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Abstract

Amikacin is an aminoglycoside antibiotic used in drug-resistant bacterial infections. The spread of bacterial infections has
become a severe concern for the treatment system because of the simultaneous drug resistance bacteria and SARS-CoV-2
hospitalized patients. One of the most common bacteria in the development of drug resistance is Klebsiella strains, which
is a severe threat due to the possibility of biofilm production. In this regard, recent nanotechnology studies have proposed
using nanocarriers as a practical proposal to improve the performance of antibiotics and combat drug resistance. Among
drug nanocarriers, niosomes are considered for their absorption mechanism, drug coverage, and biocompatibility. In this
study, niosomal formulations were synthesized by the thin-layer method. After optimizing the synthesized niosomes, their
properties were evaluated in terms of stability and drug release rate. The toxicity of the optimal formulation was then ana-
lyzed. The effect of free amikacin and amikacin encapsulated in niosome on biofilm inhibition were compared in multi-drug
resistant isolated Klebsiella strains, and the mrkD gene expression was calculated. The MIC and MBC were measured for
the free drug and amikacin loaded in the noisome. The particle size of synthesized amikacin-loaded niosomes ranged from
175.2 to 248.3 nm. The results showed that the amount of lipid and the molar ratio of tween 60 to span 60 has a positive
effect on particle size, while the molar ratio of surfactant to cholesterol has a negative effect. The highest release rate in
amikacin-loaded niosomes is visible in the first 8 h, and then a slower release occurs up to 72 h. The cytotoxicity induced by
amikacin-loaded niosome is significantly less than the cytotoxicity of free amikacin in HFF cells (***p <0.001, **p <0.01).
The mrkD mRNA expression level in the studied strains was significantly reduced after treatment with niosome-containing
amikacin compared to free amikacin (***p <0.001). It was confirmed that in the presence of the niosome, the amikacin
antibacterial activity increased while the concentration of the drug used decreased, the formation of biofilm inhibited, and
reduced antibiotics resistance in MDR Klebsiella strains.
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Introduction

Klebsiella pneumoniae is one of the gram-negative bacteria
with a high frequency of multi-drug resistance that causes
infection in hospitalized patients, especially in SARS-CoV-2

59 Mehrouz Dezfulian (severe acute respiratory syndrome coronavirus 2) patients
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Mohamad Rahmati 2019). Klebsiella is a gram-negative, immobile, oxidase-
mohamad_drv@yahoo.com negative, opportunistic pathogen and has a polysaccharide

capsule. This opportunistic bacterium cause pneumonia,
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patients. Klebsiella pneumoniae showed increasing obtain
multi-drug resistance genes which cause difficult cure this
nosocomial infection. It displayed broadly multi-drug resist-
ance to the routine antibiotics, including extended-spectrum
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beta-lactams, fluoroquinolones, aminoglycosides, trimetho-
prim, and sulfamethoxazole. The gene profile reported in
MDR Klebsiella pneumoniae included blaSHV, blaCTX-M,
blaTEM, blaOXA, and blaNDM beta-lactamase genes, class
1 integrons gene cassette, and the outer membrane protein
gene ompK36 and ompA, the fim (Type 1 fimbriae), mrk
(Type 3 fimbriae) and ecp (E. coli common pilus) genes.
These genes are the most reported in MDR Klebsiella pneu-
moniae strains (Flores-Valdez et al. 2021)(Lev et al. 2018)
(Kumar et al. 2011).

Biofilm production is one of the reasons for the drug
resistance of bacteria (Provenzani et al. 2020). In order to
form a biofilm, most strains of this bacterium form type 3
fimbriae to attach to different cells and extracellular sur-
faces. Type 3 fimbriae consists of two components, major
fimbriae (MrkA) and adhesive (MrkD) (Paczosa and Mec-
sas 2016) (D. et al. 2001). According to research, the pres-
ence of MrkD adhesive is essential for growth on collagen-
containing surfaces (Jagnow and Clegg 2003)(Schroll et al.
2010). Biofilm production also increases their ability to
survive in harsh environments in the host and is responsi-
ble for chronic and persistent infections (Wang et al. 2016).
One of the antibiotics used to treat drug-resistant bacte-
ria is amikacin. Amikacin is an aminoglycoside antibiotic
that blocks the translation by binding to the small subunit
of the bacterial ribosome. It inhibits protein synthesis by
irreversibly binding to 16S prokaryotic ribosome rRNA
and altering ribosome structure (Polat and Tapisiz 2018)
(Marsot et al. 2017). The urinary system staves off with
an average t¥2 elim in plasma of 2.3 h (range 2.2-2.5 h) in
patients with normal renal function(Routledge and Hutch-
ings 2013). The administration dose of amikacin is usually
based on the weight. Amikacin exhibits toxic side effects
like the other aminoglycosides, such as nephrotoxicity and
damage to the eighth cranial nerve. That caused a lack of
balance and the loss of hearing. The administration of ami-
kacin for multiple-daily dose should be <30 mg/L. (Rout-
ledge and Hutchings 2013) and > 10 mg/L (Routledge and
Hutchings 2013). A concentration > 32 mg/L is a potentially
toxic concentration. Amikacin showed the most resistance to
aminoglycoside modifying enzymes compared to the other
aminoglycosides(Routledge and Hutchings 2013). Ami-
kacin's entrance into the K. pneumonia has an important
impact on MDR due to amikacin resistance caused by the
decrease of its uptake by K. pneumonia (Murray and Moe-
llering 1982).

Niosomes are among the most widely used nanocarri-
ers in drug delivery containing amphipathic lipids and
nonionic surfactants. They are composed of one or more
dense layers and encapsulate water-soluble and fat-soluble
drugs (Saini et al. 2021). Niosomes are nonionic surfactant
nanoparticles that have improved liposome properties. The
advantage of niosomes is membrane formation by nonionic
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surfactants instead of phospholipids (which have been used
in liposomes), increasing its stability and disinclination to
oxidation and decreasing its cost. In addition, niosomes
have a neutral charge and can be stored at room tempera-
ture. Niosome particles have successfully shown different
routes for administration, such as intranasal, oral, ocular,
dermal, and intravenous. It was first introduced for cosmetic
application, but its osmotic behavior, biocompatible func-
tion, and nontoxic and non-inflammation properties are used
as a drug delivery vehicle (Bartelds et al. 2018) (Marianecci
et al. 2014). Niosomes are amphipathic compounds, and a
hydrophobic membrane entraps their inner aqueous core.
This hydrophobic membrane has high water permeability
and neutral charge; therefore, it is easily fused to the cell
membrane to deliver hydrophobic and hydrophilic drug
compounds (Abdelkader et al. 2012).

These advantages caused us to choose niosome as a vehi-
cle for the delivery of amikacin in this study.

Since multi-drug resistance in Klebsiella pneumoniae is
a global and growing challenge, in this study, we attempt
to synthesize niosomal structures containing the antibiotic
amikacin and its effect on Klebsiella pneumoniae multidrug-
resistant isolates into an effective treatment system for deal-
ing with infectious diseases caused by this phenomenon.

Material and methods
Bacterial strains

Klebsiella pneumoniae ATCC 13,884 was used as a ref-
erence strain. In this study, 100 samples, including urine,
wounds, cerebrospinal fluid, blood, and sputum, were col-
lected from Tehran hospitals, among which 48 K. prneumo-
niae were identified (n=48). The criterion for selection and
collection of samples was the hospital laboratory report
related to antibiotic resistance. Identification and isolation
of K. pneumoniae strain were performed using biochemical
tests such as SIM, TSI, MR-VP, urea, citrate, and oxidase
(All the media used were taken from HiMedia Laboratories
Pvt Ltd, India). The samples were collected according to
the protocol of the ethics committee of Islamic Azad Uni-
versity Branch Karaj under IR.IAU.K.REC.1396.103, and
IR.JAU.K.REC.1396.102 codes.

Optimization of amikacin-loaded niosome
by experimental design

The effect of independent variables (lipid mmol, the molar
ratio of surfactant: cholesterol, and the molar ratio of span
60: twin 60) on physicochemical properties of amikacin-
loaded niosome by optimal design using Design-Expert
7.0.10 software (Stat-Ease Inc., USA) was done (Table 1).
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Table 1 Different levels for variables in the Box-Behnken design
optimization

Level -1 0 +1
A (Lipid, umol) 200 250 300
B (Surfactant: Cholesterol, molar ratio) 0.5 1 2

C (Span60:Tween60, molar ratio) 75:25 50:50 25:75

In addition, the effect of the specified variables on size, poly-
dispersity index (PDI), and encapsulation efficiency percent
(EE%) is presented in Table 2. The optimal formulation with
the smallest size and PDI range with the highest EE% was
selected to continue the studies.

Preparation of amikacin- Loaded niosomes

The niosomes containing amikacin were synthesized based
on the thin-film hydration method (Thabet et al. 2022). In
this method, the weight amounts of span 60 and tween 60
with cholesterol are dissolved in chloroform solution (all
from Sigma Aldrich, USA) and evaporated under vacuum at
60 C by rotary evaporator (1 h, 120 rpm) (Heidolph Instru-
ments, Germany). Next, hydration of the formed film was
performed using 1 mg/ml of amikacin (Tehran-Darou, Iran)
solution in phosphate buffer (PBS) (pH 7.2, one h, 120 rpm).
Finally, the compositions prepared for 7 min were sonicated
using a probe sonicator (Hielscher upSOH ultrasonic proces-
sor, Germany). The samples were kept at 4 “C for further
investigations.

Size, morphology, and polydispersity of index (PDI)

The morphology of blank and niosome-containing amika-
cin was examined by scanning electron microscopy (SEM)
(Akbarzadeh et al. 2020). Evaluation of mean particle size,
polydispersity index (PDI), and size dispersion of synthe-
sized formulations was performed by dynamic light scat-
tering (DLS) technique with Malvern Zeta Sizer (Malvern
Instrument, U.K.) at room temperature. For this purpose,
the 1: 100 sample suspension was first diluted in deionized
water. A sample drop is then spread on a conductive film
such as aluminum and dried at room temperature.

Entrapment efficiency

The rate of entrapment efficiency for synthesized for-
mulations was specified by determining the amount of
non-entrapped amikacin and amikacin trapped in the
niosomes by the ultrafiltration method. Such that 1 ml of
the niosomes encapsulated amikacin was centrifuged for
1 hat 4 °C (14,000xg). The amount of amikacin per sam-
ple was determined by calculating the maximum absorp-
tion of the supernatant at 520 nm. The percentage of EE
was measured dependent on the following formula:

EE% = (Total amount of initial amikacin entrapped into
the niosomes — the amount of free amikacin) / total amount
of amikacin X 100.

Table 2 Design of experiments Run
using Box—Behnken method

Levels of independent variables

Dependent variables

to optimize the niosomal Lipid, pmol  Surfactant: choles- Span60:Tween60,  Average PDI Entrapment
formulation of Amikacin terol, molar ratio molar ratio size (nm) efficiency (EE)
(%)

1 1 -1 0 284.3 0.319 57.34

2 0 1 -1 209.5 0.287 5225

3 -1 1 0 207.4 0.142  53.23

4 0 0 0 189.2 0.159 5742

5 1 0 -1 197.4 0.253 5824

6 0 0 0 183.5 0.184  56.49

7 0 0 0 175.6 0.166 543

8 0 -1 1 280.4 0.379  54.85

9 -1 0 -1 175.2 0.188  53.12

10 -1 -1 0 248.9 0.291  55.79

11 0 -1 -1 220.6 0.334 4941

12 1 0 1 271.4 0.369  67.23

13 1 1 0 182.3 0.157  62.75

14 0 1 1 232.4 0.283  64.49

15 -1 0 1 242.9 0.315  60.21
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Fourier-transform infrared spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (Spectrum Two,
USA.) was employed to investigate the interaction between
amikacin and niosome components. For this purpose, the
lyophilized sample was combined with KBr buffer, and
FTIR analyzes were performed carefully at room tempera-
ture in the scanning range of 4000 to 400 cm™" at a constant

resolution of 4 cm™!.

In-vitro release study of amikacin from niosome

The process of releasing amikacin from the structure of
niosomes was investigated using 2 ml of amikacin solu-
tion and amikacin-loaded niosomes in a dialysis membrane
(MWCO 12 KDa). The dialysis bags were then gently stirred
(50 rpm) in 50 ml PBS buffer at 37 “C (pH 7.4). Then 1 ml of
each sample was taken at regular intervals (1, 2, 4, 8, 24, 48,
and 72 h), and the release rate of the samples was evaluated
by spectrophotometry. In addition, the release mechanism of
amikacin was investigated with different release kinetic pro-
files (Zero Order, First Order, Higuchi, and Korsmeyer—Pep-
pas model). Meanwhile, the zero-order model is related to
drug dissolution and is not dependent on concentration,
while the first-order model expresses drug-dependent secre-
tion. The Higuchi and Korsmeyer-Peppas models also repre-
sent drug secretion from polymer and matrix systems (Dash
et al. 2010)(Mirzaie et al. 2020).

Stability studies

In order to evaluate the stability, size, PDI, and EE% of nio-
somal vesicles for optimal formulation containing amikacin
in the time intervals of 0—14-30—60 days at 4 and 25 “C were
measured.

Biofilm formation

Biofilm formation in K. pneumoniae isolated from samples
was performed by the microtiter plate method (Stepanovic
et al. 2000). According to the formula proposed by
Stepanovic et al., the isolates were divided into entirely
sticky, relatively sticky, weakly sticky, and non-sticky
strains.

Detection of biofilm genes

By confirming the biofilm phenotype, genes involved in bio-
film formation were determined using molecular methods
and specific primers. First, DNA extraction was performed
by the phenol-chloroform method. PCR method confirmed
the presence of genes involved in biofilm formation. PCR
reaction in 25 pl volume including 4.18 pl of deionized
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water, 2.5 pl of 10X PCR buffer, 1 pl of buffer, 2 mM MgCl,
1 pl of 0.5, 10 mM dNTPs of microliters of round prim-
ers with a concentration of 0.1, 20 pmol pmol Taqg DNA
polymerase and one microliter of the desired DNA were
performed (Table 3). In summary, PCR reaction was per-
formed in 30 cycles for 5 min at 94 °C, one minute at 94 C,
one minute at 55 °C, one minute at 72 ‘C, and 3 min at 72
‘C. PCR products were electrophoresed on 1% agarose gel
for 30 min, stained with Ethidium bromide, and tested with
a gel doc.

Anti-biofilm activity

Evaluation of inhibition of biofilm formation in two stages,
before and after treatment (with amikacin and niosome con-
taining amikacin), was performed by microtiter plate assay
(Stepanovic et al. 2000).

Biofilm genes expression

The expression of biofilm-related genes in MDR Klebsiella
strains was evaluated. Initially, for RNA extraction, isolates
containing biofilm gene were first treated with sub-MIC con-
centrations of samples (free amikacin and amikacin loaded
in niosome) for 24 h. Then the RNA was extracted using an
extraction kit (Qiagen RNA, USA) according to the protocol.
Then, cDNA synthesis from the extracted RNAs was per-
formed by Quanti Tect Reverse Transcription kit (Qiagen kit,
USA) using random hexamer primers. The concentration of
synthesized cDNAs was determined and confirmed by nan-
odrop. Biofilm gene expression was assessed by Real-Time
quantitative PCR (Applied Biosystem, UK). Compounds in
a volume of 20 pl included 2 pl of cDNA, 10 pmol of each

Table 3 Primer sequences were used in PCR and RT-PCR

RmpA For: ACTGGGCTACCTCTGCTTCA
Rev: CTTGCATGAGCCATCTTTCA
fimH-1 For: GCCAACGTCTACGTTAACCTG
Rev: ATATTTCACGGTGCCTGAAAA
mrkD For: CCACCAACTATTCCCTCGAA
Rev: ATGGAACCCACATCGACATT
arb For: TGGGGCAAAGAGGCGCTG GAG
Rev: CAGCCAGCGACACGGATTCTC
entB For: CTGCTGGGAAAAGCGATTGTC
Rev: AAGGCGACTCAGGAGTGGCTT
irP-1 For: TGAATCGCGGGTGTCTTATGC
Rev: TCCCTCAATAAAGCCCACGCT
traT For: GGTGTGGTGCGATGAGCACAG
Rev: CACGGTTCAGCCATCCCTGAG
AcrAB For: ATCAGCGGCCGGATTGGTAAA

Rev: CGGGTTCGGGAAAATAGCGCG
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primer, and 10 pl of Mastermix containing cyber green,
which was performed on the ABI step one device United
States. The gmk (guanylate kinase) gene was also used as
an internal control. Relative expression of the studied genes
was measured using the AACT method. Then, Rest software
was used to calculate the amount of gene expression and
draw the relevant graphs. Finally, expression analysis was
performed by relative measurement of mRNA expression
compared to the standard strain of Klebsiella pneumoniae
(ATCC 25,923).

Cytotoxicity study

To determine the cytotoxicity of the samples (amikacin solu-
tion, niosome containing amikacin, and blank niosome) by
MTT [(3- (4, 5-dimethylthiazol-2-yl)-2, 5- diphenyl-tetrazo-
lium bromide] test, HFF cells (Human Foreskin Fibroblast
cell line) from Pasteur Institute of Iran were used. First, the
HFF cells were placed in a 96-well plate (10,000 cells per
well) containing RPMI-1640 complete medium at 37 “C (5%
CO2). The implanted cells were then exposed to different
concentrations of free and loaded amikacin in the niosome,
and after incubation, 20 pl of MTT solution (5 mg/ml) was
added to each well with PBS buffer. After 3 h of incubation,
the cell culture medium was replaced with 100 pl of DMSO,
and the adsorption rate of each well was determined with a
microplate reader (570 nm) (AccuReader, Metertech, Tai-
wan). The following formula also calculated the percentage
of cell viability:

Cell viability % =(0OD570 sample / OD570 control) *100.

Minimum inhibitory and bactericidal concentration
(MIC & MBC)

MICs (Minimum inhibitory concentrations) and sub-MIC
for studied Klebsiella pneumoniae strains exposed to free
amikacin and niosome containing amikacin were confirmed
using Clinical Laboratory Standard Institute (CLSI) broth
microdilution method (Wikler 2006).

In addition, to determine MBC (minimum antibacterial
concentration), 10 pl of each well was spread on Mueller
Hinton agar (HiMedia Pvt Ltd, India) and incubated at 37
°C overnight. Then, by counting the colonies, MBC was
reported as the lowest concentration of samples, resulting
in a 99.9% reduction in initial inoculations.

Statistical analysis

Statistical calculations of this study were performed by
SPSS software version 21. The one-way ANOVA was used
to analyze the Real-Time PCR data, and statistical signifi-
cance was considered P-value <0.05.

Results

Physicochemical characterization
of amikacin-loaded niosomes

In this study, the molar ratio of surfactant: cholesterol,
tween 60: span 60, and lipid content were considered inde-
pendent variables for optimizing responses (size, PDI, and
EE%). The observed optimal responses for the studied
independent variables were compared with the predicted
values in the models, and a statistically significant coef-
ficient has analyzed in the models.

The results presented in Table 4 show the values of the
responses after the experiment.

Particle size analysis

As shown in Table 4, the particle size of amikacin-loaded
niosomes ranged from 175.2 to 248.3 nm. According to
the reported results, the best model for nanoparticle size
was quadratic and statistically significant (p <0.05). The
model was considered significant since its p-value is below
0.05. Table 5 also presents the ANOVA analysis, show-
ing that independent variables B and C affect particle size
(» <0.05). Table 6 summarizes the response size regres-
sion analysis to fit the quadratic model.

The plots shown in Fig. 1 show the interactions of inde-
pendent variables (lipid content, the molar ratio of sur-
factant: cholesterol, and molar ratio of tween 60: span 60)
on particle size. As shown in Fig. 1, the amount of lipid
and the molar ratio of tween 60 to span 60 has a positive
effect on particle size, while the molar ratio of surfactant
to cholesterol has a negative effect.

Polydispersity index analysis

The polydispersity index (PDI) of amikacin-loaded
niosomes ranged from 0.142 to 0.379; as listed in Table 4,
the PDI statistical analyzes are presented in Tables 7 and
8. The response is polynomial and fitted to a quadratic
model. The data in Table 7 show the effect of independ-
ent variables on PDI, and Table 8 shows the correlation
of the PDI regression analysis summary with the quad-
ratic model. Based on the presented results, the significant
effect of B and C independent variables on PDI is evident
(p <0.05). In addition, the graphs in Fig. 2 confirm the
significant role of the molar ratio of surfactant: choles-
terol and the molar ratio of tween 60: span 60 on PDI,
which show a negative effect and a positive effect on PDI,
respectively.
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Table 4 Design of experiments

. Run  Levels of independent variables Dependent variables
using response surface
methodology (RSM) to Lipid, umol  Surfactant: choles- Span60:Tween60,  Average PDI Entrapment
optimize the niosomal terol, molar ratio molar ratio size (nm) efficiency (EE)
formulation of Amikacin (%)
1 1 -1 0 284.3 0.319 5734
2 0 1 -1 209.5 0.287  52.25
3 -1 1 0 207.4 0.142  53.23
4 0 0 0 189.2 0.159  57.42
5 1 0 -1 197.4 0.253  58.24
6 0 0 0 183.5 0.184  56.49
7 0 0 0 175.6 0.166  54.3
8 0 -1 1 280.4 0.379  54.85
9 -1 0 -1 175.2 0.188  53.12
10 -1 -1 0 248.9 0291  55.79
11 0 -1 -1 220.6 0.334 4941
12 1 0 1 271.4 0369 67.23
13 1 1 0 182.3 0.157  62.75
14 0 1 1 232.4 0283  64.49
15 -1 0 1 2429 0.315 60.21
Table 5 Analy‘sis of Variar.lce Source Sum of squares Degree of Mean square F-value P-value Evaluation
for the quadratic polynomial freedom
model for size
Model 18,775.78 9 2086.20 6.43 0.0271 Significant
A 465.13 1 465.13 1.43 0.2849
B 5130.85 1 5130.85 15.81 0.0106
C 6294.42 1 6294.42 19.39 0.0070
AB 915.06 1 915.06 2.82 0.1540
AC 9.92 1 9.92 0.031 0.8681
BC 340.40 1 340.40 1.05 0.3528
A2 1064.46 1 1064.46 3.28 0.1299
B"2 3543.54 1 3543.54 10.92 0.0214
Ccn2 1783.69 1 1783.69 5.50 0.0660
Table 6 S}lmmary résults Quadratic model R? Adjusted R? Adeq Precision SD %CV Lack of fit
of regression analysis for
responses size, for fitting to 09204  0.7772 7.856 1802 8.19 0.0850

quadratic model

Regression equations of the fitted model: Particle Size = +182.77 +7.62x A —25.33 x B +28.05%x

C—1512Xx A X B+157x A x C=922%x B x C+16.98x A?+30.98 x B> +21.98 x C?

Entrapment efficiency analysis

The entrapment efficiency (as mentioned before) for syn-
thesized formulations was specified by determining the
amount of non-entrapped amikacin and amikacin trapped
in the niosomes by the ultrafiltration method.

Based on Table 4, the percentage of entrapment effi-
ciency for the prepared formulations is 49.41-67.23%.

@ Springer

In addition, the results in Table 9 report that all three
independent variables (lipid content, the molar ratio of
surfactant: cholesterol, and the molar ratio of tween 60:
span 60) have a significant effect on EE% (p <0.05). The
fitted model was statistically significant (p value <0.05).
Table 10 also illustrates the regression equation for EE%.
As shown in Fig. 3, the graphs confirm the significant and
positive effect of lipid content, the molar ratio of tween
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Fig. 1 Box—Behnken method for average diameter as a function of the parameters

Table 7 Analysis of variance

: . Source  Sum of squares Degree of freedom Mean square F-value P-value Evaluation
for the quadratic polynomial
model for PDI Model ~ 0.085 9 9.419E-003 4.86 0.0481 Significant
A 3.281E-003 1 3.281E-003 1.69 0.2498
B 0.026 1 0.026 13.30 0.0148
C 0.010 1 0.010 5.21 0.0714
AB 4.225E-005 1 4.225E-005 0.022 0.8883
AC 3.025E-005 1 3.025E-005 0.016 0.9054
BC 6.003E-004 1 6.003E-004 0.31 0.6017
AN2 3.019E-004 1 3.019E-004 0.16 0.7093
B"2 8.700E-003 1 8.700E-003 4.49 0.0876
cn2 0.039 1 0.039 20.05 0.0065
Table8 Summary results of Quadratic model R? Adjusted R? Adeq precision SD %CV Lack of fit

PDI regression analysis, for
fitting to quadratic model 0.8957 0.7130 7.563 0.044 17.25 0.0511

Regression equations of the fitted model: PDI = +0.170 + 0.020 X A —0.057 x B +0.036 x C — 3.250E — 003%
A X B —2750E—-003x A x C —0.012x B x C+9.042E — 003 x A%+ 0.049 x B?+ 0.100 x C?
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0
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C: Span 60: Tween 60 (molar ratio)

Fig.2 Box—Behnken method for PDI as a function of the parameters

Table 9 Analysis of variance
for the quadratic polynomial
model for EE

Table 10 Summary results
of EE regression analysis, for
fitting to quadratic model

60 to span 60, and the negative and significant effect of
the molar ratio of surfactant: cholesterol, respectively.
The regression analysis results of different responses to
check the model's validity for predicting responses show

@ Springer

Source Sum of squares Degree of Mean square F-value P-value Evaluation
freedom
Model 311.54 9 34.62 10.07 0.0102 Significant
A 67.34 1 67.34 19.59 0.0069
B 29.38 1 29.38 8.55 0.0329
C 142.47 1 142.47 41.45 0.0013
AB 15.88 1 15.88 4.62 0.0843
AC 0.90 1 0.90 0.26 0.6302
BC 11.56 1 11.56 3.36 0.1261
AN2 29.55 1 29.55 8.60 0.0326
B"2 9.71 1 9.71 2.82 0.1537
cn2 2.37 1 2.37 0.69 0.4441
Quadratic model R? Adjusted R? Adeq precision SD %CV Lack of fit
0.9477 0.8536 10.888 1.85 3.24 0.4126

Regression equations of the fitted model:EE = +56.07 +2.90 X A+ 1.92x B +4.22x C+ 1.99x
AXB+047x Ax CL70x B x C+283%x A>—1.62x B> +0.80 x C?

a logical agreement between R2 and R2 (Tables 6, 8, 10).
Also, sufficient accuracy for all responses is more than 4,
which indicates a suitable signal-to-noise ratio (Shaker
et al. 2015).



World Journal of Microbiology and Biotechnology (2022) 38:230

Page90of18 230

l)ﬂlp—l I.m' - 'O &‘.wmc 70 v - - 70 _’ - - - o
Factor Codmg: Actual
EE (%)
® Desian Pois 65 65 -
~— 95% CI Bands ~ o~
g @ ~ g 60
g e = g
Actual Factors 55 4 ——— — 55| R =
A: Lipid = 0 : o E
B: Smfactant: Cholkesterol = 0 50 son
C: Span60- Tween60 = 0 : 50
45 45
T T T T T T T T L] T
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
A: Lipid (umol) B: Surfactant: Cholesterol (molar
ratio)
70 -
= 654
X
=
= 60 e
55 ozt
50 |
45 |
T T T T T
-1 -0.5 0 0.5 1

C: Span 60: Tween 60 (molar ratio)

Fig. 3 Box-—Behnken method for encapsulation efficiency (EE) function of the parameters

Data optimization

For data optimization, the effect of independent variables
(lipid mmol, the molar ratio of surfactant: cholesterol,
and molar ratio of span 60: twin 60) on physicochemical
properties of amikacin loaded niosome and the effect of
the specified variables on size, polydispersity index (PDI),
and entrapment efficiency percent (EE%) by using Design-
Expert 7.0.10 software (Stat-Ease Inc., USA) was done. The
optimal formulation with the smallest size and PDI range
with the highest EE% was selected to continue the studies.

According to the optimal conditions for the responses, the
optimal performance of the conditions for all three responses
was reported to be about 0.821, which was acceptable and
indicated the validity of the experimental design method
used. Optimal conditions were determined by consider-
ing the minimum particle size, limited PDI, and maximum
entrapment efficiency. As a result, optimal formulations were
synthesized (Table 11). The particle size, PDI, and EE were
196.26 nm, 0.184, and 64.27%, respectively. The observed
responses from the experimental data were proportional to
the predicted responses, and no significant differences were
observed. Therefore, the optimized formulation was used for
subsequent experiments (Table 11).

Table 11 The optimized responses obtained by Box-—Behnken
method and the experimental data for the same responses under the
optimum conditions

Parameter Predicted by Box— Experimental data
Behnken

Average size (nm) 196.269 178.27+8.19

PDI 0.184 0.156+0.011

Entrapment efficiency 64.270 61.44+0.69

(EE) (%)

Morphology of optimized niosomes encapsulated
amikacin

As Fig. 4 shows, the morphological study and size distribu-
tion of the optimized niosome synthesized was performed
by scanning electron microscopy (SEM) and dynamic light
scattering (DLS), respectively. The image obtained from the
synthesized niosomes shows a spherical and uniform mor-
phology with a smooth surface. The diameter of niosomes
was less than 40 nm, and there was also no accumulation in
the synthesized and prepared niosomes.
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Fig.4 Morphological determination of optimized formulation. A SEM (Scanning electron microscopy), B dynamic light scattering (DLS)

Fourier Transform Infrared (FTIR) analysis

FTIR analysis was used to confirm the presence of ami-
kacin in the structure of the niosome containing amika-
cin. Figure 5a shows the FTIR spectrum of Tween 60,
and several specific peaks in this spectrum are observ-
able, including C-O stretching at 1117 cm™!, C=0
stretching at 1730 cm™!, C—H stretching in the region of
2860-3907 cm™~!, and the OH stretching at 3452 cm™".
Figure 5b demonstrates the FTIR spectrum of Span 60.
The spectrum's bands can be assigned to C—O stretching
at 1162 cm™!, C—H stretching at 2852-2917 cm™!, and
the OH stretching at 3400 cm~!. The FTIR pattern for
Cholesterol (Fig. 5c) demonstrates various characteris-
tic peaks, including C =0 stretching at 1717 cm™!, C—H
stretching in the region of 2800-2890 cm™', OH stretching
at 3398 cm™!, CH2 bending, and CH2 deformation in the
region of 1025-1364 cm™!, C—C stretching an aromatic
ring of 1455 cm™!, and the C =C stretching at 1664 cm™".
Figure 5d demonstrates the FTIR spectrum of the blank
niosome. This spectrum's bands can be assigned to C—O
stretching at 1110 em™l, C=0 stretching at 1736 cm™!,
C—H stretching at 2858-2923 cm™!, and OH stretching at
3406 cm™!, and the aliphatic C-N stretching in the region
of 1000-1292 cm™!. Also, Fig. Se shows the FTIR spec-
trum of amikacin, and specific peaks in this spectrum are
observable, including N—H stretching in the region of
500-619 cm — 1, C—N stretching vibration at 1089 cm™!,
Amid I and II in the range of 1532 and 1624 cm™!, C—H
stretching in the range of 29000-3000 cm™' and Stretching
vibration of O—H and N-H at 3491 cm™". Eventually, with
the addition of amikacin to the niosome, an amide group
band appeared in the 1530 cm™' region. This displacement
was relative to the amikacin's amide, which could confirm
the presence of the drug amikacin in the structure of the
niosome. It was a link between the drug and the structure
of the niosome (Fig. 5f).
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In vitro drug release profile and kinetics studies

A dialysis membrane was used to assess the release rate
profile of amikacin. The results showed that in the first
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8 h, the highest release rate is visible, and then a slower
release occurs up to 72 h (Fig. 6). According to the results
presented in Fig. 6, amikacin loaded in the niosomes can
reduce the intensity of initial release and allow the drug
release process to be controlled compared to the solution
form of amikacin. On average, in the first 8 h, release for
free amikacin and amikacin loaded in the niosome was
reported to be 69% and 41%, respectively. Also, the release
rate of amikacin from the optimal formulation of niosome
for 72 h was 71% on average.

The release kinetic of amikacin from the niosome is
presented in Table 12. According to the data presented in
Table 12, the best kinetic model for free amikacin is First-
Order, which represents concentration-dependent release.
In addition, Korsmeyer-Peppas has been reported to have
the best release kinetics for niosome-containing amikacin
(Akbarzadeh et al. 2021).

120- -+ Free Amikacin (AMK) - Nio- AMK
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Fig.6 In vitro drug release profile of amikacin from Niosome at
37°C

Physical stability studies for amikacin loaded
hiosome

This study was performed by measuring the characteristics
of niosomes, including size, PDF, and entrapment efficiency.
As shown in Fig. 7, the synthesized niosomal formulations'
stability was analyzed at 0, 14, 30, and 60 days at 4 +2 and
25+2 °C. The presented results confirm that over time (for
two months), the size and PDI for niosomes increase sig-
nificantly (p <0.05) while the percentage of entrapment
efficiency decreases significantly (p <0.05). However, this
process occurs more slowly at 4+2 “C compared to 25 +2
°C. Therefore, according to Fig. 7, the formulations stored
at 4 +2 °C showed better stability compared to 25+ 2 C.

Anti-biofilm Activity

The results of biofilm formation in the studied strains of
K. pneumoniae bacterium by microtiter method are shown
in Fig. 8. The results of this test show that the formation
of biofilm in MDR K. pneumoniae strains treated with
niosome-containing amikacin is significantly lower than in
the pathogenic strains treated with free amikacin (Fig. 9)
(***p<0.001).

PCR amplification of biofilm-related genes

Figure 10 shows the results of PCR amplification of biofilm-
related genes in MDR K. pneumoniae strains. PCR ampli-
fication of genes yielded an amplicon of 385 bp, 180 bp,
312 bp, 288 bp, 636 bp, 266 bp, 238 bp, and 535 bp for
entb, FimH, AcrAB, traT, arb, mrkD, irp-1, rmpA genes,
respectively.

mrkD gene expression
The results reported in Fig. 11 show that the mrkD mRNA

expression level in the studied strains was significantly
reduced after treatment with niosome-containing amikacin

Table 12 The kinetic release

Release model Equation R?
models and the parameters
obtained for optimum niosomal Nio-AMK Free Amikacin (AMK)
formulation
(pH 7.4-37 °C) (pH 7.4-37 °C)
Zero-order C,=Cy+Kt R%2=0.7724 R?=0.6473
Korsmeyer-Peppas* M/M=K" R%2=0.9361 R%2=0.8786
n=0.5033* n=0.4395%
First-order LogC=LogC0+K,/2.303 R%=0.8632 R2=0.9487
Higuchi Q=Ky /1 R*=0.9102 R*=0.8153

*Diffusion or release exponent
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Fig.7 Stability of optimum amikacin loaded niosomes stored dur- » a ko
ing 60 days of storage at 4+2 °C and 25+2 °C, (¥*p-value<0.05,
*#p-value < 0.01, and ***p-value <0.001 -
p p ) 420 : - 40°C
N 360 i W 25°C

compared to free amikacin (***p <0.001). Decreased % *
expression of the mrkD gene in the presence of amikacin- ~ 300- x 3
loaded niosome indicates the proper functioning of the E . H
synthesized drug nanocarriers against biofilm structure 8 2404 *
formation. z

S 1804

7
Determination of MIC and MBC S 120-
The MIC and MBC for free amikacin and amikacin loaded 60-
in the niosome against MDR K. pneumoniae strains are pre-
sented in Tables 13 and 14. Examining the results presented 0-
in Tables 13 and 14 confirms that amikacin loaded in the 0 14 30 60
niosome is more potent than free amikacin. Therefore the Time(day)
MIC values of encapsulated amikacin were lower than the koK
free amikacin. The MIC values decreased from 100/50 4+ 0.0 b
to 12.5/6.25+0.0 and the 25/12.5+0.0 to 3.125/1.56 0.0
in the presence of amikacin loaded niosome. Also, the 0.5 % B 4°C

*

Polydispersity index (PDI)

%
MBC values have been reduced from 200/100 + 0.0 to M 25°C
25/12.5+0.0 and 50/25+0.0 to 3.125/1.56 + 0.0 due to nio- 0.4 .
some containing amikacin. % x
*
Cytotoxicity study g 031 . x
*

Cell viability was assessed at different concentrations of 0.2-
free amikacin and amikacin-loaded niosome in HFF cells .
(Fig. 12). The results show that the cytotoxicity induced by
amikacin-loaded niosome is significantly less than the cyto- 0.1
toxicity of free amikacin (***p <0.001, **p <0.01). In addi-
tion, no significant toxicity resulted from cell treatment with 0.0-

0 14 30

empty niosomes. The nontoxic effects of the free niosomes 60
and amikacin-loaded niosomes on HFF cells viability in all Time(day)
concentrations were the same as previously reported (Piri- C

Gharaghie et al. 2022). 100+

k

Discussion 807 | | ko
| | W 4°C
*
*
*
30

EE (%)
*

Klebsiella pneumoniae can lead to pneumonia in hospital- 60- * % 3 M 25°C
ized patients and people with weakened immune systems = ::
(Aris et al. 2020) (Bandick et al. 2020) (Marsot et al. 2017). 404
One of the antibiotics used to treat drug-resistant bacteria
is amikacin because it can escape the attack of antibiotic-
inactivating enzymes responsible for antibiotic resistance in 20+
bacteria. The effectiveness of amikacin against Klebsiella
pneumonia increased dose-dependent manner (Singla et al. 04

2013). Therefore, various nanostructures were designed to 0 14 60
increase amikacin penetration into bacterial cells. .
. e . o Time(day)
The different amikacin- nanoparticles with different struc-
tures have been reported. The encapsulating of amikacin
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Fig.9 Anti-biofilm activity of optimum prepared niosome encap-
sulated amikacin using microtiter plate. The biofilm formation was
quantified for each bacterial strain, and 200 pl of bacterial suspension
was added to each well of 96 well plates, of which three wells were

by using low-molecular-weight poly(lactic acid) (PLA) and
poly(lactic acid-co-polyethylene glycol) (PLA-PEG), both
supplemented with poly(vinyl alcohol) (PVA), was reported
that the particle size was <30 pm for long term release the
MBC, MIC and, cytotoxicity was not determined (Glinka
et al. 2021). Another amikacin- nanoparticle is the combi-
nation of gold nanostars (GNS) and amikacin, in which it is
the minimum inhibitory concentration (MIC), and minimal

B3 treatment with free amikacin

R
&
had

K. pneumoniae strains

# Without treatment EA treatment with free amikacin

treatment with amikacin loaded niosome

0.9
0.8

0.7

Biofilm formation (OD 570)

N I I L. A G T A

assigned to treating amikacin, three wells for treating amikacin- noi-
some, and three wells for positive control without treatment. Three
wells contain only 200 pl broth media culture as negative control
wells. (¥p-value < 0.05, **p-value <0.01, and ***p-value <0.001)

bactericidal concentration (MBC) were 80 and 160 uM of
GNS for all strains, respectively (Aguilera-Correa et al.
2022). Another is that coated gold nanoparticles reported
that their binding to amikacin was mediated by trisodium
citrate, polyvinylpolypyrrolidone, and Tween 20. Antibac-
terial activity has been studied in the zone of inhibition
against Gram-positive (S. aureus) and Gram-negative (E.
coli) bacterial strains. For E. coli, the zone of inhibition was
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Table 13 MIC and sub-MIC values of Amikacin and noisome encap-

sulated Amikacin against K. pneumoniae strains

K.P Strain no

MIC/sub-MIC values

of free amikacin

MIC/sub-MIC values of
amikacin loaded niosome

12
13
18
24
29
33
38
51
53
58
67
73
79
84
88
89
91
96
97

100/50+0.0
12.5/6.25+0.0
25/12.5+0.0
50/25+0.0
25/12.5+0.0
50/25+0.0
50/25+0.0
25/12.5+0.0
100/50+0.0
25/12.5+0.0
50/25+0.0
25/12.5+0.0
25/12.5+0.0
25/12.5+0.0
50/25+0.0
25/12.5+0.0
25/125+0.0
100/50+0.0
25/12.5+0.0
50/2.5+0.0

25/12.5+0.0
3.125/1.56+0.0
12.5/6.25+0.0
6.25/3.125+0.0
3.125/1.56+0.0
6.25/3.156+0.0
12.5/6.25+0.0
6.25/3.125+0.0
12.5/6.25+0.0
3.125/1.56+0.0
6.25/3.125+0.0
12.5/6.25+0.0
6.25/3.125+0.0
6.25/3.125+0.0
3.125/1.56+0.0
3.125/1.56+0.0
12.5/6.25+0.0
25/12.5+0.0
6.25/3.125+0.0
3.125/1.56+0.0

Table 14 MBC and sub-MBC values of Amikacin and noisome

encapsulated Amikacin against K. pneumoniae strains

K.P Strain no

MBC/sub-MBC

values of amikacin

MBC/sub-MBC values of
amikacin loaded niosome

12
13
18
24
29
33
38
51
53
58
67
73
79
84
88
89
91
96
97

200/100+0.0
25/12.5+0.0
25/12.5+0.0
100/50+0.0
50/25+0.0
50/25+0.0
100/50+0.0
50/25+0.0
200/100+0.0
50/25+0.0
100/50+0.0
50/25+0.0
50/25+0.0
25/12.5+0.0
100/50+0.0
50/25+0.0
50/25+0.0
100/50+0.0
50/25+0.0
100/50+0.0

50/25+0.0
6.25/3.125+0.0
25/12.5+0.0
12.5/6.25+0.0
3.125/1.56+0.0
6.25/3.125+0.0
25/12.5+0.0
12.5/6.25+0.0
25/12.5+0.0
6.25/3.125+0.0
12.5/6.25+0.0
25/12.5+0.0
12.5/6.25+0.0
12.5/6.25+0.0
6.25/3.125+0.0
3.125/1.56+0.0
25/12.5+0.0
50/25+0.0
12.5/3.125+0.0
6.25/1.56+0.0

enhanced from 8 to 13 mm, at 0.5 mM concentration. The
AuNPs alone had no inhibitory effect on bacterial growth
(63 pg/ml) (Kaur and Kumar 2022). The poly d, 1-lactide-
co-glycolide (PLGA)- amikacin for oral administration was
synthesized, and their size was 260.3 nm. The MIC was
reported 33.94 +0.98% within 1 h, but the tested microbial
strains did not mention(Sabaeifard et al. 2016).

The combination of amikacin and the silver nanoparti-
cles had a synergistic effect and demonstrated a decrease in
MIC to the half on all tested E.coli and Klebsiella isolates
(Desouky et al. 2020).

There is no evidence of cytotoxicity of the mentioned
amikacin -nanoparticles and their inhibitory concentration
on MDR Klebsiella pneumoniae. The niosomes are smaller
than the mentioned nanoparticles and less toxic due to the
nonionic surfactant with one hydrophobic tail (Bartelds et al.
2018) (Hajiahmadi et al. 2019).

In this study, the antibiotic amikacin was encapsulated
in synthesized niosomal nanocarriers. The presence of span
60 and Tween 60 in the structure of synthesized niosomes
creat stability and increases the entrapment efficiency of the
drug (Hajiahmadi et al. 2019) (Lee et al. 2005). The particle
size is the noteworthy feature in the efficiency of drug EE%
and releases from the niosome, and the amount of the nio-
some constituents, such as cholesterol, play a role (Akbari
et al. 2013). In a mixture, PDI represents a uniform size
of the particles, which varies in the range of 0-1, and the
particles of the same size are uniform. Therefore, homo-
geneous compounds have lower PDIs that are less prone
to aggregation. With probe ultrasound, we can reduce the
size and reach nano-sized niosomes (Pardakhty et al. 2007).
These features enhanced the entrance of amikacin into the
host cells and caused the accumulation of amikacin in the
phagosome, which changed the distribution of antibiotics in
the cells and reduced the amikacin cytotoxic effects in host
cells that our findings confirm these findings.

As Fig. 4 shows, the size of the synthesized niosomes
reported in the SEM image is smaller than the size obtained
from DLS. The difference in size is because the image
observed in SEM is for the dry and anhydrous sample, while
in DLS, the size of the nanoparticles is displayed along with
the surrounding water molecules and ions (Moghassemi
et al. 2015).

Examination of the amikacin release profile at 37 “C and
0-72 h from the optimal niosome formulation indicates
that the cumulative release is biphasic compared to free
amikacin. The initial and rapid phase of amikacin release
depends on the release of free amikacin or drug at the nio-
some surface, while the drug's passive and slow-release
phase is related to release through the niosome layers(Lee
et al. 2005). The mechanism of drug release is explained
based on the linear form of different kinetic models for
release data. An optimal kinetic model has a regression
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Fig. 12 Cell viability at dif-
ferent concentrations of free
amikacin and amikacin loaded
niosome in HFF cells
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coefficient close to 1. Table 12 presents the kinetic and
R2 data for each model and found that drug release is
controlled by diffusion and erosion mechanisms (Manosroi
et al. 2003). In addition, the measured n values indicate
the secretion of the drug by Fickian diffusion release. In
general, the evaluation of the amikacin release profile indi-
cates an improvement in the drug release rate by using
the niosome as the drug carrier, which also controls the
duration of the drug by reducing its side effects of the
drug(Cortesi et al. 2013).

Instability studies performed on optimal niosomal formu-
lations it was shown that in the first two weeks of storage,
the rate of change of size, PDI, and encapsulation efficiency
for niosomes was slow. The bilayer membrane motility
reduces at 4 “C in the niosome structure, but its size increases
over time due to the fusion and accumulation of vesicles
(Balasubramaniam et al. 2002). At high temperatures (25 ‘C)
compared to 4 “C, the possibility of lipid fluidization in the
vesicles' membrane is higher, leading to drug leakage. One
of the essential compounds in the stability of niosomes is
cholesterol, which can prevent membrane leakage (Fang
et al. 2001).

The lack of proper uptake of amikacin into Klebsiella
pneumonia was reported(Murray and Moellering 1982).
The improvement of the effectiveness of amikacin- noisome
against Klebsiella pneumonia confirmed the suggested possi-
ble mechanism of noisomes’ antibacterial effects, including:

(a) The niosomes fluidize the bacterial cell membrane and
increase membrane permeability to the drug.

@ Springer

I
12.5 25 50

Concentration(png/ml)

(b) The adsorption of the niosomes vesicles and drug trans-
fer enhance the antibiotic concentration in the bacterial
cells.

(c) The noisome positively charged vesicles are attracted
to the negatively charged bacteria and fusion between
the noisome vesicles and bacterial membrane.

(d) The niosomes reduce biofilm formation even at drug
concentrations much lower than the MIC due to the
reduced number of viable cells (Abdelaziz et al. 2015).

The proper performance of antibiotics can be reduced due
to the lack of proper penetration into bacterial cells. In this
study, an optimal niosomal formulation containing amikacin
was synthesized to evaluate the antibacterial and anti-biofilm
effects against K. pneumoniae drug-resistant strains, which
had a size of 178.2 nm, a PDI of 0.156, and EE% of 61.4.
The MIC and MBC showed that the antibacterial activity of
amikacin encapsulated in the niosome is much higher than free
amikacin, which is applied following a lower concentration of
the drug and therefore has fewer side effects. In studies on the
toxicity of free amikacin, niosomes containing amikacin, and
blank niosome, it was found that niosomes alone do not show
significant toxicity, so any antibacterial activity is related to
the presence of amikacin.

In this study, the expression of the mrkD gene of the studied
strains was significantly (***p <0.001) reduced in treated by
the niosome- amikacin, which indicates the inhibition of bio-
film formation in the bacterium (Fig. 10) (Jagnow and Clegg
2003).
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Conclusion

In this study, we synthesized niosomes containing amika-
cin. The optimized noisome-amikacin structure provides
stability and controls drug release for antibacterial func-
tion. The changed distribution of amikacin in the organelle
of host cells showed non-toxicity to the HFF cells and
simultaneously caused improved the uptake of antibiot-
ics by Klebsiella pneumonia. The penetrance of noisome-
amikacin into the bacterial cells significantly inhibited
biofilm-related gene expression in drug-resistant Kleb-
siella pneumonia. Therefore, these nanostructures can
treat chronic infections caused by drug-resistant Klebsiella
bacteria and improve treatment.
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