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The ablhty of noble bare Au-based NPs
metal-based nanoparti-
cles (NPs) (Au, Ag)

to drastically enhance

ablation

Raman intensity (n.u.)
Raman intensity (n.u.)

Raman scattering from
molecules placed near
metal surface, termed
as  surface-enhanced
Raman  scattering
(SERS), is widely
used for identification of trace amounts of biological materials in biomedical, food
safety and security applications. However, conventional NPs synthesized by colloi-
dal chemistry are typically contaminated by nonbiocompatible by-products (surfac-
tants, anions), which can have negative impacts on many live objects under
examination (cells, bacteria) and thus decrease the precision of bioidentification. In
this article, we explore novel ultrapure laser-synthesized Au-based nanomaterials,
including Au NPs and AuSi hybrid nanostructures, as mobile SERS probes in tasks
of bacteria detection. We show that these Au-based nanomaterials can efficiently
enhance Raman signals from model R6G molecules, while the enhancement factor
depends on the content of Au in NP composition. Profiting from the observed
enhancement and purity of laser-synthesized nanomaterials, we demonstrate suc-
cessful identification of 2 types of bacteria (Listeria innocua and Escherichia coli).
The obtained results promise less disturbing studies of biological systems based on
good biocompatibility of contamination-free laser-synthesized nanomaterials.
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1 | INTRODUCTION

Raman scattering is known to provide a variety of informa-
tion on the structure and composition of the matter, based
on its vibrational fingerprints, and this information can be
used for highly precise identification of chemical or biologi-
cal species [1]. Although Raman scattering is a very weak
phenomenon, its cross section can be enhanced by many
orders of magnitude by using noble metal (Ag, Au) nanos-
tructures [2, 3]. The latter modality, termed as surface-
enhanced Raman scattering (SERS), is based on the prop-
erty of the metals to support oscillations of free electrons
(plasmons) under optical excitation. Such plasmonic oscilla-
tions can amplify local electric field near the metal surface
and thus drastically enhance Raman signals from target mol-
ecules placed near the metal [2, 3]. In particular, Raman
spectroscopy (RS) has been adapted for the detection of
bacteria species and the analysis of bacteria spores [4, 5].
The identification of bacteria is typically based on the detec-
tion of some specific organic molecules (bacterial “finger-
prints”) on the surface of the bacterial membrane via their
unique Raman spectra [4]. In SERS modality of bacteria
detection, irregular or patterned metal substrates or metal
nanocolloids of different shape and size are normally used
for signal enhancement in order to lower the detection limit
of this method [5-19]. Such metal nanostructures adsorb to
the surface of bacteria and provide information on molecu-
lar structures of the cell wall around the bacteria. It is
important that SERS signals are unaffected by water, a sig-
nificant component of biological cells or bacteria, while the
presence of metal can quench auto-fluorescence, which is
always present as a background in biological systems [4, 5].

However, conventional Au or Ag nanoparticles (NPs)
synthesized by chemical methods, such as the reduction of a
gold precursor in the presence of a capping ligand [20, 21],
have some limitations for studies of live objects such as cells
and bacteria. The problem is that nanomaterials prepared by
chemical methods are typically contaminated by nonreacted
starting reagents, by-products, anions and surfactants, as
well as often covered by stabilizing ligands [22, 23]. As
shown in many studies (see, refs. [24—27]), the use of such
nanomaterials can be accompanied by a drastic aggravation
of proliferation and viability of bacteria and cells under
study. In other words, chemically synthesized NPs are often
disturbing for live bacterial or cell cultures under examina-
tion that decreases the precision of SERS-based identifica-
tion. In addition, SERS signals can be strongly affected
by parasitic noise signals from the contaminants of NPs-

stabilizing ligands, which complicate biomolecular identifi-
cations under ultra-low concentrations of target material.

Pulsed laser ablation in liquids (PLAL) has recently
emerged as a physical alternative to conventional synthesis
[28-32], which promises a solution of the contamination
problem of chemically synthesized nanomaterials. This
method is based on laser radiative removal (ablation) of
material from a solid target in a liquid ambience, leading to
a natural production of nanoclusters and their subsequent
coalescence to form colloidal NPs solutions [33, 34]. As a
huge advantage of this method, laser ablation can be per-
formed in ultrapure environment (e.g., in deionized water),
which excludes any toxic contaminant on the surface of
synthesized nanomaterials [33]. Furthermore, using methods
of ultrashort laser ablation [29, 30] or fragmentation [35,
36], one can prepare extremely stable aqueous solutions of
“bare” (ligand-free) Au NPs having unique surface chemis-
try [37] and different reactivity [38, 39] compared to con-
ventional colloidal nanomaterials. The absence of ligands
and contaminants on the surface of such Au-based NPs
gives a promise for their successful use as mobile probes
for SERS applications and their efficiency in such tasks was
recently confirmed in our studies [40, 41]. Moreover,
despite the absence of any biopolymer coating such “bare”
Au NPs were found to have relatively low toxicity and a
good cell uptake, which promises their successful use in live
systems [42].

It should be noted that the versatility of laser-ablative
technique allows for an easy synthesis of a variety of alter-
native materials and composite structures, including nano-
materials having excellent compatibility with biological
systems. Crystalline silicon (Si) is a prominent example of
such material, which is one of the essential elements in live
organism and is present in many biological tissues in the
form of orthosilicate (SiO44_) [43]. We recently showed that
contamination-free laser-synthesized Si NPs are not only
well compatible with biological systems in vitro and in vivo
[44, 45], but are also biodegradable as they decay in aque-
ous environment into orthosilicic acid Si(OH), and excrete
from biological systems without any harmful effects [46].
We envision that the coating of plasmon-supporting SERS
probes by Si shell could improve the compatibility of these
probes with biological systems and bring novel functionali-
ties. We recently showed the possibility for synthesizing
such hybrid Au-Si nanostructures with controlled content of
Si in NPs composition [47].

In this article, we employ bare (ligand-free) Au-based
nanomaterials, including pure Au and AuSi core-shell NPs,
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synthesized by methods of laser ablation in deionized water,
as SERS probes and access their efficiency in tasks of bac-
teria identification.

2 | MATERIALS AND METHODS
2.1 | Laser fabrication of Au-based nanomaterials
for SERS

The synthesis of pure Au NPs and Au-Si composite struc-
tures was described in detail in our previous studies [29, 30,
47]. Briefly, for the fabrication of pure Au NPs, radiation
from a Ti:Sapphire laser (Hurricane Spectra Physics Laser,
110 femtosecond pulse duration, 800 nm wavelength, 1 kHz
repetition rate, Mountain View, CA, USA) was focused by a
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50 mm focal distance lens onto a gold target (99.99%)
immersed in 10 mL solution of deionized water (18 MQ)
and placed 20 mm below the liquid surface level. A platform
containing the target in a liquid vessel was constantly moved
in order to avoid ablation from the same area on the target
surface. A solution of bare Au NPs was typically obtained
after 20 minutes of irradiation onset and this process was
accompanied by its deep red coloration. As follows from
transmission ~ electron  microscopy (TEM) analysis
(Figure 1A), the mean size of Au NPs prepared by this
method was about 25 nm. To prepare solutions of Au-Si
hybrid structures with controllable Au content, we first pre-
pared a solution of bare Si NPs in deionized water. Here, a
Si wafer ((100), N-doped, 1-10 Q cm) was ablated by the
Ti:Sapphire laser similar to how it was done in the case of
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gold. After several minutes of the ablation experiment, a
solution of bare Si NPs with concentration of 150 pg/mL
was obtained. Then, the gold target was placed into so pre-
pared solutions of Si NPs (preliminarily diluted to concentra-
tions of 45 and 25 pg/mL, respectively) and ablated similar
to how it was done in case of pure water ambience. As we
previously showed [47], such ablation of Au in Si NPs solu-
tions leads to the formation of Au-Si composite NPs and the
size of these structures depends on initial concentration of Si
NPs. As shown in Figure 1B,C, composite Au-Si NPs pre-
pared under 25 and 45 pg/mL concentrations of initial Si
colloids had the mean size of 14 and 9 nm, respectively. The
decrease of the mean NPs size under the increase of initial
Si NPs concentration was explained in our previous paper
[47] by the existence of a strong interaction of laser-ablated
Au nanoclusters with already formed water-dispersed Si
NPs, similar to how it happens in the case of biopolymers
and other molecules [37, 42]. Here, higher concentration of
Si NPs causes the finalization of Au nanocluster growth at
earlier stages, leading to a smaller mean size of composite
NPs [47]. As we also showed from EDX data [47], the con-
tent of Au in NPs composition appears to be inversely pro-
portional to initial concentration of Si NPs. Therefore,
smallest Au-Si NPs prepared at higher concentrations of Si
NPs typically have a lower content of Au in their composi-
tion. In this case, NPs typically form core-shell structures
with Au in the core and Si in the shell [47]. For our experi-
ments, we used 3 types of NPs with different content of Si
in their composition: pure Au-100% NPs (100% Au); Au-
60% (60%Au/40%Si) and Au-30% (30%Au/70% Si). Parame-
ters of these 3 types of NPs are summarized in Table 1.

2.2 | Structural and optical characterization of laser-
synthesized nanomaterials

A high-resolution transmission electron microscope (HR-
TEM) JEOL 3010 (Japan) operating at 300 kV was used for
investigation of the shape and the size of the fabricated Au-
based NPs. For this purpose, a drop of freshly prepared col-
loidal solution was deposited on a carbon-coated copper
grid, dried at room temperature and then examined by
TEM. The size distribution of Au-based NPs was calculated
by Imagel] software (https://imagej.nih.gov/ij/) using 1000
particles. Chemical composition of laser-synthesized NPs
was examined by EDX spectroscopy.

RS investigation of freshly prepared NPs was carried
out using a confocal Raman system (Ntegra Spectra, NT-
MDT Corp., Moscow, Russia). An inverted optical scheme
implying the excitation and collection of signals from the
bottom side of the system was used for sample analysis. An
oil immersion objective (100%, 1.3 NA, Olympus Corpora-
tion, Tokyo, Japan) was used for focusing 532 nm continu-
ous wave (CW) laser radiation on the samples. Laser
radiation was set to low power values (20 pyW) to avoid
heating effects during the measurements. The samples were

TABLE 1

the gold target in deionized water or Si NPs colloidal solutions

Characteristics of Au-based NPs prepared by laser ablation of

Initial Si concentration Mean size,
Samples (ng/mL) nm Au/Si atomic ratio
Au-100% O 27 100% Au
Au-60% 25 14 60%Au/40%Si
Au-30% 45 9 30%Au/70%Si

prepared by dropping NPs solution on 150 pm thick boro-
silicate glass substrate and their subsequent drying at ambi-
ent conditions.

2.3 | Rhodamine 6G sample preparation and SERS
detection

Rhodamine 6G (R6G) was mixed with deionized water and
diluted into concentration series (1 mM-1 pM). Two microli-
ters of R6G samples were dried into 1.5 mm polydimethylsi-
loxane (PDMS) wells placed on top of a silicon wafer or
gold-coated polymer-based SERS substrates. Two microliters
of Au-based NPs were added on top of the samples. The pre-
pared samples were measured with an in-house built Raman
system integrated with a microscope (Olympus) using
785 nm CW laser excitation. The used integration time was
set to 2 seconds with a 40X objective and 10.5 mW power at
the sample. For the sensitivity testing with 1 to 500 pM
R6G concentration range, 5 to 30 seconds integration times
were used with a 50x objective and 7.5 mW laser power at
the sample.

2.4 | Immunomagnetic separation beads bound
Listeria innocua sample preparations and SERS
detection

The model bacteria (L. innocua ATCC 33090) were grown in
LEE Broth, pH 7.2 4+ 0.2 (Labema Oy, Helsinki, Finland) at
35°C for 20 hours. A spectrophotometer HALO DB-20S
(Dynamica Scientific Ltd., Newport Pagnell, UK) was used
for measuring the concentration. The samples were diluted to
achieve bacteria concentrations of 10° to 10° cfu/mL in LEE
Broth. The bacteria were captured with anti-Listeria Dyna-
beads (Life Technologies 71006, Thermo Fisher Scientific
Inc., Waltham, MA, USA) and a magnetic particle concentra-
tor (DynaMag-2, Thermo Fisher Scientific Inc., Waltham,
MA, USA) was used for the capture as follows: 1 mL of bac-
terial culture was incubated with 20 pL volume of anti-
Listeria Dynabeads for 10 minutes at room temperature under
continuous mixing. The beads were pelleted by a magnet
(Dynal MPC-M, Thermo Fisher Scientific Inc., Waltham,
MA, USA) onto the side of Eppendorf tubes, supernatants
were removed and the samples were rinsed with a washing
buffer. The beads were concentrated, the supernatant was
removed and the captured bacteria with beads were resus-
pended into 100 mL of washing buffer for the SERS detec-
tion. The blank Raman spectrum of immunomagnetic
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separation (IMS) beads in LEE Broth can be found in our ear- (A) 10 AL 100
lier study [40]. Bacteria spectra were detected with 785 nm ;9""’ — AU 60 %
laser excitation, 60 seconds integration time, 50X objective 0.8 M —v— Au30%
and 7.5 mW power. The average SERS spectra were calcu- 5

lated from 30 points measured for each concentration.

2.5 | Escherichia coli sample preparation and SERS
detection

The model bacteria samples E. coli W3110 (wild-type
strain) were grown in standard 250 mL shaking flasks by
using a shaker/incubator device (LT-X series, Kuhner, Swit-
zerland), at approximately 220 rpm and at a temperature of
37°C. The amount of 100 mL Yeast Tryptone Phosphate
Glucose (2xYTPG) growth medium with 10 mL of E. coli
W3110 culture was used for the cultivation in 2 shaking
flasks, 1 for the reference and 1 for the actual sample. The
optical density respective to the biomass increase at differ-
ent time spots was measured with a spectrophotometer at
600 nm (ODggg). E. coli W3110 cells were harvested after
6 hours of cultivation. The final E. coli W3110 biomass had
an ODggo of 5.2. The sample was stored at +4°C, 3 times
washed in deionized water and centrifuged prior the experi-
ment to remove media traces. Approximately 25 pL sample
volume was pipetted into a stainless steel cup used for the
measurements. Au-based NPs were pipetted on top of the
E. coli W3110 sample. The measurement was performed
with a commercial time-gated Raman spectrometer
(Timegate Instruments Oy, Oulu, Finland) using pulsed
laser excitation at a wavelength of 532 nm. The Raman
device was connected to a standard laboratory Raman
BWTek RPB 532 probe (B&W-Tek, Newark, DE, USA)
and approximately 25 mW was used at the sample spot.
The signal collection time was set to cover the SERS signal
and the fluorescence decay time 1.3 to 1.8 nanoseconds.

2.6 | Post processing of the SERS spectral data

The L. innocua ATCC 33090 data was transferred into
Matlab 2015a (MathWorks, Natick, MA, USA) with PLS
toolbox 2.0 (Eigenvector Research, Inc., Manson, WA,
USA) for linear baseline correction. The E. coli W3110 data
was analyzed with a spectral processing tool (Timegate
Instruments Oy) prior the Matlab plotting. Further data
handling and plotting of the figures were performed with
OriginPro (V. 2016, OriginLab, Northampton, MA, USA).

3 | RESULTS AND DISCUSSION

In our experiments, we used 3 types of NPs with decreasing
content of Au in their composition, as shown in Table 1:
pure Au-100% NPs (100% Au); Au-60% (60%Au/40%Si)
and Au-30% (30%Au/70%Si). As shown in Figure 1, Au-
based NPs were perfectly spherical in all 3 cases, while the
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FIGURE 2 Normalized extinction (absorption + scattering) (A) and Raman
(B) spectra from laser-synthesized Au-based NPs with different content of
Au in their composition: Au-100% (black), Au-60 (red) and Au-30% (blue)

mean size of NPs progressively decreased under the
increase of Si content in NPs composition: 25 nm (Au-
100%), 14 nm (Au-60%) and 9 nm (Au-30%).

As shown in Figure 2A, extinction spectra from laser-
synthesized Au-based NPs exhibited a characteristic peak
around 520 nm, which is normally attributed to free electron
oscillations (surface plasmons) over Au NPs. Here, despite
a significant content of Si in the composition of Au-60%
and especially Au-30% NPs in the NPs shell, they still
exhibited pronounced peaks associated with the excitations
of plasmons over their gold fraction. This experimental fact
is very important as it evidences the possibility of plasmon-
related field enhancement even over composite Au-Si struc-
tures having a reduced content of plasmonic metal (Au) in
their composition. It should be noted that in all 3 cases the
plasmonic extinction peak was close to 520 nm, while for
Au-60% and Au-30% it was red-shifted (by 1 and 3 nm,
respectively), which could be explained by high refractive
index of Si fraction compared to that of the aqueous envi-
ronment (3.5 RIU over 1.33 RIU) [48].

Figure 2B shows Raman scattering spectra from samples
of dried Au-100%, Au-60% and Au-30% NPs deposited on
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glass substrates and measured by a highly sensitive Ntegra
Spectra Raman confocal microscopy system. It is visible that
Au-100% NPs did not show any Raman features, which is
normal for pure gold NPs samples. However, samples Au-
60% and Au-30% exhibited a strong Raman peak at 520 per
cm, which is generally attributed to crystalline Si, while the
intensity of this peak increased under the increase of Si con-
tent reaching its maximal value for Au-30% samples. Thus,
in contrast to pure Au NPs, hybrid Au-Si structures exhibited
a distinct Si-based Raman line as a new functionality. We
believe that this functionality can be employed in biomedical
studies, for example, to track the localization of such
SERS probes in biological objects (cells) or tissues. Further-
more, it can be used as internal Au-Si NP quality standard.
In our work, the capability of ultrapure laser-synthesized
Au and Au-Si NPs to serve as SERS probes was assessed
by studying the enhancement of R6G, which was earlier
used as a standard test Raman-active molecule [49].
Figure 3 shows SERS spectra (785 nm excitation) of R6G
detected with Au-100%, Au-60% and Au-30% NPs placed
in a PDMS well on top of a silicon wafer. One can see that
all types of NPs could provide a considerable enhancement
of signals from R6G and the recorded enhanced spectra
were relatively stable and reproducible for different mea-
surements. The enhancement factor depended on the content
of Au in NPs composition, with the largest enhancement
factor for pure Au NPs (Au-100%), followed by Au-60%
and Au-30% NPs, respectively. Here, even NPs having a
dominating content of Si (Au-30%) were able to enhance
Raman signals from R6G. The enhancement of pure Au-
100% NPs was 2 to 5 times and 10 to 15 times larger than
in the case of Au-60% and Au-30% NPs, respectively, but
the superiority of enhancement for these NPs can be par-
tially explained by a much larger mean size (27 nm com-
pared to 14 and 9 nm, respectively). However, it is critically
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FIGURE 3 Normalized SERS spectra (upon 785 nm CW excitation) of

100 pM Rhodamine 6G (R6G) detected with different Au-Si compositions
(Au-100%, Au-60% and Au-30%) on top of a silicon wafer. The average
SERS spectra were calculated from 18 points measured for each concentration

important that all 3 types of NPs provided nearly identical
enhanced spectral features of R6G. Therefore, the presence
of Si content in NPs composition could somewhat decrease
the enhancement factor, but these NPs still provided reliable
enhancement. This experimental fact gives a promise for the
employment of composite Au-Si NPs as SERS probes for
tasks of biomolecular identification.

In general, our results unambiguously evidence that
laser-synthesized Au-based NPs do generate plasmon
enhancement by their own, even if the content of Au in
their composition is relatively low. It should be noted that
all enhancement factors were achieved by using 785 nm
wavelength excitation, which is far from the optimal absorp-
tion band for the used NPs (520-525 nm, as follows from
Figure 2A). To further maximize the enhancement factor for
785 nm excitation, we explored the use of these NPs in
combination with structured SERS substrates, which had
been introduced and described in our previous studies [50].
Such substrates are produced by imprinting of specially pro-
filed patterns on top of a poly(methylmethacrylate)
(PMMA) polymer sheet by roll-to-roll UV-nanoimprint
lithography, followed by evaporation-based coating of the
patterns by a thin layer of gold, and the integration of the
structures into hydrophobic PDMS wells [51]. Figure 4A
shows SERS spectra of dried 100 pM R6G molecules
enhanced by Au-60% and Au-30% NPs. It is visible that the
substrate itself provided a relatively weak signal, while the
addition of Au-based NPs led to its drastic enhancement
with similar enhancement factors for Au-60% and Au-30%
NPs. On the other hand, our data show that the involvement
of the substrate led to nearly 10-fold increase of intensity of
SERS signals from 100 pM R6G using Au-60% and Au-
30% NPs as Raman probes. Thus, the combination of laser-
synthesized Au-based NPs and structured SERS substrate
provides a much improved signal enhancement and offers
an attractive and versatile SERS-based platform for biologi-
cal identification. Figure 4B shows the dependence of SERS
signal on concentration of R6G using this platform (data are
given for Au-60% NPs). As follows from the spectra, SERS
signal amplitude is proportional to the concentration, while
the minimal detectable concentration of R6G was lower
than 10> M (under 3 seconds integration time) that is good
enough for biological cell sensing.

The applicability of the Au-based NPs for biosensing
was studied with 2 different bacteria species. In order to
reduce the effect of autofluorescence of the biological cells,
we used infrared (785 nm) wavelength excitation from a
CW laser, which is out of the autofluorescence range of
most biological species. Since plasmonic absorption peak
does not match 785 nm wavelength, Au-based NPs were
used in combination with a patterned gold-coated substrate
to enhance SERS signals. In addition, we used 532 nm
wavelength excitation from a pulsed laser, which fits well
the plasmon absorption peak, but appears to be in the range
of increased autofluorescence from biological species
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FIGURE 4 A, SERS spectra of 2 pL of dried 100 pM Rhodamine 6G
(R6G) detected with different Au-Si composition in a 1.5 mm diameter
PDMS well on top of a polymer-based Au-coated SERS substrate. The
average SERS spectra were calculated from 18 points measured for each
concentration. B, Normalized with integration time SERS spectra of a
concentration series of R6G detected using Au-60% NPs and a polymer-
based Au-coated SERS substrate. The average SERS spectra were
calculated from 9 points measured for each concentration using 785 nm
CW excitation

(bacterial cells). To solve the autofluorescence problem, we
used time-gated detection making possible the suppression
of most autofluorescence noises due to picosecond time-
gated registration of signals [52].

L. innocua ATCC 33090 was the first bacteria of our
interest. Bacterial cells were bound to immunomagnetic
beads to separate them from the growth broth in order to
minimize the effect of the broth on the SERS signal and con-
centrate the cells. The use of IMS beads typically improves
the detection sensitivity by 10-fold. Our measurements were
carried out under 785 nm excitation using long integration
time (60 seconds). Figure 5 shows Raman spectra of L. inno-
cua ATCC 33090 using the patterned SERS substrate com-
bined with Au-60% NPs, and the substrate alone. One can
find that in both cases we registered similar Raman peaks,
including a peak at 737 cm™', which is characteristic for
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L. innocua according to the literature [53, 54]. However, the
intensity of the 737 cm™' Raman peak for the combined
detection (SERS substrate plus Au-based NPs) was 4.4 times
higher than in the case of SERS substrate alone. Thus, laser-
synthesized Au-60% NPs provided a considerable enhance-
ment of characteristic peak for L. innocua ATCC 33090
even for the excitation wavelength out of their optimal
absorption range. It should be noted that even without any
special optimization of the measurement procedure using
combined SERS substrate—mobile NPs probe platform and
nonoptimal excitation wavelength, we were able to achieve
the detection limit lower than 10° cfu/mL.

E. coli W3110 was another example of bacteria used in
our analysis. In this case, we explored time-gated Raman
detection at a wavelength of 532 nm. E. coli bacteria were
taken straight from a growth broth after reaching the station-
ary phase of the cultivation without a need for IMS beads
or the use of an additional SERS substrate. Figure 6 shows
SERS spectra of E. coli W3110 measured with 532 nm
wavelength excitation. As follows from pink spectrum,
without time-gating we could not identify any SERS signal
from bacteria due to too high level of autofluorescence
noises. However, as shown in the Figure 6, the use of time-
gating offered an elegant solution of the autofluorescence
problem. Green and red spectra show spectra from E. coli
alone and E. coli decorated by Au-60% NPs, respectively.
One can see that the employment of NPs led to more than
one order of magnitude amplification of SERS signal and
thus reveal a variety of novel Raman lines. Among these
lines, one can clearly identify the features commonly attrib-
uted to E. coli: nucleic acids (666 cm_l), proteins
(830 cm™"), vibration bands of Amide III (1200-1300 cm™")
and Amide I (1650 cm™") [55, 56]. The peaks around
1650 cm™' corresponding to the protein C=0 stretching
mode are characteristic for their shape and are often used
for calibration in FTIR-measurements [57]. The E. coli
W3110 wild-type stain also shows characteristic amino acid
spectral lines, such as phenylalanine (around 1000 cm™")
and lipids (1447 cm™"). Thus, the laser-synthesized Au-
based NPs appear to be efficient SERS probes to detect
E. coli at ultra-low quantities with the detection limit lower
than 10° cfu/mL.

We believe that the employment of “bare” laser-
synthesized Au-based NPs as SERS probes for biomolecular
identification can be promising for least 2 reasons. First,
these NPs are exempt of ligands or contaminants, which
enables one to avoid undesirable Raman signals presenting
background noise. Second, phenomena related to quenching
of autofluorescence in a studied system due to the direct
contact of target biomolecules with metal [58, 59] can profit
from a high purity of bare laser-synthesized nanomaterials.
The advantages of bare nanomaterials were clearly visible
during our recent comparative tests involving laser-
synthesized NPs and different chemical -counterparts,
including citrate-coated NPs and gold nanostars, as SERS
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FIGURE 5 Normalized SERS spectra of IMS bead captured L. innocua
(IMS LIN) detected using a polymer-based SERS substrate (green) and a
combination of the substrate and Au-60% NPs (red) using 785 nm CW
excitation
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FIGURE 6 SERS spectra of E. coli W3110 measured with time-gated
Raman using 532 nm wavelength picosecond pulsed excitation with the
use of Au-60% NPs as Raman probes (red) and without them (green). For
comparison we show Raman spectra without time gating (pink)

probes for the identification of beverage spoilage yeasts
[41]. As follows from this study, bare laser-synthesized NPs
did not provide the strongest enhancement (while the
enhancement factor was among the best ones), but they
much outperformed all counterparts in terms of signal-to-
noise ratio, which is an ultimate parameter describing the
performance of SERS probes. As an example, 16 nm bare
NPs were more efficient in terms of this parameter than
10, 80, 150 and 200 nm citrate-coated NPs, as well as
80 nm nanostars. Notice that after incubation in real biolog-
ical environment the NPs can be covered by protein corona,
which can also provide autofluorescence noise. However, in
the case of bare NPs the impact of the protein corona should
not be so critical as in the case of ligand-protected counter-
parts, as the close contact of metal with this corona prom-
ises efficient quenching of autofluorescence channel. It
should be also noted that the detection limit for bacterial

detection in our experiments (105 cfu/mL) was not the low-
est compared to the literature. As an example, some refer-
ences reported the level of detection of the order of 10° cfu/
mL (see, ref. [9]). However, to the best of our knowledge,
this level was observed with Ag NPs, which are known to
be the champions in plasmonic enhancement, but cannot be
used for in situ control of biological object of interest due
to low biocompatibility (Ag NPs are known to be very
harmful [60, 61]). In contrast, the presented bare Au-based
nanoformulations are supposed to provide this low-
disturbing option. In addition, we believe that after a proper
optimization of the measurement system (laser wavelength,
substrate-based or substrate-free geometry, composition,
size and architectures of used nanoformulations) laser-
synthesized NPs could provide much improved detection
limit, as it was demonstrated in our recent paper [41].

The efficient enhancement of electric field and demon-
stration of SERS effect for AuSi composites is another
important result. As we explained above, Si and its com-
pounds are among the best inorganic materials from the
point of view of non-disturbing character of interaction with
biological systems. As an example, some previous studies
used designed SERS probes based on silica (SiO,)-coated
plasmonic structures, including gold nanorods and nanostars
[62-64], to improve the biocompatibility and efficiency of
SERS probes. The inclusion of nonoxidized crystalline sili-
con (Si) fraction into composition of SERS probes is
expected to further improve the biocompatibility of these
probes, as Si is one of the essential materials in biological
systems, which does not provoke any toxic effects even
under massive injection in vitro or in vivo [44—46]. In addi-
tion, in contrast to silica, silicon can provide a distinct
Raman scattering peak around 520/cm, which was clearly
visible in our tests (Figure 2(B)). This distinct Raman fea-
ture of Au-Si NPs promises a new attractive functionality in
SERS studies related to the possibility of their tracking in
biological objects (cells) or tissues, for example, to clarify
the distribution of the probes in different living cell
compartments.

4 | CONCLUSION

We explored the employment of bare (ligand-free) Au-based
nanomaterials, including pure Au NPs and Au-Si composite
NPs, synthesized by methods of laser ablation in deionized
water, as SERS probes for bacteria detection. We first char-
acterized and examined these NPs using standard Raman
active molecules (R6G). Our experiments showed that the
enhancement factor depends on the content of Au in NPs
composition, being the largest for pure Au NPs (Au-100%),
followed by Au-60% and Au-30% NPs, respectively. On the
other hand, Au-60% and Au-30% NPs provided a character-
istic Raman line of crystalline Si around 520 cm™', which
can be used for their tracking. We finally used the NPs for
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the detection of bacteria, L. innocua ATCC 33090 and
E. coli W3110, with a detection limit below 10° cfu/mL.
We suppose that the employment of ultrapure (contamina-
tion-free), ligand-free Au-based NPs, having much
improved biocompatibility compared to chemically synthe-
sized counterparts, can open up opportunities for nondis-
turbing studies of live biological systems such as bacterial
and cell cultures.
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