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Abstract: Copper oxide nanostructures have garnered signifiattention in nanotechnology for their diverse
applications. This study presents a green syntlaggisoach using an aqueodisgle marmeloteaf extract-based
medium to produce copper oxide (Od) nanoparticles. Optimisation was achieved throagimplified Taguchi

L9 orthogonal array, investigating critical paraarstsuch as temperature, surfactants (AOT and T@@grand
additives (ascorbic acid and chitosan). Under dpgoh conditions (AOT: 0.0012 mM, ascorbic acid: b,
chitosan: 1 %, temperature: 80 °C), near-sphenealoparticles of ~200 nm were obtained. Compreliensi
characterisation through UV-Vis, DLS, electron roBmopy, XRD, and FTIR spectroscopy confirmed the
nanopatrticles’ properties, while antibacterial gssshowed promising results agaiEstherichia colbacteria.

Keywords: green synthesis, copper oxide, Taguchi metAed)e marmelgsantimicrobial properties

I ntroduction

Nanobiotechnology, an exciting fusion of nanotedbgp and biotechnology, has
emerged as a novel field where nanoparticles arthsgised through biological entities [1].
The unique properties of nanoparticles, stemmiamftheir extremely small size and large
surface area to volume ratio, play a pivotal raolevarious domains, including optics,
electronics, imaging, biomedicine, and bioscien2g [Among metallic nanoparticles,
copper nanoparticles (CuNPs) have garnered signifiattention in recent times due to
their desirable characteristics [3]. Notably, CuNis/e found extensive use in wound
dressing applications, owing to their potentialkagcidal, antibacterial, antifungal, and
healing agents [3, 4]. The ease of availabilitystesffectiveness, and resemblance to noble
metal properties further amplify the interest inNRs [3, 5].

CuNPs can be synthesised through diverse methodsh ss precipitation,
bioreduction, laser ablation, sol-gel processesnital vapor deposition, electrochemical
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deposition, hydrothermal techniques, and certaihobical approaches [6]. Among these,
the reduction of respective metal salts by sodiomolydride followed by functionalisation
with surfactants, stabilising agents, or polyméigands is a prevalent technique for
nanoparticle synthesis [6]. However, the greenltssgis route, involving bioresources like
plants, has gained traction due to its eco-frievadis [3, 5]. These green approaches offer
safer and cleaner routes for producing nanopastiolth a wide range of sizes, shapes,
structures, compositions, and physicochemical pt@se[3, 5, 7]. Recent reports have
showcased the synthesis of CuNPs using varioust patracts, presenting diverse
applications. For instance, the use Xfsticia adhatodaleaf extract for antibacterial
coatings [8], Manilkara zapotaleaf extract with photocatalytic, antiproliferagivand
antimicrobial properties [9], strawberry fruit ex¢t for incorporating cytotoxicity,
antioxidant and cutaneous wound healing [18hies spectabilisplant extract with
antinociceptive and anti-inflammatory potential [ 1Madhuca longifoliaplant extract for
wastewater treatment [12] ar@elastrus paniculatuseaf extract for photocatalytic and
antifungal properties [13]. The resulting CuNPsirthe stated studies are predominantly
composed of CuO, often with spherical and near+spddeshapes and varying size ranges.

CuNPs have a long history of application in tregtinicrobial infections due to their
potent toxicity against a broad spectrum of micspbecluding fungi and bacteria [8, 14].
Their large surface area contributes to enhancdim@nobial action by facilitating
effective electrostatic binding and conjugation hwibiological systems. However,
synthesising nanoparticles with homogeneous simdsshapes typically involves complex
multi-step procedures, high-temperature treatmergage of corrosive or toxic chemicals,
and separate stabilisation compounds, making tbeegs intricate [15-17]. Overcoming
the challenges of dealing with multiple parameteafis for the utilisation of statistical
design methodologies like Taguchi’'s approach, wiseles time and reduces chemical
wastage [18, 19]. The Taguchi approach employsogahal arrays to optimise all design
parameters and minimise variation with the fewestsjble experiments, simplifying the
optimisation process [18, 19]. Scaling up the nambge synthesis process to produce
small-sized particles remains a challenge as thend tto agglomerate and follow
polydispersity during synthesis [18, 19]. Optimisatof parameters becomes imperative
for achieving nanoparticles with smaller sizes.

In this study, we meticulously investigated thenfation of CuNPs in an aqueous
medium usingA. marmelosleaf extract. The selection &. marmelosleaf extract was
based on its richness in polyphenolic compoundsticpdarly tannins, known for their
properties as reducing and stabilising agents 207 21]. Previous studies from our group
reported their ability to reduce silver and golissfl7, 20, 21]. The Taguchi approach was
employed to determine the conditions for contrgllsize and polydispersity, focusing on
crucial parameters such as surfactant (AOT/Twee)) 88corbic acid, chitosan, and
temperature. To ensure safe synthesis, non-toxiactants (AOT/Tween 80) [22] and
additives (ascorbic acid and chitosan) were chdeenCuNPs stabilisation [18, 19].
The combination of surfactants controlling nanopbet size and the reducing and
stabilising properties of ascorbic acid and chitpsga addition toA. marmelodeaf extract,
proved effective for CuNPs synthesis [16, 23]. Tiwde of temperature influencing
nanoparticle synthesis was also investigated aarangeter in this study. The optimised
conditions yielded CuNPs with high stability, nawrsize distribution, and a well-defined
surface plasmon resonance (SPR) band around 439 mese CuNPs, of paramelaconite
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Cu,0; type, displayed promising antimicrobial activitgaanst E. coli bacteria, further
highlighting their potential for biomedical applt@mns.

Materials and methods

Primarily, fresh leaves oA. marmelosvere used to make aqueous plant extract and

a stock of 5 % leaf extract solution was prepargcer our reported study with minor
modifications [17]. In brief, 5 g of dried leaf pder is added to 100 mL of double distilled
water and this mixture was heated to 100 °C ontaplade for 10 min with continuous
shaking using a magnetic stirrer. The resultantaektwas subjected to centrifugation
(8000 rpm for 15 min) and filtration (using a filtdisc of pore size 0.45 pm). Then, the
extract was further freeze-dried using CareBiosOfDLEaboratory Freeze Dryer, China
and converted to a powder form which was useduighér investigation.

Table 1
Parameters selected for Taguchi method with tee#ls for the synthesis of CUNPs
S.No. Parameter s’/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 kwviaie their individual critical micelle concentrati
values.

All chemicals were prepared in aqueous media. R@rsynthesis of CuNPs, copper(l)
acetate (100 mM) was prepared. For process actieleend optimisation of key synthesis
parameters; additives (ascorbic acid and chitoaad)surfactants (AOT, Tween 80) were
selected. Chitosan solution (5 %) was preparedyukith acetic acid whereas ascorbic acid
(50 mM) was prepared and used as additives. Sarfest AOT (15 mM) and Tween
80 (125 mM) stock solutions were also preparegfocess optimisation studies.

Experimental design, optimisation and statisticalgsis were performed as follows:
metal salt/leaf extract (1 mM/0.5 %) in an aqueousdium was identified to produce
CuNPs at ambient conditions at a slower rate (#2986 h) with larger sizes of 1 pm to
5 um (Fig. S1). To limit the time of synthesis @nchave control on size distribution; the
influence of additives and surfactants was studiigther. With a constant ratio of metal
salt/leaf extract (1 mM/0.5 %); optimisation of fofactors i.e. surfactant, ascorbic acid,
chitosan and temperature (Table 1) were studi¢drae levels using Taguchi approach for
CuNPs synthesis. The levels of Table 1 are seldobed our previous experimental results
(data not shown here). Taguchi L9 array with défértrials was investigated, as shown in
Table 2. Here, the reaction time for each expertmes allowed to proceed for 120 min.
And UV-Vis absorption maximumAg,,,) values from CuNPs formation due to SPR were
evaluated (Fig. 1).

Based on the tabulated primary results (Table 2Frdication test was done to check
the optimum condition for CuNPs synthesis (with ighker A, value) and analysis of
variance (ANOVA) for the obtained results was gisoformed to identify the key factors
affecting the synthesis approach. For the expettah@esign, ANOVA calculation and the
optimisation strategy, MNITAB Release 14 (Minitab Inc, USA) was used. Furtheemor
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analysis, characterisation and antimicrobial asgay given in supplementary information
(ESI).
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Fig. 1. a) Colour changes in samples due to thedtion of CuNPs in 9 experimental trials; b) UV-Vis
spectral analysis of the experimental trials witis@aption maximumAmay) of each stated trail

after ~4 times dilution

Results and discussion

The synthesis of CuNPs and the Taguchi optimisatioprocess parameters are the
key steps in this study. Synthesis and stabiliratibnanoparticles through wet chemical
methods are challenging as there will be multideameters to control the selective size
and dimensions of nanostructures [18, 19]. Tagachpproach will help in achieving
homogenous particle suspensions by fine-tuning afious factors with limited
experimentation. Recent studies displayed its tffegess in size and shape control of
inorganic nanoparticles and the Taguchi designthasdvantage of including continuous
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and categorical factors [17]. Our group has repbtite synthesis of size and shape control
of Ag and Au nanoparticles using Taguchi optimatimethodology employing
A. marmeloswith various additives [17]. However, the syntisesf CuNPs and deducing
the best procedural conditions were explored usiegTaguchi approach and attempted in
this study. Reports state that stabilising agdkésdurfactants and additives are influential
in CuNPs synthesis [24], and these are studiedyaldth temperature using a simple L9
experimental array of the Taguchi method (Table 2).

The colour changes in the media before, and dfteratidition of metal precursor is
shown in Figure la and their UV-Vis spectral signes due to SPR are given in Figure 1b.
In general, nanoparticles interact with light anffeaively block light at specific
wavelengths from passing, thus exhibiting distirettolour. The colour effect depends on
the plasmon resonance; the higher the absorptiensity, the more the SPR effect, which
is a physical phenomenon useful in sensor fabdnatind new-generation optics [25].
Thus, maximum absorption intensity values,{) are significant in indicating fewer
aggregation states [17]. So, CuNPs with m&gg, values are of interest and our process
design tabulated these values from each trail iera. From the Table, trail 1 exhibited an
Anax Value of 0.233 which is higher than the other corations studied.

Table 2
Experimental conditions and results for CUNPs sssihunder varying factors with metal salt/leafaot ratio of
1 mM/0.5 %, AOT (0.0012 mM) and Tween 80 (2.5 mEcept trials 3, 4, 8; all other trials were expbse
sonication for 2 h and RT indicates room tempeeaf80 °C)

. Ascorbic acid Chitosan Temperature Anmax (Valuesfrom 330 nm
Trials | Surfactant [mM] %] F"C] ( t0 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 facs 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 efilmquares; Adj SS - adjusted sums of squares;
Adj MS - adjusted mean squares; F - value is thie @& variation between the group and within theup;
P - probability value

The main effects of factors are studied to obs#r@enaximum influence of individual
factor on the output (i.e., CuNPs with mdkg,, value). Figure 2 shows the average value
of the observed results each at its individial, value obtained from 9 experiments (Table
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2). The horizontal line in each smaller graph afufe 2 corresponds to the overall average
Anax Value of Table 2 for the respective factor studiOVA results for the synthesis of
CuNPs are shown in Table 3. Here, change in ‘stafdcwas considered as the most
significant parameter (with @-value of 0.013, significant at the 0.QBlevel), then
followed by ‘temperature’ (with @-value of 0.029) and ‘ascorbic acid’ (withpavalue of
0.031). The parameters wigirvalues > 0.1 generally have the least importantehe
synthesis approach and are ignored.

Main effects plot (data means) for means
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Fig. 2. Main effects of factors or the average lsfamed results in which each factor is at a gilexel,
as shown in Table 2

Table 4
Optimum synthesis conditions suggested by staaist@lculations after performing the tests

. Contribution
Parameter Level description Level (A valUg)
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 averaghie) 0.133
Average value 0.143
Expected result at optimum condition 0.276

After assessing the results, the optimum conditfonghe synthesis of CuNPs, which
are optically active with intensAn.x value are estimated by statistical calculationd an
summarised in Table 4. From the table values, #tienated SPR absorption intensity is
0.276 for CuNPs with optimum conditions. A trialpeximent was performed using the
stated optimum conditions (Fig. 3) and the expenitaeresult of ~0.305 at 435 nm
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(Fig. 3a) was observed. This value is very clos¢htd of the predicted value of ~0.276
(Table 4), which is ~2.2 times more than the valfithe maximum average intensity of
CuNPs (Table 2). The observed experimeAtal value (Fig. 3a) from optimum conditions
is ~10 % more than the predicted value, and tHerdifice between the predicted and actual
result is minimal and acceptable. In addition te #ibove, the estimated linear model
analysis (Table S1) of means wihvalues > 99 % indicates that our regression madtel f
the data well.
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Fig. 3. a) UV-Vis spectrum of CuNPs from optimis@érameters, b) DLS size measurements,
c¢) and d) corresponds to SEM analysis, €) XRD patiéthe synthesised particles

Figure 3a shows the SPR spectral pattern with Aata&35 nm of CuNPs from the
optimised reaction conditions and the colour chaofythe solution shown in the picture
insert. Particle size analysis (Fig. 3b) indicatemodispersity and the average diameter of
CuNPs was observed to be ~200 nm. The size andhwiogy were further confirmed by
SEM analysis (Fig. 3c,d), where the CuNPs suspangiop dried on a silicon wafer for
analysis. Here, CuNPs are self-assembled and fobratthed structures where particles
from each branch in close-up are shown in Figurén3ert. A low-magnification image
(Fig. 3d) shows its spreadability throughout thefame upon drying. This pattern is
expected as the prepared CuNPs has chitosan, A@Rsoorbic acid, which, on drying,
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tends to form network structures [26, 27]. A dewilanalysis and study regarding
self-assembly is going on and not discussed inghidy. The crystallinity of CUNPs was
confirmed by XRD pattern of Figure 3e where promindiffraction pattern with peaks
(101), (112), (200), and (004) matches with a tgiral system of G®; with JCPDS Card
No. 33-0480 and also matches with reported studywe [28]. Furthermore, while
surfactant and ascorbic acid influence is neglaill diffraction pattern with chitosan was
also seen in Figure 3e which corresponds to itsphous nature and matches with JCPDS
Card No. 39-1894 [29].

CuNPs from optimum synthesis parameters upon regewater washings (three) were
analysed by FTIR spectroscopy (Fig. 4a). The Figii@ws significant peaks at 3285¢m
(O-H stretch from the phenolic groups or chitosa883 cm® (C-H stretching in the
aromatic compound or chitosan), 1576 “trfor C=C), 1375 cit (for OH group),
1149 cm® (for C-O stretch), 1070 cthand 1025 cit (for C-O stretch of phenol) along
with a small peak at 888 cfregion (for C-H out of plane bend). These obséowat
indicate that these peaks are from characteristimatic phenols like tannins, as reported
in our previous study usiny. marmelodeaf extract [20]. Moreover, though the amine peak
of chitosan around 3380 chmerged withA. marmelodeaf extract’s O-H peak, its typical
presence was seen with a peak at ~1650[86]. Additionally, the band at ~1325 chis
from stretching vibrations of C-O group of chitosg1]. The absence of a relatively
dominant band at 1095 chfrom -C-O-C- group of chitosan states that it coloé involved
in bonding with tannins [32]. With the above infeces, we can say CuNPs are majorly
stabilised with phenolic compounds, tannin andod@ith participation in particle capping
and stabilisation. Furthermore, the other ingredief the medium, AOT and ascorbic acid
are absent in the washed CuNPs surface and noemtfhl in stabilisation. FTIR spectrums
of individual components are given in Figure SESH.
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Fig. 4. a) FTIR analysis of CuNPs produced fromirojsied process conditions usig marmelos
medium and their b) Antimicrobial activity agairst coli. Control in (b) corresponds to medium
devoid of CuNPs

The antimicrobial property of CUNPs was testedragj&i. coli (Fig. 4b). The NA plate
with E. colidisplayed ZOI value of 8.94 mm £2.13 mm with CuNiP¢he well while there
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is no significant ZOl was observed with the contk@ll devoid of CuNPs and comprise of
only reaction component#\]| marmelodeaf extract (0.5 %), AOT (0.0012 mM), ascorbic
acid (10 mM), chitosan (1 %)]. In general, copperits CyO; (paramelaconite) phase
existence is rare and difficult to synthesise irmparison with other phases like CuO
(tenorite) and GO (cuprite). The metastable £ with 1.33 copper to oxygen atom ratio
is reported to possess decent antimicrobial agi8hand multimodal action by GO; was
observed by various researchers with diverse mésinan These include the production of
reactive oxygen species, membrane leakage, cethdéae to C& ions release and
interaction with sulfhydral groups inside cell meawte were reported [28, 33, 34]. Further,
as reported previously, the large surface areaedd nanoparticles can also enhance their
antimicrobial activity [35]. In complementary toethieported evidence, our results through
plate studies state that the synthesised CuNPseflicent, and the observations are
confirmed with three replicate investigations. Qasult is in the match with a reported
study with similar ZOlI values reported wh€iter arietinumextract was employed for the
synthesis of CuNPs of QD3 type [28]. Thus, these particles have a huge stmpese in
healthcare, biomedical and environmental fieldilEasynthesis of CuNPs in this study
through green chemicals and by optimisation of @sscparameters makes the approach
environmentally benign, saves time and could benisimg for large-scale production.

Conclusion

In conclusion, achieving precise size and shap&aloof nanostructures through green
synthesis poses challenges, and exploring variooseps parameters can be a laborious
task. However, employing the Taguchi approach @tistical process design proves
advantageous, saving time and minimising the wastdgvaluable chemicals. This study
demonstrates a straightforward Taguchi optimisatiethod to synthesise homogeneous
CuNPs in a short timeframe, utilising an aquedusarmelodeaf extract-based medium
with additives (AOT, ascorbic acid, and chitosakRD analysis confirms the crystal
system of CuNPs as tetragonal, specifically of pelaconite (Cy0O5) type, while FTIR
analysis verifies th@ situ stabilisation of the formed nanoparticles. Addiady, the ZOI
assay validates the antimicrobial properties of BsiNagainstE. coli. This approach
proposes a large-scale synthesis of antimicrobitNRS, readily applicable in the fields of
biomedical and nanotechnology.
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