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Abstract

An optimized method for the synthesis of silver nanoparticles (AgNP) using gallic acid as
reductant was achieved using design of experiment strategies based on response surface methodologies.
Fractional factorial design was used in the screening stage, the Box-Behnken method was employed to
model the target responses and finally, the optimization step was done using Desirability function. The
obtained AgNP presented improved repetitivity and reproducibility of photophysical properties between
batches compared to the synthesis method reported in literature. Intra-assays, intermediate precision and
reproducibility tests were performed and proved the different AgNP batches presented equal optical
responses, average size and size distribution at a 95% confidence level. In addition, a test on shelf life
estimated the optimized AgNP preserve their properties at least for 38 days and especially, zeta potential
measurements indicated their low tendency to flocculation as long as 120 days. Furthermore, a
remarkable improvement in obtaining reproducible Stern-Volmer constants in fluorescence quenching
experiments using Carbazole as fluorophore was observed compared to nanoparticles synthesized by a

non-optimal method.
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1. Introduction

It is already well-established that properties of nanomaterials are highly dependent on size,
which is usually reported as the average diameter (for spheres) obtained from the nanoparticle size
histogram distribution [1]. However, obtaining identical batches for manufactured nanoparticles
(especially metallic) is often a difficult task, indeed at laboratory scale. Differences between batches
will impact on determining accurately and precisely properties associated to nanoparticles, for example,
analysis of their interaction with other molecules [2].

Currently, silver nanoparticles (AgNP) are among the most employed metal nanoparticles due to
their unique and multifunctional properties, making them able to be employed in diverse applications
such as catalysis [3], plasmonics [4—6], ink-jet printing [7], biomaterials [8,9] and sensing [10]. Despite
the many uses AgNP have, obtaining reproducible results for different batches is hard, when variations
in nanoparticle features affect their performance.

Generally, AgNP for research purposes are often synthesized in the lab bench using different
methodologies like chemical reduction, photochemical and sonochemical methods among others
synthetic alternatives [11]. The outcome of the synthesis by chemical reduction, one the most frequently
used methods, is highly dependent on the identity of reactants as well as the concentration, time of
reaction and temperature [11-13]. Hence, establishing the optimal conditions that can render a product
preserving its main physicochemical characteristics from batch to batch is still a challenge.

Among other chemical methods, reduction of Ag" by gallic acid (GA, Scheme 1) presents a
simple synthetic alternative to obtain AgNP using a biocompatible molecule, mild reaction conditions
(room temperature, water) and relatively short times (30 min) [14]. Nevertheless, using those reported
experimental conditions, the resulting AgNP size distributions are usually different from batch to batch:
~32 nm in the original article [14], ~5 and ~29 nm in our previous work [15]; or using slightly modified

procedures size distributions are also variable: ~7 nm [16], ~29 nm [16] and 14 nm [17].

INSERT SCHEME 1



Design of experiments (DoE) employing response surface methodologies (RSM) [18,19] has
been proved to provide understanding of the interacting factors and their optimization during the
synthesis of nanomaterials [20-25]. For instance, Domingos et al. [21,22] used DoE for choosing the
best polymer frameworks based on dextran or polyethyleneimine to obtain highly catalytically active
AgNP; Lim et al. [24] analyzed the interactions between different experimental factors for the synthesis
of AgNP using ascorbic acid as reducing agent; and Liu ef al. [25] optimized a synthetic procedure for
obtaining Ag-Cu bimetallic nanoparticles. However, none of them focused on increasing reproducibility
between batches.

In this work, we present a synthetic strategy to obtain reproducible batches of silver
nanoparticles synthesized by chemical reduction using gallic acid (AgNPg) based on a DoE
methodology. First, at the screening stage we used a Fractional Factorial Design (FFD) [18,26,27] to
find out the significant factors affecting the AgNP, outcome, then at the modeling step we employed a
Box-Behnken design (BBD) [27-29] to model the second-order response surface, and finally we used
the Desirability function [27,30,31] for the multiple responses optimization. In addition to statistical
analysis for intra-assays, intermediate precision and reproducibility, we also evaluated the shelf-life and
stability of the synthesized AgNPg under the optimized experimental conditions. Furthermore, we
compared how the reproducibility between batches impacts on the analysis of Carbazole fluorescence
quenching by AgNP,. The optimized method presented a relevant improvement in reproducibility

respect to the original procedure.

2. Materials and methods

2.1. Reactants. Monohydrate gallic acid (GA) and sodium hydroxide were Merck, AgNOs (BioPack)
and Carbazole 98% (Sigma). All reactants were used as received. Water was MilliQ quality obtained
from a Millipore instrument (resistivity, 25°C: 18 MQ cm™).

2.2. Instrumentation. All absorption spectra were measured in a UV-—vis Shimadzu 1800

spectrophotometer in the 200-800 nm wavelength range using quartz cells (I cm path-length).



Fluorescence measurements were done using a Cary Eclipse fluorescence spectrophotometer (Agilent)
with a Peltier temperature controller set at 25,0 °C. Transmission Electron Microscopy images were
obtained using a TEM-Jeol 1120 electron microscope, 80 kV accelerating voltage on Carbon-coated
copper grids (300 mesh, Electron Microscopy). Zeta potential and polydispersity index using Dynamic
Light Scattering (DLS) were measured in a Delsa™ Nano S Particle Analyzer (Beckman Coulter) at
room temperature. Centrifugation was performed in an Eppendorf Centrifuge 5804.

Data analysis was done using Design Expert 10® or Minitab Inc.® software, and all graphs were
plotted using Origin 8.0®.

2.3. Experimental design for the synthesis of AgNP;

Based on the synthetic procedure reported by Yoosaf ef al. [14] (10 uM GA, 74uM AgNOs, 740
puM NaOH, stirring 30 min at room temperature in the dark), we decided to employ a two-level
fractional factorial design (FFD) in order to identify which preparation factors (NaOH, gallic acid and
AgNOs concentrations, reaction time and stirring speed) are the most critical by having a significant
effect on the selected response (v, eq. 1). In equation 1, Amax, Amax and FWHM are the maximum
absorbance, the maximum wavelength and full width at half maximum at the surface plasmon resonance
band (SPR), respectively. These parameters are related to the concentration of AgNP, the size and the

polydispersity, correspondingly [21].

A
Y= —mex__ eq.1
Amax FWHM

Fractional Factorial Designs (FFD) are a first-order response surface model to explore the effects
of controllable factors on a response of interest. They use known properties of the design to selectively
reduce the size of an experiment while holding critical information [19,26]. One of the most popular
FFD is the two-level FFD, where each factor is evaluated at two levels coded as +1 (the highest value)

and -1 (the lowest value). The chosen design consists of 2&P) experiments, where k is the number of



factors and p is the number of design generators. For the synthesis of AgNPg, k is 5 ([NaOH], [AgNO3],

[GA], reaction time and stirring speed) and p is 1 with the defining relation I=ABCDE, then the

resulting FFD is one-half fraction of resolution V, a screening design to estimate the main effects and

two-factor interactions provided that all the three-factor and higher interactions are negligible [18].

Table 1. Factors and coded levels considered for the 2! design run with two replicates (I and

IT). Experimental matrix and obtained responses.

Factor Symbol  Low level (-1)  Central point High level (+1)
[NaOH] (uM) A 500 750 1000
[AgNO3] (UM) B 50 75 100

[GA] (LM) C 5 12.5 20
time (min) D 10 30 50
stirring speed E 1 5.5 10
Standard  Run A B C D E vy (10 nm?)
I I
1 5 - - - - - 60.1 66.2
2 20 + - \ - + 64.3 75.1
3 14 - - + - + 151.8 146.9
4 10 + - + - - 153.7 149.6
5 4 - + - - + 113.2 118.5
6 12 + + - - 109.6 113.9
7 18 - + + - - 246.9 231.8
8 3 + + + - + 259.8 240.9
9 15 - - - + - 196.2 182.7
10 9 + - - + + 190.6 203.1
11 6 - - + + + 276.9 289.6
12 16 + - + + - 255.4 276.6
13 21 - + - + + 175.3 181.3
14 1 + + - + - 169.8 159.6
15 2 - + + + - 336.0 343.5
16 17 + + + + + 386.1 345.7
17 7 0 0 0 0 0 153.0 146.7
18 19 0 0 0 0 0 143.5 126.3
19 11 0 0 0 0 0 171.1 162.4
20 8 0 0 0 0 0 136.6 148.1
21 13 0 0 0 0 0 156.6 143.4
22 22 0 0 0 0 0 139.6 120.3

Thus, each factor was employed at two levels, -1 and +1, plus a central point. This design

involved 32 experiments plus twelve central points in order to evaluate the linear effects and the



curvature of the variables (Table 1). Experiments were randomized to avoid systematic errors. The
evaluation of the results of the FFD was carried out using analysis of variance (ANOVA) at the 95%
confidence level, and graphical analysis using the Pareto chart (Fig. 1) and the half-normal probability
plot (not shown).

Once the principal factors were determined, the multivariate optimization was continued based
on a second-order response surface model employing a BBD (Table 2). Briefly, BBDs are a class of
spherical, rotatable designs (or nearly rotatable) based on three-level incomplete factorial designs
employed to obtain second-order relationships between factors and responses [29]. The number of
experiments involved in a BBD is defined as N = 2k(k — 1) + C,, where k is number of factors and Co
is the number of central points [29]. Then, the BBD comprised 17 experiments where the selected target
functions were Amax, Amax and FWHM (Table 3). Using ANOVA, principal factors, interaction factors

and second-order terms were determined.

Table 2. Factors and coded levels employed for the BBD in this work

Symbol Factor Low level (-) Central point (0) High level (+)
B [AgNOs] (uM) 20 110 200
C [GA] (uM) 5 27.5 50
D time (min) 5 27.5 50

2.3.1. Desirability function

Briefly, using the statistical program each response was transformed into a particular
desirability function that varies from 0 (non-desirable) to 1 (totally desirable), and the desirability
profiles were obtained. By means of inspecting these profiles, the optimal responses were associated to

a set of experimental conditions (optimal level for each factor).



2.4. Optimization of post-synthesis protocol. Commonly, to clean-up and concentrate the AgNP, the
technique used is centrifugation. In order to evaluate if the centrifugation rate has some effect on the
selected response y we decided to optimize this parameter. Using a univariate design, eight experiments
were performed employing the experimental conditions obtained by BBD to analyze the centrifugation
speed effect in the range 1000 to 8000 rpm. Once optimized, a prediction test was done using six

samples centrifuged at 8000 rpm.

Table 3. Box-Behnken experimental matrix and obtained results

Factors Responses
Standard  Run B C D Amax/a.u.  Amavnm FWHM/nm
1 16 - - 0 0.016 405.5 74.5
2 5 + - 0 0.030 391.5 70.0
3 9 - + 0 0.031 413.0 94.5
4 14 + + 0 0.159 397.0 66.0
5 17 - 0 - 0.021 406.5 79.0
6 15 + 0 - 0.166 3935 58.5
7 6 - 0 + 0.023 420.5 96.0
8 12 + 0 + 0.149 396.0 60.5
9 8 0 - - 0.042 396.0 68.0
10 7 0 + - 0.086 401.5 75.0
11 1 0 - + 0.042 397.5 68.5
12 13 0 + + 0.090 400.5 71.5
13 2(C) 0 0 0 0.082 399.5 71.0
14 3(0) 0 0 0 0.084 402.0 74.0
15 11 (C) 0 0 0 0.085 399.0 72.5
16 10 (C) 0 0 0 0.089 400.5 70.5
17 4 (C) 0 0 0 0.080 400.0 71.5

(C) Central Point

2.5. Quenching experiments. Solutions of carbazole (100 nM) in 95% v/v phosphate buffer pH 6.94
0.05 M and 2% v/v methanol were excited at 290.0 nm using 5.0 nm slit widths in the absence and
presence of AgNP; at different concentrations. All spectra were recorded in the 330.0-450.0 nm range at
25.0 °C in quartz cells 1.0 cm path length. Spectra were corrected for inner filter effect using equation 2

[32,33].
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where, Feorr and Fops are the corrected and observed emission fluorescence intensity, respectively, Si (0.8
cm), S (1.0 cm) and S3 (0.5 cm) are cuvettes dimensions as described in [32,34], A** and A" are the
absorbances/cm at the excitation and emission wavelengths, correspondingly.

Both, AgNP, synthesized using the literature method and AgNP,°* obtained using the optimized

conditions presented in this work were employed.

3. Results and Discussion
3.1. Multivariate optimization for AgNPg synthesis

First, we chose to evaluate using a 2v>! FFD which of the following factors: [NaOH], [GA],
[AgNO:s], reaction time and stirring speed, affect significantly the selected response v (eq. 1) in order to
get AgNPg in high yield, more monodisperse and keeping a constant average size between batches. The
main effects and two-level factor interactions were determined using Analysis of Variance (ANOVA,
Table S1 in the Supplementary material) resulting significant at a 95% confidence level (p<0.05) the
following main factors: [AgNOg], [GA] and time, and the two-factor interaction [NaOH] x stirring
speed. These results were better visualized in the Pareto chart (Fig. 1) where the vertical line indicates
the critical t-value (t: 2.059), and the horizontal bars correspond to the t-Student test for each analyzed
effect. Similar conclusion was reached from the half normal probability plot (not shown). However, a
Lack of Fit (LOF) was detected for this first-order model on the response in agreement with the
presence of curvature (quadratic effect) [19]. For this reason, we proceeded to employ a second-order
RSM based on a BBD design (Table 3) to assess the mathematical function that models the target

spectroscopic responses (Amax, Amax and FWHM) as a function of main factors {{AgNOs] (B), [GA] (C)

and reaction time (D)}. In order to fix the levels of the interacting factors ([NaOH] x stirring speed) in



our BBD, we built up the interaction plot (Fig S1 in the Supplementary material). Then, we chose as
optimal the combination used as central point (740 uM in NaOH and stirring rate of 5.5), though giving
a lower response mean, may provide more precise results considering the lower range (max - min) for

Y (=50, Table 1) than working at extreme conditions (~300, Table 1) [19].

INSERT FIG. 1

A multiple regression fit for each target response was obtained by minimum squared
methodology. The statistical validity of the fitted model (second-order polynomial) was achieved using
the ANOVA test in order to determine the significant terms and the p-values for LOF. Table 4
summarizes these results together with the values of R-Squared (R?), adjusted R-Squared (R%g;) and

predicted R-Squared (R%pred).

Table 4. Significant terms and statistics summary of RSM for AgNPg synthesis optimization

Term R2 Rzadj Rzpred LOF FlttEd mOdel

Armax B,C,D, 0.9928 0.9856 0.8963 0.0714 Amax=-1.76x10" + 2.20x10" B +
BC, BD, 2.77x10° C - 1.02x10° D + 2.2x10° BC

C? D? -8x10° BD — 7.6x10° C2 + 3.8x10° D?

Amax (NM) B,C 0.9123 0.8976 0.8578 0.3936 Amax = 404.9 - 0.067 B + 0.092 C

FWHM B,C,D, 0.9655 0.9311 0.8173 0.4632 FWHM (nm)=73.3-0.0478 B + 0.0305
(nm) BC, BD, C+0.317 D-2.5x10° BC + 1.17x10°®

C? D? BD + 6.69x1073 C2 — 8.95x1073 D?

Both Amax and FWHM are modelled using the same significant terms including linear, quadratic

and interaction terms (Table 4); whereas only the linear contributions of [AgNO3] and [GA] affect Amax.

10



For all the examined responses, the p-value for LOF was not significant (p > 0.05) indicating the fitted
models are adequate. The fitted model for Amax explains the data variability in a 98.56% (R?qj = 0.9856)
and it is able to predict 89.63% of future data variability (R%red = 0.8963), demonstrating satisfactorily
the reliability of the results. In the case of FWHM, 93.11% of data variability (R%g = 0.9311) and
81.73% of future data variability are acceptable explained by the model, while the modelled Amax
explicates 89.76% (R%qj = 0.8976) of data variability and 81.73% of future data variability (R%yed =
0.8173). For all the cases there is a good agreement between R?j and R%sred as they differ in less than
0.2 [35,36]. In addition, diagnosis graphs (not shown) like the normal probability distributions, residuals
vs. predicted, and Cook distance were evaluated demonstrating the results are reasonably explained by
the model.

The response surfaces built up using equations presented in Table 4 are shown in Figs. 2-4. Each
3D graph shows a target response as a function of two factors and the shape reflects the interactions and
curvatures for the variables when corresponding. Figs. 2A-C represent Amax versus [AgNOs] and [GA],
against [AgNOz] and reaction time, and versus reaction time and [GA], respectively. It can be observed
that generally, Amax increases with increasing concentrations of Ag® (Figs. 2A and B) which it is
expected as Amax is related to AgNPg yield, and this yield would depend on the silver precursor amount.

In addition, it is visible the quadratic dependence on [GA] and reaction time (Fig. 2C).

INSERT FIG. 2

Figs. 3A-C show the variation of Amax with [AgNO3] and [GA], with [AgNOs] and time, and
with [GA] and time, respectively. Interestingly, the maximum SPR wavelength (a parameter closely
associated to size) red-shifts when [GA] increases or [AgNO3] decreases clearly observed in Fig. 3A.
This mainly reflects size will be larger at low concentrations of AgNOs. On the other hand, reaction

time does not influence significantly the position of Amax (Figs. 3B and 3C).

11



INSERT FIG 3

Regarding the FWHM, a parameter related to polydispersity (the narrower the SPR band the
more monodisperse the nanoparticles), Figs. 4A-C expose the surface response profiles obtained with
[AgNOs] and [GA], [AgNO3] and reaction time, and [GA] and reaction time, correspondingly. It can be
observed that smaller FWHM are obtained with high [AgNOs3] and low [GA] (Fig. 4A), which indicates
this combination can lead to more monodisperse samples. Again, a curvature is evident for variables

reaction time and [GA] (Fig. 4C).

INSERT FIG. 4

3.1.1 Optimal conditions for AgNPq

In a multiple response optimization, Desirability Function (DF) method proposed by Derringer
and Suich [30] is one of the most popular chemometrics tools used to find the experimental conditions
to reach simultaneously the optimal value for all the evaluated factors [27]. DF always takes values
between O (the unfavorable response) and 1 (the ideal response). In this work, we aimed to obtain
AgNPy with the smaller average diameter, monodisperse and in high yield. Then, desirability 1 was
assigned to the largest response obtained in the BBD (Table 3) for Amax and the smallest response for
Amax and FWHM, and vice versa for desirability 0. In order to reach this goal, each response was
maximized or minimized accordingly, with a +++ (3 of 5) significance. Then, the optimal solution

presented a desirability value of 0.959 (Table 5).

12



Table 5. Constraints of factors® and responses for optimization and obtained solution using DF.

Constraints

Name Goal Lower limit Upper limit Importance
[AgNO3]/ uM Is in range 20 200 3
[GA]/ uM Is in range 5 50 3
Reaction time/ min Is in range 5 50 3
Amax Maximize 0.016 0.167 3
Amax/NM Minimize 393.5 406.5 3
FWHM/nm Minimize 58.5 96.0 3

Solution
[AgNOs]/ uM [GA]/ uM Reaction time/ min Desirability
200 27.25 5 0.959

2Non significant factors were kept at the literature level, [NaOH]: 740 uM and stirring rate 5.5.

Finally, we predicted the values that the different responses can take at the optimal factors
combinations (Table 5) using the fitted models (Table 4). To verify the predictions, we did the AgNPq
synthesis using this optimal condition (6 replicates) and compared with the predicted value, determining
the great agreement between predicted and experimental data within the 95% confidence prediction

interval (P1) (Table 6).

Table 6. Prediction test for the optimization

Response Predicted SD?® n Experimental 95% confidence PI

value mean (x)
Amax 0.167 0.006 6 0.16 0.150< x<0.180
Amax/ nm 394 1 6 395 392< ¥<396
FWHM/ nm 58 1 6 61.5 54.9< ¥<62.1

aSD: standard deviation.

13



3.2. Centrifugation optimization

Besides finding the optimal synthesis conditions that lead to the desired AgNPg, the post-
synthesis protocol, for example centrifugation, is also a relevant step. The clean-up procedure is usually
performed to pre-concentrate the stock nanoparticles in addition to eliminate unreacted precursors and
excess of stabilizers. In our case, we have chosen as post-synthesis treatment centrifugation. As our final
goal was to improve reproducibility between batches, we decided to evaluate separately how the
centrifugation rate affected the response y (Eq. 1). In this case, a univariate design was employed and
analyzed using ANOVA. The fitted model (Eq. 3) corresponds to a second-order polynomial where both
quadratic (p: 0.0049) and linear (p<0.0001) contributions were significant at a 95% confidence. A p-
value for LOF of 0.9111 indicates the adequacy of the fit together with the regression coefficients (R?aqj
>0.964 and R%,:.¢>0.920) denoting that 96.4% of the data variability and 92% of future data variability,
respectively are explained by the model. In equation 3, x is the centrifugation rate in revolutions per
minute (rpm). According to this model, increasing the centrifugation rate will maximize the response, so
the limit is defined by design space . In our case, this corresponded to 8000 rpm. Again, the prediction
capacity was also evaluated by comparing the predicted value against the experimental mean from 6
replicates at the optimum condition. The obtained experimental response (100x107) was compared to

the predicted one (103x107) indicating the validity of the quadratic model at the 95% confidence.

Y107 %nm=2) = 1.19 - 7.8 x 107*x + 2.4 x 1077 x? eq. 3

3.3. Performance of the optimized method

Intra-assays precision (repetitivity) was determined by analyzing 10 replicates performed by the
same operator under identical conditions in one day. Variation coefficient (CV%) obtained after
evaluating the  response was 2%. Fig. 5 shows a comparison between the absorption spectra measured

for AgNP, synthesized using the optimized method (AgNP,"") and those AgNP; achieved under non-

14



optimal conditions (CV%= 23.2). In addition, intermediate precision was determined by analyzing 10

opt

replicates of AgNP,*"" obtained by the same operator under identical conditions in three different days.
The ANOVA result indicated there are not significant differences between the responses obtained in
different days (p=0.438). A reproducibility essay was also performed using samples (n=4) synthesized
using different stock reactants solutions, glassware and two different operators in different days. Again,

the ANOVA test suggested there were not significant differences between the spectroscopical responses

(p=0.598).

INSERT FIG. 5

In addition, we determined the average size for four AgNP,"" batches using the histograms (Fig.
6) built up from TEM images. In order to corroborate the mean diameters are equal at a 0.05
significance, we performed a multiple comparison using the Games-Howell method (Fig. S2 in the
Supplementary material). As all the intervals contained zero, then we can establish the means are equal
[37]. Also, the polydispersity index (PDI) was determined from DLS measurements of four batches
obtaining an average PDI of 0.243, which indicates monodispersity is reasonably as usually, a PDI of

0.2 represents a monodisperse sample [38].

INSERT FIG. 6

Using three independent batches we ran a test to estimate the AgNP°"" shelf life before the
response decreases a 20%. The response y was monitored for each batch for 25 days, allowing as to
estimate a shelf life time around 38 days (Fig. S3 in the Supplementary material). Furthermore, the zeta
potential for these batches after 120 days was in average -25 mV, indicating even after long periods of

time these nanoparticles have low tendency to flocculation [39].

15



3.4. Batches reproducibility in quenching experiments

Once the performance of the optimized synthesis method was established, and we have proven it
represented improvements in precision in a manner that different batches presented equal AgNPg
characteristics, we were interested in evaluating if this enhancement will also impact in AgNPg
applications. To evaluate that, we determined the Stern-Volmer constants (Ksv, eg. 4) for the quenching
of a fluorophore, Carbazole (CZL) using three batches of AgNP,"" and three batches of AgNP; obtained
as in literature [14]. First, we assumed no differences between batches within each method exist, so
solutions of CZL in presence of the quencher were prepared using the same volumes of AgNP. Then,
the mean sizes for each batch were determined using TEM data and the respective concentrations
calculated according to previous works [15,40]. Finally, the Stern-Volmer graphs were plotted using the
actual concentration in AgNP (Fig. S4 in the Supplementary material), and the Ksv values obtained
using eq. 4. Table 7 summarizes these results, and it can be observed the remarkable reproducibility for

Ksv obtained using the AgNP,°" against those produced using the non-optimal conditions.

2 =1+Kgy[AgNP] eq. 4

Table 7. Stern-Volmer constants determined for the quenching of CZL by AgNPq

Batch # aMean size/ nm Ksv/10°M1  PCV% (n=3)
1 16 (6) 3.7
AgNP"P 2 16 (5) 3.8 1.6
3 16 (6) 3.7
1 21 (6) 1.30
2 21 (6) 0.99 >100
AgNP, 3 20 (5) 81%; 54 (14) 19% 57.0

aStandard deviation is in parenthesis. "Variation coefficient for the Ksy. °Batch contained two populations of two sizes.

4. Conclusions

16



A systematic design of experiment approach using response surface methodologies permitted
finding the optimal conditions to obtain AgNP; with repetitive and reproducible properties between
batches (spectroscopical characteristics, size, dispersity index, zeta potential). Furthermore, a
remarkably reproducibility in AgNP," application to determine Stern-Volmer constants showed the
optimized synthesis method renders an important improvement respect to the non-optimal method. The
better reproducibility between batches is likely to impact on minimizing characterization times of these
silver nanoparticles (e.g. avoiding TEM) and in consequence allowing their application right after the

synthesis.
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Figure captions

Scheme 1. Chemical structure for GA

Fig. 1. Pareto chart. The vertical line indicates a critical t-value of 2.059.

Fig. 2. Response surfaces plots for Amax as a function of variables in the Box-Behnken design: (A)
AgNO; and GA concentrations, (B) AgNOs concentration and reaction time and (C) GA concentration

and reaction time.

Fig. 3. Response surfaces plots for Amax as a function of variables in the Box-Behnken design: (A)
AgNO; and GA concentrations, (B) AgNOs concentration and reaction time and (C) GA concentration

and reaction time.

Fig. 4. Response surfaces plots for FWHM as a function of variables in the Box-Behnken design: (A)
AgNO; and GA concentrations, (B) AgNOs3 concentration and reaction time and (C) GA concentration

and reaction time.

Fig. 5. Absorption spectra for (a-c) three different batches of AgNP" and (d-e) three different

batches of AgNP,. Solvent: water. Temperature: 25.0°C.

Fig. 6. Histograms for four different batches of AgNP,°"" showing size distribution according to TEM
images. Average diameters expressed in nm were: [a] 16.3 (SD =5.6), [b] 17.0 (SD =4.9), [c] 17.7 (SD

=6.6) and [d] 16.2 (SD = 6.1).
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Table S1. Analysis of Variance for 2> FFD

Source of variation Sum of squares d.f.* Mean square F p
Model 18.850 12 1.570 18.25 <0.0001
A [NaOH] 0.030 1 0.030 0.35  0.5579
B [AgNOs] 1.130 1 1.130 13.09 0.0012
C [GA] 8.940 1 8.940 103.96 <0.0001
D reaction time 7.450 1 7.450 86.59 <0.0001
E stirring rate 0.023 1 0.023 0.26 0.6124
AB 0.028 1 0.028 0.33 0.5727
AC 0.001 1 0.001 0.02  0.8982
AD 0.003 1 0.003 0.04  0.8525
AE 0.700 1 0.700 8.08  0.0084
BC 0.000 0
BD 0.330 1 0.330 3.81 0.0613
BE 0.000 0
CD 0.036 1 0.036 0.42 0.5231
CE 0.000 0
DE 0.001 1 0.001 0.01  0.9358
Curvature 1.920 1 1.920 125.45 <0.0001
Residual 2.320 27 0.086
Lack of Fit 2.120 17 0.120 6.18  0.0029
Pure Error 0.200 10 0.020
Total 21.180 40

“d.f.: degrees of freedom
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HIGHLIGHTS

o A systematized approach to obtain reproducible batches of silver nanoparticles.
o An optimized synthesis method to produce monodisperse silver nanoparticles in
high concentration using gallic acid.

. An enhanced reproducibility between nanoparticle batches in determining Stern-

Volmer constants.
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