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Abstract: The colonization of some bacteria to their host cell is mediated by selective adhesion
between adhesin and glycan. The evaluation of antiadhesive carbohydrates in vitro has great sig-
nificance in discovering new antibacterial drugs. In this paper, a microfluidic chip integrated with
impedimetric neoglycoprotein biosensors was developed to evaluate the antibacterial effect of car-
bohydrates. Mannosylated bovine serum albumin (Man-BSA) was taken as the neoglycoprotein
and immobilized on the microelectrode-modified gold nanoparticles (Au NPs) to form a bionic
glycoprotein nanosensing surface (Man-BSA/Au NPs). Salmonella typhimurium (S. typhimurium)
was selected as a bacteria model owing to its selective adhesion to the mannose. Electrochemical
impedance spectroscopy (EIS) was used to characterize the adhesion capacity of S. typhimurium to
the Man-BSA/Au NPs and evaluate the antiadhesive efficacy of nine different carbohydrates. It
was illustrated that the 4-methoxyphenyl-α-D-pyran mannoside (Phenyl-Man) and mannan peptide
(Mannatide) showed excellent antiadhesive efficacy, with IC50 values of 0.086 mM and 0.094 mM,
respectively. The microfluidic device developed in this study can be tested in multiple channels. Com-
pared with traditional methods for evaluating the antibacterial drug in vitro, it has the advantages of
being fast, convenient, and cost-effective.

Keywords: impedimetric biosensor; microfluidic chip; glycoprotein nano-sensing surface; Man-BSA/
Au NPs; antiadhesive carbohydrates

1. Introduction

Studies have shown that the adhesion of pathogenic bacteria to their host cells is fre-
quently mediated by adhesin–glycan interactions [1]. The usage of suitable carbohydrates
can inhibit the bacteria adhesion and then the bacterial colonization and biofilm forma-
tion [2–4]. Hence, carbohydrates have become novel potential drugs for treating bacterial
infections. Carbohydrates defend against infectious diseases by preventing bacteria from
adhering to host cells without disrupting the microbial community in the gut [5]. They also
do not kill the bacteria and affect classic antibiotic targets, which can reduce the bacterial
mutation rate and slow the emergence of antibiotic-resistant bacteria [6,7]. Uropathogenic
E. coli (UPEC) is currently the most studied bacteria–glycan interaction model. Its type
1 pili (containing adhesin FimH) can recognize mannose on the surface of host cells. Lots of
chemically synthesized mannoside for UPEC have been reported [1,8]. Their antiadhesive
properties were demonstrated by in vivo or in vitro bioassays. Pseudomonas aeruginosa is
one type of opportunistic pathogen that can cause lung infections. Galactosylated and
fucosylated calixarenes were demonstrated to be able to prevent the Pseudomonas aeruginosa
from adhering to lung cells [9].
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The hemagglutination inhibition (HAI) assay and the enzyme-linked immunosor-
bent assay (ELISA) are the most used methods for evaluating the antiadhesive efficacy of
carbohydrates in vitro [10]. Although these methods have good reliability, they have the
disadvantages of complicated and tedious operation. A surface plasmon resonance (SPR)-
based biosensor was also reported to study the binding affinity of FimH and mannosylated
dendrimers and evaluate the antiadhesive efficacy [11]. In recent years, microfluidic-
chip-based drug evaluation methods have achieved great development owing to their
advantages of multiplexing and low reagent usage [12,13]. Microfluidic chips can provide
a controllable flow microenvironment that can considerably enhance the binding rate of
cells to various biological surfaces [14–16]. Meanwhile, microfluidic chips can integrate
with all needed functional units in one device and couple with various kinds of detection
techniques [17]. Electrochemical impedance spectroscopy (EIS) is a label-free and effective
technique to quantitatively detect biological events [18–21]. The signal changes sensitively
with the adsorption and desorption of analytes on the electrode surface. It is a desirable
method for detecting binding events of bacteria. Combining microfluidic chips and im-
pedimetric biosensors have a great potential for evaluating the antiadhesive efficiency of
carbohydrates.

Constructing a glycosylated adhesion model on electrodes is critical to developing
a desirable impedimetric biosensor on microfluidic chips. Both live human cells [22]
and artificial glycosylated surfaces [23] have been reported as adhesion models for the
investigation of antiadhesive efficacy in vitro. Compared with human cells, artificially
constructed bionic glycosylated surfaces have the merits of being convenient and robust.
Hence, the artificial glycosylated surface becomes an ideal glycosylated adhesion model.
However, it is noted that designing the artificial glycosylated surface should mimic the
presentation of glycans on the host cells. Studies have shown that the binding affinity
of a single glycan molecule with bacteria adhesin is generally weak [24,25]. Tuning the
density of glycan molecules on the artificial glycosylated surface can facilitate multivalent
interactions between glycan and bacteria [26]. Constructing a glycosylated surface on the
nanometer scale can better simulate the appearance and arrangement of glycans on the cell
surface and also promote the occurrence of multivalent interactions. In addition, on the
natural cell surface, glycan generally exists in the form of glycoconjugates (glycoproteins
and glycolipids). The adhesin of S. typhimurium and E. coli (type 1 fimbria, containing
adhesin FimH) selectively recognizes glycoproteins on the surface of host cells instead
of free glycan molecules [27]. Therefore, a glycoprotein surface can better simulate the
glycosylated surface of the host cell. The protein part of the glycoprotein can form a para-
binding site with the adhesin [28,29], which generates a higher binding affinity between
glycan and bacteria.

In this paper, a microfluidic chip integrated with an impedimetric biosensor is de-
veloped for evaluating the antiadhesive efficacy of carbohydrates. A bionic glycoprotein
nanosensing surface (Man-BSA/Au NPs) is constructed on the surface of the impedimetric
biosensor. According to the selective adhesion of S. typhimurium to mannose, the adhesive
capacity of S. typhimurium to the Man-BSA/Au NPs was detected and analyzed using an
impedimetric biosensor with the method of EIS. Furthermore, the antiadhesive efficacy of
several different carbohydrates, such as D-Man, Me-Man, Phenyl-Man, and Mannatide is
characterized and evaluated.

2. Materials and Methods
2.1. Materials and Reagents

D-mannose-BSA (14 atom spacer) was purchased from Dextra Group. 11-mercaptoundecanoic
acid (11-MUA, ≥95%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC, AR) and N-hydroxysuccinimide (NHS, AR) were purchased from Aladdin Reagents
Co., Ltd. (Shanghai, China). Potassium ferricyanide (K3[Fe(CN)6], AR), potassium fer-
rocyanide (K4[Fe(CN)6], AR), potassium chloride (KCl, AR), and hydrochloroauric acid
(HAuCl4·4H2O, AR) were purchased from Kelong Co., Ltd. (Chengdu, China). LB broth
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medium, lactose broth medium, and nutritional broth medium were purchased from Land
Bridge Technology Co., Ltd. (Beijing, China). Bacteria culture procedures are described in
the Supporting Information S1 (SI-1).

Phosphate-buffered saline (PBS, 0.01 M, pH 7.4, including 0.1368 M NaCl, 0.0027 M
KCl, 0.0081 M Na2HPO4, 0.0019 M KH2PO4) was filtered through 0.22 µm syringe filters
(PES) before use. The water was ultrapure water (18.2 MΩ·cm), prepared with a Smart-S
super pure water machine (Hitech Instruments Co., Ltd., Chongqing, China).

2.2. Preparation of Microfluidic Chip Integrated with Impedimetric Biosensors

A microfluidic device contains two poly(methyl methacrylate) (PMMA, also known as
acrylic) layers (Figure 1A,D), a polydimethylsiloxane (PDMS) layer with microchannels
(Figure 1B) and a glass layer with gold microelectrodes (Figure 1C). The Both PMMA layers
are used as a holder, which is processed with a laser engraving machine, and the overall
size of the microfluidic chip is 20 mm × 25 mm. The microelectrode chips, with 4 pairs of
microelectrodes (Figure 1C’,C”) and two molds for replicating PDMS with microchannels,
were fabricated using photolithography as described in previous works [30]. The working
electrodes are 200 µm in diameter, and the counter electrodes are 350 µm in radius. The
working electrode and counter electrode are spaced 50 µm. The width of the connected
part is 10 µm (Figure 1G). Figure 1G’ is the image of one pair of microelectrodes. The PDMS
with microchannels used for testing the antiadhesive efficacy of carbohydrates is shown
in Figure 1B’. Its image is shown in Figure 1B”. The width of the mixing area is 300 µm,
the width of the reaction area is 1500 µm, and the radius of the detection area is 500 µm.
Another PDMS with microchannels (width in 200 µm), shown in Figure 1F, is used for
preparing the glycoprotein nanosensing surface on the working electrode while minimizing
the modification of the counter electrode. The image shown in Figure 1F’. Figure 1E is the
image of the whole microfluidic device.
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(F,F’) Design drawing and physical image of PDMS with microchannels used for preparing the
glycoprotein nanosensing surface on the working electrode while minimizing the modification of
the counter electrode. (B’,B”) Design drawing and physical image of PDMS with microchannels
(contain inlet, mixer, reaction area, and detection area) used for testing the antiadhesive efficacy of
carbohydrates. (C’,C”) Design drawing and physical image of the microelectrode chip with 4 pairs of
microelectrodes. (G,G’) Design drawing and physical image of one pair of microelectrodes.

2.3. Preparation of Man-BSA/Au NPs

Gold nanoparticles (Au NPs) were prepared on the surface of the micro working
electrode using the potentiostatic deposition method with a saturated calomel electrode
as a reference electrode and a platinum electrode as the counter electrode. The electrolyte
solution is a mixed solution of 75 mM KCl and 10 mM HAuCl4. The deposition voltage
was −0.08 V, and the deposition time was 250 s.

The PDMS with microchannels shown in Figure 1Fwas selected to be reversibly
bonded to the microelectrode chip (Figure 1C). A 10 mM ethanol solution of 11-MUA was
added from the inlet 1/1′ to modify Au NPs on the working electrode. Self-assembled
monolayers (SAMs) of 11-MUA could be formed after 5 min. The carboxyl groups of SAMs
were activated with 100 mL of EDC (1%, W/V) for 10 min at room temperature. In every
step, excess agents were thoroughly washed with ultrapure water. The microelectrode
containing the activated carboxyl group was immersed in the D-mannose-BSA (14 atom
spacer) solution at 1 mg/mL and reacted at room temperature for 2 h. Then, it was
immersed in a 3 mg/mL BSA aqueous solution for 30 min to block non-selective binding
sites. After all these steps, the glycoprotein nanosensing surface Man-BSA/Au NPs was
constructed.

2.4. Adhesive Capacity Test of S. typhimurium to Man-BSA/Au NPs

The adhesive capacity of S. typhimurium to Man-BSA/Au NPs was characterized using
EIS with the designed two-electrode system. The PDMS with microchannels shown in
Figure 1B’ was bonded to the microelectrode chip with Man-BSA/Au NPs modifying the
working electrode. The S. typhimurium solution, with a concentration of 1 × 104 CFU/mL,
was added from inlet 2/2′ and continued for 20 min at a flow rate of 0.5 uL/min. EIS
was measured with the electrochemical system PARSTAT V3 (Princeton Co., Oak Ridge,
TN, USA). Then, the mixed solution of 0.1 M KCl and 2 mM K3[Fe(CN)6]/K4[Fe(CN)6]
(1:1 mixture) was added from the inlet 2/2′ and filled the detection area. EIS, with an
alternating potential of 5 mV and frequency range from 1 Hz to 100 kHz, was conducted.

2.5. Antiadhesive Efficacy Test of Different Carbohydrates

Like in Section 2.4, the PDMS with microchannels shown in Figure 1B’ was used. An
S. typhimurium solution with a concentration of 1 × 104 CFU/mL was added from inlet
2, 2′. Simultaneously, D-(+)-mannose, α-methyl-D-mannosides, 4-Methoxyphenyl-α-D-
mannopyrano-side, and mannan peptides were introduced from inlet 1, 1′, 3, and 3′. Other
carbohydrates were added in another microfluidic device. The S. typhimurium solution and
carbohydrates can be mixed in the mixing area and incubated in the reaction area. The fully
mixed solution passed through the detection area at a flow rate of 2 uL/min for 20 min.
Then, an electrolyte solution consisting of 0.1 M KCl and 2 mM K3[Fe(CN)6]/K4[Fe(CN)6]
(1:1 mixture) was introduced at a flow rate of 20 uL/min, and after it filled the detection
area, the EIS test was performed.

3. Results
3.1. Strategy for Evaluating the Antiadhesive Efficacy of Carbohydrates

Developing microfluidic chips for the evaluation of antiadhesive carbohydrates in vitro
can facilitate the discovery of new antibacterial drugs. Here, a microfluidic device contain-
ing a sample injection area (inlet), mixing area (mixer), reaction area, detection area, and
sample output area (outlet) was designed and used to evaluate the efficiencies of adhesive
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agents for S. typhimurium (Figure 2). One pair of microelectrodes with a new structure is
integrated into each detection area, and a bionic glycoprotein nanosensing surface (Man-
BSA/Au NPs) is constructed on the working electrode while minimizing the modification
of the counter electrode. When the S. typhimurium solution passes through the detection
area, it can selectively adhere to the Man-BSA/Au NPs. The electron transfer resistance
(Ret) of the working electrode increases. It appears that the radius of the semicircle increases
in the EIS Nyquist plot. When the S. typhimurium solution and a solution of an antiadhesive
carbohydrate agent are simultaneously added to the microfluidic chip, the carbohydrate
agent can bind to the adhesin on the S. typhimurium through mixing in the mixing area and
incubation in the reaction area. The purpose of incubation was to promote sufficient contact
and binding between carbohydrates and bacteria. The carbohydrate-bound S. typhimurium
cannot adhere to the Man-BSA/Au NPs surface, and the Ret does not increase (Figure 2).
Based on the changes of Ret, inhibition rates of different carbohydrates can be calculated
(Section 3.3).
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Figure 2. Schematic diagrams of the microfluidic chip containing five functional units, the adhesion
of S. typhimurium to the Man-BSA/Au NPs, and responses of corresponding EIS Nyquist plots. The
black and red lines in Nyquist plots represent EIS before and after adding S. typhimurium in the
microfluidic chip, respectively.

3.2. Optimization of Conditions for Potentiostatic Deposition of Gold Nanoparticles

The deposition potential and time for the preparation of Au NPs were optimized. The
selected conditions for the deposition potential were −0.1 V, −0.08 V, −0.06 V, −0.04 V, and
−0.02 V (Figure 3A). The results show that the Au NPs were the most uniform when the
deposition voltage was −0.08 V. At this potential, the microelectrode was not damaged.
The selected conditions for the deposition time were 50 s, 100 s, 150 s, 200 s, 250 s, 300 s,
350 s, and 400 s (Figure 3B). The results show that the optimized deposition time was 250 s
and did not cause a short circuit between the working electrode and the counter electrode.
Under optimal conditions, the Au NPs prepared on the surface of the microelectrode had
an irregular nano-flower shape, and the particle size of each nano-flower was about 300 nm
(Figure 3C,D). Scanning electron microscopy (SEM) images of Au NPs prepared on the
microelectrode under voltages of −0.08 V, −0.06 V, −0.04 V, and −0.02 V, with a time of
250 s, are presented in Figure S1. The Au NPs-modified microelectrode can reduce its own
electron transfer resistance and increase the specific surface area.
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magnification of 10,000×. (D) SEM image of Au NPs with magnification of 30,000×.

3.3. Characterization of Man-BSA/Au NPs and Adhesive Capacity between S. typhimurium and
Man-BSA/Au NPs

A neoglycoprotein nanosensing surface (Man-BSA/Au NPs) was prepared on the gold
nanoparticles-modified microelectrode, in which self-assembled 11-mercaptoundecanoic
acid was used to conjugate D-mannose-BSA (Figure 4A,B). The D-Mannose part could
selectively recognize the adhesin of the S. typhimurium [31]. Developing a neoglycoprotein
surface on a nano-substrate is beneficial for increasing the surface density of the neoglyco-
protein, which can promote the binding efficiency between bacteria and glycan (Figure 4C).
Meanwhile, it can increase the active area of the electrode and amplify the impedance
signal [32]. The BSA can inhibit the non-selective adsorption of pathogenic bacteria and
improve the selectivity. The construction of Man-BSA/Au NPs was characterized using at-
tenuated total reflectance–Fourier-transform infrared spectroscopy (ATR-FTIR). The results
are presented in Figure S2. It was confirmed that Man-BSA was successfully immobilized
on the Au NPs modified gold electrode using 11-MUA as a linker. An impedance change
during the construction of Man-BSA/Au NPs and adsorption of bacteria was recorded
and is shown in Figure 4D. An equivalent circuit (QR)R(QR) shown in Figure 4E was
used to analyze the EIS. Rs is the resistance of the electrolyte solution. R1 is the electron
transfer resistance of the working electrode. Q1 is the CPE (Constant Phase Element), which
represents the non-ideal capacitance on the working electrode. R2 is the electron transfer
resistance of the counter electrode. Q2 represents the non-ideal capacitance on the counter
electrode.
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3.4. Evaluation of Antiadhesive Efficacy of Different Carbohydrates
3.4.1. Qualitative Detection of Antiadhesive Efficacy Using EIS

The colonization of S. typhimurium to their host cell is mediated by selectively recog-
nizing between adhesin and mannose [27,28,33]. Competitively occupying the mannose-
binding domain can inhibit the adherence of S. typhimurium to epithelial cells. In this study,
the neoglycoprotein nano-sensing surface Man-BSA/Au NPs is used as an alternative to the
mannose surface of the host cell. The antiadhesive efficacy was evaluated by detecting the
inhibition rates of different carbohydrates. Four mannose-containing carbohydrates, i.e., D-
mannose (D-Man), methyl α-D-mannopyranoside (Me-Man), 4-methoxyphenyl-α-D-pyran
mannoside (Phenyl-Man), and mannan peptide (Mannatide), were tested. Their chemical
structural formula is shown in SI-2. D-galactose (D-Gal), L-fucose (L-Fuc), D-glucose
(D-Glc), D-xylose (D-Xyl), and sialic acid (D-Sia) were used as negative controls.

An S. typhimurium solution at a concentration of 1 × 104 CFU/mL was added from
inlets 2 and 2′, and 1 mM solutions of D-Man, Me-Man, Phenyl-Man, Mannatide, D-
Gal, L-Fuc, D-Glc, D-Xyl, and D-Sia were added from inlets 1, 1′, 3, and 3′, respectively.
S. typhimurium and carbohydrates were thoroughly mixed and incubated in the mixing
area and the reaction area. An equivalent circuit (QR)R(QR) was used to analyze the EIS,
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and Ret could be acquired, and then, the corresponding inhibition rates were calculated
using Formula (1).

inhibition (%) =
Ret(blank) − Ret(mannoside inhibitor)

Ret(blank)
× 100% (1)

where the Ret(blank) means the Ret value of just the S. typhimurium solution was added to the
microfluidic chip. In that case, all the S. typhimurium would be attached to the Man-BSA/Au
NPs sensing surface, and the Ret value would be the maximum. Ret(mannoside inhibitor) means
Ret values of both S. typhimurium solution and various carbohydrate solutions were added
into the microfluidic chip. In that case, some mannose-binding sites of S. typhimurium
would be occupied by the carbohydrate. Reduced S. typhimurium could be attached to the
Man-BSA/Au NPs sensing surface, and the Ret value would be decreased. The higher
efficiency of the carbohydrate, the lower the Ret value (Ret(mannoside inhibitor)). A lower
Ret(mannoside inhibitor) could induce a higher inhibition (%) based on Equation (1). Hence,
Equation (1) could reflect the efficiency of the carbohydrate. The higher the efficiency of
the carbohydrate, the higher inhibition (%).

The results show that the inhibition rates of D-Man, Me-Man, Phenyl-Man, Mannatide,
D-Gal, L-Fuc, D-Glc, D-Xyl, and D-Sia are 25 ± 2.6%, 28 ± 3.0%, 70 ± 7.6%, 66 ± 6.0%,
3.7 ± 1.7%, 3.4 ± 0.9%, 2.3 ± 0.6%, 3.9 ± 1.4%, and 4.4 ± 1.5%. The histogram is shown
in Figure 5A. It is revealed that the mannose agents D-Man, Me-Man, Phenyl-Man, and
Mannatide all showed a certain inhibitory effect, while other carbohydrates do not inhibit
the adhesion of S. typhimurium to the neoglycoprotein nanosensing surface Man-BSA/Au
NPs.
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3.4.2. Quantitative Evaluation of Antiadhesive Efficacy by IC50

In order to quantitatively evaluate the antiadhesive ability of D-Man, Me-Man, Phenyl-
Man, and Mannatide, a series of different concentrations of these four mannose agents
were prepared and tested. The non-linear fit of the dose–response curve (Figure 5B), using
Origin software, was used to determine the IC50 (half-maximal inhibitory concentration) of
these four mannose containing agents. IC50 is the concentration of a particular drug that is
needed to inhibit a given biological process to half of the maximum and provides a measure
of the effectiveness of the compound. The IC50 values of D-Man, Me-Man, Phenyl-Man, and
Mannatide were 90 mM, 50 mM, 0.086 mM, and 0.094 Mm, respectively. A lower IC50 value
indicates a stronger antiadhesive ability. It was shown that the antiadhesive ability of the
four mannose agents was Phenyl-Man > Mannatide > Me-Man > D-Man. Phenyl-Man and
Mannatide showed excellent antiadhesive efficacy. Mannatide is a kind of mannose polymer.
Compared with monosaccharide, it can present higher mannose density near the binding
domain of S. typhimurium, increase the probability of multivalent interaction, and improve
the binding affinity [29,34,35]. Hence, it shows stronger antiadhesive efficacy. The Phenyl-
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Man molecule has a benzene ring, which can interact with the hydrophobic end around the
mannose-binding domain of lectin to form a side binding site [36], which can increase its
binding affinity with bacteria. The chemical structures and schematic representation of the
interactions are presented in Figure 6. The microfluidic device developed in this study can
be tested in multiple channels without culturing cells. Compared with HAI and ELISA, it
has the advantages of being fast, sensitive, and simple.
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4. Conclusions

A microfluidic chip integrated with an impedimetric neoglycoprotein biosensor for the
evaluation of antiadhesive carbohydrates was developed. A neoglycoprotein nanosensing
surface (Man-BSA/Au NPs) was constructed on Au NPs-modified microelectrodes. It
was demonstrated that S. typhimurium can selectively adhere to the Man-BSA/Au NPs
using EIS measurement. D-Man, Me-Man, Phenyl-Man, and Mannatide can inhibit the
adhesion of S. typhimurium. Based on the results of IC50, the antiadhesive ability of those
four carbohydrates was as follows: Phenyl-Man > Mannatide > Me-Man > D-Man. The
microfluidic chip can be applied to other bacteria whose adhesion was mediated by glycan–
lectin interactions. For the FimH adhesin-containing bacteria, the microfluidic chip can be
employed directly for the evaluation of their antibacterial carbohydrates. For other bacteria,
a corresponding specific glycan sensing surface should be developed. The developed
microfluidic chip presents a novel platform for evaluating the antibacterial drug in vitro
with the merits of being fast, sensitive, and simple.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bios13090887/s1. SI-1: Bacterial Culture; SI-2: SEM images of
prepared Au NPs on the microelectrode under different voltages; SI-3: Characterization of nanosens-
ing surface (Man-BSA/AuNPs) using ATR-FTIR; Figure S1: SEM images of prepared Au NPs on
the microelectrode under different voltages; Figure S2: Characterization of nano-sensing surface
(Man-BSA/AuNPs) by ATR-FTIR. References [37–40] are cited in the supplementary materials.

https://www.mdpi.com/article/10.3390/bios13090887/s1
https://www.mdpi.com/article/10.3390/bios13090887/s1


Biosensors 2023, 13, 887 10 of 11

Author Contributions: Conceptualization, F.C. and Q.Z.; methodology, H.J., X.Y. and H.Z.; validation,
H.J., X.Y. and H.Z.; formal analysis, H.J., X.Y. and H.Z.; investigation, H.J., X.Y. and H.Z.; resources,
F.C. and Q.Z.; data curation, H.J., X.Y. and H.Z.; writing—original draft preparation, H.J., X.Y. and
H.Z.; writing—review and editing, F.C. and Q.Z.; funding acquisition, F.C. and Q.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Funds of China, grant numbers
82102502 and 82030065.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nidzworski, D.; Siuzdak, K.; Niedziałkowski, P.; Bogdanowicz, R.; Sobaszek, M.; Ryl, J.; Weiher, P.; Sawczak, M.; Wnuk,

E.; Goddard, W.A.; et al. A rapid-response ultrasensitive biosensor for influenza virus detection using antibody modified
boron-doped diamond. Sci. Rep. 2017, 7, 15707. [CrossRef] [PubMed]

2. Hartmann, M.; Lindhorst, T.K. The bacterial lectin FimH, a target for drug discovery–carbohydrate inhibitors of type 1 fimbriae-
mediated bacterial adhesion. Eur. J. Org. Chem. 2011, 2011, 3583–3609. [CrossRef]

3. Khanal, M.; Larsonneur, F.; Raks, V.; Barras, A.; Baumann, J.-S.; Martin, F.A.; Boukherroub, R.; Ghigo, J.-M.; Mellet, C.O.; Zaitsev,
V. Inhibition of type 1 fimbriae-mediated Escherichia coli adhesion and biofilm formation by trimeric cluster thiomannosides
conjugated to diamond nanoparticles. Nanoscale 2015, 7, 2325–2335. [CrossRef] [PubMed]

4. Pieters, R.J. Intervention with bacterial adhesion by multivalent carbohydrates. Med. Res. Rev. 2007, 27, 796–816. [CrossRef]
5. Ernst, B.; Magnani, J.L. From carbohydrate leads to glycomimetic drugs. Nat. Rev. Drug Discov. 2009, 8, 661–677. [CrossRef]
6. Spaulding, C.N.; Klein, R.D.; Ruer, S.; Kau, A.L.; Schreiber, H.L.; Cusumano, Z.T.; Dodson, K.W.; Pinkner, J.S.; Fremont, D.H.;

Janetka, J.W. Selective depletion of uropathogenic E. coli from the gut by a FimH antagonist. Nature 2017, 546, 528–532. [CrossRef]
7. Sharon, N. Carbohydrates as future anti-adhesion drugs for infectious diseases. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2006,

1760, 527–537. [CrossRef]
8. Michaud, G.; Visini, R.; Bergmann, M.; Salerno, G.; Bosco, R.; Gillon, E.; Richichi, B.; Nativi, C.; Imberty, A.; Stocker, A.

Overcoming antibiotic resistance in Pseudomonas aeruginosa biofilms using glycopeptide dendrimers. Chem. Sci. 2016, 7, 166–182.
[CrossRef]

9. Sattin, S.; Bernardi, A. Glycoconjugates and glycomimetics as microbial anti-adhesives. Trends Biotechnol. 2016, 34, 483–495.
[CrossRef]

10. Boukerb, A.M.; Rousset, A.; Galanos, N.; Mear, J.-B.; Thepaut, M.; Grandjean, T.; Gillon, E.; Cecioni, S.; Abderrahmen, C.; Faure,
K. Antiadhesive properties of glycoclusters against Pseudomonas aeruginosa lung infection. J. Med. Chem. 2014, 57, 10275–10289.
[CrossRef]

11. Alvarez Dorta, D.; Sivignon, A.; Chalopin, T.; Dumych, T.I.; Roos, G.; Bilyy, R.O.; Deniaud, D.; Krammer, E.M.; de Ruyck, J.;
Lensink, M.F. The antiadhesive strategy in Crohn’s disease: Orally active mannosides to decolonize pathogenic Escherichia coli
from the gut. ChemBioChem 2016, 17, 936–952. [CrossRef]

12. Touaibia, M.; Wellens, A.; Shiao, T.C.; Wang, Q.; Sirois, S.; Bouckaert, J.; Roy, R. Mannosylated G (0) dendrimers with nanomolar
affinities to Escherichia coli FimH. ChemMedChem Chem. Enabling Drug Discov. 2007, 2, 1190–1201.

13. Aroonnual, A.; Janvilisri, T.; Ounjai, P.; Chankhamhaengdecha, S. Microfluidics: Innovative approaches for rapid diagnosis of
antibiotic-resistant bacteria. Essays Biochem. 2017, 61, 91–101. [PubMed]

14. Wang, H.; Li, T.; Bao, Y.; Wang, S.; Meng, X. A multifunctional integrated simultaneously online screening microfluidic biochip
for the examination of “efficacy-toxicity” and compatibility of medicine. Chin. Chem. Lett. 2019, 30, 403–405. [CrossRef]

15. Malmqvist, M. Biospecific interaction analysis using biosensor technology. Nature 1993, 361, 186–187. [CrossRef] [PubMed]
16. Fägerstam, L.G.; O’Shannessy, D.J. Surface plasmon resonance detection in affinity technologies. Handb. Affin. Chromatogr. 1993,

63, 229–252.
17. Badimon, L.; Badimon, J.J.; Turitto, V.T.; Fuster, V. Thrombosis: Studies under flow conditions. Ann. N. Y. Acad. Sci. 1987, 516,

427–540. [CrossRef]
18. Cui, P.; Wang, S. Application of microfluidic chip technology in pharmaceutical analysis: A review. J. Pharm. Anal. 2019, 9,

238–247. [CrossRef]
19. Hoyos-Nogués, M.; Brosel-Oliu, S.; Abramova, N.; Muñoz, F.-X.; Bratov, A.; Mas-Moruno, C.; Gil, F.-J. Impedimetric antimicrobial

peptide-based sensor for the early detection of periodontopathogenic bacteria. Biosens. Bioelectron. 2016, 86, 377–385. [CrossRef]
20. Mutreja, R.; Jariyal, M.; Pathania, P.; Sharma, A.; Sahoo, D.K.; Suri, C.R. Novel surface antigen based impedimetric immunosensor

for detection of Salmonella typhimurium in water and juice samples. Biosens. Bioelectron. 2016, 85, 707–713. [CrossRef]

https://doi.org/10.1038/s41598-017-15806-7
https://www.ncbi.nlm.nih.gov/pubmed/29146948
https://doi.org/10.1002/ejoc.201100407
https://doi.org/10.1039/C4NR05906A
https://www.ncbi.nlm.nih.gov/pubmed/25559389
https://doi.org/10.1002/med.20089
https://doi.org/10.1038/nrd2852
https://doi.org/10.1038/nature22972
https://doi.org/10.1016/j.bbagen.2005.12.008
https://doi.org/10.1039/C5SC03635F
https://doi.org/10.1016/j.tibtech.2016.01.004
https://doi.org/10.1021/jm500038p
https://doi.org/10.1002/cbic.201600018
https://www.ncbi.nlm.nih.gov/pubmed/28258233
https://doi.org/10.1016/j.cclet.2018.08.016
https://doi.org/10.1038/361186a0
https://www.ncbi.nlm.nih.gov/pubmed/7678451
https://doi.org/10.1111/j.1749-6632.1987.tb33064.x
https://doi.org/10.1016/j.jpha.2018.12.001
https://doi.org/10.1016/j.bios.2016.06.066
https://doi.org/10.1016/j.bios.2016.05.079


Biosensors 2023, 13, 887 11 of 11

21. Cui, F.; Xu, Y.; Wang, R.; Liu, H.; Chen, L.; Zhang, Q.; Mu, X. Label-free impedimetric glycan biosensor for quantitative evaluation
interactions between pathogenic bacteria and mannose. Biosens. Bioelectron. 2018, 103, 94–98. [CrossRef] [PubMed]

22. Cui, F.; Zhou, Z.; Zhou, H.S. Measurement and Analysis of Cancer Biomarkers Based on Electrochemical Biosensors. J. Electrochem.
Soc. 2019, 167, 037525. [CrossRef]

23. Hartmann, M.; Papavlassopoulos, H.; Chandrasekaran, V.; Grabosch, C.; Beiroth, F.; Lindhorst, T.K.; Röhl, C. Inhibition of
bacterial adhesion to live human cells: Activity and cytotoxicity of synthetic mannosides. FEBS Lett. 2012, 586, 1459–1465.
[CrossRef] [PubMed]

24. Hartmann, M.; Horst, A.K.; Klemm, P.; Lindhorst, T.K. A kit for the investigation of live Escherichia coli cell adhesion to
glycosylated surfaces. Chem. Commun. 2010, 46, 330–332. [CrossRef]

25. Zeng, X.; Qu, K.; Rehman, A. Glycosylated conductive polymer: A multimodal biointerface for studying carbohydrate–protein
interactions. Acc. Chem. Res. 2016, 49, 1624–1633. [CrossRef]

26. Liang, P.-H.; Wang, S.-K.; Wong, C.-H. Quantitative analysis of carbohydrate-protein interactions using glycan microarrays:
Determination of surface and solution dissociation constants. J. Am. Chem. Soc. 2007, 129, 11177–11184. [CrossRef]

27. Debrassi, A.; de Vos, W.M.; Zuilhof, H.; Wennekes, T. Carbohydrate-presenting self-assembled monolayers: Preparation, analysis
and applications in microbiology. Carbohydr. Nanotechnol. 2015. [CrossRef]

28. Ohlsen, K.; Oelschlaeger, T.; Hacker, J.; Khan, A.S. Carbohydrate receptors of bacterial adhesins: Implications and reflections. In
Glycoscience and Microbial Adhesion; Springer: Berlin/Heidelberg, Germany, 2008; pp. 17–65.

29. Imberty, A.; Varrot, A. Microbial recognition of human cell surface glycoconjugates. Curr. Opin. Struct. Biol. 2008, 18, 567–576.
[CrossRef]

30. Cecioni, S.; Imberty, A.; Vidal, S. Glycomimetics versus Multivalent Glycoconjugates for the Design of High Affinity Lectin
Ligands. Chem. Rev. 2015, 115, 525–561. [CrossRef]

31. Wang, R.; Xu, Y.; Sors, T.; Irudayaraj, J.; Ren, W.; Wang, R. Impedimetric detection of bacteria by using a microfluidic chip and
silver nanoparticle based signal enhancement. Microchim. Acta 2018, 185, 184. [CrossRef]

32. Oyofo, B.; DeLoach, J.; Corrier, D.; Norman, J.; Ziprin, R.; Mollenhauer, H. Prevention of Salmonella typhimurium colonization of
broilers with D-mannose. Poult. Sci. 1989, 68, 1357–1360. [CrossRef]

33. Li, C.-Z.; Liu, Y.; Luong, J.H. Impedance sensing of DNA binding drugs using gold substrates modified with gold nanoparticles.
Anal. Chem. 2005, 77, 478–485. [CrossRef]

34. Haseley, S.R. Carbohydrate recognition: A nascent technology for the detection of bioanalytes. Anal. Chim. Acta 2002, 457, 39–45.
[CrossRef]

35. Müller, C.; Despras, G.; Lindhorst, T.K. Organizing multivalency in carbohydrate recognition. Chem. Soc. Rev. 2016, 45, 3275–3302.
[CrossRef] [PubMed]

36. Hung, C.-S.; Bouckaert, J.; Hung, D.; Pinkner, J.; Widberg, C.; DeFusco, A.; Auguste, C.G.; Strouse, R.; Langermann, S.; Waksman,
G.; et al. Structural basis of tropism of Escherichia coli to the bladder during urinary tract infection. Mol. Microbiol. 2002, 44,
903–915. [CrossRef] [PubMed]

37. Elzein, T.; Fahs, A.; Brogly, M.; Elhiri, A.; Lepoittevin, B.; Roger, P.; Planchot, V. Adsorption of alkanethiols on gold surfaces:
PM-IRRAS study of the influence of terminal functionality on alkyl chain orientation. J. Adhes. 2013, 89, 416–432. [CrossRef]

38. Retnakumari, A.; Setua, S.; Menon, D.; Ravindran, P.; Muhammed, H.; Pradeep, T.; Nair, S.; Koyakutty, M. Molecular-receptor-
specific, non-toxic, near-infrared-emitting Au cluster-protein nanoconjugates for targeted cancer imaging. Nanotechnology 2009,
21, 055103. [CrossRef]

39. Xu, Y.; Sherwood, J.; Qin, Y.; Crowley, D.; Bonizzoni, M.; Bao, Y. The role of protein characteristics in the formation and
fluorescence of Au nanoclusters. Nanoscale 2014, 6, 1515–1524. [CrossRef]

40. Wang, H.; Cheng, X.; Shi, Y.; Le, G. Preparation and structural characterization of poly-mannose synthesized by phosphoric acid
catalyzation under microwave irradiation. Carbohydr. Polym. 2015, 121, 355–361. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bios.2017.11.068
https://www.ncbi.nlm.nih.gov/pubmed/29287240
https://doi.org/10.1149/2.0252003JES
https://doi.org/10.1016/j.febslet.2012.03.059
https://www.ncbi.nlm.nih.gov/pubmed/22673511
https://doi.org/10.1039/B922525K
https://doi.org/10.1021/acs.accounts.6b00181
https://doi.org/10.1021/ja072931h
https://doi.org/10.1002/9781118860212.ch1
https://doi.org/10.1016/j.sbi.2008.08.001
https://doi.org/10.1021/cr500303t
https://doi.org/10.1007/s00604-017-2645-x
https://doi.org/10.3382/ps.0681357
https://doi.org/10.1021/ac048672l
https://doi.org/10.1016/S0003-2670(01)01329-0
https://doi.org/10.1039/C6CS00165C
https://www.ncbi.nlm.nih.gov/pubmed/27146554
https://doi.org/10.1046/j.1365-2958.2002.02915.x
https://www.ncbi.nlm.nih.gov/pubmed/12010488
https://doi.org/10.1080/00218464.2013.757521
https://doi.org/10.1088/0957-4484/21/5/055103
https://doi.org/10.1039/C3NR06040C
https://doi.org/10.1016/j.carbpol.2014.12.046

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Microfluidic Chip Integrated with Impedimetric Biosensors 
	Preparation of Man-BSA/Au NPs 
	Adhesive Capacity Test of S. typhimurium to Man-BSA/Au NPs 
	Antiadhesive Efficacy Test of Different Carbohydrates 

	Results 
	Strategy for Evaluating the Antiadhesive Efficacy of Carbohydrates 
	Optimization of Conditions for Potentiostatic Deposition of Gold Nanoparticles 
	Characterization of Man-BSA/Au NPs and Adhesive Capacity between S. typhimurium and Man-BSA/Au NPs 
	Evaluation of Antiadhesive Efficacy of Different Carbohydrates 
	Qualitative Detection of Antiadhesive Efficacy Using EIS 
	Quantitative Evaluation of Antiadhesive Efficacy by IC50 


	Conclusions 
	References

