Physics Open 7 (2021) 100063

Contents lists available at ScienceDirect

Physics Open

journal homepage: www.journals.elsevier.com/physics-open

Smart magnetocaloric coatings for implants: Controlled drug release for ]

Check for

targeted delivery

Aleksei S. Komlev, Radel R. Gimaev, Vladimir I. Zverev

Faculty of Physics, M.V. Lomonosov Moscow State University, 119991, Moscow, Russia

ARTICLE INFO ABSTRACT

Keywords:

Targeted drug delivery
Magnetocaloric effect
FeRh

Among the medical applications of the magnetocaloric effect (MCE) a technology of targeted drug delivery (TDD)
is of great interest. The remote, noninvasive drug delivery to human organs or tissues is one of the actual chal-
lenges at present. Delivery devices, which provide a controlled, reproducible and reliable drug release, can have a
significant impact on the treatment of different diseases. An ideal device for the fast drug delivery should contain
a great amount of medication, should not practically release the drug in the off state, be able to repeatedly switch
to the on state without mechanical damage, not require the implanted electronics, and be able to release a
controlled dose of drug as stated in the physician’s prescription.

This paper describes a composite material to coat implants and other drug carriers, which enables to control the
quantity and the period of medication release. The paper also offers the results of thermodynamic model’s
analysis of these medical devices based on the properties of ‘polymer/magnetic material’ composite systems. The
results of magnetic and nonmagnetic nanoparticles deposition on the fragments of abdominal meshes are also

presented.

1. Introduction

Various types of endoprosthetics, such as vascular, esophageal, biliary
and urinary duct surgery using stents, as well as joint prosthetics (joint
replacement) are associated with the risks of infectious complications
(occurring in 1-2% of cases), injuries caused by implants, as well as
restenosis inside the stents (repeated vascular blockage, occurring in a
significant number of cases (about 30%) within six to nine months after
stent placement). Targeted delivery of bioactive substances (antibiotics,
antiproliferative agents) is necessary to prevent such complications. In
some cases the optimal therapeutic effect is achieved by periodically
changing the concentration of bioactive substances in the tissues (pul-
satile mode). The currently used methods of intravenous drug adminis-
tration require much higher doses than in case of local exposure. Thus, it
is necessary to develop implantable devices with improved properties
capable of selectively affecting the affected tissues and releasing the drug
in the right place in a controlled manner safely for the surrounding
healthy tissues.

The surface of implants in contact with biological tissues must consist
of biomedical material in order to improve tissue engraftment. Some
implants have biological activity, such as subcutaneous drug dispensers
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in the form of implantable pills or drug-coated stents. Modern advances
in implantation technology have led to significant advances in medicine,
and the number of surgical procedures using implants is steadily
increasing. Implants with magnetic elements are also beginning to play
an increasing role in medicine. Examples of such magnetic implants are
magnetic field concentrators for targeted drug delivery using intrave-
nously injected magnetic nanoparticles, multifunctional ear implants on
permanent magnets, etc. [1-4]. In addition, biodegradable devices with
the functionality of reusable dispensers are also used in practice. For
example, in Ref. [5] the device that consists of a biodegradable polymer
microchip with microcontainers filled with various drugs is described.
Another example [6] uses Peltier elements with a thermosensitive
membrane that regulates the release of the drug in an aqueous envi-
ronment. With such a device, a pulsating mode of drug release under the
influence of electric current pulses has been realized. However, the im-
plantation of chips, which are about a centimeter in size, limits the
possible applications of such systems due to significant risks of trauma to
healthy organs and tissues during their installation and extraction.
Targeted drug delivery using nanoparticles is the fastest growing area
of nanotechnology applications in medicine. The most common approach
to solving the problem of controlled drug release is the use of smart
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Fig. 1. The general mechanism of the drug release from the implant’s surface.

polymers [7-10]. A more technological solution seems to be the coating
of implants made of heat-sensitive polymers with nanoparticles heated
by external influences, such as near-infrared radiation, which causes
plasmon resonance in the nanoparticles of the coating [11]. However,
biological tissues are not completely transparent even for infrared and
microwave radiation, so the optimal way to externally control the con-
dition of the implant coating seems to be exposure to a low-frequency or
even constant magnetic field, which causes no side effects and, unlike
constant electric field, infrared and microwave radiation, freely pene-
trates through biological tissues without weakening.

In [12] controlling the activity of a drug covering a metal implant
(e.g., a stent) or a drug inside it is described. In this method, heating the
stent allows releasing the drug from the coating layers, activating drug
substances which biological activity is reduced or absent at body tem-
perature, and increasing the interaction with the surrounding tissues at
specified periods of time. Heat is supplied by exposing the stent with
appropriate magnetic susceptibility to an electromagnetic field, prefer-
ably with a frequency lower than 1 MHz. The inductive heating is
noninvasive and precisely controlled. However, heat release due to
inductive heating is not easy to control because it depends on many
parameters, including stent material and its position within the body.
Consequently, there is an inherent risk of overheating the tissues sur-
rounding the implant or not warming them sufficiently, which will
reduce the effectiveness of the treatment. Due to the induction heating
nature, only metallic materials can be used; accordingly, the use of
biodegradable and plastic implants is excluded.

In [13] controlled embolization of an aneurysm is achieved using a
magnetic field. The magnetic embolization system includes a catheter
whose distal end is adapted to introduce a permanent magnet or elec-
tromagnet into a blood vessel aneurysm cavity, creating an internal
magnetic field required for controlled embolization. However, insertion
of such foreign and sufficiently large bodies creates great difficulties
during surgeries.

Minor changes in the properties of the environment (pH factor,
temperature, presence of certain substances, optical radiation, electric
field) can lead to a change in the phase state of the polymer. The mag-
netic field does not affect the polymer directly, so it is resorted to an

indirect effect: by heating the polymer containing magnetic nano-
particles in an alternating magnetic field [14], it is also possible to induce
the magnetoelectric effect [15-17].

Examples of thermopolymer applications include poly-N-isopropyl-
acrylamide (PNIPAm): an implantable Peltier element with a film con-
taining a drug [6], and a composite membrane [14] with PNIPAm-based
nanogel pores whose permeability depended on the membrane temper-
ature, which was used for controlled drug release. It should be noted that
either the thermoelectric effect [6] or nanoparticles remagnetization
[14] are used for heating.

In the present work we have developed and described methods of
applying functional coatings on implants, providing controlled release of
bioactive substances by magnetic field in order to improve implant
engraftment, prevent inflammatory processes, as well as restenosis inside
the stent.

2. Conception

The composite coating consists of several components, the main of
which are: magnetic material with a large magnetocaloric effect and
thermosensitive polymer regulating the rate of drug (or other bioactive
substance, for example, an antiproliferative agent) release. When a single
exposure to a magnetic field of 1-3 T, the temperature change of the
magnetocaloric material/polymer system should be about 2-7 °C, i.e. the
biological tissue will cool to +32-35 °C, which excludes tissue necrosis,
and is enough to change the polymer phase state and release the drug.

It is proposed to use FeRh as a magnetic material, which, like other
alloys of iron with platinum group metals (e.g., FePt and FePd), has no
toxic effect [18]; PNIPAm is supposed to be used as a polymer. The study
of the biocompatibility of FeRh was not carried out in the present work.
However, materials similar in their chemical and physical properties and
also supposed to be used FePt and FePd are non-toxic, biocompatible and
are widely used in the therapeutic practice of dental prosthetics [19,20].
The use of the FeRh alloy is preferable because it has a maximum mag-
netocaloric negative value, which increases the temperature range of the
controlled release of the active ingredient.
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Fig. 2. The first stage of establishment of thermodynamic equilibrium in the
system magnetic material-polymer-biological tissue.

The general mechanism of controlled release of bioactive substances
from the decribed coating is presented in Fig. 1.

A general way to control the release of bioactive agents from the
described coating has been previously described by the authors else-
where [21,22].

PNIPAm is characterized by a lower critical dissolution temperature
of +32 °C, which means that it is in a hydrophilic (swollen) state below
+32 °C, and a hydrophobic (collapsed state) above this temperature. In
the collapsed state, which corresponds to the temperature of the human
body, the polymer retains the drug substances. The biocompatibility of
PNIPAm has been proven in vitro [23] and in vivo [24], in both hydro-
philic and hydrophobic phases. The proposed polymer is characterized
by a reversible phase transition between two states: ‘off’, characterized
by low diffusion rate of the drug substance, and ‘on’, with rapid drug
release. Polymer glass transition or transition between swollen (highly
soluble) and collapsed (hydrophobic) polymer states can be named as
examples of such a phase transition. According to in vitro and in vivo
studies, the use of such a polymer causes no adverse effects. The critical
phase transition temperature is chosen close to the body temperature but
not equal to it (in our case +32 °C) for the polymer to be in the collapsed
state most of the time. As there is a certain difference in the temperature
of different organs, endoprosthetics implies the use of polymers with
somewhat different phase-transition temperatures in the range of
+33-36°C. Tissue studies did not reveal any rejection or specific
inflammation in response to the introduction of this material [25,26].
Preliminary experiments confirmed the possibility of fine-tuning the
temperature of phase transitions of such polymers, as well as the
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discharge of active substances through the application of an external
magnetic field. In this case, the bioactive substance is released by the
polymer when the structural state of the polymer changes. In this case, a
one-time ‘salvo’ release of the drug in case of urgent need can be carried
out, among other things.

What distinguishes our conception from all previous studies is the
idea of using the temperature decrease resulting from the giant magne-
tocaloric effect in FeRh (- 6K/T) [27-29], which allows to use the sharp
phase transition (width ~1 °C) at +32 °C [6] in PNIPAm instead of the
traditional heating used in magnetic therapy. Another characteristic
feature of the magnetocaloric effect in FeRh is the narrow temperature
range in which it occurs (due to the first order magnetic phase transition
of the AFM-FM type observed in this alloy), which allows the treatment to
be self-regulating in temperature [30], avoiding excessive temperature
fluctuations (overcooling or overheating of the surrounding tissues),
which can be caused by the magnetic field.

3. Thermodynamic model

In the present work we solved the problem of establishing thermo-
dynamic equilibrium in a system of contacting metal layers and an
interstitial fluid layer in which a hydrogel swells, bounded on both sides
by thermal insulating layers, modeling a multilayer implant coating with
a magnetocaloric layer and a thermosensitive polymer layer, surrounded
by thermal insulating coatings from the implant and external environ-
ment [31].

According to the model, at the initial moment of time (Fig. 2) the
magnetocaloric material is in the magnetic field and cooled to +24°C.
The polymer is at body temperature +37°C.

The heat capacity of the system can be written as follows:

o _ x U 1
@ C_p ey (€]
where U(x,t) =T (x,t) — Ty is a function of temperature equal to the
difference between the current local temperature and the body temper-
ature, Tp = 37°C, « is heat conductivity, C is heat capacity, p is density.
Initial conditions are expressed as follows: U(x < x1,0) = AT, U(x > x1,
0) = 0, where AT is the initial difference of temperatures.

The boundary conditions assume the absence of thermal conductivity
at the boundaries of insulating layers: %‘2‘) =0, % =0.
The solution is sought in the form of a Fourier decomposition into

spatial harmonics, qy:
U= ZA,, cos(g,x)e G 2

Using the stitching condition of the solutions on the boundary x = x;,
one can obtain the characteristic equation:
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Fig. 3. Graphical solution for equation (5): the vertical axis are the values of the left and right parts of the equation, the horizontal axis are the values of q.
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Fig. 4. Temperature distribution for three times: a) 0.0017y, b) 0.017p, ¢)0.17o. The horizontal axis is the spatial coordinate of the cooled layer with polymer
normalized to the layer thickness. The vertical axis is the temperature difference U(x,t) = T(x,t) — T, in degrees.
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Given that the stitching condition must be satisfied at any time, the
condition for the interrelation of spatial frequencies is:

q)) _ Cipix;
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Hence, a characteristic equation expressed through the layer param-
eters will be:

Czﬂzk'[ C2p2K1
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where q is the variable, I; and I, are the thicknesses of the layers of the
magnetocaloric material and the polymer in the swollen state (in order
for the polymer to remain in the swollen state, the temperature must be
low in the entire layer), respectively.

Equation (5) is solved graphically (Fig. 3). The intersection points of
the graphs give the spatial frequencies g, in the expansion (2).

Using the Fourier expansion for the initial temperature distribution
one can obtain:

AT, sin(gi"1;)
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Fig. 5. Fraction of swollen polymer as a function of the pulse duration.

spin-lattice relaxation time ~100 ps, but much shorter than the swelling
time of the polymer gel ~0.3 s.
Fig. 4 shows temperature dependencies at different moments of time
in the considered area of the cooled layer, in which the polymer swells.
Since the temperature of the sections of the cooled layer located

V1

Us(x,f) = AT, <1 e%‘fz') 4

_ _CipiATy
where AT, = TR

thermodynamic equilibrium. The characteristic time of establishment of

is a final temperature after the establishment of

thermodynamic equilibrium can also be determined as 7y = K%

For the chosen parameters of FeRh: thermal conductivity 150 W/m K,
heat capacity C = 300 J/(kg-K), density, p = 10 g/cm®, a layer width I; =
60 pm and hydrogel PNIPAm of the same thickness with thermal con-
ductivity 0.56 W/m K, heat capacity C = 4200 J/(kg K), p = 1 g/cm® at
initial temperature difference of - 13 °C (which is achievable in 2T
magnetic field) the thermodynamic equilibrium temperature is equal
AT, = +32°C, which corresponds to polymer phase transition temper-
ature (lower critical dissolution temperature). In this case, the charac-
teristic time of equilibration is about 1 ms, which is much longer than the

AT, > sin(q?1)cos(¢P'L,) (cos(gPx) + si
cos(qf,2>lz) + sin (qf,z)lz)tan (qﬁf)lz)

e’Tzﬂzqﬁt, X € (x1,%2), @

further from the magnetic layer decreases with a certain delay, by
changing the duration of the magnetic pulse, it is possible to regulate
which part of the layer cools down to the lower critical dissolution
temperature and, accordingly, which part of the polymer swells up. The
dependence of the polymer fraction that has undergone a phase transi-
tion on the pulse duration is presented in Fig. 5.

It should be noted that this dependence will appear more clearly the
narrower the temperature interval in which the phase transition occurs.
At a transition width of the order of one degree, the phase transition in
the entire volume already occurs in time ~7,. Finally, at the final stage of
the phase transition, polymer swells and drug release occurs. Both pro-
cesses have a diffusion character, i.e., their characteristic time scales
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according to the law t~F, where [ is a characteristic dimension.
Using experimental data for collapse time with 100 nm diameter
particles (characteristic size of microstructure is ;) equal to 360 ns [7],

2
from 2 = ;—% = 10° one can evaluate the characteristic time for the phase
1

transition into the hydrophobic-hydrophilic state for the 100 pm (I2)
layer as 0.3 s. By varying the duration of the magnetic pulse, it is possible
to change the polymer fraction that has undergone a phase transition,
which allows to dose the amount of the released drug. The problem then
is reduced to determining what concentration of the drug was contained
in this polymer (variation initial condition which is determined by the
type of the medicine, its concentration etc) [32].

4. Experiment

In this work a magnetically controlled implantable device was tested
to verify its ability to encapsulate and release the active substance when a
magnetic field is applied. A prototype of the implantable device was
made by deposition of a 0.1 mm thick gadolinium film on a polystyrene
plate. Gd has a positive magnetocaloric effect of about 3 K/T at 294 K
[33]. Then a PNIPAm polymer film with a thickness of 10 pm was created
on Gd foil by casting method. The resulting composite structure was
placed in a solution of colchicine with a concentration of 1 mg/cm? with
a temperature +25 °C, below the lower critical dissolution temperature
of PNIPAm (+32 °C). The polymer film was in a swollen hydrophilic state
with a thickness of 100 pm, allowing it to be loaded with colchicine. The
composite structure was then washed with hot water (at a temperature
above the lower critical dissolution temperature), which caused the
collapse of the polymer and trapping the drug in its volume, while no
colchicine remained on the surface. The amount of colchicine per 1 cm?
of the surface was 0.1 pg. Finally, the polymer was covered with a layer of
mesoporous ZrO2 bioceramics, resulting in a sandwich structure with a
composite of layers of heat-sensitive polymer and magnetocaloric ma-
terial sandwiched between two heat-insulating layers. Further, the pro-
totype described above and the NCTC clone L929 cell line were used in
the cytotoxic test. A solution containing the culture maintained at +37 °C
was placed in a 10 ml tube. The prototype device was immersed in the
solution. Then, slowly (so that the process proceeded isothermally and
the heat released in Gd due to MCE would have time to dissipate) a
permanent magnet was brought up, thus gradually increasing the field in
the test tube to 2 T at a constant solution temperature of +37 °C. Then the
magnet was abruptly removed, causing the temperature to drop to +32
°C due to MCE and the release of colchicine. The solution was then
incubated at +37 °C for 24 h. The number of live and dead cells was then
counted by microscope observation in a Goryaev chamber using Syto9
and propidium iodide dyes. The Syto9 dye penetrates the membranes of
living and dead cells, staining DNA and RNA green (video in Supplement
materials demonstrates the experiment with dye release in a magnetic
field). Propidium iodide penetrates the membranes of dead cells only,
staining the nuclei red. This makes dead and living cells visible for
counting in the microscope. In this experiment, only 10% of the cells
survived after 24 h. In the case of direct addition of colchicine with a
concentration of 0.1 pg/cm® to the solution, 99% of the bacteria sur-
vived. Such a significant difference in cytotoxicity can be explained by
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the adsorption of cells on the surface of the implant prototype, near
which the concentration of colchicine is increased due to its release from
the polymer layer. This circumstance is an advantage because in most
cases complications develop in the area adjacent to the implant surface,
and it is in this area that there should be an increased concentration of the
drug. At the same time, intravenous injection is similar to the direct in-
jection of colchicine in solution in the experiment, which leads to low
drug concentration near the implant surface and to the development of
side effects in healthy tissues.

The same test protocol was followed for the Feg 490Rhg 51 foil. FeRh
exhibits a negative magnetocaloric effect of —6 K/T at 232 K [34].
Accordingly, the cooling required for colchicine resetting was carried out
by fast bringing a permanent magnet to the tube with the drug, thus
providing a rapid change in the magnetic field from zero to 2 T and
cooling of the sample. Once thermodynamic equilibrium was established
at +37 °C, the magnet was slowly removed from the tube. The temper-
ature +37 °C was maintained using a thermostat for 24 h. After this timel,
the number of live and dead cells was estimated. In this case, 3% of live
cells remained after 24 h.

Several tests have been carried out on abdominal meshes (mesh-type
implants used in surgery) coated with the polymer-magnetic material
composite. The polypropylene abdominal meshes were coated with the
magnetic nanoparticles (magnetite FegO4) and tungsten nanoparticles
using the layer-by-layer deposition.

An original method of layer-by-layer deposition of nanoparticles on a
polymer coating of polypropylene and polyvinyl difluoride was devel-
oped to coat abdominal meshes with nanoparticles (Fig. 6). The layer-by-
layer deposition technique is based on the electrostatic attraction of
oppositely charged layers applied in series.

Step 1 A gel layer of positively charged polyelectrolyte, polyallylamine
hydrochloride, is applied to the polypropylene and polyvinyl
difluoride surface to be coated with the functional coating.

Step 2 The surface is washed with distilled water.

Step 3 Negatively charged nanoparticles are deposited on the surface.

Step 4 The surface is washed with distilled water.

Then the process is cyclically repeated in the number of cycles equal
to the required number of layers (one can try different amount of layers
to study the dependence of the substance release on this matter). After
application the surface is dried.

In vitro studies were performed on the abdominal mesh fragments: in
a7 T field from ClinScan MRI (Bruker BioSpin), tubes with physiological
solution containing samples with magnetic nanoparticles and with
tungsten particles were repeatedly inserted and withdrawn (Fig. 7). After
exposure to the magnetic field and exposure of the samples, not only the
magnetic coating of nanoparticles was observed to decay, but also the
grid structure itself was destroyed (Fig. 7b and c).

Immediately after exposure to the field from MRI, only a slight release
from the mesh coating with magnetic nanoparticles under the influence
of the magnetic field was observed (Fig. 8a). While the greatest release of
particles from the mesh surface was observed for tungsten nanoparticles,
which took place even in the absence of the magnetic field, which is

@ @ Water
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Fig. 6. Layer-by-layer deposition method.
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Fig. 7. Fragments of abdominal meshes in physiological solution: a) before the
experiment (left tube with a fragment of the mesh with applied tungsten par-
ticles, central and right - with applied magnetic nanoparticles; b) condition of
samples after repeated placement of two tubes in the MRI field and a week
exposure (extreme-right tube - control, it remained outside the field): grid with
magnetic particles, which has been in MRI (the central tube) practically
remained without a coating of nanoparticles; c¢) the same grids after drying: the
destruction of the central grid structure is clearly visible.

explained by the weak adhesion of the particles on the surface of poly-
propylene. The convergence of the mesh coating with magnetic nano-
particles in saline solution in the absence of a magnetic field was
insignificant, which suggests its stability on the implant surface (Fig. 8).

After prolonged (more than a week) exposure of the samples in saline,
the picture changed dramatically: the greatest convergence of coverage
was observed for the mesh with magnetic nanoparticles exposed to the
MRI field, while the appearance of the mesh with tungsten particles and

Physics Open 7 (2021) 100063

b)

Fig. 8. Dynamics of the coating removal: a) the view of the meshes immediately
after exposure to the magnetic field; b) the view after 3 weeks of exposure. From
left to right: mesh with magnetic nanoparticles exposed to magnetic field, in the
center - mesh with tungsten nanoparticles, on the right - mesh with magnetic
nanoparticles, not exposed to the field from MRI.

the mesh with magnetic particles that were not exposed to MRI changed
insignificantly (Fig. 8b). Thus, the release of 90%-100% of magnetic
nanoparticles exposed to the magnetic field is observed on long time
intervals.

Agglomerates of nanoparticles emitted from the meshes are clearly
seen (Fig. 9).

Gd and W here act as model objects, on which the claimed effects are
well demonstrated, in particular, the significant magnetocaloric effect in
gadolinium (a giant magnetocaloric response when the magnetic field is
switched on), and the X-ray contrasting in the example of tungsten
nanoparticles. The problem of toxicity of certain materials in the form of
nanoparticles is now quite easily solved by applying appropriate coat-
ings, a number of articles on the subject added to the list of references
[35-38].

The described effect may be of interest for therapy using prolonged-
acting drugs with the possibility of externally triggering the drug
release process. By varying the particle size and the number of layers, a
given drug concentration and drug release rate can be achieved.

5. Conclusions

Thus, the ‘smart coating’ of the implant developed in this work is
characterized by the following functions:
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Fig. 9. Fragments of the same meshes right after exposure to the magnetic field, top view. The inset shows an X-ray image.

- Preservation of the drug in the implant shell and its release at the
right moment of time at the implant location;

- Non-invasive and remote control of the coating state (by applying an
external magnetic field), which provides regulated mode of bioactive
substance release (including drug release in pulsating mode) due to
temperature change of the magnetic coating component and induced
change of the phase state of the polymer containing the drug. It is
assumed that control of the coating state is performed by measuring
the magnitude of the external magnetic field and the time elapsed
since its application. Control of the phase transition dynamics will
also allow controlling the process of substance release to a great
extent.

- self-regulated temperature regime (without the use of invasive tem-
perature sensors), by selecting the temperature of magnetic phase
transition near the human’s body temperature;

- the principal possibility to replenish the bioactive substance in the
implant coating.

The technology can be used in different fields of medicine, respec-
tively, the type of implant and substance applied to it will vary depending
on the disease [for example, in case of urolithiasis, ureteral narrowings,
any external compression (including stent placement) leads to formation
of scar tissue; by introducing drugs that prevent fermentation (heparin,
etc.) into the coating of the ureteral stent, it is possible to prevent scar-
ring; by introducing drugs that prevent fermentation (heparin, etc.) into
the ureteral stent. It is possible to prevent scarring; in the case of hip
replacement surgery (it is located in the area of the passage of the great
vessels, so this operation is accompanied by heavy bleeding, which in-
creases the risk of infection) the endoprosthesis can be coated with an
embedded antibiotic that prevents suppuration (amosiclave, flemoxin,
etc.)].

Thus, the described studies provide a basis for an analog of the
magnetocaloric magnetoplastic material to be used in the targeted drug
delivery. This structure is submicron particles of the FeRh alloy, which
undergo the phase transition in the region of the human body tempera-
ture and reveal the noticeable magnetocaloric properties in the powder
form placed in the polymer matrix with the drug.
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