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Abstract 12 

Surface-enhanced Raman scattering (SERS) is a vibrational widely used technique thanks to its 13 

multiple advantages such as its high specificity and sensitivity. The Raman signal exaltation 14 

comes from the use of metallic nanoparticles (Nps) acting as antennas by amplifying the Raman 15 

scattering. Controlling the Nps synthesis is a major point for the implementation of SERS in 16 

routine analysis and especially in quantitative applications. Effectively, nature, size and shape 17 

of these Nps considerably influence the SERS response intensity and repeatability. The Lee-18 

Meisel protocol is the most common synthesis route used by the SERS community due to the 19 

low cost, rapidity and ease of manufacturing. However, this process leads to a significant 20 

heterogeneity in terms of particle size and shape. In this context, this study aimed to synthesize 21 

repeatable and homogeneous silver nanoparticles (AgNps) by chemical reduction. The Quality 22 

by Design strategy from quality target product profile to early characterization design was 23 

considered to optimize this reaction. The first step of this strategy aimed to highlight critical 24 

parameters by the means of an early characterization design. Based on an Ishikawa diagram, 25 

five process parameters were studied: the reaction volume as categorical variable and the 26 

temperature, the time of reaction, the trisodium citrate concentration and pH as continuous 27 

variables. A D-Optimal design of 35 conditions was performed. Three critical quality attributes 28 

were selected to maximize the SERS intensity, minimize the variation coefficient on SERS 29 

intensities and the polydispersity index of the AgNps. Considering these factors, it appeared 30 

that concentration, pH and time of reaction were identified as having a critical impact on the 31 

Nps formation and can then be considered for the further optimization step. 32 
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1. Introduction 36 

Nowadays, surface-enhanced Raman scattering (SERS) is a vibrational technique widely used 37 

in various domains taking account of its numerous advantages. Among them, the Raman’s 38 

benefits like the specificity, rapidity and the possibility of real-time analysis are conserved [1,2]. 39 

But, the major advantage of this technique is to get around the major Raman limitation by 40 

exalting the Raman scattering by a factor from 103 to 109 [3]. For all these reasons, SERS is 41 

used for various applications in several fields. For example, environmental analyses can be 42 

driven for the identification of some contaminants or the detection of toxic elements such as 43 

arsenic in water [4]. SERS is also used to detect pesticides, toxins or pathogens in food [5,6]. 44 

This technique is widely developed in the biological and pharmaceutical domains with notably 45 

intracellular analyses [7], in vivo imaging [8] but also to study proteins and lipids [9]. Research 46 

of impurities or degradation of some medicines or raw materials is also allowed [10,11]. 47 

However, routine analyses with this technique are poorly documented in the literature. This is 48 

consequent from the considerable variability of the measured signal [12]. Indeed, a lack of 49 

repeatability of SERS signals has already been discussed [13,14]. That can be explained by the 50 

heterogeneity of SERS substrates in terms of shape and size. Generally, these substrates are 51 

separated into three classes: suspensions of metallic nanoparticles (Nps), Nps deposited onto a 52 

solid substrate and solid substrates containing a nanostructure. Several elements can influence 53 

the SERS signal including the nature, shape and size of the substrate. However, the analyte 54 

itself has also an impact on the SERS response intensity [15]. For all these reasons, controlling 55 

the Nps synthesis is essential to obtain a more reproducible signal and to allow SERS 56 

quantitative application development. Indeed, if the substrates are not repeatable, the signal 57 

cannot be repeatable. An increasing number of researchers work to create repeatable substrates 58 

[14]. However, most of the time, techniques giving homogeneous Nps are expensive or difficult 59 

to implement [14]. The metallic nanoparticles in suspension remain the substrate the most used 60 

by the SERS community. They are usually synthesized by chemical reduction or physical 61 

preparation such as laser ablation or lithography [16]. Biological methods are also developed 62 

but present little success for SERS analyses due to the potential presence of contaminants and 63 

the lower control of shape and size of Nps [17]. Gold and silver are the two main metals used 64 

as exaltation agent [3,11]. On the market, commercialized Nps are available giving more 65 

guarantee about the batch-to-batch repeatability. However, their matrix composition is often 66 

unknown. That may cause an issue for the development of new analysis methods when 67 

biological or pharmaceutical samples are considered. Few articles discussed the batch-to-batch 68 



homogeneity and repeatability of synthesized Nps [18]. This is the reason why this study was 69 

focused on the optimization of a low-cost and easy to implement way based on a colloidal 70 

suspension obtained by chemical reduction. More precisely, this work was dedicated to silver 71 

nanoparticles (AgNps) suspensions because they are the most employed as SERS substrates 72 

and they also present a high exaltation factor [19].  73 

Among the different synthesis processes, the protocol selected as a starting point for the 74 

optimization of AgNps by chemical reduction is the protocol described by Lee-Meisel [20]. 75 

This old well-known process continues to be widely used by the SERS community [21]. This 76 

reaction consists in a reduction of silver nitrate by trisodium citrate under boiling. Citrate plays 77 

the double role of reducing agent and stabilizing agent [21]. Despite the Lee-Meisel process 78 

has several advantages such as rapidity, ease of implementation and low cost, its major 79 

limitation is the heterogeneity of obtained Nps both in terms of size and shape [13,21]. To tackle 80 

this issue, an innovative approach based on the Quality by Design (QbD) strategy will be used 81 

to synthesize homogeneous and repeatable AgNps. QbD is a development strategy involving 82 

design of experiments (DoE) to maximize information obtained with a minimum of 83 

experiments [22]. Moreover, with DoE, all the multivariate factors are simultaneously modified 84 

to account for their influence on each other [23]. This approach allows a modeling of all 85 

conditions and, with appropriate statistics, can lead to define a robustness zone for the Nps 86 

synthesis process [24].  87 

The QbD strategy used is schematized in Figure 1. The first step consists of defining the quality 88 

target product profile (QTPP) describing the intended purpose of the process. Then, the process 89 

to be optimized can be selected. Based on a risks assessment, the critical quality attributes 90 

(CQAs) allowing to measure this defined goal are selected as well as the process parameters 91 

(PPs) associated. CQAs are the attributes that express the quality of the process as defined in 92 

the QTPP while PPs are the parameters that may have a critical impact on the process in regards 93 

of the CQAs. Based on these, if necessary, an experimental design can be used to determine 94 

critical process parameters (CPPs) which have the most influence on the CQAs (early 95 

characterization step). Indeed, CPPs influencing the process can then be optimized or controlled 96 

to ensure an optimal process is defined. Often, a second experimental design is run to get more 97 

precise estimates of the factor effects. Based on this last experimental step, a design space is 98 

determined, that highlights an optimal zone associated with a probability of success that 99 

determines the combination of process parameters allowing to achieve the intended purpose of 100 

the process. Synthesis conditions are then tested and can be validated and used. However, this 101 

process needs to be regularly controlled to guarantee its quality thanks a well-defined control 102 



strategy. This is why, QbD can be considered as a continual improvement strategy [25]. This 103 

article is focalized on the first part of the QbD strategy: from the QTPP to the early 104 

characterization design and was notably based on the a-priori knowledge from the laboratory 105 

xpertise and preliminary tests (Figure 1, steps 1 to 5) [11,24,26]. All these steps aimed to finally 106 

optimize the synthesis of AgNps to obtain reproducible SERS substrates giving more 107 

perspectives to quantitative applications of this vibrational technique in the pharmaceutical and 108 

biomedical fields. 109 

 110 

2. Materials and methods 111 

2.1. Chemicals and reagents 112 

Silver nitrate and potassium chloride were purchased from VWR (Pennsylvanie, USA), 113 

trisodium citrate from Acros Organics (Geel, Belgium) and violet crystal came from TCI 114 

Europe N.V. (Zwijndrecht, Belgium). All solutions and dilutions were made using MilliQ water 115 

(18.2 MΩ.cm, Milli-Q Plus 185, Millipore, Burlington, USA). Formic acid and NaOH were 116 

purchased from VWR (Pennsylvanie, USA) and TCI Europe N.V. (Zwijndrecht, Belgium), 117 

respectively. 118 

2.2. Silver nanoparticles synthesis 119 

For the chemical reductions, all steps were made far of light to avoid the silver oxidation. Silver 120 

nitrate (AgNO3) solution of 1x10-3 M was placed in a 3-necks flask onto a Drysyn heating bath 121 

(Asynt, England) with a temperature set on 150 °C or 180 °C (according to the early 122 

characterization design). Temperature was measured in the oil heating bath placed under the 123 

reaction flask. Once the solution was boiling, 5.0 mL of citrate solution were added at 5 mL/min 124 

rate by the means of a dosing device (Dosimat, Metrohm AG, Switzerland) directly by an empty 125 

neck of the 3-necks flask. Two concentrations of citrate solution were tested (0.02 and 0.10 M) 126 

depending on the early characterization design defined. The pH of this reducing solution was 127 

adjusted with sodium hydroxide 0.1 mol/L or formic acid 99%. Reaction was stopped after the 128 

time defined in the design and the resulting suspension was cooled down at room temperature. 129 

The AgNps suspensions were then characterized and conserved in the dark at 4 °C. Table 1 130 

illustrates the synthesis protocol step by step. 131 

2.3. AgNps characterization 132 



Different techniques were used for the SERS substrates characterization. The pH measurements 133 

were performed using a Seven Easy Mettler Toledo pH-meter® (Mettler-Toledo, Ohio, USA). 134 

Mean diameter of AgNps with the corresponding polydispersity index (PDI) and the zeta 135 

potential were obtained respectively by a Malvern Panalytical ZetaSizer Nano ZS DLS and an 136 

electrophoretic light scattering (ELS) equipment (Malvern Panalytical, Malvern, United 137 

Kingdom). The laser wavelength selected was 632.8 nm. For these analyses, a specific cuvette 138 

(Malvern Panalytical, Malvern, United Kingdom) containing the ultrasonicated and 10 times 139 

diluted suspension was used. 140 

TEM investigations were completed with a Jeol JEM-1400 TEM (Jeol, Tokyo, Japan) at 80 kV 141 

after depositing a drop of the suspension onto a formvar/carbon coated copper grid (Jeol, Tokyo, 142 

Japan). The maximum magnification for this study was set on 40 000. ImageJ® 1.53k (Wayne 143 

Rasband and contributors, National Institutes of health, USA) was used to estimate a mean size 144 

of AgNps based on the TEM pictures. 145 

2.4. SERS analyses 146 

SERS analyses were performed on a LabRAM HR Evolution Raman microscope (Horiba 147 

Jobin-Yvon, Lyon, France) with a 785 nm laser (100 mW on the sample) and a 300 grooves/mm 148 

grating, a two-dimensional electron multiplying charge-coupled device (EMCCD) detector 149 

(1600 x 200 pixels sensor) and a 50x long working distance (LWD) objective with a confocal 150 

slit-hole of 200 µm. The acquisition time was set on 7 s. Three acquisitions were taken per 151 

sample with three accumulations. 152 

For each AgNps synthesis, three independent samples were prepared with three different 153 

aggregating agent concentrations (potassium chloride - KCl). For the SERS sample preparation, 154 

400 µL of AgNps were mixed for 10 s with 400 µL of violet crystal (1x10-6 M) using a vortex 155 

(Reax top, Heidolph, Schwabach, Germany) before adding 100 µL of KCl (0.1, 0.3 or 0.5 M). 156 

The resulting solution was mixed for 10 s before being analyzed in triplicate using a 96-well 157 

plate.  158 

MatLab® R2020b (The MathWorks, Natick, MA, USA) and PLS_Toolbox 8.9.2 (Eigenvector 159 

Research, Inc., Wenatchee, WA, USA) were used for the preprocessing of SERS spectra. This 160 

treatment consisted in a baseline correction (automatic Whittaker filter with a lambda of 10 000 161 

and p of 0.01). 162 

 163 



2.5. Early characterization design 164 

JMP® Pro 15 software (SAS Institute, Cary, USA) was used for the elaboration and the 165 

interpretation of the early characterization design. This design was computed based on the PPs 166 

and the CQAs. A D-Optimal design was selected to estimate all main effects, 2-factors 167 

interactions, and the quadratic effect of the factor pH². This design is built for 5 continuous 168 

factors and was separated in 12 orthogonal blocks performed in 12 days for practical reasons 169 

(only three suspensions can be synthesized on the same day) and to take into account the day-170 

to-day variability. According to the a-priori knowledge, a high response variability was 171 

anticipated requiring to multiple experiments. This is the reason why 35 synthesis conditions 172 

were required and were presented in the Table S1. 173 

 174 

3. Results and discussion 175 

3.1. Quality by Design (QbD) strategy 176 

The first part of this study was devoted to the steps 1 to 5 of Figure 1 of this strategy being the 177 

formalization of the QTPP, the selection of the process, the risk assessment, the selection of 178 

PPs and CQAs and the realization of an early characterization design to determine the CPPs 179 

impacting on the AgNps synthesis. Early characterization design is more involved than a 180 

classical screening design but cannot be considered as an optimization design. This plan 181 

consists in synthesizing AgNps with different conditions and characterizing them relating to 182 

the CQAs. Finally, the interpretation of the characterization plan will determine the CPPs and 183 

their range prior to go towards the optimization phase. 184 

3.1.1. Quality target product profile (QTPP) 185 

This project aims to optimize the synthesis of AgNps specifically for SERS quantitative 186 

applications. In this context, silver nanoparticles need to be homogeneous and the synthesis 187 

process must be repeatable. Indeed, size and shape of these Nps need to be as identical as 188 

possible within the same suspension as well as between different batches to harmonize the 189 

detected signal intensity. No specific size was expected, only the repeatability and the 190 

homogeneity are aimed. 191 



Consequently, the QTPP can be defined as “homogeneous AgNps in size and shape without a 192 

specific size requested using a chemical reduction process and obtained in a repeatable manner 193 

for intra- and inter-batches”. 194 

3.1.2. Process selection 195 

Based on our a-priori knowledge, chemical reduction based on the Lee-Meisel protocol was 196 

selected as synthesis process. This widely used process allows obtaining AgNps in “friendly” 197 

conditions but need to be optimized to form homogeneous and repeatable SERS substrates. This 198 

protocol was selected for its consequent use by the SERS community, its low cost, its simplicity 199 

of implementation and its rapidity. 200 

3.1.3. Risk assessment and PPs determination 201 

Process parameters (PPs) and material attributes can have an impact on the goal of the study. 202 

An assessment of the risks was realized by the means of an Ishikawa diagram, as illustrated by 203 

Figure 2. This tool is frequently used with the QbD concept and represents an overview of 204 

different parameters that are interesting to consider for the early characterization design [26]. 205 

Concentration of trisodium citrate seemed to have an impact on the shape of the Nps formed 206 

during the process but also on their stability [27]. This effect can be explained by the fact that 207 

citrate interacts with the Nps surface and plays the role of stabilizing agent [28]. By modifying 208 

the pH of the citrate solution, the shape and the dispersity of particles can also be modified [29]. 209 

In addition, reaction time and temperature have also an impact on the size distribution of the 210 

Nps synthesized [30]. In this framework and based on our a-priori knowledge, the five most 211 

influencing parameters were selected as highlighted in Figure 2. Due to the selection of five 212 

parameters, a full factorial design with a total of 72 experiments was not feasible. Therefore, 213 

the strategy is focused on an early characterization design. Moreover, a high response 214 

variability was anticipated increasing the number of experiments. Material attributes have a 215 

minor probability to influence the synthesized Nps and were not selected as PPs. 216 

These parameters are summarized in Table 2. Three reaction volumes were considered as 217 

categorical variable while other parameters were continuous variables with two levels except 218 

for the pH that counted three levels. Indeed, pH involves according to a sigmoidal distribution 219 

and need three points to evaluate this effect within the investigated range. Depending on 220 

commercialized gauged flasks and our a-priori knowledge, reaction volume was selected as 221 

categorical variable. In the protocol described by Lee and Meisel, the reaction time is one hour 222 



after the addition of citrate solution. Therefore, a lower (30 min) and a higher (120 min) reaction 223 

time were chosen. Finally, a lower temperature (150 °C) than the initial protocol (180 °C) was 224 

selected as lower limit while the initial value was the higher for this design. The interval of 225 

citrate concentration was adapted from the literature and the laboratory expertise [11,27,29,31].  226 

3.1.4. CQAs determination 227 

The main responses of this early characterization design were represented by the CQAs. Based 228 

on the risk assessment, our a-priori knowledge and according to the final aim of the 229 

optimization of AgNps synthesis, three CQAs were selected with their acceptance criteria. The 230 

polydispersity index (PDI) complemented the second CQA because size and shape of Nps 231 

influence the SERS signal. If Nps suspension is heterogeneous, the SERS intensity will 232 

inevitably vary from one analysis to the other. These values were arbitrarily fixed based on the 233 

technique and the model compound used and were presented in the Table 3.  234 

3.1.5. Early characterization design 235 

Each synthesis leads to the production of AgNps which were characterized to determine the 236 

CQAs and to obtain more information about their shape and their size. No data was missing 237 

during these experiments. Among the different techniques used for the nanoparticles 238 

characterization, dynamic light scattering (DLS) was selected in this project to obtain the 239 

polydispersity index (PDI) that reflects the Nps dispersity in terms of size. Moreover, with the 240 

objective of evaluating the repeatability of the process and the exaltation factor, Nps were 241 

considered to perform SERS analyses using a model molecule, the violet crystal. 242 

First, DLS gave the PDI which showed the dispersity in terms of Nps size. When this index 243 

tends to zero, population is considered as monodispersed (lower than 0.05) while when it tends 244 

to one (higher than 0.7), particles are polydispersed [32]. For this design, obtained results are 245 

presented in the Table S1 and are comprised between 0.119 and 0.476. The dispersity of AgNps 246 

in terms of size was then considerable and needed to be minimized. This CQA was chosen to 247 

obtain homogeneous Nps and then having repeatable SERS signal. 248 

Afterwards, SERS measurements were realized to evaluate two CQAs, the intensity of SERS 249 

measurement, which needed to be maximized, but also the associated relative standard 250 

deviation (RSD%), which had to be minimized. Concerning signal intensity for a specific  band 251 

(1170 cm-1) of the violet crystal molecule, larger variations were pointed as shown on Figure 3. 252 

The violet crystal concentration selected was equal to 1x10-6 M to avoid the saturation of the 253 



detector and giving a correct signal to noise ratio. The minimum RSD% obtained was equal to 254 

2.84%. Figure 4 illustrates SERS spectra for the synthesis with the lower RSD% value (1B) and 255 

for the one giving the higher SERS intensity (11C). For SERS measurements, an aggregation 256 

agent was added to the sample to gently aggregate Nps. This phenomenon allows the creation 257 

of “hot-spots”, it means that Nps are close to each other and the signal exaltation is tremendous 258 

enhanced. For this study, three different concentrations of KCl (0.1, 0.3 and 0.5 M, chosen 259 

based on the a-priori knowledge) were systematically tested for each colloidal suspension to 260 

evaluate their capacity to form hot-spots. Indeed, particles concentration and their properties 261 

were not the same for each synthesis. For instance, mean size and specific surface are different. 262 

So, AgNps did not have the same capacity to aggregate in a suitable way. The concentration 263 

giving an observable response with the lower RSD% value was retained and is reported in the 264 

Table S1. Priority goes to the RSD% because it represents the main CQA followed to achieve 265 

a repeatable synthesis protocol. Moreover, the KCl concentration was not selected as CQA 266 

because its concentration is not predictable. Given that the objective of the early 267 

characterization design was to determine the critical character of selected parameters, the KCl 268 

concentration was not integrated because it is already known that this parameter is critical. The 269 

KCl concentration will be optimized later for the optimal synthesis.  270 

After the CQAs collection, the results of the early characterization design can be interpreted. In 271 

most screening studies, experimenters focus on establishing tables of parameters estimates, 272 

including a p-value stating if a parameter can be identified as significantly different from 0. 273 

Table S2 shows the p-values of each factor for each individual model. However, this approach 274 

often fails to link the parameter effect to the QTPP. For this purpose, already at this early stage, 275 

it is here advocated to compute the probability to meet or to fail the acceptance criteria for all 276 

CQA jointly, hence linking the modeling to the QTPP objective. Figure 5 shows the early 277 

characterization design interpretation. Interesting information are highlighted with bright 278 

colors. When coloration tends to green, the probability of success for the combined CQAs 279 

becomes higher (log10 Defect Rate becomes lower). To the contrary, the more the coloration 280 

is red, the less the joint probability of success is high. In this situation, success can be defined 281 

as simultaneously a SERS signal intensity superior to 15 000 counts, a RSD% and a PDI inferior 282 

to 30% and 0.3, respectively. It is true that 30% for a RSD% remains high but it was in the 283 

framework of this experimental design. The objective was to select parameters which have a 284 

critical impact on the Nps formation. This value represents a threshold beyond which the results 285 

are deemed unacceptable. Corrections and optimizations are possible for values falling below 286 



this value. Thanks to this limit, good and bad results can be distinguished from each other. Most 287 

interesting information are pointed out in the green rectangles in the Figure 5. First, the 288 

trisodium citrate concentration appeared as a critical parameter on the formation of SERS 289 

substrates. A positive effect of the lower concentration was noticed by the presence of more 290 

green points in this range. It is the same behavior for the pH, a positive effect with the lower 291 

pH values. According to the final objective of this study, those parameters will be studied for 292 

the optimization phase. Time of reaction also seems to have an influence on the CQAs. Its 293 

impact is less pronounced than the other parameters but a slight positive effect is highlighted 294 

for the lower reaction time. Thus, this parameter will also be considered for the optimization 295 

design. These conclusions were verified as illustrates Figure S1. Indeed, low pH value 296 

associated to the little citrate concentration showed high SERS intensities with a low RSD% 297 

and a low PDI as it was observed for the 4A and 10C syntheses. On the contrary, 9C obtained 298 

by a high citrate concentration and a pH of 10.4 showed more variability and a weak SERS 299 

intensity. Finally, this area of the early characterization design seems to show good results 300 

according the selected CQAs. Concentration and pH of trisodium citrate solution and time of 301 

reaction will be the critical process parameters that will be considered for the optimization 302 

phase. 303 

3.2. Complementary characterization 304 

In parallel with the AgNps characterization for the collection of CQAs, other tools and 305 

information were obtained but were not integrated in the design. DLS gives size of Nps which 306 

is an interesting tool to be sure that AgNps are in the adequate range for SERS measurements. 307 

Interesting size range for Nps for SERS measurements reported is generally from 10 nm to 100 308 

nm [33,34]. However, since no specific size was targeted, this factor was excluded as a CQA. 309 

Zeta potential was also measured. It is a good factor to evaluate the stability of the suspension. 310 

This stability will be evaluated once the protocol will be optimized. On the other hand, 311 

transmission electron microscopy (TEM) was used to visualize AgNps and to evaluate their 312 

shape. It is important to consider this factor because the DLS estimates a spherical shape for all 313 

Nps measured. 314 

 315 

In addition to the PDI, dynamic light scattering offered some interesting information such as 316 

the mean size of Nps. The mean size of AgNps synthesized during this early characterization 317 

design varied from 25 to 99 nm as reported in the Table S1. This range matched perfectly with 318 

the interesting range for SERS analyses (from 10 nm to 100 nm) [34].  319 



Another characteristic could be obtained using this equipment, the zeta potential. The Nps 320 

charge was negative for all the syntheses thanks to the citrate stabilization. Zeta potential also 321 

informed on the stability of AgNps. The more the zeta potential is high, the more the suspension 322 

is stable [35]. As showed in the Table S1, most of the syntheses had a value near 40-45 mV but 323 

five of them had value of 25-30 mV. These last will be aggregated faster than the others leading 324 

to a flocculation and an absence of SERS response. 325 

 326 

On the other hand, microscopy allows the visualization of Nps. Thereby, the shape of these 327 

substrates can be directly observed as well as the size distribution. Several syntheses with 328 

different PDI were analyzed by TEM to have an idea of their dispersity both in terms of shape 329 

and size. Moreover, the more the AgNps are spherical, the more DLS measurement are reliable. 330 

Figure 6 shows pictures obtained by TEM for three different PDI reflecting different states of 331 

dispersion of Nps. The first batch had a PDI of 0.422 and showed a high dispersity of shape 332 

with spheres and rods of multiple sizes. The mean evaluated size based on TEM pictures for 333 

this synthesis is 61 nm (n= 191, RSD% of 46%). On the contrary, pictures from a PDI of 0.181 334 

showed more homogeneity of shape and a lower scale of size. However, these Nps cannot be 335 

considered as homogeneous with a unique size and shape. The estimated mean size is 41 nm 336 

(n= 361, RSD% of 42%). Finally, the presented synthesis with a PDI of 0.322 also contained a 337 

lot of different sizes and many different shapes with a mean size of 77 nm (n= 219, RSD% of 338 

31%). 339 

 340 

4. Conclusion 341 

In conclusion, this article presents an original strategy applied for the first time for the early 342 

characterization of AgNps synthesis by chemical reduction. The main objective of this project 343 

is the elaboration of a protocol giving homogeneous and repeatable AgNps to expand the 344 

quantitative perspectives of SERS in the pharmaceutical or biomedical fields for example. 345 

Indeed, homogeneous SERS substrates are primordial to measure a repeatable SERS signal and 346 

to ensure new quantitative studies. If nanoparticles are homogeneous, it can be expected that 347 

the enhancement will also be repeatable. The presented results aimed to highlight critical 348 

parameters by the help of an early characterization design in order to optimize them by a 349 

performing and innovating strategy. The first step of the QbD process was able to succeed and 350 

showed encouraging results. The strategy employed calculates a probability of success based 351 

on the interaction of all the CQAs. This study showed parameters that have a critical impact on 352 



the AgNps formation to simultaneously maximize the SERS intensity and minimize the RSD% 353 

on SERS intensities and the PDI. Among the five process parameters tested, concentration and 354 

pH of citrate solution and reaction time have significant impact. It means that these three CPPs 355 

will be conserved for the next step of this work consisting in the elaboration of an optimization 356 

design. This design will also restrict the ranges of parameters for concentration (0.02 – 0.06 M) 357 

and pH (5 – 9) based on the design interpretation. Fixed values for the CQAs will also be more 358 

stringent during the optimization design. Finally, QbD is an excellent strategy to robustly 359 

optimize synthesis process by considering interaction between parameters while limiting the 360 

number of experiments to carry out. 361 
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 491 

Appendices 492 

Figures captions 493 

 494 

Figure 1: Schematic representation of the Quality by Design (QbD) strategy applied to the 495 

synthesis of silver nanoparticles by chemical reduction (QTPP = quality target product 496 

profile, PPs = process parameters, CQAs = critical quality attributes) 497 



 498 

Figure 2: Ishikawa diagram to select process parameters (PPs) to consider for the early 499 

characterization design. 500 

 501 

Figure 3: SERS intensity with corresponding variation for each synthesis of the early 502 

characterization design (n=9). 503 



 504 

Figure 4: SERS spectra examples for 2 conditions of the early characterization design 505 

(pretreatment consisted to a baseline correction: automatic Whittaker filter with a lambda of 506 

10 000 and p of 0.01, n=9 per condition). 507 

 508 

Figure 5: Early characterization design interpretation. The more points are green, the more 509 

success probability is high. On the contrary, red points shows low success probability. Green 510 

rectangles show interesting effect and critical parameters 511 



 512 

Figure 6: Transmission electron microscopy (TEM) pictures with a 20 000 magnification of 513 

silver nanoparticles synthesized by chemical reduction during the early characterization 514 

design. Several syntheses were observed with different polydispersity index (PDI), (a) 515 

Synthesis 7A with a PDI of 0.422; (b) Synthesis 2B with a PDI 0.322; (c) Synthesis 12A with 516 

a PDI of 0.181. 517 

Tables 518 

Table 1: Summarize of AgNps synthesis protocol step by step 519 

Step Fixed parameter Variable parameter 

Concentration of AgNO3 (M) 1x10-3 - 

Volume of AgNO3 (mL) - 100 – 500 

Concentration of citrate 

solution (M) 
- 0.02 – 0.10 

pH of citrate solution - 8.4 – 10.4 

Addition of citrate solution 
When AgNO3 was boiling   

5.0 mL at 5 mL/min 
- 

Temperature set for the oil 

bath during the reaction (°C) 
- 150 – 180 

Time of reaction (min) - 30 – 120 

End of reaction 

Cooled down at room 

temperature – conserved at   

4 °C in the dark 

- 

 520 

Table 2: Selected parameters and levels for the early characterization design 521 

Variable type Categorical Continuous 

Level -1 0 +1 -1 0 +1 

Reaction volume (mL) 100 250 500 - - - 

Citrate solution pH - - - 8.4 9.4 10.4 

Citrate concentration (M) - - - 0.02 - 0.10 

Reaction time (min) - - - 30 - 120 

Oil bath temperature (°C) - - - 150 - 180 

 522 



Table 3: Selected CQAs and acceptance criteria for the early characterization design 523 

Critical Quality Attributes Acceptance criteria 

SERS signal intensity > 15 000 counts 

Relative standard deviation 

of SERS signal intensities 
< 30% 

Polydispersity index of 

AgNps suspension 
< 0.3 

 524 


