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a Universidad de Alcalá. Department of Organic and Inorganic Chemistry, Research Institute in Chemistry "Andrés M. del Río" (IQAR), Madrid, Spain
b Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Spain and Institute "Ramón y Cajal" for Health Research (IRYCIS), 
Spain
c Nutrigenomics Research Group, Department of Biochemistry and Biotechnology, Universitat Rovira i Virgili, Tarragona, Spain
d Institute of Health Research Pere Virgili (IISPV), Tarragona, Spain
e Center of Environmental, Food and, Toxicological Technology (TecnATox), University Rovira i Virgili, Tarragona, Spain

A R T I C L E  I N F O

Keywords:
Silver nanoparticles
Caffeic acid
Melanogenic activity
Antioxidant
Antibacterial

A B S T R A C T

Multifunctional nanomaterials offers promising strategies for the treatment of skin disorders involving oxidative 
stress, microbial infections, and hyperpigmentation. Herein, we report the covalent functionalization of silver 
nanoparticles AgNP-(S-PEG2K-CA) (AgNP-1) with caffeic acid, a natural polyphenol with well-known antioxi
dant and anti-melanogenic properties. Additionally, a cationic carbosilane wedge was introduced to confer 
antibacterial functionality, resulting in a heterofunctional nanoconjugate, AgNP-(S-PEG2K-CA)(S-G1-NMe3Cl) 
(AgNP-2), with enhanced biological performance. The physicochemical characterization confirmed successful 
functionalization and stability of the nanoparticles. Biological assays showed that the silver nanoparticles 
exhibited antioxidant activity (AgNP-1: IC50 = 4.18 μg/mL, EC50 = 0.57 μg/mL; AgNP-2: IC50 = 12.35 μg/mL, 
EC50 = 0.87 μg/mL), which was attributed to the presence of caffeic acid on their surface and AgNP-2 exhibited 
strong antibacterial effects, particularly against Staphylococcus aureus (MIC 4 mgL− 1 and MBC 8 mgL− 1) and 
Escherichia coli (MIC 4 mgL− 1 and MBC 8 mgL− 1). In vitro experiments using a mammalian melanocyte model 
(B16F10 cells) revealed for both nanoparticles significantly inhibited melanin synthesis at 20 μg/mL reduced the 
accumulation of intracellular melanin in a similar extent as kojic acid at 1000 μg/mL. Finally, permeation studies 
using Franz diffusion cells, combined with UV–Vis spectroscopy and ICP-OES analysis to detect nanoparticle 
concentration, showed that neither AgNP-1 nor AgNP-2 were able to cross the membrane, indicating that they 
remain confined to the membrane surface. This localization is crucial for minimizing the risk of systemic 
exposure, thereby supporting the safety and suitability of these nanoparticles for topical applications.

1. Introduction

Melanogenesis, the biological process responsible for the synthesis of 
melanin, the pigment that determines skin, hair, and eye colour in 
humans and other organisms, represents a critical area of study in 
cellular biology and dermatology [1]. Within this context, the enzyme 
tyrosinase emerges as a central figure in the metabolic cascade leading 

to melanin formation.
The molecular and cellular mechanisms regulating tyrosinase activ

ity play a substantial role in pathological conditions associated with 
hyperpigmentation, such as melasma, freckles, and other pigmentary 
disorders, garnering intense attention [2]. Numerous published studies 
have investigated the inhibition of tyrosinase as a promising therapeutic 
approach for treating skin diseases related to hyperpigmentation [3,4]. 
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A wide range of tyrosinase inhibitors has been explored [3,5,6]. Among 
these, polyphenolic compounds stand out due to their multifaceted 
biological effects. In addition to their capacity to modulate tyrosinase 
activity, thus regulating melanin production, polyphenols exhibit 
noteworthy antioxidant and anti-inflammatory properties, making them 
particularly attractive candidates for therapeutic intervention [7–9]. 
However, many polyphenols exhibit low water solubility, low 
bioavailability and rapid elimination via excretion renal or fecal 
excretion limiting their exposure time to target tissues. Consequently, 
their therapeutic efficacy is compromised, often necessitating high drug 
doses and frequent administration. To mitigate these challenges and 
enhance polyphenol biodistribution, diverse strategies are under 
investigation. These include encapsulation within controlled-release 
systems, chemical derivatization to enhance solubility and stability, 
synergistic formulations with other bioactive compounds, and optimi
zation of natural product formulation and delivery methods [10–13].

Metallic nanoparticles are valuable therapeutic agents in the field of 
dermatology and cosmetics offering a wide range of applications in skin 
treatment, from sun protection and wound healing to photothermal 
therapy, drug delivery, and dermatological diagnostics [14–16]. To 
date, numerous studies have focused on the green synthesis of metal 
nanoparticles decorated with polyphenols to combine the unique bio
logical properties of both systems. This approach leverages the ability of 
the hydroxyl groups of polyphenols to reduce the metal center, facili
tating the formation of metal-polyphenol nanomaterials (MPNs) 
[17–20]. The in vitro inhibition of mushroom tyrosinase enzyme by 
various silver nanoparticles (AgNPs) synthesized through biogenic 
methods using microorganisms and/or plant extracts has been demon
strated. Although the mechanism of enzyme inhibition remains unclear, 
one hypothesis relates to the nature of its active centre, which consists of 
two copper atoms, each coordinated to three histidine residues. This 
suggests that AgNPs might inhibit the enzyme by replacing the copper 
ion with silver, since copper homeostasis is involved in the activation of 
the pigmentation-causing enzyme [21–24]. Regarding polyphenolic 
compounds, they exert their inhibitory effect on tyrosinase through 
various mechanisms, including chelation of copper ions at the enzyme’s 
active site, modulation of gene expression related to melanogenesis, and 
inhibition the enzymatic conversion of dopaquinone to melanin within 
melanocytes. These actions prevent the accumulation of melanin pig
ments in the skin, leading to a lightning effect [25,26]. An alternative 
hypothesis proposes that the compound attenuates melanogenesis by 
suppressing the mitogen-activated protein kinase (MAPK) cascade 
(specifically the ERK, JNK, and p38 branches), thereby blocking the 
sequential activation of downstream transcriptional regulators. In 
normal melanocytes, phosphorylation of ERK, JNK, and p38 enhances 
the phosphorylation of CREB, which then binds to cAMP response ele
ments within the promoter of the microphthalmia-associated tran
scription factor (MITF) gene, thereby driving its transcription. MITF 
upregulates a battery of melanogenic enzymes, foremost the tyrosinase 
gene (TYR), whose product is essential for the first and rate-limiting 
steps of melanin synthesis. In this context, reactive oxygen species 
(ROS) act as chemical messengers that activate intracellular signalling 
pathways, including the MAPK cascade [27]. Compounds functionalized 
with polyphenols have demonstrated to exert antioxidant properties, 
effectively reducing intracellular ROS levels. By lowering ROS avail
ability, these polyphenol-functionalized nanoparticles may attenuate 
ROS-mediated activation of the MAPK pathway, thereby reducing CREB 
phosphorylation, downregulating MITF expression, and ultimately 
suppressing tyrosinase transcription and melanin production. This pro
vides a plausible mechanistic basis for their observed anti-melanogenic 
activity [28,29].

This study focuses on the synthesis of silver nanoparticles coated 
with polyethylene glycol (PEG) chains derivatized with caffeic acid 
(CA), and their evaluation as depigmenting agents. Caffeic acid was 
selected for nanoparticle functionalization due to its high natural 
abundance, versatile chemistry, and well-documented biological 

relevance. It is one of the most widespread hydroxycinnamic acids in 
plants and in foods such as coffee, fruits, and wine [30]. Structurally, its 
catechol and carboxylic groups provide multiple coordination sites for 
metal binding while retaining strong radical-scavenging activity. In 
addition, our group has previously employed caffeic acid to obtain stable 
gold nanoparticles [31] and different carbosilane dendrimers [32], 
supporting its selection as an optimal polyphenolic modifier for gener
ating robust, bioactive, and biocompatible nanomaterials. Biologically, 
caffeic acid exhibits potent antioxidant, anti-inflammatory, antimicro
bial, and anticancer activities, often associated with modulation of 
oxidative stress [33]. Beyond its antioxidant role, caffeic acid is also a 
well-known component of plant extracts traditionally used in skin care 
due to its effects on inflammation and melanogenesis [34,35]. From a 
mechanistic perspective, caffeic acid exerts its inhibitory effect by 
chelating copper ions, which serve as essential cofactors for tyrosinase 
activity. This chelation disrupts the enzyme-catalyzed oxidation of 
L-tyrosine to L-DOPA and its subsequent conversion to dopaquinone, 
representing the initial and rate-limiting steps in the melanin biosyn
thetic pathway [36]. PEGylation confers a biocompatible surface, 
minimizing potential cytotoxicity concerns and maximizing compati
bility with the delicate skin ecosystem. Also, leveraging the 
well-established antibacterial properties of silver and the emerging de
mand for multifunctional solutions in skincare, a novel approach has 
been developed. Heterofunctional polyphenol-AgNP have been pre
pared by the integration of a cationic carbosilane dendritic wedges, 
known for their remarkable antibacterial properties within aqueous 
media [37,38], onto the surface area. To comprehensively assess the 
potential application of these novel polyphenol-AgNPs in skincare, we 
investigated their antioxidant and antibacterial activities against both 
Gram-positive and Gram-negative bacteria.

2. Materials and methods

2.1. Materials

Silver nitrate (AgNO3), Sodium tetrahydridoborate, (NaBH4), 1- 
Hydroxybenzotriazole hydrate (HOBt), 2-(dimethylamino)ethanethiol 
hydrochloride triethylamine (TEA), and HS-PEG2K-NH2⋅HCl all pur
chased from Sigma-Aldrich (UK). 3,4-Dihydroxybenzeneacrylic acid 
(caffeic acid) purchased from Thermo Fisher Scientific. 1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide hydrochloride (EDCI) purchased 
from Flurochem.

2.2. Methods

All reactions were conducted under an inert atmosphere, with sol
vents procured and handled under anhydrous conditions. Compounds 
HS-PEG2K-CA (I) [31], HSG1-NMe3Cl (II) were synthesized as previ
ously reported [39].

Compound HS-PEG2K-CA (I) was obtained by coupling activated 
caffeic acid (CA) using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDCI) and 1-hydroxybenzotriazole (HOBt) in N,N- 
dimethylformamide (DMF) with a thiol-terminated polyethylene gly
col amine (HS-PEG2K-NH2⋅HCl) in presence of triethylamine (TEA), 
followed by overnight stirring at 60 ◦C and purification by dialysis 
membrane Pre-treated RC Tubing (MWCO: 2 kDa).

Compound HSG1-NMe3Cl (II) Compound HSG1-NMe3Cl (II) was 
prepared from BrG1V2, a first-generation carbosilane scaffold featuring 
a bromine atom at the focal position and peripheral vinyl moieties, 
following a synthetic protocol previously established in our laboratory. 
The terminal vinyl groups underwent a thiolene conjugation with 2- 
(dimethylamino)ethanethiol hydrochloride (HSNMe2⋅HCl), yielding the 
intermediate MeCOSG1(SNMe2⋅HCl)2. This species was subsequently 
transformed through sequential deprotonation, methylation, and ion- 
exchange operations, all performed under mild conditions in tetrahy
drofuran or methanol/ether mixtures, to afford the final quaternized 
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dendron [39].

2.3. Nanoparticles characterization

NMR spectra were acquired on either a Varian 500 MHz or Bruker 
Neo Advance 400 MHz spectrometer, employing Methanol-d4 (CD3OD) 
as the solvent. Chemical shifts (δ) are reported in parts per million 
(ppm). Assignments of resonance signals were achieved through HSQC, 
HMBC, and COSY NMR experiments. Elemental analyses were carried 
out using an INTEC EA31OO instrument. UV–visible absorption spectra 
were recorded for homofunctionalized silver nanoparticle samples over 
a concentration range of 0.071–0.568 mg/mL, and for hetero
functionalized samples ranging from 0.428 to 2.8 mg/mL, to construct 
calibration curves. All measurements were performed in quartz cuvettes 
with a 1 cm path length using a PerkinElmer Lambda 18 UV–Vis spec
trophotometer. Transmission electron microscopy (TEM): A Carbon- 
coated copper grid (400 mesh. Sigma-Aldrich) covered with a drop of a 
1 mg/mL solution of compounds was dried. Afterward, TEM images 
were recorded using a transmission electron microscope JEM 2100HT. 
Image J program was used to measure nanoparticle sizes. Thermogra
vimetric analysis (TGA) Thermal analyses were performed using a TA 
TGA55 (TA Instruments) on pure, dry samples (2–10 mg). The sample 
was loaded in a platinum sample holder under nitrogen atmosphere and 
thermally analyzed under nitrogen from 25 to 1000 ◦C (10 ◦C per 
minute). Zeta Potential (ZP): Zeta potential measurements were con
ducted using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., 
UK). Solutions of the compounds (1 mg/mL in deionized water) were 
passed through a 0.22 μm syringe filter before measurement in dispos
able Malvern plastic cuvettes. Dynamic light scattering (DLS): Hy
drodynamic diameter measurements of filtered compound solutions in 
deionized water (1 mg/mL) were conducted using a Malvern Zetasizer 
Nano ZS instrument equipped with Non-Invasive Backscatter optics 
(NBS). The experiments were performed at 25 ◦C after a prior equili
bration period (typically 5 min), and the results were reported as the 
mean of at least three measurements per sample. Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP-OES) was employed to 
determine the concentration of silver present in the synthesized AgNPs 
using an ICP-OES Varian 720-ES instrument (Varian Inc., USA). Samples 
of each compound were measured in triplicate, and results are expressed 
as the mean ± standard deviation. For silver determination, the cali
bration curve was prepared by diluting 1:100 from a certified silver 
standard solution (1000 mg/L, Scharlau, PL00080) in 5 % (v/v) trace 
metal grade nitric acid (HNO3, Scharlau) to obtain a stock solution of 10 
mg/L. From this stock solution, additional standard solutions at 0.50, 
1.00, and 2.00 mg/L were prepared. A 2 mg/L yttrium solution was used 
as an internal standard (Scharlau). Sample digestion was performed 
using a Milestone Ethos Easy microwave digestion system equipped with 
an SR-15 rotor. Approximately 0.5 mL of each sample was digested with 
6 mL of trace metal grade HNO3 at 200 ◦C for 30 min. After cooling, the 
digested solutions were diluted to 50 mL with ultrapure water. ICP-OES 
analysis was conducted under the following operating conditions: 
plasma power 1.3 kW, plasma gas flow rate 15 L/min, auxiliary gas flow 
rate 1.5 L/min, nebulizer gas flow rate 1.0 L/min, pump speed 12 rpm, 
reading time 20 s, stability delay 15 s, sampling delay 20 s, and washing 
time 30 s. The selected analytical wavelengths for silver were 328.068 
nm and 338.289 nm. Results were expressed as milligrams of silver per 
liter of solution (mg/L). The limit of detection (LOD) was 5 μg/L, and the 
limit of quantification (LOQ) was 10 μg/L.

2.4. Synthesis of nanoparticles

2.4.1. Synthesis of AgNP-(S-PEG2K-CA) (AgNP-1)
To a deoxygenated aqueous solution of AgNO3 (1.56 mL, 0.0469 

mmol, 30 mM, 7.96 mg) was added dropwise an aqueous solution of 
compound I (3.75 mL, 0.0469 mmol, 12.5 mM, 100 mg). Afterward, 
NaBH4 in deoxygenated water (1.17 mL, 0.2343 mmol, 200 mM, 8.87 

mg) was added dropwise, and the mixture remained under stirring over 
4 h at room temperature. AgNPs were purified by dialysis (MWCO: 20 
kDa) yielding AgNP-1 as a brown solid dispersed in water. The synthesis 
was carried out by triplicate (86.2 %). Mean diameter of silver core 
(TEM): 1.0 nm. The results are expressed as mean ± SEM: Zeta Potential 
(mV): +1.80 ± 3.12. DLS (Z-average diameter, nm): 18.41 ± 5.50.

2.4.2. Synthesis of AgNP-(S-PEG2K-CA)(S-G1-NMe3Cl) (AgNP-2)
Deoxygenated aqueous solutions (1.87 mL, 12.5 mM) of a mixture of 

compounds I (50 mg, 0.0234 mmol) and II (10.01 mg, 0.0234 mmol) 
were added dropwise to a deoxygenated water solution of AgNO3 (0.78 
mL, 0.0272 mmol, 30 mM, 3.98 mg). Then, a deoxygenated water so
lution of NaBH4 (0.59 mL, 0.1172 mmol, 200 mM, 4.44 mg) was added 
dropwise and the reaction mixture was kept 4 h under stirring at room 
temperature. Purification by dialysis (MWCO: 20 kDa) yielded AgNP-2 
as a brown solid dispersed in water (88.4 %). The synthesis was per
formed in triplicate. The results are expressed as mean ± SEM: Zeta 
Potential (mV): +16.90 ± 3.27 DLS (Z-average diameter, nm): 24.07 ±
1.69.

2.5. Antioxidant activity

2.5.1. DPPH radical scavenging activity
The antioxidant capacity was assessed based on the compounds’ 

ability to scavenge the 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical. 
20 μL of the compounds at concentrations ranging from 0 to 12 μg/mL 
(homofunctionalized) and 0–14 μg/mL (heterofunctionzalized) were 
dispensed into 96-well plates. Subsequently, 180 μL aliquots of DPPH 
methanolic solution (111.11 μM) were added. The absorbance was 
recorded at 530 nm every 5 min up to 30 min, using a microplate reader 
(EpochTM, BioTek Instruments, Winooski, VT, USA). All assays were 
carried out in triplicate, with water serving as the control. The reduction 
in DPPH absorbance was used to determine scavenging activity. IC50 
(concentration that produces 50 % of antioxidant activity) was 
calculated.

2.5.2. Ferric reducing antioxidant power assay (FRAP)
This assay is based on the capacity of antioxidant compounds to 

reduce the ferric tripyridyltriazine (Fe(III)-TPTZ) complex to the ferrous 
tripyridyltriazine (Fe(II)-TPTZ) at low pH. To carry out this assay, 20 μL 
of the compounds in water at concentrations ranging from 0 to 2 μg/mL 
for both types of nanoparticles were placed in 96 well plates. Then, al
iquots of 180 μL of FRAP solution mixed of solutions TPTZ (10 mM so
lution in 40 mM of hydrochloric acid), FeCl3 (20 mM solution in water) 
and acetate buffer (20 mM in water, pH 3.6) in a 1:1:10 ratio were 
added. Following this addition, the absorbance at 593 nm was measured 
using a microplate reader (EpochTM, BioTek Instruments, Winooski, VT, 
USA). All experiments were conducted in triplicate, with methanol used 
as a control. Finally, the EC50 (the concentration of antioxidant com
pound that increases FRAP capacity by 50 %) was calculated.

2.6. Antibacterial activity

The assays were conducted at the Chemistry Research Support 
Centre of the University of Alcala (CAI-UAH Química). The antibacterial 
activity of dendritic polyphenols was evaluated in vitro against two 
bacterial strains: Escherichia coli CECT 515 and Staphylococcus aureus 
CECT 240 following the international standard ISO 20776–1:2006. 
Inoculum solutions were adjusted to a concentration of 107 CFU/mL, 
while the biocide solutions were prepared at concentrations ranging 
from 0.25 to 1024 mg/L for both types of nanoparticles. The assay was 
conducted in 96-well plates, where each well contained 100 μL of the 
biocide, 100 μL of Mueller-Hinton broth at double concentration, and 5 
μL of the biocide. Following 24 h of incubation with at 37 ◦C, the in
crease in turbidity at 630 nm was measured using an Ultra Microplate 
reader (BIO-TECK Instruments, model epoch 2). Minimum inhibitory 
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concentration (MIC) and minimum bactericidal concentration (MBC) 
were conducted in triplicate. Values were determined from the assay 
results.

2.7. Antimelanogenic activity

2.7.1. Cell culture and treatments
B16F10 mouse melanoma cells ATCC CRL-6475™ were purchased 

from American Type Culture Collection (Manassas, VA). The cells were 
cultured and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco Life Technologies, Carlsbad, CA, USA) supplemented 
with 10 % FBS, 1 % antibiotics (penicillin and streptomycin) and 2 mM 
L-glutamine (at 37 ◦C with 5 % CO2 atmosphere. (AgNP-(S-PEG2K-CA)) 
(1) and AgNP-(S-PEG2K-CA)(S-G1-NMe3Cl) (2) were dispersed in water 
and further diluted with DMEM to achieve the indicated final concen
trations (0.1, 0.5, 1, 5, 10 and 20 μg/mL).

2.7.2. Cell viability assay
3-(4,5-cimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide 

(MTT) (Thermo Fisher Scientific, Waltham, MA, USA) cell viability assay 
was assessed to determine the viability of B16F10 cells following 
treatment. Cells were seeded at 1 × 104 cells/well in 96 well plates. After 
treatment with 0.1, 1, 5, 10, 20 or 50 μg/mL of AgNPs, cells were 
incubated at 37 ◦C for 48h. Cell viability was determined using MTT 
solution (1 mg/mL, 50 μL per well), which was added to each well. The 
cells were then incubated at 37 ◦C for 4 h. After the removal of the MTT 
solution, 100 μl Dimethyl sulfoxide (DMSO) was added to the well and 
incubated for 10min. Absorbance was determined at 595 nm using a 
microtiter plate reader. To verify that AgNPs did not interfere with the 
MTT assay, a cell-free control was performed in triplicate under iden
tical experimental conditions but in the absence of cells. The mean 
absorbance values for AgNPs ranged from 0.133 ± 0.003 to 0.139 ±
0.003, compared to 142 ± 0.007 in the control, indicating no significant 
difference and confirming the absence of interference with the MTT 
reagent.

2.7.3. Melanin assay
Cells were cultured at 8x104 cells/ml in 12-well plates and treated 

with 100 nM of alpha-melanocyte stimulating hormone (α-MSH, Sigma- 
Aldrich, St. Louis, MO, USA), except for the negative control group. 
AgNPs were administered at 0.1, 1, 5, 10 or 20 μg/mL for 48 h. For the 
melanin secretion assay, absorbance of culture media was measured 
using an optical density reader at 490 nm. Cells from each well were 
lysed with 300 μL of lysis buffer and pelleted by centrifugation (12,000 
rpm, 10 min). The resulting pellets were dissolved in 300 μL buffer (1 M 
NaOH, 10 % dimethyl sulfoxide (DMSO)) and melted at 80 ◦C for 30 
min. Absorbance was measured at 405 nm using an optical density 
reader. Experiments were performed in triplicate. To ensure consistency 
across samples, melanin content was normalized to protein concentra
tions determined by the BCA Protein Assay Kit (Pierce Biotechnology).

2.7.4. Western blotting
After treatment, B16F10 cells were lysed with RIPA buffer containing 

protease inhibitor cocktail. A total of 25 μg of protein was loaded and 
separated by 10 % SDS–PAGE, followed by transfer onto a poly
vinylidene difluoride (PVDF) membrane (Millipore). Membranes were 
blocked with 5 % non-fat milk for 1 h and then were incubated with anti- 
tyrosinase antibody (Ab 170905, Microphthalmia Transcription Factor 
(MITF) (Cell Signaling Technology, Danvers, MA, USA 12590)) or anti- 
beta actin (Sigma-Aldrich, St. Louis, MO, USA A2228) overnight at 4 ◦C. 
After washing in PBST, membranes were incubated for 1h with goat 
anti-rabbit or anti-mouse secondary antibodies. Protein bands were 
visualized using ECL Western blotting reagents (Pierce), and densito
metric analysis were performed using Image J software.

2.7.5. Statistical analysis
One-way ANOVA followed by Dunnett’s post hoc test was used to 

assess statistical significance, comparing each treatment group with the 
α-MSH-stimulated positive control (set as 100 %). Statistical analysis 
was performed using GraphPad Prism 5 software (GraphPad Software, 
La Jolla, CA, USA). A p-value <0.05 was considered statistically 
significant.

2.8. In vitro permeability study

The in vitro skin silver nanoparticles permeation was carried out 
using Franz diffusion cell system (Vertical Diffusion Cell Test System 
HDT 1000). This cell consists of two main compartments, the donor and 
receptor, separated by a Transdermal Diffusion Test Model (Strat-M 
membrane). The receptor medium was 12 ml of isotonic phosphate 
buffer solution at pH 7.4, 35 ◦C and stirred at 600 rpm. At predetermined 
time points of 0.5, 1, 1.5, 2, 3, 4, 5, 6 and 24 h, 1 mL of the receptor 
medium was removed, and an equal volume of the isotonic phosphate 
buffer solution was immediately replaced. All experiments were con
ducted in triplicate. Finally, the amount of silver nanoparticles was 
analyzed at different periods of times by the UV–Vis method. The 
remaining receptor medium was concentrated, and the silver content 
was measured using ICP-OES Varian-720-ES 9 instrument.

3. Results and discussion

3.1. Synthesis and characterization of silver nanoparticles AgNPs

In the literature, the prevailing approach to synthesizing poly
phenolic metal nanoparticles hinges on the capacity of hydroxyl groups 
within polyphenols to catalyze the reduction of metal centres. However, 
thiol-metal interactions play a pivotal role in stabilizing metal nano
particles, owing to the strong affinity of thiol groups for metal surfaces. 
Thiol groups are avidly adsorbed onto nanoparticles surface, effectively 
preventing aggregation and ensuring colloidal stability. In this work, we 
used a commercial thiol, HS-PEG2K-NH2⋅HCl, derivatized with caffeic 
acid previously synthesized in our laboratory [31]. This ligand com
prises a polyethylene glycol (PEG) chain, which, owing to its pro
nounced hydrophilicity, facilitates the facile dispersion of PEG-coated 
nanoparticles in aqueous environments. This property minimizes fric
tion with biological surfaces, thus mitigating the risk of opsonization 
and immune recognition [40,41]. By addressing both microbial prolif
eration and hyperpigmentation properties, a first-generation carbosi
lane dendron (HS-G1NMe3Cl) with ammonium groups on the surface 
was also anchored to the surface of the AgNP. This dendritic architecture 
not only amplifies the nanoparticle surface area for interaction with 
biological membranes but also facilitates precise molecular tuning, 
ensuring optimal antibacterial efficacy. The presence of ammonium 
groups further accentuates the bactericidal activity, while the 
PEG-caffeic ligand concurrently offers depigmenting properties.

In an aqueous medium, the silver precursor (AgNO3) was reduced by 
NaBH4 in the presence of stabilizing ligand I to synthesize homo
functionalized nanoparticles. Dialysis (MWCO 20 kDa) afforded homo
functionalized AgNP-(S-PEG2K-CA) (AgNP-1) as a brown solid 
dispersed in water. Heterofunctionalized nanoparticles were then 
readily synthesized in water via the direct reaction of AgNO3 with a 
mixture of thiol derivatives (I, II) and NaBH4. These nanoparticles 
AgNP-(S-PEG2K-CA)(S-G1NMe3Cl) (AgNP-2) were purified and ob
tained as a brown solid dispersed in water. (Scheme 1).

The particle size of the AgNPs was studied by Dynamic Light Scat
tering (DLS) and Transmission Electron Microscopy (TEM) (see Fig S1 
and Fig S2). The discrepancy in measurements obtained through both 
techniques stems arose from differences in their operating principles. 
TEM provides direct images of individual particles, enabling detailed 
visualization of particle morphology and size distribution within the 
sample. TEM images demonstrate the formation of the homo- (1) and 
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hetero-functionalized (2) AgNPs. The results underscore that the size 
and spherical shape of AgNPs remains unaltered regardless of the 
presence of one or two capping ligands, with the majority of nano
particles measuring approximately 1 nm in diameter.

On the other hand, DLS furnishes information regarding particle size 
distribution in solution, encompassing average hydrodynamic size and 
polydispersity, albeit lacking the capability to reveal specific morpho
logical details and the colloidal stability of the nanoparticles in solution. 
In this study, the hydrodynamic diameter of the nanoparticles was 
assessed using volume-weighted distributions obtained from dynamic 
light scattering (DLS) measurements. For DLS, measurements involve 
analysing fluctuations in scattered light intensity resulting from the 
Brownian motion of particles dispersed in a liquid. The Stokes–Einstein 
equation was applied in this analysis to determine diffusion coefficients 
and particle hydrodynamic size. The theoretical core diameter of the 
AgNPs was calculated using the polydispersity value (PDI) of DLS (Dx/
(1 + PDI)5).

The data presented in Table 1 reveal a larger particle size for the 
hetero-functionalized nanoparticles AgNP-2 24.07 ± 1.69 (hydrody
namic diameter, nm) compared to the homo-functionalized ones AgNP- 
1 18.41 ± 5.50 (hydrodynamic diameter, nm), suggesting that the type 
of surface functionalization influences the overall particle size. The 
discrepancy between the particle sizes determined by TEM and DLS, 
specifically, the larger diameters obtained from DLS measurements, 
could be attributed to the different principles underlying each tech
nique. In TEM imaging, the measured size corresponds to the projected 
area of the metallic core, essentially providing a “shadow” of the 
nanoparticle under vacuum conditions. In contrast, DLS evaluates the 
hydrodynamic diameter of particles dispersed in solution, which in
cludes not only the metallic core but also contributions from the 

solvation layer, possible nanoparticle associations or aggregation, and 
the electrical double layer that develops at the boundary between the 
nanoparticle surface and the adjacent solvent. The dimension of this 
electrical double layer, and consequently the hydrodynamic radius, may 
vary depending on the nanoparticle’s surface chemistry and the ionic 
strength of the dispersion medium. In this work, AgNPs were modified 
with polyethylene glycol with an average molecular weight of 2000 
(PEG2000). To take into account its relatively short chain length, it 
would be expected to cause only a minor increase in particle size. 
Nevertheless, when covalently attached to the nanoparticle surface, PEG 
chains can enlarge the hydrodynamic diameter by several nanometers, 
depending on their degree of hydration, surface coverage, and confor
mational flexibility in aqueous media. In addition, the presence of 
exposed positive charges on the metal surface in AgNP-2 could promote 
the formation of aggregates, leading to an increase in size as detected by 
DLS. This observation aligns with findings from previous studies on 
other metal nanoparticles [31,42]. The presence of a positive charge on 
the surface also influences the zeta potential values resulting in more 
positive values for the nanoparticles containing the carbosilane dendron 
with peripheral ammonium groups anchored to the metal surface, 
hetero-functionalized nanoparticles AgNP-2 (+16.9 ± 3.27 mV), than 
homo-functionalized AgNP-1 (+1.80 ± 3.12 mV). From a biological 
perspective, previous studies have demonstrated the importance of 
nanoparticle size in determining cellular interactions and biocompati
bility. Particles smaller than 20 nm tend to exhibit higher reactivity and 
cytotoxicity, while those in the 20–50 nm range show efficient 
receptor-mediated internalization with reduced toxicity [43] Similarly, 
nanoparticles sized between 10 and 50 nm achieve a balance of colloidal 
stability, biocompatibility, and effective cellular uptake. In this context, 
the hydrodynamic diameter observed in our study, 18–24 nm, suggested 
that the nanoparticles are well-capped and effectively dispersed, 
remaining within the optimal size range for efficient cellular internali
zation while minimizing cytotoxicity.

Thermogravimetric analysis (TGA) was conducted to quantify the 
amount of organic material surrounding the metallic cores. For this 
purpose, AgNP-1, AgNP-2, and the capping ligands HS-PEG2K-CA (I) 
and HS-G1NMe3Cl (II), were heated from 25 to 1000 ◦C under a nitrogen 
atmosphere.

The weight loss observed upon heating is attributed to the degra
dation of organic matter present in the nanoparticles (Fig. 1). Due to the 

Scheme 1. Synthesis, TEM image and size distribution histogram of (a) AgNP-(S-PEG2K-CA) (AgNP-1) and (b) AgNP-(S-PEG2K-CA)(S-G1NMe3Cl) (AgNP-2).

Table 1 
TEM and DLS characterization data of AgNPs.a Diameter obtained by TEM, 
corresponds with the mode value.b Polydispersity Index (PDI) in DLS measure
ments. cHydrodynamic diameter (nm) obtained by DLS. dCalculated diameter. 
eZeta Potential (mV).

Da PDIb Dx
c CDx

d ZPe

AgNP-1 1 0.248 18.41 ± 5.50 6.08 +1.80 ± 3.12
AgNP-2 1 0.265 24.07 ± 1.69 7.43 +16.9 ± 3.27
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difference in degradation temperature found in both ligands, 
200–300 ◦C for HS-G1NMe3Cl (II) and 300–600 ◦C for HS-PEG2K-CA (I), 
the analysis of the derivative of weight loss with respect to temperature 
allows quantification of the percentage of each component in the 
nanoparticles. Significantly, both AgNP-1 and AgNP-2 underwent 
weight loss between 300 and 600 ◦C, reflecting the decomposition of the 
S-PEG2K-CA ligands. However, weight loss between 100 and 300 ◦C, 
linked to the thermal decomposition of carbosilane dendron S- 
G1NMe3Cl, was observed exclusively in the case of hetero-functionalized 
AgNP-2.

The number of ligands anchored to each AgNP was estimated from 
the experimental results. Based on the average nanoparticle core 
diameter determined by TEM (1.0 nm), the number of silver atoms 
(NAg) of AgNP-1 and AgNP-2 was calculated. This estimation assumes 
spherical nanoparticle shapes and incorporates the weight loss deter
mined by TGA and the determination of AgNPs core area; thus, the 
average surface coverage (Γ) could be estimated (see Table 2) (see 
Supplementary Information for details S2).

3.2. Antioxidant activity: chemical-based assays

Polyphenols are widely recognized for their robust antioxidant 
properties, owing to their capacity to effectively neutralize free radicals 
and other oxidizing agents within the human body. Considering that free 
radicals and other reactive oxygen species (ROS) can incite oxidative 
stress in the skin, thereby fostering irregular pigmentation and other 
manifestations of cutaneous aging, the antioxidant potential of synthe
sized nanoparticles has been systematically assessed. Two different 
chemical-based assays, scavenging activity toward a stable free radical 
(2,2-diphenyl-1-picrylhydrazyl (DPPH)) and the reduction of metal ions 
(ferric ion reducing antioxidant potential (FRAP)), were used to deter
mine the antioxidant activity of both AgNP-1 and AgNP-2. The analysis 
of the results (see Figs. S3 and S4), depicted in Fig. 2, was approached 
from two distinct perspectives. This involved assessing the IC50 (the 
concentration of antioxidant compound required to scavenge 50 % of 
DPPH free radicals) and the EC50 (the concentration of antioxidant 
compound needed to enhance the FRAP capacity by 50 %).

Analysis of the data from the DPPH assay revealed that compound I 
had an IC50 value of 1.61 μg/mL, indicating outstanding radical- 
scavenging activity that even surpassed that of free caffeic acid. As ex
pected, AgNP-1, which incorporates only derivative I in its composition, 
showed higher activity (IC50 = 4.18 μg/mL) than AgNP-2 (IC50 = 12.35 
μg/mL), which contains the cationic carbosilane dendritic wedge and 
ligand I.

The FRAP assay (which measures the ability to reduce iron(III) to 
iron(II) via a one-electron transfer process) confirmed that the AgNP-2 
was again the least active (EC50 = 0.87 μg/mL). Nevertheless, AgNP-1 
(EC50 = 0.57 μg/mL) exhibited slightly lower activity than both deriv
ative I (EC50 = 0.18 μg/mL) and free caffeic acid (EC50 = 0.21 μg/mL). 
The results obtained are consistent with what was expected, since 
nanoparticles exhibited higher EC50 values due to their considerable 
size, which introduces pronounced steric hindrance and limits effective 
interaction with the Fe3+–TPTZ complex, thereby reducing electron- 
transfer efficiency.

Overall, the results obtained from both assays demonstrate that the 
nanoparticles preserve the antioxidant properties of caffeic acid when it 
is immobilized on their surface. The decrease in activity compared to 
free caffeic acid may be attributed to structural and conformational 
factors at the nanoparticle surface. In particular, the flexibility of the 
PEGylated chains can induce a “back-folding” effect, which may 
partially shield or reduce the accessibility of caffeic acid units to reactive 
species, modify the ligand’s redox potential and hydrogen-bonding 
environment. thus leading to a lower apparent antioxidant capacity. In 
addition, in the case of the heterofunctionalized nanoparticle, the 
presence of the dendritic wedge reduces the number of caffeic acid units 
on the surface, further decreasing the overall antioxidant capacity.

3.3. Antibacterial activity

The antibacterial activity of AgNP-1 and AgNP-2, as well as ligands I 
and II, was evaluated using S. aureus and E. coli as models of Gram- 
positive and Gram-negative bacteria, respectively. The antibacterial 
activity of silver nanoparticles is generally attributed to the release of 
silver ions (Ag+), which can disrupt the bacterial cell membrane, inhibit 
essential proteins by binding to thiol (-SH) groups, and damage DNA 
[37].

Table 3 shows the minimum concentrations required for growth in
hibition (MIC) and bactericidal activity (MBC) values, respectively. The 
results indicate that neither the homofunctionalized AgNP-1 nor the HS- 
PEG2K-CA (I) ligand exhibited antibacterial activity against either 
strain. In contrast, the heterofunctionalized AgNP-2 and the dendron 
demonstrated identical antibacterial effects, with MIC values of 4 mgL− 1 

and MBC of 8 mgL− 1 against S. aureus. This suggests that the antimi
crobial activity is primarily attributed to the cationic dendrons. In E. coli, 
the MIC of the AgNP-2 improved compared to the dendron (II), sug
gesting a modest cooperative effect between the carbosilane dendrons 
and the silver core. This interpretation is further supported by our pre
vious studies with analogous gold nanoparticles, in which the AuNPs 
exhibited lower antibacterial activity, demonstrating that replacing gold 
with silver substantially enhances the antibacterial performance [31].

3.4. Antimelanogenic effect of AgNPs

Melanogenesis is the biosynthetic pathway that produces melanin, 
with tyrosinase playing a key role by catalyzing its initial and rate- 
limiting step. Due to its central role in pigmentation, tyrosinase is a 

Fig. 1. Graphics of A) weight loss in function of temperature and B) first derivative of the weight loss for capping ligands (HS-PEG2K-CA (I) and HS-G1NMe3Cl (II)), 
AgNP-1 and AgNP-2.

Table 2 
Estimation of a the ligands anchored to each AgNPs andb total surface coverage 
based on TGA analysis (% of organic matter) and TEM (1.0 nm AgNP size).

AgNPs molecule % TGA L/AuNPa Γ (Å2/molecule)b

1 -S-PEG2K-CA 88 10 31
2 -S-PEG2K-CA 72 5 45

-S-G1-NMe3Cl 7 2
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major target in the development of anti-melanogenic therapies. In this 
study, the intracellular and extracellular antimelanogenic potential of 
the new AgNPs were evaluated on B16F10 mouse melanocytes.

As illustrated in Fig. 3a, treatment with AgNP-1 did not produce a 
significant reduction in cell viability at any of the concentrations tested. 
However, treatment with AgNP-2 led to a decrease in cell viability of 
20–25 % decrease in cell viability at higher concentrations (10 and 20 
μg/mL), and a 46 % reduction at the highest concentration tested (50 
μg/mL), which was not included in the subsequent experiments. The 
favorable cytotoxicity profile observed for our PEG-coated silver nano
particles is closely related to their surface chemistry. PEG chains provide 
a steric barrier that limits direct interactions between silver atoms and 
cellular components, reducing intrinsic cytotoxicity. However, hetero
functionalization introduces positively charged groups on the nano
particle surface, which can increase toxicity by destabilizing cellular 
membranes. Thus, the overall cytotoxicity reflects a balance between the 
protective effect of PEG and the membrane-disrupting influence of 
surface-positive charges, highlighting the importance of careful surface 
engineering to achieve biocompatible yet functional silver 
nanoparticles.

Regarding antimelanogenic effect of AgNPs, results of melanin con
tent assays are shown in Fig. 3(b–e). For both compounds, concentra
tions starting at 5 μg/mL significantly reduced extracellular melanin 
levels compared to the positive control (cells stimulated with α-MSH but 
untreated). For AgNP-1, treatments with doses ≥1 μg/ml reduced 
extracellular to levels comparable to those of the negative control 
(unstimulated with α-MSH), and at the highest doses (10 and 20 μg/ml), 
the effect was even greater than that of kojic acid, well-known depig
menting agent and tyrosinase inhibitor, despite being used at 50-fold 
lower concentrations. Both compounds at 20 μg/mL also reduced the 
accumulation of intracellular melanin in a similar extent as kojic acid at 
1000 μg/mL. Immunoblot results (Figures f and g) revealed a significant 
reduction in tyrosinase protein levels after treatment with AgNP-1 at 
concentrations of 5, 10, and 20 μg/mL. In contrast, the compound 
AgNP-2 only produced a significant reduction in tyrosinase expression 
at 20 μg/mL, indicating a lower potency in modulating tyrosinase pro
tein levels. Importantly, the ligands alone did not induce any significant 
change in tyrosinase expression, suggesting that its activity is dependent 
on nanoparticle conjugation.

Our results reveal a potent anti-melanogenic effect of silver nano
particles functionalized with caffeic acid AgNP-1 in B16F10 melano
cytes. These nanoparticles significantly reduced both extracellular and 
intracellular melanin content in a dose-dependent manner and 

effectively suppressed tyrosinase protein expression. Notably, their 
inhibitory effect was stronger than that of kojic acid, even when used at 
concentrations 50 times lower. Moreover, the conjugated nanoparticle 
clearly improved the activity of free caffeic acid, highlighting the added 
value of the functionalization strategy. In addition, these results are in 
agreement with previously reported findings, in which caffeic acid
–peptide conjugates employing short linker moieties demonstrated 
enhanced stability and cellular delivery, leading to a significant sup
pression of melanin synthesis and downregulation of melanogenesis- 
associated genes, including TYR, TYRP1, TYRP2, and MITF, in SK- 
MEL-2 melanoma cells [44]. Consistent with these observations, the 
present study demonstrates that anchoring caffeic acid to nanoparticles 
similarly enhances its anti-melanogenic efficacy. This finding supports 
the potential of nanocarrier systems as a promising strategy to improve 
both the pharmacological activity and cellular bioavailability of 
melanogenesis-inhibiting agents. To further investigate the molecular 
basis of the observed inhibition of melanogenesis, the expression of 
MITF was analyzed under the same experimental conditions (Fig. S6). 
Although our data were obtained 48 h after α-MSH stimulation and 
therefore do not capture early events, previous studies have reported 
that α-MSH transiently induces MITF expression, which subsequently 
decreases due to feedback down-regulation in melanocytes exposed to 
prolonged α-MSH stimulation [45]. Interestingly, treatment with both 
kojic acid and our nanoparticles markedly reduced tyrosinase expression 
while increasing MITF levels relative to the α-MSH-stimulated control. 
This apparent divergence likely reflects a compensatory transcriptional 
response following tyrosinase inhibition rather than activation of mel
anogenic signaling. Kojic acid reduces tyrosinase stability by chelating 
the active-site copper ions [46], and the similar pattern observed for our 
nanoparticles supports the hypothesis that their main effect occurs 
post-translationally through modulation of tyrosinase stability and 
maturation. In line with this, caffeic acid has also been reported to 
chelate transition metal ions, including copper, which further supports 
the plausibility of this mechanism [45,46]. In our study, free caffeic acid 
did not inhibit melanogenesis in the cellular model, indicating that 
conjugation to the nanoparticle surface is required to enhance its sta
bility and enable efficient interaction with tyrosinase. Accordingly, the 
superior efficacy of AgNP-1 compared with the heterofunctionalized 
AgNP-2 can be attributed to its higher surface density and accessibility 
of caffeic acid groups, which maximize the number of available catechol 
sites capable of interacting with tyrosinase. In contrast, the presence of a 
secondary ligand in compound 2 likely introduces steric hindrance and 
reduces the effective exposure of active phenolic groups, thereby 
limiting copper chelation and diminishing overall inhibitory activity.

3.5. In vitro permeability study

The evaluation of the ability of synthesized nanoparticles to pene
trate the dermal layers is a critical parameter in assessing their potential 
application as cosmetic agents. This property has been systematically 
investigated using Franz cell diffusion assays [47]. The Franz diffusion 
cell assay is a standardized in vitro method used to evaluate the 
permeation of compounds across biological or synthetic membranes that 
mimic the skin’s barrier properties. In this setup, the tested compound is 

Fig. 2. Antioxidant activity of compounds: IC50 in DPPH assay(a), EC50 in FRAP assay (b) for caffeic acid HS-PEG2K-CA (I) AgNP-1 and AgNP-2.

Table 3 
Values of Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) are in ppm (mgL− 1).

Staphylococcus aureus Escherichia coli

Compound MIC [mg/L] MBC [mg/L] MIC [mg/L] MBC [mg/L]

I >1024 >1024 >1024 >1024
II 4 8 16 16
AgNP-1 >1024 >1024 >1024 >1024
AgNP-2 4 8 8 16
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applied to the donor compartment, which represents the skin surface, 
while the receptor compartment contains a physiological solution 
maintained at controlled temperature and stirring conditions to simulate 
dermal microcirculation. The Strat-M® membrane placed between both 
compartments is a synthetic, non-animal model specifically designed to 
mimic the barrier properties of human skin. By monitoring the con
centration of the compound in the receptor solution over time, the assay 
provides quantitative information on its ability to penetrate or traverse 
the Strat-M® membrane.

In this study, we evaluated the ability of both homo- and hetero
functionalized nanoparticles AgNP-1 and AgNP-2 to permeate the 
membrane. The amount of nanoparticle able to cross the membrane was 
quantified at different time points, from 30 min to 6 h, with samples 
collected to receptor every hour, and additionally at a longer time point 

of 24 h. The determination of presence or amount of nanoparticle was 
carried out using UV–Vis spectroscopy, AgNPs exhibit a characteristic 
absorption band in the range of 350–450 nm, and ICP-OES. Both 
analytical techniques yielded consistent results. No UV absorption sig
nals corresponding to AgNPs were detected at any of the measured time 
intervals, indicating an absence of nanoparticle permeation through the 
membrane and ICP-OES results showed silver levels below the detection 
limit, even at parts-per-billion (ppb) sensitivity, indicating that no 
nanoparticles permeated the membrane under the tested conditions (see 
Fig. S8). In conclusion, the results demonstrate that neither nano
particles were able to cross the membrane, indicating that remains 
confined to the membrane surface which corresponds to the upper layers 
of the skin. This localization is critical for ensuring a targeted, localized 
effect while minimizing the risk of systemic exposure, supporting the 

Fig. 3. Cytotoxicity and anti-melanogenic effects of AgNPs in B16F10 melanocytes. Cell viability assessed by MTT assay after treatment with increasing concen
trations of AgNPs (a). Appearance of culture media (top), cell pellets (bottom), and melanin content quantification after AgNP-1 (b, c) or AgNP-2 (d, e) treatments. 
Representative immunoblot of tyrosinase expression in B16F10 cells treated with AgNPs (f) and densitometric analysis (g). Percentage values in the treated cells were 
compared with respect to that in the untreated control (100 %). CA caffeic acid; Lig: ligand; KA: kojic acid. Data are expressed as mean ± SD for triplicate. *p < 0.05 
vs positive control; **p < 0.01 vs positive control; ***p < 0.001 vs positive.
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safety and suitability of these nanoparticles for topical applications.

4. Conclusions

In summary, this study presents the covalent functionalization of 
silver nanoparticles (AgNPs) with caffeic acid and the evaluation of their 
antioxidant, antibacterial, and anti-melanogenic activities in a 
mammalian melanocyte model. The covalent anchoring of caffeic acid 
preserves its antioxidant activity, while the heterofunctionalization with 
a carbosilane wedge imparts antibacterial properties. The integration of 
these complementary bioactivities into a single nanoscale system en
hances, stability and biological efficacy, leading to more pronounced 
inhibition of melanin synthesis compared to caffeic acid alone. Taken 
together, these findings support the potential of silver–polyphenol 
nanoconjugates as promising candidates for cosmetic or therapeutic 
applications aimed at managing hyperpigmentation. Future studies 
should focus on evaluating their safety in skin models and confirming 
their efficacy in vivo.
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