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ABSTRACT
Developing new antibacterial drugs by using traditional ways is insufficient to meet existing 
challenges; hence, new strategies in the field of antibacterial discovery are necessary. An 
alternative strategy is to improve the efficacy of currently available antibiotics. Herein, the 
antibacterial efficacy of drugs (Cefixime, Sulfamethoxazole, and Moxifloxacin) and drug-loaded 
cinnamic acid-coated magnetic iron oxide and mesoporous silica nanoparticles (NPs) was 
elucidated versus Gram-negative bacteria (Pseudomonas aeruginosa, Klebsiella pneumoniae, 
neuropathogenic Escherichia coli K1 and Serratia marcescens) and Gram-positive bacteria 
(Methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus pyogenes, Streptococcus 
pneumoniae, and Bacillus cereus). NPs were synthesized by co-precipitation and the Stöber 
method, and characterized by Fourier transform-infrared spectroscopy, Zetasizer, and Atomic 
force microscopy. Lactate dehydrogenase (LDH) assays were accomplished to determine drug 
cytotoxicity against human cells. Spherical NPs in the range of 118–362 nm were successfully 
synthesized. Antibacterial assays revealed that drugs conjugated with NPs portray enhanced 
bactericidal efficacies against multiple drug resistant bacteria compared to the drugs alone. Of 
note, Cefixime-conjugated NPs against Escherichia coli K1 and Methicillin- resistant 
Staphylococcus aureus, resulted in the complete eradication of all bacterial isolates tested at 
significantly lower concentrations compared to the antibiotics alone. Likewise, conjugation of 
Moxifloxacin resulted in the complete elimination of E. coli K1 and MRSA. Of note, nano- 
formulated drugs presented negligible cytotoxicity against human cells. These results depict 
potent, and enhanced efficacy of nano-formulated drugs against medically important bacteria 
and can be used as alternatives to current antibiotics. Future in vivo studies and clinical studies 
are warranted in prospective years to realize these expectations.
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1. Introduction

The declining efficiency of antibacterials in treating 
common infections has accelerated in recent years, 
and we are now entering a post-antibiotic era [1]. 
Supplies of existing antibacterial agents are becoming 
depleted because of the emergence of drug-resistant 
microorganisms [2,3]. As a result, multi- and pan drug- 
resistant bacteria are rapidly emerging and spreading 
globally, posing a major threat to the public [4–6]. The 
dramatic rise in antibiotic resistance and the inefficacy 
of available antibacterial agents have resulted in the 
unnecessary usage of broad-spectrum antibiotics that 
has caused the development of further resistance [7]. 
Furthermore, over the last few years, the industrial 
pipelines for the discovery of new antibiotics have 
dried up [8]. Therefore, it is a necessary requirement 
to develop novel antibacterial agents with improved 
antibacterial efficacy [9,10]. Given the challenges in 

discovery of novel antibacterials, an alternative 
approach is to modify clinically used antibacterials to 
enhance their efficacy against increasingly resistant 
bacteria.

Among multiple drug resistance (MDR) bacteria, 
Escherichia coli and Methicillin-resistant Staphylococcus 
aureus (MRSA) cause several infections including gastro-
enteritis, meningitis, urinary tract infections (UTIs), skin, 
respiratory, and other nosocomial infections [11–13]. 
Pseudomonas aeruginosa being a nosocomial pathogen 
causes 20% of hospital-acquired infections, blood-
stream infections and is prevalent in patients with 
acute leukemia, burn wounds, cystic fibrosis, and 
organ transplants [14,15]. Serratia marcescens colonizes 
the intensive care unit and causes opportunistic infec-
tions [16]. A wide spectrum of invasive infections are 
caused by Klebsiella pneumonia including pneumonia, 
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meningitis, pyogenic liver abscess, UTIs, bloodstream 
infection, and intra-abdominal infection etc [17]. 
Streptococcus pneumoniae causes pneumonia in chil-
dren and has been isolated from patients with purulent 
pleuritis [18].

At present, Cefixime (453.452 g/mol) is widely used 
as a broad-spectrum antibiotic with antibacterial 
effects against Branhamella catarrhalis, Haemophilus 
influenza, Streptococcus pneumoniae, Streptococcus 
pyogenes, and several Enterobacteriaceae. Cefixime is 
resilient to β-lactamases activity, and is inactive against 
P. aeruginosa and shows minimal activity against 
S. aureus [19,20]. Sulfamethoxazole (253.279 g/mol) is 
a bacteriostatic antibacterial agent used to treat bron-
chitis, prostatitis and UTI infections, having effective-
ness against E. coli and S. aureus [21,22]. Similarly, 
Moxifloxacin (401.431 g/mol) is 8-methoxy fluoroqui-
nolone employed for the treatment of various infec-
tions such as nosocomial, upper respiratory tract 
infections and community-acquired pneumonia. 
Moxifloxacin is often used as a last resort inhibiting 
DNA gyrases, topoisomerase II, topoisomerase IV [23]. 
Given the clinical uses of the aforementioned antibio-
tics, it is logical to enhance their efficacy. 
Nanotechnology has been shown to have tremendous 
potential in targeting bacterial infections [24]. 
Nanoparticle-based materials have demonstrated pro-
found antibacterial potential in vitro. For example, 
Moxifloxacin-based chitosan nanocomposites aug-
mented the bactericidal activity of Moxifloxacin 
against P. aeruginosa, S. aureus, and several MRSA 
strains [25]. Similarly, Moxifloxacin conjugation with 
chitosan-sericin-silver nanocomposite significantly 
improved the antibacterial properties against 
Acinetobacter baumannii, Staphylococcus epidermidis, 
and MRSA [26]. Furthermore, Sulfamethoxazole - 
loaded metal complexes were found to be active 
against E. coli and S. aureus [21]. In another study, 
mesoporous silica-based NPs loaded with ampicillin 
showed significant antibacterial efficacy against resis-
tant E. coli [27]. Ali et al., (2020) reported the antibac-
terial activity of Ag and Au-conjugated Cefixime NPs 
[20]. Conjugated Cefixime (CEF- AgNPs and CEF- 
AuNPs) enhanced the bactericidal effects of Cefixime 
against S. aureus [20]. Similarly, the antibacterial activ-
ity of Cefixime was increased upon conjugation with 
Ag, Nickel, Copper and Zinc oxide NPs [28]. Anwar 
et al., (2019) reported that conjugation of Hesperidin 
(Bioflavonoid) with AgNPs enhanced antibacterial 
activity of Hesperidin [13]. In recent studies, essential 
oil, Astragalus verus Olivier based AgNPs and other Ag 
nanostructures showed significant antibacterial activ-
ity against S. aureus, B. cereus, S. typhimurium and E. coli 
[29–31]. Herein, we synthesized Cefixime-loaded mag-
netic iron oxide NPs and Sulfamethoxazole plus 
Moxifloxacin-loaded silica-based NPs and elucidated 
their antibacterial efficacy against various MDR 

bacteria, in comparison to drugs alone. The findings 
of this study highlight the potential of utilizing nano- 
formulations to enhance the efficacy of existing anti-
biotics used clinically.

2. Materials and methods

The purchased solvents are of high-performance liquid 
chromatography (HPLC) grade and were acquired from 
Fisher scientific. Dicyclohexyl carbodiimide (DCC), 
4-dimethyl aminopyridine (DMAP), ammonium hydro-
xide (NH4OH), Cinnamic acid (CA), 3-aminopropyl 
silane (APT), ferrous sulfate heptahydrate (FeSO4.7H2 

O), Ferric sulfate hexahydrate (Fe2(SO4)3.6H2O), Tetra 
ethyl orthosilicate (TEOS), cetyl trimethyl ammonium 
bromide (CTAB), Moxifloxacin (MOX), Sodium borohy-
dride (NaBH4), Sulfamethoxazole (Sul), Naproxen (Nap), 
Chitosan (CHI), Mannose (Mn) and Cefixime (CEF) were 
purchased from Sigma Aldrich through local suppliers.

2.1 Preparation of CA-MNPs and CEF-CA-MNPs 
formulations

Surface modification of magnetic nanoparticles (MNPs) 
with CA was performed in various steps. Firstly, MNPs 
were synthesized using co-precipitation technique in 
accordance with previously published protocol [32]. 
The synthesized MNPs were then subjected to silane 
functionalization with APT as previously reported [33]. 
CA coating at APT-MNPs was conducted as previously 
reported [29]. Briefly, CA (0.3 g, 2.0 mmol) was added 
to a flask containing dimethyl formamide (DMF) along 
with DCC (0.5 g, 2.42 mmol) and DMAP (0.010 g, 
0.081 mmol) with constant stirring for 10 min at 60°C. 
Then, APT-MNPs (0.3 g) were added and the reaction 
was progressed with constant stirring for 24 h. CA- 
MNPs were obtained via sequential washing with 
DMF and stored at 4°C for further analysis. CEF loading 
onto CA-MNPs was performed by taking various con-
centrations of CEF (0.5–2 mg/mL) along with the fixed 
concentration of CA-MNPs (1 mg/mL) and incubated at 
200 rpm for 24 h to facilitate the drug uptake. The 
resulting CEF-CA-MNPs undergo centrifugation and 
the supernatant containing unreacted drug was ana-
lyzed at 261 nm on UV-VIS spectrophotometer. The 
formulations containing higher loading capacity and 
narrow size were selected for further analysis.

2.2 Preparation of Mesoporous Silica 
Nanoparticle (MSN) and APT-MSN

TEOS was used as an alkoxide precursor and CTAB as 
a surfactant for the synthesis of MSN. The solution of 
silica was prepared by mixing ammonia solution in 
10% ethanol then afterward CTAB (1 g, 2.74 mmol) 
was added and maintained under constant stirring 
for 15 min [33]. Then, TEOS (5.0 mL, 25.4 mmol) was 
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added and the opaque solution was progressed at 
constant stirring at 60°C for 4 h. The obtained white 
precipitate was washed successively with water and 
then washed with methanolic HCl several times for 
the removal of CTAB. The obtained MSN was dried at 
room temperature. APT was used as an amino source 
for the synthesis of APT-MSN. Briefly, MSN (200 mg) 
was dispersed in methanol at 60°C with constant stir-
ring and then APT (600 μL, 2.56 mmol) was added to 
keep it on constant stirring for 8 h. The APT-MSN was 
washed sequentially with Methyl alcohol (CH3OH), 
dried at room temperature, and stored at 4°C for 
further use.

2.3 Preparation of Nap-MSN and Sul-Nap-MSN

Carbodiimide coupling reaction was adopted for the 
preparation of Nap-MSN. Briefly, Nap (0.4 g, 1.73 mmol) 
was introduced in a flask containing DMF along with 
DCC (0.8 g, 3.877 mmol) and DMAP (0.040 g) at 60°C for 
5 min. Then, APT-MSN (0.3 g) was added and proceeds 
under stirring for 24 h. The obtained Nap-MSN was 
washed several times with DMF and CH3OH and dried 
at room temperature. Sul loading within Nap-MSN was 
performed according to the aforementioned proce-
dure. Briefly, Sul (0.5–2 mg/mL) was taken and keeping 
the concentration of Nap-MSN (1 mg/mL) and incu-
bated in several ratios for 24 h. The Sul-Nap-MSN was 
centrifuged and the supernatant was analyzed at 
220 nm on UV-VIS spectrophotometer. The formula-
tions containing higher loading capacity and narrow 
size were selected for further analysis.

2.4 Synthesis of Mn-CHI, Mn-CHI-MSN, and 
Mox-Mn-CHI-MSN

Mn-CHI was prepared with slight modifications in 
previously reported protocol [34]. Briefly, 100 mg 
CHI was allowed to dissolve in a 1% acetic acid solu-
tion with the aid of constant stirring for 2 h. Mn (0.5 g) 
was added to the above solution and allowed the 
reaction to progress for 1 h. After 1 h, NaBH4 solution 
(as reductive amination agent) was added drop by 
drop at pH 5 and allowed to proceed with constant 
stirring for 24 h. The resulting mixture was neutralized 
to pH 7 and washed with water several times and 
dried at room temperature. Mn-CHI-MSN was pre-
pared by incubating Mn-CHI (0.05 g) along with APT- 
MSN (0.2 g) in water for 10 min with vigorous stirring. 
The glutaraldehyde (200 μL, 2.11 mmol) was added 
and the reaction was progressed for 24 h. The result-
ing Mn-CHI-MSN was washed successively with water 
and dried at room temperature for further analysis. 
The aforementioned procedure was adopted for the 
preparation of Mox-Mn-CHI-MSN. Briefly, Mox (0.5– 
2 mg/mL) was prepared and incubated with the con-
stant concentration of Mn-CHI-MSN (1 mg/mL) for 

24 h. The obtained Mox-Mn-CHI-MSN was centrifuged 
and the supernatant was analyzed at 291 nm on UV- 
VIS spectrophotometer. The formulation containing 
higher loading capacity and narrow size were 
selected for further analysis.

2.5 Hydrodynamic diameter, polydispersity index 
(PDI) and morphology

The average sizes of PDI, CA-MNPs, CEF-CA-MNPs, Mn- 
CHI-MSN, Mox-Mn-CHI-MSN, Nap-MSN, and Sul-Nap- 
MSN were analyzed from Zetasizer (Zetasizer Nano 
ZS90 Malvern Instruments, Malvern, UK). Briefly, nano-
suspensions (0.1 mg/mL) were transferred to plastic 
cuvettes with caution to avoid air bubbles. The cuvette 
was then placed in a spectrometer and the study was 
conducted at room temperature. The medium viscos-
ity, pressure and refractive index were set at 1.0, 80.4, 
and 1.33, respectively. CA-MNPs, CEF-CA-MNPs, Mn- 
CHI-MSN, Mox-Mn-CHI-MSN, Nap-MSN, and Sul-Nap- 
MSN were further evaluated for surface morphological 
analysis using Atomic force microscopy (AFM, Agilent 
5500, Agilent, USA). The nano-suspension was placed 
as a drop on mica slide, dried at room temperature and 
then mounted on a microscope for imaging at non- 
contact mode.

2.6 Entrapment efficiency determination

The drug loading efficiency of CEF in CA-MNPs was 
studied by adapting the published protocol [35,36]. 
Briefly, CEF-CA-MNPs suspension was centrifuged at 
12,000 rpm for 15 min to separate CEF-CA-MNPs. 
After successive dilution of the supernatant, it was 
analyzed at 261 nm using UV-VIS spectroscopic 
method. The percentage of drug loading and conju-
gated efficiency was calculated by using the following 
equation: 

%Drug loading ¼
Amount of drug used � unloaded drug

Amount of drug used
� 10 

2.7 In vitro release study

The release of CEF, Mox, and Sul in buffer solution was 
evaluated using dialysis method, and with slight mod-
ification in a previously reported procedure [37]. 
Briefly, 10 mg equivalent of CEF-CA-MNPs, Mox-Mn- 
CHI-MSN, and Sul-Nap-MSN were exposed on the buf-
fer (5 mL; pH 4.0 and pH 7.4) containing 0.1% SDS and 
loaded into the dialysis bags and fixed at both ends. 
The bags were then hooked in a flask containing 50 mL 
of buffer (pH 4.0 and pH 7.4), followed by shaking at 
100 rpm at 37°C. At specific time intervals, samples 
(2 mL) were drawn and replaced with the fresh buffer, 
and the CEF, Mox, and Sul were quantified at 261, 291 
and 220 nm via UV-Vis spectrometer. All experiments 
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were performed in triplicate using three different 
batches and data reported as mean values, and the 
standard deviations were calculated.

2.8 Bacterial isolates used in this study

Several MDR clinical isolates were used in this study, 
including Gram-negative (P. aeruginosa, S. marcescens, 
E. coli K1 and K. pneumoniae) and Gram-positive 
(S. pneumoniae, B. cereus, S. pyogenes and Methicillin- 
resistant S. aureus (MRSA) as depicted (Table 1). All 
bacteria were isolated from clinical samples. Prior to 
experimentation, bacteria were cultivated aerobically 
in nutrient broth (NB) for overnight at 37 °C as 
described earlier [38,39].

2.9 Antibacterial assays

To determine the bactericidal effects of drugs, NPs, and 
nanoconjugates against MDR bacteria, antibacterial 
assays were performed as described earlier [39,40]. 
Firstly, the optical density of bacterial cultures was 
adjusted to 0.22 at 595 nm (corresponding to 108 

colony-forming units (c.f.u) per mL) and enumerated 
by plating on nutrient agar plates. Based on this, 
approximately one million bacteria were treated with 
different drugs, NPs and nano-formulations by incu-
bating at 37°C for 2 h. Following this, cultures were 
serially diluted (ten-fold) with distilled water and then 
dispersed onto nutrient agar plates and incubated at 
37°C for 24 h. Viable bacterial c.f.u was determined by 
elucidating the number of bacterial colonies. Bacteria 
incubated with gentamicin (100 µg/mL) and phos-
phate buffered saline (PBS) and were taken as positive 
and negative controls. Methanol (CH3OH) was used as 
a solvent control as all the drugs and formulations 
were dissolved in methanol.

2.10 Minimum inhibitory concentration and 
minimum bactericidal concentration

Drugs, NPs, and drug-NPs conjugates were tested to 
find out their minimum inhibitory concentration (MIC) 
and minimum bactericidal concentration (MBC) against 
E. coli K1 and MRSA using broth microdilution assays 

[41]. Briefly, drugs, NPs, and their nanoconjugates were 
serially diluted by two-folds in Muller Hinton broth 
(MHB) ranging from 1.56 µg/mL – 200 µg/mL. Next, 
bacterial optical density (OD) was adjusted to 1 × 108 

c.f.u/mL (equivalent to 0.5 McFarland’s standard). MHB 
alone and bacteria inoculated in MHB was taken as 
growth control and sterility control, respectively. The 
plates were incubated at 37 °C for 24 h. The MIC end-
point is the drugs, NPs and, nanoconjugate’s concentra-
tion at which no observable growth in the tubes. To 
confirm the MIC value, the optical turbidity of the tubes 
was measured before and after incubation.

Following the MIC, 50 µL from all wells with no 
obvious bacterial growth were plated on nutrient 
agar plates and the plates were incubated at 37°C 
for overnight. The MBC endpoint occurs when 
99.9% of the bacterial population is demolished at 
the lowest concentration of drugs, NPs, and 
nanoconjugates.

2.11 Cell cytotoxicity assay

Host cell cytotoxicity assays were carried out as 
described, prior [9]. Briefly, assays were performed 
in a 96-well plate comprising confluent HeLa cells 
monolayers (P12). Monolayers were treated with 
100 µg/mL of different drugs, NPs and nano- 
formulations and incubated at 37°C for 24 h in the 
presence of 95% humidity and 5% CO2. Next day, 
Triton X-100 (1%) was added to the positive control 
well and incubated the plate at 37°C for 45–60 min. 
Next, an equal amount of supernatant (containing 
LDH) from each well was mixed with equal amount 
of LDH kit reagents, and cytotoxicity was deter-
mined in proportion to LDH released from cervical 
cancer cells (HeLa ATCC® CCL2™) using 
a spectrophotometer at 490 nm. Formula for 
the percent cytotoxicity is as follows: 

Cytotoxicity %ð Þ¼ samplevalue� negativecontrolvalueð Þ=

positivecontrolvalue� negativecontrolvalueð Þ�100 

As a control, HeLa monolayers were cultivated in RPMI 
alone (negative control) and total LDH was released by 
fully lysing HeLa cell lines with 1% of triton X-100 
(positive control).

3. Results

3.1 Successful preparation of CA-MNPs and 
CEF-CA-MNPs formulations

The synthetic scheme of MNPs, APT-MNPs, and CA- 
MNPs is depicted in Scheme 1. Fourier transformed 
infrared (FTIR) spectra of MNPs, APT-MNPs, and CA- 
MNPs are presented in (Figure 1(a)). The MNPs showed 
well-defined peaks at 639.3 cm−1, 1643 cm−1, and 
3387 cm−1. The appearance at 639.3 cm−1 is due to 

Table 1. Bacteria used in this study.
Bacteria Strain

Streptococcus pyogenes ATCC 49399 (clinical isolate)
Streptococcus pneumoniae ATCC 13883 (clinical isolate)
Methicillin-resistant Staphylococcus 

aureus
MTCC 381123 (clinical 

isolate)
Bacillus cereus MTCC 131621 (clinical 

isolate)
Escherichia coli K1 MTCC 710859 (clinical 

isolate)
Klebsiella pneumoniae ATCC 13883 (clinical isolate)
Pseudomonas aeruginosa ATCC 10145 (clinical isolate)
Serratia marcescens MTTC 13880 (clinical isolate)
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Fe-O stretch. Moreover, the peaks at 1643 cm −1 and 
3387 cm −1 are due to the bending vibration of 
absorbed water and O-H stretching, respectively, [42]. 
The Si-O stretching bands at 1115 cm−1 and 1016 cm−1 

in addition, NH2 bending and stretching vibrations 
around 3472 cm−1 and 1635.5 cm−1 was indicative for 
silane modification onto MNPs [43]. CA alone is show-
ing broad absorption around 3200 to 2000 cm−1 indi-
cating the presence of —COOH moiety. Furthermore, 
(C = O) and (C = C) absorptions are also observed at 
1700 and 1644 cm−1 [44]. The broad band of CA 
diminishes when it is functionalized onto APT-MNPs 
(Figure 1(a)). The (N-H) stretching of amide was 
observed at 3395 cm−1 in combination with aliphatic 
and aromatic (C-H) around 2939 cm−1 and 2863 cm−1 

respectively. The symmetric vibrational of – C = O of 
amide and asymmetric C-O stretching from – COOH 
was observed at 1656 cm−1 1244 cm−1 respectively for 
CA-MNPs formation. The CEF molecule showed char-
acteristic stretching at 1777 cm−1, 1662 cm−1 and 
1595 cm−1 corresponding to (C = O, carboxylic acid), β- 
lactam (N-H) and C = N respectively [45]. These bands 
were shifted to 1724 cm−1, 1656 cm−1 and 1511 cm−1 

(Figure 1(b)) respectively. It is shown from FTIR com-
parison that the CEF absorption onto CA-MNPs 
occured through amide, carboxylic, C = N groups via 
non-covalent interactions.

3.2 Preparation of Nap-MSN and Sul-Nap-MSN

The development of Nap-MSN was processed in sev-
eral steps as depicted in Scheme 2. The FTIR spectra of 
synthesized MSN, APT-MSN, and Nap-MSN are 
depicted in (Figure 2(a)). Synthesized MSN showed 
characteristic absorptions around 3369 cm−1, 
1619 cm−1, 1232 cm−1, and 1059 cm−1 corresponding 
to OH (stretching and bending), and Si-O groups [45]. 
When functionalized with APT (APT-MSN) 
peaks appears at 3220 cm−1, 1551 cm−1, and 
2928 cm−1attributes to N-H (stretching and bending) 
and C-H (stretching) vibrations [46]. Surface modifica-
tion with Nap (Nap-MSN) was confirmed by peaks 
around 3335 cm−1, 2854 cm−1, 1436 cm−1, and 

1632 cm−1 corresponds to N-H (stretching), 
C-H (stretching and bending) and C = O (amide), 
respectively. In the spectra of Sul-Nap-MSN, the 
peaks related to Sul were observed at 1626 cm−1, 
1551 cm−1, 1437 cm−1, 805 cm−1, and 621 cm−1 

(Figure 2(b)) were assigned to N-H (bending), C = N 
(stretching), C-H (bending) C-N, and C-H (bending), 
respectively [47]. The appearance of this peak con-
firmed that Sul was loaded onto synthesized meso-
porous nanocomposites.

3.3 Synthesis of Mn-CHI, Mn-CHI-MSN, and 
Mox-Mn-CHI-MSN

FTIR analysis was conducted in order to elucidate possi-
ble interaction between Mn and CHI (Figure 3(a)). CHI 
showed absorption at 1601 cm−1 which is attributed to 
the amino group and 1360 cm−1 corresponded to 
C-H vibration. Moreover, the absorption band at 
1109 cm−1 corresponds to asymmetric stretching of 
C-O-C, and another broad band of 3425 cm−1 was 
observed which was assigned as N-H (symmetric 
stretching), respectively. In case of Mn-CHI bending of 
amines was observed at 1563 cm−1 and C = N peak at 
1443 cm−1 showed the formation of Schiff base 
between mannose and terminated amines. Moreover, 
an intense broad -OH stretch of Mn was observed at 
3218 cm−1 and C-O absorption at 1052 cm−1 confirmed 
the presence of excessive -OH groups in Mn-CHI respec-
tively [34]. The surface coating of Mn-CHI on MSN was 
confirmed by absorptions that appeared at 3383 cm−1, 
1560 cm−1, 1407 cm−1, 1239 cm−1, and 1069 cm−1 which 
were assigned to OH (stretching), N-H (stretching), C = N 
(stretching) and S-O (stretching) vibrations. These vibra-
tions showed that Mn-CHI was coated on MSN via Schiff 
base pathway. In case of Mox-Mn-CHI-MSN, the peaks of 
Mox appeared at 1714 cm−1, 1578 cm−1, and 1457 cm−1 

corresponded to C = O (stretching), C = C (stretching), 
and C-N (stretching) (Figure 3(b)), respectively [48]. 
The development of these peaks represents the 
loading of Mox within the developed mesoporous 
structure.

Scheme 1. Synthetic scheme of MNPs, APT-MNPs and CA-MNPs.
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3.4 Hydrodynamic diameter, polydispersity index 
(PDI), and morphology

The average size of CA-MNPs, CEF-CA-MNPs, Nap- 
MSN, Sul-Nap-MSN, Mn-CHI-MSN, and Mox-Mn-CHI- 
MSN are depicted in (Table 2), respectively. The 

increment in size Sul-Nap-MSN and Mox-Mn-CHI- 
MSN may be due to incorporation of drug within 
cavities Nap-MSN and Mn-CHI-MSN respectively [42]. 
Decrease in size occurred in case of CEF-CA-MNPs 
as compared to CA-MNPs, which may be due to 
decrease in aggregation, as MNPs tend to aggregate 

Figure 1. A. FTIR spectra of MNPs, APT-MNPs, CA and CA-MNPs, b. FTIR spectra of CA-MNPs, CEF and CEF-CA-MNPs.
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rapidly due to magnetic dipoles [49]. The PDI sug-
gested the uniform dispersion of nanosuspension, 
as a PDI value of more than 0.5 indicates size 
broadening of NPs [50]. The PDI values of CA- 
MNPs, CEF-CA-MNPs, Nap-MSN, Sul-Nap-MSN, Mn- 
CHI-MSN, and Mox-Mn-CHI-MSN are represented in 
Table 2. The experimental PDI value suggested that 
the drug loaded formulation showed more uniform 
dispersion in comparison to unloaded analogues, 
suggesting higher colloidal stability nano- 
formulations. As NPs based formulations are increas-
ingly utilized for site-specific delivery, literature ana-
lysis showed that NPs less than 1000 nm may easily 
permeate the biological barriers to transport drugs 
at the desired site of action in increased amount 
[51]. NPs had nearly spherical morphology, 

regardless of drug inclusion which showed stability 
of these nanostructures, as shown by AFM 
(Figure 4), consolidating the findings of our study.

3.5 Drug entrapment efficiency

The loading capacity and controlled release of 
drugs are generally related to the chemical nature 
of the drug and to the nature of interaction with 
the carriers [52]. CEF is a weekly acidic hydropho-
bic molecule with pKa 3.69 (-COOH), respectively. 
The entrapment efficiency of CEF within CA-MNPs 
was found to be 91 ± 0.5%, respectively. The sig-
nificant adsorption of CEF may be attributed to the 
increased surface hydrophobicity in the form of CA 
onto the surface of MNPs. Furthermore, it was 

Scheme 2. Synthetic scheme of MSN, APT-MSN and Nap-MSN.

Scheme 3. Synthetic scheme of Mn-CHI, MSN, APT-MSN and Mn-CHI-MSN.
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shown through FTIR that CEF involved in chelation 
with MNPs, which is another factor for higher drug 
absorption [32].

The adsorption of drug using the solvent 
method is the most experimented method for the 
drug encapsulation within nanostructures [53]. 
Typically, the drug was first introduced to 
a nanosuspension of desired concentration and 
then equilibrium was favored toward the drug 

loaded formulation in addition, the size of the 
pores promotes mobility of drug with NPs [54]. In 
the current study, the encapsulation efficiency of 
Sul within Nap-MSN was found to be 75.9 ± 1.5% 
and Mox within Mn-CHI-MSN was found to be 
62.0 ± 2.5%, respectively. The higher amount of 
loading may be attributed to the hydrophobic cav-
ities of MSN with favors the encapsulation of 
hydrophobic drugs [55].

Figure 2. A. FTIR spectra of MSN, APT-MSN and Nap-MSN. b. FTIR spectra Nap-MSN, Sul-Nap-MSN and Sul.
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3.6 In vitro release of CEF from CA-MNPs

In vitro release study of CEF from CA-MNPs, Sul from 
Nap-MSN, and Mox form Mn-CHI-MSN were performed 
under weakly acidic (pH 4.0) and blood physiological 
conditions (pH 7.4) under ambient conditions 
(Figure 5). The higher release of drug in case of CEF- 
CA-MNPs was observed at 4 h so that 16 ± 0.43% was 
released at pH 4.0 and 22.3 ± 0.54% at pH 7.4, and then 

Table 2. Average size and PDI of drug loaded CEF-CA-MNPs, 
Sul-Nap-MSN, Mox-Mn-CHI-MSN, and vacant CA-MNPs, Nap- 
MSN, Mn-CHI-MSN nanocomposites.

Nanoparticles Average Size (nm) PDI

CA-MNPs 362 ± 40.9 0.46 ± 0.010
CEF-CA-MNPs 157.3 ± 4.60 0.16 ± 0.065
Nap-MSN 255.3 ± 15.9 0.245 ± 0.076
Sul-Nap-MSN 328.9 ± 21.8 0.060 ± 0.040
Mn-CHI-MSN 118.7 ± 5.10 0.294 ± 0.057
Mox-Mn-CHI-MSN 159.0 ± 1.55 0.142 ± 0.053

Figure 3. A. FTIR spectra of CHI, Mn-CHI and Mn-CHI-MSN. b. FTIR spectra of Mn-CHI-MSN, Mox-Mn-CHI-MSN and Mox.
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sustained this profile till 24 h. Moreover, the higher 
cumulative release of 74.0 ± 0.95% at pH 7.4 in com-
parison with pH 4.0 (54 ± 0.54%) revealed the stability 
of CEF-CA-MNPs in acidic conditions, potentially sug-
gesting that similar resistance might happen in the 
acidic environment of the stomach. In case of Sul-Nap- 
MSN, the maximum release of 22 ± 0.90% at pH 7.4 was 
observed in comparison with 12 ± 0.93% at pH 4.0 after 
8 h and then maintaining sustained drug concentra-
tion until 24 h. Moreover, a higher cumulative release 
of 59 ± 0.90% was observed at pH 7.4 in comparison 
with 35 ± 0.45% at pH 4.0 suggesting the gastric 
stability of the developed formulation [56]. 
Furthermore, an increased amount of cumulative 
release was observed at pH 4.0 in case of Mox-Mn- 
CHI-MSN was found to be 92 ± 0.48% in contrast with 
47 ± 0.32 at pH 7.4 (Figure 5), respectively. In addition, 
the maximum release of 41 ± 0.85% and 20 ± 0.49% at 

pH 4.0 and 7.4 was observed after 10 h suggesting that 
protonation of chitosan terminal amines occurs at 
acidic pH, which triggers the drug release [57].

3.7 Magnetic iron oxide and silica-based 
nanoparticles presented important bactericidal 
efficacies against pathogenic bacteria

All the drugs alone (Cefixime, Sulfamethoxazole, and 
Moxifloxacin), NPs and their nanoconjugates were eval-
uated for their antibacterial activities. The results from 
antibacterial assays have shown that all the treatments 
(drugs, NPs, and drug-NPs conjugates) presented impor-
tant antibacterial properties against P. aeruginosa when 
compared with the solvent control (P ≤ 0.05, using 
student’s T-test, two-tailed distribution) (Figure 6(a)). 
When drug-NPs conjugates were compared with drugs 
and NPs alone, Cefixime conjugated CA-MNP (CEF-CA- 

Figure 4. Atomic force microscopic images CA-MNPs, CEF-CA-MNPs, Na-MSN, Sul-Nap-MSN, Mn-CHI-MSN and Mox-Mn-CHI-MSN 
showing nearly spherical morphology.

Figure 5. Cumulative release profile of CEF-CA-MNPs, Sul-Nap-MSN and Mox-Mn-CHI-MSN at pH 4.0 and pH 7.4.
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Figure 6. Magnetic iron oxide and silica based NPs loaded with various drugs presented essential antibacterial activity against 
Gram-negative pathogenic bacteria. Briefly, bacteria (1 × 106) were incubated with different drugs conjugated with ZnO-NPs and 
nanoparticle alone at 37°C for 2 h. Next, the cultures were ten-fold serially diluted and plated onto the nutrient agar plates and the 
plates were incubated for overnight at 37°C and counted the viable bacterial colonies on the following day. For negative control, 
bacteria were incubated in PBS alone whereas for positive control gentamicin (100 µg/mL) was used. The data are expressed as the 
means ± standard errors from several independent experiments performed in duplicate where (*) represent when P ≤ 0.05.
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MNP) showed significant antibacterial effects (100%) 
against P. aeruginosa (P ≤ 0.05) (Figure 6(a)). Similar 
effects were observed when Sulfamethoxazole conju-
gated with Nap-MSN (Sul-Nap-MSN), while in case of 
Moxifloxacin, the drug alone as well as its conjugate 
counterpart exhibited remarkable bactericidal activity 
(93%) against P. aeruginosa (Figure 6(a)). In the case of 
K. pneumoniae, all compounds, NPs and drug-NPs coun-
terparts showed noteworthy bacterial killing effects 
except Sulfamethoxazole, Nap-MSN and Sul-Nap-MSN. 
Furthermore, Cefixime, Moxifloxacin drug alone and 
Mox-Mn-CHI-MSN presented exceptional antibacterial 
activity killing 100% bacteria when compared to the 
NPs alone (i.e. Mn-CHI-MSN) (P ≤ 0.05) (Figure 6(b)). 
Similarly, Cefixime, Moxifloxacin drugs, and their NPs 
homologues exhibited remarkable bactericidal activity. 
Cefixime alone and Mox-Mn-CHI-MSN abolished 100% 
E. coli K1, whereas CEF-CA-MNP and Moxifloxacin eradi-
cated 41% and 78% bacterial population (P ≤ 0.05) 
(Figure 6(c)). Sulfamethoxazole and its nanoconjugated 
equivalent did not show any effect against E. coli K1. 
Against S. marcescens, when compared with solvent 
control, all the treatments except Nap-MSN and Mn- 
CHI-MSN showed notable antibacterial properties 
(P ≤ 0.05) (Figure 6(d)). Moreover, CEF and CEF-CA- 
MNP revealed significant bactericidal activity destroyed 
93% and 77% S. marcescens (P ≤ 0.05) (Figure 6(d)). Mox 
and Mox-Mn-CHI-MSN demonstrated prominent anti-
bacterial effects demolished 56% and 100% bacteria 
while Sul-Nap-MSN had 71% bacterial killing properties 
(P ≤ 0.05) (Figure 6(d,e)).

Among Gram-positive bacteria, all drugs and 
drug-NPs revealed noticeable bactericidal activities 
against S. pneumoniae (P ≤ 0.05) (Figure 7(a)) when 
compared to the NPs alone. Likewise, all the treat-
ments except CA-MNP and Nap-MSN showed sub-
stantial antibacterial properties when compared to 
the solvent control (i.e. MeOH) (P ≤ 0.05) 
(Figure 7(a)). When tested against MRSA, similar 
effects were observed where all the treatments 
except CA-MNP and Nap-MSN revealed important 
antibacterial properties (P ≤ 0.05) (Figure 7(b)) 
while the NPs conjugation further enhanced the 
bactericidal effects of the drugs when compared 
to the drugs alone (P ≤ 0.05) (Figure 7(b)). In 
particular, the bactericidal effects of CEF and Sul 
was tremendously augmented from 51% and 46% 
to 100% and 68%, respectively, while both Mox 
and Mox-Mn-CHI-MSN abolished 100% MRSA 
(P ≤ 0.05) (Figure 7(b)). In case of B. cereus, CEF 
and Mox alone and upon conjugation with NPs 
revealed remarkable antibacterial activity 
(P ≤ 0.05) (Figure 7(c)). CEF and CEF-CA-MNP 
reduced the viability of B. cereus up to 14% and 
33%, respectively, while Sulfamethoxazole and its 
NPs analog did not show bacterial killing effects. 
Finally, when tested against S. pyogenes, CEF, Mox, 

and Mox-Mn-CHI-MSN showed 100% bacterial kill-
ing effects (P ≤ 0.05) (Figure 7(d,e)). In addition, 
Mn-CHI-MSN alone displayed significant bacterici-
dal activity while Sul and Sul-Nap-MSN failed to 
show any effects (P ≤ 0.05) (Figure 7(d,e)).

The MIC and MBC values of CEF, Sulp, Mox, and their 
conjugated NPs are summarized in Table. 3. The overall 
findings revealed that drugs and drug-loaded NPs 
showed considerable bactericidal effects against the 
MDR clinical isolates.

3.8 Drugs and drug-NPs conjugates 
demonstrated marginal cytotoxicity

LDH assays were accomplished to investigate the cyto-
toxicity of drugs, NPs and drug-NPs on human cells. Upon 
an overnight incubation, the results depicted that most 
of the drugs and drug-NPs demonstrated low cytotoxicity 
(Figure 8). The NPs CA-MNP, and Mn-CHI-MSN showed 
38% and 43% cytotoxicity toward HeLa cell lines and rest 
of all the treatments had minimal cytotoxic activity.

4. Discussion

The advent of multidrug-resistant bacterial infec-
tions has resulted in developing alternative methods 
to overcome antibacterial resistance [58]. The over-
use/misuse of antibiotics, as well as a lack of new 
drug development by the pharmaceutical sector due 
to limited economic incentives and demanding reg-
ulatory requirements, have all been blamed for the 
antibiotic resistance crisis [59–61]. As a result, there 
is a persistent need to discover innovative, long- 
lasting, and efficient chemotherapeutics for infec-
tious diseases. Nanotechnology has proven to be 
an effective tool for combating infectious diseases. 
In this study, we determined the efficacy of Cefixime 
and its novel magnetic iron oxide formulation, 
Sulfamethoxazole, Moxifloxacin, and their silica- 
based nanoconjugates against MDR bacteria. Here, 
for the first time, we synthesized, characterized and 
tested these novel formulations.

Cefixime is very effective against streptococci such 
as S. pneumoniae and S. pyogenes, having moderate 
activity against S. aureus while ineffective against 
Gram-negative P. aeruginosa [20]. In this study, we 
evaluated the antibacterial activity of Cefixime against 
a panel of Gram-positive and Gram-negative bacteria. 
Cefixime revealed significant antibacterial activity 
against S. pneumoniae, B. cereus, S. pyogenes, and 
MRSA. Upon conjugation with CA-MNPs, this activity 
was exceptionally enhanced against S. pneumoniae, 
S. pyogenes, and MRSA but not against B. cereus. The 
MIC and MBC of Cefixime were found to be 6.25 µg/mL 
and 12.5 µg/mL for E. coli K1 and >200 µg/mL MIC was 
recorded against MRSA. However, upon conjugation, 
MIC and MBC was significantly reduced to 12.5 µg/mL 
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and 25 µg/mL respectively but in case of E. coli K1 after 
conjugation the Cefixime lost its activity. Our results 
are in agreement with Ali et al., (2020), who evaluated 
the antibacterial activity of Cefixime alone as well as in 

conjugation with AgNPs and AuNPs against S. aureus 
[20]. Similarly, in a recent study, Cefixime was tested 
alone and in combination with Ag, Ni, Cu, and ZnO NPs 
against S. typhi and S. paratyphi. Cefixime in 

Figure 7. Magnetic iron oxide and silica based NPs loaded with different drugs eradicated Gram-positive pathogenic bacteria. 
Briefly, NPs and drug conjugates were mixed with test bacteria at 37°C for 2 h. After this, cultures were serially diluted and plated 
on nutrient agar plates. The plates were incubated for overnight at 37°C and subsequently viable bacteria were counted. For 
controls, bacteria incubated alone in PBS and with gentamicin (100 µg/mL) was used as negative and positive controls, 
respectively. The data are expressed as the means ± standard errors from several independent experiments performed in 
duplicate where (*) represent when P ≤ 0.05.
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combination with NPs showed noteworthy antibacter-
ial effects against the test bacteria [28]. Polyether sul-
fone membrane containing AgNPs drastically reduced 
E. coli growth [62]. NPs produced biosynthetically by 
P. aeruginosa could also be used for biomineralization 
and heavy metal transformation [63]. Cinnamic acid 
gold NPs showed amazing antibacterial effects against 
E. coli K1 and MRSA [64]. Rini et al., (2020) reported MIC 
and MBC values against S. enterica as 32 µg/mL and 
64 µg/mL [65].

Moxifloxacin revealed exceptional antibacterial 
activity against both Gram-positive and Gram- 
negative bacteria. Moxifloxacin alone as well as in 
the combination with silica-based NPs showed 100% 
killing effects against all Gram-positive isolates. Our 
results are in agreement with the previous literature 
for example; triple-component nanocomposite i.e. 
Mox loaded with chitosan-silver-sericin films showed 
promising antibacterial activity against P. aeruginosa, 
S. aureus, and MRSA [26]. Similarly, the conjugation of 
Moxifloxacin with metallic NPs (Au) and (Ag) revealed 
amazing antibacterial activity against B. subtilis, E. coli, 
S. aureus, Streptococcus features, and P. aeruginosa 
[23]. Lalitha et al., (2012) reported the MIC50 and 
MIC90 of Mox against S. aureus that was equal to 
1 µg/mL and 8 µg/mL, respectively, [66]. Balfour and 
Lamb, (2000) identified the MIC90 in the range of 2 to 
8 mg/L, which quite higher as compared to our study 
[67]. Our synthesized nanocomposite formulations 
showed great potency as the test bacteria in our 

study was MRSA (MDR clinical isolate). Conjugation 
further boosted the bactericidal activity lowered the 
MIC and MBC values for E. coli K1 and MRSA to i.e. 
3.125 µg/mL and 6.25 µg/mL in comparison to MIC 
and MBC of Moxifloxacin alone which was 6.25 µg/mL 
and 12.5 µg/mL for E. coli K1, and 12.5 µg/mL and 
25 µg/mL for MRSA, respectively. In another study, 
MIC50 and MBC50 of Mox were identified against 
Penicillin-sensitive, Penicillin-intermediately resistant, 
Penicillin-resistant and Macrolide-resistant 
S. pneumoniae. The MIC50 values were recorded as 
30 µg/mL, 60 µg/mL, 60 µg/mL, and 30 µg/mL respec-
tively, while MBC50 values were 60 µg/mL, 120 µg/mL, 
60 µg/mL, and 60 µg/mL respectively [68]. The anti-
biotic Mox inhibit bacterial DNA gyrase and topoi-
somerase IV that can be reversed by a single genetic 
mutation [67]. The mechanism of action of these 
synthesized Moxifloxacin-based nano-formulations 
are likely similar but that needs to be determined in 
future studies.

Sulfamethoxazole showed important antibacterial 
activity only in case of S. pneumoniae and MRSA but 
failed to reduce the bacterial population for all other 
bacteria tested. Our results are in contradiction with 
a recent study where Sulfamethoxazole showed 
obvious antibacterial activity against E. coli [21] 
whereas in our study the antibiotic did not show any 
effects. This could be due to the fact that the K1 strain 
was utilized in our study and is more resistant to anti-
biotics [69]. However, conjugation with silica- based 
NPs improved its antibacterial effects and showed sig-
nificant bactericidal activity against P. aeruginosa, 
S. marcescens, S. pneumoniae, and MRSA. 
Rostamizadeh et al., (2019) reported that upon conju-
gation with metal complex Sulfamethoxazole pre-
sented important antibacterial properties against 
S. aureus and E. coli [21].

Antimicrobial properties of magnetic iron oxide 
nanoparticles have been widely documented. Their 
antibacterial potential is due to the generation of reac-
tive oxygen species, which damage bacteria’s outer 
membrane [70]. The antimicrobial activity can also be 
modulated by varying surface ligands, which is also an 
aspect of bactericidal potential of iron oxide nanopar-
ticles [37]. Similarly, mesoporous silica nanoparticles 
are well reported as hydrophobic drug carrier due to 
available pores within nanostructures. Surface functio-
nalization with groups having antibacterial potential 
has been reported to enhance the antimicrobial poten-
tial of loaded drugs [71]. Therefore, the current 
approach was hypothesized by functionalizing anti-
bacterial agents on the surface of silica nanoparticles 
that are able to enhance the overall antimicrobial 
activity of drug-loaded nanoformulations.

Of note, magnetic iron oxide NPs, Silica-based NPs, 
and drug-loaded NPs presented minor cytotoxic 
effects on human cell lines. Our findings are consistent 

Figure 8. Magnetic iron oxide and silica based NPs loaded with 
different drugs revealed negligible cytotoxic effects against 
HeLa cell lines. Human cells were grown in 96 well plate up to 
80–90% confluency as discussed in material and methods. 
Next, cells monolayer was challenged with NPs, drugs and 
drugs-NPs combinations for 24 h at 37°C in humidified condi-
tions with 5% CO2. Cells alone in RPMI was taken as negative 
control. The data are presented as mean ± standard error of 
three times independent experiments performed in dupli-
cates. Data was analyzed using Graph Pad Prism software 
(8.0.2).
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with previously published data. For example, Iqbal 
et al., (2021) reported that Moxifloxacin loaded NPs 
showed biological activity with no cytotoxic effects 
toward Caco-2 cell line [48]. Similarly, Hesperidin and 
Naringin-based green synthesized NPs exhibited 
strong antimicrobial activity with minimal cytotoxicity 
toward HeLa cell lines [13]. In another study, ZnO-NPs 
revealed remarkable antibacterial activity with minor 
cytotoxicity against human cells [72]. In future, analy-
tical methods are required to reliably perceive and 
characterize such novel nanocomposites as well as to 
investigate their antibacterial activity and their possi-
ble mechanism of action.

5. Conclusion

It is anticipated that such novel nanocomposites for-
mulations can be utilized to treat MDR infections in the 
clinical setting and should be tested with other anti-
biotics to enhance their efficacy, against other micro-
organisms, such as viruses, amoebae, and fungi. 
Moreover, it is necessary to test these novel nano- 
formulations in vivo studies as well as in clinical studies.
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