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Application of surface enhanced Raman
spectroscopy (SERS) for the rapid detection and
enumeration of probiotics in yogurt

Kaitlyn Allen,? Gene Ahlborn, Julia Wangsgard® and Shintaro Pang (& *?

Probiotics are a critical component in fermented dairy products such as yogurt. An efficient method to
enumerate probiotics in commercially produced yogurt is important, but traditional methods are time-
consuming, sometimes taking up to 72 hours. The objective of this study was to develop a rapid method
using surface-enhanced Raman spectroscopy (SERS) to identify and enumerate probiotic bacterial cells
in yogurt. The identification and enumeration of three different probiotic bacterial strains, Lactobacillus
acidophilus, Lactobacillus bulgaricus, and Streptococcus thermophilus were successfully conducted
using a developed SERS protocol. L. bulgaricus and S. thermophilus were also identified from a yogurt
matrix using a simple extraction procedure utilizing a Percoll gradient. Statistical spectral analysis
including principal component analysis and partial least squares regression analysis allowed for the
differentiation, characterization and quantification of probiotic strains. The limits of detection were 10°
CFU mL™! for L. acidophilus, 10* CFU mL™ for L. bulgaricus, and 10° CFU mL™* for S. thermophilus.
Quantification capability was tested up to 108 cfu mL™ and showed strong correlation coefficients (0.94,
0.98 and 0.95 respectively) between predicted and actual concentrations. The presence of probiotic
mixtures were clearly detectable from a yogurt food matrix starting at 10> CFU mL™. Sample analysis
took less than three hours per sample set. Our results demonstrate the capability of SERS to detect and

rsc.li/methods

1 Introduction

Yogurt is a fermented dairy product characterized by its distinct
flavor and texture, primarily due to lactic acid fermentation
conducted by probiotic lactic acid bacteria (LAB).' These LAB
metabolize lactose to lactic acid, leading to milk coagulation
and the formation of yogurt's unique sensory and textural
qualities.>® Beyond sensory attributes, these probiotics can
confer numerous health benefits such as improved gut micro-
biota, enhanced lactose tolerance, cholesterol reduction and
overall immune system support.*” To achieve these health
benefits, probiotics must remain viable and be present at
adequate concentrations throughout processing and storage.®
Consequently, regulatory standards mandate that yogurt must
contain specific minimum levels of viable probiotics, typically
around 10’ CFU g, especially when health-related claims are
made.’

Ensuring compliance with these standards necessitates
reliable, rapid methods for identifying and enumerating pro-
biotic strains. Traditional culture-based enumeration
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enumerate probiotics from a yogurt matrix rapidly.

techniques, although accurate, are labor-intensive and time-
consuming, often taking up to 72 hours to yield results.*
Culture-based methods also vary depending on the strain of
bacteria, further complicating and lengthening the process.'
Alternative methods have been developed to identify and
enumerate probiotics, such as immunology-based methods,
like antigen/antibody interactions, or nucleic acid analyses
using polymerase chain reaction (PCR),*® qualitative polymerase
chain reaction (qPCR), and random amplified polymorphic
DNA (RAPD) analysis."** These methods require molecule
specific probes, nucleic acid detection, and different enzymes
and substrates to obtain results. While these methods are
capable of producing test results at a more rapid turnaround
than colony counting, they can suffer other limitations, such as
cross-reactivity of biocapture receptors resulting in false posi-
tive results, and contamination of nucleic acid extraction
resulting in false negative readings. Another limitation is the
inability to discern between live and dead bacteria, which
differentiation is critical for the quality control of yogurt and
other probiotic products.*>*>**

Surface-enhanced Raman spectroscopy (SERS) has gained
popularity in recent years as a sensitive, accurate, and rapid
analytical technique for the analysis of biochemical and
microbiological targets.’>®* Raman scattering is the inelastic
scattering of light that occurs when a laser shines on a target
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analyte.”*® The energy from the scattering laser is detected by
the Raman microscope and correlates with spectral peaks.*
Every molecule has its own distinct Raman spectra, or molec-
ular ‘fingerprint’ which allows for determination of a target
analyte.””* While Raman scattering signals are often very weak
and can be hard to detect, SERS enhances the Raman scattering
of target analytes that are in close proximity to SERS-active
metal nanoparticles to induce a resonance that enhances the
field strength of an oscillatory electro-magnetic field on the
surface of the target analyte. This increases the intensity of the
Raman scattered light which allows for increased sensitivity of
Raman spectroscopy, typically as much as 10° to 107 times.>* By
leveraging this phenomenon, researchers have been able to
detect low concentrations of various target analytes, including
cells.>*?®

An added advantage of SERS is that it is capable of identi-
fying targets based on their intrinsic biomolecular make-up,
thus producing biochemical fingerprints that are unique to its
identity.>*** This enables label-free detection without the need
for a reporter molecule, reducing the probability for false
positives due to potential non-specific binding with the
receptor. SERS is advantageous by quickly and precisely
detecting a wide range of bacteria. It has been shown to
distinguish between closely related bacteria, even within
a genus, and is a rapid detection method which can reduce
detection times by more than half, compared to other
methods.**** SERS equipment can also be made smaller and
more portable than instruments required for many other
detection techniques. As a result, it has the potential to act as an
accessible, accurate, and rapid detection technology in the food
industry.?>®*

SERS has been used to detect and identify food-borne path-
ogens in different food matrices including salmon, eggs,
powdered infant formula milk, mixed herbs, fruits, and vege-
tables,” but limited studies have been performed to explore
probiotics detection using SERS.**** In this study, a rapid
method was developed to identify and enumerate probiotics
using SERS from a yogurt matrix, which included the develop-
ment of a yogurt extraction method. As far as we know, this is
the first study that focuses on using SERS to identify and
enumerate probiotics in food. In this study, we aim to distin-
guish three different strains of probiotics using SERS spectral
data and to determine the method's quantification capabilities.
We then aim to develop a yogurt extraction method that would
separate probiotics from yogurt samples. Lastly, we aim to
detect the extracted probiotics using the developed SERS
method and quantify their concentration in yogurt.

2 Materials and methods

2.1 Strains and growth conditions

Three probiotic bacterial strains, L. acidophilus (LA-5 CHR
Hansen), L. bulgaricus (LB-12 CHR Hansen), and S. thermophilus
(i420 CHR Hansen), were grown from frozen pellets in broth.
The liquid culture was plated to isolate a single colony. Once
grown, a colony was selected and grown overnight in liquid
broth to create a pure culture. L. acidophilus and L. bulgaricus
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were grown in deMan, Rogosa, and Sharpe (MRS) broth and
agar plates. S. thermophilus was grown in Brain Heart Infusion
(BHI) broth and agar plates. Broths and agars were made
according to manufacturers' instructions. All bacterial cultures
were grown, shaking overnight until turbid, and plated bacteria
were grown for 1-2 days or until colonies were visible. Unless
otherwise stated. L. acidophilus and L. bulgaricus were grown
anaerobically at 37 °C, and S. thermophilus was grown aerobi-
cally at 42 °C.

Concentrations of bacteria were determined by serially
diluting cultures in their growth media followed by plating.
Once growth was visible (24-36 hours), colonies were enumer-
ated by counting plates that had between 30-300 colonies and
adjusting for the appropriate dilution factors. This process was
also used to evaluate the enumeration capability of this SERS
method by confirming bacteria concentrations.

2.2 Fabrication of silver (Ag) dendrites to be used as SERS
substrates

Silver (Ag) dendrites were made to enhance the Raman signal of
the bacteria and act as the SERS substrate. They were made in
accordance with previously published methods for the purpose
of SERS enhancement.* In summary, a zinc metal plate was
rinsed with 1 M HCI then double distilled water removing any
metal oxides that formed on the outer layer of the plate. The
plate was dried with cold air and immersed in 200 mM AgNO;
(aq) for exactly 60 seconds to form approximately 50 nm
diameter size silver dendritic nanoparticles. Once formed the
dendrites were peeled off the zinc plate using a glass rod and
washed with double distilled water three times. The dendrites
were left in water overnight, then rinsed one more time before
being stored in double distilled water in the dark for up to six
months.

2.3 Yogurt extraction

To detect probiotics in yogurt, an extraction method was
developed to isolate the bacterial cells from the fermented dairy
product. A previously developed Percoll based extraction
method was modified to function using commercial yogurt
(Oikos Plain Nonfat Greek Yogurt) as the extraction matrix.*
The extraction was done by first diluting the yogurt, 1:10 in 1x
PBS (Fisher bioreagents). 400 pL of the dilution was placed on
top of a Percoll working solution (300 uL Percoll, 700 uL PBS).
This suspension was then centrifuged at 649 xg for 30 minutes.
After centrifugation, the supernatant was discarded and the
pellet was resuspended in 50 mM ammonium bicarbonate
(Fig. 1a). The bacteria sample preparation protocol was
executed as illustrated in Fig. 1b. After the final washing, the
pellet was resuspended in 400 pL 50 mM ammonium bicar-
bonate. Then 4 pL Ag dendrites were added and incubated for
45 minutes with shaking before being plated on a glass slide
and viewed under the DXR3 Raman microscope (Thermo
Scientific). Standard plate count was used as the traditional
method to determine extraction efficiency.
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Fig. 1 Schematic for (a) extraction of probiotics from yogurt matrix, and (b) sample preparation with SERS active silver dendrites.

2.4 Probiotic sample preparation

Probiotic samples were made up of the extracted probiotics
from yogurt or made from pure culture of the three bacteria
strains tested. Pure culture samples were grown to 10° CFU
mL ™" for L. acidophilus and S. thermophilus and 10’ CFU mL ™"
for L. bulgaricus. 1 mL of the probiotic sample was aliquoted and
centrifuged at 6070xg for 3 minutes to form a pellet and the
supernatant was discarded. The bacteria pellet was resus-
pended in 1 mL 50 mM ammonium bicarbonate (Sigma-
Aldrich) then centrifuged at 6070xg for 3 minutes to form
a pellet again. This was repeated three times. Once washed, the
bacteria were resuspended in 1 mL of 50 mM ammonium
bicarbonate (Fig. 1b). If needed, the washed bacteria were
serially diluted in 50 mM ammonium bicarbonate. For SERS
measurements, 10 uL Ag dendrites were dropped into each 1 mL
bacterial sample. The sample was shaken briefly to incorporate
the dendrites then placed on a fixed speed (20 rpm) nutating
mixer and incubated for 45 minutes. After incubation, 6 uL of
the dendrite bacteria suspension was pipetted onto a glass
microscope slide, ensuring that dendrites were picked up. The
drops were allowed to air dry completely before being observed
under a DXR3 Raman microscope (Thermo Scientific). Each
trial was performed in triplicate.

2.5 SERS measurements and statistical data analysis

All samples were analyzed using a DXR3 Raman microscope
(Thermo Scientific) using the following parameters: 10x
microscope objective lens, 785 nm laser excitation wavelength,
with 5 mW laser power, 1 s exposure time, and 50 pm slit
aperture. 10-20 data points were selected for each sample.
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Points were selected where the Ag dendrites were clearly visible
for SERS enhancement.

OMNIC™ software (Thermo Scientific) was used to control
the Raman instrument and to obtain Raman spectra. The SERS
spectra was then analyzed using TQ Analyst (version 9.0) soft-
ware (Thermo Scientific) using chemometric tools. Second
derivative transformation and smoothing were applied at times
to reduce spectral noise and to separate overlapping bands. To
assess the variability both within and between sample variables,
principal component analysis (PCA) was used. This method
focuses a multidimensional data set to the most dominant
features while removing random variation so that principal
components can be used to capture the variation between
spectra. In general, non-over-lapping clusters (or classes) indi-
cate statistical significant differences at a confidence level of p =
0.05.%¢ By using PCA, the limit of detection was determined as
the lowest concentration at which the variable data cluster
could be distinguished from the negative control data cluster.
Partial least squares (PLS), a multivariate analysis model, was
also employed to evaluate the linear relationship between
calculated (predicted) and actual concentrations. The PLS
model was calibrated and validated using a portion of the
dataset, and the predictive performance was evaluated using
correlation coefficient values.

3 Results and discussion
3.1 Detection and identification of probiotics

To ensure the developed method detected probiotics, it was first
tested with L. acidophilus in pure culture. The surface-enhanced
Raman spectra of target samples provided distinct Raman

This journal is © The Royal Society of Chemistry 2025
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peaks that were specific to L. acidophilus and clearly distin-
guishable from the SERS substrate (Ag dendrites). These results
are shown through spectral data and PCA plot in Fig. 2. L. bul-
garicus and S. thermophilus were also analyzed using the same
method and found to have distinct peaks from the SERS
substrate control (Fig. S1).

The three probiotic strains were compared to each other
using PCA to determine the differentiation capability of SERS
(Fig. 3). The SERS spectra were found to be specific to each
probiotic, including differentiation between the two Lactoba-
cillus strains that are of the same genus. This result was similar
to a previous study demonstrated through similar enhancement
methods.*” The PCA shows the difference between the three
strains and the SERS spectra shows distinct peaks that correlate
to each bacterial strain.***** Although there were Raman peaks
that all three bacterial strains had in common, there were
enough distinct peaks to allow for differentiation of the bacteria
from each other from the bacterial cocktail (Fig. S2). This
insight makes SERS a valuable resource for probiotic detection
in yogurt and other food products as it allows manufacturers
and others to quickly identify the strains of bacteria present in
their product. Additional spectral data can be found in the SI
figures.

Table 1 lists the most prevalent peaks of each probiotic
bacterial strain, with the assignment representation of each
peak. Of notable mention is the peak on the control spectra
around 1070 cm ~', which is often observed on the bacterial
spectra. This is due to the NO;™ stretching residues in the Ag
dendrites.***” Changes in the intensity of this peak can be used
as an indicator of the sample interacting with the SERS
substrate. As the concentration of sample bacteria increases,
the intensity of the peak around 1070 cm ™" decreases.*” One of
the most prominent SERS peaks found in bacteria is found
between 720-735 cm™.***¥ This region has had many different
assignments over the years, but the leading idea is that it is due
to adenine or adenine containing molecules.*® The peak around
650 cm ~' can be attributed to C-S stretching, C-C twisting of
proteins, or COO™ deformation in amino acids.** There are two
peaks that are distinct to L. bulgaricus. These are potential
landmarks to distinguish L. bulgaricus from the other probiotics
tested. These peaks are 1091 cm™ ' and 1461 cm ' which

View Article Online

Analytical Methods

465

1 L. bulgaricus

MR

S. thermophilus

o}
©7
< -

-1988 PC1 Score 932

Fig. 3 SERS capability to distinguish between L. acidophilus, L. bul-
garicus, and S. thermophilus strains tested, and analyzed through
principal component analysis (PCA).

correlate with chains of 1,3-B-p-glucan and lipids respectively.*
L. acidophilus and S. thermophilus also had distinct peaks at
1539 cm ' and 1560 cm ' respectively, which correlate with
Amide II of proteins.*® These results demonstrate the method's
capability to identify different bacteria based on the SERS
spectra.

Some studies have demonstrated SERS capability to differ-
entiate between different strains of Gram-negative bacteria,**°
while other studies have shown SERS capability of differenti-
ating between Gram-positive and Gram-negative bacterial
strains when compared with each other.*»*> There have been
limited studies comparing Gram-positive bacteria to each
other.® All three of the probiotic strains tested were Gram-
positive bacteria which showed that SERS can differentiate
between distinct Gram-positive bacteria. These results taken
together demonstrate that SERS can differentiate between
closely related Gram-positive probiotic strains. This knowledge
expands the reach of Raman spectroscopy as it can rapidly
distinguish between different strains of both Gram-positive and
Gram-negative bacteria. Furthermore, establishing the speci-
ficity of SERS for differentiating among Gram-positive strains
significantly broadens its application potential in quality
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Fig. 2

(a) SERS spectra of SERS substrate in a 50 mM ammonium bicarbonate solution. (b) SERS spectra of L. acidophilus following the procedure

after rinsing with 50 mM ammonium bicarbonate solution. (c) Principal component Analysis (PCA) plot showing the differentiation between SERS

substrate (control) and L. acidophilus.
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Table 1 Significance of spectral peaks of the three different probiotic strains examined in this study

L. acidophilus L. bulgaricus S. thermophilus

peaks (ecm™) peaks (cm™) peaks (cm™") Assignment Ref.

521 — 523 Flavin 40

561 562 565 Carbohydrates in cell wall 41 and 42

653 650 656 C-S stretch model of cysteine 41

731 731 731 Adenine or adenine related compounds 42 and 43

952 955 957 D,0 or CN 42 and 43

1071 — 1074 NO; 44

— 1091 — Branched chains of 1,3-B-p-glucan 41

1328 1329 1329 Proteins or aromatic ring structure of cytosine 41 and 45
and uracil nucleic acids

1453 — 1451 C-H deformation bond of cell wall carbohydrate 45

— 1461 — Lipids 41

1539 — — Amide II, CN, NH 42

— — 1560 Amide II of proteins 46

1572 1579 — Guanine, adenine, tryptophane (proteins) 46

assurance and microbial analysis in food. Future studies can
expand upon this research by exploring more different strains,
enhancing the versatility of SERS as a rapid diagnostic tool.

3.2 Limit of detection of probiotics

The detection capabilities were further analyzed by determining
the lowest detectable concentration of bacteria using this
method. This was done by serial diluting the washed bacteria
before mixing them with the SERS substrate and observing
them under the Raman microscope. The limit of detection was
found to be dependent on the probiotics tested, but all were 10°
CFU mL™" or lower. This demonstrates the usability of this
method for detection of probiotics in yogurt as the necessary
initial concentration of probiotics in yogurt is 10° to 10" CFU
per gram or milliliter, or higher in some countries.*** While 10°
CFU mL™" may not be considered a low concentration to detect
in traditional microbial methods, it may be sufficient as a rapid
method for yogurt as the mandated minimum storage
threshold is 10° CFU mL~".*** As illustrated in Fig. 4, the limit
of detection for L. acidophilus was 10° CFU mL™*. While a few

spectral data points for 10> CFU mL ™" overlapped with 10° CFU
mL~", they were both separate from the negative control (i.e.
SERS substrate). The limit of detection for L. bulgaricus was 10"
CFU mL " (Fig. $3). Lastly, the limit of detection of S. thermo-
philus was 10° CFU mL ™" (Fig. S3). The observed differences in
the limits of detection may be attributed to variations in
bacterial surface composition, such as differences in cell-wall
structure, extracellular polymeric substances, or expression of
Raman-active biomolecules.*>*® It should also be noted that
there is inherent variability when using SERS depending on the
SERS substrate and how the bacteria interacts with it during
a given trial which can impact the uniformity of detection.””
Thus, further optimization with SERS substrate types has the
potential to achieve lower limits of detection. Nevertheless,
these results demonstrate the capability of SERS to detect pro-
biotic bacteria at various targeted concentrations. More
importantly, the results show the potential of SERS as an
effective and efficient tool for enumerating probiotics at
concentrations below the regulatory minimum of some coun-
tries for yogurt.
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Fig.4 (a) Second derivative SERS spectra of L. acidophilus from 10° to 108 CFU mL ™t indicating distinct spectral peak changes between probiotic
bacteria and SERS substrate (control) at 732 cm™; (b) principal component analysis (PCA) plot demonstrating statistical differences between

concentration data clusters from 10° to 108 CFU mL™%.
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3.3 Quantification capability of probiotic strains

The SERS spectral data of L. acidophilus, L. bulgaricus, and S.
thermophilus at various concentrations were evaluated using
partial least squares (PLS) regression analysis to predict the
concentration of these probiotic strains (Fig. 5). Results showed
a strong linear correlation between the actual and predicted
concentrations, with a correlation coefficient of 0.94 for L.
acidophilus (Fig. 5a), 0.98 for L. bulgaricus (Fig. 5b) and 0.95 for
S. thermophilus (Fig. 5c). Five distinct bacterial concentrations
were used for both L. acidophilus (from 10* to 10> CFU mL ™)
and L. bulgaricus (from 10° to 10” CFU mL™ "), whereas four
concentrations were used for S. thermophilus (from 10° to 10°
CFU mL™") due to its comparatively higher detection limit
which prevented the inclusion of a lower concentration. It is
worth noting that the limit of quantification was the same as the
limit of detection for this method as lower concentrations were
less distinct from the control. Nevertheless, these results
suggest the potential to quantify the concentrations of distinct
bacteria in a solution. This is important for the quality assur-
ance testing of yogurt because specific strains of Gram-positive
bacteria, namely L. bulgaricus and S. thermophilus, must reach at
least 10’ CFU g™ for some product claims.®

One of the challenges in the yogurt and probiotic markets
worldwide is to ensure that the probiotic count is maintained at
a high enough concentration during its shelf life. This is
essential for the claims of health impacts from probiotics in the
food to be viable. Although most countries seem to agree on 10°
CFU mL ™" as a minimum concentration that still provides the
claimed health benefits to the consumer, some impose even
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Fig. 5 Partial least squares (PLS) regression plot showing the quanti-
fication capability of the developed SERS method for the three pro-
biotic bacteria studied. PLS regression plot comparing the actual and
calculated concentrations of (a) L. acidophilus from 10* to 108 CFU
mL~%, (b) L. bulgaricus from 10° to 107 CFU mL™%, and (c) S. thermo-
philus concentrations from 10° to 108 CFU mL™2.
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higher restrictions because it is difficult to ensure the viability
of the claims without rapid accurate analysis of bacterial
concentrations.>»**>** Consequently, inconsistent international
standards complicate global trade of probiotic products. The
demonstrated quantification capability of SERS in this study
highlights its potential as an efficient and accurate tool for
verifying probiotic concentrations, thereby aiding regulatory
compliance, ensuring product consistency, and enhancing
consumer confidence in probiotic products.

3.4 Analysis of extraction method

To determine the practical application of this method on pro-
biotics from a yogurt product, a commercially made yogurt
containing S. thermophilus and L. bulgaricus was used. This
yogurt was specifically selected as it only contained strains we
used to develop this method, though it is missing L. acidophilus.
This was because a yogurt could not be found that included all
three probiotic strains tested in this study without the addition
of other probiotics. A Percoll based extraction method was
developed to extract probiotics from the milk proteins and
casein micelles found in yogurt. The extracted bacteria were
analyzed using the determined method outlined previously. The
extracted bacteria were compared against a bacterial cocktail
containing 10’ CFU mL™" of S. thermophilus and L. bulgaricus
grown in pure culture. The spectral data obtained shows simi-
larities in the extracted bacteria spectra with the bacterial
cocktail spectra indicating that we successfully isolated bacteria
from the milk proteins found in yogurt. The spectral data was
analyzed using principal component analysis (PCA) which
confirmed what was observed in the Raman spectra. The PCA
showed an overlap between the bacterial cocktail and extracted
probiotics indicating similar spectra and therefore isolation of
the bacteria from the yogurt (Fig. 6). In total, the extraction and
SERS detection took less than 3 hours, which is significantly
shorter than the current culture-based method." Being able to
accurately detect probiotics from a yogurt matrix in under 3
hours shows the usability of this method in the yogurt industry.
This signifies that the extraction method was effective in
extracting and isolating bacteria from a yogurt matrix.

It is also worth noting that approximately a one-log reduc-
tion was consistently observed between the probiotic concen-
trations in the original yogurt and the extraction sample.
Because this loss was consistent, it was readily accounted for in
our calculations and results. Optimization could be performed
to further limit the bacterial loss seen in the extraction method.
Testing could also be done on different yogurt types containing
different bacterial strains as well as yogurts that contain whole
food particles. This would require a wide range of probiotics
being analyzed and mixed in different ratios to mimic
commercial yogurt types. Further analysis of more probiotics
could lead to the creation of a probiotic SERS library. As such,
the determination of a bacteria given the spectra would be
easier and more uniform. Taken together, our study shows that
SERS is a potential method to rapidly detect and enumerate
probiotics in yogurt, providing a faster yet accurate method for
quality control of yogurt.

Anal. Methods, 2025, 17, 8162-8170 | 8167
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Fig. 6 (a) Second derivative SERS spectra of (1) extreaction (i.e. test)

containing extracted probiotic bacteria from a commercially made
yogurt using L. bulgaricus and S. thermophilus, (2) bacterial cocktail
(i.e. positive control) prepared with L. bulgaricus and S. thermophilus at
107 CFU mL™%, (3) and SERS substrate (i.e. negative control). (b) PCA
plot showing that the Extraction is statistically similar to the bacterial
cocktail, suggesting that the extraction protocol was appropriate for
this method to isolate the bacteria from the yogurt food matrix.

3.5 Quantification of probiotics from a yogurt matrix

Once the extraction method was successful, a limit of detection
was performed on the extracted probiotics. The yogurt was
serially diluted, then the probiotics were extracted from each
dilution before being mixed with the SERS substrate, resulting
in a detectable difference between various concentrations of
extracted bacteria. It was found that all concentrations of the
extraction were different than the control, and they follow the
expected trend with 10° CFU mL ™" being closest to the control
and 10”7 CFU mL ™" correlating with the bacteria cocktail control
and being furthest from the SERS substrate control (Fig. 7). To
enumerate the bacteria extracted from yogurt, the dilutions
were analyzed using a partial least square (PLS) regression curve
which had a correlation coefficient of 0.9996. This result
demonstrates the high level of accuracy and precision in the
quantification of probiotics in yogurt using a Percoll extraction
method and SERS. The high correlation between the actual and
calculated concentrations of probiotics in the yogurt samples
highlight SERS as a potential method of analyzing probiotics in
food.
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Fig. 7 (a) Second derivative SERS spectra of three different concen-

trations (10°, 10°, 107 CFU mL™?) of probiotics extracted from yogurt,
as well as a bacterial cocktail (i.e. positive control) and SERS substrate
(i.e. negative control). The distinct SERS peaks around 945 cm ™! and
1000 cm ! indicate the extraction was indeed the probiotic bacteria
instead of other compounds found in the yogurt matrix. It also shows
a decrease in peak intensity as the concentration decreases indicating
the quantitative capability of this method; (b) PLS graph showing good

correlation (> = 0.99) between calculated and actual probiotic

concentration from yogurt extraction.

One limitation of this study, however, is that live and dead
probiotic bacteria cells were not explored in detail. When
detecting probiotics in yogurt it is important that only the live
bacteria are counted in the concentration because only the live
probiotics provide health benefits. Some previous SERS studies
have shown the capacity to differentiate between live and dead
bacteria.”** Similarly, we performed preliminary testing and
found that our SERS method can differentiate between live and
dead bacteria (Fig. S4), but further optimization of the method
needs to be done to determine if SERS can accurately distin-
guish and enumerate live versus dead bacteria from a yogurt
matrix. Hence, future studies should focus on optimizing and
testing this method to determine if SERS is able to differentiate
between live and dead bacteria from a yogurt matrix.

4 Conclusion

In summary, this study successfully developed a rapid method
to detect and enumerate probiotics in yogurt using surface
enhanced Raman spectroscopy (SERS). A Percoll density
gradient extraction method was used to isolate probiotics,

This journal is © The Royal Society of Chemistry 2025
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thereby minimizing interference from complex food matrices
found in yogurt. SERS demonstrated significant potential to
allow for the specific detection of multiple probiotics, clearly
differentiating three common Gram-positive probiotic strains,
including closely related strains within the same genus (Lacto-
bacillus). The limit of detection varied depending on the
bacterial strain but was determined to be 10° CFU mL " for L.
acidophilus and for the yogurt extraction combination of L.
bulgaricus and S. thermophilus. The method also achieved a limit
of detection of 10* CFU mL " for L. bulgaricus, and 10° CFU
mL~" for S. thermophilus. Overall, the integration of the
extraction protocol with SERS detection represents a promising
and practical advancement for the rapid, accurate quantifica-
tion of probiotics in yogurt.
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