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1. Introduction

From trash to sensor: banana peel-derived silver
nanocomposite as a mimic enzyme for cholesterol
detection and antibacterial applications

Salman Ullah,? Muhammad Asad,? Farman Ullah,® Mohibullah Shah,©
Khaled Fahmi Fawy,“ Xiaoping Zhang,® Wei Sun,*¢ Umar Nishan (2 *@
and Amir Badshah*?

Cholesterol is the main building block of biological membranes and also a precursor of vitamin D, bile acids,
and hormones. However, its abnormal concentration causes cardiovascular diseases, hypertension,
hypothyroidism, and anemia. Therefore, it is crucial to keep a check on the amount of cholesterol in diet
and blood serum. Herein we report a new, simple, and efficient colorimetric approach for the
monitoring of cholesterol levels. In addition, the synthesized silver nanoparticles deposited over banana
peel powder (Ag@bpp) were tested for their antibacterial potential against Klebsiella pneumoniae (K.
pneumoniae), Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Pseudomonas aeruginosa
(P. aeruginosa). The nanozyme was prepared by simple reduction in a basic medium over the surface of
banana peel powder (bbp) and characterized by various spectroscopic and morphological techniques.
The Ag@bpp showed both oxidase and peroxidase enzyme-like activities simultaneously without the use
of external hydrogen peroxide. The hydrogen peroxide produced as a result of oxidation of cholesterol
could oxidize 3,3,5,5 -tetramethylbenzidine (TMB) to produce a blue-green colored product, oxidized
TMB (oxTMB). Besides this observable colorimetric change, it was also confirmed by a UV-visible
spectrophotometer in terms of absorbance to find the exact concentration of cholesterol. The optimized
conditions were found to be 1.8 mg of the mimic enzyme, pH 5 TMB 4 mM, and 4 minutes of
incubation time. The fabricated sensor displayed a linear range for the analyte in the range of 2-20 mM
with a 0.029 mM limit of detection. The nanozyme was also successfully applied for cholesterol
detection in human serum samples with excellent reproducibility. The synthesized nanocomposite also
showed excellent inhibitory effect against various bacterial strains. These findings prove that the
synthesized nanocomposite is not only effective in colorimetric detection of cholesterol but also has
strong antibacterial activities.

to synthesize it from simpler chemical precursors." The ideal level
of cholesterol in a healthy human serum has been reported to be

Cholesterol is a vital lipid molecule in the human body. It is an
essential component of animal cell membranes and helps to
maintain membrane structural integrity and fluidity. It is also
considered a precursor for the production of vitamin D, bile acids,
and steroid hormones. Since cholesterol plays a vital role in
animal physiology, all cells have the enzymatic resources needed
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200 mg dL "2 On the other hand, cholesterol in the blood serum
is linked to various diseases such as plaque accumulation in the
arteries, which narrows and hardens the arteries, resulting in less
blood supply to the heart, brain, and other essential organs. This
elevates the risks of coronary artery disease as well as cardiovas-
cular mortality.>* In addition, the high level of cholesterol can
cause hypertension and cancer in the human body.> Abnormally
low levels of cholesterol in blood serum can also cause a medical
disorder known as hypocholesterolemia, which may cause stroke
and liver cancer.® All this makes it necessary to monitor the level
of cholesterol through reliable, sensitive, selective, point-of-care,
portable, easy-to-use, and low-cost platforms.

The detection and quantification of cholesterol have previ-
ously been reported through various techniques such as fluo-
rescence,’ electrochemical,®® molecular imprinting,*®
chromatographic,”**  field  effect transistor,” and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07350b&domain=pdf&date_stamp=2025-12-10
http://orcid.org/0000-0002-0106-3068
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07350b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015057

Open Access Article. Published on 10 December 2025. Downloaded on 4/7/2026 10:47:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

chemiluminescence methods.** Although the mentioned tech-
niques offer several merits, they are costly to acquire and
sustain, difficult to handle and operate, and may require
complex sample pretreatment steps.'>'® Therefore, it is neces-
sary to develop a straightforward, rapid, inexpensive, sensitive,
specific, and easy-to-use method for the detection and quanti-
fication of cholesterol.

The colorimetric method offers an alternative approach in
comparison to the aforementioned techniques. It has
numerous advantages, such as simple use and no need for
expensive apparatus and skilled operators. It is rapid, and the
progress of its reaction can be observed through the naked
eye."” Traditionally, colorimetric sensor technology develop-
ment relied on the use of natural enzymes such as horseradish
peroxidase and alkaline phosphatase, etc. The use of these
enzymes resulted in the increased vulnerability of the colori-
metric sensors in that era because of the shortcomings of
natural enzymes.”* However, the known shortcomings of
natural enzymes, namely pH and temperature sensitivity, low
shelf life, difficult handling, and high cost, resulted in the
decreased viability of colorimetric sensors.

However, the use of iron oxide nanoparticles as enzyme
mimics opened a new avenue for future developments in
colorimetric sensor technology.”? The explosive growth in
nanotechnology and nanomaterials development has provided
a much-needed impetus for the development of portable,
tunable, low-cost, easy-to-use, thermally stable colorimetric
sensing platforms.”*¢ It has resulted in a renaissance of this
technology that had become stagnant for a period of time. The
nanomaterial-based sensor technology heavily relied on the use
of noble metal elements such as Pt, Pd, Au, and Ag. Among
them, Ag is the most cost-effective by far comparatively. Other
metals and their oxides, although more cost-effective, are less
efficient in terms of performance and reliability. The current
work therefore opted to use Ag, as it hits the perfect balance in
terms of cost and efficiency. Ag itself is not immune from
problems, and its pristine form, owing to its high surface
energy, is prone to agglomeration.'®*” It results in loss of surface
area and a drastic loss in its activity and efficacy. This needs to
be overcome by the use of some form of passive materials.
Various synthetic and biocompatible options can be explored
for this purpose. Biocompatible passive materials are preferable
over their synthetic counterparts, as they are friendly to the
environment, cost-effective, and ubiquitous.

In this regard, banana peel can be used as a source of passive
materials that fulfills the criteria of environmental friendliness,
low or no cost, and abundant availability. Banana peel is of
significant interest because it is a fruit globally available and is
considered to be the fourth most abundant. Its peel under normal
circumstances is thrown away and apparently carries no economic
value. Its peel is a rich source of various bioactive compounds,
which are helpful in the reduction of metal salts alongside the
stabilization of nanoparticles. Therefore, it has been previously
used for the removal of dyes, pesticides, heavy metals, and various
industrial pollutants.”®**® Various nanomaterials systems have
been used for the colorimetric determination of cholesterol such
as AuUNPs@DACNTFs,** Fe;0,-GBR,*> MOFs,** and NSC/Co,_,S.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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K. pneumoniae, E. coli, S. aureus, and P. aeruginosa are
frequently implicated in a diverse range of diseases. The
growing trend of microbial resistance makes it necessary to
explore and report on new potential antimicrobial agents.*>?¢
The current work is one such attempt, which tries to unveil the
antimicrobial potential of the synthesized nanocomposite.

The novelty of the work lies in the synthesis of silver-
deposited banana peel powder (Ag@bpp) as a colorimetric
sensing platform for the sensing and estimation of cholesterol.
All the characterization confirmed the desired synthesis of the
nanocomposite with excellent dispersion of silver nanoparticles
achieved over the matrix of bpp. The sensing system demon-
strated excellent sensitivity and selectivity for cholesterol
detection and quantification in the presence of chromogenic
substrate (TMB) without the use of hydrogen peroxide. The
fabricated sensor was successfully applied for the detection of
cholesterol in real samples.

2. Experimental

2.1. Chemical and material

All the chemicals, including cholesterol, tetramethylbenzidine,
sodium hydroxide, monobasic sodium phosphate, disodium
hydrogen phosphate, glucose, hydrochloric acid, hydrogen
peroxide, dopamine, uric acid, ascorbic acid, glycine, and
tyrosine, were purchased from Sigma Aldrich, USA. All the
chemicals were used without any further purification steps and
used as received. Locally, lab-produced deionized water was
used for the preparation of solutions during the experiments.
Banana peels were obtained from a fruit shop located near
Kohat University, Khyber Pakhtunkhwa, Pakistan.

2.2. Instrumentation

Fourier transform infrared spectroscopy (FTIR) was conducted
using an Agilent Technologies FTIR spectrometer MA 5700 in the
range of 4000 to 500 cm™". By the use of a ZEISS Gemini 500
Germany scanning electron microscope (SEM) coupled to EDS,
the surface morphology and elemental composition were
studied. A Bruker AXS D8 X-ray powder diffractometer was used
to study the crystalline phase of the nanocomposite. To get
further insight into the morphology and surface chemical state of
the synthesized nanocomposite, a JEM-2100F microscope (JEOL,
Japan) and X-ray photoelectron spectroscopy (XPS) Thermo, USA
were used for HRTEM and XPS analysis, respectively. A UV-visible
spectrophotometer (Shimadzu UV, 1800, Japan) was used
throughout the work to record the absorption spectra.

2.3. Synthesis of the banana peel powder and
nanocomposite

The banana peels were carefully washed using double distilled
water to remove dust and any other impurities from their surface.
They were shade-dried for two weeks in open air and ground to
fine powder. The powder was sieved using several mesh sizes,
and the fraction sizing 300-500 um was collected and stored for
further use. For the preparation of Ag@bpp, 0.025 M, 100 mL
solution of AgNO; and 4 grams of bpp were taken and blended
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for one hour to obtain a homogenous mixture. To this mixture,
40 mL of 0.025 M NaOH solution was added dropwise and kept
under constant stirring for two hours until complete precipita-
tion occurred. As a result of this, a precipitate containing
Ag@bpp was obtained. The precipitate was filtered and washed
several times through double-distilled water to achieve neutral
pH. Finally, the prepared material was dried for six hours at 80 °C
in an oven and used in onward experiments.

2.4. Colorimetric detection of cholesterol

For the colorimetric detection of cholesterol, various amounts
of the synthesized nanozyme were tested in the presence of
TMB, phosphate buffer saline, and the analyte and incubated
for a specific period of time. After a while a colorimetric change
was visible to the naked eye, and the image was captured
through a smartphone. This change in color was confirmed

View Article Online
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through a UV-Vis spectrophotometer. In the first experiment,
bpp was used alongside the other constituents of the sensor
system, such as TMB, phosphate-buffered saline, and the ana-
lyte. The result was observed, and confirmation was carried out
through spectrophotometry. In the second experiment the
prepared nanocomposite (Ag@bpp) was tested instead of pris-
tine bpp in the absence of cholesterol. The change was moni-
tored through spectrophotometry and the naked eye. Finally, in
the third experiment, cholesterol (analyte) was introduced into
the mixture of the proposed mimic enzyme, buffer solution, and
TMB and incubated for a certain period of time. Again, the
progress of the reaction was monitored, images were captured
through smartphone, and confirmation was obtained through
spectrophotometry. The reactions were carried out using 2 mg
of the mimic enzyme, 550 pL of PBS buffer at pH 4.5, 80 uL of
4.5 mM TMB, and 120 pL of 22 mM cholesterol and incubated
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Fig. 1

(i) shows the UV-visible spectroscopy peak of Ag nanoparticles at Amax — 414 nm in line with literature. (i) show the FTIR spectrum of

Ag@bpp demonstrating the characteristic peaks of bpp and an extra peak for Ag in the fingerprint region. (iii) show the XRD analysis of bpp and
Ag@bpp corresponding to the presence of lattice planes assigned to silver.
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for 5 minutes. The work was approved from the ethical
committee of Kohat University through Approval No. KUST/
Ethical Committee/1628.

2.5 Antimicrobial activities

Four bacterial strains, Klebsiella pneumoniae (K. pneumoniae),
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and
Pseudomonas aeruginosa (P. aeruginosa), were selected for the
current study. Firstly, the bacterial strains were grown in Mac-
Conkey agar, mannitol salt agar, and Mueller-Hinton agar
(MHA) for 24 hours to obtain fresh cultures. Next, isolated
colonies of each culture were selected. A cotton bud was used to
delicately transfer a small colony of each strain to a Petri dish
containing the MHA. After spreading the inoculum equally, it
was left to stick to the agar surface for 20 minutes. Then, five
wells (6 mm diameter) were made for testing the activity, and
two positive controls were also applied. After that, 100 pL of

-
—

5.0kV_LED

x50,000

Fig. 2
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2 mg mL ™" of the Ag@bpp was applied to well no. 1, and 100 pL
of 1 mg Ag@bpp was applied to well no. 2. Well no. 3 and 4 were
used for the application of banana peel powder (BPP). Two
positive control disks, imipenem (10 pg) and gentamicin (10
pg), were used for comparison. DMSO 100 pL was used as
a negative control throughout the experiments. Finally, the Petri
dishes were incubated for 24 hours at 35 °C. After 24 hours the
Petri dishes were observed, and the inhibition zone was
compared to positive controls.

3. Results and discussion

3.1. Characterization

3.1.1.
The prepared Ag@bpp nanocomposite was characterized
through various spectroscopic techniques to wunveil its
successful synthesis. Firstly, UV-visible spectroscopy results

Spectroscopic analysis of the synthesized material.

Image (A) shows the surface characteristics of banana peel powder with a plain and porous surface morphology. (B) show the SEM image

of the synthesized Ag@bpp with a rough surface showing the deposition of Ag on the surface of bpp. Images (C) and (D) show the HRTEM results
with the uniform distribution of the Ag nanoparticles over the surface of the passive materials of bpp. (E) show the overlay of elemental mapping
of prepared material containing all the main elements present in the synthesized Ag@bpp. Images (F)—(H) show the elemental distribution of the
constituent elements such as carbon (C), silver (Ag), and oxygen (O) on the surface of bpp.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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showed an intense peak at A, of 414 nm for the nano-
composite, as shown in Fig. 1(i). The surface plasmon reso-
nance of the synthesized nanocomposite falls in line with the
already reported value for Ag nanoparticles.’” The FTIR results
revealed a pattern similar to that of already published FTIR for
banana peel powder previously by our group.*® However, there
was a small extra peak for Ag@bpp in the fingerprint region,
which could be ascribed to silver, indicating its deposition on
the bpp. Briefly, as can be seen in Fig. 1(ii), the band around
3430 cm ™" can be attributed to the presence of the OH group
present in the compounds of bpp. The peaks around 2922 and
2856 cm™ ' can be assigned to ~-CH,- and —~CH; groups in the
synthesized material. A small, sharp peak at 1740 cm ' indi-
cates the carboxyl group of aliphatic carboxylic acids or their
esters in banana peels. The absorption band around 1645 cm™*
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indicates aromatic C=C stretching vibration of the bpp.** The
bending vibration of the C-H was observed at 1422 cm™" in
accordance with reported literature.?> The peak at 1060 cm ™
indicates the presence of ether linkage in the compounds
present in the bpp.

The crystalline nature of both bpp and Ag@bpp nano-
composite was studied through X-ray diffraction analysis in the
range of 26 = 10-80°. The crystallinity in the structure of bpp
can be attributed to the presence of cellulose, lignin, and
amorphous hemicelluloses,* as shown in Fig. 1(iii). The extra
peaks in the XRD pattern of the synthesized Ag@bpp observed
at 38.10°, 44.20°, 64.40°, and 77.50° correspond to the planes
(111), (200), (220), and (311), respectively. These peaks corre-
spond to the JCPDS, No. 04-0783, as reported earlier in litera-
ture.”* This confirms the successful deposition of Ag on the
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Fig.3 (A) represents the survey spectrum indicating the presence of O 1s, Ag 3d, and C 1s. (B) The deconvoluted spectrum of C 1s shows peaks at

284.6 eV, 286.4 eV, and 287 eV that represent C=C/C-C, C-0O, and C=0. (C) shows the deconvoluted spectrum of O 1s representing C-O at
a binding energy of 531 eV and C=0 at a binding energy of 532.8 eV. (D) represents the presence of Ag* and Ag® at their respective binding

energies.
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surface of bpp. Using the Scherrer equation, the crystallite size
of the nanocomposite (Ag@bpp) was calculated to be 35.25 nm.

3.1.2. Surface morphology of the prepared materials. The
morphological characteristics of the synthesized bpp and
Ag@bpp were investigated using different techniques as shown
in Fig. 2. SEM images of bpp and Ag@bpp are shown in Fig. 2A
and B, respectively. There were crater-like pores on the surface
of the natural banana peel powder, giving it an irregular shape.
The porous surface of banana peel powder enables effective
deposition of silver nanoparticles over the surface of bpp.*
Fig. 2B illustrates the rough surface morphology, confirming
the successful deposition of Ag nanoparticles onto the surface
of bpp. For deeper understanding of the morphology of the
synthesized material, high-resolution transmission electron
microscopic  analysis of the synthesized Ag@bpp

0.6

=== A bpp+PBS+TMB+Cholesterol
=B Ag@bpp+PBS+TMB
=== C Ag@bpp+PBS+TMB+Cholesterol

Absorbance

0.1

0.0 T T
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Fig. 4 Shows the colorimetric detection of cholesterol through the
synthesized Ag@bpp nanozyme system. (A) shows that bpp alone in
the presence of other constituents cannot detect the analyte under
study. (B) indicate that the Ag@bpp, TMB solution, and PBS buffer show
no reaction in the absence of cholesterol. (C) shows that the combi-
nation of Ag@bpp, TMB solution, PBS buffer, and cholesterol results in
a visible colorimetric change.

(4-Cholestenone-3-one)
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nanocomposite was performed. HRTEM analysis revealed that
the synthesized silver nanoparticles deposited on bpp were
spherical in shape. The passive material of bpp is providing an
excellent surface to the Ag and immobilizes it to prevent its
agglomeration, as shown by images (C) and (D) in the figure.
Further morphological analysis was performed through
elemental mapping to ascertain the distribution of the
constituent elements in the synthesized Ag@bpp nano-
composite as shown through images (E)-(H) in the figure.
Image (E) depicts the overlay of all the constituent elements of
the synthesized nanocomposite. Whereas images (F), (G), and
(H) show the distribution of carbon (C), silver (Ag), and oxygen
(O), respectively. From the images it is clear that the distribu-
tion of the constituent elements of the Ag@bpp nanocomposite
is uniform and homogenous. This also confirms that the
passive material of bpp provides an excellent anchoring surface
area for the immobilization of the Ag nanoparticles to keep its
surface area intact. In the absence of passive materials, the
nanoparticles, owing to their high surface area, would have
come together and would have lost their activity to a greater
extent. This confirms the important role of the otherwise waste
banana peel powder in a very useful application.

3.1.3. XPS analysis of the synthesized nanocomposite. X-
ray photoelectron spectroscopy was used to study the compo-
sition and surface chemical state of the elements present in the
synthesized nanocomposite. Fig. 3A shows the survey spectrum
of the Ag@bpp, indicating the presence of oxygen, silver, and
carbon. In order to get further details, the spectrum was
deconvoluted for the constituent elements. Fig. 3B illustrates
the deconvoluted spectrum of C 1s with three peaks with
binding energy values at 284.6 eV, 286.4 eV, and 287 eV that
represent C=C/C-C, C-O, and C=0."*** The spectrum of O 1s
is shown in Fig. 3C, which revealed two distinct oxygen states,
corresponding to C-O at a binding energy of 531 eV and C=0 at
a binding energy of 532.8 eV.***® Fig. 3D shows the deconvo-
luted spectrum of the Ag 3d region, revealing the presence of
two distinct oxidation states of silver. The binding energy values
centered at 374 eV and 368 eV correspond to Ag 3d;,, and Ag 3ds,
», Tespectively. These values represent the presence of Ag* and
Ag® species in the synthesized nanocomposite.*’

(TMB)

+ +

(oxTMB)

Scheme1l Demonstrates the role of the synthesized Ag@bpp nanocomposite in the sensing of cholesterol without the use of external hydrogen

peroxide.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 49288-49300 | 49293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07350b

Open Access Article. Published on 10 December 2025. Downloaded on 4/7/2026 10:47:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
@ (ii)
0.40 0.30
APEB » 5C'4 D! SE'%F %G . A W CDETF G
0.35 : a_‘_'_ l LY
T ovUvT 3 0254 Trer—
0.30 e
L 0251 b . 0.20 4
= 3
E g
£ 0.20 + 20.15 - D
2 2 B
< 0.15 4 C - 2 \E
0.10 4
s |
0.10 - — \G
: :
0.05 = F
0.05 -
A \g
0.00 L L T bl ' ' v 0.00 T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 4 5 6 7 9
Amount of mimic Enzyme (mg) pH
(i) @iv)
0304 & B 'C 'D i !‘i !G 0404 A B ﬂ? D/ El F
. ¢ B
- D 0.35 o il i
0.25 ——= = D E F
0.30 - ——3%
. E
g 0201 ® S 0.25 1
£ <
$ 0.15 4 F ‘é 0.20 ~
= =
< G < 0.15+
0.10 4 B§
G 0.10 4 R /
0.05 -
A B 0054 @&
—
0-00 n L] L] L] L) L] L] 0.00 1 ) L] 1 L] L] L]
1 2 3 4 5 6 1 2 3 4 5 6
TMB Concentration(mM) Time (Minutes)

Fig. 5 Shows the optimization results of various parameters that influence the activity of the fabricated sensor. (i) demonstrate the optimization
results of the amount of nanozyme in the range of 1-2.2 mg, with optimal response observed at 1.8 mag. (ii) Depicts the pH optimization results,
and the best response was seen at pH 5. {iii) illustrate the results achieving the best response at 4 mM TMB. (iv) show time optimization with the
best optical change was seen at 4 minutes. The reaction conditions were [1.8 mg of the Ag@bpp, PBS 400 pL (pH 5), TMB 80 plL (4 mM), time 4

minutes, and cholesterol 100 ulL (20 mM)].

3.2. Colorimetric detection of cholesterol

As mentioned in the Experimental section, in the first experi-
ment bpp was used along with TMB, and PBS buffer. The

Table 1 Comparative analysis of the peroxidase-like activity of the
nanozyme Ag@bpp and HRP, which acts as a natural peroxidase

Catalyst Substrate

used used Vmax (10°*M s™") K, (mM)  Reference
HRP TMB 10.19 0.424 48

HRP H,0, 10.55 3.24

Ag@bpp TMB 8.34 3.95 This work
Ag@bpp  H,0, 9.43 4.68

49294 | RSC Adv, 2025, 15, 49288-49300

addition of cholesterol to this mixture resulted in no colori-
metric change as noted through Eppendorf tube A and curve A.
In the second experiment the synthesized mimic enzyme
Ag@bpp was used alongside TMB and PBS buffer. After incu-
bation for a period of 5 minutes, no change in color could be
observed, as noted through Eppendorf tube B and curve B. In
this experiment, the analyte was not incorporated into the
system. In the third and final experiment, the proposed mimic
enzyme (Ag@bpp), TMB solution, PBS buffer, and cholesterol
were combined together and incubated for 5 minutes. An
intense blue-green color characteristic of oxTMB was visible to
the naked eye, and confirmation was performed through spec-
trophotmetry, as can be seen in Eppendorf tube C and curve C

(Fig. 4).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3. Proposed mechanism for the detection of cholesterol

The as-synthesized nanocomposite (Ag@bpp) acted as
a tandem nanozyme. The synthesized nanozyme showed
oxidase (chOx) and peroxidase-like activities simultaneously
under the same conditions, as shown in Scheme 1. First of all,
the cholesterol was oxidized to 4-holestenone-3-one by the
action of the nanozyme in the presence of oxygen. At the same
time, H,O, is generated as a byproduct during the course of this
reaction. The nanozyme simultaneously decomposed the
generated H,O, in the following reaction to produce peroxide
radical ("OH), indicating its peroxidase-like activity. The
generated "OH can oxidize the TMB to oxTMB. This oxidation
resulted in enhanced conjugation and thus reduced the energy
gap between the frontier orbitals. Due to which the absorption
is shifted to the visible region, viz., blue-green. This visible
observation was further confirmed with UV-visible spectropho-
tometry. During the course of the reaction, the generation of
'OH was confirmed by the use of the chemical scavenger
method. Briefly, thiourea or tertiary butanol was used, and no
change in the color of the chromogenic substrate was observed.
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This indirectly confirmed the role of the nanozyme in the
generation of “OH, which subsequently works in the oxidation
of TMB.

3.4. Optimization of different parameters

Several significant components affecting the sensor's efficiency
were fine-tuned to improve its detection abilities and establish
optimal operating conditions.

The amount of the Ag@bpp mimic enzyme was tested in the
range of 1-2.2 mg, as shown in Fig. 5(i). The increase in the
amount of the mimic enzyme resulted in the increase in activity
till 1.8 mg, at which it showed the best performance. Hence, this
amount of the mimic enzyme was used in the onward experi-
ments. pH significantly influences the activity of biosensors;
hence, it was optimized in the range of 3 to 9, as shown in
Fig. 5(ii). The best performance of the proposed sensor was
achieved at pH 5 and hence used for onward experiments. The
concentration of TMB was optimized in the range of 1 and
7 mM, and the best response was observed at 4 mM. Hence, this
amount of TMB was used for subsequent reactions. Finally, the
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Fig. 6 (A) show UV-visible spectra of different cholesterol concentrations. (B) illustrate the calibration curve for the prepared nanosensor in the

range of 0.1 to 1.8 mM.

Table 2 Comparative study of the fabricated sensor (Ag@bpp) with previously reported literature for the colorimetric sensing of cholesterol

S. no. Materials used Method applied Linear range (mM) LOD (mM) References

1 TiO, Colorimetric 0.1-50 61 49

2 Fe,03/MNP Colorimetric 0.39-6.47 0.194 50

3 TPU nanofibre/cellulose Colorimetric 2-10 2 51

4 ChOx/Au@Ag NPs Colorimetric 0.3-300 0.15 52

5 Cs:PVA NFs/GOxXHRP/ Colorimetric 1.29-7.75 1.29 53

6 ChOx-MUDA-Fn-GNPs Colorimetric 0.64-7.75 0.49 54

7 Fe;0,-GO Colorimetric 0.047-0.952 0.041 32

8 CuO/G nanosphere composite Colorimetric 0.1-0.8 0.78 55

9 Ag@bpp Colorimetric 2-20 0.029 Present work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Results of the interference experiments demonstrating the selectivity of the fabricated sensor towards cholesterol in the presence of
equimolar concentrations of other species under the prevailing optimized conditions.

sensor system was optimized for response time in the range of 1
to 6 minutes. The optimal performance of the sensor was ach-
ieved at 4 minutes' time. Henceforth, the optimized time
interval of 4 minutes was used.

3.5. Kinetic parameters assessment of the nanozyme

The synthesized mimic enzyme was studied for its kinetic
properties in terms of key parameters, namely maximum
velocity (Vimax) and Michaelis constant, abbreviated as K;,. Its
performance was compared with a natural enzyme, horseradish
peroxidase (HRP). The results unveiled that the synthesized
nanozyme has a comparable performance with that of the
natural enzyme. The details can be seen in Table 1.

3.6. Analytical study of the fabricated sensor

The performance of the fabricated sensor was evaluated for the
detection of cholesterol under the previously described
optimum experimental conditions. As shown in Fig. 6, the
amount of the analyte was progressively increased in a fixed
ratio, and the change in absorbance was recorded. As shown in
Fig. 6A, the increase in the concentration of cholesterol was
performed in the range of 2-20 mM. However, above or below
that mentioned level, the prepared sensor can detect the
cholesterol; in contrast, the linearity response may not be ach-
ieved. Therefore, a calibration curve was drawn using the

49296 | RSC Adv, 2025, 15, 49288-49300

aforementioned range of 2-20 mM, as seen in Fig. 6B. More-
over, according to calculations, the prepared sensor's limit of
detection (LOD) and limit of quantification (LOQ) were
0.029 mM and 0.0957 mM, respectively. LOD and LOQ were
calculated by using standard formulae 3 x SD/slope and 10 x
SD/slope. The R square value was also calculated to be 0.995. In
addition, Table 2 shows the comparison study of this prepared
sensor with other reported literature for the colorimetric
sensing of cholesterol.

Table 3 Application of the method to real samples using the standard
addition method

Cholesterol sample Added, pM Found, pM

5.02 £ 0.3
10.12 £+ 0.4
11.00 £ 0.5
12.05 £+ 0.4
6.1 £ 0.1
11 £ 0.3
12.03 £ 0.4
12.84 £ 0.5
7+0.1
11.86 £+ 0.4
13.01 £ 0.6

13.7 £ 0.3

Normal

Moderately high

High

NO o NGO N o

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Antibacterial activity of Ag@bpp (wells no. 1 and 2) against the selected bacterial strains showing its efficacy. Wells no. 3 and 4 represent
the results of pristine BPP. DMSO was used as a negative control, while imipenem (10 png) and gentamicin (10 ng) were run as positive controls.

3.7. Interference study

The proposed sensor's selectivity was explored by examining
how it responded to a range of possible interfering species.
These include acetic acid, ascorbic acid, uric acid, sucrose,
melatonin, dopamine, glycine, tyrosine, cysteine, citric acid,
urea, and glucose, as can be seen in Fig. 7. The findings of the
study demonstrated that the fabricated sensor is highly selec-
tive for the detection of cholesterol under the prevailing opti-
mized experimental conditions. The experiments were
conducted using equimolar concentrations of cholesterol and
the tested potential interfering species.

3.8. Application of the proposed sensor

To check the application of the proposed sensor, it was applied
for the detection of cholesterol sensing in real samples using
the standard addition method. For this purpose, real samples
were collected and processed from normal, moderately high,
and high cholesterol level individuals. The standard approach
of method validation was used to calculate the precision and
accuracy of the developed method. The real samples were pro-
cessed and applied to the fabricated sensor under the reported
optimal conditions. Table 3 shows the results of the real
samples, and the values indicate the successful operation of the
fabricated sensor for the detection of cholesterol in real
samples.

3.9. Antimicrobial activities of the prepared nanocomposite

After establishing the role of the synthesized material Ag@bpp
as a colorimetric sensing probe, its efficacy was tested as an
antimicrobial agent. Various species of bacteria, such as K.
pneumoniae, E. coli, S. aureus, and P. aeruginosa, were tested as
shown in Fig. 8. Despite the use of a small amount of silver in
the synthesized nanocomposite, it showed an excellent anti-
bacterial potential against all the selected bacterial species. It
shows that the selected combination of silver nanoparticles and
the passive materials (bpp) in the selected ratio is a useful
antibacterial agent. On one side it uses a small amount of silver
nanoparticles, and on the other hand it utilizes biocompatible,
low/no cost, ubiquitous, and biodegradable banana peel.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Imipenem (10 pg) and gentamicin (10 pg) were run as positive
controls (+) to monitor the progress of the reactions. Pristine
banana peel powder shown by well no. 3 and 4 was run to see its
effect in solo. DMSO was used as a negative control as repre-
sented by negative (—ive) in the center of each plate. Ag@bpp
was applied in well no. 1 and 2, and the results can be seen in
the figure. Although these tests are not quantitative in the strict
sense, they still show the antibacterial potential of the synthe-
sized material. The best results could be observed for K. pneu-
moniae using the synthesized Ag@bpp nanocomposite.

4. Conclusions

In conclusion, the study reports on the successful synthesis of
banana peel powder (bpp) and Ag@bpp nanocomposite. The
comprehensive characterization through spectroscopic and
morphological analyses techniques confirmed the desired
synthesis of both bpp and Ag@bpp. The synthesized Ag@bpp
nanocomposite was used as an oxidase and peroxidase mimic
enzyme simultaneously for the colorimetric sensing of choles-
terol without the use of hydrogen peroxide from any external
source. The factors affecting the detection and quantification of
cholesterol were optimized and were found to be 1.8 mg of the
nanocomposite, PBS 400 uL (pH 5), TMB 80 uL (4 mM), time 4
minutes, and cholesterol 100 pL (20 mM). The fabricated sensor
showed a wide linear range of 2-20 mM and LOD and LOQ
values of 0.029 mM and 0.0957 mM, respectively, for cholesterol
sensing. The selectivity study results showed no visible/
considerable interference from various potential interfering
species. The fabricated sensor was successfully used for the
detection and quantification of cholesterol in real samples. The
synthesized nanocomposite was also tested against various
bacterial species such as K. pneumoniae, E. coli, S. aureus, and P.
aeruginosa, with the best results achieved against K. pneumo-
niae. The fabricated sensor has the potential to be applied for
diagnostic assessment and monitoring of cholesterol levels in
the human body, food, and related applications.
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