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Abstract: Copper oxide nanostructures have garnered significant attention in nanotechnology for their diverse 
applications. This study presents a green synthesis approach using an aqueous Aegle marmelos leaf extract-based 
medium to produce copper oxide (Cu4O3) nanoparticles. Optimisation was achieved through a simplified Taguchi 
L9 orthogonal array, investigating critical parameters such as temperature, surfactants (AOT and Tween 80), and 
additives (ascorbic acid and chitosan). Under optimised conditions (AOT: 0.0012 mM, ascorbic acid: 10 mM, 
chitosan: 1 %, temperature: 80 °C), near-spherical nanoparticles of ~200 nm were obtained. Comprehensive 
characterisation through UV-Vis, DLS, electron microscopy, XRD, and FTIR spectroscopy confirmed the 
nanoparticles’ properties, while antibacterial assays showed promising results against Escherichia coli bacteria. 
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Introduction 

Nanobiotechnology, an exciting fusion of nanotechnology and biotechnology, has 
emerged as a novel field where nanoparticles are synthesised through biological entities [1]. 
The unique properties of nanoparticles, stemming from their extremely small size and large 
surface area to volume ratio, play a pivotal role in various domains, including optics, 
electronics, imaging, biomedicine, and bioscience [2]. Among metallic nanoparticles, 
copper nanoparticles (CuNPs) have garnered significant attention in recent times due to 
their desirable characteristics [3]. Notably, CuNPs have found extensive use in wound 
dressing applications, owing to their potential as biocidal, antibacterial, antifungal, and 
healing agents [3, 4]. The ease of availability, cost-effectiveness, and resemblance to noble 
metal properties further amplify the interest in CuNPs [3, 5]. 

CuNPs can be synthesised through diverse methods, such as precipitation, 
bioreduction, laser ablation, sol-gel processes, chemical vapor deposition, electrochemical 
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deposition, hydrothermal techniques, and certain biological approaches [6]. Among these, 
the reduction of respective metal salts by sodium borohydride followed by functionalisation 
with surfactants, stabilising agents, or polymeric ligands is a prevalent technique for 
nanoparticle synthesis [6]. However, the green synthesis route, involving bioresources like 
plants, has gained traction due to its eco-friendliness [3, 5]. These green approaches offer 
safer and cleaner routes for producing nanoparticles with a wide range of sizes, shapes, 
structures, compositions, and physicochemical properties [3, 5, 7]. Recent reports have 
showcased the synthesis of CuNPs using various plant extracts, presenting diverse 
applications. For instance, the use of Justicia adhatoda leaf extract for antibacterial 
coatings [8], Manilkara zapota leaf extract with photocatalytic, antiproliferative and 
antimicrobial properties [9], strawberry fruit extract for incorporating cytotoxicity, 
antioxidant and cutaneous wound healing [10], Abies spectabilis plant extract with 
antinociceptive and anti-inflammatory potential [11], Madhuca longifolia plant extract for 
wastewater treatment [12] and Celastrus paniculatus leaf extract for photocatalytic and 
antifungal properties [13]. The resulting CuNPs from the stated studies are predominantly 
composed of CuO, often with spherical and near-spherical shapes and varying size ranges.  

CuNPs have a long history of application in treating microbial infections due to their 
potent toxicity against a broad spectrum of microbes, including fungi and bacteria [8, 14]. 
Their large surface area contributes to enhanced antimicrobial action by facilitating 
effective electrostatic binding and conjugation with biological systems. However, 
synthesising nanoparticles with homogeneous sizes and shapes typically involves complex 
multi-step procedures, high-temperature treatments, usage of corrosive or toxic chemicals, 
and separate stabilisation compounds, making the process intricate [15-17]. Overcoming 
the challenges of dealing with multiple parameters calls for the utilisation of statistical 
design methodologies like Taguchi’s approach, which saves time and reduces chemical 
wastage [18, 19]. The Taguchi approach employs orthogonal arrays to optimise all design 
parameters and minimise variation with the fewest possible experiments, simplifying the 
optimisation process [18, 19]. Scaling up the nanoparticle synthesis process to produce 
small-sized particles remains a challenge as they tend to agglomerate and follow 
polydispersity during synthesis [18, 19]. Optimisation of parameters becomes imperative 
for achieving nanoparticles with smaller sizes. 

In this study, we meticulously investigated the formation of CuNPs in an aqueous 
medium using A. marmelos leaf extract. The selection of A. marmelos leaf extract was 
based on its richness in polyphenolic compounds, particularly tannins, known for their 
properties as reducing and stabilising agents [17, 20, 21]. Previous studies from our group 
reported their ability to reduce silver and gold salts [17, 20, 21]. The Taguchi approach was 
employed to determine the conditions for controlling size and polydispersity, focusing on 
crucial parameters such as surfactant (AOT/Tween 80), ascorbic acid, chitosan, and 
temperature. To ensure safe synthesis, non-toxic surfactants (AOT/Tween 80) [22] and 
additives (ascorbic acid and chitosan) were chosen for CuNPs stabilisation [18, 19].  
The combination of surfactants controlling nanoparticle size and the reducing and 
stabilising properties of ascorbic acid and chitosan, in addition to A. marmelos leaf extract, 
proved effective for CuNPs synthesis [16, 23]. The role of temperature influencing 
nanoparticle synthesis was also investigated as a parameter in this study. The optimised 
conditions yielded CuNPs with high stability, narrow size distribution, and a well-defined 
surface plasmon resonance (SPR) band around 435 nm. These CuNPs, of paramelaconite 



Optimising biosynthesis of antimicrobial copper nanoparticles using aqueous Aegle marmelos … 

 

9

Cu4O3 type, displayed promising antimicrobial activity against E. coli bacteria, further 
highlighting their potential for biomedical applications. 

Materials and methods 

Primarily, fresh leaves of A. marmelos were used to make aqueous plant extract and  
a stock of 5 % leaf extract solution was prepared as per our reported study with minor 
modifications [17]. In brief, 5 g of dried leaf powder is added to 100 mL of double distilled 
water and this mixture was heated to 100 °C on a hot plate for 10 min with continuous 
shaking using a magnetic stirrer. The resultant extract was subjected to centrifugation  
(8000 rpm for 15 min) and filtration (using a filter disc of pore size 0.45 µm). Then, the 
extract was further freeze-dried using CareBiosDFD-10 Laboratory Freeze Dryer, China 
and converted to a powder form which was used for further investigation. 

 
Table 1 

Parameters selected for Taguchi method with their levels for the synthesis of CuNPs 

S.No. Parameters/Factors Level 1 Level 2 Level 3 
1 Surfactant AOT Tween 80 None 
2 Ascorbic acid [mM] None 5 10 
3 Chitosan [%] None 1 2 
4 Temperature [°C] Room temperature 50 80 

*AOT and Tween used are of 0.0012 mM and 2.5 mM which are their individual critical micelle concentration 
values. 

 
All chemicals were prepared in aqueous media. For the synthesis of CuNPs, copper(I) 

acetate (100 mM) was prepared. For process acceleration and optimisation of key synthesis 
parameters; additives (ascorbic acid and chitosan) and surfactants (AOT, Tween 80) were 
selected. Chitosan solution (5 %) was prepared using 1 % acetic acid whereas ascorbic acid 
(50 mM) was prepared and used as additives. Surfactants, AOT (15 mM) and Tween  
80 (125 mM) stock solutions were also prepared for process optimisation studies.  

Experimental design, optimisation and statistical analysis were performed as follows: 
metal salt/leaf extract (1 mM/0.5 %) in an aqueous medium was identified to produce 
CuNPs at ambient conditions at a slower rate (72 h - 96 h) with larger sizes of 1 µm to  
5 µm (Fig. S1). To limit the time of synthesis and to have control on size distribution; the 
influence of additives and surfactants was studied further. With a constant ratio of metal 
salt/leaf extract (1 mM/0.5 %); optimisation of four factors i.e. surfactant, ascorbic acid, 
chitosan and temperature (Table 1) were studied in three levels using Taguchi approach for 
CuNPs synthesis. The levels of Table 1 are selected from our previous experimental results 
(data not shown here). Taguchi L9 array with different trials was investigated, as shown in 
Table 2. Here, the reaction time for each experiment was allowed to proceed for 120 min. 
And UV-Vis absorption maximum (Amax) values from CuNPs formation due to SPR were 
evaluated (Fig. 1). 

Based on the tabulated primary results (Table 2), a verification test was done to check 
the optimum condition for CuNPs synthesis (with a higher Amax value) and analysis of 
variance (ANOVA) for the obtained results was also performed to identify the key factors 
affecting the synthesis approach. For the experimental design, ANOVA calculation and the 
optimisation strategy, MNITAB® Release 14 (Minitab Inc, USA) was used. Furthermore, 
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analysis, characterisation and antimicrobial assay was given in supplementary information 
(ESI).  
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Fig. 1. a) Colour changes in samples due to the formation of CuNPs in 9 experimental trials; b) UV-Vis 

spectral analysis of the experimental trials with absorption maximum (Amax) of each stated trail 
after ~4 times dilution 

Results and discussion 

The synthesis of CuNPs and the Taguchi optimisation of process parameters are the 
key steps in this study. Synthesis and stabilisation of nanoparticles through wet chemical 
methods are challenging as there will be multiple parameters to control the selective size 
and dimensions of nanostructures [18, 19]. Taguchi’s approach will help in achieving 
homogenous particle suspensions by fine-tuning of various factors with limited 
experimentation. Recent studies displayed its effectiveness in size and shape control of 
inorganic nanoparticles and the Taguchi design has the advantage of including continuous 

a) 

b) 
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and categorical factors [17]. Our group has reported the synthesis of size and shape control 
of Ag and Au nanoparticles using Taguchi optimisation methodology employing  
A. marmelos with various additives [17]. However, the synthesis of CuNPs and deducing 
the best procedural conditions were explored using the Taguchi approach and attempted in 
this study. Reports state that stabilising agents like surfactants and additives are influential 
in CuNPs synthesis [24], and these are studied along with temperature using a simple L9 
experimental array of the Taguchi method (Table 2). 

The colour changes in the media before, and after the addition of metal precursor is 
shown in Figure 1a and their UV-Vis spectral signatures due to SPR are given in Figure 1b. 
In general, nanoparticles interact with light and effectively block light at specific 
wavelengths from passing, thus exhibiting distinctive colour. The colour effect depends on 
the plasmon resonance; the higher the absorption intensity, the more the SPR effect, which 
is a physical phenomenon useful in sensor fabrication and new-generation optics [25]. 
Thus, maximum absorption intensity values (Amax) are significant in indicating fewer 
aggregation states [17]. So, CuNPs with more Amax values are of interest and our process 
design tabulated these values from each trail in Table 2. From the Table, trail 1 exhibited an 
Amax value of 0.233 which is higher than the other combinations studied. 

 
Table 2 

Experimental conditions and results for CuNPs synthesis under varying factors with metal salt/leaf extract ratio of 
1 mM/0.5 %, AOT (0.0012 mM) and Tween 80 (2.5 mM). Except trials 3, 4, 8; all other trials were exposed to 

sonication for 2 h and RT indicates room temperature (30 °C) 

Trials Surfactant Ascorbic acid 
[mM] 

Chitosan 
[%] 

Temperature 
[oC] 

Amax (values from 330 nm 
to 550 nm) 

1 AOT 10 1 50 0.233 
2 AOT 5 2 80 0.226 
3 AOT 0 0 RT 0.125 
4 Tween 80 10 2 RT 0.084 
5 Tween 80 5 0 50 0.076 
6 Tween 80 0 1 80 0.098 
7 None 10 0 80 0.222 
8 None 5 1 RT 0.072 
9 None 0 2 50 0.105 

 
Table 3 

Analysis of variance (ANOVA) of main effects of factors studied 

Factor DF Seq SS Adj SS Adj MS F P 
Surfactant 2 0.0178 0.0178 0.0089 74.98 0.013 

Ascorbic acid 2 0.0074 0.0074 0.0037 31.27 0.031 
Temperature 2 0.0079 0.0079 0.0039 33.46 0.029 

Residual Error 2 0.0002 0.0002 0.0001 
  

Total 8 0.0335 
 

DF - degree of freedom; Seq SS - the sequential sum of squares; Adj SS - adjusted sums of squares;  
Adj MS - adjusted mean squares; F - value is the ratio of variation between the group and within the group;  
P - probability value 
 

 
The main effects of factors are studied to observe the maximum influence of individual 

factor on the output (i.e., CuNPs with more Amax value). Figure 2 shows the average value 
of the observed results each at its individual Amax value obtained from 9 experiments (Table 
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2). The horizontal line in each smaller graph of Figure 2 corresponds to the overall average 
Amax value of Table 2 for the respective factor studied. ANOVA results for the synthesis of 
CuNPs are shown in Table 3. Here, change in ‘surfactant’ was considered as the most 
significant parameter (with a p-value of 0.013, significant at the 0.05 α-level), then 
followed by ‘temperature’ (with a p-value of 0.029) and ‘ascorbic acid’ (with a p-value of 
0.031). The parameters with p-values > 0.1 generally have the least importance on the 
synthesis approach and are ignored. 

 

 
Fig. 2. Main effects of factors or the average of obtained results in which each factor is at a given level, 

as shown in Table 2 

Table 4 
Optimum synthesis conditions suggested by statistical calculations after performing the tests 

Parameter Level description Level Contribution 
(Amax value) 

Surfactant AOT 1 0.194 
Ascorbic acid [mM] 10 3 0.179 

Chitosan [%] 1 2 0.150 
Temperature [°C] 80 3 0.182 

Total contribution of all (compared to the average value) 0.133 
Average value 0.143 

Expected result at optimum condition 0.276 

 
After assessing the results, the optimum conditions for the synthesis of CuNPs, which 

are optically active with intense Amax value are estimated by statistical calculations and 
summarised in Table 4. From the table values, the estimated SPR absorption intensity is 
0.276 for CuNPs with optimum conditions. A trial experiment was performed using the 
stated optimum conditions (Fig. 3) and the experimental result of ~0.305 at 435 nm  
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(Fig. 3a) was observed. This value is very close to that of the predicted value of ~0.276 
(Table 4), which is ~2.2 times more than the value of the maximum average intensity of 
CuNPs (Table 2). The observed experimental Amax value (Fig. 3a) from optimum conditions 
is ~10 % more than the predicted value, and the difference between the predicted and actual 
result is minimal and acceptable. In addition to the above, the estimated linear model 
analysis (Table S1) of means with R2 values > 99 % indicates that our regression model fits 
the data well. 

 

 
Fig. 3. a) UV-Vis spectrum of CuNPs from optimised parameters, b) DLS size measurements,  

c) and d) corresponds to SEM analysis, e) XRD pattern of the synthesised particles 

Figure 3a shows the SPR spectral pattern with Amax at 435 nm of CuNPs from the 
optimised reaction conditions and the colour change of the solution shown in the picture 
insert. Particle size analysis (Fig. 3b) indicates monodispersity and the average diameter of 
CuNPs was observed to be ~200 nm. The size and morphology were further confirmed by 
SEM analysis (Fig. 3c,d), where the CuNPs suspension drop dried on a silicon wafer for 
analysis. Here, CuNPs are self-assembled and formed branched structures where particles 
from each branch in close-up are shown in Figure 3c insert. A low-magnification image  
(Fig. 3d) shows its spreadability throughout the surface upon drying. This pattern is 
expected as the prepared CuNPs has chitosan, AOT and ascorbic acid, which, on drying, 
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tends to form network structures [26, 27]. A detailed analysis and study regarding  
self-assembly is going on and not discussed in this study. The crystallinity of CuNPs was 
confirmed by XRD pattern of Figure 3e where prominent diffraction pattern with peaks 
(101), (112), (200), and (004) matches with a tetragonal system of Cu4O3 with JCPDS Card 
No. 33-0480 and also matches with reported study as well [28]. Furthermore, while 
surfactant and ascorbic acid influence is negligible, a diffraction pattern with chitosan was 
also seen in Figure 3e which corresponds to its amorphous nature and matches with JCPDS 
Card No. 39-1894 [29].  

CuNPs from optimum synthesis parameters upon repeated water washings (three) were 
analysed by FTIR spectroscopy (Fig. 4a). The Figure shows significant peaks at 3285 cm–1 
(O-H stretch from the phenolic groups or chitosan), 2883 cm–1 (C-H stretching in the 
aromatic compound or chitosan), 1576 cm–1 (for C=C), 1375 cm–1 (for OH group),  
1149 cm–1 (for C-O stretch), 1070 cm–1 and 1025 cm–1 (for C-O stretch of phenol) along 
with a small peak at 888 cm–1 region (for C-H out of plane bend). These observations 
indicate that these peaks are from characteristic aromatic phenols like tannins, as reported 
in our previous study using A. marmelos leaf extract [20]. Moreover, though the amine peak 
of chitosan around 3380 cm–1 merged with A. marmelos leaf extract’s O-H peak, its typical 
presence was seen with a peak at ~1650 cm–1[30]. Additionally, the band at ~1325 cm–1 is 
from stretching vibrations of C-O group of chitosan [31]. The absence of a relatively 
dominant band at 1095 cm–1 from -C-O-C- group of chitosan states that it could be involved 
in bonding with tannins [32]. With the above inferences, we can say CuNPs are majorly 
stabilised with phenolic compounds, tannin and chitosan participation in particle capping 
and stabilisation. Furthermore, the other ingredients of the medium, AOT and ascorbic acid 
are absent in the washed CuNPs surface and not influential in stabilisation. FTIR spectrums 
of individual components are given in Figure S2 of ESI. 

 

 
Fig. 4. a) FTIR analysis of CuNPs produced from optimised process conditions using A. marmelos 

medium and their b) Antimicrobial activity against E. coli. Control in (b) corresponds to medium 
devoid of CuNPs 

The antimicrobial property of CuNPs was tested against E. coli (Fig. 4b). The NA plate 
with E. coli displayed ZOI value of 8.94 mm ±2.13 mm with CuNPs in the well while there 
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is no significant ZOI was observed with the control well devoid of CuNPs and comprise of 
only reaction components [A. marmelos leaf extract (0.5 %), AOT (0.0012 mM), ascorbic 
acid (10 mM), chitosan (1 %)]. In general, copper in its Cu4O3 (paramelaconite) phase 
existence is rare and difficult to synthesise in comparison with other phases like CuO 
(tenorite) and Cu2O (cuprite). The metastable Cu4O3 with 1.33 copper to oxygen atom ratio 
is reported to possess decent antimicrobial action [28] and multimodal action by Cu4O3 was 
observed by various researchers with diverse mechanisms. These include the production of 
reactive oxygen species, membrane leakage, cell death due to Cu2+ ions release and 
interaction with sulfhydral groups inside cell membrane were reported [28, 33, 34]. Further, 
as reported previously, the large surface area of these nanoparticles can also enhance their 
antimicrobial activity [35]. In complementary to the reported evidence, our results through 
plate studies state that the synthesised CuNPs are efficient, and the observations are 
confirmed with three replicate investigations. Our result is in the match with a reported 
study with similar ZOI values reported when Cicer arietinum extract was employed for the 
synthesis of CuNPs of Cu4O3 type [28]. Thus, these particles have a huge scope for use in 
healthcare, biomedical and environmental fields. Facile synthesis of CuNPs in this study 
through green chemicals and by optimisation of process parameters makes the approach 
environmentally benign, saves time and could be promising for large-scale production.  

Conclusion 

In conclusion, achieving precise size and shape control of nanostructures through green 
synthesis poses challenges, and exploring various process parameters can be a laborious 
task. However, employing the Taguchi approach in statistical process design proves 
advantageous, saving time and minimising the wastage of valuable chemicals. This study 
demonstrates a straightforward Taguchi optimisation method to synthesise homogeneous 
CuNPs in a short timeframe, utilising an aqueous A. marmelos leaf extract-based medium 
with additives (AOT, ascorbic acid, and chitosan). XRD analysis confirms the crystal 
system of CuNPs as tetragonal, specifically of paramelaconite (Cu4O3) type, while FTIR 
analysis verifies the in situ stabilisation of the formed nanoparticles. Additionally, the ZOI 
assay validates the antimicrobial properties of CuNPs against E. coli. This approach 
proposes a large-scale synthesis of antimicrobial CuNPs, readily applicable in the fields of 
biomedical and nanotechnology.  
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