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HIGHLIGHTS

e Surface enhanced Raman Spectroscopy
(SERS) spectra of human serum with
different protocols are reported.

e Five different protocols for serum anal-
ysis are compared for a better bench-
marking and standardization.

e All protocols yield the similar spectra,
but they differ in terms of spectral in-
tensity, repeatability, and preparation
steps.

o All protocols yield the same biochemical
information, mostly about uric acid and
hypoxanthine.
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ABSTRACT

Label-free Surface Enhanced Raman Spectroscopy (SERS) is a rapid technique that has been extensively applied
in clinical diagnosis and biomedicine for the analysis of biofluids. The purpose of this approach relies on the
ability to detect specific “metabolic fingerprints” of complex biological samples, but the full potential of this
technique in diagnostics is yet to be exploited, mainly because of the lack of common analytical protocols for
sample preparation and analysis. Variation of experimental parameters, such as substrate type, laser wavelength
and sample processing can greatly influence spectral patterns, making results from different research groups
difficult to compare. This study aims at making a step toward a standardization of the protocols in the analysis of
human serum samples with Ag nanoparticles, by directly comparing the SERS spectra obtained from five
different methods in which parameters like laser power, nanoparticle concentration, incubation/deproteinization
steps and type of substrate used vary. Two protocols are the most used in the literature, and the other three are
“in-house” protocols proposed by our group; all of them are employed to analyze the same human serum sample.
The experimental results show that all protocols yield spectra that share the same overall spectral pattern,
conveying the same biochemical information, but they significantly differ in terms of overall spectral intensity,
repeatability, and preparation steps of the sample. A Principal Component Analysis (PCA) was performed
revealing that protocol 3 and protocol 1 have the least variability in the dataset, while protocol 2 and 4 are the
least repeatable.
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) [1] relies on the
amplification of Raman scattering by nanostructured metal surfaces
with adequate plasmonic properties. In the last decade, SERS has
increasingly been used for the direct, untargeted analysis of serum, as
well as other biofluids, to classify samples with the aim of diagnosing a
variety of diseases [2,3]. The underlying assumption of all these
research efforts is that some of the metabolic differences in serum due to
a pathological state can be detected by SERS. The direct SERS analysis of
a biochemically complex biofluids, such as serum, is experimentally
challenging because they are constituted by more than thousands of
metabolites [4], various proteins and electrolytes, plus minor amounts
of other species (e.g., circulating nucleic acids, exosomes, etc.). Specif-
ically, the high amount of proteins can potentially interfere with the
spectroscopic detection of metabolites, since proteins are known to
rapidly adsorb on surfaces (i.e., “protein fouling™), including metal
surfaces like those used as SERS substrates. Moreover, the formation of a
protein layer (i.e., “protein corona”) on the surface of nanoparticles,
including the Ag and Au ones commonly used as metal substrates in
SERS, is known to inhibit nanoparticles aggregation, and thus the for-
mation of the inter-particle gaps (i.e., “hot spots) essential for SERS [1].

In the absence of a standard methodology for SERS analysis of serum,
different approaches were used by different research groups, involving
various metal substrates, sample pre-treatments, and preparation pro-
tocols. Despite the diversity of the protocols used, the results obtained
are loosely comparable in terms of the overall spectral profile, i.e., the
position of the bands observed and their relative intensities. A survey on
literature shows that relatively few research groups are responsible for
most of the studies using SERS on serum, and that a set of protocols
recurs in many studies, emerging as the most common. In particular,
protocols using Ag colloids as substrates and an excitation at 785 nm are
recurrent in most of the available studies. The main differences among
protocols are the physical state (liquid or solid) of the sample to be
measured (e.g., the presence of a drying step), the use of Ag nano-
particles in their colloidal form or deposited on solid supports as solid
substrates (e.g., paper), and the presence of a de-proteinization step or a
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prolonged incubation of serum with the substrate.

Considering the growing importance that the direct untargeted SERS
analysis of serum is gaining in recent years, as well as the absence of a
benchmark, a critical comparison among different protocols, focusing on
highlighting the specificities of each method, would be desirable. Such a
comparison might guide researchers approaching SERS of serum in
selecting their own method, and it will facilitate the critical assessment
of results obtained by different research groups.

The aim of this study is to partially fill this gap by directly comparing
five protocols sharing the use of Ag colloids and an excitation at 785 nm
for the SERS analysis of human serum. The set includes two protocols
which are frequently used in the literature by various research groups, as
well as three protocols developed by our group and described in previ-
ous publications. Details about these protocols can be found in the
Materials and Methods section and are summarized in Fig. 1 and in
Table 1. As previously stated, all these protocols use Ag colloids, a very
common and easily made SERS substrate, as well as a widespread
excitation wavelength, making results easily reproducible by others.
Differences among various protocols were evaluated in terms of overall
intensity, spectral profile and its repeatability, using the same sample (a
single batch of commercial human serum), the same Ag colloid (ob-
tained by pooling different batches), the same instrument and the same
operator.

2. Materials and methods
2.1. Literature survey

Protocols 1-5 were identified with a literature search in the SCOPUS
database using as query: (“SERS” OR “surface enhanced Raman”) AND
“Serum” AND (“diagnosis” OR “classification”) for papers published
from 2015 to 2023. Only papers reporting at least one SERS spectrum
obtained with a direct untargeted detection strategy (i.e. without the use
of labels or reporters) were considered.
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Fig. 1. Graphical representation of steps involved in the different protocols (1-5) used in this study.
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2.2. Reagents and solvents

Analytical grade silver nitrate, sodium citrate tribasic, hydroxyl-
amine hydrochloride, and sodium hydroxide (reagent grade >98 %,
anhydrous) used for the nanoparticle synthesis were purchased from
Merck. Nitric acid (>65 %) and NoChromix® used for glassware
cleaning were purchased by Merck. Commercially available Vivaspin®
ultrafiltration spin columns with a molecular weight cut-off of 3 kDa
(Sartorius), and qualitative filter papers with particle retention of 2 pm
(VWR-Avantor) were employed. UV-grade calcium fluoride (CaFy) slides
were purchased from Crystal Gmbh. Pure ethanol (>99.8 %, Sigma-
Aldrich) and ultrapure milliQ water were used to clean the CaFj slides.

2.3. Human serum

Three different commercial human serum batches (from male AB
clotted whole blood, USA origin, sterile filtered) were purchased from
Merck (product number H6914) and then pooled to create a single
reference batch. The final serum batch was then aliquoted in 2 mL
Eppendorfs and frozen at —30 °C to prevent degradation over time.

2.4. Citrate-reduced Ag colloid preparation

All the protocols presented in this study used Ag nanoparticles that
were prepared via the sodium citrate reduction method known also as
Lee-Meisel synthesis [5]. Before starting the synthesis procedure, all
glassware was accurately washed sequentially with NoChromix® solu-
tion, milliQ water, nitric acid and again with milliQ water. The cleaning
step is fundamental to eliminate metal and organic contaminants from
the surfaces of the glassware that could interfere with the nanoparticles
synthesis. Briefly, 90 mg of silver nitrate were added to 500 mL of milliQ
water contained in a two-neck 1000 mL Erlenmeyer flask. The Erlen-
meyer was then linked to an Allihn condenser, put on a heating plate,
and the solution was homogeneously stirred until boiling. Subsequently,
10 mL of sodium citrate tribasic solution 1.1 % w/v were added drop-
wise. The solution turned from transparent to grey within few minutes
after the addition of the citrate solution. The reaction mix was kept
boiling for 1 h, and the container was wrapped with aluminium foil to
protect it from light. After cooling the colloidal solution to room tem-
perature, nanoparticles were ready for use and were stored in the dark
for both colloidal SERS measurements, and for the preparation of SERS
solid substrates.

The UV-Visible extinction spectra were collected with a Cary 60
UV-Vis Agilent Technologies diluting the colloidal solution 10 times in
milliQ water and placing it in a 2.5 mL PMMA cuvette.

2.5. Hydroxylamine-reduced Ag colloid preparation

For protocol 1, some tests were conducted using hydroxylamine-
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reduced Ag nanoparticles (see Section 2.6.1), which were synthesized
in accordance with the Leopold-Lendl method [6]. A 4.5 mL sodium
hydroxide solution 0.1 M was added to a 5 mL aqueous solution in which
0.021 g of hydroxylamine were previously dissolved. The resulting
mixture was then added rapidly to a 90 mL silver nitrate 1.1 mM solution
under vigorous stirring. The solution turned immediately from trans-
parent to milky grey and stirring was maintained for 1 min. The ob-
tained colloidal solution was stored in the dark, protected with
aluminium foil and was stable up to 1 week.

UV-Visible extinction spectra were collected diluting the colloidal
solution 10 times in milliQ water and placing it in a PMMA cuvette.

2.6. Protocols for SERS spectra acquisition

The protocols used in this study are summarized in Fig. 1 and Table 1
and are described in detail below. For all protocols, SERS measurements
were performed with a B&W Tek i-Raman Plus portable system
(BWS465-785S) connected to a compatible Raman microscope
(BAC151B). The laser used was a CleanLaze® stabilized laser system
model with a wavelength output of 785 nm and a maximum laser power
of 400 mW. Sample illumination and scattered light collection was ob-
tained using optical fibers connected to a compact microscope system
mounting a 20 x Olympus objective (N.A. 0.4); the laser power, the
number of accumulation and the time of exposure depend on the pro-
tocol used and are specified below. Since these parameters differed
slightly among the papers considered as sources for protocol 1 and 2, the
ones giving the best results with our instrument were selected for this
study.

2.6.1. Protocol 1: concentrated dried Ag colloids

This protocol involves the analysis of serum mixed with concentrated
Ag nanoparticles (in a 1:1 vol ratio), dried on a CaFj slide. First, 1 mL of
Ag colloid was put in an Eppendorf and centrifuged for 15 min at a
relative centrifugal force of 25,500g. The silver colloids were then
concentrated 10 times by discarding 900 pL of the supernatant and
resuspending the pellet in the remaining 100 pL solution. Serum sample
was taken from the freezer at —30 °C and thawed in the fridge at 4 °C for
40 min. When the serum sample was completely melted, 5 pL were taken
and mixed with 5 pL of concentrated Ag nanoparticles. Then, 5 pL of the
mix were transferred onto a CaFj slide that had been previously cleaned
with 2 washing steps of ethanol and milliQ water. The drop was left
drying for exactly 20 min at room temperature, and then analysed with
the Raman microscope. In some papers, before sample deposition and
drying there is also an incubation step. However, we found no differ-
ences in spectra obtained with or without this step (data not shown), so
we decided not to include it in this version of the protocol. The laser
power was set to 10 mW, the integration time to 10 s with a single
accumulation, and the measure was performed on the “coffee-ring” area
of the drop in 5 different locations (see Supplementary Material:

Table 1
Main characteristics of the protocols 1-5 used in this study.
Protocol  Substrate Deproteiniz. Sample preparation Incubation Drying step Overall Laser Refs.
step step time* power
1 Ag colloid (conc.) No Ag colloid + serum mixing (1:1 vol.ratio) No Yes (20 20 min 10 mW [10-23]
min)
2 Ag colloid No Ag colloid + serum mixing (1:1 vol ratio) Yes (1 h,4°C) Yes (40 100 min 100 mW [24-30]
min)
3 Ag colloid Yes (40 min) Ag colloid + serum mixing (9:1 vol ratio) No No 40 min 180 mW [7,31]
4 Plasmonic paper No Serum deposition on substrate No Yes (20 20 min 20 mW [8,32]
(Ag) min)
5 Ag colloid No Serum deposition on paper centrifug. With Ag No Yes (20 40 min 35 mW [9]
colloids** min)

*Time needed to prepare sample for SERS spectral acquisition, starting with the whole serum and a substrate; measurement time and time needed to prepare the

substrate are not considered.

**First serum is deposited on paper, then added to colloid and centrifuged for 20 min.
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Figure S1) This was done to evaluate the differences in the signal in-
tensity of analytes from different dried zones of the sample. Moreover, to
address protocol variability, spectra collection was done on 3 different
replicates (i.e., 3 different dried drops) for a total of 15 spectra. Some of
the papers applying this protocol use hydroxylamine-reduced Ag col-
loids [6] as substrates instead of citrate-reduced colloids. However,
since hydroxylamine-reduced colloids are not stable for more than 1
week, whereas citrate-reduced Ag colloids are stable over a longer time,
and since the two colloids give nearly identical spectra of serum in terms
of overall intensity and spectral pattern (see Supplementary Material:
Figure S2), citrate-reduced colloids were used.

2.6.2. Protocol 2: non-concentrated dried Ag colloids

This protocol consists in the analysis of serum mixed with non-
concentrated Ag nanoparticles (1:1 vol ratio), deposited and dried on
a CaFj slide. Serum sample was taken from the freezer at —30 °C and
thawed in the fridge at 4 °C for 40 min. When the serum was completely
melted, 5 uL were taken and mixed with 5 pL of Ag nanoparticles. Then,
the mix was incubated for 1 h at 4 °C in the fridge. After the incubation,
5 pL of the mix were transferred on a CaFs slide and the drop was left
drying for 40 min at room temperature, then spectra were collected. The
laser power was set to 100 mW, the integration time to 10 s with 3 ac-
cumulations; spectra were collected on the “coffee-ring” area of the drop
in 5 different points (see Supplementary Material: Figure S3). As for
Protocol 1, 15 spectra were recorded: 5 from 3 different replicates. The
main differences with respect to protocol 1 were the use of non-
concentrated Ag colloids, the additional incubation step at 4 °C and a
higher laser power.

2.6.3. Protocol 3: non-concentrated Ag colloids with deproteinized serum
This protocol [7] involves a de-proteinization step of the serum
sample (via centrifugal filtration), followed by the addition of Ag colloid
(1:9 vol ratio). A Vivaspin® ultrafiltration spin column with a molecular
weight cut-off of 3 kDa (Sartorius) was filled with 500 pL of milliQ water
and then centrifuged for 15 min at a relative centrifugal force of
25,500g. The filtered water was disposed, and the operation was
repeated again for a second centrifugation cycle to eliminate all the
glycerol in the filtration membrane. Serum sample was taken from the
freezer at —30 °C and thawed in the fridge at 4 °C for 40 min, then 200
pL were put inside the spin column and the sample was centrifuged for 2
cycles for 20 min at a relative centrifugal force of 18,300g. Then, 5 pL of
filtered serum were mixed with 45 pL of Ag colloid. The 50 pL mix was
immediately put onto a glass slide covered with aluminium foil and then
with a parafilm layer on top of it. The low wettability of the parafilm
layer ensured a high contact angle between the drop and the substrate,
keeping the liquid from spreading on the slide. The drop was analysed 5
min after it was placed on the slide with a laser power of 180 mW,
setting the integration time to 10 s with 3 accumulations. The spectral
collection was performed after focusing the laser on the top of the drop,
so that Raman bands of the parafilm were not observed. The aggregation
of the nanoparticles could be seen as a colour change in the drop that
turned to a more blueish shading. The analysis was performed in the
centre of 3 different drops (see Supplementary Material: Figure S4) with
5 successive spectra acquisitions for each drop, for a total of 15 spectra.
This protocol is fundamentally different from protocols 1 and 2, as the
analysis is performed on liquid samples, using de-proteinized serum.

2.6.4. Protocol 4: Solid paper substrate with concentrated Ag nanoparticles

This protocol is based on the use of a solid SERS substrate obtained
by the deposition of concentrated Ag nanoparticles on filter paper [8].
36 falcons were filled with 10 mL solution of Ag nanoparticles and
ultracentrifuged at a relative centrifugal force of 3800g for 1 h. 9 mL of
the supernatant contained in each falcon were then discarded to obtain
1 mL of an Ag colloids solution concentrated 10 times. Squared-shaped
1 cm x 1 cm pieces of filter paper with particle retention of 2 pm (VWR-
Avantor) were placed each inside a well in a 24 multi-well plastic plate.
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Then, 3 mL of concentrated Ag colloid were gently piped inside each
well. Subsequently, 62 pL of sodium citrate tribasic 1 M solution were
piped and gently mixed inside each well. The solution turned colour
from dark green to black due to nanoparticle aggregation. The multiwell
was covered in aluminium foil and left to rest for 7 days. Then, the su-
pernatant was removed, and the substrates were left to dry off for 12 h.
Finally, the substrates were taken and stocked for months in milliQ
water inside a multiwell or a Petri dish. Whenever a substrate was
needed for SERS analysis, it was taken out of milliQ water and left to dry
for 20 min above a sheet of blotting paper, then the substrate was cut in
9 smaller squares. In this operation particular attention must be taken in
the manipulation of the substrates that must not fell upside down or
damaged in the central part of the square. Serum sample was taken from
the freezer at —30 °C and thawed in the fridge at 4 °C for 40 min, then 5
pL of the sample were pipetted on the Ag-paper substrate, which was
then transferred onto an aluminium foil covered glass slide and left to
dry for 20 min. Spectra were taken setting laser power to 20 mW,
integration time 10 s with a single accumulation. To address protocol
variability spectra collection was performed in 3 different replicates
with 5 spectra acquisition for each substrate, for a total of 15 spectra (see
Supplementary Material: Figure S5). This protocol is fundamentally
different from the previous ones since it makes use of a solid substrate, in
which Ag nanoparticles are already aggregated before adding the serum
sample.

2.6.5. Protocol 5: Centrifugal silver plasmonic paper (CSPP)

In this protocol [9] a small volume of serum is first added to the edge
of a paper strip, and then the colloidal Ag nanoparticles are deposited on
top of the paper by centrifugation. Filter paper with particle retention of
2 pm (VWR-Avantor) was cut in strips of 1.1 cm x 3 mm. Serum sample
was taken from the freezer at —30 °C and thawed at 4 °C for 40 min, then
2 uL were put on the edge of the strip and left to dry for 4 min. The paper
was then placed inside a 1,5 mL Eppendorf tube with 150 pL of Ag
colloids; the side soaked with serum sample must face toward the bot-
tom of the tube. The sample was centrifuged for 20 min at a relative
centrifugal force of 9700g, and then the strip was gently taken out of the
Eppendorf and left to dry above an aluminium foil-covered glass slide for
25 min. Spectra were then taken at 5 different positions in the paper
surface near the edge of the strip on which previously serum had been
spotted (see Supplementary Material: Figure S6) setting the laser power
to 35 mW, integration time of 10 s with a single accumulation. To
address protocol variability, spectra collection was done on 3 different
paper strips with 5 spectra acquisitions for each substrate, for a total of
15 spectra. The distinctive characteristic of this protocol is that the
addition of the Ag colloid is done on the dried serum on the paper strip.

2.7. Data pre-processing and visualization

All data analysis and visualization were made with the R software
[33], using the "hyperSpec" package [34] to manage spectral data. A
custom import function was used to import raw data (single.txt ASCII
files) into a single hyperSpec S4 object containing all metadata. Spectral
region was cropped for all spectra to 400-1800 cm ', Baselines were
calculated and subtracted for all spectra with the Asymmetric Least
Squares (ALS) algorithm of the baseline() function (package "baseline"
[35]), using the following parameters: lambda = 4, p = 0.005, maxit =
100. Total intensity normalization was obtained by dividing each
spectrum by a factor calculated as sqrt(sum(xiz)), where x; are the in-
tensity values at each data point (vector normalization). PCA was done
using the prcomp() function, centering but not scaling data. Figures were
prepared using base R plotting functions.

3. Results and discussion

SERS spectra of human serum were detected with all the protocols
used (Fig. 1). The obtained spectra were consistent with those reported
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in literature for each protocol, with differences due to different serum
samples, different instruments, and baseline subtraction algorithms.
Spectra from all protocols shared the same fundamental pattern, with
most bands having similar or even identical Raman shifts and compa-
rable relative intensities. This similarity is consistent with the fact that
all spectra were obtained with the same substrate (i.e., citrate-reduced
Ag colloid) and the same extinction wavelength (i.e. 785 nm), the two
main experimental factors influencing the characteristics of SERS
spectra [36]. Since SERS is a surface technique, in a complex mixture
such as serum, the binding affinity for the substrate’s surface is the main
factor determining the SERS features, as the bands of those species with
the highest affinity dominate the spectrum. The relative intensity
pattern of SERS spectra is shaped by both the adsorption geometry and
the difference between excitation wavelength and localised surface
plasmons of the metal substrate [1], both of which are likely very similar
for all the protocols considered in this study. Although the biochemical
interpretation of SERS spectra of serum is still debated, there is a
compelling evidence coming from different research groups that, at least
when Ag substrates are used with a 785 nm excitation (as in all the
protocols considered in this study), most of the bands observed are due
to uric acid [7,37], with minor contributions due to other metabolites
such as hypoxanthine [7,38] and ergothioneine [39].

By looking data in Fig. 2, apparently the most intense spectra were
obtained with protocol 3. However, since laser powers at the sample
were different for each protocol, and overall acquisition times varied as
well, a direct comparison of absolute intensities is problematic. Protocol
3 has the highest laser power at the sample, and an acquisition time that
is longer than protocols 1,4 and 5. Thus, one could object that other
protocols could match the intensity of protocol 3 by simply increasing
the laser power or acquisition time. However, for those protocols the
measurement is performed on a solid sample with a high Ag nano-
particle density (i.e., dried Ag colloids or Ag nanoparticles deposited on
paper), whereas for protocol 3 the measurement is performed on a liquid
sample (i.e., a drop of Ag colloid mixed with de-proteinized serum).
Thus, the use of a higher laser power at the sample or longer acquisition
times for the other protocols is limited by the fact that the sample is more
susceptible to photothermal degradation, as the heat generated by laser
illumination is not dissipated as efficiently as in the liquid phase.

Hence, protocol 3 yielded the most intense spectra also because it
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tolerates higher laser powers and longer acquisition times than other
protocols. Serum de-proteinization was first introduced by our research
group in 2014 [7] when we noticed that the absence of proteins led to
intense SERS spectra immediately after adding metal colloids to the
sample, interpreting this fact as the hindering of hot-spot formation by
the well-known stabilizing effect of protein coronas toward nano-
particles aggregation. The fact that similar SERS spectra could be ob-
tained by prolonged incubation and/or drying by protocols 1 and 2 with
whole serum might be due to several reasons. The stabilizing effect of
proteins might be waning over time, or the increasing salts concentra-
tion upon drying might lead to protein denaturation [40], eventually
resulting in the formation of hot-spots. A detailed understanding of the
changes in the protein corona structure upon drying is lacking, and its
complexity deserves a dedicated investigation, that is, however out of
the scope of this study.

Protocols 2 and 4 seem to be less efficient in terms of absolute in-
tensity. Protocol 2, in particular, yielded spectra with a low signal-to-
noise ratio in spite of having a relatively high laser power (i.e., 100
mW) and acquisition time (30 s). Varying the laser power did not
improve the situation, leading to a lower signal-to-noise ratio (for lower
powers) or to sample photodegradation (for higher powers) (data not
shown). Also, protocol 2 had the most prominent background signal
(Fig. 2A).

When spectra are to be classified in terms of spectral differences
reflecting metabolic differences, repeatability of the relative intensity
pattern (i.e., overall spectral profile) is usually more important than the
repeatability of absolute intensities. Normalized data (Fig. 2C) suggest
that protocol 3 presents the lowest variability in the relative intensity
pattern, followed by protocols 1 and 5.

A more precise and quantitative comparison of repeatability among
the five protocols can be made by looking, for each protocol, at the
Euclidean distance of each spectrum from the “median spectrum”
(Fig. 3). Smaller distance values reflect a smaller spectral variability
calculated over the entire spectrum, confirming that protocol 3 is the
most repeatable, while protocols 2 and 4 are the least repeatable.

A further insight on differences among the five protocols can be
gathered by analysing the results of a Principal Component Analysis
(PCA) in Fig. 4. The scores plot (Fig. 4A) of the two principal compo-
nents (PC) explain 61 % of the variance (i.e., the spectral variability in
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Fig. 2. SERS spectra of serum using protocols 1-5 (each row is a different protocol), as described in Materials and Methods: (A) unprocessed spectra, (B) baseline-
subtracted spectra, (C) baseline subtracted and intensity normalized spectra. For each protocol, 15 spectra are shown as overlaid, semi-transparent lines. Different
intensity scale bars (photon counts) are shown for each set of data on the top right. All spectra were obtained on various Ag substrates, using an excitation at 785 nm.
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the dataset), thus confirming that protocol 3 is the one having least
variability, as opposed to protocols 2 and 4.

The picture is complemented by the information obtained from the
loadings plot (Fig. 4B): the largest variability in the dataset (PC1) is due
to a relative intensity difference between bands of uric acid [7] (at 500,
636, 815, 890 and 1135 em™) and citrate [41] (798, 950, 1024 and
1397 ecm™1), followed by those between hypoxanthine [7,38] (725,
1449 cm_l) and a band at 1650 cm ! (PC2). PC1 scores and loadings are
consistent with the fact that, in protocol 4, a concentrated citrate solu-
tion is added to the colloid to promote nanoparticle aggregation on the
paper support (positive PC1 loadings match SERS bands of citrate);
accordingly, the bands of the other components (mostly uric acid) are
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relatively less intense. PC2 suggests that hypoxanthine bands, matching
negative PC2 loadings, are most intense in spectra obtained using pro-
tocols 2 and 3, whereas a band at 1650 cm ™! is most intense in protocols
1,4 and 5. Data are insufficient to unequivocally determine the origin of
the band at 1650 cm ™. Its Raman shift is suggestive of a protein amide I
band, but the direct SERS detection of amide bands with unmodified
citrate-reduced Ag colloids are usually very weak or not observed
[42-45]. Moreover, in spectra from samples prepared with protocol 2
(where proteins are present) this band is rather weak, and no positive
PC2 loadings are observed where other bands due to protein aromatic
residues (e.g., phenylalanine ring breathing mode) would be expected.
Also, protocol 3, despite being the only one using de-proteinized serum,
has not distinctively different PC1 or PC2 scores (Fig. 4A) from those of
other protocols, suggesting that deproteinization does not play a major
role in explaining spectral differences among protocols.

However, the scores and loadings of PC3 (Figure S8 — Figure S9),
responsible for 19 % of the total variance in the dataset, are suggesting
that protein bands might have a role in explaining differences between
protocol 3 and other protocols: indeed, negative PC3 loadings are closely
resembling Raman spectrum of a protein, and protocol 3 is the one with
the highest PC3 scores. However, since all other protocols involve the
investigation of a dried sample, where protein concentration is very
high, the differences detected by PC3 might be due to the normal Raman
scattering of proteins, rather than SERS. Also, PC3 scores show that
protocol 2 and 3 are at the opposite extremes, while they have both
negative PC2 loadings, indicating that even if negative PC3 loadings can
be interpreted as due to proteins, these are not related to the 1650 cm ™!
positive features in PC2 loadings plot.

On the other hand, some studies report a band around 1650 cm ™ in
SERS spectra of uric acid, whose relative intensity seems to be depen-
dent on experimental conditions such as concentration [46] and elec-
trostatic potential [47]. These data indicate that the overall SERS
intensity pattern of uric acid, as it often happens in SERS, varies
depending on parameters that might influence the adsorption geometry.
Thus, the spectral difference among protocols is depicted by the feature
at 1650 cm ™! in the PC2 loadings plot could also be due to an alternative
adsorption geometry of uric acid induced by different experimental
conditions.
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Fig. 4. (A) Scores and (B) loadings of principal components (PC) 1 and 2 for the whole spectral dataset (i.e., all spectra from all protocols). In the scores plot (A), each
symbol represents one spectrum. In the loadings plot (B), most intense positive and negative values are labelled with the corresponding Raman shift.
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4. Conclusions

This direct, controlled comparison among different protocols for a
direct SERS analysis of serum shows that all protocols lead to compa-
rable spectra, in terms of overall spectral profile, essentially conveying
the same biochemical information. Some protocols (specifically 1, 3 and
5) lead to more repeatable results than others, with protocol 3 being the
one with the highest repeatability and signal-to-noise ratio. Serum de-
proteinization is beneficial because, by allowing SERS spectra to be
rapidly collected from a liquid sample, higher laser powers and acqui-
sition times are well tolerated, and thus spectra with a higher signal-to-
noise ratio can be collected. Moreover, de-proteinization does not lead
to a significant loss of biochemical information. However, de-
proteinization is and additional step, it requires time and also the use
of relatively expensive centrifugal filters, at least for the protocol
considered in this study. Protocol 1 leads to repeatable spectra with a
good signal-to-noise ratio in shorter times, but it requires a colloid
concentration step, and a Raman microscope to selectively collect
measurements from different spots of the coffee ring region of the dried
sample. Protocol 5 is also yielding good results, with the additional
advantage that serum samples can be spotted and dried on paper strips,
and easily stored/shipped before analysis, although it also requires a
centrifugation step for the Ag nanoparticles deposition. Protocol 4 is
fast, as it does not involve centrifugation or incubation steps, and only
requires the deposition of serum on plasmonic paper before measuring.
However, these advantages come at the cost of a lower signal-to-noise
ratio and a lower repeatability with respect to other protocols.
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