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A B S T R A C T   

Hyperbranched polymers (HPB) are drawing attention as one of the drug delivery platforms that can encapsulate 
drugs owing to the internal voids in their three-dimensional construct. It is feasible to develop HBP-based nano- 
sized drug delivery platforms and improve the efficacy of cancer treatment due to its potential properties. In 
particular, the contribution of targeted drug delivery systems that can target malignant tissues in the treatment 
processes is undeniable. For this purpose, modifying an HBP-based nanoparticle delivery system with a targeting 
molecule is vital. In this study, we synthesized folic acid-modified HBP-based nanoparticles and their physical 
(DLS, zeta potential) and chemical (FTIR, NMR) characterizations were performed, and finally 5-Fluorouracil (5- 
FU) was loaded as a model active agent. The release properties (UV-VIS) and release kinetic models of 5-FU- 
loaded folic acid-modified nanoparticles were investigated in different pHs. In vitro cellular activities (MTT, 
cellular uptake) and targeting properties to the folate receptor (FR) were determined by flow cytometry on HeLa 
(FR, +) and L929 (FR, -) cells. According to all the results, folic acid-modified HBP-based nanoparticles were 
efficiently transported to the cell nucleus in the targeted FR + cells, and internalization of nanoparticles in HeLa 
cells is ~2.5 times higher than L929 cells. All results suggest that folic acid modification to the nanoparticles is 
critical in folate receptor-positive cancer treatment.   

1. Introduction 

Despite all technological advances, cancer is one of the leading 
causes of death. In conventional chemotherapy, which is one of the key 
approaches used for cancer treatment, antitumor agents can reach tumor 
tissues (via EPR [1,2]) from the bloodstream, and enter the specific 
organelles by passing through (depending on concentration gradient) 
the dense intracellular cytosolic part in the cells [3,4]. Unfortunately, 
this process is not selective between normal or malignant tissue, and 
thereby antitumor agents have resulted in serious adverse effects on 
normal tissues owing to this poor selectivity. Most patients in conven
tional cancer treatment are negatively affected by systemic toxicity, hair 
loss, myelosuppression, immune suppression, and inflammation due to 
the non-selective antitumor agent effects of chemotherapeutic drugs on 

normal cells [5–9]. Antitumor agents in the bloodstream are rapidly 
cleared by the reticuloendothelial system (RES) in conventional therapy 
[10]. The decrease in the antitumor agent due to RES, its effectiveness in 
the tumor tissue and significantly diminishes the treatment success 
[10–12]. Nanoscale drug delivery systems (e.g., micelles, dendrimers, 
polymers, liposomes, gold nanoparticles, iron oxide nanoparticles) 
provide several advantages like sizes and surface properties, increased 
solubility of the antitumor agent, prolonged circulation half-life, and 
improved biodistribution [13]. Thus, considering these advantages and 
conjugation of these nanoparticle systems with active-targeting moieties 
are the focus of research to enhance treatment benefit [14–18]. 

Active-targeting is the addition of a high-affinity ligand to the 
nanocarrier’s surface, and the added ligand selectively binds to the re
ceptor on the target cell. Nanoparticle orientation to the target tissue is 
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achieved by the high specificity of the surface-modified ligand (folic 
acid, biotin, transferrin, EGF, peptides, aptamers) to the target receptor 
[13,19]. Folic acid (FA), generally used as a targeting agent, is struc
turally composed of a pteridine ring, glutamic acid and 
para-aminobenzoate linked by covalent bonds [20]. In active-targeting, 
FA binds to folate receptor (FR) antibodies, similar to key-lock, and is 
transferred via receptor-mediated endocytosis to cancer cells that 
over-expressed FR in various human carcinomas, containing the breast, 
brain, kidney, and colon [21–23]. 

Hyperbranched polymers (HBP) are amorphous, highly branched 
macromolecules with three-dimensional (3D) dendritic structures and 
are used in several fields such as coatings, biomedicine, energy appli
cations and drug delivery [20,24–26]. HBP’s are conveniently prepared 
and inexpensive, but polydisperse and not symmetrical structures like 
dendrimers [27]. The structures of HBPs are irregular; the linear, den
dritic, and terminal units are randomly distributed, resulting in broad 
molecular weight distributions. However, it has drawn attention to the 
design of drug delivery platforms due to internal voids in 3D spherical 
structures that can be used for the encapsulation of the drugs [28]. HBPs 
in nanotechnology and drug delivery could contribute to cancer treat
ments with high drug encapsulation efficiency, and controlled release 
properties. Besides, targeting molecule modification of HBPs promises a 
controllable drug delivery system that can be used in cancer treatment 
directly towards malignant cells. 

In this study, multifunctional HBP nanoparticles were developed for 
use in targeted cancer treatment as an alternative to conventional 
chemotherapy; their targeting properties and effect on malignant cells 
have been detailed. For this purpose, firstly an amphiphilic core-shell 
structure polymer, HBP-MPEG-b-PCL, was designed, then after folic 
acid conjugation was performed to obtain biocompatible and targeted 
multifunctional polymer. Nanoparticles were fabricated from the syn
thesized polymer according to the nanoprecipitation method, and all 
physical and chemical characterizations were carried out. The synthe
sized nanoparticles were loaded with 5-FU as a model active agent, and 
their efficacy was investigated in detail HeLa (FR+) and L929 (FR-) cell 
lines. 

2. Experimental 

2.1. Materials 

All reagents used in the experiments were of analytical reagent 
grade. 1,6-Hexanediamine, methyl acrylate, 5-Fuorouracil (5-FU), poly 
(ethylene glycol) methyl ether (MPEG, Mw ~2000 Da), ε-caprolactone 
(CL), succinic anhydride, Doxorubicin (DOX), folic acid (FA), 4-(N,N- 
dimethylamino)pyridine (DMAP), N-(3-dimethylaminopropyl)-N′-eth
ylcarbodiimide hydrochloride (EDAC) and dibutyltin dilaurate, were 
purchased from Sigma-Aldrich. Ethoxylated trimethylolpropane 
(Ethoxy-TMP, Mn ~170) was a gift from Perstorp Polyols AB, Sweden. 
Aluminum chloride was obtained from Merck. Organic solvent includes 
hexane, dimethyl sulfoxide (DMSO), dichloromethane (DCM), meth
anol, N,N-dimethylformamide and (DMF) were purchased from Merck. 
LysoTracker Green dye (DND-26) was purchased from Life Technolo
gies. Dulbecco’s Modified Eagle’s Media (DMEM), Roswell Park Me
morial Institute (RPMI) 1640 media, Penicillin-Streptomycin (P/S) and 
Fetal bovine serum (FBS) were purchased from GIBCO. 

2.2. Synthesis of hyperbranched polymer 

Poly(aminoester)-based HBP was synthesized through the facile two- 
step process as described in our previous study [29]. In the first step, 
2.324 g of 1,6-hexanediamine was dissolved in 10 mL of methanol 135 
mL of methyl acrylate was added by stirring, and the reaction was 
conducted at room temperature (RT) for 52 h. The organic solvent, and 
residual methyl acrylate were removed by the rotary evaporator. Af
terwards, 2 mL of the obtained product and 1 mL of Ethoxy-TMP were 

poured into a glass-flask equipped with a mechanical stirrer, immersed 
in a silicone oil bath which was preheated to 120 ◦C, and then 0.04 g of 
AlCl3 was added as a catalyst. The reaction was performed at 120 ◦C for 
5 h. Then, the obtained product was dissolved in 15 mL of chloroform, 
and centrifuged at 7500 rpm, and then filtered using a syringe filter (0.2 
μm pore size) to remove AICI3. Afterwards, rotary evaporator was used 
to evaporate the chloroform. The obtained material, named HBP, was 
dried at 40 ◦C under vacuum. 

2.3. Synthesis of diblock copolymer (MPEG-b-PCL) 

Ring-opening polymerization was used to synthesize MPEG-b-PCL 
diblock polymer as described in our previous study [29]. The reaction 
was conducted in a glass-flask equipped with a N2 inlet tube and a 
mechanical stirrer. 6.07 mL of CL, 5 g of MPEG and dibutyltin dilaurate 
as catalyst (1% mole of CL) were mixed and stirred at 60 ◦C for 10 min, 
and temperature was increased to 120 ◦C. The reaction was conducted at 
120 ◦C for 24 h. After cooling to RT, DCM was presented to the reaction 
medium and stirred for 15 min. Subsequently, the obtained material was 
precipitated with cold methanol, and filtered. The final product, named 
MPEG-b-PCL, was dried at 40 ◦C under vacuum. 

2.4. Synthesis of carboxyl-ended diblock copolymer (MPEG-b-PCL- 
COOH) 

MPEG-b-PCL-COOH was prepared as described in our group previ
ously with a minor modification [29]. Firstly, 2 g of MPEG-b-PCL diblock 
polymer was dissolved in 1-4-Dioxane. Then 0.097 g of succinic anhy
dride and 0.06 g of DMAP were added. The reaction was conducted at RT 
for 50 h under N2 atmosphere. Afterwards, the obtained material was 
precipitated in cold 1:1 (v/v) hexane-diethylether, filtered and dried 
under vacuum. The obtained carboxyl-terminated MPEG-b-PCL diblock 
polymer was denominated as MPEG-b-PCL-COOH. 

2.5. Synthesis of HBP-conjugated diblock copolymer (HBP-MPEG-b-PCL) 

MPEG-b-PCL-COOH was conjugated to the HBP through carbodii
mide chemistry between carboxyl units of MPEG-b-PCL-COOH and hy
droxyl units of HBP chains [30]. Briefly, 1 g of MPEG-b-PCL-COOH was 
dissolved in DMF, and then activated with 50 mg of EDAC for 1 h. Then 
100 mg of HBP in 2 ml of DMF solution was added. Afterwards, 30 mg of 
DMAP was added and reacted for 72 h under N2 atmosphere at RT. The 
obtained solution was dialyzed (MWCO:12,000Da) against ultrapure 
water for 5 days. The final product, named HBP-MPEG-b-PCL, was dried 
by lyophilization. 

2.6. Synthesis of folic acid-conjugated diblock copolymer (HBP-MPEG-b- 
PCL-FA) 

The final conjugate, HBP-MPEG-b-PCL-FA, was synthesized using 
carbodiimide chemistry [30]. Briefly, 1 g of HBP-MPEG-b-PCL was dis
solved in DMSO. Then FA (45 g) was added and mixed for 30 min at RT. 
Afterwards, 22 mg of EDAC was added, followed by stirring for 1 h to 
activate carboxyl groups of FA. Subsequently, 13 mg of DMAP was 
added and the mixture was reacted for 24 h under N2 atmosphere at RT 
to allow the FA to conjugate onto the HBP-MPEG-b-PCL. Finally, the 
solution was inserted in a dialysis bag (MWCO 3500Da) and dialyzed 
against ultrapure water for 5 days. The final product, named 
HBP-MPEG-b-PCL-FA, was dried by lyophilization. 

2.7. Preparation of drug-free and drug-loaded nanoparticles 

Nanoparticles were obtained by nanoprecipitation (solvent 
displacement) technique as described in our previous study [29]. In 
brief, polymer (10 mg) was dissolved in 1 mL of DMF and added drop
wise with stirring at 1000 rpm to 9 ml of PBS solution at RT. Stirring was 
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continued for 3 h at the same speed to form drug-free nanoparticles. 
5-FU was completely dissolved in 10 mg/mL polymer solution 

(polymer dissolved in DMF) with varied concentrations (1/1, 1/0.5, 1/ 
0.25, 1/0.1 and 1/0.05 w/w polymer/drug) and added dropwise with 
stirring at 1000 rpm to 9 ml of PBS solution at RT, followed by stirring 
for 3 h to form drug-loaded nanoparticles. The obtained product was 
dialyzed in a dialysis bag (MWCO 3500 Da) against PBS to eliminate 
non-entrapped drug. The samples were abbreviated to HBP-MPEG-b- 
PCL-FA-(5-FU). Figure-1 shows the illustration of the blank and 5 FU- 
loaded nanoparticles. 

2.8. In vitro release experiments 

In vitro drug release evaluations were assessed by using the dialysis 
bag technique. Briefly, a certain amount of the lyophilized 5-FU 
encapsulated samples in 1 mL of pH 5.5 acetate or pH 7.4 PBS buffers 
placed into a dialysis bag (MWCO: 3500 Da) and then incubated in 
release medium 20 mL of pH 5.5 acetate or pH 7.4 PBS buffers under the 
continuous agitation at 37 ◦C. The 5-FU concentration was assayed by 
using a UV/VIS spectrophotometer at 270 nm. All release experiments 
met the sink conditions and were performed in triplicate. 

2.9. Characterization 

2.9.1. Dynamic light scattering (DLS), Zeta potential and transmission 
electron microscopy (TEM) analysis 

Particle size, polydispersity index (PDI) and zeta potential of the 
nanoparticles were evaluated by using NanoZS Instrument (Malvern 
Instruments). Measurements were carried out at 25 ◦C by injecting 1 ml 
of suspended nanoparticle solution into the sample chamber of the de
vice. Three consecutive measurements were made for each formulation. 
The structure of nanoparticles was analyzed using field emission scan
ning electron microscopy attached with an energy-dispersive X-ray 
spectroscopy (FEGSEM-EDS; FEI ESEM Quanta 450 FEG). 

2.9.2. FTIR and NMR analysis 
The structural analysis of the products was elucidated by ATR-FTIR 

(Fourier Transform Infrared Spectroscopy), 1H NMR (Proton-Nuclear 
Magnetic Resonance Spectroscopy) and 13C NMR (Carbon-Nuclear 
Magnetic Resonance Spectroscopy). FTIR spectra were obtained with a 

Jasco FT/IR-4600 model FTIR device with ATR unit in the range of 
4000-500 cm− 1. 1H NMR and 13C NMR analyzes were performed with 
Varian UNITY INOVA instrument (500 MHz). 

2.9.3. Measurement of drug loading and encapsulation efficiency 
The 5-FU-loaded nanoparticles were weighed and dissolved in 

ethanol and then centrifuged. Supernatant of the solution was read by 
UV/VIS spectrophotometer at 270 nm to obtain 5-FU content. The 
encapsulation efficiency (EE) and drug loading capacity (DLC) of 
nanoparticles were quantified using the following equations: 

%EE=
Drug(total) − Drug(free)

Drug(Total)
x 100  

%DLC =
Drug(total) − Drug(free)

Nanoparticles(mass)
x 100  

2.10. Cell culture studies 

2.10.1. Cell culture 
In this study, HeLa and L929 cell lines were selected as model cell 

lines to investigate the treatment effectiveness of the nanoparticles. 
Roswell Park Memorial Institute (RPMI) 1640 media and Dulbecco’s 
Modified Eagle’s Media (DMEM) supplemented with 10% FBS and 1% 
P/S were used for the culture of HeLa and L929 cells, respectively. 

2.10.2. Cell viability 
Cytotoxic effects of drug-free (blank) and drug-loaded nanoparticles 

on HeLa and L929 cells were evaluated by using MTT test. Firstly, the 
cells at a density of 5x103 cells/well were seeded in 96-well plates. On 
the next day, the culture media was replaced by fresh media including 
nanoparticles at serial concentrations (0.01, 0.25, 0.5, 1, 2 and 5 mg/ 
mL). To perform MTT assay, on the 6, 24, and 48 h of the experiment, the 
culture medium of each well was discarded and washed with PBS three 
times to perform MTT assay. Then cell medium (200 μl) and MTT (2 μg/ 
mL and 20 μl) solution were added. After the incubation of the plates at 
37 ◦C for 4 h, the media of each well was gently discarded and DMSO 
(200 μl) was pipetted into wells for dissolution of the formazan crystals. 
Subsequently, the plates were incubated at 37 ◦C for 20 min, and lastly 
analyzed with a microplate reader (Spektrostar Nano) at 570 nm. Pos
itive and negative controls were cells treated with DMSO and untreated 

Fig. 1. Illustration of synthesized HBP-MPEG-b-PCL-FA structure and nanoparticulation process using with nanoprecipitation method with 5-FU and drug free. HBP- 
MPEG-b-PCL-FA-(5-FU) nanoparticles cytotoxic effect on L929 (FR-) and HeLa (FR+) and schematic representation of notable results of targeted therapy. 
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cells, respectively. The cytotoxicity of the nanoparticle formulation was 
quantified by using the following equation: 

Cell viability (%)=
OD570(Sample)

OD570(Control)
x 100  

2.10.3. Cellular uptake 
For cellular uptake studies, firstly folic acid modified nanoparticles 

were labeled with DOX to evaluate the entry of the nanoparticle into the 
cells. The cells at a density of 2x105 cells/well were seeded in 24-well 
plates at 37 ◦C. On the next day, the culture media was replaced by 
fresh media including nanoparticles. After the incubation at varied time 
intervals such as 10 min, 30 min, 1 h and 4 h at 37 ◦C, the culture me
dium of each well was discarded and washed with PBS three times to 
remove unbound nanoparticles. Cellular uptake of nanoparticles was 
followed by the fluorescence property of DOX into HeLa and L929 cells 
by fluorescence microscope. 

2.10.4. Localization analysis 
Intracellular localization of nanoparticles in cells was examined by 

using Lyso tracker and DAPI [31]. Briefly, HeLa cells were seeded at a 
specific concentration in 24-well plates and incubated for 24 h at 37 ◦C 
in 5% CO2. Then, the media in the wells was discarded and DOX loaded 
nanoparticle formulations were added. After different incubation times 
at 37 ◦C, the wells were washed with PBS three times, fixed with 4% 
paraformaldehyde, and treated with Lyso Tracker Green (1 μM, 30 min) 
and DAPI (5 μg/mL, 30 min), respectively. Finally, cells were visualized 
with a fluorescence microscope (Zeiss, AxioScope Z1). 

2.10.5. Flow cytometry 
The quantitative evaluations in the cellular uptake studies, flow 

cytometry was used. Briefly, nanoparticles were treated with HeLa and 
L929 cells in 24-well plates using the above procedure. After different 
incubation times at 37 ◦C, the wells were washed with PBS, harvested 
with trypsin, and centrifuged to remove the supernatant. Finally, the 
cells were examined by flow cytometry (BD FACSCALIBUR). 

3. Results and discussion 

3.1. Chemical characterization of the nanoparticles 

In the synthesis of amphiphilic hyperbranched core-shell nano
particles, the core part is branched poly(amino ester) based polymer 
(HBP), and the shell part is MPEG-b- PCL formed from diblock polymers. 
Then after with folic acid modification, biocompatible multifunctional 
polymers (HBP-MPEG-b-PCL-FA) were synthesized. 

The FTIR spectrum of Monomer 1 given in Figure-2a was interpreted 
in comparison with the spectra of pure HDA and methyl acrylate. The 
specific peaks of methyl acrylate were observed 1724 and 1630 cm− 1 

corresponding the carbonyl C––O and vinyl C––C units bands, respec
tively. The characteristic hexanediamine bands were observed as the 
asymmetric –NH2 and symmetrical N–H bands at 3500 cm− 1 and 3340 
cm− 1; the scissoring bands and out-of-plane deformations at 1557 cm− 1 

and 718 cm− 1, respectively. In the spectra of Monomer 1, the bands 
relating to the C––C double bonds and primary amine –NH2 groups were 
not observed due to the Michael addition among methyl acrylate, and 
hexanediamine. Additionally, the peak intensity at 1165 cm− 1 assigned 
to the C–N bands of the tertiary amine unit increased while the C––O 
bands due to the methyl acrylate units observed at 1731 cm− 1 was 

Fig. 2. Characterization of the synthesized polymer by FTIR and NMR: (a) FTIR spectra of Monomer 1 synthesis from methyl acrylate and 1,6- hexanediamine, (b) 
FTIR spectra of HBP synthesis from Ethoxy-TMP and Monomer 1, and (c) 13C NMR spectrum of HBP, (d) 1H NMR spectrum of HBP. 
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followed. These changes in IR bands depending on the change in the 
molecular structure indicate that Monomer1 has been successfully 
synthesized. 

Synthesis of HBP was carried out the reaction between Monomer I 
and Ethoxy-TMP. In the FTIR spectrum of HBP given in Figure-2b the 
newly formed ester groups as a result of the ester exchange reaction 
between Monomer I and Ethoxy-TMP, and intermolecular vibrations due 
to hydrogen bonds are observed at 1640 cm− 1 [32,33]. Moreover, 
C–O–C stretching vibrations of methyl ester groups, observed at 1193 
cm− 1 for Monomer I, started to be observed at 1248 cm− 1 owing to the 
formation of new ester structures after the ester exchange reaction. HBP 
structure was illustrated in Figure-1. 

The chemical construct of HBP was also confirmed by 13C and 1H 
NMR analysis (Figure-2c and 2d). The characteristic peaks of HBP in 1H 
NMR spectra, methyl and methylene protons of the –CH2CH3 groups in 
Ethoxy-TMP were determined at 1.03 and 1.46 ppm, respectively. 
Further, 2.63, 3.54, and 3.80 ppm peaks are the protons in the 
–CH2COO–, –COOCH3- and –CH2CH2COO– groups, respectively. The 
dendritic (D), linear (L) and terminal (T) signals in 13C NMR spectrum of 
HBP are recorded at 49.26 ppm, 51.14 ppm, and 53.60 ppm, respec
tively. In addition, the branching degree (DB) of HBP was calculated by 
integration of these signals and substituting them in Equation 4. The DB 
value of the HBP calculated as 0.84, which confirmed that the HBP is 
branched [34]. 

DB=
D + T

D + T + L 

The FTIR spectra of MPEG-b-PCL diblock polymers were given in 
Figure-3a. The specific IR peaks are ~1722 cm− 1 ester C––O stretching 
bands in the PCL and ~1105 cm− 1 C–O bands in the MPEG, respectively. 
In 1H NMR analyzes MPEG-b-PCL diblock polymer (Figure-3b), the 
peaks at 3.60 ppm and 3.33 ppm were due to the methylene protons 
CH2CH2O- and -O-CH3 end units in the PEG blocks, respectively. The 
peaks of methylene protons of –(CH2)3–, –OCCH2– and –CH2OOC– 
groups in PCL blocks were determined 1.34, 1.60, 2.26 and 4.01 ppm, 
respectively. The bands at 4.20 ppm and 3.82 ppm belong to the 
methylene protons of the -O–CH2–CH2- groups in the PEG end blocks 
associated with the PCL blocks [35]. The NMR and FTIR analysis find
ings are all in agreement with the literature and confirm a successful 
synthesis [36]. 

In order to modify the MPEG-b-PCL copolymer to attach to the HBP, 
MPEG-b-PCL was reacted with succinic anhydride for providing to have 
free carboxyl end units. The FTIR spectrum of obtained product, MPEG- 
b-PCL-COOH, is given in Figure-3a. Besides specific vibrations similar to 
MPEG-b-PCL diblock polymers, prominent C––O vibrations of carboxyl 
groups were observed in carboxyl modified MPEG-b-PCL (MPEG-b-PCL- 
COOH) at 1635 cm− 1. Compared with the 1H NMR spectra of MPEG-b- 

PCL-COOH and MPEG-b-PCL (Figure-3b), a new peak at around 2.61 
ppm was detected. FTIR and NMR results show that carboxyl groups are 
formed after ring-opening modification with succinic anhydride [37]. 

HBP-MPEG-b-PCL polymers were obtained by the reaction of the 
hydroxyl end units in the HBP and the carboxyl end groups in the MPEG- 
b-PCL-COOH diblock polymer in the presence of EDAC. In the HBP- 
MPEG-b-PCL spectrum (Figure-4a), both the –OH vibrations of HBP at 
~3300-3500 cm− 1, and the carboxyl end units peak of the MPEG-b-PCL- 
COOH at about 1635 cm− 1 were not observed, indicating the successful 
reaction between these groups. 

Finally, The FA conjugation on HBP-MPEG-b-PCL were investigated 
by both FTIR and 1H NMR analysis and the results given in Figure-4b, 
Figure-4c and Figure-3d. According to the FTIR analyses results, after 
the modification with FA, the characteristic folic acid C––O stretching 
vibrations and aromatic ring C––C vibrations were observed in the 
structure spectra at 1600 cm− 1 and 1688 cm− 1, respectively. In the 1H 
NMR spectrum given in Figure-4c and Figure-4d compared after folic 
acid modification, ~8.0 ppm (pteridine group proton 8.23,7.99 and 
7.85) peaks were observed, resulting from the aromatic ring of folic acid, 
consistent with similar studies in the literature [38–47]. These findings 
confirm that FA molecule was successfully introduced into the HBP 
structure. 

3.2. Size and zeta potentials of the nanoparticles 

The nanoparticles prepared from HBP-MPEG-b-PCL and HBP-MPEG- 
b-PCL-FA by nanoprecipitation method were further investigated on the 
basis of particle size, particle size distribution and zeta potential. 
Accordingly, the particle sizes of HBP-MPEG-b-PCL and HBP-MPEG-b- 
PCL-FA nanoparticles were determined as 38.17 ± 3.4, and 41.28 ± 3.7, 
respectively (Figure-5a and Figure-5b). In addition, the zeta potentials 
of HBP-MPEG-b-PCL and HBP-MPEG-b-PCL-FA structures were deter
mined as − 10.2 mV, and − 2.26 mV, while the PDI values were almost 
same and found to be 0.46, and 0.43, respectively. Since the FA contains 
free amine in its structure; after the modification with FA, the zeta po
tential of the structure increased, consistent with the literature [48]. The 
obtained data indicated that the FA modification slightly increased the 
particle diameter, while significantly increasing the zeta potential, but 
not intelligibly affecting the particle diameter distribution. The particle 
size of the 5-FU loaded HBP-MPEG-b-PCL-FA nanoparticles was 27.2 
nm, the zeta potential was − 3.29 mV, and the PDI value was determined 
0.636. The DLS result confirmed that with SEM image as given in 
Figure-5c. 

Fig. 3. Characterization of MPEG-b-PCL and MPEG-b-PCL-COOH by FTIR and NMR: (a) FTIR and (b) 1H NMR spectra of MPEG-b-PCL and MPEG-b-PCL-COOH.  
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3.3. Determination of the drug loading and release kinetics of the 
nanoparticles 

An important detail contributing to treatment in nanoparticle sys
tems targeted to cancer cells is that tumors and normal tissues are mostly 
found at different pHs [49]. In this case, besides the fact that nano
particle systems allow different amounts of drug release at different pHs, 
the fact that drug-loaded nanoparticles have minimum drug release (pH 
7.4) and sufficient rapid drug release (pH 5.5) in the bloodstream also 
emerges. An important detail that will contribute to the treatment in 
nanoparticle systems targeting cancer cells is that tumors and normal 
tissues, which are located between malignant tissues and intracellular 
endosomes, are mostly found at different pHs, making significant con
tributions to the treatment. Drug-loading studies were performed on 
HBP-MPEG-b-PCL-FA nanoparticles and the results were showed in 
Table-1. According to the results, as the amount of 5-FU increased, the 
loading capacity percentage of the polymers increased and the loading 
efficiency percentage decreased [50,51]. This is because the concen
tration gradient between the aqueous phase and polymer matrix in
creases, there is much more 5-FU loss in the system and the percent 
loading efficiency for the nanoparticle decreases [52]. 

In vitro drug release experiments from nanoparticles were conducted 
by using the dialysis membrane procedure [53]. In releases, pH 5.5 
acetate and pH 7.4 PBS buffer solutions were used as the release media. 
5-FU loaded nanoparticles were placed into the dialysis membranes, 
allowing the drug to pass and release into the medium. Figure-6 shows 
the cumulative release % of 5-FU from the HBP-MPEG-b-PCL-FA nano
particles loading at 1/0.25 optimum polymer/5-FU (w/w). The release 
amount was found to be 9% and 2% in the first 6 h at pH 5.5 and pH 7.4, 
and the end of the 24 h the release at pH 5.5 and pH 7.4 is 34% and 20%, 

respectively. The cumulative release amount after 7 days was 57% and 
40% at pH 5.5 and pH 7.4, respectively. Similarly, the cumulative 5-FU 
release from the ZWC–PAMAM complex at pH 7.4 was determined as 
63% at 38 h [52]. In another study, the release studies performed similar 
pHs; the release at 120 h was determined 40% and 78% for pH 7.4 and 
pH 5.5, respectively [54]. 

Additionally, the compatibility of the release behavior with various 
release kinetic models was evaluated for the 5-FU release study for two 
different pHs. Release kinetic models fitted the data using First-Order, 
Hixson-Crowell and Korsmeyer-Peppas, models and the mathematical 
expressions of the kinetic models are given in Equation 5-7, respectively. 
According to the non-linear regression with the models given in Table 2, 
the highest Radj values were found for the Korsmeyer-Peppas kinetic 
model, which pointing out the most compatible model for both pHs. 

In the Korsmeyer-Peppas kinetic model, n explain the desorption 
mechanism from the carrier. For spherical platforms, n < 0.45 0.45 < n 
< 0.85, n = 0.85 and 0.85 < n are known as the release mechanisms of 
Fickian diffusion, non-Fickian diffusion, case II transport and super case 
II transport, respectively [55,56]. According to Korsmeyer–Peppas 
model findings, it is showed that 5-FU release was mainly controlled by 
non-Fickian diffusion in both pH. Non-Fickian drug diffusion refers to 
drug transport processes in which the relaxation time of the structures 
forming the nanoparticle and the diffusion time of the solvent progress 
simultaneously in the solvent medium. The increase in the release 
amount despite the decreasing pH of the release solution is explained by 
the effect of the pH-sensitive HBP in the structure. HBPs in nanoparticles 
are polyaminoester-based materials. The similar studies conducted in 
the literature [57–59] concluded that the release amount of the 
entrapped drug increased due to the protonation of the amino groups in 
the structure in an acidic environment and the repulsive forces between 

Fig. 4. Chemical structure of HBP-MPEG-b-PCL and HBP-MPEG-b-PCL-FA characterized by FTIR and NMR: (a) FTIR spectra of HBP-MPEG-b-PCL synthesis from HBP 
and MPEG-b-PCL, (b) FTIR spectra of HBP-MPEG-b-PCL-FA synthesis from FA and HBP-MPEG-b-PCL, (c) 1H NMR spectrum of HBP-MPEG-b-PCL and (d) 1H NMR 
spectrum of HBP-MPEG-b-PCL-FA. 
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3.4. Cytotoxic effect of 5-FU loaded HBP-PCL-b-MPEG-FA nanoparticles 
on L929 and HeLa cell lines 

In vitro cytotoxic effect of HBP-PCL-b-MPEG-FA and 5-FU loaded 
HBP-PCL-b-MPEG-FA nanoparticles was performed by MTT test. It is a 
colorimetric method based on enzyme activity, generally used to 
determine the number of viable cells. L929, and HeLa cells were 

incubated blank, and 5-FU loaded nanoparticles at different concentra
tions for 6, 24, and 48 h. As shown in Figure-7 and Table S1-S2, the 
decrease in cell viability of HBP-MPEG-b-PCL-FA-(5-FU) nanoparticles 
increases with incubation time and concentration. In addition, IC50 
values were calculated according to the literature (Table S3-S4) [60]. 
IC50 values of HBP-MPEG-b-PCL-FA nanoparticles against HeLa cells 
after 6, 24 and 48 h incubation times were found to be 11.41, 4.73 and 
3.87 mg/mL, respectively. When the effects of HBP-MPEG-b-PCL-FA 
nanoparticles on L929 and HeLA cells were evaluated together, it was 
observed that the cell viability decreased from 28.6 ± 3.4% to 5.8 ±
0.9%, respectively, after 48 h of incubation in 5 mg/ml formulations. It 
has been shown that the toxic effects of the developed particles on HeLA 
cells are much higher. 

When the toxicity results were evaluated together, it was concluded 
that the HBP-MPEG-b-PCL-FA nanoparticles at concentrations of ≤0.5 
mg/mL did not have a toxic effect on L929 and HeLa cells. Within the 
scope of cellular uptake and targeting studies, HBP-MPEG-b-PCL-FA 
nanoparticles at a concentration of 0.5 mg/mL was used. When the re
sults were compared with the literature, the developed HBP-MPEG-b- 
PCL-FA nanoparticles were much less toxic than PAMAM-G6 (IC50 =

0.128 mg/mL), gold (IC50 = 0.082 mg/mL) and PLGA (IC50 = 0.0329 
mg/mL) nanoparticles [61–63]. 

The IC50 values of 5-FU loaded HBP-PCL-b-MPEG-FA nanoparticles 
on L929 cells after 6, 24 and 48 h incubation times were found to be 
9.28, 3.57 and 1.84 mg/mL, respectively. The IC50 values of 5-FU loaded 
HBP-PCL-b-MPEG-FA nanoparticles on HeLa cells after 6, 24 and 48 h 
incubation times were 7.59, 6.17 and 2.09 mg/mL, respectively. When 
the cytotoxicity results of pristine nanoparticles and 5Fu loaded nano
particles were compared, as expected in the literature, 5Fu loaded 
nanoparticles were more effective against cancer cells. It has been 
shown to show high toxicity (with lower IC50 values) [64–66]. 

3.5. Cellular uptake and targeting studies for folic acid conjugated 
nanoparticles on folate receptors 

In the targeting study, HeLa (malignant cells, FR +) and L929 
(healthy cells FR -) were used to investigate the selective targeting 
ability of nanoparticles against folate receptors on the cell surface. The 
clusters in the fluorescent microscope images given in Figure-8 show 
that the nanoparticles attach to the receptors on the HeLa cell surface 
and are successfully internalized into the cell via endocytosis. The folic 
acid unmodified nanoparticles are externalized on the surface of HeLa 
and L929 cells. It is monitored that HBP-MPEG-b-PCL-FA nanoparticles 
intensely bind to the receptors on the HeLa cell surface within the first 
10 min and when the nanoparticles accumulate on the cell surface and 
were transferred to the HeLa cells via known as endocytosis in time 
while there is a low non-specific cellular uptake in HBP-MPEG-b-PCL 
nanoparticles without FA. Intracellular localization of nanoparticles in 
HeLa cells was seen in Figure-9. Results demostrated that the passage of 
folic acid-modified nanoparticles in and around the cell nucleus within 
4 h could be observed over time. These results corresponded well with 
the observed results in Figure-8. 

However, these results do not show a quantitative data for targeting 
potential of nanoparticles to the cells [67]. In order to observe the tar
geting properties of nanoparticles from another perspective and to un
derstand receptor specificity and endocytosis, flow cytometry studies 
were performed with HeLa and L929 cells. As seen in Figure-10, HeLa 
and L929 cells were used as controls and showed only autofluorescence 
in both cells as expected. In the flow cytometry results of 
HBP-MPEG-b-PCL-FA nanoparticles incubated with HeLa cells for 10 
min to 4 h, the fluorescence intensity increased as the incubation time 
increased. In contrast, the increased fluorescence intensity of L929 cells 
was approximately limited. When the results between the two cell lines 
are evaluated at the end of the 4 h, the number of nanoparticles trans
ferred into the cell in the folate receptor-positive cancer cell line (HeLa) 
is approximately ~2.5 times higher than in the folate negative cell line 

Fig. 5. DLS and TEM measurements of HBP-MPEG-b-PCL-FA and HBP-MPEG-b- 
PCL-FA-(5-FU) nanoparticles: (a) Size distributions of HBP-MPEG-b-PCL-FA 
measured by DLS, (b) Size distributions of HBP-MPEG-b-PCL-FA-(5-FU) 
measured by DLS and (c) TEM image of HBP-MPEG-b-PCL-FA-(5FU). 

Table 1 
DLC and EE of HBP-MPEG-b-PCL-FA nanoparticles loaded with 5-FU at different 
polymer/5-FU ratios.  

Polymer/Drug (w/w) EE (%) DLC (%) 

1/1 19.8 43.0 
1/0.5 24.2 28.8 
1/0.25 29.9 19.2 
1/0.1 37.4 8.7 
1/0.05 38.2 5.3  
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(L929). All cellular uptake and flow cytometry analysis results deter
mined that folic acid modification of nanoparticles is crucial in folate 
receptor-positive cancer cell-specific endocytosis. 

4. Conclusions 

Successful treatment processes can be achieved in cancer treatment 
day by day. Promising results have been obtained on cell viability and 

targeting capabilities of HBP-based nanoparticles with their potential 
use in drug delivery, high drug loading abilities and controlled releases, 
and active-targeting modification that can accelerate progress in cancer 
therapy. Studies on cellular uptake and flow cytometry have shown that 
the synthesized 5-FU loaded-folic acid-modified HBP-based nanoparticle 
specifically targets folate receptor-positive cancer cells much more than 
folate negative cancer cells. Nanoparticles have effectively transported 
up to the cell nucleus in targeted FR + cells. Our study undoubtedly 
shows that using folic acid-modified HBPs will advance the treatment of 
folate receptor-positive cancer cells. However, it should be noted that 
sterilization and depyrogenation processes are of great importance in 
the evaluation of the safety and efficacy profiles of nanoparticles and 
therefore in the preclinical development of formulations. It is antici
pated that gamma irradiation can be used for both sterilization and 
depyrogenation of synthesized nanoparticles. Further extensive in vitro 
and in vivo studies should be conducted before clinical trials. 
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Fig. 6. 5-FU release profiles of HBP-MPEG-b-PCL-FA-(5-FU) measurement done by UV-VIS. (a) 5-FU cumulative release from HBP-MPEG-b-PCL-FA-(5-FU) nano
particles and fitting release kinetic curve (Korsmeyer-Peppas) in pH 5.5 (b) 5-FU cumulative release from HBP-MPEG-b-PCL-FA-(5-FU) nanoparticles and fitting 
release kinetic curve (Korsmeyer-Peppas) in pH 7.4. 

Table 2 
5-FU released from nanoparticles fitting kinetic models parameters in pH 5.5 
and 7.4.  

First-Order Kinetic Model pH 5.5 K1 8.0 x 10¡3 Radj 0.89 

pH 7.4 K1 4.3 × 10− 3 Radj 0.85 

Hixson-Crowell pH 5.5 KHC 2.2 × 10− 3 Radj 0.86 
Kinetic Model pH 7.4 KHC 1.3 × 10− 3 Radj 0.81 
Korsmeyer-Peppas 

Kinetic Model 
pH 5.5 n 0.46 Radj 0.94 

KKP 6.54 
pH 7.4 n 0.56 Radj 0.95 

KKP 2.69  

Fig. 7. In vitro cytotoxicity of HBP-MPEG-b-PCL-FA and HBP-MPEG-b-PCL-FA-(5FU) nanoparticles using MTT assay in L929 (a–b) and HeLa (c–d) cells. The results 
are given as % cell viability after the incubation with different concentration of nanoparticles for 6 h, 24 h and 48 h. Data are presented as mean ± SD (n = 6). 
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Fig. 8. Qualitative cellular uptake analysis of HBP-MPEG-b-PCL and HBP-MPEG-b-PCL-FA nanoparticles by HeLa and L929 cells for 10 min, 30 min, 1 h and 4 h. DOX 
was used to label the nanoparticles. Scale bar: 50 μm. 

Fig. 9. Fluorescent microscope pictures of HeLa cells after the incubation with HBP-MPEG-b-PCL-FA nanoparticles for 10 min, 30 min, 1 h and 4 h. DOX was used to 
label the nanoparticles. HBP-MPEG-b-PCL-FA nanoparticles was successfully internalized by HeLa cells and shows the distribution of nanoparticle inside the cells 
where blue, green and red colours show fluorescence intensity of DAPI, lysotracker reagent and DOX, respectively. For each panel, pictures from left to right indicate 
cell morphology, cell nuclei, lysosome and DOX fluorescence (red) and merged pictures. Scale bar: 50 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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