
MATERIALS FOR LIFE SCIENCES

Redox-responsive degradable microgel modified

with superparamagnetic nanoparticles exhibiting

controlled, hyperthermia-enhanced drug release

Serife Dagdelen1, Marcin Mackiewicz1, Magdalena Osial3, Ewelina Waleka-Bargiel1,2,
Jan Romanski4, Pawel Krysinski4, and Marcin Karbarz1,*

1Faculty of Chemistry, Biological and Chemical Research Center, University of Warsaw, 101 Żwirki I Wigury Av, 02-089 Warsaw, PL,

Poland
2Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3, 00-664 Warsaw, PL, Poland
3Department of Theory of Continuous Media and Nanostructures, Institute of Fundamental Technological Research, Polish

Academy of Sciences, Pawińskiego 5B, 05-106, Warsaw, PL, Poland
4Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093, Warsaw, PL, Poland

Received: 24 August 2022

Accepted: 7 January 2023

© The Author(s) 2023

ABSTRACT

A novel degradable microgel based on poly(N-isopropylacrylamide) (pNIPA)

cross-linked with N,N’-bisacryloylcystine (BISS) and containing superparam-

agnetic iron oxide nanoparticles (SPION@CA) was synthesized by semi-batch

precipitation polymerization and examined as a potential hyperthermia-en-

hanced drug carrier. The pNIPA provided the microgel with temperature sen-

sitivity, the BISS was responsible for degradation in the presence of glutathione

(GSH) (an –S–S–bond reductor naturally present in cells), while the SPION@CA

permitted remote control of temperature to improve drug release. The microgels

exhibited volume phase transition temperature at ca. 34 °C, which is near the

human body temperature, and were stable across a wide range of temperatures

and ionic strengths, as well as in the blood plasma at 37 °C. It was found that the

presence of SPION@CA in the polymer network of the microgels enabled the

temperature to be increased up to 42 °C by an alternating magnetic field, and

that increasing the temperature from 37 to 42 °C significantly enhanced the

releasing of the anticancer drug doxorubicin (DOX). The highest DOX release

(82%) was observed at pH 5, 42 °C, and in the presence of GSH, and the lowest

(20%) at pH 7.4, 37 °C, and in the absence of GSH. MTT assay indicated that

compared to free doxorubicin, the microgel particles loaded with doxorubicin

have comparable cytotoxicity against MCF-7 cancer cells while being signifi-

cantly less toxic to MCF-10A healthy cells.
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GRAPHICAL ABSTRACT

Introduction

Cancer is one of the most fatal diseases in the world,

for which a wide variety of treatments have been

developed, including photodynamic therapy [1, 2],

gene therapy [3], photothermal ablation [4],

immunotherapy [5], radiation therapy [6] and

chemotherapy combined with surgical treatment.

Despite the recent advances in anticancer treatments,

new solutions continue to be required, for instance, to

address the various drawbacks of chemotherapy. The

use of chemotherapeutic agents for cancer treatment

involves many disadvantages, such as systemic tox-

icity, difficulties in targeting the drug to the tumor

site, and low bioavailability of the drug [7]. The

challenge of using chemotherapy to treat cancers lies

in selectively eliminating tumor cells without affect-

ing normal tissues. Various therapeutic approaches

have been developed to increase the bioavailability of

an antitumor drug and exert a significant impact on

the desired target. Much research has been done in

the field of nanomedicine [8], leading to the devel-

opment of a series of nanocarrier materials, such as

micelles [9, 10], dendrimers [11, 12], hydrogels

[13–17], and mesoporous silica [8, 18, 19]. Particularly

promising among these are stimuli-responsive

hydrogels: hydrogels that display a physicochemical

response to external stimuli such as temperature or

pH, which are being widely studied as potential drug

carriers. This approach is motivated by tumor tissues’

more acidic pH, higher levels of glutathione (GSH) in

the cytoplasm, and higher temperature compared to

normal tissues [20–23].

Hydrogels are chemically cross-linked polymers

that are able to absorb large amounts of water, bio-

logical fluids, and toxic agents [24]. When the particle

size of a hydrogel is below 100 nm, it is classified as a

nanogel, and when it is between 100 and 100 µm, it is

classified as a microgel [25, 26]. The most important

advantages of microgels as drug carriers are their

controlled particle size, simplicity of production,

stability, and chemical topologies [21, 27–31]. Their

3D structure enables the encapsulation of

hydrophobic or hydrophilic drugs within their

internal network, potentially protecting these drugs

from degradation during storage or from circulating

in the blood. Microgels can change their volume,
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wettability, and/or optical properties in response to

environmental stimuli such as pH, temperature,

electric or magnetic fields, light, solvent composition,

solutes, and reduction/oxidation [32–40]. They can

exist in two different states: swollen and collapsed

(shrunken), and the transition from one state to

another is called the volume phase transition [41].

Microgels based on poly(N-isopropylacrylamide)

(pNIPA) are especially interesting in that they exhibit

a volume phase transition temperature (VPTT) (∼32 °
C) that is close to the physiological temperature

[41–44].

However, many temperature-sensitive polymers

have a huge disadvantage: their non-degradability as

a result of the presence of an indivisible crosslinker.

Crosslinkers containing a disulfide bond (SS), dise-

lenide bond (SeSe), or thioether bond (S), for instance,

can be used to alleviate this. These redox-responsive

linkers are frequently used in drug delivery systems

[14, 35, 45–47]. The most common linker used in the

synthesis of degradable microgels is N,N’-bisacry-

loylcystamine (BAC) [35, 45, 46, 48–51]. However,

BAC is not soluble in water and does not give

microgels stability in a solution of high ionic strength.

Herein we present a stimuli-sensitive microgel

based on a cross-linking agent that we synthesized:

N,N’-bisacryloylcystine (BISS) which, unlike BAC,

contains carboxylic groups, is water-soluble and

gives microgels pH sensitivity and stability in solu-

tions of high ionic strength. Moreover, positively

charged drugs can be bound to the ionized carboxylic

groups of BISS through the use of electrostatic inter-

actions. The cleavage of the disulfide bonds in such

microgels by a reducing agent leads to the degrada-

tion of the microgels and releases the loaded drug.

Thiols are well-known reducing agents, and one of

them glutathione is present in most cancer cells at

elevated concentrations [35]. Therefore microgels

sensitive to this reducing agent can be expected to

degrade and release a drug in cancer cells in a tar-

geted manner.

There are many nanocomposite systems of hydro-

gels involving different types of nanoparticles, such

as carbon nanotubes, clay, ceramic and metal

nanoparticles, and magnetic nanoparticles

[17, 52–57]. Superparamagnetic nanoparticles of iron

oxide, with an average diameter of about 15 nm, are

known to be very good candidates for biomedical

applications [58]. They are widely used in

nanocomposites for magnetic hyperthermia

application like magnetic aromatic polyamide [59],

magnetic guanidinylated chitosan (MGC) nanobio-

composite [60], iron oxide-hydroxyapatite nanocom-

posite [61], iron oxide @silver@ chitosan [62] and

functionalized magnetic copper ferrite nanoparticles

[63]. Recently, many research groups have focused on

the use of SPIONs in cancer treatment by hypother-

mia [64, 65].

Magnetic hydrogels have been investigated and

applied in biomedical procedures, including mag-

netic separation for protein purification and separa-

tion of certain cell types, and are used as contrast

agents in magnetic resonance imaging, in the treat-

ment of tumors by hyperthermia techniques, and for

the vectoring of drugs [66]. Such materials have

particularly high potential as vectoring agents for the

treatment of cancer, given their capacity for local

delivery of chemotherapeutic agents in therapeutic

doses, increasing treatment efficacy and decreasing

adverse effects.

In this paper a novel degradable microgel based on

poly(N-isopropylacrylamide) cross-linked with N,N’-

bisacryloylcystine and containing superparamagnetic

iron oxide nanoparticles is presented, as an anti-

cancer drug carrier. The objective was to obtain a

doxorubicin carrier that releases much more of the

drug under conditions characteristic of cancer cells

than under conditions characteristic of the blood

circulatory system, with the ability to enhance such

release through the magnetic hyperthermia effect.

Experimental

Chemicals

N-isopropylacrylamide (NIPA, 97%), ammonium

persulfate (APS, 99.99%), L-glutathione reduced

(GSH, 98%), and acryloyl chloride (96%) were pur-

chased from Aldrich. Sodium hydroxide (NaOH,

99%), hydrochloric acid (HCl, 35–38%), N,N,N′,N′-
Tetramethyl ethylenediamine (TEMED), and

L-cystine (98.5%) were purchased from POCH. Iron

(III) chloride hexahydrate FeCl3·6H2O Aldrich ACS

reagent 97%, and iron (II) chloride tetrahydrate

FeCl2·4H2O p.a.≥99% (RT), were supplied from

Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA.

25% ammonia solution NH3(aq) was supplied from

POCH (Wroclaw, Poland). Citric acid was purchased

from Sigma-Aldrich with a 94% grade. Acetone
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having analytical grade was supplied from POCH.

Doxorubicin hydrochloride (DOX) was purchased

from LC Laboratories (Woburn, MA, USA).

All chemicals were used as provided by the man-

ufacturers except for NIPA, which before experi-

ments was recrystallized twice from the benzene/

hexane mixture (9:1). All solutions were prepared

using high-purity water obtained from a Hydrolab/

HLP purification system (water conductivity:

0.056 µS cm−1).

N,N’-bisacryloylcystine cross-linker (BISS) were

synthesized according to previously reported proce-

dures [16]. Briefly, to obtain N,N’-bisacryloylcystine,

into a stirred solution of sodium hydroxide and

cystine in methanol, acryloyl chloride was added

dropwise at 0 °C. The solution was stirred at room

temperature and after 4 h the reaction mixture was

filtered through a celite pad. The filtrate was added

dropwise into intensively stirred cold diethyl ether.

The obtained suspended solid was isolated by filtra-

tion, washed with diethyl ether, and dried under a

high vacuum at 30–45 °C. The structure and purity of

BISS were confirmed by H1 MNR, C13 MNR, mass

spectroscopy, and by combustion analysis based on

sulfur content.

Synthesis of superparamagnetic
nanoparticles

Superparamagnetic iron oxide nanoparticles (SPION)

were synthesized by the co-precipitation technique,

where 540 mg of iron chloride hexahydrate FeCl3
.6-

H2O and 200 mg of iron chloride tetrahydrate

FeCl2
.4H2O were dissolved in 10 mL of water and

stirred magnetically with 1400 rpm, based on the

procedure described by Gaweda et al. [67]. When

salts were dissolved, the solution was heated on a hot

plate to 80 °C and ammonia aqueous solution was

added until pH 10. The synthesis was performed in a

glass vial. After the addition of ammonia into the

solution, a dark precipitate formed, and the solution

was continuously stirred for 10 min. After the syn-

thesis, the glass vial was placed on a magnet to collect

nanoparticles at the bottom of the vessel and the

supernatant solution was poured off. Then,

nanoparticles were washed several times with

deionized water to remove unreacted compounds

until neutral pH.

The following step involved the stabilization of

nanoparticles with an organic coat to overcome the

aggregation of superparamagnetic iron oxide

nanoparticles (SPION)s. The nanostructured precipi-

tate was modified with citrates by the following

procedure: 500 mg of citric acid was dissolved into

10 mL of deionized water, and then 0.5 M NaOH was

added dropwise until pH 6 was reached. Then, the

citrate solution was added to the glass vial with

SPION (washed with Milli-Q water and collected on

a magnet). Next, the solution was heated to 70 °C and

stirred at 500 rpm for 24 h to adsorb the citrates on

the surface of nanoparticles. Then, the SPIONs

modified with citrates (SPIONs@CA) were collected

on the magnet, precipitated with acetone to separate

excess citrates from the solution, and rinsed with

water and acetone again. After washing, SPION@-

CAs were suspended in 20 mL of Milli-Q water and

the suspension was ready for the following gel

preparation.

Synthesis of NIPA-BISS/SPION@CA
microgels

The microgel was synthesized using semi-batch pre-

cipitation polymerization (Fig. 1). Polymerization

was conducted using a three-neck flask equipped

with a reflux condenser, inlet, and outlet of inert gas.

In the first step, the main monomer NIPA (0.187 g,

97 mM) and linker BISS (0.02 g, 3 mM) were dis-

solved in 15 mL of deionized water and placed in the

flask. The mixture was heated to 70 °C and deoxy-

genated for 0.5 h using argon. After mechanical stir-

ring (250 rpm) for 1 h, an aqueous solution of APS

(0.009 g in 2 mL deionized water) and 17 µL of

TEMED were added to initiate the reaction. The pH

of the solution was 5 and 1 mL of SPION@CA sus-

pension was sonicated. Then, the SPION@CA were

added drop-wise to the NIPA-BISS solution in the

flask for 23 min with a peristaltic pump (2.6 mL h−1).

The reaction was allowed to proceed for 3 h, stopped

by cooling the product to room temperature. The

product was then dialyzed (dialysis tube with a

10,000 Da molecular weight cutoff-Spectra/Por® 7

Dialysis Membrane) against deionized water for one

week to remove unreacted molecules. The dialysis

water was changed two times every day. SPION@CA

particles are large enough to be physically entrapped

in the microgel polymer network during the poly-

merization process. However, physical interactions

between SPION@CA particles and the polymer

chains, e.g., like hydrogen bonds, are also possible.
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Finally, the solution was centrifuged to separate

unentrapped SPION@CA particles. For comparison,

the microgel without SPIONs was obtained under

similar conditions.

Instrumental

Dynamic light scattering (DLS)

The hydrodynamic diameter of the particles was

measured using a Malvern Zetasizer instrument

(Nano ZS, UK) fitted with a 4 mW He–Ne laser (λ=

632.8 nm) as the light source at the scattering angle of

173°. The solutions were equilibrated at selected

temperatures for 5 min before measurement. The

ionic strength was kept constant at 0.01 M by adding

NaCl.

Scanning electron microscopy (SEM)

The morphology and the elementary composition of

microgels were investigated using a Merlin, ZEISS,

Field Emission Scanning Electron Microscope (FE-

SEM) coupled with a Quantax 400, Brucker, EDS/

EDX detector. The samples were first dried com-

pletely at room temperature and next covered with a

thin layer of sputtered Au–Pd alloy to a depth of

approximately 3 nm using a Polaron SC7620 Mini

Sputter Coater.

Transmission electron microscopy (TEM)

The size and size distribution of SPION@CA were

assessed with Transmission Electron Microscopy

(TEM)-EF-TEM, Zeiss Libra 120 Plus, Stuttgart, Ger-

many, operating at 120 kV.

Vibrating sample magnetometer

The magnetic properties were measured using

vibrating sample magnetometer (VSM) at 309 K

under the maximum applied field 10 kOe.

Thermogravimetric analysis

The citrate content on the SPION@CA was deter-

mined using thermogravimetric analysis (TGA Q50

(TA Instruments)), New Castle, PA, USA, under the

ambient atmosphere in the temperature range from

room temperature to 600 °C, with a heating rate of

10 °C min−1.

Figure 1 (a) Structure of chemicals used in microgel synthesis. (b) Scheme of synthesis of microgel based on N-isopropylacrylamide
cross-linked with N,N’-bisacryloylcystine and modified with superparamagnetic iron nanoparticles (SPIONs) coated with citrates (CA).
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Magnetic hyperthermia (MH)

The magnetic hyperthermia (MH) measurements

were performed with nanoScale Biomagnetics D5

Series equipment with CAL1 CoilSet. The SAR values

were estimated using MaNIaC Controller software

(nB nanoScale Biomagnetics, Zaragoza, Spain). The

microgel’s temperature increase was also investi-

gated with FLIR thermal imaging camera coupled

with ResearchIR software.

Sample preparation for examination
of the influence of temperature, pH, ionic
strength, and reducing agents on properties
of p(NIPA-BISS-SPION@CA) microgels

Dialysis-purified p(NIPA-BISS-SPION@CA) micro-

gels were mixed with aqueous solutions of different

pH and ionic strength and the presence of the

reducing agent (GSH). pH was changed by adding

either HCl or NaOH and was monitored with a pH/

ion meter (Mettler Toledo, model SevenGo-SG2). The

final pH value was measured just before the mea-

surements. The ionic strength was kept at a constant

level (0.01 M) by adding NaCl. Additionally, in all

experiments where reducing agents were used, pH

was kept close to 5.0.

Mathematical modeling of in vitro drug-
release kinetics

The Higuchi, first-order, Weibull, Gompertz, and

Korsmeyer–Peppas models were used to evaluate the

kinetics of the DOX-release process. The equations of

these models are presented in Table 1. The Higuchi

model of release kinetics describes drug release as a

square-root time-dependent diffusion process, in

other words as Fickian diffusion of the drug from an

insoluble matrix [42, 68–70]. The simplified first-order

model shows that the release rate depends on the

concentration, whichwas obtained from the plot of the

log of the remaining drug versus time. The Weibull

model describes the procedures related to a limited

time based on distribution theory; this model is more

useful for comparing the release profiles in matrix-

type drug delivery [71]. The Gompertz model has a

steep increase at the beginning and slowly converges

to the asymptotic maximal dissolution [33, 72]; this

model is more suitable for drugs with good solubility

and intermediate release rate. The Korsmeyer–Peppas

model expands on the simplified Higuchi model and

proposes a power law where the drug-release fraction

is proportional to time to the power of n, the release

exponent [73]; this kinetic model is used for drug

release from polymeric systems [74].

Table 1 Mathematical models of drug-release kinetics

Model Equation Variables and parameters

Higuchi Qt=kHt
1/2 Qt=amount of drug released in time t

kH=Higuchi dissolution constant
First-order log Qt=log Q0−kt/2.303 Qt=fraction of drug released in time t

Q0=initial concentration of drug
k=first-order rate constant

Weibull Qt=Q0(1−e
−k(t−T)) Q0=the initial amount of the drug

t=the time scale
T=the total release time
k=the rate constant of the Weibull

Gompertz Qt=Qmax exp[−αe
βlog t] Q(t)=percent dissolved at time t divided by one

hundred;
Qmax=maximum dissolution;
α undissolved proportion at time t=1
β=dissolution rate per unit of time

Korsmeyer–Peppas Qt=kKPt
n Qt=fraction of drug released in time t

kKP=release constant incorporating the structural
and geometric characteristics of a drug-polymer
system

n=release exponent indicating the drug-release
mechanism
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TheKorsmeyer–Peppasmodel superposesdiffusion

and swelling as independent mechanisms of release.

The valuen indicateswhether drug release is governed

by diffusion (Fickian model, case I) if n=0.5, or by

swelling (non-Fickian model, case II) if n=1.0. These

values of n are based on the geometry of the nanocar-

rier and are lower for spherical polymeric nanocarriers

such as micro-nanogels (Table 3). The Korsmeyer–

Peppas model depicts the release behavior well only

up to a fractional release of 60% and cannot be utilized

to describe near-maximumdrug release inmany cases.

Cell examination

MCF-10A (normal human mammary epithelial cells)

andMCF-7 (human breast cancer cells), were purchased

from American Type Culture Collection (ATCC). Cell

viability was determined using MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

colorimetric assay. After 24 h, the medium containing

DOX, the p(NIPA-BISS-SPION@CA)microgel, and the p

(NIPA-BISS-SPION@CA)microgel containingDOXwas

added to the cells and incubated for 72 h. 50 µL/well of

MTT solutionwas added to eachwell. Formed formazan

crystals were dissolved in 200 µL of 2-propanol. Absor-

bance was then measured at 570 nm with an ELX800

Absorbance Microplate Reader (BioTek Instruments).

The IC50 values for DOX and microgel containing DOX

were determined using GraphPad Prism 7 (GraphPad

Software) and the nonlinear regression analysis of the

best fit Hill slope curve. The values are expressed as the

mean value±standard deviation (S.D.) from two inde-

pendent experiments (n=6). The effectiveness of pene-

tration of the cells by the drug carriers was determined

using a confocalmicroscope (FluoviewOlympus FV10i).

All examined cells were cultured at 37 °C in an atmo-

sphere enriched with 5% CO2. Dulbecco’s Modified

Eagle Medium (DMEM, BioWest) containing 1% mix-

ture of penicillin and streptomycin (BioWest), 10% fetal

bovine serum (FBS, Gibco), and 1% of L-glutamine

(BioWest) was used to cultivate MCF-7. MCF-10A was

grown in DMEM supplemented with 5% horse serum,

10 ng mL−1 epithelial growth factor, 5 μg mL−1 hydro-

cortisone, and 10 μg mL−1 human insulin.

Determination of DOX load and release

Loading of DOX

DOX, as a model anticancer drug, was selected to

investigate the efficiency of drug loading and

consecutive controlled release into and from the p

(NIPA-BISS-SPION@CA) microgels, respectively.

DOX loading into the microgels was carried out via

the incubation method. A portion of p(NIPA-BISS-

SPION@CA) microgels (13 mg) was mixed with 4 mL

of phosphate buffer solution (pH 7.4; 0.1 M). Next,

2 mg of DOX was added. The mixed solution was

kept for 1 h at 37 °C, and next was kept overnight at

25 °C without stirring to allow DOX to reach the

sorption equilibrium in the microgels. The obtained

gel dispersion was purified by dialysis in water to

collect the DOX-loaded p(NIPA-BISS-SPION@CA)

microgels and to remove the unabsorbed DOX. The

DOX amount loaded in p(NIPA-BISS-SPION@CA)

microgels was calculated by subtracting the weight of

DOX in the dialysate from the initial mass of DOX.

The concentration/mass of DOX was determined

spectrophotometrically by measuring absorbance at

480 nm and using the calibration curve.

In vitro drug release

The efficiency of the release of the drug from p(NIPA-

BISS-SPION@CA) microgels was evaluated by

employing the dialysis approach. The DOX-loaded p

(NIPA-BISS-SPION@CA) microgels containing a

known amount of DOX were dispersed in 1 mL of

either a phosphate buffer of pH 7.4 or acetate buffer

(pH 5.0) and transferred into a dialysis bag (MWCO,

10 kDa). The bags were dialyzed against 9 mL of the

corresponding buffer (pH 7.4 or 5.0) containing

40 mM GSH or without GSH and gently stirred

(100 rpm) at 37 °C or 42 °C. The released drug was

sampled outside the dialysis bag and the concentra-

tion of released DOX was determined by measuring

the absorbance at 480 nm.

Results and discussion

Characterization of SPION@CA and p
(NIPA-BISS-SPION@CA) microgel

Firstly, the morphology of the obtained SPION@CA

was investigated with transmission electron micro-

scopy (TEM). Figure 2a reveals the spherical struc-

tures sized about 15 nm on average, see histogram.

As can be seen, the nanoparticles have a quite uni-

form shape and size. Complementary to the TEM

images, scanning electron microscopy (SEM) was
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used to investigate the morphology of SPION@CA.

As Fig. 2b shows, the nanoparticles within the whole

bulk have a uniform shape and size. Next, the citrate

content in the SPION@CA was determined using of

thermogravimetry (TGA). Figure 2c presents the

gradual mass loss for SPION@CA of ca. 2% caused by

the water desorption from the surface (up to ca. 200 °
C), followed by ca. 10% mass loss for SPION@CA

caused by the decomposition of the citrates confirm-

ing successful coating of the pristine SPIONs core

with citrates. Then, the hydrodynamic diameter of

the SPION@CA particles was determined by DLS

methods. To this end, an aqueous solution of

SPION@CA was prepared, and just prior to the

measurement the solution was sonicated. The size

distribution of SPION@CA is presented in Fig. 2d.

The size measured by DLS (� 45 nm of hydrody-

namic diameter) is significantly larger than the size of

particles in the dried state measured by the electron

microscope. This can be explained by the large sol-

vation sphere surrounding SPION@CA in the solu-

tion, absent under the vacuum conditions of TEM

measurements. The presence of such a sphere sig-

nificantly increases the dynamic diameter of citrate-

coated nanoparticles. As the proposed material is

planned to be used in the magnetic hyperthermia, the

magnetic properties were studied with magnetome-

try. Figure 2e presents the narrow hysteresis loop

(seen at inset). The magnetization saturation Ms in

309 K is ca. 86 emu g−1.

Then, a p(NIPA-BISS-SPION@CA) microgel based

on N-isopropylacrylamide (NIPA), degradable cross-

linker N,N’-bisacryloylcystine (BISS), and contained

SPION@CA was synthesized. The microgels were

synthesized using semi-batch precipitation polymer-

ization and to minimize/avoid the SPIONs aggrega-

tion, SPION@CA solution was introduced into the

reactor using a pump and subjected to continuous

sonication. For comparison, a microgel without

SPION@CA (p(NIPA-BISS)) was also obtained. After

the purification process the morphologies of the p

(NIPA-BISS-SPION@CA) and p(NIPA-BISS) were

investigated using SEM and results are presented in

Fig. 3. As Fig. 3a shows, the p(NIPA-BISS) microgel

Figure 2 TEM images and the histogram of nanopartciles’ size distribution (a), SEM image (b), thermogravimetric analysis of
SPION@CA (c), distribution of size (hydrodynamic diameter) of SPION@CA in aqueous solution (d), and magnetization curve of bare
SPION (e).
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forms rather smooth and spherical particles with the

size of ca. 180 nm. The p(NIPA-BISS-SPION@CA)

microgel also created rather spherical particles with a

size of ca. 200 nm; however, the surface of the par-

ticles is non-uniform and graininess is clearly visible.

This can suggest a porous structure with developed

surface an asset from the point of view of the

adsorptive drug load.

Next, further analysis of the p(NIPA-BISS-

SPION@CA) microgel was performed using the

EDS/EDX elemental mapping method. For the

selected area of the microgel particles (Fig. 4a) the

compositional mappings of iron, oxygen and nitro-

gen were done (Fig. 4b–d). The yellow spots, attesting

to the presence of iron from SPION@CA particles, are

observed only in the microgel area and are uniformly

distributed, which confirms that the magnetic parti-

cles were successfully incorporated into the microgel.

In addition, a similar distribution of oxygen, from

SPION@CA and the polymer network, and nitrogen

from the polymer network is well visible.

The stability a very important parameter of the

SPION@CA, p(NIPA-BISS) microgel, and p(NIPA-

BISS-SPION@CA) microgel was then investigated. To

this end, three solutions were prepared and sonicated

for 30 min. and observed for 1 week. The photos of

the solutions are presented in Fig. 5. The solution of

SPION@CA was not stable and even after 1 day the

sedimentation process is readily apparent (Fig. 5a),

and after 1 week almost all SPION@CA particles

aggregated and underwent sedimentation. For the p

(NIPA-BISS) microgel solution, no visible changes

were observed even after one week (Fig. 5b). More-

over, it was found that the suspension of p(NIPA-

BISS-SPION@CA) microgels was stable (lack of visual

sedimentation) for at least one week.

Then, the hydrodynamic diameter of the p(NIPA-

BISS-SPION@CA) microgel in an aqueous solution

was investigated as a function of temperature using

the DLS technique. The obtained results are pre-

sented in Fig. 6a. As is visible, the microgel under-

went the volume phase transition (VPT) from the

swollen to the shrunken state at ca. 34 °C, a behavior

that is typical for hydrogels based on poly(N-iso-

propylacrylamide) [75]. In addition, the VPT tem-

perature measured for the p(NIPA-BISS) microgel

was also ca. 34 °C. It suggests/confirms that

SPION@CA particles do not significantly interact

with polymer chains and are only physically trapped

in the polymer network. The p(NIPA-BISS-

SPION@CA) microgel particles shrank when the

temperature exceeded the VPT temperature, and

their diameter decreased from ca. 350 to 210 nm. The

stability of p(NIPA-BISS-SPION@CA) microgel at

Figure 3 SEM images of the
p(NIPA-BISS) microgels
(column a) and p(NIPA-BISS-
SPION@CA) microgels
(column b).
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various ionic strengths was also investigated as a

function of temperature (Fig. 6b). Excellent stability

vs. salt concentration was exhibited by the microgel.

Up to 0.8 M concentration of NaCl, no aggregation

was observed. As Fig. 6b shows, an increase in salt

concentration caused a decrease in the volume of the

gel before VPT and the temperature of this phe-

nomenon also decreased. At 0.8 M NaCl, the microgel

solution lost its typical temperature sensitivity and

microgels were shrunken in the entire temperature

range. It was found that at 1 M NaCl the microgels

aggregated even at room temperature. The decrease

in diameter value with the addition of salt is due to

the Debye screening effect [76, 77]. When the Debye

screening is sufficiently high microgels start to be

unstable and aggregated when the temperature went

up, especially when the temperature increased above

the cloud-point/volume-phase-transition tempera-

ture. Generally, microgels based on N-isopropy-

loacrylamide flocculated in the shrunken state when

the electrolyte concentration is sufficiently high and

the electrostatic repulsions between them are weak-

ened [75]. The p(NIPA-BISS-SPION@CA) microgel is

resistant to the flocculation process in a wide range of

ionic strengths because it contains ionized groups

and is strongly charged. Importantly, the microgel

solution was stable under conditions similar to

Figure 5 Photos of an aqueous solution of SPION@CA (a), p
(NIPA-BISS) microgel (b), and p(NIPA-BISS-SPION@CA)
microgel (c) immediately after sonication, after 1 day, and 1-week
storage at room temperature.

Figure 4 SEM image (a) and
EDS/EDX elemental mapping
of iron (b), oxygen (c), and
nitrogen (d) in the p(NIPA-
BISS-SPION@CA)
microparticles.

J Mater Sci



physiological ones, e.g., 37 °C and 0.15 M of ionic

strength. Finally, the stability of the p(NIPA-BISS-

SPION@CA) microgel in water (25 °C) and blood

plasma (37 °C) was investigated. Plots of size distri-

bution after 1 day, 3 days and 7 days (in water), and

1 h, 6 h and 24 h (in blood plasma), are presented in

Fig. 6C and Fig. 6D, respectively. As it can see in the

both cases the solutions are quite stable over the time

periods studied. In addition, zeta potential for was

also measure and the value was −12.7 mV, −11.6 mV

and −12.1 mV after 1 day, 3 day and 7 days, respec-

tively. In addition, zeta potentials in the aqueous

solution were measured and obtained values were:

−12.7 mV, −11.6 mV and −12.1 mV after 1 day, 3 day

and 7 days, respectively.

Next, the thermo-sensitivity of the microgels was

investigated after their interactions with GSH (a

disulfide reductor naturally present in cells). The cor-

responding changes in hydrodynamic diameter were

plotted as functions of temperature for microgels and

are presented in Fig. 7a. The degradation process was

found to consist of three successive steps. In the first

step (1 h), a decrease in the swelling degree of the

microgel before and after VPT was seen: the reduction

of the cross-linker simply caused a partial disintegra-

tion of the polymer network and a reduction in the

volume of the microgel. In the second step (3 h), a

significant decrease in the size of the microgel before

VPT was seen. Moreover, the observed temperature

behavior is rather typical for pNIPA polymers. These

polymers are soluble inwater belowVPT temperature,

and precipitated and aggregate above VPT tempera-

ture (an increase in size) [22, 75]. Finally, after 24 h, in

the whole temperature range, the size of measured

particles is ca. 50 nm which is characteristic of

SPION@CA. Distributions of hydrodynamic diameter

of microgels untreated with GSH and treated with

GSH after 3 h and 24 h at 25 °C are presented in Fig. 7b.

The number average-size distributions approach was

selected in this study, since it offered the smallest

errors in the determination of the size distribution [78].

As can be seen, the size ofmicrogels decreased from ca.

330 nm to 45 nm, due to the disintegration of microgel

into polymers and iron nanoparticles (SPION@CA).

It is also known that reduction-resistant thioethers

can be formed during precipitation polymerization of

monomers containing the disulfide bond carried out

at high temperatures [79]. Breaking of the disulfide

bonds at high temperatures may lead to the forma-

tion of sulfur radicals that can form thioethers.

However, the potentially formed thioethers have no

significant effect on the degradation of the p(NIPA-

BISS-SPION@CA) microgel under reducing condi-

tions. In addition, the inflamed tissue, including

Figure 6 Hydrodynamic
diameter of p(NIPA-BISS-
SPION@CA) microgel plotted
vs. temperature in aqueous
solution without addition a salt
(a) and in solutions of different
salt (NaCl) concentrations
(b) size distribution of the
microgel in water at 25 °C
(c) and size distribution of the
microgel in blood plasma at
37 °C (d).
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some cancer tissues, exhibit increased levels of reac-

tive oxygen species (ROS), especially hydrogen per-

oxide. It was presented that microgel capsules based

on based on poly(N-isopropylacrylamide) (NIPA)

cross-linked with diacryloyl derivative of cysteine

(BISS) can degraded in the presence of hydrogen

peroxide [80]. However, degradation of microgel

capsules occurred at hydrogen peroxide concentra-

tions much higher than physiological. Thus, it can be

concluded that the p(NIPA-BISS-SPION@CA) micro-

gel administered intravenously can only be degraded

in a cell-reducing environment.

Magnetic hyperthermia investigations

The magnetic hyperthermia (MH) was used to study

the heating efficiency p(NIPA-BISS-SPION@CA)

microgel under the application of the alternating

magnetic field (AMF). The energy conversion into

heat by SPION@CA takes place due to the relaxation

of the superparamagnetic core due to the Néel and

Brown modes. The microgel with a volume of about

0.5 mL containing magnetic particles of about

9 mg mL−1 was placed in the copper coil, where it

was thermostated at room temperature. The mea-

surements were performed with alternating magnetic

fields in the frequency range 386–633 kHz and with

an amplitude of up to 30 kA m−1, similarly to the

conditions used in the literature for magnetic cross-

linked chitosan hydrogel [81]. The experiments were

performed to evaluate the microgel’s ability to reach

42–46 °C that is required for cell apoptosis and

increased drug release for the microgel’s shrinking.

Parameters were also monitored to estimate the

specific absorption rate (SAR).

The immobilization of the SPION@CA in the

microgel influenced the SAR values in comparison to

non-microgel media, while the microgel modified

with SPION suspension successfully generated heat

despite its high viscosity under the application of the

alternating magnetic field. As shown in Fig. 8 the

temperature rise depends on the experimental con-

ditions applied to the suspension while taking the

measurements. Measurements presented in Fig. 8a

were performed at 386 kHz, showing that the rise in

the amplitude causes an increase in temperature. The

target temperature was up to 46 °C, which could not

be reached while applying such conditions. Even the

amplitude of about 30 kA m−1 was insufficient, and

the temperature was starting to stabilize at about 40 °
C. The following measurement was performed for a

frequency of AMF of about 488 kHz. As can be seen,

the temperature rise was much higher than for lower

frequency. For a field of about 25 kA m−1, the sus-

pension reached 40 °C, and with a field intensity of

about 30 kA m−1, the temperature rose to 45 °C see

Fig. 8b. Next, the frequency was subsequently

increased to 633 kHz. When the amplitude is too low,

e.g., 5 kA m−1, the microgel solution does not heat

sufficiently to reach the therapeutic temperature. As

expected, a lower field is needed to reach the target

temperature (as compared to 488 kHz frequency),

with 20 kA m−1 being sufficient. Figure 8c shows the

curves recorded under these conditions. Another rise

in the frequency of the AMF would be too large. For

human safety from high–frequency field exposure,

the maximum value of the product of field amplitude

and frequency is set by the Brezovich limit of about

Figure 7 Hydrodynamic diameter plotted vs. temperature for
microgels after different times of treatment with 40 mM GSH (a).
Distribution of size of microgel particles before and after their
degradation by GSH at 25 °C (b).

J Mater Sci



f·H=4.85910−8 A m−1 s−1 [82] Fig. 8d shows the

thermal images of the p(NIPA-BISS-SPION@CA)

microgel solution heating under the alternating

magnetic field (the internal sphere on the image is a

microgel placed on the Petri dish, while the ring is a

coil). As can be seen, initially, the solution had room

temperature, while its temperature raised after the

magnetic field treatment.

Note that the microgel solution was stable after the

MH measurements, so the SPION@CA did not

agglomerate after the application of the AMF. Addi-

tionally, the specific absorption rates (SAR) were

Figure 8 Heating of the gel based on SPION@CA at various frequencies and amplitudes of the magnetic field (a) 386 kHz, (b) 488 kHz,
(c) 633 kHz, and (d) thermal images of gel under the 20 kA m−1 after 10 s, 300 s, and 600 s of treatment.

J Mater Sci



estimated for the conditions in which the target

temperature was reached in 10 min. similarly to the

procedure described in the literature [83]. The SAR

values for the conditions where the temperature

increased above 42 °C are presented in Table. 2.

MH results reveal the potential of the proposed

microgel for magnetic hyperthermia applications.

The following section presents its possible use as a

potent carrier for doxorubicin delivery and stimuli-

responsive release of the drug.

Drug loading and release

Next, the usefulness of microgel as doxorubicin (anti-

cancer drug) carrier was investigated. The drug

loading capacity (DLC) was evaluated using Eq. (1):

DLC% ¼ mDOX
total �mDOX

free

mmicrogel

� 100%; ð1Þ

where mDOX
total is the total mass of DOX used in the

loading process, mDOX
total is the mass of DOX that was

not bound to the microgel, and mmicrogel is the mass of

the dry microgel. The determined DLC equaled ca.

16%. The loading efficiency (LE), evaluated using

Eq. (2), was ca. 89%:

LE% ¼ mDOX
total �mDOX

total

mDOX
total

� 100%; ð2Þ

The influence of pH and GSH on the release effi-

ciency of DOX from the microgel at two selected

temperatures, 37 °C and 42 °C (the temperature was

maintained in the water bath), was evaluated. As

Fig. 9 shows, the release behavior depended on the

pH, temperature, and presence of the reducing agent.

It was found that in the absence of GSH at pH 5 and

7, and at both selected temperatures only burst

releases were observed, i.e., a significant increase in

DOX release during the initial 1.5 h is readily visible,

then after 3 h, plateaus were formed. In the presence

of GSH, both fast and slow/long-term releases were

observed. After a burst release, further increases in

the concentration of released DOX are seen. It seems

that the degradation of the polymer network of the

microgels also influences the release of drug [14, 84].

The smallest amount of DOX was released from the

microgel at pH 7.4, 37 °C, and in the absence of GSH.

The electrostatic attraction between DOX and the

microgel caused only ca. 20% of DOX to be released

after several hours in such conditions. The higher

cumulative release was observed at pH 5.0. Cumu-

lative release at pH 5.0, 37 °C, and without GSH

increased to ca. 38% after 18 h. At this pH, the elec-

trostatic interactions between DOX and the microgel

were weaker because part of the carboxylic groups in

the microgel were protonated. The addition of GSH

in all cases led to the increased cumulative release, i.

e., in pH 5 after 18 h, it reached ca. 63% of DOX.

The additional increase in cumulative release, due

to the addition of GHS, can be explained by the

synergic effects: competition between DOX and GSH

Table 2 SAR values for certain MH parameters

AC field (kA m−1) Frequency (kHz) SAR (W g−1)

25 488 104.4±12.3
30 488 157.5±17.1
20 633 141.6±18.2
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Figure 9 DOX release profiles from DOX-loaded microgels for
different temperatures, pH values, and the presence of GSH at 37 °
C (a) and 42 °C (b).
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(GSH also contains protonated amine group) in the

interactions with the ionized carboxylic groups and

loosening of the structure of the microgel by degra-

dation of the polymer network. It can be also noted

that under hyperthermia conditions (42 °C) cumula-

tive release of DOX increased in all investigated

cases. For example, an increase in temperature from

37 to 42 °C led to an increase of DOX release from 63

to 82%, respectively. It should be pointed out here

that under conditions characteristic to the blood cir-

culatory system (pH 7.4, T=37 °C, and absence of

GSH) the cumulative release measured after 18 h was

20%, while this value increased significantly, to 82%,

under hyperthermia and the conditions existing in

certain cancer cells (pH 5.0, CGSH � 40 mM).

Next, to determine which drug release model best

describes the kinetics of DOX release from the p

(NIPA-BISS-SPION@CA) microgel, the data were

fitted to the five commonly used models (Table 1).

The release kinetics were evaluated via the correla-

tion coefficient (R2) of linearized equations presented

in Table 1, and the results are shown in Table 3. R2 is

a numerical value from 0 to 1 and the closest fit is

denoted by the R2 value closest to 1. The R2 values for

the Korsmeyer–Peppas and Gompertz models were

found to have the highest values (Table 3). It seems,

therefore, that models which describe drug release

from a polymeric system (Korsmeyer–Peppas), and

the release profiles of drugs having good solubility

and intermediate release rate (Gompertz), are suit-

able for describing the DOX release from p(NIPA-

BISS-SPION@CA) microgels.

Cytotoxicity investigations

Next, in the in vitro studies, MCF-10A non-tumori-

genic human breast epithelial and MCF-7 breast

cancer cell lines were loaded with a hydrogel con-

taining DOX. As Fig. 10 shows, this research con-

firmed that the microgel was nontoxic against all cells

in the entire range of tested concentrations. However,

at higher concentrations, cell viability decreased but

such values of cell growth indicate good survivability

when exposed to the unloaded/drug-free microgel.

Moreover, free DOX and p(NIPA-BISS-SPION@CA)

microgel loaded with DOX exhibited similar cyto-

toxicity; for the MCF-7 cells, the IC50 value equaled

0.162 and 0.128 µM for free DOX and DOX-loaded

microgel, respectively. Interesting results were

achieved for the MCF-10A cell line (healthy cells) see

Fig. 11. In the case of treatment of healthy cells with

the free DOX, the IC50 value was equal to 0.21 μM.

When DOX loaded microgel was used, the determi-

nation of IC50 value was not possible in the range of

tested concentrations. This phenomenon can be

explained through the smaller release of drug from

microgel carrier under the conditions of healthy cells.

In addition to typical cytotoxicity studies, the

impact of the carriers on the selected cells was also

investigated using a confocal microscope. All the cells

were treated with a 0.01 μM concentration of drug-

loaded microgel. The nuclei of the cells that were

previously treated with the Hoechst dye, which

stains cell nuclei, emitted blue-cyan light, while DOX

emitted red light. Figure 11 shows 3D images of

healthy (MCF-10A) and cancer cells (MCF-7) after

Table 3 The release kinetics of DOX

Kinetic Model p(NIPA-BISS-
SPION@CA)/DOX
37 °C

p(NIPA-BISS-
SPION@CA)/DOX/GSH
37 °C

p(NIPA-BISS-
SPION@CA)/DOX
42 °C

p(NIPA-BISS-
SPION@CA)/DOX/GSH
42 °C

pH 5 pH 7 pH 5 pH 7 pH 5 pH 7 pH 5 pH 7

First-order 0.7809 0.5246 0.6915 0.7649 0.3600 0.2429 0.6482 0.5803
Korsmeyer–Peppas 0.9348 0.8887 0.9729 0.989 0.8932 0.9080 0.9407 0.9108
Higuchi 0.823 0.7302 0.9272 0.9582 0.5203 0.4348 0.8991 0.8369
Gompertz 0.9753 0.9417 0.9907 0.9643 0.9505 0.9233 0.9827 0.9855
Weibull 0.4087 0.2654 0.5462 0.5603 0.1916 0.1317 0.5117 0.4394
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72 h interactions with p(NIPA-BISS-SPION@CA)

microgels loaded with DOX. As is visible, in cancer

cells DOX (red color) is present mainly in nuclei. In

healthy cells DOX is also present in nuclei; however,

the red color is not as intensive as in the nuclei of

cancer cells, moreover, red color is well visible in the

cytoplasm (see side panels). The significantly larger

accumulation of DOX in nuclei of MCF-7 can explain

the much greater toxicity of the DOX-loaded microgel

against cancer cells than the healthy cells. The

obtained results suggest that the microgels can

improve the effectiveness of cancer treatment with

DOX by protecting healthy cells.

Base on the stability investigations, it can be

assume that p(NIPA-BISS-SPION@CA) microgels are

stable in the intercellular space. The most likely

mechanism of transport of the p(NIPA-BISS-

SPION@CA) microgel into the cell is the process of

endocytosis [85]. In the reducing environment of the

cell, the polymer network degrades and SPION@CAs

can accumulate in lysosomes, where they are

gradually degraded, with co-localization with dex-

tranases and iron buildup [86, 87]. When microgels

are loaded with DOX, the release of the drug leads to

cell death.

Conclusions

The applied precipitation polymerization via the

semi-batch method proved useful in the synthesis of

p(NIPA-BISS-SPION@CA) microgel containing

superparamagnetic nanoparticles (SPION@CA).

Controlled feeding of SPION@CA to the reactor

allowed for their successful incorporation, confirmed

using scanning electron microscopy coupled with

EDS/EDX detector. The performed experiments

indicated that the microgel solution was stable across

a wide range of temperatures and ionic strengths, as

well as in the blood plasma at 37 °C. Using deriva-

tives of cystine as cross-linkers makes the microgels

degradable in the presence of glutathione. The –S–S–

bonds in the polymer network were reduced by GSH

and cleaved. It was found that by applying magnetic

hyperthermia, the temperature of microgel solution

can be increased using the alternating magnetic field

up to 42 °C. The presence of the carboxylic group in

Figure 11 Confocal 3D images of MCF-10A and MCF-7 cell
lines after 72 h incubation with DOX-loaded p(NIPA-BISS-
SPION@CA) microgels. Cell nuclei were stained with Hoechst
dye (cyan color); the red color indicates DOX.

Figure 10 Results of MTT assay using MCF-7 (a) and MCF-10A
(b) cell lines after 72-h treatment with free DOX, drug-loaded and
drug-free p(NIPA-BISS-SPION@CA) microgels. One-way
ANOVA was used to test for statistical significance. Differences
from the control sample were marked with *, whereas ** marked
differences between groups. The difference was considered
significant for P\0.05.
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the cross-linker allowed a load of doxorubicin into

the microgels and then the efficient release of the

drug under characteristic pH (5.0, 7.4) and tempera-

ture (37 °C, 42 °C, where the temperature was

maintained in the water bath). The effect of the

presence or absence of GSH was also evaluated. It

was found that a shift in environmental conditions

from those corresponding to the blood circulatory

system, to those characteristic of the affected/cancer

cells, triggered a release of a significant amount of

loaded doxorubicin. Moreover, applying hyperther-

mia led to the enhanced release of anticancer drug.

In vitro experiments proved that the DOX-loaded

microgel compared to the free drug was similarly

cytotoxic for cancer cells (MCF-7) but much less toxic

for healthy cells (MCF-10A). This makes the obtained

new microgel an interesting candidate for a drug

carrier whose efficiency can be enhanced using a

magnetic field. By applying an appropriate alternat-

ing magnetic field, due to the presence of immobi-

lized superparamagnetic nanoparticles in the

polymer network, it is possible to locally increase the

temperature to or above 42 °C. This increase in tem-

perature can improve the efficient release of the drug

and can induce apoptosis of cancer cells. In line with

these features, microgels p(NIPA-BISS-SPION@CA)

are promising for combinatorial cancer therapy

involving hyperthermia and chemotherapy.
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