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ABSTRACT

We report on the fabrication and characterization of color-encoded chitosan hydrogels for the rapid, sensitive
and specific detection of bacterial enzymes as well as the selective detection of a set of tested bacteria through
characteristic enzyme reactions. These patterned sensor hydrogels are functionalized with three different
colorimetric enzyme substrates affording the multiplexed detection and differentiation of a-glucosidase,
B-galactosidase and B-glucuronidase. The limits of detection of the hydrogels for an observation time of 60 min
using a conventional microplate reader correspond to concentrations of 0.2, 3.4 and 4.5 nM of these enzymes,
respectively. Based on their different enzyme expression patterns, Staphylococcus aureus strain RN4220,
methicillin-resistant S. aureus (MRSA) strain N315, both producing a-glucosidase, but not p-glucuronidase and
pB-galactosidase, Escherichia coli strain DH5a, producing p-glucuronidase and a-glucosidase, but not f-galactosi-
dase, and the enterohemorrhagic E. coli (EHEC) strain E32511, producing p-galactosidase, but none of the other
two enzymes, can be reliably and rapidly distinguished from each other. These results confirm the applicability of
enzyme sensing hydrogels for the detection and discrimination of specific enzymes to facilitate differentiation of
bacterial strains. Patterned hydrogels thus possess the potential to be further refined as detection units of a
multiplexed format to identify certain bacteria for future application in point-of-care microbiological diagnostics

in food safety and medical settings.

1. Introduction

The World Health Organization reported in 2017 that antibiotic
resistance is one of the biggest threats to global health with multidrug-
resistant Enterobacteriaceae, including Escherichia coli, and Staphylo-
coccus aureus listed as critical and high priority pathogens, respectively
[1]. The development of antibiotic resistance can occur naturally.
However, mis- and overuse of antibiotics in the medical field and in
agriculture are accelerating the process of antibiotic resistance build-up.
Hence, growing numbers of bacterial infections with (multidrug) resis-
tant bacterial strains have become a severe threat to humans worldwide
[2,3]. Therefore, the design, investigation and production of new
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powerful antimicrobials are urgently needed [4,5]. Moreover, rapid
sensing approaches to identify pathogens may help to ensure adequate
precautions and targeted treatment in order to avoid the untargeted or
even unnecessary administration of antibiotics. In particular,
cost-effective, accurate, rapid and easy-to-use diagnostic devices that
can be operated on-site as point-of-care systems are desirable, especially
for use in remote areas without appropriate electricity or temperature
control [6].

Standard microbiological detection methods are often time
consuming, due to multi-step procedures, including cultivation for at
least one day, staining or microscopic counting [7,8]. Molecular diag-
nostic techniques, often based on polymerase chain reaction (PCR) to
amplify bacterial DNA in the sample, are considered to be rapid and
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Abbreviation list

DMSO  Dimethyl sulfoxide

E.coli  Escherichia coli

EDC.HCL N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride

EHEC Enterohemorrhagic Escherichia coli

ESKAPE Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.

LB Lysogeny broth

LOD Limit of detection

LOQ Limit of quantitation

MES 4-Morpholineethanesulfonic acid

Min Minutes

Mod Modification

mM Millimoles per liter

MRSA  Methicillin-resistant Staphylococcus aureus

4-MU 4-Methylumbelliferone

MUD 4-Methylumbelliferyl a-p-glucopyranoside
NHS N-Hydroxy succinimide

nM Nanomoles per liter

4-NP 4-Nitrophenol

NSC N-succinyl-chitosan

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PDA Polydiacetylene

PDMS  Polydimethylsiloxane

PNPG  4-Nitrophenyl-g-D-glucuronide

S. aureus Staphylococcus aureus

susp. Suspension

w/V Weight per volume

X-Gal 5-Bromo-4-chloro-3-indolyl-p-p-galactopyranoside
pL Microliter

pM Micromoles per liter

Ir Fluorescence emission intensity

sensitive approaches, which allow the specific identification of certain
pathogens. Apart from PCR, isothermal DNA-based recombinase poly-
merase amplification assays in a portable microfluidic cartridge diag-
nostic assay platform were recently applied for the detection of ESKAPE
(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) bacterial
species by Renner et al. [9]. However, the DNA based detection of
bacteria requires qualified personnel and specific laboratory devices.
Furthermore, it does not allow the differentiation between metabolically
active and inactive bacteria [10].

More recently, reliable rapid detection and differentiation of bacte-
rial species were realized with dedicated laboratory-based equipment,
such as optical endomicroscopy [11], mass spectrometry [12,13], and a
confocal laser scanning microscopy combined with white light laser
technology [14]. These approaches, however, are usually complicated,
expensive, and not suited for non-hospital settings.

Among the advanced alternative methods for bacterial infection
sensing, nanomaterial-based approaches have received considerable
attention. These approaches rely on e.g. nanoparticles [15-17], nano-
capsules (liposomes and polymersomes) [18-21], nanopores or nano-
fibers [22-26], which specifically detect bacteria or bacterial infections.
Additionally, bacteria detection or differentiation was also realized with
either bacteria - targeting antibodies coupled to porous silicon [23], or
“microrobots” [27], microfluidics, microarrays [28-30], nucleic
acid-based molecular machines [31-33], as well as polymer or
paper-based sensors [34-39]. For instance, liposomes and polymer-
somes as well as flexible bandages with integrated temperature and pH
sensors have also been used for S. aureus detection [20,40,41], which is
usually done by chromogenic differential culture medium as standard
procedure [42]. In addition, nanofibers or micro-bio-electronic devices
have been applied for E. coli detection [24,25,43] instead of standard-
ized procedures [44-46].

As an alternative colorimetric sensing material, we have recently
reported on colorimetric enzyme substrate-equipped chitosan films to
detect bacteria in a fast and sensitive manner. This approach is based on
the reaction of enzymes, produced and secreted by the target bacteria,
with reporter units coupled to the chitosan films [47,48]. Furthermore,
the concept was expanded to the detection and discrimination of various
bacterial enzymes and bacteria exploiting various colors afforded by
different substrates [49] or differently shaped patterns exhibiting the
same [50] or different [51] colors.

S. aureus is a frequent cause of wound infections and consequently is
one of the most common pathogens identified in clinical microbiology
laboratories [52]. Highly resistant strains like the methicillin-resistant S.
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aureus (MRSA) are part of the so-called ESKAPE group, meaning bac-
terial pathogens of major concern for public health [53]. S. aureus can
also provoke food poisoning [54] and produces various enzymes such as
coagulase, hyaluronidase, deoxyribonuclease, lipase, staphylokinase,
B-lactamase as well as other type of proteases [55,56]. Particularly, the
exoglycosidase a-glucosidase is one of the identifier enzymes (ID
marker) produced by S. aureus, which is used to discriminate S. aureus
from other Staphylococci [52]. The enzyme hydrolyses terminal
non-reducing (1->4)-linked a-p-glucose residues resulting in the release
of a-p-glucose [49,52]. In addition, the absence of p-galactosidase ac-
tivity can be used to differentiate S. aureus from other Staphylococcus
species, such as Staphylococcus intermedius, Staphylococcus pseu-
dintermedius, and Staphylococcus schleiferi subsp. schleiferi, according to
the Manual of the Clinical Microbiology [57]. According to the same
reference [57], no p-glucuronidase activity is detected for S. aureus.

E. coli 0157:H7 is the most critical and well-studied EHEC serotype
[58]. Transmission of EHEC occurs mainly through contaminated food.
EHEC infections can lead to haemorrhagic colitis and haemolytic uremic
syndrome. p-galactosidase and p-glucuronidase are common enzymes
produced by E. coli strains, i.e. p-galactosidase is produced by more than
90% of E. coli strains including EHEC [59]. By contrast, most EHEC
strains lack B-glucuronidase, although it is produced by more than 98%
of E. coli strains, including the non-pathogenic strain E. coli DH5a [58,
60,61]. E. coli DH5a, which is used in this study is a special strain since it
produces fB-glucuronidase, as mentioned, but not $-galactosidase due to
mutations of the p-galactosidase gene (lacZ) [62]. Additionally, E. coli
DH5a shows a-glucosidase activity [63], which is absent e.g. in E. coli
0157:H7 EDL933 (EHEC) [64,65].

Standard chromogenic media exploit a substrate for f-glucuronidase
to allow the specific identification of E. coli as the most common urinary
pathogen. Due to the lack of B-glucuronidase among EHEC strains,
media like CHROMagar 0157 or Colorex™ 0157 Agar allow the
detection of EHEC among other E. coli [66]. Similarly, one may differ-
entiate among different E. coli strains, e.g. certain EHEC and non EHEC
E. coli strains, which was previously shown with an autonomously
reporting chitosan hydrogel film sensor [67].

Here, we realized the multiplexed detection of bacterial enzymes and
also directly of the bacterial strains producing them, in suspensions
using three independent sensing moieties expanding our previously
established concept of patterned sensing chitosan hydrogels [68]. The
target enzymes liberate three readily distinguishable dyes in the sensor
hydrogels (Fig. 1). By spatially separating the individual
enzyme-reactive hydrogel spots and additionally encoding the func-
tionality, i.e. the selectivity for a given enzyme by the color of the
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Fig. 1. Schematic of color-encoded sensor hydrogel for multiplexed bacterial enzyme differentiation and bacteria detection with the listed bacterial strains. a)
Chemical structures of colorimetric substrates and hydrogel matrices as well as chemical modification of hydrogel in circular area with colorimetric substrates via N-
(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC)/N-hydroxy succinimide (NHS) chemistry. b) The release of the dyes, which are characterized by different
colors, is caused by cleavage reactions catalyzed by the corresponding target enzymes secreted from S. aureus RN4220, MRSA N315, EHEC E32511 and E. coli DH5aq,
respectively. ¢), d) and e) Schematic of release of specific dyes that occurs exclusively in presence of the target enzyme.
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corresponding spot, the enzymes produced by diverse bacteria can be
detected even by bare eye inspection in one glimpse under appropriate
illumination. In this study, we have selected bacterial strains that differ
in their enzyme profiles, as elucidated above, to assess the functionality
of the system. In particular, we tested the multiplexed hydrogel system
with strains of S. aureus, RN4220 and MRSA N315, and of E. coli DH5«
and EHEC E32511, that can be discriminated by the combination of
positive (released dye) and negative (no released dye) results from the
three different hydrogels after the reaction with bacterial enzymes
secreted by these individual bacterial strains.

2. Experimental
2.1. Materials

Silicon (100) wafers (P/Boron type, manufactured by OKMETIC,
Finland), transparent films (Kopier-Folien CE 6088) and TC Plate 96-
well (transparent and black, Sarstedt, Germany) were used as support-
ing substrates. Polydimethylsiloxane (PDMS) prepolymer and a curing
agent (Sylgard 184) were purchased from Dow Corning (Germany).
Chitosan (medium molar mass, 190-310 kDa, 75-85% deacetylated), 4-
nitrophenyl-p-D-glucuronide (PNPG), 5-bromo-4-chloro-3-indolyl--p-
galactopyranoside (X-Gal), succinic anhydride, N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC-HCI), N-hydroxy suc-
cinimide (NHS), 4-morpholineethanesulfonic acid (MES hydrate),
a-glucosidase from Saccharomyces cerevisiae (16.13 units/mg protein, E.
C. 3.2.1.20; type I), p-glucuronidase purified from E. coli (694.3 units/
mg, E.C. 3.2.1.31; type IX-A), and f-galactosidase from E. coli (132.4
units/mg, E.C. 3.2.1.23), ethanol absolute, dimethyl sulfoxide (DMSO,
99%), 4-methylumbelliferone (4-MU) and 4-nitrophenol (4-NP) were
purchased from Sigma-Aldrich (Germany). Acetone (99%, VWR, Ger-
many), sodium hydroxide (98.8%, Chemsolute, Germany), 4-methyl-
umbelliferyl-a-p-glucopyranoside (MUD, Roth, Germany), indigo (Roth)
and acetic acid (glacial, J. T. Baker, Germany), Dulbecco’s phosphate
saline buffer (DPBS, 10 x, 95 mM (PO,) without Mg and Ca?*, Lonza,
Switzerland) were purchased from the listed suppliers. Milli-Q water
was drawn from a Millipore Direct Q8 system with a resistivity 18.2 MQ
cm (Millipore advantage A10 system, Schwalbach, with Millimark Ex-
press 40 filter, Merck, Germany), phosphate saline buffer solution (PBS,
pH 7.4) was prepared through the dilution of DPBS by Milli-Q water and
volume ratio of DPBS and Milli-Q water was 1:9.

2.2. Bacteria

A series of four bacterial strains belonging to two different species
were used in this study. Gram-positive bacteria used were S. aureus
laboratory strain RN4220 [69,70] and MRSA N315 [71]. Gram-negative
bacteria used were the laboratory strain E. coli DH5a [72] and EHEC
E32511 [73]. The detailed information is provided in Table 1. All bac-
teria were cultured in Lysogeny broth (LB) at 37 °C.

2.3. Preparation of chitosan and N-succinyl-chitosan layers in 96-well
plates

Chitosan layer preparation. Chitosan layers were prepared according
to previously published work [68]. Aqueous chitosan solution (0.7%
(w/v)) was prepared with 1 wt% acetic acid. Impurities and particles (d
> 2.5 pm) were removed by filtration (Whatman no. 5 qualitative filter
paper). Chitosan solution (100 pL 0.7% (w/v)) was deposited into each
well of a 96-well plate (transparent, polystyrene, flat bottom, Sarstedt,
Germany). Afterwards, the samples were dried in a clean hood for 24 h,
and subsequently neutralized with NaOH solution (100 pL, 0.1 M) for 1
min. Then, the chitosan layer was washed with copious amounts (100 pL
each time, 3 times in total) of Milli-Q water. Finally, the samples were
directly modified with the enzyme substrate PNPG.

Synthesis of N-succinyl-chitosan (NSC). NSC was prepared by ring-
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Table 1
Bacterial strains and inoculum concentrations used.
Strain Origin/Characteristics Inoculum
applied (CFU/
mL)
Staphylococcus aureus ATCC 35556; laboratory strain 8 x 10°
RN4220 [69,70] generated through UV and
chemical mutagenesis of
S. aureus strain NCTC 8325-4;
isolated from conjunctiva
(corneal ulcer) in 1943;
mutation in the saul hsdR gene
Methicillin-resistant provided by the NARSA® for 2 x 10°
Staphylococcus aureus distribution via BEI Resources”;
(MRSA) N315 [71] MRSA strain isolated from a
pharyngeal smear of a Japanese
patient in 1982
Escherichia coli DSM No.:6897; derivative of 3 x 10°

DH5x [72] strain K12 MM294 (E. coli
(Migula 1895) Castellani and
Chalmers 1919)
Enterohemorrhagic Isolated from a patient with 6 x 10° (susp.
Escherichia coli (EHEC) haemolytic uremic syndrome 1)
E32511 [73] (HUS), England, 1983; serotype 9 x 10° (susp.
0157:H7 (EHEC) 2)

# NARSA: Network on Antimicrobial Resistance in Staphylococcus aureus.

b BEI Resources: Biodefense and Emerging Infections Research Resources
Repository, access via the National Institute of Allergy and Infectious Diseases
[NIAID] as part of the National Institute of Health (NIH).

opening reaction using succinic anhydride in DMSO according to liter-
ature [74,75]. Chitosan (2.0 g) was added in 40 mL DMSO, which
contained succinic anhydride (2.0 g). The reaction was carried out for
24 h at 60 °C with stirring. The mixture was filtered (Whatman no. 5
qualitative filter paper). The obtained solid was washed alternating by
ethanol and acetone, and then dispersed into 100 mL Milli-Q water. The
pH of the resulting suspension was adjusted to 10-12 by using NaOH
solution (1 M). Afterwards, the clear suspension was filtered twice and
reprecipitated in acetone. The final solid product was washed with
ethanol followed by acetone and dried under vacuum at 50 °C.

NSC layer preparation. Aqueous NSC solution (100 pL 0.7% (w/v))
was deposited into each well of 96-well plates. The NSC layer was
formed in 96-well plates after drying under fume hood for 24 h. The
thickness of the NSC layer in each well was about 14 pm.

2.4. Modification of chitosan/NSC with enzyme substrates

Grafting of PNPG to chitosan hydrogels in 96-well plates. PNPG (10
mM) was prepared in PBS (pH 7.4) at ambient atmosphere, followed by
addition of EDC-HCI (3 mol/mol of PNPG) and NHS (3 mol/mol of
PNPG). Then, the solution was stirred for 1 h. One hundred pL of the
modification solution was added to each well, which contained
neutralized chitosan layers. The modification was performed for 6 h
under shaking (rate: 60 Hz) at ambient condition. The modified chitosan
layer in each well was exhaustively washed under shaking (60 Hz, Milli-
Q water replacement intervals of 30 min) for 2 h after thoroughly rinsing
in 100 pL Milli-Q water using pipetting and then dried under fume hood
for a night. The p-glucuronidase sensing hydrogels showed typical de-
grees of swelling of 300% as determined by gravimetry. Dry films were
directly used for enzymatic reaction in a not pre-swollen state.

Grafting of MUD/X-Gal to NSC hydrogels in 96-well plates. X-Gal (2.5
mM) or MUD (2.5 mM) was dissolved in a mixed solution of DMSO and
buffered MES solution (pH 5.5), with a volume ratio of 1:4. Mixed so-
lutions of EDC (30 mM) and NHS (30 mM) were prepared in buffered
MES solution (pH 5.5). One hundred pL of mixed solutions of EDC/NHS
was added to each well, which contained the NSC layer, and the acti-
vation reaction was carried out for 1.5 h under shaking (rate: 60 Hz) at
ambient condition. Afterwards, 100 pL of X-Gal/MUD solution was
added to the wells, which contained the active hydrogel by EDC/NSC
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solution. The modification was performed for 6 h under shaking (rate:
60 Hz) at ambient conditions after removing the reacted EDC/NHS so-
lution from each well in 96-well plates. Finally, the solution in the wells
was sucked out and followed by rinsing with Milli-Q water and drying
under a laminar flow hood overnight. Dry films were directly used for
enzymatic reaction in a not pre-swollen state.

Grafting of MUD to NSC film on silicon substrate. Aqueous NSC solution
(108 pL, 2.1% (w/v)) was deposited on a cleaned silicon wafer (cleaned
with an UV- Ozone cleaner, ProCleaner TM system, supplied by Bioforce
Nanosciences, 30 min). Afterwards, the samples were dried under clean
hood for 24 h. The dried NSC film was activated by immersing in 2 mL of
a mixed solution of EDC (30 mM) and NHS (30 mM) in buffered MES (pH
5.5) for 1.5 h under shaking (60 Hz) at ambient conditions. Then, the
activated NSC film was transferred into 2 mL of MUD solution (2.5 mM,
mixed solvents of DMSO and buffered MES solution (pH 5.5) with a
volume ratio of 1:4) and immersed for 6 h under shaking (60 Hz) at
ambient conditions, followed by rinsing with Milli-Q water and drying
in a laminar flow hood overnight. Dry films were directly used for
enzymatic reaction in a not pre-swollen state.

2.5. Preparation of patterned samples

PDMS mask preparation. A PDMS mask was prepared according to
the literature [76]. The PDMS prepolymer and curing agent (Sylgard
184) were mixed in a 10:1 ratio (by weight) and poured into a poly-
styrene petri dish after 30 min of degassing. The curing process was
performed in an oven at 70 °C for 1 h. Circular (¢ = 6 mm) holes were
drill pierced after the cured PDMS had cooled to ambient temperatures
(thickness 2.8 mm).

Substrate modification on embossed chitosan patterns. A cleaned
transparent plastic film (2.6 x 7.6 cm?) was covered with the PDMS
masks, which possessed 15 circular-shaped (¢ = 6 mm) holes in three
parallel columns. NSC solution (100 pL, 0.7% (w/v)) was deposited into
each well on the first two columns and chitosan solution (100 pL, 0.7%
(w/v)) was deposited into each well on the last column. The entire film
was dried in a clean hood for 24 h. The chitosan film in the last column
was neutralized by NaOH solution (0.1 M, 100 pL) for 1 min and rinsed
with Milli-Q water. One hundred pL of mixed solution of EDC (30 mM)
and NHS (30 mM) were added to each well, which contained NSC layers
in the first two columns. The activation process was carried out for 1.5 h
under shaking (rate: 60 Hz) at ambient condition. After removing the
reacted EDC/NHS solution from each well, 100 pL of MUD (2.5 mM) and
X-Gal (2.5 mM) solution was added to the wells, which contained the
active hydrogel on the 1st and 2nd column, respectively. In the mean-
time, 100 pL of PNPG modification solution (10 mM) after 1 h reaction
with EDC (30 mM)/NHS (30 mM) were added to each well in the 3rd
column. All the modification processes between enzyme substrates and
chitosan/NSC layer were performed for 6 h under shaking (rate: 60 Hz)
at ambient conditions. Final washing steps were performed as described
for the 96-well plates before and the samples were dried in a laminar
flow hood overnight. All dry hydrogels were directly used for enzymatic
reaction in a not pre-swollen state.

2.6. Enzymatic reactions

Enzymatic reactions in the hydrogels in 96-well plates. Buffered enzyme
solution (100 pL, PBS, pH 7.4) with varied concentrations was added
into each well, which contained the grafted chitosan/NSC samples. The
plate was immediately covered with a transparent foil and measured
using a microplate reader. The details of the measurement parameter are
mentioned in the captions of corresponding results (Fig. 2c—f and S3-5).

Engymatic reactions in the hydrogels on silicon substrate. One piece of
a-glucosidase sensing hydrogel on a silicon substrate was inserted into 1
mm path-length quartz cell. The quartz cell was closed with Parafilm
after the addition of buffered a-glucosidase enzyme solution (0.2 pM,
150 pL, PBS, pH 7.4). The fluorescence spectra were recorded in a
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spectrometer immediately. The details of the measurement parameter
are mentioned in the captions of corresponding results (Fig. 2a and b).
Enzymatic reactions in the patterned hydrogels. Buffered enzyme solu-
tion (mixture of 100 pL of 0.6 uM a-glucosidase, 100 pL of 0.6 pM
B-galactosidase and 100 pL of 0.6 uM B-glucuronidase, in PBS, pH 7.4,
70 pL in each pattern) was dropped on the 2nd row. Individual buffered
enzyme solution (PBS, pH 7.4) of a-glucosidase (0.2 pM, 70 pL on each
pattern), p-galactosidase (0.2 pM, 70 pL on each pattern) and p-glucu-
ronidase (0.2 pM, 70 pL on each pattern) were dropped into each well of
the 3rd to 5th rows, respectively. As the blank, PBS was added into each
well of the 1st row. The color changes on the patterned areas during the
enzymatic reaction were recorded by an iSight camera under white light
illumination in front of a white background or UV illumination by a
hand-held standard UV lamp in front of a black background.

2.7. Fluorescence spectroscopy

Measurements were carried out either with a Varian Cary Eclipse
spectrometer (Mulgrave, Victoria, Australia) or with microplate readers
(Tecan SAFIRE, Tecan, Switzerland or LB 943 Mithrasz, Berthold, Ger-
many) at 25 °C. Fluorescence spectra obtained with the Varian Cary
Eclipse spectrometer were measured at a scan rate of 120 nm/min and a
resolution of 5 nm for the excitation and emission, using a 1 mm path-
length quartz cell (SUPRASIL, Hellma Analytics, Germany). Fluores-
cence intensity measurements, which were recorded on the microplate
reader, were performed using 96-well plates (black, polystyrene, flat
bottom, Sarstedt, Germany) as sample holder with clear viewseal sealer
(Greiner Bio-One, Austria). A bandwidth of 12 nm was applied for both
excitation and emission. The gain parameter was manually set to 70 for
the Tecan SAFIRE and to 255 for the LB 943 Mithras?, respectively.

2.8. UV-visible spectroscopy

Measurements were carried out on several microplate readers (Tecan
SAFIRE, Tecan, Switzerland; LB 943 Mithras?, Berthold, Germany;
Synergy HI1, BioTek, United States) at 25 °C. UV-vis spectra were
recorded using a 96-well plate (transparent, polystyrene, flat bottom,
Sarstedt, Germany) as sample holder with clear viewseal sealer (Greiner
Bio-One, Austria). The spectra were obtained in the wavelength range
from 340 nm to 500 nm or 800 nm for the hydrogels that release 4-nitro-
phenol or 5,5'dibromo-4,4'-dichloro-indigo, respectively. A 1 nm
wavelength step size was using for the Tecan SAFIRE for enzyme
detection and the LB 943 Mithras? performing the E. coli DH5a strain
detection, and a 2 nm was used for the Synergy H1 for the EHEC strain
detection, respectively.

2.9. Attenuated total internal reflection-fourier transform infrared (ATR-
FTIR) spectroscopy

ATR-FTIR analysis was carried out using a Tensor 27 FTIR spec-
trometer (Bruker Optik GmbH, Ettlingen, Germany). The hydrogel
(Chitosan, NSC, Enzyme sensing hydrogels) on silicon substrate was
placed and fixed in the chamber of the instrument. The measurements
were performed in absorbance mode in the spectral range 4000 to 600
em~!anda spectral resolution of 4 em ™. The background spectra were
obtained by using air.

2.10. Determination of the limit of detection (LOD) and limit of
quantitation (LOQ)

The values of the LOD for the detection of the reporter dyes as well as
for the enzymes using microplate readers were determined according to
the literature [47]. The details of the determination of the LOD values
for the detection of the dyes (Figure S6) and for the enzymes by bare eye
detection and in the microplate reader, including the LOQ values
(Figure S7), are described in the Supporting Information.
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Fig. 2. a) Fluorescence spectra (measured in a fluo-
rescence spectrometer) of 4-MU released during the
enzymatic reaction in a-glucosidase sensing hydrogel
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2.11. Bacterial culture and detection

One single colony from agar plates of each bacterial strain was
transferred to a 15 mL reaction tube containing 5 mL LB, where it was
incubated at 37 °C and 200 rpm for 16 h. For the E. coli strains, the
optical density (OD) of the suspensions was obtained by measuring the
absorbance at A = 650 nm (ODgs0) using a path length of 1 cm. After-
wards, the suspension was diluted to ODgs9 = 0.8 with fresh LB. These
bacterial suspensions were then 100-fold (EHEC E32511) or 1000-fold
(E. coli DH5x) diluted with LB and were incubated for 24 h (E. coli
DH5a) or for 24 h and 48 h (EHEC E32511) at 37 °C and 200 rpm.
Finally, 100 pL of the resulting sub-cultured E. coli DH5a and EHEC
E32511 suspensions as well as the 16 h cultured S. aureus RN4220 and
MRSA N315 bacterial suspensions were added to 96-well plates, which
contained a-glucosidase, p-glucuronidase, or p-galactosidase sensing
hydrogel samples for further measurements (n = 3, biotriplicates, ki-
netics or spectral measurements with a microplate reader). LB was
added into 96-well plates, which contained the enzyme sensing hydrogel
samples as blank experiment. The bacterial suspensions in empty wells
in the 96-well plates were used for background calibration. Additionally,
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the suspensions were serially diluted, plated onto LB or blood agar plates
and incubated at 37 °C overnight to determine the number of colony
forming units (CFU)/mL of the corresponding inoculum.

3. Results and discussion

The rationale of the color-encoded patterned sensor hydrogels for the
rapid, sensitive, selective and multiplexed detection and differentiation
of the three different bacterial enzymes, as well as the corresponding
detection of living and thus metabolically active bacteria, are shown
schematically in Fig. 1. Three different colorimetric substrates were
grafted to chitosan or NSC hydrogels, which were patterned onto a neat
soft plastic film. In this configuration (i.e. when the hydrogel is in its
native state), no color was detected. By contrast, after the corresponding
selective enzymatic reactions with the target enzymes, i.e. a-glucosi-
dase, p-galactosidase and f-glucuronidase that are differentially pro-
duced by the test strains of S. aureus RN4220, MRSA N315, E. coli DH5«
and EHEC E32511, three different dyes were released from the enzyme
sensing hydrogels (Fig. 1b).

Chitosan hydrogels were modified with the chromogenic substrate
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PNPG by EDC/NHS chemistry via robust amide bond formation between
the carboxyl groups in the enzyme substrate and the amine groups in
chitosan. For the synthesis of a-glucosidase and p-galactosidase sensing
hydrogels, NSC was synthesized by modification of chitosan powder
with succinic anhydride in a ring-opening reaction in a first step [74].
Afterwards, the NSC hydrogels were activated by EDC/NHS and subse-
quently functionalized with the fluorogenic substrate MUD or the
chromogenic substrate X-Gal via formation of an ester bond.

Due to the enzymatic cleavage of labile bonds in the substrates inside
the hydrogels, 4-MU, 5,5'dibromo-4,4’'-dichloro-indigo as blue water-
insoluble indigo dye, formed from the initially released indole deriva-
tive by dimerization in the presence of oxygen, and 4-NP were formed
and could be detected during the corresponding enzymatic reactions. All
the details of hydrogel synthesis and enzymatic reactions are shown in
Figure S1. The modification was confirmed by FTIR spectroscopy. In the
FTIR spectra (Figure S2a) of p-glucuronidase-sensing hydrogel, the band
at 1585 cm ™! (attributed to the primary amine of the glucosamine unit
of chitosan) disappeared, whereas the bands at 1645 and 1551 cm™!
became stronger, which are attributed to the amide I and II vibrations,
respectively. This observation is consistent with the formation of new
amide bonds in the f-glucuronidase-sensing hydrogel. In the FTIR
spectra (Figure S2b) of a-glucosidase-sensing hydrogel and f-galactosi-
dase sensing hydrogel, two bands at 1182 and 1153 cm™! (C-O
stretching in ester bond) appeared, which are attributed to the ester
bond. These indicate the ester bond formation after modification of
enzyme substrate with NSC. Combined with highly reproducible dye
released process during the enzymatic reaction of the hydrogels in
Figure S3 and Figure S4, it is confirmed that MUD and X-Gal enzyme
substrates were successfully grafted to NSC. Furthermore, according to
the enzymatic reaction kinetics at the plateau phase (Figure S3-5a) as
well as the calibration curve of the released dye (Figure S6), the loading
of enzyme substrate in enzyme sensing hydrogel (each piece of hydrogel
in a well of 96 well-plates) was obtained, i.e. about 2.9 pg of MUD
substrate in N-succinyl-chitosan (7 mg), 4.0 pg of X-Gal substrate in N-
succinyl-chitosan (7 mg) and 0.7 pg of PNPG substrate in chitosan (7
mg).

3.1. Enzymatic reactions in enzyme sensing hydrogels

The enzymatic reactions of the investigated a-glucosidase, f-glucu-
ronidase and p-galactosidase sensing hydrogels were first performed in
aqueous buffered enzyme solution (PBS, pH 7.4). The fluorescence
spectra acquired during the enzymatic reaction in the a-glucosidase
sensing hydrogel on a silicon wafer are shown in Fig. 2. The data were
recorded in front face illumination in a fluorescence spectrometer.
UV-vis spectra obtained during the enzymatic reactions in f-galactosi-
dase and p-glucuronidase sensing hydrogels were performed in a 96-well
plate format in a microplate reader.

Engzymatic reactions in a-glucosidase sensing hydrogels. The coumarin
derivative 4-MU was liberated after the addition of a-glucosidase by the
enzymatic cleavage of the fluorogenic substrate MUD conjugated to the
NSC hydrogel, as can be seen in Fig. 2a. The changes in fluorescence
emission detected in Fig. 2a are due to the formation of the deprotonated
dye in the hydrogel. The deprotonated free 4-MU and the MUD conju-
gated to the hydrogel can thus be differentiated by fluorescence spec-
troscopy. When excited at a wavelength Ay of 325 nm, the emissions of
4-MU and MUD were centered at e, = 450 nm [77] and 376 nm,
respectively, in buffered enzyme solution (pH 7.4). By adding 0.2 pM
buffered a-glucosidase solution (PBS, pH 7.4), the Ir at about 450 nm
increased monotonically due to the formation of free deprotonated
4-MU during the reaction. Consequently, the emission at about 376 nm
decreased as a function of time, because of the consumption of the MUD
in the hydrogel (Fig. 2b). The initial apparent rate for the formation of
4-MU was found to be 28 (+4) min~" in the first 15 min of the enzymatic
reaction in the hydrogel. Compared to the method reported by Ebrahimi
et al. before [49], the rate observed here was significantly higher, even
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at 800 times lower enzyme concentration. This is likely caused by the
enhanced fraction of MUD substrate grafted to the hydrogel, which is
accessible for the enzymes. By comparing the maximum fluorescence
intensity, which is attributed to MUD, in both reports, one may conclude
that the loading of MUD substrate in the hydrogel was presumably 3
times higher in this current work compared to the previously published
work [49]. On the one hand, in the present work, NSC on silicon wafer
was obtained by deposition of pre-synthesized NSC solution rather than
by performing a ring opening reaction on the chitosan layer in succinic
anhydride solution. Not surprisingly, it is more efficient to synthesize
NSC in bulk solution. In addition, the EDC/NHS reaction [78] under
acidic conditions, such as MES buffer, which was applied in this work to
graft the enzyme substrate to the hydrogel, is more efficient than in
phosphate buffer at neutral pH conditions, as used by Ebrahimi et al.
[49]. Besides, an increased concentration of enzyme substrate in the
modification reaction leads to an increased degree of functionalization
of the hydrogel [49]. Thus, the higher reaction rate might be caused by
1) a significantly increased amount of MUD inside of the a-glucosidase
sensing hydrogel and 2) a presumably more open network structure that
facilitates enzymatic attack.

The kinetics of the enzymatic reaction in the hydrogel in a microwell
plate format with various concentrations of a-glucosidase was recorded
by sequential Ir measurements at Ay, = 450 nm (Aex = 365 nm) (n = 3).
Plots of Iy versus time are shown in Figure S3a. The initial apparent
reaction rate (t < 15 min) was found to depend linearly on the initial
enzyme concentration, with an apparent rate constant of 1766 (+94)
min~'pM ! (Figure S3b). The apparent rate constant is defined as the
slope of the plot of initial apparent reaction rate over the initial enzyme
concentration (Figure S2b) and was obtained using a linear least squares
fit of the plot. In addition, to prove that the released 4-MU was formed
due to a selective enzymatic cleavage of the C—O bond in the enzyme
sensing hydrogel only by a-glucosidase, blank experiments in PBS and
negative controls with solutions of different enzymes, i.e. f-galactosi-
dase and B-glucuronidase, were carried out. In these controls, Ig
remained constant (Figure S3c, d). Therefore, the a-glucosidase sensing
hydrogel can be utilized for the selective detection of a-glucosidase and
discriminate this enzyme from p-galactosidase and p-glucuronidase.

Engzymatic reactions in f3-galactosidase sensing hydrogels. The enzymatic
reaction of the p-galactosidase sensing hydrogel was performed in
aqueous buffered enzyme solution (PBS, pH 7.4). The labile bond of the
chromogenic substrate X-Gal was cleaved by f-galactosidase and after
dimerization a water-insoluble blue indigo dye was formed inside the
hydrogel. In Fig. 2c, the increasing absorbance in the wavelength
ranging from 550 nm to 700 nm is associated with the formation of the
dimerized indigo derivative during the enzymatic reaction of the
hydrogel after the addition of 0.2 pM p-galactosidase solution. A
monotonic increase of absorbance at A,,x = 615 nm was observed with
increasing reaction time (Fig. 2d). Additionally, by recording the ki-
netics of the enzymatic reaction in the hydrogel with various concen-
trations of p-galactosidase (Figure S4a), it was found that the initial
apparent reaction rate (for t < 20 min) depended linearly on the initial
enzyme concentration (Figure S4b). The apparent rate constant was
equal to 0.033 (+£0.003) min~'uM ! here, which is 10-fold larger than in
our previous work [50]. This difference is likely due to the increased
loading with X-Gal substrate in the hydrogel, as well as enhanced
hydrogel swelling. As expected, PBS and buffered solutions of a-gluco-
sidase and p-glucuronidase did not cause any significant changes of the
absorbance at 615 nm (Figure S4c, d). Thus, the results confirmed that
the dimerized indigo was formed due to the selective enzymatic cleav-
age of the C—O bond in the sensing hydrogel by p-galactosidase.

Enzymatic reactions in f-glucuronidase sensing hydrogels. The enzy-
matic reaction of the p-glucuronidase sensing hydrogel was performed in
aqueous buffered enzyme solution (PBS, pH 7.4). The 4-NP was released
from the glucuronide after adding p-glucuronidase. The corresponding
UV-vis spectra are plotted in Fig. 2e. The monotonously increasing
absorbance at about 400 nm is associated with the formation of 4-NP
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during the reaction (Fig. 2f). Moreover, the kinetics of the enzymatic
reaction in the hydrogel with various concentrations of p-glucuronidase
was recorded, as shown in Figure S5a. With increasing initial enzyme
concentration, the initial apparent reaction rate (t < 30 min) showed a
linear increase (Figure S4b). The apparent rate constant was equal to
0.034 (+£0.002) min 'pM %, which is slightly higher than the one re-
ported before in the literature [47], likely due to the higher PNPG
loading as a consequence of the higher concentration of PNPG in the
modification solution. No change in the absorbance at 400 nm was
observed during the reaction of the hydrogel with a-glucosidase and
fB-galactosidase, nor in the neat PBS (Figure S5c, d). Accordingly, the
yellow 4-NP was only detected in the presence of f-glucuronidase, but
not with a-glucosidase and p-galactosidase.

3.2. Determination of the limit of detection

The limit of detection (LOD) for the detection of the enzymes in the
three enzyme sensing hydrogels is defined as the lowest concentration of
the corresponding enzyme that can be detected by producing the
released reporter dye at a concentration of the LOD of this dye. The LOD
and LOQ are defined as background plus three and plus ten times the
standard deviation of the background, respectively [79]. Hence, the
LOD and LOQ for the detection of each enzyme depend not only on the
instrument or the detection method, but also on the observation time
[48]. To estimate the LOD values for the detection of the enzymes, the
LOD and LOQ of the released dye were first determined according to
previously published procedures [47]. The LOD of the enzyme was
estimated using Ir or the absorbance corresponding to the LOD of the dye
divided by the value of the rate constant (the slope of the plot for the
initial reaction rate versus enzyme concentration, in Figure S3-5b)
multiplied with the observation time. The corresponding plots of LOD
for a-glucosidase, B-galactosidase and p-glucuronidase versus time
determined in measurements in the microplate reader are shown in
Fig. 3 and those determined for bare eye detection (Figure S8) are shown
in Figure S9. In comparison to earlier studies, which utilized more
sensitive fluorescence or UV-vis spectrometers, the LOD values of
a-glucosidase and p-glucuronidase sensing hydrogel reported here, are
improved by a factor of 100 [49] and 3 times [47], respectively. The
LOD of p-galactosidase sensing hydrogel obtained here is similar to the
one reported in the literature (<3 nM) [50]. The details are shown in
Table S1. Additionally, the values for the LOD for the detection of the
enzymes at an observation time of 60 min are much lower than the
enzyme concentrations in overnight cultured bacteria suspension, which
are about 7-85 pM of a-glucosidase in S. aureus [49], 60 nM of
B-glucuronidase in E. coli [61], and about 7 nM of p-galactosidase in
EHEC [67].

The LODs for bare eye detection of the dyes in solution were deter-
mined by a blinded experiment. The results are summarized in Table 52
according to data from Figure S8. As expected, much lower LOD values
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were obtained when using a microplate reader, as compared to bare eye
detection. The LODs for bare eye detection of 4-MU, indigo, and 4-NP
solution were 10-100 times higher than with a microplate reader, cor-
responding to 10 pM, 8 pM and 20 pM, respectively. It should be
mentioned that an improved detection with the help of mobile phone or
related type devices was shown to be feasible [80].

3.3. Engymatic reactions in patterned enzyme sensing hydrogels

To highlight the possibility to exploit the sensor hydrogels in a
multiplexed fashion, patterned enzyme sensing hydrogels were applied
for the rapid detection and discrimination of specific enzymes produced
by the test strains of S. aureus RN4220, MRSA N315, E. coli DH5a and
EHEC E32511.

In Fig. 4, patterned o-glucosidase, p-galactosidase, and p-glucuroni-
dase sensing hydrogels were formed in the wells defined by PDMS in the
1st, 2nd and 3rd rows, respectively. Seventy pL of the mixed buffered
enzyme solution were applied to three individual wells in the 2nd row,
which contained enzyme sensing hydrogels. Individual enzymes, i.e.
a-glucosidase (0.2 pM), p-galactosidase (0.2 pM) and p-glucuronidase
(0.2 pM), were applied to each well in the 3rd to 5th rows, respectively.
The enzymatic activities of the three different enzyme sensing hydrogel
patterns according to the signals illustrated in Fig. 4 are summarized in
Table 2. After 110 min, intense colors were observed in the patterned
area containing enzyme sensing hydrogels under appropriate illumina-
tion, exclusively when the relevant enzyme was present ("+’ in Table 2
means that the particular color was visible). According to the corre-
sponding kinetics (Figure S3-5a), the enzymatic reactions of the
hydrogels in 96 well-plate reached the plateau at this time. Additionally,
based on the results of the LOD of dye by bare eye detection, the enzyme
sensing hydrogels can be used to signal the bacterial enzyme under
tested condition in less than 10 min, i.e. 3 min for a-glucosidase, 9 min
for B-galactosidase and p-glucuronidase.

Specifically, a strong fluorescence signal from the released fluo-
rophore 4-MU could be detected in the 2nd and 3rd rows of the first
column after exposition to a-glucosidase containing solutions. Blue color
from the dimerized indigo was visible only in the 2nd and 4th rows in
the 2nd column and the yellow color from the released 4-NP was visible
in the 2nd and 5th rows in the 3rd column after exposition to f-galac-
tosidase and p-glucuronidase containing solutions, respectively.
Consistently, PBS, added as a blank to each well in the 1st row, showed
colorless patterns.

Additionally, independent spectroscopic measurements confirmed
that the two unrelated enzymes in each case of the three hydrogels
tested here could not break the bond in the enzyme substrates and did
not produce any signal visible by bare eye under appropriate illumina-
tion or in changes in the spectra as observed in spectroscopic measure-
ments (Figure S3-5c¢).

In summary, the patterned enzyme sensing hydrogels can indeed be
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Fig. 3. Plots of the LOD versus time estimated for a) a-glucosidase in a-glucosidase sensing hydrogel, b) B-galactosidase in p-galactosidase-sensing hydrogel, and c)
B-glucuronidase in B-glucuronidase-sensing hydrogel (microplate reader, 96-well plate, [MUD] 04 = 2.5 mM, [X-Gallnod = 2.5 mM, [PNPG]h0q = 10 mM, 25 °C).
The data were fitted with: a) LOD (yglucosidase) = 11.9 nM min ¢ *; b) LOD (4 gatactosidase) = 272.7 nM min ¢ *; ¢) LOD (-glucuronidase) = 205.9 nM min ¢ ! (error bars:

standard deviation, n = 3).

4293



Z. Jia et al.

Bioactive Materials 6 (2021) 4286-4300

Light source UV illumination (365 nm)

I

White light

Hydrogel| o_Glucosidase B-Galactosidase

Solution sensing hydrogel

PBS

Mixed
enzyme solution

a-Glucosidase

B-Galactosidase

sensing hydrogel sensing hydrogel

B-Galactosidase
sensing hydrogel sensing hydrogel

a-Glucosidase
sensing hydrogel

10 mm

Fig. 4. Photograph of the color-encoded enzyme sensing hydrogels after enzymatic reactions. The photo was taken after a reaction time of 110 min at 25 °C, under

UV illumination (hand-held lamp, 1. = 365 nm, left) on a black background as well

as white light (right) on a white background. Circularly patterned chitosan was

modified with MUD, X-Gal or PNPG substrates with the help of PDMS mask. ([MUD] o4 = 2.5 mM, [X-Gal] mod = 2.5 mM, [PNPG] 1,0a = 10 mM). PBS was added in
the 1st row. A mixed enzyme solution (final concentration of each enzyme is corresponding to 0.2 pM) was applied in each pattern in the 2nd row. Individual
solutions of a-Glucosidase, p-Galactosidase and p-Glucuronidase (all 0.2 pM) were added in the 3rd to 5th row, respectively (the length and thickness of the square
PDMS mask are about 16 mm and 2.8 mm, respectively; 70 pL of the enzyme solution was applied into each circular area).

Table 2
Enzymatic activity in three different enzyme sensing hydrogel patterns.

Added solutions Hydrogel type

a-glucosidase fB-galactosidase p-glucuronidase

sensing hydrogel sensing hydrogel sensing hydrogel
PBS (pH 7.4) - _ _
+ + +
mixture”
a-glucosidase + - -

p-galactosidase
p-glucuronidase

+: active (color change in the hydrogel pattern).
-: inactive (no color change in the hydrogel pattern).

# Mixed enzyme solution contains a-glucosidase,
p-glucuronidase.

p-galactosidase,

used for the bacterial enzyme detection and for differentiation among
a-glucosidase, B-galactosidase and p-glucuronidase by bare eye detec-
tion in a multiplexed format.
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3.4. Enzymatic reactions of enzyme sensing hydrogels in bacterial
suspensions

As a further critical step to demonstrate the functionality of the
sensor hydrogels, they were applied to detect and distinguish selected
clinically relevant bacterial test strains based on their characteristic
enzyme expression profile (Table 3). This evaluation with viable bac-
teria was performed by adding bacterial suspensions to the hydrogels.
The diagnosis of EHEC, as one of the most problematic and pathogenic
group among E. coli strains, is difficult, since there is no unique specif-
ically expressed enzyme, which can discriminate EHEC from other E. coli
strains. As a first step towards an enzyme-based detection system, we
investigated a combined detection of f-galactosidase and B-glucuroni-
dase, which are produced by most E. coli strains. p-galactosidase is
indeed produced by >90% [60] and B-glucuronidase is expressed by
more than 98% of E. coli strains, including E. coli DH5a. By contrast most
EHEC strains, however, lack p-glucuronidase [58,60,61]. For maximal
discrimination an E. coli DH5a was included in the test panel since it
produced p-glucuronidase, but not p-galactosidase (see Table 3).

Therefore, the combined detection of these two enzyme activities
may enable the discrimination of the particular E. coli strains tested here.



Z. Jia et al.

Table 3
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Bacterial enzyme activities determined with enzyme sensing hydrogels.**

Enzyme activities Enzyme activities
Strain (based on the literature) (experimental results from this study)

a-glu B-gal B-gus a-glu B-gal B-gus
S. aureus RN4220, + - -
MRSA N315 [52] [57] [57,81]

- + -

EHEC E32511

[65] [57] [57]
E. coli + - +
DH5a [63] [62] [57]

a-glu: a-glucosidase, B-gus: B-glucuronidase, B-gal: B-galactosidase;

Enzyme production confirmed (+) for S. aureus, MRSA, E. coli or EHEC or excluded (-) based on literature data;

Green marked area with +: positive signal (dye released from the specific enzyme responsive hydrogel)

Red marked area with -: negative signal (no dye released from the hydrogel)

* EHEC EDL933 mentioned in [65] is a prototypic 0157:H7 EHEC strain.

** The sensing hydrogels showed no signals in bacteria-free LB controls (Figure S9a-c).

In addition, S. aureus, as another relevant organism that can also pro-
voke food poisoning [54], was tested here via detection of its charac-
teristic enzyme, i.e. a-glucosidase [49,52]. The dye released during the
enzymatic reaction was further analyzed in a microplate reader, as
shown in Fig. 5. Different responses for the detection of one bacterium
with three different enzyme sensing hydrogels are shown in each row.
The responses from the same enzyme sensing hydrogel with the two
strains of each of the two bacterial species (E. coli and S. aureus) are
shown in each column.

3.5. Enzymatic reactions of enzyme sensing hydrogels in S. aureus
suspensions

The monotonic increase of Ir at about 450 nm (dex of 365 nm) in
Fig. 5a was associated to the formation of deprotonated free 4-MU
during the reaction of the a-glucosidase sensing hydrogels in suspen-
sions of both S. aureus RN4220 and MRSA N315. The released 4-MU
clearly revealed the presence of a-glucosidase in the tested S. aureus
suspension, since 4-MU was only released from a-glucosidase sensing
hydrogels in the presence of a-glucosidase, according to the results in
Fig. 2 and Figure S3. These observation are in full agreement with the
literature [52].

The apparent rate for the formation of 4-MU was found to be 0.72
min~! and 0.83 min~? in the first 5 h for MRSA N315 and S. aureus
RN4220, respectively. According to the apparent rate constant obtained
from Figure S3a, the a-glucosidase concentration was approximated to
be 0.4 nM and 0.5 nM in the initially applied MRSA N315 and S. aureus
RN4220 suspensions, respectively. Based on the LOD determined above,
the a-glucosidase sensing hydrogel thus should detect MRSA N315 and
S. aureus RN4220 less than 1 h using a microplate reader and in about
12-14 h by bare eye.

No changes were observed in the UV-vis spectra of both the
f-galactosidase (Fig. 5b) and B-glucuronidase (Fig. 5¢) sensing hydrogels
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in S. aureus suspension. These observations underpin the absence of
detectable p-galactosidase and p-glucuronidase activity in both S. aureus
suspensions, which is in good agreement with the literature [57,81] (see
also Table 3).

3.6. Enzymatic reactions of enzyme sensing hydrogels in E. coli
suspensions

EHEC E32511 detection. The fluorescence spectra of EHEC E32511
suspensions and the p-glucosidase sensing hydrogel incubated with
EHEC E32511 in Fig. 5d did not show any signs of release of 4-MU, since
no clear peak at 450 nm was observed after 24 h reaction of the hydrogel
in bacterial suspension. Hence the EHEC E32511 suspensions were
B-glucosidase negative, in good agreement with the literature [65]. The
two broad signals, which are higher in intensity for the hydrogel free
condition (bacteria suspension alone), were very likely caused by light
scattering by the bacteria and the differences may have resulted from
either different numbers of initially applied bacteria in the wells or by an
inhibition effect of the hydrogel on EHEC E32511 growth.

By contrast, the absorbance at 615 nm was observed to continuously
increase as a function of time both in presence and in absence of the
B-galactosidase sensing hydrogel (Fig. 5e). This observation points to an
increasing effect of scattering associated to increased numbers of bac-
teria in all wells (in the absence of fresh nutrition this is tentatively
attributed to the adaption of bacteria in the new environment, such as
different temperature or oxygen levels). However, after incubation for 7
h, the absorbance for the bacteria suspension alone reached a plateau,
while the absorbance for the bacterial suspensions with the hydrogel
continued to increase further. Also the spectra recorded after (inset in
Fig. 5e) clearly show the absorbance attributed to the dimerized indigo
derivative exclusively for the p-galactosidase sensing hydrogel. This
observation suggests the presence of -galactosidase in the suspension of
EHEC E32511, since the indigo dye was released from the hydrogel only
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Fig. 5. Detection of enzymes in bacterial suspensions with enzyme sensing hydrogels in a microplate reader format at 25 °C (1st row: detection of S. aureus RN4220
(~8 x 10° CFU/mL) and MRSA N315 (~2 x 10° CFU/mL), 2nd and 3rd rows: detection of EHEC E32511 (~6 x 10® CFU/mL), and E. coli DH5a (~3 x 10° CFU/mL),
respectively. 1st, 2nd and 3rd columns: Measurements with a-glucosidase, p-galactosidase, and p-glucuronidase sensing hydrogels, respectively): a) Ir at maximum
emission Amax = 450 nm versus reaction time of a-glucosidase sensing hydrogel incubated with suspensions of S. aureus RN4220 and MRSA N315 (biological
triplicates). b) and c¢) Calibrated UV-vis spectra of released indigo and 4-NP in p-galactosidase and f-glucuronidase sensing hydrogels, respectively, incubated with
suspension of S. aureus RN4220 and MRSA N315; (spectra were corrected according to the spectra of the corresponding dye in Fig. 2) (biological duplicates). d)
Fluorescence spectra of the neat cultured EHEC E32511 suspension (i.e. using a hydrogel free well) as well as of the released 4-MU in a a-glucosidase sensing hydrogel
incubated with EHEC E32511 (technical replicates). e) Absorbance at 4 = 615 nm versus time for the reaction of the f-galactosidase sensing hydrogel in EHEC
E32511 as well as the growth curve of pure cultured bacterial suspension in the absence of hydrogel. Kinetics measurement repeat interval: 1.5 min. Insets of e)
UV-vis spectra of pure EHEC E32511 suspension and released indigo after 20 h of enzymatic reaction of the hydrogel in the EHEC E32511 (biological duplicates). f)
UV-vis spectrum of released 4-NP in p-glucuronidase sensing hydrogel in EHEC E32511 suspension (technical replicates). g) Ir at Amax = 450 nm versus reaction time
of a-glucosidase sensing hydrogel incubated with E. coli DH5a (biological triplicates). h) UV-vis spectrum of released indigo in p-galactosidase sensing hydrogel in
E. coli DH5a (biological duplicates). i) Absorbance at Ayax = 400 nm versus time for the reaction of hydrogel in E. coli DH5a. Inset of i) Absorbance at wavelength 1 =
600 nm versus time for the reaction of B-glucuronidase sensing hydrogel in E. coli DH5a. Kinetics measurement repeat interval: 10 min (biological triplicates). All
spectra in b, ¢, d, f, h) were acquired after 24 h reaction of the hydrogel in bacterial suspension. Baseline subtraction: Kinetics measurements in a, g, i) Ir or
absorbance of corresponding bacteria suspension cultured in sensing hydrogel-free wells; Kinetics measurements in e) Absorbance or UV-Vis spectra of LB for
hydrogel free wells as well as absorbance or UV-Vis spectra of sensor hydrogels incubated in LB; Spectra measurement in f, h) UV-vis spectra of corresponding
bacteria suspension cultured in sensing hydrogel free wells; spectra measurement in d) and insets of e) Fluorescence/UV-spectra of LB in sensing hydrogel filled well
or sensing hydrogel free well for the curve of bacterial suspensions in hydrogel as well as bacterial suspensions in hydrogel free well, respectively. (100 pL of LB or
bacterial suspensions, for a, d, g) [MUD] 04 = 2.5 mM, Aex = 365 nm b, e, h) [X-Galljoq = 2.5 mM ¢, f, i) [PNPG]n0q = 10 mM). The vertical arrows in a, g, i) point
out the time that was required to be able to detect the released dye at the determined LOD by bare eye. Hydrogel free well means the well contained only bacte-
ria suspension.
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in the presence of f-galactosidase (compare Fig. 2¢ and Figure S4). Ac-
cording to the Manual of the Clinical Microbiology, EHEC strains like
most E. coli strains indeed produce p-galactosidase [57]. Based on the
data recorded here, EHEC E32511 should be detectable with the
B-galactosidase hydrogel in less than 1.5 h using a microplate reader and
in about 8 h by bare eye, according to the previous determined LOD
values of indigo dye.

The absence of any absorbance at 400 nm in Fig. 5f shows the
absence of p-glucuronidase (compare Fig. 2e and Figure S5), in accor-
dance with reports that concluded that whereas most EHEC strains lack
B-glucuronidase [58,60,61], whereas more than 98% of E. coli strains
exhibit the enzyme.

E. coli DH5a detection. During the enzymatic reaction of the
a-glucosidase sensing hydrogel in E. coli DH5x suspension (Fig. 5g) a
monotonic increase of I at about 450 nm was observed due to the
released 4-MU. This indicates the presence of a-glucosidase in the tested
E. coli DH5a suspensions (compare Fig. 2a and S3), that is according to
the literature also produced by other E. coli strains [63]. The formation
of deprotonated free 4-MU occurred with an apparent rate of 2.5 min~?
in the first 5 h of reaction. The apparent rate determined for E. coli DH5«
is higher than for S. aureus strains, which is likely caused by different
gene expression levels of a-glucosidase. According to the rate constant
obtained from Figure S3b, the a-glucosidase concentration was esti-
mated to be 1.4 nM in the initially applied E. coli DH5a suspension.
Moreover, based on the previously estimated LOD of 4-MU and the
growth rate, blue fluorescence emission can be expected to be detectable
in less than 1 h using a microplate reader and approximately 5 h by bare
eye.

The B-galactosidase hydrogel showed no significant changes even
after reaction for 24 h in the characteristic absorbance between
550-700 nm in the UV-vis spectra in Fig. 5h. Hence E. coli DH5a can be
concluded to not exhibit any p-galactosidase activity, which is caused by
a mutation in LacZ in this strain, as stated in the literature [62].

Finally, the B-glucuronidase sensing hydrogels showed evidence for
liberation of 4-NP when incubated with E. coli DH5a (Fig. 5i, compare
Fig. 2e and S5). The absorbance at 400 nm increased with progressing
reaction time, which is consistent with the literature stating that E. coli
DH5a secretes -glucuronidase [57]. The reaction rate for the formation
of 4-NP was found to be 0.00057 min ! in the first 2 h. Based on the rate
constant obtained from Figure S5b, the p-glucuronidase concentration
was estimated to about 17 nM for the initially applied E. coli DH5«
suspension. By applying p-glucuronidase sensing hydrogel, E. coli DH5«
can thus be detected in less than 10 min using a microplate reader and
about 2.2 h by bare eye.

Thus the detection and differentiation of the E. coli strains tested
here, i.e. EHEC E32511 and E. coli DH5«, was realized due to the lack of
B-glucuronidase activity in EHEC E32511 and its lack of p-galactosidase
activity, as well as the -glucuronidase activity in E. coli DH5a utilizing
the combination of p-galactosidase and p-glucuronidase sensing
hydrogels.

Furthermore, by using the combination of three types of enzyme
sensing hydrogels, the S. aureus strains (RN4220, N315) as well as EHEC
E32511 and E. coli DH5aq, can be discriminated based on their pattern of
produced enzymes via the visualization of different dyes released from
the hydrogels after enzymatic cleavage (Table 3). In presence of
S. aureus, the released 4-MU, which shows blue emission, appeared
exclusively in the a-glucosidase hydrogel, while the other two hydrogels
remained colorless. Once the dimerized blue indigo was formed in the
B-galactosidase sensing hydrogel, the presence of p-galactosidase in
EHEC E32511 suspension at concentrations >3.4 nM (t < 60 min) can be
concluded. If the 4-NP, which shows yellow color, as well as 4-MU were
released in the f-glucuronidase and a-glucosidase sensing hydrogels,
respectively, the presence of E. coli DH5« in any mixture of the bacteria
strains tested here can be concluded.

According to these results, even if other E. coli different to E. coli
DH5a were able to produce f-galactosidase in addition to
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B-glucuronidase, which is standard for most E. coli strains, they can be
differentiated from the other bacterial strains tested as well in this study
by applying the combination of the three reporter hydrogels, since the
three types of enzyme sensing hydrogels can provide another four types
of different readouts combination to specify bacteria. Clearly, it is not
possible to differentiate all of the test strains, if only one type of enzyme
sensing hydrogel is applied, due to the fact that each bacterium produces
several bacterial enzymes and each enzyme can also be produced by
different bacteria. Especially for the analysis of real samples with higher
complexity in a specific setting, it is required to identify more bacterial
species in combination. Correspondingly, complex enzyme secretion
patterns generated by those bacteria can be present. Hence, a massively
multiplexed bacterial sensing approach that combines different enzyme
sensing hydrogels as a bottom-up strategy of the detection approach
described would be an essential step towards application. Indeed, a data
base of bacteria enzyme secretion pattern for each bacterium is neces-
sary to be established to offer a reasonable investigation of new enzyme
sensing hydrogel.

A strategy to improve the sensitivity of the system, in particular the
bare eye detection, would be to use brighter fluorophores as well as to
enlarge the specific surface area or increase the temperature to 37 °C,
which may further accelerate the initial reaction rate in the beginning
phase of the enzymatic reaction as the reactions start at the surface of
the hydrogel. Combined with higher substrate grafting efficiency on the
surface of hydrogels this will both accelerate the sensor response and the
sensitivity. Additionally, the integration of the enzyme-sensing hydro-
gels into an automated and sensitive read-out device for point-of-care
application would be beneficial for a standardized objectified usage
for future applications. Furthermore, physical encapsulation of enzyme
substrate into hydrogel with the advantage that the loading of the sub-
strate could be easily varied may shorten the time of bare eye detection,
i.e. adding more enzyme substrate in the hydrogel [51].

The hydrogel based detection system showed a good performance in
detection of bacterial enzymes and differentiation amongst certain
bacteria in a very defined model system tested here, clearly showing the
promising potential of the developed detection system. For all future
application settings and different sample matrices, the detection
approach has to be validated because each detection environment might
result in different LODs or ratios of false positive signals.

4. Conclusion

Color-encoded autonomously sensing hydrogels were explored suc-
cessfully for the sensitive and specific detection of three different bac-
terial enzymes, i.e. a-glucosidase, p-galactosidase, and p-glucuronidase,
which are differentially produced by the four test strains, namely the
S. aureus lab strain RN4220 and the MRSA strain N315, and the E. coli
lab strain DH5a and the food-borne pathogenic EHEC, by different
colors in a multiplexed pattern format. In particular, the hydrogels were
able to detect within 60 min o-glucosidase, f-galactosidase and
p-glucuronidase with values of the LODs of 0.2 nM, 3.4 nM and 4.5 nM,
respectively, using a conventional microplate reader, as well as LODs of
5.5nM, 19.6 nM and 35.8 nM by bare eye detection under appropriate
illumination. Compared to previously reported systems, our color-
encoded system shows a higher sensitivity to the relevant enzymes.
Additionally, the hydrogels allow one to distinguish among the different
tested bacterial species, i.e. S. aureus and E. coli, and strains within the
same species (EHEC from E. coli DH5a), via a color change detectable in
less than 1.5 h using a microplate reader and in less than 14 h by bare
eye. In the future, the sensing hydrogels reported here can be further
optimized and the multiplexing approach expanded for the development
of detection and identification systems for specific bacterial strains.
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