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Abstract 

 

Background and purpose: Biodegradable polymeric micelles have emerged as one of the most promising 

platforms for targeted drug delivery. In the present study, a polymeric micelle composed of folic acid (FA), 

heparin (HEP), dexamethasone (DEX), and (FA-PEG-HEP-CA-TOC) was developed for the delivery of 

doxorubicin (DOX) to leukemic cells.  

Experimental approach: FA-HEP-DEX was synthesized and characterized by 1H-NMR. DOX-loaded 

micelles were prepared using a dialysis method. The impact of various processing variables, including 

polymer-to-drug ratio, dialysis temperature, and solvent type, on the physicochemical properties of the 

micelles were evaluated. In vitro, cellular uptake and cytotoxicity of the micelles in folate receptor-positive 

(K562) and negative (HepG2) cells were evaluated.  

Findings/Results: The 1H-NMR results confirmed the successful synthesis of FA-HEP-DEX. DOX-loaded 

micelles exhibited an average particle size of 117 to 181 nm with a high drug entrapment efficiency (36% to 

71%). DOX-loaded micelles also showed sustained drug-release behavior. DOX-loaded FA-HEP-DEX 

micelles exhibited higher cellular uptake and in vitro cytotoxicity than free DOX and DOX-loaded HEP-DEX 

micelles in K562 cells.  

Conclusions and implications: DOX was well incorporated into the micelles with high entrapment efficiency 

due to high solubility of DOX in DEX as the hydrophobic component of the micelle structure. The higher 

cellular uptake and cell toxicity of targeted micelles correspond to the presence of FA on the micelle surface, 

which promotes cell internalization of the micelles via specific receptor-mediated endocytosis. Our results 

indicated the potential of DOX-loaded heparin-based micelles with desirable antitumor activity as a targeted 

drug delivery system in cancer therapy. 
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INTRODUCTION 

 

Leukemia is a hematopoietic stem cell 

malignancy and the 10th most prevalent type of 

cancer worldwide (1,2). It is characterized by 

an accumulation of immature, undifferentiated 

blast cells in the blood and bone marrow (3). 

Leukemia can be divided into lymphoid or 

myeloid lineages, and further classified as acute 

or chronic based on the maturity of the cells. 

The hallmark of leukemia is the uncontrolled 

proliferation of leukemic blast cells that exhibit 

poor differentiation. The main treatment 

strategies rely on anthracycline-based 

chemotherapy, which can induce complete 

remission in around 70% of leukemic patients. 
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Doxorubicin (DOX), an effective 
anthracycline chemotherapy agent, is widely 
used in treating solid tumors and hematological 
cancers (4). However, the efficacy of DOX in 
cancer therapy is limited by dose-dependent 
side effects such as myelosuppression and 
cardiotoxicity. Dose-dependent cardiac toxicity 
is a major adverse effect of DOX that can 
impair patient outcomes and survival (5). The 
mechanism underlying DOX's early cardiotoxic 
effects is partly related to free radical injury, 
where DOX forms complexes with iron, 
leading to reactive oxygen species formation, 
intracellular damage, and cardiomyocyte death 
(6-11). Mitochondrial DNA mutations have 
also been implicated as a possible mechanism 
for the delayed cardiotoxicity observed in long-
term survivors, though the causes are 
multifactorial. These cardiotoxic pathways 
appear distinct from DOX’s primary anticancer 
mechanism of DNA topoisomerase II inhibition 
(12,13). 

DOX rapidly and selectively decreases the 
expression of cardiac α-actin, as well as other 
muscle genes like cardiac troponin I and 
myosin light chain 2, in cultured 
cardiomyocytes. These changes represent some 
of the earliest manifestations of DOX 
cardiomyopathy (14) and precede the 
characteristic ultrastructural alterations induced 
by DOX toxicity (15). This provides 
researchers with an experimental model to 
evaluate the effects of synthetic 
glucocorticoids, such as dexamethasone 
(DEX), on DOX-induced cardiotoxicity in 
embryonic stem cell-derived cardiomyocytes.  

Glucocorticoids were among the first drug 
classes used for the treatment of patients with 
acute lymphoblastic leukemia (ALL) and 
remain essential components of therapy. They 
exert cytotoxic effects by binding to 
glucocorticoid receptors in the cytoplasm. 
These receptors can dimerize, translocate to the 
nucleus, and interact with glucocorticoid 
response elements to activate gene expression. 
Alternatively, the receptors can remain as 
monomers and repress the activity of 
transcription factors like activating protein-1 
(AP-1) or nuclear factor-κB (NFκB). Both 
pathways inhibit cytokine production, alter 
oncogene expression, and induce cell cycle 
arrest and apoptosis (16). 

DEX, a glucocorticoid steroid hormone, is 
widely utilized as a potent anti-inflammatory 
agent and regulator of bone growth. DEX is 
also one of the most commonly used 
chemotherapeutic drugs for treating childhood 
leukemia. It induces apoptosis in B and                           
T lymphocytes, consequently killing a large 
population of leukemic cells.  

The advantages of DEX over prednisone 
include its 5.5 to 16 times greater antileukemic 
activity and enhanced penetration into 
cerebrospinal fluid with a longer half-life. This 
results in decreased central nervous system 
relapse. DEX also exhibits an anti-
inflammatory potency around nine times higher 
than prednisolone. 

However, long-term systemic exposure to 
DEX causes adverse side effects including fluid 
retention, growth retardation, gastrointestinal 
bleeding, joint damage leading to pain and 
osteoporosis, hyperglycemia, hypertension, 
increased ocular pressure, and most critically, 
immunosuppression due to nonspecific 
prevention of proliferation of normal T and B 
lymphocytes (17). 

Among the drug combinations used for the 
initial treatment of multiple myeloma, DEX and 
DOX are the most widely combined to improve 
response rates compared to earlier regimens. 
However, administering these drugs requires 
96-h continuous infusion through a central 
venous catheter due to their poor water 
solubility. This necessitates hospitalization in 
many patients and may increase infection risk. 
Moreover, the high corticosteroid doses needed 
with this regimen can cause substantial toxicity 
(17). Therefore, developing a new delivery 
system for these two poorly water-soluble drugs 
has been greatly needed. We, therefore, aimed 
to develop a novel drug delivery system for the 
combinatorial delivery of DEX and DOX. 

A water-soluble polysaccharide, heparin 
(HEP),  with favorable biocompatibility, 
biodegradability, and biological activity was 
conjugated with the poorly water-soluble DEX. 
This resulted in an amphiphilic polysaccharide-
based prodrug capable of self-assembling into 
spherical polymeric micelles in aqueous 
environments (18). The amphiphilic copolymer 
was then modified with folic acid (FA) as a 
targeting ligand (19,20). Using these micelles, 
the hydrophobic base of DOX was incorporated 
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into their hydrophobic cores. The in vitro 
physicochemical properties, cytotoxicity, and 
intracellular accumulation of the DOX-loaded 
micelles were investigated in human 
erythroleukemic (K562) cells. 
 

MATERIALS AND METHODS 

 

Materials 
Enoxaparin sodium (MW, 4 KDa) from Iran 

Hormone Company (Iran), DOX from the 
Indian Pharmaceutical and Biotechnology 
Company (India), DEX, triethylamine (TEA), 
dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), N-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride 

(EDCI), N-hydroxysuccinimide (NHS), 
polyethylene glycol-bis-amine (MW: 3 KDa), 
pyrene, FA and dialysis bag (molecular weight 
cut-off, MWCO: 2 KDa) from Sigma-Aldrich 
Company (Germany); tetrahydrofuran (THF), 
formamide, dimethylformamide (DMF) from 
Samchun Company (South Korea); anhydrous 
dimethyl sulfoxide (DMSO), acetone, 
methanol, potassium phosphate dibasic, and 
sodium hydroxide from Merck Company 
(Germany); trypsin and phosphate buffer saline 
(PBS) from BIO-IDEA (USA, New York).  
 

Cell lines and culture conditions 
Human erythroleukemic (K562) and human 

liver hepatocellular carcinoma (HepG2) cell 
lines were supplied by the Pasteur Institute of 
Iran (Iran, Tehran). K562 and HepG2 cells were 
incubated in Dulbecco’s modified eagle’s 
medium (DMEM, BIO-IDEA, USA, New 
York) and Roswell Park Memorial Institute 
medium (RPMI 1640, BIO-IDEA, USA, New 
York), respectively. Culture media were 
supplemented with 10% fetal bovine serum 
(FBS; BIO-IDEA, USA, New York) and 1% 
antibiotics containing 100 U/mL penicillin and 
100 µg/mL streptomycin (Gibco Laboratories 
USA, New York). The cells were cultured at 37 

℃ in a humidified atmosphere with 5% CO2. 
 

Synthesis of amphiphilic copolymer  
Synthesis of HEP-DEX copolymer 

DEX was conjugated to HEP through the 
DCC/DMAP coupling reaction based on 
previous studies with minor modifications (21). 
Briefly, HEP (0.05 mmol) dissolved in 
anhydrous formamide with gentle heating. 

DCC (0.15 mmol) and DMAP (0.15 mmol) 
already dissolved in anhydrous DMF were 
added to the flask and stirred for 2 h at room 
temperature under a nitrogen atmosphere. 
Afterward, DEX (0.3 mmol) was dissolved in 
anhydrous DMF and then added to the reaction 
mixture which was continued for 48 h at room 
temperature. The reaction mixture was then 
filtered to remove any 1,3-Dicyclohexyl urea 
(DCU) byproducts and then precipitated with 
excess cold acetone. The resulting precipitate 
was centrifuged and washed twice with 
acetone. To remove unreacted material, the 
precipitate was dialyzed against methanol for 
48 h followed by water for another 24 h using 
dialysis membranes (MWCO: 2 KDa) which 
were then lyophilized to obtain the HEP-DEX 
pure powder (freeze dryer Model ALPHA 2-4 
LD plus, Christ Company, Stuttgart, Germany).  
 
Synthesis of amine-terminated folate (FA-NH2)  

Amine-terminated folate (FA-NH2) was 
synthesized according to the study of Li et al. 
(22). Briefly, FA (0.15 mmol) dissolved in 
DMSO was reacted with EDC (0.3 mmol) and 
NHS (0.3 mmol) in a dark flask at room 
temperature for 12 h under nitrogen gas by 
activating the FA carboxyl group. The resulting 
activated folate-NHS was reacted with 
ethylenediamine (0.3 mmol) and pyridine              
(100 μL) in the dark at room temperature for 
another 24 h. The FA-NH2 was precipitated in 
the excess acetonitrile, washed with diethyl 
ether three times, and then dried under a 
vacuum to obtain the yellow powder. 
 
Synthesis of FA-HEP-DEX co-polymer 

FA-NH2 was conjugated to HEP-DEX by an 
amidation reaction between the carboxyl group 
of HEP and the free amine group of FA-NH2. 
HEP-DEX (0.05 mmol), EDC (0.15 mmol),   
and NHS (0.15 mmol) were dissolved in 
anhydrous DMSO and stirred for 2 h under the 
protection of nitrogen. Afterward, FA-NH2 
(0.15 mmol) was added to the mixture and the 
reaction was continued for 72 h at room 
temperature. After that, the product was 
precipitated by a large volume of acetone,                   
then centrifuged (3000 rpm) and washed                 
twice. For further purification, the precipitate 
was dialyzed against methanol for 48 h 
followed by water for 24 h, and then 
lyophilized.  

https://en.wikipedia.org/wiki/Cell_line
https://en.wikipedia.org/wiki/Cell_line
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HEP-DEX and FA-HEP-DEX characterization 

Synthesis of HEP-DEX and FA-HEP-DEX 
copolymers was confirmed using 1H-nuclear 
magnetic resonance (1H-NMR; Bruker                    
Biospin, 400 MHz, Germany). For 1H-NMR 
characterization, the copolymers were 
dissolved in DMSO-d6:D2O (1:4), DEX and FA 
were dissolved in DMSO-d6, and HEP was 
dissolved in D2O before measurement. 
 

Determination of critical micelle 

concentration  
The critical micelle concentration (CMC) of 

HEP-DEX and FA-HEP-DEX was determined 
by fluorescence spectroscopy using pyrene                  
as a hydrophobic fluorescence probe (21). 
Briefly, a pyrene solution in acetone at a                    
fixed concentration (5 × 10-6 mol/L) was                               
added to a series of 10-mL glass tubes,                           
then the solvent was evaporated under a                            
stream of nitrogen gas. Afterward, polymer 
solutions at concentrations ranging from                           
1 to 200 μg/mL were added to each tube to 
obtain a final pyrene concentration of                                     
5 × 10-7 mol/L. The mixtures were shaken                          
at 37 °C for 24 h in a dark room. The 
fluorescence emission spectra of pyrene in the 
polymer solutions were recorded using a 
spectrofluorometer (Jasco FP 750, Tokyo, 
Japan) with the excitation wavelength set at 336 
nm. For the pyrene emission spectra, the 
intensity ratios of the first peak (I1, 374 nm) to 
the third peak (I3, 390 nm) were plotted against 
the logarithm of the polymer concentration. 
Two tangents were then drawn and the CMC 
value was taken from the intersection between 
the two tangents. 
 

Micelle fabrication and experimental design  
DOX-loaded FA-HEP-DEX micelles were 

prepared by a dialysis technique as reported in 

previous studies (22). Briefly, FA-HEP-DEX 
copolymer was dissolved in water. DOX was 
dissolved in two different organic solvents 
(DMF or THF) and then deprotonated by 
adding triethylamine in an equivalent molar 
ratio to obtain hydrophobic DOX. Afterward, 
the DOX solution was added dropwise to the 
polymer solution at two different polymers-to-
drug ratios (P/D, 2 or 5) under ultrasonication 
(JY 92-II Ultrasonic Processor, Shanghai, 
China) for 10 min in an ice bath. The mixture 
was stirred for 30 min and then dialyzed against 
water for 12 h at two different temperatures (25 
°C or 45 °C) to remove the organic solvent. 
After that, the obtained micelle dispersion was 
centrifuged at 3000 rpm for 10 min and the 
supernatant was filtered through a 0.45 μm pore 
size microfilter to remove free un-encapsulated 
drug and then freeze-dried. The lyophilized 
drug-loaded micelles were collected and kept at 
4 °C until further evaluation. Polymeric micelle 
formulations generated by Design Expert® 7 

using a full factorial design are listed in Table 1. 
 

Determination of drug content in polymeric 

micelles 
An appropriate amount of the lyophilized 

DOX-loaded polymeric micelle was dissolved 
in DMF, sonicated for 10 min and filtrated. The 
concentration of encapsulated DOX in the 
resulting solution was then determined using a 
UV-visible spectrophotometer (Biochrom 
WPA BioWave II, England) at 480 nm. To 
investigate potential interactions among the 
formulation components in determining the 
drug amount, the maximum wavelength was 
measured once for the drug-free nanoparticles 
and once for the drug alone. Additionally, a 
blank sample without the drug was prepared 
from all formulations, which was used for 
calibrating the device in the quantification tests.  

 
Table 1. Proposed formulations by Design Expert®7for the evaluation of doxorubicin-loaded micelles using the full 

factorial design 

Formulation Polymer/drug Temperature (℃) Solvent type 

T25P2F 

T25P5F 

T45P2F 

T45P5F 

T25P2H 

T25P5H 

T45P2H 

T45P5H 

2 

5 

2 

5 

2 

5 

2 

5 

25 

25 

45 

45 

25 

25 

45 

45 

DMF 

DMF 

DMF 

DMF 

THF 

THF 

THF 

THF 
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The entrapment efficiency (EE) and loading 

content (LC) were calculated using the 

following equations:  

𝐸𝐸 (%) =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑟𝑢𝑔𝑠
× 100           (1) 

𝐿𝐶 (%) =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
× 100           (2) 

Particle size and zeta-potential measurement 

The particle size (PS), polydispersity index 

(PDI), and zeta potential (ZP) of the polymeric 

micelles in aqueous media were measured by 

dynamic light scattering (DLS) at 25 ℃ 

utilizing Malvern Zetasizer Nano-ZS (Malvern 

Instruments Ltd., UK). 
 

In vitro drug release studies 

In vitro release of DOX from the polymeric 

micelles was carried out in PBS (0.01 M) using 

a dialysis method. One mL of DOX-loaded 

polymeric micelles was introduced into a 

dialysis bag (MW cutoff: 6-8 KDa) and 

immersed in a release medium at 37 ℃ with 

agitation to provide sink conditions. At 

predetermined time intervals, 1 mL aliquots of 

the release medium were withdrawn to 

determine the drug concentration and replaced 

with an equal volume of fresh medium (22). 

The concentration of DOX in the samples was 

quantified by UV-visible spectroscopy 

(Biochrom WPA BioWave II, England) at 480 

nm. Based on the release profiles, the mean 

drug release time (MDRT) was calculated using 

the following equation (23): 

1

1

M
MDRT(h)

M

n

mid ii

n

ii

t













                                                (3) 

where, i is the sampling number; n is the last 

sampling number; tmid, the time at the midpoint 

between ti and ti-1 (calculated as (ti + ti-1)/2); and 

ΔMi is the additional amount of drug released 

between ti and ti-1.  
 

Optimization 

The optimization was carried out by the 

Design Expert®7 using a computer optimization 

process. The optimized formulation was then 

prepared in the laboratory, and all the 

dependent variables were determined 

practically. Based on the predicted and actual 

responses, the error percent was calculated. 

Morphological evaluation of the optimized 

micelles  

The morphology and shape of the optimized 

micellar formulation were observed under 

transmission electron microscopy (TEM; LEO 

906 E, Germany) with an accelerating voltage 

of 80 kV.  

 

Cellular uptake studies 

A qualitative cellular uptake examination                 

of DOX-loaded micelles was evaluated                   

using a fluorescence microscope (Nikon, 

Eclipse Ti-U, Japan). K562 (folate receptor 

positive) and HepG2 (folate receptor negative) 

cells were seeded into a 6-well plate at 2 × 105 

cells per well in 1 mL of growth medium and 

incubated for 24 h for cell attachment (HepG2 

cells). K562 cells growing in suspension were 

collected after 24 h of incubation. 

Thereafter, the cells were treated with free 

DOX solution or DOX-loaded micelles 

(targeted and non-targeted) and incubated for             

4 h and cells were washed with PBS (pH 7.4, 10 

mM) and directly observed by fluorescent 

microscope.  

To quantitatively assay cellular uptake, 

K562 and HepG2 cells were seeded at a                

density of 5 × 105 cells per well in a 6-well      

plate and incubated for 24 h. After 24 h, the 

cells were treated with either a free                            

DOX solution or DOX-loaded micelles                     

and incubated for 4 h. The cells were then 

washed with PBS, trypsinized, and harvested by 

adding 1 ml of PBS followed by 2 min 

ultrasonication at room temperature to obtain 

the cell lysate. Finally, the cell lysate was 

centrifuged at 10000 rpm for 10 min and                     

the supernatant was used for fluorescence assay 

using a spectrofluorometer (Jasco FP-750, 

Tokyo, Japan) with excitation at 480 nm and 

emission at 560 nm. The cellular uptake of 

DOX was calculated using the following 

equation:  
 

Cellular uptake perccentage of fluorescent micelles = 

𝐼

𝐼0
× 100                                                                                   (4) 

where I is the fluorescence intensity at different 

times and I0 is the initial fluorescence intensity 

of the fluorescent micelles. 
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In vitro cytotoxicity assay  

The in vitro cytotoxicity studies were 

conducted against K562 cells which show over-

expressed folate receptors, and HepG2 cells 

which express folate receptors at undetectable 

levels using MTT assay. 

The cells were seeded in 96-well plates at a 

density of 2 × 104 cells per well and incubated 

for 24 h. Afterward, the cells were exposed to 

various formulations (free DOX, DOX/HEP-

DEX, or DOX/FA-HEP-DEX) at DOX 

concentrations ranging from 0.01-10 µM and 

incubated for 48 and 72 h. Cytotoxicity of HEP-

DEX and FA-HEP-DEX micelles (blank 

micelles) was evaluated at the same micelle 

quantity as those of DOX-loaded formulations. 

After incubation time, 20 µL of MTT solution 

(5 mg/mL in PBS) was added to each well, 

followed by incubation for another 4 h. After 

that, the medium containing unreacted MTT 

was discharged and the formazan crystals were 

dissolved by 150 μL of DMSO. The absorbance 

values of the solution in each well were 

measured at 570 nm using an ELISA reader 

(Star Fax-2100, Awareness, Palm City, FL). 

Untreated cells were used as the negative 

control with 100% viability. Cell viability for 

each sample was calculated using the following 

equation: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑀𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑔𝑟𝑜𝑢𝑝−𝑚𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘

𝑀𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −𝑚𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘
×

100                                                                                                (5) 

Folate competition assay 

To confirm the findings of the selective 

targeting of folate receptors on K562 cells by 

folate-targeted DOX/FA-HEP-DEX and non-

targeted DOX/HEP-DEX micelles, a 

competitive experiment was carried out.                    

Here, free folic acid within the concentration 

range of 0 - 1000 µg/mL was added to each                      

well 30 min before the addition of                         

micellar formulation. The viability of the                     

cells was then quantified, as described in the 

earlier section. 

 

Statistical analysis 

Data are expressed as mean ± SD of three 

separate experiments. Comparison of statistical 

data was conducted by Students t-test for two 

groups and one-way ANOVA for multiple 

groups followed by Tukey’s post hoc test.                  

P-values less than 0.05 were considered 

statistically significant in all cases. 

 
RESULTS 

  
Synthesis of HEP-DEX and FA-HEP-DEX  

The chemical structure and synthesis 

pathways of FA-HEP-DEX are shown in Fig. 1. 

 

Characterization of FA-HEP-DEX copolymer 

The synthesized copolymer structure was 

confirmed by 1H-NMR. Related 1H-NMR 

spectra are shown in Fig. 2. 

 
CMC determination of amphiphilic 

copolymers 

Amphiphilic copolymer could form in the 

micelle in aqueous medium due to the 

hydrophobic interaction of the inner core. The 

CMC values of folate-targeted copolymers 

were determined using pyrene as a fluorescence 

probe. Figure 3 shows the fluorescence 

intensity ratio (I1/I3) versus the logarithm of 

polymer concentration. The CMC was obtained 

from the intersection of the two tangents in the 

curve of the intensity ratio of I1/I3 versus the 

logarithm of polymer concentration. The CMC 

values of FA-HEP-DEX and HEP-DEX were 

4.206 and 1.806 µg/mL, respectively.  

 

Physicochemical properties of micellar 

formulation  

A summary of the physicochemical 

properties of the designed polymeric micelle 

formulations is represented in Table 2.  

 

Optimization 

The optimized formulation was chosen 

based on the criteria to achieve the smallest PS 

and maximum EE. The optimized formulation 

with a desirability factor of 0.75 with the 

suggested variable levels at 3.35 for P/D, 45 for 

temperature, and DMF as a solvent was 

prepared and then evaluated for PS, EE, loading 

percent (LP), ZP, and MDRT. The predicted 

and observed values of the dependent variables 

as well as the percentage of prediction error are 

shown in Table 3. 
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Fig. 1. Schematic presentation of FA-HEP-DEX conjugate synthesis. FA, Folic acid; HEP, heparin; DEX, 

dexamethasone; EDA, ethylene diamine; EDC, N-(3-dimethylaminopropyl)-carbodiimide hydrochloride, NHS,                          

N-hydroxysuccinimide; DCC, dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine. 
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Fig. 2. 1H-NMR spectra of (A) FA, (B) DEX, (C) HEP, (D) HEP-DEX, and (E) FA-HEP-DEX. FA, Folic acid; HEP, 

heparin; DEX, dexamethasone.  

 

 

 
Fig. 3. Fluorescence intensity ratio variation of I1/I3 for pyrene emission against the logarithm of (A) HEP-DEX and (B) 

FA-HEP-DEX concentration. FA, Folic acid; HEP, heparin; DEX, dexamethasone.  

 

 
Table 2. Physicochemical characteristics of doxorubicin-loaded micelles. Data are expressed as mean ± SD, n = 3. 

Formulation  PS (nm) ZP (mv) EE (%) LP (%) MDRT (h) PDI 

T25P2F 

T25P5F 

T45P2F 

T45P5F 

155.63 ± 19.61 

137.56 ± 22.40 

117.93 ± 13.31 

131.93 ± 13.20 

-25.18 ± 11.68 

-17.53 ± 12.18 

-36.30 ± 2.33 

-26.58 ± 8.61 

55.99± 20.30 

61.53 ± 2.86 

52.24 ± 13.86 

71.27 ± 5.93 

18.66 ± 6.77 

10.25 ± 0.48 

17.41 ± 4.62 

11.88 ± 0.98 

65.06 ± 6.88 

51.60 ± 5.38 

70.86 ± 6.79 

58.05 ± 7.91 

0.0513 ± 0.0234 

0.2840 ± 0.1204 

0.0517 ± 0.0337 

0.0621 ± 0.0693 

T25P2H 

T25P5H 

T45P2H 

T45P5H 

151.73 ± 6.58 

181.97 ± 15.72 

145.67 ± 13.64 

152.63 ± 24.54 

-18.61 ± 1.70 

-15.81 ± 4.86 

-20.82 ± 0.83 

-22.75 ± 2.09 

41.19 ± 0.80 

45.85 ± 15.04 

36.71 ± 8.16 

49.32 ± 16.95 

13.73 ± 0.26 

7.64 ± 2.51 

12.26 ± 2.72 

8.22 ± 2.83 

67.51 ± 1.24 

62.99 ± 7.85 

71.93 ± 7.16 

65.78 ± 4.66 

0.2017 ± 0.1267 

0.1583 ± 0.1196 

0.1680 ± 0.0788 

0.1127 ± 0.0354 

Free drug     24.91 ± 3.45  

PS, Particle size; ZP, zeta potential; EE, entrapment efficiency; LP, loading percent; MDRT, mean drug release time; PDI, polydispersity index. 
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Table 3. Predicted and acquired results for the optimal formulation. Data are presented as mean ± SD, n = 3. 

Parameters Actual values Predicted values Error (%) 

PS (nm) 

ZP (mV) 

EE (%) 

MDRT (h) 

 112.8 ± 7.27   

-29.32 ± 5.61 

 58.05 ± 2.14 

 71.87 ± 4.26 

 124.92 

-31.88 

 60.88 

 65.12 

-9.70 

-8.03 

-4.65 

 10.36 

PS, Particle size; ZP, zeta potential; EE, entrapment efficiency; LP, loading percent; MDRT, mean drug release time 

 

 

 
Fig. 4. Transmission electron microscopy (TEM) image of doxorubicin-loaded micelles. 

 

 

 
 

Fig. 5. DOX release profiles from the optimized formulation of DOX/FA-HEP-DEX micelles, DOX/HEP-DEX, and free 

DOX in PBS (pH 7.4) at 37 ℃. The data were plotted as mean ± SD, n = 3. DOX, Doxorubicin; FA, folic acid; HEP, 

heparin; DEX, dexamethasone. 

 

TEM observation 

The TEM image of optimized DOX/FA-

HEP-DEX micelles is shown in Fig. 4 which 

clearly displays the uniform spherical shape                   

of the micelles with PS around 100 nm.                        

The smaller PS observed by TEM than that 

obtained by DLS was attributed to the drying 

process of micelles formulation for TEM 

observation.  

 

Drug release from the optimized formulation 

The release profiles of DOX from optimized 

polymeric micelles, either with or without a 

folate targeting ligand, as well as free DOX,   

are illustrated in Fig. 5.  

are illustrated in Fig. 5.  

 

In vitro cellular uptake 

Since DOX exhibits intense red 

fluorescence, fluorescence microscopy enabled 

visualization of cellular uptake of both free 

DOX and DOX-encapsulated micelles. 

Figures 6 and 7 show the fluorescent 

microscope images and mean DOX cellular 

uptake in K562 and HepG2 cells after 4-h 

incubation with free DOX, DOX/HEP-DEX 

micelles, or DOX/FA-HEP-DEX micelles. 

Cells without any treatment were used as the 

negative control.  
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Fig. 6. Fluorescent and visible light microscopy images of K562 (rows 1 and 2) and HepG2 (rows 3 and 4) cells incubated 

with culture medium, free DOX, DOX/HEP-DEX, and DOX/FA-HEP-DEX micelles after 4 h incubation. DOX, 

Doxorubicin; FA, folic acid; HEP, heparin; DEX, dexamethasone. 

 

 
Fig. 7. The cellular uptake percentage of free DOX, 

DOX/HEP-DEX, and DOX/FA-HEP-DEX micelles after 

4 h incubation in K562 and HepG2 cells. DOX, 

Doxorubicin; FA, folic acid; HEP, heparin; DEX, 

dexamethasone. 

 

In vitro cell toxicity assay  

The in vitro cytotoxicity of DOX-loaded 

micelles was investigated in K562 cells (which 

overexpress folate receptors) and HepG2 cells 

(which express undetectable levels of FA 

receptors) using an MTT assay. The cell 

viability after treatment with free DOX, DOX-

loaded FA-HEP-DEX micelles, and DOX-

loaded HEP-DEX micelles at DOX 

concentrations ranging from 0.01-10 µM                    

over 48- and 72-h incubations was examined 

and illustrated in Fig. 8. Cells were                                

also incubated with blank micelle formulations 

containing equivalent micelle quantities                          

to the DOX-loaded formulations. The cell 

toxicity of the various DOX formulations                    

(free DOX, DOX-loaded FA-HEP-DEX, and 

DTX-loaded HEP-DEX) was quantitatively 

evaluated by half-maximal inhibitory 

concentration (IC50) values, as shown in                   

Table 4. 

In order to further evaluate the role of folate 

in the cellular uptake of DOX-loaded FA-HEP-

DEX micelles, the cells were exposed to a 

constant DOX concentration of 5 µM, while 

free folic acid within the concentration range of 

0-1000 µg/L was added to each well 30 min 

before the addition of DOX-loaded FA-HEP-

DEX formulation. It is found that viability 

increased with increasing folate concentration 

(Fig. 9).   



Emami et al. / RPS 2025; 20(1): 142-164 

 

155 

 

 
 
 

 
 
 
 



Co-delivery of doxorubicin and dexamethasone 

156 

 
 

Fig. 8. In vitro cytotoxicity of free DOX, DOX-loaded micelles, and blank micelles evaluated against (A) K562 cells after 

48 h incubation, (B) K562 cells after 72 h incubation, (C) HepG2 cells after 48 h incubation, and (D) HepG2 cells after 

72 h incubation. Data are plotted as the mean ± SD, n = 3. DOX, Doxorubicin; FA, folic acid; HEP, heparin; DEX, 

dexamethasone. 

 

 

 

 

Fig. 9. Effect of free FA on the viability of K562 cells incubated with DOX/FA-HEP-DEX or DOX/HEP-DEX micelles 

at DOX concentration of 5 µM. Data are plotted as the mean ± SD, n = 3. DOX, Doxorubicin; FA, folic acid; HEP, 

heparin; DEX, dexamethasone. 

 

 

 
Table 4. IC50 values of DOX from free DOX, DOX/FA-HEP-DEX and DOX/HEP-DEX micelles after 48 h and 72 h 

exposure to K562 and HepG2 cells. Data represent mean ± SD, n = 3. **P < 0.01 and ***P < 0.001 represent significant 

differences in comparison with free DOX; ##P < 0.01 versus DOX/HEP-DEX. 

Formulation 
                 K562                 HepG2 

48 h 72 h 48 h 72 h 

Free DOX 

DOX/HEP-DEX 

DOX/FA-HEP-DEX 

3.375 ± 1.032                2.006 ± 0.832 

2.085 ± 0.131**             0.722 ± 0.018 

0.823 ± 0.021***,##            0.371 ± 0.007 

2.735 ± 1.12                  1.518 ± 0.976 

0.840 ± 0.06***                     0.297 ± 0.082 

0.716 ± 0.031***                  0.234 ± 0.019 

IC50, Half maximal inhibitory concentration. 
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DISCUSSION 

 
In the current study, heparin as the 

hydrophilic part of the copolymer was first 
modified with dexamethasone as the 
hydrophobic domain through esterification 
reactions to form amphiphilic HEP-DEX 
conjugates. In the next step, FA was conjugated 
to HEP-DEX by an amidation reaction between 
the carboxyl group of HEP and the free amine 
group of amine-terminated FA to obtain FA-
HEP-DEX conjugate.  

The synthesized copolymer structure was 
confirmed by 1H-NMR. The chemical shifts at 
1.92, 3.0 - 5.4, and 5.5 - 5.8 ppm which are 
respectively related to acetamido methyl 
protons, sugar ring protons, and anomeric 
protons, were observed in the 1H-NMR 
spectrum of HEP (Fig. 2B), HEP-DEX (Fig. 
2D), and FA-HEP-DEX (Fig. 2E). 

After the chemical conjugation, the 1H-
NMR spectrum of the amphiphilic conjugates 
showed the characteristic proton peaks (Fig. 
2A, D, E) of DEX at 0.71, 0.79, 1.39 ppm which 
can be related to the protons of the three 
methyls in DEX, 6.05, 6.26 and 7.39 ppm 
which belong to the protons of the double bonds 
in DEX. In the 1H-NMR spectrum of FA (Fig. 
2C), peaks at 1.9, 2.2, and 4.3 ppm are related 
to the aliphatic protons of FA. Peaks at 6.6, 7.6, 
and 8.6 ppm are assigned to the aromatic 
protons. These signals also appeared in the FA-
HEP-DEX (Fig. 2E) spectrum (24,25). All 
these findings confirm the successful synthesis 
of FA-HEP-DEX conjugate. 

Due to the modification of the water-soluble 
HEP chain with hydrophobic DEX, the 
synthesized amphiphilic copolymer could self-
aggregate to form spherical micelles in aqueous 
media above the CMC. The CMC is an 
important parameter for evaluating dilution 
effects and is particularly influenced by the 
nature and hydrophobic domain length of the 
amphiphilic copolymer. Unlike conventional 
low molecular weight surfactants, polymeric 
micelles have the advantage of possessing very 
low CMC values. Lower CMC values indicate 
greater thermodynamic stability of the micelles, 
which helps maintain their structural integrity 
during dilution by body fluids. In this study, we 
determined the CMC of amphiphilic 
copolymers (HEP-DEX and FA-HEP-DEX) 
using a fluorescent dye solubilization approach 

with pyrene as the hydrophobic probe. The 
intensity ratio (I1/I3) of the first (336 nm) and 
the third (390 nm) vibronic peaks of pyrene was 
used as an indicator to estimate the polarity of 
the pyrene microenvironment. The relative 
intensity ratio of the first and third vibronic 
bands in pyrene's emission spectrum can 
indicate the polarity of the pyrene environment. 
This ratio is used to determine the CMC 
because pyrene experiences a different 
microenvironment when micelles form. In a 
polar environment (e.g. water), the I1 band 
intensity is higher than the I3 band. The 
spectrum is dominated by the I1 band. In a 
nonpolar, hydrophobic environment (e.g. inside 
the micelle core), the I3 band intensity increases 
over the I1 band. As amphiphilic polymers form 
micelles above the CMC, pyrene molecules 
incorporated in the nonpolar core show a 
decrease in the I1/I3 ratio. Plotting the I1/I3 ratio 
versus polymer concentration shows an abrupt 
decrease at the CMC due to pyrene partitioning 
into the micelle cores. Therefore, the I1/I3 ratio 
reflects changes in pyrene's local environment 
and can indicate micelle formation (26).  

Figure 3 shows the fluorescence intensity 
ratios (I1/I3) against the logarithm of 
concentrations of two polymers. As illustrated 
in Fig. 3A and B, at lower polymer 
concentrations, the intensity ratios of I1/I3 were 
observed in constant values. With a further 
increase in polymer concentration, due to 
micelles formation, the pyrene molecules are 
preferably partitioned into the less polar 
hydrophobic micelles core, consequently 
resulting in an increase of the third peak 
intensity as well as a decrease in I1/I3 values.  

The CMCs were calculated from the 
intersection of the two straight lines in the curve 
of intensity ratios of I1/I3 against the logarithm 
of FA-HEP-DEX or HEP-DEX concentrations. 
The CMC values of FA-HEP-DEX and HEP-
DEX were 4.206 and 1.806 µg/mL, 
respectively. The CMC values for targeted 
micelles found in the current study are much 
lower than those of some traditional low-
molecular-weight surfactants (10-1 - 10-4 M) 
and other HEP-based or folate-conjugated 
polymeric micelles reported in previous studies 
(26-29). Low CMC values are desired to avoid 
the micelle's dissociation upon dilution in blood 
circulation following intravenous injection. The 
CMC of FA-HEP-DEX was slightly higher 
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than that of HEP-DEX indicating that the folate 
conjugation has little bearing on the micelle 
self-aggregation behavior.  

However, the HEP-DEX still formed stable 
self-assembled nanoparticles at low 
concentrations and the CMC values of these 
copolymers are good enough to maintain 
micellar stability upon intravenous 
administration.  

In this study, DOX was co-loaded with DEX 
using folate-targeted micelles for combination 
drug delivery to the leukemic cells. Due to 
lipophilic properties, DOX was mainly 
incorporated into the hydrophobic core of the 
micelle. Several parameters such as drug 
physicochemical properties, preparation 
method, hydrophobic interactions between drug 
and micelle core, and P/D can affect EE. As a 
result, the EE of DOX in the micelles was in the 
range of 36% to 71% and the LP values were 
found to be 8% to 18% (Table 2).  

According to the results, the solvent type 
initially used in the dialysis process was the 
most effective factor on EE, i.e. EE increased 
significantly by switching the solvent from 
THF to DMF (P < 0.01). The higher drug 
entrapment in micelles prepared by DMF can 
be attributed to the polarity index and greater 
miscibility of DMF with water. This greater 
miscibility resulted in the rapid removal of 
DMF from the dialysis bag and copolymer 
precipitation, which increased drug entrapment 
in the micelles (26). 

EE of DOX in the micelles also increased 
significantly as P/D increased during micelle 
preparation (P < 0.05). This finding could be 
explained by the fact that an increase in the P/D 
ratio provides more micellar structure and 
entrapment sites, consequently improving drug 
solubilization and incorporation efficiency into 
the hydrophobic micelle core. The increased 
P/D ratio enables stronger hydrophobic 
interactions between DOX and the DEX 
segments compared to DOX interactions with 
the solvent or other DOX molecules. Under 
these conditions, DOX preferentially 
incorporates into the organized micelle core 
rather than randomly precipitating out, 
resulting in higher DOX EE. This finding is in 
accordance with previous studies such as those 
conducted by Yokoyama et. al. (27) who 
explained the effects of copolymer 
concentration and solvent type used in the 

dialysis procedure on drug EE. In addition, Gill 
et al. reported that the EE of PTX in PEG-DSPE 
micelles was enhanced by increasing the 
polymer concentration (29). In contrast, Huang 
et al. reported that the EE of DOX increased via 
increasing the drug-to-polymer ratio up to 10:5. 
Above this ratio increasing in drug 
concentration showed a reverse effect on EE 
(30).  

PS is a critical nanoparticle feature 
influencing blood circulation time, therapeutic 
efficacy, cellular uptake, and tumor 
accumulation through the enhanced 
permeability and retention (EPR) effect. 
Studies demonstrate nanoparticles with 
diameters under 200 nm can permeate 
cancerous tissues while evading 
reticuloendothelial system clearance (31,32).  

In the current study, the PS of the designed 
DOX-loaded polymeric micelles was measured 
by dynamic light scattering. The PS of the 
polymeric micelles, as shown in Table 2, 
ranging from 117 to 181 nm, ideal dimensions 
for passive tumor targeting via the EPR effect. 
PDI values between 0.05 and 0.28, under the 
0.3 threshold, verified the micelles formed a 
homogeneous system without extensive 
aggregation. This uniformity of nano-sized 
micelles is advantageous for injectable drug 
delivery applications. 

Because micelles were prepared by dialysis 
methods, an organic solvent type that was 
initially used in the dialysis process to dissolve 
copolymer should be water-miscible. 
Therefore, it could be anticipated that solvent-
polymer or solvent-water miscibility could 
affect micelle formation (31,32).  

According to the results, the micelles 
prepared with THF during dialysis showed 
larger PS compared to those prepared with 
DMF (P < 0.01). This indicates the solvent used 
to dissolve the copolymer significantly impacts 
the resulting micelle size and distribution. 

The water miscibility of the solvents 
depends on their dielectric constant and 
polarity. DMF has a higher polarity index 
(~6.4) than THF (~4), conferring greater water 
miscibility. The enhanced miscibility of DMF 
led to its rapid removal from the dialysis bag 
and copolymer precipitation. Faster 
precipitation produces smaller PS. In our 
previous work, we investigated the effects of 
different solvents initially used in dialysis, 
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DMSO vs DMF, on micelle size (28). As 
expected, larger particles were achieved when 
DMSO was used as an organic solvent during 
dialysis. This can be attributed to the higher 
polarity index of DMSO compared to DMF 
resulting in more water miscibility of DMSO 
than DMF. All these findings can prove the role 
of dialysis solvent on the PS of the micelles as 
discussed in some previous studies (27,33). For 
instance, in the study conducted by Kim and 
coworkers, the indomethacin-loaded micelles 
prepared using DMF exhibited smaller sizes 
compared to those prepared using THF as a 
dialysis solvent (31).  

Another factor that influences the PS of the 
micelles is the temperature during the dialysis 
process. As shown in Table 2, the PS of the 
micelles decreased as the dialysis temperature 
increased. PS of micellar systems can be 
impacted by structural transitions between 
vesicles and micelles, typically triggered by 
altering environmental factors such as pH, 
temperature, light, and CO2 concentration. 
Parikh et al. previously reported that increasing 
the temperature of a cationic gemini surfactant 
solution induced micelle-to-vesicle transitions, 
enlarging PS and distribution (34). However, in 
this study, no evident micelle-to-vesicle 
transitions or aggregate fusion occurred with 
rising temperature, as confirmed by the PDI 
results. As shown in Table 2, PDI values 
decreased as temperature increased, indicating 
the micellar dispersion remained homogeneous 
and mono-modal even at higher temperatures. 

The ZP signifies the potential stability of a 
colloidal system. Dispersions with large 
negative or positive ZP tend to have better 
resistance to aggregation. As shown in Table 2, 
the DOX-loaded polymeric micelles developed 
in the current study exhibited strongly negative 
ZP from -15.8 to -36.3 mV, confirming 
formulation stability through electrostatic 
repulsion hindering adsorption of anionic 
proteins after systemic delivery (35). 

The results show solvent type and 
temperature influence ZP (P < 0.05). Micelle 
absolute ZP significantly increased (P < 0.05) 
at higher temperatures or when switching the 
dialysis solvent from THF to DMF. As 
mentioned, smaller particles were attained 
using DMF or higher temperatures during 
dialysis, which increased the surface charge 
density of the micelles. These findings align 

with Varshosaz et al. showing that PS reduction 
causes greater micelle surface charge density 
(28). 

A controlled drug release profile is an 
essential requirement for an optimal drug 
carrier to prevent premature release before 
reaching the intended site, particularly crucial 
for anticancer drugs. 

Table 2 presents the MDRTs of DOX from 
the various micellar formulations over 168 h at 
37 °C, demonstrating their controlled release 
capabilities. 

In contrast to the rapid release of free DOX 
from the cellulose membrane, the release of 
DOX from the drug-loaded micelles exhibited 
a markedly slower and sustained release 
pattern. The initial burst release observed 
within the first 8 h can be attributed to the 
release of the drug located near the micelle 
surface. Following this initial phase, the 
sustained release over subsequent hours 
reflected the diffusion of the drug from the core 
of the micelles. The drug release rate also 
decreases with the attachment of folic acid to 
the surface of the micelles. The observed 
decrease in the rate and manner of drug release 
when FA is conjugated on the surface of the 
micelles can be interpreted through the 
following mechanisms: 

Folic acid conjugation may enhance the 
structural integrity of the micelles due to 
increased molecular interactions, such as 
hydrogen bonding or π-π stacking between FA 
molecules and other micelle components. This 
can lead to a more compact and stable micellar 
structure, reducing the rate of drug diffusion 
from the core. The conjugation may stabilize 
the micelle assembly, making it less prone to 
disintegration under physiological conditions, 
thereby slowing drug release. The conjugation 
of FA, a hydrophilic molecule, can increase the 
hydrophilicity of the micelle surface. This 
hydrophilic "shell" might act as a barrier, 
impeding the diffusion of the drug from the 
hydrophobic core to the surrounding aqueous 
environment. FA can interact with the drug 
directly, either through hydrogen bonding or 
other non-covalent interactions, leading to drug 
retention within the micelle. If the conjugated 
FA modifies the chemical environment of the 
micelle surface, it might reduce the propensity 
of the drug to partition out of the micelle. FA 
conjugation may shift the drug release 



Co-delivery of doxorubicin and dexamethasone 

160 

mechanism from simple diffusion to a more 
controlled, stimulus-responsive release. For 
example, the micelles may require specific 
triggers (e.g. acidic pH or enzymatic 
degradation) to break down the FA layer and 
release the drug. 

As illustrated in Fig. 5, approximately 60-
65% of the loaded drug was released in a 
sustained manner beyond the initial 10-h period 
of the release test. This finding is significant as 
it suggests that the formulation and delivery 
system used in the study is capable of providing 
a sustained release of the drug, which can have 
potential benefits in various applications such 
as drug delivery systems for targeted therapies 
or long-term treatment regimens. 

Among the studied variables, the P/D ratio 
was the most effective factor in the rate of drug 
release from the micelles (P < 0.01). Increasing 
the P/D significantly lowered the MDRT, 
explainable by the declining drug content 
within the micelles. As shown in Table 2, the 
drug content decreased as the P/D ratio 
increased, indicating a greater amount of 
polymer relative to the quantity of drug loaded 
in the micelles. At higher polymer ratios, less 
encapsulated drug leads to faster release rates 
(lower MDRT value). Based on these results, it 
was concluded that the rate of drug release 
appears to depend on the amount of drug 
encapsulated inside the micelle core. This 
finding aligns with Xiao et al. who reported 
increased release of indomethacin nanospheres 
with reduced loading, attributed to enhanced 
drug-carrier hydrophobic interactions.  

The slower release of hydrophobic micelle-
encapsulated drugs is commonly observed at 
higher loadings where more drug resides in the 
hydrophobic core. For example, Jeong et al. 
showed hydrophobic drugs adriamycin and 
clonazepam displayed slower release from 
PEG-PBLG micelles at higher loadings (36,37). 
Similarly, lidocaine-PEG-PLGA micelles 
exhibited accelerated release kinetics at lower 
drug loading. The decreased release rate likely 
arises from drug crystallinity and stronger 
hydrophobic interactions between the micelle 
core and drug when the content is higher. At 
higher drug loadings, multiple factors arising 
from the high local drug concentration, 
thermodynamics, molecular interactions,                     
and the core microenvironment in micelles                
can promote drug crystallization and 
aggregation (38). 

The micelles prepared using THF exhibited 
higher MDRT values than those prepared using 
DMF (P < 0.05). This could be attributed to the 
larger particle size of micelles formed using 
THF as the initial solvent, which in turn 
decreases the drug release rate. As mentioned 
earlier, PS is an important feature affecting 
nanoparticle behavior such as drug release 
kinetics. Based on Fick’s law, a decrease in PS 
leads to an increase in drug release rate due to 
an increasing surface area to volume ratio and 
decreasing diffusion path length. The effect of 
reduced PS on enhancing drug release from 
nanocarriers has been demonstrated in previous 
studies. 

Realizing maximal therapeutic efficacy 
necessitates effective intracellular delivery of 
drug-loaded nanoparticles (39). Although 
nonspecific accumulation of nanoparticles in 
tumors via the EPR effect may occur, this does 
not necessarily translate to antitumor activity 
without efficient cellular internalization to 
enable engagement of the cytotoxic drug with 
its intracellular target. Since DOX exhibits 
intense red fluorescence, fluorescence 
microscopy enabled visualization of cellular 
uptake of both free DOX and DOX-
encapsulated micelles. 

K562 cells which over-expressed folate 
receptors were used as folate receptor positive 
cells and HepG2 cells which express folate 
receptors at undetectable levels were used as 
folate receptor negative cells. Cells without any 
treatment were also used as the negative 
control. Figure 6 shows the fluorescence image 
of the cells incubated with free DOX, 
DOX/HEP-DEX and DOX/FA-HEP-DEX         
after 4 h.  

Figure 6 shows no red fluorescence in 
untreated cells, while clear DOX auto-
fluorescence appears in cells treated with free 
DOX, DOX/HEP-DEX micelles, and 
DOX/FA-HEP-DEX micelles. This indicates 
successful cellular internalization of DOX. As 
shown in Figure 6, K562 cells treated with 
DOX/FA-HEP-DEX micelles exhibited 
stronger red fluorescence intensity compared to 
those treated with DOX/HEP-DEX micelles or 
free DOX. This indicates the FA ligand 
enhanced cellular uptake of DOX/FA-HEP-
DEX in K562 cells, which overexpress folate 
receptors. In contrast, no significant difference 
was observed between fluorescence intensities 
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in HepG2 cells treated with DOX/FA-HEP-
DEX versus DOX/HEP-DEX.  

Fluorometric measurement of cellular 
uptake supported these findings. Figure 7 
shows the mean DOX cellular uptake in K562 
and HepG2 cells after 4 h incubation with free 
DOX, DOX/HEP-DEX micelles, or DOX/FA-
HEP-DEX micelles. Cells treated with DOX-
loaded micelles (DOX/HEP-DEX or DOX/FA-
HEP-DEX) exhibited higher mean cellular 
uptake than cells incubated with free DOX, 
associated with greater DOX release from the 
internalized micelles. However, folate receptor-
positive K562 cells showed very weak 
internalization when treated with free DOX or 
DOX/HEP-DEX micelles, while DOX/FA-
HEP-DEX micelles produced higher cellular 
uptake in these cells.  

In contrast to K562 cells, no significant 
difference in cellular uptake was observed 
between HepG2 cells treated with DOX-loaded 
FA-HEP-DEX versus plain HEP-DEX 
micelles. This finding suggests that the 
enhanced uptake of DOX/FA-HEP-DEX 
micelles by K562 cells can be attributed 
specifically to folate receptor-mediated 
endocytosis, enabled by the FA ligand targeting 
this receptor which is highly expressed on K562 
cells but not HepG2 cells. The lack of 
difference between the two micelle 
formulations in HepG2 cells, which have 
minimal folate receptor expression, further 
supports the notion that the FA-targeting ligand 
conferred selective and receptor-mediated 
internalization.  

In our previous works, a folate-targeted 
alpha-tocopherol conjugate containing HEP 
demonstrated greater cell internalization in 
folate overexpressing 4T1 cells compared to 
HepG2 cells. Docetaxel-loaded micelles 
conjugated with folate were also taken up to a 
greater extent by MCF-7 cells, which 
overexpress folate receptors, than by HepG2 
cells. This increased micellar cellular uptake is 
likely due to the high-affinity binding of the 
folate conjugate to folate receptors and 
subsequent folate receptor-mediated 
endocytosis (20,21). These findings align with 
previous studies showing enhanced cellular 
uptake of folate-targeted carriers in cells 
overexpressing folate receptors. For instance, 
Kumar  et al. showed folate-conjugated 
liposomes exhibited 100-fold greater uptake by 

KB cells (which overexpress folate receptors) 
compared to non-targeted liposomes (40). In 
another study, Wang et al. demonstrated 
increased cellular internalization of folate-
linked micelles by MCF-7 and HeLa cells 
through receptor-mediated endocytosis (39).  

Overall, the intracellular tracking studies 
demonstrate efficient delivery of the DOX 
payload mediated by the FA-targeted micelles 
specifically to FR-overexpressing tumor cells. 
Moving forward, it will be critical to 
demonstrate that this enhanced, receptor-
mediated uptake translates to superior 
antitumor activity against FA receptor-positive 
versus FA receptor-negative cells in 
cytotoxicity assays, which are discussed in the 
next section. 

As shown in Fig. 8, empty HEP-DEX and 
FA-HEP-DEX (blank micelles) did not 
demonstrate toxicity against any of the tested 
cell types, even at high micellar component 
concentrations. This indicates that the HEP-
modified polymeric micelles have adequate 
biocompatibility and safety for drug delivery 
applications. However, all DOX-containing 
formulations exhibited drug concentration-
dependent toxicity in both tested cell lines after 
48 and 72 h. Furthermore, cell viability was 
lower after 72 h compared to 48 h (Fig. 8A-D). 
Both targeted and non-targeted DOX-loaded 
micelles exhibited greater cell toxicity against 
cancer cells compared to free DOX. The 
cytotoxicity of DOX delivered by DOX/FA-
HEP-DEX against K562 cells was also higher 
than DOX/HEP-DEX (Fig. 8A and B). 
However, the cytotoxicity of DOX/FA-HEP-
DEX and DOX/HEP-DEX against HepG2 cells 
was nearly identical (Fig. 8C and D).  

The IC50 value for DOX/FA-HEP-DEX 
against K562 cells was significantly lower than 
that of free DOX and DOX/HEP-DEX 
micelles. Furthermore, no significant difference 
was seen between IC50 values of DOX/FA-
HEP-DEX and DOX/HEP-DEX against 
HepG2 cells. The high cell toxicity of 
DOX/FA-HEP-DEX is likely due to folate 
receptor binding by the FA ligand, resulting in 
increased micellar cellular uptake via folate 
receptor-mediated endocytosis.  

However, at higher concentrations, the 
toxicity of DOX/FA-HEP-DEX and 
DOX/HEP-DEX did not significantly differ, 
indicating a reduced FA targeting effect 
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potentially due to folate receptor saturation. 
This was further confirmed through a 
competitive inhibition study using free FA. The 
affinity of DOX/FA-HEP-DEX and non-
targeted DOX/HEP-DEX micelles to folate 
receptor-overexpressing K562 cells was 
indirectly evaluated by examining cell viability. 
Generally, reduced cytotoxicity (increased cell 
viability) of DOX-loaded nanoparticles 
corresponds to decreased nanoparticle cellular 
uptake. To verify folate receptor-mediated 
uptake of DOX/FA-HEP-DEX, competition 
between the folate-targeted micelles and free 
FA for uptake by K562 cells was tested (Fig. 9). 
In folate receptor-overexpressing K562                   
cells treated with DOX/FA-HEP-DEX, cell 
viability increased with increasing 
concentrations of free FA in the medium and 
reached a plateau state at a certain level of free 
FA. This suggests the presence of free FA 
reduced DOX/FA-HEP-DEX cellular uptake 
by saturating folate receptors (Fig.9). These 
results indicate DOX/FA-HEP-DEX micelles 
enter K562 cells via folate receptors, analogous 
to free folic acid. 

Control experiments were performed with 
non-targeted DOX/HEP-DEX micelles. As 
expected, DOX/HEP-DEX treated cells showed 
no distinct change in cell viability with added 
free FA, indicating DOX/HEP-DEX micelles 
have negligible ability to compete with FA for 
cell entry. Overall, the results demonstrated that 
the presence of FA on the micelle surface plays 
a major role in cellular uptake and toxicity 
against FA-overexpressing cells. The 
cytotoxicity results demonstrated dose- and 
time-dependent decreases in cancer cell 
viability when treated with both free and 
micelle-encapsulated drug formulations. 
Higher drug concentrations and longer 
incubation times generally resulted in enhanced 
antiproliferative effects. Furthermore, the 
micelles conjugated with folic acid to enable 
active targeting exhibited greater 
chemotherapeutic efficacy compared to non-
targeted micelles and free drugs across most of 
the conditions tested. This provides evidence 
that the folate-mediated targeting strategy 
improved the delivery of the chemotherapeutic 
payload to folate receptor-overexpressing 
cancer cells, consequently enhancing 
antineoplastic activity.  

Previous studies have also reported 
enhanced tumor cell toxicity by incorporating 
FA into micelle surfaces (41,42). For                
example, folate-targeted tamoxifen-loaded 
poly-caprolactone micelles exhibited higher 
toxicity against MCF-7 cells compared to non-
targeted micelles, attributed to receptor-
mediated endocytosis (43). 
 

CONCLUSION 
  

DOX-loaded folate-targeted micelles 
composed of biocompatible polymer were 
synthesized and prepared using the dialysis 
method. Based on the analysis, PS and EE were 
mainly affected by solvent type while P/D and 
temperature were the most effective parameters 
on MDRT and ZP, respectively. The release 
profiles of DOX from polymeric micelles 
demonstrated an initial rapid-release phase 
reflecting the drug loaded near the micelle 
surface or core-shell interface. Once this 
interfacial drug was depleted, the release profile 
transitioned to a more gradual, sustained release 
pattern over subsequent hours, consistent with 
the diffusion of DOX from the stable micelle 
core. These results reveal the ability of 
polymeric micelles to provide sustained release 
of potent hydrophobic chemotherapeutics.              
The study found that folate-targeted micelles 
increased the anticancer effect of DOX in 
human erythroleukemic cancer cells compared 
to free DOX and non-targeted micelles. This 
was due to FA receptor-mediated endocytosis, 
which allowed the micelles to be taken up by 
the cancer cells more efficiently. The study's 
findings provide important insights into the use 
of folate-targeted biocompatible polymeric 
micelles for targeted delivery of anticancer 
drugs. This approach has the potential to 
improve drug efficacy and reduce off-target 
effects by targeting cancer cells more 
effectively. 
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