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a hematite nanotube and
tyramine-based drug carrier against drug-resistant
bacteria Klebsiella pneumoniae†
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M. F. H. Palash,c S. Akter,c N. Sakib,c A. Khaleque,ab D. Chakroborttyd

and M. Z. H. Khan *ab

In this study, hematite nanotube (HNT) and tyramine-based advanced nano-drug carriers were developed

for inhibiting the growth of Klebsiella pneumoniae (K. pneumoniae). The HNT was synthesized by following

the Teflon line autoclaved assisted hydrothermal process and tyramine was incorporated on the surface of

the HNT to fabricate the formulated nano-drug. The nano-drug was prepared by conjugating meropenem

(MP) on the surface of Tyramine-HNT and characterized using different techniques, such as scanning

electron microscopy (SEM), attenuated total reflection Fourier transform infrared (ATR-FTIR), etc.

Furthermore, the drug-loading efficiency and loading capacity were measured using a UV-vis

spectrometer. The pH, amount of Tyr, and HNT required for drug loading were optimized. A controlled

and gradual manner of pH-sensitive release profiles was found after investigating the release profile of

MP from the carrier drug. The antibacterial activity of MP@Tyramine-HNT and MP was compared

through the agar disc diffusion method which indicates that antibacterial properties of antibiotics are

enhanced after conjugating. Surprisingly, the MP@Tyramine-HNT exhibits a minimum inhibitory

concentration (MIC) and minimum bactericidal concentration (MBC) of K. pneumoniae lower than MP

itself. These results indicate the nanocarrier can reduce the amount of MP dosed to eradicate K.

pneumoniae.
1. Introduction

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative and
non-motile bacterium which belongs to the family of Enter-
obacteriaceae. Generally, K. pneumoniae is found in different
parts of the human body, such as the skin, mouth, intestines,
and respiratory tracts.1 But, it becomes dangerous when it
moves into other parts of body. It accounts for a signicant
proportion of hospital-acquired urinary tract infections, cystitis,
pneumonia, surgical wound from infections, and life-
threatening infections, such as endocarditis and septicemia.
It is also an important cause of serious community-onset
infections, such as necrotizing pneumonia, pyogenic liver
abscesses, endogenous endophthalmitis, septicemias, and so
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tissue infections. It has a high mortality rate of approximately
50% even with antimicrobial therapy.2,3 Pneumonia is a major
human health threat with a mortality rate approximately 50%
under the current antibacterial treatments.4 In Bangladesh, 1.4
million children under 5 years ght against pneumonia, and,
more than one child dies every hour. In the previous era, anti-
biotics specially carbapenem class beta-lactam antibiotic treat-
ment is the best way for pneumonia treatment but K.
pneumoniae is getting resistant to multiple antibiotics (third
and fourth-generation antibiotics) day by day.5 K. pneumoniae
becomes resistant to fourth-generation antibiotic carbapenem
by producing carbapenemase enzyme.6 So, it is important to
search for a new solution for the treatment of infectious
diseases which is caused by antibiotic-resistant bacteria. For
this purpose, researchers follow several strategies to solve the
problem, such as chemical modication of antibiotics by
cationic polymers, photothermal agents, proteins, antimicro-
bial peptides, and nanoparticles.7,8 Nowadays, nanomedicine is
becoming a promising strategy for the treatment of antibiotic-
resistant bacterial infections where nanoparticles or nano-
structure materials are working as antibacterial carriers or
carrier of antibacterial agents to enhance the effectiveness and
targeted delivery of antibiotics.9–12 Nanomaterials as an anti-
bacterial agent can bind the negatively charged membrane
RSC Adv., 2022, 12, 31497–31505 | 31497
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View Article Online
surface of bacteria and promotes the damage of cell
membrane.13 Nanomaterials as a carrier of antibiotic drugs or
drugs encapsulation with antibiotics are the most effective
strategy to enhance the eradication of bacteria and bioavail-
ability. The antibacterial activity and affinity to bacteria of drugs
enhances aer nanoparticle conjugation due to the higher
surface-to-volume ratio, effective surface modication, and
loading of drugs.14 The antibiotic resistance of bacteria to
antibiotic reduces aer conjugation of drugs with nano-
materials by projecting the drugs from different enzymatic
attacks. The release properties and bioavailability of drugs
become sustainable by enhancing the half-life of antibiotics
aer nanomaterial conjugation.15,16

Different nanoparticles, such as gold, silver, iron oxide,
silica, and zinc oxide nanoparticles, etc. are of growing interest
in application of bacterial infection treatment.17 Among them,
iron oxide is most widely used for the targeted delivery of
anticancer drugs and antibiotic.18,19 Hematite (a-Fe2O3) and
magnetite (Fe3O4) are the mostly available and inexpensive iron
oxide found naturally in iron ore.20 For this study, we choose
tube size hematite (HNT) particles delivery of meropenem to the
K. pneumoniae. The iron nano particle is the most preferable
nanoparticles used in nanomedicine due to its low toxicity and
high stability in aqueous solution.21,22 It is proposed that
different amino acid conjugated on the surface of a-Fe2O3

reduces toxicity of HNT and makes it's as more efficient for
targeted antibiotic delivery.23 For this reason, naturally occur-
ring trace amino acid tyramine was conjugated HNT to with
reduce the toxicity of HNT and effective encapsulation of MP.
The amine group of tyramine is easily conjugated with the
carboxylic group of antibiotics.

In this work, we produce MP conjugated nanodrug carrier
named MP@Tyramine-HNT for targeted antibiotic delivery to
eradicate K. pnumoniae. To prepare the carrier matrix, HNT was
fabricated from FeCl3 by using Teon-line autoclave assisted
hydrothermal process and conjugated with tyramine to coat the
antibiotic MP. The conjugation and fabrication of HNT were
conrmed by eld emission scanning electron microscope
(FESEM) and annulated total reectance Fourier transforms
infrared (ATR-FTIR). Finally, the antimicrobial properties of the
conjugated drug were evaluated through performing minimum
inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) against K. pneumoniae.
2. Materials and methods
2.1 Chemicals and reagents

In this work, ferric chloride (FeCl3), ammonium dihydrogen
phosphate (NH₄H₂PO₄), sodium sulphate (Na2SO4), and sodium
Chloride (NaCl) were purchased from Merck (India). Tyramine
was bought from Aladdin Reagent Ltd. (China). The antibiotic
Meropenem (MP) was supplied from local pharmaceutical
company (ACI Ltd.). Ultrapure water (prepared by using Evoqua
(Germany)) was utilized for preparing all kinds of solutions.
McConkey Agar andMueller Hinton Agar were used in this work
were purchased respectively from Oxoid (UK). Mueller Hinton
31498 | RSC Adv., 2022, 12, 31497–31505
broth and Tryptiocase-Soy broth were bought from Himedia
(India).

2.2 Instruments

The surface morphology of nanoparticles and drug carriers was
investigated by using a ZEISS GeminiSEM 500 eld emission
scanning electron microscope (FE-SEM). The interaction
between nano-carrier and antibiotic was conrmed by per-
forming a Fourier transforms infrared (FTIR) spectroscopy
analysis by using NICOLERT iS20 ATR-FTIR. Shimadzu lab
solution UV-VIS (UV-1900i) were utilized for investigating drug
loading efficiency, Antibiotic loading capability and release
prole of MP.

2.3 Synthesis of hematite nano-tube structures

Hematite nano-tube (HNT) structures were synthesized by
following the similar technique as reported previously.24 In
short, aqueous solutions of 3.20 mL FeCl3 (0.5 mol L−1),
0.90 mL NH4H2PO4 (0.04 mol L−1), and 1.10 mL Na2SO4 (0.04
mol L−1) were mixed vigorously. Tomaintain the total volume to
80 mL, required amount of ultra-pure water was added. Then
the mixture was placed into a Teon-lined stainless-steel auto-
clave with a capacity of 100 mL for hydrothermal treatment at
200 °C for 24 hours aer being stirred for 20 minutes. The
autoclave spontaneously cooled at room temperature. The
precipitates were separated by centrifuging and washed the
precipitates with distilled water and absolute ethanol to remove
unreacted substance and dried at a temperature of 80 °C.

2.4 Preparation of HNT-Tyramine and MP@Tyramine-HNT

At rst, 15 mg of HNT and 7.5 mg of Try were dispersed indi-
vidually in 5ml normal saline (0.85 percent NaCl) to make 10ml
Tyramine-HNT solution. Each solution was ultrasonicated for
30 minutes and then magnetically stirred for 1 hour. The
solution was mixed and continuously stirred at room tempera-
ture for 6 hours with a magnetic stirrer to produce Tyramine-
HNT.

To fabricate MP@Tyramine-HNT, 500 mg of MP was dis-
solved in 10 mL normal saline to make a 50 mg mL−1 MP stock
solution, which was magnetically stirred to ensure homoge-
neity. An aliquot of the needed volume MP was added to the
Tyramine-HNT solution and stirred for 1 hour in a magnetic
stirrer to make MP@Tyramine-HNT where MP concentration
reached 10 mg ml−1. The step-by-step procedure for fabrication
of MP@Tyramine-HNT is shown in Scheme 1.

2.5 Antibiotic loading efficiency and encapsulation capacity
analysis

The MP loading efficiency of the nano-carrier and MP encap-
sulation efficiency was measured by following the similar
methods as reported previously.17 To access the loading effi-
ciency 10 mg of MP was loaded on the solution of nano-carrier at
different pH ranging 1.5 to 7.5. The drug loading efficiency was
determined by performing UV-Vis spectroscopy at the wave-
length of 340 nm and amount of drug loaded was calculated by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Systematic procedure for fabrication of HNT and MP@Tyramine-HNT.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
:1

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
using the eqn (1) and the calibration curve in Fig. S1.† Then, the
drug loading efficiency was calculated by following the eqn (2).
The antibiotic encapsulation capacity analysis was performed
by loading MP of different concentration of 10 mg to 80 mg at
a pH of 6.5 and amount of antibiotic encapsulated was calcu-
lated by following similar method to amount of drug loading
analysis.

Amount of MP loaded (mg) = mg of MP added – mg of MP found

in supernatant (1)

MP loading efficiency ¼ mg of MP loaded

mg of MP added
� 100% (2)
2.6 Antibiotic release prole analysis

The antibiotic release prole analysis was carried at different
pH (2.5, 7.4 & 9.0) by using UV-Vis spectrophotometer. For this
measurement, MP@Tyramine-HNT was prepared in PBS at
different pH as stated above. Then, the solution was placed in
water bath at 37 °C and 5 ml of supernatant of the solution was
withdraw from the mother solution. The amount of antibiotic
released was determined by taking UV-Vis spectroscopy at
a wavelength of 340 nm. Total amount of MP released from the
MP@Tyramine-HNT was calculated by subtracting amount of
MP in supernatant from amount of MP loaded with nanocarrier.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.7 Bacterial stain and cultivation

In this study, we have used meropenem sensitive Klebsiella
pneumoniae (ATCC 700603) strain. The ‘reference culture
collection’ of Department of Microbiology, Jashore University of
Science and Technology provided the stain. We have resusci-
tated it through inoculating 100 ml of glycerol broth stock
culture into 5 ml of trypticase soy broth. Aer incubation at 37 °
C for 24 hours it was cultured onto MacConkey agar media for
isolation. Pure discrete colonies of K. pneumoniae were screened
with microscopy and some biochemical tests to conrm the
identity and used for further work.

We have also used a meropenem resistance K. pneumoniae
strain isolated from water. For isolation, ten water samples was
collected from a river which ows across the city of Jashore
district. Sampling sites were selected from regions where
hospital effluents drain into the river. Water samples were
collected into equal volume of 2× concentrated MacConkey
Broth (OXOID, UK) incorporated withMeropenem antibiotic (25
mg L−1) for selective enrichment of resistant enterobacteriaceae.
Aer incubation at 37 °C for 24 hours, the enrichment cultures
were streaked onto MacConkey agar isolation and subjected to
different biochemical test, such as oxidase, catalase, glucose
and lactose fermentation by triple sugar iron agar test and
citrate utilization test for screening. Preliminarily selected
isolates were tested with API20E kit (Biomerieux, France) and
RSC Adv., 2022, 12, 31497–31505 | 31499
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Fig. 1 (A) SEM Of HNT, (B) MP@Tyramine-HNT and (C) FTIR spectra of MP, HNT, tyramine and MP@Tyramine-HNT.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
:1

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analyzed by epiweb database. From the isolates, a meropenem
resistant isolate was selected to include in this study.
2.8 Antibiotic susceptibility assay

2.8.1 Agar disc diffusion method. The antibiotic suscepti-
bility assay was accomplished through modied Kirby–Bauer's
disc diffusion method using Mueller-Hinton (MH) agar media
(OXOID, UK) according to the guideline of National committee
for clinical Laboratory Standards (NCCLS). Different concen-
tration of meropenem antibiotic (1, 5, 10 and 20 mg ml−1) alone
and in combination with 1.5 mg ml−1 Hematite nano tube and
0.5 mg ml−1 tyramine cross-linked nano carrier were used. The
meropenem resistance K. pneumoniae isolate were grown onto
MacConkey agar. A pure colony was inoculated in MH broth
(OXOID, UK) and incubated overnight. Bacterial suspension
preparation was accomplished by harvesting overnight grown
cultures at 10 000g and suspended into normal physiological
saline (0.85% NaCl). Turbidity of the bacterial suspensions were
adjusted with 0.5 MacFarland standard. Bacterial lawn was
prepared by using a non-absorbent cotton swab which was
31500 | RSC Adv., 2022, 12, 31497–31505
dipped into prepared bacterial suspension and then spread over
a Muller Hinton agar plate. 0.5 cm of blank antimicrobial
susceptibility discs are placed at different position on agar plate
maintaining a xed distance. Then the prepared antibiotic
suspensions were poured (with or without nanoparticles) on the
discs. The Petri plates were incubated at 37 °C for 18 hours.

2.8.2 Minimum inhibitory/bactericidal (MIC/MBC) anal-
ysis. For obtaining MIC (Minimal Inhibitory concentration) and
MBC (Minimal Bactericidal Concentration), eight different
concentrations (0.125 mg ml−1, 0.25 mg ml−1, 0.5 mg ml−1, 1 mg
ml−1, 2 mg ml−1, 4 mg ml−1, 8 mg ml−1, 16 mg ml−1 in media) of
antibiotic were prepared either alone or as conjugated with
nanocarrier. These conjugated and non-conjugated antibiotic
preparations were mixed separately into autoclaved Mueller
Hinton agar media and poured onto sterile Petri plate.
MP@Tyramine-HNT nano particles were colored dark red and
cloudy in nature; hence broth dilution method did not suite for
MIC assay. Bacterial suspension of K. pneumoniae (ATCC
700603) was prepared with normal physiological saline (0.85%
NaCl) adjusting a 0.5 MacFarland standard. The bacterial
suspension was diluted (10-fold) serially for eight times. 10 ml of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Effect of pH on drug loading, (B) drug loading capacity analysis per milligram of Tyramine-HNT and (C) pH dependent release profile of
MP@Tyramine-HNT (D) release profile of MP at 0 to 12 h.
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each diluted suspension were dropped onto drug incorporated
Mueller-Hinton agar plate and incubated at 37 °C for 18 hours.
Aer incubation the viable bacterial cell (CFU ml−1) was coun-
ted for obtaining MIC. To assess the MBC, six different
concentrations of antibiotic and conjugates were prepared as
above inMH broth. K. pneumoniae (ATCC 700603) suspension of
0.5 MacFarland standard was inoculated in the MH broth at 1 :
100 ratio and incubated overnight. The cultures were then
streaked on MH agar without any antibiotic/conjugate and
incubate overnight to observe the bactericidal effect at different
drug preparations.
3. Results and discussions
3.1 Surface topographical analysis of MP@Tyramine-HNT

The surface topographical analysis of MP@Tyramine-HNT was
investigated through the SEM and the surface chemistry was
conrmed through FTIR analysis. Fig. 1(A) shows the SEM
image of HNT which reveals nano size tube shape hematite (a-
Fe2O3) particles are synthesized successfully. The length of the
nanotube was approximately 200 to 300 nm and diameter of
nanotube was less than 100 nm. Fig. 1(B) the SEM image of
MP@Tyramine-HNT which represents the MP and tyramine
were successfully incorporated on the surface HNT. To conrm
the interaction of HNT, tyramine andMP, FTIR analysis of HNT,
MP, tyramine and MP@Tyramine-HNT were done as shown in
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 1(C). The transmittance peak due to Fe–O vibration in the
wavelength of 475 and 562 cm−1 is conrmed the presence of a-
Fe2O3. The FTIR spectra of tyramine represents different peaks,
such as 1417 and 1518 for tyramine oriented aromatic ring,
3333 cm−1 for –NH2 vibration and 3280 cm−1 for strong –OH
vibration.25 While the FTIR spectra of MP shows a sharp peak at
1735.62 cm−1 due to CO elongation of –COOH and pyrrolidine
ring of MP and at 665 cm−1 for exion OH in COOH. Aer
conjugation of MP, tyramine and HNT the peak at 1735.62 was
shi into 1741 and formed CONH bond between MP and tyra-
mine26 and unshied peak in 475 and 562 cm−1 reveals
successful incorporation of MP, tyramine and HNT.
3.2 Effect of pH on antibiotic loading

To examine the impact of pH on antibiotic loading efficiency,
antibiotic efficiency analysis at different pH were performed.
Fig. 2(A) shows drug loading efficiency of the surface of the
proposed carrier at different pH and maximum antibiotic
loading efficiency was observed at pH 6.5 that's means the nano
carrier conjugated highest amount of MP at this pH which can
be conrmed by observing the bipolar structure of MP. The
antibiotic MP has an isoelectronic point of 6.336 which reveals
carboxylic group of MP will be activated at a pH which is lower
than 6.336 and produced positive charge.17 The thiol group of
MP will be activated at a pH which is higher than the isoelec-
tronic point and formed negative charge. The maximum
RSC Adv., 2022, 12, 31497–31505 | 31501
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Fig. 3 Kinetics study of antibiotic release profile (0 to 12 h): (A) zero order kinetic (B) first order kinetic (C) Korsmeyer–Peppas kinetic and (D)
Higuchi kinetics.
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number of carboxylic and thiol group of MP will be activated at
pH 3.28 and 9.39 respectively. The probable cause of maximum
adsorption found at pH 6.5 (between pH 3.28 and pH 9.39) is
the better interaction between the –COOH group of MP and the
–NH2 group of due to the presence of a maximum number of
charge difference between them. The pH value greater than 6.5
and lower than 6.5, the electrostatic repulsion between MP and
tyramine become higher, so the drug loading efficiency getting
lower.
3.3 Antibiotic encapsulation capacity analysis

The total amount of antibiotic conjugated with Tyramine-HNT
was measured by performing UV-vis spectroscopy at
Table 1 The release rate constant (K) and regression coefficient (R2) val

Formulation pH

Zero-order Firs

K0 R2 K1

2.5 11.829 0.83 1.15
MP@Tyramine-HNT 6.5 6.011 0.94 1.12

9 10.586 0.84 1.27

31502 | RSC Adv., 2022, 12, 31497–31505
a wavelength of 340 nm. Fig. 2(B) shows the amount of antibi-
otic loaded per milligram (mg) of Tyramine-HNT and total mg of
MP loaded per mg of the nanocarrier was 81.2 ± 3 mg. The
amount of antibiotic loaded on the surface of nano-carrier was
increased with adding antibiotic but it became steady state aer
conjugating 81.2 mg. So, the antibiotic encapsulation capacity of
Tyramine-HNT was 81.2 mg per gram of nanocarrier.
3.4 Release prole analysis

To validify the practical application of Tyramine-HNT as an
effective drug delivery agent, release prole of MP from the
MP@Tyramine-HNT analysis is very important. For this case,
a release prole analysis had been carried out at different pH
ues of the different models

t-order
Korsmeyer-
Peppas Higuchi

R2 KKP R2 KH R2

4 0.87 1.124 0.93 −20.127 0.91
9 0.65 0.976 0.96 −21.704 0.99
7 0.72 1.069 0.93 −23.913 0.91

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of antibacterial properties of MP@Tyramine-HNT and MP (A) zone of inhibition analysis and (B) MBC and MIC analysis.
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(2.5, 6.5 and 9). Fig. 2(C) shows the pH dependent MP release
prole from the nanocarrier at 37 °C. Initially, a vast release rate
of MP was found at different pH. Almost 60 to 80% of MP was
released from the MP@Tyramine-HNT in the rst six hours at
different pH and total 82 to 91%MP was released aer 12 hours
which is shown in Fig. 2(D). The release prole of MP revealed
the dose of required to eradicate bacteria reduced and one dose
of MP@Tyramine-HNT can kill the sufficient amount of K.
pneumoniae in a day. The amount of MP released from
MP@Tyramine-HNT was slower at pH 6.5 than higher and lower
pH that means MP@Tyramine-HNT follows a pH-dependent
release pattern. In acidic and basic condition, the antibiotic
releasing rate was higher than that of pH 6.5 and almost 92.7%
and 91.2% MP were released over 72 h releasing periods. The
probable reason for this fast release pattern will be the loos-
ening of the graed MP@Tyramine from HNT bonding.

The suitable release kinetic model of MP from
MP@Tyramine-HNT was investigated by tting the antibiotic
release data in different kinetic models, such as zero-order, rst
Table 2 The comparison of antibacterial properties against different ba

Carrier matrix Targeted bacteria Antibiotic

Ant

MIC

ZnO/L-Cys Salmonella typhimurium Ceizoxime 5

GO@CoFe2O4@Ag Escherichia coli,
Staphylococcus aureus

Ciprooxacin 1.2

Amine
functionalized
ZnO

Escherichia coli,
Staphylococcus aureus,
Klebsiella sp.

Ciprooxacin 10

FAuNPs Staphylococcus aureus, K.
pnumoniae, Escherichia
coli

Levooxacin,
Ciprooxacin,
Ciprooxacin

0.5

Fe3O4@BSM Escherichia coli,
Staphylococcus aureus,
Salmonella typhimurium

Cephalexin —

Tyramine-HNT K. pnumoniae Meropenem 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
order, Korsmeyer–Peppas and Higuchi kinetics models. Fig. 3
represents the different kinetic models for analysis of kinetic
tting and the kinetic rate constant (K) and correlation coeffi-
cient (R2) are listed in Table 1. The Table 1 reveals the release
pattern follows the Higuchi kinetic model for releasing MP from
MP@Tyramine-HNT.
3.5 Antimicrobial activity of hematite/Tyramine-MP
conjugated antibiotic

3.5.1 Zone of inhibition analysis. The antibacterial activity
of both nanocarrier conjugated meropenem and antibiotic
alone was estimated for resistant K. pneumonia. The highest
zone of inhibition was observed at the highest meropenem
concentration, 20 mg ml−1 used in the study. The nanocarrier
conjugated meropenem produced a higher zone of inhibition
for K. pneumoniae than the antibiotic alone at the same
concentration (Fig. 4A). As seen in Fig. 4A, MP@Tyramine-HNT
had been provided an inhibition zone for 1 mg ml−1 where MP
had not. The zone of inhibition of the HNT-Tyramine were also
cteria and the release profiles

ibacterial properties Release prole

Ref.(mg ml−1) MBC (mg ml−1)
Percentage
release over 24 h

Release
kinetics

— 86.7% Korsmeyer–
Peppas

17

5, 2.5 1.25, 2.5 43% — 27

— — — 28

62, 0.281, 0.281 0.281, 0.14, 0.562 — — 29

— 80% Pseudo rst
order

30

0.5 85.2% Higuchi This
work
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investigated but no bacterial zone of inhibition was observed.
The resistant strain was thus omitted for further MIC or MBC
assays.

3.5.2 Minimum inhibitory/bactericidal concentration. The
MP@Tyramine-HNT enhanced the therapeutic efficiency of
meropenem by eight times as observed in Minimum Inhibitory
Concentration (MIC) assay on MH agar plate. Comparison of
therapeutic efficiency of MP against K. pneumoniae in term of
MIC and MBC was shown in Fig. 4B. MIC of MP@Tyramine-
HNT was found to be 1 mg ml−1, where meropenem alone
inhibited at 8 mg ml−1 concentration. In the test for Minimum
Inhibitory Concentration (MBC) in broth dilution method, the
result was the mimics observation of MIC. MBC of
MP@Tyramine-HNT was found to be 0.5 mg ml−1, where for
meropenem alone it was 8 mg ml−1. Table 2 shows comparison
of antibacterial properties and antibiotic release activities of
different nanocarrier matrix where the proposed nano drug
carrier exhibits better properties than as reported previously.
4. Conclusion

Nano drug delivery system is one of most promising way to
address the disadvantage of conventional antibiotic base
treatment strategy. In the present study, HNT and tyramine
based an advanced nanodrug carrier had been fabricated and
the fourth-generation beta lactam antibiotic conjugated with
the nanocarrier. The conjugation of HNT, tyramine and MP
were conrmed by different surface topographical analysis,
such as SEM, ATR-FTIR. The amount of drug loading and drug
loading efficiency of the nanocarrier drug was calculated by
using UV-vis spectroscopy which reveals the nanocarrier
capture the highest amount of MP at pH 6.5. The proposed
nanocarrier showed lower MIC and MBC than the antibiotic
only that's means the therapeutic efficiency of MP had been
enhanced aer conjugation with the drug carrier. The proposed
nanodrug exhibited a pH sensitive release prole and controlled
release manner in neutral pH. Thus, the as prepared nano-
carrier will be a promising alternative of the conventional
pneumonia treatment.
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