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Abstract:

Antineoplastic agents are, for most of them, highly toxic drugs prepared at hospital
following individualized prescription. To protect patients and healthcare workers, it is
important to develop analytical tools able to identify and quantify such drugs on a wide
concentration range. In this context, surface enhanced Raman spectroscopy (SERS) has been
tested as a specific and sensitive technique. Despite the standardization of the nanoparticle
synthesis, a polydispersity of nanoparticles in the suspension and a lack of reproducibility
persist. This study focuses on the development of a new mathematical approach to deal with
this nanoparticle polydispersity and its consequences on SERS signal variability through the
feasibility of 5-fluorouracil (5FU) quantification using silver nanoparticles (AgNPs) and a
handled Raman spectrophotometer. Variability has been maximized by synthetizing six
different batches of AgNPs for an average size of 24.9 nm determined by transmission electron
microscopy, with residual standard deviation of 17.0 %. Regarding low performances of the
standard multivariate data processing, an alternative approach based on the nearest neighbors
were developed to quantify SFU. By this approach, the predictive performance of the SFU
concentration was significantly improved. The mean absolute relative error (MARE) decreased
from 16.8 % with the traditional approach based on PLS regression to 6.30 % with the nearest
neighbors approach (p-value <0.001). This study highlights the importance of developing
mathematics adapted to SERS analysis which could be a step to overcome the spectral
variability in SERS and thus participate in the development of this technique as an analytical
tool in quality control to quantify molecules with good performances, particularly in the

pharmaceutical field.
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Introduction

According to the World Health Organization (WHO), cancer is globally the second
leading cause of death in 2018, and about one in six deaths is due to cancer. Different strategies
are used to treat cancer. The main treatments involve surgery, chemotherapy, immunotherapy,
targeted therapy and/or radiotherapy. Although oral treatments tend to develop, chemotherapy
is mainly administered by injectable route in healthcare settings. Those drugs are individually
prepared in aseptic conditions in specific units, under pharmaceutical supervision in accordance
with the medical prescription. In order to limit toxic effects, antineoplastic drug doses are
adjusted for each patient according to the type of cancer, their weight, body surface area and
clinical condition. Commercialized formulations in the form of freeze-dried powder or high
concentrations of drugs are dissolved and/or diluted with sodium chloride (NaCl 0.9 %) or
glucose 5 % to obtain the appropriate concentration prescribed by physicians. A control has to
be performed on these preparations, in order to guarantee to the patient the right drug at the
right dose and therefore reduce medication errors and their consequences, which can lead to
increased risk of morbidity and mortality. Even if analytical control of individualized cytotoxic
preparations is not required by pharmaceutical regulations, different strategies of control [1]
have been developed to ensure the chemical and physical quality of preparations before
administration to patient. As a non-invasive, non-destructive and rapid technique, Raman
spectroscopy was recently explored to control antineoplastic drug preparations [2—6]. Despite
the optimization of this technique, Raman spectroscopy use remains limited by laser-induced
fluorescence and low Raman sensitivity that limit the analysis of drugs at low concentrations.
Raman spectroscopy was therefore associated to metallic nanoparticles to enhance the spectral
signal of the molecule [7]. This technique known as Surface Enhanced Raman Spectroscopy
(SERS) represents a promising tool to analyze drugs at low concentrations. Although the SERS
theory is still not perfectly understood, two types of contributions are described in the SERS
exaltation [8]: a main contribution independent of the probed molecule due to electromagnetic
phenomena induced by the interaction of the laser with metallic nanoparticles, and a low
contribution due to chemical mechanisms depending on the nature of the molecule that involve
the formation of new molecular states and chemical bonds by direct interaction with the SERS
surface. Various metallic nanostructures are described for producing SERS signal [9,10], they
are called SERS substrates. In recent years, researches have resulted in extremely low detection

limits [11] largely compatible with the analysis of pharmaceutical product. Despite numerous



approaches studied to use SERS in pharmaceutical and medical domain [12], only few studies
reported consistent SERS analysis for the quantification of analyte [13—15]. The limited number
of quantitative studies available reflects the complexity of SERS analysis. Currently, the most
important bottleneck remains the management of signal variability induced mainly by two
phenomena: the difficulty of synthesizing SERS substrates in a reproducible manner and
controlling the contact between the analyte and the SERS substrate. Although optimization of
these steps is possible, it is to be expected that a latent variability still remains. This work is
therefore a feasibility study on the various key points to be mastered in SERS analysis,
specifically on the data processing, in order to minimize the spectral variability, allowing the
quantification of anti-cancer drugs at low concentrations.

In this study, 5-fluorouracil (5FU), one of the main antineoplastic drug used to treat
solid tumors and colorectal carcinoma [16], has been analyzed. It is an antimetabolic drug with
a pyrimidine ring known to respond in Raman spectroscopy and SERS [17]. Previous studies
have established a low limit of quantification (LLOQ) for 5FU in Raman Spectroscopy of
1.47 mg/mL [4] while the low limit of detection (LOD) in SERS has been set at 0.15 ng/mL
using silver doped sol-gel as SERS substrate [18]. To introduce variability in our spectral data,
six consecutive batches of silver nanoparticles in suspension (AgNPs) were prepared and used
without size or shape variability criteria, then an experimental protocol was optimized. Finally,
two data processing methods were employed: a standard multivariate approach by partial least
square (PLS) regression, and a new mathematical approach trying to reduce spectral variability

between batches of AgNPs.



Material and Methods

Chemicals

Silver nitrate (AgNOs, crystal, European Pharmacopeia quality) was obtained from
Cooper (Melun, France). Trisodium citrate dihydrate (CsHsNa3O;, 2H20, European
Pharmacopeia quality, 98 %) was obtained from VWR Chemicals (Leuven, Belgium). Citrate
buffer were prepared with citric acid (C¢HsO7, European Pharmacopeia quality, Merck,
Darmstadt, Germany) and sodium hydroxide (NaOH, European Pharmacopeia quality, VWR
Chemicals, Fontenay-sous-Bois, France). The pharmaceutical formulation of 5-fluorouracil at
50 mg/mL (5FU, PubChem CID: 3385) was obtained from Teva (La Defense, France). Ultra-
pure water was generated from Milli-Q system (Millipore, Bedford, MA, USA). Aqua Regia
used to clean up glassware was obtained by mixing 3 volumes of hydrochloric acid 37 % (HCI,
European Pharmacopeia quality, VWR Chemicals, Fontenay-sous-Bois, France) and 1 volume

of nitric acid 65 % (HNOj3, suprapur, Merck, Darmstadt, Germany).

Silver nanoparticles (AgNPs) synthesis

The AgNPs used for SERS measurements were synthetized according to the modified
Lee and Meisel method [19]. Briefly and each day, 45 mg of AgNOs were dissolved in 250 mL
of ultra-pure water and heated to the boiling point. Then, 2.5 mL of a freshly prepared 2 %
trisodium citrate (w/v) solution, used as a reducing agent, was added to the AgNOs solution at
a flow rate of 2.5 mL/min with vigorous stirring at 500 rpm. The mix solution was left to boil
for one hour while refluxing to obtain AgNPs suspension. Prior to each synthesis, all glass
material was cleaned with aqua regia. Six independent batches of AgNPs were prepared

according to this protocol.

Characterization of AgNPs

The six batches of AgNPs were characterized by three complementary techniques:
transmission electron microscopy (TEM), UV-visible spectroscopy (UV-Vis) and Dynamic
Light Scattering (DLS). Drops of nanoparticle suspensions were deposited onto freshly glow-

discharged carbon-coated Cu grids. Samples were observed with a JEM 2100-Plus microscope



(JEOL, Croissy, France) operating at 200 kV. The electron microscopy images were recorded
with a Rio 16 (Gatan®) camera. The average AgNPs size was calculated with Image] software
based on the measurement of 200 AgNPs for each synthesis, measured on different fields. UV-
visible spectra from 300 nm to 800 nm of the AgNPs suspension were recorded with one cm
path length plastic cells using a Varian Cary 50 UV-Vis (Agilent, Les Ulis, France) and ultra-
pure water as reference sample. AgNPs suspensions were diluted ten times with ultrapure water
before analysis. Based on UV-Vis spectra, the maximum wavelength (Amax) and the full width
half maximum (FWHM) were determined to characterize the size of the nanoparticles and their
dispersion respectively. The hydrodynamic diameter of particles was determined at 25°C by
DLS using a Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) operating at fixed
scattering angle at 90°. Measurements were performed in disposable 4 mL cuvettes with 1 cm
optical pathway and four optical faces (Sarstedt, Marnay, France) containing an appropriate
volume (1 mL) of sample.

The mean results were expressed by the 95 % confidence interval (CI95) and the

residual standard deviation (RSD).

Sample preparation before SERS analysis

SERS signal enhancement was first optimized. The pH of the SFU commercialized
solution used is around 9.0. At this pH, the SFU is negatively charged as well as AgNPs due to
citrate at their surface [20]. At pH 9.0, repulsion between SFU and AgNPs occurs. To promote
interactions between SFU and AgNPs, pH was lowered to make the SFU neutral and promote
AgNPs aggregation. Three different pH values (pH 3.0, 4.0 and 6.0) close to the pKa of citrate
were tested for a SFU solution at 1 mg/mL. Citrate buffer was chosen to avoid adding new
chemical specie to the mixture. The maximal SERS signal enhancement was obtained for a
buffered pH of 6.0.

The SFU solutions were prepared by diluting the stock solution in ultra-pure water to
obtain solutions from 1 to 50 pg/mL. SERS samples were prepared by adding 100 pL of SFU
solution to 500 pL of freshly prepared AgNPs suspension and vigorously shaking for five
seconds. Then, 50 uL of 12.5 mM citrate buffer at pH 6.0 were added to the mixture and stirred
for 5 seconds. The same operator prepared a total of six series of SERS samples, one set per

day for six days.



RS and SERS measurements

Spectra were acquired using the handled Metrohm Instant Raman Analyzer (MIRA,
Metrohm, France) equipped with a 785 nm diode generating a maximum of 75 mW on the
sample. Analyses were performed using the vial module at a focal length of 0.85 mm using the
orbital raster scan (ORS) system. SERS signals were acquired from 400 cm™ to 2,300 cm™! with
a spectral resolution between 12 cm™ to 14 cm™!. Samples were analyzed in glass vials in
triplicate. SERS spectra were acquired after § minutes of contact time in order to stabilize SERS
signal. The acquisition time was 3 sec with 3 accumulations.

The enhancement of the Raman intensity was estimated by the enhancement factor
(EF) [21]. EF is defined by the equation (1) and equates to the ratio of intensities obtained with
SERS and Raman conditions corrected by the concentrations. EF was calculated under the same
SR and SERS experimental conditions for SFU at 50 mg/mL for RS acquisition and 5 pg/mL
for SERS acquisition.

I C.
EF = sers/ Csers )

IRS/CRS

Quantitative analysis

Partial Least Squares regression

In order to develop a quantitative model to predict the SFU concentration in SERS
analysis, a multivariate linear approach based on PLS regression was first explored as the
standard method largely used in spectral data processing. PLS consists in constructing the
regression model as presented in equation (2), were Y is the response matrix (i.e.

concentrations), X a matrix of predictors, B a matrix of coefficients and E a residual matrix.
Y=XB+E )

The objective is to construct new variables, called latent variables (LVs), which are
linear combinations of initial variables that contain most of the variability and that best correlate
these new variables to the response being studied. This technique is particularly appreciated for

the processing of spectral data because it allows to get rid of collinearity phenomena and to



quickly and concisely visualize the most important spectral areas, i.e. those which have the

most weight in the construction of the model.

According to European Medicines Agency (EMA)[22] all the data were divided into
two distinct datasets: a calibration dataset to construct the model and to find the regression
coefficients and then a validation dataset for calculation of predictive performance. To illustrate
the impact of the AgNPs batches on the predictive performance, different calibration datasets
were consecutively constructed with SERS intensities from five batches of AgNPs, the
intensities from the last batch serving as validation dataset. In order to construct calibration
model with the maximum of robustness and to choose the appropriate number of LVs, a k-fold
cross validation were used and consisting to extract randomly k groups of ten spectra from the
calibration dataset as a test set to calculated root mean square error of cross validation
(RMSECV). A permutation test was then applied to choose the right number of LVs such as

none difference between two consecutive RMSECYV was calculated.

Non-linear regression

Because variability in response across batches of AgNPs was expected, an alternative
approach was explored. The objective was to find the function f which best fitted the SERS
intensities for different concentrations of SFU and different wavenumbers.

Let yipe be the intensity for the it" series, the 7" concentration of 5FU cj, the

£ repetition and the £ wavenumber. Then, the regression model writes
Viine = f(cjr0i0) + €ijne (3)

where 6, a vector of parameters and e;;4, the residual error. Regarding the large

concentration range investigated, the following nonlinear regression based on a sigmoidal

model was selected (equation (4).

N (A — Siz)
“ 71+ exp(—vyp (log(c) — 74))

f(C, 942{’) = 54; (4)

Here, 0,, = (S, Air, Tip, YVie), for each series 4 and each wavenumber €. The residual
errors e,;4, are assumed to be independent and to follow a Gaussian distribution

eine ~ N(0,0%)



where

o7 =ai + b, f(c,0;0)* (5)

Maximum Likelihood Estimation (MLE) was used with the training dataset to estimate
the parameters of the model for each batch. Once the parameters estimated, an inverse problem
has to be solved in order to determine the concentration of a new sample on the basis of
experimental acquisition y;*®". For each series i, the estimated concentration ¢; minimizes the

weighted quadratic error:
L

@)=y (y il 10 9“’)> (6)

0,
=1 it

¢, = Argmine;(c)

Because of the important experimental variability between batches of AgNPs, only the
series 4 of the training dataset which is the closest from the new acquisition is selected and used
for estimating the unknown concentration. In other words, the estimated concentration is
¢ = ¢; where 2 = Argmin e;(¢;).

A total of 432 spectra were acquired and used to develop quantitative models. For both
models, different pre-treatments were evaluated to improve SERS spectral data such as standard
normal variate (SNV), normalization by a specific band, first and second derivatives. To
evaluate the predictive performance of the proposed method, the relative error (ER) and the

mean absolute relative error (MARE) were calculated using N test series

N
1 ¢; — i
MARE = — —_— (7)
N, Cj
1=1
where ¢; is the estimated concentration and c¢; the nominal concentration. The

coefficient of determination R? was also calculated, where R is the linear correlation between
nominal and predictive concentrations. Finally, to compare both approaches, a statistical test
based on variance analysis (ANOVA) were applied with alpha equal to 0.05. All analyses were
made with R 3.6.1 software (R Foundation for Statistical Computing).



Results and discussion

Characterization of AgNPs

A total of six batches of AgNPs suspensions were synthetized and characterized.

UV-Vis spectra presented on the Fig.1 have shown important spectral differences
between batches with a decrease of the maximal absorbance intensity and an increase of
FWHM. The measure of Amax= 421 nm [CI95: 411-431 nm], FWHM = 127 nm [CI95: 99-
156 nm] and of maximum of absorbance with a RSD of 18.9 % confirmed these differences.
DLS analyses have shown for the six batches a polydispersity index of 0.56 that is characteristic
of inhomogeneous AgNPs size. The average hydrodynamic diameter was equal to 41.20 nm
[CI95: 33.80 — 48.60 nm] with RSD =17.2 %.

Secondly samples were analyzed by TEM. TEM images (Fig.2) showed a majority of
spherical AgNPs but also demonstrated the heterogeneous particles size and shape of AgNPs
suspensions with nanorods or nanofilaments. The average size of AgNPs determined for
spherical nanoparticles was 24.9 nm [CI95: 20.9 — 28.9 nm] (RSD 17.0 %). The repartition of
size between the six AgNPs batches is represented in the Fig.2 and confirmed conclusions from
UV-Vis and DLS about the variability of AgNPs from one batch to another.

TEM can be considered as the gold standard method of characterization because it is
possible to directly observe the size and the shape of nanoparticles. It should be considered as
the most accurate method to estimate the size of AgNPs. However, TEM could only visualize
a tiny fraction of the suspension and cannot be used easily because it requires a specific platform
with sophisticated materials and specialized workers. UV-Vis and DLS are faster and easier to
use but don’t give a direct measurement of size and shape. Even so, they can be used to reveal
the quality of a synthesis and to compare different batches of AgNPs. UV-Vis allowed to see
graphically the quality of synthesis through the thickness of maximum absorbance peak and the
value of Amax. It can also be used to confirm Nps aggregation by following the shift of maximum
absorption wavelength. DLS can approximate the size by the calculation of hydrodynamic
diameter for spherical nanoparticles, which is always an overestimation of the real size. The
higher AgNPs diameter found in DLS can be explained by the heterogeneity in shape of
nanoparticles for which the apparent diameter can be much higher than the real diameter;

furthermore, the hydrodynamic diameter is always an overestimation of the real one.
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Nevertheless, the RSD measured with DLS is close from this measured with the UV-Vis
maximum of absorbance. By monitoring these indicators, this study confirms the difficulty of
producing AgNPs of controlled sizes and shapes by this synthesis method despite same

conditions of preparation and respect of a rigorous protocol.

Description of the SERS signal

In accordance with Farquharson [23] the SERS spectrum of SFU presented in Fig. 3 is
dominated by few peaks characteristic of the SFU molecule assigned to the pyrimidine ring
breathing mode at 786 cm!, the trigonal ring plus C-F stretching mode at 828 ¢cm™, the ring
stretching mode at 1270 cm™!, the trigonal ring plus C-H stretching mode at 1339 cm™!, the ring
plus N-H wagging mode at 1400 cm™! and the C=O0 stretching mode at 1667 cm™.

The comparison of SERS and Raman spectra for the SFU at 5 pg/mL and 50 mg/mL
respectively (Fig.3) has shown significant difference in intensities with a maximal enhancement
factor observed around 10* for the strongest band at 786 cm™!, corresponding to the stretching
vibration of the pyrimidine ring breathing that confirmed the interaction between SFU and
AgNPs. In addition to signal enhancement, a displacement of the Raman shift has been observed
suggesting conformational changes of the molecule during interaction. This statement
associated with shift of the band position (shift of 16 cm™ in comparison to RS spectrum
described by Farquharson) suggested a strong interaction of the pyrimidine group with AgNPs.

The optimization of experimental conditions, in particular thanks to the choice of a pH
allowing the analyte and the nanoparticles to be brought closer together [24], has enabled us to
reach an enhancement factor of more than 10*. This EF should be considered as an indicator of
the amplification capacity of the Raman intensity of SFU by colloidal suspension of AgNPs at
pH of 6, keeping in mind that it can change from one wavenumber to another or from one

concentration to another as it had been demonstrated by Ricci and al. [11].

Quantitative model

The best models were obtained for SERS data corrected by Asymmetric Least Square
correction (ALS) [25] and normalized by the intensity of the citrate peak at 950 cm™ which is

present in all samples at constant concentration. Consequently, all SERS spectra were first
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corrected by these pretreatments for both approaches. An example of SERS spectra obtained

with the first batch of AgNPs is represented on Fig.4.

PLS model

The PLS regression was optimized by a permutation algorithm based on the evolution
of the RMSECYV calculated with the calibration dataset. As an example, for batches B2 to B6
used as calibration dataset, the best model was obtained for 7 latent variables, which
corresponded to a RMSECYV of 3.640 pg/mL. The first latent variable explained 96.9 % of the
total variability and seemed to be linked to the SFU concentration. As shown in Fig.5 this first
latent variable is well representative of the SFU SERS signal comparing with mean SERS
spectra of SFU at 20 pg/mL for each batch. Based on this model, a MARE of 16.8 % was
obtained for a R? of 0.9377 between theorical and predicted concentration. The correlation

curve is represented on the Fig.6.

Non-linear regression

Based on the method previously proposed (Material and methods/Quantitative
analysis/Non-linear regression), the mean absolute relative error has significantly decreased to
6.30 % (p-value < 0.001) for a R? of 0.9790 between theorical and predicted concentration. The

correlation curve is displayed Fig.6.

The comparison of prediction quality through calculation of relative error between
mathematical models (Fig.7) highlights that the new model is more accurate specifically on the
extreme concentrations. The comparison of the prediction capacities by synthesis has shown
that, for both models, syntheses S4 and S6 had the most important error.

Results show an important variability of ER regarding to AgNPs batches, probably
induced by the lack of reproducibility of synthesis. This finding seems to link the AgNPs
polydispersity to the quality of concentration prediction from one synthesis to another due to a
lack of reproducibility of enhancement signal. Polydispersity and experimental conditions can
lead to changing the excitation plasmon wavelength or the condition of aggregation [26] to
reach such excitation wavelength, compatible with the wavelength of the laser used to acquire
SERS spectra i.e. 785 nm here. This impact on the variability is directly highlighted in the PLS
model where all batches were used to construct the calibration model. Despite the development
of a new mathematical approach, the error of prediction still remained higher for the batches

with the most polydisperse AgNPs i.e. S4 and S6. It would be interesting to set standard
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specifications from indicators previously described (specially UV-Vis and DLS) to assert the
quality of a synthesis before being used in SERS analysis, but also to accumulate more data,
especially on the repetition of SERS experiments for a synthesis at a given concentration to

highlight the predictive quality of a synthesis.

Conclusion

According to this study, we investigated the surface enhanced Raman scattering using a
handheld Raman spectrometer at 785 nm and silver colloidal nanoparticles for the
quantification of SFU in aqueous solution at concentrations a thousand time lower than the low
limit of quantification of SFU with RS. The spectral variability involved by variability of
AgNPs from one batch to another and its consequence on prediction have been highlighted. If
an improvement of the synthesis reproducibility is possible, the investigation of new
mathematical approach taking into account the spectral variability induced by different
synthesis of AgNPs seems very convenient for the development of quantitative model in SERS.
Further investigations should be conducted to improve prediction performances, specifically by
acquiring more experimental data from new AgNPs batches and by applying selection criteria
on the quality of batches in terms of size and shape of AgNPs Other synthesis methods as
radiolysis will be also investigated in order to control more precisely the size and the

polydispersity of nanoparticles.
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Fig. 1: UV-Vis spectra of the six silver nanoparticle batches.
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Fig. 2: Repartition of the size associated with transmission electronical microscopy images of the six silver nanoparticle
suspensions. The dash line represents the mean size.
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Fig. 3: The (a) Raman spectrum of 5-fluorouracil at 50 mg/mL (blue line) and (b) SERS spectrum (orange line) of 5-fluorouracil
at 5 pg/mL after interaction with AgNPs and chemical structure of 5-fluorouracil (AgNPs : silver nanoparticles, SERS : surface
enhanced Raman scattering). A pretreatment by asymmetric least square had been done for both spectra. Stars representing
Raman shift from 5-fluorouracil, rings representing Raman shift from citrate.

19



Concentration
f (hg/mL)
| e
6 — 10
— 20
— 25

— 50

IS

Intensity (AU)

500 1000 1500 2000
Raman shift (cm™)

Fig. 4: The SERS spectra of 5-fluorouracil from 5 to 50 pg/mL obtained by interaction with AgNPs of the first colloidal
suspension after ALS baseline correction and normalization by the 950 cm™ band (9.
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Figure 5: Similarities between the first latent variable (A) and the mean SERS spectra of 5-fluorouracil at a concentration of

20 pg/mL for the six nanoparticle batches (B)
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