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Introduction
Nanomaterials are compounds of interest in numerous fields, including physics and
chemistry, because the reduced dimension of a solid material (such as a particle, grain,
tube, etc) leads to novel, unexpected physical and chemical properties that differ from
that of the corresponding bulk material.1 The foundation of these unexpected properties
is due to the large surface-to-volume ratio of these nanoparticles, compared to their
micron equivalents.2 Iron oxide nanoparticles (for example, magnetite or Fe3O4) are an
example of an ultra-small nanomaterial, which are beginning to revolutionize science.3
In addition, iron oxide nanoparticles are promising candidates for drug delivery,4 contrast
enhancers in magnetic resonance imaging (MRI) medical diagnostics,5 and are promising antimicrobial agents to combat bacteria resistant to conventional antibiotics.6
Infections caused by antibiotic resistant microorganisms are increasing globally,
reaching epidemic proportions.7 Antimicrobial resistance to various classes of antibiotics
is on the rise, with the emergence of multiple drug resistance among different microorganisms raising great concern in clinical settings.8,9 The escalating rate of microbial
resistance to several different classes of antimicrobial agents raises significant global
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Abstract: magnetic nanoparticles (MNPs) were synthesized by the coprecipitation of Fe2+ and Fe3+
iron salts in alkali media. MNPs were coated by chitosan (CS) to produce CS-MNPs. Streptomycin
(Strep) was loaded onto the surface of CS-MNPs to form a Strep-CS-MNP nanocomposite. MNPs,
CS-MNPs, and the nanocomposites were subsequently characterized using X-ray diffraction and
were evaluated for their antibacterial activity. The antimicrobial activity of the as-synthesized
nanoparticles was evaluated using different Gram-positive and Gram-negative bacteria, as well
as Mycobacterium tuberculosis. For the first time, it was found that the nanoparticles showed
antimicrobial activities against the tested microorganisms (albeit with a more pronounced effect
against Gram-negative than Gram-positive bacteria), and thus, should be further studied as a novel
nano-antibiotic for numerous antimicrobial and antituberculosis applications. Moreover, since
these nanoparticle bacteria fighters are magnetic, one can easily envision magnetic field direction
of these nanoparticles to fight unwanted microorganism presence on demand. Due to the ability
of magnetic nanoparticles to increase the sensitivity of imaging modalities (such as magnetic
resonance imaging), these novel nanoparticles can also be used to diagnose the presence of such
microorganisms. In summary, although requiring further investigation, this study introduces for
the first time a new type of magnetic nanoparticle with microorganism theranostic properties as a
potential tool to both diagnose and treat diverse microbial and tuberculosis infections.
Keywords: iron oxide nanoparticles, chitosan, streptomycin, Mycobacterium tuberculosis,
antimicrobial activity
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concerns for health care and public health practitioners.10
There are looming bacterial outbreaks due to pandrug-resistant pathogens that may cause fatal infections among humans
and animals. Nano-antibiotics are novel drug candidates of
promise to combat both microbial infections and the increased
bacterial resistance to antibiotics. Nano-antibiotics provide
efficient anti-infective agents for biomedical and therapeutic
applications. Nano-antibiotics are considered a potential treatment option to control infectious diseases and to reduce the
overwhelming microbial resistance prevalent nowadays.11,12
During the past decades, new infections have emerged, and
older infections previously thought to be controlled have
re-emerged; hence, infectious diseases continue to be one of
the greatest health care challenges worldwide. Numbers of
multidrug-resistant bacteria are rising steadily, and the current pool of antimicrobial agents is becoming less efficient
in combating resistant microbes.13
Previously, streptomycin (Strep)–chitosan (CS) magnetic
nanocomposites were developed by this research group,
and they were characterized by determining preliminary
antibacterial activity.14 However, in the present study, we
expand on such results and show for the first time potential
anti-tuberculosis (anti-TB) activity. Since the placement of
magnetic nanoparticles (MNPs) can be controlled through a
magnetic field, and their presence identified via MRI, such
an approach offers incredible promise for the development of
unique theranostic tools (that is, an approach that can allow
simultaneous diagnosis and treatment of microorganisms)
for microbial infections.

Materials and methods
Reagents and chemicals
All chemicals used were of analytical reagent grade and were
used without further purification. CS (low molecular weight,
deacetylation 75%–85%) was purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Ferric chloride (FeCl3⋅6H2O)
with 99% purity and ferrous chloride (FeCl2⋅4H2O) (.99%
purity) were obtained from Merck KGaA (Darmstadt, Germany), sodium hydroxide (28% purity), and Strep sulfate
were obtained from Sigma-Aldrich. An acetic acid solution
(99.8% purity) was purchased from Hamburg Industries Inc
(Hamburg, Germany). All aqueous solutions were prepared
using deionized water.

Synthesis of bare, CS-coated MNPs
and Strep-loaded CS-coated MNPs
The syntheses of bare, CS-coated MNPs (CS-MNPs) and
streptomycin-loaded, CS-coated MNPs (Strep-CS-MNPs)
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were based on a previously reported method.14,15 The
method involves co-precipitation of Fe 2+ and Fe3+ iron
salts in aqueous solution by adding sodium hydroxide
(2 M). In brief, 2.43 g of ferric ion and 0.89 g of ferrous
ion were dissolved in deionized water. After that, 20 mL
of sodium hydroxide was rapidly added to precipitate
iron oxide nanoparticles, and the color of the solution
mixture turned from light orange to black. The pH was
kept to not less than 10 at room temperature. The solution
was sonicated for 60 minutes at room temperature. The
MNPs were filtered, washed three times with deionized
water, and dried.
CS-MNPs were prepared as follows: 2.0 g of CS was
dissolved in a 1% acetic acid solution. The CS solution and
MNPs were mixed together in a flask, and the mixture was
stirred for 18 hours. CS-MNPs were separated using a permanent magnet and dried at 70°C for 2 hours.
A Strep-CS-MNP nanocomposite was prepared as
follows: a Strep solution (0.58 g) was mixed with aqueous dispersions of MNPs. The mixture of CS-MNPs
in the Strep solution was magnetically stirred at room
temperature for 18 hours to facilitate Strep uptake. The
Strep-CS-MNP nanocomposite was separated using a
permanent magnet.

Characterization of Strep-CS-MNP
nanocomposite
The MNPs and Strep-CS-MNP nanocomposite were characterized using X-ray diffraction (XRD). XRD spectra were
obtained in the range of 28°–65° using an XRD-6000 diffractometer (Shimadzu, Tokyo, Japan) with CuKα radiation
(λ=1.5406 Å) at 30 kV and 30 mA.

Evaluation of antimycobacterial activity
of Strep-CS-MNPs
The drug susceptibility testing (DST) of Strep-CSMNPs using the Mycobacteria Growth Indicator Tube
(MGIT™) 960 against Mycobacterium tuberculosis
(American Type Culture Collection (ATCC)® 25618™;
ATCC, Manassas, VA, USA) was used, and the minimum
inhibitory concentration (MIC) of the nanocomposite
was determined. The MGIT with BACTEC™ MGIT 960
growth supplement for DST was used in the MGIT 960
instrument (BD, Franklin Lakes, NJ, USA), as described
previously. 16,17 All media and reagents were supplied
by the manufacturer. The standard protocol for DST in
MGIT 960 was strictly followed, as recommended for
primary drugs. Culture suspensions for inoculation were
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well dispersed, with no large clumps, necessary to avoid
false-resistant results.
After thorough mixing and homogenization of the culture suspensions, the tubes were allowed to rest for at least
15 minutes, and the supernatant was used to inoculate the
drug-containing media and the control, according to the
manufacturer’s instructions for DST of first-line drugs. All
inoculated drug-containing MGIT 960 tubes were placed in
the DST set carrier and entered into the MGIT 960 instrument
as “unknown drugs” using the DST entry feature. For the
DST set containing “unknown drugs”, the instrument flagged
the DST set “complete” when the growth control reached
a growth unit (GU) value of 400. At that point, the GU values
of drug-containing tubes were retrieved from the instrument
by printing out a DST set report, and results were interpreted
manually. If the GU of the drug-containing tube was more
than 100 when the GU of the growth control was 400, the
results were defined as resistant. If the GU values of the drugcontaining tubes were equal to or less than 100, the results
were considered susceptible. Experiments were repeated with
various concentrations of the Strep-CS-MNP nanocomposite
suspensions until the MIC was determined.

Effect of Strep-CS-MNPs on microbial
growth
In order to quantitatively evaluate the effect of the assynthesized Strep-CS-MNPs on the growth kinetics of
different microorganisms, the plate colony-counting
method was employed as described previously.18 Prior to
treatment with the Strep-CS-MNPs, the bacterial cultures
of Staphylococcus aureus (ATCC® 43300™), Pseudomonas
aeruginosa (ATCC® 27853™), Escherichia coli (ATCC®
25922™), and Candida albicans (ATCC® 20408™) were
obtained from the ATCC and were hydrated and streaked
for isolation on tryptic soy agar plates. Following growth, a
single isolated colony was selected and used to inoculate 3
mL of 20% tryptic soy broth (TSB) medium. The bacterial
culture was grown on a shaking incubator set at 200 rpm for
18 hours at 37°C. The resulting bacterial suspension was
then adjusted to have an optical density (OD)570 of 0.52,
corresponding to a bacterial density of 109 colony-forming
unit (CFU)/mL. Then, the bacterial suspension was serially
diluted over a 4-log range to a bacterial density of 104 CFU/
mL using 20% TSB. A volume of 1 mL of the bacterial
suspension was treated with the nanocomposite suspension
at concentrations of 10 and 20 mg/mL, respectively, in
separate wells of a 24-well plate, and allowed to incubate
for 1 hour at 37°C. The number of CFUs after treatment
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was determined using the plate-counting method,18 following plating on tryptic soy agar plates. The experiment was
repeated in triplicate.
The percentage of inhibition of the nanocomposites
against each microorganism was calculated, as described
previously18 and according to the following equation:
Inhibition rate =1- [CFUtreated/CFUcontrol] ×100

The efficiency of the nanoparticles in inhibiting the growth
of microorganisms was determined by differences in the
equivalent number of CFUs before and after treatment as the
percentage of microbes that were inhibited by the particles,
and inhibition rate was calculated by using Equation 1.

Determination of nanocomposite MICs
The MICs of the nanocomposite against different microorganisms were determined using the broth microdilution method,
according to Clinical and Laboratory Standards Institute
(CLSI) guidelines. The MICs were determined over a range
of 10–2,000 µg/mL by a two fold serial dilution method.

Statistical analysis
Unpaired t-tests were used to compare the MICs of Strep
nanocomposites against M. tuberculosis. Statistical analysis was used to compare the percentage inhibition of Strep
nanocomposites against different microorganisms using
two-way analysis of variance (ANOVA) tests. The Prism
V6.01 statistical software (GraphPad, San Diego, CA, USA)
was used for data management and statistical analysis.
ANOVA followed by Student’s t-tests were used to determine the differences between the mean cell viabilities (%).
All data are shown as the mean ± standard deviation, unless
indicated differently.

Results and discussion
XRD analysis
Figure 1A–C shows the XRD patterns of bare (unloaded),
CS-MNPs, and Strep-CS-MNPs, respectively. The six
characteristic peaks at 2θ =30, 35, 43, 53, 57 and 62° represent the Miller Indices of 220, 311, 400, 422, 511, and 440
planes. This result indicates that the MNPs did not contain
hematite (α-Fe2O3), goethite, or other iron hydroxides. The
lattice constant a was estimated for MNPs and CS-MNPs
given at 8.395 and 8.392 Å, respectively. These values are
close to that of magnetite (8.396 Å), indicating that both
samples were mainly magnetite and not maghemite, which
has a value of 8.352 Å.19
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Figure 1 Powder X-ray diffraction patterns of the MNPs (black line A), CS-MNPs
(red line B), and Strep-CS-MNPs nanocomposites (blue line C).
Abbreviations: MNPs, magnetic nanoparticles; CS-MNPs, chitosan-coated
magnetic nanoparticles; Strep-CS-MNPs, streptomycin-loaded, chitosan-coated
magnetic nanoparticles.

The MIC of the Strep-CS-MNP nanocomposite against
M. tuberculosis was 732 µg/mL. This provides strong evidence of the anti-TB activity of the present nanocomposite.
As shown in Figures 2B and 3, the nanocomposite was
found to be more active against Gram-negative bacteria,
specifically P. aeruginosa (MIC =0.005 µg/mL) and E. coli
(MIC =9.8 µg/mL), as compared to Gram-positive bacteria
S. aureus (MIC =10 µg/mL).
Here, we have synthesized MNPs coated with CS (CSMNPs) and the last synthesis was loaded with Strep to create
Strep-CS-MNPs. From XRD analysis, we can see that MNPs,
CS-MNPs, and Strep-CS-MNP nanocomposites contained
mainly magnetite Fe3O4. The antimicrobial analysis of the
Strep-CS-MNPs showed that the nanoparticles possessed
antibacterial activity against a wide range of microorganisms,
including TB. The antimicrobial and anti-TB activities of the
developed Strep nanocomposites is considered a prototype
for the development of other nano-antibiotics, based on other
nano-polymers which will find a wide range of biomedical
applications. Importantly, MNPs, such as those formulated
here, can be directed to discrete locations in the body, where
microorganisms may be, and can be detected via MRI to
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Figure 2 Effect of streptomycin-loaded, chitosan-coated magnetic nanoparticles
(Strep-CS-MNPs) on the inhibition of microbial growth using the plate colonycounting method at two concentrations: (A) 1 mg and (B) 2 mg.
Notes: The data display the mean of the MIC ± SEM. Each time point represents
the mean growth rate inhibition ± SEM. Asterisks indicate growth inhibition values of
components that are significantly different from the growth rate inhibition values of
Strep-CS-MNPs derived by using statistical analysis of two-way ANOVA, as follows:
****P,0.0001; ***P,0.001; **P,0.01.
Abbreviations: CFU, colony-forming unit; SA, Staphylococcus aureus; PA, Pseudomonas
aeruginosa; EC, Escherichia coli; CA, Candida albicans; MIC, minimum inhibitory
concentration; SEM, standard error of the mean; ANOVA, analysis of variance.

indicate microorganism location. As such, the MNPs formulated here are strong candidates for detecting microorganism
presence and killing such microorganisms at the same time,
this dual purpose represents a new theranostic approach for
numerous anti-microbial and anti-TB applications. Future
studies should include in vivo analysis and should also determine the stability of these novel MNPs. In this context, the
use of different antimicrobial nanoparticles is a promising
field for overcoming the reduced effectiveness of currently
used antimicrobial agents, which is due to the increasing
resistance of bacteria.

Conclusion
This study introduces for the first time a new type of MNP
with microorganism theranostic properties as a potential tool
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Figure 3 Minimum inhibitory concentrations (MICs; µg/mL) of streptomycinloaded, chitosan-coated magnetic nanoparticles (Strep-CS-MNPs), as compared to
components against Mycobacterium tuberculosis, as determined by the Mycobacteria
Growth Indicator Tube (MGIT™) with BACTEC™ MGIT 960 growth supplement
for drug susceptibility testing (DST), and measured by the MGIT 960 instrument
(BD, Franklin Lakes, NJ, USA).
Notes: The data display the mean of the MIC ± SEM. The statistical significance was
calculated using a one-way ANOVA for unpaired values between Strep-CS-MNPs
and components, with the significance level indicated by asterisks (****P,0.0001).
Abbreviations: SEM, standard error of the mean; ANOVA, analysis of variance.

to both diagnose and treat diverse microbial and tuberculosis
infections. Specifically, MNPs were synthesized by the
coprecipitation of Fe2+ and Fe3+ iron salts in alkali media.
MNPs were coated by CS to produce CS-MNPs. Strep was
loaded onto the surface of CS-MNPs to form a Strep-CSMNP nanocomposite. For the first time, it was found that the
nanoparticles had antimicrobial activities against the tested
microorganisms (albeit with a more pronounced effect against
Gram-negative than Gram-positive bacteria), and thus, should
be further studied as a novel nano-antibiotic for numerous
antimicrobial and antituberculosis applications. Moreover,
since these nanoparticle bacteria fighters are magnetic, one can
easily envision magnetic field direction of these nanoparticles
to fight unwanted microorganism presence on demand.
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