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Conventional chemotherapy suffers lack of multidrug resistance (MDR), lack of bio-

availability, and selectivity. Nano‐sized drug delivery systems (DDS) are developing

aimed to solve several limitations of conventional DDS. These systems have been

offered for targeting tumor tissue owing to enhanced long circulation time, drug sol-

ubility, their retention effect, and improved permeability. As a result, the aim of this

project was the design and development of DDS for biomedical applications. For this

purpose, gold nanospheres (GNSs) covered by pH‐sensitive thiol‐ended triblock

copolymer [poly(methacrylic acid) ‐b‐poly(acrylamide) ‐b‐poly(ε‐caprolactone)‐SH;

PMAA‐b‐PAM‐b‐PCL‐SH] for delivery of anticancer drug doxorubicin (DOX). The

chemical structures of triblock copolymer were investigated by proton nuclear mag-

netic resonance (1H NMR) and Fourier transform infrared (FTIR) spectroscopies. 1H

NMR spectroscopy and gel permeation chromatography (GPC) were used for calculat-

ing the molecular weights of each part in the nanocarrier. The success of coating,

GNSs with triblock copolymer was considered by means of dynamic light scattering

(DLS), FTIR, ultraviolet‐visible (UV‐Vis), and transmission electron microscopy (TEM)

measurement. The pH‐responsive drug release ability, (DOX)‐loading capacity, bio-

compatibility, and in vitro cytotoxicity effects of the nanocarriers were also studied.

As a result, it is expected that the synthesized GNSs@polymer‐DOX considered as

a potential application in nanomedicine demand like smart drug delivery, imaging,

and chemo‐photothermal therapy.
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1 | INTRODUCTION

Cancer is a large group of disease in the earth, which induce the

patient death.

Patients are most usually treated with surgery, radiation therapy,

and chemotherapy.1,2 Among them, chemotherapy is a common ther-

apeutic technique for the treatment of numerous cancers. Neverthe-

less, nonspecific delivery of anticancer agents leads to harmful and

adverse side effects on human normal cells and inadequate dosages
wileyonlinelibrary.c
to kill cancer cells.3,4 So, to overcome these problems, nanoscale

drug delivery systems (DDS) such as polymeric micelles5-8 have

achieved remarkable consideration, in the field of cancer therapy

because of their self‐assembly ability in the aqueous solvent upon

responding to external stimuli initiates, for example, temperature,

special enzymes, ionic light, pH, and electric field.9-12 Various

nanomicelles containing nanorods, vesicles, core‐shell–corona nano-

spheres, and multicompartment nanoparticles have been arranged,

depending on the process of micellization, solvent character, and
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copolymer structure.13,14 Among the various shape, core‐shell–

corona nanospheres organized from triblock copolymers are less con-

sidered, essentially owing to complex structures and trouble in the

production of micelles.15,16

The pH‐responsive polymeric micelles have been used for

targeting drug delivery to tumors because of their stability at physio-

logical pH and water solubility, As well as, these types of polymers like

polyacrylic acid can either accept protons in cancer tissue because of

the external pH of cancerous tissue tends to be lower in evaluation

with the surrounding normal tissue.17-20 Among the various methods

for the synthesis of polymeric micelles, “living” radical polymerization

is important. This method is separated into three main class, namely,

atom transfer radical polymerization (ATRP),21,22 reversible addition‐

fragmentation chain transfer (RAFT) polymerization,13,23 and

nitroxide‐mediated polymerization (NMP).24,25 Mentioned methods

have been established as useful methods to prepare polymeric mate-

rials with complex macromolecular and well‐defined structural. Among

them, the RAFT procedure has developed very interesting because of

its applicability to various vinyl monomers and its applicability for

preparation of block copolymers and homopolymers with controlled

molecular weight.26-28 Furthermore, by chemical reduction tech-

niques, the synthesized macromolecules via RAFT polymerization

method can be produced a thiol group.

The thiol‐ended copolymer has a strong attraction towards metal

nanoparticle like gold nanospheres (GNSs) via the creation of Au–S

bond. In new year's, polymer modified GNSs have been attained a tre-

mendous attention in bioanalytical (eg, biosensors)29 and biomedical

(eg, diagnosis and drug delivery)6 fields. This intense attention created

from biological features as well as superior physicochemical of GNSs

including low cytotoxicity, good biocompatibility, excellent chemical

stability, and enhance the transfection efficiency.30,31

The aim of this project is the fabrication and characterization of

GNSs‐cored pH‐sensitive thiol‐ended triblock copolymer as a smart

DDS for cancer therapy. For this reason, GNSs‐modified polymeric

micelles were synthesized by covering GNSs with pH‐responsive

thiol‐end‐capped triblock copolymer [poly(methacrylic acid) ‐b‐poly(-

acrylamide) ‐b‐poly(ε‐caprolactone)‐SH; PMAA‐b‐PAM‐b‐PCL‐SH].

Additionally, the anticancer drug doxorubicin (DOX) was attached

onto the GNSs‐modified polymers (GNSs@polymer) by the electro-

static force and the nanocarriers prepared were named

GNSs@polymer‐DOX. The chemical structures, the success of coating

triblock copolymer, pH‐responsive drug release ability, biocompatibil-

ity, in vitro cytotoxicity effects of the nanocarriers, and (DOX)‐loading

capacity were also studied.
2 | EXPERIMENTAL

2.1 | Materials

The (CTA‐PCL‐S)2 macro‐RAFT agent was prepared in our laboratory.5

The initiator of 2,2‐azobisisobutyronitrile (AIBN; Fluka, Switzerland)

was recrystallized in absolute ethanol at 55°C. Dithiothreitol (DTT),
sodium citrate (Na3C6H5O7.2H2O, more than 99%), hydrochloroauric

acid trihydrate (HAuCl4.3H2O, 99.9%), and sodium methoxide were

purchased from Merck and were used as accepted. Methacrylic acid

monomer (Sigma‐Aldrich) was distilled in reduced pressure. The acryl-

amide (AM) monomer was purchased from Merck. DOX hydrochloride

was donated from Zahravi Company and used as obtained. Methyl

thiazolyl tetrazolium (MTT) (3‐(4, 5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyl-

tetrazolium bromide), fetal bovine serum, and other biological reagents

were purchased from Invitrogen (Carlsbad, CA, USA) and were used as

received. All other chemicals were obtain from Sigma‐Aldrich or Merck

and purified as reported by standard methods.
2.2 | Preparation of (PAM‐b‐PCL‐S)2 triblock
copolymer

A dry flask was charged with AM (7 mmol, 0.5 g), (CTA PCL‐S)2 macro‐

RAFT agent (0.12 mmol, 1.56 g), AIBN (12 μmol, 2.0 mg), and N,N‐

dimethylformamide (DMF, 6 mL). The content of flask was stirred for

about 1 day at 70°C under argon atmosphere. Then, to quench the

reaction, the flask was cooled in ice/water. The content of the flask

was poured in excess of cold diethyl ether, filtered, and washed sev-

eral times with diethyl ether. The product was dried under reduced

pressure at 25°C.
2.3 | Preparation of (PMAA‐b‐PAM‐b‐PCL‐S)2
pentablock copolymer

MAA monomer (0.86 g, 10 mmol), DMF (6 mL), the (PAM‐b‐PCL‐S)2

macro‐RAFT agent (0.06 mmol, 1.38 g), and AIBN (12 μmol, 2.0 mg)

were dissolved in a dried polymerization ampoule under argon atmo-

sphere. Then, the ampoule was placed in an oil bath at 70°C for about

1 day. After this time, to quench the reaction, the ampoule was cooled

in ice/water. The content of the flask was poured in excess of cold

diethyl ether, filtered, and washed three times with diethyl ether.

The product was dried under reduced pressure at 25°C.
2.4 | Preparation of PMAA‐b‐PAM‐b‐PCL‐SH
triblock copolymer

According to the literature, chemical reduction of disulfide band via

DTT is a promising method for preparation of thiol end‐capped poly-

mers. For this purpose, CH3ONa (0.044 mmol, 2.4 mg), DTT (1.0 mmol,

0.15 g), and (PMAA‐b‐PAM‐b‐PCL‐S)2 (0.035 mmol, 1.44 g) were dis-

solved in dried tetrahydrofuran (THF). The reaction was allowed to

proceed for 2 days at 25°C under argon protection. To obtain the pre-

cipitate and prevent disulfide formation, the product dropped into a

300 mL of degassed diethyl ether. The mixture obtained was filtered

and dried under vacuum at 25°C.
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2.5 | PMAA‐b‐PAM‐b‐PCL‐SH micelle formation

A total of 40‐mg (PMAA‐b‐PAM‐b‐PCL‐SH) triblock copolymer was

dissolved in 8‐mL DMSO to obtain a polymer solution. Then, the solu-

tion was dialyzed against deionized (DI) water for 2 days with strong

stirring. In first 4 hours, the media changed once per hour. The solu-

tion consist of PMAA‐b‐PAM‐b‐PCL‐SH transformed from transpar-

ent to translucent over the dialysis, which establishes the production

of polymeric micelles.
2.6 | Preparation of GNSs

GNSs were prepared by standard citrate reduction method.32,33

Briefly, after boiling the aqueous solution of HAuCl4 (0.5mM,

100 mL), sodium citrate aqueous solution (1 wt%, 5 mL) was added

under strong stirring. The reaction was allowed to proceed for

20 minutes. After this time, reaction color changed from light yellow

to wine red established the creation of GNSs (Figure 1).
2.7 | Preparation of GNSs@polymer

The GNSs@polymer nanocarriers were produced via the fabrication of

Au–S bond between the resulting thiol end‐capped polymer and GNSs

as follows.

A total of 50‐mg (PMAA‐b‐PAM‐b‐PCL‐SH) triblock copolymer

was dissolved in 10‐mL DMSO to obtain polymer solution, and then

5‐mL aqueous solution of GNSs (3 mg mL−1) was little by little added

into the polymer solution under strong stirring. To complete the ligand

exchange, the solution was kept under stirring for 1 day. At the end of

this time, in order to remove free polymeric chains, GNSs@polymer

was dialyzed against DI water for about 72 hours. The solution con-

taining GNSs@polymer transformed from transparent red to cloudy

red over the dialysis, which establish the production of Au–S bond.11
2.8 | Synthesis of GNSs@polymer‐DOX

GNSs@polymer (50‐mg nanocomposite in 5‐mL deionized water) and

DOX (5 mg) were transferred in a 50‐ml dark flask. To obtain the high

drug loading content, the reactionmixturewasmixed for about 48hours
FIGURE 1 The image of change color (left to right) during the form
wileyonlinelibrary.com]
at 25°C. At the end of this time, theGNSs@polymer‐DOXwas collected

by centrifugation at 12 000 rpm approximately 10minutes. By themea-

suring unloaded drug concentration via UV‐Vis spectroscopy, the DOX‐

encapsulation efficiency of the GNSs@polymer was measured as

94.63% by using the following equation.28

EE %ð Þ ¼ CT − CDOXð Þ
CT

× 100;

CDOX: DOX concentration in supernatant solution;

CT: DOX total concentration, which used for loading.
2.9 | In vitro release study

GNSs@polymer‐DOX (10 mg) was suspended in phosphate buffered

saline (PBS) and then transferred into a dialysis bag (cutoff molecular

weight 12 000 g mol−1). The bags were placed in 40 mL of (PBS) solu-

tions at pH values of 7.4, 5.4, and 4.0. For studying the amount of

released DOX using UV‐Vis spectrophotometer, 1 mL of release

medium was collected at predetermined time intervals. It is important

to note that, to sustain the equal total solution volume, 1 mL of the

release medium was brought back into the container. The amounts

of Dox release were analyzed via the standard calibration curve.28,34

2.10 | Cell culture

MCF7 breast cancer cell line was purchase from National Cell Bank of

Iran and cultivated in Roswell Park Memorial Institute 1640 medium

including 100 IU penicillin per 100‐μg streptomycin, supplemented

with 10% (v/v) of fetal bovine serum. The cells were cultured into

flasks and kept in a humidified atmosphere with 5% CO2 at 37°C,

and the media refreshed twice weekly.35

2.11 | Cell viability assay

Cell viability was performed using a colorimetric MTT assay. Human

breast adenocarcinoma MCF‐7 cells was trypsinized, harvested, and

seeded in 96 well plates. After 20‐hour incubation, the cells were

treated with different concentrations of GNSs‐citrate, GNSs@polymer,

and GNSs@polymer‐DOX for 48 hours. After 48 hours, the media
ation of gold nanospheres (GNSs) [Colour figure can be viewed at

http://wileyonlinelibrary.com
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containing samples was removed, and 200 μL of MTT solution were

then added to each well. After the incubation for an additional 4 hours,

the medium containing remaining MTT was removed carefully from

wells. To dissolve the formed formazan crystals, 150μL of dimethyl sulf-

oxide was added to each well. The absorbance of solubilized formazan

was measured at 570 nm by spectrophotometric plate reader, ELx800

(Biotek, San Francisco, CA, USA). All tests were done in triplicate.36,37
2.12 | Characterization

Proton nuclear magnetic resonance (1H NMR) spectra were verified at

25°C using 1H NMR (400 MHz) Bruker spectrometer (Ettlingen,

Bruker, Germany). Fourier transform infrared (FTIR) spectra of the

samples were recorded by Shimadzu 8101M FTIR (Kyoto, Shimadzu,

Japan) at the wavenumber ranges from 400 to 4000 cm−1.

The molecular weights of samples were examined by gel perme-

ation chromatography (GPC) with a Maxima 820 GPC Analysis Report

(Ventura, CA, USA).

THF were used as eluent at a flow rate of 1 mL min−1 and column

temperature of 25°C.

Ultraviolet‐visible (UV‐Vis) spectroscopy was planned by a

Shimadzu 1650 PC UV‐Vis spectrophotometer (Shimadzu, Kyoto,

Japan).

Transmission electron microscopy (TEM) was performed on a

Philips CM10‐TH microscope (The Netherlands, Eindhoven, Phillips)

at an accelerating voltage of 100 kV. Dynamic light scattering (DLS)
SCHEME 1 The advance strategy for the
synthesis of (PMAA‐b‐PAM‐b‐PCL‐SH)
triblock copolymer [Colour figure can be
viewed at wileyonlinelibrary.com]
was planned through a laser‐scattering method (Malvern, Zetasizer

Nano ZS90, UK) at different pH values.
3 | RESULTS AND DISCUSSION

As demonstrated in Schemes 1 and 2, we aim to provide a novel

smart DDS for cancer therapy. For this purpose, GNSs covered by

pH‐sensitive thiol‐ended triblock copolymer [poly(methacrylic acid) ‐

b‐poly(acrylamide) ‐b‐poly(ε‐caprolactone)‐SH; PMAA‐b‐PAM‐b‐PCL‐

SH] for delivery of anticancer drug DOX. This nanosystem could be

used for theranostic applications and chemo‐photothermal therapy

because of optical absorption in the near‐infrared region (NIR) and

conversion of absorbed light into local heating.
3.1 | Evaluation of PMAA‐b‐PAM‐b‐PCL‐SH triblock
copolymer

3.1.1 | FTIR and 1H NMR spectroscopies

As demonstrated in Figures 2 and 3, 1H NMR and FTIR spectroscopies

were used to describe the PMAA‐b‐PAM‐b‐PCL‐SH triblock copoly-

mer. The most important bands in the FTIR spectrum of the (CTA‐

PCL‐S)2 sample (Figure 2A) can be listed as the stretching vibration

of carbonyl group at 1724 cm−1, the bending vibrations of –CH2

groups at 1462 and 1362 cm−1, the stretching vibration of the cyanide

group at 2254 cm−1, the stretching vibrations of aliphatic C–H at 2950

http://wileyonlinelibrary.com


SCHEME 2 Schematic structure of
doxorubicin (DOX)‐loaded PMAA‐b‐PAM‐b‐
PCL‐SH triblock copolymer [Colour figure can
be viewed at wileyonlinelibrary.com]
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and 2850 cm−1, and symmetric and asymmetric stretching vibrations

of C–O–C group at 1176 and 1242 cm−1.5,11

The main absorption bands in the (PAM‐b‐PCL‐S)2 (Figure 2B)

copolymer were displayed some new absorption bands including the

stretching vibration of amine groups related to AM as a broad band

centered at 3445 cm−1 and the stretching vibration of carbonyl group

at 1666 cm−1.

As demonstrated in Figures 2C, owing to overlapping of PMAA

bands with the absorption bands of PAM as well as PCL sections, the

FTIR spectrum of the PMAA‐b‐PAM‐b‐PCL‐SH sample does not show

any different band. The best significant change is the shift of carbonyl

stretching vibration to lower wavelength owing to hydrogen bonding

after copolymerization of MAA monomer. As shown in Figure 2D, the

FTIR spectrum of the PMAA‐b‐PAM‐b‐PCL‐SH triblock copolymer did

not show any distinct band, in comparison with the FTIR spectrum of

the (PMAA‐b‐PAM‐b‐PCL‐S)2 pentablock copolymer.

The successful synthesis of (CTA‐PCL‐S)2, (PAM‐b‐PCL‐S)2,

(PMAA‐b‐PAM‐b‐PCL‐S)2, and PMAA‐b‐PAM‐b‐PCL‐SH were further

verified by means of 1H NMR spectroscopy as shown in Figures 3, 4,

and 5. The (CTA‐PCL‐S)2 exhibited all chemical resonance of RAFT

and PCL agent as demonstrated in the 1H NMR spectrum of the sam-

ple (Figure 3). The number‐average molecular weight (Mn) and degree

of polymerization (DPn) of the synthesized (CTA‐PCL‐S)2 materials

were deliberated from the 1 HNMR data by the means of subsequent

equations:10

DPn;PCL ¼ Id=2
Ie=2

¼ 41;
Mn; CTA − PCL − Sð Þ2 ¼ 2 × DPn;PCL ×MCL

� �þ 2 ×MCTA

þMbis 2hydroxyethylð Þdisulfiede − 2 ×MH2O ¼ 10036:

As seen in Figure 4, the 1H NMR spectrum of the (PAM‐b‐PCL‐S)2

triblock copolymer exhibited some new chemical resonance containing

methine and methylene groups of PAM (f and g) at 0.80 to 2.6 ppm

and amide groups of AM (h) at 6.89 to 7.96 ppm that verify the suc-

cessful preparation of (PAM‐b‐PCL‐S)2 triblock copolymer.38 Addition-

ally, the Mn of PAM part was planned from the 1H NMR data via the

subsequent equation:

Mn; PAM−b−PCL−Sð Þ2 ¼ 2 × Mn;Macro−RAFT þ DPn;PCL ×
2 × Ia
2 × Ih

× 71:08

� �� �

¼ 2 × 5018þ 5575ð Þ ¼ 21186;

Mn;PAM ¼ 5575;

DPn;PAM ¼ 78:

Lastly, the bearing of new chemical shift at 12.35 ppm (z) associ-

ated with the hydroxyl group of carboxylic acid demonstrated the

presence of PMAA in the materials. The chemical resonance of the

protons of other segments was overlapped with methane and methy-

lene groups in the polymer structure (m and n) (Figure 5). Additionally,

the Mn of PMAA part was measured from the 1H NMR data via the

subsequent equation:

http://wileyonlinelibrary.com


FIGURE 2 The Fourier transform infrared (FTIR) spectra of A, (CTA‐
PCL‐S)2; B, (PAM‐b‐PCL‐S)2; C, (PMAA‐b‐PAM‐b‐PCL‐S)2; and D,
PMAA‐b‐PAM‐b‐PCL‐SH [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 Proton nuclear magnetic resonance (1H NMR) spectrum of
(RAFT) agent [Colour figure can be viewed at wileyonlinelibrary.com]
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Mn; PMAA−b−PAM−b−PCL−Sð Þ2 ¼ 2 × Mn;Macro−RAFT þð
Mn;PAM−b−PCL ×

Ik × 86:06ð Þ=1
If × 71:08ð Þ=2

� ��

¼ 2 × 10593þ 11880ð Þ ¼ 44947;

Mn;PMAA ¼ 11880;

DPn;PMAA ¼ 138:

3.1.2 | GPC analysis

The GPC chromatograms of the (PCL‐S)2, (PAM‐b‐PCL‐S)2, (PMAA‐b‐

PAM‐b‐PCL‐S)2, and PMAA‐b‐PAM‐b‐PCL‐SH samples are shown in

Figure 6. Synthesized materials displayed monomodal chromatograms

that support there is no homopolymer impurity. The molecular

weights gained from H NMR and GPC data were compared with each

other in Table 1. As seen, synthesized materials show low dispersity

(Ð) values. That demonstrated the good control over the RAFT

polymerization.

3.2 | Evaluation of GNSs@polymer nanocarrier

3.2.1 | FTIR and UV‐Vis spectroscopies

The FTIR spectra of the GNSs and GNSs conjugated PMAA‐b‐PAM‐b‐

PCL‐SH (GNPs@polymer) nanosystem are shown in Figure 7. The

FTIR spectrum of GNSs demonstrated antisymmetric and symmetric

stretching vibrations of carboxylate ions (corresponded to the citrate

groups) on the surface of GNSs at 1589 and 1397 cm−1, respectively,

the stretching vibrations of aliphatic C–H (related to citrate groups) at

2950 to 2850 cm−1 region, carbonyl stretching vibration at 1719 cm−1,

and surface hydroxyl groups of GNSs or adsorbed water as a broad

band centered11 at 3430 cm−1. The successful conjugation of GNPs

with PMAA‐b‐PAM‐b‐PCL‐SH triblock copolymer is established

through the appearance of some new bands or significant changes in
(CTA‐PCL‐S)2 macro‐reversible addition‐fragmentation chain transfer

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 4 Proton nuclear magnetic
resonance (1H NMR) spectrum of (PAM‐b‐
PCL‐S)2 triblock copolymer [Colour figure can
be viewed at wileyonlinelibrary.com]

FIGURE 5 Proton nuclear magnetic
resonance (1H NMR) spectra of (PMAA‐b‐
PAM‐b‐PCL‐S)2 pentablock copolymer and
the PMAA‐b‐PAM‐b‐PCL‐SH triblock
copolymer [Colour figure can be viewed at
wileyonlinelibrary.com]
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the FTIR spectrum as follows. The FTIR spectrum of the

GNSs@polymer nanocarrier displayed the stretching vibration of car-

bonyl groups at 1679 and 1733 cm−1 related to PAM and PMAA seg-

ments, respectively, the stretching vibrations of C–H groups at 2927

to 3182 cm−1 region, the bending vibrations of –CH2 groups at 1433

and 1348 cm−1, the stretching vibration of amide and hydroxyl groups
as a broad band centered at 3367 cm−1, and asymmetric and symmet-

ric stretching vibrations of C–O–C group at 1268 and 1139 cm−1.

As seen in Figure 8, because of surface plasmon resonance (SPR)

of GNSs, the UV‐Vis spectra of the GNSs and GNSs@polymer were

characterized by an electronic transition at 521 and 600 nm, respec-

tively. Furthermore, the maximum absorption peak of GNSs@polymer

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 6 Gel permeation chromatography (GPC) chromatograms
of (CTA‐PCL‐S)2, (PAM‐b‐PCL‐S)2, (PMAA‐b‐PAM‐b‐PCL‐S)2, and
PMAA‐b‐PAM‐b‐PCL‐SH samples [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Molecular weight analysis data of (CTA‐PCL‐S)2, (PAM‐b‐
PCL‐S)2, (PMAA‐b‐PAM‐b‐PCL‐S)2, and PMAA‐b‐PAM‐b‐PCL‐SH
samples by GPC

Sample Mn
a, g mol−1 Đa Mn

b, g mol−1

(CTA‐PCL‐S)2 13 000 1.65 10 036

(PAM‐b‐PCL‐S)2 23 100 1.39 21 186

(PMAA‐b‐PAM‐b‐PCL‐S)2 41 200 1.24 44 947

PMAA‐b‐ PAM‐b‐PCL‐SH 24 320 1.32 23 422

Abbreviation: GPC, gel permeation chromatography.
aDetermined by GPC.
bCalculated from proton nuclear magnetic resonance (1H NMR) data.

FIGURE 7 The Fourier transform infrared spectra of the A, gold
nanospheres (GNSs) and B, GNSs@polymer [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 8 The ultraviolet‐visible (UV‐Vis) spectra of the gold
nanospheres (GNSs) and GNSs@polymer [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 9 The dynamic light scattering plots of gold nanospheres
(GNSs)@polymer at various condition [Colour figure can be viewed
at wileyonlinelibrary.com]
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sample showed a major red shift that approve a linear growth in par-

ticle size due to the surface modification. As a result, the synthesized

sample can be used for theranostic applications and chemo‐

photothermal therapy because of optical absorption in the NIR.
3.2.2 | DLS measurement

DLS used for demonstrated self‐assembly behavior of the synthesized

thiol‐end‐capped polymer under pH stimuli (Figure 9). PMAA block can

affect the size and size distribution of the micelles because the PMAA

segment displays different hydrophobicity or hydrophilicity depend on

the deprotonation or protonation of its carboxyl groups in various pH

solutions. In acidic solutions (pH ˂ 4.2), the PMAA, PAM, and PCL seg-

ments placed as the shell, corona, and cores of micelles, respectively.

But, in higher pH values (pH ˃ 4.2), the PMAA, PAM, and PCL segments

placed as the corona, shell, and cores of micelles, respectively, owing to

the deprotonation of the carboxyl groups of the PMMA segments.

As a result, when pH increased from initial 4.50 to 5.50, the mean

diameters of the micelles increase from 289 to 344 nm, which was

likely owing to the intramicellar increasing electrostatic repulsion

between poly(methacrylic acid) outer shells, due to the deprotonation

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 10 Zeta potentials of as‐prepared gold nanospheres
(GNSs)‐citrate, GNSs@polymer, GNSs@polymer‐doxorubicin (DOX)
dispersed in the aqueous solution (pH = 7.4) [Colour figure can be
viewed at wileyonlinelibrary.com]
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of carboxyl groups. When pH reduced from initial 4.50 to 3.50, the

mean diameters of the micelles reduced from initial 289 to 171 nm,

which was likely because of the hydrogen bonding within the proton-

ated poly(methacrylic acid).5
3.2.3 | Zeta potential (ξ)

As seen in Figure 10, generally because of the presence of negatively

charged citrate moiety on the surface of nanoparticles, the zeta poten-

tial of GNSs is about −19 mV. After modification of GNSs with PMAA‐

b‐PAM‐b‐PCL‐SH triblock copolymer, the zeta potential of

nanocarriers is changed to −22.1 mV because of the negatively

charged carboxyl groups of methacrylic acid in the PMAA segment.

Furthermore, the negatively charged value demonstrated the success-

ful preparation of GNSs@polymer.

GNSs@polymer‐DOX nanocarrier shows many positive values

(2.45 mV) because of efficient and successful loading of DOX into the

developed nanocarriers. It is important to note, because of the cationic
FIGURE 11 Transmission electron microscopy (TEM) images of gold n
GNSs@polymer in aqueous solution [Colour figure can be viewed at wiley
nature of DOX (pKa = 8.3), this drug can be effectively loaded into the

negatively charged GNSs@polymer via the electrostatic interactions.

3.2.4 | TEM observation

TheTEM image (Figure 11A) shows that the achievedGNSs had a uniform

and well‐defined structure with an average diameter of 15 ± 5 nm.

Figure 11B shows the PMAA‐b‐PAM‐b‐PCL‐SH triblock copolymer were

well dispersed as individual nanoparticle and spherical shapewith an aver-

age diameter of approximately 35 nm, which further reason for self‐

assembly ability of the thiol‐end‐capped polymer in aqueous solutions.

Figure 11C shows the GNSs@polymer was well dispersed as

individual nanoparticle with an average diameter of approximately

75 nm and can be seen the pale shadow around GNSs due to coating

GNSs with the thiol‐end‐capped triblock copolymer (PMAA‐b‐PAM‐b‐

PCL‐SH).

3.3 | In vitro drug release study

The biodistribution and pharmacokinetics of DOX were improved by

the GNSs@polymer nanomicelles developed as a nanocarrier for

DDS. The main role of these nanocarriers is providing a controlled

release of drugs.

DOX can be conjugated into GNSs@polymer by the subsequent

reasons: (a) DOX had a positively charged in physiological condition

(DOX pKa = 8.3), which created an electrostatic attraction between

the anionic carboxylic group of PMAA in nanocarriers and positive

charge of DOX amino groups (Figure 12) and (b) DOX can be physi-

cally loaded in the polymeric chain. Consequently, a large number of

DOX molecules could be conjugated to the GNSs@polymer.

Dialysis way was used for calculating pH effects on the release of

DOX from GNSs@polymer‐DOX at pH = 7.4 (median value of normal

physiological condition) and 4 and 5.4 (pH value of cancer cell lyso-

somal and endosomal). The release rate of DOX was planned by the

subsequent equation:

R ¼ M1=M0;

where M0 is the total loading amount of DOX in the thiol‐end‐capped

polymer, and M1 is the cumulative mass of DOX released from the
anospheres (GNSs) of A, PMAA‐b‐PAM‐b‐PCL‐SH copolymer and B,
onlinelibrary.com]
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FIGURE 12 Electrostatic attraction between doxorubicin (DOX) and gold nanospheres (GNSs)@polymer at physiological conditions [Colour
figure can be viewed at wileyonlinelibrary.com]
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sample at a particular time. As seen in Figure 13, DOX release from

GNSs@polymer is a pH‐responsive process. Because, the PMAA

segments was fully deprotonated at neutral pH (7.4) due to the strong

interaction of DOX with thiol end‐capped polymer, which delays

the release of the loaded drug. In contrast, the protonation of the carboxyl

group of PMAA in acidic conditions resulted in a faster dissociation of

polymer‐DOX complex, leading to increased release of DOX at lower pHs.

According to Figure 13, the conclusion could drown that the drug

release values in pHs 4, 5.4, and 7.4 after 100 hours were 83%, 57%,

and 27%, respectively.

Therefore, we concluded from the release profile that under acidic

conditions (simulated cancerous tissue, pH 5.4 and 4.0), the release of

DOX was faster than the physiologic condition (pH 7.4, 37°C) from

the nanocarriers.
FIGURE 13 In vitro release profiles of gold
nanospheres (GNSs)@polymer‐doxorubicin
(DOX) at various pHs (37°C) [Colour figure
can be viewed at wileyonlinelibrary.com]
3.4 | Cytotoxicity tests

The biocompatibility of the blank nanocarrier (GNSs@polymer) and

cytotoxic effects of the GNSs@polymer‐DOX were evaluated using

MTT assay against MCF7 cells (Figures 14). After 48 hours, the cell

viability percentage for GNSs@polymer was over 90% even at high

concentration (250 μg mL−1), representing the nanocarrier can be con-

sidered as a safe biomaterial for biomedical applications. Moreover,

the cytotoxicity test showed that GNSs@polymer‐DOX induced cyto-

toxic effects, which can be considered as an efficient anticancer drug

delivery nanosystem. It should be noted that in the same concentra-

tions of GNSs@polymer‐DOX and free DOX, the higher cytotoxic

effects were shown for GNSs@polymer‐DOX in comparison with free

DOX form.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 14 Cell viability tests of the gold
nanospheres (GNSs)‐citrate, GNSs@polymer,
and GNSs@polymer‐doxorubicin (DOX) on
MCF7 cell line [Colour figure can be viewed at
wileyonlinelibrary.com]
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4 | CONCLUSIONS

A novel pH‐responsive nano‐sized DDS were synthesized through the

conjugation of [poly(methacrylic acid) ‐b‐poly(acrylamide) ‐b‐poly(ε‐

caprolactone)‐SH; PMAA‐b‐PAM‐b‐PCL‐SH] triblock copolymer with

GNSs followed by loading of DOX as a model anticancer drug. The

molecular weight of each segment in the triblock copolymer was mea-

sured from GPC analysis and compared with those from 1H NMR

data results. The TEM image of GNSs demonstrated the well‐defined

and uniform structure with an average diameter of 15 ± 5 nm. But,

GNSs@polymer showed a larger size about approximately 75 nm,

which supports the successful coating of GNSs via PMAA‐b‐PAM‐b‐

PCL‐SH triblock copolymer. The pH sensitivity and self‐assembly

behavior of GNSs@polymer nanocarrier were also proved by DLS

measurements. The particle size of nanocarriers at 25°C and pH

values of 5.5, 4.5, and 3.5 were attained to be 344, 289, and

171 nm, respectively. This reduction in the size of nanocarrier by

reducing the pH values is associated with the collapse of PMAA sec-

tions. The zeta potential of GNSs@polymer‐DOX nanocarrier shows

much positive value (2.45 mV) because of efficient and successful

loading of DOX into the developed nanocarrier. The DOX loading

capacity of the synthesized nanocarrier was calculated to be 94.63%

using UV‐Vis spectroscopy. The drug release profile of

GNSs@polymer‐DOX demonstrated that a high drug release process

at cancerous conditions (pH 5.4 and 4.0) while a low drug release

value in physiological conditions (pH 7.4). The biocompatibility of

the GNSs@polymer and polymer was confirmed through the MTT

assay against the MCF7 cell line.

As a result, the synthesized nanocarrier (GNSs@polymer‐DOX)

can be used as a de novo DDS for chemo‐photothermal therapy

and theranostic applications because of smart behavior and physico-

chemical features such as pH sensivity and optical absorption in

the NIR.
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