
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
23

/2
02

5 
4:

47
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Picogram-level d
aDepartment of Chemistry, University of Cin
bDepartment of Electrical and Computer

Cincinnati, OH 45221, USA

Cite this: RSC Adv., 2025, 15, 39578

Received 24th June 2025
Accepted 13th October 2025

DOI: 10.1039/d5ra04515k

rsc.li/rsc-advances

39578 | RSC Adv., 2025, 15, 39578–
etection of endotoxin in human
saliva using ultrasensitive surface enhanced Raman
scattering in lateral flow assay devices

Adewale Adehinmoye, a Daewoo Han, b Pietro Strobbia a

and Andrew J. Steckl b

The lateral flow assay (LFA) is themost popular rapid diagnostic tool due to its low cost, ease-of-use and fast

response. However, conventional LFA design suffers from relatively low sensitivity and lack of quantification

capability. In this study ultrasensitive and quantitative LFA device has been developed using surface-

enhanced Raman scattering (SERS) detection to detect picogram level of P. gingivalis endotoxin, a major

oral health biomarker, in human saliva. Silver coated gold nanostars (Ag@AuNS) with high SERS scattering

efficiency were conjugated with Raman reporter (label) dye molecules. Saliva samples from multiple

individuals were collected and pretreated to successfully remove components that interfere with

endotoxin detection in saliva. The use of LFA cassettes leads to dramatic enhancement of LFA sensitivity

and consistency by controlling the saliva flow rate (∼29 seconds slower flow rate than the normal LFA

strip) and assuring contact between membranes in the LFA. Significant LOD improvements were

obtained using Ag@AuNS: 18 pg mL−1 and 0.3 ng mL−1 for SERS and colorimetric detection, respectively.
Introduction

The lateral ow assay (LFA) test is currently one of the most
widely used rapid diagnostic tests (RDT), usually performed in
point-of-care (POC) settings. While historically utilized for
pregnancy, inuenza and other assays, the COVID-19 pandemic
greatly expanded the use of LFA tests worldwide.1,2 Compared to
lab-based quantitative methods of detection, such as poly-
merase chain reaction (PCR) and enzyme-linked immunosor-
bent assay (ELISA), LFA tests are much faster and cheaper and
do not require technical operators. However, the output of LFAs
is usually binary (yes/no) and its sensitivity is limited.3 Raman
spectroscopy (RS), a non-invasive and non-destructive tech-
nique that is especially helpful for examining a wide variety of
molecules, is employed to improve the sensitivity and quanti-
cation of LFAs.4,5 In specialized instances, surface-enhanced
Raman spectroscopy (SERS), an improved variant of Raman
spectroscopy, increases the signal from molecules close to
specic metallic nanostructures by a factor of 106–108, resulting
in single-molecule sensitivity.6–8 SERS is being investigated to
improve LFAs detection sensitivity and add quantication
capabilities.9–13 SERS employes metal nanoparticles (NPs) to
amplify the Raman scattering of molecules on the metal NP
surface, due to localized surface plasmon resonances
(LSPRs).14–16 SERS can be integrated into the operation of LFA
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devices, which already use NPs for visual detection, by adding
Raman reporter molecules on the NPs and detecting Raman
scattering signal from the LFA detection regions.17,18 An addi-
tional advantage of this SERS+LFA is its highly multiplexing
capabilities, which enables detection of multiple biomarkers
during analysis.13,17,19–21 The analytical performance of
SERS+LFA depends on SERS signal from the NPs optically
excited “hotspots” on the surface of NPs.15,22–25 Conventional
spherical NPs, typically gold and silver (AuNP, AgNP) provide
limited hotspot generation.22 However, silver-coated gold
nanostars (Ag@AuNS) which have a branched structure can
generate dense hotspots because of the nanogaps or nanotips
having higher SERS scattering efficiency.16,22,25,26

Previously, we have reported on the use of LFAs for PoC
detection of key biomarkers in several key physiological uids
(blood, sweat, urine, saliva).27–31 Saliva is particularly attractive
as a biouid test medium because of its ready availability in
sufficient volumes and the presence of biomarkers of viral,
bacterial and other medical conditions.29,30,32–34

Lipopolysaccharide (LPS) is one of the molecular compo-
nents of a Gram-negative bacteria that reside in the oral cavity
and is an endotoxin that released when bacteria die.35–38

Endotoxins trigger a signicant immune response in hosts and,
thus, are useful biomarkers helpful for the diagnosis of various
bacterial infections. Porphyromonas gingivalis (PG) is a prom-
inent Gram-negative pathogenic bacterium that causes severe
periodontitis.29,34,39,40 Periodontal disease caused by bacteria
infection is characterized by a long-lasting inammation,
leading to gum disease and potentially tooth loss.39,41,42 Hence,
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra04515k&domain=pdf&date_stamp=2025-10-18
http://orcid.org/0009-0008-8066-5622
http://orcid.org/0000-0002-0689-555X
http://orcid.org/0000-0003-0884-6185
http://orcid.org/0000-0002-1868-4442
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04515k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015047


Fig. 1 Basic operation of the antibody sandwich LFA using the SERS Nanotag (created in BioRender).
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the need to monitor the level of PG LPS is important for sound
and healthy living. We have previously developed an LFA for the
detection and quantication of PG LPS concentrations in
human saliva using a sensitive sandwich-type immunoassay.29

The colorimetric detection of PG LPS in human saliva achieved
a limit of detection (LOD) of 46.5 ng mL−1 using Au NPs.29

Improvements in LOD have been obtained using the SERS+LFA
approach with several types of nanostars. Using silver-coated
AuNS (Ag@AuNS), known to offer signicantly enhanced SERS
signal,43 an LOD of < 10 ngmL−1 for PG LPS in buffer media was
obtained.17

While the SERS+LFA approach has led to signicant LOD
improvement in buffer media, the ultimate application for oral
health requires functioning in human saliva. Saliva is a complex
medium, containing of a wide mixture of food particles, cell
debris, and proteins that may alter the SERS+LFA function.29,32

Herein, we demonstrate the rst application of the SERS+LFA
developed for PG LPS in human saliva. Specically, we rst
investigate the cause of the observed loss-of-function (“insta-
bility”) of NPs used in the SERS+LFA when applied to saliva,
which is a signicant divergence from the behavior of
traditional/colorimetric LFA. Then, we demonstrate successful
strategies to x the observed instability. Finally, we report the
use of the optimized SERS+LFA for the detection of biomarkers
in saliva samples with pg mL−1-level detection, covering the
whole clinically relevant range of PG LPS concentrations for its
nal application.

The overall operation of the SERS+LFA device is illustrated in
Fig. 1. The SERS Nanotag is formed by the conjugation of
antibodies and Raman reporter (dye) molecules on the surface
of the nanoparticles. Aer LFA strip fabrication, antibodies for
target analytes (PG LPS) and protein G are printed for the test
and control lines, as shown in Fig. S1. To obtain quantication
of PG LPS in saliva, laser light at 785 nm wavelength is directed
© 2025 The Author(s). Published by the Royal Society of Chemistry
on the test line where the owing Nanotag is captured in
presence of PG LPS. AuNPs and Ag@AuNS have been incubated
overnight and thoroughly washed with 2.5 mM Tris–HCl PH 8.0
with 0.05% Tween-20. The UV-vis absorbance of both nano-
particle types was conrmed to be within the required range of
10 OD and 5 OD, before and aer polyclonal antibody and tris–
HCl buffer addition (Fig. S2a and b). TEM images conrm the
preserved morphology of the washed AuNPs and Ag@AuNS
(Fig. S2c and e). The test strips were inserted into standard LFA
cassettes to replicate conventional usage and demonstrate POC
applicability of the SERS+LFA analysis.
Experimental
Materials

The standard solution of 40 nm gold nanoparticles (10 OD) was
obtained from Cytodiagnostics (Burlington, ON). 1 M hydro-
chloric acid, a 5.08 mM chloroauric acid solution (HAuCl4),
ammonium hydroxide (NH4OH), 1,10,3,3,30,30-hexa-
methylindotricarbocyanine iodide (HiTC), Tween 20 (10% w/v),
Triton™ X-100, L-ascorbic acid, anti-P. gingivalis LPS mono-
clonal and polyclonal antibodies, bovine serum albumin (BSA),
and cellulose ber pad (CFSP001700) were sourced from Sigma-
Aldrich (St. Louis, MO). Silver nitrate (AgNO3), sodium chloride,
sodium phosphate tribasic dodecahydrate (Na3PO4$12H2O,
98%, analysis grade), sucrose, Tris–HCl (1 M, pH 7.5 and 8),
phosphate buffered saline (PBS, 10X, pH 7.4), trisodium citrate
dihydrate, and 4-mercaptobenzoic acid were acquired from
Fisher Scientic (Waltham, MA). Thiolated polyethylene glycol
(HS-PEG, MW z 5000 k) was obtained from Nanocs (New York,
NY). All ultrapure P. gingivalis and E. coli LPS were obtained
from InvivoGen (San Diego, CA). The glass ber pad (8950) and
nitrocellulose membrane (CN95) were supplied by Ahlstrom
(Helsinki, Finland) and Sartorius (Goettingen, Germany),
RSC Adv., 2025, 15, 39578–39586 | 39579
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respectively. The backing card measuring 60 (W) × 300 (L) mm
was procured from Sartorius (Goettingen, Germany). All solu-
tions were made using Millipore Synergy UV-R Ultrapure water
(18.2 MU cm‒1). Articial saliva was obtained from Pickering
Laboratories (Mountain View, USA).

Silver coated gold nanostar synthesis

The John Turkevich method was used to synthesize approxi-
mately 12 nm gold seeds.44 Ag@AuNS were synthesized by
following previously established protocols.43 To synthesize large
nanostars, 493 mL of HAuCl4 and 100 mL of gold seed solution
were combined with 10 mL of 1 mM HCl while stirring vigor-
ously. To rst create the AuNS, AgNO3 (10 mL) and L-ascorbic
acid (10 mL) were added to the reaction vessel quickly, leading to
a change in color from pale orange to deep blue. Then, to
prepare Ag@AuNS, 50 mL of AgNO3 and 10 mL of NH4OH were
introduced rapidly to the dark blue AuNP solution, and the
mixture was stirred until the solution turned red-brown and the
color stabilized. The Ag@AuNS particle solutions were kept at
4 °C until they were needed.

LFA strip fabrication process

The LFA strip comprises four components: a nitrocellulose
membrane, a cellulose wicking pad, a cellulose sample pad, and
a berglass blocking pad.

To begin, the nitrocellulose membrane (30 mm by 300 mm)
and wicking pad (17 mm by 300 mm) are secured on an adhe-
sive backing card and subsequently cut into 4.4-mm wide strips
using the Biodot CM4000 automatic guillotine cutter (Biodot,
Irvine, CA). Following that, protein G and P. gingivalis polyclonal
antibody were printed as the control and test lines, respectively,
utilizing the Biodot AD1500 printing system (Biodot, Irvine, CA).
The optimal concentrations for both were determined to be
1 mgmL−1, leading to stronger test and control line formations.
Aer printing, the strips were incubated in an oven at 50 °C for
10 minutes and then stored in a light-protected nitrogen-
purging environment to maintain their integrity.

The sample pads were precut to dimensions of 13 mm ×

4.4 mm using a guillotine cutter. The blocking pads were
prepared to dimension of 10 mm × 4.4 mm using a universal
CO2 laser system. Both pads were treated with various func-
tional chemicals to perform key functions (e.g., ensuring
uniform ow, preventing non-specic binding) during the LFA
test. The sample pads were soaked in a buffer solution con-
sisting of 2.5 mL of Tris–HCl at 1 M with a pH of 8, 2.5 mL of 3 M
NaCl solution, and 125 mL of Triton X-100, diluted in 50 mL of
ultrapure water. The blocking pads were also immersed in
a blocking buffer solution, formed by dissolving 250 mg of BSA,
500 mg of sucrose, 38.1 mg of Na3PO4 tribasic salt, and 12.5 mL
of Tween-20 surfactant sequentially in 5 mL of ultrapure water.
Both types of pads were soaked in their respective solutions for
40 min, then dried in an oven at 60 °C for 90 min and nally
stored in a nitrogen-purging box overnight.

To complete the LFA fabrication, the treated sample and
blocking pads were placed on the backing card, which had
already been assembled with the nitrocellulose membrane and
39580 | RSC Adv., 2025, 15, 39578–39586
wicking pad before the LFA tests. For LFA tests, the fabricated
LFA strip was placed inside the plastic cassette and the 90 mL of
the sample solution was dispensed into the reservoir of the LFA
cassette. The sample solution is comprised of 30 mL of func-
tionalized nanoparticles solution, 10 mL of 3-M NaCl solution,
10 mL of saliva, 10 mL of PG LPS, and 30 mL of Tris–HCl (pH 8)
buffer with 0.05% Tween-20. It was dispensed on the LFA
devices aer incubating for 40 min at room temperature.
Functionalization of nanoparticles with Raman reporter and
antibody

A 1 mL of the nanomaterial solution (AuNP or Ag@AuNS, 10
OD) was mixed with 100 mL of 5 mM HiTC and the combination
was incubated for 1 hour at room temperature. Following
incubation, 11 mL of Tween-20 was introduced to the mixture.
The samples were thoroughly vortexed and centrifuged at
3900 g for 10 min at 25 °C to separate the particles from the
excess Raman reporter in the solution. The supernatant with
excess Raman reporters was discarded, and the particles were
re-dispersed in PBS 0.01× buffer. Aer successfully conjugating
the nanomaterials with the Raman reporter, 5 mL of PG LPS
polyclonal antibody (1 mg mL−1) was added to 200 mL of
nanomaterial solutions. Then, 195 mL of 2.5 mM Tris–HCl pH
8.0 with 0.05% Tween-20 surfactant was also incorporated. The
combined solutions were incubated overnight in the refriger-
ator. Aer incubation, the solutions were centrifuged at 1300 g
for 20 min, followed by removal of the supernatant and addition
of fresh buffer solution composed of 2.5 mM Tris–HCl with pH
8.0 and 0.05% Tween-20. This washing cycle was performed 4
times. Aer the fourth washing cycle, the concentrations of
nanomaterials were adjusted to 5 OD using a buffer solution.
Transmission electron microscopy

For TEM imaging, 10 mL of the nanomaterial solution was
dispensed on the 300-mesh grid and allowed to dry overnight. A
Talos F200i TEM with a eld emission of 200 kV (Thermosher)
was used to acquire the images. This instrument was used at the
Advanced Material Characterization Center (AMCC) at the
University of Cincinnati.
UV-vis spectroscopy

The Synergy HTX multi-mode plate reader (BioTek, Winooski,
VT) and Gen5 soware (v3.10) collected absorbance spectra in
a 96-well plate. 100 mL of sample solution containing AuNPs and
Ag@AUNS in the presence of Raman reporter (HiTC) was
dispensed inside the well plate. The measurement range was
300–900 nm, and blanks were subtracted from the spectrum in
the native soware.
Zeta potential measurement

The Zetasizer Pro (Malvern Panalytical, UK) was used to
measure the charge on the surface of the material of interest.
The 1 mL of sample solution is placed in a DTS1070 closed
capillary electrophoresis cell that contains a gold-plated copper
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode. For each sample, measurement was performed ve
times for 120 s each.
SERS measurements with Raman

SERS measurements were obtained using a custom benchtop
Raman system, which included a Wasatch Photonics WP785
spectrometer, an OptoEngine 785 nm laser source (FC-D-785-
300 mW), and a Raman ber optic probe (Raman Probe by
InPhotonics). The laser power was set to 74 mW during the
measurements. The ber optic probe was linked to a 2D (X–Y)
motorized stage (Zaber) controlled by a LabVIEW soware. This
stage facilitated spectrum collection on the LFA. For the LFA
operation targeting the specic analyte, spectra were obtained
along the LFA strip through six parallel line-scans (15 points
with a 1 mm step-size, covering both test and control line
regions), with 0.5 mm spacing between lines. The line scans
were averaged in the results presented. Each measurement had
an integration time of 100 ms with 5 accumulations. Fig. S3
shows the Raman system used for all analysis and the illustra-
tion of the LFA strip measurement. On the LFA strip, point 4 is
the control line and point 11 is the test line.
Image and data analysis

The LFA colorimetric output was processed using the NIH
ImageJ soware. The mean intensity of the LFA lines was
measured using a xed size for all measurements. The Raman
data was processed using a MATLAB script (R2021b) (The
Mathworks, Inc., Natick, MA). The SERS response was deter-
mined from the normalized peak of HiTC at 546 cm−1. The data
was plotted on IGOR Pro.
Fig. 2 LFA strip operation with and without HiTC for different saliva volu
(ImageJ).

© 2025 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

Different volumes of saliva collected orally using a Pure�SAL™
(Oasis Diagnostics) saliva collector were used for analysis. Saliva
was added to sample solutions with and without (SERS+LFA)
HiTC. The analysis was performed using a single control line on
LFA to evaluate the effect of saliva volume in immunoreactions
on LFA. Fig. 2a shows images of the tests containing different
volumes of saliva. For samples without HiTC, there was no
visually observable interference up to at least 10 mL saliva
volume (out of 90 mL total sample volume), whereas for samples
with HiTC there was interference at all saliva volumes,
including the lowest volume of 2 mL (∼2.2% of total sample
volume). To quantify this behavior, LFA images were analyzed
using ImageJ, as shown in Fig. 2b. The colorimetric image
analysis of LFA strips for samples with and without HiTC
indicates a similar trend of decreasing signal intensity with
increasing saliva volume for both cases, but with more dramatic
decrease to almost no-response for the HiTC-coated nano-
particles. Interestingly, for the LFA “control” strip with HiTC
only (without saliva) analyte detection was observed.

To explore the cause of the observed behavior, the zeta
potential of nanoparticles was measured in several conditions
(Fig. 3): (i) increasing concentration (i.e. surface coating) of
HiTC; (ii) addition of antibody molecules; (iii) in saliva. The zeta
potential of pure AuNPs was −44.86 mV, monotonically
decreasing with the addition of HiTC, reaching−36.4 mV with 5
mM HiTC (concentration used for SERS+LFA) and −31.5 mV
with 20 mMHiTC. The addition of antibodies and saliva also had
a similar decreasing effect on the zeta potential (Table. S1), with
nal SERS Nanotag combination (AuNP + HiTC 5 mM + pAb)
mes: (a) photographs of LFA strips; (b) color intensity of the test lines

RSC Adv., 2025, 15, 39578–39586 | 39581

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04515k


Fig. 3 Zeta potential for AuNPs under various conditions: Au NPs
(“naked”), with several concentrations of HiTC Raman reporter (AuNPs
+ HITC); saliva, polyclonal antibody (pAb), saliva + pAb(AuNPs + 5 mM
HITC).
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reaching a zeta potential close to 0 mV in saliva. Specic zeta
potential values are reported in the SI (Fig. S4). Nanoparticle
charge is known to be a predictor of stability of suspension in
solution, due to the tendency of these systems to aggregate in
the absence of repulsive forces. The zeta potential results indi-
cate that the effect of biofouling saliva compounded to the
charge of HiTC cause suspension instability, which is likely
responsible of the observed behavior of the SERS+LFA with
saliva samples (Fig. 2).
Fig. 4 Saliva pretreatment process: (a) use of saliva filter and starch in s
treatment; (c) SERS signal comparison using double filter with and witho

39582 | RSC Adv., 2025, 15, 39578–39586
One of the challenges in using saliva as the physiological
uid for the assay is segregating the biomarker of interest for
investigation to prevent biochemical interferences.29,45 Speci-
cally, the amylase protein in saliva has been conrmed to be
a major cause of saliva interference.46

Saliva is known to contain multiple proteins, including some
with high abundance, such as amylase and mucin, which can
interfere with the detection of proteins with lower abundance.
Previously, mucin and amylase were separately tested against
PG LPS.29 It was observed that PG LPS was detectable in the
presence of mucin, whereas amylase prevented the immuno-
reactions on the LFA test strip. Hence, this indicates that the
amylase protein causes interference during saliva LFA analysis.
To remove amylase, starch is employed because it forms
a crosslink with amylase.29 This results in the depreciation of
amylase, thereby improving the sensitivity of PG LPS in human
saliva.

This low-cost potato starch reaction was utilized to sequester
amylase in the sample. In addition, a double ltration step was
used to remove unwanted debris found in saliva. 400 mL of
saliva is pipetted into a syringe with a titan cellulose syringe
lter with pore size 0.20 mm, then 200 mg of potato starch is
placed into the syringe (Fig. 4a). Then the mixture of potato
starch and saliva is gently ltrated. A comparison between
Pure�SAL™ saliva collectors containing single and double
lters established that the double lter case produces visually
clearer control and test lines and a SERS signal enhancement of
∼2.5×, as seen in Fig. 4b. Another comparison was performed
between the as-collected saliva (no pretreatment) and pre-
treated saliva (with pretreatment), as shown in Fig. 4c. Both are
collected using double lter Pure�SAL™ saliva collectors. The
SERS intensity for the pretreated saliva produced a stronger
signal for both the test and control lines. These results
yringe; (b) SERS signal for saliva samples with single and double filter
ut pretreatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SERS-LFA sample preparation process for detection of PG LPS in human saliva.

Fig. 6 Detection of PG LPS (10 mgmL−1) spiked in saliva from several individuals – photographs of individual LFA cassette kits and corresponding
SERS-LFA results: (a) individual 1 – LPS present in non-spiked saliva, individual 2 – LPS not present in non-spiked saliva; (b) spiked saliva from
individuals 2 and 3 presents very similar response, LPS detection in spiked and unspiked artificial saliva.
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demonstrate that the use of the starch reaction combined with
double ltration can stabilize the SERS Nanotags used for
SERS+LFA (i.e., AuNP coated with 5 mMHiTC), enabling the use
of this powerful assay in real samples. The SERS spectra in
Fig. S5 indicate (highlighted) the main detection peak of HiTC
at 546 cm−1. The reproducibility of SERS in this LFA analysis
using pretreated saliva can be seen in Fig. S6. Interestingly, the
zeta potential aer saliva pretreatment increased from close to
zero mV to approximately 14 mV.

To prepare a saliva sample solution for SERS+LFA
measurements, rst 10 mL of pretreated saliva is dispensed into
a mcentrifuge tube. Next, 10 mL of 10 mgmL−1 PG−1 LPS is added,
and the mixture is allowed to sit for 10 minutes at room
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature (RT). Then, 30 mL of SERS nanotag solution was
added, followed by 10 mL of 3 M NaCl, 30 mL of 2.5 mM Tris–HCl
buffer with 0.05% Tween-20. This results in a total sample
solution of 90 mL. There is no need to incubate the total sample
mixture for long time period, as incubation has little or no effect
on the SERS signal, as seen in Fig. S7. Finally, the saliva sample
solution is dispensed onto the reservoir of LFA cassettes to
simulate eventual POC use in the eld. The overall process is
illustrated in Fig. 5. The LFA operation was rst tested with
buffer solution samples. As seen in Fig. S8, the Ag@AuNS yields
a higher SERS intensity in buffer than AuNPs, conrming the
stronger SERS scattering properties of Ag@AuNS that had been
established previously.
RSC Adv., 2025, 15, 39578–39586 | 39583
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Fig. 7 SERS (a) and colorimetric (b) analysis of saliva with LPS mixtures (1–100,000 ng mL−1), using both AuNPs and Ag@AuNS. Blank – negative
control (zero LPS concentration). Dashed lines are aids for trend visualization (n = 3).

Table 1 LOD concentration for PG LPS in human saliva – comparison
of SERS and colorimetric analysis as method of quantification using
AuNPs and Ag@AuNS

AuNPs Ag@AuNS

Colorimetric SERS Colorimetric SERS
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To determine broader applicability of this method, different
saliva samples from several individuals were collected and
evaluated. All saliva samples were rst pretreated and then
spiked with 10 mg mL−1 PG−1 LPS. Contrasting test results from
individuals 1 and 4 are shown in Fig. 6a: SERS signal of the test
cassettes for each case. For individual 4, the test line for the
control case (non-spiked) was not formed, indicating no (or
negligible) presence of native LPS in collected saliva, while the
spiked case presented a small but clear signal on the test line, as
seen in Fig. S9a. In contrast, the control case for individual 1
presented a noticeable peak on the test line, indicating the
possible presence of measurable native LPS, while for the
spiked case a large signal is observed on the test line. The test
results for individuals 2 and 3 (Fig. 6b) are similar to individual
4, with similar spiked and control test lines indicating a low
presence of native LPS. Clearly the assay can distinguish
between “normal” results (low native LPS) and “oral alert” (high
native LPS) cases. Articial saliva was also tested for SERS+LFA
tests to determine its suitability as a substitute for human
saliva. The spiked articial saliva produced a large LPS signal,
presumably because of the absence of other competing
proteins, indicating that it might not be a representative
substitute (Fig. S9b). Interestingly, the control line of individual
1 shows stronger intensity than other individuals. Although the
saliva was pretreated to inhibit amylase effects to improve
immunoreactions of saliva samples, possibly there are other
components or conditions that may still affect the immuno-
reactions on LFA. The reproducibility of this study is shown in
bar plot representation in Fig. S10. Further investigations will
be carried out into this aspect in the future.
39584 | RSC Adv., 2025, 15, 39578–39586
To evaluate the performance of SERS+LFA on saliva sample,
calibration curves were obtained comparing SERS and color-
imetry modalities using different type of nanoparticles. Very
wide range of LPS concentrations, from 0–100,000 ng mL−1

were tested with human saliva. Both AuNPs and Ag@AuNS were
evaluated in order to have a comparison between the two
nanomaterials and the two methods of quantication, SERS
and colorimetric (using ImageJ) analysis. LFA tests were per-
formed in triplicates for AuNPs and Ag@AuNS (Fig. S11a and b,
respectively). The SERS and colorimetric signals from the test
lines of both AuNPs and Ag@AuNS were plotted against the LPS
concentration, as shown in Fig. 7. As expected, Ag@AuNS
produce a stronger SERS signal than AuNPs, while the AuNPs
provide a better image analysis data than Ag@AuNS, largely due
to the colorimetric brightness of the AuNPs.

The LOD concentration for PG LPS in saliva calculated47 from
the data in Fig. 7 is summarized in Table 1. Using Ag@AuNS
results in a superior LOD compared to AuNPs for both SERS and
colorimetric analysis. Ag@AuNS has a SERS LOD of 18 pg mL−1,
which is ∼4× more sensitive than SERS AuNPs. The LOD for
colorimetric analysis is not as sensitive as SERS analysis and is
∼15× higher than the best SERS result.
LOD 0.384 ng mL−1 0.080 ng mL−1 0.307 ng mL−1 0.018 ng mL−1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Summary and conclusions

In summary, picogram-level detection of P. gingivalis endotoxin
(major oral health biomarker) in human saliva was obtained
using ultrasensitive surface enhanced Raman scattering (SERS)
detection. Using SERS detection w. NanoTags [a combination of
Ag-coated Au nanostars, HiTC (a Raman reporter dye) and an
antibody] a dynamic range of 5+ orders of amplitude has been
achieved. The LOD for SERS detection using Ag@AuNS is 18 pg
mL−1, which is ∼4× more sensitive than SERS AuNP analysis.
By comparison the LOD for colorimetric analysis is ∼15×
higher than the best SERS result. Because of the very low LOD
and wide enough dynamic range, the LFA+SERS platform has
the potential to lead to a paradigm shi in home-test moving
from yes/no answers to quantication of biomarkers useful in
many POC applications.

When obtaining saliva samples from healthy volunteers,
there is a possibility that the saliva contains small amounts of
PG LPS. However, it is very challenging to obtain the accurate
concentration of PG LPS for healthy individuals. There is no
commercially available assay or approach to measure the PG
LPS concentration. To resolve this issue to the best of our
ability, we evaluated articial saliva and compared it with
human saliva results, which presented even higher intensity
than unspiked human saliva samples. In the current approach
an antibody has been used for capturing the target PG LPS in
the SERS+LFA platform. In the future, we plan to explore more
exible and affordable aptamers in order to enhance the assay
sensitivity and also expand the linear dynamic range. The
aptamer-based SERS+LFA platform will expand the range of
applications related to many other diseases.
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