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Abstract. This investigation delves into the integration of Capparis spinosa extract (CSLe) onto manganese dioxide
nanoparticles (MnO,NPs) and chitosan derived from honeybees (CSH) in a nanostructured configuration. The resultant
nanocomposites, namely CSLe@MnO,NPs and CSH/CSLe@MnO,NPs, underwent thorough characterization through
various analytical techniques. UV-Vis spectroscopy unveiled distinctive features, such as ligand-to-metal charge transfer
and photoluminescence, affirming the successful chitosan-functionalization of the MnO,NPs, thereby differentiating
them from their pristine counterparts. FTIR spectra corroborated the binding of chitosan and identified crucial molecular
functional groups. SEM-EDX analysis revealed the morphological properties, addressing non-uniform sizes in the as-
calcined MnO,NPs by the uniform coating of CSH on CSLe@MnO,NPs, while EDX confirmed the presence of essential
elements. TEM and SAED provided insights into the spherical morphology, crystalline structure, and lattice planes of these
nanoparticles. Size distribution measurements highlighted distinctions between CSLe@MnO,NPs and CSH/CSLe@
MnO,NPs. The nanomaterials underwent evaluation for their antimicrobial properties against a spectrum of Gram-
negative and Gram-positive bacterial strains, with CSH/CSLe@MnO,NPs exhibiting the highest bactericidal activity.
Additionally, they demonstrated low minimum inhibitory concentration (MIC) values, especially against S. aureus (MIC
as low as 12.5 pug/ml). Their efficacy extended to anti-biofilm formation, significantly diminishing biofilm development
in a dose-dependent manner, a pivotal factor in addressing biofilm-related infections. The study also scrutinized their
cytotoxicity against normal Vero and PC3 prostate cancer cells, revealing potential anticancer properties. Dose-dependent
reductions in cell viability were observed for both normal and cancer cells. In conclusion, these findings underscore
the versatility and promise of CSH/CSLe@MnO,NPs in diverse biomedical applications, including antibacterial, anti-
biofilm, and anticancer therapies.
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BMOCUHTE3 HOBbIX HAHOKATMCYJ1 MnO, C MOMOLLbIO 3KCTPAKTA C. SPINOSA U XUTO3AHA
MEZAOHOCHOW NYEJIbl: UBYYEHUE AHTUBAKTEPUAJIbHbIX U MPOTUBOPAKOBbIX CBOUCTB
Dasxappud M.I.., Xacan H.A.2, IIlapadp M.3>4

! Yuusepcumem Illakpa, Illakpa, Caydosckasn Apasus

2 Hayuno-uccaedosamenbCckuili uHCMumym xumuueckoll npomviuinennocmu, Hayuonanvnoiii uccaedosamenvckuii yenmp, Kaup,
Eeunem

3 Yuueepcumem Anv-Asxap, Hacp-Cumu, Kaup, Eeunem

4 Oxeanckuii ynueepcumem Kumas, Lundao, Kumaii

Pe3iome. Hacrosiiee nccaenoBanue MOCBSIIEHO OMKMCAHUIO HaHeceHUs1 akcTpakTa Capparis spinosa (CSLE) Ha HaHo-
yacTuibl nuokcuaa Mmaprania (MnO,NP) u xuto3an menoHocHbIX mues1 (CSH) B HAHOCTPYKTYpUpPOBaHHON KOH(DH-
rypauuu. [ToxyuyeHHbIe HAaHOKOMITO3UTHI, a UMeHHO CSLE@MnO,NPS u CSH/CSLE@MnO,NPS, 6p1111 THIaTETEHO
OXapaKTEePU30BaHHI ¢ TTOMOIIBI0 Pa3TUUYHBIX aHATUTHICCKNX MeTomoB. CriekTpockonust B YO- 1 BUIUMOI 00J1a-
CTU OOHApYXKMJIA OTIUYUTEIbHBIC 0COOCHHOCTH, TaKHe KaK MEePeHOC 3apsana «JIMTraHI—MeTall» U (POTOTIOMUHEC-
LEHIIMI0, TOATBEPXAas yCrelmHyo GyHKIIMoHaIu3anuo xutozana Ha MnO,NP, tem cambim nuddepeHunpys nx
OT COOTBETCTBYIOIIMX MHTAKTHBIX aHAJ0roB. CIIeKTpbl MH(MPaKpacHOI CIIEKTPOCKOMUHU ¢ TpeodpazoBaHueM Pypbe
(MK®C) moaTBepamIn CBSI3bIBAHNE XUTO3aHA M MACHTU(GUIINPOBAIN KITIOUEBbIe MOJIEKYISIpHBIC (DYHKIIMOHATBHBIE
I'PYIITBl. AHaJIKU3 ¢ TOMOIIIBIO criocoba TuHeiiHoro ckanupoBaHust SEM-EDX BbissBUI MOpdboornyeckre CBOCTBa,
Kacalolrecst HepaBHOMEPHbIX pa3MepoB KaJblIMHUpoBaHHBIX MnO,NP ¢ moMoiibio paBHoMepHOro nmokpuiTuss CSH
Ha CSLE@MnO,NP, B To BpeMs1 KaK 3HEpProaucrepCuOHHbBII peHTreHoCneKTpaabHblii MuKpoaHanus (EDX) mon-
TBEePAUJ HAJMYKMe HEOOXOMMMBIX 31eMeHTOB. [IpocBeunBaloias aneKTpoHHast Mukpockonus (TEM) u anekTpoHHas
nudpakiysa Ha oTaeabHbIX yuacTKax (SAED) nanu npencraBieHue o cepruieckoit Mopdoaoruu, KpucTallndecKoi
CTPYKTYpPE ¥ KPUCTATIMYECKON MIOCKOCTU TaKMX HaHOUacTull. Mi3MepeHus pacripeaeneHus Mo pazmepam BbIsSIBUITU
paznmmunsg mexay CSLe@MnO,NPs u CSH/CSLe@MnO,NPs. HaHomaTepuaisl MpoIuIn OIeHKY Ha aHTUMUKPOO-
HBIE CBOIICTBA B OTHOIIECHUHU Pa3IMIHBIX IPAMOTPUIIATESIBHBIX M TPAMIIOIOXKHUTEIbHBIX OaKTepHaIbHBIX IITAMMOB,
¢ MaKcMMalbHOU 6akTepunnnHoit aktusHocThio y CSH/CSLe@MnO,NPs. Kpome Toro, MuHUMaIbHASI UHTUOUPYIO-
mas konueHTpanus (MIC), ocodoenno potus S. aureus (MIC He 6onee 12,5 MKT/MIT) olTrcaHa IIpH HU3KUX 3HAUCHU-
sax. Ux abpeKTUBHOCTD TaKKe paclipocTpaHsiiach Ha GOpMUPOBaAHUE AHTUOMOILJIEHKH, TOCTOBEPHO 10303aBUCUMO
CHMXasi 00pa3oBaHMe OMOIIIEHKM KaK KJII0YeBOTO (haKTopa B OTHOLICHUN MH(MEKIINiA, CBI3aHHBIX ¢ OMOTIJICHKOM.
Taxoxe THIaTeIbHO M3yYeHa U TOTOKCUYHOCTh COCAMHEHW B OTHOIIEHU Y HOPMAJIbHBIX KJIETOK Vero 1 KJIeTOK paka
npeacratenbHoii xkene3bl PC3, BbISIBUBIIAS 10303aBUCMMOE CHUXEHUE XU3HECTIOCOOHOCTH KJIETOK 00EUX JUHUIA.
[TonyyeHHbIe pe3yabTaThl MOMYEPKMBAIOT YHUBEpCcaabHOCTh U mepcnekTuBHocTh CSH/CSLE@MnO,NP mnipu wuc-
MOJIb30BAHUHU B Pa3JIMYHBIX OMOMEANLIMHCKHUX LIEeJSIX, BKJI0Yast aHTUOaKTepraabHOE IeiCTBUE, TIOAaBICHUE CUHTEe3a
AHTUOMOILJIEHKH U ITPOTUBOOITYXOJIEBYIO TePAIHIO.

Karouesoie caosa: C. spinosa, MnO,NP, xumo3an medoHocHOl nuenvl, aHmubaKmepuaibHole, GHMUOUONAEHKA, NPOMUBOPAKOBbLE.

Introduction

Nanotechnology has significantly transformed
the medical landscape, providing innovative solutions
to a myriad of healthcare challenges. Manganese di-
oxide nanoparticles (MnO,NPs) have garnered sub-
stantial attention owing to their unique properties and
promising applications in medicine [41]. MnO,NPs,
acting as carriers for therapeutic drugs, facilitate tar-
geted drug delivery to specific cells or tissues, thereby
minimizing side effects and amplifying the thera-
peutic efficacy of medications. The functionaliza-
tion of MnO,NPs allows for controlled drug release
at the desired location, making them indispensable
for personalized medicine and improved treatment
outcomes [72].

In the context of healthcare, MnO,NPs pos-
sess diverse pharmacological properties that ren-
der them invaluable for medical applications. These
properties encompass antioxidant, antimicrobial,

neuroprotective, anticancer, and wound-healing at-
tributes. The multifaceted pharmacological profile
of MnO,NPs positions them as promising agents
in disease treatment and healthcare, playing a pivotal
role in reshaping medical treatments, offering inno-
vative solutions across a spectrum of diseases, and
enhancing patient outcomes [57, 66].

Chitosan, a biopolymer derived from chitin found
in the shells of crustaceans like shrimp and crabs,
is a remarkably versatile material. Particularly in-
triguing is its utilization when sourced from honey-
bee exoskeletons in a nanostructured form, a rela-
tively novel and less-explored avenue [2]. Bee-derived
chitosan boasts intriguing pharmacological proper-
ties with potential applications across various medi-
cal and pharmaceutical contexts [33]. It exhibits bio-
compatibility and biodegradability, making it ideal
for drug encapsulation and controlled release, par-
ticularly in targeted cancer therapy. Chitosan nano-
particles can target specific tissues or cells, enhanc-
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ing drug absorption while minimizing side effects.
Additionally, its antimicrobial properties make it ef-
fective against bacteria and fungi, useful in wound
healing and medical device coatings. Chitosan’s abil-
ity to form gels and films also supports tissue engi-
neering and regeneration [60].

Capparis spinosa, commonly known as caper, has
been utilized in traditional medicine for centuries
due to its rich phytochemical composition and di-
verse pharmacological properties. Key compounds
like quercetin, rutin, catechin, and various flavo-
noids contribute to its therapeutic potential, offering
antioxidant, anti-inflammatory, antimicrobial, and
potentially anti-diabetic benefits. This botanical ex-
tract shows promise in managing conditions such as
arthritis, inflammatory bowel diseases, and combat-
ing microbial infections, while also potentially regu-
lating blood sugar levels [37].

Incorporating C. spinosa into nanostructures pre-
sents a promising avenue for enhancing its pharma-
cological properties. Nanostructured drug delivery
systems can significantly improve the bioavailability
and therapeutic efficacy of its bioactive compounds.
By encapsulating phytochemicals in nanoparticles or
nanocarriers, these formulations enhance solubility,
enable controlled and sustained release, and target
specific cells or tissues, thereby optimizing therapeu-
tic impact while minimizing side effects. This mod-
ern approach holds potential for making C. spinosa
more effective and efficient in various therapeutic
applications [3]

Furthermore, nanoencapsulation of C. spinosa’s
bioactive compounds safeguards them from degrada-
tion, boosting stability and shelf life, vital for herbal
medicine efficacy. Recent studies have effectively
encapsulated these compounds into nanostructures
like liposomes and nanoparticles, enhancing phar-
macokinetic and pharmacodynamic properties [48].
This advancement in nanomedicine offers promising
avenues for improving C. spinosa’s therapeutic poten-
tial, paving the way for enhanced drug development
and natural product-based therapies [34].

Precise targeting of therapies remains a challenge
despite the potential of nanostructures for targeted
drug delivery. Understanding their interaction with
specific cells or tissues is essential. Moreover, com-
prehensive studies on the long-term effects and poten-
tial toxicity of these materials are lacking. Ensuring
the biocompatibility and biodegradability of nano-
structures is crucial for their safe application in med-
ical treatments. Therefore, the primary goal of this
study is to assess the antibacterial and anticancer
properties of Manganese Dioxide (MnO,) combined
with extracts from the C. spinosa plant, incorporated
into nanoparticles and mixed with honeybee-derived
chitosan. This innovative combination is being in-
vestigated as a potential new pharmacologically ac-
tive compound. Additionally, we aim to identify and
characterize the nanoparticles used in this formula-

tion. This research endeavors to shed light on the po-
tential therapeutic applications of these compounds,
addressing both their antimicrobial and anticancer
effects

Materials and methods

Plant collection and preparation. C. spinosa, sam-
ples were collected from habitats at northwestern
coastal region (Alex-Marsa Matrouh Road, 62 km
west of El-Hammam city), at the recorded site
3044 46.88828°N, 2912 8.0926°E, the collected
samples were identified, authenticated taxonomically
by the Herbarium, at Desert Research Center, Cairo,
Egypt. C. spinosa, samples were washed by distilled
water then were shade dried at lab-temperature till
constant weight. Then, grounded into fine powdery
form, sieved and finally stored in dry glass jar at room
temperature for further use.

Extraction of natural molecules of C. spinosa, sam-
ples. C. spinosa were dried at 60°C till a constant dry
weight and ground to powder. Then, 10 g of C. spino-
sa, powder was added to a conical flask with a 100 ml
capacity, 5 ml of 2% phenol water, and 10 ml of 30%
trichloroacetic acid. After shaking the mixture and
letting it sit for a whole night, the filtrate was created
up to 50 ml [1].

HPLC. C. spinosa, sample were subjected to iden-
tification of phenolic compounds using HPLC. 10 pl
of the sample was injection and analyzed at flow rate
0.7 mL/min using Agilent 1200 LC-MS-ESI instru-
ment (positive mode) with a diode array detector set
at 254, 280, 320 and 520 nm. Agilent Zorbax Eclipse
plus C18 column using nitrogen as nebulizing gas
was used. Mobil phase used was 1% formic acid (A)
and acetonitrile (B); gradient was 0 min 5% B, 1 min
20% B, 6 min 20% B, 8 min 80% B, 18 min 80% B,
19 min 5% B and 20 min 5%. Mass scanned in the
range m/e 0—1000 at fragmentation energy 20 eV and
potential 4.0 kV [9].

Chitosan bee’s extraction. Several phases were in-
volved in the extraction of biopolymers of chitin and
chitosan from a novel potential source which dead
corniolan honeybees hybrid were collected in front
of bee hives during the autumn season 2022 from
the commercial apiary located in Motobes region
Kafr El-Sheikh Governorate, Egypt. To extract chi-
tin, the protein (deproteination) and mineral (dem-
ineralization) elements of subpestilence are first
dissolved and removed. The raw honey bee Apis
mellifera material was first ground using (CM 190
Cemotec™, Denmark). Demineralization was then
performed using the Hackman technique with minor
modifications [21], by treating the crushed raw mate-
rial with 2 M hydrochloric acid (ratio, 1:10) for 5 h
at 25—27°C. Then, deproteination was accomplished
by treating the pulverized raw materials with a 1 N
sodium hydroxide solution for 1 h at a temperature
of 80—85°C. Then, dried at 60—65°C for 4h.
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Preparation of CSLe@MnO,NPs, and CSH/
CSLe@MnO,NPs. Co-precipitation and green chem-
istry methods were used to synthesize MnO,NPs.
To this end, 0.47 g KMnO, precursor was dissolved
in 20 ml of deionized water. C. spinosa extract was
then added drop by drop to the previous solution
and stirred at 40°C for 2 h using a magnetic stirrer.
The resultant solution was dried in an oven at 80°C.
The powder obtained was calcined at 400°C for 2 h.
For extracted chitosan from dead bees (CHN) so-
lutions was prepared by dissolving 1 g of chitosan
in 100 mL of 1.0% aqueous acetic acid and stirring un-
til the liquid became translucent. Then, the CSLE@
MnO,NPs were combined by ionic gelation process
with the create bees chitosan. Finally, the suspension
was stirred under magnetic stirring at room tempera-
ture and left to qualify for 30 min. The bee chitosan
NPs were then centrifuged at 3000 rmb for 15 min
at 3—5°C and freeze-dried with 10% (m/m) trehalose
in a Freeze-dryer for 24 h [5].

Characterization of prepared samples. A PerkinElmer
Spectrum 100 Fourier transform infrared (FTIR)
spectrometer (PerkinElmer, MA) with an attenuated
total reflection (ATR) accessory of germanium crys-
tal with a high-resolution index (4.0), performing 64
scans for each spectrum at 4 cm~! resolution, was used
to collect the FTIR spectra of CSLe@MnO,NPs,
and CSH/CSLe@MnO,NPs samples in the 500—
4000 cm~' range [70]. By applying 10 pl of diluted ma-
terial to holey carbon films on copper grids, TEM was
utilized to examine the shape and distribution of the
MnO,NPs, and CSH/CSLe@MnO,NPs. The sam-
ples were seen functioning at a 200 kV accelerating
voltage. ImagelJ software, version 1.52a, was used
to measure nanoparticle size. SEM with EDX analysis
(Tescan Vega3, Czechia) was performed at scale levels
of 20 um, 2 pm, 1 pm and 500 nm with the magnifica-
tion of 1000x, 10,000x and 50,000x. ImagelJ software
was applied to calculate crystallite size from 2D SEM
images. X-ray diffraction (JEOL JDX-3623, Japan)
analysis was performed with CuKoa (wavelength =
1.5418 A) radiation from 20 values of 10° to 80° with
applied current and voltage range of 2.5—30 mA and
20—40 kV, respectively [29].

Bacterial sample collection. All the isolated Gram-
positive bacteria Staphylococcus aureus, Staphylococcus
hominis, and FEnterococcus feacalis, Gram-negative
bacteria  Escherichia coli, Klebsiella pneumonia
and Acinetobacter baumannii were collected from
the Microbiology Department, Faculty of Medicine,
Cairo University, Egypt, through the proper protocol
and identified and diagnosed based on morphological
characteristics and biochemical examinations accord-
ing to the standard methods of diagnosis and con-
firmed with the “Vitek 2 compact” [20, 52]

Determination of minimum inhibitory concentra-
tion (MICs) and minimum bactericidal concentration
(M BCs). By using the usual dilution approach, a broth
micro dilution assay was used to estimate the MIC

of antibacterial activity in 96 multi-well micro titer
plates (CLSI M07-A8). 100 ul of TSB (Himedia)
were dispersed evenly across all wells. A volume
of 100 pl from each CSLe, CSLe@MnO,NPs, and
CSH/CSLe@MnO,NPs (1024 — 2.5 ug mL™") were
pipetted into the wells of the first row of the mi-
cro titer plate. Finally, 100 ul of freshly made, 0.5
McFarland matching turbid bacterial solution were
put to each well. Each plate contained two columns
that served as both positive and negative controls.
Wrapped plates were incubated for 18—24 h at 37°C.
The plates were visually inspected for the presence
or absence of turbidity against a dark background.
The MIC was determined as the lowest concentration
at which there was no discernible bacterial growth
when compared to controls. Additionally, stock in-
oculum suspensions were made in trek diagnostic
systems sterile saline with 1% tween 80 from 7 days
colonies on potato dextrose agar slants (provided
by Remel, Lenexa, Kans) used to estimate the MIC
of antifungal activities. A 95% of the stock inoculum
suspensions measured 0.9 x 10° to 4.5 x 10° CFU/
mL. On test day, each microdilution well was in-
fected with 100 ul of the diluted (Twofold) conidial
inoculum suspensions in liquid potato. Then, 200 pl
per well of Dextrose Agar (PDA) and microdilution
trays were tested after 4 days at 28°C. The MICs goals
were the lowest CSLe, CSLe@MnO,NPs, and CSH/
CSLe@MnO,NPs concentrations that inhibited
growth completely (100% inhibition). By sub cultur-
ing 20 ul from the clear wells of the MICs and MBCs
was ascertained.

Anti-biofilm viability assay. The crystal violet
staining test was determined the impact of CSLe,
CSLe@MnO,NPs, and CSH/CSLe@MnO,NPs
on biofilm formation by S. aureus, S. haemolyti-
cus, E. faecalis, A. baumannii, K. pneumoniae, and
E. coli [19, 62]. In brief, 20 ul of each isolated bac-
teria was added overnight to growth. Different con-
centrations of CSLe, CSLe@MnO,NPs, and CSH/
CSLe@MnO,NPs (1.562 and 25 mg/mL) were added
to 180 uL of LB medium with 0.2% (w/v) glucose
and incubated at 30°C for 24 h. Then, washing with
phosphate buffer pH 7.4 got rid of the planktonic
cells, and a 0.1% crystal violet solution was used
to color the biofilm that stuck to the surface. After
15 min, sterile-distilled water was used to wash
the crystal violet that had been taken apart. Last,
the crystal violet that was stuck to the biofilm was
released with 200 ul of 95% ethanol. The intensity
of the crystal violet at 570 nm was measured with
a UV-vis spectrophotometer.

% Biofilm formation = (OD control —
— OD sample)/(OD control ) x 100. (€))

Evaluation of cytotoxicity by MTT Assay. Both
control CSLe, CSLe@MnO,NPs, and CSH/CSLe@
MnO,NPs conjugates were subjected to cytotoxic-
ity evaluation by MTT assay. For this purpose, Vero
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ATCC CCL-81 normal cells and PC3 prostate can-
cer cell line were used to access the anticancer po-
tential, as reported by [4, 47]. Briefly, Vero ATCC
CCL-81 and PC3 cells were grown for 24 h at 37°C
in 96-well microtiter plates (pre-inoculated with
MnO,NPs alone, and CSH/CSLe@MnO,NPs con-
jugates) using a DMEM that was additionally sup-
plemented with 10% of FBS. After 24 h incubation,
the DMEM was removed. The Vero ATCC CCL-81
and PC3 cells were again incubated for 4 h at 37°C
in the presence of 20 uL of MTT (5 mg/mL in PBS)
supplemented fresh medium. Following that, DM SO
(150 pL/well) was used to solubilize the formazan
crystals resulting from the mitochondrial reduction
of MTT. Finally, the absorbance was recorded at 570
nm (2300 EnSpire Multilabel Plate Reader, Perkin
Elmer).

The OD should be directly interrelated to the
quantity of cellular activity.

% Cell viability = (OD test — OD blank)/
/(OD control — OD blank), 2)

where OD optical density, test indicates the cells ex-
posed to the CSLe, CSLe@MnO,NPs, and CSH/
CSLe@MnO,NPs sample, control in term the con-
trol sample, and blank in term the wells without Vero
ATCC CCL-8lcercopithecus aethiops kidney nor-
mal cells and PC3 prostate cancer cell lines.
Statistics analysis. Data was presented as meant
standard error of mean. GraphPad prism software
program (version 7.0 (2016) Inc., San Diego, CA,
USA) was applied in statistical analysis. The sta-
tistical difference among groups was examined by
one-way ANOVA subsequently Post hoc-Tukey’s test
for comparison between groups. All p values (*P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001),
were regarded as statistically significant [44, 45].

Results

HPLC

The HPLC retention durations of the phytocon-
stituents were compared to the retention periods
of the used reference samples to confirm their iden-
tities. Four compounds were found in the aqueous
extract of the C. spinosa after HPLC analysis. Some
identification was on the basis of evaluations against
current criteria. The substances that were found all
products of nature, two compounds of phenolic acids,
one compound of each glycoside, and hydroxybenzo-
ate as shown in Fig 1. 19 chemical compounds were
identified and purified using HPLC. The percentages
of the detected chemicals were computed and com-
pared to the total peaks in the HPLC chromatogram,
showing that naringenin (flavonoid), vanillin(organic
compound), chlorogenic acid (polyphenol), daidzein
(isoflavone), ferulic acid (polyphenol), and methyl
gallate (gallate ester) were the major isolated com-
pounds at a concentration of 22.41%, 14.05%, 13.97%,
9.59%, 9.45% and 5.71% respectively. Furthermore
the result showed catechin (flavan-3-ol) at a con-
centration of 2.72%, gallic acid (phenolic acids) at
a concentration of 2.89%, coffeic acid (phenolic ac-
ids) at a concentration of 3.40%, querectin (flavonol)
at a concentration of 0.527%, syringic acid (phenolic
acids) at a concentration of 0.250%, rutin (flavonoid)
at a concentration of 0.0559%, cinnamic acid (organic
compound) at a concentration of 0.0584% and hes-
peretin (flavonoid) at a concentration of 0.0626%.

Characterization of CSLe@MnO,NPs, and CSH/
CSLe@MnO,NPs

UV-vis spectroscopic. The UV-visible spectroscop-
ic analysis (Fig. 2A, see cover II) were demonstrated
the presence of ligand-to-metal charge transfer from
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Figure 1. HPLC chromatogram of C. spinosa extract
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chitosan to Mn?* ions in the MnO,N Ps. Additionally,
the room temperature photoluminescence exhibited
many distinct characteristics, which are not often
seen in unmodified MnO,NPs. The determination
and quantification of the production of chitosan,
CSLe@MnO,NPs, and CSH/CSLe@MnO,NPs
were conducted utilizing the intensity of UV-Vis
absorption peaks. Fig. 2A illustrates the presence
of a large absorption peak at wavelengths of 350 nm,
245 nm, and 250 nm, respectively.

FTIR spectra. The ligands were generated and
the molecules and functional groups were identified
by the acquisition of FTIR spectra for the as-calcined
MnO,NPs nanoparticles, CSLe plant, and the com-
posite of MnO,NPs with Hypericum. The findings
are shown in Fig. 2B. The vibrational modes associ-
ated with Mn-O-Mn interactions are responsible
for the absorption peaks seen within the wavenum-
ber range of 550—650 cm™'. The presence of covalent
bonding between the ligand chitosan and the CSLe@
MnO,NPs was verified by the observed alteration
in the FTIR spectra, namely in the region associated
with the stretching of C-N bonds at a wavenumber
of 1210 cm™'. The existence of C-O aromatic carbon
compounds is indicated by the absorption peak seen at
1300 cm™" in the combination of CSLe plant and NPs.
Furthermore, the presence of CO-O-CO stretching
vibrations may be detected by the emergence of a peak
at 1050 cm™! and surface OH groups at 3330 cm™!
inthe CSLe and CSLe@MnO,NPs, as seen in Fig. 2B.

SEM-EDX. In order to investigate the morpho-
logical characteristics of the SCLe@MnO,NPs,
scanning electron microscopy (SEM-EDX) was
used. As shown in Fig. 2C, the SEM picture revealed
that the SCLe@MnO,NPs, which were subjected
to calcination, exhibited diameters ranging from 22
to 35 nm, as indicated in the inset. The mean size
of the NPs is determined to be around 25 nm. It is
important to acknowledge that the SCLe@MnO,NPs
exhibit heterogeneity and non-uniformity across var-
ious regions as a result of adhesion and agglomeration
phenomena. The phenomenon described may be at-
tributed to the process of calcination and subsequent
exposure to high temperatures, resulting in the ag-
glomeration of nanoparticles due to their inclina-
tion to minimize energy. Fig. 2D displays a scanning
electron microscopy (SEM) picture of the composite
material consisting of SCLe@MnO,N Ps incorporat-
ed with chitosan. The homogenous coating of CSH
on the surface of CSLe@MnO,NPs is evident, indi-
cating the effective attachment of CSH to the com-
posite. This may be attributed to the larger size and
less agglomeration of the resultant composite com-
pared to SCLe@MnO,NPs. In addition, the ener-
gy-dispersive X-ray (EDX) spectra of manganese
dioxide nanoparticles reveals the presence of oxy-
gen and manganese, with corresponding weight per-
centages of 40.21% and 60.89%. The provided data
illustrates a prominent peak seen at an energy level

of 0.2688 kiloelectron volts (keV), which is indica-
tive of the presence of a manganese-oxygen (Mn-0)
bond. The presence of elemental peaks of manganese
and oxygen in the data supports the conclusion that
the production of CSLe@MnO,NPs has occurred, as
seen in Fig. 2E. The composition of the shown ele-
ments includes oxygen (11.82%), carbon (21.39%),
gold (12.67%), and manganese (54.12%). The find-
ings presented in this study provide confirmation
of the successful production of a nanocomposite ma-
terial consisting of chitosan on CSLe@MnO,NPs.
The low proportion of manganese concentration
in the nanocomposite might likely be attributed
to the inclusion of manganese dioxide nanoparticles
inside the internal porous structure of the chitosan
support, as seen in Fig. 2F.

TEM (HRTEM) images and selected area electron
diffraction (SAED). In contrast, Fig. 3 illustrates
the TEM images ofthe as-calcined CSLe@MnO,NPs
and composited CSH/CSLe@MnO,NPs. The TEM
images demonstrates that the CSLe@MnO,NPs have
a shape resembling spheres (Fig. 3A). Furthermore,
the TEM examination provides further confirma-
tion of the observed accumulation of CSH/CSLe@
MnO,NPs and the subsequent increase in their di-
mensions (Fig. 3B). The interfering distance of the
high-resolution transmission electron microscopy
(HRTEM) was measured to be 0.49 nm, indicating
the presence of the (101) plane in the crystal lattice
of CSLe@MnO,NPs (refer to Fig. 3C). Additionally,
the interfering distance was found to be 0.65 nm,
corresponding to the (211) plane of the CSH/CSLe@
MnO,NPs crystal lattice (refer to Fig. 3D).The trans-
mission electron micrographs (TEM) reveal
the presence of spherical morphology and uniform
dispersion of CSLe@MnO, nanoparticles. The elec-
tron diffraction pattern obtained from the selected
area electron diffraction (SAED) technique exhibits
diffraction rings that may be attributed to the (101)
and (200) crystallographic planes, as seen in Fig. 3E.
The diffraction rings shown in Fig. 3F correspond
to the (211) planes, which provide evidence for the
presence of the spinel hausmannite structure in the
SCH/CSLe@MnO,NPs. Moreover, the size distri-
bution of NPswere determined and shown in Fig. 3G
and H. The experimental findings demonstrated
that the CSLe@MnO,NPs composite exhibited
a particle size of 25.27 nm, as shown in Fig. 3G.
Additionally, the CSH/CSLe@MnO,NPs compos-
ite displayed a particle size of 98.87 nm, as illustrat-
ed in Fig. 3H.

Antimicrobial activity by agar well diffusion assay
and MICS and MBC assays

The antibacterial potentialities of pristine CSLe,
CSLe@MnO,NPs, and CSH/CSLe@MnO,NPs con-
jugates were evaluated against the bacterial strains
of Gram-negative (4. baumanni, K. pneumoniae and E.
coli) and Gram-positive (S. aureus, S. haemolyticus, and
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Figure 3. Physico-chemical characterization

(A and B) TEM image. (C and D) High-resolution
TEM (HRTEM) image and (E and F) SAED pattern

of the same. of a single nanoparticle. (G and H) Size
distribution measured by TEM of CSLe@MnO,NPs,
and CSH/CSLe@MnO,NPs composite

E. feacalis) compared to leaves extract of CSLe. The re-
sults obtained are listed in Table 1 and shown in Fig. 4
(see cover III). After incubation period, CSLe were
found to be bactericidal up to a certain extent against all
the tested strains. CSLe were displayed lowest inhibi-
tion zone of 21 mm of E. coli and the largest inhibition
zone of 29 mm of S. aureus. However, the experimental
results showed that the CSLe@MnO,NPs are good an-
tibacterial agents. The lowest zones of inhibition have
been found as 25 mm for K. pneumoniae, and the larg-
est inhibition zone of 31 mm of S. aureus and E. fae-
calis. Furthermore, the optimally yielded CSH/CSLe@
MnO,NPs conjugate was found to be highly bacteri-
cidal against all test strains. As shown in Fig. 4, zone
value reduction from 33 mm against S. haemolyticus and
31 mm against A. baumannii was recorded.

The broth dilution technique was used to de-
termine the bacteriostatic effects of SCLe, SCLe@
MnO,NPs, and CSH/SCLe@MnO,NPs against var-
ious harmful bacteria. As shown in Table 2, SCLe,
and SCLe@MnO,NPs showed antimicrobial against
Gram-negative and Gram-positive bacteria. At low
concentrations, However, coated CSH onto SCLe@
MnO,NPs were increased the activity significantly.
In contrast, the MIC results revealed that CSH/
SCLe@MnO,NPs were more potent against Gram-
negative bacteria than other nanosubstances. The re-
sults showed that MIC of the SCLe@MnO,NPs
for the selected Gram-positive bacterial isolates was
12.5 pg/ml of S. aureus. While the visual turbidity
test showed that CSH/SCLe@MnO,NPs inhibited
E. coli and K. pneumoniae strains (12.5 uyg mL~") was
close to the standard antibiotic gentamicin control
inhibition effectiveness varied (8 pg mL™")

Anti-Biofilm Formation

After 24 h treatment and incubation, our find-
ings indicate that the application of SCLe, SCLe@
MnO,NPs, and CSH/SCLe@MnO,NPs at sub-inhib-
itory concentrations resulted in a significant decrease
in the formation of individual bacterial biofilms, as
shown by the observed reduction in ODs,;, nm values.
The production of biofilms by S. aureus, S. haemo-
Wticus, E. faecalis, A. baumannii, K. pneumoniae, and
E. coli was shown to decrease in a way that was de-
pendent on the dosage of SCLe, SCLe@MnO,NPs,
and CSH/SCLe@MnO,NPs, as depicted in Figs. 5A,
B, and C. In comparison to the control group, the use
of SCLe resulted in a significant decrease in biofilm
formation. The greatest inhibitory effect was seen
with S. aureus bacteria, showing an inhibition rate
of around 73.62%. However, the percentage of inhibi-
tion was somewhat lower when SCLe was associated
with A. baumanni, at approximately 73.95% (Fig. 5A).
In addition, the experimental investigation involving
the application of nano-samples SCLe@MnO,NPs
and CSH/SCLe@MnO,N Ps for the treatment of bio-
films revealed noteworthy outcomes. Specifically,
the analysis indicated that the bacteria S. aureus ex-
hibited the highest inhibition percentage, with rates
of approximately 88.89% and 91.16% for SCLe@
MnO,NPs and CSH/SCLe@MnO,NPs, respectively.
Conversely, the bacteria K. pneumoniae demonstrated
the lowest inhibition percentage, with rates of about
79.28% and 89.62% for SCLe@MnO,NPs and CSH/
SCLe@MnO,NPs, respectively (refer to Figs. 5B and
C). The quantity of biofilm that developed in the pres-
ence of these organisms was contrasted with the quan-
tity of biofilm that formed in their absence. That is,
without the use of SCLe, SCLe@MnO,NPs, and
CSH/SCLe@MnO,NPs. Hence, it can be inferred
that the use of chitosan-coated SCLe@MnO,N Ps has
promise as a viable therapeutic approach for the man-
agement of bacterial infections and perhaps other ail-
ments connected with biofilm formation.
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Table 1. Zone diameter (mm) interpretative standards chart and tested samples for the disc diffusion method
of determining antimicrobial sensitivity and resistance status of common human bacterial pathogens

No. Isolate Name Antibacterial activity (mm)
-ve +ve SCLe SCLe @MnO,NPs SCH/SCLe@MnO,NPs
1 |Staphylococcus aureus 0 25 29 31 34
2 | Staphylococcus haemolyticus 0 21 23 29 33
3 | Enterococcus faecalis 0 22 27 31 35
4 | Acinetobacter baumannii 0 20 22 24 31
5 |Klebsiella pneumoniae 0 20 22 25 33
6 | Escherichia coli 0 22 21 26 33

Table 2. MIC determinations of the NPs against fungal and bacterial human pathogens micro-strains

Samples
Tested microorganisms SCLe (mg/ml) SCLe@MnO,NPs (ug/ml) CSH/SCLe@MnO,NPs (pg/ml)
MICs | MBCs MICs | MBCs MICs | MBCs

Gram positive bacteria

E. faecalis 25 100 25 50 50 100
S. aureus 50 100 12.5 25 50 100
S.hominis 50 100 25 50 50 100
Gram negative bacteria

E. coli 50 100 50 50 12.5 25
K. pneumoniae 50 100 50 50 12.5 25
A. baumannii 25 100 50 50 25 50

Cytotoxicity against and morphological features
of normal Vero ATCC CCL-81 and PC3 prostate
cancer cells

The literature extensively documents the cytotox-
icity of pure metal nanoparticles derived from vari-
ous sources. Nevertheless, there is a lack of available
data regarding the cytotoxicity of MnO,NPs synthe-
sized using green methods, specifically utilizing leaf
extracts from C. spinosa and conjugating them with
bee chitosan. This cytotoxicity assessment is intend-
ed to be conducted on Vero ATCC CCL-81 cells and
the PC3 prostate cancer cell line. These nanoparticles
have significant potential for various biomedical appli-
cations, particularly in combating human carcinoma.
To bolster the comprehensiveness of our research, we
undertook an inquiry into the cytotoxic properties and
anticancer potential of SCLe, SCLe@MnO,NPs, and
CSH/SCLe@MnO,NPs conjugates. The investiga-
tion was conducted on Vero cells, which are consid-
ered normal, and PC3 prostate cancer cells. The Vero
cells and PC3 cancer cells were cultivated in 96-well
microtiter plates at a temperature of 37°C in the pres-
ence of each SCLe, SCLe@MnO,NPs, and CSH/
SCLe@MnO,NPs. Three replicates were performed
for each concentration, and an untreated control
sample was included in the experiment. The toxico-
logical impact was quantified by evaluating the extent
of growth suppression shown by the SCLe, MnO,NPs,
and CSH/SCLe@ MnO,NPs in relation to the con-
trol group, which showed a growth rate of 100%. Fig. 6
(see cover III) illustrates the cytotoxic characteristics
of the chemicals under investigation, as represented by
the percentage of cellular viability.

The optimally generated CSH/SCLe@MnO,NPs
conjugates showed decreased cell viability in Vero
cells and PC3 malignant cells as compared to the
control sample. It was shown that this decrease
in cell viability was dose-dependent, with a 50% in-
hibitory concentration (IC,,). Furthermore, it was
noted that 48 h of incubation were required for the
IC50 of the evaluated SCLe, SCLe@MnO,NPs,
and CSH/SCLe@MnO,NPs conjugates against
Vero cells and PC3 cancer cells. The CSH/SCLe@
MnO, nanoparticle conjugates may have anticancer
effects, as shown by the observed inhibitory concen-
tration and rate of cell death/viability. At high doses
(250 ug mL-"), a considerable amount of cytotoxic-
ity (83.38%) was detected when Vero cells were ex-
posed to CSH/SCLe@MnO,NPs. It was found that
the IC,, values for this therapy were 116.11%£3.36
pg mL-!'. Comparatively, at the same concentra-
tions, the cytotoxicity of SCLe and MnO,NPs
alone produced lower levels of cytotoxicity (49.68%
and 51.54%, respectively). The results showed that
the IC;, values for SCLe and SCLe@MnO,NPs
alone were 2252.01+4.14 uyg mL~! and 245.35+4.9 ug
mL~!, in that order (Fig. 6A). Moreover, at high
doses of 250 ug/mL~!, PC3 cells treated with CSH/
SCLe@MnO,NPs showed a 69.39% cytotoxic im-
pact. The treatment’s IC,, values were found to be
205.25+2.53 uyg mL~'. By contrast, at the same doses,
SCLe and SCLe@MnO,NPs alone demonstrated
cytotoxicity of 55.20% and 64.44%, respectively.
The results showed that the 1Cs, values for SCLe
and SCLe@MnO,NPs were 236.84+8.58 nug mL™!
and 213.11+3.96 ug mL~!, respectively. Data shown
in Fig. 6B.
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Morphological features

The morphological properties of PC3 cancer cell
lines, untreated normal Vero cell lines, and cell lines
treated with different dosages of SCLe, MnO,NPs,
and CSH/SCLe@MnO,NPs are all reported and com-
pared in this work. The absorbance values acquired

100

from the 3T3 Phototox program were used to deter-
mine the amounts of prepared samples in various cell
lines. Following the red dye’s capture and account-
ing for the amounts of SCLe, MnO,NPs, and CSH/
SCLe@ MnO,NPs used in the viability assays, these
absorbance values were determined (Figs. 6C and D).
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Figure 5. Anti-biofilm activity of (A) SCLe, (B) SCLe@MnO,NPs, and (C) CSH/SCLe@MnO,NPs against

selected isolated bacteria pathogen’s
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Discussion

The demand for environmentally friendly syn-
thesis methods for nanoparticles has surged, driven
by the widespread use of metal-based nanomaterials
in diverse sectors, including industry, medicine, and
environmental applications [7]. In recent years, there
has been a growing emphasis on harnessing the po-
tential of herbal medicines, abundant in diverse phy-
tometabolites, for the eco-friendly synthesis of nano-
particles. This approach shows promise in combat-
ing bacterial infections and contributing to cancer
prevention [68]. Consequently, we utilized C. spinosa
for the synthesis of MnO,NPs. Through HPLC, we
identified and purified 19 chemical compounds.
Environmental factors, such as temperature, soil
composition, water availability, and humidity, have
been shown to impact plant growth, the production
of secondary metabolites, and biological activities,
potentially reflected in the HPLC results [25]. In our
research, we examined the enhanced antibacte-
rial, antibiofilm, and anticancer properties of CSLe
when employed in the biofabrication of MnO,NPs.
Importantly, the resulting CSLe@MnO,NPs did
not exhibit cytotoxic effects. Despite using identical
source materials, variations in surface composition,
aggregation patterns, and nanoparticle sizes gave rise
to differences in observed biological activities and
NPs related cytotoxicity [46]. The formation of the
absorption peak at 350 nm indicated the presence
of MnO,NPs [68]. The intensity of absorption peaks
at the same wavelength (350 nm) was used to meas-
ure the NPs yield. The peak at 350 nm is due to d—d
electron transitions of Mn*" ions in MnO,NPs [24].
Surface functionalizing ligands, nanoparticle size,
and surface charge represent three critical determi-
nants influencing the precise distribution of nano-
materials within living organisms. In this context,
we have modified CSLe@MnO,NPs by introduc-
ing a biocompatible ligand, chitosan, owing to its
established capacity to selectively target and adhere
to the outer membrane of bacteria. This strategic
modification is expected to enhance the penetration
of MnO,NPs and their interaction with cellular or-
ganelles within microbial cells [25, 46]. According
to our findings, FTIR spectra of SCLe, CSLe@
MnO,NPs and CSH/SCLe@ MnO,NPs exhibited
absorption peaks similar with previous report [67].
Furthermore, TEM and SEM results showed that
the particle size of clearly in CSH/SCLe@ MnO,NPs
greater than CSLe@MnO,NPs which indicates that
the addition of CSH increased the size of the SCLe@
MnO,NPs and the particals size dispersion was in the
desired range of reported nano [12, 38]. These obser-
vations deviated somewhat from the findings of Fabre
et al., 2020 [43], where they observed that unloaded
nanoparticles were smaller in size than loaded nano-
particles. The characteristics identified in the EDX
analysis align with prior research studies [13, 46, 63].

Our HPLC analysis revealed that the plant ex-
tract is rich in phenolic compounds, flavonoids, and
terpenoids, known for their active antimicrobial and
anti-biofilm properties [56, 69]. Phenolic compounds
play a pivotal role in biofilm formation at the cellular
level by inducing several significant changes. These
changes involve altering the stiffness of the cell wall,
increasing the permeability of the cell membrane, and
influencing various intracellular processes. These ef-
fects occur primarily through the formation of hyd-
rogen bonds between phenolic compounds and en-
zymes within the cell. This interaction can disrupt
the structural integrity of the cell wall, compromise
the integrity of the cell membrane, and interfere with
essential cellular processes [32]. Consistent with our
findings, numerous well-regarded studies have exten-
sively examined the correlation between the antibac-
terial effectiveness of flavonoids and their structural
characteristics. Additionally, several research groups
have elucidated the antibacterial mechanisms of spe-
cific flavonoids. For instance, the antibacterial activity
of quercetin has been attributed to its ability to inhibit
DNA gyrase, a critical enzyme involved in bacterial
DNA replication and repair processes [11]. Moreover,
in a separate study involving different flavonoids test-
ed against various strains of K. pneumoniae, all flavo-
noids demonstrated antimicrobial activity comparable
to the standard antibacterial agent ofloxacin. This
underscores the potential of flavonoids as effective an-
timicrobial agents and highlights the diversity of their
antibacterial mechanisms [44].

On the other hand, metal oxide nanoparticles,
including copper oxide (CuO), manganese oxide
(MnO), zinc oxide (ZnO), nickel oxide (NiO), mag-
nesium oxide (MgQO), iron oxide (FeO), ferric oxide
(Fe,0,), and chromium oxide (Cr,0,), among others,
have garnered significant attention and exploration
for various biological applications. These nanoparti-
cles have been extensively studied for their potential
in antibacterial, antibiofilm, and anticancer applica-
tion [55]. Metal oxide nanoparticles exhibit unique
properties that make them suitable for a wide range
of biological uses. Their antimicrobial properties can
help combat bacterial and fungal infections. Our an-
timicrobial findings align with previous studies by
Manjula et al. [41, 50] and Kunkalekar et al. [36],
which also observed a stronger inhibitory effect
of Manganese dioxide (MnQO,) nanoparticles against
Gram-positive bacteria compared to Gram-negative
bacteria. This discrepancy in effectiveness might
be attributed to diverse mechanisms at play, such
as DNA damage and disruption of the bacterial cell
membrane. MnO,NPs have demonstrated a differ-
ential impact on Gram-positive and Gram-negative
bacteria due to variations in their cell wall structures.
The rigid peptidoglycan layer in Gram-positive bacte-
ria makes them more susceptible to damage, includ-
ing DNA strand breakage, induced by the oxidative
stress generated by MnO,NPs. In contrast, the outer
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membrane of Gram-negative bacteria, composed
of lipopolysaccharides, provides a protective barrier
against some nanoparticles, making them compara-
tively more resilient [28]. The antibacterial efficacy
of CSLe@MnO,NPs can be attributed to their rela-
tively small size, facilitating their penetration into
bacterial cells, and subsequent disruption of the cell
membranes. The small size of these nanoparticles al-
lows them to infiltrate the bacterial cells effectively,
where they interact with the cell membrane. As a re-
sult of this interaction, the cell membrane integrity
is compromised, leading to structural damage and
permeability changes. These alterations create an
environment where vital cellular processes are dis-
rupted, eventually culminating in the demise of the
bacterial cell [27]. In a study conducted by Khan
et al. [30], they successfully synthesized MnO NPs
through the utilization of A. indicum, followed by an
assessment of the green-synthesized AI-MnONPs.
Interestingly, the AI-MnONPs demonstrated a no-
tably high and comparable antibacterial effective-
ness against B. subtilis and S. aureus when compared
to conventional antibiotic drugs. This enhanced an-
tibacterial impact could be attributed to a variety
of factors, particularly the influence of the nanopar-
ticle structure and composition on key bacterial cell
membrane properties [37, 61]. In addition, a study by
Souri et al., 2018 [65], manganese oxide nanoparticles
were synthesized using lemon extract and curcumin
extract. The research yielded compelling results, in-
dicating that MnONPs modified with curcumin and
aniline exhibited superior antibacterial effectiveness.
These modified MnONPs demonstrated a remark-
able capability to prevent the growth of various bacte-
rial pathogens, including S. aureus, B. subtitles, S. ty-
phi as well as fungal strains like C. albicans, C. lunate,
and 7. simii [22, 58]. In 2015, Azhir and colleagues
synthesized manganese trioxide (Mn;0O,) nanopar-
ticles using the precipitation method. These Mn;0,
NPs exhibited robust antimicrobial activity against
bacterial pathogens, specifically E. coli and S. aureus.
Notably, when evaluating the antibacterial character-
istics of these nanoparticles, a noteworthy observation
emerged: E. coli displayed a higher degree of sensitiv-
ity to Mn;O,NPs in comparison to Gram-positive
bacteria like . aureus. This discrepancy in response
may be attributed to variations in the structural com-
position of bacterial cell walls [6]. In a separate study,
Joshi et al. in 2020 successfully synthesized manga-
nese dioxide nanoparticles, which exhibited notable
antimicrobial activity against a range of bacteria,
including S. aureus, P. vulgaris, S. typhi, S. mutants,
and E. coli [28]. Likewise, Kumar et al. conducted
experiments wherein Mn;O, nanoparticles were
prepared at various pH levels, and their antimicro-
bial properties were assessed using the disk diffusion
method. Their findings indicated that these nanopar-
ticles exhibited stronger antibacterial effects against
Gram-negative bacteria compared to Gram-positive

ones [35]. This differential response is attributed
to the presence of negative charge domains on the cell
walls of both Gram-positive and Gram-negative bac-
teria. However, Mn;0, nanoparticles are able to pen-
etrate the outer membrane and interact with the un-
derlying cell wall and membrane components [10].
Our hypothesis revolves around the idea that the in-
creased alkalinity of chitosan-coated SCLe@
MnO,NPs may be attributed to the presence of nega-
tively charged domains on bacterial cell walls. This
negative charge is believed to play a significant role
in how chitosan-coated SCLe@MnO,NPs interact
with bacterial cell walls, primarily through electrostat-
ic forces or coordination-derived forces. Additionally,
it’s important to note that metallic nanoparticles of-
ten carry a positive charge on their surface, which can
further contribute to their ability to disrupt bacterial
cell walls and enhance the permeability of nanoparti-
cles into the cells [23, 71].

The broth dilution technique employed to assess
the bacteriostatic effects of SCLe, SCLe@MnO,NPs,
and CSH/SCLe@MnO,NPs against a range of patho-
genic bacteria [59]. Notably, the heightened anti-
bacterial effectiveness of CSH/CSLe@MnO,NPs
can be attributed to a synergistic interplay between
the physical characteristics of the nanoparticles and
the adsorption of bioactive phytomolecules from
the leaves extract of C. spinosa onto their surface [39].
These results also highlighted that the synthesized
CSH/CSLe@MnO,NPs displayed greater activity
against Gram-positive bacteria in contrast to their
efficacy against Gram-negative bacterial species.
This differential response is likely linked to the struc-
tural and compositional differences between the cell
walls of Gram-negative and Gram-positive bacte-
rial strains [41]. Nanopolymers, particularly nanochi-
tosan, have been extensively investigated due to their
unique bioactivity and their utility as carriers for drug
delivery, as well as their antimicrobial, antitumor,
and gene delivery capabilities, either in isolation or
in combination with other active compounds [15, 18].
Numerous prior studies have also reported similar
findings, highlighting the greater efficacy of unmodi-
fied chitosan against Gram-negative bacterial strains
compared to Gram-positive ones [8, 14, 16, 64].

Numerous research studies have revealed the pres-
ence of various anticancer mechanisms linked to chi-
tosan-based nanoparticles. These nanoparticles have
exhibited substantial effectiveness in suppressing
the proliferation of human carcinoma cell lines in in
vitro experiments [26, 51, 53]. In our study, we con-
ducted an evaluation of SCLe, SCLe@MnO,NPs, and
CSH/SCLe@MnO,NPs in vitro against both normal
and cancer cell lines. We aimed to assess their im-
pact on cell morphology and potential cytotoxic ef-
fects. To do this, we utilized 3T3 Phototox software
to observe identifiable morphological features associ-
ated with apoptosis after exposing normal Vero ATCC
CCL-81 and PC3 prostate cancer cell lines to these
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samples for 24 h. The results of this evaluation revealed
concentration-dependent morphological changes
in the cells, particularly evident in the concentration
range of 250 to 500 ug mL~'. Notably, the enhanced
cytotoxicity observed with CSH/SCLe@MnO,NPs
can be linked to an increase in the generation of hy-
drogen peroxide (H,0,). This heightened H,O, pro-
duction follows the conversion of SCLe crude extract
into highly reactive superoxide or hydroxyl radi-
cals [54]. Furthermore, the antioxidant properties and
protective effects of the plant extracts can be attributed
to the presence of total phenolic, total flavonoid, total
saponins, and total alkaloids content in SCLe. These
compounds are capable of scavenging free radicals,
reducing reactive oxygen species (ROS), and thereby
minimizing oxidative stress. Additionally, these phy-
tochemical substances can influence intracellular re-
dox processes and the balance of ROS, leading to the
conversion of ROS into highly reactive superoxide or
hydroxyl radicals, subsequently resulting in oxidative
stress [31, 42]. This oxidative stress can lead to various
cellular outcomes, including apoptosis, DNA dam-
age, cytotoxicity, and disruptions in cell signaling [17].
Importantly, after 24 h of incubation with the various
cell lines, no discernible cytotoxicity or intracellular
ROS generation was observed in any of the samples at
doses up to 250 ug mL~". These findings suggest that
chitosan-based nanoparticles may hold significant
potential as therapeutic agents for the treatment of hu-
man carcinoma. Their selective cytotoxicity towards
cancer cells while sparing normal cells makes them
promising candidates for further development as an-
ticancer treatments.

Conclusion

In conclusion, this study has successfully devel-
oped a straightforward and cost-effective method
for synthesizing MnO,NPs utilizing leaf extracts
from C. spinosa. The nanoparticles underwent tho-
rough characterization, resulting in the synthesis
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including ligand-to-metal charge transfer and pho-
toluminescence. The introduction of chitosan coat-
ing led to more uniform particle sizes. Significantly,
these nanomaterials demonstrated potent antibac-
terial properties against a broad spectrum of bacte-
rial strains, with CSH/CSLe@MnO,NPs displaying
exceptional efficacy. They also exhibited low MIC
values, particularly against S. aureus. Additionally,
the nanomaterials showcased notable anti-biofilm
capabilities in a dose-dependent manner, address-
ing the challenge of biofilm-related infections.
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reductions in cell viability observed in both normal
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MnO,NPs across various biomedical applications,
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advancements in the fields of nanomedicine and
biotechnology.
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Figure 2. Physico-chemical characterization (A) UV-Vis spectroscopic, (B) FTIR of CSH, CSLe@MnO,NPs,
and CSH/CSLe@MnO,NPs, (C and D) SEM image (magnification 5 pm and 200 nm), and (E and F) EDX
microphotographs of CSLe@MnO,NPs, and CSH/CSLe@MnO,NPs composite
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lllustrations for the article “Biosynthesis of novel MnO, nanocapsules via C. spinosa extract and honeybee-derived chitosan:
exploring antibacterial and anticancer properties” (authors: Elharrif M.G., Hassan N.A., Sharaf M.) (pp. 1002-1016)

Staphylococcus aureus Staphylococcus haemolyticus Enterococcus faecalis

Acinetobacter baumanni Klebsiella pneumoniae Escherichia coli

Figure 4. The inhibition zone of different pathogenic bacteria strains S. aureus, S. hominis, E. faecalis,
A. baumannii, K. pneumoniae, and E. coli against by (A) negative control (dH,0), (B) positive control,
(C) SCLe, (D) SCLe@MnO,NPs, and (E) CSH/SCLe@MnO,NPs
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Figure 6. Cytotoxicity of SCLe, MnO,NPs, and CSH/SCLe@MnO,NPs on normal Vero cells (A and B), and
prostate carcinoma PC3 cells (C and D) for 24 h. The results were taken from replicated (n = 3) (Mean+SD).
(B and D) Morphological features, the images were taken from the cells were treated with an average size
of 10 nmfor24 h
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