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Background: Wedelia trilobata L. (WT), a common herbal plant in Vietnam, is popularly used as a strong antioxidant in Vietnamese 
folk medicine. However, limited studies have reported the application of WT flower in cosmeceutical area.
Purpose: This study explored the potentials of WT loaded fibroin microparticles (FMPs-WT) as a novel anti-aging cosmeceutical 
product.
Methods: The WT flower was firstly extracted by maceration with methanol, ethanol 60%, and ethanol 96%, and its chemical 
compositions and total polyphenol content were investigated. Then, the FMPs-WT were developed by desolvation method and 
physicochemically characterized. Finally, the product antioxidant activities were in-vitro determined using DPPH assay.
Results: The optimal WT extract was the ethanol 60% extract, which contains polyphenols, alkaloids, flavonoids, saponins, glyco
sides, and organic acids; with a total polyphenol content of 46.47 ± 2.32 mg GAE/g plant powder. The FMPs-WT were successfully 
formulated, with a distinct silk-II polymorph; varied sizes of 0.592 to 9.820 µm, depending on the fibroin concentrations and the WT 
extraction solvent; high entrapment efficiencies of >65%; and sustained-release patterns of polyphenol in pH 7.4 for >6 h. Regarding 
the antioxidant activity, the pure WT flower extracts possessed high scavenging actions with IC50 of 7.98 ± 0.40 µg/mL, comparable 
with the standard ascorbic acid (IC50 = 4.23 ± 0.21 µg/mL). Moreover, the FMPs-WT could retain the extract antioxidant capacity, and 
exert the effects in a timely manner, corresponding to its release profile.
Conclusion: The FMPs-WT could be further investigated to become a potential anti-aging cosmeceutical product in the market.
Keywords: Wedelia trilobata L., silk, fibroin, microparticles, antioxidant, DPPH

Introduction
Aging is a natural phenomenon resulting from the gradual decline of biological and physiological functions as people 
age.1–3 The aging process is partly due to the accumulation of molecular damage in the cells. Aging can be caused by 
various factors, including internal factors such as inflammation, hormone deficiency, and physiological disorders, and 
external factors such as tobacco, alcohol, and unhealthy foods. Among them, one of the most important factors that 
accelerates aging process is cellular oxidative stress caused by the reactive oxygen species (ROS).4 Thus, to delay the 
aging progression and prolong the human life span, much effort has been made on the anti-aging compounds (ie, 
compounds that interfere and hinder the aging biological processes).5 However, synthetic and semi-synthetic anti-aging 
drugs, besides the desired therapeutic actions, possess numerous side effects affecting human health.6 Therefore, 
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compounds from natural sources have gained increasing interest,7,8 especially polyphenols due to their high antioxidant 
activities.

For that reason, Wedelia trilobata L. (WT), commonly known as “sài đất ba thùy” in Vietnamese, could be a potential 
plant for anti-aging due to its rich source of polyphenols. WT is an ethnopharmacological herb belonging to the 
Asteraceae family, native to Mexico and Central America.9 Currently, WT is found all over the world, including 
Vietnam. In Vietnam, WT has long been used as a folk medicinal plant for common cold, inflammation, and wound 
treatments. Pharmacological reports show that WT, especially its flower, possesses numerous therapeutic actions of 
antioxidant,10,11 analgesic,12 anti-inflammatory,13 antibacterial,14 wound healing,15 anticancer,16 liver protection,17 anti- 
diabetes, and fertility enhancement.18,19 Specifically, for anti-aging issue, WT-flower-extract strong antioxidant capacity 
has been confirmed, which is mainly due to its abundance of polyphenol compounds.9,11,14 However, because of its 
structures with lots of unsaturated bonds, most WT polyphenol compounds are unstable, readily interact with various 
chemicals, and easily being oxidized when exposed to light, temperature, pH, water, and enzymes.20 Therefore, to 
enhance the WT polyphenols stability, increase and prolong their activities, it is crucial to protect them from physico
chemical damage prior to applications.

One potential approach is the encapsulation of WT flower extract in a biomaterial-based drug delivery system that is 
both safe for humans, effective in protection against external influences, and controlled releases of active ingredients.21 

To this end, microparticles fabricated from silk fibroin are an interesting system. Fibroin, a protein commonly extracted 
from Bombyx mori silk, possesses favorable properties of high stability, non-toxicity, high biocompatibility, and 
biodegradability.22–27 Moreover, fibroin has been approved by the US FDA as a healthcare material,28 thus, the 
incorporation of WT flower extract in the fibroin microparticles (FMPs) can be applied as functional foods or dietary 
supplements for anti-aging purposes. Over the years, fibroin has been widely used in regenerative medicine, as well as in 
controlled drug delivery systems for carrying antioxidants.29,30 Nevertheless, most studies focus on only one pure 
antioxidant such as curcumin,31,32 resveratrol,33 and quercetin.34 To the best of our knowledge, limited studies have 
explored the potentials of FMPs in delivering plant extracts,21,28 and no report has mentioned about the application of 
FMPs for anti-aging purpose.

Therefore, from the above limitations, to fill in the literature gaps and to develop new anti-aging cosmeceutical 
products, this study formulated the FMPs containing various extracts of WT flowers (ie, ethanol 96%, ethanol 60%, and 
methanol extracts), determined the products physicochemical properties, and investigated their antioxidant effect.

Materials and Methods
Materials
WT flowers were collected in September 2021 in Can Tho, Vietnam, and identified according to the Vietnamese herb- 
species analysis system by a botanical expert, and the voucher specimens were kept at the College of Natural Sciences, 
Can Tho University. Silkworm cocoons (variety Bombyx mori M45) were collected in Truc Ninh district, Nam Dinh 
province. After harvesting, the cocoons were cleaned, dried, packed, and transported at normal temperature and humidity 
of 60–80% to the laboratory.

The chemicals used in this study were ascorbic acid (99%, Merck, Germany), gallic acid (Xilong, China), Folin-Ciocalteu 
(Merck, Germany), 2,2-Diphenyl-1-picrylhydrazyl (DPPH, 95%, Merck, Germany), Na2CO3 99.8% (Xilong, China). All 
other utilized compounds/solvents (ie, ethanol 96%, methanol, HCl, and NaOH) were of reagent grades or higher.

Plant Collection and Extraction
Fresh WT flowers, after being collected, were cleaned with water, dried naturally, ground into fine powder, and stored at 
4°C. For the extraction, a simple maceration process was utilized. Briefly, 30 g of dry plant powder was soaked in 
methanol, ethanol 60%, or ethanol 96% with a raw materials/solvent ratio of 1:60 (w/v) for 72 h. Then, the samples were 
sonicated at 50°C for 60 min in triplicate, with the same raw materials/solvent ratio. The extracts were then filtered thrice 
and the solutions were evaporated using the rotavapor at low pressure and 45°C. The extraction efficiency was calculated 
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as the final extract weights divided by the initial plant powder weight (30 g). In this study, three (3) WT extracts were 
employed, namely the methanol, ethanol 60%, and ethanol 96% extract.

Plant Chemical Composition Determinations
The main chemical constituents (alkaloid, glycoside, flavonoid, steroid, saponin, and organic acid) of the three WT flower 
extracts were determined based on the standard protocols summarized in Figure 1. Additionally, the total polyphenol 
content in each extract was spectroscopic quantified utilizing the well-known Folin-Ciocalteu reaction, following the 
manufacturer’s procedure.35,36 Accordingly, 2.5 mL of 10% Folin-Ciocalteu reagent was added to 0.5 mL of the extract, 
and the mixture was incubated in the dark for 3–8 min at 25°C. Then, 2 mL of 10% Na2CO3 solution was added to the 
mixture, followed by another 1-h incubation. Finally, the UV–Vis spectroscopic absorbance of the products was 
measured at a wavelength of 765 nm. The total polyphenol content in the extract was calculated based on the calibration 
curves of the standard gallic acid and was expressed as mg gallic acid equivalent/dry powder weight (mg GAE/g DPW).

Silk Fibroin Extraction
Fibroin was extracted from Bombyx mori silkworm cocoons by microwave-assisted heat extraction method.37 Briefly, ten 
grams (10 g) of the cocoons were degummed with 0.5% Na2CO3 solution at 100°C for 1 h, followed by washing with 
distilled water and drying naturally. The degummed silk were then dissolved in CaCl2:H2O:Ca (NO3)2:EtOH mixture 
(30:45:5:20 w/w/w/w) and heated in a microwave oven (900 W) for 2 min. The silk solution was dialyzed with distilled 
water using a cellulose membrane filter (10,000 MWCO) at room temperature for 3–5 days. After dialysis, the solution 
was centrifuged at 10,000 rpm, 4°C for 30 min to remove impurities. Finally, the silk fibroin solution was lyophilized at 
−55°C and 10−4 Torr and the freeze-dried fibroin was cryopreserved for use in the following experiments.

Figure 1 Wedelia trilobata L. chemical constituents’ determination protocols.
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Preparation of FMPs
The FMPs were prepared in two forms, the blank FMPs (FMPs with no WT extract) and the FMPs-WT (FMPs contain 
the WT flower extracts), using a simple desolvation method.24,37 For each form, a total of nine (9) formulas were 
prepared, corresponding to the fibroin concentrations of 1%, 2%, and 3%, and the extraction solvents of methanol, 
ethanol 60%, and ethanol 96%.

For the blank FMPs, the fibroin powder with the weights of 0.05 g/0.10 g/0.15 g was dissolved in 5 mL of distilled 
water to form the fibroin solution at concentrations of 1%/2%/3%. Then, 1 mL of the solvent (methanol, ethanol 60%, 
ethanol 96%) was slowly added to 2 mL of the fibroin solution and the mixture was shaken at 4°C for 24 h. Then, the 
spontaneously formed particles were collected by centrifugation at 6000 rpm for 40 min. The FMPs were washed with 
distilled water by centrifugation. All particles were freshly prepared prior to experiments.

For the FMPs-WT, the preparation process was performed similarly to the blank FMPs. However, 1 mL of the solvent 
was replaced with 1 mL of the WT flower extract solution, which comprises a polyphenol content of 10 mg GAE/g DPW.

Physico-Chemical Characterizations of FMPs
The blank FMPs and FMPs-WT were physicochemically characterized in terms of particle size, morphology, drug 
entrapment efficiency (EE%) and loading capacity (DL%), structure and crystallinity, and drug release profile.

For the size and morphology, the average particle size and particle size distribution (polydispersity index—PI) were 
determined by dynamic light scattering method using a MicroTrac S3500 analyzer. For this, 5 mL of the FMPs and 
FMPs-WT dispersions in distilled water were subjected to the sample holder, and the measurements were made at 25°C 
at a fixed angle of 90°.24 The particles morphology was observed under a scanning electron microscope in a nitrogenic 
atmosphere. The FMPs and FMPs-WT dispersions were dropped onto the carbon-coated copper grid, dried naturally, 
coated with platinum, and subjected to the instrument sample holder. The operating procedure was then followed the 
manufacturer’s guideline.

To determine the EE% and DL% of the WT flower extract total polyphenol that was encapsulated into the FMPs, an 
indirect method was employed.38 Briefly, after the FMPs-WT were formulated, the particles were centrifuged, and the un- 
encapsulated polyphenols presented in the supernatant were reacted with Folin-Ciocalteu reagent following the procedure 
described in Plant Chemical Composition Determinations. Then, the products were UV-Vis spectroscopic measured at 
a wavelength of 765 nm, and the amount of un-encapsulated polyphenols was calculated using the gallic acid standard 
curve. Finally, the EE% and DL% were determined using (Equations 1 and 2), respectively.

Regarding the particles structures and crystallinity, Fourier-transform infrared (FTIR) spectroscopy was utilized to 
determine the FMP structures, interactions between fibroin and WT polyphenols, and the crystallinity indexes (CI) of 
the systems. For this, the lyophilized fibroin powder, the blank FMPs, the FMPs-WT, and the WT extracts were subjected 
to FTIR measurements (Jasco, Japan, frequency ranges from 4000 to 400 cm−1) using the KBr pelleting technique. The 
analysis was performed under dry air filtration with an encoder of 256 interference images collected at a resolution of 
4.0 cm−1. To evaluate the particle crystallinity, the fibroin amide-I and amide-II peak intensities were determined and the 
CI was calculated based on (Equations 3 and 4).
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where CIIRI and CIIRII are CI values of amide-I and -II peaks, respectively; D1626 and D1525 are the intensities of the 
fibroin crystalline fractions at amides I and II, respectively, while D1655 and D1557 are the intensities of the fibroin 
amorphous fractions at amides I and II, respectively.24

In terms of the drug release profiles, the ability to release polyphenols of the FMPs-WT was performed by shaking 
method. To this end, FMPs-WT were dispersed in 50 mL of phosphate buffer (0.1 M, pH 7.4), and shaken at 200 rpm for 
4 h. At each time point of 30, 60, 90, 120, 150, 180, 210, and 240 min, 1 mL of the sample was withdrawn and the same 
amount of buffer was added. Then, the withdrawn samples were centrifuged at 18,000 rpm for 2 min, and the polyphenol 
content in the supernatant was reacted with Folin-Ciocalteu reagent following the procedure described in Plant Chemical 
Composition Determinations, and UV–Vis spectroscopic determined at 765 nm. The amount of release polyphenols was 
determined based on the gallic acid calibration curve in phosphate buffer pH 7.4 (range: 2–10 µg/mL, y = 0.0985x + 
0.0363, R2 = 0.9989). Finally, the polyphenol cumulative-release percentage (%T) was calculated by equation (5).

In which: Ct, Ci: concentration of polyphenols released at time point t and i.

V0: total volume of release buffer (50 mL).
V: volume of sample withdrawn at each time point (1 mL).
M0: initial amount of polyphenols.
Mi: total amount of polyphenols withdrawn at time i.

Antioxidant Activity Evaluations
The antioxidant activities of the WT extracts, the blank FMPs, and the FMPs-WT were in-vitro assessed by the free 
radical scavenging DPPH assay.14 For the WT extracts, 0.5 mL of the ethanolic solution of DPPH 0.1 mM was added to 
1.5 mL of the extracts at different concentrations (3, 6, 9, 12, 15, 18 µg/mL). The reaction mixture was incubated in the 
dark for 30 min. Then, the absorbance values of the DPPH was UV-Vis spectroscopic measured at 517 nm. Ascorbic acid 
was used as a positive/reference control. The IC50 values of the WT extracts (ie, the minimum concentration to scavenge 
50% of DPPH free radicals) were then determined.

For the blank FMPs and the FMPs-WT, the free radical scavenging efficiency was determined at different time points 
(30, 90, and 180 min) to investigate their antioxidant activities over time. The freeze-dried FMP samples, at polyphenol 
amounts similar to the WT extract IC50, were weighed and re-dispersed in distilled water. Then, 0.5 mL of the ethanolic 
solution of DPPH 0.1 mM was added to 1.5 mL of the dispersions. The mixtures were shaken at 200 rpm in the dark for 
30, 90, and 180 min. Finally, the reaction mixtures were centrifuged at 2000 rpm for 2 min, and measured the DPPH 
absorbance values at 517 nm, similar to the WT extract procedure. The DPPH scanning efficiency percentage was 
calculated using the (Equation 6).

where A0 and A1 are the absorbance values of the DPPH without and with the presence of test/reference samples.

Statistical Analysis
All experiments were conducted in triplicate, and the data were reported in terms of mean ± SD (standard deviation). 
Student’s t-test and one-way analysis of variance (ANOVA) were utilized for statistical purposes, where necessary, with 
a p value of <0.05 for significant comparisons.

Results and Discussions
This study developed and evaluated the antioxidant properties of WT loaded FMPs as a potential anti-aging cosmeceu
tical product. To this end, we first extracted the WT flower using three different solvents of methanol, ethanol 60%, and 
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ethanol 96%, and determined their chemical profiles and total polyphenol content. Then, the blank FMPs and FMPs-WT 
were formulated at different fibroin concentrations of 1%, 2%, and 3%, followed by physicochemical characterizations. 
Finally, the products were investigated for their antioxidant activities in in-vitro settings using the DPPH assay.

Plant Extraction and Chemical Composition Determinations
From 30 g of dry WT powder (water content of 7.89 ± 0.47%) extracted with different solvents, the ethanol 60% yielded 
the highest extraction efficiency of 9.05 ± 0.81%, followed by methanol (8.10 ± 0.75%) and ethanol 96% (7.85 ± 0.72%). 
All three WT flower extracts were yellow-brown color, solid and has a characteristic scent.

The chemical compositions in all three extracts showed positive results for various compounds, namely alkaloid, 
flavonoid, auron, flavonol, saponin, glycoside, and organic acids (Table 1), partly in agreement with previous 
studies.12,13,39 The differences in the compounds in our extracts and the other studies’ extracts could be due to the 
differences between the extraction methods and partly due to the influence of geographical, climatic, and soil conditions 
in each region.

The polyphenol content in each extract was determined based on the gallic acid standard curve in methanol 
(y = 0.0984x + 0.0787 (R² = 0.9925)), ethanol 60% (y = 0.1023x + 0.0574 (R² = 0.9992)), and ethanol 96% 
(y = 0.1100x + 0.0436 (R² = 0.9994)). Correspondingly, the polyphenol content in the methanol, ethanol 60%, and 
ethanol 96% extracts was 33.47 ± 1.67, 46.47 ± 2.32, and 24.45 ± 1.22 mg GAE/g DPW. These results were consistent 
with the extraction efficiency data, as a solvent with higher extraction efficiency (ethanol 60%) yielded a higher 
polyphenol content.

Physico-Chemical Characterizations of FMPs
The mean particle sizes of the FMPs and FMPs-WT are reported in Table 2. In general, the formulations possess different 
sizes, ranging from 0.592 to 9.820 µm, depending on the fibroin concentrations and the WT extraction solvent. 
Additionally, all formulas had a PI value of <0.3, indicating the system's narrow size distributions. From the results, 
the FMPs particle sizes followed the solvent order of methanol > ethanol 96% > ethanol 60%. This re-confirms the 
effects of different desolvating solvents on the fibroin micro-/nanoparticle formations, sizes, and shapes.40 Moreover, an 
increase in the fibroin concentrations, from 1% to 3%, yielded proportionally larger particles. This phenomenon could be 
explained by a fibroin structure that contains both hydrophobic (75% w/w) and hydrophilic segments (25% w/w). This 
dominant hydrophobic segment, characterized by a high content of repeat units of Glycine-Alanine, renders fibroin 
crystalline process in aqueous solution. Additionally, when increasing the fibroin concentration, the interactions between 
the microcrystals and the free fibroin molecules, as well as between the microparticles themselves correspondingly 
increase. Therefore, in a limited space, it is easier for FMPs at higher fibroin concentrations to agglomerate and form 
larger-sized particles.

Table 1 Chemical Compositions in the Methanol, Ethanol 60%, and 
Ethanol 96% Extract of Wedelia trilobata L. Flower. (+) Presence; (-) 
Absence

Compound Wedelia trilobata L. Flower Extract

MeOH EtOH 60% EtOH 96%

Alkaloid + + +
Flavonoid + + +

Auron + + +

Flavonol + + +
Saponin triterpene + + +

Saponin steroid + + –

Glycoside + + +
Organic acids – + +
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The particles morphologies were further investigated using SEM technique (Figure 2). The micrographs illustrate that 
in all nine formulas, the FMPs-WT were spherical in shape, and mostly stay in aggregate forms (ie, the particles link 
together to form long and complex chains). Moreover, when the fibroin concentrations increased from 1% to 3%, the 
bigger particle clumps with larger sizes were observed, which confirms the DLS results. Additionally, the formulating 
solvents (methanol, ethanol 60%, and ethanol 96%) did not significantly affect the particles shapes.

In terms of the EE% and DL%, the polyphenol entrapment efficiencies into the FMPs, at all formulas, were relatively 
high (>65%) (Table 3). This indicates that the polyphenol compounds in the WT extract strongly interact with the 
structure of silk fibroin, which will be further confirmed in the FTIR spectra. Moreover, among three extracts, the EE% 
of the ethanol 60% extract were the highest, suggesting that the polyphenol compounds in this extract interact better with 
the fibroin molecules than the compounds in the methanol and ethanol 96% extracts. Interestingly, higher fibroin contents 
resulted in higher EE% and lower DL% values. This could be explained by the saturated loading capacity of the FMPs. 
When the fibroin amount increases, the saturated loading capacity increases, thus, the EE% increases. However, the 
increase in fibroin amount produced more FMPs, yet the loaded polyphenol compounds reached their saturation levels, 
consequently decreases the DL% of the whole systems.

Regarding the FMPs structures, FTIR spectroscopy was employed. To this end, the spectra of all blank FMPs and FMPs- 
WT show specific silk-II (ie, crystalline-dominant silk structure) peaks at 1626 cm−1 (amide I), 1525 cm−1 (amide II), and 
1234 cm−1 (amide III) (Figure 3).37 On the other hand, the raw fibroin powder shows specific silk-I (ie, amorphous-dominant 
silk structure) peaks. Moreover, the characterized peaks of the WT extracts of 2912 cm−1 and 2830 cm−1 appeared in the 
FMPs-WT formulas but did not appear in the blank FMPs. These two phenomena indicate that the FMPs formulation 
processes were complete41 and the WT extracts were successfully loaded into the particles. Additionally, the fact that other WT 
extract signals did not show in the FMPs-WT spectra suggests that the extract compounds were mostly encapsulated in the 
particles in molecular dispersion states.26 Furthermore, from the FTIR data, the CI of the microparticle systems and the raw 
fibroin powder were calculated based on our previous study37 (Table 4) and followed the order of CIfibroin powder < CIFMPs-WT < 
CIBlank FMPs. The CI values are used to assess the particle crystalline/amorphous state, the higher the values, the higher the 
crystallinity of the material.37 Hence, the results re-confirm that the fibroin in FMPs has been changed to silk-II crystalline 
structure, rather than the silk-I amorphous structure of the fibroin powder; and the WT extract was encapsulated in the FMPs in 
molecular dispersion amorphous form, which reduces the overall CI of the systems.

The release profiles of the total polyphenol content from FMPs-WT were investigated in phosphate buffer (0.1 M, pH 7.4) 
(Figure 4). The maximum polyphenol releases of the FMPs-WT were different, depending on their fibroin concentrations and 

Table 2 Particle Sizes (µm) of the Blank Fibroin Microparticles (FMPs) 
and FMPs Containing Wedelia trilobata L. Flower Extracts (FMPs-WT), at 
Different Fibroin Concentrations (1%, 2%, and 3%) and Extraction 
Solvents (Methanol, Ethanol 60%, and Ethanol 96%)

Fibroin Concentration

1% 2% 3%

MeOH extract
Blank FMPs 5.440 ± 0.513a 7.110 ± 0.608c 9.820 ± 0.834e

FMPs-WT 2.877 ± 0.321b 4.160 ± 0.520d 4.650 ± 0.397df

EtOH 60% extract
Blank FMPs 0.659 ± 0.102a 2.218 ± 0.236c 2.404 ± 0.330ce

FMPs-WT 0.592 ± 0.111ab 1.667 ± 0.180d 1.980 ± 0.174f

EtOH 96% extract
Blank FMPs 3.610 ± 0.421a 4.210 ± 0.316c 4.377 ± 0.451ce

FMPs-WT 2.420 ± 0.272b 2.785 ± 0.298bd 3.097 ± 0.307df

Notes: Different letters a–fDenote significant differences between samples in the same 
category.
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extraction solvents. Specifically, the FMPs-WTMeOH, the FMPs-WTEtOH 60%, and the FMPs-WTEtOH 96% possesses 
a maximum polyphenol release of 26.94%, 23.67%, 17.38%; of 26.77%, 23.18%, 19.87%; and of 32.98%, 28.3%, 20.62%, 
corresponding to the fibroin concentration of 1%, 2%, and 3%, respectively. Such differences could be explained based on the 
composition of the polyphenol compounds that were encapsulated into the FMPs, which had different interactions with the 

Figure 2 SEM micrographs of the fibroin microparticles (FMPs) containing Wedelia trilobata L. flower extracts at different fibroin concentrations of 1%, 2%, and 3%, and 
different extraction solvents (methanol - MeOH, ethanol 60% - EtOH 60%, and ethanol 96% - EtOH 96%).

Table 3 Entrapment Efficiency (EE%) and Loading Capacity (DL%) of the Polyphenol 
Content of the Wedelia trilobata L. Flower Extracts (Methanol - MeOH, Ethanol 60% 
- EtOH 60%, and Ethanol 96% - EtOH 96%) in the Fibroin Microparticles (FMPs-WT) 
at Different Fibroin Concentrations of 1%, 2%, and 3%

Fibroin Concentration DL% EE%

FMPs-WTMeOH 1% 35.72 ± 1.79a 68.04 ± 3.40d

2% 19.58 ± 0.98b 74.10 ± 3.71e

3% 12.25 ± 0.61c 80.01 ± 4.00f

FMPs-WTEtOH 60% 1% 41.12 ± 2.06a 76.16 ± 3.81d

2% 20.66 ± 1.03b 81.00 ± 4.05e

3% 14.88 ± 0.74c 85.74 ± 4.29f

FMPs-WTEtOH 96% 1% 49.74 ± 2.49a 70.73 ± 3.54d

2% 24.85 ± 1.24b 73.72 ± 3.69e

3% 16.32 ± 0.82c 81.95 ± 4.10f

Notes: Different letters a–fDenote significant differences between samples in the same column/category.
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fibroin molecules, making them released differently. Moreover, all nine formulas show a 2-phases-release pattern of 
polyphenol, with a burst release in the first 30 min, followed by a sustained release for the remaining time. There were 
two reasons for this, (1) as previously discussed, the polyphenol was encapsulated in the FMPs in molecular dispersion form, 

Figure 3 FTIR spectra of the Wedelia trilobata L. flower extracts, the raw fibroin powder, the blank fibroin microparticles (FMPs-Blank), and the Wedelia trilobata L. flower extract 
loaded FMPs (FMPs-WT) at different fibroin concentrations of 1%, 2%, and 3%, and at different extraction solvent of (A) methanol, (B) ethanol 60%, and (C) ethanol 96%.

Table 4 Crystallinity Indexes (CI), Calculated from the FTIR Spectra, of the Raw Fibroin Powder (Powder), the 
Blank Fibroin Microparticles (Blank FMPs), and the Wedelia trilobata L. Flower Extract Loaded FMPs (FMPs-WT) 
at Various Fibroin Concentrations of 1%, 2%, and 3%, and Different Extraction Solvents of Methanol (MeOH), 
Ethanol 60% (EtOH 60%), and Ethanol 96% (EtOH 96%)

Powder Blank 
FMPs 

FMPs-WT

MeOH EtOH 60% EtOH 96%

1% 2% 3% 1% 2% 3% 1% 2% 3%

CIIRI 0.39 0.56 0.49 0.47 0.49 0.48 0.46 0.48 0.50 0.50 0.50

CIIRII 0.39 0.52 0.49 0.46 0.47 0.44 0.40 0.45 0.50 0.49 0.48
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thus, some polyphenols are easily dissolved out into the medium, making the burst release phase; (2) some polyphenols 
possess significant hydrophobic interactions with fibroin silk-II β-sheet structure,9,30,32 which contribute to the gradual release 
phase. Conclusively, this 2-phases release pattern is beneficial for FMPs to deliver the WT extracts, since the burst release 
phase gives adequate drug amount for therapeutic action, and the slow-release phase protects the polyphenols from degrada
tion by environmental agents, as well as controls their therapeutic effects.

Antioxidant Activity Evaluations
The antioxidant activity of the WT flower extracts, the blank FMPs, and the FMPs-WT was determined based on their 
ability to reduce the spectral absorbance of the DPPH solution. Compared to the standard ascorbic acid with an IC50 of 
4.23 ± 0.21 µg/mL, the methanol extract, the ethanol-60% extract, and the ethanol-96% extract of the WT flower 
possessed moderate antioxidant activities, with IC50 of 8.67 ± 0.43 µg/mL, 7.98 ± 0.40 µg/mL, and 10.70 ± 0.54 µg/mL, 
respectively. These data were in correspondence with the total polyphenol content of the three extracts (ie, the polyphenol 
content in ethanol-60% extract > methanol extract > ethanol-96% extract), suggesting that these polyphenols play an 
important role in the WT antioxidant activity. Our WT extract IC50 was much lower than that of previous studies, which 
show that the IC50 of WT flower methanol extract ranged from 19.072 µg/mL to 90 µg/mL.11,15 These differences might 

Figure 4 Release profiles of the polyphenol content in the Wedelia trilobata L. flower extract loaded fibroin microparticles (FMPs-WT) at various fibroin concentrations of 
1%, 2%, and 3%, and different extraction solvents of methanol, ethanol 60%, and ethanol 96%.
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be due to geographical variations, climate, and other environmental factors affecting the chemical composition of the 
plant.

Regarding the FMPs antioxidant activities (Table 5), the blank FMPs could scavenge a small amount of DPPH, 
possibly because of the tyrosine residues presented in the structure of fibroin.28 Moreover, all FMPs-WT formulas 
demonstrate high antioxidant activity, indicating that the WT polyphenols actions were preserved when the extracts were 
encapsulated into the FMPs. Interestingly, the FMPs-WT could scavenge the free radicals in a time-dependent manner, as 
the longer the reaction time, the higher the scavenging percentages. These results corresponded with the release profiles 
of the polyphenol compounds from the particles. Since the FMPs-WT possessed a sustained-release pattern, their 
antioxidant effects were also prolonged. This fact shows much potential of the FMPs in delivering the WT extracts as 
a cosmeceutical product for anti-aging action since the particles could protect the polyphenols, as well as extend their 
action sustainably.

Conclusions
The present study developed and fully evaluated the FMPs incorporating WT flower extract as a novel anti-aging product. 
The WT flower methanol, ethanol 60%, and ethanol 96% extracts showed high antioxidant activities of 8.67 ± 0.43 µg/mL, 
7.98 ± 0.40 µg/mL, and 10.70 ± 0.54 µg/mL, respectively. Furthermore, the polyphenol compounds in these extracts were 
successfully loaded into the FMPs in molecular dispersion amorphous forms, with a high entrapment efficiency of >65%, 
and a sustain-release profile of >6 h. In addition, the particles could retain the extract antioxidant capacity and exert the 
effects in a timely manner, corresponding to their release profile. Conclusively, the controlled-release FMPs-WT could both 
protect polyphenols in the WT extract from being degraded by environmental factors and control the release profile of these 
compounds, which make the particles a potential application for anti-aging purpose.
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Table 5 Antioxidant Activities in 30, 120, and 240 Min, Based on DPPH Assay, of the Blank Fibroin Microparticles (FMPs) and the 
Wedelia trilobata L. Flower Extract Loaded FMPs (FMPs-WT) at Various Fibroin Concentrations of 1%, 2%, and 3%, and Different 
Extraction Solvents of Methanol, Ethanol 60%, and Ethanol 96%

Fibroin 
Amount

Reaction Time 
(Min)

Blank FMPs FMPs- 
WTMeOH

FMPs- 
WTEtOH 60%

FMPs- 
WTEtOH 96%

DPPH scavenging 
percentage (%)

1% 30 4.75 ± 0.24 25.56 ± 1.28a 24.63 ± 1.23a 23.34 ± 1.17a

120 4.76 ± 0.24 41.73 ± 2.09b 43.98 ± 2.20b 44.15 ± 2.21b

240 5.11 ± 0.26 49.81 ± 2.49c 59.01 ± 2.95c 52.29 ± 2.61c

2% 30 3.12 ± 0.16 27.89 ± 1.39a 26.77 ± 1.34a 26.81 ± 1.34a

120 4.43 ± 0.22 43.75 ± 2.19b 45.69 ± 2.28b 43.79 ± 2.19b

240 4.55 ± 0.23 52.61 ± 2.63c 58.12 ± 2.91c 55.01 ± 2.75c

3% 30 4.75 ± 0.24 29.88 ± 1.49a 27.66 ± 1.38a 27.34 ± 1.37a

120 4.01 ± 0.20 44.18 ± 2.21b 46.19 ± 2.31b 45.61 ± 2.28b

240 4.66 ± 0.23 54.75 ± 2.74c 61.32 ± 3.07c 55.31 ± 2.77c

Notes: Different letters a–cDenote significant differences between samples in the same column/category.
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