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Responsive microgel poly(N-isopropylacrylamide) or PNIPAM is a gel that can swell or shrink in response to external stimuli
(temperature, pH, etc.). In this work, a nanocomposite gel is developed consisting of PNIPAM and magnetic iron oxide nanobeads
for controlled release of liquids (like drugs) upon exposure to an alternating magnetic field. Microparticles of the nanocomposite
are fabricated efficiently with a monodisperse size distribution and a diameter ranging from 20 to 500𝜇m at a rate of up to 1 kHz
using a simple and inexpensive microfluidic system. The nanocomposite is heated through magnetic losses, which is exploited
for a remotely stimulated liquid release. The efficiency of the microparticles for controlled drug release applications is tested with
a solution of Rhodamine B as a liquid drug model. In continuous and pulsatile mode, a release of 7% and 80% was achieved,
respectively. Compared to external thermal actuation that heats the entire surrounding or embedded heaters that need complex
fabrication steps, the magnetic actuation provides localized heating and is easy to implement with our microfluidic fabrication
method.

1. Introduction

Microgels are particles formed from three dimensional chains
of polymers that can swell by taking up a suitable solvent
below their transition temperature, called lower critical
solution temperature (LCST), or shrink above the LCST by
expelling this solvent [1, 2] (i.e., water with a few exceptions).
The value of the LCST depends on the compositions of each
gel and can vary in a wide range [3, 4]. Smart microgels
have been developed that respond to stimuli like temperature
[5], pH [6, 7], ionic strength [8], light [9, 10], and electrical
field [11]. Due to their properties, smart microgels have been
employed in different kinds of applications like sensing [12,
13], catalysis [14], drug delivery [15], bioseparation [16], and
optical devices [17].

Poly(N-isopropylacrylamide) or PNIPAM microgel par-
ticles are one of the most common smart hydrogels which

were first reported in 1986 [18]. They consist of hydrophilic
amide groups and isopropyl hydrophobic moieties.

PNIPAM has a relatively low LCST (∼32∘C) [1] which
can be tuned to adapt to clinical and pharmaceutical needs
by the addition of comonomers to the synthesis protocol of
PNIPAM [19].

Embedding magnetic nanobeads (NBs) into PNIPAM,
creatingmagneto-thermoresponsive nanocomposites (MTNs),
is particularly attractive as it can be remotely triggered by a
magnetic field. In addition, the superparamagnetic behavior
of those NBs ensures that they are demagnetized when no
magnetic field is applied. This prevents them from agglom-
erating and helps in obtaining a homogeneous distribution
inside the MTNs.

Several approaches have been used to fabricate magneto-
thermoresponsive PNIPAM particles of micrometer and
submicrometer size [20–24]. Most of those methods incor-
porate NBs into the gel by coating them into the gel. An
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advantage of those methods is the small size of the magneto-
thermoresponsive particles (few microns to submicrons in
diameter). Sauzedde et al. [21] adopted a two-step method
in which NBs were first absorbed in a synthetized PNIPAM,
and then the MTNs with up to 30wt% of magnetic content
were obtained by a polymerization process. More recently,
Purushotham et al. [25] succeeded in fabricating an MTN
which is capable of releasing 15% in about 50min using a
magnetic field of 50mT at 375 kHz. The fabrication process
was a rather time consuming and complex two-step copre-
cipitation method.

In this work, by using a capillary microfluidic device
[26], MTN particles were fabricated in a simple and fast way
with high control over the size of the MTNs (ranging from
few microns up to few millimeters). It also provides simple
means of embedding NBs inside the particles by adjusting
the flow rate [26, 27]. In addition, using microfluidic devices
to generate MTNs at microscale level allows using minimal
volume of ingredients with minimal losses, contamination,
or waste generation [28, 29]. Finally, the recent advances
in microfluidic technologies and low cost materials allow
developing efficient and inexpensive devices for drug release
applications [30, 31]. The concept of magnetically triggered
drug release is presented in Figure 1: after being fabricated
in a microfluidic system, the MTNs are collected and washed
before they are loadedwith a hydrophilic dye (used as a liquid
drug model). Finally, the drug is released from the MTNs by
applying an alternating magnetic field.

2. Methods

2.1. Fabrication of MTNs. Microfluidic systems have been
widely used for biological and chemical applications, exploit-
ing a continuous flow or flow focusing to produce continuous
streams of liquid or to generate droplets [32–37]. In order to
synthetize the MTNs, we use a flow focusing method, gener-
ating a (water I and water II)-in-oil ((𝑊 + 𝑊)/𝑂) emulsion,
in which two aqueous phases are mixed and encapsulated
inside an oil stream. The polymerization process of MTNs
from droplet to polymer particle form is very fast (less than
two minutes).

The microfluidic devices in Figure 2(e) are designed
and fabricated based on microscope glass slides and glass
capillaries [28, 38]. The glass capillaries of 1mm in diameter
were heated and pulled by a microcapillary puller (P-1000,
Sutter Instrument), to form tapered ends with the desired
orifice sizes. The surface wettability was modified using a
commercial coating agent (FluoroPel PFC 801A, Cytonix
Corporation or GlacoMirror Coat “Zero,” Soft 99 Co.). Next,
two tapered capillaries were bonded inside of the channel
with epoxy (HP 250, ITWDevcon, Inc.) with one of them just
penetrating the opening of the other one. Finally a glass slide
working as the cover of the microfluidic device was bonded
onto the channel and syringe needles were bonded to holes to
form inlets.

To generate monodispersed ((𝑊 + 𝑊)/𝑂) emulsions,
liquid 1, liquid 2, and liquid 3 were used as the inner,
middle, and outer phases, respectively. Liquid 1 contained
20wt% of the monomer N-isopropylacrylamide (NIPAM),

2mL of N,N,N,N-tetramethylenediamine (TEMED) as
the accelerator for the reaction, 6 wt% of the crosslinker,
N,N-methylene(bis)acrylamide (BIS), and 0.5mL [2-(meth-
acryloyloxy)ethyl]trimethylammonium chloride (METAC).
Liquid 2 contained 4wt% ammonium persulfate (APS) and
the iron oxide NBs. Silicon oil was used as the oil phase. All
chemicals were obtained from Sigma-Aldrich and the NBs
(20 nm) were fromMicromod (Catalog number 79-00-201).

As shown in Figure 2(a), liquid 1 was fed into the channel
through the first capillary meeting liquid 2 at the outlet of
the first capillary; as shown in Figure 2(b) the microfluidic
approach ensures laminar flows, preventing the two liquids
to mix in the second capillary, which would block it. When
the two streams of liquid 1 and liquid 2 reach the outlet of
the second capillary, the shear stress from liquid 3 pinches
off the streams into monodispersed droplets, as shown in
Figure 2(c). Figure 2(d) shows MTNs particles with PDI
index value of 3.9%, indicating highly monodisperse MTNs
generation in our device. Figures 2(d) and 2(e) show different
sizes of MTN particles. The MTNs are collected in a glass
container and washed 3 times.

2.2. Characterization of MTNs

2.2.1. Swelling/Shrinking Ratio. The thermoresponsive behav-
ior of the MTNs was characterized by measuring the swell-
ing/deswelling ratio:

SR =
(𝑊
𝑊
−𝑊
𝑑
)

𝑊
𝑑

, (1)

where 𝑊
𝑊

is the weight of the wet particles and 𝑊
𝑑
is the

dry weight of the particles [39, 40]. The wet weight of the
sample was measured gravimetrically. A filter paper was used
to remove any excess water. The dry weight was measured
after drying the sample in vacuum. We should mention that,
for all the graphs and data, we used SR

(normalized) which was
normalized according to SR value at room temperature.

2.2.2. Drug Loading. The drug model used in our work is
Rhodamine B (Rh(B)), which is a hydrophilic dye (exci-
tation/emission wavelengths = 543/620 nm). MTNs were
immersed in water with 1mgmL−1 of Rh(B) for 3 days at
room temperature, to load the dye into the gel network by
physical diffusion.The loadedMTNs were then washed twice
with DI water and kept in water at room temperature for
release experiments. The loading efficiency was defined as

Loadeff =
(initial Rh (B) − remaining Rh (B))

initial amount of Rh (B)
× 100. (2)

The experimental values of Loadeff were obtained bymea-
suring the amount of Rh(B) evaluated by UV spectroscopy of
the water/Rh(B) solution that were sampled before and after
the loading procedure.

2.2.3. Drug Release. To produce the magnetic stimuli, an
alternatingmagnetic field (AMF)was applied using an induc-
tive heater (Induktive Erwärmungsanlagen GmbH, Austria,
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Figure 1: Principle of magnetically controlled drug release using PNIPAM microparticles with embedded iron oxide nanobeads (NBs) to
formmonodispersedmagneto-thermoresponsive nanocomposites (MTNs).TheMTNs are fabricated in a microfluidic system and filled with
a drug by means of diffusion. The heat generated by the NBs upon the application of an alternating magnetic field causes the gel-structure to
shrink and the release of drug.
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Figure 2: (a) Schematic configuration of the microfluidic system for synthetizing the MTNs. 𝑄
1

(20 𝜇Lmin−1), 𝑄
2

(20𝜇Lmin−1), and 𝑄
3

(120𝜇Lmin−1) are the flow rates for the inner, middle, and outer phases, respectively. (b)The two aqueous phasesmeet and form a continuous
laminar flow at the outlet of the first capillary. (c) The generation of ((𝑊 + 𝑊)/𝑂) emulsions at the outlet of the second capillary. (d), (e),
and (f) Magnified picture of different sizes (200, 100, and 20 𝜇m) of magneto-thermoresponsive nanocomposites (MTNs) fabricated with the
capillary microfluidic device. (g) A typical microfluidic device fabricated for preparing the MTNs. Scale bars are 400𝜇m in (b), (c), and (d),
100𝜇m in (e), 10𝜇m in (f), and 2 cm in (g).

model number TH3HT) that produces a magnetic field of
600 kHz and 72mT. The inductive heater was connected
to a chiller system to prevent heating of the coil. For the
AMF experiments, the particles were placed inside a plastic
container at the center of the coil and the container was
insulated by a Polydimethylsiloxane (PDMS) cover [41, 42].
For the release experiments, a precise amount ofMTNs water
was placed in a flask containing water. The amount of Rh(B)

released from the MTNs at different times in the experiment
was determined by sampling precise amount of the solution
before and after applying the AMF, using UV spectroscopy.

2.2.4. Theoretical Model. The heat generated by the super-
paramagnetic NBs, when exposed to an alternating mag-
netic field, is a result of magnetic losses that occur due to
two mechanisms: Neel relaxation and Brownian relaxation.
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Neel relaxation, 𝜏
𝑁
, is associated with the reorientation

of magnetic moments, whereas Brownian relaxation, 𝜏
𝐵
, is

associated with the reorientation of the entire particles. Neel
relaxation can be expressed as [43]

𝜏
𝑁
= 𝜏
0
exp(
𝐾𝑉
𝑚

𝑘
𝐵
𝑇
) , (3)

where 𝜏
0
is the initial relaxation time, 𝐾 is the magnetic

anisotropy constant, 𝑉
𝑚
is the volume of the magnetic par-

ticle, 𝑘
𝐵
is the Boltzmann constant, and 𝑇 is the temperature.

Brownian relaxation is expressed as

𝜏
𝐵
=
3𝜂𝑉
𝐻

𝑘
𝐵
𝑇
, (4)

where 𝜂 is the medium viscosity and𝑉
𝐻
is the hydrodynamic

volume of the magnetic particle.
The volumetric power dissipated by NBs is proportional

to the internal energy of the particles Δ𝑈 and the frequency
𝑓 and can be expressed as [44]

𝑃 = 𝑓Δ𝑈 = 𝜋𝜇
0
𝜒
𝑖
𝑓𝐻
2

, (5)

where𝐻 is the magnetic field amplitude, 𝜇
0
is the permeabil-

ity of free space, and 𝜒
𝑖
is the imaginary part of the complex

susceptibility, which depends on the frequency and Brownian
and Neel relaxations. Equation (5) shows that increasing
the frequency or the magnetic field amplitude results in
increasing the amount of power dissipated and, hence, more
heat generated inside the MTNs.
𝜒
𝑖
is dependent on the frequency, effective relaxation 𝜏,

and the static susceptibility 𝜒
0
= 𝜕𝑀/𝜕𝐻 (which is obtained

from the magnetization curves of the NBs):

𝜒
𝑖
=
2𝜋𝑓𝜏

1 + (2𝜋𝑓𝜏)
2

𝜒
0
, (6)

where the effective relaxation time 𝜏 is calculated as

1

𝜏
=
1

𝜏
𝑁

+
1

𝜏
𝐵

. (7)

The volumetric power dissipation ofMTNs with different
NB volume ratio was calculated for an alternating magnetic
field of 72mT amplitude and frequency of 600 kHz. The
calculation was conducted using 𝐾 = 13.5 kJm−3, 𝜏

0
=

1 ns, and PNIPAM viscosity 𝜂 = 2.2mPa⋅s. The total
power dissipated inside an MTN was calculated using (5),
and the power density was derived taking into account the
temperature dependent volume of the MTN (see Section 3).

3. Results and Discussion

The size of the MTNs fabricated by the microfluidic chip
method ranged from 20 to 500𝜇m. All results reported here
were achieved with MTNs of 100𝜇m in diameter and a NB
concentration of 10mg/mL, unless cited otherwise.
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Figure 3: Swelling/deswelling ratio (normalized) of pure PNI-
PAM microparticles (PNIPAM(0)) and different compositions of
magneto-thermoresponsive nanocomposites (MTNs). The experi-
ments were performed by direct heating; that is, the microparticles
were immersed in a water bath of controllable temperature.

3.1. Thermoresponsive Behavior. In order to study the effect
of embedding the NBs into PNIPAM, we compared the
swelling-deswelling behavior of native PNIPAM (PNI-
PAM(0)) microparticles to that of MTNs with different NBs
sizes (nm in diameter) and concentrations (in mgmL−1).
Experiments were performed with MTNs inside a water bath
that enabled temperature control from 22∘C to 45∘C. Allmea-
surement points were recorded after the temperature reached
a steady state (constant value for at least 15 minutes). Figure 3
shows the SR (normalized) of the different microparticles
as a function of the temperature. An identical behavior is
observed for PNIPAM(0) and MTNs, independent of the
NBs concentrations and sizes. This implies that integrating
magnetic nanoparticles in the PNIPAM microgel with this
microfluidic fabrication method leaves its thermoresponsive
behavior unchanged. This is in contrast to results obtained
with chemical synthesismethods, where the nanoparticles are
chemically linked and attached to the gel network, causing a
decrease in the sensitivity of PNIPAM to thermal stimuli. It
seems, by using themicrofluidic approach for the fabrication,
that the NBs are more physically linked to the gel network,
maintaining efficiently the responsive behavior of the MTNs
[26]. This property could be exploited to generate a variety
of PNIPAM microparticles with embedded nanobeads of
different kind, size, or concentration, which are optimized
for specific applications. From the SR plot in Figure 3, the
LCST can be estimated [45] to be around 31∘C, which is in
accordance with typical values reported in literature [1, 16, 46,
47].

Figure 3 shows that different ratios and compositions of
NBs do not considerably affect the responsive behavior of
the MTNs. The exception of this was the concentration of
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Figure 4: Swelling/deswelling ratio (normalized) of MTNs as a
response to an alternating magnetic field (AMF) (black). The sharp
decrease at around 200 seconds corresponds to the time at which the
LCST is reached. Temporal variation of the average temperature of
the particle caused by the heat produced in the NBs, when the AMF
is on (red).

the crosslinker, which has been shown to have a direct impact
on the response of MTNs.

3.2. Magneto-Thermoresponsive Behavior. To study the res-
ponse of MTNs to magnetic stimuli, an alternating magnetic
field (AMF) of 72mT in amplitude and 600 kHz in frequency
was applied and the SR was measured.

Figure 4 shows the normalized SR (black curve), in
addition to the temporal variation (red curve) as a function
of AMF duration. For the SR measurement, a slight decrease
can be observed during the first two minutes, followed by a
sharp decrease at around 200 seconds, before the SR saturates
after about 400 seconds. Overall, the magneto-responsive
behavior of theMTNs is very similar to the one obtained from
direct thermal stimuli (Figure 3). The results show that the
LCST of MTNs occurred about 200 seconds after applying
the AMF. The maximum shrinking obtained after around
400 seconds is close to values found in other works intended
specifically to increase the responsive behavior of PNIPAM
microparticles [48].

From the results obtained by direct thermal stimuli
(Figure 3) and magnetic stimuli (Figure 4), the average
temperature change Δ𝑇 of the MTNs, when heated by an
AMF, can be derived. This temperature change is shown in
Figure 4 (red curve). When the MTN shrinks due to increas-
ing temperature, its volume decreases while the number of
NBs remains the same. Hence, the heating power remains the
same, resulting in an increase of the power density. As a result,
a nonlinear temperature change is observed.

3.3. Drug Release. Loading theMTNs with Rh(B) by physical
diffusion yielded a value for the Loadeff of 15%. The drug
release was studied for a continuous mode; that is, an AMF
was continuously applied for a specific period of time and
for a pulsatile mode; that is, an AMFwas sequentially applied
with a break between the pulses.

3.3.1. Continuous Release Mode. The temporal behavior of
the release in continuous mode is shown in Figure 5(a). It
closely correlates with the shrinking and temperature change
of theMTNs (Figure 4). As the temperature increases and the
MTNs shrink, the dye is released. Before about 3minutes, that
is, before reaching the LCST, the release is slow and reaches a
value of 2%. A sharp increase of the release profile is observed
around the LCST, where the MTNs shrink dramatically and
the gel starts to collapse, acting like a hydrostatic pump that
pushes the dye outside. After about 5minutes, the release had
a significant slowdown at 7%. About one minute later, when
shrinking is completed, the pores decrease or even close, and
the temperature of the MTNs does not change anymore. We
should note that themagnetic fieldwas applied for 90minutes
but data in Figure 5(a) are shown until 30 minutes only, since
the release has a significant slowdown (the magnetic effect
was nearly saturated, and the very slow increase beyond that
is due to normal diffusion which as indicates the graph is
very slow). The graph shows also the release of Rh(B) from
PNIPAM particles without magnetic contents, PNIPAM(0),
where the release, which is much lower than those from
MTNs, is mostly due to simple diffusion.

The effect of the concentration of NBs in the MTNs on
the release under magnetic stimuli is shown in Figure 5(b).
In general, a higher concentration of NBs yields a higher
temperature of the MTNs, resulting in a larger release. Below
4mgmL−1, no release was observed, which is attributed to
the fact that the heating of the MTNs is not sufficient to
generate a response. Between 4mgmL−1 and 6.5mgmL−1,
the release is small with values below 2%. Between 6.5
and 10mgmL−1, the release increases linearly from about
2% to about 7.5%. Within this concentration range, the
temperature reaches the LCST, causing an increased release
due to pronounced shrinking. While maximum shrinking
is obtained with a concentration of 10mgmL−1, the release
continues to increase, though slower, with the concentration.
This effect is generated by the increasing temperature inside
the MTNs that is driving the release. This indicates that it
would be possible to increase the release beyond 7.5% by
further increasing the NBs concentration; however, in our
experiments we found that the polymerization of the gel was
affected at such high concentrations.

3.3.2. Pulsatile Release Mode. The release can be enhanced
by a pulsatile release profile, which is also important for
applications that need a successive release of drug such as the
release of insulin [49].The pulsatile release mode was studied
by applying AMF pulses of 6-minute duration separated by 5-
minute intervals without magnetic field. The pulse duration
was chosen to obtain a maximum release as found in the
continuous release mode. As shown in Figure 5(c), theMTNs
maintain a relatively constant release for each pulse even after
15 cycles, and a total release of nearly 80%was achievedwithin
1.5 hours. The reason for the increased release performance
is that unlike the continuous AMF mode (where the gel can
collapse, leading to a decrease of the pore dimensions or even
clogging of the pores) the pulsatile mode enables the gel to
reswell, resulting in an opening of the pores for the next cycle.
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Figure 5: (a) Release rate of Rh(B) from MTNs and PNIPAM(0) when an AMF is applied continuously for 30 minutes. (b) Effect of iron
oxide nanobeads (NBs) concentration on the release rate of Rh(B) after applying magnetic stimuli for 7 minutes. (c) Pulsatile release of Rh(B)
from MTNs and PNIPAM(0) by consecutively applying an alternating magnetic field (AMF) for 6 minutes separated by 5-minute intervals
without magnetic field.

Similarly to Figure 5(a), release of Rh(B) from PNIPAM(0),
which is mainly due to simple diffusion, was presented and
used as control test to show the significant effect of magnetic
triggering (case of MTNs).

4. Conclusions

In this work, PNIPAM microparticles with embedded NBs
were studied for controlled release applications. The fab-
rication of monodispersed MTNs was performed using a
capillary microfluidic system, providing a versatile, simple,

and fast method to produce MTNs from 20 to 500 𝜇m in
diameter at a rate of up to 1 kHz. The produced MTNs have
a temperature behavior that is characterized by the LCST at
31∘C.

The drug release study was carried out by remotely
triggering theMTNs with an AMF of 72mT in amplitude and
600 kHz in frequency. It is found that the MTNs are able to
deswell bymore than 80%of their initial weightwithin a short
time (around 6 minutes) under the effect of an AMF.

We found that the thermoresponsive behavior of the
MTNs is not affected by the NB size and concentration
up to 500 nm and 10mgmL−1, respectively. This seems to
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be a distinct feature of the developed fabrication process,
offering a high flexibility in the choice of the embedded par-
ticles. Beyond 10mgmL−1, the polymerization got adversely
affected. On the other hand the crosslinker concentration
has a considerable effect and more than 2.5 wt% should
be used to achieve the maximum responsive behavior. The
experiments also showed that increasing the concentration
of NBs increases the amount of drug release. This could be
linked to the saturation temperature of the MTNs, which
increases with the NB concentration. The efficiency of the
particles for drug release applications was shown using Rh(B)
as amodel of liquid drugs. In case of a continuous application
of the AMF, a release of nearly 7% was achieved in 7 minutes.
Thereby, the release rate closely correlates with the shrinking
and temperature increase of the MTNs. In case of pulsatile
application of the AMF nearly 80% of release was obtained
within 100 minutes.
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