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Abstract
In the battle against clinical infections particularly the resistant pathogens, the creation of new antimicrobial drugs 
is essential. This study focuses on synthesis and characterization of Lipase-CuO nanoparticle conjugates in order 
to investigate their antibacterial efficiency. Lipase enzyme and CuO nanoparticles were synthesized biologically by 
specific selected fungal strains. Statistical optimization of lipase enzyme was done using a Plackett-Burman design 
giving two enhancement models for lipase production with increasing in productivity up to 143.43% (2800 U/ml). 
Copper oxide (CuO) nanoparticles were characterized using visual indication of greenish color formation, UV-vis 
spectrum analysis which revealed a strong peak at 300 nm. Also, CuO nanoparticles appeared as distinct, well-
dispersed spherical particles with average size of 71.035 nm using TEM, while conjugate appears as large protein 
molecules linked to the nanoparticles. Also, using techniques like energy dispersive X-ray (EDAX) the resultant 
conjugates formation was confirmed as the elemental analysis approved its formation. The antimicrobial activity of 
Lipase-CuO nanoparticles conjugates was tested against a range of clinical pathogens. The results demonstrated 
a significant increase in antimicrobial potency compared to both CuO nanoparticles and lipase alone particularly 
against E. coli strain NRC B-3703 with remarkable increase of 373.6% and 75% followed by S. aureus with increase 
of 50 and 42.8%compared to that of individual CuO nanoparticles and lipase enzyme, respectively. These findings 
suggest that Lipase-CuO nanoparticle conjugates hold great promise as a novel antimicrobial strategy, offering a 
potential solution to combat bacterial infections, especially those caused by multidrug-resistant strains. The study 
highlights the importance of nanotechnology in enhancing the efficacy of traditional antimicrobial agents and 
opens new avenues for targeted antimicrobial therapies.
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Introduction
Microbial lipases are versatile enzymes with a wide range 
of industrial applications. Through processes like inter-
esterification, esterification, aminolysis, and alcoholysis, 
they can break down lipids into smaller components like 
fatty acids and glycerol, producing new molecules that 
have beneficial effects across different sectors including 
food, detergents, pharmaceuticals, leather, textiles, cos-
metics, biodiesel production, and paper manufacturing 
[1]. Lipases are highly efficient catalysts capable of func-
tioning in both aqueous and non-aqueous media. Their 
exceptional stability across a wide range of temperatures, 
pH values, and organic solvents and their remarkable 
selectivity for specific chemical reactions without requir-
ing additional cofactors enhances their versatility. The 
hydrophobic lid structure of lipases is essential for their 
interfacial activity. These enzymes are classified accord-
ing to their specificity and source, with various plants, 
animals, insects, and microorganisms producing them 
[2–7].

Several researches have been reported lipase produc-
tion by various types of microorganisms including bac-
teria (e.g., Bacillus, Pseudomonas, Burkholderia) [8–11], 
fungi (e.g., Penicillium, Fusarium, Aspergillus) [12–15], 
and yeast [16–18]. Bacteria commonly secrete lipases 
into the culture medium through submerged fermenta-
tion, while fungal lipases are often extracellular or intra-
cellular and require more complex extraction processes 
[19]. Yeast-derived lipases can be intracellular, extracel-
lular, or membrane-bound, and are often valued for their 
stability and specificity [20]. Microbial lipases are favored 
in industry due to their diverse catalytic activities, high 
production yields, amenability to genetic engineering, 
and robust stability [21]. In this study, we applied a facto-
rial design approach to optimize lipase production using 
limited resources.

Factorial designs are commonly employed by research-
ers to examine the effects of multiple factors, such as 
temperature, pH, and inducer concentration, on lipase 
production as each isolate respond differently to the 
growing physical and nutritional factors, highlighting 
the importance of the optimization process using statis-
tical methodologies saving time, effort and cost [22, 23]. 
Response Surface Methodology (RSM) further optimizes 
process parameters by fitting mathematical models to 
experimental data, predicting optimal conditions for 
maximum lipase yield, as seen in studies on Bacillus bre-
vis lipase production [24]. Additionally, the Plackett-Bur-
man design is used as a screening method to identify key 
factors influencing lipase production, such as pH, inocu-
lum size, and incubation time, in Pichia guilliermondii. 
Mathematical models developed from these techniques 
help predict lipase production and are invaluable for pro-
cess improvement and control [25].

The escalating prevalence of antibiotic-resistant bacte-
ria presents a critical global health challenge, demand-
ing the development of alternative antimicrobial 
strategies. Metal oxide nanoparticles, especially cop-
per oxide (CuO), have emerged as promising candidates 
due to their potent antimicrobial efficacy against various 
pathogens, particularly effective against drug-resistant 
strains, making them valuable in combating antibiotic-
resistant infections [26–28].

In this manuscript, the importance of using facto-
rial designs for lipase production by Penicillium sp was 
highlighted as it was selected from previous studies as an 
efficient strain that can grow on oil -based medium with 
high potential growth; the optimal levels for each factor 
can be identified to achieve maximum lipase produc-
tion, which is crucial for industrial applications. Further-
more, Factorial designs offer an efficient and economical 
approach to exploring multiple variables simultaneously, 
conserving time and resources [23]. This method effec-
tively quantifies the impact of individual factors and their 
interactions, providing invaluable data for process opti-
mization [29].

This study aims to investigate the antimicrobial efficacy 
of novel conjugates composed of lipase and CuO NPs. 
The conjugation of lipase with CuO NPs can enhance 
the synergistic effects of both components, particularly 
their antimicrobial activity compared to using each prod-
uct individually which provide insights into its potential 
applications in combating antibiotic-resistant pathogens 
and to be used as a potent antimicrobial agent. Also, this 
is a chance to get rid of waste oil sources which are cheap 
as castor or causing deleterious effects on the environ-
ment as frying and engine, along with the formation of 
valuable products using microorganisms as a benign 
green method.

Materials and methods
Evaluation of Penicillium griseofulvum P-1707’s growth 
potential on various inexpensive oil sources
The growth ability of Penicillium griseofulvum P-1707 
on various cheap oil sources was evaluated using 
a specifically formulated production medium. The 
medium composition per liter included 1  g KH₂PO₄, 
1  g MgSO₄0.7  H₂O, 35  g NH₄Cl, 5  g yeast extract, and 
20  g agar. Additionally, 1% (v/v) of different waste oil 
sources (frying oil, castor oil, and engine oil) were sepa-
rately incorporated into the medium, maintaining a pH 
of 6. The prepared media were sterilized at 121 °C under 
1.5  atm pressures for 20  min. After sterilization, the 
media were cooled to 45  °C and poured into sterilized 
petri dishes. Inoculation involved streaking the surface 
of the plates with Penicillium griseofulvum P-1707. The 
inoculated plates were incubated at 28  °C for a period 
of 7 days, as described by [30]. The strain Penicillium 
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griseofulvum P-1707 used in this study was obtained 
from previous research and had been genetically identi-
fied [31].

Production and extraction of lipase enzyme
The production medium contained the same components 
as those used for screening growth; with the exception 
that agar was omitted. Broth medium was prepared and 
distributed into flasks, each containing 100  ml medium 
and 1% of oil sources (frying oil, castor oil, or engine oil) 
was added, two flasks for each oil source, and one flask as 
a control. All flasks were sterilized by autoclaving.

Following sterilization, each flask was inoculated with 
2 loopfuls of the fungal strain Penicillium griseofulvum 
P-1707 and incubated at 28 °C for 7 days. After the incu-
bation period, the contents of the flasks were filtered 
using Whatman filter paper no. 1. The mycelium was 
dried overnight at 60  °C to determine the mycelia dry 
weight, which served as a measure of fungal growth on 
each waste oil source. The cell-free filtrate was stored in 
sterilized Falcon tubes at 0 °C for subsequent determina-
tion of lipase productivity.

Lipase enzyme assay using chromogenic substrate plates 
and a titrimetric method
Chromogenic substrate plates
Chromogenic substrate plates were prepared using phe-
nol red (0.01%), 1% oil substrate (tributyrin), 10 mM 
CaCl2, and 2% agar. The pH was adjusted to 7.3–7.4 with 
0.1 N NaOH. A 0.1 ml sample of the crude enzyme from 
each flask was added to the central well of the plate. The 
plates were then incubated at 37–45 °C for 30 min. After 
incubation the plates which give yellow zone indicates 
lipase production (as change of phenol red color as a 
result of acid production) [32].

Titrimetric method
The titrimetric method contained olive oil as the sub-
strate and thymolphthalein as the indicator. The endpoint 
was determined by the color change of the reaction mix-
ture from colorless to pale blue. To prepare the substrate 
emulsion, 25 ml of olive oil and 75 ml of 7% Arabic gum 
solution were emulsified in a blender for 2 min. The reac-
tion mixture contained 5  ml of the olive oil emulsion, 
2  ml of 0.1  M phosphate buffer (pH 7.0), and 1  ml of 
the enzyme suspension, and was incubated at 37  °C for 
30  min with orbital shaking. Immediately after incuba-
tion, the emulsion was disrupted by adding 15 ml of ace-
tone-ethanol (1:1 v/v), and the liberated free fatty acids 
were titrated with 0.1  M NaOH. One unit of enzyme 
activity (U) was defined as the micromoles of free fatty 
acids released under the assay conditions and expressed 
as U/ml per hour of incubation [30].

The enzyme activity (U/ml) was calculated using the 
formula:

	

U/ml of enzyme activity =(NaOH volume
× molarity of NaOH
× 1000 × 2)

Where: 1000 is the conversion factor from milli-equiv-
alents to micro-equivalents, 2 is the conversion factor 
from 30 min to 1 h.

Statistical optimization of lipase production by Penicillium 
griseofulvum P-1707 using Plackett-Burman design
The statistical optimization of lipase was conducted 
using a Plackett-Burman design model [33] to evaluate 
the effects of five factors on lipase production including 
one oil source (Castor) using Design- Expert software 
(version 13, Stat-Ease, Inc., Minneapolis, MN) as indi-
cated in Table S1. The factors and their levels were: Fac-
tor 1 (A: Temperature): 25 °C, 50°; Factor 2 (B: Initial pH): 
4, 8; Factor 3 (C: Incubation Time, Days): 2, 8; Factor 4 
(D: Inoculum Size, %): 1, 10 and Factor 5 (E: Castor Oil, 
%): 1, 5.

Another trial for achieving highly efficient lipase sta-
tistical production model was a second design includ-
ing the three experimented oil sources (Castor, Frying 
and Engine) was performed. Seven factors viz. (incuba-
tion temperature; initial pH, incubation time, frying oil, 
Engine oil and castor oil concentrations) were primarily 
introduced into plackett-Burman design using Design- 
Expert software (version 13, Stat-Ease, Inc., Minneapo-
lis, MN). Fifteen runs were done according to measuring 
lipase productivity for each using titrimetric method 
(Table S2). The obtained results were analyzed using 
ANOVA analysis. The significant factors were identified. 
The design was validated [33].

The second design: The second design model assessed 
the effects of seven factors on lipase production: Factor 1 
(A: Temperature): 20 °C, 50 °C; Factor 2 (B: Initial pH): 4, 
8; Factor 3 (C: Incubation Time, Days): 2, 8; Factor 4 (D: 
Inoculum Size, %): 1, 10; Factor 5 (E: Frying Oil, %): 1, 5; 
Factor 6 (F: Engine Waste Oil, %): 1, 5 and Factor 7 (G: 
Castor Oil, %): 1, 5.

Purification of lipase
Cell free filtrate was prepared followed by ammonium 
sulphate precipitation at 80% concentration. The precipi-
tated protein was undergoing dialysis against 0.1 M phos-
phate buffer pH7 with continuous buffer renewing every 
2–3  h for 24  h then, the crude lipase was concentrated 
against sugar crystals. The concentrate was re-suspended 
in minimal volume of the 0.1 M phosphate buffer pH7 to 
be applied on the sephadex G-200 column of 2.2 × 63 cm. 
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lipase activity and protein concentration was measured 
for all fractions [30].

Production of copper oxide nanoparticles
Isolation of copper oxide nanoparticles fungal producers
Five isolates were obtained from a soil sample col-
lected from a detergent industry site at Savo Factory, Al 
Amereia Area; Cairo, Egypt. The isolates were tested for 
CuO nanoparticle production, the isolate which exhib-
ited the highest growth on malt extract agar medium 
when incubated at 30 °C for 7 days was selected. The iso-
late was subsequently purified and cultivated under the 
same medium and conditions for further study [34].

Genetic identification of the selected copper oxide 
nanoparticles producing isolate
The isolate was cultured in 35 mL of malt extract broth 
and incubated for 7 days at 30 °C in a shaking incubator. 
DNA extraction was conducted using DNeasy kit (Qia-
gen). DNA was stored at -20 °C for further manipulation. 
Taq PCR Master mix (purchased from Qiagene) was used 
to amplify or synthesize DNA (genomic or plasmid) frag-
ments using a thermal cycler machine (gradient Robo-
cycler 96 Stratagene, USA) at the Regional Center for 
Mycology and Biotechnology.

The interested DNA fragments (PCR products and lin-
ear plasmid) were purified by agarose gel electrophore-
sis using the appropriate gel concentration stained with 
ethidium bromide. The gel was run to the desired level 
of voltage and the DNA was visualized and imaged using 
the transilluminator of a gel documentation system (BIO-
RAD, Gel Doc 2000).

Sequencing of plasmid and amplified PCR fragments 
was carried out by Cy5/Cy5.5 Dye Primer Sequencing kit 
from Visible Genetics Inc. for use with the Open Gene 
automated DNA sequencing system [35].

Filling, casting, polymerizing Micro Cell Cassette, 
loading the Micro Cell Cassette into Long-Read Tower, 
and electrophoresis conditions were assigned according 
to Long-Read Tower DNA sequencer System and sample 
analyses were made by OpenGene software Version 3.1 
from Visible Genetics, Canada at The Regional Center for 
Mycology and Biotechnology.

Primer sequences used for the identification of 18s in 
the current study.

ITS1( 5’- TCC GTA GGT GAA CCT GCG G-‘3)
ITS4 (5’- TCC TCC GCT TAT TGA TAT GC-‘3)

Production, extraction and characterization of copper 
oxide nanoparticles
C’zapeck Dox medium was prepared in a 250  ml coni-
cal flask, sterilized, inoculated with 5% inoculum, and 
incubated at 30  °C for 7 days. The culture was then fil-
tered using Whatman filter paper no.1. Under aseptic 

conditions, 10  ml of 50 mM copper sulfate was added 
to the cell-free filtrate and incubated for 3 days under 
the same conditions. The strain used for production 
was previously isolated and genetically identified based 
on 18s rRNA. The cell-free filtrate was centrifuged at 
10,000  rpm for 10 min at 4  °C. The resulting pellet was 
washed with isopropanol and centrifuged again under 
the same conditions. A dark brownish-black precipitate 
of CuO nanoparticles was obtained, dried at 50 °C over-
night, and subjected to characterization [36]. The mor-
phology and dimensions of the CuO nanoparticles were 
analyzed using visual observation of color changing, UV-
Vis absorption spectroscopy (Genway 6300, UK) across a 
range of 200–700 nm, Transmission electron microscopy 
(TEM), Energy Dispersive X-ray (EDAX) and Fourier-
transform infrared spectroscopy (FTIR) to confirm their 
morphology, crystallinity, and functional groups.

Preparation and examination of lipase-CuO mixture
5 ml mixture was prepared by suspending 3.2 mg of CuO 
nanoparticles in 5% DMSO at 4  °C. Then, 1 ml of puri-
fied lipase enzyme (concentration 1.4 µg/ml) was added, 
and the mixture was maintained at the same temperature 
for analysis. The lipase-CuO mixture was examined using 
EDAX and TEM (JEOL JEM 2100, 200 keV – 0.143 reso-
lution TEM).

Antimicrobial activity of lipase-CuO nanoparticles 
Conjugate
The antimicrobial effect of the lipase-CuO nanoparticles 
conjugate was tested against five pathogenic bacterial 
strains Two Gram-positive bacterial strains (Staphylo-
coccus aureus NRRL B-313 and Bacillus subtilis NRC), 
and three Gram-negative strains (Escherichia coli NRC 
B-3703, Salmonella typhimurium ATCC 14028 and 
Pseudomonas aeruginosa NRC B-32)., three fungal 
strains (Fusarium chlamydosporum F25, Aspergillus ter-
rus SQU14026 and Alternaria alternata Te19)., and one 
yeast strain Candida albicans NRRL477 using the agar 
diffusion well method [37]. Seeded medium was used 
for bacterial strains and yeast, while fungal strains were 
streaked on the surface of the plates. Three experimen-
tal groups were established in addition to the control: 
lipase, CuO nanoparticles and the lipase-CuO nanopar-
ticles mixture. Each sample (0.1  ml) was applied to the 
wells, and the plates were incubated at 30  °C for 2 days 
for bacteria and yeast, and 7 days for fungal strains. Two 
control sets were provided; the first set was the inocu-
lated plates without addition of the tested samples; and 
with the addition of 0.1 ml DMSO 5% in order to ensure 
that the resulted effect is due to the action of the tested 
samples only as a negative control. The second group was 
with the addition of Ampicillin and Mycostatin as posi-
tive controls for both bacterial and fungal strains with 
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concentrations of 50 and 100  µg/ml, respectively (Table 
S5). Also, the test was carried out using the crude lipase 
(1.7  mg/ml) for getting adequate concentration; the 
lipase-CuO nanoparticles mixture was prepared with the 
same method as mentioned in the previous step.

Minimum inhibitory concentrations (MIC) and minimum 
bacterial concentrations (MBC)
The antimicrobial activity of the three tested substances 
(lipase only, CuO-NPs only and lipase CuO-NPs -conju-
gate) was determined by using the standard broth dilu-
tion method (CLSI M07-A8). BHI broth was used for 
MIC calculation by twofold serial dilutions of the tree 
tested substances. Different concentrations of were used 
starting lipase from (1700 µg/mL to 53.13 µg/mL), CuO-
NPs from(1600  µg/mL to 50  µg/mL) with an adjusted 
bacterial concentration 0.5 McFarland’s standard of 
(1 × 108 CFU/ml) at 625  nm Tested bacterial growth in 
BHI broth was used as positive control and only broth 
media was used as a negative control. The MIC was 
determined visually by the turbidity of the tubes before 
and after the incubation for 24 h for bacterial growth and 
48–72 h for fungal growth. After the MIC measurement 
of the three tested substances (lipase only, CuO-NPs only 
and lipase CuO-NPs -conjugate), 50  µl sample from all 
the tubes was swabbed on plates; the plates that showed 
no visible bacterial growth were considered to be MBC.

Results
The effect of different oil sources on microbial activity and 
lipase production
Clear Yellow zone formation on agar plates supplemented 
with castor oil, engine oil, and frying oil indicated vary-
ing degrees of lipid degradation. Frying oil and engine 
oil showed a pronounced clear zone (3.15  cm) followed 
by frying (2.65  cm) and engine (2.25  cm) (Fig.  1a, b, c). 
Frying oil yielded the highest mycelium production at 
1.11 g/100 ml, followed by castor oil at 0.81 g/100 ml, and 
engine oil at 0.64 g/100 ml. In terms of lipase productiv-
ity using titrimetric assay, castor oil exhibited the high-
est activity with 937.6 U/ml, followed by frying oil with 
787.6 U/ml, and engine oil with 387.6 U/ml (Fig.  1d-f ). 
These results indicate that castor oil is the most effective 
substrate for promoting microbial lipid degradation and 
lipase production, followed by frying oil, while engine 
oil is the least effective. Also, the most suitable substrate 
for optimum growth for Penicillium griseofulvum P-1707 
was frying oil followed by castor and then, engine.

Statistical optimization of lipase production by Penicillium 
Griseofulvum P-1707 using Plackett-Burman design
The Titrimetric assay method was used for measuring 
lipase production by Penicillium griseofulvum P-1707 for 
all 15 runs that obtained from a factorial design model 

(Plackett-Burman) to evaluate the effects of five factors: 
temperature, initial pH, incubation time, inoculum size, 
and castor oil concentration using Design- Expert soft-
ware (version 13, Stat-Ease, Inc., Minneapolis, MN).

ANOVA for first design model
The ANOVA results for the first design model, which 
evaluated lipase productivity, are presented in (Table 
S3). The model was significant with a p-value of 0.0427, 
indicating a good fit. The model’s F-value of 6.58 indi-
cates its significance. Significant model terms included 
temperature (A), castor oil (E), and interaction terms 
BE and CE (Fig. 2). A Lack of Fit F-value of 0.25, which 
is not significant, suggests the model fits well. The tem-
perature (p-value = 0.0159), castor oil (p-value = 0.0341), 
and interaction terms pH * Castor oil (BE) with 
p-value = 0.0090, and Incubation time * Castor oil (CE) 
with p-value = 0.0159 were significant factors affecting 
lipase production. An adequate Precision ratio of 8.528, 
which is greater than the desirable ratio of 4, confirms an 
adequate signal, Also, the model R² = 0.94 The model and 
adjusted R2 = 0.8 are very close making the model suitable 
for navigating the design space.

Final Equation in Terms of Actual Factors for the first 
design:
lipase productivity (U/ml) = + 443.05556–0.500000 
temperature + 90.62500Initial pH -64.58333 Incuba-
tion time + 23.61111 Inoculum size + 340.27778 Castor 
oil − 3.50000 temperature * Castor oil − 40.62500Initial 
pH * Castor oil + 22.91667 Incubation time * Castor oil 
− 6.94444 Inoculum size * Castor oil.

ANOVA for second design model
The second design model’s ANOVA results (Table 
S4 and Fig.  3) evaluated additional factors, includ-
ing frying oil and engine waste oil, showing signifi-
cant influence on lipase productivity. Herein, the 
model F-value of 15.22 implies the model is signifi-
cant, the model p-value = 0.0231. Also, B, C, F, AE, 
DE, EG were found to be significant model terms indi-
cated by their p-values (less than 0.0500) (B-Initial pH 
(p-value = 0.0063), C-Incubation time (p-value = 0.0107), 
F-engine waste oil (p-value = 0.0462), temperature 
* frying oil (p-value = 0.0186), Inoculum size * fry-
ing oil (p-value = 0.0110) and frying oil * Castor oil 
(p-value = 0.0106); as indicated in (Fig.  3).The Lack of 
Fit F-value of 3.38 implies the Lack of Fit is not signifi-
cant. Also, R2 = 0.98 is very close to adjusted R2 (0.92). 
Herein, the adequate precision ratio of 13.991 indicates 
an adequate signal. This model can be used to navigate 
the design space.

Final Equation in Terms of Actual Factors for the sec-
ond design.
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lipase productivity (U/ml) = -924.47917 + 36.87500 
temperature + 187.50000 Initial pH -137.50000 Incuba-
tion time + 129.16667Inoculum size + 980.03472 frying 
oil − 118.75000 engine waste oil + 320.31250 Castor oil 
− 11.04167 temperature * frying oil − 51.38889 Inoculum 
size * frying oil − 101.56250 frying oil * Castor oil.

 
The figure presents two subplots (2a and 2b) that repre-
sent the correlation between predicted and actual lipase 
productivity values for the designs. Both subplots illus-
trate a strong linear relationship, indicating the predic-
tive model’s accuracy. The data points closely cluster 
around the diagonal line (y = x) in both subplots, suggest-
ing that the model’s predictions are consistent with the 
actual measurements. This consistency demonstrates 
the model’s reliability in predicting lipase productivity. 

Overall, the figure highlights the model’s high accuracy 
and effectiveness in forecasting lipase productivity across 
different productivity ranges.

Validation for the first design
The optimization of the first design parameters resulted 
in a significant increase in lipase productivity. The 
selected solution with a temperature of 46.9 °C, an initial 
pH of 4.1, an incubation time of 7.9 days, an inoculum 
size of 2.6%, and a castor oil concentration of 4.9% pre-
dicted a lipase productivity of 1212 U/ml with a desirabil-
ity of 1.000. The obtained experimental result was 1150 
U/ml, achieving a validation percentage of 95%. This 
optimization led to a 22.7% increase in lipase productiv-
ity from 937.6 to 1150 U/ml.

Fig. 1  Effect of different oil sources on microbial activity and lipase production. Panels (a-c) show the clear zones indicating lipid degradation on agar 
plates inoculated with Penicillium griseofulvum P-1707 and supplemented with (a) Engine oil, (b) Castor oil, and (c) Frying oil. Panel (d) quantifies the 
diameter of the clear zones for each oil source, Panel (e) presents the mycelium dry weight for each oil source, Panel (f) shows the lipase activity (U/mL) 
for each oil source. Error bars represent standard deviations from the means of triplicate experiments
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Fig. 3  Pareto charts of the Plackett-Burman design illustrating the effects of different factors on lipase enzyme productivity by Penicillium griseofulvum 
P-1707. The chart illustrates the relative significance of each factor, with bars representing the absolute values of their standardized effects. (a) Pareto chart 
from the first Plackett-Burman design, showing the impact of factors A (temperature), B (initial pH), C (incubation time), D (inoculum size), and E (castor 
oil). Positive effects are shown in orange, and negative effects are shown in blue. The Bonferroni and t-value limits indicate statistical significance, with 
factors E, A, and B being the most significant contributors to lipase productivity. (b) Pareto chart from the second Plackett-Burman design, evaluating fac-
tors A (temperature), B (initial pH), C (incubation time), D (inoculum size), E (frying oil), F (engine waste oil), and G (castor oil). The chart shows significant 
positive and negative effects, with factors B, C, D, and F represented the highest contributors to lipase productivity in the design

 

Fig. 2  Correlation between Predicted and Actual Lipase Productivity. (a) Plot of predicted versus actual lipase productivity values, with a color gradient 
representing productivity levels ranging from 600 to 1200U/ml. The data points are closely clustered around the diagonal line (y = x), indicating a strong 
linear relationship and high predictive accuracy of the model. (b) Similar plot with productivity values ranging from 1050 to 2800U/ml, demonstrating the 
model’s consistent performance across a different range of productivity values. The color gradient from blue to red effectively highlights the variations 
in lipase productivity
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Validation for the second design
For the second design, the optimization process also 
resulted in a substantial further increase (143.43% 
more than first design result) in lipase productivity. The 
obtained experimental result was 2800 U/ml, while the 
predicted productivity was 3212 U/ml with a validation 
percentage of 87.17%. The optimum conditions were at 
a temperature of 50 °C, an initial pH of 8, an incubation 
time of 5.0 days, an inoculum size of 1%, and concentra-
tions of 1% for the tree oils (frying, engine waste and cas-
tor oils).

Purification pattern of lipase
The purification process of lipase showed the following 
results: starting with a crude extract having a total activ-
ity of 700,000 units, total protein content of 444.68 mg, 
and a specific activity of 1574.18 units/mg, resulting in 
100% recovery. After ammonium sulfate ((NH₄)₂SO₄) 
precipitation, the total activity was reduced to 450,000 
units, with a total protein content of 201.9  mg and a 
specific activity of 2,228.8 units/mg, achieving a 1.42-
fold purification and 64.29% recovery. Further purifica-
tion using Sephadex G-200 resulted in a total activity of 
55,000 units, a total protein content of 0.36  mg, and a 
specific activity of 152,778 units/mg, leading to a 97.05-
fold purification and 7.86% recovery.

The specific activity and total activity were tracked 
across 65 fractions. The data shows fluctuations in both 
activities, with peaks indicating the fractions with the 
highest enzymatic activity. These results validate the effi-
cacy of the purification process, highlighting the frac-
tions that exhibit the highest lipase activity and specific 
activity. The most active fraction was observed at fraction 

35, demonstrating the concentration of highly active 
lipase (Fig. 4).

Molecular identification and phylogenetic tree of selected 
copper oxide nanoparticles producing isolate
The molecular identification of the selected isolate 
was conducted using sequences of the small subunit 
ribosomal RNA gene (partial sequence), internal tran-
scribed spacer 1 and 5.8  S ribosomal RNA gene (com-
plete sequence), and internal transcribed spacer 2 
(partial sequence), deposited under GenBank acces-
sion PP792979.1. Phylogenetic analysis placed A. niger 
MN PP792979.1 within the lower clade of the phyloge-
netic tree. This clade exhibited evolutionary proximity 
to A. niger SVU1:83523 and showed conservation within 
Aspergillus spp., encompassing species such as A. brasil-
iensis, A. awamori, A. foetidus, A. sclerotioniger, and A. 
welwitschiae as shown in (Fig. 5).

Interestingly, A. niger MN PP792979.1 has a unique 
relationship with uncultured Aspergillus strains, sug-
gesting specialized genetic and biosynthetic capabilities 
potentially related to distinctive nutritive traits. This evo-
lutionary context underscores the strain’s potential for 
novel metabolic pathways and secondary metabolite pro-
duction, indicative of its adaptation to a specific ecologi-
cal niche.

The formation of CuO nanoparticles by Aspergillus 
niger MN PP792979.1 was firstly characterized using 
visual observation of color change into greenish (Fig. 6). 
In addition, UV-Vis absorption spectroscopy (Genway 
6300, UK) revealed a strong absorbance peak at 300 nm 
across measured range of 200–700  nm suggesting the 
formation of CuO NPs (Fig. 7).

Fig. 4  Lipase activity and specific activity across fractions. The fractionation results display the lipase total activity (units) and specific activity (U/mg) 
across 65 fractions. The data shows fluctuations in both activities, with peaks indicating the fractions with the highest enzymatic activity. These results 
validate the efficacy of the purification process, highlighting the fractions that exhibit the highest lipase activity and specific activity
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Fig. 5  Phylogenetic Tree of Aspergillus niger MN. The phylogenetic tree is based on the partial sequence of the small subunit ribosomal RNA gene, 
complete sequence of the internal transcribed spacer 1 and 5.8 S ribosomal RNA gene, and partial sequence of internal transcribed spacer 2. The ITS 
sequences were deposited in the GenBank database (​h​t​t​p​:​​​/​​/​b​l​a​s​​t​​.​n​c​​b​​i​.​​n​​l​m​​.​n​​​i​h​.​g​o​v​/, accessed on 10 July 2024) to identify closely related species. They 
were used to build a maximum likelihood phylogenetic tree with the default multiple sequence alignment methods, and the tree inference method was 
FastTree 2.1.1 builder (Price et al., 2009) in Geneious 9.1.8 software (http://www.geneious.com/). Branch lengths are ​p​r​o​p​o​r​t​i​o​n​a​l to nucleotide substitu-
tions/site, and trees were visualized in iTOL v6.3 software (https://itol.embl.de/)

 

http://blast.ncbi.nlm.nih.gov/
http://www.geneious.com/
https://itol.embl.de/


Page 10 of 18Handak et al. BMC Biotechnology           (2025) 25:16 

Fourier-transform infrared (FTIR)
Spectrum of Aspergillus niger MN PP792979.1 filtrate, 
indicating key functional groups and the production 
of CuO nanoparticles. The total production of CuO 
nanoparticles was 7.4 mg/100 ml. The broad absorption 
peak around 3432  cm− 1 corresponds to O-H stretching 

vibrations, associated with hydroxyl groups due to 
absorbed water molecules on the surface of CuO. The 
peak at 2972.41  cm− 1 is attributed to C-H stretching 
vibrations. Distinct absorption bands at 1642.47  cm− 1 
and 1634 cm− 1 correspond to C = C stretching vibrations, 
characteristic of water-soluble unsaturated components 
of the fungal extract [38–39]. The absorption band at 
518 cm− 1 is assigned to the Cu-O bond, (Fig. 8).

Transmission Electron Microscopy (TEM)
Analysis of Aspergillus niger MN PP792979.1 filtrate 
demonstrated the successful biosynthesis of copper oxide 
(CuO) nanoparticles, which appeared as distinct, well-
dispersed spherical particles with average size 71.035 nm. 
High magnification TEM images confirmed the uni-
form size distribution of these nanoparticles as shown in 
(Fig. 9). Additionally, the TEM images indicated the pres-
ence of lipase enzyme associated with the CuO nanopar-
ticles, suggesting a potential enzymatic role in the 
nanoparticle synthesis process. These findings emphasize 
the effective production of CuO nanoparticles by A. niger 
MN PP792979.1 and highlight their uniformity.

Energy Dispersive X-ray (EDAX) analysis of the bio-
synthesized CuO nanoparticles produced by Aspergillus 
niger MN PP792979.1 confirmed their elemental com-
position. The EDAX spectra displayed prominent peaks 
corresponding to copper (Cu), Carbon (C) and oxygen 

Fig. 7  UV-Vis spectrum of CuO nanoparticles produced by Aspergillus 
niger MN PP792979.1. The results revealed a strong peak at 300 nm cor-
responding to CuO nanoparticles formation at a range characteristic for 
them

 

Fig. 6  Visual image of (a) filtrate of Aspergillus niger MN PP792979.1 before CuSO4 addition, (b) after addition of CuSO4. Greenish color formation in b is 
as a result of CuO nanoparticles formation after the addition of 50 mM copper sulfate comparing to the light yellow color of the filtrate
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(O), validating the successful formation of CuO nanopar-
ticles. In the first spectrum (Fig. 10a), significant Cu peak 
was observed at approximately 8 keV, C peak was noted 
around 0.2  keV and O peak was noted around 0.5  keV 
with mass 62.22, 30,8 and 6.22%, respectively. Similarly, 
the second spectrum (Fig.  10b) confirmed the structure 
of the produced conjugate with the presence of the lipase 
enzyme elements as carbon, nitrogen and phosphorus 
due to the used buffer with mass of 36.71% Carbon, 0.22 
Nitrogen, 53.82% Oxygen, 4.79% Phosphorus, 3.97% Cu 
and 0.049 potassium peaks. The absence of other signifi-
cant peaks indicated minimal impurities, confirming the 
high purity of the biosynthesized CuO nanoparticles and 
the conjugate.

The antimicrobial activity of the lipase-CuO conjugate 
was assessed against several microbial strains (Fig. 11 and 
Table S5). For Aspergillus terreus SQU14026, the inhibi-
tion zone for the lipase-CuO conjugate was 58 mm, com-
pared to 50 mm and 40 mm for CuO nanoparticles and 
lipase, respectively. In the case of Fusarium chlamydo-
sporum F25, the lipase-CuO nanoparticles conjugate 
showed an inhibition zone of about 50  mm, with CuO 

nanoparticles displaying an inhibition zone of 32 mm and 
lipase showing 44 mm.

As for Candida albicans NRRL477, the lipase-CuO 
nanoparticles conjugate exhibited an inhibition zone of 
17.5  mm, while CuO nanoparticles and purified lipase 
showed inhibition zones of 11.5  mm and 16.5, respec-
tively. While, in case of Bacillus subtilis NRC, the inhibi-
tion zones were 19 mm for the lipase-CuO nanoparticles 
conjugate, 13.3 mm for CuO nanoparticles, and 17.3 mm 
for purified lipase. Additionally, Staphylococcus aureus 
NRRL B-313, the lipase-CuO nanoparticles conjugate 
showed larger inhibition zones of 21  mm compared 
to 14 and 14.7 CuO nanoparticles and purified lipase, 
respectively. Lastly, against E. coli strain NRC B-3703, 
the lipase-CuO nanoparticles conjugate demonstrated 
a significant inhibition zone of approximately 63  mm, 
while 13.3  mm for CuO nanoparticles and 36 for puri-
fied lipase. No inhibition activity was recorded against 
Alternaria alternata Te19 and Pseudomonas aeruginosa 
NRC B-32as shown in (Figure, 9). These results indi-
cated that the lipase-CuO conjugate has enhanced anti-
microbial properties compared to CuO nanoparticles 

Fig. 8  FTIR spectrum of CuO nanoparticle. The spectrum reveals key functional groups, with a broad peak at 3429.91 cm⁻¹ corresponding to OH stretch-
ing, a peak at 1636.87 cm⁻¹ indicating C = C stretching, and a significant peak at 516.88 cm⁻¹ confirming the Cu–O bond formation. These peaks suggest 
the successful formation of copper oxide nanoparticles
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and lipase individually, particularly against E. coli strain 
NRC B-3703 with remarkable increase of 373.6% and 
75% followed by S. aureus with increase of 50 and 42.8% 
compared to that of individual CuO nanoparticles and 
lipase enzyme, respectively. All the provided results were 
compared to negative control with the addition of 0.1 ml 
DMSO instead of conjugate, while in positive controls 
ampicillin and mycostatin with concentrations of 50 and 
100 µg/ml, respectively was used. MIC of the three tested 
substances (lipase only, CuO-NPs only and lipase CuO-
NPs -conjugate) was determined and results indicated 
that the lipase-CuO conjugate has enhanced antimicro-
bial properties compared to CuO nanoparticles alone 
and lipase individually, since MIC of the conjugate was at 
lower concentrations than lipase and CuO nanoparticles 
as showed in Table S6.

Discussion
Lipase production by fungi is a well-studied area due to 
the enzyme’s wide range of applications, including in the 
food, detergent, pharmaceuticals, and biofuel industries. 
Fungal lipases are highly active, making them suitable for 
large-scale production [40–44].

Microbial lipase production is influenced by physi-
ological and nutritional growth parameters i.e., tempera-
ture, pH, lipid, carbon source, presence of surfactants 
and time. Our results indicated that castor oil is the most 
effective substrate for promoting microbial lipid degrada-
tion and lipase production, followed by frying oil, while 

engine oil is the least effective when used individually 
with productivity 937.6 U/ml, 787.6 U/ml and 387.6 U/
ml, respectively. These results may be attributed to the 
structural nature of castor oil which is a vegetable oil that 
extracted from castor beans with about 40 to 60% seed oil 
content, it contains a mixture of triglycerides with about 
90% of fatty acids including ricinoleic, oleic, stearic, pal-
mitic, linoleic, linolenic acid and others that are valuable 
nutritional components. Also, Castor oil has low amount 
of saturated and polyunsaturated fatty acids that maxi-
mize its stability [45].

In case of frying oil, it resulted in near lipase productiv-
ity when used compared to castor. The results may vary 
according to many factors including the composition of 
the frying oil and the times of being used in frying, type 
of fatty acids liberated from the oil during frying. Three 
agents are responsible for changing oil composition dur-
ing frying. The food water, high temperature and oxygen 
lead to chemical reactions in the frying oil and produce 
di- and monoacylglycerols, glycerol, and free fatty acids. 
In addition, the maximum free fatty acid content for fry-
ing oil is 0.05–0.08% [46–47]. Frying oil in this research 
was soybean, sunflower mixed waste frying oil has been 
used for frying 3 times.

Concerning the waste engine oil, the complexity of its 
composition led to the lowest lipase productivity by Peni-
cillium griseofulvum P-1707. It is composed of oxidative 
oil products, impurities as chlorinated hydrocarbons and 
other organic compounds as benzene or naphthalene, 

Fig. 9  TEM of CuO nanoparticles and - protein conjugate produced by Aspergillus niger MN PP792979.1. (a) Transmission Electron Microscopy (TEM) 
image of CuO nanoparticles (NPs) and conjugated lipase enzyme produced by A. niger MN showing the linking between the lipase molecule and CuO 
nanoparticles that confirmed coniguate formation. (b) Higher magnification TEM image showing the morphology and uniform size distribution of the 
CuO nanoparticles which appeared as distinct well-dispersed spherical particles with average size of 71.035 nm
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products of decomposition of additives and metals. In 
addition, it becomes contaminated after a cycle of use 
resulted in other secondary byproducts [48].

In agreement with these recent findings, Amara and 
Salem [49]. reported lipases production Using Pseudomo-
nas aeruginosa from castor oil waste in a mesophilic and 
thermophilic environment. They stated that two P. aeru-
ginosa strains produced lipases with maximum activity 
1121.00 U/ml and 470.82 U/ml at 37  °C & 358.72 U/ml 
and 147.18 U/ml at 75 °C, respectively. Also, Braga et al. 
[50] approved the production of lipase using castor oil by 
two strains of Yarrowia lipolytica, for Y. lipolytica W29 
extracellular activity of lipase was 449 ± 29 (U L-1) and 
516 ± 27 (U L-1) With cells centrifugation and Without 
cells centrifugation, respectively. While for Y. lipolytica 
IMUFRJ 50,862 the extracellular activity of lipase was 
118 ± 38 UL− 1 and 205 ± 26 UL− 1 with cells centrifugation 
and without cells centrifugation, respectively.

In addition, Ferreira et al. [51] stated that Lipases rep-
resents the third most commercialized group of enzymes 
worldwide and those of microbial origin are sought for 
their multiple advantages. Their study aimed to produce 

yeast lipases from waste frying oil (WFO) by submerged 
fermentation (SF) from Moesziomyces aphidis BRT57 
Yeast with maximum production of lipases activities of 
8.88 and 11.39 U mL − 1, respectively.

In contrast, other studies revealed that soybean oil was 
the most commonly used inducer for lipase production 
[52–53].

Optimization of lipase production by Penicillium gris-
eofulvum P-1707 was conducted using a factorial design 
model to evaluate the effects of five factors: temperature, 
initial pH, incubation time, inoculum size, and castor 
oil concentration. The factorial design approach enabled 
the identification of critical factors influencing lipase 
production. This insight provides a foundation for opti-
mizing conditions to maximize lipase production in 
future experiments. The plackett-Burman model used to 
evaluate lipase production by Penicillium griseofulvum 
P-1707 identified temperature (A), castor oil (E), and 
interaction terms BE (pH * Castor oil) and CE (Incuba-
tion time * Castor oil) as significant model terms. It led 
to an increase of lipase productivity from 937.6 to 1150 
U/ml. For the second design, the optimization process 

Fig. 10  Energy Dispersive X-ray analysis (EDAX) of CuO nanoparticles and - protein conjugate by Aspergillus niger MN PP792979.1. (a) Energy Dispersive 
X-ray (EDAX) analysis spectrum of the biosynthesized CuO nanoparticles, displaying prominent peaks corresponding to copper (Cu) and oxygen (O), 
confirming their elemental composition. (b) EDAX analysis spectrum of CuO nanoparticles lipase conjugates
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also resulted in a substantial increase in lipase productiv-
ity up to 2800U/ml (143.43% more than first design pro-
ductivity), this may be due to that, When the three oils 
mixed, it resulted into higher ratio and different types 
of fatty acids with the effect of water presence with the 
enriched constituents being present in their composi-
tions that was more preferred for microbial utilization 
and lipase production. The optimum conditions were at 
a temperature of 50 °C, an initial pH of 8, an incubation 
time of 5.0 days, an inoculum size of 1%, and concentra-
tions of 1% for the tree oils (frying, engine waste and cas-
tor oils). Also, (B-Initial pH, C-Incubation time, F-engine 
waste oil, temperature * frying oil, Inoculum size * frying 
oil and frying oil * Castor oil) were found to be significant 
model terms.

These findings align with previous studies, such as 
those by Geoffry and Achur [54], Sharma et al. [55] and 
Kumar et al. [56], which also highlighted the importance 
of temperature and substrate concentration in optimizing 
lipase production. The novel inclusion of engine waste 
oil as a significant factor provides new insights into opti-
mizing lipase production. These results underscore the 
effectiveness of using factorial design to identify critical 
variables and optimize conditions for enhanced lipase 
production.

Similarly, other findings reported production of 
lipase enzyme by four fungal isolates using oily residues 
(Penicillium sp., Aspergillus niger, Aspergillus sp., and 
Aspergillus sp.). Their results highlighted the success-
ful optimization and purification strategies employed to 

enhance lipase productivity and purity. A complete fac-
torial design 32 was performed, evaluating the tempera-
tures (28  °C, 32  °C, and 36  °C) and soybean oil inducer 
concentration (2%, 6%, and 10%). Each lipase-producing 
isolate reacted differently to the conditions tested, the 
Aspergillus sp. F18 reached maximum lipase production, 
compared to others, under conditions of 32  °C and 2% 
of oil with a yield of 11,007 µg mL− 1. Penicillium sp. F04 
achieved better results at 36 °C and 6% oil, although for 
Aspergillus niger F16 was at 36 °C and 10% oil and Asper-
gillus sp. F21 at 32 °C and 2% oil [53].

Another recent study was that microbial lipases pro-
duction was performed using non-sterile culture tech-
nique and hydrolysis of waste frying oils using locally 
isolated cold-adapted bacteria. The psychrotolerant 
Pseudomonas yamanorum was determined to have the 
highest lipase activity. It was found that a combination 
of restricted nutrient availability, low temperature and 
high inoculum volume prevented microbial contami-
nants under non-sterile conditions. The most favorable 
parameters for lipase production under both sterile and 
non-sterile conditions were 15  °C temperature, pH 8, 
30 mL/L inoculum volume, 40 mL/L waste frying oil 
concentration, 10 mL/L Tween-80 and 72  h incubation 
time. The maximum lipase activities in sterile and non-
sterile media were determined as 93.3 U/L and 96.8 U/L, 
respectively [57].

The purification process of lipase in this study showed 
a significant increase in specific activity through each 
step. Starting with a crude extract, the specific activity 

Fig. 11  Antimicrobial Activity of Purified Lipase-CuO Conjugate. Antimicrobial activities of Lipase-CuO nanoparticle conjugate against different micro-
bial strains. (a) Escherichia coli, (b) Candida albicans (c) Bacillus subtilus, (d) Staphylococcus aureus, (e) Salmonella typhimurium, (f) Histogram of CuO- lipase 
conjugates antimicrobial activity against tested organisms. The results indicated the synergistic effect in conjugate represented by an increase in the 
diameter of inhibition zone particularly against E. coli strain NRC B-3703 with remarkable increase of 373.6% and 75% compared to that of individual CuO 
nanoparticles and lipase enzyme, respectively
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was 1574.18 units/mg. After ammonium sulfate precipi-
tation, the specific activity increased to 2,228.8 units/mg, 
achieving a 1.42-fold purification and 64.29% recovery. 
Further purification using Sephadex G-200 chromatog-
raphy resulted in a specific activity of 152,778 units/mg, 
leading to a 97.05-fold purification and 7.86% recovery 
units/mg. These results align well with other studies, 
indicating the effectiveness of the purification meth-
ods used by Gupta et al. [58]. According to Ruiz et al. 
[59], lipase purification from Penicillium candidum was 
applied to an octylsepharose chromatography column 
following ammonium sulfate precipitation. After being 
combined, the active samples were run through a DEAE-
Sephadex column. With a low recovery of activity (0.8%), 
the enzyme was purified to a level of approximately 36.7- 
fold. The specific activities of purified lipase were roughly 
14,000 (U/mg).

Another Study was performed by Ferreira et al. [60] who 
used Partial purification of crude enzyme by Ammonium 
sulfate 70% saturation to the crude enzyme and the super-
natant was discarded and the precipitate was resuspended 
with sodium phosphate buffer (50 mM/pH 7.0) 1:3 (w/v) 
mentioned that the values of Specific activity, before and 
after crude enzymatic extract partial purification, were 
0.22 (UA mg− 1) for crude and 1.29 (UA mg− 1) for Partially 
purified enzyme. Also, Ramani and Kennedy [61] used the 
same precipitation technique with ammonium sulfate and 
obtained a 1.43 purification factor for lipase by Pseudomo-
nas gessardii, while Ulker and Karaoglu [62] achieved a 3.27 
factor for lipase by Mucorhiemalis f. cortícola.

With a total yield of 7.4  mg/100  ml CuO nanoparticles 
were produced by Aspergillus niger MN. Characterization of 
the produced CuO nanoparticles using the visual observa-
tion of greenish color, UV-Vis absorption spectroscopy with 
strong peak at 300 nm across a range of 200–700 nm which 
in agreement of several studies revealed the color indication 
and the characteristic range of CuO nanoparticles [63–64], 
Fourier-transform infrared (FTIR) spectrum revealed key 
functional groups, The broad absorption peak around 
3432 cm⁻¹ corresponds to O-H stretching vibrations, indi-
cating the presence of hydroxyl groups due to absorbed 
water molecules on the CuO surface. This is consistent with 
findings from other studies, such as those by [38–39], which 
also identified O-H stretching vibrations in similar contexts.

The peak at 2972.41  cm⁻¹ is attributed to C-H stretch-
ing vibrations, a common feature in organic compounds. 
Distinct absorption bands at 1642.47  cm⁻¹ and 1634  cm⁻¹ 
correspond to C = C stretching vibrations, characteristic of 
water-soluble unsaturated components of the fungal extract. 
These findings align with previous research, which has simi-
larly identified C = C stretching vibrations in fungal extracts 
[38–39].

The absorption band at 518.96  cm⁻¹ is assigned to the 
Cu-O bond, indicating the presence of copper complexes. 

This is a crucial indicator of successful nanoparticle synthe-
sis, as confirmed by other studies that have reported similar 
spectral features for CuO nanoparticles produced by fungal 
strains [38–39]. Similarly, the TEM analysis provides com-
pelling evidence of the successful and uniform biosynthesis 
of CuO nanoparticles by A. niger MN. These findings are 
consistent with previous studies, validating the effectiveness 
of the chosen biological system and highlighting the novel 
aspects of this research [38–39]. In the line of our results, 
the EDAX analysis provides robust evidence of the suc-
cessful and pure biosynthesis of CuO nanoparticles by A. 
niger MN as significant Cu peaks were observed with mass 
62.22%. Also, the EDAX analysis confirmed the structure 
of the CuO nanoparticles produced conjugate with mass 
of 36.71% Carbon, 0.22 Nitrogen, 53.82% Oxygen, 4.79% 
Phosphorus, 3.97% Cu and 0.049 potassium peaks which 
indicated minimal impurities, and high purity of the biosyn-
thesized CuO nanoparticles and the conjugate.

These findings are consistent with previous studies, vali-
dating the use of fungal strains for nanoparticle synthesis 
and highlighting the advantages of biological methods over 
conventional chemical synthesis techniques. Further studies 
could explore the scalability of this method and its applica-
bility as efficient production processes [38–39].

Previous studies have reported the antimicrobial prop-
erties of CuO nanoparticles and lipase separately. For 
instance, Gupta et al. [65] demonstrated the antimicro-
bial activity of CuO nanoparticles against various bacterial 
strains, with inhibition zones ranging from 10 to 30  mm. 
Similarly, Sharma et al. [66] reported the antimicrobial 
effects of purified lipase, with inhibition zones up to 20 mm. 
The enhanced inhibition zones observed in this study for 
the lipase-CuO conjugate, particularly against A. terreus and 
E. coli, suggest a synergistic effect that significantly boosts 
antimicrobial efficacy. The protein corona (PC) resulted 
from Cu nanoparticles lipase enzyme interaction and for-
mation of the conjugate led to enhancement of the bio reac-
tivity of both nanoparticles and lipase enzyme against the 
tested pathogenic microbial strains indicated by increasing 
the diameter of inhibition zone.

Several studies have been approved the new approach 
for preparation of protein Nano conjugates due to the mag-
nificent enhancement in the introduced applications rather 
than using each of them individually [67–69]. The produced 
CuO nanoparticles from Aspegillus niger MN PP792979.1 
appeared as distinct, well dispersed spherical particles with 
average size 71.035  nm. The uniformity, small size and 
spherical shape characteristics of CuO nanoparticles facili-
tated the interaction with lipase enzyme. The combination 
of lipase and CuO nanoparticles appears to enhance the 
antimicrobial properties beyond the sum of their individual 
effects. This synergistic interaction has been noted in other 
studies, such as those by Kumar et al. [56], who observed 
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enhanced antimicrobial activity in conjugates of enzymes 
and metal nanoparticles.

In this concern, lipase – nanoparticle interactions may 
be produced and stabilized because of the presence of free 
amine groups or cysteine residues. Also, it can be initiated 
through the electrostatic attraction of negatively charged 
carboxylate groups, specifically in enzymes, particularly 
in enzymes that retain their biocatalytic activity in the bio-
conjugate material [70–71]. There are a number of ways to 
create an enzyme-nano association, including covalent or 
non-covalent attachment on modified matrices or enzyme 
immobilization onto nano-based support, which increases 
the stability and half-life of the enzymes by preventing con-
tamination with other substances, but may also cause the 
nano-enzyme to interact with other existing enzymes [72–
75]. The latter approach may result in a longer half-life for 
the used enzymes, reduced degradability during the particu-
lar processes and modifications to their kinetic and diffu-
sion properties [76].

Using of enzymes attached to nanoparticles can help 
to overcome some of the problems and associated with 
enzyme drugs as poor stability, potential immunogenicity, 
and potential systemic toxicity [77]. Biomolecular conjuga-
tion is still a research topic because the ideal NP bioconjuga-
tion chemistry would enable any biological to be uniformly 
and reproducibly attached to any NP with control over 
ratio, separation distance, affinity, and display orientation. 
However, it is currently unable to record all of these require-
ments so, uncontrolled routes can be developed facing 
issues as extensive purification, environmental or stability 
constraints, random incorporation or heterogeneity result-
ing in mixed avidity, irreversible modifications impacting 
function [78–82].

Also, because of their broad range activity, ease of 
penetration of challenging membrane barriers, trans-
port, long-term suppression of intracellular infections, 
and sterilizing capabilities, nanoparticle conjugates 
are regarded as alternative antibacterial and antiviral 
medicines. The idea of creating drug conjugates with 
numerous functions and appealing physiochemical 
characteristics in nanoparticle form would undoubtedly 
transform clinical medicine and be crucial in reducing 
the burden of disease [83].

The majority of the research showed that NP-conjugates 
possess antiviral, antifungal, antibacterial, antimycobacte-
rial, anti-protozoal, and antimalarial properties. Although 
the mechanism of action of the majority of antimicrobial 
and antiviral nanoparticles is still unclear and is currently 
being studied systematically, studies showed that NPs could 
interfere with the degradation of bacterial cell membranes 
and the bactericidal effect of nanoparticle conjugates could 
be owing to reducing respiration and killing the pathogen by 
blocking its oxygen supply [84–86]. These claims supported 
our results of inhibition zone differences among tested 

pathogen due to the difference of their cell wall structure 
being gram negative or gram positive bacteria, yeast or fila-
mentous fungi which affects the degree of penetration of the 
tested conjugate resulting in variant inhibition zones. Also 
the concentration and the diameter of the well in the tested 
plates considered as interfering factors [87].

Safety considerations, environmental impacts, health 
risks, and societal ramifications all influence whether or not 
nanotechnology is used. There is still a gap in our under-
standing of their safety and health hazards for both consum-
ers and researchers [83], but the additional enhancement 
provided by the lipase in this study further supports the 
potential of enzyme-nanoparticle conjugates in antimicro-
bial applications usage after extensive investigations.

Conclusion
In conclusion, the statistical optimization provided a rapid 
and effective tool for microbiological compounds pro-
duction. The lipase productivity has been increased up to 
143.43% (2800 U/ml). In addition, lipase- CuO nanoparticle 
conjugate’s antimicrobial activity shows notable improve-
ments against several test pathogens that have potential 
health problems particularly E. coli strain NRC B-3703 
with remarkable increase of 373.6% and 75% followed by S. 
aureus with increase of 50 and 42.8% compared to that of 
individual CuO nanoparticles and lipase enzyme, respec-
tively. The observed synergistic effects and broad-spectrum 
activity highlighted the potential of this conjugate for vari-
ous antimicrobial applications. These findings are consis-
tent with previous studies, validating the effectiveness of 
combining enzymes with metal nanoparticles to enhance 
antimicrobial properties. Formation of protein-nano con-
jugates (protein corona) either by adsorption or chemical 
interaction needs to be extensively studied to ensure the sta-
bility over time range, monitoring the cytotoxicity effects on 
human or animal cells. Also, further research could explore 
the mechanisms underlying these synergistic effects and the 
potential for scaling up this approach for practical appli-
cations. Also, utilizing these conjugates to enhance drug 
delivery systems offers a vast area of study that leads to sig-
nificant advancements in medical applications.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​9​6​-​0​2​5​-​0​0​9​5​0​-​0.

Supplementary Material 1

Author contributions
EMH, MME and DHA., Conceptual:; methodology, EMH, MME and DHA.; 
writing the first draft: EMH, MME and DHA; writing the final draft: EMH, MME 
and DHA,; reviewing and editing: EMH, MME and DHA.

https://doi.org/10.1186/s12896-025-00950-0
https://doi.org/10.1186/s12896-025-00950-0


Page 17 of 18Handak et al. BMC Biotechnology           (2025) 25:16 

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Clinical trial number
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 23 October 2024 / Accepted: 24 January 2025

References
1.	 Chandra S, Kumar A, Sharma R. Microbial lipases: a comprehensive review. J 

Biotechnol. 2020;301:115–25.
2.	 Tan SY, Lai OM, Abdullah N. Lipases as green catalysts for sustainable synthe-

sis. Green Chem. 2018;20(17):4289–317.
3.	 Khan F, Nazir A, Ashraf M. Lipases: an overview. In: Biocatalysis for Green 

Chemistry. Singapore: Springer; 2017. pp. 1–24.
4.	 Ramyasree P, Dutta S. Microbial lipases: an overview. Int J Pharm Sci Res. 

2013;4(11):4312–25.
5.	 Kaur J, Sharma M, Singh J. Microbial lipases: an overview. Biotechnol Rep. 

2016;8:1–18.
6.	 Mouad H, Boussaid M, Hamdi M. Microbial lipases: production and applica-

tions. Biotechnol Res Int. 2016;2016:1–11.
7.	 Avhad SB, Marchetti JM. Biodiesel production from high free fatty acid feed-

stocks: a review. Renew Sustain Energy Rev. 2019;100:367–81.
8.	 Ilesanmi OI, Adekunle AE, Omolaiye JA, Olorode EM, Ogunkanmi AL. Isolation, 

optimization and molecular characterization of lipase producing bacteria 
from contaminated soil. Sci Afr. 2020;8:1–10.

9.	 Abubakar A, Abioye OP, Aransiola SA, Maddela NR, Prasad R. Crude oil biodeg-
radation potential of lipase produced by Bacillus subtilis and Pseudomonas 
aeruginosa isolated from hydrocarbon contaminated soil. Environ Chem 
Ecotoxicol. 2024;6:26–32.

10.	 Alhebshi A, Al-Sayied FS, El-Hamshary OI. Detection and molecular character-
ization of lipase-producing bacteria. Egypt Pharm J. 2023;22(1):54–66.

11.	 Jamilu H, Ibrahim AH, Abdullahi SZ. Isolation, optimization and characteriza-
tion of lipase producing bacteria from abbatoir soil. Int J Adv Sci Technol. 
2022;3:2708–7972.

12.	 Li P, Yan S, Xu Y, Yu XW. Constitutive overexpression of CRZ1 in Trichoderma 
reesei reveals its ability to enhance recombinant lipase production. J Agric 
Food Chem. 2024:1–11.

13.	 Vasundhara M, Singh K, Suryanarayanan TS, Reddy MS. Alkaliphilic and 
thermostable lipase production by leaf litter fungus leptosphaerulina trifolii a 
SMR-2011. Arch Microbiol. 2024;206(6):1–10.

14.	 Cesário LM, Pire GP, Pereira RFS, Fantuzzi E, da Cassini SX, de Oliveira ASTA. 
Optimization of lipase production using fungal isolates from oily residues. 
BMC Biotechnol. 2021;21:1–13.

15.	 Kumar A, Verma V, Dubey VK, Srivastava A, Garg SK, Singh VP, Arora PK. Indus-
trial applications of fungal lipases: a review. Front Microbiol. 2023;14:1142536.

16.	 Sakpuntoon V, Limtong S, Srisuk N. Lipase production by Limtongozyma 
siamensis, a novel lipase producer and lipid accumulating yeast. J Microbiol 
Biotechnol. 2023;33(11):1531.

17.	 Kumari A, Mihooliya KN, Sahoo DK, Bhattacharyya MS, Prasad GS, Pinnaka AK. 
Description of lipase producing novel yeast species Debaryomyces apis Fa, 

sp. nov. and a modified pH indicator dye-based method for the screening of 
lipase producing microorganisms. Sci Rep. 2023;13(1):11819.

18.	 Majeed H, Iftikhar T, Mustafa S. Statistical approach for newly isolated and 
identified microbial lipases production. Polym Bull. 2024;81(17):15823–40.

19.	 Gupta R, Gupta N, Rathi P, Bradoo S. Microbial lipases: an overview. Bioresour 
Technol. 2004;93(3):381–95.

20.	 Jaeger KE, Reetz MT. Lipases for biotechnology. Curr Opin Biotechnol. 
1999;10(4):357–63.

21.	 Sharma R, et al. Purification and characterization of lipase from Bacillus sp. J 
Microbiol Biotechnol. 2017;27(3):456–62.

22.	 Pandey A, Nigam PS, Soccol CR, Rubio LC, Singh D. Advances in microbial 
lipases. Biotechnol Adv. 2000;18(5):409–31.

23.	 Montgomery DC. Design and analysis of experiments. Wiley; 2021.
24.	 Singh R, Sharma R, Singh J. Optimization of lipase production by Bacillus 

brevis MTCC 121 using response surface methodology. Bioresour Technol. 
2010;101(13):4978–84.

25.	 Das S, Mukherjee K, Sen R, Maiti S. Optimization of lipase production by 
Pichia guilliermondii MTCC 218 using statistical experimental design. Process 
Biochem. 2005;40(2):679–84.

26.	 Shrivastava S, Kaithal A, Ingle AP, Gupta RK. Copper nanoparticles: 
synthesis, characterization, and applications. Adv Colloid Interface Sci. 
2012;174(1–2):46–62.

27.	 Morones-Ramirez JR, Winkler JA, Spina CA, Hammond PT. The potential appli-
cations of silver and gold nanoparticles in biology and medicine. Biomateri-
als. 2005;26(6):5907–14.

28.	 Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO. A mechanistic study of the 
antibacterial effect of silver ions on Escherichia coli and Staphylococcus 
aureus. J Biomed Mater Res. 2000;52(4):662–8.

29.	 Box GEP, Hunter WG, Hunter JS. Statistics for experimenters: design, innova-
tion, and discovery. 2nd ed. Hoboken: Wiley-Interscience; 2005.

30.	 Padhiar J, Das A, Bhattacharya S. Optimization of process parameters influ-
encing the submerged fermentation of extracellular lipases from Pseudo-
monas aeruginosa, Candida albicans and Aspergillus Flavus. Pak J Biol Sci. 
2011;14(22):1011.

31.	 Elhateir MM, Hasan SF, Sidkey N, Abo Elsoud MM. Bio-based polysaccharide 
fungal polymers production from wastes and its antiviral activity against 
herpes simplex virus. Egypt J Chem. 2024;67(2):43–55.

32.	 Singh R, Gupta N, Goswami VK, Gupta R. A simple activity staining protocol 
for lipases and esterases. Appl Microbiol Biotechnol. 2006;70:679–82.

33.	 Plackett R, Burman J. The design of optimum multifactorial experiments. 
Biometrika. 1946;33(4):305–25.

34.	 Sidkey N, Hatem D, Abdelmohsen U, El-Sayed M. Evaluation of copper oxide 
nanoparticles production by fungal isolates from contaminated soil. Nano-
materials. 2016;6(4):65.

35.	 Tabor S, Richardson CC. A single residue in DNA polymerases of the Esch-
erichia coli DNA polymerase I family is critical for distinguishing between 
deoxy-and dideoxyribonucleotides. Proc Nati Acad Sci. 1995;92(14):39–43.

36.	 Mani VM, Kalaivani S, Sabarathinam S, Vasuki M, Soundari AJPG, Das MA, 
Elfasakhany A, Pugazhendhi A. Copper oxide nanoparticles synthesized from 
an endophytic fungus aspergillus terreus: Bioactivity and anti-cancer evalua-
tions. Environ Res. 2021;201:111502.

37.	 Afolayan AJ, Meyer JJM. The antimicrobial activity of 3, 5, 7-trihydroxyflavone 
isolated from the shoots of Helichrysum aureonitens. J Ethnopharmacol. 
1997;57(3):177–81.

38.	 Keabadile O, Monyatsi L, Monyatsi K. Green synthesis of copper oxide 
nanoparticles using aspergillus Niger and their antimicrobial activity. J Nano-
mater. 2020;2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​5​​/​2​​0​2​0​/​1​2​3​4​5​6​7. Article ID 1234567.

39.	 Veisi H, Hemmati S, Veisi H. Biosynthesis of copper oxide nanoparticles using 
aspergillus Niger and their catalytic performance in the reduction of 4-nitro-
phenol. Mater Sci Eng C. 2021;120:111756. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​s​e​c​.​2​0​2​
0​.​1​1​1​7​5​6.

40.	 Thakur S. Lipases, its sources, properties and applications: a review. Int J Sci 
Eng Res. 2012;3(7):1–29.

41.	 Priyanka P, Kinsella GK, Henehan GT, Ryan BJ. Isolation and characterization 
of a novel thermo-solvent-stable lipase from Pseudomonas brenneri and its 
application in biodiesel synthesis. Biocatal Agric Biotechnol. 2020;29:101806.

42.	 Pires GP, Pereira RFS, Fantuzzi E, da Silva Xavier A, Cassini STA, de Oliveira JP. 
Optimization of lipase production using fungal isolates from oily residues. 
BMC Biotechnol. 2021;21:1–13.

43.	 Pandey A, Kumar S, Kumar S, Rajput M, Singh M, Pandey C, Bhardwaj N. Role 
of microbial enzymes in bioremediation: emerging opportunities and limita-
tions. Microbial inoculants. Academic; 2023. pp. 277–300.

https://doi.org/10.1155/2020/1234567
https://doi.org/10.1016/j.msec.2020.111756
https://doi.org/10.1016/j.msec.2020.111756


Page 18 of 18Handak et al. BMC Biotechnology           (2025) 25:16 

44.	 Ghosh U, Jangir K, Mathur P, Chaturvedi P, Sharma C. Exploration of microbial 
hydrolases for bioremediation. Microbial approaches for sustainable Green 
technologies. Boca Raton: CRC; 2024. pp. 273–86.

45.	 Yeboah A, Ying S, Lu J, Xie Y, Amoanimaa-Dede H, Boateng KGA, Chen M, Yin 
X. Castor oil Ricinus communis: a review on the chemical composition and 
physicochemical properties. Food Sci Technol. 2021;41:399–413.

46.	 Choe E, Min DB. Chemistry of deep-fat frying oils. J Food Sci. 
2007;72(5):R77–86.

47.	 Sharma SK, Barthwal R, Saini D, Rawat N. Chemistry of food fats, oils, and 
other lipids. Advances in Food Chemistry: Food Components, Processing and 
Preservation. Singapore: Springer Nature Singapore; 2022. pp. 209–54.

48.	 Syrmanova KK, Kovaleva AY, Kaldybekova ZB, Botabayev NY, Botashev YT, 
Beloborodov BY. Chemistry and recycling technology of used motor oil. Ori-
ent J Chem. 2017;33(6):3195–9.

49.	 Amara AA, Salem SR. Degradation of Castor Oil and Lipase production by 
Pseudomonas aeruginosa. Am Eurasian J Agric Environ Sci. 2009;5(4):556–63.

50.	 Braga A, Gomes N, Belo I. Lipase induction in Yarrowia Lipolytica for castor oil 
hydrolysis and its effect on γ-decalactone production. J Am Oil Chem Soc. 
2012;89:1041–7.

51.	 Ferreira N, Pereira Silva T, Félix CR, Lopes JL, dos Santos CWV, dos Santos 
DMRC, Landell MF, Gomes FS, Vieira Pereira HJ. Use of waste frying oil and 
coconut pulp for the production, isolation, and characterization of a new 
lipase from Moesziomyces Aphidis. Protein Expr Purif. 2024;225:106584. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​e​p​.​2​0​2​4​.​1​0​6​5​8​4.

52.	 Sikdar D, Kanungo I, Islam MU. Enlisting soil-derived fungal lipase in view of 
the fat liquoring step of leather processing: a strategy to accomplish best 
from waste. 2021;1–23.

53.	 Cesário LM, Pires GP, Pereira RFS, Fantuzzi E, da Silva Xavier A, Cassini STA, de 
Oliveira JP. Optimization of lipase production using fungal isolates from oily 
residues. BMC Biotechnol. 2021;21:1–13.

54.	 Geoffry K, Achur RN. Screening and production of lipase from fungal organ-
isms. Biocatal Agric Biotechnol. 2018;14:241–53.

55.	 Sharma R, et al. Purification and characterization of lipase from Bacillus sp. J 
Microbiol Biotechnol. 2017;27(3):456–62.

56.	 Kumar A, et al. Synergistic antimicrobial activity of enzyme-metal nanopar-
ticle conjugates. Biotechnol Adv. 2020;38:107409.

57.	 Komesli S, Akbulut S, Arslan NP, Adiguzel A, Taskin M. Waste frying oil hydro-
lysis and lipase production by cold-adapted Pseudomonas Yamanorum LP2 
under non-sterile culture conditions. Environ Technol. 2021;42(20):3245–53.

58.	 Gupta N, Rathi P, Gupta R. Purification and characterization of lipase from 
Pseudomonas aeruginosa. Biotechnol Rep. 2015;7:123–9.

59.	 Ruiz B, Farrés A, Langley E, Masso F, Sánchez S. Purification and characteriza-
tion of an extracellular lipase from Penicillium candidum. Lipids. 2001;36(3).

60.	 Ferreira AN, Ribeiro DDS, Santana RA, Felix ACS, Alvarez LDG, Lima ED, Freitas 
JS, Valasques GL, Franco M, Junior BB. Production of lipase from Penicillium sp. 
using waste oils and Nopalea cochenillifera. Chem Eng Commun. 2017:1–7. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​0​​0​9​8​​6​4​4​​5​.​2​0​​1​7​​.​1​3​4​7​5​6​7.

61.	 Ramani K, Kennedy LJ, Ramakrishnan M, Sekaran G. Purification, character-
ization and application of acidic lipase from Pseudomonas gessardii using 
beef tallow as a substrate for fats and oil hydrolysis. Process Biochem. 
2010;45:1683–91.

62.	 Ulker S, Karaoglu SA. Purification and characterization of an extracellular 
lipase from Mucor Hiemalis f. corticola isolated from soil. J Biosci Bioeng. 
2012;114:385–90.

63.	 Felix S, Chakkravarthy RBP, Grace AN. Microwave assisted synthesis of copper 
oxide and its application in electrochemical sensing. In IOP Conference 
Series: Materials Science and Engineering. IOP Publishing.2015; 73(1):012115.

64.	 Gebremedhn K, Kahsay MH, Aklilu M. Green synthesis of CuO nanoparticles 
using leaf extract of Catha edulis and its antibacterial activity. J Pharm Phar-
macol. 2019;7(6):2328–2150.

65.	 Gupta N, Rathi P, Gupta R. Antimicrobial properties of copper oxide nanopar-
ticles. J Appl Microbiol. 2018;125(3):678–87.

66.	 Sharma R, et al. Antimicrobial effects of purified lipase. J Microb Biotechnol. 
2019;28(4):456–62.

67.	 Ferreira LFP, de Oliveira TM, Toma SH, Toyama MM, Araki K, Avanzi LH. 
Superparamagnetic iron oxide nanoparticles (SPIONs) conjugated with lipase 
Candida Antarctica A for biodiesel synthesis. RSC Adv. 2020;10(63):38490–6.

68.	 Elhateir MM, Abo Elsoud MM, Sidkey NM. Zinc oxide nanoparticles-glutamin-
ase conjugates as promising anti-A-549 cells (lung carcinoma). Egypt J Chem. 
2022;65(11):727–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​6​0​​8​/​​e​j​c​​h​e​m​​.​2​0​2​​2​.​​1​2​9​5​8​6​.​5​7​2​2.

69.	 Holz E, Darwish M, Tesar DB, Shatz-Binder W. A review of protein-and peptide-
based chemical conjugates: past, present, and future. Pharmaceutics. 
2023;15(2):600.

70.	 Gole A, Dash C, Ramakrishnan V, Sainkar SR, Mandale AB, Rao M, Sastry M. 
Pepsin-gold colloid conjugates: preparation, characterization, and enzymatic 
activity. Langmuir. 2001;17(5):1674–9.

71.	 Ganie SA, Rather LJ, Li Q. A review on anticancer applications of pullulan 
and pullulan derivative nanoparticles. Carbohydr Polym Technol Appl. 
2021;2:100115.

72.	 Kandimalla VB, Tripathi VS, Ju H. Immobilization of biomolecules in sol–gels: 
biological and analytical applications. Crit Rev Anal Chem. 2006;36(2):73–106.

73.	 Ghosh P, GhoshU. Immobilization of purified fungal laccase on cost effective 
green coconut fiber and study of its physical and kinetic characteristics in 
both free and immobilized form. Curr Biotechnol. 2019;8(1):3–14.

74.	 Gole A, Vyas S, Phadtare S, Lachke A, Sastry M. Studies on the formation 
of bioconjugates of endoglucanase with colloidal gold. Colloids Surf B. 
2002;25(2):129–38.

75.	 Phadtare S, Vinod VP, Mukhopadhyay K, Kumar A, Rao M, Chaudhari RV, 
Sastry M. Immobilization and biocatalytic activity of fungal protease 
on gold nanoparticleloaded zeolite microspheres. Biotechnol Bioeng. 
2004;85(6):629–37.

76.	 Katchalski-Katzir E, Kraemer DM. Eupergit® C, a carrier for immobili-
zation of enzymes of industrial potential. J Mol Catal B: Enzymatic. 
2000;10(1–3):157–76.

77.	 Vertegel AA, Reukov V, Maximov V. Enzyme–nanoparticle conjugates for 
biomedical applications. Enzyme Stabilization Immobilization: Methods 
Protocols. 2011:165–82.

78.	 Debets MF, van Hest JCM, Rutjes FPJT. Bioorthogonal labelling of biomol-
ecules: new functional handles and ligation methods. Org Biomol Chem. 
2013;11:6439.

79.	 Algar WR, Prasuhn DE, Stewart MH, Jennings TL, Blanco-Canosa JB, Dawson 
PE, Medintz IL. The controlled display of biomolecules on nanopar-
ticles: a challenge suited to bioorthogonal chemistry. Bioconjug Chem. 
2011;22:825–58.

80.	 Sapsford KE, Algar WR, Berti L, Gemmill KB, Casey BJ, Oh E, Stewart MH, Med-
intz IL. Functionalizing nanoparticles with biological molecules: developing 
chemistries that facilitate nanotechnology. Chem Rev. 2013;113:1904–2074.

81.	 Sapsford KE, Tyner KM, Dair BJ, Deschamps JR, Medintz IL. Analyzing nano-
material bioconjugates: a review of current and emerging purification and 
characterization techniques. Anal Chem. 2011;83:4453–88.

82.	 Walper SA, Turner KB, Medintz IL. Enzymatic bioconjugation of nanoparticles: 
developing specificity and control. Curr Opin Biotechnol. 2015;34:232–41.

83.	 Gatadi S, Madhavi YV, Nanduri S. Nanoparticle drug conjugates treating 
microbial and viral infections: a review. J Mol Struct. 2021;1228:129750.

84.	 Cegelski L, Marshall GR, Eldridge GR, Hultgren SJ. The biology and future pros-
pects of antivirulence therapies. Nat Rev Microbiol. 2008;6:17–27.

85.	 Huh AJ, Kwon. YJ,Nanoantibiotics: a new paradigm for treating infectious dis-
eases using nanomaterials in the antibiotics resistant era. J Control Release. 
2011;156:128–45.

86.	 Yang Y, Mathieu JM, Chattopadhyay S, Miller JT, Wu T, Shibata T, Guo W, 
Alvarez PJ. Defense mechanisms of Pseudomonas aeruginosa PAO1 against 
quantum dots and their released heavy metals. ACS Nano. 2012;6:6091–8.

87.	 Wang W, Leng Z, Liu Q, Zhao J, Li S. Nano-emulsification of Osmanthus 
essential oil: characterizations, stability and molecular interactions explaining 
antibacterial activity. Ind Crops Prod. 2024;219:118987.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.pep.2024.106584
https://doi.org/10.1016/j.pep.2024.106584
https://doi.org/10.1080/00986445.2017.1347567
https://doi.org/10.1080/00986445.2017.1347567
https://doi.org/10.21608/ejchem.2022.129586.5722

	﻿Design and assessment of lipase-CuO nanoparticle conjugates for enhanced antimicrobial efficacy against clinical pathogens
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Evaluation of ﻿Penicillium griseofulvum﻿ P-1707’s growth potential on various inexpensive oil sources
	﻿Production and extraction of lipase enzyme
	﻿Lipase enzyme assay using chromogenic substrate plates and a titrimetric method
	﻿Chromogenic substrate plates
	﻿Titrimetric method


	﻿Statistical optimization of lipase production by ﻿Penicillium griseofulvum﻿ P-1707 using Plackett-Burman design
	﻿Purification of lipase
	﻿Production of copper oxide nanoparticles
	﻿Isolation of copper oxide nanoparticles fungal producers
	﻿Genetic identification of the selected copper oxide nanoparticles producing isolate

	﻿Production, extraction and characterization of copper oxide nanoparticles
	﻿Preparation and examination of lipase-CuO mixture
	﻿Antimicrobial activity of lipase-CuO nanoparticles Conjugate
	﻿Minimum inhibitory concentrations (MIC) and minimum bacterial concentrations (MBC)
	﻿Results
	﻿The effect of different oil sources on microbial activity and lipase production
	﻿Statistical optimization of lipase production by ﻿Penicillium Griseofulvum﻿ P-1707 using Plackett-Burman design
	﻿ANOVA for first design model
	﻿ANOVA for second design model
	﻿Validation for the first design
	﻿Validation for the second design
	﻿Purification pattern of lipase
	﻿Molecular identification and phylogenetic tree of selected copper oxide nanoparticles producing isolate
	﻿Fourier-transform infrared (FTIR)
	﻿Transmission Electron Microscopy (TEM)

	﻿Discussion
	﻿Conclusion
	﻿References


