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Abstract

Background: This study reports on the development of a controlled-release isoniazid (INH)
drug delivery system using poly-e-caprolactone (PCL) functionalized magnetite-nanoparticles
(MNPs), as a theoretical potential tool for tuberculosis (TB) chemotherapy.

Method: The magnetite Fe,O, core was fabricated by the co-precipitation method and coated
with PCL by emulsion polymerization. INH was loaded onto the PCL-MNP surface to shape
an INH-PCL-MNP nanocomposite. Deposing the INH on the nanocomposite surface was
demonstrated through the molecular dynamics simulations. To investigate the stability of
the polymer, the root-mean-square deviation (RMSD) and the radius of gyration (Rg) were
calculated. The composite was characterized by Scanning electron microscopy (SEM) and
X-Ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). Mycobacterium
tuberculosis was used to assess the antimicrobial activity of the nanoparticles. The drug loading
efficiency, drug content, and in-vitro release behavior of the INH-PCL-MNPs were evaluated
by UV-Vis spectrophotometry.

Results: RMSD of PCL show that the structure of polymer after 40 ns is stable. INH molecules
interested to spend more time close to the polymer. Rg of PCL indicated that PCL folded and
radius of gyration changed near Inm. The drug loading efficiency and drug content of the
NPs were 720+46 mg/g and 69.3+3.8 (%), respectively. The compound showed a strong level
of activity in-vitro. The amount of drug release at all times was above the minimum inhibitory
concentration (MIC) (6 ug/ml).

Conclusion: INH-PCL-MNP nanocomposite have been effectively used as a potential tool to
treat TB infections and a magnetic drug carrier system.
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Introduction

Mycobacterium  tuberculosis (MTB) has infected In the last decade, different carrier systems, like liposomes

nearly one-third of the world’s population, developed
in approximately eight million new cases, and led to
two million deaths each year.!' Isoniazid (INH) is an
antimycobacterial agent applied widely as first-line therapy
of tuberculosis and is defined by a short half-life ranging
from 1 h to 4 h which mostly relies on the metabolic rate.?
MTB is conventionally treated by regular administration
of many drugs for 6 months or more.’> Considering the
poisonous side effects of pills, degradation of drugs before
reaching their target tissue, low penetrance, and Patient
disrespect, the clinical management of this disease is
quite limited. Due to these drawbacks, the conventional
chemotherapy methods should be modified in a way that
the delivery or carrier system be developed to release drugs
gently over long times.**

and nanoparticles, have been studied to manage a variety
of clinical conditions in a better way.*” Nanoparticles as
carrier systems have great potential for treating tuberculosis
(TB).** Their high carrier capacity, great stability, and
feasibility of variable ways of administration, including oral
application and inhalation, which can be mentioned as the
most significant scientific benefits of nanoparticles used as
drug carriers.'®'" Moreover, nanoparticles can be planned
to create a sustained drug release. Such things allow the
enhancement of drug bioavailability and reduction of
the dosing frequency.'”” These systems, if successfully
developed, may have the advantage of promoting the
control of the drug blood levels." This, in turn, can enhance
efficacy by improving patient compliance, and extending
and maintaining drug blood levels for an extended period
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which are all required for effective treatment.'*

Polymeric carrier systems help to reduce side effects and
enhance efficacy and are more helpful compared to the
injection method and controllable dose and rate.'*!¢ Poly-
e-caprolactone (PCL), is a biodegradable and synthetic
biocompatible polymer, which is widely investigated
for controlled drug delivery applications in numerous
studies.”

Magnetite nanoparticles (MNP) are a prevalent type of
magnetic materials that are common in use. Given their
super-paramagnetic traits, high specific area, and a wide
choice of surface functionalization, magnetic particles can
interact with many biological molecules in various ways.'
Focusing on the separation process, these particles may
separate the target bio-molecules with a single magnet
instead of centrifugation or precipitation.

Moreover, because of the magnetic properties of these
nanoparticles, one can easily envision their magnetic field
direction to fight undesirable micro-organisms existence
on demand. The chemical stability and possible chemical
adaptation by coating the iron oxide cores with several
kinds of layers (e.g., silica, gold, and polymers ) can be
regarded as desirable properties attributed to iron oxide
nanoparticles and they are considered as the individual
kind of MNPs that have been accepted by the FDA for
medical applications.*

The current research aimed to improve a magnetite poly-e-
caprolactone-functionalized nanoparticulate (PCL-MNP)
system for drug delivery that could carry and release the
drugs over long times. INH is regarded as one of the most
important drugs which are widely used in the treatment
programs for TB. The potential anti-TB activity of INH is
measured by minimum inhibitory concentrations (MIC)
using broth microdilution and used to illustrate the
effectiveness of the proposed method.

Since biocompatible PCL plays the major role in the INH
loading, and on the other hand, the polymer had to be laid
on a nanostructured biocompatible base therefore, it was
preferred to use the Fe O, as a biocompatible and bio safe
to the human base material.

The main goals of the present study were to entrap
INH within biodegradable PCL-MNP by emulsion
polymerization method and characterization of drug
content of the system, surface morphology, and in vitro
drug release studies. Since the position of INH-PCL-MNPs
is controllable by a magnetic field, this method offers
significantly more theoretical potential for developing
theranostic tools for microbial infections.

On the other hand, interfacial interaction between drug and
PCL-functionalized nano-particulate and the molecular
structure of them can be identified as key parameters for
the binding properties and the resulting drug delivery
process. These details are usually difficult to address using
experimental methods. Here, molecular dynamics (MD)
simulations were used to examine the delivery mechanism
of INH models and chemically modified nanocomposite
surfaces in-vitro release process. This highlights the

reputation of molecular structure details to molecular
adhesion.

Materials and Methods

Materials

All materials were the highest purity available. Isoniazid
gave from Daroopakhsh Pharmaceuticals, Tehran,
Iran. Ferric chloride (FeCl,.6H,0), ferrous chloride
(FeCl,.4H,0), and sodium hydroxide (NaOH) (Merck,
Darmstadt, Germany) were used to nanomagnetite
preparation. All solvents were HPLC grade and obtained
from Merck. Phosphate buffered saline (PBS) pH 7.4,
poly- e-caprolactone (PCL), polyvinyl alcohol (PVA),
and middle brook 7H9 broth base were obtained from
Sigma-Aldrich (St. Louis, MO, USA). A milli-Q system
(Millipore, USA) was used to prepare ultra-pure water.

Apparatus

Fourier transform infrared spectra (FTIR) of coated MNPs
were recorded on a (M-500 Fast-Scan IR Spectrometer
Buck Scientific, East Norwalk, CT 06855, United States)
and scanning electron microscopy (SEM) (KYKY EM3200
scanning electron microscope) was used for investigation
of nanoparticle microstructure. Centrifuge (f) and
ultrasonic bath (Elmasonic D-7822, Germany) were used
to prepare maps. A Shimadzu-2100 (Japan) double-beam
UV-Vis spectrophotometer with a 1 cm quartz cell was
applied for INH release studies.

Preparation of magnetite nanoparticles (MNPs)

The magnetite Fe O, core of this Nano-sorbent was
fabricated by co-precipitation of ferrous (Fe II) and ferric
(Fe III) aqueous solution in the presence of ammonium
hydroxide. In this way, 2.0 g FeCl, and 5.2 g FeCl, were put
in 25 mL ultra-pure water (in the molar ratio of 2:1) in a
flask. The agitation of the solution was performed using
a magnetic stirrer. Then, the solution was deoxygenated
by Argon for about 30 minutes. Following this, about 250
mL alkaline solution of 1.5 M NaOH was added to the
solution (drop by drop). The resultant black powder was
washed three times using double distilled water and it was
separated from the solution by a simple magnet.*"*

Formulation of INH loading PCL functionalized magnetic
nanoparticles (INH-PCL-MNP s)

The INH-PCL-MNPs was prepared by applying an
emulsion solvent extraction/evaporation technique.”
The experimental parameters impacting the performance
of INH-PCL-MNPs preparation were investigated.
Briefly, a mixture of 500 mg of water dispersed magnetite
nanoparticles and INH (100 mg) was added to a solution
of 10.0 mL dichloromethane and 300 mg of PCL while
stirring was performed in the ultrasonic bath for 5 minutes
(23.6 Np speed) then 100 mL of 2 % PVA was added to
form w/o/w emulsion. The magnetite and PCL emulsion
were shaken quietly at 200 rpm at 20° in 50 mL of distilled
water for 3 hours until the evaporation of dichloromethane.
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After that, the resultant material was washed with double
distilled water three times before magnetically separation
and drying. Drug-free PCL-MNP was prepared by
substituting normal saline for the INH.

Characterization of nanocomposites

Molecular Dynamics (MD) Simulations

In the current study, MD simulations were conducted by
GROMACS ver. 5.0.4,* with the Amber ff99SB force field*
for the simulation of PCL and INH. Charges on all atoms
were measured with the Restrained Electrostatic Potential
(RESP) approach,® by applying electrostatic potentials
assessed at the HF/6-31G* theory level and sampled with
the Merz-Kollman scheme.?® The parameterization of INH
as a drug was generated by the Acpype code.” The initial
structure of PCL with 41 monomers and six molecules of
INH in various directions concerning the polymer used in
this work are shown in Figure 1.

To investigate the stability of the polymer, the root-mean-
square deviation (RMSD) and the radius of gyration (Rg)
were estimated that are shown in Figure 2. RMSD is the
measure of the average distance between the atoms and
stability of the system during simulation. Rg is the measure
of structure compactness.

In continue, the dynamic behavior of drug molecules near
the polymer surface was mainly studied. For this purpose,
the minimum distance between INH molecule and PCL
was calculated, the results of which are shown in Figure 3.

Surface functionalization confirmation

Surface changes in MNPs, PCL-MNPs, and INH-PCL-
MNPs were studied using FTIR spectroscopy at 4cm™
resolution in the wave number range of 4,000 to 400. The
FTIR spectra of INH were recorded for comparison. The
results are shown in Figure 4.

Morphology
Scanning Electron Microscopy (SEM) operating at 100 kV
was used to investigate the morphology of PCL-MNPs.

Calculation of drug loading and encapsulation efficiency

The quantity of INH captured inside PCL-MNP was
measured by considering the quantity of drug in the
aqueous solution recovered after the particles’ magnetic
separation.”® INH was analyzed by spectrophotometric
method (263 nm).” The drug encapsulation efficiency was
stated as the percentage of drug entrapped concerning the
theoretical value and drug loading stated as the amount of
drug entrapped per gram of nanosorbent.' The calibration
curve was plotted against the concentration levels of the
INH in PBS pH 7.4. Each step was repeated 5 times. The
calibration curve of INH showed linearity and was a
wide range of 0.001-30.0 pg/ml concluded a correlation
coefhicient of 0.9988 with the equation Y=0.0433X-0.0078.
The INH-PCL-MNP s (10 mg) were dissolved in 10 ml
aqueous solution of PBS under sonication for 20 min.
Nanoparticles were simply separated with a permanent

magnet and the amount of INH was measured in the
solution. The earliest UV studies have indicated that the
existence of dissolved polymers did not interfere with the
drug absorbance at 263 nm.

Determination of nanocomposite minimum inhibitory
concentration (MIC)

Test compound (PCL magnetite nanoparticles containing
entrapped INH) was assessed for in-vitro anti-
mycobacterium activity. The MIC was investigated for M.
tuberculosis H,_Rv, at the technique of the accepted micro-
dilution reference technique of antimicrobial susceptibility
testing.** The MIC was determined over a range of 1.0-512
pg/ml. MTB H,_Rv strain was applied in Middle brook
7H-9 broth which smeared with the INH as standard and
nanocomposite as test material and incubated at 37°C for
4 weeks. The bottles were checked for growing two times
a week for 3 weeks. Readings were done on the last day
of the fourth week. The presence with a turbidity of 1x10°
CFU/ml was measured as bacterial growth and indicated
stability to the nanocomposite. Confirmation of the growth
was performed by making a smear from each bottle. The
nanocomposite was compared with the INH (MIC=0.25
pg/ml).** All experiments were performed three times.

In-vitro release studies

INH-PCL-MNPs and empty PCL coated magnetite
nanoparticles (PCL-MNPs) as control material was
synthesized as termed earlier. They dumped in 5 ml of PBS
kept in a 37°C incubator. every day for 7 days and then
weekly up to 6+8 weeks, after magnetic separation of the
suspension, the supernatant collected to find the drug
release amount.

The drug release concentration in the supernatant was
done by the spectrophotometric analyzer. The outcomes
were stated as INH concentration released in the solution
of buffer at various time intervals.

Results and Discussion

Details of molecular dynamics simulations

This system (included PCL and INH molecules) was
located in the center of a box and about 1.0 nm from the
edges and then solvated in 16470 TIP3P water model
molecules. The system’s pH was set ~7. The energy of the
system was decreased by using a short steepest descent
minimization algorithm (while the polymer and drug
molecules were saved in their primary conformation).
Afterward, this system ran under 1nano second (ns) with
constant Number, Volume and Temperature (NVT)* and
constant Number, Pressure and Temperature (NPT)»
canonical ensembles to get a suitable temperature (300°K)
and pressure (1 bar). The particle mesh Ewald (PME)
method was used to calculate the long-range electrostatic
interactions with an assigned interpolation order of 4.* For
short-range Van der Waals and short-range electrostatic
interactions used 1.4 nm cutoff and the LINKS algorithm*
for covalent bond constraints were utilized. For MD run,
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two 100 ns consecutive MD runs were performed on the
whole system. All results averaged on 200 ns. The final
configuration of INH molecules near PCL is shown in
Figure 1. INH molecules near PCL had more tendency to
be located so that the aromatic ring of INH molecule was
parallel to the polymer surface.

Figure 1. (A) An initial configuration of polymer and drug, (B)
simulation box (C) and final configuration of polymer and drug
after 100 ns.

The RMSD and the Rg were estimated. These results
indicated that the polymer folded during this time and got
a stable structure. In fig 2, RMSD of PCL show that the
structure of polymer after 40 ns (40000ps) is stable. Rg of
PCL indicated that PCL polymer folded and Rg changed
near 1lnm.

The dynamic behavior of drug molecules near the polymer
surface was averaged over all six INH molecules. The
results showed that INH molecules interested to spend
more time close to the polymer. The favorable distance was
2A from the polymer surface.

Then, the hydrogen bond lifetime and several hydrogen
bonds in this system were assessed. The results showed
that the average lifetime of hydrogen bonds in this system
(between PCL and INH molecules) was 6.7 ps and also the
average number of hydrogen bonds was 0.2. As known, the
INH molecule could form two hydrogen bonds with PCL.
It seemed that the folded structure of the polymer and
geometrical position of INH did not allow to create more
hydrogen bonds. The results showed that the hydrogen
bond network in this system was not so strong; however,
it had the benefit for transfer INH as the drug, because the
drug release can be easily done in the target cell.

The Fourier transform infrared spectroscopy (FTIR)
analysis

The FTIR measurements confirmed the encapsulation of
magnetite with PCL. The FTIR outcomes were presented
in Figure 4 (a) FTIR spectra of MNPs and (b) PCL
microencapsulated nanomagnetites. As can be indicated,
the carbon-oxygen stretching bonds in the area of 700 cm™*
to 1500cm™ were from PCL composites; carbonyl band,
C=0, at 1718cm™ symmetric and asymmetric of CH,, at
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Figure 2. (A) The root-mean-square deviation (RMSD) and (B)
the radius of gyration (Rg) for PCL.
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Figure 3. The minimum distance between PCL and isoniazid
molecules.

2923 cm™and 2941 cm™ were also related to the PCL.

In Figure 4 (c), the FTIR spectrum of INH was shown. The
1551 cm'1 strong bond was related to ring N=C symmetric
stretching vibrations. The band at 1334 cm™ might be
because of vibrations of C-N stretching. A very strong band
at 1669 cm™ was related to C = O stretching vibrations.
The band appearing at3300 cm was attributed to N-H
stretching vibration. The bands at 682 and 1430 cm™ were
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assigned to C-C=0 and H-N-N bending, separately.”

Figure 4(d) showed the FTIR spectrum of INH-PCL-
MNPs. As can be seen, the band at 3200 cm™ was owing to
N-H stretching vibration and a very strong band appearing
at 1556 cm™ was assigned to ring N-C symmetric and the
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Figure 4. (A) The FT-IR spectrum of (B) nanomagnetites (MNP) s,
b) the polycaprolactone coated nanomagnetites (PCL-MNP) s, (C)
Isoniazid (INH), and (D) Isoniazid loaded polycaprolactone coated
nanomagnetits (INH-PCL-MNPs).

band at 1634 was related to C = O stretching vibrations and
they came from the INH. This result proved the existence
of isoniazid in nanoparticles.

Scanning electron microscopy (SEM) and X-Ray
diffraction(XRD)

SEMmethod was performed to check the morphology of
nanoparticles. In these cases, the particle size was around
50 nm and almost sphere-shaped and they had smooth and
uniform surfaces. The SEM of nanoparticles was shown in
Figure 5.

o .
e

26 KV 40.0 KX SN:0539

KYKY-EM3200
Figure 5. The SEM image of the synthesized nanocomposite.
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Figure 6 shows the XRD pattern of Fe,O, nanoparticles.
The graph indicates specific peaks at 2 0 values of 31, 36,
43, 54, 57 and 63, related to phases 220, 311, 400, 442, 440,
and 550 of Fe304 nanoparticles, respectively. So, it can be
decided that Fe,O, nanoparticles have been successfully
fabricated.
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Figure 6. The X-ray diffraction patterns of Fe,O, nanoparticles.

Pharmaceutical Sciences, 2020, 26(4), 406-413 | 410



Khatibi et al.

Optimizing the INH loaded PCL coated magnetite
nanoparticles (INH-PCLMNPs) preparation conditions
Optimizing the phase ratio (organic/aqueous phase)
concerning the drug entrapment percent

Phase ratio was optimized regarding drug entrapment
efficiency percent and other parameters were kept constant
(drug/sorbent ratio: 1:2, PVA in water 2%, sonication
time 5 min). To optimize, the ratio of organic phase to the
aqueous phase from1:1 to 1:20 (v/v) and the percent of the
drug entrapment was investigated. Increases in the drug
entrapment percent were observed when 1:10 of phase
ratio was used. With increasing phase ratio from 1:10 to
1:20 (v/v), a decrease in the drug entrapment percent was
recorded. This decrease can be a result of forming some
aggregates in the formulation. The phase ratio amount of
1:10 was considered for further experiments.

Optimizing the surfactant concentration concerning the drug
entrapment percent

an aqueous PVA solution was used as a surfactant in
preparing microspheres, %) For this purpose various PVA
concentrations (0.5 to 3.5%) were reviewed (drug/sorbent
ratio: 1:2, phase ratio: 1:10, sonication time 5 min). The
results showed that 2% of the aqueous PVA solution was
sufficient for satisfactory results. After this point, there
were no changes in the drug entrapment efficiency.

Optimizing the drug/polymer ratio concerning the drug
entrapment percent

To optimize the drug/polymer ratio, several ratios of drug
and PCL (1:1, 1:2, 1:3, and 1:5 w/w) were examined and
a fixed amount of PVA in water 2%, phase ratio:1:10,
sonication time 5 min were considered. The drug
entrapment efficiency percent was determined. As the
result demonstrated, the drug entrapment efficiency
percent generally increased with the drug/polymer ratio
of 1:3 and for a ratio of more than 1:3, a reduction was
detected in the extraction efficiency. This decrease was
maybe because of the increased viscosity and might result
in the low dispersibility of PCL-MNPs in the solution.
Therefore, the drug/polymer ratio of 1:3 was fixed.

Optimizing the sonication time concerning the drug
entrapment percent

To investigate the effect of sonication time on drug
entrapment percent, different sonication times, i.e., 1, 5,
10, 15, and 20 minutes were studied. The percent of the
drug entrapment was determined and recorded. According

Table 1. The fabrication and characteristics of PCL-MNPs with INH.

to the results, an increase in the drug entrapment percent
was observed by increasing contact time up to 5 min.
The additional increase in contact time did not end in an
important increase in the drug entrapment percent. That
is why, in our research, the sonication time of 5 min was
preferred.

Determining the drug loading and entrapment efficiency

The drug encapsulation efficiency was stated as the fraction
of drug captured concerning the theoretical value and the
drug loading stated as the quantity of INH captured per
gram of nano sorbent in various drug/ adsorbent ratio. As
a result, the best drug encapsulation was 69.3%, whereas
drug loading was 720 mg drug per gram of nanosorbent
(See Table 1). Losing the drug in the emulsion solvent
extraction/evaporation method was only accounted for the
washing processes. In this study, the magnetic separation
was applied and there was no need for a filtration process
that could lead to losing the drug. The effect of the drug/
polymer ratio on drug loading and entrapment efficiency
was investigated. The drug/polymer ratio of 1:3 leads to the
maximum concentration of INH entrapped in the sorbent
and loading of it into the medium. A decrease in the results
was detected with a comparative rise in the amount of
PCL-coated adsorbent. This can be due to the increase in
the density of the polymer context with increasing polymer
concentration (1:5). Though, the drug/polymer ratio
under 1:3 presented low entrapment efficiency (Table 1)
owing to the low amount of the sorbent.

Anti-tubercular activity

The anti-mycobacterium activity of the nanocomposite
was checked against M. tuberculosis H,_Rv at 512, 256, 128,
64,32, 16, 8,4, 2, and 1 pg/ml. The nanocomposite showed
inhibition at concentration 6 pg/ml. This provided good
evidence of the anti-TB activity of the coated nanoparticles.
It is highly suggested that future researches contain an in
vivo analysis and determine the stability of these novel
nanocomposites.

Drug release studies from PCL-MNPs

The concentration of INH released PCL-MNPs
demonstrated an initial (up to 24 h) burst release and a
sustained-release of up to 6 days followed by a negligible
release of the drug up to 4 weeks. Much more release
was observed by particles containing more drugs. The
burst release in the first 24 h was ascribed to the INH
release from the surface of the PCL-MNPs. The next stage

Formulation
. A1 A2 A3 A4
Drug: Polymer ratio 11 1:2 13 15
Entrapment efficiency (%) 41+43 48.6 + 3.7 69.3+3.8 65.4+4.2
Drug loading mg/g nanosorbent 685 + 26 711 £43 720 £ 46 716 £ 22

Results are mean + SD of 3 replications
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involving sustained release was related to the drug release
from the inside of the nanoparticles (Figure.7). It should
be noted that the amount of drug release at all times was
above the MIC (6ug/ml). As expected, empty PCL-MNPS
did not show any release of INH. All the experiments
were repeated 3 times for each test and the results were
presented as mean + SD and verified using the analysis of
variance (P>0.05).

s

% Cumulative Drug Release

a 10 20 30 a0 50 60 70 80 80
Time (hr)

100 110 120 130 140 150 160

Figure 7. In vitro Cumulative drug release profile of INH loaded
PCL-MNP, up to 6 days (144 hr). Data represent meantSD, n: 3.

Conclusion

Magnetite nanoparticles microencapsulated with PCL
microspheres have been effectively fabricated and used
as a potential tool to treat tuberculosis infections and
used as a magnetic drug carrier system. The polymer
layer on the nanoparticles creates a spherical shape and
also disperses and enhances the effective surface area
of the particles. So offered suitable nanosorbent and
nanoparticulate drug carrier system. The magnetic core
enables the nanoparticles to be rapidly separated from the
environment by the magnet the current study, INH loaded
PCL-MNP as a therapeutic approach towards tuberculosis
fabricated and characterized. INH loaded PCL-MNP was
organized by the emulsion solvent extraction/evaporation
technique for prolonged release. The drug/adsorbent ratio
was considered. The good entrapment efficiency (69.3%)
was gained using this technique. The drugloading from the
nanosorbent was720 mg drug per gram of nanosorbent.
The anti-mycobacterium activity of the INH loaded PCL-
MNP was examined against M-TB H, RV. The MIC of the
compound showed inhibition at concentration 6 pg/ml.
For studying the in vitro release, the amount of the drug
released in the PBS was calculated by spectrophotometry.
The compound showed a strong level of activity in vitro:
An initial burst release, 6 days sustained release and a
negligible release of the drug Observed for 4 weeks.
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