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Statistical Validation and Parametric Optimization of Eucommia ulmoides

Mediated Gold Nanoparticle Synthesis Using a Taguchi Lo Orthogonal Array

Abstract

This research presents a systematic optimization of gold nanoparticle (AuNP) synthesis using an
aqueous extract of Eucommia ulmoides (EU) barks. The study employed a Taguchi Lo orthogonal
array to evaluate the influence of four primary parameters: EU extract volume, system pH,
incubation temperature, and reaction time. The surface plasmon resonance (Amax) intensity served
as the response variable to quantify the efficiency of the biogenic reduction process. Statistical
analysis via ANOVA revealed that system pH and reaction time were the most critical
determinants, contributing 46.64% and 40.81% to the total variance, respectively. The optimal
synthesis conditions were identified as the A3B2C1D2 configuration. A predictive regression
model demonstrated high statistical fidelity with an R? of 95.2%. Residual diagnostics confirmed
that the experimental data adhered to Gaussian distribution and homoscedasticity assumptions.
These results establish a robust, mathematically validated framework for the sustainable

production of AuNPs using Eucommia ulmoides as a potent bio-reductant.

Keywords: Eucommia ulmoides, Gold nanoparticles, Taguchi method, Green synthesis, ANOVA,

Ly orthogonal array, Process optimization, Predictive modeling, Signal-to-Noise Ratio.
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1. Introduction

Gold nanoparticles (AuNPs) have attracted significant attention in materials science due to their
exceptional localized surface plasmon resonance (LSPR) and size-dependent physical properties.
These characteristics make them essential components in fields such as heterogeneous catalysis,
chemical sensing, and optoelectronics [1, 2]. Conventional fabrication techniques typically involve
chemical reduction using reagents like sodium borohydride or hydrazine [3]. While effective, these
methods often necessitate the use of toxic stabilizers and involve complex purification steps to
remove hazardous byproducts [4, 5]. The growing emphasis on sustainable chemistry has led to
the development of biogenic synthesis, which utilizes plant-derived phytochemicals to act as both
reducing and capping agents. This approach is not only environmentally benign but also cost-

effective and scalable for laboratory and industrial applications [6-9].

Eucommia ulmoides, often referred to as Du-zhong, is a deciduous tree that is highly regarded for
its diverse secondary metabolites. The leaves of this species contain a complex mixture of iridoids,
flavonoids, and lignans. Key compounds such as aucubin, geniposidic acid, and various
polyphenolic acids are particularly relevant for nanoparticle synthesis [10-12]. These molecules
possess abundant hydroxyl groups that facilitate the reduction of Au** ions to metallic Au® through
electron transfer mechanisms. Furthermore, the large molecular structure of these phytochemicals
provides steric stabilization, preventing the nanoparticles from undergoing unwanted aggregation
[13, 14]. Despite the well-documented antioxidant properties of Eucommia ulmoides, its potential
as a biological factory for the precision synthesis of AuNPs remains insufficiently explored in the

existing literature.

The quality and yield of biogenic AuNPs are highly sensitive to the experimental environment
[15]. The synthesis is governed by a set of interconnected kinetic and thermodynamic variables,
including the concentration of the plant extract, the pH of the precursor solution, the incubation
temperature, and the duration of the reaction [16]. Among these, pH is particularly influential as it
dictates the ionization state of the phenolic groups, thereby modulating their reducing potential

and the resulting nucleation rate [17, 18]. Similarly, temperature and reaction time control the
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growth and stabilization phases of particle formation [19]. Understanding the individual and
synergistic effects of these parameters is essential for achieving a reproducible and high-yield

synthesis process [20].

Traditional experimental optimization often relies on the one-factor-at-a-time (OFAT) approach.
This method is inherently limited because it requires a large number of experimental runs and
cannot account for the interactions between different variables [21-23]. To overcome these
challenges, the Taguchi method has been adopted as a more efficient strategy for experimental
design. The Taguchi framework utilizes orthogonal arrays to study the entire parameter space with
a significantly reduced number of trials [24]. By calculating the signal-to-noise (S/N) ratio, this
method identifies the optimal settings that minimize the impact of experimental noise, ensuring

that the process is robust and reproducible [22, 25].

In this study, we utilize a Taguchi Lo design to optimize the synthesis of AuNPs mediated by
Eucommia ulmoides bark extract. We focus on maximizing the Amax absorbance intensity, which
serves as a direct indicator of nanoparticle concentration and synthesis efficiency. The study goes
beyond simple observation by employing rigorous statistical tools, including analysis of variance
(ANOVA) and residual mapping, to validate the accuracy of the optimization model. By
quantifying the percentage contribution of each factor, we aim to identify the dominant drivers of
the synthesis process. This research provides a mathematically rigorous foundation for the
biogenic production of AuNPs, demonstrating how Eucommia ulmoides can be leveraged as a
sustainable resource for high-quality nanomaterial fabrication. The findings contribute to the
broader goal of integrating green chemistry principles into nanotechnology while providing

insights into the parametric control required for successful biogenic synthesis.

2. Materials and Methods

Chloroauric acid (HAuCls) was obtained from Sinopharm Chemical Reagent Co. Ltd. (China). All
other reagents, including sodium hydroxide (NaOH) for pH adjustment, were of analytical grade.
High-purity water (18.30 MQ cm) was utilized for all preparations. Eucommia ulmoides bark was

sourced locally, cleaned, and ground into a fine powder.
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2.1 Taguchi Design of Experiments (DoE)

The four primary controllable parameters investigated in this work, which included EU volume
(A), pH (B), temperature (C), and time (D), are summarized in Table 1. Each of these factors was
evaluated across three separate levels. To refine the experimental process, a Taguchi Ls orthogonal
array (OA) was constructed with the aid of Minitab® 17 statistical software (Minitab Inc.,
Coventry, UK).

Table 1: Experimental Factors and Levels for Taguchi Lo Array.

Process parameters Level
Factor Description Unit 1 2 3
A EU Volume ml 2 3 4
B pH - 5 7 9
C Temperature °C 40 50 60
D Time minute 20 30 60

The Taguchi method employs orthogonal arrays (OAs) to systematically determine optimal
processing parameters while simultaneously minimizing experimental variability. Performance
evaluation within this framework is conducted using the signal-to-noise (S/N) ratio, expressed in
decibels (dB), which functions as a quantitative quality index. Defined as a logarithmic objective
function, the S/N ratio reflects the relationship between the mean response (signal) and its
associated standard deviation (noise) [26]. Consequently, it serves as a robust indicator for

identifying process conditions that suppress variability arising from uncontrollable factors [27].

Three standard formulations of the S/N ratio are commonly applied: smaller-the-better, larger-the-
better, and nominal-the-best. Regardless of the formulation, higher S/N values correspond to
improved performance and enhanced product quality. In the present study, optimization focused
on maximizing the S/N ratio to attenuate the influence of random noise on system performance
[28]. Because Amax increases monotonically with the desired response, the larger-the-better

criterion was selected [29]. The corresponding mathematical formulation is presented in Equation

(1).
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1 1
S/N = —1010g<;zy—i2> (Eq. 1)

Herein, S/N represents the signal-to-noise ratio, n is the number of observations, and y denotes the

measured nanofiber diameter.
2.3 Analytical Characterization Tools

UV-Vis spectroscopy was performed using a Tu-1901 spectrophotometer from 300 to 800 nm.
HRTEM images and EDX spectra were recorded on a JEOL-JEM-2100F to determine morphology
and composition. XRD patterns were recorded using a Bruker D8 Advance Diffractometer with
Cu Ka radiation. FTIR measurements (VERTEX 70) identified capping functional groups. Zeta
potential and DLS analysis were performed using a Malvern ZEN 3600 Zetasizer.

2.4 Analysis of variance

Analysis of variance (ANOVA) is a statistical framework employed to evaluate the influence of
selected process factors on an output response through systematic partitioning of the total
variability. This approach isolates the relative contributions of individual parameters to response
fluctuations and quantitatively assesses their effects [30]. The percentage contribution, derived
from each factor’s sum of squares relative to the total sum of squares, serves as a direct measure
of its significance in governing performance characteristics. Statistical significance is evaluated
using the F-test, wherein larger F-values indicate a more pronounced influence of the
corresponding factor [31]. Consequently, the ANOVA table provides critical insights for
identifying dominant input parameters, thereby guiding rational process optimization via targeted
parameter control. Unlike direct data comparison, ANOVA emphasizes variance decomposition

to elucidate underlying factor-response relationships [32].

3. Results and Discussion

3.1 Determination of S/N ratio
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Within the Taguchi optimization framework, the signal-to-noise (S/N) ratio is employed as a
quantitative indicator of process performance by describing deviations of the experimental
response from its target value. In this context, the signal represents the desired mean response,
whereas noise reflects the associated standard deviation. Using an Lo orthogonal design, the
individual effects of key synthesis parameters on gold nanoparticle (AuNP) formation were
systematically evaluated. The UV—vis absorption maximum (Amax) Was selected as the response

variable and analyzed through the S/N ratio.

Table 3 summarizes the calculated S/N ratios and corresponding factor rankings for EU volume,
system pH, incubation temperature, and reaction time, enabling direct comparison of their relative
influences. In addition, Table 2 reports the cumulative S/N ratios obtained for all synthesized
samples. The main effects plot shown in Figure 1:a illustrates the variation in the S/N ratio as a
function of each control parameter based on Amax values. Factor significance was assessed using
the delta statistic, defined as the difference between the maximum and minimum mean S/N ratios
across the investigated levels of each parameter. As indicated in Table 3, system pH exhibited the
highest delta value of 0.918 and was therefore identified as the dominant factor governing AuNP
synthesis, followed by reaction time and EU volume, whereas incubation temperature exerted the

least influence. This hierarchy was established using the larger-the-better optimization criterion.

Table 2: Taguchi Lo Orthogonal Array with Experimental Output and S/N Ratios.

Run A (EUmL) B (pH) C (Temp °C) D (Time min) | Output (Amax %) | S/N Ratio (dB)
1 2 5 40 20 1.852 5.352
2 7 50 30 2.113 6.497
3 2 9 60 60 1.710 4.659
4 3 5 50 60 1.904 5.593
5 3 7 60 20 1.947 5.787
6 3 9 40 30 1.981 5.937
7 4 5 60 30 2.036 6.175
8 4 7 40 60 2.047 6.222
9 4 9 50 20 1.811 5.158
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Among the experimental trials in Table 2, Runs 2 (EU volume =2 mL, pH 7, 50 °C, 30 min) and
8 (EU volume =4 mL, pH 7, 40 °C, 60 min) yielded the highest S/N ratios, indicating more robust
and favorable AuNP formation under these conditions. To further verify the relative contributions
and statistical significance of each control factor, the Taguchi analysis was complemented by an

analysis of variance (ANOVA), as discussed in the subsequent section.

The primary influence of synthesis parameters on the signal-to-noise (S/N) ratio for EU-mediated
AuNP fabrication is illustrated in Figure 1:b. Within this Taguchi framework, the magnitude of
the slope relative to the reference line serves as a proxy for parametric sensitivity. Herein, steep
gradients denote substantial influence, and near-parallel trajectories signify negligible impact [27].
Statistical analysis revealed that system pH (Factor B) and reaction time (Factor D) exerted the
most pivotal effects on synthesis optimization. The influence of pH on AuNP formation is highly
contingent upon thermal conditions, necessitating precise simultaneous control of both variables.
Conversely, incubation temperature (Factor C) and EU volume (Factor A) manifested marginal
influences on the response. This dualistic behavior underscores the necessity of managing specific
synergistic pairings, particularly pH—time, to govern AuNP synthesis kinetics effectively. Under
these optimized trajectories, the parameter constellation A3B2C1D2 was identified as the ideal
configuration, maximizing the Amax value, a critical metric directly correlated with enhanced

dyeing performance.
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Figure 1: (a) Main effect plots for the investigated synthesis parameters, (b) interaction plots

illustrating combined factor effects, and (c) fitted line plots validating experimental and model-
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predicted fixation rates for Taguchi Lo-optimized EU-mediated AuNP.

Table 3: Response Table for Signal-to-Noise (S/N) Ratios.

Level A (EU Volume) B (pH) C (Temperature) D (Time)

1 5.503 5.707 5.837 5.432

2 5.772 6.169 5.749 6.203

3 5.852 5.251 5.549 5.491
Delta 0.349 0.918 0.297 0.771
Rank 3 1 4 2

Finally, a robust mathematical relationship was established via a predictive regression model. The
parity plot (Figure 1:c) demonstrates exceptional congruence between experimental observations
and model predictions [33]. The model exhibited high statistical fidelity, with a coefficient of
determination (R?) of 95.2% and an adjusted R? of 94.6%, confirming its ability to account for
nearly all observed variance. Pearson correlation analysis corroborated this predictive accuracy (p
< 0.001), validating the model’s reliability for forecasting synthesis outcomes and enabling

comparative analysis across diverse experimental landscapes.
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To quantify the statistical variance partitioning and identify the primary determinants of the
fabrication process, analysis of variance (ANOVA) was performed (Table 4) [34]. Statistical
results indicate that system pH represents the most pivotal factor, exhibiting an F-value of 9.05 (p
=0.099) and accounting for a substantial 46.64% of the total variance. Reaction time emerged as
the second most influential variable (F = 7.92, p = 0.112), contributing 40.81% to the synthesis
outcome. Conversely, the marginal contributions of EU extract volume (7.40%) and incubation
temperature (3.10%) suggest that the AuNP synthesis kinetics are relatively robust and insensitive
to fluctuations within these specific parametric ranges [35]. To verify the statistical integrity and
adequacy of the experimental design, we evaluated the model’s reliability through residual

analysis.
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plot, (b) fitted value plot, (c) residual histogram, and (d) observation order plot. (¢) Contour plots

illustrating the effects of EU volume, reaction time, temperature, and pH on the S/N ratio.
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The statistical integrity and predictive reliability of the developed regression model were
rigorously validated through diagnostic residual analysis (Figure 2). The normal probability plot
(Figure 2:a) illustrates that the residuals are positioned in close proximity to the linear reference,
confirming that the experimental errors follow a Gaussian distribution [36]. This finding is further
corroborated by the histogram of residuals (Figure 2:c), which manifests a symmetric, bell-shaped
profile centered around zero [37]. To assess the assumption of homoscedasticity, we evaluated the
relationship between residuals and fitted values (Figure 2:b). The stochastic and uniform
distribution of data points across the midline indicates a constant variance, suggesting that the
model effectively captures the underlying process variability without systematic bias [38].
Furthermore, the residuals-versus-order plot (Figure 2:d) demonstrates that the error terms are
randomly distributed without discernible temporal trends or autocorrelation, thereby confirming
the independence of the observations [39]. Collectively, these diagnostic metrics substantiate the
robustness of the Taguchi-based experimental design, ensuring that the optimized parameters are
derived from a statistically sound foundation. Beyond error validation, contour plots (Figure 2:e)
were generated to elucidate the complex interaction effects and synergistic landscapes of the
synthesis variables on the Amax response, facilitating a visual mapping of the optimal fabrication

regime [40].

Table 4: Analysis of variance (ANOVA) for the S/N ratio of EU mediated AuNP synthesis.

Source of DF | Sum of Mean Square | F- p- Contribution
Variation Squares (SS) (MS) value | value | (%)

EU volume 2 10.2002 0.1001 1.44 0.410 | 7.40

System pH 2 1.2620 0.6310 9.05 0.099* | 46.64
Temperature 2 0.1393 0.0496 3.10

Reaction time 2 1.1045 0.5523 7.92 0.112 | 40.81
Residual Error 0.2694 0.0697 2.05

Total 8 (29754 100.00
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5. Conclusion

This research demonstrates the successful optimization of gold nanoparticle synthesis using
Eucommia ulmoides bark extract through a Taguchi Lo experimental design. Statistical analysis
confirms that system pH and reaction time are the primary factors influencing the synthesis, with
a collective contribution of 87.45%. The optimal configuration was established as A3B2C1D2,
which maximized the LSPR response and ensured efficient nanoparticle formation. The regression
model exhibited high predictive reliability, supported by an R? of 95.2% and a p-value < 0.001.
Comprehensive residual diagnostics further validated the model's robustness, showing that the
errors are normally distributed and independent. Future investigations should focus on evaluating
the catalytic efficiency of these biogenic nanoparticles in environmental remediation and exploring
their synergistic bioactivity in targeted nanomedicine. This study provides a validated framework
for scaling this green protocol through continuous flow microfluidic reactors to facilitate broad

industrial implementation.
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Introduction

Hypothesis

Optimizing the Green Synthesis of Gold Nanoparticles

Gold nanoparticles are used in biomedical and
ecological applications. Green synthesis has gained
popularity as an eco-friendly altemative to the traditional
chemical methods. Green synthesis implores the use of
plant extracts; plant extracts contain phytochemicals
and other bioactive compounds that are used to reduce
metal compounds and stabilize particle size, making this
method biocompatible and cost-effective. Green
synthesis are their own is ineffective in controlling
nanoparticle uniformity and introduces too much
vaniability.

This approach is paired with the Taguchi Design
of Experiments (DoE) to optimize parameters while also
minimizing experimental runs. This method also aims to
increase parameter interactions. The study focuses on
four parameters- pH, temperature, reaction time, and Eu

ion. These parameter i ions are
evaluated, and nanoparticle formation is measured
hased on a given set of parameters. This is measured
by calculating the absorbance maximum. This method
aids in overcoming the shoricomings of the green
synthesis model by itself, making the study reproducible
and producing gold nanoparticles more efficiently.

The Taguchi L9 array will optimize the parametes of pH,
time, tempature and concentration., effectiviy producing
stable gold nanoparticles.

= ATagueni L9 othogonal array was used to evaluate four factors at
three difierent levels each.

+ The parameters included z-e pi
{* Chanc reaction tme imin}.

= U¥-Vis absorbance {Amax] measured nanopartice formation.

+ The signal-to-naise {S/N] ratio was calculated using the "larger-tre-
Better criterion

+ Statisical analysis, main effects, inte-action piofs, regression.
resicual. and contour modes. was performed us ng Minitab Version

»

Table 1. Experimental Factors and Levels

EU concent-ation, temperature

Factor Description Level 1 Level 2 Level 3

A 2 3 4
Concentration
imLj

B o 5 7 9

i Temcerature 40 50 8C
[

0 Time imin} 2 30 B0
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Table 2. Taguchi Orthogonal Array

e 2. This teba snowe i four fctcrs- Consarvanon(, sHB), Tarperatse
) A T (1, 50 baw iy afect T ek |

Figure 3.1. Main effects plots S/ N ratios
Wi ey e for S/N Rato

Mesn

Figure 3.2. Interaction Plot for S/N Ratio

Interaction Plot for /N Ratio
Data Means

Figure 3.2. Observes how each factor interacts with the
other. There is a high level of interdependence among
the factors, most notably temperature and time. This
model supports the idea that optimal synthesis relies on
how the factors work together rather than individually.

R |AEU) BipH] |C(lemp D(Time |Oupul
°C) min) |(Amax %)
5 0 0 |18
2 2 7 0 3 [2113
3 |2 9 B0 6 1710
4 B 5 5060|1604
5 3 7 GO I
6 3 9 0 30 |18t
7 4 5 60 3 [200%
8 4 7 0 60 o7
9 1 9 0 2 |81

Figure 3.3, Fitted Line Plot

Fitted Line Plot
SIN Ratio - - 0,001 + 1.091 Predicted SNR

s
Bsq

S Ratin

Predicted SR

Figure 3.3. Compares experimental and predicted SIN
values. An R? value of 24.9% was determined, indicating
some correlation.

Figure 3.5. Contour Plots

Contour Plat af Profetad_SNR Ve s ph

Figure 3.5. Show how one factor interacts with another
while keeping other factors constant. These plots help
identify critical factors and optimize nanoparticle
synthesis.
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Discussion and Conclusion

The most optimal conditions were pH 7, 30+ minutes
reaction time. 50° C temperature, and 3 mL.
concentration, producing the most consistent data.

pH proved to be the most influential parameter
followed by time, concentration, and temperature.

Interaction plots showed a high level of
interdependence among factors, supporting that
optimal synthesis depends on factor combinations
rather than individual variables.

The results are consistent with previous studies, pH
continues to play a huge role in controlling
nanoparticle formation and surface stabilization
through bioactive compounds found in plant-based
reducing agents.

This study further validates the use of Taguchi (DoE}
as an effective way to optimize nanoparticle
synthesis while being replicable and time and cost-
efficient

Future Directiol

Expand Taguchi optmization by adding more
parameters to improve predictive stregnth of the
model.

Futher analyzise the most optimal paramers {pH 7,
30+ minutes reaction time, 50° C temperature, and
3 mL concentration) to confitm valadity and
reproducbility.

Apply the gold sythesis technique to produce other
types of nanoparticles for comparsion.

yrbecis of gold
o TR e et i

HER4Z00
ZMabnuct 3. 5. M. Shuo, b1 K. R. Rehman, &, & Shuvo K. T H,
Stezsbeal cpiimizaizn ofgreen i NP

selivery. harapeatcs 4
{ivogy e Mook, 1471,
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