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3D Printed Template-Assisted Casting of Biocompatible
Polyvinyl Alcohol-Based Soft Microswimmers with Tunable

Stability

Roger Sanchis-Gual, Hao Ye, Towa Ueno, Fabian C. Landers, Lukas Hertle, Siyu Deng,
Andrea Veciana, Yanming Xia, Carlos Franco, Hongsoo Choi, Josep Puigmarti-Luis,
Bradley J. Nelson, Xiang-Zhong Chen,* and Salvador Pané*

The past decade has seen an upsurge in the development of small-scale
magpnetic robots for various biomedical applications. However, many of the
reported designs comprise components with biocompatibility concerns. Strat-
egies for fabricating biocompatible and degradable microrobots are required.
In this study, polyvinyl alcohol (PVA)-based magnetic hydrogel microrobots
with different morphologies and tunable stability are developed by combining
a 3D printed template-assisted casting with a salting-out process. 3D sacrifi-
cial micromolds are prepared via direct laser writing to shape PVA-magnetic
nanoparticle composite hydrogel microrobots with high architectural com-
plexity. By adjusting the PVA composition and salting-out parameters, the
hydrogel dissolubility can be customized. Due to their high mobility, tunable
stability, and high biocompatibility, these PVA-based magnetic microrobots

are suitable platforms for targeted drug and cell delivery.

1. Introduction

Significant efforts have been made in the past two decades to
develop magnetic micro- and nanorobots for various biomed-
ical applications, such as targeted drug delivery, microsurgery,
sensing, and diagnosis."® The broad interest in these devices
arises from the fact that they can realize minimally invasive
procedures by accessing hard-to-reach regions in the human

body thanks to both their small dimen-
sions and untethered motion capabili-
ties. Research endeavors in micro- and
nanorobots have focused on multiple fac-
tors including their design, fabrication,
locomotion, and functionalization./!
However, a major hurdle that hinders the
translation of these devices to practical
clinical applications is the biocompatibility
aspect of their building blocks, as many
small-scale magnetic robots comprise
materials that can trigger cytotoxic effects.
In the past 5 years, efforts have been made
to manufacture these devices with bio-
compatible materials. Advances have been
made with the integration of soft mate-
rials, which are not only more adaptable
to the mechanical and physicochemical
characteristics of cells and tissues, but they are also less cyto-
toxic than other families of materials, such as metals and alloys.
However, for the miniaturization of soft materials, the use of
some chemical moieties is necessary for their processability at
micro- and nanoscales. For example, several 3D printed soft
microrobots rely on the use of acrylate groups,'2¥ which can
potentially induce inflammatory, cytocidal, or carcinogenic
responses upon degradation, and are usually difficult to excrete
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from the human body.1% Therefore, the development of soft
microrobots composed of materials that display optimal tissue
contact, reduced immune responses, and the ability to dissolve
or degrade to nontoxic and metabolizable products once their
tasks have been completed, is essential.['//18]

Polyvinyl alcohol (PVA) is a water-soluble polymer with impres-
sive features, including good biocompatibility characteristics, bio-
degradability, customizable chemical structures (e.g., molecular
weight, degree of hydrolysis, derivatization), among others.!1%-21
Furthermore, this polymer can be safely used in the human body
as it can be biodegraded by oxidation and hydrolysis into mono/
di-ketones and carbonyl structures,??l which are easily metabo-
lized. For this reason, PVA has been approved by the Food and
Drug Administration for pharmaceutical coatings and vasculature
embolization agents, making it a promising candidate for degra-
dable microrobots. The molecular structures of PVA can be easily
tuned, which allows its properties, such as mechanical proper-
ties and dissolubility, to be easily customized.?>*%°! For example,
a simple salting-out process can transform dissolved PVA into
hydrogels that remain stable in water by crystallizing/aggregating
the polymer chains and introducing physical crosslinking points.
This is caused by the expulsion of water molecules between the
polymer chains and the hydrogen bonds formed between the
hydroxyl groups.?°2% Interestingly, salted-out PVA hydrogels
retain good biocompatibility features.?!l However, the realization
of PVA-based microswimmers remains challenging because the
salting-out process of PVA is difficult to integrate with laser-based
direct 3D forming techniques. For this reason, very few PVA-based
microrobots have been reported so far. Kim et al. designed spher-
ical PVA microrobots for drug delivery using an emulsion-based
fabrication.?”l However, this method is not suitable for the fabri-
cation of more complex architectures, such as helices and grids,
which are usually required for locomotion or other functionalities.
To date, PVA microrobots with complex shapes have only been
achieved in large dimensions (larger than 1 mm in size) and with
complicated setups.%31

Here, we developed 3D magnetic PVA microrobots with
different shapes and enhanced stability by combining the
salting-out process with an indirect 3D molding method.?? In
this indirect molding technique, direct laser writing was first
employed to produce 3D sacrificial templates with high archi-
tectural complexity and resolution. These templates can be
used to cast polymers that cannot be directly 3D-printed at the
microscale.}?33 This method enables the preparation of PVA
hydrogel-based biocompatible and degradable soft microrobots
with the desired morphology. Additionally, by tuning the PVA
compositions and salting out parameters, we were able to cus-
tomize the hydrogel dissolubility. Our approach, which can be
extended to several polymer formulations, can be used to con-
struct soft microrobots with enhanced biocompatibility and
tunable stability for therapeutic application.

2. Results and Discussion

2.1. Microrobot Fabrication

The indirect 3D printing method, depicted in Figure 1a, was
used to prepare 3D magnetic PVA microstructures. In the first
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step, the substrate was coated with a layer of positive photore-
sist. Following direct laser writing and development, cavities
with various well-defined shapes were obtained. The cavity
structures were created in such a way that for each structure,
several openings were left on the top surface of the positive pho-
toresist. In this way, after developing, a PVA solution containing
magnetic Fe;0, nanoparticles (MNPs) could be infiltrated into
the cavities (Figure S1, Supporting Information). Note that
the MNPs are coated with a biocompatible and biodegradable
polymer (polyvinylpyrrolidone (PVP))B4 to prevent particle
agglomeration in the solution. These MNPs can be biodegraded
within intracellular lysosomes due to the combined effect of
acidic pH, digestive enzymes and iron chelators, resulting in
the transfer of iron to ferritin proteins.’>3¢! Although these
MNPs were chosen because of their high biocompatibility,*’]
others such as FePd?*® or FePt*% could potentially be used.
Next, the salting-out process was carried out by immersing
the PVA composite in a highly concentrated salt solution (e.g.,
sodium citrate). Ions in the salt solution make PVA chains crys-
tallize/aggregate through self-coalescence, causing phase sepa-
ration. Salted-out hydrogels are more robust, and this process
is critical for improving the stability of PVA in aqueous solu-
tions while retaining their high biocompatibility.?}l Indeed, the
resulting non-salted-out microrobots instantly deformed and
dissolved in aqueous solution, even when they had a defined
shape before immersion in water (Figure S2, Supporting Infor-
mation). Finally, the magnetic PVA microrobots were released
by dissolving the photoresist with acetone. Figure 1b shows
complex structures with different designs and shapes, demon-
strating the versatility of the current method.

For use as microrobotic components, the PVA structures
must be stable in aqueous solutions. Figure 1c shows a repre-
sentative PVA microstructure that is stable in water, its shape is
well maintained, and it is only slightly swollen when compared
to the microstructure in acetone. Figure 1d,e shows magnified
Scanning Electron Microscopy (SEM) images of a part of a hel-
ical microstructure before and after hydration. The diameter of
the filament increased from 17 to 25 um due to swelling. The
surface of the microrobot is not fractured and is quite homoge-
neous after hydration. It should be noted that the released PVA
structures were transferred to water by progressively replacing
acetone with water (Figure S3, Supporting Information). This
solvent exchange step must be done gradually to control the
swelling of the PVA microstructures as abrupt hydration can
lead to undesired structural changes. Once PVA microstruc-
tures have swollen to their final shape after a controlled immer-
sion in water, they become stable. They even exhibit high
reversibility between the drying and hydration cycles. Figure S4
(Supporting Information) shows a PVA cage that was cyclically
hydrated and dried three times without being distorted. This
excellent property can facilitate their storage and manipulation
at a later stage.

2.2. PVA Stability
As mentioned above, the properties of PVA hydrogel, espe-

cially the dissolubility, can be easily modified by adjusting the
synthetic parameters. In this way, once these composites are

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD) SAIERID 3]qedljdde ay) Aq peusenob afe Sapie VO ‘85N JO S3NJ Joj ARIq1T 8UIUO A3 UO (SUON IPUCD-PUR-SLLLIBY WD A | IM A e.q1jBU [UO//StY) SUORIPUOD Pue swia 1 8y} 89S *[£202/0T/22] Uo ARiqiauljuo A|Im ‘JO aimnsu| xnqgBuoeAs nbeeq Aq 266212202 WiPe/Z00T OT/I0p/L0o"Aa] 1M Ale.q Ul |uo//:Sdny Woij papeo|umoa ‘68 ‘€202 ‘82089TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a)

i) Spin coating

i) 2-photon lithography
iiiy Development m E
iv) PVA infiltration  Cm—
v) Drying -

vi) Salting out vii)

vii) Microrobot release

Dried Acetone

100 pm
H

PVA hydrogel

Fe;O4 NPs

writing and developing of the 3D template, iv) infiltration of PVA in the template, v) drying, vi) salting out, vii) PVA microrobot release. b) Optical images
of different magnetic salted-out PVA microrobot structures immersed in acetone. The scale bar corresponds to 100 um. The insets correspond to the
designs used for printing the microstructures. c) Optical images of a magnetic PVA cage microstructure in air, acetone, and water. d) Environmental-
SEM image of a dried magnetic PVA helix. e) Cryo-SEM image of a hydrated magnetic PVA helix.

dissolved in the human body, they will be biodegraded by PVA-
oxidases and f-diketone hydrolases.?240 This feature allows
the lifetime of the microrobots to be customized depending
on their application scenario. To this end, the influence of sev-
eral parameters on the PVA hydrogel’s stability, including the
molecular weight (Mw), concentration, degree of hydrolysis,
salt concentration, and salting-out duration, has been ana-
lyzed (Figure 2). PVA MNPs composite disks were fabricated
and salted-out, and the weight variation of these disks was
recorded at different time points after soaking in an aqueous
solution (see Experimental Section for further details) to reveal
the dissolution kinetics. Four different aqueous solutions (DI
water, phosphate-buffered saline (PBS), artificial cerebrospinal
fluid (aCSF), and simulated body fluid (SBF)) were chosen to
evaluate the PVA hydrogels’ dissolubility in different biological
environments.

Figure 2a shows the influence of different molecular weights
on the stability of the PVA hydrogels. PVAs with a high degree
of hydrolysis (>99%) and three different molecular weights
(31, 68, and 130 kDa) have been tested. For the PVA with the
smallest molecular weight, the hydrogel disks dissolved almost
immediately after immersion in the solution, which was most
probably caused by a limited degree of entanglement between
the polymer chains. Stable hydrogels can form when the mole-
cular weight is over 68 kDa. The hydrogels’ weight peaked after
=1 h due to swelling, then decreased slightly over time in the
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next 3 days. Although a molecular weight of 130 kDa can form
stable hydrogels, the viscosity is so high that the PVA solution
cannot effectively infiltrate into the 3D printed cavities to shape
microrobots. Therefore, we selected 68 kDa to perform the rest
of the study. The concentration of the PVA solution also influ-
ences the final hydrogel. Hydrogels made with 5 wt.% PVA can
be quickly dissolved. Stable hydrogels can only be produced
when the concentration is greater than 10 wt.%. All of the stable
hydrogels started losing weight after 1 h because of the slow
disentanglement of the polymer chains at the physical crosslink
points.l However, hydrogels made with higher concentrations
(15 wt.%) could absorb more water in all cases. As a result of
the high swelling of the 15 wt.% PVA, we chose 10 wt.% as the
concentration for the remainder of the study. Note that by var-
ying the molecular weight or the concentration, the hydrogel
can either disappear quickly or remain stable for a long time
(more than 3 days). Thus, these parameters are not appropriate
for adjusting the dissolution of the hydrogel.

In contrast to molecular weight and concentration, the
degree of hydrolysis is a key parameter that enables fine con-
trol over the dissolubility of the hydrogel (Figure 2c; Figure S5,
Supporting Information). The degree of hydrolysis corresponds
to the ratio between the vinyl alcohol unit and the vinyl acetate
unit on the polymer chain. The higher degree of hydrolysis cor-
responds to a higher amount of —OH groups on the polymer
chains and a stronger and more stable salted-out hydrogel.
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Figure 2. Stability over time of the salted-out PVA hydrogel (mixed with MNPs) disks in different aqueous solutions as a function of the following
synthetic parameters: a) molecular weight, b) concentration, c) degree of hydrolysis, d) salt concentration, and e) salting-out duration. Graphs in the
third column show the final mass after 3 days in solution (black bars) and the time at which the total dissolved hydrogel mass is halved (blue bars).
100% of the relative weight corresponds to the initial mass of the disks before being soaked in the aqueous solution.

We thus tuned the dissolubility of the hydrogels by varying the
mixing ratio of PVAs with two different degrees of hydrolysis
(99% and 87%, respectively). In the case of the highest degree
(99%:87% in a ratio of 10:0), the hydrogel remains stable even
after 3 days. When changing the ratio, the hydrogels start to
dissolve after 10-50 h (8:2), 1-2 h (6:4), 15-30 min (4:6), or a few
minutes (2:8 and 0:10) (detailed data can be found in Figure S5,
Supporting Information). In order to clearly present the trend,
we extracted the residual weights after 72 h and the dissolving
times (see the experimental section for the definition and calcu-
lation), and the results are shown in Figure 2c. We can see that
the higher the portion of the PVA with 99% degree of hydrol-
ysis in the mixture, the slower the hydrogel dissolves, and the
higher residual is left after 72 h. This trend can be observed in
all four aqueous solutions. Note that in the simulated physio-
logical fluids, such as aCSF and SBF, both the residual weights
and the time constants are higher than those in DI water, indi-
cating that salt concentration can slow down the dissolution of
the hydrogels.

The parameters of the salting-out process also influence the
dissolution process of the hydrogel. The more concentrated
the salt solution used for salting-out, the more difficult it is
to dissolve the hydrogel, as has been reported earlier.232642]
However, in general, the dissolution trend did not show signifi-
cant differences. For hydrogels made with 10 wt.% PVA with a
99% degree of hydrolysis, the weight change over 3 days was
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minor, indicating a high stability. We also tried using different
salts, and we found that sodium citrate produces less swelling
compared to sodium sulfate, and the tested concentrations did
not show important mass differences over time. In the same
manner, the duration of the salting-out process did not make a
significant difference.

The effect of the concentration of MNPs was also investi-
gated. First, the water stability of magnetic PVA disks with
varying PVA:MNPs ratios was analyzed (Figure S6, Supporting
Information). As can be observed, when the ratio is <3:7, the
resulting structures are not enough stable and lose weight
rather than gaining because of hydration. Therefore, ratios
higher than 3:7 are required to form stable structures. Taking
this into account, the mass variation over time of stable mag-
netic PVA disks with different MNPs concentrations was exam-
ined (Figure S7, Supporting Information). The resulting trends
do not differ significantly, indicating that, for stable structures
(PVA:MNPs ratios higher than 3:7), the concentration of mag-
netic NPs has no noticeable impact on their dissolution.

Last but not least, we investigated the dissolution process of
PVA structures at the microscale to determine how many of
these microstructures could potentially be used after a certain
time (Figure 3; Figure S8-S10, Supporting Information). Thin
stripes of 13 um wide, 13 um high, and 220 um long were pre-
pared using a stamping method,*}! as one such microstructure
has a similar volume to a micro helical structure with a filament
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Figure 3. a) Stability of the salted-out PVA hydrogel (without MNPs) microstructures in DI water as a function of the degree of hydrolysis over 2
weeks. MNPs were not added to facilitate the visual evaluation of PVA dissolution. The scale bar corresponds to 100 um. b) Evolution of the number
of microstructures in different aqueous solutions over time. Broken and almost dissolved microstructures have not been counted.

diameter of 15 um. In this way, it was possible to quickly test a
large number of PVA microstructures (>100) to obtain statistically
relevant information. Figure 3a shows representative images of
the microstructures in DI water taken at different time intervals.
Here, we fixed all other parameters including molecular weight
(Mw 66 kDa), concentration (10 wt.%), salt solution (sodium
citrate 1.5 M), and salting-out duration (24 h). The only varying
parameter was the ratio of the two PVAs with different degrees of
hydrolysis. As can be observed, the stability of the PVA hydrogel
with the highest degree of hydrolysis is very high. There was no
sign of dissolution after 2 weeks, even though some structures
swelled and changed their shapes. This type of hydrogel could
be used for long-term applications (e.g., embolization) inside the
human body thanks to its high stability. As previously observed,
the dissolution time accelerates when the mixing ratio decreases.
For example, in the case of an 8:2 ratio, almost no broken struc-
tures were found, but many were bent or became thinner. These
effects were more evident when a 6:4 ratio was used, where the
PVAs microstructures were highly degraded after 1 week, and it
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was possible to observe some hydrogel residues on the surface.
We hypothesize that the solvent has more difficulty diffusing into
the polymer network (and dissolving it) when the hydrogel is on
the substrate surface. These two ratios could be employed for
microrobots that are used for a few days. When using a 4:6 ratio,
the hydrogel is degraded after 1 day and, consequently, more than
50% of the structures are broken or dissolved (Figure 3b). Thus,
a microrobot made of this PVA could be applied for several hours
before becoming nonoperational. If the ratio is decreased further
(2:8 and 0:10 ratios), then the structures are completely degraded
when introduced to water. By tuning the mixing ratio, we can
easily obtain microrobots with customized dissolution times to
meet the requirements of different drug delivery applications.[*!

2.3. Biocompatibility Study

The biocompatibility features of the microrobots are key for
their biomedical application. Figure 4a demonstrates the
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Figure 4. a) MTT assays with NIH/3T3 cells. In vitro cytotoxicity after 24 (left) and 72 (right) h of incubation. b) Live/dead cell viability assays of NIH/3T3

cells cultured on salted-out magnetic PVA hydrogels after 24 (left) and 72

(right) h of incubation. The quantification results are shown in Figure S11

(Supporting Information). The scale bar corresponds to 100 um. Relative cell viability was calculated by Image] (n = 3).

biocompatibility of the PVA hydrogels with NIH/3T3 cells. Cell
viability after 24 and 72 h of incubation in the presence of PVA
hydrogel disks is over 80%, regardless of the degree of hydrol-
ysis. Although the addition of MNPs slightly reduces cell via-
bility, all the samples are considered biocompatible because the
cell viability is kept above the cytotoxic limit (80%; ISO 10993—
5:2009). Live/dead cell viability assays were also performed on
the patterned magnetic PVA hydrogels to further confirm the
biocompatibility (Figure 4b). In all cases, the cells grew per-
fectly in the presence of the salted-out hydrogels with almost no
dead cells (Figure 4b; Figure S11, Supporting Information). Fur-
thermore, the dissolution of the PVA (4:6 sample) did not cause
adverse effects. Thus, the magnetic PVA hydrogels prepared
with the salting-out method display biocompatibility character-
istics and show great potential for use in biomedical applica-
tions. Indeed, the good biocompatibility of the hydrogel allowed
us to load cells onto a magnetic PVA grid shaped microstruc-
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ture for targeted cell delivery (Figure S12, Supporting Infor-
mation). We can see that the cells can readily interact with
and proliferate inside the structure. This interaction is strong
enough to cause structural distortions. Therefore, these micro-
swimmers have the potential to deliver cells for cell therapy and
could be used as mobile implantable scaffolds.[*>%]

2.4. Microrobot Actuation

The PVA hydrogel microrobots can be easily manipulated
thanks to the presence of MNPs (Figure S13, Supporting
Information, VSM) homogeneously distributed in the whole
structure (Figure S14, Supporting Information). Here we dem-
onstrate the targeted motion of the microrobots with different
locomotion modes. Figure 5a (also Video S1, Supporting Infor-
mation) shows that a helical microrobot can be propelled by
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Figure 5. Time-lapse images showing the trajectory of a) a helical PVA hydrogel microrobot and b) a PVA hydrogel grid microrobot under magnetic
manipulation in DI water. The axis of rotation is indicated by a black arrow and the rotating magnetic field is represented by a blue arrow. c) Live/dead
cell viability assays of SH-SY5Y cells cultured on a salted-out magnetic PVA microrobot after 72 h of incubation. d) Fluorescent time-lapse images
showing the trajectory of a PVA hydrogel grid microrobot wrapped in SH-SY5Y cells under magnetic manipulation in PBS solution.

corkscrew motion under a rotating magnetic field, which is an
efficient and well-known propulsion strategy at the low Reyn-
olds number regime.3?*] In this regard, the combination of
a rotating magnetic field of 20 mT with a frequency of 30 Hz
and a gravity-compensating magnetic gradient of 550 mT m™
was used to actuate the microrobot to swim along various
trajectories in DI water inside a glass petri dish. The micro-
robot showed an excellent magnetic response with a high for-
ward velocity (65.5 um s7}) and a relatively low sideways drift
velocity (11.1 pm s7Y). The observed drift during the actuation
was mostly caused by the friction between the microrobot and
the surface substrate. As another example, a grip shaped micro-
robot was also successfully manipulated with a rotating mag-
netic field (15 mT, 2 Hz, gravity compensating magnetic field of
300 mT m™Y) (Figure 5b; Video S2, Supporting Information). In
this case, the structure was able to move forward along a trajec-
tory with little drift by rolling on the surface.

Considering the high mobility, high biocompatibility fea-
tures, and excellent interaction of these microstructures with
cells, we explored their application as cell delivery systems.
A magnetic PVA grid microrobot was incubated with SH-
SY5Y cells for 72 h to form a cell spheroid-microrobot com-
plex (Figure 5c). The cells were checked by means of the live/
dead assay, and it can be observed that almost all the cells are
alive (green color channel). We then conducted manipulation
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experiments using green fluorescence as a tracer (Figure 5d;
Video S3, Supporting Information). Despite the presence of
the cells, the microrobot exhibits a strong magnetic response.
The cell-laden microrobot can be actuated with a small rotating
magnetic field (10 mT, 1 Hz) and a gravity-compensating field
gradient of 300 mT m™ to follow a pre-defined trajectory. These
results demonstrate that these biocompatible PVA microstruc-
tures could be applied as a safe platform for cell delivery.

3. Conclusion

In this study, we prepared PVA-based hydrogel soft microrobots
with different morphologies and tunable stability. We elabo-
rated a protocol that relies on a 3D mold casting approach and
a salting-out process to overcome the instability of PVA micro-
structures in aqueous solutions. The dissolubility of the PVA
hydrogels can be tuned by changing the synthetic conditions,
where the degree of hydrolysis of the PVA was the most critical
parameter. Moreover, the magnetic PVA hydrogels prepared
using the salting-out method exhibit extremely low levels of
cytotoxic effects. By using small magnetic fields, the different
PVA structures can be easily and precisely manipulated. We
also demonstrated that these biocompatible PVA microstruc-
tures could be a superior platform for live cell transportation.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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The high mobility, tunable stability, and biocompatibility enable
these degradable magnetic microrobots to be applied safely for
drug delivery and even cell delivery.

4. Experimental Section

Chemicals and Materials: Polyvinyl alcohol (98-99% hydrolyzed,
molecular weight: 31 000-50 000; 99+% hydrolyzed, molecular weight:
89 000-98 000; 86.7-88.7% hydrolyzed, molecular weight: =67 000; 99+%
hydrolyzed, molecular weight: 130 000), sodium citrate tribasic dihydrate,
sodium sulfate, and phosphate buffered saline were purchased from
Sigma-Aldrich. Polydimethylpolysiloxane (PDMS: SYLGARD 184) and
its hardener were acquired from Dow Europe GmbH (Wiesbaden,
Germany). Iron oxide nanoparticles (purity: 99.5%, 15-20 nm, 20 wt.%)
were obtained from US Research Nanomaterials, Inc. (Houston, USA).
All other chemical reagents were obtained from Sigma-Aldrich and were
used without any further purification.

PVA Solution Preparation: The 5, 10, and 15 wt.% PVA solutions were
prepared by dissolving PVA powder. Each solution was mixed using
a magnetic stirrer rotated at 180 rpm and heated at 90 °C. After PVA
dissolved completely, the solution was sonicated for 30 min at 60 °C
in order to degas it. The solutions with different degrees of hydrolysis
were prepared by mixing PVA 99+% and 86.7-88.7% hydrolyzed at certain
ratios (10:0, 8:2, 6:4, 4:6, 2:8, and 0:10). These PVAs were mixed using a
magnetic stirrer rotated at 600 rpm for 2 h.

Magnetic PVA Solution Preparation: An equal amount of PVA and
MNPs solutions were mixed with a vortex for 15 min and tip-sonicated at
50% duty ratio and 50% power for 2.5 min in order to fully distribute the
MNPs throughout the solution.

PVA Microrobot Fabrication: Photoresist templates were prepared
on a 30 mm diameter glass coverslip using Nanoscribe (photonic
Professional GT). Initially, a positive tone photoresist (AZ IPS-6090)
was spin-coated by accelerating at 300 rpm s™' and rotating at 1000 rpm
for 17 s, resulting in a photoresist thickness of =79-83 pum. This was
followed by a baking step where the coated coverslip was heated from
room temperature up to 125 °C and kept at 125 °C for 5 min. Next, a
drop of immersion oil was applied to the center, and the exposure was
started from the oil-photoresist interface using a femtosecond laser of
780 nm and 80 MHz, and a 63x objective. After exposure, the sample was
washed with DI water and baked at 110 °C for 1 min. The photoresist
was then developed in AZ 726 MIF for 20 min. Afterward, the sample was
rinsed with DI water several times and dried. Next, 40 uL PVA-MNP
dispersion was dropped on the templates, and then the sample was
put in a vacuum for 5 min so that the PVA-MNP dispersion could be
infiltrated into the template. After drying, the sample was then salted-out
by immersing it in a 1.5 M sodium citrate solution for 24 h, removed
from the solution, rinsed with DI water, and left to dry.

Microrobot Release: Prior to the release, the photoresist outside the
microrobot area was detached and removed using a blade. Acetone
was then added to dissolve the remaining photoresist around the
microrobots in the presence of a magnet on the bottom of the sample
to keep them at the position. The previous acetone was then replaced by
new acetone to remove the dissolved photoresist. Afterward, DI water
was gradually added to replace the acetone. The remaining acetone
was left to evaporate completely, and then DI water was replaced with
simulated physiological fluids.

Morphological Characterization: Optical images were taken using an
Olympus IX81 and a Hirox KH-1300 optical microscope. Environmental
SEM images were taken using a Quanta 200F operating at 20 kV, 6.1 mm
of working distance, and a pressure of 1000 Pa. Environmental SEM
images were taken using an FEI Quanta 200 F microscope operating
at 1000 Pa, 20 kV and a working distance of 6.0 mm. For cryo-SEM
images, PVA microrobots were hydrated by adding 10 ul of double
distilled water. After blotting the residual liquid, the wet structures
on the coverslip were manually plunged and frozen in a mix of liquid
ethane and propane. The frozen specimens were then transferred and
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mounted under liquid nitrogen on the cryo-holder and finally transferred
under liquid nitrogen into a precooled (130 °C) freeze-fracturing system
BAF 060 (Bal-Tec/Leica, AT) at 3 X 10 mbar. Freeze-etching (partial
freeze-drying) was done at —100 °C for 1 min at a vacuum higher than
1 X 10® mbar. Afterward, unidirectional tungsten deposition at an
elevation angle of 45° to a thickness of 3 nm was followed by 3 nm at
90°. Transfer to the precooled cryo-SEM was done under high vacuum
(<5 x 10®mbar) with a cold air-lock shuttle VCTO010 (Bal-Tec/Leica, AT).
Cryo-SEM was performed in a field emission SEM Leo Gemini 1530
(Carl Zeiss, DE) equipped with a cold stage to maintain the specimen
temperature at-120 °C (VCT Cryostage, Bal-Tec/Leica, AT). Inlens-SE-
and Everhart-Thornley SE-signals at an acceleration voltage of 2 kV were
used for image acquisition. SEM images were taken using a Zeiss Ultra
55, operating at 5 kV, 30 aperture and a working distance of 10 mm. EDX
images were acquired an OXFORD instruments EDX detector operating
at 20 kV and 60 aperture.

Characterization of Magnetic Properties: Magnetic hysteresis loops of
PVA microrobots in the template were recorded at room temperature
with a vibrating sample magnetometer (VSM EZ9, Microsense). The
field was scanned from —2T to 2T. Subsequent data correction was
performed by removing the contribution of the sample holder and the
empty structure substrate.

PVA Dissolution at the Macroscale: Five hundred thirty microliters of
PVA-MNP dispersion were poured into the chambers of a 24-well plate,
with a diameter of =15 mm, and allowed to dry completely by natural
evaporation. Afterward, 3 mL of salt solution was poured onto the
dried sheets to salt them out. The salting-out process lasted from 4 to
48 h, depending on the experiment. The degradation of salted-out PVA
hydrogel at the macroscale was evaluated by weighing the PVA sheets
soaked in DI water, PBS, aCSF, and SBF aqueous solutions at different
times. Each sample was soaked into 3 mL of one of the four aqueous
solutions. To weigh the samples, liquid on its surface was removed
by putting them between two sheets of filter paper and adding finger
pressure several times until there was no visible leakage on the filter
paper. The samples were then returned to the previous solution. All the
samples were weighed 1) before being soaked, 2) after 15 min, 3) after
30 min, 4) after 1 h, 5) after 2 h, 6) after 4 h, 7) after 8 h, 8) after 1 day,
9) after 2 days, and 10) after 3 days. Figure 2c values were estimated
by adjusting Figure S5 (Supporting Information) data to the following
equation: y =y, + Ae™*®, where y, corresponds to the residual weight.
The dissolution time corresponds to the value of the fit curve at which
the total dissolved hydrogel mass had been halved.

PVA Dissolution at the Microscale: PVA patterns were prepared
following a polydimethylpolysiloxane (PDMS) stamping method.l*’l
PDMS and its hardener were mixed at the weight ratio of 10 to 1.
The mixture was vacuumed for 30 min to degas and poured onto the
patterned wafer in a plastic tray. The mixture in the tray was heated at
80 °C for 90 min. After curing, the PDMS stamps were peeled from the
patterned wafer. To fabricate PVA patterns, 20 uL of a PVA solution was
dropped onto a glass slide. Then, a PDMS stamp was put on the solution
with its patterned side facing the glass slide. A coverslip was then put
on the PDMS stamp, and 25 g of weight was put on the coverslip to
press the stamp. After the PVA solution dried, the whole glass slide/
PVA/stamp/coverslip stack was salted-out with 1.5 M sodium citrate
solution for 24 h. The PVA micropattern degradation was evaluated by
observing the PVA patterns soaked in DI water, PBS, aCSF, and SBF
aqueous solutions over time. All the samples were directly observed
microscopically 1) after 5 min, 2) after 6 h, 3) after 1 day, 4) after 2 days,
5) after 7 days and 6) after 14 days.

Cell Culturing: Mouse embryo fibroblasts (NIH/3T3) were grown
under Dulbecco’s Modified Essential Medium (DMEM, 31966 021,
Thermo Fisher Scientific, Gibco). Human neuroblastoma cells
(SH-SY5Y) were cultured in Minimum Essential Medium (MEM,
41090 028, Thermo Fisher Scientific, Gibco). All cultured cells were
supplied by the American Type Collection (ATCC) and all the mediums
were enriched with 10% FBS, streptomycin (100 pug mL™), as well as
penicillin (100 units/mL). The cells were cultured under 5% CO, at
37 °C. For the SH-SY5Y spheroid with PVA hydrogel mixture preparation,
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cells were first resuspended in 5 mL of medium, and a stock of
1 x 10* cells mL™" was obtained after the cells were counted (Watson,
17 176 206). The suspensions (200 pL amounts) were then seeded into
ultra-low attachment spheroid microplate (Corning, 4515, =2000 cells/
spheroid) and incubated with PVA hydrogel for 72 h to generate the
cell-PVA hydrogel spheroid.

Cell Viability Tests: Cell viability tests were conducted with NIH/3T3
cells. PVA hydrogel samples (disks or micropatterns, with or without
magnetic nanoparticles) were sterilized under UV light for 2.5 h,
immersed in 10% penicillin—streptomycin and Amphotericin B solution
(Sigma Aldrich), washed thoroughly with PBS, and transferred into
48-well plates for cell incubation. NIH/3T3 cells were seeded at a density
of 3 x 10* cells/well for 24 h MTT assays and 1.5 x 10* cells/well for 72 h
MTT assays. After incubating for 24 or 72 h, the MTT assay (3 mg mL™)
was employed to determine the cell viability. The Varioskan Flash
multimode microreader was employed to quantify the absorbance of the
samples at 570 nm (reference 630 nm) and the average value from the
triplicate wells was calculated.

Live/Dead Assay: For the live/dead assay, the NIH/3T3 cells or cell-PVA
hydrogel spheroid were incubated with live/dead working solution for
15 min (Invitrogen, Cat: R37601) at room temperature. The cells were
then imaged by the confocal microscope (LSM 880 Airyscan, Zeiss) and
quantified by Image].

Immunofluorescence Staining: The PVA hydrogel samples were first
sterilized under UV light, immersed in 10% penicillin-streptomycin and
Amphotericin B solution (Sigma Aldrich), and washed thoroughly with
PBS. The samples were then set in 35 mm confocal dishes and incubated
overnight with fetal bovine serum (Gibco, Cat: 10270106). Thereafter,
samples were incubated with the SH-SY5Y cells for 24 h, fixed with 4%
PFA, and incubated for 10 min at room temperature. 0.5% of Triton
X-100 was then added, and samples were permeabilized for 30 min at
room temperature. Blocking of the samples was performed with 2% BSA
for 30 min, and then incubated at 4 °C with primary antibodies against
Blll-tubulin (Sigma Aldrich, T2200) overnight. Secondary antibody FITC
Goat anti-rabbit IgG (Sigma Aldrich, AP132F) was added to the samples
and incubated for 1 h, followed by washing and nuclear staining. Images
of samples were then obtained using a confocal microscope (LSM 880
Airyscan Zeiss).

Microrobot Manipulation: The MiniMag, which was an electromagnetic
system for 5-DOF wireless micromanipulation, was utilized for the
swimming tests. Magnetic PVA microrobots composed of a molecular
weight of 68 kDa, 10 wt.% concentration, 1:1 PVA:MNPs ratio, 10:0
degree of hydrolysis, and salted-out in 1.5 M sodium citrate solution
for 24 h were tested. The swimming tests were carried out in DI water
or PBS solution by applying a rotating magnetic field in combination
with a gravity-compensating magnetic field gradient. An Olympus IX81
fluorescence microscope was used to record the cell transportation
experiment.

Statistical Analysis: Each data point in the PVA dissolution and cell
viability experiments was measured at least three times. The data were
presented as mean + SD.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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