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Abstract
We demonstrate a methodology that utilizes the specificity of enzyme-substrate biomolecular
interactions to trigger miniaturized tools under biocompatible conditions. Miniaturized grippers
were constructed using multilayer hinges that employed intrinsic strain energy and biopolymer
triggers, as well as ferromagnetic elements. This composition obviated the need for external
energy sources, and allowed for remote manipulation of the tools. Selective enzymatic degradation
of biopolymer hinge components triggered closing of the grippers; subsequent reopening was
achieved with an orthogonal enzyme. We highlight the utility of these enzymatically triggered
tools by demonstrating the biopsy of liver tissue from a model organ system and gripping and
releasing an alginate bead. This strategy suggests an approach for the development of smart
materials and devices that autonomously reconfigure in response to extremely specific biological
environments.

An important area of engineering is the development of functional materials and devices that
have the ability to actuate under specific environmental cues. 1–3 Chemical reactions can be
used to facilitate changes in material properties and consequently generate mechanical force,
thereby triggering actuation. Such chemo-mechanical actuation4–9 can enable an
autonomous response from these structures without the need for any wires or tethers.
Chemically triggered actuation does not require any external signaling or batteries,
potentially lowering fabrication costs and enabling actuation in hard to reach places such as
confined organs and vasculature. In addition, rapid diffusion of chemicals in aqueous
solutions allows a stimulus to reach distant areas and trigger actuation of multiple tetherless
devices simultaneously.10 While chemo-mechanical actuation is widely observed in nature,
it has yet to be fully realized in human engineering which predominantly relies on
mechanical actuation via pneumatic, hydraulic or electrical signals.11, 12

One considerable challenge is the development of chemo-mechanical structures that actuate
only in response to specific cues under biocompatible conditions. Such a capability would
offer the possibility for the creation of smart materials and devices that autonomously
reconfigure when exposed to diseased locations within the body. This functionality would
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enable wide-ranging applications such as excision of tissue, stenting, clamping and removal
of blockages.3

A well-known class of biochemical reactions which has naturally evolved with great
selectivity is that of enzymes with their substrates. Biopolymers composed of polypeptides,
polysaccharides and polynucleotides are selectively degraded by specific enzymes such as
proteases, glycoside hydrolases, and nucleases, respectively. Here, we created multilayer
grippers with hinges composed of either gelatin, a polypeptide, or carboxymethylcellulose
(CMC), a polysaccharide. These hinges, also containing pre-stressed and structural metal
films, were patterned using photolithography and combined with rigid segments to create a
gripper. These tools closed and re-opened when exposed to proteases and glucosidases
respectively. They were approximately 1.1 mm in diameter when open and approximately
600 µm in diameter when closed (Figure 1). The fabrication process was highly parallel and
approximately 1600 grippers could be fabricated simultaneously on a three inch diameter
wafer.

Grippers were designed with alternating rigid segments and flexible hinges. Rigid segments
remained flat during the entire cycle of closing and re-opening, providing the mechanical
strength required for secure gripping. Flexible hinges were initially flat, and curved only on
exposure to the appropriate enzyme. Closing and re-opening was achieved using a gripper
design with two kinds of hinges which bent with either concave or convex curvatures.13 The
concept behind this two-stage actuation is as follows: On the appropriate trigger, all hinges
covered with one biopolymer actuate, while the entire second set of hinges remain flat,
causing the gripper to close. As the modulus of the second biopolymer is reduced, all the
second hinges also bend, but in the opposite direction, thus re-opening the gripper (Figure
1b).

The grippers were microfabricated in two dimensions (2D) on a silicon wafer using
conventional photolithography techniques and were subsequently released from the
substrate. The first step involved depositing a sacrificial copper (Cu) layer14 on the wafer by
thermal evaporation. Next, flexible and rigid components consisting of chromium (Cr),
nickel (Ni) and gold (Au) were deposited and patterned by lift-off metallization and
electrodeposition. Ni, which is ferromagnetic, was incorporated to allow for remote
magnetic manipulation. The gripper was designed such that only Cr and Au surfaces were
exposed to render it bioinert.15 Aqueous biopolymer solutions were dispensed onto the
features and patterned by exposure to ultraviolet (UV) light through a quartz photomask.
The uncrosslinked biopolymer was washed away, and the sacrificial layer was dissolved to
release untethered grippers.

We chose commercially processed derivatives of natural biopolymers to allow for aqueous
handling: gelatin, derived from collagen, and CMC, from cellulose. The two biopolymers
are targeted by different families of enzymes - without overlapping activity - so that each set
can be actuated selectively. Additionally, gelatin is degraded by enzymes which occur in
disease states, such as proteases in cancer.16, 17 This offers the possibility for autonomous
actuation in response to a disease marker. The other biopolymer, CMC, degrades on
exposure to non-mammalian enzymes that do not interact with animal tissue.

Both raw biopolymers were synthetically modified by chemical grafting of methacrylate
groups to the polymer backbone18–21 (Supporting Figure S1). This modification enabled
crosslinking22 under UV light in the presence of molecular crosslinkers and free-radical
photoinitiators.23 The highlight of this process is that the crosslinked material retained the
necessary accessible monomer groups to allow for enzymatic recognition and cleavage.
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The biopolymers were patterned sequentially atop the metal layers, while underlying
multilayer hinges were constructed by layering thin films with specific levels of tension. The
bending angles of the hinges were designed using a multilayer mechanics model (See
Supporting Information). The magnitude of the strain differential across the thickness of this
multilayer stack leads to a specific bending angle at equilibrium.24–27 Controlled bending
of the multilayer hinge was achieved by altering the mechanical properties of the
biopolymer. A relatively stiff crosslinked biopolymer on top of a pre-stressed bilayer stack
arrested its bending, causing it to remain flat. Removal or softening of this biopolymer
allowed the hinge to bend (Figure 2).

Using the model, we determined that for a typical gel modulus of 104 Pa, a 150 µm thick
patterned gel would be sufficient to ensure a flat state28, which was verified experimentally.
In order to create a miniaturized integrated tool we used a computer simulation to model
serial linkages of rigid segments and various hinge types as a 2D cross section, so that the
folding state of any tool could be visualized in silico before experiments. We first simulated
grippers with a single set of hinges that simply closed on actuation.

Using this model, we observed that a reduction in modulus to 100 Pa would cause the
gripper to close, and observed a similar actuation profile in experiments (Figure 3). We then
modeled grippers with two sets of hinges that closed and re-opened. Closing occurred when
the modulus of the first biopolymer (CMC) was reduced to 100 Pa while the second
biopolymer (gelatin) remained stiff (104 Pa) (Figure 2a–e). Re-opening occurred when the
modulus of gelatin was reduced in turn. During the actuation of the gelatin-triggered hinge,
the modulus of CMC remained low and was not affected.

Selectivity of actuation was studied using grippers with either a gelatin or a CMC trigger.
Several enzymes were screened (See Supporting Information): proteases from animal
pancreatic origin (trypsin), plant origin (papain), and bacterial origin (collagenase), which
are specific to the polypeptide (gelatin) grippers, and carbohydrate degrading enzymes from
fungal origin (cellulase) that are specific to the polysaccharide (CMC) trigger. We also
tested a commercial mixture of many enzymes used for plant cell wall lysis (Viscozyme), as
well as phosphate buffered saline (PBS) and cell culture media with serum. For these
experiments, special care was taken to ensure that all grippers were fabricated
simultaneously on a single wafer and differed only in the application of gelatin or CMC
hinge triggers as a final step.

In Figure 3, we show the response of the tools to different hydrolytic enzymes. Using optical
microscopy, the diameter (D) of grippers exposed to different enzymes was recorded over
time. We utilized a parameter, D/Dmax, which allowed us to quantify closing and re-opening
in various enzymes, and plot average data for 5 grippers. Open grippers at maximum spread
have a defined edge-to-edge ratio D/Dmax of 1, and in this specific design, completely closed
grippers have a theoretical minimum ratio of 0.355. As an example, we experimentally
observed that polypeptide grippers in trypsin fold to 90% of maximum (D/Dmax = 0.42) in
approximately 10 minutes.

We observed that none of the grippers closed in the presence of PBS or mammalian cell
media over 60 days. We observed a selectivity of 1:189 or greater for all individual enzymes
screened (trypsin, cellulase, collagenase, papain). Enzyme-gripper selectivity was gauged by
comparing time to achieve a diameter reduction ratio of 0.6. For example, cellulase closed
CMC microgrippers in 18 minutes, and gelatin microgrippers in 3400 minutes (two days), a
ratio of 1:189. This ratio of over two orders of magnitude demonstrates high enzyme-
substrate specificity in microgripper actuation. Both CMC and gelatin grippers closed in the

Bassik et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2011 November 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



presence of Viscozyme, which contains a mixture of enzymes, with CMC grippers closing
more quickly due to higher activity of carbohydredases in Viscozyme.

Sensitivity of the grippers to decreasing concentrations of enzyme activity was also
examined. We took serial dilutions of collagenase covering three orders of magnitude (5400
Units/mL to 21 Units/mL) and incubated UV sterilized gelatin grippers in the solutions.
While the grippers in the highest concentrations closed in minutes, they took several weeks
to close in the lowest enzyme concentrations. Similarly, CMC grippers exposed to a 2250
Unit/mL cellulase solution closed in under 5 minutes as compared to approximately 18
hours in a 27 Unit/mL dilution. Decreased enzyme activity is expected to increase closing
time as both bond cleavage and diffusion will be reduced. However, the ability to actuate in
varying enzyme concentrations suggests possible activity in vivo.

We note that the gripper actuation was sensitive to the appropriate enzyme class for rapid
actuation. This allowed a time window for differential actuation of orthogonal enzymes. We
demonstrated actuation of hinges in series by placing the grippers in solutions of papain and
then cellulase, or vice versa. We observed orthogonal actuation of specific grippers in only
the corresponding enzymes (Supporting Figure S3).

We used the enzymatically triggered grippers to demonstrate medically relevant tasks. It is
difficult to reach closed lumina in the body, such as the biliary tree, with tethered tools. One
alternative is to manipulate untethered devices using magnetic forces, also permitting
visualization via magnetic resonance imaging.29 CMC-gelatin grippers that could be closed
and reopened were used to securely grip a 700 µm alginate bead (Figure 4a–b). Closing was
actuated using a cellulase trigger. We were then able to move the gripper with the bead
securely in its grasp using a magnetic stylus and subsequently release the bead using a
collagenase trigger. This demonstration highlights possible applicability in pick-and-place
operations and on-demand drug delivery.7

Avian liver tissue was biopsied from a model organ (cast from acrylic resin) with size scales
approximately that of an adult human (Figure 4c). For this experiment we utilized CMC
grippers that closed in response to cellulase. After placing the grippers in the duodenum, we
remotely piloted them through the ampulla of Vater, through the common bile duct (5mm
diameter lumen30), and into the liver. Cellulase solution was then added via syringe and the
gripper closed around the tissue. Magnetic manipulation was used to extract the gripper and
excised tissue, which was then stained (Figure 4c–e).

Additionally, the ability of these tools to retrieve cells for further diagnostic analysis was
tested. We cultured a line of normal, SV-40 transformed, bile duct cells (H69) and a line of
cholangiocarcinoma cells (HuCCT1). After collecting the cells in a pellet we introduced
CMC triggered grippers and closed them with cellulase (Figure 4f–g). The force exerted by
an external magnet used to move the grippers was sufficient to hold up a large (9 mm) cell
clump with eight grippers. RNA was extracted from the cells retrieved with the grippers.
The quality of the RNA, and by extension, the integrity of the cells that were retrieved, was
verified via running extracts on a denaturing agarose gel (Figure 4h). We also included an
RNA positive control (lane 1) obtained from H69 cells that were not retrieved with the
grippers. The similarity of the 28S and 18S bands in the control and gripper retrievals
demonstrates that this technique enables the collection of high quality RNA and clinically
relevant data.

In conclusion, we have demonstrated grippers triggered by specific enzyme substrate
interactions. These hybrid metal/polymer tools are a step toward the creation of miniaturized
devices and materials that respond autonomously to specific biochemicals and disease
markers. For example, by matching the biopolymer to proteolytic enzymes that are naturally
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secreted from cancer cells it should be possible to facilitate a tool that responds only to
cancerous environments.31 It should also be possible to delay actuation by crosslinking
protease inhibitors32 into the biopolymer or accelerate it using protease zymogens such as
trypsinogen.33 Our methodology may be extended to other enzyme-biopolymer pairs such
as the degradation of DNA based biopolymers34–36 using nucleases. In principle, the
process is also compatible with nanoscale patterning techniques such as electron beam or
direct write techniques37, 38 which suggests the possibility of further miniaturization.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of multilayered thin film gripper with integrated biopolymer layers that can close
and re-open on exposure to enzymes. (a–c) Optical images of the grippers in the flat, closed,
and re-opened states respectively. The red arrow indicates the second set of hinges. Scale
bars represent 200 µm (a, b, c). (d–f) Schematic representations of the grippers in the three
corresponding states above. (d) The gripper is held flat by the thick, crosslinked biopolymer
(hatching). When this biopolymer is selectively degraded by enzyme 1 the modulus
decreases and the gripper closes. (f) The second trigger, a rigid biopolymer insensitive to
enzyme 1, is preventing a second set of hinges from actuating, keeping the gripper closed.
(f) Subsequently this trigger can be actuated by enzyme 2 to re-open the gripper. (g–i) Cross
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section magnified view of a single hinge illustrating behavior of biopolymer trigger. (g)
Both biopolymer layers are stiff, preventing all bending. (h) On degrading the biopolymer
with enzyme 1, the second hinge remains flat. (i) The second polymer is degraded by
enzyme 2 and this hinge bends in the opposite direction.
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Figure 2.
Mathematical modeling of the actuation of grippers as a function of moduli of biopolymers.
(a) In the initial state both polymers are stiff (moduli higher than 104 Pa) and the entire
gripper is flat. (b) When the first biopolymer is degraded and its modulus decreases to
approximately 100 Pa, the first set of six hinges bends causing the gripper to close. (c) The
remaining 2 hinges bend when the modulus of the second biopolymer trigger is decreased.
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Figure 3.
Kinetics of enzymatic triggering. Plots of the experimentally measured diameter reduction
ratio (D/Dmax) versus time on exposure to a variety of enzymes. The line denotes the
average value measured over 5 trials and the shaded region denotes the standard deviation.
The curves demonstrate sensitivity to enzyme class. The grippers that use a gelatin based
trigger actuated in less than 30 minutes in trypsin, papain and collagenase, actuated in less
than an hour in viscozyme, actuated in less than a week by cellulase, and did not actuate in
PBS or cell culture media with serum after several months. The grippers with a cellulase
biopolymer layer are actuated in less than ten minutes in viscozyme and 1 hour in cellulase.
There is some actuation within a month in papain and trypsin; in over a month there is no
significant actuation in collagenase, PBS, or media. (PBS and media results are included in
the Supporting Figure S5)
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Figure 4.
Pick-and-place, external biopsy in a model of the human biliary system, and RNA retrieval
from cells after capture. (a–e) Procedures were conducted in an acrylic fluidic channel
model representation of the human biliary tree. The common bile duct of the model was 5
mm, which approximates adult human size. (a–b) We used a gripper that closed in response
to cellulase to retrieve a 700 µm alginate bead outside the model. After placing the gripper
in the duodenum we guided it deep into the liver with a magnetic stylus. (b) We then added
collagenase and agitated to release the bead. (d–e) In a separate experiment, a gripper with a
CMC biopolymer trigger was placed in the duodenum and magnetically guided (arrows)
through the bile ducts to a piece of liver tissue. (d) After insertion of cellulase, the gripper
actuated in minutes and clamped on tissue. Magnetic manipulation both generated sufficient
force to biopsy tissue and subsequently guide the loaded gripper out for extraction. (e) After
staining with trypan blue, retrieved tissue was visible (arrow). (f–h) In experiments
performed in round bottomed tubes, HuCCT1 cholangiocarcinoma cells, (f), and H69 bile
duct cells, (g), were cultured and formed into pellets by centrifugation. After grippers were
deposited and guided to the H69 cell mass, cellulase was added and the grippers burrowed
into the tissue under magnetic force. (f) Less than 10 grippers could lift a mass of cells and
guide it out of the vial (arrow). (H) RNA was extracted from both samples and is shown in a
gel: Lane 1 is a control from H69 cells, Lanes 2 and 3 are two samples from H69 cell
retrievals and Lane 4 is from a HuCCT1 cell retrieval. Scale bars represent 200 µm
(a,b,d,e,g), 2 cm (c) and 1 cm (f). Larger views of (d,f,g) are shown in Figure S7 in the
supporting information.
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