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Abstract: Poly(azomethine) based micelles have been developed for the delivery of caffeic acid phenethyl ester (CAPE). 

These micelles, synthesized from a polyazomethine-PEG block copolymer, demonstrate significant potential in drug 

release systems due to its pH-sensitive biodegradable nature. Characterization through SEM revealed spherical micelles 

with an average diameter of 135.5 nm. The micelles' drug release behavior was studied at physiological (pH 7.2) and lyso-

somal (pH 5.0) pH levels. The findings indicated pH sensitive release of CAPE from the micelle of which only 2.14% 

of CAPE was released at pH 7.2 while 38.8% of CAPE was released at pH 5.0 after 24 h. In vitro cell viability assays 

using human-derived fibroblast cells showed that CAPE-loaded micelles exhibited minimal toxicity after 48 hours com-

pared to CAPE and free micelle. These results suggest the potential of polyazomethine-based micelles as efficient carriers 

for targeted drug delivery for therapeutic purposes.
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Introduction

Biodegradable polymers offer a significant advantage as bio-

materials because they decompose and are eliminated from the 

body after fulfilling their purpose, making their temporary use 

in medical applications. These polymers exhibit a broad spec-

trum of applications, notably serving as nanocarriers, surgical 

sutures, and implants. This diverse family of polymers can be 

both naturally derived and synthetically produced.1 Biodegrad-

able polymers such as polylactides, polycaprolactones, poly-

urethanes, polyphosphazenes, polyanhydrides, polyacetals, polyamides,

poly(ortho esters), polyphosphoesters, and polycarbonates are 

utilized in various fields including drug delivery, vaccine appli-

cations, tissue engineering, and prosthetics.2 Among these polymers,

polyazomethines (PAMs) are less commonly known and used.

PAMs contain the –CH=N– functional group in the main 

chain, which is sensitive to pH values.3,4 Schiff bases are stable 

in neutral and alkaline environments, but they hydrolyze in 

low pH values by breaking the double bond, resulting in their 

decomposition into the amine and carbonyl compounds that 

form them. It can be considered that such an imine structure 

completely dissociates in an aqueous solution at a pH value 

below 6.5. This reversibility allows PAMs to be used as pH-

sensitive biomaterials in biological systems.3 The sensitivity of 

PAM polymers to acidic pH enables controlled drug release in 

specific organs (stomach, intestinal system, or vagina) or intra-

cellular organelles (endosomes or lysosomes).5

PAMs are generally produced by the condensation reaction 

of dialdehydes and diamines. Monomers containing both alde-

hyde and amine groups can also be used. Various studies have 

been conducted on PAMs in different fields. Saçak and col-

leagues reported that the polymer poly(3-[[4-(dimethylamino) 

benzylidene]amino]phenol) (P(3-DBAP)), a Schiff base poly-

mer containing a phenol group, showed thermal stability up to 
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1200 ℃ and exhibited antibacterial and antifungal activity in        

both monomer and polymer forms.4 In another study, a Schiff 

base-based pH-sensitive polyimine imidazole-4,5-imine (PSI) 

polymer was synthesized, resulting in a cationic polymer.6 By 

forming a complex with siRNA, the pH sensitivity of the poly-

mer allowed for the release of siRNA from endosomes to the 

cytoplasm. A cross-linked polymer was obtained through the 

reaction of a polyamine molecule with a fructose-derived dial-

dehyde.7 In a separate study, porous nanoparticles were pro-

duced through the Schiff base reaction of a phenolic dialdehyde 

with a polyamine molecule.8 Ma and colleagues synthesized a 

biocompatible and pH-sensitive copolymer by linking the 

poly(2-ethylacryloyloxyethyl phosphorylcholine) block and PLA 

block with a benzoyl imine linkage, demonstrating its use as a 

paclitaxel carrier.9 The rapid cleavage of the benzoyl imine linkage 

at acidic pH values resulted in the disintegration of the micellar 

structure, thereby accelerating the release of paclitaxel.

One of the most significant disadvantages of PAMs is their 

low solubility. However, the addition of a hydrophilic block such 

as poly(ethylene glycol) (PEG) to PAM intended for use as a 

biomaterial increases its aqueous presence and adds biocom-

patibility. The amphiphilic structure formed by adding a PEG 

block to the PAM structure can assemble in an aqueous solution 

to form micellar particles with a hydrophilic shell and a hydro-

phobic core.10,11 Polymeric micelles increase the aqueous avail-

ability of drugs, can be produced at the nanoscale, and can 

protect the cargo molecule from the immune system.12 These 

features of polymeric micelles allow for prolonged circulation 

in the bloodstream, passive targeting through the enhanced 

permeability and retention (EPR) effect, and reduced adverse 

side effects of drug molecules.13 While the PAM block in the 

polymer structure remains stable at neutral or basic pH values, 

it will dissociate into its monomers under acidic conditions, 

releasing the drug. At the cellular level, the acidity of endosomes 

(pH ~5-6) and their fusion with lysosomes (pH ~4-5) present 

an important pH gradient for effective intracellular drug deliv-

ery from such system.5

CAPE is a naturally occurring bioactive compound derived 

from honeybees, having diverse biological and pharmacolog-

ical properties of antiviral, antioxidant, anti-inflammatory, anti-

bacterial, and anticancer activities.14,15 Despite its therapeutic 

potential, CAPE's application is limited by its poor water sol-

ubility due to its hydrophobic nature, highlighting the need for 

an effective delivery system.

Despite the presence of many biodegradable drug carrier sys-

tems, there are no polyazomethine-PEG-based polymeric micelle 

carrier systems. Furthermore, the synthesis of this polymer under 

mild conditions is one of its most important advantages. In this 

study, the synthesis of PAM-PEG block copolymers using two 

fundamental molecules such as ethylenediamine and glutardi-

aldehyde, the production of nanoscale drug delivery systems 

from these polymers, and the investigation of their biological 

activity were aimed. The model cargo molecule used was CAPE 

that needs to be delivered for an efficient therapeutic activity. 

The produced polymer and micellar structures were character-

ized, and their biological activities were investigated through 

in vitro tests.

Experimental

Materials. Ethylene diamine and glutardialdehyde (25%)     

were purchased from Merck. Amine and carboxylic acid func-

tionalized PEG (NH2-PEG-COOH) (Mw: 2 kDa) was obtained 

from Creative PEGworks. All solvents were used as received. 

Human-derived fibroblast (HDF) cells used for the cytotox-

icity assay were from the American Type Culture Collection 

(ATCC). Dulbecco’s modified eagle medium (DMEM), Fetal 

Bovine Serum (FBS), Antibiotics, L-glutamine and all the chem-

icals used in cell culture studies were purchased from Gibco. 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

(MTT) was obtained from BioBasic.

Synthesis of PAM-b-PEG Copolymer. To synthesize the     

PAM-PEG block copolymer, 2×10-3 mole (134 µL) of ethylene 

diamine and 2×10-3 mole (800 µL) of glutardialdehyde were 

added into 4 mL of ethanol. Then, 2×10-5 mole (40 mg) of NH2-

PEG-COOH was added into the solution. Following a 24-hour 

period of continuous stirring at ambient temperature, an excess 

of diethyl ether was introduced to the solution to induce polymer 

precipitation. The polymer obtained was dried under vacuum 

overnight.

Preparation of PAM-b-PEG Micelles. PAM-PEG copo-     

lymer micelles were prepared using the dialysis method.16

Briefly, 25 mg PAM-PEG copolymer was dissolved in 100 mL

of DMF. This solution was then transferred into a dialysis mem-

brane with a molecular weight cut-off of 14000 g/mol and dia-

lyzed against 1200 mL of ultrapure water under magnetic stirring 

for 24 h. The dialysis water was refreshed every 6 h. The resul-

tant clear solution was subsequently lyophilized and stored at 

ambient temperature.

CAPE loaded micelles were produced using the same method 

by dissolving the polymer and CAPE together in DMF using 

the mass ratio of mCAPE/mPAM-PEG:1/5.
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Characterizations. FTIR spectra of the polymer and the       

micelles were acquired from Perkin Elmer Spectrum One FTIR 

(with ATR apparatus) spectrophotometer. Shimadzu UV-1700 

UV-Vis spectrophotometer was used for absorbance measure-

ments during the drug release study. NMR spectra were recorded 

by Bruker Ascend 500. Particle size, polydispersity index and 

zeta potential values were obtained from Malvern Zetasizer 

NanoZS dynamic (DLS) and electrophoretic (ELS) light scat-

tering spectroscopy at 25 ℃. The micelles' morphological fea-        

tures were examined using a Thermo Scientific Quattro S scanning 

electron microscope with a scanning transmission electron 

microscopy (STEM) detector operating at 25–30 kV under high 

vacuum. For imaging, the samples were placed on a carbon 

film-coated copper grid and dried.

To assess the encapsulation efficiency and loading capac-

ity of the micelles, the amount of non-encapsulated CAPE 

remaining in the solution outside the dialysis membrane 

was quantified. The concentration of free CAPE was mea-

sured using a calibration curve derived from the absorbance 

at 325 nm.

The encapsulation efficiency (EE) and drug loading (DL) of 

micelles were determined according to the Equations 1 and 2, 

in which mCAPE-EN and mCAPE-I are the encapsulated and initial 

amount of CAPE, respectively, while mT is the total amount of 

lyophilized CAPE-loaded micelle.

EE% = (mCAPE-EN/mCAPE-I) × 100 (1)

DL% = (mCAPE-EN/mT) × 100 (2)

In Vitro Release Studies. In vitro release studies for the         

CAPE-loaded micelles were conducted at both pH 7.2 and pH 

5.0. Specifically, 1.0 mg of the prepared micelles was dispersed in 

1 mL of phosphate-buffered saline (PBS) at pH 7.2 and dia-

lyzed against 5 mL of PBS at pH 7.2, under incubation at 37 ℃             

with shaking at 100 rpm. At designated intervals, 1 mL of the 

dialysate was collected and replaced with an equal volume of 

fresh PBS. The collected samples were analyzed for CAPE 

release using a UV-Vis spectrophotometer at 325 nm. 

The in vitro release study was also conducted at pH 5.0 

using acetate buffer in place of PBS.

Biodegradation Studies. CAPE-loaded micelles were dis-     

persed as 1 mg/mL in both PBS (pH 7.2) and acetate buffer 

(pH 5.0), respectively. The solutions were incubated at 37 ℃         

with shaking at 100 rpm. At designated intervals, the samples 

were analyzed with DLS at 37 ℃ to determine derived count          

rates.

Cell Culture Conditions. Human-derived fibroblast (HDF)     

cells were cultured in accordance with ATCC guidelines. The 

cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 

100 µg/mL streptomycin, 100 units/mL penicillin, and 0.2 mM 

L-glutamine. The cultures were incubated at 37 ℃ in a humid-     

ified atmosphere containing 5% CO2. The culture medium was 

replaced every two to three days.

Cell Viability Assay. MTT assay was used for determination     

of cell viability. HDF cells were seeded to 96 well plates as 

1×104 cells/mL. Following the incubation, the medium was 

changed with fresh medium containing a series of dilutions (0-

1 mg/mL) of CAPE, CAPE-Micelle (containing 0-1 mg/mL 

CAPE) and free Micelle. After 24 and 48 h of incubation, 

medium was removed from each well and MTT reagent was 

added and incubated at 37 ℃ for 3 h. Subsequently, the MTT     

solution was harvested, and the formazan crystals, produced by 

the activity of mitochondrial dehydrogenase enzymes, were 

dissolved in 0.1 mL of DMSO. Absorbance was then mea-

sured at 570 nm using a microplate reader. The cells, which 

received no treatment, served as the control. Metabolic activity 

values are presented as the mean ± SD of a minimum of three 

replicates. Cell viability (%) was determined using Equation 3, 

in which ODT and ODUT are the absorbance values of the treated 

and untreated (control) cells, respectively.

Cell Viability % = (ODT/ODUT) × 100 (3)

Results and Discussion

The study aims to present the potential of polyazomethines 

in drug release systems as biodegradable polymers. For this 

purpose, we synthesized a block copolymer of polyazomethine 

with PEG and prepared CAPE loaded micelles using this block 

copolymer. In the first step of the study, we synthesized the 

PAM-PEG block copolymer using condensation polymeriza-

tion shown in Scheme 1, in which PEG quantity was adjusted 

to be at the molar ratio of nmonomer/nPEG = 100/1.

The produced copolymer was analyzed with NMR and FTIR

Scheme 1. The synthesis reaction of the PAM-PEG block copoly-

mer.
 Polym. Korea, Vol. 49, No. 3, 2025



280 N. S. Topuzogullari et al.
spectroscopies and the acquired spectra are given in Figure 1. 

In 1H NMR spectrum of the copolymer, protons of PEG (-

CH2CH2O-) are observed at 3.64 ppm. The peaks observed 

between 6.06 and 5.81 ppm may belong to the protons of imine

(Schiff base) protons (-CH=N-). The protons of azomethine 

groups are observed mostly above 8 ppm especially for the aro-

matic polyazomethines of which imine groups are directly con-

nected to the aromatic rings.17 In the produced copolymer, the 

azomethine groups are linked with aliphatic groups, which 

could be the reason that azomethine groups are observed at 

slightly lower values in 1H NMR spectrum. The peaks lower 

than 3.2 ppm corresponds to the protons of aliphatic carbons 

between imine groups.

The molecular weight of the copolymer was determined using 

NMR spectroscopy. The extremely low solubility of the copo-

lymer in solvents commonly used in GPC, such as water, THF, 

and DMF, limited us to using NMR spectrum for this purpose. 

As a result, the Mn value of the PAM block obtained from NMR 

spectroscopy was calculated to be 1125 g/mol. Given that the 

Mn value of the PEG molecule used is known to be 2000 g/mol, 

the molecular weight of the PAM-PEG block copolymer was 

determined to be 3125 g/mol.

In FTIR spectra, the similar bands observed at 1110 and 

2883 cm-1 in both spectra correspond to the C-O-C stretching 

of aliphatic ethers and the CH stretching of aliphatic CH2

groups, respectively, present in both PEG and the synthesized 

copolymer. The wide band between 1640 and 1520 cm-1 is 

intersection of two bands having minimum points at 1615 and 

1568 cm-1. The band at 1615 cm-1 corresponds to the stretching

of -N=CH- group, which is shown in several previous stud-

ies.18,19 The band at 1568 cm-1 also belongs to the -N=CH- group

according to Kamaci et al.18

After the synthesis of the copolymer, it was used to prepare 

micelles to deliver CAPE. The empty and CAPE-loaded PAM-

PEG copolymer micelles were prepared by dialysis technique. 

Figure 2 gives the size distributions of these micelles acquired 

from dynamic light scattering technique. The z-average hydro-

dynamic diameters of free and CAPE-loaded micelles were 

259.6 and 233.8 nm, respectively, while the PDI values were 

Figure 1. 1H NMR: (a) FTIR; (b) spectra of the PAM-PEG block 

copolymer.

Figure 2. (a) Hydrodynamic size distribution of free and CAPE-

loaded PAM-PEG micelles based on the intensity; (b) SEM image 

of CAPE-loaded PAM-PEG micelle acquired from STEM detector 

at 300 kX magnification.
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lower than 0.25 for both micelles. The decrease in micelle size 

is likely due to the enhanced hydrophobic interactions between 

the PAM block and CAPE molecules, which result in a more 

compact micelle core. No specific chemical interactions were 

detected between CAPE and the polymer, as confirmed by 

FTIR analysis.

The zeta potential of the micelles were measured using the 

ELS. The results showed that the surface charge was slightly 

negative at pH 7.2, with zeta potential values of and -5.11 mV 

for free micelles and -7.49 mV for CAPE-loaded micelles. This 

negative surface charge is likely attributed to the chain-end 

COOH group of the PEG used in the synthesis of the copolymer.

During the synthesis, the NH2 terminal group of PEG partici-

pates in the formation of the –CH=N– bond, leaving the COOH 

group unbound. Additionally, this COOH group is located on 

the side of the micelle exposed to the aqueous phase, leading to 

the observed negative charge.

The micelles were visualized with SEM to investigate their 

morphology. The micelles exhibited spherical shape and an aver-

age diameter of 135.5 nm, which is smaller than the diameter 

obtained from DLS. The size reduction observed in SEM anal-

ysis compared to the DLS results can be attributed to the col-

lapse and dehydration of the core and shell of the micelle 

particles during the SEM sample preparation process.20

By using indirect method, the drug loading capacity of the 

micelle was determined. The drug loading of CAPE-loaded 

micelles was found to be as low as 3%, which is a known dis-

advantage of micelles.21 Subsequently, the micelles were char-

acterized using FTIR spectroscopy to assess the adsorbed CAPE 

molecules. Figure 3 exhibits the FTIR spectra of free and CAPE-

Loaded micelles. The CAPE molecule exhibits characteristic 

bands at 1679 and 1601 cm-1, corresponding to the C=O and 

C=C bonds, respectively, and a band at 1275 cm-1 correspond-

ing to the C-O-C group in the ester bond.22 The FTIR spectra 

of both the free and CAPE-loaded micelles displayed similar 

features, with the CH=N group observed at 1650 cm-1 and ether 

(C-O-C) groups at 1077 cm-1. Additionally, bands at 2901 and 

2987 cm-1 indicated aliphatic CH stretching of CH2 groups. In 

the spectrum of the CAPE-loaded micelles, the characteristic 

bands of CAPE were not observed, representing that the drug 

molecules were encapsulated within the core of the micelles 

rather than adsorbed on the surface. However, the fact that the 

peak of CAPE encapsulated within the micelle core is not observed, 

while the peak of the -CH=N- group located in the same micelle 

core is visible, is likely due to the very low drug loading ratio 

of 3% and the -CH=N- units being highly abundant as repeat-

ing structural units. Moreover, the spectra showed no evidence 

of chemical interaction between the drug and the polymer.

Following the characterization of the CAPE-loaded micelles, 

their release behavior was examined at pH 7.2 and 5.0. The 

neutral pH was selected to simulate physiological conditions, 

while the acidic pH was chosen to mimic lysosomal environ-

ments and cancerous tissues.23,24 The release quantity of the 

CAPE molecules was determined using the dialysis technique, 

and UV spectrometry was employed to detect the released 

CAPE. 

Figure 4 shows the cumulative release of CAPE from the 

micelle at acidic and neutral pH for 5 days. As seen, CAPE 

release from the micelle at physiological pH value is very low. 

In the first 24 hours, 2.14% of the encapsulated CAPE is released 

and after 5 days, only 5.04% of the drug is released. The low 

Figure 3. FTIR spectra of CAPE, free PAM-PEG micelle and CAPE-

loaded PAM-PEG micelle.

Figure 4. Cumulative release profile of CAPE from PAM-PEG copo-

lymer micelle at pH 5.0 and 7.2.
 Polym. Korea, Vol. 49, No. 3, 2025
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cumulative release can be attributed to the high hydrophobicity 

of the CAPE and tight packing of the micellar core. When the 

pH is reduced to pH 5.0, noticeably different cumulative release 

profile was obtained. The cumulative CAPE release reached to 

38.8% after 24 hours at pH 5.0, while 79.7% cumulative release 

was obtained after 5 days. The remarkable increase in the release 

at acidic pH directly indicates the pH sensitive degradation of 

the PAM block in which the Schiff base (imine) groups (CH=N)

are dissociated into aldehyde and amine groups.4 CAPE is released 

to the medium after degradation of the hydrophobic PAM block. 

The very low release of CAPE at neutral pH value can protect 

the hydrophobic cargo molecule until reaching to the lysosome 

or cancerous tissue.

The micelles dispersed in pH 5.0 and 7.2 were analyzed with 

DLS to evaluate the degradation rate by investigating the derived 

count rates (DCR) of micellar solutions over time. The result-

ing DCR values were adjusted into relative count rate values 

by normalizing the initial and final data based on prior research 

findings.25,26 Figure 5 displays the time-dependent light scat-

tering intensity (count rate) of CAPE-loaded micelles at pH 5.0 

and 7.2. Generally, the count rate correlates directly with the 

particle size and concentration of nanoparticles in the solu-

tion.27

As demonstrated in Figure 5, micelles at pH 5.0 exhibited a 

sharp reduction in count rate within the initial 10 hours, followed 

by a slower decline, ultimately reaching 2% after 120 hours. 

This trend indicates a decrease in micelle size and/or quantity, 

suggesting their biodegradation. A comparison of this biodeg-

radation pattern with the release profile shown in Figure 4 high-

lights a strong alignment between the micelle degradation times 

and drug release times.

Under neutral pH conditions, a relative count rate reduction 

of approximately 50% was observed. This reduction likely results 

from limited degradation at the –CH=N– bond combined with 

the breakdown of larger micellar aggregates into smaller entities. 

This disaggregation can be attributed to the stabilizing effects 

of salt ions present in the solution rather than significant bio-

degradation. In summary, the findings indicate that an acidic 

environment predominantly drives the rapid degradation of micelles.

The cytotoxicity of the produced materials was investigated 

against HDF cells via MTT method. Figure 6 gives the viabilities 

of HDF cells against CAPE, free micelle and CAPE-loaded micelle 

after 24 (Figure 6(a)) and 48 (Figure 6(b)) hours of incubation. In 

MTT assay, the concentration used for CAPE-loaded micelle is 

the concentration of CAPE released from the micelle at the 

given time. After 24 h of incubation, no toxic effects were observed 

on the cells. However, after 48 h, CAPE-loaded micelles killed 

46% of the cells, and cell viability remained above 50% (non-

toxic). CAPE and free micelle killed more than 65% of the 

cells after 48 h. In terms of toxicity, the order was determined 

Figure 5. Relative count rate of CAPE-loaded PAM-PEG copoly-

mer micelle at pH 5.0 and 7.2 depending on tine.

Figure 6. Viability of HDF cells against CAPE, free micelle and 

CAPE-loaded micelle after (a) 24; (b) 48 hours of incubation. 
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as CAPE > free micelles > CAPE-loaded micelles.

A critical point in the cytotoxicity study is that CAPE-loaded 

micelle is more biocompatible than CAPE and free micelle at 

almost all concentrations after 48 h of incubation. It is also 

worth noting that, despite having identical surface structures, 

the cytotoxicities of free micelles and CAPE-loaded micelles 

differ. This can be interpreted as CAPE and the polymer are 

held together tightly, which prevents the release of CAPE and 

consequently reduce the interaction of the polymer and the 

CAPE and the micelle with the cell. Therefore, the micelle is 

decreasing the toxicity of the CAPE and polymer to the healthy 

cells, which is a desired property of the micelle delivering the 

cargo molecule only to the anticipated cells, not to the healthy 

cells.

Conclusions

This study successfully synthesized and characterized CAPE-

loaded micelles using a pH sensitive PAM-PEG block copo-

lymer. The synthesis of the PAM-PEG copolymer was confirmed 

through NMR and FTIR spectroscopy, demonstrating the pres-

ence of both PEG and azomethine groups. The micelles exhib-

ited spherical morphology with an average diameter of 135.5 nm, 

as revealed by SEM imaging. The encapsulation efficiency and 

drug loading capacity of the micelles were found to be rela-

tively low, which aligns with the known limitations of micelle-

based drug delivery systems.

In vitro release studies at pH 7.2 and 5.0 indicated a con-

trolled pH-sensitive release of CAPE, with a faster release 

observed at acidic pH, which is beneficial for targeting cancerous 

tissues. The cell viability assays using HDF cells demonstrated 

that CAPE-loaded micelles exhibited less cytotoxicity com-

pared to empty micelles and free CAPE.

Overall, the study highlights the potential of PAM-PEG micelles 

as a viable drug delivery system for CAPE, offering controlled 

pH-sensitive release and passively targeted delivery capabilities.

However, the low drug loading efficiency remains a challenge 

that needs to be addressed in future research. Another consid-

eration is the relatively low biocompatibility of the CAPE-loaded 

micelles, with a viability of around 50%. Future studies could 

focus on optimizing the micelle structure by incorporating tar-

geting ligands or sugar groups into the PEG chains, or by extending 

the PEG chain length. These modifications have the potential 

to improve biocompatibility, making this micelle system a promis-

ing platform for further research and development in drug deliv-

ery applications.
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