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Abstract: Immunoassays (IAs) with fluorescence-based detection are already well-established com-
mercialized biosensing methods, such as enzyme-linked immunosorbent assay (ELISA) and lateral
flow immunoassay (LFIA). Inmunoassays with surface-enhanced Raman spectroscopy (SERS) detec-
tion have received significant attention from the research community for at least two decades, but so
far they still lack a wide clinical commercial application. This review, unlike any other review that we
have seen, performs a three-dimensional performance comparison of SERS IAs vs. fluorescence IAs.
First, we compared the limit of detection (LOD) as a key performance parameter for 30 fluorescence
and 30 SERS-based immunoassays reported in the literature. We also compared the clinical perfor-
mances of a smaller number of available reports for SERS vs. fluorescence immunoassays (FIAs).
We found that the median and geometric average LODs are about 1.5-2 orders of magnitude lower
for SERS-based immunoassays in comparison to fluorescence-based immunoassays. For instance,
the median LOD for SERS IA is 4.3 x 1013 M, whereas for FIA, it is 1.5 x 10~'! M. However, there is
no significant difference in average relative standard deviation (RSD)—both are about 5-6%. The anal-
ysis of sensitivity, selectivity, and accuracy reported for a limited number of the published clinical
studies with SERS IA and FIA demonstrates an advantage of SERS IA over FIA, at least in terms of
the median value for all three of those parameters. We discussed common and specific challenges
to the performances of both SERS IA and FIA, while proposing some solutions to mitigate those
challenges for both techniques. These challenges include non-specific protein binding, non-specific
interactions in the immunoassays, sometimes insufficient reproducibility, relatively long assay times,
photobleaching, etc. Overall, this review may be useful for a large number of researchers who would
like to use immunoassays, but particularly for those who would like to make improvements and
move forward in both SERS-based IAs and fluorescence-based IAs.

Keywords: SERS; fluorescence; immunoassays; LOD; sensitivity; accuracy; non-specific binding;
biomarker; cancer marker; ELISA

1. Introduction

Immunoassays are analytical methods that contribute to the determination of the
contents of specific compounds in samples by exploiting antigen—antibody interactions [1].
Antigens are compounds that induce the synthesis of antibodies and are specifically recog-
nized by glycoproteins called antibodies [2]. Inmunoassays have extremely high specificity.
They are widely used in areas such as toxicology, endocrinology, cardiology, and infectious
diseases [1]. One of the first assays based on the binding of antigens to antibodies, known
as radioimmunoassay, was developed by scientists Yalow and Berson in 1960. A radioim-
munoassay was used wherein the radioactivity of beef insulin —I'3! was measured to
calculate the concentration of human insulin from its standard addition to the mixture [3].
There are many types of immunoassays available in this field today. They include radioim-
munoassays (RIAs), enzyme immunoassays (EIAs), fluorescence immunoassays (FIAs),
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chemiluminescence immunoassays (CLIAs), nonlabeled immunoassays, electrochemical im-
munoassays, liposome immunoassays, chromatographic immunoassays, electrophoretic im-
munoassays, SERS-based immunoassays, and miscellaneous immunoassays [4]. We provide
a detailed description of fluorescence-based immunoassays and SERS-based immunoassays
in the following sections.

1.1. Fluorescence-Based Immunoassays Detection

Fluorescence spectroscopy is increasingly used to analyze both the physical and chem-
ical behaviors of macromolecules, allowing for the high sensitivity and comparatively low
quantitative detection that makes it an appropriate tool for trace analysis [5]. In fluorescence
spectroscopy, an electron in a fluorophore molecule gets excited to a higher electronic state
after the absorption of a photon. Then, the electron relaxes from an excited electronic state
to one of the multiple vibrational levels of the ground electronic state with the emission of
a photon, which makes up fluorescent light [6]. The fluorescence relies on the ability of the
compound/fluorophore to absorb light energy at a particular wavelength and reemit light
at a longer wavelength, while each compound has two characteristic spectra: an excitation
spectrum and an emission spectrum [6]. These spectra form the unique fluorescence sig-
nature for each compound that increases the specificity of the analytical performance of
the fluorescence-based detection techniques [6]. Photomultipliers (PMTs) are often used as
detectors in the fluorescence method, allowing them to achieve high sensitivity due to their
ability to detect very low light intensity [7].

Enzyme immunoassays are often used in conjunction with enzyme-linked immunosor-
bent assays (ELISA) in biomedical research due to their ability to qualitatively and quantita-
tively determine the content of macromolecules in the studied samples. This feature helps
in early disease detection due to high sensitivity. There are several types of ELISA, the most
common of which are indirect and sandwich ELISAs. Both types allow for the detection
of analytes at low concentrations [8]. Engvall et al. suggested coupling enzymes to the
antibodies for the histochemical detection of the antigens in the tissues [9]. In the same year,
Van Weemen et al. also underlined the high sensitivity of the enzyme immunoassays by
coupling the antigen human chorionic gonadotrophin (HCG) to the enzyme horse radish
peroxidase (HRP) [10].

The enzymatic immunoassay methods are classified into two major divisions—
homogeneous and heterogeneous [11]. Homogeneous immunoassays do not require the
separation stage for antibody-bound complexes, while heterogenous immunoassays in-
volve the washing stage for the separation of the complexes [11]. The enzyme-linked
immunosorbent assay is the heterogeneous enzymatic immunoassay that has the antigen—
antibody complex bound to the walls of the experimental tubes to separate it from the
washing procedure [11]. For different types of analytes, the ELISA methods are also di-
vided. For example, large molecules with different epitopes can be detected using the
sandwich ELISA, whereby the antigen is positioned between two antibodies (capture and
detection). This method requires several wash steps that remove the unreacted antigen and
antibody [12]. The highly weighted antigens are detected using either direct or indirect
ELISA, whereby the analyte is deposited directly on the surface of the plate, and antibodies
are added on top [11]. In the direct method, only one set of labeled antibodies is used.
In the indirect method, unlabeled primary and labeled secondary antibodies are used [11].
As for the detection of small molecules, competitive ELISA is applied, which is based on the
competitive reaction happening between the enzyme-labeled antigen and the analyte [12].

Posthuma-Trumpie et al. noted the diagnostic relevance of lateral flow assays, as it
they are used for the detection of infectious diseases, contamination with specific pathogens,
and food contamination [13]. The basic principle of this analytical technique involves using
a fluid sample to activate the dry reagents on pre-made strips in lateral flow immunoassay
(LFIA) [13]. The main components of the LFIA are the chromatographic system separating
the mixture components based on their movement through the membrane of the reaction,
and the immunochemical reaction happening between the antibody and antigen [14].
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The movement of the liquid sample is accomplished across the membrane via capillary
force [14]. It is reported that Plotz and Singer developed the operating basis of the LFIA in
1956, and based it on the latex agglutination assay, at the same time as the development of
plate-based immunoassays [15].

1.2. SERS-Based Immunoassays Detection

Surface-enhanced Raman spectroscopy (SERS) is a powerful technique for the highly
sensitive detection of low-concentration molecules [16]. SERS endows the ability to identify
molecules by obtaining their molecular formulas. This method can be applied in various
fields, such as medicine, the food industry, and material science, due to its high sensitivity
and selectivity [16]. It can be also used in the detection of biomarkers of such diseases as
cancer, Alzheimer’s, and Parkinson’s [16].

There can be direct and indirect SERS detection configurations [17]. Direct SERS
does not apply a sensing molecule that would bind to the analyte molecule (e.g., antibody,
aptamer) and the analyte is bound /absorbed to the substrate directly [18,19]. In comparison
to direct SERS, indirect SERS, including immunoassays with SERS detection, typically
allows a better limit of detection (LOD), at least in bioanalytical applications, because
there is better binding of the analyte to the substrate with the help of a capture antibody
or aptamer. LOD is typically defined as the lowest reliably detected concentration of an
analyte. The advantages of indirect SERS in comparison with direct SERS may also include
less complicated Raman peaks and multiplex ability.

The first mention of SERS in research was made by Fleischmann et al. in 1973 when
studying pyridine and its adsorption on the surface of silver, while SERS-based 1As were
first reported in 1999 using the “sandwich” scheme [19,20]. Van Duyne explained the
electromagnetic mechanism of SERS enhancement in 1976, when he identified the difficul-
ties of the detection of reaction intermediates and other molecules using electrochemical
methods of detection [19]. The popularity of SERS-based immunoassays in research has
grown significantly throughout the last few decades due to the advantages of this method.
These advantages include high sensitivity, relative resistance to photobleaching and ab-
sence of quenching, stability of signals, as well as high throughput created by spectroscopic
coding [20]. Sandwich SERS immunoassays, where the antigen (analyte) is sandwiched
between the capture antibody on the substrate and the detection antibody on the nano-
tag (AuNP modified with Raman reporter and detection antibody), have been used to
detect a variety of biomarkers by more than several research groups [20]. These advan-
tages distinguish SERS-based immunoassays from other techniques. It was determined
that SERS-based aptamer assays are a little bit less sensitive than SERS-based immunoas-
says. Immunoassays are a more well-established method for the detection of biomolecules
than aptamer-based assays, and on average, they are also more sensitive. The mean val-
ues of LODs calculated in 88 reports of immunoassays and 51 reports of aptamer-based
assays were 0.5 pM and 1.7 pM, according to Iliyas et al. [21]. The detection of femto-
molar concentration of prostate-specific antigen (PSA), a biomarker for prostate cancer,
performed by Porter’s group about two decades ago, exemplified the very high sensitiv-
ity of this method [22]. In addition, Porter’s group have demonstrated the versatility of
immunoassays with SERS detection for a range of bio-analytes, for instance, the detection
of biomarkers for cancer screening and tuberculosis, bacteria, toxins, and viruses [23-28].
There is good potential for extensive multiplexing via the SERS methods due to the fact
that the spectral overlap between various Raman labels is minimized by the narrow widths
of Raman spectral features, which are 10-100 times narrower compared to the spectral
features of fluorescence [29].

Since reproducibility is considered to be one of the key challenges related to SERS
biosensing, Crawford et al. studied how to improve it for sandwich immunoassays with
SERS detection and suggested using a larger laser spot as a solution [30]. Owens et al.
recently reported surface-enhanced resonance Raman scattering (SERRS) in immunoassays
for which Raman Reporter Molecule (RRM) coating was located not on Extrinsic Raman
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Label (ERL) nanotags, but rather on the capture substrate; they reported a 10-40-fold
improvement in LOD and analytical sensitivity in the detection of TB biomarker mannose-
capped lipoarabinomannan (ManLAM) [31]. In an attempt to decrease SERS-based assays’
costs, non-noble metal substrates were tested in sandwich SERS immunoassays. For in-
stance, Bukasov et al. proposed aluminum foil as a very economical and stable substrate
for use in the detection of tuberculosis biomarker MPT64. The performance of the assay on
Al foil was compared with its performance on gold film. The assay on Al foil had better
selectivity /lower non-specific binding and sometimes lower LODs than those obtained for
the assay on gold film [32].

In addition to fluorescent and SERS-based methods, methods such as vibrational
spectroscopic techniques can also be used. Fourier Transform Infrared (FTIR) spectroscopy
is one such technique. FTIR is a conservative technique, by which the functional groups,
bonds, and molecular conformations of the studied compounds can be identified [33].
According to Aitekenov et al., SERS is about three orders of magnitude more sensitive than
FTIR, and there are only a few publications on immunoassays with FTIR detection [34].
Therefore, in this review, we focus on comparing the performances of SERS-based im-
munoassays to those of fluorescence-based immunoassays. In the second part of the review,
we discuss common and specific challenges of both techniques and propose solutions for
these challenges.

2. Analytical Reports on Immunoassays with the SERS and the Fluorescence
Based Detection

2.1. Analytical Papers on the Fluorescent Immunoassays

To discuss the overall performance of fluorescence-based immunoassays, the results
reported in forty recent papers (most are from 2019-2022) with LOD and other Figures
of Merit (FoM) have been used to construct Table 1. Some of those papers and no-
table FIA approaches/examples are illustrated in Figure 1. The detection of the most
common biomarkers used as analytes and the classifications of fluorescent detection are
discussed below.

Table 1. Analytical performance parameters for fluorescence immunoassay-based detections.

Other FoM (Linear Range

Year, Author %‘;fli’f‘fel Analyte LOD (MW, kDa) LOD, M (LR)/Dynamic Range (DR),
1 Recovery, R?)
FI based on PPi with chloramphenicol (amide _8 LR 0.05-0.75 ug/L;
2022, Wang [35] MOFs alcohols antibiotic) 0.028 ug/L,0323 87 x10 91.8-112.3%; -; 0.99
2021,Sun [36]  FI (silver-amplified) (Cag;iertgg’gggier) 2 pg/mL, 66478 63 x 10713 LR 0.1-5 pg/mL; -; 0.999
acrylamide 9 LR 0.21-6.48 ug/L;
2021, Luo [37] Fl (food contamination) 0-161g/L, 00718 24 x10 82.3-105.6%; 0.988
2017, Wang [38] FI (Cag;feertgfi’;ggier) 045ng/mL, 66478 6.8 x 10~ 12 LR 1-80 ng/mL; -; 0.994
Dual-mode F1 . . 13 LR 0.001-10 ug/L;
2022, Chen [39] (with colorimetry) ochratoxin A (mycotoxin) 0.17ng/L, 0.404 42 x 10 95.0%— 103.8; 0.995
) a-fetoprotein 0.041 ng/mL, 13 ..
2018, Chen [40] ELISA (cancer biomarker) 66.478 6.2 x 10 LR 0.2-1 ng/mL; -; 0.971
) a-fetoprotein 0.041 ng/mL, 13 .
2018, Chen [40] ELISA (cancer biomarker) 66.478 6.2 x 10 LR 1-4 ng/mL; -; 0.995
) chloramphenicol (amide 11 LR 0-10 pg/kg; 83.7-105.0%;
2021, Dong [41] FI alcohols antibiotic) 0.03 ug/kg, 0.323 9.3 %10 0.993; assay time 30 min
2017, Xie [42] FI IsG (ai‘ﬁzgzxz;te“al 0.006 ng/mL, 150 4.0 x 10~ LR 0.01-800 ng/mL; -; -
Surface-Enhanced . .
2014, Li [43] Fluorescence (SEF) microcystin-LR (food 0.007 ng/mL, 0995 7.0 x 10~12 LR 0.02-16 ng/mL

immunosensor

contamination)

98.0-102.2%; 0.9981
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Table 1. Cont.

Analytical

Other FoM (Linear Range

Year, Author Technique Analyte LOD (MW, kDa) LOD, M (LR)/Dynamic Range (DR),
1 Recovery, R?)
Horseradish LR 0.02-0.625 ng/mL;
2021, Liu [44] Peroxidase zearalenone (mycotoxin) 0.017 ng/mL, 0.318 5.3 x 10711 95.56-103.33%; 0.996;
(HRP)-ELISA RSD = 1.0-8.39%
sulfamethazine (against 7 DR 0.1400-71.71 pg/L;
2019, Zhu [45] ELISA bacterial infections) 0.05 ug/L, 0.278 1.8 x 10 84.18-118.6%; -
Paper-based . b ic anti
2016, Lv [46] analytical device Carciioembryonis atigen 0041 ng/mL, 180 23 x 1013 DR 0.1-200 ng/mL
(PAD) based FI (cancer marker)
) Alkaline Phosphatase a-fetoprotein (cancer 12 o
2019, Zhao [47] (ALP)-based FI biomarker) 0.21 ng/mL, 66.478 3.2 x10 LR 0.5-40 ng/mL; -; 0.997
Catalase (CAT) : . . ) DR 5-5 x 10° CFU/mL;
2016, Chen [48] based FLISA E. coli (bacteria detection) 5 x 10¢ CFU/mL 65.88-105.6%; 0.9925
. imidacloprid (pesticide _10 DR 0.1-50ng/mL;
2015, Li [49] FIA residues screening) 0.1ng/mL, 0.256 39x10 85.4-107.4%; 0.990
LR 3.9-105.0 ug/L;
2018, Luo [50] RE-ELISA ethyl carbamate (food 2.6 ug/L, 0.891 29 %1075 86.0~102.70%; -; CV = less
safety monitoring) o
than 11.6%
alkaline phosphatase (liver LR 0.1-6 mU/mL;
2020, Liu [51] ALP-based FI damage or bone disorder 0.1 mU/mL, 86 100.2-101.8%; 0.998;
marker) RSD = less than 5%
2020, Liu [51] ALP-based FI cardiac tr;iii‘g;)l (cardiac 1ng/mL, 24 42 x 1071 LR 1-30 ng/mL; -; 0.997
2020, Liu [51] ALP-based FI cardiac tr;z‘iﬁgr‘)l (cardiac 1ng/mL, 24 42 x 10711 LR 30-250 ng/mL; -; 0.992
S1 protein of SARS-CoV-2 13 DR 0.05-1000ng/mL; -; -;
2022, Han [52] LFIA (COVID-19 marker) 0.033 ng/mL, 76.9 43 x 10 RSD = 6.89-7.16%
Indirect competitive
2021, Pan [53] enzyme-linked Dicofol (food safety 0.62ng/mL,0371 17 x 1072 LR136-19.92 ng/mL; -; 0.985
immunosorbent monitoring)
assay (ic-ELISA)
Upconversion ramine (food safet
2020, Zhang [54] Nanoparticles ty itoring) y 0.1ug/L,0.131 7.6 x 1077 LR 0.5-100 pg/L; -; 0.9988
(UCNPs)-based FIA monitoring
2020, Zhang [54]  UCNPs-based FIA histamine (food safety 0.01 pg/L, 0.111 9.0 x 108 LR 0.1-100 pg/L; -; 0.9954
monitoring)
LFIA with
Polydopamine sulfamethazine (against 13 LR 0.05-10ng/mL;
2022, Wang [35] Nanospheres bacterial infections) 0.043ng/mL, 0278 1.5 x10 88.9-105.9%; 0.9910
(PDANS)
2020, Wang [56] PT-FIA ochratoxin A (mycotoxin) 0.12ng/mL, 0.404 3.0 x 10713 LR 0.2-1.26 ng/mL; -;-
triazophos .
2020, Zhang [57]  Multi-analyte FIA (organophosphate 0.007 ug/L, 0313 2.2 x 1011 7 ;_121%0610—/2.07;15%10/
pesticides monitoring) : R e
parathion
2020, Zhang [57] Multi-analyte FIA (organophosphate 0.009 ug/L, 0.291 3.1 x 1071 LR 0.05-50 pg/L; -; -
pesticides monitoring)
chlorpyrifos
2020, Zhang [57] Multi-analyte FIA (organophosphate 0.087 ug/L, 0.351 2.5 x 10710 LR 0.5-1000 pg/L; -; -
pesticides monitoring)
Microfluidic S .
. procalcitonin (infectious 1 DR 0.10-70.00 ng/mL; -;
2020, Lin [58] lg‘;‘fﬁssg‘sc:y disease biomarker) 0.05ng/mL, 13 3.9 %10 0.994; detection time 10 min
2019, Li [59] FI bromadiolone 0.047 ng/mL, 0527 89 x 10~11 LR 0.11-3.09 ng/mL;

(Rodenticides detection)

77.9-85.6%; 0.987
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Table 1. Cont.

Other FoM (Linear Range

Year, Author "?e I:}illr}l’ihc:el Analyte LOD (MW, kDa) LOD, M (LR)/Dynamic Range (DR),
1 Recovery, R?)
2021, Nishiyama c-reactive protein (marker 8 DR 5-20 ug/mL; -; -;
[60] FPIA of inflammation) 1.58 pg/mlL, 120 1.3 10 detection time 10 min
. CP25 protein (Citrus _10 .
2021, Shokri [61] FAIA Tristeza virus detection) 220 pg/mL, 0.620 3.6 x 10 LR 0.4-25ng/mL; -; 0.995
. . _ LR 0-3 ug/L; -; 0.9642;
10
2020, Su [62] FCMFI aflatoxin B1 (mycotoxin) 0.2034 pg/L, 0.312 6.5 x 10 LOQ = 05659 pg/L
2022, Ao [63] LFIA carcino-embryonic antigen ) 1 ng/mlL, 180 6.1 x 1013 LR 0.11-100 ng/mL; -; -
(cancer marker)
2022, Ao [63] LFIA cytokeratin 19 fragment 0.18 ng/mL, 40 45 x 1012 LR 0.18-100 ng/mL; -; -
(cancer biomarker)
2022, Ao [63] LFIA neuron-specific enolase 0.28 ng/mL, 78 3.6 x 10-12 LR 0.28-100 ng/mL; -; -
(cancer biomarker)
. . LR 1.3-16.3 ng/mL;
2020,[((?;:}'1man NCD-based FI (1?11;31:12 matrix Elr;’;f:r‘kzé) 0.047 ng/mL 96.50-103.61% 0.99;
RSD = 0.90-4.85%
2021, Guo [65] ~ FRET immunoassay GO-imidaclothiz antigen ) 5 ng/mL,0262  31x 101 DR 0.08-50 ng/mL; -; 0.9934
(food safety monitoring)
. . BaP (environmental _10 LR 0.1-5ng/mL; 80.5-87.0%
2016, Li [66] FRET immunoassay pollutant) 0.06 ng/mL, 0.225 2.7 x 10 and 92.9-92.1%; 0.9929
Single cardiac troponin I (cTnlI)
2020, Lee [67] membrane-based °p 97 pg/mL, 24 4.0 x 10712 LR 0-1.16 ng/mL; -; 0.99;
LFIA (cardiac marker)
carcinoembryonic antigen 16 LR 0.5-400 pg/mL;
2021, Yang [68] SERS/FI (cancer marker) 0.1pg/mL, 180 56 x 10 105.50-106.73%; 0.9910
LR 0.01-0.5ng/mL;
2019, Xie [69] FI aflatoxin B1 (mycotoxin) 0.002ng/mL, 0.312 6.4 x 10712 96.5-119.0% and 98.0-135.0%;
0.995;
2018, Zvereva Colchicine (inflammation 9 DR 4.1-74.3 ng/mL; 79-108%;
[70] FFIA marker?) 1.8 ng/mL, 0.399 45 x 10 -; detection time 10 min
diethylstilbestrol _15 LR 1.0 x 107°-10 ng/mL;
2014, Wang [71] TREIA (environmental pollutant) 04 fg/mL, 0.268 1510 88-105%; 0.9989
Amantadine (food 10 LR 0.048-1.1ng/mL;
2019, Dong [72] ELISA contamination) 0.035 ng/mL, 0.151 2.3 x 10 72.6%-90.4%; -
17 3-oestradiol
. 0.00542 ng/mL, 10 LR 0.01-10,000 ng/mL;
2010, Sun [73] FIA (env1ronment.al estrogen 0272 2.0 x 10 86-113%; 0.9887
pollution)
. ’ a-fetoprotein (cancer 12 LR 0.5-500 ng/mL;
2021, Tian [74] FPIA biomarker) 0.28 ng/mL, 66.478 4.2 x 10 97.0-107.4%; 0.993;
carcinoembryonic antigen 12 LR 0.5-500 ng/mL;
(cancer marker) 0.36 ng/mL, 180 2010 93.0-104%; 0.996;
LOD Median, M 1.5 x 1071
Geometrical mean, 28 x 10-11

M

Abbreviations: FoM—Figure of Merit, MW—molecular weight, LOD—Iimit of detection, LR—Linear Range,
DR—Dynamic Range, LDR—Linear Dynamic Range, FIA—fluorescent immunoassay, ELISA—enzyme-linked
immunosorbent assay, LFIA—lateral flow immunoassay, FRET—fluorescence energy transfer, FCMFI—flow
cytometry fluorescence immunoassay, RF-ELISA—ratiometric fluorescence enzyme-linked immunosorbent as-
say, TR-FRET—time-resolved fluorescence energy transfer, TRFIA—time-resolved fluorescence immunoassay,
FPIA—fluorescence polarization immunoassay, FAIA—Fluorescence Anisotropic Immunoassay, NCD-based FI—

Nitrogen-Doped Carbon Dots-based Fluorescence Immunoassay, R>—coefficient of determination,

is not available.

“u_u

information



Int. J. Mol. Sci. 2024, 25, 2080

7 of 33

d. b. 10
®  Experiment data
Linear fitting results
) :»-.0'9 -
ageing Pyrolysis =
—_— — 2
\, I ="
£
]
uﬂi 0.7
ZIF-8 ZIF-8@ZIF-67 -Eé
c C% 0.6
05}
o 280 nm b : 280 nm i i i i i i L i i
OOO“QOO @ . 'QQ?O(:)' ] o 0 S0 100 150 200 250 300 350 400
O{ 0O % CJ ,g AR % £8 d Concentration of CEA (pg/mL)
- - =S @
o ‘O + %@ﬁ == .ol% l€) g8 " i SPCE(Au+GO)
o o O+ 40 3 2 1 o
Bé’é‘o " Bé{)b o ks % 6001 :ﬁsPSE‘A"’
337 nm \I\*%l L x 337 nm %
& CEA @ Quenched CEA E 500+
@ 400
e. 2
g 3004
Lateral flow immunoassay g 2004
Premixed '6
sample uonm\ / 615 nm 2 400l
excitation emission 0
’ o 0
® * - O 560 580 600 620 640
= Yard '@ - Wavelength/nm
))) . » f UV light (365 nm)
Sample Test Control Fusion §
drop zone line line -~
l - c'l'n: antibody
Cﬂﬂw
«With cTnl - Without cTnl geinssemd .
R : g : :
> . k= . H
- . H - H H 2 -
-2 U © H A Y Detection antibody )
= /: TN = /N /N :
3 H . H H N I % Goat ani-mouse antibody
Test Control Test Control v\'gv‘-‘ﬂ : W SARS-CoV-2 virus
line line line line = | Immunotag ]

Figure 1. Analytical papers based on fluorescent immunoassay detection. (a) The scheme of formation
of the Co nanoparticle and N-doped carbon nanotubes (Co/NCNT) by pyrolysis of ZIF-8@ZIF-67.
Adopted from Chen et al. [39] Copyright © 2022 Elsevier B.V. (b) The graphic representation of
the quenching efficiency of hollow porous gold nanoshells (HPGNPs), anti-CEA (carcinoembryonic
antigen) modified and tagged with 4-mercaptobenzoic acid (4-MBA), differing with changes in the
CEA concentration. Adopted from Yang et al. [68] Copyright © 2021 Elsevier B.V. (c) The scheme of
detecting CEA using anti-CEA modified 4-MBA-tagged HPGNPs@ based on fluorescence quenching.
Adopted from Yang et al. [68] Copyright © 2021 Elsevier B.V. (d) The graph of the fluorescence spectra
of surface plasmon-coupled emission (SPCE) with graphene oxide (GO) on gold film and of free
space emission (FSE) without GO. Reused from Xie et al. [42] Copyright © 2017 Elsevier B.V. (e) The
schematic principle of LFIA using the fusion 5 membrane as a strip and the time-resolved fluorescence
energy transfer (TR-FRET) technique. Adopted from Lee et al. [67] Copyright © 2020 Elsevier B.V.
(f) A schematic illustration of a dual-functional LFIA biosensor. Reused from Han et al. [52] Copyright
© 2022 Elsevier B.V All permissions to use copyrighted images were obtained.

Figure 1 illustrates the fluorescence immunoassay methods. Most of the analyzed
papers note the limited selection of analytes. For example, the oxidase-mimicking reagent,
which is Co/NCNT, is formed by the pyrolysis of the ZIF-8@ZIF-67, as shown in
Figure 1a [39]. The dual immunoassay was designed with colorimetry and fluorescence,
using the precursor Co/NCNT with improved oxidase-mimicking activity. This is because
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each of the colorimetry and fluorescence immunoassays demonstrated limited efficiency
and limited sensitivity for the detection of ochratoxin A. The hollow structure shown in
Figure la assures available active sites by enhancing Co/NCNT’s catalytic activity.
Figure 1b shows that the efficiency of the fluorescence quenching of 4-MBA on anti-CEA
nanoparticles decreases from 0.92 to 0.54 when the concentration of carcinoembryonic
antigen (CEA) increases from 0.5 pg/mL to 400 pg/mL [68]. In Figure 1c, the fluorescent
probe, anti-CEA-modified 4-MBA-tagged HPGNPs@mSiO,-Ring, was added for the de-
tection of CEA, accomplished with metal-induced fluorescence quenching [68]. Figure 1d
demonstrates the fluorescence spectra produced when surface plasmon-coupled emission
(SPCE) is assisted with graphene oxide (GO) on Au film. In their work, Xie et al. explained
the use of SPCE-based methods due to their enhanced fluorescence signal, which is a
result of the increased collection efficiency for sensitive protein detection applications.
The adsorption of the GO on the gold film is a homogeneous process that ensures its high
stability as a substrate [42]. Lee et al. highlighted the higher sensitivity of fluorescence-
based LFIA for the detection of cTnl with a lanthanide dye due to its long fluorescence
decay time and large stoke shift, preventing interference with autofluorescence, as shown
in Figure le. Fluorescence-based LFIA is often preferential to conventional LFIA since
the latter typically has relatively low sensitivity for the analytical detection of cardiac
biomarkers. The aforementioned fluorescence-based assay engages the fluorescence en-
ergy transfer (FRET) process, which explains the increased fluorescence in the presence of
cardiac troponin I, and the correspondingly decreased signal when the following analyte
is absent [67]. The design of colorimetric fluorescent SiO,@Au/QD NPs for the effective
detection of SARS-CoV-2 51 is demonstrated in Figure 1f [52,68]. Here, the LFIA-based
detections of targeting S proteins are carried out with relatively rapid responses due to
their dual functionality [52]. The LFIA detection of SARS-CoV-2-51 has lower sensitivity,
and QDs were proposed for use as the fluorescent material due to their simple synthesis,
low cost, and mass production capacity [52]. The biosensor outlined in Figure 1f provides
more accurate monitoring for SARS-CoV-2 infection [52].

2.2. Analytical Papers on the SERS Immunoassays

Table 2 reviews the major FoMs of 40 analytical papers on immunoassays with SERS
detection. Based on calculations from the 30 studies shown in the paper, when LOD could
be recalculated as molarity, the median LOD was 4.3 x 10~!3 M, while the geometric mean
was equal to 5.4 x 10713 M.

Table 2. The analytical FoMs of SERS-based immunoassay detection of analytes.

Other FoM (Linear Range

Analytical Technique .
o cpgs LOD (LR)/Dynamic Range
Year, Authors ((il;]s (:;h;(;,s Exc;tat:)m Analyte (MW, kDa) LOD (M) (DR)/Linear Dynamic Range
y y 1yp (LDR), Recovery, RSD)
SERS (-, 633 nm, Stagnant HIgG (human 0.1 ug/mL 10 LR 0.1-200 pg/mL;
2021, Qu [75] on solid substrate) immunoglobulin G) (150) 6.7 x 10 103.6-105.3%; 4.35-4.66%
2013, Baniukevic SERS (20, 785 nm, in gp51 (bovine leukemia 0.95 pg/mL 8 LR 0_0'006 mg/mL; 85.5-100%;
[76] solution) virus antigen) (51) 1.9 %10 7.31-8.9%; LOQ 3.14 pug/mL;
R? =0.9983
2019, Xiao [77] SERS (-, 785 nm, LFIA) H7N9 (avian influenza 0.0018 HAU LR 0.0025-0.5 HAU; - -
virus) detection time 20 min
. SERS (50, 632.8 nm, NEO (neomycin) (broad 0.216 pg/mL 13 -; 89.7-105.6%; 2.4-5.3%
2018, Shi [78] LFIA) spectrum antibiotic) (0.615) 3.5 x 10 (n = 3); IC50 0.04 ng/mL
SERS (sandwich-type
2020, Achadu immunoassay) (100, norovirus (NoV) (cause of 5.2 fo/mL LR 10 fg/mL-100 ng/mL;
[79] 785 nm, Stagnant on solid gastritis and colitis) <18 -,7.95-8.67%
substrate)
. SERS (50, 785 nm, 13
2020’[53;1 ikar Stagnant on solid B7-H6 (tumor biomarker) 10.8 fg/mL 10 XN} 0 NS 10-10-10-1 M; -; 4.8%

substrate)




Int. J. Mol. Sci. 2024, 25, 2080

9 of 33

Table 2. Cont.

Other FoM (Linear Range

Analytical Technique .
o cpgs LOD (LR)/Dynamic Range
Year, Authors (?_‘l;]s eecrh[\;z,s ::xa;tat:;n Analyte (MW, kDa) LOD (M) (DR)/Linear Dynamic Range
! yyp (LDR), Recovery, RSD)
2018, Bozkurt SERS (-, 785 nm, in . : ) LR 1.7 x 101-1.7 x 10°
181] solution) E. coli (Bacteria detection) 10 cfu/mL cfu/mL; - R? = 0.992
DR 1073100 ng/mL;
_ 2+ g 4
2016, She [82] SER()SH(S'OZ?E e tsrt;tger)‘a“t Hg™ (ﬂfzard‘.’us pouutt)ants 0‘4(%%%{;HL 22% 10712 883-107.3%; 1.5-9.5% (n = 3);
in the environmen . IC50 012 ng/mL;
LR 10'-107 cfu/mL; -; -
2019, Tihan [83] SERS (10, 785 nm, E. coli (Bacteria detection)  0.52 cfu/mL R? = 0.984; LOQ = 1.57
LFIA)
cfu/mL
, SERS (-, 785 nm, Stagnant PSA (prostate cancer 1.871 pg/mL 14 LR 107410712 g/mL; - -
2020, Du [84] on solid substrate) biomarker) (27.76) 6.7 x 10 R? =0.987
SERS (-, 785 nm, Stagnant cardiac troponin I (cTnl) 3.16 pg/mL 13 LR 0.01-100 ng/mL;
2021, Wang [85] on solid substrate) (cardiac marker) (24) 1.3 10 94.9-121.6%; -; CV below 15%
creatine kinase isoenzyme
SERS (-, 785 nm, Stagnant 3 . 4.27 pg/mL 14 LR 0.01-100 ng/mL;
2021, Wang [85] on solid substrate) MB (CK-MB) (cardiac 87) 4910 94.9-121.6%; -; CV below 15%
marker)
SERS (-, 532 nm, Stagnant PSA (prostate cancer 15 o
2016, Chang [86] on solid substrate) biomarker) 3.4 fM (27.76) 34 x 10 DR 0.001-1000 ng/mL; -;
. SERS (20, 633 nm, in botulinum neurotoxins 5.7 ng/mL T DR 0 ng/mL-1.0 ug/mL; -; -
2019, Kim [87] solution) (BoNTs) Type A (antitoxin) (150) 38x10 assay time less than 2 h
. SERS (20%, 633 nm, in botulinum neurotoxins 1.3 ng/mL 12 DR 0ng/mL-1.0 ug/mL; -; -
2019, Kim [87] solution) (BoNTs) Type B (antitoxin) (159) 8.5 10 assay time less than 2 h
SERS (-, 638 nm; 725 nm, adiponectin (Gestational . 15 116 L
2022, Kim [88] Stagnant on solid diabetes mellitus (GDM) 3.0 x 10-16 1.0 x 107V N5 10 n 10 g/mL; ~
. g/mL (30) R =0.994;
substrate) biomarker)
SERS (10%, 632.8 nm, in PSA (prostate cancer 0.01 ng/mL 13 L
2019, Gao [89] solution) biomarker) (27.76) 3.6 x 10 LR 0.01-100 ng/mL -;
SERS (-, 785 nm, Stagnant HIgG (defending against 18 ) .
2014, Song [90] on solid substrate) viruses or bacteria) 1fg/mL (150) 6.7 10 LR 1fg/mL-Ing/mL; -
. SERS (20%,632.8 nm, on  F1 antigen for Yersinia pestis 59.6 pg/mL 12 - - - R? = 0.959; assay time
2017, Choi [91] substrate, in solution) (biological weapon) (15.5) 3.9 10 10 min
SERS (10%, 633 nm, . . .
’ L AFP (liver, ovaries, testicles 0.3 fg/mL 18 LR 1 fg/mL-1 ng/mL;
2019, Yang [92] Stag;‘;‘;ttr‘;?;"lld cancer biomarker) (67.5) 4410 94.36-102.12%; 8.21%
. , SERS (-, 785 nm, in CA 19-9 (pancreatic cancer 5.65 x 1074 LR 0.001-1000 IU/mL; -;
2021, Tian [74] solution) biomarker) IU/mL 5.65%
albumin (diabetic
SERS (-, 785 nm, Stagnant nephropathy and 9 o
2019, Huang [93] on solid substrate) cardiovascular disease 0.2 mg/L (66.5) 3.0 x10 LR 10-300 mg/L; - -
marker)
SERS (-, 632.8 nm, in chloramphenicol (CAP) 1.0 pg/mL 12 DR 1-1 x 10* pg/mL;
2016, Yang [94] solution) (amide alcohols antibiotic) (0.323) 3110 81.42-96.92%; 9.7-14.4%
. 3 ricin (biological warfare 12 LDR 0.05-10° ng/mL; -
2022, Jia [95] SERS (-, 785 nm, LFIA) agent) 0.1 ng/mL (65) 1.5 x 10 <2.5%; detection time 15 min
. . SEB (biological warfare 0.05 ng/mL 12 LDR 0.05-10° ng/mL; -
2022, Jia [95] SERS (-, 785 nm, LFIA) agent) (28) 1.8 10 <4.75%; detection time 15 min
. . BoNT/A (biological 12 LDR 0.05-10% ng/mL; -;
2022, Jia [95] SERS (-, 785 nm, LFIA) warfare agent) 1 ng/mL (150) 6.7 x 10 <3.2%; detection time 15 min
. creatine kinase MB
2022, Gao [os]  OLRo (50, 6328 nm, in isoenzyme (CK-MB) 792pg/mL g9, 101 -
solution) . (87)
(cardiac marker)
2022, Gao [96] SERS (50, §32.8 nm, in cardiac t.roponm (cTnl) 2.94 pg/mL 12 % 10-13 .
solution) (cardiac marker) (24)
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Table 2. Cont.

Other FoM (Linear Range

Analytical Technique :
o cpgs LOD (LR)/Dynamic Range
Year, Authors (?_.?s Zitlzzgfx?;tatz(;n Analyte (MW, kDa) LOD (M) (DR)/Linear Dynamic Range
y y 1yp (LDR), Recovery, RSD)
2023, Kaladharan  SERS (-, 785 nm, Stagnant ~ SARS-CoV-2 spike protein L . . .
[97] on solid substrate) (COVID-19 marker) 50 pg/mL ; = - reaction time 20 min
50 pg/mL (in
2023, Kaladharan ~ SERS (-, 785 nm, Stagnant . S~ Ro-CoV-2 PBS); LR 1000 ng/mL-100 pg/mL; -
[97] lid substrate) virus-like-particle (VLP) 400 pg/mL - tion time 20 mi
on solid substrate (COVID-19 marker) (untreated ; reaction time 20 min
saliva)
. aflatoxin B1 (AFB1) 0.24 pg/mL 13 LDR 250 fg/mL-25 ng/mL;
2023, Chen [98]  SERS (-, 785 nm, LFIA) (mycotoxin) (0.312) 77 x10 91.0% + 6.3-104.8% =+ 5.6%: -
_ ochratoxin A (OTA) 0.37 pg/mL 13 LDR 250 fg/mL-25 ng/mL;
2023, Chen [95] ~ SERS (-, 785 nm, LFIA) (mycotoxin) (0.404) 9210 87.0% + 4.2-112.0% + 3.3%; -
2022, SERS (-, 785 nm, in SARS-CoV-2 (spike protein) o2
Mohammadi [99] solution) (COVID-19 marker) 4.7 fg/mlL 557 R =0.9932
2013, Granger SERS (-, 632.8 nm,
’[2 1] & Stagnant on solid MMP-7 (cancer marker) 228 pg/mL 7.9 x 10714 - - - R?2=0.989
substrate)
SERS (-, 632.8 nm, .
2013, Granger Stagnant on solid CA19-9 (pancreatlc cancer 34.5 pg/mL 1.6 x 10713 - -~ R? =0.991
[24] substrate) biomarker)
SERS (-, 632.8 nm, .
2011, Zhu [100] Stagnant on solid Clenbuterol (drl.lg for the 0.1 pg/mL 3.6 x 10-13 DR 0.1—1000p.g/n:L,
substrate) pulmonary disease) (0.277) 96.9-116.5%; 9.1%
SERS (20, 633 nm, in Cardiac troponin I (cTnl) 2.1 x 10713 .
2019, Fu [101] solution) (cardiac marker) 5 pg/mL (24) LR 0.01-1000 ng/mL; -; -
SERS (50%, 632.8 nm, . .
2023, Tuckmantel ’ g SARS-CoV-2 spike protein 1 L _
Bido [102] Stairj;;tt ;rtlesi()hd (COVID-19 marker) 349 pM 35 x 10 ;- - LOQ = 105.7 pM
. . . IL-6 (ovarian cancer 0.028 pg/mL _15  LRO0.1-1000 pg/mL; 80-117%;
2023, Xie [103] SERS (-, -, in solution) biomarker) 1) 1.3 x 10 5810.9%
-; 86.06-111.23%;
2022, Yin [104] SEI;%;;?QL%;’%‘M Zea(rrﬂe?g;ii(f)EN) 3 '?O%glg(g 8.45~11.37%; coincidence
, ¥ ' rate 86.06-111.23%;
2017, Cheng SERS (20x, 633 nm, in free PSA (f-PSA) (prostate 0.012 ng/mL 43 x 10-13 LR 4.0-10.0 ng/mL; -; -; assay
[105] solution) cancer biomarker) (27.76) ’ time<1h
2017, Cheng .
[105] SERS (20, 633 nm, in complexed PSA (c-PSA) 0.15ng/mL 54 % 10-12 LR 4.0-10.0 ng/mL; -; -; assay
: solution) (prostate cancer biomarker) (27.76) ' time<1h
. LR 0.001-10 ng/mL;
2022, Jiao [106]  SERS (785 nm, Stagnant ochratoxin A (OTA) 246pg/mL o1 1012 77.68-104.69%; -; assay time
on solid substrate) (mycotoxin) (0.404) .
90 min
.. LR 0.001-10 ng/mL;
2002, Jiao [106] ~ SERS (785 nm, Stagnant fumonisin B (FB1) 020pg/mL 5 g 10-13  76.39-117.73%; -; assay time
on solid substrate) (mycotoxin) (0.722) .
90 min
. LR 0.1-1000 ng/mL;
2022, Jiao [106] ~ SERS (- 785nm, Stagnant  deoxynivalenol (DON) 68.98pg/mL 54 10~ 70.95-113.16%; -; assay time
on solid substrate) (mycotoxin) (0.296) .
90 min
2022, Cha [107] SERS (20, 633 nm, in SARS-CoV-2 (COVID-19 2.56 fg/mL - - - detection time < 30 min
solution) marker)
SERS (-, 633 nm, in aflatoxin B1 (AFB1) 0.1ng/mL 10 . - .
2015, Ko [108] solution) (mycotoxin) (0.312) 3.2 x 10 ; -; -; analysis time < 30 min
a-fetoprotein (AFP) (liver,
SERS (-, 532 nm, Stagnant : . 0.081 pg/mL _15 LR 0.5-100 pg/mL; -;
2017, Yang [109] on solid substrate) ovaries, testicles cancer (67.5) 1.2 x 10 34749

biomarker)
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Table 2. Cont.

Other FoM (Linear Range

Analytical Technique :
o cpgs LOD (LR)/Dynamic Range
Year, Authors (?};]s ZcrtIXZ'SEXC.;tat:;n Analyte (MW, kDa) LOD (M) (DR)/Linear Dynamic Range
y y 1yp (LDR), Recovery, RSD)
. amantadine (AMD) LR 0.01-50 pg/L;
2021, Yang [110] SERS (50, 7 85 nm, in (broad-spectrum antiviral 0.0038 pg/L 2.5 x 1071 82.0-106.0%; 4.7-9.6%;
solution) d (0.151) IR .
rug) detection time 30 min
acrosomal protein SP10 )
2022, Liu[111]  SERS (-, 785 nm, LFIA) (sperm concentration 25.12 fg/mL LDR 100 fg/mL~10 ng/mL;

detection biomarker) 92.5-110.9%; 6%

pharmaceutical diclofenac - 92.5-106.0%; 4.5-5.7%;

2019, Deng [112] SEROSH(;O ﬁ" ;?;tsrt:‘gant (DCF) (non-steroidal O'O(Z)%%i;“L 21%10-3  1C50 =9 pg/mL; detection
anti-inflammatory drug) ’ time 15 min;
median (30), M 432 x 10713
average (30), M 5.85 x 10710
geometric mean (30), M 5.38 x 1013

Abbreviations: FoM—Figure of Merit, SERS—surface-enhanced Raman spectroscopy, LOD—Ilimit of detection,
LR—Linear Range, MW—molecular weight in kilo Daltons, DR—Dynamic Range, LDR—Linear Dynamic Range,
LFIA—Tlateral flow immunoassay. R>—coefficient of determination, “-* information is not available.

Surface-enhanced Raman scattering (SERS) spectroscopy is often used to determine
the concentration of the analyte in the sample with accuracy at a single-molecular level.
The analysis is often carried out using different objectives and excitation lasers. Among the
40 publications mentioned above, almost half of them used a 785 nm laser; a 633 nm laser
was used less often, and the least popular was the 532 nm laser. This trend may indicate
that there is a possibility that a 785 nm laser may be more suitable for the detection of
proteins and other biological molecules. In the above-mentioned works, the 20 x objective
was likely used most frequently; a 50 x objective was used a bit less frequently, and 10x and
100x lenses were also sometimes used.

One of the most sensitive sensors is the SERS-based sandwich immunoassay, reported
by Yang et al. This group presented the core—shell-satellite nanostructure (Au@Ag@SiO,—
AuNP), the LOD of which was equal to 4.4 x 10718 M [92]. This biosensor was manufac-
tured for the detection of alpha-fetoprotein (AFP), which is known as a biomarker of cancer.
Another sensor, used for the detection of Human Immunoglobulin G (HIgG), was distin-
guished by its high sensitivity. Song et al. presented a SERS-based immunoassay, the LOD
of which was equal to 6.7 x 10~18 M [90].

Langer et al. outlined the perspectives of SERS with microfluidic approaches [113].
Combined Lateral Flow Immunoassays (LFIAs) attracted the attention of several promi-
nent research groups including Tang’s group, Zhang’s group, Tamer’s group, Wang’s
group, Xiong’'s group, Cai’s group, and Sun’s group, whose works are presented in
Table 2 [77,78,83,95,98,104,111]. In general, assays used in the studies presented in
Table 2 were divided into three categories: stagnant on solid substrate, LFIA, and in
solution. The median and geometric mean of LOD for each type of assay are presented
in Table 3.

Table 3. Median and geometric mean LOD values for each type of assay of analytical papers on SERS

immunoassays.
Type of Assay (Total Number of Works, Number of Works Involved in Calculations) Median LOD, M Geometric Mean of LOD, M
Stagnant on solid substrate (18, 16) 1.2 x 10713 8.5 x 1014
LFIA (7, 3) 1.2 x 10712 1.3 x 10712
In solution (15, 11) 3.1 x 10712 2.6 x 10712

Abbreviations: LFIA—]lateral flow immunoassay, LOD—Ilimit of detection.
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All studies focused on these calculations are shown in Table 2. Overall, the differences
in median LOD values for all three categories are found to be approximately one order of
magnitude. Surprisingly, the methods with stagnant on solid substrate were found to be
the most sensitive, and their median LOD was equal to 1.2 x 10~!3 M. The median LOD
values for LFIA and for assays in solution were equal to 1.2 x 10712 M and 3.1 x 10712 M,
respectively. Together with sensitivity, the time for detection is also found to be an important
factor in the comparison of the analytical papers. The best reported assay time for SERS-
based LFIA was presented by Jia et al. and was equal to 15 min [95]. Deng et al. presented
the fastest detection method using the stagnant on solid substrate assay, and it was equal
to 15 min [112]. The inverse trend between sensitivity and assay time should be mentioned,
since the fastest assay was presented by Choi et al. and was equal to 10 min using the
SERS-based microdroplet platform, whereas the median LOD for assay in solution was
found to be lower than for previously mentioned types of assays [91].

Figure 2 illustrates analytical studies based on the detection of analytes using SERS-
based immunoassays. Figure 2a demonstrates a schematic illustration of the sandwich
immunoassay used to determine human IgG in samples [90]. To obtain such an assay,
Song et al. mixed SERS tags with SERS immuno-GMNPs, followed by human immunoglob-
ulin G (IgG) antigens. Next, it was necessary to leave the sample for incubation for 3 h
and then rinse it three times with borate buffer solution (BBS), after separating everything
with a magnet. To carry out SERS measurements, the sample had to be diluted with water.
To check how the Raman spectra of golden mesoflowers (Au MFs) change depending on
the increase in the volume of 4-Mercaptobenzoic acid (4-MBA), SERS measurements of five
samples were carried out, in which 25, 50, 75, 100, and 150 pL of 1 mM 4-MBA were added
to 1 mL of Au MFs. The results of these measurements are presented in Figure 2b [90].
According to these spectra, it can be noted that with the changes in the volume of 4-MBA,
there are similar shifts of signals, but nevertheless, the intensity of the peaks is significantly
different. Figure 2b illustrates that when adding 150 puL of 1 mM 4-MBA to Au MFs, the
signal was more intense than in those samples in which 25 pL of 1 mM 4-MBA was added.
Song et al. presented their work in which the detection of Human IgG was performed
using SERS-based immunoassays, and the limit of detection for this work was equal to
6.7 x 10718 M. An illustration of the process of forming core-shell-satellite nanoassemblies
(Au@Ag@SiO,—AuNP nanoassemblies) is shown in Figure 2c [92]. To do this, gold nanopar-
ticles with a diameter of 50 nm were covered with a layer of silver. Next, the 4-MBA was
attached to the AuNP with a silver-coated layer. To stabilize the solution, 4-MBA-labeled
Au@Ag particles were coated with a layer of silicon oxide SiO, using the Li process. A thin
layer of silicon oxide (5 nm) increases the stability of the compound and endows a great
surface enhancement. Satellite AuNPs were applied to the surface of the complex, which
enhance electromagnetic coupling and the SERS effect. In addition, this step helps to
improve the biological detection of analytes. The energy-dispersive X-ray spectroscopy
(EDS) mapping of Au@Ag@SiO,-AuNP nanoassemblies is presented in Figure 2d [92].
It contains an image of Au@Ag@SiO,;-AuNP nanoassemblies used for the detection of
alpha-fetoprotein (AFP). This work was found to be the most sensitive among the above-
mentioned analytical papers, and its LOD of AFP was equal to 4.4 x 1078 M. According
to the image, the main density of gold was found in the inner part; for silver, it was closer
to the outer border, while in silicon it was evenly distributed throughout the sample in
a relatively small concentration. To check the dependence between the thickness of this
sensor’s silver coating layer and the intensity of the Raman signal, SERS measurements
were carried out, the results of which are presented in Figure 2c [92]. The volumes of silver
nitrate (AgNO3) added to the sensor were 50, 150 and 300 pL, and the thickness of the
silver layer was more than 3.5 nm. According to the results of the SERS measurements,
the intensity of the peaks of 4-MBA-labeled cores increased in accordance with an increase
in the thickness of the silver layer. The quantitative characterization of the adiponectin
scheme is presented in Figure 2f [88]. Kim et al. presented an analytical paper with a limit
of detection equal to 1.0 X 10~17 M. Here, the analyte, adiponectin, is sandwiched between
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monoclonal capture antibodies on the substrate and monoclonal antibodies attached to
a gold nanotriangle nanotag. With an increase in the amount of adiponectin, anisotropic
gold nanotriangles (AuNTs) with Raman reporters formed clustered structures, which con-
tributed to the enhancement of the SERS effect. Accordingly, the lower the concentration of
the desired protein, the worse the intensity of the peaks that were presented as a result of

the analysis.
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Figure 2. Analytical papers on SERS-based immunoassay detection of analytes. (a) Representation
of the 4-MBA-labeled Au MFs sandwich immunoassay. Adopted from Song et al. [90] Copyright ©
2014, American Chemical Society. (b) Characterization of 4-MBA-labeled Au MFs by mixing the Au
MFs with 1 mM 4-MBA in different volumes by SERS measurements. Adopted from Song et al. [90]
Copyright © 2014, American Chemical Society. (c) Schematic representation of the 4-MBA-labeled
Au@Ag@SiO,—-AuNP nanoassemblies’ preparation. Adopted with permission from Yang et al. [92]
Copyright © 2019, American Chemical Society. (d) Energy-dispersive X-ray spectroscopy (EDS)
mapping of Au@Ag@SiO,—AuNP nanoassemblies. Adopted with permission from Yang et al. [92]
Copyright © 2019, American Chemical Society. (e) SERS spectra of 4-MBA-labeled Au@Ag@SiO,—
AuNP nanoassemblies coated with silver with different thicknesses. Adopted with permission from
Yang et al. [92] Copyright © 2019, American Chemical Society. (f) Scheme of the quantitative charac-
terization of adiponectin using AuNT cluster-based SERS immunoassay. Adopted with modification
from Kim et al. [88] © 2022 Elsevier B.V. All permissions to use copyrighted images were obtained.
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2.3. Clinical Papers on the SERS- and Fluorescence-Based IA Detection

Table 4 illustrates the overall performances of SERS and FIA methods in clinical
applications. The reported parameters of clinical sensitivity, specificity, and accuracy are
analyzed in Table 4, from which we concluded that the general performance of SERS

detection is higher than that of the FIA method.

Table 4. Clinical studies on SERS- and fluorescence-based immunoassays.

Year, Authors '11§e I;;IK:;?: Analyte Sensitivity ~ Specificity Accuracy Nsu;;l;:il;sf Other FoM
AUC: IgM +1gG
. , IgG; IgM (defending against o o 10 (1-0.997); IgM
2021, Liu [114] SERS LFIA viruses or bacteria) 100% 100% 68 (19+;49—) (0.997-0.941) and IgG
alone (0.986-0.977)
extracellular vesicles (EVs)
2021, Banaei [115] SERS (delivery of biomolecules to 95% 96% - 15 (10+; 5—)
recipient cells)
2019, roteins (IL-8, IL-10, sCD163)
Zamora-Mendoza SERS p 4 ’1 4 Ki 85 82 84 44 (26+;18—)
[116] (immunomodulatory cytokine)
LRG1-positive exosomes 50 (15 normal, 35 AUC of the 2-molecule
2022, Li[117] SERS (LRG1-Exos) and GPC1-positive 91.4% 86.7% - tumor) ! panel 0.95; LOD
exosomes (GPC1-Exos) 15 particles/ uL
AFP (ovaries, testicles, liver cancer B _ . LOD 9.2 pg/mL; range
2020, Lu [118] SERS LFIA biomarker) 100 19 (+ — not given) 10 pg/mL-500 ng/mL
2018, Li [119] SERSIA pancreatic cancer derived 95.7 - - 103 (71+, 32—) LOD9 x 10°9 M
exosomes
. human IgM (pathogens ~ B 20 (all MP-specific LOD 0.1 ng/mL;
2018, Jia [120] SERS LFIA neutralization) 100 IgM positive) detection rate = 100%
2022, Lu [121] SERS LFIA Influenza (virus) 100 100 100 3928 SARS-CoV-2 4 5y _ 53 AU /mL
+; 6 influenza +; 5—)
SARS-CoV-2 (COVID-19 marker) LOD =5.2 PFU/mL
2019, Lee [122] SERS LFIA O. tsutsugamushi 1gG (defending 100 100 100 40 (16+; 24—) -
against viruses or bacteria)
median, M (Number of 95.35 98 100
publications) 6) (6) (6)
. . . . range 0-100 pg/mL;
2019, Squire [123] FIA NT-proBNP (diagnostic screening) 65 93 78 40 R? = 0.86
. . . LOD=0.31U/mL;
2021, Lu [124] TF-LFIA brucella antibody (infectious 98.57 100 99.63 LLOQ = 1.6 IU/mL;
disease detection) 5
R?* =0.9961
2019, Lee [122] IFA O. tsutsugamushi IgG (scrub 9% 94 95 40 (164; 24—)
typhus biomarker)
GeLC-MS/MS
2015, Radon [125] . analysis, LYVE-1, REG1A, and TFF1 76.9% 86.8% - 279 (192+, 87—)
immunoassay— (prostate cancer)
ELISA
LC-MS,
2017, Wang [126] immunoassay—  Flotilin-2, PARK?7 (Prostate cancer) 68% 93% 42 (26+,16—)
ELISA
2019, Shimur [127] Immgﬁfgzsay_ uCyr61, uTFF3, (Colorectal cancer)  75.5% 69.8% 258 (148+, 110—)
2016, Gomez [128] FIA Influenza A (respiratory virus) 75.3% 98.6% 1057
2016, Gomez [128] FIA Influenza B (respiratory virus) 50.0% 92.4% 1057
2016, Gomez [128] FIA RSV (respiratory virus) 92.1% 91.8% 261
Immunoglobulin Den. rostatus (dengue fever
2021, Daag [129] fluorescence engue serostatus (cengue feve 95% 98% 1000
. detection)
immunoassay
median, M (number of 76.2 (8) 93 (8) 95 (3)

publications)

Abbreviations: FoM—Figure of Merit, SERS—surface-enhanced Raman spectroscopy, FIA—fluorescent immunoas-
say, LOD—Ilimit of detection, AUC—area under the curve, LLOQ—Linear Limit of Quantification. R2—coefficient

of determination.
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For the comparison, pathogen detection using both SERS and FIA methods can be
considered: the performance in relation to the detection of influenza is lower in terms of
all three parameters when the FIA method is applied, as compared to the SERS method.
Influenza A and B require rapid detection and diagnosis, as these viruses cause contagious
respiratory illnesses [128].

In addition, SERS has emerged as a cancer detection tool, broadly applied in clinical
diagnostics. Comparatively high sensitivity, specificity, and accuracy parameters sug-
gest its applicability in the detection of cancer biomarkers. One of the applications of the
SERS method is in the detection of exosome analytes that serve as novel pancreatic cancer
biomarkers. In their work, Li et al. highlighted the issue of the early detection of pancreatic
cancer without sensitive biopsy methods, and proposed “an ultrathin polydopamine-
encapsulated antibody reporter Ag (shell)-Au (core) multilayer (PEARL) surface-enhanced
Raman scattering (SERS) nano-tag” with an established LOD of 9 x 107! M at a quantita-
tive Raman signal of 1072 cm™~! [117]. Sensitivity to differentiating metastasized tumors
from metastasis-free tumors was achieved [117].

According to Table 4, Lu et al. highlighted the clinical applications of fluorescence
immunoassays in the detection of the brucella antibody, which can be utilized for the
detection of brucellosis, an infectious zoonotic disease, noting the limited performance
of the assay for the diagnosis [124]. They developed a time-resolved LFIA with an LOD
of 0.3 IU/MLI for the Brucella antibody [124]. The sensitivity, specificity, and accuracy
parameters calculated for the rapid method of brucellosis detection are 98.57%, 100%
and 99.63%, respectively.

The detection of the O. tsutsugamushi-specific IgG antibody showed comparatively
high performance in terms of the mentioned parameters in the clinical application of fluores-
cence immunoassays, the process of which is illustrated in Figure 3a: the O. tsutsugamushi
bacteria were pre-immobilized on the array well surface, with the following dilution titer
of the serum sample placed in each well [122]. The antibodies were then captured by the
bacteria on the surface. To form a sandwich complex by antibody-antibody interaction, flu-
orescein isothiocyanate (FITC)-labeled antihuman IgG antibodies were added and antibody
titer values were determined using the fluorescence microscope images, the clinical serum
of which was serially diluted. This serial dilution weakens the intensity of the fluorescence.
The figure demonstrates the usage of fluorescence microscopic images to visualize the
titer values, as the end point is taken whenever it is impossible to observe the titer value
visually. Thereby, the challenges associated with the fluorescence microscope diagnosis
are addressed in SERS-LFA detection, the working scheme of which was presented by
Lee et al. For the sensitive diagnosis of scrub typhus, the specificity of the target antibody
was increased by synthesizing an O. tsutsugamushi recombinant protein instead of using
bacteria. As shown in Figure 3b, this 56 kDa protein was synthesized using strains such
as Karp, Kato, and a Gilliam, immobilizing them on the test line of the LFA strip [122].
Another example of achieving better performance in detection is represented in Figure 3c.
A 40-fold improvement in sensitivity was observed for SERS-LFA in comparison with the
ELISA method, the LODs of which are 23 HAU/mL and 880 HAU/mL, respectively [121].
Figure 3d also outlines the performance of TF-LFIA for the detection of the Brucella anti-
body, with a linear range of 1.6-100 IU/mL and an LLOQ of 1.6 IU/mL [124].

2.4. SERS vs. Fluorescence Immunoassays for Detection of Biomarkers

The analytes that were used in studies using both SERS-based IA detection and
fluorescence IA detection are presented in Table 5. To perform these calculations, 20 stages
were undertaken, in which the following compounds were used as the analytes: Aflatoxin
B1, (AFB1), Ochratoxin A (OTA), Alpha-fetoprotein (AFP), and Cardiac Troponin I (cTnlI).
To compare the sensitivity of these methods, the medians and geometric means of the limits
of detection (LODs) presented in these papers were calculated.



Int. J. Mol. Sci. 2024, 25, 2080

16 of 33

(a

O.tsutsugamushi 3

)
B
v. ‘ bacte ﬁa‘ \

Clinical sample i ﬁ

Sequential dilution
of clinical sample

‘ X
e e

centration of

Fluorescence imale

1/2048

1/64 1128 1/256 11512 111024

(b)

i
He-Ne Laser -

632.8 nm
via 20x NA 0.4 lens
~« Absorbent pad

Control line y
Testline @ <}~
\"“‘ SERS detection

'od
Sample inlet “Nitrocellulose membrane

‘.,/.’ " Conjugation pad
5
ré Sample pad

SERS-LFA housing kit

@ | FITC-abeled
"~ anti-human IgG antibody

+ Target protein
O.tsutsugamushi specific IgG antibody

‘.~ Outer membrane protein of
O.tsutsugamushi bacteria

- - " 0.tsutsugamushi bacteria
L 0 1 immobilized glass slide array

sampl

—
“~~Recombinant 56-kDa type
specific protein

14096 1/8192
o
3 +— Anti-human lgG
2 " antibody
I}
e .
HIEE-
i "+ " MGITC-labeled AuNP
. it ~labele
w -
= B
=2
E' Target protein
S & 0. tsutsugamushi specific 19G
o o antibody
c
3
E
E

w

Nitrocellulose
membrane

(c)

0.8
0.64

0.4+

T/C ratio

0.24

0.04

Normalized Intensity

[ SERS-LFA
100+ I ELISA
[ Rapid Kit
754
50 LoD (ELISA)=878 HAU/mL
254

b 1y
o9 b(g'bq'rlp’\ﬁ\gdb P P O

Influenza A Concentration (HAU/mL)

y=0.00842x+0.0125
R?=0.9961

T

0

T T T
20 40 80 100

Concentration of Brucella antibody (IU/mL)

Figure 3. Examples of the clinical applications of SERS- and FIA-based detections. (a) The schematic
representation of IFA for the detection of the O. tsutsugamushi-specific IgG antibody in the clinical
sample. Adopted from Lee et al. [122] Copyright © 2019 American Chemical Society. (b) A schematic
illustration of the operation of SERS-LFA detection for the O. tsutsugamushi-specific IgG antibody.
Adopted from Lee et al. [122] Copyright © 2019 American Chemical Society. (¢) A diagram of nor-
malized intensity for various influenza A concentrations including SERS-LFA and ELISA methods.
Reused form Lu et al. [121] under Creative Common License. (d) The graph of the curve for Bru-
cella antibody detection by TF-LFIA. Adopted from Lu et al. [124] Copyright © 2021 Elsevier V.B.
All permissions to use copyrighted images were obtained.

Table 5. SERS vs. fluorescence IA: median and geometric mean LODs for the most common analytes.

SERS Fluorescence
Analyte Median LOD, M Geometric Mean Geometric Mean Year, Author
(Number of Works) LOD, M Median LOD, M LOD, M
Aflatoxin B1 o T 0 T 2023, Chen [98]; 2015, Ko [108];
(AFBY) 1.6 x 10710 (2) 1.6 x 10711 () 33 x 10710 (2) 6.5 % 10711 (2) 2030, Sa [€2]; 2019, Xie [69]
Ochratoxin A 12 12 13 _13 2023, Chen [98]; 2022, Jiao [106];
OTA) 3.5 % 10712 (2) 24 % 10712 () 3.6 x 10713 (2) 3.5 % 10713 (2) 2022, Chen [39]: 2020, Wamg [36]
2019, Yang [92]; 2017, Yang [109];
Alpha- _16 17 12 12 2021, Sun [36]; 2017, Wang [38];
fetoprotein (AFP) 6.0 x107°(2) 7.3 x1077(2) 32x1070) 20 x 1074 (5) 2018, Chen [40]; 2019, Zhao [47];

2021, Tian [74]

Cardiac troponin

—13
I (eTnl) 1.3 x 10713 (3)

1.6 x 10713 (3)

23 x 10711 (2)

1.3 x 1071 (2)

2021, Wang [85]; 2022, Gao [96];
2019, Fu [101]; 2020, Liu [51];
2020, Lee [67]

Median Value, M 1.82 x 10712 (9)

1.28 x 10712 (9)

1.31 x 10~ (11)

7.50 x 10712 (11)

Abbreviations: SERS—surface-enhanced Raman spectroscopy, LOD—Ilimit of detection.

These analytes are quite common in connection with their applications. Aflatoxin B1
(AFB1) is a mycotoxin, which is a fungal metabolite capable of contaminating food supply
in some areas of the world [130]. Derivatives of aflatoxin can cause DNA mutations, while
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AFBI itself is a carcinogen and is associated with the cause of hepatocellular carcinoma
(HCC). The second common analyte is Ochratoxin A (OTA), which is also recognized as a
mycotoxin. This toxin is very common, as it is produced as a result of the growth of fungi
on cereals, and can also be found in pork meat, sausages and other products that contain
blood [131]. OTA is a possible carcinogen for humans and the strongest carcinogenic
compound for mice and rats. In addition to these mycotoxins, Alpha-fetoprotein (AFP) is a
common analyte. AFP is the most common biomarker of hepatocellular carcinoma (HCC)
in blood samples, and has been considered as such since its discovery and assessment about
60 years ago [132]. The fourth of the analytes presented in Table 5 is the cardiac marker
Cardiac troponin I (cTnl). It is extremely important to monitor the level of this marker in
the blood, as it has a special sensitivity and can help in the measurement and identification
of cardiac muscle damage. An increased level of Cardiac troponin I (cTnl) can help in the
diagnosis of myocardial infarctions [133]. In connection with the above information, the
importance of the early and sensitive detection of these analytes can be noted. The median
LOD and geometric mean for SERS-based IA detection methods for all the mentioned
biomarkers are 1.8 x 10712 M and 1.3 x 10~!2 M, respectively, while the same parameters
for fluorescent IA-based methods are 1.3 x 10711 M and 7.5 x 10712 M. In most cases, the
difference between the methods was no more than one to two orders of magnitude, but in
the case of Alpha-fetoprotein (AFP) detection, the difference was significant. The median
LOD for SERS-based IA methods for detecting this cancer biomarker was 6.0 x 10716 M,
while for fluorescent spectroscopic IA detection, the median LOD was 3.2 x 10712 M. If in
the detection of AFB1, AFP and cTnl, methods using SERS was more sensitive and the
median LOD was smaller, then in the case of OTA, fluorescent spectroscopic detection
was more sensitive. The median LOD for the detection of OTA by SERS-based methods
was 3.5 x 10712 M, while for fluorescent spectroscopic detection, it was 3.6 x 10713 M.
According to the results, it can be concluded that fluorescent spectroscopic detection
methods are 10 times more sensitive than SERS-based methods when detecting OTA.
Despite this, based on the results of our calculations, it can be concluded that the methods
that use SERS-based immunoassays are more sensitive in most cases. This difference may
indicate that SERS-based detection may be a more productive method for use in the process
of detecting biomarkers, making it possible to obtain more sensitive sensors with the lowest
detection limit.

2.5. RSD Discussion

Table 6 shows the average values of relative standard deviation (%RSD) for immunoas-
says with SERS and fluorescence as the detection methods.

Table 6. Comparison of relative standard deviations (RSDs) of studies with SERS-based and
fluorescence-based immunoassay detection.

Method (Number of Works

Involved in Calculations) Average RSD, % Median LOD, M
SERS-based IA (13) 62+19 1.5 x 1012
FIA (5) 54+24 22 x 1071

Abbreviations: RSD—relative standard deviation, SERS—surface-enhanced Raman spectroscopy, FIA—fluorescent
immunoassay, IA—immunoassay, LOD—Ilimit of detection.

Relative standard deviation (RSD or %RSD) is the absolute value of the coefficient
of variation, or the ratio of absolute standard deviation to the mean value. According to
Horvitz Trumpet, when the LOD/concentration of detected analyte decreases, we can
expect some increase in the CV/RSD of the method [134]. According to the data presented
in Table 6, the median LOD calculated in publications with SERS-based IAs, where RSD
is reported, is 1.5 x 1072 M, but the LOD calculated for fluorescent immunoassays with
reported RSD is 2.2 x 107! M. Both methods show similar median relative standard
deviations (5.4-6.2%), with a slight advantage (0.8% lower) for FIA. However, the median
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LOD for the reported SERS-based immunoassays is nearly one order of magnitude lower
than the median LOD calculated for the fluorescence-based immunoassays, which also
have reported RSDs. The analysis of the reported RSDs, summarized above, does not
suggest that SERS methods generally have relatively low reproducibility in comparison
with fluorescence-based methods.

3. Challenges and Solutions for SERS and Fluorescent Detection
3.1. Common Challenges and Solutions for Both SERS and Fluorescence-Based Detection

Sandwich immunoassays with SERS and fluorescent detection encounter some com-
mon challenges, such as non-specific binding, environmental sensitivity, protein adsorption,
etc. Non-specific binding (NSB) in immunoassays is often found in both SERS and flu-
orescent methods used for the detection of biological samples or complex matrices. It is
defined as any binding that differs from the specific binding of the capture antibody and
capture antigen, due to various interactions between capture or secondary antibodies and
the gold surface of the nanotag, and can be associated with the presence of heterophile
antibodies. In SERS, this is manifested by the adsorption of unwanted parts of the samples
onto the substrate, which can lead to undesirable signals on the Raman spectrum [135].
The manifestation of non-specific binding in the spectrum can lead to signal interference
between non-specific peaks and analyte peaks, which in turn significantly complicates the
analysis of specific and non-specific signals. In fluorescent detection, non-specific binding
is manifested through background signals that may appear due to autofluorescence or as a
result of the non-specific binding of fluorescent labels to the surface or other components
of the sample [136]. This may lead to the appearance of background noise, as well as
provoking the appearance of false-positive and/or false-negative analysis results [135].

Figure 4 illustrates various options for the specific and non-specific binding (NSB)
of the capture antibodies that can produce a SERS signal. Part (A) of Figure 4 illustrates
the correct variant of specific binding, form which a reproducible result can be obtained.
Even with the total absence of analyte in SERS, non-specific binding creates signals in the
absence of antigen, and there at least four different possibilities for the occurrence of non-
specific binding. For instance, as shown in Figure 4B, in the sandwich SERS immunoassay,
it can happen due to the capture antibody from the nanotag binding to the surface of the
substrate. We expect a decrease in non-specific absorption due to a decrease in Van der
Waals interactions from gold—gold to gold—aluminum interactions, and due to the weaker
5-5i or S-Al bonding than S-Au bonding of S-containing aminoacids to the substrate [137].
For instance, it was reported that the adsorption energy of organic sulfur is 0.7 eV for
cysteine on gold, as compared to 0.5 eV for thiophene on Al [138,139].

The application of Al, which is also covered with a several-nanometer-thick passivating
layer of Al,O3, and using Si instead of gold as an immunoassay substrate, would decrease
NSB in at least two cases, as shown in Figure 4B,C. In the case of Figure 4B, there would be
lower potential for the binding of the capture antibody on the nanotag to the uncovered
regions on the substrate. The non-specific interaction between the capture antibody from
the nanotag and bare spots on the substrate is likely to be stronger when the substrate is gold
rather than aluminum or silicon. A major contribution to that kind of NSB should arise from
S5—-Au bonding, which should be stronger than S-5i or S—-Al interactions. This hypothesis
is supported by the SEM and AFM characterization of sandwich SERS immunoassays on
gold, Al and Si, where the nanotag particle densities for blank (no-antigen) samples were
substantially higher on gold substrate than on Al and Si substrates. For instance, 0.402 and
0.226 nanotags/ um? were calculated for blanks on gold and Al foil, respectively [32,137].

The case when the capture antibody loses its activity due to its non-specific binding
to the substrate and to the blocking buffer protein is represented in Figure 4C. This case
would also be more likely when the substrate is gold rather than aluminum or silicon.
Other variations of NSB are shown in Figure 4D,E, where the capture antibody from the
substrate binds to the bare surface of the gold nanoparticle (nanotag), and where the capture
antibody from the nanotag binds to another antibody from the substrate, in the absence
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of antigen. Moreover, the binding of the capture antibody on the nanotag to the blocking
buffer protein molecule on the substrate can occur, as shown in Figure 4F.

W 0L ®

O Antigen

L 0y ©)

Blocking
Buffer Molecule

Capture , Raman
i? Reporter OBSA AuNP .

antibody (NBT)

Figure 4. Schematic representation of specific and non-specific binding. (A) specific, (B,D-F) various
kinds of non-specific (NS) nanotag binding that can produce SERS signals, (C) capture antibody NS
binding to the substrate and blocking buffer (not to scale).

To eradicate this source of error, it is necessary to introduce into the process addi-
tional washing, analysis with a control sample, and the use of selective labels or blocking
agents [32,137]. It is also expected that by switching to aluminum and silica, it would be
possible to reduce such cases of non-specific binding. The results reported by Bukasov
et al. illustrate that assays on aluminum and silica substrates produce a comparatively
better limit of detection (LOD) than simultaneous assays of human IgG on gold [32,137].
The non-specific signal measured was about 1.8 times lower on aluminum foil and about
one order of magnitude lower for silicon than for gold [32]. Human IgG assays on Al foil
and Si showed better selectivity and lower non-specific responses to rat or rabbit IgG in
comparison to assays using gold film. This may be explained by the roughly two times
lower relative standard deviations for the signal on silicon than for the gold film substrate.
Despite the lower signal and a lower slope of the calibration plot in the assay on silicon,
the reproducibility of this substrate is better, as demonstrated by lower relative standard
deviation (RSD) values, which yield a lower LOD [137]. The use of these methods will help
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to minimize non-specific interactions, increasing the possibility of obtaining reliable re-
sults [32]. One case of non-specific binding, protein adsorption, may also be diminished by
the same methods. Protein adsorption is also manifested through the appearance of autoflu-
orescence (signal expansion), which, in addition to the above methods, can be avoided by
coating substrates, which would inhibit non-specific interactions [140,141]. Polyelectrolyte
multilayers (PEMs) are widely used in the detection process to reduce the non-specific
adsorption of the proteins [141]. Examples of such multilayers are multilayers composed
of poly(vinylpyrrolidone)/poly(acrylic acid) and heparin/chitosan. Such compounds have
antibacterial properties and can reduce adhesion and destroy the contact properties [141].
Yu's group presented a technique to reduce protein adsorption via performing stealth sur-
face modification on SERS-active substrates [142]. Modifications such as these allow for the
provision of nonfouling properties, which can decrease the non-specific adsorption of the
protein and enable the performance of sensitive quantitative analyses of the molecules of
interest [142]. Environmental sensitivity is also a common disadvantage of these methods,
since the analysis process in both of these methods requires special temperature conditions
and humidity levels, and special attention must be paid to the pH of the samples, as well as
to the presence of water traces [143]. These factors may affect the risk of obtaining unreliable
results and lead to the appearance of errors, and therefore, special attention should be paid
to adjusting these parameters [144]. Another challenge of analysis through the use of SERS
and fluorescent detection is the limited sensitivity to certain analytes that are unable to
show strong signals on the spectra. This property of a certain kind of analytes significantly
narrows the areas of analysis in which SERS and fluorescent detection methods can be
applied. The uses of SERS and fluorescent detection are also problematic in the analysis
of complex compounds, as well as in the simultaneous analysis of small analytes, since
signal overlaps are possible [145]. Sandwich immunoassays with SERS detection provided
additional signal enhancement due to the large number of Raman active reporter molecules
(ten thousands) per single nanotag particle, which may correspond to a simple analyte
molecule between the capture antibody on the substrate and the detection antibody at the
surface of the nanotag gold particle [137].

3.2. Challenges and Solutions for Fluorescence Based Detection

The clinical application of the fluorescent LFIA method has been highlighted in the de-
tection of SARS-CoV-2 biomarkers by Han et al. The sensitivity of colloidal Au-based LFIA
performance was comparatively low and had a poor quantitative ability [52]. Fluorescent
microspheres, carbon-based nanoparticles (NPs), SERS nanomaterials, and up-converting
phosphors were used as signal markers to overcome the limitations of Au-based LFIA
detection: quantum dots (QDs) and quantum dot beads were applied to LFIA. They demon-
strated higher fluorescence sensitivity, in spite of their relatively small particle size and the
requirement of relatively high light emission [52]. In their work, Han et al. attempted to
design colorimetric fluorescent SiO,@Au/QD NPs with dual functionality to improve the
sensitivity of detection [52]. Ao et al. observed the emission of optical labels only within the
visible spectrum (400-700 nm) when they used those fluorophores in order to improve fluo-
rescent LFIA sensitivity [63]. In their article, the autofluorescence of the quantum dots from
various substances decreased the signal-to-noise ratio and interfered with the detection of
low-concentrated analytes [63].

The fluorescent enzyme-linked immunosorbent assay was proposed as a substitute
for the colorimetric ELISA, the limitations in detection of which are characterized by low
sensitivity, low tolerance to matrix interferences, and differences in assay conditions [71].
Luo et al. also underlined the use of semiconductor QDs due to their enhanced photostabil-
ity and higher quantum yields. However, the use of QDs in FIA as enzymatic labels lowers
the activity of antibodies due to the random assignment of these QDs to their surface [50].
Another challenge noted for QD-based fluorescent immunoassays is the time-consuming
purification process, owing to the QD’s small size [50]. Dong et al. highlighted the difficulty



Int. J. Mol. Sci. 2024, 25, 2080

21 0of 33

in synthesizing QD probes for fluorescent immunoassays with the use of heavy metals
such as cadmium and lead [41].

Despite the high quantum yields provided by the QDs, fluorescence sensitivity remains
an issue to be resolved. For low-concentrated analytes, the emission of the fluorescent
signal is weak and interferes with the background noise [146]. As cited in Table 7, Roth et al.
proposed a solution to reduce the autofluorescence of the magnetic bead, limiting the
analytical detection performance of the fluorescent immunoassays by overlapping the
fluorescent dyes and reducing the autofluorescence to 1% of its initial value. For the
IL-8 immunoassay, photobleaching improved the limit of detection (LOD) from 0.017 to
0.006 ng/L (2.01 x 107> M to 7.10 x 10~1° M).

Table 7. The literature review of challenges met in the application of FIA, and the proposed solutions.

Challenges Solutions
The challenges and toxicity of the synthesis of QD The use of carbon dots (CDs) with low
probes for fluorescent immunoassays with the use costs, simplicity of preparation, good
of heavy metals such as cadmium and lead [41]. photostability, and lower toxicity [41].
Use of alternative signal markers, such as
Comparatively low sensitivity of the fluorescence fluorescent microspheres, carbon-based
immunoassays [52]. nanoparticles (NPs), and SERS
nanomaterials [52].
Autofluorescence of the quantum dots from Photobleaching of the quantum dots to
different substances [52]. reduce autofluorescence [146].

Another solution for sensitivity enhancement was proposed by Zhang et al., who
introduced the fluorescence nanomaterial—upconversion nanoparticles. In comparison
with traditional materials, these are characterized by low toxicity, high chemical stability,
non-autofluorescence, high resistance to photobleaching, and large stoke shifts [54]. As for
the toxicity associated with the synthesis of QD probes, Dong et al. proposed the use of
carbon dots (CDs), with pronounced low costs, preparation simplicity, good photostability,
and lower toxicity [41]. Similarly, Esteve-Turrillas et al. highlighted the lower toxicity levels
for the large-sized QDs that used a polymer coating rather than small-ligand coatings, as
shown in Figure 5b [147].

There is an increasing amount of scientific attention being directed towards the use of
carbon dots, which were introduced as an alternative to quantum dots owing to their lower
toxicity, and their potential use in biosensing and the detection of bacteria and biomarkers
such as human immunoglobulin G [148,149]. The optical and imaging properties of the
carbon dots showed relatively encouraging performances, with improved quantum yield,
lower costs, and a simplified operation [150]. CDs’ desirable biocompatibility allows for
their application in in vivo and in vitro cell imaging, as well as in the detection of cancer
biomarkers [151]. Sultangaziyev et al. noted the significant fluorescence enhancement in
single E. coli bacteria cells labeled with composite CdSeS/ZnS, with a general tendency
towards the enhancement factor being reversely proportional to cyto-toxicity [18,152].
The measurements of the contrast ratios at both 532 and 633 nm excitation were used
(1.0-1.2) to explain the unsatisfactory performance of MEF in labeling bacteria cells, due to
the toxicity of CdTe QDs [152].

3.3. Challenges and Solutions for SERS IA Detection

Despite the many advantages of SERS, which include high sensitivity, efficient spectro-
scopic encoding, and lack of sensitivity to photobleaching and quenching, SERS immunoas-
say detection also faces a number of challenges [20]. Such disadvantages include difficulty
in instrumentation, difficulty in performing dynamic analyses, the inconsistency of analysis
speed for real-time analysis, as well as difficulties in obtaining reproducible signals [20].
Challenges in the application of SERS-based immunoassay detection and their possible
solutions are illustrated in Table 8.
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Figure 5. The solutions for fluorescence-based immunoassays used to improve the detections. (a) The
schematic representation of how dual-functional SiO,@Au/QD fluorescent labels are fabricated.
Adopted with modifications from Han et al. [52] Copyright © 2022 Elsevier B.V. (b) The scheme of
QD operation by the ligand exchange, with dihydrolipoic acid on the left, and the QD coated with an
amphiphilic polymer. Adopted with modifications from Esteve-Turrillas et al. [147] Copyright © 2013
Elsevier B.V. (c) The two-exponential model for fitting the photobleaching decay curve. Adopted with
modifications from Roth et al. [146] Copyright © 2019 Elsevier B.V. (d) The graph of the measured
LOD of the Interleukin-8 (IL-8) immunoassay with the dose-response curves, red and blue colors
indicating the before and after of photobleaching the beads, respectively. Reused with modifications
from Roth et al. [146] Copyright © 2019 Elsevier B.V. (e) The TEM image for the CDs@CaCO3
nanocomposite. Reused from Dong et al. [41] Copyright © 2021 Elsevier B.V. All permissions to use
copyrighted images were obtained.

Table 8. A literature review of the challenges met in the application of SERS IA and proposed
solutions.

Challenges Solutions

Significant costs of gold film-covered substrates. Relatively high
non-specific protein binding onto gold film and possible Use the Al and Si cost-effective substrates [32,137].
contamination of gold film with S-containing compounds

Use a wide-field Raman spectrometer; perform the analysis

Relatively long assay time for stationary assays and sometimes  using the rotating substrate, microdroplet channels, strips and
relatively slow Raman measurements/readout other alternative substrates, which significantly decrease the

assay time [91,95,153,154].

Detection environment, including solution, temperature, and Use isolated systems like microdroplet channels and control the
pH, may introduce an interfering species [154]. detection environment [91].
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The problem with instrumentation is based on the cost of the analysis, since expensive
substrates are often required for analysis. The solution to this problem may be found
by using alternative substrates such as aluminum or silica. Bukasov’s group performed
research, according to which substrates coated with these compounds can also provide
highly sensitive results in the detection of proteins in biological fluid, especially in urea [18].
To obtain time-dependent information about analytes using SERS-based IA detection, it is
necessary to carry out a number of repeated measurements at different time intervals.
These measurements would enable a dynamic analysis of analytes with approximately
similar levels of sensitivity. In addition, SERS has a relatively low speed of analysis and
readout, which makes it difficult to conduct a real-time analysis using SERS-based IA
detection. Another major difficulty associated with SERS is the reproducibility of the
signals obtained as a result of the analysis, since the samples lose their stability when they
are released in the form of nanoprobes, as many factors may affect the stability of samples,
including environmental conditions (temperature, humidity, pH) [154]. Sometimes, rapid
measurement is beneficial, especially in the analysis of biological molecules in which
certain dynamic processes occur regularly. SERS-based IA detection has a relatively low
throughput, which means that the time of measurement is usually longer for SERS than
for fluorescence. As was mentioned in the Zong et al. study, a new wide-field Raman
microscopy method has been developed to eliminate this problem [154].

Furthermore, various non-stagnant substrates can be used to speed up analysis. In stag-
nant SERS sandwich immunoassays, the measurement time for an assay could reach 16-24 h,
whereas some modern publications that use lateral flow immunoassays require less than 30
min. Figure 6 displays the varieties of substrates and other methods that make it possible
to detect analytes quickly and productively using SERS-based IA.

A schematic representation of the SEHGNs and magnetic beads-based sensor is pre-
sented in Figure 6A [108]. Ko et al. presented a sensor for the detection of aflatoxin 1 (AFB
1) with an LOD of 3.2 x 10719 M, and a detection time of less than 30 min. Anti-AFB1s and
anti-ATB1 are two types of antibodies that were used to form this sandwich immunocom-
plex for the detection of AFB1. In the presence of an analyte, these anti-AFB1-conjugated
SEHGNs and ATB1-conjugated magnetic beads form an antibody—antigen—antibody sand-
wich complex, and as can be seen in Figure 6A, a similar complex is not formed in the
absence of an analyte (AFB1). Figure 6B shows the analysis process using toxin-specific
SERS-LFIA strips based on SiO,@AuNPs [95]. These strips provide the opportunity to
shorten the analysis time to 15 min, without impairing the method’s sensitivity. The LODs
of this method for detecting ricin, SEB, and BoONT/ A, respectively, were 1.54 x 10712M, 1.79
x 10712, and 6.67 x 10~'2 M. These analytes, in turn, are biological warfare agents, and due
to the lethality of low doses of these compounds, rapid detection during their analysis is
necessary. An approximate schematic representation of individual parts of the microdroplet
channel filled with red ink is presented in Figure 6C [91]. This device was created for the
detection of Yersinia pestis F1 antigen and is quite sensitive, since the LOD of this method
is 3.85 x 107!2 M. According to more detailed diagrams, it is possible to note the parts of
the microdroplet channel that are responsible for droplet generation, droplet merging, and
droplet splitting. Thanks to the use of this multifunctional microfluidic platform, the detec-
tion time was reduced to 10 min. This method allows for efficient immunoreactions and
wash-free detection, and can also be used for the detection of hazardous materials, since
the analysis is carried out automatically in an isolated platform system. Spiral scanning
spectrometry is another type of analysis that allows the user to speed up analysis time and
improve the method’s sensitivity. As shown in Figure 6D, practically nothing has changed
in terms of detection, and the main difference from the traditional method of analysis is that
the substrate is attached to the rotor with double-sided tape [155]. During the analysis, the
motor rotates the substrate at a speed of 600 rpm, allowing the entire area of the substrate
to be analyzed. This method was used to reduce the optical damage, so that the damage
done to the sample in such an analysis is less than in conventional types of analyses. This
method can be used for the rapid quantitative analysis of hazardous or toxic compounds.
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Figure 6E illustrates the application of the rotating substrate method in the preparation
of immunoassay samples for SERS detection by Porter’s group. In this method, a gold
film-coated substrate is modified with linker molecules, such as dithiobis (succinimidyl
propionate) (DSP). Then, the substrate is mounted on a rotating rod, modified with capture
antibody, and blocked with a blocking buffer. Each step occurs within several minutes,
not several hours, as occurs in a typical stagnant assay. When the rod with the substrate
attached to it starts to rotate at the next step, an antigen/analyte (the rabbit IgG) would
diffuse quickly to the capture substrate and would bind to antigen. Finally, at the last
stage before drying, the substrate is washed in the ERL (nanotag) solution, while being
rotated on a rod at a controlled speed. This method allows for a significant reduction in the
immunoassay time from more than several hours to 25 min, without any decrease in its
sensitivity, and a 10+ fold improvement in efficiency. In addition to a large improvement in
assay time, the reported rotating substrate procedure reduced non-specific binding, and
therefore improved the assay’s selectivity [153].

A schematic representation of the SEHGNs and magnetic beads-based sensor is pre-
sented in Figure 6A [108]. Ko et al. presented a sensor for the detection of aflatoxin 1 (AFB 1)
with an LOD of 3.2 x 10719 M, and a detection time of less than 30 min. Anti-AFB1s and
anti-ATB1 are two types of antibodies that were used to form this sandwich immunocom-
plex for the detection of AFB1. In the presence of an analyte, these anti-AFB1-conjugated
SEHGNs and ATB1-conjugated magnetic beads form an antibody—antigen—antibody sand-
wich complex, and as can be seen in Figure 6A, a similar complex is not formed in the
absence of an analyte (AFB1). Figure 6B shows the analysis process using toxin-specific
SERS-LFIA strips based on SiO,@AuNPs [95]. These strips provide the opportunity to
shorten the analysis time to 15 min, without impairing the method’s sensitivity. The LODs
of this method for detecting ricin, SEB, and BoNT/ A, respectively, were 1.54 x 10~12 M,
1.79 x 10712, and 6.67 x 10~'2 M. These analytes, in turn, are biological warfare agents,
and due to the lethality of low doses of these compounds, rapid detection during their
analysis is necessary. An approximate schematic representation of individual parts of the
microdroplet channel filled with red ink is presented in Figure 6C [91]. This device was
created for the detection of Yersinia pestis F1 antigen and is quite sensitive, since the LOD of
this method is 3.85 x 10~!2 M. According to more detailed diagrams, it is possible to note
the parts of the microdroplet channel that are responsible for droplet generation, droplet
merging, and droplet splitting. Thanks to the use of this multifunctional microfluidic
platform, the detection time was reduced to 10 min. This method allows for efficient im-
munoreactions and wash-free detection, and can also be used for the detection of hazardous
materials, since the analysis is carried out automatically in an isolated platform system.
Spiral scanning spectrometry is another type of analysis that allows the user to speed up
analysis time and improve the method’s sensitivity. As shown in Figure 6D, practically
nothing has changed in terms of detection, and the main difference from the traditional
method of analysis is that the substrate is attached to the rotor with double-sided tape [155].
During the analysis, the motor rotates the substrate at a speed of 600 rpm, allowing the
entire area of the substrate to be analyzed. This method was used to reduce the optical dam-
age, so that the damage done to the sample in such an analysis is less than in conventional
types of analyses. This method can be used for the rapid quantitative analysis of hazardous
or toxic compounds. Figure 6E illustrates the application of the rotating substrate method
in the preparation of immunoassay samples for SERS detection by Porter’s group. In this
method, a gold film-coated substrate is modified with linker molecules, such as dithiobis
(succinimidyl propionate) (DSP). Then, the substrate is mounted on a rotating rod, modified
with capture antibody, and blocked with a blocking buffer. Each step occurs within several
minutes, not several hours, as occurs in a typical stagnant assay. When the rod with the
substrate attached to it starts to rotate at the next step, an antigen/analyte (the rabbit IgG)
would diffuse quickly to the capture substrate and would bind to antigen. Finally, at the
last stage before drying, the substrate is washed in the ERL (nanotag) solution, while being
rotated on a rod at a controlled speed. This method allows for a significant reduction in the
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immunoassay time from more than several hours to 25 min, without any decrease in its
sensitivity, and a 10+ fold improvement in efficiency. In addition to a large improvement in
assay time, the reported rotating substrate procedure reduced non-specific binding, and

therefore improved the assay’s selectivity [153].

With AFB1 Without AFB1

SERS
detect

R

-

b Wt 4

~ubwe®” Conjugate pad
f

SERS tag (SI0,@Au NP)

k Sample pa
»
"‘ b\‘
3 o
Y oY &1 &4
& >
< & ) ¥ O &
Wash Away r:,ei @ 0\\ «\\
f\ [1 6\0\) dag'@ 668’ Q
3 3 & & i
3 3 ¥ $ 0
3 : # % A
5 g &
Raman Shift (em™) Raman Shift (cm'!)
> m

Detector Rotating Rod —+

Long-pass filter

Gold »

.......... Direction of Solution

Flow
0
He-N aser "
o8 A antibody
SERS
signal ¢ analyte

$x ERL

MAGNET Motorized stage

Figure 6. Alternative substrates used in SERS. (A) Scheme of SERS immunoassay SEHGNs and
magnetic beads-based sensors for AFB1 detection. Adopted with modification from Ko et al. [108] ©
2014 Elsevier B.V. (B) Representation of detection procedure of toxin-specific SERS-LFIA strip bases
on SiO,@AuNPs. Adopted with modification from Jia et al. [95] © 2022 Elsevier Inc. (C) Images
of the microdroplet compartments of the integrated SERS-based microfluidic channel, which illus-
trate: (i) droplet generation, (iii) droplet merging for the formation of magnetic immunocomplexes,
(vi) Raman detection of unbound SERS nanotags in supernatant solution droplets. Adopted with
modification from Choi et al. [91] © 2017 American Chemical Society. (D) Schematic representation
of spiral scanning spectrometry. Adopted from Won Song et al. [155] © 2021, Elsevier. (E) Scheme of
rotation substrate in analyte capture (left) and ERL labeling (right). Adopted from Driskell et al. [153]

© 2007, American Chemical Society.

4. Graphical Comparison of FOMs in Analytical and Clinical Assays
(SERS vs. Fluorescence)

Finally, the graphical comparison of FOMs reported in analytical and clinical IAs with

fluorescence-based and SERS-based detection is demonstrated in Figure 7.
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Figure 7. Graphical comparison of (A) analytical (LOD) and (B) clinical Figures of Merit (FoM) for
immunoassays with SERS and fluorescence detection (FIA).

The 30 analytical papers per detection method (30 for SERS and 30 for fluorescence)
were used to calculate the median and geometric mean of the LOD values. The distribution
of these 60 analytical publications by —log[LOD] is shown in Figure 7A. The comparison
demonstrates that assays that use SERS detection are generally more sensitive, since their
median and geometric mean for LOD were 4.3 X 1071¥ Mand 54 x 10713 M, respectively,
as compared to 1.5 x 107! M and 2.8 x 107! M for fluorescent methods. There are eight
ultra-sensitive reports (LOD < 10 fM) for SERS IAs and only three ultrasensitive reports,
with LOD < 10 fM (rounded up), for IAs with fluorescence-based detection.

Figure 7B is based on median clinical FOMs, calculated and shown in Table 4. Figure 7B
demonstrates that SERS detection showed higher sensitivity, specificity, and accuracy,
in comparison with IAs using fluorescence detection. For instance, sensitivity has a median
value of 96% for SERS and 76% for fluorescence based IAs. The median value of specificity
18 98% for clinical SERS IAs and 93% for clinical fluorescence-based IAs, and the same trend
is observed for median accuracy.

5. Conclusions

Overall, after we converted the reported LODs into units of molarity of the same
concentration, when necessary, we observed that SERS IA methods have a sensitivity (LOD)
1.5 to 2 orders of magnitude (on average) greater in comparison to fluorescence-based IAs.

As mentioned above, the median and average values for major clinical FOMs reported
in the literature are substantially higher for SERS IAs in comparison to those values for
fluorescence IAs.

Comparing the reproducibility of SERS vs. fluorescence IAs, when RSD values are
reported, we observe no significant difference in average RSD (5-6%), and therefore no
significant difference in reproducibility. The median LODs we calculated for the same group
of reports was one order of magnitude lower for SERS IAs than for fluorescence-based IAs.

Both SERS and fluorescence immunoassay detection face several common challenges,
such as non-specific binding and protein adsorption, which decrease reproducibility, se-
lectivity, and sensitivity in analyte detection. Another more fluorescence-specific problem
is photobleaching, which is also considered in this review. Solutions to this include the
application of mixed SAMs on a substrate and/or sometimes the application of non-noble
metal substrates (Al, Si, etc.), the application of high-quality capture antibodies, and the ap-
plication of rotating substrates, which would decrease both non-specific protein adsorption
and assay time. Finally, a way to minimize photobleaching in fluorescence-based assays is
to use preferentially non-toxic quantum dots, including carbon dots. Since immunoassays
with fluorescence are already commercialized as a detection method, we hope that the de-
velopment of immunoassays with SERS detection will attract more attention in the scientific
and clinical research community, and would lead to the commercialization of SERS-based
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immunoassays as well. For instance, a decrease in IA time can be driven by the application
of rotating substrates, which can be combined with developments in mixed monolayers on
the substrate and/or on nanotags, aimed to decrease non-specific binding. Both of these
may significantly improve the applicability of SERS-based immunoassays, promoting the
commercial application of these assays. Based on these or other developments, which may
include, for instance, SERS, LFIA, or SERS IA with magnetic beads, we would see more
successful reports on the multiplexing detection of biomarkers in human or animal bio
fluids (blood, urine, saliva). Eventually, greater knowledge will lead to better quality, and
startups/companies may start seeking and acquiring approval from regulatory organiza-
tions (FDA, etc.), for instance, to start applying SERS IAs in noninvasive clinical diagnostics.
Eventually, SERS IAs may finally be adopted as a commercial analytical method for use in
clinical diagnostics.

Author Contributions: Conceptualization, R.B.; methodology, R.B., X.T. and A K,; formal analysis,
R.B., X.T. and A K, literature review X.T., A.K. and R.B.; resources and funding acquisition, R.B.;
writing—original draft preparation, R.B., X.T. and A.K.; writing—review and editing, R.B., X.T. and
A K,; figure visualization, R.B., X.T. and A.K,; supervision, R.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Nazarbayev University Competitive Research Grant Program
2023-2025, grant number 20122022FD4140.

Acknowledgments: We would like to acknowledge valuable comments and suggestions about
the content of the review as well as grammar and spelling corrections of the text made by Olena
Filchakova and Yunona Bukasova.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Clarke, W,; Sokoll, L.]J.; Rai, A.J. Chapter 12—Immunoassays. In Contemporary Practice in Clinical Chemistry, 4th ed.; Clarke, W.,
Marzinke, M.A., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 201-214. [CrossRef]

2. Bonwick, G.A.; Smith, C.J. Inmunoassays: Their history, development and current place in food science and technology. Int. J. Food
Sci. Technol. 2004, 39, 817-827. [CrossRef]

3. Yalow, R.S.; Berson, S.A. Immunoassay of endogenous plasma insulin in man. . Clin. Investig. 1960, 39, 1157-1175. [CrossRef]
[PubMed]

4. Hage, D.S. Immunoassays. Anal. Chem. 1999, 71, 294-304. [CrossRef]

5.  Ttagaki, H. Chapter 3—Fluorescence Spectroscopy. In Experimental Methods in Polymer Science; Tanaka, T., Ed.; Academic Press:
Boston, MA, USA, 2000; pp. 155-260. [CrossRef]

6. Bose, A.; Thomas, I.; Abraham, E. Fluorescence spectroscopy and its applications: A Review. Int. |. Adv. Pharm. Res 2018, 8, 1-8.

7.  Zacharioudaki, D.-E.; Fitilis, I; Kotti, M. Review of Fluorescence Spectroscopy in Environmental Quality Applications. Molecules
2022, 27,4801. [CrossRef]

8. Gan, S.D.; Patel, K.R. Enzyme Immunoassay and Enzyme-Linked Immunosorbent Assay. |. Investig. Dermatol. 2013, 133, e12.
[CrossRef]

9.  Engvall, E; Perlmann, P. Enzyme-linked immunosorbent assay (ELISA) quantitative assay of immunoglobulin G. Immunochemistry
1971, 8, 871-874. [CrossRef]

10. Van Weemen, B.K.; Schuurs, A. Immunoassay using antigen—Enzyme conjugates. FEBS Lett. 1971, 15, 232-236. [CrossRef]

11.  Aydin, S. A short history, principles, and types of ELISA, and our laboratory experience with peptide/protein analyses using
ELISA. Peptides 2015, 72, 4-15. [CrossRef]

12.  Dong, J.; Ueda, H. ELISA-type assays of trace biomarkers using microfluidic methods. WIREs Nanomed. Nanobiotechnol. 2017, 9,
e1457. [CrossRef] [PubMed]

13. Posthuma-Trumpie, G.A.; Korf, J.; van Amerongen, A. Lateral flow (immuno)assay: Its strengths, weaknesses, opportunities and
threats. A literature survey. Anal. Bioanal. Chem. 2009, 393, 569-582. [CrossRef]

14. Bahadir, E.B.; Sezgintiirk, M.K. Lateral flow assays: Principles, designs and labels. TrAC Trends Anal. Chem. 2016, 82, 286-306.
[CrossRef]

15.  O’Farrell, B. Evolution in Lateral Flow—Based Immunoassay Systems. In Lateral Flow Immunoassay; Humana Press: Totowa, NJ,
USA, 2009; pp. 1-33.

16. Sharma, B.; Frontiera, R.R.; Henry, A.-I; Ringe, E.; Van Duyne, R.P. SERS: Materials, applications, and the future. Mater. Today

2012, 15, 16-25. [CrossRef]


https://doi.org/10.1016/B978-0-12-815499-1.00012-0
https://doi.org/10.1111/j.1365-2621.2004.00855.x
https://doi.org/10.1172/JCI104130
https://www.ncbi.nlm.nih.gov/pubmed/13846364
https://doi.org/10.1021/a1999901+
https://doi.org/10.1016/B978-0-08-050612-8.50009-X
https://doi.org/10.3390/molecules27154801
https://doi.org/10.1038/jid.2013.287
https://doi.org/10.1016/0019-2791(71)90454-X
https://doi.org/10.1016/0014-5793(71)80319-8
https://doi.org/10.1016/j.peptides.2015.04.012
https://doi.org/10.1002/wnan.1457
https://www.ncbi.nlm.nih.gov/pubmed/28220651
https://doi.org/10.1007/s00216-008-2287-2
https://doi.org/10.1016/j.trac.2016.06.006
https://doi.org/10.1016/S1369-7021(12)70017-2

Int. J. Mol. Sci. 2024, 25, 2080 28 of 33

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Feliu, N.; Hassan, M.; Garcia Rico, E.; Cui, D.; Parak, W.; Alvarez-Puebla, R. SERS Quantification and Characterization of Proteins
and Other Biomolecules. Langmuir 2017, 33, 9711-9730. [CrossRef]

Aitekenov, S.; Sultangaziyev, A.; Boranova, A.; Dyussupova, A.; Ilyas, A.; Gaipov, A.; Bukasov, R. SERS for Detection of
Proteinuria: A Comparison of Gold, Silver, Al Tape, and Silicon Substrates for Identification of Elevated Protein Concentration in
Urine. Sensors 2023, 23, 1605. [CrossRef]

Schatz, G.C. SERS and the scientific career of Richard P. Van Duyne (1945-2019). J. Raman Spectrosc. 2021, 52, 268-278. [CrossRef]
Wang, Z.; Zong, S.; Wu, L.; Zhu, D.; Cui, Y. SERS-Activated Platforms for Inmunoassay: Probes, Encoding Methods, and
Applications. Chem. Rev. 2017, 117, 7910-7963. [CrossRef] [PubMed]

Ilyas, A.; Dyussupova, A.; Sultangaziyev, A.; Shevchenko, Y.; Filchakova, O.; Bukasov, R. SERS immuno- and apta-assays in
biosensing /bio-detection: Performance comparison, clinical applications, challenges. Talanta 2023, 265, 124818. [CrossRef]
[PubMed]

Grubisha, D.S.; Lipert, R.J.; Park, H.-Y.; Driskell, J.; Porter, M.D. Femtomolar Detection of Prostate-Specific Antigen: An
Immunoassay Based on Surface-Enhanced Raman Scattering and Immunogold Labels. Anal. Chem. 2003, 75, 5936-5943.
[CrossRef] [PubMed]

Wang, G.; Lipert, R.J.; Jain, M.; Kaur, S.; Chakraboty, S.; Torres, M.P;; Batra, S.K.; Brand, R.E.; Porter, M.D. Detection of the
Potential Pancreatic Cancer Marker MUC4 in Serum Using Surface-Enhanced Raman Scattering. Anal. Chem. 2011, 83, 2554-2561.
[CrossRef] [PubMed]

Granger, ].H.; Granger, M.C.; Firpo, M.A.; Mulvihill, S.J.; Porter, M.D. Toward development of a surface-enhanced Raman
scattering (SERS)-based cancer diagnostic immunoassay panel. Analyst 2013, 138, 410-416. [CrossRef]

Crawford, A.C.; Laurentius, L.B.; Mulvihill, T.S.; Granger, ].H.; Spencer, ].S.; Chatterjee, D.; Hanson, K.E.; Porter, M.D. Detection
of the tuberculosis antigenic marker mannose-capped lipoarabinomannan in pretreated serum by surface-enhanced Raman
scattering. Analyst 2017, 142, 186-196. [CrossRef] [PubMed]

Yakes, B.J.; Lipert, R.J.; Bannantine, J.P.; Porter, M.D. Detection of Mycobacterium avium subsp. paratuberculosis by a sonicate
immunoassay based on surface-enhanced Raman scattering. Clin. Vaccine Immunol. 2008, 15, 227-234. [CrossRef] [PubMed]
Lim, C.; Granger, J.; Porter, M. SERS Detection of Clostridium botulinum Neurotoxin Serotypes A and B in Buffer and Serum:
Towards the Development of a Biodefense Test Platform. Anal. Chim. Acta X 2018, 1, 100002. [CrossRef] [PubMed]

Driskell, J.D.; Kwarta, K.M.; Lipert, R.J.; Porter, M.D.; Neill, ].D.; Ridpath, ].F. Low-Level Detection of Viral Pathogens by
a Surface-Enhanced Raman Scattering Based Immunoassay. Anal. Chem. 2005, 77, 6147—-6154. [CrossRef] [PubMed]

Granger, ].H.; Schlotter, N.E.; Crawford, A.C.; Porter, M.D. Prospects for point-of-care pathogen diagnostics using surface-
enhanced Raman scattering (SERS). Chem. Soc. Rev. 2016, 45, 3865-3882. [CrossRef] [PubMed]

Crawford, A.C.; Skuratovsky, A.; Porter, M.D. Sampling Error: Impact on the Quantitative Analysis of Nanoparticle-Based
Surface-Enhanced Raman Scattering Immunoassays. Anal. Chem. 2016, 88, 6515-6522. [CrossRef] [PubMed]

Owens, N.A.; Pinter, A.; Porter, M.D. Surface-enhanced resonance Raman scattering for the sensitive detection of a tuberculosis
biomarker in human serum. J. Raman Spectrosc. 2019, 50, 15-25. [CrossRef]

Bukasov, R.; Sultangaziyev, A.; Kunushpayeva, Z.; Rapikov, A.; Dossym, D. Aluminum Foil vs. Gold Film: Cost-Effective
Substrate in Sandwich SERS Immunoassays of Biomarkers Reveals Potential for Selectivity Improvement. Int. J. Mol. Sci. 2023,
24,5578. [CrossRef]

Movasaghi, Z.; Rehman, S.; ur Rehman, D.I. Fourier Transform Infrared (FTIR) Spectroscopy of Biological Tissues. Appl. Spec-
trosc. Rev. 2008, 43, 134-179. [CrossRef]

Aitekenov, S.; Sultangaziyev, A.; Abdirova, P.; Yussupova, L.; Gaipov, A.; Utegulov, Z.; Bukasov, R. Raman, Infrared and Brillouin
Spectroscopies of Biofluids for Medical Diagnostics and for Detection of Biomarkers. Crit. Rev. Anal. Chem. 2023, 53, 1561-1590.
[CrossRef]

Wang, X; Yun, Y,; Sun, W,; Lu, Z,; Tao, X. A high-performance fluorescence immunoassay based on pyrophosphate-induced
MOFs NH2-MIL-88B(Fe) hydrolysis for chloramphenicol detection. Sens. Actuators B Chem. 2022, 353, 131143. [CrossRef]

Sun, Z.-H.; Zhang, X.-X,; Xu, D,; Liu, J.; Yu, R.-J; Jing, C.; Han, H.-X.; Ma, W. Silver-amplified fluorescence immunoassay via
aggregation-induced emission for detection of disease biomarker. Talanta 2021, 225, 121963. [CrossRef]

Luo, L.; Jia, B.-Z.; Wei, X.-Q.; Xiao, Z.-L.; Wang, H.; Sun, Y.-M.; Shen, Y.-D.; Lei, H.-T.; Xu, Z.-L. Development of an inner filter
effect-based fluorescence immunoassay for the detection of acrylamide using 9-xanthydrol derivatization. Sens. Actuators B Chem.
2021, 332, 129561. [CrossRef]

Wang, Y.-W.; Chen, L.; Liang, M.; Xu, H,; Tang, S.; Yang, H.-H.; Song, H. Sensitive fluorescence immunoassay of alpha-fetoprotein
through copper ions modulated growth of quantum dots in-situ. Sens. Actuators B Chem. 2017, 247, 408-413. [CrossRef]

Chen, M.; Liu, Z.; Guan, Y.; Chen, Y.; Liu, W.; Liu, Y. Zeolitic imidazolate frameworks-derived hollow Co/N-doped CNTs as
oxidase-mimic for colorimetric-fluorescence immunoassay of ochratoxin A. Sens. Actuators B Chem. 2022, 359, 131609. [CrossRef]
Chen, C.; Zhao, ].; Lu, Y.; Sun, J.; Yang, X. Fluorescence Immunoassay Based on the Phosphate-Triggered Fluorescence Turn-on
Detection of Alkaline Phosphatase. Anal. Chem. 2018, 90, 3505-3511. [CrossRef] [PubMed]

Dong, B.; Li, H.; Sun, J.; Li, Y.; Mari, GM.; Yu, X;; Yu, W.; Wen, K_; Shen, J.; Wang, Z. Magnetic assisted fluorescence immunoassay
for sensitive chloramphenicol detection using carbon dots@CaCO3 nanocomposites. J. Hazard. Mater. 2021, 402, 123942. [CrossRef]
[PubMed]


https://doi.org/10.1021/acs.langmuir.7b01567
https://doi.org/10.3390/s23031605
https://doi.org/10.1002/jrs.6052
https://doi.org/10.1021/acs.chemrev.7b00027
https://www.ncbi.nlm.nih.gov/pubmed/28534612
https://doi.org/10.1016/j.talanta.2023.124818
https://www.ncbi.nlm.nih.gov/pubmed/37453393
https://doi.org/10.1021/ac034356f
https://www.ncbi.nlm.nih.gov/pubmed/14588035
https://doi.org/10.1021/ac102829b
https://www.ncbi.nlm.nih.gov/pubmed/21391573
https://doi.org/10.1039/C2AN36128K
https://doi.org/10.1039/C6AN02110G
https://www.ncbi.nlm.nih.gov/pubmed/27924983
https://doi.org/10.1128/CVI.00334-07
https://www.ncbi.nlm.nih.gov/pubmed/18077613
https://doi.org/10.1016/j.acax.2018.100002
https://www.ncbi.nlm.nih.gov/pubmed/33186413
https://doi.org/10.1021/ac0504159
https://www.ncbi.nlm.nih.gov/pubmed/16194072
https://doi.org/10.1039/C5CS00828J
https://www.ncbi.nlm.nih.gov/pubmed/27048939
https://doi.org/10.1021/acs.analchem.6b01263
https://www.ncbi.nlm.nih.gov/pubmed/27219507
https://doi.org/10.1002/jrs.5500
https://doi.org/10.3390/ijms24065578
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1080/10408347.2022.2036941
https://doi.org/10.1016/j.snb.2021.131143
https://doi.org/10.1016/j.talanta.2020.121963
https://doi.org/10.1016/j.snb.2021.129561
https://doi.org/10.1016/j.snb.2017.03.036
https://doi.org/10.1016/j.snb.2022.131609
https://doi.org/10.1021/acs.analchem.7b05325
https://www.ncbi.nlm.nih.gov/pubmed/29392933
https://doi.org/10.1016/j.jhazmat.2020.123942
https://www.ncbi.nlm.nih.gov/pubmed/33254829

Int. J. Mol. Sci. 2024, 25, 2080 29 of 33

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Xie, K.-X.; Cao, S.-H.; Wang, Z.-C.; Weng, Y.-H.; Huo, S.-X.; Zhai, Y.-Y.; Chen, M.; Pan, X.-H.; Li, Y.-Q. Graphene oxide-assisted
surface plasmon-coupled emission for amplified fluorescence immunoassay. Sens. Actuators B Chem. 2017, 253, 804-808.
[CrossRef]

Li, Y;; Sun, J.; Wu, L.; Ji, J.; Sun, X; Qian, Y. Surface-enhanced fluorescence immunosensor using Au nano-crosses for the detection
of microcystin-LR. Biosens. Bioelectron. 2014, 62, 255-260. [CrossRef]

Liu, Z.; Wang, X.; Ren, X; Li, W.; Sun, J.; Wang, X.; Huang, Y.; Guo, Y.; Zeng, H. Novel fluorescence immunoassay for the detection
of zearalenone using HRP-mediated fluorescence quenching of gold-silver bimetallic nanoclusters. Food Chem. 2021, 355, 129633.
[CrossRef] [PubMed]

Zhu, N.; Zhu, Y.; Wang, J.; Gyimah, E.; Hu, X.; Zhang, Z. A novel fluorescence immunoassay based on AgNCs and ALP for
ultrasensitive detection of sulfamethazine (SMZ) in environmental and biological samples. Talanta 2019, 199, 72-79. [CrossRef]
[PubMed]

Lv, S.; Tang, Y.; Zhang, K.; Tang, D. Wet NH3-Triggered NH2-MIL-125(Ti) Structural Switch for Visible Fluorescence Immunoassay
Impregnated on Paper. Anal. Chem. 2018, 90, 14121-14125. [CrossRef] [PubMed]

Zhao, D,; Li, J.; Peng, C.; Zhu, S.; Sun, J.; Yang, X. Fluorescence Immunoassay Based on the Alkaline Phosphatase Triggered in
Situ Fluorogenic Reaction of o-Phenylenediamine and Ascorbic Acid. Anal. Chem. 2019, 91, 2978-2984. [CrossRef] [PubMed]
Chen, R;; Huang, X.; Li, J.; Shan, S.; Lai, W.; Xiong, Y. A novel fluorescence immunoassay for the sensitive detection of Escherichia
coli O157:H7 in milk based on catalase-mediated fluorescence quenching of CdTe quantum dots. Anal. Chim. Acta 2016, 947,
50-57. [CrossRef] [PubMed]

Li, H,; Jin, R.;; Kong, D.; Zhao, X; Liu, E; Yan, X,; Lin, Y,; Lu, G. Switchable fluorescence immunoassay using gold nanoclusters
anchored cobalt oxyhydroxide composite for sensitive detection of imidacloprid. Sens. Actuators B Chem. 2019, 283, 207-214.
[CrossRef]

Luo, L,; Song, Y.; Zhu, C.; Fu, S.; Shi, Q.; Sun, Y.-M,; Jia, B.; Du, D.; Xu, Z.-L.; Lin, Y. Fluorescent silicon nanoparticles-based
ratiometric fluorescence immunoassay for sensitive detection of ethyl carbamate in red wine. Sens. Actuators B Chem. 2018, 255,
2742-2749. [CrossRef]

Liu, G.; Zhao, J.; Wang, S.; Lu, S.; Sun, J.; Yang, X. Enzyme-induced in situ generation of polymer carbon dots for fluorescence
immunoassay. Sens. Actuators B Chem. 2020, 306, 127583. [CrossRef]

Han, H.; Wang, C.; Yang, X.; Zheng, S.; Cheng, X.; Liu, Z.; Zhao, B.; Xiao, R. Rapid field determination of SARS-CoV-2 by a
colorimetric and fluorescent dual-functional lateral flow immunoassay biosensor. Sens. Actuators B Chem. 2022, 351, 130897.
[CrossRef] [PubMed]

Pan, Y.; Wei, X.; Guo, X.; Wang, H.; Song, H.; Pan, C.; Xu, N. Inmunoassay based on Au-Ag bimetallic nanoclusters for
colorimetric/fluorescent double biosensing of dicofol. Biosens. Bioelectron. 2021, 194, 113611. [CrossRef] [PubMed]

Zhang, B.; Sheng, W.; Liu, Y.; Huang, N.; Zhang, W.; Wang, S. Multiplexed fluorescence immunoassay combined with magnetic
separation using upconversion nanoparticles as multicolor labels for the simultaneous detection of tyramine and histamine in
food samples. Anal. Chim. Acta 2020, 1130, 117-125. [CrossRef]

Wang, Z.; Xing, K.; Ding, N.; Wang, S.; Zhang, G.; Lai, W. Lateral flow immunoassay based on dual spectral-overlapped
fluorescence quenching of polydopamine nanospheres for sensitive detection of sulfamethazine. J. Hazard. Mater. 2022, 423,
127204. [CrossRef]

Wang, X.; Wang, Y.; Wang, Y.; Chen, Q.; Liu, X. Nanobody-alkaline phosphatase fusion-mediated phosphate-triggered fluorescence
immunoassay for ochratoxin a detection. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 226, 117617. [CrossRef] [PubMed]
Zhang, C.; Jiang, Z.; Jin, M.; Du, P; Chen, G.; Cui, X.; Zhang, Y.; Qin, G.; Yan, E; Abd El-Aty, AM.; et al. Fluorescence
immunoassay for multiplex detection of organophosphate pesticides in agro-products based on signal amplification of gold
nanoparticles and oligonucleotides. Food Chem. 2020, 326, 126813. [CrossRef] [PubMed]

Lin, Q.; Wu, J.; Fang, X.; Kong, ]J. Washing-free centrifugal microchip fluorescence immunoassay for rapid and point-of-care
detection of protein. Anal. Chim. Acta 2020, 1118, 18-25. [CrossRef] [PubMed]

Li, H.; Wen, K.; Dong, B.; Zhang, J.; Bai, Y.; Liu, M.; Li, P.; Mujtaba, M.G.; Yu, X.; Yu, W,; et al. Novel inner filter effect-based
fluorescence immunoassay with gold nanoclusters for bromadiolone detection in human serum. Sens. Actuators B Chem. 2019,
297,126787. [CrossRef]

Nishiyama, K.; Fukuyama, M.; Maeki, M.; Ishida, A.; Tani, H.; Hibara, A.; Tokeshi, M. One-step non-competitive fluorescence
polarization immunoassay based on a Fab fragment for C-reactive protein quantification. Sens. Actuators B Chem. 2021, 326,
128982. [CrossRef]

Shokri, E.; Hosseini, M.; Sadeghan, A.A.; Bahmani, A.; Nasiri, N.; Hosseinkhani, S. Virus-directed synthesis of emitting copper
nanoclusters as an approach to simple tracer preparation for the detection of Citrus Tristeza Virus through the fluorescence
anisotropy immunoassay. Sens. Actuators B Chem. 2020, 321, 128634. [CrossRef]

Su, R.; Tang, X.; Feng, L.; Yao, G.-1.; Chen, J. Development of quantitative magnetic beads-based flow cytometry fluorescence
immunoassay for aflatoxin B1. Microchem. J. 2020, 155, 104715. [CrossRef]

Ao, L,; Liao, T.; Huang, L,; Lin, S.; Xu, K;; Ma, J.; Qiu, S.; Wang, X.; Zhang, Q. Sensitive and simultaneous detection of multi-index
lung cancer biomarkers by an NIR-II fluorescence lateral-flow immunoassay platform. Chem. Eng. ]. 2022, 436, 135204. [CrossRef]


https://doi.org/10.1016/j.snb.2017.06.099
https://doi.org/10.1016/j.bios.2014.06.064
https://doi.org/10.1016/j.foodchem.2021.129633
https://www.ncbi.nlm.nih.gov/pubmed/33819808
https://doi.org/10.1016/j.talanta.2019.01.103
https://www.ncbi.nlm.nih.gov/pubmed/30952318
https://doi.org/10.1021/acs.analchem.8b04981
https://www.ncbi.nlm.nih.gov/pubmed/30462475
https://doi.org/10.1021/acs.analchem.8b05203
https://www.ncbi.nlm.nih.gov/pubmed/30688059
https://doi.org/10.1016/j.aca.2016.10.017
https://www.ncbi.nlm.nih.gov/pubmed/27846989
https://doi.org/10.1016/j.snb.2018.12.026
https://doi.org/10.1016/j.snb.2017.09.088
https://doi.org/10.1016/j.snb.2019.127583
https://doi.org/10.1016/j.snb.2021.130897
https://www.ncbi.nlm.nih.gov/pubmed/34658530
https://doi.org/10.1016/j.bios.2021.113611
https://www.ncbi.nlm.nih.gov/pubmed/34500229
https://doi.org/10.1016/j.aca.2020.07.043
https://doi.org/10.1016/j.jhazmat.2021.127204
https://doi.org/10.1016/j.saa.2019.117617
https://www.ncbi.nlm.nih.gov/pubmed/31605970
https://doi.org/10.1016/j.foodchem.2020.126813
https://www.ncbi.nlm.nih.gov/pubmed/32438234
https://doi.org/10.1016/j.aca.2020.04.031
https://www.ncbi.nlm.nih.gov/pubmed/32418600
https://doi.org/10.1016/j.snb.2019.126787
https://doi.org/10.1016/j.snb.2020.128982
https://doi.org/10.1016/j.snb.2020.128634
https://doi.org/10.1016/j.microc.2020.104715
https://doi.org/10.1016/j.cej.2022.135204

Int. J. Mol. Sci. 2024, 25, 2080 30 of 33

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Othman, H.O.; Salehnia, F.; Hosseini, M.; Hassan, R.; Faizullah, A.; Ganjali, M.R. Fluorescence immunoassay based on nitrogen
doped carbon dots for the detection of human nuclear matrix protein nmP22 as biomarker for early stage diagnosis of bladder
cancer. Microchem. ]. 2020, 157, 104966. [CrossRef]

Guo, Y,; Zou, R; Si, E; Liang, W.; Zhang, T.; Chang, Y.; Qiao, X.; Zhao, ]. A sensitive immunoassay based on fluorescence resonance
energy transfer from up-converting nanoparticles and graphene oxide for one-step detection of imidacloprid. Food Chem. 2021,
335, 127609. [CrossRef] [PubMed]

Li, T.; Choi, Y.H.; Shin, Y.-B.; Kim, H.-J.; Kim, M.-G. A fluorescence enhancement-based label-free homogeneous immunoassay of
benzo[a]pyrene (BaP) in aqueous solutions. Chemosphere 2016, 150, 407-413. [CrossRef] [PubMed]

Lee, KW.; Kim, K.R.; Chun, H].; Jeong, K.Y.; Hong, D.-K,; Lee, K.-N.; Yoon, H.C. Time-resolved fluorescence resonance energy
transfer-based lateral flow immunoassay using a raspberry-type europium particle and a single membrane for the detection of
cardiac troponin I. Biosens. Bioelectron. 2020, 163, 112284. [CrossRef]

Yang, Y.; Zhu, J.; Weng, G..; Li, ]J.§.; Zhao, J.-w. Gold nanoring core-shell satellites with abundant built-in hotspots and
great analyte penetration: An immunoassay platform for the SERS/fluorescence-based detection of carcinoembryonic antigen.
Chem. Eng. J. 2021, 409, 128173. [CrossRef]

Xie, H.; Dong, J.; Duan, J.; Hou, J.; Ai, S.; Li, X. Magnetic nanoparticles-based immunoassay for aflatoxin B1 using porous g-C3Ny
nanosheets as fluorescence probes. Sens. Actuators B Chem. 2019, 278, 147-152. [CrossRef]

Zvereva, E.A.; Zherdev, A.V.; Formanovsky, A.A.; Abuknesha, R.A.; Eremin, S.A.; Dzantiev, B.B. Fluorescence polarization
immunoassay of colchicine. J. Pharm. Biomed. Anal. 2018, 159, 326-330. [CrossRef] [PubMed]

Wang, L.; Zhang, Y,; Liu, G.; Zhang, C.; Wang, S. A time-resolved fluorescence immunoassay for the ultrasensitive determination
of diethylstilbestrol based on the double-codified gold nanoparticles. Steroids 2014, 89, 41-46. [CrossRef]

Dong, B.; Li, H; Sun, J.; Mari, GM,; Yu, X,; Ke, Y,; Li, ].; Wang, Z.; Yu, W.; Wen, K,; et al. Development of a fluorescence
immunoassay for highly sensitive detection of amantadine using the nanoassembly of carbon dots and MnO; nanosheets as the
signal probe. Sens. Actuators B Chem. 2019, 286, 214-221. [CrossRef]

Sun, M,; Du, L,; Gao, S.; Bao, Y.; Wang, S. Determination of 173-oestradiol by fluorescence immunoassay with streptavidin-
conjugated quantum dots as label. Steroids 2010, 75, 400-403. [CrossRef]

Tian, Y.; Li, X.; Wang, E; Gu, C.; Zhao, Z; Si, H.; Jiang, T. SERS-based immunoassay and degradation of CA19-9 mediated by gold
nanowires anchored magnetic—semiconductor nanocomposites. J. Hazard. Mater. 2021, 403, 124009. [CrossRef]

Qu, Q.; Wang, J.; Zeng, C.; Wang, M.; Qi, W.; He, Z. AuNP array coated substrate for sensitive and homogeneous SERS-
immunoassay detection of human immunoglobulin G. RSC Adv. 2021, 11, 22744-22750. [CrossRef]

Baniukevic, J.; Hakki Boyaci, I.; Goktug Bozkurt, A.; Tamer, U.; Ramanavicius, A.; Ramanaviciene, A. Magnetic gold nanoparticles
in SERS-based sandwich immunoassay for antigen detection by well oriented antibodies. Biosens. Bioelectron. 2013, 43, 281-288.
[CrossRef]

Xiao, M,; Xie, K.; Dong, X.; Wang, L.; Huang, C.; Xu, E; Xiao, W.; Jin, M.; Huang, B.; Tang, Y. Ultrasensitive detection of avian
influenza A (H7N9) virus using surface-enhanced Raman scattering-based lateral flow immunoassay strips. Anal. Chim. Acta
2019, 1053, 139-147. [CrossRef]

Shi, Q.; Huang, J.; Sun, Y,; Yin, M.; Hu, M,; Hu, X.; Zhang, Z.; Zhang, G. Utilization of a lateral flow colloidal gold immunoassay
strip based on surface-enhanced Raman spectroscopy for ultrasensitive detection of antibiotics in milk. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2018, 197, 107-113. [CrossRef] [PubMed]

Achadu, O.].; Abe, E; Suzuki, T.; Park, E.Y. Molybdenum Trioxide Nanocubes Aligned on a Graphene Oxide Substrate for the
Detection of Norovirus by Surface-Enhanced Raman Scattering. ACS Appl. Mater. Interfaces 2020, 12, 43522-43534. [CrossRef]
[PubMed]

Panikar, S.S.; Banu, N.; Haramati, J.; Gutierrez-Silerio, G.Y.; Bastidas-Ramirez, B.E.; Tellez-Bafiuelos, M.C.; Camacho-Villegas,
T.A.; de Toro-Arreola, S.; De la Rosa, E. Anti-fouling SERS-based immunosensor for point-of-care detection of the B7-H6 tumor
biomarker in cervical cancer patient serum. Anal. Chim. Acta 2020, 1138, 110-122. [CrossRef] [PubMed]

Bozkurt, A.G.; Buyukgoz, G.G.; Soforoglu, M.; Tamer, U.; Suludere, Z.; Boyaci, I.H. Alkaline phosphatase labeled SERS active
sandwich immunoassay for detection of Escherichia coli. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 194, 8-13. [CrossRef]
[PubMed]

She, P.; Chu, Y,; Liu, C.; Guo, X.; Zhao, K;; Li, J.; Du, H.; Zhang, X.; Wang, H.; Deng, A. A competitive immunoassay for
ultrasensitive detection of Hg?* in water, human serum and urine samples using immunochromatographic test based on
surface-enhanced Raman scattering. Anal. Chim. Acta 2016, 906, 139-147. [CrossRef] [PubMed]

Ilhan, H.; Guven, B.; Dogan, U.; Torul, H.; Evran, S.; Cetin, D.; Suludere, Z.; Saglam, N.; Boyaci, 1.H.; Tamer, U. The coupling of
immunomagnetic enrichment of bacteria with paper-based platform. Talanta 2019, 201, 245-252. [CrossRef] [PubMed]

Du, Y,; Liu, H.; Tian, Y.; Gu, C,; Zhao, Z.; Zeng, S.; Jiang, T. Recyclable SERS-Based Immunoassay Guided by Photocatalytic
Performance of Fe;0,@TiO,@Au Nanocomposites. Biosensors 2020, 10, 25. [CrossRef]

Wang, J.; Xu, C.; Lei, M.; Ma, Y.; Wang, X.; Wang, R.; Sun, J. Microcavity-based SERS chip for ultrasensitive immune detection of
cardiac biomarkers. Microchem. J. 2021, 171, 106875. [CrossRef]

Chang, H.; Kang, H.; Ko, E.; Jun, B.-H.; Lee, H.-Y.; Lee, Y.-S.; Jeong, D.H. PSA Detection with Femtomolar Sensitivity and a Broad
Dynamic Range Using SERS Nanoprobes and an Area-Scanning Method. ACS Sens. 2016, 1, 645-649. [CrossRef]


https://doi.org/10.1016/j.microc.2020.104966
https://doi.org/10.1016/j.foodchem.2020.127609
https://www.ncbi.nlm.nih.gov/pubmed/32739808
https://doi.org/10.1016/j.chemosphere.2016.01.008
https://www.ncbi.nlm.nih.gov/pubmed/26796590
https://doi.org/10.1016/j.bios.2020.112284
https://doi.org/10.1016/j.cej.2020.128173
https://doi.org/10.1016/j.snb.2018.09.089
https://doi.org/10.1016/j.jpba.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30025297
https://doi.org/10.1016/j.steroids.2014.07.014
https://doi.org/10.1016/j.snb.2019.01.100
https://doi.org/10.1016/j.steroids.2010.02.002
https://doi.org/10.1016/j.jhazmat.2020.124009
https://doi.org/10.1039/D1RA02404C
https://doi.org/10.1016/j.bios.2012.12.014
https://doi.org/10.1016/j.aca.2018.11.056
https://doi.org/10.1016/j.saa.2017.11.045
https://www.ncbi.nlm.nih.gov/pubmed/29195715
https://doi.org/10.1021/acsami.0c14729
https://www.ncbi.nlm.nih.gov/pubmed/32957773
https://doi.org/10.1016/j.aca.2020.09.019
https://www.ncbi.nlm.nih.gov/pubmed/33161972
https://doi.org/10.1016/j.saa.2017.12.057
https://www.ncbi.nlm.nih.gov/pubmed/29306060
https://doi.org/10.1016/j.aca.2015.12.021
https://www.ncbi.nlm.nih.gov/pubmed/26772133
https://doi.org/10.1016/j.talanta.2019.04.017
https://www.ncbi.nlm.nih.gov/pubmed/31122419
https://doi.org/10.3390/bios10030025
https://doi.org/10.1016/j.microc.2021.106875
https://doi.org/10.1021/acssensors.6b00053

Int. J. Mol. Sci. 2024, 25, 2080 310f33

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kim, K.; Choi, N.; Jeon, ].H.; Rhie, G.-E.; Choo, J. SERS-Based Immunoassays for the Detection of Botulinum Toxins A and B
Using Magnetic Beads. Sensors 2019, 19, 4081. [CrossRef]

Kim, W.; Bang, A.; Kim, S.; Lee, G.-].; Kim, Y.-H.; Choi, S. Adiponectin-targeted SERS immunoassay biosensing platform for early
detection of gestational diabetes mellitus. Biosens. Bioelectron. 2022, 213, 114488. [CrossRef]

Gao, R,; Lv, Z;; Mao, Y.; Yu, L.; Bi, X;; Xu, S.; Cui, J.; Wu, Y. SERS-Based Pump-Free Microfluidic Chip for Highly Sensitive
Immunoassay of Prostate-Specific Antigen Biomarkers. ACS Sens. 2019, 4, 938-943. [CrossRef]

Song, C.; Min, L.; Zhou, N.; Yang, Y.; Su, S.; Huang, W.; Wang, L. Synthesis of Novel Gold Mesoflowers as SERS Tags for
Immunoassay with Improved Sensitivity. ACS Appl. Mater. Interfaces 2014, 6, 21842-21850. [CrossRef]

Choi, N.; Lee, J.; Ko, J.; Jeon, ].H.; Rhie, G.-E.; deMello, A.].; Choo, J. Integrated SERS-Based Microdroplet Platform for the
Automated Immunoassay of F1 Antigens in Yersinia pestis. Anal. Chem. 2017, 89, 8413-8420. [CrossRef]

Yang, Y.; Zhu, ].; Zhao, J.; Weng, G.-].; Li, ].-].; Zhao, ].-W. Growth of Spherical Gold Satellites on the Surface of Au@Ag@SiO2
Core-Shell Nanostructures Used for an Ultrasensitive SERS Immunoassay of Alpha-Fetoprotein. ACS Appl. Mater. Interfaces 2019,
11, 3617-3626. [CrossRef]

Huang, Z.; Zhang, R.; Chen, H.; Weng, W,; Lin, Q.; Deng, D.; Li, Z.; Kong, J. Sensitive polydopamine bi-functionalized SERS
immunoassay for microalbuminuria detection. Biosens. Bioelectron. 2019, 142, 111542. [CrossRef]

Yang, K; Hu, Y,; Dong, N. A novel biosensor based on competitive SERS immunoassay and magnetic separation for accurate and
sensitive detection of chloramphenicol. Biosens. Bioelectron. 2016, 80, 373-377. [CrossRef]

Jia, X.; Wang, K.; Li, X,; Liu, Z,; Liu, Y; Xiao, R.; Wang, S. Highly sensitive detection of three protein toxins via SERS-lateral flow
immunoassay based on SiO,@Au nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2022, 41, 102522. [CrossRef]

Gao, R.; Chen, F; Yang, D.; Zheng, L.; Jing, T.; Jia, H.; Chen, X,; Lu, Y.;; Xu, S.; Zhang, D.; et al. Simultaneous SERS-based
immunoassay of dual cardiac markers on pump-free hybrid microfluidic chip. Sens. Actuators B Chem. 2022, 369, 132378.
[CrossRef]

Kaladharan, K.; Chen, K.-H.; Chen, P-H.; Goudar, V.S.; Ishdorj, T.-O.; Santra, T.S.; Tseng, F.-G. Dual-clamped one-pot SERS-based
biosensors for rapid and sensitive detection of SARS-CoV-2 using portable Raman spectrometer. Sens. Actuators B Chem. 2023,
393, 134172. [CrossRef]

Chen, R.; Wang, H.; Sun, C.; Zhao, Y.; He, Y.; Nisar, M.S.; Wei, W.; Kang, H.; Xie, X.; Du, C.; et al. Au@SiO, SERS nanotags based
lateral flow immunoassay for simultaneous detection of aflatoxin Bl and ochratoxin A. Talanta 2023, 258, 124401. [CrossRef]
Mohammadi, M.; Antoine, D.; Vitt, M.; Dickie, ].M.; Sultana Jyoti, S.; Wall, J.G.; Johnson, P.A.; Wawrousek, K.E. A fast,
ultrasensitive SERS immunoassay to detect SARS-CoV-2 in saliva. Anal. Chim. Acta 2022, 1229, 340290. [CrossRef]

Zhu, G.; Hu, Y.; Gao, J.; Zhong, L. Highly sensitive detection of clenbuterol using competitive surface-enhanced Raman scattering
immunoassay. Anal. Chim. Acta 2011, 697, 61-66. [CrossRef]

Fu, X.; Wang, Y.; Liu, Y.; Liu, H,; Fu, L.; Wen, J.; Li, J.; Wei, P; Chen, L. A graphene oxide/gold nanoparticle-based amplification
method for SERS immunoassay of cardiac troponin I. Analyst 2019, 144, 1582-1589. [CrossRef]

Tuckmantel Bido, A.; Brolo, A.G. Digital SERS Protocol Using Au Nanoparticle-Based Extrinsic Raman Labels for the Determina-
tion of SARS-CoV-2 Spike Protein in Saliva Samples. ACS Appl. Nano Mater. 2023, 6, 15426-15436. [CrossRef]

Xie, T.; Xu, D.; Shang, Y.; Li, Y,; Gu, Y;; Yang, G.; Qu, L. Highly sensitive SERS detection of IL-6 in serum by Au@Fe;0,
nanoring-based sandwich immunoassay. Sens. Actuators B Chem. 2023, 375, 132897. [CrossRef]

Yin, L.; You, T,; El-Seedi, H.R.; El-Garawani, I.M.; Guo, Z.; Zou, X.; Cai, J. Rapid and sensitive detection of zearalenone in corn
using SERS-based lateral flow immunosensor. Food Chem. 2022, 396, 133707. [CrossRef]

Cheng, Z.; Choi, N.; Wang, R.; Lee, S.; Moon, K.C.; Yoon, S.-Y.; Chen, L.; Choo, J. Simultaneous Detection of Dual Prostate Specific
Antigens Using Surface-Enhanced Raman Scattering-Based Immunoassay for Accurate Diagnosis of Prostate Cancer. ACS Nano
2017, 11, 4926-4933. [CrossRef]

Jiao, S; Liu, J.; Sun, J.; Chang, Y,; Wang, S.; Dai, S.; Xu, R.; Dou, M.; Li, Q.; Wang, J.; et al. A highly sensitive and reproducible
multiplex mycotoxin SERS array based on AuNPs-loaded inverse opal silica photonic crystal microsphere. Sens. Actuators B
Chem. 2022, 355, 131245. [CrossRef]

Cha, H.; Kim, H.; Joung, Y.; Kang, H.; Moon, J.; Jang, H.; Park, S.; Kwon, H.-].; Lee, I.-C.; Kim, S.; et al. Surface-enhanced Raman
scattering-based immunoassay for severe acute respiratory syndrome coronavirus 2. Biosens. Bioelectron. 2022, 202, 114008.
[CrossRef]

Ko, J.; Lee, C.; Choo, ]J. Highly sensitive SERS-based immunoassay of aflatoxin B1 using silica-encapsulated hollow gold
nanoparticles. J. Hazard. Mater. 2015, 285, 11-17. [CrossRef]

Yang, L.; Gao, M.X,; Zhan, L.; Gong, M.; Zhen, S.J.; Huang, C.Z. An enzyme-induced Au@ Ag core-shell nanoStructure used for
an ultrasensitive surface-enhanced Raman scattering immunoassay of cancer biomarkers. Nanoscale 2017, 9, 2640-2645. [CrossRef]
Yang, J.; Pan, M,; Liu, K;; Xie, X.; Wang, S.; Hong, L.; Wang, S. Core-shell AuNRs@Ag-enhanced and magnetic separation-assisted
SERS immunosensing platform for amantadine detection in animal-derived foods. Sens. Actuators B Chem. 2021, 349, 130783.
[CrossRef]

Liu, B.; Zheng, S.; Liu, Q.; Gao, B.; Zhao, X.; Sun, F. SERS-based lateral flow immunoassay strip for ultrasensitive and quantitative
detection of acrosomal protein SP10. Microchem. |. 2022, 175, 107191. [CrossRef]


https://doi.org/10.3390/s19194081
https://doi.org/10.1016/j.bios.2022.114488
https://doi.org/10.1021/acssensors.9b00039
https://doi.org/10.1021/am502636h
https://doi.org/10.1021/acs.analchem.7b01822
https://doi.org/10.1021/acsami.8b21238
https://doi.org/10.1016/j.bios.2019.111542
https://doi.org/10.1016/j.bios.2016.01.064
https://doi.org/10.1016/j.nano.2022.102522
https://doi.org/10.1016/j.snb.2022.132378
https://doi.org/10.1016/j.snb.2023.134172
https://doi.org/10.1016/j.talanta.2023.124401
https://doi.org/10.1016/j.aca.2022.340290
https://doi.org/10.1016/j.aca.2011.04.031
https://doi.org/10.1039/C8AN02022A
https://doi.org/10.1021/acsanm.3c01979
https://doi.org/10.1016/j.snb.2022.132897
https://doi.org/10.1016/j.foodchem.2022.133707
https://doi.org/10.1021/acsnano.7b01536
https://doi.org/10.1016/j.snb.2021.131245
https://doi.org/10.1016/j.bios.2022.114008
https://doi.org/10.1016/j.jhazmat.2014.11.018
https://doi.org/10.1039/C6NR07979B
https://doi.org/10.1016/j.snb.2021.130783
https://doi.org/10.1016/j.microc.2022.107191

Int. J. Mol. Sci. 2024, 25, 2080 320f33

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.
134.

Deng, D.; Yang, H.; Liu, C.; Zhao, K.; Li, J.; Deng, A. Ultrasensitive detection of diclofenac in water samples by a novel
surface-enhanced Raman scattering (SERS)-based immunochromatographic assay using AgMBA@SiO;-Ab as immunoprobe.
Sens. Actuators B Chem. 2019, 283, 563-570. [CrossRef]

Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.J.; Bazan, G.C.; Bell, S.EJ;
Boisen, A.; Brolo, A.G.; et al. Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14, 28-117. [CrossRef]
Liu, H,; Dai, E.; Xiao, R.; Zhou, Z.; Zhang, M.; Bai, Z.; Shao, Y.; Qi, K,; Tu, J.; Wang, C.; et al. Development of a SERS-based lateral
flow immunoassay for rapid and ultra-sensitive detection of anti-SARS-CoV-2 IgM/IgG in clinical samples. Sens. Actuators B
Chem. 2021, 329, 129196. [CrossRef] [PubMed]

Banaei, N.; Moshfegh, J.; Kim, B. Surface enhanced Raman spectroscopy-based immunoassay detection of tumor-derived
extracellular vesicles to differentiate pancreatic cancers from chronic pancreatitis. J. Raman Spectrosc. 2021, 52, 1810-1819.
[CrossRef]

Zamora-Mendoza, B.N.; Espinosa-Tanguma, R.; Ramirez-Elias, M.G.; Cabrera-Alonso, R.; Montero-Moran, G.; Portales-Pérez, D.;
Rosales-Romo, J.A.; Gonzalez, ].F.; Gonzalez, C. Surface-enhanced raman spectroscopy: A non invasive alternative procedure for
early detection in childhood asthma biomarkers in saliva. Photodiagn. Photodyn. Ther. 2019, 27, 85-91. [CrossRef] [PubMed]

Li, J; Li, Y,; Chen, S.; Duan, W,; Kong, X.; Wang, Y.; Zhou, L.; Li, P; Zhang, C.; Du, L. Highly Sensitive Exosome Detection for
Early Diagnosis of Pancreatic Cancer Using Immunoassay Based on Hierarchical Surface-Enhanced Raman Scattering Substrate.
Small Methods 2022, 6, 2200154. [CrossRef]

Lu, L; Yu, J; Liu, X; Yang, X.; Zhou, Z; Jin, Q.; Xiao, R.; Wang, C. Rapid, quantitative and ultra-sensitive detection of cancer
biomarker by a SERRS-based lateral flow immunoassay using bovine serum albumin coated Au nanorods. RSC Adv. 2020, 10,
271-281. [CrossRef]

Li, T-D.; Zhang, R.; Chen, H.; Huang, Z.-P.;; Ye, X.; Wang, H.; Deng, A.-M.; Kong, J.-L. An ultrasensitive polydopamine bi-
functionalized SERS immunoassay for exosome-based diagnosis and classification of pancreatic cancer. Chem. Sci. 2018, 9,
5372-5382. [CrossRef]

Jia, X.; Wang, C.; Rong, Z; Li, ]J.; Wang, K.; Qie, Z.; Xiao, R.; Wang, S. Dual dye-loaded Au@Ag coupled to a lateral flow
immunoassay for the accurate and sensitive detection of Mycoplasma pneumoniae infection. RSC Adv. 2018, 8, 21243-21251.
[CrossRef]

Lu, M,; Joung, Y.; Jeon, C.S.; Kim, S.; Yong, D.; Jang, H.; Pyun, S.H.; Kang, T.; Choo, J. Dual-mode SERS-based lateral flow assay
strips for simultaneous diagnosis of SARS-CoV-2 and influenza a virus. Nano Converg. 2022, 9, 39. [CrossRef]

Lee, S.H.; Hwang, J.; Kim, K,; Jeon, J.; Lee, S.; Ko, ].; Lee, J.; Kang, M.; Chung, D.R.; Choo, ]J. Quantitative Serodiagnosis of Scrub
Typhus Using Surface-Enhanced Raman Scattering-Based Lateral Flow Assay Platforms. Anal. Chem. 2019, 91, 12275-12282.
[CrossRef] [PubMed]

Squire, K.J.; Zhao, Y.; Tan, A.; Sivashanmugan, K.; Kraai, J.A.; Rorrer, G.L.; Wang, A.X. Photonic crystal-enhanced fluorescence
imaging immunoassay for cardiovascular disease biomarker screening with machine learning analysis. Sens. Actuators B Chem.
2019, 290, 118-124. [CrossRef] [PubMed]

Lu, J; Wu, Z,; Liu, B.; Wang, C.; Wang, Q.; Zhang, L.; Wang, Z.; Chen, C.; Fu, Y; Li, C.; et al. A time-resolved fluorescence lateral
flow immunoassay for rapid and quantitative serodiagnosis of Brucella infection in humans. J. Pharm. Biomed. Anal. 2021, 200,
114071. [CrossRef] [PubMed]

Radon, T.P.; Massat, N .J.; Jones, R.; Alrawashdeh, W.; Dumartin, L.; Ennis, D.; Duffy, S.W.; Kocher, H.M.; Pereira, S.P.; Guarner, L.;
et al. Identification of a three-biomarker panel in urine for early detection of pancreatic adenocarcinoma. Clin. Cancer Res. 2015,
21, 3512-3521. [CrossRef] [PubMed]

Wang, L.; Skotland, T.; Berge, V.; Sandvig, K.; Llorente, A. Exosomal proteins as prostate cancer biomarkers in urine: From mass
spectrometry discovery to immunoassay-based validation. Eur. |. Pharm. Sci. 2017, 98, 80-85. [CrossRef] [PubMed]

Shimura, T.; Iwasaki, H.; Kitagawa, M.; Ebi, M.; Yamada, T.; Katano, T.; Nisie, H.; Okamoto, Y.; Ozeki, K.; Mizoshita, T.; et al.
Urinary Cysteine-Rich Protein 61 and Trefoil Factor 3 as Diagnostic Biomarkers for Colorectal Cancer. Transl. Oncol. 2019, 12,
539-544. [CrossRef] [PubMed]

Gomez, S.; Prieto, C.; Folgueira, L. A prospective study to assess the diagnostic performance of the Sofia® Immunoassay for
Influenza and RSV detection. J. Clin. Virol. 2016, 77, 1-4. [CrossRef] [PubMed]

Daag, ].V,; Ylade, M.; Adams, C.; Jadi, R.; Crisostomo, M.V.; Alpay, R.; Aportadera, E.T.C.; Yoon, I.-K.; White, L.; Deen, J.;
et al. Evaluation of a new point-of-care test to determine prior dengue infection for potential use in pre-vaccination screening.
Clin. Microbiol. Infect. 2021, 27, 904-908. [CrossRef]

Smela, M.E.; Currier, S.S.; Bailey, E.A.; Essigmann, ].M. The chemistry and biology of aflatoxin B1: From mutational spectrometry
to carcinogenesis. Carcinogenesis 2001, 22, 535-545. [CrossRef]

Petzinger, E.; Ziegler, K. Ochratoxin A from a toxicological perspective. J. Vet. Pharmacol. Ther. 2000, 23, 91-98. [CrossRef]
Galle, PR,; Foerster, F.; Kudo, M.; Chan, S.L.; Llovet, ]. M.; Qin, S.; Schelman, W.R.; Chintharlapalli, S.; Abada, P.B.; Sherman, M.;
et al. Biology and significance of alpha-fetoprotein in hepatocellular carcinoma. Liver Int. 2019, 39, 2214-2229. [CrossRef]
Sharma, S.; Jackson, P.G.; Makan, J. Cardiac troponins. J. Clin. Pathol. 2004, 57, 1025. [CrossRef] [PubMed]

Hall, P; Selinger, B. A statistical justification to relating interlaboratory coefficients of variation with concentration levels.
Anal. Chem. 1989, 61, 1465-1466. [CrossRef]


https://doi.org/10.1016/j.snb.2018.12.076
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1016/j.snb.2020.129196
https://www.ncbi.nlm.nih.gov/pubmed/33230369
https://doi.org/10.1002/jrs.6241
https://doi.org/10.1016/j.pdpdt.2019.05.009
https://www.ncbi.nlm.nih.gov/pubmed/31082526
https://doi.org/10.1002/smtd.202200154
https://doi.org/10.1039/C9RA09471G
https://doi.org/10.1039/C8SC01611A
https://doi.org/10.1039/C8RA03323D
https://doi.org/10.1186/s40580-022-00330-w
https://doi.org/10.1021/acs.analchem.9b02363
https://www.ncbi.nlm.nih.gov/pubmed/31356055
https://doi.org/10.1016/j.snb.2019.03.102
https://www.ncbi.nlm.nih.gov/pubmed/31777430
https://doi.org/10.1016/j.jpba.2021.114071
https://www.ncbi.nlm.nih.gov/pubmed/33866295
https://doi.org/10.1158/1078-0432.CCR-14-2467
https://www.ncbi.nlm.nih.gov/pubmed/26240291
https://doi.org/10.1016/j.ejps.2016.09.023
https://www.ncbi.nlm.nih.gov/pubmed/27664330
https://doi.org/10.1016/j.tranon.2018.12.006
https://www.ncbi.nlm.nih.gov/pubmed/30611902
https://doi.org/10.1016/j.jcv.2016.01.018
https://www.ncbi.nlm.nih.gov/pubmed/26872325
https://doi.org/10.1016/j.cmi.2020.08.026
https://doi.org/10.1093/carcin/22.4.535
https://doi.org/10.1046/j.1365-2885.2000.00244.x
https://doi.org/10.1111/liv.14223
https://doi.org/10.1136/jcp.2003.015420
https://www.ncbi.nlm.nih.gov/pubmed/15452153
https://doi.org/10.1021/ac00188a033

Int. J. Mol. Sci. 2024, 25, 2080 33 0f33

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Bernat, A.; Samiwala, M.; Albo, J.; Jiang, X.; Rao, Q. Challenges in SERS-based pesticide detection and plausible solutions. J. Agric.
Food Chem. 2019, 67, 12341-12347. [CrossRef] [PubMed]

Baschong, W.; Suetterlin, R.; Laeng, R.H. Control of Autofluorescence of Archival Formaldehyde-fixed, Paraffin-embedded Tissue
in Confocal Laser Scanning Microscopy (CLSM). J. Histochem. Cytochem. 2001, 49, 1565-1571. [CrossRef] [PubMed]
Kunushpayeva, Z.; Rapikov, A.; Akhmetova, A.; Sultangaziyev, A.; Dossym, D.; Bukasov, R. Sandwich SERS immunoassay of
human immunoglobulin on silicon wafer compared to traditional SERS substrate, gold film. Sens. Bio-Sens. Res. 2020, 29, 100355.
[CrossRef]

Blyth, R.I.R.; Mittendorfer, F; Hafner, J.; Sardar, S.A.; Duschek, R.; Netzer, FP.; Ramsey, M.G. An experimental and theoretical
investigation of the thiophene/aluminum interface. J. Chem. Phys. 2001, 114, 935-942. [CrossRef]

Sun, Q.; Reddy; Marquez, M.; Jena, P.; Gonzalez, C.; Wang, Q. Theoretical Study on Gold-Coated Iron Oxide Nanostructure:
Magnetism and Bioselectivity for Amino Acids. J. Phys. Chem. C 2007, 111, 4159-4163. [CrossRef]

Zhang, D.; Ansar, S.M.; Vangala, K.; Jiang, D. Protein adsorption drastically reduces surface-enhanced Raman signal of dye
molecules. J. Raman Spectrosc. 2010, 41, 952-957. [CrossRef]

Gnanasampanthan, T.; Beyer, C.D.; Yu, W.; Karthduser, J.F; Wanka, R.; Spollmann, S.; Becker, H.-W.; Aldred, N.; Clare, A.S,;
Rosenhahn, A. Effect of Multilayer Termination on Nonspecific Protein Adsorption and Antifouling Activity of Alginate-Based
Layer-by-Layer Coatings. Langmuir 2021, 37, 5950-5963. [CrossRef]

Sun, E; Ella-Menye, J.-R.; Galvan, D.D.; Bai, T.; Hung, H.-C.; Chou, Y.-N.; Zhang, P; Jiang, S.; Yu, Q. Stealth Surface Modification
of Surface-Enhanced Raman Scattering Substrates for Sensitive and Accurate Detection in Protein Solutions. ACS Nano 2015, 9,
2668-2676. [CrossRef]

Liu, L.; Li, D.; Deng, W. Stimuli-responsive microgels with fluorescent and SERS activities for water and temperature sensing.
Biosens. Bioelectron. 2021, 180, 113138. [CrossRef]

Alvarez-Puebla, R.A ; Liz-Marzan, L.M. SERS-Based Diagnosis and Biodetection. Small 2010, 6, 604—610. [CrossRef]

Graham, D.; Faulds, K. Surface-enhanced Raman scattering as a detection technique for molecular diagnostics. Expert Rev.
Mol. Diagn. 2009, 9, 537-539. [CrossRef]

Roth, S.; Hadass, O.; Cohen, M.; Verbarg, J.; Wilsey, J.; Danielli, A. Photobleaching: Improving the Sensitivity of Fluorescence-
Based Immunoassays by Photobleaching the Autofluorescence of Magnetic Beads (Small 3/2019). Small 2019, 15, 1970016.
[CrossRef]

Esteve-Turrillas, FA.; Abad-Fuentes, A. Applications of quantum dots as probes in immunosensing of small-sized analytes.
Biosens. Bioelectron. 2013, 41, 12-29. [CrossRef]

Sultangaziyev, A.; Bukasov, R. Review: Applications of surface-enhanced fluorescence (SEF) spectroscopy in bio-detection and
biosensing. Sens. Bio-Sens. Res. 2020, 30, 100382. [CrossRef]

Zhu, L.; Cui, X;; Wu, J.; Wang, Z.; Wang, P; Hou, Y.; Yang, M. Fluorescence immunoassay based on carbon dots as labels for the
detection of human immunoglobulin G. Anal. Methods 2014, 6, 4430-4436. [CrossRef]

Ding, C.; Zhu, A.; Tian, Y. Functional Surface Engineering of C-Dots for Fluorescent Biosensing and in Vivo Bioimaging.
Acc. Chem. Res. 2014, 47, 20-30. [CrossRef]

Pirsaheb, M.; Mohammadji, S.; Salimi, A. Current advances of carbon dots based biosensors for tumor marker detection, cancer
cells analysis and bioimaging. TrAC Trends Anal. Chem. 2019, 115, 83-99. [CrossRef]

Sultangaziyev, A.; Akhmetova, A.; Kunushpayeva, Z.; Rapikov, A.; Filchakova, O.; Bukasov, R. Aluminum foil as a substrate
for metal enhanced fluorescence of bacteria labelled with quantum dots, shows very large enhancement and high contrast.
Sens. Bio-Sens. Res. 2020, 28, 100332. [CrossRef]

Driskell, J.D.; Uhlenkamp, ].M.; Lipert, R.].; Porter, M.D. Surface-Enhanced Raman Scattering Immunoassays Using a Rotated
Capture Substrate. Anal. Chem. 2007, 79, 4141-4148. [CrossRef] [PubMed]

Zong, C.; Xu, M,; Xu, L.-].; Wei, T.; Ma, X.; Zheng, X.-S.; Hu, R.; Ren, B. Surface-Enhanced Raman Spectroscopy for Bioanalysis:
Reliability and Challenges. Chem. Rev. 2018, 118, 4946-4980. [CrossRef] [PubMed]

Song, S.W.; Kim, D.; Kim, ].; You, J.; Kim, H.M. Flexible nanocellulose-based SERS substrates for fast analysis of hazardous
materials by spiral scanning. J. Hazard. Mater. 2021, 414, 125160. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.jafc.9b05077
https://www.ncbi.nlm.nih.gov/pubmed/31635458
https://doi.org/10.1177/002215540104901210
https://www.ncbi.nlm.nih.gov/pubmed/11724904
https://doi.org/10.1016/j.sbsr.2020.100355
https://doi.org/10.1063/1.1332080
https://doi.org/10.1021/jp067095x
https://doi.org/10.1002/jrs.2548
https://doi.org/10.1021/acs.langmuir.1c00491
https://doi.org/10.1021/nn506447k
https://doi.org/10.1016/j.bios.2021.113138
https://doi.org/10.1002/smll.200901820
https://doi.org/10.1586/erm.09.37
https://doi.org/10.1002/smll.201970016
https://doi.org/10.1016/j.bios.2012.09.025
https://doi.org/10.1016/j.sbsr.2020.100382
https://doi.org/10.1039/C4AY00717D
https://doi.org/10.1021/ar400023s
https://doi.org/10.1016/j.trac.2019.04.003
https://doi.org/10.1016/j.sbsr.2020.100332
https://doi.org/10.1021/ac0701031
https://www.ncbi.nlm.nih.gov/pubmed/17487976
https://doi.org/10.1021/acs.chemrev.7b00668
https://www.ncbi.nlm.nih.gov/pubmed/29638112
https://doi.org/10.1016/j.jhazmat.2021.125160
https://www.ncbi.nlm.nih.gov/pubmed/33652216

	Introduction 
	Fluorescence-Based Immunoassays Detection 
	SERS-Based Immunoassays Detection 

	Analytical Reports on Immunoassays with the SERS and the Fluorescence Based Detection 
	Analytical Papers on the Fluorescent Immunoassays 
	Analytical Papers on the SERS Immunoassays 
	Clinical Papers on the SERS- and Fluorescence-Based IA Detection 
	SERS vs. Fluorescence Immunoassays for Detection of Biomarkers 
	RSD Discussion 

	Challenges and Solutions for SERS and Fluorescent Detection 
	Common Challenges and Solutions for Both SERS and Fluorescence-Based Detection 
	Challenges and Solutions for Fluorescence Based Detection 
	Challenges and Solutions for SERS IA Detection 

	Graphical Comparison of FOMs in Analytical and Clinical Assays (SERS vs. Fluorescence) 
	Conclusions 
	References

