Self-Powered Micropumps Open Door to
Power-Free Diagnostics

New micropumps could use the body’s
own chemistry as their power supply.
Researchers, managed by DTRA CB/
JSTO’s Dr. Brian Pate, including Dr.
Ayusman Sen of Penn State University,
published their discovery of a new class
of micropumps that toggle between
“on” and “off” states by the presence

of glucose. The goal of the work is to
develop new strategies for exploiting
self-powered micromachines for
chemical and biological defense
applications for the warfighter, such
as point-of-need diagnostics and
“sense and treat” autonomous platforms
for delivery of countermeasures.
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The ACS Nano report, titled “Self-Powered
Glucose-Responsive Micropumps,” was
highlighted in Nanowerk, a nanotechnology
newsletter, for its novelty in describing an
active response mechanism powered by a
local biological environment, rather than
by a toxic or external source of energy.
(continued on page 5)
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Oil and Water is the Right Mix for Better
Chem-Bio Detection
You might have heard that putting unlike things together
can be compared to mixing oil and water. But researchers
doing work for DTRA CB/JSTO have found that’s just
the mix you need to build a new class of materials for
better chemical and biological threat detection.
Robust protein-mimetic materials that combine the
molecular recognition properties of enzymes and
antibodies with the stability of bulk polymers are an
important new class of materials being developed to
improve the specificity and durability of sensors for
the detection of chemical and biological threat agents.
Dr. Ilya Elashvili, DTRA CB/JSTO, managed this
basic research effort, which involved the Molecular
Foundry at the Lawrence Berkeley National Laboratory
and a research team led by Dr. Ronald N. Zuckermann
with partners from the University of Oregon. The team
developed a simple and efficient new route to produce
protein-mimetic peptoid nanosheets in high yield using
an oil-water interface. Once completed, the materials
are expected to give warfighters better detection and
diagnostic tools or catalysts to neutralize many threats.
A fundamental challenge in materials science is to
be able to design and synthesize robust, atomicallydefined nanostructured materials capable of protein-like
functions. Nature produces exquisite, three-dimensional
protein architectures capable of specific molecular
recognition and catalysis by folding linear polypeptide
chains into precise shapes. Unfortunately, proteins lack
(continued on page 2)

Assembly of peptoid nanosheets at the oil/water interface: (a) An amphiphilic peptoid polymer,
exactly 28 monomers long, of defined sequence assembles into highly ordered two-dimensional
nanosheets. Each peptoid chain contains an alternating sequence of polar ionic groups (amines
or carboxylic acids) and non-polar aromatic groups. (b) As the solution concentration of
peptoid increases, the chains get closer and closer to each other at the oil-water interface and
begin to chemically interact with one another to form an ordered monolayer. These chainchain interactions were directly observed using vibrational sum frequency spectroscopy which
revealed that the chains become more ordered the closer they get to one another. (c) Lateral
compression of the peptoid monolayer at the oil-water interface brings the monolayer’s two
hydrophobic faces in contact with one another to form a highly stable bilayer structure (right).
The polar ionic groups are colored red and blue, and the hydrophobic groups are colored yellow.
Atomic force microscopy of nanosheets formed this way (left), reveals that the nanosheet bilayers
are tens of microns in lateral dimension, are uniform in thickness, and have sharp edges (left).
Image courtesy: Dr. Ronald Zuckermann, Lawrence Berkeley National Laboratory.
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Oil and Water is the Right Mix...
(continued from page 1)

the stability to find wide use in chembio defense applications. Thus, there is a
critical need for new materials that retain
the structural sophistication of proteins
but have much improved stability.
Peptoid nanosheets are versatile
biomimetic platforms for molecular
recognition and catalysis because they can
be readily functionalized to interact with a
variety of molecular targets. They are made
from sequence-defined peptoid polymer
chains that can self-assemble into highly
ordered nanosheets and show improved
chemical, thermal and biological stability
as compared to proteins.
In a recent Proceedings of the National
Academy of Sciences U.S.A. paper titled
“Assembly and molecular order of twodimensional peptoid nanosheets through
the oil–water interface” the team used
an oil-water interface to catalyze the
self-assembly of the nanosheets. The
interface served to pre-organize the
peptoid chains in a planar configuration
to facilitate their self-interaction.
The peptoids spontaneously form an
ordered monolayer, which upon lateral
compression, transforms into a bilayer
nanosheet. Once a nanosheet forms,
it migrates back into solution, opening
up new space at the interface for a
new monolayer to form. This process
is repeated many times to produce
nanosheets in high overall yield leading
to the final bilayer structures.
The team used vibrational sum frequency
spectroscopy to monitor the peptoid
chain conformation at the oil-water
interface and to observe directly the
chain-chain interactions. They found
that as the peptoid chains get closer

to one another, they begin to interact
chemically with each other to form
an ordered monolayer. Electrostatic
interactions between oppositely charged
portions of the chains are observed, only
after a relatively fully packed monolayer
is formed. As these multiple weak
interactions between the chains increase,
they work together to rigidify each strand
into a well-defined conformation in the
monolayer. The ordered monolayer is
thus the key intermediate from which the
nanosheet bilayers are produced.
The oil-water interfacial assembly
method is not only convenient, it
should also enable scale-up to produce
nanosheets on a multi-gram scale, and it
will enable scale-down so that nanosheets
can be produced in microfluidic devices.
Oil-water interfaces can be readily
generated and controlled in microfluidic
devices, so this study paves the way
to conveniently generate and screen
chemically diverse combinatorial libraries
of nanosheets. This would allow the
rapid discovery of affinity reagents for
detection/diagnostics or catalysts to
neutralize a wide variety of threat agents.
The use of this oil-water assembly
system also opens new opportunities
for engineering the hydrophobic core
of the nanosheets, since chemical
reagents, labels and/or cargo can be
introduced into the oil phase. More
generally, this increased understanding
of the interfacial supramolecular
assembly mechanism should apply
to broad classes of two-dimensional
nanomaterials built from amphiphilic
building blocks, thus giving warfighters
better detection and diagnostic tools
or catalysts to neutralize many threats.

POC: Dr. Ilya Elashvili, ilya.elashvili@dtra.mil
2

JSTO IN THE NEWS

Opening the
(Protein Logic)
Gates to Better
Sensing,
Identifying
and Reporting
of Infectious
Agents

Researchers at Johns Hopkins
University have found a way to
engineer protein logic gates that sense,
identify, and report on the presence of
infectious agents without causing harm
to the warfighter. This basic research
effort, managed by DTR A CB/JSTO’s
Dr. Ilya Elashvili and performed by
Johns Hopkins University’s Drs. Jay
H. Choi and Marc Ostermeier,
describes proof of principle
experiments that demonstrates the
successful design of artificial fusion
proteins that function as protein
logic gates. The introduction of these
proteins into cells resulted in cells with
the desired logic gate function.
Eventually, researchers hope to create
autonomously functioning cells that
would seek and destroy pathogens and
possibly diagnose and cure maladies
that could affect warfighters.
Synthetic biology seeks to build
programmed cells that respond to
molecular signals with a desired
behavior. Two-input logic gates are a
fundamental unit of decision-making
and thus have been a focal point for
building programmed cells from
the ground up. With a few notable
exceptions, the predominant focus in
synthetic biology has been on building
transcriptional network logic gates that
function on the DNA level, which are
then combined to build more complex
behavior. However, conceptually,
protein logic gates offer advantages
of simplicity, speed, and reduced
consumption of cellular resources.
(continued on page 4)

Dual-enzyme Micromotors Use Hydrogen
Peroxide to Clean Up Contaminants
Micromotors powered by hydrogen
peroxide could soon give warfighters
a quicker and more effective way
of getting rid of pollutants and
contaminants. Work managed
by DTR A CB/JSTO’s Dr. Brian
Pate and revealed by a team of
researchers, including Dr. Joseph
Wang from the University of
California, San Diego, found
that self-propelled, dual-function
biocatalytic motors, consisting
of unmodified natural tissue and
capable of in-motion bioremediation
of phenol, provided for a new
“on-the-f ly” remediation process.
This cost-effective measure
eliminates the need for expensive
isolated enzymes and relies on
environmental-friendly plant tissues.

Hydrogen peroxide plays a
dual role in the propulsion and
decontamination processes, as the
motor fuel and as co-substrate for the
phenol transformation, respectively.
Localized f luid transport and mixing,
associated with the movement of the
radish motors and corresponding
generation of microbubbles, greatly
improve the remediation efficiency
resulting in maximal removal of
pollutants within three minutes.

capabilities and functionalities that
will enhance the separation power
offered by these self-propelled
artificial microtransporters.

The research team continues to
focus efforts on advancing the
fundamental understanding of
interactions between functionalized
nanomotors to develop new motor

Future applications for this work
could include demilitarization
and contaminated environment
site remediation, such as former
explosive weapons stockpiles.

The recent discovery, which has now
been validated through external peer
review and published, is an important
contribution toward the program
milestone focused on development
of multifunctional (separate/
remediate) nanomotors.

These micromotors have a wide
spectrum of potential applications
in the remediation of industrial
aromatic pollutants that might
result from chemical manufacturing
or from chemical agents and
munition components such as
detonation cord and fuses.
In the RCS Advances article, “Dualenzyme natural motors incorporating
decontamination and propulsion
capabilities,” the researchers explain
how these enzyme-rich tissue motors
rely on the catalase and peroxidase
activities of their Raphanus sativus
radish body for their propulsion
and remediation actions, respectively.
The continuous movement of
the biocatalytic tissue motors
through the contaminated sample
facilitates the dynamic removal
of phenolic pollutants, including
explosive or energetic materials
such as 2,4,6-trinitrophenol (TNP),
also known as picric acid, and
diazodinitrophenol (DDNP),
which is found in some detonators,
as a component in ecrasite.

Dual-function plant (radish-based) biomotors,
with the catalase-driven propulsion and
peroxidase-based decontamination capability.
Hydrogen peroxide fueled biocatalytic tissue motors move continuously through the contaminated sample to
dynamically remove phenolic pollutants. Courtesy Dr. Joseph Wang, University of California, San Diego.
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Opening the (Protein Logic) Gates...
(continued from page 2)

The recent ACS Synthetic Biology
article, “Rational Design of
a Fusion Protein to Exhibit
Disulfide-Mediated Logic Gate
Behavior,” describes the redesign
of a single protein (RG13) to have
different logic gate and toggling
functionalities. RG13 is a fusion
of maltose binding protein and
TEM-1 beta-lactamase for which
maltose is a positive activator of
beta-lactamase enzyme activity.
By the proper introduction of a
disulfide bond into RG13 that
prevents enzyme activation, a
protein that functions as an AND
logic gate was created. The AND
gate required both maltose and a
reducing agent (which breaks the
disulfide bond) for activation of
enzyme activity.

AND logic gate design and function
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Through the proper introduction
of mutations at other locations, the
researchers also created a version
of RG13 that was activated by
reducing agents and not maltose,
and a version that was activated
by the absence of reducing agent
or the presence of maltose (a logic
gate known as ORN).
The complexity of proteins and
generally their relative lack of
modularity (compared to gene
networks) are significant impediments
to the realization of proteins’ potential
as logic gates that rival transcriptional
networks. However, this research
establishes that protein logic gates of
different types can - in principle be built in a rational fashion using
protein modules.
This basic research is part of a
gradual development of a toolbox
of sensing and treatment options,
including creating a viable system
of autonomously functioning
cells to sense, diagnose and even
cure harmful agents affecting
the warfighters.
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AND logic gate design and function - The protein AND logic gate was built from a protein that bound
maltose (the detector) and an enzyme that catalyzed a reaction (the reporter), which causes a color change
in the solution or causes the bacteria to behave in a certain fashion. Fusion of the detector and reporter
in a select geometric configuration resulted in a fusion protein in which enzyme activity was activated by
the presence of maltose (a YES gate). AND gate functionality was achieved through the introduction of
a disulfide bond that prevented the conformation change in the detector domain necessary for activation
of the reporter domain. However, the disulfide can be broken by the presence of a reducing agent such as
Dithiothreitol (DTT). Hence, activation requires both a reducing agent and maltose. Image courtesy:
Dr. Marc Ostermeier, Johns Hopkins University.
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Self-Powered Micropumps...
(continued from page 1)

The particular pumping mechanism
described in this study is based
on boronate chemistry. The pump
is triggered by the presence of
glucose in ambient conditions and
induces convective fluid flows, with
pumping velocity proportional to
drug concentration. A supporting
modeling effort has provided a detailed
explanation of the mechanism behind
the experimental observations. Pumping
velocity is enhanced by replacing glucose
with mannitol, because of the enhanced
exothermicity associated with mannitol.
This work opens the potential for
continuous diagnostics monitoring
of warfighters and citizens without the
additional logistic burden of batteries
or other external power supplies.

Schematic demonstration of the experimental setup. (a) Transesterification inside the micropump when
exposed to glucose. (b) Normal configuration of the micropump: outward fluid flow on the top layer (c) When
the micropump is flipped upside down, flow direction reverses. Image created for the Department of Defense
by Dr. Ayusman Sen of Penn State University and courtesy of the American Chemical Society.
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Defense. This publication
highlights the organization’s
accomplishments to protect
warfighters and citizens
through the innovative
application of science and
technology research.
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