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Abstract

We have investigated the mode of action of synthetic biocides, (2-(thiocyanomethylthio) benzothiazole(TCMTB),
dichlorophen, (commonly used in leather industry for preservation) and natural biocides, oregano and eucalyptus
oils, on Aeromonas hydrophila using Raman spectroscopy in collaboration with multivariate analysis and 2D
correlation spectroscopy to evaluate whether Raman spectra acquired contained valuable information to study the
action of biocides on bacterial cells. The growth of A. hydrophila in clear and outer edge zone of inhibition differ in
their reaction with different biocides, which allows us to highlight the differences as a characteristic of two kinds of
bacteria. Such classification helps identify oregano oil as the most effective biocide by altering clear and outer edge

zone of bacteria. Standard disk diffusion assay method was used for screening biocide bacteria interactions and
later analysed by Raman spectroscopy. The paper also presents the introduction of TCMTB and oregano oil into
leather processing stages to examine and determine the antimicrobial effect as an application to real-world setting.
Therefore, we conclude that Raman spectroscopy with appropriate computational tools constitutes a powerful
approach for screening biocides, which provide solutions to all the industries using biocides including leather
industry, considering the potentially harmful effect of biocides to humans and the environment.
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1 Introduction

Microorganisms are present everywhere in different
proportions, sizes, and diverse habitats. Microorganisms
can be useful, harmful, dangerous, or degrade materials.
In the leather industry, raw hides or skins and interme-
diates or even final leathers are always under microbial
attack, resulting in downgrading or even complete
destruction by microbes. So-called “weapons” to fight
against harmful micro-organisms are biocides intended
to kill living microorganisms responsible for decompos-
ition and destruction of valuable materials, disturb the
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production processes and influence the quality of final
products [1]. But chemical biocides potentially pose a
risk to the environment and human health if not
handled, or processed, correctly. The prevention of
microbial growth and multiplication in leather materials
entails the use of biocides i.e., bactericidal, or biostatic
chemicals. If any contamination due to bacteria or
mould happens during leather processing, the damage
cannot be reversed which can affect the quality of
leather and poses a significant economic loss for the
tanneries [2]. Accordingly, in principle, tanneries have a
great interest in protecting their leather intermediates
from microorganisms by a chemical treatment. The key
questions that arise in selecting these biocides include
which chemicals can be and should be used and what
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are the advantages of the biocide’s chemical origin? Will
it be safe in use for humans and the environment?

The unavoidable use of chemicals in the leather indus-
try and its production processes represents an environ-
mental impact. As stated before, biocides are a must for
the leather industry as there are no feasible alternatives
that guarantee long-term protection of partially
processed material, held in a wet state for many months
during transport and storage. The globalization of the
leather market and the resulting international trade of
these materials in the wet state make it necessary to pro-
tect the goods using biocides [3]. Therefore, any industry
using biocides should commit to protecting consumers,
workers, and the environment. “Restricted Substances
Lists” (or more commonly referred to as RSLs) can be
found in the REACH regulations [4], i.e., Regulation of
the European Parliament and of the Council concerning
the Registration, Evaluation, Authorisation, and Restric-
tion of Chemicals to direct suppliers in the production
of safe and compliant products. Some biocides, like
pentachlorophenol (PCP), are hazardous for human
health and life and have been withdrawn from use [5].

In consideration of synthetic biocides’ harmful effects,
an investigation was undertaken to replace these agents
with natural and environmentally friendly substances of
plant origin, i.e., essential oils with antimicrobial properties.
Nature has also developed so-called “natural biocides”,
derived from e.g. plants or even bacteria [6]. A few of the
common synthetic biocides used in the leather industry are
4-chloro-3- methylphenol (PCMC), 2-phenylphenol (OPP),
and 2-(thiocyanomethylthio) benzothiazole (TCMTB)
[1, 3]. Some studies have shown proven antimicrobial
activity of natural biocides, including essential oils [3, 7-9],
indicating that it is possible to eliminate the harmful effect
of synthetic bioactive agents on humans. This also indicated
a possibility for improving the leather-making process with
a view of ecological aspects. Essential oils have attracted the
interest of scientists [10-12] for several years. Bacterial
resistance to biocides has also become a great concern.

To investigate the possibility of finding the best and
long-lasting antimicrobial action, firstly, we have selected
commonly used synthetic biocides including 2-(thiocya-
nomethylthio) benzothiazole (TCMTB), dichlorophen
(DCP), as well as oregano and eucalyptus oils from the
organic class of essential oils. Secondly, there is a need
to identify a potential identification technique. There are
several conventional methods being used in microbiol-
ogy include the broth micro and microdilution test, agar
diffusion test and automated susceptibility testing
systems [13]. The disk diffusion method is the gold
standard for confirming the susceptibility of bacteria and
was introduced by Bauer and Kirby’s experiments in
1956, after finalizing all aspects of optimization by
changing physical conditions [14]. Such methods are
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often time-consuming, expensive and may offer only
limited information. Considering all these limitations, it
is important that novel technologies be developed that
can rapidly detect and predict the emergence of anti-
microbial resistance. Raman spectroscopy has the poten-
tial to fingerprint bacteria and study antimicrobial
resistance since even minute biochemical changes can
be rapidly detected [15]. The extent of cellular damage
and the resulting Raman spectral changes are often a
function of the biocide concentration. Therefore, it is
important to understand the impact of biocide concentra-
tions on the biomolecular profile of bacteria. The bacter-
ium Aeromonas hydrophila was tested for its resistance to
these biocides of different concentrations using Raman
spectroscopy. A. hydrophila, a Gram-negative, oxidase-
positive, motile, non-spore-forming, facultative anaerobic
bacterium was selected for the study which is usually con-
sidered an opportunistic aquatic pathogen with resistance
to commercial antibiotics [16]. This strain was recom-
mended for the tests because of its general activity on
untreated skins and compost [17]. We have obtained a
whole-microorganism fingerprint for this bacterium using
Raman spectroscopy with an excitation wavelength of 532
nm, which has already been proven very successful in rap-
idly discriminating and identifying microorganisms [18].
The vibrational spectrum inherently serves as a fingerprint
of the biochemical composition of each bacterium and
thus makes identification at the species level, or even the
subspecies level, possible. For better visualisation and
separation of classes within each Raman spectral dataset,
multivariate analysis and two-dimensional correlation
spectroscopy (2D-COS) was employed to highlight the
variance.

The next step in the current work is applying know-
ledge and experience obtained from the bacteria biocide
susceptibility results for testing real leather samples by
introducing these biocides at different stages of leather
processing to evaluate the effectiveness in protecting the
leather from damage caused by microorganisms. The
study demonstrates a comparison of the mode of action
of natural biocides with those of commercially available
synthetic biocides used in tanning.

2 Materials and methods

2.1 Biocides and bacteria

A. hydrophila was used as a model microorganism
isolated from sheep skin. The identified strain of A.
hydrophila was cultured for 24 h at 37 °C and stored for
downstream application as stock cultures at - 80°C in
Luria Broth (LB) medium with 30% glycerol [19]. 30% 2-
(thiocyanomethylthio)benzothiazole (TCMTB; trade
name Busan 30) was obtained from Buckman laborator-
ies, USA, 30% dichlorophen was obtained from Prime
Trading Company, New Zealand, eucalyptus oil (80—-85%
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cineole) obtained from Lotus Essential Oils and 100%
pure Oregano oil was obtained from Amazing Herbs
with 90% carvacrol content. All these biocides were
diluted in 10% dimethyl sulfoxide (DMSO; Sigma-
Aldrich Co., USA) to get the desired concentration. 10%
DMSO was used as a control to monitor the effect of
biocide on bacterium species.

The antimicrobial activity of selected synthetic bio-
cides - TCMTB and dichlorophen and essential oils-
oregano and eucalyptus oil were determined following
the Kirby-Bauer Disk Diffusion Susceptibility Test Proto-
col [14]. Three different biocide concentrations of 0.3%,
3%, and 30% in 10% DMSO diluted in milli-q water were
prepared to monitor the effectiveness against A. hydro-
phila bacterial strain. Before testing, the bacterial strain
was streaked on LB Agar and incubated for 24 h at
37 °C. Isolated colonies were touched using an inoculat-
ing loop and suspended in 2mL of phosphate buffer
solution (PBS). After vortex mixing, the turbidity of the
bacterial suspension was adjusted to match 0.5 McFar-
land standard. Mueller Hinton agar plates were inocu-
lated by streaking the swab dipped into the inoculum
suspension over the entire agar surface. A volume of
10 uL. of each biocide was added to Oxoid™ Blank Anti-
microbial Susceptibility Disks (CT0998B, Thermo Fisher
Scientific) and transferred to the inoculated Mueller-
Hinton agar plates incubated for 18 h at 37 °C. The anti-
bacterial activity was evaluated after incubation time by
measuring the inhibition zone using a ruler. The disk
diffusion assay was performed in duplicate, and the
mean and standard deviation value of inhibition zone
was calculated (Table 1).

For Raman spectroscopic measurements, the bacterial
colonies formed on agar plates were smeared by picking
the biomass from the clearing zone (the innermost
zone),” and the edge ring of the clear zone separately
using an inoculation loop onto the CaF, substrate
(polished, Raman grade, Crystran Ltd., United Kingdom)
[20]. This allowed us to create a distinction between
clear and outer edge zone of A. hydrophila against the
action of the biocides. Raman spectra were collected im-
mediately after sample preparation to avoid sample

Table 1 Disk diffusion determined zones of inhibition (mm) for
A. hydrophila strain after treatment with TCMTB, DCP, oregano
oil and eucalyptus oil

Mean value (mm) + Standard Deviation

Biocides 0.30% 3% 30%

Mean S.D. Mean S.D. Mean S.D.
TCMTB 17.23 +023 26 +0.15 40 +0.29
DCP 11.14 +05 18 + 061 28 + 048
Oregano oil 9.27 +005 20 +013 4 +0.09
Eucalyptus oil 0 0 10 +12
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degradation in the dehydrated state. To obtain the nor-
mal Raman spectrum of selected biocides and A. hydro-
phila, 5 pL of biocide or bacterial culture was air- dried
on the CaF, substrate for 30 min.

2.2 Biocides, bacteria and leather treatment

Individual treatments on raw cowhide pieces were car-
ried out by introducing TCMTB (1% of leather weight)
and oregano oil (2% and3% of leather weight) during the
leather processing. The standard leather processing
protocol with the addition of TCMTB and oregano oil is
followed and presented in Fig. S1. Antimicrobial activity
was evaluated after 1 week of leather finishing. The con-
trol samples were also prepared without the action of
any biocide during the process. After 1 week, for micro-
biological testing, round-shaped disks of diameter 12
mm were collected from finished leathers by means of a
punching tool. Rest leather samples were stored in paper
bags to retain the moisture for further testing in the fu-
ture. Control samples were also preserved under similar
conditions.

2.3 Data acquisition and Raman spectral processing

The samples were analysed using a custom-built Raman
microscope based on an inverted IX71 Olympus micro-
scope A. 532nm excitation laser (with 10 mW laser
power) was focused onto the sample with a spot size
diameter of 1-2 pm using 40 x magnification and 0.65
NA objective. A Raman edge filter (12° incident angle)
(Iridian Spectral Technologies, Ontario, Canada) di-
rected the excitation into the sample and rejected the
Rayleigh scattered light. An additional Raman edge filter
(normal incidence) was used to remove any residual
Rayleigh scattering immediately before entering the
spectrometer. The Raman scattered light was focussed
onto a 50-pm entrance slit of a Teledyne-Princeton
Instruments FERGIE spectrometer. Bacterial samples
collected from clear and outer edge zone were dried
onto CaF, substrate. Five samples of each biocide
concentration were prepared, and Raman spectra were
acquired with an exposure time of 5s per frame over 10
frames (each frame was saved separately). From each
dried sample, at least 30 spectra were collected from dif-
ferent regions of the sample. The collected spectra were
pre-processed with an algorithm written using the SciKit
Learn package [21] in Python 3.7. Baseline correction,
background subtraction, and average spectra were
obtained using the Python algorithm. The spectral data
was smoothed using the five-point Savitzky-Golay
smoothing function to smooth out spectral noise, and
normalization was done by dividing each point by the
norm of the whole spectrum using Origin 2021b. For
visualization, spectra were scaled between 0 and 1 and
offset in increments of 1.
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To investigate the relationship between Raman spec-
troscopy and the biocide effect on A. hydrophila, multi-
variate statistical method, Principal Component Analysis
(PCA) was used to reduce the dimensionality of the
Raman data whilst preserving the large variance. Princi-
pal Component Analysis was performed using Origin
2021 b. Multivariate statistical methods are popular
methods for spectral analysis for biological specimens,
but these methods cannot reveal the dynamic spectral
alterations due to external perturbations of biological
systems. To address this respect, two-dimensional cor-
relation spectroscopy, a cross-correlation method, was
used to monitor dynamic fluctuations of spectral sig-
nals [22] and identify which signal contributes the most.
2D correlation spectra were constructed to study bacter-
ial changes reflected in Raman spectra with increasing
biocide concentration. An average of five replicates of
each concentration of biocide was used to demonstrate
one-dimensional spectra for 2D correlation analysis.

There were two sets to demonstrate 2D correlation
spectra — synchronous spectra characterised by auto
peaks along the diagonal and cross peaks off the diag-
onal shows some similarities in the dynamic behaviour.
If there is no change in spectra, it will not appear in 2D
spectra.

3 Results and discussion

3.1 Disk diffusion agar plate test

Round disks of 6 mm diameter were analysed for the de-
termination of bacterial susceptibility to four selected
biocides. Bacteria suspensions were streaked over the
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plate. The disks with selected biocides were placed in
the centre of agar plates. After leaving it for a day to
allow biocide to induce bacteria-biocide interactions,
there is an appearance of two zones formed by bacteria;
one shows a clear zone with bacterial inhibition and
another outer edge zone with bacteria resistant to inhib-
ition (Fig. 1). The bacterial biomass from the clear and
edge zones was collected and analysed using Raman
spectroscopy. The clear zone in the plate indicates that
bacteria have been killed by biocide and the outer edge
zone indicates biocide diffusion into the zone area and
inhibition of bacterial growth [23]. Clear and edge zones
of A. hydrophila differ in their response to different
biocides, highlighting the differences as a characteristic
of two kinds of A. hydrophila bacterium.

Using the disk diffusion assay as a screening method,
all selected biocides showed measurable inhibition zones.
The antibacterial activity for A. hydrophila after treat-
ment with TCMTB, dichlorophen, oregano oil and euca-
lyptus oil is determined by the means and standard
deviation of zones of inhibition in millimetres as shown
in Table 1.

The results reveal that TCMTB showed a higher inhib-
ition zone than dichlorophen, whereas oregano oil showed
the highest inhibition level than eucalyptus and proved
the most effective among all at 30% concentration.

3.2 Raman spectroscopy identifies biomolecular changes
due to biocide treatment

To examine the mechanism of action of these biocides
and to support the results from the disk diffusion assay

Fig. 1 Zones on biocide assay plates

Bacterial lawn

Petri dish, agar and bacteria

Biocide disk

Clear zone of inhibition

Edge of antibacterial diffusion
(edge zone)
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method, Raman measurements were performed on sam-
ples obtained from clear and outer edge zone of A.
hydrophila after biocide treatment. Raman bands as
shown in Fig. 2 at 746, 1125, 1304, and 1581 cm™ ' are
characteristic of the vibrational modes of cytochrome
proteins [24-26]. Cytochrome c belongs to class I of the
c-type cytochrome family and has a CXXCH (cysteine-
any-any-cysteine-histidine) amino acid pattern that
binds heme [27]. The in-plane [T — [T* transitions of the
porphyrin ring are responsible for strong resonant
Raman scattering [28]. Cytochrome c, a growth/decay
marker within A. hydrophila, was monitored to detect
the biochemical changes by means of Raman spectros-
copy. Peaks at 881, and 976 cm™ " are assigned to the
v(C-C) stretch of lipids and C-C stretch, a-helix of
proteins, and the peak at 1163 cm™' is characteristic of

(2021) 3:22
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phenylalanine. The peak at 1444 cm™ ' is usually due to
the CH, deformation (wagging) of protein [29]. The Ra-
man band centred at 1645 cm™ ' represents the amide I
of collagen protein, which typically consists of several
secondary structures [30]. The detailed assignments
were tabulated in Table S1.

Figure 3a, b, ¢, and d show the Raman spectra of A.
hydrophila cells grown in the presence and absence of
selected biocides. 10% DMSO control without any bio-
cide was carried out for monitoring the mode of action
of bacteria. Pure DMSO has strong antibacterial effect
but we have diluted biocides in 10% dimethyl sulfoxide
to get the desired concentration [31]. No antimicrobial
activity was detected by DMSO. 10% DMSO control was
carried out with each test to ensure that microbial
growth was not inhibited by DMSO itself. The samples
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were obtained from clear and outer edge zone after bio-
cide treatment for Raman analysis. The spectra in Fig. 3
appear to be qualitatively similar to the typical Raman
spectrum of A. hydrophila bacterium, but on closer in-
spection, some quantitative differences can be found,
particularly changes in the cytochrome marker peaks
with slight shifts in peak position. Raman spectra of
cytochrome proteins was obtained using a 532 nm laser
line which shows strong resonance enhancement [32,
33] with characteristic bands located in the spectral
range of 740-760cm™ ' that originates from pyrrole
breathing [34]. The excitation at 785nm is far from
resonances of cytochromes therefore 532 nm was chosen
as a preferred excitation wavelength [35].

Among synthetic biocides, TCMTB demonstrates
significant decrease in the intensity of marker bands
(suggesting evidence of alterations cell wall structure)
with increase in biocide concentration. The spectra clas-
sify into two classes — the clear zone representing the
signature of dead bacteria and outer edge zone of live
bacteria. Dichlorophen shows an intense Raman signal
in both zones at all concentrations, which explains it is
less effective in bacteria inhibition. In another set of es-
sential oils, oregano oil works the best compared to eu-
calyptus oil, which was ineffective at low concentrations
and works effectively at 30% concentration. The mech-
anism of action of biocides is diverse and bacterial sus-
ceptibility of biocides is target site-specific. It is easier
for a few biocides to find the target site that impacts bio-
cide attraction to bacterial cells and leads to structural
alterations in bacterial cells, allowing the bacteria to
expel the cell [36]. Raman spectral results are consistent
with the inhibition zones measurements from the disk
diffusion method. The decreased peak at 746cm™ '
served as a good indicator for cell lysis after biocide
treatment. It was previously studied that the decrease of
cytochrome Raman intensity bands was related to the
conformational changes of proteins, which correlated
with the cell death [37]. To quantitatively identify the ef-
fect of biocides on the variation in A. hydrophila bacter-
ium, we have investigated the Raman peak at ~ 746
ecm™ !, and its average peak intensity were calculated
(Fig. 3e). The outer edge zone has higher bacterial con-
tent compared to the clear zone, which differentiates
both live and dead bacteria. Figure 3a for TCMTB, for
the clear zone, the band at 741 cm™ ' for 30% TCMTB is
much weaker than those of 0.3% and 3%. In Fig. 3d., the
band at 750 cm™* for the edge zone is observed at mini-
mum for 3% as compared to both 0.3% and 30% whereas
clear zone concentrations have similar intensity which
indicates different concentrations have minimal effect on
microbial resistance. In Fig. 3c, for oregano oil clear
zone shows that, at 0.3% the band at 740 cm™ ' is quite
visible, while at 3% it can be hardly be distinguished
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from noise, very low in intensity and it is completely ab-
sent at 30%. It demonstrates that oregano oil has the
least bacterial cells that indicate cell death in clear and
edge zones of bacteria.

The effect of biocides is reflected by changes in the
spectra affecting most protein peaks. Oregano oil alters
the biochemical components of clear zone as well as
outer edge zone. Generally, the cell wall structure is the
target of biocides and these cytochrome bands are good
indicators for sensitive detection of cell wall modification.
As the 746 cm™ ! band decreases due to biocide treatment,
we can conclude that cell wall structure is modified, and
the bacteria undergo lysis with a substantial reduction in
survival rate. Therefore, oregano oil is a suitable choice as
a biocide with no risk to the environment and human
health.

From the results obtained, we have demonstrated that
the Raman method developed could sense the biochem-
ical changes of A. hydrophila after different biocide
treatments in the early stage, which helps to discriminate
the treatments and clearly show that, Raman spectra
of control bacterial cells, bacterial cells treated with
TCMTB, dichlorophen, oregano oil, and eucalyptus
oil were compared. These differences were directly
related to the different modes of actions of these
biocides and the cell wall integrity under the different
treatments.

3.3 Multivariate analysis

Although we have observed the spectral variations in
bacterial cells after treatment with biocides, but to
confirm this hypothesis and for better representation of
variations in differentiating the clear and outer edge
zone bacteria, multivariate analysis that is Principal
Component Analysis (PCA) was employed. PCA was ap-
plied on average baselined spectral data obtained from
five replicates of A. hydrophila bacterium - TCMTB and
oregano oil samples. PCA analysis will help to identify
the variations and quickly characterise the “types” or
“classes” of spectra or samples present in a large data set
[38]. Figures 4 and 5 illustrate the two-dimensional rep-
resentation of PCA results of TCMTB and oregano oil
treatment on A. hydrophila. PCA plot of the dataset
demonstrates the separation of samples of control, clear
and outer edge zone bacteria in the form of clusters.
The average control (without any biocide) spectrum was
used to highlight the difference. PC1 explains 71.1% of
the variance projecting the highest variation in the data,
differentiating the spectral features of clear zone, outer
edge zone and control. Outer edge zone bacteria and
control are quite well separated by PC2 that explains
25.7% of the variance. Control and outer edge bacterial
zone spectral data closely match and clustered together.
The control spectra overlap with the outer edge zone of
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bacteria and are differentiated from the clear zone where
cell lysis occurs. Figure 5a shows the PCA scores plot of
bacteria affected by oregano oil, which do not show any
separation between clear and outer edge zone bacteria,
but there is an overlap of spectra within concentrations.
This supports the hypothesis that oregano oil has not
only killed the bacteria within the clear zone but also af-
fected the bacteria through diffusion to outer edge zone.

To analyse the spectral variations in the Raman data
described by the principal component, loading plots of
TCMTB and oregano oil were displayed in Figs. 4b, 5b.
The Raman peak at ~ 740 cm™ ' and ~ 1125 cm™ " feature
prominently in the loadings, which is negatively corre-
lated to the biocide concentration in Fig. 4b PC1 plot.

This inverse behaviour means there is an increase in de-
formation of cell wall with increasing TCMTB concen-
tration. There are peaks at ~ 1300 and 1575 cm™ ' which
are positively correlated and attributed to lipids and
cytochrome protein content. The loadings plot of ore-
gano oil (Fig. 5b) demonstrates that PC1 has all positive
correlated bands attributed to cytochrome whereas PC2
shows inverse behaviour from several alterations hap-
pening with increase in oregano oil concentration.

3.4 Two-dimensional correlation spectroscopy (2D-COS)

To further explore the potential of Raman spectroscopy
in identifying the mode of action of biocides, 2D correl-
ation spectroscopy was employed. It was assumed there
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is a shift in the cytochrome protein band at 746 cm™*

which is due to symmetric vibrations of pyrrole rings
[28] whereas the 2D correlation spectra shows major
variations in bacterial vibrational modes after TCMTB
and oregano oil treatment within the range of 730 cm™ "
to 740 cm™ ! that overlaps with DNA nucleobase assignment.
It is assumed that this may be related to protein-induced dis-
tortions and conformational changes after interaction with
different biocides using 532 nm laser wavelength.

It was also found that band at 737cm ' can be
assigned to pyrrole folding mode and/or symmetric
vibrations of cytochrome proteins [28]. Although
cytochromes are present in almost all kinds of living

cells, due to their low concentration in the cell only
the reduced form of cytochrome c in functional cells
has a sufficiently strong enhancement to be noticed
in Raman spectra. The oxidized form of cytochrome ¢
is characterized by less signal intensity and often
overlapped by other bands [39].

Figures 6, and 7 show the full 2D COS plot of the
spectra of TCMTB and oregano oil of clear and outer
edge zone of A. hydrophila. The synchronous plot shows
that there are correlations between almost all the bands
in the spectra. But the asynchronous plot shows specific
interactions between bacteria and biocides [40]. In the
synchronous plot of TCMTB clear zone (Fig. 6a), three
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autopeaks were observed at 737, 976, and 1125cm™*

indicating the intensity of these bands change with in-
crease in TCMTB concentration. The band at 737 cm™*
could be attributed to cytochrome proteins or DNA
vibrational mode and thus be considered a measure of
protein or nucleic acid content of bacteria cells. The
band at 976 cm™ ' attributed to C—C stretch of proteins
and lipids has only contributed to the clear zone syn-
chronous map whereas the asynchronous map of clear
zone (Fig. 6b) has spread over the wider wavelength
range from 850 to 1050 cm™'. The band at 1125cm™ " is
attributed to cytochrome proteins and lipids related to
bacterial decay with increase in concentration. The syn-
chronous plot of outer edge zone with TCMTB (Fig. 6¢),
shows one autopeak at synchronous plot with highest in-
tensity peak at 740 cm™' that increase with concentra-
tion whereas asynchronous plot (Fig. 6d) shows the two
cross-peaks as two lobes, one positive and one negative
observed close to the diagonal, possibly demonstrating
either a shift in band or correlated behaviours of over-
lapped bands.

To understand in detail the dynamics of important
spectral peaks with increase in the concentration of bio-
cide from 0 to 30%, we take a look at individual bands in

the range of 737-750 cm™ ', an important band to find
an evidence of the alterations in the bacterial cell wall
(Fig. 8). The changes in the peak locations indicate the
changes in the cytochrome proteins at 753 cm™ ' and nu-
cleic acids at 780-818 cm™! (Table S1).

Figure 8a shows the 2D spectra between 700 and 800
cm™ ', a region that covers the bands identified with
cytochrome proteins, and a characteristic feature of bac-
terial decay. The 2D correlation plot of a clear zone of
oregano oil treated bacteria shows intense positive
autopeak at 737 cm™ ! with negative cross-peaks across
diagonal at (753, 737 cm-") and (737, 753 cm™ ). These
peak shifts can be seen in the one-dimensional spectra
with an increase in the concentration of oregano oil,
there is a decrease in cytochrome proteins due to cell
lysis. For an asynchronous map, there are two different
cross-peaks with different signs: positive at (737,746)
and negative at (750,753). These different signs show
that changes in these peaks occur at opposite directions
coinciding with each other. This indicates that 737 and
746 cm™ ' bands are associated with non-viable bacteria
while 750 and 753 cm™! bands are associated with the
bacterial state prior to the treatment with the biocide.
Clear zone of oregano oil treated bacteria shows minimal
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trace of cytochrome signature with an increase in concen-
tration, making it a preferential choice to use compared to
TCMTB. An outer edge zone of oregano oil treated bac-
teria looks similar to TCMTB clear zone with autopeaks
at 737, 1125, 1381, and 1581 cm™'. Several cross-peaks
were observed in the synchronous contour map with a
positive peak at (737 cm™*, 1125 cm™ ') and negative peak
at (1381 cm™ ', 1125cm™ ). Asynchronous map has band
narrowing across the diagonal at 737, and 1081 cm™ " with
significant in 1440 and 1648 cm™ ! band was also altered
in its biochemical components with decreasing cyto-
chrome protein content, with variation in CH, deform-
ation of proteins and amide I protein bands which is not
found in other biocides. The clear and outer edge zone
has collaborative effort in fighting against bacteria making
clear zone free from bacteria and outer edge zone also af-
fected with biocide to expel. This demonstrates that ore-
gano oil not only fights against the bacteria but also resists
the other bacteria in its reach.

The mode of action of synthetic and natural biocides
has been extensively studied in this paper. It has been
reported that biocides target bacteria cell walls and cre-
ate deformations in the outer membrane. Such exposure
to biocides was followed by changes in ultrastructure re-
lated to a decrease in biocidal susceptibility, usually at a

low concentration [36]. The benzothiazole ring of
TCMTB binds to different biological targets in bacterial
cells and inhibits the bacteria. Different biocides have
different mechanisms for action against bacteria. A.
hydrophila is Gram-negative bacteria, and studies sug-
gested that Gram-negative bacteria appear to be more
resistant than Gram-positive bacteria in response to es-
sential oils [41], but our results with oregano oil doesn’t
support this. It was found that Gram negative bacteria,
A. hydrophila, is sensitive to oregano oil in clear and
edge zone of inhibition. The possibility that the cell wall
and membrane were primary targets of oregano oil with
disturbance of membrane-embedded proteins and dis-
ruption of lipids has been previously demonstrated [42].
Moreover, oregano oil may cause cell wall and mem-
brane damage, and the formation of cytoplasmic vacu-
oles, eventually inducing cell necrosis, although more
investigations are required to conclude the mechanism
in detail. In summary, the action of synthetic biocides
has higher toxicity and higher environmental impact to
be used even at lower concentration levels.

3.5 Antimicrobial effect of leather treated with biocides
To demonstrate and assess research work effectiveness
in the real-world setting, we have used TCMTB and
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oregano oil biocides in leather processing, starting from
fresh raw skin to the final finished leather. We believe
this is the first study where synthetic and essential oil
biocides were compared and studied in detail using
Raman spectroscopy and chemometrics. This will also
help in improving the leather process with a view of
ecological aspects. Similar to disk diffusion assay
method, we have replaced disk inoculated with TCMTB
and oregano oil with 12 mm diameter leather disks in
this experiment. The diameter of inhibition zone was
measured, and Raman analysis was carried out on clear
and outer edge zones of bacterium A. hydrophila.
Figure 9a shows the control sample without any biocide
has no inhibition zone, TCMTB (1% concentration used
in standard leather processing) has inhibition zone of 18
mm diameter, 1% oregano oil of 18 mm and 2% oregano
oil of 30 mm. Raman spectral analysis of clear and outer
edge zone of leather samples shows different spectral
bacterial signature as compared to biocide inoculated
disks. Leather has a different mechanism of interaction
with bacterial cells, which modify its actual single cell
signature. Figure 9b shows the oregano oil intensity of
marker cytochrome protein bands at 754 cm™ " is absent

and could not be distinguished from noise. TCMTB is
known to cause mitochondrial damage resulting in
apoptosis and morphological damage. The significant
cytochrome protein marker band at 753 cm™' observed
in TCMTB spectra suggests the 753cm™' band is a
marker for mitochondrial damage [43]. The low wave-
number region, 600—800 cm™ ' contributes more to the
noise for oregano oil Raman spectra. The detailed assign-
ments are tabulated in Table S1. PCA analysis also pro-
vides better visibility separating the clear and outer edge
zone indicating the variability in two sets. In this leather
application work, the low biocide concentration served
not only to kill the bacteria but also to stimulate the ex-
pression of resistance. Raman spectroscopy is a promising
technique for detecting molecular changes induced by dif-
ferent classes of biocides in bacteria, discrimination of
clear and outer edge zone of bacteria towards biocides,
and thus allowing the comprehensive understanding of
the mechanisms of antimicrobial resistance.

4 Conclusions
Our results show that we have developed a rapid, simple,
and reliable Raman method that can reveal the biocide
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induced cellular changes in A. hydrophila bacterium
cells. Significant spectral differences were clearly noticed
in the Raman spectra after biocide treatment. Further
peak assignment analysis provided more details on the
biochemical profile changes in the bacterial cell wall and
cell integrity. TCMTB shows better susceptibility com-
parative to dichlorophen in the class of synthetic bio-
cides, whereas oregano oil delivers excellent results in
terms of efficacy compared to eucalyptus oil. TCMTB
induced significant variations in the biochemical profile
of bacteria samples from clear and outer edge zone of
inhibition, discriminating them into two groups using
Principal Component Analysis (PCA). Clear zone bac-
teria have different sensitivity than edge zone bacteria
because of their different modes of action. In contrast,
oregano oil shows bactericidal properties by altering the
bacteria significantly in clear and edge zone of inhibition
at high concentrations, making it the best choice for A.
hydrophila bacterium and can be useful on different
microbes. Hence, 2% oregano oil was found to be one of
the best ones in terms of safety and efficacy. Two-
dimensional correlation analysis was carried out to
support the variations, and contour maps revealed the
spectral features that are not visible in typical one-
dimensional Raman spectra.

We have demonstrated that introducing oregano oil
into processing stages can protect leather quality. The
results are entirely consistent with the traditional disk
diffusion method and other analysis methods. In the
future, we wish to extend the study to screen more bio-
cides and microorganisms.
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