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ABSTRACT: This work shows the ability to reversibly modulate the hydrophilicity of the
hydrogels doped with iron oxide nanoparticles (MNPs) in a noninvasive way when exposed to a
cyclic variation of the intensity (ON/OFF) of an external magnetic field. A reversible switching of
surface contact angles was observed for magnetic PVA hydrogels when exposed to consecutive
variation of the magnetic field intensity between 0 and 0.08 T. Motivated by the magnetic
dependence of the hydrophilicity of these hybrid hydrogels, the impact of the magnetic field on
protein sorption was also evaluated. The noninvasive regulation of protein sorption-released
mechanisms was achieved by ON/OFF magnetic field switches, suggesting the possible influence
of magnetic-induced hydrogel shrinking effect and changes of surface wettability on protein
sorption. The capacity to magnetically modulate surface wettability and protein sorption make
these magnetic hydrogels promising candidates for development of functional devices for tissue
engineering, drug release applications, or biosensor systems, where the control of protein sorption
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1. INTRODUCTION

Protein—surface interactions exert a paramount role in the
control of bioprocess performance. Nonspecific adsorption of
proteins promotes the uncontrolled accumulation of these
molecules at surfaces leading to undesirable biofouling
events,' ’ rendering processes with low efficiencies due to
hindered molecular transport through the processing media.
Besides the prejudicial effect of biofouling, the structural
behavior of proteins at surfaces has an important influence in
molecular recognition mechanisms, as those inherent to
affinity-based separations processes,” biosensors,”® and regen-
erative medicine systems.7’8 Protein—surface interactions are
generally followed by changes of protein conformation whose
amplitude depends on the surface and protein properties.
Protein structural deformation at surfaces not only affects
protein binding stability but also may generate higher or lower
exposure of important epitopes (binding sites or molecular
recognition peptide segments), thus ruling the accessibility of
target solutes (e.g., enzymatic substrates and cells) to specific
protein binding sites.

The ability to control protein behavior at surfaces is thus an
essential aspect in bioprocessing’ and different regenerative
medicine issues, e.g., tissue engineering, organ implants, wound
healing, and (bio)artificial organs. The accessibility of
transmembrane cell receptors (e.g, integrins) to specific
peptide binding sequences (e.g., RGDS) contained in adhesion
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proteins at the tissue scaffold is a determinant for the
development of cell tissue. The intensity of cell adhesion
defines the cell stability and density at scaffolds as well as the
force balance established between the cytoskeleton and the
scaffold which are primary activators of cell signaling
mechanisms driving cell differentiation into tissues with
desirable phenotypes.'” In contrast, the development of
surfaces exhibiting minimal protein adsorption remains as a
major challenge in the design of implants and (bio)artificial
organs with improved biocompatibility."" The adsorption of
blood proteins (immunoglobulins) and their structural
unfolding at surfaces are promoters of immune responses
(e.g., complement activation), which may result in uncon-
trolled inflammation processes ending up in the rejection of
the foreign body (e.g., implants) by the host (e.g., patients)."”
Additionally, protein adsorption at surfaces prompts the
formation of aggregates, which may cause the disruption of
blood circulation increasing the risk of thrombosis.
Functional surfaces with tailored topographies and chem-
istries have been designed aiming to reduce protein adsorption
while controlling their conformation at surfaces' to obtain a
better control over molecular interfacial events. Both protein
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Figure 1. Size distribution of the (A) magnetic nanoparticles (MNPs) obtained by Image] treatment of TEM analysis, (B) MNP clusters in PVA
hydrogels doped with 0.25% of MNPs, and (C) MNP clusters in PVA hydrogels doped with 1% of MNPs, obtained by Image]J treatment of the
optical microscopy images. Relative and cumulative frequencies are represented by the bars and the red line, respectively. Insets: (A1) TEM image
of the MNPs. Photos (B1 and C1) and optical microscopy images (B2 and C2) of PVA hydrogel membranes doped with 0.25% and 1% MNPs,

respectively.

adsorption capacity and structural behavior at surfaces are
intimately related to surface hydrophilic/hydrophobic de-
gree.H_16 Hence, most surface functionalization strategies
have involved the design of surfaces with tailored static'”'® or
dynamic wettability (stimuli-responsive surfaces),'*'?*° envi-
saging the development of antifouling surfaces or materials
with improved biocompatibility, by the reduction of protein
adsorption. In accordance with the Wentzel®' as well as Cassie
and Baxter’> models, the surface wettability is influenced by
the surface topography, i.e., surface roughness. Surface
roughness is described to play a key role in modulating cell
behavior for implant biomaterials (e.g., titanium, ceramics,
stainless steel, and polymers).”> Roughness enhances the
hydrophilic degree of surfaces with high free energy as well as
the hydrophobic degree of surfaces with low free en-
ergy.'™'”?*** The relation between roughness and the surface
hydrophilic/hydrophobic character has been exploited toward
the design of responsive surfaces able to exchange between
extreme hydrophilic (superhydrophilic) and hydrophobic
(superhydrophobic) characters. This responsive behavior has
been mostly achieved by incorporation of stimuli-sensitive
molecules into surfaces with accentuated roughness."’

Hence, hydrophilic—hydrophobic switches are due to the
reversible changes of the free energy of the stimuli-responsive
agents when exposed to variable stimuli conditions, e.g, pH,

temperature, or light, which are then amplified by the surface
roughness. Such unique functionality has been explored toward
the development of antifouling membranes and responsive
tissue scaffolds envisaging an efficient modulation of cell
behavior,”®*’ that is, a better organization of cell cocultures
and on-demand cell detachment at/from the tissue scaf-
folds®®*” based on a suitable control of protein adsorption.

Aiming to explore the beneficial effects of stimuli-responsive
surfaces, the combination of the photothermal properties of
nanocomposite hydrogels with magnetic ability has been
demonstrated to function as a heating source with controlled
position and location of healing through a magnet for potential
applications such as drug delivery, controlled catalysis, and
microdevices.”” External high-frequency alternating current
electric fields can also be used to promote direct assembly of
hard colloidal particles into linear chains and clusters within a
soft thermoresponsive pNIPAAM hydrogel membrane to
perform catalytic roles or function as tissue adhesives, artificial
cartilage, and sensors.”’

Thermoresponsive properties of pNIPAAM have also been
explored toward the design of membranes which based on the
swelling—unswelling mechanisms of pNIpAAM around the low
critical solution temperature (LSCT) are capable of a
reversible adjustment of pore sizes allowing for a better
control of the permeate fluxes, solute permeation’ and protein
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Figure 2. Profilometry images of PVA hydrogels and their respective surface roughness, Sq.

binding.*® Furthermore, pH responsive polymeric membranes
have been reported with the ability to reversibly enhance mass
transport by increasing the flux more than 2 orders of
magnitude when switching the pH from 2 to 8.*

However, the use of these responsive systems modulated by
addition of mass agents, e.g, pH, is undesirable in most
applications, since they involve the consecutive accumulation
of the agents responsible for inducing the surface response.
Likewise, the use of temperature responsive surfaces is limited
to thermal insensitive processes whereas photoresponsive
behaviors are mostly ruled by slow reversible photoisomeriza-
tion reactions, leading to delayed responses or losses of
responsive capacity.

Magnetic responsive soft polymers, e.g., hydrogels, and
integrating magnetic nanoparticles (MNPs), such as iron oxide
nanoparticles, have been shown to be able to respond to an
adequate magnetic field in a fast mode, with reversible changes
of their shape and volume.”*® For instance, the direct
incorporation of covalently attached metal nanoparticles/
nanomagnets into the backbone of a hydrogel allows for the
design of significantly stronger magnetic actuators with higher
mechanical stability, muscle-like flexibility, and shape memory
effect with potential for their use in tissue engineering as soft
actuators or artificial muscles.””*"

Contraction—distension of these hydrogels is driven by the
movements of the embedded MNPs induced by magnetic
attractive—repulsive forces imposed by a nonuniform magnetic
field.*® Profiting from their magnetically driven shrinking—
unshrinking ability, these hybrid assemblies have been applied
as mechanical actuators, used for the design of membranes
with adjustable pore sizes,”” as activators of molecular motors
to mimic nature systems,”’ and to modulate cell responses at
magnetic responsive hydrogel scaffolds.*"** Magnetic hydro-
gels were shown to provide a means to remotely induce
mechanical forces with controlled direction and intensity,
similar to that required for cell mechanotransduction (~1
pN).*" This magnetomechanical stimulation was showed to
elevate the metabolic activity of aortic endothelial and cardiac
cells in the presence of an alternating current (ac) magnetic
field ascribed to an accurate magnetic control of cellular
organization.41 In a different work from Tognato et al,*
magnetic responsive hydrogels with anisotropic alignment of
MNPs were shown to be able to induce the differentiation of
C2C12 myoblasts into myotubes in the absence of differ-
entiation media.

This work reports the ability to regulate the sorption and
release of proteins at PVA hydrogel with embedded magnetic
nanoparticles, taking advantage of the magnetic responsive
ability of these materials. These studies were performed to
understand the impact of the magnetic response of these
hydrogels on protein sorption and release aiming to elucidate

about their potential contribution for development of tissue
engineering, drug release, or biosensing systems with improved
efficiency.

2. RESULTS AND DISCUSSION

Magnetic Responsive Behavior of the Hydrogel
Membranes. Magnetic sensitive hydrogel membranes with
isotropic magnetic morphology were obtained by random
dispersion of iron oxide nanoparticles (MNPs), with sizes
ranging from 2 to 20 nm and an average diameter of ~9 nm
(Figure 1A), in poly(vinyl alcohol) (PVA) solution. PVA
membranes with physically entrapped iron oxide nanoparticles
(MNPs) were formed upon cross-linking of the PVA chains
using glutaraldehyde (GA). The GA fraction added was such
to confer a good structural stability and robustness to the
membrane matrix, avoiding particle displacement and
coalescence, with minimum detriment of the surface elasticity.
These hybrid hydrogel membranes exhibited magnetic
architectures, formed by randomly well-dispersed micro-
MNP clusters (Figures S1 and S2 in the Supporting
Information) of heterogeneous sizes. As shown in Figures 1B
and 1C, the hydrogels doped with 0.25% of MNPs exhibit
MNP clusters, with sizes varying from 3 to 28 pm and an
average size of 16.7 & 7.0 um, whereas hydrogels doped with
1% MNPs showed lower sized clusters with dimensions
varying between 2 and 12 ym and an average size of 5.6 + 2.8
um. These hydrogels were characterized regarding their
magnetic properties by determination of their saturation
magnetization curves (Figure S3). A comparative analysis of
the magnetization saturation curves showed an increase of the
magnetic saturation from 0.031 to 0.192 emu/g due to the
increase in the concentration of MNPs from 0.25% to 1%. The
absence of hysteresis loops confirmed that both PVA hydrogels
with 0.25% and 1% MNPs have a typical superparamagnetic
behavior, without remanent magnetization upon removal of
the magnetic field.*

The impact of the MNP clusters on the surface roughness of
the hydrogels was also studied by profilometry analysis. The
profilometry images in Figure 2 showed an increase of the
surface roughness from 219 to 852 nm, as the MNP content
increased from 0% to 1%.

However, considering the magnetic susceptibility of the
MNPs and assuming that entrapped MNPs can still move due
to the elasticity of the hydrogel, one may hypothesize a
potential influence of the magnetic field on the surface texture
of PVA hydrogels (e.g.,, roughness). Taking into account the
relationship between the surface roughness and the hydro-
philic—hydrophobic character as expressed by the Wentzel and
Cassie—Baxter theories,'””” the magnetic dependence of the
surface properties was inspected by determining the impact of
the magnetic field on the surface contact angle. Analyses of the
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Figure 3. (A) Impact of the magnetic field on the glycerol contact angle at

the surface of nonmagnetic and magnetic hydrogels doped with different

concentration of MNPs. (B) Schematic representation of the magnetic induced reversible roughness of the hydrogel surface.
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Figure 4. Environmental SEM (ESEM) images of surfaces and cross sections of nonmagnetic PVA hydrogel membrane (A, H,O saturated; B, dry)

and PVA hydrogel membrane with (C, D) 0.25% MNPs and (E, F) 1%

MNPs before exposure to the magnetic field.

surface contact angle (CA) were performed using glycerol as
the solvent in the absence and presence of a nonuniform
magnetic field. The magnetic field was applied by placing a
neodymium bar underneath the membrane, whereas the
magnetic field intensity was varied from 0 to 0.08 T by

adjusting the distance between the neodymium magnet and
the membrane.

As shown in Figure 3A, the values of the contact angles
obtained for the magnetic hydrogel membranes with MNP
loads up to 1% were shown to decrease proportionally to the
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Figure S. (A) Time-dependent trypsin sorption at magnetic hydrogel surfaces doped with 0.25% (w/v) of MNPs under different magnetic field
intensities. Inset: influence of magnetic field on the tryspin sorption at surfaces of nonmagnetic hydrogels at 0 and 1 T. (B) Trypsin sorption
observed at hydrogel surfaces with 0.25% (w/v) and 1% (w/v) of MNPs at 0 and 1 T, respectively, and Young’s modulus, E (kPa).

magnetic field intensity. Thus, the contact angle of hydrogel
membranes with 0.25% MNPs, which showed an initial value
of 53° at 0 T, decayed to 46° at 0.05 T and to 28° at 0.08 T.
Also, the effect of the magnetic field on the contact angles was
found to depend on the MNPs load in the hydrogel. The
highest contact angle decay was observed for hydrogels with
lower MNP amounts. Hydrogels doped with 0.25% MNPs
showed a contact angle decay of ca. 25° at 0.08 T, whereas a
decrease of only 14° was achieved for hydrogels with 1%
MNPs at the same magnetic field intensity. On the basis of
these results, a higher effect would be expected if higher
magnetic field intensities were applied; however, the
determination of surface contact angles at stronger magnetic
fields was impaired by the impossibility to couple the drop
shape analysis system used for the determination of the contact
angles to powerful magnetic field sources, e.g, an electro-
magnet system.

To clarify the role of MNPs in the hydrogels magnetic
response, the impact of magnetic field on hydrogels without
MNPs was also inspected. As shown in Figure 3A, the contact
angles of hydrogel membranes without MNPs remained
invariable, not depending on the magnetic field conditions
(noticeable by the overlapping of the data points obtained for
hydrogels with 0% MNPs exposed to different magnetic field
intensities, Figure 3A). This result confirms that the magnetic
responsive behavior of these hydrogels was exclusively due to
the magnetic susceptibility of the MNPs.

Because no chemical modifications were expectable due to
the magnetic field, changes of the surface contact angles should
be interpreted as a consequence of structural alterations taking
place in hydrogel matrix when exposed to the magnetic field.
These structural changes are thought to result from a
synergistic effect of the magnetic susceptibility of the
embedded MNPs and the elasticity of these hybrid
membranes. Despite their physical entrapment within the
hydrogel membranes, MNPs may still be able to move in
response to particle—particle and particle—field forces imposed
by the applied magnetic field. The MNP mobility induced by
the magnetic field is allowed by the elasticity of the hydrogel

matrix, leading to the structural deformation of the hydrogel. A
schematic illustration of the possible deformation of PVA
hydrogels when exposed the magnetic field perpendicularly
oriented toward the hydrogel surface is shown in Figure 3B.
According to this scheme, when the magnetic field is applied,
the MNPs are attracted to each other and according to the
magnetic field leading to the hydrogel shrinking. This
hypothetical interpretation is in total agreement with the
studies developed by Szabo et al.** and Snyder et al.,*® which
showed the ability of ferrogels to undergo volume and shape
changes, leading to hydrogel volume shrinking in the presence
of magnetic field. In this case, it is plausible to think that
membrane shrinking might bring a higher amount of MNPs
closer to the membrane surface, leading to an increase of the
surface roughness followed by an increase of the surface
wettability. It is important to highlight that since Fe;O,
particles (MNPs) exhibit size-dependent saturation magnet-
ization,*" the presence of some MNP clustering observed in
the hydrogels is expected to exert a beneficial effect on the
magnetic responsive capacity of these hybrid hydrogels.
Despite being plausible, this explanation should be considered
as a hypothetical interpretation given the impossibility to have
a direct measurement of the hydrogel surface roughness in the
presence of a magnetic field.

Differences in the intrinsic porous structure (in the absence
of magnetic field) of hydrogels doped with different amounts
of MNPs may, however, explain the lower surface contact
angles observed for hydrogels with lower MNP contents, i.e.,
<0.25% (Figure 3A). This effect was supported by analysis of
swollen hydrogels with different MNP loads by environmental
scanning electron microscopy (ESEM), which showed that the
porosity of PVA hydrogels doped with 0.25% of MNPs (Figure
4C,D) was higher than that exhibited by PVA hydrogels
without MNPs (Figure 4A) or with higher MNP contents, e.g,,
1% (Figure 4E,F).

Independently of the reason underlying the magnetic
behavior of the surface contact angles, it is important to note
that the initial surface contact angles were promptly recovered
upon removal of the magnetic field (compare filled and empty
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square symbols in Figure 3A), showing that these hybrid
hydrogel membranes allowed for fast and reversible response
to the magnetic field.

Impact of the Magnetic Behavior of Hydrogel
Membranes on Protein Sorption. Surface properties, like
roughness and wettability, define the nature of protein—surface
interactions** which is a critical aspect in the performance of
tissue engineering processes, bioseparations, or biosensors,
whose efficiency is highly dependent on protein attachment
ability/stability, mobility, and structural dynamics at interfaces.
In this sense, studies were performed aiming to evaluate the
potential use of magnetic responsive hydrogel membranes for
the modulation of protein sorption (adsorption and
absorption) to contribute to improving the performance of
bioprocesses.

At this point, the readers should bear in mind that protein
sorption considers both (i) protein adsorption, which results
from the attachment of the proteins at the external and internal
hydrogel surfaces, and (ii) protein absorption, which is due to
the diffusion of the protein molecules in solution into the
hydrogel matrix. Protein adsorption and absorption processes
were difficult to distinguish in the experimental conditions
used in the present work. Thus, the individual effect of
magnetic field on protein adsorption and absorption is not
shown but discussed in terms of protein sorption.

Protein sorption studies were developed in the absence and
presence of magnetic field oriented perpendicularly to the
hydrogel surfaces doped with 0.25% and 1% MNPs, using
trypsin as a model protein. Trypsin sorption profiles obtained
at different magnetic field intensities (up to 1 T) are shown in
Figure SA. The analysis of these profiles showed that the
amount of trypsin in the membrane decreases proportionally to
the magnetic field intensity, evidencing that the magnetic field
reduces protein sorption ability. In fact, the amount of trypsin
sorbed, after 250 min, when exposed to a constant magnetic
field intensity of 1 T is insignificant when compared to the 9 X
1073 g/cm3 sorbed, during the same time in the absence of
magnetic field.

The impact of the magnetic field on trypsin sorption in
hydrogels without MNPs was also evaluated. As shown in the
inset of Figure SA, the trypsin sorption profiles obtained at 0
and 1 T were similar, confirming that the magnetic-induced
variation of protein sorbed in the magnetic hydrogel
membranes was actually ascribed to the magnetic responsive
behavior of the hydrogels and not to a potential intrinsic
magnetic sensitivity of trypsin.

As mentioned previously, the decrease of protein sorption in
the presence of magnetic field should thus be deconvoluted in
the two sorption components, ie., the decrease of protein
adsorption and absorption. Therefore, assuming that both
processes are present, the decrease of protein absorption may
correspond to a hindered diffusion of trypsin into the porous
membrane structure caused by the shrinkage of the hydrogel
volume when the magnetic field is applied. Instead, the
decrease of protein adsorption at hydrogel membranes in the
presence of magnetic field might be explained by the lower
protein adsorption stability at hydrophilic surfaces.

The eftect of the MNP content in the magnetic
responsiveness of the hydrogel membranes was also inves-
tigated by a comparative analysis of the trypsin sorption
profiles obtained for hydrogels with 0.25% and 1% MNPs at 0
and 1 T. As depicted in Figure SB, the difference between the
protein sorbed in the absence and presence of the magnetic

field was higher in hydrogel membranes with 0.25% MNPs.
These results are in agreement with the effect of the magnetic
field on the contact angles discussed above and confirm the
higher magnetic responsiveness of hydrogel membranes with
lower MNP content as well as their higher ability to
magnetically modulate protein sorption. The higher magnetic
responsiveness of hydrogels with lower MNP content may be
related to the lower resistance to deformation of these
hydrogels, which was confirmed by puncture tests. The higher
resistance to deformation of hydrogels with higher MNP load
was expressed by the increase of the Young modulus, E, from
811.0 + 253.4 to 1330 + 59.6 kPa when the concentration of
MNPs increased from 0.25% to 1%. On the basis of these
results, it is reasonable to think that hydrogels with high
elasticity allow for higher levels of hydrogel volume contraction
due to an easier mobility of the embedded MNPs, thus
explaining their higher magnetic responsiveness. This result
further suggests that the optimization of the magnetic
responsiveness of these hydrogels relies on a good balance
between the MNP load (high enough to ensure the magnetic
responsiveness of the hydrogel) and the resultant increase of
the hydrogel resistance to deformation (low enough to allow
the magnetic mobility of the MNPs entrapped in the hydrogel
matrix).

Control of Protein Sorption in Hydrogel Membranes
under Cyclic Magnetic Field Conditions. Studies about the
impact of the magnetic field on the trypsin sorption profiles in
the hydrogel membrane were also performed under cyclic
variation of the magnetic field intensity between 0 T (magnetic
field OFF) and 1 T (magnetic field ON) to evaluate the
process reversibility. As shown in Figure 6A, the amount of
trypsin in the membrane increased along the first stage when
the magnetic field was OFF. When the trypsin sorption plateau
was reached, the magnetic field was switched ON at 1 T, and a
fast displacement of trypsin back to the supernatant solution
was observed corresponding to the release of 61.8% (Table S1)
of the total amount of the protein in the membrane. The
trypsin sorption into the hydrogel membrane was immediately
restored when the magnetic field was switched OFF (second
cycle). However, not only the protein sorption plateau reached
in the second magnetic field cycle was higher but also the
efficiency of the protein release decayed to 7.1%, suggesting a
loss of the magnetic responsive capacity of the membrane and
the accumulation of protein in the hydrogel matrix. The
amount of trypsin sorbed and released at each magnetic field
stage was calculated by a mass balance shown in Table SI1. It is
important to highlight that protein desorption due to thermal
effects was excluded since the temperature at the surface of the
hydrogels was kept constant along the process.

Additional studies were developed aiming at understanding
the reasons underlying the higher protein retention (expressed
by the increase of the protein sorption plateau) and the
decrease of protein release capacity of the hydrogels with the
number of magnetic field cycles.

Analysis of the variation of the hydrogel surface contact
angles performed under identical magnetic field cycle
frequency (but with a lower magnetic field intensity of 0.08
T) showed that the contact angle switching amplitude was
essentially preserved along the process (Figure 6B), suggesting
that the magnetically induced mechanic activity of the
hydrogel membrane was maintained. Therefore, losses of
protein release ability seemed not to be related to losses in the
magnetic responsive capacity of the hydrogel.
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To confirm the protein accumulation in the hydrogel along
the magnetic field cycles, the sorption studies were repeated
using fluorescein isothiocyanate (FITC)-labeled albumin
(FITC-albumin) instead of trypsin. Confocal microscopy
images were acquired for hydrogel membranes doped with
0.25% MNPs after immersion in the protein solution in the
absence (magnetic field OFF) and the presence of OFF/ON
magnetic field cycles. It is important to highlight that to ensure
the analysis of the hydrogel membrane was performed upon
maximum protein desorption, the membrane was removed
from the protein solution at the end of the ON magnetic field
stage, while the magnetic field was still turned ON.

The confocal images depicted in Figure 7 confirmed the
presence of protein inside the two hydrogel membranes, i.e.,
the membranes exposed and nonexposed to magnetic field
cycles. The progressive increase of fluorescence emission from
the membrane periphery to the membrane center, i.e., from Z
= 0 to the membrane half thickness, unveiled the preferential
accumulation of FITC-albumin in the membrane core.
However, a comparative analysis of the confocal images
obtained for the two membranes showed a lower fluorescence
signal in the membrane exposed to magnetic field cycle,
suggesting a partial removal of protein during the ON
magnetic field stage. Also, it shows that a protein fraction

remains entrapped in the hydrogel matrix, which is compatible
with the progressive increase of the trypsin sorption plateau
observed along the magnetic field cycles, as shown in Figure
6A.

The subsequent increase of the protein sorption maxima
(i.e., protein sorption plateaus) suggests a continuous
accumulation of protein in the membrane, which might be
ascribed with the increase of the free volume inside the
hydrogel matrix, potentially associated with the disruption of
the hydrogel porous network caused by the magnetically
induced mobility of the MNPs. Despite the efforts developed
to confirm the presence of structural changes after exposure to
the magnetic field cycles, no changes in MNP dispersion
quality (Figures S1 and S2) or hydrogel porous structure
(Figure S4) were noticed by optical microscopy and ESEM
analysis (Figures S2 and S4).

To further clarify the reasons for the loss of protein
sorption—desorption reversibility along the magnetic field
cycles, protein sorption—release experiments were repeated at
a lower magnetic field intensity of 0.45 T. The reduction of the
magnetic field intensity aimed to induce a smoother movement
of the MNPs in these conditions, thus preventing the
hypothetical disruption of the hydrogel network. In this case,
trypsin sorption was performed by exposing hydrogel
membranes doped with 0.25% MNPs to magnetic field cycles
with opposite ON/OFF sequences, i.e., OFF/ON (Figure 8 A)
and ON/OFF (Figure 8 B) magnetic field sequences. The
trypsin sorption profiles obtained during OFF/ON magnetic
field cycles (Figure 8 A) and the respective mass balances,
listed in Table S2, show that the membrane was able to release
the total amount of trypsin sorbed during the first OFF/ON
cycle. Although the small loss of the magnetic responsiveness
observed through the subsequent magnetic field cycles (with
protein sorption decaying from 32.4% to 19.4% and protein
release decreasing from 100% to 76.1% after the second cycle),
the magnetically induced protein sorption and release capacity
of the PVA hydrogel was significant along the whole process
time.

Experiments performed under ON/OFF magnetic field
conditions, depicted in Figure 8B (and the respective trypsin
mass balance listed in Table S.3), showed that trypsin sorption
in the membrane (i.e., protein adsorption and absorption into
the membrane matrix) was minimal while the magnetic field
was kept ON. Then, when the magnetic field was switched
OFF, an immediate increase of trypsin sorption was observed.
A removal of 96.3% of the total amount of trypsin in the
membrane was observed after the first magnetic field cycle
whereas it decayed to 78.6% after the second cycle.

The more efficient protein release observed for experiments
performed at lower magnetic field intensity (Figure 8)
suggested that the accumulation of protein within the hydrogel
matrix, observed when the magnetic field was increased up to 1
T, might actually be due to the presence of structural changes
in the hydrogel. The mobility of the MNPs is certainly more
abrupt at 1 T, causing a more significant disruption of the
hydrogel porous structure and the increased protein retention
capacity observed in this case (Figure 7). Instead, the protein
sorption and release behavior observed at 0.45 T suggests that
the membrane structure is more likely preserved at lower
magnetic field intensities, allowing for a more efficient and
reproducible magnetic responsive behavior.

Magnetically induced changes of the hydrogel structure may
explain both the decrease of protein adsorption and absorption
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A

Magnetic field OFF

Magnetic field cycle OFF/ON

Figure 7. Confocal microscopy orthogonal images obtained along the Z-axis (thickness, from Z = 0 to Z = 1) of a magnetic hydrogel membrane
with 0.25% (v/w) MNPs upon immersion in a solution of FITC-albumin in the absence of magnetic fied and exposed to an OFF/ON magnetic
field cycle. (A) Fluorescence emission signal obtained along the whole membrane thickness (Z = 1), (B) fluorescence emission signal obtained
along the whole membrane thickness orthogonal to the side represented in (A), and (C) microscopy image obtained at the half-thickness of the

membrane.
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Figure 8. Evolution of trypsin sorption in a PVA hydrogel membrane
doped with 0.25% (w/v) of MNPs when exposed to (A) OFF/ON
and (B) ON/OFF magnetic field cycles varied between 0 and 0.45 T.

if the two processes were assumed to coexist. Protein
adsorption is known to depend on surface hydrophilicity
decreasing as the surface hydrophilicity increases. Hence, the
lower protein partitioning to the hydrogel in the presence of
magnetic field might be explained by variation of the surface
hydrophilic degree imposed by the ON/OFF magnetic field
cycles, with protein adsorption increasing at magnetic field
OFF (decrease of the surface hydrophilicity) and decreasing at
magnetic field ON (increase of surface hydrophilicity). Also,
the decrease of protein sorption at the ON magnetic field stage
might be ascribed with the hampered diffusion of proteins
(and the protein solution), which might be related to the
reduction in the hydrogel free volume caused by the magnetic
hydrogel shrinking effect. Hydrogel shrinking—unshrinking is
thought to emulate the peristaltic pumping effect, resulting in a
higher amount of proteins inside the unshrunk hydrogels
followed by protein released induced by hydrogel contraction.

3. CONCLUSIONS

This work describes the impact of magnetic field on the
wettability of PVA hydrogels doped with iron oxide nano-
particles (MNPs) and the ability to modulate, in remote mode,
protein sorption to these magnetic hydrogel membranes by
adjustment of the intensity of an external magnetic field. The
magnetic field was shown to induce a decrease of the surface
contact angles of PVA hydrogels, thus suggesting an increase of
surface wettability. Surface wettability responds reversibly to
ON/OFF magnetic field cycles with a total recovery of the
initial surface contact angles upon removal of the magnetic
field. The magnetic behavior of these hydrogels was also shown
to influence protein sorption. The magnetic field was shown to
reduce protein sorption ability while stimulating protein
release from the hydrogel. Therefore, these hydrogels offered
the capacity to magnetically control the protein content by
cyclic variation of the magnetic field intensity. Still, this process
seems not to be totally reversible due to the partial
accumulation of protein into the hydrogel matrix, particularly
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evident when a magnetic field of 1 T was used. The degree of
reversibly of protein sorption—desorption processes was found
to be improved by decreasing the magnetic field intensity to
045 T.

The unique properties of these magnetic responsive
hydrogels suggest their promising use as smart devices which
may offer a better control over the partitioning and mobility of
proteins to/in porous media. Hence, they may contribute to
the development of bioseparation systems with improved
performances, e.g., less prone to biofouling, and to the design
of magnetically controlled drug delivery systems, biosensors,
and tissue engineering devices with better efficiencies.

4. EXPERIMENTAL SECTION

Materials. FeCl;-6H,0, FeCl,-4H,0, potassium oleate, Hitenol-
BC, and ammonium persulfate were purchased from Sigma-Aldrich,
whereas 25% aqueous ammonium solution was acquired from Fluka.
Poly(vinyl alcohol) (PVA), glycerol, glutaraldehyde (GA), chloride
acid (HCI) solution (37%), and FITC-albumin were supplied by
Sigma-Aldrich.

Synthesis of the Magnetic Nanoparticles (MNPs). The
magnetic nanoparticles (MNPs) were synthesized by chemical
coprecipitation of two different iron salts FeCl; and FeCl, in alkaline
media according to the protocol previously published by Olle et al.*®
Briefly, an aqueous solution with 25% of ammonium hydroxide
(NH,OH) was added to a mixture of FeCly and FeCl, at 80 °C, under
permanent stirring at 1250 rpm by purging N,. Potassium oleate and
ammonium persulfate were then added to the reaction mixture for
production of Fe;O,-coated particles aiming to minimize particle
aggregation. Hitenol-BC was used as a surfactant.

Preparation of the Magnetic Responsive Hydrogel Mem-
branes. MNPs were dispersed by sonication in an 8% PVA aqueous
solution, containing 1% glycerol. 3% of GA (cross-linking agent) and
3% of HCl were added to the solution before casting onto glass plates.
Magnetic responsive PVA hydrogel membranes containing different
concentrations, up to 1% (w/v), of randomly dispersed MNPs were
prepared. The magnetic loaded polymer solution was casted into a
casting plate with a volume (mL)/casting plate area (cm?®) ratio of
0.42 mL/cm? which allowed for the preparation of matrices with a
thickness of ca. 250 ym.

Prior to use, the magnetic PVA hydrogel membranes were washed
by immersion in a demineralized water bath. The removal of
nonbound material upon swelling of PVA membrane in water was
followed by UV—vis spectrometry of the washing solution along time.
The wash-out of magnetic particles was inspected through
determination of the iron content in the washing solution by analysis
of the UV band at 252 nm and by inductively coupled plasma (ICP-
AES) after sample digestion. Removal of MNPs was observed during
the first 3 h of washing, revealing that after this washing time
hydrogels achieve good chemical and structural stability in aqueous
media.

Structural Characterization of the MNPs and Hydrogel
Membranes. The MNP size distribution was accessed by trans-
mission electron microscopy (TEM) using a TEM Hitachi H8100
with a LAB6 filament and an acceleration tension of 200 kV. The
MNP sizes were determined by using the ImageJ software, whereas
the average particle size was elicited by statistical analysis of a total of
320 counts and using a confidence level of 95%. The dispersion
quality of the MNPs was inspected by optical microscopy using a
microscope (Olympus BH-2) equipped with a photo camera (Casio
Exilim Pro, EX-F1) and by scanning electron microscopy using FEG-
SEM equipment (JEOL, model JSM7001F) coupled to a light energy
EDS detector (Oxford, model INCA 250).

The surface and cross section of hydrogel membranes with MNPs
contents ranging from 0% (without MNPs) to 1% MNPs were
characterized in swollen state by environmental SEM (ESEM) upon
being frozen at —20 °C to minimize structural changes along the
measurements due to dehydration. In contrast to conventional SEM

analysis, ESEM does not require the precoating of the sample allowing
analysis of the structure of swollen membrane hydrogel. Identical
ESEM analyses were conducted for hydrogel membranes doped with
0.25% MNPs, before and after exposure to the magnetic field. ESEM
analyses were performed using a tabletop microscope (Hitachi,
TM3030Plus).

Young’s Modulus of the Magnetic Hydrogel. The Young’s
modulus, E (kPa), of the hybrid hydrogel membranes was calculated
based on the slopes of the stress—strain curves in the elastic region
under puncture tests. The puncture tests were performed using a
texturometer (TA-XT2 Stable Micro System, UK) equipped with a 2
mm diameter cylindrical probe, which punctured PVA hydrogels with
different concentrations of MNPs (2 X 2 cm?) at a cross-head speed
of 0.5 mm/s. The values of the Young’s modulus corresponded to the
average values of at least three replicates.

Surface Roughness of the Hydrogel. The determination of
surface roughness was initially attempted by atomic force microscopy
(AFM) analysis. However, the dimension of the roughness details
presented at the membrane surfaces with higher magnetic load
exceeded the analytical range of this technique. For this reason,
surface roughness measurements were performed by profilometry
using an Ambios XP-200 profilometer equipped with a 2.5 ym tip by
sequentially measuring profile lines with a 10 ym spacing and using
TrueMap software for 3D images compilation. Profilometry measure-
ments were performed using PVA membranes in their maximum
swollen state, attained upon immersion of the PVA membranes in
water for 30 min.

Surface Contact Angles of the Hydrogel. Surface contact
angles (CA) of hydrogels were determined by using glycerol as the
liquid phase in the absence and presence of a nonuniform magnetic
field up to 0.08 T. The magnetic field was imposed by a neodymium
magnet placed underneath the hydrogel membranes, and the
magnetic field intensity was varied by adjusting the distance of the
neodymium magnet to the hydrogel. The dynamic glycerol contact
angles were determined in a sessile drop mode by using a drop shape
analyzer system coupled to a video camera connected to a PC for data
acquisition and the determination of the CA along time by using the
CAM100 software. The final CA values were taken as the average of
the values obtained for at least three replicates.

Protein Sorption Studies under Static and Dynamic
Magnetic Field Conditions. Protein sorption experiments were
conducted by immersion of PVA hydrogel membranes with different
MNP loads in 1 g/L trypsin and FITC-albumin (only in dynamic field
conditions) in a pH 8 Trizma buffer solution, in the absence and
presence of magnetic field with different intensities up to 1 T. The
supernatant was periodically sampled and analyzed by UV
spectrophotometry at 280 nm to quantify the protein in the
supernatant along time. The mass of protein sorbed (adsorbed and
absorbed) in the hydrogel membrane in each moment was obtained
by subtraction of the amount of protein in the initial solution by that
present in the supernatant in the different sampling times.

Experiments at static magnetic field conditions were developed by
keeping the magnetic field constant along the experiment time
whereas dynamic magnetic field conditions were achieved by
successively OFF/ON or ON/OFF magnetic field switching, where
the magnetic field intensity was varied between 0 and 0.45 T or 1 T.
Protein sorption studies at low magnetic field intensities (<0.5 T)
were performed using a neodymium magnet, whereas a 3472 dipole
H-frame electromagnet from GMW Associates (USA) was used to
produce magnetic field intensities higher than 0.5 T. The H-frame
electromagnet was coupled to a refrigeration bath for controlling the
temperature of the magnetic poles. Both experimental setups were
mounted in a way to ensure that the magnetic vector was
perpendicularly oriented to the hydrogel surface.

Confocal Microscopy Measurements. Confocal fluorescence
emission scans were acquired for hydrogel membranes used in FTIC-
albumin sorption tests in the absence of magnetic field and exposed to
OFF/ON magnetic field cycle by using a confocal laser scanning
microscope (LSM 700/Carl Zeiss) with a 10 mW 488 nm laser.
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Afterward, the image analysis was performed using ZEN 2.1 software
(Carl Zeiss).
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