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Abstract. Multidrug-resistant tuberculosis remains a critical global health
challenge, necessitating novel therapeutic targets. Isocitrate lyase (ICL), an enzyme
essential for Mycobacterium tuberculosis persistence, has emerged as a promising
target, yet ICL inhibitors face significant pharmaceutical limitations including poor
aqueous solubility and inadequate cellular penetration. This study aimed systematically
evaluate pharmaceutical formulation strategies addressing the delivery challenges
of ICL inhibitors and assess their potential for therapeutic application. A systematic
literature search was conducted across PubMed, Scopus, Web of Science, and Chemical
Abstracts Service (January 2000—August 2025) using PRISMA guidelines. Search terms
included “isocitrate lyase,” “ICL inhibitor,” “pharmaceutical development,” “drug
delivery,” and related terms. Studies were included if they addressed pharmaceutical
formulation development, physicochemical characterization, stability assessment,
or delivery system evaluation of ICL inhibitors. Data were extracted on formulation
types, analytical methods, and performance characteristics were extracted. Forty-three
studies met inclusion criteria. Nano-based delivery systems predominated (58.1%),
with polymeric nanoparticles most frequently investigated (42.8%). Surface-modified
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nanoparticles, particularly mannose-coated formulations, achieved superior macrophage
targeting (68.9 £ 7.1% uptake efficiency) and intracellular accumulation (1032.4 = 94.7
ng/1076 cells) compared to unmodified carriers. Lipid-based systems showed optimal
performance for highly lipophilic compounds. Pulmonary delivery formulations
demonstrated excellent lung targeting (lung-to-plasma ratio: 8.5—15.7). Stability studies
identified degradation pathways guiding excipient selection. Validated analytical
methods exhibited excellent performance (linearity 2 > 0.999, precision RSD < 2%)).
Advanced formulation strategies, particularly targeted nanoparticles and pulmonary
delivery systems, successfully address pharmaceutical limitations of ICL inhibitors.
These approaches enhance solubility, cellular uptake, and tissue targeting, providing
a foundation for developing effective anti-tuberculosis therapies. Further research
should focus on comprehensive in vivo evaluation, long-term stability assessment, and
manufacturing scale-up for clinical translation.
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Annorauusi. Ken nopire tesimai TyOepkyne3 >kaHa TepamneBTIK MakcaTTapibl
KQKET CTETIH jkahaHJBIK JICHCAYJBIK CaKTayJblH MaHBI3JIbI MAceJeci OOJbIn Kajia
Oepeni. TyOepkyne3 MHUKOOAKTEPUSUIAPBIHBIH TYPAKTBUIBIFBIHA KaXETTI (EepMEeHT
monutpar Jsmaszacel (ICL) mepcmekTuBanmsl MakcaTka aHanmel, mereaMeH ICL
WHTUOUTOpIAphl MaHbI3ABI (hapMalEeBTHKAJIBIK LICKTEyJepre Tam OoJajibl, COHbIH
iIIiHAe cyaa epirilmTiri Hamap KoHe )Kacylianapra eHny skeTkinikcis. by 3eprrey ICL
WHTUOUTOPIIAPBIH JKETKi3y MOCENIeNEepiH IemeTiH (papMaleBTHKAJIBIK IpernapaTTapibl
Kacay CTpaTerdsulapblH JKyHemi Typle Oaranay >KOHE OJaplblH TEpareBTiK KOJJaHy
oneyeTiH Oarayay opi TepamneBTiK JICyeTiH aHBIKTay MaKCcaThIHA XKYpri3iami. PubMed,
Scopus, Web of Science »one Chemical Abstracts Service (2000 »x.xanrap — 2025
K. TaMbI3) Prisma HycKaymapblH KOJJIaHa OTBIPBI, JXKYHeNi Typuae omeOuerTepii
i3gey kyprizinai. I3mey cypaynmapeiHa ‘“‘m3onurtpar smasacel”, “ICL mHrubutopsr”,
“(apmanieBTHKANBIK OHIMII d3ipiey”, “Iopi-IopMEKTepli >KeTKi3y” »KoHE OHBIMEH
OalmaHpICTBl TEpMHUHJICP Kipai. 3eprreyiep (apMameBTHKAIBIK (QopMynazapisl
o3ipieyre, (pU3MKa-XUMMISUIBIK CUIIATTaMajapFa, TYPAKTBUIBIKTHL Oarajiayra HeMmece
ICL uHrnouTopIaphiH KeTKi3y KyHeciHe KaThICThI eHri3inmi. Perent Typrepi, Tannay
ozicTepi KOHE MaijanaHy cumarramajiapbl Typajibl MOJIMETTep ayiblHAbL. KpIpBIK
YLI 3epTTey KOCy KpuTepHiliepiHe colikec kenai. Hanomarepmanmapra Herizaeirex
KETKI3y kyHenepi OackiM Oomabl (58,1%), keOiHece monuMepii HaHOOOJIIEKTEP
seprrenai (42,8%). berrik moaudukanusianraH HaHOOGJIIIEKTEp, arall alTKaHja
MaHHO3aMEH KallTaJIFaH Ipenaparrap MoaupuKanusuiaHOaraH TachbIMaAayIibUIapMeH
casiplcThIpFana Makpodarrapra (Cinipy TriMainiri 68,9 + 7,1%) sxoHe jkacymainmisik
xuHakranyra (1032,4 + 94,7 ur/1076 sxacyma) tamama acep ereni. Jlumuarepre
HETi3JeNTeH JKyiesep >KOFapbl JTUMOPHIBAI KOCBUIBICTAD YIIIH OHTAMIBI THIMALTIKTI
KOpCeTTi. OKIere >MeTKi3yre apHaJfaH IMpenaparrap OKIere KarbICThl Tamalla
TUIMIUTIKTI KOPCETTI (0KMe MEH IIa3MaHbIH apakaTeiHackl: 8,5-15,7). TypaKkTbUTBIKTHI
3epITey TONTBHIPFBIUTHI TaHJAyAbl aHBIKTAMTBIH Jerpajalys >KONJapblH aHBIKTAIbI.
JonenieHreH aHAIWTHKAIBIK 9/icTep KepemeT ThiMaimikTi kepcerti(R ~ 2 > 0,999
CBIBBIKTBIFBL, RSD < 2% nonpiri). Xeringipinren nopimik Qopmanapisl KypyIbIH
KETUIIIPIITeH CTpaTerusuIaphbl, aTam alTKaH1a, MaKcaTThl HAHOOOJIILIEKTED KOHE OKIIere
xetkizy kyienepi ICL mHruOuTopinapelHblH (hapMaleBTHKAIBIK IEKTEYJIEPiH COTTI
xosael. by Tocimaep TyOepkynesre Kapchl THIMJI MperaparTapAblH JaMyblHa HEri3
00I1a OTBIPHIIL, EPITIMITITIH, KacyIIaJap/IbIH CIHYiH KoHE TiHAEpTe dCcepiH xKaKcapTabl.
Kocreimia 3eprreynep in vivo xaH-)KaKThl Oaranayra, y3aK MEp3iMai TYPaKTbUIBIKTHI
Oarasnayra >KoHE KJIMHUKAJIBIK KOJIJaHy YIIiH OHAIPiCTI KeHEUTyre OarbITTalybl KepeK.

Tyiiin ce3aep: w3ouMTpamMaza WHTHOWUTOPIAPHI, (apMalEBTUKAIBIK KYPaMbl,
JIOPUITIK 3aTTapibl XKETKI3Y KyHenepi, HaHOOOIIEKTep, TYOepKyIe3 Teparusichl
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AnHoramus. TyOepkyn€3 ¢ MHOXECTBEHHOH IJIEKapCTBEHHOW YCTONYHMBOCTHIO
ocTaércs Cephe3HON TPoOIEeMOl TII00abHOTO  3/paBOOXpaHEHUs, TpeOyromeit
pa3paboTKK HOBBIX TepamneBTHYecKuX mnoaxomoB. Mzomurparnuaza (ICL), depment,
HEOOXOAMMBIN Il TIEPCHCTEHIIMH MHKOOAKTEepHil TyOepKyié3a, paccMaTpHhBaeTcs
KaK T[epCHeKTHBHAas MHUIIEeHb, oaHako wuHruowmropel I[CL cramkuBatoTcs ¢
psaaoM GdapManeBTUYECKUX OTpaHUYEHUH, BKIIOYas HHU3KYK) pPacTBOPUMOCTH U
HEJIOCTAaTOYHOE IMPOHUKHOBEHHE B KJIETKH. HacTosiiiee wmcciemoBaHue HaNpaBiIeHO
Ha CHCTEMaTHYECKYIO OIICHKY CTparernii pa3pabOTKu JIeKapCTBEHHBIX (opM,
obecrieunBaromux 3¢ ¢dexTuBHy0 aoctaBky uHruouropoB ICL, u anamm3 wux
TepaneBTHYeCKoro moTeHnuana. [lpoBenéH cucremarndeckuii 0030p JTUTEpaTyphl C
rcrnoibp3oBaHreM 0a3 naHHbIX PubMed, Scopus, Web of Science u Chemical Abstracts
Service (2000-2025 rr.) B coorBeTcTBHH C pekomeHmanusmMu PRISMA. Anamms
MOKa3aJ1, 4T0 HauboIee pacpoCTPaHEHHBIMU SBISIOTCS CUCTEMBI TOCTABKU Ha OCHOBE
HaHoMarepuasioB (58,1%), cpean KOTOPhIX JOMUHHUPYIOT ITOJMMEPHBIE HAHOYACTHIIHI
(42,8%). IloBepxHOCTHO-MOIU(DUITUPOBAHHBIE HAHOYACTHUIIBI, B YACTHOCTH MaHHO30-
MOIUGUITPOBAHHEIE, IEMOHCTPUPYIOT TIOBHIIIEHHOE TIOTNIOIIeHne Makpodaramu (68,9
+ 7,1%) u BBICOKO€ BHYTPUKJIIETOUYHOE HAKOIUICHWE. JIMTIMIHBIE CUCTEMBI TOCTaBKH
nmoka3anu APQPEKTUBHOCTD I JIAMOPUIBLHBIX COEAWHEHUH, a WHraIsIHOHHbIE
(dbopMBl  OOecrieynsii  BBICOKHHM ypOBEHb HAKOIUIEHUS B JIETKUX. Pe3ynbrarhl
CBUETEIHCTBYIOT, YTO COBPEMEHHBIE CTpaTeTUH pa3pabOTKH JIEKapCTBEHHBIX (opM,
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BKJTIOUYAsi TAPTeTHPOBAHHBIE HAHOYACTHIIBI M CUCTEMBI IOCTaBKU B JIETKKE, TTO3BOJISIOT
MIPEO0NETh KIItoUeBble orpaHnueHus nHruoutopos ICL, ynyymas ux pacTBOPUMOCTD,
OMOIOCTYITHOCTh U TKAHEBYIO CIIELU(PUIHOCTb.

KioueBble  cjoBa:  MHTHOUTOPBI  M30LUTpATIvasbl;  (apManeBTHYECKas
KOMIIO3UIUSI; CHCTEMBI JAOCTABKH JIGKAPCTBEHHBIX CPEACTB; HAHOUACTHUIIBI; TEpaTHs
TyOepKynes3a

Introduction. Tuberculosis continues to challenge global public health systems.
Annual surveillance data document approximately 10 million new infections and 1.3
million deaths across all WHO regions. Despite the existence of recognized treatment
regimens, the emergence and spread of drug-resistant strains of Mycobacterium
tuberculosis pose a serious threat to tuberculosis control efforts worldwide and, in
particular, in countries with a high burden of morbidity, such as Kazakhstan, where the
incidence of multidrug-resistant tuberculosis (MDR-TB) remains among the highest
in the world (Terlikbayeva et al., 2023). According to the World Health Organization,
7,400 new cases of tuberculosis were registered in Kazakhstan in 2023, approximately
24% of which were classified as MDR-TB cases, which highlights the urgent need
for new therapeutic approaches (WHO, 2024). This alarming situation requires the
development of innovative anti-tuberculosis drugs with unique mechanisms of action
capable of overcoming existing resistance mechanisms.

Clinicians typically prescribe a six-month multi-drug course for drug-susceptible
tuberculosis. When resistance emerges, treatment duration extends considerably —
often reaching 18 to 24 months — and necessitates second-line agents that carry greater
toxicity profiles and demonstrate reduced efficacy (Tiberi et al., 2022). This extended
treatment duration contributes to poor patient adherence, increased risk of adverse
effects, and substantial healthcare costs. M. tuberculosis can persist dormant within host
tissues with reduced metabolism and increased antibiotic tolerance, making complete
eradication difficult (Boshoff and Barry, 2005). These persistent bacterial populations
are believed to be responsible for latent TB infection, which affects approximately
one-quarter of the global population and serves as a reservoir for future active disease
(Houben and Dodd, 2016).

Recent research has shifted attention toward metabolic pathways essential for
mycobacterial persistence during latency. The glyoxylate shunt has emerged as
particularly promising because it enables M. tuberculosis to survive prolonged nutrient
deprivation within host tissues (Bhutani et al., 2022).

During chronic infection, when host carbohydrate sources become limited, M.
tuberculosis relies on this alternative pathway to metabolize fatty acids for carbon and
energy. Isocitrate lyase (ICL), a pivotal enzyme within the glyoxylate cycle, facilitates
the breakdown of isocitrate into succinate and glyoxylate. This process circumvents the
carbon dioxide-producing stages of the tricarboxylic acid (TCA) cycle, allowing the
bacterium to preserve carbon atoms for gluconeogenesis (Gould et al., 2006).
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The essential role of ICL in M. tuberculosis survival was demonstrated by McKinney
and their team. Their research revealed that mutants lacking ICL were incapable of
persisting within macrophages and displayed reduced virulence in a mouse model of
tuberculosis (Kumar et al., 2021). Further investigations have corroborated the essential
role of ICL in enabling bacterial adaptation to low-oxygen environments and limited
nutrient availability. These conditions characterize the granulomatous lesions in which
M. tuberculosis resides during long-term infection. It is noteworthy that the glyoxylate
cycle is not present in mammals, positioning ICL as a desirable target for selective
inhibition without substantial risk of toxicity.

Literary review. Initial attempts to create ICL inhibitors focused on analogues of
isocitrate, an enzyme substrate. [taconate and its derivatives showed moderate inhibitory
activity against ICL, but demonstrated weak cell penetration and limited efficacy in
vivo. Subsequently, promising chemical scaffolds with improved inhibitory properties,
including phenyldiketonic acids, benzimidazoles, and thiadiazoles, were identified
during large-scale screening campaigns (Kratky and VinSova, 2012). Among them,
3-nitropropionate (3-NP) proved to be a powerful competitive inhibitor of ICL with
an IC50 value in the micromolar range, serving as a valuable compound for further
optimization.

Modern advances in medicinal chemistry have led to the creation of more powerful
and selective ICL inhibitors. Khomyakov and Baykov from the Scientific Research
Institute of Phthisiopulmonology in Russia synthesized a series of new N-substituted
2-(5-nitrofuran-2-yl) acetamides, which showed significant inhibitory activity against
ICL with minimal cytotoxicity for mammalian cells (Khomyakov and Baikov, 2021).
Similarly, Akhmetova and her colleagues from the National Center for Biotechnology
in Kazakhstan identified several promising hit compounds by virtual screening of
natural product libraries against the active ICL site (Akhmetova et al., 2022). Their
leading compound, a flavonoid derivative designated as NCB-613, demonstrated potent
inhibition of both isoforms ICL1 and ICL2 and showed significant activity against
intracellular M. tuberculosis in infected macrophages (Akhmetova et al., 2023).

Despite these advances, most ICL inhibitors suffer from poor pharmaceutical
properties. Many lead compounds show limited water solubility, rapid metabolism,
and insufficient penetration through the mycobacterial cell wall (Saxena et al., 2018).
The complex, lipid-rich cell wall of M. tuberculosis blocks drug entry, requiring
innovative formulation approaches to improve penetration and intracellular drug levels.
Additionally, M. tuberculosis resides within macrophages and granulomas, where low
oxygen levels and acidic conditions create barriers to drug delivery.

Researchers in Kazakhstan have addressed these challenges through several
studies. Satbayeva and Zhumagalieva at Kazakh National Medical University
developed nanoparticle formulations of ICL inhibitors to enhance cellular uptake and
improve tissue distribution (Satbayeva and Zhumagalieva, 2023). Their lipid-polymer
hybrid nanoparticles containing NCB-613 showed better pharmacokinetics than free
drug: higher lung accumulation and longer plasma half-life (Satbayeva et al., 2024).
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Similarly, Sarsenova and colleagues at the Institute of Pharmaceutical Research and
Development in Kazakhstan explored the potential of inhalable dry powder formulations
of ICL inhibitors for direct pulmonary delivery, allowing targeted drug delivery to the
primary site of infection while minimizing systemic exposure and associated toxicities
(Sarsenova et al., 2022).

This review systematically evaluates pharmaceutical development of ICL inhibitor
formulations, focusing on formulation strategies, analytical methods, and stability
issues. We identify current challenges and future opportunities to accelerate development
of effective anti-TB drugs targeting the glyoxylate pathway. Specifically, we examine
advanced drug delivery systems, strategies to improve physicochemical properties of
lead compounds, and potential combination therapies to optimize efficacy and prevent
resistance development.

Materials and methods.

Literature search and study selection

A systematic review and meta-analysis were performed in accordance with the
PRISMA guidelines (Page et al., 2021). The advanced literature search was implemented
through various electronic databases, such as PubMed, Scopus, Web of Science and
Chemical Abstracts Service, in the period from January 2000 to August 2025. The
search strategy included combinations of keywords relevant to the research topic.
Among them: «isocitrate lyase», «ICL inhibitor», «glyoxylate cycle», «Mycobacterium
tuberculosis», «pharmaceutical development», «dosage formy», «drug delivery» and
«stability». Additional literary sources were identified by manually analyzing the
literature lists presented in the found articles and relevant reviews (Singh et al., 2022).

We included studies meeting the following criteria: (1) original research articles
describing pharmaceutical formulation development for isocitrate lyase inhibitors; (2)
investigations reporting physicochemical characterization, stability testing, or analytical
methodology; (3) preclinical or in vitro evaluations of drug delivery systems; and (4)
publications available in English or Russian. We excluded: (1) studies focused solely
on synthesizing new ICL inhibitors without formulation development; (2) research on
non-ICL antimycobacterial targets; (3) reviews without specific formulation data; and
(4) conference abstracts lacking detailed methodology.

Two independent reviewers screened titles and abstracts using predefined criteria.
Full-text articles were then evaluated for eligibility, with disagreements resolved by
a third reviewer. Figure 1 presents our study selection process, showing systematic
identification and screening of relevant literature according to PRISMA guidelines
(Moher et al., 2009).

| INFORMATION CATEGORIZATION |

| Compound Structure | Formulation Conventional Analysis Quantif |

i
| EXPERIMENTAL MODELS |
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| Invitro Cell | Ex vivo  Tissue | Invivo  Animals |
!

| PERFORMANCE PARAMETERS |

[ Properties | Solubility | StabilityChemica | Bio Availability |
|

| FORMULATION STRATEGIE |

| Conventional Oral | Nano  Nanoparticle | Targeted Pulmonary |

Figure 1 - Data extraction and quality assessment

An initial search of the database, as shown in Figure 1, revealed 846 articles that
could be relevant to the research topic. Additionally, 37 more records were found by
analyzing the link lists. After the duplicates were removed, 623 articles were analyzed
in headings and annotations, resulting in 171 articles being selected for a full study of
the text in order to determine whether they met the inclusion criteria. After a thorough
assessment of compliance with the inclusion and exclusion criteria, 43 studies were
included in the final review. Most of the excluded studies focused mainly on the
synthesis and biological evaluation of new ICL inhibitors, without affecting aspects of
pharmaceutical development. This fact served as the basis for their exclusion from the
current review focused on drug development issues.

Formulation development methodologies

To address key challenges of ICL inhibitors-limited water solubility and insufficient
cellular uptake-researchers have examined diverse formulation strategies. Solid
dispersion methods, utilizing water-soluble polymers such as polyvinylpyrrolidone
(PVP), hydroxypropyl methylcellulose (HPMC), and polyethylene glycol (PEG), have
been widely studied to improve the dissolution rate and apparent solubility of ICL
inhibitors exhibiting poor water solubility. These formulations were generally produced
using techniques such as solvent evaporation, spray drying, or hot-melt extrusion,
with the choice of carrier and processing conditions carefully optimized based on the
physicochemical characteristics of the particular inhibitor.

Nano-based drug delivery systems have garnered significant interest for enhancing
the delivery of ICL inhibitors to infected tissues and cells. Polymeric nanoparticles,
composed of biodegradable polymers like poly (lactic-co-glycolic acid) (PLGA) and
polycaprolactone (PCL), have been created through emulsification-solvent evaporation,
nanoprecipitation, or microfluidic methods. Surface modification of these nanoparticles
with targeting ligands, such as mannose, tuberculin, and various cell-penetrating peptides,
has been explored to improve macrophage uptake and intracellular accumulation.
Lipid-based delivery systems, including liposomes, solid lipid nanoparticles, and
nanostructured lipid carriers, have also shown encouraging outcomes in enhancing the
bioavailability and therapeutic effectiveness of ICL inhibitors.

Pulmonary delivery systems offer an additional important formulation strategy for
ICL inhibitors, enabling direct delivery to the primary site of tuberculosis infection.
Dry powder inhalers (DPIs), pressurized metered-dose inhalers (pMDIs), and nebulizer
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formulations have been developed and characterized regarding aerodynamic properties,
including mass median aerodynamic diameter (MMAD), fine particle fraction (FPF),
and emitted dose. Various particle engineering techniques, including spray drying,
spray freeze drying, and supercritical fluid technology, have been employed to generate
respirable particles with optimized size distribution and flow properties.

Analytical methods and characterization techniques

To ensure thorough characterization and rigorous quality control of ICL inhibitor
formulations, extensive analytical methodologies were implemented. The primary
approach for quantitative assessment involved utilization of high-performance
liquid chromatography (HPLC) coupled with ultraviolet (UV) or mass spectrometric
(MS) detectors. Validation of these methods conformed to International Conference
on Harmonisation (ICH) guidelines, encompassing assessments of specificity,
linearity, accuracy, precision, detection limit, and quantitation limit. For intricate
biological matrices, liquid chromatography-tandem mass spectrometry (LC-MS/
MS) methodologies were formulated and validated, aimed at pharmacokinetic and
biodistribution investigations.

Solid-state attributes were assessed via a suite of techniques, including X-ray
powder diffraction (XRPD) to determine crystallinity, differential scanning calorimetry
(DSC) to characterize thermal behavior, thermogravimetric analysis (TGA) to quantify
weight changes upon heating, and Fourier-transform infrared spectroscopy (FTIR) to
identify potential drugexcipient interactions within solid formulations. Evaluation of
morphology was performed via scanning electron microscopy (SEM) in the case of
solid dosage forms and transmission electron microscopy (TEM) for nanoscale delivery
systems. Measurement of particle size, size distribution, and zeta potential of colloidal
dispersions were conducted via dynamic light scattering (DLS) and laser diffraction
techniques.

Following ICH guidelines, stability assessments were carried out across various
storage conditions: accelerated (40°C/75% RH), intermediate (30°C/65% RH), and
long-term (25°C/60% RH). At predetermined intervals, samples were evaluated with
regard to physical attributes, drug concentration, dissolution characteristics, particle
size, and assessment of degradation products, to accurately define shelf-life and optimal
storage parameters.

Results.The final dataset comprised 43 eligible studies. The temporal distribution
of publications revealed a pronounced upward trajectory, with 29 articles (67.4%)
published between 2020 and 2025 - a pattern consistent with the growing scientific
interest in ICL as a druggable target. Research contributions spanned 16 countries;
the United States accounted for the largest share (23.3%), followed by India (18.6%),
China (14.0%), and Kazakhstan (9.3%). The physicochemical profiles of the principal
ICL inhibitor candidates, together with the formulation strategies adopted to overcome
their pharmaceutical shortcomings, are compiled in Table 1. Across the majority
of compounds, insufficient aqueous solubility represented the dominant challenge,
driving the exploration of multiple formulation approaches aimed at improving drug
performance.
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Table 1 - Physicochemical properties of lead ICL inhibitors and corresponding formulation strategies

Compound Chemical Log Aqueous Formulation References
Class P Solubility Approaches
(ng/mL)
3- Carboxylic - 4850 + 320 Solution, [26,27]
Nitropropionate acid 0.14 Nanoparticles
NCB-613 Flavonoid 3.82 124+1.8 Solid dispersion, Lipid [28,29]
derivative nanoparticles
Compound 7a Benzimidazole | 4.26 3.7+0.5 Polymeric nanoparticles, [30, 31]
Cyclodextrin complex
Compound 19b Thiadiazole 3.51 82+1.1 Nanosuspension, [32,33]
Solid lipid nanoparticles
2-(5-nitrofuran2- Nitrofuran 1.93 75.6 6.2 Microemulsion, [34, 35]
yl)acetamide Spray-dried
microparticles
ITZ-01 Itaconate 2.68 423+39 Liposomes, [36,37]
derivative Inhalable dry powder

Note: Compiled by authors based on literature sources: Smith et al., 2021; Chen et al., 2022, Satbayeva
et al., 2023; Roberts et al., 2021; Feng et al., 2022; Patel and Agrawal, 2020; Agrawal et al., 2021;
Khomyakov et al., 2022; Kovalenko et al., 2023; Yang et al., 2022; Sarsenova et al., 2023). LogP values
indicate lipophilicity; aqueous solubility measured at 25°C, pH 7.4.

Examination of the distribution across formulation categories showed a clear
predominance of nanocarrier-based platforms, which featured in 58.1% of the reviewed
studies. Conventional dosage forms comprised 25.6% of the literature, while pulmonary
delivery approaches accounted for the remaining 16.3%. Within the nanocarrier
category, polymeric nanoparticles attracted the greatest research effort (42.8%), with
lipid-based systems ranking second (31.4%) and surface-functionalized nanoparticles
comprising 25.8%. The preference for nano-based platforms reflects their capacity
to simultaneously address several key shortcomings of ICL inhibitors: they augment
apparent solubility, facilitate intracellular penetration, and permit selective delivery to
macrophages harboring the pathogen.

Cellular internalization data obtained from in vitro models further underscored the
advantage of surface engineering. As detailed in Table 2, macrophage uptake varied
substantially depending on formulation design, with surface-modified nanoparticles
consistently outperforming their unmodified counterparts in terms of targeting efficiency.

Table 2 - Comparative cellular uptake efficiency of ICL inhibitor formulations in macrophage cell
lines

Formulation Type Cell Line Uptake Intracellular References
Efficiency Concentration (ng/1076 cells)
(%)
Pure drug solution | J774A.1 83+£1.2 1245+ 18.6 [39, 40]
Polymeric nanoparticles | J774A.1 42.7+5.3 635.8+72.4 [41,42]
Mannose-coated J774A.1 68.9+£7.1 1032.4 £94.7 [43, 44]
nanoparticles
Lipid-based carriers RAW 35.6+4.8 532.7+63.5 [45, 46]
264.7
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Tuberculinmodified RAW 572+6.3 854.6 + 88.3 [47, 48]
liposomes 264.7
Cell-penetrating peptide | THP-1 61.5+£5.9 918.3£85.1 [49, 50]
conjugates

Note: Compiled by authors based on literature sources [39-50]. Uptake efficiency measured after
4-hour incubation at 37°C. Intracellular concentration determined by LC-MS/MS following cell lysis. Data
presented as mean + standard deviation.

The data presented in Table 2 confirm that surface functionalization substantially
improved macrophage targeting relative to unmodified carriers. Among the systems
evaluated, mannose-decorated nanoparticles yielded the highest uptake efficiency (68.9
+ 7.1%) and intracellular drug accumulation (1032.4 + 94.7 ng/10° cells) in J774A.1
macrophages, an outcome attributable to receptor-mediated endocytosis via mannose-
binding proteins on the macrophage membrane. Tuberculin-modified liposomes and
cell-penetrating peptide conjugates likewise exhibited greater cellular internalization
than their unmodified equivalents.

Complementary evidence from in vivo biodistribution experiments corroborated
the advantages of advanced formulation strategies for directing ICL inhibitors to
infected tissues (Satbayeva and Zhumagalieva, 2023; Satbayeva et al., 2024; Yang et
al., 2022; Sarsenova et al., 2023). Inhaled dry powder formulations proved particularly
effective, achieving markedly higher drug concentrations in lung tissue than either
oral or intravenous routes. Lung-to-plasma concentration ratios following pulmonary
administration ranged from 8.5 to 15.7, reflecting a high degree of site-specific deposition
at the primary locus of tuberculous infection.

Shelf-life assessments indicated that storage stability differed appreciably across
formulation types. Solid-state preparations - solid dispersions and spray-dried powders -
retained physicochemical integrity for up to 24 months under recommended conditions,
with degradation levels remaining negligible in comparison to liquid systems. Polymeric
and solid lipid nanoparticles demonstrated acceptable stability, with both particle size
and drug content staying within predefined specifications throughout the study period.

Stress testing at 40°C/75% RH disclosed distinct decomposition routes for individual
inhibitors (Roberts et al., 2021; Feng et al., 2022; Agrawal et al., 2021; Kovalenko et al.,
2023). Nitro-containing structures, including 3-nitropropionate and 2-(5-nitrofuran-2-
yl) acetamide, proved susceptible to reductive degradation, whereas compounds bearing
carboxylic acid moieties were prone to esterification. These observations directly guided
the rational selection of stabilizing excipients and appropriate primary packaging.

Discussion. For routine quantification of ICL inhibitors in pharmaceutical matrices,
HPLC coupled with UV detection emerged as the method of choice. All validated
procedures met stringent performance criteria: linearity extended across the relevant
concentration range (1> > 0.999), precision remained below 2% RSD, and accuracy fell
within 98—102% recovery. Where quantification in biological fluids was required, LC-
MS/MS platforms were developed and validated, attaining lower limits of quantification
between 1.0 and 5.0 ng/mL - sensitivity sufficient for reliable pharmacokinetic and
biodistribution profiling.
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Several investigations addressed manufacturability and scale-up considerations.
Spray drying and high-pressure homogenization were identified as the most suitable
techniques for large-scale production of solid dispersions and nano-based systems,
respectively. Key process variables were systematically characterized and optimized
to guarantee batch-to-batch consistency in physicochemical attributes and drug release
profiles.

Assessment of antimycobacterial potency showed that formulation optimization
translated into meaningful gains in activity against M. tuberculosis. Surface-modified
nanoparticles reduced MIC values by four- to eight-fold relative to unformulated drug
substances, an effect linked to their superior intracellular penetration and accumulation.
The best-performing systems achieved MIC values of 0.25—-1.0 pg/mL against susceptible
strains and 1.0-4.0 pg/mL against multidrug-resistant isolates. Taken together, these
findings reflect substantial advancement in overcoming the pharmaceutical barriers
associated with ICL inhibitors, with targeted nanoparticles and pulmonary platforms
proving most effective in improving solubility, cellular uptake, and tissue-level drug
exposure.

The body of evidence examined in this review points to several defining trends in
the pharmaceutical development of ICL inhibitors. Nano-based delivery systems, and
surface-modified nanoparticles in particular, emerged as the dominant formulation
paradigm, consistently outperforming conventional preparations in macrophage
targeting.

The dissolution advantage conferred by nanoformulations operated through multiple
concurrent mechanisms: increased surface-to-volume ratios, greater contact area with
the dissolution medium, and conversion of crystalline drug to an amorphous state.
These observations are consistent with the findings of (Pandey and Khuller, 2021), who
reported comparable dissolution improvements for established anti-tuberculosis agents
formulated as polymeric nanoparticles.

The capacity to direct drug-loaded carriers specifically to macrophages carries
particular significance, as these cells constitute the principal intracellular niche of M.
tuberculosis. Mannose-functionalized nanoparticles achieved an eight-fold increase
in intracellular drug concentration relative to free drug solution, illustrating the extent
to which receptor-mediated targeting can circumvent cellular barriers. This outcome
exceeds the five-fold enhancement in macrophage uptake previously reported by
(Saraogi et al., 2020) using mannose-conjugated carriers loaded with conventional anti-
tuberculosis agents.

Notwithstanding these advances, the reviewed literature has several notable
shortcomings. The predominance of in vitro experimental models, with comparatively
sparse validation in animal systems, limits the translational confidence of current
findings. Persistent nanoparticle stability issues at manufacturing scale represent a
further unresolved challenge. Finally, the economic viability of advanced delivery
platforms relative to standard formulations has received insufficient attention - a gap
of practical consequence for healthcare systems operating under resource constraints in
high TB-burden settings.
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Conclusion. The present systematic review delineates the principal formulation
strategies applicable to ICL inhibitor-based anti-tuberculosis therapy. Among the
approaches examined, nano-based platforms - most notably surface-modified
nanoparticles and lipid carriers - proved most effective in resolving the two foremost
pharmaceutical liabilities of this compound class: poor aqueous solubility and restricted
intracellular penetration. Mannose-functionalized nanoparticles stood out for their
macrophage targeting precision, generating an eight-fold rise in intracellular drug
concentrations relative to non-targeted systems and thereby suggesting the possibility
of achieving therapeutic effect at reduced doses.

Inhaled dry powder formulations delivered a lung-to-plasma ratio of 8.5-15.7,
confirming that direct pulmonary administration concentrates drug at the primary
infection site while substantially limiting systemic exposure and the toxicity associated
with it.

The choice of formulation platform should be guided by the physicochemical
character of the individual inhibitor. Highly lipophilic agents such as NCB-613 and
Compound 7a responded more favorably to lipid-based carriers, whereas compounds of
moderate lipophilicity were better served by polymeric nanoparticle systems.

Forced degradation and stability experiments mapped the decomposition pathways
specific to each structural class, providing a rational basis for excipient selection and
packaging design. Solid-state preparations - solid dispersions and spray-dried powders
in particular - exhibited markedly superior stability relative to liquid formulations,
supporting their use where prolonged shelf life is required.

The validated analytical procedures developed across the reviewed studies constitute
dependable tools for both quality control and the pharmacokinetic characterization
needed to advance these candidates toward clinical use.

Several areas nonetheless remain insufficiently explored. Rigorous in vivo evaluation
in established tuberculosis models, extended stability testing under real-time conditions,
and optimization of manufacturing processes for industrial-scale output each warrant
dedicated investigation. The findings consolidated in this review offer a systematic
framework for the rational design of ICL inhibitor formulations and underscore the
capacity of targeted nanoparticle and pulmonary delivery technologies to unlock the
full therapeutic potential of this compound class - including against multidrug-resistant
disease.
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