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The requirement for novel therapeutic and diagnostic techniques for biomedical

applications has driven the development of multifunctional composite materials.

This, in turn, has necessitated the use of novel synthesis and processing techniques for

scalable nanocomposite production with tuneable material properties. Atmospheric

Pressure Microplasma (APM) is a synthesis technique which has received

considerable interest in recent years as a viable route for fabrication of nanoparticles

(NPs) and NP/polymer composites. Here, we

employ APM synthesis of NPs in solutions

demonstrating, for the first time, the in situ

synthesis ofmagneticNPs (Fe3O4) in a hydrogel;

fabricating a magnetic thermo-responsive hy-

drogel (poly (N-isopropylacrylamde)) compos-

ite. This demonstrates the applicability of our

APM process for producing materials which are

potentially relevant to the health sector.

KEYWORDS

atmospheric pressure plasma, magnetic hydrogel, magnetic nanoparticles, thermo-responsive hydrogel

1 | INTRODUCTION

Recent years have seen increased research into the use of non-
equilibrium Atmospheric Pressure Microplasma (APM)
technology in a wide range of applications.[1,2] In particular,
the interaction between APM and liquids offers a robust
technique for solution processing of nanomaterials due to the
enriched chemical environment in the vicinity of the plasma/
liquid interface.[1,3]

The versatility of APM processing has been demonstrated
by the wide variety of nanomaterials synthesized success-
fully.[4–6] In addition to metal NPs, APM processing has also
been used in the synthesis and functionalization of other
nanostructures such as Si nanocrystals,[7] nanocarbon
materials,[8,9] and metal oxides such as Fe3O4,

[10]

Cu2O,
[11,12] and Co3O4

[13] in aqueous solutions. Therefore,
APM techniques have been demonstrated as viable routes to
engineering and tailoring the surface/interfacial properties of
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nanomaterials and nanocomposites.[2,14] It is suggested that
NP synthesis proceeds by different reaction mechanisms,
depending on the precursors and solution used. Thus, the
variety of possible reaction mechanisms must be taken into
consideration when applying APM synthesis techniques to
different materials. While much research has explored APM
synthesis and processing of various nanomaterials in water,
the incorporation of such nanomaterials into a polymeric
matrix to form functional nanocomposites, has received
limited attention.

Using APM-liquid interactions, we have been able to
create complex composites consisting of polymer (e.g.,
PEDOT:PSS,[15] PVA)[16] and metal or inorganic materials
(e.g., TiO2,

[17] Si nanocrystals,[18] metal NPs,[18] or boron
nitride[19]), resulting in improved electrical and thermal
performance or promising biomedical applications. The
incorporation of NPs in polymer through APM-assisted
approaches resulted in improved particle dispersion and
stability, highlighting the great potential of APM as a
technique for fabrication of advanced functional
nanocomposites.

One area of interest in the biomedical field is the
development of multifunctional hydrogel-based nanocompo-
sites. Hydrogels are a category of polymers which are highly
crosslinked hydrophilic polymer networks consisting of
>90% water by mass. Many hydrogels have excellent
biocompatibility and exhibit a response to environmental
stimuli, such as temperature and/or pH.[20] Temperature
responsive hydrogels exhibit a phase change from coil to
globule polymer structure at the so-called Lower Critical
Transition Temperature (LCST). These promising character-
istics have encouraged their wide use in applications such as
drug delivery, cancer therapy, and tissue engineering.[21–23]

Further functionality can be introduced by integrating
functional NPs with hydrogels to form a nanocomposite,
and such systems have shown interesting properties for
applications such as anti-microbial, sensing, imaging, drug
delivery, cancer therapeutics, and many others.[24–27]

Magnetic hydrogels, consisting of magnetic NPs (MNP)
incorporated in a hydrogel matrix, exhibit a response to
external magnetic field and are of particular value in the
biomedical field, including magnetic resonance imaging,
drug delivery, and hyperthermia cancer therapy, etc.[28–32]

While MNPs can be formed from a variety of metals and
metal oxides, cobalt or nickel based MNPs are less desirable
due to their potential toxicity if no appropriate coatings are
employed.[33] Iron oxide MNPs are of particular interest as a
result of their biocompatibility as well as excellent magnetic
response.[33,34] Iron oxide based magnetic NPs exist in
various forms, with α-Fe2O3, γ-Fe2O3, and Fe3O4 being of
particular interest owing to their room temperature super-
paramagnetic behavior in NPs of diameter less than
15 nm.[10,33,35]

Iron oxide based magnetic hydrogels are typically
prepared by physically mixing pre-synthesized MNPs with
hydrogels.[36] These MNPs are mostly synthesized by
conventional methods such as co-precipitation,[37] thermal
decomposition, hydrothermal, or micro-emulsion.[38] These
techniques suffer from issues such as poor control of MNP
size distribution or require elevated temperatures/long
processing times. Although the use of stabilizing agents or
high-pressure reaction vessels can better control the MNP
characteristics, this comes at the cost of significant
experimental restrictions. Recent studies reported in situ
iron oxide MNP synthesis in the hydrogel matrix based on a
co-precipitation method,[39] with further effort introducing
covalent bonds between pre-formed MNPs and the hydrogel
network.[40] However the use of potentially hazardous
chemicals may create a concern over their use in biomedical
applications.

APM synthesis of iron oxide MNPs was recently
demonstrated in aqueous solutions.[10,41] However, incorpo-
ration of APM-synthesized MNPs into a hydrogel and the
potential application of such complicated material system has
not yet been explored. Herein, we report, for the first time, the
in situ APM synthesis of iron oxide MNPs, for the fabrication
of a magnetic thermo-responsive (poly (N-isopropylacry-
lamde), PNIPAm) hydrogel. The properties of resulting
hydrogel system have been characterized and the potential
application of the materials have been discussed.

2 | EXPERIMENTAL

2.1 | Materials and methods

Iron (III) chloride (FeCl3), iron (II) chloride (FeCl2), sodium
hydroxide (NaOH), ammonium persulfate (APS), poly-(N-
isopropyl acrylamide) (PNIPAm), methylene bisacrylamide
(MBAm) and N,N,N′,N′-tetramethyl ethylenediamine
(TEMED) were purchased from Sigma–Aldrich. All sol-
utions were made using 18.2MΩMillipore water. Argon and
helium gases were purchased from BOC.

2.2 | Nanoparticle synthesis

FeCl3 (5 mM) and FeCl2 (2.5 mM) were dissolved in water
which had been thoroughly degassed by bubbling with Ar for
at least 30 min. The solution pH was measured using a
digital pH meter and was adjusted to pH 5 by adding
appropriate amount of NaOH solution (2M). MBAm (0.5 wt
%) was then dissolved in the solution, under Ar protection
throughout.

The above solution was then transferred to a bespoke
reaction vessel as illustrated in Figure 1. A stainless-steel
capillary (inner diameter 250 μm, passing helium gas at
50 sccm) acting as the cathode was placed in chamber A,
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1.5 mm above the solution surface, and a Pt wire immersing in
the solution in the chamber B was used as the anode. Both
chambers were under the ambient atmosphere and a flow of
Ar was maintained across the vessel headspace at approx.
5 sLm to establish an oxygen-free environment. A steady
APM was ignited at the liquid/gas interface and a steady
current of 5 mA maintained under a voltage range of
0.7–1 kV. The reaction was allowed to proceed for 30 min
under mechanical stirring at approx. 650 rpm. This stirring
rate was sufficient to ensure thorough mixing of the solution,
but not so fast as to cause significant disturbance to the
solution surface. As such, the distance between the capillary
tip and liquid surface (length of the AMP jet) was held
constant. The solution temperature in chamber A was
monitored with a thermocouple and found to stay below
30°C for the duration of the process. The resultant solution in
chamber A was then pipetted out of the reaction vessel for
further processing and analysis, and the unreacted solution in
chamber B was discarded. MNPs synthesized via APM in
water (under the same plasma parameters with no MBAm)
were also prepared as a reference for comparison.

2.3 | Formation of thermal-responsive
hydrogel

The resultant MNP/MBAm solution was reacted with
PNIPAm to form a crosslinked network. Specifically,
500 mg PNIPAm was dissolved in 5 mL of the previously
prepared MNP/MBAm solution (NIPAm /MBAm mass ratio
of 20:1), followed by addition of 25 μL APS solution (10 wt
%) and 10 μLTEMED. The resulting solution was then placed
in the fridge at 4°C overnight to allow the reaction to
complete.

2.4 | Characterization

X-Ray Diffraction (XRD, PANalytical X’PERT ProMPD)
was used to analyze the crystallinity of the MNPs. Magnetic
properties of the MNPs and the magnetic hydrogel were
characterized using Vibration Scanning Magnetometry
(VSM, Princeton Measurements Corporation Micromag
3900). Fourier Transform Infrared (FTIR, Perkin Elmer
Spectrum 100 ATR) spectroscopy was performed to investi-
gate the nature of the chemical bonding in the hydrogel
nanocomposite. Samples for the above characterization
techniques were prepared by drop-casting the MNP/PNIPAm
hydrogel on to Si wafer (for VSM and FTIR analysis) or a
glass slide (for XRD analysis) and allowing to dry. The
thermal response of the hydrogel composite was tested by
heating a 5 mL sample in a thermal bath at 38°C and
monitoring until full phase conversion had occurred. The
LCST was measured via a thermocouple immersed in the
sample solution. Immediately following this, the samples
were immersed in a thermal bath at room temperature
(approx. 19°C) and the reversible transition back to solution
state was monitored. The thermal response of the hydrogel
composite was compared to that of a pure PNIPAm hydrogel.

Geometry, size distributions, and further structural
analysis of the MNPs were carried out using Transmission
Electron Microscopy (TEM, Tecnai G2 F20 S-TWIN, FEI).
Particle size distribution and lattice spacing were analyzed by
measuring particle dimensions using “FIJI” software pack-
age. This involved defining the dimensions of the image
relative to the scale bar and then drawing a line across the
diameter of each NP and measuring this distance. This was
carried out for approx. 50 individual NPs to ensure statistical
significance.

3 | RESULTS AND DISCUSSION

Our previous work on APM synthesis of NPs has shown that
electrons injected into the liquid may either react directly with
metal ions in solution or react with water molecules to form
short-lived intermediate radicals, which initiate a cascade of
further chemical reactions.[5] Wang et al.[10] expanded on this
work to propose a mechanism by which Fe2+/3+ cations react
with hydroxide ions to form Fe3O4. Electrons at the interface
with the solution are expected to form hydroxyl radicals (1.1).

e�gas þ H2O→OH• þ H� ð1:1Þ

Once solvated, electrons may also quickly react via
second-order recombination to form hydroxide ions and
hydrogen (1.2)[3]

2H2Oþ 2e�aq → 2OH�
aq þ H2aq ð1:2Þ

FIGURE 1 Schematic of the apparatus used for APM synthesis
of MNPs in MBAm solution
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OH• may also be formed via interaction of water
molecules with metastable helium species at the plasma/
liquid interface (2.1, 2.2)

Heþ e�gas →He* ð2:1Þ

He* þ H2O→Heþ Hþ OH• ð2:2Þ

This is believed to cause a cascade of further reactions,
producing hydrogen peroxide (3) and hydroxide ions (4).

OH• þ OH• →H2O2 ð3Þ

Fe2þ þ H2O2→ Fe3þ þ OH• þ OH� ð4Þ

The ratio of Fe2+:Fe3+ is maintained by reaction of excess
Fe3+ with electrons injected from the plasma (5).

Fe3þ þ e� →Fe2þ ð5Þ

Finally, hydroxide ions react with the Fe2+/3+ cations to
form Fe3O4 (6).

Fe2þ þ 2Fe3þ þ 8OH� → Fe3O4 þ 4H2O ð6Þ

The proposed reaction scheme ensures a steady supply of
OH−, facilitating the synthesis of Fe3O4. In contrast, co-
precipitation techniques rely on the addition of excess OH− to
the Fe2+/3+ solution in a short space of time, which may lead
to uncontrolled precipitation of Fe3O4. The APM synthesis
technique allows for the supply of reactants to be controlled
via the plasma parameters (current, gas flow rate, etc). The
presence of the stable hydrophilic monomer MBAm in
the reaction system could potentially serve as a stabilizer, as
the solution containing as-synthesized MNPs remains stable

and shows no signs of precipitation even after long period of
time (days).

Degradation of the MBAm in solution during the APM
process was minimized due to the small quantity of MBAm
(0.5 wt%) present in the reaction solution coupled with
mechanical stirring during the plasma processing (which is a
low temperature process, <30°C). Although dissociation/
fragmentation ofMBAm is possible, in our case no significant
modifications of the hydrogel chemistry (FTIR) or physical
properties (thermal response) have been found after the APM
processing (see results sections). The overall reaction scheme
in the present work has been summarized in Figure 2.

The resulting mixture after the APM processing was then
subjected to a crosslinking process with PNIPAm, after which
a MNP/hydrogel composite can be obtained. The crystalline
structure of the resulting composite was confirmed by XRD,
Figure 3. The broad diffraction peaks present in Figure 3 arise
due to the large fluorescent background from the glass
substrate. The peaks are in good agreements with those of the
Crystallography Open Database pattern 9002026 for Fe3O4.
This confirms that α-Fe2O3 has not been formed, as would be
expected in an oxygen-rich environment. It should be noted

FIGURE 2 Illustration of the proposed reaction scheme for AMP synthesis of MNPs in MBAm solution

FIGURE 3 XRD pattern for MNPs synthesized in polymer
(black). Reference pattern for Fe3O4 (COD: 9002026) shown in red
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that Fe3O4 is known to produce a pattern similar to that of
γ-Fe2O3 owing to the spinel structure present in bothmaterials.
In this study, the 2:1 ratio of Fe(III):Fe(II) in the salt solution
and inert atmosphere should ensure that [Fe2+]:[Fe3+] does not
change during the synthesis process. However, in the case of
unexpected over-oxidation, γ-Fe2O3 might also form and give
the same XRD pattern. This should not adversely affect the
magnetic properties of the resultantMNP/PNIPAmcomposite,
as γ-Fe2O3 NPs also exhibit superparamagnetism.[42]

TEM analysis revealed information regarding the size,
shape and crystal structure of the synthesized MNPs.
Figure 4a shows a typical image of the magnetic hydrogel
sample, where most MNPs are spherical in shape with a tight
particle size distribution (average diameter 9 ± 0.97 nm).
Figure 4b shows a typical MNP with lattice fringes clearly
visible and the average lattice spacing found to be∼0.295 nm,
potentially of the (220) plane of Fe3O4.

[43] Analysis of MNPs
synthesized via APM in water (the same plasma parameters)
with no MBAm found that particles also exhibit consistent
lattice spacing, indicating that the presence of MBAm has no
role in the MNPs synthesis process and has not modified the
crystal structure of the resulting MNPs.

Figure 5 shows the FTIR spectra of the pure PNIPAm, the
MNP/PNIPAm composite hydrogel as well as PNIPAm
crosslinked with APM treated MBAm (no Fe3O4 NPs).
Typically, PNIPAm exhibits a peak known as Amide I at
approx. 1625–1650 cm−1, which is associated with stretching
vibrational mode of the CO group in the amide of the
PNIPAm chains.[44,45] The peak observed at approx. 1550 cm−1

is known as Amide II, and arises due to vibrations of the NH
group in the PNIPAm amide. FTIR spectroscopy shows that
APM treatment of theMBAm solution has negligible effects on
the chemical bonding of the resultant PNIPAm (Figure 5b),
compared to PNIPAm prepared without any APM treatment
step (Figure 5a). The emergence of a shoulder at 1640 cm−1

(Figure 5c) can be attributed to the presence−OH groups on the
Fe3O4 surface.

[46,47] The result shows that the APM treatment
has no direct effect on the chemistry of the PNIPAm.

Magnetization measurements for the crosslinked magnetic
hydrogel composite and APM-synthesizedMNPs (prepared in
water under the same plasma processing parameters, but with
no hydrogel components) have been carried out, see Figure 6.
The lack of hysteresis for both samples is characteristic of
superparamagnetism, a behavior typical in MNPs with

FIGURE 4 TEM images of (a) Magnetic hydrogel (b) individual particles within the hydrogel with lattice spacing measured

FIGURE 5 FTIR spectra for (a) pure PNIPAm, (b) PNIPAm crosslinked with AMP-treated MBAm, and (c) the MNP/PNIPAm composite
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diameters below approximately 15 nm.[35] The observed
saturation magnetization (Ms) for the magnetic hydrogel
sample was approx. 8.6 emu g−1, whereas the Ms for water
sample was∼4.5 emu g−1. The level ofMs seen in our study is
similar to a previous study in which Fe3O4 NPs were
synthesized using pulsed plasma in liquid containing a cationic
surfactant.[48] The magnetic properties of MNPs can be
affected bymany parameters, such as crystallinity, size, shape,
and crystal defect density as well as the degree of agglomera-
tion of the material.[49] The presence of MBAm during
the synthesis process may have influenced theMs value of the
magnetic hydrogel sample, however, the specific nature of the
interaction between MBAm and the MNPs during the APM
process requires more detailed investigation in the future.

The thermal response of the MNP/PNIPAm composite
hydrogel was compared to that of an equal volume of pure
PNIPAm. Both samples were simultaneously immersed in an
oil bath held at 38°C and monitored for phase change. The
LCST was observed to be approx. 33°C for both samples.
Complete conversion to the gel state took approx. 5 min in
each case, with no evidence of the MNPs significantly
changing the phase transition speed. Figure 7a shows images
of the phase transition process taking place at 30 s intervals.
The translucent sample color corresponds to the liquid
solution state at lower temperature below the LCST. Both
solutions become milky and stiff when temperature is above
the LCST. After 3 min the volume of the sample in contact
with the glass vial had fully transitioned to the gel state, while
a further 2 min was required for the remainder of the material
in the centre of the sample volume to form the gel state. The
MNPs were observed to remain stably dispersed in the
PNIPAm throughout, with no evidence of them being forced
out forming agglomerates during the phase transition. Upon
cooling (Figure 7b), both samples returned to the liquid
solution state at a rate with no measurable difference. The

phase transition could be performed multiple times (>10)
with no change in behavior noted.

4 | CONCLUSIONS

We have successfully demonstrated the synthesis of a
magnetic thermo-sensitive hydrogel incorporating APM
synthesized magnetic nanoparticles. The chemical composi-
tion and physical properties of the resulting hydrogel were not
found to be significantly modified by this synthetic route.
Indeed, the magnetization of the magnetic hydrogel sample
showed a more enhanced magnetic performance compared to
MNPs synthesized directly in water. The resultant magnetic
hydrogel system was also found to exhibit a reversible phase
change at temperatures of interest for biomedical applica-
tions. Future work has been planned to characterize magnetic
nanocomposites for practical applications such as MRI
imaging, drug delivery, and hyperthermia applications. The
material produced in this study could be of interest in a range
of applications, highlighting the potential of APM technology
as a synthetic route for the fabrication of hydrogel nano-
composites in fields such as biomedical, environmental,
microfluidics, and sensing.
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the LCST. (c) Fe3O4/PNIPAm composite hydrogel and (d) pure
PNIPAm above the LCST, showing gel phase
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