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ABSTRACT: We herein describe a highly versatile platform approach for the in situ and
real-time screening of microbial biocatalysts for enhanced production of bioproducts using
photonic crystal hydrogels. This approach was demonstrated by preparing optically
diffracting films based on polymerized N-isopropylacrylamide that contracted in the
presence of alcohols and organic acids. The hydrogel films were prepared in a microwell
plate format, which allows for high-throughput screening, and characterized optically using
a microwell plate reader. While demonstrating the ability to detect a broad range of
relevant alcohols and organic acids, we showed that the response of the films correlated
strongly with the octanol—water partition coefficient (log P) of the analyte. Differences in
the secretion of ethanol and succinic acid from strains of Zymomonas mobilis and
Actinobacillus succinogenes, respectively, were further detected via optical characterization of
the films. These differences, which in some cases were as low as ~3 g/L, were confirmed by high-performance liquid
chromatography, thereby demonstrating the sensitivity of this approach. Our findings highlight the potential utility of this
multiplexed approach for the detection of small organic analytes in complex biological media, which overcomes a major challenge in
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conventional optical sensing methods.
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B INTRODUCTION

Optically diffracting materials that are also chemically
responsive offer considerable opportunities for developing
biosensing technologies with broad practical implications.' ™"
Such technologies may be realized through embedding a
crystalline colloidal array (CCA) (e.g., that consists of charged
particles) within a hydrogel that swells or shrinks in the
presence of a specific analyte.”™® In this arrangement, the CCA
acts as a photonic crystal that produces an optical readout
based on the diffraction of light. Although the field of photonic
crystal hydrogels for sensing is relatively mature, the use of
such materials for sensing in biological applications remains
limited. Of particular interest is exploiting the advantages of
photonic crystal hydrogels for sensing in complex environ-
ments such as cell culture and/or microbial growth media.
Such environments present inherent challenges due to the
presence of biomacromolecules, inorganic salts, sugars (e.g.,
glucose), and amino acids, which can interfere with optical
detection.

A particularly intriguing area where photonic crystal
hydrogels may have ample utility for sensing is in the fields
of metabolic and genome engineering. In these fields, the need
for robust screening tools that can quantify the biological
conversion of renewable substrates to excreted products (e.g.,
fuels or chemicals) in a complex biological milieu is critical.”"
Importantly, the throughput of such tools may be markedly
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enhanced by eliminating the need to remove background
molecules and/or replace the sensing solution prior to
measurement (i.e., via extensive washing). By enabling the
quantification of metabolic products in situ, such methods may
enable throughputs that match the scale of diversity that can be
generated by advances in metabolic and genome engineering.
Owing to the throughput necessary to screen large libraries of
genomic mutations, eliminating the need for exogenous
reagents (e.g, enzymes, co-factors, and fluorophores) would
also be beneficial.'"' Such tools would further ideally be
compatible with screening a broad range of small molecules
(e.g., alcohols, organic acids, lipids, etc.) with high sensitivity
using routine instrumentation. To date, a universal screening
platform that meets these requirements remains elusive,
thereby restricting the ability to efficiently analyze large
libraries to capture beneficial mutations. Notably, conventional
methods for screening large libraries for metabolic and genome
engineering include high-performance liquid chromatography
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(HPLC), liquid or gas chromatography, tandem mass
spectrometry, and flow cytometry.'*™"

In this work, we sought to investigate the utility of photonic
crystal hydrogels for metabolic and genome engineering
applications, including the detection of alcohols and organic
acids in microbial culture media. Alcohol- and acid-responsive
photonic crystal hydrogels were prepared via photopolymeriza-
tion of poly(N-isopropylacrylamide) (pNIPAM)-based films.
The films, which contained negatively charged polystyrene
(PS) particles, were polymerized in the wells of 96-well
microplates to allow for optical characterization using a UV/vis
microplate reader. Following polymerization, the responsive
nature of the films to various alcohols and organic acids was
characterized as a function of solvent properties. The detection
of ethanol and succinic acid in culture media was further
demonstrated using Zymomonas mobilis and Actinobacillus
succinogenes strains as model host organisms.'®~*' While used
as model analytes in this work, ethanol and succinic acid are of
relevance as biofuels and platform chemicals for producing
plastics, textiles, pharmaceutical compounds, organic solvents,
and food additives. Quantitative HPLC was further used to
correlate the production of ethanol and succinic acid from each
model strain with the film response.

B MATERIALS AND METHODS

Materials. N-Isopropylacrylamide (NIPAM) was purchased from
Sigma-Aldrich (St. Louis, MO) and purified by solubilization in
hexane at 60 °C followed by precipitation in an ice bath. The resulting
precipitate was filtered and stored at 4 °C for further use. Styrene and
divinylbenzene were purchased from Sigma-Aldrich and purified via
chromatography using an aluminum oxide-packed column prior to
use. Analytical-grade N,N’-methylenebis(acrylamide) (MBAA), N-
hydroxyethyl acrylamide (HEAA), 3-(trimethoxysilyl)propyl meth-
acrylate, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(water-soluble photoinitiator, Irgacure 2959), ammonium persulfate,
target chemicals (i.e,, methanol, ethanol, 1-propanol, 2-propanol, 1,3-
propanediol, 1-butanol, 1,4-butanediol, acetic acid, propionic acid,
lactic acid, 3-hydroxypropionic acid, butyric acid, succinic acid, and
adipic acid), sodium 1-allyloxy-2-hydroxypropane sulfonate (COPS-
1) ionic comonomer, and Aerosol MA-80-1 surfactant were purchased
from Sigma-Aldrich and used without further purification. Aluminum
oxide anhydrous powder and sodium bicarbonate were purchased
from Fisher Scientific (Waltham, MA) and used as received.
Additionally, biotechnology-grade ion-exchange mixed bed resin
(AG 501-X8) and 96-well plates with UV-transparent well bottoms
were obtained from Bio-Rad (Hercules, CA) and Corning Inc.
(Corning, NY), respectively. Furthermore, the PS nanospheres were
prepared by emulsion polymerization and characterized by dynamic
light scattering to determine particle size and monodispersity.> The
PS nanospheres had a diameter and polydispersity of ~110 nm and
3.4%, respectively. Figure S1 shows a representative scanning electron
microscopy image of the free nanospheres prior to incorporation into
the hydrogel films.

Fabrication of Photonic Crystal Hydrogels. Photonic crystal
hydrogels were fabricated in the microwells of 96-well plates by
initially functionalizing the surface of the wells with methacrylate
groups. Surface functionalization was enabled by initially treating the
plates with UV/ozone (Novascan UV Ozone Cleaner, Ames, IA) for
15 min and subsequently adding 3% (v/v) 3-(trimethoxysilyl)propyl
methacrylate in cyclohexane to each well for 2 h. Each well was rinsed
with ethanol, and the plate was dried at 40 °C for 1 h. The plate was
then covered with aluminum foil and stored at room temperature
prior to use. At the time of use, a pre-gel solution consisting of 975
mM NIPAM, 25 mM HEAA, 10 mM MBAA, 0.05% (w/v) Irgacure
2959, 7% (w/v) charged PS nanospheres, and 15% (v/v) DMSO was
added to each well. To ensure CCA formation, the pre-gel solution
was mixed with the ion-exchange resin and incubated at room

temperature in the dark for 1 h and spun down via centrifugation
prior to use. To create uniform films in the wells, an acrylic mold with
pins was pushed into the wells, after which the wells were illuminated
with 312 nm UV light with an 8 W handheld UV lamp (Spectronics
Corp., Westbury, NY) for 90 min at 4 °C. Notably, the slow
polymerization rate at a low temperature allowed the CCA to retain
its photonic crystal structure during polymerization. Upon removal of
the mold, the CCA hydrogel films, which had an approximate
thickness of ~175 pm, were subsequently rinsed and stored with
ultrapure water prior to use.

Optical Characterization. Optical diffraction of the hydrogels in
a microplate format was characterized quantitatively using an Infinite
200 PRO microspectrophotometer (Tecan Systems Inc., San Jose,
CA). For quantitative characterization, the 96-well plate was
incubated with microbial culture samples or aqueous solutions
containing alcohols or acids at high ionic strength (250 mM NaCl)
for 30 min at the desired temperature (26 or 28 °C). The wavelength
of peak diffraction was specifically determined by measuring the
attenuance of the hydrogel films between 350 and 850 nm while using
a step size of 2 nm.

Growth of Z. mobilis and A. succinogenes. Z. mobilis was
cultivated and grown in minimal media containing K,HPO,, 1 g/L;
KH,PO,, 1 g/L; NaCl, 0.5 g/L; (NH,)2SO,, 1 g/L; MgSO,-7H,0,
0.2 g/L; CaCl,-2H,0, 0.2 g/L; Na,MoO,-2H,0, 0.025 g/L; FeSO,-
7H,0, 0.025 g/L; Ca-pantothenate, S mg/L; pyridoxine, 1 mg/L;
biotin, 1 mg/L; nicotinic acid, 1 mg/L; and glucose, 20 g/L. Z. mobilis
was outgrown overnight from cell stocks stored at =70 °C in 10 mL
of pre-seed medium in a 15 mL conical tube. Seed cultures were
inoculated at optical density (OD 600 nm) = 0.1 into sealed 150 mL
shake flasks equipped with twin bubble airlocks to initiate
fermentation at 33 °C with 100 rpm shaking. Following 48 h of
cultivation, cultures were harvested via centrifugation, and culture
supernatants were vacuum-filtered using 0.2 ym Steriflip filter units
(MilliporeSigma, USA). A. succinogenes 130Z (ATCC $55618) was
cultivated anaerobically in 50 ml of mock hydrolysate (Fluka
Analytical, India) at 37 °C and 120 rpm. Serum bottle cultures
were inoculated at an optical density at 600 nm of ~0.1 with plate-
harvested biomass. Following 48 h of cultivation, culture supernatants
were isolated as described above for Z. mobilis.

HPLC Analysis. The concentration of ethanol and succinic acid in
samples was analyzed using a Shimadzu (Kyoto, Japan) 10avp HPLC
instrument equipped with an Aminex HPX-87H column (Bio-rad,
Hercules, CA). Prior to HPLC analysis, the media samples were
filtered using centrifugal filtration devices with 0.22 ym pores (Costar
Spin-X, Corning, NY). For analysis, 40 yL samples were injected in
the pre-heated column (S0 °C) with the mobile phase (S mM sulfuric
acid) at a flow rate of 0.6 mL/min. For quantitative analysis,
calibration curves for ethanol and succinic acids were constructed
using standard samples. Specifically, aqueous solutions with known
concentrations of ethanol (0—120 g/L) and succinic acids (0—-30 g/
L) were injected into the column, and characteristic peak areas of
each chemical were computed. The concentration of each analyte was
then plotted with the corresponding peak area.

B RESULTS AND DISCUSSION

Fabrication and Optical Characterization of Respon-
sive Hydrogels in 96-Well Microplates. Films for optical
detection were prepared in the wells of 96-well microplates
with a uniform thickness of ~175 uym as we described
previously.”” As shown in Figure 1A, the mold was inserted
into the wells after addition of a pre-gel solution, which
contained pNIPAM, HEAA, MBAA, Irgacure 2959, and
sulfonated PS particles (7% (w/v); 110 nm diameter). After
insertion of the mold, the microplate was illuminated with 312
nm light, resulting in the formation of a cross-linked network.
Methacrylate groups on the surface of the wells and PS
particles allowed bonding of the network to the plate and
covalent incorporation of the PS particles in the resulting film.
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Figure 1. Preparation of 96-well plates of optically diffracting
pNIPAM-based films containing negatively charged PS particles that
are self-assembled into a CCA. (a) Schematic of the fabrication
process, which involves the use of an acrylic mold to ensure
uniformity of the films. (b) Photograph of a representative microplate
showing the effect of temperature on the coloration of the optically
diffracting films in each well.

Particles of the specified size were used to enable optical
characterization of the films in the visible range. It is well
understood that varying the particle size can change the lattice
spacing and thus the wavelength of peak diffraction.”’

By enabling the use of a UV/vis microplate reader to
measure optical diffraction, fabrication of the films in 96-well
microplates permits multiplexed, high-throughput character-
ization. We have previously demonstrated that the wavelength
of peak diffraction for such films exhibits a characteristic blue
shift in the presence of organic analytes, including ethanol.””
This blue shift is the result of the contraction of the films due
to the change in the solvent quality and thus in the polymer—
solution Flory—Huggins interaction parameter (¥) upon
addition of the analyte (see Figure S2 for representative raw
attenuance spectra of the hydrogel films as a function of
ethanol concentration). Contraction of the film in turn leads to
a decrease in the lattice spacing of the PS particles, which
underlies the optical response as explained by the Bragg—Snell
law.”**® The addition of an organic analyte specifically results
in a concentration-dependent increase in y for the polymer—
solution interactions. Given that y is also a function of
temperature, the impact of changes to y on the optical
response of the films could be observed by varying the
temperature across the microplate. Figure 1B clearly shows the
change in coloration of the films in a representative microplate
as a function of temperature, ranging from orange-yellow at the
top left corner to violet at the bottom right. The gradient in
color from orange-yellow to violet is indicative of increasing
temperature and denotes greater contraction of the films.

Importantly, the sensitivity of photonic crystal hydrogels
consisting of stimuli-responsive polymers such as pNIPAM
may be rationally tuned for the detection of small molecule

analytes. By modulating the lower critical solution temperature
of such hydrogels relative to the characterization temperature,
we have previously demonstrated that it is possible, in effect, to
maximize the extent of the response to target analytes.”” Using
ethanol as a model analyte, we demonstrated that photonic
crystal detectors may be optimized for greater optical
sensitivity by controlling the composition of the hydrogels,
the temperature at which characterization is performed, and
the ionic strength of the solution. In the current work, this
understanding was leveraged to enhance the sensitivity of the
hydrogel films, including the use of high ionic strength of the
solution for characterization. By using high ionic strength,
electrostatic interactions between the analyte and the film may
be shielded, thereby limiting their impact on polymer—solvent
interactions.

Sensitivity of Optically Diffracting Hydrogels to
Alcohols and Organic Acids. Having demonstrated the
responsive nature of the pNIPAM-based films, the sensitivity
of the photonic crystal films to a library of structurally diverse
short-chain alcohols and organic acids was characterized. By
examining structurally diverse alcohols and acids (measured at
concentrations of 64 g/L for alcohols or 15 g/L for acids), the
impact of the molecular features of the analytes on the
responsiveness of the films was determined. The library of
molecules examined specifically included linear primary and
secondary alcohols and acids, as well as diols and diacids,
which represent common target molecules for synthetic
biology.””~** Many of the alcohols characterized here have
potential utility as renewable fuels, while the acids are potential
platform chemicals for biobased polymers and secondary
chemicals for diverse industries. Interestingly, the sensitivity of
the optical response could be correlated to the hydrophobicity
of the alcohols and acids. This was evident in Figure 2 where
the optical response for some alcohols and acids (e.g., 1,3-
propanediol and 1,4-butanediol) was negligible, while the
response for others (e.g., 1-propanol, 1-butanol, butyric acid,
and adipic acid) corresponded to the maximum attainable blue
shift (~200 nm). The maximum blue shift occurred when the
wavelength of peak diffraction shifted outside the measurable
range due to contraction of the films.

Correlation of Analyte Properties and Optical
Response. As shown in Figure 2, there was a particularly
close correlation between the optical response of the photonic
crystal films and the octanol—water partition coefficient (log
P) of the organic analytes. Specifically, analytes with a larger
log P, which is indicative of increased hydrophobicity, tended
to elicit a larger response, while analytes with a lower log P
elicited smaller responses. This may be explained in terms of
the replacement of favorable water—polymer interactions with
less favorable analyte—polymer interactions. When favorable
water—polymer interactions are replaced with less favorable
analyte—polymer interactions (as is the case for molecules with
a large log P), the value of y of the system will increase, leading
to contraction of the film and ultimately a blue shift in the
wavelength of peak diffraction. Additionally, for a given log P,
it was notable that the sensitivity of the response was generally
larger for the organic acids (orange shaded region) than the
alcohols (blue shaded region). This was particularly notable
since the concentration of the organic acids used for optical
characterization (15 g/L) was considerably lower than that
used for the alcohols (64 g/L), and since such photonic crystal
films generally have higher sensitivities at higher analyte
concentrations due to their nonlinear response to concen-
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Figure 2. Sensitivity of the detector response as a function of the
octanol—water partition coeflicient parameter log P for a library of
small molecule alcohol (highlighted in blue) and organic acid (in
orange) analytes. The response sensitivity is reported as the blue shift
in peak diffraction wavelength (in nm) per concentration of solute (in
g/L). The alcohols and organic acids were added at 64 and 15 g/L,
respectively, and incubated with the films at 28 °C for 30 min prior to
the measurements. Each data point represents the average measured
from 6 distinct microwells per analyte, and the standard deviation of
the trials while not shown as error bars, was less than 0.2 nm/ (g/ L).

tration. This finding suggests that the interaction of hydroxyl
groups with the polymer was more favorable than the
interaction of carboxylic acid groups with the polymer (as
was observed for propionic acid relative to 1-propanol, which
have approximately the same log P). Importantly, as noted
above, the high ionic strength of the measurement solution
would effectively screen any electrostatic interactions between
the organic acids and the films. Given this, it is highly unlikely
that the higher sensitivity of the films to the organic acids was
due to the deprotonation of the acid groups at the
measurement pH.

Further analysis of the optical response of the photonic
crystal films to the analytes revealed interesting trends within
the alcohol and acid groups. For example, as can be seen in
Figure 2, the sensitivity of the films to primary alcohols
generally increased with the number of hydrophobic methyl
groups. This trend is further shown in Figure S3, which
summarizes the responses for C2—C5 primary alcohols at
varying analyte concentrations. Notably, the blue shift in the
wavelength of peak diffraction for I-pentanol at a concen-
tration of 4 g/L (>200 nm) was significantly larger than that
for 1-butanol at a concentration of 8 g/L (~S0 nm). A similar
trend in terms of the number of hydrophobic methyl groups
was observed for the organic acids, although the effect of
concentration on the response was not explored. Additionally,
it was interesting that diols 1,3-propanediol and 1,4-butanediol
elicited a smaller response than their primary alcohol
counterparts (i.e., 1-propanol and 1-butanol). In addition to
having a lower log P, this is likely because the hydrophobic
methyl groups in the diols are in between the hydroxyl groups
and thus shielded from interacting with the polymer.
Conversely, the diacids elicited a larger response than the
monofunctionalized acids, which is consistent with the

interaction of carboxylic acids with the polymer being
unfavorable. Interestingly, 3-hydroxypropionic acid and lactic
acid, which have both carboxylic acid and alcohol groups, elicit
responses that are in between that of the corresponding diol
and diacid with similar chain lengths. Finally, it was also
interesting that the secondary alcohol 2-propanol elicited a
smaller response than 1-propanol, given they have an identical
number of carbon atoms. This may be attributed to shielding
of the carbons by the hydroxyl group in 2-propanol, which
reduces the extent to which these groups may interact with the
polymer compared to that in 1-propanol.

In Situ Detection of Ethanol and Succinic Acid. To
demonstrate the in situ detection of ethanol produced by Z.
mobilis, spent growth media from wild-type (WT) and five
mutated variants (S1—SS) of Z. mobilis was added to separate
wells in a test microplate. The spent media in which glucose
was fully consumed consisted of supernatant from individual
cultures of the WT and variants after spinning down the cells.
Following incubation of the spent media in the wells at 26 °C
for 30 min, the wavelength of peak diffraction was measured.
Blue shifts were then computed using the diffraction
wavelength elicited by the WT sample as a reference.
Interestingly, while media from variants S1—S4 elicited a
red-shifted response relative to WT Z. mobilis, the blue shift
from variant S5 was markedly larger than of WT Z. mobilis
(Figure 3A). Given that the secretion of bioproducts other
than ethanol by Z. mobilis has been shown to be low,”* this
suggests that variant SS produced significantly more ethanol
than its WT counterpart. The difference in the diffraction
induced by the samples can further be seen visually in the inset
images in Figure 3A. To confirm the differences in ethanol
production, namely between variant SS and WT Z. mobilis, the
concentration of ethanol in the media samples was quantified
by HPLC (Figure S4 and Table S1). Notably, the results of
HPLC indicated that the concentration of ethanol in the media
from sample SS was 94.8 g/L compared to 76.5 g/L from WT
Z. mobilis. In further agreement with the above results, the
concentration of ethanol from WT Z. mobilis was in fact
greater than the concentration of ethanol from samples S1—S4.
The correlation between the extent of blue shift and the
concentration of ethanol in the samples is shown in Figure 3B.
As we have shown in prior work for pNIPAM-based films,*
this correlation was nonlinear, with the sensitivity of the films
to ethanol increasing with increasing ethanol concentration.
These results demonstrate the utility of this approach as a
platform screening tool for in situ screening, which could easily
be extended to a 384 or even 1536-well microplate format.

Succinic acid production from A. succinogenes was charac-
terized in an analogous experiment by quantifying the extent of
blue shift once again from the growth media. Unlike in the
experiment with Z. mobilis, where samples were only analyzed
upon full consumption of glucose, samples, in this case, were
removed and analyzed periodically during growth (at 7 and 47
h). As such, the supernatant of the samples contained various
carbon sources, including glucose, xylose, galactose, and
arabinose, in addition to the succinic acid that was secreted
by A. succinogenes. Additionally, because the optically
diffracting films were fully contracted by the end of the
growth period (using the same incubation conditions and
measurement temperature as for the samples from Z. mobilis),
the samples were diluted twofold with deionized water prior to
incubation with the films. The results of optical character-
ization of the films showed a clear increase in the extent of blue
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Figure 3. Screening of WT and mutated variants of Z. mobilis using
the photonic crystal films in microplate format. (a) Blue shifts for the
variants of Z. mobilis relative to the WT response to ethanol present in
the spent growth media. Insets show representative photos of
microwells upon incubation with samples from WT, S3, and S$
strains. (b) Correlation between the blue shift in optical response and
ethanol production relative to WT Z. mobilis by HPLC. Error bars
represent one standard deviation as measured from six independent
microwells per sample. The response of the films to ethanol was
measured at 26 °C since the films were fully contracted in the
presence of the depleted media at 28 °C (the temperature used earlier
to characterize the sensitivity of the films to alcohols and acids).

shift from both WT and mutated A. succinogenes samples over
time (Figure 4). The exponential increase in the extent of blue
shift was indicative of the increase in production and thus
accumulation of succinic acid over time in the growth media.
Such an increase is consistent with the expected growth rate of
A. succinogenes during the exponential growth phase. Crucial to
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Figure 4. Response of the photonic crystal microplate to the media
diluted twofold from WT (solid gray) and mutant (striped) strains of
A. succinogenes during growth. Error bars represent one standard
deviation as measured from six independent microwells per sample.

the success of this approach, our findings demonstrate that the
expected red shift from the consumption of carbon sources in
the media was smaller than the blue shift from the
accumulation of succinic acid (Table S2). While crucial, this
was not surprising given that glucose (and the other sugars) is
significantly less hydrophobic than succinic acid (glucose has a
log P of —2.6 vs —0.71 for succinic acid). Furthermore, we
confirmed using HPLC that the difference in blue shift (33
nm) for the WT and mutated strain of A. succinogenes at 47 h
was significant (Table S2). Notably, the concentration of
succinic acid in the sample for the WT strain at 47 h was 25.1
g/L, whereas the concentration in the sample for the mutated
strain was 22.3 g/L (Table S2). Given the minimal difference
in succinic acid production between the WT and mutated
strain, our findings demonstrate the sensitivity of our approach
and its utility for real-time screening.

B CONCLUSIONS

In summary, our results show the application of pNIPAM-
based photonic crystal films for the in situ and real-time
monitoring of a broad range of relevant bioproducts of current
interest in synthetic biology. While demonstrating the utility of
this approach, our findings also highlight its potential for high-
throughput screening in the presence of complex growth
media. Of particular relevance for high-throughput screening
was the ability to detect small differences in succinic acid
production from A. succinogenes despite the consumption of
carbon sources during growth. This finding highlights the
sensitivity of the optical response of the films to the desired
analyte. Additionally, our findings elucidate the role of the
hydrophobicity of the analyte, as captured by the log P
parameter, on the sensitivity of the optical response of the
films. Based on this, it is interesting to consider how the
relationship between the sensitivity of the optical response and
the molecular structure of a given analyte may be optimized
further by tuning the film composition. Although not explored
here, the interactions of the hydrogels with their solvent
environment may be rationally tuned by varying the relative
fraction of the hydrophilic comonomer HEAA in the films
and/or by incorporating hydrophobic comonomers.** Such
tunability and versatility ultimately have considerable implica-
tions for the translation of this approach as a universal
screening platform for analyzing large genomic libraries.
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