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Abstract Green synthesis of nanoparticles has gained tremendous attention in recent era which is

pertinent to their unique properties and broad applications. This approach is cost-effective,

environment-friendly as well as highly biocompatible. In this research, chromium oxide nanoparti-

cles (Cr2O3-NPs) were synthesized by using Apis mellifera honey as a reducing and capping agent

and their anti-bacterial, anti-biofilm, anti-oxidant and anti-inflammatory abilities were explored.

Ultra Violet-visible double beam spectroscopy revealed that chromium underwent d-d transition

during synthesis of nanoparticles. X-ray diffraction (XRD) analysis verified that Cr2O3-NPs were

crystalline in nature and average crystal size was 24 nm. Energy-dispersive X-ray (EDX) analysis

confirmed that chromium and oxygen formed nano-composites in solution which possessed a stable

form. Scanning electron microscopy (SEM) provided morphological characteristics of nanoparticles

and proved that their average size was 20 nm. Cr2O3-NPs displayed excellent anti-bacterial activity

(minimum inhibition zone, 20 mm; maximum inhibition zone, 26 mm) against 30 selected clinical

isolates of Klebsiella pneumoniae as determined by agar well-diffusion method. Their antibacterial

activity was considerably superior to that of three selected antibiotics including Gentamicin, Cipro-

floxacin and Cefepime. However, no synergism was observed between nanoparticles and these

antibiotics as calculated from fractional inhibitory concentration index (FICI) values all of which

were > 1. The synthesized nanoparticles possessed good biofilm inhibition potential (60 % to

73 %) at all concentrations (20 mg/ml to 50 mg/ml) tested. Cr2O3-NPs exhibited excellent anti-

oxidant activity (IC50 = 128 mg/ml) which was nearly equivalent to that of ascorbic acid. Anti-

inflammatory effect of Cr2O3-NPs was also significant (IC50 = 549 mg/ml) and comparable to that

of standard. Both anti-oxidant and anti-inflammatory capacities were found to increase with an
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increase in the concentration of Cr2O3-NPs. In conclusion, this work revealed that Apis mellifera

honey-mediated synthesis of Cr2O3-NPs could be investigated for future biomedical applications.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antibiotic resistance has become a global health issue as microorgan-

isms can quickly adapt to the changing environments and gain resis-

tance to the available antibiotics (Chokshi et al., 2019). One of the

solutions proposed in this regard is utilization of therapeutic nanopar-

ticles, particularly the metallic ones. Metallic nanomaterials draw

together a variety of disciplines including nanomedicine, drug delivery

as well as chemical and green engineering to fight antibiotic resistance

in multi-drug resistant bacteria (Das and Pradhan, 2022). The wide-

spread use of nanotechnology in different fields, especially nanomedi-

cine, has energized nanoparticles synthesis (Rasouli et al., 2018). There

are numerous strategies for producing metallic nanoparticles although,

in view of stability, cost-effectiveness, and environmental impacts, the

green synthesis approach is preferable (Olga et al., 2022).

Klebsiella pneumoniae is emerging as a bacterial pathogen that can

potentially cause life-threatening illness. The ability of K. pneumoniae

to modify its genetic material is a crucial attribute that has contributed

towards its pathogenicity and multi-drug resistance (Russo and Marr,

2019). In both immunosuppressed and immunologically normal

patients, K. pneumoniae is notorious for causing nosocomial infections.

Various strains of K. pneumoniae have gained resistance to carbapenem

antimicrobials and are considered a pivotal problem by World Health

Organization (WHO) (Choby et al., 2020). Previously, several metals

and metal oxides, including gold, silver, platinum, copper oxide, zinc

oxide, cerium oxide and many others have been useful in biological

synthesis approaches employing plants as well as microorganisms

(Kalaycıoğlu et al., 2022). Among these, chromium oxide (Cr2O3)

has gained the interest of researchers because of its reliability, melting

point (2,300 �C), and energy band gap of 3.4 eV (Iqbal et al., 2020).

Furthermore, Cr2O3 nanoparticles (Cr2O3-NPs) are remarkable inor-

ganic materials with excellent properties for a variety of contemporary

science and technology fields. Biomedical strategies to manufac-

tureCr2O3-NPs from plants and organic biomass have been deemed

appropriate because of their ecologic, financial, and pharmacological

benefits. Green synthesized Cr2O3 nanomaterials have expanded their

implementations as microbicidal, fungicidal, anti-carcinogenic, and

anti-leishmanial agents (Ghotekar et al., 2021; Nivethitha and

Rachel, 2020). In the recent years, many oxides of chromium have been

reported such as Cr3O8, Cr5O12, Cr2O5, and Cr6O13. However, among

these different oxides, trivalent oxide (Cr2O3) is identified as a stable

one (Sone, et al., 2016).

Biogenic synthesis of nanomaterials confers several distinct charac-

teristics such as formfitting size, homogeneous shape, excellent scatter-

ing, exemplary physical and thermal stability, high surface

hydrophilicity, and the capacity to further modify the surface (Wang

et al., 2022). In previous years, Cr2O3-NPs were prepared by using dif-

ferent plants including Callistemon viminalis and Rhamnus virgata as

well as natural honey (Sone et al., 2016, Iqbal et al., 2020,

Nivethitha and Rachel, 2020). Among these, natural honey has always

been considered as an ancient source of food with unrivalled medicinal,

physiological and therapeutic properties (Nivethitha and Rachel,

2020). Its unique biochemical qualities enable it to be used in the green

creation of nano compositions. It contains various phytochemicals,

proteins, and carbohydrates that act as reducing and stabilizing agents

in the synthesis of nanoparticles (Balasooriya et al., 2017). In the past

years, research of antibacterial and anti-biofilm potential of honey-

mediated Cr2O3-NPs against clinical strains of K. pneumoniae has

not been performed to the best of our knowledge. Hence, in the present

study, Cr2O3-NPs were synthesized from potassium dichromate
utilizing Apis mellifera honey as a reducing and stabilizing agent, sub-

sequent to which their antibacterial and antibiofilm potential was eval-

uated against K. pneumoniae. In addition, their antioxidant and anti-

inflammatory activities were evaluated. It was anticipated that the pro-

duction of honey-mediated chromium oxide nanomaterials may prove

to be a simple, cost-effective, coherent, rapid, and secure alternative to

existing antibacterial drugs.

2. Materials & methods

2.1. Honey-mediated synthesis of chromium oxide nanoparticles

Organic honey produced from Apis mellifera was purchased
from the local market of Multan, Pakistan and stored at room
temperature for future use. Cr2O3-NPs were synthesized from
the reduction of potassium dichromate by utilizing 20 %

honey solution. For this, 5 g of K2Cr2O7 was diluted in
50 ml of distilled water and stirred well. 20 ml of honey was
then added drop-by-drop to the prepared bright orange solu-

tion of K2Cr2O7. At first, the solution was heated at 60 �C
for approximately 20 min and then stirred vigorously to get
dark green color. The final solution was cooled down, washed

with distilled water, and filtered by using Whatman filter
paper. Fine powder of solution was made by keeping the solu-
tion in hot air oven at 80 �C for the next 18–20 h.

2.2. Characterization of chromium oxide nanoparticles

Various analysis methods were used to characterize the bio-
genic chromium nanomaterials. Spectral absorbance of

Cr2O3-NPs was measured in the range of 200–600 nm by using
the UV–visible spectrophotometer for primary confirmation.
Crystallographic structure of Cr2O3-NPs was evaluated

through X-ray Diffractometer (Bruker D8 Discover). Pow-
dered sample was kept in the diffractometer under 50–
500 mm X-ray beam, which revealed the point analysis of speci-

fic areas in the sample (usually size is in mm). Elemental com-
position of Cr2O3-NPs was determined by using EDAX Team
(EDX/SEM). The instruement was set at 12.5 kV, 3.84 A,
500 X, and 129 eV. Three different spots were analyzed under

these specific conditions, which further revealed the presence
of elements in each specific area. Size and morphological char-
acteristics of Cr2O3-NPs were observed under the scanning

electron microscope (Emcraft) with potential energy of
2.1 kV, and magnification from 40 to 2000 X, specifically.

2.3. Antibacterial activity of nanoparticles

The agar well-diffusion method was used to record the
antibacterial potential of synthesized nanoparticles against

the clinical isolates of K. pneumoniae. A total of 30 clinical iso-
lates of K. pneumoniae were obtained from Microbiology lab-
oratory of Nishter Hospital, Multan, Pakistan between
October and December, 2021. Sterillized MH-agar plates were

http://creativecommons.org/licenses/by-nc-nd/4.0/
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prepared and each plate was swabbed with 0.5 McFarland
standard bacterial culture. After 20 min of drying, three wells
of approximately equal size were fabricated at equal distance

with the help of pasteur pipettes on each plate. First two wells
were filled with 30 ml of Cr2O3-NPs and the third well was filled
with 30 ml of raw honey solution. Deionized water was

included as a negative control in the experiment. MH-agar
plates were incubated at 37� C overnight. Diameter of inhibi-
tion zones was measured in millimeters for each isolated strain

afterwards (Maheo et al., 2022). Minimum inhibitory concen-
tration (MIC) of Cr2O3-NPs against K. pneumoniae was per-
formed in a 96-well plate with the help of standard broth
dilution method. Various concentrations of nanoparticles

(20–50 mg/ml) in LB broth were made. Approximately,
180 ml of 20–50 mg/ml Cr2O3-NPs suspension was added in
each of the wells. 20 ml of 0.5 McFarland standard bacterial

culture was mixed with dilutions in the wells and incubated
at 37� C overnight. The experiment was performed in tripli-
cates and results were determined by using microtiter plate

reader (OD620 nm) (Perveen et al., 2022).

2.4. Synergistic activity of Cr2O3-NPs with selected antibiotics

Gentamicin (CN-10), Ciprofloxacin (CIP-5) and Cefepime
(FEP-30) were selected to test the synergism with synthesized
nanoparticles. Firstly, antibiotic susceptibility testing was per-
formed against each clinical strain of K. pneumoniae using

antibiotics alone. Results were summarized according to the
CLSI guidelines. Next, well-diffusion method was used to
record the synergistic potential of Cr2O3-NPs with selected

antibiotics against each clinical strain. Bacterial lawns were
made on each MH-plate. Three wells of appropriate size were
made with the help of pasteur pipette. In each well, only one

antibiotic was placed and wells were filled with 30 ml of synthe-
sized nanoparticles. Plates were placed in incubator at 37 �C
and the very next day, plates were examined for synergistic

activity. Zones of inhibition were measured and recorded in
millimeters. For synergism, fractional inhibitory concentration
index (FICI) values (0.5 or � 1) were calculated by using the
following formula:

FICI ¼ NPs0antibacterialeffectþ Antibiotic0santibacterialeffect
Antibacterialeffectofboth
2.5. Anti-biofilm potential of Cr2O3-NPs

Sterile 96-well plates were used to determine the anti-biofilm
potential of Cr2O3-NPs. Various concentrations of nanoparti-
cles (20–50 mg/ml) in LB broth were made. Biofilms of K. pneu-

moniae were grown on the plates by inoculating each well with
20 ml of standardized bacterial culture (OD600 = 0.3). After
72 h of incubation, approximately, 180 ml of 20–50 mg/ml dilu-

tions (Cr2O3-NPs + broth) was added in the wells of plates.
Plates were incubated for the next 18 h. Biofilms were washed
with PBS twice or thrice by discarding media and unwanted
bacterial suspension. After 20 min of drying, biofilms were

stained with crystal violet solution. Plates were allowed to sus-
tain stain at room temperature for 20–25 min and after that,
unreacted stain was removed with 90 % ethanol solution. Bio-

films without nanoparticles were considered as positive control
in this protocol. The experiment was performed in triplicates
and results were measured by using microtiter plate reader
(OD620 nm) (AlSalhi et al., 2022).

Biofilminhibitionð%Þ ¼ ðODcontrol �ODsampleÞ=ODcontrol � 100
2.6. Antioxidant potential of Cr2O3-NPs

Antioxidant potential of Cr2O3-NPs was calculated by per-
forming phosphomolybdenum spectrophotometric method.
Working solution consisting of 4 mM ammonium molybdate,

0.6 M sulfuric acid, and 28 mM sodium phosphate as well as
various aqueous concentrations (200–800 mg/ml) of nanoparti-
cles were utilized for this purpose. 1 ml of working solution
was mixed with 100 ml of each of the aqueous concentrations

of nanoparticles in different test tubes. Test tubes were then
incubated at 95 �C in water bath for 90 minutes. After incuba-
tion period, test tubes were allowed to cool down at room tem-

perature. In this experiment, ascorbic acid was used as control.
Absorbance of each solution was measured by using spec-
trophotometer at 695 nm. Total antioxidant capacity (TAC)

as percentage was calculated by using the following formula:

Totalantioxidantcapacityð%Þ ¼ ðODcontrol �ODsampleÞ=ODcontrol

� 100

The procedure was repeated three times, and the outcomes
were summed up by determining half-maximal inhibitory con-
centration (IC50) value (Nivethitha & Rachel, 2020).

2.7. Anti-inflammatory potential of Cr2O3-NPs

Working solution (0.2 % w/v) of bovine serum albumin (BSA)
and various aqueous concentrations (200–800 mg/ml) of

nanoparticles were used to explore anti-inflammatory activity
of synthesized nanoparticles. 5 ml of BSA solution was mixed
with aqueous suspension of nanoparticles at different concen-

trations in separate test tubes. Test tubes were then incubated
at 75 �C in water bath for five minutes. After incubation per-
iod, test tubes were allowed to cool down at room tempera-

ture. In this experiment, ascorbic acid was used as control.
Absorbance of each solution was measured at 660 nm. Anti-
inflammatory capacity was estimated by using the following
formula:

Anti� inflammatorycapacityð%Þ
¼ ðODcontrol �ODsampleÞ=ODcontrol � 100

The procedure was repeated three times and the average

results were summed up by determining half-maximal inhibi-
tory concentration (IC50) value (Vernekar and Taranath,
2022).

3. Results

3.1. Honey-mediated synthesis of chromium oxide nanoparticles

The nanoparticle formation began when honey was mixed with
potassium dichromate solution and heated. Development of

emerald (dark green) color gave visual prediction of the pres-
ence of nanoparticles in solution (Fig. 1). Further confirmation
was done based on spectroscopic analysis where two high-



Fig. 1 Color change in reaction mixture provided visual indication for synthesis of Cr2O3-NPs.
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intensity peaks were observed at around 365 nm and 450 nm,
respectively (Fig. 2). The peak between 400 and 450 nm is

attributed to d-d transition of metal during the process of
synthesis.

3.2. Characterization of chromium oxide nanoparticles

XRD analysis shown in Fig. 3a displays Bragg’s diffraction
peaks at 2(h) = 24.3, 32.4, 35.6, 38.7, 42.0, 44.9, 50.3 and

52.4 with miller index values or planes of (012), (104),
(110), (006), (113), (202), (024) and (116), respectively.
These crystal planes indicated that synthesized Cr2O3-NPs
were crystalline in nature. Average size of crystal was calcu-

lated as 24 nm. EDX analysis revealed the surface chemical
composition of fabricated nanoparticles (Fig. 3b). Clear illus-
trations of different peaks of elements present in the sample

were obtained. The high intensity K-a peak of Cr and O
between 0.0 and 0.83 keV confirmed the presence of chromium
and oxygen in formed nano compositions. It showed that crys-

talline nanoparticles of chromium oxide were the most abun-
dantly present specie in the sample. However, potassium was
also present and various ionic fractions represented a minute

part of the sample. Results of SEM analysis have been
illustrated in Fig. 3c and they depicted the morphological char-
acteristics of manufactured nanomaterials. Synthesized

nanoparticles were arranged in irregular rocky clusters and
20–30 nm average size was estimated for them at 2000X
magnification.

3.3. Antibacterial potential of nanoparticles

Synthesized nanoparticles showed significant in vitro antibac-

terial efficacy against all isolated strains of K. pneumoniae at
a concentration of 30 mg/ml (Fig. 4a). However, honey alone
did not show any significant bactericidal potential (Fig. 4b).
Maximum inhibition zones of 26 mm against HS-K-1, HS-

K-2, HS-K-9, and minimum inhibition zones of 20 mm against
HS-K-7, HS-K-20, HS-K-22, HS-K-28 were elucidated for the
synthesized nanoparticles. Intermediate values were recorded

against the remaining bacterial isolates. A zone diameter of
21 mm was measured against HS-K-4, HS-K-8, HS-K-12,
HS-K-14, HS-K-15, HS-K-16, HS-K-17, HS-K-19 as well as

HS-K-27. In addition, inhibition zones of 22 mm were mea-
sured against HS-K-3, HS-K-5, HS-K-6, HS-K-10, HS-K-11,
HS-K-13, HS-K-21, HS-K-24, HS-K-26 and HS-K-30.

Finally, inhibition zones measuring 23 mm and 24 mm were



Fig. 2 UV–Visible spectroscopic analysis of Cr2O3-NPs.
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recorded against HS-K-18, and HS-K-23, respectively, while
those measuring 25 mm were demonstrated against HS-K-25

and HS-K-29. 20 mg/ml was interpreted as minimal inhibitory
concentration for fabricated nanoparticles against K. pneumo-
niae based on optical density values obtained from microtiter
plate reader.

3.4. Synergistic activity of Cr2O3-NPs with selected antibiotics

When antibiotics were used alone, it was revealed that all of

the K. pneumoniae strains were intermediate resistant to CN-
10 and FEP-30 while all strains were susceptible to CIP-5.
Fig. 5 illustrates the comparison of synergistic antibacterial

activity with that of crude Cr2O3-NPs and antibiotics alone.
It can be clearly observed that, in most instances, nanoparticles
alone demonstrated the highest antibacterial activity when

compared with antibiotics and combination of nanoparticles
and antibiotics. Antibiotics proved to be the least effective of
all at most of the occasions. In majority of the cases, antibac-
terial activity of nanoparticles decreased when they were com-

bined with antibiotics which emphasizes that synthesized
Cr2O3-NPs didn’t show synergistic activity with any antibiotic.
FICI values calculated for these strains were also greater than

1 (1.75, 1.5, 1.7, 1.8, 1.6, 1.75, 1.8), further highlighting the
lack of synergism.
3.5. Anti-biofilm potential of Cr2O3-NPs

The findings from quantitative anti-biofilm activity assay
revealed that Cr2O3-NPs displayed good biofilm inhibition
potential at all concentrations used for analysis. It was indi-

cated that even the lowest (20 mg/ml) concentration of NPs
showed 60 % anti-biofilm activity. Other concentrations
including 30 mg/ml, 40 mg/ml, and 50 mg/ml of synthesized
nanoparticles presented 64 %, 68 %, and 73 % biofilm inhibi-

tion, respectively (Fig. 6a).

3.6. Antioxidant potential of Cr2O3-NPs

Different concentrations of manufactured nanoparticles
showed excellent antioxidant potential when compared to
ascorbic acid (AAE). 0.96, 1.15, 2.06, and 2.3 absorbance val-

ues were measured for Cr2O3-NPs while 2.48, 2.5, 2.68, and
2.71 absorbance values were measured for AAE at 200 mg/
ml, 400 mg/ml, 600 mg/ml, and 800 mg/ml concentrations,

respectively. For honey, 2.15, 2.25, 2.34 and 2.46 absorbance
values were measured at the same concentrations, correspond-
ingly. 128 mg/ml was calculated as IC50 value for Cr2O3-NPs in
terms of their antioxidant efficacy (Fig. 6b). Noteworthy

antioxidant potential of Cr2O3-NPs was observed as demon-
strated in Fig. 6c, which is approximately equivalent to ascor-
bic acid. It was also deduced from optical density values that

antioxidant activity increased with an increase in the nanopar-
ticles’ concentration in the sample.

3.7. Anti-inflammatory potential of Cr2O3-NPs

All concentrations (200–600 mg/ml) of produced nanoparti-
cles revealed good anti-inflammatory potential when com-

pared to standard, ascorbic acid. 0.66, 0.71, and 0.85
absorbance values were measured for Cr2O3-NPs while
2.48, 2.50, and 2.68 absorbance values were measured for
AAE at 200 mg/ml, 400 mg/ml, and 600 mg/ml concentra-

tions, respectively. At the same concentrations, absorbance
values of 2.15, 2.25 and 2.34 were measured for honey.
An IC50 value of 549 mg/ml was estimated for synthesized

nanoparticles in terms of their anti-inflammation potential
(Fig. 6b). Absorbance values included in Fig. 6d demonstrate
that as concentration of nanoparticles increased, their anti-

inflammatory effect also increased.

4. Discussion

Chromium oxide nanomaterials were successfully synthesized
by utilizing pure and local honey as reducing and stabilizing
agent. Formation of nanomaterials was clearly detected by
observing change of color to dark green after addition of chro-

mium metal salt to honey solution. According to Nivethitha
and Rachel (2020), change in color of metal salt from dark
orange to dark green gave clear confirmation of Cr2O3-NPs

synthesis. Hassan et al (2019) synthesized Cr2O3-NPs from
Callistemon viminalis flower aqueous extracts and reported
that final solution had black-green color. Surface plasmon res-

onance (SPR) effect on the nanoparticle’s interface is responsi-
ble for change in color (Hassan et al., 2019; Iqbal et al., 2020;
Khan et al., 2021). The slight difference in color most probably



Fig. 3 Characterization of Cr2O3-NPs (a) XRD analysis; (b) EDX analysis; (c) SEM images at different magnifications.
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Fig. 4 MH-agar plates showing (a) strong antibacterial effect of Cr2O3-NPs; (b) no antibacterial effect of honey as indicated by the

arrow.
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depends on the green source and chromium salt used in the
synthesis process.

Findings from the UV–visible spectrum showed that there

were two broad absorption peaks at around 365 nm and
450 nm. Previous studies also reported two absorption peaks
which correspond to Cr2O3-NPs. Nivethitha and Rachel
(2020), Khan et al. (2021), Hassan et al. (2019), Ahmad et al

(2018), Sharma and Sharma (2021), and Iqbal et al. (2020)
reported strenous peaks at 217 nm & 373 nm, 280 nm &
415 nm, 270 nm & 371 nm, 421 nm & 587 nm, 425 nm, and

269 nm & 369 nm, respectively. Although the exact values dif-
fer in each study but general SPR range of Cr2O3-NPs is
between 250 and 450 nm. Results revealed that the SPR of

Cr2O3-NPs is affected by the type of extract, heating, pH,
and method of manufacture, which further impacts their phys-
ical attributes. The method of investigation influencess crucial

information about the Cr2O3-NPs’ shape, resilience, architec-
ture, and aggregation (Ahmed-Mohamed et al., 2020;
Ghotekar et al., 2021).

XRD analysis was used to determine the crystalline nature

of the synthesized nanoparticles. The intense peaks observed
were compared with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS). XRD graph of biogenic Cr2O3-NPs

indicated the presence of impurities in the sample. Debye–
Scherer’s equation was used to calculate the average crystalline
size (24 nm) of nanoparticles: U = 0.9k/bcos, where b is the

full-width half maximum (FWHM), k is the X-rays wavelength
and h is the angle subtended in the peak. These observations
were comparable with previous studies which yielded similar
findings. (Hao et al., 2019; Iqbal et al., 2020; Ahmed-

Mohamed et al., 2020; Tsegay et al., 2021).
The elemental proportions in the powdered sample were

determined by EDX plots. In addition to nanoparticles which

were the most abundant, impurities were also discovered in the
powdered sample. Presence of impurities in solution depends,
possibly, on the manufacturing method of nanoparticles.

Nanostructures develop all through the solution, and residues
like K and Na help to stabilize the metal-solution contact.
Contaminants end up at the crystal structure created by the

aggregation of these nanoparticles’ internal interfaces.
Although the interfaces become steadily more secure during
this phase, a significant number of K atoms are still catalyti-
cally entrapped by the shifting surfaces of the developing
nanocrystals. Numerous other investigations reported similar
observations about the pure biogenesis of Cr2O3-NPs (Kim

et al., 2022; Iqbal et al., 2020; Tsegay et al., 2021).
SEM images revealed that the produced nanoparticles were

about 20–30 nm in size and rock-like in shape. The size distri-
bution of produced nanoparticles was reported by Ahmed-

Mohamed et al in 2020, Hao et al in 2019 and Tsegay et al
in 2021 to be 25 to 38 nm, 30 nm, and 45 to 55 nm, respec-
tively. SEM is applicable to morphological features because

it provides complete information about the distinct shape
and average diameter (Ghotekar et al., 2021). Different
researches have reported that shapes and sizes of Cr2O3-NPs

depend on the synthesis process (temperature, pH) and chem-
ical composition. For instance, Patra et al (2022) revealed] that
two different calcination temperatures used for the synthesis of

nanomaterials affected the morphological characteristics of
Mn3O4 and MnO2 nanoparticles.

Synthesized nanoparticles were found to have strong
antibacterial effect against all clinical isolates of K. pneumo-

niae. Pure honey, however, did not show any bactericidal
potential. Maximum inhibition range against K. pneumoniae
was measured as 26 mm, which is substantial in regard to med-

ical care. When key findings from the current study were con-
trasted to those from earlier investigations, strong correlations
were revealed (Nivethitha and Rachel, 2020; Khan et al.,

2021). Several theories have been suggested to clarify the
antimicrobial effects of Cr2O3-NPs. For instance, it has been
proved that antimicrobial activity depends on the size of
Cr2O3-NPs. Additionally, the presence of Cr3+ ions may have

an effect on bactericidal property. One plausible explanation is
that Cr2O3-NPs entirely encircle the microbial surface. It is
worth noting that Cr2O3-NPs have received more attention

in cell bacteriostatic research than conventional antibiotics
(Kamari et al., 2019; Wang and Shao, 2017).

All 30 clinical strains of K. pneumoniae were intermediate

resistant to gentamicin and cefepime, while all were sensitive
to ciprofloxacin. A recent study was performed on 100 clinical
strains of K. pneumoniae. Authors investigated the vulnerabil-

ity of all strains and discovered greater resistance to ciproflox-
acin and intermediate resistance to gentamicin and cefepime
antibiotics (Šuto et al., 2022). Combining metal oxide



Fig. 5 Comparison of antibacterial activity of Cr2O3-NPs and three different antibiotics alone with their synergistic activity against K.

pneumoniae (a) Gentamicin (CN-10); (b) Cefepime (FEP-30); Ciprofloxacin (CIP-5).
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nanoparticles with antibiotics may be useful in combating drug
resistance among bacteria. Nano-science approaches can take

advantage of nanomaterial-bacteria interactions to improve
microbicidal effect. Antibiotics combined with tailored metal
oxide nanomaterials could thus create a brand-new class of
antimicrobial drugs with enhanced synergistic effects against

resistant strains (Alavi et al., 2022; Ribeiro et al., 2022). In pre-
sent study, nanoparticles didn’t show synergistic activity with



Fig. 6 (a) Biofilm inhibition potential of biogenic Cr2O3-NPs;

(b) IC50 values of Cr2O3-NPs for TAC and AI activity in terms of

AAE. The graph clearly shows that both TAC and AI capacity of

CRONPs increased with an increase in the concentration in

solution; (c) Total anti-oxidant capacity of Cr2O3-NPs and honey

in terms of AAE; (d) anti-inflammatory activity of Cr2O3-NPs and

honey in terms of AAE.
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any of the antibiotics. Additionally, it was found during the
investigation that the activity of nanoparticles waned over
time, resulting in older nanoparticle solutions having reduced

effectiveness against the same strain. To eliminate any doubt,
the synergistic effects of antibiotics and Cr2O3-NPs were thor-
oughly re-evaluated. In all experiments against every variant of

K. pneumoniae, only one of the antimicrobial agents (antibiotic
or Cr2O3-NPs) was the most effective, and it was concluded
that Cr2O3-NPs did not synergistically react with any of the
drugs. Principally, only the nanoparticles showed antibacterial

effect against most strains. Antibiotic combinations with NPs
may or may not synergize, although this is not predictable and
interactions ranging from antagonistic to > 80 % synergistic

have been documented in the literature. The antibiotic class
and concentration, bacterial specie, its sensitivity profile (in-
cluding any resistance mechanism), and the test procedure,

all affect synergism (Vardakas et al., 2019).
20 mg/ml was estimated as MIC value for synthesized

Cr2O3-NPs. This MIC value is lower than values demonstrated
in the previous studies. Al-Marjani et al (2021) demonstrated

625 mg/ml as MIC value for chemically synthesized Cr2O3-
NPs against K. pneumoniae. Yassin et al (2022) estimated
10 mg/ml as MIC value for silver nanoparticles synthesized

from Origanum majorana against K. pneumoniae. At 20 mg/
ml, the biofilm inhibitory activity of honey-mediated Cr2O3-
NPs was calculated to be 40 %, whereas 19 % biofilm inhibi-

tory activity of chemically synthesized Cr2O3-NPs was
reported at 600 mg/ml (Al-Marjani et al., 2021). Difference in
MIC values is attributable to size and ROS producing poten-

tial of nanoparticles. Nanomaterials with smaller size can pen-
etrate easily into bacteria than larger ones and they have
ability to produce ROS even at their lowest concentration.
Biofilm pore size is approximately 50 nm and therefore, nano-

materials with size less than 50 nm can easily penetrate the bio-
films and enter the inner regions of bacteria (Sahli et al., 2022).
The precise process by which Cr2O3-NPs destroy the biofilms

was not elucidated in the present study. It was, however,
observed that strains were unable to produce stable biofilms
possibly, due to their less motility.

Antioxidant potential of biogenic Cr2O3-NPs was demon-
strated in terms of ascorbic acid and significant results were
recorded. The positive results were linked to the formation of

dark green complex of Mo(V)-PO4. Total antioxidant capacity
was calculated by converting Mo(VI) to Mo(V) and generating
a bright green Mo(V)PO4 compound with a maximum absor-
bance at 695 nm (Hassan et al., 2019). The lowest concentration

of NPs (200 mg/ml) gave significant TAC value (61 %) and IC50

value was calculated as 128 mg/ml for Cr2O3-NPs. It is worth
pointing out that the antioxidant potential of synthesized

Cr2O3-NPs was only slightly lower than that of standard. Has-
san et al in 2019 described the TAC value of honey mediated
Cr2O3-NPs as 35 % at 200 mg/ml. Variation in TAC values is

linked to the presence of phenolic compounds in green source
from which nanoparticles were synthesized and natural extracts
contain different number of phenolic compounds. Additionally,
in the synthesis of Cr2O3, an aqueous solution of honeywas used

as a capping agent implying that certain phenolic substances
from the honey may have capped the nanoparticles, which have
the ability to quench ROS (Nivethitha and Rachel, 2020). Dif-

ferent studies have observed variable antioxidant capacity of
other metallic nanoparticles synthesized from natural and
chemical sources in relation to standard (Asghar et al., 2022;

David et al., 2022; Lokapur et al., 2022; Riaz et al., 2022; Lu
et al., 2021).

Anti-inflammatory activity of newly synthesized nanoparti-

cles was determined in terms of standard and positive average
results were interpretated. Positive results were linked to inhi-
bition of BSA inflammation in the solution. The lowest
concentration of newly synthesized nanoparticles (200 mg/ml)
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showed AI value of 68 % and IC50 value was calculated as
549 mg/ml. Results were found to be dependent on the concen-
tration of honey used in the synthesis of nanoparticles as anti-

inflammatory potential of synthesized nanoparticles is
reported to be dosage-dependent. Drastic increase in the num-
ber of nanoparticles in the solution will increase anti-

inflammatory effects. Rajakumar et al (2018) and Sabeena
et al (2022) reported the anti-inflammatory activity of ZnO
and CuO nanoparticles using BSA inhibition method and

reported significant IC50 values. Different studies have claimed
different anti-inflammatory capacity of other metallic
nanoparticles synthesized from various natural sources in
terms of standard, chemically synthesized nanoparticles and

aqueous extracts of green source (Chirumamilla et al., 2022;
Imraish et al., 2021; Pandiyan et al., 2022; Velsankar et al.,
2022; Kwak et al., 2022).

Our research was limited to the biological effect and we did
not study the underlying mechanism of action of honey-
mediated metal oxide nanoparticles. Few studies reported so

far in this context have described that the proteins and sugars
in honey are responsible for stabilization of metal oxide
nanoparticles. However, more research is necessary to pin-

point the crucial components in charge for the functionaliza-
tion of these metal oxide nanoparticles. It is still necessary to
develop well defined protocols which produce nanoparticles
from honey with narrow size distribution, so that they can

be employed in drug delivery and other medical applications.

5. Conclusion

We used absolutely pure honey as a green source in the synthesis of

Cr2O3-NPs. The formulated nanoparticles out-performed selected

antibiotics in terms of their antibacterial efficacy against clinical strains

of K. pneumoniae. The biofilm-inhibitory, anti-oxidant and anti-

inflammatory effects disclosed that formulations based on Cr2O3-

NPs synthesized from Apis mellifera honey can be pursued as biocom-

patible, biologically active, cost-effective, and environment-friendly

strategy to combat antibiotic resistance in K. pneumoniae.
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