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Abstract

The antibiotic drug resistance Mycobacterium tuberculosis (M.tb) is typically associated with
immune evasion shared by pathogenic bacteriumrgndsic antimycobacterial drug resistance.
These factors significantly contribute to the liedit delivery of drugs intracelullary thereby
posing an ever-growing threat to mankind. A prongsiapproach to tackle this multi-drug
resistance is to use nanocargoes (NCs) based afivgrg approach. The aim of the present
study was to develop mannose coated S-protectechénic site-specific nanocargoes (MPTCh-
NCs) of Rifampicin (Rif) in order to deliver drugdally inside the macrophages. This NCs-
based delivery system modifies the macrophage aiv statesvia mannose receptors and
endocytosis to alter the macrophage activatiore $hats providing synergistic antimycobacterial
effects. MPTCh-NCs were synthesized by ionic getatnethod and assessed for particle size
and encapsulation efficiency Moreover, MPTCh-N@senalso investigated in vitro for drug
release, macrophage uptake, buffering potentiatdhjone reductase (MTR) inhibition ability,
inhibitor concentration (MIC) , phagolysosomal fusi reactive oxygen species (ROS)
production apoptosis and RV 1258 inhibition. Thesivo bioavailability study of MPTCh-NCs
was also evaluated in male BALB/c models over @odeof 72 h. The optimized MPTCh-NC
formulation was nanosized (390 = 20 nm) with bet# of Rif i.e. 73.68 + 5.99 %. The
MPTCh-NCs showed better buffering capacity at odfé pH ranges, 35.69 folds higher
macrophage uptake than Rif with P-gp inhibitiongmbial and pronounced MTR inhibition
potential. The MPTCh-NCs exhibited MIC of 16 pg/by drug susceptibility testing. Flow
cytometric analysis of MPTCh-NCs exhibited, inceshapoptosis (33.29 %). Real time PCR
data suggested enhanced RV 1258 inhibition poteftti@87 fold expression) of the MPTCh-
NCs. In vivo results indicated increased bioavailability of MRFSBCs (AUC 12.31 folds
higher) in comparison to conventional drug Rif. dammary, the observed capacity of the
mannose coated S-protected NCs-based approactiverdberapeutic levels of Rif selectively

has potential to improve the therapeutic managegainst drug resistant tuberculosis.

Key words. multidrug resistance, nanocargoes, anti oxidamergial, Mycothione reductase,
alternative activation state, S-protected chitosan
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1. Introduction

Tuberculosis (TB) is the deadliest infectious dégewith two million deaths annually across the
globe. Despite efforts to mitigate its toll on humtg, it is still considered a major threat to
public health. The microenvironment conditions desions of TB are highly complex and
induce diverging trajectories of these lesions iwitthe host's innate immune system. The
microenvironment complexity is due to the multiptgpes of lesions associated with
Mycobacterium tuberculosis (M.tb). TB microenvironment not only initiates aegiora of
immune evasion but also in parallel, provides aaitor Mycobacterium survival [1, 2]. The
host's immune system limits the mycobacterial sprgmough a series of events induced by
immune system. One of the major limitations of &xésting therapeutic modalities is the intra-
macrophage localization of tiMycobacterium. The p-glycoprotein efflux pumps (EPs) existing
on the surface of macrophages is involved in thaidraefflux of certain drugs such as
Rifampicin, moxifloxacin, isoniazid and bedaquilifgd. Additionally, endosomal encapsulation
of the drug results both in drug deteriorationddAfl in phagolysosomal fusion [5]. The ability of
Mycobacterium to circumvent the macrophage induced ROS dependshenreduction of
mycothiol (MSH). . Enzymes involved in the MSH braghesis are considered to be essential
for the growth of M.th. Mycothione Reductase (MTiR)one of these enzymes, which actively
participates in M.tb growth. MSH is being convertatb its oxidized form such asMSSM as a
result of its exposure to ROS. In order to maintais reducing potential, MTR also catalyzes
MSSM and forms MSH. Moreover, MSH plays a pivotalerin Mycobacterium survival[6].
Mycobacterium has EPs existing on its surface which are actiiralplved in the expulsion of
drugs (such as RV1258 for Rif) which in turn dinsimés the intracellular drug concentrations.
Such strategies mediated Mycobacterium facilitate the reduced intracellular drug levelslan
subversion of immune response thereby producingltieenative pathways for the activatioh

macrophages [3, 7].

There is an urgent need to develop a drug delipayform that addresses aforementioned
challenges to improve intracellular trafficking,bsert the immune response and to facilitate
synergistic bactericidal effects. Different studies/e shown that the alternative activation state
of macrophages results in the deprivation of cowmiid defense systems of M.tb [8].

Nanotechnology has gained much attention owinghtar ttunable shape and size-dependent
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physiochemical features. NP-based cargo systemswfknas nanocargoes) advance the
therapeutic and pharmacological performance of citleenapeutic agentga targeted delivery
and controlled drug release. This targeted andraibed drug release eliminate the problems
associated with conventional drugs such non-selgctand uncontrolled/unpredictable release
[9]. Several nanotechnology-based drug delivergtsties have been developed in order to
obtain macrophage activation. For instance, Piletrgported that the phagocytosis of the
Selenium-nanoparticles (NPs) increased the phagsbysal destruction of macrophages and
enhanced the ROS-mediated programmed cell death [hOanother study, it has been
demonstrated that the phagocytic uptake of glucBse-bf Rifabutin resulted in the activation of
cascade responses within infected macrophages.eTresponses included enhanced ROS
generation, apoptosis and phagolysosomal destructiothe Mycobacterium [5]. Therefore,
NPs-based delivery formats have emerged as a prgmisandidate in drug delivery
applications. In these regards, a nanocargo (N£g) promising solution owing to their high
abilities of carrying drugs and releases them sgkdg (where the drug release is the most
needed). Successful delivery of NCs into the cygspl of cells involve three critical steps: 1)
cellular internalization and localization; 2) stilation of endocytosis and 3) facilitation of
endosomal escape [11]. S-protected thiolated patyitadso known as thiomers comprising thiol
groups covalently attached to their backbones) hamnely been studied for their increased

cellular uptake, efflux pump, enzyme inhibition grefmeation enhancing features [12].

In this work, we developed a smart, site-specitligprotected thiomeric chitosan NCs coated
with mannose in order to increase the intracelldiarg traffickingvia two ways. Firstly this
thiomeric drug delivery platform containing disdké bonds at the surface of the polymer enables
NCs to pass through the cell membrane. by endasyeodry pathways [11]. Secondly, mannose
receptor internalization facilitates the carriersteyn (MPTCh-NCs) to pass through the
macrophage. As prepared NCs were characterizet/éstigate their increased intracellular drug
uptake, P-gp EP inhibition, endosomal escape pateMTR inhibition and enhanced reactive
nitrogen species (RNS) & ROS-mediated cell dedaths. MPTCh-NCs were also evaluated for
enhanced phagolysosomal fusion, decreased MIChitidn of RV1258 EP and increased
bioavailability in vivo . Thus we report the mannose coated S-protectetiatéd nanocarriers

(MPTCh-NCs) with enhanced drug targeting intradally while altering the immune escape
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strategies oMycobacterium thus increasing the pathogen insult via syneggistycobacterial

effect.

2. Materialsand Methods

2.1. Chemicalsand reagents

Chitosan (50,000 Da) with the degree of deacetylalis-85 %, mercapto nicotinic acid, sodium
tripolyphosphate (TPP), thioglycolic acid (TGA) aBdmannose were purchased from Sigma-
Aldrich, Germany. Hydroxylamine, 1-ethyl-3-3(3-dithgl aminopropyl carbodiimide
hydrochloride (EDAC), Ellman’s reagent and sodiayanoborohydride were purchased from
Merck, Germany. Ascorbic acid and dimethyl sulfexidMSO) were purchased from Merck,
Pakistan. Penicillin, Streptomycin and RPMI werecpased from Merck, Pakistan. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brote (MTT) was purchased from Merck,
Germany. Rifampicin was given as gift form Pfizexbloratories Ltd. All solvents used were of
HPLC and analytical grade. All the chemical reagestd solutions were used without any

further modifications.
2.2.  Synthesisof polymeric carrier and basic characterization of nanocar goes

The detailed methodology of synthesis of thiolatbitosan, quantification of thiol, mercapto
nicotinic acid, mannose and disulfide linkageNMIR (nuclear magnetic resonance), fourier
transform infrared (FTIR), differential scanninglarametry (DSC) and thermogravimetric

analysis (TGA) are given in supplementary informatsection.
2.2.1. Formulation optimization by design expert

For the optimized synthesis of nanocargoes Desiqgreif software was utilized to optimize the
ratio of different ingredients i.e. conjugated podrs (Ch, TCh, PTCh and MPTCh), and
tripolyphosphate (TPP) using the central compa$itgign (CCD) The optimization was carried
out in terms of particles size, zeta potential ygwpersity index (PDI) and entrapment efficacy
(EE) as dependent variables. The matrix generatekdebsoftware was used to prepare the actual
formulations and analyzed statistically, includlimgar regression and response surface analysis.
Data with p-value < 0.05 was considered signifiamd included in the model. Based on better
fit (including probability F-value, adjusted R-sgeanoise level, adequate precision and lack of

fit F value), the best mathematical model was chdseeach response.
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NCs were formulated by ionotropic gelation as ré&gubipreviously, using the optimized ratios
suggested by the Design exfeiftL3, 14] Blank NCs were prepared by dissolving golymer
(0.2%) in deionized water and TPP (0.2 %) was adblegwise until the appearance of opaque
color. For the preparation of enveloped nanocargfe¥o solution of conjugated polymers
(Chitosan=Ch, thiolated chitosan=TCh, S-protectedlated chitosan=PTCh, and mannose-
grafted S-protected thiolated chitosan=MPTCh) in (1#6) acetic acid (pH 4.0). and 0.2% TPP
solution in deionized water was prepared separat€he specified amount (Img/ml) of
Rifampicin (Rif) was dissolved in DMSO and dilutadth the PBS (pH 4.0). The Rif solution
was added to the TPP solution and added drop witdeetpolymer solution until the appearance
of translucent color. The resultant suspension eegrifuged at 13,500 rpm for 30 min and the
pellet of NC was collected and re-dispersed in B8faglose solution, freeze-dried and stored at
4°C [13, 14]

2.2.2. Basic characterization of NCs

Drug-loaded nanocargoes and blank nanocargoesamatgzed for particle size, zeta potential
and polydispersity index (PDI) using Nanozeta siaalvern, UK) by diluting the samples 10
times so that the electrophoretic mobility of naargoes should not be compromised by the

aggregation [15].

The surface morphology was analyzed using scanalieciron microscopy (SEM) (FEI Nova
NanoSEM 450, USA). Samples for SEM images werefallyegrepared by slow evaporation of
a single dilute drop of formulation on carbon-caatepper grid followed by blotting with a drop
of 1% ammonium molybdate solution. For better castirthe dried sample was further coated
with gold, using sputter coater (Denton, Desk V Hgrating at 40 mA for 15 sec under

vacuum [14].

The encapsulation efficiency (EE) of Rif was meaduby the indirect method [16] The
suspensions of prepared nanocargoes were centtifige000 g) for 15 min and supernatant
was collected [17]. The supernatant was analyzedguhe HPLC method described above, for

the quantification of Rif. The encapsulation effiety was calculated by the formula:
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) __ Amount of drug in formulation

EE (% x 100%)

total amount of drug added
2.2.3. Invitrodrug release

In vitro drug release profile of the polymeric (Ch, TChaPT and MPTCh) NC was studied at
physiological pH i.e. 7.4 (PBS) and macrophage san@l pH 5.5 (PBS) by using the dialysis
tube technique. Briefly, NC suspension equivatertO mg of Rif was taken in the dialysis tube
(MW cut off =12-14 kDa) and suspended in the beaksttaining the dissolution medium of
50ml at 37 + 2] along with 0.1 mg/ml of ascorbic acid to prevame bxidation of Rif. Sink
conditions were maintained by adding 1% tween i1s R#ich allows the total quantity of drug
to be eluted from nanocarrier and reduced adhésyousing dialyzing membrane. The sample
was set at 50 rpm and at specific time interval2(M4, 8, 12, 24, 48, 72 h), the samples were
withdrawn and replaced with fresh medium of the samlume and drug content determined

through HPLC method described in section electrenplementary information [18].
2.3 Detection of buffering potential of the polymeric carriers

Acid base titration was used in order to evaludie buffering potential of Chitosan (Ch),
Thiolated chitosan (TCh), S-protected thiolatedagan (PTCh) and Mannosylated S-protected
thiolated chitosan (MPTCh). Briefly, the polymefdCs were dissolved in 0.1N NaCl at a
concentration of 0.1mg/ml with pH adjustment of Wfterwards, 0.1 M HCI| was added
dropwise (20 ul) into the polymer solution whildfelient pH values were measured by using pH
meter. The slope of the plot between pH and HCluarhndicated the buffering capacity of our
polymeric system [4]

2.4. Biocompatability, macrophage uptake, mycobacterial inhibition potential and P-gp
inhibition studies
2.4.1 Bacterial culture

Mycobacterium strains H37R, and R-1343)were obtained from National Reference Laboratory,
National Institute of Health, Islamabad, Pakist@he strains were grown in the mycobacterium
growth indicator tube (MGIT 960) added with OADCIgie acid, albumin, dextrose and
catalase) along with antibiotic combination (PANTW)inhibit the growth of any other bacterial

strain and to prevent contamination
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2.4.2 Macrophage isolation and infection

Macrophages were isolated from female swiss allomce using previously reported method
[19]. All the animal experiments were approved Ime tlocal ethical committee i.e. from
bioethical committee Quaid-i-Azam University, Islaibad (BEC-FBS-QAU2019-202) which are
approved according to the ARRIVE guidelines and thK. Animals (Scientific Procedures)
Act, 1986 and associated guidelines. The anima)el5 + 5 g were kept under 12 h light and
12 h dark cycles with free access to food and wateimals were acclimatized for 3-4 weeks
and their body weights were measured in order tduate the health of the animals and to
ensure if they were in an excellent state to perfany experimentation upon them. The animals
were used in minimum possible number and the metraggplied give minimum stress to
animals. Also the sacrifice of animals was dongit@ the less possible pain of death. Briefly,
1.5 ml of sterile thioglycolate (3% w/v) was inoatdd into the peritoneal cavity of swiss albino
mice. After 3 days the mice were euthanized andcald RPMI (5ml) was injected into the
peritoneal cavity of mice. The peritoneal exudass when collected and recovered. The exudate
collected above was then processed further folloimedhe centrifugation of 10 min at 3000
rom. The pellet recovered was then suspended in IRBWbplemented with penicillin,
streptomycin and 10% FBS.

2.4.3. Biocompatability analysis and phagocytic uptake

The detailed methodology of biocompatibility andake (phagocytic uptake, florescent uptake

and uptakeia flow cytometry) are given in supplementary infotioa.
2.4.4. Treatment with nanoformulations, % inhibition and drug influx by P-gp inhibition
Macrophage infection

Macrophages isolated above were plated on 24-eti @t the density of 1x1€ells/well with
microscopic slides and incubated af@#n CQ incubator for 24h to attach the monolayers to
the slides. After incubation, cells were washechwite serum free medium and adherent cells
were infected with th&.tb at a ratio of 10:1Nlycobacteria: macrophages) and then incubated
for 7 days in a C@incubator at 3%C. Afterward, the cells were washed with the RPMII t
remove the un-phagocytosdti/cobacteria and then incubated with different concentratiohs o

Rif and NC (1-200 pug/ml) for 24 h to examine thetbda within infected macrophages an acid-

8
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fast bacilli (AFB) stain kit (BD Biosciences, comyjt was used and staining was performed
according to the manufacturer's instructiofise slides were then stained with the Giemsa stgini
solution for 10 minThe stained cells were then visualized under i@ Inicroscope to count 100
cells per well to compute the percentage of infdéeteacrophages per 100 cells. Percentage of

inhibition was calculated by the following equati@].

% inhibition = No.of mycobacteria in control well — No. f mycobateria in treated well % 100
o tniubitton = No.of mycobacteria in control well

In order to evaluate the drug uptake of NC by Pefjlux pump inhibition, the macrophages
isolated above (1xf6ells/well) and infected with M.tb were treatedtwitdenosine triphosphate
binding cassette (ABC) inhibitor i.e. verapamil(§l) before adding the NC (at their MICs).
Verapamil was added in resistant strain (R1343d@fd macrophages, sensitive strain (H37R
infected macrophages and non-infected macroph@des. treatment of 2 h, cells were washed
with buffer (pH 7.4) and treated with Rif and naa@oes. After 24 h the cells were processed
for the HPLC analysis of drug [20].

2.5. Detection of phagosomal maturation and acidification

The macrophages cells were isolated from the pex#b cavity as described above. The
macrophages (1x10Ocells/well) infected with M.tb were exposed to theepared NCs i.e.
MPTCh-NCs (1 pg/ml) for 24 h and then incubatechwitcredin orange (AO) for 15-20 min in
order to detect the acidic vesicular organellee @bidic compartments fluorescence red color
(488 nm) while nucleolus and cytoplasm fluorescegrezn (520 nm) and this intensity depends
on the degree of acidification. The fluorescent roscope (20X) was used to obtain the
photomicrographs. To detect the phagosomal acadiio upon lysosomal fusion, the treated
cells were also stained with Lysotracker-G. Aftéri2treatment with nanocargoes, the cells were
then washed with PBS and stained with Lysotracker farther incubated at 37 for 15 min.
Afterwards the cells were washed with PBS and phaiwgraphs taken via fluorescent

microscope [5, 9].
2.6. Mycothione reductase (M TR) inhibition studies

The MTR inhibition studies of S-protected thiomeN€E€s on M.tb was conducted as reported

previously. Briefly, the crude enzyme (MTR) was gaeed by incubating the mycobacterium
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with lysis buffer (HEPES (40mM), triton-x 100 (2 9v), tris (pH 7.5, 50 mM), EDTA (1mM))
and phenylmethanesulfonyl fluoride (1mM) was addsdprotease inhibitor. Total of {6 of
lysate was added into the 96 well plates along Wighaddition of 25l Ellman’s reagent (100
um) and 25u1 NADPH (200um) and MPTCh-NCs at different concentrations (0-10mlg/The
reaction mixture was then incubated for 3 h in darkoom temperature. After incubation the
absorbance was measured at 405 nm using the mitmate reader [21]. For each sample the
control was set by adding all reagents except satlestTo calculate MTR activity following

formula was used:
MTR = Optical density of sample at 405 nmpti€al density of control at 405 nm

Different kinetic models were applied by using Grpad Prism (model etc) and thé Ralues
were subjected to sum of square F-test analysibdst fit values. The IC50 value for MPTCh-

NC was calculated by using graph pad prism.
2.7. Detection of oxidative burst, nitric oxide and cytokines quantification

In order to appraise the oxidative burst insidertarophage cells induced after the uptake of
the MPTCh-NC, the macrophages (1XI@lls/well) were incubated for 30 min with 2, 7'-

dichloroflorescein diacetate (DCFD) which is a gaimeable fluorogenic dye. Afterwards, the
cells were then treated with MPTCh-NCs at a comaéioh of 1 pg/ml. The plate was then kept
in dark on a shaker for 10 min and the fluorescéangncy was measured at 485 nm (excitation

wavelength) and 530 nm (emission wavelength) bygiuorescent microplate reader [22]

The details of the nitric oxide and cytokines qifaiation are given in supplementary

information section.
2.8. Cdl annihilation analysis

The cell annihilation after the predisposition bketcells to MPTCh-NCs was evaluated by
annexin-V Pl staining and then quantitatively assdsby using flow cytometry. Macrophages
(1 x 10 cells/well) were seeded in 6 well-plates, infectéth M.tb and further incubated for 24
h after treatment with pure drug and NCs (Ch, TERCh and MPTCh) at a concentration of 1
pg/ml. Afterwards, the cells washed with PBS andedi with ice cold methanol (-20C).

Subsequently, the fixed cells were embraced witagdh\and stained with annexin-V Pl and kept

10
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in dark for 30 min. Afterwards the fluorescence wasasured by flow cytometer for each

individual nucleus [5].

The nuclear morphological changes provoked by iba&tment of NC was enumerated after 4°,
6’- diamidino-2-phenylindole (DAPI) staining whidke a nuclear stain dye. The infected cells
were seeded (0.2 x 16ells/well) in a 6 well-plate and treated with MBA-NCs (1 pg/ml) and
further incubated for 24 h. Subsequently, the cekse fixed in 4 % paraformaldehyde after
washing with PBS. Afterwards, the cells were lysedh lysis buffer (triton X-100) and
incubated with DAPI (0.5 pg/ml) for 5 min and vi§mad under fluorescence microscope [23,
24].

2.9. Drug susceptibility testing and Mycobacterial EP inhibition

Drug susceptibility testing (DST) anahycobacterial efflux pump inhibition potential of the
prepared NC was carried out by using growth indicatibes, MGIT-960 based method ( TB
Alliance protocol NC-005-(J-M-Pa-Z)) against Mdnd MIC was determined. MGIT growth
indicator tube with BACTEC MGIT-960 supplement wased for theMycobacterium in the
instrument. The standard protocol was carried ougli the primary drugs. The culture used for
inoculation was dispersed to avoid clumps and lmaéven distribution of the microbe. After
15 min these dispersed cultures were used to iatedhe MGIT tubes containing first-line
drugs and ODAC (oleic acid, dextrose, albumin aathlase) supplement. The tubes were then
loaded in the MGIT-960 instrument. When GU reach@8 the instrument reads the set of DST
as complete. The complete set was then removed thiermstrument and print of the removed
DST set was taken an interpreted manually. In coispa to control (GU = 400), if drug-
containing tubes showed GU of greater than 100rebelt was interpreted as resistant. While, if
GU is equal to or less than 100, the result will ibeerpreted as susceptible. The above
experiment was repeated for Rif + Ver and NC (C8hTPTCh and MPTCh) with different
concentrations (0.65-100 pg/ml) in order to estemdte minimum inhibitory concentration
(MIC) and EP inhibition potential [7, 25]. The mddtion factor (MF) was also calculated by the

following formula:

_ MIC of Rif /NCs
~ MIC of Rif + Verapamil

MF

11
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2.10. RV1258 inhibition potential by RT-PCR and in vivo bioavailability studies

For RV1258 inhibition potential of prepared mannasmted S-protected thiolated NC of
Rifampicin, the standard protocol of RT-PCR wasduseéh slight modifications [7].

Mycobacterial cultures (drug sensitive and drug resistant) vedtained from national reference
laboratory, NIH Islamabad Pakistan. The strainsewiecubated at 3 with Rif and MPTCh-
NCs at their minimum inhibitory concentrations iRY broth containing ODAC (oleic acid,

dextrose, albumin and catalase) medium.

RNA extraction from theéMycobacterial cultures grown at OD of 600 nm of 0.5 and 0.8 was
done by using triazole method. Briefly, the cultwas centrifuged at 4000 rpm for 20 min at
25°C and the pellet was resuspended in 1ml triazalgemt (Invitrogen, USA) in order to lyse
the Mycobacterial culture and incubated at room temperature for b. rAfterwards 400ul of
chloroform was added and further incubated for 8.Mhe homogenate was then centrifuged at
12000 rpm at % for 10 min for phase separation. Upper aqueoyes laas then separated and
isopropanol was added in equal ratio. The tubeg wem incubated on ice (“Z) for 10 min to
precipitate down the RNA. The sample was then ifaged at 12000 rpm and’@ for 10 min
and supernatant was discarded. The pellet was dridte air and afterwards, 40 pl of RNAse
free water was added. RNA can be stored diG&mtil further use. The quality and quantity of
RNA was assessed by using Nanodrop plate (Skanid REThermoscientific). Absorbances

were measured at 260, 280 and 320 nm.

RNA isolated above was then reverse transcribed @@NA by using cDNA synthesis kit
(Vivantis cDSK 01-050) and quantitative real tim€RP conducted by using 2X HOT SYBR
Green gPCR mix (Solar Bio Cat. No. SR1110). Thenprs used for RV1258 and housekeeping
gene are (RV1258c_F: GGCCGCGGGTGATGCCGTCTCGAT, RB8E2 R:
ATGCCGCCAACCGTCGCGATCATCAAG, DNAPolA F: TCGATTGCCGQCTTCAC,
DNAPoOIA_R: CACCACGGCTCACACTTTAT). Real time PCR waerformed on Mic PCR
(Bio Molecular system) and the expression levelseewieen normalized to the expression level of
the reference gene RV1258 [7].

Male BALB/C mice were used faon vivo analysis. All the animal experiments were apprawved

the local ethical committee i.e. from bioethicahuuittee Quaid-i-Azam University, Islamabad
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(BEC-FBS-QAU2019-202). The details have also baeamngin the previous section (2.4). The
mice (20-25g) were fasted overnight with free asamswater and were randomly distributed
into four groups (n = 4). Rifampicin loaded NC suaf MPTCh and marketed product of
Rifampicin at a dose of 12 mg/kg body weight wedenmistered to the mice by oral gavage.
Blood samples (approximately 1 ml) were collectexhf the tail vein at different interval of 1, 4,

6, 8, 10, 12, 24, 48 and 72 h in microcentrifugeeticontaining heparin. These blood samples
were centrifuged at 3500 r.p.m. for 10 min to sefathe plasma, and the plasma samples were
then subjected to HPLC analysis [26]. The validd#l.C method was employed as described

in supplementary information.
2.11. Statistical analysis

The measurement of the significance of results easied out by using one-way ANOVA
following Tukey's post-hoc test and student t-tegtere applicable. Thd® < 0.05 was
considered as significant. All the results wereregped as the mean * standard deviation of at

least three (n=3) experiments.

3. Resultsand discussion

3.1. Synthesis, basic characterization and buffering potential of functionalized polymeric

nanocar goes

Detailed synthesis and basic characterization ¢ffC, PTCh and MPTCh polymers have been
presented in supplementary information. The strectd the final product, MPTCh is shown in
Figure 1. A schematic representation of preparation of MRTCgive inFigure S1. The results

of *H NMR andFTIR analysis are shown figure S2 and Figure S3. DSC, TGA and XRD
(Figure $4) are provided in supplementary information sectidnefly, the presence of proton
peaks (7-9 ppm) in the 1H NMR spectrum of S-pra&edhiolated chitosan are associated with
aromatic ring of 6-mercapto nicotinic acid (MNA)dpresence of methylene peaks (2.7 ppm
and 3.5ppm ) in spectrum of mannosylated S-pradetttelated chitosan confirmed attachment
of sugar moiety to the polymer. The presence ofdamaromatic and hydroxyl bands in FTIR
spectra of MPTCh confirms the association of mdar@potinc acid and mannose sugar to the
polymeric backbone. The DSC analysis of PTCh shoamdendothermic peak at 240and
MPTCh showed an endothermic peak at260ith no crystalline melting peak. XRD pattern
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showed somewhat crystalline nature of all the fienetlized polymers. . The crystalline peaks in
case of MPTCh-NCs was destroyed which suggestgrdaest disarray of the polymer network
by the cross linking of polymer with the TPP so KReD pattern of MPTCh-NCs suggests

somewhat amorphous nature of the nanocargoes.

Characterization of polymers (in terms of thiol tamts, disulfide bonds, amount of S-protected
ligand and mannose groups) is givenTiable S1. Nanoformulations were prepared using the
optimized ratios obtained through Design Exppresented in supplementary matefiable S2.

The third formulation block suggested by Design &Xpwas selected for the optimized ratios to
prepare the nanoformulations. The results of thdrddynamic diameter, zeta potential,
encapsulation efficiency (EE) and polydispersitgier (PDI) for Ch (chitosan), TCh (thiolated
chitosan), PTCh (s-protected thiolated chitosanyl BIPTCh-NCs (mannosylated s-protected
thiolated chitosan) are presentedTiable 1 and Figure 2A (i-iv). Based on the impact of
particle size, PDI and EE one point at the optiarala was selected at which the particle size
was reduced with maximum EE and suitable Rb& (0.5). Free amino groups at the polymeric
surface was involved in cross linking of carriettwirPP and resulted in the spherical shaped
NCs [28] Ch-NC exhibited the maximum value (36.3 + 2) ofazpbtential while the MPTCh-
NC showed a minimum value (18.4 + 5.46) of zetaeptal. This minimum value of zeta
potential is due to the modification of free amigmups of chitosan with thiol and mannose
groups. Also, the positive zeta potential of NC$aorable for their internalization into cells,
given that the electrical potential of the cell nwame is negatively charged. S-protected
thiomeric chitosan coating provides the steric Iding of NCs from precipitation and
aggregation by the proteins in the physiologicaldime These results indicated the robust
stability of nanocarriers which assures the longeculation time and more chances of

macrophage accumulation resulting in enhancedpkete efficacy [27].

The SEM images of blank MPTCh-NCs and Rif loadedTK@R-NCs are shown ifigure 2B,

which indicated a smooth surface of the spheriadigies.

Drug release from biodegradable polymeric systeasihevs diffusion (through water filled pores
or the matrix following osmotic gradient), erosidboth surface and bulk erosion) and

degradation (chemical and enzymatic degradatidsi) [2
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One of the dominant cellular uptake mechanismsndoeytosis. This pathway consists of
endosomal vesicles which grow in the form of eahd late endosomes before fusion with
lysosomes and contains degradative enzymes. Thidtsein limited delivery of drugs and
macromolecules to intracellular targeted sites.eBdvattempts have been made to directly
deliver the drugs inside the cytosol thus escapiegendocytic pathway [29]. The endosomal
escape potential of NCs depends on the inbred dngfeapacity of the polymeric carrier The
quantity of the HCI imperative to bring the pH dament from 10 to 2.6 increased in the order
NaCl> TCh> Ch> PTCh> MPTCh confirming the accentuated buffering potnsf MPTCh
because of —-NH2 groups of preactivatighigure 3A). The results of pure drug suspension
showed maximum release (> 80%) in the first 4 H. iRiease from NCgqFigure 3 B, C)
followed a biphasic release pattern with initiakdiurelease of drug close to particle surface or
near the water layer followed by sustained relelseto slow diffusion. In general, compared to
a pure drug suspension, NCs showed pH-dependerdseeiwith initial burst release 30%)
within first 10 h followed by a sustained release dip to 72 h. Notably, TCh-NCs and PTCh-
NCs showed better control than pure drug (Rif) &mdNCs, releasing 80% drug after 72 h.
Generally, chitosan shows a pH-dependent druggelea. better drug release at lower pH (pH
1-2). This might be attributed to the presence ofae complex and stronger matrix system in
the order TCh > PTCh > MPTCh, providing better coinbver drug release. Rif release kinetics
from NC was evaluated by employing various releaselels for both pH 7.4 and 5.5 release
profiles and the results are presente@able 2. Based on the value ofRhe drug release from
Ch-NCs followed first order release behavior athbpH 5.5 and 7.4 and the Rif release from
TCh-NCs, PTCh-NCs and MPTCh-NCs followed the KorgendPeppas model. At pH 7.4 the
release followed non-Fickian mechanism as the vail®.45 < n< 0.89, that supported
relatively larger drug release as shown kigure 3B. The diffusional exponent (n) of
Korsmeyer-Peppas model showed the release prdfil®Cb-NCs, PTCh-NCs and MPTC-NCs
followed Fickian at pH 5.5 due to the valuenof 0.45, which is evident irFigure 3C showing

less drug release.
3.2 Biocompatibility, uptake, Mycobacterial inhibition and P-gp inhibition analysis

Biocompatibility assessment is an important paramet study the response of living systems

towards NC following administration in time and dedependent manners. Though chitosan and
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its derivatives have been shown as less toxic ame mmocompatible, yet NCs may induce some
acute or moderate levels of toxicity based on teeiremely small size. These toxic effects could
be minimized or avoided by surface modification toning their properties [30]. The
antimycobacterial activity of NC was investigateghimst M.tb in a concentration-dependent
manner. Free Rif was used as a control. As shoviiguare 4A. The Rif, Ch, TCh, PTCh and
MPTCh-NCs showed 40.9 + 2%, 60.34 + 1%, 71.98 + 8% 5% and 88.09 + 4% growth
inhibition respectively. The measureds¢®©f Rif, Ch, TCh, PTCh, and MPTCh-NCs was found
to be 8.71 + 0.4, 5.82 + 0.5, 4.55 + 0.3, 4.04 * &d 3.18 + 0.;ug/ml respectivelyFigure
4B).

The biocompatibility of as-prepared NC was evaldaten fresh albino mice peritoneal
macrophages using MTT assay. The macrophages m@rbated with various concentrations of
NCs i.e. 1-200 pg/ml. The resulsigure 4C) showed significantp(< 0.05) differences among
various treatment groups. The results of MPTCh-Ni&sved > 89 % = 2 cell survival over 24 h
at the highest concentration tested (2G§ml), while Ch-NCs, TCh-NCs, and PTCh-NCs
showed cell survival of 67 £ 7, 81 + 10% and 83% fespectively at the concentration of 1-200
pa/ml. Similarly, MPTCh-NCs and PTCh-NCs showedgaificantly (p < 0.05) low ICs of 3.6
pa/ml and 4.04 pg/ml against macrophages as coohpar€Ch-NCs and Ch-NCs indicating a
lower toxicity of the developed MPTCh-NCs. The \eduor negative control (Triton X-100, 2%
v/v) and positive control (RPMI media) showed 5 % Bnd 99 + 2% viability respectively.
Improved biocompatibility of PTCh-NCs and MPTCh-N@s compared to the chitosan is
attributed to the positive charge density of thetodan that might have interacted with

negatively charged cell membrane.

Macrophage surfaces harbor mannose receptorsrthaver expressed in infected macrophages.
PTCh and MPTCh showed increased uptake in both fested and H37Rv infected
macrophages compared to Rif. This enhanced trafficknside the macrophages may be
attributed due to mannose receptors endocytosisedisas S-S/S-H exchange reaction of S-
protected thiomer with the cell membrane [31]. &iéint studies provide the evidence of
effectiveness of thiol moieties present on NC s@fén increased internalization. The cell
surface thiols further enhance the intracellulasake of disulfide conjugated thiomeric polymer
(PTCh).
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The fluorescent microscope images of FITC-MPTCh-N@sl macrophages with successful
internalization of FITC-MPTCh-NCs are shown kigure S5 (A-B). The green fluorescence
exhibited by macrophages confirmed the presence FBIC-MPTCh-NCs inside the
macrophages. The increased fluorescence insideopfaages was because of the successful
disulfide mediated endocytosis as well as manneseptor-ligand conjugation which showed
successful internalization of NCs as a whole, shgwhe stability of formulation until it reaches

the intracellular microenvironment.

One of the resistance mechanism associated witdrti§s is the presence of efflux transporters
present on macrophages as well as M.tb surfacéh@]macrophage uptake of Rif, Ch, TCh,
PTCh, and MPTCh-NCs were evaluated both in infeq®ehsitive and resistant strains)
macrophages and uninfected macrophages in thengeesdg verapamil to evaluate the P-gp
inhibition potential. The results presentedTiable 3 showed thaRif exhibited significantly
reduced uptakeP(< 0.05) in macrophages infected with resistant strainghé case of Ch-NCs
and PTCh-NCs the sensitive strain infected macrggha&xhibited an uptake ©0.87 + 0.25.19
Rif/10° cells and34.89 + 0.24ug Rif/1¢ cells respectively. It is worth noticing that iase of the
resistant strain infected macrophages, PTCh-N@dVPTCh-NCs exhibited an uptake 3§.24

+ 0.01ug Rif/10 cells and76.61 + 0.0%hat is almost equaP(> 0.05) to that of sensitive strain
infected macrophages .84.89 + 0.24pg Rif/10 cells and76.88 + 0.02ug Rif/10 cells,
respectively. . These results indicated that tieoldNC have successfully inhibited the P-gp EP
by developing a disulfide linkage with their cysgtirsubunit [32] MPTCh-NCs exhibited
maximum intracellular accumulation of Rif in allses (non-infected, sensitive strain infected
and resistant strain infected macrophages) compardtt of other NCs due to the macrophage-
targeted potential of MPTCh-NCs. Hence, these N@hiprove to be a suitable strategy to

enhance the intracellular accumulation by blockimese EPs [33].
3.3 Phagosomal lysosmal maturation and acidification

M.tb has emerged as an innovative strategy to miveunt the phagolysosomal degradatioa

knockdown of phagosomal maturation processes. \Wethgsize that the uptake of MPTCh-
NCs could potentially enhance the lysosome accuroalaesulting in an increased phagosomal
maturation within infected macrophages. The accrfalgreen fluorescence fervency after

MPTCh-NCs treatment indicated the phagosomal miadurand lysosomal buildup as depicted
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in Figure S 5 (C-D). Carrier system developed in the present workasse the phagosomal
maturation block and enhances thlycobacterial insult. Based on these results, it can be
concluded that MPTCh-NCs could play a vitol roleautophagy withirMycobacterium infected
macrophages, although the mechanism has not beetrated yet. Future studies should

emphasize on the exploring this mechanism.

3.4 Mycothionereductase (M TR) inhibition assay

The maintenance of redox balance is crucial for shevival of M.tb inside the host. To
neutralize the oxidative stress of host immune oBsp system, M.tb utilizes the unique
protecting enzyme mycothione-reductase (MTR). NA#PH dependent MTR protein ensures
the reductive environment by maintaining the mymdt{MSH) in its reduced form. The
inhibition of MTR by thiomers can increase the @&dfty of anti-tubercular drug¥he MTR
inhibitory activity of MPTCh-NP was evaluated afféient concentrations (1-1Q@/ml) against

1 um concentration of Mycothiol (MSH) produced by Myltione reductase (MTR). The result
showed that thiomeric NPs inhibited MTR by competitmix model (Figure 5A, 5B) of
inhibition and has Ki value of 2.874 and Wilue of 0.9988. The enzyme inhibition activity was
plotted against the log concentration of thiomesslhswn inFigure 5C. The 1Gg of 4.96 was
observed for MPTCh-NP.

3.5 Nitric oxide generation and cytokine evaluation

Griess assay was performed to measure the nignedd after treatment with nanoformulations.
Nitrite production was found to be in the order MBRFNC > PTCh-NC > TCh-NC > Ch-NC
when compared to the control group. MPTCh-NC, P-NCh TCh-NC and Ch-NC treated
supernatants of macrophages showed higher levelstate i.e. 80.38 £ 9.89M, 62.72 +
7.981M, 56.15 + 5.88M and 50.95 + 4.79M respectively(Figure 6A). While Rif and control
groups showed 37.981 and 25.49M respectively. Coated formulations showed 4.5 ard
fold increase in nitrite production respectivelyil®@huncoated formulations showed 1.51-fold
higher amount of nitrite when compared to the adrgroup. The increase in nitrite production
by MPTCh-NCs treated cells is due to the up regariadf TNF-owhich is involved in restricting
the mycobacterium inside macrophages [33]. Theegs®d production of TN&-and 1L-12 by
coated NCs was in the order MPTCh-NC > PTCh-NC *h-NC > Ch-NC when compared to
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uncoated Rif and the control group. This clearlyndastrates that coated MPTCh-NC
potentiates the spontaneous immunological respoysetivation of macrophages.

The immunomodulatory activity of the coated nanofolations was evaluated in terms of TNF-
a, IL-10, IL-12 and IL-6 as shown ifigure 6 (B-E) respectively. The coated formulations
MPTCh-NC, PTCh-NC, TCh-NC and Ch-NC indicated tHeFfa concentration as 640.84 +
13.45 pg/ml, 510 + 10.15 pg/ml, 405.76 + 8.73 pgamdl 350.89 £ 7.54 pg/ml respectively and
IL-12 concentration of 630.66 + 13.63, 565.61 +415.525.49 + 10.83 and 390.34 + 9.59
respectively. The TNk levels are significantly higher (p<0.05) as coneglto uncoated
nanoformulations and control. While IL-6 and IL-l&vels indicated no significant difference
(p<0.05) between coated (i.e. MPTCh-NC, PTCh-NCh-NC, Ch-NC), uncoated and control
formulations. Stability studies of NC in PBS andS®as determined at %7. No substantial
change in nanocarrier size was observed in both@&BSBS up to 1 week at &7 as shown in
Figure 6F.

3.6 Oxidative spurt and cellular annihilation

Oxidative burst was measured to evaluate the ielltdar trafficking of NC towards
macrophages after 5 min exposure. ROS was assessedns of relative fluorescence units
after DCFD staining. According to the data presémetheFigure 6G, the relative fluorescence
fervency of PTCh treated cells was much higher thahof control, Ch and TCh after 24 h. It is
likely that the oxidative burst may occur at thetiah stages of interaction of cells with
Mycobacterium. Moreover, the oxidative burst intbohe untreated control and M.tb control
was very low with no significant differences. ROS generated as a byproduct of oxygen
metabolism. Increased ROS production leads to emthrbacterial killingvia variety of
mechanisms such as oxidative defragmentation drctedh of RNA, DNA and bacterial
proteins, augmentation of membrane permeability dipid peroxidation [34]. These
mechanisms lead to bacterial death by augmentafidwacterial oxidative phosphorylation [34,
35]. Our findings demonstrated that MPTCh-NCs augettthe generation of ROS.

Different studies are concordant with the fact thla¢re is an involvement of different

biochemical, physiological and morphological fastassociated with apoptosis in prokaryotes
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[5, 9]. Cell death initiated after exposure of ited cells with Rif, Ch, TCh, PTCh and MPTCh-
NC was detected by annexin-V and Pl staining. Taeease in the granularity in PTCh and
MPTCh-NCsvia flow cytometry as shown iRigure 7 (1) A-G depicted the increased uptake of
MPTCh-NC and PTCh-NC inside the BCG infected malages compared to TCh-NC. The
cell annihilation was shown in tHegure 7(2) A-E. Percentage of early and late apoptotic cell
death by flow cytometry analysis is givenTmable S3. The data suggested the increase in %
apoptosis cell treated with different NC compareatantrol. The increase in apoptosis may be
related to DNA stand fragmentation Mfycobacterium infected cells by PTCh and MPTCh. The
histograms for the apoptosis data are given inlsapgntary dat&igure S6. The percentage of
apoptotic cells increased to 40.4% for PTCh an@®3a. for MPTCh compared to pure drug Rif
i.e. 23.25%.This apoptosis is potentially related to the insegh ROS production as well as
inhibition of MTR.

The resultant fluorescent images demonstrated aitemargins and dense chromatin with
nuclear disintegration shown supplementary informatioRigure S7. The treatment of 1pug/ml
dose of MPTCh exhibited blue clusters indicatinglear disintegration after staining with
DAPI. These results of DNA disintegration and nacl@rotuberances further strengthen the

concept of cell demise upon MPTCh exposure.
3.7 Drug susceptibility testing and Mycobacterial efflux pump inhibition

The MIC of the Rif, Rif + ver and synthesized N€.iCh, TCh, PTCh and MPTCh-NCs were
found to be 2 pg/ml, 0.2%g/ml, 0.5 pg/ml, 0.25pg/ml, 0.062mg/ml and 0.0625ug/ml
respectively for sensitive straimgble 4). The modulation factor (MF) of 8 and 5.33 showieel
synergistic microbicidal potential of verapamil mhibiting the efflux machinery on bacterial
surface. Similarly, MIC of the formulation MPTCh-NGor resistant strain (R-1343) was found
to be 16ug/ml compared to pure drug (258)/ml). The increased MF of PTCh-NCs and
MPTCh-NCs with a value of 16 showed the synergipbtential of our NC inVlycobacterial
killing. These results confirmed the significantbyperior anti-tuberculosis activity by EP

inhibition potential of the synthesized nanocargoes

We also examined the effect of our carrier systtrmalecular level on gene RV1258 via real
time PCR in order to quantify the gene expressemellafter MPTCh-NC treatment. The results

are presented iffigure 8A. There was a substantial 8.13 folds lower expoessn RV1258
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level after MPTCh-NC treatment in comparison toepdrug Rif. The significant decrease in
gene expression level in comparison to controlsRihduggests the strong possible evidence of
involvement of our carrier system Mycobacterial efflux pump inhibition. The decreased MIC
values, enhanced modulation factor and decreaspression of RV1258 of as-prepared S-
protecetd thiomeric carrier system against resistiain is potentially due to the inhibition of
the efflux pump (RV1258) which is involved in thepalsion of Rif [7].

3.8 1n vivo bioavailability and stability analysis

Reduced antimycobacterial drug concentrations ssciRif and INH and reduced functional
absorptive area of intestine in TB patients areomepncerns limiting the selective and targeted
efficacy of drugs. Therefore, it is significantlymportant to develop new drug delivery
approaches in order to improve the bioavailabiifythese drugs. In order to evaluate the oral
bioavailability of prepared MPTCh-NCs, the BALBc cgui were orally administered the
marketed Rif and Rif-loaded MPTCh-NCs. Mean plasingg concentrations against different
time intervals are shown in tHégure 8B. The depicted value of AUC of MPTCh-NCs was
12.31 folds higher in comparison to marketed Ribduct. As-prepared MPTCh-NCs
demonstrated effectively increased bioavailabitympared to conventionally used products
which make this NC-based platform an ideal therapeagent to treat TB while remaining non-

toxic to surrounding tissues/cells.
4. Conclusion

This work demonstrated the novel development of rd&eoted thiomeric site-specific
nanocargoes (NCs) of Rifampicin (Rif) for the colled and sustained release of Rif to target
the ROS-mediated cell death. NCs also exhibitethswed and slow release of drug, revealing
the enhanced endosomal escape potential as walagmlysosomal fusion. Rapid efflux of drug
was demonstrated by the over expression of battefflax proteins (EPs) such as RV1258.
Moreover, in vitro studies demonstrated the potential of biocompatM@s in enhancing
intracellular drug uptake by suppression of macagehand bacterial efflux machinery as
evident from the increased MF. As-prepared NCs elubited improved bioavailability vivo.
These findings provide a proof-of-concept that seppred NCs were efficient in eradicating

intracellular pathogens and can be further expléoedheir immune regulation potential. Taken
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together, our findings based amvitro andin vivo experiments could be used in solving real-

world clinical problems related to TB.
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Table 1. Characterization of various nanoformulations imm® of mean particle size,

polydispersity index (PDI), encapsulation efficig{EE) and zeta potential

Formulation Diameter EE Zeta  potential PDI

(nm) (%) (mV)
Ch-NPs 276 + 17 73.3+19.2 36.3+2 0.369 £ 0.001
TCh-NPs 288 + 13 78.8+12.1 26.2 +8.19 0.381+0.4
PTCh-NPs 381 +15 87.6 +18.6 245 +5.13 0.325 £0.09
MPTCh-NPs 390 £ 20 73.68 £5.99 18.4 +5.46 0.385 £ 0.05

Ch-NPs= Chitosan Rif nanoparticles, TCh-NPs= thealachitosan Rif nanoparticles, PTCh-NPs= pre-attig
thiolated chitosan Rif nanoparticles, MPTCh-NPs=nwsylated pre-activated thiolated chitosan Rifapenticles.

Table 2: Drug release data modeling basedrovitro Rifampicin release from various

nanoformulations to determine possible drug releasehanisms

Formulation Zero-order  First order Higuchi Korsmeyer - Hixson-
code model Peppasmodel  Crowdll
model
Ci=Co+kgt  l0gQo+Kt/2.3 fi=Q=KpyVt Mi/Moo=Kt"+b 3VWi+Kct
KO R®* KO R? KO R® N R® KO R?
pH 7.4
Ch-NPs 1.92 0.3920.088 0.984 14.10 0.878 0.400  0.902 0.020 0.947
TCh-NPs 1.48 0.5330.038 0.911 10.69 0.963.42 0.973 0.011 0.849
PTCh-NPs 1.08 0.2960.018 0.602 7.445 0.9020.409 0.955 0.011 0.511
MPTCh-NPs 0.69 0.0850.010 0.123 5.22 0.7870.413 0.966 0.003 0.050
pH 5.5
Ch-NPs 1.981 0.374 0.097 0.985 14.59 0.87 0.428 0.9090.021 0.931
TCh-NPs 1.68 0.6150.050 0.970 12.40 0.970.467 0973 0.014 0.936
PTCh-NPs 1.48 0.7270.034 0.964 10.43 0.988.457 0.988 0.009 0.930
MPTCh-NPs 1.26 0.8070.023 0.942 8.73 0.9900.481 0.994 0.006 0.916

Ch-NPs= Chitosan Rif nanoparticles, TCh-NPs= thealahitosan Rif nanoparticles, PTCh-NPs= pre-attig
thiolated chitosan Rif nanoparticles, MPTCh-NPs=nwsylated pre-activated thiolated chitosan Rifapenticles.

23



Table 3: Comparison of uptake of rifampicin for targetedafmosylated S-protected thiolated chitosan),
S-protected thiolated chitosan, thiolated chitosaad unmodified chitosan and Rif in uninfected and

infected macrophages

Uptake studies (ug Rif/10°cells)

Formulations Uninfected Sensitive strain Resistant strain~ P-value
macr ophages (H37Ry) infected  (R-1343) infected
macr ophages macr ophages

RIF 3.82 £ 0.0! 3.58 + 0.0 2.146 £ 0.4 0.4974
0.0013y
0.0035z

Ch-NPs 10.56 £ 0.0 10.87 £ 0.2 5.8+0.0: 0.1309
0.0001y
0.0001z

TCh-NPs 20.67 +£0.0 20.41+0.2 20.5+0.1! 0.1183;
0.1010y
0.99168z

PTCh-NPs 35.45+0.0 34.89 £ 0.2 35.24+0.0 0.0568;
0.2172y
0.5708z

MPTCh-NPs 76.48 £ 0.0 76.88 £ 0.0 76.61 +0.0 0.3310;
0.5377y
0.0812z

Pretreatment with ver apamil

RIF 3.85+0.1 3.67+0.1 2.45+0.0: 0.119%
0.0001y
0.0001z

Ch-NPs 10.98 £ 0.2 10.68 £ 0.3 7.45+0.4! 0.13%
0.000y
0.0001z

Both sensitive (H37§ and resistant strains (R-1343)Mftb were used to infect the macrophages. The results
are expressed as the mean + SD of three indepeeapatiments. Ch: chitosan, TCh: thiolated chitpsan
PTCh: S-protectedthiolated chitosan, MPTCh: maniatsgS-protectedthiolated chitosan, x: probabiléjue
between uninfected macrophages group and senstraén infected group, y: probability value between
uninfected macrophages group and resistant stiégéoted group, z: probability value between sevsisitrain
infected macrophages and resistant strain infeo@ttophages group.
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Table 4: Drug susceptibility testing (MIC=pg/ml) dfl. tuberculosis isolates determined by
the BACTEC MGIT 960 system

Strain  RIf Rif+ Ver Ch TCh PTCh MPTCh

H37Rv 2 025 MF=8 05 025 0.0625 MF=32 0.0625 MF=32

R-1343 256 48 MF=5.33 32 32 16 MF=16 16 MF=16
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Manuscript figures captions

Figurel: A schematic representation of final structuremmahnose coated S-protrcted thiolated
chitosan (MPTCh).

Figure 2. (A) Response surface methodology (RSM) plots of thegresl nanocargoes from
MPTCh showing the effect of independent factors (@ size, (b) zeta potential,(c)
encapsulation efficiency (EE) an@l) polydispersity index (PDI).(B) Scanning electron
microscopy (SEM) analysis of the prepared Ch-NCSh-NCs, PTCh-NCs and rifampicin
loaded MPTCh-NCs, at 24,000 X magnification.

Rif=Rifampicin, Ch-NCs=chitosan nanocargoes, TChshtBiolated chitosan nanocargoes, PTCh-NCs=S-geatec
thiolated nanocargoes, MPTCh-NCs=mannosylated fqted thiolated nanocargoes.

Figure 3: (A) Proton sponge effect result of Ch, TCh, PTCh and G polymeric carrier(B,

C) Drug release profile of Rif=Rifampicin, Ch-NCs=tdsan, TCh-NCs=thiolated chitosan,
PTCh-NCs=S-protected thiolated chitosan, MPTCh-Nft@anosylated S-protected thiolated
chitosan at (B) Ph=7.4 and (C) pH=5.5. values azamt SD of three experiments.

Rif=Rifampicin, Ch-NCs=chitosan nanocargoes, TChshtBiolated chitosan nanocargoes, PTCh-NCs=S-geatec
thiolated nanocargoes, MPTCh-NCs=mannosylated fqted thiolated nanocargoes.

Figure 4: Characterization, evaluation and antimycobactepiaiential of nanocargoef)
percentage inhibition of M.tuberculosis at differenncentrations of nanocargoes (1-200 pg/ml)
(B) 1Csp values of nanocargoes against intracellular méages(C) Biocompatibility of Rif
and nanocargoes against laboratory isolated maer#emeal macrophages after 24 h incubation.
All the results are expressed as mean * SD of tipicated experimentand statistically
significant differences were evaluated by one-wayQVA followed by Dunnett's multiple

comparisons test at significance level of ®.05



Rif=Rifampicin, Ch-NCs=chitosan nanocargoes, TChsNi@iolated chitosan nanocargoes, PTCh-NCs=S-fsatec

thiolated nanocargoes, MPTCh-NCs=mannosylated &qted thiolated nanocargoes, AO= accredin orange.

Figure 5. Mycothione reductase (MTR) inhibition kinetic6A) Lineweaver-Burk plot of
MPTCh, (B) Non linear fitting of mixed model inhibition of MROh and(C) Inhibitory activity
of Mycothione reductase at different log conceireg of polymer MPTCh and its igvalue.

Figure 6: (A) Production of nitric oxide by theMycobacterium tuberculosis infected
macrophages after 72h incubation Rif and nanocaré Ch-NC, TCh-NC, PTCh-NC and
MPTCh-NC, the data(B, C, D, E) Cytokines evaluation fronMycobacterium tuberculosis
infected macrophages treated with Rif, Ch-NC, TGD-RTCh-NC and MPTCh-NC by ELISA
after 72h incubation. All results are presentedmesmn + S.D of experiments performed in
triplicate and one-way ANOVA was applied to caldeldevel of significance(F) Stability
studies of MPTCh-NC in PBS and FBS showing robuabibty (Mean + S.D, n=3)(G)

Fluorescent activity via Reactive oxygen specieslipction. (Mean = S.D, n=3)

ANOVA= Analysis of variance, PBS= Phosphate bufafine, FBS= Fetal bovine serum, Rif=Rifampicin,-Ch
NCs=chitosan nanocargoes, TCh-NCs=thiolated chitossanocargoes, PTCh-NCs=S-protected thiolated

nanocargoes, MPTCh-NCs=mannosylated S-protectethted nanocargoes.

Figure7: (1)Uptake of Nanocargoes by flow cytome(#) Non- fluorescent mycobacterium
(H37Rv)(B) Florescent dsRed BCG strgi@) Uptake of Rifampicin treated dsRed BCG strain
(D) Uptake of Ch-NCs treated dsRed BCG st(&nUptake of TCh-NCs treated dsRed BCG
strain(F) Uptake of PTCh-NCs treated dsRed BCG st(@hUptake of MPTCh-NCs treated
dsRed BCG strair(2) Apoptosis study via flow cytometry showing the pfusis potential of

(A) Rif (B) Ch-NCs (C) TCh-NCs (D) PTCh-NCs(E) MPTCh-NCs

Rif=Rifampicin, Ch-NCs=chitosan nanocargoes, TChsNi@iolated chitosan nanocargoes, PTCh-NCs=S-fsatec

thiolated nanocargoes, MPTCh-NCs=mannosylated &qied thiolated nanocargoes.



Figure8: (A) Gene expression level of RV1258 by real time PCIRre5sults are presented as
mean = S.D of experiments performed in triplicatd ane-way ANOVA was applied to
calculate level of significance.(Mean £ S.D, n£B) Plasma concentration V/S time curve plot
of commercial Rif and MPTCh-NCs. All results aresggnted as mean + S.D of experiments

performed in triplicate (Mean = S.D, n=3)

MPTCh-NCs=mannosylated S-protected thiolated naigoes, D271= Rif resistant mycobacterial strain7 R@=

wild type mycobacterial strain, Rif= Rifampicin
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