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Carbon nanotubes as nanovectors for intracellular
delivery of laronidase in Mucopolysaccharidosis

type It

T. Da Ros,*® A. Ostric,? F. Andreola,” M. Filocamo,® M. Pietrogrande,® F. Corsolini,°
M. Stroppiano,© S. Bruni,® A. Serafino® and S. Fiorito*®

The immobilization of proteins on carbon nanotubes (CNTs) has been widely reported mainly for the
preparation of sensors while the conjugation of enzymes for therapeutic purposes has scarcely been con-
sidered. Herein we report, to the best of our knowledge, the first example of intracellular delivery of a
therapeutic enzyme by means of CNTSs, retaining its activity. Mucopolysaccharidosis | is a rare genetic
disease characterized by the deficiency or absence of the activity of the a-L-iduronidase (IDUA) enzyme.
We evaluated the capacity of the recombinant form of the human IDUA enzyme, laronidase
(Aldurazyme®), conjugated with CNTs to be internalized by fibroblasts from subjects affected with
Mucopolysaccharidosis type | and the capacity of the enzyme to retain its activity after internalization. The
enzyme was successfully delivered into the lysosomal space and the enzymatic activity of the conjugate
was preserved after internalization up to 48 hours. This paves the way towards the use of such a kind of
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construct for therapeutic applications.

Introduction

Mucopolysaccharidoses (MPS) are caused by the deficiency of
one of the lysosomal enzymes involved in the glycosamino-
glycan (GAG) breakdown pathway."* This metabolic block
leads to the accumulation of GAG in various organs and
tissues of the affected patients, resulting in a multisystemic
clinical picture, sometimes including cognitive impairment.
Mucopolysaccharidosis type 1 (MPS I) is a chronic, progressive,
multisystemic lysosomal storage disease characterized by the
deficiency or absence of the a-i-iduronidase (IDUA) enzyme
activity.” The progressive storage of dermatan and heparan
sulfate throughout the body leads to clinical signs in various
organs including short stature, dysostosis multiplex, corneal
clouding, hearing loss, coarse facies, and hepatosplenomegaly,
with different degrees of severity." However, although the MPS
I clinical phenotype represents a continuous spectrum from
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the severe to the attenuated forms, patients with MPS I have
traditionally been classified as having three distinct pheno-
types on the basis of the absence or presence and severity of
CNS involvement/cognitive decline: (1) severe (Hurler syn-
drome, MPS IH; MIM# 607014) when the onset of symptoms is
before 12 months of age, with mental retardation manifesting
before the age of three and survival for no more than 10 years;
(2) intermediate (Hurler/Scheie syndrome, MPS IH/S; MIM#
607015), when the onset of symptoms is between 1 and 6
years, survival is variable and mental retardation is absent or
mild; and (3) ‘attenuated’ (Scheie syndrome, MPS IS; MIM#
607016), when symptoms first become apparent after the age
of 5, survival is normal and mental retardation is never
present.’ The treatment of this disease is actually hematopoie-
tic stem cell transplantation, while the standard medical treat-
ment of the non-neurological manifestations is represented by
the enzyme replacement therapy (ERT) performed through per-
iodic intravenous injections.” ERT for MPS 1 is performed by
intravenous administration of laronidase (Aldurazyme®,
Genzyme Corporation), a protein analogous to human
a-iduronidase, produced by genetic engineering in a Chinese
hamster ovary cell expression system. To date, the main issues
related to ERT are represented, firstly, by the fact that recombi-
nant enzymes do not cross the blood-brain barrier and there-
fore are not expected to lead to any improvement in CNS
damage, except if alternative routes, such as intratechal
enzyme replacement therapy,” would be developed, and sec-



ondly, by the need for a weekly intravenous injection in the
enzymatic treatment. Laronidase is rapidly cleared by the cir-
culation and taken up by cellular lysosomal organelles where it
is stored, but its therapeutic effectiveness does not last longer
than one week.®

Among the emerging nanomaterials with promising appli-
cations in materials science and medicinal chemistry, carbon
nanotubes (CNTs) have an important role.” Their discovery
took place shortly after the synthesis of fullerenes in macro-
scopic quantities,” and since then the research in this exciting
field has been in continuous evolution. Morphologically, CNTs
consist of graphitic sheets rolled up conferring a cylindrical
shape and their length is in micrometers with diameters up to
100 nm, depending on how many walls are present. Because of
their extraordinary properties, CNTs can be considered attrac-
tive candidates in diverse nanotechnological applications,
such as fillers in polymer matrices, molecular tanks, (bio)
sensors and many others.” However, the lack of solubility and
the difficult manipulation in solvents have imposed, until
now, limitations to the use of CNTs. Indeed, the pristine CNTs
in most of the organic solvents and aqueous solutions. They
can be dispersed in some solvents by sonication, but precipi-
tation occurs when this process is interrupted. There are
different strategies to overcome the processing problems, and
one is the formation of supramolecular complexes. CNTs can
undergo chemical reactions that make them more soluble and,
so far, make possible their integration into inorganic, organic
and biological systems. It has been demonstrated that CNTs
can interact with different classes of compounds, such as pro-
teins and nucleic acids.'”

Until now, enzyme immobilizations on CNTs have been
mainly reported with the aim to build sensors.'' Two different
approaches can be used for the immobilization of proteins on
CNTs in general: non-covalent and covalent methodologies. In
the first case the conformation of the biological entity can be
easily conserved but, as a drawback, there is the probable
detachment of the biomolecule from the nanotubes.” On the
other hand, the covalent functionalization establishes between
the tubes and the protein a link that is stable or could be
released only under specific conditions. However in the latter
case, there is a possibility to hinder the catalytic site in the
presence of the vector or more generally to induce a change of
conformation that could lead to a decrease of the enzymatic
activity.

Among the various examples reported in the literature,
dihydroorotate dehydrogenase was immobilized on single
walled carbon nanotubes (SWCNTs) to test the efficacy of
enzyme inhibitors and an improved stability and reusability of
the construct have been observed even though there was a
change of K, probably ascribable to a partial change in the
protein conformation, which however did not affect the results
significantly.” Another example of using CNTs as a scaffold to
immobilize enzymes has been proposed by Quan." In this
case, CNTs have been covered by acrylonitrile-based glycopoly-
mer nanofibers and catalase has been immobilized on the
mixed construct. Its performance has been compared with the

native form and the one immobilized on the glycopolymer
alone and it emerged that in the first case both the thermal
stability and durability were significantly enhanced with
respect to the other two systems. The effect of an increase of
the enzymatic stability was also reported in other cases.'” To
the best of our knowledge, only one example of a direct bio-
logical use of this kind of construct has been reported for anti-
biotic coatings obtained by incorporating carbon nanotube-
lysostaphin conjugates that are highly effective against anti-
biotic-resistant pathogens'® while no publications on the
therapeutic use of enzyme-CNT constructs are available.
However, carbon nanostructures are investigated as vectors for
the delivery of small drug molecules, oligonucleotides and
antibodies.'” These carbon nanostructures, due to their nano-
sized dimensions, similar to those of cell constituents, are
easily internalised into the cell compartments through
different ways other than receptor-mediated phagocytosis. For
these reasons, they are currently under investigation as vectors
for the intracellular delivery of small drug molecules, oligo-
nucleotides and antibodies and, moreover, quite recently their
capability to circumvent the blood brain barrier in animal
models has been reported.'”

We conjugated CNTs with the recombinant form of the
human IDUA enzyme, laronidase, a ubiquitously expressed
lysosomal glycosyl hydrolase, in order to investigate the
capacity of the conjugate to be easily internalized into the cel-
lular compartments (lysosomes), to retain the enzymatic
activity even at lower doses than that usually used for the re-
placement therapy and to be stored for a longer time in the
lysosomal compartments. To the best of our knowledge, this is
the first attempt of therapeutic enzyme intracellular delivery
by means of carbon nanotubes to evaluate their potential use
as nanovectors for the release of enzymes in human diseases
characterized by congenital enzymatic deficiency.

Experimental

Preparation of the CNT-enzyme conjugate f4-MWCNTs
(Scheme 1)

Purification and oxidative cutting of CNTs. 317 mg of multi-
walled carbon nanotubes (MWCNTSs) 20-30 (mean diameter
25 nm, NanoAmor@) have been suspended in 200 ml of
H,50,/HNO; (3/1) solution and sonicated for 15 minutes. The
suspension was left stirring under reflux at a temperature of
35-40 °C for 10 hours. Then the suspension was neutralized
with 4 M NaOH, filtered and washed three times with MeOH
and Et,0. The obtained suspension was then dried and put
under vacuum for one day, recovering 137 mg of oxidized
nanotubes (ox-MWCNTs). This process was performed twice
and the samples were collected together and characterized by
transmission electron microscopy (TEM) and thermo-
gravimetric (TGA) analysis (Fig. S1 and S2¥, respectively). The
calculated mean length of CNTs was 258 + 100 nm, on the
measurement of 97 CNTs.
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Scheme 1 Synthesis of f4-MWCNTSs.

Preparation of f2-MWCNTs

260 mg of ox-MWCNTs were suspended in 20 ml of SOCI, and
0.4 ml of anhydrous DMF were added to the solution under
argon to avoid the presence of water. The suspension was then
sonicated at room temperature for 30 minutes under argon,
and then left stirring at 75 °C for 24 hours under reflux. The
product was then dried under reduced pressure and re-sus-
pended in 80 ml of anhydrous DMF with 1.5 eq. (0.612 mmol,
85.2 pl) of triethylamine and 700 mg of N-Boc-diethoxy-ethyl
amine. The suspension was left stirring at 90 °C under argon
for 48 hours. A mixture of HCl: dioxane (1:4) has been added
to the functionalized f1-MWCNTs (80 mg) and left stirring for
24 hours at r.t. The suspension has been then filtered, and
washed with dioxane and ethyl acetate. Finally the suspension
has been washed with methanol and Et,0, yielding 45 mg of
product f2-MWCNTs. From the Kaiser test, 220 pmol g~' of
free amino groups have been found (431 pmol g~ from TGA
analysis, the weight loss calculated at 450 °C)."”

Preparation of f3-MWCNTSs

22 mg of f2-MWCNTs (total: 4.8 pmol of free amino groups)
were suspended in 10 ml of anhydrous DMF with 50 eq. of suc-
cinic anhydride (24.2 mg) and 200 pl of TEA. The suspension
has been left stirring under argon pressure at r.t. overnight.
Then it has been washed twice with DMF, three times with
MeOH and finally with Et,0, yielding 11.8 mg of product f3-
MWCNT. A decrease of free amino groups was determined by
the Kaiser test (58 pmol g™') and confirmed the conjugation of
succinic anhydride.

Preparation of f&-MWCNTSs

9 mg of f3-MWCNTs (degree of substitution: 153 pmol g™')
have been sonicated for 20 minutes in 10 ml of anhydrous
DMF. Then, under argon, a DMF solution of N-hydroxy-succin-
imide (NHS, 100 eq., 41 mg), a DMF dispersion of EDC-HCI
(100 eq., 56 mg), and DIEA in excess (1 ml) have been added.

1) SOCI, reflux

DL~ NHBoE

After 20 minutes of sonication, the suspension was left stirring
at r.t. overnight under argon. The reaction crude has been cen-
trifuged after the addition of 10 ml of iPrOH at 4000 rpm for
5 minutes. The suspension was then washed five times with
iPrOH and twice with iPrOH/Et,O (1:1), then left under
vacuum to remove all the solvent, yielding 7.3 mg of activated
derivative, 6 mg of which were dispersed in 7 ml of sterile PBS
buffer and the mixture was sonicated for 5 min. 5 mL of laroni-
dase solution (0.58 mg mL™") was then added and the mixture
was gently stirred under sterile conditions. The reaction was
followed by UV-Vis, and during the reaction, suspension ali-
quots were taken at 0 h, after 3 h and after 96 h. Aliquots were
centrifuged and the UV-Vis spectra of the supernatant were
recorded: after 96 h the UV-Vis spectrum did not show traces
of the enzyme in the solution. The mixture was transferred
into the sterilized “Vivaspin 20" falcons with a cut-off mem-
brane of 300 kDa. The mixture was spun 5 times at 2000 rpm
for 4 min with the addition of 15 mL of fresh PBS after each
spin cycle. At the last spin cycle the mixture was concentrated
to 5 mL and freeze dried. Every mg of f4&-MWCNTSs corresponds
to 50 U of enzyme.

Evaluation of the capacity of the conjugate f4-MWCNTS to be
internalized by human fibroblasts from peripheral blood of
patients affected by MPS I

Cell cultures and treatment. Dermal fibroblast cells from the
skin biopsy of three wunrelated patients affected with
Mucopolysaccharidosis IH (MPS-1_5501, MPS-1_6806, and
MPS-1_3805) were supplied by “Cell Line and DNA Biobank
from patients affected by Genetic Diseases” (Istituto Gaslini,
Genova, Italy). MPS-1 fibroblasts were maintained in RPMI
1640 medium (Hyclone Labs Inc., Logan, UT) supplemented
with 15% (v/v) heat-inactivated fetal bovine serum (FBS)
(Hyclone), 1-glutamine (2 mM), penicillin (100 IU ml™") and
streptomycin (100 mg ml™") and seeded on flasks and main-



tained at 37 °C in 5% CO,. The adult human dermal primary
fibroblasts HDFa, obtained from Gibco Invitrogen (Carlsbad,
CA, USA), were grown in Medium 106 supplemented with the
Low Serum Growth Supplement (LSGS, Invitrogen), and used
as a control of normal fibroblasts. Cells were maintained at
37 °C, under a humidified atmosphere of 5% CO,, and pas-
saged after being detached from culture flasks with 0.05%
trypsin and 0.002% EDTA solution. For in vitro testing, MPS-1
fibroblasts were seeded at a density of 2.5 x 10" cells per cm?
in 35 mm culture plates or on cover-slips (@ 10 mm), and
allowed to adhere for 1-2 days before treatments. Cells were
treated with the recombinant form of human a-i-iduronidase
at a concentration of 5 pg ml™" for 2 days, or with f4&-MWCNTs
at a laronidase concentration of 5 pg ml™" and of 2.5 pg ml™’
for 1 and 2 days.

Ethical aspects

Following the ethical guidelines all samples for analysis and
storage in Biobank were obtained with the patients’ (and/or
the legal guardians') written informed consent. Consent was
sought using a form approved by the local Ethics Committee.

Immunocytochemical analysis

Immunocytochemical analysis was carried out on cells fixed
with 4% paraformaldehyde (Sigma Aldrich) for 5 min and per-
meabilized with 0.2% Triton-X 100 (Sigma Aldrich) in PBS.
Samples were subjected to indirect immunofluorescence stain-
ing using the specific primary mouse monoclonal antibody
against human a-i-iduronidase (anti-human o-r-iduronidase/
IDUA antibody - R&D System; 1:50 working dilution). The
primary antibody was detected with the secondary
AlexaFluor488-conjugated rabbit anti-mouse IgG (1:200
working dilution; Molecular Probes).

Samples were observed by using a LEICA TCS SP5 confocal
laser scanning microscope (Leica Instruments, Heidelberg,
Germany). The cell morphology was visualized by differential
interference  contrast  (DIC), and merged images
AlexaFluor488/DIC were obtained.

The quantitative analysis of the fluorescence intensity of
intracellular Aldurazyme was performed under a confocal
microscope by using the LasAF software (Leica Instruments).
The measurement of fluorescence intensity was obtained by
tracing a Region of Interest (ROI) on each cell and analyzing a
minimum of 50 cells per sample. The results were given as
Mean Fluorescence Intensity (MFI) per cell.

Assessment of the cell capacity to internalize the f4-MWCNT
conjugate and of its capacity to localize into the lysosomal cell
compartments

The uptake of the enzyme-CNT conjugate f4-MWCNTs was
analyzed by TEM. The internalization into the lysosomal com-
partments was evaluated by confocal laser scanning
microscopy, after double immunofluorescence staining using
the mouse monoclonal antibody against human o-r-iduron-
idase and the rabbit polyclonal antibody against LAMP-1 (lyso-

somal-associated membrane protein
dilution 1:150).

1; Abcam, working

Quantitative evaluation of the enzyme internalized into the
cell

The uptake of the conjugate f4-MWCNTs was quantitatively
evaluated by immunoblot analysis on total cell lysates.

Western blot analysis has been performed on total cell
lysates from treated and untreated fibroblasts. Protein extracts
were separated electrophoretically on SDS-PAGE, and proteins
were electroblotted onto a PVDF membrane. The laronidase
was identified using the specific antibody (anti-human o-L15
iduronidase/IDUA antibody — R&D System) and revealed with
peroxidase-conjugated secondary antibodies. The blots were
developed using the ECL Detection System.

Evaluation of cytotoxicity of f4-MWCNTSs on fibroblast cell
lines

Cell toxicity was assessed by evaluating the percentage of apop-
totic/necrotic cells in the untreated control and in the samples
treated with f4-MWCNTs and the unconjugated enzyme. For
this purpose, cells were stained with propidium iodide (PI)
and nuclei exhibiting the apoptotic/necrotic morphology were
counted. A minimum of 200 cells per sample was analysed in a
blind fashion.

Assessment of the preservation of the enzymatic activity of f4-
MWCNTs after internalization

This point was evaluated through:

(a) Indirect method: Morphological evaluation of the pres-
ence of cytoplasmic inclusion bodies (CIBs), representative of
glycosaminoglycan (GAG) storage in lysosomal compartments,
by Transmission Electron Microscopy (TEM).

(b) Direct method: Biochemical assessment of the enzy-
matic activity in the cell lysates.

For the assessment of the laronidase activity, primary
human normal fibroblasts (HDFa) and the treated and
untreated MPS fibroblasts (MPS-1_5501, MPS-1_6806, and
MPS-1_3805) were washed two times for removing the cell
culture medium and detached from culture flasks with 0.05%
trypsin and 0.002% EDTA solution. After washing with PBS,
the cell pellet was stored at —20 °C until the biochemical
assay. a-.-Iduronidase activity was assayed in the homogenates
of fibroblast cell lines using 4-methylumbelliferyl-o-i-iduro-
nide (Glycosynth, Cheshire, UK) as a substrate. Total protein
was measured according to the Lowry method.

For TEM analysis, the treated and untreated fibroblasts
were fixed for 2 h with 2.5% glutaraldehyde in 0.1 M
Millonig’s phosphate buffer (MPB) containing 2% sucrose,
and then post-fixed for 8 h with 1% 0s0Q, in the same buffer.
Samples were then dehydrated in ascending acetone concen-
trations and embedded in Spurr epoxy resin (Agar Scientific
Ltd, Stansted, Essex, UK). Ultrathin sections were stained with
uranyl acetate and lead citrate and observed under a Philips
CM12 transmission electron microscope (Philips, Eindhoven,
The Netherlands) operating at 80 kV.



Results and discussion

The conjugation of CNTs with the recombinant form of the
human enzyme a-i-iduronidase was successfully carried out
(Scheme 1). When fibroblast cells from the skin biopsy of sub-
jects affected with MPS IH were challenged with this com-
pound (f4&-MWCNTs), it was observed that the conjugate was
easily internalized into the cell cytoplasm both at the enzy-
matic concentration of 5 pg ml™', the same used for the
unconjugated enzyme, and at the enzymatic concentration of
2.5 pg ml™" (Fig. 1). It is worth noting that at a lower concen-
tration (2.5 pg ml™"), the conjugate was better taken up into
the cell compartments and distributed in the cytosol than the
unconjugated enzyme (5 pg ml~'). Moreover, in both o
iduronidase and f4&-MWCNT treated samples, the laronidase
derived fluorescence signal was also observed in perinuclear
lysosome-like organelles (Fig. 1).

TEM performed on MPS-1_5501 fibroblasts, challenged for
two days with CNT-conjugated laronidase 2.5 ug ml™', showed
that nanoparticle aggregates were phagocytosed in a large
quantity and internalized in cytoplasmic vacuoles (Fig. 2).
Moreover, laronidase delivered by CNTs was observed to be
abundantly internalized into phagolysosomes (Fig. 2 and 3),
similarly to the unconjugated enzyme.

This is demonstrated by the observation that in cells treated
with f4-MWCNTs the enzyme mainly localized in the lyso-
somes, as demonstrated by the tight co-localization of the laro-
nidase-CNT conjugate with the LAMP-1 positive vesicles, com-
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Fig. 1 Confocal microscopy images (left panels) of primary cultures of
fibroblasts from three different MPS | patients (MPS-1_6806,
MPS-1_5501, and MPS-1_3805) challenged for two days with laronidase
5 pg ml~! or f4-MWCNTSs 2.5 ug ml™%. Three different modalities of visu-
alization are shown: MPS-1_6806, merged images of laronidase (green
hue) and nuclei staining with propidium iodide (red hue); MPS-1_5501,
single immunostaining of laronidase (green hue); MPS-1_3805, merged
images of laronidase (green hue) and differential interference contrast
(DIC). Bars: 20 pym. Right panels: Quantitative analysis of fluorescence
intensity performed using LasAF software (LEICA), as described in MM;
the results are given as Mean Fluorescence Intensity (MFI) per cell, by
analyzing a minimum of 50 cells per sample.

MPS-1 5501 f4-MWCNTs 2.5ug/ml 2 days

Fig. 2 Transmission electron microscopy images of MPS-1_5501 fibro-
blasts challenged for two days with f4-MWCNTs 25 upg ml™
Nanoparticle aggregates (arrows in A;) were phagocytosed in a large
quantity by fibroblasts (A, details in A; and A;), through a tight adhesion
on the cell membrane (B, detail in By). CNT structures were evidenced in
vacuoles beneath the cell membrane (arrows in C, and details in C, and
C,), and in large cytoplasmic structures resembling phagolysosomes
(phagly), in (A, D and E). Black arrowheads in (C) point to the cell mem-
brane, white arrowheads in C; point to CNTs in tight contact with the
membrane of a cytoplasmic vacuole. Bars: (A), (C), D 1 um; (B), (E)
500 nm; (E;) 250 nm; (By), (B2) 100 nm.

Aldu 5 pg/ml 2 days

f4-MWCNTSs 5 pg/ml

Fig. 3 Confocal microscopy images of MPS-1_5501 fibroblasts after
double immunofluorescent staining of laronidase and LAMP-1.
MPS-1_5501 cells were challenged for two days with laronidase 5
pg mi~* and f4-MWCNTs 2.5 pg ml™%. Green hue: laronidase; Red hue:
LAMP-1; Yellow hue: co-localization sites. Merged images with cell mor-
phology, visualized by interferential contrast (DIC) are also shown. Bars:
20 pm.

pared to the cells treated with laronidase alone (Fig. 3), where,
conversely, the enzyme was also observed in microvesicles dis-
persed in the cytosolic space.

This could be possibly due to the fact that the f&-MWCNT
clusters are internalized by the formation of large phagosomes
that directly fuse with lysosomes, as shown by TEM analysis
(Fig. 2) while the free enzyme enters the cells through the
endocytosis process, In fact, after binding to the mannose-6-
phosphate receptors (M6PR),”" it reaches the lysosomes after
the formation of early and late endosomal vesicles.
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Fig. 4 Western blot analysis of laronidase expression in total cell lysates
from MPS-1_5501 and MPS-1_6806 fibroblasts. Cells were challenged
for two days with laronidase 5 pg ml™* and f4-MWCNTs 2.5 pg ml™,
Densitometric analysis was performed using the ImageJ processing
program [http://rsbweb.nih.gov/ij/]. Values, normalized to f-actin, are
reported as fold vs. untreated control. Data are presented as the mean +
S.D.

The western blot analysis on total cell lysates from the
three examined cell lines showed that laronidase was
expressed at very low levels in the untreated control while its
expression was significantly increased in the cells treated
with both the conjugate and the unconjugated enzymes
(Fig. 4).

The cytotoxicity tests showed that neither the unconjugated
enzyme nor f4-MWCNTSs were cytotoxic for the examined fibro-
blast cell lines, with about 2% of apoptotic and 3% of necrotic
cells recorded in the untreated control as well as in the treated
samples (data not shown). By optical microscopy, the mor-
phology of the fibroblasts from patients with MPS T was very
different from that of normal fibroblasts (Fig. 5). In detail,
MPS-fibroblasts were larger in size and more enriched in cyto-
plasmic vacuoles compared to normal fibroblasts (arrows in
Fig. 5).

The ultrastructural analysis of fibroblasts from patients
with MPS 1 (MPS-1_5501 cells) showed the presence of cyto-
plasmic inclusion bodies (CIBs) representative of glycosamino-
glycan (GAG) storage in lysosomal compartments, absent in
normal fibroblasts (Fig. 6A and B). Treatment for two days
with 5 pg ml™' laronidase or 2.5 pg ml™' f4-MWCNTs
decreased the number and the size of CIBs (Fig. 6C and D).
Moreover, in the cells treated with the CNT-enzyme conjugate,
nanoparticles were observed inside GAG-containing lysosomal
compartments, some of which appeared almost without GAG
inclusion (Fig. 7). This indicates that CNTs delivered the
enzyme in these cytoplasmic compartments, where degra-
dation of GAGs occurs (Fig. 7C), in a similar way to that
observed in the cells treated with the enzyme alone (Fig. 7B).
These observations suggest that the activity of the CNT deli-

Fibro_MPS-1_6808 HDFa_1% passage

Fig. 5 Phase contrast microscopy images showing the morphology of
MPS-1_6806 and HDFa control fibroblasts. Arrows point to cytoplasmic
vacuolization in MPS cells.

vered enzyme is preserved inside cells, similar to that admini-
strated alone.

The biochemical assessment of the enzymatic activity in
the cell lysates confirmed that the CNT delivered laronidase
preserved its activity after internalization more efficiently than
the unconjugated one (Fig. 8).

Conjugated f4-MWCNTSs (2.5 pg ml ") lead to an enzymatic
activity comparable to or even higher (for the MPS-1_6806 cell
line) than that obtained with a two-fold higher concentration
of laronidase alone (Fig. 8). It is worth-noting that the cell line
MPS-1_6806 had the higher amount of intrinsic intralysosomal
laronidase (Fig. 4) and this can explain the higher level of
enzymatic activity recorded in the CNT + laronidase conjugate
treated cells compared to the same cell line treated with laroni-
dase alone (Fig. 8). We can also speculate that the higher enzy-
matic activity observed in the MPS-1_6806 cell line and the
enzymatic activity, higher than expected with a two-fold laroni-
dase concentration, detected in the other two cell lines could
be ascribed to a protective effect towards the enzymatic degra-
dation exerted by the presence of CNTs. Indeed, the effect of
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Fig. 6 Transmission electron microscopy images showing the mor-
phology of primary human fibroblast cell line (HDFa) from control and
from MPS-1_5501 challenged for two days with 5 pg ml™* laronidase
and f4-MWCNTs 2.5 ug ml™l. Arrows point to cytoplasmic inclusion
bodies (CIBs) representative of glycosaminoglycan (GAG) storage into
lysosomal compartments. Bars 1 pm.

an increase of the enzymatic stability was reported also in
other cases.'” Moreover, we also obtained preliminary data
demonstrating that the internalized conjugate persisted inside
lysosomal compartments almost up to 2 days after its removal
from the culture medium.

One of the main issues related to ERT is represented by the
need for a weekly intravenous injection of the enzymatic prepa-
ration. Laronidase is rapidly cleared by the circulation and
taken up by cellular lysosomal organelles where it is stored,
but its therapeutic effectiveness does not last longer than one
week.® We observed that the conjugate, at an enzymatic con-
centration of half that of the enzyme alone, retained its activity

(MPS-1_5501)

MPS-1_Fibroblasts

MPS-1_5501
Aldurazyme 5pg/ml

MPS-1_5501
f4-MWCNTs 2.5pgiml

Fig. 7 Transmission electron microscopy images showing the mor-
phology of cytoplasmic inclusion bodies (CIBs), with GAG inclusions, in
MPS-1_5501 untreated fibroblasts (A) and in MPS-1_5501 fibroblasts
treated for two days with the CNT-laronidase conjugate f4-MWCNTs
(C) and the un-conjugated laronidase (B). Arrows point to CIBs; arrow-
heads point to CNTs inside CIBs. Bars: (A—C) 1 um; (A;, By C;) 500 nm;
(A, By) and inset in (C, C,) 250 nm.
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Fig. 8 Evaluation of enzymatic activity in total cell lysates from normal
fibroblasts and from treated and untreated MPS fibroblasts.

for up to two days inside the lysosomal compartments after its
removal from the culture medium. Our findings, if further
studies will confirm this observation for longer periods, are
very promising in order to overcome one of the main issues of
ERT.



Several attempts to immobilize and/or to adsorb enzymes
onto CNTs, retaining their enzymatic activity upon adsorption,
have been described but in most of these studies the proteins
underwent structural changes upon adsorption and the native
activity was not retained or dramatically reduced.”' Our find-
ings show that the enzyme conjugation to MWCNTs can be
successfully achieved and the resulting construct can easily be
taken up into cell compartments and reach the intracellular
organelles where the adsorbed enzyme can exert its activity. In
addition, we demonstrated that the enzymatic activity was pre-
served after internalization and seemed to be even more
efficient than the one exerted by the administration of the free
enzyme.

Since CNTs have been considered as promising nano-
materials for biological and medical applications, intensive
studies have been carried out to explore their capacity as nano-
vectors for the delivery of therapeutic molecules.*

Nevertheless, to our knowledge, the use of functionalized
CNTs for intracellular enzyme delivery has not been described
yet. In addition, the demonstration that the enzyme laronidase
immobilized on MWCNTs was not only taken up by the lyso-
somes but was also able to exert the enzymatic activity more
efficiently than the unconjugated one, and that its activity per-
sisted up to 48 h allows us to foresee the potential use of the
conjugate for going beyond the limits of the classical enzyme
replacement therapy.

Conclusions

This is the first time that an enzyme immobilization on CNTs
for biomedical applications has been successfully performed.
In this study we assessed the capacity of the conjugate f4-
MWCNTs (CNTs-laronidase) to be internalized by human
fibroblasts from different patients affected with MPS I and to
enter into the lysosomal space. Moreover, laronidase delivered
by MWCNTSs was observed to be internalized into lysosomes as
well as the unconjugated laronidase, its activity was retained
even at lower doses and preserved after internalization up to
48 hours. The conjugate f4-MWCNTs did not show any cyto-
toxic potential towards fibroblast cells, as well as laronidase
alone. Our purpose, aimed to explore the possibility of provid-
ing a therapeutic opportunity with a more convenient cost/
benefit ratio, was achieved. Thus, we believe that this construct
could be exploited, upon further in vitro and in vivo investi-
gations, for therapeutic uses.

These results pave the way for the use of carbon nanotube
derivatives as drug delivery systems for the treatment of MPS
and other lysosomal disorders.
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