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NEW IN VITRO MODEL TO EVALUATE KINETICS OF ANTIMYCOBACTERIAL DRUG RELEASE FROM 
BIORESORBABLE POLYMERIC CARRIERS

Sustained-release drugs against tuberculosis are a promising approach to therapy since they positively affect patient compliance with long regimens, especially 

when it comes to the multidrug-resistant form of the disease. Conventional UV-visible spectroscopy does not work well with multicomponential culture media 

used for growing M. tuberculosis. The aim of this study was to develop a method for evaluating the kinetics of anti-tuberculosis drug released from bioresorbable 

polymeric carriers suitable for screening a wide range of encapsulated prolonged-release drugs and identifying the best performing candidate. While studying 

the growth dynamics of the laboratory susceptible strain M. tuberculosis H37Rv in the presence of different levofloxacin concentrations (from 0.03 to 0.4 µg/ml), 

we developed a model, which is essentially a set of 2 parallel experiments evaluating the kinetics of drug release into the culture medium. The results of these 2 

experiments conducted on 3 encapsulated forms of levofloxacin loaded onto bioresorbable polymeric PLGA carriers (particles sized 50 µm and 100 µm and the 

matrix) revealed that release kinetics of the drug largely depended on the type of polymeric carrier. The best encapsulation of the antibiotic and its gradual release 

into the culture medium was observed for the matrix. All experiments were run in 3 replicates. The obtained data were analyzed using descriptive statistics.  
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НОВАЯ МОДЕЛЬ IN VITRO ДЛЯ ОЦЕНКИ ВЫСВОБОЖДЕНИЯ ПРОТИВОТУБЕРКУЛЕЗНЫХ 
ПРЕПАРАТОВ ИЗ БИОРЕЗОРБИРУЕМЫХ ПОЛИМЕРНЫХ НОСИТЕЛЕЙ

Создание противотуберкулезных препаратов пролонгированного действия крайне перспективно, так как позволяет сохранить приверженность больных 

к лечению при длительных курсах терапии, особенно при химиотерапии туберкулеза с множественной лекарственной устойчивостью. Традиционно 

используемый для оценки кинетики выхода препаратов из полимерных носителей метод УФ-спектрофотометрии не подходит для применения 

в многокомпонентных питательных средах для культивирования микобактерий туберкулеза. Целью исследования было разработать метод оценки 

высвобождения противотуберкулезных препаратов из биорезорбируемых полимерных носителей, позволяющий проводить скрининг большого числа 

инкапсулированных пролонгированных форм противотуберкулезных препаратов и отбирать наиболее перспективные композиции. При изучении 

динамики роста лабораторного чувствительного штамма M. tuberculosis H37Rv в присутствии серии концентраций левофлоксацина (от 0,03 до 0,4 мкг/мл) 

была разработана модель, представляющая собой два параллельно проводимых опыта, позволяющих оценить кинетику высвобождения препарата в 

культуральную среду. Все эксперименты проводили трехкратно, при оценке использовали методы описательной статистики.  Результаты, полученные 

в этой модели для трех инкапсулированных форм левофлоксацина в биорезорбируемых полимерных носителях из полилактогликолида (частицы 50 и 

100 мкм и матрикс), показали, что кинетика накопления препарата в среде существенно зависит от вида полимерного носителя. Наиболее перспективен 

из них матрикс, который хорошо включает в себя левофлоксацин и достаточно равномерно высвобождает его при инкубации в питательной среде. 
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Over the past decade, the global incidence of multidrug-
resistant tuberculosis (MDR-TB) has been on the rise [1]. 
Difficult, lengthy treatment regimens often discourage patients 
with MDR-TB, undermining their compliance with therapy. 
A promising solution to this problem would be sustained-
release anti-TB drugs (ATBD) encapsulated in bioresorbable 
polymer microparticles ensuring targeted delivery and 
controlled release of the active ingredient from the polymeric 
carrier into surrounding tissues over a prolonged period of 
1–4 weeks [2]. The use of supercritical fluid technologies 
(SCF) can create versatile environmentally friendly micronized 
systems completely free from organic solvent residues [3]. 
The release time of the drug from the polymer carrier depends 
on the properties of the polymer matrix (microcapsule): its 
composition, dispersion and morphology. In some cases, the 
active ingredient is concentrated on or immediately below the 
surface of the carrier, which results in a rapid uncontrolled 
release of the encapsulated drug. This initial burst release poses 
a serious problem for the application of polymeric carriers since 
it can have a toxic effect on the body [4–6]. 

UV-visible spectroscopy is employed to estimate the kinetics 
of drug release from polymer microparticles or matrices. This 
technique can measure drug accumulation in a phosphate 
buffered saline incubated with a polymeric drug carrier [4]. 
However, given that many microorganisms and specifically 
Mycobacterium tuberculosis (MTB) are fastidious and require 
enriched, complex culture media to support their growth [7], 
which impedes spectral analysis, UV-visible spectroscopy 
produces only rough estimates and cannot be used to evaluate 
drug release kinetics under near-natural conditions. 

The aim of this study was to design an in vitro model for the 
evaluation of ATBD release kinetics from polymeric carriers in a 
culture medium suitable for MTB growth.

METHODS

Levofloxacin (LFX), a compulsory component of MDR-TB 
treatment regimens, was chosen for encapsulation into the 
bioresorbable carrier. 

The plan was to adapt our experimental model for work 
in an automated BACTEC MGIT 960 system. Advantageously, 
BACTEC MGIT 960 can be used to work with highly effective 
standardized and ISO9001-certified reagents and conventional 
protocols [8]. In ВАСТЕС MGIT 960, culture is performed in 
special mycobacteria growth indicator tubes (MGIT). At the 
bottom of the tube, there is a bound fluorophore under a semi-
permeable membrane. Fluorophore release and emission of 
light of a certain wavelength are directly proportional to oxygen 
consumption by bacterial cells in the tube: the more vigorously 
dividing cells there are, the more oxygen they consume, causing 
brighter fluorescence. Time to culture growth in the presence 
of a tested drug is an important parameter allowing to infer 
the antimycobacterial effect or the lack of thereof. Significant 
(over 3 days) growth delay of M. tuberculosis cultured in the 
presence vs. absence of an antimycobacterial drug means 
partial death of the mycobacterial population induced by the 
tested drug. 

Encapsulated LFX formulations 

Bioresorbable carriers for LFX (Sigma-Aldrich; USA) were 
fabricated from Purasorb PDLG7502 poly(lactic-co-glycolic 
acid) (PLGA, inherent viscosity: 0.2 dl/g; by CorbionPurac, 
Netherlands). High-purity oxygen dioxide (99.998%; NiiKm; 
Russia) was used without additional purification. PLGA was 

combined with LFX (10% wt., i.e. 100 mg of LFX per each 
900 mg of the polymer), compressed in cylindrical molds, 
plasticized with supercritical CO

2
 and foamed while lowering 

the actual CO
2
 pressure to the atmospheric pressure. The 

obtained matrices were chilled with dry ice and cryoground in a 
rotor mill to generate microparticles with an average size of 50 
and 100 µm; details are provided in [4].

The precalculated amount of the polymeric microparticles 
with encapsulated LFX was incubated in a Middlebrook 7H9 
broth at 37 °С for 66 days; samples of the broth containing LFX 
released from the carriers were collected at predefined time 
points. 

MTB culture

The tests were conducted on the susceptible laboratory strain 
M. tuberculosis H37Rv from the collection of the Central 
Research Institute of Tuberculosis. For our experiments, we 
used suspensions of well-separated M. tuberculosis cells 
harvested in the log phase for which CFU were counted.  To 
prepare the suspension, the culture grown in a Lowenstein-
Jensen medium was passaged at 37 °С in a Dubos broth 
(Difco; USA) supplemented with 0.5% BSA for two cycles 
of 14 days each. Then, 20 µl drops of 10-fold serial dilutions 
of the suspension filtered through a 5 µm pore size filter 
(Millipore; USA) were transferred to Petri dishes coated with 
Dubos agar (Difco; USA). The dishes were cultured at 37 °С; 
the initial suspension was stored at 4 °С. After 3–4 days, 
mycobacterial colonies were counted under an inverted 
microscope (Olympus; USA) operated at ×200 magnification. 
The suspension of mycobacterial cells (500 µl) standardized to 
CFU was seeded into MGIT tubes containing a Middlebrook 
7H9 broth (BD; USA) supplemented with OADC. Automated 
detection of mycobacterial growth was performed in BACTEC 
MGIT 960 (BD; USA).

Evaluation of bacteriostatic activity by BACTEC MGIT 960

The bacteriostatic activity of the tested formulation was 
evaluated based on the presence of mycobacterial growth 
in a MGIT tube containing the drug. Earlier experiments in a 
BACTEC MGIT 960 system conducted on MTB cultures with 
varying CFU numbers had revealed that a reduction in CFU by 
less than 75% (75% growth inhibition) caused at least a 3-day 
delay in mycobacterial growth; a reduction by at least 90% 
caused an 8-day delay; by 99%, a 16-day delay; by 99.9%, a 
21-day delay, etc. [9]. The experiment described in this paper 
was conducted according to the manufacturer’s protocol and 
lasted for 42 days. All grown colonies were subject to species 
identification. Acid-fastness was tested by means of Ziehl–
Neelsen staining. If a positive MGIT tube contained acid-fast 
bacteria, a rapid immunochromatography assay (BD MGIT TBc 
Identification test) was performed following the manufacturer’s 
instructions. To monitor the presence of nonspecific bacteria 
in the BACTEC MGIT 960 system, the bacterial suspension 
was cultured in blood agar. Microbial growth registered after 
24 h of incubation at 37 °С indicated nonspecific bacterial 
contamination of the studied sample. 

Statistical analysis

The obtained data were analyzed using descriptive statistics. 
All microbiological experiments were conducted in 3 replicates. 
Statistical analysis was carried out in Microsoft Office Excel 
2019 (Microsoft; USA).
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Table 1. Growth dynamics of M. tuberculosis H37Rv in the presence of levofloxacin

LFX concentration, µg/ml Growth onset (days), Mean ± SD Growth delay relative to control, days Growth inhibition, %

0 (drug-free control) 6.07 ± 0.06 – –

0.03125 6.08 ± 0.12 no –

0.0625 6.20 ± 0.27 no –

0.125 7.69 ± 0.09 1.62 25

0.15 16.92 ± 1.14 10.85 90

0.20 24.76 ± 3.21 18.69 99

0.25 there is no growth of culture 100

0.3 there is no growth of culture 100

0.4 there is no growth of culture 100

RESULTS

Since our plan was to estimate the accumulation of the drug 
in a culture medium based on the dynamics of MTB growth 
in a BACTEC MGIT960 system, we decided not to place the 
polymeric carrier directly into the MGIT tube for a number of 
reasons. First, the polymer could have impacted fluorophore 
fluorescence and skewed the results of the experiment. Second, 
with such experimental design, we would have been able to 
estimate only final concentrations of the tested formulation after 
complete drug release, but not its concentrations within the 
first few hours or days of incubation.

Therefore, the polymeric carrier loaded with the drug was 
added into a Middlebrook 7H9 broth (the same culture medium 
as in MGIT tubes). Samples of the broth (100 µl) containing 
the released antibiotic were collected at equal time intervals. 
The amount of encapsulated LFX taken for incubation in 
Middlebrook 7H9 was precalculated to ensure that once 
the antibiotic was completely released from the carrier, its 
concentration in 100 µl of the culture medium equaled its 
minimal inhibitory concentration (MIC) in an MGIT tube after the 
addition of the same volume of culture medium into the tube.

LFX loaded into the polymeric carrier can be distributed on its 
surface or throughout the entire carrier volume. So, we assumed 
that the superficially localized drug would be easy to remove 
from the carrier by vigorous washing. The polymeric carrier was 
washed in Middlebrook 7H9 multiple times. Briefly, the polymeric 
carrier placed into a centrifuge test tube was immersed in 30 
ml of a sterile culture medium, vortex shaken and centrifuged 

at 3,000 g for 5 min at room temperature; the supernatant was 
removed. The washed carrier was ready for further experiments. 
Considering that the antibiotic could be localized to the surface 
of the carrier, the amount of the tested drug was doubled in the 
experiments involving the washed carrier (vs. the unwashed 
carrier) to ensure the probability of a bacteriostatic effect in 
cases when some of the antibiotic had been eliminated from the 
surface of the carrier. In the experiment involving the unwashed 
carrier, 6.3 mg of the polymer loaded with LFX (0.63 mg) was 
incubated in 30 ml of the culture medium. For the experiment 
involving the washed carrier, 12.6 mg of the carrier loaded with 
LFX (1.26 mg) was incubated in 30 ml of the culture medium.

Thus, the proposed model is essentially a set of 2 
experiments run in parallel evaluating LFX release into the culture 
medium from washed and unwashed polymeric carriers. Drug 
release kinetics can be elucidated by comparing the results of 
the 2 experiments. For example, if a rapid bacteriostatic effect 
is observed in the medium incubated with the unwashed 
encapsulated LFX formulation but no bacteriostatic effect 
is observed in the aliquots of the medium incubated with the 
washed formulation, it means that the drug (or most of the drug) 
is distributed on the surface of its polymeric carrier. A delayed 
bacteriostatic effect observed for the washed vs. unwashed 
encapsulated LFX formulation would suggest that some amount 
of the drug was evenly distributed throughout the polymer carrier 
during synthesis, while some amount of it remained on the surface 
of the carrier. If the unwashed LFX formulation has a delayed 
bacteriostatic effect on MTB in comparison with the unwashed 
formulation, the drug is evenly distributed in the polymeric carrier 

Table 2. Growth inhibition of M. tuberculosis H37Rv exposed to LFX released from a polymeric carrier

Note: * — calculated based on the growth delay relative to the control drug-free culture; ** — determined from the dose-response curve (see Figure); *** — hereinafter 
(in the experiments involving matrix washing): accounts for the drug amount washed from the carrier surface (% of the washed formulation = % of the unwashed drug 
released into the medium within 3 h); unwashed — indicates the experiment without carrier washing, washed – indicates the experiment involving carrier washing; – — 
the amount of released LFX is not enough to achieve the desired bacteriostatic effect (< 0.125 µg/ml).

Incubation 
time

Growth inhibition, %* LFX concentration in the medium **, µg/ml (amount released, %)

Particles sized 50 µm Particles sized 100 µm Matrix Particles sized 50 µm Particles sized 100 µm Matrix

unwashed washed unwashed washed unwashed washed unwashed washed unwashed washed unwashed washed

1 h 90 0 90 0 0 0 0.15 (60) – 0.15 (60) – – –

3 h 90 0 99 0 0 0 0.15 (60) – 0.20 (80) – – –

1 days 99 0 99 0 0 25 0.20(80) – 0.20 (80) – – 0.125 (25)

3 days 99 0 99 0 0 25 0.20 (80) – 0.20 (80) – – 0.125 (25)

7 days 99 0 99 0 0 90 0.20 (80) – 0.20 (80) – – 0.15 (30)

10 days 99.9 50 99 0 0 90 0.225 (90) 0.135 (67.5***) 0.20 (80) – – 0.15 (30)

16 days 99.9 50 99 0 0 99 0.225 (90) 0.135 (67.5) 0.20 (80) – – 0.2 (40)

22 days 99.9 50 99 0 0 99 0.225 (90) 0.135 (67.5) 0.20 (80) – – 0.2 (40)

29 days 99.99 75 99.99 25 25 99.9 0.235 (94) 0.145 (72.5) 0.235 (94) 0.09 (90) 0.125 (50) 0.225 (45)

45 days 99.99 75 99.99 25 90 100 0.235 (94) 0.145 (72.5) 0.235 (94) 0.09 (90) 0.15 (60) 0.25 (50)

66 days 99.99 75 99.99 25 99 100 0.235 (94) 0.145 (72.5) 0.235 (94) 0.09 (90) 0.2 (80) 0.25 (>50)
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and released gradually (bear in mind that the amount of the 
washed LFX formulation was doubled in comparison with the 
unwashed, so the bacteriostatic effect was faster).

Effects of different LFX concentrations on the growth 
dynamics of M. tuberculosis H37Rv

To determine the amount of encapsulated LFX formulation 
necessary for exploring the kinetics of drug release into a culture 
medium, we studied the effects of different LFX concentrations 
on the growth of an MTB laboratory strain. Briefly, after CFU 
were counted, the mycobacterial culture was incubated with 
LFX taken at a range of different concentrations from 0.031 to 
0.4 µg/ml in a BACTEC MGIT 960 system. A drug-free MTB 
culture was used as a control (Table 1). For the strain used 
in our experiment, LFX MIC was 0.25 µg/ml. Based on the 
obtained data, we constructed a dose-response curve (Figure) 
subsequently used to determine the amount of LFX released 
from the polymeric carrier into the culture medium. 

Evaluation of kinetics of LFX release from bioresorbable 
polymers into culture medium based on growth dynamics 
of M. tuberculosis H37Rv

Following the procedures described above, we studied 3 
encapsulated LFX formulations differing in the carrier type: a 
PLGA matrix and particles sized 50 µm and 100 µm. A drug-
free MTB culture and a MTB culture containing samples of the 
medium incubated with the intact PLGA matrix (without LFX) 
were used as controls. The results are provided in Table 2. 

An immediate bacteriostatic effect was observed for PLGA 
particles sized 50 and 100 µm in the experiments involving the 
unwashed formulation; the bacteriostatic effect was delayed 
in the experiment involving the washed polymeric carrier. This 
suggests that at least 60% of the antibiotic was concentrated 
on the polymer surface: after 3 h of incubation, the unwashed 
carrier released 0.15–0.20 µg/ml of LFX into the culture 
medium, which was enough to inhibit the growth of 90% of the 
mycobacterial population. 

By contrast, LFX encapsulated into the PLGA matrix had a 
delayed bacteriostatic effect on the mycobacterial population 
in the experiment without carrier washing (with carrier washing 
on day 1 and without carrier washing on day 29); this suggests 
that LFX was evenly distributed throughout the matrix and was 
released gradually. Besides, the experiment with the washed 

matrix shows that some amount of the drug was concentrated 
just below the surface: 25% of LFX was released on day 1, 
causing inhibition of 25% of mycobacterial cells; then the 
drug was gradually released until 50% of it was present in the 
medium on day 45; complete inhibition of mycobacterial growth 
was observed for LFX concentrations of 0.25 µg/ml (MIC).

No differences were observed between the growth of 
cultures with added aliquots of the medium incubated with 
the drug-free matrix and the growth of untreated cultures, 
indicating adequacy of the proposed model.

DISCUSSION

The proposed model and the experiments described in 
this study can be used to evaluate the release kinetics of 
anti-TB agents in a culture medium in vitro based on the 
inhibition of M. tuberculosis growth. Previous in vitro studies 
of antimycobacterial activity looked at the kinetics of liposomal 
formulations that were not meant for gradual drug release 
but merely facilitated delivery of the tested drug to the target. 
Those experiments relied on a classic in vitro design and aimed 
at evaluating the efficacy of encapsulated formulations vs. pure 
active substance and assessing the immediate toxic effect of 
the liposome on mycobacterial cells [10–12]. In vitro models 
were also exploited to study sustained-release drugs against 
bacteria other than members of the Mycobacterium genus, 
such as Staphylococcus aureus; they involved constructing 
time-response curves for cultures grown in the presence of a 
polymer carrier with an encapsulated antibiotic [13]. 

The antimicrobial effect of encapsulated anti-TB drugs was 
mainly studied in in vivo models. Experiments on mice and 
rabbits demonstrated high anti-TB activity, prolonged effect 
and reduced toxicity (as compared to traditional therapeutic 
formulations) for PLGA-based microparticles loaded with 
rifampin [14], isoniazid [15, 16], ethionamide [17], rifampin 
+ isoniazid [18], and rifampin + cycloserine [19]. Using 
experimental animals for testing long-acting encapsulated 
formulations makes the laboratory part and data analysis much 
easier, because in this way the pharmacokinetics of the drug can 
be studied under natural conditions. On the other hand, in vivo 
models are costly and, for ethical reasons, cannot be employed 
for screening studies involving a wide range of carriers and active 
ingredients. Developing a model for evaluating the growth of M. 
tuberculosis at different time points in the presence of the drug 
released into the medium is a promising approach since such a 

Figure. An LFX dose-response curve for the susceptible H37Rv strain of M. tuberculosis 
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model would allow testing more than one combination of carriers 
and encapsulated drugs and identifying the best-performing 
candidate for future in vivo experiments. 

The analysis of the obtained data offers an answer to the 
question of whether the drug- loaded carrier should be prepared 
for the experiment (washed before the experiment to remove the 
active substance localized to its surface) and allows determining 
the amount of the drug needed for the in vivo experiment, given 
the preparatory washing and the release kinetics. 

CONCLUSION

The proposed in vitro model allows conducting screening 
studies of encapsulated, sustained-release formulations of 

anti-TB drugs. This approach helps to select the most promising 
formulation with smaller amounts of the drug concentrated on 
the carrier surface and ensuring its gradual release through the 
experiment.

Tests of 3 different formulations of LFX encapsulated in 
bioresorbable PLGA carriers revealed that release kinetics of 
the tested drug largely depended on the type of polymeric 
carrier. The best encapsulation of the antibiotic and its gradual 
release into the medium was observed for the matrix.

The proposed model can be used in screening studies 
investigating the antimycobacterial activity of encapsulated 
LFX or other encapsulated drugs. Such screening conducted 
before an in vivo experiment will reduce its costs and offer a 
solution to some ethical issues.
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