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ABSTRACT

In times of widespread multiple antibiotic resistance, the bacterial colonization of crucial medical sur-
faces should be detected as fast as possible. In this work, we present the non-destructive SERS method
for the detection of bacterial colonization. SERS is an excellent tool for the monitoring of suitable sub-
stances in low concentrations. The SERS substrate was prepared by the aggregation of citrate-stabilized
gold nanoparticles and the adsorption of the reporters (crystal violet, thiamine, and adenine). We have
tested the substrate for the detection of clinically relevant S. aureus and P. aeruginosa bacteria. The SERS
spectra before and after the substrate incubation revealed the degradation of the reporter by the growing
bacteria. The growth of P. aeruginosa was detected using the substrates with preadsorbed crystal violet or
adenine. The suitable reporter for the detection of S. aureus remains to be discovered. The selection of the
reporters resistant to exposure but easily degraded by bacteria will open the way for the in situ moni-
toring of bacterial colonization, thus complementing the arsenal of methods in the battle against hospital

infections.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Bacterial colonization of various surfaces poses a grave threat in
the hospital environment, especially when the medical devices are
colonized by the bacteria with multiple antibiotic resistance [1—3].
Traditional diagnostic methods include bacterial growth and
analysis using specific laboratory equipment such as culture
methods or polymerase chain reaction assay (PCR). These methods
are quite useful, but usually require prior information about the
pathogen’s possible nature, are time-consuming and expensive,
and thus have limited applicability [4—7].

Microbiological diagnostics capabilities have increased signifi-
cantly over the past decades. The modern express diagnostic
methods register electrical conductivity or electrical capacity [8],
heat flow [9], pressure drop [10], acoustic signal [11]. Most bio-
sensors are designed to detect changes in the chemical composition
of a growing population of bacteria.

Among different approaches for microbial analysis, spectral
methods constitute a particular area of expertise. Optical
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biosensors are label-free and provide direct detection of bacteria or
biofilms along with characteristic spectral profiles. Raman spec-
troscopy is a potentially powerful method for identifying and
characterizing microorganisms [12,13]. The low-intensity Raman
signal of bacteria can be amplified using the SERS approach
[14—16]. A highly selective and sensitive SERS method enables the
detection of bacteria, the differentiation of bacteria at the species or
intraspecies level, and the investigation of specific chemical com-
positions of bacteria or biofilms [17—22].

The bacterial SERS spectra are often hard to interpret, over-
whelmed with fluorescence, and have low intensity. SERS sub-
strates could be modified with specific antibodies or aptamers to
increase the sensitivity and selectivity of the sensor [23—25].
However, this approach significantly complicates the sensor pro-
duction and raises its cost.

The detection of bacterial metabolites (e.g., pyocyanin of Pseu-
domonas aeruginosa) [27,28] or biomarkers (e.g., dipicolinic acid of
Bacillus anthracis) [29] by SERS or SERRS is particularly promising.

In this paper, we show for the first time to our knowledge the
indirect detection of the bacteria by the decrease of the SERS
spectral signatures of the preadsorbed reporters. SERS substrates
were prepared from citrate-stabilized gold nanoparticles. The SERS
reporters (crystal violet, thiamine, and adenine) were adsorbed
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onto the substrate, and their SERS spectra were registered before
and after the incubation with bacteria.

2. Experimental section
2.1. Materials

Tetrachloroauric acid (HAuClg-3H20, 99.9%), sodium citrate
dihydrate (99%), sodium bromide (>99.5%), adenine hydrochloride
hydrate (>99%), thiamine hydrochloride (>99%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide (99%),
crystal violet, nitric acid (65%), hydrochloric acid (>35%) were ac-
quired from Chimmed (Moscow, Russia). All chemicals were used
as received without further purification. Deionized water with a
resistivity of no less than 18 MQ xcm (Simplicity UV, Millipore, USA)
was used to prepare all aqueous solutions. Glassware was cleaned
before use by soaking in freshly prepared aqua regia and rinsing
with deionized water.

2.2. Synthesis of Au-seeds

For the synthesis of Au-seeds (~14 nm), 6 mL of deionized water,
71 mL of 25 mM HAuCl4 solution, and 88 mL of 60 mM sodium
citrate solution were placed in a 10 mL polypropylene tube. The
tube was sealed, and the solution was stirred and incubated at 90 °C
for 15 min in the circulating water bath. As a result, a pink sus-
pension of seed particles was formed. The seed suspension was
gradually cooled to 15 °C in the water bath.

2.3. Seeded growth of AuNPs

The gold nanoparticles were synthesized according to a modi-
fied procedure from Bastus et al. [30]. Immediately after the syn-
thesis of the Au-seeds, 40 mL of 25 mM HAuCl4 solution and 40 mL
of 60 mM sodium citrate solution were sequentially injected to the
tube cooled to 15 °C. Then, the closed tube was placed in the water
bath heated to 90 °C. After 30 min, the resulting dispersion was
gradually cooled to 15 °C. These procedures were repeated three
times. Then, 2 mL of the dispersion was taken from the tube, and
1.5 mL of deionized water was added. Starting from the third
generation of gold particles, 40 mL of 25 mM HAuCl, solution,
40 mL of 60 mM sodium citrate solution, and a 60 mL portion of
25 mM NaOH solution were injected in each step. The synthesis was
continued until the 18th generation of particles was collected [31].

2.4. Characterization of nanoparticles

For TEM analysis, 5 pL of nanoparticle dispersion was dropped
on a formvar TEM grid (Ted Pella, Redding, CA, USA) and dried at
room temperature. TEM micrographs were obtained using a JEM-
2100 electron microscope (JEOL, Japan) at an accelerating voltage
of 200 kV.

2.5. Preparation of SERS substrate plates

The schematic diagram of the experiment is shown in Fig. S1.
Stainless steel plates (AISI 304 steel; 10 x 10 mm) were sonicated in
acetone, then in ethanol, and were wrapped in aluminum foil. After
that, SERS-active spots were cast by applying 2 pL of gold nano-
particles and 2 pL of reporter solution (or water). After that, the
nanoparticles were aggregated by adding 2 puL 0.5 M of NaBr so-
lution. Each plate contained four SERS spots. The analytes were
deionized water (control), 1 uM crystal violet, 100 uM adenine, and
100 pM thiamine, four plates for each analyte. The experiments
were triplicated; thus, we used 48 spots per analyte overall.
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2.6. SERS measurements before and after the microbiological
experiments

The SERS spectra were registered using a microscope (through
a x20 lens) equipped with the 785-nm BWS415 Raman spec-
trometer (BWTEK, Germany). The spectral resolution was
1.61—2.25 cm™! over the 2000—400 cm™! range. The laser power
density was 2600 mW/mm?. The acquisition time was 6 s. The SERS
spectra were registered two hours after the analyte addition before
the microbiological experiment. After the microbiological experi-
ment, the plates were rinsed with water three times. For each SERS
spot, seven spectra were registered from randomly selected points
in the central area.

SERS spectra were processed automatically using Matlab sub-
routines [32]. Briefly, spectra were imported from the
spectrometer-generated source data files; the fluorescence back-
ground was subtracted via a polynomial-fitting method [33]; the
high-frequency noise was filtered, and the peak lists were extracted
and exported to Excel files for visualization and interpretation.
Peaks were compared by a maximum peak height in the selected
range. The comparison was expressed as (mean + sample standard
deviation) of the peak height ratios. The selected ranges were
885—-930 cm~! for crystal violet, 740—774 cm™' for thiamine, and
706—778 cm™! for adenine.

2.7. Microbiological experiment with S. aureus and P. aeruginosa
bacteria

The clinical isolates of Staphylococcus aureus (Mar 2013—119)
and Pseudomonas aeruginosa (RES-2352) were used in the experi-
ment. The cultures were grown on solid LB nutrient media for 24 h
at 37 °C. A cell suspension with 0.5 McFarland standard density was
prepared from the grown cultures.

The experiment design is presented in Table 1. The SERS plate,
the cell suspension (20 pL), and Muller-Hinton broth (2.5 mL) were
placed in the wells of the 12-well culture plate and incubated for
24 h in the dark. Saline solution and culture medium were used in
the control wells.

2.8. SERS substrate quality control after the experiment

The adenine solution aliquot (3 puL, 100 uM) was applied after the
SERS measurements on the sample A/P. aeruginosa. The drop was
air-dried at 25 °C, and the plate was washed in water and dried
again. The SERS analysis was repeated. For each SERS spot, seven
spectra were taken from randomly selected points in the central
area.

2.9. Statistical analysis

The statistical significance of the observed changes in the
samples was assessed by the one-way analysis of variance (ANOVA)
with the Matlab subroutines.

3. Results and discussion

The SERS substrate was prepared using gold nanoparticles on
stainless steel plates. In contrast to silver nanoparticles, gold
nanoparticles do not emit metal ions noticeably, and therefore are
more stable. Thus, one could expect better stability of SERS sub-
strates prepared from gold nanoparticles. In addition, gold nano-
particles themselves do not have a bactericidal effect [34]. We used
18th-generation gold nanoparticles (AuNPs) with a 41.2 + 3.5 nm
diameter and the extinction maximum at 532.1 nm (Fig. S2).

All forty-eight SERS substrate plates were examined by SERS
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Table 1
Microbiological experiment design.
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Medium/Bacterial culture

Control (saline solution) Control (bacteria medium) Staphylococcus aureus (S. aureus) Pseudomonas aeruginosa
(0) Control (without reporter) O/Saline O/Medium O/S. aureus O/P. aeruginosa
(CV) Crystal Violet 10 M CV/Saline CV/Medium CV/S. aureus CV/P. aeruginosa
(B1) Thiamine 10 M B1/Saline B1/Medium B1/S. aureus B1/P. aeruginosa
(A) Adenine 104 M A/Saline A/Medium A/[S. aureus A/P. aeruginosa

spectroscopy before and after the microbiological experiment
(Fig. 1).

The experiments were conducted according to the scheme
presented in Table 1. The processed SERS spectra were compared
before and after the microbiological experiment. The control
samples (O) without reporter had no significant changes after the
experiment. The samples of saline with microbes (O/S. aureus and
O/P. aeruginosa) did not demonstrate the bacterial SERS spectra,
probably due to the washing that removed the bacterial cells.

The crystal violet can be oxidized by a variety of bacteria but is
also a biocide that reduces the possibility of its conversion by mi-
croorganisms [35,36]. After incubation with microbes, we esti-
mated the spectra’s changes by the ratio of the selected peak
heights. Peak at 915 cm™! related to bending (CCeenterC) Was
selected for CV [37] for ease of analysis and spectral data processing
(Fig. 1a). The value of Hgisafter/Hg15before for CV/Saline and CV/Me-
dium control samples was 0.49 + 0.08 and 0.56 =+ 0.10, respectively

(Fig. 1d). In the case of CV/Saline and CV/Medium samples, the
decrease in intensity is explained by substrate erosion because of
washing and incubation. The peak height decreased comparably in
the CV/Saline and CV/Medium samples, although one could expect
the larger decrease in the CV/Medium due to the competitive
adsorption of the broth components (e.g., casein hydrolyzate).

In the samples with microbes, the Hoisafter/Ho15before Values
were 0.61 + 0.15 for CV/S. aureus and 0.32 + 0.16 for CV/
P. aeruginosa. This difference suggests that S. aureus bacteria do not
affect the CV dye, whereas P. aeruginosa decolorizes the dye
significantly (Fig. S3). Bacteria can destroy dyes during growth
[38,39], thereby decreasing their spectral intensity. It should be
noted that P. aeruginosa strains actively decolorize textile dye
effluent [40].

Curiously enough, thiamine spectral intensity increased in the
several replications after the incubation in saline (Fig. 1e). For the
B1/Saline sample, the H7sgafter/H756before Value was 1.11 + 0.51. The
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Fig. 1. SERS spectra of «Medium » samples before (red) and after (green) the microbiological experiment and structural formulae of compounds indicating vibrations of the studied
peaks: crystal violet (a); thiamine (b); adenine (c). Selected peak ratios after/before the incubation. Crystal Violet Hosafter/Ho15before (d); thiamine H7sgatter/H756before (€); adenine
H737atter/H739before (f). The error bars show standard deviation. Asterisk (*) denotes significantly different from the Medium (P < 0.05). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

147



M.V. Gorbachevskii, S.V. Filatova, A.V. Filimonova et al.

Biochemical and Biophysical Research Communications 546 (2021) 145—149

5000 5000
a
%) —Sample A/Medium "after"+ %) —Sample A/P.aeruginosa
= 4000 Adenine 2 4000 - “after"+ Adenine
8 —Sample A/Medium "after" 8 —Sample A/P.aeruginosa
O 3000 O 3000 "after"
> =y
& 2000 | 2 2000 |
3 2
= £
1000 1000
0 \ . \ | A ; 0 . . A f A f
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Raman shift, cm™ Raman shift, cm ™

Fig. 2. Testing of SERS activity of the substrate after interaction with P. aeruginosa: the sample A/Medium immediately after incubation (black); the same sample with added 3 pL of
10~* M adenine solution (red) (a); the sample A/P. aeruginosa immediately after incubation (black); the same sample with added 3 pL of 10~* M adenine solution (red) (b). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

protracted adsorption of thiamine may explain the increase in the
spectral intensity and rather large standard deviation onto the hot
spots of the SERS substrate. Previously, it was shown that rhoda-
mine 6G requires about 30 min for complete adsorption on the
surface of nanoparticles, while CV requires at least 1.5 h [31].
Another possible explanation is the thiamine conformation change
due to the pH shift during the incubation. It is known that the in-
tensity of the 755 cm™! thiamine peak (Fig. 1b) is highly dependent
on pH [41]. The initial pH of SERS substrate spots is around 4.5
(slightly acidic due to the citric acid/sodium citrate present at the
nanoparticles’ surface). The pH might increase to 6.5 during the
incubation with saline, because we observed a 1590 cm~' peak
characteristic of unprotonated thiamine molecules.

For the B1/Medium, B1/S. aureus, and B1/P. aeruginosa samples,
the H7sgafter/H756before Values were 0.55 + 0.25, 0.53 + 0.33, and
0.89 + 0.37, respectively (Fig. 1e). We can assume that S. aureus and
P. aeruginosa do not metabolize the adsorbed thiamine because the
spectral intensity does not significantly decrease when compared
with the medium control (Fig. S4).

The adenine is easily metabolized by microorganisms [42]. We
used the ratio of 737 cm™! peak height before and 739 cm™! peak
height after the incubation to measure adenine spectral change
(H737after/H739before)- This peak corresponds to the adenosine ring’s
valent vibrations and is the most intense in the SERS adenine
spectrum at the 785-nm excitation (Fig. 1c). The slight bath-
ochromic shift of this peak is probably due to the pH change during
the incubation. For the A/Saline and A/Medium samples,
H737after/H739before  Values were 0.42 + 0.15 and 0.20 + 0.04,
respectively (Fig. 1f). This difference suggests that adenine gradu-
ally desorbs or decomposes in the deionized water; furthermore,
adenine can be displaced from the gold nanoparticles by the culture
medium components.

The peak height ratios differ for A/S. aureus and A/P. aeruginosa
samples in the same manner as for CV samples. The H737after/
H739before Value for A/S. aureus was 0.17 + 0.07, which is close to the
A/Medium value and suggests the inability of S. aureus to decom-
pose the adsorbed adenine during the incubation. For P. aeruginosa,
the H737atter/H739before Value is 0.08 + 0.03, which is significantly
lower than the A/Medium and A/S. aureus values (Fig. S5). This
decrease may be explained by the adenine decomposition or SERS
substrate destruction by the bacteria. To rule out the latter possi-
bility, we applied the extra amount of adenine to SERS spots that
were incubated with culture medium with or without P. aeruginosa.
We observed the significant increase in the adenine spectral in-
tensity in the A/P. aeruginosa but not in the A/Medium sample. One
can assume that adenine is displaced from the SERS-active hot
spots by the culture medium components, and the addition of
adenine after the incubation alter the spectral intensity only
modestly (1.35 times) because the hot spots are not available
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(Fig. 2a). In contrast, in the A/P. aeruginosa sample, bacteria
metabolize the adenine and the culture medium components, and
the addition of adenine increases the spectral intensity 2.75 times
because adenine adsorbs onto the vacated hot spots (Fig. 2b).

Thus, we can conclude that gram-positive S. aureus bacteria do
not decompose crystal violet, adenine, and thiamine as monitored
by SERS spectra. In contrast, gram-negative P. aeruginosa activity
can be monitored by SERS spectra of crystal violet and adenine, but
not thiamine. Therefore, even when the direct registration of bac-
terial spectra is impractical, the bacterial colonization of the sur-
faces can be detected using the coatings containing preformed SERS
hot spots impregnated with suitable SERS reporter prone to the
bacterial metabolic activity.

4. Conclusions

A new approach for the indirect detection of microorganisms by
the SERS spectroscopy was demonstrated. The colonization of the
aluminum substrate by Pseudomonas aeruginosa led to the degra-
dation of crystal violet and adenine as evidenced by changes in
their SERS spectra. The 915 cm™' peak height of crystal violet
decreased three times after the incubation in the medium inocu-
lated with bacteria; and the 737 cm™! peak of adenine shifted to the
739 cm~!, and its height decreased to 8% of its original value. The
demonstrated approach is a powerful technique that can be
generalized for the express detection of the bacterial colonization
by the selection of the appropriate SERS reporters. The desired SERS
reporters (dyes or nitrogenous bases’ derivatives) should strongly
adsorb onto the gold nanoparticles surface, and be prone to the
rapid degradation by the bacteria of interest.
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