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Gastrointestinal-resident, shape-changing 
microdevices extend drug release in vivo
Arijit Ghosh1, Ling Li2, Liyi Xu1, Ranjeet P. Dash3,4*, Neha Gupta1, Jenny Lam3,4, Qianru Jin1†, 
Venkata Akshintala2, Gayatri Pahapale1, Wangqu Liu1, Anjishnu Sarkar1, Rana Rais3,4,  
David H. Gracias1,5,6‡, Florin M. Selaru2‡

Extended-release gastrointestinal (GI) luminal delivery substantially increases the ease of administration of drugs 
and consequently the adherence to therapeutic regimens. However, because of clearance by intrinsic GI motility, 
device gastroretention and extended drug release over a prolonged duration are very challenging. Here, we report 
that GI parasite–inspired active mechanochemical therapeutic grippers, or theragrippers, can reside within the GI 
tract of live animals for 24 hours by autonomously latching onto the mucosal tissue. We also observe a notable 
sixfold increase in the elimination half-life using theragripper-mediated delivery of a model analgesic ketorolac 
tromethamine. These results provide first-in-class evidence that shape-changing and self-latching microdevices 
enhance the efficacy of extended drug delivery.

INTRODUCTION
The administration of drugs through the gastrointestinal (GI) tract 
offers improved compliance over injectables and consequently better 
treatment outcomes (1). Drugs administered via the GI tract are ef-
ficiently absorbed into the systemic circulation, in part, due to the 
enormous intestinal surface area and rich vascularization of the GI 
tract mucosa (2). While the oral route is the more preferred form of 
drug administration across all age groups, the rectal route is ad-
vantageous in the pediatric population as well as during medical 
emergencies, such as with unconscious patients (3, 4). However, 
repeated oral or rectal administration often results in imperfect ad-
herence to treatment, a problem that leads to the annual waste of 
more than 600 billion dollars globally (1, 5). Hence, there is an ur-
gent need to develop orally or rectally administered extended drug 
delivery systems (2, 6–8). For example, mucoadhesive systems, like 
buccal patches, extend the residence time to 5 or 6 hours, beyond 
which they are removed due to weak mucosal adhesion (9, 10). 
Mucus-penetrating particles (MPPs) have shown improved reten-
tion compared to mucoadhesive systems, in a mouse model, due to 
adherence to the mucus layer beneath the outer fast-clearing mucus 
(11, 12). However, these particles are also removed after a day due 
to clearance of the underlying mucus layer, and it is unclear at this 
point if these MPPs can be made resident for longer times. In addi-
tion, researchers have reported devices that rely on the variations in 
density (13, 14) or large size (15, 16) to avoid elimination from the 
stomach. For example, ring- or star-shaped devices, which are larger 
than the pylorus opening, can be retained in the stomach for several 
days before degrading into smaller pieces, which can pass through 

the pylorus (8, 17). Because these devices are larger than the pylorus 
opening, which is approximately 2 cm in diameter in adults, the po-
tential risk of gastric obstruction for these devices needs to be eval-
uated. In addition, the highly acidic gastric fluids in the stomach 
can react with several drugs delivered by stomach-resident devices, 
rendering them ineffective.

Note that the challenge of GI retention has already been solved 
by some organisms. For example, hookworms such as Ancylostoma 
duodenale (18) can reside in the human intestine for up to 2 years. 
The hookworms insert two pairs of ventricular teeth into tissue, 
which allows them to securely latch on and resist clearance by GI 
motility (Fig. 1A). Inspired by these organisms, we developed mul-
ticlawed devices with sharp microtips that can latch onto the mu-
cosal tissue. We present the first preclinical evidence that these 
submillimeter-scale latching tools, called theragrippers, enhance 
drug release and retention in vivo. In designing these devices, we 
overcame several engineering challenges. One challenge was the ac-
tivation of the latching mechanism inside GI lumen in an untethered 
and autonomous fashion, toward which we used the thermally trig-
gered release of differential stress between metal thin films. Another 
challenge was to effectively integrate a drug-loaded patch on these 
microactuators. We investigated delivery of ketorolac as a model 
drug, which is a widely used pain reliever. We observed that the 
theragrippers were retained in the colon for 24 hours. This resulted 
in a significantly higher exposure to the drug, with area under the 
curve (AUClast) almost twice that of pristine drug and a 10-fold 
higher plasma ketorolac concentration, 12 hours after administra-
tion. This proof-of-concept demonstration validates the idea that 
active, shape-changing, self-latching devices and more specifically 
theragrippers extend drug release times in the GI tract.

RESULTS
Concept and fabrication of theragrippers for  
rectal drug delivery
We designed theragrippers with multiple sharp microtips (tip 
diameter, ~1.5 to 3 m; Fig. 1B), like the hookworm, to ensure effec-
tive latching onto the GI mucosa (Fig. 1C). The theragrippers have 
a combination of thick rigid segments and residually stressed bilayer 
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hinges, capped with a thermosensitive wax layer. They autono-
mously fold when the wax layer is softened at body temperature, 
which occurs when thermal equilibrium is reached in the body, and 
the folding force causes the microtips to penetrate the GI mucosa. 
While we envision that our devices can function in any part of the 
GI tract such as the small intestine, colon, or esophagus, in this 
work, we chose the rectal route of administration, which is the pre-
ferred route for pediatric patients and also for localized therapy of 
diseases like ulcerative colitis. In our approach, the devices are only 
250 m in overall size when open and 150 m when closed. We 
deliver thousands of devices that are activated in unison on the 
colonic mucosa (Fig. 1D) in response to body temperature while 
releasing the encapsulated drug (Fig. 1E).

We fabricated the theragrippers using conventional microfabri-
cation techniques with approximately 6000 (250-m-sized) thera-
grippers on a single 3-inch wafer substrate (Fig. 2A and fig. S1A). 
We estimate that over 100,000 theragrippers could be fabricated in 
parallel on larger 12-inch silicon (Si) wafers that are used in present- 
day commercial semiconductor foundries. Because the theragripper 
hinges are very thin (~100 nm), we used 100-m-scale theragrippers 
(Fig. 2B and fig. S1, B and C), as smaller theragrippers are more re-
sistant to breakage in vivo. Smaller devices are also less prone to 
obstruct the GI passage, and the use of multiple devices enhances 
defect tolerance and spatial distribution of the drug. The theragrip-
pers consist of a metal-polymer hybrid, in which a shape-changing 
metallic pattern of segments and hinges, made of gold (Au) and 
chromium (Cr), carries a drug-eluting polymer patch (Fig. 2A) that 
allows controlled release of drugs. We also incorporated a thin layer 
(thickness, 8 to 10 m) of paraffin wax on the hinges of the thera-
grippers. The wax softens at body temperature and autonomously 

triggers actuation of the claws inside the animal GI tract (movie S1 
and note S1). The materials used to fabricate the theragrippers are 
biocompatible and do not have any potential toxicity in the small 
amounts used for drug delivery (note S2).

An important consideration in the design of these devices is the 
adhesive strength of the drug-loaded polymer layer to the underly-
ing metal scaffold to avoid device failure by delamination of the 
drug patch due to the strong shear forces encountered during GI 
peristalsis. We investigated the adhesion of electrodeposited films 
of charged polymers like chitosan or sodium alginate and drop-casted 
chitosan films, which have been used previously as matrices for 
drug delivery (19–21). We found that, in comparison to alginate 
and drop-casted chitosan, electrodeposited chitosan had superior 
adhesion characteristics and could withstand the microfabrication 
process flow as well as GI peristaltic movements. The dry thickness 
of the chitosan patch on the theragrippers was 2 to 5 m (fig. S2, A 
and B) which was deposited only on the central segment of the thera-
grippers so that the patch did not impede folding of the claws (Fig. 2C).

Drug loading and in vitro drug release characteristics 
of the theragrippers
We were able to tune the porosity of the electrodeposited drug 
patch, which is important for drug loading and release, by changing 
the type and extent of deacetylation of chitosan (fig. S2, C to E). The 
release of fluorescein from chitosan allowed visualization of chemical 
release over a period of 24 hours (fig. S3 and movie S2). For in vivo 
experiments, we used ketorolac, a U.S. Food and Drug Administra-
tion (FDA)–approved nonsteroidal anti-inflammatory drug (NSAID) 
used for acute pain management in postoperative patients and pa-
tients suffering from rheumatoid arthritis (22). Note that ketorolac 

Fig. 1. Shape-changing theragrippers as self-latching drug delivery devices. (A) Scanning electron microscopy (SEM) image of the ventricular teeth of hookworm 
A. duodenale. The worm uses these sharp teeth to penetrate the mucosa and adheres in the GI tract for up to 2 years. Reprinted from Human Parasitology, 4th Ed. (18). 
Copyright 2013, with permission from Elsevier. (B) SEM image of a theragripper in the closed configuration. Like the hookworm, the theragrippers are equipped with 
sharp microtips. Schematic illustrations of (C) a single and (D) many theragrippers attached to the mucosal tissue and releasing encapsulated drug (colored in green). 
Scale bars, 100 m (A to D). (E) Conceptual illustration of the rectal administration of drug-loaded theragrippers using a pressure-actuated microfluidic flow controller. 
Images (C) to (E) were illustrated by L. Gregg. MFCS, microfluidic flow control system.
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represents a model drug with a high clearance profile (half-life < 
3 hours), and the rapid metabolism and clearance of ketorolac from 
the body pose a stringent challenge for evaluating extended-release 
drug delivery systems.

We used medium molecular weight, 85 to 90% deacetylated chi-
tosan, which gave us a nominal pore size of less than 100 nm, and 
this pore size allowed the release of a substantial amount of ketorolac 
at an acceptable rate (Fig. 2D). We observed that while coelectrode-
position of ketorolac with chitosan results in a slow release profile 
(fig. S4), which is attractive for extended drug release, the drug 
loading capacity per theragripper is very low (1 ng of ketorolac per 
250 m of theragripper). Thus, we adopted a method of drug load-
ing where ketorolac was absorbed in the theragrippers after electro-
deposition of chitosan. Note that we found that the conventional 
process of cross-linking of chitosan with sodium tripolyphosphate 
after electrodeposition decreased the ability of the film to uptake 
water and reduced the amount of the drug absorbed in the chitosan 

matrix (fig. S5). Thus, we soaked the film without cross-linking in 
the drug solution after electrodeposition. Figure 2E shows the re-
lease kinetics of ketorolac from theragrippers of different sizes, 
where the drug was released over 6 to 9 hours. This method of drug 
encapsulation (see Materials and Methods) into the theragrippers is 
highly scalable, and the amount of drug released could be varied by 
two orders of magnitude, by changing the theragripper size from 
250 m to 1.5 mm (Fig. 2F). Using this method of drug loading, we 
estimate that each of the 250-m-sized grippers, weighing approxi-
mately 464 ng, carries around 23 ng of ketorolac, which represents 
an effective drug loading capacity of around 5%. Figure S6 shows 
the number of theragrippers required to deliver different amounts 
of drug. For example, 6000 to 7000/kg theragrippers would deliver 
a therapeutic dosage of 10 mg of ketorolac to a 70-kg adult. The 
number needed to deliver the same dose goes down substantially 
for larger 1.5-mm grippers to 70 theragrippers/kg of body weight. 
We note that even the 1.5-mm grippers are 40 times smaller than 
the typical human colon diameter of 60 mm. In this study, the in vivo 
drug delivery experiments were performed in rats, with 250-m-sized 
theragrippers. We note that these theragrippers are approximately 
32 times smaller than the typical colon diameter of 8 mm in rats 
used in our experiments, weighing approximately 300 g.

Force exerted by theragripper claws
One of the critical challenges for successful gastro-retention of the 
theragrippers in vivo is that they need to generate enough force so 
that their claws can penetrate through the multiple mucus and epi-
thelial cell layers and through the mucosal barrier. While theragrippers 
made entirely of polymers (23–25) are attractive for administration 
of a larger volume of drug, the moduli and force generated by stim-
uli responsive polymer actuators are generally lower and hence it is 
unclear if polymeric theragrippers can generate enough force to 
penetrate the mucosa (26). We used theragrippers with segmented 
metallic claws composed of stiff metals Cr (modulus ~139 GPa) and 
Au (modulus ~55 GPa), where the residual stress mismatch (~1 GPa) 
of the Cr/Au hinges ensures that the claws fold with sufficient force 
so that the sharp microtips penetrate and latch onto the mucosa 
autonomously (27, 28). The extent of penetration can be tuned by 
varying the dimensions of the components of the theragripper and 
the stress mismatch in the hinge (see note S3) (29).

The small size of the theragripper makes it challenging to directly 
measure the force. Previously, the force from a similar actuator, 
albeit with larger dimensions, was measured experimentally (29). 
For the theragrippers used in this study, we used finite element 
method (FEM) to estimate the force generated by the folding claws 
(see Materials and Methods). In the simulations, we applied a 
constraint at the tip of the theragripper, which prevented the tip 
from folding. A reaction force was generated due to the tendency of 
folding, and this force was measured in a direction normal to the 
claw (fig. S7A). The simulations show that the theragripper hinge 
can generate a force of ~0.5 to 1 N (Fig. 3A), which can be appre-
ciably tuned by changing the dimensions of the hinge (fig. S7B). We 
calculated the approximate pressure that each theragripper micro-
tip exerts on the colon using Hertz contact mechanics model and 
found it to be in the range of 0.4 to 0.6 MPa for a tip diameter of 1.6 to 
3.1 m (see Materials and Methods; Fig. 3B). To compare this pres-
sure to that needed to penetrate the mucosal surface, we performed 
experiments in which sections of ex vivo rat colons and intestines 
were penetrated using a 22-gauge hypodermic needle and the force 

Fig. 2. Parallel fabrication of the theragrippers and their in vitro drug loading 
and release characteristics. (A) Functional block diagram illustrating the micro-
fabrication steps for an array of theragrippers, showing the actuation layer, drug- 
eluting layer, and the thermoresponsive trigger. (B) SEM image showing theragrippers 
next to the tip of a 22-gauge hypodermic needle. The theragrippers are small 
enough to pass safely through the GI tract without causing any gastric obstruction. 
(C) SEM image showing a single 250 m, as fabricated theragripper with the drug- 
encapsulated chitosan patch at the center and the paraffin wax trigger layer on the 
hinges. (D) High-resolution SEM image showing the surface morphology of the 
chitosan patch at the center of the theragripper. The patch has pores less than 
100 nm in size. (E) Release characteristics of ketorolac (KT) from theragrippers of 
four different sizes. (F) Plot showing the relative scaling of the drug loading capac-
ity of theragrippers of different sizes. The entire loaded drug gets released over a 
period of 24 hours. While the 250-m theragrippers were used for our in vivo ex-
periments in rats, larger 1.5-mm theragrippers can be loaded with about 100 times 
more drug, for use in larger animal models and humans.
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of penetration was measured (fig. S8, A and B). A similar estimation 
using the Hertz model revealed that a pressure of 0.5 to 1.2 MPa is 
required for a needle with a tip diameter of 40 to 60 m to penetrate 
sections of colon (fig. S8C). Thus, we rationalize that the theragrip-
per microtips, which are more than an order of magnitude smaller 
than the 22-gauge needle tip, can exert more than enough pressure 
to break the mucosal barrier.

Ex vivo and in vivo mucosal attachment of the theragrippers
We performed ex vivo theragripper attachment experiments using 
rat colon, where the devices were incubated on the mucosal tissue of 
fresh rat colon at 37°C (Fig. 3C, inset). Micro-computed tomogra-
phy (-CT) of this rat colon shows that the theragripper claws can 
reach up to 30 to 40 m into the colon (Fig. 3D). We also visualized 
and verified the penetration by the theragripper claws using scan-
ning electron microscopy (SEM) (Fig. 3, E and F). It may be noted 
that the depth of penetration into the colon is strongly controlled by 
geometric and dimensional factors like the length and layout of the 
theragripper claws, and we could achieve a depth of penetration of 
around 300 m into the colon with theragrippers having a tip to tip 
size of 1.5 mm (fig. S9).

We then carried out in vivo experiments in rats, in which we 
deployed thousands of grippers in a single shot using a pneumatic 
microfluidic controller (PMC). The PMC sends a burst of compressed 
air (6 to 7 psi) to drive a bolus of liquid with the theragrippers into 
the colon of the rats (see Materials and Methods). Figure 4A shows 
CT scan images of sections of extracted rat colon postmortem for 

theragrippers that were rectally administered in live animals. The 
images reveal that the theragrippers were retained for at least 24 hours 
after administration. The colon of the rat appeared normal at the 
sites of attachment, indicating that there was no short-term gross 
tissue damage or inflammation over this time period (Fig. 4, B to E, 
and fig. S10). We also performed -CT (Fig. 4F) and SEM (Fig. 4G) 
on the extracted rat colon tissue, which also verified self-latching of 
the theragrippers into the colon. Details of these experiments can be 
found in Materials and Methods.

To demonstrate the applicability of the theragrippers as a resi-
dent device in the upper GI tract, we used a porcine model, which 
allowed endoscopic inspection of the position of the theragrippers 
in the same animal over time. Around 200 theragrippers were de-
livered through an endoscope catheter with minimum breakage. 
Figure S11 (A to C) shows the results of the experiments in porcine 
stomach and esophagus, which demonstrates the ability of the 
theragrippers to attach to the mucosa over a duration of 24 hours. 
Note that while the transit time in the esophagus is less than a min-
ute, the theragrippers remained attached at the specific location 
for up to a day. We also studied the risks of deploying many grip-
pers in the distal esophagi of pigs, where even after deploying up 
to 3000 grippers in the esophagus, the animals showed no sign of 
gastric obstruction or perforation, ate normally, and showed no 
evidence of pain or distress. Figure S11D shows the magnetic reso-
nance imaging (MRI) image of the whole pig GI tract at 4 weeks 
after deployment of the grippers, which showed no evidence of the 
grippers anywhere in the animal. These experiments suggest that 

Fig. 3. Theragrippers can apply sufficient force to penetrate the mucosa. (A) Plot of the force generated by a theragripper as a function of the percentage of folding, 
generated by FEM. Each claw of the theragripper can generate a maximum force of around 0.6 N per hinge. Insets show the simulated configurations at different stages 
of the folding process marked by red dots. The colors in the legend indicate the magnitude of the von Mises stress in the gripper. (B) Close-up SEM image of the tip of a 
theragripper, showing the cross section of the tip having a width (W) of approximately 3.1 m and a height (H) of 1.6 m. To estimate the pressure exerted by this tip as 
the gripper actuates, we used the Hertz contact mechanics model and assumed the tip to be a sphere of diameter 1.6 to 3.1 m. (C) Ex vivo experiment showing many 
theragrippers latching onto the colon of a rat. The inset shows the bright-field zoomed-in image of a single theragripper. (D) -CT image of the cross section of a thera-
gripper penetrating into the colon ex vivo. (E) SEM image of a theragripper latching onto the colon mucosa ex vivo. (F) Zoomed-in image of the red outlined region in (E), 
showing the penetration of the claw into the colon tissue.
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the grippers will eventually be safely eliminated from the body by 
natural mucosal turnover.

Systemic delivery of a model analgesic by theragrippers
We validated in vivo drug release by deploying theragrippers loaded 
with ketorolac intrarectally, using the pneumatic delivery system 
mentioned above, to jugular vein cannulated rats. We used 250-m 
tip-tip theragrippers, each loaded with approximately 23 ng of 
ketorolac. Approximately 2000 theragrippers in 1 ml of saline were 
administered, which translates to an overall administration of 45 g 
of ketorolac to each animal in the study (N = 7). In a control group 
of cannulated rats (N = 7), we delivered 45 g of pristine ketorolac 
dissolved in 1 ml of saline intrarectally using a syringe. Following 
administration of theragrippers or pristine drug, blood samples 
were collected via the cannula at 0.5-, 1.5-, 3-, 6-, 9-, 12-, 15-, 18-, 
and 24-hour time points. We observe that the plasma concentra-
tion decreased by 10 times in the first 3 hours (Fig. 5A) for pristine 
ketorolac, whereas a similar decrease in plasma concentration was 
seen at 8 hours with theragrippers. Moreover, a sustained exposure 
was observed from the theragripper formulation between 8 and 
18 hours. This indicates an increased half-life and delayed clearance 

of ketorolac from the theragripper formulation as compared to 
pristine ketorolac. In addition, the overall increase in exposure is 
almost twofold (~90%), which suggests a significant increase when 
compared to pristine ketorolac (Fig. 5B). We observe a notable six-
fold increase in half-life from theragrippers (t1/2 = 12 hours) as com-
pared to t1/2 = 2 hours following pristine ketorolac dosing (Table 1). 
Thus, intrarectal administration of theragrippers showed extended 
and higher exposures of ketorolac compared to pristine drug. 

DISCUSSION
The adoption of nano- or microfabricated devices including protein 
encapsulating microparticles, microneedles for transdermal delivery, 
and microchips containing drug reservoirs has led to considerable 
progress in localized and extended drug delivery (30–33). In recent 
years, dynamic microfabricated smart integrated devices have been 
developed, which can be controlled by electrical or chemical signals, 
but these are large centimeter-scale devices (34, 35). Submillimeter- 
scale miniaturization of dynamic devices is challenging due to the 
bulkiness of existing batteries and challenges with reduced wireless 
power coupling to electrically small antennas. Theragrippers overcome 

Fig. 4. Theragripper attachment to rat colon and retention upon rectal delivery. (A) -CT images showing the retention of theragrippers in the rat colon (i) 1, (ii) 9, 
and (iii) 24 hours after rectal administration. The insets show zoomed-in images of the red outlined regions. (B) Postmortem optical examination of the rat colon showing 
attachment of several theragrippers, and (C) a zoomed-in image of the section shown by dotted lines in (B). (D and E) Optical image showing a theragripper attached to 
the colon (D) 9 and (E) 24 hours after rectal administration. (F) Postmortem -CT image showing the claws of a theragripper latching into the colon luminal surface in vivo. 
(G) SEM image showing the attachment of the theragripper to the mucosa after rectal administration. Scale bars, 100 m. (C), (F), and (G) are obtained 1 hour after rectal 
administration of the theragrippers in the rat.
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this challenge by using energy derived from the triggered release of 
thin-film differential stress. They operate like a small compressed 
spring in the form of a thin-film bilayer that stores energy, which 
can be released when the trigger is dissolved or softened. In our 
study, the devices are autonomously triggered by physiological tem-
perature. When combined with an appropriately tailored hydrogel 
patch, theragrippers offer significant tunability and enhancement 
of drug release characteristics. We note that, other than drug patches, 
alternate functional modules such as biosensors or microchips 
could be attached to the theragrippers, opening new possibilities for 
smart GI-resident diagnostic, monitoring, and therapeutic devices.

Although shape-changing devices have been previously pro-
posed for drug delivery in the GI tract (36, 37) and eye (38), they are 
centimeter sized. The theragrippers, being remarkably smaller in 
size, by over an order of magnitude, provide a versatile platform for 
uniform drug dispersion along with applicability for drug release in 
smaller conduits in the body. In addition, the process is versatile 
and scalable so that the performance as reported here can be mark-
edly improved by altering the geometry, hydrogel matrix, and drug 
formulation. For example, one concern is the lack of preferred ori-
entation of the claws of the theragrippers with respect to the mucosal 
surface, which can be overcome by bidirectional hinge designs (39). 
We have evidence that 250-m-sized theragripper claws can pene-
trate 30 to 40 m into the colon (Figs. 3 and 4), and we observed 
retention of the grippers in the colon at 24 hours. While our data 
suggest that the retention time is longer than planar devices in gen-
eral (33), for even longer residence times and drug release in larger 

animals and eventually humans, theragripper design variables such 
as claw length, thickness of the metal layers, and the drug patch will 
need to be further optimized. For example, erosion-based drug re-
lease matrices such as thermoplastics show slower release kinetics 
(8) and longer claws can penetrate through thicker mucus layers 
(fig. S8). We also note that the thermoresponsive nature of the ther-
agrippers makes it essential to use refrigeration for storage, particu-
larly in tropical regions where the air temperature can be higher 
than 37°C.

Our use of the model drug ketorolac was intended to provide 
proof of concept, and this concept can be extended to other drugs, 
as well as to oral administration. We note, however, that rectal ad-
ministration of ketorolac using theragrippers in itself is also of in-
terest because oral ingestion of ketorolac is known to cause stomach 
bleeding and ulceration, if taken at higher doses (40, 41). Rectal ad-
ministration can potentially reduce these complications and partially 
bypass the first-pass metabolism in the liver. For example, rectal 
suppositories of similar NSAIDs like Voltaren and Spasmofen have 
been previously developed and evaluated clinically (42, 43). The in-
creased AUC as achieved by the theragrippers can also reduce side 
effects and the drug dosage required. In this article, the dosage was 
kept at 0.15 mg/kg, which can be changed as needed for clinical 
translation (Fig. 2F and fig. S6).

In terms of a figure of merit, the theragripper formulations of 
ketorolac showed a half-life of almost 12 hours and residence on 
colon mucosa measured up to 24 hours. This time is substantially 
higher than many state-of-the-art GI drug delivery devices such as 
rectal suppositories. For example, rectal suppositories of ketoprofen 
(a drug similar to ketorolac) in children aged between 1 and 9 years 
show a much shorter plasma half-life of 0.6 to 2.5 hours (44). The 
half-life achieved using the theragrippers is also considerably higher 
than that obtained using oral nano/microparticulate formulations 
of ketorolac in rats (45, 46). For example, polyethylcyanoacrylate 
nanoparticles showed a half-life of 2.84 hours following oral gavage, 
which was only a marginal improvement over the pristine ketorolac 
solution (t1/2 = 2 hours). More advanced FDA-approved oral extended- 
release capsules using osmotic-controlled release oral delivery sys-
tem or spheroidal oral drug absorption system can maintain plasma 

Fig. 5. Theragrippers extend the delivery of ketorolac in vivo. (A) Plot of the plasma concentration of ketorolac measured in rats as a function of time after pristine or free 
drug (black) and theragripper (red) were administered intrarectally. (B) AUClast comparison for pristine drug and theragripper-formulated drug delivery, showing that the 
drug exposure increases by approximately twofold with the theragrippers. P = 0.0283 for AUClast comparison in (B) is calculated using one-sided Student’s t test; N = 5 to 7.

Table 1. Ketorolac pharmacokinetic profile following intrarectal 
delivery in rats. Data expressed as mean ± SEM, N = 5 to 7 per group. 

Cmax (nM) Tmax (hours) T1/2 (hours)

Pristine drug 345.7 ± 107.2 0.5 1.94

Theragripper-
formulated 
drug

237 ± 23 0.5 11.83
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concentration of morphine, hydromorphone, or tramadol for 24 hours 
with elimination half-lives ranging between 8 and 17 hours (47, 48), but 
these are not GI-resident devices, and hence, their therapeutic window 
is limited by the duration of normal GI passage after oral delivery.

The concept of physiologically responsive active shape-changing 
drug delivery systems that provide self-latching in live animals rep-
resents a new paradigm in the way drugs can be administered (49). 
Because of their small size, theragrippers can also reach the smaller 
natural orifices of the body and thus have potential to be applied for 
other routes of drug administration like nasal, urethral, or vaginal, 
where sustained drug delivery across the mucus or delivery of cap-
sules is challenging.

MATERIALS AND METHODS
Fabrication of the theragrippers
We fabricated the theragrippers by conventional microfabrication 
techniques (fig. S1A) (50, 51). The main sequential steps of thera-
gripper fabrication are (i) the deposition of a sacrificial layer, (ii) the 
micropatterning of the differentially stressed bilayer hinges that 
curve and drive folding and penetration of the theragripper micro-
tips into the mucosa, (iii) the micropatterning of the rigid panels 
that enhance strength and contain drug-eluting patches, and (iv) 
the micropatterning of the thermoresponsive trigger that controls 
stress release and folding of the grippers. First, we deposited a sacri-
ficial layer of copper (300 nm with 15-nm Cr as adhesion layer) on 
a clean 3-inch silicon wafer using thermal evaporation. We then 
micropatterned the residual stress bilayer composed of Cr and Au 
using photolithography with S1813 photoresist (MicroChem Corp.) 
and thin-film evaporation. We used bilayers with a thicknesses of 
50-nm Cr/50-nm Au for the 250-m grippers and 60-nm Cr/100-nm 
Au for the 700-m, 980-m, and 1.5-mm theragrippers. We defined 
thicker rigid panels of the theragrippers using a photolithography 
step with SPR220 photoresist (Megaposit). The rigid panels are com-
posed of electrodeposited Au films with a thickness of 2 to 5 m. 
We used an electrodeposition current density of 1 mA/cm2 and 
time of 32 to 80 min at 55° to 60°C using a commercial Au plating 
solution (Technic).

After electrodeposition of Au, we stripped off the photoresist 
and patterned the drug patches on the center of the theragrippers 
using a combination of photolithography and electrodeposition of 
chitosan. For 250-m grippers, we used SPR220 photoresist (final 
thickness, 10 m) that could accommodate a maximum 2.5-m-
thick chitosan patch after drying. For 700-m, 980-m, and 1.5-mm 
theragrippers, we used AZ9260 photoresist (final thickness, 20 m) 
that can accommodate a maximum 5-m-thick patch after drying 
of the chitosan. For electrodeposition of chitosan, we used medium 
molecular weight, 85 to 90% deacetylated chitosan (Sigma-Aldrich). 
We dissolved the chitosan in an acidic solution of hydrochloric acid 
and adjusted the final pH to 5. After dissolution, we used a two-stage 
filtration process using 24- and 2.5-m pore size filters (Whatman) 
successively. We carried out the electrodeposition at a current den-
sity of 0.2, 0.4, or 0.7 mA/cm2 for different durations (fig. S2, A and B), 
depending on the desired patch thickness. We introduced the dye 
or drug molecules into the chitosan patch at a later stage, after dis-
solution of the sacrificial layer and release of the theragrippers from 
the wafer. Using this approach, we could produce approximately 
6000 theragrippers in parallel on a single 3-inch wafer with good 
reproducibility.

After the deposition of the chitosan patch, the wafer was rested 
for 3 hours before the photoresist was lifted off in acetone, followed 
by rinsing in isopropyl alcohol (IPA). We used another step of photo-
lithography to micropattern the thermally responsive trigger layer 
composed of paraffin wax (melting point, 53° to 58°C; Sigma-Aldrich). 
We spin-coated molten paraffin wax at 1000 rpm for 10 s and 
5000 rpm for 40 s to obtain a uniform film on the wafer. We ob-
served that the thickness of paraffin wax strongly depends on the 
volume of wax poured on the wafer, the spin coating time, and spin 
speed/ramp. For the 250-m theragrippers, we patterned an optimal 
thickness of around 8 m on the hinges, which required approxi-
mately 0.7 ml of wax on a 3-inch wafer at the spin speeds mentioned 
above. After spin coating, we allowed the wax to set for 3 to 4 hours 
and then dissolved the photoresist in acetone and rinsed the wafer 
using IPA. We released the theragrippers from the silicon wafer 
substrate using a basic copper etchant BTP (Transene) to ensure the 
stability of the chitosan film, which otherwise dissolves in conven-
tional acidic copper etchants. Theragripper release from the wafer 
occurred in 10 to 15 min. Subsequently, we rinsed the theragripper 
dispersion with deionized (DI) water for at least five times to ensure 
complete removal of the etchant solution (fig. S1C). The chitosan 
patches were characterized using a surface profilometer (Dektak) 
and SEM (JEOL) imaging at 3 to 5 kV.

In vitro measurements of drug concentrations
For coelectrodeposition of ketorolac and chitosan onto the thera-
grippers, we added 500 mg of ketorolac to 400 ml of 0.5% (w/w) 
solution of chitosan and carried out the deposition. For absorption 
of ketorolac in chitosan-coated theragrippers, we soaked the thera-
grippers in a ketorolac solution (10 mg/ml) or a fluorescein solution 
(1 mg/ml) for 36 to 48 hours, which caused the chemicals to get 
absorbed into the chitosan film. After 48 hours, we thoroughly 
rinsed the grippers with DI water (at least five to six times by chang-
ing the solution) to remove the excess drug or fluorescein and then 
stored the theragrippers in saline. We measured the ketorolac re-
lease from the theragrippers by measuring ultraviolet absorbance at 
320-nm wavelength using a spectrophotometer (Molecular Devices). 
We did triplicate measurements at specific time points by taking 
out 100 l of the medium and replacing it by an equal volume of the 
medium to maintain a proper sink condition. For fluorescein re-
lease studies, we prepared the samples in a similar manner and mea-
sured the concentrations using fluorescence at 510-nm wavelength 
in a spectrophotometer.

FEM to estimate the force generated by the  
theragripper claws
We simulated the gripper actuation process in Abaqus CAE 6.13 
(Dassault Systèmes; the code is available on request from the au-
thors). We used a geometry similar to that used in the experiment, 
with a hinge, 41 m wide and 48 m long. The bilayer hinge consists 
of Cr (thickness, 50 nm) and Au (thickness, 50 nm). Because of the 
large aspect ratio between the lateral dimensions and the thickness, 
we modeled the gripper as a planar shell object and partitioned it to 
different sections including the center, the hinge, and the tip (fig. 
S7A). We use linear elastic properties of the materials (table S1) 
(52, 53). We modeled the Cr/Au bilayer as a composite shell and 
discretized the mesh using S4R elements (four-node, quadrilateral, 
doubly curved thin or thick shell with reduced integration). We 
performed a mesh convergence study to verify mesh independence 
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of the results. We used a static model with consideration of nonlin-
ear geometry and set the boundary conditions as follows, with more 
details in fig. S7. We fixed the center with zero displacement in x, y, 
and z directions, and the design was symmetric about the x axis. We 
represented the mismatch strain  in the Cr/Au bilayer using the 
difference between thermal expansion coefficients  and a pre-
defined temperature field T applied at the hinge, with  =  • 
T. We considered the stress of the chromium thin film as  = 
1.5 GPa (54) and the stress of the neutral Au layer as zero so that 
 = Cr/ECr • (1 − Cr) = 1.5 GPa/139 GPa × (1 − 0.21) = 0.0085 
(ECr = Youngs’ modulus of Cr and Cr = Poisson’s ratio of Cr) (55). 
We assigned a thermal expansion coefficient of −0.01 (the negative 
sign is due to the in-plane shrinking of the Cr layer) to the Cr layer 
and set the temperature field to be T = 0.85. We increased the tem-
perature linearly to simulate the process of folding. We constrained 
the tip in the z direction with dZ = 0. A reaction force from the tip 
is generated due to this constraint, and we used this as the force 
output.

Estimation of pressure applied by the theragripper 
and the needle tip
To estimate the pressure exerted by the theragripper microtip and 
the 22-gauge hypodermic needle tip on the tissue, we used the Hertz 
contact mechanics model. We approximated the tip of the thera-
gripper as a sphere of diameter 2R ≈ 1.6 to 3.1 m (Fig. 3B) and 
used the maximum force (F) exerted by the theragripper microtip as 
0.5 to 1 N according to the FE simulation. From the Hertz model, 
we obtained the maximum pressure applied on the colon tissue 

by the theragripper claw microtip to be   p  max   =   1 _     (    6F  E   2  _ 
 R   2 

   )     
1/3

  , 

where    1 _ E  =  (1 −   colon  2  ) _  E  colon     +  
(1 −   tip  2  )

 _  E  tip      was obtained from the Youngs’ modu-

lus (Ecolon = 0.7 MPa, Etip = 55 GPa) and Poisson’s ratio (colon ≈ 0.4, 
tip = 0.42) of the colon tissue (56) and the Au microtip of the claw. 
Similarly, for calculations of the pressure applied by the hypoder-
mic needle tip, we assumed the needle tip diameter ≈40 to 60 m 
(fig. S8C), and the force exerted to penetrate the colon mucosal 
surface was obtained from fig. S8B. In addition, the Youngs’ modu-
lus and the Poisson’s ratio of the stainless steel needle tip were as-
sumed to be 200 GPa and 0.3, respectively, and the equations above 
were used.

Measurement of the force required to  
penetrate mucosal tissue
All the experiments in rats were performed according to the proto-
col RAl9M207 approved by the Animal Care and Use Committee at 
Johns Hopkins University. We euthanized male Wistar rats (300 g) 
and removed their colon and small intestine, which were laid flat 
with the lumen facing up. We immediately carried out tissue stiff-
ness measurements using a tensile tester (Instron). We attached a 
22-gauge standard hypodermic needle to a 50 N load cell and ad-
vanced the needle toward the tissue sample. We loaded the tissue 
samples without any tension and only pinned them down just to 
secure their position. We observed that the needle could penetrate 
the tissue, and we plotted the displacement and force exerted by the 
needle (fig. S8A). We observed that different tissue layers of the colon 
and small intestine required different break pressures. We stopped 
the tissue penetration experiment when all the tissue layers were 
completely penetrated by the needle and when we saw the needle 

coming out of the other end of the tissue. Figure S8B shows the re-
sult of 7 to 10 such measurements and compares the superficial 
penetration and complete perforation of the mucosa.

Pneumatic delivery of the theragrippers
We used a pneumatic delivery system (Fluigent), in which pressures 
can be applied selectively using a computer-controlled program (57). 
We stored the grippers in 2-ml vials and then squirted them out 
with a bolus of liquid at a preset pressure. We conducted several 
trials to characterize the delivery process. We observed that a pres-
sure greater than 8 psi resulted in a lot of theragripper breakage, 
while a pressure of 3 to 8 psi could deliver theragrippers with limited 
breakage. The pneumatic delivery system provided an efficient de-
livery of the theragrippers in which at least 90% viable theragrippers 
could be delivered at 6- to 7-psi pressure. We observed a strong 
dependence of size of the theragripper relative to the tube diameter, 
on the percentage viability, in which larger theragrippers were more 
susceptible to breakage at high pressures than smaller theragrippers. 
It may be noted that, as compared to syringes, the pneumatic sys-
tem offers a notable improvement in terms of efficiency and ease of 
use for the delivery of microdevices in a clinical setting.

-CT imaging of theragripper attached to the colon mucosa
During both the ex vivo and in vivo experiments, we identified sec-
tions of the colon having attached theragrippers under a microscope 
and mounted the samples into a computed tomography instrument 
(RX Solutions). To ensure freshness of the tissue, we imaged the 
tissue samples within 1 to 2 hours of removal from the animal. We 
performed the imaging at an x-ray voltage of 80 to 90 kV and a spa-
tial resolution of 1.36 m. For Figs. 3D and 4F and fig. S9, we tilted 
the tissue sample to obtain a cross-sectional image.

SEM imaging of the theragripper attached to  
rat mucosal tissue
Postmortem, we removed sections of the colon with attached thera-
grippers and divided them into 1-cm2 pieces. We washed the tissue 
samples in sodium cacodylate buffer and then fixed them in glutar-
aldehyde for 1 hour. We then stored the samples in sodium cacodyl-
ate overnight at 4°C before further processing. We then dehydrated 
the tissue samples in a graded series of cold (4°C) ethanol (70, 90, 
and 100%) and hexadimethylsilazane and finally air-dried them by 
leaving them open to the atmosphere. The samples were then ready 
for SEM. During SEM (JEOL), we sputtered the tissue samples with 
5 nm of Au and an accelerating voltage of 5 kV was used to obtain 
the images (Figs. 3, E and F, and 4G).

In vivo adhesion experiments in rat colon and  
bright-field imaging
We used rats (N = 3) to assay the in vivo adhesion characteristics of 
the theragrippers in the colon. We fasted male Wistar rats (Charles 
River, MA) weighing approximately 300 g for 1 day to ensure an 
empty colon before administration of the theragrippers. We then 
deployed the theragrippers intrarectally under mild anesthesia us-
ing isoflurane and oxygen. We inserted a 1.5-mm-diameter medical- 
grade polytetrafluoroethylene (PTFE) tube (Zeus Inc.), 3 to 4 cm 
inside the colon of the animal, and then used the delivery system to 
administer the theragrippers using 6- to 7-psi pressure. We then 
returned the animals to the cage. At predetermined times after ad-
ministration, we euthanized the rats and excised the colon. We 
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cleaned the colon with saline and performed the imaging under 
bright light illumination using an upright microscope (Nikon).

In vivo adhesion experiments in pig upper GI tract
To demonstrate the ability of theragrippers to adhere to the upper 
gastric mucosa, we used young farm pigs weighing between 25 and 
30 kg. All the experiments in swine model were performed accord-
ing to protocols SW14M93 and SW17M93 approved by the Animal 
Care and Use Committee at Johns Hopkins University. The animals 
were kept on a semi-liquid diet overnight before the start of the ex-
periment. During the experiment, the animals were sedated using 
an intramuscular dose of a cocktail of ketamine (20 mg/kg) and 
xylazine (2 mg/kg) and general anesthesia was maintained using 
isoflurane (1 to 3%) and mechanical ventilation. We intubated the 
animals and maintained on a dose of saline (0.9%) and lactated 
Ringer’s (intravenously) throughout the procedure. We then ad-
ministered the liquid containing the theragrippers using the pneu-
matic delivery system through a 2.5-mm-diameter medical-grade 
PTFE catheter that runs through the instrument channel of a stan-
dard endoscope (PENTAX Medical Co., Montvale, NJ). For the ex-
periments in the stomach (fig. S11A), we allowed the theragrippers 
to close for 10 min and then squirted them with water and subjected 
them to suction through the endoscope. We observed that many 
grippers could withstand these strong mechanical forces and some 
of them remained adhered to the stomach wall. Figure S11B (i and 
ii) shows the images of a specific theragripper before and after the 
induced flow of water on it. It may be noted that the flow rate of 
water used (150 ml/min) was much higher than the actual flows that 
will be encountered by the theragrippers during normal movement 
of food or water or in normal peristalsis (3 to 5 ml/min). Subse-
quent experiments were performed in the esophagus of a pig, in 
which the theragrippers were found to adhere to the mucosal tissue 
for a prolonged duration of time. Figure S11C (i to iv) shows the 
time-lapse endoscopic images of a specific location on the esopha-
geal mucosal tissue where the grippers adhered at roughly the same 
position, demonstrating that theragrippers can remain attached to 
the esophageal epithelial tissue for 24 hours after administration.

Safety evaluation in pigs
We assessed the risks of deploying a very high number of grippers 
by measuring long-term retention in the esophagus. We deployed 
3000 grippers in distal esophagus of pigs and followed the animals 
clinically. Four weeks after the grippers were deployed, the pigs 
were euthanized and the whole GI tract was removed surgically and 
imaged with MRI (fig. S11D). To obtain a positive control, we in-
serted 30 grippers in the proximal esophagus, in between two surgi-
cal threads, that prevented them from migrating to the rest of the GI 
tract. The GI tract from these animals was imaged on a Siemens 
Magnetom Avanto 3T MRI instrument with a voxel size of 1.0 mm 
by 1.0 mm by 1.8 mm to search for remnant metal theragrippers in 
the GI tract.

Pharmacokinetic studies in rats
We fabricated theragrippers (250 m) and soaked around 2000 
theragrippers in ketorolac (10 mg/ml) solution for 24 hours. We 
then fasted male Wistar rats, weighing approximately 300 g (Charles 
River, MA), for 1 day. We removed the theragrippers from the drug 
solution and washed them at least six times to ensure that no detect-
able amount of ketorolac was left in the solution. We then delivered 

the theragrippers inside the rat colon (see above). At predetermined 
time points, we collected 100 l of blood via the jugular vein cannula 
for bioanalysis. We centrifuged the blood samples at 3000 rcf for 
10 min at 4°C to separate the plasma and stored the resulting plas-
ma at −80°C, until the bioanalysis was performed. Similarly, we 
conducted a pharmacokinetic study of pristine ketorolac (45 g/ml 
solution in saline) in jugular vein cannulated rats for comparison. 
We measured ketorolac in the pharmacokinetic samples using liquid 
chromatography–tandem mass spectrometry. Briefly, we extracted 
ketorolac from plasma samples following a one-step protein precip-
itation technique using acetonitrile. We mixed standards, quality 
controls, and in vivo plasma samples (25 l) with 100 l of acetonitrile 
containing 0.5 M losartan (internal standard) in low-retention mi-
crocentrifuge tubes. We vortexed the mixture for 1 min and centri-
fuged at 10,000 rpm for 10 min at 4°C. We transferred 50 l of the 
supernatant to 250-l polypropylene autosampler vials, mixed the 
supernatant with 50 l of water, and sealed the vials with Teflon 
caps. We injected a volume of 5 l onto a Hypersil GOLD C18 ana-
lytical column (150 × 2.1 mm inside diameter, 3 m). We performed 
chromatographic analysis using an Accela Ultrahigh Performance 
system consisting of an analytical pump and an autosampler cou-
pled with a TSQ Vantage mass spectrometer (Thermo Fisher Scien-
tific Inc., Waltham, MA). We used a mobile phase composed of 
0.1% formic acid in acetonitrile and 0.1% formic acid in H2O with 
gradient elution.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabb4133/DC1

View/request a protocol for this paper from Bio-protocol.
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