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Purpose: Incorporation of luvangetin in nanoemulsions for antimicrobial and therapeutic use in infected wound healing.

Patients and Methods: Luvangetin nanoemulsions were prepared by high-speed shear method and characterized based on their
appearance structure, average droplet size, polydispersity index (PDI), electric potential, storage stability. Optimized formulation of
luvangetin nanoemulsion by Box-Behnken design (BBD). The antimicrobial activity and antimicrobial mechanism of luvangetin
nanoemulsions against common hospital pathogens, ie, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), were
investigated using luvangetin nanoemulsions. The biosafety of luvangetin nanoemulsion was evaluated through cytotoxicity, apoptosis,
and reactive oxygen species (ROS) assay experiments using human normal epidermal cells and endothelial cells. Finally, the effect of
luvangetin nanoemulsion on healing of infected wounds was investigated in B6 mice.

Results: Luvangetin nanoemulsion formulation consists of 2.5% sunflower seed oil, 10% emulsifier Span-20 and 7 minutes of shear
time, and with good stability. Luvangetin nanoemulsion produces antibacterial activity against S. aureus and E. coli by disrupting the
structure of bacterial cell membranes. Luvangetin nanoemulsion are biologically safe for HaCat and HUVEC. Luvangetin nanoemul-
sion showed good therapeutic effect on MRSA infected wounds in mice.

Conclusion: For the first time, developed a new formulation called luvangetin nanoemulsion, which exhibited superior antibacterial
effects against Gram-positive bacteria. Luvangetin nanoemulsion has a favorable effect in promoting infected wound healing. We have
combined luvangetin, which has multiple activities, with nanoemulsions to provide a new topical fungicidal formulation, and have
comprehensively evaluated its effectiveness and safety, opening up new possibilities for further applications of luvangetin.
Keywords: luvangetin, nanoemulsion, antimicrobial mechanism, infected wound healing

Introduction

As the body’s largest organ, the skin serves as the primary defense against invasion by foreign pathogens. Cutaneous
wound healing is a finely balanced biological process comprised of four phases: hemostasis, inflammation, proliferation,
and remodeling.' Disruption of these regulatory mechanisms at any stage can lead to chronic or non-healing wounds,
where persistent inflammation, barrier compromise, impaired oxygenation responses, bacterial infections, age, and
disease states can impede the skin’s effective wound repair.>~ In fact, chronic wounds are frequently accompanied by
bacterial infections, which contribute to the formation of chronic wounds.® Infected wound healing presents
a significant challenge in cutaneous wound treatment, imposing severe emotional and financial burdens on patients.’

Given that bacterial infections are a primary cause of chronic inflammation and delayed wound healing, addressing these

International Journal of Nanomedicine 2024:19 5493-5509 5493
Received: 30 December 2023 © 2024 Chong et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 7 May 2024
Published: 10 June 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0008-5177-5187
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chong et al Dove

Graphical Abstract

/\)
Water

(V4 .
‘ Bacterlastasis

[
"

_— —_— Formuia optimization
Box-Behnken design |

l Apoptosis H&E l

Luvangetin Emulsifying

infections has emerged as an effective strategy. Currently, antimicrobial agents are primarily classified into synthetic
antibiotics (such as B-lactams, including penicillin; cephalosporins; carbapenems; aminoglycosides; and sulfonamides)
and certain inorganic materials (like micro or nanoscale forms of zinc (Zn), silver (Ag), copper (Cu), and gold (Au)).®
Nonetheless, the use of various antibiotics at this stage can lead to adverse effects, including liver and kidney
impairment, gastrointestinal reactions, dysbiosis, neurological reactions, and secondary infections,”!® while most inor-
ganic materials are costly. Therefore, developing and applying novel antimicrobial agents has become both a trend and
a necessity. For treating infected skin wounds, various wound dressings have been developed, including microneedle

12-14 15-17

patches,'" hydrogels, and nanocomposite formulations.

Coumarins and their derivatives exhibit diverse biological activities, including antitumor,18 anti—HIV,19 antibacterial

2223 anticoagulant,®® triglyceride-lowering,”> and CNS stimulant effects.

and antifungal,”®*' anti-inflammatory,
Luvangetin, a linear pyranocoumarin and coumarin analog, possesses antioxidant, antibacterial, and antiviral
properties.>”?® It is commonly used in agricultural antimicrobial preparations, including a variety of plant extracts
such as paramignya trimera,” pepper bark,’® and eranthis longistipitata.’’ Currently, luvangetin is solely utilized in
agricultural antimicrobial products, highlighting a research gap in clinical antimicrobial applications. Therefore, we
believe luvangetin exhibits antimicrobial effects against Gram-negative bacteria, presenting promising applications.
However, given current technology, extracting natural plant monomers, such as high-purity luvangetin, is costly.
Building on this, our organization’s Chinese invention patent application (CN 115785113 A) reveals a method for
synthesizing luvangetin, laying a solid groundwork for our research.

Nanoemulsions are colloidal delivery systems that have garnered significant attention owing to their high loading capacity
and ability to effectively protect bioactive compounds. Nanoemulsion is a highly dispersed system formed by the combination
of two immiscible substances, typically aqueous and oily phases, with a size range primarily between 20-500 nm. The
appearance of nanoemulsion can be transparent or milky white, depending on the droplet size; smaller droplet sizes (usually
less than 200 nm) tend to exhibit higher transparency.**** Nanoemulsions offer several distinct advantages compared to other
nanocarriers, including: (i) easy preparation and preservation; (ii) enhanced stability; and (iii) improved skin bioavailability.**~**

Currently, there is no research on the application of biological agents associated with luvangetin. For the first
time, we have developed luvangetin nanoemulsions (LNs) by integrating the multifaceted, biologically active
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coumarin analog luvangetin with nanoemulsion technology, a pioneering effort aimed at significantly enhancing the
compounds’ delivery efficiency and efficacy. In this study, luvangetin nanoemulsions (LNs) were prepared and their
features were characterized, including physical appearance, average droplet size, polydispersity index (PDI), zeta
potential, storage stability, and centrifugal stability to identify the best emulsifier. LNs formulation was optimized
through Box-Behnken design (BBD), considering factors such as sunflower seed oil content, emulsifier concentra-
tion, and shear duration. Mean droplet size was used as the outcome measure. Furthermore, the efficacy of LNs
against common nosocomial pathogens, specifically MRSA and E. coli, was evaluated. LNs biosafety was evaluated
through cytotoxicity and apoptosis assays involving human epidermal and endothelial cells. Finally, the therapeutic
effect of LNs on wound healing in mice infected with MRSA was studied in B6 mice. This study represents the first
evaluation of LNs’ safety using human epidermal and endothelial cells, as well as the inaugural in vivo application
to assess their efficacy in treating infected wounds. It offers a novel direction for luvangetin’s development and

application.

Materials and Methods

Materials

Luvangetin (99% purity, obtained from the School of Pharmacy, Yangzhou University), Span series emulsifiers (Span-20, Span-
40, Span-60, Span-80) obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), sunflower seed oil (SSO) (food
grade, Jager Foods Co., Ltd (TC), Suzhou, Jiangsu, China), Methicillin-resistant Staphylococcus aureus, Staphylococcus aureus
and Escherichia coli strains (obtained from the Laboratory of the First Affiliated Hospital of Yangzhou University, China), ROS
detection kit (AmyJet Science Inc., Wuhan, China), MDA detection kit (LAN Technology Co., Ltd., Beijing, China), CCK-8
cell viability assay kit (Baili (Beijing) Biotechnology Co., Ltd., Beijing, China), Annexin V-FITC/PI apoptosis detection kit
(Baili (Beijing) Biotechnology Co., Ltd., Beijing, China), HaCat (obtained from XinRun Biotechnology Co., Ltd., Wuxi, China)
and HUVEC (Chinese Academy of Sciences, Shanghai, China), 4-8 generations, B6 mice (obtained from the Institute of

Comparative Medicine Experimental Animal Center, Yangzhou University, China).

Preparation of Nanoemulsions

The luvangetin was completely dissolved in DMSO to obtain a luvangetin solution with a mass fraction of 25%.
The mixture of 2.5% sunflower seed oil (SSO) and 10% emulsifier was poured into a beaker, followed by the
addition of a 3.25% Lujin ester solution. Water was added while mixing to reach a total mass of 10g. The final
LNs were prepared by shearing the mixture using a rotor-stator homogenizer at 18,000 rpm for 7 minutes.** In O/
W nanoemulsion, the use of an emulsifier can enhance the stability of the system.** Four distinct Span emulsifiers
(Span-20, Span-40, Span-60, Span-80) were used to prepare the LNs, aiming to assess their impact on nanoemul-
sion stability. Resulting emulsions were designated as LN1, LN2, LN3, and LN4, in sequence.

Characterization of LNs
Average Droplet Size, PDI, and Zeta Potential
The mean droplet size, PDI, and Zeta potential of the newly formulated LNs were measured with a NanoSizer (ZS90

Nano, Malvern, UK). Three replicates were conducted to establish the mean value.**°

Storage and Centrifugation Stability

The newly prepared LNs were aliquoted into 10 mL glass bottles and incubated at 54 + 2°C for seven days. The size of
the newly prepared LNs and the samples after 7 days of thermal preservation were evaluated. In order to ensure
centrifugation stability, 10 mL of LNs was transferred into a 15 mL centrifuge tube and centrifuged at a relative
centrifugal force (RCF) of 2805¢ for a duration of 15 minutes. Distinct changes in appearance were observed before and

after centrifugation.®”*®
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Optimization of LNs by BBD

The optimal formulation of LNs preparation was determined through pretesting and optimization using BBD.
Independent factors including sunflower seed oil content (2.5%, 5.0%, 7.5%), emulsifier concentration (8%, 10%,
12%), and shear time (5, 7, 9 min) were evaluated, with the mean droplet size serving as the response variable.*’

Antibacterial Activity of LNs

The diameter of the inhibition zone was assessed using the filter paper method, or agar disc method.*® A bacterial
suspension (Methicillin-resistant Staphylococcus aureus (MRSA), S. aureus and E. coli) was prepared, yielding
a bacterial slurry, which was then diluted in phosphate-buffered saline (PBS) to an ODgyp= 0.5. Subsequently, 100 pL
of this bacterial solution was spread evenly over the surface of a solid Luria broth (LB) medium using a spreader.
A sterile 6 mm filter paper disc was then placed on the medium surface with forceps and imbibed with 20 pL of the LNs
solution. After inversion, the medium was incubated at 37°C for 24 hours. Post incubation, the diameter of the inhibition
zone was recorded. For the control, SSO and dimethyl sulfoxide (DMSO) were used. In the case of the blank control, 100
uL of bacterial solution was spread on solid Luria broth (LB) medium.

Antibacterial Mechanisms of LNs

Morphological Analysis of the Bacteria

Cell culture coverslips were placed at the bottom of a six-well plate, and a bacterial suspension comprising S. aureus and
E. coli (OD600= 0.5) was introduced. The cultures were incubated at 37°C for 6 hours. The cell climbing slices were
transferred to a new 6-well plate and submerged in 2.0 mL of LNs to ensure complete coverage. They were then
incubated at 37°C for 2 hours. Cell culture coverslips were then transferred to a new well, immersed in a 2.5%
glutaraldehyde solution, and refrigerated at 4°C overnight. The adhered bacteria underwent graded dehydration through
a graded series of ethanol solutions with concentrations of 30%, 50%, 70%, 80%, 90%, 95%, and 100%, each for 12
minutes. Following complete dehydration, the specimens were prepared and coated with gold to facilitate capturing of
scanning electron microscopy (SEM) images.**

Analysis of Bacterial ROS

The bacterial suspensions of activated S. aureus and E. coli were thoroughly mixed with DCFH-DA and incubated in
a 37°C incubator for 30 minutes. Subsequently, the suspensions were washed with PBS buffer and centrifuged three
times. For the treatment group, 1 mL of LNs with a concentration of 3.84 mg/mL was added to the bacterial suspension.
In contrast, the control group consisted of bacterial solutions without LN treatment. The samples were then distributed
into 96-well plates, and reactive oxygen species (ROS) levels were determined using a spectrophotometer (Thermo
Scientific Multiskan GO, USA). Fluorescence intensity changes were monitored at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm.*’

Analysis of MDA

LNs (0.96, 1.92, 3.84 mg/mL) were incubated with the bacterial suspension for 30 minutes. The mixed solution, standard
material, and water (200 pL in total) were combined in a 15 mL centrifuge tube. The prepared detection reagent was
added to the tube, which was then thoroughly mixed by shaking. The centrifuge tube was incubated in a water bath at
95°C for 40 minutes, then removed and cooled in an ice bath before being centrifuged at 1785g for 10 minutes.
Subsequently, the supernatant was discarded, and the absorbance of each tube was measured at 532 nm using
a fluorescence spectrophotometer.®*

Detection of Intracellular Lysate Leakage

The bacterial suspension containing activated S. aureus and E. coli was isolated in PBS and diluted to ODgoy = 0.5.
Afterwards, S. aureus and E. coli were treated with LNs at a concentration of 3.84 mg/mL and incubated at 37 °C. The
bacterial suspension was collected, and after centrifugation, the supernatant was retained. The absorbance was measured
at0,0.5, 1, 1.5, 2, 2.5, and 3 hours by using a fluorescence spectrophotometer to measure absorbance at 260 nm and 280

nm. The bacterial solutions without LNs served as the control group.***

5496 " International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chong et al

Safety Evaluation of LNs

Cell Activity Evaluation

Cell Counting Kit-8 (CCK-8) was used to assess cell proliferation and cytotoxicity. HUVEC and HaCat were digested
with trypsin and counted. Approximately 1000 cells were seeded into a 96-well plate with 100 pL of culture medium and
incubated for 24 hours. Then, the medium containing serum was replaced with 90 pL of serum-free medium, and 10 puL
of different concentrations of 60, 120, 240 and 480 pg/mL LNs solution was added for another 24-hour incubation. The
serum-free medium was replaced with 90 uL per well, and 10 uL of CCK-8 solution was added. The plate was incubated
at 37°C in a CO2 incubator for 4 hours, and the absorbance was measured at 450 nm using an Enzyme standard
instrument (Thermo Scientific Multiskan GO, USA) reader.*?

Analysis of Cell ROS

Cells were seeded in a 6-well plate and incubated until they completely covered the wells. Then, 100 uL of 0.2% H,0,
was added to induce cell damage. Meanwhile, the experimental group was treated with 100 uL of 240 pg/mL LNs
solution. After co-culturing for 24 hours, DCFH-DA was diluted in serum-free medium at a ratio of 1:1000 to achieve
a final concentration of 10 micromoles per liter. The culture medium was removed, and 1 mL of diluted DCFH-DA was
added. The cells were incubated at 37°C for 20 minutes. After washing three times with serum-free cell culture medium,
the fluorescence intensity was measured using an Enzyme standard instrument (Thermo Scientific Multiskan GO, USA)
reader.

Cell Apoptosis

HaCat and HUVEC cells were cultured at 37°C in a CO2 incubator. The treatment group received LNs at 240 pug/mL,
whereas the control group was exposed to 0.2% H202. Cells were treated with trypsin for 5 minutes before the enzyme
was removed with a pipette. The cells were then washed with PBS, placed into a 2 mL centrifuge tube, and spun at
800 rpm for 4 minutes to pellet the cells. After discarding the supernatant, cells were resuspended in buffer. Next, both
treated and control samples were stained with Annexin V-FITC and PI and then incubated at 25°C in the dark for 10
minutes. The samples were passed through a copper mesh filter, transferred to test tubes, and analyzed. Apoptotic cell
death was assessed using a fluorescence microscope.

Evaluation of Wound Healing

All animal procedures and treatments adhered to relevant guidelines and were authorized by Yangzhou University’s
Animal Ethics Review Committee (License No. SCXK (Su)-2022-0044, certified by Jiangsu Province’s Science and
Technology Association). B6 mice, 4-6 weeks old, were selected from the same cohort. Following anesthesia with 100
puL of 1.5% pentobarbital solution via intraperitoneal injection under sterile conditions, a 1 cm diameter circular full-
thickness wound was created on the back of each mouse with a sterile scalpel. Mice were then randomly assigned to two
groups (n=3 each) and housed individually. Each mouse received 300 pL of 1x10[]1 CFU/mL MRSA suspension at the
wound site on days 0 and 1 to induce infection. Subsequently, groups received PBS or 1.92 mg/mL LNs as treatment.
Wound images were captured on days 1, 3, 5, and 7. Prior to imaging, the mice were restrained, and their wounds were
purged using physiological saline. Tissue samples collected on day 8 for hematoxylin and eosin (H&E) staining and
histological evaluation.'?

Statistical Analysis
Each experiment was performed in triplicate and was averaged. Data were recorded as mean =+ standard deviation (SD)
for analysis of variance (ANOVA) using GraphPad 8.0.2 software.

Results and discussion

Selection of the Best Emulsifier for Formulation of LNs
The appearance of the newly prepared LNs is illustrated in Figure 1A. After the new preparation, LN 2 appears to be
thick and hangs on the wall. LN 1, LN 3, and LN 4 are evenly distributed without any hanging or stratification. They
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Figure | Characterization results of luvangetin nanoemulsions. (A) Storage stability (Red outlined circles: LN4 appears to be stratified, the upper layer of LN 4 became
visible); (B) Centrifugal stability (Red outlined circles: After centrifugation, LN3 appeared stratified, significant stratification was observed in the bottom and middle parts);
(C) Average droplet size; (D) PDI; (E) Zeta potential (ns, not statistically significant, *P < 0.05, ***P < 0.0001).

exhibit a rich milky white color and no blue light. After heating to 54 £ 2°C, the upper layer of LN 4 became visible. By
observing the appearance of LN 3 before and after centrifugation (Figure 1B), significant stratification was observed in
the bottom and middle parts. LN 1 and LN 4 remained unchanged, exhibiting a uniform color and no layers. Qualified
nanoemulsion should remain stable and unlayered after centrifugation and heat storage. However, LN 2, LN 3, and LN 4
samples do not meet this criterion.

The average droplet size of LNs after new preparation and heat storage is presented in Figure 1C. The LN 2 sample
has a large droplet size (> 500 nm), while LN 1, LN 3, and LN4 have an average droplet size < 500 nm. Among them,
LN 1 has the smallest droplet size (< 300 nm). After 14 days of thermal storage, the size of all LNs increased. LN 2
showed the most significant change (P < 0.05), while LN 1 showed the least significant change (P > 0.05), remaining
below 300 nm. The results indicate that the emulsifiers Span-20 (LN 1) and Span-80 (LN 4) exhibit superior emulsifying
properties.

The PDI of LN 1, LN 3, and LN 4 in the newly prepared LNs was < 0.3 (Figure 1D), indicating excellent droplet
dispersion. The PDI of LN 2, which reached 1.0, indicates poor stability. After thermal storage, the PDI of LNs increased.
Among them, LN 3 and LN 4 showed the most significant increase (P< 0.0001), reaching 1.0, indicating poor stability.
The PDI of LN 1 remained relatively unchanged before and after thermal storage, and the differences in PDI at different
storage times were not statistically significant (P > 0.05).

An increase in droplet size is typically accompanied by an increase in the absolute zeta potential.** According to the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, a higher absolute value of the zeta potential on the droplet surface
leads to increased electrostatic repulsion between droplets, resulting in more favorable droplet dispersion. This finding is
consistent with previous studies.*® All the formulated nanoemulsions exhibited a negative Zeta potential (< =50 mV)
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(Figure 1E). After heat storage, the Zeta potential of LN 1, LN 3, and LN 4 did not show any statistically significant
differences compared to the new preparation (P > 0.05).

This study aimed to prepare stable lipid nanoparticles (LNs) by optimizing the emulsifier formulation and selecting
the optimal composition of Span-20. This approach avoided the complex process of emulsifier screening and effectively
reduced the experimental time, while maintaining the quality of LNs.

Formula Optimization of LN by BBD

In prior research, the optimization of multiple factors influencing nanoemulsion formulation has frequently been
approached through traditional univariate studies. This method simplifies the experimental design process but is typically
limited to analyzing one factor at a time, failing to capture the interactions among all relevant factors.***> BBD, an
interplay of statistics and mathematics, enables the analysis and optimization of multiple independent variables on
response values. It assesses the interactions between parameters and can significantly minimize the number of required
experiments and the time devoted to extensive analysis.*®*’

Applying BBD principles, we used SSO content (A), emulsifier content (B), and shear time (C) as independent
variables, with the average LNs droplet size as the response variable. We designed 17 experiments to identify the optimal
conditions for each factor (Table 1). ANOVA results for the quadratic regression response surface are detailed in Table 2.
The subsequent multiple regression fitting—conducted with Design-Expert software—yielded an R-squared model
equation of 0.9698 for the factors:

R=1234.44+83.44*A-14.43*B+10.6875*C+9.07*AB-12.45* AC+55.67*BC+76.46*A2+51.43*B2+121.51*C2

The corrected model demonstrates a strong fit and minimal experimental error, suitable for further analysis and
predictive purposes. The ANOVA results for this equation can be found in Table 2. Upon comprehensive evaluation,
factors A%, B, and C? achieved highly significant levels (P < 0.01). Interaction terms for factors AC and BC showed
significant differences (P < 0.05). No significant differences were observed in the interaction terms among factors A, B,
and C. Furthermore, the model is considered significant, as indicated by an F-value of 24.94, confirming a good fit for the
regression equation. The influence on the R value ranked as follows: A > B > C.

The response surface diagram for the secondary regression equation (Figure 2A-D) illustrates that with a fixed
sunflower seed oil content, the R value decreases as the emulsifier amount increases, notably when it exceeds 10%.
Similarly, at a fixed emulsifier content, the R value decreases with the increase in sunflower seed oil amount, showing
insignificant changes when the sunflower seed oil content exceeds 2.5%. As shown in Figure 2B-E, with a fixed

Table | Experimental Design and Results of BBD Optimization for Luvangetin Nanoemulsions

Experiments | A (SSO %) | B (Emulsifier, Span-20%) | C (Time, min) | R (Mean droplet, size nm)
| 2.5 8 7 3285
2 7.5 8 7 443.2
3 2.5 12 7 263.3
4 7.5 12 7 4143
5 2.5 10 5 326.7
6 7.5 10 5 552.5
7 2.5 10 9 3372
8 7.5 10 9 5132
9 5 8 5 439.8
10 5 12 5 317.8
11 5 8 9 385.6
12 5 12 9 486.3
13 5 10 7 234.9
14 5 10 7 236.7
15 5 10 7 232.3
16 5 10 7 2388
17 5 10 7 229.5
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Table 2 The Analysis of Variance for Quadratic
Regression Equation of Response Surface
Source df | Mean Square | F-value | p-value
Model 9 19,918.99 24.94 0.0002
A | 55,694.53 69.73 < 0.0001
B | 1664.64 2.08 0.1921
C | 913.78 I.14 0.3203
AB | 329.42 0.4124 0.5412
AC | 620.01 0.7763 0.4075
BC | 12,398.82 15.52 0.0056
A2 | 24,612.07 30.82 0.0009
B? | 11,137.03 13.94 0.0073
(e | 62,161.96 77.83 < 0.0001
Residual 7 | 7987
Lack of Fit | 3 1845.86 138.49 0.0002
Pure Error | 4 13.33
Cor Total 16

sunflower seed oil content, the R value gradually decreases with increasing shear times, and it starts to increase slowly

when the shear time exceeds 7 min. Conversely, at a fixed shear time, the R value decreases with higher sunflower seed

oil content. From Figure 2C-F, at a fixed emulsifier content, the R value gradually decreases with increasing shear times,

and it starts to decrease slowly when the shear time exceeds 7 min. Moreover, at a certain shear time, the R value

decreases gradually when the emulsifier exceeds 10%.

The factor A surface is markedly steep, indicating a significant impact on the response value; factors B and C follow
in terms of influence. Contour plots reveal near-elliptical shapes, which signify strong interactions among the three

Mean droplet size (nm)
Mean droplet size (nm)

Mean droplet size (nm)

B Emulsifier,Span-20 (%)
C:Time (min)

A:SS0 (%)

A:SSO (%)

DY
;:;;s“\

XN

Mean droplet size (nm)

8 Emulsifier,5pan-20 (%)

Figure 2 Response surface diagrams for preparation of luvangetin nanoemulsions. (A-D) sunflower seed oil and emulsifier content; (B—E) sunflower seed oil content and
shear time; (C-F) emulsifier content and shear time (Red dots: fixed central values of factors, yellow dots: extreme combinations of factor levels).
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Table 3 Verification Experiment for Evaluating Predicted/Actual R Values in
Luvangetin Nanoemulsions

Experiments | Predicted value | Actual value | Average value | RSD (%)

| 225.6 2289 227.7 1.17
2 224.7
229.3

factors. According to Design-Expert software, the optimal LNs formulation contains 2.5% sunflower seed oil, 9.994%
Span-20 emulsifier, and a shear duration of 7.034 minutes. In light of practical applications, the final formula was
adjusted to 2.5% sunflower seed oil, a rounded 10% emulsifier, and a shear duration of 7 minutes.

The predicted R value for the optimal LN formulation was 226 nm. Subsequently, LNs were prepared based on this
optimized formulation, and three validation tests were conducted. The results (Table 3) revealed that the average droplet
sizes of the prepared LNs were 228.9 nm, 224.7 nm, and 229.3 nm, with a relative error of 1.17% compared to the
predicted value. These findings indicate the stability, reliability, and reproducibility of the optimized LN formulation.

Results of the Antibacterial Activity of the LNs

According to the drug susceptibility measurement criteria, the bacteria can be classified as sensitive to the drug.*® The
agar disk method demonstrated the high sensitivity of LNs to two standard strains, namely S. aureus, MRSA and E. coli.
Among them, LNs exhibited significantly stronger inhibition against S. aureus and MRSA compared to E. coli. As
depicted in Figure 3A and B, increasing the concentration of luvangetin (LNa, LNb, LNc, and LNd concentrations were
0.96, 1.92, 3.84, and 7.69 mg/mL, respectively) resulted in a corresponding enhancement of the antibacterial effect.

Antibacterial Mechanisms of LNs

Antimicrobial mechanisms of LNs for S. aureus and E. coli are shown in Figures 4 and 5. Scanning electron microscopy
(SEM) images in Figures 4A and 5A demonstrate that untreated S. aureus exhibits intact, smooth, and round characteristics,
while E. coli appears as straight rods. On the other hand, as depicted in Figures 4B and 5B, S. aureus treated with LNs
exhibits a convex, distorted, or cracked morphology, while E. coli shows an irregular and concave shape. Figures 4C and 5C
demonstrate significantly higher levels of reactive oxygen species (ROS) in LNs-treated S. aureus and E. coli compared to
the control group at the same treatment time (P <0.0001). Figures 4D and 5D show that the treatment group’s MDA levels
were significantly elevated compared to the control group, with S. aureus levels peaking at 89 nmol/mL and E. coli levels at
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Figure 3 Inhibition zone diameter of luvangetin nanoemulsions. (A) S. aureus and MRSA; (B) E. coli (**** P < 0.0001).
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Figure 4 Antimicrobial mechanism of luvangetin nanoemulsion against S. aureus. (A) (B) SEM; (C) ROS. The level of ROS in the bacteria after LNs treatment was
significantly different from that in the blank group (P < 0.0001); (D) MDA. The differences between the groups and the standard control group at different concentrations
were significant (**** P < 0.0001); (E) (F) intracellular lysate leakage. The LNs OD280 and OD260 of S. aureus after treatment were statistically different from the blank
group (P < 0.05).

94 nmol/mL. There were significant differences in MDA levels between different LNs concentrations and the control group
for the same organism (P <0.0001).

Figure 4E and F and Figure SE and F display the solute leakage of LNs-treated bacteria over time. Post-LNs treatment,
significant differences in OD,4 and OD,go from the blank group were observed (P < 0.05). In the blank group, solute leakage
was consistently near zero, indicating minimal cell damage in untreated bacteria. Following treatment with 3.84 mg/mL of LN,
changes in solute leakage were noted: a rapid increase in nucleic acids leakage within the first 0.5 hours, followed by a plateau.
Within 0.5 hours of LN treatment, the OD,¢ for the S. aureus group rose from 0.435 to approximately 3.020, while the E. coli
group’s ODy¢q rose from 0.40 to about 3.10. From 1.0 to 3.0 hours post-treatment, all groups showed a slower increase in OD.g.
Similarly, within the initial 0.5 hours, the OD,g( for S. aureus spiked from 0.370 to roughly 2.840, and for E. coli, from 0.282 to
approximately 2.920.
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Figure 5 Antimicrobial mechanism of luvangetin nanoemulsion against E. coli. (A) (B) SEM; (C) ROS. The level of ROS in the bacteria after LNs treatment was significantly
different from that in the blank group (P < 0.0001); (D) MDA. The differences between the groups and the standard control group at different concentrations were
significant (**** P < 0.0001); (E) (F) intracellular lysate leakage. The LNs OD280 and OD260 of E. coli after treatment were statistically different from the blank group (P <
0.05).

Cellular Biosafety Results for the LNs
After 24 hours of treatment with 60, 120, 240, and 480 pg/mL LNs on HaCat and HUVEC, the cell survival rates were all

>100% (Figure 6A) (HaCat, P < 0.01, HUVEC, P < 0.0001, respectively). Two groups of HaCat and HUVEC were
injured by 0.2% H202, and a decrease in cellular ROS was observed after treatment with 240 ng/mL LNs (Figure 6B).
Compared to HUVEC, LNs had a better therapeutic effect on HaCaT, indicating that LNs can reduce ROS produced by
injured HaCat and HUVEC at a certain concentration. In the apoptosis experiment, when Annexin V-FITC and PI were
used together, viable cells and early apoptotic cells were excluded by FITC and PI double staining, while late apoptotic
cells and necrotic cells were stained green-blue and red, respectively (Figure 6C). The ratio of apoptosis to cell death in
the HaCat treatment group compared to the positive control group was 21.39% and 40.13% (P < 0.001), respectively
(Figure 6D). The ratio of apoptosis to cell death in the HUVEC treatment group compared to the positive control group
was 29.16% and 18.54% (P < 0.01), respectively.
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Figure 6 Effects of luvangetin nanoemulsions on HaCat and HUVEC. (A) Cell survival. Significant differences in cell viability between HaCat and HUVEC cell treated groups
and control group at different concentrations of LNs (HaCat, P < 0.01, HUVEC, P < 0.0001); (B) Cellular ROS. ROS values before and after treatment of different damaged
cells by LNs (HaCat, *** P < 0.001; HUVEC, ** P < 0.01); (C) Fluorescence microscope observation of pictures of different cells treated group and positive control group;
(D) Apoptosis ratio and cell death ratio (HaCat, *** P < 0.001; HUVEC, ** P < 0.01).

Evaluation of LNs on Infectious Wound Healing in Mice

To evaluate the effects of LNs on actual infected wound healing in vivo, we utilized a B6 mouse model (Figure 7). Skin
wounds with a diameter of approximately 1cm were created on the backs of the mice and infected with MRSA. The mice
were then divided into a PBS control group and an LNs treatment group. During the treatment period, photographs of the
skin wounds were taken four times (Figure 7B). In the PBS control group, the wound area decreased by 18.2%, 28.4%,
and 38.8% on the 3rd, 5th, and 7th day, respectively. In contrast, in the LNs treatment group, the decrease in wound area
exceeded 38.6%, 63.2%, and 72.9% on the corresponding days (Figure 7C). Compared to PBS, the LNs treatment group
exhibited satisfactory wound healing ability (Figure 7B and C). On the 8th day, the wound tissues were analyzed
histologically using H&E staining. As shown in Figure 7D, the wounds treated with LNs displayed a significant reduction
in inflammatory cells, abundant neovascularization, noticeable sloughing of necrotic tissue, multilayered epithelial cell
coverage, increased epidermal thickness, orderly collagen protein, enhanced differentiation of newly formed collagen
fibers, and regeneration of skin appendages. However, in the PBS group, only tissue damage and relatively intact
epidermis with few neovascularizations could be observed.

Discussion

The presented results highlight the significant impact of emulsifier type on the stability of LNs.*” Choosing an optimal
emulsifier is vital for creating stable nanoemulsions. To assess emulsifier performance, we measured mean droplet size,
PDI, zeta potential, and both storage and centrifugal stabilities. LN 4, made with Span-80, demonstrated significant
droplet size variance after thermal treatment and centrifugation. Meanwhile, LN 2, formulated with Span-40, presented
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Figure 7 In vivo antimicrobial activity of luvangetin nanoemulsion. (A) Schematic of wound infection model and treatment protocol. (B) and (C) Changes in wound area and
size (ns, not statistically significant, *** p < 0.001, *** p < 0.0001). (D) (H and E) staining results of wound tissues before and after infection after different treatment
regimens (Black arrows at different scales:The areas of rich capillaries, granulation tissue, and collagen).

with a pronounced thickening and creaming effect. Conversely, LN 1 produced with Span-20 yielded droplets that were
small, uniformly dispersed, and exhibited good stability.

This study focused on optimizing LNs using the Box-Behnken design (BBD). Key parameters like mean droplet size,
PDI, and stability factors were characterized, identifying Span-20 as the ideal emulsifier. The optimal LNs formulation
was achieved with a composition of 2.5% sunflower oil, 10% Span-20 emulsifier, and a shear time of 7 minutes,
demonstrating the effectiveness of the BBD approach in LNs development. Oil-in-water nanoemulsions enhance the
skin’s absorption of active ingredients due to their internal lipophilicity.® Their small particle size results in a larger
specific surface area, facilitating greater transdermal absorption.”' Thus, nanoemulsions hold promise for topical drug
delivery. Additionally, we achieved the production of a stable LNs, free from flocculation and delamination, through
formulation screening and BBD optimization to ensure stability. Furthermore, the high yield of luvangetin was derived
from the pepper species Zanthoxylum avicennae.’” In recent years, research on the convergence of medicine and food has
advanced.>® The oil phase in the formulation consisted of sunflower seed oil, ensuring product biosafety. The afford-
ability and efficacy of LNs make it a viable option for widespread use.

We assessed the antimicrobial activity of LNs using the agar diffusion method. Decreasing the droplet size of LNs
through high-speed shear facilitates the rapid penetration of luvangetin into the bacterial cell membrane, enabling more
efficient entry into the cell and enhancing its antibacterial effect. The results of SEM revealed that LNs caused significant
damage to the bacterial cell wall, particularly on S. aureus. LNs have the ability to penetrate the cell wall and disrupt
membrane structures, potentially resulting in cell lysis. DCFH-DA, a non-fluorescent compound, readily traverses the
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cell membrane. Once inside the cell, it is hydrolyzed by intracellular esterases, producing DCFH. Since DCFH is unable
to penetrate the cell membrane, loading the probe into the cell is straightforward. Intracellular ROS oxidizes the non-
fluorescent DCFH, resulting in the production of fluorescent DCF.>* Thus, measuring DCF fluorescence indicates cellular
ROS levels. Elevated ROS levels arise from bacterial damage, and excessive ROS further accelerates damage and leads
to bacterial death.”> Malondialdehyde (MDA) levels act as indicators of lipid peroxidation rate and intensity, offering an
indirect reflection of tissue peroxidative damage.>® Higher concentrations of LNs corresponded to higher MDA content,
indicating increasingly severe bacterial damage. LNs disrupt bacterial cell membrane structure, causing damage and
oxidative stress. They also increase ROS levels, enhancing lipid peroxidation and resulting in increased MDA. Elevated
MDA levels can interfere with bacterial metabolism and intensify damage. Bacterial intracellular leakage, a key
parameter for assessing cell damage,”’ was measured by nucleic acid and protein leakage to evaluate LNs’ impact.
The data demonstrate that LNs compromise bacterial cytoplasmic membrane integrity, resulting in intracellular substance
leakage. Luvangetin, a monoterpenoid phenolic compound—may cause this effect by decomposing and dissolving
membrane lipids, thereby directly impairing cell membrane integrity.

HaCat cells, predominant in human skin, are crucial for wound healing, particularly in re-epithelialization.’®
Similarly, capillaries provide nutrient support for granulation tissue formation, while HUVECs are key to
angiogenesis.”®®" To evaluate the potential of LNs, we employed the CCK-8 assay to assess their impact on HaCat
and HUVEC cell lines. Cell toxicity—manifested as cell death, lysis, or growth inhibition due to chemicals—serves as
a crucial measure of cell viability. The cell survival rate is inversely proportional to the cytotoxicity of the tested
formulation. Indicating that LNs have no toxicity on HaCat and HUVEC at lower concentrations and, conversely, have
a certain proliferative effect. However, at higher concentrations, LNs exhibit a certain toxic effect on HaCat and HUVEC,
indicating that LNs can be applied for disinfection and sterilization within an appropriate concentration range, while also
having the potential to promote wound healing. Excessive ROS in bacteria accelerates damage and induces death;
similarly, high ROS levels are detrimental to cells.®* Research indicates that at specific concentrations, LNs mitigate
HaCat damage and ROS production by HUVECs. This suggests LNs, within these concentrations, are effective for both
disinfection and wound healing by minimizing cellular damage.LNs exhibit low cytotoxicity and high biocompatibility at
low bacteriostatic concentrations, indicating that they are stable and safe for future use.

Wound healing encompasses biological processes including vascular regeneration, inflammatory response, and
collagen formation.'> Chronic wounds, marked by enduring inflammation and ongoing infection, pose significant

challenges to healing,®’

and remain a concern for clinicians. Adequate vascularization, by delivering nutrients and
oxygen, promotes wound healing.]4 Similarly, collagen deposition influences both the completeness of wound healing
and scar formation.'> MRSA infection is more likely to result in chronic wounds.®* Our study revealed that mice treated
with LNs exhibited a relatively high rate of wound healing. The healed tissues had more neovascularized capillaries and
a more perfected epidermis, as observed by HE staining, highlighting LNs’ potential as a treatment for clinical infectious

wound healing.

Conclusion

We combined luvangetin, a multifunctional coumarin analog, with nanoemulsions. This combination offers a novel
approach to topical bactericidal formulations, leveraging the antimicrobial properties of luvangetin for enhanced biocidal
and disinfectant roles. This study employed nanoemulsions, a cutting-edge drug delivery technology, to transform
luvangetin—a underutilized compound—into a practical bioactive formulation. The increased particle size in nanoemul-
sions enhances the contact surface area, surpassing that of existing drug formulations, thereby improving drug efficacy. In
conclusion, nanoemulsions have been demonstrated to outperform other formulations in efficacy, safety, permeability,
and bioavailability.®> This not only broadens luvangetin’s applications but also introduces innovative concepts and
solutions for antimicrobial and therapeutic areas. The findings hold significant implications for the further application and
development of luvangetin.
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