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Rapid and early detection of sepsis biomarkers is essential and an
immediate need to prevent significant casualties of ICU patients
caused by an uncontrolled infection in the patient's body. A
highly sensitive and
spectroscopy (SERS)

established to detect the sepsis biomarkers. For this purpose,

selective surface-enhanced Raman

based detection protocol has been
uniquely designed SERS substrate on black phosphorus (BP) flake
are fabricated by a one-step and straightforward process where
uniform silver nanoparticles (AgNPs) are synthesized over the BP
surface, which in turn enhance the stability of BP flakes. Both the
prognostic [interleukin-3 (IL-3)] and diagnostic [procalcitonin
(PCT)] biomarkers are detected up to a limit of detection (LOD) as
low as 1000 fM and 100 fM, respectively, where the SERS
enhancement factor (EF) is obtained as high as in the order of
~10%*. A comprehensive study of Raman spectra has been carried
out to explore the origin of observed Raman peaks of IL-3 and
PCT, arising from various amino acids, which has never been
reported earlier. The unknown signature Raman peaks for such
biomarkers are identified at low energy regions, occurring due to
structural variation of the two different protein chains even
though both consist of the same possible amino acids. The
findings of signature Raman modes of sepsis biomarkers help
distinguish the Raman peaks of sepsis biomarkers in spiked
clinical samples even in the simultaneous presence of both the
biomarkers.

Introduction

Sepsis affects about 30 million humans globally and is the
leading cause of death of ICU patients worldwide due to its
complicated detection techniques and the absence of prompt
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treatment.”” Sepsis is a severe inflammatory reaction to
infectious agents, and readily advances to a sustained
immunosuppressive condition. Thus, it has become the
reason for significant mortality rates.” Sepsis requires
immediate medical treatment to avoid casualties within hours
of the disease onset due to its rapid growth of infection in the
body. This leads to the condition of organ failure, termed as
septic shock.* Various pathogens, such as bacteria, fungi or
viruses, can cause sepsis, but most of the sepsis cases are
caused by bacterial infections.” Sepsis is also observed as a
common complication directly caused by the new coronavirus
(SARS-CoV2) first reported in late 2019.%” The optimized
sepsis management requires the rapid, early and sensitive
detection of various diagnostic and prognostic sepsis
biomarkers, which can be diagnosed on a single platform.
However, such kinds of detection and diagnostic techniques
are still rarely accessible and create significant lacunae in the
timely management of the pathophysiological consequences
of sepsis.®® Rapid and accurate detection has also become
significant as it helps in the well-timed administration of
appropriate antimicrobial agents that potentially obviate the
attainment of critical septic stages, and can thus prevent
fatalities."”

Techniques, like enzyme-linked immunosorbent assay
(ELISA), polymerase chain reaction (PCR), fluorescence in situ
hybridization  (FISH), hybridization  and
proteomics spectrometry phage assays,'''* are available for
the detection of sepsis. However, they have limitations due to
their selectivity and longer process time in the typical range
of 12 hours to few days."® Since the affected patients have a
rapid progression of underlying infection, the level of most
of the biomarkers shoots up during the standard testing
duration, which disables the identification of the real-time
infection stage. In recent years, serum biomarkers, such as
C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-a.),
interleukin-6 (IL-6), and Fc-gamma receptor-1 (FcyR1) (also
called CD64), have been explored to identify the progress and
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Table 1 Sepsis biomarkers and their detection techniques
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Phase Category Markers Type Method Process time
Hyper-inflammatory Cytokines TNF-a, IL-1B, IL-6 Prognostic Immunoassay® 2-5 days
Chemokines IL-8, IL-10 Diagnostic ELISA® 2-5 days
Protein CRP, procalcitonin (PCT)  Diagnostic ELISA" 2-5 days
Complementary C3b, C5a Diagnostic ELISA®® 2-5 days
peptides
Antigens on CD64, CD11b, CD14 Diagnostic Flow cytometry; immunoassay® 3-6 hours;
neutrophils and 2-5 days
monocytes
Detection of RNA Diagnostic PCR®® 2-5 days
microbes
Immuno-suppressive Surface antigens IMHC 11, |CD28, 1CD152  Diagnostic ELISA®® 2-5 days
(CTLA) IL-10
Organ dysfunction  Proteins tlactate, IL-6, PCT, Diagnostic Immunoassays, DIC (disseminated 2-5 days; over
fibrinolysis (coagulation intravascular coagulation) score for hours or days
factors) fibrinolysis'”
- ;. 10,13,16-18 : : 19-21 : : : :
prediction of the sepsis. However, the desired  meningococcus. There is no single ideal biomarker of

selectivity and sensitivity of these techniques for early
detection are not adequate. The absence of a specific
treatment and the complicated pathogenesis of sepsis make
it necessary for the early detection of disease biomarkers, so
that supportive medications can be implemented at an early
stage when it is easily manageable.

Among several biomarkers of sepsis, lipopolysaccharide
(LPS) has proven to be an essential mediator in the
pathogenesis of Gram-negative bacterial sepsis, which is
associated with several other clinical manifestations, like
hypertension, blood clotting, diarrhea, pyrogenic reactions,

sepsis present that helps to identify critically ill patients who
need immediate medical attention with possible diagnosis
and treatment. The category of different sepsis biomarkers
and their detection techniques are mentioned in Table 1,
which gives an idea about the detection process and required
time. Recently, Weber et al. identified interleukin-3 (IL-3), a
cytokine, as a prognostic biomarker or independent predictor
of septic shock and death.** Furthermore, Min et al. showed
that when using a hybrid magneto-electrochemical sensor,
the limit of detection (LOD) for IL-3 can be achieved up to
<10 pg ml™', which produces the test results within 1 h.**

and infections of Gram-negative bacteria such as  Along with the prognostic biomarker IL-3, the diagnostic
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Fig. 1 (a) Chemical structure of lipopolysaccharide (LPS); (b) Raman spectra of LPS on different substrates showing the strong enhancement in

the Raman signal only on the AgQNP@BP flake; (c) SERS Raman signal of LPS with the variation in the LPS concentration ranging 1000 nM to 1 nM.
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Fig. 2 SERS enhanced Raman spectra of (a) interleukin-3 (IL-3) for
different concentrations ranging from 1000 pM to 1 pM; and (b)
procalcitonin (PCT) for concentrations from 1000 pM to 10 fM.
Intensities of the PCT Raman spectra for 1 pM, 100 fM and 10 fM are
multiplied by a factor of 20 for better visibility.

biomarker procalcitonin (PCT) has a vital role in determining
the severity of sepsis at different stages. The role of PCT for
determining the stage of sepsis has already been proven and
explained in several reports.?* 26

In recent times, 2D layered material-based SERS
substrates have emerged as a potential tool for the
identification of various biomarkers present in blood or
serum. This is due to their advantages of having improved
sensitivity, reusability, enhanced stability, stronger surface
adsorption capability, and feasible scalability.>’>° Reports
show that the graphene and MoS,-based SERS platform has
application in bio-sensing for the sensitive detection of
diseases, like bacterial infections,’® malaria,®" diabetes,**
cardiovascular,®® and brain tumors.>® However, the SERS
signal enhancement of such systems mostly relies on charge
transfer between the 2D van der Waals (vdW) nano-sheet/
flake and the analyte, rather than the electromagnetic field
enhancement.>® Very recently, layered black phosphorus
(BP) has emerged as one of the most suitable 2D materials
for SERS applications, as it has intrinsic in-plane
ferroelectricity unlike other 2D members, which is favorable
for SERS signal enhancement. The laser-induced nano-
structuring of the BP flake can create arrays of hotspots,
which has emerged as a metal-free SERS substrate.*® Along
with the pristine layered BP flake and its nanostructures,
the BP-metal nanoparticle heterostructures have also
emerged as a potential platform that can be used for the
detection of  biomolecules, where the intrinsic
biocompatibility of layered BP can be an added
advantage.’®® In recent times, the heterostructures of the
layered BP flake and metal nanoparticles have proved to be
a stable and potential platform for the development of bio-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Observation of signature Raman modes of IL-3 and PCT. (a)
Comparative Raman spectra of IL-3 and PCT; (b-e) the Raman spectra
have been compared for different energy ranges (b) 50-360 cm™, (c)
550-1000 cm™, (d) 1000-1400 cm™* and (e) 1400-1900 cm™™. All of the
signature Raman peaks are highlighted for better visualization.

sensors.”**? Although the SERS-based detection is precise

to the target analyte and capable of ultra-low detection
limits,***”"% very little effort has been made so far on the
detection of sepsis biomarkers due to the fact that the
signature Raman modes of these biomarkers are still
unexplored. Although a recent report by Cao et al™
demonstrated the SERS-based diagnosis for sepsis
biomarkers of the C-reactive protein (CRP), procalcitonin
(PCT), the limit of detection (LOD) was still only achieved
in the range of hundred pM, where the sensitivity may not
reach the required level. In such labeled detection
technique, no signature Raman modes of the sepsis
biomarkers have been identified, which is essential and a
primary need for the SERS-based detection technique. Thus,
the absence of any label-free detection of prognostic and
diagnostic biomarkers of sepsis on a single platform with
minimum processing time is a vital necessity to ease the
timely detection and management of septic patients.

Here, the ultrasensitive detection of prognostic and
diagnostic biomarkers of sepsis is demonstrated using a
uniquely designed BP-based SERS substrate. The possible
signature Raman modes of the IL-3 and PCT protein chains
are distinguished by the Raman signals arising from the
amino acid building blocks of IL-3 and PCT. In situ growth of
silver nanoparticles (AgNPs) over the BP flake is
demonstrated, where BP itself acts as a precursor to
achieving the uniform distribution of the AgNPs over the BP
flake surface. The as-grown AgNPs were used as hotspots for
local electric field enhancement in order to obtain enhanced
Raman signal of the biomarkers, ie., LPS, IL-3, and PCT,

Sens. Diagn., 2022, 1, 449-459 | 451
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Table 2 Raman peak positions, band assignment, and origin of Raman modes for interleukin-3 (IL-3) and procalcitonin (PCT)>*-5*
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Wavenumber (cm ™)

Reported band Amino

PCT IL-3 Band assignment position (cm™) acid®

81.89 79.11

— 111

122.52 —

— 130.11

144.97 144.39

169.53 170.63 Lattice stretching 166 w

— 192.36 C-O torsional 185 \

202.76 206.7 Torsional CH,-CH 200-210 C

— 269.06 Torsional 262 M

275.78 —

300.11 304.8 CCC beading 300 S

— 406.54 Bending N-C-C 400 AY

444.39 445.36 Torsional NH; 450 TP

476.5 476.34 Torsional NH, 475-480 AQ
Rocking COO 493 T

— 516.53 Rocking COO 515 S

— 535.36 Rocking of COO 530-535 ARI
COO rocking 544 H

559.72 — Wagging COO 565 T
Bending COO 564 Q
COO rocking 556 I

620.22 618.57 Bending of COO 611 SF
Amide bending 632 Q

— 647.27 Bending of COO 655-660 AR
Symmetric C-S stretching 645 MQ

669.2 666.59 COO scissoring 684 H

— 726.87 Torsional COH 703 T
C-S-C stretching 721 M

— 744.11 CH, rocking 740-775 CM
Condensed ring system 757 w
C-H twisting 749 I

779.81 779.51 OOP of COO 776 T
COO deformation 782 \
CNH stretching 784 R

— 794.06 COO bending 804 A%

— 840.01 C-C stretching 848 HRNFPI
Wagging of H at imidazole ring 854 H
COO OOP 838 L
Ring breathing vibration 854 Y

— 872.54 Stretching C-C-N 878 T
C-C stretching 877 ME
N-H stretching 875 w

— 886.03

896.39 904.63 NH, bending 896 P
NH, bending 908 R

930.37 — Stretching C-C 930 TLSD
C-C asymmetric bending 922 I

972.56 — C-C stretching 900-970 VH
CH, rocking 970 S

991.76 986.61 S-H in-plane bending 990 C

1016.7 1013.1 C-N stretching 1010 S
Ring breathing 1003 FW
CC stretching 1008 Q

1033.54 — OH bending 1032 R
C-N stretching 1033 LKN
In-plane bending 1032 F

1096.63 1098.19 Symmetric stretching CN 1091 HRLMQI
C-O stretching 1090 S
Rocking NH; 1101 N

1134.67 1130.92 NH; asymmetric rocking 1140 CLSKQE
Rocking NH; 1113 H
Stretching asymmetrical C-C-N 1114 T
CHj; rocking 1125-1200 A%
Ring deformation of tyrosine 1128 Y
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Table 2 (continued)
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Wavenumber (cm ™)

Reported band Amino
PCT IL-3 Band assignment position (cm™) acid®
1187.54 1182.04 NH; rocking 1175 L
C-H stretching 1175 M
NH; rocking 1188 L
— 1194.24 CH, twisting 1200 C
Rocking NH; 1202 T
CO stretching 1192 R
1279.15 1288.21 CH, twisting 1265 M
CH, bending wagging 1261 Q
1316.53 1317.14 COO stretching 1321 K
C-H stretching 1311 ED
1360.42 COO symmetric stretching 1350 C
C-H twisting 1360 K
Stretching CH 1358 NQI
Bending CH 1349 TL
Pyrrole ring stretching 1359 w
1371.01 1368.3 OH bending 1378 P
1435.9 1423.3 Stretching asymmetric C-O-O 1420 TH
Stretching CH, 1425 NQED
Pyrrole ring stretching 1426 w
— 1477.49 Bending CH; 1465 T
CH; bending 1400-1460 VRI
CH stretching (asym) 1465 M
1513.74 1513.3 Asymmetric stretching COO 1506 H
1543.33 1551.32 Benzene ring stretching 1557 w
1577.19 1577.99 OH bending 1544 R
CC stretching 1586 F
1603.9 — NH; bending 1609 K
CC ring stretching 1604 FY
— 1650.98 Stretching CO 1640 N
1654.72 1655.69 Stretching CO 1692 D

¢ A: alanine; R: arginine; N: asparagine; D: aspartic acid; C: cysteine; Q: glutamine; E: glutamic acid; G: glycine; H: histidine; I: isoleucine; L:
leucine; K: lysine; M: methionine; F: phenylalanine; P: proline; S: serine; T: threonine; W: tryptophan; Y: tyrosine; V: valine.

where the detection limit was investigated to as low as ~10
fM.

Experimental details
Materials used

Single crystal of black phosphorus (BP) from Manchester
Nanomaterials (MN), UK; lipopolysaccharide (LPS) and
silver nitrate (AgNO;) were purchased from Sigma Aldrich,
and used without further modification. Human IL3/IL-3
protein (IL-3) and human procalcitonin/CALCA (PCT) were
purchased from Sino Biological Inc. Purified human serum
IgA was purchased from MP Biomedicals (Catalogue No.
0855979). No study was performed directly on humans
and no blood or serum was isolated from any human
subject.

Preparation of the AgNP@BP SERS platform

Pristine BP flake was mechanically exfoliated from a bulk BP
single crystal on top of a silicon substrate using the standard
micromechanical exfoliation technique via the scotch-tape
method. Few layered-BP flakes were identified in an optical
microscope and characterized by a WITec alpha 300R Raman
spectrometer, followed by AFM measurement using Bruker

© 2022 The Author(s). Published by the Royal Society of Chemistry

Multimode 8 atomic force microscope (AFM) in tapping
mode. The as-exfoliated BP flake supported by the silicon
substrate was immersed in the AgNO; precursor solution
with varying concentrations and kept at ~90 °C for ~5 min.
The as-fabricated AgNP@BP flake was characterized by
Raman spectroscopic measurement and AFM techniques. All
of the Raman spectra were recorded in a back-scattering
configuration with a Nd:YAG 532 nm laser line using a 100x
objective, where the laser power was kept at ~2 mW to avoid
the possibilities of chemical alteration of the molecules by
laser heating. The SERS EF was calculated by considering the
Raman spectra of the PBS buffer solution on the AgNP@BP
flake as reference spectra.

TEM sample preparation

Liquid exfoliation of a tiny piece of single-crystal BP was
performed by sonication in NMP for 12 h. The exfoliated BP
flakes were immediately used for TEM sample preparation by
drop-cast on a Cu-grid with 300 mesh, followed by optical
microscope identification and Raman measurement. The Cu-
grid with the layered BP flake was used for TEM analysis. The
same was further used for the deposition of AgNPs as
described earlier. The same grid was also further used for

Sens. Diagn., 2022, 1, 449-459 | 453
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TEM analysis of the AgNP@BP flake. The TEM micrographs
were recorded using a JEOL JEM2100 transmission electron
microscope with 200 kV accelerating voltage.

Preparation of IL-3 and the PCT solution in PBS

To prepare different concentrations of the biomarkers, the
IL-3 and PCT were diluted in phosphate-buffered saline (PBS)
solution at pH 7.4.

Preparation of IL-3 and the PCT solution in sterile human
serum

Different concentrations of interleukin-3 (IL-3) and
procalcitonin (PCT) biomarkers were prepared as spiked
samples using sterile human serum. Briefly, the known
amounts of IL-3 and PCT were dissolved in sterile PBS
solution at pH 7.4 to prepare the final concentrations of
the spiked samples in the fM range (10 fM-100 nM). The
samples were cooled at 4 °C and then gently stirred over
vortexing to obtain a homogenous solution, where a range
of six to seven spiked samples were selected for biomarker
detection.

Results and discussion

The BP flakes were mechanically exfoliated on a Si substrate,
using the standard scotch tape technique and immediately
immersed in an aqueous AgNO; precursor solution for 5 min
at 90 °C to avoid any oxidation. Lone pair electrons of
phosphorus atoms, evenly distributed all over the BP surface,
interacted with the AgNO; precursor solution to adsorb Ag"
ions on its surface by reducing Ag" to Ag°.*> Due to such
spontaneous adsorption of the Ag" ions on the BP flake by
passivating the lone pair electrons, the BP flake surface
became stable even under ambient conditions (room
temperature ~25 °C and relative humidity ~60%) as
compared to the pristine one, which surpassed one of the
significant limitations of BP for its practical application.*®*’
The detailed synthesis protocol and characterization of the
AgNP-decorated BP flake are described in the ESIT (Fig. S1-
S4). The stability of the AgNP-decorated BP (AgNP@BP) flake
was examined by AFM (Fig. S57), where no signs of physical
degradation were observed as the thickness, and surface
roughness of the flake remained unchanged for up to 72 h
under ambient conditions (room temperature ~25 °C and
relative humidity ~60%).

The SERS capability of the designed AgNP@BP substrate
for the detection of LPS was investigated, where 10 pL
solution of LPS with concentrations varying from 1000 nM to
1 nM were drop-casted onto the SERS substrate to conduct
Raman spectroscopic measurements. A low laser power of ~2
mW was used to avoid the possibilities of chemical alteration
of the molecules by laser heating. LPS is a bacterial
endotoxin present in the outer cell membrane of Gram-
negative bacteria. It is thought to be a key mediator for the
pathogenesis of septic shock.”” The LPS structure can be

454 | Sens. Diagn., 2022, 1, 449-459
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divided into three distinct parts, ie., hydrophobic lipid-A,
hydrophilic polysaccharide chain, and the repeating units of
the bacterial serotype specific O-antigen oligosaccharide
(hydrophilic),”* as shown in Fig. 1a. Fig. 1b compares the
Raman spectra of LPS (concentration ~1 puM) on different
substrate configurations (i.e., bare Si, pristine BP on Si, and
AgNP@BP on Si), concluding that the signature peaks of LPS
arises only on the AgNP@BP SERS substrate due to signal
enhancement. In contrast, the peaks at 362, 442, and 465
em™" originated from the BP flake, which corresponds to the
out-of-plane vibration, in-plane armchair and zigzag
vibration, respectively, and the peak at 521 cm™ denotes the
first order Si Raman mode. The enhancement in the Raman
signal is attributed to the increase in the local electric field
by the plasmonic effect of the AgNPs decorated on the BP
flake. The uniform size and spatial distribution of the
nanoparticles with higher density are the key factors for
superior SERS enhancement. Here, the electromagnetic
enhancement is dominated over the chemical enhancement
for contribution towards a higher SERS enhancement factor.
Table ST2, in the ESI;f summarizes the observed Raman
peaks from LPS and identifies their origins from the specific
vibration modes, which has unexplored so far. The signature
Raman peaks of LPS are observed at 1131, 1366, and 1655
em™, which originated from the presence of lipids*® in the
LPS structure. A Raman peak at 1316 cm™' confirms the
presence of aliphatic molecules, whereas the 1579 cm™ peak
originates from graphitic carbon. However, the only Raman
peak in the high energy range at ~2900 cm™" originated from
the C=0 and CH; stretching modes, which confirms the
presence of sugar, lipid and a polyethylene group in the
structure."’

The SERS signal of LPS for different concentrations (1000-
1 nM) are shown in Fig. 1c, where the Raman intensity
decreases with the decrease in the LPS concentration. The
enhancement in the Raman signal of LPS is not prominent
beyond ~1 nM concentration, which is the limit of detection
(LOD) of the AgNP@BP SERS substrate for LPS as an analyte.
The SERS enhancement factor (EF) for LPS was calculated
using the two most intense Raman peaks at 1366 cm™" and
1655 cm '. The enhancement factor was calculated for
different LPS concentrations, which is provided in Table ST4
of the ESLf The enhancement factor of the reported SERS
substrate was calculated from the average area covered by the
particles (hotspot area) and the possible number of
molecules present at the hotspot vicinity (additional details
are provided in the ESIf Fig. S7). The average value of the
SERS enhancement factor was found to be surprisingly high,
EF ~2.9 x 10™, for LPS under 532 nm laser excitation.

Although an elevated LPS with LOD of 1 nM could be a
good prima facie evidence, it cannot be a confirmatory
biomarker for the diagnosis of sepsis due to the lack of
specificity towards sepsis. Hence, it requires the sensitive
detection of more specific biomarkers such as IL-3
(prognostic) and PCT (diagnostic). The Raman spectra of IL-3
and PCT are depicted in Fig. 2a and b, where it is evident

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that the intense Raman spectra of the biomarker appear only
on the AgNP@BP SERS substrate and not on bare Si
substrates. In order to identify the detection limit, Raman
signals were recorded with varying concentrations from 1000
pM to 10 fM for both IL-3 and PCT. However, the spectra of
the biomarkers were observable only up to 1 pM for IL-3 and
100 fM for PCT, which are the LODs of these two biomarkers
on the AgNP@BP SERS substrate.

Clinically, it has been proven that the level of biomarkers
present in the infected human body is in the pg mL™" range
(~pM concentration), suggesting that the reported LODs on
the AgNP@BP SERS substrate can provide three-digit
accuracy. This is sensitive enough and more than sufficient
for the early detection of the elevated IL-3 and PCT levels in
the blood caused by sepsis.>* The enhancement factor (EF) of
the SERS substrate was calculated using the three intense
Raman peaks of IL-3 and PCT, appearing at 620, 1366, and
1655 cm™, where the EF values corresponding to different
concentrations of the biomarkers were calculated and are
listed in Tables ST5 and ST6.f The obtained average EF values
calculated for IL-3 and PCT were as high as ~2.3 x 10" and
~4.5 x 10", respectively. Table ST7{ summarizes the average
EF and LODs for all three sepsis biomarkers (LPS, IL-3, and
PCT) detected using the AgNP@BP SERS platform.

To the best of our knowledge, this is the first scientific
report on the Raman spectra of IL-3 and PCT. Hence, it
requires the identification of the vibrational modes
corresponding to the observed Raman peaks. The prominent
characteristic Raman vibrational peaks of IL-3 and PCT
corresponding to 1 pM concentration are compared in
Fig. 3a, whereas all of the observed Raman modes are
summarized in Table 2. The phonon band assignment of the
Raman peaks, and the identification of the signature peaks
of the IL-3 and PCT protein structure are challenging tasks.
Both biomarkers contain the same building blocks of amino
acids with multiple variations in sequence. Hence, they end
up interfering with the signature peaks, originating from the
structural anomalies.

The amino acid sequence of IL-3 is as follows:

MSRLPVLLLLQLLVRPGLQAPMTQTTPLKTSWVNCSNMIDEIITH
LKQPPLPLLDFNNLNGEDQDILMENNLRRPNLEAFNRAVKSLQNASA
IESILKNLLPCLPLATAAPTRHPIHIKDGDWNEFRRKLTFYLKTLENAQ
AQQTTLSLAIF

Whereas, the amino acid sequence of PCT is:

APFRSALESSPADPATLSEDEARLLIAALVQDYVQMKASELEQEQ-
EREGSSLDSPRSKRCGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP-
GKKRDMSSD LERDHRPHVS MPQNAN

The origin of the Raman peaks (Fig. 3a) of IL-3 and PCT
were identified and are listed in Table 2 by comparing the
signals with the previously reported Raman spectra of amino
acids.>*®® For instance, the intense Raman peaks that are
common for both IL-3 and PCT are observed at 620, 779,
1130, 1187, 1316, 1370, 1513, 1577, and 1655 cm ', and are
the primary characteristics of the amino acids. Common
Raman peaks of low intensity are observed for both IL-3 and
PCT at ~896, 991, 1096, 1279, 1423, and 1551 cm?,

50,51

52,53
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originating from the amino acids. The observed Raman peak
positions of the biomarkers may have perturbations in the
peak positions. They may not match exactly with the reported
peak positions of the isolated amino acids, as they exist
within a long chain of the protein biomarker. In the low
energy region, prominent Raman peaks are also present in
matching positions (PCT: 81 cm™, 144 cm™*, and 169 cm™;
IL-3: 79 cm™', 144 cm™, and 170 ecm™"), originating from the
structural vibrations of the short-range identical amino acid
sequence.

To identify the Raman signature modes of 1L-3 and PCT,
the spectra (Fig. 3a) were compared in four different ranges,
ie., 50-360 cm™ (Fig. 3b), 550-1000 cm™ (Fig. 3c), 1000~
1400 cm™" (Fig. 3d) and 1400-1900 cm™" (Fig. 3¢). The Raman
signature peaks of IL-3 and PCT are marked in Fig. 3b—e with
dotted and solid vertical lines, respectively, whereas, all the
signature Raman modes are tabulated in Table ST8.f For
instance, a few distinguished low frequency (<350 cm™)
Raman peaks are observed for PCT, such as 122, 170, 229,
203, and 299 cm™', which are not observed in IL-3. Similarly,
the Raman peaks at 65, 92, 118, 177, 221, 265, 292, 347 cm™"
are observed in IL-3 but not in the Raman spectra of PCT.
Such low energy Raman peaks may originate from the
complete structural vibration, and can be considered as the
signature Raman modes of IL-3 and PCT. Apart from the low
energy Raman modes, a few distinguished high energy (>500
ecm™') Raman peaks are also observed such as 579, 681, 702,
919, 1111, 1285, 1406, 1739, 1752 and 1798 cm™* for IL-3 and
740, 803, 1100, 1228, 1254, 1692, 1807, 1824, 1841 and 1888
em™ for PCT, which helps to identify the biomarkers
precisely. The high energy signature Raman modes of the
biomarkers may have originated owing to the long or short-
range structural deformation of the long-chain proteins.

In order to confirm the SERS capability of the developed
AgNP@BP substrate for the detection of sepsis biomarkers
(PCT and IL-3) in spiked clinical samples, solutions of the
biomarkers with varying concentrations were prepared in
sterile human serum to mimic the real serum sample.’” *°
The as-prepared spiked biomarker samples were drop-casted
onto the fabricated SERS substrate, and kept for vacuum
drying for two hours. The Raman spectra were recorded using
a very low power (<2 mW) laser irradiation to avoid any kind
of possible degradation of the molecular structure. The
Raman spectra of the IL-3 and PCT in the spiked clinical
samples are shown in Fig. 4a and b, where the prominent
Raman spectral features were observed in solutions with
concentrations as low as 1 pM and 100 fM for IL-3 and PCT,
respectively. Such low LOD of both biomarkers obtained in
the spiked clinical samples are similar to the obtained LOD
of the pure biomarkers (Fig. 2a and b), which establishes the
detection capability of the developed AgNP@BP SERS
substrate for spiked clinical samples. The identification of
biomarkers in clinical samples through SERS is one of the
major limitations for the diagnosis of sepsis due to the
presence of indistinguishable Raman peaks from several
other biomolecules present in the sample. However, the
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Fig. 4 Raman spectra of the clinical sample prepared in sterile human serum. Raman spectra of (a) PCT and (b) IL-3 in clinical sample with varying
concentrations; (c) comparative Raman spectra of sterile human serum, serum_PCT, serum_IL-3, and serum_PCT_IL-3; (d) the Raman spectra of
the clinical samples with varying concentrations, where both PCT and IL-3 are simultaneously present.

established signature Raman modes of the sepsis biomarkers
(Table ST8t) help us to identify and distinguish the presence
of biomarkers in the spiked clinical samples. The calculated
SERS EF was obtained on the order of ~10'* as well, ie.,
similar to that of the pure biomarker sample. The in-depth
analysis of the Raman spectra of the spiked clinical samples
was performed by rigorous Lorentzian fitting to identify all of
the possible Raman peaks of the biomarkers. The obtained
Raman peaks of PCT and IL-3 in the spiked clinical samples
are listed in Table ST9,f which matches well with the Raman
peaks observed for the pure biomarkers. By comparing the
Raman spectra of the spiked clinical samples, it was observed
that a strong peak at ~2900 cm ™" is present in the case of IL-
3, while the same is weak for PCT. Thus, the presence of the
Raman peak at ~2900 cm™' significantly denoted the
presence of IL-3 in the spiked clinical sample. Such strong
peak can be considered as the signature Raman peak of IL-3.
To distinguish the Raman modes of the biomarkers from the
sterile human serum, Fig. 4c compares the Raman spectra of
IL-3, PCT, and serum along with the spiked clinical sample,
where both the biomarkers are present simultaneously. As
shown in Fig. 4a and b, the Raman peak at ~2900 cm™" has a
strong intensity in the case of the IL-3 and mixed (IL-3 +
PCT) samples. This further confirmed the Raman peak at
~2900 cm ™' as a signature mode of IL-3, in addition to the

456 | Sens. Diagn., 2022, 1, 449-459

previously identified signature Raman modes. Here, it is
worthy to note that the Raman peak at ~2900 cm™ is not
observed with nearly as strong intensity for the pure
biomarkers, although a small peak is observed in that range
for IL-3 (Fig. 3b). The possible Raman peaks of the sterile
human serum and the corresponding origin of such Raman
modes were obtained by analyzing the Raman spectra of
sterile human serum (Fig. 4c). The results are listed in Table
ST9,t where it was observed that most of the Raman peaks
appear in the range of 850-1700 cm™'. The origin of such
high energy Raman modes was mainly due to the presence of
several proteins and their amino acid building blocks, as
mentioned in Table ST10.f Surprisingly, in the case of sterile
human serum, no such low energy Raman peak is observed.
This becomes an added advantage for the identification of
biomarkers in spiked clinical samples, as most of the
signature Raman modes of the biomarkers lie in the low
energy range (<400 cm™'). Although it can be concluded that
the identification of sepsis biomarkers in a spiked clinical
sample is possible, the detection of the biomarkers in the
presence of each other, ie., in a mixed state is crucial. To
separate the peaks of the biomarkers in the spiked clinical
sample, where both of the biomarkers are present, the
Raman spectra of the biomarkers in the mixed state for
different concentrations were recorded (Fig. 4d). The Raman

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectra of the mixed biomarkers suggests that the
presence of the strong Raman peak at ~2900 cm™*
confirms the presence of IL-3. Meanwhile, the low

frequency Raman modes help to identify the distinct
biomarkers from each other. All of the possible Raman
peaks of the mixed biomarkers in the clinical samples
were analyzed and are listed in Table ST10,f where the
origin of each Raman peak was assigned to sterile human
serum, IL-3 and PCT according to their signature Raman
modes. For instance, the Raman modes observed at 114,
135, 194, 221, and 268 cm ' solely originated from IL-3.
These peaks were not observed for PCT nor for sterile
human serum, and matched well with the previously
identified signature Raman modes of IL-3 (Table ST9f). In
a similar fashion, the Raman modes observed at 122, 228
em™' were observed in the case of PCT only, which are
also the signature Raman modes of PCT. Along with the
low frequency Raman modes, several other high frequency
signature Raman modes of the biomarkers were identified,
as mentioned in Table ST10.f Such prominent
identification of the distinct Raman peaks for both the
biomarkers in the spiked clinical samples, having LOD
values as low as 100 fM (for PCT) and 1 pM (for IL-3),
confirms the specificity and sensitivity of the developed
SERS protocol for the detection of sepsis biomarkers.
Thus, an in-depth analysis of the IL-3 and PCT Raman
spectra confirmed that the developed SERS substrate may
have great potential for immediate application for the
detection of ultralow amounts of sepsis biomarkers. This
may predict the possibility of septic shock in the amateur
stage to prevent deaths caused in septic shock. Such
ultrasensitive and stable AgNP@BP flake may also be
useful for the development of layered BP based sensors,
actuators, and optoelectronic devices.

Conclusions

In summary, the ultrasensitive detection of prognostic and
diagnostic biomarkers of sepsis has been established using
the AgNP@BP SERS platform. A one-step protocol has been
optimized for developing a highly stable BP-based SERS
substrate having a uniform distribution of AgNPs. The
developed AgNP@BP SERS substrate demonstrates the
ultrasensitive detection of sepsis biomarkers, i.e., LPS, IL-3,
and PCT, where the limit of detection (LOD) value was as low
as 1 nM, 1 pM and 100 fM with an enhancement factor as
high as on the order of ~10'* for LPS, IL-3 and PCT,
respectively. The detection of sepsis biomarkers was
demonstrated for the spiked clinical samples as well. All of
the possible signature Raman modes of IL-3 and PCT were
identified and reported for the first time. Thus, for the
detection of prognostic and diagnostic biomarkers of sepsis
using the same sensing platform, the developed AgNP@BP
SERS substrate may pave a path towards the rapid and early
detection of sepsis biomarkers. The main advantage of

Raman-based diagnostics over state-of-art fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diagnostics is its signal selectivity to molecular structure.
Hence, it is considered as a fingerprint technique and
provides flexibility for the real-time monitoring of the disease
condition. Hence, the immediate proposition is to establish a
Raman library, identifying the signature peaks of various
biomarkers. This is the key in distinguishing various
biomarkers having molecular structures of close similarities,

and would allow for greater speed, accuracy, online
monitoring, and multiplexity during diagnosis.
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