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Abstract

Surface Enhanced Raman Scattering (SERS) spectroscopy is a rapid and innovative analysis
technique involving metallic nanoparticles (NPs). The interaction between NPs and
norepinephrine gives an exaltation of the Raman signal under certain experimental conditions.
The control of the signal exaltation, crucial for sensitive analyses, remains one of the main
limitations of this technique. The aim of this work is to optimize the exaltation conditions for
an optimal SERS signal at two concentrations of norepinephrine (NOR) and spherical gold
NPs in suspension. This first work will fix the optimal experimental conditions essential for

the development of robust discriminant and quantitative analysis of catecholamine.
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Two complete 3-factors 3-levels experiment designs were performed at 20 pg.mL™! and 100
ug.mL! norepinephrine concentrations, each experiment being repeated 3 times. The
optimization factors were the process of synthesis (variation of the quantity of gold and citrate
used for the three synthesis SA, SB and SC) and HCI1 (0.3 M, 0.5 M, 0.7 M) as well as the
volume ratio of NPs and norepinephrine (0.5, 2, 3.5) for SERS acquisition. Spectral
acquisitions were performed with a handheld Raman spectrometer with an excitation source at
785 nm. For each sample, 31 acquisitions were realized during 3seconds every 8 seconds. The
optimization parameter was the intensity of the characteristic band of norepinephrine at 1280
cm,
A total of 5,042 spectra were acquired and the pre-treatment selected for all spectra was
asymmetric least square combined to a smoothing of Savistsky Golay (ALS — SG). The
optimal contact time between norepinephrine and NPs depends on the experimental
conditions and was determined for each experiment according to the mean intensity between
the three replicates. After interpretation of the experimental designs, the optimal conditions
retained were the quantity of gold corresponding to SA and the HCI concentration 0.7 M for
the two concentrations of norepinephrine. Indeed, the optimal volume ratio depend on the

NOR concentration.

Key words: Chemometric analyses, SERS spectroscopy, Experimental optimization,

Experimental by design, Gold nanoparticles
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Rational approach by experimental design to fix optimized experimental parameters in
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Importance of controlling aggregation conditions to control SERS signal reproducibility

Different optimized conditions in function of the analyte concentration



1. Introduction

Development of innovative analysis techniques enabling the dosage of drugs is a necessity in
a hospital setting. Firstly, the objective is to ensure quality control of injectable preparations
to guarantee to patients the right drug (identification) at the right dose (quantification),
specifically for the most toxic drugs such as chemotherapy. Secondly, analytical methods are
used in precise medicine for therapeutic drug monitoring (TDM) to determine the biological
concentration of drugs. TDM is particularly suitable for drugs with a narrow therapeutic
range. It enables the blood concentration of the drug to be measured to determine whether the
drug is effective without being toxic and thus to adjust the dosage of drug to the patient.
These issues require specific analysis techniques that cover a wide range of concentrations
(mg.L'! for quality control; ug.L"! to ng.L'! for TDM or environmental contamination).
Raman spectroscopy appears as a good answer to identify and quantify drugs. Several studies
have shown the feasibility of quantifying drugs by Raman spectroscopy after sampling [1,2]
or directly through a plastic bag [3]. But, despite the quantitative and discriminative capacities
of the technique, the lack of sensitivity of the Raman spectroscopy does not answer all

quantification needs and particularly for low concentrations.

The use of Surface enhanced Raman Scattering (SERS) spectroscopy increases in
pharmaceutical applications [4]. SERS is a potentially ultra-fast and cost-effective analytical
method requiring a very small sample. SERS is an attractive technique for pharmaceutical
applications compared with Raman spectroscopy because SERS measurements typically
involve enhancing the Raman signal of an analyte upon adsorption on the surface of a metal
nanoparticle. The excitation of local surface plasmons by the incident monochromatic light
can lead to Raman enhancement factors ranging from 104 to 1011 in some specific
applications [5-7]. SERS is also attractive compared with chromatographic methods since
quantitative drug analysis can potentially be performed quickly and with high molecular

selectivity.

An important exaltation of the Raman signal is observed when the substrate is in contact with
the molecule of interest [8]. This technique has been widely developed for the detection of
chemical compounds in many fields such as cosmetics [9], drugs quantification in biologic

fluids [10-12] or in the food industry for the detection of chemical substances [13—15]. In



pharmaceutical sciences, SERS is used for the control of impurities or the concentration of

active ingredient in finished medicines [16,17].

The main drawback to the development of this technique for quantitative applications remains
the low reproducibility of the exaltation. Indeed, few of these different studies used several
batches [16] of nanoparticles or SERS support or repeated SERS experiment to improve the
feasibility (the repeatability, the control of interaction and the robustness) of SERS to be used

in quantification.

Another work about the quantification of 5-Fluorouracil by SERS with several batches of
silver nanoparticles (NPs) [18] showed the lack of reproducibility of the SERS signal to
develop a quantitative model and the importance of controlling the aggregation mechanism
and the interaction between NPs and the analyte to develop a robust quantitative model.
Moreover, a performant and predictive quantitative model based on a complex mathematic
model was developed to overcome the lack of reproducibility and minimize the synthesis

variability.

Consequently, to improve the SERS technique, it is required to determine the various
parameters influencing changes on the stability over time and intensity of the SERS signal of

colloidal suspensions.

The aim of this study was to assess the usefulness of a DoE approach to optimize the intensity
and the stability of the SERS signal to develop robust quantitative models for molecules of

therapeutic interest.

The work was based on the study of the interaction between norepinephrine and gold
nanoparticles (AuNPs) and the aggregation of AuNPs to obtain the most important
enhancement of SERS signal. To reach this objective two conditions are necessary: first, the
reproducibility of the synthesis process and second, the control of environmental parameters
for the interaction between the AuNPs and the analyte. Moreover, to compare the aggregation
conditions depending on analyte concentration, the study was realized for two norepinephrine
concentrations at 20 and 100 ug.mL™'. To show that optimal parameters of exaltation was not
dependent of the analyte concentration, two full factorial designs with three factors of
optimization were realized: the synthesis of gold nanoparticles to obtain three concentrations

of nanoparticles, the ratio of volume Vuc/Vnp, and the concentration of aggregate agent to



obtain the most important enhancement of SERS signal with a good stability of signal over

time.

2. Material and methods

2.1. Chemicals and reagents

Synthesis of gold nanoparticles (AuNPs) was performed with potassium tetrachloroaurate
(KAuCly, purity > 98%) obtained from Sigma-Aldricht (Saint — Louis, USA) and trisodium
citrate dihydrate (CsHsNazO7, 2H>O, 98%) obtained from VWR chemicals (Leuven,
Belgium). Solutions of aggregating agents were prepared from hydrochloric acid 1.0 M (HCI,
European Pharmacopoeia quality) obtained from VWR chemicals. The commercial
norepinephrine (NOR, Figure 1) solution at 2 mg.mL"' was acquired from Mylan (Paris,
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 Pharmacopoeia quality, VWR chemicals) and 1

volume of nitric acid 65 % (HNO3, suprapur, Merck, Darmstadt, Germany).

OH
HO

NH
HO 2

Fig. 1 : Norepinephrine molecule

2.2.  Gold nanoparticles synthesis

Colloidal suspensions of AuNPs were synthetized by a reduction of gold adding citrate as a

reductant and stabilizing agent following the Turkevich method [19] according to



standardized and reproducible experimental protocols. Briefly, KAuCls was diluted in 100
mL of ultra-pure water and heated to 140°C with stirring at 900 rpm with a stir bare until the
boiling point. Then, 4 mL of citrate solution was rapidly added, the mix solution was
maintained at 140°C for 15 minutes. Prior to each synthesis, all glass materials were cleaned

with aqua regia. All suspensions were kept away from the light and at + 4°C.

To evaluate the influence of KAuCl, introduced on the synthetized nanoparticles, increasing
quantities of KAuCly and citrate at 1%, 2% or 3% introduced were evaluated using a constant

citrate/gold molar ratio fixed at 5.2 (tablel).

Table 1 : Gold nanoparticles synthesis conditions and characterization of the three AuNPs suspension SA, SB and SC

Protocols SA SB SC
KAuCl; (mg) 11.2 22.4 33.6
Citrate (%) 1.0 2.0 3.0

Size UV-vis (nm) 18.9 13.8 12.7

Size TEM (nm) 18.7 15.0 13.2

Size DLS (nm) 225 18.2 16.9
Conc UV-vis (number of NPs 3.2 x10° 8.8 x10° 14.0 x10°
/mL)

PDI 0.097 0.174 0.223

2.3.  Characterization of AuNps

In order to evaluate the nanoparticles size and the polydispersity of the suspension,
nanoparticles colloidal suspensions were characterized by transmission electronic microscopy

(TEM), UV visible spectroscopy (UV — vis) and Dynamic Ligth Scattering (DLS).

A 1:4 diluted suspension of AuNPs was analyzed by UV — visible spectra from 300 to 900
nm. The measurements were performed in a 1 cm plastic cell using a Varian Cary 50 UV —
visible (Agilent, Les Ulis, France). The maximum wavelength (Imax) and the absorbance at
450 nm (A4s0) were acquired to characterize the sizes of AuNPs and their concentrations

respectively (eq.1 and eq.2 [20]).



Equation 1 : Equation to calculate the size of AuNPs with UV-vis spectra. B is a constant equal to 3, Aspr corresponding to

the maximal absorbance, A4so to the absorbance at 450 nm and C is a constant equal to 2.20.

. Aspr
Size(nm) = exp(Bx —— — ()
A450

Equation 2 : Equation to calculate the number of AuNPs with UV-vis spectra. Aspr corresponding to the maximal absorbance,

Ausp to the absorbance at 450 nm and d the diameter of NPs.

Ayso x 1014

N =
_ 2
d2[—0.295 + 1.36 exp <— iy >]

78.2

The hydrodynamic diameter and the polydispersity index (PDI) of AuNPs was measured at
25°C by DLS using a Zetasizer Nano ZS 90 (Malvern Instrument, England). 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
AuNPs size was calculated using the ImageJ software based on the measurement of 100

AuNPs for each suspension, measured on different fields.

2.4. Design of Experiment (DoE)

In order to optimize SERS conditions to analyze norepinephrine using gold nanoparticles
suspensions, two designs of experiments including a Box-Behnken and a full factorial design
were tested. Experiments were performed for two concentrations of norepinephrine at 20 and
100 pg.mL"'. DoE were calculated and interpreted using JMP trial 15.1.10. Each factorial
design was built for 3 factors at 3 levels (table 2).

Using the Box-Behnken design, a total of 12 experiments were realized with three repetitions
for central point (12 experiments + 3 central points). Using the full factorial design, a total of
81 experiments were performed and each experiment was randomly repeated 3 times (27

experiments x 3 repetitions). For both DoE, the optimization criterion was the intensity at



1280 cm! corresponding to the most intensive band of NOR [21]. The objective was to

maximize the intensity at 1280 cm™.

To obtain an enhancement of the signal, it was important to control the aggregation between
AuNPs and the analyte. For this purpose, the two DoE implicating three factors directly
implicated in aggregation process: the AuNPs quantities, the HCI concentration and the ratio
between AuNPs and analyte volumes. The HCI was added with a constant volume of 10 uL

for each experiment.

Table 2 : Factors and levels used for the box-Behnken and the full factorial DoE

Level -1 Level 0 Level 1
giliesi;’("’:;%l; Om]lio)r 11.2 (SA) 22.4 (SB) 33.6 (SC)
Concentration  HCI | 0.3 0.5 0.7
(M)

Ratio Vyps / Vnor 0.5 2 3.5
(200 L /400 uL) (400 uL / 200 uL) (465 L / 135 uL)

To validate the DoE, several criteria must be verified such as variance analysis, the curve
predicted intensity vs observed intensity and the aspect of residuals (normality, homoscedastic

repartitions, low values).

2.5. Sample preparation and SERS measurement

SERS measurements were realized with a handheld Raman MIRA M-1 (Methrom® Instant
Raman Analyser, France). The excitation source was a 785 nm single-mode diode laser
generating a maximum of 75 mW on the sample. Analyses were conducted using the lens
module at a focal distance of 8 mm with the orbital raster scan (ORS) system. Using ORS
system, a tightly focused laser beam scans circularly the sample which contributes to increase
the interrogative area on the samplearea. This provides high intensity of spectrum while
maintaining high spectral resolution which is particularly interesting for the analysis of
elements at low concentration. The spectral region studied was 400-2,300 cm™ with a spectral

resolution from 12 to 14 cm™.



NOR commercial solution at 2 mg.mL"! was diluted in ultra-pure water at 100 ug.mL™! and 20
ugmL!. SERS experiments were randomly prepared and analyzed according to the
experimental designs presented in section 2.4. For each experiment, AuNPs and NOR were
first mixed in a glass vial for 5 seconds and then 10 uL of HCI was added to the mixed
solution and vortexed for 5 seconds. SERS spectra were immediately acquired after
preparation. SERS signal were measured from O to 4 min every 8 seconds using 3 seconds of

acquisition time. A total of 31 SERS spectra for each sample were collected.

2.6. Data analysis

Before analysis of DoE, spectral analysis and data analysis were performed with the software
RStudio®: R Core Team (2020) (R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria), version 1.2.5042. Several
pretreatments and a combination of pretreatments as asymmetric Least Square (ALS) were
used to correct the baseline, standard Normal Variation (SNV) to correct the additive and

multiplicative effect and smoothing of Savitsky Golay (SG) to reduce noise.

The same pretreatment was applied to all SERS spectra acquired for the two DoE. For all
experiments, one spectrum over the 31 spectra acquired was selected to interpret the DoE.
The contact time was optimized for the highest intensity at 1280 cm™ with a good coefficient
of variation between repetitions of one experiment. The selected responses were then

incorporated into DoE.

3. Results

3.1. Characterization of AuNPs

A total of three suspensions of AuNPs (SA, SB and SC) was synthetized following the
protocols previously described. The characteristics of the three AuNPs suspensions
determined by UV-vis, DLS and TEM are presented in the table 1. UV-visible spectra
presented in figure 2 showed for each AuNPs suspension a maximum absorption between 519

nm and 521 nm (mean = 517.7 nm) with a residual standard deviation of 0.18%.



UV spectra of AuNPs
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Fig. 2 : UV-visible spectra of the different AuNPs suspension

For the three suspensions of AuNPs, low polydispersity index (PDI < 0.3) was calculated in
favor of a low polydispersity of NPs within the suspensions. Diameters estimated with DLS
were hydrodynamic diameters of AuNPs, so they were higher than diameters calculated with
UV-visible spectra and TEM. The TEM allowed to view the aspect of NPs and to estimate the
size considering many nanoparticles. Figure 3 shows the pictures of the AuNPs for each
suspension; they were spherical with low polydispersity. As reported to table 1, size of

AuNPs decrease from 18,9 nm to 12,7 nm with amount of gold.
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Fig. 3 : TEM images of gold nanoparticles in suspension synthetized according to the three protocols (SA, SB and SC)
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3.2. SERS spectra description

A total of 5,042 spectra were acquired (2,511 spectra for each design of experiments). The 31
acquisitions over the time showed an evolution of the SERS signal on time as shown in figure
4 A. The pretreatment with the best spectra correction (effect and baseline) was ALS with a
smoothing of Savitsky-Golay to reduce the noise and to correct the baseline (figure 4 B). All

spectra were corrected with the same pretreatment.

-------- Characteristic band of
Citrate
-------- Characteristic band of Norepinephrine

Raman intensity
w

1500
Raman shift cm-1

Raman intensity

500
Raman shift cm-1

Fig. 4 : SERS spectra of Norepinephrine for the first experiment (levels SB -HCI 0.7 M — Ratio 0.5) of the DoE A) without
pretreatment and B) after pretreatment by ALS - SG

As presented in figure 4, characteristic Raman shifts of citrate and norepinephrine were
identified [22—-24] : an intense band at 1280 cm™ corresponding to the stretching C-O, a band
at 1425 cm’! characteristic of the bound C-N and a band at 1593 cm’! corresponding to the
stretching C-C of NOR. The peaks identified were known in several studies. One study was
published by Munro et al. about the characterization of citrate on silver nanoparticles in SERS
[25] and allowed to identify the principal band at 1417 cm™ corresponding to a carboxylate
symmetric stretching (ns COO °). Another study published by Takenaka [26] allowed to
identify a peak around 1530 cm™ which matches with antisymmetric stretching COO -

vibrations.
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3.3. SERS contact time

For each experiment, an important influence of the contact time on SERS signal was
observed. Figure 5 shows the evolution of the signal for the most intensive band at 1280 cm’!
for three experiments of the full factorial DoE and suggests different kinetics of interaction
between AulNPs and NOR. These different kinetics were classified as stable aggregation (Fig.
5A), evolutive aggregation (Fig. 5B) or sedimentation of AuNPs (Fig. 5C). Indeed, an
increase of the signal intensity was assimilated to an aggregation of AuNPs and an
improvement of the interaction between AuNPs and NOR. A decrease of intensity over time
was related to a sedimentation phenomenon of AuNPs. Figure 5 A was assimilated to an
aggregation of AuNPs whereas Figure 5 C was associated to a sedimentation of AuNPs.
Figure 5 B was related to low aggregate phenomena with an increase of the intensity and then

a decrease until sedimentation of the AuNPs-NOR aggregate.

This result shows that the control of AuNPs aggregation and AuNPs/NOR interaction is
complex to reproduce whereas it is an essential element to control in the perspective of a

quantitative analysis.
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Fig. 5 : Evolution of the SERS signal over the time for three the repetition (R1, R2, R3) of three different experiments. A-
Experiment levels SB — HCI concentration 0.3 M — Ratio 2. B — Experiment levels SA — HCI concentration 0.3 M — Ratio 2.
C — Experiment levels SC — HCI 0.7 M — Ratio 3.5. The blue dotted lines represented the time selected for the analysis of
DoE.

3.4. DoE analysis

For the Box-Behnken analysis, outliers were not removed because there are no repetitions for
the experiment. For the full factorial design, evolution of the SERS signal over the time for
the three repetitions was not reproducible: if one repetition of one experiment had a different
evolution from the other repetition of the same experiment, the repetition was considered as

an outlier and was removed for the full factorial analysis.

As previously observed, various evolution of the SERS signal over the time were observed
among the conditions of the DoE. To determine the optimal condition of aggregation for each
condition, we selected the time with the maximal mean intensity at 1280 cm™! as represented

fig. 5.

3.4.1. Box-behnken design analysis

First, a Box-Behnken design analysis was evaluated.For the first concentration at 100 pg.mL
!, the DoE was validated with a correlation coefficient at 0.96 and a variance analysis
significant (p-value = 0.00069). On contrast, the DoE for the concentration at 20 ug.mL"' was
not significant (p-value = 0.39). As the objective of the study was to determine the optimal
conditions for analysis over a concentration range of 20 to 100 pg.mL", the Box-Behnken

design was not retained and a full factorial design was preferred.

3.4.2. Full factorial design analysis

Using a full factorial design, the DoE was validated for the two concentrations (Table 6). The
correlation coefficient (R?) between predicted and observed values was 0,82 and 0,76 for the
DoE at 20 ug.mL"! and 100 pg.mL"! respectively, which reveals a good prediction of the
developed model, specifically for SERS measurements. Indeed, there are many sources of

uncontrolled or unknown signal variability, which may lead to a lack of linearity and fit
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between observed and predicted responses by the model. The residuals were also
homoscedastic, low and had a normal distribution. The variance analysis (ANOVA) for these
DoE was significant (p-value < 0,05): the model error was lowest than the residual error as

shown in the table 3.

Table 3 : Table of ANOVA for the two DoE

Intensity 1280 cm™ at 100 ug.mL"!

Degrees of freedom Medium square Fexp p-value
Model 7 4.89E+07
26.49 <0.0001
Error 57 1.85E+06
Total 64

Intensity 1280 cm™ at 20 pg.mL"!

Model 7 3.09E+07

15.0681 < 0.0001
Error 54 2.05E+06
Total 61

The most significant effects in these two DoE were the quantity of AuNPs and the interaction
between the quantity of AuNPs and the volume ratio and between the quantity of AuNPs and
the concentration of HCI. The two recapitulative tables for all effects are presented in table 4

and 5.

Table 4: Summary table of effect for DoE at 20 pg.mL"! (* = significant effect)

Terme Estimation Erreur standard t ratio Prob. > |{|
Constant 5894.33 184.14 32.01 <0.0001%*
Quantity of gold NPs -1927.82 224.65 -8.58  <0.0001*
HCI concentration 669.38 220.88 3.03  0.0037*
Ratio -590.83 223.53 -2.64  0.0107*
Quantity of gold NPs*HCI -79.19 280.13 -0.28  0.78
Quantity of gold NPs*Ratio -615.20 264.26 -2.33  0.024*

14



HCl*Ratio ‘ 320.04 264.02 121  0.23

Quantity of gold NPs *HCI[*Ratio | -21.06 323.44 -0.07 095

Table 5 : Summary table of effect for DoE at 100 pg.mL"' (* = significant effect)
Terme Estimation Standard error tratio Prob. > |{|
Constant 10378.21  175.282 59.21 <0.0001*
Quantity of gold NPs -2268.415 211.57 -10.72  <0.0001*
HCI concentration -59.86645  213.0975 -0.28  0.78
Ratio -292.7717  208.822 -1.40  0.17
Quantity of gold NPs *HCI -1170.13  263.2111 445  <0.0001*
Quantity of gold NPs *Ratio -1370.023  265.6268 -5.16  <0.0001*
HCI*Ratio -801.7732  260.0053 -3.08  0.0031*
Quantity of gold NPs *HCI*Ratio | 323.5982  337.0268 096 034

The best response for the DoE at 100 pg.mL™! was obtained for SA (level -1), HCl 0.7 M

(level +1), and a ratio of 3.5 (level +1) as shown by the surface responses shown in figure 6 a.

In contrast, the maximization of the SERS signal enhancement obtained at 20 pg.mL™"! was

shown on response surfaces (figure 6 b) and corresponded to SA (level -1), HC1 0.7 M (level

+1), and a ratio of 0,5 (Ievel -1).
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Fig. 6 : Responses surfaces for the two DoE — Conditions: Synthesis SB — HCI concentration 0.5 M — Ratio 2.0

Finally, optimal conditions depended on the analyte concentration. For the range 20 — 100

ug.mL !, the optimal conditions were the synthesis SA and the concentration of HCI at 0.7 M.

The ratio could be added function of the concentration.

4. Discussion

This work showed an original approach using DoE to optimize SERS analysis. In order to
obtain a SERS signal, the control the experimental conditions and thus of aggregation is
essential to optimise the signal enhancement. Due to the wild sources of variability in the
aggregation parameters such as nanoparticle nature, size or concentration, aggregation agent
nature or concentration, analyte concentration and volume ratio between the analyte and the
NPs solution, the use of a DoE is essential. To limit the number of experiments in this work,
only three optimization factors were considered since the nature and size of the AuNPs and
the nature of the aggregating agent were fixed. The work focused on the most important

factors for aggregation: the ratio Ves / VNor, the HCI concentration and the gold amout by
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synthesis. Two DoE at two extreme concentrations showed that the optimal conditions varied

depending on the NOR concentration and showing its role in the aggretation process.

Despite the interest of the DoE to optimize experimental conditions of SERS analysis, this
approach was particularly difficult to perform because aggregation conditions depended on
optimization parameters. Regarding results, the concentration of AuNPs in suspension
probably has a small impact on the SERS intensity comparatively to AuNPs size which was
significantly different between the 3 protocols. Since the size decreased with the
augmentation of the gold / citrate ratio, the concentration of AuNPs in the suspensions
increased (27). To improve the aggregation between the AuNPs and the analyte, an
optimization on the size of AuNPs could be realized. The second parameter evaluated by the
DoE, the ratio between the volume of AuNPs and the volume of analyte in the sample, also
had a small impact on the aggregation and the SERS signal. The last parameter was the HCI
concentration which promotes aggregation between nanoparticles and NOR. This parameter is
important to control because an excess of HCI leads to a rapid sedimentation and a loss of the
SERS intensity, in particular with high concentration of AuNPs. Despite the impact of the
contact time between AuNPs and the analyte, this parameter was not integrated as factor in
the DoE due to the difficulty to select three levels. Thus, SERS signal was acquired from O to
4 min every 8 seconds, 31 SERS spectra were acquired per sample and all times were
considered to optimize the contact time. In order to simplify the interpretation of the DoE, one
time was selected for each SERS experiment based on the most intensive mean intensity at

1280 cm™.

In addition to promoting aggregation, the data analysis and more particularly data processing
such as pretreatment and outliers’ identification constitute one of the main elements to
interpret SERS spectra and DoE. The objective after preprocessing is to obtain for one
experimental condition a stable evolution of SERS signal over time which corresponds to
stable aggregation conditions, developing a quantitative model. Several conditions are
necessary: the reproducibility of AuNPs synthesis, the control of aggregation conditions
(limitation of saturation phenomenon or sedimentation phenomenon), a good pre-processing

of SERS spectra and the withdrawal of outliers before the development of the model.
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Finally, to have a SERS detection, the interaction between the NPs and the drug has to be
maximal and therefore, the aggregation has to be controlled. This work was based on the
optimization of SERS experimental conditions and thus, on the aggregation phenomenon. To
obtain a good enhancement of the signal for all samples, robust aggregation is required.
Moreover, the study shows that optimal condition varies with the concentration of the drug
and therefore, the usefulness of optimizing experimental conditions prior to quantitative

analyses according to the concentration range.

5. Conclusion

This study highlights the use of DoE as a powerful tool to optimize SERS signal and SERS
sample preparation. The objective of this work was to determine the optimal conditions of
analysis in SERS spectroscopy to obtain the most intense enhancement and the optimal
experimental conditions to construct quantitative models. Optimal conditions were
determined at 20 pg.mL"' and 100 pg.mL"' in order to consider quantification over this
concentration range. To determine these conditions, several conditions such as reproducibility
of the synthesis of gold nanoparticle suspensions, optimization of the aggregation of gold

nanoparticles and interaction with norepinephrine are necessary.

This article is thus a first indispensable work to define optimized experimental parameters to
reduce SERS signal variability and promote sensibility. Indeed, this study shows the
usefulness of a prior optimization of SERS experimental conditions before starting

quantitative analyses.
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