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A B S T R A C T

Background: Combating obesity is challenging, as anti-obesity compounds lose effectiveness or cause severe side 
effects when delivered via conventional routes. Thus, there is a need for new, effective treatment routes that are 
home-based and safe for long-term use. This double-blind, placebo-controlled clinical trial aimed to investigate 
the efficacy of a biocellulose transdermal patch containing α-lipoic acid (ALA), an anti-obesity compound, in 
reducing subcutaneous fat accumulation.
Methods: One hundred and sixteen overweight participants (average age 37.96 ± 7.80 years) were recruited for 
the study. They were randomly assigned to apply either the calcium citrate nanoparticle-encapsulated ALA 
transdermal patch or a placebo on their arm. The participants’ body weight, height, blood lipid profile 
(cholesterol, triglyceride, low-density lipoprotein, and high-density lipoprotein), arm circumference, triceps skin 
fold, and subcutaneous fat thickness were recorded at baseline and at the 2-week follow-up.
Results: The mean arm circumference did not show any significant difference from baseline, whereas the triceps 
skinfold and subcutaneous fat thickness showed a significant reduction. The 2-week treatment did not signifi
cantly alter the plasma LDL, HDL, and triglyceride levels of the participants, but it significantly reduced the total 
cholesterol level.
Conclusion: This study reports the successful reduction of subcutaneous fat of the calcium citrate nanoparticle- 
encapsulated ALA transdermal patches. The transdermal patches could be used as a safe and effective home- 
based solution for combating obesity.

1. Introduction

In recent years, excessive fat accumulation in the human body has 
emerged as one of the most serious medical conditions worldwide, and 
more attention has been paid to the morbidity, mortality, and social 
embarrassment associated with being overweight [1,2]. This increase in 
public health awareness has created motivation among many to adopt 
healthier lifestyles and resolve their health conditions. Overweightness 
is associated with adipose tissue, which is mainly categorized according 
to anatomical location; the tissue located around the viscera is 

categorized as visceral fat, and the tissue presented in subcutaneous 
areas is categorized as subcutaneous fat [3]. Different types of adipose 
tissue may be associated with different health consequences of obesity 
[4]. Though multiple studies have reported that visceral adipose tissue 
poses a greater risk factor for metabolic diseases than subcutaneous 
adipose tissue, subcutaneous fat constitutes 80 % of the fat accumulated 
in the body [5–7]. Excessive subcutaneous fat storage under the skin 
results in the shift of fat accumulation to other areas such as the liver, the 
heart, or skeletal muscle and is related to obesity-associated insulin 
resistance and inflammation [8]. Moreover, the increase in 
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subcutaneous adipose tissue deposition also contributes to the devel
opment of physiological conditions, such as knee osteoarthritis, as well 
as the deterioration of psychological comfort [9–11].

With the resulting complications from excess subcutaneous fat 
accumulation, it is crucial to find effective management of these con
ditions in the form of behavioral changes in parallel with adjunctive 
treatments. Complementary therapies and natural compounds have 
gained increasing recognition for their role in human health, particu
larly in the prevention and treatment of chronic diseases. Many of these 
natural compounds are known for their antioxidant and anti- 
inflammatory properties. ALA has demonstrated benefits in treating 
diabetes, obesity, and cardiovascular diseases by improving insulin 
sensitivity, lipid profiles, and reducing inflammation [12]. Conjugated 
linoleic acids have shown potential in reducing inflammation, oxidative 
stress, and body fat [13]. Propolis and pycnogenol have shown benefi
cial effects as complementary therapies for managing inflammation and 
oxidative stress [14,15]. These natural compounds have shown potential 
in improving lipid profiles, reducing inflammation, and combating 
oxidative stress, which are key factors in the pathogenesis of obesity and 
fat accumulation [16–18].

Among natural compounds, ALA, also known as 1,2-dithiolane-3- 
pentanoic acid or thioctic acid, has emerged as a promising candidate 
for its antioxidant and anti-inflammatory properties [19]. ALA is known 
to improve lipid metabolism, reduce oxidative stress, and may facilitate 
adipose tissue decrease [20,21]. However, the efficacy of oral admin
istration can be limited by poor absorption and lack of target-specific 
delivery. To overcome these limitations, innovative approaches such 
as transdermal patches have been explored. These delivery systems have 
the potential to improve the bioavailability of ALA and other natural 
compounds [22]. For instance, a previous in vivo study demonstrated 
that the use of transdermal patches containing nanofibers loaded with 
curcumin resulted in a 4 to 7 percent decrease in the overall amount of 
adipose tissue as measured by whole-body magnetic resonance imaging 
[23]. In addition, a study in C57BL/6J mice showed that transdermal 
delivery of metformin using dissolving microcroneedles and iontopho
resis patches is able to reduce fat pad size and improve energy meta
bolism [24].

Building on these findings, our previous study demonstrated a novel 
slow-release transdermal drug delivery system using calcium citrate 
nanoparticles (CaCitNPs), which have been shown to be effective drug 
carriers [25–27]. Therefore, the use of a transdermal patch loaded with 
CaCitNPs-encapsulated ALA has promising potential for improving the 
efficacy of subcutaneous fat reduction. In this study, we further develop 
and clinically evaluate a transdermal patch based on a nanoparticle 
delivery system. This patch is constructed from a biocellulose membrane 
loaded with CaCitNPs-encapsulated ALA. The objective is to assess the 
safety and efficacy of this innovative modality in reducing subcutaneous 
fat accumulation, offering a promising approach to localized fat reduc
tion in the context of obesity management.

2. Material and methods

2.1. Preparation and characterization of ALA-loaded CaCitNPs

The protocol for the preparation of the ALA-CaCitNPs solution was 
modified from our previous study. Briefly, 100 mg of ALA (Sigma- 
Aldrich, MA, USA) were dissolved in a 0.375 M NaOH solution and then 
treated with a 1.00 M trisodium citrate solution at room temperature for 
10 min. Next, 3.25 mL of a 2.00 M calcium chloride solution was added 
to the solution while stirring. After a milky suspension was created, it 
was stirred for an additional 30 min at room temperature. The solution 
was centrifuged, and the residual solid was washed with deionized water 
before being vacuum-dried overnight; the resulting product was a white 
solid. To characterize the particle size and shape, an ALA-CitNPs solu
tion was analyzed under a Hitachi H-7650 transmission electron mi
croscope (TEM) equipped with a charge-coupled device (CCD) camera 

(Hitachi High-Technologies Corporation, Tokyo, Japan). The surface 
charge of CaCitNPs was measured by the zeta-potential Malvern Zeta
sizer Nano Series (Malvern Panalytical, Malvern, UK).

2.2. In vitro cytotoxicity analysis of ALA-loaded CaCitNPs

In this study, the PrestoBlueTM cell viability assay was conducted to 
determine the effect of ALA-CaCitNPs on cellular viability (Invitrogen, 
CA, USA). Human cell types, including keratinocytes (HaCaT) and 
human dermal fibroblast cells (HDFa), were utilized. All cells were 
seeded at a density of 5x103 cells in 45 μL cell culture media in 96-well 
plates and incubated for 24 h to allow cell adhesion. Cells were stimu
lated with ALA, CaCitNPs, and CaCitNPs loaded with ALA for 24 h. As a 
negative control, untreated cells were employed. The reducing envi
ronment within metabolically active cells converts the non-toxic resa
zurin in the PrestoBlue reagent to an intensely red-fluorescent dye. 
Fluorescence intensity was measured with a microplate reader with 
excitation at 560 nm and emission at 560 nm (Thermo, Varioskan Flash 
Multimode, MA, USA).

2.3. Preparation of intervention and in vitro ALA released profile

The biocellulose transdermal patch used in this study was produced 
at the Nanobiomedicine Laboratory, Faculty of Medicine, Chula
longkorn University, Thailand. The transdermal patch contained ALA 
incorporated with CaCitNPs solution, while the placebo contained 
deionized water. The 8 × 8 cm membranes were soaked in an ALA- 
CaCitNPs solution and shaken at 100 rpm, room temperature, for 12 h 
to allow the complete absorption of the solution. After the total solution 
absorption, the SEM analysis of the CaCitNPs-encapsulated ALA trans
dermal patch was determined by the JSM 6480LV scanning electron 
microscope (Jeol, Tokyo, Japan). The percent release of ALA from the 
patch was measured with a microplate reader (Thermo, Vari-oskan Flash 
Multimode, MA, USA) at 330 nm absorbance. The ALA series concen
trations were prepared for use as standard curves. ALA-CaCitNPs solu
tion-loaded patches were tested for drug profile release in sodium 
acetate buffer (pH 4.55 and 5.45 to mimic natural skin pH); the unloa
ded patch was also prepared as a normalization control. The level of 
release of ALA was calculated as a percentage accumulation at each time 
point.

2.4. Study design and ethical approval of the study

This double-blind, placebo-controlled study aimed to investigate the 
efficacy and safety of CaCitNPs-encapsulated ALA transdermal patches 
in reducing subcutaneous fat accumulation. This study was conducted 
according to the guidelines established in the Declaration of Helsinki, 
the CONOSRT guidelines for clinical trial reporting. The trial design was 
registered with ClinicalTrials.gov (NCT03062163). Ethical approval for 
the study was obtained from the Research Ethics Review Committee for 
Research Involving Human Research Participants, Health Sciences 
Group, Chulalongkorn University (approval number 122.1/59) in 
accordance with the International Conference on Harmonization-Good 
Clinical Practice (ICH-GCP).

2.5. Study participants

Overweight volunteers were recruited through advertisements. The 
eligibility criteria included having a BMI (body mass index) of more than 
25 kg/m2 and being over 18 years old. Participants were excluded if they 
had an underlying disease, chronic health condition, participated in 
other weight loss programs, were prescribed any weight loss medication, 
were pregnant or lactating, or had a history of being clinically allergic to 
ALA and calcium citrate. After receiving a full explanation of the pur
pose and nature of all procedures involved, the volunteers signed a 
written informed consent form prior to their participation in this study. 
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The sample size for this study was calculated using G*Power 3.1.9.4 
software, which is widely used for determining sample sizes in clinical 
trials. A two-tailed hypothesis test was employed with the following 
parameters: alpha (α): 0.05 (5 % significance level), power (1-β): 0.95 
(95 % statistical power), effect size (Cohen’s d): 0.7, which was calcu
lated based on the difference change in fat thickness as observed in the 
previous study [28], and allocation ratio: 1:1 between the treatment and 
placebo groups. Using these parameters, the sample size was calculated 
to be 55 participants per group. To account for potential dropouts, we 
enrolled 58 participants per group, resulting in a total of 116 
participants.

2.6. Randomization and blinding

The study applied a simple random sampling approach to randomly 
assigned participants into one of two groups: the treatment group, which 
received the CaCitNPs-encapsulated ALA transdermal patch, or the 
placebo group. Randomization was performed in a 1:1 ratio using a 
computer-generated randomization sequence. An independent 
researcher, who was not involved in any other aspects of the study, 
oversaw this process to ensure that treatment allocation remained 
concealed from both the participants and the research team. To maintain 
blinding, both the placebo and the CaCitNP-encapsulated ALA patch 
were identical in appearance, texture, and packaging, preventing par
ticipants and researchers from distinguishing between the two. All 
participants were blinded to their group assignments throughout the 
study. The researchers who conducted the assessments of body mea
surements and analyzed the data were also blinded to the treatment 
allocation to minimize any bias in the outcome evaluations. Blinding 
was maintained until the completion of the data analysis phase.

2.7. Procedure

The study period consisted of a 2-week treatment phase in which the 
participants were either given the placebo or the CaCitNPs-encapsulated 
ALA transdermal patch. Each participant was instructed to place the 
patches for 6 h per day on the inner side of their upper arms. Assess
ments of body weight, height, blood lipid profile (cholesterol, triglyc
eride, HDL, and LDL), arm circumference, triceps skin fold, and 
subcutaneous fat thickness of participants were recorded at baseline and 
at the 2-week follow-up. Arm circumference was measured from the 
midpoint between the tip of the acromial process and the tip of the 
olecranon; the triceps skin fold and thickness of the subcutaneous fat 
layer were measured at the posterior surface in the same area as the 
measurement of arm circumference. A marking pen was used for 
marking out areas of measurement. Triceps skin fold was assessed using 
Harpenden skinfold calipers, and subcutaneous fat thickness was 
measured by ultrasound (GE LogiQ P6 Ultrasound System, GE Health
care). Measurements of arm circumference, triceps skin fold, and sub
cutaneous fat thickness were taken three times and averaged at both 
baseline and after two weeks. The blood lipid profile, including total 
cholesterol, triglyceride, high-density lipoprotein (HDL), and low- 
density lipoprotein cholesterol (LDL), was investigated by the Depart
ment of Laboratory Medicine, King Chulalongkorn Memorial Hospital, 
Bangkok, Thailand, following the standard protocol. During the study 
period, participants were instructed to maintain their usual lifestyle.

2.8. Statistical analysis

The Kolmogorov-Smirnov test (with Dallal-Wikinson-Lilliefor P 
value) was used to evaluate abnormal data distribution, and the paired 
T-test was used to evaluate normal data distribution. Abnormally 
distributed data was analyzed using the Wilcoxon signed rank test. 
Analysis for the mean and standard deviations of each parameter was 
performed using GraphPad Prism statistical software version 9.5.1.

3. Results

3.1. Characterization of ALA-loaded CaCitNPs

The size and morphology of the ALA-loaded CaCitNPs were observed 
by TEM analyses. The TEM photograph of ALA-loaded CaCitNPs 
revealed that the NPs had a spherical morphology with a diameter of 
approximately 20 nm (Fig. 1A). Zeta potential measurements showed 
that CaCitNPs presented a negative surface charge (− 24.7 mV) (Fig. 1B).

3.2. In vitro cytotoxic effect of ALA-loaded CaCitNPs

The viability of HaCaT and HDFa cells following exposure to ALA, 
CaCitNPs, and ALA-loaded CaCitNPs for 24 h is shown in Fig. 2A and B, 
respectively. Exposure to H2O2 significantly decreased the viability of 
HaCaT and HDFa cells, whereas ALA, CaCitNPs, and ALA-loaded 
CaCitNPs showed no obvious toxicity compared to the control group.

3.3. Characterization of a CaCitNPs-encapsulated ALA transdermal 
patch

The CaCitNPs-encapsulated ALA transdermal patch used in this study 
was prepared by loading ALA-CaCitNPs solution on an 8 × 8 cm bio
cellulose membrane, as shown in Fig. 3. The SEM morphologies of 
biocellulose membranes are shown in Fig. 4A. The SEM photograph of 
the prepared ALA-loaded CaCitNPs patch showed the distribution of 
ALA-CaCitNPs on the membrane (Fig. 4B).

3.4. Drug release profile of ALA-loaded CaCitNPs

The release profile of ALA from CaCitNPs-encapsulated ALA-loaded 
membranes in a sodium acetate buffer solution is shown in Fig. 5. In the 
first 30 min, 30 % of free ALA was released, and >60 % of free ALA was 
released after 180 min. This demonstrates the continuous release of ALA 
from the biocellulose transdermal patches.

3.5. General characteristics of the study participants

Of the 122 eligible participants screened for inclusion in the trial, 
116 were enrolled and randomly assigned to one of two study groups. In 
group I, 58 participants received a CaCitNPs-encapsulated ALA trans
dermal patch, whereas in group II, 58 participants received a placebo 
patch. Out of the 116 eligible participants, 10 dropped out by the last 
follow-up, and the data from the two participants who did not complete 
the study’s interventions were excluded. In total, the data from 52 
participants in group I and 52 participants in group II were collected and 
analyzed (Fig. 6). 97 % of all participants were female. The demographic 
and baseline clinical characteristics of the participants are shown in 
Table 1. The mean age of all participants was 37.96 + 7.80 years, and 
the mean height was 1.59 + 0.07 m. The mean body weight and body 
mass index of the participants were 73.69 + 12.47 kg and 29.04 + 4.04 
kg/m2, respectively. No obvious trend was observed between the two 
groups. All the demographic and clinical characteristic parameters did 
not significantly change between baseline and the 2-week follow-up.

3.6. Effect of ALA-loaded CaCitNPs

To evaluate the effectiveness of the transdermal patch in reducing 
subcutaneous fat volume, three parameters of arm circumference, tri
ceps skinfold, and thickness of the subcutaneous fat layer were measured 
as objective outcomes. The results were analyzed by comparing data 
between baseline and 2 weeks after using the patch. In addition, the 
mean differences in pre- and post-intervention were compared between 
the placebo and treatment groups, as shown in Table 2. At the 2-week 
follow-up, the mean arm circumference did not show significant 
change compared to baseline, and both the mean circumferences of the 
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two groups from before and after treatment showed no significant dif
ference from placebo (− 0.04 ± 1.31; − 0.17 ± 0.96, p = 0.172). How
ever, triceps skinfold showed a significant reduction after two weeks of 
intervention compared to placebo (− 0.58 ± 1.97; 0.29 ± 3.01, p =
0.010), and a significant reduction in subcutaneous fat thickness was 
also observed from the ultrasonography (− 0.19 ± 0.23; − 0.10 ± 0.25, 
p = 0.007). The example photos demonstrate the reduction in the sub
cutaneous fat layer after the 2-week intervention (Fig. 7).

3.7. Blood lipid profile

To evaluate the effect of the transdermal patch on the systemic 
reduction of fat, the blood lipid profiles, including low-density lipo
protein (LDL), high-density lipoprotein (HDL), triglyceride, and total 
cholesterol, of the participants were evaluated. The mean values for four 
basic blood lipid parameters are shown in Table 3. When comparing 
data between baseline and follow-up outcomes, there were no 

Fig. 1. Characterization of ALA-loaded CaCitNPs by TEM; the scale bar indicates 200 nm (A) and zetasizer (B).

Fig. 2. Effect of ALA-loaded CaCitNPs on the viability of HaCaT cells (A) and HDFa cells (B) at 24 h of exposure.

Fig. 3. The ALA-loaded CaCitNPs transdermal patch used in the study.
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Fig. 4. Representative SEM micrographs of the CaCitNPs-encapsulated ALA transdermal patch. (A) SEM image of the biocellulose membrane loaded with DI water. 
(B) SEM image of a biocellulose membrane loaded with ALA-CaCitNPs.

Fig. 5. The in vitro release profile of ALA from transdermal patches.

Fig. 6. Flow diagram of the study participants.
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significant changes in blood lipid profile in both the placebo and 
CaCitNPs-encapsulated ALA transdermal patch-treated groups. While 
the mean differences between pre- and post-intervention were no sig
nificant changes in the participants’ plasma LDL, HDL, and triglyceride 
levels, total cholesterol levels were significantly reduced compared to 
placebo (3.94 ± 5.37; − 0.44 ± 1.90, p = 0.0001).

3.8. Adverse events

The post-treatment evaluation of the treatment area revealed that no 
participants experienced any adverse effects from using the transdermal 
patch. Within the treatment group, two participants complained of 
localized itching at the patch application site, which resolved sponta
neously after removing the intervention. Overall, participants reported 
satisfaction with the transdermal patch.

4. Discussion

In this study, we developed an CaCitNPs-encapsulated ALA trans
dermal patch as a painless yet effective intervention for reducing human 
subcutaneous adipose tissue. The efficacy and safety of the CaCitNPs- 
encapsulated ALA transdermal patch were clinically evaluated. Our re
sults revealed that the thickness of the subcutaneous fat layer and triceps 
skinfold had decreased in the area exposed to the transdermal patch. 
There were no reports of any adverse side effects resulting from the use 
of this transdermal patch. One of the assessment outcomes, which 

Table 1 
Baseline characteristics of the participants.

Variables Placebo Transdermal 
patch

Total

Mean + SD (n 
= 52)

Mean + SD (n =
52)

p- 
Value

Mean + SD 
(n = 104)

Age (year) 38.88 ± 8.34 37.04 ± 7.19 0.229 37.96 ± 7.80
Weight (kg) 72.96 ±

12.65
74.41 ± 12.37 0.556 73.69 ±

12.47
Height (m) 1.59 ± 0.07 1.58 ± 0.07 0.657 1.59 ± 0.07
Body mass index 

(kg/m2)
28.67 ± 4.29 29.41 ± 3.77 0.352 29.04 ± 4.04

Table 2 
Outcome variables at time of recruitment and 2 weeks follow up of placebo or CaCit-NPs-encapsulated ALA transdermal patch treatment.

Placebo Transdermal patch Mean differences between baseline and 2 
week follow-up

Baseline 2-week follow- 
up

p- 
Value

Baseline 2-week follow- 
up

p- 
Value

Placebo Transdermal 
patch

p- 
Value

Arm circumference (mean ± SD, cm) 30.48 ±
3.46

30.31 ± 3.76 0.242 30.31 ±
3.53

30.26 ± 3.79 0.828 − 0.17 ±
0.96

− 0.04 + 1.31 0.172

Triceps skinfold (mean ± SD, mm) 28.83 ±
6.05

29.12 ± 7.03 0.809 28.42 ±
6.25

27.84 ± 5.93a 0.036 0.29 ± 3.01 − 0.58 ± 1.97a 0.010

Subcutaneous fat thickness (mean ±
SD, cm)

1.29 ± 0.49 1.18 ± 0.48b 0.005 1.29 ± 0.49 1.09 ± 0.37c 0.0001 − 0.10 ±
0.25

− 0.19 ± 0.23b 0.007

a p < 0.05.
b p < 0.01.
c p < 0.001.

Fig. 7. Ultrasonography of the representative participant at pretreatment (A) and after 2 weeks of treatment with a CaCitNPs-encapsulated ALA transdermal 
patch (B).

Table 3 
Blood lipid profile of the participants before and after the intervention.

Placebo Transdermal patch Mean differences between baseline and 2 week 
follow-up

Baseline 2-week follow- 
up

p- 
Value

Baseline 2-week follow- 
up

p- 
Value

Placebo Transdermal 
patch

p- 
Value

Cholesterol 206.50 ±
29.11

206.9 ± 29.20 0.938 206.30 ±
28.48

202.30 ± 27.05 0.470 − 0.44 ±
1.90

3.94 ± 5.37a 0.0001

High-density lipoprotein 
(HDL)

48.37 ± 7.69 48.10 ± 7.10 0.853 48.17 ± 7.57 48.04 ± 6.90 0.924 0.26 ± 2.28 0.13 ± 2.20 0.760

Triglyceride 163.00 ±
62.90

162.90 ± 62.30 0.991 162.20 ±
62.79

160.80 ± 60.64 0.912 0.13 ± 2.74 1.32 ± 4.27 0.094

Low-density lipoprotein 
(LDL)

130.00 ±
19.16

129.3 ± 17.92 0.845 129.6 ± 20.89 129.0 ± 20.67 0.876 0.71 ± 2.96 0.63 ± 1.60 0.869

a p < 0.0001.
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showed no significant decrease after using the patch, is arm circumfer
ence. However, it is difficult to interpret the changes in upper arm 
muscles, laxity of skin, and subcutaneous fat volume by measuring the 
circumference of the arm.

The participants’ blood lipid profile at the 2-week follow-up had 
significantly reduced total blood cholesterol. However, this statistical 
significance may not be clinically significant, as drug interventions to 
lower blood cholesterol levels should have a potency of 30 % or more. 
This is in accordance with previous studies that showed oral adminis
tration of ALA could improve lipid profiles [29,30]. Although not all 
blood lipid parameters showed statistically significant changes, plasma 
LDL, HDL, and triglyceride levels demonstrated trends toward 
improvement, consistent with findings from other studies. ALA supple
mentation has been linked to positive effects on lipid metabolism and 
weight loss. However, similar to our results, a previous trial of ALA 
supplementation reported no significant reduction in plasma triglycer
ide levels, despite observing other beneficial outcomes, such as weight 
loss [31,32]. These findings suggest that while ALA may favorably in
fluence lipid profiles and body composition, its effects on specific lipid 
parameters, such as triglycerides, may be limited or require a longer 
treatment duration to achieve significant results.

The original prototype of the transdermal patch of a nanoparticle- 
based drug delivery system demonstrated its effectiveness in subcu
taneous adipose tissue reduction. Though there were no scientific re
ports on this innovative strategy in animal models, our results suggest 
that the transdermal patch may be an efficacious and safe subcutaneous 
fat reduction intervention for humans. The efficacy of the CaCitNP- 
encapsulated ALA transdermal patch might result from ALA’s ability 
to reduce fat accumulation via both direct and indirect mechanisms. 
ALA has been well-established as a potent antioxidant that plays a 
crucial role in mitochondrial bioenergetic reactions, enabling it to 
scavenge reactive oxygen species (ROS) and regenerate endogenous 
antioxidants such as glutathione [33,34]. In addition, ALA has been 
shown to modulate several biochemical pathways associated with fat 
metabolism, promoting fat oxidation, reducing lipid synthesis, and 
improving insulin sensitivity, all of which contribute to its anti-obesity 
effects [33,35]. These effects are likely mediated by the interaction of 
ALA with signaling pathways such as AMPK and PPAR, which play 
essential roles in energy homeostasis and fat metabolism [35,36]. The 
ability of ALA to regulate these pathways may help explain the im
provements in body composition and fat reduction observed in this 
study.

In this study, we delivered ALA topically using a nanoparticle-based 
drug delivery system, which offers several advantages over oral sup
plementation, including improved absorption and bioavailability. Oral 
administration of ALA is often limited by poor absorption and first-pass 
metabolism in the liver, resulting in lower therapeutic efficacy [36]. By 
contrast, the localized delivery of ALA through a transdermal patch 
bypasses the digestive system and the first-pass effect, allowing for more 
effective targeting of subcutaneous adipose tissue. The use of nano
particle formulations can significantly improve the stability and 
controlled release of ALA, ensuring prolonged exposure to the target 
tissues [37]. The nanoparticle-based delivery system used in this study 
has been reported to be outstanding materials for drug delivery due to 
their high availability, low cost, safety, biocompatibility, and slow 
biodegradability [25–27]. Nanoparticles with smaller particle sizes, 
such as the CaCitNPs used in this study, are effective in crossing the 
stratum corneum and reaching subcutaneous fat tissue, which could 
enhance bioavailability and therapeutic efficacy [26]. Although the 
penetration mechanisms of the compounds in this transdermal patch are 
still unknown, our in vitro drug release investigation revealed sustained 
release of ALA from the patch at pH 4.5 and 5.4, which is the natural skin 
pH [38]. This may explain the significant reduction in triceps skinfold 
thickness and subcutaneous fat layer observed in our study, despite the 
short duration of the intervention.

Although the results of this study are promising, several limitations 

should be acknowledged. The short duration of the study may not have 
been sufficient to capture long-term changes in fat metabolism or blood 
lipid profiles. Additionally, the sample size was relatively small, and 
future research with a larger population may yield more robust findings. 
Further studies should also explore the effectiveness of the CaCitNP- 
encapsulated ALA transdermal patch in other areas of the body and 
over longer periods to assess its long-term efficacy and safety.

5. Conclusion

In summary, according to the nanoparticle characterization, 
CaCitNPs-encapsulated ALA was successfully prepared. Our results 
showed that neither CaCitNPs nor ALA-loaded CaCitNPs are obviously 
cytotoxic toward human cells, including HaCaT and HDFa. The in vitro 
release profile revealed a sustained release of ALA from CaCitNPs. Our 
data demonstrated that the CaCitNPs-encapsulated ALA transdermal 
patches are effective in reducing subcutaneous fat in the arms. Based on 
these findings, this novel strategy could be used as a convenient and 
effective home-based solution for reducing subcutaneous fat 
accumulation.
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