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The present study investigates the application of surface-enhanced Raman spectroscopy (SERS) in
conjunction with high-performance liquid chromatography-light-emitting diode-induced fluorescence
(HPLC-LED-IF) for analyzing tear proteins in the diagnosis of ophthalmological conditions. SERS is
a highly sensitive technique capable of detecting low-concentration biomolecules in body fluids,
enabling the monitoring of protein composition, presence, and relative variations associated with
different health conditions. In this study, SERS substrates were fabricated by immobilizing gold nanostars
on APTES-functionalized surfaces, leveraging the well-known electric field enhancement at sharp
plasmonic edges. Tear protein fractions (PF1 and PF2) obtained from the HPLC system were drop-
coated onto these substrates for SERS measurements. Tear fluid samples from control (C), moderate
dry-eye (MDE), and primary open-angle glaucoma (POAG) subjects were studied, and the recorded SERS
spectra revealed distinct Raman spectral patterns for each disease category. Multivariate analysis using
principal component analysis (PCA) for PF1 and PF2 from the control and disease groups explained

approximately 88% of the cumulative variance, indicating a clear separation between the groups. Further,
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Accepted 23rd October 2025 classification using K-nearest neighbours (KNN) with leave-one-out cross-validation (LOOCV) approach

for PF1 and PF2 showed 85% sensitivity, 90% specificity, and 88% accuracy, suggesting that this bimodal
approach (HPLC-LED-IF + SERS) has the potential to improve the classification of disease states
rsc.li/rsc-advances compared to HPLC-LED-IF alone.
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1 Introduction Surface-enhanced Raman spectroscopy (SERS) offers high
sensitivity and molecular specificity by providing vibrational
Detection and molecular characterization of biomarkers in fingerprints of analytes at trace levels.® However, its direct
body fluids remain challenging owing to their complex and application to body fluids is limited by strong matrix interfer-
heterogeneous composition.’® Single analytical methods are ences, low reproducibility, and restricted analyte diffusion to
often inadequate, providing either limited sensitivity for active nanometallic surfaces.” These limitations compromise
detection or insufficient molecular specificity for structural both sensitivity and robustness. Despite these drawbacks, SERS
elucidation. The integration of complementary techniques has has been successfully applied in biofluid analysis, including
therefore become a preferred strategy, enabling the simulta- serum and urine, to differentiate pathological conditions by
neous detection of target analytes and characterization of their ~ exploiting subtle spectral variations.
molecular features.®’ To overcome the intrinsic limitations of SERS, separation
techniques have been coupled with vibrational spectroscopy.
Approaches such as thin-layer chromatography (TLC)-SERS and
phase separation have demonstrated improved analyte
“Centre of Excellence for Biophotonics, Manipal Institute of Applied Physics, Manipal ~ discrimination in complex samples.’® Among these, high-
Academy of Higher Education, Manipal, Karnataka, 576104, India. E-mail: santhosh. performance hquid chromatography (HPLC] remains the most
cls@manipal.edu widely used separation method.” The feasibility of HPLC-SERS
*Department of Ophthalmology, Kasturba Medical College, Manipal, Manipal e .
Academy of Higher Education, Manipal, Karnataka, 567104, India was %r%ltlally demonstrated _by . Freemz.n? et al _for para-
rosaniline hydrochloride, achieving sensitive detection across

“Centre for Applied Nanosciences, Manipal Institute of Applied Physics, Manipal
. 16 o
Academy of Higher Education, Manipal, Karnataka, 567104, India several orders of magnitude.*® Since then, HPLC-SERS has been
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successfully applied in diverse contexts, including the quanti-
fication of antibiotics in milk, melamine in food products,
pesticide residues in fruits, adulterants in dietary supplements,
and toxic contaminants in water.>'%'”"** In a recent study, Zeng
et al. used HPLC to purify compounds from sea cucumber
culture sediment and then applied SERS to the effluent,
achieving a detection limit as low as 1 ng for the target analyte
and illustrating effective separation prior to Raman measure-
ment."” These works confirm not only the feasibility of HPLC-
SERS for trace analyte detection but also its adaptability to
complex sample streams. Despite these advances, prior studies
have primarily focused on small molecules or complex mixtures
in general biofluids, and none have applied HPLC-SERS in
combination with LED-induced fluorescence for detailed anal-
ysis of protein fractions. This gap underscores the need for
a strategy that integrates sensitive protein profiling with
molecularly specific Raman characterization, offering both
detection and structural insights.

To address this gap, chromatographic separation methods
that provide sensitive protein profiling are required. In this
regard, our previous studies employed HPLC-LED-IF to record
the profiles of tear proteins, providing a robust platform for
fractionation and initial detection.”*** This method utilises
a reverse-phase C8 column for hydrophobic separation and
fluorescence detection at an emission wavelength of 340 nm
following excitation at 280 nm. The approach demonstrated
high sensitivity and specificity, successfully differentiating
conditions such as MDE and POAG.?*** Nevertheless, fluores-
cence detection provides only global protein profiling and lacks
molecular resolution for characterizing individual protein
fractions.

The integration of HPLC-LED-IF with SERS enables detailed
molecular characterization of protein fractions that cannot be
achieved by fluorescence profiling alone. SERS provides vibra-
tional fingerprints of biomolecules, allowing the detection of
subtle structural variations associated with disease.*** By
applying SERS to chromatographically separated fractions, it is
possible to complement HPLC-LED-IF's protein profiling with
molecularly specific information, enhancing both detection and
characterization capabilities.

Achieving sensitive and reproducible SERS measurements
for protein fractions requires substrates that provide strong and
consistent Raman signal enhancement. Nanostructured
substrates, particularly gold nanostars, are advantageous due to
their sharp tips and high surface curvature, which generate
intense localized electromagnetic fields and amplify molecular
vibrations.?®** Functionalization strategies, such as APTES-
mediated nanoparticle immobilization, further ensure
uniform analyte adsorption and improve reproducibility.**=*” In
general, DCDRS has been used to concentrate protein fractions
at the droplet edge during drying, thereby enhancing both
signal intensity and spectral resolution. When combined with
SERS, it provides a robust approach for the molecularly specific
characterisation of complex protein samples.*®** Such
approaches demonstrate how Raman-based methods can
complement chromatographic separation, enhancing the
detection of subtle structural differences in biomolecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To leverage the complementary strengths of chromato-
graphic separation and molecularly specific Raman detection,
the present study applied an integrated HPLC-LED-IF and SERS
approach to tear PF1 and PF2. This approach enabled the
identification of subtle spectral differences between fractions,
resulting in improved classification of MDE and POAG
compared with controls. In addition, multivariate statistical
analysis was employed, where PCA was used for cluster analysis
and a KNN leave-one-out method was applied to evaluate clas-
sification performance in terms of sensitivity, specificity, and
accuracy. Recent advances have also highlighted the utility of
machine learning-assisted SERS for biomedical
applications.®*** Lin et al. reported a deep-learning-assisted
SERS platform capable of ultrasensitive diagnosis of ovarian
cancer with high classification accuracy.** Xu et al. demon-
strated machine learning approaches for analyzing complex
SERS spectra in cellular systems.*” Such studies illustrate how
data-driven approaches are increasingly enhancing SERS anal-
ysis, complementing experimental advances in sensitivity and
reproducibility. By combining fluorescence-based profiling with
sensitive Raman analysis, the study establishes a novel and
robust methodology for comprehensive tear protein fraction
characterization, demonstrating both feasibility and potential
clinical utility. These findings underscore the promise of this
platform as a non-invasive tool for biomarker-based diagnostics
in ocular diseases.

2 Experimental section
2.1 Sample collection

Ethical clearance was obtained from the Institutional Ethics
Committee, Kasturba Medical College, Manipal (IEC 230/2019)
and the Indian Council of Medical Research (ICMR) for
sample collection and measurements. Informed consent was
obtained from each volunteer prior to participation. Samples
from 20 controls, 20 MDE subjects, and 20 POAG patients were
collected using Schirmer strips (Table 1). Volunteers were asked
to position their heads at a slight angle so that tears were
directed toward the lower fornix, thereby avoiding reflex tearing.
The lower eyelid of the left eye was gently pulled down, and the
tip of the strip was placed in contact with the tear meniscus
without irritating the conjunctiva. The strips were observed to
be wet by more than 15 mm in all 20C and 20 POAG subjects
and 5-10 mm in 20 MDE cases. POAG patients exhibited optic
nerve damage, as evidenced by structural changes, including
diffuse or focal neuroretinal rim thinning (observed on slit-
lamp evaluation with a +90 diopter lens or optical coherence
tomography) and/or functional glaucomatous visual field
defects on standard automated perimetry, with no secondary

Table 1 Sample details

No. of subjects Gender Age Clinical diagnosis
1-20 13 F,7M >40 C

21-40 10F, 10 M >40 MDE

41-60 11F,9M >40 POAG

RSC Adv, 2025, 15, 42728-42739 | 42729
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causes identified for the damage. Additionally, all POAG
patients had open angles on gonioscopy and pretreatment
intraocular pressures greater than 21 mmHg. Subjects with
renal, hepatic, gastrointestinal, or neurologic disease, ocular
surgery, ocular inflammation, diabetic retinopathy, myopia, or
glaucoma other than POAG were excluded from the study.
Detailed subject information is provided in SI.

Then the strips were placed in Eppendorf tubes (1.5 mL) and
immersed in 150 puL of HPLC grade water separately and
immediately centrifuged at 503 g (3000 rpm) for 5 minutes, the
resulting solutions were stored at \80 °C until analysis. A low
centrifugal force was set to minimise the chance of protein loss
during centrifugation of the sample. Later, the samples are run
in HPLC-LED-IF for protein fraction collection.

2.2 Substrate synthesis

APTES 97%, chloroauric acid trihydrate (HAuCl,-3H,0), silver
nitrate (AgNOj3), and ascorbic acid (AA) were procured from
Merck, while lysozyme (Lyz) was obtained from Sigma-Aldrich.
The reagents were used as received without any further
purification.

Gold (Au) nanostructures were prepared using the seed-
mediated synthesis technique. Initially, seed nanoparticles
were synthesised, and a small amount of these seeds was then
added to a growth medium containing the necessary precur-
sors, which facilitated the formation of anisotropic nano-
structures.®® The protocol for synthesizing nanostars closely
adhered to the procedure described in the recent studies.**™>°

The synthesis process began by mixing 10 mL of a 250 pM
trisodium citrate solution with 10 mL of a 250 uM HAuCl,
solution in a beaker, followed by gentle stirring for 10 minutes.
Subsequently, 600 puL of an ice-cold 0.1 M NaBH, solution was
added to the stirring mixture, and stirring continued for an
additional 5 minutes. Afterwards, the stirring was stopped, and
the solution was carefully cooled to 4 °C. This process resulted
in a striking orange-wine-red colour, visually confirming the
successful formation of gold nanoseeds. The Au seed particles
were measured to be 8 nm in diameter using the particle size
analyzer (Horiba Scientific Nano Particle Analyzer SZ-100) with
a zeta potential of —65.1 mV.

Then, a 30 pL aqueous solution of 1 M HCI was added to
a 10 mL solution with a concentration of 0.25 mM. Subse-
quently, 300 pL of the seed solution was introduced to the
mixture while stirring continuously. Following this, under stir-
ring, 300 pL of a 2 mM AgNO; solution and 150 pL of a 0.1 M t-
ascorbic acid solution were added rapidly. Notably, the solu-
tion's color rapidly changed from orange-wine-red to blue. The
particle size of the Au nanostars was determined to be 85 nm in
diameter using a field-enhanced scanning electron microscope
(7610FPLUS, JEOL instrument), and the corresponding zeta
potential was —26 mV measured using the nanoparticle
analyser.

2.3 Fabrication of SERS-active substrates

2.3.1 Instrumentation. The schematic of the experimental
setup for the SERS measurement is shown in Fig. S1 (see in the
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(SI)), which includes an excitation laser (Torsana, Star Bright,
Sweden) with a 785 nm laser line and 500 mW of power. The
785 nm wavelength is chosen to reduce fluorescence interfer-
ence from the samples. A holographic filter is used to remove
unwanted background emissions from the laser by selectively
transmitting radiation at 785 nm while blocking other wave-
lengths. To eliminate Rayleigh scattering and collect the Raman
scattered radiation, an edge filter is placed just in front of the
spectrometer slit. The optimisation process begins by deter-
mining the suitable laser power and selecting the appropriate
microscope objective. The laser beam is focused by the micro-
scope objective and directed onto the sample cell.

For sample analysis, protein fractions collected from the
HPLC-LED-IF system are placed in the sample cell. The path
selector functions as a switch between the CCD camera and
spectrometer, allowing for the observation of the sample and
data acquisition. Proper beam alignment and focal positioning
are achieved using a 1: 1 ratio telescopic setup with two convex
lenses, each having a focal length of 30 cm. A dichroic mirror is
used to direct (reflect) the 785 nm beam to the sample and
transmit the back-scattered Raman radiation to the spectrom-
eter. A spectrograph combined with a liquid nitrogen-cooled
CCD detector (iHR 320, Horiba Jobin Yvon) enabled accurate
and sensitive recording of the Raman spectra.

All spectral measurements were conducted using a laser
power of 6.2 mW, an acquisition time of 10 seconds, and a 50 x
objective. To assess the reliability and consistency of the DCD-
SERS method, measurements were taken at five multiple spots
across the same substrate.

The reproducibility of SERS measurement is highly depen-
dent on the quality of the fabricated substrate. To assess the
precision or reproducibility of measurements within this study,
the relative standard deviation (RSD) was calculated for the
prominent peak at 1664 cm™ ' in the SERS spectra using the
following formula
Standard Deviation

RSD (%) = ( Mean

) X 100% .** To assess the

effectiveness of the employed SERS technique, measurements
were conducted to estimate the limit of detection (LOD) using
Lyz at various concentrations, focusing on the Raman frequency
at 1664 cm™'. The LOD was calculated using the standard

33 %0

Slope
and the slope is obtained from the calibration curve of SERS
intensity versus solute concentration.** To verify the substrate's
quality, the SERS enhancement factor (EF) was calculated for
the prominent band at 1664 cm ' using the formula: EF =
(Isers/Traman) X (Craman/Csers). This parameter serves as
a quantitative measure of signal amplification relative to
conventional Raman spectroscopy.

After evaluating the SERS substrate's effectiveness through
the calculation of the enhancement factor, the study was
extended to the spectral analysis of major tear proteins. These
tear components are essential for ocular functionality and serve
as crucial defence mechanisms against infectious agents.’>*
The role of Lyz in tears has been widely recognized, with
numerous studies highlighting its antimicrobial activity and

formula LOD = , where ¢ is the standard deviation,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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involvement in immune regulation within the ocular environ-
ment.>*** Lyz has been considered a typical marker for dry eye in
various investigations, emphasising its potential significance in
ocular health®?®® Moreover, recent findings underscore the
involvement of Lyz in inflammatory processes within the eye in
glaucoma conditions.?”*®

Lyz is typically present in tears at concentrations of a few mg
mL~', making it an ideal candidate for SERS-based analysis.
Prior to the SERS investigation, Lyz was identified using the
HPLC-LED-IF technique.*** In this analysis, the co-injection
method was applied, where a known concentration of Lyz was
injected along with the sample to confirm the identity of the
protein peak based on co-elution. Through this approach,
protein fraction 1 (PF1) was identified as Lyz. To further confirm
the spectral identity of Lyz in the SERS analysis, the spiking
method was employed. In this approach, a known quantity of
Lyz was added to the sample, and the resulting spectral changes
were compared with the original spectra. This validation
confirmed that the observed SERS features corresponded
specifically to Lyz, supporting its reliable detection and char-
acterization in tear samples.

2.3.2 Protein fractions collection. Protein fractions from
20C, 20 MDE, and 20 POAG tear fluid samples were collected
using the HPLC-LED-IF system and then stored at —80 °C for
further analysis. The fractions of the respective tear fluid
samples were collected as part of our previous work, and the
details of the sample collection procedure are described else-
where.*?* For the C group, protein fractions from 20 individ-
uals were obtained: protein fraction 1 (PF1) and protein fraction
2 (PF2) were collected at their respective elution times during
the same runs. Specifically, at the elution time of 2317 seconds,
PF1 was collected, followed by PF2 at the elution time of 2385
seconds in the same chromatographic run. As shown in our
earlier studies, these retention times were validated by co-
injection with protein standards, confirming PF1 as Lyz and
PF2 as lactoferrin (LF).?*** These two proteins were selected for
further SERS analysis because they are the major tear proteins,
exhibit the highest chromatographic intensities, and contribute
significantly to the differentiation between C, MDE, and POAG
groups in previous statistical analyses. Both fractions were
derived from the same set of samples during their respective
runs. Fig. 1 illustrates the process of collecting PF1 and PF2 and
drop coating them onto the SERS substrate.

HPLC-LED-IF
| J chromatograms

'_ L ‘ Column b = SERS substrate
L) = | PF1 =
N % [ = — | )
% : CapillaryH I | PP2 Collected
1 S l' /"" fraction
I \

Tear HPLC _ (Y ,

Sampl o] - \ A

—— - WAL

I
Dried tear
Fraction collection :’::I:;

Fig. 1 Ilustration of the HPLC-LED-IF process, including the collec-

tion of tear protein fractions and the drop coating onto the SERS
substrate.
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A 2 pL droplet from each sample was deposited onto a gold
nanoparticle substrate and left to air-dry in a desiccator at room
temperature. Using a 50 x objective with 0.6 NA, and laser power
of 6.2 mW, SERS signals were recorded by focusing the laser
beam on the dried droplets with an acquisition time of 10
seconds.

3 Results

3.1 Spectral characterization of plasmonic nanostars

UV-vis spectroscopy is employed to investigate the localized
surface plasmon resonance (LSPR) characteristics of plasmonic
nanostructures. The gold nanoseed solution exhibits an
absorption peak at approximately 515 nm (Fig. S2(a) (see SI)),
whereas the gold nanostar solution shows an absorption
maximum at 700 nm (Fig. S2(b) (see SI)).

UV absorption of the nanostars attached to the APTES-
functionalized substrate was measured on the 1st day of their
preparation, revealing a peak at 715 nm (Fig. 2(a)). To evaluate
their stability, the UV absorption spectra of the nanostars were
monitored over seven consecutive days. Notably, the absorption
maximum consistently remained at 715 nm throughout the
seven-day period, with minimal shifts in the peak position
related to the LSPR (Fig. 2(a)). After three days of substrate
preparation, a FESEM image was captured using a FESEM
(7610F PLUS, JEOL) instrument, providing detailed visual
insight into the morphology of the nanostars on the APTES-
functionalized surface (Fig. 2(b)).

3.2 Assessment of reproducibility, limit of detection (LOD)
and enhancement factor

Reproducibility measurement evaluated using RSD for the
prominent peak at 1664 cm ' with a mean of 352.4 + 17.8. is
indicated by a 5% RSD value in Fig. S3 (see SI). The average of
five detection spots (average of 25 spectra) is also presented for
clarity Fig. S3(c) (see SI). Fig. 3(a) represents the SERS of Lyz at
different concentrations at 10 nM, 100 nM, 1 uM, 10 uM and 100
uM. The resulting LOD is 0.24 nM (Fig. 3(b), showcasing the
substrate's capability in measuring tear protein fractions
collected from the HPLC-LED-IF system, which can range in
concentration from pM to nM.”*** In the present study, the
enhancement factor corresponding to the intense Raman band
at 1664 cm Y, calculated from the measured intensities Isgrs =
336 and Ixaman = 70.83 was estimated to be approximately 4.7
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Fig. 2 (a) UV-absorption spectra of APTES-associated gold nanostar

substrate on seven different days with a photograph of the fabricated

substrate (inset), (b) FESEM image of the nanostar substrate.
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Fig. 3 (a) The SERS of Lyz at different concentrations: (a) 10 nM,
100 nM, 1 uM, 10 uM and 100 uM, (b) corresponding linear fit-plot of
Lyz concentrations (10 nM, 100 nM, 1 uM, 10 uM, 100 uM) for the
Raman peak at 1664 cm™2, (c) comparative analysis of Raman spec-
trum of Lyz (1 mM) and SERS spectrum of Lyz (100 nM), and (d)
enlarged Raman and SERS spectra of 1 mM and 100 nM Lyz.

x10°. This result indicated that the SERS signal for Lyz at
100 nM concentration experiences a 10°fold increase in
intensity compared to the conventional Raman signal at 1 mM
(Fig. 3(c) and (d). The frequency assignments of Raman bands
in the Lyz spectra in this study fully match those reported in the
available literature, based on DCD-SERS and SERS methodolo-
gies, as given in Table 2.%°%

3.3 SERS study of the tear fluid fractions PF1 and PF2

The spectra of PF1 and PF2 were recorded and pre-processed for
statistical analysis. Pre-processing of Raman spectra aimed to
eliminate unexpected and non-significant variations within the
spectra, such as spikes, background fluorescence, and fluctua-
tions in signal intensity, to enhance the accuracy and reliability
of subsequent data analysis. The software Unscrambler X
(version 10.4 CAMO, Norway) was used for the pre-processing.*
All protein profiles underwent vector normalization. The
average SERS spectra of the two protein fractions (PF1 and PF2)
from C, MDE, and POAG samples (20 each) were plotted to
visualize the spectral patterns in the tear protein fractions
Fig. 4(a) and 5(a). A comparison of the spectra belonging to
three categories has revealed spectral differences that can
distinguish between C, MDE, and POAG conditions. Notably,
certain Raman bands (480, 600, 683, 747, 805, 844, 931, 1107,
1135, 1361, 1456, 1580 cm ™~ ') were common across all fractions,
while other bands were uniquely present or absent in PF1 and
PF2. The corresponding peak assignments are given in Table 3,
corroborated by relevant literature.>>*"*>®” Difference spectra
were used to pinpoint significant distinctions in MDE and
POAG compared to the C. Fig. 4(b) illustrates the differences in
the entire spectra of tear fluid fraction PF1 of MDE and POAG
compared to the C PF1. It is evident that the “MDE” and “POAG”
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Table 2 Assignment of SERS (from gold nanostar substrate) signals of
Lyza,59—64

Raman shifts

(SERS) in cm ™! Assignment/molecular groups

480 —

525 SS bridge str

600 Phe

683 —

747 Trp

772 Trp: 6 (CH)

830 Tyr doublet

844 »(C,-N, C-C), Tyr
901 N-C,—C stretching
931 »(N-C,—C)

999 Phe (ring breathing of benzene)
1030 Phe

1107 Trp

1144 »(C-N)

1192 Tyr + Phe

1210 Tyr

1243 Amide III

1283 Amide III

1308 —

1342 Trp

1384 COO™ symm. str
1432 6 (CH,)

1448 Amide II + His (CH2 scissoring)
1520 —

1580 Histidine (C=C str.)
1623 Trp + Phe

1664 Amide I

o-deformation co-ordinate,
Tyr-tyrosine,  Trp-tryptophan,

¢ Abbreviations: v-stretching,
symmetric,  str.-stretching,
phenylalanine, His-histidine.

symm.-
Phe-

samples not only differ from the C but also differ from each
other. Similarly, Fig. 5(b) shows the differences in SERS bands
of PF2 in MDE and POAG compared to C PF2.

4 Data analysis
4.1 Tear fluid fractions analysis

This section discusses the PCA of SERS spectra of the tear fluid
fractions PF1 and PF2 using the Unscrambler X software

Normalized Intensity (a.u)
Normalized Intensity (a.u)

400 600 800 1000 1200 1400 1600

450 600 750 900 1050 1200 ,1350 1500 1650

Raman shift (cm™) Raman shift cm1)

Fig. 4 (a) Average SERS spectra (20 each) of the tear fluid PF1 fractions
of three types of samples (C, MDE, and POAG conditions) in the region
450-1700 cm™* and (b) difference spectra of PF1 of the mean of MDE
and mean of POAG samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Average SERS spectra (20 each) of the tear fluid fractions PF2
of three types of samples (C, MDE, and POAG conditions) in the region
450-1700 cm™t and (b) difference spectra of PF2 of the mean of MDE
and the mean of POAG samples.

(version 10.4, CAMO, Norway).®* The initial analysis examined
the entire Raman spectral range to identify differences in
Raman shifts among C, MDE and POAG tear protein fractions.
The PCA, performed across the entire spectrum, revealed
notable variations, particularly in PC1 and PC2 when
comparing MDE and POAG with the C. While the difference
spectra highlighted variations in Raman bands, the factor
loadings represented by PC1 and PC2 elucidated the contribu-
tions of specific Raman bands to the observed differences.

In Fig. 6(a) and (b), the PC1 versus PC2 score plot with cor-
responding factor loadings shows the variations captured by the
principal components. As typically observed, PC1 contributes
more to the variance than the subsequent principal compo-
nents. In this analysis, the cumulative percent variance reached
88% due to the contributions of the PC1 and PC2 components.
The PCA results demonstrated precise classification for di-
stinguishing MDE and POAG from the C when analyzing the
entire SERS spectra of PF1, spanning from 450 cm ' to
1700 cm™ ' In Fig. 7(a) and (b), the PC1 versus PC2 score plot
with corresponding factor loadings illustrates the classification
of C, MDE, and POAG conditions obtained from the PCA.

Additionally, the factor loading plots indicated that specific
SERS bands in PF1 and PF2 contributed significantly to the
observed spectral variations. For PF1, the major contributors in
PC1 were bands at 600 cm ™', 805 cm ™', 1148 cm ™' (¢(C-N)),
1292 cm ™' (Amide III), and 1456 cm ™" (6 (CH,)), while in PC2
the peaks at 901 em™ ' (N-C,-C stretching), 1325 cm™ " (Phe +
His), and 1533 ecm ' (C-C stretching) were most relevant. In
PF2, the peaks with higher loadings in PC1 included 805 cm ™,
1135 em ™" (#(C-N)), 1520 cm ™" (6 (NH;")), and 1580 cm ™" (His
C-C stretching), whereas in PC2 the peaks at 545 cm ' (C-
COO~ asymmetric bending, Trp), 1520 cm " (6 (NH3"),
1564 cm™ ' (NH, scissoring), and 1648 cm ™" (Amide I) showed
significant contributions.

To further evaluate diagnostic performance, we performed
a KNN analysis with LOOCYV for PF1 (K = 3) and PF2 (K = 3). The
following metrics were calculated using standard formulas for
each class:*"*

. .. TP
Sensitivity(True positive rate(TP)) = TP+ EN
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™
Specificity(T ti te(TN)) = =—=
pecificity(True negative rate(TN)) TN £ EP
Precision(Positive predictive value) = _Tr
P = TP+FP

TP + TN
TP + TN + FP + FN

Accuracy =

Table 3 Assignment of SERS spectra of PF1 and PF2 based on available
literature? 59.61.66.67

Raman shifts of
protein fractions(cm ™)

Raman band

PF1 PF2 assignment/molecular groups

480 480 —

525 — SS bridge str

— 545 C-COO~ asymmetric bend (Trp)

600 600 Phe

— 624 Phe

— 636 Tyr: 6 (R, CH), »(C-S)

646 — Tyr

683 683 6 (C-H), 6 (R), 6 (COO")

747 747 Trp

772 — Trp: br (indole) symm, 6 (CH)

805 805 —

844 844 »(C,~N, C-C), Tyr

— 874 N-H bend

901 — N-C,—C str

931 931 ¥(C,-C-N)

— 963 v(C-C)

974 — Tyr

999 — Phe (ring breathing of benzene)

— 1010 Phe + Tyr

1030 — Phe

1074 — »(C-N)

1107 1107 Trp

1135 1135 ¥(C-N)

1148 — v(C-N)

1210 — Tyr

— 1223 —

— 1242 Amide III

1253 — Amidelll

1292 — Amide 111, 6 (CH,, CH3), CH bend

1310 1310 —

1325 — Phe + His

1361 1361 Trp

1384 — COO™ symmetric str

— 1433 6 (CH,)

1448 — Amide II + histidine (CH,
scissoring)

1456 1456 6 (CH,)

— 1520 6 (NH;")

1533 — C-C str

— 1564 NH, scissors

1580 1580 Histidine (C=C stretching)

1607 — Tyr

— 1648 Amide I

1664 — Amide I

¢ Abbreviations: R - benzene ring, wag-wagging, Glu-glutamic acid.
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Table S1 (see SI) describes the multi-confusion matrix (TP,
misclassified), indicating for the PF1 column summarises the
number of TP for each class along with the misclassified
sample. For class C, 18 samples were correctly classified as C
(TP), while 1 sample were misclassified as MDE and 1 as POAG.
Similarly, for MDE, 18 samples were correctly classified, with 1
misclassified as C and 1 as POAG. For POAG, 17 samples were
correctly classified, with 3 misclassified as MDE and none as C.
Table S2 (see SI) summarizes the number of TP for each class,
along with the misclassified samples indicating for PF2. For
class C, 17 samples were correctly classified as C (TP), while 2
samples were misclassified as MDE and 1 as POAG. Similarly,
for MDE, 16 samples were correctly classified, with 3 mis-
classified as C and 1 as POAG. For POAG, 16 samples were
correctly classified, with 1 misclassified as C and 3 as MDE.
The classification performance of the KNN model using
LOO-CV is depicted as in Fig. S4 (see SI). Fig. S4(a) displays the
misclassification curve, where green points represent correctly
classified samples and red points indicate misclassifications.
Fig. S4(b) compares true versus predicted classes (C, MDE, and
POAG), showing that C samples are classified with high accu-
racy, MDE samples are generally predicted correctly with some
confusion toward POAG, and POAG samples exhibit the highest
rate of misclassification. Fig. S5 illustrates the same evaluation
for another dataset/feature set. In subplot Fig. S5(a), most
samples again fall under correct classification with some scat-
tered misclassifications. Subplot Fig. S5(b) highlights the class-
wise predictions, where C samples are consistently well-
identified, MDE samples show reasonable accuracy but
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Fig. 8 SERS spectra of Lyz, C PFl and Lyz + C PF1 at 10 s, 6.2 mW
power in region (a) 450-800 cm™?, (b) 800-1170 cm~* and (c) 1200—
1680 cm™.

occasional misclassification, and POAG samples remain the
most challenging, with a larger proportion predicted
incorrectly.

Overall, across both figures, the KNN model demonstrates
a strong ability to distinguish Control subjects but struggles to
clearly separate MDE from POAG, reflecting overlapping char-
acteristics between these groups.

4.2 Spiking-based verification of PF1

The spiking study revealed that the introduction of 100 nM Lyz
into C tear protein fraction 1(Lyz + C PF1) resulted in an
increased intensity of several SERS bands (480, 525, 600, 683,
747,772, 844, 901, 931, 999, 1030, 1074, 1144, 1210, 1253, 1384,
1448, 1580 and 1664 cm™ ') (Fig. 8), exactly overlapping with
standard Lyz bands (Fig. 6) and thereby confirming the pres-
ence of Lyz. The bands at 646, 805, 1074, 1135, and 1456 cm ™
did not show a similar enhancement. A comprehensive analysis
of the SERS peak intensity changes resulting from the Lyz
spiking effect on the Raman bands of C PF1 is presented in
Table 4.

5 Discussion

In this study, UV absorption spectra, showing a shift from
700 nm in solution to 715 nm on the APTES-functionalized
substrate, indicated the successful attachment of gold nano-
stars. The position and shape of the plasmon absorption of
silica-gold nanoparticles are influenced by particle size, the
surrounding dielectric medium, and surface-adsorbed species.
The observed spectral shift and broadening can primarily be
attributed to variations in the extinction cross-section, and the
electron mean free path within the metal shell.®*%

The 5% RSD and 0.24 nM LOD demonstrated the high
reproducibility and sensitivity of a SERS substrate for detecting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Raman band intensity variations in the CPF1 spectrum after
Lyz spiking

Lyz (present study)  CPF1 Lyz+ Raman band

(em™) (em™") CPF1  assignment/molecular groups
480 480 1 —

525 525 1 SS bridge

600 600 i Phe

683 683 1 —

747 747 1 Trp

772 772 1 Arginine

844 844 1 Tyr

901 901 1 N-C,—C stretching

931 931 1 »(Ca-C-N)

999 999 1 Phe (ring breathing)

1030 1030 i Phe

1107 1107 T Trp

1210 1210 1 Tyr/Phe

1253 1253 1 Amide III B-sheet

1384 1384 1 COO™ symmetric stretch
1448 1448 1 Amide II + histidine

1580 1580 1 Histidine (C=C stretching)
1664 1664 T Amide I

and analyzing low-concentration protein fractions in body
fluids. Additionally, a 10°fold enhancement in SERS signal
intensity for Lyz at 100 nM compared to the conventional
Raman signal at 1 mM underscored the substrate's effectiveness
in detecting low-concentration protein fractions, highlighting
its potential for sensitive and precise analysis of body fluid
samples in biomedical applications. The stable attachment of
gold nanostars on APTES-functionalized substrates ensures
uniform analyte adsorption, which is critical for reproducible
SERS measurements. The anisotropic morphology of nanostars,
with sharp tips and high curvature, generates strong electro-
magnetic enhancement at localized surface plasmon resonance
(LSPR)  sites,  further Raman  signal
Sensitivity.23,24,31,70,71

Protein profiling of clinical samples has a crucial role in the
development of reliable diagnostic methods for identifying
potential protein markers. Our previous studies have under-
scored the significance of protein profiling in the context of
MDE and POAG.*** Similarly, studying the protein profiles of
tear fluid fractions holds diagnostic potential, and the adoption
of SERS emerges as a valuable tool for detecting biochemical
differences. To the best of our knowledge, no previous studies
have applied this combined HPLC-LED-IF and SERS approach
to tear protein fractions. Most prior work has focused on SERS
of whole tears, where complex mixtures and high background
signals can obscure individual protein contributions. Mean-
while, HPLC allows the initial separation and collection of
individual protein fractions, significantly reducing sample
complexity. Applying SERS to these isolated fractions enhances
spectral signals and minimises background interference,
enabling more precise and specific characterisation of protein
profiles.

Building on this novelty, it is noteworthy that while some
studies have analyzed whole tear fluid using SERS, these

improving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigations are limited in scope and do not focus on frac-
tionated protein analysis. This is the first study to report the
application of gold nanoparticle (nanostar) substrates for
analyzing tear protein fractions. Moreover, this work demon-
strates the advantages of focusing on protein fractions for
understanding biochemical variations related to ocular disease.

In this study, only two protein fractions PF1 and PF2 were
selected for analysis, as they exhibited the highest chromato-
graphic intensities and showed the most significant contri-
butions to group differentiation (C, MDE and POAG) based on
statistical analysis.**** In the present study, the spectral
differences observed in the tear PF1 and PF2 of C, MDE and
POAG indicated that the spectral patterns are sensitive to the
associated health conditions, making them valuable for diag-
nostic purposes. Using PCA, we examined the entire Raman
spectral range to identify significant differences among C,
MDE, and POAG tear protein fractions. The PCA results,
particularly the contributions of PC1 and PC2, revealed clear
classification capabilities, with an 88% cumulative variance
explained. This high level of variance capture demonstrates
the robustness of the analysis in distinguishing between
different tear protein profiles. Notably, certain SERS bands in
PF1 and PF2 made significant contributions to the observed
variations. For PF1, bands at 805 cm ™%, 901 cm ™%, 1148 cm™*,
1292 em ™', 1325 em ™', and 1533 cm ™' were key influencers,
while for PF2, bands at 545 cm™', 805 cm™ ', 1520 cm ™},
1564 cm ™', 1580 cm ™', and 1648 cm ™' played significant roles.
These findings underscore the specificity of Raman bands in
reflecting the biochemical differences associated with MDE
and POAG conditions. KNN with leave-one-out cross-validation
(LOOCV) confirmed that SERS, following HPLC-LED-IF frac-
tionation, provides reliable diagnostic performance (85%
sensitivity, 90% specificity, and 88% accuracy), although vali-
dation with a larger sample set is required. Employing
a spiking method has proven the presence of Lyz in CPF1, as
identified using the co-injection method by HPLC-LED-IF
method. The detail of the co-injection method is described
elsewhere.*** This study laid the groundwork for future
research, demonstrating the potential of HPLC-LED-IF
coupled with SERS to advance ocular health diagnostics.

By combining HPLC-LED-IF with SERS, we achieved a refined
and targeted analysis of tear proteins, focusing on distinct
protein fractions rather than the entire mixture. This approach
improves detection sensitivity and specificity, demonstrating
significant classification capabilities among C, MDE, and POAG
samples. Multivariate analysis further improved diagnostic
accuracy by highlighting the specific Raman bands responsible
for differences among groups. Additionally, the LED-based
HPLC-LED-IF system ensures stable and reliable fluorescence
detection with low-intensity excitation, preventing sample
degradation while maintaining sensitivity. The low cost,
compact design, and energy efficiency of LED detection further
enhance the practicality of this platform for routine biomedical
applications.”

Overall, this study establishes a methodologically sound and
novel approach for analyzing tear protein fractions using HPLC-
LED-IF combined with SERS. While the current study focused
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on demonstrating feasibility and classification capability, larger
sample sizes and complementary techniques will be needed in
the future to explore disease-specific mechanisms and medi-
cation effects in more detail. In future studies, we plan to
perform a comprehensive identification and quantification of
tear protein fractions using orthogonal methods such as ELISA,
SDS-PAGE, and LC-MS/MS to further characterize these frac-
tions with a larger sample size. Nonetheless, the results provide
compelling evidence that SERS analysis of HPLC-isolated
protein fractions is feasible, reproducible, and capable of
revealing clinically relevant differences, laying a foundation for
future studies in ocular diagnostics.

6 Conclusion

This study demonstrates the application of the HPLC-LED-IF
method combined with DCD-SERS for the analysis of tear
fluid samples in the context of MDE and POAG. Key procedures
of DCD-SERS include the synthesis of gold nanostars, the
functionalization of substrates with APTES, and the evaluation
of substrate quality. The experiments highlighted the impor-
tance of laser wavelength, power, and substrate quality, sup-
porting the method's suitability for tear protein analysis. The
observed RSD of ~5% indicates good reproducibility of the
SERS measurements under the experimental conditions used.
At the same time, the LOD study and enhancement factor
underscore the efficiency of the substrates and the value of SERS
in examining tear protein fractions. Analysis using SERS,
combined with PCA and KNN supervised modelling, indicates
the feasibility of classifying samples, suggesting that the
observed intensity variations of PF1 and PF2 in MDE and POAG
may reflect biochemical changes associated with the disease.
Overall, the combination of HPLC-LED-IF and SERS shows
potential improvement as a rapid and cost-effective approach
for monitoring disease-related biochemical changes. Future
studies will focus on larger sample sizes by incorporating
supervised modelling and carrying out additional detection
methods to validate the diagnostic potential and explore its
applications to other body fluids for disease detection.
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