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Abstract

Fast and efficient identification of bacterial pathogens in water and biological fluids is
an important issue in medicine, food safety and public health concerns that requires
low-cost and improved sensing strategies. Impedimetric sensors are promising tools
for monitoring bacteria detection, due to their reliability and ease-of-use. We herein
report a study on a new bio-interface-based amphiphilic poly(3-hexylthiophene)-b-
poly(3-triethylene-glycol-thiophene), P3HT-b-P3TEGT, for label-free impedimetric
detection of Escherichia coli (E. coli). This bio-interface is fabricated by self-
assembly of P3HT-b-P3TEGT into core-shell nanoparticles, which are further
decorated with mannose, leading to an easy-to-use solution-processable nanoparticle
material for biosensing. The hydrophilic block, P3STEGT promotes antifouling and
prevents non-specific interactions while improving the ionic and electronic transport
properties, thus enhancing the electrochemical-sensing capability in aqueous solution.
Self-assembly and micelle formation of P3HT-b-P3TEGT were analyzed by 2D-
NMR, FTIR, DLS, contact angle and microscopy characterizations. Detection of E.
coli was characterized and evaluated by electrochemical impedance spectroscopy,
optical and scanning electron microscopy techniques. The sensing layer based on
mannose-functionalized P3HT-b-P3TEGT nanoparticles demonstrates targeting
ability toward E. coli pili protein with a detection range from 10° CFU/mL to 10’
CFU/mL and selectivity studied with Gram(+)bacteria. Application to real samples
was performed by detection of bacteria in tap water and Nile water. The approach

developed here shows that water/alcohol-processable functionalized conjugated



polymer nanoparticles are suitable for use as electrode materials for the fabrication of

a low-cost label-free impedimetric biosensor for the detection of bacteria in water.
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1. Introduction

Rapid and sensitive detection of bacteria has become an urgent demand in the
field of health care, food analysis, environmental monitoring, and security control to
allow faster decisions to be made.! In order to develop a Point-of-Care system for
rapid pathogen detection, it is critical to eliminate the time-consuming culture step
and minimize sample preparation requirements. Thus, the need for real-time sensing
and miniaturization into a portable, autonomous, and inexpensive platform is of
utmost importance.>®** To date, various classes of materials such as metal
nanoparticles, carbon nanomaterials, self-assembled monolayers, and conducting
polymers shown promise for electrochemical biosensing. There are many recent
excellent reviews covering the field of existing electrochemical detection systems for
bacteria with specific focus on the impedance-based detection of pathogenic bacteria®,
nanomaterial-based electrochemical biosensors for pathogenic bacteria®, carbon
nanomaterials’, including graphene and its various forms®, carbon nanotubes and their
derivatives. Most of the sensors reported are in line with the main requirements for
selectivity, sensitivity, and fast analysis, with a detection limit down to the level of
few hundreds of colony forming units (CFU) per milliliter. Processable conjugated
polymers (CPs) have been widely used as sensing materials in electrochemical
sensors thanks to their unique electrical and electrochemical responses in the presence
of different analytes.’,'° The potential applications of CP materials in biosensors and
biological applications have been reviewed extensively in the literature.***2%3
Biosensing applications of CP require bioconjugation of receptor such as proteins,
peptides, lipids, or carbohydrates in the polymeric system to afford specific targeting.
Such bioconjugation techniques usually require the introduction of chemical
functions, typically amine or carboxylic acid, and chemical control over the ligand
functionalization of the CP via pre- or post-functionalization. Once immobilized, the
biomolecules need to keep their original functionalities, so special attention must be



paid to the recognition site to ensure that it is not sterically hindered.® Covalent
attachment is the method generally used for bioreceptor immobilization; this requires
suitable functional groups on the CP to anchor the incoming biomolecule. However,
the main disadvantage of this approach is that the immobilization of the bioreceptor
on the CP surface changes its electronic and physical properties. Although covalent
modification ensures robust and stable immobilization of biomolecules, this method is
not compatible with CPs as it could degrade their intrinsic properties."* Non-covalent
functionalization or physical entrapment is a relatively simple, fast and inexpensive
immobilization process as compared to covalent modification.**

During the past decade, carbohydrates have been increasingly considered as
alternative bioreceptors, as they are involved in key recognition events.'® In contrast
to nucleic acids and antibodies, carbohydrates are more resistant to denaturation.
Their small size offers also higher densities per unit surface area, which enhances the
binding affinity.

Among them, mannose is a typical carbohydrate molecule that has good
targeting ability towards E. coli pili on account of binding with the FimH lectin
proteins.'® Mimicking the situations encountered on the cell surfaces during the initial
recognition processes offers great promise in the development of biosensors for the
detection of carbohydrate-binding proteins and pathogens.

Biosensors based on carbohydrate-functionalized n-conjugated polymers have
quickly become a prominent research field, because of their high potential, as
transducers for detecting bacteria, and carbohydrate-protein interactions.’” The key
feature of biomolecule-functionalized CPs is that their electronic states are altered
when bio-analytes are bound to receptors, producing fluorescence quenching. Using
the fluorescence quenching mechanism, CPs have provided simple, sensitive, and
colorimetric platforms for detecting proteins®®, glycans'® and bacteria.® For example,
soluble glyco-polythiophenes functionalized with sialic acid or mannose ligands were
prepared and their ability to bind lectins, viruses, and bacteria was evaluated using a
colorimetric readout.?* Cationic conjugated polymers have proven to be very useful
for the detection and inactivation of pathogenic bacteria, thanks to interchain
fluorescence resonance energy transfer.?? In addition to the use of CPs as fluorescent
sensors, carbohydrate-functionalized conducting polymers have demonstrated high
bio-electrochemical bacteria-sensing capability. Two approaches, post- and direct-
functionalization, have been used to fabricate glycosylated CPs. For instance, Cosnier



et al. reported the electrochemical polymerization of pyrrole-3'-carbohydrate
monomers and investigated the potential of these polymers for impedimetric detection
of lectins, as label-free impedance sensors.?® The drawback of this method is that it
requires monomer synthesis. Additionally, the functional carbohydrate moieties
induce steric hindrance, which may affect the chain-growth process during the
electropolymerization. A second approach consists in synthesizing polymer scaffolds
first. The carbohydrates are then introduced by means of click chemistry. Using this
approach, Zeng et al. demonstrated the advantages of functionalized polythiophene, as
a solid-state redox probe, and the well-established triazole-based coupling chemistry
for incorporating a carbohydrate functionality to fabricate a new biointerface. This
was characterized by differential pulse voltammetry, and showed excellent sensitivity
and selectivity for Erythrina Cristagalli lectin analysis.** The same authors
demonstrated the fabrication and validation of the mannosylated polythiophene bio-
interface for the detection of the Gram(-) bacterium, E. coli. In their work, thiophene-
containing fused gquinone moieties were electropolymerized, and then coupled with a
thiol-modified mannose, a-D-mannopyranoside. The glycol surface thus generated
allowed label-free detection of two major bacterial cell surface biomarkers, the
fimbriae proteins on bacterial pili and the lipopolysaccharides on Gram(-) bacteria
using crystal microbalance and electrochemical readouts.” In all these cases, the CP
has been chemically post- or direct-functionalized with relevant functions necessary
to conjugate bio-specific ligands. While both these approaches have proven their
efficiency, they often require extensive chemistry. Furthermore, the introduction of
the required functional group alters, in the majority of cases, the intrinsic properties of
the CP, such as conductivity, charge mobility, electroactivity and optoelectrical
properties.

While electrochemical sensors have been widely studied in the academic
literature, commercial applications have been hindered by several technical
limitations such as low detection limit, non-specific adsorption issues, and low cost-
effectiveness for mass production. Developing materials adaptable for low cost
production such as printing technology could have benefit impact and has recently
received substantial interest for electronic devices. To date, printing technologies have
been implemented across a wide range of biomedical applications, including bio-
electrochemical sensors.®® Nevertheless, one of the biggest issues for printable



electronics is the availability of functional biomaterials that meet the demands of high
performance, an ideal immobilization surface and an efficient signal transducer.?’.
Water-dispersible conjugated polymer nanoparticles (CPNs) meet the requirements,
such as easy processability, good ability for film formation and the presence on the
surface of chemical functionality for bio-conjugation, are an effective approach to
circumvent this challenge. Albeit CPNs are widely investigated as fluorescent probes
in biomedical applications, cell imaging and biosensing, thanks to their versatile
properties such as, narrow size dispersion, high brightness, biocompatibility and good
photochemical stability.”® To the best of our knowledge, there has been no report on
the use of CPNs as solution-processable electrode materials for electrochemical
biosensing.

In this work, a simple and versatile approach to prepare functionalized core-
shell CPNs, using eco-friendly solvent (i.e. alcohol), is presented. The functionalized
CPNs were formed by the self-assembly of amphiphilic poly(3-hexylthiophene)-
block-poly(3-triethylene glycol-thiophene) (P3HT-b-P3TEGT) and the well-
established chemistry of micelles to decorate their surface with mannose, which is a
carbohydrate that has a high affinity to bind efficiently to FimH adhesin of bacterial
type 1 pili in E. coli, leading thus to fabricate an innovative bio-interface with high
surface ratio. Finally, the mannose-functionalized bio-interface was validated for
reagentless and label-free selective detection of E. coli by electrochemical impedance
spectroscopy (EIS), Scheme 1. The advantages of using amphiphilic P3HT-b-
P3TEGT are due to several features: (i) the P3HT block is responsible for n-n
stacking, which drives the self-assembly behavior and mediates micelle formation, (ii)
the hydrophilic PSTEGT block promotes the antifouling property and prevents non-
specific interaction of other types of bacterial cells, (iii) the redox activity of the
conjugated backbone is exploited as electrochemical transducer using EIS. It should
be noted that a suitable choice of block sizes and PEG-chain length lead to the
optimal sensing requirement, balancing the polarity needed for high electroactivity
and antifouling properties to sense in aqueous medium with the hydrophobicity of
P3HT block required to prevent film dissolution in aqueous electrolytes. The newly
designed glycosylated bio-interface was successfully validated to detect E. coli via
direct adhesion of the fimbriated E. coli onto the mannose immobilized P3HT-b-

P3TEGT surface. E. coli BL21 was used as a model Gram(—) bacterial analyte, in



order to demonstrate the proof of concept, and Gram(+) bacteria, Lactobacillus
acidophilus (ATCC 4356) were tested for selectivity. As a result, the new bio-
interface formed by mannose embedded with CPNs provides a bio-electronic interface
able to selectively detect E. coli with a wide range of sensitivity. The biosensor was
also validated for detection of bacteria in tap water and water from the Nile to
demonstrate its usefulness in real applications.

Scheme 1. Cartoon representation of self-assembly of P3HT-b-P3TEGT, mannose-
functionalized CPNs and label-free impedimetric sensor for E. coli detection. Top:
chemical structure of P3HT-b-P3TEGT, aggregation of the P3HT blocks via n-7
interaction in methanol, formation of core-shell micelles by precipitation of the P3HT
block and good solubility of the P3STEGT block in methanol, and mannose-decorated
P3HT-b-P3TEGT nanoparticles by non-covalent interactions between hydrophilic
TEGT segments on the outer surface of the nanoparticles and hydroxyl groups of the
mannose. Bottom: mannose-P3HT-b-P3TEGT film coated on the electrode surface, E.

coli attachment via pili-mannose binding and label-free impedimetric detection.

2. Experimental section
2.1. Bacteria growth and culture conditions
Bacterial cells (E. coli BL21) were grown overnight at 37 °C on Lauria broth
(LB) medium. The broth cultures were centrifuged and washed three times with
phosphate buffer saline (PBS). The bacterial cell concentration was determined from
the optical density (OD600) and correlated with colony counting after plating.
Aliquots of the bacterial culture were diluted in PBS to obtain cell suspensions
calibrated at 1.0 x10” CFU/mL for the biosensing assays. The suspensions were stored
at 4 °C until use. For selectivity, Lactobacillus acidophilus (ATCC 4356) was
cultured in de Man, Rogosa and Sharpe (MRS) agar medium then suspended in PBS

by the same procedure. Other materials used are described in SI.1.1.

2.2. Synthesis and self-assembly of P3HT-b-P3TEGT

The detailed protocol for the synthesis of the P3HT-b-P3TEGT, as well as the
chemical structure of the monomers and copolymer, is shown in SI, Scheme S1.
Briefly, the P3HT block was prepared by Grignard metathesis polymerization in the
presence of Ni(dppp)Cl, as catalyst to obtain precursor polymer P3HT with a living



chain-end [29]. This macroinitiator was added to the chain-extended reaction solution
of the triethylene glycol (TEG)-substituted thiophene monomer for formation of a
diblock structure. The synthesis and chemical structure of the monomers and the
P3HT-b-P3TEGT are described in SI (see SI.1.2 and Scheme S1). The obtained
P3HT-b-P3TEGT was purified by sequential Soxhlet washing with methanol, hexane
and chloroform. The chloroform fraction was then collected and evaporated to
dryness to afford the desired copolymer with a moderate molecular weight. The
molecular weights of the copolymer was determined using gel permeation chromatography
(GPC) with tetrahydrofuran as eluent and polystyrene calibration, where number average
molecular weight M, = 15Kg/mol and polydispersity index of 1.6 (see Figure S1C) For self-
assembly studies and micelle formation, 0.05, 1, 5 mg of P3HT-b-P3TEGT was
dissolved in 1 mL of THF and stirred at 60 °C in the dark for 2 h, the resulting
copolymer solution was added to anhydrous methanol, selected as non-solvent at
room temperature (SI.1.3, Scheme S2). Nanomicelle formation was followed by DLS
and 'H NMR, and characterized by contact angle, scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) techniques.

2.3. Mannose conjugation to P3HT-b-P3TEGT nanomicelles

P3HT-b-P3TEGT nanomicelles decorated with different amounts of mannose
were prepared by a self-assembly process. P3HT-b-P3TEGT was dissolved at 1
mg/mL in THF, stirred at 300 rpm for 2 h at room temperature. A 5 mg/mL solution
of mannose in methanol was prepared by vigorous vortex shaking. Blends of P3HT-b-
P3TEGT with mannose were prepared by mixing volume of mannose and P3HT-b-
P3TEGT solutions in different ratios at room temperature (S1.1.4, Scheme S3). These
suspensions were sonicated for 2 min in order to achieve uniform-sized micelles and a
distribution of mannose on the surface of the micelles. The self-assembled micelles

were characterized by *H NMR, FTIR, SEM and contact angle measurements.

2.4. Biosensor fabrication and assessment of E. coli attachment
P3HT-b-P3TEGT/mannose electrodes were fabricated by drop casting. 8 pL of
a solution of P3HT-b-P3TEGT/mannose was deposited on a glassy carbon electrode
(GCE). The electrodes were annealed at 50 °C for 2 h, then rinsed with deionized (DI)
water to remove excess mannose. In order to achieve a biosensor with improved

performance, the ratio of mannose to P3HT-b-P3TEGT nanomicelles, annealing



temperature and time (See S1.3.2) were optimized. Three weight ratios of P3HT-b-
P3TEGT to mannose (1:5, 2:5, and 3:5) were prepared and studied. This was followed
by measuring the detection of E. coli by EIS (see S1.4.1).

Detection of E. coli was performed by dipping the modified GCE/P3HT-b-
P3TEGT/mannose electrode into a solution containing various amounts of bacteria
from 10% to 10’ CFU/mL and incubated at room temperature for 1 h. The biosensor
was then washed with DI water and EIS measurement was performed in sterilized
PBS buffer solution. The reproducibility of the electrodes was tested by measuring the
ESI of different sets.

For optical microscopy studies, films of P3HT, P3HT-b-P3TEGT and P3HT-b-
P3TEGT/mannose were deposited onto glass substrates by spin coating at 2000
rpm/min for 60 s and dried at 50 °C for 2 h. The thicknesses of the films are in the
range of 100 nm to 300 nm considering the concentration and rotational speed used.
The copolymer-modified glass substrates were then incubated with E. coli (10’

CFU/mL) for 1 h, then washed with DI water and examined by optical microscopy.

2.5. Instruments and characterization methods

The instruments used for the characterization are detailed in SI (See SI.1).
Electrochemical measurements were performed using a Metronm Autolab
PGSTAT12 Potentiostat with a three-electrode system in which polymer-modified
GCE is the working electrode, The counter-electrode is a Pt wire and Ag/AgCl is used
as the reference electrode in a single-glass-compartment cell containing sterilized PBS
buffer, pH 7.2, as electrolyte. Cyclic voltammetry (CV) experiments were performed
at potentials ranging from 0 V to 0.8 V at a scan rate of 0.05 V/s for the
characterization of the P3HT-b-P3TEGT electrodes. EIS was measured at -0.4 V
using an alternating potential of 10 mV amplitude in the frequency range from 0.1 Hz
to 100 kHz.

3. Results and discussion
3.1. Synthesis and characterization P3HT-b-P3TEGT nanomicelles
P3HT-b-P3TEGT was prepared according to the procedure reported in the
literature.®*® The molecular structure of the chloroform-soluble fraction was
confirmed by *H-NMR and FTIR spectroscopy. The *H-NMR spectrum of P3HT-b-
P3TEGT and its peak assignment, shown in Figure Sla, confirm the molecular



structure of the copolymer and diblock formation. From NMR analysis a degree of
polymerization (n) of the P3HT block of ~ n = 18-20 was estimated.** The block
distribution was estimated by the integration of the 'H-NMR spectra, and the results
demonstrate that P3HT-b-P3TEGT consists of 70 mol% of 3-hexyl-thiophene and 30
mol% of thiophene units substituted with oxyethylene groups (comparing the
integration peak of Hm and He, see Figure S1a). This ratio is very close to the feed
ratio of the monomers used in the copolymerization. The FTIR spectrum of the
copolymer shows the characteristic bands related to the two blocks of copolymer (see
Sl1.2.1, Figure S2).

It is well known that the self-assembly of diblock copolymers in selective
solvents produces core-shell micelles with different structures.?**** The morphology
and the form of the micelles are affected by the structure, length of each block and the
solvent used.>* THF and chlorinated solvents are good solvents for both blocks, while
methanol is a non-solvent for the P3HT block but a good solvent for the P3STEGT
block. In such a case, the block copolymer can self-assemble in the presence of
methanol to form polymeric micelles. Thus, adding methanol would promote the
aggregation of the P3HT blocks via strong n-n interactions, while the hydrophilic
P3TEGT blocks are solvated by methanol.>*

The first indication of successful self-assembly and micelle formation of
P3HT-b-P3TEGT was obtained from the *H and *H-'H NOESY NMR analysis. NMR
spectra show that upon addition of a small amount of CD3;0D (10%) to a chloroform
solution of P3HT-b-P3TEGT various modifications are observed: (i) gradual
broadening of the aromatic and aliphatic proton signals; (ii) decrease in the intensity
of the deshielded narrow aromatic peaks and (iii) new peaks. The modification is
pronounced for high amount of CD3;OD added. At higher concentration of CD3;OD
(30%) (top spectrum in Figure 1), the hyperfine structure disappears completely and
the line width of the signals increases. Changes in line-shape, chemical shift, and line
width, and the appearance of a new signal are observed. These modifications in the
NMR spectra reflect n-n aggregation and micellization induced by the methanol. The
broad *H line is a result of restricted molecular mobility of P3HT block chains, which

stick together and form aggregates.



3 (ppm)
Figure 1. '"H NMR of P3HT-b-P3TEGT (5 mg/ml CDCls) with successive addition of
CD3;0D from bottom to top: 0, 0.1 ml, 0.15 ml, 0.2 ml, 0.25 ml, 0.3 ml, 0.4 ml.

2D NOESY NMR experiments were performed to better understand the self-
assembly behavior of P3HT-b-P3TEGT. This technique allows the correlation of
relatively close-range through-space proton-proton interactions.*® The distance
between alkyl group and thiophene ring protons is short enough to give NOE transfer.
Thus, 2D NOESY experiments could give information on the self-assembly of the
copolymer and the chemical core-shell structure of the nanomicelle. NOESY NMR
spectra of P3HT-b-P3TEGT in CDCl; upon addition of CD3OD were recorded
(Figure 2, up). The spectrum in CDCl3 with 5% of methanol-d4 shows at least six
cross-peaks between the thiophene ring and the hexyl group. The a-methylene protons
at 2.6 ppm (labeled Hf) strongly interact with the aromatic proton of the thiophene
ring in the P3HT block (labeled Ha) and interact also with B-methylene protons
(labeled Hg) in the hexyl chain. Also, the spectrum shows that both the 3-methylene
protons and methylene protons in the hexyl chain (labeled Hi) strongly interact with
the end methyl of the hexyl chain (labeled Hm). However, no NOE effects were
observed between oxymethylene protons of the TEG segments; only the
oxymethylene proton next to the thiophene ring (labeled Hc) interacts with the
aromatic proton of thiophene in the P3STEGT block (labeled Hb). NOE is due to a
dipole—dipole interaction through space, and it is sensitive to nuclei that are close

together by bonding structures as well as the nuclei that are close together by (~0.5
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nm).*® The absence of an oxyethylene proton interaction is due to the large distance

between chains, as observed by GIWAXS measurements.*’
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Indeed, it has been demonstrated that the P3HT-b-P3TEGT self-assembly on
lamellar structure and stacks with chain packing situations in the P3HT and P3TEGT
phases, one with a d-spacing of 0.52 nm assigned to the mean inter-distance of the
oxyethylene side groups between the P3TEGT block chains, while the other with d-
spacing of 0.46 nm assigned to the mean inter-distance of the hexyl side groups
between the P3HT block chains.*” Therefore, the NOE is less sensitive to proton-
proton-interaction of the TEGT side groups. These six cross-peaks indicate that the
P3HT block is self-assembled in a lamellar m-stack structure. In this way, the hexyl
chains of P3HT block are interdigitated between flanked highly ordered n-stacked
aggregates (face-to-face) surrounded by domains of the hydrophilic P3HT blocks,
core-shell nanomicelles. For comparison, we have analyzed the NOESY NMR
spectrum of P3HT-b-P3TEGT in CDCls;, before adding CD3;OD. It shows only two
major cross-peaks (Figure 2, bottom). The a-methylene protons at 2.6 ppm strongly
interact with the aromatic proton of the thiophene ring in the P3HT block, and the
oxymethylene protons next to the thiophene ring interact with the aromatic proton of
thiophene in the P3TEGT block. This result is consistent with previous work
reporting that the alkyl chains are interdigitated and the methylene groups next to the
ring interact with the aromatic rings of an adjacent stack.*® The same self-assembly
and micellization behavior are observed in THF-d8/ CD3;OD solution (see S1.2.2,
Figure S3). All the NMR results support a structure in which P3HT-b-P3TEGT self-
assembles into polymeric core-shell nanomiclles with a double-layer architecture
formed by a hydrophobic interior P3HT block surrounded by a hydrophilic exterior
PEGT block. These observations are in good agreement with previous literature
reports, 343940

The successful self-assembly of P3HT-b-P3TEGT was confirmed by recording
the absorption spectrum of both P3HT-b-P3TEGT and P3HT solutions after
increasing the amount of methanol (Figure 3).* In the case of P3HT (Figure 3a), one
absorption peak at 435 nm was observed in THF, indicating that the polymer chains
are well solvated in THF. In 30% methanol, the maximum shifts to 515 nm and
additional absorption peaks at 555, and 610 nm appear. The new bands are attributed
to aggregation in solution due to m—x stacking of the P3HT chains.** As methanol

ratio was further increased the low-energy peaks gradually increased, which is
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indicative of increased intermolecular interactions between P3HT chains. The
absorption spectra of P3HT-b-PTEG closely resemble to that of P3HT nanoparticles,
with a shoulder peak around 425 nm, Figure 3b. The presence of this shoulder can be
explained by the coexistence of both aggregated and coiled chains as previously
reported in the literature.* Thus the main peak at around 425 nm in THF indicates
that the two blocks of P3HT-b-P3TEGT are well solvated in THF. In 30% methanol,
additional absorption peaks at 555, and 610 nm appear due to the improved n—n
stacking of the P3HT block, which is the same as for the P3HT homopolymer.*
However, when the methanol ratio is further increased, these low-energy peaks
increase gradually as a result of the formation of stable micelles with the hydrophilic
shell outside, contrary to the P3HT homopolymer. Hence, this result proves that
methanol, a poor solvent, induces the aggregation of P3HT, and as selective solvent
for P3TEGT induces formation of stable nanomicelles of the block copolymer P3HT-
b-P3TEGT with a core of P3HT block and a shell of P3TEGT block.
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Figure 3. UV-vis spectrum of P3HT (A), and P3HT-b-P3TEGT (B) in THF solution
with different methanol ratios: (a) 0%, (b) 30%, (c) 50%, (d) 70%, (e) 100%.

To examine the influence of the concentration of P3HT-b-P3TEGT materials
and solvent composition on the micelle stability and micelle size distribution, three
types of micelles were studied with different concentrations of P3HT-b-P3TEGT in
THF/MeOH.. Particle size distribution of P3HT-b-P3TEGT in THF/MeOH with
different ratios, determined by DLS measurements, showed that aggregates with a
monomodal size distribution were formed (see Section SI.2.2.2, and Table S1). The

best stability was obtained for 1 mg/mL, and the hydrodynamic diameter of the
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aggregates is 47 £ 8 nm when the methanol ratio is higher than 50%. TEM
investigations showed that the P3HT-b-P3TEGT nanoparticles are spherical in shape
with an average diameter of 50 nm and increase of diameter is observed for

nanoparticles associated mannose Figure 4.
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Figure 4. TEM image of P3HT-b-P3TEGT nanoparticles(a) and P3HT-b-P3TEGT

functionalized with mannose (b)

3.2. Preparation of mannose-functionalized P3HT-b-P3TEGT nanomicelles

The objective is to generate a facile formulation of mannose-decorated
nanomicelle by the self-assembly approach. Mannose could be coated during the
formation of nanomicelles of P3HT-b-P3TEGT by using non-covalent hydrophilic-
hydrophilic interactions between the TEG segments on the outer surface of the
nanomicelles and the hydroxyl groups of the mannose (see SI.1.4 and Scheme 1).
Mannose is a small molecule that is soluble in methanol, which is a selective solvent
for the hydrophilic block of P3TEGT. Considering this fact, upon addition of a
solution of mannose in methanol to P3HT-b-P3TEGT solution, mannose
spontaneously organizes itself toward the hydrophilic part, and is physically adsorbed
onto the outer surface of the nanomicelles. Mannose is then physically trapped within
oxyethylene groups of TEG side-chains and stabilized via hydrophilic interaction
between hydroxyl groups of mannose and oxyethylene side chain groups of TEG.*
The self-assembly of copolymer in the presence of mannose and the formation of
coated micelles are shown in SlI.1.4, scheme S3. In order to assess the ability of

mannose to functionalize the P3HT-b-P3TEGT and to coat the surface of the
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nanoparticles, non-functionalized and mannose-functionalized films were analyzed by
FTIR (Figure 5). The spectrum, taken after mannose conjugation and subsequently
washed with DI water to remove excess mannose (Figure 5c), shows new vibrational
bands (Figure 5b). The characteristic peaks of mannose related to the —OH group, a
broad peak at 3330 cm™, and symmetric CH, stretching at 2843-2863 cm™ were
observed. This indicates stable immobilization of mannose by hydrogen bonding with

oxygen (—O-) of oxyethylene group side-chains.
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Figure 5. FTIR spectrum of (a) mannose, (b) P3HT-b-P3TEGT micelles, and (c)
P3HT-b-P3TEGT/mannose micelles.

The water contact angles of P3HT, P3HT-b-P3TEGT, and P3HT-b-
P3TEGT/mannose thin films were measured to assess the wettability of the surfaces
(Figure 6). The contact angle of 33° shows that P3HT-b-P3TEGT film has a
hydrophilic surface (Figure 6b), compared to the hydrophobic surface of P3HT with a
contact angle of 107° (Figure 6a). This explains that upon evaporation of solvent the
TEG side-chains of the P3TEGT block would spontaneously migrate vertically to the
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active layers that enhance wettability and hydrophilicity. For mannose-functionalized
P3HT-b-P3TEGT nanomicelles (Figure 5c), the contact angle decreases dramatically
to a value less than 20° compared to 33° for the non-functionalized copolymer. This
means that the incorporation of mannose into the copolymer increases the wettability
of its surface. Further characterizations are necessary to investigate the homogeneity

and intimate mixing of mannose and P3HT-b-P3TEGT on thin film.

(a) (b) (c)

P3HT-b-P3TEGT P3HT-b-P3TEGT/MVse
-

.‘ - —

Figure 6. Static contact angle of water droplet on glass substrate cast with: (a) P3HT
(b) P3HT-b-P3TEGT, and (c) P3HT-b-P3TEGT/mannose.

One of the motivations of this work is to validate our idea of detecting bacteria
with a unlabeled biosensor using mannose-functionalized core-shell nanoparticles.
The attachment of the bacteria to the glyco-surface through lectin-mannose interaction
is well known.**" Various mannose-functionalized glycol nanoparticles have been
shown to specifically bind to FimH adhesion of type 1 pili in E. coli. * Thus, we
moved to the study of the scope and limitations of these mannose-decorated P3HT-b-
P3TEGT nanoparticles for sensing bacteria.

The surface properties of biosensors are crucial issues for non-specific
adsorption of proteins and microorganisms at bio-interfaces in biological
environments.*” *® Therefore, the development of biosensing interfaces that combine
high sensitivity and antifouling ability is essential to expanding the practical
applicability of biosensors to allow reliable measurements. Immobilizing
oligo(ethylene oxide) groups is one of the most commonly used approach to suppress
micro-organism and protein attachment to a surface in certain configurations.***
Indeed, as previously discussed, the copolymers self-assembled into core-shell
micelles with oligo(ethylene oxide) group-enriched surface, such layers enhance
wettability and hydrophilicity of film surface, therefore they are very efficient in
preventing non-specific attachment of bacteria. Therefore, the antifouling behavior of
P3HT-b-P3TEGT was tested. The properties of polymeric surfaces and their effect on
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E. coli attachment were first investigated by optical microscopy and then by SEM.
Optical microscope images of glass substrate modified film after incubation with 1.0
x 10" CFU/mL E. coli. P3HT film (Figure 7a) show bacterial attachment
corresponding to the non-specific interaction of the surface. While P3HT-b-P3TEGT
film (Figure 7b) shows no bacterial cell attachment. This result is related to the
antifouling surface provided by the association of water within TEG side-chains,
leading to the exclusion of biomolecules from the surface. The TEG chain orientation
of the P3TEGT block on the surface would be responsible of the antifouling
properties. This antifouling polymeric film is an ideal surface to modify with a
suitable bioreceptor that could selectively interact with the target without non-specific
interaction of other types of bacteria. In the case of the film of mannose-coated P3HT-
b-P3TEGT (Figure 6c), the image shows attachment of bacterial cells to the surface.
This is due to Fim H lectin in the bacterial surface able to bind to mannose on the
surface of P3HT-b-P3TEGT film. Thus the results obtained by optical microscopy
highlight the fact that E. coli attachment to polymeric surfaces is most affected by the
surface energy, as determined by the water contact angle and the presence of

bioreceptors such as mannose on the surface.
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Figure 7. Optical microscopy images of glass substrate modified by: (a) P3HT, (b)
P3HT-b-P3TEGT, and (c) P3HT-b-P3TEGT/mannose images after incubation with E.
Coli (1.0 x 10" CFU/mL) during 1h and washing step.

SEM was used to assess the antifouling properties of the P3HT-b-P3TEGT
film and to confirm the attachment of bacteria to the mannose-modified P3HT-b-
P3TEGT film. As shown in Figure 8, when a P3HT-b-P3TEGT film was incubated
with a solution of E. coli (1.0 x10” CFU/mL), no bacteria were attached to the surface
of the film. However, after exposing the substrate surface, P3HT-b-P3TEGT/mannose
film, to the same concentration of E. coli, the SEM image clearly shows the
attachment of E. coli to the surface of the film (Figure 8b). This means that mannose-
decorated P3HT-b-P3TEGT offers an ideal bio-interface to selectively fix E. coli,

thanks to mannose-lectin binding interaction.
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Figure 8. SEM images after incubation with E. coli (1.0 x 10" CFU/mL): (a) P3HT-b-
P3TEGT film, (b) P3HT-b-P3TEGT/mannose film.
3.4. Electrochemical characterization and E. coli detection

Electrochemical characterization of P3HT and P3HT-b-P3TEGT modified
GCE was studied by CV and EIS in PBS buffer. CV curves (Figure S4A) show that
P3HT does not have any electrochemical activity while P3HT-b-P3TEGT shows a
clear reversible oxidation peak corresponding to the doping/de-doping of conjugated
polymers.®® Both polymers show good reversible redox features in organic solvents,
demonstrating doping dedoping process (Figure S4B). The absence of the
electrochemical activity and redox peaks of P3HT in aqueous solution has been
reported in the literature and interpreted as a consequence of hydrophobicity of the
alkyl chains, which limits the transport of ionic species within the P3HT.”* This
demonstrates that the TEG side-chain improves the wettability of the polymer

backbone in aqueous media and leads to an improvement in electronic and ionic
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transfer. The same behaviour was previously reported for conjugated polythiophene,
where the enhancement of the hydrophilic character improves ionic transport and
doping/de-doping in aqueous media.*®* The redox potential of P3HT-b-P3TEGT,
which corresponds to the average of the oxidation and reduction potentials, is
0.4V/Ag/AgCl. This potential is higher than that reported for polythiophene
substituted by a TEG side-chain®® which could be related to the presence of the
hydrophobic P3HT block in the copolymer. The electrochemistry results are in good
agreement with that reported for oligo(ethylene glycol)substituted conjugated
polymers, where glycol side chains have shown to facilitate polymer swelling and
ions transport in conjugated polymers, allowing ions to penetrate into the bulk during
electrochemical redox reactions in aqueous electrolytes.

EIS measurements were performed in PBS solution without a redox marker, to
investigate the electrical properties of the electroactive layer. This was performed in a
potential range where the current is small, to ensure the stability of the measurement.
The potential chosen is -0.4 V vs. Ag/AgCl, where the polymer is in its
semiconducting state. Nyquist plots were recorded for films of P3HT/GCE and to
P3HT-b-P3TEGT/GCE (Figure S4B). A well semicircle was obtained with both
polymers and nanomicelles. In the case of P3HT-b-P3TEGT (Figure S4B, curve b)
the higher diameter of the semicircle is related to charge transfer resistance of the
electronic transfer from the polymer to electrode.. The fitting data were performed
with an equivalent circuit model where the electronic properties of the layers are
represented by a charge transfer resistance (Rct) in parallel with a capacitance and in
series with the resistance of the solution (Rs). In both copolymers and film formed
with nanomicelle the capacitance was replaced by a constant phase element (CPE),
which underlines the inhomogenous charge distribution in the film (see Section SI.3
of SI, Table S2 for fitting data). In the case of the P3HT-b-P3TEGT/GCE and
nanomicelle Warburg impedance is observed with is related to the diffusion of ions
and demonstrates the ability of the copolymer to diffusion process. Both films of
polymer and copolymer have the same Rct value, however the film formed with
nanomicelle shows a small decrease of Rct which demonstrates their large ability for
ionic and electronic transfer. The capacitance behaviour is higher in the case of
copolymer which could be related to swelling and ionic exchange in water solution.*
From these results, It is difficult to quantify the contribution of ionic and electronic

transfer in copolymer and nanomicelle, however It is clear that the introduction of the
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TEG chains in P3HT-b-P3TEGT does not affect the electronics properties of the
polymers but improves the ionic transfer. Thus, the interfacial properties changed due
to the enhanced diffusion process in the case of the copolymers. This demonstrates
that the swelling of P3HT-b-P3TEGT on the surface allows higher diffusion process
thanks to hydrophilic TEG side-chain.

The detection of E. coli via binding of P3HT-b-P3TEGT/mannose-modified
GCE was characterized by EIS as one of the most promising methods for studying the
interactions of bacteria with bioactive surfaces.®® The EIS technique has become
increasingly popular in a variety of bacteria biosensing applications because it offers
several advantages, such as simplicity, is label-free, has high sensitivity, and can serve
as way to interface bio-recognition events and signal transduction.>* Here, attachment
of bacteria to the electrode surface is detected without using a redox indicator and is
directly proportional to the change in the electrical properties of the conjugated
polymer.t"®

The stability of the EIS signal was firstly analyzed by using various P3HT-b-
P3TEGT/mannose films after optimization of the experimental conditions of film
formation, such as the ratio of P3HT-b-P3TEGT to mannose, the annealing
temperature, and time. (For additional details see section S1.3.2, Figure S5 and Sl1.4.1,
Figure S6.) The optimal conditions provide a homogenous sensing layer with good
stability and reproducibility.

The analysis of the response signal was then measured after the attachment of
bacteria and a washing step to conserve only bacteria attached to the surface through
pili/mannose interactions. Nyquist plots were recorded under the same conditions as
demonstrated previously in a large frequency range at a potential where P3HT-b-
P3TEGT is in its semi-conducting state before and after incubation of various
concentrations of bacteria (Figure 9a). An increase in the width of the semicircle after
bacterial attachment, depending of the concentration incubated, is observed. This
result underlines that the attachment of bacteria affects the electrical properties of the
sensing layer, such as charge transfer resistance and capacitance. This behavior is
generally observed when large biomolecules are attached to the surface of the
electrode, thus reducing the ionic and electronic transfer efficiency. The impedance
data were fitted into an equivalent circuit model and the Rct obtained after the
immobilization of bacteria was used to construct the calibration curve for
concentrations of bacteria from 10° CFU/mL to 10’ CFU/mL (Table S4 in SI). The
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calibration curve shows a dynamic variation with the logarithm of the bacteria
concentration (Figure 9b), and the detection limit based on S/N 3 was calculated to be
500 CFU/mL. This limit of detection is very good compared to the literature reporting
the use of redox-active conjugated polymers as electrode material for bacteria
detection, see table S5 in SI.

The selectivity of the sensor was studied with a Gram(+) bacterium, L.
acidophilus (ATCC 4356). This bacterium was chosen as it is reported to have no
affinity for mannose and no binding capability.>® The EIS response was recorded with
the P3HT-b-P3TEGT/mannose film after incubation of 10° CFU/mL of L. acidophilus
(Figure 9c). There is no variation of the EIS after L. acidophilus incubation (curves a
and b), while the same modified electrode shows a large variation in the Nyquist plot
when the two bacteria are mixed (curve c). This result underlines that P3HT-b-
P3TEGT/mannose selectively detects E. coli even in the presence of other types of
bacteria. Figure 9d displays the histogram response obtained with the two bacteria and
shows clearly the selectivity of the biosensor.

The reproducibility of the biosensor was evaluated with successive
measurements of E. coli at concentrations from 10° to 10’ CFU/mL for three different
P3HT-b-P3TEGT/mannose-modified electrodes. The mean relative standard deviation
(RSD) of 4.1% demonstrates the reproducibility of the biosensors. This
reproducibility could be improved by using other deposition methods, such as spin-

coating or the doctor blade technique.
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Figure 9. (A) Nyquist diagrams of a P3HT-b-P3TEGT/mannose modified GCE
obtained with increasing concentrations of E. coli in PBS: (a) 10° CFU/mL, (b) 10*
CFU/mL, (c) 10° CFU/mL, (d) 10° CFU/mL, (e) 10’ CFU/mL, (f) (B) Calibration
curve; (C) Nyquist plot for test selectivity of P3HT-b-P3TEGT/mannose modified
GCE for: (c) E. coli compared to (b) L. acidophilus and (a) PBS, (D) Histogram of

average variation between the two bacteria.

3.5 Detection in real sample

Drinking water and Nile water were tested as real samples to determine the
performance of the biosensor in real applications using a standard addition method. A
sample of drinking tap water (pH 6.7) was previously treated with a 0.22 um syringe
filter to remove all bacterial cell contaminants, and then three concentrations, 10, 10°
and 10° CFU/mL, of E. coli were inoculated. Nyquist plots were measured and the
average variation of the Rct was calculated. The recovery was obtained by comparing
the value added and that measured. The recovery of measured E. coli in tap water
(Table 1) is between 81 to 95%. This demonstrates the ability of the biosensors to
measure the bacteria in tap water even at low values. The mean RSD is 2.3%.

Table 1. Analysis of spiked tap water for the determination of E. coli.

Sample added Measured Recovery RSD (n=3)
1 10* 9.5x 10° 95 % 4.2%
2 10° 8.7 x 10* 87 % 0.7%
3 10° 8.1x10° 81 % 2.1%

An experiment with contaminated water was performed to test the ability of
the sensor for real-sample measurement. For this purpose water from the Nile
(sampling site: Beni-suef, Egypt) was collected and not treated. Nile water already
contains bacteria as it is purified by the conventional plate culture method (see Sl,
Figure S8). To determine the amount of bacteria in a sample of Nile water, a blank
test was first recorded to eliminate the matrix effect. This was obtained by measuring
the EIS with a Nile sample after filtration through a 0.22 um filter to remove all
micro-organisms. The curve obtained for the blank test was compared with that for an
untreated sample of Nile water (See Sl. 4.2, Figure S8). The variation allows to
calculate the concentration of bacteria in the Nile. The average variation of Rct allows
to calculate the quantity of bacteria attached, which is 10° CFU/mL. This result is of
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the same order of magnitude as that obtained by the conventional method based on

culture and counting (see Sl.4.2).

4. Conclusion

This work demonstrates the feasibility of using solution-processable
glycosylated nanoparticle-based materials in impedimetric sensors for detecting
bacteria. These glycosylated nanoparticles are promising materials for the fabrication
of label-free biosensors for the detection of whole bacterial cells, with the following
advantages. First, the CP nanomicelles decorated with mannose are readily made by
direct blending without any pre-treatment or complicated chemistry, making this a
very simple and low-cost functionalization technique. Second, the presence of the
oligoethylene glycol side-chain in the P3TEGT block suppresses non-specific
bacterial adhesion, which favors selectivity toward mannose-binding bacteria and
enhances the P3HT-b-P3TEGT/mannose biosensor performance. Third, mannose, as
small carbohydrate molecule, physically trapped within the film provides larger
surface area for binding the target proteins of E. coli. Moreover, the use of the
amphiphilic CP approach achieves label-free and reagentless transduction of the
biological binding events into electric signals by EIS, where increasing concentrations
of the bacteria increase the signal. Analysis of the impedimetric parameters shows
that the biosensor has significant sensitivity and specificity for the detection of E. coli
BL21 without using a redox marker, with a detection limit of 500 CFU/mL and a
linear range from 10° to 10" CFU/mL. The biosensor can be used as a continuous
response sensor until saturation is reached at 10’ CFU/mL. The biosensor enables
accurate determination of E. coli concentrations, even under conditions of

contaminated tap and Nile water.
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