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ABSTRACT: Autonomous electronic microsystems smaller
than the diameter of a human hair (<100 μm) are promising
for sensing in confined spaces such as microfluidic channels or
the human body. However, they are difficult to implement due
to fabrication challenges and limited power budget. Here we
present a 60 × 60 μm electronic microsystem platform, or
SynCell, that overcomes these issues by leveraging the
integration capabilities of two-dimensional material circuits
and the low power consumption of passive germanium timers,
memory-like chemical sensors, and magnetic pads. In a proof-
of-concept experiment, we magnetically positioned SynCells in
a microfluidic channel to detect putrescine. After we extracted
them from the channel, we successfully read out the timer and sensor signal, the latter of which can be amplified by an
onboard transistor circuit. The concepts developed here will be applicable to microsystems targeting a variety of applications
from microfluidic sensing to biomedical research.
KEYWORDS: 2D materials, MoS2, magnetic actuation, microfluidics, chemical sensing

Sensing in spatially constrained environments is highly
relevant in areas such as microfluidics and biomedical
research. For example, in microfluidic devices sensing is

essential for analyzing cells, testing new drugs, or enabling
inexpensive home health tests.1,2 Inside the human body,
implantable microscale sensors are currently being investigated
for neural and biosensing,3−5 and sensors as small as red blood
cells have been proposed to detect diseases on a cellular level.6

To address these applications, it is desirable to have
micrometer-scale sensors that can be easily deployed and
require little infrastructure.
Several strategies have been developed to measure in

constrained environments. The most straightforward approach
is to reduce the sensor area of a macroscopic setup to attain
micrometer sensing resolution, such as silicon-based micro-
electrodes for neural sensing7 or embedded sensors in
microfluidic systems for bioapplications.8 However, these
techniques can only measure in predefined locations and are
wired to larger external supporting equipment. This strongly
limits measurement flexibility and makes it difficult to apply
these solutions to unstructured environments, such as
microfluidic devices without embedded sensors.

Autonomous microsystems are a promising solution for
sensing in constrained spaces, offering a high degree of
flexibility without external wires. One way such microsystems
can be built is by heavily leveraging CMOS integration to
miniaturize electronic sensing systems into a single sub-
millimeter package, sometimes referred to as Smart Dust.9,10

Several silicon-based autonomous sensor nodes with sizes
down to a few hundred micrometers have been demonstrated,
mainly for medical and biosensing applications.3−5,11−16

However, such systems are still too large to enter microfluidic
channels or blood vessels. Designing CMOS-based micro-
systems below 100 μm in size is exceedingly difficult since
complex circuitry such as microcontrollers are no longer
feasible even with advanced technology nodes and energy
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available from storage or harvesting elements is severely
limited to a few microwatts at best.3,16,17

To reduce the size below 100 μm, autonomous micro-
systems with strongly reduced functionality have been
proposed, such as sprayable 2D-material microsystems for
environmental sensing17 or optical sensors18,19 and μtags20 for
biosensing. These approaches sometimes use functional
materials that achieve tasks without electric components and
simplify the microsystem design. However, all these solutions
are single sensor systems, mostly just backscattering or
fluorescently re-emitting an input signal that needs immediate
read-out or requires constant input power. Alternatively,
biologically engineered micro- and nanomachines have been
demonstrated for sensing21 with dimensions of about 1−50
μm, making them the smallest engineered microsystems.
However, they also require constant imaging to read out the
fluorescent or motion-based sensor output. To increase the
utility of these microsystems, more functionality at this small
footprint is needed. Additionally, not relying on immediate
readout or external power during sensing is helpful to increase
the range of applications, while adding actuation methods
would greatly increase measurement flexibility.
In this work, we present a 60 × 60 × 2 μm3 autonomous

electronic platform that we call Synthetic Cells, or SynCells.
Our system consists of several components including
molybdenum disulfide-based (MoS2) transistors and chemical
sensors, analog timers based on eroding germanium (Ge)
films, and magnetic iron pads for actuation. These building
blocks represent a broad set of capabilities and enable
functions such as signal amplification, sensing, time tracking,
and remote actuation, respectively. By leveraging both
electronic and functional material devices we propose a passive
sensing approach that does not require power or instantaneous
communication while sensing. To show their utility in confined
spaces, we magnetically positioned SynCells in a microfluidic

channel to detect putrescine. After extracting the SynCells
from the channel, we read out the timer and sensor signal, the
latter of which can be successfully amplified by an onboard
transistor circuit to increase their output signal, demonstrating
the utility of our SynCells for sensing in constrained
environments.

RESULTS/DISCUSSION
Concept. Designing tiny autonomous microsystems has

two main challenges: microsystem size and power budget.
Microsystems below 100 μm do not have room for complex
circuitry, even with state-of-the-art microfabrication technolo-
gies. The smallest ARM Cortex M0+ microcontroller, for
example, still takes up 0.073 mm2 of area with a 28 nm CMOS
process node,22 which is 22 times larger than our proposed
SynCells. Furthermore, the amount of electric energy that can
be stored or harvested on a sub-100 μm microsystem is
severely limited. Available microbatteries are still too large13 to
fit on such systems, and their scaled down charge capacity
would be prohibitively low (approximately 0.5 nAh for a 50 ×
50 × 50 μm3 battery13). Energy harvesting is able to deliver
more power to sub-100 μm microsystems under optimum
conditions but is still limited to a few microwatts at best.3,16,17

In the SynCell platform we addressed the size and power
constraints by designing simple and task-specific SynCells to
reduce microsystem size and power budget. Rather than
adding all functionality onto a single microsystem, we designed
multiple types of SynCells with different layouts and functions.
This way, a complex task can be addressed through a diversity
of SynCell types. Specifically, we fabricated four types of
SynCells; see Supporting Figure S1: a Sensor SynCell with two
chemical sensor designs and a reference device, a Timer SynCell
with three different timer designs, an Amplif ier SynCell with
two chemical sensors and a differential amplifier for signal

Figure 1. SynCell concept and structure. (a) Cross-section schematic of a “Hybrid SynCell”. The SynCells are built on silicon with a 10/100
nm layer of Ni/Cu film as sacrificial release layer. In total, the SynCells consist of nine layers, all patterned by photolithography. (b)
Micrograph image of a SynCell. (c) Top-view schematic of a SynCell with MoS2-based transistors and chemical sensor, Ge-based timer,
buried iron pads for magnetic actuation, optical ID tag, and measurement pads for evaluation, with optical image shown in (b).
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conditioning, and a Hybrid SynCell with a chemical sensor, an
amplifier, and a timer.
To reduce power consumption, all key components of our

SynCells operate passively while the SynCells are dispersed in
liquid. After exposure to the analyte of interest, the
chemiresistive sensors change their conductance and only go
back to their original state very slowly, hence also serving as
analog memory. The Ge-based timers keep track of time by
measuring the oxidation and subsequent erosion of germanium
in water.23 Each SynCell has a 10/100 nm nickel (Ni)/iron
(Fe) film embedded inside the SU-8 substrate so that they can
to be moved by magnetic fields induced by either moving
permanent magnets or changing the current through electro-
magnets.24 As a result, the SynCell can travel through hard-to-
reach environments and perform different measurements in a
fully autonomous manner, without the need of light or other
energy sources.
After sensing, the SynCells can be recovered by concentrat-

ing them magnetically, drop-casting them on a glass slide, and
reading out the sensor and timer thanks to the on-board
electronics. Here, built-in transistors on the Amplifier SynCell
are used to convert the sensor conductance into a low- or high-
voltage signal, depending on whether a chemical exposure
occurred. These retrievable and autonomous SynCell micro-
systems are useful for measuring in confined spaces such as
microfluidic channels or distributed piping systems that do not
have any infrastructure to provide power or readout sensor
values. In the future, the measurement pads could be replaced
with an optical communication system to allow direct wireless
sensor readout.
The SynCells are built on a Cu/Si sacrificial substrate and

are composed of nine layers patterned by photolithography;
see Methods and Supporting Information for details. Figure 1a
and c show a cross-section and top-view schematic of a
“Hybrid SynCell” that contain all building blocks, while a
micrograph of the same SynCell is depicted in Figure 1b.
Mechanical stability is provided through a 2 μm thin SU-8
polymer film. SU-8 is an ideal substrate material because it is
mechanically flexible, chemically inert, biocompatible,25 and
stable at high temperature.26 On top, thin films of gold,
germanium, SU-8, and monolayer MoS2 grown by metal−

organic chemical vapor deposition (MOCVD) are used for the
transistors, sensors, analog timers, and measurement pads with
the SU-8 also acting as the dielectric layer. MoS2 was chosen as
sensor and transistor materials because it is a high-quality
semiconductor and excellent sensing material and can be easily
integrated onto an SU-8 substrate at room temperature, as
opposed to other electronic thin-film materials. One pad is
shaped differently for each SynCell type to create an optical
identification (ID) label to distinguish them under the
microscope. In total, over 11 300 SynCells are fabricated on
each 8 × 8 mm2 die with a yield above 95% after fabrication
based on sampling several hundred SynCells.

SynCell Building Blocks. First, we characterized each
SynCell building block separately. For this, the SynCells were
fabricated, lifted-off, transferred onto another PMMA/Si
carrier, and then tested (see Methods for details).

Germanium Timers. Germanium thin-film timers were used
to estimate the time SynCells are submersed in water by
leveraging the slow erosion process of Ge in water. In the
future, such timers could generate time stamps for sensor data
with no additional power or to infer how far SynCells have
traveled based on their excursion time. Since germanium is
biocompatible in small quantities, it could even be used in
biological environments.27,28 The idea of using chemical
reactions to measure time has been proposed before, for
example, using lead chromate,29 which records a lead ion
concentration in water over time by changes in color. Also, the
erosion of materials such as metals30 (Fe, Mg, Mo, W, Zn),
semiconductors (Si, Ge),31 and oxides (MgO, SiO2)

32 has
been proposed to build transient electronics that disintegrate
over time. In this work, we use an 80 nm thin layer of Ge
contacted by two 100 nm gold contacts as an electrically
readable passive timer to estimate the time spent in water.
Germanium oxidizes in the presence of dissolved oxygen with
the formed oxide readily dissolving in water.23,33 This
oxidation and subsequent etching process thins down the Ge
film and manifests in an increasing resistance over time. After
SynCell deployment and retrieval, the film resistance is an
analog electric representation of how much time it has been
dispersed in an aqueous solution.

Figure 2. Analysis of germanium-based analog timers. (a) Optical micrographs of a Ge timer after 0, 4, 8, and 16 min of etching in 60 °C
warm DI water. (b) Typical current−voltage (IV) characteristic of an 80 nm thick Ge timer after 0, 5, 10, and 15 min in room-temperature
water. The conductance decreases over time. (c) Timer conductance of 15 timers over time.
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The erosion of germanium timers in water is illustrated in
Figure 2a), which shows microscope images of the same device
at four different times as it is slowly eroding in DI water. The
water bath was kept at 60 °C to accelerate the etching (see
Methods for details). The germanium close to the gold pads is
eroded after 4 min. After about 16 min the entire thin film has
been etched. This is consistent with previous work34,35 that
reports the accelerated etching of Ge in the presence of noble
metals due to their catalytic effect. Figure 2b) shows the
electrical behavior of a Ge timer in room-temperature (RT) DI
water over time. The current through the timer decreases by
more than 5 orders of magnitude from 40 nA to 0.17 pA at 10
V bias in the span of 15 min. Lastly, Figure 2c plots the
conductance of 15 Ge timers etching in RT DI water over
time. As already seen in Figure 2b), the average timer
conductance exponentially drops over time and is effectively
open circuit after 15 min. This is consistent with anticipated
deployment times of SynCells in the minutes to hour range.
The box plot shows that the conductance distribution widens
after the SynCells have been in water for 5 min and then
narrows again toward the end. This will introduce uncertainty
when inferring the exact time spent in water based on the timer
conductance. Nonetheless this method will give a rough
estimation of time, especially when averaging over the timer
conductance of multiple SynCells. The time span of how long
it takes the timer to reach open circuit is defined by material
properties, device design, and its environment. One way to
modulate the time constant is by varying the germanium
thickness with thicker films yielding longer etch times, as
shown in the Supporting Figure S2. This allows us to tune
timers for different applications.
Chemical Sensors. Chemical sensors are a key building

block of the proposed SynCell platform. Here, as a proof
concept, MoS2 chemical sensors have been integrated onto
SynCells to detect putrescine in water and air. MoS2 is well
documented as an excellent sensor material36 due to its

extreme surface-to-body ratio and has been used to detect
gases such as ammonia and triethylamine.17,37 Putrescine is a
diamine that is generated by the decomposition of meat and
fish. As a result, putrescine sensors are highly relevant in food
quality monitoring.38−40 Additionally, putrescine is indicative
of cell proliferation and cell growth.41

The MoS2 sensors used in this work are chemiresistors,
which means they change resistance as a function of chemical
exposure. We chose a 1.5 × 8 μm2 channel of MOCVD-grown
MoS2 (see Supporting Figure S3) with 100 nm Au contacts as
sensing material. Additionally, the SynCells contain internal
reference sensors, which are identical to the regular sensors,
but are covered by SU-8, shielding them from the outside to
monitor possible sensor drift. The MoS2 sensors embedded in
the SynCell platform are also likely sensitive to other analytes
such as nitric oxide, ammonia, or mercury,36 but optimizing
sensor selectivity and sensitivity is not our goal. Eventually,
functionalization layers can be applied to the MoS2 film to
make the SynCells selectively sensitive to a large variety of
specific analytes and molecules, for example, prostate cancer
antibodies42 or volatile organic compounds.43

The SynCells were tested in either DI water or nitrogen gas
(see Figure 3a)). For gas sensing, 10 ppm of putrescine in a
nitrogen (N2) carrier gas was flowed into a chamber for 5 min
(see Methods). Upon exposure, the sensor conductance
increases by 65 times compared to its initial value (see Figure
3c)), which compares favorably to functionalized carbon
nanotube sensors40 and is also stronger than the response
reported from similar unfunctionalized MoS2 gas sensors.37

Eighteen hours after exposure the average channel con-
ductance was still 12 times larger than their starting value,
which highlights that the sensors retain sensing information for
a period of hours, effectively behaving as 1-bit memory devices
over this span. This memory function is crucial to our
envisioned use cases because it allows SynCells to measure
their environment for minutes to hours without requiring any

Figure 3. MoS2-based chemical sensor characterization. (a) MoS2 chemical sensors were exposed to putrescine in both water (100 mg/L, 5
min exposure) and nitrogen (10 ppm of putrescine in N2, 5 min exposure, 5 min purging in N2). (b) Transfer characteristic of a back-gated
chemical sensor before and after exposure to putrescine in DI water. The negative threshold voltage shift indicates n-type doping of the
MoS2. (c) MoS2 conductance of 10 sensors and 10 reference sensors before, right after, and 18 h after putrescine gas exposure. (d) MoS2
conductance of 12 sensors and 12 reference sensors before, right after, and 18 h after 100 mg/L putrescine in water.
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electrical power. Consequently, the sensor conductance
corresponds to the integrated presence of putrescine during
the measurement interval. This is an important metric in toxin
detection, as their presence anywhere in the system is reason
for further scrutiny. The internal reference sensors remain
constant over all three measurements. It should be noted that
their average conductivity is higher than in the actual sensor
devices due to the SU-8 passivation inducing additional
doping, as previously reported.44

For the liquid test, the samples were exposed to 100 mg/L of
putrescine in DI water for 5 min, which is a relevant
concentration for food spoilage monitoring39,45 or for
stimulating cell growth.46 After the exposure, the samples
were blow-dried and measured electrically (see Methods for
details). Figure 3d shows the change in sensor conductance
before and after exposure. The sensor conductance increased
90 times compared to the initial measurement and is still 10
times higher after 18 h in ambient air. The increased sensor
conductance persists even after the sensors are soaked in DI
water after exposure to putrescine; see Supporting Figure S4. It
should also be noted that the readings of the internal reference
sensors stay constant during the measurements.
The reason for the increase in conductance for both the gas

and liquid exposure is an adsorption of the putrescine
molecules on the MoS2 and subsequent n-type doping of the
MoS2 channel. This is shown in Figure 3b, which plots the
transfer characteristic of an unpassivated transistor before and
after exposure to 100 mg/L of putrescine in DI water. The
threshold voltage shifts negatively, which indicates strong n-
type doping. This is consistent with earlier findings of carbon
nanotube-based sensors that are p-type doped under ambient
conditions and decrease in conductance when exposed to
putrescine.40 Reference tests of sensors just exposed to pure DI
water or air show no significant change in sensor conductance
and are shown in Supporting Figure S5.
Signal Conditioning Electronics. Besides chemical

sensors and timers, we also incorporated MoS2 transistors
onto the SynCell platform for signal conditioning and
amplification. MoS2 has been studied extensively as transistor
channel material in the recent past and is a promising
candidate for future electronics because of its high carrier
mobility, its easy integration capability, and its atomically thin
nature, which is favorable for ultrascaled transistors.47,48 In this
work, we use MoS2 transistors to amplify the chemical sensor
signal to produce a low or high voltage signal depending on
whether an exposure occurred. These devices can also be used
to implement basic logic functions, like inverters and XOR

gates.47 The MoS2 transistors on the SynCells are 8 μm wide
and 1.5 μm long and are placed on a gold back-gate with an
800 nm thick SU-8 layer that forms the gate dielectric. SU-8
was used for this function because it is chemical resistant,
mechanically flexible, and easy to pattern and has a high
dielectric strength49 (see Supporting Figure S6). While SU-8 is
commonly used as a passivation layer,44 it has only been
sporadically explored as a gate dielectric in transistors.49 The
transistors have an On/Off ratio of 106 and exhibit a hysteresis
of about 6 V. The average on-current is about 2 μA/μm, and
the average mobility is 2.2 cm2/(V s). This is lower than state-
of-the-art MoS2 transistors

47,50−52 but still better than organic
semiconductors and amorphous silicon.53 A detailed character-
ization of individual transistors is provided in the Supporting
Information; see Supporting Figure S7.
Figure 4a shows the amplifier design implemented in the

SynCell platform using a feedback mechanism. The amplifier
circuit consists of two voltage dividers where the bottom two
resistors are replaced with transistors that are gated from the
drain electrode of the transistor in the opposite branch. To get
a differential behavior between the two voltage dividers, the left
branch has a sensor at the top with the transistor underneath
acting as a gate-tunable reference sensor. The right branch has
a reference resistor at the top and unpassivated transistor at the
bottom, also acting as a chemical sensor. As a result, the circuit
lowers the output voltage if there is no chemical exposure and
increases it otherwise compared to a simple voltage divider. A
micrograph of this Amplif ier SynCell is shown in Figure 4b.
Figure 4c compares the results of a passive voltage divider

circuit, shown in the inset on the left, to the proposed amplifier
circuit for four SynCells that have been exposed to 100 mg/L
of putrescine in water for 5 min (see Methods). The amplifier
circuit has a lower average output voltage of 1.4 V compared to
1.8 V on the passive voltage divider. After putrescine exposure
the voltage swing of the amplifier is 66% larger compared to
the voltage divider. This exemplifies that the circuit
successfully amplifies the sensor signal and brings it closer to
a digital high and low state of 0 and 10 V. The amplification
behavior can further be improved by thinning down the gate
dielectric. This will modulate the transistor resistance to a
greater extent and will saturate the output close to 0 and 10 V
for the unexposed and exposed state, respectively, as simulated
in Supporting Figure S8.

Demonstration of Chemical Sensing and Timer
Performance in a Microfluidic Channel. SynCells are
small enough to sense inside spatially constrained environ-
ments that are not accessible to conventional electronic

Figure 4. (a) Amplifier circuit using two transistors that feed back into each other to lower the output voltage if no exposure occurred and
raise it otherwise. (b) Microscope image of an Amplifier SynCell containing the circuit shown in (a). (c) Comparison of four SynCells with
passive voltage dividers consisting of a sensor and reference device (circuit see inset) as well as four Amplifier SynCells before and after
exposure to 100 mg/L of putrescine in DI water for 5 min. The Amplifier SynCell increases the chemical sensor signal.
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sensors. To demonstrate chemical sensing and measurement of
time in constrained environments, we used SynCells to sense
putrescine inside a microfluidic channel. We lead the SynCells
through the channel using a magnet and detect the presence or
absence of putrescine. In the future, in situ sensing can be
enabled by integrating building blocks for wireless communi-
cation using RF4 or light.3

We fabricated a maze-like channel with a channel height of
30 μm and a channel width of 500 μm, as shown in Figure 5a
(see Supporting Information for fabrication details). Figure 5b
illustrates the microfluidic test procedure. First the SynCells
are inserted into the top left opening (green). Second, they are
led to the top-right opening (“analyte opening”, red) and stay
there for a variable amount of time. Lastly, the SynCells are
moved to the bottom-right opening (blue), where they are
extracted with a pipet, cast onto a glass slide, dried (see
Methods), and measured in a probe station, as depicted in
Figure 5c). This procedure was carried out twice, once with DI
water in the analyte opening and a total time in water of 10
min and once with putrescine (100 mg/L) in that opening and
a total time in water of about 30 min. A diffusion process will
distribute putrescine in the channel over time. However, even
after 30 min, the concentration of putrescine is estimated to be
less than 1% of the original concentration at 27% of the
distance between the putrescine well and the outlet (see
Supporting Figure S9).
The results for the timers and sensors are shown in Figure

5d,e), respectively. As can be seen from Figure 5d), the
difference in time spent in water was clearly captured by our
Ge timer. In particular, the extracted conductance of 3.3 ×
10−11 S corresponds well to the previous timer characterization
in Figure 3. Figure 5e) compares the sensor conductance of
SynCells that went through the microfluidic channel with and

without putrescine. The sensors of the SynCells exposed to
putrescine are close to 1000 times more conductive than the
control experiment, which successfully demonstrates the
SynCells ability to sense chemicals in constrained spaces.
Videos of moving SynCells through the microfluidic channel

using a magnet are shown in the Supporting Videos S1 and S2.
They show that the path of the SynCells can be easily
controlled by this magnetic interaction under a microscope,
which should be easily applicable to other microfluidic
channels. In free-flowing pipe systems, the magnetic control
could also be used to capture the SynCells from the
environment. Autonomous locomotion of individual SynCells
may be implemented in the future, for example using air
coils.54

CONCLUSIONS
We demonstrate a pathway to autonomous electronic
microsystems (<100 μm) for sensing in constrained environ-
ments by combining electronic devices with functional
materials, which lowers power consumption and minimizes
system size. As a prototype, we present a 60 × 60 μm2 sensing
platform, the SynCell, that heterogeneously integrates MoS2-
based sensors and transistors with functional materials such as
iron or germanium. The eroding germanium thin films help the
SynCells to passively measure the time they spend in water.
The chemical sensors detect putrescine concentrations at a
level of 100 mg/L in water or 10 ppm in air, resulting in a
conductance change of over 50 times. They retain this
information without power over at least 18 h, thus also acting
as a 1-bit memory cell. For readout, a transistor-based amplifier
increases the signal of the chemical sensor by over 50%. Iron
pads allow the SynCells to be positioned magnetically in tight
spaces. Our experimental results show that SynCells can detect

Figure 5. Sensing putrescine at a specific location in a microfluidic channel. (a) Photograph of the used microfluidic channel. (b) Test
procedure for detecting putrescine in the microfluidic channel. The SynCells are inserted in the green opening at the top-left and
transported with a magnet to the red top-right opening, which contains putrescine. After staying in this position for a fixed amount of time
they are transported to the blue bottom-right opening, extracted, and drop-cast onto a glass slide. (c) SynCell being measured on a glass
slide after it was extracted from a microfluidic channel. (d) Current−voltage curve of two timers. The first round of SynCells stayed in water
for roughly 10 min, while the second round of SynCells stayed for 30 min. The Ge timer resistance supports that timing. (e) Sensor
conductance of four SynCells from round 1 with just DI water in the channel and 10 SynCells from round 2 with 100 mg/L of putrescine in
the red opening.
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putrescine at a specific location in a microfluidic channel using
magnetic positioning and measuring the elapsed time. The
components and concepts presented here can be useful to
further lower the footprint and power consumption of
microscale electronic sensor systems. In the future, such
microsystems may be used to collect information from
constrained spaces such as microfluidic channels or 3D-printed
organs, directly probe individual cells, and even be used as
printable/sprayable electronic particles for distributed sensor
networks.

METHODS/EXPERIMENTAL
MoS2 Synthesis. The synthesis of MoS2 was conducted in a

homemade MOCVD system (hot-wall type, 4-in. quartz tube reactor,
3 zone furnace). Molybdenum hexacarbonyl (MHC) and diethyl
sulfide (DES) were selected as chemical precursors for Mo and S,
respectively, which were injected to the quartz tube reactor as a gas
phase together with N2 and H2. The injection of precursors and
carrier gases was individually regulated with mass flow controllers
(MFCs) at room temperature (25 °C). It should be noted that the
injection of MHC was assisted by the N2 carrier gas that kept the
bubbler pressure 800 Torr, while DES was injected as a pure vapor
form. Full-film growth of MoS2 (monolayer yield >99%) was achieved
at a constant temperature of 600 °C and a total pressure of 5 Torr.
The flow rates of all precursors were kept constant during the growth:
1000 sccm N2, 1 sccm H2, 2 sccm MHC with N2, and 0.1 sccm DES.
After the MoS2 growth for 2 h, the furnace was naturally cooled to
room temperature with a constant flow of N2. The growth substrate
was SiO2 (300 nm)/Si with a dimension of 3 cm × 10 cm. NaCl was
placed at the upstream region of the reactor with the temperature kept
at 500 °C during the growth. References 55 and 56 provide more
discussion on the MOCVD process. Optical microscopy images of the
as-grown MoS2 film and an AFM scan of a transferred MoS2 film are
shown in Supporting Figure S3.
SynCell Fabrication. The SynCell fabrication protocol is

described in Supporting Table S1. The top view and cross-sectional
schematic of a “hybrid” SynCell as well as an optical image for each
layer of the fabrication process are depicted in Supporting Table S2.
In short, the fabrication process is as follows. A 4 in. bare silicon wafer
is first cleaned in premixed piranha solution (Nanostrip, KMG) and
10% HCl for 5 min each to remove organic and metallic
contamination, respectively. Next a 10 nm Ni/100 nm Cu film is e-
beam evaporated onto the wafers as a sacrificial release layer. As
bottom layer of the SynCells, SU-8 6000.5 is spin-coated on the wafer,
patterned by photolithography, and hard baked, resulting in a film
thickness of 800 nm. For magnetic actuation, a 10 nm Ni/100 nm Fe
film is e-beam evaporated and patterned by a lift-off process with
PMGI and SPR 700. Then, another layer of SU-8 6001.5 is spin-
coated on the wafer, patterned by photolithography, and hard baked,
resulting in a total SynCell thickness of 2000 nm. To form the
electronic circuits, a 10 nm Ni/40 nm Au gate layer is deposited by
electron beam (e-beam) evaporation and patterned using a lift-off
process with PMGI and SPR 700. As dielectric, an 800 nm film of SU-
8 is deposited by spin coating SU-8 2000.5, patterned by
photolithography, and hard baked. For the passive timers, an 80 nm
thick Ge film is e-beam evaporated and patterned by a lift-off process
with PMGI and SPR 700. Next, the wafer is broken into 25 × 25 mm
dies, which makes the MoS2 wet transfer easier. For the transfer, MoS2
was grown on a Si/SiO2 substrate; see MoS2 synthesis above. The as-
grown MoS2 film is coated with PMMA A6 950. To transfer it on the
SynCell die, the PMMA/MoS2 film is first delaminated in a beaker
filled with DI water. Due to the difference in hydrophobicity between
the SiO2 and MoS2 surface, the water penetrates at the interface
detaching the PMMA/MoS2 from the SiO2 substrate on DI water. In
a second step, the floating film of PMMA/MoS2 is then scooped up
with the SynCell chip, blow-dried for about 1 min, and left to dry
overnight. The transfer process was optimized to not create wrinkles.
After fully drying, the sample is baked at 150 °C for 5 min to improve

the adhesion between SU-8 and MoS2. Next, the PMMA is removed
by soaking in acetone, gently rinsing with IPA, and blow-drying the
sample. The MoS2 is patterned into sensor and transistor structures
by first defining mesa areas with a PGMI/SPR700 photoresist
polymer mask patterned by photolithography and subsequently
etching the exposed MoS2 regions by an oxygen plasma for 3 min.
The PGMI/SPR is then removed by flood exposure and a second
development step. For the source and drain contacts a 100 nm film of
Au is e-beam evaporated and patterned using a photolithography lift-
off process. As passivation layer on top of the transistors, an 800 nm
film of SU-8 is deposited by spin coating SU-8 2000.5, patterned by
photolithography, and hard baked.

SynCell Release Process. The protocol to release SynCells from
the substrate and measure them is described in the Supporting Table
S3 and illustrated in Supporting Figures S10 and S11. In short, the
finished SynCell chip is coated with an MMA 8.5 EL 11 copolymer
and patterned into a mesh with 10 μm holes between the SynCells.
This speeds up the undercutting. Next, the SynCell chip with MMA
mesh is released in iron chloride (Transcene CE-100), which takes
about 10 min. The floating film is then transferred onto a similar-sized
silicon chip coated with PMMA A6, blow-dried, and baked.
Subsequently, the MMA mesh is removed by a flood exposure in
220 nm DUV light and development. At this point the transferred
SynCells can be electrically characterized after having gone through
the entire fabrication and release process. To disperse the SynCells,
the chip is immersed in acetone and the SynCells lift off within a few
minutes. Afterward the solvent can be changed to isopropyl alcohol or
DI water.

Microfluidic Channel Fabrication. The protocol to fabricate
microfluidic channels is given in Supporting Table S4. In summary,
approximately 30 μm thick SU-8 (mr-DWL 40) is spin coated on
clean 2 × 2 cm pieces of SiO2/Si and patterned by photolithography.
Next, PDMS (Sylgard 184) is mixed, poured onto the molds, and
baked for 2 h at 75 °C to cure the PDMS. Afterward it is bonded onto
a 150 μm thick glass slide by first activating the PDMS and glass
surface in an oxygen plasma and then pressing them together lightly.
Last, access holes are punched with a 1.75 mm outer diameter biopsy
punch.

Electric Characterization. All electric measurements where
performed on a Cascade Microtech Summit 11000 AP manual
probe station with DCP-HTR 10 μm diameter probe tips using an
Agilent 4155 semiconductor analyzer. A standard measurement for
one Syncell takes about 2−3 min.

Germanium Timer Characterization in Water. The timer
characterization in water was performed as follows. SynCells were first
fabricated and transferred onto a PMMA/Si carrier, as described
above in SynCell Fabrication and SynCell Release Process in the
Methods section. Before water testing, an initial IV characteristic was
recorded on a probe station. Next the germanium timers were
immersed for 1 min in 60 °C warm water or 5 min in 20 °C warm
water. Subsequently, the chip was taken out of water and blow-dried
for about 15 s with nitrogen. Afterward, they were baked for 1 min at
60 °C to remove any remaining water and were measured electrically
again. This procedure was repeated 3 to 4 times to collect time-
resolved changes in conductance.

Sensor Characterization in Water. The sensor characterization
in water was performed as follows. The sensors were tested in pure DI
water as well as DI water with 100 mg/L of putrescine dissolved in it
(1,4-diaminobutane 98+% 25 g, Fisher Scientific). For a standard
experiment, SynCells were lifted-off from the fabrication substrate,
transferred onto PMMA/Si (see SynCell Release Process in the
Methods section), and measured in their initial state. Next, the
SynCell chip was submerged in either DI water or DI water with
putrescine for 5 min. Subsequently, the chip was taken out of water
and blow-dried for about 15 s with nitrogen. Afterward, they were
baked for 5 min at 60 °C to remove any remaining water and were
measured electrically again. Without the baking time some
unpassivated transistors, which were used to measure the transfer
characteristics as a function of chemical concentration, short-circuited
at high gate bias and burned out.
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Sensor Characterization in Nitrogen. The sensors were tested
in air as well as in nitrogen with 10 ppm of putrescine (1,4-
diaminobutane 98+% 25 g, Fisher Scientific). For a standard
experiment, SynCells were lifted-off from the fabrication substrate,
transferred onto PMMA/Si (see SynCell Release Process in the
Methods section, and measured in their initial state. For the
putrescine gas exposure, the SynCell chip was placed into a PTFE
chamber (approximate volume 2 L) for 5 min while 10 ppm of
putrescine was flowed in with 976 sccm of nitrogen as carrier gas,
generated by a FlexStream base module from KIN-TEK. The
putrescine dilution from the FlexStream was generated by first
heating putrescine to 40 °C in a glass tube, turning it into a liquid.
Nitrogen (60 sccm) was flowed through the glass tube to pick up
putrescine into the gas phase. This gas stream was diluted with 976
sccm of nitrogen to dilute the putrescine concentration to 10 ppm.
After exposure, the chamber was purged with 2000 sccm of pure
nitrogen for 5 min. The control samples were left open in the ambient
air for the same time. About 30 min passed between taking out the
samples from the gas chamber and characterizing them electrically.
Microfluidic Channel Demonstration. For the sensing in a

microfluidic channel, SynCells where first dispersed in water as
outlined in Supporting Table S2 and illustrated in Supporting Figures
S10 and S11. Once they are dispersed in water, the germanium timer
starts working. After dispersion, the SynCells were first left to settle in
the glass vial filled with water. Afterward about 100 μL of water and
SynCell were extracted with a VWR Signature single-channel pipet
(20−200 μL) with a one-time-use tip. The tip was inserted into the
microfluidic channel, and the SynCells were dispersed into the 1.75
mm opening. Afterward a niobium rare earth disk-shaped magnet (1
mm diameter, 1 mm height) under the microfluidic channel was used
to lead the SynCells through the microfluidic channel; see Supporting
Videos S1 and S2. At the end, the SynCells were again collected with
the same pipet and a new tip, drop-casted onto a glass slide, and dried
for 5 min on a 60 °C hot plate. For the first experiment, no putrescine
was present in the microfluidic channel and the total time from
dispersion in water to collection of SynCells was about 10 min. For
the second experiment, putrescine was introduced at the top-right
well in the microfluidic channel (see Figure 5b). In this case, the total
time from dispersion to drop-casting was 30 min, whereby the
SynCells were first left in a water-filled vial for about 15 min and also
were left in the putrescine well for about 5 min.
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