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Living systems, such as bacteria, yeasts, and mammalian cells, can
be genetically programmed with synthetic circuits that execute
sensing, computing, memory, and response functions. Integrating
these functional living components into materials and devices will
provide powerful tools for scientific research and enable new
technological applications. However, it has been a grand challenge
to maintain the viability, functionality, and safety of living compo-
nents in freestanding materials and devices, which frequently un-
dergo deformations during applications. Here, we report the design
of a set of living materials and devices based on stretchable, robust,
and biocompatible hydrogel-elastomer hybrids that host various
types of genetically engineered bacterial cells. The hydrogel provides
sustainable supplies of water and nutrients, and the elastomer is
air-permeable, maintaining long-term viability and functionality of
the encapsulated cells. Communication between different bacte-
rial strains and with the environment is achieved via diffusion of
molecules in the hydrogel. The high stretchability and robustness
of the hydrogel-elastomer hybrids prevent leakage of cells from
the living materials and devices, even under large deformations.
We show functions and applications of stretchable living sensors
that are responsive to multiple chemicals in a variety of form fac-
tors, including skin patches and gloves-based sensors. We further
develop a quantitative model that couples transportation of sig-
naling molecules and cellular response to aid the design of future
living materials and devices.

hydrogels | synthetic biology | genetically engineered bacteria |
biochemical sensors | wearable devices

G enetically engineered cells enabled by synthetic biology have
accomplished multiple programmable functions, including
sensing (1), responding (2), computing (3), and recording (4).
Powered by this emerging capability to program cells into living
computers (1-6), the integration of genetically encoded cells into
freestanding materials and devices will not only provide new
tools for scientific research but also, lead to unprecedented tech-
nological applications (7). However, the development of such living
materials and devices has been significantly hampered by the de-
manding requirements for maintaining viable and functional cells in
materials and devices plus biosafety concerns toward the release
of genetically modified organisms into environments. For ex-
ample, gene networks embedded in paper matrices have been
used for low-cost rapid viruses detection and protein manufacturing
(1). However, their gene networks are based on freeze-dried ex-
tracts from genetically engineered cells to operate, partially because
the paper substrates cannot sustain long-term viability and func-
tionality of living cells or prevent their leakage. As another example,
by seeding cardiomyocytes on thin elastomer films, biohybrid de-
vices have been developed as soft actuators (8) and biomimetic
robots (9). However, because the cells are not protected or isolated
from the environment, the biohybrid devices need to operate in
media, and the cells may detach from the elastomer films. Thus, it
remains a grand challenge to integrate genetically encoded cells into
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practical materials and devices that can maintain long-term viability
and functionality of the cells, allow for efficient chemical commu-
nications between cells and with external environments, and
prevent cells from escaping the materials or devices. A versatile
material system and a general method to design living materials
and devices capable of diverse functions (1, 8-10) remain a
critical need in the field.

As polymer networks infiltrated with water, hydrogels have
been widely used as scaffolds for tissue engineering (11) and
vehicles for cell delivery (12) owing to their high water content,
biocompatibility, biofunctionality, and permeability to a wide
range of chemicals and biomolecules (13). The success of hydrogels
as cell carriers in tissue engineering and cell delivery shows their
potential as an ideal matrix for living materials and devices to in-
corporate genetically engineered cells. However, common hydrogels
exhibit low mechanical robustness (14) and difficulty in bonding
with other materials and devices (15), which have posed challenges
in using them as matrices for living materials and devices (10).
Significant progress has been made toward designing hydrogels with
high mechanical toughness and stretchability (14, 16, 17) and ro-
bustly bonding hydrogels to engineering materials, such as glass,
ceramics, metals, and elastomers (15, 18, 19). Combining pro-
grammed cells with robust biocompatible hydrogels has the poten-
tial to enable an avenue to create new living materials and devices,
but this promising approach has not been explored yet.

Here, we show the design of a set of living materials and devices
based on stretchable, robust, and biocompatible hydrogel-elastomer
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hybrids that host various types of genetically engineered bacterial
cells. We show that our hydrogels can sustainably provide water
and nutrients to the cells, whereas our elastomers ensure suf-
ficient air permeability to maintain viability and functionality of
the bacteria. Communication between different types of genetically
engineered cells and with the environment is achieved via trans-
portation of signaling molecules in hydrogels. The high stretchability
and robustness of the hydrogel-elastomer hybrids prevent leakage
of cells from the living materials and devices under repeated de-
formations. We show applications uniquely enabled by our living
materials and devices, including stretchable living sensors responsive
to multiple chemicals, interactive genetic circuits, a living patch that
senses chemicals on the skin, and a glove with living chemical de-
tectors integrated at the fingertips. A quantitative model that cou-
ples transportation of signaling molecules and responses of cells is
further developed to help the design of future living materials
and devices.

Results

Design of Living Materials and Devices. We propose that encapsu-
lating genetically engineered cells in biocompatible, stretchable,
and robust hydrogel-elastomer hybrid matrices represents a
general strategy for the design of living materials and devices
with powerful properties and functions. The design of a generic
structure for the living materials and devices is illustrated in Fig.
1A4. In brief, layers of robust and biocompatible hydrogel and

A Hydrogel windaw 9
Robust hydrogel
Nutrients window Q\ \- 9
External stimuli vl
.t . mupication = J.r‘ st \
ﬁ- . i‘ . A4
e L - ’
o X Induction Inp!

Contained

Micro-structured
engineered bacteria

elastomer

No bacteria escape Robust
A

A A lntirfaces

Robust containment of bacteria
under deformations

Strelchin~ E
=9

rwsmg[")\f‘?u ' Y

@)

20

100 ' Intact dewice (1 ime loading)
T l—_—s # Intact device (500 times loading)
< } 1 1.5 {| @ Defective device =
£ 90 : o N .
5 210 3 e r
s ol i~
= 80 + Colls in device kept in the humid chamber Ops
o @ Colls in device immersad in the growth media
= Cols in growth media 3
70 0.0 Le— —
0 10 20 30 40 50 60 70 Q 5 10 15 20 25

Time (h) Time (h)
Fig. 1. Design of living materials and devices. (A) Schematic illustration of a
generic structure for living materials and devices. Layers of robust and bio-
compatible hydrogel and elastomer were assembled and bonded into a
hybrid structure, which can transport sustained supplies of water, nutrient,
and oxygen to genetically engineered cells at the hydrogel-elastomer in-
terface. Communication between different types of cells and with the en-
vironment was achieved by diffusion of small molecules in hydrogels.
(B) Schematic illustration of the high stretchability and high robustness of the
hydrogel-elastomer hybrids that prevent cell leakage from the living device,
even under large deformations. Images show that the living device can
sustain uniaxial stretching over 1.8 times and twisting over 180° while
maintaining its structural integrity. (C) Viability of bacterial cells at room
temperature over 3 d. The cells were kept in the device placed in the humid
chamber without additional growth media (yellow), in the device immersed
in the growth media as a control (green), and in growth media as another
control (black; n = 3 repeats). (D) ODgoo and (Insets) streak plate results of
the media surrounding the defective devices (yellow) and intact devices at
different times after 1 (black) or 500 times (green) deformation of the living
devices and immersion in media (n = 3 repeats).

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1618307114

elastomer were assembled and bonded into a hybrid structure
(15). Patterned cavities of different shapes and sizes were in-
troduced on the hydrogel-elastomer interfaces to host living cells
in subsequent steps. The hydrogel-elastomer hybrid was then
immersed in culture media for 12 h, so that the hydrogel can be
infiltrated with nutrients. Thereafter, genetically engineered bacte-
ria suspended in media were infused into the patterned cavities
through the hydrogel, and the injection points were then sealed with
drops of fast-curable pregel solution (Fig. S1). Because the hydrogel
was infiltrated with media and the elastomer is air-permeable,
hydrogel-elastomer hybrids with proper dimensions can provide
sustained supplies of water, nutrient, and oxygen (if needed) to the
cells. By tuning the dimensions of hydrogel walls between different
types of cells and between cells and external environments, we can
control the transportation times of signaling molecules for cell
communication. Furthermore, the high mechanical robustness of
the hydrogel, elastomer, and their interface confers structural in-
tegrity to the matrix even under large deformations, thus preventing
cell escape in dynamic environments.

In this study, we chose polyacrylamide (PAAm)-alginate hydrogel
(15, 17) and polydimethylsiloxane (Sylgard 184; Dow Corning) or
Ecoflex (Smooth-On) silicone elastomer to constitute the robust
hydrogel and elastomer, respectively. The biocompatibility of these
materials has been extensively validated in various biomedical ap-
plications (20, 21). The sufficient gas permeation of the silicone
elastomer enables oxygen supply for the bacteria (22-24). If a
higher level of oxygen is required, one may choose elastomers with
higher permeability, such as Silbione (25), or microporous elasto-
mers (23). In the hydrogel, the covalently cross-linked PAAm net-
work is highly stretchable, and the reversibly cross-linked alginate
network dissipates mechanical energy under deformation, leading
to tough and stretchable hydrogels (14, 17, 26). More robust devices
can be fabricated by using fiber-reinforced tough hydrogel (27).
Robust bonding between the hydrogel and elastomer can be
achieved by covalently anchoring the PAAm network on the
elastomer substrate (15, 18, 26). The Escherichia coli bacterial
strains were engineered to produce outputs [e.g., expressing
GFP (green fluorescent protein)] under control of promoters
that are inducible by cognate chemicals. For example, the 2,4-
diacetylphloroglucinOlgeceiver (DAPGRrcy)/GFP  strain  produces
GFP when the chemical inducer DAPG is added and received by
the cells. The cell strains used in this study included DAPGRrcy/
GFP, N-acyl homoserine lactonegcy (AHLrcv)/GFP, isopropyl
p-p-1-thiogalactopyranosidercy  (IPTGrcv)/GFP, rhamnosercy
(Rhamgcv)/GFP, and anhydrotetracyclinegrcy (aTcrev)/AHL. The
DAPG, AHL, IPTG, Rham, and aTc are small molecules with
biochemical activities and used as the signaling molecules in
this study.

To evaluate the viability of cells in living materials and devices,
we placed the hydrogel-elastomer matrices containing Rhamgcy/
GFP cells (Fig. 14) in a humid chamber (relative humidity > 90%)
without addition of growth media or immersed the living materials
in the growth media at room temperature (25 °C) for 3 d. We also
directly cultured the cells in growth media as a control. Thereafter,
we used the live/dead stain and performed flow cytometry analysis
for bacteria retrieved from the living device to test the cell viability.
As shown in Fig. 1C and Fig. S2, the viability of cells in the device
placed in a humid chamber maintains above 90% over 3 d without
addition of media to the device. This viability is similar to that of
cells in the device immersed in media or cells directly cultured in
media at room temperature over 3 d.

To test whether bacteria could escape from the living de-
vices, we deformed the hydrogel-elastomer hybrids containing
Rhamgcy/GFP bacteria in different modes (i.e., stretching and
twisting) as illustrated in Fig. 1B, and then immersed the device
in media for a 24-h period. As shown in Fig. 1B and Fig. S3, the
living device made of Ecoflex and tough hydrogel sustained a
uniaxial stretch over 1.8 times its original length and a twist over
180° while maintaining its structural integrity. Furthermore, after
immersing the device in media for 6, 12, 20, and 24 h, we col-
lected the media surrounding the device and measured the cell
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Fig. 2. Stretchable living sensors can independently detect multiple chem-
icals. (A) Schematic illustration of a hydrogel-elastomer hybrid with four
isolated chambers to host bacterial strains, including DAPGrc//GFP, AHLgrc/
GFP, IPTGrc/GFP, and Rhamgq/GFP. Signaling molecules were diffused from
the environment through the hydrogel window into cell chambers, where
they were detected by the bacteria. (B) Genetic circuits were constructed in
bacterial strains to detect cognate inducers (i.e., DAPG, AHL, IPTG, and
Rham) and produce GFP. (C) Images of living devices after exposure to in-
dividual or multiple inputs. Cell chambers hosting bacteria with the cognate
sensors showed green fluorescence, whereas the noncognate bacteria in
chambers were not fluorescent. Scale bars are shown in images.

population in the media over time via ODg by UV spectroscopy
(Fig. 1D); 200 pL media were streaked on agar plates after 24 h
to check for cell escape and growth (Fig. 1D, Insets). Fig. 1D
shows that bacteria did not escape the hydrogel-elastomer hy-
brid even under repeated mechanical loads (500 cycles). As
controls, we intentionally created defective devices (with weak
hydrogel-elastomer bonding) and observed significant escape and
overgrowth of bacteria after immersing the samples in media (yel-
low curve in Fig. 1D). Because agar hydrogels have been widely
used for cell encapsulation, we fabricated an agar-based control
device that encapsulated Rhamgcy/GFP bacteria with the same
dimensions as the hydrogel-elastomer hybrid. In Fig. S4, it can
be seen that these agar devices underwent failures even under
moderate deformation (e.g., a stretch of 1.1 or a twist of 60°).
Moreover, cell leakage from the agar devices occurred regardless
of the presence of any deformation, likely because of the large
pore sizes and sol-gel transition of the agar gel, allowing for
escape of encapsulated bacteria (Fig. S5). These results indicate
that our hydrogel-elastomer hybrids can provide a biocompati-
ble, stretchable, and robust host for genetically engineered
bacteria.

Stretchable Living Sensors for Chemical Sensing. We next show
functions and applications enabled by the living materials and
devices. Fig. 24 illustrates a hydrogel-elastomer hybrid with four
isolated chambers that each hosted a different bacterial strain:
DAPGRC\//GFP, AHLRC\//GFP, IPTGRC\//GFP, and Rhachv/
GFP. The genetic circuits in these bacterial strains can sense their
cognate inducers and express GFP (Fig. S6), which can be visible
under blue light illumination. As mentioned above, the DAPGrcvy/
GFP strain exhibits green fluorescence when receiving DAPG but is
not responsive to other stimuli. Similarly, the AHLRcy/GFP strain
expresses GFP only induced by AHL, IPTG selectively induces
GFP expression in the IPTGrcy/GFP strain, and Rham selectively
induces the green fluorescence output of the Rhamgcy/GFP
strain (Fig. 2B). We show that each inducer, diffusing from the
environment through the hydrogel into cell chamber, can trigger
GFP expression of its cognate strain inside the device, which
could be visualized by the naked eye or microscope (Fig. 2C and
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Fig. S7). This orthogonality makes the hydrogel-elastomer hy-
brid with encapsulated bacteria into a living sensor that can si-
multaneously detect multiple chemicals in the environment
(Fig. 2C). About 2 h are required for each strain to produce
significant fluorescence. Parameters that affect response
times for the living sensor are discussed with a quantitative
model below.

Interactive Genetic Circuits. Next, we integrated cells containing
different genetic circuits into a freestanding living device to study
cellular signaling cascades. We designed two bacterial strains
that can communicate via the diffusion of signaling molecules
through the hydrogel, although both were separated by an elas-
tomer barrier within discrete chambers of the device (Fig. 34).
Specifically, we used a transmitter strain (aTcrcy/AHL) that
produces the quorum-sensing molecule AHL when induced by
aTc and a receiver strain (AHLgcy/GFP) with AHL-inducible
GFP genes (5). We triggered this device with aTc from the envi-
ronment to induce the transmitter cells, which resulted in AHL
production and stimulation of receiver cells to synthesize GFP
(Fig. 3C). In Fig. 3B, we plot the normalized fluorescence of
bacteria in different cell chambers (i.e., transmitter and receiver in
Fig. 34) as a function of time after aTc was added outside the
device. Because there is no GFP gene in the transmitter cells
(aTcrey/AHL), their chambers showed no fluorescence over time
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Fig. 3. Interactive genetic circuits. (A) Schematic illustration of a living de-
vice that contains two cell strains: the transmitters (aTcrc/AHL strain) pro-
duce AHL in the presence of aTc, and the receivers (AHLrc /GFP strain)
express GFP in the presence of AHL. The transmitters could communicate
with the receivers via diffusion of the AHL signaling molecules through the
hydrogel window, although the cells are physically isolated by elastomer.
(B) Quantification of normalized fluorescence over time (n = 3 repeats). All data
were measured by flow cytometry, with cells retrieved from the device at
different times. (C) Images of device and microscopic images of cell cham-
bers 6 h after addition of aTc into the environment surrounding the device.
The side chambers contain transmitters, whereas the middle one contains
receivers. (D) Images of device and microscopic images of cell chambers 6 h
after aTc addition in the environment. The side chambers contain aTcgc/GFP
instead of transmitters, whereas the middle one contains receivers. Scale
bars are shown in images.
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(Fig. 3B). It took longer response time (~5 h) for the receiver cells
in the middle chamber to exhibit significant fluorescence compared
with the cells in simple living sensors (Fig. 24). Two diffusion
processes (i.e., aTc from the environment to the two side chambers
and AHL from the two side chambers to the central chamber) and
two induction processes (i.e., AHL production induced by aTc in
transmitters and GFP expression induced by AHL in receivers)
were involved in the current interactive genetic circuits. As a control,
when the transmitters (aTcrcyv/AHL) in the device were replaced by
a cell strain containing aTc-inducible GFP (aTcrcy/GFP) that
cannot communicate with AHLgcv/GFP, no fluorescence was ob-
served in the receiver (AHLgcy/GFP) chamber (Fig. 3D). Overall,
the integrated devices containing interactive genetic circuits provide
a platform for the detection of various chemicals and the in-
vestigation of cellular interaction among physically isolated cell
populations.

Living Wearable Devices. To further show practical applications of
living materials and devices, we fabricated a living wearable
patch that detects chemicals on the skin (Fig. 4 A-D). The
sensing patch matrix consists of a bilayer hybrid structure of
tough hydrogel and silicone elastomer. The wavy cell channels
could cover a larger area of the skin with a limited amount of
bacterial cells (Fig. 44). The living patch can be fixed on the skin
by clear Scotch tape, with the hydrogel exposed to the skin and
the elastomer exposed to the air. The compliance and stickiness
of the hydrogel promote conformal attachment of the living
patch to human skin, whereas the silicone elastomer cover ef-
fectively prevents the dehydration of the sensor patch (Fig. S8)
(15). As shown in Fig. 4 B-D, the inducer Rham was smeared on
the skin of a forearm before we adhered the living patch. The
channels with Rhamgrcy/GFP in the living patch became fluo-
rescent within 4 h, whereas channels with AHLRcv/GFP did not
show any difference. As controls, no fluorescence was observed
in any channels in absence of any inducer on the skin (Fig. S94),
whereas all channels became fluorescent in presence of both
AHL and Rham (Fig. S9B). Although the inducers are used as
mock biomarkers here, more realistic chemical detections, such
as components in human sweat or blood, may be pursued with
living devices for scientific research and translational medicine in
the future.

As another application, a glove with chemical detectors in-
tegrated at the fingertips was fabricated (Fig. 4F). The stretch-
able hydrogel and tough bonding between hydrogel and rubber
allow for robust integration of living monitors on flexible gloves.
To show the capability of this living glove, a glove-wearer held
cotton balls that have absorbed inducers. Those chemicals from
the cotton ball would diffuse through the hydrogel and induce
fluorescence in the engineered bacteria (Fig. 4 F~H). For example,
gripping a wet cotton ball that contained IPTG and Rham resulted
in fluorescence at two of three bacterial sensors that contained
IPTGRrcy/GFP (Fig. 4 G and H, *) and Rhamgcy/GFP (Fig. 4 G
and H, ***) on the glove within 4 h. The middle sensor containing
AHLRrcy/GFP (Fig. 4 G and H, **) remained unaffected. The
living patch and biosensing glove show the potential of living
materials as low-cost and mechanically flexible platforms for
healthcare and environmental monitoring. Looking forward, we
envision the design of living devices that can be wearable, in-
gestible, or implantable for applications, such as water quality
alert, disease diagnostics, and therapy.

Discussion and Modeling

Model of Living Materials and Devices. In this section, we developed
a model that quantitatively accounted for the coupled physical
transportation and biochemical responses underlying the living
sensor (Fig. 2). The operation of the living sensor (Fig. 24) relied
on two processes: diffusion of signaling molecules from the en-
vironment through the hydrogel window into cell chambers and
induction of the encapsulated cells by the signaling molecules
(28). Given the geometry of the senor (Fig. 54), we could
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Fig. 4. Living wearable devices. (A) Schematic illustration of a living patch.
The patch adhered to the skin with the hydrogel side, and the elastomer side
was exposed to the air. Engineered bacteria inside can detect signaling
molecules. (B-D) Rham solution was smeared on skin, and the sensor patch
was conformably applied on skin. The channels with Rhamgc//GFP in the
living patch became fluorescent, whereas channels with AHLgrc/GFP did not
show any differences. Scale bars are shown in images. (E) Schematic illus-
tration of a glove with chemical detectors robustly integrated at the fin-
gertips. Different chemical-inducible cell strains, including IPTGgrc/GFP,
AHLgrc/GFP, and Rhamgc/GFP, were encapsulated in the chambers. (F-H)
When the living glove was used to grab a wet cotton ball containing the
inducers, GFP fluorescence was shown in the cognate sensors IPTGre/GFP (*)
and Rhamgq/GFP (***) on the gloves. In contrast, the noncognate sensor
AHLgc/GFP (**) did not show any fluorescence. Scale bars are shown in
images.

approximate the transportation of inducer in the hydrogel and
the cell chamber to follow the 1D Fick’s law:

o &I
EZDgﬁ fOl‘ 0 <x < Lg [1]
and
o ol ;
E_DC@ or Lg<x < Lg+Le, [2]

where x is the coordinate of a point in the hydrogel window or
the cell chamber; L, and L. are the thicknesses of the hydrogel
and cell chamber, respectively; ¢ is the current time; [ is the in-
ducer concentration in hydrogel or medium in the cell chamber;
and D, and D, are the diffusion coefficients of the inducer in
hydrogel and medium, respectively.

To prescribe boundary conditions for Egs. 1 and 2, the inducer
concentration at the boundary between the environment and the
hydrogel window is taken to be a constant [y, the inducer con-
centration and inducer flux are taken to be continuous across the
interface between the hydrogel and cell chamber, and the elas-
tomer wall of the cell chamber is taken to be impermeable to the
inducers. Because the diffusion process begins at =0, the in-
ducer concentration throughout the hydrogel window and cell
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Fig. 5. Model for the diffusion-induction process in living materials and
devices. (A) Schematic illustration of the diffusion of signaling molecules
from the environment through the hydrogel to cell chambers in the living
device. (B) Diagram of GFP expression after induction with a small molecule
chemical. (C) Inducer concentration profile throughout the hydrogel win-
dow and cell chamber at different times. (D) Typical inducer concentration in
the cell chamber as a function of time. (E) The normalized fluorescence of
different cell strains as a function of time after addition of inducer (n = 3
repeats). Dots represent experimental data, and curve represents the model.

chamber is zero when ¢ <0 as the initial condition for Egs. 1 and
2. Furthermore, the consumption of inducers by the bacterial
cells was taken to be negligible. In these experiments, we set
Le=5%10"*m, L,=2%10"* m, and Iy =1 mM for IPTG diffu-
sion-induction. The diffusion coefficients of inducers are esti-
mated to be Dy =3x 1071 m? /s and D =1x 10~ m?/s based on
previous measurements (29).

The diffusion equations together with boundary and initial con-
ditions were solved numerically. In Fig. 5C, we plot the inducer
concentrations throughout the hydrogel window and cell chamber
at different times. It can be seen that the distribution of inducers in
the cell chamber is more uniform than that in the hydrogel because
of the higher inducer diffusion coefficient in media than that in
hydrogel. We further define the typical inducer concentration /. as
the inducer concentration at the center of the cell chamber [i.e.,
I.=I(t,x=Lg+L./2)]. In Fig. 5D, we plot the typical inducer
concentration in the cell chamber as a function of time.

To characterize the GFP expression of the bacterial cells in
the living sensor, we adopt a model from Leveau and Lindow
(30). The inducers can bind with repressors or activators in a
bacterial cell and induce the transcription of promoters. The
induced promoters initiate the synthesis of nonfluorescent GFP
("GFP). Meanwhile, the "GFP in the cell is consumed because of
the maturation into the fluorescent GFP (GFP), cell division,
and protein degradation. The converted /GFP also undergoes
consumption because of cell division and protein degradation.
Eventually, the syntheses and consumptions of "GFP and /GFP
reach steady states in the cell (Fig. 5B). Denoting the numbers of
"GFP and ‘GFP in a cell as n and f, respectively, their rates of
variation can be approximated as

on
E:P—m-n—y-n—C,, [3]

and

aé—i:m%—y'f—Cf. 4]
In Egs. 3 and 4, P is the promoter activity that expresses "GFP;
m - n prescribes the maturation rate of "GFP into/GFP, where m
is the maturation constant; u-n and - f prescribe the consump-
tion rates of "GFP and /GFP caused by cell division, respectively,
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where y is the growth constant; and C, and Cy are the degrada-
tion rates of "GFP and /GFP, respectively. The promoter activity
for transcription and translation induced by an inducer is approx-
imated by a Hill equation (31) P =Punad"/(I" +K"), in which
Prax is the maximum rate of "GFP expression (i.e., maximum
promoter activity), 4 is the Hill coefficient, and K is the half-
maximal parameter (inducer concentration at which P equals
0.5Pn4x)- Because the inducer concentration in the cell chamber
is relatively uniform (Fig. 5C), we take I in the promoter activity
expression to be the typical concentration in the cell chamber
(i.e., I=1.). Evidently, the connection between the transporta-
tion of inducers and biochemical responses of cells in the living
sensor is through this Hill equation. Because the half-life of GFP
in E. coli is over 24 h in absence of any proteolytic degradation,
much longer than the typical responsive time of the living sensor,
we assume C,, = Cy =0 throughout this study. For the IPTGgcv/
GFP strain, we take Pnax=1,000s"!, K=03mM, h=2,
m=1.16x10"s"', and y=1.20x10~* s~! based on previously
reported data on this system (30, 32).

In Fig. 5E, we plot the normalized fluorescence of cell in the
device as a function of time after the inducers are added outside the
living device. It takes around 2 h for different strains in the living
sensor to show significant fluorescence (e.g., 0.5 of the maximum
fluorescence). For the IPTGrcy/GFP strain, the diffusion-induction-
coupled model matches very well with experimental data (Fig. 5E).

Critical Timescales for Living Materials and Devices. From the above
analysis, we know that the responsive time of a living material or
device is determined by two critical timescales: the time for in-
ducers to diffuse and accumulate around cells to the level that is
sufficient for induction t4s,. and the time to induce GFP ex-
pression and reach a steady-state #;q4,c.. TO obtain analytical
solutions for #gg., we develop a simple but relevant model as
illustrated in Fig. S104. The model is similar to the geometry of
the living sensor (Fig. 54) but assumes that the cells are em-
bedded in a segment of hydrogel close to the elastomer wall. The
inducer concentration in the environment is taken to be constant
Iy, and the total thickness of the hydrogel is L. By means of
imaginary sources (33), the inducer concentration at location L
(at the end of hydrogel) and time ¢ can be expressed as
I(L,t)/Io=2erfc]L/(2+/Dgt )] —erfc|L/(/Dst )], where erfc(x) is
the complementary error function. From Fig. S10B, it can be
seen that the simplified model can consistently represent the
typical concentration profile in the cell chamber of the living
sensor. From promoter activity expression, we assume that, only
when the inducer concentration at a point reaches the level of K
(i.e., P=Pma/2), the inducer concentration is sufficient to in-
duce the cells. Therefore, the critical diffusion time for cells with
a typical distance L from the environment is

K\ L?
tdiffuse = |:A (T>:| X Hg; [5]

where A(x) is the inverse of function of Q(x)=2erfc(x/2)—
erfe(x), L? /D, is the typical diffusion timescale, and the prefactor
[A(K /1)) accounts for the difference between Iy and K. We
further fit the prefactor into a power law that approximately
gives Lagse ~4/9/(Io /K — 1) x L2 /D, (Fig. S11).

We next evaluate the timescale to induce the cell #;,4,c.. When
the inducer concentration around a cell reaches the level of K
(i.e., P reaches the level of 0.5Pny), significant induction (e.g.,
expression of GFP) will occur in the cell. To solve Egs. 3 and 4
analytically, we assume that the induction happens only after P
reaches the level of 0.5P,x and P maintains at a constant level
(between 0.5Pp,x and P,y) during the induction. Therefore, we
can set n=f=0 as the initial condition and P as a time-
independent constant in Egs. 3 and 4. Further setting C,, = C; =0,
we can obtain analytical solutions = P(1 —e~"*¥)") /(m + /’) for
"GFP and f=P(e~ """ —1)/(m+pu)—P(e™* —1)/u for 'GFP,
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from which two characteristic timescales [i.e., 1/(m+u) and
1/u] can be identified. Evidently, the characteristic timescale
for the expression of "GFP is 1/(m + u). Because the matura-
tion constant m is usually much larger than the growth constant
u (30, 34), the second term of JGFP has a much larger co-
efficient than the first term, and thus, the second term domi-
nantly characterizes the expression of /GFP with a critical
timescale of 1/u. Therefore, we approximate the critical time to
induce cells to reach steady-state fluorescence as

—_

Linduce = — [6]

=

Based on the known parameters for IPTGrcy/GFP cells encap-
sulated in hydrogel at a typical distance of L (0.7 mm) from the
environment, we can estimate the critical timescales of diffusion
and induction to be 7.5 and 140 min, respectively. The induction
of cells takes a much longer time than the transportation of
inducers, which is consistent with the full model (Fig. 5 D and
E). In total, the coupled diffusion—induction timescale is 2.4 h,
which is also in good agreement with the full model’s prediction
(Fig. S5E).

The above analysis can provide a few guidelines for the design
of future living materials. To design living materials and devices
with faster responses, we need shorter times for both #;,, and
tinduce- TO decrease tys. (Eq. 5), one can (i) reduce the thickness
of the hydrogel, (ii) increase the diffusivity of inducer in the
hydrogel, and (iii) increase the inducer concentration in the
environment. However, to decrease #;,,c., one can design cells
with higher maturation constants or growth constants and add
negative feedback into genetic circuit (31).

Conclusions

We have integrated genetically engineered cells as programmable
functional components with stretchable, robust, and biocompatible
hydrogel-elastomer hybrids to create a set of stretchable living
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materials and devices. These living materials and devices can be
programmed with desirable functionalities by designing the ge-
netic circuits in the cells as well as the structures and micro-
patterns of the hydrogel-elastomer hybrids. Moreover, we
developed a quantitative model that accounts for the coupling
between physical and biochemical processes in living materials.
We further identified two critical timescales that determine the
speed of response of the living materials and devices and provide
guidelines for the design of future systems. This work has the
potential to open technological avenues that capitalize on ad-
vances in synthetic biology and soft materials to implement
stretchable, wearable, and portable living systems with important
applications in the monitoring of human health (1) and envi-
ronmental conditions (35) and the treatment and prevention of
diseases (2).

Materials and Methods

All details associated with the materials, fabrication steps, and strain engi-
neering appear in S/ Text. Note that all procedures involving human subjects
conformed to the guidelines for protecting the rights of human subjects and
were approved by the Massachusetts Institute of Technology Committee on
the Use of Humans as Experimental Subjects (COUHES protocol no.
1701827491). All subjects provided informed consent.

Briefly, different cell strains were picked from overnight growth on LB
plates and cultured in LB with 50 pg/mL carbenicillin at 37 °C. Cell cultures
(ODgoo ~ 1) were infused into the patterned cavities between hydrogel and
elastomer by metallic needles (Nordson EFD) through the hydrogel layer
(Fig. S1). The holes induced by cell injection were sealed with small amounts
of fast-curable pregel solution. The cell-contained device was washed with
PBS three times followed by immersing the device in LB broth with carbe-
nicillin and inducer(s) at 25 °C.
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