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ABSTRACT: Screening mutant libraries (MLs) of bacteria for strains with specific phenotypes is often a slow and laborious process
that requires assessment of tens of thousands of individual cell colonies after plating and culturing on solid media. In this report, we
develop a three-dimensional, photodegradable hydrogel interface designed to dramatically improve the throughput of ML screening
by combining high-density cell culture with precision extraction and the recovery of individual, microscale colonies for follow-up
genetic and phenotypic characterization. ML populations are first added to a hydrogel precursor solution consisting of polyethylene
glycol (PEG) o-nitrobenzyl diacrylate and PEG-tetrathiol macromers, where they become encapsulated into 13 um thick hydrogel
layers at a density of 90 cells/mm?’, enabling parallel monitoring of 2.8 X 10* mutants per hydrogel. Encapsulated cells remain
confined within the elastic matrix during culture, allowing one to track individual cells that grow into small, stable microcolonies (45
+ 4 pum in diameter) over the course of 72 h. Colonies with rare growth profiles can then be identified, extracted, and recovered from
the hydrogel in a sequential manner and with minimal damage using a high-resolution, 365 nm patterned light source. The light
pattern can be varied to release motile cells, cellular aggregates, or microcolonies encapsulated in protective PEG coatings. To access
the benefits of this approach for ML screening, an Agrobacterium tumefaciens CS8 transposon ML was screened for rare, resistant
mutants able to grow in the presence of cell free culture media from Rhizobium rhizogenes K84, a well-known inhibitor of C58 cell
growth. Subsequent genomic analysis of rare cells (9/28,000) that developed into microcolonies identified that seven of the resistant
strains had mutations in the acc locus of the Ti plasmid. These observations are consistent with past research demonstrating that the
disruption of this locus confers resistance to agrocin 84, an inhibitory molecule produced by K84. The high-throughput nature of the
screen allows the A. tumefaciens genome (approximately 5.6 Mbps) to be screened to saturation in a single experimental trial,
compared to hundreds of platings required by conventional plating approaches. As a miniaturized version of the gold-standard
plating assay, this materials-based approach offers a simple, inexpensive, and highly translational screening technique that does not
require microfluidic devices or complex liquid handling steps. The approach is readily adaptable to other applications that require
isolation and study of rare or phenotypically pure cell populations.

1. INTRODUCTION

The identification and isolation of microorganisms with rare or
unique functions from heterogeneous populations is a critical
step required to connect an organism’s genotype with its
phenotype.' These connections will enable researchers to gain
a fundamental, predictive understanding of microbe function,
to identify biomarkers that relate to specific diseases, and to
engineer bacteria for applications in biotechnology. While
phenotypic heterogeneity is prevalent in many microbial
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Scheme 1. Overall Approach to Screening and Isolation of Rare Cells from Transposon Mutant Libraries”
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“Precursor materials consisting of (i) PEG-o-NB-diacrylate, (ii) PEG-tetrathiol crosslinker, (iii) a bacteria transposon mutant library, and (iv) a
thiolated glass coverslip are prepared. (A) Precursor components are then mixed, resulting in the formation of a step-polymerized photodegradable
hydrogel layer over the coverslip. (B) Cells are cultured in cell free culture fluid (CFCF) from an antagonistic species to identify mutants with rare
growth profiles. (C) Patterned light is then used to spatially degrade portions of the hydrogel, (D) releasing resistant cells into solution for recovery

and follow-up genotyping.

populations and communities, including among cells in
populations that are genetically homogeneous or nearly
homogeneous, practical microbiological methods for screen-
ing and isolating phenotypically uniform groups of microbial
cells are underdeveloped. This technical limitation poses a
challenge to genotype-to-phenotype determination, which thus
remains a broad knowledge gap in microbiology and biology
more generally.*

Established methods of microbial cell isolation include flow-
based sorting techniques such as fluorescence-activated cell
sorting (FACS), which relies on a signal from fluorescently
labeled proteins or fluorescence in situ hybridization probes to
isolate cells with specific features from its environment.>
FACS allows for high-throughput, single cell analzrsns capable
of sorting of up to 50,000 cells per second.” However,
subsequent cultivation and enrichment of recovered cells is
often inhibited, as the labeling step compromises cell viability.*
Further, FACS is limited by the inability to sort cells by time-
dependent cellular properties.® Consequently, FACS is not
directly amenable to growth-based screening. In addition,
FACS is an impractical option for many laboratories due to its
high cost (~$100—200/h) and availability often being limited
to core research facilities. Motivated by these limitations,
numerous micro- and nanoscale devices ha\re been developed
to isolate and study bacteria in recent years.” "' One common
approach uses droplet-based microfluidic devices to partition
cells into picoliter droplets, offering control over the chenncal
microenvironment and high-throughput, single cell analysis. ">
However, most devices have several limitations, a major one
being that retrieval of individual cells from the device is
difficult."® Ultimately, this inhibits follow-up genotyping and
other -omics level characterizations after on-chip observation.
These constraints impose a major limitation for screening and
discovery applications. Recently, Lim et al. developed an
innovative microwell platform for rapid screening of E. coli
mutant libraries for mutants with growth rate differences,*
demonstrating the benefits of off-chip recovery of individual
cell populations for follow-up genotypic analysis. However,

many micro- and nanoscale approaches require complex
fabrication and liquid handling capabilities; thus, they often
fail to translate into nonexpert microbiology laboratories.”
Hydrogel materials can provide an alternative strategy to
microbe screening and isolation.">'® Here, individual cells
from a suspension are encapsulated into an elastic, nanoporous
hydrogel matrix, most commonly alginate or agarose, that
facilitates diffusive biomolecular exchange.'” Cells can then be
cultured into high-density microcolonies, where enough
biomass accumulates for cell preservation and follow-up
characterization. Cells can be encapsulated into microscale
hydrogel droplets using bulk emulsions'® or 3D-bioprinters.'’
However, sorting and isolation of individual droplets
containing a desired cell or cell population still remains a
limitation and is most often achieved using FACS.” Photo-
degradable hydrogels enable an alternative mode of targeted
cell recovery, thereby alleviating limitations associated with
other hydrogel materials. Photodegradable hydrogels are
designed to erode on exposure to light, enabling on-demand
release of encapsulated cargo or manipulation of the
biochemical and biophysical features of the microenviron-
ment.”' Because light can be patterned at single micron length
scales, the approach affords a high level of spatial and temporal
control over on-demand release.”> This capability provides a
distinct advantage for microbial selection and isolation
applications in which specific cells must be released and
retrieved from a screening interface with a high spatial
precision. Recently, we reported the use of photodegradable
hydrogels as a membrane to retrieve cell populations loaded
and cultured in a microwell array format.>* The hydrogel was
generated by combining a poly(ethylene glycol)-o-nitrobenzyl
diacrylate (PEG-o-NB-diacrylate) macromer with a four-arm
PEG-thiol macromer, which generates a cross-linked PEG
network through thiol—acrylate Michael-type addition reac-
tions.”* Using a patterned 365 nm light source, cell populations
cultured in individual microwells can be released from wells
and into solution on-demand and then plated and recovered.
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Building off of these findings, here, we investigate the use of
photodegradable hydrogels to screen and isolate phenotypi-
cally rare bacteria strains present in mutant libraries (MLs) for
follow-up genotypic analysis (Scheme 1). The approach uses
thiol—acrylate reactions to encapsulate a ML population into a
three-dimensional PEG matrix over a thiolated glass coverslip.
Encapsulated cells are cocultured in a defined media for
screening, and individual cells with unique growth profiles are
targeted for removal and downstream analysis. Each step in the
screening procedure, including parallel growth monitoring of
bacterial microcolonies, the effect of light pattern and exposure
on the arrangement and viability of bacteria released from the
hydrogels, and sequential extraction of multiple microcolonies,
is developed toward high-throughput screening and recovery of
viable cells. This enabled observation and recovery of any one
of 3 X 10* mutants across a ~310 mm? hydrogel area, a
throughput that can accommodate enough mutant strains to
rapidly screen even large bacterial genomes to saturation in a
single assay (e.g, Streptomyces sp., genome of ~8.7—11.9
Mbps,” requiring around 60,000 mutants to achieve
saturation). This capability offers a significant reduction in
the time and labor required to screen to saturation using
standard plating techniques.

To demonstrate the benefits and feasibility of this approach,
a ML of Agrobacterium tumefaciens CS58 is screened for
resistance to the antagonistic impacts of cell free culture fluid
(CECF) from Rhizobium rhizogenes K84. K84 produces
multiple chemicals inhibiti g the growth of C58, including
the bacteriocin agrocin 84. %27 While C58 cells are susceptible
to agrocin 84, rare mutations give rise to agrocin-resistant
mutants. To identify these rare mutations, the phenotype of
tens of thousands of mutants must first be evaluated. In a single
test, we were able to screen, identify, and then isolate nine
resistant C58 mutants from a ML containing ~28,000 unique
strains. Subsequent analysis of whole genome sequences
identified mutations in the acc locus of the Ti plasmid
conferring agrocin 84 resistance. This serves as the first
example of a successful phenotype-to-genotype determination
using this rapid screening approach.

2. EXPERIMENTAL SECTION

2.1. Materials. Pentaerythritol tetra (mercaptoethyl) polyoxy-
ethylene (4 arm PEG, ((CH,),—SH),) was purchased from NOF
America Corporation. PEG-diacrylate (PEGDA, MW 3400) was
purchased from Laysan Bio. Fluorescein-S-maleimide was purchased
from Cayman. Ethanol (EtOH), isopropanol, dimethylformamide
(DMF), dichloromethane (CH,CL), diethyl ether (Et,0), sodium
hydrogen sulfate (NaHSO,), anhydrous sodium sulfate (Na,SO,),
and acetic acid (AcOH) were purchased from Fisher. p-(+)-Glucose,
biotin (C,oH,4,N,0,S), (3-mercaptopropyl) trimethoxysilane, sodium
phosphate monobasic dihydrate (NaH,PO,-2H,0), sodium hydrox-
ide (NaOH), alconox detergent, toluene anhydrous, N-hydroxysucci-
nimide (NHS), dicyclohexyl carbodiimide (DCC), PEG-diamine
(MW 3400), deuterated chloroform (CDCL;), phosphorpentoxide
(P,0y), 4 A molecular sieves, ninhydrin, and triethylamine (Et,N)
were purchased from Sigma-Aldrich. Silica TLC plates were from
Merck. Ammonium sulfate ((NH,),SO,), magnesium sulfate
heptahydrate (MgSO,-7H,0), calcium chloride dihydrate (CaCl,-
2H,0), manganese(II) sulfate monohydrate (MnSO,-H,0), kana-
mycin sulfate, spectinomycin sulfate, and iron(II) sulfate (FeSO,)
were purchased from VWR. DNeasy Blood & Tissue Kits were
purchased from QIAGEN. The LIVE/DEAD BacLight Bacterial
Viability Kit was purchased from ThermoFisher Scientific. All
chemicals were used as received unless stated otherwise. 4 A
molecular sieves were heated under vacuum at 200 °C for 4 h to

remove water. CH,Cl, was dried with 4 A molecular sieves. Et,N was
distilled from ninhydrin at atmospheric pressure and stored over
KOH pellets. NHS, DCC, and PEG-diamine were dried under
vacuum in the presence of P,O,, at 40 °C for 19 h. NB-COOH (see
Scheme S1 for the chemical structure) was prepared as previously
reported.l‘S The ninhydrin staining solution was prepared by
dissolving 300 mg of ninhydrin in 97 mL of EtOH and 3 mL of
AcOH and stored in the dark.

2.2. Synthesis of the Photodegradable Poly(ethyleneglycol)
Diacrylate. PEG-o0-NB-diacrylate was prepared with slight mod-

ifications from that previously reported”* and is shown in Scheme S1.
519 mg (1.5 mmol) of NB-COOH and 175 mg (1.5 mmol) of NHS
were dissolved in 4 mL of DMF and 8 mL of CH,Cl. The clear
solution was cooled on ice for 15 min, and a solution of 304 mg (1.5
mmol) of DCC in 2 mL of CH,Cl, was added dropwise over the
course of § min. After stirring for 21 h at room temperature, a solution
of 508 mg (0.15 mmol, 0.30 mmol NH, groups) of PEG-diamine and
51 pL (037 mmol) of Et;N in 9 mL of CH,Cl, was added dropwise
over the course of 10 min to the turbid reaction mixture. After stirring
for 20 h, spotting of the reaction mixture on a silica TLC plate
followed by ninhydrin staining and heating showed the absence of
amine groups. The mixture was concentrated in a flow of nitrogen to
remove CH,Cl,, and the residue was diluted with 16 mL of 1 M
NaHSOjy (aq). The suspension was passed through a glass filter, and
the white residue was washed with 9 mL of 1 M NaHSO, (aq). The
slightly hazy filtrate was then passed through a syringe filter (0.45
pum). After the syringe filter was washed with 1 M NaHSO,, the clear
yellow filtrate (30 mL) was extracted with CH,Cl, (5 X 30 mL). The
extracts were combined, dried over Na,SO, filtered through
Whatman paper, and concentrated under reduced pressure at 30
°C. The oily residue was dissolved in 8 mL of CH,Cl,, and the
solution was slowly diluted by adding 200 mL of Et,O. The
precipitate was collected on a glass filter, washed with Et,0 (3 x 10
mL), and dried. This Et,O precipitation was repeated one more time
to yield PEG-o-NB-diacrylate (539 mg) as a light-yellow solid. 'H
NMR (CDCL) & 7.58 (5, CHaromar), 7.00 (5, 1H, CH,omae), 6.52 (m,
CH), 6.45 (bs, NH), 6.44 (d, CH=CH,,,), 6.16 (dd, CH=CH,),
5.87 (d, CH=CH,,), 4.10 (t, CH,CH,CH,0), 3.92 (s, OCH,),
422-3.20 (CH,CH,0 + OCH,CH,N), 2.39 (t, CH,CO), 2.17 (m,
CH,CH,CH,), 1.65 (d, CH;CH). The degree of functionalization
using MW = 3400 was 80% by comparing the integral ratios of the
aromatic and CH,CH,O PEG protons. The 'H NMR spectrum is
shown in Figure S1. '"H NMR spectra were measured on a Varian
System 500 MHz spectrometer in deuterated chloroform (CDCL;). A
total of 32 scans was collected, and the D1 was set to 10 s. Chemical
shifts (§) are reported in ppm and are referenced against the residual
CHCl; peak at 7.26 ppm.

2.3. Bacterial Strains and Culture Conditions. All strains and
plasmids used in this study are described in Table S1. Wildtype
A. tumefaciens CS8 (herein referred to as C58) was used for the live/
dead assay. A. tumefaciens C58 cells constitutively expressing the
fluorescent protein GFPmut3 (herein referred to as C58-GFP) were
used as controls in the hydrogel experiments. Populations of
fluorescent A. tumefaciens CS58-GFP Himarl mutant library cells
(described below and herein referred to as C58 ML) were used in
seeding, culture, and screening experiments within the hydrogels.
A. tumefaciens strain NT1 was used as an agrocin 84 resistant control
in the agrocin 84 bioassay. Unless noted otherwise, the A. tumefaciens
strains were grown on AT minimal medium™® supplemented with
05% (w/v) glucose and 15 mM ammonium sulfate (ATGN).
Rhizobium rhizogenes strain K84 (herein referred to as K84) bacterial
cells were cultured in suspension at 28 °C (215 rpm) for 24—48 h to
reach an ODgy, of 0.7 in ATGN media supplemented with kanamycin
(150 pg/mL), spectinomycin (100 pg/mL), biotin (2 pg/mL), and
iron as Fe (II) sulfate (0.022 mM).

The optical densities of bacteria cultures (100 uL) at 600 nm
(ODyqy,) were measured using an Epoch2 microplate reader (Biotek)
in 96-well plates for all experiments. After K84 reached an ODgy, of
0.7, the bacterial culture was centrifuged at 2000¢ for 10 min and the
supernatant containing cell free culture fluid (CFCF) from K84 was
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sterile filtered two times, first with a 0.45 pm syringe filter and a
second time with a 0.2 pm syringe filter, before being used in
screening experiments.

2.4. Transposon Mutagenesis. The mariner transposon Himarl
was used to mutagenize C58-GFP cells using previously described
methods.” In brief, E. coli §17-1/Apir pFD1 and C58-GFP cells were
mixed and incubated overnight at 28 °C on a 0.2 ym polyethersulfone
(PES) disk filter (PALL) placed on a LB plate. Following incubation,
cells were collected and frozen at —80 °C in 25% glycerol.

2.5. Media for Screening Experiments. 8X ATGN media was
prepared as the undiluted base media. For unconditioned media, 8%
ATGN was diluted to 1X with sterile ultrapure water and then
supplemented with iron (0.022 mM), biotin (2 pg/mL), kanamycin
(150 pg/mL), and spectinomycin (100 pg/mL). For conditioned
media, 8X ATGN was diluted with the CFCF acquired from K84
(section 2.3) to get 1X ATGN that was subsequently supplemented
with iron (0.022 mM), biotin (2 pug/mL), kanamycin (150 pg/mL),
and spectinomycin (100 pg/mL).

2.6. Thiol Surface Functionalization. Thiol functionalized
surfaces can be used as a route for secondary surface modifications
through thiol—acrylate addition reactions’® and are used here to
provide covalent attachment of the hydrogel to the coverslip surface.
Glass coverslips (1.8 X 1.8 cm) were cleaned with oxygen plasma for
3 min using a PDC-001-HGP Plasma Cleaner (Harrick Plasma).
Coverslips were then cleaned and hydroxylated in Piranha solution, a
30:70 (v/v) mixture of H,0, and H,§O,, at 60—80 °C for 30 min.”'
(Caution! Strongly corrosive.) Coverslips were then rinsed and stored
in ultrapure water at room temperature. For functionalization with
thiol groups, coverslips were then dried under a N, stream and
immersed into a 269 mM (3-mercaptopropyl) trimethoxysilane
(MPTS) solution in dry toluene (5 v/v) for 4 h at room temperature.
Substrates were then rinsed with toluene, ethanol/toluene (1:1), and
ethanol, 4 times each.>’ They were then dried under a N, stream and
stored at 4 °C for further use.

2.7. Hydrogel Preparation and Growth Monitoring. Al
hydrogels were made in 1X ATGN phosphate buffer, pH 8. This was
made by first adding NaH,PO, to 2X ATGN and adjusting to pH 8
using S M NaOH (aq); the solution was then sterile filtered and
stored at —20 °C until further use. Bacteria were encapsulated into the
hydrogels by first inoculating 1 mL of 2X ATGN media with 2 uL of
cells from the 25% glycerol stock stored frozen at —80 °C, for both
the C58 ML and the C58-GFP control. This resulted in a C58 ML
concentration of 3.63 X 107 CFU/mL in 1X ATGN media, pH 8.
Then, a hydrogel precursor solution was prepared by adding
photodegradable PEGDA (M, 3400 Da, 8.4 uL, 49 mM) in water
into 18.75 uL of the inoculated ATGN. Lastly, PEG-tetrathiol (M,
10000 Da, 10.35 uL, 20 mM) in water was added to the mixture,
resulting in an equimolar acrylate—thiol ratio. The concentrations of
acrylate and thiol groups in the final solution were each 22 mM. The
final solution volume was 37.5 uL.

The cell suspension was added to a thiol-functionalized coverslip
(Section 2.6) to allow for covalent attachment of the hydrogel to the
glass surface through thiol—acrylate addition (Scheme S2). First, 7 uL
of the cell suspension was pipetted onto a chemically inert
perfluoroalkylated glass slides, made as previously reported.23 This
coverslip was then contacted with the thiolated coverslip, separated by
a fixed distance of 12.7 um using Stainless Steel Thickness Gage
Blades (Precision Brand). The solution was incubated for 25 min at
room temperature to allow for cross-linking of the PEG polymers and
hydrogel formation. After gelation, the thiolated glass slide and
attached hydrogel were gently removed from the perfluoroalkylated
glass slide. Care was taken during this step to prevent the hydrogel
from rupturing. With these conditions, it was noted that spacers
thicker than 12.7 um resulted in an overlay of cells, which was not
desired because cell colonies above or beneath the target colony are
also released during light exposure, which may result in cross-
contamination during cell retrieval (Figure S2). For screening
experiments, hydrogels were placed in 60 X 15 mm Petri dishes
and cultured in ATGN media or ATGN/CFCF media in an incubator
at 28 °C. For growth monitoring, cells were cultured in ATGN media

at 28 °C in a live cell incubation chamber (Tokai Hit) placed over a
Nikon Edlipse Ti-E inverted fluorescence microscope. Time lapse
fluorescence images of the bacteria during growth into microcolonies
within the hydrogel were taken with a 10X, NA 0.3 or 20X, NA 0.45
lens using NIS-Element software. Growth rates were quantified using
Growthcurver software.*

2.8. Hydrogel Degradation and Cell Release with the
Polygon400 Light Patterning Device. Hydrogels were exposed
to various patterns of UV light from a 365 nm LED light source using
the Polygon400 patterned illumination tool (Mightex Systems)
configured to an Olympus BXSI1 upright microscope. The tool
exposes 365 nm light at micron-scale resolution across a user-defined
area for a given exposure time, enabling spatiotemporal control of
hydrogel degradation (Figure S3). Intensity of the 365 nm irradiated
light was controlled using Mightex PolyScan2 software and varied
between 0.7 and 7 mW/mm?. Prior to hydrogel degradation, the tool
was calibrated to the specific objective using a mirror and the
calibration software to obtain a clean and sharp pattern exposed on
the mirror with the selected objective. Hydrogels were then placed in
a PDMS holder and covered with ATGN media to prevent the
hydrogel from dehydration (Figure S4). Targeted microcolonies were
identified with the microscope and then focused on within the three-
dimensional hydrogel. This focusing step was important to maintain a
sharp UV exposure pattern over the targeted cells, as regions above
and below the focused region of the hydrogel become exposed to out
of focus UV light, causing the degradation pattern to become
scattered in these regions. This is an inherent limitation of the upright
microscope. Exposure occurred with a 10X, NA 0.3 or 20X, NA 0.5
objective. Brightfield images and movies were taken during photo-
degradation using Infinity Capture Software.

2.9. Labeling the Hydrogel with Fluorescent Dye. Fluo-
rescence microscopy was used to image the hydrogel after UV light
exposure and degradation by labeling with fluorescein-5-maleimide,
which couples to pendant thiol groups within the hydrogel.> 4 uL of
a 10 mM stock solution of fluorescein maleimide in DMF was added
to 1 mL of PBS buffer (pH 7.3) and then added to the hydrogel for 2
h at room temperature in a dark environment. The hydrogel was then
rinsed with 1X PBS to remove unbound fluorophores and imaged.

2.10. Live/Dead Assay. To investigate cell viability after exposure
of microcolonies to UV light, a live/dead assay was used. Here, C58
cells were encapsulated in hydrogels containing nonphotodegradable
PEGDA (M, = 3400 Da) instead of PEG-o-NB-diacrylate; thus,
colonies remained within the hydrogel after UV exposure for staining
and imaging. The stain mixture was prepared as recommended by the
manufacturer. 300 uL of the mixture was added over each hydrogel
and incubated in the dark for 15 min. SYTO 9 labels both intact and
compromised cells, while propidium iodide labels only cells with
damaged membranes, resulting in the reduction of expressed
fluorescence by SYTO 9.3* After staining, the hydrogels were washed
thoroughly with a 0.85 wt % NaCl solution and imaged using the
inverted fluorescence microscope. The percentage of live cells (p) was
estimated from the fluorescence intensity data according to eq 1:

gy —r

p:l{}[}—[ ]xlOD

(1)

where ryy is the measured red signal following UV exposure, r is the
red signal measured when the hydrogel is not exposed to UV, and r.4
is the red signal of the dead cell control. For this control, cells were
killed by incubating the hydrogel in 70% isopropanol at room
temperature for 20 min. The hydrogel was then washed with ultrapure
water before staining.

2.11. Cell Retrieval and Recovery. Immediately after light
exposure, the free end of a 20 cm long PTFE tubing, 0.05 in. ID, was
placed over the irradiated spot. The other end was attached to a 100
L syringe that was used three times to aspirate the media containing
the released cells. For every exposed microcolony, 300 uL of solution
was collected and transferred into an Eppendorf tube. For each
sequential microcolony extracted, the syringe, tubing, PDMS holder,
and the hydrogel were washed with ultrapure water at least 3 times to

Tdead — T
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minimize cross-contamination. Following cell retrieval, 300 uL of the
bacterial solution was plated onto selective media for recovery. The
plating process was also expected to dilute PEG degredation
biproducts. 100 uL of the solution was plated on ATGN
supplemented with kanamycin and spectinomycin. Cells from the
mutant library are expected to be resistant to both antibiotics. In
contrast, C58-GFP, the parental strain used to generate the mutant
library, is resistant only to spectinomycin. The presence of both
antibiotics allowed for the recovery of mutants, decreasing the chance
of contamination from other sources. After inoculation, the plates
were incubated at 28 °C for 3 to § days.

2.12. Agrocin 84 Bioassay. Agrocin 84 bioassays were performed
to determine if recovered mutants are resistant to agrocin 84, a
bacteriocin produced by K84 that strongly antagonizes C58. The
bioassay protocols were adapted from those reported by Hayman et
al***° K84 and recovered C58 ML mutants (Section 2.11) were
grown in liquid ATGN as previously described for 24 h. All cultures
were normalized to an ODgy of 0.6 in ATGN media. Tubes
containing 10 mL of molten agar (65 °C) were inoculated with 35 uL
of the C58 mutant cultures. The tubes were vortexed vigorously for
10 s and then poured onto sterile 60 X 15 mm Petri dishes. Once the
agar solidified, 7.5 uL of the K84 cells (ODgy = 0.6) was spotted in
the center of the plate and allowed to air-dry. Once the K84 cells had
dried completely, the plates were wrapped with a plastic wrap to
prevent drying of the media, and they were incubated at 28 °C for 72
to 120 h.

2.13. Genomic DNA Purification. QITAGEN’s DNeasy Blood &
Tissue Kit was used to purify bacterial genomic DNA from cellular
debris and any residual PEG byproduct. The manufacturer’s protocol,
including the Gram-negative bacteria pretreatment, was followed with
minor modifications. Proteinase K incubation was performed for 60
min at 56 °C, and 4 uL of RNase A (100 mg/mL) was added
following proteinase K incubation. Lastly, two sequential elution steps
via centrifugation were included: the first elution used 150 uL of
Buffer AE while 50 uL of Buffer AE was used for the second elution.
Genomic DNA samples were stored at —20 °C.

2.14. Whole Genome Sequencing. Genomic DNA samples
were sent to the Microbial Genomic Sequencing Center (MiGS) in
Pittsburgh, PA. Samples were received and immediately frozen until
the library preparation began. Qubit fluorometric quantification was
used to quantify DNA concentrations. All samples were normalized to
the same concentration and enzymatically fragmented using an
Hlumina tagmentation enzyme. Unique indices were attached to each
pool of fragmented genomic DNA using PCR, and the resulting
barcoded pools were combined to multiplex on an Illumina NextSeq
550 flow cell.

2.15. Sequence Analysis. Bioinformatic analyses were performed
on Beocat, the High-Performance Computing cluster at Kansas State
University. Once sequencing reads were acquired from the MiGS,
read mapping was performed by aligning the reads to the C58
reference genome using the Burrows-Wheeler Aligner’s Smith-
Waterman Alignment (BWA-SW) algorithm.>” The BWA-SW
algorithm aligns long sequences (up to 1 Mb) against a large
reference genome in a fast and accurate manner. A variant calling
applying the Genome Analysis Toolkit (GATK) was then applied.
GATK is a pipeline that compares the alignment of our reads to the
C58 genome at a more detailed level while simultaneously performing
a base quality score recalibration, indel realignment, duplicate
removal, and SNP and INDEL djsr:over)(.38 Additionally, the GATK
pipeline applies standard hard filtering parameters or variant quality
score recalibration that result in the identification of mutations with
high confidence. The purpose of the read mapping and variant calling
is to find the mutation responsible for agrocin 84 resistance. Once the
mapped reads and the variants were generated, regions with mutations
were identified.

3. RESULTS AND DISCUSSION

3.1. High Density Cell Encapsulation and Parallel
Tracking of Cell Growth. The first step in developing the

hydrogel interface involved achieving high-density encapsula-
tion of viable bacteria cells within the hydrogel for growth
monitoring. C58 ML cells were seeded across a 1.8 X 1.8 cm
glass coated with a hydrogel, initially 12.7 gm thick, that
reached 140 pm in its swollen state after incubation. Given the
genome size of A. tumefaciens CS8 (approximately 5.67
Mbps),” the observation of 28,000 mutants within a single
hydrogel was desired to ensure that the genome could be
screened to saturation with 99% certainty.”’ Using fluores-
cence microscopy, it was found that seeding bacteria at a
concentration of 3.63 X 10’ CFU/mL encapsulated bacteria at
a density of 90 CFU/mm? meeting this requirement. As
shown in Figure 1A, after encapsulation, cells appeared
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Figure 1. Parallel growth monitoring of individual C58 cells into
microcolonies within the hydrogel matrix after seeding. (A)
Representative fluorescence images of CS8 ML microcolonies at
different time points. (B) Microcolony growth for 11 sample
microcolonies within the hydrogel as a function of time.

randomly dispersed and the vertical overap of cells was
minimal, which was desired to prevent the extraction of
multiple colonies during the light exposure step. Hydrogel
thicknesses greater than 12.7 ym resulted in the vertical
overlap of cells (Figure S2).

After encapsulation, parallel growth tracking of individual
cells into microcolonies during culture in ATGN media was
achieved. Microcolonies become visible under 20X magnifica-
tion, 8 h after encapsulation. They then grow (k= 0.18 h™') in
diameter for approximately 40 h (Figure 1B). These
observations suggest that there was sufficient mass transfer to
support cell growth. Hydrogel mesh size (£), a critical
determinant of mass transfer within the hydrogel,"' was
calculated to be 10 nm on the basis of the equation described
by Canal and Peppas,*” small enough for the immobilization of
bacteria cells but large enough for the diffusive exchange of
nutrients (e.g., glucose) and waste products. Similar growth
trajectories were observed when monitoring the growth of free
cells in a 96-well plater reader (Figure SS), suggesting that cell
confinement or diffusion limitations had a minimal effect on
growth within the hydrogel environment. Cells developed into
spherical microcolonies due to deformation of the elastic PEG
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Figure 2. C58 ML cell arrangement after release with different light patterns. (A) Ring pattern for the extraction of colonies protected within a
PEG layer. (B) Broken cross pattern for the extraction of aggregated cells. (C) Cross pattern for the extraction of predominantly free cells. For each
exposure pattern, the following are shown: (i) the projected light pattern (white line) over a targeted colony, (ii) the hydrogel immediately after
cell release, and (iii) brightfield and/or fluorescence images of the recovered cells in solution. Patterns were exposed at an intensity of 4.2 mW/
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Figure 3. (A) Microcolony release time from hydrogels at varied 365 nm light intensity. An entire cell mass lift off effect was noted during broken
cross pattern exposure, providing a discrete time point for cell release. (B) Red fluorescence signal after staining with the reagents in the live/dead
bacterial viability kit. Microcolonies without UV exposure, with broken cross pattern UV exposure (4.2 mW /mm?, 40 s), and from chemically
treated (70% isopropanol) dead cells are compared. (C) Representative green-red fluorescence images of microcolonies after staining with the live/
dead assay. Dead cells with compromised membranes appeared red. Image] software was used to adjust the images for color contrast. For each
treatment (n = 3 independent trials), 30 different microcolonies were imaged.

matrix caused by the local increase in cell numbers and tion.”’ These measurements were performed several times (1 =
through chemical or enzymatic modes of hydrogel degrada- 26) with 92% of the trials resulting in microcolony growth. At
F https://dx.doi.org/10.1021/acs.biomac.0c00543
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Figure 4. Sequential extraction of targeted microcolonies from a hydrogel. (A) Brightfield image of a hydrogel with a sample exposure map (white
lines) showing exposure locations targeting a blank area or a microcolony with a broken cross pattern. (B) Colony forming units (CFU/mL) of
recovered suspensions after washing the hydrogel at various steps and plating. W = initial wash of the hydrogel; B = hydrogel blank; MC =
microcolony. All exposures, wash steps, and plating steps onto selective media were performed under identical conditions (n = 3 independent

trials).

later time points (~5 days), bacteria were observed to escape
hydrogel encapsulation (Figure S6A). While chemical
hydrolysis of thioether—ester linkages may play a role in
hydrogel degredation,™ follow-up studies have indicated that
hydrogels remain capable of immobilizing inert, 1 um
fluorescent beads at neutral pH over S days (Figure S6B,C).
Others have also reported minimal mass loss in similar thiol—
acrylate PEG hydrogels over a 5 day time period at neutral
pH.* These observations suggest that bacteria within the
microcolonies were the cause of the eventual breakdown of the
hydrogel matrix.

3.2. Characterization of Cell Release and Cell
Viability. Using light for extraction has the advantage of
spatiotemporal control of cell release, as the patterned
illumination tool allows for projection of user-defined, two-
dimensional patterns over any microcolony within the
hydrogel. Here, the arrangement of cells released into solution
after exposure with different patterns was investigated.
Microscale patterns including lines, rings that outline the
microcolony perimeter, a cross, or a broken cross pattern were
investigated. Patterns with greater coverage of the colony such
as circles were avoided to minimize unnecessary UV light
exposure in an effort to preserve bacteria viability and DNA
quality. The recovered cells present in the extract solution were
then imaged in brightfield and fluorescence modes to examine
the cell arrangement (Figure 2).

Light patterning offered control of the arrangement for cells
liberated from the hydrogel interface. Ring patterns degraded
the hydrogel immediately surrounding the microcolony,
forming a hydrogel island that immediately detached from
the interface (Supplementary Movie 1). Examination of the
extract solution revealed that cells remained encapsulated as
microcolonies in the detached hydrogel (Figure 2Aiii). This
pattern offers the advantage that extracted cells are not directly
exposed to UV light and that they remain preserved in a larger,
protective PEG layer, being potentially useful for downstream
separation or processing steps. Cross patterns instead appeared
to liberate cells as either aggregates or free cells (Figure
2Biii,Ciii), as these exposure patterns etched a direct path for
cellular transport out of the hydrogel. Here, it was noted that
the entire cell mass was liberated into the media covering the

hydrogel as the membrane became compromised (Supple-
mentary Movie 2 and Figure S7). Inspection of the recovered
cells in the extract solution revealed that broken cross patterns
favored aggregated cells, whereas cross patterns contained
extract solutions dominated by free cells. Other patterns, such
as individual lines patterned at the microcolony edge, also
caused a burst of free cells into solution (Supplementary Movie
3); however, some of the cells appeared to remain in the
hydrogel after exposure (Figure S7). Because removal of a
maximum number of target cells with a minimum direct
exposure to UV light was desired, the broken cross pattern was
selected for further use.

After establishing that using broken cross pattern exposure
results in lift off of the entire cell mass, we investigated how
varied light intensities affected release time, defined here as the
exposure time until microcolony burst is observed (Figure 3A).
Step growth hydrogels are characterized by rapid erosion rates
due to the low levels of network n:n:mnm:ti\.rity;24 here,
degradation and cell release were noted in <180 s for all
exposure intensities studied. Cell release time showed
significant decreases with increasing light intensity up to an
intensity of 4.2 mW/mm? (P < 0.05); this trend was expected
as exposure time required for reverse gelatmn of the hydrogel
is inversely proportional to light intensity.”* Beyond this, only
minor decreases in release time were noted and a minimum
light dose for release was found at 168 + 14 mJ/mm’
corresponding to an intensity of 4.2 mW/mm?.

Since 365 nm light can be cytotoxlc to bacteria through the
generation of reactive oxygen spec:les, the effect of broken
cross pattern exposure (4.2 mW/mm?, 40 s) on cell viability
was characterized using a live/dead assay (Figure 3B,C). Here,
C58 cells were first seeded within a hydrogel generated with
PEG diacrylate without the photocleavable o-NB moiety and
cultured into microcolonies, and the colonies were then
exposed to broken cross patterns of light. Removal of the o-NB
group from the network backbone ensured that the micro-
colonies would remain in place during exposure so they could
be subsequently stained and observed with fluorescence
microscopy. The comparison of red signal indicating nonviable
cells showed no significant difference between unexposed and
exposed cells, both of which were significantly less than the
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Figure 5. (A) Schematic of the ML screen. (i) Positive control: growth of C58 ML cells within the hydrogel; (ii) hydrogel incubation in the
presence of CFCF/ATGN for growth of agrocin resistant C58 ML cells; (iii) negative control: CS8-GFP incubated in CFCF/ATGN under
identical conditions. (B) Representative fluorescence images of the fluorescent microcolonies in the (i) positive control, (ii) test hydrogels, and (iii)
negative control. (C) Representative data for generated microcolonies in each treatment (n = 3 independent trials).

dead cell control (P < 0.01). This suggests that the majority of
cells remain viable during the extraction step for recovery and
genomic analysis. Given these findings, these exposure
conditions were used in the remaining studies.

3.3. Sequential Extraction and Recovery of Individual
Microcolonies. Isolation of bacteria for pure cultures is one of
the most important requirements in microbiological techni-
ques because it enables extraction of pure genetic material,
allows for follow-up biological and biochemical testing, and
eliminates confounding observations that can arise from other
bacteria. Here, the ability to generate pure cultures exclusively
from the bacteria targeted for extraction was evaluated.
Hydrogels were first seeded and cultured for microcolony
development and placed inside a PDMS holder (Figure S4).
Designated areas of the hydrogel were exposed to UV light and
then immediately washed with wash buffer to remove the
released cells. Wash solutions were plated on selective media to
quantify colony forming units (CFU/mL) in each wash
solution. To verify the presence or absence of contaminating
bacteria in the media prior to extraction, hydrogels were
initially washed prior to light exposure. Additionally, as a
negative control, areas of the hydrogel where no colonies were
present were exposed to UV light under the same conditions
used for cell release. This was done before and after every
microcolony extraction, and washes from these blank areas
were processed and plated in an identical manner as those
solutions containing an extracted microcolony. In this way,
carryover and cross-contamination during subsequent micro-
colony extraction could be identified. Using this approach, the
purity of four sequentially extracted microcolonies was
accessed (Figure 4).

The initial washings of the hydrogels and negative controls
generated from the opening of the hydrogel in areas lacking
colonies showed little or no recovery after plating (Figure 4B).
Conversely, solutions extracted from selected microcolonies
showed significant growth after plating, with average measure-
ments ranging from 90 + 28 CFU/mL (MC1) to 260 + 98
CFU/mL (MC4). The number of cells (CFU/mL) in the
wash buffer after microcolony extraction showed no significant
association with microcolony size (Figure S8). A small amount
of carryover (<§ CFU/mL) was noted in blank solutions after

the first microcolony extraction, suggesting that cross-
contamination from a previously opened microcolony is a
possibility during sequential extraction; however, these levels
were minimal, representing <1% of cells recovered from a
typical microcolony. These observations demonstrate that the
extraction method allows for targeted and clean recovery of
bacteria colonies, enabling one to sample and isolate multiple
colonies from a single screen, if desired.

3.4. Screening and Identification of Rare Phenotypes
from Transposon Mutant Libraries. Following the
characterizations in Sections 3.1 to 3.3, the photodegradable
hydrogels were evaluated for use in a model ML screening
application. The screen involved seeding and culturing C58
ML cells in media supplemented with cell free culture fluid
(CFCF) from K84, which contains agrocin 84, a well-known
bacteriocin with activity against C58. 27 During this screen,
three separate hydrogels were prepared from the same
hydrogel precursor solution. This included a positive control
where C58 ML cells were incubated in liquid ATGN (as in
Section 3.1) to ensure normal cell growth across the
population (Figure SAi). This control also allowed for
verification that seeding density remained consistent with
previous experiments (approximately 90 CFU/mm’). To
quantify the total number of bacteria cells that were screened
in any trial, 10 separate areas on the positive control hydrogels
were imaged. As a negative control, C58-GFP was also
cultured in ATGN/CFCF, where no growth was expected
(Figure SAiii), verifying that an inhibitory environment for
normal cell growth was present. With these two controls in
place, mutants within the seeded ML population that were able
to grow in the presence of ATGN/CFCF were identified as
candidate agrocin 84 resistant mutants (Figure SAii).

Once each cell population was encapsulated in the respective
hydrogels, they were immersed in ATGN or ATGN/CFCF
media, incubated, and then imaged using fluorescence
microscopy. ML cells seeded in positive control hydrogels
consistently grew into fluorescent microcolonies (Figure SBi)
at 28 °C within 24 h, as expected. C58 ML cells in the positive
control were quantified at a density of 90 cells/mm?, indicating
that approximately 28,000 cells were present within the
hydrogel. Test hydrogels were immersed in ATGN/CFCF
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Figure 6. (A) Observations of the agrocin 84 bioassay. As expected, NT1 shows no inhibition when cocultured with K84 and was used as the
positive control. The isolated C58 mutant (herein referred to as 100) also shows no inhibition when cocultured with K84, similar to NT1, while
C58 bacteria show a clearing (zone of inhibition) surrounding the K84 at the plate center. K84 bacterial growth is contained inside the red dashed
line. The boundary of the zone of inhibition, if present, is denoted by the gray dash line. (B) Most agrocin 84 resistant mutants carry mutations in
the acc operon. The location of the acc operon mutations found in seven of the nine isolated mutants is represented with yellow diamonds, with
numbers below indicating how many times a mutation in this position was observed. All acc mutants were recovered from different agrocin 84
resistant microcolonies. Mutants with identical mutations were recovered from different hydrogels and so cannot be the result of cross-
contamination during recovery. Each gene is shown as an arrow, and they all have been drawn to scale.

solution for 72 h; fresh media were added to this solution every
24 h. After 72 h, the media was changed to ATGN only and
incubated for an additional 48 h to enable the surviving,
agrocin-resistant mutants to fully develop inside the hydrogels
(Figure SBii). Resistant mutants appeared at a density of 0.057
microcolonies/mm? (18 + 7 resistant mutants per hydrogel).
The negative control hydrogel, treated the same way as the test
hydrogels, rarely produced microcolonies (<0.0011 micro-
colonies/mm?), verifying that parental CS8-GFP cells very
rarely survived when K84 CFCF was present. At the
conclusion of the screen, the total number of rare micro-
colonies in a representative test hydrogel was 25, representing
0.089% of the cell population. Each rare colony was extracted
from this hydrogel, plated, and recovered for genomic analysis;
23/25 microcolonies were successfully recovered.

3.5. Follow-Up Phenotypic and Genotypic Analysis of
Rare Cells. Following cell retreval and recovery, colonies
were again streaked onto media containing kanamycin and
spectinomycin. To corroborate phenotypic observations in the
hydrogel with standard microbiological approaches, the
agrocin 84 bioassay was performed as described in Section
2.12.3%° For every extracted microcolony, a random subset (1
= §) of recovered colonies that showed resistance to the
antibiotics, as well as a set of controls for every isolated mutant
(Figure 6A), was tested for agrocin 84 resistance. The
coculture of CS8 with K84 was included as an agrocin 84
sensitive control for which we expected a zone of inhibition (a
region near K84 with no bacterial growth due to inhibition) to
form. Additionally, the coculture of A. tumefaciens NT1 with
K84, a bacterial strain that is known to be resistant to agrocin
84, was used to compare the degree of resistance/susceptibility
of the hydrogel isolates. The agrocin 84 bioassay verified
successful recovery of 9 resistant mutants. Four of these
resistant mutants came from two recovered microcolonies, and
we failed to recover resistant mutants from 16 of the 23
recovered microcolonies. These observations validate the
agrocin 84 resistant phenotype observed in the hydrogel
screen and also demonstrate that results observed in the screen
can be corroborated using follow-up tests due to the ability to

extract, isolate, and grow colonies of interest from the
screening interface.

The final step was to connect the observed phenotype with a
genotype of the extracted isolates using whole genome
sequencing. Previous work identified that the acc operon of
the Ti plasmid in CS58 encodes for the utilization of
agrocinopines A and B and for susceptibility to agrocin 84
with mutations in this region resulting in agrocin 84 resistant
phnan|:rt3,'1:nas.26’4?’43 This gave a clear expectation for the
location of genotypic mutations that should be present in
the mutants isolated from the hydrogels. Whole genome
sequence analysis showed that 78% (7/9) of the isolated
mutants that were sequenced from the screen had mutations in
genes within the acc locus (Figure 6B). About 20% of the
isolated mutants (2/9) lacked a mutation in the acc locus;
however, they had mutations in other membrane transporter
genes. It has been previously shown that inhibitors like agrocin
84 can enter bacterial cells through these transporters;
however, more research is required to determine the genetic
basis of agrocin 84 resistance in these mutant strains. Taken
together, our observations verify that successful genotype-to-
phenotype determinations can be made from rare mutants
isolated from the hydrogel screen.

4. CONCLUSIONS

Photodegradable hydrogels have been widely studied as
matrices for biological applications due to their biocompati-
bility, tunable chemical and physical properties, and cross-
linking abilities. These materials offer a unique set of
advantages for cell screening applications: viable, high density
cell encapsulation and monitoring, molecular exchange for cell
growth and function, and spatiotemporal control of matrix
degradation for cell release and retrieval when a patterned light
source is used. While these materials have been developed
extensively toward drug delivery and tissue engineering
applications and have been successfully used for capture and
on-demand release of rare circulating tumor cells,” they have
largely remained separate from applications in microbiology.
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Here, we demonstrate the use of photodegradable hydrogels
for high-throughput screening of bacterial populations. To our
knowledge, this is also the first successful use of photo-
degradable hydrogel materials in a bacterial cell screening
application. The novelty of the approach lies in the
combination of high-density culture, allowing for parallel,
microscopic observation of tens of thousands of cellular
microcolonies, followed by sequential sampling of any desired
microcolony at high resolution and with high purity, enabling
follow-up genetic characterization of a rare or desired
phenotype.

Given the pervasive knowledge gap between bacteria
phenotype and genotype, we anticipate that this simple,
materials-driven approach to screening and isolation will
benefit a variety of different screens. The proof-of-principle
for ML screening demonstrated here with a simple growth/no
growth phenotype lays the foundation for more complex
phenotypic screens, such as using fluorescence or colorimetric
reporters to screen for mutations disrupting gene regulation, "
or growth-based screening of auxotrophic mutants that have
loss of enzymatic function leading to metabolic deficiencies.™
Using traditional approaches, these screens typically require
observations of tens of thousands of macroscopic colonies in
hundreds of agar or agarose plates. This throughput can be
matched with a single photodegradable hydrogel when
combined with a high-throughput image analysis tool to
rapidly identify rare cellular phenotypes.”’ The high-
throughput nature of our approach along with its repeatability
and fast turnaround time also make this approach applicable to
other cell separations in microbiomes, clinical samples, and
mammalian cell lines.
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