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1. INTRODUCTION 

 

 Aging is one of the hidden risks that human 

faces, as it impacts both beauty and health1. The most 

noticeable symptom of aging is the skin, which is the 

human biggest organ, in terms of size and volume2. The 

skin is mostly impacted by the environment, since it is 

constantly exposed to UV radiation from the sun, dust, 

and pollution, making skin conditions the fourth major 

source of non-fatal disease burden in human3. Thus, 

skin care is becoming increasingly important, 

particularly in the cosmetics industry. Oxidation is a 

major problem for cosmetic products in the battle 

against skin aging4. To this end, anti-oxidative agents 

such as plant polyphenols are the outstanding solutions 

for skin aging5,6. 
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ABSTRACT 

 

Elsholtzia ciliata leaf extract (EC) is known for its potent antioxidant properties, largely attributed to its 

rich polyphenol content. However, the challenge of polyphenol uncontrolled release has limited its application. 

This study, for the first time, introduces a potential solution, EC-loaded silk fibroin microparticles (FMP-EC), 

designed to be a promising anti-oxidative skin cosmetic with controlled polyphenol release. Firstly, by varying 

the extraction conditions, the optimal condition was EtOH 70% as solvent, powder: solvent ratio of 1:40 w/v, 

temperature of 50°C, extraction time of 30 min, and with ultrasound, which yielded EC with 93.45 mg GAE/g 

DPW. The EC was then incorporated into the FMP by the simple one-pot desolvation method, which possessed 

a polyphenol loading efficiency of ~30%. The particle sizes of FMP-EC could be controlled by adjusting the EC 

initial loading content. The FMP-EC were analyzed using FT-IR spectroscopy, which showed interactions 

between particles compositions; and scanning electron microscopy, which demonstrated round-shape particles 

with smooth surfaces. Interestingly, in simulated skin pH, the FMP-EC polyphenol release was dependent on the 

EC loading content, with gradual release profiles of 60-74% for 6 h, following the Korsmeyer-Peppas model, 

suggesting that the release process involved diffusion mixed with fibroin degradation. Antioxidant DPPH assay 

denoted the IC50 values of FMP-EC was moderate (~160-190 µg/mL, depending on the formulas). Conclusively, 

the novel FMP-EC formulation offers a controlled and sustained release of polyphenols in EC, which could be 

further researched to become a potential skin cosmetic.  
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Polyphenols are secondary chemicals found in 

plants, with over 10,000 structurally identified compounds7. 

They all have the structural trait of having an aromatic ring 

connected to one or more hydroxyl groups, which can be free, 

esterified, or glycosidic connections with sugars. Polyphenols 

are classified into four kinds based on the quantity of phenolic 

groups and structural components, including (1) flavonoids, 

(2) stilbenes, (3) lignans, and (4) phenolic acids8. Polyphenols 

can protect the body from the detrimental effects of free 

radicals and UV radiation, together with a variety of other 

biological properties, including anti-diabetic9, anti-cancer10, 

anti-inflammatory11, cardiovascular protection12, bone 

protection13, blood pressure lowering14, and antibacterial and 

antiviral properties15.  

Among numerous polyphenol-containing plants16, 

Elsholtzia ciliata leave-extract (EC) has been proven its high 

antioxidant activity and can scavenge radicals such as            

2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis            

(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), with IC50 

values of 495.80 ± 17.16 and 73.59 ± 3.18 µg/mL, 

respectively17. Thus, EC has prospective applications in the 

preparation of antioxidant products. However, when being 

used in cosmetics, it is critical to monitor the quantity of 

polyphenols that release and accumulate on the skin over 

time, ensuring that polyphenols are progressively provided 

during the process of utilizing the active component. This 

guarantees that the skin can properly employ it while also 

preventing polyphenol degradation. To achieve this, a 

delivery system, with biocompatible, non-cytotoxic, and 

biodegradable materials, is necessary for the controlled 

release of EC polyphenols. 

For that reason, silk fibroin is an appropriate 

carrier material, as it is recognized by The US Food and 

Drug Administration (FDA) as safe for human use18. 

Fibroin is a protein with a β-sheet-antiparallel structure 

and consists of a heavy chain and a light chain joined by 

P25, a glycoprotein with a 6:6:1 ratio19. The heavy 

peptide chain is made up of common amino acids such as 

glycine (43%), alanine (30%), and serine (12%), which 

forms 12 lipophilic segments joined by 11 hydrophilic 

segments20,21. Fibroin amphiphilic structure allows it to 

self-reform into microparticles (FMP) or nanoparticles 

(FNP) without a catalyst22. As a result, fibroin has 

enormous application potential in the development of 

active component loading systems. Furthermore, fibroin 

demonstrates the capacity to preserve active substances 

from the impacts of the pH environments and 

temperatures23. For instance, FMP or FNP have been 

successfully fabricated for the delivery of plant extracts 

of guava23, wedelia5, and red wine24. 

Herein, this work further explored the ability of 

FMP in encapsulating the EC, for the purpose of anti-

oxidation in skin cosmetic. The EC extraction process 

was first optimized, in terms of polyphenol contents, by 

varying different conditions. Then, the EC was loaded 

into the FMP by the desolvation method, followed by 

physicochemical characterizations of particles sizes, 

shapes, interactions, and in vitro release profiles in 

simulated skin condition. Finally, the particles 

antioxidant action was evaluated by the DPPH assay. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

Elsholtzia ciliata leaves were purchased at 

Thanh Binh Herbal Tea Company, Go Vap, Ho Chi Minh 

City, Vietnam. Raw silk cocoons were acquired from 

Truc Ninh, Nam Dinh, Vietnam. Fibroin was extracted 

and purified from silk cocoons following the established 

protocol21,25. Sigma-Aldrich (Singapore) provided 

dialysis membranes, DPPH, Folin-Ciocalteu, and 

ascorbic acid. Xilong (China) supported ethanol (EtOH), 

sodium carbonate (Na2CO3), calcium chloride (CaCl2), 

and calcium nitrate tetrahydrate (Ca(NO3)2.4H2O). 

 

2.2. Elsholtzia ciliata extraction 

 

The fresh undamaged leaves were cleaned, 

dried in the shade, and pulverized into powder. The 

leave powder moisture was determined using a moisture 

drying balance (Kern Dab, Germany). The EC 

extraction was conducted using the standard maceration 

method in EtOH with the varied conditions of (1) EtOH 

concentrations (50%, 60%, 70%, 80%, 90%, and 99.9% 

v/v), (2) temperature (40°C, 45°C, 50°C, 55°C, and 

60°C), (3) plant powder and EtOH ratio (1:10, 1:15, 

1:20, 1:25, 1:30, 1:35, 1:40, 1:45, and 1:50 w/v), (4) 

extraction time (1, 2, 3, 4, and 5 h), and (5) with/without 

ultrasound (for 0.5, 1, 1.5, 2, and 2.5 h). The total 

polyphenol content was used to determine the optimal 

factors. The extraction efficiency (H%) was also 

calculated using Equation (1). 

 

H% =
 Weight of the EC extract

Weight of the dry powder 
× 100 (1) 

2.3. Extract polyphenols quantification 

 

The total polyphenol content of EC was 

measured using UV-Vis spectroscopic method 

employing the Folin-Ciocalteau reagent26. The extracts 

or standard solution (0.5 mL) was combined with 2.5 

mL Folin-Ciocalteau solution (10% w/v) and incubated 

for 5 min at room temperature, followed by the addition 

of 2.5 mL Na2CO3 solution (5% w/v). The mixture was 

agitated, incubated at room temperature for another 1 h, 

and its absorbance was UV-Vis measured at 765 nm. 

Gallic acid was utilized as a reference to construct the 

standard curve (y = 0.1084x - 0.0005, R2 = 0.9995), and 

the total polyphenol content was calculated as mg gallic 
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equivalent in dry powder weight (mg GAE/g DPW), 

utilizing Equation (2). 

 

Total polyphenol content =  
Polyphenol concentration (µg/mL) × 5.5 × 103

Weight of the dry powder
× 100 (2) 

 

2.4. Preparation of silk fibroin microparticles 

 

The blank (unloaded) FMP and EC loaded FMP 

(FMP-EC) were fabricated by the one-pot desolvation 

process5,23. For the blank FMP, EtOH (70% v/v) was 

gradually added to the fibroin aqueous solution (1% w/v) 

with the fibroin/EtOH ratios of 1:1, 1:2, 1:3, 1:4, 1:5, and 

1:6 v/v. The mixture was agitated for 1 h and stabilized 

for 24 h before being centrifuged at 6,000 rpm for 10 min 

to obtain the FMP, which were washed multiple times 

with water by centrifugation. The particles were then 

freeze-dried for further experiments. The optimal 

EtOH/fibroin ratio was the one that yielded the smallest 

particle sizes. 

The FMP-EC were manufactured in the similar 

approach, utilizing the optimal fibroin/EtOH ratio obtained 

from the blank FMP experiment. The EC ethanolic extract 

(3 mL) containing a total polyphenol content of 600 µg/mL 

(FMP-EC6) or 900 µg/mL (FMP-EC9) was slowly added 

to 1 mL of fibroin aqueous solution (1% w/v), agitated for 

1 h, stabilized for 24 h, and centrifuged at 6,000 rpm for 10 

min to obtain the FMP-EC. The supernatants, after 

particles washing, were combined and determined the un-

encapsulated polyphenol content using the same approach 

described in section 2.3. The polyphenol loading 

efficiency (LE%) was calculated using Equation (3). 

 

𝐿𝐸% =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

𝑇ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙 
× 100 (3) 

 

2.5. Particles characterizations 

 

To determine the chemical interactions, the 

freeze-dried particles were mixed with KBr, formed into 

thin pellets, and FT-IR analyzed with a NICOLET 6700 

(Thermo) spectrophotometer (wavenumber range 4000-

500 cm-1, resolution 4.0 cm-1) in a desiccated air purge. 

The empty KBr pellet was used to calculate background 

signals, which were later removed from the sample data. 

The crystallization intensity of the sample was 

estimated using the FT-IR spectra and the crystallinity 

index of the amide I (CI IRI) and amide II (CI IRII) 

peaks of fibroin20. The CI IRI and CI IRII were 

calculated using the Equation (4) and (5), with Dx is 

the intensity at peak x cm-1. 

 

CIIRI = D1622/(D1622 + D1646)            (4) 

 

CIIRII = D1517/(D1517 + D1560)           (5) 

 

The particle size was measured using the zeta 

sizer machine (SZ-100 Horiba) using dynamic light 

scattering method, following the manufacturer protocol. 

 

2.6. In vitro release profile in simulated skin condition 

 

The FMP-EC, with the amount equivalent to 1,000 

µg/mL of polyphenol content, were put into 20 mL of 

phosphate buffer pH 5.5, simulating the skin pH, and 

uniformly disseminated at 37°C for 6 h. Regarding the skin 

surface temperature, the skin is a highly fluctuate organ, 

which is influenced by several factors, including ambient 

temperature, blood flow to the skin, metabolism, and 

physiological responses such as sweating. The skin surface 

temperature on the trunk typically ranges from 33.5 to 

36.9°C, which made 37°C an appropriate testing 

temperature27. Every 30 min, 1 mL of the dispersion was 

aspirated to measure the release polyphenol content and 

compensated with 1 mL of fresh buffer. The withdrawn 

samples were centrifuged for 2 min at 12,000 rpm, and the 

supernatant was spectroscopic analyzed regarding its 

polyphenol content, following the procedure described in 

section 2.3, with the gallic acid standard curve in phosphate 

buffer pH 5.5 (concentration range of 2 to 10 µg/mL, 

maximum wavelength of 754 nm, y = 0.1149x + 0.0087, R2 

= 0.9995). The percentages of cumulative polyphenol 

release were calculated by Equation (6). 

 

%Polyphenol release =
20Ct + ∑ Ci

t−1
t

M0 − ∑ Mi
t−1
t

 x 100 (6) 

 

where Ct/Ci are the polyphenol contents at the 

time t/i, M0/Mi are the initial polyphenol content and the 

withdrawal polyphenol content at time i. 

To understand the release kinetics, typical 

models were utilized, including the zero-order model, 

first-order model, Korsmeyer-Peppas model, Higuchi 

model, and Hixson-Crowell model (Equation (7-11)). 

 

Mt =  M0 + k0t  (7) 

 

ln(Mt) =  ln(M0) − k1t (8) 

 
Mt

M0
= kKPtn (9) 

Mt = kHt1/2 (10) 

𝑀𝑡
1/3

= 𝑀0
1/3

− 𝑘𝐻𝐶𝑡  (11) 

 

where M0/Mt are the polyphenol initial amount 

and polyphenol release amount at the time t; 

k0/k1/kKP/kH/kHC are the release constants of the 
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zero-order, first-order, Korsmeyer-Peppas, Higuchi, 

and Hixson-Crowell model, respectively. 

 

2.7. Antioxidant activity test 

 

The free radical scavenging activity of FMP-

EC, as well as the free EC, and vitamin C as a reference, 

was assessed using the standard DPPH assay. For this, 

500 µL DPPH solution in EtOH (0.2 mM) was mixed 

with either vitamin C to get a final concentration range 

of 0, 1.5, 3, 4.5, 6, 7.5, and 9 µg/mL, or the FMP-EC 

and free EC to get the final polyphenol concentration 

range of 0, 5, 10, 15, and 20 µg/mL. The mixtures were 

incubated at room temperature for 30 min in the dark, 

followed by spectroscopic measured at 522 nm. The 

blank sample contained no vitamin C nor extract. The 

spectral absorbance value recorded after the reaction 

was used to calculate the percentage of DPPH free 

radical inhibition using Equation (12). 

 

DPPH scavenging effect (%) =
Blank absorbance − Sample absorbance

Blank absorbance
× 100 (12) 

 

Standard curves were then created using the 

DPPH inhibition percentages obtained at various 

concentrations. The IC50 value (test sample 

concentration that inhibits 50% of DPPH free radicals) 

was then calculated using the created standard curve 

equations. 

 

2.8. Statistical analysis  

 

The quantitative analyses were performed three 

times and data was given as the mean ± standard 

deviation (±SD). To establish statistical significance, 

both the student’s t-test and one-way analysis of 

variance (ANOVA) were utilized, with a p < 0.05 for 

significant differences. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Elsholtzia ciliata extraction 

 

To find the optimal EC extraction process, 

various conditions were surveyed, including (A) EtOH 

concentration, (B) temperature, (C) ratio of medicinal 

powder and EtOH, (D) extraction time, and (E) 

extraction time combined with ultrasound (Figure 1). 

Firstly, the greater the EtOH concentration, the lower 

the extracted polyphenol content (Figure 1A). This was 

due to the solvent polarity influences polyphenol 

solubility, and the polyphenol solubility has a direct 

impact on chemical recovery efficiency28. As a result, 

the ideal solvent concentration for the extraction method 

was determined to be EtOH 70%, with the highest 

polyphenol content.  

Secondly, according to studies on the kinetics 

of biological component extraction, increasing the 

extraction temperature improves the efficiency of the 

process. When heated, the cell walls are shattered, 

therefore encouraging the transport of components into 

the extraction solvent29. Furthermore, when the 

temperature rises, the release of phenolic compounds 

increases owing to the hydrolysis of ester or ether 

linkages30. As a result, in this study, when the studied 

temperature was gradually increased from 40°C to 

50°C, the recovered polyphenol content rose 

proportionally (Figure 1B). However, when the 

temperature further rises to 60°C, the polyphenol 

concentration falls. This may be explained by the fact 

that when the temperature rises, certain heat-sensitive 

and heat-lable biological molecules disintegrate, 

lowering the overall polyphenol concentration of the 

extract. As a result, the ideal temperature for this 

extraction procedure is 50°C. 

In terms of the ratio of medicinal powder to 

solvent, as the amount of solvent increased from 1:10 to 

1:40, the polyphenol content of the extract increased; 

however, as the ratio approached 1:45 and 1:50, the 

polyphenol content decreased (Figure 1C). As the 

amount of solvent increases, so does the capacity to wet 

the medicinal powder, to improve the solubility of 

polyphenol compounds, and to enhance the mass 

transfer process caused by the difference in 

concentration of the solid and liquid phases31. It is 

preferable to gradually raise the polyphenol content. 

However, after the amount of polyphenols extracted 

from medicinal plants has been maximized, increasing 

the volume of extraction solvent will diminish the 

polyphenol content of the extract. Therefore, the ratio of 

1:40 was adopted for further experiments.  

Regarding the extraction time, increasing the 

extraction time had little effect on the polyphenol 

concentrations (Figure 1D). Specifically, when the 

duration rose from 1 h to 2 h, the polyphenol content 

significantly increased from 9.36 to 9.77 mg GAE/g 

DPW, but as the period grew from 2 h to 5 h, the 

extracted polyphenol content remained constant. When 

employing the maceration method with a certain amount 

of solvent, the solute only dissolves into the solvent to a 

saturation level, thus, the polyphenol content was 

almost saturated and unaltered after 2 h of extraction. 

As a result, the optimal extraction time was 2 h. 

Furthermore, employing ultrasonic energy to 

promote the diffusion process can reduce the extraction 

time while retaining the required material content. 

Specifically, when ultrasonic waves were combined, the 

polyphenol content peaked within the first 30 min 

(Figure 1E). Extended usage of ultrasound waves 

reduces polyphenol concentrations because ultrasound 

waves can create heat, which alters the structure of 

polyphenol molecules32.  
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Conclusively, the ideal extraction conditions 

for EC included EtOH 70% as extracting solvent, a 

medicinal powder:solvent ratio of 1:40, a temperature of 

50°C, an extraction time of 30 min, and with the 

application of ultrasonic waves. Utilizing this condition, 

the EC was extracted with 60 g plant powder for three 

extraction times and solvent evaporated, which 

possessed a moisture of 8.83±0.07%, an extraction 

efficiency (H%) of 5.375%, and a total polyphenol 

content of 93.45 mg GAE/g DPW. This result was in 

accordance with the previous study, as Pudziuvelyte et 

al reported phenolic levels ranging from 61.25±1.91 to 

94.67±1.91 mg GAE/g DPW in the EC extracts, 

including leaves, stems, and flowers26. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

 

 

 
Figure 1. Polyphenol content in the EC under the survey conditions of (A) EtOH concentration, (B) temperature, (C) ratio of medicinal powder 

and EtOH, (D) extraction time, and (E) extraction time combined with ultrasound. 

 

3.2. Preparation of the blank silk fibroin 

microparticles 

 

The formulations of FMP have been well 

documented in previous publications 18,19. Nevertheless, 

the effect of the desolvation solvent (i.e., EtOH) on the 

FMP size has not been thoroughly explored. To that end, 

this study first investigated the optimal fibroin/EtOH 

ratio to achieve the smallest size. For this, the particle 

sizes reduced as the amount of EtOH increased, 

achieving its lowest size at a 1:3 ratio (0.716 µm) and 

then progressively increases from 1:4 to 1:6 ratio (from 

0.812 µm to 2.634 µm) (Table 1). When ethanol is 

added to a solution containing fibroin, the fibroin α-

helical structure forms hydrogen bonds that change to 

the anti-parallel β-sheet structure, resulting in 

microparticles formation19. When the quantity of 

ethanol increases, the bond formation process 

accelerates, restricting the contact of the fibroin chains 

themselves, resulting in a smaller particle size. 

However, when the fibroin/EtOH ratio increased to ≥ 

1:4, the particle formation process was significantly 

enhanced, thus, the particle density in the solution rose, 

and since the formulation duration was extended to 24 

h, the particles could interact with one another to form 

clusters, consequently increased the hydrodynamic 

sizes. As a result, the fibroin/EtOH ratio of 1:3 was 

selected for the preparation of FMP-EC.  

 
Table 1. Particle sizes of the blank FMP at various fibroin/EtOH ratios. 

 
Fibroin/EtOH ratio Size (µm) 

1:1 5.7±2.5 

1:2 1.2±0.6 

1:3 0.7±0.1 

1:4 0.8±0.2 

1:5 2.6±1.4 

1:6 2.6±2.1 

 

3.3. FMP-EC particles characterizations 

 

Two FMP-EC formula were prepared, the 

FMP-EC6 and FMP-EC9, with an initial polyphenol 

content of 1800 µg and 2700 µg, respectively. The 

FMP-EC6 possessed an average size of 0.7±0.1 µm, 

similar to that of the blank FMP, whereas the FMP-EC9 

showed a bigger size of 3.2±0.2 µm. To explain this 

phenomenon, the formation of FMP-EC plays a role. 

The addition of EC ethanolic extract could induce the 

hydrophilic and hydrophobic chains of the fibroin 

molecules to be positioned alternatively, allowing the 
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fibroin molecules to form particles by the self-assembly 

process5,23. During this process, the polyphenol contents 

of the EC interacted with the fibroin via chemical 

bonding (i.e., hydrogen bonding, van der Waals forces, 

π-π interactions between benzene rings, and 

hydrophobic interactions between fibroin hydrophobic 

segments and polyphenols side chains), and thus, being 

encapsulated in the particle structures (Figure 2).           

As a result, when the initial polyphenol concentration is 

high, the amount of polyphenols loaded into the 

particles and adhered to its surface is also high, thus 

increasing the particle size. Additionally, the FMP-EC6 

and FMP-EC9 showed similar loading efficiency of 

29.91±1.54% and 31.69±0.97%, respectively, 

suggesting the saturation of the FMP in interacting with 

the EC polyphenol contents33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. Mechanisms of the interactions of EC polyphenol and FMP. 

 

In terms of the chemical interactions, the FT-IR 

spectra of the fibroin sample exhibits typical fibroin 

signals, such as amide I and amide II peaks at 1650-

1500 cm-1 of C=O and N-H bonds, and amide III at 1240 

cm-1 of C-N bonds (Figure 3), confirming the effective 

extraction of fibroin from silk cocoons19. Moreover, the 

blank FMP and FMP-EC show distinctive fibroin peaks 

comparable to fibroin, indicating the formulation 

process did not significantly alter the fibroin 

structures18. It is worth to notice that the amide I, II, and 

III peaks locations slightly shifted in the FMP-EC, 

which were due to the conformational changes from silk 

I (mainly α-helix structure) to silk II (mainly β-sheet 

structure) in the particle as a result of the addition of EC 

ethanolic extract. In addition to the normal peaks of the 

fibroin, the FMP-EC system exhibits additional peaks 

associated with polyphenol functional groups. 

Specifically, the region of 3000-3500 cm-1 is the 

hydrogen bond and -OH bond in the extract's alcoholic 

and phenolic components. This location also 

corresponds to the elongation bond of the -OH group in 

residual water formed after freeze-drying. The bond at 

2800-2900 cm-1 is the C-H bond of the -CH2 or C-H 

groups34. The peaks at 1019-1148 cm-1 represents C-O 

stretching and C-H bending bonds. These features were 

thoroughly proven in samples FMP-EC6 and FMP-EC9, 

indicating that the polyphenol-containing extract was 

successfully loaded into FMP. Furthermore, the 

crystallinity of FMP and FMP-EC was not statistically 

differed, suggesting the EC loading did not alter the 

particles inherent characteristics.  
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Figure 3. FT-IR spectra of fibroin, FMP, free EC, and FMP-EC, together with the sample crystallinity index. 

 

Regarding the SEM images, the blank FMP 

particles before loading the EC was spherical with a 

smooth surface and aggregated pattern (Figure 4A), in 

agreement with previous work5,23. The aggregated pattern 

was due to the inter-molecular interactions between the 

fibroin molecules19. Interestingly, when being loaded with 

the EC, both the FMP-EC6 and FMP -EC9 preserved its 

spherical form, while reduced the aggregated issue of the 

blank FMP (Figure 4B and 4C). The reason for this is that 

polyphenols, when interacted with fibroin, may create 

additional forces between fibroin and polyphenols, as well 

as between polyphenols themselves, consequently 

solidified the particles, making them more compact. 

Moreover, these forces interrupt the fibroin-fibroin       

inter-molecular interactions, therefore, the particles 

aggregation was decreased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4. SEM images of the blank FMP (A), FMP-EC6 (B), and FMP-EC9 (C). 
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3.4. In vitro release profile in simulated skin 

condition 

 

 Figure 5 displays the polyphenol release 

process of FMP-EC6 and FMP-EC9, in simulated skin 

condition. Overall, the released polyphenol increased 

linearly over time, with the first burst-release initial 

phase at 30 min (30-40% polyphenol was released) and 

the second gradual-release phase for the remaining 

duration until 6 h, reaching 74.04% for FMP-EC6 and 

61.93% for FMP-EC9. During the entire release time, 

the amount of polyphenol was adequate to exert anti-

oxidative activity, as the minimum release amount was 

almost two times higher than the IC50 of the particles 

(discussed in the next section). The initial rapid release 

could be due to the weakly bound water-soluble 

polyphenol compounds located on the particles 

surfaces, which dissolved favorably in the release 

medium. On the other hand, the gradual release phase 

was attributed to the strongly bound lipophilic 

polyphenol compounds that interacted with the fibroin 

molecules in the particle cores (Figure 2). This fact 

proved the research hypothesis on using FMP to control 

the release rate of polyphenol compounds in EC on the 

skin surfaces. 

 Notably, the release rate for FMP-EC6 was 

more rapid compared to FMP-EC9, which shows a more 

gradual release. The gap between the two formulations 

remains consistent throughout the time course. This was 

possibly due to the difference in particle sizes. The 

FMP-EC6 possessed a nano-size of 0.7±0.1 µm, 

whereas the FMP-EC9 showed a micron-size of 3.2±0.2 

µm. Thus, the high surface-area-to-volume ratio of 

FMP-EC6 enhances their contact with the dissolution 

medium, consequently increasing the release rate35. 

 Lastly, when fitted in different release model, 

the release process of both particles was congruent with 

some mathematical models, with R2 of > 0.9 (Table 2). 

For FMP-EC6, the three R2 values from the First-order, 

Higuchi, and Korsmeyer-Peppas models were more 

than 0.9, indicating that the release process was 

identical to the processes in all three models. 

Furthermore, based on the beginning circumstances, the 

particles exhibited polymeric characteristics, and the 

matrix structure is compatible with the Korsmeyer-

Peppas model. The number n = 0.6893 (0.45 < n < 0.9) 

indicates that the released particles followed a diffusion 

process with coupled decay36, which aligns with the 

experimental release data. Similarly, the release profile 

of FMP-EC9 followed well with the diffusion process 

and decay of the fibroin matrix, with n = 0.650937. 

Conclusively, the particles first rapidly released the 

water-soluble EC polyphenols on the surfaces, then, the 

lipophilic EC polyphenols on the core was gradually 

diffused out due to the slow degradation of fibroin 

matrix in the medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 5. Polyphenol release profile in simulated skin condition of FMP-EC6 and FMP-EC9. 

 

 

Table 2. The R2 value of different release kinetic model of the FMP-EC. 

 
Sample Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas 

FMP-EC6 0.7926 0.9174 0.9376 0.8864 0.9135 

FMP-EC9 0.7278 0.8229 0.9019 0.7961 0.9097 
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3.5. Antioxidant activity test 

 

 The antioxidant activity of EC, FMP-EC6, and 

FMP-EC9 was assessed using the DPPH free radical 

scavenging activity (Table 3). Firstly, the free EC had 

lesser antioxidant activity than vitamin C, yet it still falls 

within the category of potent/very-active antioxidants38. 

Comparing to the EC IC50 of a previous work, which 

demonstrated a value of 495.80±17.16 µg/mL17, the 

extract in this study exhibited superior activity with an IC50 

of 12.87±0.82 µg/mL, indicating the effect of geography 

on the plant potency. Secondly, the FMP-EC showed 

weaker antioxidant activity than the free EC, which 

possibly due to the slow release of polyphenols from the 

particles. Since the incubation time of the DPPH assay was 

only 30 min, with limited solvent, the released polyphenol 

amount from the particles was < 30%. Nevertheless, even 

at this low release rate, the total amount of EC polyphenol 

was adequate for the antioxidant activity. Moreover, the 

particles could also prolong and sustain the polyphenol 

release for 6 h, which benefits the long-term use of this 

product for skin cosmetic. 

 
Table 3. IC50 values of DPPH anti-oxidative activity of vitamin C, free EC, and FMP-EC. 

 

Sample Linear equation  IC50 (µg/mL) 

Vitamin C y = 11.311x – 0.5019 (R² = 0.9954) 4.46±0.04 

Free EC y = 3.98x – 1.2054 (R² = 0.9981) 12.87±0.82 

FMP-EC6 y = 0.231x + 6.0087 (R² = 0.9596) 190.44±2.31 

FMP-EC9 y = 0.3119x – 0.0677 (R² = 0.9574) 160.52±1.98 

 

4. CONCLUSIONS 

 

 The study effectively extracted EC, encapsulated 

the extract in FMP, physicochemical characterized the 

particles, and determined their release profile and 

antioxidant activity, for the purpose of anti-oxidative skin 

cosmetic. The particles were successfully produced by 

one-pot desolvation process with appropriate properties, 

sustain release the EC polyphenol for 6 h in an 

environment that mimics the skin pH, with a release 

efficiency of more than 70%, following Korsmeyer-

Peppas model, and preserve the EC antioxidant activity. 

In conclusions, the study demonstrates the potential use 

of the FMP-EC as a skin cosmetic, and the particles could 

be further investigated to be a commercial product. 
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