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1. Introduction

Bacterial infections pose an increasing threat 
to global public health, particularly due to 
the emergence of multidrug-resistant (MDR) 
strains.1-3 Among these pathogens, Staphylococcus 

aureus is particularly concerning, ranking as the 
second most prevalent infectious bacterium after 
Escherichia coli.4,5 As a Gram-positive pathogen, 
S. aureus is responsible for a wide range of human 
and animal infections, from superficial skin
infections to severe diseases, such as pneumonia,
bacteremia, endocarditis, and osteomyelitis,
which can lead to fatal complications.6,7 Its
pathogenicity is attributed to its remarkable

ability to adapt, allowing it to evade host immune 
defenses, adhere to host cells, and produce toxins 
that cause severe tissue damage.8,9

The global spread of MDR strains is primarily due 
to bacterial resistance against previously effective 
molecules, such as catechin and methicillin.10 For 
example, S. aureus, as a Gram-positive bacterium, 
has developed resistance to methicillin.11 
Catechin, a natural polyphenolic compound, 
exhibits antibacterial activity through multiple 
mechanisms, including disruption of bacterial 
membranes, chelation of metal ions, generation 
of reactive oxygen species, and inhibition of 
bacterial enzymes essential for cell metabolism 
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and DNA replication. These mechanisms vary in effectiveness 
depending on bacterial structure and intrinsic resistance 
systems, such as efflux pumps.12 The antibacterial activity of 
catechins in green tea occurs through several mechanisms, 
including disrupting cell walls and membranes, inhibiting 
intracellular enzymes, causing oxidative stress, damaging 
DNA, and chelating iron.13 These mechanisms operate 
simultaneously with relative importance differing among 
bacterial strains. In all structure-activity relationship studies, 
the highest antibacterial activity is observed in galloylated 
compounds (epigallocatechin gallate, epicatechin gallate, 
and theaflavin digallate). This observation, combined with 
numerous experimental and theoretical evidences, suggests 
that catechins share a common binding mode, characterized 
by the formation of hydrogen bonds and hydrophobic 
interactions with their target.13 Despite the use of this active 
compound in various fields, it suffers from several limitations. 
For instance, catechin is limited by its poor water solubility and 
rapid degradation in physiological conditions (particularly at 
neutral or alkaline pH), significantly reducing its therapeutic 
efficacy.14-16 Moreover, uncontrolled diffusion of catechin may 
lead to non-targeted antimicrobial activity, increasing the risk 
of cytotoxicity to healthy cells while reducing its effectiveness 
against specific bacteria.17-20

In addition, certain Gram-negative bacteria exhibit relative 
resistance to catechin, mainly due to the structure of their 
outer membrane, which limits the permeability of hydrophilic 
compounds, such as catechins. Studies have shown that clinical 
strains of E. coli and Pseudomonas aeruginosa require higher 
catechin concentrations to inhibit their growth compared to 
Gram-positive bacteria, such as S. aureus.21,22 Moreover, certain 
bacteria possess specific defense mechanisms, such as efflux 
pumps, which actively expel catechins from the cell, thereby 
reducing the antimicrobial efficacy of catechins. For example, 
NorA efflux pumps in S. aureus are known to decrease the 
intracellular accumulation of various antimicrobial agents, 
including catechins.23 Consequently, although catechin 
exhibits promising therapeutic potential, its effectiveness may 
vary depending on the specific characteristics of the target 
bacteria,21 including the composition of their cell wall and the 
presence of intrinsic resistance mechanisms.24-26 This issue 
significantly complicates therapeutic strategies, leading to 
higher morbidity and mortality rates.

Given this critical situation, and to overcome the limitations 
of natural antimicrobial molecules, such as catechin, various 
drug delivery strategies have been explored, including 
liposomes and pH-sensitive polymeric systems, which 
enhance stability, control release, and target specific cells.27,28 
Liposomes, spherical structures composed of lipid bilayers, 
can encapsulate both hydrophobic and hydrophilic agents, 

thereby ensuring controlled release of the active compound. 
They are stable at physiological pH but destabilize in response 
to acidic environments, typical of infected tissues, releasing 
their contents in a targeted manner.27,28 This approach 
reduces systemic side effects while enhancing local efficacy. 
However, their clinical use remains limited due to immune 
recognition and rapid clearance by the reticuloendothelial 
system.27 To improve circulation time and bioavailability, 
surface modification strategies, such as PEGylation, have 
been developed, significantly prolonging circulation time and 
enhancing therapeutic efficacy.28

Similarly, pH-sensitive polymers offer a promising alternative. 
These materials respond to pH variations by altering their 
structure, resulting in the controlled release of the encapsulated 
drug. They can swell or shrink depending on the pH, facilitating 
targeted release in acidic environments typical of infection 
sites.29 This property maximizes antimicrobial effects while 
minimizing impact on surrounding healthy tissues. Moreover, 
extracellular vesicles (EVs), particularly exosomes, are emerging 
as innovative drug delivery systems. These natural nanoparticles 
are biocompatible, capable of crossing biological barriers, and 
exhibit low immunogenicity, making them particularly suitable 
for targeted drug delivery.30 They can be loaded with various 
therapeutic agents and directed to specific cells, offering a 
personalized approach to treating bacterial infections. However, 
large-scale production and functionalization still require further 
research to optimize their clinical efficacy.30

Advances in drug delivery systems—whether liposomes, 
pH-sensitive polymers, or EVs—represent promising strategies 
to enhance the effectiveness of antimicrobial treatments. By 
overcoming challenges related to stability, targeted release, and 
bioavailability, these technologies offer new perspectives for 
combating bacterial infections, including antibiotic-resistant 
strains.

These challenges necessitate the development of optimized 
drug delivery systems that can protect catechin from 
degradation, enhancing its bioavailability, and ensuring 
targeted release at infection sites, thereby maximizing 
its antibacterial effects while minimizing side effects.31,32 
The encapsulation of catechin in controlled drug delivery 
systems, such as pH-sensitive polymeric vesicles, represents 
an innovative strategy to enhance its therapeutic efficacy.33-35 
These polymeric nanostructures not only protect catechin 
from premature degradation but also enable targeted release 
in response to specific stimuli, particularly pH variations in 
infectious microenvironments.36,37 S. aureus infections are often 
characterized by a locally acidic environment. For instance, 
S. aureus is capable of surviving and proliferating within 
macrophage phagolysosomes, where the pH is approximately 
5.4.38-40 This local acidity is partly due to the production of 
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organic acids by bacteria, such as acetic acid, the primary 
product of glucose catabolism under anaerobic conditions.41

The pH-sensitive feature of polymeric vesicles enables the targeted 
release of catechin at infected sites.42-45 This approach not only 
protects catechin from degradation in physiological conditions 
but also increases its local concentration at the infection site, 
thereby enhancing its antimicrobial efficacy while minimizing 
systemic side effects. Studies have shown that encapsulating 
bioactive compounds in polymeric matrices can enhance their 
stability and antimicrobial activity.46,47 For instance, the use of 
pectin as an encapsulation matrix has demonstrated an enhanced 
antimicrobial effect of emulsions against foodborne pathogens.48,49 
Similarly, encapsulating catechin in polymeric vesicles could 
potentially strengthen its activity against S. aureus, particularly in 
acidic environments characteristic of infected sites.43,50

In this context, this study presents a solution by developing 
a multi-branched poly(4-vinylpyridine)-block (P4VP)-
poly(ε-caprolactone) (PCL20)5 copolymer, which has already 
been synthesized and characterized in our previous work.51 
Compared to conventional liposomes and single-chain 
polymers, this copolymer presents an innovative polymeric 
system designed for pH-responsive catechin delivery, which 
offers improved stability, targeted release, and enhanced 
antimicrobial activity compared to conventional systems. Due 
to its multi-branched structure, P4VP-(PCL20)5 self-assembles 
into stable polymeric vesicles, enabling efficient encapsulation 
that protects catechin and enhances its bioavailability. The 
compatibility of P4VP-(PCL20)5 with different environments, 
both polar and apolar, has already been confirmed in our 
studies.51 P4VP-(PCL20)5 ensures greater application flexibility, 
allowing for proper dispersion in aqueous solutions while 
maintaining its integrity in the presence of lipidic or organic 
phases. Encapsulation within these polymeric vesicles also 
protects catechin from oxidation and enzymatic degradation 
in physiological environments, thereby extending catechin’s 
antimicrobial activity until its targeted release.

Furthermore, the pH sensitivity of the P4VP block enables 
targeted release in acidic environments (pH ~5.5), leading 
to vesicle disintegration and controlled catechin diffusion 
at infection sites. This characteristic utilizes the acidic 
microenvironment of bacterial infections to enhance 
antimicrobial action. The P4VP block confers sharp pH 
sensitivity (~5.5), enabling targeted disassembly in acidic 
microenvironments, such as S. aureus infection sites. This 
targeted release enhances local drug concentration, boosts 
bactericidal action, and minimizes systemic side effects, 
offering a promising solution to overcome current delivery 
barriers. By combining efficient encapsulation, controlled 
release, and optimized protection, this system increases the 
local catechin concentration at infection sites, maximizing its 
bactericidal effect while minimizing systemic side effects.

In this study, the formation and characterization of P4VP-
(PCL20)5 vesicles were evaluated for their potential as a 
controlled delivery system for catechin. The self-assembly of 
the copolymer, catechin encapsulation, and colloidal stability 
were analyzed as a function of pH. The pH-sensitive properties 

of the system were investigated by determining the solubility 
transition (pKb ~5.5), variations in transmittance, vesicle 
size, and the critical aggregation concentration (CAC). The 
release kinetics of catechin were evaluated under simulated 
physiological conditions (pH 7.0 and 5.5), and the mechanism 
of vesicle disintegration induced by acidification was examined. 
The antioxidant activity was assessed, and the impact of 
encapsulation on the stability and duration of action of the 
active compound was studied to validate the potential of P4VP-
(PCL20)5 vesicles as an innovative platform for targeted catechin 
release. Finally, the antimicrobial efficacy of the system was also 
quantified through tests on various pathogenic strains, allowing 
a comparison between free and encapsulated catechin.

To further highlight the broader scientific impact and 
innovative perspectives of this study, the development of 
pH-responsive P4VP-(PCL20)5 vesicles for catechin delivery 
not only improves the antibacterial efficacy of this specific 
polyphenol but also provides a versatile platform applicable to 
other natural bioactive compounds facing similar challenges, 
such as poor solubility, rapid degradation, or limited 
bioavailability. This approach could be extended to combat 
a range of MDR bacterial strains, potentially offering new 
strategies for addressing critical clinical infections beyond 
S. aureus. Moreover, the successful implementation of these 
vesicles in controlled drug release systems opens avenues for 
future clinical applications, including targeted antimicrobial 
therapy, combination treatments, and personalized medicine 
approaches, thereby contributing meaningful insights and new 
perspectives to the field of antimicrobial drug delivery.

This study aims to (i) verify the pH responsiveness of P4VP-
(PCL20)5 vesicles, (ii) evaluate their capacity to enhance 
catechin antibacterial activity, (iii) compare this system with 
existing delivery platforms, such as liposomes and other 
pH-sensitive polymers, and (iv) elucidate the mechanisms 
underlying catechin release and bactericidal enhancement in 
acidic infection environments.

2. Methodology

2.1. Materials

The chemicals used in this study included ε-caprolactone (Sigma-
Aldrich, United States of America [USA]), 4-vinyl pyridine 
(Sigma-Aldrich, USA), hydroxyethyl methacrylate (HEMA; 
Sigma-Aldrich, USA), 4-cyano-4-([dodecylsulfanylthiocarbonyl]
sulfanyl)pentanoic acid (CDPA; Sigma-Aldrich, USA), 
azobisisobutyronitrile (AIBN; Sigma-Aldrich, USA), tin(II) 
2-ethylhexanoate (Sn[Oct]2; Sigma-Aldrich, USA), N,N-
dimethylformamide (DMF, American Chemical Society reagent 
≥99.8%; Sigma-Aldrich, USA), absolute methanol (≥99.8%; 
Sigma-Aldrich, USA), dichloromethane (≥99.0%; Sigma-
Aldrich, USA), diethyl ether (99.0%; Sigma-Aldrich, USA), and 
chloroform (CDCl3, ≥99.8%; Sigma-Aldrich, USA).

2.2. Characterization techniques

2.2.1. Nuclear magnetic resonance

Proton nuclear magnetic resonance (1H NMR) spectroscopy 
was performed at a frequency of 500 MHz using a spectrometer 
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(Avance, Bruker Corporation, USA). Depending on the 
solubility and nature of the sample, deuterated solvents, such 
as CDCl3, dimethyl sulfoxide, or water, were employed. The 
samples were prepared at a concentration of approximately 
25 mg/mL and analyzed at room temperature in 5 mm NMR 
tubes.

2.2.2. Attenuated total reflectance-Fourier transform infrared 

spectroscopy

Infrared spectra were recorded using a Fourier transform 
infrared spectrometer (FTIR; FT/IR-4700, Jasco International 
Co., Ltd., Japan) equipped with an attenuated total reflectance 
accessory. The spectral acquisition range extended from 400 
to 4,000 cm−1. For each sample, 32 scans were averaged at a 
resolution of 4 cm−1. A  background spectrum was collected 
before each measurement to ensure signal accuracy and 
consistency.

2.2.3. Transmission electron microscopy (TEM)

TEM analyses were performed at 200 kV using a microscope 
(Talos F200S, Thermo Fisher Scientific, USA), which offered a 
resolution of 0.12 nm in imaging mode. Images were captured 
using a 4,096 × 4,096 pixel camera (Ceta™ 16M, Thermo 
Fisher Scientific, USA), and elemental analysis was enabled 
through an energy-dispersive X-ray detector (Super-X, 
Thermo Fisher Scientific, USA) with a 136 eV resolution. 
For sample preparation, a 20 µL droplet of polymer solution 
(0.1  mg/mL) was deposited on a carbon-coated copper grid 
and left for 2  min. Excess fluid was blotted off, followed by 
staining with 20 µL of 2  mg/mL uranyl acetate to provide 
negative contrast around the structures of interest. After a 
brief exposure, excess stain was removed, and the grid was 
allowed to air dry.

2.2.4. Turbidity measurements

Turbidity was assessed by measuring light transmittance 
through the samples using a particle characterization 
instrument (Litesizer™ 500, Anton Paar GmbH, Austria), which 
operates over a temperature range of 0–90°C. In the case of 
polyethylene glycol (PEG)-PCL solutions, measurements were 
temperature-dependent, necessitating an equilibration period 
before data collection. Typically, a 2-min equilibration time 
was used near room temperature. For temperatures ranging 
from 30°C to 45°C, additional equilibration time was added 
(approximately 1  min per °C above room temperature) for 
1 mL sample volumes.

2.2.5. Dynamic light scattering (DLS)

The hydrodynamic diameter of copolymer assemblies in 
aqueous solution (0.1 wt%) was determined using DLS with 
the same instrument used for turbidity measurements. The 
instrument utilizes a 658 nm laser diode (40 mW) and allows 
measurements across a range of scattering angles (15–175°). 
At each temperature point, the sample was equilibrated for 
30  min. The obtained correlation functions were used to 
extract diffusion coefficients, from which particle sizes were 
calculated using the Stokes–Einstein equation.

2.2.6. Static light scattering

Static light scattering experiments were conducted at a fixed 
angle of 90° using the same instrument as DLS to estimate the 
molar mass of the polymers. Scattering intensity was recorded 
at varying concentrations to construct Debye plots, from which 
the intercept yielded the molecular weight. Measurements 
were performed in water at concentrations below the CAC 
to analyze the polymer in its unassociated form. Toluene was 
used as the calibration standard, and the solvent background 
was subtracted from all measurements.

2.3. Synthesis of multi-branched copolymers 

with poly(4-vinylpyridine) and hydroxyethyl 

methacrylate-poly(ε-caprolactone)

A multi-branched copolymer with an AB5 topology, P4VP-
(PCL20)5, was synthesized, where A represents the P4VP block, 
B the PCL block, and 5 the number of PCL arms, corresponding 
to the degree of polymerization (DP) of HEMA–PCL20. This 
synthesis involved three essential steps: (i) preparation of a pre-
macro-monomer based on HEMA–PCL20 with a chain length 
of 20 units; (ii) synthesis of a reversible addition–fragmentation 
chain transfer (RAFT) macro-agent derived from P4VP-
chain transfer agent (CTA); and (iii) RAFT polymerization of 
HEMA–PCL20 macromonomers using P4VP-CTA, yielding 
the final multi-branched copolymer structure.

This strategy builds on our recent work reporting the 
production of precise and regulated polymeric structures.52 A 
key advantage of the ABX multi-branched copolymer design 
lies in its structural tunability: the number of PCL arms can 
be varied to modulate the mechanical, chemical, and physical 
characteristics of the material. This degree of control enables 
applications across polymer chemistry, advanced materials, 
and nanotechnology.

2.3.1. Synthesis of polyvinyl pyridine macro-reversible addition-

fragmentation chain transfer polymerization agent

Using CDPA as the RAFT agent, P4VP-CTA was synthesized 
by RAFT polymerization in solution with a DP of 50 
(Figure  1). Following established procedures,52 the synthesis 
was carried out in bulk. In short, a dry polymerization tube 
was filled with 4-vinylpyridine (4VP; 5 g, 47.6 mmol), CDPA 
(0.34  g, 0.93 mmol), and AIBN (16.0  mg, 0.01 mmol). After 
30 min of nitrogen purging at room temperature, the mixture 
was submerged for 4 h in an oil bath that had been preheated 
to 80°C. Tetrahydrofuran (THF) (1  mL) was added after 
polymerization, and the crude product was purified by running 
it through a silica column. The polymer was precipitated into 
toluene, filtered, and then vacuum-dried for 24  h at room 
temperature to eliminate the unreacted 4VP monomer. A pink 
powder (0.73 g, 75% yield) was the final form of P4VP-CTA. 
1H NMR in CDCl3 was used to determine the number-average 
molecular weight (Mn) and the number-average DP, which 
reported values of 5,299 and 49 gmol−1, respectively.

2.3.2. Preparation of hydroxyethyl methacrylate-poly(ε-

caprolactone)20 macro-monomer

Using HEMA as the initiator, ring-opening polymerization 
of ε-caprolactone was used to create HEMA-PCLn 
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Figure 1. Synthetic pathway for the amphiphilic copolymer P4VP-(PCL20)5 through RAFT polymerization
Abbreviations: P4VP: Poly(4-vinylpyridine); P4VP-(PCL20)5: Poly(4-vinylpyridine)-(poly[ε-caprolactone]20)5; PCL: Poly(ε-caprolactone); 
RAFT: Reversible addition-fragmentation chain transfer polymerization.

homopolymers with a chain length of n = 20. The bulk 
polymerization was performed in a glass flask at 120°C for 
12 h in a nitrogen atmosphere by vigorously stirring a mixture 
of HEMA (228 µL), ε-caprolactone (4 mL), and the catalyst, 
Sn(Oct)2 (16  mg). The crude product was allowed to cool to 
room temperature before being dissolved in chloroform and 
precipitated in excess diethyl ether. The product was further 
purified by dissolving it in dichloromethane and precipitating 
it once more in excess methanol to guarantee the elimination 
of any remaining HEMA monomer.

Before use, the finished HEMA–PCL20 product was stored at 
4°C after being vacuum-dried for 4  h. A  lengthy PCL chain 
connected to a methacrylate group contributed to this macro-
monomer, allowing for its subsequent polymerization under 
RAFT polymerization conditions.

2.3.3. Development of the poly(4-vinylpyridine)-(poly[ε-
caprolactone]

20

)
5

 multi-branched copolymer topology

Hydroxyethyl methacrylate-PCLn (0.5  g) and 1  g of P4VP-
CTA (macro-RAFT agent) (0.17 mmol) were added to a 
polymerization tube (Table  1) along with AIBN (5  mg, 
0.017 mmol) and DMF (1  mL) to create the multi-branched 
copolymer by sequential RAFT polymerization in solution. 
Before nitrogen bubbling and a continuous stream of nitrogen 
over the reaction medium throughout the reaction, the solution 
is first degassed with nitrogen at 0°C for 30 min. After that, the 
polymerization tube was submerged in a preheated oil bath at 
80°C for 4 h. To halt the polymerization, the flask was quickly 
cooled by submerging it in ice water. DMF and anhydrous ether 
were then used to dissolve and precipitate the residue multiple 
times to ensure complete removal of unreacted materials. The 
resultant orange to pale yellow powder was vacuum-dried for 
two days at 40°C.

2.3.4. Encapsulation of catechin in poly(4-vinylpyridine)-(poly[ε-

caprolactone]
20

)
5

 vesicles

In this study, multilayer vesicles were prepared from the 
amphiphilic copolymer P4VP-(PCL20)5, where P4VP forms 
both the interior and exterior of the vesicle, while the 
intermediate membrane is made of PCL. The catechin was 

encapsulated in the internal cavity of the vesicle. The P4VP-
(PCL20)5 copolymer is first dissolved in THF at a concentration 
of 25  mg/mL under magnetic stirring at room temperature. 
Meanwhile, 10 mg of catechin is dissolved in 1 mL of ethanol 
under moderate stirring for 15  min to ensure homogeneous 
solubilization. The catechin solution is then gradually added 
to the polymer solution under constant stirring for 30  min 
to promote optimal interaction between the catechin and the 
copolymer. The self-assembly of the vesicles is induced by 
the controlled dropwise addition of ultrapure water (5 mL/h) 
under stirring at 500 rpm. A mild sonication is performed at 
40% power for 5 min. After the vesicles are formed, the organic 
solvents (THF, ethanol) are removed by evaporation under 
vacuum using a rotary evaporator, maintained at a temperature 
of 40°C and a pressure of 150 mbar to prevent any degradation 
of the encapsulated components. The suspension is then 
dialyzed against ultrapure water using a dialysis membrane 
(Molecular weight cutoff = 10 kDa) for 24 h. This allows the 
removal of residual solvents, resulting in purified and stable 
vesicles with optimal hydration balance.

This mechanism enables the selective precipitation of PCL, 
which assembles into an intermediate membrane, while 
P4VP positions itself at the inner and outer interfaces of the 
vesicle.53,54

2.4. Characterization of vesicles and profiling of 

controlled release

The vesicles were characterized using DLS to assess their 
particle size and colloidal stability. TEM was employed to 
visualize and confirm their multilamellar structure. The 
encapsulation efficiency (EE) of catechin was determined 
using ultraviolet (UV)-visible light (Vis) spectroscopy. To 
evaluate the pH-responsive release behavior, the vesicles were 
incubated in two different buffer systems: a physiological 
buffer at pH 7.0 (simulating healthy tissue) and an acidic buffer 
at pH 5.5 (mimicking an infected environment). The amount 
of catechin released was monitored at specific time intervals 
(0, 2, 4, 8, and 24  h) using UV-Vis analysis. A  slow-release 
profile was expected under neutral conditions (<10% release 
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Table 1. Antibacterial activity of pH‑responsive P4VP‑(PCL20) 5 vesicles

Samples (R ratio) Catechin 

concentration

pH Inhibition zone in mm

Escherichia 

coli (Gram −)

Salmonella 

enterica (Gram −)

Pseudomonas 

aeruginosa (Gram −)

Listeria monocytogenes 

(Gram +)

Staphylococcus 

aureus (Gram +)

Free cat 50 mg/mL 7.0 7.0±0.02 ND ND 8.0±0.01 7.0±0.01

Blank vesicles ‑ 5.5 8.0±0.02 9.0±0.1 7.0±0.2 8.0±0.01 7.0±0.03

Cat‑polymer (0.4) 200 μg/mL 7.0 11.0±0.2 ND 7.0±0.2 7.0±0.2 10.0±0.2

Cat‑polymer (0.6) 300 μg/mL 13.0±0.3 09.0±0.3 09.0±0.3 10.0±0.3 12.0±0.3

Cat‑polymer (0.4) 200 μg/mL 5.5 18.0±0.2 16.0±0.2 17.0±0.2 16.0±0.2 19.0±0.2

Cat‑polymer (0.6) 300 μg/mL 23.0±0.3 20.0±0.3 20.0±0.3 21.0±0.3 22.0±0.3

T+ ‑ 7.0 22.0±0.1 19.0±0.1 20.0±0.1 20.0±0.1 20.0±0.1

Abbreviations: Cat: Catechin; ND: Not detected; P4VP‑(PCL20) 5: Poly (4‑vinylpyridine) 50‑(poly[ε‑caprolactone] 20) 5; T: Gentamicin.

over 24 h), while a significantly faster release was anticipated 
in acidic medium (>50% within 4 h and over 90% after 24 h), 
demonstrating the system’s potential for targeted drug delivery 
to infection sites.

This approach provides a robust platform for producing stable 
and functional vesicles that can selectively release catechin in 
acidic environments, highlighting their potential for biomedical 
applications, such as antibacterial therapies and wound healing.

2.5. 2,2-diphenyl-1-picrylhydrazyl (DPPH) test

The methodology was adapted here with slight modifications 
to evaluate the DPPH free-radical scavenging ability of 
the essential oils at λmax (517  nm). DPPH is a stable and 
highly colored free radical soluble in methanol, capable of 
abstracting labile hydrogen atoms from phenolic antioxidants, 
leading to the concomitant formation of a yellow hydrazine 
DPPH–H. A  freshly prepared solution of DPPH in methanol 
(4  mg/100  mL) was used, and 0.5  mL of this solution was 
added to 0.5 mL of essential oil solution in methanol at various 
concentrations (200, 400, 600, 800, and 1,000 μg/mL). After 
agitation, the mixture was incubated for 30  min in the dark 
at room temperature. The absorbance was then measured at 
517  nm using a UV-Vis spectrophotometer after correction 
with a blank (a mixture without essential oil). The same 
procedure was followed for the positive control: ascorbic acid. 
The absorbance of the control reaction and the samples was 
measured, and the percentage of DPPH free radical inhibition, 
I%, was calculated using Equation 1.55

−
= ×% 100%C S

C

A A

I

A

� (1)

Where AC is the absorbance of the control reaction (containing 
all reagents except the test sample), and AS is the absorbance of 
the test sample. All tests were performed in triplicate, and the 
curve was plotted using the average value.

2.6. Antibacterial activity of catechin encapsulated 

in pH-responsive poly(4-vinylpyridine)-(poly[ε-

caprolactone]
20

)
5

 vesicles

The antibacterial activity was evaluated against a panel 
of bacterial strains, including two Gram-positive species. 
Antimicrobial susceptibility was assessed using the agar 

diffusion method on Mueller–Hinton agar. Before inoculation, 
bacterial suspensions were adjusted to a concentration of 
106 CFU/mL by measuring optical density at 600 nm with a 
UV-visible spectrophotometer. The inoculated plates were 
incubated at 37°C for 24 h. This experimental design aimed to 
determine the inhibitory potential of the tested samples against 
both Gram-positive and Gram-negative bacterial pathogens.

3. Results and discussion

3.1. Structural and morphological insights into 

synthesized copolymers: Composition, architecture, and 

analysis

Figure  2A displays the FTIR spectrum of P4VP-CTA. The 
characteristic stretching vibrations of the C=N and C=C bonds 
in the pyridine ring are observed at approximately 1,599–
1,557 cm−1 and 1,450–1,415 cm−1, respectively. Absorption 
bands at 2,940 and 3,023 cm−1 are attributed to the aromatic 
CH2 stretching vibrations present in the homopolymer.56

The synthesized HEMA–PCLn macro-monomers were analyzed 
by FTIR spectroscopy. The spectrum shown corresponds to 
HEMA-PCLn. A distinct stretching vibration band of the ester 
carbonyl group (C=O) is detected at 1,722 cm−1, characteristic 
of the PCL moiety, while a broad band at 3,430 cm−1 is assigned 
to the hydroxyl (–OH) group.57

Figure 2B shows the macro-RAFT agent P4VP-CTA’s typical 
1H NMR spectrum. The successful polymerization of 4VP is 
confirmed by the appearance of pyridine proton signals at 
δ = 8.30 ppm and 6.35 ppm and the disappearance of the vinyl 
proton signals of 4VP at δ = 5.45–5.55  ppm. Proton signals 
from the RAFT agent moiety (δ = 1.25 ppm) and the P4VP-
CTA backbone (δ = 8.0–8.5  ppm) were integrated.58 The 
P4VP block’s DP was found to be roughly 49 units, which is 
quite close to the desired DP of 50 units. A number-average 
molecular weight (Mn) of 5,551.86 gmol−1 was obtained from 
quantitative 1H NMR analysis of the macro-agent, which 
closely matched the theoretical value (Mn = 5,657 gmol−1).

Figure  2C displays the synthesized HEMA-PCLn macro-
monomer’s 1H NMR spectrum. The methylene protons 
(–CH2–OH) at the chain end of the PCL segment are 
represented by the triplet at δ = 3.6 ppm (peak g). The terminal 
HEMA group’s distinctive olefinic proton signals are detected 
at δ = 5.5–5.7 ppm and δ = 6.0–6.7 ppm. At δ = 1.3, 1.6, 4.0, and 
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4.2 ppm, signals that correspond to the PCL chain’s repeating 
units (–O–CH2–(CH2)3–CH2–CO–) are visible.59

End-group analysis was conducted to ascertain the extent of 
PCL block polymerization in the macro-monomer. A DPn of 
20.5 was obtained by calculating the integration ratio of peaks 
i and g. A  strong correlation between the experimental and 
theoretical values for every macro-monomer confirmed the 
accuracy of the synthesis. The agreement between theoretical 
and NMR-derived DPn and Mn indicated an excellent control 
over the chain length of HEMA–PCLn.

Figure  2D shows the typical 1H NMR spectrum of AB5-
type copolymers, whose importance will be further explored 
in relation to self-assembly. In the case of the synthesized 
P4VP-b-(HEMA–PCLn)X copolymers, n represents the length 
of each PCL arm, and X indicates the number of PCL arms 
connected to the P4VP core. The meta and ortho protons of 
the pyridine rings are represented by the two broad signals 
seen at δ = 8.15–8.6 ppm and δ = 6.27–7.07 ppm, respectively.

In addition, a signal at δ = 4.2 ppm is assigned to the methylene 
protons (-O-CH2-) within the PCL chains, while the peak at 
δ = 3.6 ppm corresponds to the –CH2–OH terminal protons. 
By comparing the vinyl proton signals of the HEMA–PCL 
monomer (δ = 5.32–5.57  ppm) with the backbone protons 

of P4VP-CTA (δ = 0.78–0.84  ppm), the conversion of the 
HEMA–PCLn macro-monomer in different copolymers was 
ascertained using Equation 2.

−

−

= − 5.32 5.57

0.78 0.84

6
% 1

2
I

Conversion

I

� (2)

The equation can be used to determine the theoretical Mn 
(Mn,th) of each polymer type based on its final conversion 
(Equation 3).

,

4

( )   
( 4 )

n HEMA PCLn

n th

P VP CTA

HEMA PCL M

M

P VP TCC

Conversion M

−

−

− ×
=

−
× + � (3)

However, another intriguing parameter that must be found 
in all kinds of structures is the DP of the macro monomer 
HEMA-PCLn. For this reason, the integrals corresponding 
to the methylene proton (–CH2–OH) at the end of the chain 
PCL were used to validate the DP value and demonstrate 
the number of arms of PCL connected to the chain P4VP 
(Equation 4):

−
−

= 3.6
4

8.0 8.5
P VP CTA

I

DP DP

I

� (4)

Figure 2. Analysis of the production of P4VP-(PCL20)5. (A) FTIR spectra of P4VP50, HEMA–PCL20, and the final copolymer P4VP-(PCL20)5. 
(B) 1H NMR spectrum of the RAFT-synthesized P4VP50 macro-agent (P4VP-CTA). (C) 1H NMR spectrum of the 5-arm HEMA–PCL20 macro-
monomer. (D) 1H NMR spectrum of the final amphiphilic copolymer P4VP-(PCL20)5.
Abbreviations: CTA: Chain transfer agent; FTIR: Fourier transform infrared spectrometer; HEMA: Hydroxyethyl methacrylate; NMR: Nuclear 
magnetic resonance; P4VP: Poly(4-vinylpyridine); P4VP-(PCL20)5: Poly(4-vinylpyridine)-(poly[ε-caprolactone]20)5; PCL: Poly(ε-caprolactone); 
RAFT: Reversible addition-fragmentation chain transfer polymerization.
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In this instance, Equation 5 was used to determine the 
experimental molecular masses.

Mn,th = (MHEMA-PCLn × DP) + MP4VP-CTA� (5)

The NMR structural analysis revealed that the targeted 
PCL arms’ DP was well-controlled, resulting in the desired 
topologies. The copolymers’ identical masses were confirmed 
by the molar mass results, enabling us to investigate how 
topology affects the physical properties of the copolymers with 
identical molar masses. In addition, all of the RAFT-induced 
copolymerizations were well-controlled, and the resultant 
copolymers displayed low dispersity and expected molecular 
weights.

3.2. Characterization of the pH-responsive polymer 

segment

The study of the pH sensitivity of the P4VP-(PCL20)5 copolymer 
was conducted by analyzing three parameters: the pH variation 
as a function of the volume of added sodium hydroxide 
(NaOH), transmittance (%), and zeta potential (ζ) (Figure 3). 
The obtained results highlight the pH-responsive behavior 
of the copolymer, characterized by a solubility transition 
occurring around an estimated pKb of 5.5.

The evolution of pH with NaOH addition exhibited a three-
step variation. Upon the initial introduction of NaOH, the 
pH increased rapidly before reaching a plateau between 5.0 
and 5.5. This stabilization phase was attributed to the gradual 
ionization of the tertiary amine groups in P4VP.60,61 With 

further addition of NaOH, the pH resumed its rapid increase, 
indicating the completion of amine group neutralization. 
These findings confirmed that the copolymer’s pH-sensitive 
range lies between 5.0 and 5.5 and that the pKb value was 
approximately 5.2, corresponding to 50% neutralization of the 
tertiary amine groups in the 4VP cycle. Transmittance analysis 
revealed a significant change in the copolymer’s solubility 
state. At acidic pH between 3.0 and 5.0, the solution was 
transparent with a transmittance of 98%, indicating complete 
copolymer solubility. As pH approaches 5.5, a rapid decrease in 
transmittance to approximately 50% was observed, indicating 
an increase in turbidity due to the formation of colloidal 
aggregates. Finally, above pH  5.5, transmittance dropped 
drastically to around 1%, indicating complete precipitation of 
the copolymer and opacification of the solution. The changes 
in the zeta potential explain these solubility transitions. Under 
acidic conditions (pH < 5.5), the tertiary amine groups of P4VP 
were protonated, resulting in the copolymers with a high 
positive charge and a zeta potential of over +30 mV. When pH 
reached 5.5, the zeta potential gradually decreased to a value 
between +2 mV and 0 mV, reflecting charge neutralization 
and the loss of hydrophilic interactions, which led to aggregate 
coalescence. Finally, at pH >5.5, the zeta potential became 
negative, reflecting the complete deprotonation of P4VP 
tertiary amines.62,63

These results confirm the pH-sensitive properties of P4VP-
(PCL20)5 copolymers, indicating a marked transition ranging 
from pH 5.0–5.5. These observations demonstrate the potential 

Figure 3. pH-sensitivity and aggregation behavior of P4VP-(PCL20)5 copolymer. (A) Evolution of pH as a function of NaOH (0.1 M) volume. 
(B) Transmittance variation (%) as a function of pH. (C) Zeta potential (ζ) variation as a function of pH. Abbreviations: NaOH: Sodium 
hydroxide; P4VP-(PCL20)5: Poly(4-vinylpyridine)-(poly[ε-caprolactone]20)5
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of using pH as a trigger for the copolymers, paving the way for 
intelligent targeted delivery systems.64,65

3.3. CAC

The CAC of the P4VP-(PCL20)5 polymer at different pH values 
(7.5 and 5.5) highlights the influence of pH on aggregate 
formation. The determination of this critical concentration 
was explored using a method validated in one of our recent 
works.51,52 This method relies on correlating the results of 
three parameters: light transmitted, light scattered, and the size 
of aggregation. The CAC is defined as the point at which there 
is an abrupt decrease in transmittance and an instantaneous 
rise in aggregate size and light scattering intensity.52 The 
CAC is recorded at this critical point when micelle or vesicle 
formation begins. The results presented in Figure 4A and B 
show that the CAC values for P4VP-(PCL20)5 were 6.92 mg/L 
at pH 7.0 and 15.14 mg/L at pH 5.5, highlighting the impact 
of pH on aggregate formation. At pH 7.0, the 4VP segments 
were minimally protonated,66 promoting effective vesicle 
stabilization due to a balance between the hydrophobic 
and hydrophilic regions of the copolymer. In contrast, at 
pH 5.5, the increased protonation of amine groups increased 
the hydrophilicity of 4VP segments,67 which increased the 
repulsive forces between the long chains. This hindered 
vesicle formation, thus increasing the CAC. The variation in 
CAC with pH underscores the influence of protonation on 
the copolymer’s structure and the formation of aggregated 
structures.

3.4. Characterization of catechin-loaded vesicles

The properties of empty and catechin-loaded vesicles were 
examined. The results obtained are presented in Figure 5 and 
Table  2. As expected, the DLS analyses in Figure  5F show 
that the copolymer particle size remains virtually unchanged 
(around 85–90 nm) as the pH decreases from 9.0 to 7.0. This 
is due to the weakly protonated P4VP chains that result in 

compressed and isolated vesicle structures. However, as pH 
decreased further (between 7.0 and 5.5), vesicle size increased 
considerably, from 90  nm to 130  nm. This phenomenon 
is attributed to the complete protonation of the tertiary 
amine groups in the 4VP ring of the main chain, resulting 
in a transformation from hydrophobic to hydrophilic, which 
caused the structure to be relaxed and swollen. At pH below 
5.5, complete protonation of the amine groups resulted in a 
maximum transformation of the hydrophobic domains of 
P4VP into hydrophilic ones. This modification promoted 
water uptake within the vesicles, leading to increased surface 
tension and potentially causing the structures to disintegrate. 
However, a plateau in size is observed, indicating that the 
vesicles reached a limit of swelling with stabilized size.

Regarding the zeta potential, Figure  5E shows that the zeta 
potentials of empty and catechin-loaded vesicles are almost null 
at pH 7. As the pH decreased from 9.0 to 7.0, the zeta potential 
remained virtually unchanged (<1 mV). However, as the pH 
continued to fall, the zeta potential rose rapidly (approximately 
+32 mV), which was attributed to the complete protonation of 
4VP. In addition, this strong positive charge caused increased 
repulsive forces between the stretched hydrophilic chains, 
leading to an increase in particle size.

The results also suggested an optimum pH for drug loading 
at 7.0 to achieve high EE. As the initial amount of catechin 
increased, the loading capacity (LC) and EE also increased. 
The actual levels of catechin loading in the polymer were 
10.2%, 35.6%, and 52.3% respectively, depending on the 
different catechin/polymer ratios. On the other hand, when 
the catechin/polymer ratio was 15 mg/25 mg, EE reached its 
maximum (87.6%). On the other hand, when this ratio reached 
20  mg/25  mg, the LC was slightly higher, but EE decreased 
slightly due to the limited space for catechin loading.

Catechin-loaded aggregates were slightly larger in size than 
empty vesicles, reflecting the encapsulation of catechin in 

Figure 4. Critical aggregation concentration of P4VP-(PCL20)5: Poly(4-vinylpyridine)-(poly[ε-caprolactone]20)5. (A) pH = 5.5. (B) pH = 7.0.

A B

Table 2. Characteristic properties of cat‑loaded P4VP‑(PCL20) 5

R ratio of cat‑polymer Polymer (mg) Cat (mg) Cat: polymer ratio LC (%) EE (%) Particle size (nm) PDI Zeta potential (mV)

0.4 25 10 0.4 10.2 62.1 97 0.152 2.2

0.6 25 15 0.6 35.6 87.6 108 0.117 1.3

0.8 25 20 0.8 52.3 73.0 123 0.162 6.3

Abbreviations: Cat: Catechin; EE: Encapsulation efficiency; LC: Loading capacity; P4VP‑(PCL20) 5: Poly (4‑vinylpyridine)‑(poly[ε‑caprolactone] 20) 5; PDI: Polydispersity index.
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the vesicle core as well as its adsorption to the vesicle surface. 
Other characteristic properties are shown in Table 2.

3.5. TEM and pH-sensitivity analysis of the vesicles

Figure  6 shows TEM images of vesicles in buffer solutions 
(PBS, pH  7.0 and 5.5). The results highlight the sensitivity 
of vesicles to pH variations, a key parameter for applications 
in controlled drug delivery. In particular, this property 
could be exploited to release the active ingredient in acidic 
environments.

Image analysis reveals that the nanoparticles adopt a vesicle-
like morphology, with a size of around 92 nm. This observation 
confirms the ability of the copolymers to self-organize into 
vesicles under physiological conditions, aligned with a previous 
study.52 The influence of pH on these vesicles is a determining 
factor in their stability and structure. The presence of 

tertiary amino groups derived from 4VP contributes to the 
pH-sensitivity of the vesicles, due to their ability to protonate 
or deprotonate depending on the surrounding environment. 
At neutral conditions (pH  7.0), vesicles have a well-defined, 
homogeneous structure, reflecting a balance between 
hydrophobic and hydrophilic interactions. As pH decreases, 
the progressive protonation of the amine groups in 4VP leads 
to an increase in the positive charge of the vesicles.68 This 
induces increased electrostatic repulsion between the polymer 
chains, leading to membrane expansion and vesicle swelling. 
This transition resulted in a significant increase in vesicle 
diameter, from 90  nm to 130  nm, which was confirmed by 
DLS analysis. TEM imaging (Figure 6), combined with zeta 
potential and DLS measurements, was used to analyze the 
behavior of the vesicles as a function of pH. Zeta potential 
monitoring confirmed the increase in the positive charge of 

Figure 5. Characterization of catechin-loaded vesicles. (A) Size distribution of nanoaggregates determined by DLS for catechin-loaded vesicles 
at R = 0.6 and pH = 7 (108 nm). (B) Size distribution of empty vesicles at pH = 7. (C) Size distribution of catechin-loaded vesicles at R = 0.6 and 
pH = 5.5 (132 nm). (D) EE, LC, and average hydrodynamic size as a function of the R ratio. (E) Zeta potential of empty and loaded nanoaggregates 
as a function of pH. (F) pH-responsiveness of aggregate size for both empty and loaded vesicles.
Abbreviations: EE: Encapsulation efficiency; LC: Loading capacity.
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vesicles at acidic pH, explaining their tendency to swell. In 
addition, DLS analysis validated the size distribution observed 
in TEM, confirming the structural transition induced by 
protonation of the amine groups.

3.6. In vitro release of catechin

The in vitro release profile of catechin from P4VP-(PCL20)5 
aggregates exhibited a pH-responsive behavior. The release 
studies were conducted under physiological conditions (PBS, 
pH  7.0) and in a mildly acidic environment (PBS, pH  5.5), 
as illustrated in Figure  7. The findings indicate a notable 
variation in catechin release depending on the pH level. At 
pH  7.5, the P4VP-(PCL20)5 aggregates maintained a compact 
structure, which restricted catechin diffusion. After 30 h, the 
cumulative release reached approximately 21%, suggesting that 
a significant portion of the catechin remained encapsulated 
within the vesicular core. Conversely, at pH  5.5, catechin 
release was considerably accelerated, with 39% released within 
5 h and almost 80% after 24 h, demonstrating a pH-dependent 
controlled release without an initial burst effect. This behavior 
can be attributed to the increased protonation of 4VP units in 
P4VP-(PCL20)5 at lower pH, which destabilizes the aggregate 
structure. In addition, the higher electrostatic repulsion 
between protonated units, due to an increased surface 
charge density, leads to a loosening of the vesicular network, 
facilitating catechin release.50 Overall, these results confirm 
that polymeric vesicles can efficiently encapsulate and protect 
catechin at pH 7.0, while enabling targeted release at pH 5.5, 

demonstrating a well-regulated pH-sensitive drug delivery 
system.69

3.7. Evaluation of the functional antioxidant activity of 

catechin using the DPPH assay

This study evaluated the functional antioxidant activity of 
catechin encapsulated within polymeric aggregates, with 
particular focus on the long-term stability and efficacy of 
encapsulated catechin. The antioxidant capacity was assessed 
using the DPPH radical scavenging assay, comparing free 
catechin and encapsulated catechin. The results (Figure  8) 
revealed a significant enhancement in antioxidant 
performance when catechin was encapsulated. In the first 
stage (0–8  days), encapsulated catechin exhibited an initial 
activity of approximately 98%, which remained remarkably 
stable (>96%) throughout this period. Whereas free catechin 
underwent rapid degradation, dropping to only 10.9% within 
eight days. In the second stage (8–15  days), the antioxidant 
activity of encapsulated catechin decreased slightly, from 
96% to 94%, confirming its long-term stability. In contrast, 
the antioxidant activity of free catechin remained at a very 
low level (6.5%). These findings highlight the crucial role of 
polymer-based encapsulation in protecting catechin from 
degradation. The improved performance is attributed to 
several key factors: the polymeric matrix acts as a protective 
barrier against environmental stressors, such as oxygen, 
light, and heat, known to accelerate antioxidant degradation. 
The encapsulation system enables sustained and controlled 

Figure 6. Transmission electron micrographs and schematic representation of P4VP-(PCL20)5 vesicles at different pH values. (A) Stable vesicles 
with well-defined bilayer structure at pH 7.0 (membrane thickness ≈ 8.2 nm). Left: Scale bar: 50 nm; Right: scale bar: 25 nm; magnification: 
×15,000. (B) Enlarged and destabilized vesicles at pH  5.5 (diameter ≈ 125–137  nm) due to protonation of P4VP units. Scale bar: 200  nm; 
magnification: ×12,000. (C) Schematic illustration of the pH-responsive mechanism: Compact bilayer at neutral pH versus swollen and 
disorganized structure under acidic conditions.
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Figure  7. In vitro release profile of catechin from P4VP-(PCL20)5 
aggregates at pH  5.5and 7.0. Abbreviation: P4VP-(PCL20)5: 
Poly(4-vinylpyridine)-(poly[ε-caprolactone]20)5

release of catechin, maintaining its functional activity over an 
extended period, which also enhances catechin’s bioavailability 
by improving its solubility and facilitating cellular uptake.

3.8. Improved antibacterial activity of catechin 

encapsulated in pH-responsive poly(4-vinylpyridine)-

(poly[ε-caprolactone]
20

)
5

 vesicles

The antibacterial assays (Figure 9A and 9B)  highlight a 
marked increase in efficacy after encapsulation: free catechin 
produces only small inhibition zones (7–8 mm, in some cases 
undetectable depending on the strain), while blank vesicles 
induce only marginal effects (7–9  mm), confirming that the 
activity originates from catechin itself. In contrast, encapsulation 
within P4VP-(PCL20)5 vesicles substantially increases inhibition 
diameters at pH 5.5, typically reaching 16–19 mm for the “Cat-
polymer (0.4)” formulation and up to 20–23 mm for the higher-
loaded “Cat-polymer (0.6)” formulation. This dose-dependent 
gain (0.6 > 0.4) is consistent across all tested strains (Gram-
positive and Gram-negative), with a particularly pronounced 

advantage for Gram-positive species (S. aureus, Listeria 

monocytogenes), while still achieving significant improvement 
for Gram-negative species (E. coli, P. aeruginosa, Salmonella 

enterica) despite their outer membrane barrier.

The role of pH is critical; at pH 5.5, the pyridyl units of P4VP 
become protonated, increasing the hydrophilicity of the 
segment, inducing swelling/disorganization of the vesicles, 
and accelerating catechin release. This spatiotemporal release 
results in a locally elevated concentration in proximity to 
bacterial cells, enhancing the diffusion gradient across the 
cell envelope. Simultaneously, the protection provided by the 
hydrophobic PCL core and the multilayer vesicular architecture 
reduces catechin oxidation and enzymatic degradation before 
the vesicles reach the target, increasing the fraction of active 
molecules available. The increase in surface charge (zeta 
potential) at pH  5–6 (due to P4VP protonation) may also 
promote electrostatic interactions with the overall negatively 
charged bacterial surfaces, facilitating vesicle adhesion and 
local drug delivery. The pH  7 versus pH  5.5 comparison 
confirms the pH-triggered nature of the system: at neutral 
pH, inhibition zones remain modest (10–13  mm), whereas 
at pH 5.5, they sharply increase (18–23 mm), consistent with 
accelerated release kinetics under acidic conditions. This 
trend is reflected in the minimum inhibitory concentration 
(MIC) values (pH  5.5), which are significantly lower for 
the encapsulated formulations compared to free catechin, 
corroborating the pharmacodynamic superiority imparted by 
vectorization.

Figure  9C shows that, for all five tested bacterial strains 
(E. coli, S. enterica, L. monocytogenes, P. aeruginosa, and S. aureus), 
the MIC values of catechin encapsulated in P4VP-(PCL20)5 
vesicles “Cat-polymer (0.4)” and “Cat-polymer (0.6)” at pH 5.5 
were dramatically reduced compared to those of free catechin. 
This reduction was consistent across all tested bacterial strains, 
with decreases of up to 10–20-fold, confirming that the 
encapsulation system enables targeted and efficient release in 
acidic environments. In comparison with literature data, free 
catechin typically exhibits MICs of 1–2 mg/mL against S. aureus 
and E. coli.

70,71 In our study, MICs for the encapsulated forms 
dropped below 100 μg/mL for most strains, demonstrating 
a significant gain in efficacy. This improvement can be 
attributed to the protection of catechin from enzymatic 
and oxidative degradation due to the multilayer vesicular 
structure, the pH-responsiveness of the P4VP block, which 
drives vesicle disassembly and targeted release in the acidic 
microenvironment of infectious sites (pH 5.5), and improved 
local bioavailability, enabling bactericidal concentrations to be 
reached more rapidly and at lower doses.

These findings align with other studies showing that 
encapsulation of polyphenols or antimicrobial agents in 
pH-sensitive nanostructures can significantly enhance activity 
against both Gram-positive and Gram-negative pathogens.72

4. Limitations and future perspectives

Although this study provides valuable insights into polymer-
based drug delivery systems, it is limited to laboratory-scale 
design, which does not fully replicate the complexity of 

Figure 8. Evaluation of the functional antioxidant stability
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physiological environments. In addition, long-term stability, 
degradation, and potential biological effects require further 
evaluation.

Looking forward, future work should focus on in vitro and 
in vivo biocompatibility, pharmacokinetics, and targeted 
efficacy, as well as scaling up the synthesis process and testing 
under realistic conditions. Exploring advanced polymer 
architectures, investigating stimuli-responsive systems, and 
integrating computational modeling could further optimize 
drug encapsulation and release, paving the way for practical 
applications.

5. Conclusions 

The present study demonstrates that the amphiphilic 
copolymer P4VP-(PCL20)5 forms highly pH-sensitive 
multilamellar vesicles capable of efficiently encapsulating 
catechin. Upon self-assembly in aqueous media, the copolymer 
generated stable nanostructures with diameters ranging from 
90 to 130 nm, as confirmed by DLS and TEM. Physicochemical 
characterization revealed a sharp solubility transition around 
pH  5.5, attributed to the protonation of the tertiary amine 
groups of P4VP. This transition was marked by an increase in 
vesicle size, a rise in zeta potential (+42 mV), and a significant 

drop in transmittance (< 1%), indicating vesicle destabilization 
and partial precipitation of the copolymer.

Encapsulation of catechin within these vesicles led to a 
significant enhancement of its stability, antioxidant activity, 
and bioavailability. The release of catechin was shown to be 
strongly pH-dependent: at physiological pH (7.0), the vesicles 
remained structurally stable, allowing limited release (<10% 
over 24 h); whereas at acidic pH (5.5), which is the characteristic 
of infection-related microenvironments, protonation induced 
disassembly of the vesicles and triggered rapid release of the 
active compound (> 90% in 24 h; > 50% in 4 h). This selective 
release behavior translated into potent antibacterial activity, 
particularly against acidifying pathogens. Inhibition zones 
reached 23  mm for E. coli, 22  mm for S. aureus, 20  mm for 
P. aeruginosa, and 21 mm for L. monocytogenes at pH 5.5.

In contrast, free catechin exhibited significantly lower 
antibacterial activity under the same conditions, with inhibition 
diameters not exceeding 8 mm. This highlights the crucial role of 
encapsulation in enhancing the therapeutic efficacy of catechin. 
The improved antibacterial performance can be attributed to 
several synergistic factors: (i) protection of catechin against 
enzymatic and oxidative degradation, (ii) enhanced interactions 
with bacterial membranes mediated by the positive charge of 

Figure 9. Antibacterial activity and pH-dependent MIC reduction of catechin encapsulated in P4VP-(PCL20)5 vesicles. (A) Inhibition zones for 
different microbes at pH 7 and pH 5.5. (B) Inhibition zones for Escherichia coli and Staphylococcus aureus at pH 7 and pH 5.5. (C) MIC values for 
free catechin and encapsulated catechin at pH 5.5.
Abbreviations: Cat: Catechin; MIC: Minimum inhibitory concentration; P4VP-(PCL20)5: Poly(4-vinylpyridine)50-(poly[ε-
caprolactone]20)5; T: Gentamicin.
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protonated P4VP, and (iii) controlled release leading to optimal 
local concentrations at the infection site.

In addition to its antimicrobial effects, the vesicular system 
also conferred prolonged antioxidant activity to catechin, as 
evidenced by DPPH radical scavenging assays. The encapsulated 
catechin retained its antioxidant potential over extended 
periods, whereas the free form showed rapid degradation. 
This indicated that the copolymer matrix provided an effective 
barrier against oxidative stress, thereby prolonging the 
functional lifespan of the bioactive compound.

Overall, this study not only introduces a novel pH-responsive 
delivery platform for catechin but also opens new perspectives 
for the development of targeted antimicrobial therapies. The 
use of multi-branched P4VP-(PCL20)5 copolymer vesicles could 
be extended to the encapsulation of other bioactive molecules, 
thereby broadening their potential applications in combating a 
wide range of bacterial infections, particularly those caused by 
MDR strains. Such systems could also be tailored for site-specific 
drug release in other pathological conditions characterized 
by pH variations, such as cancer or inflammatory diseases. 
Nevertheless, some limitations should be acknowledged, 
including the need for further in vivo evaluation to confirm 
therapeutic efficacy and safety, as well as the optimization of 
large-scale production methods to ensure reproducibility and 
cost-effectiveness. Addressing these aspects will be essential for 
translating this strategy into clinical applications.
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