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Abstract 
 

Quercetin (QT), a naturally flavonoid compound, demonstrates potent antioxidant capacity and diverse bioactivities. However, 
its pharmaceutical utilization is substantially constrained by intrinsic physicochemical limitations, including aqueous 
insolubility, low systemic bioavailability, and chemical lability. To address these challenges, this study developed 
multifunctional nanoparticles (QT-TA-ZA NSs) through ultrasonic self-assembly and zinc ion-mediated crosslinking strategies 
utilizing QT, tannic acid (TA), and zinc acetate (ZA). Characterization data revealed that the optimized QT-TA-ZA NSs exhibited 
the particle size of 200.9 ± 3.6 nm with high encapsulation efficiencies of 87.47 ± 0.35% for QT and 81.24 ± 0.43% for TA. The 
QT-TA-ZA NSs demonstrated pH-responsive release kinetics, achieving cumulative release rates of 68.73% (QT) and 73.91% 
(TA) at pH 4.8 over 24 h. Synergistic radical scavenging capabilities against DPPH·, ABTS+, and hydroxyl radicals were observed, 
attributable to the antioxidant-rich phenolic hydroxyl networks within the QT-TA-ZA architecture. More significantly, QT-TA-
ZA NSs exhibited outstanding antibacterial activities against Staphylococcus aureus and Escherichia coli. This work pioneers 
a nanoarchitectonics strategy to overcome QT's bioavailability barriers while integrating multifunctionality. The demonstrated 
pH-modulated drug release, ROS-scavenging capacity, and concentration-dependent bactericidal effects validate their 
translational potential in targeted antimicrobial therapies and oxidative stress mitigation. 
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1. Introduction 

Quercetin (QT), a polyhydroxy flavonoid compound, is 

ubiquitously distributed across diverse botanical tissues 

including floral structures, fructus, and foliar systems.[1] 

However, its inherent hydrophobic characteristics and 

instability in the physiological environment lead to low 

bioavailability, which severely restricts its clinical 

translational applications. However, its clinical translation is 

substantially impeded by intrinsic physicochemical 

limitations, particularly pronounced hydrophobicity and 

chemical instability under physiological conditions, which 

collectively contribute to suboptimal pharmacokinetic profiles 

and markedly diminished bioavailability. 

Contemporary pharmaceutical nanotechnology has propelled 

the development of nanoengineered platforms for 

phytochemical encapsulation and targeted delivery, with the 

rational design of ecocompatible,[2] biosafe, and 

therapeutically optimized nanocarriers garnering significant 

research momentum in advanced drug delivery systems.[3,4] 

Despite advancements in conventional methodologies 

persistent challenges remain regarding their compromised 

biodegradation profiles and propensity for systemic 

accumulation-mediated inflammatory cascades.[5,6] 

Recently, the self-assembly strategy has been extensively 

investigated and implemented in the realm of nanotechnology 

to tackle the aforementioned issues.[7] Self-assembly refers to 

the spontaneous formation of ordered structures by chaotic 

fundamental elements driven by non-covalent interactions. In 

this manner, bioactive materials could self-assemble into a 

supramolecular structure without any other carrier matrix, 

such as nanoparticles, gels and micelles.[8,9] Interestingly, such 

structure would break up when it is exposed to a particular 

environment, then releasing the bioactive materials and 

exerting their medicinal effect.[10] According to previous 

studies, Sun et al employed ultrasonic-triggered irreversible 
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equilibrium-tending self-assembly co driven with ionic cross-

linking to fabricate multifunctional cinnamaldehyde-tannic 

acid-zinc acetate nanospheres. This synthetic strategy 

successfully achieved the integration of hydrophilic and 

hydrophobic small molecules.[11] 

Here, QT and tannic acid (TA) were selected to co-

assemble into nanoparticles. Also, to improve their stability 

and bioactivity, zinc acetate was used to crosslink the 

nanoparticles (QT-TA-ZA NSs) by forming a metal-

polyphenol network structure.[12] The present study 

comprehensively evaluated the physical-chemical properties, 

microstructure, release behavior, stability, antibacterial 

activity, and antioxidant capacity of QT-TA-ZA NSs. The 

overarching objective was to engineer a multifunctional 

nanosystem featuring robust stability, superior dispersibility, 

and potent antibacterial and antioxidant capabilities. The 

results indicated that, in the absence of any chemically 

synthesized surfactants or carrier materials, the self-assembly 

attributes between QT and TA under ultrasonic treatment not 

only facilitated their assembly, thereby enhancing 

functionality, but also notably improved the stability and 

bioavailability of plant-derived polyphenol bioactive 

molecules. These findings offer exceptional nano-modifiers 

and modification materials for the rational design of green, 

multifunctional, and degradable materials, thus contributing to 

the advancement of sustainable materials science.[13] 

 

2. Experimental sections 

2.1 Preparation of QT-TA-ZA NSs  

Initially, ethanolic solutions of QT at varying concentrations 

were prepared and introduced via dropwise addition into 5 mL 

of 1 mg/mL tannic acid (TA) aqueous solution under 800 W 

ultrasonic irradiation, yielding crude QT-TA nanoemulsions 

(QT-TA NEs). The colloidal characteristics of QT-TA NEs 

were systematically evaluated using dynamic light scattering 

to determine the optimal QT loading capacity. Subsequently, 1 

mL aliquots of zinc acetate (ZA) solutions at graded 

concentrations were incorporated into the optimized QT-TA 

NEs, followed by ultrasonic crusher (800 W, 20 min) to 

facilitate the formation of QT-TA-ZA nanospheres (QT-TA-

ZA NSs). The optimal ZA concentration was selected 

according to changes in particle size, Zeta potential, and UV-

absorption spectra. The suspension was centrifuged at 10000 

rpm for 10 min, and the QT-TA-ZA NSs were washed three 

times with ultrapure water to remove uncrosslinked monomers. 

Finally, the QT-TA-ZA NSs powder was obtained via freeze-

drying.  

 

2.2 Dynamic light scattering test  

The particle size of the nano-emulsion was determined by 

DLS, and the ζ- potential of the nano-emulsion was 

determined by inserting an electrode. The samples were 

prepared twice under the same conditions, and each sample 

was repeated for 3 times. The average ζ- potential, particle size 

and PDI were calculated.  

2.3 Microscopic morphology  

The QT-TA-ZA NSs was diluted with ultra-pure water, and 

then dripped onto a silicon wafer and dried at 60 °C for 2 h to 

remove the moisture. The sample is then sprayed with 

platinum for 3 min using a sputtering deposition device. The 

microscopic morphology of QT-TA-ZA NSs was observed by 

scanning electron microscope (Thermo Scientific, USA) and 

transmission electron microscope (Thermo Scientific, USA).  

 

2.4 UV-vis spectroscopy and FT-IR  

Fourier transform infrared (FT-IR) spectroscopy is a reliable 

technique used to determine the structure of chemical bonds. 

The change in the electron cloud distribution of the benzene 

ring conjugate system caused by intermolecular interactions 

usually leads to changes in the ultraviolet-visible absorption 

spectrum.[14] The interactions among various components of 

QT-TA-ZA NSs were investigated using an ultraviolet 

spectrophotometer (TU-1950, Beijing, China) and a FT-IR 

spectrometer. For the UV spectrum, the wavelength range is 

200 ~ 800 nm. The types of functional groups on the surface 

of samples were qualitatively analyzed by FT-IR. Scanning 

range is 4000 ~ 515 cm-1, resolution is 4 cm-1, and scanning 

frequency is 32 times.  

 

2.5 XRD analysis of QT-TA-ZA NSs  

X-ray diffraction is widely used to evaluate the crystallinity of 

nanomaterials and the presence of interactions between 

different components during synthesis.[15] The crystal structure 

of QT-TA-ZA NSs was evaluated by the X-ray diffractometer 

(XRD, XRD 6100, Shimadzu Company, Japan). The scanning 

angle range and scanning speed were set to 5 ~ 80° and 5° min-

1, respectively. 

 

2.6 Encapsulation efficiency determination of QT and TA  

Encapsulation efficiency (EE) is generally considered to be an 

important indicator for evaluating the effectiveness of 

nanodrug delivery systems.[16] In this study, UV-vis 

spectrophotometry was used to quantitatively analyze the 

encapsulation efficiency of QT and TA in QT-TA-ZA NSs. The 

specific operation is as follows: Take the freshly prepared 

nanosuspension and centrifuge it at a high speed (10000 rpm, 

10 min). After separation, collect the supernatant for the 

determination of the concentration of unencapsulated drugs. 

The standard curves of QT and TA were calculated by Eqs. (1) 

and (2): 

QT, 𝑦 =  0.00048x +  0.00525,  R2 =  0.998           (1) 

TA, 𝑦 =  0.00039x + 0.006286, R2  =  0.999          (2) 

where y was the absorbance at the absorption peak of the 

liquid phase of the supernatant, and x was the concentration of 

QT or TA. The EE was calculated by Eq. (3): 

𝐸𝐸(%) =
(𝑊0−𝑊1)

𝑊0
× 100%                        (3) 

where W0 was the initial mass (mg) of the added bioactive 
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ingredient (QT or TA) and W1 was the mass (mg) of the 

unencapsulated QT or TA in the system. 

 

2.7 Controlled release performance of QT-TA-ZA NSs  

The natural physiological pH of the epidermis in healthy 

individuals is maintained within a slightly acidic range. The 

pH on the skin surface is usually between 4.5 and 5.3.[17,18] 

After skin damage, its pH value may rise to neutral. We 

selected phosphate buffer solutions with pH values of 4.8 and 

6.8 as simulated solutions for sustained drug release for QT-

TA-ZA NSs. Briefly, 8 mg of QT-TA-ZA NSs were loaded into 

a dialysis bag. Subsequently, the dialysis bag was immersed in 

30 mL of PBS solutions with pH values of 4.8 and 6.8, 

respectively. The system was then oscillated at 37 °C with a 

rotation speed of 150 rpm/min. At specific time intervals, 3 

mL of the sustained-release solution was taken out, and its 

absorbance was measured. To maintain the constant volume of 

the release system, 3 mL of fresh buffer solution was added to 

the sustained-release system. The in vitro drug release curve 

was plotted based on the cumulative release rate. The 

cumulative release (CR) of TA or QT was calculated using the 

following Eq. (4): 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑎𝑙𝑒𝑎𝑠𝑒(%) =
𝑉0 ∑ 𝐶𝑖+𝐶𝑛𝑉1

𝑛−1
1

𝑚0
× 100%    (4) 

where V₀ represents the volume of each sample, V₁ denotes 

the total volume of the added buffer solution, mL. Cᵢ is the 

concentration of QT-TA-ZA NSs at the time of sampling, and 

Cₙ represents the concentration of QT-TA-ZA NSs in the 

release solution extracted at the corresponding time, mg/mL. 

m₀ is the content of QT-TA-ZA NSs, mg. 

 

2.8 Storage stability 

The stability of 10 μg/mL QT-TA-ZA NSs was evaluated at 

4 ℃. To observe the release properties of QT and TA in 

aqueous solution, the ultraviolet spectra of QT-TA-ZA NSs 

were collected at different intervals (0, 1, 3, 5, 7, and 10 days).  

 

2.9 Antioxidation properties  

The antioxidation properties were evaluated using the DPPH• 

method,[19] ABTS+ method,[20] and hydroxyl radicals (•OH) 

scavenging activity. The DPPH• solution (2 × 10−4 M) was 

prepared. 2 mL DPPH• solution and different QT-TA-ZA NSs 

concentrations were added to the test tube, and stored at room 

temperature in the dark. After 30 min, the absorbance of the 

solution at 517 nm was measured using an Uv-vis 

spectrophotometer. The free radical scavenging activities of 

QT-TA-ZA NSs was calculated as following Eq. (5): 

𝐷𝑃𝑃𝐻 •  scavening activity (%) =
(𝐴0−𝐴𝑖)

𝐴0
× 100%     (5) 

where A0 was the absorbance of control, and Ai was the 

absorbance of the different QT-TA-ZA NSs (n ≥ 5).  

Meanwhile, the ABTS+ radical scavenging activity was 

tested following the kit's instructions. The different QT-TA-

ZA NSs concentrations were added into a 96-well plate. 200 

µL ABTS⁺ solution was placed into each well. The absorbance 

(λ = 734 nm) of the sample solution was measured using a 

microplate reader (FlexA-200, Hangzhou Aosheng, China). 

The free radical scavenging activities of QT-TA-ZA NSs was 

calculated as following Eq. (6): 

ABTS+ scavening activity(%) =
𝐵0−𝐵𝑖

𝐵0
× 100%        (6) 

where B0 and Bi were the absorbance values of the control and 

experimental group, respectively. 

The determination of the scavenging activity of free 

radicals (•OH) was carried out using the optimized method of 

the Fenton reaction system reported in reference.[21] Firstly, the 

different QT-TA-ZA NSs concentration gradients were 

accurately transferred into 10 mL test tubes. 1 mL 9 mmol/L 

ferrous sulfate solution and 1 mL 9 mmol/L ethanol-salicylic 

acid solution were successively added to each tube. After 

thorough mixing, 1 mL 8 mmol/L hydrogen peroxide solution 

was introduced. The test tubes were then placed in a 

thermostatically controlled water-bath shaker set at 37 °C. The 

samples were incubated in the dark at a shaking speed of 120 

rpm for 30 minutes to ensure a complete reaction. Following 

the incubation period, the absorbance of each sample was 

measured at a wavelength of 510 nm using an Uv-vis 

spectrophotometer. Specifically, the absorbance of the 

experimental samples was denoted as A₁. For the positive 

control group, where the QT-TA-ZA NSs were replaced with 

an equal volume of a vitamin C solution, the absorbance was 

recorded as A₂. In the control group, where the hydrogen 

peroxide solution was substituted with an equal volume of 

deionized water, the absorbance was marked as A₃. 

Formulated to measure the clearance rate with the above 

conditions, the calculation formula is as following Eq. (7): 

• 𝑂𝐻 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (%)  =  (𝐴2 −
𝐴1−𝐴3

𝐴2
)  × 100%      (7) 

where A1 is the absorbance of the added sample, A2 is the 

control group, and A3 is the blank control group. 

 

2.10 Antibacterial activity 

The emergence of multidrug-resistant microorganisms and the 

associated outbreaks pose significant threats to humanity, 

compelling the active exploration of alternative strategies 

aimed at developing novel antimicrobial agents that can be 

effectively deployed across multiple cycles.[22] In this 

experiment, Gram-positive Staphylococcus aureus (S. aureus) 

and Gram-negative Escherichia coli (E. coli) were mainly used 

as models to study the in vitro antibacterial activity of QT-TA-

ZA NSs.[23] The specific procedures are as follows: 

(1) Minimum Inhibitory Concentration (MIC): In order to 

explore the sensitivity of bacteria to the drug, the bacteria were 

diluted 10⁵ to 10⁶ times with normal saline. The diluted 

bacteria (150 μL) were transferred into the prepared medium 

(nutrient agar: PBS = 1:1), and QT-TA-ZA NSs at different 

concentrations were added. The mixture was incubated in a 

constant-temperature shaking flask in a gas bath at 37 °C for 
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18 h. Then, the clarity of the solution was observed, and the 

concentration corresponding to the solution that became clear 

first was determined as the minimum inhibitory concentration. 

In addition, the antibacterial effect of QT-TA-ZA NSs against 

S. aureus and E. coli was evaluated by the plate counting 

method. The antibacterial experiment was carried out at the 

minimum inhibitory concentration measured in the previous 

experiment. 

(2) Antibacterial Zone Experiment: The bacteria were 

diluted 10⁵ to 10⁶ times with normal saline. Then, 150 μL of 

the diluted bacterial suspension was taken and evenly 

inoculated onto the surface of an agar plate using a sterile 

spreading rod. The prepared QT-TA-ZA NSs samples were 

soaked on filter paper discs with a diameter (d) of 1 cm. After 

the filter paper discs were saturated with the samples, they 

were placed in the middle area, and then cultured in a sterile 

box at 37 °C for 24 h. Finally, the size of the antibacterial zone 

was observed. 

 

3. Results and discussion 

3.1 Synthesis of QT-TA-ZA NSs 

Self-assembly of bioactive molecular opens a new window for 

the development of nanomaterials and improvement of their 

bioactivity.[24] The QT-TA-ZA NSs were successfully prepared 

in a uniformly dispersed state by leveraging the self-assembly 

property between QT and TA. Subsequently, they were further 

cross-linked by metal ions to form a metal-polyphenol 

network. (Fig. 1a) When QT was added to the TA solution, the 

color of the QT-TA NEs transformed from colorless to milky 

yellow (Fig. 1b). This phenomenon indicates that, without the 

presence of any surfactants, QT and TA can self-assemble into 

nanoparticles with the assistance of ultrasonic waves. Fig. 1c 

and Fig. S1a showed the average droplet size, Zeta potential, 

and PDI values of QT TA NEs with different QT contents. 

When the QT concentration was 2 mg/mL, the smallest 

particle size of 398.3 ± 5.78 nm was obtained, and its PDI 

value was 0.27 ± 0.003, indicating that the suspension was in 

the most stable state at this concentration. 

A characteristic absorption peak at approximately 265 nm 

appears between the characteristic absorption peak of TA at 

275 nm and that of QT at 254 nm (Fig. 1e), which proved the 

existence of an interaction between QT and TA. The 

introduction of ZA could trigger a strong ionic cross-linking 

reaction among TA, QT, and metal ions (Zn²⁺), thus forming 

QT-TA-ZA NS. With the increased of ZA content, the 

characteristic absorption peak intensity at 265 nm of the QT-

TA-ZA NSs were decreased. As the ZA concentration 

increased, its absorbance intensity gradually decreased. When 

the ZA concentration reached 0.12 mol/L, the absorbance 

intensity reached its minimum value. The results of size 

distribution demonstrated that the concentration of ZA 

increased from 0.02 M to 0.06 M, the particle size of the QT-

TA-ZA NSs decreased from 937.5 nm to 328.5 nm, the PDI 

value and zeta potential also gradually decreased (Fig. 1d and 

Fig. S1b). When the concentration of ZA was 0.12 M, the 

particle size of QT-TA-ZA NS was the smallest (200.9 nm) and 

the PDI value was 0.23. However, when the concentration of 

ZA further increased to 0.3 M, the particle size reached 

microns. This was because as the number of metal ions in the 

system increases, excessive free metal ions did not participate 

in cross-linking. The surface viscosity of the particles 

increased, and the diffusion of lipophilic components in the 

aqueous phase was inhibited, leading to agglomeration and 

flocculation.[25,26] Therefore, 2 mg/mL QT and 0.12 M ZA were 

selected for further study. 

To further understand the microscopic morphology of the 

QT-TA-ZA NSs, TEM and SEM were employed (Fig. 1f). QT-

TA-ZA NSs presented as uniform irregular spherical 

nanoparticles. The formation mechanism of the QT-TA-ZA 

NSs was explored. It is likely that the ionic cross-linking 

between ZA, QT, and TA caused the original small particles to 

aggregate into larger units. In addition, the stability of QT-TA-

ZA NSs was also evaluated. The characteristic Uv-vis 

absorption spectrum intensity gradually increased with the 

increase of the storage time and reached equilibrium on the 

10th day, revealing the sustained-release pattern of the 

bioactive components (QT and TA) in QT-TA-ZA NSs (Fig. 

1g). Moreover, the morphology of the QT-TA-ZA NSs showed 

no change after 10 days of storage (Fig. S2), further 

confirming the excellent stability of the nanoparticles, which 

is beneficial for improving their bioavailability. 

 

3.2 Characterization of QT-TA-ZA NSs 

FT-IR, XRD and XPS were used to investigate the chemical 

structure of QT-TA-ZA NSs. The vibration modes exhibited 

by various functional groups of the prepared QT-TA-ZA NSs 

were analyzed in Fig. 2a. FT-IR spectra demonstrated that the 

characteristic peaks of both QT and TA were retained in QT-

TA-ZA NSs. These included the aromatic ring C=C stretching 

vibration peaks at 1611 cm⁻¹, 1562 cm⁻¹, and 1461 cm⁻¹, as 

well as the C-H vibration peaks at 1319 cm⁻¹, 1269 cm⁻¹, and 

1200 cm⁻¹.[27,28] Compared to TA and QT, the hydroxyl group 

vibration peak of QT-TA-ZA NSs in the range 3200 ~ 3550 

cm-1 decreased significantly, indicating a strong interaction 

between Zn2+ and hydroxyl group.[29,30] These results confirm 

the successful coordination of Zn²⁺ with QT and TA within the 

QT-TA-ZA nanosheets NSs, driving the formation of a cross-

linked architecture.  

To explore the crystal structure of the QT-TA-ZA NSs, the 

XRD technique was used. Fig. 2b displayed the XRD patterns 

of QT-TA-ZA NSs and TA. TA exhibited typical amorphous 

characteristics, with a broad characteristic diffraction peak 

appearing at 14.2°. Due to the excellent crystallinity of ZA, a 

sharp and prominent crystallization diffraction peak emerged 

at 12.5°, corresponding to the (200) characteristic crystal plane 

of ZA. QT also has good crystallinity, with the maximum 

diffraction intensity appearing at 27.3°. The XRD pattern of 

QT-TA-ZA NSs showed diffraction peak at 2θ = 12.5° and 

27.3°, indicating that Zn2+ and QT were successfully 

introduced into the nanoparticles.[31,32] The XRD results were  
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Fig. 1: (a) The possible formation mechanism of QT-TA-ZA NSs, (b) The photograph of the TA-ZA NEs, (c) Particle size distribution 

of QT-TA-ZA NSs with different QT concentrations, (d) Particle size distribution of QT-TA-ZA NSs at different ZA concentrations, 

(e) UV-vis spectrum of TA-ZA NSs with different amounts of ZA concentrations. (f) TEM diagram of QT-TA-ZA NSs. (g) UV 

absorption spectra of TA-ZA NSs at different days. 

 

consistent with those of FT-IR, which further indicated that 

QT-TA-ZA NSs was successfully synthesized. 

To clarify the elemental composition, valence state, and 

chemical bonds, the X-ray photoelectron spectroscopy (XPS) 

spectra of the QT-TA-ZA NSs are shown in Fig. 2.[33] The C, 

O and Zn elements were detected on the surface of the QT-TA-

ZA NSs (Fig. 2c). In the high-resolution O1s spectrum (Fig. 

2d), the three peaks at 531.6 eV, 285.1 eV, and 288.3 eV are 

assigned to Zn-O, C-O, and C=O, respectively. The peak at 

532.3 eV is assigned to O-H, which proves that the QT-TA-ZA 

NSs have a hydroxyl-rich structure. In the high resolution C1s 

spectrum (Fig. 2e), the electron binding energies of carbon are 

284.2 eV, 286.1 eV, and 288.3 eV, corresponding to C-C, C-O, 

and O-C=O, respectively. Additionally, in the high-resolution 

Zn2p spectrum (Fig. 2f), two binding energies of 1045.6 eV 

and 1021.2 eV were identified, corresponding to Zn2p2/1 and 

Zn2p3/2, respectively.[33,34] In XPS analysis, the carbon-to-

oxygen ratio is often used to characterize the oxidation state 

of the material surface or the composition of functional groups. 

The chemical formula of TA is C₇₆ H₅₂ O₄₆, and the chemical 

formula of QT is C₁₅ H₁₀ O ₇. In the prepared QT-TA-ZA NSs, 

the C/O ratio is 70.14:28.16, and the carbon-to-oxygen ratio 

of the QT-TA-ZA nanoparticles is higher than that of the two 

raw materials. In polyphenolic nanomaterials, the hydroxyl 

groups (-OH) and quinone groups (-C=O) of TA contribute to 

a relatively high oxygen content, and the polyhydroxyl 

structure of QT is also rich in oxygen elements. The fact that 

the C/O ratio of the nanoparticles is higher than that of the QT 

and TA monomers indicate that, under the dominance of 

hydrophobic interactions: TA and QT combine through π-π 

stacking or hydrophobic interactions, reducing the exposure of 

oxygen-containing functional groups.[35] At the same time, the 

coordination of metal ions Zn² ⁺ with the polyphenolic 

hydroxyl groups of TA may change the chemical environment 

of oxygen (forming Zn-O bonds), indirectly affecting the C/O 

ratio.[36] These results were further confirmed the successful 

introduced Zn ions into the nanoparticles and strong 

interaction formed between Zn and phenolic hydroxyl groups 

in TA and QT.[37] The results of XPS were consistented with 

those of XRD and FT-IR, further demonstrating the successful 

synthesis of QT-TA-ZA NSs.  

 

3.3 In vitro drug release behavior and mechanism study 

EE of QT and TA was determined via measuring the UV 

absorbance of supernatant at 265 nm and 374 nm, respectively. 

The EE of QT and TA in QT-TA-ZA NSs were 87.47 ± 0.35% 

and 81.24 ± 0.43%, respectively (Figs. 3a-b). These results 

indicated the effectiveness and feasibility of the prepared drug 

delivery system. The drug release rate at different pH was 

operated to determine the controlled-release performance of 

QT-TA-ZA NSs (Figs. 3c-d). It can be observed that the drug 

release exhibits a two-stage kinetic characteristic: a rapid 

release occurs in the initial stage, followed by a slow and 

sustained release process. Within the first 20 hours, QT-TA ZA 

NSs exhibit a relatively fast release rate. When the condition 

changed from acidic condition to neutral condition, the  

Zn

 b  c  d 

 f  e  g 

 a 

TA QT Zn2 
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Fig. 2: Physicochemical structure of QT-TA-ZA NSs. (a) FT-IR spectra, (b) XRD patterns of QT-TA-ZA NSs, and the XPS survey 

spectrum (c), the high-resolution O1s spectrum (d), the high-resolution C1s spectrum (e), the high-resolution Zn2p spectrum (f) of 

the QT-TA-ZA NSs. 

 

accumulation both QT and TA release were increased, that was 

from 68.73% to 73.91% for QT, from 64.17% to 82.57% for 

TA. Drug release from QT and TA showed good pH 

dependence. This could be attributed to Zn2+ tended to form 

coordination with both QT and TA under acidic condition, 

hence hinder its release.[38] These results proved that QT-TA-

ZA NSs had a potential in controlled release, implied that its 

ability in clinical application. For instance, in response to pH 

alterations in damaged skin, the nanoparticles can be induced 

to release the active ingredients.[39] 

To investigate the release mechanism of QT-TA-ZA NSs, 

the zero-order model, first-order model, Higuchi model, and 

Ritger-Peppas model were used to fit the time-dependent data 

of drug release. Analysis of the fitting results showed that the 

QT and TA release in the QT-TA-ZA NSs was controlled by 

drug diffusion (Figs. 4e-f, Figs. S3 and S4). The first-order 

kinetic model had the highest degree of fitting (R2 ≈ 1). This 

indicates that the release of active ingredients  

in QT-TA-ZA NSs drugs follows a first-order  

kinetic equation, which is consistent with Fick's diffusion. The 

driving force for diffusion is generated by the concentration 

gradient. 

 
Fig. 3: (a) EE of QT-TA-ZA NSs. (b) UV spectrum curves of TA, QT, and QT-TA-ZA NSs. The cumulation release of (c) TA and (d) 

QT at pH = 4.8 and pH = 6.8. First-order drug release kinetics fitting curve of TA (e) and QT (f).  
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3.4 Antioxidant property of QT-TA-ZA NSs 

QT and TA can achieve antioxidant effects by scavenging 

reactive oxygen species (ROS), chelating metal ions, and 

suppressing the oxidative damage of low-density 

lipoproteins.[40] Both QT and AT were rich in phenolic 

hydroxyl group. The DPPH molecule contains unpaired 

electrons, when it reacts with QT and TA, these unpaired 

electrons will be converted into a stable structure (N-H). The 

interaction between DPPH• and antioxidants involves the 

acceptance of hydrogen radicals, thus forming a DPPH-H 

complex. This transformation is accompanied by a color 

change from deep purple to light yellow. (Figs. 4a-b).[41] As the 

concentration of QT-TA-ZA NSs increased, the inhibitory 

effect on DPPH• also increased. When the concentrations of 

QT-TA-ZA NSs were 10, 20, 30, 40, 50, and 60 µg/mL, the 

scavenging efficiencies of DPPH• were 43.4%, 65.5%, 83.7%, 

89.5%, 89.9%, and 89.8% respectively. A relatively high 

scavenging rate of DPPH• could be achieved with a low 

concentration of QT-TA-ZA NSs, which was the result of the 

synergistic effect of QT and TA. This result was attributed to 

the abundant polyphenol structures in QT and TA, which were 

conducive to rapidly capturing a large number of free radicals. 

Additionally, the ABTS+ radical scavenging assay is another 

method for evaluating the antioxidant level. As the 

concentration of QT-TA-ZA NSs increased, the free radical 

scavenging activity gradually increased until it reached a 

stable state (Fig. 4c). The results show that when the 

concentration of QT-TA-ZA NSs was 40 μg/mL, the 

scavenging rate of ABTS+ reached 91.36%. 

The hydroxyl radical (•OH) is an important component of 

reactive oxygen species and possesses a strong electron-

withdrawing ability. An excessive production of •OH can 

exceed the scavenging capacity of the intracellular antioxidant 

defense system, and subsequently attack biological molecules 

such as cell membrane phospholipids, proteins, and DNA.[42] 

As shown in Fig. 4d, QT-TA-ZA NSs exhibit excellent 

scavenging ability for •OH, and this scavenging ability 

gradually increased with the rise in concentration. When the 

concentration of QT-TA-ZA NSs is 600 µg/mL, the 

scavenging rate of •OH reached 74.4%. The result indicated 

that QT-TA ZA NSs possess outstanding free radical 

scavenging performance. This is because QT-TA-ZA NSs 

contain a high concentration of phenolic hydroxyl groups. The 

relatively low dissociation enthalpy of the O-H bond ensures 

that hydrogen atoms can be easily separated and act as 

hydrogen donors. These groups are able to react with the 

excessive free radicals generated in the body, thereby 

effectively alleviating oxidative stress.[43] 

 

3.5 Antibacterial study of QT-TA-ZA NSs 

The antibacterial properties of QT-TA-ZA NSs were evaluated 

by observing the inhibition zone and using the plate spreading 

method. Different gradient concentrations of QT, TA, and QT-

TA-ZA NSs were used to detect their minimum inhibitory 

concentrations against Staphylococcus aureus (S. aureus) and 

Escherichia coli (E. coli) (Fig. S5). When the concentration of 

QT-TA-ZA NSs increased to 60 μg/mL, the test tube 

containing S. aureus became clear. When the concentration 

reached 80 μg/mL, the test tube containing E. coli became 

clear.  

 
Fig. 4: Scavenging effect of QT-TA-ZA NSs evaluated by (a-b) DPPH•, (c) ABTS+, and (d) •OH scavenging assays.
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Fig. 5: Antibacterial capacities of QT-TA-ZA NSs. Photographs of bacteriostatic effect of (a) QT, (b) TA, and (c) QT-TA-ZA 

NSs. 

 

The dilution-plating method was carried out to further 

observe the antibacterial effect (Fig. 5). It was clearly 

observed that the QT and TA samples had weak antibacterial 

abilities (Fig. 5a-b). On the contrary, low concentrations of 

QT-TA-ZA NSs exhibited strong antibacterial activity against 

both S. aureus and E. coli (Fig. 5c). To delve deeper into its 

antibacterial effect, antibacterial experiments were carried out 

by employing various concentrations of QT-TA-ZA NSs. As a 

result, the concentration-dependent antibacterial properties of 

QT-TA ZA NSs were clearly discernible. The antibacterial 

rates of 30 μg/mL QT-TA-ZA NSs against E. coli and S. aureus 

were 49.8% and 38.4%, respectively. When the concentration 

was increased to 60 μg/mL, the inhibition rate against S. 

aureus reached 100%. Subsequently, when the concentration 

reached 80 μg/mL, the inhibition rate against E. coli also 

achieved 100%. 

Filter paper containing QT-TA-ZA NSs was placed in the 

middle of a petri dish for the inhibition zone experiment. After 

24 h of incubation, the S. aureus and E. coli inhibition zones 

were 10.32 mm and 12.06 mm, respectively. This is mainly 

due to the antibacterial properties of TA and QT, 

Simultaneously, Zn2+ can further augment these antibacterial 

effects. Moreover, the metal-polyphenol network formed by 

TA, QT, and Zn2+ demonstrates remarkable broad-spectrum 

antibacterial characteristics.[44,45] TA, QT, and Zn2+ can 

penetrate the bacterial cell wall, causing changes in the 

cellular electrochemical potential and destroying the integrity 

of the cell membrane, Zn2+ can also disrupt the enzymes in the 

intracellular electron transport system and react with -SH 

groups, thus achieving the purpose of sterilization.[46]  

 

4. Conclusion 

In this study, the bioactive ingredients QT and TA were taken 

as the research objects. Exploiting the self assembly and ionic 

cross-linking properties, QT-TA-ZA NSs featuring remarkable 

antioxidant and antibacterial capabilities were expeditiously 

synthesized. The raw materials employed in the synthesis were 

characterized by their safety and biodegradability. The 

synthetic procedure was straightforward and environmentally 

friendly, adhering to ecological sustainability principles. The 

QT-TA-ZA NSs presented a well-dispersed spherical 

morphology and this structural feature facilitated the sustained 

release of functional components across a range of pH 

conditions. In vitro antimicrobial tests demonstrated that the 

successful loading of QT and TA endowed QT-TA-ZA NSs 

with broad-spectrum antimicrobial activity against S. aureus 

and E. coli. Upon reaching a concentration of 60 μg/mL for 

QT-TA-ZA NSs, the S. aureus antibacterial rate against to 

100%. Subsequently, as the concentration further escalated to 

80 μg/mL, the E. coli antibacterial rate against to 100%. 

Meanwhile, it had excellent scavenging performance on 

DPPH•, ABTS+, and •OH, revealing its great potential in anti-

bacterial infection, anti-oxidation and reducing oxidative 

stress damage. This study provides a new strategy for the 

construction of QT and TA multifunctional nano-systems and 

a new method for the construction of self-assembly nano-

systems of plant-derived active ingredients. Its simple 

preparation, material safety and enhanced biological activity 

emphasize its clinical application potential. 
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