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Colloidal nanoelectronic state machines based on 
2D materials for aerosolizable electronics
Volodymyr B. Koman1, Pingwei Liu12, Daichi Kozawa \ Albert Tianxiang Liu1, Anton L. Cottrill1, 
Youngwoo Son1, Jose A. Lebron1 and Michael S. Strano1*

A previously unexplored property of two-dimensional electronic materials is their ability to graft electronic functionality onto 
colloidal particles to access local hydrodynamics in fluids to impart mobility and enter spaces inaccessible to larger electronic 
systems. Here, we demonstrate the design and fabrication of fully autonomous state machines built onto SU-8 particles 
powered by a two-dimensional material-based photodiode. The on-board circuit connects a chemiresistor circuit element and a 
memristor element, enabling the detection and storage of information after aerosolization, hydrodynamic propulsion to tar­
gets over 0.6 m away, and large-area surface sensing of triethylamine, ammonia and aerosolized soot in inaccessible loca­
tions. An incorporated retroreflector design allows for facile position location using laser-scanning optical detection. Such state 
machines may find widespread application as probes in confined environments, such as the human digestive tract, oil and gas 
conduits, chemical and biosynthetic reactors, and autonomous environmental sensors.

Two-dimensional (2D) materials, such as graphene and transi­
tion metal dichalcogenides, can be fashioned into novel planar 
circuit elements, including photodiodes1, transistors2, chemire­

sistor sensors', memory elements and capacitors1,6. This has enabled 
the transfer and construction of nanoelectronic circuits grafted onto 
unique surfaces. However, one surface that has yet to be explored 
for this purpose is a fluid dispersible colloid. This could extend 
nanoelectronics to remote and inaccessible spaces and volumes. 
As on-board circuit elements increase in number and complexity, 
access independent sources of power, and manifest input and output 
information sources, a threshold is reached where the colloid con­
stitutes a finite-state machine or computational device for handling 
informational flows.

Nanofabrication and synthesis methods have allowed research­
ers to create sophisticated colloidal devices (single particles or 
assemblies that serve a particular function), but not ones possessing 
autonomous circuitry, logic manipulation or information storage. 
In particular, state-of-the-art multifunctional micro/nanoparticles 
do not process information in an autonomous way when decoupled 
from their environment" \  Similarly, conceptual devices referred to 
as ‘molecular machines’ rely on the stochastic thermodynamics of 
their environment ' (for example, the Brownian ratchet). Directed 
self-assembly methods are still in their infancy and are only able 
to create rather simple geometries—and not yet autonomous func­
tion10,11; on the other hand, nanoelectronics has enabled several 
state machine implementations, although not in the form of autono­
mous colloidal particles12-14. DNA electronics has been proposed in 
ref. 15, but the formation of electronic, DNA-based, colloidal state 
machines has not been realized. Finally, there has been recent prog­
ress in creating so-called ‘biorobots’, or biological state machines 
(a natural organism whose genome has been modified to manifest 
diverse, non-natural functions) 16"1S. However, biorobots can only 
exist under specific biological conditions, requiring limitations 
to the environment, temperature, pH and salinity, and protection 
against wild-type organisms. This constrains the envisioned appli­
cations compared to purely synthetic state machines, which could

bring both digital and analog electronics to harsh environments 
in a scalable way. For example, the large-area monitoring of envi­
ronmental bacteria, biological spores, particulates and volatile 
organic compounds (VOCs) requires significant resources19 that 
could be more efficiently deployed using synthetic state machines 
(Supplementary Note 1).

The concept of cubic millimetre-sized devices, previously called 
‘smart dust’, was not implemented for fluid dispersion, but never­
theless constituted an early attempt towards achieving miniaturized 
autonomous electronics2". However, it is clear that the power den­
sity limits further downward scaling. Batteries with typical energy 
capacities up to O .lnW pm '3 (ref. 21) and with power harvesting 
techniques that can deliver between 0.1 and 10nW(104 pm2)-1 
(ref. 22‘24) remain insufficient for conventional electronics at the 
microscale (Supplementary Note 2). Fortunately, 2D material 
devices are predicted to bypass these difficulties25 because they 
have a number of advantages26, such as low-power performance 
compared to Si (<0.5 V), acceptable gate control with subthreshold 
swings c60m V  dec-1, and large turn-on currents (>103pApm_1).

In this work we create a new class of submillimetre colloidal 
particles with 2D electronic materials (graphene, hexagonal boron 
nitride (hBN), MoS, and WSe,) grafted onto them. Top-down fab­
rication can pattern them into functional electronic circuits, tran­
sistors, memory and sensors, creating what we call colloidal state 
machines (CSMs), or particles capable of collecting, manipulat­
ing and storing information autonomously. Such CSMs can access 
local fluid hydrodynamics to enter spaces inaccessible to conven­
tional electronics. Our designs include circuits with 2D material 
p-n  heterojunctions of MoS, and WSe,, powering MoS, chemire­
sistor circuit elements. Such CSMs can be aerosolized and detect 
VOCs or carbon nanoparticulates along their trajectories, storing 
the detection in a non-volatile memristor device consisting of a 
Au-MoS,-Ag junction shielded from the environment by an inert 
hBN monolayer. These state machines exploit a unique property of 
2D electronic materials in their ability to impart fundamentally new 
functions to highly mobile colloids. We demonstrate several specific
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Fig. 11 CSM fabrication and aerosolization. a, Summary of CSM fabrication steps with side and top view schematics and top view optical micrographs: (1) 
SU-8 base fabrication; (2) MoS2 and WSe2 monolayer transfer with gold evaporation to form photodiodes; (3) MoS2 flakes transfer to form memristors, 
while silver evaporation forms electrical contacts for the MoS2 chemiresistor; (4) CSMs are released from the wafer by liftoff and are stored as a 
dispersion. Scale bars, 25 pm. b, Electrical circuit diagram of CSM. The photodiode converts light into current (generating voltage e and with internal 
resistance Rph), which turns on the memristor (with a threshold voltage Vlh and internal resistance Rm) only if the chemiresistor detects an analyte 
(resistance Rch). c, Block diagram for the CSM state machine. The initial memory state off changes to on only in the presence of both chemical and light 
signals, d, CSM dispersion is aerosolized using a nebulizer with 4-10 m s_1 speed across 0.6 m distance in air. e, Digitized positions of aerosolized CSMs 
collected on the target, f, Angle distribution diagram extracted from e shows that the CSMs have no preferential direction.

applications, such as remote sensing of ammonia in constricted 
pipelines, as well as large-area sensing of aerosolized soot via stand­
off deployment and retrieval of surface-dispersed state machines.

Because of their high aspect ratio, micrometre-scale 2D materials 
havelow mechanical stability (necessary to sustain off-substrate appli­
cations). To circumvent this, we first designed a CSM base that plays 
the role of a carrier substrate for the 2D devices. We chose the pho- 
toresponsive polymer SU-8, as it can be processed with micrometre

precision via conventional photolithography, becomes mechanically 
and chemically stable after cross-linking, even during various fab­
rication stages (Supplementary Fig. 1), and has a smooth surface 
(Supplementary Fig. 2). We also designed an electrical state machine 
with functional elements of combinational logic on this polymer base 
(Fig. la). Specifically, this has three components—a power source, 
a switch and a memory clement—implemented by a photodiode, 
chemiresistor and memristor, respectively (Fig. lb). The photodiode
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Fig. 2 | Individual components of CSM. a,b, Diagram (a) and optical image (b) of CSM with a photodiode fabricated from a continuous MoS2 monolayer 
and 25 pm striped monolayer of WSe2. c, Typical current-voltage characteristics of a p-n photodiode composed of MoS2 and WSe2 monolayers under 
illumination by a 532 nm laser (black, in the dark; cyan, blue, green and red, under 0.7,1.75, 3.5 and 7 pWpm-2 illumination intensities, respectively), 
d, Master plot for multiple devices, as in c. Both open-circuit voltage and short-circuit current are preserved after liftoff ( f  = 0.27 ± 0.05 V,
/sh = 0.20 ±0.01 pA) and aerosolization (e = 0.24 ± 0.05 V, /sh = 0.19 ±0.01 pA) as compared to the original on-substrate devices (e = 0.27 ± 0.06 V,
/sh = 0.15 ± 0.01 pA) for N = 20 random devices. e,f, Diagram (e) and optical image (f) of a CSM with a chemiresistor. g, Current-voltage curves for a 
monolayer MoS2 chemiresistor before (red) and after (blue) the addition of 10 mM TEA. h, Master plot for multiple devices, as in g. The red line is a guide 
for the eye. Conductance increase: from = 19.8 ± 2.3 nS toGcfh = 34.7±2.8 nS for devices on the substrate; from G^ = 21.1 ± 5.5 nS toGcfh = 36.1 ±5.5nS 
for liftedoff devices from G^ = 20.5 ± 6.6 nS to Gcfh = 35.0 ± 6.4 nS for aerosolized devices (N = 20). ij, Diagram (i) and optical image (j) of a CSM 
with a memristor. k. Current-voltage characteristics for a MoS2 memristor sandwiched between gold and silver electrodes. I, Master plot for multiple 
devices, as in k. Both the threshold voltage and initial conductance are preserved: Vth = 0.16 ± 0.02 V, G£ff = 13.4 ± 4.0 nS on the silicon; Vlh = 0.17 ± 0.02 V, 
G,°ff = 18.4 ± 8.4 nS for lifted off device; Vth = 0.17± 0.02 V, G°ff = 14.4 ±6.9 nS for aerosolized CSMs. In d. h and I, black denotes as-fabricated devices, red 
denotes lifted off devices, and blue denotes devices dispersed with a nebulizer. Scale bars, 25 pm.

is built on a p-n  heterojunction of MoS, and WSe, monolayers. 
Another MoS, monolayer serves as a chemiresistor that changes 
its conductance following binding of external analytes. Finally, 
the memristor is composed of liquid-exfoliated MoS, flakes sand­
wiched between gold and silver electrodes. The fabricated particle 
represents a state machine with both light and analyte as inputs and 
the memory state as an output (Supplementary Fig. 3). It operates 
in the following way. The photodiode generates voltage when it is 
illuminated with light, the chemiresistor switches its conductance 
after analyte binding, and the memristor changes its state from off to 
on when the applied voltage from the photodiode exceeds a thresh­
old voltage. The whole process can be represented as two IF blocks 
and the logic operator AND on a block diagram. The memory com­
ponent only changes its state from OFF to ON if both light shines on 
the photodiode and the analyte binds to the chemiresistor (Fig. lc).

The performance of an electronic device changes when it is 
removed from a native substrate due to the imposed stretch and 
strain . Remarkably, 2D materials possess higher strain limits than

traditional m -v  materials with similar size:s, making them more 
prone to surviving the transfer process. We tested the performance 
of devices at three stages: (1) as-fabricated on the silicon sub­
strate; (2) after liftoff; and (3) after aerosolization using a nebulizer 
across a 0.6 m distance in a 0.15-m-diameter tube (Fig. Id and 
Supplementary Fig. 4). In a typical nebulizer experiment, using the 
microscope we identified that N=244 CSMs landed on the target at 
the opposite end of the tube. Most of the CSMs were concentrated in 
a 0.06-m-diameter circle and had no preferential angular direction, 
proving directional aerosolization (Fig. le,f and Supplementary 
Fig. 5). Droplets ejected by the nebulizer had an initial speed of 
4-10ms~‘ and diameter of <0.3mm. After liftoff and aerosoliza­
tion, some CSMs were occasionally bent (37 CSMs in one particular 
aerosolization experiment) or aggregated (34 CSMs; Supplementary 
Fig. 6 and Supplementary Note 3). Numerical calculations suggest 
that, after nebulizer propulsion CSMs travel ~3 m (with travel times 
of <0.3 s) before completely stopping (Supplementary Fig. 7 and 
Supplementary Note 4). The motion equation is given by
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Fig. 3 | Aerosolizable electronics, a, Experimental schematic demonstrating remote detection and memory storage in a constrained environment: the 
left nebulizer injects CSMs (teal squares) across the enclosed tube injected with either TEA or aerosolized carbon nanotube particulates (dark blue 
droplets) using the top nebulizer. CSMs are collected on the collector, exposed to light, and their memory states are queried afterwards, b, Image of 
the experimental set-up. c, Chemiresistor conductance changes due to CSM exposure to TEA droplets (10 mM) during spraying, enabling memory 
conductance change after illumination with 532 nm laser light at 7 pWpm-2. CSMs change their chemiresistor conductance from = 8.9 ± 3.1 nS to 
Gcfh = 17.3 ±4.1 nS, allowing a memristor conductance change from G °ff = 13.3 ± 4.8 nS toG°n = 17.3±8.9nS after laser illumination (two-tailed P = 0.0001). 
Black squares denote measurements before exposure, and red circles measurements after exposure and illumination, d, As in c, but CSMs were exposed to 
a carbon nanotube dispersion (0.2 gM). CSMs change their chemiresistor conductance from G^ = 8.7±2.0pS to Gcfh = 4.3±2.7pS, inducing a memristor 
conductance change from G °,lf = 14.7 ± 6.0 nS to G°n = 0.47 ± 0 .44pS. e,f, As in c and d. respectively, but for CSMs on-substrate, e, Chemiresistor 
conductance changed from G^ = 9.6±1.3 nS to Ĝ h = 19.1 ±1.9 nS, enabling a memristor conductance change from G°ff = 12.6 ±3.5 nS to G°n = 16.0 ±4.0 nS 
(P = 0.0001); 41 CSMs did not change their memristor state (red circles). Control experiments with light showed that only 6 CSMs changed their memory 
state in the absence of TEA, meaning that equation (3) was not satisfied in their case, f, Chemiresistor conductance changed from G^ = 9.6±1.1 pS to 
Gcfh = 4.9±2.9pS, inducing a memristor conductance change from G°,f = 12.9 ±3.9 nS to G°n = 0.50 ± 0 .49pS; 84 CSMs worked with an average memory 
conductance ratio of 62. Control experiments with exposure of these CSMs to only light demonstrate that no CSM changed its memristor conductance. 
Violet triangles denote control measurements after illumination; blue diamonds denote measurements after exposure. Dashed lines are guides for the eye. 
N = 100 for all experiments. g,h, Ranked memory conductance ratio (ON-OFF) extracted from e and f, respectively.

dv _  3/4,r  ̂2c
i t  4/>pD ‘ ( 1)

where v is the particle speed, /?air and pp are the air and particle 
densities, respectively, D is the particle diameter, and Cd is the particle 
drag coefficient. Water droplets of this size dry within 25 -160 s 
(Supplementary Fig. 7). This hints that the droplets do not dry 
throughout their flight. Therefore, the presence of a water envelope 
possibly enhances CSM stability during landing.

2D nanoelectronics for basic state machine components
To test individual components, we constructed CSM bases 
with isolated devices. As a power source, we fabricated a

p-n  photodiode comprised of a heterostructure of MoS2 and 
WSe, monolayers with Au contacts in a 90° configuration and 
-10 pm channel length (Fig. 2a,b). Before fabrication, we per­
formed photoluminescence, atomic force microscopy and Raman 
mapping measurements to confirm the continuity of the MoS2 
and WSe, monolayers (Supplementary Figs. 8 and 9). Following 
stacking, we observed the emergence of an additional photolu­
minescence peak at 800 nm, corresponding to the staggered gap 
(type II) heterostructure29 (Supplementary Fig. 10). The pho­
todiode fabricated on substrate generates photocurrent under 
laser illumination, reaching e = 0.27 ± 0.06 V open-circuit 
voltage and /sh = 0.15 ± 0.01 pA short-circuit current with a 
532nm laser fluence of P = 7 p W p m -2 (Fig. 2c), which is com­
parable with previous studies30,31. These characteristics are
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Fig. 4 | CSMs for monitoring pipeline status. a,b, Schematics of the pipe segment system (22 mm inner diameter), which has two separate valves for 
metering aerosolized CSMs (teal squares) (a) or ammonia (b). To allow for retrieval, a layer of cheesecloth served as a collector at the pipe endpoint, c, 
Image of the experimental set-up with a crucible filled with ammonia. Once the lower valve is open, saturated ammonia vapour (-10 kPa) expands into 
the rest of the system, d, Chemiresistor conductance changes (from G^ = 9.1 ±2.2nS to Gcfh = 18.5 ± 2.5 nS) due to CSM exposure to ammonia vapour, 
enabling a memory conductance change (from G°ff= 12.5 ±3.9 nS to G£n= 14.5 ± 4.3 nS) after illumination with a 532 nm laser (7pW prrr2). Black squares 
and red circles denote measurements before exposure and after exposure and illumination, respectively, e, As in d, but for control CSMs on-substrate. 
Chemiresistor conductance changes from G^ = 9.5±1.3nS to Gcfh = 18.6±2.9nS, enabling a memristor conductance change from G°f, = 11.7 ±3.8 nS to 
G°n = 13.7±5.0nS; P=0.0017. Violet triangles denote control measurements after illumination, blue diamonds denote measurements after exposure. 
Dashed lines are guides for the eye. f, Ranked memory conductance ratio extracted from e; 45 CSMs successfully change their memory conductance with 
an average ratio of 1.55. N = 100 for all experiments.

preserved after liftoff and aerosolization (Fig. 2d and 
Supplementary Fig. 11).

For the sensor element, we chose a chemiresistor design based 
on a MoS, monolayer (Fig. 2e,f). In the circuit, we designed it 
as a chemically induced turn-on switch to power the memris­
tor. Mechanistically, MoS, increases its conductance with an ana­
lyte that demonstrates n-type doping on adsorption. An example 
is 10 mM triethylamine (TEA) sprayed onto MoS,, which results 
in a conductance increase (Fig. 2g,h) from G(!J1’=20.5±6.6nS to 
Gc'h=35.0±6.4nS for the aerosolized elements, with similar 
values for on-substrate ones. To understand the reaction kinet­
ics, we extracted the MoS,-TEA first-order reaction constants by 
analysing continuous conductance measurements of the MoS, 
chemiresistor32:

k(
MoS2 + T E A ^ A ^ B  (2)

i- *i

where binding constant k, = 0.024 ± 0.001 s '1 jllM-1, dissociation con­
stant kb = 0.23 ±0.01 s_l and irreversible constant kj = 0.06 ±0.01 s-1, 
A is a physisorbed adduct of TEA and B a chemisorbed adduct 
(Supplementary Fig. 12 and Supplementary Note 5). The pro­
cess of MoS,-TEA charge transfer is limited by the surface cover­
age, providing the maximum of 95% of MoS, resistance change33. 
This signifies that TEA can irreversibly bind to MoS, in less than 
0.3 s—similar timescales to the flying time of CSMs.

To store the detection event, we designed a memristor based 
on MoS, flakes sandwiched between two different-workfunction 
metals. Most memristors operate in the 1-3 V range, exceeding 
the photodiode voltage generation of the CSM3*'36. However, fol­
lowing recent work37, a MoS, memristor fabricated between Au 
and Ag electrodes (Fig. 2i,j) with dimensions of 25x25x0. lpm 3 
has a turn-on voltage of -0.15 V, 100 M£2 starting resistance and 
its on-off ratio can reach millions (Fig. 2k and Supplementary 
Fig. 13e). Mechanistically, an ultrathin MoOx layer forms on the 
MoS, surface with subsequent charge trapping/detrapping at the 
Ag/MoOx interface37. These memristors, written to various states
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Fig. 5 | Large-area sensing, a. Schematic of set-up. Soot particles are sprayed at three locations over an area with previously dispersed CSMs (teal 
squares), b, Image of experimental set-up. c, Digitized positions of aerosolized CSMs. Dashed circles are guides for the eye, highlighting three areas 
exposed to soot. d. Chemiresistor conductance changes due to CSM exposure to soot, enabling memory conductance changes after illumination with a 
532 nm laser (7 pW pm-2).

during their initial runs, demonstrate excellent retention over a 
period of 2h (Supplementary Fig. 13). Both the threshold volt­
age VIh = 0.17 ±0.02 V and initial conductance = 14.4 ± 6.9 nS 
for aerosolized devices are similar to those for the on-substrate 
devices (Fig. 21).

Once assembled, operation of the CSM requires that the pho­
todiode voltage e exceed the threshold memristor voltage V̂ . The 
second criterion is that the memristor should not change its state if 
there is only analyte detection. To this end, we shielded all circuit 
elements except for the chemiresistor sensor using hBN monolayers 
(Supplementary Fig. 3). The memristor should also not change state 
with only light excitation; hence, the chemiresistor design includes 
an initial conductance Gc1,”, such that the voltage generated across 
the memristor does not exceed Vlh. This sets the lower limit for the 
initial chemiresistance (R^  = l/G^), which can be determined by 
Ohms law as

K > R
oft'

V.U
—1 -R ph (3)

where Rph is the photodiode resistance. After chemical detection via 
reaction with the analyte, the chemiresistor decreases its resistance 
to . This allows the memristor to change its state from R°ft to R°n, 
which again can be assessed through the Ohms law:

Ro n_
m

Rk + Rph
(4)

For the memristor to change its state, <R^t, has to be satisfied, 
yielding

R i < R off (5)

Equations (3) and (5) set the requirements for the circuit design, 
so we had to carefully tune MoS, size (Supplementary Note 6).

The use of 2D materials keeps the particle aspect ratio a close 
to that of the bare substrate. This, in turn, leads to higher par­
ticle buoyancy, which approaches the values of water droplets in 
clouds (Supplementary Note 4). Sedimentation speed increases 
with particle size L and with a and p? (Supplementary Fig. 14). 
For CSMs made of SU-8 bases, pp = 1,200kgm-3, L = 50pm and 
a  = 0.01, the sedimentation speed is ~20pms-1, allowing them to 
stay in the air for days. To achieve similar result, silicon particles 
(pp = 2,300 kg m-3) with conventionally thicker electronics (or = 0.1) 
have to be as small as 5 pm.

Aerosolizable electronics
Large-area monitoring of bacteria, spores, smoke particles, dust 
components and VOCs is an important objective, which currently 
requires significant resources19. In one implementation, satellite 
scanning can rapidly cover large areas, but is costly and indirect 
(with limited applicability)-’8. On-ground sensor installation and 
networking is labour-intensive and can often be slow in compari­
son to analyte distribution’8. Using a fleet of aerial sensors (such as 
unmanned air vehicle drones) is again associated with high costs.
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Fig. 6 | CSM standoff detection, a, CSMs are sprayed using a nebulizer through 10 mM TEA or 2 mg I-1 soot dispersed in air. A raster-scanning laser 
system is then used to find CSMs. b, Retroreflector-CSM reflectance as a function of inclination and rotational angles. The dashed line marks the diffuse 
reflection limit 2x10*3%. Inset, Top view of 100pm retroreflectors. c, Laser raster-scanning detection of 100pm CSMs that landed after spraying, d, CSM 
positions extracted under a microscope: black circles, CSMs with retroreflectors on top; red circles, CSMs with flipped retroreflectors; open circles, CSMs 
that were not detected by the laser scan in c. e, Statistics on CSMs. Schematics on the right demonstrate figure labels, f-h, As in c-e, but for 30° substrate 
inclination angle.

As an alternative, we introduce the concept of aerosolizable 
electronics: CSMs dispersed in air carry 2D electronic devices that 
remain operational during and after flight.

To demonstrate the state machine operations, we fabricated 
CSMs with three components assembled in one closed circuit 
(Fig. la) and tested them (1) as fabricated on the silicon substrate 
and (2) on spraying in air within a confined chamber (Fig. 3a,b; 
see Methods). On exposure to 10 mM TEA, the sprayed CSMs 
change their chemiresistor conductance from =8.9±3.1nS to 
Gc'h = 17.3±4.1nS (consistent with Fig. 2h), allowing a memristor 
conductance change from G^ff=  13.3 ±4.8 nS to Gon =  17.3 ±8.9 nS 
after laser illumination (two-tailed P= 0.0001, N=  100, Fig. 3c). We 
obtained similar results for CSMs on substrate: 59 CSMs success­
fully changed their states, with an average memory conductance 
ratio of 1.5 (Fig. 3e,g and Supplementary Fig. 15).

The chemiresistor sensor works better with larger conductive 
changes following analyte detection, and this is an area for future 
improvement. For example, if we use conductive carbon nano­
tubes dispersed at 0.2 g k 1 as the analyte, the detection efficiency 
increases substantially. For these experiments we used an insulating 
substrate (SU-8, sheet resistance ~10pS) instead of the MoS, as

the chemiresistor, increasing Rc'£. Adsorbed carbon nanotubes 
form a percolated network with conductivities on the order of pS 
(Supplementary Fig. 16), providing high gain to better satisfy 
equation (5). In a typical experiment, sprayed CSMs change their 
chemiresistor conductancefromGc‘U = 8.7 ± 2.0 pStoG^ = 4.3 ± 2.7 pS, 
inducing a memristor change from G““ = 14.7 ± 6.0 nStoG°n = 0.47 ± 
0.44 pS with 71 active CSMs (Fig. 3d), with similar performance for 
on-substrate CSMs (Fig. 3f,h).

Demonstration of constrained environmental sensing
Researchers have identified several important closed systems 
from which it is difficult to extract information or interface elec­
tronics within an inaccessible interior39. Examples include oil and 
gas conduits40,41, chemical and biosynthetic reactors4*'43, porous 
geological materials for upstream oil and mining exploration44,45 
and the human digestive tract46,47. Several methods to probe such 
systems exist, but they are either indirect or very limited in their 
applicability (Supplementary Note 7). At the same time, fully 
autonomous electronic chips have been limited to the millime­
tre scale46,4*, which is too large to address the above applications. 
To this end, we demonstrate that CSMs can be injected into a
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pipeline system, probe it, and then be successfully retrieved to 
deliver the captured information.

To illustrate, a model pipeline section was fabricated, into which 
gaseous ammonia was injected. Ammonia is a highly toxic gas used 
as a fertilizer in agriculture and as a refrigerant in the chemical 
industry49. It is also one of the most dangerous compounds to be 
transported through pipelines50. To probe the pipeline internally, 
we first injected CSMs within the system (Fig. 4a) as a nebulized 
aerosol. A valve was then used to pulse ammonia vapour (~10kPa) 
into the system, allowing the CSMs to interact with it for 30 min. 
Next, the ammonia valve was closed and the CSMs retrieved from 
the collector (Fig. 4b,c). The experimental procedure is similar to 
the previous section, with some CSMs inserted into the tube on- 
substrate as a control. Ammonia vapour acts as an n-dopant for the 
MoS, layer51, changing MoS, conductances from Gc‘£ = 9.1 ±2.2nS to 
Gc'h = 18.5 ± 2.5 nS for the sprayed CSMs and, consequently, allow­
ing a memristor conductance change from G"," = 12.5 ±3.9 nS to 
G™= 14.5 ±4.3 nS after laser illumination (two-tailed P = 0.0007, 
N=100, Fig. 4d) with similar results for the on-substrate CSMs 
(Fig. 4e,f and Supplementary Fig. 17).

State machines for soot exposure monitoring
Soot nanoparticles emitted by diesel engines, industrial emissions 
and power plants pose health, climate and environmental risks'2. 
Aerosolized micro- and nanoparticles can travel thousands of kilo­
metres before sedimentation53, making it challenging to predict soot 
distribution and impact. Currently, the large-area monitoring of soot 
remains an economically inviable task. To this end, CSMs as dispersed, 
printed devices can potentially cover large areas to successfully detect 
soot, remaining virtually invisible to the naked eye, but otherwise 
easily detectable on a surface (see next paragraph). In this case, aero- 
solization allows CSMs to be rapidly printed over a specific area of 
interest as intact, functional, autonomously powered devices.

To demonstrate the monitoring of undesirable particulates 
from surface-dispersed CSMs, the nebulized CSMs were deposited 
over an area of 0.6 X 0.6 m2. Next, 2gl_1 of Printex XE2-B soot was 
loaded into a separate nebulizer and sprayed over three distinct 
locations (Fig. 5a,b and Supplementary Fig. 18), simulating local­
ized particulate efflux. For these experiments we used an insulat­
ing substrate (SU-8, sheet resistance ~10pS) instead of MoS, as the 
CSM chemiresistor. The remainder of the experimental procedure 
is similar to previous experiments. By their nature, soot particles 
are highly conductive51; thus, the chemiresistor element drastically 
changes its conductance from Gc‘£ = 7.4 ± 2.4 pS to G i — 0.80 ± 0.26 p 
S on exposure to soot. This further translates into memristor con­
ductance changes from G°ft =  13.7 ±  4.2 nS to G°n = 127±72nS fol­
lowing laser illumination (Fig. 5d). The retrieved CSM positions 
allow determination of the exposed and unexposed areas (Fig. 5c).

Enhancements of state machines to aid standoff detection
To efficiently detect the location of CSMs at standoff distances, 
we fabricated a distinct batch, where the CSM base consisted of a 
retroreflector design. The design follows that of Switkes et al.55 with a 
100 pm retroreflector for low-intensity laser (lOmW cm-2) reflected 
light from distances of up to 1 km (ref.55). CSM retroreflectors were 
fabricated using SU-8 coated with 100 nm Ag, designed in a che­
quered shape, that allows them to reflect light back to the source 
from angles up to 60° (Fig. 6b). We used a custom laser-scanning 
system (Fig. 6a) to rapidly scan (<1 ms) and detect reflection from 
CSMs that landed after spraying over an 8x8m m 2 area at a 5cm 
standoff distance (Fig. 6c). Careful examination under a microscope 
showed that N=  34 CSMs were detected (Fig. 6d,e): 25 CSMs (100% 
refers to the percentage of CSMs detected by laser scanning versus 
the total number of CSMs identified under the microscope for a 
given category) had their reflectors facing up and N=  9 (56%) were 
flipped. The yield becomes slightly lower for CSM detection on an

inclined substrate due to imperfect backreflections (Fig. 6f-h): 23 
CSMs (82%) were facing up and 7 CSMs (32%) were flipped. These 
results suggest that this attribute of CSMs can aid in their tracking 
and recovery over large areas, and, with refinement, could increase 
the detection threshold to 100% with a 10cm2s_1 scan.

We have demonstrated the capability of grafting autonomous 
electronic circuits capable of logic operation and information stor­
age on submillimetre-sized particles, forming CSMs. Our particles 
can undergo aerosolization while carrying functional electron­
ics on-board capable of interaction with the environment. With a 
thickness of 1.24 pm and weight of ~1.4 g n r 2, this CSM design rep­
resents one of the thinnest and lightest circuits produced so far . 
In this design, the on-board circuit forms a state machine with two 
inputs (chemical and optical) and one output composed of a mem­
ristor. Due to the use of 2D materials, CSM requires only 30 nW to 
irreversibly record events, granting it the ability to be powered from 
the energy harvested by the on-board 2D photodiode (30-100 nW). 
The results of chemical sensing are irreversibly stored in the mem­
ory (inducing memristor conductivity changes of up to 150 times). 
Furthermore, the addition of integrated retroreflectors allows the 
dispersed CSMs to be rapidly (<1 ms per frame) detected by a laser­
scanning system. CSMs may find application in a wide range of 
areas, including biosensing (for example, within the human diges­
tive tract), large-area sensing, confined space monitoring (for exam­
ple, chemical and biosynthetic reactors, oil and gas conduits) and 
aerospace programmes.

Methods
Methods, including statements of data availability and any asso­
ciated accession codes and references, are available at https://doi. 
org/10.1038/s41565-018-0194-z.
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Methods
2D materials. Large-area MoS, films were grown by a chemical vapour deposition 
process as described elsewhere . Briefly, solid 0.5g S and 4mg MoCl, were used 
as precursors, and a 2 X1 cm2 300 nm SiO ,/Si wafer piece was used as a growth 
substrate in a vacuum tube quartz furnace. The system was filled with 50 s.c.c.m.
Ar for 1 h with subsequent growth at 850 °C under 2torr pressure for 10 min and 
a 30 min temperature ramp. As-grown MoS, films were coated with polystyrene 
and peeled from the substrate, taking advantage of the surface-energy-assisted 
method . Continuous films of hBN and WSe, monolayers were purchased from 
Graphene Supermarket and 6Carbon, respectively.

Characterization. Raman and photoluminescence measurements were performed 
using a Raman spectrometer HR-800 (Horiba BY) with 532nm laser. Height 
profiles were measured using a CCi HD optical profiler. Electrical resistance 
measurements were performed in an ARS PSF-10-1-4 Cryogenic Probe Station 
using micromanipulators as probes (7x, Micromanipulator). Conductance 
measurements were performed by scanning the voltage from —0.1 to 0.1 V.
Particle size distribution was measured using a nanoparticle tracking LM-10 
Nanosight (Malvern).

CSM fabrication. To define polymer CSM bases, the first photolithography 
step was performed using the negative photoresist SU-8 2002 on SiO,/Si wafer 
(Supplementary Fig. 2). Next, a monolayer of MoS2 (patterned in 25-pm-wide 
stripes using oxygen etching) with a PMMA support layer was transferred onto the 
structure with subsequent annealing at 80 °C tor 1 h and 150 °C for 30 min.
The wafer was then washed in acetone and ethanol and dried under nitrogen 
to remove the PMMA layer. In parallel, a monolayer of WSe_, was prepared 
on a separate wafer: 25-pm-wide WSe, stripes were defined using the second 
photolithography step with the positive photoresist Shipley SI805 and subsequent 
oxygen etching. The photoresist was removed in RemoverPG developer. The 
patterned WSe, monolayer was then transferred onto MoS, using PMMA as 
the support layer, annealed at 80°C for 1 h and 150°C for 30min. The wafer 
was washed in acetone and ethanol and dried under nitrogen. The third 
photolithography with a LOR30B sacrificial layer and a positive photoresist 
Shipley S1805 was used to define 40-nm-thick gold electrical contacts, which 
were deposited using a Denton electron-beam evaporator. The liftoff process was 
performed in Remover PG at 80 °C.

The fourth photolithography step with a LOR30B sacrificial layer and Shipley 
SI805 was used to define the structure of a subsequent MoS2 film. The MoS, film 
was deposited using a modified Langmuir-Blodgett method, where the MoS, 
film was collected at an ethanol-hexane interface*7. To form the top oxide layer, 
the structure was annealed at 200 °C for 2h. The liftoff process was performed in 
Remover PG at 80 °C. The fifth photolithography with a LOR30B sacrificial layer 
and Shipley S1805 was used to define 100-nm-thick silver electrical contacts. The 
liftoff process was performed in Remover PG at 80 °C. Monolayer hBN (patterned 
in 50-pm-widc stripes) was then transferred on top. Because hBN is transparent, 
its alignment on the CSM is very challenging. To this end, we transferred hBN 
with SI850 photoresist to help visualize the structure (the photoresist was removed

afterwards). Finally, CSMs were coated with a PMMA layer for support and lifted 
off the substrate using KOH solution. To disperse CSMs, the PMMA was dissolved 
in acetone.

Retroreflectors were fabricated using SU-8 photolithography with subsequent 
evaporation of lOOnm silver.

Soot experiments. We used commercially available Printex XE2-B soot. To make 
aerosol, we dispersed 2 mg of soot with 4 mg of BSA in 1 ml of deionized water.
The mixture was sonicated with a l/8"-inch probe tip at 40% amplitude (~12 W) 
for 30 min in an ice bath. For aerosol experiments, the mixture was diluted by 
1.000X. Soot aggregates in the absence of the surfactant, inhomogeneously 
covering CSMs and blocking photodetectors.

Aerosol experiments. All aerosol experiments were performed with a Master 
Airbrush G22 nebulizer in a closed tube in the laminar flow hood. CSMs 
(dispersed in 80% water/20% ethanol) were sprayed under 2-15 psi pressure 
from a 300 pm nozzle. The second nebulizer was used to spray analyte droplets 
in the orthogonal direction (Supplementary Fig. 4). Aggregated CSMs, CSMs 
with visual defects, and CSMs that landed upside down were excluded 
from analysis.

In a typical experiment, a portion of dispersed CSMs is pipetted onto the 
silicon substrate and is left to dry until all water evaporates naturally. Next, 
we query the initial CSM state with a probe station: both the memristor 
behaviours and the chemiresistor conductances on N=  100 CSMs are measured. 
The remainder of the CSMs are sprayed across in an enclosed tube. TEA is 
continuously sprayed using the second nebulizer from the top of the tube starting 
5 s before and ending immediately after the CSMs are sprayed across (to eliminate 
interference of the two flows). CSMs are then left for 1 h inside to react with 
TEA and dry. We then place CSMs under the microscope and illuminate ever)' 
photodiode individually for 5 s (532 nm laser, 7pWpm-2). Next, the final state of 
CSMs is assessed (N= 100), repeating the same measurements as for tire initial 
state. While for sprayed experiments these are random CSMs, we identify CSMs for 
on-substrate experiments, extracting individual changes on every CSM.

Standoff detection. Standoff CSM detection was performed using a set-up with 
galvanized mirrors, a 532 nm laser, and a photodetector (H10330a-25, Hamamatsu).

Data availability. The data that support the plots within this paper and 
other findings of this study are available from the corresponding author upon 
reasonable request.
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