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(57) ABSTRACT 

Devices, systems and methods for biological sensing and 
communication using optogenetics and electronics are 
described. One example method includes generating a light 
beam incident on multiple regions in a device, wherein each 
region comprises an optogenetic system to generate, upon 
interacting with the light beam, biosensors, wherein an 
interaction between the biosensors and stimulus molecules 
in each region is associated with a threshold for a production 
of an output molecule or an alteration of an output property 
of the output molecule, the biosensors, or the stimulus 
molecules, wherein the production or the alteration is based 
on a value associated with an information source, detecting 
an output received from one or more of the multiple regions 
corresponding to the output molecule or the output property 
in that region, and generating an electric signal associated 
therewith, and processing the electrical signal to determine 
the value associated with the information source. 
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BIOLOGICAL SENSING AND 
COMMUNICATION USING OPTOGENETICS 

AND ELECTRONICS 

PRIORITY CLAIM 

This application claims the benefit of U.S. Patent Appli­
cation No. 63/081,853, filed Sep. 22, 2020, which is incor­
porated herein by reference in its entirety, including draw­
ings. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

2 
generate, upon interacting with the at least one light beam, 
a plurality ofbiosensors, wherein an interaction between the 
plurality of biosensors and a plurality of stimulus molecules 
in each region is associated with at least one distinct 
threshold for a production of an output molecule or an 
alteration of an output property associated with the output 
molecule, the plurality of biosensors, or the plurality of 
stimulus molecules, wherein the production of the output 
molecule or the alteration of the output property is based on 

10 a value associated with an information source, detecting an 
output received from one or more of the plurality of regions 
corresponding to the output molecule or the output property 
in that region and generating an electric signal associated 

This invention was made with govermnent support under 15 

GM128873 awarded by the National Institutes of Health. 
The government has certain rights in the invention. 

therewith, and processing the electrical signal to determine 
the value associated with the information source. 

In another aspect, a system includes a biosensor subsys­
tem comprising a biosensor subsystem comprising a plural­
ity of biosensors, a biotransmitter subsystem configured to 
produce an output molecule or alter an output property in BACKGROUND 

Conventional electromagnetic-based communication sys­
tems embed information in the properties of electromagnetic 
(EM) waves. In contrast, molecular communication (MC) 
networks use molecules to encode, transmit, and receive 
information. At the highest level of abstraction, MC net­
works propagate information from a source to a destination 
using MC links composed of a transmitter, chamiel, and 
receiver. MC networks are suitable for communication at 
small scale and in environments where EM-based commu­
nication is inefficient or impossible. Microorganisms are 
attractive components in MC networks as they naturally use 
molecules and combinations of molecules, such as peptides 
and proteins, to communicate; they are molecular transceiv­
ers. 

20 response to the plurality of biosensors interacting with a 
plurality of stimulus molecules, the output property being 
associated with the output molecule, the plurality ofbiosen­
sors, or the plurality of stimulus molecules, and an electronic 
receiver subsystem comprising an output detector, a proces-

25 sor, and a memory including instructions executable by the 
processor stored thereon, wherein the instructions upon 
execution by the processor, configure the processor to 
receive information from the output detector representative 
of sensing information conveyed by the biotransmitter sub-

30 system, and process the information in digital form to detect 
one or more of the following the output property associated 
with the output molecule, a concentration associated with 
the output molecule, the output property associated with the 
plurality of biosensors, the output property associated with 

35 the plurality of stimulus molecules, a concentration of the 
plurality of biosensors, and a concentration of the plurality 
of stimulus molecules. 

Microbes have evolved to rapidly sense their environ­
mental conditions, and therefore they contain a vast array of 
biosensing proteins. These biosensors are often very spe­
cific, as most biosensors involve binding of an antigen on the 
target molecule to an active site on the biosensor having a 
complementary shape to the antigen that has been carefully 40 

tuned through natural selection. Typically, natural biosen­
sors contain both sensing and reporter domains, with the 
reporting domain generating an intracellular signal that 
drives the cellular response. The natural repertoire of micro­
bial biosensors has been further expanded by successes in 45 

protein engineering and synthetic biology. Various underly-

In yet another aspect, a system includes a microfluidic 
device comprising a plurality of regions, wherein each 
region comprises a plurality of biosensors, wherein the 
plurality of biosensors in each region is associated with at 
least one distinct threshold for an optically-triggered pro­
duction of light-emitting molecules, and wherein the pro­
duction of the light-emitting molecules is based on a value 
associated with an information source and triggered by at 
least one light beam incident on one or more of the plurality 

ing natural biomolecular scaffolds, including biomolecular 
scaffolds formed from nucleic acids, such as deoxyribo­
nucleic acid (DNA) and/or ribonucleic acid (RNA), and/or 
polypeptides, have been engineered to detect a broad array 50 

of inputs including small molecules and proteins with 
increased specificity, sensitivity, and dynamic range. 

Accordingly, there is a need to develop new systems and 
methods for biological sensing and communications useful 
for a variety of different detection and diagnostic purposes. 55 

SUMMARY 

of regions, a light detector configured to detect light received 
from one or more of the plurality of regions corresponding 
to a light intensity of the light-emitting molecules in that 
region and generate an electrical signal associated therewith, 
and a processor configured to process the electric signal and 
determine the value associated with the information source. 

In yet another aspect, the output molecule comprises a 
light-emitting molecule. 

In yet another aspect, processing the received information 
in digital form comprises performing a demodulation opera­
tion on an electrical signal corresponding to the intensity of 
the light produced by the light-emitting molecules. 

Embodiments of the present technology relate to methods, 
devices and systems for biological sensing and communi­
cation using optogenetics and electronics. 

In an aspect, the present technology includes systems and 
methods for biological sensing and communication using 
optogenetics and electronics. In some embodiments, a 
method includes generating at least one light beam incident 
on one or more regions of a plurality of regions in a device, 
wherein each region comprises an optogenetic system to 

In yet another aspect, the biosensor subsystem further 
60 comprises an optogenetic system configured to produce the 

plurality of biosensors upon being optically triggered by a 
light beam with a predetermined wavelength. 

In yet another aspect, the plurality of biosensors com-
prises a chimeric transcriptional activator 

65 Gal4dbd.ER.VP16 (GEY), the plurality of stimulus mol­
ecules comprises beta-estradiol molecules, wherein the 
light-emitting molecules comprise green fluorescent protein 
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(GFP) molecules, and wherein the optogenetic system com­
prises a ZCRY2/CIB1AD optogenetic system. 

In yet another aspect, the biosensor and biotransmitter 
subsystems are implemented using a microfluidic device 
comprising a plurality of regions, wherein each region 
produces a different granularity of biosensing detection in 
response to an incident light. 

In yet another aspect, the plurality of regions is configured 
with different types of biosensors and different types of 
stimulus molecules. 

4 
figure one or more parameters of a bio-electronic commu­
nication system, wherein the biological sensors ( e.g., bio­
sensors) receive and convey information to an electronics 
framework that can read and process the information being 
transmitted through the biological sensors. Embodiments of 
the present technology can be used in many fields including, 
but not limited to, wearables, groundwater testing/sensing 
for compounds such as estrogen, fertility sensing, food 

In yet another aspect, the output property comprises a pH 
10 

level, an electrical impedance, a level of molecular interac­
tion between at least two of the output molecule, the 
plurality of biosensors, and the plurality of stimulus mol­
ecules. 

safety and food industry testing, bioprocessing, and soil 
sensing. For instance, embodiments of the present technol­
ogy advantageously enable communication in a hybrid bio-
electronic framework which utilizes biological components 
for sensing but offloads processing and computation to 
traditional electronic systems and communication infra­
structure. Specific details of several embodiments of the 
technology are described below with reference to FIGS. 

In yet another aspect, each region comprises a plurality of 15 

stimulus molecules and an optogenetic system, and wherein 
the light intensity of the light-emitting molecules is based on 
a ratio of the plurality of biosensors and the plurality of 
stimulus molecules. 

1-7B. 

In yet another aspect, a wavelength or an intensity of the 20 

incident light is configured based on the information source. 

Molecules and combinations of molecules are the natural 
communication currency of microbes; microbes have 
evolved and been engineered to sense a variety of com­
pounds, often with exquisite sensitivity. The availability of 

In yet another aspect, a population density of the plurality 
of biosensors and the plurality of stimulus molecules are 
configured based on the information source. 

In yet another aspect, a type of the plurality ofbiosensors 25 
and a type of the plurality of stimulus molecules are con­
figured based on the information source. 

microbial biosensors, combined with the ability to geneti­
cally engineer biological circuits to process information, 
make microbes attractive bionanomachines for propagating 
information through molecular communication (MC) net­
works. However, MC networks built entirely of biological 
components suffer a number of limitations. They are super­
slow due to processing and propagation delays and must 
employ ultra-simple algorithms due to the still limited 

In yet another aspect, the light detector comprises one or 
more of a cellphone, a plate reader, or a microscope. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Many aspects of the present disclosure can be better 
understood with reference to the following figures. The 
components in the figures are not necessarily to scale. 
Instead, emphasis is placed on illustrating clearly the prin­
ciples of the present disclosure. 

FIG. 1 illustrates an overview of an example molecular 
communication system in accordance with embodiments of 
the present technology. 

FIG. 2 illustrates an example of an optogenetic molecular 
communication scheme in accordance with embodiments of 
the present technology. 

30 computational capabilities of biological circuits. Currently 
synthetically engineered biosensors are operated as indepen­
dent units whose outputs are processed off-line (e.g., labo­
ratory blood tests). This approach requires human involve­
ment for post-processing, which is time-consuming, 

35 expensive, and prone to errors. 
Accordingly, disclosed herein is a hybrid bio-electronic 

framework which utilizes biological components for sensing 
but offloads processing and computation to traditional elec­
tronic systems and communication infrastructure. The dis-

40 closed technology forms a bridge between synthetic biology 
and communication. This is achieved by using tools from the 
burgeoning field of optogenetics to trigger biosensing 
through an optoelectronic interface, alleviating the need for FIGS. 3A and 3B are block diagrams illustrating 

examples of microfluidic channels that can be used for 
biological sensing and communication using optogenetics 45 

and electronics in accordance with embodiments of the 
present technology. 

computation and communication in the biological domain. 
The framework consists of an external controller/trigger, 

a biosensor, and an electronic receiver as illustrated in FIG. 
2. Specifically, an optical controller that uses light stimulus 
is employed to tum on ( or off) a light sensitive protein which 
in tum initiates sensing. This requires the light stimulus to 

FIG. 4 illustrates a flowchart of a method for biological 
sensing and communication using optogenetics and elec­
tronics in accordance with embodiments of the present 
technology. 

FIG. 5 is a block diagram representation of a portion of an 
apparatus in accordance with embodiments of the present 
technology. 

50 change the activity of a sensor protein either by directly 
modifying it or by changing its expression or localization 
within the cell. The network offloads computation and 
communication complexity to the receiver, which has access 
to electrical and electronic circuitry for processing. 

FIG. 6 illustrates an overview of a system for biological 55 

sensing and communication using optogenetics and elec­
tronics in accordance with embodiments of the present 
technology. 

The disclosed technology provides a practical way to 
implement biological sensing and retrieve data. This frame­
work allows for integration of engineered or natural bio­
logical sensors to interact with the electronic world with the 
help of optogenetics. Instead of the challenges of engineer-FIGS. 7 A and 7B are block diagrams illustrating networks 

of optogenetic systems that enable network scale and 
throughput in accordance with embodiments of the present 
technology. 

DETAILED DESCRIPTION 

Embodiments of the present technology, among other 
features and benefits, utilize an information source to con-

60 ing the organisms and cells with the desired controls, the 
electrical domain presents much easier and faster methods 
for controls. 

Some applications of the disclosed technology include: 
wearables, groundwater testing/sensing for compounds such 

65 as estrogen, fertility sensing, food safety and food industry 
testing, bioprocessing, and soil sensing, with or without aid 
of microfluidic devices. 
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Cells have innate sensing capabilities and can sense 
important biological compounds, particularly compounds 
relevant for disease diagnosis and environmental monitor­
ing. As such, cells are useful sensing components to inter­
face MC networks with the natural world. However, 
attempting to engineer all aspects of an MC network with 
cells or cellular components comes with particular chal­
lenges. While cells and organisms are amazing biological 
computers in their natural milieu, the capabilities of engi­
neered biological circuits are still more limited despite much 
progress in the field of synthetic biology. To circumvent this 
challenge, embodiments of the present technology describe 
bio-electronic networks having a framework that combines 
the innate sensing capabilities of biological compounds with 
the power of electrical and electronic systems. More spe­
cifically, embodiments of the present technology include 
bio-electronic networks with biosensors controlled by an 
external light stimulus. 

6 
and any combination of the items in the list. Furthermore, 
the phrase "at least one of A, B, and C, etc." is intended in 
the sense that one having skill in the art would understand 
the convention (e.g., "a system having at least one of A, B, 
and C" would include, but not be limited to, systems that 
have A alone, B alone, C alone, A and B together, A and C 
together, Band C together, and/or A, B, and C together, etc.). 
In those instances where a convention analogous to "at least 
one of A, B, or C, etc." is used, in general, such a construc-

10 tion is intended in the sense that one having skill in the art 
would understand the convention ( e.g., "a system having at 
least one of A, B, or C" would include, but not be limited to, 
systems that have A alone, B alone, C alone, A and B 
together, A and C together, B and C together, and/or A, B, 

15 and C together, etc.). As used herein, the terms "include," 
"have," and "comprise" are used synonymously, which 
terms and variants thereof are intended to be construed as 
non-limiting. Further, headings provided herein are for con­
venience only and do not interpret the scope or meaning of In one example, optogenetic tools are used to engineer 

light-control of the desired sensor. Optogenetic tools were 
first developed for control of ion-flux in neuroscience and 
involve light-sensitive transmembrane ion-channel proteins 
called opsins, primarily from microbes, to control neural 
activity by changing the action potential across the cell 
membrane. Non-neural optogenetics, which is generally not 25 

focused on controlling ion flux, primarily uses nonopsin 
photoactivatable proteins or gene switches to develop light­
sensitive tools to control cellular processes such as gene 
expression and signaling. Optogenetic tools have been 
shown to be effective in controlling a variety of cellular 30 

processes, from gene regulation to protein localization, in 
microbes such as Escherichia coli and Saccharomyces cere­
visiae. 

20 the claimed embodiments. 
The present technology has been described in terms of 

particular embodiments found or proposed by the present 
inventor to comprise preferred modes for the practice of the 
technology. It will be appreciated by those of skill in the art 
that, in light of the present disclosure, numerous modifica­
tions and changes can be made in the particular embodi-
ments exemplified without departing from the intended 
scope of the technology. For example, due to codon redun­
dancy, changes can be made in an underlying DNA sequence 
without affecting the protein sequence. Moreover, due to 
biological functional equivalency considerations, changes 
can be made in protein structure without affecting the 
biological action in kind or amount. All such modifications 
are intended to be included within the scope of the present The light stimulus acts as an external controller that turns 

the biosensor on or off. The ability to light-gate sensing 
reduces the burden on the bio-transmitter to implement 
complex communication algorithms. The bio-electronic 
framework of the present technology therefore takes advan­
tage of the strength of biological sensors while offloading 
the processing and computation to electronic systems and 
EM networks. 

While the present technology is capable of being embod-
ied in various forms, the description below of several 
embodiments is made with the understanding that the pres­
ent disclosure is to be considered as an exemplification of 
the technology and is not intended to limit the technology to 
the specific embodiments illustrated. Headings are provided 
for convenience only and are not to be construed to limit the 
technology in any manner. Embodiments illustrated under 
any heading may be combined with embodiments illustrated 
under any other heading. 

35 technology. 
Unless otherwise defined, all technical and scientific 

terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
disclosure pertains. Although methods and materials similar 

40 or equivalent to those described herein can b e used in the 
practice of the present disclosure, suitable methods and 
materials are described below. Unless otherwise indicated, 
nucleic acids are written left to right in 5' to 3' orientation; 
amino acid sequences are written left to right in amino to 

45 carboxy orientation, respectively. All publications, patent 
applications, patents, and other references mentioned herein 
are expressly incorporated by reference in their entirety. In 
cases of conflict, the present specification, including defini­
tions, will control. In addition, the materials, methods, and 

50 examples described herein are illustrative only and are not 
intended to be limiting. 

In the present description, any concentration range, per­
centage range, ratio range, or integer range is to be under­
stood to include the value of any integer within the recited 
range and, when appropriate, fractions thereof (such as one 55 

tenth and one-hundredth of an integer), unless otherwise 
indicated. Also, any number range recited herein is to be 
understood to include any integer within the recited range, 
unless otherwise indicated. As used herein, the term "about" 
means±20% of the indicated range, value, or structure, 60 

unless otherwise indicated. It should b e understood that the 

Example Components of a Molecular Communication Sys-
tern 

Communication between sensors, and to the external 
world is essential to build an autonomous network; it 
enables the sensors to convey information in real-time. 
Existing research on MC systems identifies three building 
blocks, in line with digital communication systems, e.g., a 
transmitter, a receiver, and a channel. The transmitter 
includes a sensor, a processing unit with or without storage, 
a modulator, followed by the channel that allows informa-

terms "a" and "an" as used herein refer to "one or more" of 
the enumerated regions. Words using the singular or plural 
number also include the plural or singular number, respec­
tively. Use of the word "or" in reference to a list of two or 
more items covers all of the following interpretations of the 
word: any of the items in the list, all of the items in the list, 

tion to b e carried through it to a receiver that includes a 
demodulator, decoder, and processor. 

FIG. 1 illustrates the broad categories of MC research. As 
65 shown therein, the building blocks of an MC system include: 

Biosensor. Biological sensors, such as biosensors, can 
reach and in tum provide access to domains that are typically 
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inaccessible to the conventional electromagnetic world. In 
an MC network, the transmitter, which is typically co­
located with the sensor, is event-triggered, e.g., it initiates 
communication when the sensed signal is above a threshold. 
Therefore, the sensor remains "on" all the time. An always-

8 
Link Layer. When more than one transmitter communi­

cates to the receiver and/or multiple senders communicate to 
multiple receivers, the need for addressing and medium 
access control (MAC) arises. In an example, MAC algo­
rithms are designed based on the type of signal, spatial 
diversity, and/or characteristics of the signal. on biological sensor must incorporate mechanisms to main­

tain the properties of the sensor. In some embodiments, a 
biosensor is a cell, such as a whole-cell biosensor. In other 
embodiments, a biosensor is a protein, a nucleic acid (e.g., 
DNA and/or RNA), or a combination thereof. In these 
embodiments, the biosensor can be multiplexed. For 
example, the protein biosensor, the nucleic acid ( e.g., DNA 
and/or RNA) biosensor, or the multiplexed biosensor can be 
localized within a cell, such as a single cell. For whole-cell 
biosensors, this includes the need for mechanisms to main­
tain cell viability while controlling population size, which in 
turn require the hardware such as a microfluidic chip to b e 
capable of adapting to these dynamic changes. 

Network Layer. An increase in the distance between the 
sender and the receiver in traditional communication sys­
tems result in multiple hops between transceivers, in need of 

10 routing algorithms, which are implemented as part of the 
network layer. 
Example Embodiments of Bio-Electronic Networks 

Embodiments of the present technology integrate the 
strength of biosensors with the power of electronics and 

15 optogenetics. In some embodiments, a bio-electronic net­
work includes a biosensor, biological transmitter, an elec­
tronic receiver, and an opto-electronic stimulus/trigger as 
illustrated in FIG. 2. 

Processing unit. A sensor is followed by, or includes, a 20 

processing unit, with optional storage units, that maps 
sensed signal to information units, and a modulator to embed 
information to chemical signals. Although the feasibility of 
constructing biological gates and memory has been inves­
tigated in existing systems, realizing complex biological 25 

circuits in practice requires significant advancements in 
synthetic biology. 

Channel. A variety of channel models have been proposed 
and validated for MC channels. MC channels can be broadly 
classified into diffusion-based, flow-based, and active trans- 30 

port-based paths. Research on microfluidic chips/arrays to 
house and carry information molecules have resulted in a 
range of channel geometries and architecture. In case of a 
living biosensor, the channel must also allow nutrients to 
pass through, but not the transceivers themselves. In an 35 

example of flow-based propagation, channel geometry and 
length also determine the maximum propagation speed, in 
turn limiting the distance. 

Receiver. The information conveyed by the biosensors 
and the chemical signals is received, through the channel, 40 

and processed by a receiver that includes, in an example, a 
demodulator ( e.g., a counterpart to the modulator described 
in the processing unit), decoder, and processor. In an 
example, the receiver is coupled to a microfluidic chip/array 
and includes sensing devices that can be configured to 45 

extract the information carried in the chemical signals and 
the biosensors. In another example, the receiver can be 
coupled to a different channel architecture, e.g., the biosen­
sors in a microwell plate. 
Example Algorithms for a Molecular Communication Sys- 50 

tern 

Biosensors are the driving force to the inception of 
biological communication networks. Sensors give networks 
access to new domains, and communication allows this 
information to be relayed. Bio-electronic network retains the 
benefits of a biosensor, without overwhelming the biological 
circuitry with computation and communication needs. A 
bio-electronic network eliminates the need for synthetically 
engineered biological computation circuits by using an 
external trigger that drives the biosensor. 

In some embodiments, an optical stimulus can be used for 
a light sensitive biosensor. For example, in its default 
operation, the sensor remains in sleep or idle mode, and is 
woken up by an external light trigger which guides the 
sensor to sense. On trigger, the sensed information is 
encoded, modulated, and transmitted, which is then received 
by an electronic receiver. A bio-electronic network therefore 
offloads computational and communication complexity to 
electronic circuitry while biological circuitry is dedicated for 
sensing. 

The ability to tum a biosensor on or off at specific times 
or in specific populations of cells would alleviate some of 
the challenges of a purely biological MC network. Some 
embodiments can be configured to use a variety of stimuli, 
e.g., pH, temperature, and chemical inducers, which can be 
used to control biological processes and tum a biosensor on 
or off. Such control could happen either directly, through 
activation or inhibition of the sensor, or indirectly through 
control of gene expression or protein circuits capable of 
regulating the sensor. 

In some embodiments, light can be used as stimuli 
because it can be precisely controlled in space and time, with 
tunable wavelength and intensity. Compared to chemical 
inducers, light is inexpensive and can be controlled with 
readily available electronic and optical components. The 
control of cellular processes with genetically encoded light­
sensitive proteins is often referred to as 'optogenetics'. 

While MC has similarities to other communication sys­
tems in the architecture and communication paradigms, it 
differs significantly in channel conditions, channel geom­
etry, complexity, stability, availability, and feasibility of 
system hardware. Most importantly, MC utilizes chemical 
molecules as carrier signals to communicate. These differ­
ences have driven the need for algorithms and protocols for 
molecular communication. 

55 Light-sensitive proteins have evolved naturally in many 
organisms, such as plants and light-dependent microbes, to 
sense and respond to light. These naturally occurring pro­
teins have different sensitivities to both the wavelength and 
intensity oflight, with many proteins being sensitive to blue 

Physical Layer. A practical deployment of a communica­
tion link requires transmission of data from one end to the 
other. Physical layer algorithms in MC include modulation 
schemes to encode information, encoders and decoders, and 
models for simulating the behavior of biological transceiv-

60 (such as but not limited to about 450 nm), red (such as but 
not limited to about 650 nm) and far-red (such as but not 
limited to about 750 nm) wavelengths. Optogenetics takes 
advantage of these naturally occurring light-sensitive pro-
teins to actuate processes inside of a cell. 

ers. However, the majority of the transceiver models and the 65 

algorithms are specific to an experimental setup and are 
difficult to generalize and recreate. 

The embodiments described herein leverage optogenetic 
tools, which were first developed for control of ion-flux in 
neuroscience. Light-sensitive transmembrane ion-channel 
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proteins called opsins, primarily from microbes, are used in 
neuroscience to control neural activity by changing the 
action potential across the cell membrane. Non-neural opto­
genetics, which is generally not focused on controlling ion 
flux, primarily uses nonopsin photoactivatable proteins or 
gene switches to develop light-sensitive tools to control 
cellular processes such as gene expression and signaling. 
Optogenetic tools have been shown to be effective in con­
trolling a variety of cellular processes, ranging from gene 
regulation to protein localization, in microbes, plants, and 10 

mammalian cells. Non-limiting examples of microbes 
include Escherichia coli and Saccharomyces cerevisiae. 
Optogenetic tools useful with the present technology can 
further comprise cell-based biosensors, such as microbe 
biosensors, plant biosensors, and manimalian cell-based 15 

biosensors. 
Embodiments of the present technology utilize optoge­

netic tools to modulate the response of biosensors, such as 
to turn specific biosensors on (or off). This requires the light 
stimulus to change the activity of the biosensor either by 20 

directly modifying it or by changing its expression or 
localization within the cell. In some embodiments, the 
biosensor is a protein, such as a sensor protein. In other 
embodiments, the biosensor is a nucleic acid (e.g., DNA 
and/or RNA) or a small molecule, such as a nucleic acid 25 

(e.g., DNA and/or RNA) sensor or a small molecule sensor. 
In still further embodiments, the biosensor is a combination 
of a protein, a nucleic acid ( e.g., DNA and/or RNA), and/or 
a small molecule. There are several routes to implementing 
optogenetic control of a biosensor. In an example, optoge- 30 

netic tools that have been developed to drive gene expres­
sion are used to change the expression level of a biosensor 
protein. In another example, tools that control molecular 
targeting signals within a cell are used to change the 
localization of a biosensor protein. Since a biosensor's 35 

location in the cell ( e.g. at the plasma membrane) often 
determines its activity, this light-based targeting also serves 
to control the activity. In yet another example, light-induced 
clustering of biosensors is used to control their activity. In 
yet another example, more advanced protein engineering 40 

techniques can be used to control the activity of a biosensor 
itself by incorporating a light sensitive protein into the 
structure of the biosensor protein. In still another example, 
optogenetic approaches for targeting specific proteins for 
degradation are used to reduce the level of a biosensor, only 45 

allowing sensing under illumination conditions that allow 
biosensor expression levels to recover. 

In some embodiments, optogenetics is integrated into MC 
networks by configuring an optical trigger to access cells to 
modify their sensing properties. These cells are then con- 50 

figured to sense a signal and transmit it to a receiver. The 
receiver is further configured to coordinate the optical 
trigger to determine the sensing properties desired at a given 
moment based on the underlying communication algorithm. 

An example optogenetic molecular communication 55 

scheme can be further understood based on the illustrations 

10 
nable to further engineering, which are generally non­
pathogenic, and can survive a variety of environments, 
including in vivo niches in the human body and harsh 
environmental conditions. 

Sensor: One of the most prolific classes of yeast biosen­
sors are based on heterologous expression of human steroid 
receptors. The human estrogen receptor (hER) has been 
known to function in yeast since 1988 and further efforts 
have developed additional human receptors into yeast bio­
sensors of human hormones and hormone disruptors. These 
sensors have been applied to test compounds or environ-
mental samples for endocrine disruptive compounds (EDCs) 
that pose a significant risk to human health. 

Optical stimulus and biotransmitter: The ZCRY2/ 
CIBlAD optogenetic system, the GEY sensor, and use of the 
human estrogen receptor (hER) in yeast, have been 
described previously. Briefly, and without intending to be 
limiting, the ZCRY2/CIB1AD optogenetic system is one of 
a plurality of optogenetic systems that has been modified to 
be useful with the present technology. Using the modified 
ZCRY2/CIB1AD system, yeast is an estrogen sensor and the 
capabilities of yeast to sense estrogen is controlled by 
exposure to blue light. In an example, this is achieved by 
putting protein expression of a yeast biosensor for estrogen, 
for example the GEY sensor, under the control of the 
ZCRY2/CIB1AD optogenetic system. In this optogenetic 
system, dimerization of a split transcription factor (ZCRY2/ 
CIBlAD) is controlled by blue light (through CRY2/CIB1 
binding) and genes put under the control of a responsive 
promoter ( e.g. pZF-GEY) are expressed in response to blue 
light. In this way, yeast is capable of sensing estrogen after 
exposure to blue light. 

In an example, when GEY is expressed, it is sequestered 
in the cytoplasm of the yeast cell by a chaperone complex 
(Hsp90). Estrogen is sensed by displacing Hsp90, allowing 
GEY to localize to the nucleus of the yeast cells, where it 
binds a GEY-responsive promoter to drive expression of a 
fluorescent protein. Thus, estrogen levels are converted to a 
fluorescent signal. In this regard, yeast carrying the GEY 
biosensor under the control of the ZCRY2/CIB1AD opto­
genetic system is cultured in a bioreactor that is illuminated 
by a blue ( 450 nm) LED. Estrogen or EDCs present in the 
media are sensed by the yeast cells in culture when the GEY 
biosensor is present. 

Receiver/readout mechanism: Continuing with the 
example above, the corresponding fluorescence signal can 
be read out by several methods, including by automatically 
sampling yeast into a microfluidic device and using fluo­
rescence microscopy. In the example illustrated in FIG. 2, a 
biosensor is triggered using blue light and read-out is 
effectuated using fluorescence to implement a bio-electronic 
network. 

In some embodiments, as illustrated in FIG. 3A, a micro­
fluidic channel comprises a plurality of regions, each of 
which includes a distinctly configured optogenetic system, 
biosensor, and/or stimulus molecule. In the example illus-
trated in FIG. 3A, the light-emitting molecules are produced 
in a first region of the microfluidic charmel when the light 
beam (also referred to as a stimulus or trigger, and distinct 

provided in FIG. 2. As shown in the top row, in the absence 
of illumination, the biosensor is off, and thus no information 
is transmitted by the biotransmitter and none is received by 
the electronic receiver subsystem. When the light is turned 
on (bottom row in FIG. 2), the biosensor is turned on, and 
the information is conveyed by the biotransmitter to the 
electronic receiver. In the example shown in FIG. 2, yeast is 
used as a sensing organism. Specifically, Saccharomyces 
cerevisiae are an excellent sensing organism as they have 
been engineered to sense a wide variety of compounds. They 
are a standard chassis organism in synthetic biology ame-

60 from the stimulus molecules that react with the biosensors) 
is incident on that region and the concentration ofbiosensors 
(or stimulus molecules) is between Nl and N2. Similarly, 
light-emitting molecules are produced in a second region 
when the concentration of biosensors (or stimulus mol-

65 ecules) is between N3 and N4. In this example, the thresh­
olds (Nl, N2, N3, ... ) are configured to be non-overlapping. 
In operation, each detection area of the microfluidic system 
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of FIG. 3A, upon illumination by light in the desired range 
of wavelengths, is configured to provide a different level of 
fluorescence (including none), thus providing detection sen­
sitivity information with different levels of granularity. 

FIG. 3B illustrates an example of a microfluidic channel 
that is configured to cover an expanded detection range. As 
shown therein, the regions are configured to detect overlap­
ping thresholds, e.g., Nl-N2, N2-N3, N3-N4, .... Further­
more, the range N5-N6 can be further expanded into a 
separate microfluidic channel with non-overlapping ranges 10 

Ml-M2, M3-M4 and M5-M6, wherein N5sM1 and N6;;,;M6. 
This example illustrates that both overlapping and non­
overlapping detection regions can be concurrently used in a 
microfluidic channel. Another example that provides both 
coarse and fine detection capabilities is illustrated in FIG. 15 

7B. 
In some embodiments, the production of the light-emit­

ting molecules in each of the regions illustrated in FIGS. 3A 
and 3B is based on an optogenetic system producing bio­
sensors (e.g., GEY in FIG. 2) that can react with stimulus 20 

molecules (e.g., beta-estradiol in FIG. 2). In an example, the 
production of the biosensors by the optogenetic system can 
be triggered by illumination by light in the desired wave­
lengths. 

The ability to distinctly configure each of the plurality of 25 

regions advantageously enables information to be conveyed 
through the biological interactions between the biosensors, 
stimulus, and light-emitting molecules. In an example, 
population density of the light-emitting molecules can be 
varied in each of the plurality of regions to provide sensing 30 

at different levels of granularity. In another example, the 
wavelength of the light beam that is incident on each of the 
plurality of regions can be varied to produce wavelength­
dependent sensitivity information. In yet another example, 
the specific biosensors and stimulus molecules in each of the 35 

plurality of regions can be varied to convey information 
from the information source. 

More generally, the examples illustrated in FIGS. 3A and 
3B comprise multiple regions each of which include an 
optogenetic system that can be optically triggered to produce 40 

a biosensor, which can interact with a stimulus molecule to 
either produce an output molecule and/or alter an output 
property of one or more of the biosensor, the stimulus 
molecule and the output molecule. In one of the examples 
described above, the output molecule is the light-emitting 45 

molecule, and in another example, the output property is the 
population density of the light-emitting molecules. In the 
described embodiments, the production of the output mol­
ecule and/or the alteration of the output property can be 
modulated based on the information source. 50 

12 
directed to one sensor at a time and hence the sensor does not 
have to convey an address with the information to identify 
the specific biosensor that produced the information. The 
external trigger can thus implement other MAC protocols 
without requiring any coordination between the senders. The 
external control therefore simplifies the system design, as 
well as the communication algorithm design. 

Routing and reliability. In a bio-electronic network, rout­
ing is performed on the receiver end to steer the trigger to the 
corresponding sensor. The sensor is thus unaware of the 
network and eliminates overheads to determine the best 
route. Reliability mechanisms, similarly, can be offloaded to 
the electronic domain, greatly simplifying the bioengineer­
ing requirements. The receiver, aware of the sensor that is 
triggered is responsible for resolving data from the sensor. 
Feedback requirements of traditional reliability protocols 
are replaced by follow up stimulus from the external con­
troller. 

Distributed sensing. The light control further allows par­
allel sensing without additional overheads. In an example, 
multiple EDCs can be sensed. Yeast biosensors for a variety 
of human EDCs have been developed. A mixed culture of 
yeast cells, each containing a specific biosensor is grown in 
a bioreactor. By serially deciding which sensor should be on 
( e.g., using different colored LEDs as stimuli), the output for 
each sensor ( e.g., fluorescence) can be the same. Light can 
also be exquisitely controlled in space. If individual sensors 
are spatially separated, this would allow all of the yeast 
colonies to report their information using the same signal 
and channel, as the receiver could deconvolve this by 
knowing which biosensors had been turned on. 

A bio-electronic network, as described in the embodi-
ments herein, offloads computation and communication to 
the receiver/controller and the biosensor is only responsible 
for sensing and encoding information. This framework 
advantageously enables the development of communication 
techniques to enhance the throughput and delay perfor­
mance, diversifying the sensors and environments, improv­
ing the scale of the network, and simplifying hardware for 
practical deployments. For example, the following commu­
nication algorithms and techniques can developed for bio-
electronic network based on the embodiments described 
herein. 

Modulation. In some embodiments, modulation tech­
niques developed for MC are used to encode information in 
response to a light trigger. In an example, the set of param­
eters that are used to modulate the data include properties of 
the colony, characteristics of the output signal, and optical 
properties of the colony, among others. 

In some embodiments, a biosensor transitioning between 
the dormant state (no fluorescence) and the active state 
(fluorescence) can be used as a modulation scheme. In other 
embodiments, an intensity of the fluorescence can be used to 
modulate information. In yet other embodiments, a level of 

These variations can be encoded in the biological frame­
work based on an information source (e.g., a bitstream 
source that generates "O" and "1" values), and the electronic 
framework can then be used to extract this information for 
further processing. This approach leverages the complexity 
of the biological systems to encode and carry information 
and uses the electronic framework to shoulder the compu­
tational and communication complexity of the system. 

The bio-electronic networks comprised in some of the 
described embodiments are characterized by at least the 
following features and benefits. 

55 growth of the population ( or population density) can be used 
as a modulation scheme. For an example, the population 
density corresponds to the density of cells or biosensors 
(with each biosensor being a cell). For another example, it 
corresponds to the plurality of biosensors within a single 

60 cell. 

Addressing and Medium Access Control. A bio-electronic 
network simplifies addressing and MAC by outsourcing it to 
the external trigger. The optical trigger specifically turns on 
and off the biosensor and hence does not require additional 65 

addressing. In an example, a group of biosensors may be 
deployed spatially. In this example, the optical trigger is 

Scalability. In some embodiments, data can be collected 
from a large number of sensors without any coordination on 
the transmitter end. Herein, the receiver can be configured to 
coordinate the trigger and resolving the responses (e.g., as 
shown in FIGS. 3A and 3B, wherein the resolution of 
detection can be configured based on system requirements 
and parameters). In an example, queuing theory, cooperative 
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communication, and parallel processing can be adapted to 
maximize the scale and hence the throughput. In another 
example, optimizing the number of sensors that can be 
triggered and processed in parallel results in increasing the 
throughput of the network. 

14 
effect of heterologous protein expression. In another 
example, stem-cell like regenerative properties can be engi­
neered into microbial communities to ensure biosensor 
stability. 

Expanding biological readouts. Fluorescence is a well­
received readout owing to its ease-of-use in laboratories. 
The embodiments described herein can be configured to 
expand the repertoire of readouts beyond fluorescence, 
which would allow the output ofbio sensors to be measured 
with more rapid, inexpensive, and miniaturizable technol­
ogy. This would advantageously enable readouts for colony 
growth, luminescence, and production of hydrogen ions that 
can be measured using a pH electrode. For example, detec­
tions based on a change in an intensity or polarization of the 
received light can be used as a basis for sensing. 

Harnessing microbial diversity. Currently, a limited num­
ber of chassis organisms that can be engineered are used for 
sensing. The embodiments described herein can leverage 
non-domesticated microbes that provide advantages over the 

Cross-talk and interference. In some embodiments, tech­
niques from synthetic biology and optogenetics can be 
leveraged to enable biosensor activity to be controlled by a 
specific wavelength of light. However, difficulties start to 
arise when multiple sensors need to be controlled with 10 

different wavelengths because of the crosstalk between the 
light-responsive proteins used to construct optogenetic sys­
tems, in that they may respond to a range of light wave­
lengths. In an example, error correction mechanisms on the 
receiver side can be used to overcome these effects, which 15 

can significantly improve the reliability of a bio-electronic 
network. In another example, communication techniques to 
leverage spatial diversity and co-operative sensing that are 
aware of interference can be used to overcome this chal­
lenge. 20 commonly used organisms; they contain unique natural 

sensors and are adapted for a range of environments and 
environmental stressors. 

In an example, the error correction mechanism can be 
implemented as a parity check code where one of the regions 
(e.g., detection area #1 in FIG. 3A) could be configured as 
a function of the other three regions. In another example, the 
error correction mechanism can b e implemented as a 25 

repetition code where multiple regions are configured to 
provide the same output ( e.g., as illustrated in the context of 
FIG. 7B). 

Optical network architecture. In some embodiments, the 
bio-electronic network can be configured to include an array 30 

of optical triggers interacting with a large set of biosensors. 
In an example, network architecture design can be used to 
optimize the number of optical trigger systems for a given 
array of sensors. In another example, compressed sensing 
and graph coloring techniques can be adapted to incorporate 35 

the latency due to switching and response time, which can 
result in a large-scale, practical bio-electronic network. 
Example Applications of Bio-Electronic Networks 

Embodiments of the present technology can be configured 
to operate in a variety of applications, which include, but are 40 

not limited to, the following. 
Management of live cell biosensors. The external stimu-

lus in a bioelectronic network lets the sensor remain in idle 
mode except while sensing. In order to allow sensors to 
rapidly "wake up" in response to a trigger, dormant and 45 

senescent cells must be avoided, which reduces the latency 
of the sensing system. In an example, a microfluidic chip can 
be configured to handle cell cultures and ensure constant 
colony size, which improves the usability of this framework. 
In another example, the biosensors can be further configured 50 

to return to sleep, which also improves the sensing system. 
Spectrum expansion. Optogenetic tools leveraged by the 

embodiments described herein use light-sensitive proteins. 
There are currently a limited number of wavelengths to 
which these proteins respond, due to chromophore proper- 55 

ties, which reduces the number of distinct wavelengths that 
can be combined independently. In an example, this limita­
tion can be overcome using hybrid optogenetic circuitry that 
responds to the rate and intensity of light, in addition to the 
wavelength. Accordingly, multiple sensors may be utilized 60 

with the same color of light. This enables a limited number 
of light wavelengths to control a larger number of sensors. 

Biological sensor stability. Bio-electronic networks sim­
plify MC by reducing the engineering burden on the sensor. 
In some embodiments, stability of the biosensor can be 65 

improved. For example, the resource allocation in biosen­
sors can be carefully accounted for to reduce the deleterious 

Example Methods and Implementations of the 
Present Technology 

FIG. 4 illustrates a flowchart of an example method for 
biological sensing and communication using optogenetics 
and electronics. The method 400 includes, at operation 410, 
generating at least one light beam incident on one or more 
regions of a plurality of regions in a device. In this example 
method, each region comprises an optogenetic system to 
generate, upon interacting with the at least one light beam, 
a plurality ofbiosensors, an interaction between the plurality 
of biosensors and a plurality of stimulus molecules in each 
region is associated with at least one distinct threshold for a 
production of an output molecule or an alteration of an 
output property associated with the output molecule, the 
plurality of biosensors, or the plurality of stimulus mol­
ecules, and the production of the output molecule or the 
alteration of the output property is based on a value asso­
ciated with an information source. 

The method 400 includes, at operation 420, detecting an 
output received from one or more of the plurality of regions 
corresponding to the output molecule or the output property 
in that region and generating an electric signal associated 
therewith. 

The method 400 includes, at operation 430, processing the 
electrical signal to determine the value associated with the 
information source. 

In some embodiments, the distinct thresholds for one or 
more parameters of the system ( e.g., in each of the regions 
illustrated in FIGS. 3A and 3B) can be configured in order 
to convey information from the information source to the 
light detector, via the light source. In an example, the 
population density ( or growth rate) in each of the regions of 
the microfluidic channel can be configured to convey infor­
mation. In another example, each of the regions are popu­
lated with different biosensors and stimulus molecules in 
order to convey information. In yet another example, the 
wavelength of the light beam that is incident on the one or 
more regions can be varied in order to convey information. 

FIG. 5 is a block diagram of an example hardware 
apparatus (which includes the illustrated electrical and pro­
cessing hardware and optical hardware that is not shown in 
FIG. 5) that can accommodate at least some of the present 
technology. The apparatus 500 may include one or more 
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Processors suitable for the execution of a computer pro­
gram include, by way of example, both general and special 
purpose microprocessors, and any one or more processors of 
any kind of digital computer. Generally, a processor will 
receive instructions and data from a read only memory or a 
random access memory or both. The essential elements of a 
computer are a processor for performing instructions and 
one or more memory devices for storing instruction s and 
data. Generally, a computer will also include, or be opera-

processors 502, one or more memories 504, a light source 
506, a microfluidic channel 508 ( or more generally a micro­
fluidic channel), and a light detector 510. The processor(s) 
502 may be configured to implement one or more methods 
(including, but not limited to, method 400) described in the 
present document. The memory (memories) 504 may be 
used for storing data and code used for implementing the 
methods and techniques described herein. The light source 
506, microfluidic channel 508, and light detector 510, are 
independently coupled to the processor 502 and/or the 
memory 504 and can receive commands and signals from 
the processor; the light source 506, microfluidic channel 
508, and light detector 510 may also transmit signals includ-
ing data and commands to the processor 502 and/or memory 
504. 

10 tively coupled to receive data from or transfer data to, or 
both, one or more mass storage devices for storing data, e.g., 
magnetic, magneto optical disks, or optical disks. However, 
a computer need not have such devices. Computer readable 
media suitable for storing computer program instructions 

15 and data include all forms of nonvolatile memory, media and 
memory devices, including by way of example semiconduc­
tor memory devices, e.g., EPROM, EEPROM, and flash 
memory devices. The processor and the memory can be 

Implementations of the subject matter and the functional 
operations of the present technology can be implemented in 
various systems, digital electronic circuitry, or in computer 
software, firmware, or hardware, including the structures 20 

present in this specification and their structural equivalents, 
or in combinations of one or more of them. Implementations 
of the subject matter described in this specification can be 
implemented as one or more computer program products, 
i.e., one or more modules of computer program instructions 25 

encoded on a tangible and non-transitory computer readable 
medium for execution by, or to control the operation of, data 
processing apparatus. The computer readable medium can 
be a machine-readable storage device, a machine-readable 
storage substrate, a memory device, a composition of matter 30 

effecting a machine-readable propagated signal, or a com­
bination of one or more of them. The term "data processing 
unit" or "data processing apparatus" encompasses all appa­
ratus, devices, and machines for processing data, including 
by way of example a programmable processor, a computer, 35 

or multiple processors or computers. The apparatus can 
include, in addition to hardware, code that creates an execu­
tion environment for the computer program in question, e.g, 
code that constitutes processor firmware, a protocol stack, a 
database management system, an operating system, or a 40 

combination of one or more of them. 
A computer program ( also known as a program, software, 

software application, script, or code) can be written in any 
form of programming language, including compiled or 
interpreted languages, and it can be deployed in any form, 45 

including as a stand-alone program or as a module, compo­
nent, subroutine, or other unit suitable for use in a computing 
environment. A computer program does not necessarily 
correspond to a file in a file system. A program can be stored 
in a portion of a file that holds other programs or data ( e.g., 50 

one or more scripts stored in a markup language document), 
in a single file dedicated to the program in question, or in 
multiple coordinated files ( e.g., files that store one or more 
modules, sub programs, or portions of code). A computer 
program can be deployed to be executed on one computer or 55 

on multiple computers that are located at one site or dis­
tributed across multiple sites and interconnected by a com­
munication network. 

The processes and logic flows described in this specifi­
cation can be performed by one or more programmable 60 

processors executing one or more computer programs to 
perform functions by operating on input data and generating 
output. The processes and logic flows can also be performed 
by, and apparatus can also be implemented as, special 
purpose logic circuitry, e.g., an FPGA (field programmable 65 

gate array) or an ASIC (application specific integrated 
circuit). 

supplemented by, or incorporated in, special purpose logic 
circuitry. 

FIG. 6 is a system for biological sensing and communi­
cation using optogenetics and electronics that can accom­
modate at least some embodiments of the present technol­
ogy. As shown, the system includes at least four portions, an 
automation and control portion, a measurement portion, a 
culture illumination portion, and a culture maintenance 
portion. Within each portion are elements, such as a com­
puter element and a control board element of the automation 
and control portion, a microfluidic element and a micro­
scope element of the measurement portion, a cell culture 
element of the culture illumination portion, and the like. As 
an example, the automation and control portion can, include 
apparatus 500 as illustrated in FIG. 5 and/or other appara­
tuses in accordance with the present technology. The culture 
illumination portion can, for example, include the optoge­
netic molecular communication scheme illustrated in FIG. 2 
and/or other optogenetic molecular communication schemes 
in accordance with the present technology. As another 
example, the measurement portion can include automati­
cally sampling yeast into a microfluidic device, such as the 
microfluidic devices illustrated in FIG. 3A and/or FIG. 3B, 
detected, and measured using fluorescence microscopy as 
shown in FIG. 2. 

The elements described above within each portion of the 
system and shown in FIG. 6 are not intended to be limiting 
and each portion of the system can include at least the 
elements shown in FIG. 6 and described herein, additional 
elements not shown in FIG. 6 or described herein, or may 
lack at least one of the elements shown in FIG. 6 and 
described herein. For example, one or more portions of the 
system can further include additional elements, such as but 
not limited to, tubing, valves, switches, pumps, batteries, 
plugs, a light source, flasks, stoppers, knobs, plates, cham­
bers, cells, media, and media additive factors. 

The system illustrated in FIG. 6 can be configured to 
perform methods in accordance with the present technology, 
such as but not limited to, method 400 as illustrated in FIG. 
4. As another example, without intending to limit the use 
and/or methods performed by and/or in each portion of the 
system, the automation and control portion of the system 
comprises software, that is, for example, configured to 
perform at least one step of the methods associated with 
embodiments of the present technology, and bang-bang 
implementation. As another example that is not intended to 
limit the use and/or methods performed by and/or in each 
portion of the system, the measurement portion is configured 
to perform microfluidic sampling and fluorescence imaging. 
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As yet another example that is not intended to limit the use 
and/or methods performed by and/or in each portion of the 
system, the culture illumination portion is configured to 
illuminate one or more cultures of cells of the system and the 
culture maintenance portion is configured to support prolif­
eration and survival of the cells cultured in the system. 

In other embodiments of the system for biological sensing 
and communication using optogenetics and electronics that 
can accommodate at least some of the present technology, 
each of the four portions illustrated in FIG. 6 can be 10 

combined with at least one other portion of the system or 
other portions of the system in accordance with the present 
technology. For example, the culture maintenance portion 
and the culture illumination portion can be combined into a 
culture portion resulting in a system with three portions 15 

instead of the illustrated four portions. Despite having fewer 
portions, the system with three portions can be, but is not 
necessarily, configured to perform the same methods as the 
system having four portions. 

FIGS. 7 A and 7B are block diagrams illustrating networks 20 

of optogenetic systems, with each rectangle representing a 
colony ofbiosensors, that enable can improve network scale 
and throughput in accordance with embodiments of the 
present technology. 

FIG. 7 A illustrates an example of the parallel decoding of 25 

sensors using two distinct frequencies of light (illustrated in 
red and blue in FIG. 7A). Herein, each sensor is genetically 
engineered to respond to a specific frequency of light; 
multiple sensors can be turned on and off in parallel, 
allowing the receiver to read more than one sensor at a time. 30 

Such a setup can advantageously improve the scale and 
throughput of the network, by allowing multiple readouts 
simultaneously. 

FIG. 7B illustrates another example where multiple sen­
sors can be turned on in parallel to observe data with 35 

redundancy. This redundancy in data can be used to improve 
reliability of data read. This framework also allows us to 
read multiple range of inputs. For example, the single 
rectangle to the left can be sensor that responds to coarse 
range and finer sensing range obtained by illuminating 40 

sensors individually. 
Certain aspects of the technology described in the context 

of particular embodiments may be combined or eliminated 
in other embodiments. In addition, while advantages asso­
ciated with some embodiments of the technology have been 45 

described in the context of some embodiments, other 
embodiments may also exhibit such advantages, and not all 
embodiments need necessarily exhibit such advantages to all 
within the scope of the present technology. Accordingly, the 
disclosure and associated technology can encompass other 50 

embodiments not expressly shown or described herein. 
To the extent any materials incorporated by reference 

herein conflict with the present disclosure, the present dis­
closure controls. 

55 

Representative Examples 

The following examples are provided to further illustrate 
embodiments of the present technology and are not to be 
interpreted as limiting the scope of the present technology. 60 

To the extent that certain embodiments or features thereof 
are mentioned, it is merely for purposes of illustration and, 
unless otherwise specified, is not intended to limit the 
present technology. One skilled in the art may develop 
equivalent means without the exercise of inventive capacity 65 

and without departing from the scope of the present tech­
nology. It will be understood that many variations can be 

18 
made in the procedures herein described while still remain­
ing within the bounds of the present technology. Such 
variations are intended to be included within the scope of the 
presently disclosed technology. 

Without further description, it is believed that one of 
ordinary skill in the art may, using the preceding description 
and the following illustrative examples, make and utilize the 
agents of the present disclosure and practice the claimed 
methods. The following working examples are provided to 
facilitate the practice of the present disclosure and are not to 
be construed as limiting in any way the remainder of the 
disclosure. As such, embodiments of the presently disclosed 
technology are described in the following representative 
examples. 

1. An optogenetic communication system, comprising a 
biosensor subsystem comprising a plurality of biosen­
sors; a biotransmitter subsystem configured to produce 
an output molecule or alter an output property in 
response to the plurality of biosensors interacting with 
a plurality of stimulus molecules, the output property 
being associated with the output molecule, the plurality 
of biosensors, or the plurality of stimulus molecules; 
and an electronic receiver subsystem comprising an 
output detector, a processor, and a memory including 
instructions executable by the processor stored thereon, 
wherein the instructions upon execution by the proces­
sor, configure the processor to receive information from 
the output detector representative of sensing informa­
tion conveyed by the biotransmitter subsystem, and 
process the information in digital form to detect one or 
more of the following the output property associated 
with the output molecule, a concentration associated 
with the output molecule, the output property associ­
ated with the plurality of biosensors, the output prop­
erty associated with the plurality of stimulus molecules, 
a concentration of the plurality of biosensors, and a 
concentration of the plurality of stimulus molecules. 

2. The system of example 1, wherein the output molecule 
comprises a light-emitting molecule. 

3. The system of example 2, wherein processing the 
received information in digital form comprises per­
forming a demodulation operation on an electrical 
signal corresponding to the intensity of the light pro­
duced by the light-emitting molecules. 

4. The system of any of examples 1 to 3, wherein the 
biosensor subsystem further comprises an optogenetic 
system configured to produce the plurality of biosen­
sors upon being optically triggered by a light beam with 
a predetermined wavelength. 

5. The system of example 4, wherein the plurality of 
biosensors comprises a chimeric transcriptional activa­
tor Gal4dbd.ER.VP16 (GEY), the plurality of stimulus 
molecules comprises beta-estradiol molecules, wherein 
the light-emitting molecules comprise green fluores­
cent protein (GFP) molecules, and wherein the opto­
genetic system comprises a ZCRY2/CIB1AD optoge­
netic system. 

6. The system of any of examples 1 to 3, wherein the 
biosensor and biotransmitter subsystems are imple­
mented in units such as a microfluidic device compris­
ing a plurality of regions, wherein each region produces 
a different granularity of biosensing detection in 
response to an incident light. 

7. The system of example 6, wherein the plurality of 
regions is configured with different types ofbiosensors 
and different types of stimulus molecules. 
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8. The system of example 1, wherein the output property 
comprises a pH level, an electrical impedance, a level 
of molecular interaction between at least two of the 
output molecule, the plurality of biosensors, and the 
plurality of stimulus molecules. 

9. A bio-electronic communication system, comprising a 
microfluidic device comprising a plurality of regions, 
wherein each region comprises a plurality of biosen­
sors, wherein the plurality of biosensors in each region 
is associated with at least one distinct threshold for an 
optically-triggered production of light-emitting mol­
ecules, and wherein the production of the light-emitting 
molecules is based on a value associated with an 
information source and triggered by at least one light 
beam incident on one or more of the plurality of 
regions; a light detector configured to detect light 
received from one or more of the plurality of regions 
corresponding to a light intensity of the light-emitting 
molecules in that region and generate an electrical 
signal associated therewith; and a processor configured 
to process the electric signal and determine the value 
associated with the information source. 

10. The system of example 9, wherein each region com­
prises a plurality of stimulus molecules and an opto­
genetic system, and wherein the light intensity of the 
light-emitting molecules is based on a ratio of the 
plurality of biosensors and the plurality of stimulus 
molecules. 

11. The system of example 10, wherein a wavelength or 
an intensity of the incident light is configured based on 
the information source. 

12. The system of example 10, wherein a population 
density of the plurality of biosensors and the plurality 

20 
external opto-electronic stimuli configured to generate 
an external optical signal, thereby to turn on the one or 
more biosensors. 

17. The bio-electronic system of example 16, wherein the 
biosensor is an estrogen sensor expressed by yeast. 

18. The bio-electronic system of example 16, wherein the 
biosensor is GEY sensor. 

While the present disclosure contains many specifics, 
these should not be construed as limitations on the scope of 

10 any invention or of what may be claimed, but rather as 
descriptions of features that may be specific to particular 
embodiments of particular inventions. Certain features of 
the present technology in the context of separate embodi­
ments can also be implemented in combination in a single 

15 embodiment. Conversely, various features that are described 
in the context of a single embodiment can also be imple­
mented in multiple embodiments separately or in any suit­
able subcombination. Moreover, although features may be 
described above as acting in certain combinations and even 

20 initially claimed as such, one or more features from a 
claimed combination can in some cases be excised from the 
combination, and the claimed combination may be directed 
to a subcombination or variation of a subcombination. 

Similarly, while operations are depicted in the drawings in 
25 a particular order, this should not be understood as requiring 

that such operations be performed in the particular order 
shown or in sequential order, or that all illustrated operations 
be performed, to achieve desirable results. Moreover, the 
separation of various system components in embodiments of 

30 the present technology should not be understood as requiring 
such separation in all embodiments. 

Only a few implementations and examples are described 
and other implementations, enhancements and variations 
can be made in accordance with the present technology. 

of stimulus molecules are configured based on the 35 
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The invention claimed is: 
1. An optogenetic communication system, comprising: 
a biosensor subsystem comprising a plurality of biosen­

sors; 
a biotransmitter subsystem configured to produce an 

output molecule or alter an output property in response 
to the plurality ofbiosensors interacting with a plurality 
of stimulus molecules, the output property being asso­
ciated with the output molecule, the plurality of bio­
sensors, or the plurality of stimulus molecules; and 

an electronic receiver subsystem comprising: 
an output detector, 
a processor, and 
a memory including instructions executable by the 

processor stored thereon, wherein the instructions, 
upon execution by the processor, configure the pro­
cessor to: 
receive information from the output detector repre­

sentative of sensing information conveyed by the 
biotransmitter subsystem, and process the infor­
mation in digital form to detect one or more of the 
following: 
the output property associated with the output 

molecule, 
a concentration associated with the output mol­

ecule, 
the output property associated with the plurality of 

biosensors, 
the output property associated with the plurality of 

stimulus molecules, 
a concentration of the plurality of biosensors, or 
a concentration of the plurality of stimulus mol­

ecules. 
2. The system of claim 1, wherein the output molecule 

comprises a light-emitting molecule. 
3. The system of claim 2, wherein processing the received 

information in digital form comprises: 
performing a demodulation operation on an electrical 

signal corresponding to an intensity of the light pro­
duced by the light-emitting molecules. 

69. Tingting Xu, Anna Young, Jasleen Narula, Gary Sayler, 
and Steven Ripp. Highthroughput analysis of endocrine­
disrupting compounds using blyes and blyas biolumines- 50 

cent yeast bioassays. In Bioluminescent Imaging. 
Springer, 2020. 4. The system of claim 2, wherein the biosensor subsys­

tem further comprises an optogenetic system configured to 
produce the plurality of biosensors upon being optically 

55 triggered by a light beam with a predetermined wavelength. 
5. The system of claim 4, wherein the plurality of bio­

sensors comprises a chimeric transcriptional activator 
Gal4dbd.ER.VP16 (GEY), 
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the plurality of stimulus molecules comprises beta-estra­
diol molecules, 

wherein the light-emitting molecules comprise green 
fluorescent protein (GFP) molecules, and 

wherein the optogenetic system comprises a ZCRY2/ 
CIBlAD optogenetic system. 

6. The system of claim 1, wherein the biosensor and 
biotransmitter subsystems are implemented using a micro­
fluidic device comprising a plurality of regions, 
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wherein each of the plurality of regions produces a 
different granularity of biosensing detection in 
response to an incident light. 

7. The system of claim 1, wherein the biosensor and 
biotransmitter subsystems are implemented using a micro­
fluidic device comprising a plurality of regions, 

wherein each of the plurality ofregions is configured with 
a different type of biosensor and a different type of 
stimulus molecule. 

8. The system of claim 1, wherein the output property 10 

comprises a pH level, or an electrical impedance. 
9. The system of claim 1, wherein the output property 

comprises a level of molecular interaction between any 
combination of at least two of the following: the output 
molecule, the plurality of biosensors, or the plurality of 15 

stimulus molecules. 
10. The system of claim 5, wherein each of the plurality 

of biosensors is expressed by yeast. 
11. The system of claim 6, wherein each of the plurality 

of biosensors is associated with a respective region of the 20 

plurality of regions, and 
wherein the biotransmitter subsystem is configured to 

implement, for each respective region of the plurality 
of regions, a distinct threshold of a plurality of distinct 
thresholds, such that, for each of the plurality of 25 

regions, and 
wherein the biotransmitter subsystem is further config­

ured to produce the output molecule or alter the output 
property, for each region, in response to a value of a 
signal measured by the biosensor subsystem satisfying 30 

the distinct threshold associated with the region, 
thereby indicating that the region has been activated. 

12. The system of claim 11, wherein the information from 
the output detector representative of sensing information 
conveyed by the biotransmitter subsystem comprises: 

an indication, for each region of the plurality of regions, 
of whether the region was activated, and 

wherein processing the received information in digital 
form comprises: 

35 

determining the value of the signal based on which of 40 

the plurality of regions was activated and which of 
the plurality of regions was not activated. 

13. The system of claim 1, wherein the biosensor sub­
system further comprises a second plurality of biosensors, 

the biotransmitter subsystem is configured to produce a 45 

second output molecule or alter a second output prop­
erty in response to the second plurality of biosensors 
interacting with a second plurality of stimulus mol­
ecules, the second output property being associated 
with the second output molecule, the second plurality 50 

ofbiosensors, or the second plurality of stimulus mol­
ecules; and 

wherein the instructions, upon execution by the processor, 
further configure the processor to: 
receive information from the output detector represen- 55 

tative of sensing information conveyed by the 
biotransmitter subsystem, and process the informa­
tion in digital form to detect one or more of the 
following: 
the second output property associated with the out- 60 

put molecule, 
a concentration associated with the second output 

molecule, 

26 
a concentration of the second plurality ofbiosensors, 

or 
a concentration of the second plurality of stimulus 

molecules. 
14. The system of claim 13, wherein activity of the 

plurality ofbiosensors is modulated using a first trigger, and 
activity of the second plurality of biosensors is modulated 
using a second trigger that is different from the first trigger, 
and 

wherein the second output molecule or second output 
property is the same as the output molecule or second 
output property, and the second plurality of biosensors 
or plurality of biosensors is addressed based on a 
timing of when the first trigger or second trigger was 
applied to activate the plurality of biosensors or the 
second plurality of biosensors. 

15. An optogenetic communication method, comprising: 
generating, using an output detector of an electronic 

receiver subsystem of an optogenetic communication 
system, information representative of sensing informa­
tion conveyed by a biotransmitter subsystem of the 
optogenetic communication system, 
wherein the optogenetic communication system com­

prises: 
a biosensor subsystem comprising a plurality of 

biosensors; 
the biotransmitter subsystem configured to produce 

an output molecule or alter an output property in 
response to the plurality of biosensors interacting 
with a plurality of stimulus molecules, the output 
property being associated with the output mol­
ecule, the plurality of biosensors, or the plurality 
of stimulus molecules; and 
an electronic receiver subsystem comprising: 

an output detector, 
a memory, and 
a processor configured to execute instructions 
included on the memory; 

receiving, using the processor, the information represen­
tative of sensing information conveyed by the biotrans­
mitter subsystem; and 

processing the information in digital form to detect one or 
more of the following: 
the output property associated with the output mol­

ecule, 
a concentration associated with the output molecule, 
the output property associated with the plurality of 

biosensors, 
the output property associated with the plurality of 

stimulus molecules, 
a concentration of the plurality of biosensors, or 
a concentration of the plurality of stimulus molecules. 

16. The method of claim 15, wherein the output molecule 
comprises a light-emitting molecule. 

17. The method of claim 16, wherein processing the 
information in digital form comprises: 

performing, using the processor, a demodulation opera­
tion on an electrical signal corresponding to an inten­
sity of the light produced by the light-emitting mol­
ecules. 

18. The method of claim 15, wherein the output property 
comprises a pH level, or an electrical impedance. 

the second output property associated with the sec­
ond plurality of biosensors, 

the second output property associated with the sec­
ond plurality of stimulus molecules, 

19. A non-transitory computer-readable medium contain-
65 ing computer executable instructions that, when executed by 

a processor, configure the processor to perform an optoge­
netic communication method, the method comprising: 
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generating, using an output detector of an electronic 
receiver subsystem of an optogenetic communication 
system, information representative of sensing informa­
tion conveyed by a biotransmitter subsystem of the 
optogenetic communication system, 
wherein the optogenetic communication system com­

prises: 
a biosensor subsystem comprising a plurality of 

biosensors; 
the biotransmitter subsystem configured to produce 10 

an output molecule or alter an output property in 
response to the plurality of biosensors interacting 
with a plurality of stimulus molecules, the output 
property being associated with the output mol­
ecule, the plurality of biosensors, or the plurality 15 

of stimulus molecules; and 
an electronic receiver subsystem comprising: 

an output detector, 

28 
a memory, and 
a processor configured to execute instructions 
included on the memory; 

receiving, using the processor, the information represen­
tative of sensing information conveyed by the biotrans­
mitter subsystem; and 

processing the information in digital form to detect one or 
more of the following: 
the output property associated with the output mol­

ecule, 
a concentration associated with the output molecule, 
the output property associated with the plurality of 

biosensors, 
the output property associated with the plurality of 

stimulus molecules, 
a concentration of the plurality of biosensors, or 
a concentration of the plurality of stimulus molecules. 

* * * * * 


