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ABSTRACT: For the first time, green-tea (GT)-based magnetic nanohydrogels were developed for drug-delivery purposes. The hydrogel

matrices were fabricated via the in situ polymerization of acrylamide with GT molecules. Magnetic nanoparticles were synthesized by

the reduction of the 1:2 molar ratio mixture of ferrous sulfate heptahydrate and ferric chloride hexahydrate with an ammonia solu-

tion. A chemotherapeutic drug, 5-fluorouracil, was chosen as a model drug, and its releasing profiles in the presence and absence of

the external magnetic field were evaluated at a pH of 7.4. We observed that in the presence of the applied magnetic field, these mag-

netic nanohydrogels released 2.86% more drug than in the absence of a magnetic field. The magnetic nanohydrogels were character-

ized by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, vibrating sample magnetometry, and

transmission electron microscopy. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43921.
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INTRODUCTION

Magnetic nanoparticles (MNPs), in particular, show a signifi-

cant adsorption capacity because of their higher surface area

and better active sites for interaction with drug molecules.1–4

Because of this, the application of magnetic nanohydrogels in

the field of drug delivery has become a very interesting area of

research. In general, magnetic nanohydrogels are hydrophilic

polymeric network structures, where the MNPs are stabilized

with crosslinked network structures of the hydrogel; this can

expand their volume in aqueous medium and release the

MNPs’ absorbed drug at the site location.5 On the basis of these

significant behaviors, magnetic nanohydrogels have been widely

used in several applications, such as cancer drug delivery, hyper-

thermia, magnetic separation, MRI contrast agents, tissue engi-

neering, and thermal applications.5–8

In recent years, natural magnetic nanohydrogels have been

developed for biomedical applications because of their low cost,

nontoxicity, ecofriendliness, and potential degradability.5,9,10

From natural materials, we chose green tea (GT) as the point of

focus of our study because of its significant properties and bio-

medical values.

GT is a phytochemical product produced from unfermented tea

leaves (Camellia sinensis).11 It is an ecofriendly, low-cost, natu-

rally existing material, and it is the most widely consumed bev-

erage. Polyphenols are the main constituents present in GT, and

they have been demonstrated11,12 to possess significant proper-

ties, including antioxidant, anticarcinogenic, and anti-

inflammatory properties. Furthermore, the major constituent of

the polyphenol component of GT is epigallocatechin-3-gallate,

which is a pharmacologically active compound.13–16

Additional Supporting Information may be found in the online version of this article.
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It has been demonstrated that GT can act as a reducing and

capping agent for metal nanoparticles.17,18 Because of this sig-

nificant nature, GT has become a close and highly relevant

material in the field of nanotechnology. Wang et al.19 synthe-

sized iron nanoparticles with GT-based materials. Shahwan

et al.17 reported on functional iron-based nanoparticles synthe-

sized with tea extract as a catalyst. Some researchers have pre-

pared antimicrobial silver and gold nanoparticles with tea leaf

extracts.18,20

Although GT has numerous features that are closely associated

with nanotechnology and biomedical applications, the integra-

tion of GT into hydrogel systems in a combination of nanotech-

nologies is rather new. Hence, we carried out this study to

fabricate GT-based magnetic nanohydrogels via a diffusion tech-

nique, where the necessary MNPs were synthesized by the

reduction of a 1:2 molar ratio of ferrous sulfate heptahydrate

(FeSO4�7H2O) and ferric chloride hexahydrate (FeCl3�6H2O)

with an ammonia solution. Structural and morphological stud-

ies of the developed hydrogels were carried out with Fourier

transform infrared (FTIR) spectroscopy and X-ray diffraction

(XRD), and the magnetic properties of the MNPs formed were

confirmed with vibrating sample magnetometry (VSM). The

thermal stability, surface morphology, and content and distribu-

tion of MNPs in the hydrogels were determined by thermogra-

vimetric analysis (TGA), differential scanning calorimetry

(DSC), scanning electron microscopy (SEM)/energy-dispersive

spectroscopy (EDS), and transmission electron microscopy

(TEM). Furthermore, 5-fluorouracil (5-Fu), a pyrimidine analog

that is widely used in cancer treatments, such as breast, stom-

ach, pancreas, ovaries, colon, and bladder cancer treatments,

was chosen as a model drug.21–23 The drug-releasing patterns,

which were evaluated in phosphate buffer at pH 7.4, both in the

presence and absence of the external magnetic field, are sum-

marized later.

EXPERIMENTAL

Materials

Acrylamide (AM), N,N0-methylenebisacrylamide (MBA),

potassium persulfate (KPS), and N,N,N0,N0-tetramethylethile-

nediamine (TMEDA), Ammonium hydroxide (NH4OH) were

purchased from S.D. Fine Chemicals (Mumbai, India). GT

extract (80% polyphenols) was obtained as a gift sample

from Natural Remedies Private, Ltd. (Bangalore, India). 5-

Fluorouracil (5-Fu) was purchased from Aldrich Chemicals.

Ferrous sulfate heptahydrate (FeSO4.7H2O) and Ferric chlo-

ride hexahydrate (FeCl3�6H2O) were purchased from Merck

(Mumbai, India). All chemicals were used without further

purification. Double-distilled water was used throughout the

experiments.

Synthesis of the Magnetic Nanohydrogels

The preparation of the magnetic nanohydrogels consisted of

three steps, and these are shown schematically in Figure 1: (1)

the preparation of GT hydrogels via in situ free-radical polymer-

ization, (2) the loading of iron (Fe21/Fe31) ions into the

Figure 1. Schematic diagram for the formation of the GT and magnetic nanohydrogels. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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hydrogels via a swelling method, and (3) the development of

magnetic nanohydrogels via a chemical process (where the

reduction of Fe21/Fe31 ions occurred via ammonia solution,

which led to the formation of MNPs throughout the hydrogel

network).

Preparation of the GT Hydrogels

Typically, 14.08 mmol of AM and between 0.0025–0.01 g of GT

were dissolved in 2 mL of double-distilled water under the stir-

ring (100 rpm) condition at room temperature for 30 min. To

this mixture solution, 0.648 mmol of MBA and 1.851/0.862

mmol of KPS/TMEDA (initiating pair) were added to initiate

the polymerization process, which led to the formation of

hydrogels at room temperature within 30 min. The formed

hydrogel matrix was carefully transferred to a 500 mL beaker

containing 250 mL of distilled water, and the distilled water was

repeatedly changed (every 8 h) for 24 h to remove the unreacted

products, such as monomer, crosslinker, initiator, and soluble

polymers.24 The obtained GT hydrogels were allowed to dry at

ambient temperature for 24 h. Similarly, other hydrogel formu-

lations were fabricated with the previous procedure. The feed

composition of the fabricated hydrogels is shown in Table I.

Entrapment of Fe21/Fe31 Ions in the Hydrogel Network via

Swelling

The hydrogels synthesized method were placed individually in

50 mL of double-distilled water and allowed to reach equilib-

rium swelling over a period of 24 h. The swollen hydrogels were

transferred to another beaker containing 50 mL of solution,

which consisted of a 1:2 molar ratio of FeSO4�7H2O and

FeCl3�6H2O (Fe21/Fe31 solutions), and allowed to stand over-

night at room temperature to entrap the iron ions throughout

the hydrogel networks.

Conversion of Fe21/Fe31Ions into MNPs in the GT Hydrogel

Network

The Fe-ion-entrapped hydrogels were removed from the Fe21/

Fe31 solutions, washed with double-distilled water to remove Fe

ions on the surface of the hydrogel, placed in a 50 mL of a 0.5-

M ammonia solution, and left overnight. In this step, the Fe

ions were converted into MNPs. The resulting nanohydrogels

appeared to be dark brown. They were removed, washed with

double-distilled water, and allowed to dry at ambient tempera-

ture for 48 h. The GT magnetic nanohydrogels were used for

further studies.

Characterization of the Magnetic Hydrogels

FTIR Spectroscopy. The pure GT, GT hydrogels, and their mag-

netic nanohydrogel network structures were studied with FTIR

spectroscopy. The GT hydrogels and the MNP-embedded hydro-

gels were completely dried in an oven (Baheti Enterprises,

Hyderabad, India) at 60 8C for 6 h before we carried out the

FTIR experiments. Samples were examined between 500 and

4000 cm21 on a Bruker IFS 66V FTIR spectrometer (Ettlingen,

Germany) with the KBr disk method.

Thermal Analysis. Thermal analysis (TGA/DSC) of the samples

was carried out with an SDT Q 600 DSC instrument (TA

Instruments–Waters, LLC, Newcastle, DE) at a heating rate of

10 8C/min under a constant nitrogen flow (100 mL/min).

SEM/EDS Analysis. SEM/EDS analyses of the plain hydrogel

and MNP-embedded hydrogels were performed with a JEOL

JEM-7500F instrument (Tokyo, Japan) operated at an accelerat-

ing voltage of 15 kV. All of the hydrogels and magnetic nanohy-

drogels were iridium-coated before examination on a field

emission scanning electron microscope.

XRD Analysis. The XRD method was used to identify the for-

mation of MNPs in the hydrogels network. The measurements

were carried out on dried and finely ground samples on a

Rigaku diffractometer (Cu Ka radiation, k 5 0.1546 nm) at

15 kV and 50 mA.

TEM Analysis. TEM (JEM-1200EX, JEOL, Tokyo, Japan) was

used for the morphological observation. The TEM sample was

prepared by the dispersion of two to three drops of a finely

ground magnetic nanohydrogel solution (1 mg/1 mL) on a 3-

mm copper grid and dried at ambient temperature after the

excess solution was removed with fine filter paper.

Magnetization Studies with VSM. Magnetization and hysteresis

loops of the developed magnetic nanohydrogels were measured

at room temperature with VSM (model 7300 VSM system, Lake

Shore Cryotronic, Inc., Westerville, OH).

Water-Uptake Studies. Accurately weighed dry hydrogels were

immersed in a 100 mL beaker containing double-distilled water

for 48 h until the hydrogel reached equilibrium swelling at ambi-

ent temperature. The swollen hydrogels were treated with Fe21/

Fe31, and subsequently, magnetic nanohydrogels were developed

with an ammonia solution, as explained in the Experimental sec-

tion. The water-uptake ratios of the developed hydrogels and

their magnetic nanohydrogels were calculated with eq. (1):

Water-uptake ratio5ðWs2WdÞ=Wd (1)

where Ws and Wd are the weights of the swollen hydrogel

(Fe21/Fe31 or magnetic nanohydrogels in the swollen state) at

equilibrium and the dry hydrogel, respectively. The provided

data are the average values of three individual sample readings.

Table I. Feed Compositions of the GT Hydrogels Prepared at Room Temperature with Stirring at 100 rpm for 30 min

Hydrogel code AM (mM) GT (g) MBA (mM) KPS (mM) TMEDA (mM)

GT0 14.084 — 0.648 1.851 0.8620

GT1 14.084 0.0025 0.648 1.851 0.8620

GT2 14.084 0.005 0.648 1.851 0.8620

GT3 14.084 0.0075 0.648 1.851 0.8620

GT4 14.084 0.01 0.648 1.851 0.8620
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Drug-Loading Studies. A hydrophilic anticancer drug (5-Fu)

was chosen as a model drug in a typical drug-loading pro-

cess.1,21 An amount of 100 mg of dry hydrogel and its magnetic

nanohydrogels were allowed to attain equilibrium swelling in

the drug solution (5 mg in 10 mL of distilled water) for 24 h at

room temperature. Then, the swollen hydrogel was transferred

to a disk and allowed to dry at ambient temperature for 24 h.

The drug-loading efficiency of 5-Fu in the hydrogel and its

magnetic nanohydrogels were determined at a maximum k of

265 nm with an ELICO SL 164 ultraviolet–visible spectropho-

tometer (The Elico, Hyderabad, India). The percentage encapsu-

lation efficiency was calculated with eq. (2). The results are

depicted in Table II. Here, the percentage theoretical loading of

5-Fu was 5 mg:

Encapsulation efficiency ð%Þ 5 ½Actual loading ð%Þ
=Theoretical loading ð%Þ� 3 100

(2)

In Vitro Drug-Release Studies. An 80-kHz magnetic field was

generated with an apparent current for release studies. We car-

ried out in vitro drug-release studies of the 5-Fu drug by sepa-

rately placing the 5-Fu-loaded GT hydrogels and 5-Fu-loaded

GT magnetic nanohydrogels in a defined volume (25 mL) of

pH 7.4 phosphate buffer medium. The drug-release kinetics

were analyzed with the percentage of cumulative release data

(Mt/M0, where Mt is the amount of drug released at time t and

M0 is the initial amount of the drug loaded) as a function of

time. We determined the amount of 5-Fu drug at different time

intervals by recording the absorptions of the solutions at a max-

imum wavelength of 265 nm with an ultraviolet–visible spectro-

photometer (model SL 164, Elico, Hyderabad, India).

RESULTS AND DISCUSSION

Hydrogels have excellent properties with superior absorption

capacity in aqueous media. Therefore, when the hydrogels were

immersed in the aqueous Fe21/Fe31 ion solution, the ions easily

penetrated into the hydrogel networks through absorption, and

these ions were easily functionalized with the hydrophilic

groups of the hydrogel networks by coordinating bonds.25

When the ion-adsorbed hydrogels were immersed in an aqueous

ammonia solution, a basic hydrolysis reaction occurred to form

the MNPs.26 Here, the hydrogel networks acted as stabilizing

templates during the formation of the MNPs from the Fe21/

Fe31 ions. Equation (3) represents the formation of the MNPs:

Fe2112Fe31180H2 ! Fe3O414H2O (3)

FTIR Spectroscopy

The functional networks of the developed GT hydrogel and its

magnetic nanohydrogels were investigated by FTIR analysis. Fig-

ure 2 shows the FTIR spectra of the pure GT, GT hydrogels,

and their corresponding magnetic nanohydrogels. The charac-

teristic bands in the FTIR spectrum of GT showed a broad

absorption peak at 3261 cm21, which was assigned to the sym-

metric stretching vibrations of AOH, and the peaks at 820,

1030, 1138, 1230, 1322, 1450, 1517, and 1610 cm21 indicated

the presence of CAH alkenes, ACAO alcohols, CAOH alcohols,

AOH aromatic, CAO alcohols, CAH alkenes, C@C aromatic

ring, and C@C alkenes, respectively; this was consistent with

data from previous reports.27,28 The GT hydrogels (Figure 2)

showed absorption peaks at 1641 and 1430 cm21; these were

associated with the C@O stretching vibrations of AM and GT

units, and the broad peak observed at 3291 cm21 was due to

the stretching vibrations of the NH2 and OH functional groups

in the hydrogel networks.29 The magnetic nanohydrogels (Figure

2) did show all of the previous characteristic peaks, with a slight

shift in wavelengths from 3291 to 3346 cm21; these corre-

sponded to NH2 and AOH functional groups. Those at 1658

and 1441 cm21 were related to the C@O stretching vibrations

of AM and GT, respectively, and a new sharp peak was observed

at 603 cm21 and was due to the stretching vibrations of the

FeAO of MNP. This confirmed the presence of iron oxide

nanoparticles in the hydrogel matrix.30 As a result, we con-

cluded without a doubt that MNPs were present in GT

hydrogels.

Thermal Analysis

The thermal stability and the formation of hydrogels and mag-

netic nanohydrogels were analyzed with TGA and DSC analysis.

Figure 3 shows the DSC and TGA curves of the pure GT, GT4

hydrogel (see see Table I for the compositions of the different

hydrogel samples), and magnetic nanohydrogels. In the DSC

thermogram, GT4 hydrogel showed an exothermic peak at

230 8C due to the formation of intermolecular bonds between

the GT (AOH) and polyacrylamide (ACONH2) hydrogel net-

work, whereas the magnetic nanohydrogels displayed a stronger

Table II. Encapsulation Efficiency and Cumulative Release for the GT1 and GT4 Hydrogels and the GT1 and GT4 Magnetic Nanohydrogels with and

Without an External Magnetic Field

GT-based magnetic nanohydrogels

GT-based hydrogels Without magnetic field With magnetic field

GT1 GT4 GT1 GT4 GT1 GT4

Encapsulation efficiency (%) 26.07 34.37 43.58 79.23 59.71 81.02

Cumulative release (%) 43.80 68.20 85.39 97.28 88.42 99.87

k 0.0046 0.0150 0.0129 0.0582 0.0380 0.0868

n 0.761 0.604 0.666 0.468 0.504 0.496

Data at pH 7.4 were applied, and the release kinetics parameters were assessed at 37 8C.
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exothermic peak at 240.5 8C when compared to the GT4 hydro-

gel in the DSC [Figure 3(A)] studies. This was due to the incor-

poration of MNPs in the hydrogel network. A small

endothermic peak was observed around 100 8C in all cases; that

is, the pure GT, GT4 hydrogel, and its magnetic nanohydrogels;

this was due to the presence of moisture in the samples.

The percentage weight loss of the pure GT, GT1 and GT4 hydro-

gels, and their corresponding magnetic nanohydrogels was char-

acterized by TGA to determine the weight loss at certain

temperatures. Figure 3(B) shows the percentage decomposition

of the hydrogel and its magnetic nanohydrogels. In the case of

all of the developed hydrogels, initial weight loss occurred in

the temperature range 50–100 8C because of the evaporation of

moisture in the sample. A significant weight loss occurred

around 193 8C, and this was due to the volatilization of organic

species in the samples. However, from the TGA thermogram,

the decomposition of GT1 and GT4 hydrogels occurred at

600 8C, with significant weight losses of 83.47 and 79.39% [Fig-

ure 3(B)], respectively. In the case of magnetic nanohydrogels,

60.11 and 55.54% weight losses occurred at 600 8C [Figure

3(B)]. Moreover, according to the TGA results, the magnetic

nanohydrogels showed a higher thermal stability than the GT

hydrogel.

SEM/EDS Analyses

The surface morphology of the GT4 and magnetic nanohydro-

gels were investigated with SEM. Figure 4(A,B) shows the SEM

micrographs of the GT4 and magnetic nanohydrogels. Figure

4(A) shows clearly a rough surface for the GT4 hydrogel,

whereas the magnetic nanohydrogels exhibited a distributed pat-

tern corresponding to Fe3O4. Furthermore, the particles did not

ooze out, rather they were entrapped within the matrix; this

indicated a strong interaction between the GT hydrogel and the

MNPs.

To determine the identity of the MNP elements in the hydrogel,

EDS analysis was carried out. The EDS spectra of the GT hydro-

gels and magnetic nanohydrogels are presented in Figure

4(C,D). The EDS spectrum for the nonmagnetic hydrogel did

not show the characteristic peak of Fe [Figure 4(C)], whereas

the magnetic nanohydrogels showed Fe in addition to O [Figure

4(D)]. It was clear that the magnetic nanohydrogels consisted of

Fe and O; this further confirmed the appearance of MNPs in

the hydrogel network.

XRD analysis

Figure 5(A) shows the XRD pattern of the pure GT, GT4 hydro-

gel, and their magnetic nanohydrogels. In Figure 5(A), the

Figure 2. FTIR spectra of the pure GT, GT hydrogel, and GT4 magnetic nanohydrogel. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. (A) DSC thermograms of the pure GT, GT4 hydrogel, and GT4 magnetic nanohydrogel and (B) TGA curves of the pure GT, GT1 and GT4

hydrogels, and GT1 and GT4 magnetic nanohydrogels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. SEM images of the (A) GT4 hydrogel and (B) GT4 magnetic nanohydrogel and EDS images of the (C) GT4 hydrogel and (D) GT4 magnetic

nanohydrogel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. XRD patterns of the (A) pure GT, GT4 hydrogel, and GT4 magnetic nanohydrogel; (B) TEM image of the magnetic nanohydrogel; (B0) low-

magnification image; and (B1) MNP sizes calculated from the TEM images with ImageJ software. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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magnetic nanohydrogels showed diffraction peaks at 2u values

of 30.008 (220), 35.408 (311), 48.048 (400), 57.258 (511), and

63.528 (440).31–33 The peaks were identified with WinXPow

software, and they coincided with the data of cubic magnetic

(JCPDS card no. 19-0629). Generally, the magnetite (magnetic)

and maghemite peaks are observed at 35.423� (JCPDS 19-629)

and 35.631� (JCPDS 39-1346), respectively.34,35 Hence, these

results were in good agreement with Bajapai et al.’s report.36

Therefore, we confirmed the magnetic phase of the hydrogel,

which stabilized the MNPs within their network.37 However, in

the cases of the pure GT and GT4 hydrogel, these diffraction

peaks were absent. However, regardless of their nature, all of the

samples exhibited a common peak at a 2u of 23.458, which cor-

responded to their amorphous components.

TEM Analysis

The MNP size and shape were determined with TEM. Figure

5(B) shows the TEM image of MNPs that was extracted

from the magnetic nanohydrogels (1 mg of magnetic nanohy-

drogels/1 mL of distilled water). It explains the fact that the

MNPs were spherical in shape and were highly agglomerated

with a diameter of approximately 10 6 2 nm. At higher mag-

nification, the interplanar d-spacing of 0.2903 nm is clearly

visible in Figure 5(B). These studies explain the fact that the

MNPs were highly capped and stabilized by GT in the

hydrogels network;38 this will enhance their applicability in

drug delivery.

Water-Uptake Studies

The water-uptake capacity plays a vital role in inorganic hydro-

gels for advanced drug-delivery studies. The swelling behavior

of the GT hydrogel and magnetic nanohydrogels are shown in

Figure 6(A). In this investigation, we noticed that the rate of

water-uptake was influenced by the GT concentrations. An

increase in the GT concentration in the hydrogels increased the

water-uptake capacity; this was due to the hydrophilic nature of

the GT. We also observed that there was an increase in the

water-uptake capacity in the magnetic nanohydrogels. The over-

all order of the water-uptake capacity followed in this manner:

Magnetic nanohydrogels>GT hydrogel. When the hydrogels

were treated with Fe21/Fe31 ions, the ions were diffused and

physically entrapped within the three-dimensional network of

the hydrogel matrix, and when the Fe21/Fe31 ions embedded

hydrogels were treated with ammonia, MNPs were formed

throughout the hydrogel structure, and the MNPs formed were

capped and stabilized with the GT hydrogel network.38,39 Dur-

ing the formation of MNPs in the hydrogels, the free space

within the hydrogel networks was slightly increased; this allowed

the uptake of more water molecules.40 Therefore, a higher

water-uptake capacity was observed in the magnetic nanohydro-

gels than in the GT hydrogels.

Magnetization Studies with VSM

The magnetic properties of the magnetic nanohydrogels were

studied with VSM. The magnetization measurement obtained at

room temperature for the magnetic nanohydrogels with the

VSM technique is shown Figure 6(B). The saturation

Figure 6. (A) Water uptake of the GT hydrogel and GT magnetic nanohydrogel and (B) magnetization saturation curves of the GT1 and GT4 magnetic

nanohydrogels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. 5-Fu release profiles of GT1 and GT4 and their corresponding

magnetic nanohydrogels in the presence and absence of an external mag-

netic field. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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magnetization40 was calculated from the plot of magnetic

moment (M) as a function of magnetic field (H). No coercivity

or remanence was observed in the magnetic loop, and this sug-

gested superparamagnetic properties of the MNPs. The satu-

rated magnetization values of the GT1 and GT4 magnetic

nanohydrogels were 3.032 and 4.03 emu/g, respectively; these

values were less than that of the pure MNPs because of the

nonmagnetic behavior of the GT hydrogel matrix that sur-

rounded the MNPs. The saturation magnetization of the mag-

netic nanohydrogels mainly depended on the volume fraction

(anisotropy) of the MNPs that were present in the hydrogel net-

work.41 Furthermore, from of this study, we concluded from

the saturated magnetization values that the GT4 magnetic nano-

hydrogels contained more MNPs than the GT1 magnetic nano-

hydrogels. We noted that the magnetic nanohydrogels acquired

enough saturation magnetization that they would be feasible for

most biomedical applications,42 and they could provide an easy

and capable system for carrying drugs to targeted locations. The

magnetic content in the magnetic nanohydrogels was further

determined by the TGA experiments [Figure 3(B)].

In Vitro Drug-Release Studies

It was reported that the drug-loading capacity is directly pro-

portional to the swelling capacity.1,23,43 The same was observed

in this study. We observed that a higher amount of 5-Fu was

released in GT4 than in GT1. This was in accordance with the

swelling studies [Figure 6(A)]. Furthermore, we noticed that the

magnetic GT1 and GT4 nanohydrogels released more 5-Fu drug

when compared with the pure GT4 and GT1 hydrogels. This

was the result of the greater availability of free space between

the hydrogel networks, and therefore, more 5-Fu molecules

were absorbed and bonded over the surface of the MNPs.44 In

the case where an external magnetic field was present, the

release of 5-Fu was improved in the magnetic nanohydrogels

(Figure 7). This was due to interactions between the external

magnetic field and the magnetic particles (MNPs); the MNPs

tended to align themselves in the same direction of the applied

magnetic field; as a result, mechanical deformation of the

hydrogel occurred, and this resulted in the squeezing out of the

drug when compared with the absence of external magnetic

field. Thus, an improved release of 5-Fu was observed under the

magnetic field. During drug release, agglomeration is generally

expected because of magnetism. However, the generated MNPs

in the hydrogel system were at the nanolevel and acquired a

precisely small magnetic momentum. Furthermore, these MNPs

were sparsely distributed and, in turn, stabilized by GT hydrogel

network, which provided effective shielding for responding to

the low-intensity nanomagnetic domain generated by the sur-

rounding MNPs. This shielding effectively passivated the

agglomeration among the MNPs. Furthermore, as the external

magnetic field was quantitatively higher in magnitude than the

individual MNPs, the effect of the external magnetic field was

more pronounced. Hence, it positively impacted the release of

the drug. Similar types of results have been reported in the lit-

erature.45–47 The 5-Fu release profile has been shown to have a

2.86% increase in drug release. This was due to the application

of an external magnetic field. Upon the application of an exter-

nal magnetic field, the alignment of MNPs within the hydrogel

network took place; this caused the hydrogel network to

expand. The resulting mechanical deformation of the gel

squeezed the drug out and, thereby, allowed more 5-Fu mole-

cules to be released into the medium.48 The results indicate that

GT1 and GT4 and their corresponding magnetic nanohydrogels

without and with the application of an external magnetic field

displayed cumulative releases of 43.80, 68.20, 85.39, 97.01,

88.42, and 99.87%, respectively, in 20 h.

Drug-Release Kinetics

The in vitro 5-Fu drug-release profiles of the GT hydrogel and

magnetic nanohydrogels with and without the application of an

external magnetic field are shown in Figure 7. The drug-release

data were calculated as follows:

Mt=M15ktn (4)

where Mt/M1 is the fractional release of the drug at time t, k is

a constant incorporating the structural and geometric character-

istics of the release device, and n is the release exponent indicat-

ing the mechanism of release. With the least squares procedure,

the n and k values of the GT hydrogel and magnetic nanohy-

drogels with or without the application of an external magnetic

field were calculated and are shown in Table II. The n value

played an important role in the mechanism of drug carrying,

and in general, the n value is between 0.5 to 1.0. When n 5 0.5,

the release is Fickian diffusion. When n 5 1.0, the release is

zero-order kinetics; that is, the release is constant with time.

Between these values (0.5< n< 1.0), the release is described as

anomalous (non-Fickian diffusion). When n is close to 1.0, the

release pattern is close to a steady-state phenomenon.49 How-

ever, the n and k values depend on the type of hydrogel system.

The values of n for the GT1 and GT4 magnetic nanohydrogels

were found to be Fickian, that is, 0.504 (GT1) and 0.496 (GT4),

in the presence of the external magnetic field.50 However, in the

absence of the external magnetic field, GT1 and GT4 were found

to show non-Fickian release: 0.666 (GT1) and 0.468 (GT4).

Conversely, the blank hydrogels of GT1 and GT4 showed n val-

ues of 0.761 and 0.604, respectively; this indicated non-Fickian

transport.

CONCLUSIONS

The presence of GT in the hydrogels was found improve the

hydrogels’ water-uptake ability and stabilized the MNPs in the

hydrogel networks. Hydrogels containing MNPs were found to

exhibit higher swelling ratios than the blank hydrogel. The suc-

cessful development of the MNPs in the hydrogels was con-

firmed by FTIR spectroscopy, which showed the characteristic

absorption peak for FeAO at 603 cm21. This was further con-

firmed by XRD and SEM, and the nanoparticles’ average size

was approximately 10 6 2 nm, as observed via TEM. The mag-

netic properties of the developed magnetic nanohydrogels was

studied with VSM. The drug-release profile suggested that the

rate of drug release could be increased through an increase in

the amount of GT in the hydrogels. The drug-release profiles of

the magnetic nanohydrogels were studied in the absence and

presence of an external magnetic field. The release kinetics of 5-

Fu from the magnetic nanohydrogels was found to differ with

the application of an external magnetic field. At pH 7.4, the
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application of the external magnetic field of the drug-release

profile was found to show Fickian diffusion for both the GT1

and GT4 magnetic nanohydrogels with n values of 0.504 and

0.496, respectively; this suggested that the developed magnetic

nanohydrogels exhibited superparamagnetic and biocompatible

properties, and therefore, these are suitable potential candidates

for biomedical (drug-delivery) applications.
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