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A. Supplementary Figures and Table
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Figure S1: Fabrication process flow of a single residual stress actuator in a theragripper and
relative size of the miniaturized theragrippers. (A) Multiple layers are aligned, micropatterned
and stacked on the top of each other using photolithographic microfabrication processes. On the
dissolution of the sacrificial layer (Cu) in a wet etchant, the theragrippers are released from the
wafer. When exposed to the body temperature, the claws fold. (B) Photograph of a live fire ant on
top of a silicon wafer with as-fabricated theragrippers, illustrating the small size of the theragrippers.
Scale bar =1 mm. Photo credit : Wangqu Liu, Johns Hopkins University. (C) Photograph of a glass
vial with around 6000 theragrippers (250 pm tip-tip) after being released from the wafer, with each
theragripper barely visible to the naked eye. Scale bar = 1 cm. Photo credit : Arijit Ghosh, Johns
Hopkins University.



A 32 . . . : T B 7+— : . . :
E 281 —C} Current density = 0.4 mA/cm” O E 6- Z
o ) / = —O— Deposition time = 30 min /
™ <
S o S
7 24 £ 54 o J
a a
- :
5 2.04 g 44 i
= e
G G
bl o=
o 1.6 - o 34 i
[} 172 9
17} w
: g o
§ 1.2 - é 2 fo) E
ot J =
= =
0‘8 T T T M L M T T T 1 ¥ T L T T
5 10 15 20 25 30 35 0.3 0.4 0.5 0.6 0.7

Current density (mAIcmz)

Figure S2: Characterization of the chitosan drug patches. Plot of the thickness of chitosan
patches on the theragrippers as a function of, (A) deposition time for a fixed current density; (B)
current density for a fixed deposition time. The results show that the thickness of the patches can be
increased by increasing either the deposition time or the current density. In turn, thicker patches can
be used to load more drug. (C-E) The type and extent of deacetylation of chitosan strongly affects
the porosity of the drug patch, which in turn alters drug loading and release characteristics. High
resolution SEM images comparing the morphology of the different chitosan films electrodeposited
on the theragrippers. (C) Chitosan from shrimp shells; (D) medium molecular weight chitosan, 75%
deacetylated; (E) medium molecular weight chitosan, 85 — 90% deacetylated. The amount of
ketorolac absorbed by the film in panel C is only 4 — 5 ng per 250 um theragripper. In comparison,
the film in panel D could absorb up to 25 to 30 ng of ketorolac per theragripper, but all the drug was
released in less than 1 hour. In this study, we used an optimized chitosan film shown in panel E,
which could absorb up to 23 to 24 ng of drug/theragripper, and entirely release it over 7 to 9 hours.
All scale bars = 0.5 pm.
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Figure S3: Fractional release of fluorescein from the theragrippers of two different sizes over a
period of 24 hours. Fluorescein enabled visualization of the chemical release from theragrippers
(Movie S2). The fractional release from both theragripper sizes follows first order kinetics, which
indicates a diffusion-based drug release mechanism from the chitosan patch over the time period
studied.



100 +

—_— 80 7 -
X

S

©

o 601 .
(7))

©

0}

© 404 ) .
— —&— 250 um Theragripper

IE —e— 700 um Theragripper

—a— 980 um Theragripper .
—v— 1500 pm Theragripper

20 1

0 | 2 I r-‘ll | 6 I 8
Time (days)

Figure S4: Release kinetics of co-electrodeposited ketorolac from the theragrippers. Percentage
release of ketorolac (KT) from theragrippers of different sizes, where the drug was mixed with
chitosan during electrodeposition. Though the drug was released slowly over one week, the amount
of drug released per theragripper was very low. Plots show mean and standard deviation for three
batches of theragrippers.
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Figure S5: Process optimization of chitosan films to obtain controlled ketorolac release over
24 hours. (A) Cumulative, and (B) percentage drug release from chitosan films when the drug was
absorbed into the films, immediately after electrodeposition, while the films were still wet. (C)
Cumulative, and (D) percentage drug release from chitosan films when the drug was absorbed in the
films after partial drying, to simulate the actual microfabrication process of theragrippers. The
treatment with 10% TPP in basic pH, was done for 30 minutes, while the treatment with Cu?* ions
was done to simulate the release the theragrippers from the wafer, by soaking the film for 15 minutes
in ammoniacal cupric chloride (copper etchant BTP). The legends follow the order of chemical
treatments, and the cumulative drug amounts in panels A and C are normalized by the area of a
chitosan drug patch on each 250 um theragripper. The films had the same thickness as the chitosan
drug patch on the theragripper. We see that TPP treatment significantly reduces the drug absorption
capabilities of the chitosan films for both wet and partially dried films. However, pre-treatment of
the films with Cu?*ions increases the drug absorption characteristics and also slows down the drug
release profiles significantly. The processing conditions shown in panel C, corresponding to only
Cu?* treatment followed by drug absorption (black line) was used for the final experiments, as it
yielded a significant drug loading capacity (23 — 24 ng per 250 theragripper) and showed a controlled
release over 24 hours.
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Figure S6: Number of theragrippers needed to deliver different amounts of ketorolac.
Theoretical estimates showing the number of theragrippers of different sizes required per kilogram
(kg) of body weight, to deliver different amounts of ketorolac, considering a standard human body
weight of 70 kg. According to Fig. 2F, we used the following drug capacities for each theragripper,
of different sizes: 24 ng (250 um theragrippers), 459 ng (700 um theragrippers), 1100 ng (980 pum
theragrippers) and 2435 ng (1500 pm theragrippers). The red asterisk corresponds to the dosing used
in this paper (0.15 mg/kg of bodyweight), where 250 um theragrippers could deliver around 10 mg
ketorolac, which is a therapeutic dose over a 24-hour period in humans.
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Figure S7: FE simulations used to estimate the force exerted by a theragripper claw. (A) For
simplicity, one arm is used in the simulation considering the symmetry of the design. Boundary
conditions in FEM are as the following. The center of the actuator: displacement in x, y and z
directions dX = dY = dZ = 0. The design is symmetric about the x-axis, so for the middle axis, dY
= rX =rZ =0. The hinge: a predefined temperature field AT. The mismatch strain Ag in the Cr/Au
bilayer was represented using the difference between thermal expansion coefficients Aa and a
predefined temperature field AT applied at the hinge, with Ae = Aa * AT. The tip (right) was initially
allowed to move slightly before mismatch strain reaches 0.0001 and was then constrained in the z
direction with dZ = 0. This constraint generated a reaction force from the tip. The reaction force is
summarized from all nodes in the tip and used as the force output. (B) The force generated from
these differentially stressed actuators can be tuned by changing the lateral geometry and size. The
red plot shows the force generated by actuators similar to the theragrippers used in this paper
(reproduced from Fig. 3A). The black plot shows the force generated by a larger actuator, similar to
the ones used in ref. 29. The force obtained from the larger actuator corroborates well with the values
of force measured (3 to 5 uN) in ref. 29. The inset color bar shows the stress values in the actuators.



= 0.061 =
= H @ 0.01
o ¥ o [
= : S .
S 0.04 ‘ N e
i .
0.024 J 0.0017 .
0.00- 1
; ; ; - - : ; = "
o 2 4 6 8 10 12 14 &ob&@o &
Displacement (mm) %\g“"e@z@ St

Figure S8: Measurement of force required to penetrate ex vivo mucosa in rat colon (large
intestine) and ileum (small intestine). (A) A representative load displacement plot obtained during
penetration with a 22G needle into parts of ex vivo rat Gl tract. The drops in the load value
correspond to the penetration of the top mucosal layer and the complete perforation of the GI tract
respectively. (B) Force required to penetrate the top superficial mucosal surface and the complete
perforation of ex vivo small (ileum) and large intestine (colon) tissue. (**** implies p < 0.0001;
**x*% implies p < 0.00001, calculated using one sided students t- test; N = 5 to 12). The force
required to penetrate the mucosal layer is significantly higher from the force required to completely
perforate the Gl tract. (C) Close up SEM image of the tip of the hypodermic needle used to do these
experiments, with theragrippers in the background, which shows that theragripper microtips are at
least one order of magnitude smaller than the hypodermic needle tip. The blue solid circle represents
the tip diameter of the needle which was approximately 40 — 60 um. The force required to penetrate
the mucosa with the theragripper microtips is orders of magnitude smaller than that with the
hypodermic needle, signifying the higher sharpness of the theragripper microtips. Scale bar = 100
pm.
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Figure S9: Depth of penetration into the rat colon increases for longer theragripper claws.
Micro CT images showing the depth of penetration of theragripper claws into ex vivo rat colon for,
(A) 250 um tip-to-tip, and (B) 1.5 mm tip to tip theragrippers. The depth of penetration increases
almost 10 times for theragrippers having a shorter relative hinge length and longer claw lengths.
Scale bars = 100 pm.



Figure S10: In vivo attachment of theragrippers to the rat colon. Optical microscope images
showing theragrippers attached to the post-mortem rat colon, (A) 1 hour, and (B-C) 9 hours after
theragripper administration. Scale bars = 100 pm.
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Figure S11: Theragrippers can be retained in the swine upper GI tract and are safely
eliminated. (A) A representative image showing theragrippers (717 um tip-to-tip) adhering to the
mucosal tissue in the stomach. The theragrippers were imaged 10 minutes after their administration
inside the pig stomach, ensuring that they were closed onto the tissue. (B) Image of a specific
theragripper, (i) before, and (ii) after being bombarded with a strong 150 ml/min flow of water using
an endoscope. The gripper holds onto the same position onto the mucosal tissue. (C) Time lapse
images showing that the theragrippers are latching onto the esophageal tissue (i) 1 hour, (ii) 3 hours,
(iii) 5 hours, and (iv) 24 hours after administration. Adhesion experiments in swine upper Gl tract
performed in two animals. (D) MRI image of pig GI tract 4 weeks after the administration of
grippers. Image demonstrating hypodensities in the proximal esophagus (the site where the positive
control microgrippers were deployed). No other metallic objects were seen in the rest of the Gl tract.



Table S1: Material parameters used to simulate the force exerted by the

theragripper claw

Material Young’s modulus Poisson’s Ratio
Cr 139 GPa 0.21
Au 55 GPa 0.42




Supplementary Notes

Note S1. Thermoresponsive actuation of the theragrippers: The theragrippers undergo
thermoresponsive actuation, in which the paraffin wax trigger layer on the hinges of the gripper
softens around 37 °C (58) allowing the release of the stored differential stress in the Cr/Au
bilayer. The paraffin wax chosen for the theragrippers has a melting point of 53 °C according
to manufacturer’s specifications. The claws of the gripper fold in around 10 minutes in water
on a Petri dish on a hot plate (Movie S1) or in around 15 minutes on a wet ex vivo tissue sample
in an oven (preset at 37 °C). The time of actuation can be varied by the rate of heating and by
using paraffin wax of different melting points, where a higher melting point will result in a
slower actuation of the arms of the gripper. The time of actuation can also be tuned by changing
the thickness of the wax layer on the hinges, where a thinner wax layer results in faster actuation.
It may be noted that a theragripper without any wax trigger layer actuates almost instantly after
dissolution of the sacrificial layer and release of the theragrippers from the wafer.

Apart from the properties of the trigger material as outlined above, inside the animal Gl tract,
the actuation of the grippers depends on various other factors like the temperature and volume
of water used to administer the theragrippers, the convective and thermal flow in the specific
location of the body. We have observed that the theragrippers used in this study actuated in
around 5-10 minutes when 1 ml of water at room temperature (21 °C) was used to deliver the
theragrippers in the rat colon or the pig upper Gl tract. Also, the theragrippers used do no actuate
prematurely when stored in water at 21 °C. However, theragrippers could prematurely actuate
in geographical regions where the air temperature is comparable to or more than 37 °C. In these
regions, it will be necessary to implement cold-chain transportation and/or storage of the
theragrippers under refrigeration, to ensure proper functionality and avoid premature actuation.

Note S2. Biocompatibility of the theragrippers: The theragrippers are composed of
chromium (Cr), gold (Au), paraffin wax and chitosan as the non-therapeutic materials and
ketorolac as the therapeutic agent. The materials used for the fabrication of theragrippers are
biocompatible at the quantities used. These materials have been used previously in human
implants and biomedical devices. Chromium is extensively used as an essential component for
tissue engineering applications, is present in many stainless steels and shows no unwanted
bodily response. Au is also used regularly in dental implants and nanoparticle mediated drug
delivery applications. Paraffin wax and chitosan are commonly used food additives.

The theragrippers used in this study are more than an order of magnitude smaller compared to
the nominal Gl tract diameter and thus can be safely eliminated after the delivery of drugs. The
theragrippers are eliminated by the natural shedding of the gastrointestinal epithelium over a
few days. In all our experiments in rodents and pigs, both present and past (27,28), we have
never observed Gl obstruction or any indication of a theragripper-related side effect. In our
experiments, the animals ate normally during the experiments and the theragrippers were
eliminated from the Gl tract over a few days by the natural mucosal turnover. Also, in our
experiments we have never seen any adverse toxic effect of the theragrippers on the underlying
tissue over a period of 48 hours. We note also that there are many widely practiced
gastrointestinal procedures that rely on the use of ingested objects. For example, Sitz markers
are used to measure gastrointestinal transit times and hemostasis clips are routinely used to
control acute gastrointestinal hemorrhage. Like the theragrippers, these devices are naturally
eliminated in stool.

Note S3. Force exerted by the theragripper claws: In order to ensure the successful latching
of the theragripper on the Gl mucosa, it is important to control the force exerted by the
theragripper claws. We modeled the theragripper actuation in this paper using FEM and



estimated the force applied to be approximately 0.5 — 1 uN for 250 um tip-to-tip theragrippers.
The force applied by the grippers depend on several factors like the intrinsic stress mismatch in
the actuation bilayer, the material moduli, thickness of the actuator assembly, and the
dimensions of the hinge (Fig. S7B). For example, the thickness of the actuator assembly can be
used to tune the force for similar Cr/Au actuators (29). The stress mismatch is the primary driver
of the actuation process and can be tuned over a wide range by using different material
combinations. For example, instead of utilizing Cr, one can potentially use iron (Fe) or niobium
(ND) thin films, to form a bilayer with Au with a much higher mismatch (54, 59). Also, instead
of manipulating only the differential stress of the bilayer, a more effective way is to tune the
stress-thickness product of the bilayer actuator, which directly contributes to the resulting radius
of curvature or the force obtained from the actuator. The Youngs’ modulus of the thin films will
directly affect the bendability of the bilayer assembly and will thus affect the force output.
Lastly, we note that the lateral geometry of the actuator is important in order to ensure that the
primary bending mode is in the desired direction, as the force will be significantly reduced if
twisting or buckling modes are present.

Note S4. Mucosal penetration of the theragripper claws: The mobile mucus layer on the
mucosal epithelium has different thicknesses in different parts of the Gl tract (12). Moreover,
literature shows that there are two types of mucus layers: an inner strongly adherent layer, which
is usually less than 10 um in thickness and an outer more flowy layer which can be anywhere
between 30 — 150 pm in the colon, 100 — 200 pm in the stomach and 10 — 40 pm in the small
intestine in humans. The two layers of mucus differ by several hours in terms of times of
clearance, and covers the innermost mucosal epithelium, which gets replenished every few
days. We also note that the thickness of the mucus layers varies in the Gl tract and dependent
on several factors including the digestive activity and health.

The retention of the theragripper in the GI tract depends on the depth of penetration of the claws
inside the mucus/mucosa. The depth of penetration depends primarily on two factors: (i) The
relative length of the theragripper claws with respect to the local mucus thickness, and (ii) the
orientation of the theragripper with respect to the mucosal epithelium. The theragrippers are
deployed using a pneumatic delivery system which squirts out many grippers in a single shot
using a pressure between 6-9 psi. A previous study showed that theragripper adherence
increased with increasing pneumatic delivery pressure in in vitro models (57). Moreover, as we
have shown in this paper, using both experiments and finite element modeling, the theragripper
claws can exert enough force/pressure to penetrate the mucosal epithelium. Thus, we believe
that it is the combination of the pressure applied by the pneumatic delivery system and the
pressure applied by the self-folding theragripper claws that allow the theragrippers to latch onto
the mucosa. In our study, after deployment on the colon mucus, there is no control of the
orientation of the theragrippers with respect to the mucosal epithelium. Consequently, these is
a distribution of the grippers having different orientations and at different distances near the
mucosal epithelial tissue. However, due to the large number of theragrippers used in our study,
a substantial and adequate number of them are oriented towards the epithelium and latch onto
the epithelium. As a result, we could find theragrippers in the colon even after 24 hours of
administration and the drug delivery could be extended for 24 hours. We anticipate that further
improvements in the theragrippers such as designs with longer claws (Fig. S9) and bidirectional
foldable hinge designs, as discussed in the main text, could result in more efficient mucosal
latching and longer GI retention.
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