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The principal purpose of this project is to synthesize a biocompatible nanohydrogel (NH)
consisting of poly-(hydroxyethyl)methacrylate (HEMA) with poly(ethyleneglycol) diacrylate
(PEG-DA) as cross-linker by using reversible addition-fragmentation chain-transfer (RAFT) method,
with the potential to carry methotrexate (MTX) into breast cancer cell lines (MCF-7). The pH-
sensitive delivery for MTX using the synthesized final formula can be considered as an inno-
vation in this design. Due to enhanced permeability and retention (EPR) effect the NH could
accumulate in tumor site and release MTX through pH changes.
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Assessment of pH Responsive Delivery of Methotrexate Based on 
PHEMA-st-PEG-DA Nanohydrogels

Abstract: Nanohydrogels (NHs) are novel and attractive carriers for various anti-

cancer factors delivery. The objective of present study is development of a safe NH for

pH responsive delivery of methotrexate (MTX). Herein, poly (hydroxyethyl methac-

rylate) is utilized as the main structure, which is cross-linked with poly(ethyleneglycol)

diacrylate (PEG-DA) through reversible addition fragmentation chain transfer polym-

erization technique. After synthesis, the developed structure is characterized using

different methods, including 1H NMR, FT-IR, size exclusion chromatography, trans-

mission electron microscopy and dynamic light scattering. The results confirm suc-

cessful synthesis of the NH with acceptable yield and nano scale mean size of 194 nm.

Methotrexate is conjugated with the aforementioned structure through pH respon-

sive esteric bond. The efficiency of the prepared NH in loading and release of the anti-

cancer drug, methotrexate, is tested. The developed NH shows great potential in

methotrexate loading, as well as a faster release rate of methotrexate in acidic pH.

The results of in vitro toxicity assessment on MCF-7 as a breast cancer cell line reveal

an improved cytotoxicity induction by the methotrexate loaded particles when compared with the free MTX molecules. The suitable size

(<200 nm), great potential in loading and release of the methotrexate and cytotoxicity induction in cancer cells are the reliable features

of NH as an ideal anti-cancer vehicle.

Keywords: RAFT synthesis, nanohydrogel, PHEMA, PEG-DA, methotrexate, drug delivery, cancer.

1. Introduction

Naoparticles have found distinct utilization as therapeutic agents’

carriers in modern medicine.1-3 Polymeric nanoparticles (PNPs)

are colloidal nanoparticles with a wide range of sizes (10-1000

nm).4,5 Nanohydrogels (NHs) are a special type of polymeric nano-

materials that have recently gained interest due to their specific

features.6 NHs can absorb water over their weight, while remaining

in the environment as insoluble.7 These polymeric systems can

be developed in nano-scale sizes. Their high sorption content

and, importantly, their biocompatibility plus all the beneficial

features of nanomaterials, such as high circulation half-life and

easy penetration into tissues make them suitable carriers in phar-

macy and medicine.8 The hydrophilic nature and high water

absorption capacity of hydrogels have extended their applica-

bility in different fields.9 Due to such features, along with versa-

tility in concentration, different monomers and cross-linker have

enabled scientists to design various types of hydrogels suitable

for different tasks in biomedicine, engineering and agriculture.10,1

So far, various NH formulations have been developed for in vivo

delivery of different drugs.11-13 Their biocompatibility, high load-

ing capacity, stability and similarity to biopolymers, along with

all the benefits of nanomaterials (like passive targeting to solid

tumors), allow them to be great candidates for anti-cancer drug

delivery.14 

One of the simplest, reliable and diverse methods of synthe-

sis for the production of polymeric nanoparticles, such as NHs,

among the controlled free radical polymerization (CRP) meth-

ods is the reversible addition fragmentation chain transfer (RAFT)

polymerization. The versatility of this method in synthesizing

different co-polymers with a defined structure is the main rea-

son of its popularity in this context. There is no need to use haz-

ardous catalysts, like organometallic compounds; in addition,

producing polymers with a narrow poly dispersity indices (PDIs)

is another benefit of RAFT techniques.15

In the case of drug carriers, numerous NHs have been devel-

oped using monomers. Hydroxyethyl methacrylate (HEMA) is

an outstanding monomer for applying hydrophilicity to surfaces
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and preparation of NHs.16 This hydrophilic monomer, with a swell-

ing behavior, is an ideal candidate for synthesizing biocompati-

ble drug delivery vehicles.17 Good swelling behavior and acceptable

mechanical properties of HEMA-based polymers are usually con-

trolled by bi-functional crosslinking, like poly ethyleneglycol

diacrylates (PEG-DA). These cross-linking agents affect and main-

tain the mechanical strength of the whole structure.18,19

Methotrexate (MTX), as one of the most common anti-cancer

agents, is applied to remedy various tumors, like lung, bladder

and breast cancers. MTX is an analog of folic acid (FA) containing a

pteridine ring, a p-aminobenzoic acid residue and a glutamic acid

residue. The over-expressed folate receptors on various types

of cancer cells can be good attractions for pteridine rings of MTX

molecules. Therefore, MTX entrance into cancer cells is similar

to FA transport pathway. The mechanism of MTX is to stop the

formation of tetrahydrofolate, therefore stopping synthesis of

purines and pyrimidines, which are building blocks of DNA and

RNA molecules. Specifically, the MTX molecules inhibit synthe-

sis of DNA and RNA molecules through inhibition of dihydrofo-

late reductase (DHFR) enzyme. Various types of nanocarriers such

as dendrimers, carbon nanotubes, micelles, hydrogels, magnetic

nanoparticles and gold nanoparticles have been developed to

deliver MTX into cancerous cells.20

One of the major cancers between women is breast cancer.

Usual treatments for breast cancer have encountered a major

challenge due to the emergence of drug-resistant cancer cells.

Here, methotrexate resistance is very well documented by some

research. Accordingly, there is a genuine need to develop alter-

native strategies to overcome this problem. Drug delivery sys-

tems could be a great platform to improve therapeutic efficacy

of anti-cancer drugs.21,20,22-26

Previously, Farjadian et al. reported the synthesis of hydrox-

ylated magnetite nanoparticles (NPs) and presented it as potent

system for pH sensitive delivery of MTX. The hydroxyl groups

of this NP have great avidity for carboxylate groups of methotrexate

molecules.22 In other efforts by this team, smart pH-responsive

NHs of poly(HEMA-co-N,N’-dimethylaminoethylmethacrylamide),27

temperature and pH responsive delivery system based on poly

(N-isopropylacrylamide-co-acrylamide28 and lysine modified

poly(vinylcaprolactam) have successfully applied for doxoru-

bicine delivery.29

The principal purpose of this project is to synthesize a bio-

compatible NH consisting of poly-HEMA with PEG-DA as cross-

linker by using RAFT method, with the potential to carry MTX into

breast cancer cell lines (MCF-7). The use of an effective and reli-

able cross-linker such as PEG-DA as well as pH-sensitive delivery

for MTX using the synthesized final formula can be considered

as an innovation in this design. The in vitro anticancer efficacy

of the as prepared NH with and without MTX was evaluated in

MCF-7 cell line.

2. Experimental

2.1. Instruments

In the present study, to check the synthesis and assess the size

of the developed nanohydrogels, several characterization meth-

ods, including 1H nuclear magnetic resonance (1H NMR, Bruker

300 MHz), Fourier-transform infrared spectroscopy (FT-IR, Ver-

tex 70), size exclusion chromatography (SEC , TSK gel G3000 SWXL

300mm * 7.8mm, 5µm), transmission electron microscopy (TEM,

Philips, CM10) and dynamic light scattering (DLS, NANO-flex® 180°)

were utilized. The zeta potential of the polymerized NH was

checked by Nanotrac wave MN402 (USA). The drug release pro-

file and cytotoxicity assay were determined via a 96-well ELISA

plate reader (USA, Stat Fax 2100 Microplate Reader). All exam-

inations were performed in triplicate, and for explaining values

was used from the mean ± standard deviation. 

2.2. Materials

Azo-bis-isobutyronitrile (AIBN), HEMA, PEG-DA, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), 4-dimethylaminopyr-

idine (DMAP), and 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sul-

fanyl]pentanoicacid were prepared from Sigma-Aldrich, Germany.

Initially, the recrystallization of AIBN performed by using meth-

anol, and the purification of both the PEG-DA and HEMA performed

by using a silica column. Afterward, a combination of 30% water

and 70% ethanol solution was prepared and used as the main

reaction solvent. Before that, the main solvent was degassed by

pure N2 purging for 30 min. Human breast cancer cells (MCF-7)

were supplied from Pasteur Institute Cell bank (Iran).

2.3.  Synthesis of PHEMA-st-PEG-DA 

Based on the previous RAFT method,27,30 0.09 mmol of AIBN,

0.225 mmol of RAFT agent (4-Cyano-4-[(dodecylsulfanyl thio-

carbonyl)sulfanyl]pentanoicacid), 6.55 mmol, of purified HEMA

and 0.20 mmol, of purified PEG-DA with ratios of 0.4, 1 and 30

(HEMA: PEG-DA 97%:3%), respectively, and 10 mL of the basic

solvent were poured into a 20 mL vacuum tube. After 15 min nitro-

gen bubbling and successive stages of freezing using liquid N2,

thawing by degassing pump and degassing with N2 gas, the tube

was immersed in an oil bath at 80 °C for 48 h. Finally, PHEMA-

st-PEG-DA co-polymer was washed four times and purified by

cold n-hexane.27

2.4. Characterization of the nanohydrogel

The structure of NH was verified via 1HNMR and FT-IR. The size

and morphology of the particles were checked via DLS and TEM.

The NH particles were dispersed in PBS (pH 7.4), using a magnetic

stirrer for about 1 h before characterization by TEM and DLS. The

molecular weight was obtained via SEC analysis. In SEC procedure,

PBS with pH 6.5 and flow rate of 0.5 mL/min for one hour) was

used as the running buffer. The zeta potential of the particles in

5 mM PBS (pH 7.4) was measured by Nanotrac Wave MN402

instrument. 

2.5. Preparation of methotrexate-loaded nanohydrogel

particles

The conjugation of MTX with NH was carried out via the esteri-

fication reaction amongst the -OH groups of HEMA and the -COOH
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group of MTX, similar to our previous report.22 At first, 0.05

mmol EDC), as carboxyl group activator, was added to 920 µL

aqueous solution of 0.05 mmol MTX in the presence of DMAP

(0.005 mmol). Then, the admixture was stirred for 60 min, fol-

lowed by addition of 8 mg of NH to the mixture. The tube was

shaken at temperature 40 °C for a full day, and the admixture

was then centrifuged, washed with acetone/deionized water

and dried at temperature 25 °C. The amount of MTX was deter-

mined by hydrolysis of PHEMA-st-PEG-DA/MTX in acidic aqueous

medium (pH of 1.2) during 48 h at 40 °C through measurement

via a UV-Vis spectrophotometer at wavelength 306 nm.22

2.6. Assessment of MTX release profile of PHEMA-st-PEG-

DA/MTX

To assess the MTX release profile, MTX-NH solutions (100 µg/mL)

in two various pH values of 7.4 and .5), two sets of tubes were

placed on a shaker incubator and were shaken slowly at tem-

perature 37 °C at 450 rpm for times of 0.5, 1, 2, 4, 8, 12, 24, 48,

72 and 96 h. The released amounts of the MTX into the medium

were measured via UV-vis spectrophotometer at wavelength

306 nm, and then the cumulative drug release amount (%) was

calculated using the Eq. 1.22

Accumulative drug release percentage =

× 100 (1)

2.7. In vitro sample’s cytotoxicity

Cell culture procedures performed by using RPMI 1640 from

Sigma-Aldrich with 10% inactivated FBS from Merck, strepto-

mycin (100 mg/mL) and penicillin (100 µL/mL). Trypsin/EDTA

0.25% from Shellmax/China was used for cell passaging proce-

dure. 3-(4,5-Dimethyl-1,3-thiazol-2-yl)2,5-diphenyl-2H-tetrazol-

3-ium bromide (MTT, 5 mg/mL from Sigma-Aldrich) assay was

utilized for the cytotoxicity evaluations. MCF-7 cells were culti-

vated in 96 well plates and incubated for 24 h (temperature

37 °C, 5% CO2) (7000 cells per well). After 80% confluency, cells

were treated with different concentrations of NH-MTX (0, 2, 5,

10, 20, 50 and 100 μg/mL) and equivalent concentrations of free

MTX for 24 h were performed, in a quadruplet manner. After

finishing incubation, each well medium was removed and then,

20 µL/well of (5 mg/mL) MTT in phosphate-buffered saline (PBS)

solution was added. The 96 well plates were incubated for 4h

at temperature 37 °C in a darkroom. Subsequently, dimethyl

sulfoxide (100 µL) was added to wells, and after gentle shaking

for 15 min, the absorbance of each well was obtained using

ELISA plate reader (570 nm). Percentage of cell viability was

calculated by Eq. (2). The similar procedure was performed by

using only NH at various concentrations, 2/ 5/ 10/ 20/ 50 and

100 µg/mL to test its possible efficacies on MCF-7 after two

days of incubation.27

% Cell viability =  × 100 (2)

2.8. Statistical analysis

The data were analyzed in Graph Pad Prism (V 7.04) and pre-

sented as mean ± standard error of the mean (S.E.M). The sig-

nificance of data was calculated using a two-tailed t-test for

independent samples.

released amount of drug

total amount of drug

 
Abs (test)

Abs (Control)

Scheme 1. Schematic presentation of two step synthesis pathway of PHEMA-st-PEGDA and MTX conjugated structure.



Macromolecular Research

Macromol. Res., 29(1), 54-61 (2021) 57 © The Polymer Society of Korea and Springer 2021

3. Results and discussion

3.1. Synthesis and characterization

The NH synthesis was successfully performed by RAFT tech-

nique (Scheme 1). In the RAFT procedure, different ethanol and

water mixtures were applied as the reaction solvent. The results

show that the reaction solvent composition can play a main role in

the polymer synthesis yield. Due to the effect of various ratios

of ethanol and water on yield of synthesis (data not shown here),

at first different ratios of ethanol and water are used to obtain

the optimum reaction solvent for maximum synthesis yield of

the polymer. The optimized and the finest solvent mixture for

synthesizing the NH is determined at 70% ethanol and 30%

water. The synthesized NH using this mixture reveals better

solubility and dispersion behavior in comparison with the syn-

thesized NHs that use other solvents, or ethanol and water in

other ratios. Advantages of RAFT polymerization method include

RAFT applicability in different temperatures, high functional group

tolerance and possessing a great control on molecular weight

(MW) and structure of polymers.31

NH synthesis, using HEMA, PEG-DA monomers and RAFT synthe-

sized method was successfully accomplished and proven by

observing the FT-IR and 1H NMR results.

FT-IR spectroscopy was performed to show the presence of

functional group in synthesized PHEMA-st-PEGDA structure

(Figure 1). The FT-IR peaks show the accurate place of the functional

groups, including C-O groups of PEG-DA (1076-1157 cm-1), O-H

groups of HEMA (~3439 cm-1) and C=O groups in all monomers

(~1726 cm-1) in the spectrum.27,32

1HNMR results also reveal the peaks that represent the pro-

tons of each monomer group and confirm the results of FT-IR

(Figure 2). In the 1HNMR spectrum, the peaks around the 3.3

and 3.63 ppm show the HEMA functional groups, while the peaks in

3.09, 3.24 and 4.21 ppm show the protons of PEG-DA functional

groups. The methyl and methylene groups related protons of the

RAFT agent can be seen in 0.5 to 2.1 ppm. Peaks around 5.41

and 5.79 ppm are ascribed to the unreacted functional vinyl

groups of PEG-DA.27,33

After integration of the peak areas, the synthesized NH com-

position is estimated. The NH composition 97.15% PHEMA and

2.85% PEG-DA, respectively. The average molecular weight of

the synthesized NH is estimated to be 3957 Da. The calculated

MW of MTX-NH by SEC experiment is about 6000 Da, which is

in compromise with the estimated MW from the 1HNMR results.

The size of synthesized NH and NH-MTX was measured using

DLS and TEM imaging. The obtained results showed the average

sizes of 194 nm and 191.4 nm for the dispersed NH and NH-

MTX in phosphate buffer (pH: 7.4), respectively (Figure 3). Par-

ticles with zeta potential of +7.3 mV possess a positive charge.

The PDI/poly dispersity index of the NH particles is 1.2. These data

were in reasonable range for the selected synthesis method.27

Based on the results of DLS and TEM microscopy, the NH

particles have a size smaller than 200 nm. According to the litera-

ture, when administered intravenously, particles with size lower

than 200 nm have longer blood circulation. This can improve

their accumulation in solid tumors via what is known as “enhanced

permeation and retention” effects (EPR). EPR is a special spec-

Figure 1. The FT-IR spectrum of the synthesized PHEMA-st-PEGDA (a) and NH-MTX (b).
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ification of solid tumors and, according to the literature, particles

with size <400 nm can easily penetrate and remain in tumor

tissues.34 Other research also shows that the particle influence

depth into the solid tumor tissues is linked to their sizes, where

the smaller particles have higher penetration rate. On the other

hand, based on other reports, the blood clearance rate of such

particles (< 200 nm) is lower than larger particles.35 Overall, hav-

ing a suitable size (194 nm) and having the benefits of EPR effect,

the developed NH could exhibit a better efficiency in passive trans-

fer of different anticancer factors into solid tumor tissues.35,36

3.2. MTX conjugation and release study

Herein, MTX is conjugated with the available PHEMA hydroxyl

groups on the NH structure (Scheme 1). The conjugation process

is carried out through the formation of ester bonds between

PHEMA-st-PEG-DA hydroxyl groups and carboxylic acid groups

of MTX molecules.

To confirm the conjugation processes, the resulted conju-

gated molecules (NH-MTX) are analyzed using FT-IR. The FT-IR

peaks showed the accurate place of the functional groups of MTX,

including N-H, O-H (~3400 cm-1), and C=O groups (~1640-1610

cm-1) in the spectrum (Figure 1). Moreover, to check the loading

process, a complete breakage of the ester bonds between MTX

and PHEMA groups in NH is done in an acidic medium, and then

the quantity of the hydrolyzed MTX molecules is analyzed using

UV-vis spectroscopy.22 In this regard, the calculated loading

amount is 1.43 mmol MTX/g NH, equal to 65%.

The drug release profile of the prepared NH-MTX is evalu-

ated in two various pH values 5.5 and 7.4 at 37 oC (Figure 4).

During 24 h incubation time, the NH-MTX reveals an exponential

growth in MTX released into the medium. Interestingly, the

release pattern is more desirable in the pH of 5.5. This could be

due to higher hydrolysis of the ester bonds between the MTX

molecules and hydroxyl groups of HEMA at a more acidic pH.22

The overall MTX release over time was not more than 41% in the

normal pH (pH: 7.4) within 96 h. However, the released amounts

of MTX in the acidic pH (pH: 5.5) was 67% after 96 h of incubation.

The release mechanism of MTX from the conjugated delivery

system was assessed according to curve fitting to zero order,

first order and Higuchi model.37 Due to the esteric nature of the

synthesized delivery system best results were obtained to first

order model with r2 about 0.991 for pH 7.4 and 0.972 for pH 5.5

indicating a pH responsive system for delivery of MTX.

These observations show the potential of synthesized NH in

carrying and releasing anti-cancer agents in higher quantity in solid

tumor microenvironment, where the pH is acidic (pH: 5.5-6).38,39

Figure 2. 1HNMR spectrum of the synthesized PHEMA-st-PEGDA in dimethyl sulfoxide-d6. The letters indicate the specified atoms in the NH. (a,

a', a'' and b) represent the CH3, CH2s, CH2 and CH3 groups of the RAFT agent (CTA), (c and d) represent CH2, (e) represents the hydroxyl groups of

PHEMA, (f) represents the CH2 groups of PEG-DA, (g and h) represent the reacted functional vinyl groups of PEG-DA and (i and j) represent the

unreacted functional vinyl groups of PEG-DA.
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3.3. In vitro cellular cytotoxicity studies

In this section, the ability of NH-MTX complexes in inducing

cytotoxicity in MCF-7 is assessed. Here, MCF-7 cells are treated

with different MTX-free concentrations, and with the same con-

centrations of the MTX-NH (equivalent drug concentrations in

the NH). MCF-7 cell is also treated with NH to evaluate the cyto-

toxicity of the NH by itself. Figure 5 shows the results of MTT

assay after 48 h incubation (Figure 5). The obtained results reveal

a dose-dependent cytotoxicity in the cells treated with MTX alone,

also the treated cells with NH-MTX conjugates. In a comparative

view, the NH-MTX conjugates result in a higher cell cytotoxicity

when compared with the MTX alone, especially in higher con-

centrations. The NH-MTX in certain concentrations of 20, 50

and 100 μg/mL that correspond to 13, 32.5 and 65 μg/mL of MTX,

respectively, reveal a considerable cell cytotoxicity after 48 h of

incubation (Figure 5(A)). On the other hand, there was no signifi-

cant toxicity in the treated cells with the NH alone. Such obser-

vations reveal the safety of the developed NH, where the highest

concentration of the NH had no significant cytotoxic effect, even

after 48 h of incubation (Figure 5(B)). The IC50 amounts for MTX

alone and prepared NH-MTX are obtained as 8.34 µg/mL and

6.5 µg/mL, respectively. Compared to the MTX, the lower IC50

values of NH-MTX show the enhanced effectiveness of the pre-

pared conjugates in killing the cancerous cells.

The higher cytotoxicity of the NH-MTX complexes could

attributed to their different cellular entrance pathways.23 MTX

molecules are well-known substrates of multidrug resistance

protein 1 (MDR1), extremely represented on the cell surface of

most cancer cells. Based on reports, it is assumed that the MTX

molecules in conjugated complexes (NH-MTX) have better chance

of cellular entrance and cellular retention in the cytosol of cancer

cells, when compared to the bare MTX molecules. For instance,

in one experiment performed by Kohler et al.,40 it is shown that

Figure 3. DLS and TEM results of PHEMA-st-PEGDA (A and B) and NH-MTX (C and D) at pH 7.4.

Figure 4. Cumulative release study of methotrexate from NH-MTX

particles based on time and pH alterations. Square and diamond sym-

bols stand for pH 5.5 and pH 7.4, respectively. Values are presented as

mean ± S.E., (n = 3, *p<0.01).
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the nanoparticles carrying MTX molecules could internalize into

cells and accumulate into lysosomal compartments in higher

amounts than bare MTX molecules. Due to the acidic environ-

ment of the lysosomes, MTX release will occur at faster rates;

hence, higher cytotoxicity is possible. The higher chance of cel-

lular entrance in the cancer cells’ cytosol is due to MTX similarity

with transport pathway of FA, also since MDR1 protein cannot

identify MTX-NH. Hence, cellular retention rate is higher

together with the benefits of EPR effect, resulting from the

suitable size of NH particles, leading to higher cytotoxicity of

the NH-MTX complexes compared to the bare MTX mole-

cules (Figure 6).

Figure 5. The results of cytotoxicity (MTT) assay against MCF-7 cells. (A): Cytotoxicity results by using different concentrations of free MTX, MTX-

NH and (B) NH particles for 48 h. No cellular morphological changes and no significant toxicity by NH, indicating the safety of NH, as well as the cellu-

lar toxicity of MTX (not the NH) on the cancer cells.

Figure 6. Schematic illustration of enhanced permeation and retention (EPR) effect in solid tumors. The developed NH particles (<200 nm),

could be a great candidate for anti-cancer drug delivery into tumor cells.
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4. Conclusions

In summary, a nanohydrogel containing inert and safe mole-

cules of PHEMA and PEG-DA was synthesized via RAFT meth-

odology. The characterization results confirm the successful

RAFT methodology in synthesizing this anti-cancer drug deliv-

ery model. The novelty of this experiment is the application of

PEG-DA as a cross linker in combination with pHEMA in a hydro-

gel based system, and application of this developed NH in deliv-

ering MTX into the MCF-7 cancer cells. The developed NH reveals

good water dispersion, as well as a great efficiency in conjuga-

tion and also release of MTX molecules into the cancer cells.

The morphology of the developed NH are fully tested by DLS

and TEM techniques. With the suitable size of 194 nm and MW

of about 3957 Da, we introduce this NH structure as an effective

vehicle for systemic delivery of anti-cancer agents. In previous

experiments, we used features like pH or magnet for a smart drug

delivery. But, in this structure, we took the benefits of NH sizes

(below than 200 nm), and enhanced permeation and retention

effect (EPR) in tumor area. Both of the mentioned items finally

cause a longer circulation of NPs and their more accumulation

in the tumor area. However, more evaluations are necessary to

confirm the safety and efficiency of the developed NH in deliv-

ering MTX or other anti-cancer agents. In case of MTX delivery,

using the developed NH, high availability of HEMA hydroxyl

groups made NH a suitable platform for an exquisite conjuga-

tion with MTX through ester bond formation. The MTX release

pattern reveals a time- and pH-dependent release behavior of

the prepared NH-MTX conjugates. In vitro cellular cytotoxicity

shows higher anti-cancer activity of the NH-MTX conjugates in

comparison with the free MTX molecules. Our recommendation

is to conduct different safety assessments, such as checking the

NH-MTX cellular entrance and the in vivo efficiency of the devel-

oped NH in delivering MTX drug molecules.
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