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ABSTRACT

Soft-robotic devices such as polymeric microgrippers offer the possibility for pick-and-place of
fragile biological cargo in hard to reach conduits with potential applications in drug delivery, minimally
invasive  surgery and biomedical engineering. Previously, millimeter-sized self-folding
thermomagnetically responsive soft-grippers have been designed, fabricated, and utilized for pick-and-
place applications but there is the concern that such devices could get lost or left behind after their
utilization in practical clinical applications in the human body. Consequently, strategies need to be
developed to ensure that these soft-robotic devices are biodegradable so that they would disintegrate if
left behind in the body. In this paper, we describe the photopatterning of bilayer gels composed of a
thermally responsive high swelling poly[oligo ethylene glycol methyl ether methacrylate (M,=500)-bis(2-
methacryloyl)oxyethyl disulfide], P(OEGMA-DSDMA) and a low swelling poly[acrylamide- N, N’-
bis(acyloyl) cystamine], P(AAm-BAC) hydrogel in the shape of untethered grippers. These grippers can
change shape in response to thermal cues and open and close due to the temperature induced swelling of
the P(OEGMA-DSDMA) layer. We demonstrate that the grippers can be doped with magnetic
nanoparticles so that they can be moved using magnetic fields or loaded with chemicals for potential
applications as drug-eluting theragrippers. Importantly, they are also biodegradable at physiological body
temperature (~ 37 °C) based on cleavage of disulfide bonds by reduction. This approach which combines
thermoresponsive shape change, magnetic guidance, and biodegradability represents a significant advance
to the safe implementation of untethered shape change biomedical devices and soft-robots for medical and

surgical applications.



INTRODUCTION

Untethered micro- and milli-robots offer the possibility for less invasive and smart medical
interventions.! In contrast to robots that are controlled by wires and tethers, untethered robots can be
miniaturized, deployed in large numbers, operated in parallel, and manipulated in hard to reach and
tortuous conduits. Typically, these devices utilize changes in material properties in response to an external
or local stimulus to drive actuation. A popular strategy is to utilize differentially responsive swelling in
bilayer hydrogels to drive shape change and consequently gripping, transport, excision and drug-eluting
functionalities of broad relevance to medicine.*” These bilayer devices typically consist of a high
swellable gel layer which expands or contracts significantly in aqueous media in response to a specific
stimulus and a low swellable gel or polymer which does not expand or contract appreciably. As
previously demonstrated, many stimuli that are compatible with clinical interventions such as temperature,
pH, light and even DNA, can be used to swell or contract the active gel to open or close the devices,

offering the possibility for triggered or autonomous responses in-vivo.'*'2

We have previously described self-folding thermomagnetically responsive soft-microgrippers and
have utilized these extensively both in-vitro and in-vivo using either manual or robotic platforms.'*'* The
devices have been utilized to grip tissue, deliver drugs, biopsy cells or pick-and-place soft cargo.
However, as with these and other untethered soft-robotic devices, a significant concern in utilization in-
vivo is that even with state-of-the-art imaging guidance and manipulation, they could get stuck or left
behind in the body. In specific locations such as on the gastrointestinal (GI) mucosa which self-renews
and clears every few days, small devices would be expelled from the body and pose minimal risk."
However, for larger devices and utilization in other areas of the body other than the GI tract, retention
represents a serious concern. For example, retention risks have been observed in capsule endoscopy, and
although the risks are small, they sometimes require endoscopic or quite invasive surgical intervention to
resolve.'® The retention risks would increase especially if the device has sharp edges as in the case of

gripping devices.



An attractive strategy to reduce the risks associated with retention is to create shape changing
devices that are endowed with the biodegradability of conventional drug delivery systems.'”'® However,
incorporating this feature is a challenge since many stimuli responsive materials such as N-
isopropylacrylamide (NIPAM) are not naturally biodegradable; and synthetic modifications are needed to
endow hydrogels with both stimuli responsivity and biodegradability.'**® Among the effective strategies
to endow biodegradability is the incorporation of disulfide bonds that can be readily cleaved by
reduction.”’** Disulfide bonds are present in many proteins and drugs, and are broken by thiols such as
glutathione (GSH), which is present in millimolar concentrations within the cells and micromolar
concentrations outside the cells.”! In contrast to alternate strategies to endow biodegradability such as the
synthesis of gels with ester bonds that are cleaved by acid or base so as to degrade in the low pH of the
stomach, degradability of disulfide-containing hydrogels can be controlled using biocompatible reducing

agents such as cysteine, GSH or even ascorbic acid (Vitamin C).

Consequently in our approach we utilized hydrogels linked by disulfide bonds and composed of a
high swellable poly(oligo ethylene glycol methyl ether methacrylate- bis (2-methacryloyl) oxyethyl
disulfide) (M,=500), [POEGMA-DSDMA)] with a relatively non swellable poly(acrylamide-N, N’- bis
(acryloyl) cystamine), [P(AAm-BAC), passive gel]. We developed a photopatterning process that allowed
us to construct different gel patterns with precision, and in a parallel manner. These gels could be
structured in arbitrary shapes including overlay with spatial registry to form hand shaped grippers.
Biocompatible iron-oxide nanoparticles and chemicals could be incorporated in the gels during processing
so that magnetic fields could guide the grippers and release chemicals. Based on the combined attributes
of the grippers, we highlight thermally responsive actuation, pick-and-place of fragile cargo, drug elution

and biodegradability at physiological temperatures.



MATERIALS AND METHODS

Materials

Acrylamide (AAm, Sigma-Aldrich), Oligoethylene glycol methyl ether methacrylate M,=500
(OEGMA, Sigma-Aldrich), = N,N’-bis(acryloyl)cystamine = (BAC, Alfa  Aesar), Bis(2-
methacryloyl)oxyethyl disulfide (Disulfide based dimethacrylate or DSDMA, Sigma-Aldrich), dimethyl
sulfoxide (DMSO, Fisher Scientific), sodium alginate (Na-Alginate, Sigma-Aldrich), Irgacure 2100
(Ciba), acetone (Fisher Scientific), methanol (Fisher Scientific), isopropyl alcohol (IPA, Fisher
Scientific ), Fe,O3s NPs (Sigma-Aldrich product #544844, <50 nm particle size), CYTOP® (CTL-809M,

AGC Asahi glass), SC 1827 (Microposit) and GSH (Sigma-Aldrich) were used as received.

Preparation of photopatternable OEGMA-DSDMA and AAm-BAC pre-gel solutions

An OEGMA-DSDMA stock solution was prepared by mixing OEGMA and DSDMA in a ratio of
95.2:4.8 (wt:wt). Then, the photoinitiator Irgacure 2100 (Ciba) was added to the OEGMA-DSDMA
solution in a ratio of 1:100 (v/v). The solution was mixed thoroughly by vortexing overnight using a
magnetic stir bar. The AAm-BAC stock solution was prepared by mixing AAm and BAC with in a ratio
of 70:30 (wt:wt) and it was dissolved in DMSO at a concentration of 20%. Then, the solution was
vortexed overnight using a magnetic stir bar. This stock solution was then mixed with Irgacure 2100 in a
ratio of 100:1 (v/v) just before UV light exposure. To visualize the photolithographically defined patterns

(Figures 2B and 2C), rhodamine 6G was added to the pre-gel solutions.

Photopatterning of P(OEGMA-DSDMA) and P(AAm-BAC) bilayer hydrogels

The P(AAm-BAC) and P(OEGMA-DSDMA) gels were patterned using multilayer, contact-mode
photolithography. First, 150 pul of the AAm-BAC passive gel solution was injected between a Na-alginate
coated glass slide and CYTOP® coated Cr mask with approximately a 32 pum thick spacer. Then, a UV

spot curing lamp with an intensity of 36 mJ/cm® was used to polymerize the AAm-BAC solution for



approximately 20 seconds. After photopatterning, the chambers were taken apart and the cross-linked
patterns on glass slide part were rinsed several times with IPA and then dried using N> gas. The relatively
high swelling gel layer was patterned on top of the low swelling gel layer to form a bilayer as follows.
First, 300 pl of OEGMA- DSDMA solution was injected into the chambers with one more 32 pum thick
spacers. After precisely aligning the pattern with the previously patterned P(AAm-BAC) layer, the
OEGMA- DSDMA solution was photopatterned using a UV lamp with an intensity of 36 mJ/cm?® for
approximately 20 seconds. After photopatterning, the chambers were taken apart, and the glass slide was
washed gently with isopropanol (IPA) and then dried with nitrogen (N») gas. Finally, the P(AAmM-BAC)
and P(OEGMA-DSDMA) bilayer patterns were lifted off from the glass slide by dissolving the Na-
alginate sacrificial layer in 1x PBS buffer solution. After the photopatterned gels were released from the
glass substrate, they were stored at room temperature until they reached a fully swollen equilibrium state.

See supplementary information for additional details on the choice of concentration for each gel.

Synthesis of magnetically responsive and fluorescent soft grippers

To synthesize magnetically responsive soft grippers, 1 wt % biocompatible magnetic iron oxide
(Fe»03) nanoparticles (NPs) were mixed with the AAm-BAC solution before UV light exposure. Grippers
for dye/chemical release experiments were prepared by immersing the grippers in a solution of thodamine
6G dissolved in 1x PBS buffer at a concentration of 10 mg/ml overnight. Fluorescent grippers (Figure 4C)
were synthesized by mixing 0.1 % methacryloxyethyl thiocarbamoyl rhodamine B fluorescent monomer

with the pre-gel solution before UV exposure.

Characterization of actuation, biodegradability, and dye diffusion properties of the soft grippers

The actuation of the soft grippers was characterized by heating in an aqueous environment in a
Petri dish or cooling by air and was visualized using an optical microscope (AZ 100, NIKON). The
profile of actuation was quantified by measuring and plotting the average of the normalized tip-to-tip

distance at different temperatures divided by the patterned tip-to-tip distance (L/Lo) of the grippers at each



temperature. The image analysis was done using the Image J software. Grippers were manipulated using a
permanent bar magnet that was maneuvered over the Petri dish and fragile biological cargo used for pick-

and-place experiments was soft tofu (House foods "Premium Tofu - Soft").

The biodegradation studies using GSH were performed in 100 mM phosphate buffer pH=7.4
containing 100 mM NaCl and variable concentrations of GSH between 0.05 to 50 mM at 37 °C. The
biodegradation study using ascorbic acid was performed in 500mM ascorbic acid and 500 mM hydrogen

peroxide at 37 °C.

For dye release experiments, the magnetic rhodamine 6G loaded grippers were first rinsed in 1x
PBS buffer and then transferred into a fresh buffer solution. The dye release was visualized using

fluorescence microscopy.

Cell viability assay

Immortalized human aortic endothelial cells (W'TERT HAEC) were grown in 24-well plates in
endothelial cell growth media at 37 °C and 5% CO,. Cells were seeded at a density of 1.95 x 10°
cells/well. After 24 hours of seeding, wells were replenished with fresh culture media. Cells were cultured
for three more days without grippers (control sample), with either the grippers or the GSH solution alone,
and with the combined gripper and GSH solution. An MTT assay was performed after three days.
Formazan crystals were dissolved in dimethyl sulfoxide and the absorbances were measured at 570 nm
and 650 nm using a SpectraMax i3 multi-well plate reader. Viability measurements were normalized

using the reading from the control sample.

RESULTS AND DISCUSSION

The conceptual illustration of the soft biodegradable grippers is shown in Figure 1. The grippers
are composed of bigel patterns of a thermally responsive photocrosslinked relatively high swelling

P(OEGMA-DSDMA) gel and a low swelling P(AAm-BAC) gel doped with Fe;O3 nanoparticles (Figure



1A). POEGMA is a well-known thermally responsive hydrogel with tunable thermal response between
20 to 90 °C based on a low critical solution temperature (LCST) in aqueous media; the LCST can be
tuned by varying the side chain length.”*2® The OEGMA prepolymer is conjugated with DSDMA; the
latter endows biodegradability based on the reduction of disulfide bonds. The photocrosslinking is done
using free radical polymerization of the acrylate groups on OEGMA and DSDMA, initiated by the UV
excitation of the photoinitiator Irgacure (Figure S1). The low swelling P(AAm-BAC) gel is also
photocrosslinked using free radical polymerization of AAm and BAC monomers. This gel does not swell
appreciably because of lack of pendant groups and specific formulation (discussed later). Like the
P(OEGMA-DSDMA) gel, the P(AAm-BAC) gel also contains disulfide bonds; hence, both gels
biodegrade in the presence of intercellular, intracellular or added disulfide reducing agents (Figure 1B,
Figure S2). Importantly, the degradation byproducts are uncrosslinked polymers as opposed to monomers
which are generally considered more toxic. For example, acrylamide is generally considered toxic while
polyacrylamide is less problematic and widely utilized in a number of products including in cell

culture.?’?®

Since both gels can be photopatterned, we can utilize CAD designed photomasks to pattern
arbitrary shapes. However, since the gels are soft and sticky, additional steps are needed to photopattern
the gels. Specifically, in order to obtain a high lateral resolution of hydrogel patterns while resolving
adhesion or edge effect problems during fabrication, we primarily considered contact-mode chambers.”
Each chamber is composed of a hydrophobic CYTOP® coated chromium (Cr) mask'? and sodium
alginate (Na-Alginate) sacrificial layer coated glass substrate with two 32 um thickness spacers (Figure
2A). We tested a variety of geometric parameters of shapes, sizes, and thickness of monolayer hydrogels
according to different UV light exposure dosages. Regarding shape, we designed long bar, triangle,
square, round, and star shapes to validate the robust, high yield and mass producible photopatterning of
both P(OEGM-DSDMA) and P(AAm-BAC) gels (Figure 2B, 2C). Since the gels are optically

transparent and hard to visualize, a highly fluorescent rhodamine 6G dye could be added to the pre-gel gel,



before photopatterning for visualization. Based on our studies, we estimate that the photopatterning

process could resolve features as small as 50 pm.

After developing the photopatterning process for each gel separately, we photopatterned them on
top of each other using two photopatterning steps with registry between photomasks of the two layers to
form a composite hand shaped gripper (Figure S3). The grippers are composed of a continuous high
swelling P(OEGMA-DSDMA) layer on top of discrete low swelling P(AAm-BAC) gel patterns (see
Materials and Methods for details). The photopatterned bigel grippers could be released from the glass
slides by dissolving the Na-Alginate sacrificial layer in DI water or 1xPBS. After release, the grippers
were stored in a vial for 10 hours, where the high swelling layer equilibrated to its fully swollen state. In
this state, the grippers were folded shut (Figure 2D and Video S1) and opened up on heating. In order to
investigate the thermally responsive actuation, we took videos and obtained snapshots of the grippers at
different stages of the folding and unfolding process. We measured the end tip-to-tip length ratio (L/Lo) of
the grippers at different temperatures between 30 °C and 72 °C. Here, L represents the tip-to-tip distance
at each temperature and Ly is the tip-to-tip distance as patterned. A larger L/Loindicates that the gripper is

open while a smaller one indicates that the gripper is closed.

We observed a transition in the temperature range between 50 and 70 °C (Figure 2E) with
closing at the lower temperatures and opening at the higher temperatures. We note that the difference in
heating and cooling response can be attributed to differences in the heating and cooling rates which were
different. The inset in Figure 2E shows the temperature ramp during heating and cooling cycles. We
heated the Petri dish on a hot plate while cooling was achieved by turning off the hot plate and using the

ambient air to cool. In general, the heating rate was higher than the cooling rate.

We attribute the unfolding or opening of the gripper to deswelling or shrinking of the P(OEGMA-
DSDMA) gel which becomes hydrophobic above its volume transition temperature and folding or closing

of the gripper to the swelling of the PFIOEGMA-DSDMA) gel which becomes hydrophilic below its



volume transition. During the process, we observed that the dimensions of the low swelling P(AAm-
BAC) segments remain relatively unchanged and are on the inside of the folded or closed gripper. This
opening and closing between 50 °C and 70 °C and were verified by 30 cycles with no visible
delamination between layers. This actuation mechanism of the P(OEGMA-DSDMA)/P(AAm-BAC) soft
grippers also agrees well with our previous thermal response actuation studies and simulations of poly (N-
isopropylacrylamide-co-acrylic acid) (pNIPAM-AAc) and polypropylene fumarate (PPF) as well as

POEGMA bilayers."*~*

We investigated the effect of the concentration of DSDMA or BAC on the linear swelling ratio
(Figure S4A) and patterned shape of the gripper (Figure S4B). It should be noted that both molecules
have two polymerizable functionalities (vinyl groups) in their structure, and consequently they act as
crosslinkers during polymerization and a variation in their concentration can have a dramatic effect on the
properties of the cross-linked gel. To measure the swelling ratio, we photopatterned 1.7 cm x 1.7 cm
square gel shapes with different crosslinker ratios and equilibrated in 1xPBS at room temperature for
overnight. We measured the equilibrated length and evaluated the linear swelling ratio and plotted this as
a function of the monomer concentration (Figure S4A). We observe that with an increase in the
concentration of BAC in the P(AAmM-BAC) gel, the swelling ratio decreased as expected and the patterned
shape of the gripper changed from open to loosely closed to very tightly closed. We rationalize this
observation by noting that an increase in the concentration of BAC results in a more highly crosslinked or
less swellable gel. Likewise, an increase in the DSDMA concentration also resulted in lower swelling;
consequently, based on the concentration the swelling ratio could be tuned. Based on these experiments
we determined an optimal crosslinker composition for the P(OEGMA-DSDMA)/P(AAm-BAC) bilayer
grippers of 4.8% DSDMA in P(OEGMA-DSDMA) to create a high swelling gel and 30% BAC in the

P(AAm-BAC) to create a low swelling gel. The maximum volumetric swelling ratio for high
swelling PC(OEGMA-DSDMA) and low swelling P(AAm-BAC) is approximately 463% and 58%

respectively.



A popular strategy to enable remote manipulation of soft robots is to endow them with magnetic
responsivity.'**'3* We mixed iron oxide nanoparticles (Fe;Os NPs) inside the passive P(AAm-BAC) gel
layer. We observed that gels with Fe;O3; NPs required a higher UV irradiation intensity for cross-linking
compared to gels without the NPs, arguably. When an optimized concentration of approximately 5.3%
(w/w) Fe O3 was incorporated with P(CAAm-BAC) hydrogel, we observed no significant effects on the
thermoresponsive actuation of the grippers (Figure 3A, 3B) and grippers closed reliably as evidenced by
snapshots of multiple open and closed grippers. Due to the magnetic feature of the grippers, it was
possible to achieve the important robotic task of pick-and-place which is ubiquitous in macroscale
robotics such as the assembly line as well as of critical importance in medicine; for instance, in the
placement of stents or delivery of embolization devices. Sequential optical images highlight the pick-and-
place of a piece of soft-cargo (soft-tofu, a gel with an estimated modulus in the range of 1-5 KPa)*® using
P(OEGMA-DSDMA)/ Fe,0O3; embedded P(AAm-BAC) grippers (Figure 3C). We note that the modulus

of this cargo is similar to that of many endothelial, and stromal tissues.”’

Briefly, the gripper was heated and guided to soft-cargo target using a permanent bar magnet with
visual guidance. On cooling below the transition temperature, the gripper closed its fingers and grabbed
the target. The gripper with the cargo in its grasp was then guided to another site and warmed above the
transition temperature to release the cargo (Video S2). Consequently, it was possible to pick-and-place
the soft cargo without any visible damage, as verified by optical microscopy (Figure 3C). This

experiment highlights the use of soft gel based robotic appendages for manipulation of fragile cargo.

In addition to pick-and-place, another possible use for such devices is in drug delivery. Self-
folding devices have previously been utilized to latch onto tissues and release drugs.®** Like in previous
descriptions of so called theragrippers,® multi-finger actuators can potentially grip onto tissue and
function as a sustained release patch on the inside of the body. Similar to theragrippers, we showed that

our magnetically guidable grippers could also be potentially loaded with drugs for thermally actuatable



drug patch applications. We incorporated rhodamine 6G dye into the grippers and visualized release of

the dye by diffusion in 1x PBS buffer, pH=7.4 buffer at 25 °C (Figure 3D and Video S3).

A major advance reported in this paper is the creation of simultaneously biocompatible and
biodegradable multifunctional soft-robotic functional structures. We verified the cellular biocompatibility
of these hydrogel grippers for three days of contact periods using hTERT HAEC cells with 1.95 x 10
/well to ensure that there were no cytotoxic components. We used a standardized test for in-vitro
evaluation of cytotoxicity of medical devices; ISO 10993-5.* In all our samples, which consisted of
grippers, grippers with GSH, and a GSH control we observed over 70 % cell viability, (%= ODs7o / ODs7o,

plank X 100) (Figure 4A) which indicates a non-cytotoxic index based on this ISO standard.*’

We investigated the biodegradability of our untethered grippers at the physiological body
temperature in the presence of reducing agents as per the mechanism shown in Figure S2. We analyzed
biodegradability, visually by measuring the disappearance of the gels. Using optical microscopy, we
measured the degradation time of the PC(OEGMA-DSDMA) gel layer in the bilayer grippers in 100mM
phosphate buffer containing 100mM NaCl and GSH, with GSH concentration in the range of 0.05mM-
50mM (Figure 4B). Our results indicate that degradation is controllable as a function of GSH

concentration and as can be sped up by adding GSH.

Previously, we have noted that intracellular GSH concentrations are in the millimolar range and
extracellular concentrations are in the micromolar range, so degradation of robotic micro and
nanostructures composed of these gels could potentially occur in native environments.*' In addition, GSH
can also be administered via oral (up to 3 g/day), intravenous (up to 2.4 g/day), intramuscular (up to 0.6
g/day), and aerosol (up to 1.2 g/day) routes with no severe side effects.”” Hence, the time scale of

biodegradation can be varied and tuned.

In addition to the concentration of GSH, we investigated the influence of the composition and UV

exposure time during patterning of the P(OEGMA-DSDMA) gels on their biodegradation in 100 mM



phosphate buffer containing S0OmM GSH and 100mM NaCl for 24H. Cubic P(OEGMA-DSDMA) gels
were fabricated with different pre-gel solutions and different UV exposure times. The pre-gel solutions
consisted of OEGMA, DSDMA and DMSO. OEGMA and DSDMA which are the reactive components
and DMSO functions as a solvent and not a reactive component. The weight ratio of DSDMA and
OEGMA was fixed at DSDMA:OEGMA=4.8: 95.2 in all the pre-gel solutions while the weight ratio of
DSDMA, OEGMA and DMSO were varied in three levels, (DSDMA+OEGMA):DMS0=100:0, 80:20
and 60:40 (Column 2 in Table S1) and exposed to UV light for different times (Column 3 in Table S1).
We observed that the P(OEGMA-DSDMA) gels that were crosslinked at short UV exposure times or at a
concentration of (DSDMA+OEGMA):DMSO=60:40 degraded entirely in the GSH solution at
physiological body temperature (37 °C). The gels fabricated at other conditions just swelled (expanded) in
the GSH solution but did not degrade (Column 3 in Table S1). We attribute this observation of enhanced
biodegradation to a lower extent of crosslinking in the gel which had a lower monomer concentration and

was photocrosslinked at shorter UV exposure times.

Independently, we prepared cube shaped P(AAm-BAC) gels and performed biodegradation test in
100 mM phosphate buffer containing S0mM GSH and 100mM NaCl for 24H. Cubic P(AAm-BAC) gels
were fabricated from pre-gel solutions composed of AAm, BAC, and DMSO and the optimal
concentration ratio of AAm:BAC in the solution was 97.3:2.7 and AAm+BAC:DMSO was 20:80 for

complete biodegradation (Figure SSA).

Using optimal conditions for swelling and biodegradation, we then designed and fabricated
functional bilayer grippers which fully degrade in GSH. For example, as shown in Figure 4C, the
P(OEGMA-DSDMA) gel layer of the bilayer grippers completely degrades in four hours, and the
P(AAm-BAC) gel layer of the bilayer grippers degrades more slowly and disappears in 20 days in 100
mM phosphate buffer containing 100 mM NaCl and 50 mM GSH at 37 °C. Notably, as soft gripping

devices, we observed that the grippers lose their ability to grip objects with full degradation of



P(OEGMA-DSDMA) layer. We observed that the grippers broke into small pieces when the PFOEGMA-

DSDMA) gel layer of the bilayer grippers wholly degraded.

In addition to GSH, we also explored the biodegradability of the soft grippers in a medium
containing 500 mM ascorbic acid and 500 mM hydro peroxide at pH 3 (Figure 4D, Figure S6). Ascorbic
acid, well known as a water-soluble form of Vitamin C, an essential vitamin, can also function as a
disulfide reducing agent.”> Thus, it can be utilized as an alternate reducing agent for our biodegradable
soft grippers. As described in Figure 4D and Video S4, the gripper started to open its fingers and then the
P(OEGMA-DSDMA) layer was degraded gradually in this medium and showed similar biodegradation as
compared to GSH. This experiment suggests that the soft grippers could be edible and biodegraded in the

digestive tract as well or in the presence of administered Vitamin C.

CONCLUSION

In summary, we have demonstrated the first of their kind, multi-functional soft-robotic devices in
the form of untethered microgrippers that are simultaneously thermomagnetically responsive,
biocompatible and biodegradable. The gripers were fabricated using a photolithography approach which
is highly parallel, cost-effective, and scalable. Various shapes for robotic or drug delivery structures can
be created by varying the photomask design. Also, our materials recipe is compatible with alternate

44,45

patterning approaches including 3D printing ), 647

and two photon crosslinking (TPC so that a range of

other shapes could be fabricated.

The grippers respond to thermal stimuli allowing them to be opened or closed by heating such as
with near infrared light, focused ultrasound or a hot patch. As previously demonstrated both in our work
and the work of others, the LCST of gels can be tuned by synthetic approaches such as varying side chain
length,*® copolymerization with different monomers* and interpenetrating networks* in a wide range of
temperatures compatible with actuation in the human body. The grippers are doped with magnetic

nanoparticles allowing them to be manipulated from afar using clinical approaches; for example,



previously magnetic moieties have been guided using clinical MRI in animal models.>' Another
essential attribute is that the grippers are non-toxic and biodegradable either in naturally occurring
disulfide reducing environments or on demand by administration of either GSH or Vitamin C. Our results
also show that the UV exposure time and monomer concentration are important factors to consider and
offer tunability in the time scale of biodegradation. We envision that this study moves the use of stimuli

responsive biodegradable soft gripping robots closer to translation to the patient.
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Figure 1. Schematic of the molecular composition, structure, and operation of the biodegradable
thermomagnetically responsive grippers. (A) The grippers are composed of a bilayer of two hydrogels;
a reversible high swelling P(OEGMA-DSDMA) gel and a low swelling P(AAm-BAC) gel. Also,
magnetic Fe;O3 NPs are added within the P(AAm-BAC) gel. (B) Illustration of the multifunctional nature
of the soft grippers including thermally responsive actuation, magnetic manipulation, and biodegradation.
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Figure 2. Process flow for highly parallel photolithographic patterning of the P(OEGMA-DSDMA)
and P(AAm-BAC) gels into specific shapes including thermally responsive grippers. (A) Illustration
of the photolithographic fabrication steps including deposition of a sacrificial alginate layer; assembly of
a contact-mode chamber for photopatterning using spacers; exposure to UV light using CAD designed
photomasks with registry; and release of the grippers from the substrate by dissolution of the sacrificial
layer. (B-C) Fluorescence images of photopatterned and rhodamine stained, (B) P(OEGMA-DSDMA),
and (C) P(AAm-BAC) gels with different shapes. The scale bar indicates a size of 2 mm. (D) Sequential
optical images of photopatterned untethered P(OEGMA-DSDMA)/P(AAmM-BAC) bilayer grippers that
open on heating and close on cooling in a 1X PBS buffer solution. The scale bar indicates a size of 1.5
mm. (E) Graph of the normalized overall tip-to-tip length ratio (L/Lo) of the grippers at different steps
during heating (red) and cooling (blue) in a 1X PBS buffer solution. A larger ratio indicates a more open
gripper. The inset indicates the heating and cooling rate profile used during these measurements.
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Figure 3. Demonstration of thermomagnetically responsive operation and biodegradation of the
soft grippers. (A) Optical images of thermal actuation of the photopatterned soft grippers which are
composed of a continuous transparent layer of a high swelling P(OEGMA-DSDMA) gel and brown
segments of a Fe;O3 doped low swelling P(AAm-BAC) gel. The brown color in the segments is due to the
Fe,O3 NPs. Either (A) single, or (B) many grippers close on cooling and open on heating. (C) Sequential
optical images of magnetically guided and thermally actuated soft grippers to pick-and-place a soft cargo
without any visible damages using a permanent magnet and a hot plate. (D) Optical fluorescence
snapshots of the release of a rhodamine 6G dye at 25 °C from dye loaded grippers indicating that they
could be used for drug delivery. All scale bars indicate a size 2 mm.
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Figure 4. Biocompatibility and biodegradability of the soft grippers. (A) Results of the MTT assay test
for three days contact with 1.95 x 10° cells/well of hTERT HAEC. The viability (% = ODs7 / ODs70, control
x 100) which is greater than 70 % for all three samples indicates no cellular toxicity based on the ISO
10993-5 in-vitro assay for cytotoxicity of biomedical devices. We used the cell viability in the absence of
both the gripper and GSH as the control sample to which all the data in the three bar graphs were
normalized. (B) Biodegradability of a functional bilayer PCOEGMA-DSDMA) and P(AAm-BAC) gripper
as a function of GSH concentration in the range of 50 microM to 50 mM; inset shows a magnified view
of the graph in the range between 0.5 to 50 mM. Biodegradability was measured by noting the time at
which the P(OEGMA-DSDMA) was no longer visible under an optical microscope, and the gripper broke
into small pieces. The P(AAm-BAC) layer degrades more slowly and disappears after a longer time
period. (C) Optical video snapshots of a functional bilayer P(OEGMA-DSDMA) and P(AAm-BAC)
gripper at the high 50 mM GSH. Both layers that were dyed with a red fluorescent dye are no longer
visible after 20 days. (D) Optical video snapshots of the biodegradation of a functional bilayer
P(OEGMA-DSDMA) and P(AAm-BAC) gripper in 500 mM ascorbic acid (vitamin C) and 500 mM
hydrogen peroxide at pH=3. All biodegradation experiments were done at physiological temperature of
37 °C. Additional images during the degradation timeline are shown in Fig. S6.
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ABBREVIATIONS
P(OEGMA-DSDMA), poly[oligo ethylene glycol methyl ether methacrylate (M,=500)-bis(2-

methacryloyl)oxyethyl disulfide]; P(AAm-BAC), poly (acrylamide- N, N’- bis(acyloyl) cystamine); AAm,

Acrylamide; OEGMA, Oligoethylene glycol methyl ether methacrylate (M,=500); BAC, N,N’-



bis(acryloyl)cystamine; DSDMA, Bis(2-methacryloyl)oxyethyl disulfide; DMSO, dimethyl sulfoxide;
Na-Alginate, sodium alginate; IPA, isopropyl alcohol; LCST, lower critical solution temperature;
pNIPAM-AAc, poly (N-isopropylacrylamide-co-acrylic acid); PPF, polypropylene fumarate; DI H20,
deionized water; UV, ultraviolet; PBS, phosphate buffered saline; Fe,O3; NPs, iron oxide nanoparticles;

GSH, glutathione.
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S1. Details of the fabrication process
S1. 1. Fabrication of chromium photomasks

We observed significantly higher resolution and lower adhesion of gels to chromium masks. We
first designed photomasks using AutoCAD and the masks were printed on a Mylar film (Fineline,
Imaging). These transparency masks were used to fabricate chromium (Cr) masks on glass using
established processes. Briefly, glass slides (2 inches by 2 inches, VWR) were rinsed with acetone,
methanol, and isopropyl alcohol, and then dried with a stream of nitrogen gas. SC 1827 photoresist was
spin coated on the clean glass surface at 3000 rpm and baked at 115°C for 1 min. Then, the glass slides

were exposed to UV light through the photomasks at ~ 160 mJ/cm?* and developed in 351 Developer

(Rohm and Haas) in deionized (DI) water (1:5 volume ratio) for 50 s. The patterned glass slides were
cleaned using an oxygen plasma (Plasma Etch) for 2 min at a radio frequency (RF) power of 100 W and
oxygen flow of 20 sccm. Then, 200 nm of Cr was deposited onto the plasma-cleaned glass slides by
thermal evaporation, and finally the glass slides were immersed in an acetone bath to dissolve the
photoresist. The Cr masks were coated by Cytop at a speed 3000 rpm and baked at 70 °C for overnight

before use. The tip-to-tip size of the grippers on the Cr mask was 4 mm.

Contact-mode chambers for photolithography

Contact-mode chambers were used to pattern the gels using photolithography. The top side of the
chambers was a chromium (Cr) photomask. The bottom side of the contact mode chambers were prepared
by spin coating a sodium alginate solution (Na-alginate (Sigma-Aldrich) : DI H20 = 2: 100 (w/w)) at
2000 rpm for 1 minute on top of a glass slide and then dried at 115 °C for 5 minutes. The spin coated Na-
alginate layer served as a sacrificial layer which was dissolved in 1x PBS buffer solution to lift off

(release) the photopatterned gels from the glass slide.
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Preparation of the photopatternable Fe;O; doped AAm-BAC pre-gel solution

An AAm-BAC stock solution was prepared by dissolving AAm and BAC in DMSO at 20 wt % of the
total monomer concentration. The BAC/(BAC+AAm) concentration was 20 %. A stock solution of Fe,O3
and AAm-BAC was prepared by adding Fe,O; NPs in an AAm-BAC stock solution. The concentration
of Fe;O3 NPs /(BAC+AAm) was adjusted to 5.3 %. The Fe>O3; doped AAm-BAC pre-gel solution was

prepared by mixing the stock solution and Irgacure 2100 at a volume ratio of 100:1, just before use.

Photopatterning of the magnetically responsive soft grippers

150 pl of the AAm-BAC reaction solution with Fe;O3 was deposited on the Na-Alginate coated glass
slide and contacted with a Cr mask. Spacers approximately 32 um thick were used between the Cr mask
and the Na-alginate coated glass slide. Gels were photopatterned using a UV lamp where the irradiation
intensity was adjusted to 81 mJ/cm?. After photopatterning, the glass slide was washed with IPA and then
dried with a stream of nitrogen gas. 300 ul of OEGMA- DSDMA reaction solution was deposited on the
patterned glass slide and contact with a Cr mask. Spacers approximately 64 um thick were used between
the Cr mask and the glass slide. Gels were photopatterned using a UV lamp and the UV irradiation
intensity was adjusted at 81 mJ/cm”. After photopatterning, the glass slide was washed with IPA and then

dried with a stream of nitrogen gas. The grippers were lifted-off in 1x PBS solution.
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Supplementary Figures
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Figure S1. Schematic illustration of the molecular composition and UV photopatterning of high swelling
P(OEGMA-DSDMA) and low swelling P(AAm-BAC) gels in a bilayer.
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Biodegradability
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Figure S2. Schematic illustration of the biodegradability mechanism of the PFOEGMA-DSDMA)
P(AAm-BAC) gels by reducing agents such as glutathione (GSH).
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Figure S3. Top and side view dimensions of the multi-fingered gripper with a continuous layer of the
high swelling PFOEGMA-DSDMA) gel, shown in blue, and segments of the low swelling P(AAm-BAC)
gel shown in red.
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Figure S4. (A) Linear swelling ratio defined as a percentage of the increase in length divided by the
original photopatterned length of P(OEGMA-DSDMA) and P(AAm-BAC) gel squares on immersion in
PBS at room temperature for different concentrations of DSDMA (blue) and BAC (red). (B) Images of
grippers after immersion in PBS at room temperature as a function of DSDMA ratio of 2.9 and 4.8 % and
BAC ratio of 2.7 to 70%. The results indicate that low concentrations of both DSDMA and BAC result in
flat non-functional grippers, but a low concentration of DSDMA (high swelling gel) and a high
concentration of BAC (low swelling gel) results in optimal grippers.
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Figure SS. Representative video snapshots of the biodegradation of a cube-shaped P(AAm-BAC)
hydrogel synthesized with 2.7% BAC concentration in 50 mM glutathione in phosphate buffer at 37 °C.
A higher BAC ratio requires longer time for biodegradation while a lower BAC ratio required a shorter
biodegradation time.
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Figure S6. More detailed representative snapshots of the biodegradation of PFOEGMA-DSDMA) based
soft grippers as shown in Figure 4D. The Vitamin C driven biodegradation test was done for four hours
with 500 mM ascorbic acid and 500 mM hydrogen peroxide, pH=3 at 37 °C.
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Table S1. Biodegradability measurements of P(OEGMA-DSDMA) cube gels over 24 hours with varying

monomer concentration and UV exposure time at 37 °C in a GSH solution.

Hydrogel Monomer UV exposure | Biodegradation
# concentration (second) at 37°C
(wt %)
1 100 150 Yes
2 100 300 No
3 100 450 No
4 80 188 Yes
5 80 376 No
6 80 564 No
7 60 500 Yes
8 60 750 Yes
9 60 1000 Yes

Yes: Fully degraded
No: NOT Fully degraded

Supplementary video S1. Video microscopy clip (x64) showing the opening of the soft grippers on
heating from 37 °C to 72 °C and closing of the soft grippers and on cooling from 72 °C to 37 °C. The
average heating ramp was 1 °C/min.

Supplementary video S2. Video microscopy clip showing a representative pick-and-place test using the
thermomagnetically responsive soft grippers. The grippers opened their fingers approximately at 70 °C
and then could be magnetically guided them using a permanent magnetic bar to a soft cargo, soft tofu (x3).
Then, the soft grippers closed their fingers to pick the tofu when heat was cool down by 37 °C (x64). The
soft grippers then grabbed the tofu and could be guided again to another target area using a permanent
magnetic bar (x3). Finally, the soft grippers released the cargo at the second target site when heated up.
Supplementary video S3. Video microscopy clip showing dye diffusion from rhodamine 6G loaded,
biodegradable soft grippers at 25°C.

Supplementary video S4. Video microscopy clip showing biodegradation of a thermomagnetically

responsive soft gripper in GSH solution.
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