IEEJAPPLIED MATERIALS

XINTERFACES

This article is licensed under CC-BY 4.0 @ @

Research Article

www.acsami.org

Detection of Sulfonamide Antibiotics Using an Elastic Hydrogel
Microparticles-Based Optical Biosensor

Veronika Riedl, Lara Heiser, Matthias Portius, Jann Ole Schmidt, and Tilo Pompe™

I: I Read Online

Article Recommendations |

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 50202-50211

ACCESS |

ABSTRACT: Sulfonamide antibiotics were the first synthetic
antibiotics on the market and still have a broad field of application.
Their extensive usage, wrong disposal, and limited degradation

technologies in wastewater treatment plants lead to high recombitant nzymo on culfamethoxasole ) ) )
concentrations in the environment, resulting in a negative impact 9

on ecosystems and an acceleration of antibiotic resistance. - W
Although lab-based analytical methods allow for sulfonamide [ muees " ;
detection, comprehensive monitoring is hampered by the non- o
availability of on-site, inexpensive sensing technologies. In this SR dervative vt nker (HXGen
work, we exploit functionalized elastic hydrogel microparticles and A

their ability to easily deform upon specific binding with enzyme- = \ _ /
coated surfaces to establish the groundwork of a biosensing assay : optical reactout

for the fast and straightforward detection of sulfonamide

antibiotics. The detection assay is based on sulfamethoxazole-functionalized hydrogel microparticles as sensor probes and the
biomimetic interaction of sulfonamide analytes with their natural target enzyme, dihydropteroate synthase (DHPS). DHPS from S.
pneumoniae was recombinantly produced by E. coli and covalently coupled on a glass biochip using a reactive maleic anhydride
copolymer coating. Monodisperse poly(ethylene glycol) hydrogel microparticles of SO ym in diameter were synthesized within a
microfluidic setup, followed by the oriented coupling of a sulfamethoxazole derivative to the microparticle surface. In proof-of-
concept experiments, sulfamethoxazole, as the most used sulfonamide antibiotic in medical applications, was demonstrated to be
specifically detectable above a concentration of 10 #M. With its straightforward detection principle, this assay has the potential to be
used for point-of-use monitoring of sulfonamide antibiotic contaminants in the environment.
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1. INTRODUCTION

Antibiotics have been among the most used pharmaceuticals

biotics are ubiquitously detected in wastewater, surface water,
and the environment in high concentrations.”®

Therefore, monitoring the distribution of antibiotics in the
environment has become a crucial task all over the world.
Certified laboratories offer the analysis of environmental

worldwide." With a broad application field in human and
veterinary medicine, as well as in animal husbandry, their

production and usage have been strongly increasing. Due to
the widespread application and wrong disposal, ultimately,
antibiotics and their residues end up in sewage systems. Even
with wastewater treatment plants (WWTPs) in developed
countries, there is a constant release into the environment, as
many low molecular weight molecules such as antibiotics
cannot be removed by the state-of-art WWTP technology.”’
The subsequent antibiotics accumulation in the environment
poses a great threat to human health by accelerating the
development of antibiotic resistances and harming the
ecosystemsf"5

Being the first synthetic antibiotics on the market,
sulfonamides are still widely used, commonly in combinatory
drugs, such as the combination of sulfamethoxazole (SMX)
and trimethoprim.”” As a consequence, sulfonamide anti-
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samples with established techniques, mostly chromatography-
based methods such as high-pressure liquid chromatography or
spectroscopic methods.”'” These methods are very sensitive in
detecting low-molecular-weight molecules with high precision.
However, the sample preparation and device-based analysis are
lab-bound and cost- and time-intensive, requiring trained
personnel to be operated. Also, they do not allow for point-of-
use monitoring. In order to solve this problem, alternative cost-
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effective methods for point-of-use applications in the detection
of SMX and other antibiotics are continuously developed,
ranging from colorimetry over immunochemistry and electro-
chemistry to particle-based methods."' ™" However, they
usually fail to provide sensitivity, specificity, low-budget
analytical readouts, and stable assay preparation techniques.

As a promising alternative in this field, we recently
introduced a new sensing platform based on a biomimetic
recognition principle mediated through the interaction
between functionalized elastic poly(ethylene glycol) hydrogel
microparticles, so-called soft colloidal probes (SCP), and a
biological recognition element immobilized on a glass chip
surface. The platform was successfully applied for biosensing
applications in a competition assay format.'°”"? Therein, the
analyte of interest in the sample solution competes for binding
sites of the recognition element at the chip surface with the
competitor molecules coupled to the SCP. This biomimetic
competitive binding of free analyte and functionalized SCP
controls the microparticle binding and deformation at the chip
surface, which is readout by a straightforward microscopy-
based optical approach. This assay allowed for the highly
sensitive detection of the controversially discussed broadband
herbicide glyphosate in the picomolar range, meeting the legal
threshold for pesticides in German tap water.'® The biosensing
assay was shown to also be applicable for the detection of
estrogenic steroid compounds.”” However, as demonstrated in
these previous works, the extension of the SCP assay to other
anthropogenic targets depends on a detailed understanding
and analysis of coupling the biological recognition element on
the biochip surface as well as the coupling of the analyte
competitor on the SCP surface. Furthermore, in order to meet
the demands of on easy and broadly applicable assay to
monitor sulfonamide antibiotics at point of use in the
environment, robust coupling schemes for the biochip have
to be designed and readout options have to be simple, cheap,
and reliable. Previously used biological recognition element
coupling schemes via hydrophobin fusion proteins or Ni-NTA
His-tag coupling did not provide these features, while
polydisperse SCPs from emulsion polymerization resulted in
rather elaborate readout algorithms.'®"">%*!

Based on our previous work, we now aimed to develop a
new biomimetic interaction principle for this assay to detect
sulfonamide antibiotics. Following this concept, we recently
developed the synthesis of a SMX derivative (SMXder) for the
oriented coupling to SCPs.”> We now set off to explore the
usage of DHPS as the biological recognition element, including
its synthesis, functional coupling on chip surfaces, and proof of
binding to functionalized SCPs in a competitive assay. As
shown in the following, we demonstrate the detection of
sulfonamide antibiotics in a micromolar range using the SCP
assay principle.

2. MATERIALS AND METHODS

2.1. Materials. The pET28b(+) expression vector with the sulA
gene was purchased at Genscript (Rijswijk, Netherlands). Isopropyl-
P-thiogalactoside (IPTG) was purchased from Glentham Life
Sciences Ltd. (U.K.). Tris buffer, sodium chloride (NaCl),
magnesium chloride (MgCl,), HEPES buffer, MOPS buffer, dimethyl
sulfoxide (DMSO), imidazole, isopropanol, acetone, dithiothreitol
(DTT), and acetic acid were purchased at Carl Roth GmbH and Co.
KG (Germany). Sodium phosphate monobasic monohydrate, (3-
aminopropyl)triethoxysilane, N-succinimidyl-6-maleinimido-caproate-
linker, poly(ethylene-alt-maleic anhydride) (PEMA), sodium pyro-
phosphate decahydrate, hydrogen peroxide, Tween20, and sulfame-

thoxazole were purchased from Merck KGaA (U.S.). Ammonia and
tetrahydrofuran were purchased from Griissing GmbH (Germany).
Primary His¢-tag monoclonal antibody, fluorescein 5(6)-isothiocya-
nate, SuperSignal West Pico PLUS Chemiluminescent Substrate, and
blocking buffer were obtained at Thermo Fisher Scientific (U.S.).
Secondary horseradish peroxidase-coupled antibody was purchased at
Cell Signaling Technology (U.S.). 5-(and-6)-Carboxytetramethylr-
hodamine succinimidyl ester (TAMRA SE) was purchased at Biotium
(US.). DNase 1 and RNase A were obtained from Applichem
(Germany). Protease inhibitor tablets were purchased from Roche
(Switzerland). Poly(octadecene-alt-maleic anhydride) (POMA) was
purchased from Alfa Chemistry (U.S.). Nickel resin was obtained
from Takara Bio USA, Inc. PEG-thiol and PEG-maleimide (both 4-
arm, 2 kDa) were purchased from Creative PEGworks (U.S.).

Water used was purified by a Milli-Q water purification system.

2.2. Production and Purification of DHPS Enzyme.
Dihydropteroate synthase (DHPS) from Streptococcus pneumoniae
was recombinantly produced using T7 Express Competent E. coli
cells. Synthesis of the nucleic acid sequence of sulA gene encoding
DHPS and the subsequent cloning into pET28b(+) expression vector
was performed by GenScript (Rijswijk, Netherlands). Amino acid and
nucleic acid sequences of generated DHPS fusion protein with an N-
terminal His,-tag are listed in the Supporting Information, sections 2
and 3. T7 Express Competent E. coli cells were transformed with
pET28b(+)_sulA (GenScript, Rijswijk, Netherlands) via heat shock.

For the recombinant protein production, main cultures were
incubated at 30 °C on a shaker (120 rpm) until protein production
was induced at an optical density of 0.4—0.5 by adding 1 mM IPTG
(Glentham Life Sciences Ltd., UK) and proceeded overnight at 30 °C.
The next day, cells were harvested by centrifugation at 4,200 g and 4
°C for 20 min. Supernatant was removed, and the resulting pellets
were stored at —20 °C overnight. The following day, pellets were
resuspended in resuspension buffer (100 mM Tris/HCl, 50 mM
NaCl, 1 mM DTT, pH 7.5) that was prepared following previous
reports with the modification of not using phenylmethylsulfonyl
fluoride (PMSF) and ethylenediaminetetraacetic acid (EDTA).*
During resuspension, DNase I (Applichem, Germany) and RNase A
(Applichem, Germany) were added together with S mM MgCl, and
protease inhibitor tablets (Roche, Switzerland). Then, the cells were
mechanically disrupted via ultrasound treatment. Cell debris was
separated from the supernatant (lysate) by centrifugation at 20,000g
at 4 °C for 35 min. Then, 20 mM imidazole was added to the lysate,
and DHPS was purified via immobilized metal ion affinity
chromatography (IMAC) on nickel resin (Takara Bio USA, Inc.,
U.S.). IMAC purification was performed according to the protocol of
the manufacturer (Takara Bio USA, Inc, U.S.A.) with additional
performing more extensive column washing. Shortly, the IMAC-
column was washed with water, followed by equilibration buffer (50
mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole,
pH 7.4). Then, a lysate containing DHPS was applied twice. The
column was washed with 10 CV equilibration buffer, followed by 15
CV washing buffer (50 mM sodium phosphate, 300 mM sodium
chloride, and 40 mM imidazole, pH 7.4). DHPS was eluted by
applying elution buffer (S0 mM sodium phosphate, 300 mM sodium
chloride, 300 mM imidazole, pH 7.4) to the column and collecting 1
mL fractions.

To remove imidazole and transfer DHPS into storage buffer (S0
mM sodium phosphate monobasic monohydrate, 300 mM sodium
chloride, pH 7.4) that was prepared following published protocols,
with the difference of using a higher sodium chloride concentration
(instead of 150 mM) as well as a higher pH (instead of pH 7.0).>
Size exclusion chromatography (SEC) was performed using the KTA
purifier system (GE HealthCare, U.S.) with a Superdex 200 Increase
10/300 GL column (Cytiva, U.S.).

2.3. Biochemical Characterization of DHPS. To investigate
DHPS in SDS-PAGE, samples were prepared with 2X loading dye
followed by a 5 min incubation at 95 °C. SDS gels consisted of 4%
stacking and 12% resolving gel. SDS-PAGE was run at 120 V for 2 h
at room temperature (rt), and gels were subsequently stained with
colloidal Coomassie brilliant blue for detection. For Western blot
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Figure 1. Overview of the experimental setup and general operating principle of the SCP-based biosensor for sulfonamide detection. All depicted
components are described in the right-hand panel. Panels I-III show three possible states of the competitive biosensing SCP assay: (I) SCP
functionalized with sulfamethoxazole (SMXder) applied to the biochip surface with no free SMX present in the sample solution. SMXder on the
SCP binds to the immobilized DHPS enzyme on the biochip surface forming a large contact area due to elastic deformation of SCP. The contact
area (central dark area of RICM interference pattern highlighted by a dashed blue line) is detected via reflection interference contrast microscopy
(RICM). (II) A sample containing a low concentration of free SMX leads to a reduced binding of the SCP to the biochip surface due to
competitive blocking of DHPS binding sites. Consequently, the size of the contact area is decreased in a concentration-dependent manner, which
can be used to calibrate contact area to analyte concentration. (III) At a high SMX concentration in the sample solution, binding of SCP to the

biochip surface and thus formation of a contact area is prevented.

analysis, proteins were transferred to a PVDF membrane (Thermo
Fisher Scientific, U.S.) performing semidry blotting at 160 mA and 4
°C for 80 min. Then, the membrane was blocked for 1 h at r.t. and
incubated overnight at 4 °C with primary Hiss-tag monoclonal
antibody (Thermo Fisher Scientific, U.S.), that was prepared as a
1:1,000 solution in 1X Tris-buffered saline with Tween20 (TBS-T).
The next day, the membrane was washed with TBS-T, followed by an
one h incubation with the secondary HRP-coupled antibody (Cell
Signaling Technology, U.S.) at r.t.. Western Blot was performed using
HRP coupled to the secondary antibody and SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, U.S.).
Additionally, the molecular weight of DHPS was confirmed via
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-ToF MS). MALDI-ToF MS measurements were
performed at the Core Facility Mass Spectrometry at Leipzig
University.

2.4. Fluorescent Labeling of DHPS. For fluorescent labeling of
DHPS, TAMRA SE (Biotium, U.S.) was added at a SX molar excess
and incubated for 1 h in a rotary shaker at r.t. To remove excessive
TAMRA SE dye afterward, SEC was performed using the AKTA
purifier system with a HiTrap Desalting column (Cytiva, U.S.) and
DHPS storage buffer, as eluent for the TAMRA-labeled DHPS
(TAMRA-DHPS).

2.5. Surface Functionalization with Maleic Anhydride
Copolymers and TAMRA-DHPS. Coverslips of 13 mm diameter
(VWR, U.S.) were precleaned by ultrasonic treatment in water for 30
min, followed by 30 min in ethanol. All subsequent steps were
performed according to established protocols in the lab with the
modification of drying the coverslips before aminosilanization.”***
Coverslips were RCA cleaned by heating a solution of hydrogen
peroxide, ammonia, and water in a ratio of 1:5:5 to 65 °C and
incubating the coverslips for 10 min at 65 °C. To introduce amino
groups on the glass surface for further coupling reactions, coverslips
were dried with nitrogen and incubated for 10 min in 20 mM (3-
aminopropyl)triethoxysilane (Merck, U.S.) isopropanol/water solu-
tion (v/v ratio 100:1). In the next step, coverslips were washed in
isopropanol three times, dried with nitrogen, and tempered for 1 h at

50204

120 °C. For the polymer coating, PEMA was prepared as a 0.1% (w/
v) solution in acetone and tetrahydrofuran at 1:2 ratio (v/v). The
other maleic anhydride copolymer, POMA, was also prepared as a
0.1% (w/v) solution in tetrahydrofuran. Subsequently, polymers were
applied to the coverslips with a POLOS Spin150i spin coater (SPS-
Europe B.V., The Netherlands) for 30 s with 4,000 rpm using 40 uL
of polymer solution for each surface. Subsequently, coated surfaces
were tempered for 2 h at 120 °C. To remove polymer not covalently
coupled to the surface, coverslips were placed in acetone for 15 min,
washed three times in acetone, and dried with nitrogen. Before
TAMRA-DHPS binding, the polymer surfaces were tempered at 120
°C for 2 h. Then, coverslips were covered with 300 uL of either a 0.4
or 4 uM TAMRA-DHPS solution and incubated for 1 h. Finally,
coverslips were washed with water, dried with nitrogen, and
transferred to a 24-well glass bottom plate (Greiner, Austria) for
following microscopy experiments.

2.6. Confocal Laser Scanning Microscopy Analysis of DHPS
Immobilization. Fluorescence microscopy was conducted using a
confocal laser scanning microscope (Leica DMi8, Germany) with a
20%/0.55 HC PL FLUOTAR dry objective (Leica, Germany). Image
z-stacks were acquired across the TAMRA-DHPS coated surface and
analyzed using the image analysis software Fiji (Image] 1.53f51) to
generate a maximum intensity image of the recorded image stack at
each measured position on the coverslip surface.”* " Median
intensity values of all measured positions were averaged for each
condition.

2.7. Synthesis of Hydrogel Microparticles. Microfluidic
synthesis was performed following the work of Rettke et al. with
the modification of resolving the PEG in acetic acid instead of in 1X
phosphate buffered saline.”” Shortly, PEG-thiol and PEG-maleimide
(both four-arm, 2 kDa) were dissolved in acetic acid (0.1 M, pH 4.0),
followed by a 10 min treatment in an ultrasonic bath. After
centrifugation at 15000g at 20 °C for 10 min, the supernatant was
removed and used in the subsequent microfluidic synthesis.
Synthesized hydrogel microparticles were washed following the
protocol of Rettke et al.*’ Synthesis resulted in hydrogel micro-
particles of approximately 50 ym in diameter.
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Figure 2. Purification and analysis of DHPS after recombinant production in E. coli. DHPS purification via IMAC and SEC confirmed by SDS-
PAGE (A) and Western Blot analysis (B) on SDS gels with DHPS protein bands at an expected molecular weight of 36.9 kDa. Images A and B do
not show the same gel; however, samples were prepared and applied to the gels analogously. Protein bands on the SDS-PAGE were detected by
Coomassie colloidal staining. Protein on the Western Blot membrane was detected via the His-tag using chemiluminescence. The
chemiluminescence image was superimposed with a standard protein ladder image of the same gel to visualize protein size in (B). Applied
samples show the clear lysate after cell disruption (L), first and second flow through (FT1, FT2) after application of clear lysate on an IMAC
column, washing steps of IMAC column with equilibration (EB) and washing (WB) buffer, elution of DHPS from the IMAC column (EF), DHPS
directly after size exclusion chromatography (SC) and after concentration via centrifugal filter (purified protein, PP).

2.8. Functionalization of Hydrogel Microparticles with a
Sulfamethoxazole Derivative (SMXder). Hydrogel microparticles
were functionalized with a synthesized sulfamethoxazole derivative
(SMXder) according to Riedl et al.”> A minor variation from the
reported protocol was using a N-succinimidyl-6-maleinimido-
caproate-linker, resolved in a HEPES buffer/5% DMSO solution, to
couple SMXder to the particle surface.

2.9. Fluorescent Labeling and Microscopic Analysis of
Functionalized Hydrogel Microparticles. Fluorescent labeling of
hydrogel microparticles with FITC and microscopy analysis were
performed in accordance to Riedl et al.”

2.10. SCP-Based Biosensing Assay. For the biosensing assay, 4
#M DHPS was bound to coverslips coated with maleic anhydride
copolymers, as described in section 2.5. DHPS-covered coverslips
were incubated for 15 min at r.t. with the reaction solution consisting
of MOPS buffer (0.1 M, pH 6.0) with S mM magnesium chloride, 600
UM sodium pyrophosphate decahydrate and sulfamethoxazole in the
concentrations 1 uM, 10 uM, 100 uM, and 1 mM. Finally, 25 uL of
SCPs were added and incubated for 15 min.

2.11. Reflection Interference Contrast Microscopy. Hydrogel
microparticle contact areas resulting from sedimentation and
competitive binding to DHPS immobilized on the biochip surface
were documented using an inverted Olympus IX73 microscope
(Olympus, Germany) with a 60x/1.35 UPlanSApo objective
(Olympus, Germany), a monochromatic 530 nm collimated LED
(MS30L2-C1, Thorlabs, Germany) and a 50/50 beam splitter
(Olympus) in the incident beam, enabling reflection interference
contrast microscopy. Images of contact areas were recorded from
single particles with an exposure time of 100 ms using Micro-Manager
2.0.0 software.’>' The diameter of each contact area was determined
using Fiji (ImageJ 1.53f51).

2.12. Statistical Analysis. Evaluated data were plotted with
GraphPad Prism version 8.0 for Windows (GraphPad Software,
Dotmatics, California, US). Plotted data are presented as the mean
value with standard deviation (SD), if not stated otherwise. Statistical
analysis was performed using a nonparametric Kruskal—Wallis test
with Dunn’s multiple comparison test. Differences were evaluated as
significant for P < 0.001 (***), P < 0.01 (**), and P < 0.05 (*).

3. EXPERIMENTAL SETUP AND OPERATING
PRINCIPLE FOR THE SCP-BASED DETECTION OF
SULFONAMIDE ANTIBIOTICS

To expand the SCP-based sensing platform for sulfonamide antibiotic
detection, we used a specific biological recognition element, the
sulfonamides’ natural target enzyme DHPS. Furthermore, we explored
a new DHPS immobilization strategy and a new coupling strategy for

SMXder to the SCP. Schemes of our experimental setup and the
general SCP sensing principle are depicted in Figure 1.

To perform the competitive binding assay, an aqueous sample
containing sulfonamide antibiotics is applied to the biochip, where
sulfonamides are bound by biological recognition elements immobi-
lized on the surface. We used SMX as a representative sulfonamide
antibiotic due to its high usage in the medical field and ubiquitous
presence in the environment. Thereupon added functionalized SCPs
sediment and interact with the DHPS functionalized chip surface. Due
to their low stiffness, SCPs undergo elastic deformation upon their
specific binding to the DHPS via the surface-coupled SMXder. The
resulting contact area can be optically detected via reflection
interference contrast microscopy (RICM). Since sulfonamide analytes
in the sample solution block DHPS binding pockets on the biochip
surface in a concentration dependent manner, available binding sites
for the SCP-biochip interaction also depend on the sulfonamide
concentration. As the contact area is related to this SCP-biochip
interaction, according to colloidal particle interaction theory,” a
calibration curve can be generated, allowing the determination of
unknown sulfonamide concentrations in sample solutions.

4. RESULTS AND DISCUSSION

4.1. DHPS Protein Production and Analysis. We chose
the dihydropteroate synthase (DHPS) enzyme as recognition
element for our detection setup as it is the natural target of
sulfonamide antibiotics in bacteria and other microorganisms
exhibiting a high and specific affinity to bind sulfonamides.*
The enzyme has a molecular weight of 34 kDa and fuels the
folate biosynthesis pathway by catalyzing the condensation
reaction between its two substrates pABA and DHPPP to form
7,8-dihydropteroate.”* During this reaction, DHPPP is bound
in one of the f-barrels of the DHPS dimer. Sulfonamide
antibiotics competitively inhibit the binding of pABA leading
to the inhibition of bacterial growth.”> We performed
recombinant DHPS production following reported approaches
with some modifications that are listed in the experimental
section.’®” In a first step, the sulA gene encoding DHPS was
synthesized and cloned into a pET28b (+) expression vector
by GeneScript (Rijswijk, Netherlands). Then, recombinant
protein production was performed in SHuffle T7 Express E.
coli cells resulting in a fusion enzyme exhibiting an N-terminal
Hisg-tag. Using this His-tag, DHPS was purified via IMAC
followed by SEC as a second purification step. Successful
production and purification of DHPS was confirmed by SDS-
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Figure 3. Biochip surface functionalization with DHPS as recognition element. (A) Scheme of DHPS immobilized on polymer-coated biochip
surface showing nonoriented immobilization on either poly(ethylene-alt-maleic anhydride) (PEMA) or poly(octadecene-alt-maleic anhydride)
(POMA) polymer. (B) Fluorescence intensity of TAMRA-labeled DHPS immobilized on either PEMA or POMA at two different solution
concentrations (0.4 and 4 M), analyzed via confocal laser scanning microscopy. Fluorescence intensity is shown as mean = SD (2 samples with 15

measurements each).

PAGE and Western Blot analysis showing constituent protein
bands at the expected molecular weight (Figure 2) as well as
size exclusion chromatography data showing a distinct
absorbance signal at 280 nm during protein elution
(Supporting Information, Figure S1B).

DHPS production resulted in a yield of 5.7 mg/L of the
bacterial culture. DHPS molecular weight was determined to
be 36.9 kDa from SDS-PAGE and Western Blot analysis as well
as matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) mass spectrometry (Supporting Information,
Figure S1A). This result agrees with other biochemical
characterizations of DHPS indicating a molecular weight of
34 kDa. The slight molecular weight increase of 2.9 kDa
compared to the wild type protein is a result of the His-tag as
well as restriction enzyme cutting sites fused to the N-terminus
of the enzyme.****

4.2. Biochip Surface Modification and Coupling of
DHPS as Recognition Element. In the next step, we
investigated the feasibility of a direct DHPS coupling to the
glass surfaces in a nonoriented manner to receive biochips with
biomimetic recognition elements. We used a covalent coupling
scheme for the formation of stable amide bonds via reactive
anhydride copolymer coating on glass surfaces. Free amine
groups of the protein react with anhydride groups for covalent
immobilization, as previously shown.”> Thin layers of either
PEMA or POMA were bound to the biochip surface by
aminosilanization and subsequent spin-coating (Figure 3A).
Copolymers such as PEMA or POMA have the advantage of
being chemically versatile coatings with a high density of
accessible reactive anhydride groups. Additionally, variation of
parameters such as the polymer layer thickness by applying
different concentrations of the polymer solution during spin-
coating as well as surface hydrophobicity, with PEMA being
hydrophilic and POMA being hydrophobic, allow for the
regulation of protein density and conformation of coupled
<enzymes.24’25

To semiquantitively study the concentration-dependent
immobilization of DHPS in the range of 0.4 to 4 uM, we
used TAMRA-labeled DHPS and analyzed the fluorescence
intensity of DHPS bound to the biochip surfaces using
confocal laser scanning microscopy. For both polymer coatings
an increase in fluorescence intensity was observed by
increasing DHPS concentration from 0.4 to 4 uM (Figure 3B).

POMA surfaces with immobilized DHPS exhibited a higher
fluorescence intensity for both DHPS concentrations com-
pared to PEMA. Our findings are in accordance with previous
works on protein immobilization, especially on maleic
anhydride copolymers, reporting dense protein coverage at
protein solution concentrations around 100 pg/mL (corre-
sponding to 3 uM DHPS concentration) and higher amounts
of immobilized proteins on hydrophobic surfaces.”*** The
increase in fluorescence intensity upon an increase in protein
concentration shows a successful immobilization of DHPS at
high surface density for both copolymer coatings on the
biochip. For all further experiments we applied 4 4M DHPS to
the biochip surface as the 10-fold increase in DHPS
concentration only led to a minor increase in surface coverage,
indicating almost full surface coverage, in accordance with
previous studies.”**’

Enzyme immobilization on a biochip crucially affects the
stability and sensitivity of a biosensor.*’~** Physical adsorption
and covalent coupling with oriented and nonoriented
immobilization are applied schemes.”>** Aiming at developing
a biosensor for point-of-use measurements in the environment,
a stable and robust coupling scheme is absolutely essential.
Based on previous successful enzyme immobilization ap-
proaches, we used a stable covalent coupling with maleic
anhydride copolymers because of their chemical versatility and
stability and the options to vary surface hydrophobicity, in
contrast to other straightforward covalent coupling alternatives
like glutaraldehyde frequently used for covalent enzyme
immobilization in biosensing applications.”**>*%¢

Already in previous SCP assay studies, several covalent
coupling schemes of recognition elements were applied, such
as self-assembly of hydrophobin fusion proteins, as well as site-
directed coupling through cooperative binding of His-tag
proteins on Nickel (Ni)-NTA functionalized surfaces. Those
site-directed methods can help to better define the enzyme
orientation, improving the availability of the binding sites of
the recognition element. However, they can also bear various
disadvantages, such as laborious and low-yield protein
production procedures for the highly hydrophobic hydro-
phobins, as well as the possibility of interference of fusion tags
with substrate binding. Also, the low stability of Ni-NTA
coupling in complex sample solutions, e.g, in the presence of
metal ions or chelators such as ethylenediaminetetraacetic acid
(EDTA) poses a challenge.'®***’ Therefore, those biochip
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Figure 4. Sulfamethoxazole derivate (SMXder) coupling to SCP. (A) (Top) Overview depicting all components for SMXder coupling to SCP, that
is SCP (unfunctionalized with exposed thiol groups), N-succinimidyl-6-maleinimido-caproate linker and SMXder with Boc protection group.
(Bottom) Scheme of functionalized SCP with SMXder (w/o the Boc protection group) coupled via N-succinimidyl-6-maleinimido-caproate linker.
(B) Fluorescence intensity analysis to verify SMXder coupling to SCP. Relative fluorescence intensity of SCP at various reaction steps are shown
with nonfunctionalized SCP, N-succinimidyl-6-maleinimido-caproate linker coupled to SCP (SCP + linker) as well as SMXder coupled via linker to
SCP (SCP + linker + SMXder). All SCP were masked with 10 mM N-methyl maleimide prior to FITC staining. Fluorescence intensity was
normalized to nonfunctionalized SCP. Data are presented as mean + SD of at least 390 SCP.

coupling schemes were omitted in the current study in order to
explore the possibility of a simpler protein production and a
straightforward nonoriented immobilization procedure with
high stability.

4.3. Functionalization and Analysis of SCP with
Sulfamethoxazole. For the functionalization of SCP with
SMXder, we followed our recently reported approach of
SMXder synthesis and subsequent coupling to the SCP
surface.”> Shortly, the methyl group at the isoxazole ring of
SMX was substituted with a thiol group in the SMXder
synthesis that could be used for further coupling procedures.
After microfluidic synthesis of SCP using 4-arm PEG
precursors with thiol and maleimide groups for cross-linking
by thiol—ene Michael addition reaction, SCPs bear mainly
thiol groups on the surface due to the fast hydrolysis of
maleimide groups.

To couple the SMXder to the SCP, we targeted the thiol
groups using a N-succinimidyl-6-maleinimido-caproate-linker
as a spacer between SCP and SMXder (Figure 4A). In a two-
step reaction, we coupled the bifunctional N-succinimidyl-6-
maleinimido-caproate-linker via the maleimide group. Sub-
sequently, the reactive ester of the linker was used to bind to
SMXder in its thiol group. The more reactive amino group was
kept nonavailable in the functionalization step by Boc
protection.

After Boc-deprotection, we used confocal laser scanning
microscopy, to investigate SMXder coupling to SCP by
labeling the accessible amino groups with fluorescein S$(6)-
isothiocyanate (FITC), as recently introduced in Riedl et al.””
To avoid FITC binding on the SCP surface generating
unspecific signals, free thiol groups were masked with N-
methyl maleimide prior to FITC staining. As shown in Figure
4B, coupling of the linker without SMXder to SCP resulted in
a decrease in fluorescence intensity due to the linker occupying
thiols that are still available after masking and that contributed
to the background signal that was detected in the control
condition. Coupling SMXder via the linker to SCP led to a
significant increase in fluorescence intensity demonstrating the
successful coupling of linker to SCP and the subsequent
functionalization with SMXder.

50207

4.4. Detection of Sulfonamides with the SCP
Biosensing Assay. With the recombinantly produced
DHPS immobilized on the polymer coated biochip surface
and the SMXder coupled to SCP as sensor probes, we
established all essential constituents to investigate the
biomimetic interaction between the DHPS on the biochip
surface and the SCP. To ensure the specific binding of
functionalized SCP and free SMX analyte to DHPS, we had to
consider that the DHPS exhibits a determined binding order of
substrate and cosubstrate. Naturally, DHPS binds its first
natural substrate DHPPP to induce the conformational change
for binding the second substrate pABA or sulfonamide
antibiotics as its competitive structural analogues. However,
DHPPP can be substituted by inorganic pyrophosphate (PP;)
to induce the binding of pABA or sulfonamide substrates
without performing the subsequent catalytic reaction.”’
Therefore, our biosensing assay buffer was chosen to contain
PP, as DHPPP surrogate as well as Mg>" ions as a cofactor for
DHPS activity.***’

To demonstrate the functionality of the sulfonamide
biosensing assay, we spiked the assay buffer with different
concentrations of SMX as free analyte ranging from 0 to 1 mM.
Resulting SCP contact areas were detected via RICM. For
DHPS immobilization on PEMA coated surfaces, we observed
a concentration dependent interaction between the SCP and
the immobilized enzyme. SCP contact area diameter decreased
with an increasing SMX concentration (Figure SA). A clear
difference in contact area diameter was detected for
concentrations above 10 uM free SMX, with a diameter
decrease of over 50% at the highest measured concentration of
1 mM SMX. This result illustrates that SMX can be
successfully detected in our biosensing assay setup.

In another set of experiments, we investigated the
interaction between functionalized SCP and the DHPS
alternatively coupled to the chip surface using the more
hydrophobic POMA coating. Our measurements showed again
a concentration dependent decrease in the SCP contact area
diameter above 10 yM SMX, while data considerably
fluctuated in the concentration range below 10 uM (Figure
SB). While both coupling schemes allow for a nonoriented
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Figure S. Biosensing SCP assay for the detection of sulfamethoxazole
(SMX). Detection of SMX on a biochip surface with DHPS coupling
via PEMA (A) and POMA (B) coating. SMX was detected in a
concentration range between 0 #M and 1 mM and determined by the
change of SCP contact area diameter relative to the negative control
with no free SMX in assay buffer. Relative SCP contact area diameter
is shown as mean + SEM of at least 320 SCP (for PEMA) and 270
SCP (for POMA).

covalent DHPS immobilization, the more hydrophobic POMA
surfaces led to a higher protein density on the biochip surface
compared to PEMA (Figure 4B). While a high protein density
might be beneficial for a stronger interaction with the SMXder
functionalized SCP probes at first sight, the high protein
density can also lead to steric hindrance of neighboring DHPS
enzymes and disturbance of the binding sites. Also, hydro-
phobic interactions of proteins with the biochip surface can
result in conformational changes of the protein impeding
analyte binding by disrupting the enzyme binding pocket, in
accordance to previous studies.””*>*” These possible impacts
of the hydrophobic polymer coating of the biochip on DHPS
performance can be reasons for the observed data fluctuation,
suggesting more reliable usage of PEMA coatings for DHPS
coupling to glass biochips.

After demonstrating the successful detection of SMX with
DHPS coupled via PEMA on the biochip, we used this setup
and investigated whether other low molecular weight analytes
can also lead to a decrease in contact area size and thus have an
interfering effect on the biosensing assay performance. Since
pesticides and hormones have a strong presence in the
environment we chose glyphosate and -ethinylestradiol as
representatives.’””' Additionally, by using sulfanilamide, we
tested if other sulfonamide antibiotics besides SMX could be
detected with our biosensing assay as well. We used 100 yM of
either SMX, sulfanilamide, glyphosate or ethinylestradiol and
evaluated the change in contact area diameter relative to the
control condition that only contained SXMder functionalized
SCPs interacting with DHPS on the biochip (Figure 6).

As expected and demonstrated in the proof-of-concept
experiments, the SCP contact area decreased upon addition of
SMX to the assay (Figure 6). In contrast to SMX, we could not
detect a significant decrease of contact area upon adding
sulfanilamide. Considering the DHPS binding aflinity for
different sulfonamide antibiotics, the dissociation constant
(Ky) for SMX is 9.5 uM, whereas the Kj for sulfanilamide is 31
UM.> Thus, the binding of sulfanilamide is too weak for
detection in the current setup, also indicating the high
specificity of our new assay. However, the advantage of using
hydrogel microparticles for the SCP biosensing assay is that
the detection sensitivity strongly relies on SCP parameters
including particle elasticity, analyte’ competitor coupling, and
buffer conditions. Decreasing the SCP’s elastic modulus leads
to a larger contact area and a stronger SCP deformation
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Figure 6. Selectivity of the biosensing SCP assay. Detection of SMX,
sulfanilamide, glyphosate and ethinylestradiol on a biochip surface
with DHPS immobilized on PEMA-coating and SMXder function-
alized SCP. All analytes were applied at a concentration of 100 yM.
No analytes were added in the control condition. Selectivity was
determined by the change in contact area diameter relative to the
control condition. Relative contact area diameter is presented as mean
+ SD of at least 130 SCPs.

providing a higher sensitivity. Elasticity of SCP is known to be
adjusted by decreasing the PEG concentration and cross-
linking density during SCP synthesis.””

Then, testing for interfering substances, for both glyphosate
and ethinylestradiol, we detected some increase of the contact
area compared to the control, indicating that the binding
between the SCPs and the biochip surface is slightly
strengthened in the presence of these molecules. While this
observed increase in SCP-biochip interaction might be
attributed to osmotic effects in the currently nonoptimized
buffer solution and salt bridges,”” it clearly indicates that these
molecules do not competitively interfere with SMX-DHPS
binding. It needs to be considered, too, that we used a quite
high analyte concentration of 100 M, which is much higher
than usually occurs for pesticides and pharmaceutics in
environmental samples. Overall, these results confirm the
specific detection of SMX by the decrease of the contact area
diameter in the presence of SMX which was not observed for
the control analytes sulfanilamide, glyphosate, and ethinyles-
tradiol.

Taken together, we showed the feasibility of using the SCP
based biosensing assay for the detection of sulfonamide
antibiotics using SMX as a representative molecule being one
of the most abundant sulfonamide antibiotics found in the
environment.”> Our proof-of-concept study demonstrates the
detection of SMX above a concentration of 10 uM in aqueous
samples. The straightforward recombinant protein production
of DHPS and immobilization on the biochip surface by
reactive polymer coatings allow its application in a cheap and
fast point-of-use biosensor setup. Furthermore, we could show
that our current biosensing assay specifically detects SMX. We
are confident, that it has the potential for an extension to
detect other sulfonamide antibiotics with a higher K than
SMX by using SCPs with a lower elastic modulus.

Although there are still no regulations regarding a
concentration threshold for sulfonamide antibiotics in the
environment in Germany, the European Commission increases
efforts to monitor SMX which is emphasized by its inclusion in
the EU Watch List for surface water contaminants in 2020.>">°
Published concentrations of SMX can reach up to 100 ug/l
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(ca. 0.4 uM) in the environment.”**’ In our proof-of-concept
study, we did not detect concentration-dependent changes in
the SCP contact areas below a concentration of 10 uM SMX
up to now. However, the modularity of our SCP based
biosensing platform provides many options to further increase
the assays’ sensitivity as shown previously.'"®*" Crucial
parameters having strong effects on the assay sensitivity are
the chemistry and length of the linker for analyte coupling to
the SCP as well as SCP elastic modulus. The extension of the
SCP assay toward very low detection limits was already shown
for the detection of glyphosate, which even allowed a
picomolar sensitivity.' Moreover, the immobilization strategy
of the enzyme and therefore the availability of its binding site
on the biochip surface as well as used buffer conditions for
tuning the specific binding of SMXder and DHPS are relevant
parameters in adjusting the sensitivity and will be addressed in
forthcoming works.

5. CONCLUSION

In this work, we report the successful detection of sulfonamide
antibiotics in aqueous solution using a specific biomimetic
binding principle with elastic hydrogel microparticles, so-called
SCP, functionalized with an SMX derivative. Successful
immobilization of recombinantly produced enzyme DHPS as
a recognition element was demonstrated on either PEMA- or
POMA-coated biochips in an active conformation. This fact
nicely indicates that the straightforward nonoriented covalent
coupling of the natural target of SMX, the enzyme DHPS, can
be implemented in a competitive SCP assay format.
Furthermore, the new functional coupling of SMX via an
SMXder to monodisperse SCP improves the applicability in a
fast and easy readout format for the SCP assay. With SMX as
one of the most abundant sulfonamide antibiotics, we proved
the general working principle by specifically detecting SMX in
the micromolar range.

However, sulfonamide antibiotics occur in concentrations
below our current detection assay performance in the
environment.’®>” Therefore, following work will need to
focus on sensitivity improvements and optimization of the
biosensing setup by using softer SCPs, different linker
chemistries for SMXder coupling to SCP and different
immobilization strategies for the recognition element. As the
complex composition of environmental samples can have an
influence on assay performance, buffer conditions and sample
composition especially regarding interfering substances have to
be studied, e.g,, concerning pH, salt ions, heavy metal ions,
endocrine disruptors, and herbicides being present in different
concentrations ranges.””>">* This comprehensive evaluation of
the robustness and sensitivity of the biosensor toward real-
world samples and potentially necessary sample pretreatment
require further investigations. Nevertheless, with the presented
results, we built the basis to extend the SCP sensor platform
providing the proof-of-concept for a cost-effective, easy-to-use,
and fast detection setup to monitor sulfonamide antibiotics in
the environment at point of use. This concept will allow lab-
based high precision analytics to be supported with cheap and
fast point-of-use monitoring options at sufficient sensitivity.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c08010.

Biochemical analysis of DHPS enzyme with MALDI-
ToF-MS mass spectrum and size exclusion chromato-
gram of purified DHPS enzyme; amino acid sequence,
and nucleic acid sequences of generated DHPS enzyme
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Tilo Pompe — Institute of Biochemistry, Leipzig University,
04103 Leipzig, Germany; © orcid.org/0000-0003-1508-
4959; Email: tilo.pompe@uni-leipzig.de

Authors

Veronika Riedl — Institute of Biochemistry, Leipzig University,
04103 Leipzig, Germany; © orcid.org/0009-0003-2822-
7389

Lara Heiser — Institute of Biochemistry, Leipzig University,
04103 Leipzig, Germany

Matthias Portius — Institute of Biochemistry, Leipzig
University, 04103 Leipzig, Germany

Jann Ole Schmidt — Institute of Biochemistry, Leipzig
University, 04103 Leipzig, Germany; © orcid.org/0009-
0009-3676-9608

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c08010

Author Contributions

V.R.: conceptualization, investigation, formal analysis, writing—
original draft, and editing; L.H.: investigation and formal
analysis; M.P.: material synthesis, writing—editing; J.O.S.:
investigation and formal analysis; T.P.: conceptualization,
writing—original draft, and editing.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

T.P. acknowledges the support from BMWK and SAB within
the STARK program (Project No. 46SKD023X). The access to
the Biolmaging Core Facility (Faculty of Life Sciences, Leipzig
University) supported by a grant from DFG (INST 268/394-1
FUGG) to T.P. is gratefully acknowledged. MALDI-ToF mass
spectrometry measurements were conducted at the core facility
mass spectrometry of Leipzig University.

B REFERENCES

(1) Gunther, F. A;; Whitacre, D. M.; Albert, L. A,; Hutzinger, O.;
Knaak, J. B,; Mayer, F. L.; Morgan, D. P.; Park, D. L.; Tjeerdema, R.
S.; De Voogt, P; Yang, R. S. H.; Gerba, C. P.; Giesy, J.; Stevens, J. T,;
Ware, G.; Monteiro, S. C.; Boxall, A. B. A. Occurrence and Fate of
Human Pharmaceuticals in the Environment. Reviews of Environmental
Contamination and Toxicology; Reviews of Environmental Contami-
nation and Toxicology; Springer New York: New York, NY, 2010; Vol.
202, pp 53—154. DOI: 10.1007/978-1-4419-1157-5_2.

(2) Rodriguez-Mozaz, S.; Vaz-Moreira, L; Varela Della Giustina, S.;
Llorca, M.; Barceld, D.; Schubert, S.; Berendonk, T. U.; Michael-
Kordatou, I; Fatta-Kassinos, D.; Martinez, J. L.; Elpers, C,;
Henriques, L; Jaeger, T.; Schwartz, T.; Paulshus, E.; O’Sullivan, K;
Pirnanen, K. M. M,; Virta, M.; Do, T. T.; Walsh, F.; Manaia, C. M.
Antibiotic Residues in Final Effluents of European Wastewater
Treatment Plants and Their Impact on the Aquatic Environment.
Environ. Int. 2020, 140, 105733.

(3) Segura, P. A.; Frangois, M.; Gagnon, C.; Sauvé, S. Review of the
Occurrence of Anti-Infectives in Contaminated Wastewaters and

https://doi.org/10.1021/acsami.4c08010
ACS Appl. Mater. Interfaces 2024, 16, 50202—50211


https://pubs.acs.org/doi/10.1021/acsami.4c08010?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08010/suppl_file/am4c08010_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tilo+Pompe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1508-4959
https://orcid.org/0000-0003-1508-4959
mailto:tilo.pompe@uni-leipzig.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veronika+Riedl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-2822-7389
https://orcid.org/0009-0003-2822-7389
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+Heiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Portius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jann+Ole+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-3676-9608
https://orcid.org/0009-0009-3676-9608
https://pubs.acs.org/doi/10.1021/acsami.4c08010?ref=pdf
https://doi.org/10.1007/978-1-4419-1157-5_2
https://doi.org/10.1007/978-1-4419-1157-5_2
https://doi.org/10.1007/978-1-4419-1157-5_2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2020.105733
https://doi.org/10.1016/j.envint.2020.105733
https://doi.org/10.1289/ehp.11776
https://doi.org/10.1289/ehp.11776
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c08010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Natural and Drinking Waters. Environ. Health Perspect. 2009, 117 (5),
675—684.

(4) World Health Organization. Antimicrobial Resistance: Global
Report on Surveillance; World Health Organization: Geneva, 2014.

(5) Gothwal, R.; Shashidhar, T. Antibiotic Pollution in the
Environment: A Review. CLEAN — Soil Air Water 2015, 43 (4),
479—489.

(6) Ovung, A; Bhattacharyya, J. Sulfonamide Drugs: Structure,
Antibacterial Property, Toxicity, and Biophysical Interactions. Biophys.
Rev. 2021, 13 (2), 259-272.

(7) Huovinen, P.; Sundstrém, L.; Swedberg, G.; Sksld, O.
Trimethoprim and Sulfonamide Resistance. Antimicrob. Agents
Chemother. 1995, 39 (2), 279—289.

(8) Carvalho, I. T.; Santos, L. Antibiotics in the Aquatic
Environments: A Review of the European Scenario. Environ. Int.
2016, 94, 736—757.

(9) Renita, A. A; Kumar, P. S; Srinivas, S.; Priyadharshini, S.;
Karthika, M. A Review on Analytical Methods and Treatment
Techniques of Pharmaceutical Wastewater. Desalination Water Treat
2017, 87, 160—178.

(10) Seifrtova, M.; Novékové, L.; Lino, C.; Pena, A.; Solich, P. An
Overview of Analytical Methodologies for the Determination of
Antibiotics in Environmental Waters. Anal. Chim. Acta 2009, 649 (2),
158—179.

(11) Li, C; Yang, H; Yu, W,; Yu, X;; Wen, K; Shen, J.; Wang, Z.
Engineering of Organic Solvent-Tolerant Antibody to Sulfonamides
by CDR Grafting for Analytical Purposes. Anal. Chem. 2021, 93 (15),
6008—6012.

(12) Peixoto, P. S.; Carvalho, P. H.; Machado, A.; Barreiros, L.;
Bordalo, A. A,; Oliveira, H. P.; Segundo, M. A. Development of a
Screening Method for Sulfamethoxazole in Environmental Water by
Digital Colorimetry Using a Mobile Device. Chemosensors 2022, 10
(1), 25.

(13) Del Torno-de Roméan, L.; Asuncién Alonso-Lomillo, M.;
Dominguez-Renedo, O.; Julia Arcos-Martinez, M. Tyrosinase Based
Biosensor for the Electrochemical Determination of Sulfamethox-
azole. Sens. Actuators B Chem. 2016, 227, 48—53.

(14) Fu, L,; Zhang, X; Ding, S.; Chen, F.; Lv, Y.; Zhang, H.; Zhao,
S. Recent Developments in the Electrochemical Determination of
Sulfonamides. Curr. Pharm. Anal. 2022, 18 (1), 4—13.

(15) Jamshaid, T.; Tenério-Neto, E. T.; Baraket, A.; Lebaz, N.;
Elaissari, A.; Sanchis, A.; Salvador, J.-P.; Marco, M.-P.; Bausells, J.;
Errachid, A.; Zine, N. Development of Novel Magneto-Biosensor for
Sulfapyridine Detection. Biosensors 2020, 10 (4), 43.

(16) Rettke, D.; Déring, J.; Martin, S.; Venus, T.; Estrela-Lopis, I;
Schmidt, S.; Ostermann, K; Pompe, T. Picomolar Glyphosate
Sensitivity of an Optical Particle-Based Sensor Utilizing Biomimetic
Interaction Principles. Biosens. Bioelectron. 2020, 165, 112262.

(17) Waschke, J.; Pompe, T.; Rettke, D.; Schmidt, S.; Hlawitschka,
M. Radial Profile Detection of Multiple Spherical Particles in Contact
with Interacting Surfaces. PLoS One 2019, 14 (4), No. e0214815.

(18) Pussak, D.; Ponader, D.; Mosca, S.; Ruiz, S. V.; Hartmann, L.;
Schmidt, S. Mechanical Carbohydrate Sensors Based on Soft
Hydrogel Particles. Angew. Chem,, Int. Ed. 2013, 52 (23), 6084—6087.

(19) Martin, S.; Wang, H.; Hartmann, L.; Pompe, T.; Schmidt, S.
Quantification of Protein—Materials Interaction by Soft Colloidal
Probe Spectroscopy. Phys. Chem. Chem. Phys. 2018, 17 (5), 3014—
3018.

(20) Rettke, D.; Seufert, F.; Déring, J.; Ostermann, K.; Wilms, D.;
Schmidt, S.; Pompe, T. Biomimetic Estrogen Sensor Based on Soft
Colloidal Probes. Biosens. Bioelectron. 2021, 192, 113506.

(21) Pussak, D.; Behra, M.; Schmidt, S.; Hartmann, L. Synthesis and
Functionalization of Poly(Ethylene Glycol) Microparticles as Soft
Colloidal Probes for Adhesion Energy Measurements. Soft Matter
2012, 8 (S), 1664—1672.

(22) Ried], V.; Portius, M.; Heiser, L.; Ried], P.; Jakob, T.; Gehring,
R; Berg, T.; Pompe, T. Development of a Synthesis Strategy for
Sulfamethoxazole Derivatives and Their Coupling with Hydrogel
Microparticles. J. Mater. Chem. B 2023, 11 (21), 4695—4702.

(23) Vinnicombe, H. G.; Derrick, J. P. Dihydropteroate Synthase
fromStreptococcus Pneumoniae:Characterization of Substrate Bind-
ing Order and Sulfonamide Inhibition. Biochem. Biophys. Res.
Commun. 1999, 258 (3), 752—757.

(24) Renner, L.; Pompe, T.; Salchert, K; Werner, C. Dynamic
Alterations of Fibronectin Layers on Copolymer Substrates with
Graded Physicochemical Characteristics. Langmuir 2004, 20 (7),
2928-2933.

(25) Tasso, M.; Cordeiro, A. L.; Salchert, K.; Werner, C. Covalent
Immobilization of Subtilisin A onto Thin Films of Maleic Anhydride
Copolymers. Macromol. Biosci. 2009, 9 (9), 922—929.

(26) Rueden, C. T.; Schindelin, J.; Hiner, M. C.; DeZonia, B. E.;
Walter, A. E.; Arena, E. T.; Eliceiri, K. W. ImageJ2: Image] for the
next Generation of Scientific Image Data. BMC Bioinformatics 2017,
18 (1), 529.

(27) Schindelin, J.; Arganda-Carreras, 1; Frise, E; Kaynig, V.;
Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;
Schmid, B.; Tinevez, J.-Y.; White, D. J.; Hartenstein, V.; Eliceiri, K;
Tomancak, P.; Cardona, A. Fiji: An Open-Source Platform for
Biological-Image Analysis. Nat. Methods 2012, 9 (7), 676—682.

(28) Linkert, M.; Rueden, C. T.; Allan, C.; Burel, J.-M.; Moore, W.;
Patterson, A.; Loranger, B.; Moore, J.; Neves, C.; MacDonald, D.;
Tarkowska, A.; Sticco, C.; Hill, E.; Rossner, M.; Eliceiri, K. W
Swedlow, J. R. Metadata Matters: Access to Image Data in the Real
World. J. Cell Biol. 2010, 189 (5), 777—782.

(29) Rettke, D.; Danneberg, C.; Neuendorf, T. A; Kiihn, S;
Friedrichs, J.; Hauck, N.; Werner, C.; Thiele, J.; Pompe, T.
Microfluidics-Assisted Synthesis and Functionalization of Mono-
disperse Colloidal Hydrogel Particles for Optomechanical Biosensors.
J. Mater. Chem. B 2022, 10 (10), 1663—1674.

(30) Edelstein, A. D.; Tsuchida, M. A; Amodaj, N.; Pinkard, H;
Vale, R. D.; Stuurman, N. Advanced Methods of Microscope Control
Using uManager Software. J. Biol. Methods 2014, 1 (2), No. el0.

(31) Edelstein, A.; Amodaj, N.; Hoover, K.; Vale, R;; Stuurman, N.
Computer Control of Microscopes Using pManager. Curr. Protoc.
Mol. Biol. 2010, 92 (1), na.

(32) Johnson, K. L.; Kendall, K.; Roberts, A. D. Surface Energy and
the Contact of Elastic Solids. Proc. R. Soc. London Math. Phys. Sci.
1971, 324 (1558), 301-313.

(33) Bermingham, A.; Derrick, J. P. The Folic Acid Biosynthesis
Pathway in Bacteria: Evaluation of Potential for Antibacterial Drug
Discovery. BioEssays 2002, 24 (7), 637—648.

(34) Bertacine Dias, M. V.; Santos, J. C; Libreros-Zufiga, G. A;
Ribeiro, J. A.; Chavez-Pacheco, S. M. Folate Biosynthesis Pathway:
Mechanisms and Insights into Drug Design for Infectious Diseases.
Future Med. Chem. 2018, 10 (8), 935—959.

(35) Roland, S.; Ferone, R.; Harvey, R. J.; Styles, V. L.; Morrison, R.
W. The Characteristics and Significance of Sulfonamides as Substrates
for Escherichia Coli Dihydropteroate Synthase. J. Biol. Chem. 1979,
254 (20), 10337—1034S.

(36) Lopez, P.; Espinosa, M.; Greenberg, B.; Lacks, S. A.
Sulfonamide Resistance in Streptococcus Pneumoniae: DNA
Sequence of the Gene Encoding Dihydropteroate Synthase and
Characterization of the Enzyme. J. Bacteriol. 1987, 169 (9), 4320—
4326.

(37) Levy, C.; Minnis, D.; Derrick, J. P. Dihydropteroate Synthase
from Streptococcus Pneumoniae: Structure, Ligand Recognition and
Mechanism of Sulfonamide Resistance. Biochem. ]. 2008, 412 (2),
379-388.

(38) Liang, X.;; Wang, Z.; Wang, C.; Wen, K;; Mi, T.; Zhang, J;
Zhang, S. A Proof-of-Concept Receptor-Based Assay for Sulfona-
mides. Anal. Biochem. 2013, 438 (2), 110—116.

(39) Renner, L.; Pompe, T.; Salchert, K; Werner, C. Fibronectin
Displacement at Polymer Surfaces. Langmuir 2005, 21 (10), 4571—
4577.

(40) Pagén, M,; Suazo, D.; Del Toro, N,; Griebenow, K. A
Comparative Study of Different Protein Immobilization Methods for
the Construction of an Efficient Nano-Structured Lactate Oxidase-
SWCNT-Biosensor. Biosens. Bioelectron. 2015, 64, 138—146.

https://doi.org/10.1021/acsami.4c08010
ACS Appl. Mater. Interfaces 2024, 16, 50202—50211


https://doi.org/10.1289/ehp.11776
https://doi.org/10.1002/clen.201300989
https://doi.org/10.1002/clen.201300989
https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.1128/AAC.39.2.279
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.5004/dwt.2017.21311
https://doi.org/10.5004/dwt.2017.21311
https://doi.org/10.1016/j.aca.2009.07.031
https://doi.org/10.1016/j.aca.2009.07.031
https://doi.org/10.1016/j.aca.2009.07.031
https://doi.org/10.1021/acs.analchem.1c00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/chemosensors10010025
https://doi.org/10.3390/chemosensors10010025
https://doi.org/10.3390/chemosensors10010025
https://doi.org/10.1016/j.snb.2015.12.053
https://doi.org/10.1016/j.snb.2015.12.053
https://doi.org/10.1016/j.snb.2015.12.053
https://doi.org/10.2174/1573412917999201006195229
https://doi.org/10.2174/1573412917999201006195229
https://doi.org/10.3390/bios10040043
https://doi.org/10.3390/bios10040043
https://doi.org/10.1016/j.bios.2020.112262
https://doi.org/10.1016/j.bios.2020.112262
https://doi.org/10.1016/j.bios.2020.112262
https://doi.org/10.1371/journal.pone.0214815
https://doi.org/10.1371/journal.pone.0214815
https://doi.org/10.1002/anie.201300469
https://doi.org/10.1002/anie.201300469
https://doi.org/10.1039/C4CP05484A
https://doi.org/10.1039/C4CP05484A
https://doi.org/10.1016/j.bios.2021.113506
https://doi.org/10.1016/j.bios.2021.113506
https://doi.org/10.1039/C2SM06911C
https://doi.org/10.1039/C2SM06911C
https://doi.org/10.1039/C2SM06911C
https://doi.org/10.1039/D3TB00246B
https://doi.org/10.1039/D3TB00246B
https://doi.org/10.1039/D3TB00246B
https://doi.org/10.1006/bbrc.1999.0695
https://doi.org/10.1006/bbrc.1999.0695
https://doi.org/10.1006/bbrc.1999.0695
https://doi.org/10.1021/la0362627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0362627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0362627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.200900005
https://doi.org/10.1002/mabi.200900005
https://doi.org/10.1002/mabi.200900005
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1083/jcb.201004104
https://doi.org/10.1083/jcb.201004104
https://doi.org/10.1039/D1TB02798K
https://doi.org/10.1039/D1TB02798K
https://doi.org/10.14440/jbm.2014.36
https://doi.org/10.14440/jbm.2014.36
https://doi.org/10.1002/0471142727.mb1420s92
https://doi.org/10.1098/rspa.1971.0141
https://doi.org/10.1098/rspa.1971.0141
https://doi.org/10.1002/bies.10114
https://doi.org/10.1002/bies.10114
https://doi.org/10.1002/bies.10114
https://doi.org/10.4155/fmc-2017-0168
https://doi.org/10.4155/fmc-2017-0168
https://doi.org/10.1016/S0021-9258(19)86714-5
https://doi.org/10.1016/S0021-9258(19)86714-5
https://doi.org/10.1128/jb.169.9.4320-4326.1987
https://doi.org/10.1128/jb.169.9.4320-4326.1987
https://doi.org/10.1128/jb.169.9.4320-4326.1987
https://doi.org/10.1042/BJ20071598
https://doi.org/10.1042/BJ20071598
https://doi.org/10.1042/BJ20071598
https://doi.org/10.1016/j.ab.2013.03.028
https://doi.org/10.1016/j.ab.2013.03.028
https://doi.org/10.1021/la046801n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la046801n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2014.08.072
https://doi.org/10.1016/j.bios.2014.08.072
https://doi.org/10.1016/j.bios.2014.08.072
https://doi.org/10.1016/j.bios.2014.08.072
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c08010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(41) Makaraviciute, A.; Ramanaviciene, A. Site-Directed Antibody
Immobilization Techniques for Immunosensors. Biosens. Bioelectron.
2013, S0, 460—471.

(42) Sakalauskiene, L.; Popov, A.; Kausaite-Minkstimiene, A.;
Ramanavicius, A.; Ramanaviciene, A. The Impact of Glucose Oxidase
Immobilization on Dendritic Gold Nanostructures on the Perform-
ance of Glucose Biosensors. Biosensors 2022, 12 (S), 320.

(43) Camarero, J. A. Recent Developments in the Site-specific
Immobilization of Proteins onto Solid Supports. Pept. Sci. 2008, 90
(3), 450—458.

(44) Liu, Y.; Yu, J. Oriented Immobilization of Proteins on Solid
Supports for Use in Biosensors and Biochips: A Review. Microchim.
Acta 2016, 183 (1), 1-19.

(4S) Yamamoto, K.; Shi, G.; Zhou, T.; Xu, F.; Xu, J.; Kato, T.; Jin, J.-
Y.; Jin, L. Study of Carbon Nanotubes—HRP Modified Electrode and
Its Application for Novel on-Line Biosensors. Analyst 2003, 128 (3),
249-254.

(46) Betancor, L.; Lopez-Gallego, F.; Hidalgo, A.; Alonso-Morales,
N.,; Mateo, G. D.-O. C,; Fernindez-Lafuente, R,; Guisén, J. M.
Different Mechanisms of Protein Immobilization on Glutaraldehyde
Activated Supports: Effect of Support Activation and Immobilization
Conditions. Enzyme Microb. Technol. 2006, 39 (4), 877—882.

(47) Déring, J.; Rettke, D.; Rédel, G.; Pompe, T.; Ostermann, K.
Surface Functionalization by Hydrophobin-EPSPS Fusion Protein
Allows for the Fast and Simple Detection of Glyphosate. Biosensors
2019, 9 (3), 104.

(48) Rébeill¢, F.; Macherel, D.; Mouillon, J. M.; Garin, J.; Douce, R.
Folate Biosynthesis in Higher Plants: Purification and Molecular
Cloning of a Bifunctional 6-Hydroxymethyl-7,8-Dihydropterin
Pyrophosphokinase/7,8-Dihydropteroate Synthase Localized in Mi-
tochondria. EMBO J. 1997, 16 (S), 947—957.

(49) Yun, M.-K;; Wu, Y,; Li, Z.; Zhao, Y.; Waddell, M. B.; Ferreira,
A. M,; Lee, R. E.; Bashford, D.; White, S. W. Catalysis and Sulfa Drug
Resistance in Dihydropteroate Synthase. Science 2012, 335 (6072),
1110—1114.

(50) Gogoi, A.; Mazumder, P.; Tyagi, V. K; Tushara Chaminda, G.
G,; An, A. K; Kumar, M. Occurrence and Fate of Emerging
Contaminants in Water Environment: A Review. Groundw. Sustain.
Dev. 2018, 6, 169—180.

(51) Rajmohan, K. S.; Chandrasekaran, R.; Varjani, S. A Review on
Occurrence of Pesticides in Environment and Current Technologies
for Their Remediation and Management. Indian J. Microbiol. 2020, 60
(2), 125—138.

(52) Schénbrunn, E.; Eschenburg, S.; Shuttleworth, W. A.; Schloss,
J. V; Amrhein, N.; Evans, J. N. S,; Kabsch, W. Interaction of the
Herbicide Glyphosate with Its Target Enzyme S-Enolpyruvylshiki-
mate 3-Phosphate Synthase in Atomic Detail. Proc. Natl. Acad. Sci. U.
S. A. 2001, 98 (4), 1376—1380.

(53) Prasannamedha, G.; Kumar, P. S. A Review on Contamination
and Removal of Sulfamethoxazole from Aqueous Solution Using
Cleaner Techniques: Present and Future Perspective. J. Clean. Prod.
2020, 250, 119553.

(54) European Commission. Joint Research Centre. Selection of
Substances for the 4th Watch List under the Water Framework Directive;
Publications Office: LU, 2022.

(55) European Commission. Joint Research Centre. Selection of
Substances for the 3rd Watch List under the Water Framework Directive;
Publications Office: LU, 2020.

(56) Siedlewicz, G.; Bialk-Bielifska, A.; Borecka, M.; Winogradow,
A.; Stepnowski, P.; Pazdro, K. Concentrations and Risk Assessment of
Selected Antibiotic Residues in Sediments and near-Bottom Waters
Collected from the Polish Coastal Zone in the Southern Baltic Sea —
Summary of 3 Years of Studies. Mar. Pollut. Bull. 2018, 129 (2), 787—
801.

(57) Antibiotika und Antibiotikaresistenzen in der Umwelt, 2018.
https://www.umweltbundesamt.de/sites/default/files/medien/479/
publikationen/181012_uba_hg_antibiotika_bf.pdf.

(58) Sharma, R.; Agrawal, P. R;; Kumar, R; Gupta, G.; Ittishree
Current Scenario of Heavy Metal Contamination in Water.

50211

Contamination of Water; Elsevier, 2021; Chapter 4, pp 49—64.
DOI: 10.1016/B978-0-12-824058-8.00010-4.

https://doi.org/10.1021/acsami.4c08010
ACS Appl. Mater. Interfaces 2024, 16, 50202—50211


https://doi.org/10.1016/j.bios.2013.06.060
https://doi.org/10.1016/j.bios.2013.06.060
https://doi.org/10.3390/bios12050320
https://doi.org/10.3390/bios12050320
https://doi.org/10.3390/bios12050320
https://doi.org/10.1002/bip.20803
https://doi.org/10.1002/bip.20803
https://doi.org/10.1007/s00604-015-1623-4
https://doi.org/10.1007/s00604-015-1623-4
https://doi.org/10.1039/b209698f
https://doi.org/10.1039/b209698f
https://doi.org/10.1016/j.enzmictec.2006.01.014
https://doi.org/10.1016/j.enzmictec.2006.01.014
https://doi.org/10.1016/j.enzmictec.2006.01.014
https://doi.org/10.3390/bios9030104
https://doi.org/10.3390/bios9030104
https://doi.org/10.1093/emboj/16.5.947
https://doi.org/10.1093/emboj/16.5.947
https://doi.org/10.1093/emboj/16.5.947
https://doi.org/10.1093/emboj/16.5.947
https://doi.org/10.1126/science.1214641
https://doi.org/10.1126/science.1214641
https://doi.org/10.1016/j.gsd.2017.12.009
https://doi.org/10.1016/j.gsd.2017.12.009
https://doi.org/10.1007/s12088-019-00841-x
https://doi.org/10.1007/s12088-019-00841-x
https://doi.org/10.1007/s12088-019-00841-x
https://doi.org/10.1073/pnas.98.4.1376
https://doi.org/10.1073/pnas.98.4.1376
https://doi.org/10.1073/pnas.98.4.1376
https://doi.org/10.1016/j.jclepro.2019.119553
https://doi.org/10.1016/j.jclepro.2019.119553
https://doi.org/10.1016/j.jclepro.2019.119553
https://doi.org/10.1016/j.marpolbul.2017.10.075
https://doi.org/10.1016/j.marpolbul.2017.10.075
https://doi.org/10.1016/j.marpolbul.2017.10.075
https://doi.org/10.1016/j.marpolbul.2017.10.075
https://www.umweltbundesamt.de/sites/default/files/medien/479/publikationen/181012_uba_hg_antibiotika_bf.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/479/publikationen/181012_uba_hg_antibiotika_bf.pdf
https://doi.org/10.1016/B978-0-12-824058-8.00010-4
https://doi.org/10.1016/B978-0-12-824058-8.00010-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c08010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

