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ABSTRACT: Mycobacterium tuberculosis, the etiologic agent
of tuberculosis, is an intracellular pathogen of alveolar
macrophages. These cells avidly take up nanoparticles, even

without the use of specific targeting ligands, making the use of

nanotherapeutics ideal for the treatment of such infections.
Methoxy poly(ethylene oxide)-block-poly(e-caprolactone)
nanoparticles of several different polymer blocks’ molecular
weights and sizes (20—110 nm) were developed and critically
compared as carriers for rifampicin, a cornerstone in
tuberculosis therapy. The polymeric nanoparticles’ uptake,
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consequent organelle targeting and intracellular degradation were shown to be highly dependent on the nanoparticles’
physicochemical properties (the cell uptake half-lives 2.4—21 min, the degradation halflives 51.6 min—ca. 20 h after the
internalization). We show that the nanoparticles are efficiently taken up by macrophages and are able to effectively neutralize
the persisting bacilli. Finally, we demonstrate, using a zebrafish model of tuberculosis, that the nanoparticles are well tolerated,
have a curative effect, and are significantly more efficient compared to a free form of rifampicin. Hence, these findings
demonstrate that this system shows great promise, both in vitro and in vivo, for the treatment of tuberculosis.

Bl INTRODUCTION

Tuberculosis (TB) represents a global health problem, despite
the fact that a potentially curative therapy has been available
for approximately S50 years. Infectious diseases, including
tuberculosis, remain the leading cause of preventable death in
the world."”” Tuberculosis is caused by Mycobacterium
tuberculosis, a slender, nonmotile and acid-fast bacillus, that
is approximately 0.5—3 pum in size.

In general, the ability of mycobacteria to survive and persist
in alveolar and other types of macrophages (M¢), which are
reservoirs of this intracellular pathogen, is the main cause of
failure of the treatment and eradication of TB. This strategy
allows mycobacterial cells to not only become invisible to the
immune defense but to also be insusceptible to the effects of
conventional drugs. The standard treatment regimen consists
of an intensive phase of 2 months of treatment with first-line
anti-TB drugs, including isoniazid, rifampicin, pyrazinamide,
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and ethambutol, followed by a 4-month continuation phase of
treatment with isoniazid and rifampicin (RIF).>* Finally, the
development of multidrug-resistant (MDR-TB) and exten-
sively drug-resistant (XDR-TB) strains of M. tuberculosis as
well as the increase in the number of patients with TB who
are coinfected with HIV represent important complications for
TB treatment.”®

Recently, nanomedicine has emerged as one of the most
promising approaches for overcoming the above-listed
challenges associated with TB therapy. The utilization of
nanocarriers for drug delivery into the lungs, the primary
target organ for TB treatment due to the presence of M.
tuberculosis-infected alveolar M, offers an elegant way to
circumvent numerous difficulties associated with conventional
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Figure 1. Reaction schemes. (A) Synthesis of the amphiphilic block copolymer poly(ethylene oxide)-block-poly(e-caprolactone) using hydrogen

chloride as a catalyst. (B) Conjugation with fluorescent dyes.

therapy.7_9 For example, these systems enhance the
therapeutic effectiveness and minimize the undesirable side
effects of numerous antibacterial drugs.”"’

In this context, several types of anti-TB nanoformulations
including for examgle solid lipid nanoparticles,”"" inorganic
nanoparticles,”'>"> micelles,"* and polymeric nanopar-
ticles °~'® have been utilized. In other words, a wide variety
of nanocarriers and biomaterials have been explored for
mono- and multidrug delivery in TB. Most of these interesting
systems elucidated for TB regimens, however, need further
preclinical study and robust biorelevant analysis both in vitro
and in vivo to move on to the next step and reach to the
patients.

The objective of the present study was to study the
biorelevant properties of biodegradable and biocompatible
rifampicin nanoformulations based on MPEO-b-PCL, which
were prepared using a ring-opening polymerization. We
critically quantitatively compared behavior of the formulations
in relation to different molecular weights of the polymer
blocks and different physicochemical properties allowing fine-
tuning and generalization for M¢-targeted nanomedicines. We
tested these systems with a virulent strain M. tuberculosis
H37Rv as well as using a zebrafish-based in vivo model of
tuberculosis. On the basis of our previous work, we studied
the effect of this passively targeted drug delivery system on M.
tuberculosis-infected Mg, with subsequent testing of its
antimycobacterial properties in vivo.

B MATERIALS AND METHODS

Materials. e-Caprolactone (CL, 97%), calcium hydride (CaH,,
95%), 1,4-diaminobutane (99%), 7-(diethylamino)coumarin-3-car-
bonyl azide (DACCA, BioReagent, >92%), hydrogen chloride (2.0
M in diethyl ether solution), lipase from Pseudomonas sp. (type XIII),
a-methoxy-w-hydroxy poly(ethylene oxide) (MPEO, M, of 2000
and S000 Da), Nile red (BioReagent, >98%), 4-nitrophenyl
chloroformate (96%), penicillin—streptomycin solution (BioRe-
agent), phosphate-buffered saline (tablets), N-phenylthiourea
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(PTU), rifampicin (RIF, >97%), thiazolyl blue tetrazolium bromide
(MTT), triethylamine (>99%) and Triton X-100 (BioUltra, 10%, for
molecular biology) were purchased from Sigma-Aldrich Ltd. (Prague,
Czech Republic).

Amphotericin B (250 pg/mL), CellMask Deep Red plasma
membrane stain, CO, Independent Medium, Dulbecco’s Modified
Eagle Medium (DMEM, high glucose, GlutaMAX), fetal bovine
serum (FBS, heat-inactivated), L-glutamine (200 mM), LysoTracker
Deep Red, and tetramethylrhodamine-S-carbonyl azide (TMR) were
purchased from Life Technologies Czech Republic Ltd. (Prague,
Czech Republic).

Lead citrate, LRWhite resin and uranyl acetate were purchased
from Electron Microscopy Sciences (Hatfield, USA).

The CL was dried over CaH, with continuous stirring at room
temperature for 48 h and distilled under reduced pressure before use.
MPEO was dehydrated by the azeotropic distillation of water in
toluene, precipitated with cool diethyl ether (Et,0), filtered, washed
with Et,0, and dried in vacuo at room temperature.

All of the other chemicals that were used were of the highest
quality that is commercially available and were used in the form in
which they were received.

Synthesis and Characterization of the Copolymers. The
copolymers were prepared using the metal-free method (Figure 1A)
described by the Lee group. 220 Briefly, calculated amounts of
azeotropically dried MPEO (1 equiv) and dried CL were added to a
flame-dried glass tube containing 10 mL of dry CH,Cl, and a
magnetic stirring bar that was connected to a vacuum system.
Subsequently, an exhausting-refilling process using argon was
repeated multiple times, with continuous cooling provided by the
solid CO,/ethanol mixture. Polymerization was then initiated by the
addition of a 2.0 M HCl solution (2 equiv) at 25 °C and the reaction
mixture was incubated with stirring overnight. The resulting
copolymers were precipitated using cool Et,O and filtered. The
filtrate was washed with cool Et,0O and dried in vacuo at room
temperature.

The resulting yields ranged from 85% to 90%. The "H NMR (300
MHz, CDCl,, §) results were as follows: peak a (§ = 3.37 ppm,
CH;—0-); peaks b+c (6 = 3.63 ppm, PEO repeating unit —CH,—
CH,—0-); peak d (6§ = 4.21 ppm, —O—CH,—CH,—); peak e (5 =
2.29 ppm, CL repeating unit —CO—CH,—CH,—CH,—CH,—CH,—
O-); peaks f+h (6 = 1.64 ppm, CL repeating unit —CO—CH,—
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CH,—CH,—CH,—CH,—0-); peak g (6 = 1.37 ppm, CL repeating
unit —CO—CH,—CH,—CH,—CH,—CH,—0-); peak i (5 = 4.05
ppm, CL repeating unit —CO—CH,—CH,—CH,—CH,—CH,—0-);
peak j (6 = 2.54 ppm, —OH).

Fluorescent Labeling of the Block Copolymer Matrix. The
prepared MPEO-b-PCL copolymers were labeled (Figure 1B) with
both 7-(diethylamino)-coumarin-3-carbonyl azide (DACCA) and
tetramethylrhodamine-S-carbonyl azide (TMR).

The labeling with both DACCA and TMR were performed as
previously described.”' Briefly, 10 mg (1 equiv) of azeotropically
dried MPEO-b-PCL and either tetramethylrhodamine-5-carbonyl
azide or 7-(diethylamino)coumarin-3-carbonyl azide (3 equiv) were
dissolved in 10 mL of freshly distilled toluene in an argon
atmosphere. The resulting solution incubated at 80 °C overnight,
with stirring. Subsequently, the reaction mixture was placed in a
dialysis bag (MWCO 3500 Da) and dialyzed against demineralized
water for S days. The aqueous solutions were then freeze-dried.

In both cases, UV/vis and fluorescence spectroscopy were used to
confirm covalent bonding of the DACCA to the polymer backbone
(Figure SIC and S1D). The efficiency of the labeling, expressed as
the ratio of the determined amount of the dye to the theoretical
amount of dye, ranged from 83% to 92%. To ensure the use of
material containing the same amount of DACCA (i.e., 12 pug/mg, cf.
Table SII, Supporting Information), mixtures of the fluorescent
conjugates and the nonlabeled copolymers were used for subsequent
experiments. For this purpose, a product with the lowest dye content
(i.e., PS) was used as the default for making the calculations.

Proton Nuclear Magnetic Resonance. To confirm the
structure of the prepared and labeled MPEO-b-PCL copolymers,
proton nuclear magnetic resonance ("H NMR) was used. 'H NMR
spectra were recorded using a Bruker Avance DPX 300 (and/or
Avance III 600 MHz) spectrometer (Bruker Daltonik GmbH,
Bremen, Germany) operating at 300.1 MHz (or 600.2 MHz). All
NMR spectra were measured using samples in 5 mm NMR tubes
with CDCl; as the solvent at 25 °C. The chemical shifts are relative
to TMS, using hexamethyldisiloxane (HMDSO, § = 0.0S ppm from
TMS) as the internal standard. The typical conditions that were used
for the spectra collection were as follows: 7/2 pulse width, 15.6 us
(10 us); relaxation delay, 10 s; spectral width, 6.6 kHz; acquisition
time, 4.95 s (2.18 s).

Gel Permeation Chromatography. Gel permeation chroma-
tography (GPC) was used to determine the M,, M, and M,/M,
(dispersity, D) values, and for molar mass distribution control. GPC
separations were performed using a Deltachrom pump (Watrex Ltd.,
Prague, Czech Republic), Midas Spark autosampler (DataApex Ltd.,
Prague, Czech Republic) and two PLgel MIXED-B-LS columns (30
X 1 cm, particle size 10 ym) for separation in the molecular weight
range of approximately 400—10,000 000 Da. Tetrahydrofuran (THF)
was used as the mobile phase. The detector was a PL ELS-1000
evaporative light scattering detector (Polymer Laboratories, Varian
Inc, Amherst, USA). The data were accumulated and processed
using Clarity Software version 6.0.0.295 (DataApex Ltd.). The
injection volume of the GPC system was 0.1 mL. Separations were
performed with a mobile phase (THF) flow rate of 1 mL/min.
Evaluation of the chromatograms utilized calibration that was based
on a set of polystyrene (PS) standards.

Preparation of Nanoparticles. Nanoformulations were pre-
pared using a nanoprecipitation method that was previously
described.'® Briefly, the copolymer (10 mg) was dissolved in 2.5
mL of acetone at room temperature. The resulting polymer solution
was subjected to the quick addition of 10 mL of Milli-Q water or
PBS with continuous stirring (200 rpm). RIF-loaded formulations
were prepared in the presence of RIF using the same method, i.e. the
acetone solution of the polymer and rifampicin was subjected to the
quick addition of water or PBS. Acetone was removed via
evaporation at a reduced pressure (40 °C) in both cases. All of
the prepared formulations were subjected to filtration through a 0.22
um PVDF filter before all subsequent experiments.

Critical Aggregation Concentration (CAC). The NPs solutions
of the copolymers were prepared by the above-described protocol
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and subjected to serial dilution to obtain a concentration as low as
107 mg/mL, with subsequent stabilization overnight. Each sample
was then prepared with the addition of S uL of Nile red solution (in
ethanol) to 100 uL of the diluted solution, with subsequent
stabilization overnight. The final concentration of Nile red in the
samples was 1 X 107 mol/L.

The fluorescence of the samples were recorded using a Synergy
H1 Hybrid Reader instrument (Biotek, Winooski, USA) at an
excitation wavelength of 550 nm. The fluorescence emission
intensities at 650 nm were then evaluated and a graph of fluorescence
intensity vs negative logarithm of the concentration was plotted.
From this graph, the CAC was determined as the intersection of two
straight lines drawn through points at low and high concentrations.

Drug Loading and Entrapment Efficiency. The drug
incorporation efficiency was expressed in the form of both the
drug content (drug loading, DL, %) and the entrapment efficiency
(EE, %), which are represented by eqs 1 and 2, respectively.

mass of the drug contained in nanoparticles

100
mass of the nanoparticles containing drug

(1)

mass of drug in nanoparticles

EE = X 100

mass of drug used for the formulation

)

The mass of the drug contained in nanoparticles was calculated as
the difference between the total mass of RIF used and the mass of
free (i.e., nonencapsulated) RIF in the nanoformulation. For the
separation of NPs, ultrafiltration of the nanoformulations using an
Amicon Ultra-15 Centrifugal Filter Unit with an Ultracel 100 kDa
membrane (Millipore, Ireland), with centrifugation at 1 000 rpm, was
used.

The RIF was then quantified using UV/vis spectroscopy. Briefly,
an aliquot (200 uL) of the filtrate or the initial formulation was
diluted with 3.8 mL of acetonitrile. Absorbance measurements (477
nm) were performed on a Synergy H1 Hybrid Reader instrument
(Biotek, Winooski, USA). Quantification of RIF was performed using
a set of RIF standards. The mass of the nanoparticles containing the
drug was determined gravimetrically.

Dynamic Light Scattering. Nanoformulations were investigated
using dynamic light scattering (DLS). The measurements were
carried out on a Model ZEN3600 Nano-ZS instrument (Malvern
Instruments Ltd., UK) using an angle of 173°. A He—Ne 4.0 mW
laser, operating at 633 nm, was used. The data were analyzed using
the DTS (Nano) program (Malvern Instruments Ltd, UK). The
mean positions of the peaks within the intensity-hydrodynamic
diameter (D) distributions were used to represent the data. The
hydrodynamic diameter of the particles was calculated from the
diffusion coefhicient using the Stokes—Einstein equation:

kT
3m1Dh

(3)

where T is the absolute temperature, 7 is the viscosity of the solvent
and kg is the Boltzmann constant.

Asymmetric Flow Field-Flow Fractionation (AFFFF). The
instrument setup for the asymmetric flow field-flow fractionation
consisted of an Eclipse 3+ Separation System (Wyatt Technology
Europe, Dernbach, Germany) coupled to a 1260 Infinity isocratic
pump and degasser (Agilent Technologies, Santa Clara, CA, USA), a
DAWN HELEOS-II MALS detector with a 120 mW gallium-arsenide
laser at a wavelength of 661 nm (Wyatt Technology, Santa Barbara,
CA, USA), and a RI-101 RI detector (Shodex, Munich, Germany).
Experiments were performed using a 275 mm long trapezoidal
channel assembled with a 490 um spacer and a regenerated cellulose
membrane with a 5 kDa cutoft. Filtered deionized water was
employed as the mobile phase. The data were collected and
processed using the ASTRA 6 software.

All of the separations were conducted according to the following
description. A 100 #L sample was injected into the channel at a flow
rate of 0.2 mL/min. The focusation proceeded for S min with a
cross-flow of 3.0 mL/min. After the focusation step, the system was
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switched into elution mode and the sample was separated with either
constant or linearly decreasing cross-flow, or with a combination of
the two. The procedures were specifically optimized for each sample
to achieve the best separation and analysis conditions. The detector
flow rate was kept constant at 0.5 mL/min throughout the entire
separation procedure. The sample concentration was 0.1 mg/mL for
all samples. The molar masses (M,,) and the diameters of gyration
(Dg) were calculated from the acquired data using the Zimm
formalism. The refractive index increments, dn/dc, were 0.145 and
0.15 mL/g for the samples that contained and did not contain RIF,
respectively.

Morphology of the Nanoparticles. A 4 uL sample of the
nanoformulation was applied to an electron microscopy grid covered
with lacey carbon supporting film (400 mesh, Cu, Agar Scientific,
UK) after hydrophilization by glow discharge (Expanded Plasma
Cleaner, Harrick Plasma, USA). The excess solution was absorbed
using Whatman filter paper No. 1 for approximately 1 s.
Subsequently, the grid was immediately plunged into liquid ethane
held at —182 °C. The vitrified sample was immediately transferred,
without being allowed to thaw, into the microscope and observed at
—-173 °C.

All of the samples, except for those containing MPEO,,-b-PCL g
(P1), were examined using a Tecnai G2 Spirit Twin 120 kV
microscope (FEI, Czech Republic) equipped with a cryo-holder
(cryo-specimen holder, Gatan) using a bright field imaging mode at
an accelerating voltage of 120 kV; whereas the MPEQO,,-b-PCL 4-
based nanoformulations were observed using a Talos 200C
microscope (FEI, Czech Republic) equipped with phase-plates,
which are used to enhance the image contrast.

Enzymatic Degradation of the MPEO-b-PCL NPs. Nano-
particle degradation was measured in the presence of lipase from
Pseudomonas sp. using DLS and 'H NMR.

During the degradation experiment, an appropriate amount of
lipase (4 U/mL in PBS) was added to the MPEO-b-PCL formulation
(1 mg/mL in PBS) to initiate biodegradation. The final
concentrations of the enzyme and the nanoparticles were 0.36 U/
mL and 0.91 mg/mL, respectively. The biodegradation was
conducted at 37 °C. During the DLS experiments, degradation was
allowed to proceed inside a DLS cuvette to the light scattering
intensity (derived count rate) in situ over time.

During the 'H NMR degradation study, the same concentrations
were used but with deuterated PBS. The 'H NMR spectra were
recorded using a Bruker Avance III 600 MHz spectrometer operating
at 600.2 MHz at 37 °C with 4 scans, using 5 mm NMR tubes.

Rifampicin Release. The in vitro release of RIF was studied by
way of a dialysis method using Spectra/Por 6 dialysis tubes (MWCO
3.5 kDa) without and in the presence of lipase (lipase from
Pseudomonas sp.). For this purpose, 2 mL of P4-RIF formulation and
an appropriate amount of lipase or PBS were transferred to the
dialysis tube. The final concentration of the copolymer and the
enzyme were 0.91 mg/mL and 0.36 U/mL, respectively. The dialysis
was performed in 200 mL of PBS (pH 7.4) with continuous shaking
(150 rpm) at 37 °C. The RIF release was evaluated based on a
decrease in the measured absorbance at a wavelength of 477 nm
(Synergy H1 Hybrid Reader instrument, Biotek, Winooski, USA)
after aliquots were withdrawn from the inside space of the dialysis
tubing.

Hemolysis Assay. For the analysis of the blood compatibility of
the prepared NPs, fresh human blood was collected into heparin-
coated vacutainers (Becton Dickinson Czechia Ltd., Prague, Czech
Republic). The plasma was removed from the blood by
centrifugation at 3000 rpm for 10 min, and the red blood cells
(RBCs) were washed three times with PBS solution. For the
hemolysis experiment, the RBCs suspension was diluted with PBS
and the final concentration corresponded to full blood dilution of 1/
49.

To 0.3 mL of diluted RBCs was added 1.2 mL of appropriately
diluted MPEO-b-PCL nanoformulation. Using this procedure, several
dilutions of NPs (100, 200, 400 and 800 ug/mL) were prepared.

1801

Triton X-100 (1% in PBS) and PBS served as the positive and
negative controls, respectively.

After incubation at 37 °C for 4 or 8 h, the samples were
centrifuged at 3,000 rpm for 10 min. Subsequently, the supernatants
were collected and their absorbance values were measured at 541 nm
using a Synergy H1 Hybrid Reader instrument (Biotek, Winooski,
USA) with Nunc Cell Culture Microplates (Thermo Scientific Nunc,
USA). The percent hemolysis of the RBCs in each sample was
calculated using the following eq 4:

sample absorbance — negative control

100

hemolysis =
positive control — negative control

(4)

The results of the hemolysis assay were expressed as a percentage
of the value of the positive control (1% Triton X-100 in PBS), which
was considered to be 100%. Hemoglobin release of up to 2% was
classified as nonhemolytic, according to the ASTM F756-08
standard.’® The results of this assay are expressed as the mean
value obtained from three parallel samples.

An informed signed consent was obtained from the blood donor.

Cell Culture and Bacteria. Murine monocyte-macrophage Raw
264.7 cells®® were purchased from Sigma-Aldrich Ltd. (Prague, Czech
Republic) and grown in full Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin in a humidified atmosphere containing 5% CO, at 37
°C.

Zebrafish embryonic fibroblast ZF4 cells’* were kindly provided
by Dr. Malgorzata Cebrat (Ludwik Hirszfeld Institute of Immunol-
ogy and Experimental Therapy, Warsaw, Poland) and maintained in
a CO,-independent medium (10% FBS, 100 U/mL penicillin, 100
ug/mL streptomycin, 2.5 pg/mL amphotericin B and 2 mM 1-
glutamine) in a humidified atmosphere at 28 °C.

The bacterial strains Mycobacterium sp. (CCM 2853), Mycobacte-
rium smegmatis (CCM 4622), Mycobacterium phlei (CCM 5639),
Staphylococcus aureus subsp. aureus (CCM 4223) and Escherichia coli
(CCM 3954) were purchased from the Czech Collection of
Microorganisms (Masaryk University, Faculty of Science, Brno,
Czech Republic). Mycobacterium tuberculosis H37Rv strain (ATCC
27294) was purchased from the Public Health England Culture
Collection (Salisbury, UK). Mycobacterium marinum was obtained
from the collection of the Department of Biosciences, University of
Oslo. DsRed-expressing Mycobacterium bovis BCG were kindly
provided by Prof. Gareth Griffiths (Department of Biosciences,
University of Oslo, Norway). This study also included Mycobacterium
fortuitum clinical isolate from blood culture. Strain identification was
done by MALDI-TOF MS (data not shown).

E. coli and S. aureus subsp. aureus were grown on Columbia blood
agar plates for 18—24 h at 37 °C and in 5% CO,. Nontuberculous
mycobacteria and slower-growing microorganisms (M. tuberculosis,
M. bovis BCG) were grown on Lowenstein—Jensen egg-based
medium at 35 °C and in 5% CO, for 72—96 h and 2—3 weeks,
respectively. To culture the recombinant M. bovis strain, Low-
enstein—Jensen medium was supplemented with hygromycin B at a
concentration of 100 pg/mL.

All of the microbiological media that were used in this study were
purchased from LabMediaServis Ltd. (Jaroméf, Czech Republic).

Cytotoxicity Assay. MTT assays were performed using Raw
264.7 M¢ and ZF4 cells. The cells were seeded in 96-well plates at a
concentration of 15 000 cells/well for the Raw 264.7 cells and 15 000
cells/well for the ZF4 cells.

After 24 h of incubation at 37 °C in 5% CO,, the cell culture
medium was replaced with 100 uL of fresh culture medium
containing the formulations to be tested. After 24 or 48 h of
incubation, the medium was aspirated and the cells were incubated
with SO uL of MTT solution (1 mg/mL in PBS) for 2 h.
Subsequently, the MTT solution was aspirated and 100 uL of
isopropyl alcohol was added. A Sunrise microplate reader (Tecan
Group Ltd, Switzerland) and a Synergy H1 Hybrid Reader
instrument (Biotek, Winooski, USA) were used to assess the cell
viability via spectrophotometry at $70 nm (reference wavelength 690
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nm). The results of the MTT assay were expressed as a percentage of
the control value (obtained from cells in the control medium), which
was considered to be 100%. Reduction of cell viability by more than
30% is considered a cytotoxic effect, according to the ISO 10993-5.”
The testing was performed using at least three separate experiments.

Microscopic Investigation of Cellular Uptake. Live cell
microscopy was used for the study of cellular uptake in Raw 264.7
Mg, the measurement of the cellular distribution of DACCA-labeled
nanoparticles and the determination of the colocalization of
lysosomes and nanocarriers. The cells were cultured in 4-chamber
glass bottom dishes (Cellvis, USA), to which the nanoparticles to be
tested were added at a concentration of 40 ug/mL and then
incubated with 0.0125 uM of LysoTracker Deep Red for 40 min.
Imaging was performed after 20 min using a spinning disc confocal
system based on the Olympus IX81 microscope that was equipped
with an Olympus UPlanSApo 100X/1.4NA oil immersion objective,
a CSU-X spinning disc module (Yokogawa, Japan) and an Ixon Ultra
EMCCD camera (Andor, UK). The cells were maintained at 37 °C
and in 5% CO, using a microscope incubator (Okolab, USA). The
image analysis was performed using Image]J software.

Flow Cytometry. The cells were incubated for 24 h at 37 °C in
5% CO, at a density of S0000 cells/cm® Subsequently, the
nanoformulations were added at a defined concentration. The
samples were measured after the addition of the nanoparticles at the
indicated time intervals. The cells were analyzed using the CytoFlex
flow cytometer (Beckman Coulter Inc., USA). CytExpert software
(Beckman Coulter Inc. USA) was used to measure and analyze
approximately 100 000 cells per sample.

Antibacterial Activity Study. The minimal inhibitory concen-
trations (MIC) of free RIF, RIF-loaded NPs and empty NPs were
determined using broth microdilution for the nontuberculous
mycobacteria, E. coli and S. aureus subsp. aureus. Briefly, a standard
dilution series for each formulation that was tested (0.016—256 ug/
mL) was prepared in a volume of 100 uL per dilution using
Miieller—Hinton broth in a 96-well microtiter plate. Freshly grown
colonies were used to prepare the inoculum suspensions in
physiological saline solution (0.5 McFarland units). Then, the
inoculation of the prepared dilutions was performed with a flame-
sterilized inoculation applicator. The inoculated plates were grown at
37 °C with 5% CO, for 18—24 or 72—96 h, depending on the strain
used. The results were recorded after observable turbidity appeared
in the control wells (containing broth inoculated with any of the
studied formulations). Each formulation was assayed ten times.

Time Kill Curve Assay. Time-kill curve analyses were performed
by culturing M. fortuitum in Middlebrook 7H9 broth with oleic acid/
bovine albumin/dextrose/catalase (OADC) growth supplement, in
the presence of 3 antimicrobial concentrations in dilutions ranging
from 1 X MIC to 16 X MIC estimated for the free RIF. Individual
bottles of 30 mL of the broth containing increasing concentrations of
both free RIF and RIF-loaded NPs were cultured with the inoculum
(ca. 10° CFU/mL) at 37 °C, under shaking conditions (120 rpm). A
control bottle, with inoculum but without antibiotic, as well as a
sterility control (broth only) were included, as well.

At defined time intervals (0, 24, 48 and 120 h), the size of the
bacterial population was quantified to characterize the effect of the
formulations. Samples of 0.5 mL were taken from each bottle and
serial 10-fold dilutions in PBS were prepared. Volumes of 100 uL
from undiluted samples and from each dilution were plated in
duplicate on Lowenstein-Jensen plates for further CFU counting after
3—5 days of incubation at 37 °C. The assay was performed in
duplicate.

Macrophage Infection and Treatment. Raw 264.7 cells were
seeded in 24-well plates at a density of 25000 cells per well and
incubated in full-strength DMEM for 24 h at 37 °C with 5% CO,. A
M. tuberculosis stock suspension was prepared using a method that
utilized glass beads in DMEM (containing 5% FBS with no
antibiotics) with continuous control of the optical density. The
suspension used for infection of M. tuberculosis was prepared in
DMEM (containing $% FBS and no antibiotics) at a final density of
625 000 CFU/mL. During infection, the medium was replaced with 1
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mL of the infection suspension, corresponding to a multiplicity of
infection (MOI) of 2.5. After the 4 h infection procedure (at 37 °C
in 5% CO,), the cells were washed twice with 2 mL of preheated
PBS to remove the extracellular bacteria and incubated overnight
with 1 mL of DMEM (containing $% FBS with no antibiotics) per
well.

The formulations containing NPs or free RIF used for treatment
were prepared in DMEM (containing 5% FBS with no antibiotics)
using PBS-based stock solutions containing NPs or RIF. During the
treatment, the medium was replaced with I mL of a formulation (20
ug of NPs or RIF were added to each well). M¢ that were treated
with a corresponding volume of PBS in DMEM (containing 5% FBS
with no antibiotics) were used as a control.

Lysis of the M¢ was performed using 1 mL of Triton X-100
solution (0.25% in buffered salt solution) for S min during the first,
second and fifth days of the treatment. For the cells that were treated
for 5 days, the treatment and control solutions were replaced with 1
mL of fresh medium on the third day.

Serial dilutions of the lysates were prepared in a buffered salt
solution and plated on Lowenstein-Jensen plates supplemented with
ampicillin (25 pg/mL). After 2—3 weeks of incubation at 35 °C in
5% CO,, the CFU values were determined.

The infection assay was performed in duplicate. The seeding and
CFU determination were performed in two parallel duplicates. The
results of the assay were expressed as a percentage of the value of the
control.

Microscopic Investigation of Mycobacteria-Infected M¢.
Raw 264.7 cells were seeded on the bottom of ibidi u-Dishes (ibidi
GmbH, Planegg/Martinsried, Germany) and allowed to adhere
overnight. The infection and treatment of the cells were performed
using the previously described protocol with slight modifications.
Briefly, the M. tuberculosis H37Rv strain was replaced with the
DsRed-expressing M. bovis BCG carrying hygromycin B resistance,
and the RIF-loaded NPs were replaced with DACCA-labeled NPs.
The cells were treated for 1 day with a concentration of 20 pug/mL.

For the confocal laser scanning microscopy study, the cells were
washed with PBS, stained with CellMask Deep Red according to the
manufacturer’s protocol, and fixed using a paraformaldehyde solution
(4% in PBS). The cells were rapidly examined using an Olympus FV
10 confocal laser scanning microscope (Olympus Czech Group Ltd.,
Prague, Czech Republic) with a 60X oil objective. The signals were
detected using channels Chl (DACCA, exc. 405 nm, em. 425—475
nm), Ch2 (DsRed-expressing M. bovis BCG, exc. 543 nm, em. 555—
60S nm) and Ch3 (CellMask Deep Red, exc. 635, em. 655—755).

For the transmission electron microscopy study, the cells were
washed with PBS and fixed with 2% paraformaldehyde and 2.5%
glutaraldehyde (in 0.1 M PBS) and kept on ice before the subsequent
preparation. Within a few hours, the aldehyde-fixed monolayers were
washed, dehydrated in ethanol and embedded in LRWhite resin that
was polymerized using heat. The embedded cells were separated
from the coverslips after a short treatment with liquid nitrogen and
cut parallel to the substrate using a Leica Ultracut ultramicrotome
(Leica Microsystems, Vienna, Austria). The ultrathin sections were
mounted on Formvar/carbon-coated nickel grids and stained with
aqueous uranyl acetate and lead citrate. The grids were examined
using a Tecnai G2Sphera 20 electron microscope (FEI Company,
Hillsboro, OR, USA) equipped with a LaB6 gun. The images were
recorded using an accelerating voltage of 120 kV with a
GatanUltraScan 1000 slow scan CCD camera (Gatan, Pleasanton,
CA, USA).

Survival Testing with Zebrafish in Vivo. The microinjection
protocol that was used was adapted from the work of Cosma and
colleagues.”® At 2 days postfertilization, the zebrafish embryos (n =
19—24) were infected with DsRed-expressing M. marinum suspended
in a 1% Tween 80 solution. Five nanoliters of the bacterial
suspension, containing approximately 160 CFU, was injected into the
posterior cardinal vein. The embryos were allowed to recover
overnight before being injected with free RIF, the RIF-loaded
nanoparticles contained in MPEO,;-b-PCL;; (P4-RIF) or blank
nanoparticles (P4; as a control). The administration of the
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Figure 2. Morphology and size distribution of the chosen MPEO-b-PCL formulations. (A) Cryo-TEM images of blank and RIF-loaded NPs.
Scale bars: 100 nm. See Figure S4 and Figure SS for a better resolution images of P1-based NPs. (B) Corresponding DLS results shown as
distribution functions. Both blank NPs (gray line) and RIF-loaded NPs (red line) are shown.

formulations was made via the caudal vein. The injection volume was
10 nL, which corresponds to a therapeutic dose of 10 mg/kg,
assuming that an average zebrafish embryo has a body mass of
approximately 1 mg.'® The different treatment groups were separated
from one another by being placed in 10 cm Petri dishes filled with
zebrafish egg water” supplemented with PTU. A fish was considered
dead when its heart stopped beating.

Experiments were conducted in agreement with the ethical
provisions enforced by the Norwegian national animal research
authority (NARA).

Imaging of Nanoparticles in Vivo. At 2 days postfertilization,
Tg(flila:EGFP) zebrafish embryos possessing green fluorescent
vasculature,”” were administered TMR-labeled NPs via injection
into the caudal vein; the injection volume was S nL. Two hours
postinjection, the embryos were imaged using a Leica M205 FA
stereomicroscope and the imaging software LAS AF (Leica
Microsystems, Wetzlar, Germany). The embryos were sedated by
immersion in a 230 pug/mL tricaine bath.

Subsequently, the embryos were imaged using confocal laser
scanning microscopy. For this purpose, the sedated embryos were
placed on a glass-bottomed dish and immersed in low melting point
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agarose that, once hardened, was covered with egg water. Images
were obtained using an Olympus FluoView 1000 confocal laser
scanning microscope BX61WI and subsequently analyzed and
processed using Imaris Image Analysis Software (Bitplane, Belfast,
United Kingdom).

Data Analysis. The results are expressed in the form of the mean
+ SD and were analyzed by analysis of variance (ANOVA).
Differences were considered significant at * p < 0.05, ** p < 0.01
and *** p < 0.001.

B RESULTS AND DISCUSSION

MPEO-b-PCL Synthesis and Characterization. The
matrix was prepared by way of a metal-free ring-opening
polymerization (ROP) of CL initiated by MPEO, in the
presence of HCl as the catalyst, at room temperature (Figure
1A). Typically, stannous octoate is used for conventional ROP
of cyclic esters. For biomedical applications, however, such an
organometallic catalyst may be difficult to remove from the
products, and the resulting contamination of the polymer
matrix may potentially affect the human body and cell
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Table 1. Nanoparticles Characterization Results”

NPs without RIF

Formulation
(Assembled H/H )
matrix) ratio I} PDI ng M,

P1 (MPEO,,  §:5 19402 023+001 7 0.13 x 107
b-PCL,g5)

P2 (MPEO,- 46  24+03 022+001 35 077 x 107
b-PCL,,)

P3 (MPEO,- 2:8 109 £02 011 +002 77 101 x 107
b-PCLy,)

P4 (MPEO, ;- 64  75+02 016+001 51 181X 107
b-PCL,;)

PS (MPEO, ;- 37  95+08 026+ 001 115 341 X 107
b-PCLy;5)

RIF-loaded NPs

D, PDI D, M, DL¢ EE
16 + 04 021 +001 078 X 10° 234+ 03 299 + 03
78 £0.7 028 +£001 77 142X 107 214+ 06 252+ 09
124 £ 08 0.10 £ 001 7 s 178 £ 0.8 224 + L1
85409 023+001 S3 223%x100 109+ 11 146 + 1.7
83+£09 023+001 74 535x107 17012 224+ 1.1

“Mean values with standard deviation are shown. bHydrophilic/ hydrophobic ratio. “Dynamic light scattering experiments measured the z-average
of hydrodynamic diameter (Dy, nm) and polydispersity index (PDI). “Asymmetrical flow field-flow fractionation investigations measured the z-
average of diameter of gyration (Dg, nm) and molecular weight (M, Da). “The efficiency of RIF encapsulation is expressed as drug loading
percentage (DL, %) and entrapment efficiency (EE, %) values./Values could not be estimated due to very small particle size (sample P1) or the

formulations’ tendency to aggregate (sample P3-RIF).

cultures, as was noted by Hyun and colleagues,’”*® the
researchers who pioneered this HCl-based method.

To synthesize MPEO-b-PCL conjugates with fluorescent
dyes, we employed an existing method for the one-step
conjugation (Figure 1B) of both 7-(diethylamino)coumarin-3-
carbonyl azide (DACCA, blue fluorescence) and tetrame-
thylrhodamine-S-carbonyl azide (TMR, red fluorescence) to
the end of the hydrophobic PCL block.”"*’ Several diblock
copolymers were prepared with various compositions, as listed
in Table SI, Supporting Information.

The 'H NMR spectrum of the prepared copolymer is
shown in Figure SIA. GPC investigations of the prepared
copolymers showed monomodal distributions, as is shown by
the overlap of the normalized GPC curves (Figure S1B). As is
evident from the results of 'H NMR, GPC, and critical
aggregation concentration (CAC) determination (Table SI,
Figure S2), most of the physicochemical characteristics can be
described depending upon the blocks length.

Nanoparticles Preparation and Physicochemical
Characterization. The nanoparticles were prepared using a
nanoprecipitation method described in detail in the Materials
and Methods section and the physicochemical characterization
was carried out using dynamic light scattering (DLS),
asymmetrical flow field-flow fractionation (AFFFF) and
cryo-transmission electron microscopy (cryo-TEM).

MPEOQO-b-PCL nanobeads in water are characterized by an
insoluble core composed of the hydrophobic PCL block,
allowing encapsulation of hydrophobic compounds.’”*’
Several architectures are possible, depending on the hydro-
phobic/hydrophilic ratio (i.e., number of hydrophobic PCL
monomer units/number of hydrophilic PEO monomer units).
However, if the solvent switch is fast, block copolymers tend
to form spherical assemblies instead of cylindrical or planar
ones, since this is the fastest way to reduce their interfacial
area. The spherical assemblies are therefore found also for
high hydrophobic fractions (where cylindrical particles and
vesicles/flat bilayers are expected as the most stable
equilibrium structures) as metastable, kinetically relatively
preserved structures with substantial lifetimes. Within this
study, the NPs’ morphology was inspected using cryo-TEM,
allowing for the direct observation of samples in the vitrified,
frozen-hydrated state. The morphology of the nanoparticles
can be seen in Figure 2A. Those microphotographs directly
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confirm that the studied MPEO-b-PCL matrix was successfully
assembled into defined polymeric nanoparticles. The inves-
tigated samples were found to be spherical (Figure 2); this
finding is in line with the above-mentioned reasoning as well
as with earlier studies of MPEQ-b-PCL-based assemblies.'®*’
Differences between blank particles and RIF-loaded nano-
particles were observed within the sample derived from
MPEO,,-b-PCLg, (P3 and P3-RIF). Within this pair of
formulations, P3-RIF formulations contained more contrast-
ing structures with slight nonsphericity.

For all the copolymers, the DLS distribution function is
portrayed as a relatively narrow peak, with a hydrodynamic
diameter in the range of 20—110 nm (Figure 2B), and the
copolymers are assembled in a blocks length-dependent
manner (Table 1).

As it is known that DLS investigations in most situations
cannot reveal the actual size distributions of particles and the
averages that are obtained usually overestimate the sizes of the
particles,‘gz’33 the DLS-based results were verified using AFFFF
experiments. These measurements provided the actual size
and the molar mass distributions, which appeared to be rather
narrow in most cases (Figure S3). Another advantage of
AFFFF is its ability to monitor the content of noncomplexed
(unassembled) polymer in the presence of nanoparticles. The
AFFFF experiments showed that the assembling process of
the copolymers that were examined reached almost 100%, as
no free polymer was found in the samples.

The results from DLS and AFFFF are summarized in Table
1. In general, the DLS and AFFFF results were in mutual
agreement and together with the cryo-TEM investigations
provided insight into the NPs’ structure. The first indication is
the size of the NPs, which cannot be so high that the system
would be a micelle, as often stated in the literature.’*>%3°
Another proof is the AFFFF-estimated molecular weight of
the NPs (Table 1), which indicates that approximately 200—
5000 polymer chains comprise one nanoparticle, while a
micelle contains approximately 10—100 polymer chains.*®

When comparing DLS and AFFFF data in detail, it should
be kept in mind that the geometrical dimensions (diameters)
of particles calculated based on the diameters of gyration D,
are D = 1.29 D,, assuming both spherical geometry and that
the samples were filtered slightly differently prior to DLS and
AFFFF measurements. The apparent structural density p of
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Figure 3. Enzymatic degradation of MPEO-b-PCL NPs. (A) Dependence of DLS intensity given as the ratio I,/I, of prepared NPs (0.91 mg/
mL), based on degradation time at 37 °C and pH 7.4 (0.01 M PBS) in the presence of lipase from Pseudomonas sp. (0.36 U/mL); the subscripts
0 and t represent time points during degradation t = 0 and ¢ = ¢, respectively. (B) Enzymatic degradation of PCL blocks in NPs, based on

« »

decrease of the intensity of the OCH,

g” signal. Note the extremely fast degradation rate for formulation MPEO,,-b-PCLy, (P3).

particles was calculated as an equivalent average density from
the weight-average of molecular weight M,, using the model of
a sphere with the diameter D, with no correction for poly
dispersity; p = 6M,,/ZN,D>. The density of the nanoparticles
was found to be reasonably low (values ranging from p = 0.15
to 0.30 g/mL), suggesting that the polymeric nanoparticles are
probably porous and water-swollen.

The AFFFF analysis further demonstrated that formulations
containing spherical particles can be affected by aggregation or
restructuring (slow transition to the equilibrium most stable
architecture), but this finding was observed only after
substantial aging of the formulations (Figure S6).

In regards to the prediction of biological activity, the size
range of the obtained NPs should be suitable for delivery via
inhalation into the trachea-bronchial and alveolar region,””
which represents one of the most promising methods of
delivery for tuberculosis treatment.”® In addition, particles
within the obtained size range are suitable for internalization
into M¢,” supporting the hypothesis that this RIF delivery
system should possess high activity against invading
mycobacteria within M.

Enzymatic Degradability. The fabricated MPEO-b-PCL
copolymer is known for its biocompatibility as well as its
biodegradability, which is defined as the gradual breakdown of
a material mediated by a specific biological activity.
Biodegradable polymers are polymers with the ability to
function for a predefined period, with subsequent degradation
by way of a controlled mechanism.** To this end, we focused
on the examination of the degradation of the fabricated NPs.
To achieve this goal, enzyme-catalyzed degradation of NPs
was investigated using both DLS and 'H NMR. As it is
commonly regarded as a model of lipase activity, bacterial
lipase isolated from Pseudomonas sp. was used; also, this type
of lipase demonstrates higher activity and better efficiency
compared to mammalian lipases such as lipase derived from
the porcine pancreas.'**'

During the DLS experiment, degradation was observed as a
decrease in the light scattering intensity for all of the tested
formulations, whereas during the 'H NMR spectroscopy
experiment, degradation was observed as a decrease in the
intensity of the OCH, signal.
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As is evident in Figure 3A, all of the tested formulations
underwent enzymatic degradation that was observable as a
gradual decrease of the light scattering intensity. The fastest
and slowest degradation rates were found for formulations P3
(MPEO,;-b-PCLg;) and PS (MPEO,;;-b-PCL,;3), respec-
tively.

Enzymatic hydrolysis is known to be a heterogeneous
process affected by the mode of interaction between the lipase
and the polymeric chains, and it typically utilizes four steps:**
(1) diffusion of the enzyme to the solid surface; (2)
adsorption of the enzyme to the substrate (NPs, in our
case); (3) catalysis of the degradation process; and (4)
diffusion of the degradation products from the solid substrate.
In terms of the substrate’s physicochemical properties, the
adsorption and rate of degradation are affected by molecular
weight, chemical composition, crystallinity, and surface area.
Thus, the dependence of the degradation kinetics on the
properties of the NPs, such as size and surface area, differs
within the studied sample set.

For the quantitative characterization of the enzymatic
degradation of the PCL blocks, the time dependence of
PCL consumption was calculated for all the measured
samples. The integral intensity of signal marked as “e” (Figure
S7) was defined as 2 (there are two equivalent protons) and
was used as an internal standard for monitoring of degradation
within all the spectra. Subsequently, the integral intensity of
signal “g” (Figure S7) was used for calculation of the percent
of PCL blocks according to the relationship [(I}/I§) X 100],
where the subscripts 0 and t represent the time points during
degradation t = 0 (i.e., before lipase addition) and ¢ = ¢ (i.e,
after lipase addition), respectively. The results obtained are
shown in Figure 3B; similar to that obtained from DLS, the
fastest degradation was observed for sample P3 and was
slowest for sample PS5, whereas the degradation rates for the
remaining samples differed from those measured during DLS.

Figure S7 shows the '"H NMR spectra of P2-based NPs that
were measured in deuterated PBS at 37 °C before (Figure
S7A) and after (Figure S7B,C) lipase addition. The chemical
structures and signal assignments are presented in the same
figure. The comparison between the spectra was recorded in a
solvent suitable for all the blocks (deuterated chloroform, cf.
Figure S1A) and PBS (Figure S7), showing that the broader
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Figure 4. Viability of Raw 264.7 cells as detected by MTT assay. Cells were incubated with different concentrations of NPs, NPs-RIF or RIF for
24 h and their viability was assessed via measurement of the concentration of metabolically produced formazan. (A) Effect of different RIF-free
MPEO-b-PCL nanoparticles. There was no cytotoxic effect for blank NPs. (B) Effect of different RIF-loaded MPEO-b-PCL nanoparticles. Note
the higher toxicity of RIF-loaded formulations compared to free RIF, suggesting more efficient targeting of the carrier to M¢. The horizontal lines
in the panels indicate the level at which, in terms of cell viability, the distinction between cytotoxicity (above) and noncytotoxicity (below) was

made.

signals obtained from the hydrophobic PCL block and the
strong signals obtained from the hydrophilic MPEO
demonstrate the presence of a core—shell formation in the
deuterated PBS system. These results demonstrate that the
PCL protons are restricted in mobility in the moderately
hydrated solid-like core of NPs, while MPEO blocks create a
liquid-like shell. After the addition of lipase, the intensity of
the side methyl signals from the PCL monomer unit (“c” and
“g”, see Figure S7B) decreases, while the singlets related to the
“d” and “f” protons split and the MPEO signals (“a”, “b”)
remain unchanged. The second effect observed in this
spectrum is the appearance of new signals related to the
degradation products, in particular, two signals for “c” and “g”.
One pair of the signals “g””, “c’”, was identified as representing
the — CH,OH and C(O)CH, groups of 6-hydroxyhexanoic
acid, respectively (Figure S7D).

Drug Loading and Release. In order to induce the
desired pharmacological effect, noncovalent RIF encapsulation
was carried out and allowed by following aspects. As MPEO-
b-PCL-based nanocarriers are characterized bZ an insoluble
core composed of the hydrophobic PCL block,” rifampicin, a
nonpolar drug (log p = 3.7)," allows the hydrophobic forces-
based encapsulation. For our system, drug loading and
entrapment efficiency values ranged from 21 to 42% and
from 1S to 30%, respectively (Table 1).

No less questionable aspect is the RIF release mechanism.
In general, encapsulated drugs can be released from
nanocarriers via diffusion through the polymeric matrix or
water-filled pores or after an erosion of the polymeric
particle.** Since nanocarrier was found to by enzymatically
degradable by DLS, 'H NMR and flow cytometry (see
below), erosion-controlled RIF release is highly foreseeable.
Hence, we performed a common dialysis-based study of RIF
release without and in the presence of bacterial lipase.
Surprisingly, as is evident from Figure S8, no increased release
was observed when the release experiment was carried out in
the presence of lipase. Of note that this finding is in line with
our previous work dealing with RIF-loaded MPEO-b-PCL
nanocarriers.'® For this, we suggest two possible explanations.
First, the RIF release might be controlled by diffusion, despite
the fact that we found that the NPs are enzymatically

1806

degradable. The second possible explanation is that the
approach used (ie., the dialysis-based method) is not able to
evaluate the lipase-controlled drug release, as the RIF
transport through the dialysis tube might be the major RIF
release-controlling factor. This hypothesis is supported by
several reports*” ® that indicate the dialysis-based method as
providing misleading data.

Biocompatibility and Cytotoxicity. In the context of
biorelevant analysis, we studied the effect of the prepared
formulations in terms of possible cytotoxicity. For this
purpose, the toxicity of NPs was investigated using the
MTT method, after a 24 h incubation of Raw 264.7 cells’ with
each formulation. The goal of these in vitro experiments was
not only to answer the question of whether or not our
nanoparticles are safe but also whether or not the targeting of
RIF to M¢ is efficient. It is known that NPs are preferentially
taken up by Mg, which further enhances their targeting." Raw
264.7 cell line we used for this study is a monocyte-
macrophage cell line."” Given a logical assumption that the
more efficient the targeting is, the more of the drug is
delivered, we suggest that the increased level of a drug within
a cell correlates with cell viability observed. Hence, we assume
that comparison of the RIF-loaded nanoparticles’ toxic effects
is an indirect comparison of their targeting efficiency, as we
discussed in our previous study."®

In the case of blank nanoparticles (samples P1, P2, P3, P4
and P5), the cell viability was influenced very little, even
during treatment with a high concentration (320 ug/mlL,
corresponding to 1.6 g nanoparticles per S L of blood),
suggesting that such copolymers are truly safe and well-
tolerated for Raw 264.7 M¢, even when administered in vivo
(see below). Despite the fact that nanoformulations P3
(MPEQ,,-b-PCLg;) and PS5 (MPEOQ,;5-b-PCL,;;) exhibited
slightly higher toxicity (nonsignificant), we can conclude that
all of the tested blank NPs are noncytotoxic (Figure 4A).

In contrast, as is evident from Figure 4B, RIF encapsulation
leads to a dramatic increase of cytotoxicity in M¢ even when
compared to a nonencapsulated form of the drug, suggesting a
higher efficiency in RIF-targeting to the cells. As is evident
from Figure 4B and the calculated values of ICy, (see below,
Table SII), the most cytotoxic formulation is P4-RIF, which is
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MPEO-b-PCL formulations (40 pg/mL). Scale bars: 10 ym. (B) Effect of NPs’ concentration on cellular uptake based on analysis of flow
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analysis of flow cytometric data. (D) Time course of NPs’ degradation observed after the monolayers were incubated with 40 ug/mL of DACCA-
labeled formulations for 20 min, based on analysis of flow cytometric data. (E) Size characterization and marking of fabricated NPs. Scale bar:

100 nm.

based on assembled copolymer MPEO,,;-b-PCL;;. Formula-
tions P2-RIF, P3-RIF and PS-RIF showed slightly weaker
effects, whereas formulation P1-RIF was found to have the
lowest toxicity to Raw 264.7 cells. Since the ICg, values were
(130.8 + 4.1), (110.1 + 11.9), (114.4 + 12.6), (91.0 + 2.5),
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(93.8 + 6.6) and (295.9 + 0.7) ug of RIF per mL for P1-RIF,
P2-RIF, P3-RIF, P4-RIF, PS-RIF and free RIF, respectively,
we can conclude that all the tested RIF-loaded formulations
were more toxic than the free form of RIF and were not toxic
for M¢ at the concentrations used for the infected
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macrophage treatment study (see below). Additionally, based
on these results, formulation P4-RIF was chosen as the best
candidate in terms of RIF-targeting to M.

During the hemolytic study, none of the tested formulations
induced any hemolysis when used within the tested
concentration range (100—800 pg/mL) after 4 and 8 h of
incubation at 37 °C, suggesting excellent biocompatibility.

Internalization and Intracellular Degradation. To
localize the NPs within Raw 264.7 M¢p, we investigated the
uptake of DACCA-labeled NPs into cells by live-cell imaging
using confocal spinning disc microscopy. The cells were
seeded on Petri dishes with glass bottoms. Then, the DACCA-
labeled formulations and LysoTracker Deep Red, which is a
marker that is a weak base that allows labeling and tracking of
acidic organelles, were added and images were acquired after
20 min of incubation.

As shown in Figure SA, the microscopic investigations
revealed differences between the tested formulations. The
formulation based on P3 nanoparticles (approximately 110
nm in diameter, according to DLS) exhibited cytosolic and
bright vesicular localization and clear colocalization with
Lysotraker-positive cellular vesicles (white arrows). In
contrast, P2 (approximately 25 nm) and P4 (ca. 80 nm)
exhibited bright cytosolic localization, with a fluorescent
structure adjacent to the cellular membrane and a vesicular
structure in the cytoplasm. Colocalization with LysoTracker-
positive structures (i.e, low pH compartments, presumably
lysosomes) was only partial. The fluorescence intensity of cells
was poor in the case of P1 (approximately 20 nm), but
showed partial colocalization with low pH compartments.
Finally, nanoformulation P5 (approximately 100 nm) showed
clear colocalization with low pH compartments (white
arrows) and in the cytosol.

Subsequent to microscopy, flow cytometry was carried out
to evaluate the fate of DACCA-labeled NPs in terms of the
effect of their concentration, their time-dependent effects and
the degradation kinetics of NPs. All of the obtained data were
normalized to the maximum cell-associated fluorescence
values to ensure the comparability of results determined
from samples with variable total cell fluorescence intensities.

As is evident from the cell-associated fluorescence data,
fabricated NPs are successfully taken up by Raw 264.7 cells in
a concentration-dependent manner (Figure SB) and with a
maximal cell fluorescence intensity after 20 min of incubation
(Figure SC). Internalization half-lives were calculated based
on the internalization time course by curve fitting of the data
using the equation:

F(t) = K + E,,,(1 - %) (s)

where F(t) is the cell fluorescence signal at time t, F, and F,p,,
are the initial fluorescence signal and the maximal signal,
respectively, and k is the internalization rate constant (Table
SIII). Formulations exhibiting the fastest cell uptake were
revealed to contain P4 and P2 NPs, with internalization half-
lives of 2.4 and 6.2 min, respectively. The remaining
formulations, PS, P3 and P1, had internalization half-lives of
9.4 min, 11.4 and 21.0 min, respectively. Interestingly, these
findings do not meet the size- or PDI-related trends observed
(see above), despite the fact that the NPs’ size is known as
one of the main physicochemical aspects that influence the
cellular uptake. Among this factor, the hydrophilic/hydro-
phobic ratio of the copolymers assembled is also an important
parameter in terms of cellular internalization.”>*® In this

1808

regards, Zhang and colleagues‘}'5 studied the same diameter-
and different hydrophilic/hydrophobic ratios-possessing
MPEO-b-PCL NPs and their uptake by HUVEC and
HepG2 cell lines. MPEO-b-PCL NPs with higher hydro-
philicity were taken up by the cells more easily. This is in line
with our results; except the highest internalization half-live
value-revealing formulation P1 (MPEO,,-b-PCLg), the
internalization half-lives decrease with increasing hydro-
philicity (see the above-mentioned internalization half-lives
and Table 1). In other words, NPs with the highest
hydrophilicity may be covered by the least amount of proteins
and are taken up by the cells more easily, as properties of the
protein corona has a significant effect on NPs internal-
ization."

Since differences in the rates of cellular uptake and cellular
fates were observed that depended upon the investigated
nanoparticles’ properties, the experiments focused on the
study of the degradation kinetics of NPs were also conducted
(Figure SD, Table SIII). For this purpose, the cells were
incubated with DACCA-labeled formulations with subsequent
washes, after which the cell-associated fluorescence was
measured at different time points. Degradation half-life values
were determined by fitting the data to single exponential
decay. This approach was possible due to the fact that
enzymatic degradation of the DACCA-labeled matrix leads to
quenching of fluorescence.'®

During these investigations, the sharpest decrease in
fluorescence was found for the MPEO,,-b-PCL,4-based
formulation P1, which possessed the smallest particle size.
The degradation half-life for this formulation was found to be
51.6 min. Formulations P3 and PS had degradation half-life
values of 90.0 and 91.2 min, respectively. Evaluation of either
formulation P2 or P4 did not produce a favorable fit, as the
corresponding data were subject to high uncertainty. Despite
this, the degradation half-life for these formulations was
estimated to be approximately 20 h. This seems to be in line
with the results from fluorescence microscopy investigations,
as both formulations P2 and P4 exhibited bright cytosolic
localization (see above, Figure SA) and no colocalization with
LysoTracker-positive structures, ie., presumably lysosomes,
organelles that degrade extra/intra cellular material. Addition-
ally, with respect to the above-mentioned aspects of lipase-
based degradation, the intracellular degradation-related results
obtained may be due to a combination of several factors (e.g.,
hydrophilicity/hydrophobicity ratio, size, surface, etc.) affect-
ing adsorption of the lipases to the NPs. Moreover, the
enzymatic degradation kinetics exhibited within living cells
differ strongly from those produced during the degradation
studies performed using DLS or NMR (see above) in
solution.

Most Promising Formulation. Considering the bio-
relevant analysis, we concluded that the most promising
formulation for subsequent antituberculotic testing was the
MPEOQ, ;-b-PCL;;-based formulation P4, which demonstrated
the highest cytotoxicity. Again, this conclusion was based on
the assumption that the more efficient the targeting is, the
more of the drug is delivered. In other words, an increased
level of a drug within a cell possibly correlates with cell
viability observed, as we discussed above. Not surprisingly,
using three different approaches (i.e., DLS, 'H NMR, and flow
cytometry investigation), the P4-based nanoparticles were
found to be enzymatically degradable, similarly as all the
nanoformulations tested. In addition, the enzymatic degrad-
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ability suggests favorable behavior in vivo, as the MPEO-b-
PCL copolymers undergo degradation to MPEO and 6-
hydroxyhexanoic acid, the degradation product of PCL (see
the discussion above). Both MPEO,, (2000 Da) and
MPEO,;; (5000 Da) do not exceed the threshold for renal
filtration of polymers 30—50 kDa"® whereas the biocompatible
6-hydroxyhexanoic is converted to adipic acid by w-oxidation
in the endoplasmic reticulum of liver and kidney cells in vivo.
The adipic acid is then metabolized by f-oxidation and Krebs
cycle to carbon dioxide and water.”'

In addition to the biorelevant analysis, the chosen
formulation based on P4 revealed the fastest cell internal-
ization, and, finally, the slowest intracellular degradation,
suggesting a protracted elimination within the infected cells.

No less questionable aspect related to the P4-based
formulations is their stability. It is known that NP’s colloidal
stability and NPs-proteins interactions in the biological fluids
control the cell adhesion, and consequently the uptake.”” In
general, this phenomenon represents an experimental difficulty
to investigating, as mammal plasma has over 3 700 proteins.>”
The fouling properties of NPs have been studied by placing
them in contact with Froteins such as bovine serum albumin
(BSA),** lysozyme,”>”® and fibrinogen.”” An interaction of
MPEO-b-PCL-based NPs with BSA was studied by the groups
of Li’* and Murthy,* for instance. Li group found that all the
formulations tested (i.e., MPEO,4-b-PCL,s, MPEQO,,-b-PCL5,,
MPEO,,-b-PCL,;, MPEO, ,5-b-PCL,,, MPEO,;;-b-PCLg,, and
MPEO, 5-b-PCLygg), except MPEO,,-b-PCL;, remained stable
over a period of 24 h with a maximum increase of 15 nm in
the NPs’ size after 48 h of incubation with BSA. Given these
results, it could be assumed that the P4-based formulations we
choose for the antibacterial testing in vitro and in vivo should
not lead to aggregation.

Antibacterial Properties. Several bacterial strains were
used for the basic characterization of the formulations’
antibacterial properties. For this purpose, a broth micro-
dilution assay was carried out. As is evident from Table 2, the

Table 2. Minimal Inhibitory Concentrations for Free RIF
and Its Encapsulated Form

RIF NPs-RIF

Bacterial strain (ug/mL) (ug/mL)“ Decrease”
Escherichia coli 6 1-1.5 4-6
Mycobacterium fortuitum 8 == -
Mycobacterium phlei 0.25 0.047—-0.064 3.9-53
Mpycobacterium smegmatis 32 24 1.3
Mycobacterium sp. 8 3—4 2-2.7
Staphylococcus aureus subsp. 0.125 0.032—0.064 2-3.9

aureus

“A broth microdilution assay Erovided the same MIC values for all of
the prepared formulations. “Number of times of decrease. “Not
estimated.

minimal inhibitory concentration (MIC) of RIF was reduced
for all tested species in the presence of the copolymers,
suggesting that the prepared surfactant-like MPEO-b-PCL
copolymers, similarly to some nonionic surfactants,”®"’
increase the permeability of the cell wall for RIF. In contrast,
RIF-free formulations did not lead to any growth inhibition
even when incubation was carried out with a very high
concentration (1000 pg/mL) of the polymer (data not
shown).
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In order to investigate the bacterial inactivation mechanism
of the manufactured formulations, we performed a common
time-kill curve analysis with M. fortuitum clinical isolate as a
model fast-growing mycobacterial strain. This assay was
performed with both free RIF and P4-based NPs loaded
with RIF in the presence of 3 antimicrobial concentrations
ranging from 1 X MIC to 16 X MIC estimated for the free
RIF (ie, 8 pg/mL). Figure S9 shows the time-kill curves
obtained. As is evident, both samples tested shared similar
characteristics and a concentration-dependent effect. During
the free RIF and P4-RIF NPs exposure, bactericidal activity
was observed after 24—48 h, however, regrowth occurred after
the initial killing and was noticeable for both the 1 X MIC and
4 X MIC exposures. Maximum decrease in bacterial
population size was observed at 120 h at the highest
concentration (i.e., 16 X MIC). These findings seem to be
in line with the fact that M. fortuitum was found to be,
similarly as most of the nontuberculous mycobacteria,
naturally RIF-resistant.”” Despite this, time-kill curves for M.
fortuitum exposed to P4-RIF NPs revealed a higher decrease
in bacterial population size than those observed for M.
fortuitum when exposed to the free RIF. This is in line with
the above-mentioned decrease of MIC values observed after
RIF encapsulation.

Macrophages Infection and Treatment. One of the
most important tasks was to assess the antituberculotic
efficacy within mycobacteria-infected M¢. During the initial
experiments, we compared three selected RIF-loaded nano-
particles (ie, P1 and P3, which had the smallest and largest
particle sizes, respectively, and P4, which was the most
efficient). For this purpose, we infected murine Raw 264.7
Mg monolayers with the virulent M. tuberculosis H37Rv strain
at a multiplicity of infection (MOI) of 2.5 and treated them
with free RIF or the equivalent amount encapsulated in NPs
for 48 h. Because of rapid Raw 264.7 M¢ division, the amount
of FBS in the media was 5% instead of 10% for all of the
infection-based experiments.

The concentration of RIF used during this testing was 20
ug/mL, a clinically relevant concentration®" which also did
not have any toxic effects on M¢ (see above; cf. Table SII).
RIF-free NPs were also used for treatment.

As shown in Figure 6A, all of the tested nanoformulations
were more efficient compared to a free form of RIF within 48
h of treatment. This is in line with many earlier
antituberculotic delivery-focused studies of both M. tuber-
culosis and M. bovis Bacillus Calmette—Guérin
(Beg) = Additionally, variable effects of the tested
formulations were observed, suggesting that robust metabolic
testing of drug carrier cytotoxicity (e.g., MTT assay) may be
useful as an indirect screening approach for the analysis of
targeting efficacy, as our MTT-based results suggest similar
behavior compared with infection/treatment-based results. In
other words, for example, the formulation P1-RIF revealed
both the lowest cytotoxicity and lower efficacy in terms of the
killing of intracellular mycobacteria.

Finally, we focused on the treatment of infected M¢ for a
longer period. Figure 6B shows an experiment in which the
cells were incubated with P4-RIF NPs (20 pg/mL) for S days,
leading to a significant killing effect. In other words, no M.
tuberculosis colonies grew on the Lowenstein—Jensen medium
after the nondiluted cell lysate was seeded. In contrast, after 5
days of monotherapy with free RIF, the infection still persisted
(Figure 6B). Surprisingly, as is evident from these results, RIF-
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Figure 6. Infection and treatment of Raw 264.7 cells. (A) Comparison of three different RIF-loaded formulations, MPEO,,-b-PCL,; (P1-RIF),
MPEO,,-b-PCLg; (P3-RIF) and MPEO,;-b-PCL;; (P4-RIF), after a two-day treatment procedure. (B) Killing effects of the most promising
drug candidate, MPEO;,;-b-PCL;; (P4-RIF), that was loaded with RIF and used during a five-day treatment procedure. Note the higher
efficiency of RIF-loaded nanoparticles, as well as the surprising effect of blank NPs, in terms of the decrease in the number of tubercle bacilli. (C)
Corresponding images from confocal laser scanning microscopy of Raw 264.7 cells after infection by DsRed-expressing M. bovis BCG and 1 day
of treatment with MPEO,5-b-PCL3;-DACCA NPs (P4). Note the increased NP-related signal within the location of mycobacteria persistence
(white arrows). Scale bars: 10 um. See Figure S10 for a better resolution image. (D) Corresponding images from TEM. Examples are from a
mycobacteria-infected cell that was treated with P4 NPs overnight. Conventional TEM demonstrated the occurrence of bacteria in the cytoplasm,
as well as their frequent association with NPs (red arrows). NPs distributed freely in the cytoplasm are marked with black arrows. B, bacteria; C,
cytoplasm; N, nucleus. Scale bars: 2 pm.

free NPs also affected the invading bacteria, which supports fabricated copolymers affects the mycobacterial cell wall
the hypothesis that the surfactant-like behavior of the permeability. Thus, the mycobacteria are probably more
1810 DOI: 10.1021/acs.biomac.9b00214
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Figure 7. Testing of antituberculotic nanoparticles in vivo. (A) Stereomicroscopy of Tg(flila:EGFP) zebrafish embryos injected with red
fluorescent NPs. Images obtained at 30X and 120X magnification. Green channel, blood vessels; red channel, TMR-labeled NPs (P4), in addition
to autofluorescence from the yolk sack. Scale bar: 1 mm. (B) Enlargement of the area demarcated by the white rectangle, showing the fluorescent
image of the tail area. The NPs, in red, clearly colocalize with the endothelial cells, causing the majority to no longer circulate in the bloodstream.
Scale bar: 300 ym. (C) Cumulative mortality of infected zebrafish larvae treated with 10 mg/kg free form RIF, RIF-loaded P4 (MPEO, ;-b-

PCL,;) nanoparticles (NPs-RIF) and blank nanoparticles (NPs).

sensitive to the elimination mechanisms possessed by
macrophages. Such a hypothesis, however, must be inves-
tigated in more detail in order to come to any specific
conclusions in terms of the impact of the drug delivery
systems on mycobacteria.

To fully carry out the biorelevant analysis of the NPs, we
also addressed the question of whether or not the NPs are
localized close to the invading bacteria. In several studies,
fluorescent protein-expressing mycobacteria were found to be
an elegant tool for use in the biorelevant analysis of
antituberculotic delivery systems.”> Thus, to elucidate the
treatment procedure and confirm that MPEO-b-PCL NPs can
be adapted into a platform for delivering antituberculotics into
infected M¢), DACCA-labeled NPs (P4) were incubated with
DsRed-expressing M. bovis BCG-infected Raw 264.7 cells.
Subsequently, we used confocal laser scanning microscopy to
determine the intracellular fate of fluorescently labeled NPs.

Not surprisingly, the results proved that MPEO-b-PCL NPs,
similarly to other types of antituberculotic drug delivery
systems,'”°® can be internalized efficiently by M¢ when the
macrophages are either uninfected (Figure SA) or infected
(Figure 6C). Additionally, when the Raw 264.7 cells were
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infected with red M. bovis BCG and were allowed to
internalize the DACCA-labeled NPs, these cells showed
increased NP-related signaling at the location where M.
bovis persisted (Figure 6C, white arrows). Thus, we next
performed conventional TEM of ultrathin sections of
aldehyde-fixed cells to further substantiate the results of the
confocal laser scanning microscopy of the intracellular
locations of both NPs and mycobacteria.

Figure 6D (left) shows a macrophage infected with bacteria,
which have accumulated in the endosomal region of the
cytoplasm. Surprisingly, as is evident in the image at higher
magnification (Figure 6D, right), the administered NPs are
very often localized adjacent to the invading bacteria, directly
within the same endosomal compartment (red arrows). This
result is in agreement with the conclusions of de Faria and
colleagues®” who described that NPs based on poly(lactic-co-
glycolic acid) (PLGA) NPs carrying an isoniazid derivative
directly interacts with the M. bovis BCG phagosomes in M.
However, this is at odds with the findings of the Griffiths'®
and Heifets®> groups. They showed that PLGA or poly(butyl
cyanoacrylate) NPs remain in separate compartments, as
bacteria-NPs colocalization was not observed. Nevertheless,
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the quantitative evaluation of 20 images taken with a CCD
camera, which contained clearly visible and intracellularly
localized NPs, showed that more than 50% of the NPs (57 out
of 111) were associated with cellular compartments containing
bacteria.

Importantly, as is evident in Figure 6D (right), both the
morphology and size of administered NPs are very similar to
that of uncut NPs visualized by cryo-TEM (see Figure 2A),
even after cellular uptake and overnight incubation in culture.

In Vivo Testing with Zebrafish. The final step of this
study was to perform biorelevant analysis in vivo. We used the
zebrafish embryo as a model system'® for use in noninvasive
imaging and in the simultaneous testing of the antitubercular
properties of our RIF-containing nanoparticles. To ensure that
our drug delivery system is also safe and noncytotoxic also for
nonmammalian organisms, we conducted the cytotoxicity
testing using zebrafish embryonic fibroblast ZF4 cells.”* As is
evident from Figure S11, blank NPs (P4) revealed no
cytotoxic effects, even after 48 h of incubation, confirming that
the fabricated material is safe. In contrast, the NPs-RIF (P4-
RIF) formulation demonstrated increased cytotoxicity com-
pared to free RIF in a pattern similar to that described above,
confirming that both the encapsulation of RIF leads to an
increase in its bioavailability and that the targeting of the drug
is more efficient even within zebrafish fibroblasts (Table SII).

To image the nanoparticles in vivo, we injected Tg-
(flila:EGFP) zebrafish embryos possessing vasculature visible
by way of green fluorescence with a TMR-labeled version of
our most promising candidate, MPEO,;3-b-PCL.; (P4), in the
caudal vein.

As shown in Figure 7A,B, the majority of the TMR-labeled
NPs colocalized with the endothelial cells within two h of
injection into the bloodstream. Additionally, confocal
microscopy demonstrated that the NPs were taken up by
the endothelial cells, whereas only a minor fraction of the
nanoparticles was still circulating in the bloodstream (Video
SV1).

The final task was to establish whether the system we had
developed for encapsulating RIF facilitated therapeutic effects
in vivo. To evaluate this using a zebrafish model of
tuberculosis, we infected zebrafish larvae with M. marinum,
the causative agent of tuberculosis in ectotherms, including
fish. We know from previous studies that this type of infection
results, similarly to human tuberculosis, in uptake by
macrophages that in time aggregate forming granulomas and
even undergoing epithelioid transformation;"** late stage
infection also shows typical features of the human pathology
being characterized by extensive necrosis and neutrophil
infiltration.”” Here, we have injected about 160 CFU of M.
marinum which are typically associated with a chronic
infection of zebrafish embryos leading to an early death
approximately 10—11 days after bacterial challenge.®® One day
after infection, the larvae received an injection containing 10
ng of RIF in either free form or encapsulated in NPs, with the
dose amounting to 10 mg/kg for an embryo weighing 1 mg,
which is equivalent to the amount of the drug given to mice.”'
As a control, we injected RIF-free NPs, as well.

During the survival study, RIF in its free form was shown to
have a protective effect against the M. marinum infection,
delaying mortality for approximately 3 days. In contrast,
despite the fact that the majority of the TMR-labeled NPs
were colocalized with the endothelial cells, which are not the
primary sites of persistence for tubercle bacilli, administration
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of RIF-loaded NPs to zebrafish larvae significantly improved
the outcome of treatment; when treated with RIF that was
encapsulated in NPs, 50% of the larvae were still alive at day 9
postinfection (Figure 7C). Similar results were obtained by
the Griffiths group'® during their study of the effect of RIF-
loaded PLGA NPs (approximately 230 nm in diameter)
during the treatment of M. marinum-infected zebrafish
embryos. However, the therapeutic effect of these PLGA-
based formulations was plagued by a slightly higher mortality
rate compared to the MPEO-b-PCL-based formulation used in
this study, even when administered at a dose of 12 mg/kg.

Overall, the increased efficacy of our formulation compared
to that containing a free form of the drug could reflect a
combination of several factors. Prolonged release and delayed
clearance of RIF due to the encapsulation of the drug in NPs
could have resulted in improved pharmacokinetics. In other
words, our RIF-containing nanoformulation allows the drug to
remain in the zebrafish embryo for a longer period of time and
to be released more slowly compared to the free form of the
drug, which is rapidly excreted. Despite the observation of the
weak colocalization of NPs and fluorescent M. marinum (data
not shown), direct uptake of a minor fraction of the
nanoparticles by M. marinum-infected Mg, leading to the
release of RIF inside these cells, cannot be disproved.
Moreover, it was shown that an enhanced permeability and
retention (EPR)-like process allows NPs to extravasate from
the vasculature to reach granulomas.”’ This suggests NPs’
accumulation in the granulomas. Finally, empty NPs, by
themselves, had no effect on either the uninfected or infected
larvae, suggesting that the NPs are well-tolerated by the
zebrafish larvae.

Last but not least, considering a clinical circumstance, the
MPEO-b-PCL-based system we have described suggests
increased antituberculotic efficacy both when administered
intravenously or by the inhalation route. In other words, less
than 600 mg of orally administered rifampicin, i.e. current
pharmaceutical dosage,” would be required for at least two
reasons. First, smaller total doses are generally required for
localized therapy of the target organ, in order to achieve
clinically effective results.”” Second, intravenously adminis-
tered NPs are able to accumulate in the granulomas, as the
above-mentioned EPR-like effect allows NPs to extravasate
from the vasculature.

B CONCLUSIONS

The aim of this work was to robustly describe, to
fundamentally characterize and to perform a biorelevant
analysis of a biocompatible and biodegradable nanocarrier,
which would hopefully serve as a subject of more in-depth
study in the future. The MPEO-b-PCL-based nanocarrier that
was described in this study was able to encapsulate RIF, a
first-line antituberculotic agent, and it provided very good
drug loading values and excellent properties in terms of
cytotoxicity, cell uptake and antimycobacterial activity both in
vitro and in vivo.

This study provides a generalizable strategy for the future
improvement of polymer-based treatments for intracellularly
persisting, bacterially caused infections. Moreover, this study
highlights the need for more in-depth study of the interaction
of nanomaterials with both macrophage-like and bacterial cells
as well as with relevant model organisms to allow for the
development of more efficient nanocarriers for use in drug
delivery.
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Mgp,macrophages; NPs,nanoparticles; PTU,N-phenylthiourea;
RBCs,red blood cells; RIF,rifampicin; TB,tuberculosis;
THF,tetrahydrofuran; XDR-TB,extensively drug-resistant tu-
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Tuberculosis represents a major global health problem for which improved approaches are needed to shorten the
course of treatment and to combat the emergence of resistant strains. The development of effective and safe
nanobead-based interventions can be particularly relevant for increasing the concentrations of antitubercular
agents within the infected site and reducing the concentrations in the general circulation, thereby avoiding off-
target toxic effects. In this work, rifampicin, a first-line antitubercular agent, was encapsulated into bio-
compatible and biodegradable polyester-based nanoparticles. In a well-established BALB/c mouse model of
pulmonary tuberculosis, the nanoparticles provided improved pharmacokinetics and pharmacodynamics. The

nanoparticles were well tolerated and much more efficient than an equivalent amount of free rifampicin.

1. Introduction

Tuberculosis (TB) represents a global health problem, although a
potentially curative therapy has been available for approximately
50 years [1-3]. TB has killed millions of people over the past centuries
and remains among the leading causes of infectious morbidity. This
intracellular disease affects approximately 1 in 3 people worldwide,
with over 10 million new cases per year and one death every three
minutes [4].

TB can usually be treated with a 6- to 9-month course of combined
therapy. Rifampicin (RIF), isoniazid, pyrazinamide and ethambutol are
core drugs used for this purpose. However, the necessity of using a
cocktail of anti-TB drugs and the long-term treatment schedules re-
quired for conventional therapy result in poor patient compliance;
therefore, the risk of treatment failure and relapse is higher. Improved
drug delivery strategies for the existing drugs can be exploited to
shorten TB treatment duration and to avoid the selection of drug-

resistant mutants [5].

Nanoparticle (NP) technology has emerged as one of the most
promising approaches for overcoming the above-listed shortcomings
associated with TB therapy thanks to the unique physicochemical
properties of nanomaterials. These include their small size, allowing
them to reach the intracellular level, and their ability to be modified to
control their biorelevant behavior. Also note that nanobead-based in-
terventions allow the improvement of aqueous solubility of drugs, drug
protection, selective transport to the sites of infection and controlled
release. [6] Utilizing nanocarriers for drug delivery into the lungs,
which is the primary site of TB infection, offers an elegant way to cir-
cumvent the numerous difficulties associated with conventional
therapy. [6-8] Within the sites of inflammation, the endothelium be-
comes permeable due to pathologic processes. Nanobead-based struc-
tures follow the route of particulate patterns, including intracellular
pathogens, and they are preferentially taken up by phagocytes, which
further enhance their targeting [1]. Thus, these approaches enhance the
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therapeutic effectiveness and minimize the undesirable side effects of
numerous antibacterial drugs [3,9].

In this context, several types of anti-TB nanoformulations, including
solid lipid nanoparticles [6,10], inorganic nanoparticles [7,11,12],
micelles [13], and polymeric nanoparticles [14-18], have been utilized.
All of these “future medicines” for use in TB regimens, however, still
require financial support and further preclinical studies to move on to
the next developmental step and reach patients [19]. Despite the fact
that handling both animals and pathogens requires specific facility and
biosafety conditions, there are studies (e.g. [12,15,18,20-23],) de-
scribing the antitubercular activity in vivo. Most of these promising
matrices are not, however, approved by regulatory authorities and,
thus, have a lower chance of reaching clinical studies [19]. In this
context, the toxicity studies required would increase the final cost of a
novel intervention.

Recently, we described an intervention based on FDA-approved
[24] biocompatible and biodegradable methoxy poly(ethylene oxide)-
block-poly(e-caprolactone) (MPEO-b-PCL) nanoparticles loaded with
RIF, a cornerstone of modern antitubercular therapy. In these previous
studies, we showed that the RIF-loaded nanoparticles were efficiently
taken up by Raw 264.7 macrophage-like cells and efficiently killed the
intracellularly persistent mycobacteria (nontuberculous Mycobacterium
sp. as well as M. tuberculosis H37Rv). We also demonstrated in a zeb-
rafish model of tuberculosis that the nanoparticles were well tolerated,
had a curative effect and were significantly more efficient compared to
a free form of RIF.

Considering these previous findings [17,18], we chose the most
promising RIF-loaded nanoformulation, which was based on the
MPEOQs)-b-PCLy4 copolymer, to test its biorelevant properties. We ana-
lyzed the pharmacokinetics and the effects of a RIF-loaded nano-
formulation (NPs-RIF), a RIF-free nanoformulation (NPs), and free RIF
on artificially induced tuberculous infection using a clinically relevant
in vivo model.

2. Results and discussion
2.1. NP preparation and characterization

The MPEOsy-b-PCL4k copolymer was prepared by the previously
described ring-opening polymerization of e-caprolactone (CL) initiated
by methoxy poly(ethylene oxide) (MPEO) (Fig. 1A) [25,26]. GPC and
MALDI-TOF investigations showed molecular weights of M,, 8300 Da
and 6500 Da and M,, 7200 and 6100 Da, respectively, while the 'H
NMR-determined M, value was found to be 8800 Da.

The fabricated copolymer was subjected to NP preparation by na-
noprecipitation from an acetone solution to prepare both the RIF-free
and RIF-loaded nanoformulations. The DLS distribution functions of
these formulations are portrayed as one mode (Fig. 1C) with z-average
hydrodynamic diameter values of 75 nm (NPs) and 85 nm (NPs-RIF).
Using cryo-TEM, these assemblies were found to be spherical (Fig. 1D)
and, according to the image analysis (Fig. S1), the NPs and NPs-RIF
revealed diameters (nm) of (35 = 14) and (34 = 15), respectively.
The latter values are close to the peaks seen at ca. 45 nm in the DLS
distributions (cf. Fig. 1C). These peaks represent the particle sizes with
the highest volume fraction in the sample, which were the main con-
tributors in the image analysis due to the limited particle number in-
spected there. Furthermore, the presence of attached water (see below)
will also contribute to the sizes from DLS being larger than those ex-
tracted from image analysis.

The shape of the NPs was studied by means of small-angle neutron
scattering (SANS). The SANS data for the NPs and NPs-RIF samples
(Fig. 1B) showed some differences in the low-q range, and the model fits
(Fig. 1B, inset) of the data gave a slightly different average diameter for
the two samples, 54 nm for the blank NPs and 48 nm for the NPs-RIF
particles. These values are, however, in line with our previous study
[18], in which asymmetric flow field flow fractionation (AFFFF)
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analysis of MPEQOsy-b-PCL4i-based NPs and NPs-RIF formulations pro-
vided diameter of gyration values of 51 nm and 53 nm, respectively.
Note that these diameter values are lower than the average values re-
ported by DLS, which is expected because DLS also effectively measures
the non-free water in proximity to the particle surface. Additionally, the
SANS data show complete overlap at high g (corresponding to length
scales roughly below 20 nm), demonstrating that the polymer structure
inside the particles does not change when they are loaded with RIF. At
the same time, the patterns indicate that the NPs-RIF particles have a
slightly different density profile than the NPs. This may be related to
the presence of a gradient in the RIF concentration within the particles.
Finally, there is no difference in the SANS data collected at 25 °C and at
37 °C, which is a clear demonstration of the very good temperature
stability of these particles, both unloaded and when loaded with RIF.
This means that there is no significant dehydration upon temperature
change, which could otherwise reduce the loading capacity.

2.2. Cytotoxicity assays

Before the in vivo experiments, we performed robust cytotoxicity
testing based on MTT. The assay is based on the cleavage of the yellow
tetrazolium salt MTT to purple formazan crystals by metabolically ac-
tive cells. The MTT assays were performed with the mouse ascites-based
macrophage J744A.1 cell line, the mouse peritoneal macrophage IC-21
cell line, the mouse alveolar macrophage MH-S cell line, and the human
lung epithelium BEAS-2B cell line.

MPEO-b-PCL is an FDA-approved copolymer that was shown to
possess no or only minor toxic effects on the viability of different cell
lines. Hence, it was not surprising that blank MPEOs,-b-PCL4, NPs did
not reveal any significant toxicity [27]. In contrast, NPs-RIF revealed
increased cytotoxicity compared to RIF (Fig. S2B & C). In terms of drug
delivery, this finding is somewhat unusual; however, it is in line with
our previous studies dealing with RIF-loaded MPEO-b-PCL nano-
formulations [17,18]. We hypothesize that it was caused by the fact
that the NP-mediated RIF delivery is more efficacious. Thus, more of
the drug is delivered. This issue was not, however, addressed further.

The ICso (ug/mL) values for the NPs-RIF formulation were found to
be (238 * 27),(134 =+ 5), (157 = 6)and (273 = 20) for the IC-21,
J774A.1, MH-S and BEAS-2B cell lines, respectively. The estimated ICsq
values are approximately ten times higher than clinically relevant
concentrations of rifampicin (see below), suggesting that the above-
mentioned phenomenon should not lead to significant toxic effects in
vivo.

2.3. Bioimaging of the NPs after intraperitoneal injection

In our previous studies [17,18], the RIF-loaded MPEO-b-PCL nano-
carriers were described in terms of physicochemical properties: drug
loading and release, hemolytic activity, interaction with Raw 264.7
macrophage-like cells and impact on mycobacterial infection in zeb-
rafish embryos. Hence, to obtain a more detailed picture of this system,
the main aim of this work was to assess the biorelevant properties, such
as the pharmacokinetics or antitubercular efficacy in a mouse model.

To evaluate the biodistribution of our NPs and to acquire a deeper
understanding of their fate, we performed in vivo and ex vivo imaging of
Dyomics 700-labeled NPs (NPs-Dy) after a single intraperitoneal ad-
ministration to mycobacteria-free BALB/c mice at a dose of 10 mg/kg,
an amount that corresponds to the dose used for all the mouse ex-
periments (see below).

Fig. 2A depicts the NIR signal of NPs-Dy and free Dy (administered
at a corresponding concentration of 55 pg/mL) as a function of time in
vivo. The maximum whole body NIR signal was reached within 1-2 h
after the administration of both NPs-Dy and Dy. In both cases, a sub-
sequent decrease in the NIR signal was observed. The free dye, which is
a low molecular weight compound, showed a faster clearance, while the
decay of the NPs-Dy signal was slower, as was evident from the NIR
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Fig. 1. NP preparation and physicochemical characterization. (A) Scheme of MPEO-b-PCL synthesis. (B) Small-angle neutron scattering (SANS) patterns. (C)
Corresponding volume-weighted size distribution was obtained from the dynamic light scattering (DLS) investigation. (D) Cryo-TEM images of NPs (left) and NPs-

RIF (right) formulations.

data quantification (Fig. 2B). These data suggest that the major fraction
of both the NPs-Dy and free Dy was eliminated within 24 h of the
experiment. Regarding the fate of the NPs, the in vivo imaging also
revealed that the NPs were found mainly in the liver, intestinal tissue,
i.e., organs of the mononuclear phagocyte system (MPS). This result was
confirmed by an additional evaluation of the NIR signal from the dif-
ferent organs ex vivo 6 h after injection (Fig. 2C). Higher mean signal
was recovered from the liver and stomach/intestine for NPs-Dy than for
Dy itself. Both in vivo and ex vivo, fluorescence could be observed in the
blank intestinal tissue, probably arising from autofluorescent food [28].
The other organs inspected (i.e., brain, heart, lung, spleen, bladder/
ovary, and kidney) did not reveal any signal that could be distinguished
from the noise.

Based on the results shown, it can be suggested that both liver and
intestinal tissue are involved in the NP elimination and that the poly-
meric carrier is cleared though both the MPS and hepatobiliary system
[29].

2.4. Pharmacokinetics and pharmacodynamics of rifampicin

Since the bioimaging depicts only the polymeric nanocarrier fate
and does not provide any detailed information about the drug-loaded
nanobead-based intervention, we focused on the study of RIF pharma-
cokinetics. Using mycobacteria-infected BALB/c mice, the pharmaco-
kinetic parameters of NPs-RIF were compared with those of free ri-
fampicin (RIF). A single dose of NPs-RIF at 10 mg/kg or 10 mg/kg of
free RIF was administered intraperitoneally; the dose used corresponds
to a standard dose of RIF when considering the copolymer—drug ratio
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used for the nanoprecipitation. The pharmacokinetics were then in-
vestigated using liquid chromatography. Blood and lungs were col-
lected at various time points (2, 4, 6, 8, 12, 24, 48, and 72 h).

Both serum and lung homogenate analysis revealed that NPs-RIF
showed a sustained release compared to free RIF (Fig. 3). This ob-
servation appears to be in line with the above-described prolonged
retention proven by the bioimaging (Fig. 2) and thus suggests improved
pharmacokinetics. Consistent with these findings, rifampicin released
from the nanobead-based intervention had significantly higher AUCs
for serum and lung tissue compared with free RIF (Table 1), suggesting
better bioavailability, a phenomenon that was also observed for the
previously described NP-based antibacterial formulations [30,31].

The critical NPs-RIF pharmacokinetic parameters were improved
compared to those orally administered at a single dose of 10 mg/kg,
which corresponds to a human daily dose of 600 mg (the WHO-re-
commended dose). For instance, Bruzzese and colleagues [32] found
the AUCy_»4 1 for plasma and lungs to be 106.6 pgh/mL and 44.7 ugh/
g, respectively, when free RIF was orally administered to CD1 mice.
Similarly, the AUCy_»4 1, for plasma when RIF was orally administered
to BALB/c mice was 122.4 pg-h/mL (cf., Table I) [33].

The pharmacodynamics were also evaluated in terms of the AUCy_»4
w/MIC and Cpa./MIC ratios, and whether the RIF level was above or
below the MIC for RIF in treating M. tuberculosis H37Rv (i.e., 0.2 pg/mL
[34]) was considered. However, as the MIC refers to the minimal
concentration of an antibiotic that prevents visible growth in a liquid
suspension (e.g, broth or plasma), the volume distribution of RIF
(0.85 L/kg [35]) was used to convert the MIC value to a more lung
tissue-relatable parameter (0.17 pg/g) [30].
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Table 1
Summary of critical pharmacokinetic and pharmacodynamic values for free and encapsulated rifampicin.
Organ Therapy AUCo24 1 AUCotal Cinax Tinax Tyy2 Cinax/MIC AUCo_24 n/MIC
(h) (h) )
Serum RIF 144.8 163.5 18.8 2 3.8 94 724
NPs-RIF 202.7 250.5 18.0 2 8.3 90 1013.5
Lung RIF 40.7 46.6 6.0 2 3.2 35.2 239.4
NPs-RIF 57.1 66.6 5.8 2 6.4 34.1 335.9

Definition of abbreviations: AUCy_»4 1, area under the concentration-time curve from O to 24 h after dose, units are pg-h/mL or pg-h/g for serum or lung tissue,
respectively; AUCqq1, area under the concentration-time curve from 0 to 72 h after administration; C,.x, maximum concentration in serum or lung tissue (ug/mL or
ug/g, respectively); Tpax, time to maximum concentration; Tj,», elimination half-life; MIC, minimal inhibitory concentration. The results obtained are based on
sampling at 2, 4, 6, 8, 12, 24, 48, and 72 h after a single intraperitoneal dose (10 mg/kg).

The Cpax/MIC ratios were found to be almost the same for both
NPs-RIF and free RIF (Table 1). However, the pharmacodynamics of
RIF, as expressed by the ratio of the RIF concentration to the MIC, were
found to be improved in both serum and lung tissue when NPs-RIF was
administered (Fig. S3). In other words, the level of RIF released from
the nanobead-based intervention in both serum and lungs was greater
than that of free RIF, and hence the nanobead-based intervention-re-
lated T > MIC values (i.e., the time during which the drug level is
above the MIC) were greater in both serum and lungs.

Similarly, in both serum and lungs, the NPs-RIF-related AUCq_24 1/
MIC ratios were greater compared to those estimated for free RIF
(Table 1). This is promising, as the AUC/MIC ratio was found to be the
pharmacodynamic parameter that best correlates with a reduction in
bacterial counts [36]. Thus, the AUCy_»4 ,/MIC ratios suggest a suc-
cessful treatment outcome, which is consistent, for instance, with the
finding of Jayaram and colleagues [36] who found that an AUC/
MICq_54 1 of 271 is required for a 11og CFU reduction in vivo.

Several clinical trials are currently evaluating the efficacy of high-
dose RIF for pulmonary TB (900 to 1200 mg daily, approximately
corresponding to 20 mg/kg in mice), as well as for TB meningitis at
doses up to 35 mg/kg in patients. Overall, these high doses have been
well tolerated, indicating that NP-RIF could be administered at higher
doses as well, further improving efficacy [37,38].

2.5. Mouse infection and treatment

To evaluate the pharmacokinetics- and pharmacodynamics-sug-
gested potential of the fabricated nanobead-based intervention, we fo-
cused on the efficacy of our MPEOs,-b-PCL,, nanoparticles loaded with
RIF (NPs-RIF) in a mouse model of pulmonary tuberculosis.

We infected BALB/c mice with a virulent M. tuberculosis H37Rv
strain by intranasal administration of a suspension containing 250-900
viable bacilli. Over the ensuing four weeks, well-defined lung granu-
lomas in the infected animals were noted (Fig. 4A), and the myco-
bacteria grew ca. 3 logs to ca. 3 x 10° CFU per lung and 2 logs to ca.
4 x 10" CFU per spleen (Fig. 4B, C). Notably, histopathological ex-
amination of the spleen (four weeks post infection) revealed no gran-
ulomatous infection (images not shown) despite hematogenic/lym-
phogenic dissemination proven by spleen homogenate cultivation.

Four weeks after infection, the mice were treated with blank NPs,
free RIF and NPs-RIF via the intraperitoneal route at 10 mg/kg, an
amount that has been equated to the clinically tolerated dose for ri-
fampin in humans, 5 days per week. Control groups containing both
healthy and infected animals were included.

As is evident in Fig. 4B & C, the tubercle burden in mice treated with
NPs-RIF, compared to untreated mice was significantly reduced in the
lungs after both 4 and 8 weeks of therapy. More importantly, these
observed reductions in colony-forming units (CFU) in lung tissue
achieved by the NPs-RIF formulation were significantly greater than
those achieved by an equivalent amount of free RIF after both 4 and
8 weeks of therapy (p < .01 and p < .001, respectively). The treat-
ment with blank NPs did not reveal any notable effect on the reduction
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of pulmonary infection.

The reductions in CFU in spleens achieved by NPs-RIF were similar
to those in the lungs and were significantly greater compared to those
achieved by free RIF after both the 4- and 8-week treatment sessions
(p < .01 and p < .05, respectively).

All of these findings were also confirmed and clearly visualized by
detailed histopathological examinations. Despite the fact that no gross
pathology (Fig. 5) was observed in any of the examined lungs, after
12 weeks post infection (i.e., 8 weeks of treatment), the untreated mice
developed chronic inflammation with lung parenchyma-localized nod-
ular granulomatous reaction characterized by macrophage and lym-
phocyte infiltration (Fig. 5), numerous acid-fast bacilli and collagen
deposition. Identically, lungs from the blank NP-treated animals re-
vealed the same granulomas, with fibrosis and cellular infiltrate
(Fig. 5). Notably, the spleens did not show signs of granulomatous in-
fection or inflammation, which is in accordance with, for example,
Irwin et al. [39], who observed no spleen-localized granulomas 7 weeks
post infection in BALB/c mice, even though (as in our case) myco-
bacteria were detectable by cultivation.

In contrast, both RIF- and NPs-RIF-treated mice presented lungs
with a reduced number of granulomas and decreased collagen deposi-
tion, suggesting the suppression of nodular chronic inflammation. Note
the ex vivo examination demonstrated that NPs-RIF improved the
treatment efficacy, as it led to a significant reduction in the number of
granulomas compared to free RIF. Treated mice also revealed negative
ZN staining (Fig. 5). This finding, however, does not necessarily mean
that those lesions were sterilized, as the sensitivity of the ZN staining is
reduced by the effects of the fixative fluid and/or organic solvent [40].
Notably, as discussed above, CFU counting revealed an infection with a
significantly reduced number of viable mycobacteria (Fig. 4B, C) within
both the spleen and lungs.

2.6. Mechanism of the described antitubercular intervention

The mechanism behind the observed improvement caused by this
therapy is also important to discuss. Given the results presented here,
we suggest three synergic effects that could lead to increased anti-
tubercular efficacy in vivo.

First, it is likely that the increased efficacy of NPs carrying RIF is
due to the improved critical pharmacokinetic and pharmacodynamic
parameters estimated in both serum and lungs. This improvement may
reflect delayed drug clearance, prolonged drug release by virtue of RIF
being entrapped in these polymeric NPs and increased bioavailability.

Second, it is known that nanobead-based structures can be taken up
by uninfected macrophages that subsequently migrate to the site of
tubercle infection, including the lungs. Fenaroli and colleagues [15]
described that poly(lactic-co-glycolic acid) (PLGA) nanoparticles ad-
ministered to M. marinum-infected zebrafish larvae were taken up by
macrophages that rapidly migrated into the granulomas. Similarly,
Dannenberg [41] described the dynamic influx of macrophages into M.
bovis BCG granulomas in rabbits. After intraperitoneal injection, the
nanoformulation is subjected to the major cell type of peritoneal
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treatment, mycobacterial burdens were monitored throughout the course of infection in the lungs (B) and spleens (C). The effect of the tested formulation (i.e., NPs,
RIF, and NPs-RIF) treatments was determined by assaying the mycobacteria CFUs 4, 8, and 12 days post infection. Formulations were administered at 10 mg/kg. The
RIF amount was equivalent to those of both the RIF and NPs-RIF formulations. Scale bars: 200 pm, 100 pm, and 50 pm. The results are expressed as the means = SD
and were analyzed by ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cells—peritoneal macrophages. It could be that peritoneal macrophages
are able to take up the nanobeads and migrate to the site of infection, as
mentioned above. To confirm this, we carried out a simple experiment
focused on the uptake of fluorescently labeled NPs using IC-21 perito-
neal macrophages. Fig. S4 depicts the trafficking, which was studied
using confocal laser scanning microscopy, and it is evident that it is a
fast process, even though the experiment was carried out at relatively
low concentration (40 pug/mL). IC-21 macrophages took up the NPs
within a few minutes of incubation. Recently, we described that MPEO-
b-PCL NPs are able to be taken up by monocyte-macrophage cells in a
concentration-dependent manner [18]. Considering this, one may hy-
pothesize that the internalization in vivo is even faster than in the in
vitro uptake experiment, as the concentration of NPs injected was
1000 pg/mL. The in vivo bioimaging results revealed that the majority
of the NPs-Dy were in the liver and intestinal tissue, which are mac-
rophage-rich organs. Altogether, the concept that uninfected macro-
phages from distant sites may carry nanobead-based structures into
infected granulomatous tissue is one of the possible aspects reflecting
the improved treatment we observed. In addition, drug-loaded NPs may
protect macrophages that are not yet infected.
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Recently, the Griffiths group [42] found that an enhanced perme-
ability and retention (EPR)-like process occurs, allowing nanobeads to
extravasate from the vasculature to reach granulomas assembled during
TB infection. Because NPs that are cleared from the peritoneal cavity
end up in the systemic circulation after passing through the lymph
nodes and ducts following an i.p. injection [43], this is a third possible
explanation for the improved treatment. One may note that the in vivo
and ex vivo imaging cannot support this hypothesis, since these ex-
periments were carried out with noninfected mice. The pharmacoki-
netics study carried out with mycobacteria-infected mice, however,
revealed increased levels of RIF within the lungs (Fig. 3B). For example,
at 4 h, the total drug content in the lung tissue was 815 and 683 ng for
NPs-RIF and RIF, respectively. Similarly, at 12 h, the antibiotic content
was 382 and 233 ng, respectively, making the EPR-like effect a highly
possible explanation.

2.7. Final remarks and future prospects

As indicated above, the aim of this study was to comprehensively
analyze the effects of a fabricated RIF-loaded MPEO-b-PCL
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Fig. 5. Ex vivo examination of lungs dissected from treated, untreated and healthy mice. Lung tissues obtained from BALB/c mice 12 weeks after infection, ie.,
8 weeks of treatment. Macroscopic examination revealed no gross pathology. In contrast, hematoxylin and eosin (H&E) staining revealed clear changes in lung
parenchyma-localized granulomas as a response to the treatment. The lung tissues demonstrated a marked response to RIF and NPs-RIF therapy as a clear decrease in
collagen deposition (Masson's trichrome staining, blue) and no presence of acid-fast bacilli (ZN staining), whereas lungs dissected from both untreated and NPs-
treated animals revealed gross fibrosis and numerous acid-fast tubercle bacilli. Scale bars: 1 mm, 200 um, 50 um, 25 pm, and 200 um. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

nanoformulation on infected mice in order to contribute to the field of
antitubercular drug delivery systems. The intervention conducted as
monotherapy revealed an interesting efficacy. Considering the safety,
we suggest that the fabricated nanoformulation is well tolerated with
repeated i.p. administration, as ex vivo histopathological examination of
H&E-stained liver, kidney, and brain sections revealed no morpholo-
gical differences from the untreated healthy mice. These organs were
without any dystrophic, necrotic or inflammatory changes, suggesting
that all administered formulations (i.e., NPs, RIF and NPs-RIF) were
well tolerated by the infected mice. Furthermore, the body weights of
all treated animals were maintained over the course of treatment (data
not shown).

As mentioned above, some studies have described the testing of
anti-TB nanoformulations in vivo. The in vivo models used, however,
differ from study to study in terms of the animal, mycobacterial load,
and treatment regimen, etc. These differences complicate the compar-
ison and critical discussion of such studies. Demonstrations by us or
other groups showing that nanobead-based interventions have greater
in vitro and in vivo therapeutic efficacy than the free drug is an im-
portant proof of principle. However, studies of additional drug in-
corporation and rational design features have the potential for even
greater improvements in efficacy for the treatment of different types of
persistent intracellular bacterial infections. Moreover, there are still
essential questions related to this issue that are not fully answered or
managed. For instance, comprehensive studies focused on the corona
modification effects of NPs, different stimuli responsivities and their
effect on intracellular infections, and the comparison of drug entrap-
ment methods (encapsulated vs. conjugated antibiotics) are needed, and
they may be expected to further enhance the efficacy of novel anti-
bacterial interventions based on nanomedicines. The study of combi-
nation therapies using nanomedicines should also be comprehensively
conducted. This is due to the necessity of including such interventions
in a multidrug regimen to reduce the population of mycobacteria to
undetectable levels and to avoid the selection of resistant strains, even
though in vivo testing reveals an improved efficacy.

3. Conclusions

In summary, we demonstrate here, for the first time, the effect of
MPEO-b-PCL-based nanoparticles carrying rifampicin—a cornerstone of
modern antitubercular therapy—on lung tuberculosis in mice. We show
that this nanobead-based intervention is well-tolerated and that it is
significantly more efficacious than an equivalent amount of free ri-
fampicin.

Finally, we believe that this study highlights the need for more in-
depth analyses of the biorelevant characteristics of anti-TB drug de-
livery systems and their impact on infection models to advance this
emerging field and to obtain nanocarriers that will facilitate marked
improvement of TB treatment.

4, Materials and methods
4.1. Ethics statement

All animal studies were conducted with approval from the
Institutional Animal Care and Use Committee of Chang Gung University
and according to the Czech law No. 246/1992 Sb. on animal protection
against brutalization.

319

4.2. Materials

Amphotericin B (250 pg/mL), Dulbecco's modified Eagle's medium
(DMEM, high glucose, GlutaMAX™), fetal bovine serum (FBS, heat in-
activated), penicillin-streptomycin solution, and Roswell Park
Memorial Institute medium (RPMI 1640, ATCC modification) were
purchased from Life Technologies Czech Republic Ltd. (Prague,
Czechia). Dyomics (Dy) 700 NHS-ester was purchased from Dyomics
GmbH (Jena, Germany).

Lowenstein—-Jensen medium supplemented with ampicillin (25 pg/
mL) was purchased from LabMediaServis Ltd. (Jaroméf, Czechia).

Other reagents and solvents were purchased from Sigma-Aldrich
Ltd. (Prague, Czechia).

4.3. Synthesis of the MPEO-b-PCL copolymer

The MPEO-b-PCL copolymer was prepared as previously described
[25,44]. Azeotropically dried MPEO (1 eq.) and dried CL were added to
a glass tube containing 10 mL of dry CH,Cl, and a magnetic stirrer,
which was connected to a vacuum system. An exhaust-refilling process
with argon was repeated multiple times. The copolymerization was
then initiated by the addition of a 2.0 M HCI solution (2 eq., in diethyl
ether) at 25 °C, and the reaction mixture was stirred overnight. The
resulting copolymers were precipitated in cool diethyl ether and fil-
tered. The filtrate was washed with cool diethyl ether and dried at room
temperature under reduced pressure.

The yield was 93%. DSC: melting temperature 56.4 °C. 'H NMR
(300 MHz, CDCl3, 6): peak a (§ = 3.37 ppm, CH3-O-), peaks b + ¢
(€ 3.63 ppm, PEO repeating unit: —CH,—CH,-O-), peak d
(6 = 4.21 ppm, —-O-CH,-CH,-), peak e (§ = 2.29 ppm, CL repeating
unit: ~-CO-CH,—-CH,—~CH,—-CH,-CH,-0-), peaks f + h (§ = 1.64 ppm,
CL repeating unit: -CO-CH,—-CHy-CH,-CH,-CH,-0O-), peak g
(6 = 1.37 ppm, CL repeating unit: -CO-CH,-CH,-CH,—-CH>—CH>-0-),
peak i () 4.05 ppm, CL repeating unit:
-CO-CH,-CH»-CH,-CH>-CH>-0-) and peak j (§ = 2.54 ppm, -OH).

Dy 700 NHS-ester was used for the fluorescent MPEO-b-PCL con-
jugate preparation. An NH,-terminated MPEO-b-PCL (MPEO-b-PCL-
NH,) copolymer was prepared as previously described [17]. Dy 700
NHS-ester (3 eq.) was dissolved in a small amount of dimethyl sulfoxide
(DMSO) in a vial. Next, 1 eq. of MPEO-b-PCL-NH, and 3 eq. of tri-
methylamine in DMSO were added. The reaction was maintained upon
magnetic stirring at 25 °C for 48 h. Labeling with 7-(diethyl amino)
coumarin-3-carbonyl azide (DACCA) was carried out according to a
previously described method [18].

In both cases, the free dye was removed by gel filtration (Sephadex
LH-20 with DMSO elution). UV/VIS (Synergy H1 Hybrid Reader,
BioTek, Winooski, WT, USA) and fluorescence spectroscopy (Aminco
Bowman Series 2 spectrofluorometer, Aminco, Lake Forest, CA, USA)
were used to confirm covalent bonding of the dye to the polymer
backbone (data not shown). The labeling efficacy, expressed as the ratio
of the determined amount of the dye to the theoretical amount of dye,
was measured by spectrophotometry and was found to be 70-80%.

4.4. Characterization of the MPEO-b-PCL copolymer

Proton nuclear magnetic resonance (*H NMR) was used to confirm
the structure of the prepared MPEO-b-PCL copolymer. '"H NMR spectra
were recorded with a Bruker Avance DPX 300 spectrometer (Bruker
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Daltonik GmbH, Bremen, Germany) operating at 300.1 MHz. All NMR
spectra were measured on samples in 5 mm NMR tubes using CDCl; as
the solvent at 25 °C. The chemical shifts were relative to TMS using
hexamethyldisiloxane (HMDSO, § = 0.05 ppm from TMS) as the in-
ternal standard. The typical conditions for the spectra collection were
as follows: 5t/2 pulse width, 15.6 ps (10 ps); relaxation delay, 10 s;
spectral width, 6.6 kHz; acquisition time, 4.95 s (2.18 s).

Gel permeation chromatography (GPC) was used to determine the
M,,, M, and M, /M, (dispersity, D) and for molar mass distribution
control. GPC separations were performed using a Deltachrom pump
(Watrex Ltd., Prague, Czechia), a Midas Spark autosampler (DataApex
Ltd., Prague, Czechia) and two PLgel MIXED-B-LS columns (30 X 1 cm,
particle size 10 um) for separation in the molecular weight range of
approximately 400-10 000 000 Da. Tetrahydrofuran (THF) was used as
the mobile phase. The detector was a PL ELS-1000 evaporative light
scattering detector (Polymer Laboratories, Varian Inc., Amherst, USA).
The data were accumulated and processed using Clarity software ver-
sion 6.0.0.295 (DataApex Ltd.). The injection volume of the GPC system
was 0.1 mL. Separations were performed at a mobile phase (THF) flow
rate of 1 mL/min. Evaluation of the chromatograms was based on a
polystyrene (PS) standard calibration.

Matrix-assisted laser desorption/ionization with time of flight de-
tection (MALDI-TOF) was used to confirm the GPC-based results. The
MPEOQO-b-PCL sample was prepared by the dried droplet method: solu-
tions of sample (10 mg/mL) and DCTB (trans-2-[3-(4-t-butyl-phenyl)-2-
methyl-2-propenylidene]malonitrile 10 mg/mL, as a matrix in DMF)
were mixed in a volume ratio of 4:20. Subsequently, the mixture (1 pL)
was deposited on the ground-steel target plate. The drop was dried in an
ambient atmosphere.

MALDI-TOF MS mass spectra were acquired with an UltrafleXtreme
(Bruker Daltonics, Bremen, Germany) in the positive ion reflectron
mode. The spectra were the sum of 25 000 shots with a DPSS, Nd:YAG
laser (355 nm, 1000 Hz). Delayed extraction and external calibration
were used.

The thermal properties of the copolymer were characterized by
differential scanning calorimetry (DSC) using a Q2000 calorimeter (TA
Instruments, New Castle, USA) with nitrogen purge gas (20 mL/min).
The instrument was calibrated for temperature and heat flow using
indium as a standard. Samples of approximately 5 mg were en-
capsulated in T-zero aluminum pans. The analysis was performed in
cycles of heating—cooling-heating, from —90 °C to 90 °C at 5 °C/min.
The heat of fusion of copolymers was calculated from the first heating
endotherms.

4.5. Preparation and characterization of nanoparticles

The nanoformulations were prepared by the nanoprecipitation
method as previously described [17]. Briefly, 10 mg of the copolymer
was dissolved in 2.5 mL of acetone. The resulting solution was then
subjected to quick addition of 10 mL of PBS with continuous stirring
(200 rpm). RIF-loaded NPs were prepared in the presence of RIF by the
same method. Subsequently, the acetone was removed by evaporation
under reduced pressure (40 °C) in both cases. The prepared formula-
tions were filtered through a 0.22 pm PVDF filter for all experiments.

The nanoparticle size was investigated by dynamic light scattering
(DLS). DLS experiments were carried out using a Nano-ZS instrument,
Model ZEN3600 (Malvern Instruments Ltd., UK) at an angle of 173" A
He—Ne 4.0 mW laser operating at 633 nm was used. The data were
analyzed using the DTS (Nano) program (Malvern Instruments Ltd.,
UK).

The mean positions of the peaks in the intensity-hydrodynamic
diameter (Dy,) distributions were used to represent the data. The Dy
values of the particles were calculated from the diffusion coefficient
using the Stokes—Einstein equation:
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D= kgT ,
3Dy

€9)

where T is the absolute temperature, 7 is the viscosity of the solvent and
kg is the Boltzmann constant.

The nanoparticle morphology was studied using cryogenic trans-
mission electron microscopy (cryo-TEM). For this purpose, 4 pL of the
sample was applied to an electron microscopy grid covered with a holey
carbon supporting film (400 mesh, Cu, Agar Scientific, UK) after hy-
drophilization by glow discharge (Expanded Plasma Cleaner, Harrick
Plasma, USA). A piece of filter paper was used to absorb the excess
solution. Subsequently, the grid was immediately plunged into liquid
ethane held at —182 °C, and the vitrified sample was immediately
transferred without rewarming into the microscope and observed at
—173 °C.

A Tecnai G2 Spirit Twin 120 kV microscope (FEL, Czechia) equipped
with a cryo-holder (Gatan, cryo-specimen holder) was used for the in-
vestigations using the bright field imaging mode at an accelerating
voltage of 120 kV. Size distribution analysis was performed using
ImageJ software. For each system, more than one hundred particles in
the cryo-TEM micrographs were measured.

The shape and size of the particles were also investigated in the
liquid state by small-angle neutron scattering (SANS). The experiments
were carried out at the SANS installation at the JEEP-II reactor in
Norway. The wavelength was set with a velocity selector (Dornier)
using a wavelength resolution (AA/A) of 10%. Each complete scattering
curve was composed of three independent measurements using dif-
ferent wavelength-distance combinations (5 A/l m, 5 A/3.4 m, and
10 A/3.4 m). The resulting g-range for the experiment was
0.006-0.3 A=, The solutions were filled into 5 mm quartz cuvettes,
which were placed in a copper casing for good thermal contact before
being mounted on the sample stage. The temperature was controlled by
a water circulator, maintaining the set value to within + 0.1 °C.
Deuterium oxide (D,0O) was used as a solvent instead of H,O to obtain
good contrast and low background for the neutron scattering experi-
ments. Standard reductions of the scattering data, including transmis-
sion corrections, were conducted by incorporating data collected from
the empty cell and the blocked-beam background. All data were finally
transformed to an absolute scale, i.e., coherent differential cross section
(d=/dQ).

The SANS data were fitted to a spherical core-corona particle model
as previously described [45] using the SasView program (www.sasview.
org). The fitted particle diameter consists of a core composed mainly of
PCL and a corona of MPEO. The theoretical values for the scattering
length density (SLD) of PCL (0.85 x 10°° A~2) and PEO
(0.57 x 10~° A~2) were employed in the fitting.

4.6. Cell culture and bacteria

BEAS-2B, J774A.1 and MH-S cell lines were purchased from
Sigma-Aldrich Ltd. (Prague, Czechia). The IC-21 cell line was kindly
provided by Dr. Jaroslava Lieskovska (Department of Medical Biology,
Faculty of Science, University of South Bohemia in Ceské Budéjovice,
Czechia). The BEAS-2B, IC-21, and MH-S cell lines were maintained in
RPMI 1640 supplemented with FBS (10%), penicillin (100 U/mL),
streptomycin (100 pg/mL), amphotericin B (2.5 pg/mL), and 2-mer-
captoethanol (0.05 mM) in a humidified atmosphere containing 5%
CO, at 37 °C. The J774A.1 cells were maintained in DMEM supple-
mented with FBS (10%), penicillin (100 U/mL), streptomycin (100 pg/
mL) and amphotericin B (2.5 pg/mL) in a humidified atmosphere
containing 5% CO, at 37 °C.

The culture of M. tuberculosis H37Rv (ATCC 27294) was originally
obtained from the Public Health England Culture Collection (Salisbury,
UK) and was maintained on Lowenstein-Jensen slants in a humidified
atmosphere containing 5% CO,, at 35 °C for 2-3 weeks. Subsequently,
mycobacterial stocks (ca. 1 x 10”7 CFU/mL) were prepared and stored
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at —196 °C prior to the infections.
4.7. Cytotoxicity study

Cytotoxicity was examined using an MTT assay. For this purpose,
BEAS-2B, IC-21, J774A.1, and MH-S cells were seeded into 96-well
plates at a density of 15 000 cells per well. The cells were then in-
cubated overnight at 37 °C in 5% CO, with subsequent replacement of
the cell culture medium (100 pL of fresh culture medium containing the
tested formulations). After 24 h of incubation, 10 pL of MTT solution
(5 mg/mL, PBS) was added to each well. Subsequently, the plates were
incubated for 2-4 h prior to aspiration of the medium and isopropanol
addition (100 pL). After 15 min of blue formazan solubilization (37 °C),
a Synergy H1 Hybrid Reader instrument (BioTek) was used to assess cell
viability by spectrophotometry at 570 nm. The results of the MTT assay
were expressed as a percentage of the control (cells in control medium),
which was considered to be 100%. Reduction of cell viability by more
than 30% is considered a cytotoxic effect, according to the ISO 10993-5.
The tests were performed with at least three separate experiments.

4.8. Nanoparticles uptake study

The cellular uptake was studied using confocal laser scanning mi-
croscopy. For this purpose, IC-21 cells were seeded at the bottom of
ibidi p-Dishes (ibidi GmbH, Planegg/Martinsried, Germany) and left to
adhere overnight. The next day, the medium was replaced with RPMI
containing DACCA-labeled nanobeads (40 pg/mL). At different time
points of the incubation (2, 5, 10, 20, and 40 min), the cells were
washed using PBS and then fixed (4% paraformaldehyde in PBS).
Visualization of the fixed cells was carried out using an Olympus FV 10
confocal laser scanning microscope (Olympus Czech Group Ltd.,
Prague, Czechia) using a 60 X oil objective. Signal detection was ob-
served in a channel of exc. 405 nm and em. 425-475 nm; fluorescence
quantification was performed using ImageJ software. For this purpose,
within three separate experiments, ten fields were used for the quan-
tification.

4.9. Bioimaging experiments

The NP fate was assessed by in vivo bioimaging. Female BALB/c
mice between the ages of 4 and 6 weeks were randomly divided into 2
groups with 3 animals in each and a control group containing 2 mice.
The first group received a single intraperitoneal dose (10 mg/kg) of
Dyomics 700-labeled NPs (NPs—Dy, 1 mg/mL, PBS). The second group
received the same dose of PBS solution containing free Dyomics 700
(Dy) at a corresponding concentration. The control group received a
corresponding volume of PBS (200 pL). The bioimaging was carried out
under anesthesia with an intraperitoneal injection (50 mg/kg) of
Zoletil® 50 (Virbac, Carros, France) using a Pearl® Impulse system (Li-
Cor, Lincoln, NE, USA). Fluorescence images were acquired at 1, 2, 4, 6,
8, 12, and 24 h. To visualize the ex vivo fluorescence in different organs
(brain, heart, lung, spleen, kidney, bladder/ovary, liver, and stomach/
intestine), an additional imaging experiment was carried out. For this
purpose, the mice were euthanized at 6 h (n = 3 mice per group) after
injection.

4.10. Pharmacokinetic assessment

The pharmacokinetics of NP-encapsulated RIF and free RIF were
assessed in mycobacteria-infected mice. For this purpose, specific pa-
thogen-free female BALB/c mice (Velaz Ltd., Prague, Czechia) between
the ages of 4 and 6 weeks were housed at five animals per cage in
HEPA-filtered racks (Tecniplast S.p.A., Buguggiate VA, Italy) in certi-
fied animal biosafety level three (BSL 3) laboratories and were rested
for 4 weeks before testing.

The BALB/c mice were anaesthetized with xylazine (8 mg/kg, i.p.)
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and ketamine (80 mg/kg, i.p.) and were intranasally infected with ca.
1 X 102 CFU of M. tuberculosis H37Rv (50 pL per mouse). One day later,
seven mice were euthanized to determine the initial number of bacteria
delivered to their lungs. Four weeks post infection, seven mice were
euthanized to determine the number of bacteria in the lungs and
spleens prior to the subsequent experiments.

NP-encapsulated RIF and free RIF were administered
traperitoneally in a single dose of 10 mg/kg; the mice were then sa-
crificed at time points of 2, 4, 6, 8, 12, 24, 48, and 72 h. At each time
point, a terminal blood collection was carried out by way of axilla in-
cision. The blood was collected using a sterile Pasteur pipette, placed
into sterile Eppendorf tubes and stored at 4 °C prior to liquid chroma-
tography analysis. To determine the RIF concentrations in the lung
tissue, lungs were obtained from each animal at each time point,
weighed, snap-frozen and stored at —80 °C prior to the analysis.

Pharmacokinetic parameters for both NP-encapsulated RIF and free
RIF were assessed with Origin 2019 software (OriginLab Corporation,
Wellesley Hills, MA, USA). The highest serum or lung concentrations
were defined as Cp,.y, with the corresponding times as Ty, The area
under the time-concentration curves up to 24 h (AUCy_»4) and up to
72 h (AUCa1) after the dose were calculated by integration from zero
up to 24 h and 72 h, respectively. The elimination half-lives were cal-
culated based on the time—concentration course by curve fitting of the
data using the equation:

in-

C = Cyee ™, 2

where C, is the serum or lung concentration at time t, Cy is the con-
centration at t = 0, and k is the elimination constant. The elimination
half-life T, , is then:

E/Z =In2/k. (3)

4.11. Liquid chromatography analysis of serum and lung tissue

RIF determination in serum was carried out as follows. The blood
samples were centrifuged at 4 200 rpm for 2 min. The serum (0.2 mL)
was collected and mixed with probenecid (10 pg/mL) as an internal
standard. Thereafter, 1 mL of acetonitrile was added, and the tubes
were vortexed vigorously to allow for maximal protein precipitation.
The samples were centrifuged (5 min, 13 400 rpm), and 300 pL of the
supernatant was diluted with 100 pL of deionized water and transferred
to clean glass autosampler vials for LC-MS/MS analysis.

Sample analysis was performed using a Nexera X2 HPLC chroma-
tography system (Schimadzu, Nakagyo-ku, Kyoto, Japan) coupled to an
AB Sciex Qtrap 5500 triple quadrupole mass spectrometer (Sciex, Foster
City, CA, USA) equipped with an electrospray ionization (ESI)
TurbolonSpray source. Chromatographic separation was carried out on
a Zorbax Eclipse C18 column (4.6 x 50 mm, 1.8 um) protected by a
C18 security guard cartridge (4 x 2 mm) at 30 °C. An isocratic elution
operating at a flow rate of 0.5 mL/min was used. The mobile phase
consisted of a combination of phase A (10 mM ammonium formate
supplemented with 0.2% formic acid) and B (acetonitrile) at a ratio of
30:70. The autosampler was maintained at 15 °C; the injection volume
was 1 pL. For data acquisition, mass spectrometry was performed in
multiple reaction monitoring (MRM) at unit resolution in positive scan
mode. The protonated molecular ions were selected as precursors. The
following transitions were monitored: m/z 823.4 — 791.3 and m/z
286.2 — 244.1 for RIF and probenecid, respectively. Analyst® software
(version 1.6.3, Sciex, Foster City, CA, USA) was used for quantitative
data analysis.

For the RIF determination in lung tissue, dissected lungs were mixed
with PBS at a ratio of 1:4, and the samples were pulverized for
2-4 cycles (45 s, 6 000 rpm) in a bead beat sample preparation tube.
Subsequently, 20 pL of the prepared homogenate was mixed with
200 pL of acetonitrile/methanol (1:1) containing rifampicin-d8 (20 ng/
mL) in 1.5 mL screw-top centrifuge tubes. The samples were centrifuged
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(5 min, 4 000 rpm), and the upper layer was used for the analysis. RIF
lung levels were determined using an Agilent 1260 chromatographic
system coupled to an AB Sciex Qtrap 4000 triple quadrupole mass
spectrometer (Sciex). The separation was carried out on an Agilent SB-
C8 column (2.1 X 30 mm, 3.5 pm). The mobile phase consisted of a
combination of phase A (0.1% formic acid in water) and B (0.1% formic
acid in acetonitrile). Elution was carried out with a gradient elution
(2.5 min linear gradient from 90:10 to 5:95 (A:B), a 1.5 min isocratic
elution with 5:95, followed by an additional period of 1 min isocratic
elution at the initial conditions of 90:10. The flow rate was 0.7 mL/min,
and the injection volume was 3 pL. For the data acquisition, mass
spectrometry was performed by multiple reaction monitoring (MRM) in
positive scan mode. The following transitions were monitored: m/z
823.5 — 791.6 and m/z 831.5 — 799.6 for RIF and RIF-d8, respec-
tively. The data processing was performed using Analyst software
(version 1.6.2; Applied Biosystems Sciex).

4.12. Assessment of treatment efficacy

Similarly, as in the pharmacokinetics-focused experiments, the
treatment efficiency study was performed with M. tuberculosis H37Rv-
infected specific-pathogen-free BALB/c mice (Velaz Ltd.) between the
ages of 4 and 6 weeks with continuous control of the mycobacterial
burden (as mentioned above). The treatment efficiency study was based
on 4- and 8-week therapies and was performed as follows. Treated mice
received specific formulations, i.e., NPs (MPEOg-b-PCL4, NPs, 1 mg/
mlL, PBS), NPs-RIF (MPEOs-b-PCL4 NPs loaded with RIF, 1 mg/mL,
PBS), and free RIF (1 mg/mL, PBS supplemented with 5% DMSO), in-
traperitoneally administered once per day (5 days per week). The dose
was 10 mg/mL (200 pL per mouse) for all formulations.

All tested formulations were aseptically filtered through a sterile
0.22 um PVDF syringe filter and adjusted in flame-sealed glass am-
poules in a biosafety cabinet prior to testing in vivo. The sealed for-
mulations were stored at room temperature in the dark and were ad-
ministered, at the latest, one week after preparation.

After completion of the 4- and 8-week therapies, the mice were
sacrificed by CO, inhalation, and the organs (lung, spleen, liver, kid-
neys, and brain) were aseptically removed. To determine the CFU in the
lungs and spleens, these organs were homogenized in tea strainers with
sterile saline, and serially diluted homogenates were incubated on
Lowenstein-Jensen plates supplemented with ampicillin (25 pg/mL) in
a humidified atmosphere containing 5% CO, at 35 °C for 2-3 weeks.
One mouse from each group was taken for histopathological examina-
tion. The organs were photodocumented and collected from specimens
with fixation solution.

4.13. Histopathological examination

The organs of mice (lung, spleen, liver, kidneys, and brain) were
collected after euthanasia and fixed in buffered 10% neutral formalin,
dehydrated, embedded in paraffin wax, and sectioned on a microtome
at a thickness of 4 um. Tissue sections from the organs of all mice were
stained with hematoxylin and eosin (H&E) and Ziehl-Neelsen (ZN)
stain. Lung tissue sections were subjected to Masson's trichrome
staining as well.

4.14. Data analysis

The results are expressed as the means + SD and were analyzed by
ANOVA. Differences were considered significant at * p < .05, **
p < .01, and *** p < .001.
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#Butyrolactone Copolymerization with the
Well-Documented Polymer Drug Carrier Poly(ethylene
oxide)-block-poly(&-caprolactone) to Fine-Tune Its

Biorelevant Properties

Tomds Urbdnek, |iFi Trousil, Dmytro Rak, Kristyna Gundr, Rafat Konefat, Miroslav Slouf,
Maridn Sedldk, Olga Sebestovd Janouskovd, and Martin Hruby*

Polymeric drug carriers exhibit excellent properties that advance drug
delivery systems. In particular, carriers based on poly(ethylene oxide)-
block-poly(e-caprolactone) are very useful in pharmacokinetics. In

addition to their proven biocompatibility, there are several requirements
for the efficacy of the polymeric drug carriers after internalization, e.g.,
nanoparticle behavior, cellular uptake, the rate of degradation, and cellular
localization. The introduction of y-butyrolactone units into the hydrophobic
block enables the tuning of the abovementioned properties over a wide
range. In this study, a relatively high content of %butyrolactone units

with a reasonable yield of =60% is achieved by anionic ring-opening
copolymerization using 1,5,7-triazabicyclo[4.4.0]dec-5-ene as a very efficient
catalyst in the nonpolar environment of toluene with an incorporated
¥butyrolactone content of =30%. The content of ybutyrolactone units can
be easily modulated according to the feed ratio of the monomers. This
method enables control over the rate of degradation so that when the
content of y-butyrolactone increases, the rate of degradation increases.
These findings broaden the application possibilities of polyester-
polyether-based nanoparticles for biomedical applications, such as drug

1. Introduction

Amphiphilic  polymeric  nanoparticles
(NPs) are nanomaterials generated by the
self-agsociation of polymeric amphiphiles
above a critical aggregation concentra-
tion, and their use of intervention is
based on their physicochemical properties
and architecture; the array of hydrophilic
and hydrophobic domains can vary.'"3l A
class of important biodegradable and/or
biocompatible polymers, aliphatic poly-
esters, have been widely studied due to
their large-scale accessibility by the ring-
opening polymerization (ROP) of cyclic
esters or lactones.! In contrast to the
commonly used lactones or esters for
the synthesis of aliphatic copolyesters,
¥butyrolactone (yBL) is a very promising
monomer, as introduction of yBL into
other aliphatic polyesters might modify
the degradation rate to meet the desired

delivery systems.
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application demand.’-# Notably, the bio-

compatibility of  poly(y-butyrolactone)

(P4HB) has been shown to be better

than that of poly(glycolic acid) and
poly(lactide-co-glycolide), which are copolymers that have been
widely studied in terms of drug delivery in vivo.”%! Given this,
YBL has been suggested to be a suitable comonomer for drug
delivery system tuning.

Although yBL seems to be the perfect choice as a monomer
for polymers in medical applications, its thermodynamic
parameters do not allow for it to undergo ROP to a sufficient
extent.'>1 In the 1930s, YBL was proclaimed as a nonpolymeriz-
able substancel'?l and the corresponding research slowed. Polym-
erization conditions have been considered the key factors that
determine the polymerizability of a substance, and in the 1960s,
yYBL was successfully converted into low-molecular-weight poly-
ester (1200-3500 g mol™!) under extreme conditions (2 GPa,
165 °C);!3 the high-pressure homopolymerization of yBL has
been reported several times, and the molecular weight was
increased by acid catalysis.'] Attempts were made to prepare
high-molecular-weight PAHB under less extreme conditions, and
in 2016, these attempts resulted in success when a lanthanum

(1 of 15) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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complex was employed as a catalyst'® However, currently,
as biologic and electronic applications are at the forefront of
interest, the purity of polymers is taken into account, and thus,
nonmetallic catalysts are preferred.1-2! A viable strategy for the
incorporation of yBL into a polymeric chain is its copolymeriza-
tion with thermodynamically favorable monomers. 82223l

Amphiphilic diblock copolymers composed of hydrophobic
biodegradable polyester blocks and hydrophilic polymer blocks
are very suitable for the construction of micellar/nanoparticle
drug delivery systems with core-corona structures because
hydrophobic drugs can be encapsulated into micelle cores,
while the hydrophobic portion can be degraded into low-
molecular-weight fragments after drug release, allowing for
elimination from the system of the organism while the hydro-
philic corona-forming block protects the core from unwanted
interactions in the organism. Among such copolymers,
methoxy poly(ethylene oxide)-block-poly(e-caprolactone) is very
popular for the construction of drug delivery systems. However,
the tuning of its properties is limited by the chemical proper-
ties of the polymer block from which it is composed.

In this work, we report the synthesis and characteriza-
tion of an amphiphilic block copolymer composed of mPEO
and  poly(e-caprolactone-co-y-butyrolactone)  (PCL-co-P4HB)
possessing a favorable amount of P4HB. This copolymer
undergoes self-association in an aqueous medium and forms
spherical amphiphilic assemblies, as determined by cryo-
transmission electron microscopy (cryo-TEM). This interven-
tion was found to be enzymatically degradable by two different
approaches (dynamic light scattering, DLS, and flow cytometry)
and noncytotoxic. In addition, the low-molecular-weight hydro-
lytic products of the polyester block (6-hydroxyhexanoic acid
and 4-hydroxybutyric acid) are fully metabolizable into carbon
dioxide and water. The novel copolymerization of P4AHB into
the hydrophobic polyester block of mPEO-PCL block copoly-
mers of this article was found to be an excellent tool for the
adjustment of the properties critical for its use in drug delivery
systems (NP behavior, cell uptake, biodegradation rate, and
intracellular localization) over a very wide range, strongly
increasing the variety of possible uses.

2. Experimental Section

2.1. Materials

YBL (299%) and e-caprolactone (eCL, 97%) were purchased
from Sigma-Aldrich Ltd. (Prague, Czechia), dried over calcium
hydride for 24 h, subsequently distilled under reduced pres-
sure, and stored under an inert atmosphere prior to use.
Benzyl alcohol (BA, 299%, Sigma-Aldrich Ltd.) was dried
over calcium oxide for 24 h and subsequently distilled under
reduced pressure twice and stored under an inert atmos-
phere prior to use. Poly(ethylene oxide) monomethyl ether, 2
and 5 kDa (mPEO,s and mPEO;y,, Sigma-Aldrich Ltd.), were
azeotropically dried with toluene prior to use.
3,5-Bis(trifluoromethyl)phenyl isothiocyanate (98%), 1-(4,5-
dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT, BioReagent),
cyclohexylamine (299.9%), 1,8-diazabicyclo[5.4.0lundec-7-ene
(DBU), diphenyl phosphate (DPP), hydrochloric acid (in diethyl
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ether, 2 M), lipase from Pseudomonas sp. (type XIII) (Sigma-
Aldrich 1td.), paraformaldehyde, 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD, 98%), 7-(diethylamino)coumarin-3-carbonyl azide
(DACCA), and yhydroxybutyric acid sodium salt were purchased
from Sigma-Aldrich Ltd. and used as received.

7-Aminoactinomycin D  (7AAD), amphotericin B
(250 ug mL™), CellMask Deep Red, Dulbecco's modified Eagle
medium (DMEM, high glucose, GlutaMAX), fetal bovine serum
(FBS, heat-inactivated), LysoTracker Deep Red, penicillin-strep-
tomycin solution (10 000 U mL™), and Triton X-100 solution
(1%) were purchased from Life Technologies Ltd. (Prague,
Czechia).

2.2. Synthesis of N-(3,5-bistrifluoromethyl)phenyl-N’-
cyclohexylthiourea (TU)

Cyclohexylamine (210 pL, 1.84 mmol) was added to 10 mL of
dry dichloromethane (DCM) under an argon atmosphere. This
solution was cooled in an ice bath and 3,5-bis(trifluoromethyl)
phenyl isothiocyanate (337 WL, 1.85 mmol) was added.**l The
reaction was maintained overnight (16 h) at room tempera-
ture. The product precipitated from the solution, the solvent
was evaporated under reduced pressure and the product was
purified by recrystallization from petroleum ether with a yield
of 91%. The product was further used as a cocatalyst of DBU
for the ROP of yBL with eCL.

2.3. Synthesis of Poly(e-caprolactone-co-ybutyrolactone)
(PCL-co-P4HB)

Polymerization reactions (Figure 1A) were carried out in dry
vessels under an argon atmosphere for 24 h. The desired
amounts of initiator (BA), catalyst (HCl/Et,0, DPP, TBD or
DBU/TU), and solvent were added into the vessels equipped
with magnetic stirring bars. The solutions were stirred while
the monomers (eCL and yBL) were added. The feed ratios are
listed in the Tables S1 and S2 in the Supporting Information.
The products were washed with ice-cold Et,O.

2.4. Synthesis of Poly[ethylene oxide-block-(e-caprolactone-co-y
butyrolactone)] [MPEO-b-(PCL-co-P4HB)]

Polymerization reactions (Figure 1B) were carried out in the
same manner as the polymerization of PCL-co-P4HB. In this
case, the poly(ethylene oxide) monomethyl ethers were used as
the macroinitiators and only TBD was used as the catalyst. Feed
amounts are listed in Table S3 in the Supporting Information.

2.5. Fluorescent Labeling of mPEO-b-(PCL-co-P4HB)

Chosen samples of the prepared copolymers were labeled
with DACCA for biological analysis, synthesis scheme shown
in Figure S12 in the Supporting Information. Each sample of
80 mg of mPEO-b-(PCL-co-P4HB) was dissolved in 10 mL of
toluene, and 2 molar equivalents of DACCA were added to this

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Synthesis scheme of A) copolymer PCL-co-P4HB and B) block copolymer mPEO-b-(PCL-co-P4HB).

solution. The reactions were maintained at 80 °C under an
argon atmosphere for 24 h.?l The products were purified by
dialysis and freeze-dried. The UV-vis spectra were measured
with a UV-vis spectrophotometer (Evolution 220 Spectrometer,
Thermo Scientific, USA). Fluorescence spectra of the samples
were recorded (90° angle geometry, 1 x 1 cm quartz cell) with
an Aminco Bowman Series 2 spectrofluorometer (Aminco,
Lake Forest, CA, USA) at an excitation wavelength of 420 nm
and are shown in Figure S13 in the Supporting Information.

2.6. Preparation of Nanoformulations

Nanoparticles were prepared by the nanoprecipitation method.
Samples of mPEO-b-(PCL-co-P4HB) (10 mg) were diluted in
acetone (1 mL), and subsequently, an aqueous phase [distilled
water or phosphate-buffered saline (PBS)] (10 mL) was rapidly
added while stirring at 200 rpm. The excess acetone was evapo-
rated under reduced pressure. The final concentrations of the
samples were 1 mg mL™. Nanoformulations were always pre-
pared fresh for each characterization.

2.7. Characterization of PCL-co-P4HB and
mMPEO-b-(PCL-co-P4HB)

Proton nuclear magnetic resonance (‘"H NMR), size-exclusion
chromatography (SEC), and Fourier transform infrared spec-
troscopy (FTIR) were used for fundamental characterization of
the synthetized copolymer structures.

A Bruker AVANCE DPX 300 (and/or AVANCE IIT 600 MHz)
spectrometer (Bruker Daltonik GmbH, Bremen, Germany)
operating at 300.1 or 600.2 MHz was utilized for chemical struc-
ture determination. All samples were dissolved in deuterated
chloroform at 25 °C. The chemical shifts were relative to tetra-
methylsilane (TMS) using hexamethyldisiloxane (HMDSO,
5 = 0.05 ppm from TMS) as the internal standard.?l 3C
NMR spectrum was recorded using Bruker AVANCE III
600 MHz operating at 150.9 MHz in deuterated chloroform at
25 °C. The chemical shift was relative to TMS using HMDSO
(6 =2.00 ppm from TMS) as the internal standard.

A Perkin Elmer PARAGON 1000 PC FTIR spectrometer was
utilized for chemical structure confirmation. The spectrometer
had a resolution of 4 cm™, 32 accumulated scams, and strong
apodization. The reflective measurements were performed
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using an ATR-Specac MKII Golden Gate Single Reflection
system with a diamond crystal and an angle of incidence of 45°.
The samples were characterized in powder form.

Physical characterization of the synthetized copolymers
was determined by SEC. Namely, the mass-average molar
mass M,, the number-average molar mass M,, and their
ratio M,/M, provided information about the chain length
distribution—dispersity, D. The separation was carried out using
a DeltaChrom pump (Watrex Ltd., Prague, Czechia), a Midas
Spark autosampler (DataApex Ltd., Prague, Czechia), and two
PLgel MIXED-B-LS columns. The samples were dissolved in
tetrahydrofuran (THF), which served as the mobile phase in
the chromatographic system with a flow rate of 1 mL min™
at 25 °C. A PL ELS-1000 evaporative light scattering detector
(Polymer Laboratories, Varian Inc., Amherst, USA) was used
for the detection. The evaluation of the sample chromatograms
was performed using Clarity Software Version 6.0.0.295 (Data-
Apex 1td.) with polystyrene standard calibration.?’]

2.8. Characterization of the Nanoparticles Prepared by
mMPEO-b-(PCL-co-P4HB)

Different techniques were used for the characterization of
the nanoparticles. DLS measurements were carried out on a
ZEN3600 Nano-ZS instrument (Malvern Instruments Ltd., UK)
using an angle of 173°. A He—Ne laser (4.0 mW, operating at
633 nm) was used. The hydrodynamic diameter of the particles
was calculated from the diffusion coefficient using the Stokes—
Einstein equation.

Static light scattering (SLS) measurements were performed
on an ALV-6010 instrument (ALV GmbH, Germany) equipped
with a 22 mW He—-Ne laser in the angular range of 30°-150°.
The data were analyzed by using a Zimm plot. The dn/dc values
were measured as described below.

The additional method for characterizing the prepared
nanoparticles was asymmetric-flow field-flow fractionation
(AF4). The instrument setup for AF4 consisted of an Eclipse
3+ separation system (Wyatt Technology Europe, Dern-
bach, Germany) coupled to a 1260 Infinity isocratic pump
and degasser (Agilent Technologies, Santa Clara, CA, USA),
a DAWN HELEOS II MALS detector with a 120 mW gal-
lium-arsenide laser at a wavelength of 661 nm (Wyatt Tech-
nology, Santa Barbara, CA, USA), and an RI-101 RI detector
(Shodex, Munich, Germany). Prepared nanoparticles in filtered

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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deionized water underwent measurements using a 275 mm
long trapezoidal channel consisting of a 490 um spacer and a
regenerated cellulose membrane with a 5 kDa cutoff. Collected
data were processed using ASTRA 6 software.

The measurements followed the established procedure in
ref. [28]. As a result, the mass-average molar mass M,, and the
diameter of gyration D, were obtained.

The refractive index increment dmn/dc of the solutions
was measured with a BI-DNDCW differential refractometer
(Brookhaven Instruments Corporation, USA). The dn/dc values
were obtained using a potassium chloride calibration solution.

2.9. Morphology of the NPs

The nanoparticle morphology was observed by transmission elec-
tron microscopy. To characterize the morphology of the nanopar-
ticles, 3 UL of sample solution was applied to a formvar-carbon
electron microscopy grid. Samples were observed without staining
at 100 kV using an FEI Morgagni TEM equipped with a MegaView
I1I side-entry charge-coupled device camera. For cryo-TEM, where
the hydrated samples were imaged without the perturbation gen-
erated by drying, the sample solution was applied to a carbon-
covered polymer-grid supporting film (lacey-carbon grids, Electron
Microscopy Sciences, Hatfield, USA) and glow discharged for 40 s
with a 5 mA current. Most of the sample was removed by blot-
ting and the grid was immediately plunged into liquid ethane at
—183 °C. The sample was then transferred without rewarming
into a Tecnai Sphera G20 electron microscope (FEI) using a Gatan
626 cryo-specimen holder (Gatan Inc., Pleasanton, CA, USA).
Images were recorded at a 120 kV accelerating voltage using a
Gatan UltraScan 1000 slow-scan charge-coupled device camera
(achieving a final pixel size from 2 to 0.7 nm) in low-dose mode.

2.10. Enzymatic Degradation of NPs

The 'H NMR and SEC measurements were used to determine
the enzymatic degradation of the prepared nanoparticles and the
procedure is described in ref. [28]. The degradation was studied
in the presence of lipase from Pseudomonas sp. The appropriate
amount of lipase (aqueous solution in PBS, 4 U mL™!) was added
to the nanoformulation (1 mg mL" in PBS) to initiate the degra-
dation process, giving final concentrations of the copolymer and
lipase of 0.98 mg mL™" and 0.06 U mL™, respectively. The degra-
dation was performed at 37 °C inside an NMR cuvette. In case of
SEC measurements, the purification of the organic content was
needed to be done after the degradation period. The PBS solu-
tion of the sample incubated with the lipase was poured into
excess of cold diethyl ether, so the organic content precipitated.
The precipitate was separated by centrifugation at 7000 rpm and
0 °C and dried. This material was dissolved in mobile phase of
SEC and the analysis was performed.

2.11. Critical Aggregation Concentration (CAC) Determination
The NP formulations of the synthesized copolymers were pre-

pared by the protocol described above. Series of concentrations
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reaching 10® mg mL~! were obtained by serial dilution in PBS.
A solution of Nile red in ethanol was added to each sample
to obtain a final concentration of 10 mol L. A Synergy H1
Hybrid Reader instrument (BioTek, Winooski, USA) was uti-
lized to record the fluorescence of the samples. The excitation
wavelength was 550 nm and the emission intensity was meas-
ured at 650 nm. The CACs were determined as the intersection
points of the lines from two different parts of the graph of fluo-
rescence intensity versus the negative logarithm of the concen-
trations, as seen in Figure S8 in the Supporting Information.?8]

2.12. Hemolysis assay

The determination of blood compatibility with the prepared NPs
was carried out following the procedure in ref. [28]. Fresh human
blood was collected for the analysis into heparin-coated vacu-
tainers (Becton Dickinson Czechia Ltd., Prague, Czechia). Red
blood cells (RBCs) were obtained by centrifugation of the blood at
3000 rpm for 10 min. The plasma was removed and RBCs were
washed with PBS. The final concentration of RBCs in PBS for the
hemolysis measurements was at a full blood dilution of 1:49.

To 0.3 mL of diluted RBCs, 1.2 mL of the appropriately
diluted nanoformulation (in PBS) was added. With this pro-
cedure, several dilutions of NPs were prepared (100, 200, 400,
and 800 g mL™). Triton X-100 (1% in PBS) and PBS served as
positive and negative controls, respectively.

After incubation at 37 °C for 8 h, the samples were centri-
fuged (3000 rpm, 10 min). Subsequently, the supernatants were
collected and subjected to absorbance measurement at 541 nm
on a Synergy H1 Hybrid Reader instrument (BioTek, Winooski,
Vermont, USA). The percent hemolysis of RBCs in each sample
was calculated by the following Equation (1)

sample absorbance — negative control

Hemolysis = x 100 (1)

positive control — negative control

The results of the hemolysis assays were expressed as a
percentage of the positive control (1% Triton X-100 in PBS),
which was considered 100%. Hemoglobin release up to 2%
was classified as nonhemolytic, according to the ASTM F756-08
standard.”l The results of this assay are expressed as mean
values of triplicate analysis.

2.13. Cell Culture

The murine monocyte-macrophage (M¢) cell line ]774A.13% was
purchased from Sigma-Aldrich Ltd. The cells were maintained in
DMEM supplemented with FBS (10%), penicillin (100 U mL™),
streptomycin (100 ug mL™), and amphotericin B (2.5 pg mL™)
in a humidified atmosphere containing 5% CO, at 37 °C.

2.14. Cytotoxicity Study
Cytotoxicity was evaluated using the MTT assay. For this purpose,

J774A.1 M¢s were seeded in 96-well plates at a density of 5000 cells
per well. The cells were then incubated overnight at 37 °C and 5%
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CO, with subsequent replacement of the medium with 100 uL of
fresh culture medium containing the tested formulations. After
24 h of incubation, the medium was replaced with 100 uL of MTT
solution (0.5 mg mL™! in PBS), and the plates were incubated for
2—4 h prior to aspiration of the medium and dimethyl sulfoxide
addition (100 uL). After 15 min of blue formazan solubilization
(37 °C), a Synergy H1 Hybrid Reader instrument (Biotek, Win-
ooski, USA) was used to assess cell viability by spectrophotometry
at 570 nm. The results of the MTT assay were expressed as a per-
cent of the control (cells in control medium), which was consid-
ered 100 %. A reduction in cell viability by more than 30% was
considered a cytotoxic effect according to the ISO 10993-5.BU The
tests were performed in at least three separate experiments.

2.15. Microscopic Investigation of Cellular Uptake

Confocal laser scanning microscopy (CLSM) was used to study
cellular uptake and lysosome-nanoparticle colocalization. For the
uptake study, J774A.1 cells were seeded at the bottom of ibidi
p-dishes (ibidi GmbH, Planegg/Martinsried, Germany) and left
to adhere overnight. Subsequently, the medium was replaced
with fresh medium (full DMEM) containing DACCA-labeled
NPs (2.8 nmol mL™). After 40 min of incubation, the cells were
washed with prewarmed PBS (37 °C) three times, stained with
CellMask Deep Red according to the manufacturer’s protocol
for 10 min, washed with warm PBS, fixed using a paraformalde-
hyde solution (4% in PBS), and kept under PBS until subsequent
analysis. Cells were visualized on an Olympus FV 10 confocal
laser scanning microscope (Olympus Czech Group Ltd., Prague,
Czech Republic) using a 60 x oil objective. Signal detection was
observed in channels 1 (DACCA, exc. 405 nm, em. 425-475 nm)
and 2 (CellMask Deep Red, exc. 650 nm, em. 655-750 nm).
Similarly, the lysosome-nanoparticle colocalization study was
carried out using overnight-adhered macrophages (M¢s). The
medium was replaced with fresh DMEM containing DACCA-
labeled NPs (2.8 nmol mL™) and LysoTracker (0.0125 x 107 m)
and incubated for 40 min. Subsequently, the cells were washed
and fixed as described above. Visualization was carried out using
the same instrument under the same conditions. Before image
analysis, the images were converted to eight-bit grayscale pictures,
and the levels of colocalization were determined using Image]
software. An image of the product of the differences from the
mean (PDM), i.e., for each pixel: (blue intensity — mean blue
intensity) x (red intensity — mean red intensity), was used to ana-
lyze the colocalization. In addition, Pearson correlation coefficient
(PCC) values were calculated using the same software. For this
purpose, at least six fields were used for the PCC calculation. PCC
is a positive correlation between dittferent channels that generates
values ranging from -1 to 1. A value of 1 suggests a perfect posi-
tive linear correlation. Hence, in this case, a value of 1 would indi-
cate total colocalization of the DACCA-labeled nanobead-based
intervention with LysoTracker-positive compartments.

2.16. Flow Cytometry Investigations
Cellular internalization and intracellular degradation were

studied by flow cytometry. Cell uptake of the fabricated
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DACCA-labeled NPs was measured via a BD FACSVerse flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For this
purpose, J774A.1 cells were incubated at 37 °C and 5% CO, in
full DMEM. The overnight culture was seeded at a density of
200 000 cells per sample. NPs were added at a final concentra-
tion of 2 nmol mL™! to the wells and incubated for 1, 5, 20,
40, 60, or 80 min. After washing with warm PBS, the cells
were suspended in 0.5% bovine serum albumin (BSA, in PBS
solution). Dead cells were stained with 7AAD according to the
manufacturer’s protocol. The measurement was repeated inde-
pendently three times and in duplicate. Cell-associated fluo-
rescence was analyzed using FlowJo 10.5.0 software (Tree Star
Inc., Ashland, OR, USA).

Intracellular degradation estimation was based on a previ-
ously described method.”® The overnight J774A.1 culture was
seeded at a density of 200 000 cells per sample. NPs at a con-
centration of 2 nmol mL™! were added to the appropriate wells
and incubated for 60 min in full DMEM (37 °C, 5% CO,). The
incubation length was chosen according to the above-described
internalization-related experiment, where the macrophages
showed the maximum internalized NPs between 60 and 80 min
of incubation. After washing with warm PBS, the cells were fur-
ther incubated in particle-free full DMEM for 0, 10, 20, 30, 40,
or 80 min. Cells were washed with PBS and suspended in 0.5%
BSA (PBS solution); dead cells were stained with 7AAD and
measured by BD FACSVerse. The measurement was repeated
independently three times and in duplicate. Cell-associated flu-
orescence was analyzed using Flow]Jo 10.5.0 software.

3. Results and Discussion

3.1. Synthesis and Content of 4HB in PCL-co-P4HB

Previous studies that have focused on the polymerization of five-
membered lactones have shown their unwillingness to undergo
ring-opening polymerizations due to the low ceiling tempera-
ture.l% However, this does not mean that the ring of five-mem-
bered lactones cannot be opened and that only the cyclic form
is thermodynamically preferred. These rings do open, but there
is no impetus to form high-molecular-weight polymers under
normal conditions.3>3 This is the reason why these com-
pounds are difficult to homopolymerize but, on the other hand,
are easy to incorporate into a polymer chain when copolymeri-
zation occurs with another appropriate heterocycle with a high
ceiling temperature. Moreover, the extent of incorporation can
also be tuned by the polymerization conditions./%3*

Hence, for the systematic investigation of incorporating yBL
into polymer chains during copolymerization with CL, a series
of copolymerizations initiated by benzyl alcohol were per-
formed (Figure 1A) with different copolymerization conditions.
The polymerization parameters and resulting characterizations
are given in Tables S1 and S2 in the Supporting Information.
The data in Table S1 in the Supporting Information show the
parameters depending on the feed ratio of monomers, whereas
the data in Table 2 show the parameters depending on the
nature of the catalyst and the solvent and the initial monomer
concentrations. In total, four different catalytic systems were
evaluated (structures shown in Figure 2A).
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Figure 2. Copolymerization optimization. A) Different catalysts were used in subsequent studies of the content of 4HB in copolymers. B) Different
initial monomer concentrations with DCM as the solvent as well as C) different solvents possessing various dipole moments were studied with TBD
used the catalyst. D) The relationship between monomer consumption and the content of 4HB in the polymer chain and molar mass was studied. The
eCL/yBL molar feed ratio was in all cases 1.15. Abbreviations: TBD, 1,5,7-triazabicyclo[4.4.0]dec-5-ene; DPP, diphenyl phosphate; Et,0, diethyl ether;
DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; TU, N-(3,5-bistrifluoromethyl) phenyl-N"-cyclohexylthiourea; DCM, dichloromethane; THF, tetrahydrofuran.

The data in Table S1 in the Supporting Information show the
relationship between the monomer feed ratio and the amount
of incorporated yBL. Not surprisingly, the higher the ratio of
YBL in the feed, the more yBL was incorporated. The disadvan-
tage of copolymerization with high amounts of yBL is its rela-
tively low yield. The difference in the incorporated amount of
YBL is remarkable when difterent catalysts were used (P1-P4
catalyzed by HCI/Et20 and P5-P8 by TBD).

The data schematically plotted in Figure 2B show a sig-
nificant difference in the incorporated amount of yBL when
different catalysts were used. A higher content of 4HB units
in the prepared copolymers was observed when anionic
catalysts (TBD and DBU/TU) were used compared to that
observed in the copolymers prepared with cationic catalysts
(HCI/Et,O and DPP). This fact implies that different polym-
erization mechanisms significantly affect the amount of
incorporated yBL.

Macromol. Biosci. 2020, 1900408 1900408

The bulk copolymerization catalyzed by DBU/TU resulted in
a yield of 39% and a copolymer containing 27% 4HB units but
there was no high-molecular-weight copolymer formed when
solution copolymerization was carried out at any concentration.
TBD was identified as the most efficient and versatile catalytic
system in this study. TBD is able to incorporate a relatively high
amount of yBL at any initial monomer concentration. The trend
of increasing incorporated yBL amount with increasing initial
monomer concentration is evident in Figure 2B.

Solvent polarity is a considerable parameter when a certain
amount of yBL incorporation is needed in the polymer chain.
As shown in Figure 2C, there was a marked difference in 4HB
content in the copolymer composition of PCL-co-P4HB when
the nonpolar solvent toluene was used compared to the 4HB
content when polar acetonitrile was used. It should be noted
that TBD is a bifunctional catalyst, in which the base site works
as a H-bonding acceptor to activate the alcohol initiator, while
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the H-bonding donor component can activate the monomer via
the coordination of the ester functionality. Thus, the noncoordi-
nating solvent toluene enables higher incorporation of yBL in
the evaluated copolymerization reaction.

The prepared copolymers were characterized by 'H NMR
and FTIR spectroscopy, and their structures were confirmed.
The 'H NMR spectra and FTIR spectra are shown in Figures
S2 and S3 in the Supporting Information, respectively. The
table of polymerization parameters and copolymer character-
istics obtained by 'H NMR spectroscopy and size exclusion
chromatography can be found in Table S2 in the Supporting
Information.

In addition, a "H NMR spectroscopic kinetic study was per-
formed to understand the copolymerization behavior. TBD was
used as the catalyst for this purpose and deuterated DCM was
used as the solvent. The polymerization was performed in an
NMR cuvette in situ and "H NMR spectra were taken periodi-
cally over time. The relative intensities of peaks corresponding to
the yBL unit (6 1.91 ppm) and the eCL unit (6 1.33 ppm) were
integrated and the following parameters were calculated. The
resulting graph in Figure 2D shows the dependence of the content
of 4HB and molar mass on the conversion. A moderate decrease
in the content of 4HB units in the growing polymer chain with
increasing conversion was observed, and the linear dependence
of molar mass on conversion indicated the controlled manner of
ring opening copolymerization. Additionally, the rate constants of
the incorporation of yBL and eCL were determined. As the graphs
in Figure S7 in the Supporting Information of the supplemental
information show, eCL has been incorporated according to first-
order kinetics with a rate constant of k. = 4.3 x 10~ s71, and
the incorporation of yBL follows second-order kinetics with a rate
constant of kg; = 5.8 x 10°° dm? mol™* s™.

3.2. Synthesis of mPEO-b-(PCL-co-P4HB)

Many studies have shown that assemblies based on
poly(ethylene oxide)-block-polycaprolactone can be success-
fully used as drug carriers for many medical applications.*>:3¢]
Copolymerization with mPEO and other hydrophilic poly-
mers ensures or enhances the solubility of these assemblies
based on the copolymers and improves the biocompatibility/
nonimmunogenicity of the whole system.?’] When mPEO is

www.mbs-journal.de

used for copolymerization, the assemblies do not show any tox-
icity at reasonable concentrations and are efficient when loaded
with hydrophobic drugs,*”) suggesting an attractive polymeric
matrix for drug delivery system preparation.

Thus, this work aimed to study the impact of 4HB distur-
bance on hydrophobic block regularity and on the biorelevant
properties of mPEO-based assemblies. Given this, the most
efficient conditions for incorporating yBL via the copolymeri-
zation initiated by BA were implemented (see above) and the
copolymerization was conducted via ROP in the same manner
and in the presence of the macroinitiator mPEO (Figure 1B).
The macromolecular parameters of the prepared block copoly-
mers are listed in Table 1. Samples B2-B5 differ in hydrophobic
ratio and macromolecular molar mass (i.e., mPEO) and in the
molar mass of the samples themselves. The "H NMR spectrum
of mPEO-b-(PCL-co-P4HB) with signal assignment is shown
in Figure S6 in the Supporting Information. Moreover, the 13C
NMR spectrum in Figure S14 in the Supporting Information
gave as detailed information about the copolymer microstruc-
ture. It proved that the distribution of CL and 4HB units along
polyester block is very likely random.[3]

Sample mPEQ,,-b-PCLg; B1 was synthesized in the absence
of yBL for comparison of the properties with those of samples
B2 and B3. The critical aggregation concentrations were deter-
mined and the values are listed in Table 1. The CAC-related
curves are shown in Figure S8 in the Supporting Information.

The one-step synthesis of labeled mPEO-b-(PCL-co-P4HB)
with fluorescent dye was performed. DACCA was used for this
purpose and the reaction scheme is shown in Figure S12 in the
Supporting Information. The efficiencies of the reactions were
determined by the standard addition method (free 7-(diethyl-
amino)coumarin-3-carboxylic acid) and were found to be =45%
by UV-vis spectroscopy. The absolute amounts of DACCA occur-
ring in the polymeric matrices are listed in Table 1. The excitation
and emission spectra at the excitation wavelength of 420 nm of
free 7-(diethylamino)coumarin-3-carboxylic acid and samples of
B1-B5 are shown in Figure S13 in the Supporting Information.

3.3. Characterization of the Nanoparticles

The fabricated copolymers (B1-B5) were used for NP prepara-
tion. For this purpose, the nanoprecipitation method described

Table 1. Composition and characteristics of polymers initiated by poly(ethylene oxide) monomethyl ether (mPEO) using TBD as the catalyst.

No. Copolymer HH-ratio?® Yield [%)] frel? [%] MNMRe) M SECd) PSEC) CAC® [ug mL™"]  DACCAN [ug mg™]
B1 MPEO,;5-b-PClg; 46 9 0 11200 2300 121 9 20
B2 MPEQ 5-b-(PCLsg-co-P4HB 3) 2.8 62 20 7500 6700 1.45 15 9
B3 MPEQ 45-b-(PCLss-co-PAHB,1 ) 40 60 21 9900 10500 158 1 10
B4  mPEOy;,-b-(PCLy-co-P4HB;y) 11 63 18 10 800 7600 1.25 14 7
BS  mPEO;4-b-(PCLyyq-co-P4HB,s) 3.6 59 21 23000 12300 1.61 10 4

3The hydrophobic ratio was defined as (M, hydrophobic block)/(M,, hydrophilic block), where the M, of the hydrophilic block was held at either 2000 or 5000 depending
on which macroinitiator was used; ®The polymer composition ratios of hydrophobic blocks were calculated using "H NMR data by dividing the integrated peaks of the
repeating unit of ¥BL (6 1.95 ppm) by the sum of the integrated peaks of yBL and eCL (8 1.37 ppm); “The molecular weights were calculated using "H NMR by inte-
grating the methoxy peak of mPEO at 3.37 ppm and the peak for the repeating units of eéCL and yBL; 9Determined by SEC using tetrahydrofuran as the eluent; ©)Critical
aggregation concentrations were determined at room temperature in PBS; )\When DACCA-labeled copolymers were used, the content of DACCA was determined by UV-vis
spectroscopy.
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Figure 3. A) Cryo-TEM images and B) curves obtained from DLS and AF4.

in detail in the Experimental Section was used. The physico-
chemical characterization of the NPs was performed via cryo-
TEM, DLS, SLS, and AF4 experiments.

It was hypothesized that the supramolecular structure of
the mPEO-b-(PCL-co-P4HB)-based assemblies correlated to the
structure of mPEO-b-PCL in some respects, as the only differ-
ence was the aliphatic chain length between the ester bonds in
the repeating units. In the context of mPEO-b-PCL assemblies,
several architectures were described in the literature, depending
on the hydrophobic/hydrophilic ratio.?>*] Note that if the sol-
vent switch is fast during NP preparation, block copolymers tend
to form spherical structures instead of cylindrical or planar ones
because this is the fastest way to reduce the interfacial area.’”®!
This is in line with the cryo-TEM investigations that revealed that
all of the samples inspected were found to largely be spherical
polymeric nanoparticles (Figure 3A) with diameters in mutual
agreement with those found by DLS, SLS, and AF4 (Table 2).

The DLS distribution functions (Figure 3B) are portrayed as rel-
atively narrow peaks, with diameters ranging from =40-110 nm

Table 2. Characterization of nanoparticles.

depending on the block lengths. To verify these findings, we per-
formed additional AF4 experiments that provided the actual sizes
and molecular weights. These values are in mutual agreement
with those obtained by DLS or SLS. It should be noted, however,
that light scattering techniques usually overestimate the size of
particles.B%40l Tn addition, the samples for the AF4 measure-
ments were filtered through large-pore polyvinylidene fluoride
filters (0.8 pm), as AF4 is not as sensitive to dust as conventional
light scattering techniques. Thus, any influence of filtration on
the size distribution of the nanoparticles can be excluded.

The DLS and AF4 results together with the cryo-TEM inves-
tigations allowed for us to obtain insight into the structure of
the NPs. In the literature,3%*142) mPEO-b-PCL-based assem-
blies are often stated to be micelles. The AF4-estimated mole-
cular weight values (Table 2), however, indicate that =400-9000
polymer chains comprise one nanoparticle. Micelles, in con-
trast, contain =10-100 polymer chains.*3!

The apparent structural density (p) of the particles was calcu-
lated as an equivalent average density from the average of the

Sample DRS3) [nm] pDJ?) DS DES ) [nm] MES®) [kDa]  p™59 [gmL] DA [nm) MEFD) [kDa] A9 [g mL ] NAFA d)
B1 109 0.113 91 14 900 0.029 77 101 400 0.324 9050
B2 41 0.188 40 5800 0.134 26 8160 0.690 710
B3 71 0.166 120 13 800 0.012 85 24 700 0.060 1110
B4 36 0.109 48 1000 0.013 47 4180 0.060 420
B5 Al 0.1Mm 170 38100 0.011 103 66 700 0.091 2510

AThe Z-average of the hydrodynamic diameter Dy, and polydispersity index PDI; ®)The molecular weight My and the Z-average of the diameter of gyration Dg; 9The
apparent structural density was calculated from the equation p = 6M,,/aN,D? considering a spherical shape (D = 1.29-D¢); 9The aggregation number is the quotient of the

My of the particles (AF4) and the My, of the polymer (SEC).
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molecular weight M, using the model of a sphere with a diam-
eter of D = 1.29 Dg; therefore, p = 6M,,/TN,D>. On average, the
density of the mPEO-b-(PCL-co-P4HB) nanoparticles was three
times lower than the density of the mPEO-b-PCL nanoparticles.
Given this finding, we hypothesized that the 4HB-possessing
NPs were less dense due to their irregular structure (two
repeating units) within the hydrophobic core. This also means
that the core of the mPEO-b-(PCL-co-P4HB) nanoparticles was
less hydrophobic than that of the mPEO-b-PCL nanoparticles,
which may influence cargo encapsulation. However, this issue
was not addressed further.

One of the advantages of the AF4 method over conventional
light scattering methods or cryo-TEM is the capability of AF4 to
detect eventual nonassembled polymers in solution. The AF4
investigations revealed that no free nonassembled polymer was
found in any of the samples investigated in this work. This is
probably due to the favorably low estimated CAC values (i.e.,
9-15 pg mL™!) and supports the above-discussed fact that our
assemblies are not micelles, which are known to be in thermo-
dynamic equilibrium with unimers, but instead are probably
nanogel-like polymeric NPs.

The described complex characterization of NPs allowed for
us to fine-tune the nanoparticle parameters so that the particles
could be designed more precisely in the future according to the
particular application requirements.

3.4. "TH NMR-Assessed Degradation

The enzyme-catalyzed degradation of the NPs was investigated
using 'H NMR. The degradation was observed as a decrease
in the intensity of the proton signal of e-caprolactone units
in sample B1 and ée-caprolactone and y-butyrolactone units in
sample B3 during the experiment. Samples B1 and B3 were
chosen for this more detailed study due to the comparable sizes
of the blocks in these copolymers. For the quantitative charac-
terization of the enzymatic degradation of the PCL and PCL-co-
P4HB blocks, the time dependence of PCL and PCL-co-P4HB
consumption was calculated for the measured samples. The
integral intensity of the signal marked as “g” (Figure S9, Sup-
porting Information) was defined as 2 (there are two equivalent
protons) and used as an internal standard for monitoring deg-
radation in the NMR spectra. Subsequently, the integral inten-
sity of the signal “i + I” (Figure S9, Supporting Information)
was used to calculate the percentage of PCL and PCL-co-P4HB
blocks according to the relationship [(I;"/I5") x 100], where the
subscripts 0 and ¢ represent the time points during degradation
with t = 0 (i.e., before lipase addition) and t =t (i.e., after lipase
addition), respectively.

The results are shown in Figure S10 in the Supporting
Information. It is evident that sample B1 degraded faster than
sample B3. Figure S9 in the Supporting Information shows
the 'H NMR spectra of B3-based NPs that were measured in
deuterated PBS at 37 °C before (A) and after (B, C) lipase addi-
tion. The chemical structures and signal assignments are pre-
sented in the same figure. The comparison between the spectra
was recorded in a solvent suitable for all of the blocks (deuter-
ated chloroform, cf. Figure S6, Supporting Information) and
PBS (Figure S9, Supporting Information), showing that the
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broader signals obtained from the PCL-co-P4HB hydrophobic
block and the strong signals obtained from the hydrophilic
mPEO demonstrate the presence of core-shell formation in
the deuterated PBS system. These results demonstrate that the
PCL-co-P4HB protons were restricted in mobility in the mod-
erately hydrated solid-like core of the NPs, while the mPEO
blocks created a liquid-like shell. After the addition of lipase,
the intensity of the side methyl signals from the PCL-co-P4HB
monomer unit (“i +1” and “j, e” protons, see Figure S9, Sup-
porting Information) decreased, while the singlets related to
the “f + h” and “k” protons split and the mPEO signals (“a”,
“b”) remained unchanged. The second effect observed in this
spectrum was the appearance of new signals related to the
degradation products, which were identified as 6-hydroxyhexa-
noic acid and 4-hydroxybutanoic acid (Figure S9, Supporting
Information).

Additionally, due to the appearance of the signals at 4.1,
2.2, and 2.0 ppm in Figure S9 in the Supporting Information,
there was confirmation of an intermediate product during the
degradation appeared before final the products (6-hydroxyhexa-
noic acid and 4-hydroxybutyric acid). From the chemical shifts
of signals of this intermediate product, especially the peak at
4.1 ppm, which was shifted downfield to its respective signal
from the polymer (i +1 at 4.0 ppm), there was a high proba-
bility that this compound was a small cycle made from a small
amount of CL and BL units. To support these considerations,
one sample was chosen [or 'H 2D diffusion-ordered NMR spec-
troscopy experiments, which were measured before lipase addi-
tion (Figure S11, Supporting Information red spectrum) and
24 h after lipase addition (Figure S11, Supporting Information
blue spectrum). From those spectra it followed that the inter-
mediate product was still not fully degraded after this time and
had a slightly lower self-diffusion coefficient (higher molecular
weight) than that of the final products (6-hydroxyhexanoic acid).

The degradation process of the copolymer was confirmed by
SEC analysis. The products of degradation were collected in dif-
ferent times. As evident in Figure S15 in the Supporting Infor-
mation, the degradation of the copolymer was already signifi-
cant in the first hour of the action of the lipase.

3.5. Cytotoxicity Evaluation

To assess the biorelevant properties of the manufactured
NPs, their cytotoxicity and hemolytic activity were analyzed
in terms of their interactions with red blood cells (RBCs)
and their behavior in monocyte-macrophage cultures, as
these cells are one of the first contact partners after systemic
administration. In addition, the goal of this evaluation was
to answer the questions of whether our synthetized NPs are
safe and whether the biocompatibility of P4HB-based assem-
blies is affected when P4HB is introduced within the Food
and Drug Administration-approved mPEO-b-PCL copol-
ymer.*] The mPEO-b-PCL copolymer was found to possess
no or only minor toxic effects on the cell viability of different
cells, such as the murine monocyte-macrophage cell line Raw
264.7,127:28 zebrafish embryonic fibroblast cell line ZF4,[%]
human hepatocellular carcinoma cell line HepG2,[*>*] and
prostate cancer cell lines LNCaP and PC-3.[*]
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Figure 4. Viability of J774A.1 cells as detected by an MTT assay. M¢s were
incubated with different concentrations of the fabricated NPs for 24 h
and their viability was analyzed via measurement of the concentration of
metabolically produced formazan. The horizontal line in the panel indi-
cates the level at which, in terms of cell viability, the distinction between
cytotoxic (above) and noncytotoxic (below) was made.

First, we studied the effects of the prepared formulations
B1-B5 in terms of possible cytotoxicity by using the MTT
method after a 24 h incubation of J774A.1 M¢s with each
prepared nanoformulation. As evident in Figure 4, the cell
viability was influenced very little. The copolymer cytotoxicity
was nearly negligible at clinically relevant concentrations. In
the hemolytic study, none of the analyzed formulations (B1—
B5) induced hemolysis within the tested concentration range
(100-800 pg mL™1) after an 8 h incubation at 37 °C.

Not surprisingly, the use of nanomedicines bears the risk
of unwanted side effects.**! Hence, an important step in the
development of nanobead-based products is the assessment of
any safety risks. Considering this, our results demonstrate that
P4HB introduction within the copolymeric matrix did not affect
its acute biocompatibility with both J774A.1 cells and RBCs.

3.6. Uptake and Intracellular Degradation Study

Our research group strives to rationally design nanobead-based
interventions to benefit from the combination of the specific
properties of NPs and those of biocompatible and biodegrad-
able polymers in one self-assembled formulation allowing for
drug delivery. Given this background, one of the crucial studied
aspects was the question of whether the 4HB unit-possessing
NPs could be taken up by J774A.1 M¢s as a model cell type,
which is an important subject of drug delivery research. M¢s
are the main hosts of intracellular pathogens and, thus, are
pursued as a therapeutic target for the intracellular delivery of
antibiotics. In addition, M¢s have gained increasing interest
as a therapeutic target for cancer immunotherapy due to its
complex roles in the tumor microenvironment.*’]

The DACCA-labeled copolymers were visualized inside the
J774A.1 cells using CLSM after an incubation time of 40 min.
The microscopy study showed that all of the formulations
tested, i.e., mPEO-b-PCL and mPEO-b-(PCL-co-P4HB), were
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successfully internalized in M¢s (Figure 5), suggesting that
such systems are usable as a logical strategy for effectively
killing intracellular microbes.*¥ Note that slight differences
between the intracellular distribution patterns were evident.
In other words, some of the samples revealed bright cytosolic
localization (e.g., B4) compared to the vesicle-localized samples
(e.g., B1). These findings seem to be in line with our previous
mPEO-b-PCl-focused study,”® which confirmed that control
of the NP physicochemical properties also allows for control of
their biorelevant behavior.

Given this, for a better view of the interactions between the
NPs and J774A.1 cells, a marker for low pH compartments
(i.e., presumably lysosomes) was applied to visualize the
colocalization of the NPs. The cells were incubated for 40 min
with DACCA-labeled NPs and LysoTracker Deep Red. These
experiments indicated that all of the NP samples tested (B1-B5)
were able to target acidic organelles (Figure 6), which was also
proven by the analysis in terms of the PDM images and PCC
value calculations. However, the DACCA-labeled nanoparticle
colocalization with lysosomes was not found to be exclusive,
as suggested by the PCC values found (0.43-0.59, Figure 6).
As mentioned above, Pearson correlation analysis generates
values ranging from —1 to 1, where a value of 1 suggests full
colocalization. In other words, these results suggest that the
nanocarriers are within low-pH compartments. It should be
noted that this finding seems to be in line with our previous
study.?7281 Ultrastructural analysis by TEM revealed that
mPEO-b-PCL nanoparticles can be found both within vesic-
ular structures and freely in the cytoplasm within Raw 264.7
macrophage-like cells.

To study the cellular internalization kinetics of the NPs
within J774A.1 M¢s, DACCA-labeled NPs (2 nmol mL™)
were added to M¢ monolayers and incubated for different
times. Subsequently, the cellular uptake was analyzed using
flow cytometry (Figure 7A). All of the obtained cell-associ-
ated fluorescence data were normalized to the maximum
fluorescence values to ensure the comparability of the results
determined from samples with variable total cell fluorescence
intensities.[?l

As shown in Figure 7A, the fabricated NPs were successfully
taken up by J774A.1 cells, and the cell-associated fluorescence
intensity increased as the incubation time increased for all of
the samples tested. A maximum cell fluorescence intensity
was reached after 60-100 min of incubation (Figure 7A); the
data were normalized to the plateau-corresponding values of
fluorescence, individually. Subsequently, internalization half-
time values (Figure 7A) were calculated based on the inter-
nalization time course by curve-fitting of the data using the
following equation*!

F(t):FO+(Fplateau_F0)(1_eitk) (2)

where F(t) is the cell fluorescence signal at time t, Fy and
Fylateau are the initial fluorescence signal and the maximum
signal, respectively, and k is the internalization rate constant.
The half-time of internalization (7;),) was calculated as the ratio
of In 2 and k.

The cellular uptake of nanobeads, in general, depends

on several factors, such as the size, charge, shape, and
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NPs-DACCA CellMask

Figure 5. Study of DACCA-labeled NP uptake by J774A.1 cells. Fluorescence and differential interference contrast (DIC) images of J774A.1 cells are
shown 40 min after the addition of DACCA-labeled NPs (2.8 nmol mL™", blue fluorescence). The plasma membrane-related CellMask Deep Red signal
is pseudocolored in yellow. Scale bars: 20 um.
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Figure 6. Study of DACCA-labeled NP localization within J774A.1 cells. CLSM images of |774A.1 M¢s 40 min after the addition of DACCA-labeled NPs
(2.8 nmol mL™") and LysoTracker. The analysis of colocalization was allowed by both the product of the differences from the mean (PDM) images
and Pearson correlation coefficient (PCC) values. The PDM images are pseudocolored; each pixel is equal to the PDM value at that location and a
PDM scale bar was inserted. The orange color indicates colocalized pixels and the blue color suggests segregation. Scale bars: 20 um. DIC denotes

differential interference contrast.

hydrophilic/hydrophobic ratio of the NPs.[*>5% Not surprisingly,
the resulting uptake kinetics are then based on a combination
of such parameters. Thus, a group of nanocarriers possessing
several different variable properties makes interpretation of
the kinetic results harder.”®! Despite this fact, the kinetics
study carried out revealed a phenomenon worth mentioning;
it was found that the P4HB-free mPEQ,5-b-PCLg;-based sample
Bl exhibited a considerably high internalization 7, value
(=54 min) compared to that of the rest of the samples analyzed.

Macromol. Biosci. 2020, 1900408
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Notably, the mPEQ,5-b-(PCLss-co-P4HB1o) copolymer (B3)
exhibited an internalization 7, of =9.5 min, even when
having the same hydrophilic/hydrophobic ratio as that of Bl
as well as the same molecular weight. This may be due to
the change in crystallinity and/or NP size, one of the main
physicochemical aspects that influence cellular uptake. This
finding suggests that the introduction of P4HB can strongly
affect the biorelevant properties of such nanobead-based inter-
ventions. Such a hypothesis, however, must be investigated in

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MacromoleculanPS



ADVANCED

Macromolecula]r)3
Bioscience

SCIENCE NEWS

www.advancedsciencenews.com

>

www.mbs-journal.de

8 150

5 B1 B2 B3 B4 B5

2 Half-time 53.9 min Half-time 5.7 min Half-time 9.5 min Half-time 18.3 min Half-time 12.2 min

(O]

- 1004 . 4 . 8

=}

=

®

N a0 1 1 | |

©

g 0! R20993 R20998 R20908 R20991 R20962

z 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min) Time (min) Time (min) Time (min)

B

8

e 150787 B2 B3 B4 B

§ Half-time 15.8 min Half-time 9.0 min Half-time 6.6 min Half-time 11.1 min Half-time 5.5 min

)

= 9009 1 g 7 L

=

®

N B 1 ] [ ]

©

g fe—— R20977 A R20994 A R20994 T R10933 , R20967

z 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

Time (min)

Time (min) Time (min)

Figure 7. Study of DACCA-labeled NP fate. A) Time course of cell-associated fluorescence after the addition of 2 nmol mL™' DACCA-labeled formula-
tions. The data were normalized to the maximum fluorescence values (i.e., the plateau values reached). B) Time course of NP degradation observed
after the monolayers were incubated with 2 nmol mL~' DACCA-labeled formulations for 60 min. Both half-time and R squared values are shown. Note
that B exhibited different internalization as well as degradation kinetics compared to those of formulation B3, even when having the same hydrophilic/

hydrophobic ratio as well as the same molecular weight.

more detail to come to any specific conclusions in terms of
this phenomenon.

As mentioned above, a plateau in the cell-associated fluo-
rescence was reached after 60-100 min of incubation with the
DACCA-labeled formulations. Subsequently, a decrease in the cell-
associated fluorescence values was observed (data not shown), as
the enzymatic degradation of the DACCA-labeled matrix leads to
quenching of its fluorescence.”’l Hence, to study the intracellular
degradation kinetics, DACCA-labeled NPs (2 nmol mL™) were
added to M¢ monolayers and incubated for 60 min for each of
the formulations tested. Subsequently, the cells were washed with
PBS (i.e., time 0) and analyzed using flow cytometry at different
time points (Figure 7B). The degradation rate constant values
were determined by fitting the data to a single exponential decay
model. The halftime of degradation was calculated as the ratio of
In 2 and the degradation rate constant.

In our recent study,?®! we suggested that there is a relation-
ship between the lysosomal localization of a nanocarrier and
its degradation kinetics in vitro. In other words, mPEO-b-PCL-
based NPs with cytosolic localization within Raw 264.7 M¢s
exhibited slow intracellular degradation, and, vice versa, fast
intracellular degradation was observed in the case of NPs
colocalized with lysosomes, i.e., lipase-rich compartments.!
It is evident from Figure 7B that all of the nanoformulations
analyzed (i.e., B1, B2, B3, B4, and B5) revealed similar degra-
dation patterns, probably because all of the samples exhibited
similar colocalization within low-pH compartments. Similar
to the uptake kinetics study, the P4HB-free sample B1 was the
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most distinct, as it revealed the slowest degradation rate (7;, of
=16 min), which also suggests that the introduction of P4HB
seems to be able to tune the biorelevant properties of the NPs.
Similar to our recent study,?®! the flow cytometry results were
not in line with the above-described 'M NMR degradation
study. This is probably because the 'H NMR study was car-
ried out in PBS only (i.e., without the presence of FBS or cell
proteins), as protein-NP interactions play a crucial role in the
biorelevant behavior. For the same reason, the flow cytometry
results may be deemed to be more relevant, because they reflect
interactions in biorelevant environments (i.e., in the presence
of serum and intracellular proteins).

It is worth mentioning that enzymatic degradability suggests
favorable behavior in vivo, as it can be assumed that the mPEO-
b-(PCL-co-P4HB) copolymers undergo degradation to mPEO,
6-hydroxyhexanoic acid (the degradation product of PCL) and
4-hydroxybutyric acid. Both mPEO,, (2000 Da) and mPEO;;
(5000 Da) do not exceed the threshold for the renal filtration
of polymers 30-50 kDa.’?l The biocompatible 6-hydroxyhexa-
noic acid is converted to adipic acid by w-oxidation in the
endoplasmic reticulum of liver and kidney cells in vivo. Adipic
acid is then metabolized by f-oxidation and the Krebs cycle
to carbon dioxide and water.’3 Similarly, 4-hydroxybutyric
acid is a ubiquitous molecule in vivo, derived both endog-
enously and exogenously and is catabolized by processes
including B-oxidation to acetyl-CoA and glycolate, o-oxidation
to 3-hydroxypropionate-CoA and formate, and cleavage of C-4
to yield 3-hydroxypropionate and carbon dioxide.l*!
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4. Conclusions

The aim of this work was to describe, fundamentally charac-
terize, and perform biorelevant analyses of biocompatible and
biodegradable nanocarriers based on mPEO-b-(PCL-co-P4HB),
where the yBL introduction would hopefully serve as a biorele-
vant behavior-controlling mechanism.

First, it has been shown that the copolymer composition of
PCL-co-P4HB can be tuned not only by the feed ratio of the
monomers but also by choosing a feasible catalyst. The dif-
ference in yBL incorporation was demonstrated when anionic
or cationic catalysts were employed. A notable increase in
incorporation was observed when anionic catalysis in a non-
polar environment were employed. The content of incorpo-
rated YBL was =30% when TBD was used as a catalyst of the
copolymerization in toluene.

Additionally, we studied the biorelevant properties of P4HB-
based nanocarriers. Their biocompatibility, cellular uptake,
and degradation were evaluated. By combining flow cytom-
etry and CLSM, we demonstrated that these nanocarriers can
be internalized by macrophage-like cells in which the NPs
underwent intracellular degradation. The influence of the pres-
ence of the yBL units on the biological behavior was observed.
This method enabled control over the rate of degradation so
that when the content of y-butyrolactone increased, the rate of
degradation increased.

Given our findings, this study provides a generalizable
strategy for the future improvement of polyester nanobead-
based interventions in application fields where fine-tuned
properties are needed.
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Hypothesis: Poly(vinyl alcohol)-g-poly(methyl methacrylate) (PVA-g-PMMA) amphiphilic copolymers
self-assemble to form multi-micellar colloidal systems.
Experiments: A PVA-g-PMMA copolymer containing 16-17% w/w of PMMA was synthesized by the free
radical graft polymerization of methyl methacrylate on a PVA backbone by utilizing cerium(IV) ammo-
nium nitrate as initiator and tetramethylethylenediamine (TEMED) as initiation activator. The aggrega-
tion behavior of the copolymer in water was comprehensively characterized by dynamic light
scattering (DLS) and static light scattering (SLS), small angle neutron scattering (SANS), asymmetrical
flow field-flow fractionation (A4F) and transmission electron microscopy (TEM). The colloidal stability
before and after non-covalent crosslinking of PVA domains with boric acid was assessed by DLS.
Finally, nanoparticles were nano spray-dried.
Findings: This copolymer self-assembles in water to form a complex nanostructure of low aggregation
number particles (ca. 12-15 nm in diameter) that aggregate into larger ones with size ca. 60-80 nm,
as determined by SANS and TEM. In addition, boric acid-crosslinking preserves the nanoparticle size,
while conferring full physical stability under extreme dilution conditions. Nano spray-drying consoli-
dates the crossinking and enables the production of a dry flowing powder that upon re-dispersion in
water regenerates the nanoparticles without major size changes.
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1. Introduction

Amphiphilic polymeric nanoparticles are colloidal systems
formed by the self-aggregation of amphiphilic polymers above a
critical concentration or temperature and based on their molecular
structure and architecture, the array of hydrophilic and hydropho-
bic domains can vary [1,2]. For example, polymeric micelles
display a well-defined core-corona structure [3,4], while polymer-
somes are vesicular nanoparticles with an aqueous core enclosed
by a polymeric bilayer [5]. Owing to a great chemical versatility,
polymeric micelles became one of the most valuable colloidal plat-
forms for the encapsulation, delivery and targeting of lipophilic
drugs [6]. Sosnik and coworkers pioneered the use of polymeric
micelles in oral and other mucosal drug delivery strategies [7-9].
However, to enhance their interaction with mucus, features such
as size, colloidal stability, and surface chemistry need to be prop-
erly tailored [10]. In addition, the encapsulation capacity is not
only governed by the properties of the polymeric micelle and the
same nanoparticle can display from excellent to very poor
performance, depending on the structure, the lipophilicity and
the functional groups of the cargo and the encapsulation method.

We recently engineered a type of amphiphilic colloidal drug
delivery system that combines novel molecular architectures with
improved physical stability by using mild selective chemical path-
ways [11,12]. The general synthetic rationale relies on the modifi-
cation of the side-chain of a multifunctional hydrophilic polymeric
backbone by graft polymerization of hydrophobic blocks to confer
self-assembly properties. Then, non-covalent crosslinking of the
hydrophilic domains is performed to prevent disassembly upon
extreme dilution conditions in the biological medium and interac-
tion with proteins. The feasibility of this strategy was for example
demonstrated by the hydrophobization of the polysaccharide chi-
tosan and the polyol poly(vinyl alcohol) (PVA) with thermo-
responsive poly(N-isopropylacrylamide) (PNiPAAm) blocks and
crosslinking with tripolyphosphate and boric acid, respectively
[11,12]. The produced colloids show hydrodynamic diameter in
the 150-400 nm range and good mucoadhesion in vitro [11,12].
After confirming their good cell compatibility, the ability of
chitosan-made nanoparticles to cross mucosal barriers in vitro
was also confirmed [13,14]. PVA is a very appealing biomaterial
for the design of drug delivery systems because it is mucoadhesive,
displays good cell and biocompatibility (e.g., in tissue engineering
applications) and has been approved in different pharmaceutical
products for administration by various routes [15-17].

On one hand, self-assembly of graft copolymers could be
adjusted by controlling the weight ratio of the hydrophilic and
hydrophobic components, their length and density and the intrin-
sic hydrophobicity of the tethered side-chains [18,19]. On the
other, as opposed to linear block copolymers, their aggregation
behavior is of more difficult prediction because of changes in the
flexibility of the polymer backbone and steric constraints of
hydrophobic segments of variable length and grafting density
[20,21].

Herein, we report on the synthesis and the aggregation of an
amphiphilic graft copolymer composed of PVA and poly(methyl
methacrylate) (PMMA). Upon self-assembly in aqueous medium,
the copolymer forms amphiphilic nanoparticles with a complex
nanostructure characterized by the association of low aggregation
number particles into larger ones, as determined by small-angle
neutron scattering (SANS) and transmission electron microscopy
(TEM). Crosslinking of PVA domains with boric acid preserves the
nanoparticle size, while conferring physical stability under
extreme dilution. Furthermore, nano spray-drying enables the pro-
duction of dry flowing powders and consolidates the crosslinked

PVA network without any detrimental effect on the nanoparticle
size upon re-dispersion in water.

2. Experimental section
2.1. Materials

PVA (Mowiol® 4-88, weight-average molecular weight of
31,000 g/mol, 87-89% hydrolysis, Sigma-Aldrich, St. Louis, MO,
USA), cerium(IV) ammonium nitrate (CAN, Strem Chemicals, New-
buryport, MA, USA), tetramethylethylenediamine (99%, TEMED,
Alfa Aesar, Heysham, England), hydroquinone (Merck, Hohen-
brunn, Germany), nitric acid 70% (Bio-Lab, Jerusalem, Israel) and
boric acid (Bio-Lab) were used as received. Methylmethacrylate
(MMA) (99% purity, Alfa Aesar) was distilled under vacuum to
remove inhibitors before use. MilliQ water (18.2 MQ.cm at RT)
was obtained from a Barnstead Smart2Pure 12L UV/UF water
purification system (Thermo Electron LED GmbH, Niederelbert,
Germany).

2.2. Synthesis of PVA-g-PMMA copolymer

PVA (0.4 g) was dissolved in distilled water (100 mL) at room
temperature (RT) under gentle magnetic stirring. TEMED
(0.18 mL) and nitric acid 70% (0.45 mL) were diluted in distilled
water (50 mL) as well. The two solutions were degassed in two
separate containers using an ultrasonic bath (Elmasonic S30, Elma
Schmidbauer GmbH, Singen, Germany) at RT (30 min), mixed and
purged with N, (30 min) at RT under magnetic stirring. At this
stage, the original 70% w/w nitric acid (0.45 mL) undergoes a
1:333 dilution (0.45 mL of nitric acid in a total of 150 mL of aque-
ous medium) to a concentration of 0.21% w/w. Then, distilled MMA
(0.133 g) was dispersed in degassed water (48 mL) and injected
into the solution containing PVA, TEMED and nitric acid utilizing
a syringe through a septum. The reaction mixture was heated to
35°C and CAN (0.66 g) dissolved in degassed water (2 mL) was
added to the reaction mixture. The final nitric acid concentration
during the free radical graft polymerization was 0.16% w/w. The
reaction was continued for 2 h at 35 °C and then, quenched with
hydroquinone dissolved in water. The crude aqueous solution
was dialyzed against water for three days with frequent water
exchanges (regenerated cellulose dialysis membranes, MWCO of
12-14 kDa, Spectra/Por® 4 Dialysis Membrane; Spectrum Chemical
MFG, New Brunswick, NJ, USA), frozen in liquid N, and freeze-dried
(Labconco Free Zone 4.5 plus L Benchtop Freeze Dry System, Lab-
conco, Kansas City, MO, USA). The copolymer prepared under these
conditions contained 16-17% w/w of PMMA (average of at least
five reactions), as quantified by proton-nuclear magnetic reso-
nance ('H NMR, see below). A blank reaction was carried out fol-
lowing the same procedure with the exception that MMA was
not added to the reaction mixture. This product is referred as
CAN-treated PVA.

2.3. Characterization of the copolymer

2.3.1. Proton- and Carbon-Nuclear magnetic resonance spectroscopy

'H NMR and 3C NMR spectra of pure PVA, CAN-treated PVA and
the PVA-g-PMMA copolymer were acquired in a 400-MHz Bruker®
Avance III high Resolution spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) and Spinworks 4.0 software (University
of Manitoba, MB, Canada) using 5% w/v solutions in DMSO ds as
solvent (Cambridge Isotope Laboratories, Andover, MA, USA). The
DMSO signal (at 2.5 and 39.5 ppm for 'H- and ">C NMR, respec-
tively) was used as internal standard. The PMMA weight content
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in the graft copolymer (¥PMMA) was determined using a calibra-
tion curve built by integrating the characteristics 'H NMR peaks
of each component in PVA:PMMA physical mixtures containing
growing weight ratios (1:2, 1:1, 2:1, 3:1, 4:1, 5:1 and 6:1)
(Fig. S1). The ratio between the integration of the peak of —OCHj3
groups of PMMA at 3.6 ppm and the signal of —CH— of PVA at
3.9 ppm for the copolymer was interpolated in the calibration
curve and the percentage of grafting (%Grafting) was calculated
from Eq. (1)

%Grafting = %PMMA/(100 — %PMMA) x 100 (1)

2.3.2. Fourier Transform Infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectra of pure
PVA, CAN-treated PVA and the PVA-g-PMMA copolymer were
recorded using an Equinox 55 spectrometer (Bruker Optics, Inc.,
Ettlingen, Germany) from 4000 to 500 cm~' (32-64 scans with a
resolution of 4cm™') at RT using KBr (Merck KGaA, Darmstadt,
Germany) disks produced under pressure. The KBr:sample weight
ratio was 3:0.01. Spectra were obtained with Bruker OPUS 6.5
spectrum software (Bruker Optics, Inc.).

2.3.3. Gel permeation chromatography

The number-average molecular weight (M,), weight-average
molecular weight (M,,), and dispersity D (M,y/M,) of pure PVA,
CAN-treated PVA and the PVA-g-PMMA copolymer was analyzed
by gel permeation chromatography (GPC) using a Deltachrom
pump (Watrex Ltd., Prague, Czechia), Midas Spark autosampler
(DataApex Ltd., Prague, Czechia) and Reprosil SEC 4000
(30 x 0.8 cm, pore size 45 nm, Dr. Maisch GmbH, Ammerbuch-
Entringen, Germany). Two detectors were used, namely multiangle
light scattering (MALS) DAWN EOS and refractive index (RI) both of
Wyatt Technology Corp. (Santa Barbara, CA, USA). DMSO (supple-
mented with 0.1% LiBr, Sigma-Aldrich) was used as the mobile
phase and the injection volume was 0.1 mL. GPC separations were
performed at a mobile phase flow rate of 0.12 mL/min. Refractive
index increment dn/dc values were measured using a BI-DNDCW
differential refractometer (Brookhaven Instrument Corp., Holts-
ville, NY, USA). The dn/dc value was obtained using calibration
solutions of KCI (0.5-5 mg/mL).

2.3.4. Critical aggregation concentration

The critical aggregation concentration (CAC) of the PVA-g-
PMMA copolymer was determined at 25 and 37 °C utilizing
dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instru-
ments, Malvern, UK) with 4Mw He-Ne laser (A = 633 nm), digital
correlator ZEN3600 and Non-Invasive Back Scatter (NIBS®) tech-
nology at scattering angle of 173° to the incident beam and data
analyzed using CONTIN algorithms (Malvern Instruments). For
this, a stock solution (10 mg/mL) of the copolymer was diluted in
water under magnetic stirring at room temperature to obtain a ser-
ies of solutions ranging from 0.001 to 5 mg/mL. Then, samples
were incubated at the corresponding temperature for 12 h and
analyzed by DLS. Data of each dilution was the result of six runs
and in each run eleven repetitions. The intensity of the scattered
light (expressed in kilo counts per second, kcps) was plotted as a
function of the concentration and the CAC established as the inter-
section between the two straight lines and expressed in mg/mL.

2.4. Production and crosslinking of PVA-g-PMMA nanoparticles

The PVA-g-PMMA copolymer was solubilized in distilled water
(0.8 mg/mL) and left at room temperature for 12 h to allow the
self-assembly. For physical stabilization, PVA domains in the
amphiphilic nanoparticle were crosslinked with boric acid. For this,
boric acid solution (4 pL, 50 mg/mL) was added to the nanoparticle

dispersion (1 mL) and the solution incubated at room temperature
for 12 h. To conduct SANS (see below) analysis, samples were pre-
pared as mentioned above at a concentration of 5 mg/mL in deu-
terium oxide (D,0O, Sigma-Aldrich Ltd., Prague, Czechia). The
nanoparticle preparation was carried out with or without filtration
through a Chromafil® PVDF syringe filter (0.22 um, Macherey-
Nagel GmbH & Co. KG, Diiren, Germany), as referred in the
Section 3.

2.5. Nanoparticle characterization

2.5.1. Light scattering

The size (hydrodynamic diameter, D) and size distribution
(polydispersity index, PDI) of the nanoparticles before and after
crosslinking was characterized by DLS, static light scattering
(SLS) and electrophoretic light scattering (ELS), at 25 °C. Initially,
samples were characterized by means of DLS and SLS in an ALV-
6010 instrument (ALV-GmbH, Langen, Germany) with a 22 mW
He-Ne laser in the angular range 30-150°. The relaxation time
(7) values-providing algorithm REPES [22]| were used for the corre-
lation functions obtained analysis. The hydrodynamic diameter
(Dy,) values were obtained from the Stokes-Einstein Eq. (2)

kT
- Sbn @)

where T is absolute temperature, 7 is the viscosity of the solvent
and kg is the Boltzmann constant [23]. SLS data were analyzed using
the Zimm Eq. (3)

Ke 1 Dig

R@ ~ My 12M™ ®)
where K is an optical constant, c is the concentration of the copoly-
mer, R(q) is the Rayleigh ratio of the scattering intensity, q is the
scattering vector defined as g =(47nn/A)sin(0/2), n is the refractive
index of the solvent, 0 is the scattering angle, 2 is the wavelength
in vacuum, M,,N** is the weight-average molar mass of the particles,
and D, is the diameter of gyration. The refractive index increment
dn/dc was measured as mentioned below. The aggregation number
(Nagg) of the nanoparticles was calculated according to Eq. (4)

MNPS
Nagg = I\/‘INW ) (4)

where M,, is the GPC-measured molecular weight of the copolymer
and M, NS is the molecular weight of the nanoparticles, as deter-
mined by SLS.

The colloidal stability of the nanoparticles was assessed also by
DLS (see above) at a sample concentration of 0.8 mg/mL and 25 °C.
Data were analyzed using the Zetasizer Software (7.10, Malvern
Instruments). For data representation, the mean positions of the
peaks within the intensity-Dy, distributions were used. In addition,
PVA-g-PMMA nanoparticles (0.8 mg/mL) were crosslinked with
boric acid as described above, incubated overnight at RT, diluted
to final concentration of 0.08 mg/mL, which is below the measured
CAC, and incubated at the same temperature for one more week.
After one week, samples were reanalyzed by DLS. Then, a new dilu-
tion to a final concentration of 0.008 mg/mL was carried out and
the size was monitored by DLS over five more weeks and compared
to the size measured immediately after preparation. A non-
crosslinked sample was used as control. Zeta-potential ({, mV)
measurements were carried out using the same instrument. Each
measurement was carried out in triplicate and each value obtained
is expressed as mean + S.D.



P4

H.M. Halamish et al. /Journal of Colloid and Interface Science 553 (2019) 512-523 515

2.5.2. Asymmetric flow field-flow fractionation

AF4 experiments were carried out on an Eclipse 3+ Separation
System (Wyatt Technology Europe, Dernbach, Germany) coupled
with a 1260 Infinity isocratic pump and 1260 Infinity degasser
(Agilent Technologies), MALS detector DAWN HELEOS II equipped
with a 120 mW gallium-arsenide laser at a wavelength of
661 nm (Wyatt Technology), and RI detector RI-101 (Shodex,
Munich, Germany). Samples were fractionated in a 275 mm long
channel assembled with 490 um spacer and 5 kDa cut-off regener-
ated cellulose membrane. Deionized water filtered through 0.2 um
membrane filter was used as a carrier liquid. Collection and pro-
cessing of data were carried out by using Astra 6 software (version
6.1.7.17, Wyatt Technology).

Non-crosslinked PVA-g-PMMA and boric acid-crosslinked PVA-
g-PMMA nanoparticles were analyzed using the procedure
described below. One hundred microliters of the sample diluted
to 0.1 mg/mL was manually injected at a flow rate of 0.2 mL/min
through a Rheodyne 7725(i) injection valve (Rheodyne, Rohnert
Park, CA, USA). The sample was focused for 5 min at the crossflow
of 3.0 mL/min. After focusation, the system was switched to elution
mode and the sample was fractionated under a constant crossflow
of 3.0 mL/min (5 min) followed by linear decrease to 0.1 mL/min
during 5 min and constant crossflow of 0.1 mL/min for 20 min.
Then, the crossflow was turned off and the channel flushed
(10 min). A constant detector flow rate of 0.5 mL/min was main-
tained during the separation. The molar mass (M,,) and the R; were
calculated from the acquired data using the Zimm Equation (see
above). The refractive index increment dn/dc used in the calcula-
tions was 0.166 mL/g for both samples.

2.5.3. Small-angle neutron scattering

For SANS analysis, the wavelength resolution (AL/A) was 10%. A
pin-hole geometry with an input collimator of 8.0 or 18.4 mm
diameter and a circular 7 mm sample aperture was used to define
the beam divergence. Three independent measurements were con-
ducted for each complete scattering curve, using wavelength-
distance combinations of 5.1A/1.0m, 5.1A/34m, and
10.2 A/3.4 m. This resulted in a g-range for the experiment of
0.006-0.35 A~!, where q = (4r/A)sin(6/2). Specimens were poured
into quartz cuvettes with 2 mm path length (Starna Scientific
Ltd., Essex, UK). These were mounted in a copper-base for good
thermal contact with the temperature-controlled sample stage.
The temperature was maintained to within 0.1 °C at each target
temperature. D,0 was used as solvent to have good contrast and
low background. Prior to analysis, raw data were properly reduced
by incorporating results collected from the empty cell and the
blocked-beam background, and taking into account also transmis-
sion corrections. Measurements were subsequently normalized to
the beam monitor of the incoming beam, hence accounting for pos-
sible variations in the incoming flux. As a last step, data were trans-
formed to absolute scale (coherent differential cross section (dX/
dQ) in units of cm™!), via open beam measurements, and radially
averaged to produce the final scattering profile.

For the case of a spherical particle model, the SANS model curve
can generally be represented by Eq. (5)

I(a) = (Ap)V2P(@)S(a), 5)

where P(q) is the particle form factor and S(q) is the particle struc-
ture factor, V,, is the particle volume, N/V is the number of particles
per volume unit V and Ap is the difference in scattering length den-
sity (SLD) between the particle and the surrounding solvent (scat-
tering contrast). Due to the low concentration used in these
measurements, one can assume non-interacting particles, for which
case S(q)=1. Eq. (6) gives the form factor P(q) for homogenous
spherical objects with a radius R

2

P(q) = | — {sin (R) — qReos(aR)} ®)
(aR)

The SLD values of PMMA, PVA and D,0 are 1.07 x 1076 [24],
0.72 x 107° [25] and 6.36 x 107% A~2, respectively.

Given the TEM results (see below), we also utilized the Beauc-
age model that describes entities with different characteristic sizes
that coexist in the same sample. This model was found to give a
good representation of several systems that are based on individ-
ual particles with a certain polydispersity that cluster together into
larger structures with varying overall characteristic radii [26,27].
As evident from Eq. (7), the basic version of this function (1-
level) is the combination of a Guinier term describing a character-
istic size Rg plus a power-law term describing the scattering of the
tail of the pattern (G and B give the overall scaling of the intensity
for each of these two terms).

—g*R? 3 o
I(q) = Gexp —% g) +B{[erf(q—fg>} /q} 7)

where o is a power law exponent and “erf” is the standard error
function.

2.5.4. Transmission electron microscopy

The shape and nanostructure of the colloidal system were visu-
alized using a TEM microscope Tecnai G2 Spirit Twin 12 (FEI, Brno,
Czechia) under bright-field imaging mode at an accelerating volt-
age value of 120 kV. Samples for TEM imaging were prepared as
follows. Each sample to be tested was dropped (4 puL, 0.8 mg/mL)
onto a microscopic Cu TEM grid (300 mesh) coated with a thin
and electron-transparent carbon film. The sample excess was
removed using a filter paper (fast drying method) after 15 min.
This was performed to minimize oversaturation during the drying
process [28]. After this, samples were negatively stained with a
solution of uranyl acetate (2% w/v, Electron Microscopy Sciences,
Hatfield, PA, USA). For this, the solution was dropped onto the
dried grid and removed as mentioned before and the sample was
finally allowed to dry at RT. In order to confirm the TEM-
observed morphology and rule out possible artifacts during sample
preparation, one chosen sample was additionally inspected by uti-
lizing cryogenic-TEM (cryo-TEM). For this, 3 pL of the sample was
dropped onto a grid covered with a holey carbon supporting film
(Electron Microscopy Sciences). The grid used was hydrophilized
immediately before the experiment by glow discharge (Expanded
Plasma Cleaner, Harrick Plasma, Ithaca, NY, USA). The solution
excess was removed using a piece of filter paper (blotting for
15s). Subsequently, the grid was plunged into liquid ethane
(=181 °C) and the vitrified sample was then transferred to a TEM
equipped with a cryo-holder using a cryo-transfer holder (Gatan
Inc., Pleasanton, CA, USA) and visualized at -173 °C (accelerating
voltage of 120 kV).

2.6. Spray-drying

A suspension of PVA-g-PMMA nanoparticles (1 mg/mL) was
spray-dried in a Nano Spray Dryer Biichi B-90 HP (Biichi Labortech-
nik AG, Flawil, Switzerland) using an open loop configuration that
is feasible for aqueous systems. After optimization of the process
conditions, we utilized 110 °C inlet temperature, 80% spraying,
30 mbar pressure, 112 kHz frequency, 90% feeding rate and
125 L/min airflow rate. Collected samples were characterized uti-
lizing high-resolution scanning electron microscopy (HR-SEM,
Zeiss Ultra-Plus FEG-SEM, Carl Zeiss NTS GmbH, Oberkochen, Ger-
many) equipped with energy dispersive spectroscopy (EDS, active
area of 80 mm?) and In-lens secondary electrons detectors with
an energy resolution of 127 eV Oxford Instruments, High Wycome,
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UK). Samples were prepared on carbon tape. Then, dry powders
were re-dispersed in the original volume of water and re-
characterized by DLS.

3. Results and discussion

Colloids have become valuable platforms to improve the biolog-
ical performance of drugs by different administration routes.
Among them, polymeric micelles are the most popular and clini-
cally relevant of the polymer-based ones [6]. However, a better
understanding of the self-assembly behavior of the polymeric
amphiphile and the nanostructure of the formed particle are cru-
cial to anticipate the drug encapsulation and release performance
and the interaction of the colloidal system with the biological
milieu (e.g., mucosal tissues, cells). Regardless of the broad use of
comb-type amphiphilic copolymers in the production of particles,
the inner array of hydrophilic and hydrophobic blocks has not been
thoroughly investigated. A priori, the formation of more complex
nanostructures than in the case of linear or branched block copoly-
mers that upon aggregation usually result in well-defined core-
corona micelles could be anticipated. In this work, we investigated
the self-aggregation of an amphiphilic PVA-g-PMMA copolymer by
utilizing a set of powerful and complementary analytical
techniques.

3.1. Synthesis of the copolymer

Aiming to confer amphiphilic nature and self-assembly features
to a hydrophilic PVA backbone, we grafted PMMA blocks by the
free radical graft polymerization in aqueous medium using CAN
as initiator and TEMED as activator, at 35 °C for 2 h (Fig. 1).

The product purification was carried by dialysis in water and
freeze-dried and the synthesis yield was ~75%. PVA was selected
as hydrophilic template because it has been described as mucoad-
hesive through the formation of H bonds with mucin and it is an
approved pharmaceutical excipient with excellent biocompatibil-
ity. For instance, PVA has been categorized as “Generally Recog-
nized as Safe” (GRAS) by the US-Food and Drug Administration
(FDA) and thus, there are no major restrictions for oral administra-
tion [17,29]. Moreover, PVA forms very stable non-covalently
crosslinked gels with boric acid [30]. As opposed to the previously
reported PVA-g-PNiPAAm copolymers that become amphiphilic
and undergo aggregation only above the lower critical solution
concentration of PNiPAAm (30-35 °C) [12], in this work, we grafted
PMMA hydrophobic blocks because this polymer is not thermo-
responsive and we anticipated the formation of self-assembled
nanoparticles also at room temperature. Furthermore, PMMA has
been approved as pharmaceutical for oral drug delivery systems
[31,32] and in chronic biomedical implants and combination prod-
ucts such as intraocular lenses, bone cements fixation devices and
fillers and vertebrae stabilization in osteoporotic patients and their

M'F o

OH

PVA MMA

medicated versions [33-35]. Since previous studies demonstrated
the scission of the PVA backbone in the presence of CAN due to
the oxidation of diol units present along the polyol chain [36-
38], we also conducted a blank reaction that contained all the
reagents with the exception of MMA, and the product was purified
by dialysis and characterized by the same techniques utilized for
the characterization of the PVA-g-PMMA copolymer.

3.2. Copolymer characterization

Fig. 1A presents 'H NMR spectra of pure PVA, CAN-treated PVA
and the corresponding graft copolymer. PVA presents characteris-
tic peaks at 4.5, 3.9 and 3.2 ppm due to —OH pendant moieties,
and —CH— and —CH,— of the polymer backbone, respectively.
PVA exposed to a blank reaction without the addition of MMA
showed identical spectrum (Fig. 1A). As expected, PVA-g-PMMA
presented signals of both PVA and PMMA (—CH3 at 0.73 and
0.93 ppm and of —OCHj3 at 3.6 ppm) [14,39]. To confirm the graft-
ing of PMMA blocks to the PVA backbone, PVA, CAN-treated PVA
and the copolymer were also analyzed by '*C NMR. All the samples
showed two triplets of PVA at 45.3 and 65.9 ppm and peaks of poly
(vinyl acetate) at 21.0, 169.7 and 170.1 ppm. In addition, the
copolymer exhibited the appearance of new peaks of PMMA at
43.9 and 51.6 ppm that were absent in PVA (Fig. 1B). These findings
were in good agreement with previous reports [40]. In addition, the
PMMA content was 16-17% w/w (%Grafting of 120%), as calculated
by interpolating the integration ratio between the 'H NMR signals
at 3.9 and 3.6 ppm of PVA and PMMA, respectively, in a calibration
curve built using different PVA:MMA physical mixtures (Table S1,
Fig. S1).

The grafting of PMMA was confirmed by FTIR. The spectrum of
pure PVA and the counterpart exposed to a blank reaction pre-
sented characteristic peaks of O—H stretching at 3430 cm™' and
C—H stretching and bending of the methylene group at 2900 and
1450 cm™ !, respectively, and of C=0 stretching of carbonyl bond
of acetyl moieties 1725-1727 cm~! (Fig. 2C). It is noteworthy that
exposure PVA to the reaction conditions did not substantially affect
the relative intensity of the bands, suggesting that a major change
in the degree deacetylation did not take place. In PVA-g-PMMA, the
band of PMMA carbonyl shifted to 1734cm™! and its relative
intensity increased owing to its overlapping with the one belong-
ing to (=0 of PVA acetyl groups. In addition, the copolymer
showed a new band at 1200 cm~! of C—0—C stretching of —O—CH,
and the total disappearance of the peak of pure MMA at 1638 cm™!
(stretching of C=C), confirming that there was no residual mono-
mer in the final product (Fig. 2C) [14,39]. Finally, pure PVA, CAN-
treated PVA and the PVA-g-PMMA copolymer were also analyzed
by GPC using LiBr-supplemented DMSO as the mobile phase. Pure
PVA revealed M,, and M, of 23,000 and 20,000 g/mol (P of 1.15),
respectively, which is lower than the molecular weight reported
by the supplier (Table S1, Fig. 2D).

OH-

CAN, TEMED OH
—

R
“

PVA-g-MMA

Fig. 1. Synthetic pathway of the PVA-g-PMMA copolymer.
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Fig. 2. Characterization of pure PVA, CAN-treated PVA and the PVA-g-PMMA copolymer. (A) "H NMR spectra, (B) '>C NMR spectra, (C) FTIR spectra and (D) normalized GPC
chromatograms; MALS detector signals are shown. Note the sharp decrease of the PVA-g-PMMA retention times, indicating an increase of the M,,.

As mentioned above, PVA undergoes degradation in the pres-
ence of nitric acid and CAN owing to the presence of glycol moi-
eties along the polymer backbone [36-38]. In this context, we
carried out a blank reaction to assess the impact of the reactants
on PVA. In this case, a sharp increase in the retention time that
was associated to a decrease in the molecular weight was
observed; M,, and M, values being 6500 and 5900 g/mol (D of
1.10), respectively (Table S1, Fig. 2D). PMMA grafting led to molec-
ular weight recovery to M,, and M,, of 75,000 and 43,000 g/mol (P
of 1.74), respectively. These findings further supported the suc-
cessful synthesis of the PVA-g-PMMA copolymer. It is worth men-
tioning that according to 'H NMR analysis, the copolymer
contained 16-17% w/w of PMMA which would not explain the
increase in molecular weight found between CAN-treated PVA
and the copolymer in GPC analysis. These findings strongly suggest
that the addition of MMA to the reaction mixture may reduce the
extent of PVA degradation due to CAN or different measurement
deviations for polymers with substantial gap in molecular weight
when the molecular weight is obtained by light-scattering calcula-
tions in MALS. Remarkably, all the analyzed polymers displayed a
monomodal molecular weight distribution due to the efficient
purification by dialysis.

3.3. Self-assembly of PVA-g-PMMA copolymer

3.3.1. Critical aggregation concentration
The CAC estimated by DLS was 0.4 mg/mL at both 25 and 37 °C,
confirming that the temperature does not affect the aggregation

trend of this copolymer owing to the negligible thermo-
responsiveness of PMMA.

3.3.2. Nanoparticle preparation and crosslinking

One of the well-known “Achilles’ heels” of self-assembled col-
loids is their thermodynamic tendency to disassemble upon
uncontrolled and extreme dilution conditions to final concentra-
tions below the CAC [41,42]. Different synthetic pathways (e.g.,
covalent crosslinking) were attempted to physically stabilize them,
though many of them are not biodegradable and compromise the
drug encapsulation capacity or/and the chemical structure of the
cargo [41]. The use of mild and selective crosslinking methods that
can be conducted in the presence of the drug without altering its
structure appears as an appealing strategy to overcome this draw-
back [11,12,14,43].

It was previously shown that PVA undergoes crosslinking with
boric acid by a stoichiometric non-covalent mechanism and gener-
ates three possible complex structures [44,45]. The use of this
crosslinker to stabilize self-assembled PVA nanoparticles is a new
approach recently proposed by Moshe et al. [12]. Ideally, the
crosslinking should ensure maximum physical stability by intra-
nanoparticle complexation, while minimizing inter-nanoparticle
bridging. To note is that boric acid is a pharmaceutical excipient
that causes low acute oral toxicity, the lethal dose 50 in mouse
and rat being between 2200 and 4000 mg/kg of body weight
[46,47], which suggests the good biocompatibility of such a sys-
tem. In addition, boric acid eye drops (e.g., 1.9% w/v) are used as
mild antibiotic and antifungal and as absorption enhancer [48,49].
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Our nanoparticles were prepared by direct dissolution of the
PVA-g-PMMA copolymer in water above the experimental CAC,
0.4 mg/mL, and then we fine-tuned the conditions for boric acid
crosslinking and stabilization of the formed colloid. For this, differ-
ent volumes (3, 4 or 5 uL) of a boric acid solution in the 10-50 mg/
mL range were added to one mL of the nanoparticle suspension
(0.8 mg/mL). Subsequently, the samples were investigated in terms
of colloidal stability under different dilution extents by DLS.

When the nanoparticles were diluted 10 times (final concentra-
tion of 0.08 mg/mL, five times lower than the CAC), they remained
assembled and preserved the size, regardless of the crosslinking or
not, for at least one week (Table S2). Thus, we conducted a new
dilution to a final concentration of 0.008 mg/mL (50 times below
the CAC). Non-crosslinked nanoparticles began to disassemble only
after six weeks, which stresses the relatively high physical stability
of the nanoparticles even under these extreme conditions. These
findings also indicated that the disassembly kinetics of these
nanoparticles is very slow, most probably due to the formation of
very stable amorphous PMMA domains by means of hydrophobic
interactions that are in glassy state at RT [50]. According to these
results, these nanoparticles undergo disassembly only once they
are diluted far below the CAC and enough time is given. As antici-
pated, crosslinked nanoparticles remained assembled beyond the
time limit of the experiment and they could probably undergo dis-
assembly under even more extreme dilution conditions and at
longer time owing to the biodegradation of the non-covalently
crosslinked network [51]. Given these results, in advance, we
crosslinked the nanoparticles with 4-5 pL of boric acid (50 mg/
mL) per mL of colloidal dispersion.

A complementary analysis was performed by means of A4F, a
separation technique based on fractionation and independent
characterization of entities contained in the analyzed sample. Since
fractionation is done in the flow field that crosses the detector flow
and inevitably results in significant dilution of the sample, results
of A4F also reflect to a certain extent the physical stability of a self-
assembled colloid below the CAC. Another advantage of A4F is its
ability to monitor the content of unassembled (free) polymer in
the presence of assembled polymeric nanoparticles [52]. A4F
experiments revealed that more than 90% of the copolymer self-
assembled and formed nanoparticles, regardless of whether the
crosslinker was used or not. These findings evidenced that PVA-
g-PMMA colloids are stable even when subjected to A4F
separation-related dilution.

Volume weighted distributions of gyration diameter D, and
molar mass M,, of non-crosslinked and boric acid-crosslinked
PVA-g-PMMA samples are shown in Fig. S2. In both cases, distribu-
tions are bimodal with particle sizes covering the range from
approximately 60 up to 300 nm. The values of average molecular
weight M,, and z-average diameter of gyration D, calculated sepa-
rately for each mode are given in Table S3. In the case of the non-
crosslinked sample, the first population possesses D, of 114 nm
and molecular weight M,, of 1.2 x 10° g/mol, whereas in the case
of the second population, the Dg is 166 nm and the molecular
weight M,, is 40.6 x 10° g/mol. The boric acid-crosslinked sample
is characterized by D, of 120 nm and M, of 40.6 x 10° g/mol for
the first population that was juxtaposed with a population pos-
sessing Dy of 180 nm and M, of 53.7 x 10° g/mol. In addition,
A4F results showed that the crosslinking resulted in greater aggre-
gation numbers, most probably owing to the physical stabilization
of the nanoparticle.

In A4F measurements, potential dust particles and large aggre-
gates are removed by the separation process itself. Thus, thorough
filtration of the sample that is typical for conventional light scat-
tering methods such as DLS was not required; A4F results pre-
sented above are therefore for unfiltered samples. However, we
decided to characterize samples filtered through 0.22 pm filters

(see below) because this type of filtration is usually carried out
prior to nanoparticle analysis by light scattering techniques
[52,53]. Intriguingly, filtered samples revealed only one population
(see the results below), suggesting that the filtration step limited
the second population observed in A4F, even though that the size
of the second population does not exceed the pore size of the filter
membrane.

3.3.3. Light scattering

Using the optimized crosslinking protocol, PVA-g-PMMA
copolymer was assembled and crosslinked with boric acid. A
detailed physicochemical characterization was then carried by
DLS, SLS, ELS, TEM and SANS. For these measurements, we used
0.8 mg/mL samples, a concentration that is far above the CAC value
estimated by DLS.

Similarly as in the preliminary experiments, light scattering
analysis found that direct solubilization of the PVA-g-PMMA
copolymer in water leads to spontaneous self-association and the
formation of nanoparticles with an overall negative surface charge,
in line with results reported elsewhere [54,55]. For both non-
crosslinked and crosslinked colloidal systems, the DLS distribution
function is portrayed as a relatively narrow peak with a hydrody-
namic diameter ca. 70 nm (Fig. 3, Table 1) which, as described
below, was in good agreement with TEM analysis.

A slight increase in Dy, value (from 70 to 74 nm) was observed
when the sample was crosslinked, indicating a good control of
the process and that the crosslinking was mainly intra- and not
inter-micellar.

PDI values before and after crosslinking were <0.15, consistent
with a monomodal size distribution.

At the same line, SLS revealed D, of ca. 80 nm and showed that
crosslinking with boric acid leads to a slight increase in both M,,
and N,g,. The apparent structural density d of the particles was cal-
culated as an equivalent average density from the weight-average
of molecular weight M,, using the model of a sphere with the
diameter D, with no correction for polydispersity, as expressed

by Eq. (8)
GMNPS
T ANAD?

geom

, (8)

where Dgeom is the geometrical dimension (diameter) Dgeom = 1.29 «
Dg and N, is Avogadro’s constant.
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Fig. 3. Normalized intensity-weighted distribution functions of non-crosslinked

and boric acid (BA)-crosslinked PVA-g-PMMA nanoparticles, as measured by DLS.
The sample concentration is 0.8 mg/mL. Measurements were conducted at 25 °C.
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Table 1
Characterization of PVA-g-PMMA nanoparticles.
Nanoparticle Dy, (nm)? Dg (nm)” M,, (g/mol)° Nagg” d (g/cm?)° ¢ (mV)©
Non-crosslinked PVA-g-PMMA 70 7T 43 x10° 57 0.014 -14.6
Boric acid-crosslinked PVA-g-PMMA 74 78 4.4 x10° 63 0.014 -15.5

? Determined by DLS.
b Determined by SLS.
¢ Determined by ELS.

The density of the assemblies was found to be reasonably low
(0.014 g/cm® for both samples), suggesting that PVA-g-PMMA
nanoparticles are most probably porous and water-swollen. The
D,/Dy, ratio can be used as a measure of the distribution of the
material through the particle. When PVA-g-PMMA nanoparticles
were crosslinked, the Dg/Dj, ratio decreased from 1.10 to 1.05, sug-
gesting that they are more compact and with less dangling chains
than the non-crosslinked counterparts. For instance, homogenous
spheres are known to possess Dg/Dy, of 0.775. The values found in
this work hence suggest that the assemblies represent swollen
structures.

3.3.4. Small-angle neutron scattering

Preliminary DLS and SLS results suggested that boric acid-
crosslinking stabilizes the particles and does not introduce any sig-
nificant density change within the polymeric assemblies. At the
same time, it is generally accepted that size and size distribution
values measured by DLS are not accurate because the analysis usu-
ally overestimates the actual size. This is due to the fact that the
scattering intensity strongly depends on the nanoparticle radius
(to the power of six in the Rayleigh approximation). Thus, the
resulting intensity-weighted size distributions are often biased
towards higher values of size [56]. Given this, we combined SANS
and TEM to gain a better understanding of the aggregate size
before and after the boric acid-crosslinking.

SANS data for non-crosslinked and crosslinked PVA-g-PMMA
samples are presented in Fig. 4. It is worth stressing that results
were normalized to an absolute scale, as described in the Section 2.
In addition, to assess the thermal colloidal stability, SANS measure-
ments were conducted at different temperatures.

SANS data showed an exceptional stability for both non-
crosslinked and crosslinked colloidal systems at the three
measured temperatures, namely 25, 35 and 40 °C (Fig. 5). Usually,

® Non-crosslinked
A BA-crosslinked
— Non-crosslinked fit
— BA-crosslinked fit

10 7

Intensity (cm)

0.01 04
q (A7)

Fig. 4. SANS analysis of non-crosslinked and boric acid (BA)-crosslinked PVA-g-
PMMA nanoparticles (5 mg/mL), at 25°C. Both lines show fit with a 2-level
Beaucage model.

temperature at least slightly affects the self-assembly of polymeric
amphiphiles and the scattering pattern of the formed nanoparti-
cles, though this was not the case for these ones. This behavior is
due to the use of thermo-unresponsive PMMA as the hydrophobic
component of the copolymer. In other words, the crosslinking pro-
cess used here performs as intended and it does not introduce any
major modifications of the ordering or structuring of the polymer
chains within the particle, even in the small-scale (local) range
probed by SANS, apart from the creation of the crosslinking points
themselves that physically stabilize the colloidal system upon
extreme dilution and for a long time of at least six weeks. This very
high colloidal stability is of major relevance considering the harsh
biological conditions to which colloidal drug delivery systems are
exposed upon administration. Since SANS probes struc-
tures < 100 nm, this shows that at least the local structure is fully
maintained. In addition, the full overlap of the scattering data
obtained at 35 and 40 °C is a strong indication that the results
would be the same at 37 °C, the physiologically relevant tempera-
ture. Based on these SANS findings, we can claim that the sizes at
37 °C are the same as those found at 25 °C, i.e. a small size popula-
tion of Dg = 12 nm, and a larger size of Dy = 84 nm. However, SANS
probes only the size-range below 100 nm, and the formation of
some large-scale complexes (not detectable with SANS) at 37 °C
(and the other temperatures) cannot be ruled out. In any event, this
phenomenon is highly unlikely due to the excellent temperature
stability of these colloids, as demonstrated by SANS. By visual
inspection, the scattering patterns resemble that of micelles. This
is therefore an indication that self-assembly of the PVA-g-PMMA
chains has taken place, driven by the hydrophobicity of the
PMMA-grafting, and stabilized against the surrounding water by
PVA. For a given concentration (5 mg/mL), the patterns for the
non-crosslinked and crosslinked nanoparticles are found to over-
lap, showing that there are no major structural differences
between them (in the nano-scale range). This is reasonable, since
the crosslinking of PVA domains with boric acid is not expected
to produce significant local density changes that could give inde-
pendent contribution to the scattering.

Despite the fact that a simple Guinier analysis gave a quite
favorable fit, given the TEM-related results that showed the forma-
tion of small clustered particles (see below), the Beaucage model
(2-level) was utilized to fit the curves (Fig. 4). This gives as output
a small size population of Dy =12 nm and a larger size of Dy =84 -
nm, though it was not possible to conclude whether the small size-
related population corresponds to free PVA-g-PMMA coils having a
diameter ca. 10-15 nm, as visualized by electron microscopy (see
below). In any case, our SANS findings would be in line with a sit-
uation where the nanoparticles are based on small particles clus-
tered together into larger structures, which is in line with TEM
results presented in the next section.

3.3.5. Transmission electron microscopy

Representative TEM microphotographs of both non-crosslinked
and boric acid-crosslinked samples are presented in Fig. 6. In stan-
dard TEM analysis, negative sample staining with uranyl acetate
revealed the presence of white polymeric nanoparticles on a dark
(stained) background. It is evident that both kinds of assemblies
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Fig. 5. Small angle neutron scattering (SANS) data at different temperatures for PVA-g-PMMA particles (5 mg/mL). (A) Non-crosslinked and (B) boric acid (BA)-crosslinked.

Fig. 6. Micrographs of (A) non-crosslinked and (B) boric acid-crosslinked nanoparticles obtained by conventional TEM with negative 2% w/w uranyl acetate staining. (C) Non-
crosslinked nanoparticles were also imaged by cryo-TEM. Both methods showed the same morphology and nanostructure.

(before and after crosslinking) possess isometric, though non-
spherical shape.

The nanoparticles appeared to be formed from small spherical
units, probably unimolecular or low aggregation number-
possessing micelles, having size ca. 12-15 nm, which formed clus-
ters (Fig. 6A, B; Fig. 7). The diameters of both investigated samples
in TEM micrographs were in the range between 50 and 60 nm,
which was in very good agreement with DLS results.

In order to verify the somewhat unusual morphology, non-
crosslinked PVA-g-PMMA nanoparticles were also visualized by
using cryo-TEM. In contrast to simple TEM, cryo-TEM enables the
analysis in hydrated state, which should be free from possible arti-
facts due to the drying process. The cryo-TEM image confirmed
that the isometric non-spherical clusters were present also in the
original colloid and that they were not formed during the drying
(Fig. 6C). In other words, the aggregates were present also in the
hydrated state. The boric acid-crosslinked nanoparticles were
slightly more compact and homogeneous, as the individual pri-
mary units were harder to differentiate (Fig. 6A).

3.4. Spray-drying

The physicochemical stabilization of nanoparticles can be usu-
ally achieved by drying. Freeze-drying is a well-established drying

industrial technique though in the case of nanoparticles, it may
result in significant agglomeration and difficult re-dispersion, also
when feed liquid samples are diluted [57]. In this context, the addi-
tion of cryo/lyoprotectants in high weight percentage is often
required. In addition, the process may take several days or weeks
and the operating cost is high [58].

Spray-drying is a relatively new industrial technique based on
the conversion of a liquid into a dry powder by atomization in a
stream of hot gas (air or nitrogen depending on the solvent) and
the separation and the collection of the dry matter [59,60]. Owing
to the relatively short time exposure to heat (seconds) and fast dry-
ing, this method could be also feasible for thermo-sensitive phar-
maceuticals, biomaterials and drugs. In addition, spray-drying
preserves better the properties of nanoparticles and it enables
higher throughput and more continuous rather than batch pro-
cesses. In this scenario, spray-drying has emerged as a very attrac-
tive technology to stabilize colloidal systems in dry form for long
periods and it may play a key role to pave the way for the industrial
production of colloidal drug delivery systems. In this context, non-
crosslinked and boric acid-crosslinked PVA-g-PMMA nanoparticles
were spray-dried by utilizing the Nano Spray Dryer B-90 HP that,
as opposed to other spray-dryers based on cyclone collectors,
enables the efficient collection of all the nanoparticle size popula-
tions. In the past, Moshe et al. demonstrated the usefulness of this
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Fig. 7. Proposed self-association pattern of PVA-g-PMMA in aqueous media.

Fig. 8. HR-SEM micrographs of PVA-g-PMMA (1 mg/mL) nanoparticles after NSD. (A, B) Non-crosslinked and (C, D) boric acid-crosslinked nanoparticles.

technology to consolidate boric acid-crosslinked PVA nanoparticles
[12]. Then, dry powders of non-crosslinked and boric acid-
crosslinked nanoparticles were visualized by HR-SEM. In general,
all the powders presented a similar morphology (Fig. 8). The rela-
tively large size of the particles (in the micron-scale) stems from
the unique spraying mechanism of the B-90 HP instrument that
relies on the peristaltic pumping of the liquid feed through a
micron-sized mesh [59]. It is important to highlight that each
spray-dried particle observed under the HR-SEM is formed by sev-
eral amphiphilic nanoparticles. Upon re-dispersion, nanoparticles
with the original size are expected to form.

To assess the re-dispersion properties of both non-crosslinked
and crosslinked nanoparticles, powders were re-dispersed in the
same volume of water from which theiy were obtained and the size
of regenerated particles measured by DLS. Remarkably, the Dy
value of non-crosslinked nanoparticles increases from 70 nm to
205 + 23 nm, indicating that a change in the aggregation pattern
takes places, probably owing to the physical crosslinking of PVA
domains upon drying [61]. Conversely, boric acid-crosslinked
counterparts remained almost unchanged with a relatively small
size growth from 74 to 91 nm. These results highlight the key role
of the boric acid crosslinking to preserve the nanoparticle size. Fur-
ther optimization of the spray-drying conditions such as sample
concentration could be used to minimize the size growth even
more.

4. Conclusions

In the current study, we investigated for the first time the self-
assembly and complex nanostructure of an amphiphilic PVA-g-
PMMA colloidal system. By combining DLS, SLS, SANS and TEM,
we demonstrated the formation of a multi-micellar colloids of iso-
metric non-spherical shape comprised of low aggregation number
particles (ca. 12-15 nm in diameter) assembled into larger assem-
blies with sizes of several hundreds of nanometers. These findings
represent a major contribution to the understanding of the aggre-

gation behavior of comb-like polymeric amphiphiles and suggests
that colloidal drug delivery systems based on this kind of copoly-
mer could lead to more complex release patterns where the drug
molecules hosted in more superficial “building blocks” is released
faster than those inner ones. Indeed, this hypothesis will need
experimental confirmation.

One of the greatest limitations of polymeric amphiphiles is that
a major polymer fraction remains disassembled, as previously
reported for poly(ethylene oxide)-b-poly(propylene oxide) copoly-
mers [62-64]. These polymer molecules are basically “wasted” as
they do not participate of the encapsulation of drug molecules.
The low aggregation efficiency could stem from the low relative
hydrophobicity of the hydrophobic component, steric hindrance
in the copolymer backbone, electrostatic repulsion, among others.
Moreover, the aggregation extent cannot be easily estimated. In
this work, we utilized A4F and revealed that more than 90% of
the PVA-g-PMMA copolymer is in the nanoparticles. These results
have two main implications: (i) the need for a more thorough
investigation of the aggregation extent of polymeric amphiphiles
used in pharmaceutical development and (ii) the potential utiliza-
tion of A4F to investigate the relationship between polymer struc-
ture and its aggregation pattern and drug encapsulation and
release performance.

Another important drawback of self-assembly colloids is the
low physical stability upon profuse dilution that in the biological
medium may represent the release of the encapsulated cargo in
an off-target body site [41,65,66]. This phenomenon jeopardizes
the bench-to-bedside translation of colloidal drug delivery systems
[67]. In the current work, we confirmed that the formation of PVA-
boric acid complexes, a selective and mild chemical reaction, can
be capitalized to crosslink and hence, stabilize PVA-based colloids
under very extreme dilution conditions without any substantial
detrimental effect on the size and the nanoparticle nanostructure.
This stabilization pathway is compatible with different drugs and,
as shown here, can be coupled with spray-drying which is a tech-
nology that enables the production of dry colloidal systems with
eventually very long shelf life and good re-dispersion capacity. This
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stage will facilitate production scale-up under an industrial setting
and needless to say, translation into products. Overall, this study
opens new horizons towards the application of self-assembled col-
loids in general and PVA-g-PMMA-made in particular as drug
delivery platforms.
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ARTICLE INFO ABSTRACT

Keywords:

Chitosan-graft-poly(methyl methacrylate)
copolymers

Self-assembly

Amphiphilic polymeric nanoparticles
Small-angle neutron scattering (SANS)

Static light scattering (SLS) and dynamic light
scattering (DLS)

In this work, we synthesized and characterized the self-assembly behavior of a chitosan-poly(methyl metha-
crylate) graft copolymer and the properties of the formed nanoparticles by static and dynamic light scattering,
small-angle neutron scattering, and transmission electron microscopy. Overall, our results indicate that the
hydrophobization of the chitosan side-chain with PMMA leads to a complex array of small unimolecular and/or
small-aggregation number “building blocks” that further self-assemble into larger amphiphilic nanoparticles.

1. Introduction

Mucosal drug delivery capitalizes on the presence of mucus to
prolong the residence time of drugs and to increase their local and
systemic bioavailability. Depending on the surface properties, particles
as large as 500 nm in diameter can diffuse across the highly porous
structure of mucus (mesh size in the 20-200nm range) (Barua &
Mitragotri, 2014; Lai, Wang, & Hanes, 2009; Olmsted et al., 2001).

Amphiphilic polymeric nanoparticles are produced by the self-as-
sembly of block or graft copolymer amphiphiles in aqueous media
above a critical concentration and/or critical temperature and they are
one of the most versatile platforms for parenteral drug delivery and
targeting (Chiappetta & Sosnik, 2007; Croy & Kwon, 2006; Lukyanov &
Torchilin, 2004; Torchilin, 2001). The fundamental molecular features
to extend their application to mucosal drug delivery were comprehen-
sively discussed (Sosnik & Menaker Raskin, 2015). The aggregation
pattern, the shape and the structure of the nanoparticle depend on the
molecular weight, the hydrophilic-hydrophobic balance and the archi-
tecture of the copolymer. For example, amphiphilic diblock and tri-
block block copolymers with relatively high hydrophilic-lipophilic
balance (HLB) tend to form core-corona nanostructures known as
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! Authors equally contributed to this work.

https://doi.org/10.1016/j.carbpol.2019.02.022

polymeric micelles (Zhang & Eisenberg, 1995) where the outer hydro-
philic corona stabilizes the species in the aqueous dispersion medium
and the inner hydrophobic core is capable of hosting hydrophobic
cargos (Chiappetta & Sosnik, 2007). More hydrophobic block copoly-
mers assemble into polymeric vesicles, the so-called polymersomes, that
combine a hydrophobic membrane enclosing an aqueous core (Lee &
Feijen, 2012). Multifunctional amphiphilic graft copolymers broaden
our ability to design and tailor the properties of the nanoparticles,
though the aggregation pattern of these molecules is more difficult to
anticipate (Zhang, Lin, & Lin, 2007).

Polycationic polymers such as the polysaccharide chitosan (CS)
emerged as one of the most extensively investigated building blocks for
the synthesis of mucoadhesive nanocarriers (Sogias, Williams, &
Khutoryanskiy, 2008; Sosnik, Neves, & Sarmento, 2014). Recently, we
reported on the synthesis of mucoadhesive amphphilic nanogels (hy-
drodynamic diameter of approximately 200-400 nm) produced by the
ionotropic crosslinking of self-assembled CS amphiphiles synthesized
by the hydrophobization of the polymer backbone with poly(N-iso-
propylacrylamide) (PNiPAAm) and demonstrated their ability to bind
mucin in solution (Menaker Raskin, Schlachet, & Sosnik, 2016). Pre-
liminary nanostructural studies conducted by high-resolution scanning
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electron microscopy and cryogenic transmission electron microscopy
(cryo-TEM) suggested that CS-g-PNiPAAm copolymers self-assemble
into spherical multi-micellar aggregates, though these results were not
conclusive (Menaker Raskin et al., 2016). The use of temperature-in-
dependent and more hydrophobic blocks such as poly(methyl metha-
crylate) (PMMA) to produce amphiphilic CS nanoparticles has been also
reported (Liu, Zhao, & Yu, 2011; Zheng, Lian, Yang, & Wang, 2016). We
demonstrated the ability of non-crosslinked and ionotropically cross-
linked CS-g-PMMA nanoparticles to cross a co-culture model of in-
testinal epithelium in vitro (Noi, Schlachet, Kumarasamy, & Sosnik,
2018). In addition, we investigated the influence of different nano-
particle features on their interaction with mucin secreted by goblets
cells (Noi et al., 2018). The shape and the structure of the aggregates
affect not only the size, the physical stability (Jakes, 1995), and the
drug loading capacity but also the cell-nanoparticle interaction, the
permeability across biological barriers and the biodistribution (Blanco,
Shen, & Ferrari, 2015; Cabral et al., 2011). However, the self-assembly
pattern of CS-based amphiphilic nanoparticles in general and CS-g-
PMMA counterparts in particular has not been fully elucidated yet. In
addition, the effect of sodium tripolyphosphate (TPP) ionotropic
crosslinking on the nanostructure and the density of preformed nano-
particles is even less known. In this scenario, a more comprehensive
characterization is critical to anticipate their drug encapsulation and
release performance and their interaction with the biological milieu.

Aiming to gain further understanding on the nanostructure of CS-g-
PMMA nanoparticles, in this work, we characterized the self-assembly
of a CS-g-PMMA block copolymer utilizing static (SLS) and dynamic
light scattering (DLS), small-angle neutron scattering (SANS) and TEM
and cryo-TEM. Overall, our results are in line with the reassembly of
low aggregation number-nanoparticles into larger aggregates.

2. Experimental section
2.1. Materials

Low molecular weight CS (GC9009, batch 769FGD, molecular
weight of ~50,000 g/mol, degree of deacetylation of 94%, and visc-
osity of =<100mPa.s) was supplied by Glentham Life Sciences,
Corsham, UK). The degree of deacetylation of CS, as determined by
proton nuclear magnetic resonance (‘H-NMR, see below) in our la-
boratory, was 94.5% (Hirai, Odani, & Nakajima, 1991). TPP (Sigma-
Aldrich, MO, USA), cerium(IV) ammonium nitrate (CAN, Strem Che-
micals, Inc., Newburyport, MA, USA), nitric acid 70% (Bio-Lab, Jer-
usalem, Israel), hydroquinone (HQ, Merck, Hohenbrunn, Germany) and
tetramethylethylenediamine (TEMED, Alfa Aesar, Heysham, UK) were
used as received. Methyl methacrylate (MMA) (99% purity, Alfa Aesar)
was distilled under vacuum immediately before use.

2.2. Synthesis of CS-g-PMMA copolymer

A CS-g-PMMA copolymer containing 30% w/w PMMA was synthe-
sized by the graft free radical polymerization of MMA in water (Noi
et al., 2018). In brief, CS (0.4 g) was dissolved in nitric acid aqueous
solution (0.05M, 100 mL) previously degassed by sonication (30 min).
TEMED solution (0.18 mL in 50 mL of degassed water) was added to the
CS solution and purged with N, (30 min) at room temperature. The CS
solution was heated to 35°C and MMA dispersed in degassed water
(48 mL) and added. Finally, a CAN solution (0.66 g in 2 mL of degassed
water) was added and the reaction was allowed to proceed under N,
atmosphere (3h, 35°C). The polymerization was terminated by the
addition of HQ (0.13 g). Reaction crudes were dialyzed against distilled
water (regenerated cellulose dialysis membrane, MWCO of 12-14 kDa,
Spectra/Por® 4 nominal flat width of 75 mm, diameter of 48 mm and
volume/length ratio of 18 mL/cm; Spectrum Laboratories, Inc., Rancho
Dominguez, CA, USA) for at least 48 h with frequent water exchanges,
frozen and freeze-dried (Labconco Free Zone 4.5 plus L Benchtop Freeze
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Dry System, Kansas City, MO, USA). The product was stored at 4°C
until use. The reaction yield was ~70%.

2.3. Characterization of the copolymer

2.3.1. Proton nuclear magnetic resonance spectroscopy (H-NMR)

'H-NMR spectra were recorded in a 400-MHz Bruker’ Avance III
High Resolution spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany) and SpinWorks 4.0 software (University of Manitoba,
Winnipeg, MB, Canada). To analyze the degree of deacetylation of pure
CS, a 5% w/v solution was prepared in deuterium oxide (D50, Sigma-
Aldrich) and trifluoroacetic acid (5% v/v, Sigma-Aldrich). The relative
integration of the peak of CHs- of the acetyl group at 1.8 ppm (Intensity
CH3) and the sum of the relative integration of peaks at 2.8 and
3.3-4.0 ppm (Intensity H2-H6) were used to calculate the degree of
deacetylation according to Eq. (1) (Hirai et al., 1991)

Degree of deacetylation (%) = [1 — (%Intensity CH3/ % Intensity H2

— H6)] €3]

The CS-g-PMMA copolymer was analyzed in 5% w/v DMSO-d6 solution,
since analysis in D,O was inaccurate due to self-assembly that reduced
the relative intensity of PMMA signals with respect to those of CS (Noi
et al., 2018). Chemical shifts are expressed in ppm using the signal of
DMSO (2.50 ppm) as internal standard. To quantify the relative PMMA
weight content in the copolymer, a calibration curve of CS and MMA in
D,O was constructed using different CS/MMA weight ratios. The
amount of PMMA in the CS-g-PMMA copolymer was determined by the
integration of characteristic signals of each component in physical
mixtures of CS:MMA of different weight ratios (0.67-10) and calcu-
lating the ratio between the integration of the characteristic signals of
CS and PMMA and 2.8 and 0.8-1.0 ppm, respectively (R*> = 0.9851).
The ratio between the relevant peaks in the copolymer was calculated
and interpolated in the calibration curve to determine the weight per-
centage (% w/w) of the hydrophobic component in the copolymer. For
the physical mixture, pure CS and MMA were analyzed in D,O with the
addition of trifluoroacetic acid (5% v/v).

2.3.2. Fourier transform-infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) samples were pre-
pared at 25 °C on KBr (Merck Chemicals GmbH, Darmstadt, Germany)
disks and pressed to transparency (Noi et al., 2018). FTIR spectra were
recorded in an Equinox 55 spectrometer (Bruker Optics Inc., Ettlingen,
Germany) from 4 000 to 400 cm™ (32-64 scans with a resolution of
4cm™).

2.3.3. Gel permeation chromatography (GPC)

GPC was used to determine the M,,, M,, and M,,/M, (dispersity, D)
and for molar mass distribution control. GPC separations were per-
formed using a Deltachrom pump (Watrex Ltd., Prague, Czechia), Midas
Spark autosampler (DataApex Ltd., Prague, Czechia), a PLaquagel-OH
MIXED-H column (particle size 8 um), and a DAWN Heleos II multi-
angle light-scattering detector (MALS, Wyatt Technology Corp., Santa
Barbara, CA, USA). Acetate buffer (0.2 M) was used as the mobile
phase. The injection volume of the GPC system was 0.1 mL. Separations
were performed at a mobile phase flow rate of 1 mL/min. The refractive
index increment dn/dc of the copolymer was measured on a BI-DNDCW
differential refractometer (Brookhaven Instruments Corp., Holtsville,
NY, USA). The dn/dc value was obtained using potassium chloride ca-
libration solutions (0.5-5 mg/mL).

2.3.4. Critical aggregation concentration (CAC)

The CAC was determined by DLS using a Zetasizer Nano-ZS
(Malvern Instruments, Malvern, UK) operating at a scattering angle of
173°. Briefly, a stock aqueous solution (10 mg/mL) was prepared,
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serially diluted in the same medium to a final concentration range be-
tween 0.001 and 1 mg/mL with subsequent overnight stabilization at
both 25 and 37 °C. Then, the intensity of the scattered light (derived
count rate, DCR) expressed in kilo counts per second (kcps) was mea-
sured and plotted as a function of CS-g-PMMA concentration (% w/v).
Data of these measurements were analyzed using CONTIN algorithms
(Malvern Instruments). Data for each single specimen was the result of
at least six runs. The aggregation was evidenced by a sharp increase in
the scattering intensity and the intersection between the two straight
lines was established as the CAC expressed in % w/v.

2.4. Preparation of CS-g-PMMA nanoparticles in water

Self-assembled nanoparticles were prepared by the solution casting
method utilized for drug encapsulation that comprises the cosolubili-
zation of the hydrophobic drug and the copolymer in the same solvent
namely DMSO, drying under vacuum and redispersion in water
(Gaucher et al., 2005). For this, CS-g-PMMA was dissolved in DMSO
(5 mg/mL) with continuous stirring (24 h), at 37 °C. Subsequently, the
solution was dried under deep vacuum, the product redispersed in
water supplemented with acetic acid (pH = 5-5.5) and filtered through
a 0.45 um polyvinyl difluoride (PVDF) syringe filter (Merck Millipore
Ltd., Tullagreen, Ireland). The final concentration of the copolymers
was 1 mg/mL.

For physical stabilization, self-assembled nanoparticles were iono-
tropically crosslinked right after preparation by the addition of TPP
water solution (1% w/v, 10 uL per 1 mL of nanoparticle dispersion)
under continuous stirring (200 rpm, 25 °C) (Noi et al., 2018). Finally,
the nanoparticles were filtered (0.45 um PVDF syringe filter) into dust-
free glass vials and incubated overnight at room temperature. To con-
duct SANS analysis, samples were prepared as mentioned above at a
concentration of 5mg/mL in D,O supplemented with acetic acid-d4
(Sigma-Aldrich).

2.5. Characterization of the nanoparticles

2.5.1. Light scattering

Nanoparticles were characterized by SLS and DLS by using an ALV-
6010 instrument (ALV-GmbH, Langen, Germany) equipped with a
22 mW He-Ne laser in the angular range 30-150°. The obtained cor-
relation functions were analyzed at each angle using the REPES algo-
rithm (Jake$, 1995), providing relaxation times 7. From the Stokes-
Einstein Equation (Eq. (2)), the values of the hydrodynamic radii (Ry,)
were obtained.

kpT

~ 6mR, @

where T is the absolute temperature, 7 is the viscosity of the solvent and
kg is the Boltzmann constant (§tepének & Konak, 1984). SLS data were
analyzed using Zimm plots (Eq. (3))

R7q?
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where R(q) is the Rayleigh ratio of the scattering intensity, g is the
scattering vector defined as ¢ = (4mn/A)sin(6/2), n is the refractive
index of the solvent, 0 is the scattering angle, A is the wavelength in
vacuum, K is an optical constant and c is the concentration of the co-
polymer. M,,"** is the weight-average molar mass of the particles and R,
is the radius of gyration.

The refractive index increment dn/dc of the solutions was measured
as described above.

For some of the studies, a Zetasizer Nano-ZS operating at a scat-
tering angle of 173° was used (see above). Measurements of zeta-po-
tential were performed in the same instrument by converting mea-
surements of electrophoretic mobility to zeta-potential ({, mV) using
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the Smoluchowski approximation.
Aggregation number N, of the nanoparticles was calculated ac-
cording to Eq. (4)

NPs
My
M,

Nype =

agg (4)
where M,, is the copolymer molecular weight measured by GPC and
M,,N** is the molecular weight of the nanoparticles, as determined by
SLS.

2.5.2. Small-angle neutron scattering

SANS experiments were carried out at the SANS facility of the JEEP-
II reactor (Kjeller, Norway). The wavelength was set with a velocity
selector (Dornier), using a resolution (AA\/A) of 10%. The beam diver-
gence was set by an input collimator (18.4 or 8.0 mm diameter), to-
gether with a circular 7 mm sample aperture. Each complete scattering
curve was composed of three independent measurements, using dif-
ferent wavelength-distance combinations (5.1 A/1.0 m, 5.1 A/3.4 m,
and 10.2A/3.4m). The resulting g-range for the experiment was
0.006-0.35 A, where ¢ = (4rt/A)sin(6/2).

Solutions were filled in 2 mm quartz cuvettes (Starna Scientific Ltd.,
Essex, UK). The cells were placed onto a copper-base for good thermal
contact before being mounted onto the sample stage. The temperature
was controlled by a water circulator, maintaining the set value to
within = 0.1°C. In all of the SANS measurements, D,O was used as a
solvent instead of H,O to obtain good contrast and low background.

Standard reductions of the scattering data, including transmission
corrections, were conducted by incorporating data collected from the
empty cell and the blocked-beam background. All the measurements
were normalized to the beam monitor counts to compensate for any
possible variations in the incoming beam flux. Finally, all data were
transformed into an absolute scale (coherent differential cross section
(d=/dQ)), making use of the intensity value registered in open beam
measurements, before averaging radially to produce a dZ/dQ vs. g
scattering profile.

We initially explored a spherical model to fit the data of the SANS
patterns. The model curve is generally given by Eq. (5)

1@ = S @pPVEP@S @ -
where N is the number of particles within a volume V, Ap is the dif-
ference in scattering length density (SLD) between particle and solvent
(scattering contrast), V;, is the particle volume, P(q) is the particle form
factor, and S(q) is the particle structure factor. Since the suspensions of
particles in the present case are quite diluted, we assumed non-inter-
acting particles and for this case S(q) = 1. The form factor for homo-
genous spherical objects with a radius R is expressed by Eq. (6)

2
ﬁ{sin(qm — qRcos(qR)} ©

The SLD values of PMMA, CS and D,O are 1.07 x 107°® (Akers,
Nelson, Williams, & McGillivray, 2015), 1.4x 10° and
6.36 x 107° A2, respectively.

Due the lack of good fitting with the spherical model (even when
including significant polydispersity), we also utilized a model that can
describe entities with different characteristic sizes that coexist in the
same sample, namely the unified power-R; model (Beaucage model), to
analyze the SANS data obtained with these self-assembled nano-
particles. This model has been shown to give a good representation of
many systems that consist of individual particles with a certain poly-
dispersity that can cluster together into larger structures with varying
overall characteristic sizes (Beaucage, 1995; G. Beaucage, Kammler, &
Pratsinis, 2004). As can be inferred from Eq. (7), the basic version of
this function (1-level) is the combination of a Guinier term describing a
characteristic size R, plus a power-law term describing the scattering of
the tail of the pattern (G and B give the overall scaling of the intensity

P(g) =
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for each of these two terms).
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Where a is a power law exponent and "erf" is the standard error func-
tion.

I(q) = GeXp[

2.5.3. Transmission electron microscopy

Micrographs of the amphiphilic species were obtained with a TEM
microscope Tecnai G2 Spirit Twin 12 (FEL, Brno, Czechia) using the
bright field imaging mode at the accelerating voltage 120kV. The
specimens for TEM were prepared by dropping 4 pL of sample onto a
microscopic copper TEM grid (300 mesh) coated with a thin and elec-
tron-transparent carbon film. After 15 min of sedimentation, the sample
excess was removed by touching the bottom of the grid with a filtering
paper (fast drying method). This fast removal of the solution was per-
formed to minimize oversaturation during the drying process (Petrova,
Jager, & Venturini, 2014). Subsequently, the particles were negatively
stained with uranyl acetate (Electron Microscopy Sciences, Hatfield,
PA, USA). For this purpose, 2% w/w solution was dropped onto the
dried nanoparticles and removed after 15s in the same way as the
previous solution. The sample was finally left to dry completely at
ambient temperature in air and then observed in the TEM microscope.

In order to confirm the morphology observed by TEM, one chosen
sample was additionally observed using cryo-TEM for which 3 pL of the
sample solution was dropped to an electron microscopy grid covered
with a holey carbon supporting film (Electron Microscopy Sciences),
which was hydrophilized just before the experiment by means of glow
discharge (Expanded Plasma Cleaner, Harrick Plasma, Ithaca, NY,
USA). The excess of the solution was removed by blotting with a piece
of filter paper for 1s, and the grid was plunged into liquid ethane held
at —181 °C. The frozen sample was then immediately transferred into
the microscope equipped with a cryo-holder (cryo-specimen holder,
Gatan Inc., Pleasanton, CA, USA) and visualized at —173 °C at an ac-
celerating voltage of 120 kV.

3. Results and discussion
3.1. Synthesis and characterization of the CS-g-PMMA copolymer

The amphiphilic CS-g-PMMA copolymer was synthesized by the free
radical polymerization of MMA using CAN as initiator (Noi et al., 2018;
Pourjavadi, Mahdavinia, Zohuriaan-Mehr, & Omidian, 2003; Menaker
Raskin et al., 2016), as presented in Fig. 1.

'H-NMR and FTIR spectra confirmed the graft polymerization (Noi

CH,OH CH,OH

CHoOH
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Fig. 2. Normalized GPC curves of pure CS and CS-g-PMMA. Normalized light
scattering (LS) detector signals are shown.

et al., 2018). The content of PMMA was determined using 'H-NMR and
was found to be 30% w/w. GPC analysis of the copolymer revealed a
monomodal distribution with a decrease in the molar mass
(M, = 8700 g/mol, M,, = 11,000 g/mol, D = 1.26) when compared to
pristine CS (M, = 53,000 g/mol, M,, = 79,000g/mol, D = 1.49)
(Fig. 2). These results indicated that under the reaction conditions, CS
undergoes free radical-induced depolymerization (Menaker Raskin
et al., 2016; Thimma, Reddy, & Tammishetti, 2003). However, unimers
or unimolecular micelles of size < 10 nm could not be detected utilizing
scattering techniques (Menaker Raskin et al., 2016).

3.2. Preparation and characterization of the CS-g-PMMA nanoparticles

The self-assembly of amphiphilic copolymers governs the structure,
size, size distribution and ultimately the encapsulation capacity of the
self-assembled structures. The self-assembly mechanism of non-ionic
block copolymers such as poly(ethylene oxide)-poly(propylene oxide)
derivatives is often entropy-driven and associated with the release of
water hydration molecules from the hydrophobic block (Alexandridis,
Holzwarth, & Hatton, 1994). In addition, the structure of the aggregates
can often be easily anticipated by means of the weight ratio between
hydrophilic and hydrophobic blocks (Discher & Ahmed, 2006). Con-
versely, the introduction of electrostatic interactions in the polymer
backbone or the side-chain affects both the single polymer behavior and
the micellar structure (Behrens, Kjgniksen, Zhu, Nystrom, & Pedersen,
2012). In the case of graft amphiphiles, additional parameters such as
molecular architecture, chemical nature and flexibility/rigidity of the

? TEMED CAN

MMA

CHy0H CH20H CHaOH
2
D —— /EO O o /ﬁ/ &0
o @ o]
NH, NH, o-_HZN n
%CH_C} {CH—LJ—
\0 om \O /go’"
CS-g-PMMA

Fig. 1. Synthetic pathway of CS-g-PMMA copolymers by the free radical graft polymerization of MMA.
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hydrophilic backbone, length and density of tethered side-chain blocks
and the presence of functional groups that contribute to the physical
stabilization of the assembled structure by inter- and intramolecular
bonds also play a key role in the aggregation pattern (Cai, Lin, Chen, &
Tian, 2010; Zhang et al., 2007). Graft amphiphiles can also form un-
imolecular micelles that are fully physically stable (Fan, Li, & Loh,
2016; Newkome, Baker, & Saunders, 1991). Under the nanoparticle
preparation conditions (pH = 5.5), CS is partly positively-charged be-
cause its pK, is approximately 6.5. On one hand, this pH favors CS self-
assembly (Dey, Kamat, Nayak, Danino, & Kesselman, 2018), while on
the other it might alter the aggregation pattern (Behrens et al., 2012).

In a previous work, we characterized the nanostructure of CS-g-
PNiPAAm amphiphilic nanoparticles after ionotropic crosslinking with
an optimized amount of TPP using cryo-TEM (Menaker Raskin et al.,
2016). Results suggested the formation of multi-micellar particles. A
similar analysis using non-crosslinked counterparts failed probably due
to the fast disintegration of the thermo-responsive nanoparticles upon
sample preparation or insufficient contrast between the nanoparticles
and water. PMMA is more hydrophobic than PNiPAAm and its chain
flexibility is different. Hence, in this work, we conducted for the first
time a comprehensive characterization of the self-assembly behavior of
a CS-g-PMMA copolymer containing 30% w/w and an estimated hy-
drophilic-lipophilic balance (HLB) of 14 according to the Griffin’s
method (Griffin, 1954).

As we previously reported, this CS-g-PMMA displays a CAC of 0.05%
w/v (0.5mg/mL) at 25 and 37 °C (Supplementary Fig. S1). This CAC
value is approximately two orders of magnitude higher than that of CS-
g-oligo(e-caprolactone) (CS-g-PCL) copolymers (Glisoni et al., 2015) or
CS hydrophobized with N-palmitoyl (Jiang, Quan, Liao, & Wang, 2006).
The reason for this behavior is the lower intrinsic hydrophobicity of
PMMA with respect to PCL or fatty acids (Son, Linh, Yang, & Lee, 2013).
In this work, nanoparticles were produced by the solvent casting and
water redispersion method (Fig. 3A). For physical stabilization, self-
assembled nanoparticles were ionotropically crosslinked by the addi-
tion of a small volume of TPP water solution immediately after pre-
paration.

Freeze drying
_> !Ev

- >4

'r

Copolymer solution
(5 mg/mL, DSMO)

Copolymer pellet

B

)
MW Self-association
—_———

CS-g-PMMA
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/mo guo
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3.2.1. Light scattering

Prepared dispersions were primarily subjected to light scattering
analysis. For this purpose, samples prepared at a concentration of 1 mg/
mL were used for both DLS and SLS. Not surprisingly, light scattering
analysis indicated that direct solubilization of CS-g-PMMA in water
leads to spontaneous self-association and the formation of nanoparticles
with an overall positive surface charge owing to the presence of posi-
tively-charged amine moieties in the side-chain of CS (Table 1). It is
worth pointing out that TPP ionotropic crosslinking led to a decrease of
the zeta-potential from +42 to + 22mV owing to the partial neu-
tralization of the amine groups (Jonassen, Kjgniksen, & Hiorth, 2012).

The DLS distribution function of the non-crosslinked CS-g-PMMA
nanoparticle dispersion is portrayed as a broad peak, suggesting a re-
latively broad size distribution of nanoparticles (Fig. 4). The z-averaged
hydrodynamic radius, Ry, was found to be 94 nm (Table 1). The average
density of the nanoparticles (d) can be estimated according to Eq. (8)
(Konak et al., 2008)

3MNPS
— W
4TNAR]’

®

where N, is Avogadro’s constant. The average density d of the non-
crosslinked nanoparticles was found to be 0.002 g/mL. This indicates
that a major part of the nanoparticle volume is filled with water and
that the particles are very highly swollen in the aqueous medium. TPP-
crosslinked nanoparticles also revealed a relatively broad distribution
(Fig. 4); with Ry, being 67 nm A decrease of the Ry, and an increase in the
density d from 0.002 to 0.11 mg/mL suggest that a denser matrix is
formed upon crosslinking. This matrix shrinkage also explains the de-
crease in size (Fig. 4).

As described below, the DLS distribution functions and corre-
sponding Ry, values were in line with TEM analysis (see below). In
addition, TPP increased the aggregation number from approximately
455 (in the non-crosslinked) to 6455 in the crosslinked counterparts
due to inter- and intra-micellar crosslinking (Jonassen & Kjgniksen,
2011; Jonassen, Kjgniksen, & Hiorth, 2012). To prevent the formation
of these multi-micellar structures, the crosslinking stage should be
conducted under more diluted conditions (still above the CAC) that

TPP addition
_>

Self-assembled copolymer
(1 mg/mL, water, pH = 5)

Cross-linked assemblies
(1 mg/mL, water, pH = 5)

CHQOH

H,N L

b1

m
\0 o

Fig. 3. (A) Preparation of CS-g-PMMA nanoparticles by the solvent casting and water redispersion method and (B) proposed self-association pattern of CS-g-PMMA in
water to form nanoparticles. Physical stabilization was achieved by ionotropic crosslinking with a small volume of TPP (A).

416



L. Schlachet, et al.

Table 1
Characterization of CS-g-PMMA nanoparticles by DLS and SLS.
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Sample Ry, (nm)* Ry (nm)” MNP d (g/mL)" Nagg® Zeta-potential (mV)
(g/mol)”

Non-crosslinked nanoparticles 94 106 5.0 x 108 0.002 455 +42

TPP-crosslinked nanoparticles 67 84 7.1 x 107 0.11 6455 +22

@ Measured by DLS.
° Measured by SLS.
¢ Values obtained from GPC and SLS were used for the calculation.

— @ - Non-crosslinked
—a— TPP-crosslinked

Volume fraction (%)

LR

10 000

T T TTTTIT T T TTTTTIT T T TTTTTIT T

000
Hydrodynamic diameter (nm)
Fig. 4. Volume-weighted distribution functions of non-crosslinked and TPP-

crosslinked CS-g-PMMA nanoparticles, as measured by DLS. The concentration
is 1 mg/mL.

increase the distance between nanoparticles.

The ratio between R, and Rj, can be used as a measure of the dis-
tribution of material through the particle. For monodisperse hard
spheres of constant density, this ratio is equal to 0.77 (Varga, Gilanyi,
Meszaros, Filipcsei, & Zrinyi, 2001). We found a Rg/Rj, ratio of 1.12 for
the non-crosslinked particles and 1.31 for the crosslinked ones, sug-
gesting that both cases represent swollen structures. Furthermore, the
higher ratio for the crosslinked particles indicates a smaller contribu-
tion of loose chains in the surface layer after crosslinking, which may be
expected. This behavior is reflected also in the lower R, observed for
the crosslinked particles. Of note is that the crosslinking does not seem
to introduce strong density changes inside the particles. This was cor-
roborated by the SANS data (discussed later) that indicated that the
particles are relatively open structures internally, both before and after
crosslinking.

As explained above, the zeta-potential became less positive owing to
the involvement of primary amine groups of CS in the formation of a
polyelectrolyte complex with TPP (Table 1). These results were in good
agreement with the study by Jonassen et al. who investigated the effect
of TPP-crosslinking on the stability and colloidal properties of CS
(Jonassen et al., 2012a).

3.2.2. Small-angle neutron scattering

In many cases, DLS analysis does not accurately measure the size
and size distribution of nanoparticles and the averages that are ob-
tained usually overestimate the actual size, as the scattering intensity
depends very strongly on the radius (to the power of six in the Rayleigh
approximation). Hence, the resulting size distributions by intensity are
therefore biased towards larger sizes (Domingos et al., 2009; Zolls,
Tantipolphan, Wiggenhorn, Winter, Jiskoot, Friess & Hawe, 2012). Due
to this fact, smaller species present in the CS-g-PMMA samples (i.e.,
probably unimolecular particles; see above) could not be probed and on
this basis, we used a combination of SANS and TEM to gain a better
understanding of the aggregate sizes before and after the crosslinking.
Normalized SANS data for both non-crosslinked and TPP-crosslinked
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Fig. 5. SANS analysis of non-crosslinked and TPP-crosslinked CS-g-PMMA na-
noparticles (5 mg/mL), at 25 °C. Both continuous and dashed lines show fit with
a 2-level Beaucage model. The dotted line shows a fit with a spherical model
with a radius corresponding to the smallest size in the Beaucage model.

CS-g-PMMA nanoparticles are shown in Fig. 5.

The scattering patterns do not resemble typical polymeric micelles
(He & Garamus, 2002), and a low absolute value of the scattering
(approximately 1 cm™ in the low-q range) indicates that the scattering
entities are relatively open structures, giving limited contrast to the
surroundings, also after crosslinking. This fact also supports the low d
values of both non-crosslinked and crosslinked nanoparticles (Table 1),
and it is likely that the nanostructures are highly hydrated in water
which is in good agreement with the high hydrophilicity of CS, espe-
cially at slightly acid pH.

A simple Guinier analysis did not give concluding results with re-
spect to sizes due to the particular shape of the pattern, and a spherical
model could not be properly fitted to the data either (cf. dotted curve in
Fig. 5). However, the shape of the SANS plots (cf. a small plateau in the
medium g-range and start of a plateau in the lowest g-range) can be
explained by the presence of at least two characteristic sizes consistent
with a population of small particles together with larger particles, or
conversely, small particles clustered into larger multi-micellar nanos-
tructures. The fitting of the curves in Fig. 5 was carried out using the
Beaucage model (2-level). This gives as output a small size population
of Rg = 50 A,and a larger size of R; = 380 A. If one assumes that these
sizes represent spherical structures, one can calculate the corresponding
radii from the expression RZ, = (3/5)R?, which gives values of approxi-
mately 65 and 490 f\, respectively, or diameters of 130 (13 nm) and
980 A (98 nm). It is not, however, possible to conclude whether the
small size population corresponds to free copolymer or, as visualized by
TEM, to building blocks having a size ca 6-10 nm (see below).

The results were the same for the two samples — within the un-
certainty of the analysis — since the small difference observed in the
patterns could be removed by a simple vertical scaling. The fact that a
plateau is not fully developed in the low-q range means that the size of
the large particle cannot be clearly determined from SANS, and that
there could be even larger entities present (too large to be fully probed
by SANS, cf. results from DLS and TEM). In any case, our SANS findings
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Fig. 6. SANS of CS-g-PMMA nanoparticles (5mg/mL) at different temperatures. (A) Non-crosslinked and (B) TPP-crosslinked nanoparticles.

would be in accordance with a situation where CS-g-PMMA nano-
particles are formed by small particles clustered together into larger
units, which is in good agreement with data reported elsewhere for CS-
g-PNiPAAm nanoparticles (Menaker Raskin et al., 2016).

The self-assembly of CS-g-PMMA copolymers as estimated by CAC is
similar at 25 and 37°C (Noi et al.,, 2018). However, the drug en-
capsulation process could undergo changes under different temperature
conditions owing to the alteration of the nanoparticle physical stability.
In this context, SANS measurements were also conducted at different
temperatures and, in general, the nanoparticles showed good tem-
perature stability due to the low thermo-responsiveness of the compo-
nents (Fig. 6).

For non-crosslinked nanoparticles there was a slight though sys-
tematic drop in the low-q intensity upon the temperature increase from
25 to 40 °C. This could be a sign of a small physical instability or some
re-arrangement within the nanoparticle after 2 h incubation at higher
temperatures. On the other hand, results showed full overlap in the
medium and high-q range, demonstrating that the interior of the par-
ticles was not affected by the change in temperature. For the cross-
linked nanoparticles, data overlapped (within the uncertainty) over the
whole range, and no significant changes with te