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a b s t r a c t

We have developed a device capable of remote triggering and in situ quantification of therapeutic drugs,
based on magnetically-responsive hydrogels of poly (N-isopropylacrylamide) and alginate (PNiPAAm).
The heating efficiency of these hydrogels measured by their specific power absorption (SPA) values
showed that the values between 100 and 300 W/g of the material were high enough to reach the lower
critical solution temperature (LCST) of the polymeric matrix within few minutes. The drug release
through application of AC magnetic fields could be controlled by time-modulated field pulses in order to
deliver the desired amount of drug. Using B12 vitamin as a concept drug, the device was calibrated to
measure amounts of drug released as small as 25(2)�10�9 g, demonstrating the potential of this device
for very precise quantitative control of drug release.

& Elsevier B.V. All rights reserved.
1. Introduction

Magnetic controlled drug delivery is based on the employment
of a magnetic field to trigger on-demand drug release employing
magnetic nanoparticles (MNPs) as heating agents [1]. The ability of
generating heat on the MNPs is measured by the specific power
absorption (SPA), which is the power absorbed per unit mass of
magnetic nanoparticles [2,3]. The physical mechanisms of heat
generation of the single-domain MNPs under an AC field were first
studied by Hergt et al. [4] Some years later, a simple model was
developed by Rosensweig [5] based on the magnetic and rota-
tional relaxation for the specific case of single domain magnetic
particles dispersed in a liquid matrix. This and other subsequent
theoretical models have successfully explained the physical me-
chanisms by which the energy of the alternating magnetic field is
absorbed by an assembly of single-domain MNPs [5–8]. At the
frequencies involved in our experiments the power absorption can
be described through the relaxation of the magnetic moment in-
duced by thermal fluctuations, known as the Neel–Brown relaxa-
tion process. The SPA values expected for single domain MNPs of a
given material (i.e., a specific magnetic anisotropy) is known to
depend strongly on the average particle size as well as the size
distribution [9]. In the specific case of Fe3O4 magnetic cores, the
oscience (INA), University of
maximum SPA have been reported to be around particle sizes of
E30 nm [10].

To date, a number of magnetic controlled released materials for
drug delivery have been reported, many of which are based on the
incorporation of magnetic iron oxide nanoparticles on thermo-
sensitive polymer hydrogels to give rise to polymer ferrogels. As
depicted in Fig. 1, an alternating current (AC) magnetic field can be
used to trigger localized heating of a MNP-loaded hydrogel, in-
ducing a volume change in the host polymer matrix and allows
diffusion and release of drugs [11–14].

Among thermo-sensitive hydrogels, hydrogels based on poly
(N-isopropyl acrylamide) (PNiPAAm) and related copolymers are
one of the most studied for biomedical applications. PNiPAAm
contains hydrophobic groups that provide a lower critical solution
temperature (LCST) of ∼32 °C in water. At room temperature
PNiPAAm is relatively hydrophilic and can be highly swollen.
When heated above a critical temperature, the PNiPAAm becomes
relatively hydrophobic, so the hydrogel collapse [15,16]. In mag-
netically-loaded PNiPAAm, the temperature rise is obtained, by
power absorption of the embedded MNPs, from an externally
applied AC field [17].

One of the drawbacks in the employment of PNiPAAm gels for
controlled drug release is the slow response to temperature
changes which restricts wider applications, such as on–off valves,
artificial muscles or drug delivery applications [18]. One strategy to
overcome this drawback is the combination of crosslinked PNi-
PAAm with a natural polymer such as alginate in the form of a
semi-interpenetrating polymer network. The resulting material
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Fig. 1. Schematic drawing of the ON–OFF cycles and their effect on the thermoresponsive nanocomposites of PNiPAAm. The ac magnetic field triggers the heating and drug
burst release by the contraction of the ferrogel network when crossing the LCST (lower critical solution temperature).
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presents an increased dwelling rate with respect to raw poly(NI-
PAAm), due to an increased porosity promoted during the reaction
of crosslinking of the N-isopropylacrylamide monomer in the
presence of alginate [19]. The presence of alginate allows for the
in situ synthesis of iron oxide MNPs due to the fact that the car-
boxylic groups in alginate can bind to iron cations [20].

In this work, a proof-of-concept device was designed and
constructed in order to test the validity of magnetically loaded
semi-interpenetrating polymer networks of alginate and PNiPAAm
as materials for magnetically controlled drug release. The device
was capable to control the amount of a model drug released (vi-
tamin B12) through a time-controlled magnetic pulse and, after
proper calibration, to quantify released vitamin B12 amounts as
small as 25(2) ng.
2. Materials and methods

2.1. Materials

The N-Isopropylacrylamide (N-AAm) (Panreac), the initiator
potassium persulfate (Fluka), the crosslinker N, N′-Methylenebi-
sacrylamide (Bis) (Aldrich), and the accelerator N,N,N′,N′-Tetra-
methylethylenediamine (TEMED) (Bio-Rad) were used as received.
Alginic acid sodium salt from brown algae with a 65–70% gulur-
onnic acid and Mw¼100–200 kDa according to the manufacturer
was purchased from Aldrich and used as received. Alginate stock
solutions were prepared by dissolving alginate powder in distilled
water to yield 1 g/100 mL solutions. Ferrous chloride (FeCl2 �4H20),
ferric chloride (FeCl3 �6H20) and vitamin B12 were purchased from
Aldrich and used as received.

2.2. Preparation and chemical characterization of ferrogels

Semi-interpenetrating (semi-IPN) polymer networks con-
stituted by alginate and PNiPAAm (Alg-PNiPAAm) were obtained
by polymerizing 3 g of N-AAm and 0.15 g of Bis in 40 mL of an
1 wt% alginate aqueous solution. Solutions were poured out into
Teflon molds having 8 mm diameter and 40 mm lenght and al-
lowed to react at room temperature for 24 h. Samples obtained
were dialyzed against fresh water during 2 days to remove all the
unreacted monomer.

For the in situ synthesis of iron oxide MNPs, Alg-PNiPAAm
samples were immersed in 200 mL aqueous solution containing
2.1 g FeCL2 �4H2O and 5.8 g FeCl3 �H2O under constant N2 bubbling
during 4 h. After that period of time, yellowish gels were obtained
that were immersed in a 0.5 M NH3 (30 wt%) under constant N2

bubbling during 30 min. The resulting black Alg-PNiPAAm ferro-
gels were washed with distilled water for 24 h. The procedure of
oxidation was repeated three times. Thermogravimetric mea-
surements were performed on dried gels on a Q500 TA Instru-
ments TGA, using a nitrogen stream as the purge gas, at a heating
rate of 10 °C/min over the range 40–900 °C. The residual weight
obtained at 900 °C obtained for Alg-PNiPAAm ferrogels can be
taken as an indication of the iron oxide content in the samples.
The total water content, Wt, was calculated from the mass of the
hydrated (ms) and dried (mdry) gels through
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m
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The iron oxide content determined through TGA measurements
was 22 wt% and the water content was found to be 90 wt%. The
particle od4 size of the iron oxide MNPs was found to be
od4¼20 nm as determined through transmission electron mi-
croscopy combined with small angle-X-ray measurements [21].

2.3. Magnetic characterization of the ferrogels

Magnetization vs. field curves M(H) were performed on a pre-
viously dried fraction of the ferrogel having mass 6.5(1) mg, and a
control sample (i.e. without MNPs) of dry mass 14.2(1) mg. The
control sample measurement was used to identify the diamagnetic
contribution of the hydrogel matrix. Measurements were per-
formed on a Vibrating Sample Magnetometer (LakeShore 7304) in
fields up to H¼1.5 MA/m at room temperature. Specific power
absorption (SPA) measurements were done using a commercial
induction heating station (EasyHeat, Ambrell) working at
f¼360 kHz and field amplitudes up to H¼45 kA/m. The working
space was conditioned with an adiabatic sample holder for a
measuring volume up to 500 μl. The temperature was measured



Fig. 2. Device drawing. a: open circuit including detection photometer and mag-
netic field applicator. b: detail of the sample holder. Water enters the chamber from
the left side and circulates around the sample through the small channels on the
walls.

Fig. 3. Top view of a section of the device. A¼RF coil, B¼Dewar, and C¼Sample
holder.

I.J. Bruvera et al. / Journal of Magnetism and Magnetic Materials 377 (2015) 446–451448
using an optic fiber probe (Reflex, Neoptix) immune to radio fre-
quency environments.

The specific power absorption (SPA) of the ferrogel was de-
termined by the SPA of the constituent MNPs incorporated into the
gels. Therefore we measured the heating efficiency of the pure
colloids from the temperature increase (ΔT) of a given mass of
nanoparticles (mNP) diluted in a total mass of liquid carrier (mLIQ)
under the application of the magnetic field through
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where C is the heat capacity of the sample and ΔT/Δt the initial
slope of the temperature versus time heating curve. All experi-
ments were done after a waiting time of 60–120 s with the mag-
netic field off, to allow thermalization of the samples.

2.4. Design and construction of the device for measuring magnetic-
controlled release

A schematic drawing of the device is shown in Fig. 2a. The
sample space is located in the center of a 5-turn solenoid that
applies the current to generate the AC field. The sample place is
connected to a water circuit, with a peristaltic pump as flow
propellant. The water circuit contains also a reservoir and a sample
holder section (which is surrounded by the Dewar chamber and
the RF coil) and the last section goes through a homemade pho-
tometer composed by two photodiodes centered at the wave-
lengths of maximum absorbance of the specific drug (vitamin B12)
used here. At the sample space, the water circuit can be opened for
hydrating and loading the samples.

The water circuit is composed of a water reservoir from which
the circulating water is extracted and passed through the sample
holder. Sample position was centered at the RF coil to have
homogeneous (constant) B12 values along the sample. The water
thus flowed through and around the sample with the calculated
flow rate to avoid spurious cooling that could prevent the gel to
reach the critical temperature during exposure to RF field. A fine
control of the flow rate was attained by a home-made peristaltic
pump (OEM component, Watson Marlow 400F/D3). The excitation
RF field is generated by the same equipment used for the power
dissipation measures of the samples. The water circuit goes
through the coil of the applicator so the sample holder occupies
the maximum field region. A detailed schematic representation of
the sample holder is shown in Fig. 2b.

The heat dissipated by the circulating currents at the RF coil
(I¼600 A) made necessary to isolate the sample space by in-
troducing a vacuum chamber between both elements. The glass
chamber surrounded the sample holder and was connected to a
vacuum turbomolecular pump working at pressures of about
10�7 mbar. The top view of a section of the device is shown in
Fig. 3.

2.4.1. Photometer
In order to have a real time reading of the vitamin B12 con-

centration in the water flow, a homemade photometer was built
and added to the last part of the circuit. It consists of a couple of
photodiodes (Centronic BPW21) with a 600 nm low pass inter-
ference filter (Edmund Optics) placed under the water tube. The
signal of the diodes is amplified and digitalized so it can be seen in
real time as a voltage vs. time plot in a computer. A commercial
halogen lamp is used as light source. The optic filter and diodes
were selected so the device is sensitive to the variations in light
intensity in the range 450–600 nm which contains the visible
absorbance maximum of vitamin B12 (see Fig. 4a). A photometer
calibration (Fig. 4b) curve was made prior to the experiments in
order to obtain the values of absolute concentration of vitamin B12
from the photometer reading. It also allowed us to determine the
sensibility range of our device. As a part of the calibration protocol
designed for this purpose, the instrument readings started when
circulating water was flowing through the closed circuit and then
small volumes of a concentrated vitamin B12 solution were added
at known intervals letting the readings to stabilize.

From the average value of each plateau and the corresponding
calculated concentration, a calibration curve diode voltage vs.
concentration was obtained. The data showed the expected Lam-
bert–Beer exponential dependence between the diode voltage and



Fig. 4. (a) Absorption spectrum of B12 vitamin (red), response profile of the pho-
todiodes (blue), emission of the lamp (orange) and cutoff of the optic filter (black).
(b) Calibration curve of the photometer. Lambert–Beer exponential fit confirms the
proportional relation between light intensity and diode signal. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Magnetization curve taken at T¼295 K for the Alg-PNiPAAm ferrogel. Inset:
Low field region showing the absence of remanence and coercive field.
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the vitamin B12 concentration = +τ−V c Ae V( ) c/
0, where c is the

concentration, AþV0 is the signal from pure water (c¼0) and τ is a
constant containing the effects from both optical path and the
molar extinction coefficient. The value AþV0 depends on the light
intensity emitted by the source, but τ is the same for all calibration
conditions, provided the absorbent substance and the geometry of
the photometer remains unaltered. As shown Fig. 4b, the good fit
confirmed the linear relation between the light intensity and the
photodetector signal.

Additional experiments were performed with blank (i.e. with-
out MNPs) Alg-PNiPAAm hydrogels in order to test the sensitivity
of the signal to variation other than the concentration of released
drug (e.g., external light variations, pure water circulation, bubbles,
etc.). For this purpose, a dry sample was first hydrated in MiliQ
water by putting it in the sample holder and circulating the water
for 24 h. Then, the photometer was started, and 15 mg of solid B12
was added to the circuit reservoir containing 17.5 mL of MiliQ
water.

Finally, the reservoir was changed for another one containing
clean MiliQ water and the circuit was open so, after flowing
through the photometer, the water leaved the system. In this stage
the RF field was turned on for 5 minutes. The voltage readings
from the diodes as a function of time for the three stages of the
experiment show the response of the photometer to the change in
light intensity due the variations in B12 concentration (results not
shown). The system was able to detect even the bubbles circulat-
ing through the circuit. No effect of the field exposure was
detected.
3. Results and discussion

3.1. Magnetic characterization of the ferrogel sample

To evaluate the Alg-PNiPAAm ferrogel as a suitable material for
controlled magnetic drug delivery, its magnetic response was
measured. The overall magnetic response of the thermosensitive
material, through the magnetization per gram of ferrogel, is plot-
ted in Fig. 5. The nearly zero remanent magnetization and coercive
field (see inset of the Fig. 5) demonstrates that the sample is in the
superparamagnetic state at room temperature, as measured by dc
fields of the magnetometer.

The actual capability of the Alg-PNiPAAm ferrogel to be re-
motely ‘activated’ by an AC magnetic field was evaluated through
the heating performance by measuring its specific power absorp-
tion (SPA) as a function of the applied magnetic field amplitude
and frequency under static conditions (i.e., without circulating
water flow).

The heating response of the Alg-PNiPAAm ferrogel (shown in
Fig. 6) followed approximately a quadratic H2 dependence with
applied fields up to E20 kA/m as expected from the relaxation
power absorption model of single domain nanoparticles [8]. At
larger field amplitudes, the SPA values are nearly constant, and this
can be understood by observing that for applied fields larger than
the coercivity field HC of the MNPs at the experimental frequency
(i.e., H4HC at f¼360 kHz), the area under the M(H) curve reaches
its maximum value, and therefore no further increase of the work
done by the systems can be expected.

3.2. Drug release experiment

Fig. 6 shows the data from the experiment of field-induced
release carried out in the previously described device, on a dry
sample of Alg-PNiPAAm ferrogel. The sample was introduced in-
side the device and rehydrated by circulating a solution of B12
(initial concentration of 1.034(5) g/L) for 24 h in closed-circuit
mode. The rate of the water flowing past the sample was precisely
controlled to avoid excessive refrigeration of the sample, allowing
the transition temperature, LCST, to be reached. From the



Fig. 6. Values of heating rates of the Alg-PNiPAAm ferrogel as a function of the
magnetic field amplitude H. Inset: Typical heating curve T vs. time, showing the
points of turning ON and OFF the AC field.
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measured SPA values of the sample, a maximum allowable flow
rate of Q¼0.41 mL/s was estimated for a temperature increase of
ΔT¼1 K for the water during the flowing past the sample. In
Fig. 7A, the complete record is shown: the initial signal of 2.0 V
corresponds to the circulating aqueous solution of vitamin B12
used to load the gel (time scale was restarted). Around t¼18 min
the aqueous solution of vitamin B12 is replaced by pure Milli-Q
water to wash the whole device and the sample so the only vita-
min B12 left is that inside the gel. After 100 min the signal was
stable in the c¼0 equivalent value. Magnification of the three
liberation peaks induced by the field application is shown in
Fig. 7B–D.
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Fig. 7. Results of the magnetic field induced liberation performed on the Alg-PNiPA
corresponds to the background B12 concentration circulating. At t¼18 min the solution
of the three voltage peaks at t¼118.5, 199 and 274 min, due to the concentration burst
The quantitative estimation of drug released in each pulse can
be done by integrating the area under the peaks, adequately
placed at the signal level background immediately before each
burst. In our system, the baseline could be clearly seen due to the
small noise level along the whole experiment. From the acquired
data is possible to determine the absolute mass m of B12 vitamin
expelled each time. Converting the voltage values V(t) to con-
centration c(t) from the calibration curve using known con-
centrations of B12, the amount of B12 liberated is equal to the peak
area,which can be estimated by a numerical integration and
multiplied by the flow rate Q:

∫=m Q c t dt( )
t

t f

0

where t0 and tf are determined by the time interval of each lib-
eration event. Using this expression we estimated that the liber-
ated amount of B12 at the first burst was m¼2.75(3)�10�10 g. As
expected from a ferrogel response, the amount of drug released
decreased after each subsequent pulse. From the third release
pulse, the amount detected was m¼25(6)�10�12 g demonstrat-
ing the high sensitivity of the technique for detecting minute
amounts of released drug.

The results presented above demonstrate the capability of this
device to remotely trigger controlled amounts of specific drugs by
controlling the time width of the RF pulses. Furthermore, the in-
tegration of a compact optical device allowed in situ measurement
of minute amounts of the released drug. The control of the re-
leased drug could be achieved by additional ways, such as con-
trolling the magnetic RF pulse frequency or amplitude, as well as
the water flux rate through the sample. Further design with
electronic feedback between temperature sensors and power
source could allow a precise stimulus/response profiling of each
thermoresponsive material to be tested. In cases where a faster
release response is required, this could be achieved by increasing
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the RF amplitudes or the effective SPA values of the constituent
MNPs. Although the optimal measurement conditions will depend
on the specific nature of the sample/drug used, it is clear that, with
the possibility of varying field amplitude, flow rate and photo-
meter sensibility, the system prototype build is robust enough to
perform a wide variety of experiments keeping both the observed
reproducibility and sensitivity. From the point of view of the ma-
terial used (MNP-loaded polymers), the performance admits also
improvements through the optimization of the SPA of individual
nanoparticles for maximum heat release, as well as a maximiza-
tion of the loaded amounts per gram of polymer, since the average
SPA of the ferrogel (i.e., MNPsþpolymer) is proportional to the
concentration of the magnetic material loaded. Although it is not
expected that the heating capacity of the ferrogel will depend on
the concentration of loaded drug, improvements on the drug-
loading capacity could also result in a more effective therapeutic
performance.

One limitation of the present design that could be easily re-
moved is related to the spectral response of the test drug: in the
present experiments, the chosen B12 vitamin has a maximum
absorption within the visible region due to the intensity of the
main absorption peak. Current commercial spectrophotometers
are capable to cover the entire UV–vis portion of the EM spectrum
and thus the integration of such devices to our system will allow
measuring a wide range of molecules of biological interest.
4. Conclusions

A new device has been designed, constructed and successfully
tested to remotely induce drug release from a thermoresponsive
material, with further in situ quantification of the amount of drug
released. The thermoresponsive material was a ferrogel based on
poly(N-isopropylacrylamide) and alginate mixture loaded with
iron oxide magnetic nanoparticles, the latter optimized in size for
maximum power absorption. The overall performance of the de-
vice is enough to detect minute concentrations of B12 released
after magnetic field pulses of 60 s. This proof of performance
shows the potential of the system as a therapeutic device, capable
of working onto target regions at any depth of the body without
affecting the surrounding healthy tissues. Although many specific
clinical issues are yet to be solved, mainly about biocompatibility
and implant strategies, there are already well established tech-
nologies capable to integrate the main components of the present
device on a single platform, to produce a lab-on-a-chip device
adequate for in situ therapies of remotely controlled drug release.
In turn, miniaturization could allow the system to be improved by
adding a feedback system to control the process by sensing the
released amount of the therapeutic drug. As the applications of
this strategy are only at the early stages, the technological po-
tential of these integrated devices is yet to be discovered.
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