Open Access Article. Published on 19 January 2023. Downloaded on 5/7/2026 10:41:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Biomater. Sci., 2023, 11,
2103

Received 8th November 2022,
Accepted 19th January 2023

DOI: 10.1039/d2bm01835g

Subcellular localization and therapeutic efficacy of
polymeric micellar nanoparticles encapsulating
bedaquiline for tuberculosis treatment in zebrafish+
Madhavi Bhandari,® Héctor Soria-Carrera, 2 > Jens Wohlmann,?

Nils-Jorgen Knudsen Dal,® Jesus M. de la Fuente,” Rafael Martin-Rapun,
Gareth Griffiths® and Federico Fenaroli (2 **¢

xb,c.d

The combination drug regimens that have long been used to treat tuberculosis (TB), caused by
Mycobacterium tuberculosis, are fraught with problems such as frequent administration, long duration of
treatment, and harsh adverse effects, leading to the emergence of multidrug resistance. Moreover, there
is no effective preventive vaccine against TB infection. In this context, nanoparticles (NPs) have emerged
as a potential alternative method for drug delivery. Encapsulating antibiotics in biodegradable NPs has
been shown to provide effective therapy and reduced toxicity against M. tuberculosis in different mamma-
lian models, when compared to conventional free drug administration. Here, we evaluate the localization,
therapeutic efficacy and toxic effects of polymeric micellar NPs encapsulating a promising but highly
hydrophobic and toxic antitubercular drug bedaquiline (BQ) in zebrafish embryos infected with
Mycobacterium marinum. Our study shows that the NP formulation of BQ improves survival and reduces
bacterial burden in the infected embryos after treatment when compared to its free form. The intra-
venously injected BQ NPs have short circulation times due to their rapid and efficient uptake into the
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Introduction

Tuberculosis (TB), one of the oldest recorded diseases of
mankind is caused by the bacterium Mycobacterium tuberculo-
sis (M.tb)." Until the unprecedented global pandemic of corona
virus disease-2019 (COVID-19), TB was considered the most
common cause of global mortality due to a single infectious
agent.” An estimated 10 million people develop active TB each
year, and in 2020 approximately 1.5 million people succumbed
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endothelial cells, as observed by correlative light and electron microscopy (CLEM).

to the disease. About one-fourth of the world’s population
harbors latent bacteria, making eradication of TB from
countries where it is truly endemic even more difficult.>* The
standard treatment regimen comprises a cocktail of the oral
drugs, isoniazid,” rifampicin (RIF), ethambutol (ETH) and pyr-
azinamide (PZA), effective when given for at least 6 months to
patients with active TB harboring drug-sensitive mycobac-
teria.® However, this treatment possesses intrinsic limitations
such as the need for lengthy treatment, associated with harsh
side effects.” As a consequence, non-compliance of patients to
the treatment has led to the emergence of drug resistant TB
including multi-drug resistant tuberculosis (MDR-TB) where
M.tb strains show resistance to two of the most effective first-
line anti-TB drugs, isoniazid (INH) and rifampicin (RIF).*°
Even more difficult to treat is extensively drug resistant TB
(XDR-TB). XDR-TB bacterial strains fail to respond to more
complex treatment with more toxic second-line drugs; a
common protocol involves use of a fluoroquinolone, such as
ciprofloxacin, levofloxacin, moxifloxacin or ofloxacin in con-
junction with at least one of the injectable drugs: amikacin,
capreomycin or kanamycin.'® Unfortunately, these second-line
drugs (and even third-line drugs needed in extreme cases of
drug resistance) are more expensive, more toxic, and have
lower anti-mycobacterial activity which is why they require
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longer treatments.””® Since the highly resistant strains of M.th
continue to evolve, their further expansion would put at risk
the effectiveness of our current antibiotics, therefore, we are in
dire need of new treatment regimens.

After over forty years since the last effective drug against TB
was developed, bedaquiline (BQ)'"'* entered the market in
2012."% Quite recently, a combined regimen of BQ along with
pretomanid (another novel drug'*) and linezolid (a repurposed
drug for TB) (also called BPaL regimen) was approved by the
United States Food and Drug Administration (U.S. FDA) for the
treatment of highly drug-resistant adult pulmonary TB.'® This
approval followed highly promising findings from a Phase III
clinical trial (Nix-TB, 2015) which reported that a BPaL
regimen achieved approximately 90% cure rates for MDR- and
XDR-TB treatment in just 6 months. This is a huge improve-
ment considering that 18 to 30 months is required by the
current standard therapy showing a lower efficacy.'®

BQ targets the adenosine triphosphate (ATP) synthase of
mycobacteria and thus inhibits their ATP production, which is
vital for energy metabolism and bacterial growth. BQ has the
ability to kill both active and dormant forms of M.tb.">"” The
latter are responsible for latent infection, during which there
is no apparent clinical manifestations of TB, a state that can
last for decades, making it difficult to eradicate the
disease.'®"” This makes BQ highly effective and theoretically
more attractive than other antibiotics — such as protein-syn-
thesis inhibitors — which only affect actively growing M.th."°
However, BQ is associated with serious dose-dependent
hepatic and cardiac toxicities, and poor oral bioavailability due
to its hydrophobic nature, which has highly limited its use in
clinical settings."®'® Besides developing better and highly
active BQ analogues, an alternative approach to enable oral
drug delivery is to encapsulate drugs in nanoparticles (NPs <
1000 nm)** which could minimize drug-induced toxicities,*!
and further improve the treatment of MDR-TB.>?

Relative to conventional free drug administration, the
major advantages of NP-mediated drug delivery adminis-
tration are the prolonged and targeted drug release with NPs,
resulting in an increase in therapeutic efficacy and reduction
of systemic toxicity of drugs by lowering their dosing
frequency.>>”>* Several studies have shown that encapsulation
of anti-tubercular antibiotics into biodegradable NPs led to
improved killing of mycobacteria - in mouse bone marrow
primary macrophages,”® zebrafish embryo model***” and
guinea pigs®® - when compared to the free drug. In a pre-
vious publication, we observed that the in vitro activity of BQ
against Mycobacterium tuberculosis was improved when encap-
sulated in polypeptide-based micelles (2-fold increase) as
compared with the free drug.”® However toxicity as well as
in vivo cellular and subcellular localization of these NP had
not been studied yet.

Here, we have investigated the therapeutic efficacy of NP
formulation of BQ relative to the free drug in the treatment of
zebrafish embryos infected with Mycobacterium marinum (M.m)
as a model for M.tb infection. We have also studied in detail
and at high resolution the biodistribution and subcellular
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localization of BQ encapsulated NPs by using a combination of
fluorescence imaging and EM.

Materials and methods
Reagents

All reagents were purchased from Sigma-Aldrich unless other-
wise specified. N°-benzyloxycarbonyl-i-lysine N-carboxyanhydride
(ZK NCA) and y-benzyl-i-glutamate N-carboxyanhydride (BnE
NCA) were prepared as previously reported,” from N°-benzyloxy-
carbonyl-i-lysine and r-glutamic acid y-benzyl ester, which were
purchased from Fluorochem. Dialysis was carried out in
SnakeSkin™ Dialysis Tubing with 3.5 kDa molecular weight
cut-off.

NP preparation and characterization

Synthesis of poly(N®-benzyloxycarbonyl-i-lysine): ZK;o-NH,.
Ring opening polymerization (ROP) was performed as pre-
viously reported.>®  Briefly, N°-benzyloxycarbonyl-i-lysine
N-carboxyanhydride (ZK NCA) (277.4 mg, 0.91 mmol) was dis-
solved in dry dimethylformamide (DMF) (1.0 mL). Then butyla-
mine (3.0 mL, 0.03 mmol) was added and stirred under a N,
stream. After 3 h full monomer conversion was observed by
FTIR-ATR, so the peptide was precipitated in HCI (1 M) and
the solid collected by centrifugation (4 min, 13000 rpm,
12 600g). The pellet was then washed thrice with water and
freeze dried. ZK;,-NH, was obtained as a white solid (203 mg,
0.027 mmol) with 85% yield.

Labelling of ZK;,-NH, with rhodamine isothiocyanate: ZKj;,-
RhB. To a ZK;,-NH, (30.0 mg, 4.0 pmol) solution in DMSO
(700 pL) and triethylamine (2.6 pL, 18.6 pmol), Rhodamine
isothiocyanate (RhB-SCN) (10 mg, 18.6 pmol) was added dis-
solved in DMSO (300 pL) and stirred overnight. The labelled
peptide was precipitated in HCI (1 M) and the solid col-
lected by centrifugation (4 min, 13000 rpm, 12 600g). The
pellet was then washed thrice with water and freeze dried.
ZK;3,-RhB was obtained as a pink solid (20 mg, 2.5 umol)
with 63% yield. Polymer composition was evaluated by
'H-NMR.

Polymer characterization. 'H and *C NMR spectra were
recorded on a Bruker AV-400 spectrometer. Chemical shifts are
given in ppm relative to the solvent residual peak, which was
used as internal reference. Data were registered in [De]DMSO.
Spectra were processed with Top Spin from Bruker.

Polypeptides were characterized by gel permeation chrom-
atography (GPC) with a setup that combines a Waters 2695
GPC with a tandem of detectors: multiangle laser light scatter-
ing (MALLS) detector at 50 °C and refractive index (RI) from
Wyatt Tech. The system was equipped with one guard and two
Phenogel narrow bore 5 pm, 300 x 4.6 mm columns (500 A
and 1E3 A). Linear from Phenomenex. HPLC-grade N,N-di-
methylformamide (DMF) containing 0.1 M LiBr was used as
the mobile phase at a flow rate of 0.2 mL min~* and 50 °C.
ASTRA software from Wyatt Technology was used to collect
and analyze the data.

This journal is © The Royal Society of Chemistry 2023
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Preparation of unlabelled micelles: M30 and M30-BQ. M30
empty nanoparticles and loaded with BQ, M30-BQ, were pre-
pared from ZK;,-E3, as published previously®® to be used as
NP-blank and NP-BQ in the experiments where fluorescent lab-
elling was not needed.

Preparation of labelled empty micelles: M30-RhB. To a solu-
tion of ZK34-E3, (5 mg) in DMSO (500 pL), 500 pL of phosphate
buffer (10 mM, pH = 7.4) were added with a syringe pump at
rate of 0.1 mL min~". Then, 10 uL of the solution of ZK;,-RhB
(10 mg mL™") was added and stirred for 30 minutes. The
labelled micelles were submitted to dialysis against water (5
changes for 1 h each). Micelle concentration was measured by
freeze-drying an aliquot of the sample and measuring the dry
weight. The rest of the sample was stored at 4 °C. These nano-
particles were used as NP-blank in experiments where fluo-
rescent labelling was necessary.

Preparation of labelled micelles loaded with bedaquiline:
M;3,-RhB-BQ. A solution of ZK34-E3o (5 mg) in DMSO (500 pL)
with BQ (60 uL, 20 mg mL™") was added to 500 pL of phos-
phate buffer (10 mM, pH = 7.4) with a syringe pump at rate of
0.1 mL min~". Then, 10 pL of the solution of ZK;,-RhB (10 mg
mL™") was added and stirred for 30 minutes. The labelled
micelles were submitted to dialysis against water (5 changes
for 1 h each). Micelle concentration was measured by freeze-
drying an aliquot of the sample and measuring the dry weight.
The rest of the sample was stored at 4 °C. These nanoparticles
were used as NP-BQ in experiments where fluorescent labelling
was necessary.

Determination of BQ content in the micelles. Encapsulation
Efficiency (EE) was defined as the percentage of encapsulated
drug over the amount initially added in the preparation of nano-
carriers. An aliquot of the nanoparticle solution was withdrawn
and dissolved in DMSO. The concentration of BQ was then
inferred from its absorbance at 333 nm using a previously
obtained calibration curve in DMSO. Drug loading (DL)*' was
calculated as the drug concentration (wt%) in the loaded
carrier. An aliquot of the nanoparticle solution was withdrawn
and then freeze-dried. The dry residue was weighed, dissolved
in DMSO, and the concentration of BQ was obtained from the
absorbance at 333 nm after interpolation in a calibration curve.

Characterization of the micelles. Dynamic Light Scattering
(DLS) analyses were carried out to obtain the hydrodynamic dia-
meter and polydispersity index (PDI) using a Brookhaven 90Plus
DLS instrument, by means of Photo-Correlation Spectroscopy
(PCS). All measurements were done in water at the concen-
tration of 0.5 mg mL™" at 25 °C. {-potential was determined by
measuring the electrophoretic mobility of a 0.01 mg mL ™" nano-
carrier suspension in aqueous 1 mM KCl at 25 °C with a Plus
Particle Size Analyzer (Brookhaven Instruments Corporation).
For size analysis using transmission electron microscopy,
micelles were negative stained with 0.5% uranyl acetate/methyl-
cellulose and embedded in methylcellulose prior to being
imaged using a transmission electron microscope.

Critical micellar concentration. Critical micellar concen-
tration was measured using NileRed as solvatochromic probe
with a protocol described elsewhere.>

This journal is © The Royal Society of Chemistry 2023
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Transmission electron microscopy of micelles. Micelles at a
concentration of 2 mg mL™" were allowed to adsorb on carbon-
coated copper grids for 2 min before being washed twice for
one minute with H,O. The grids containing the adsorbed
micelles were then placed onto 2% uranyl acetate (UA), fol-
lowed by 30 seconds on a 1% UA drop before being washed
twice for 1 min in H,O. For the final embedding, the grids
were placed on a drop of 0.4% UA/1.8% methylcellulose on ice
for 1 min, then 2 min incubation on another drop of 0.4% UA/
1.8% methylcellulose and finally were picked up using a loop
and allowed drying. For imaging we used a JEOL JEM 1400
TEM having a TWIPS camera.

Fluorescence. Fluorescence measurements were carried out
at a concentration 0.5 mg mL™" with A = 520 nm and Aey, =
600 nm in a 96-well plate fluorescence reader (Synergy H1).

Resazurin microtiter assay plate

The minimum inhibitory concentration (MIC) of free BQ
required to inhibit 90% of M.m growth was determined using
Resazurin Microtiter Assay Plate with a spectrophotometer.

Zebrafish experiments

Zebrafish maintenance and care. The zebrafish embryos
strains used were either wild type or Tg (flila: EGFP)*® that
expresses enhanced green fluorescent protein (EGFP) in the
cytoplasm of vascular and lymphatic endothelium. Embryos
were kept in Petri dishes at 28.5 °C containing embryo water
supplemented with 0.003% N-phenylthiourea (PTU) changed
daily for the duration of the experiment. All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of the University of Oslo and
approved by the Animal Ethics Committee of Norway
(Mattilsynet, FOTS ID: 13580).

Zebrafish microinjections. For intravenous injections into
zebrafish embryos, either bacteria (M.m) or NP solutions were
loaded into borosilicate needles (GC100T-10, Harvard
Apparatus) prepared using a micropipette puller (Flaming/
Brown P-97, Sutter instruments). The injection needles were
then mounted onto a Narishige MN-153 micromanipulator
The micromanipulator was attached to an Eppendorf Femtojet
Express microinjector that produced a defined pulse of nitro-
gen, which was used to regulate constant background and
injection pressure as well as interval of injection. With this
setup, we ensured that the injection volume was accurate and
consistent throughout the procedure. All injections were per-
formed on pre-sedated zebrafish embryos with tricaine (0.02%
in embryo water) placed on a Petri dish with 2% (w/v) agarose
in Milli-Q water. The injection of bacteria at their exponential
growth phase (ODggo ~ 1.0 or approximately 100 bacteria per
nL) was performed either via the posterior cardinal vein (PCV,
blood infection) on 2 days post fertilization (dpf) or the neural
tube on 3 dpf (neural tube infection). NPs were administered
via the PCV at 3 dpf (treatment for blood infection) or 5 dpf
(treatment for neural tube infection). The infected zebrafish
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embryos, after receiving treatment with BQ NPs, were moni-
tored regularly and the number of deaths were recorded to
assess their survival. For quantification of bacterial growth
(burden) in the infected embryos post-treatment, Fluorescent
Pixel Count (FPC) analysis was performed following a protocol
previously described.”®*!** For pulse and chase experiment,
10 nm Bovine serum albumin (BSA)-gold particles were
injected into zebrafish embryos, followed by administration of
BQ NPs after 2 h. The embryos were then chemically fixed
after 4 h.

NP biodistribution and accumulation analysis in zebrafish.
After injection, zebrafish embryos were imaged at different
timepoints using a Leica DFC365FX stereomicroscope. The
images of the whole embryo at 30x and its caudal region at
120x were first taken,*® which were then analyzed for NP circu-
lation times wusing the Image] MACRO as previously
described.®® For quantification, the value obtained directly
after injection was considered the 100% estimate while the
average of fluorescence value obtained from the caudal artery
region of embryos not injected with NPs, defined as the back-
ground fluorescence, was considered to represent 0%.>* Only
the zebrafish embryos with a visible blood flow were analyzed.
To quantify NP accumulation into granulomas (assembly of
infected macrophages), images of the embryos were taken at
30x, and the analysis was performed using Image] as
described previously.**

A high-resolution imaging of the cellular biodistribution of
NPs was performed using the Zyla Spinning Disk Andor
Dragonfly Confocal Microscope. Here, immediately after injec-
tion, a sedated zebrafish embryo was transferred to a glass-
bottom dish (MatTek) and covered with 2% low melting point
agarose (Promega, Madison) at about 35 °C. Upon solidifica-
tion of the agarose, embryo water containing tricaine (0.02%)
was added to keep the fish sedated.

Electron microscopy on zebrafish. Zebrafish embryos were
fixed using 4% paraformaldehyde (PFA), 0.8% glutaraldehyde
(GA) and 60 mM HEPES buffer in 50% embryo water for at
least 24 h at RT. For epon embedding, samples were postfixed
with 2% osmium tetroxide (0sO,) and 1.5% potassium ferri-
cyanide, Ks[Fe(CN)g],"* in H,O for 2.5 h on ice, followed by
contrasting with 1% uranyl acetate (UA) in H,O for 2 h, all on
ice. For methacrylate embedding, samples were postfixed with
0.5% UA in H,O. Next, all samples were dehydrated using pro-
gressive lowering of temperature (PLT) approach®® with graded
ethanol series (50/70/80/90/96/100/100%). Then, the samples
were progressively infiltrated with epon and polymerized at
60 °C for 48 h. However, in case of samples infiltrated with
methacrylate resin, polymerization was carried out at —35 °C
with UV for 48 h and were stored in the dark at 4 °C. For ultra-
structural analysis, 60-70 nm sections of epon samples were
sectioned at room temperature using ultramicrotome, picked
up on formvar and carbon coated copper grids and imaged
using a TEM JEOL1400 Plus. To perform correlative light and
electron microscopy,>® methacrylate samples were used
instead, and 60 nm sections were obtained that were imaged
using Wide Field Epifluorescence Microscope (ZEISS

2106 | Biomater. Sci,, 2023, 11, 2103-2114
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Axioscope 5) followed by EM respectively. The correlation of
fluorescent images with the ultrastructure was performed
using finder grids and the Icy software (plugin EC CLEM).

Statistical analysis

Once the overall significance of the data set was verified, post
hoc multiple comparisons tests was performed between the
groups of interest. For data sets analyzed by column table,
column statistics using D’Agostino & Pearson, Anderson-
Darling, Shapiro-Wilk and Kolmogorov-Smirnov normality
tests to check for Gaussian (normal) distribution of the data
was used. When normally distributed according to all tests,
data were analyzed by one-way ANOVA, followed by Dunnett’s
multiple comparisons test. In case of non-normal distribution,
data were analyzed by Kruskal-Wallis test, followed by Dunn’s
multiple comparisons test. For data sets analyzed by survival
table, the overall significance and pairwise comparison of
groups was done based on the Kaplan-Meier estimate using
the Log-rank (Mantel-Cox). Significance levels are indicated as
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results
NP preparation and characterization

We focused here on the same nanoparticles described in our
previous report, consisting of micelles self-assembled from
block copolypeptides. Block copolypeptide ZK;o-BnE3, was syn-
thesized through the ring opening polymerization of protected
N°®-benzyloxycarbonyl--lysine N-carboxyanhydride (ZK NCA)
and y-benzyl-i-glutamate N-carboxyanhydride (BnE NCA).>
The block copolymer was obtained with low dispersion and
good control of the molecular weight and monomer ratio as
shown by gel permeation chromatography (GPC) and "H-NMR
spectroscopy (ESI Fig. 1 and 27). The selective deprotection of
the benzylic esters afforded the amphiphilic block copolypep-
tide ZK3¢-E3 (Fig. 1). We also prepared a polymer ZK3, consist-
ing of only the hydrophobic block. The reaction of its
N-terminus with rhodamine B (RhB) isothiocyanate allowed us
to obtain the fluorescently labelled polypeptide ZK;,-RhB. The
'"H NMR spectra and GPC traces of these polymers are also
shown in the ESI Fig. 1 and 2.}

The amphiphilic block copolypeptide ZK;zo-Ezo was used
to prepare nanoparticles, polypeptidic micelles, either empty
(M30) or loaded with BQ (M30-BQ) as previously reported.>
For in vivo applications, we also developed fluorescent nano-
particles in which the fluorescent tag was covalently attached
to the polymer molecules (ZK3,-RhB), which allowed its incor-
poration into the hydrophobic block of empty (M30-RhB) or
BQ-loaded micelles (Fig. 1A and B).

The nanoparticles (NPs) were characterized by their
dynamic light scattering (DLS), {-potential, critical micellar
concentration and transmission electron microscopy (TEM)
images. Sizes measured by DLS were comparable for labelled

This journal is © The Royal Society of Chemistry 2023
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(A) Polymers used for the preparation of the micelles of this study. (B) Different types of micelles prepared for experiments. (C) DLS curves of

RhB-labelled micelles (left) and DLS curves of non-labelled micelles (right). (D) Transmission electron micrographs of polymeric micellar BQ NPs,
M30-RhB-BQ. Images were taken after subjecting the NPs to negative staining with 0.5% uranyl acetate/methylcellulose and methylcellulose
embedding. Scale bar indicates and 500 nm (B). Part of this Figure was created with https://BioRender.com.

and non-labelled nanoparticles ranging from 40 to 60 nm-with
BQ-loaded NPs being slightly smaller than the empty (Fig. 1C
and ESI Table 17). All nanoparticles were found to be slightly
polydisperse as PDI values were all between 0.1 and 0.2.
However, PDI was higher for RhB-labelled NPs than for the
unlabelled NPs, probably because of RhB destabilizing the
NPs.

The different hydrophobic environment led to a decrease in
fluorescence intensity for M30-RhB-BQ compared to M30-RhB
(ESI Fig. 31). However, the labelling process did not affect
either the {-potential values or the BQ-loading capability of the
micelle system, as shown by the measured drug loading and
drug encapsulation efficiencies which were consistent with our
previous report indicating the reproducibility of the system
(ESI Table 11). The hydrophobicity of BQ stabilized the NPs as
shown by the lower CMC observed for BQ-loaded NPs, whereas
RhB had the opposite effect (ESI Fig. 21).>°

We then observed the NPs using Transmission electron
microscopy. In order to minimize drying artifact caused by the
standard negative staining methodology we used methyl-
cellulose that maintains the structure of NP when solidifying
(see Materials and methods).>®

Most M30-RhB-BQ were spherical in shape with long
tubular or tentacular projections; similar appearance has been

This journal is © The Royal Society of Chemistry 2023

observed for M30-BQ, M30-RhB and M30 NPs although
unlabelled NPs, M30-BQ and M30, appeared less hetero-
geneous, in line with the PDI observed by DLS (ESI Fig. 41). NP
size range varied between 20-100 nm thereby displaying an
approximate correlation to DLS measurements (Fig. 1D).

NP characterization in zebrafish: biodistribution and
accumulation analysis

We evaluated the circulation time of NPs by imaging them at
different times after intravenous injection (directly after injec-
tion, 5 min, 1, 4, 8, 24, 48 and 72 h). Both BQ containing M30-
RhB-BQ (NP-BQ), and empty NPs M30-RhB (NP-Blank) had
short circulation times. After 5 min following intravenou
administration into the PCV, more than 50% of NP-BQ as well
as NP-Blank (the control group) were out of the circulation. In
just 1 h post-injection, almost 80% of the NPs left the blood
circulation. Both NP-BQ and NP-Blank were cleared from the
circulation after 24 h following the injection (Fig. 2A).

In order to test whether the injected nanoparticles could
reach mycobacteria infected areas we chose the neural tube
model of zebrafish infection. As opposed to blood inoculation
which results in multiple bacterial foci, neural tube injection
of Mycobacterium marinum develops into a large and localized
granuloma. These are assemblies of infected macrophages

Biomater. Sci, 2023, 11, 2103-2114 | 2107
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Nanoparticle circulation in the zebrafish
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Fig. 2 Zebrafish NP circulation and accumulation in granulomas. (A) Quantification of circulation time of NPs in the zebrafish embryos. The wild
type zebrafish embryos were injected at 2 dpf with BQ containing (NP-BQ = M30-RhB-BQ) and empty (NP-Blank = M30-RhB) NPs and imaged at
different time points, directly after injection, 5 min, 1, 4, 8, 24, 48 and 72 h respectively. N > 5. (B) Transmission image of a neural tube infected
embryo at day 5 post-infection. (C) Fluorescence image of the same embryo taken after 24 h post-injection of red fluorescent BQ NPs into the PCV.
The white arrowheads in B and C indicate the granuloma region (B) and the relative accumulation of NP (C). The blue arrowhead in C indicates NP
accumulation in the caudal region endothelium. (D) Quantification of fluorescence relative to NPs in the granuloma region and from an equivalent
uninfected area (or background) at 24 h post-injection. N > 12. Scale bars indicate 300 pm.

that often undergo necrosis, an important hallmark of human
tuberculosis. Because of this feature, the neural tube model is
considered a closer model to mimic human tuberculosis
disease.* For this experiment we injected M. marinum on day
3 post fertilization and 24 hours later we administered BQ NP
intravenously. Using a fluorescence stereomicroscope, we
observed a significant accumulation of BQ NPs (M30-RhB-BQ)
in the neural tube granulomas (Fig. 2B and C, white arrow-
heads). On average, approximately 3.4% of the injected NPs
localized in the granuloma area 24 h after injection (Fig. 2D).

2108 | Biomater. Sci,, 2023, 11, 2103-2114

This value was almost 5 times higher than the equivalent unin-
fected control area adjacent to the granuloma, which had an
average value of 0.75% (Fig. 2D). However, the majority of
these NPs seemed to localize to the vascular wall in the caudal
vein (Fig. 2C, blue arrowheads), indicating a likely accumu-
lation in endothelial cells.

Having observed using low resolution microscopy NP
accumulation in proximity to, and along the caudal vein we
hypothesized that NP were actively taken up by endothelial
cells. To verify this hypothesis, we used two different

This journal is © The Royal Society of Chemistry 2023
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microscopy techniques: confocal microscopy and electron
microscopy. We started by using a Zyla Spinning Disk
Confocal where we imaged details of the endothelial lining of
PCV following intravenous injection of NP. We found that 1 h
following intravenous injection into the PCV, the lumen of the
vessels was almost devoid of NPs (Fig. 3A) while, when looking
at individual optical sections, there was a rapid and efficient
uptake of NPs by the endothelial cells (Fig. 3B).

To validate this finding, we next performed higher resolu-
tion ultrastructural analysis after cellular uptake of NPs. For
this we first injected intravenously 10 nm gold which is known
to be rapidly taken up and to accumulate in late endosomes of
endothelial cells.*”*® After 2 hours, we administered NP via
the PCV allowing them to circulate for an additional 4 hours.
All NPs (in red) were seen together with 10 nm gold inside
large vesicles (green) into endothelial cells (blue), while none
was found in the blood lumen (Yellow) (Fig. 4A). To further
corroborate our findings, we performed correlative light and
electron microscopy,>® which enabled correlation of red fluo-
rescence of BQ NPs with the corresponding ultrastructure
(Fig. 4B and C). Once again, BQ-NP were found inside late
endosomes in the endothelium next to the blood vessels.

Fig.3 BQ NP (M30-RhB-BQ) accumulation in the zebrafish endo-
thelium. (A) Confocal stack of the caudal region of zebrafish embryos,
possessing green fluorescent vasculature, injected with red fluorescent
NP and imaged 1 hour after injection. (B) Individual confocal plane
showing NP (red) overlapping with the green vasculature. Scale bars: A,
100 pm; B, 20 pm.
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To further corroborate our analysis and check whether our
BQ NP break down in the endothelium over time. For this we
checked by EM NP-containing endothelial endosomes at
different time points after NP administration: 1 hour, 4 hours,
24 hours, 3 days(72 hours) and 7 days(168 hours). From our
images it appears how NP are intact 1, 4 and 24 h after injec-
tion while they display degradation at 3 and 7 days after
administration (Fig. 5).

BQ activity against Mycobacterium marinum

After characterization of our NP in vivo biodistribution, we
then focused on the potential of our NP containing BQ to kill
M. marinum (M.m), the causative agent of Tuberculosis in
ectotherms. For this, in vitro activity of BQ against M.m was
determined before in vivo experimentation in the zebrafish
embryos by using Resazurin Microtiter Assay Plate. The MIC
value of BQ that killed 90% (MICyy) of M.m (as listed in
Table 1) was found to be in the sub-micro molar amount
(0.09 M or 0.05 pg mL ™). Our result is in agreement with pre-
vious studies that had determined the MICy, of BQ against M.
th (a close relative of M.m) to be in the range of 0.002 to
0.13 pg mL™".>" The MICy, for the control drugs Drug D*>*°
and RIF is in agreement with our previous findings (Table 1).

In vivo evaluation of toxicity associated with free and
encapsulated BQ

The toxicity associated with both free BQ and its NP formu-
lation was evaluated in vivo by monitoring the survival of wild
type zebrafish embryos at 2 dpf after administration of 8.3 ng
of BQ using NPs encapsulating BQ (NP-BQ = M30-BQ), empty
NPs (M30), PBS (as a control), and free drug dissolved in
DMSO (free BQ) into the PCV. We chose 8.3 ng as this was the
highest injectable dose that could be administered (our drug
concentration in the NP solution was 0.415 mg mL ™" and 20
nL is the maximum volume that could be injected without
volume-related adverse effects). As a control, we injected 8.3 ng
of BQ in 1 nL of pure DMSO, which is the maximum tolerated
amount (previously established in the group) that could be
injected into the embryos. The treated embryos exhibited a
10% better survival for NP-BQ compared to free BQ at a
maximum used dose of 8.3 ng per embryo (ESI Fig. 51).

Therapeutic effects of encapsulated BQ against Mycobacterium
marinum-infected zebrafish

In order to establish the therapeutic potential of BQ-contain-
ing NP (M30-BQ) we monitored zebrafish cumulative mortality
and bacterial burden using fluorescence in different infection
models: neural tube and blood infections. As described above,
the neural tube infection forms large granulomas and is remi-
niscent of the most common form of human TB where myco-
bacteria are confined to the lungs.** Blood infection is instead
systemic causing numerous small and dispersed granulomas
formed in proximity to the vasculature; this latter type of infec-
tion is also seen in humans (although less frequent) and is
usually connected to poor immunity such as the case of indi-
viduals suffering from HIV co-infection.

Biomater. Sci, 2023, 11, 2103-2114 | 2109
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Fig. 4 Ultrastructural analysis of biodistribution of BQ NPs (M30-RhB-BQ) in vivo. Representative electron micrographs of 60 nm epon sections
taken across the transverse plane of the PCV of a zebrafish embryo injected with BQ NPs at 3 dpf. (A) At 4 h post-injection, BQ NPs (red) are seen
inside late endosomes (green) in which 10 nm gold had been previously internalized (white arrowheads). Endothelial cell's cytoplasm and the blood
lumen have been colored in blue and yellow, respectively. (B and C) CLEM in which a fluorescence microscopy image of NP (red) inside endothelial
cells lining the PCV (DAPI in blue) overlapped with the correspondent transmission electron microscope image. In B the red box region is seen
enlarged in C. In C the small red inset is seen enlarged in the left corner and shows at higher magnification NP inside late endosomes into endo-
thelial cells near a blood vessel. Scale bars indicate 500 nm in A, 2 pm in B and C.

For these experiments we first tested different doses of
encapsulated and free BQ in the blood infection model, where
both M.m and treatment were administered via injections into
the PCV. A dose of 1.1 ng per embryo showed an increase in
survival of M.m infected embryos with the nanoparticle formu-
lation (NP-BQ ~ 70%) compared to the free drug (Free BQ ~
50%) at day 8 post-infection (Fig. 6B). Higher doses of BQ
either free or inside NP resulted in complete eradication of M.
m making all zebrafish survive the infection, (data not shown).
A similar result, although with a higher concentration of BQ
(2.5 ng), was found when using the neural tube model. Here
zebrafish infected with M.m and treated with BQ-NP had a sig-

2110 | Biomater. Sci., 2023, N, 2103-2114

nificantly higher survival versus all other groups (except unin-
fected zebrafish), including zebrafish treated with Free BQ
(Fig. 6A).

In addition to survival, the relative bacterial burden was
determined in all the groups by measuring fluorescence pixel
count (FPC) of the red fluorescent bacteria (ESI Fig. 61). The
FPC method quantifies the total fluorescence associated with
the red fluorescent protein expressed by the dsRed M.m.>°
Based on our experience, FPC analysis is a different readout
that could therefore complement our survival test results. The
FPC results correlated well with the survival analysis and in
both the blood model and the neural tube model the NP-BQ

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Ultrastructural analysis of BQ NPs (M30-RhB-BQ) in endothelial late endosomes (in red) near over time. Blood lumen neighboring the endo-
thelium is shown in yellow. BQ NPs are observed at 1 h (A and F), 4 h (B and G), 24 h (C and H), 72 h (D and 1) and 168 h (E and J) after injection. The
images from the lower part (F-J) are enlarged imaged of the red box region above. Arrowheads at all time points indicate intact nanoparticles while
arrows at 3 and 7 days indicate degraded NPs. Scale Bars indicate 500 nm in: (A—E); 200 nm in: (F-J).

Table 1 In vitro activity of BQ against M.m

Drugs MICy, for M.m (uM)
BQ 0.09 pM

RIF 0.23 pM

Drug D 0.50 pM

group had significantly lower bacterial burden compared to
controls.

Discussion

NPs reduce drug-related toxicity and improve treatment
efficacy

We have shown that the free drug BQ is highly effective in inhi-
biting mycobacterial growth in vitro as its MIC required to
effectively kill M.m (0.09 pM) was approximately 6 times more
potent than the Pretomanid derivative (Drug D, 0.5 pM) and 3
times more potent than RIF (0.23 uM). Moreover, also after
encapsulation into polymeric micelles, BQ has shown to be
effective against M.th (H37Rv strain) growth and its antimyco-
bacterial activity was higher compared to the free drug accord-
ing to the MIC assay.>’

In addition, we have tested for potential drug-related tox-
icity of encapsulated BQ in vivo, which, when compared to its
free form showed an improvement in survival. Even upon
injection of the highest possible dose, restricted due to inject-
able volume constraints, a higher survival was observed in BQ
NPs group compared to those receiving the free drug.
Although the difference was only 10%, the deaths in the group
receiving free BQ increased over time while deaths in the
group injected with BQ NPs occurred only within the first 24 h
post injection, after which survival remained stable. One expla-

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (A) Survival analysis comparing therapeutic efficacy of free (dis-

solved in DMSO) versus encapsulated BQ (NP-BQ = M30-BQ). N
(embryos per group on the day of infection) > 40. (B) FPC analysis to
measure bacterial burden associated with red fluorescence of M.m used
for the infection of zebrafish embryos in the neural tube. N (embryos
per group on the day of imaging) in A > 26 while in B > 16. Statistical
analysis was performed using a Log-rank (Mantel-Cox) test.

nation for this observation could be that the mortality
observed in the group receiving NPs were the result of injec-
tion injury. However, the difference in toxicity between the
encapsulated BQ and the free drug group could also be due to

Biomater. Sci, 2023, 11, 2103-2114 | 211
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the toxicity of the DMSO used to dissolve the drug. No toxic
solvent was used in the NP formulations and dimethyl sulfox-
ide (DMSO) was needed for injections of the free hydrophobic
drug. In this regard, BQ NPs provided a much safer alternative,
as NPs without drug were non-toxic. Besides, edemas were
seen in most of the zebrafish embryos injected with the Free
BQ, most likely due to the high permeability of DMSO that
causes it to leak into tissues upon injection into the
vasculature.

Apart from toxicity, we evaluated therapeutic effects of
different doses of BQ NPs, which showed an improved survival
against fish TB relative to the free drug. In our view this can be
ascribed to two main reasons: 1 While free drug mixed with
DMSO likely distributes evenly in the zebrafish following
administration, NP-BQ accumulate rapidly into granulomas
(about 3.4% of the injected dose within 24 h) before being
taken up by the endothelium (see below). 2 Nanoparticles
degrade slowly into endothelial cells and this contributes,
unlike free drug administered with DMSO, to sustained release
of bedaquiline that can extert its antitubercular activity over
several days.

We evaluated NP activity in comparison with free drug via
two analyses: survival assay — measuring number of deaths
post-treatment in infected zebrafish embryos and Fluorescence
pixel count (FPC) analysis that quantified bacterial growth in
the treated embryos. Both analyses showed an improvement of
survival and a reduction in bacterial growth (Fig. 5 and ESI
Fig. 41) of M.m infected zebrafish embryos post-treatment with
BQ NPs. Although FPC is an important assay, we consider the
results less reliable to assess drug potency than survival ana-
lysis. The reason is that, as the first embryos started to die due
to infection, these were removed before imaging took place for
FPC and only the live ones were considered for the analysis.
Since the dead fish displayed the highest FPC, choosing the
day for analysis where embryos have already died weakens the
analysis of the surviving embryos.

Behavior of NPs in vivo

The characterization of NPs, especially their biological inter-
actions and fate after in vivo administration is crucial for
optimization of NP design to increase their efficacy and reduce
toxicity associated with the encapsulated drugs for better
therapeutic applications. To study the biodistribution of intra-
venously injected BQ NPs in vivo, we used a combination of
live imaging and electron microscopy that enabled a more
detailed and a higher-resolution study of biological inter-
actions of NPs.

We found that BQ NPs (M30-RhB-BQ) were short circulating
in the embryos, since within minutes of injection into the vas-
culature, almost half of them disappeared from the circulation.
This could possibly indicate their uptake by either blood-resi-
dent macrophages,”® endothelial cells lining the vasculature,
or both.*! In a previous study in the blood infection model,
following injection of poly (lactide co-glycolide) (PLGA) NPs,
all of them were rapidly engulfed by the blood-resident macro-
phages that delivered the NPs to the blood associated granulo-
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mas.*® However, in the case of BQ NPs, most of them were
found to localize inside the endothelial cells lining the vascu-
lature instead to macrophages in blood-circulation.
Surprisingly, when we assessed the accumulation of BQ NPs in
neural tube granulomas, a significant amount was localized in
the granuloma region compared to the nearby and equivalent
uninfected region (Fig. 3C). A similar degree of accumulation
has been shown for other short-circulating NPs, for example,
PLGA NPs had approximately 3% accumulation in the granulo-
mas at 12 h post-injection.’® However, compared to the long
circulating NPs, BQ NPs seemed to accumulate less in the
granulomas. For instance, 6.5% of PEGylated liposomes were
found to accumulate in neural tube granulomas in just 4 h
after injection®® while only about 3.4% of BQ NPs localized in
the granulomas in 24 h post-injection. Again, the possible
explanation could be the massive uptake of BQ NPs by endo-
thelial cells rather than blood-resident macrophages ignoring
“passive” extravasation as potential mechanism.

The endothelial cells lining the vasculature have been
found to be active in the uptake of short circulating NPs,***!
which was also the case for BQ NPs. Our initial investigation
of biodistribution of BQ NPs was performed by live-imaging,
using an epi-fluorescence stereomicroscope, on wild type zeb-
rafish embryos that were injected with red fluorescent NPs.
Already 5 minutes following intravenous injection, almost half
of the BQ NP had left the blood circulation, and after 1 hour,
almost all of them were found to be cleared from the circula-
tion. The NPs seemed to be in close association with the cells
lining the vasculature (especially those lining the PCV),
suggesting possible interactions with those cells, which were
again analyzed with high-resolution imaging using a spinning
disk confocal microscope. Upon analysis of optical sections
from the PCV, a massive number of BQ NP appeared to enter
the endothelial cells.

To differentiate between stable binding to the cell surface
and uptake, a higher resolution method, namely EM was used
that can better identify the localization of NPs. EM analysis
showed selective NP uptake into the cells of the vascular endo-
thelium, mainly of the PCV but also in the dorsal aorta or
intersegmental vessels during 4 h of the circulation.
Ultrastructural analysis alone lacks specific markers to estab-
lish unequivocally the compartments where the NP are loca-
lized within the vasculature endothelium. Therefore, we pro-
ceeded with two different EM methodologies that would allow
us to identify NP location. We first injected colloidal gold
(easily identifiable due to its high electron density) which is
known to be internalized in endothelial cells and reach late
endosomes and lysosomes (which we classify as ‘lysosomes’
for simplicity.*>** Four hours after the intravenous injection
of BQ NP, particles within the size range of our BQ NP were
found to selectively accumulate in lysosomes together with the
gold. A further confirmation of this finding was obtained
using a combined light and electron microscopy method,
CLEM method, where a section of zebrafish embryo previously
injected with fluorescent BQ NP was imaged first by light
microscopy and then by EM.

This journal is © The Royal Society of Chemistry 2023
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Endothelial uptake of NP

According to Rességuier and colleagues, one reason for endo-
thelial uptake of NPs could be associated with the charge of
NPs. The negatively charged PLA NPs used in their study were
rapidly internalized by endothelial cells - scattered along the
entire vasculature - as well as by macrophages in circulation.**
Similarly, in a study by Campbell et al., the internalization of a
wide range of anionic NPs was found to be inside the endo-
thelial cells, although restricted to specific venous regions of
the zebrafish embryos.**

While NP uptake into endothelial cells may not be desirable
for treatment against TB, evidence for potential benefits of endo-
thelial uptake of NPs was shown recently, where a new and
striking mechanism of NP transfer i.e., from endothelial cells
to macrophages was observed.*' This new insight into NP
interaction with the vascular endothelium has the potential to
open new possibilities of macrophage targeting for anti-tuber-
cular nanotherapeutics.

Conclusion

In this study, we took advantage of the optically transparent
vertebrate fish model, the zebrafish embryo to understand the
biodistribution and biological interactions of BQ NPs. Using
high-resolution non-invasive live imaging, as well as EM, NP
interactions at the tissue, cellular and ultrastructural level was
analyzed. BQ NPs had short circulation times, because of their
rapid and efficient uptake by vascular endothelial cells. Our
findings demonstrate the importance of testing NP-based
therapies in vivo, particularly in the field of nanomedicine,
which requires extensive studies on both the vehicle and the
drug along with their combined formulations to be of clinical
relevance. To our knowledge, this is the first study assessing
the in vivo activity and distribution of a NP formulation of BQ.
Encapsulating BQ in polymeric micellar NPs not only reduced
drug-related toxicity, but also improved survival and reduced
bacterial burden post-treatment in M.m infected zebrafish
embryos. Taken together, we propose an improved in vivo
testing regime for NP-based drugs. Our findings open possibi-
lities for increasing clinical application of this novel and
powerful drug BQ against both drug-susceptible and MDR-TB.
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