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A B S T R A C T

Engineered living materials (ELMs) fabricated by encapsulating microbes in hydrogels have great potential as
bioreactors for sustained bioproduction. While long-term metabolic activity has been demonstrated in these
systems, the capacity and dynamics of gene expression over time is not well understood. Thus, we investigate the
long-term gene expression dynamics in microbial ELMs constructed using different microbes and hydrogel
matrices. Through direct gene expression measurements of engineered E. coli in F127-bisurethane methacrylate
(F127-BUM) hydrogels, we show that inducible, input-responsive genetic programs in ELMs can be activated
multiple times and maintained for multiple weeks. Interestingly, the encapsulated bacteria sustain inducible gene
expression almost 10 times longer than free-floating, planktonic cells. These ELMs exhibit dynamic responsiveness
to repeated induction cycles, with up to 97% of the initial gene expression capacity retained following a subse-
quent induction event. We demonstrate multi-week bioproduction cycling by implementing inducible CRISPR
transcriptional activation (CRISPRa) programs that regulate the expression of enzymes in a pteridine biosynthesis
pathway. ELMs fabricated from engineered S. cerevisiae in bovine serum albumin (BSA) - polyethylene glycol
diacrylate (PEGDA) hydrogels were programmed to express two different proteins, each under the control of a
different chemical inducer. We observed scheduled bioproduction switching between betaxanthin pigment
molecules and proteinase A in S. cerevisiae ELMs over the course of 27 days under continuous cultivation. Overall,
these results suggest that the capacity for long-term genetic expression may be a general property of microbial
ELMs. This work establishes approaches for implementing dynamic, input-responsive genetic programs to tailor
ELM functions for a wide range of advanced applications.
1. Introduction

Bioproduction with engineered microbes plays an increasingly
important role in the industrial synthesis of drugs, chemicals, food and
peptides [1]. Microbes can be encapsulated in 3D biocompatible poly-
meric scaffolds to create engineered living materials (ELMs) with
changes in metabolism [2] that offer significant advantages compared to
cells cultured in traditional liquid suspension [2–6]. ELMs fabricated by
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encapsulating microbes in hydrogels have long-term, sustained meta-
bolic functions that can be harnessed for bioproduction cycles lasting up
to one year [3]. Microbe encapsulation in biomaterials has long been
known to give rise not only to changes in metabolic capacity, but also in
growth rate and colony morphology [7–11]. At present, much less is
known about how encapsulation affects the capacity and dynamics of
long-term microbial gene expression.

Synthetic biologists have developed a number of strategies, including
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implementing inducible gene expression and dynamic gene regulatory
networks, to program bioproduction functions by controlling the timing
and expression levels of biosynthetic genes [12–17]. Microbial ELMs
responsive to external stimuli have been successfully implemented
through the use of inducible gene expression systems [6,18–23]. Tunable
differences in biosynthetic output have been achieved in
stimuli-responsive microbial ELMs by varying the number of
light-inducer pulses [6]. Input-responsive ELMs have exhibited pro-
grammable genetic responses to small-molecule inducers following
multiple cycles of preservation and cold-storage [4,18]. Collectively,
these results are consistent with the idea that microbes encapsulated in
hydrogels can respond to inducers and express heterologous genes under
long-term continuous culture conditions. If encapsulated microbes retain
the ability to express high levels of heterologous genes, then it may be
possible to develop input-responsive ELMs [24] with bioproduction
functions that can be cycled ON and OFF, or switched between multiple
products. These dynamically-programmable functions could dramati-
cally increase the versatility and reliability of on-demand bioproduction,
without the process complexities or cold storage typically needed to
achieve such capabilities with free-floating, planktonic cells [3,25].

We sought to investigate how hydrogel encapsulation affects the ca-
pacity and dynamics of microbial gene expression. We fabricated two
different microbial ELM systems. We encapsulated and casted engineered
Eschericia coli in Pluronic F127-bisurethane methacrylate (F127-BUM)
hydrogels. E. coli is a gram-negative, generally-recognized-as-safe
(GRAS) bacterium that can utilize glucose efficiently to make a wide
array of bioproducts [26]. Additionally, we encapsulated engineered
Saccharomyces cerevisiae in bovine serum albumin (BSA) - polyethylene
glycol diacrylate (PEGDA) hydrogels via stereolithographic apparatus
(SLA) 3D printing [27,28]. The eukaryotic yeast S. cerevisiae has a long
history as a bioproduction host [29]. We created an approach to measure
gene expression directly in hydrogels and quantified the impact of
encapsulation on the timing and levels of heterologous E. coli gene
expression. Interestingly, the ability to generate high levels of heterolo-
gous gene expression was retained up to ten times longer in encapsulated
E. coli than in free-floating, planktonic cells. The successful construction
of input-responsive E. coli ELMs incorporating CRISPR gene activation
(CRISPRa) programs [14,15] that cycle pteridine biosynthesis [15,30]
ON and OFF over the course of multiple weeks illustrates that complex
bioproduction functions can be implemented in these systems. We show
that input-responsive bioproduct switching can be achieved in
dynamically-programmed S. cerevisiae ELMs over the course of 27 days of
continuous culture. Taken together, this work demonstrates that encap-
sulated microbes can express high levels of heterologous genes and
suggests that the capacity for long-term gene expression may be a general
feature of microbial ELMs.

2. Materials and methods

2.1. E. coli ELM materials and methods

2.1.1. E. coli plasmid construction and preparation
All plasmids used in this study are listed in Supplementary Table S1.

Plasmids were designed using the Benchling sequence designer. PCR
fragments for assembly were amplified using Phusion DNA Polymerase
(Thermo Fisher Scientific) for cloning using 5X In-Fusion HD kits (Takara
Bio). The assembled plasmids were transformed into chemically
competent E. coliNEB Turbo cells (New England Biolabs) in Luria-Bertani
(LB) medium or agar plates supplemented with antibiotics (100 μg/mL
carbenicillin and/or 25 μg/mL chloramphenicol). Plasmids were purified
using QIAprep Spin Miniprep Kits (Qiagen 27,104) according to the
manufacturer's protocol. Plasmid concentrations were quantified via
spectrophotometry (Nanodrop 2000c, Cat. ND-2000C). Constructs were
confirmed by Sanger sequencing (Genewiz-Azenta), and sequencing re-
sults were analyzed using Benchling. For E. coli ELM experiments, E. coli
MG1655 cells were grown overnight at 37 �C with orbital shaking at 220
2

RPM in MOPS-based EZ-Rich Defined Medium (EZ-RDM, Teknova
M2105) with 0.2% glucose, unless otherwise specified, and appropriate
antibiotics (100 μg/mL carbenicillin and/or 25 μg/mL chloramphenicol).

2.1.2. F127-BUM synthesis
F127-BUM was synthesized according to the protocol described in

Millik et al. [31]. Briefly, Pluronic F127 (60 g, 4.8 mmol) was dried under
vacuum at room temperature (RT) in a round bottom flask, and anhy-
drous CH2Cl2 (550 mL) was charged to the flask under a N2 atmosphere.
The mixture was stirred until F127 was completely dissolved before
adding dibutyltin dilaurate. 2-Isocyanatoethyl methacrylate (3.5 mL,
24.8 mmol) was diluted in anhydrous CH2Cl2 (50 mL) and added to the
reaction mixture dropwise. The reaction was allowed to run for 2 days.
F127-BUM was condensed by evaporating CH2Cl2, precipitated in Et2O
(2000 mL) overnight and decanted. The precipitate was washed twice in
Et2O before drying overnight under vacuum (RT). The final product was
stored in the dark at 4 �C before use.

2.1.3. E. coli ELMs fabrication
E.coli laden F127-BUM hydrogels were prepared using a method

previously developed by Johnston & Yuan et al. [3] with the following
modifications: starter culture of E. coli MG1655 cells was grown in 3 mL
EZ-RDM with appropriate antibiotics and incubated overnight at 37 �C
with 220 RPM orbital shaking. Hydrogels were seeded with 1.5 � 108

cells/g of hydrogel. The microbial hydrogel mixture was transferred to a
syringe while kept cold (sol-state, 5 �C) and then warmed to room tem-
perature (~21 �C) to allow the sol-to-gel transition. The shear-responsive
hydrogel was then extruded into a cylindrical silicone mold (diameter ¼
4mm, height¼ 2mm) placed between two glass slides. The hydrogel was
allowed to sit for 15 min in the mold to assure a proper shape confor-
mation. The entire mold assembly was photocured for 3 min on each side
under a UV 365 nm lamp (UVP 95-0005-05) at 18.6 mW/cm2 (Supple-
mentary Fig. S1). The fully-cured hydrogels were rinsed with 100 μL
EZ-RDM and incubated overnight at 37 �C in 2 mL of EZ-RDM with
appropriate antibiotics. For hand-extruded (uncast) hydrogels, 100 μL of
microbial gel mixture was extruded directly from the syringe onto a glass
slide and UV photocured according to the steps described above. The
photocured hydrogels were cut into four equal parts of ~25 μL before
incubating in EZ-RDM.

2.1.4. Direct-gel fluorescence measurement for cast hydrogels
End-point fluorescence measurements for both hydrogels and the

surrounding liquid media were collected using a microplate reader
(Biotek Synergy HTX). The following settings were used for the different
constitutively-expressed fluorescent proteins: sfGFP (excitation: 485 nm,
emission: 528 nm, gain: 35) and mRFP1 (excitation: 540 nm, emission:
600 nm, gain: 35). For directly measuring fluorescence from hydrogels,
the hydrogels were rinsed once with 100 μL EZ-RDM and transferred into
a 96-well clear flat-bottom plate (Corning 3916) with wells pre-filled
with 100 μL of EZ-RDM. To ensure proper fluorescence readings, the
cylindrical cast hydrogels were positioned at the center of the well with
the flat circular surface facing the bottom of the plate. For all experi-
ments, three to five technical replicates per treatment were used. 100 μL
of the surrounding liquid media containing planktonic cells were also
measured for fluorescence comparison purposes. Data were plotted using
Prism (GraphPad).

2.1.5. Fluorescence microscopy of cast hydrogels
Cast F127-BUM hydrogels containing E. coli MG1655 with CRISPRa-

directed sfGFP expression (pCK389.306 and pPC003) were continuously
cultured for two days before imaging. The hydrogel was removed from
the spent media and washed with 100 μL of EZ-RDMmedia before it was
placed in a chamber slide (Ibidi μ-slide 8 well, Cat. 80,826) pre-filled
with 100 μL of EZ-RDM media. Hydrogel images were taken using an
EVOS FL auto microscope without any image manipulation (Thermo
Fisher).
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2.1.6. Inducible expression in E.coli liquid continuous cultures
A starter culture of E. coli MG1655 containing an aTc-inducible

CRISPRa plasmid (pCK389.306) and an sfGFP reporter plasmid
(pPC003) was grown overnight at 37 �C with 220 RPM orbital shaking in
3 mL EZ-RDM with 0.2% glucose and appropriate antibiotics. An OD600
measurement was taken the next day using a spectrophotometer to
calculate the cell concentrations for controlling the seeding density of 2
mL liquid cultures in 14-mL tubes (Fisher Scientific, Cat. 149569C) at 1.5
� 108 cells/ml media. Anhydrotetracycline (aTc) inducer (final concen-
tration of 200 nM) was added into the media to induce gene expression in
planktonic microbes. Fluorescence from 100 μL of culture was measured
every 24 h using a plate reader. For continuous culture, the cells were
pelleted by centrifugation at 7000 RPM for 5 min. The spent media was
removed and the cells were resuspended in fresh EZ-RDM.

2.1.7. Dynamic inducible expression in E. coli ELMs
A starter culture of E. coli MG1655 containing an aTc-inducible

CRISPRa plasmid (pCK389.306) and an sfGFP reporter plasmid
(pPC003) was grown overnight at 37 �C with 220 RPM orbital shaking in
3 mL of EZ-RDM with 0.2% glucose and antibiotics for selection. Mi-
crobial hydrogels were prepared and incubated according to the ELM
fabrication protocol described above. aTc inducer (final concentration of
200 nM) was added into the surrounding EZ-RDM to induce gene
expression of the hydrogel-encapsulated microbes. Fluorescence of both
the hydrogels and the surrounding liquid media was measured every 24 h
using the direct-gel measurement method described above. For dynamic
induction experiments, the hydrogels were rinsed once with 100 μL EZ-
RDM before measurement and serially diluted every 24 h into fresh EZ-
RDM either with or without inducers depending on the induction
scheme/cycle.

2.1.8. Dynamic inducible CRISPRa program for bioproduction in E. coli
ELMs

A starter culture of E. coli MG1655 containing an aTc-inducible
CRISPRa plasmid (pCK389.306) and a pteridine biosynthetic pathway
plasmid (pCK014) was grown overnight at 37 �C with 220 RPM orbital
shaking in 3 mL EZ-RDM with 0.2% glucose and appropriate selection
antibiotics (100 μg/mL carbenicillin and/or 25 μg/mL chloramphenicol).
Microbial hydrogels were prepared and incubated according to the ELM
fabrication protocol above. aTc inducer (final concentration of 200 nM)
was added into the surrounding EZ-RDM to induce gene expression in the
hydrogel-encapsulated microbes. Pteridine fluorescence for both the
hydrogels and the surrounding liquid media was measured every 24 h
using the pteridine measurement method described below. For the dy-
namic induction experiments, the hydrogels in the cultures were rinsed
once with 100 μL EZ-RDM and serially diluted every 24 h into fresh EZ-
RDM with or without inducers, depending on the induction scheme.

2.1.9. Pteridine fluorescence measurement
End-point fluorescence measurements for both the hydrogels and the

surrounding liquid media were made using a microplate reader equipped
with a monochromator (TECAN infinite M1000). The following settings
were used to measure the fluorescence of pteridines in hydrogels or from
surrounding liquid media: excitation 340 nm � 5 nm, emission 440 nm
� 5 nm, gain of 150. For directly measuring the fluorescence from
hydrogels, the hydrogels were transferred into a 96-well clear flat-bottom
plate (Corning 3916) with wells pre-filled with 100 μL EZ-RDM. To
ensure uniform fluorescence readings, the cylindrical hydrogels were
positioned at the center of the well with the flat circular surface facing
the bottom of the plate. Two to four technical replicates per treatment
were measured. Data were plotted using Prism (GraphPad). Logistic fits
for expression rate determination were performed in Python (ver 3.8.5).

2.1.10. LC-MS for pteridine detection
The LC-MS analysis of culture supernatants was adapted from a prior

method described in Kiattisewee et al. [15]. Culture supernatants were
3

collected by centrifugation of the spent cultures (without the hydrogels)
at 7000 RPM for 5 min. LC�MS analysis was completed using an Agilent
UPLC 1290 system equipped with a QTOF-MS 6530 and a ZORBAX RRHT
Extend-C18, 80 Å, 2.1 � 50 mm, 1.8 μm column and an electrospray ion
source. LC conditions: solvent A—water with 0.1% formic acid; solvent
B—methanol with 0.1% formic acid. Gradient: 2 min at 95%:5%:0.2
(A:B:flow rate in mL/min), 4 min ramp from 95%:5%:0.2 (A:B:flow rate
in mL/min) to 70%:30%:0.2, 1 min ramp back to 95%:5%:0.2 (A:B:flow
rate in mL/min), and 2 min post time. The MS acquisition (positive ion
mode) scan coveredm/z 80�3000. Analysis of pyruvoyl tetrahydropterin
was performed with extracted m/z (M þ H) 238.0935. Because an
analytical standard for pyruvoyl tetrahydropterin was not commercially
available, we report relative production levels as ion counts. We showed
that the retention time of pyruvoyl tetrahydropterin (PT, 2.6 min) is
significantly different than that of dihydrobiopterin (BH2, 1.2 min),
previously reported in Kiattisewee et al., which shared the same chemical
formula (C9H13N5O3) and molecular ion (M þ H: m/z ¼ 238.0935)
(Supplementary Fig. S7a). The retention time of BH2. was determined
using a commercially available standard (Cayman Chemical). Data were
plotted using Prism (GraphPad).

2.2. S. cerevisiae ELM materials and methods

2.2.1. S. cerevisiae plasmid construction and preparation
All plasmids used in this study are listed in Supplementary Table S1.

PCR fragments for assembly were amplified using Q5 High-Fidelity DNA
Polymerase (New England BioLabs) for cloning using Q5 High-Fidelity
2X Master Mix (New England BioLabs). The assembled plasmids were
transformed into electrocompetent E. coli DH10B cells (Thermo Fisher
Scientific) and selected on LB agar plates supplemented with antibiotics
(100 μg/mL Ampicillin or 50 μg/mL Kanamycin). Plasmids were purified
using a GeneJET Plasmid Miniprep Kit (Thermo Fisher K0502) according
to the manufacturer's protocol. Plasmid concentrations were quantified
via spectrophotometry (Nanodrop 2000c, Cat. ND-2000C). Constructs
were confirmed by Sanger sequencing, and the sequencing results were
analyzed using Benchling. For proteinase A production, the plasmid
PlTy3-GAL1-ScPEP4 was digested with XhoI for integration into the delta
region and transformed into S. cerevisiae BY4741 cells via the Frozen EZ
Yeast Transformation II Kit (Zymo Research). Successful transformants
were selected on YPD agar plates supplemented with Geneticin G418
(200 μg/mL) and confirmed via colony PCR. For the production of
betaxanthins, the plasmid p415-UraInt-pCup1-MjDOD-CYP76AD5 was
linearized using NotI for integration into the Ura locus and transformed
into protease-producing S. cerevisiae BY4741 cells via the Frozen EZ Yeast
Transformation II Kit (Zymo Research) to yield strain spk05. Successful
transformants were selected on SC agar plates lacking Leucine and
confirmed via colony PCR as well as by the presence of fluorescence.

2.2.2. Conjugation of PEGDA to BSA
BSA-PEGDA conjugates were formulated according to a protocol

described in Sanchez-Rexach et al. and optimized for SLA 3D printing
[27,28]. To make 20 g of resin, 10 wt% PEGDA (Mn ¼ 700) (Sigma
Aldrich) was dissolved in 11.2 mL of deionized water. Then, 30 wt% BSA
in powder form (Nova Biologics) was added slowly to the PEGDA solu-
tion to form BSA-PEGDA conjugates via an aza-Michael addition reac-
tion. The resin mixture was stored overnight at 4 �C before use.

2.2.3. S. cerevisiae ELMs fabrication
A starter culture of S. cerevisiae spk05 cells was grown in 4 mL YPD

media (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose) with 50 μg/
mL of geneticin (G418) for counterselection against bacteria and incu-
bated overnight at 30 �C with 220 RPM orbital shaking. OD600 mea-
surements were taken the next day using a spectrophotometer to
calculate the cell concentrations for controlling seeding density. For 20 g
of BSA-PEGDA resin, 1 � 109 cells/mL culture was introduced to the
formulation. Then, 0.075 wt% Ru(bpy)3Cl2 (Sigma Aldrich) and 0.24 wt
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% sodium persulfate (Sigma Aldrich) were sequentially added into the
resin-microbial mixture as photoinitiators. ELM constructs were printed
using a SLA 3D printer (Formlabs Form 2) in Open Mode using a layer
height of 100 μm and photocured using a 405 nm violet laser (250 mW)
with 140 μm laser spot size.

2.2.4. Dynamically-inducible bioproduction in S. cerevisiae ELMs
S. cerevisiae-laden BSA-PEGDA hydrogels were prepared according to

the ELM fabrication protocol given above. The ELM constructs were
placed in 50 mL culture tubes and incubated in 20 mL of YPDmedia at 30
�C with 220 RPM orbital shaking. The production of betaxanthins was
induced by adding 0.5 mM Cu2SO4.5H2O inducer into the YPD media,
while proteinase A production was induced by the addition of 1 wt%
galactose to the YPD media. For the dynamic induction experiment, the
culture media was replaced every 48 h with fresh YPD with one inducer
depending on the induction scheme. Culture supernatants were collected
for fluorescence measurements by centrifugation of the spent cultures
(without the hydrogels) at 4400 RPM for 10 min.

2.2.5. Measurements of betaxanthins and proteinase A
Fluorescence measurements of culture supernatants were made using

a microplate reader (Fluoroskan Ascent FL - Thermo Labsystems). The
following settings were used for both the betaxanthins and the proteinase
A fluorescence measurements: excitation at 485 nm and emission at 520
nm. For the betaxanthins measurements, 300 μL of supernatant were
transferred to a 96-well clear flat-bottom microplate (Greiner Bio-One,
UV-Star®). For the proteinase A measurements, an Amplite® Universal
Fluorimetric Protease Activity Assay Kit (AAT Bioquest) was used to
quantify the amount of functional proteinase A in 100 μL of supernatant.
Three replicates were used. Data were plotted using Prism (GraphPad).

3. Results

3.1. Direct measurement of gene expression in ELMs

Fluorescent reporter protein expression has been an invaluable tool
for quantifying the timing and strength of microbial gene expression [32,
33]. For microbes encapsulated in hydrogels, fluorescent reporter gene
expression can be monitored with microscopy [34] using relatively
laborious multi-step sample preparation and image analysis workflows
[35]. We developed a method for ‘direct gel measurement’ that uses a
plate reader (Fig. 1a) to quantify gene expression, allowing a much larger
number of hydrogel samples to be easily analyzed than with microscopy.
Once we standardized the process of hydrogel casting and photocuring,
we found that reporter protein expression could be measured simply by
removing the hydrogels from the culture conditions, rinsing them once to
remove cells that had leaked from the hydrogels [3], and then placing
them into microplate wells.

Initially, we applied our direct gel measurement workflow to E. coli
ELMs fabricated from F127-BUM hydrogels using a hand-extrusion
method [3]. F127-BUM is a polymer material with a
temperature-dependent sol-gel transition at ~17 �C, compatible with
growth of microbial cells [2–4,36]. This hydrogel is shear-thinning,
making it easily extrudable [3]. F127-BUM hydrogels are also optically
transparent, which permits the use of fluorescent proteins to monitor
changes in gene expression of encapsulated microbes (Fig. 1a and b top
inset). We observed poor consistency in measured reporter protein
fluorescence levels, which we attributed to the highly irregular shapes of
the hand-extruded hydrogels (Supplementary Fig. S2). By casting the
hydrogels in silicone molds, we were able to enforce uniform shapes and
dimensions (Fig. 1a). We measured constitutive (always ON) green
fluorescent protein (sfGFP) expression across sets of E. coli ELMs cast in a
mold with 2 mm thickness and two different diameters, 3 mm and 4 mm
(Supplementary Fig. S3 and Fig. 1b).

We reasoned that maximizing coverage of the microplate well with
the cast hydrogel would give more reliable fluorescence measurements.
4

Consistent with this view, the larger 4 mm diameter hydrogels generated
higher sfGFP signals (130 � 15 versus 76 � 11 relative fluorescence
units, RFUs) and had a coefficient of variation that was 57% smaller than
the 3 mm diameter hydrogels (Supplementary Table S2). Increasing the
hydrogel diameter to 10 mm appeared to qualitatively reduce sfGFP
fluorescence compared to the 4 mm diameter hydrogels, except when
there was a corresponding increase in the volume of culture media
(Supplementary Fig. S4). The 4 mm diameter hydrogels have a larger
surface area-to-volume ratio than the 10 mm diameter hydrogels, which
could improve mass transfer into the smaller diameter ELMs and improve
gene expression [37–39]. Based on the results in this section, the rest of
the E. coli ELMs experiments were conducted with the 4 mm diameter
hydrogels.

As a final optimization of our direct gel measurement method, we
evaluated the relative performance of sfGFP, as above, with a commonly
employed red fluorescent protein variant, mRFP1. For this experiment,
E. coli constitutively expressing one of the two fluorescent proteins were
cast into 4 mm diameter hydrogels and placed into liquid media (Fig. 1b,
Supplementary Fig. S3, and Supplementary Table S2). We observed a
steady increase in fluorescence for hydrogels seeded with sfGFP-
expressing E. coli, saturating over the course of 36 h (Fig. 1b). Across
all time points, the mean coefficient of variation for sfGFP fluorescence
was only 8.9 � 0.4%, while the mRFP1 counterparts yielded a much
larger mean coefficient of variation (35.0 � 28.7%, Supplementary
Table S2). The background fluorescence contributions from blank
hydrogels (1.0% of the measured value for hydrogel-encapsulated E. coli
expressing sfGFP), hydrogel-encapsulated cells with no reporter (1.6%),
and free-floating planktonic cells (1.4%), are all very low (Fig. 1c). Thus,
we conclude that the direct gel measurement method provides a reliable
approach for quantifying gene expression in hydrogels, and that most of
the measured fluorescence is generated by hydrogel-encapsulated cells
expressing the reporter protein.

3.2. Persistence of genetic activity in ELM continuous culture

To evaluate the potential for input-responsive ELMs to function in
long-term bioproduction applications, we first investigated whether
encapsulated microbes can respond to external stimuli under continuous
culture conditions. For these experiments, we implemented an inducible
system for CRISPR-based transcriptional activation (CRISPRa) [14–16,
40] (Fig. 2a). In this system, the addition of anhydrous tetracycline (aTc)
to the culture media induces heterologous expression of the biochemical
machinery for CRISPRa: a nuclease defective Cas9 protein (dCas9), guide
RNAs modified to contain a protein recruitment domain (scRNAs), and a
SoxS transcriptional activator protein. The CRISPRa machinery generates
scRNA-directed gene expression by recruiting the SoxS transcriptional
activator to targeted promoters specified by the scRNA spacer sequence.

To track the capacity and dynamics of input-responsive gene
expression over time, the sfGFP reporter was placed under the control of
the inducible CRISPRa machinery (Fig. 2a). We could then compare the
relative levels of sfGFP fluorescence when aTc induction was initiated at
the beginning of the experiment (i.e., 0-day delay) with sfGFP outputs
produced when induction was delayed for multiple days under contin-
uous cultivation. We also fabricated input-responsive E. coli ELMs with
inducible CRISPRa-programmed sfGFP expression and monitored the
gene expression dynamics over multiple weeks of continuous cultivation
using the method described in Section 3.1. Microscopy images confirmed
that the inducible CRISPRa programwas active in ELMs, as indicated by a
large abundance of well-distributed, sfGFP-expressing microcolonies
(Fig. 2b).

Free-floating, planktonic E. coli induced at the beginning of the
experiment without delay reached about 50% of their maximum sfGFP
expression after one day, and their highest levels of expression after two
days (Fig. 2c). When induction was delayed for one day (1-day delay), no
significant difference in expression capacity compared to the 0-day delay
samples was observed. However, when the delay period was increased to



Fig. 1. E.coli ELMs for engineered on-demand bioproduction. a) Schematic of E. coli ELMs for expression and bioproduction in continuous culture. ELMs are fabricated
by seeding Pluronic F127-BUM hydrogels with engineered E. coli cells. The mixture is transferred via syringe into a cylindrical silicone mold (diameter ¼ 4 mm and
height ¼ 2 mm). The mold is placed in between glass slides and photocured with UV light (365 nm). Cast hydrogels are continuously cultured in EZ-RDM media.
Fluorescent reporter gene expression from cells encapsulated in hydrogels is quantified using the direct-gel measurement method: cultured hydrogels are placed at the
center of a microplate well pre-filled with fresh media for quantification using a microplate reader (see methods for additional details). b) sfGFP reporter expression
from the pBT001-J2:RR2.CM.J23118 plasmid was measured at the time points indicated using the direct-gel measurement method. A gradual increase in ELM
turbidity was observed with progressing culturing time (top inset). Bars represent the mean � standard deviation from n ¼ 5 technical replicates. c) High expression of
sfGFP from encapsulated E. coli harboring pWS028.J3.J23106.sfGFP plasmid was measured using the direct-gel measurement method shown in a. Cast hydrogels and
surrounding media were independently seeded with or without cells: acellular (light blue), no reporter (beige) or sfGFP-expressing (green) cells. Bars represent the
mean � standard deviation from n ¼ 3 technical replicates. Statistical significance was assessed using a two-tailed unpaired Student's t-test (p > 0.05). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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two days (2-day delay), the expression capacity of the free-floating
planktonic cells dropped significantly, and was only 57% of the
maximum expression achieved by the 0-day delay samples (Fig. 2c).

Across the set of E. coli ELM samples, about 60% of the final endpoint
expression level was reached two days after induction, with the highest
levels of expression occurring three days after induction (Fig. 2d). E. coli
ELMs had no discernable differences in the capacity or dynamics of sfGFP
expression following 1 or 2 days of delayed induction compared to the 0-
day delay sample (Fig. 2d, Supplementary Figs. S5a and S6). Even when
the induction delay was extended to 19 days of continuous culture, the
5

ELMs retained the capacity to express 56% of the maximum level ach-
ieved with the 0-day delay samples. By Day 2 of aTc induction, the
instantaneous rate of sfGFP expression in the 19-day delayed induction
samples was reduced 59% compared to the 0-day delay samples (Sup-
plementary Fig. S6). Thus, we do see that long-term continuous culti-
vation affects the capacity and dynamics of ELM gene expression.
Nonetheless, these results show that input-responsive genetic programs
in E. coli ELMs can be activated for multiple weeks and that encapsulation
greatly increases the capacity for long-term, inducible gene expression
compared to cells grown in liquid suspension culture.



(caption on next page)
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Fig. 2. Persistence of genetic activity in E. coli ELMs. a) Schematic of an inducible CRISPR activation (CRISPRa) program for sfGFP expression. CRISPRa-directed
expression of sfGFP uses nuclease-defective Cas 9 (dCas9) and a scaffold RNA (scRNA) that specifies a target site upstream of the engineered J3 promoter. scRNA
(J306) is a modified guide RNA that includes a 30 MS2 hairpin to recruit a transcriptional activator (SoxS) fused to the MS2 coat protein (MCP). The CRISPRa-
programmed expression of sfGFP is induced upon the addition of anhydrotetracycline (aTc), which expresses MCP-SoxS from the pTet promoter. b) CRISPRa-
programmed sfGFP expression in hydrogel-encapsulated E. coli. Microscopy images were taken from a two-day old continuously-cultured ELM (scale bar ¼ 300
μm). c) Gene expression dynamics were evaluated in bacterial liquid continuous culture following variable delays of 0, 1, and 2 days (gray) before CRISPRa-
programmed sfGFP expression was initiated and carried out for 5 days (green) by the addition of aTc inducer. Media was continuously removed and replenished
every 24 h throughout the entire experiment, keeping the culture volume and composition constant via cell pelleting. sfGFP expression was tracked over time
following continuous culture induction delays. Values represent the mean � standard deviation from n ¼ 3 replicates. d) Gene expression dynamics in ELMs were
evaluated following variable delays of 0, 1, 2 and 19 days (gray) of continuous culture before initiation of CRISPRa-programmed sfGFP expression for 5 days (green).
Media was replenished every 24 h throughout the entire experiment. The impact of induction delay duration on ELM gene expression levels was quantified by tracking
sfGFP expression. Values represent the mean � standard deviation from n ¼ 5 technical replicates, except for 19-day delay samples, where n ¼ 3 technical replicates.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Gene expression capacity retained in multiple-cycles of induction

To function as inducible bioproduction platforms, ELMs must be able
to generate heterologous gene expression levels sufficient for biosyn-
thesis [4]. In the previous section, we showed that heterologous gene
expression can be induced after multiple weeks of continuous culture. In
this section, we investigated the expression dynamics of repeated het-
erologous gene expression induction events. The goal was to quantify the
fraction of inducible gene expression capacity retained after
multiple-cycles of induction [3,5,6]. These experiments consisted of two
Delay periods (expression OFF), where ELMs were cultured in media
alone, and two Induction periods (expression ON), where aTc was added
to induce sfGFP gene expression from the CRISPRa program (Fig. 2a and
3a). ELMs were cultured 0, 1 and 2 days without aTc during Delay period
1 (Delay 1). Induction period 1 (Induction 1) was continued until sfGFP
gene expression reached a maximum plateau. The ELMs were then
cultured in media without aTc until sfGFP fluorescence decreased and
plateaued again at a relatively low level (Delay 2). Heterologous gene
expression was re-initiated during Induction period 2 (Induction 2) by
re-adding aTc to the media, and the cells were then cultured until satu-
rating sfGFP fluorescence was obtained a second time.

For encapsulated cells induced without an initial delay in the first
round (Delay 1 ¼ 0 days), sfGFP expression increased from the initial
baseline and reached maximum expression after four days of continuous
culture (Fig. 3b, top). sfGFP fluorescence began decreasing as soon as aTc
was withdrawn at the start of Delay 2. sfGFP fluorescence continued to
decrease exponentially and plateaued after 6 days, reaching a baseline
that was about 70% lower than the Induction 1 maximum. Increases in
sfGFP expression were observed immediately upon aTc re-addition at the
start of Induction 2. Within three days, sfGFP fluorescence reached a
second maximum, equivalent to 84% of the Induction 1 maximum. No
further increases in sfGFP expression were observed and the experiment
was stopped at Day 16.

Samples cultured 1 and 2 days without aTc during Delay 1 exhibit
expression dynamics very similar to the 0-day Delay 1 samples (Fig. 3b,
middle and bottom). The Delay 1 ¼ 1 day and Delay 1 ¼ 2 day samples
reach their first maxima within four days after initiating Induction 1.
Exponential decreases in sfGFP fluorescence began when aTc was with-
drawn at the start of Delay 2, and continued for 6–7 days, until second
baselines about 70% lower than the respective Induction 1 maxima were
reached. In both cases, inducing gene expression a second time (i.e.,
Induction 2) yields sfGFPmaximum expression levels in 3–4 days that are
within 10% of the Induction 1 maxima. Collectively, the data in this
section show that encapsulated bacteria can generate high levels of
heterologous gene expression following a second induction event and
provide an initial characterization of inducible gene expression dynamics
in this ELM system.
3.4. Dynamic inducible CRISPRa programs for bioproduction in ELMs

Motivated by our findings that ELMs have long-term, dynamically-
responsive genetic activity, we examined whether the metabolic activity
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of encapsulated microbes can be dynamically controlled with inducible
CRISPRa programs. We constructed an aTc-inducible CRISPRa program
to activate expression of a two-gene metabolic pathway producing a
pteridine derivative, pyruvoyl tetrahydropterin (PT) [30]. Pteridines
constitute a large class of compounds with therapeutic potential as drugs
for metabolic deficiencies, cancer, inflammation, and more [41]. In our
system, aTc-induction activates expression of GTPCH from E. coli
MG1655 and PTPS from M. alpina, which together catalyze the conver-
sion of guanosine triphosphate (GTP) into PT (Fig. 4a). PT is fluorescent,
which allowed us to monitor ELM production of PT by adapting an
established pteridine detection assay [15,30], for use with our direct gel
measurement method (Fig. 4 d,e and Supplementary Fig. S7b). Although
the lack of readily-available commercial standards prevented quantifi-
cation of PT production, the presence of PT produced by the ELMs and
secreted into the media could be confirmed using LC-MS (Supplementary
Fig. S7c).

We measured PT bioproduction across two programmed-
bioproduction cycles that alternated between induced (production ON)
and non-induced (production OFF) conditions. In the first instance, in-
duction was initiated at the start of the experiment (Delay 1 ¼ 0 days)
and carried out for four days (Fig. 4b). PT production increased imme-
diately upon aTc addition, reaching the first maximum production level
on Day 3 (Fig. 4d). Turning production OFF by withdrawing aTc during
Delay 2 caused an immediate decrease in PT production, as indicated by
the immediate reduction in measured fluorescence. Six days after aTc
withdrawal, PT fluorescence plateaued at 19% of the maximum fluo-
rescence measured in Induction 1. aTc was added back to the culture
media during Induction 2, and PT production increased again, reaching
93% of the first maximum within three days (Fig. 4d). The first and
second maxima were indistinguishable from the fluorescence generated
by always-ON ELMs constitutively-expressing the PT pathway (þaTc
control), showing that dynamically-programmed cycles can access rela-
tively high PT bioproduction levels.

We evaluated whether the inducible bioproduction phenotype was
impacted by the length of time spent under continuous culture conditions
by extending Delay 1 from 0 to 10 or 14 days (Fig. 4c). No significant PT
fluorescence was observed until aTc was added to the culture media
(Fig. 4e). At saturation, PT production levels for ELMs with Delay 1 ¼ 10
or 14 days were similar to the Delay 1 ¼ 0 days and always-ON (þ aTc
control) samples. Overall, the inducible dynamics of the bioproduction
cycles resemble the sfGFP gene expression dynamics presented in Section
3.3, indicated by immediate increase in the induced response, reaching a
maximum after 3–4 days and returning to the baseline within 5 days
upon inducer withdrawal. The results in this section show that E. coli
ELMs are genetically and metabolically active under long-term culture
conditions, and that the metabolic activities of encapsulated cells can be
dynamically controlled with inducible CRISPRa programs.
3.5. Multi-input genetic programs in S. cerevisiae ELMs

We investigated whether S. cerevisiae ELMs exhibit a similar capacity
for long-term, dynamically-programmable gene expression as we



Fig. 3. Retention of induction response in E. coli ELMs. a) Schematic of dynamic induction cycles. Alternating delay (gray) and induction (green) and cycles were
implemented by placing the ELMs into fresh media every 24 h. Varying delay lengths were applied to the first delay cycle (Delay 1). b) Retention of induction response
following a subsequent induction cycle. Subplots (top to bottom): Delay 1 ¼ no-delay, 1 day, 2-days, with uninduced, no aTc controls (Supplementary Fig. S5b)
replotted on each subplot. Full expression capacity is defined as the maximum expression level achieved during Induction 1. Retained expression capacity and non-
baseline returns for each Delay 1 length were calculated relative to the full expression capacity. Plotted values represent the mean � standard deviation from n ¼ 5
technical replicates, except for uninduced** samples (**n ¼ 2 technical replicates). Green and gray shades denote induction and delay periods, respectively. Statistical
significance in sfGFP fluorescence at two consecutive time points was evaluated using a two-tailed unpaired Student's t-test (p > 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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observed for E. coli ELMs. The F127-BUM hydrogels employed in the
sections above have been used to encapsulate yeast for sustained bio-
production [2–4,36]. Here, we used a second type of acrylate-based
hydrogel conjugated with bovine serum albumin (BSA) protein [27,
28]. Recent applications of BSA-PEGDA have employed vat photo-
polymerization to fabricate microbial ELMs [28]. This fabrication
method yields mechanically robust protein-based hydrogel networks that
have good mechanical properties (moduli and toughness) and are also
enzymatically degradable [27,28,42]. We fabricated yeast
8

hydrogel-based ELMs by encapsulating S.cerevisiae spk05 cells in BSA -
polyethylene glycol diacrylate (PEGDA) bioconjugates (Fig. 5a). The
ELMs were printed using a stereolithographic apparatus (SLA) 3D printer
and photocured as described in the methods [27,28].

The S. cerevisiae cells were programmed to express two different
proteins, each under the control of a different inducible promoter.
Expression of secreted proteinase A enzyme from the scPEP4 gene was
placed under the control of a galactose-inducible promoter. Copper (II)-
inducible expression of a dioxygenase enzyme (mjDOD gene) combined



(caption on next page)
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Fig. 4. Pyruvoyl tetrahydropterin synthesis in E. coli ELMs. a) Schematic of aTc-inducible CRISPRa programs controlling the expression of two enzymes (GTPCH and
PTPS) catalyzing the conversion of guanosine triphosphate (GTP) into the pteridine derivative pyruvoyl tetrahydropterin (PT). b) Dynamic induction cycles on E. coli
ELM for PT bioproduction. Bioproduction cycles alternating between periods of induction (production ON, green), and delay (production OFF, gray), were imple-
mented under continuous culture conditions for 15 days. Media was replenished every 24 h. c) PT bioproduction capacity retained following a subsequent induction
cycle. PT fluorescence from ELM constructs was measured every 24 h, with uninduced (no aTc) and induced (þaTc) controls included in the plot. Full production
capacity is defined as the maximum pteridine level achieved in Induction 1. Retained production capacity and non-baseline returns were calculated relative to the full
production capacity. Values represent the mean � standard deviation from n ¼ 3–4 technical replicates. Green and gray shades denote induction and delay periods,
respectively. Statistical significance in pteridine fluorescence at two consecutive time points was evaluated using a two-tailed unpaired Student's t-test (p > 0.05). d)
PT bioproduction in ELMs was measured following variable delays of 10 or 14 days (gray) of continuous culture before CRISPRa-programmed enzyme expressions
were initiated by the addition of aTc inducer and carried out for 5 days (green). e) Persistence of bioproduction in ELMs was characterized as measured fluorescence
from pyruvoyl tetrahydropterin every 24 h, with uninduced (no aTc) and induced (þaTc) controls included in the plot. Values represent the mean � standard deviation
from n ¼ 3–4 technical replicates. Statistical significance in pteridine fluorescence at two consecutive time points was evaluated using a two-tailed unpaired Student's
t-test (p > 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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with constitutively-expressed P450 enzyme (CYP76AD5 gene) catalyzes
the production of secreted betaxanthin pigment molecules [3] (Fig. 5b).
With this design, inducers can be selectively added or withdrawn from
the media to schedule increases or decreases, respectively, in production
of the target molecules (Fig. 5c and d - top). In the experiments that
follow, the relative production levels of proteinase A and betaxanthins
were monitored over the course of 27 days under continuous cultivation
(Fig. 5c and d - bottom). Specifically, we employed a fluorometric
enzyme activity assay to measure relative proteinase A expression levels.
Betaxanthins are formed from the spontaneous reactions of betalamic
acid and heterogeneous primary amines within the cell [43]. We quan-
tified the relative production of the resulting mixtures of betaxanthins by
measuring the fluorescence of yellow pigment betaxanthin molecules
[44].

We performed two different dynamic induction cycles, each consist-
ing of three phases: Phase 1¼ 7 days, Phase 2¼ 8 days, and Phase 3¼ 12
days. In the first dynamic induction cycle, copper (II) was added in the
first phase, withdrawn and replaced with galactose in the second phase,
and added again in the third phase while galactose was withdrawn
(Fig. 5c). The second dynamic induction cycle was carried out in a similar
manner, where galactose was added in the first phase, replaced with
copper (II) in the second phase, and then re-added to the third phase
where copper (II) was withdrawn (Fig. 5d).

In the first induction cycle, galactose-induced proteinase A produc-
tion in Phase 2 was 1.5–2.1 fold higher than the levels measured in the
absence of galactose (Phases 1 and 3) (Fig. 5c, bottom). The production of
betaxanthins in Phase 3, induced with the addition of copper (II) on the
15th day of the experiment, reached 84% of the maximum level of
induced betaxanthins production observed in Phase 1. In the second in-
duction cycle, relatively large differences in proteinase A production
were observed, and 65% of the maximum Phase 1 expression was also
achieved by Day 27 in Phase 3 (Fig. 5d, bottom). The transitions between
the phases for betaxanthins production were less distinct in the second
induction cycle compared to the first induction cycle. Nonetheless, clear
variations in the levels of measured betaxanthins could be seen at the
endpoints of the phases. Thus, as with the E. coli ELMs, the S. cerevisiae
ELMs retain the capacity to express multiple genes in multi-week
continuous cultures. Moreover, these results constitute a proof-of-
concept demonstration that multi-input, multi-output gene expression
programs can be implemented in ELMs to permit switching between
multiple bioproducts.

4. Discussion and conclusions

Bioproduction using microbes engineered with synthetic biology
provides a promising approach for manufacturing unnatural and natural
chemicals [45]. ELMs fabricated by encapsulating microbes in biocom-
patible hydrogels can produce a wide range of value-added biochemicals.
Recent demonstrations have included E. coli ELMs secreting >150 mg/L
of L-DOPA after only 22 h and S. cerevisiae ELMs secreting 1.5–1.7 g/L of
2,3-butanediol after only 48 h of culturing [3]. ELMs can also exhibit
bioproduction phenotypes that are difficult to achieve with free-floating,
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planktonic cells. Planktonic cells in continuous culture tend to suffer from
genetic instability, which generally prevents their use for long-term
bioproduction [46]. Previous work has shown that ELMs have
long-term metabolic activity that can be sustained over multiple rounds
of culturing and preservation, permitting long-term, high-yield bio-
production [2–4,10,11,47]. We found that encapsulated microbes have
persistent genetic activity that can be inducedmultiple weeks longer than
in planktonic cells (Figs. 2 and 3). These results have immediate impli-
cations for the further development of ELMs as platforms for on-demand
bioproduction and for understanding how microbes interact with mate-
rials to generate novel phenotypes.

We successfully applied our dynamic CRISPR-based expression pro-
grams to a two-gene heterologous pathway in E. coli ELMs for PT bio-
production, a direct precursor of tetrahydropterin (BH4) for
phenylketonuria treatment [15,30,48]. PT production from E. coli
input-responsive ELMs can be repeatedly cycled ON/OFF and delayed by
multiple weeks of culturing before turning the production ON via in-
duction. We obtained a bioproduction profile similar to that of the
fluorescent reporter gene expression, showing both persistence and
retention of bioproduction activity upon production cycling and delay. In
S. cerevisiae ELMs, induction of multiple genetic programs could be
scheduled one at a time, permitting the switch between bioproduction of
betaxanthins and proteinase A over multiple weeks of continuous cul-
tures. The successful extension of long-term programmable gene
expression from bacterial to yeast ELMs suggests that long-term, multi--
week genetic activity may be a general property of microbe-laden ELMs.

ELMs deployed as portable bioreactors for chemical bioproduction
could provide localized, on-demand access to commodity and specialty
chemicals needed for health, biodefense and consumer goods
manufacturing [3,4,49]. This capability would be especially impactful
when unpredicted market fluctuations, such as during a pandemic, create
acute supply shortages, or when supply chain access is limited, such as
during military operations or space exploration. With current technolo-
gies, product cycling, or the process of stopping and then re-starting
production, requires either discarding spent culture and re-inoculating
with fresh cells, or large-volume cold-storage that can preserve cellular
bioproduction capacity [50]. While both approaches are easy to achieve
at a laboratory scale, the cost becomes expensive at larger production
scales of dozens or even thousands of liters [51]. By controlling induction
timing in input-responsive ELMs, cost-effective product cycling could be
implemented. The ability to switch between multiple products simply by
inducing a separate genetic program within the encapsulated cells adds
entirely new flexibility to ELM bioproduction.

At present, the exact physiological state of hydrogel-encapsulated
microbes remains uncertain [52]. It is well-understood that planktonic
microbial cells grown in liquid culture typically enter stationary phase
after two days and suppress translation for survival, resulting in the
decline of protein synthesis levels [53]. By comparison, we found that
continuously-cultured ELMs can express heterologous gene products at
high levels for at least 2.5 weeks. We observed increasing turbidity of
continuously-cultured ELMs over time, indicative of growth and coloni-
zation within the hydrogel microstructures (Fig. 1b - top inset,
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Fig. 5. Dynamic inducible bioproduction in S. cerevisiae ELMs. a) Schematic of bioproducing S.cerevisiae ELMs. These ELMs are fabricated by seeding BSA-PEGDA
hydrogels with engineered S. cerevisiae. The ELMs are printed using a SLA 3-D printer and continuously cultured with media exchange every 2 days. For sched-
uled bioproduction, ELMs were dynamically induced to control expression of native and heterologous enzymes. b) Multi-input genetic programs in S. cerevisiae ELMs
for multi-product biosynthesis: 1) copper (II)-inducible expression of dioxygenase enzyme (mjDOD gene product) with constitutive expression of P450 enzyme
(CYP76AD5 gene product) for betaxanthins production, and 2) galactose-inducible expression of secreted proteinase A enzyme (scPEP4 gene). c) Bioproduction
Induction cycle 1 consists of 3 phases (Phase 1 ¼ 7 days, Phase 2 ¼ 8 days, Phase 3 ¼ 12 days). Top: Alternating induction by selective addition of copper (II) inducer
(orange) in Phases 1 and 3, and galactose inducer (green) in Phase 2. Bottom: Time-dependent betaxanthins and proteinase A production levels. Values represent the
mean � standard deviation from n ¼ 3 technical replicates. d) Bioproduction Induction cycle 2 with 3 phases (phase lengths are identical to c). Top: Alternating
induction by selective addition of galactose inducer (green) in Phases 1 and 3, and copper (II) inducer in Phase 2. Bottom: Time-dependent betaxanthins and pro-
teinase A production levels. Values represent the mean � standard deviation from n ¼ 3 technical replicates. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Supplementary Fig. S8) [54]. At this point, we cannot quantify howmuch
of the observed increases in gene expression arise from increases in the
number of living cells within the ELM. Nonetheless, taken together, these
results are consistent with the idea that at least some portion of the mi-
crobes within these materials are not in a dormant state akin to the sta-
tionary or death phase [55].

Hydrogel formulation is known to influence microbial cellular phe-
notypes in ELM cultures [7,52]. The hydrogel matrix asserts mechanical
forces [56] to the encapsulated microbes, resulting in growth rate
changes relative to planktonic cells in liquid cultures [57,58]. Variations
in oxygen transport into the hydrogel matrix can affect the size of the
encapsulated colony [8], the expression andmaturation of chromophores
[23,59], and microbial metabolism [2]. Compared to planktonic cells,
immobilized bacteria trapped in biofilms [60] and in rigid 3D extracel-
lular matrix [61] experience lower fluxes through the tricarboxylic acid
(TCA) cycle. Because the TCA cycle is used for energy generation in
oxygen-rich conditions, lower TCA cycle fluxes could lead to decreased
immobilized cell growth rates [58,62]. Similarly, immobilized yeast are
known to have less flux through the glycolytic pathway than planktonic
cells and experience higher rates of internal carbohydrate reserve utili-
zation in starvation conditions [63]. Future work to link hydrogel envi-
ronments and the resulting functional properties could enable rational
design of engineered microenvironments to obtain the desired cellular
responses for enhanced bioproduction phenotypes.

On-going developments continue to expand the synthetic biology
toolset for implementing dynamic gene regulation in microbes [64].
CRISPR-Cas transcriptional control has emerged as a modular and pro-
grammable route for implementing genetic circuitry in diverse systems,
including prokaryotes, cell-free systems, and here in ELMs [14–16].
Functional CRISPRa tools require expression of multiple components —
dCas9, activation domain, and guide RNAs — to regulate downstream
genetic circuitry (Fig. 2a and 4a). Our demonstration that these tools can
be applied in ELMs suggests that more complex, multi-gene programs
combining CRISPR activation and inhibition (CRISPRa/i) can be active in
ELM systems. These next-generation tools would allow us to build com-
plex regulatory programs by simultaneously activating or repressing
multiple genes within engineered pathways and the host genome [16].
We expect that developing programmable ELMs capable of coordinating
dynamic control over complex multi-gene programs will result in entirely
new capabilities for high-yield bioproduction [65], including rapid
product switching and cycling, product diversification, and in situ process
monitoring [66–68]. Creating dynamically-programmable, input-res-
ponsive ELMs will also be valuable for studying how encapsulation af-
fects cellular physiology and for synthesizing ELMs as smart biosensors
[69], as devices for the in-situ delivery of biomedicines [6,70], or as
environmental sentinels [18].
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