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ABSTRACT
This study investigates the green synthesis of silver nanoparticles (PF-AgNPs) using the aqueous 
extract of the medicinal plant Passiflora foetida to enhance their biological activity. PF-AgNPs 
were characterised using UV-Vis spectroscopy, FTIR, XRD, SEM, and EDX analyses. The UV-Vis 
absorption peaks of PF-AgNPs were observed between 380 and 480 nm. Structural characterisation 
using FTIR and XRD confirmed that the functional groups of P. foetida metabolites acted as 

surface-capping agents, yielding crystallised 
AgNPs with a face-centred cubic (fcc) structure. 
SEM-EDX analysis further revealed that the 
synthesised PF-AgNPs were spherical and 
displayed a uniform distribution of silver at 
66.39% under the optimised condition. The 
synthesis of PF-AgNPs was optimised using 
a Box–Behnken design via Response Surface 
Methodology (RSM), evaluating the effects 
of extract concentration (0.1%, 0.2%, and 
0.3%), pH (4, 7, and 10), and temperature 
(30 °C, 50 °C, and 70 °C), with observations 
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taken at 1 and 24 hours. UV-Vis intensity, NO scavenging activity, and DPPH scavenging 
activity were used as the response variables in RSM modelling. All models yielded p-values 
of less than 0.05, indicating that the factors significantly influenced PF-AgNP synthesis, 
with pH identified as the most effective parameter. PF-AgNPs exhibited DPPH and  
NO inhibitory activities of 35.64% and 38.7%, respectively, both of which were higher than those 
of the extract (17.16%). These findings highlight a sustainable and statistically guided approach 
for synthesising bio-functional AgNPs with promising potential for future biomedical applications.

Keywords: Antioxidant, green synthesis, Passiflora foetida, response surface methodology, silver nanoparticles

INTRODUCTION

Nanotechnology has been one of the fastest-growing fields and has rapidly become a 
powerful tool for tackling challenges in various areas, from medicine and pharmaceuticals 
to the food industry (De Silva et al., 2021; Naganthran et al., 2022). Among metallic 
nanoparticles, silver nanoparticles (AgNPs) have attracted particular attention due to their 
unique properties, including high conductivity and chemical stability. These features have 
made them useful in a wide range of applications, such as anti-inflammatory, antibacterial, 
and antioxidant activities (Alex et al., 2025; Barkat et al., 2017; Gherasim et al., 2020; 
Kaushal et al., 2023; Sytu & Camacho, 2018; Temur et al., 2024).

Green synthesis of AgNPs has gained popularity over traditional physical and 
chemical methods, largely because they are both eco-friendly and cost-effective (Alex et 
al., 2025; Pourmortazavi et al., 2015). Various biological resources have been used for  
AgNP production, including seaweed Cladophora fascicularis (Krishnamoorthi et al., 
2022) and edible mushroom  Agaricus bisporus (Rajasekar et al., 2019). The characteristics 
of the resulting nanoparticles can be influenced by several factors, including the type 
and concentration of biological reducers, precursor salt levels, reaction time, pH, and 
temperature (Crisan et al., 2021). Plant extracts are highly useful among various green 
methods due to their simple, fast, and economical synthesis with high  reaction rates. Their 
phytochemicals, such as tannins, flavonoids, glycosides, alkaloids, polyphenols, enzymes 
and proteins  act as reducing, stabilising and capping agents. They can also play the role 
of natural surfactants  to promote NPs formation and stability (Abalkhil et al., 2017; Wang 
et al., 2021; Wasilewska et al., 2023).

Passiflora foetida, commonly known as passionflower, is a climbing plant of the 
genus Passiflora in the Passifloraceae family. The species has been widely distributed 
across tropical and subtropical regions due to its high adaptability and fast growth as a 
perennial tree. P. foetida has been reported to be a rich source of bioactive compounds. 
Thus, it might serve as a promising candidate for mediating the green synthesis of AgNPs. 
Its leaves have been used in folk medicine for the treatment of tuberculosis, stress, 
insomnia, helminthiasis, coughs, and colds (Díaz-Velasco et al., 2022; Patil et al., 2015).  
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Flavonoids, phenolics, glycosides, cyanogenic compounds, passifloricins, passifetilactone, 
α-pyrones, polypeptides, and alkaloids are the constituents of P. foetida associated with 
its biological activities (Nguyen et al., 2015; Song et al., 2018; Van Linh et al., 2022). 
However, this plant is frequently seen as a crop-harming weed. Previously, studies reported 
that the utilisation of plant extracts in the synthesis of AgNPs exhibited higher antioxidant 
activities compared to crude extracts (Gecer, 2025; Moges, 2022; Mazumder, 2025; Thapa 
et al., 2026). Although P. foetida-mediated AgNP synthesis has been reported, optimisation 
procedures for synthesis parameters such as pH, extract concentration, and temperature 
are lacking (Elangovan et al., 2022; Palanisamy et al., 2024).  Traditional approaches for 
optimising reaction parameters vary only one factor at a time while keeping others constant. 
These methods are time-consuming and do not account for the simultaneous effects and 
interactions among multiple variables. In contrast, this study applied Response Surface 
Methodology (RSM) to systematically optimise P. foetida-mediated AgNPs synthesis. 
This approach provides a predictive model for reaction parameters, enabling maximised 
nanoparticle yield and improved physicochemical properties, representing the first 
optimisation model for this plant-based synthesis (Abu-Elghait et al., 2025; Ebrahimzadeh 
et al., 2020; Sati et al., 2025). 

Therefore, this study focused on optimising the synthesis of AgNPs using P. foetida 
aqueous extract (PF-AgNPs) through RSM modelling, taking into account parameters 
such as pH, temperature, and extract concentration. Before PF-AgNPs synthesis, the 
chemical profile of P. foetida aqueous extract was analysed using ¹H NMR to identify the 
bioactive compounds that contribute to the reduction and stabilisation of silver ions. The 
UV-Vis, FTIR, XRD, and SEM analyses were carried out to confirm the formation and 
physicochemical characteristics of the obtained PF-AgNPs.

MATERIALS AND METHODS

Materials and Chemicals

The leaves of P. foetida were collected around the coastal areas of Universiti Malaysia 
Terengganu (UMT), the east coast of Peninsular Malaysia. The plant was identified by 
a Botanist, Dr Shamsul Khamis and the voucher specimen (ID068/ 2023) was deposited 
at the Herbarium Universiti Kebangsaan Malaysia (UKM), Malaysia. Leaf samples were 
cleaned with tap water and stored at -80°C before freeze-drying. A 20 g freeze-dried 
powder sample was extracted using distilled water at a ratio of 1:20 with ultrasonication 
at a temperature of 40°C. The water extract filtrate was then stored at -80°C for two days 
and subsequently freeze-dried to obtain a P. foetida aqueous extract.

All the chemicals and reagents used in this study were purchased from  
Sigma-Aldrich, Merck, Systerm, and Bendosen. The deuterium oxide (D2O) containing 
0.1% trimethylsilylpropanoic acid (TSP) sodium salt from Merck (Darmstadt, Germany) 
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was used for 1H NMR analysis at 500 MHz (Varian Inc., California, USA). The  
chemicals used in AgNPs synthesis comprised silver nitrate (AgNO3, Systerm),  
sodium hydroxide (1N NaOH, Bendosen), hydrochloric acid (1N HCl, Bendosen), 
and distilled water. In addition, chemicals including sodium nitroprusside (Solarbio),  
phosphate-buffered saline (PBS, Gibco), Griess reagent (Sigma-Aldrich), gallic acid 
(Sigma-Aldrich), quercetin (Aldrich), 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-
Aldrich), methanol (Merck), and dimethyl sulfoxide (DMSO, Solarbio) were used for 
antioxidant assays. All the chemicals were of analytical grade.

Chemical Profiling of P. foetida Aqueous Extract by 1H NMR Analysis 

About 30 mg of P. foetida aqueous extract was added with 0.7 mL of D2O containing  
0.1% TSP, and the solution was sonicated at room temperature for 15 min (Maulidiani et al., 
2018). After that, the solution was centrifuged at 13000 rpm for 5 min, and the supernatant 
was taken and transferred to an NMR tube. The 1H NMR analysis was performed at a 
frequency of 500 MHz at room temperature 25 °C, with the parameters applied including 
number of scans of 64 and relaxation delay time of 2.0 s. The residual water signal at  
δH 4.70-4.90 ppm was suppressed through a pre-saturation method. Metabolite identification 
was conducted by comparing the characteristic signals of metabolites present in the  
1H NMR extract spectrum with the reference standards available via Chenomx Profiler 
software (Chenomx Inc., Edmonton, Canada) and literature data.

Design of Experiment via Response Surface Methodology (RSM) Modelling

Response Surface Methodology (RSM) was utilised to develop predictive models for 
optimising the experimental conditions of AgNPs synthesis. A Box-Behnken design 
(BBD) with three factors at three levels was employed to assess the effects of temperature,  
P. foetida extract concentration, and pH on the UV intensity of the resulting AgNPs  
(Table 1). A total of 14 experimental combinations of the independent variables. To model 
and analyse the relationship between the independent variables (temperature, P. foetida 
extract concentration, and pH) and the response variable (UV-Vis spectroscopy intensity), 
a second-order multiple linear regression model was used. This relationship is expressed 
by the following Equation 1:regression model was used. This relationship is expressed by the following Equation (1): 

 

 Y = 𝛽𝛽0 + ∑𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖 + ∑𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2 + ∑𝛽𝛽𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗   (1) 

 

where: In the regression model, Y represents the response variable (UV intensity), while x denotes the  

	 [1]

where: In the regression model, Y represents the response variable (UV intensity), 
while x denotes the independent variables, with xi and xj representing the experimental 
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parameters, where i, j ranges from 1 to k. The model includes β as the regression coefficients, 
where β0 is the intercept, βi and βii represent the linear and quadratic coefficients, and  
βij indicates the interaction coefficients between variables. The term ϵ accounts for 
the random error. Model evaluation and statistical significance were assessed at a  
95% confidence interval with p < 0.05.

Table 1 
Selected parameters and their three-level

Factor Units Minimum Maximum Coded Low Coded High Mean
A: Temperature ºC 30 70 -1 +1 50
B: Concentration of 
     P. foetida extract

g/mL 0.1 0.3 -1 +1 0.2

C: pH 4 10 -1 +1 7

Synthesis of P. foetida-Silver Nanoparticles (PF-AgNPs)

AgNO3 was used for the eco-friendly synthesis of AgNPs with P. foetida as the reducing 
and capping agents. The process involved mixing freeze-dried P. foetida extract solution 
with a 1 mM AgNO3 solution in a 1:9 ratio within a 40 ml volume. The mixture was left 
at room temperature for 24 hours to observe at a range of 380-480 nm the reduction of 
Ag+ ions to Ag0 using a UV-Vis spectrophotometer (UV-1900i, Shimadzu Corp, UK) 
(Egodawaththa et al., 2022).

Characterisation of PF-AgNPs

The formation of PF-AgNPs was monitored using a UV–Vis spectrophotometer  
(UV-1800 Shimadzu 240V, Japan) within a wavelength range of 200 to 800 nm (Akash & 
Rehman, 2020). The functional groups were responsible for the reduction of Ag+ to Ag0, and 
the stabilisation of NPs was characterised using FT-IR spectroscopy (FT-IR INVENIO-S 
spectrometer, Bruker, Germany) with an attenuated total reflectance (ATR) accessory 
within the range of 4000–400 cm-1 at a resolution of 4 cm-1 with 16 scans. X-ray diffraction 
(XRD) was used to examine the crystallographic structure using a high-resolution Rigaku 
SmartLab, Japan, equipped with Cu-Kα radiation (λ = 1.5406 Å) at an operating voltage 
of 40 kV and current of 30 mA.  Meanwhile, the diffraction was recorded at a range of 
20–80°C (2θ) with a step size of 0.01° and a scan rate of 2°/min, and the crystallite size 
of the NPs was calculated using the Debye-Scherrer equation (Singh et al., 2018). The 
surface morphology of the synthesised AgNPs was characterised by scanning electron 
microscopy (SEM) performed using the VPSEM model LEO1455, and the elemental 
composition was determined by energy dispersive X-ray spectroscopy (EDX) analysis. 
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Before SEM imaging, AgNPs were coated with a thin layer of gold using a sputtering device 
and carried out at an accelerating voltage of 20 kV to obtain detailed surface morphology 
and elemental composition.

Antioxidant Assays

The antioxidant assays were performed using DPPH and nitric oxide (NO) scavenging 
methods Abdul-Hamid et al. (2019). Briefly, for the DPPH assay, 50 μL of the sample was 
mixed with 100 μL of DPPH reagent (5.9 mg/100 mL) in a 96-well plate and incubated 
for 30 minutes in the dark (Shata et al., 2025). Then, the absorbance was measured at  
λmax = 515 nm. Quercetin was used as a positive control and methanol as a negative control 
in this experiment, and the percentage of inhibition was calculated using Equation 2. For 
the NO scavenging assay, 60 μL of the sample was mixed with 10 mM of PBS solution of 
sodium nitroprusside (SNP) in a 96-well plate and incubated for 150 minutes under light. 
Afterwards, 60 μL of Griess reagent (1% sulphanilamide, 0.1% NED, and 2.5% H3PO4) 
was added, and absorbance was measured at λmax = 550 nm (Mohamad Ali et al., 2020; 
Sreejayan & Rao, 1997). The positive control was quercetin, while the negative control 
was DMSO.

quercetin, while the negative control was DMSO. 

 

%Inhibition = (𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴)
(𝐴𝐴𝐴𝐴)  

 x 100  (2)  

 

Where Ac is the absorbance of the control or blank, As is the absorbance of the plant extract or  

	 [2]

Where Ac is the absorbance of the control or blank, As is the absorbance of the plant 
extract or AgNPs or standard.

Statistical Data Analysis

Analysis of variance (ANOVA) was used to determine the statistical significance of the 
regression model and its parameters. Model adequacy was assessed based on the P-value 
(< 0.05), F-value, R2, adjusted R2, and lack-of-fit statistics. All statistical analyses and  
2D surface plot visualisations were conducted using the RSM package in R-Studio  
(https://www.r-project.org/), which enabled the identification of optimal synthesis 
conditions with a maximum of variable responses, indicating efficient AgNPs formation.

RESULTS AND DISCUSSION

Chemical Profile of P. foetida Aqueous Extract

In a green synthesis of NPs, it is hypothesised that the presence of the -OH group in primary 
and secondary plant metabolites is attributed to their capability to reduce silver ions to AgNPs.  
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Figure 1. 1H NMR spectrum of P. foetida aqueous extract in D2O containing 0.1% TSP

In this study, the metabolite profile of P. foetida extract was analysed using  
1H NMR spectroscopy. Mainly, the aqueous extract of P. foetida consisted of aromatic 
(δH 6.0–8.5 ppm), glycoside (δH 3.1–3.9 ppm), and aliphatic (δH 0.7–2.5 ppm) compounds 
(Figure 1). Table 2 presents the identification of 1H NMR characteristics of the metabolites 
in the P. foetida aqueous extract. Several aromatic compounds from the flavonoid class 
were identified, including vitexin derivatives at δH 8.01 (d, J= 8.5 Hz, H2’ and H6’),  
7.04 (d, J=8.5 Hz, H3’ and H5’), and 6.69 (s, H3) as well as apigenin at δH 7.89  
(d, J= 8.5 Hz, H2’ and H6’), 6.84 (d, J= 8.5 Hz, H3’ and H5’) and 6.67 (s, H3). Amino 
acids such as phenylalanine, 4-hydroxyphenyllactic acid, glutamic acid, glutamine, alanine, 
valine, isoleucine, and leucine were also identified in the 1H NMR spectrum. Further 
observation demonstrated that glycosidic compounds such as flavonoid glycosides were the 
major components of P. foetida aqueous extract. The chemical constituents of P. foetida, 
such as flavonoids, have been linked to its pharmacological effects, including antioxidant 
(Foudah et al., 2019; Ning et al., 2023), anti-inflammatory (Nguyen et al., 2015), and 
anticancer activities (Ponsuwan et al., 2024).
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Optimisation of PF-AgNPs Synthesis using RSM Modelling

The optimisation experiments were conducted to synthesise the PF-AgNPs according to 
the BBD matrix, and evaluated the effects of temperature (X1), extract concentration (X2), 
and pH (X3) on UV-Vis intensity, NO scavenging activity, and DPPH free radical activity 
(Table 3). The correlation matrix, as summarised in Figure 2a, indicated that pH exhibited 
the strongest positive correlation with UV-Vis intensity (r = 0.83), while temperature and 
concentration showed weaker correlations (0.28 and 0.16, respectively). This finding 
reinforces the hypothesis that pH plays a key role in the formation of AgNPs. Importantly, 
pH emerged as the most statistically significant individual factor (P < 0.001) (Seifipour et 
al., 2020), which highlighted the dominant influence of pH on UV absorbance intensity 
compared to other synthesis parameters. The synergistic effect between pH and temperature 
further suggests a cooperative influence on nanoparticle synthesis efficiency, underscoring 
the importance of optimising these conditions to enhance both structural and functional 
outcomes.

The regression model for UV-Vis intensity was statistically significant (F = 5.52;  
P = 0.0052), with a high coefficient of determination (R2 = 0.985) on Figure 2b, a low root 
mean square error (RMSE = 0.097), and no significant lack of fit (P = 0.15), indicating 
good model adequacy. Among the three variables that were shown as a linear model,  

Table 3 
A Box-Behnken design under RSM for the synthesis of PF-AgNPs

Sample Run
Factor 1 Factor 2 Factor 3 Respond 1 Respond 2 Respond 3
Temp. ºC Conc. (g/mL) pH Intensity (a.u) NO % DPPH %

A1B2C1 1 30 0.1 7 0.32 14.58 25.19
A2B1C1 2 30 0.2 4 0.26 10.83 27.00
A2B3C1 3 30 0.2 10 1.04 28.97 19.93
A3B2C1 4 30 0.3 7 0.62 22.21 14.29
A1B1C2 5 50 0.1 4 ND 10.94 20.35

A1B3C2 6 50 0.1 10 1.25 23.99 7.81
A2B2C2 7 50 0.2 7 0.74 22.21 15.02
A2B2C2 8 50 0.2 7 0.68 22.72 18.47
A3B1C2 9 50 0.3 4 1.77 35.15 19.60
A3B3C2 10 50 0.3 10 2.07 20.48 10.38
A1B2C3 11 70 0.1 7 0.72 27.18 19.04
A2B1C3 12 70 0.2 4 ND 21.18 28.44
A2B3C3 13 70 0.2 10 2.92 38.70 35.64
A3B2C3 14 70 0.3 7 0.94 18.23 23.28

Note. A= Concentration; B = pH; C = Temperature; ND = Not Detected; % = Inhibition (with the inhibition 
of P. foetida aqueous extract being 17.16%).
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pH (X3) had the most significant effect (P < 0.001), followed by temperature (X1; P < 0.05), 
while extract concentration was not statistically significant (P = 0.059). It is important to 
emphasise that the P values from this data set fall short of the strict < 0.0001 threshold (Patil 
et al., 2024).  which suggests that the model lacks statistical significance. However, terms 
within the model that exhibit P values < 0.05 are still regarded as significant, indicating a 
greater probability (up to 5%) that the observed results occurred by chance (Desai et al., 
2008; Ndikau et al., 2017). Further, the significant interaction was also observed between 
temperature and pH (X1X3; P < 0.01), showing the two-factor interaction. The maximum 
intensity (~2.95) at high temperature (~70°C), pH (~10), and higher concentration (~0.28%)  

Figure 1. 1H NMR spectrum of P. foetida aqueous extract in D2O containing 0.1% TSP 

 

(a) 

 

(b)

 
(c)

 

 (d) 

 

Figure 2. (a) Correlation between all factors with variable responses. Regression values: 

(b) intensity response, (c) NO scavenging response, and (d) DPPH scavenging response. 
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(b) intensity response, (c) NO scavenging response, and (d) DPPH scavenging response. 

 

 

(c) (d)

Figure 2. (a) Correlation between all factors with variable responses. Regression values; (b) intensity response; 
(c) NO scavenging response; and (d) DPPH scavenging response
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was suggested by the response surface plots (Figure 3a). However, at pH 4, NPs 
agglomeration was more evident, particularly at high temperatures, which may compromise 
product stability (Al-Gebory & Mengüç, 2018; Cativa et al., 2020).

The regression equation is graphically represented by two-dimensional response surface 
plots for NO scavenging activity that are statistically significant (F = 4.01; P = 0.01598) 
in Table 4, according to an R2 of approximately 0.703 and an RMSE of 4.23 (Figure 2c). 
The model did not, however, appear to adequately capture the variability of the data, as 
indicated by a significant lack of fit (P = 0.02899). No individual variable or interaction 
term was statistically significant (P > 0.05). For the interaction factor BC (X2X3; P < 0.155), 
there is a trend toward interaction, although it cannot yet be statistically categorised as 
significant. The surface response plots under various pH conditions show slight curvature, 
indicating a tendency for a two-factor interaction between concentration and pH, although 
not significant plots (Figure 3b).

The model for DPPH scavenging activity was statistically significant (F = 4.73;  
P = 0.0091) in Table 4, with an R2 of approximately 0.857 and RMSE of 2.68 (Figure 2d), 
as well as no significant lack of fit (P = 0.30685). The adequacy of the quadratic model was 
checked by ANOVA, and the temperature (X1

2) was significant (P = 0.0391). The response 
surface plots in Figure 3c show a downward curve due to the DPPH activity decreasing in 
a range of moderate temperatures (~50–60°C), which marked the green area as dark, and 
the red to white area indicates higher values of DPPH activity. 

Canonical path (Appendix) and response surface analyses (Figure 3a, 3b and 3c) 
showed that the stationary points for intensity, NO, and DPPH corresponded to saddle 
points, indicating the absence of true interior optima within the experimental design 
space. For all responses, predicted values decreased toward the centre of the canonical 
distance and increased toward the boundaries, confirming that optimisation is governed 
by boundary conditions rather than interior stationary points. Accordingly, particle 
swarm optimisation was applied to identify the maximum predicted responses within the 
experimental region. The optimal conditions for intensity were a temperature of 70 °C, a 
concentration of 0.30 g/mL, and pH 10, yielding a predicted value of 2.97 (a.u.). For NO, 
the maximum response (39.16 %) was predicted at 70 °C, 0.10 g/mL, and pH 10, while 
DPPH reached its optimum (31.96 %) at 70 °C, 0.242 g/mL, and pH 10. These results 
indicate that all three responses are strongly influenced by high temperature and alkaline 
pH, whereas the effect of concentration is variable, suggesting that careful adjustment of 
these factors can maximise the desired outcomes. The predicted optima provide a clear 
guide for experimental validation, which will further confirm the conditions for maximum 
response. These results were similar to earlier reports, thus confirming the effectiveness of 
RSM in determining the optimal conditions for the synthesis of plant-based AgNPs with 
desired physicochemical and biological properties (Aliero et al., 2024; Fernando & Zhou, 
2019; Krupa et al., 2016).
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Figure 3. 2D response surface curves showing correlation: (a) intensity response, (b) NO 

scavenging response, and (c) DPPH scavenging response. 
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Figure 3. 2D response surface curves showing correlation: (a) intensity response, (b) NO 

scavenging response, and (c) DPPH scavenging response. 
(c)

Figure 3. 2D response surface curves showing correlation: (a) intensity response; (b) NO scavenging response; 
and (c) DPPH scavenging response



801Pertanika J. Sci. & Technol. 34 (2): 787 - 822 (2026)

RSM Optimisation of AgNPs from Passiflora foetida

Table 4 
Optimisation studies of variable response using ANOVA

Source Sum of Squares Mean Squares F-value P-value Remarks
Intensity responses

Model 0.71 0.128623 5.52 0.005259 Significant
A-Temperature 0.2925 0.064311 4.5482 0.010432* Significant
B-Concentration 0.1675 0.064311 2.6045 0.059763
C-pH 0.8775 0.064311 13.6446 0.000167 ** Significant
AB -0.02 0.09095 -0.2199 0.836715
AC 0.535 0.09095 5.8824 0.004174 Significant
BC 0.205 0.09095 2.254 0.087259
A2 0.0825 0.101685 0.8113 0.462693
B2 -0.1425 0.101685 -1.4014 0.233717
C2 0.2625 0.101685 2.5815 0.06123
Residuals 0.1324 0.03309
Lack of fit 0.1306 0.04352 24.1759 0.148148
Pure error 0.0018 0.0018

NO Scavenging
Model 22.465 5.6 4.0116 0.01598* Significant
A-Temperature 3.5875 2.8 1.2812 0.26934
B-Concentration 2.4225 2.8 0.8652 0.43575
C-pH 4.255 2.8 1.5196 0.20323
AB -4.145 3.9598 -1.0468 0.35429
AC -0.155 3.9598 -0.0391 0.97065
BC -6.93 3.9598 -1.7501 0.155
A2 0.1825 4.4272 0.0412 0.96909
B2 -2.0975 4.4272 -0.4738 0.66036
C2 2.2725 4.4272 0.5133 0.63479
Residuals 250.881 62.720
Lack of fit 250.751 83.584 642.7049 0.02899
Pure error 0.130 0.130

DPPH Scavenging
Model 16.7450 3.5432 4.726 0.009131 Significant
A-Temperature 2.4987 1.7716 1.4105 0.231226
B-Concentration -0.6050 1.7716 -0.3415 0.749913
C-pH -2.7037 1.7716 -1.5262 0.201669
AB 3.7850 2.5054 1.5107 0.20538
AC 3.5675 2.5054 1.4239 0.227574
BC 0.8300 2.5054 0.3313 0.75706
A2 8.4612 2.8011 3.0206 0.039138* Significant
B2 -4.7562 2.8011 -1.6980 0.164746
C2 2.5463 2.8011 0.9090 0.414764
Residuals 100.43 25.108
Lack of fit 94.48 31.494 5.2920 0.30685
Pure error 5.95 5.951
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UV-visible Spectroscopy Analysis 

The formation of AgNPs can be observed by the colour change of the reaction mixture 
from yellowish to brownish-red, indicating the development and stabilisation of the 
NPs, as seen in Figure 4a. This also indicates that the phytochemicals of P. foetida were 
involved in the biosynthesis of AgNPs as a reducing agent. The distinctive surface plasmon 
resonance (SPR) band of the formed AgNPs have absorption bands of 380-480 nm 
(Egodawaththa et al., 2022). According to our observations, synthesis with a 24-h incubation 
time exhibited an absorption band for SPR compared to a 1-h incubation. Thus, for the  
RSM design experiments, synthesis with a 24-h incubation was chosen. For instance, 
the optimal condition A2B3C3 has SPR at 420 nm. Similar findings were reported for  
AgNPs synthesised from Cicer arietinum (Mouriya et al., 2023), Sambucus ebulus (Karan 
et al., 2024), Diospyros malabarica (Bharadwaj et al., 2021), Lythrum salicaria (Corciovă 
et al., 2022), and Pyrus pashia (Khanal et al., 2023). 

The temperature effect has been evident in the increased synthesis rate of AgNPs 
formation with rising temperature. Previous studies indicate that higher temperature causes 
more thermal activity and a faster rate of crystal formation around the nucleus, which 
increases absorption (Liu et al., 2020; Xu et al., 2020). This improvement was marked by 
the growth in the size of NPs (Ebrahimzadeh et al., 2020). Figure 4b. illustrates the variation 
in the absorption spectrum of PF-AgNPs synthesised at temperatures of 30 and 70ºC, with 
a constant composition of extract concentration of 0.2% and pH 10. The temperature of 
50ºC was not included in this variation as it adheres to the standard design of the BBD. 
At 0 hours, both samples (Figure 4b) exhibit the same colour with the starting SPR at  
384 nm. After 24 hours at temperatures of 30ºC and 70ºC, the respective SPRs are 385 nm and  
420 nm, exhibiting reddish-brown and brownish-red colours. The peak plasmon resonance 
shifts to longer wavelengths (redshift), and the intensity is greater, especially at the 
temperature condition of 70ºC. The resulting brownish-red colour indicated a significantly 
higher formation of AgNPs. These results are consistent with previous reports suggesting 
that an increase in temperature accelerates the reaction rate and enlarges the particle 
diameter (Liu et al., 2020). Optimisation studies confirm a temperature of around 70°C as 
ideal. An increase in extract concentration enhances the bioactive compounds involved in 
the reduction process. 

Figure 4c illustrates the variation in the absorption spectrum of PF-AgNPs synthesised 
at extract concentrations of 0.1% and 0.3% (w/v), with constant pH and temperature 
compositions set at pH 10 and 50ºC. The concentration of 0.2% was not included in this 
variation as it adheres to the standard design of the BBD. At 0 hours, both exhibit the same 
SPR at 381 nm with higher intensity at the 0.3% concentration. After 24 hours, a shift in 
SPR occurs at extract concentrations of 0.1% and 0.3%, with respective SPRs of 415 nm and 
406 nm, both exhibiting a brownish-red colour. The peak plasmon resonance shifts to longer 
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wavelengths (redshift), with a larger plasmon shift at the 0.1% concentration, indicating 
the formation of larger NPs compared to the 0.3% concentration.  This study showed 
that the higher the extract concentration, the smaller the resulting NPs size compared to 
the lower concentration. It matched with earlier studies of AgNPs of Spinacia oleracea 
extract; 2% extract had a size of 173 nm, while 10% extract had a size of nm (Miranda et 
al., 2022). Although the sizes of AgNPs are also affected by other factors, the RSM result 
demonstrated that the extract concentration is not a significant factor.

pH is another crucial factor influencing the size, shape, and morphology of the 
synthesised AgNPs. The main influence of the reaction pH is its ability to alter the electrical 
charges of biomolecules, which can modify their reducing and capping abilities and the 
subsequent growth of NPs (Jain & Mehata, 2017). Figure 4d demonstrated the variation in 
the absorption spectrum of AgNPs synthesised at pH 4 and 10, with constant compositions 
of extract concentration 0.2% and temperature 50ºC, where pH 7 was not included in 
this variation as it adheres to the standard design of the BBD. At 0 hours, the detected  
SPR peak is only at pH 10, at 385 nm, indicating the formation of AgNPs. After 24 hours, 
a shift in SPR occurs at pH 10 to 406 nm, while at pH 4 experiences a decrease in intensity 
and no detected SPR peak. This significant difference is also supported by the colours, with 
pH 4 and pH 10 exhibiting light yellow to light purple (experiencing agglomeration) and 
yellowish to brownish-red, respectively. pH plays a role in regulating the redox reaction 
environment during the NPs formation. A lower pH results in a higher aggregation rate, 
leading to agglomeration (Fernando et al., 2020; Lau et al., 2016). A low pH creates an 
acidic condition where interparticle energy becomes neutral due to the presence of protons 
entering the neutrally charged AgNPs (Fernando & Zhou, 2019). On the other hand,  
pH 10 (higher pH) creates a base condition, leading to the stabilisation of hydroxyl ions 
and strengthening the negative charge (Wang et al., 2020). Similarly, in the earlier studies, 
pH 10 was identified as the optimal condition for the biosynthesis of AgNPs (Mardiyanto 
et al., 2023; Ndikau et al., 2017; Ndulini et al., 2024; Seifipour et al., 2020).

FT-IR Analysis 

FT-IR spectroscopy analysis was conducted to identify the characteristic functional 
groups of P. foetida aqueous extract and PF-AgNPs that are related to the reduction and 
stabilisation of the NPs (Figure 5). The FT-IR spectrum of the P. foetida aqueous extract 
showed O-H stretching at 3256.48 cm⁻1, indicating the presence of carbohydrates, proteins 
and polyphenols  (Alkhulaifi et al., 2020; Bharadwaj et al., 2021; Kumari et al., 2020). 
The stretching vibrations of the C≡N (nitrite or nitrile) group were identified at 2118.59 
cm⁻1, and the C≡C (alkyne) around 2100 cm⁻1 (Jain & Mehata, 2017). The peak at 1593.13 
cm⁻1 suggested the C=C stretching vibrations in double bonds for aromatic compounds 
or alkenes, as well as the vibrations of the carbonyl group C=O or amide (Arokiyaraj et 
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Figure 4. UV-visible spectroscopy results of the green synthesised PF-AgNPs: (a) effect of incubation time; 
(b) effect of temperature; (c) effect of extract concentration; and (d) effect of pH

al., 2014; Jaison et al., 2023). The bending (deformation) of C–H in aliphatic compounds 
was investigated by the presence of a band at 1399.44 cm⁻1 (Dobrucka, 2017). This band 
may also be associated with the symmetric vibration of the NO2 group or the bending 
(deformation) of the C–H group in methyl (-CH3) or methylene (-CH2

-) groups (Mousavi 
et al., 2018). The stretching vibrations of the C-O bond of the alcohols and phenols at 
1046.59 cm⁻1 (Riaz et al., 2022) or C-N, and 590.89 cm⁻1 indicates stretching vibrations 
of C-Cl (Nguyen et al., 2015). 

Based on Figure 5a and Figure 5b, changes in the functional groups, as shown by the 
shift in absorption bands in comparison to the spectrum of P. foetida aqueous extracts as 
a standard, confirmed the successful formation of PF-AgNPs. Although the shifts were 
not highly pronounced, they were sufficient to suggest interactions between the active 
compounds in the extract and the synthesised PF-AgNPs. The vibrational data for the 
identified functional groups are summarised in Table 5. Remarkably, C-O-C stretching 
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Table 5 
FT-IR peak assignments of P. foetida aqueous extract and synthesised PF-AgNPs

Possible assignments P. foetida 
extract

PF-AgNPs (cm-1)

i ii iii iv
Effect of different concentrations and reaction times (pH and temperature constant)

v(O-H, H-bonding) 3256.48 3353.52 3326.07 3325.64 3352.54
v(C≡C or C≡N) 2118.59 ND 2115.72 ND ND
v(C=C), Amide II 1593.13 1613.42 1592.9 1570.12 1574.11
v(C–H aliphatic) 1399.44 1331.61 1343.94 1307.72 1329.74
v(C–O) 1046.59 1043.08 1041.89 1036.77 1042.71
v(Aromatic C–H) ND 823.57 824.1 822.85 823.48
v(Aromatic C–H), alkenes ND ND 775.32 ND ND
v(C–Br or C–I) 590.89 594.36 517.12 547.62 552.47

Effect of different temperature and reaction times (pH and concentration constant)
v(O-H, H-bonding) 3256.48 3280.98 3324.07 3238.57 3230.11
v(C≡C or C≡N) 2118.59 2114.89 2111.97 2116.14 2117.01
v(C=C), Amide II 1593.13 1603.29 1575.14 1577.99 1576.57
v(C–H aliphatic) 1399.44 1325.45 1326.8 1330.39 1330.27
v(C–O) 1046.59 1038.14 1038.44 1038.73 1039.13
v(Aromatic C–H) ND 824.19 824.66 824.52 824.42
v(Aromatic C–H), alkenes ND 773.51 774.18 775.1 775.13
v(C–Br or C–I) 590.89 550.01 548.55 547.27 547.36

Note. ND is not detected
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Figure 5. FTIR analysis of PF-AgNPs: (a) effect of concentration and (b) effect of 

temperature. 
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identifies the fingerprint region of AgNPs spectra as identified at 1043, 1041, 1036, 1042, 
1038, 1038, 1038, and 1039 cm-1 (Table 5). A larger shift in vibrational frequency frequently 
indicates a stronger interaction between the NPs and the capping agents. It is because the 
interaction can significantly alter the electronic environment around the functional groups 
involved, leading to more pronounced shifts in their vibrational frequencies (Jumabaev 
et al., 2025; Upadhyaya & Devi, 2018). Also, new peaks at 822.85-824.66 cm-1 and 
773.51–753.2 cm-1 indicate C-H bending vibrations typical of aromatic compounds and 
alkenes, as well as suggest the presence of aromatic rings or unsaturated hydrocarbons 
(Khan et al., 2025). Additionally, the bands within the range of 517.12-594.36 cm-1 were 
identified as C-X stretching vibrations, as from halogenated compounds such as C-Cl or 
C-Br. These findings suggest that bioactive compounds such as flavonoids and alkaloids 
present in P. foetida extract play key roles in the reduction, formation, and stabilisation 
of the PF-AgNPs.

X-Ray Diffraction Analysis
The PF-AgNPs diffraction was compared with that of diffraction AgNPs prepared using 
NaBH4 as a reducing agent as a standard reference for AgNPs formation. The XRD 
diffraction peaks of the NaBH4-AgNPs appeared at 2θ angles of 38.08°, 44.25°, 64.37°, 
and 77.31°, whereas the PF-AgNPs incubated for 1 hour and 24 hours exhibited closely 
matching peaks at 2θ values of 38.08°, 44.26°, 64.39°, and 77.33°, and 38.07°, 44.24°, 
64.36°, and 77.29°, respectively. These four peaks correspond to the (111), (200), (220), 
and (311) crystallographic planes of a face-centred cubic (fcc) structure, in accordance 
with the Joint Committee on Powder Diffraction Standards (JCPDS) file No. 04-0783.

These results confirm that the synthesised PF-AgNPs were crystalline and exhibited 
an fcc structure, which matched the values established earlier by (Anguraj et al., 2024; 
Elangovan et al., 2022; Khatun et al., 2024). The other peaks observed in Figure 6a were 
also identified as phytochemicals from the plant extract residue (Behravan et al., 2019; 
Elangovan et al., 2022; Jain & Mehata, 2017). Additionally, the diffractogram revealed a 
slight broadening in the (111) plane after about 24 hours of incubation as opposed to 1 hour, 
which suggested the beginning of NPs aggregation. Peak broadening may result from strain 
and defects in the crystal lattice caused by this aggregation process (Gulyaev et al., 2022).

SEM and EDX Analyses

The SEM analysis was conducted to investigate the synthesised PF-AgNPs’ surface 
morphology, along with the EDX analysis to determine the elemental composition. The 
SEM image in Figure 6a showed that smaller NPs agglomerated, resulting in the formation 
of bigger-sized AgNPs agglomerates with a roughly spherical shape. This phenomenon was 
caused by an imbalance between attractive Van der Waals forces and repulsive electrostatic 
forces (Zhao et al., 2016). The short incubation time for PF-AgNPs did not provide 
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adequate time for phytochemicals to stabilise the NPs' surface effectively. Therefore, 
these agglomerations occurred (Giorgi et al., 2019). Such characteristics suggested that 
the formation of polydisperse AgNPs is due to variations in the phytochemical content of 
the P. foetida aqueous extract, which acts as both a reducing and stabilising agent. 

According to Figure 6b, it was observed at 24-hour incubation and exhibited a more 
compact and uniform morphology, with relatively well-dispersed particles, although minor 
agglomeration was still observed. These results were consistent with the earlier established 
studies that AgNPs synthesised from Crataegus pentagyna at 1 µm magnification 
revealed improved stability and definition with longer incubation times (Ebrahimzadeh 
et al., 2020). The study concluded that extended incubation significantly enhances the 
formation of well-defined and stable AgNPs, owing to the increasingly effective stabilising 
action of phytochemicals over time. Further validated the presence of elemental silver, 
which confirmed the successful synthesis of PF-AgNPs using EDX analysis (Table 6),  
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Figure 6. (a) XRD characterisation of PF-AgNPs; (b) SEM image after 1 h of incubation 
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Table 6 
Elemental composition using SEM-EDX at 1 and 24 h incubation time

Element Mass (%) at 1 h Mass (%) at 24 h Atom (%)
Carbon (C) 18.33 8.75 28.40
Oxygen (O) 26.31 14.80 36.05
Sodium (Na) 4.91 1.61 2.72
Silicon (Si) 0.39 0.47 0.65
Chlorine (Cl) 2.89 4.41 4.84
Potassium (K) 1.60 0.85 0.85
Calcium (Ca) 0.53 2.13 2.07
Silver (Ag) 44.91 66.39 23.99

which revealed that, especially in this area, PF-AgNPs incubated for 24-hours contained 
a higher silver content (66.39%) compared to the 1-hour sample (44.91%). This result 
matched the result of the UV-Vis intensity, where 24-hour incubation has a higher intensity 
than 1-hour incubation time. Apart from this, the EDX analysis also detected elements such 
as Ca, K, Fe, and Si, potentially originating from residual plant extract components of P. 
foetida, which serve as capping and stabilising agents for the NPs' surfaces.

Proposed Mechanism of PF-AgNPs Synthesis
According to Ajitha et al. (2018), in the mechanism of the biosynthesised AgNPs 
formation, the Ag+ ions are reduced by antioxidant phytochemicals to Ag0 atoms, which 
then proceed through nucleation to create small clusters. The clusters then develop into 
petal-like structures and finally form flower-like superstructures with the assistance 
of bio-organic capping agents. The oxygen-containing functional groups (-OH and 
-COOH) participate in electrostatic attraction and complexation, enabling the particle to 
be stabilised. Phytochemicals not only function as reducing agents, but they also hinder 
further aggregation by capping the NPs through electron-rich hydroxyl groups. The study 
of Density of States (DOS) has also revealed that the interaction between Ag atoms and 
phenolic compounds is weakly adsorbed by the Van der Waals force or hydrogen bonds 
(Syafiuddin et al., 2017; Wang et al., 2021). This adsorption is reversible, does not change 
the basic structure of AgNPs and retains their stability and inherent properties such as 
electrical conductivity and catalytic behaviour (Brahmkhatri et al., 2015). The proposed 
reaction mechanism is summarised in Figure 7. This mechanism is supported by the UV-Vis 
spectra that  displayed a characteristic SPR band at 420 nm and altered in colour from 
yellowish to brownish-red using optimum conditions. This reduction is pH-dependent to 
a certain extent, with basic conditions (pH 10) favouring the deprotonation of hydroxyl 
groups and enhancing reducing power capabilities. Further support is provided by the XRD 
patterns, which indicate that the NPs have an fcc crystalline  structure, and FTIR spectra 
indicating the interaction of functional groups between the NPs and their capping agent.
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Figure 7. Mechanism of PF-AgNPs synthesis capped with P. foetida leaf extract, inspired by Ajitha et al. (2018)

Antioxidant Mechanism of PF-AgNPs

The antioxidant activity of PF-AgNPs is contributed by the combined actions of both the 
capping agents, such as phytochemicals, and the AgNPs (Figure 8a) (Javed et al., 2020). 
The antioxidative reactions of the stable purple DPPH radicals in an ideal model system 
result in their reduction to a pale, yellow-coloured DPPH–H through hydrogen atom transfer 
(HAT) and single electron transfer (SET) mechanisms, indicating DPPH radical scavenging 
capability. (Fouegue et al., 2018; Rohman et al., 2023; Wang et al., 2023). Polyphenolic 
groups in PF-AgNPs may donate hydrogen atoms or electrons to the DPPH radicals. These 
bioactive compounds are conjugated on the surface of AgNPs, especially  those containing 
many hydroxyl groups, such as flavonoids. The AgNPs core also contributes to the reduction 
activity by: (1) increasing the amount of surface area available for interaction with free 
radicals; (2) facilitating electron transfer due to its metallic properties, and 3) stabilising 
phenoxy radicals generated by hydrogen donation, which prevents chain extension 
(Naseri et al., 2025; Park et al., 2016; Sytu & Camacho, 2018). In this assay, the control 
solution was dark purple, opposed to yellowish purple for PF-AgNPs  with an inhibition of  
35.64% (higher than that obtained in crude extract, i.e., 17.16%) under optimised conditions.

In NO radical scavenging assay, sodium nitroprusside (SNP) in aqueous solution at  
pH 7.4 undergoes spontaneous decomposition to generate NO• radicals that either  interact 
with oxygen to produce nitrite ions (NO2⁻). Neutralisation of these reactive nitrogen  species 
by PF-AgNPs occurs due to radical scavenging or metal chelation, as depicted in Figure 8b, 
adopted from Can et al. (2022) with a little modification. Antioxidant compounds 
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(ArOH) from phytochemical sources work as donors of hydrogen atoms or electrons for  
NO• radicals (Ermiş et al., 2025; Fraisse et al., 2018). In  the hydrogen atom transfer 
mechanism, ArOH donates a hydrogen atom (H•) to neutralise the radical species, while 
ArOH itself is oxidised to a resonance-stabilised phenoxy radical. Furthermore, the 
antioxidants may operate through a SET mechanism to NO•, where an electron is donated 
to HNO, giving NO⁻  subsequently protonated to HNO. The formed ArO• radicals are 
stable, lack the initiation mechanism for a chain reaction and result in a  decrease of free 
NO• radicals. This  reduction in NO• level is witnessed with the decreased generation 
of nitrite in Griess reagent assay, and this indicates that PF-AgNPs have antioxidant 
scavenging ability (Can et al., 2022). In the experiment, PF-AgNPs exhibited the  
NO inhibitory activity at 38.70%.

(a)

 

(b)

 

 

Figure 8. Proposed mechanisms of (a) DPPH and (b) NO radical scavenging by antioxidants 
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Figure 8. Proposed mechanisms of (a) DPPH; and (b) NO radical scavenging by antioxidants in PF-AgNPs
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CONCLUSION

In this study, the green synthesis of PF-AgNPs was successfully optimised through 
Response Surface Methodology (RSM), identifying pH as the most influential factor in 
AgNPs formation. The optimal biosynthesis condition, 0.2% (w/v) extract at pH 10 and 
70°C incubated for 24 hours, produced PF-AgNPs with significantly enhanced antioxidant 
activity compared to other formulations. The chemical profiling of the extract using  
1H NMR confirmed the presence of bioactive compounds, including flavonoid glycosides 
and other phytoconstituents, which are considered to play a role as natural reducing 
and stabilising agents during nanoparticle formation. Several other techniques, UV-Vis 
spectroscopy, FTIR, XRD, and SEM, have supported the synthesised nanoparticles 
to confirm that functional groups of phytochemical extracts helped the formation and 
stabilisation of nanoparticles and supported the synthesised nanoparticles' face-centred 
cubic (fcc) crystalline structure of silver, while SEM images revealed relatively uniform 
particles. Although polydispersity and lack of fit were observed in the NO-scavenger 
model, PF-AgNPs still exhibited enhanced antioxidant activity compared to the crude 
extract. Moreover, the therapeutic properties of PF-AgNPs could be evaluated for other 
biological activities, such as antimicrobial and anticancer effects. The integration of  
RSM with comprehensive physicochemical characterisation establishes a solid foundation 
for the development of eco-friendly AgNPs from natural resources. However, future 
studies, including in vivo evaluation and long-term stability assessment, should ideally 
incorporate particle size and zeta potential measurements using DLS to monitor nanoparticle 
homogeneity and colloidal stability, thereby supporting the sustainable production of  
low-cost PF-AgNPs with potential applications in biomedical, cosmetic, and environmental 
fields.
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UV-Vis : Ultraviolet-visible spectroscopy
FTIR : Fourier transform infrared spectroscopy
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¹H NMR : Proton nuclear magnetic resonance
ATR : Attenuated total reflectance
NP : Nanoparticle
RMSE : Root means square error
ANOVA : Analysis of variance
BBD : Box-Behnken design
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APPENDIX

1. Results of canonical path analysis for the intensity response

canonical.path(model2, dist = seq(-2, 2, by = 0.1))

dist x1 x2 x3 Temp Conc pH yhat
1 -2.0 -3.211 0.567 -1.503 -14.22 0.2567 2.491 2.388
2 -1.9 -3.155 0.580 -1.422 -13.10 0.2580 2.734 2.208
3 -1.8 -3.098 0.593 -1.340 -11.96 0.2593 2.980 2.035
4 -1.7 -3.041 0.606 -1.259 -10.82 0.2606 3.223 1.873
5 -1.6 -2.985 0.619 -1.177 -9.70 0.2619 3.469 1.719
6 -1.5 -2.928 0.631 -1.096 -8.56 0.2631 3.712 1.575
7 -1.4 -2.871 0.644 -1.015 -7.42 0.2644 3.955 1.441
8 -1.3 -2.815 0.657 -0.933 -6.30 0.2657 4.201 1.315
9 -1.2 -2.758 0.670 -0.852 -5.16 0.2670 4.444 1.199
10 -1.1 -2.702 0.683 -0.770 -4.04 0.2683 4.690 1.092
11 -1.0 -2.645 0.695 -0.689 -2.90 0.2695 4.933 0.995
12 -0.9 -2.588 0.708 -0.608 -1.76 0.2708 5.176 0.906
13 -0.8 -2.532 0.721 -0.526 -0.64 0.2721 5.422 0.827
14 -0.7 -2.475 0.734 -0.445 0.50 0.2734 5.665 0.758
15 -0.6 -2.418 0.747 -0.363 1.64 0.2747 5.911 0.697
16 -0.5 -2.362 0.760 -0.282 2.76 0.2760 6.154 0.646
17 -0.4 -2.305 0.772 -0.201 3.90 0.2772 6.397 0.604
18 -0.3 -2.248 0.785 -0.119 5.04 0.2785 6.643 0.572
19 -0.2 -2.192 0.798 -0.038 6.16 0.2798 6.886 0.549
20 -0.1 -2.135 0.811 0.044 7.30 0.2811 7.132 0.534
21 0.0 -2.079 0.824 0.125 8.42 0.2824 7.375 0.530
22 0.1 -2.022 0.836 0.207 9.56 0.2836 7.621 0.535
23 0.2 -1.965 0.849 0.288 10.70 0.2849 7.864 0.548
24 0.3 -1.909 0.862 0.369 11.82 0.2862 8.107 0.572
25 0.4 -1.852 0.875 0.451 12.96 0.2875 8.353 0.604
26 0.5 -1.795 0.888 0.532 14.10 0.2888 8.596 0.646
27 0.6 -1.739 0.900 0.614 15.22 0.2900 8.842 0.697
28 0.7 -1.682 0.913 0.695 16.36 0.2913 9.085 0.758
29 0.8 -1.625 0.926 0.776 17.50 0.2926 9.328 0.827
30 0.9 -1.569 0.939 0.858 18.62 0.2939 9.574 0.906
31 1.0 -1.512 0.952 0.939 19.76 0.2952 9.817 0.995
32 1.1 -1.455 0.964 1.021 20.90 0.2964 10.063 1.093
33 1.2 -1.399 0.977 1.102 22.02 0.2977 10.306 1.199
34 1.3 -1.342 0.990 1.183 23.16 0.2990 10.549 1.315
35 1.4 -1.286 1.003 1.265 24.28 0.3003 10.795 1.441
36 1.5 -1.229 1.016 1.346 25.42 0.3016 11.038 1.575
37 1.6 -1.172 1.029 1.428 26.56 0.3029 11.284 1.720
38 1.7 -1.116 1.041 1.509 27.68 0.3041 11.527 1.872
39 1.8 -1.059 1.054 1.591 28.82 0.3054 11.773 2.036
40 1.9 -1.002 1.067 1.672 29.96 0.3067 12.016 2.208
41 2.0 -0.946 1.080 1.753 31.08 0.3080 12.259 2.388
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2. Results of canonical path analysis for the NO response

canonical.path(model2, dist = seq(-2, 2, by = 0.1))

dist x1 x2 x3 Temp Conc pH yhat
1 -2.0 -1.129 1.827 -1.390 27.42 0.3827 2.830 40.454
2 -1.9 -1.105 1.775 -1.308 27.90 0.3775 3.076 38.733
3 -1.8 -1.082 1.724 -1.225 28.36 0.3724 3.325 37.099
4 -1.7 -1.058 1.672 -1.143 28.84 0.3672 3.571 35.555
5 -1.6 -1.034 1.621 -1.060 29.32 0.3621 3.820 34.094
6 -1.5 -1.011 1.569 -0.978 29.78 0.3569 4.066 32.730
7 -1.4 -0.987 1.518 -0.896 30.26 0.3518 4.312 31.457
8 -1.3 -0.963 1.467 -0.813 30.74 0.3467 4.561 30.262
9 -1.2 -0.940 1.415 -0.731 31.20 0.3415 4.807 29.161

10 -1.1 -0.916 1.364 -0.648 31.68 0.3364 5.056 28.143
11 -1.0 -0.892 1.312 -0.566 32.16 0.3312 5.302 27.216
12 -0.9 -0.869 1.261 -0.483 32.62 0.3261 5.551 26.378
13 -0.8 -0.845 1.209 -0.401 33.10 0.3209 5.797 25.628
14 -0.7 -0.821 1.158 -0.319 33.58 0.3158 6.043 24.969
15 -0.6 -0.797 1.107 -0.236 34.06 0.3107 6.292 24.394
16 -0.5 -0.774 1.055 -0.154 34.52 0.3055 6.538 23.910
17 -0.4 -0.750 1.004 -0.071 35.00 0.3004 6.787 23.511
18 -0.3 -0.726 0.952 0.011 35.48 0.2952 7.033 23.202
19 -0.2 -0.703 0.901 0.094 35.94 0.2901 7.282 22.982
20 -0.1 -0.679 0.850 0.176 36.42 0.2850 7.528 22.850
21 0.0 -0.655 0.798 0.258 36.90 0.2798 7.774 22.806
22 0.1 -0.632 0.747 0.341 37.36 0.2747 8.023 22.850
23 0.2 -0.608 0.695 0.423 37.84 0.2695 8.269 22.982
24 0.3 -0.584 0.644 0.506 38.32 0.2644 8.518 23.204
25 0.4 -0.561 0.592 0.588 38.78 0.2592 8.764 23.512
26 0.5 -0.537 0.541 0.671 39.26 0.2541 9.013 23.910
27 0.6 -0.513 0.490 0.753 39.74 0.2490 9.259 24.393
28 0.7 -0.490 0.438 0.835 40.20 0.2438 9.505 24.965
29 0.8 -0.466 0.387 0.918 40.68 0.2387 9.754 25.629
30 0.9 -0.442 0.335 1.000 41.16 0.2335 10.000 26.379
31 1.0 -0.418 0.284 1.083 41.64 0.2284 10.249 27.220
32 1.1 -0.395 0.232 1.165 42.10 0.2232 10.495 28.145
33 1.2 -0.371 0.181 1.248 42.58 0.2181 10.744 29.163
34 1.3 -0.347 0.130 1.330 43.06 0.2130 10.990 30.261
35 1.4 -0.324 0.078 1.412 43.52 0.2078 11.236 31.449
36 1.5 -0.300 0.027 1.495 44.00 0.2027 11.485 32.733
37 1.6 -0.276 -0.025 1.577 44.48 0.1975 11.731 34.101
38 1.7 -0.253 -0.076 1.660 44.94 0.1924 11.980 35.558
39 1.8 -0.229 -0.127 1.742 45.42 0.1873 12.226 37.094
40 1.9 -0.205 -0.179 1.825 45.90 0.1821 12.475 38.740
41 2.0 -0.182 -0.230 1.907 46.36 0.1770 12.721 40.448
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3. Results of canonical path analysis for the DPPH response

> canonical.path(model2, dist = seq(-2, 2, by = 0.1))

dist x1 x2 x3 Temp Conc pH yhat
1 -2.0 -2.190 -0.384 0.218 6.20 0.1616 7.654 52.327
2 -1.9 -2.094 -0.370 0.244 8.12 0.1630 7.732 48.713
3 -1.8 -1.999 -0.357 0.271 10.02 0.1643 7.813 45.313
4 -1.7 -1.903 -0.343 0.297 11.94 0.1657 7.891 42.071
5 -1.6 -1.808 -0.329 0.323 13.84 0.1671 7.969 39.042
6 -1.5 -1.712 -0.316 0.350 15.76 0.1684 8.050 36.167
7 -1.4 -1.617 -0.302 0.376 17.66 0.1698 8.128 33.505
8 -1.3 -1.521 -0.288 0.403 19.58 0.1712 8.209 30.998
9 -1.2 -1.426 -0.275 0.429 21.48 0.1725 8.287 28.707

10 -1.1 -1.330 -0.261 0.455 23.40 0.1739 8.365 26.576
11 -1.0 -1.235 -0.247 0.482 25.30 0.1753 8.446 24.644
12 -0.9 -1.139 -0.233 0.508 27.22 0.1767 8.524 22.884
13 -0.8 -1.044 -0.220 0.534 29.12 0.1780 8.602 21.327
14 -0.7 -0.949 -0.206 0.561 31.02 0.1794 8.683 19.946
15 -0.6 -0.853 -0.192 0.587 32.94 0.1808 8.761 18.741
16 -0.5 -0.758 -0.179 0.613 34.84 0.1821 8.839 17.733
17 -0.4 -0.662 -0.165 0.640 36.76 0.1835 8.920 16.896
18 -0.3 -0.567 -0.151 0.666 38.66 0.1849 8.998 16.253
19 -0.2 -0.471 -0.137 0.692 40.58 0.1863 9.076 15.790
20 -0.1 -0.376 -0.124 0.719 42.48 0.1876 9.157 15.514
21 0.0 -0.280 -0.110 0.745 44.40 0.1890 9.235 15.421
22 0.1 -0.185 -0.096 0.771 46.30 0.1904 9.313 15.513
23 0.2 -0.089 -0.083 0.798 48.22 0.1917 9.394 15.791
24 0.3 0.006 -0.069 0.824 50.12 0.1931 9.472 16.249
25 0.4 0.102 -0.055 0.851 52.04 0.1945 9.553 16.899
26 0.5 0.197 -0.042 0.877 53.94 0.1958 9.631 17.724
27 0.6 0.293 -0.028 0.903 55.86 0.1972 9.709 18.743
28 0.7 0.388 -0.014 0.930 57.76 0.1986 9.790 19.940
29 0.8 0.484 0.000 0.956 59.68 0.2000 9.868 21.330
30 0.9 0.579 0.013 0.982 61.58 0.2013 9.946 22.887
31 1.0 0.675 0.027 1.009 63.50 0.2027 10.027 24.653
32 1.1 0.770 0.041 1.035 65.40 0.2041 10.105 26.580
33 1.2 0.866 0.054 1.061 67.32 0.2054 10.183 28.708
34 1.3 0.961 0.068 1.088 69.22 0.2068 10.264 31.009
35 1.4 1.057 0.082 1.114 71.14 0.2082 10.342 33.510
36 1.5 1.152 0.096 1.140 73.04 0.2096 10.420 36.172
37 1.6 1.248 0.109 1.167 74.96 0.2109 10.501 39.048
38 1.7 1.343 0.123 1.193 76.86 0.2123 10.579 42.077
39 1.8 1.439 0.137 1.219 78.78 0.2137 10.657 45.320
40 1.9 1.534 0.150 1.246 80.68 0.2150 10.738 48.720
41 2.0 1.630 0.164 1.272 82.60 0.2164 10.816 52.334


