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This study aimed to evaluate the effect of gold nanoparticles 
(AuNPs) stabilized by citrate ions (Ci-AuNPs) and chitosan  
(CS-AuNPs) on skin permeation of a protein drug, albumin-
fluorescein isothiocyanate conjugate (FITC-BSA). Ci-AuNPs and  
CS-AuNPs were prepared by the Turkevich method and microwave-
assisted method, respectively. The particle size, surface charge, and 
morphology of the AuNPs were investigated. The skin permeation 
study through the porcine skin, skin permeation pathway, and the 
safety of the AuNPs were examined using vertical Franz diffusion 
cells, confocal laser scanning microscopy (CLSM), and MTT assay, 
respectively. AuNPs had a spherical shape with size ranging in a nano-
scale (<100 nm). Ci-AuNPs exhibited negatively charged surfaces, 
while CS-AuNPs were positive. A co-delivery of FITC-BSA with CS-
AuNPs showed approximately 3.5-fold greater permeability than the 
FITC-BSA alone. Interestingly, no significant improvement was 
observed from Ci-AuNPs co-delivery. The CLSM visualization 
suggested that the delivery of the model protein was enhanced 
through the transepidermal pathway. Furthermore, the CS-AuNPs 
presented no significant cytotoxicity toward normal human 
fibroblasts. Above all, the developed CS-AuNPs were proposed to be 
safe and effective nanosystem as a skin permeation enhancer for the 
transdermal delivery of proteins. 
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INTRODUCTION 

Transdermal delivery has several advantages over the oral route. For 
example, drugs administered via the oral route could be degraded by gastric 
enzymes and undergo first-pass metabolism. Furthermore, skin is a convenient 
route for self-drug administration which could increase patient compliance 
(Alkilani et al., 2015). However, the barrier function of the skin is the main 
obstacle for transdermal delivery, particularly for drugs that are hydrophilic 
and have a large molecular weight, such as proteins. The outermost layer of 
the skin, known as the stratum corneum (SC), provides the natural barrier that 
protects the body from harsh environments (Jeong et al., 2021). The SC is 
assembled from corneocytes and the extracellular lipid matrix that are aligned 
like brick and mortar. Those two components are tightly packed, and the 
dermal absorption is limited to only specific molecules with favorable 
properties, e.g., MW <500 Da and log P value of 1-4 (N'Da, 2014; Ellison  
et al., 2020; Supe and Takudage, 2021). With the aim of overcoming this 
problem, novel strategies for effective dermal delivery have been developed.  

Nanoparticles (NPs) have been employed to improve transdermal 
delivery. In general, they can be divided into lipid-based NPs, polymeric NPs, 
and metallic NPs. In the field of nanosystems, gold NPs (AuNPs) have been 
widely studied in pharmaceutical and biomedical applications since they provide 
good stability and biocompatibility. AuNPs are defined as nano-size gold 
particles (1-100 nm) that are dispersed in water, making colloidal gold 
solutions (Chen et al., 2014; Hu et al., 2020). The surface chemistry of AuNPs 
can be modified for various purposes, and AuNPs have shown to improve 
transdermal drug delivery by acting as carriers and permeation enhancers 
(Milan et al., 2022). Also, their surface can be functionalized with various 
molecules such as polymers, surfactants, and biomolecules, e.g., 
polysaccharides (Alba-Molina et al., 2019). Chitosan (CS) is an amino 
polysaccharide derived from the shells of crabs and shrimps (He et al., 2009; 
Caramella et al., 2010; Lee et al., 2021). Due to its safety and biocompatibility, 
CS has been widely studied in medical field such as for the treatment of 
gingivitis (Li et al., 2022), wound regeneration (Elwakil et al., 2020; Yin et al., 
2020), and ocular drug delivery (Khangtragool et al., 2008, 2009). 
Furthermore, CS has been used as a stabilizing agent in AuNP synthesis, and 
CS-stabilized AuNPs were widely studied to be used in the biomedical field; 
thus, only a few studies have focused on their use in transdermal delivery 
(Katas et al., 2018). A study by Jaber et al. (2021) demonstrated that AuNPs 
capped with CS could enhance the skin permeability of ibuprofen lysate salt 
over 7 times compared to drug solution. In the case of protein delivery,  
CS-reduced AuNPs were previously reported to increase insulin permeation 
across the nasal mucosa for 3-4 times greater than free insulin (Bhumkar  
et al., 2007). However, to the best of our knowledge, there has been no 
insightful investigation on CS-stabilized AuNPs (CS-AuNPs) for transdermal 
delivery. Hence, the aim of this study was to demonstrate the effect of  
CS-AuNPs compared to citrate-stabilized AuNPs (Ci-AuNPs) on the skin 
permeability of a model protein drug, albumin-fluorescein isothiocyanate 
conjugate (FITC-BSA). The physicochemical characteristics, skin permeation 
pathway, and cytotoxicity of CS-AuNPs were examined.  
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MATERIALS AND METHODS 

Materials 

Gold (III) chloride trihydrate (HAuCl4·3H2O, MW = 393.83), fluorescein 
isothiocyanate conjugated bovine serum albumin (FITC-BSA, MW of albumin = 
66 kDa and MW of FITC = 389.4 Da), sodium citrate, low MW chitosan  
(MW = 50 -190 kDa, 75-85% degree of deacetylation), and other analytical 
grade chemicals were bought from Sigma-Aldrich (MA, USA).  Normal human 
fibroblasts (NHF) were purchased from ATCC® (VA, USA). Naturally died 
neonatal pigs were obtained from Charnchai Farm, Ratchaburi, Thailand. All 
chemical agents used were analytical grade. 

Synthesis of AuNPs 

Citrate stabilized-AuNPs (Ci-AuNPs) 
 Ci-AuNPs were synthesized using the Turkevich method. In brief, 95 mL  
of 0.25 mM gold (III) chloride solution and 5 mL of 1% wt sodium citrate were 
prepared independently in separate flasks. Next, the flask containing the 
HAuCl4 solution was covered with a petri dish and heated until boiled 
(approximately 100°C), then trisodium citrate solution was added. The mixture 
solution was constantly heated with mechanical stirring for 2-5 min until the 
solution changed from light yellow to red ruby color, which indicated the 
transformation of Au3+ to Au0. The gold colloidal solution was cooled in an ice 
bath and stored at 4°C until use. 

Chitosan stabilized-AuNPs (CS-AuNPs) 
 The microwave-assisted synthesis was employed to synthesize the  
CS-stabilized AuNPs (CS-AuNPs). The method was conducted as reported  
by Thanayutsiri et al. (2020). Briefly, 5 mL of low MW CS solution (0.1%wt in 
1% acetic acid) and 0.75 mL of 10 mM HAuCl4 solution were combined in a 
microwave synthesizer glass tube, and a magnetic stirring bar was added. 
Then, the tube containing the mixture solution was covered with a lid and 
irradiated with vigorous stirring for 100 sec at 125°C in a microwave 
synthesizer (Discover SP, CEM Corporation, USA). The gradual change of color 
from light yellow to ruby red suggested the reduction of Au3+ to Au0, indicating 
the formation of CS-AuNPs. The obtained gold colloidal solution was cooled 
immediately in an ice bath and placed at 4°C until use. 

Characterization of AuNPs 

 The particle size, surface charge, and morphology of the AuNPs were 
investigated. Hydrodynamic diameter, polydispersity index (PDI), and zeta 
potential (ZP) were measured by zetasizer (Nano ZS, Malvern, UK). The 
morphology of the synthesized AuNPs was observed under a transmission 
electron microscope (TEM) (Philips TECNEI 20, FEI Co., Eindhoven, 
Netherlands) with a voltage of 100 kV and magnification of 135k. The AuNPs 
were dropped on a copper grid and dried overnight at room temperature prior 
to the observation with TEM. All measurements were carried out in triplicate 
and reported as mean ± SD.  

In vitro skin permeability of FITC-BSA 

 The abdominal area of the obtained dead neonatal pig was dissected and 
used for the in vitro permeation test (IVPT). The subcutaneous fat layer was 
cut using scissors and a surgical blade. The skin was kept at -20°C and thawed 
with phosphate-buffered solution (PBS, pH 7.4) at room temperature before 
use. The experiment was employed using the Vertical Franz diffusion cells. 
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First, the receptor reservoir was filled with 6 mL of PBS, and the skin was fixed 
between the receptor and donor compartments with the SC facing upward.  
The temperature of the receptor fluid was controlled by circulating water 
through the water jacket connecting to a bath circulator (WiseCircu® WCR-P6, 
Daihan Scientific Co., Seoul, South Korea) to maintain the skin temperature at 
32 ± 1 °C. FITC-BSA in the aqueous solution was used as a control. The donor 
solutions were prepared by simply mixing FITC-BSA with Ci-AuNPs, CS-AuNPs, 
or CS solution. The final concentration of FITC-BSA was 1 mg/mL in all groups. 
Then 1 mL of the donor solution was added to the donor compartment. The 
fluid in the receptor section (0.5 mL) was collected at designated time intervals 
(1-24 h) for drug quantification. After each sampling, an equivalent volume of 
fresh PBS was added back to the receptor reservoir. Each experimental group 
was performed in triplicate. Cumulative drug permeated through the skin was 
plotted against time. The transdermal flux at steady state (J) was calculated 
from the slope of the linear portion of the graph. The enhancement ratio (ER) 
was calculated using equation 1. AuNPs that provided the greatest ER were 
selected for further investigations. 

ER =  JB
JA

     (1) 

Where JB is the transdermal flux at a steady state of FITC-BSA  
co-delivered with Ci-AuNPs, CS-AuNPs, or CS solution. JA is the transdermal 
flux at a steady state of the control (FITC-BSA alone). 

FITC-BSA assay 

FITC-BSA was prepared by dissolving in PBS and diluted to different 
concentrations. Then 100 µL of the FITC-BSA solution was placed in a 96-well 
plate and assayed using a fluorescence spectrophotometer (VICTOR NivoTM 
microplate reader, PerkinElmer, Germany) with the excitation and emission 
wavelength of 495 and 515 nm, respectively. The concentration of FTIC-BSA 
was computed using a standard curve in the range of 10-50 µg/mL with  
R2 > 0.999. 

Confocal laser scanning microscopy (CLSM) visualization 

The skin permeation characteristics of FITC-BSA were investigated based 
on its fluorescence property using CLSM (Zeiss LSM 800 Airy scan, Carl Zeiss, 
Jena, Germany). The whole pig skin that covered both follicular and non-
follicular region was treated with FITC-BSA (0.1 %wt) using the Franz diffusion 
apparatus, and the drug was allowed to penetrate for 2 h. Later, the skin was 
collected, and the excessed drug was eliminated by washing with PBS and 
wiping with tissue paper. To investigate with CLSM, the immersion oil was 
dropped on the glass slide, where the collected skin was mounted with the SC 
facing toward the objective lens. The images of each skin layer were captured 
in an x-y plane along with the z-axis. ZEN 2 (Blue edition) software was used 
to render the 3D images. 

Cytotoxicity of AuNPs 

 The cytotoxicity towards NHF of the selected AuNPs was performed by MTT 
assay. Firstly, the cells were grown in a 96-well plate and seeded to a density 
of 10,000 cells/well and incubated under a 5% CO2 atmosphere for 24 h. Next, 
the cells were incubated with 100 µL of AuNPs (5-75 µg/mL) for 24 h. After 
that, the cell viability was assessed by replacing the medium with MTT solution 
(0.5 mg/mL in the medium) and further incubated for 3 h. Finally, the MTT 
solution was removed and replaced with 100 µL of DMSO. The absorbance was 
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measured at 550 nm using a microplate reader (VICTOR NivoTM microplate 
reader, PerkinElmer, Germany). The percentage of cell viability was calculated 
using equation 2, and the untreated cell was used as a control. 

% Cell viability =
AbsAuNPs
Abscontrol

× 100                       (2) 

Statistical analysis 

Each experiment was carried out in triplicate, and the results were 
reported as mean ± S.D. The data analysis was employed using analysis of 
variance (ANOVA), followed by followed by Tukey's test for post-hoc analysis. 
Statistical difference was indicated when P < 0.05. 

RESULTS 

Characterization of AuNPs 

Ci-AuNPs and CS-AuNPs used in the present study were synthesized 
based on a chemical reduction approach. The Au3+ ion was reduced to Au0  
by the reducing agents and stabilized by the stabilizing agents. Citrate ions and 
CS acted as reducing and stabilizing agents for Ci-AuNPs and CS-AuNPs, 
respectively. The resulting AuNPs appeared in ruby red color. The 
hydrodynamic diameter of AuNPs was determined by measuring their particle 
size using dynamic light scattering (DLS). The polydispersity index (PDI) was 
also measured to indicate the size distribution. Furthermore, the zeta potential 
(ZP) value was determined using a Zetasizer to measure the surface charge of 
both Ci-AuNPs and CS-AuNPs. The hydrodynamic diameter, PDI, and ZP of 
AuNPs were presented in Table 1. 

Table 1. Hydrodynamic diameter, PDI, and ZP of Ci-AuNPs and CS-AuNPs. 

Formulations Hydrodynamic 
diameter (nm) 

PDI ZP (mV) 

Ci-AuNPs 36.51 ± 1.67 0.50 ± 0.01 -30.27 ± 1.37 

CS-AuNPs 41.08 ± 0.88 0.28 ± 0.01 +30.97 ± 1.29 

 

The morphology of the AuNPs observed under TEM is presented in  
Figure 1. The synthesized AuNPs are spherical, and the particles were 
confirmed to be within the nano-scale with no aggregation found. 
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Figure 1. TEM images of (A) Ci-AuNPs and (B) CS-AuNPs at 135k × magnification. 

In vitro skin permeability study 

The skin permeation profile and the enhancement ratio (ER) of FITC-BSA 
were presented in Figure 2 and Figure 3, respectively. The results revealed that 
CS-AuNPs could improve the permeability of FITC-BSA through the pig skin 
with the ER of 3.51 ± 1.27, and no enhancement effect was noticed from the 
Ci-AuNPs or the CS solution. Furthermore, it was confirmed that the particle 
size and zeta potential of both Ci-AuNPs and CS-AuNPs remained unchanged 
during the skin permeation experiment at 32°C, indicating their stability 
throughout the duration of the experiment. 

Figure 2. The skin permeation profiles of FITC-BSA co-delivered with 
CS-AuNPs, Ci-AuNPs, and CS solution. FITC-BSA in an aqueous solution 
was used as a control. Each data point represents the mean ± SD (n=3). 
*P<0.05 vs control.
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Figure 3. The enhancement ratios of FITC-BSA co-delivered with  
CS-AuNPs, Ci-AuNPs, and CS solution. Each value represents the mean ± 
SD (n=3). *P<0.05 vs Ci-AuNPs, #P<0.05 vs CS solution. 
 

CLSM visualization of skin permeation 

According to the result of skin permeation study, it was found that only  
CS-AuNPs had the ability to enhance the skin permeation of FITC-BSA. 
Therefore, they were chosen for further investigation in the CLSM study. In this 
CLSM study, the effect of CS-AuNPs on FITC-BSA permeation behavior was 
investigated. FITC-BSA was seen as a green fluorescence under CLSM.  
The follicular and non-follicular segments were the regions of interest 
observed. The three-dimensional CLSM images of FITC-BSA permeation when 
co-delivered with CS-AuNPs and FITC-BSA alone (control) were presented in 
Figure 4. At the non-follicular regions, higher fluorescence intensity was 
perceived after the co-treatment with CS-AuNPs for 2 h (Figure 4B) compared 
to the control (Figure 4A). However, no significant difference in skin permeation 
was observed between the FITC-BSA and CS-AuNPs codelivery with FITC-BSA 
in the follicular region (data not shown). 

 

Figure 4. CLSM images of FITC-BSA permeation at non-follicular region  
(the circled area) of (A) control (B) FITC co-delivered with CS-AuNPs. 
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Cytotoxicity of CS-AuNPs 

The MTT assay was used to evaluate the initial safety of CS-AuNPs toward 
human skin fibroblasts. From the results in Figure 5, no significant cytotoxicity 
was noticed after a 24-h period of treatment with the NPs at concentrations 
ranging from 5 to 75 µg/mL. It was noted from the skin permeability test that 
the concentration of CS-AuNPs exposed to the skin was 75 µg/mL; hence, this 
concentration was the highest concentration tested. 

 

Figure 5. Cell viability of NHF after the treatment with CS-AuNPs for 24 h. 

DISCUSSION 

The resulting gold colloidal dispersions appeared in ruby red-colored 
solutions due to the unique property of AuNPs known as surface plasmon 
resonance (SPR). In short, SPR is a phenomenon that the electrons of  
Au particles are excited by light which results in the absorption of the green 
light region and the reflection of the red-light wavelengths (Yeh et al., 2012; 
El-Sayed et al., 2016; Jeon et al., 2019). The results in Table 1 revealed that 
both Ci-AuNPs and CS-AuNPs were within a nano-size range (< 100 nm) with 
narrow size distribution. Considering the ZP of the AuNPs, Ci-AuNPs had a 
negative ZP of -30 mV because of the citrate ions stabilizing on the surfaces. 
In contrast, the CS-AuNPs expressed a positive ZP of +30 mV due to the 
protonated amine functional groups in the CS structure (Thanayutsiri et al., 
2020). According to the methods for AuNPs synthesis, the microwave-assisted 
method has several advantages over the conventional heating method using a 
hot plate. The conventional heating method has long been known to be 
inefficiency and time-consuming since the heat is slowly transferred by 
convection and conduction from the furnace to the reacting system. On the 
other hand, microwave could generate heat through direct interaction with 
material, resulting in faster and more energy-efficient reaction (Grewal et al., 
2013). 

For transdermal drug delivery, AuNPs could act as a permeation enhancer 
and improve the skin permeation of various molecules, ranging from small 
drugs to macromolecules. The potential mechanism of AuNPs might be related 
to the disruption of the lipid matrix and the formation of reversible channels in 
the SC, thus resulting in the allowance of external molecules to penetrate  
(Huang et al., 2010; Anirudhan and Nair, 2018). Moreover, the surface 
modification of AuNPs is considered one of the major keys in skin delivery 
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(Chen and Feng, 2022). Since Ci-AuNPs have been extensively researched for 
transdermal delivery and exhibit different physicochemical properties  
(e.g., surface charge), Ci-AuNPs were chosen as a comparison to CS-AuNPs 
(Sibuyi et al., 2021). The greater skin permeability provided by CS-AuNPs could 
be associated with their positive surface charge. As the skin is negatively 
charged under physiological conditions, the positively charged particles could 
conveniently interact with the skin via the electrostatic interaction. Also, such 
interaction could link to the disorder of the tight junction-associated proteins 
in the SC and result in increased drug permeation (He et al., 2009; Mikusova 
and Mikus, 2021). According to the results, CS-AuNPs provided the greatest 
permeability of the model protein, FITC-BSA. 

In general, exogenous molecules can penetrate the skin via two 
pathways, the transepidermal and transappendageal routes. The 
transepidermal route can be subclassified into two paths: transcellular (the 
permeation across the alternate layers of the lipid matrix and corneocytes) and 
intercellular pathway (the permeation through the lipid matrix layers between 
cells). Small lipophilic molecules usually diffuse through intercellular lipid 
matrix, where most hydrophilic drugs and large permeants are excluded. The 
transappendageal route included the permeation via hair follicles and sweat 
ducts, where the hydrophilic and large molecules can enter (Shaker et al., 
2019). FITC-BSA is a large hydrophilic permeant that predominantly diffuses 
via the follicular pathway but not the transepidermal route due to the SC lipid 
barrier. The CLSM images in Figure 4 suggested that CS-AuNPs could enhance 
the permeation of the hydrophilic protein via the transepidermal route and not 
the hair follicle route. The exact mechanism of CS-AuNPs is not clearly 
understood, but the previous reports suggested that AuNPs could alter the lipid 
organization in SC and thus increase the permeability (Huang et al., 2010; 
Anirudhan and Nair, 2018). Besides the SC, tight junctions (TJs) are also 
considered a barrier to transdermal drug delivery. TJ can be found in the 
epidermis and other epithelia, such as the inner ear membranes (Brandner  
et al., 2015; Bäsler et al., 2016; Yokouchi and Kubo, 2018). Previous in vivo 
study revealed that CS-AuNPs could impair TJ proteins (occludin and ZO-1 
protein) at the inner ear membrane of the mice and enhance the paracellular 
permeability (Lin et al., 2021). However, the effects of CS-AuNPs on the skin 
TJs have not yet been reported, and further investigations are needed. 

In vitro cytotoxicity of CS-AuNPs was evaluated using MTT assay, and the 
results could confirm the safety of CS-AuNPs at an initial stage of toxicity 
evaluation. However, further assessments, such as clinical safety, possible 
systemic effects, skin irritation, etc., should be investigated further, prior to 
the application of CS-AuNPs in the pharmaceutical and cosmetic industries. 

CONCLUSION 

The synthesized Ci-AuNPs and CS-AuNPs were achieved with good size 
and shape uniformity and had no cytotoxicity to toward human fibroblasts.  
CS-AuNPs could enhance the skin permeability of a model protein by 
approximately 3.5 times through the transepidermal pathway, whereas the  
Ci-AuNPs showed no enhancement effect. These findings suggested that  
CS-AuNPs were proposed as a promising skin permeation enhancer of protein 
drugs and macromolecules in pharmaceutical applications. However, further 
investigations on different aspects, such as pre-clinical and clinical safety 
should be established. 
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