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Abstract

Rapid, selective and sensitive sensing of bacteria remains challenging. We report on a highly
sensitive and reproducible surface-enhanced Raman spectroscopy (SERS)-based sensing
approach for the detection of uropathogenic Escherichia coli (E. coli) bacteria in urine. The
assay is based on the specific capture of the bacteria followed by interaction with
cetyltrimethylammonium bromide (CTAB)-stabilised gold nanorods (Au NRS) as SERS
markers. High sensitivity up to 10 CFU mL" is achieved by optimizing the capture interface
based on hydrogenated amorphous silicon a-Si:H thin films. The integration of CH3;0-PEGys
onto a-Si:H gives the sensing interface an efficient anti-fouling character, while covalent
linkage of antibodies directed against the major type-1 fimbrial pilin FimA of the human
pathogen E. coli results in the specific trapping of fimbriated E. coli onto the SERS substrate

and their spectral fingerprint identification.
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1. Introduction

Urinary tract infections (UTIs) are extremely common and highly recurrent, notably for
women. [1-2] Escherichia coli (E. coli) is the predominant uropathogen (50-90%) in
community-acquired infections using a multitude of virulence factors, which enable the
bacteria to establish UTI. While time consuming (18-48 h for pathogen identification), urine
culture remains the golden standard to identify UTI pathogens. Even though Gram-staining,
flow cytometry and urine dipstick testing allow the rapid exclusion of negative samples,
information obtained from these screening methods is often insufficient for making decisions
regarding antibiotic treatment. [3] To overcome the limitations of culture-dependent analysis,
immunological detection methods such as various enzyme-linked immunosorbent assays
(ELISA) have been established. While these assays are fast and sensitive, binding and
detection are separated in time in plate-based ELISA testing. This limitation may be
overcome using different biosensor architectures where bacteria binding to antibodies and
other bacteria-specific ligands directly trigger a detectable signal, which is proportional to the
concentration of the bacteria. [4-7] In contrast to biosensors which are mainly specific
towards a given pathogen and might suffer from cross-reactivity problems, there are a few
examples of sensing arrays using several ligands to detect multiple pathogens simultaneously
(e.g., Salmonella enterica Enteritidis, Streptococcus pneumoniae and Escherichia coli
O157:H7) and offer better discrimination capabilities. [8-11] Such multiplexing sensors (i.e.
biochips) represent a significant advance for the detection of other pathogens responsible for
UTI (i.e., Klebsiella, Enterobacter, Pseudomonas aeruginosa...) together with a better

reliability of the detection by minimizing false negative or positive responses.

One important analytical technique of broader interest for pathogen detection is Surface-
enhanced Raman scattering (SERS) spectroscopy due to its fingerprint-identification
capability and excellent sensitivity in aqueous media. [12-14] This vibrational technique relies
on the Raman signal enhancement of targets in close vicinity of a metallic surface, owing to
the strong electromagnetic field generated by the localized surface plasmons. Numerous
SERS-active substrates, mainly based on noble metal nanostructures, have been developed for
the bacteria detection due to their tuneable optical properties in the visible range together with
their ease of synthesis and biofunctionalization with probes for a specific pathogen detection.
[15-18] Special efforts have been dedicated to combine SERS with other functionalities such
as bacteria filtration or concentration on dedicated platforms, using e.g., additional matrixes,

microfluidics or dielectrophoresis. [19-21] However, to best of our knowledge, their
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implementation in a multiplexing array was only demonstrated by a few pioneer works of C.
Haischl [22-24] and A. Grow et al. [25] The main reason is the difficulty to generate various
types of ligands (i.e., DNA aptamers, antibodies, glycans ...) specific to various types of
bacteria (Gram-positive or negative) and a generic chemistry for their grafting. Moreover, the
reproducible SERS response of bacteria remains challenging, mainly due to the uncontrolled
distribution of nanoparticles on .the bacteria surface or from inhomogeneity of the SERS
substrate, the batch-to-batch variation of bacteria due to growth conditions or the different
experimental Raman parameters. [15, 26] In order to clearly characterize the bacterial
fingerprint and distinguish different microorganisms [27], the use of chemometrics is essential
for efficient discrimination. [13,28] However, the successful combination of microarray
multiplex analysis with SERS discrimination capability remains a challenge for achieving fast

and reliable analysis of bacteria.

In this context, we focus on the specific and sensitive identification of E. coli strains
containing type-1 fimbriae by designing a SERS biochip with bound anti-fimbrial E. coli
antibodies, as displayed in Figure 1. Indeed, uropathogenic E. coli strains express surface-
adhesive organelles known as type-1 pili. [29] Recently, anti-fimbrial antibodies against the
major pilin protein FimA were generated and used as surface probes for the selective
magnetic isolation or electrochemical detection of E. coli UTI type-1-fimbria wild-type
strains. [30, 31] We demonstrate here that the covalent integration of anti-fimbrial antibodies
onto acid-terminated oligoethylene glycol (OEG,) molecular layers grafted on amorphous
hydrogenated silicon (a-Si:H) thin films allows for specific trapping of fimbriated E. coli onto
the surface. SERS detection was achieved upon interaction of positively-charged gold
nanorods (Au NRs) with the negatively-charged cell membrane of E. coli trapped on the
surface. The SERS fingerprints proved to be reproducible due to the homogeneous coverage
of the bacterial membrane with Au NRs, a feature often not well-addressed in the literature.
Our strategy differs from others as it is based on trapping the bacteria on well-defined areas at
the surface of the biosensor and post-coating the bacteria with Au NRs for SERS mapping and

fingerprint identification.

Figure 1. E. coli selective trapping on hydrogenated amorphous silicon a-Si:H surfaces
modified with anti-fimbrial antibodies against the major pilin protein FimA. Capture

bacteria are analyzed using their interaction with positively-charged gold nanorods (Au
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NRs) used as SERS markers: (A) Surface architecture for the selective trapping of FimA-
expressing E. coli and post-incubation with positively-charged Au-NRs for SERS sensing. (B)
anti-fimbriae modified array, optical images of spots after interaction with E. coli and SERS

signature of the trapped bacteria.

2. Experimental Part

2.1. Materials

Hydrogen peroxide (H,O,, 30%), sulfuric acid (H,SO4, 96%), and hydrofluoric acid (HF)
were of RSE grade and supplied by Carbo Erba. Undecylenic acid (99%, Acros Organics),
carboxypoly(ethylene glycol) amine (HOOC-PEG,,-NH,, Fischer Scientific, chloroauric acid
(HAuCly, Alfa Aesar) and hexadecyltrimethylammonium bromide CTAB (98%, TCI) were
used as received. N-hydroxysuccinimide (NHS), N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide (EDC), sodium dodecyl sulphate (SDS), tween 20, sarkosylate,
methoxypoly(ethyleneglycol)-amine 750 (CH3;0-PEG750-NH,), silver nitrate, L-ascorbic acid,
dextran sulfate, ammonium sulfate, sodium phosphate, ethylenediaminetetraacetic acid
EDTA,

sodium citrate, glycine, magnesium chloride, calcium chloride and sodium chloride were

supplied by Sigma Aldrich. Ultrapure water from a Milli-Q system (18 MQ cm™)

was used in all experiments. PBS 1X, 0.2X and 0.1X were obtained by dilution in Milli-Q

water of PBS 10X purchased from Ambion. All glassware used for the AuNRs synthesis was
cleaned using freshly prepared aqua regia (HCl: HNO; in a 3:1 ratio by volume), followed by

rinsing with Milli-Q water.

2.2. Synthesis of gold nanorods (Au NRs)

Gold NRs were synthesized using a protocol described by Nikoobakht and El-Sayed [32] as
follows. The seed solution for gold NR growth was prepared by mixing 5 mL of aqueous
HAuCly solution (0.5 mM) with 5 mL of aqueous CTAB solution (0.2 M). Fresh NaBH4 (0.6
mL, 0.01 M) was injected to the Au(III)-CTAB solution under vigorous stirring during 2 min
at 25°C. To prepare the growth solution, 0.10 mL of aqueous AgNO; (4 mM) was quickly
added to the CTAB solution (5 mL, 0.20 M) at 30 °C. To this solution, 5 mL of 1 mM
HAuCly was quickly added and after gentle mixing of the solution, 70 puL of aqueous ascorbic
acid (78.8 mM) was added and the color of the solution changed from dark yellow to
colorless. Finally, 12 puL of the seed solution was added to the growth solution at 30 °C and
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gently mixed for 2 h. The color of the solution gradually changed within 10-20 min. The final
dark-blue colloidal solution was purified by repeated centrifugations (2x) at 6000 rpm for 20

min.

2.3. Biosensor construction

2.3.1. Deposition of amorphous silicon (a-Si) thin films on glass

Microscope glass slides were copiously rinsed with water then with TFD4-type detergent
(Franklab), before being immersed in absolute ethanol for 15 min. After vigorously rinsing
with deionized water, the slides were further immerged into piranha solution (1/3
H,0,/H,SOy4; caution: very corrosive) for 15 min. After a final rinse with ultrapure Milli-Q
water, the clean slides were dried under nitrogen flow.

Hydrogenated amorphous silicon thin layer (3 nm) was deposited onto the glass slides using
plasma-enhanced chemical vapor deposition (PECVD) in a low-power regime as described by
Solomon et al. [33] The deposition was performed using the following parameters: 40 mTorr
pressure, 250°C, 0.06 Wem™ power density and 33 scem gas flow rate (SiHs,).

2.3.2. Surface modification of glass/a-Si:H

Glass/a-Si:H slides were treated using HF vapor for 15 s to generate hydrogen-silicon bonds
and then placed at room temperature into a Schlenk tube containing undecylenic acid
previously deoxygenated and heated at 100°C during 30 min. The tube was subsequently
introduced into a UV chamber and exposed to 312 nm irradiation for 3 h. The slides were then
rinsed for 30 min with hot acetic acid (75°C, two times), and finally with PBS 1X/0.1% SDS
for 15 min, followed by 5 min in PBS 0.2X, 5 min in PBS 0.1X and 2 min in Milli-Q water.
The slides were dried under nitrogen flow and stored under vacuum.

The acid-functionalized surfaces were subsequently immersed in 10 mL of a mixture of 10
mM EDC and 10 mM NHS for 90 min at 15°C. [34] The as-obtained substrates were
copiously rinsed with Milli-Q water and dried under nitrogen flow and then immersed into 20
mM HOOC-PEG,-NH; solution during 3 h at room temperature. After a final rinse in Milli-Q
water, the substrates were dried under nitrogen flow and stored under vacuum at room
temperature until next use.

The PEGylated surface was activated using EDC/NHS mixture as described above. A pin
spotter (Biorobotics Microgrid IT) was used to locally deposit droplets of a few nL of antibody
solutions by contact on the freshly activated surface. The antibodies were used at various
concentrations (0.57 mg/mL, 1.43 mg/mL for purified antibodies and 20% dilution for serum

antibodies) diluted in different spotting buffers (SB) as follows: 150 mM phosphate, 0.005%
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tween 20, 0.001% sarkosyl (SB1); 150 mM phosphate, 0.005% tween20 (SB2); 150 mM
phosphate, 0.01% sarkosyl (SB3), 10 mM phosphate, 10 mM NaCl, 10 mM sucrose (SB4).
After spotting, the slides were stored in a desiccator overnight at controlled humidity (~75%
at 15°C). The slides were then blocked for 1 h using PEG750-NH; (50 mM in PBS 1X). After
a final rinse using PBS 1X and water Milli-Q, the sample (dried under a nitrogen stream) was

stored under vacuum at room temperature.

2.3.3. Trapping of bacteria using a fluidic cell and SERS labeling

By placing the biosensor inside a flow cell with an internal volume of 200 pL, suspensions of
bacteria were passed over the sensor at a flow rate of 0.25 mL.min"'. Cycles consisting of 5
min flow followed by 15 min static contact were repeated until bacteria were observed on
spots through the glass window of the cell by using a microscope (setup see Figure SI1). 150
puL of the as-synthesized Au NRs were deposited on the biochips which had reacted with
bacteria and placed on a rotating plateau. After 15 min interaction, the excess of Au NRs was
rinsed off using Milli-Q water and the surface was dried using a nitrogen stream. SERS

mapping was then performed.

2.4. Biological part

2.4.1. Bacterial growth

E. coli IM101TR strain was kindly provided by the biochemistry laboratory (BIOC) at Ecole
Polytechnique. [35-36] Katushka fluorescent E. coli was obtained from the transformation of
E. coli K12 MG1655 (ATCC 700926) with the pPDONR221-nadB-cat recombinant plasmid, as
described before. [37] E. coli AAECI185 are K12 strains transformed with the pUT2002
plasmid, which carries the fim operon with a deletion of the fimH gene encoding the FimH
adhesion [38] and /or with pMMB66 low-copy number plasmid with the Lacl repressor and

tac promoter, that controls the expression of the cloned wild-type fimH gene [39] respectively.

Both E. coli Katushka and E. coli JIM101TR strains were grown in 2% YT medium at 37°C
with shaking until the ODggo reached 0.5-1. Part of the culture (10 mL) were washed with
PBS 1X or Milli-Q water (20 mL), re-suspended in 1mL of PBS 1X or Milli-Q water (1 mL)
and diluted to required concentration. E. coli AAEC185 was grown in LB medium with
antibiotic selection (25 pg/mL chloramphenicol for pUT2002 and 100 pg/mL ampicillin for
the pMMB66 transformant) while shaking at 37°C overnight. Part of E. coli AAECI185
(pPMMB66) was washed with PBS 1X or Milli-Q water and diluted to required concentration
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as described above. In case of E. coli AAEC185 (pUT2002), part of the first overnight culture
was inoculated in fresh LB media (varying volumes but keeping 100x dilution) in a flask with
a broad liquid air interface, with 1uM of IPTG added to the medium to induce the expression
of the type-1 fimbriae and incubated without shaking for about 48 h. The obtained culture was
washed with PBS 1X or Milli-Q water and diluted to required concentration as described

above.

2.4.2. Type-1 fimbriae extraction

E. coli K12 MG1655 and E. coli LF82 were used as the source for the extraction and
purification of type-1 fimbriae, whereas E. coli AAEC185(pUT2002) [40] was used to extract
type-1 fimbriae lacking the two-domain adhesin FimH. The latter preparation was further
used to generate antibodies against type-1 fimbriae, independent of the presence of FimH
adhesin.

Bacterial cultures were washed repeatedly by centrifugation, for exchange of the medium with
PBS. Fimbriae and flagellae were sheared from the bacterial surface by homogenization using
an Ultra-Turrax blender, 3 times for 40 s at 2000 rpm, interrupted by breaks of 30 s with
incubation on ice. Upon clearing from the cell debris by centrifugation at 10000 rpm for 10
min at 10 °C, the sheared fimbriae were recuperated from the supernatant. Precipitation of the
sheared organelles was induced using 100 mM MgCl, and incubation for 1 h on ice, followed
by centrifugation at 10000 rpm at 4°C during 60 min. The pellet was resolubilized in 5 mM
Tris-HCl at pH 8.

2.4.3. Type-1 fimbriae purification

A purification step was applied to separate the major pilin protein FimA from the band
between 50 and 75 kDa, corresponding to flagellin. The samples (4, 5 and 6), resulting from
the extraction, were loaded on SDS-PAGE without trifluoroacetic acid (TFA) and the pure
type-1 fimbriae were recovered from the entry well of the stacking gel (3.6%
polyacrylamide), similar to what was described earlier [41] (Figure SI2A). Next, the type-1
fimbriae were quantified using a densitometer on the bands of FimA in SDS PAGE (Figure

SI2B), prior to immunization of rat with FimA for antibody generation.

2.4.4. Generation of anti-FimA polyclonal antibody
The purified FimA pUT2002 was used for immunization of a Whistar rat (Eurogentec,
Belgium) for antibody generation. Polyclonal sera from rat SYR474 (non-purified) showed
active up to 1000x% dilution using Elisa (Figure SI3A).



2.4.5. Purification of anti-FimA polyclonal antibody

Purification of polyclonal anti-FimA pUT2002 was carried out on Protein G column
according to the provided protocol (HiF1iQ Protein G FPLC Column from Generon). Prior to
injection on Protein G column, delipidation and filtration steps were performed. For
delipidation, the serum was treated with a solution of 10% dextran sulphate and 1 M calcium
chloride (for 1 mL of serum, 1 mL of calcium chloride and 0.14 mL of dextran sulphate were
added). After 15 min interaction, the obtained precipitate was discarded and the supernatant
was washed three times with the binding buffer and concentrated (binding buffer 20 mM
sodium phosphate/0.8 M ammonium sulphate pH 7.4). The as-obtained stock was injected on
Protein G column for purification (flow rate 1 mL/min). Two elution buffers were used: 0.1 M
sodium citrate pH 5.46 (elution peak 1) and 0.2 M glycine pH 2.5 (elution peak 2) (Figure
S3B) and analyzed for purity on SDS-PAGE (Figure S3C).

2.4.6. Reactivity of anti-FimA polyclonal antibody versus FimA

To analyze their reactivity, both antibody fractions were flown at 20 pL.min"' in HBS-EP
buffer (10 mM Hepes pH 7,2, 150 mM NaCl, 5 mM EDTA and 0.005% Tween-20), over the
pure FimA (pUT2002), that had been immobilized at a rate of 87 RU (response units) on a
CMS5 Biacore sensor chip using the standard EDC-NHS coupling procedure (Figure SI3D).

2.5. Instrumentation

UV/Vis absorption spectra were recorded using a Cary300 UV-Vis spectrophotometer. The
wavelength range was 200-800 nm.

Surface-enhanced Raman spectroscopic (SERS) measurements were performed using
Horiba/Jobin Yvon LabRam HR instrument equipped with a laser emitting at 633 nm. The
spectra of E. coli strains were recorded in the 200-2200 cm™ spectral range using different
incident laser powers (from 0.1 to 2.5 mW) in order to avoid the photo-degradation of the
samples and spectral data acquisition times from 10 to 30s. The 521 c¢cm™ band of the silicon
wafer was used for frequency calibration. After analysis with Labspec6 (baseline subtraction
and normalization) SERS data was treated using Origin Pro for Principal component analysis
(PCA). The full spectral range was taken into account (200-2200 cm™).

Scanning electron microscopy (SEM) images of bacteria deposited on silicon substrates
were recorded using a SEM Hitachi 4800 microscope operating from 3 to 5 kV.
Transmission electron microscopy (TEM) images of E. coli K12 MGI1655, E. coli
AAEC185(pUT2002) and E. coli LF82 were recorded on samples grown statically overnight



at 37 °C in LB. An aliquot of E. coli AAEC185(pUT2002) was adsorbed to a carbon-coated
FormVar film on 400-mesh copper grids (Plano GmbH, Germany) for 1 min. The grids were
blotted, washed twice in droplets of Milli-Q water and negatively stained using 1% (w/v)
uranyl acetate. The grids were allowed to dry before the samples were observed/studied with a

FEI Morgagni™ 268(D) microscope operated at 120 kV.

3. Results and discussion

3.1. Isolation and characterization of anti-fimbrial antibodies

It is well known that uropathogenic E. coli strains express surface-adhesive organelles known
as type-1 pili [29] (Figure 2A). These type-1 pili consist of a 7 nm-thick rod joined to a thin
3-nm tip fibrillum containing the adhesin, FimH, which mediates binding to mannosylated
glycoproteins, critical in establishment of E. coli UTI infections. [42] The major pilus rod
possesses between 500 to 3000 FimA subunits along its full-length. In this work, E. coli K12
MG1655 and E. coli LF82 [43] were used as alternative type-1 fimbriae sources of FimA,
whereas E. coli AAEC185(pUT2002) was used to extract type-1 fimbriae lacking the two-
domain adhesin FimH. Indeed, using TEM (Figure 2B) it was verified that E. coli
AAEC185(pUT2002) expresses type-1 fimbriae, despite the absence of the FimH gene.

Figure 2. E. coli type 1-pili: (A) Schematic representation of E. coli type-1 fimbriae with its
FimA pilin subunits and their recognition by the polyclonal anti-FimA antibodies. (B)
Transmission electron microscopic (TEM) imaging of E. coli AAEC185 (pUT2002) shows
the presence of fimbriae used to generate the anti-FimA polyclonal antibodies used in this

work.

The extracted anti-fimbrial antibodies were formed in two steps: (i) FimA encoded on the
pUT2002 plasmid carries the K12 FimA sequence. [38] As can be seen from lanes 9 and 10 in
Figure SI2A, the presence of trifluoroacetic acid (TFA) in the Laemmli loading buffer is
required to dissociate type-1 fimbriae into FimA pilin; (ii) Gel exclusion of type-1 fimbriae
had to be used thus in a second purification step to separate the major pilin protein FimA from

the band between 50 and 75 kDa, corresponding to flagellin FimC (Figure SI2B).
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3.2. Development of E. coli capturing interface

The specific detection of E. coli K12 is based on the selective capture of the pathogen by the
surface anchored anti-FimA antibodies (Figure 3A). We opted for the use of a hydrogenated
amorphous silicon (a-Si:H) as sensing interface as thin films can be easily deposited by
plasma-enhanced chemical vapor deposition (PECVD) in low-power regime on glass
substrates. Additionally, these a-Si:H thin films have shown to be ideal for the construction of
stable biosensors due to the possibility of ligand attachment through robust Si-C covalent
bonds. [44-45] The integration of undecylenic acid functions onto a-Si:H is based on the
photochemical hydrosilylation reaction, [46] followed by the amidation of a bifunctional
oligo(ethylene glycol) OEG linker, HOOC-OEG,-NH; in a two-step process using the well-
known EDC/NHS coupling activation. [47-48] The presence of at least 8 OEG units proved to
be highly efficient for limiting non-specific surface interactions with proteins like lectins. To
demonstrate the reliability of this surface functionalization scheme, FTIR-ATR measurements
were performed after each reaction step on a 20 nm-thick a-Si:H film deposited on a silicon
ATR prism. Focusing on the carbonyl region in the 1500-1900 cm™ frequency range of the
spectra displayed in Figure SI4, characteristic peaks are recorded for the carboxylic
stretching vco mode of the acid-terminated surface (a), the triplet band of the ester-NHS
function of the activated surface (b) and the two amide bands together with the carboxyl vco
band related to the termination of the OEG chains and the probable hydrolysis of unreacted
ester-NHS surface (c). The OEG signature is clearly evidenced by the presence of a large
band at around 2800-2999 cm™ corresponding to the stretching mode of the ethylene glycol
units vocmz and two peaks at 1461 and 1128 cm”' related to the scissor mode 8oca and the
stretching voco modes, respectively. By repeating the EDC/NHS treatment, the carboxyl
functions can be easily reactivated to form the ester-NHS terminated monolayer as displayed
in spectrum (d).

In order to achieve a selective harvesting of bacteria to the surface, NH,-terminated antibodies
were locally deposited using a pin-spotter on the EDC/NHS activated substrates. The
remaining surface anchoring sites were blocked with hydrophilic CH3;O-PEG7s)-NH;

(MeOPEGy7s)), to avoid any non-specific bacteria adhesion.

Figure 3. Formation of anti-FimA antibody modified interface and interaction with

fluorescent E. coli K12 expressing the TurboFP635 protein (Katushka): (A) Schematic
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illustration of the functionalization scheme for anti-FimA antibodies covalent immobilization:
(a) etching of PECVD deposited a-Si:H with HF vapor; (b) photochemical hydrosilylation of
a-Si:H using undecylenic acid, (¢) amide coupling reaction with NH,-OEG,,-COOH, (d)
integration of anti-FimA (via spotting), followed by blocking of the remaining COOH
functions using CH3;OPEG3so; (B) Fluorescence images recorded on sensor areas modified
with anti-FimA at 0.57 and 1.43 mg/mL (4 lines describing 4 replicates) in different spotting
buffers (SB1, SB2, SB3, SB4) after interaction with E. coli Katushka (10* CFU mL™") for 1 h.

The influence of buffer and anti-FimA concentration on the capture efficiency of E. coli (10°
CFU mL™") was investigated by fluorescence scanning (at 532 nm) using the fluorescent E.
coli K12 expressing the TurboFP635 protein (Katushka) (Figure 3B). Two anti-FimA
concentrations (0.57 and 1.43 mg mL™") and four different spotting buffers (SB) were
employed containing anionic and non-ionic surfactants (SB1), a non-ionic surfactant (SB2),
an anionic surfactant (SB3) and sucrose without surfactant (SB4) to keep the 3D protein
structure preserved. [49] Using an anti-FimA concentration of 1.43 mg mL™' in spotting buffer
2 or 3 results in efficient and reproducible bacteria capturing. The optical microscopy images
recorded before and after interaction of E. coli Katushka with the optimized interface (Figure
SI5A) are in line with the fluorescence images, showing the aggregation of captured bacteria.
Typically, about 700 bacteria interact with the antibodies within a 300-micrometer sized spot.
No significant background fluorescence signal was detected between the sensing spots,
highlighting the excellent antifouling properties of the surface architecture.

To demonstrate the specificity of the anti-FimA sensing substrate to E. coli expressing type-1
fimbriae, E. coli pMMBG66, a bacteria strain that cannot express type-1 fimbriae [38] was
incubated for 1 h with the sensing substrate. No attachment was found even after interaction

with high concentrations of E. coli pMMB66 (Figure SISA).

The efficiency and the robustness of the surface chemistry were demonstrated by monitoring
three successive attachment/detachment cycles of the bacteria during one week (Figure
SI5SB). A basic regeneration treatment (20 mM NaOH) shows a complete removal of the
bacteria without affecting the stability and the functionality of the interface. After each
regeneration cycle, the bacteria tend to form aggregates at the spot surface with area free of
bacteria. Noticeably, the aggregation areas are not found at the same locations after each
cycle, an expected feature since binding of bacteria on antibodies is assumed to take place

randomly. It suggests that the antibodies are not denatured since they are still able to
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specifically interact with the bacterial strains. However, it appears that after three regeneration
cycles, the bacteria coverage on the surface is less uniform, suggesting a partial fatigue of the
antibody binding capabilities upon regeneration. From a quantitative analysis with Image J
program, the amount of trapped bacteria in the spot remains rather identical on the
regenerated interface, indicating that the global trapping efficiency of the spot has been
preserved. In addition, no unspecific bacterial adhesion outside the spot is observed,
confirming the well-controlled chemistry of the sensing layer. Labeled bacteria allowed for
validating the efficiency of the sensing architecture through fluorescence measurements. In

the following, SERS-based detection will be integrated into the sensor concept.

3.3. SERS based sensing using CTAB-coated Au NRs as SERS markers

3.3.1. Au NRs as SERS markers

Golds nanorods were chosen as SERS markers because of their anisotropic optical properties
providing a more flexible control of their resonance wavelength. They also exhibit a stronger
SERS sensitivity as compared to spherical nanoparticles and long-term stability at room
temperature. [50-51] SERS E. coli sensing was based on post-interaction of CTAB-stabilized
Au NRs with surface-captured E. coli. The Au NRs are positively charged with an aspect ratio
of 2, correlating to a length of 40 nm and a width of 20 nm as evidenced from the SEM image
in Figure 4B. These Au NRs exhibit two plasmon bands peaking at 518 and 653 nm (Figure
4B). The longitudinal contribution centered at 653 nm overlaps well with the 633 nm (red
laser) excitation wavelength used for SERS measurements. TEM images revealed a strong
interaction of Au NRs with the membrane of E. coli (Figure 4C) most likely due to
electrostatic binding interactions [52]. Different interaction durations (15 min to 3 h) were
tested, as displayed in the SEM images in Figure S6. A large number of Au NRs are already
attached to the bacterial membrane of E. coli after 15 min. A longer interaction time does not
increase the coverage significantly. Using a short interaction time has the double advantage of
considerably decreasing the analysis time as well as insuring that bacteria remain viable even
upon contact with CTAB-coated particles, known for their antibacterial behavior [53]. The
SERS spectrum of bacteria-free Au NRs (after drying of droplets of an Au NR solution
directly deposited on glass) exhibits the CTAB characteristic bands at 757 and 1443 cm™

corresponding to ven+ and 8¢, respectively (cf. Figure S7).
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Figure 4. Formation of SERS active Au NRs-E. coli: (A) UV/Vis spectrum of Au NRS, (B)
SEM image of Au NRs, TEM image: overview (C) and closer view (D) of E. coli after
interaction with Au NRs for 3 h.

Three different E. coli strains, E. coli IM101TR, Katushka and AAEC185(pUT2002) [54]
were mixed with Au NRs and then a droplet of this solution was deposited on a glass slide.
This way, the SERS ability of the Au NPs for probing bacteria can be assessed independently
of the capture efficiency of the bacteria by the biochip substrate. Once dried, SERS mapping
was performed on 10 x 10 pm? areas and SERS spectra were extracted (Figure 5). Different
signatures are obtained depending on the E. coli strain investigated, with good reproducibility
for E. coli Katushka (Figure SA) and pUT2002 (Figure 5B). Moreover, the CTAB vibrations
are generally not seen except for E. coli IM101TR strain. In the case of E. coli Katushka, the
SERS spectra are rich in protein signatures (amide I, IT and III at 1650, 1540 and ~1300 cm™,
respectively), amino acid vibrations (at ~1500 and 1600 cm™) and saturated lipid vibrations
(dciz at ~1460 cm™). In the case of E. coli AAEC185(pUT2002), the signatures are richer in
glycan vibrations with the presence of the stretching modes vc.c in 1,4-glycosidic link at ~
850 ¢cm™ and vc.oc at 1000-1130 cm™. Moreover, some amino acid bands are observable
around 1580 cm™ and the characteristic vc.c aromatic ring of phenylalanine is found at 1000
cm™. In both cases, the signatures are characteristic of the bacteria cell-wall membrane. On
the contrary, for E. coli IM101TR (Figure 5C), the SERS spectra are less reproducible with
main bands recorded in a large range of Raman shifts between 400 and 1600 cm™. As
compared to the two other strains, E. coli Katushka is the only one possessing flagella, which
can be distinguished by the presence of strong amide bands. The combination of SERS and
Principal Component Analysis (PCA) has been shown to be able to provide the identification
of bacteria at the strain level.[55] Here, even though some conspicuous differences between
spectra can be recognized at the naked eye, three distinct clusters corresponding to the three
strains are obtained by PCA analysis, confirming that the variability between the spectra of a
given strain is statistically lower than the differences between the spectra of distinct strains

(Figure 5D).

Figure 5. SERS spectra of three different E. coli strains (10° CFU mL™) after interaction

with Au NRs as SERS marker; for each strain, the four displayed traces correspond to
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spectra recorded at distinct locations of the slide: (A) E. coli Katushka, (B) E. coli
AAEC185(pUT2002) and (C) E. coli IM101TR, (D) Principle Component Analysis of the
SERS spectra of the three strains.

3.3.2. Specific sensing of E. coli in biochip architecture

The sensing interface was placed inside a flow cell (see Fig. SI1). A suspension of E. coli K12
MG1655 (strain not genetically modified with the Katushka protein) of different concentrations
(10-10° CFU mL™) was passed over the cell for 5 min at a flow rate of 0.25 mL min™,
followed by 10 min of static interaction and a final rinse in PBS 1X and H,O to eliminate the
physisorbed bacteria and the medium. As shown in Figure SI8A, there is no detectable

Raman response of the bacteria or antibodies at this stage.

The surface was then incubated with the Au NRs markers for 15 min and the SERS spectra
extracted from the mapping were recorded (Figure SI8B and Figure 6A). As a whole, there is
no SERS response of the grafted antibodies alone without interacting bacteria, suggesting no
direct interaction of the gold nanorods with the antibodies. When comparing with Figure 5A,
the bacterial fingerprint of E. coli is preserved in the biochip configuration. Especially, the
presence of the amide bands and the deformation mode of C-H groups from the lipids is
noticed. Moreover, the characteristic signatures of adenine and phenylalanine vibrations are
obvious. It gives evidence that contributions from metabolites are also present in the detected
spectra. When the bacterial concentration decreases, the number of trapped bacteria which are
mainly agglomerated tends to diminish within the spot. Only at 10 CFU mL™, unique
bacterium can be isolated. The SERS response of bacteria on a substrate is however not
proportional to the bacterial concentration as it is the case in solution containing metal
nanoparticles as SERS markers. [56] Therefore no quantitative information can directly be
obtained. However, it is possible to recover a quantification capability, at least in a given
concentration range, by combining SERS and mapping techniques, at the expense of a longer
time of analysis [57] and properly modelling the trapping of bacteria on the mixed PEG-

antibody surface.

Figure 6: SERS spectra of trapped E. coli K12 MG1655: averaged and normalized SERS
spectra extracted from SERS mapping of 2x2 pm? area of surface trapped bacteria: (A) at 10°,
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10*, 10* and 10 CFU mL™ in PBS 1X; (B) at 10° and 10 CFU mL" in artificial urine; the grey
bars in the two frames highlight the spectral features shared by most of the spectra. (C) PCA
of the extracted spectra of E. coli MG1655 at 10° and 10 CFU mL"' in artificial urine (data
from B) compared to the spectra of E. coli Katushka/Au NRs and E. coli pUT2002/Au NRs
deposited on glass (data from Figure 5A and 5B).

In order to test the capability of the sensing technique of detecting E. coli K12 in biological
fluids, artificial urine was spiked with E. coli at 10° and 10 CFU mL™". The SERS spectra
clearly evidence the signatures of the cell membrane, as indicated in Figure 6B. Remarkably,
a positive detection is reproducibly obtained at 10 CFU mL™" within less than 3 h, this time
representing the whole measurement period including E. coli strains incubation on the biochip
and the SERS analysis. This demonstrates the potential of the biochip architecture for the
specific trapping of uropathogenic bacteria at very low concentration in urine, below the
clinical threshold of 10* CFU mL™".

A conspicuous observation is that the spectra recorded at the lowest concentration (10 CFU
mL™") exhibit features somewhat different from those recorded at higher concentration. In
correlation with the microscopy images (Figure SI8B), it can be inferred that these
differences likely arise from the effect of bacteria aggregation, as already observed by other
groups. [58] The spectra obtained after incubation with 10 CFU mL™" solutions appear less
reproducible and more dependent on the bacterial environment, as compared to SERS spectra
recorded after incubation with high-concentration solution. However, these variations are less
significant than those recorded among various E. coli strains, as shown by the PCA displayed
in Figure 6C where a clear clustering appears, separating the signatures of E. coli
AAEC185(pUT2002) from those of E. coli K12 MG1655. Furthermore, PCA suggests that
the bacteria deposited from high-concentration solutions have an environment which might
change from isolated bacteria to aggregated clusters. This can be evidenced from the results in
Figure 6C, where the signatures recorded in these conditions spread between the cluster
obtained from experiments using low bacteria concentrations, and the cluster corresponding to
high bacteria concentrations mixed with AuNRs and dried on a glass substrate. However, as
shown in Figure SI9, this view is probably oversimplified, since PCA performed from
experiments made using solutions E. coli K12 MG1655 in different media and at various
concentrations does not reveal any obvious clustering, leading to the conclusion that no
statistical difference can be brought forward when analyzing E. coli K12 MG1655 deposited
on the biochip from solutions at 10® and 10 CFU mL™" either in PBS1X or urine.

16



4. Conclusion

The construction of an antifouling biochip for the specific capture of uropathogenic E. coli
strains has been presented here. Further interaction with positively charged Au NRs allowed
the detection of the chemical signature of these E. coli strains using SERS with high
sensitivity. SERS signals of these bacteria could be determined even at 10 CFU mL™ in urine
samples. Thanks to the sensitivity of the SERS response, pre-enrichment steps can be
avoided, allowing a diagnosis suited to real world settings to be performed. Indeed, with a
total assay time lower than 3 h, from E. coli strains incubation on the biochip to the SERS
analysis, the approach is suited to sample screening of patients with symptoms of urinal
infection. The robustness of the interface appears remarkable, since it could potentially be
reused without loss of sensitivity and specificity. In addition, the versatile chemistry
developed in this study is suitable for the immobilization of various types of probes by simple
amidation offers a rapid and powerful diagnostic tool for the discrimination and multiplexing

identification of pathogens.
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