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Abstract

In this study, an antiretroviral drug emtricitabine (also known as FTC or

Emtriva) was detected and quantified down to 40 ng/ml by using surface-

enhanced Raman spectroscopy (SERS). Its aqueous standards were tested with

two types of silver nanoparticles (colloidal and dendritic) using a specially

developed aluminum well plate. The SERS spectra were acquired using a

Raman scanning device with 30-μm spatial resolution. The spectral data were

analyzed using a new approach for the discrimination of the spatially acquired

spectra based on the Quality index (Qi). After the Qi is calculated, the spectral

data are sorted based on the Qi. This is followed by selecting only the spectra

with a high Qi index and comparing the average of all the spatially acquired

spectra. This results in an improvement in the spectral signal-to-noise and

higher analytical sensitivity of the built calibration curves.

KEYWORD S

antiretroviral drug, emtricitabine, scanning Raman device, surface-enhanced Raman
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1 | INTRODUCTION

Human immunodeficiency virus (HIV) is still at the fore-
front of scientific interest. Despite many years of medical
research and progress, no effective therapy is available.
The number of people suffering from HIV was 38.4 mil-
lion, and 1.5 million became newly infected in 2021.1,2

Currently, the only available antiretroviral therapy is
based on HIV drugs treatment.3–5

There are a total of seven classes of HIV drugs, and
emtricitabine (as well as, e.g., HIV drugs lamivudine,
tenofovir disoproxil, or tenofovir alafenamide fumarate)

belongs to the class of Nucleoside reverse transcriptase
inhibitors.4–6

Emtricitabine, commonly abbreviated as FTC, is a
synthetic nucleoside analog with activity against human
immunodeficiency virus type 1 (HIV-1) reverse transcrip-
tase. Emtricitabine is the (�) enantiomer of a thio-analog
of cytidine, whose chemical name is 5- fluoro-1-(2R,5S)-
[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cytosine, and it is
typically prescribed in addition to other antiviral drug or
drugs for antiretroviral therapy to both treat and prevent
HIV-1 infection.7,8 Adherence to daily pill intake is criti-
cal to the success of the therapy but also for preventing
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the emergence of difficult-to-treat resistant viral
mutants.2 Objective measures of adherence are therefore
an important clinical tool to ensure success in the treat-
ment and prevention of the disease but represent a gap in
the field.9,10 The ultimate goal of our work is to develop a
point-of-care test for the detection and quantification of
antiviral drugs such as emtricitabine in biological
matrices.

Surface-enhanced Raman spectroscopy (SERS) tech-
niques have been applied to pharmaceutical detection
and quantification due to their great analytical
sensitivity.11–14 For example, SERS sensors using Au sub-
strates deposited on glass supports, developed by Zanchi
et al.15 in 2020, allowed the detection of the antiepileptic
drug Perampanel. Also, a detection method by SERS for
low concentrations of the antibiotic drug penicillin G has
also been developed and more.16–23 In literature, the lead-
ing methods of detection and quantification of emtricita-
bine with respect to therapeutic drug monitoring include
UPLC, HPLC, and LC-MS/MS.24–26 A communication
published in 2022 proposed optimized HPLC conditions
for the identification of emtricitabine and tenofovir,
active compounds for analysis in quality control laborato-
ries.27 Because of its ability to generate unique vibrational
signatures specific to individual molecules while only
using a small sample volume, SERS offers an alternative
approach to detect emtricitabine and other HIV drugs
with specificity and at low quantifiable detection limits.

However, the use of colloids to generate SERS
imposes limitations on detection, as the surface concen-
tration is in equilibrium with the solution concentration
as dictated by the relevant isotherm. Alternatively, the
ability to evaporate a colloidal solution to dryness offers
the ability to dramatically enhance the quantifiable
detection limit by eliminating the solution phase of the
analyte and maximizing surface adsorption and hence
the resulting SERS signal.28,29 Unfortunately, this always
results in an extremely large degree of spatial heterogene-
ity with respect to the SERS enhancement. The result is a
high degree of irreproducibility, which is dependent on
both laser sampling and substrate preparation. One way
around this is to prepare highly ordered SERS substrate
surfaces in an effort to maximize homogeneity upon sam-
ple evaporation.30,31 Unfortunately, these substrates are
expensive and difficult to prepare and/or have limited
lifetimes. This contrasts with silver colloids, which are
inexpensive and simple to prepare (they are typically syn-
thesized by reduction of silver nitrate with sodium cit-
rate, sodium borohydride, EDTA, or by hydroxylamine
hydrochloride).32–35

In this work, we use emtricitabine as our model HIV
drug, along with two types of silver nanoparticles. Sus-
pensions containing aqueous standards of emtricitabine

mixed or deposited on the SERS-active silver nanoparti-
cles are evaporated to dryness on an aluminum well
plate, which exhibits no background signal interference.
Although the resulting SERS substrate is highly hetero-
geneous, we show that the combination of the spatially
resolved spectral acquisition, along with simple statisti-
cal analysis, allows for reproducible results with out-
standing limits of quantitation and dramatic
enhancement in analytical sensitivity. The introduced
methodology in combination with the Raman scanning
device could be easily applied to structurally similar
molecules or drugs.

2 | EXPERIMENTAL

2.1 | Materials and instrumentation

Hydroxylamine hydrochloride (NH2OH�HCl), hydroxyl-
amine (NH2OH), silver nitrate (AgNO3), NaOH, and
emtricitabine certified secondary pharmaceutical stan-
dard were purchased from Sigma-Aldrich. HPLC grade
methanol was purchased from Fisher Scientific, and per-
chloric acid (HClO4) was purchased from J.T. Baker.
Milli-Q water (>18.0 MΩ�cm�1) was obtained by purify-
ing deionized water using a Millipore Milli-Q gradient
system.

A Wasatch Photonics 785 nm Raman spectrometer
with single-stage TEC cooled CCD detector was used for
acquisition of all spectra presented in the preceding sec-
tions. The scanning device includes a Wasatch Raman
Spectrometer attached to an XY Stage and was used for
the acquisition of spatially resolved spectra (the scheme
of the instrument was previously published).36 In a typi-
cal experiment, samples are placed in each of the 40 wells
of the 5 � 8 aluminum well-plate (manufactured from
1,100-grade aluminum) placed in the computer-
controlled scanning device and scanned utilizing soft-
ware written using National Instruments Labview. For
each sample well, the laser is scanned in the square raster
pattern, which consists of a series of x-axis line scans that
are separated by 354 μm. The spectra are collected at a
constant scan velocity 37 μm/s with a fixed spectral inte-
gration time 800 ms, laser power 15 mw, and spatial reso-
lution Rx 30 μm. The total acquisition time per sample
well is 24.5 min, resulting in a total of 1,806 collected
spectra from one sample well.

The aluminum well plate was cleaned by soaking in
50 ml of 1 M NaOH for 2 min, rinsed with deionized
water, soaked in a fresh 50 ml of 1 M NaOH solution for
2 min again, rinsed with deionized water, and placed in a
fume hood until dried. Next, two drops of HClO4 were
deposited in each well and left to sit for 6 min, followed
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by rinsing the plate with deionized water and placing it
in a fume hood until dried.

SEM imaging was performed using Phenom™ XL G2
Desktop SEM. All micrographs are back-scattered sec-
ondary electron (BSE) images taken at an accelerating
voltage of 30 kV. A Scientific Evolution 201 UV-Visible
Spectrophotometer was used to characterize Ag colloidal
nanoparticles.

2.2 | Synthesis of Ag nanoparticles

Prior to synthesis, all glassware was cleaned with aqua-
regia, rinsed with deionized water, and then rinsed with
Milli-Q water.

The synthesis of Ag colloidal nanoparticles was per-
formed following the procedure as described by Leopold
and Lendl.33 Briefly, 0.3 ml of 1 M NaOH was added to
90 ml of 1.6�10�3 M NH2OH�HCl. This mixture was stir-
red on a magnetic stirrer whose speed of rotation was set
to 360 rpm. A 10 ml volume of 1�10�2 M AgNO3 was then
added dropwise. The synthesis was stirred for 45 min to
completion. The UV-Visible spectrum and SEM images
of the Ag colloidal nanoparticles are shown in Figure S1.

The synthesis of Ag dendrites nanoparticles was
adapted from Butler et al.37 The reaction vessel was rest-
ing on a submerged compressed air driven magnetic stir-
rer with a regulated pressure in a thermally stabilized
water bath at 25.6�C. Forty milliliters of Milli-Q-water
(after the temperature was equilibrated) was mixed with
2 ml of 100 mM AgNO3, followed by dropwise addition
of 2 ml of 200 mM NH2OH. The reaction mixture was let
stirring for 15 min. Then, the excess solvent was removed
from the reaction solution and replaced by 10 ml of
methanol as a washing solvent and sonicated for 5 min.
After centrifuging it for 5 min at 3,000 rpm and 25�C, the
supernatant was removed, replaced by 10 ml of metha-
nol, vortexed for 30 s, and then centrifuged again. This
cleaning process was done three times. Finally, the den-
dritic nanoparticles were resuspended in 10 ml of metha-
nol (SEM images of the synthesis are displayed in
Figure S2).

2.3 | Preparation and deposition of the
samples for the experiments on
the aluminum well-plates

Seven samples and a blank of emtricitabine with different
concentrations were prepared (500, 400, 300, 200,
100, 50, and 40 ng/ml) by dissolving powder emtricita-
bine certified secondary pharmaceutical standard in
Milli-Q-water. Next, 55 μl of analyte was added to 55 μl

Ag nanoparticle solution and vortexed for 3 s. This mix-
ture was then incubated for 1 h in the absence of light.
Finally, 20 μl of this reaction solution was deposited in a
well on the plate and allowed to evaporate to dryness in
the fume hood. Each concentration was deposited in five
wells (an entire column). The deposition diagram is dis-
played in Table S1.

During the deposition of analyte using Ag dendrites
nanoparticles, the aluminum well plate was placed on a
hot plate set to 40�C, and 20 μl of Ag dendrites nanoparti-
cles solution (sonicated for 3 s prior to deposition) was
deposited in each well and allowed them to dry. Seven
samples and a blank of emtricitabine with different con-
centrations were prepared (100,000, 10,000, 2,000, 1,000,
500, 100, and 50 ng/ml). First, 5 μl of methanol was
deposited in the well followed by a deposition of 5 μl of
the analyte and allowed to dry in a fume hood. Each con-
centration was deposited in five wells (an entire column).
The deposition diagram is displayed in Table S9.

2.4 | Data analysis

Since a large spectral dataset was acquired (a total of
1,806 spectra were acquired for each well) with an
extreme degree of heterogeneity in spectral signal-
to-noise across each concentration ranging from no
emtricitabine signal for a significant majority of spectra
to extremely high emtricitabine signal-to-noise for a
small minority of spectra, a figure-of-merit or Quality
index (Qi) was calculated (see Equation (1)) and assigned
to each spectrum in order to rank the spectral data.

Qi¼ 1
2nþ1

Xpþn

j¼p�n
Ij�

Xb1þn

j¼b1�n
Ij

� � Xpþn

j¼p�n
Ij�

Xb2þn

j¼b2�n
Ij

� �� �

Q¼þR, if
X

Ij�
X

Ij
� �

<0 0
n o

ð1Þ

In Equation (1), p is the position of the peak selected
for Qi, b1 is a peak baseline position on one side of the
peak, b2 is a peak baseline position on the opposing side
of the peak, j is a spectral cm�1 index, Ij is the SERS
intensity at index j, and 2n + 1 is the number of
j positions averaged (typically 3–5).

Although the exact definition of Qi is not critical
(e.g., in this case, it is simply based on the most intense
emtricitabine peak intensity with dual baseline correction
and 2n + 1-point intensity averaging, but it could easily
be expanded to multiple peaks or simplified to a single
point-baseline), it is important that it reflects intensity
correlated with emtricitabine enhancement and not just
raw intensity, since several spatial positions give rise to

HRNCIROVA ET AL. 3
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high intensity backgrounds due to the background signal.
Due to the automated calculation and assignment of the
Qi, the process is very fast. This approach is also univer-
sal for any large spectral data set since an arbitrary peak,
or peaks could be chosen for the Qi analysis and was pre-
viously published.37

3 | RESULTS AND DISCUSSION

3.1 | Data obtained by using Ag colloidal
nanoparticles

For the spectral data acquired by using Ag colloidal
nanoparticles, the peak of emtricitabine at 794 cm�1 was
chosen for the Qi data analysis as the most prominent
peak even for the low concentrations without any back-
ground interferences.

An efficient way to observe the extreme heterogeneity
of spectral data of one concentration (9,030 individual
spectra) is to create a histogram using all spectral data by
plotting the count of spectra with certain Qi values. A his-
togram of this type is shown in Figure 1A using all spatial
positions for the 500 ng/ml concentration wells. As
observed, the majority of spectra have low values of the
Qi, which means negligible SERS emtricitabine enhance-
ment. Indicated on the histogram are the inner quartile
distribution (centered not far from Qi = 0) and the top
10%, 5%, and 2% distributions as a function of Qi. The
extreme concavity of all the distributions is clearly indica-
tive of a power law distribution. In the 2% distribution
(Figure 1A inset), all included spectra correspond to

those with very high signal-to-noise ratios. Additional
histograms using all spatial positions for the 400, 300,
200, 100, 50, and 40 ng/ml concentrations wells are
shown in Figures S3–S8.

A second type of histogram was constructed,
Figure 1B, but this time, only the top 100 Qi-ranked spec-
tra from each well, with a selected concentration, were
included. In this case, the power law of the distribution
does not appear until slightly inside of the quartile distri-
bution with the top 10%, 5%, and 2% of the distribution
occurring at the tailing of the power law (i.e., with no fur-
ther evidence of significant distribution order in those
ranges). These later ranges represent the range of the

FIGURE 1 Histograms displaying the spectra count with specific Qi values calculated using (A) all and (B) the top 100 Qi-ranked

spatially acquired spectra for the wells at a concentration of 500 ng/ml of emtricitabine using Ag colloidal nanoparticles. The inner quartile,

the top 10%, 5%, and 2% distributions based on the Qi, is highlighted. For clarity, the inset enlarges the 2% distribution.

FIGURE 2 The average spectrum from five replicates for each

measured concentration of emtricitabine was obtained using all

spatially acquired spectra by using Ag colloidal nanoparticles

(measured at the excitation wavelength with λexc = 785 nm and a

laser power of 15 mW).

4 HRNCIROVA ET AL.
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most intense SERS enhancement hotspots, and as can be
seen, these ranges also represent the greatest enhance-
ment variance. Indeed, the top 2% distribution accounts
for only 10 samples yet exhibits the widest distribution
within the Qi range per sample. These results indicate
that although the greatest signal-to-noise ratio is clearly
represented by the higher ranges, these ranges also
exhibit the greatest variance in signal. Histograms using
only the top 100 Qi-ranked spectra from each well for the
400, 300, 200, 100, 50, and 40 ng/ml concentrations wells
are shown in Figures S9–S14.

Figure 2 displays the average of spatially acquired
spectra as a function of the emtricitabine concentration.
Each spectrum represents an average of all spatially
acquired spectra (for a given concentration). The spectra
for concentrations 100, 50, 40 ng/ml and blank are indi-
vidually shown in Figures S15–S18 for clarity.

The nature of the spectral background is a conse-
quence of residual impurities from the synthesis and fluo-
rescence. However, for the building of the calibration
curves presented in the following text, only the height of
the peak at 794 cm�1 (or the peak at 786 cm�1, when the
Ag dendrites nanoparticles were used) relative to
the baseline was utilized.

In comparison, Figure 3 represents spectra as a
function of emtricitabine concentration using the spe-
cial discrimination based on the Qi. First, only the top
100 Qi-ranked spectra from each well were selected.
Since five wells were utilized for each well, each spec-
trum in Figure 3 shows an average of 500 spectra. The
spectra for concentrations 100, 50, 40 ng/ml and blank
are individually shown in Figures S19–S22. The

elimination of spectra from spatial positions that do
not contain significant emtricitabine SERS intensity, as
indicated by ranked Qi, was further applied.
Figures S23–S26 show spectra representing the top 10%,
5%, 2%, and inner-quartile Qi distributions from the
100 highest Qi ranked spectra for each well. As clearly
observed in Figure 3, and as intuitively expected, the
elimination of spectra from spatial positions that do
not contain significant emtricitabine SERS intensity, as
represented by ranked Qi, results in a significant
increase of signal-to-noise at all concentrations, result-
ing in a prominent improvement in the detection limit
and in the calibration curves in term of the spread of
values for each concentration replicate, as shown in
the following text.

A series of calibration curves was constructed with
varying degrees of spatially resolved spectral discrimina-
tion. For all these plots, the concentration is plotted
against the baseline corrected intensity of the emtricita-
bine peak at 794 cm�1, and error bars are included show-
ing the standard deviation of the average spectral
intensity of the 794 cm�1 peak in each of the five concen-
tration wells, along with a data point showing the mean
result for the wells. Here, the calibration plot built using
all spatially acquired spectra (from Figure 2) and calibra-
tion curve using only the top 100 Qi-ranked spatially
acquired spectra from each well (from Figure 3) are com-
pared and shown in Figure 4A,B, respectively. The cali-
bration curves constructed using the top 10%, 5%, 2%,
and inner-quartile Qi distributions of spectra out of the
top 100 Qi-ranked spatially acquired spectra are given in
Figures S27–S36, and Tables S2–S7 summarized the
details about the linear regression.

As can be observed when comparing the results in
Figure 4A,B, spatial discrimination based on the Qi
results in an improved separation between concentration
classes. At low concentrations (insets for both figures),
there is a significant improvement in analytical sensitiv-
ity (i.e., the slope of the curve) while maintaining a supe-
rior separation in classes, especially when compared to
the blank. This is indicative of the significant improve-
ment in signal-to-noise being accomplished without a
substantial increase in variance among the individual
spectra. Relative to the top 100 distribution, the top 10%
distribution is comparable, while the inner quartile, the
5% and 2% distributions show a slight degradation in cali-
bration performance. All data sets follow polynomial
function (order 3). Nevertheless, there is a noticeable lin-
ear trend in the region of the higher concentrations (500–
200 ng/ml) and in the region of the lower concentrations
(100–0 ng/ml). These two regions were individually fitted
with the linear regression to effectively compare the ana-
lytical sensitivity between the two regions and across the

FIGURE 3 The average spectrum from five replicates for each

measured concentration of emtricitabine was obtained using the

top 100 highest Qi-ranked spatially acquired spectra from each well

by using Ag colloidal nanoparticles (measured at the excitation

wavelength with λexc = 785 nm and a laser power of 15 mW).

HRNCIROVA ET AL. 5
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different Qi-spatial discrimination methods (see Table S8
for details about the linear regression).

Also included in Table S8 are the relative standard
deviations (RSD) of each concentration for each discrim-
ination method. By comparing both the slopes and the
RSD values of the methods in the two concentration
ranges, the spatial discrimination using the Qi results in
a dramatic enhancement of the analytical sensitivity
(>5�), while also improving the precision reflected by
the RSD values. The best selection in terms of the analyt-
ical sensitivity is the 2% from the top 100 Qi-ranked spa-
tially acquired data, for the higher concentration range,
and the 5% from the top 100 Qi-ranked spatially
acquired data, for the lower concentration range. Over-
all, the higher concentration range shows improvement
when comparing all data and the top 100 Qi-ranked spa-
tially acquired data. A slight increase of the RSD values
could be seen when comparing the top 100 Qi-ranked
spatially acquired data to the top 10%, 5%, and 2% out of
the 100 Qi-ranked spatially acquired data. The lower
concentration range shows improvement when compar-
ing all data and the top 100 Qi-ranked spatially acquired
data, but in case of the top 10%, 5%, and 2% from the
100-Qi ranked spatially acquired data, the RSD values
increase and, for the 10% and 5%, are even higher than
for all data. Looking at the individual RSD values for
40 ng/ml, as the limit of quantification using Ag colloi-
dal nanoparticles, they increased, but then, they dropped
down when the 2% out of the 100 Qi-ranked spatially
acquired data are selected. Despite the improvement of
the RSD values with a different selection, the RSD values
remain around a similar value, which points out at a
good reproducibility, and it is consistent with the spheri-
cal nature of the nanoparticles and their efficient

packing distribution upon the evaporation in the alumi-
num wells.

The results displayed to this point are all based on the
use of the Ag colloidal nanoparticles with spherical shape
and with a uniform size distribution (as reflected in
Figure S1). The spherical nature of these particles and
their uniform size distribution are expected to result in
similar and efficient packing distributions upon the evap-
oration in the aluminum wells, which, in turn, is
expected to result in a more uniform distribution in hot-
spots. In the following section, these results are compared
to those obtained using the Ag dendrites nanoparticles,
which are expected to have a more heterogeneous distri-
bution due to their geometries.

3.2 | Data obtained by using Ag
dendrites nanoparticles

For the spectral data acquired using Ag dendrites nano-
particles, the peak of emtricitabine at 786 cm�1 was cho-
sen for the Qi data analysis as the most prominent peak,
even for the low concentrations without any background
interferences (the comparison of spectra obtained using
Ag colloidal and dendritic nanoparticles, with
highlighted position of the peak at 794 and 786 cm�1, is
displayed in Figure S37).

The histogram, plotting the count of spatially
acquired spectra with certain Qi values for a concentra-
tion of emtricitabine 100,000 ng/ml, is shown in
Figure 5A. The most of the spatially acquired spectra
have a negligible emtricitabine enhancement. Shown in
the histogram are the inner quartile distribution (cen-
tered not far from Qi = 0) and the top 10%, 5%, and 2%

FIGURE 4 Calibration curves constructed based on the peak height at 794 cm�1 relative to the baseline calculated from the spectrum

obtained using (A) all data and (B) the top 100 Qi-ranked spatially acquired data from each well. Error bars represent the standard deviation

from each replicate. The calibration curves were fitted with a polynomial function of order 3 (a red line). Different segments of the data sets

were fitted with a linear regression (blue dashed lines). The details about fits are summarized in Table S8.
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distributions as a function of the Qi. The extreme concav-
ity of all the distributions is clearly indicative of a power
law distribution. For the 2% distribution (Figure 5A
inset), all the included spectra are in consistency with
those with very high signal-to-noise ratios. Histograms
using all spatially acquired spectra for concentrations of
10,000, 2,000, 1,000, and 500 ng/ml of emtricitabine are
shown in Figures S38–S41. The histogram in Figure 5B is
based on the top 100 Qi-ranked spatially acquired spectra
from each well with concentration of emtricitabine
100,000 ng/ml. The trend of a power law of the distribu-
tion is slightly observable while passing the inner quartile
distribution. Histograms using the top 100 Qi-ranked

spectra from each well with concentrations 10,000, 2,000,
1,000 and 500 ng/ml are shown in Figures S42–S45.

Both histograms demonstrate the extreme heteroge-
neity of the individual spectra, which is in agreement
with findings from the data analysis of experiments with
Ag colloidal nanoparticles. Looking at the top 2% of the
distribution, which represents the best SERS enhance-
ment, the spread of the Qi values is extremely large.
Selecting the spectra with the high Qi values, the signal-
to-noise ratios are greater as well as the fluctuation of the
signal. With the selection of the spectra with high Qi
values, both the signal-to-noise ratios and the fluctuation
of the signal increase.

FIGURE 5 Histograms displaying the spectra count with specific Qi values calculated using (A) all and (B) the top 100 Qi-ranked

spatially acquired spectra for the wells at a concentration of 100,000 ng/ml of emtricitabine using Ag dendrites nanoparticles. The inner

quartile, the top 10%, 5%, and 2% distributions based on the Qi, are highlighted. For clarity, the inset enlarges the 2% distribution.

FIGURE 6 The average spectrum from five replicates for each

measured concentration of emtricitabine was obtained using all

spatially acquired spectra by using Ag dendrites nanoparticles

(measured at the excitation wavelength with λexc = 785 nm and a

laser power of 15 mW).

FIGURE 7 The average spectrum from five replicates for each

measured concentration of emtricitabine was obtained using the

top 100 highest Qi-ranked spatially acquired spectra from each well

by using Ag dendrites nanoparticles (measured at the excitation

wavelength with λexc = 785 nm and a laser power of 15 mW).
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Figure 6 shows the average of spatially acquired spectra
as a function of the emtricitabine concentration. Each spec-
trum represents an average of all spatially acquired spectra
for a given concentration. The spectra for concentrations
2,000, 1,000, 500, 100, and 50 ng/ml and blank are individ-
ually shown in Figures S46–S51 for clarity. As distinct from
the use of Ag colloidal nanoparticles, the most intense
emtricitabine peak at 786 cm�1 is prominent only down to
concentration 500 ng/ml. For the concentrations below
(i.e., 100 and 50 ng/ml), the peak is not clearly discerned
from the blank. The extreme degree of heterogeneity of the
spectral signal-to-noise is even more significant while using
Ag dendrites nanoparticles and the need to select SERS
spectra with high enhancement is even greater.

Contrary to this, Figure 7 shows spectra obtained by
the spatial discrimination based on the Qi, where the top
100 Qi-ranked spatially acquired spectra from each well
were included. The elimination of spectra from spatial
positions that do not contain significant emtricitabine
intensity, as represented by ranked Qi, results in a nota-
ble increase of signal to noise for most of the concentra-
tions. This is consistent with the observations made using
Ag colloidal nanoparticles. Nevertheless, the 786 cm�1

peak is only evident at 500 ng/ml concentrations, while
for the lowest concentrations (i.e., 100 and 50 ng/ml), the
spectra are comparable to blank. The individual spectra
for 2,000, 1,000, 500, 100, and 50 ng/ml and blank are dis-
played in Figures S52–S57. Some spots were excluded
due to the background highly influenced the intensity of
the 786 cm�1 peak. Figures S58–S60 show spectra repre-
senting the top 10%, 5%, and 2% Qi distributions from the
100 highest Qi-ranked spectra for each well. The band
assignment of the emtricitabine peaks with Ag colloidal
and dendrites nanoparticles is summarized in Table S11.

The data sets using Ag dendrites nanoparticles were
analyzed using the same approach as was used for Ag
colloidal nanoparticles. Figure 8A shows a calibration
curve built based on all, and Figure 8B the top 100 Qi-
ranked spatially acquired data from each well. The cali-
bration curves constructed using the top 10%, 5%, and
2% data of the top of 100 Qi-ranked data from each
well are displayed in Figure S61–S63. For all calibration
plots, error bars are included, showing the standard
deviation of the average spectral intensity of the peak
at 786 cm�1 in each of the five concentration wells
along with a data point showing the mean result for
the wells.

All calibration curves follow a very linear fit (R2

greater than 0.99). In contrast, the error bars are almost
overlapping in all the curves, despite the greater differ-
ences of the concentrations compared to the data sets
shown in the previous section of the paper using Ag col-
loidal nanoparticles. In comparison to them, the Ag den-
drites nanoparticles have a lower analytical sensitivity.
However, in all cases, the use of the spatial discrimina-
tion results in a dramatic improvement in the analytical
sensitivity (see Table S10). In the case of the Ag dendrites
nanoparticles, the greater analytical sensitivity results in
the elimination of the concentration error bar overlap for
most instances, but the top 100 Qi-ranked discrimination
represents the best overall compromise for the Ag den-
drites nanoparticles.

4 | CONCLUSIONS

In this study, the data analysis approach using the Qual-
ity index (Qi) as a tool for sorting spatially acquired

FIGURE 8 Calibration curves constructed based on the peak height at 786 cm�1 relative to the baseline calculated from the spectrum

obtained using (A) all data and (B) the top 100 Qi-ranked spatially acquired data from each well. Error bars represent the standard deviation

from each replicate. The calibration curves were fitted with a linear regression (blue dashed lines). The details about the fits are summarized

in Table S10. The red points represent the values for 100 and 50 ng/ml, which were masked and there are not included in the linear fit.

8 HRNCIROVA ET AL.
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spectra based on the intensity of the selected peak was
introduced with the antiretroviral drug emtricitabine as
the testing molecule, and its SERS spectral data sets were
acquired by using two different silver nanoparticles: col-
loidal and dendritic. As could be expected, by the elimi-
nation of spectra from spatial positions that do not
contain significant emtricitabine SERS intensity, results
in a significant increase of signal to noise for most of the
concentrations as well as a dramatic improvement of
the slope of the calibration curves and therefore the ana-
lytical sensitivity (by >5�) for both used nanoparticles.
Nevertheless, the main advantage of this approach,
which combines the collection of a large spectral dataset
by using fully automatized PC-controlled scanning
device and employing the Qi, represent a very cheap,
easy, and time effective data analysis, which could be
applied to a wide range of analytes by changing only a
few parameters (e.g., the selection of a peak for Qi
calculations).

Although in the current application, the scanning of
each well involves the collection of large amounts
of spectral data, with the use of the described low-cost
scanning instrumentation, it is easy to implement a
method that pre-scans wells at lower integration time
and returns to hotspots for longer integration time analy-
sis, thus providing faster analysis times along with higher
signal-to-noise spectra.

The developed methodology followed by the data
selection methods also lays the groundwork for applica-
tions with structurally similar molecules or drugs.38

Moreover, part of the methodology and the data analysis
process are currently being tested for the development of
a clinically relevant assay using a simple matrix separa-
tion methodology to objectively the measure drug
adherence.
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