, we sought to find the material mechanism of how CoNZ pos
sesses such excellent enzymatic and catalytic activities. For this, we first 
examined the crystalline structure of both BGn and CoNZ nanoglass 
particles by X-ray diffraction (XRD) (Fig. 1G). Both samples showed an 
amorphous pattern characteristic of silicate-based glasses. However, 
upon treatment with H2O2, crystalline peaks indexed as “Co3O4” 
appeared in CoNZ (as also observed in the Co3O4 sample prepared for 
comparison, shown in supplementary data, Fig. S5), indicating that 
CoNZ reacted with H2O2 to produce Co3O4, which likely plays a key role 
in the observed enzymatic activity. We further analyzed the chemical 
binding of elements associated with the reaction of CoNZ with H2O2 by 
X-ray photoelectron spectroscopy (XPS). Among the elements revealed 
from a survey scan (Ca, Si, O, and Co), we focused on Co, analyzing it in- 
depth by deconvolution of peaks at a narrow scan (Fig. 1H, and sup
plementary data in Fig. S6). We observed clear Co 2p1/2 and Co 2p3/2 
peaks for both nanoglass samples, indicative of different cobalt species 
within the glass structure with corresponding binding energies reported 
to be ~778 eV (Co), ~781 eV (CoO or Co (OH)2), and ~785 eV (Co3O4), 
implying the potentially variable coordinated status of cobalt within the 
glass structure. Notably, the satellite peak at ~797 eV related to Co (II) 
was substantially reduced in the CoNZ activated sample, indicating that 
Co (III) species became more dominant due to the produced Co3O4 
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(Imain/Isatellite in CoNZ activated = 3.24, vs. Imain/Isatellite in CoNZ = 2.6). 
Further examination of the CoNZ activated sample from transmission 
electron microscopy (TEM) images revealed the presence of tiny (~a few 
nm sized) nano-crystallites indicative of Co3O4, distributed in the CoNZ 
network (Fig. 1I). The Co3O4 is believed to form in situ through the 
chemical reaction with H2O2 and plays a key role in scavenging various 
ROS (as depicted in Fig. 1J). Indeed, we found that cobalt oxide with Co 
(III) oxidation status has a higher oxygen generation capacity than the 
oxide with Co (II) status, as tested using different cobalt oxide materials 
(supplementary data, Fig. S7). 

The release of ions from CoNZ was measured at 37 ◦C by inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES) (Fig. 1K). 

Calcium, silicate, and cobalt ions were released over a period of 28 days. 
The release of calcium and silicate ions was rapid during the first 7 days, 
followed by a slower release rate until 28 days, whereas the release of 
cobalt ions was relatively constant throughout the test period. The 
release of calcium and silicate ions from CoNZ was similar to that of BGn 
(supplementary data, Fig. S8), except for the cobalt ion release, which 
was approximately 100 ppm over 28 days. The release rate of cobalt ions 
(ppm/day) was then plotted over time (Fig. 1L), which revealed a 
release rate of approximately 3.4 ppm per day. The release of calcium 
and silicate ions from CoNZ is expected to promote angiogenic stimu
lation, as demonstrated in previous studies with Co-undoped BGn, 
which exhibited comparable levels of silicate and calcium release 

Fig. 1. Synthesized CoNZ bioactive nanozyme with excellent enzymatic and catalytic capacity and therapeutic ionic release. (A) High-resolution scanning electron 
microscopy (HR-SEM) image of CoNZ particles with an average diameter of 54.8 nm. (B–F) Enzymatic and catalytic properties of CoNZ in comparison with pure (Co- 
undoped) nanoglass BGn; CoNZ exhibited significantly enhanced superoxide dismutase (SOD) activity (B), peroxidase mimetic activity (C), and oxygen generation 
capacity (D–E) compared to BGn; however, oxygen reduction capacity (F) was similar for both nanoparticles. (G) X-ray diffraction (XRD) patterns of samples showing 
that both BGn and CoNZ are amorphous silicate-based glasses, but the CoNZ activated sample exhibited additional crystalline peaks of Co3O4. (H) X-ray photo
electron spectroscopy (XPS) analysis of samples, particularly the Co element at a narrow scan; Co 2p1/2 and Co 2p3/2 peaks were well observed for both samples, and 
the satellite peak at ~786 eV (arrowed) related with Co2+ was substantially reduced in CoNZ activated one, indicating Co3+ due to the produced Co3O4 became more 
dominant. (I) Transmission electron microscopy (TEM) images of CoNZ and CoNZ activated samples, showing the existence of tiny (~a few nm sized) nano- 
crystallites (deemed to be Co3O4) only in the CoNZ activated case. (J) Illustration showing the possible roles of CoNZ in scavenging reactive oxygen species 
(ROS). (K) Cumulative release of calcium, silicate, and cobalt ions from CoNZ, as measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 
for up to 28 days. (L) Release rate (ppm/day) of ions from CoNZ plotted on a weekly basis. (M) Schematic showing the dual-actions of CoNZ in healing inflammatory 
wounds; CoNZ can act as an anti-inflammatory agent by scavenging ROS and a pro-angiogenic agent by releasing ions, both of which can be beneficial for wound 
healing in highly inflammatory conditions. 
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[36–38]. Additionally, Co ions have been shown to promote angiogenic 
functions of cells by activating hypoxic inducible factor-1α (HIF-1α) 
[39–41]. 

Taken together, the effects of CoNZ are considered two-fold; on the 
one hand, the enzymatic activity that scavenges ROS under high 
oxidative conditions, and on the other hand, the angiogenic stimulation 

through released ions, both of which are expected to be advantageous 
for wound healing in highly inflammatory conditions (as depicted in 
Fig. 1M). In the subsequent experiments, we aimed to determine the 
effectiveness of CoNZ in the wound healing of acute and chronic in
flammatory skin. 

Fig. 2. CoNZ effects on anti-inflammation and pro-angiogenesis in full-thickness skin wound. (A) Illustration depicting the in vivo full-thickness skin wound model 
and experimental assays. (B) In vivo visualization of administered nanoparticles (CoNZ) by FITC-conjugation; at week 1, FITC-CoNZ nanoparticles were observed 
distributed within the wound area. (C) ROS signals (in red) in tissue samples at day 2 measured by dihydroethidium dye staining, along with semi-quantitative data 
using ImageJ; the intense ROS signal within the wound area was significantly reduced in the CoNZ group. (D) Immunohistochemical staining of tissue samples for 
iNOS (pro-inflammatory signal) and IL-10 (anti-inflammatory signal) at weeks 1 and 2, along with semi-quantitative data using ImageJ; iNOS was down-regulated 
while IL-10 was up-regulated in the CoNZ group. (E) Immunohistochemical staining of tissue samples for CD31 and α-SMA (neovascularization) at week 1, along with 
semi-quantitative data using ImageJ; both signals were expressed at significantly higher levels in the CoNZ group. (F) Western blot analysis of tissue samples for 
CD31, showing significant differences between groups (defect control < BGn « CoNZ ~ normal tissue); the dotted line (intensity level ‘1’) represents the normal 
group. Statistical significance was calculated between groups using one-way ANOVA with *p < 0.05, **p < 0.01, and ***p < 0.001 denoting significance compared 
to the defect group; and +p < 0.05, ++p < 0.01, and +++p < 0.001 indicating significance compared to the BGn group. All data are presented as mean ± one 
standard deviation and the sample size was n = 4. 

N. Mandakhbayar et al.                                                                                                                                                                                                                       



Bioactive Materials 31 (2024) 298–311

302

2.2. CoNZ accelerates healing events in a full-thickness skin wound 

To evaluate the in vivo efficacy of CoNZ in wound healing, we 
generated full-thickness skin wounds in mice (as depicted in supple
mentary data, Fig. S9). Subsequently, we topically administered 10 μL of 
nanoparticles (BGn or CoNZ) diluted in PBS (10 mg/100 μL) at the 
wound site using a micropipette. The expressions of inflammatory and 
angiogenic markers were assessed at various time points (Fig. 2A). At 
week 1, the CoNZ-treated wounds showed distinct fluorescence signals 
upon FITC conjugation with the nanoparticles (Fig. 2B). As an early 
indicator of acute injury, we quantified the expression of ROS on day 2 
using dihydroethidium dye. We observed high ROS levels (in red) within 
the wound area, which were significantly reduced in the CoNZ group 

(Fig. 2C). Furthermore, we performed immunohistochemical staining of 
tissue samples for iNOS (pro-inflammatory signal) and IL-10 (anti-in
flammatory signal) at weeks 1 and 2. Our results revealed a significant 
down-regulation of iNOS and up-regulation of IL-10 in the CoNZ group 
compared to the defect control group, while BGn-treated wounds dis
played intermediate expressions (Fig. 2D). In addition, we analyzed 
neovascularization markers (CD31 and α-SMA) by immunohistochem
ical staining of samples at week 1. We found that both markers were 
expressed at significantly higher levels in the CoNZ group compared to 
the defect control group (Fig. 2E, and supplementary data Fig. S10) 
[35]. Furthermore, western blot analysis of tissue samples for CD31 
confirmed the IHC data, showing significant differences between sample 
groups (defect control < BGn « CoNZ ~ normal tissue) (Fig. 2F). 

Fig. 3. CoNZ-accelerated healing of full-thickness skin wound with increased matrix synthesis. (A, B) Monitoring of wound closure over 2 weeks; gloss images of 
defect areas in panel (A) show substantial wound closure over time, and representative wound closure status is also illustrated; wound area was measured in (B), and 
the data at week 2 were enlarged to show significant differences between groups (wound area remained 5.5% in CoNZ, 11.6% in BGn, and 26.6% in the defect group). 
(C, D) Masson’s Trichrome (MT) staining images of tissue samples at weeks 1 and 2 demonstrate the regeneration of skin tissue, with the formation of epidermal 
layer, granulation tissue, hair follicles, and sebaceous glands, along with semi-quantitative data using ImageJ. (E) Immunohistochemical staining of tissue samples for 
TGF-β and cytokeratin 14 (CK14), along with semi-quantitative data using ImageJ. (F) Western blot analysis of tissue samples for type I collagen and CK14, along 
with semi-quantitative data using ImageJ. Statistical significance was calculated between groups using one-way ANOVA with *p < 0.05, **p < 0.01, and ***p <
0.001 denoting significance compared to the defect group; and +p < 0.05, ++p < 0.01, and +++p < 0.001 indicating significance compared to the BGn group. All 
data are presented as mean ± one standard deviation and the sample size was n = 4. 
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Subsequently, wound closure was monitored at week 1 and 2. The 
gross images of the wound area demonstrated substantial closure over 
time (Fig. 3A). Quantitative analysis of wound area (Fig. 3B) showed 
significant differences between groups, particularly at week 2, where the 
wound area was 5.5% in CoNZ, 11.6% in BGn, and 26.6% in the defect 
group. Hematoxylin & Eosin (H&E) and Masson’s Trichrome (MT) 
staining of tissue samples showed regenerated signs of skin tissue with 
the formation of the epidermal layer and granulation tissue (Fig. 3C & 
supplementary data in Fig. S11). At week 1, the epidermal layer was 
almost bridged in the BGn and CoNZ groups, but was only partially 
formed in the defect group. Over time, from week 1–2, the immature 
epidermis layer matured, with thickness decreasing particularly in the 
CoNZ group (Fig. 3D). The tissue granulation was significantly higher in 
the CoNZ and BGn groups at week 1, which was sustained at week 2 
(Fig. 3D), indicating substantial matrix deposition over the period. Of 
note, the formation of hair follicles and sebaceous glands were measured 
to be significantly higher in CoNZ group at week 2. The tissue samples 
were immunohistochemically stained for transforming growth factor-β 
(TGF-β) and cytokeratin 14 (CK14), which are essential markers of fi
broblasts and epithelial cells, respectively, particularly for those actively 
synthesizing ECM (Fig. 3E). Both TGF-β and CK14 were expressed at 
significantly higher levels in the CoNZ group. The western blot analysis 
of tissue samples further revealed that the expression of type I collagen 
and CK14 was substantially higher in the CoNZ group (Fig. 3F). 

Collectively, our findings demonstrate that the administration of 
CoNZ to full-thickness acute wounds in mouse skin effectively enhances 

wound healing events, such as neovascularization, matrix deposition, 
and epithelial lining, over a period of two weeks. This was possible by 
the significantly decreased ROS level and pro-inflammatory responses. 
Next we examined the efficacy of CoNZ in a more challenging wound 
condition, namely diabetic wounds, where inflammation is prevalent 
and neovascularization is significantly limited [42–44]. 

2.3. CoNZ administered to diabetic skin wound reduces inflammation 
while stimulating angiogenesis and matrix synthesis 

To assess the efficacy of CoNZ in a challenging wounding condition, 
we employed a streptozotocin (STZ) treatment in mice to model diabetic 
skin wounds (as depicted in Fig. 4A). In this model, wound healing is 
significantly limited due to severe inflammation and poor neo
vascularization [45,46]. At day 2, a substantial level of ROS was 
generated in the defect group, which was significantly reduced by 
nanoparticle treatment, particularly in the CoNZ-treated group 
(Fig. 4B). Immunohistochemical staining of pro-inflammatory (iNOS) 
and anti-inflammatory (IL-10) markers at weeks 1 and 3 (Fig. 4C) 
revealed that CoNZ treatment significantly reduced iNOS expression 
while up-regulating IL-10 expression compared to the defect control. 

Anti-inflammatory events observed in the in vivo diabetic skin wound 
were further confirmed in vitro using macrophages (RAW264.7 cells) 
exposed to high glucose (HG) to mimic the diabetic in vivo environment 
(experimental design depicted in Fig. 4D). Lipopolysaccharide (LPS) was 
also administered to upregulate pro-inflammatory ROS in macrophages 

Fig. 4. Effects of CoNZ on anti-inflammation in vivo and in vitro. (A–C) In vivo effects of CoNZ in STZ-induced diabetic skin wounds: (A) Illustration depicting the 
diabetic skin wound model using streptozotocin (STZ) and the assays performed over 21 days. (B) ROS signal (in red) in tissue samples at day 2, and quantification of 
signal intensity; the intense ROS signal within the defect area was substantially reduced, particularly in the CoNZ group. (C) Immunohistochemical staining of tissue 
samples for iNOS (pro-inflammatory signal) and IL-10 (anti-inflammatory signal) at week 1 and 3, along with semi-quantitative data using ImageJ; CoNZ down- 
regulated iNOS but up-regulated IL-10. For the in vivo studies, nanoparticles of 10 μL from a concentration of 100 mg/1 mL were treated to each wound. (D–G) 
In vitro effects of CoNZ on high glucose- and ROS-challenged inflammatory cells: (D) Diagram of the in vitro design that involves macrophages (RAW264.7 cells) 
challenged with high glucose (HG) and LPS. Nanoparticle concentration used for the in vitro study was 20 μg/mL. (E) Intracellular ROS signal intensity measured at 6 
h. (F) Immunostaining images of cells at 24 h, depicting pro-inflammatory (iNOS, IL-1b) and anti-inflammatory (Arg-1) signals, along with semi-quantitative data 
using ImageJ. (G) Western blot analysis at 24 h, along with semi-quantitative data using ImageJ, showing iNOS, Arg-1, NF-kB, and its phosphorylated form. Sta
tistical significance was calculated between groups using Unpaired t-test and one-way ANOVA with *p < 0.05, **p < 0.01, and ***p < 0.001 denoting significance 
compared to the defect group (in vivo) or HG (+)/LPS (+) group (in vitro); and +p < 0.05, ++p < 0.01, and +++p < 0.001 indicating significance compared to the 
BGn group. All data are presented as mean ± one standard deviation and the sample size was n = 5. 
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[47–49]. In HG conditions, the macrophages produced significantly 
higher levels of ROS in HG, which were significantly reduced by CoNZ 
treatment at 20 μg/mL (Fig. 4E). The cell viability by CCK assay showed 
a significantly higher level in CoNZ-treated group (by ~1.3-fold in
crease, supplementary data in Fig. S12A). Immunocytochemical staining 
at 24 h revealed that CoNZ-treated cells expressed increased 
anti-inflammatory phenotype (Arg-1) and decreased pro-inflammatory 
markers (iNOS and IL-1β) (Fig. 4F), indicating macrophage polariza
tion from M1 to M2 phase. Western blot analysis of cells at 24 h revealed 
substantial down-regulation of iNOS but up-regulation of Arg-1 with 
CoNZ treatment (Fig. 4G). Additionally, the phosphorylated form of 
NF-kB, a master regulator of inflammatory cascade reactions in macro
phages [50,51], was significantly reduced in the CoNZ-treated group. 

Overall, CoNZ administration was effective in reducing pro- 
inflammatory signs in vivo, shifting the status towards less inflamma
tory in highly inflammable STZ-induced diabetic skin wounds. The in 
vivo findings were further confirmed in in vitro experiments involving 
macrophages exposed to high glucose and ROS generating conditions. 

Next, we investigated the impact of CoNZ on angiogenic responses in 
the diabetic skin wound model. Immunohistochemical staining of neo
vascularization markers (CD31 and α-SMA) in tissue samples collected 
at week 1 and 3 showed significantly higher levels in the CoNZ group 
compared to the defect control group (Fig. 5A). Western blot analysis of 
tissue samples at week 1 also confirmed the upregulation of CD31 and 

HIF-1α in the CoNZ group (Fig. 5B). ELISA analysis of tissue samples 
revealed that VEGF production was significantly higher in the CoNZ 
group at day 3, indicating the activation of angiogenic events at an early 
stage (CoNZ » BGn > defect, in Fig. 5C). VEGF is a master molecule that 
initiates angiogenic events in endothelial cells [52–55]. 

To further confirm in vivo pro-angiogenic events, we conducted ex
periments in vitro using human umbilical vascular endothelial cells 
(HUVECs). As illustrated in the experimental design (Fig. 5D), we 
analyzed the effects of CoNZ on angiogenic events in HUVECs that were 
challenged with high glucose and H2O2. In particular, we also added one 
more group in the comparison (CoNZ-eluted ionic group to decouple the 
ionic effects from surface-enabled enzymatic/catalytic effects). CoNZ 
treatment (at 20 μg/mL) significantly reduced the greatly increased 
intracellular ROS level [10] in HUVECs evoked by high glucose/H2O2 
challenge (Fig. 5E). The cell viability by CCK assay showed a slightly 
higher level in CoNZ-treated group (by ~1.1-fold increase, supplemen
tary data in Fig. S12B). Although the treatment of BGn and CoNZ-ions 
was only slightly effective, the CoNZ treatment demonstrated notable 
ROS scavenging abilities (CoNZ ~ CoNZ-ions » BGn > high gluco
se/H2O2 control). We also examined cell migration over 24 h, as 
determined by their ability to fill a scratched multicellular gap (Fig. 5F). 
CoNZ treatment significantly enhanced migration, and interestingly, the 
treatment of CoNZ-ions was highly effective in cell migration, with 
levels comparable to the CoNZ treatment. We analyzed the tubular 

Fig. 5. Effects of CoNZ on pro-angiogenesis in vivo and in vitro. (A–C) In vivo experiments with STZ-induced diabetic skin wounds: (A) Immunohistochemical staining 
of tissue samples for CD31 and α-SMA (neovascularization) at weeks 1 and 3, with semi-quantification of signal intensity by ImageJ; both signals were expressed at 
significantly higher levels in the CoNZ group. (B) Western blot analysis of tissue samples for CD31 at week 1, showing significant differences between groups (defect 
control < BGn & CoNZ); the dotted line (intensity level ‘1’) represents the normal group. (C) ELISA analysis of tissue samples for VEGF at day 3. For the in vivo 
studies, nanoparticles of 10 μL from a concentration of 100 mg/1 mL were treated to each wound. (D–G) In vitro experiments with high glucose/H2O2-challenged 
inflammatory cells. (D) Schematic representation of the in vitro design; HUVECs challenged with high glucose and H2O2 were analyzed for angiogenic events. (E) 
Intracellular ROS level at 12 h; ROS levels substantially increased with high glucose/H2O2 challenge, which were significantly reduced by CoNZ treatment; ROS 
scavenging ability was observed in the order, CoNZ > CoNZ-ions ~ BGn > high glucose/H2O2 control. Nanoparticle concentration used for the in vitro study was 20 
μg/mL. (F) Cellular migration was analyzed over 24 h by assessing the ability to fill a scratched multicellular gap; images of four representative groups at 12 h are 
presented; cell migration was recorded in the order, CoNZ ~ CoNZ-ions » BGn > high glucose/H2O2 control. (G) Tubular formation of cells was examined and 
quantified in terms of tubule and node number at 6 h and 24 h on a Matrigel substrate; cell images of four representative groups at 24 h are presented. Statistical 
significance was calculated between groups using one-way ANOVA with *p < 0.05, **p < 0.01, and ***p < 0.001 denoting significance compared to the defect group 
(in vivo) or HG (+) & H2O2 (+) group (in vitro); and +p < 0.05, ++p < 0.01, and +++p < 0.001 indicating significance compared to the BGn group (in vivo). All data 
are presented as mean ± one standard deviation and the sample size was n = 5. 
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formation of HUVECs on a Matrigel substrate and observed a significant 
activation of tubule and node number in the CoNZ group (Fig. 5G). The 
effect of CoNZ-ions was as high as that of CoNZ. Our in vitro results 
support the effective role of CoNZ in activating neovascularization 
observed in the in vivo diabetic skin wound model. Notably, the signif
icantly stimulated cellular migration and tubular formation (although 
not as high as in ROS scavenging) in the CoNZ-ions group, which was 
quite comparable to the CoNZ group, demonstrate the important role of 
cobalt ions released from the nanoparticles in activating angiogenic 
events. 

As such, the effects of CoNZ in the in vivo diabetic skin wound 
healing, where inflammation prevails while pro-angiogenic events are 
needed, are explicit; cobalt ionic roles in activating angiogenesis and 
surface-enabled enzymatic activity of nanoparticles in alleviating pro- 
inflammatory events. Ultimately these actions shift the chronic wound 
from a devasting condition towards a reparative phase. 

Next, we analyzed the tissue samples at week 1 and 3 by means of 
H&E and MT staining (Fig. 6A & supplementary data in Fig. S13). The 
groups treated with nanoparticles, particularly CoNZ, showed signifi
cant levels of tissue healing, evidenced by the formation of epidermis 
layer and granulation tissue, which were limited in the diabetic wound 
control (Fig. 6A and B). Of note was the generation of hair follicles and 
sebaceous glands at week 3 in the CoNZ group (enlarged image shown in 
Fig. 6A). In comparison to normal wound healing, in which the defect 
control induced some level of healing (e.g., partially formed epidermis 

layer), the diabetic wound exhibited limited healing without CoNZ 
treatment. Administration of nanoparticles was found to be effective in 
facilitating wound healing, leading to the maturation of thick and 
immature epidermis layer and granulation tissue towards normal tissue 
over the healing period of 3 weeks. The significantly higher expression 
of TGF-β and CK14 in the CoNZ group indicates the active events of 
extracellular matrix (ECM) formation by cells, i.e., TGF-β secretion by 
fibroblasts in the dermis and CK14 by epithelial cells in the epidermis 
(Fig. 6C). Western blot analysis of tissue samples further confirmed 
significantly higher expression of ECM molecules (type I collagen and 
CK14) in the CoNZ group (Fig. 6D). 

Collectively, the treatment of CoNZ to STZ-induced diabetic skin 
wound was found to be highly effective in a series of wound healing 
events, including the reduction of ROS level and inflammation, the 
activation of angiogenesis, and the promotion of ECM production. 

2.4. Efficacy of CoNZ in diabetic skin wound healing by comparison with 
commercial drug 

Having established the efficacy of CoNZ in accelerating the healing 
of diabetic skin wounds, we sought to compare its effectiveness with that 
of a commercial drug. Deferoxamine (DFO) is currently used clinically to 
treat diabetic ulcers and has been reported to be effective in healing 
diabetic skin wounds [42,56]. We administered DFO directly to the 
wound area (100 μL at 0.5 μM, a known optimal dose), which was 

Fig. 6. Effects of CoNZ on tissue formation and ECM synthesis in STZ-induced diabetic skin wound. (A) H&E staining of tissue samples at week 1 and 3. In particular, 
the images (brackets) at week 3 were enlarged to reveal the formation of hair follicles (black arrows) and sebaceous glands (green arrowheads). (B) Analysis of 
epidermis layer and granulation tissue formation. (C) Immunohistochemical staining of tissue samples for TGF-β and CK14, and the semi-quantitative data by ImageJ 
analysis. (D) Western blot analysis of tissue samples for type I collagen and CK14, and the semi-quantitative data by ImageJ analysis. Statistical significance was 
calculated between groups using one-way ANOVA with *p < 0.05, **p < 0.01, and ***p < 0.001 denoting significance compared to the defect group (in vivo); and 
+p < 0.05, ++p < 0.01, and +++p < 0.001 indicating significance compared to the BGn group. All data are presented as mean ± one standard deviation and the 
sample size was n = 8. 
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multiple-dosed every 3 days since a single dose was found to be inef
fective in a pilot study. In contrast, the nanoparticle groups (BGn and 
CoNZ) were locally administered only once (Fig. 7A). We tested a larger 
number of animals (n = 8 per group) for a more accurate comparison. 
We monitored the closure of the 5 mm diabetic skin wound over a period 
of 3 weeks. Results showed that the CoNZ group reduced the wound area 
more rapidly and effectively than the other groups (significance differ
ence noticed as early as day 3) (Fig. 7B and C). The wound closure of the 
DFO group was also found to be effective and was intermediate between 
the CoNZ and BGn groups (CoNZ > DFO drug > BGn > Defect). The 
quantitative data were further analyzed at two representative time 
points (day 7 and 21), which clearly demonstrated the significant dif
ferences between the groups. These results are noteworthy considering 
that the CoNZ were administered only once, whereas DFO was dosed 
multiple times (7 times for 21 days). The hair follicles and sebaceous 
glands were observed to be well generated in both CoNZ and DFO groups 
at day 21, with particularly more increased sebaceous glands in CoNZ 
(Fig. 7D). Since the CoNZ remained in the wound area for at least several 
weeks (as indicated by the high FITC signal intensity of the 
FITC-conjugated nanoparticles in the wound area), their biological 
roles, such as ROS scavenging and anti-inflammatory effects via enzy
matic reactions, and angiogenic stimulation by the slowly releasing 
cobalt (and silicate) ions, are expected to persist during the healing 
period. 

3. Summary and outlook 

Fig. 8 summarizes the current study, illustrating the dual actions of 
CoNZ and the underlying molecular mechanisms in the healing events of 
pathological (diabetic) skin wounds. In this study, we synthesized CoNZ, 
a bioactive nanozyme with enzymatic and catalytic properties, as well as 
therapeutic ion release capability. Our findings demonstrated that CoNZ 
possesses excellent enzymatic activity that scavenges ROS, under high 
oxidative-stress conditions. This was proven to be highly effective in 

both pathological and normal healing processes of wounded skin. The 
enzymatic and catalytic properties of CoNZ were confirmed by its SOD, 
peroxidase, and catalase properties, as well as its oxygen generation 
capacity. Of note, this was reasoned to be due to the presence of “Co3O4” 
tiny crystallites distributed in the CoNZ nanoparticles, which is believed 
to form in situ through the chemical reaction with H2O2, ultimately 
playing a key role in scavenging various ROS. This distinctive property 
exhibited by Co3O4 crystallites represents a novel finding with potential 
implications for mitigating inflammatory-driven diabetic conditions, 
while the effects of Co-doped bioactive glass on wound healing have 
been previously documented in other studies [32–35]. 

The wound healing efficacy of the novel CoNZ was first proven with 
full-thickness acute wounds in mouse skin, including neo
vascularization, matrix deposition, and epithelial lining. CoNZ treat
ment was accompanied by significantly decreased ROS level and pro- 
inflammatory responses. Additionally, we demonstrated the efficacy of 
CoNZ in the pathological healing process in STZ-induced diabetic skin 
wound model. Notably, CoNZ treatment led to dramatic healing events 
that rarely occur naturally, mainly due to the high inflammatory envi
ronment that evokes excessive oxidative stress, requiring rapid clear
ance of ROS and recapitulating resolution environment for surrounding 
cells (fibroblasts or endothelial cells) to engage in the repair process, 
such as matrix deposition and angiogenesis. These events were proven 
by the suppressed ROS level, down-regulated pro-inflammatory mole
cules, and up-regulated tissue healing signs of proliferative cells and 
activated angiogenic factors. In particular, the promoted angiogenesis 
by CoNZ treatment was primarily due to the release of cobalt ions, which 
was proven by the effects of CoNZ-extracted ionic medium being com
parable to those with CoNZ treatment. Released cobalt ions were shown 
to promote angiogenic functions of cells, including cell migration and 
tubule formation, by activating HIF-1α and other angiogenic genes. We 
further confirmed our in vivo findings through in vitro experiments 
involving macrophages and HUVECs exposed to high glucose and ROS- 
generating conditions. 

Fig. 7. Comparison of diabetic wound healing between CoNZ and commercial drug, deferoxamine (DFO). (A) In vivo comparison experiment was designed, wherein 
DFO was locally administered to the STZ-induced diabetic wound area (100 μL at 0.5 μM, and multiple-dosed every 3 days), while the nanoparticle groups (BGn and 
CoNZ) were locally administered only once; a larger number of animals (n = 8 for each group) were used for accurate comparison. (B) Wound closure was monitored 
over a period of 3 weeks, and representative images are shown. (C) Quantitative analysis of wound areas revealed that the CoNZ group reduced the wound area more 
rapidly and significantly compared to other groups, with a significant difference observed as early as day 3; DFO drug group also showed effective wound closure, 
which was in between the CoNZ and BGn groups (CoNZ > DFO drug > BGn > Defect). The quantitative data were enlarged at two representative time points (day 7 
and 21). (D) Neo-formation of hair follicles and sebaceous glands was compared between CoNZ and DOC drug groups, showing significantly increased sebaceous 
glands in CoNZ. Significant differences were noted between groups (one-way ANOVA with **p < 0.01 and ***p < 0.001). 
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Our comparison study with drug deferoxamine (DFO), currently used 
to treat diabetic ulcers, revealed an effect as high as the drug in closing 
the wounded area, implying a novel drug-free therapeutic approach. 
Although further in-depth examination with large animal models is 
needed, the results are noteworthy as CoNZ was administered only once, 
compared to the multiple-dosed DFO. Moreover, when the CoNZ 
nanoparticulate form is combined with wound dressings or injectable 
gels, there is potential for the treatment of large volumetric diabetic 
ulcers, which warrants further research. 

4. Experimental section 

4.1. Synthesis and characterizations 

Nanoparticles based on the bioactive nanoglass composition, 15% 
CaO - 85% SiO2 (wt%), were synthesized using a base-catalyzed sol-gel 
route employing polyethylene glycol (PEG) as a structure-directing 
template, as described in our previous works [57–59]. CoO was added 
to the nanoglass composition in replacement of CaO, with a chemical 
formula of x% CoO - (15-x) % CaO - 85% SiO2 (wt %), where x = 1, 2.5, 
5, and 10%. Briefly, calcium nitrate tetrahydrate and the corresponding 
amount of cobalt (II) nitrate hexahydrate were solubilized in PEG so
lution (5g, 120 mL ethanol/30 mL ammonia). Tetraethoxysilane solu
tion (0.95 mL/30 mL ethanol) was then added dropwise under vigorous 
stirring and ultrasound irradiation. Ultrasound irradiation (10 Sec 
on/off) was stopped after 20 min while stirring was continued for 24 h. 
The precipitates were separated and washed several times. The collected 
precipitates were dried in an oven at 70 ◦C overnight. Finally, the dried 
precipitates were heat-treated at 600 ◦C under air flow for 5 h. The final 
products were stored under vacuum for further uses. 

X-ray diffraction (XRD) was utilized to ensure the glass phase of the 
nanoparticles. X-ray (CuKα radiation, λ = 1.5418 A) was generated at 40 
kV and 40 mA using Rigaku-Ultima IV (Japan). Surface charge was 
examined by ζ-potential measurement (Zetasizer Nano ZS, Malvern, 
UK). The ζ-potential was measured in a deionized water (pH 7.4) at 
25 ◦C with applied field strength (20 V/cm). Five measurements (an 
average of 40 runs) were performed. 

The nanoscale morphology was examined by high-resolution trans
mission electron microscopy (HR-TEM, JEM-ARM200F, Cold FEG, JEOL 
Ltd, Japan). The size of nanoparticles was measured based on the HR- 
TEM images (n = 77 particles, arbitrarily chosen) and then analyzed 
with Digimizer image analysis software (MedCalc software, Belgium). 
The textural properties, including specific surface area, pore size, and 
pore volume, were determined by N2-sorption using the Quantachrome 
instrument (Quadrasorb SI, USA) after degassing the sample at 300 ◦C 

overnight. The specific surface area was measured using the Brunauer- 
Emmett-Teller (BET) method, while pore size and pore volume were 
analyzed using Non-Local Density Functional Theory (NLDFT). A com
plete survey and high-resolution X-ray photoelectron spectroscopy (XPS, 
K-alpha, Thermo VG, U.K.) were performed using the Al Kα line (1486.6 
eV) as the X-ray source. 

The release of ions (including cobalt, calcium, and silicate) was 
examined by inductively coupled plasma atomic emission spectrometry 
(ICP-AES, Optima 4300DV, Perkin-Elmer). Samples were immersed in 
Tris-HCl buffer (50 mg/10 mL) at physiological conditions (37 ◦C, pH 
7.4) with shaking at 120 rpm. Three replicate samples were analyzed. 

4.2. Analyses of enzymatic and catalytic activity 

The peroxidase mimetic activity of nanoparticles was evaluated by 
monitoring the redox reaction between 3,3′,5,5′-tetramethylbenzidine 
(TMB) and hydrogen peroxide (H2O2) in the presence of the nano
particles. Upon peroxidation, TMB is oxidized into its oxTMB form, 
producing a blue color in the solution. Briefly, a 96-well plate containing 
200 μl of acetate-acetic acid buffer solution (200 mM, pH = 4.0), 20 μg 
of nanoparticle solution (1 mg/mL), 0.5 μmol of TMB, and 1 mmol of 
H2O2 was used in the experiment. The reaction was monitored using a 
multi-detection microplate reader (SpectraMaxM2e, Molecular Devices 
Corporation, San Jose, USA) at a wavelength of 652 nm. The measure
ment was recorded after 1 min, and the temperature was maintained at 
37 ◦C. 

The superoxide dismutase mimetic activity was evaluated using the 
OxiSelect™ Superoxide Dismutase Activity Assay kit (CELL BIOLABS, 
USA) based on a colorimetric method. This assay kit generates super
oxide anions (O2

− ) using a Xanthine/Xanthine oxidase (XOD) system, 
which are then detected with a chromogenic solution containing the 
formazan dye. In the presence of SOD, the concentration of these su
peroxide anions is reduced, resulting in a reduced colorimetric signal. 
The experimental protocol was followed precisely, except that 10 μg of 
the sample was used in the assay. 

The catalase mimetic activity of NPs was evaluated by monitoring 
the production of oxygen. Since we did not have a sensor to measure the 
dissolved oxygen concentration, we indirectly observed the production 
rate of oxygen as previously reported in Ref. [47]. Briefly, the catalase 
mimetic activity of nanoparticles was evaluated by monitoring the 
absorbance of the H2O2 solution. Well-dispersed nanoparticles were 
immersed into diluted H2O2 solution and incubated in a 37℃ oven for 1 
h. Then, the remaining concentration of the H2O2 solution was measured 
at 240 nm after removing the nanoparticles by centrifugation at 15,000 
rpm. 

Fig. 8. Illustration summarizes current study of the dual functions of CoNZ (anti-inflammatory and pro-angiogenesis) and the underlying molecular mechanisms in 
the healing events of pathological skin wounds, implying drug-free therapeutics. 
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4.3. Electrochemical assay: oxygen reduction and evolution reaction 

The redox properties of nanoparticles in solution are closely related 
to their enzymatic properties. To investigate their catalytic activity in 
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), 
cyclic voltammetry was performed in 0.1 M KOH solution. A slurry was 
prepared by mixing 2 mg of catalyst powder, 4 mg of Vulcan carbon (an 
electron conductor), 1 mL of isopropyl alcohol (IPA), and 70 μl of Nafion 
520 solution (a binder). A drop of the well-mixed solution (6 μl) was 
coated on a glassy carbon electrode (catalyst loading = 34 μg and geo
metric area = 0.2 cm2) and set up using a three-electrode system from 
Pine Instruments, with a rotating electrode assembly. A 1 M NaOH Hg/ 
HgO reference electrode (0.14V vs. RHE) and a platinum wire counter 
electrode were used. Linear sweep voltammetry (LSV) was performed 
for ORR and OER at a range of 0.05–1.23 V or VRHE and 1.2–2.0 VRHE, 
respectively, with a scan rate of 20 mV/s in an oxygen-saturated at
mosphere at 1600 rpm. 

4.4. FITC conjugation of nanoparticles 

To conjugate fluorescein isothiocyanate (FITC) with the nano
particles, 0.0357 g (0.0917 mmol) of FITC (Sigma, isomer I) was dis
solved in 0.1827 g (0.8252 mmol) of vacuum-distilled 3-(amino-propyl)- 
triethoxylane (Sigma). The mixture was stirred for 24 h in the dark. The 
amino group of the silane coupling agent APS reacted with the iso
thiocyanate group of FITC to form N-1-(3-triethoxylylpropyl)-N′-fluo
resceyl-thiourea. The resulting slurry was dissolved in 1.3 mL of 
anhydrous ethanol, producing a clear solution called APS-FITC. For 
surface labeling of CoNZ, 0.1 mg of APS-FITC was added to 1 mg/mL 
CoNZ ethanol solution. The reaction was stirred for 16 h at room tem
perature in the dark, and the resulting products were recovered by 
centrifugation. CoNZ-FITC was washed with ethanol and DW to remove 
unbound FITC and then dried by freeze-drying for 24 h. 

4.5. Cells and culture media 

Two different culture media were prepared to mimic normal and 
high glucose conditions. The normal glucose media contained 5.5 mM D- 
glucose, which is a reasonable glucose concentration found in the body 
and is commonly used in cell proliferation media. The high glucose 
media contained 30 mM D-glucose, which mimics hyperglycemia, a 
diabetic blood glucose level (supplementary data in Table S3). 

Human Umbilical Vein Endothelial cells (HUVEC) and media were 
purchased from ATCC and cultured following the manufacturer’s 
guidelines. The RAW 264.7 cell line was also cultured according to 
general protocols. The cells were seeded at a density of 104 RAW 264.7 
and 6 × 103 HUVEC cells per well in 96-well plates and treated with 
different concentrations (0–320 μg/mL) of nanoparticles in normal and 
high glucose media. The cell counting assay (CCK-8 kit, Dojindo Labo
ratories, Japan) was used to estimate viable cell number, and all ana
lyses were performed in triplicate. 

4.6. Endothelial migration and tubule formation 

HUVECs were cultured in 24-well plates with a Culture-Insert 2 well 
(Cat #80209, ibidi®, Germany) according to the manufacturer’s in
structions at a density of 3 × 105 cells/mL. The cells were then incubated 
overnight in media containing 10 μg/mL of Mitomycin C (M4286, Sigma 
Aldrich) for 1 h to suppress cell proliferation. A 500 μm scratch wound 
was created in the confluent monolayer using a Culture-Insert 2 well 
ring, which was removed afterwards. The cells were gently rinsed with 
Hank’s Balanced Salt Solution (HBSS), and the wounded monolayers 
were cultured in 2% FBS low glucose (5 mM D-glucose) and high glucose 
(30 mM D-glucose) medium. Prior to treatment with ionic dissolution 
products prepared in the high glucose medium under H2O2 (200 μM) 
condition, the cells were pre-treated with nanoparticles (20 μg/mL). 

To evaluate in vitro tubular formation, we conducted an assay using 
matrigel (BD Bioscience, Europe). Following the manufacturer’s in
structions, approximately 300 μl/well of Matrigel was coated in 24-well 
plates, and then 104 cells were seeded and treated with materials under 
H2O2 conditions. The cells were observed at each time point (0, 3, 6, and 
12 h) using an inverted light microscope (IX-71; Olympus, Japan). Mesh- 
like circles (circle), number of branch points (nodes), and the total 
length and size of the formed tubules were measured in ImageJ, as 
previously described [41,60]. 

4.7. In vitro intracellular ROS assay 

To evaluate intracellular ROS levels in vitro, we used the c-H2DCFDA 
probe from the Image-iT Live Green ROS kit (Thermo Fisher). Before 
ROS measurement, cells were cultured in proliferation media overnight. 
After incubation, nanozymes (20 μg/ml) were added to the cells and 
treated with media containing two different glucose levels (LG and HG) 
for 6 h. Afterwards, the cells were treated with H2O2 (200 μM) for 20 
min. Following the manufacturer’s protocol, the ROS assay used 10 mM 
c-H2DCFDA to estimate ROS expression, indicated by green fluores
cence. The nucleus was stained with Hoechst (blue). The fluorescence 
signal intensity was quantified by ImageJ software. 

4.8. Immunofluorescence assay 

The RAW 264.7 cells were first treated with nanoparticles (20 μg/ 
mL), followed by stimulation with LPS (100 ng/mL) under high glucose 
conditions for 24 h (for ICC and WB analysis). Subsequently, immuno
cytochemistry staining was performed using a general protocol. Briefly, 
the cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 
Triton X-100, and blocked with a commercially available solution 
(DAKO). Dilutions of primary antibodies (supplementary data in 
Table S2) were prepared using 3% bovine serum albumin (BSA) (Sigma) 
in 0.1% Tween-phosphate-buffered saline (TPBS). For macrophage 
staining, primary antibodies against iNOS (1:100, rabbit, PA1-036, 
Thermo Fisher), IL-1b (1:100, rabbit, P420B, Thermo Fisher), and Arg- 
1 (1:200, rabbit, PA5-29645, Thermo Fisher) were treated overnight 
at 4 ◦C. After three washing steps, secondary antibodies, including F- 
actin (Alexa Fluor™ 488, Invitrogen), Rhodamine, and FITC conjugated 
(1:200, Jackson Immuno Research, Inc.), were treated for 1 h at room 
temperature (RT). DAPI was used for counterstaining. The IF staining 
sections were analyzed using a confocal laser scanning microscope 
(CLSM; Zeiss LSM 700 and IX71, Olympus), and the quantitative analysis 
was performed using ImageJ software. 

4.9. Animal model: full-thickness skin wound healing 

In vivo experiments were conducted to study skin wound healing 
using a mouse model. The protocol followed was based on previous 
studies and aimed to promote cutaneous regeneration and prevent 
wound contraction by splinting silicone rings. All surgical procedures 
were performed in accordance with the guidelines approved by the 
Institutional Animal Care and Use Committee at Dankook University 
(approval no. DKU-18-032), Republic of Korea. A total of eight healthy 
male C57BL/6 wild-type mice, aged eight weeks, were used in the study. 
The animals were housed in a specific pathogen-free (SPF) facility with 
controlled atmosphere and humidity conditions, ad libitum access to 
water, and food provided. They were exposed to a light/dark cycle and 
received appropriate care according to the animal care protocol. 

The mice were anesthetized using continuous application of iso
flurane during the procedures. The dorsal area hair was trimmed to 
mimic the hair stage of anagen using a cream, washed with a povidone- 
iodine solution, and cleaned with an alcohol swab. A circular, full- 
thickness dorsal wound (surface area 19.69 mm3) was created on each 
animal using a 5-mm biopsy punch (Kaj medical, Japan), and doughnut- 
shaped silicone splints (Ø 14 mm x Ø 8 mm x h 2 mm) were fixed around 
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the wound using silicone glue (ELASTOSIL E43, German) and dafilon 4/ 
0 sutures to prevent skin contraction. This created a murine skin wound 
healing model in which a rubber splint fixed to the wound edges limits 
the normal wound contraction of rodents, thereby simulating a better 
native healing response in humans and fixed-skinned mammals. Mate
rials (sham group with only saline and two experimental groups with the 
treatment of BGn or CoNZ) were applied to the wounds. From a nano
particle concentration of 100 mg/1 mL, an aliquot of 10 μL was applied 
to each wound. The wound sites were further covered with Tegaderm 
(3M™) and Coban TM (3M™) bandage to minimize water loss and 
protect them from animal scratching. Optical images of the wounds were 
captured at each time point (days 0, 3, 7, 14, and 21) and analyzed using 
Image J software. Closed wound areas were quantified by the pixel area 
of the wounds at the designated time points normalized to the pixel area 
of the initial wound image captured on day 0 for each mouse. 

Tissue samples were collected and immediately fixed in 10% neutral 
buffered formalin under normal conditions. For further analysis, sam
ples were embedded in either OCT or paraffin, sectioned, and stained 
using standard histological protocols, including H&E, Masson’s Tri
chrome, and immunofluorescence staining. 

4.10. Animal model: streptozotocin-induced diabetes mellitus 

To induce experimental diabetes mellitus, Streptozotocin (STZ) [61, 
62] (Sigma-Aldrich Corp., St. Louis, USA) was used at a dosage of 50 
mg/kg, administered intraperitoneally (IP) in ten-week-old male 
C57BL/6 mice for five consecutive days [63,64]. The STZ was prepared 
using 0.1 M citrate buffer (pH 4.5), while a control group received 100 μl 
of the same buffer via IP injection. The diabetic state was confirmed by 
measuring blood glucose levels from tail venous blood using a fast 
glucometer (Accu-Chek®, Roche, USA) under the inhalation gas (Iso
flurane, Hana Pharm Co., Ltd, Korea) one week after STZ treatment. 
Only mice with a blood glucose concentration over 400 mg/dL were 
used for the study. 

To establish a chronic wound model, these diabetic mice were 
divided into experimental groups: CoNZ, BGn, medium only, and in 
particular, 500 μM of deferoxamine (DFO) drug was also used for 
comparison group [42]. DFO was treated every 3 days (at day 0, 3, 6, 9, 
12, 15, and 18, thus 7 times in total until 21 days of implantation), 
whereas CoNZ was treated only once (at day 0). The wound healing was 
examined in all groups at weeks 1 and 3 post-treatment (n = 8). Prior to 
transplantation, STZ-treated C57BL/6 mice were retested to confirm 
diabetic state and only mice with non-fasted blood glucose levels 
exceeding 300 mg/dl were used. Blood glucose levels were monitored 
throughout the study period, with one blood droplet collected from the 
tail vein by lancet and tested using the Clarity Plus commercial 
glucometer. 

4.11. In vivo ROS level analysis 

As reported previously [10], in vivo levels of reactive oxygen species 
(ROS) in the vicinity of the wound were assessed. Briefly, the initial 
2-day period after NZ implantation was analyzed. On day one after 
injury, each animal was injected with dihydroethidium (DHE; 20 mg/kg, 
100 μl) via intravenous (IV) injection. Wound tissues were collected, 
cryo-sectioned to a thickness of 10 μm, and counterstained with 
Hoechst. The red signals were visualized and quantified using a fluo
rescence microscope and ImageJ software. 

4.12. ELISA assay for VEGF determination 

Quantikine murine VEGF ELISA kit (MMV00, R&D Systems) was 
used to detect the VEGF quantity released from HUVECs after culturing 
for 3 days, following the manufacturer’s protocols. In brief, tissue 
samples were collected using a biopsy punch and subsequently washed 
with PBS and then homogenized. Following several freezing/thawing 

cycles, the samples underwent centrifugation for 5 min and were pre
pared for the assay. In each well, 50 μl of assay diluent RD1N and the 
sample were added and incubated at room temperature for 2 h. After 
thorough washing, 100 μl of VEGF-conjugate was added to each well 
and incubated at room temperature for another 2 h. Following addi
tional washing steps, 100 μl of substrate solution (diluted in a 1:1 ratio) 
was incubated at room temperature for 30 min. The reaction was halted 
by adding the stop solution, and the optical density was measured at 
450 nm within 30 min. 

4.13. Western blot analysis 

To harvest new tissue from the defect area, a 5 mm biopsy was taken 
and the resulting tissue was measured (10 mg/600 μL) before being 
lysed in ProPrep™ protein extraction solution (iNtRON Biotechnology, 
17081). The tissue was then homogenized using a Biomasher© tube 
until a homogeneous suspension was achieved, and incubated on ice for 
20–30 min. The resulting supernatant was collected after centrifugation 
(13,000 rpm for 5 min, at 4 ◦C) and stored at − 80 ◦C until subsequent 
analysis. 

Protein content was determined using the Bradford protein assay 
according to the manufacturer’s protocol (BioRad, 500-0201) with 
reducing agent buffer (Thermo Fisher, B0007 and B0009). Specifically, 
20 μg of total protein were loaded onto 4–12% slope Bolt Bis-Tris Plus 
pre-cast gels (Invitrogen, NW04120BOX) and electrophoresed at a 
constant voltage in MOPS buffer (Invitrogen, B000102). The separated 
proteins were then transferred to PVDF membranes (iBlot™ 2 Transfer 
Stacks, PVDF, mini, IB24002) using the iBlot™ 2 Gel transfer device 
(Thermo Fisher, IB21001). The PVDF membranes were incubated with 
primary and secondary antibodies using the iBind™ Flex Western device 
(Invitrogen, SLF2000) and iBind™ Flex Card (Invitrogen SLF2010). 

Detection of the immuno-labelled proteins was performed using the 
enhanced chemiluminescence (Pierce™ ECL Western Blotting Substrate) 
technique as described by the manufacturer (Thermo Fisher, 32106), 
and membrane imaging was observed in ImageQuant™ LAS4000 (GE 
Healthcare Life Science). The optical density of each band was stan
dardized to the corresponding intensity band of GAPDH and quantified 
(The primary antibodies used are listed in Table S2 of the supplementary 
data.). 

4.14. Morphometric analysis 

The wound closure was measured based on optical images and his
tological analysis. For optical image analysis, wound photographs were 
taken with a camera at the predicted time points, and the wound areas 
were measured using ImageJ software. Sectioned samples were stained 
with H&E and MT for histology quantification. Images were observed 
with an Olympus inverted microscope (IX71, Olympus). The extent of 
loading edge ratio (μm) was calculated as the initial length of the wound 
divided by the length of the epithelial tongues. Re-epithelialization (%), 
the thickness of granulation tissue (μm), and epithelial thickness (μm) 
were determined using H&E staining images. 

4.15. Immunohistochemistry 

Immunohistochemistry staining was used to detect specific proteins 
in the wound tissues after treatment. The tissue was first treated with an 
antigen retrieval solution (0.01 M citrate buffer, pH 6, at 95 ◦C for 10 
min) and then blocked with a DAKO blocking solution (Agilent, DAKO). 
To permeabilize the cell membrane, 0.2% Triton X100 was applied 
before the primary antibody. The primary antibody dilution was pre
pared with 3% BSA (Sigma) in 0.1% TPBS, and the primary antibodies 
used are listed in the supplementary data (Table S2). Macrophage pri
mary antibodies included iNOS (1:100, rabbit, PA1-036, Thermo 
Fisher), IL-1b (1:100, rabbit, P420B, Thermo Fisher), Arg-1 (1:100, 
rabbit, PA5-29645, Thermo Fisher), and IL-10 (1:100, rat, ab18939, 
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abcam); for vessels, CD31 (1:50, rabbit, PA5-16301, Thermo Fisher) and 
a-SMA (1:50, mouse, sc-53015, Santa Cruz) were used; for regeneration, 
Cytokeratin-14 (1:100, mouse, ab7800, abcam) and TGF-b (1:100, 
rabbit, 3711S, Cell signalling) were used. The primary antibodies were 
incubated with the tissue overnight at 4 ◦C. After washing the tissue 
sections three times for 5 min each, secondary antibodies conjugated 
with Rhodamine and FITC (1:200, Jackson Immuno Research, INC) or 
FITC (Rat, NB7114, Novus) were applied for 1 h at room temperature. 
DAPI was used for counterstaining. The immunofluorescence staining 
sections were then analyzed using a confocal laser scanning microscope 
(CLSM; Zeiss LSM 700 and IX71, Olympus), and the quantitative analysis 
was performed using ImageJ software. 

4.16. Statistical analysis 

All experiments were performed in multiple numbers to ensure 
reproducibility, and statistical analyses were conducted using GraphPad 
Prism software. The data are presented as means ± standard deviation, 
and statistical significance was assessed using a one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test or an unpaired t- 
test, as appropriate. The level of significance was set at p < 0.05, p <
0.01, or p < 0.001. 
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