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ABSTRACT

Purpose Mucopolysaccharidosis | is a genetic disorder
caused by alpha-L-iduronidase deficiency. Its primary treat-
ment is enzyme replacement therapy (ERT), which has
limitations such as a high cost and a need for repeated
infusions over the patient's lifetime. Considering that nano-
technological approaches may enhance enzyme delivery to
organs and can reduce the dosage thereby enhancing ERT
efficiency and/or reducing its cost, we synthesized
laronidase surface-functionalized lipid-core nanocapsules
(L-MLNC).

Methods L-MLNCs were synthesized by using a metal
complex. Size distributions were evaluated by laser diffrac-
tion and dynamic light scattering. The kinetic properties,
cytotoxicity, cell uptake mechanisms, clearance profile and
biodistribution were evaluated.

Fabiana Quoos Mayer and Marcia Duarte Adorne contributed equally to this
study

Results Size distributions showed a D[4,3] of 134 nm and a z-
average diameter of 71 nm. L-MLNC enhanced the Vmax and
Kcat in comparison with laronidase. L-MLNC is not cytotoxic, and
nanocapsule uptake by active transport is not only mediated by
mannose-6-phosphate receptors. The clearance profile is better
for L-MLNC than for laronidase. A biodistribution analysis
showed enhanced enzyme activity in different organs within 4 h
and 24 h for L-MLNC.

Conclusions The use of lipid-core nanocapsules as building
blocks to synthesize surface-functionalized nanocapsules repre-
sents a new platform for producing decorated soft nanoparticles
that are able to modify drug biodistribution.

KEY WORDS enzyme replacement therapy - laronidase
mucopolysaccharidosis | - multiple-wall lipid-core nanocapsules -
surface functionalization
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ABBREVIATIONS
BS Backscattering
CNS Central Nervous System

ERT Enzyme Replacement Therapy
IDUA Alpha-L-iduronidase
L-MLNC, Multiple-wall nanocapsule with 0.05%
chitosan and | | ug/mL of laronidase
L-MLNGC, Multiple-wall nanocapsule with
0.075% chitosan and | |
Ug/mL of laronidase
L,-MLNC, Multiple-wall nanocapsule
with 0.05% chitosan and
96 Lug/mL of laronidase
L,-MLNGC, Multiple-wall nanocapsule
with 0.075% chitosan and
96 ug/mL of laronidase
L-MLNC Laronidase surface-functionalized
lipid-core nanocapsules
LNC Lipid core nanocapsules
LNC-CSpoz  LNC coated with 0.03%
(wh) chitosan
LNC-CSpos  LNC coated with 0.05%

(wh) chitosan
LNC-CSp75 LNC coated with 0.075%
(W) chitosan

MPS | Mucopolysaccharidosis type |

MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide

PCS Photon Correlation Spectroscopy

PDI Polydispersity Index

T Transmission

ABS Relative Backscattering

INTRODUCTION

Advances in genetic engineering and biotechnology have en-
abled the identification of a range of peptides and proteins
that are potentially useful for preventing or reversing disease
processes (1,2). These proteins are organic products with
relatively high specificity and, thus, low doses can produce
therapeutic effects. However, the application of these biomol-
ecules is impaired by their low bioavailability and high clear-
ance rate through enzymatic degradation (1). Thus, the use of
nanotechnology to deliver enzymes could be a promising
strategy for increasing therapeutic efficacy.

Drug targeting with nanoparticles causes an increase in the
drug concentration at the site of action relative to pure drug
administration because of encapsulation, a strategy that serves
to mask the physico-chemical characteristics of the drug.
Different nanoencapsulation mechanisms can be achieved
by combining the physico-chemical characteristics of the drug
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with the nanocarrier as follows: 1) retention or dissolution
within a soft colloid, 11) sorption on the colloid surface by
clectrostatic interactions, and iii) chemical conjugation with
a colloid material. The goal of targeting using
nanoencapsulation is to improve the pharmacological re-
sponse to drugs by increasing the drug absorption (2) and/or
apparent solubility in aqueous media by controlling the drug
delivery (3) in addition to modifying the drug biodistribution
and pharmacokinetics (4). Additionally, the drug can be di-
rected to tissues that are difficult to access because of biological
barriers, such as the blood brain barrier (5). Moreover, be-
cause drug properties are masked by nanoencapsulation, the
dose of the drug to be administered can be reduced, thus
avoliding a major problem associated with the systemic ad-
ministration of a free drug and its non-selective biodistribution
in the body. This lack of selectivity can require high drug doses
to achieve therapeutic concentrations at the site of action,
leading to increased drug toxicity (3). The conjugation of
proteins on nanoparticles, such as several types of antibodies,
hormones and enzymes, is a promising strategy for drug
targeting and for protecting against degradation or rapid
capture by the immune system (6). These biomolecules can
be covalently bound to the nanoparticle surface by using
cross-linker molecules to minimize non-specific interactions
and also to avoid protein denaturation or a loss of activity by
steric hindrance (7). Although it is an attractive strategy for
promoting a stable bond between proteins and nanocarriers,
covalent binding has drawbacks because of its complexity,
multiple step synthesis and the possible occurrence of second-
ary reactions during the conjugation process (6,8).

We previously developed new biodegradable nanocarriers
known as lipid-core nanocapsules (9,10), which are composed
of an organogel as the core, a polymeric wall and polysorbate
80 micelles as the external coating. The lipid-core
nanocapsules are formed by self-assembly, the mechanism of
which was recently determined (11). This nanocapsule has
shown diverse deformation properties when compared with
conventional polymeric nanocapsules (12), and it is more rigid
than the conventional nanocapsules according to atomic force
microscopy. Drug-loaded lipid-core nanocapsules are poten-
tial formulations for treating inflammation (13,14), multiform
glioblastoma (15) and myeloid leukemia (16). For the first
time, brain drug targeting has been demonstrated after the
oral administration of resveratrol-loaded lipid-core
nanocapsules in rats (17). Considering the ability of the lipid-
core nanocapsules to cross certain biological barriers, such as
oral absorption and the blood-brain barrier, in addition to
their physico-chemical colloidal stability (10) and
hemocompatibility (18), we proposed the use of these
nanocapsules as building blocks for the functionalization of
the surface with enzymes using a chitosan-metal complex as
an innovative strategy for surface decoration (19). This strat-
egy also considered the feasibility of chitosan-metal complexes
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to adsorb drugs with heteroatoms in their chemical structure,
such as oxygen or nitrogen, as previously reported for micro-
particles (20).

We therefore used Mucopolysaccharidosis type I (MPS 1,
OMIM #607014), a lysosomal storage disorder which is
caused by a-I-iduronidase (IDUA; EC 3.2.1.76) deficiency
as a model for application of enzyme functionalized
nanocapsules. The o-L-iduronidase cleaves a-L~iduronic and
L- iduronic acid residues from the glycosaminoglycans
dermatan and heparan sulfate (21), and thus the enzyme
deficiency leads to the systemic accumulation of these sub-
stances. The treatment of choice for MPS I'is enzyme replace-
ment therapy (ERT), in which a recombinant enzyme is
administered to the patient every two weeks. This therapy
has the following limitations: 1) the neurological symptoms are
not corrected because the enzyme does not cross the blood
brain barrier (22), ii) high cost (usually over US$ 100,000/
patient per year) (23), and iii) the immunological response to
the infused enzyme frequently necessitates the administration
of antipyretics and/or antithistamines before enzyme infusion
(24).

The efficacy of ERT for MPS I may benefit from
nanotechnology-based modifications, enhancing enzyme de-
livery to organs and possibly allowing a dose reduction, which
may represent either a decrease in the adverse events observed
in patients or a decrease in the cost of the therapy. Targeting
the IDUA in a nanoparticle may help to improve ERT,
because a more effective device could alter the pharmacoki-
netic and biodistribution profiles. Thus, we propose the syn-
thesis of an innovative nanocapsule that is functionalized with
laronidase to improve the enzyme activity. The new carrier
formed by a biocompatible and biodegradable
polysaccharide-metal complex would be capable of binding
different molecular or macromolecular species on the
nanocapsule surface. The supramolecular structure of this
new nanocarrier is built by coating the lipid-core
nanocapsules layer-by-layer with a negative surface, which is
in turn coated with chitosan (a polycationic macromolecule),
followed by the addition of iron as a metal that is used as a
specific chemisorption site for laronidase, the commercially
available enzyme for MPS I treatment. The new nanocarriers
were called laronidase-functionalized multiple-wall lipid-core
nanocapsules (L-MLNC), and they have a supramolecular
architecture as presented in I'ig. 1. In vitro and i viwo biological
assays were conducted to evaluate our hypothesis.

MATERIALS AND METHODS
Ethical Issues

The Ethics Research Committee of the Hospital de Clinicas
de Porto Alegre (HCPA) approved this study (GPPG 09-334

and GPPG 11-0302). An MPS I patient’s fibroblasts were
obtained from the Medical Genetics Service of HCPA under
informed consent. Idua knockout mice (Idua”’"; C57BL/6
background) were kindly provided by Dr. Elizabeth Neufeld
(UCLA, USA) and were maintained at the Experimental
Animal Unit from HCPA under 12 h dark/light cycles with
food and water ad libitum.

Preparing Laronidase-Functionalized Multiple-Wall
Lipid Core Nanocapsules

Lipid core nanocapsules (LNC) were used as building blocks
for the multiple-wall nanocapsules. LNC suspensions were
prepared as previously reported by the interfacial deposition
of preformed polymer (10,18). An organic phase containing
poli(e-caprolactone) (PCL) (MW =14,000 g mol ', Aldrich,
France), Span 60 (sorbitan monostearate) (Aldrich, France)
and capric and caprylic triglyceride (Delaware, Brazil) were
prepared with acetone at 40°C. Lipoid® S75 (75% in phos-
phatidylcholine, Gerbras, Brazil) was dissolved in ethanol and
added to the organic phase. The aqueous phase was prepared
by dispersing polysorbate 80 (Delaware, Brazil) in water. The
organic phase was injected continuously into the aqueous
solution. After 10 min, the organic solvent was removed and
the suspension was concentrated under reduced pressure to
adjust the final volume to 10 mL. To coat the LNC with
chitosan, a 0.3% (w/v) chitosan solution (low molecular weight
chitosan (CS) with a deacetylation degree of 75.6%, and a
viscosity of 20,000 CPS; Aldrich, France) was prepared in
acetic acid 1% (v/v) and filtered. To determine the best
chitosan concentration, three different amounts of chitosan
solution were used to produce final chitosan concentrations of
0.03%, 0.05% and 0.075% (w/v) for LNC-CSy o3, LNC-
CSp05 and LNC-CSy 075, respectively. After the coating step,
2 0.018 mol L' Fe®* solution was prepared from FeCly. H,O
(Aldrich, USA), and ultrapure water was added to each
chitosan-coated lipid-core nanocapsule suspension under high
magnetic stirring. The final iron concentration in the formu-
lations was 4.5 mmol L™'. After 1 min of Fe** addition,
11 pg mL ™" or 96 ug mL ™" of laronidase (Aldurazyme®,
Genzyme Corporation, CGambridge, USA) was added to the
formulations to obtain the laronidase-functionalized multiple-
wall lipid-core nanocapsules (L-MLNC).

The Physicochemical Characterization
of the Formulations

The formulations were characterized before and after coating
with chitosan and functionalizing with the enzyme. All exper-
iments were performed using three different batches of each
formulation.

The granulometric profiles were determined by a
Mastersizer 2000 (Malvern Instruments, UK) after injecting
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Elimination of solvent (total)
and water (partial)

ST Y °
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metal enzyme

Fig. I Schematic of one-pot synthesis and models of the supramolecular structure of a) lipid-core nanocapsules, b) chitosan-coated lipid-core nanocapsules, €)
metal-chitosan multiple-wall lipid-core nanocapsules and d) laronidase-functionalized multiple wall lipid-core nanocapsules.

the samples directly into the wet unit. No filtration or centri-
fugation was performed to avoid sample selection. The
granulometric profiles were determined by the corresponding
volume and by the number of particles. The volume-weighted
diameter average (D[4,3]) for each sample was determined by
the Mastersizer 2000 software system, and the width of the
particle size distribution (Span) was calculated using Eq. 1.

d(0.9) — d(0.1)

RY =
pan 405

(1)

where d(0.1), d(0.5) and d(0.9) are the particle diameters at
10%, 50% and 90% of the undersized particle distribution
curves as determined by the software system. The median
diameter based on the particle number distribution was also
determined [d(0.5)n].

The z-average diameter and polydispersity index (PDI) for
each sample were determined by photon correlation spectros-
copy (PCS) and the zeta potential was measured by electro-
phoretic mobility. Both procedures were performed with a
Zetasizer Nano ZS (Malvern Instruments UK) at 20°C after
diluting the samples with ultrapure water or 10 mmol L'
NaCl aqueous solution (no filtration or centrifugation was
conducted after sample dilution). The pH of the formulations
was determined by potentiometry (B474; Micronal, Brazil).

The physical stability of the formulations was performed by
multiple light scattering using TurbiscanLab® equipment
(Formulaction, France) (25). This equipment has an infrared
source beam (A=880 nm) and two detectors that simulta-
neously detect the transmitted light at 0° and the
backscattered light at 135°. Transmission (T) and
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backscattering (BS) are acquired each 4 pm as a function of
time from the bottom to the top of the cuvette containing the
sample. The glass cells were filled with 10 mL of each sample
without any treatment (dilution, centrifugation or filtration)
and analyzed at 25°C within 1 and 24 h. A polystyrene latex
suspension was used as an absolute backscattering standard
(100% BS) and silicon oil was used as an absolute transmission
standard (100% T). The relative backscattering profiles (ABS)
of the samples were obtained using the provided software
when the absolute transmission was lower than 0.2% with
the first absolute BS scan as a reference.

Enzyme Kinetic Properties

The kinetic properties of laronidase in solution and of
laronidase-functionalized multiple-wall lipid-core
nanocapsules (L-MLNC) were determined by a 4-
methylumbelliferyl-a-L-iduronide fluorescent substrate in a
microplate kinetic assay at 37°C for 40 min. Fluorescence
measurements (Aex=365 nm, Aem=450 nm) were obtained
at 20 s intervals. The substrate concentrations ranged from
0.23 mg mL™" to 0.014 mg mL™" and the assay was per-
formed in a Spectramax M3 (Molecular Devices, USA). The
final enzyme concentration used in the assay was
1.89 ug mL~". All tests were performed in triplicate in two
independent experiments.

In Vitro Cytotoxicity Analysis

The cytotoxicity of laronidase-functionalized multiple-wall
lipid-core nanocapsules (L-MLNC) was evaluated with a
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) (USB Corporation, USA) assay according to
Mosmann et al. (26). The MPS I patient’s fibroblasts were
cultivated in Dulbecco’s modified Eagle medium (DMEM,
LGC, Brazil) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA) and 1% penicillin/streptomycin (standard
culture conditions). When confluent, the cells were trypsinized
and 5000 cells were plated in a 96-well plate (TPP,
Switzerland) for 24 h before the assay (z=3). Laronidase
concentrations ranging from 1.16 pg mL™ ! to
0.0058 pg mL™" either in solution or in L-MLNC plus an
equivalent volume of LNC-CS o5 were incubated with fibro-
blasts for 24 h. After this period, each medium was removed
and MTT solution (0.5 mg mL ") was added. After 4 h of
incubation, 100 pL of dimethyl sulfoxide was added to dis-
solve the blue formazan crystals and the optical density was
measured at 570 nm in a microplate reader (Anthos,
Germany). Untreated fibroblasts were considered to have
100% cellular viability, and 0% cellular viability was obtained
after incubating with Triton X-100 (10%, w/v). All tests were
performed in 3 biological replicates.

In Vitro Cell Uptake Analysis

The MPS I patient’s fibroblasts were plated (2 X 10° cells,
n=>5) and maintained under standard culture conditions for
24 h. After that, 0.0038 pg mL ™" of laronidase either in
solution or in L-MLNC was separately added to the medi-
um. After 4 h incubation, the cells were washed with PBS
three times to avoid that enzyme linked to the cell surface
was measured. The cells were trypsinized, centrifuged and
the pellet was resuspended in mili-q water. To ensure cells
disruption, they were sonicated. The enzyme activity inside
the cells was then measured by fluorescence assay (27) after
incubation with 4-methylumbelliferyl-a-L-iduronide sub-
strate (10 ulh of a 2 mM solution) in 10 ulL sodium formate
buffer (pH 2.8) for 1 h (27). The reaction was stopped with
glycine-NaOH buffer (pH 10.3) and measured in
Spectramax M3 (Aex=365 nm, Aem=450 nm). Two stan-
dards with known IDUA concentration (positive controls)
and a reaction without sample (negative control) were used
for calculations. The proteins were measured by the Lowry
method (28) and the units for enzyme activity were nmol/h/
mg protein. To analyze the enzyme uptake mechanisms, the
cells were also incubated in the presence of 5 mmol L™
mannose-6-phosphate (Sigma-Aldrich, USA), 3 ug mL™'
filipin (Sigma-Aldrich, USA) and 50 pmol L™ chlorproma-
zine (Sigma-Aldrich, USA) or at 4°C for 1 h.

Clearance and Biodistribution

Four-month-old Idua™’™ mice received laronidase
(0.085 ug g~ ') either in solution or in L-MLNC via their tail

veins in a 200 pL volume. To determine the enzyme’s clear-
ance from blood circulation, 30 pL blood samples were col-
lected under isoflurane anesthesia at 5, 10, 15, 30, 60, 90, 120,
180 and 240 min after infusion. After blood centrifugation at
3000 rpm for 10 min, the serum was collected, and 10 ul.
were incubated with 10 ul of fluorescent substrate 4-
methylumbelliferyl-a-L-iduronide (2 mM.) for 1 h. The reac-
tion was stopped with glycine-NaOH buffer (pH 10.3) and
measured in Spectramax M3 (Aex=365 nm, Aem=450 nm).
Two standards with known IDUA concentration (positive
controls) and a reaction without sample (negative control)
were used for calculations. The units were nmol/h/mL of
serum.

The area under the curve was measured by SigmaPlot
version 11.0. The enzyme clearance profile (between 5 and
240 min, n=3) was modeled according to the
monoexponential equation (Eq. 2) using MicroMath®
Scientist® for Windows™ software (Version 3.0, Jandel
Scientific, USA). The correlation coeflicient was higher than
0.97 for all analyzed profiles. The half-life time (t;/9) of en-
zyme decay was calculated (n=3) according to Eq. 3 using the
decay constant calculated by Eq. 2.

C=Coxeh (2)

where k is the decay constant, Gy is the initial enzyme
concentration and C is the enzyme concentration at time t.

tyy = 0.693/k (3)

where k is the rate of enzyme decay (m ).

The animals were sacrificed at 4 h (n=3/group) or
24 h (n=3/group) after injection to determine the
biodistribution. The animals were anesthetized with
1sofluorane and perfused with 20 mL of phosphate
saline buffer. After this procedure, the liver, kidney,
spleen, lungs, heart, and brain were collected and main-
tained at —80°C until enzyme activity analysis, which
was performed by incubating macerated and sonicated
tissue with the substrate 4-methylumbelliferyl-a-L-
iduronide as described above. The proteins were mea-
sured by the Lowry method (28) and the units for
enzyme activity were nmol/h/mg protein.

Statistical Analysis
A statistical analysis was performed by Predictive Analytics
software (PASW, version 18.0). The tests are specified on the

results description and/or on table/figure legends. Significant
differences among groups were defined as p<0.05.
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RESULTS

Lipid Core Nanocapsules as Building Blocks
to Multiple-Wall Nanocapsules

The lipid-core nanocapsules (LNC) appeared as cloudy white
homogeneous colloidal suspensions. The cloudy white ap-
pearance was maintained after chitosan coating. The pH of
the colloidal suspensions ranged from 3.4%+0.16 (LNC-
CSpo75) to 3.7£0.05 (LNC-CS p3), which was significantly
lower than the pH 6.41+0.04 observed for LNC (p<0.05).
After coating with chitosan, the pH value decreased because
of the acetic acid solution that was used to dissolve the
polysaccharide.

The LNC had a unimodal and narrow size distribution
with a D[4,3] of 130 nm and a SPAN value lower than 1.0
(Table I). Following the chitosan coating, unimodal and nar-
row size distributions were only observed for LNC-CS 5 and
LNC-CSy 075, while LNC-CSg g3 presented a multimodal
profile (Suppl. figure 1). As a consequence, the D[4,3] for
LNC-CSg o3 was 6411164 nm, whereas LNC-CS; o5 and
LNC-CSg 975 showed lower values close to 140 nm (Table I).
The polydispersity was calculated as a SPAN with values of
2.710.8 for LNC-CSg o3, but lower than 1.2 for LNC-CSg o5
and LNC-CS o75 (Table I). The zeta potential value for LNC
was negative, and the values for LNC-CSg o5 and LNC-
CSp.075 were positive, indicating efficient coatings with chito-
san (Table I). However, LNC-CS o3 had a zeta potential of
—1.727 mV. This result and the one obtained by laser dif-
fraction indicated there was an insufficient amount of chitosan
to cover the colloidal surface in LNC-CSg (3.

The LNC-CSg o5 and LNC-CSg 475 formulations were se-
lected for further physico-chemical characterization. The
d(0.5)n values were lower than 100 nm for both formulations
(Table I). The values were similar (p>0.03) to that calculated
for LNC (Table I).

The formulations were analyzed by PSC to better charac-
terize the nanoscopic population. The z-average diameters
and polydispersity index (PDI) were calculated by the
cumulant method. The intensity profiles were unimodal and
the z-average diameters were slightly higher after chitosan
coating (Table I). The polydispersity indexes were lower than

Table I The Volume Weighted Diameter Average (D[4,3]), Polydispersity
(SPAN), and Median Diameter based on the Particle Number Distribution
[d(0.5)n], Z-average Diameter (z-ave), Polydispersity Index (PDI) and Zeta

0.2 (Table I) indicating homogeneous and narrow particle size
distributions.

Laronidase-Functionalized Multiple-Wall Lipid-Core
Nanocapsules

The LNC formulations coated with chitosan exhibited narrow
size distributions, and those with a slight increase in the D[4,3]
values and positive zeta potential were chosen to be function-
alized with laronidase. Thus, four different formulations were
obtained by using different laronidase concentrations
(Table II). All formulations of multiple-wall nanocapsules
had an opalescent appearance, a Tyndall effect and no
precipitation.

After the interfacial enzyme reactions, the formulations
had a pH value close to that of the commercial enzyme, with
values ranging from 4.1+ 0.08 for L;-MLNC; to 4.2+0.07 for
Lo-MLNC,. Fig. 2 shows the size distribution profiles as based
either on the volume of the equivalent sphere or on the
number of particles. The d(0.5)n values were lower than
100 nm for all formulations. For the L;-MLNC,; and Lo-
MLNC, formulations, the unimodal particle size distributions
remained in the nanometric range, with D[4.3] values of 134
+3 nm and 137+4 nm, respectively; whereas small popula-
tions of micrometric particles were observed for Lo-MLNC,
and L;-MLNC, besides the nanoscopic populations when the
profiles were analyzed on the basis of volume. Therefore, only
L;-MLNC, and Lyo-MLNCy were considered suitable for
further analysis because these formulations had unimodal
nanoscopic particle distributions, while Lo-MLNC; and L;-
MLNCGC, had multimodal particle distributions. The PCS
profiles of those formulations showed narrow populations with
z-average diameters of 71 £ 1 nm and 79+ | nm, respectively,
and polydispersity indexes lower than 0.2 (Table III).

The laronidase in aqueous solution and the L;-
MLNC, and Ly-MLNC, formulations were analyzed
by PCS. The distribution profiles were determined as
a function of the intensity, volume and number. A
comparison between the free and nanostructured
laronidase profiles verified that the free enzyme solution
had multimodal size distributions (Fig. 3a), which may
represent enzyme aggregates, since laronidase molecular

Potential. Data are Presented as Means =+ Standard Deviation, with n=3 for
each Formulation. ANOVA with Tukey’s post hoc Test

Formulation D[4,3] (nm) SPAN d(0.5)n (nm) (z-ave) (nm) PDI Zeta potential (mV)
LNC 130£2 09+0 89+3 67+5" 0.12+0.02 =111 =4
LNC-CSp 05 140+8 1.2+02 71£6 73+ 0.15+£0.01 +10.8%5
LNC-CSq 075 133=1 1.0=0.1 843 76=2 0.17+0.01 +162x2

#p<0.05 when compared with other formulations. #p < 0.05 when compared with LNC-CS0.075.
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Table Il Multiple-Wall Nanocapsule Composition

Formulation Chitosan concentration Laronidase concentration
(ug/mL)

L,-MLNC, 0.050% Il

L,-MLNC, 0.050% 96

L-MLNG, 0.075% I

L,-MLNGC, 0.075% 96

weight 1s 83 kDa. Laronidase-functionalized multiple-wall
lipid-core nanocapsules present unimodal distributions

(Fig. 3b), which ranged from 25 nm to 229 nm by intensity for
L;-MLNC; (peak width of 204 nm), and from 25 nm to 308 nm
for Lo-MLNCy (peak width of 283 nm) (Fig. 3). These results
suggested that the enzyme was bound to the nanocapsule sur-
face that presented similar homogeneous size distributions to
those of the chitosan-coated lipid-core nanocapsules. The z-
average diameter did not vary after the interfacial reaction of
the enzyme with the metal-chitosan multiple-wall lipid-core
nanocapsules (Student’s t-test, p>0.03).

Multiple light scattering analysis was used to assess the
formulation stability. Because the signal transmission was zero
as a function of time, the relative backscattering profiles were

Fig.2 ‘The particle size dlStrIbLﬂIOﬂ a 18 - 18 -
as obtained by laser diffraction. (a).
L-MINC;; (b). L,-MLNC; (c). 15 1 15 1
L-MLNG, and (d). L,-MLNGC, = 12 4 =12
(n=3 for each formulation). L ;- © o 5 o
MLNC; and L,-MLNG,; had all S | £ i
particles diameters smaller than L 6+ 3 6+
| um, while L,-MLNC,; and L;- 3 ] 3
MLNG, showed two populations
of particles, one smaller than | um Q ' ! ; 0 - ; *
and the other close to |0 zm when 0.01 1 10 10000 0.01 1 100 10000
analyzed by volume Particle Size (um) Particle Size (um)
18 - 18
15 A 15 4
=12 =12 1
Q) -
g 9 A g 9
o 6 g 6
> z
3 A 3
0 T ; ' 0 T T T
0.01 1 100 10000 0.01 1 100 10000
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Table Il Mean Size (D[4,3]), .

SPAN, Mean Diameter and PDI of ~ Formulation D[4,3] (nm) SPAN d(0.5)n (nm) (z-ave) PDI

Multtiple Wall Lipid Core

Nanocapsules (n =3 for each L;-MLNC, 1343 1.2+0 70=5 71=1 0.14=0.0lI

Formulation) L,-MLNC, 352169 [.3=0.1 76= 14 - -
L,-MLNG, 15301383 [.1+£02 83=x11 - -
LL-MLNG, 1374 1.2+0.1 674 79+ | 0.16+0.01

analyzed. Both formulations showed a slight increase in the
ABS signal at the base of the optical cells followed by a slight
reduction at the top. No significant changes were observed in
the BS signal at the center of the optical cells after 1 h or 24 h
(Suppl. fig. 2).

Enzyme Kinetic Properties

The enzyme activities of L;-MLNC; and Ly,-MLNC,
formulations were verified to guarantee that the active
site. was not lost after complexation. The Lo-MLNCy
formulation showed reduced enzyme activity when

compared with either L;-MLNC; or laronidase (data
not shown). Thus, the kinetic properties were deter-
mined only for the L;-MLNC; formulation and com-
pared with the laronidase solution. Table IV shows the
results for the Km, Vmax, Kcat, Ecat and the amount
of the final product. There was no significant difference
between the Km of laronidase and that of L;-MLNC,.
Surprisingly, the other parameters were significantly
higher for L;-MLNC, than for the laronidase solution.
The free laronidase in solution and laronidase-
functionalized multiple-wall lipid-core nanocapsules had
different properties.

Fig. 3 Size distribution profiles by a b
photon correlation spectroscopy as 251 254
functions of the intensity, volume 20
and number. (a). Laronidase and = x 201
(b). L;-MLNC; and L,-MLNGC, & 15 2 154
(n=3 for each formulation). %‘ %‘
c - =
g1 g ™ —L1-MLNCH
5| - 5 —L2-MLNC2
0 - ass o} . i
1 100 10000 1 100 10000
Size (nm) Size (nm)
25 1 25
20 - 201
g g
= 15 1 5 154
: :
2 . = 104
Q 10 2 —L1-MLNC1
5 m 5 —L2-MLNC2
0 T s 0 T :
1 100 10000 1 100 10000
Size (nm) Size (nm)
254 25 -
20 1 20 -
E 15 <159
-
§ 101 5 107 —L1-MLNCT
= =
1 5 —L2-MLNC2
0 . . 0 : T . .
1 100 10000 1 10 100 1000 10000
Size (nm) Size (hm)
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Table IV Catalytic Properties of Laronidase and Laronidase-Functionalized
Multiple-Wall Lipid-Core Nanocapsules (L;-MLNC))

Laronidase LI-MLNCI
Km (uM) 127.93+38.00 105.18+17.89
Vmax (UM.s-1) 1.01+£0.22 1.45=0.16*
Kcat (s-1) 36.48+7.87 53.55+6.07*
Ecat (s-1 uM-1) 0.29+0.07 0.51=0.06*
Final product (UM) 575.23+70.80 75338+ 13.24*

*»<0.05, Student’s t-Test

In Vitro Cytotoxicity Analysis

The cytotoxicity of laronidase-functionalized multiple-wall
lipid-core nanocapsules was evaluated by MTT assay using
MPS I patient’s fibroblasts, which were cultivated in concen-
trations ranging from 1.16 pg/mL to 0.0058 pg/mL of
laronidase, LNC-CSg o5 or L;-MLNC; (Suppl. fig. 3).
Laronidase caused no cytotoxicity at any of the tested concen-
trations. Both L;-MLNC,| and LNC-CS (5 caused approxi-
mately 30% cell death at higher concentrations, but they
reached 90-100% cell viability at concentrations lower than
0.232 pg/mL and 0.0232 pg/mL, respectively.

In Vitro Cell Uptake Analysis

The capacity of laronidase or L;-MLNC, uptake by cells was
analyzedin vitro by adding the enzymes to the medium with the
MPS I patient’s fibroblasts. Both forms of laronidase could be
internalized, thereby restoring normal enzyme activity levels
inside the MPS I patient’s fibroblasts (Suppl. fig. 4).

The MPS I patient’s fibroblasts were submitted to different
protocols to verify the cell uptake mechanisms through which
L;-MLNC, was internalized. Alpha-L-iduronidase is taken up
by mannose-6-phosphate receptors (clathrin-mediated endo-
cytosis), which was confirmed by the reduced intracellular
activity of laronidase after incubating with mannose-6-
phosphate (Fig. 4). However, no decrease in enzyme activity
was observed for L;-MLNC). Active transport inhibition was
performed to verify the possibility of L;-MLNC,; membrane
diffusion. Although incubation at 4°C only reduces cellular
metabolism, the decrease in the enzyme uptake was similar for
laronidase and L;-MLNC was similar, leading to conclusion
that L.;-MLNC, does not enter the cell by passive transport.
(Fig. 4). To assess the possibility that L;-MLNC; was being
internalized by caveolin or clathrin-mediated endocytosis, an
incubation with filipin or chlorpromazine (specific caveolin
and clathrin-mediated endocytosis inhibitors, respectively)
was performed. As expected, laronidase uptake diminished
only after chlorpromazine treatment, but no difference was
observed in L;-MLNC; uptake after both treatments.

200

I Laronidase
/1 L1-MLNCA1

180 A

160 -

140 -

120

*

100 -~

40
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Enzyme activity (% of control)
3 8
I
*
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P < @6‘
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Fig. 4 Uptake mechanisms of L;-MLNC,. MPS | fibroblasts were incubated
with laronidase or L;-MLNC; at 37°C (control groups) and with 5 mM
mannose-6-phosphate, 3 ug/mL filipin, 50 uM chlorpromazine at 4°C.
Intracellular enzyme activity was measured by fluorescent methods,
*p <0.05 when compared with the control group by Student’s t-Test.

Clearance and Biodistribution

To assess clearance from circulation and biodistribution
within tissues, 0.085 pg/g body weight of laronidase or
L,-MLNC,, was injected i.v. into 4-month-old Tdua™”~
mice (n=3/group/time). The serum enzyme activity
from the animals that received L;-MLNC; was higher
than those who received laronidase, with an area under
the curve that was over three-fold higher (p<0.01), but
there was no difference in the half-life time (Fig. 5,
Table V). The intravenously administered enzyme was
detectable in the circulation 4 h after injection, and the
enzyme activity was almost nil after 24 h for both
groups (data not shown).

The enzyme activity was measured in five peripheral
organs and in the central nervous system (CNS). Four
hours after injection, the animals who received Li-
MLNC,; presented higher enzyme activity in the liver,
spleen and heart ($<0.05) (Fig. 6a). Interestingly, the
enzyme activity was higher after 24 h, not only in the
liver but also in the kidney (Fig. 6b). There was no
significant difference between the animals that received
laronidase or L;-MLNC, at 24 h in the spleen, heart
and lungs. There was no difference in the enzyme
activity in the CNS at either 4 h or 24 h after infusion.
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Fig. 5 Serum clearance of laronidase and L;-MLNC, over 4 h after infusion
in MPS | mice (0.085 ug/g of body weight, n = 3/group/time).

DISCUSSION

In this study, we proposed a new strategy for binding a ligand
to the surface of a biodegradable nanoparticle. The multiple-
wall lipid core nanocapsules were developed to bind an en-
zyme (laronidase) and improve its pharmacokinetic and
biodistribution parameters. In the first stage of nanoparticle
development, LNCs were coated with three different concen-
trations of chitosan. The inversion of the zeta potential and
size distribution at the nanoscale indicated that proper coating
with chitosan occurred for LNC-CSg o5 and LNC-CSg g75. A
particle sizing analysis (by number) showed mean diameters
lower than 100 nm, indicating that the colloidal suspensions
were in accordance with the European Union concept of a
nanostructure material (29). In addition, the PCS analysis
showed that LNC-CS 75 had a higher diameter when com-
pared with LNC o5, indicating a thicker layer of chitosan in
this formulation. Similar results were also observed by
Siqueira et al. (30), who showed that coating polymeric
nanocapsules with a cationic layer of chitosan caused both

Table V Clearance Characteristics of Laronidase and L;-MLNC,. The Area
Under the Curve was Over Three-fold Higher (p <0.01, Student t Test) for
L-MLNC,, and there was no Difference in the Half-Life Time

Laronidase L-MLNC,

2883.87+399.18
[1.46x5.14

9459.83 = 1290.77*
11.72+3.27

Area under the curve

Half-life time (min)

*p < 0.05, Student's t-test
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Fig. 6 Biodistribution of laronidase and L;-MLNC, in MPS | mice. (a). 4 h
after infusion. (b). 24 h after infusion. (0.085 ug/g of body weight, n=3/
group/time). *p <0.05 when compared with laronidase at the same time
point, Student’s t-test.

the inversion of the zeta potential and the enhancement of the
mean diameter.

The LNC-CSg g5 and LNC-CS 75 suspensions were se-
lected to continue the study because they provided the best
cationic coating profiles. An Iron II solution was added to
each suspension followed by the interfacial reaction of
laronidase as tested in two different concentrations. Laser
diffraction analysis and photon correlation spectroscopy



Laronidase-Functionalized Multiple-Wall Lipid-Core Nanocapsules

951

confirmed the formation of stable nanosized particles.
Maintaining the size in the nanometer range is important
for compatibility with the administration route. Moreover,
the monomodal profiles observed after enzyme addition
showed that the high affinity between iron and laronidase
allowed for the enzyme’s complete chemisorption at the
nanocapsule surface, promoting the formation of a hybrid
structure. The supramolecular structure model consists of a
lipid-core nanocapsule with polyester as the first wall (9) and it
is coated with a negative layer from a phosphatidic acid (which
1s a contaminant in lecithin) (30) that is covered by a chitosan
wall electrostatic interaction, which in turn coordinates iron
with the specific enzyme chemisorption site.

After the interfacial reaction of the enzyme, the pH of the
formulation remained close to that of the commercial enzyme
(aqueous solution). Maintaining the pH is an important aspect
in developing carriers for biomolecule binding, especially
enzymes, to retain functional conformation and activity (31).
Because laronidase is a lysosomal enzyme, the acid pH ob-
served for the nanocapsule formulation is important for main-
taining optimal enzyme activity (27).

A stability analysis by multiple light scattering showed that
both L;-MLNC, and Ly,-MLNC, were kinetically stable for-
mulations. The slight sedimentation observed is a conse-
quence of the larger particles in suspension. The destabiliza-
tion phenomena are detected, for example for particle sedi-
mentation, when there is a positive relative BS signal on the
base and a negative relative BS signal on the top (32).
Brownian movement guaranteed the physical stability of the
colloidal formulations. Furthermore, the results indicated a
high chemical stability at the nanocapsule surface because no
variation at the center of the optical cells was observed (no
flocculation occurred). No changes in the BS signal at the
center of the optical cells are desirable because those varia-
tions are related to the irreversible destabilizations that involve
particle size changes, such as coalescence, flocculation and
aggregation (25). The sedimentation value lower than 3%
and the lack of variation at the center of the cells showed that
no flocculation occurred for either formulation. These results
indicated that the passivation at the nanocapsule surface after
reacting with laronidase was satisfactory, yielding (relatively)
kinetically stable colloidal suspensions.

The enzyme activity of both L;-MLNC; and L,-MLNC,
was analyzed and compared with laronidase. The Lo-MLNC,
formulation showed a reduced activity in comparison with L;-
MLNC; or laronidase. These results suggested that the higher
enzyme concentration at the nanocapsule surface for Lo-
MLNC, generated a steric hindrance, preventing the arrival
of the substrate to the active site of the enzyme. Thus, only the
catalytic properties of L;-MLNGC; and laronidase were stud-
ied. There was no significant difference between the Km of
L;-MLNC; and laronidase, and the Kcat (Vmax/enzyme
concentration) and catalytic efficiency (Ecat - Kcat/Km) were

higher for L;-MLNC;. These superior properties ensured that
a greater amount of product was obtained from the same
substrate concentration, indicating that laronidase-
functionalized multiple-wall lipid-core nanocapsules are an
mnovative formulation with enzyme catalytic activity that is
more efficient. One possible explanation for the superior
catalytic properties of L;-MLNC,| may rely in the fact that
laronidase apparently form aggregates, as suggested by the
PCS data, which shows that average size of laronidase is more
than 50 nm. This hypothesis is supported by the results which
show that nanocapsules with higher laronidase concentrations
had lower enzyme activity. Therefore, nanostructuration pro-
cess may enable the active sites from a larger number of
enzyme units to be exposed, leading to a higher catalytic
efficiency.

Nano-sized particles have been used as enzyme supporting
materials to improve enzyme capabilities because of their
unique size and physical properties (33). However, a decrease
in the enzyme activity is expected if essential amino acid
residues located close to the active site are involved in the
conjugation process (34). Hong ¢ al. (35) showed that enzyme
activity is influenced by the nature of the nanocarrier surface.
These investigators observed that chymotrypsin could be
inhibited after forming a nanostructure either by denaturation
or by retaining its structure. We used interactions with a
chitosan-metal complex to obtain a nanostructured enzyme.
This approach is appropriate because of the non-covalent
conjugation, but it is coordination bound, which promotes
better specificity because the transition metals are able to form
complexes with the side chains of amino acid residues con-
taining imidazole groups (3). In previous work, Abad ¢t al. (36)
developed gold nanoparticles coated with Co®" that were
efficiently complexed to two enzymes, exhibiting histidine
residues on its N-terminal. Enzyme binding was prevented
by eliminating these residues. We observed an improvement
in the laronidase catalytic properties that can be attributed to
its binding to the nanocapsules. Despite the presence of histi-
dine residues within the active site of IDUA (37), the interac-
tion with iron most likely occurred on the inert regions of the
enzyme.

After the enzyme properties characterization, i vitro studies
were performed to describe the cytotoxicity and cell uptake
mechanism. A cytotoxicity analysis was performed on the
MPS T patient’s fibroblasts using different concentrations of
laronidase, 1.;-MLNC; or LNC-CH, y5. Laronidase did not
cause cell death, and both L;-MLNC; and LNC-CH, g5
caused approximately 30% cell death at higher concentra-
tions, but achieved 100% cell viability with concentrations
latter used for in viwo tests. Cationic polymer nanoparticles
can be toxic at high concentrations (38). However, the
hemocompatibility of chitosan-coated nanocapsules previous-
ly exhibited a low toxicity because of the low polysaccharide
concentration used in the formulation (18). Moreover, the
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usual enzyme dose provided to patients is 1.2 pg/g body
weight (39) every two weeks. We tested 1.16 pg/mL medium
in 5000 cells and observed 30% cell death. This was a prom-
ising result for the implementation of this dose for n vivo
studies.

Because L;-MLNC| had no significant cytotoxicity, i vitro
experiments were performed to compare the laronidase and
L;-MLNC, uptake. There was no difference in the enzyme
activity on the MPS I patient’s fibroblasts after treating with
both enzymes (Suppl. figure 4). This finding indicates that L;-
MLNC, is active in a biological system and can be internal-
1zed by the patient’s cells. However, unlike laronidase, L;-
MLNC, is internalized by a pathway other than the mannose-
6-phosphate receptor. Although we were not able to charac-
terize this pathway completely, we ruled out passive diffusion
or caveolin-mediated endocytosis.

Finally, in vivo pharmacokinetics studies were performed to
evaluate if the improved catalytic properties of L;-MLNC;
influenced the clearance and biodistribution profiles. ldua”"
mice received 0.085 pg /g body weight of laronidase or L;-
MLNC,. This concentration, although lower than the thera-
peutic dose (1.2 pg/g body weight), corresponds to a maxi-
mum volume of 200 pL for an animal of approximately 25 g
because the optimal enzyme concentration in the nanostruc-
tured formulations was 11 pg/mL. The enzyme activity in
animals that received L;-MLNC; was higher at all analyzed
times, indicating that L;-MLNC; was able to change the
enzyme pharmacokinetic profile, thereby increasing the cir-
culation time of the active enzyme. In addition, L;-MLNC,
was also responsible for a higher enzyme activity in the pe-
ripheral organs (Figure 6). However, the modified enzyme was
not able to cross the blood brain barrier, most likely because
its mechanism of internalization is mediated by active trans-
port based on receptors that are not expressed on the vascular
endothelia of the central nervous system.

Enzyme nanostructuration is a relatively new approach,
but the field has an increasing number of studies. In 2008,
Garnacho et al. (40) showed that the use of polymer carriers
that were targeted with anti-ICAM-1 for acid
sphingomyelinase (EC 3.1.4.12) had quick, uniform and effi-
cient binding to the endothelium after intravenous injection in
mice. The investigators observed a rapid clearance and in-
creased accumulation of nanostructures when compared with
free enzymes in the kidney, heart, liver, spleen and lungs,
showing a possible improvement in ERT for Niemann-Pick
type B (OMIM # 607616) (40). Another pre-clinical study
using enzyme nanostructures was performed with a-
galactosidase (E.C.3.2.1.22) in a murine model of Fabry dis-
ease. Mice treated with a nanocarrier and also targeted with
anti-ICAM-1 had greater a-galactosidase activity in the brain,
kidney, heart, liver, lungs and spleen, in addition to vascular
endothelial cells. Endocytosis and the lysosomal transport of
the nanostructures were also shown, in addition to the
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increased degradation of globotriaosylceramide, the substrate
accumulated in Fabry disease (41). Both studies employed
nanocarriers to bind to a specific molecule. In the present
work, we developed a nanocarrier system based on laronidase
interactions with metal to obtain a nanostructured lysosomal
enzyme, which showed improved catalytic properties in addi-
tion to better clearance and biodistribution profiles.

Although the given formulation could not overcome one of
the great limitations of ERT, that is, reaching the CNS, it can
be beneficial for addressing two other negative aspects of
ERT. One limitation is the need for high concentrations of
enzyme that may be involved in the immunological response
observed in many patients and that require the administration
of antipyretics and/or antithistamines before enzyme infusion
(24). Because nanostructures enable the achievement of a
higher activity from smaller amounts of drugs, it is likely that
it will reduce these effects and costs by decreasing the dose (3).
Thus, a possible dose decrease can provide a weaker immune
response and a cost reduction, which would make ERT avail-
able more quickly to patients. In this sense, the system devel-
oped in this study can help to address the high costs of ERT
for MPS I patients.

CONCLUSIONS

In this work, we synthesized laronidase surface-functionalized
lipid-core nanocapsules to overcome some of the limitations of
ERT for treating Mucopolysaccharidosis I. The advantages of
this new strategy are as follows: an easy one-pot process,
flexibility in the functionalization and no need for purification.
The use of lipid-core nanocapsules as building blocks for
producing functionalized multiple-wall nanocapsules repre-
sents a new platform for producing decorated soft nanoparti-
cles with a narrow size distribution, excellent reproducibility
and particle homogeneity. The innovative nanocapsules
proved to be more effective than commercial laronidase be-
cause the enzyme catalytic properties were improved, and
in viwo studies on biodistribution and clearance showed supe-
rior results for the innovative formulation. It is worth noting
that the dose used in this study was lower than the one usually
administered to the patients, and thus more investigations
regarding dose adjustment and therapeutic efficacy are
needed.
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