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Introduction

Defect-free graphene enhances enzyme delivery
to fibroblasts derived from patients with lysosomal
storage disorders+
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Enzyme replacement therapy shows remarkable clinical improvement in treating lysosomal storage dis-
orders. However, this therapeutic approach is hampered by limitations in the delivery of the enzyme to
cells and tissues. Therefore, there is an urgent, unmet clinical need to develop new strategies to enhance
the enzyme delivery to diseased cells. Graphene-based materials, due to their dimensionality and favour-
able pattern of interaction with cells, represent a promising platform for the loading and delivery of thera-
peutic cargo. Herein, the potential use of graphene-based materials, including defect-free graphene with
positive or negative surface charge and graphene oxide with different lateral dimensions, was investigated
for the delivery of lysosomal enzymes in fibroblasts derived from patients with Mucopolysaccharidosis VI
and Pompe disease. We report excellent biocompatibility of all graphene-based materials up to a concen-
tration of 100 pg mL™t in the cell lines studied. In addition, a noticeable difference in the uptake profile of
the materials was observed. Neither type of graphene oxide was taken up by the cells to a significant
extent. In contrast, the two types of graphene were efficiently taken up, localizing in the lysosomes.
Furthermore, we demonstrate that cationic graphene flakes can be used as carriers for arylsulfatase B
enzyme, for the delivery of the lacking enzyme to the lysosomes of Mucopolysaccharidosis VI fibroblasts.
Arylsulfatase B complexed with cationic graphene flakes not only retained the enzymatic activity, but also
exerted biological effects almost twice as high as arylsulfatase B alone in the clearance of the substrate in
Mucopolysaccharidosis VI fibroblasts. This study lays the groundwork for the potential use of graphene-
based materials as carriers for enzyme replacement therapy in lysosomal storage disorders.

mainly by the absence or deficiency of the specific lysosomal
enzyme within the cell." Although each LSD is individually

Lysosomal storage disorders (LSDs) are a heterogeneous group
of metabolic diseases characterised by the abnormal accumu-
lation of non-degraded substrates in the lysosomes, caused
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rare, the cumulative incidence of LSDs has an estimated fre-
quency of 1 in 5000 births, with an even higher frequency in
certain ethnic groups.> Clinical features are associated with
progressive and irreversible damage to multiple organs and
body systems (e.g., central nervous system, skeletal system).>?
Despite the great unmet clinical need, there is currently no
cure for LSDs.* Of the limited available treatments, enzyme re-
placement therapy (ERT) is showing the highest clinical
benefit.> The concept of ERT is to replace the defective/
missing enzyme with the functional one." While ERT is now
considered the standard therapy for several types of LSD, it
still has significant drawbacks.* Besides immunogenicity,
insufficient delivery of intravenously administered enzymes to
the required pathological sites is a major obstacle to effective
ERT.*® For instance, the low stability of the recombinant
enzyme in the blood, the lack of targetability, and complete
reliance on endogenous receptors for enzyme internalisation

This journal is © The Royal Society of Chemistry 2023
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are all limiting the effective delivery of the enzyme to its
targets.’® Therefore, strategies to improve the efficacy of con-
ventional ERT are urgently needed.

Nanomaterials (NMs) as carriers for lysosomal enzymes
hold great potential for ERT: further to offering the protection
of the enzyme from premature degradation, NMs could
prolong the circulation time, improve the enzyme release
profile, and reduce immunogenicity.>” In addition, NMs could
promote enzyme internalisation, typically hampered by the
absence of receptors on the target cell. Instead of using recep-
tor-mediated uptake pathways, NMs could be internalised via
multiple uptake pathways depending on their physico-chemi-
cal properties.®

Among the variety of NMs, graphene-based materials
(GBMs), such as graphene (Gr) and graphene oxide (GO)
flakes, have drawn significant research interest for various bio-
medical applications due to their unique properties.”™"
However, GBMs have not yet been widely considered as poten-
tial candidates for LSD treatment despite their advantageous
features, such as a large surface area, enabling high enzyme
loading. In addition, graphene can be easily functionalised:
the presence of different functional groups and the hydro-
phobic carbon basal plane provide different interaction routes
for both covalent and non-covalent attachment of the enzyme.
Furthermore, we have shown that GBMs have excellent bio-
compatibility and dispersibility in biological media and are
also internalised by immortalised epithelial and fibroblast
cells."> ' In addition, the subcellular localization of GO in the
lysosomes, after being taken up via multiple endocytic path-
ways, has also been confirmed in BEAS-2B cells."> Finally,
using GO as a siRNA carrier, we showed that the delivery of
siRNA to the cytosol of primary mouse embryonic fibroblasts
has not been successful due to the vesicle entrapment, which
is, however, favourable for the delivery of lysosomal enzymes."’
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At present, polymeric nanoparticles, owing to their biocom-
patibility and stability, are one of the most explored NMs in
ERT.'®° Enzyme encapsulation or surface coating have been
proposed so far.’° However, this approach might involve
complex chemistry due to surface modifications needed, in
order to trigger cellular uptake and trafficking to the
lysosomes.'”*° Thus, GBMs could provide a simpler option for
both the loading and delivery of enzymes: high enzyme
loading can be achieved through non-covalent interactions
between the enzyme and the material, while subcellular local-
ization within the lysosomes occurs through a natural intra-
cellular trafficking route of GBMs.

This study aims to investigate the potential use of GBMs as
carriers to enhance the delivery of lysosomal enzymes in
patient-derived primary fibroblasts. Using human primary
fibroblasts (HPFs) and LSD patient-derived fibroblasts (MPS VI
and Pompe cells, characterised by the deficiency of arylsulfa-
tase B and acid a-glucosidase, respectively’"*?), we first looked
at the cellular interaction profile of a panel of GBMs (including
defect-free Gr with positive and negative surface charge and
GO with two distinct lateral dimensions). Following the estab-
lishment of the interaction profile, we prepared and character-
ized GBM:enzyme complexes and characterized the degra-
dation of the primary storage substrate within the lysosomes
of the diseased cells.

Experimental
Graphene based materials - synthesis and characterization

Gr materials (Gr-TMA; and Gr-PS1) were synthesized using
liquid phase exfoliation in water, as already reported.">** GO
materials (s-GO and us-GO) were synthesized using the modi-
fied Hummers’ method, as already reported.'>*” The lateral
dimensions of the materials were measured by electron
microscopy and DLS, while the surface charge was character-
ised by ELS. Electron micrographs were obtained using a
Magellan 400L field emission scanning electron microscope
(Oxford Instruments), at ICN2 Electron Microscopy Unit, with
Everhart-Thornley secondary electron detector, using an accel-
eration voltage of 20 kV and a beam current of 0.1 nA. GBMs
were drop-casted onto an ultrathin carbon film on a lacey
carbon support film, 400 mesh. The Gr (Gr-TMA; and Gr-PS1)
thickness was characterized using a MultiMode 8-HR AFM
(Bruker, UK) in ScanAsyst® mode. Silicon coated cantilevers
with a resonance frequency of 70 kHz and a force constant of
0.4 N m~" were used. For the thickness assessment of s-GO
and us-GO, AFM height images were obtained using an Agilent
5500 AFM/SPM microscope at the ICN2 Scanning Probe
Microscopy Facility, in tapping mode equipped with silicon
cantilevers (Ted Pella) with a nominal force of 40 N m™" and a
resonance frequency of 300 kHz. For the GBM sample prepa-
ration, the following procedure was followed. In a 12 mm iron
disk covered with carbon tape and cleaved mica, 20 pL of
0.01% of poly-t-lysine (Sigma-Aldrich, UK) were drop cast.
After 1 min, the samples were washed with 1 mL of water, fol-
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lowed by drop casting 20 pL of GBMs at 50-100 pg mL™". The
same procedure was followed for the preparation of Gr-TMA;
with the poly-i-lysine step to be excluded. Any unbound
material was removed by washing with 1 mL of water, twice.
The samples were allowed to dry overnight and the acquired
images were processed using Gwyddion 7.1 analysis software.

Cell culture

HPFs were maintained in high glucose DMEM cell culture
medium (D6429, Sigma-Aldrich, Merck Sigma, UK), sup-
plemented with 10% FBS (Gibco, Thermo Fisher Scientific,
UK), 1000 units of penicillin, and 1 mg mL™" streptomycin
(P4333, Sigma-Aldrich, Merck Sigma, UK) at 37 °C, in a
humidified 5% CO, incubator. The cell lines used in this study
were obtained from a MPS VI severe phenotype patient and a
severe infantile onset Pompe disease patient. Patient derived
cells were kindly donated by the Manchester University NHS
Foundation Trust and were maintained in r-glutamine con-
tained MEM culture medium (M4665, Sigma-Aldrich, Merck
Sigma, UK), supplemented with 10% FBS, 1% kanamycin
sulfate (15160-054, Gibco, Thermo Fisher Scientific, UK), and
1% MEM non-essential amino acid (M7145, Sigma-Aldrich,
Merck Sigma, UK) at 37 °C in a humidified 5% CO, incubator.
The cells were passaged using 0.05% Trypsin-EDTA solution
(T3924, Sigma-Aldrich, Merck Sigma, UK) at monolayer conflu-
ence, and the activity of trypsin was stopped using 10% FBS.
HPF, MPS VI and Pompe cells with passage numbers of 5-12,
11-16, and 4-11 were used, respectively.

Cell treatment

HPF, MPS VI, and Pompe cells were seeded in 12-well plates
(Corning, Costar, Sigma-Aldrich, Merck Sigma, UK) for cyto-
toxicity and uptake quantification assessments, using optical
microscopy and flow cytometry. For uptake assessment by con-
focal microscopy, cells were seeded in Cellview™ dishes
(627870, Greiner Bio-One Ltd, UK) in cell-specific medium (as
described in Cell culture) for at least 24 h and treated when
reaching 60-80% confluence in RPMI-1640 medium (11835-
030, Gibco, Thermo Fisher Scientific, UK) supplemented with
10% FBS, 1000 units of penicillin, and 1 mg mL™" streptomy-
cin (hereafter referred to as the treatment medium) at 37 °C in
a humidified 5% CO, incubator.

Optical microscopy and flow cytometry

HPF, MPS VI, and Pompe cells were treated with Gr-TMA;, Gr-
PS1, 5-GO, and us-GO (25, 50, 75 and 100 pg mL ™", 1 mL per
well) for 24 h. After treatment, optical images were taken with
an EVOS FL microscope (10x objective), and then the cells
were washed with PBS (+/+) (1 mL per well, x2, D8662, Sigma-
Aldrich, Merck Sigma, UK), detached with Trypsin-EDTA
(300 pL per well, 15 min), neutralised with FBS (30 pL per
well), collected in a 1.5 mL Eppendorf tube, and counted
using the Trypan Blue exclusion dye (10 pL per 10 pL of cell
sample, T8154, Sigma-Aldrich, Sigma, UK). After counting, the
cells were centrifuged (1500 RPM, 5 min), re-suspended in
annexin-binding buffer (1x, 200 pL per sample, V13246,
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Invitrogen, Thermo Fisher Scientific, UK), stained with
annexin V Alexa Fluor™ 488 (1 pL per tube, 20 min, room
temperature in the dark, A13201, Molecular Probes, Thermo
Fisher Scientific, USA), stored on ice, and stained with propi-
dium iodide (1 pL per tube, 1002294094, Sigma-Aldrich,
Sigma, UK) just before analysis using a BD FACSVerse™ flow
cytometer, performed using FITC-A (bandpass: 488-530/30)
and PE-A (bandpass: 488-574/26) channels. A total population
of 10000 cells was acquired, and the mean side-scattering
value was used for uptake semi-quantification. The data were
statistically analyzed using GraphPad Prism (version 9.3.1). For
cell counting and PI/AV staining, the analysis of variance (two-
way ANOVA [main effect only]) with Tukey’s multiple compari-
sons test was used (n = 1 with duplicate). For semi-quantifi-
cation of the material uptake, analysis of variance (two-way
ANOVA [main effects only]) with Tukey’s multiple comparisons
test was used (n = 1 with duplicate). Differences with p < 0.05
were considered as statistically significant: ns = not significant,
*p < 0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001.
Excitation/emission wavelength: AV = 495/519, PI = 493/636.

Confocal microscopy

HPF, MPS VI, and Pompe cells were treated with Gr-TMA;, Gr-
PS1, s-GO and us-GO (25, 50, and 75 pg mL™", 0.5 mL per well)
for 24 h. After treatment, the supernatants were removed and
replaced by the CellMask™ green plasma membrane stain
(C37608, Invitrogen, Thermo Scientific, UK) with a dilution of
1:2500 (0.5 mL per well). For Gr-TMA; and Gr-PS1 treated
cells, the cells were washed using the treatment medium
(0.5 mL per well, x2), stained with the CellTracker™ Green
CMFDA dye diluted in treatment medium (3 pM, 0.5 mL per
well, C7025, Thermo Fisher Scientific, UK), and after 15 min
incubation, replaced by the treatment medium (0.5 mL per
well). The cells were analysed using a Zeiss 780 confocal laser
scanning microscope using a 40x objective, and the acquired
images were processed using the Zeiss microscope software
ZEN. As established in our previous studies, the fluorescence
quenching properties of Gr and the auto-fluorescence pro-
perties of GO were used to follow their cellular interactions in
real-time by confocal imaging."® Excitation/emission wave-
lengths: CellMask™ green plasma membrane dye = 488/
520 nm, GO = 594/620-690 nm, CellTracker™ green CMFDA
dye = 492/517 nm.

Establishment of the Gr-TMA; : ARSB complex ratio and
complex stability assessment

The complexes were prepared in 10 pL of ultra-pure distilled
water (10977035, Invitrogen, Thermo Scientific, UK) by pipet-
ting Gr-TMA; (75 pg mL™") with different amounts of ARSB (0,
30, 15, 7.5, 3.75, 2.5, 1.875, 1.5, 0.75 and 0.5 pg mL™", 4415-SU,
R&D systems, Bio-Techne, UK) to obtain Gr-TMA; and Gr-
TMA; : ARSB complexes in concentration ratios of 150: 60,
150:30, 150:15, 150:7.5, 150: 5, 150:3.75, 150:3, 150:1.5
and 150:1. Then the Gr-TMA; and complexes were further
mixed (300 RPM, 2 h, 19 °C) using a Thermomixer-Mixer HC.
Visual stability and dispersibility of the complexes were

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr04971f

Open Access Article. Published on 29 March 2023. Downloaded on 12/5/2025 11:30:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

assessed by monitoring the signs of material sedimentation
after mixing using a Thermomixer-Mixer HC and the appear-
ance of the residual material on pipette tips.

Gr-TMA; : ARSB stability assessment

The complexes were prepared in 1 mL of ultra-pure distilled
water (10977035, Invitrogen, Thermo Scientific, UK) by pipet-
ting Gr-TMA; (75 pg mL™") with different amounts of ARSB (0,
1.5, 0.75 and 0.5 pg mL™", 4415-SU, R&D systems, Bio-Techne,
UK) to give the Gr-TMA; control and Gr-TMA;:ARSB com-
plexes in concentration ratios of 150:3, 150:1.5 and 150:1.
Then Gr-TMA; and complexes were further mixed (300 RPM,
2 h, 19 °C) using a Thermomixer-Mixer HC. The stability of the
Gr-TMA; control and complexes were characterised by DLS
and potential measurements, with >3 replicate
measurements.

zeta

Enzymatic activity assay

A commercial sulfatase activity assay kit (MAK276, Sigma-
Aldrich, Sigma, UK) was used to assess the enzymatic activity
of Gr-TMA;:ARSB complexes, following the manufacturer’s
instructions. Briefly, an active enzyme hydrolyzes sulfate ester
bonds of the provided substrate into 4-nitrocatechol, which
was detected at OD 515 nm using a microplate reader. Prior to
the assessment, the lowest detectable concentration of ARSB
was confirmed by examining the enzymatic activity for
different concentrations of ARSB (0.5, 1, 10, 30, and 67 pg
mL ") prepared in 10 pL of ultra-pure distilled water. The enzy-
matic activity of Gr-TMA;:ARSB complexes in the concen-
tration ratios of 150:60, 150:3, 150:1.5 and 150:1 were
respectively prepared in 10, 200, 400, and 600 pL of ultra-pure
distilled water, mixed (300 RPM, 2 h, 19 °C) using a
Thermomixer-Mixer HC, centrifuged (17 kg RCF, 30 min,
19 °C) and resuspended in 10 pL of ultra-pure distilled water
for sulfatase activity assessment. These complexes were inten-
tionally prepared in different volumes of water (150:60
(10 uL), 150: 3 (200 pL), 150: 1.5 (400 pL), and 150 : 1 (600 puL))
to ensure that in each sample, Gr-TMA; was mixed with 30 pg
mL™" of ARSB, which was within the detection limit of the sul-
fatase assay kit. The potential interference of Gr-TMA; on the
outcome of the sulfatase activity measurement was assessed by
examining the enzymatic activity of different concentrations of
Gr-TMA;. Briefly, 75 pg mL™" of Gr-TMA; was prepared in 10,
200, 400, and 600 pL of ultra-pure distilled water, mixed (300
RPM, 2 h, 19 °C), centrifuged (17 kg RCF, 30 min, 19 °C) and
resuspended in 10 pL of ultra-pure distilled water to give
different final concentrations of Gr-TMA; (75 ug mL™, 1.5, 3.0,
and 4.5 mg mL ") for sulfatase activity assessment. The effect
of centrifugation conditions on the sulfatase activity measure-
ment of the Gr-TMA; : ARSB complex was also assessed. Firstly,
5 different sets of Gr-TMA; (75 pg mL™') and the Gr-
TMA; : ARSB complex in a concentration ratio of 150:3 were
prepared in 200 pL of ultra-pure distilled water, mixed (300
RPM, 2 h, 19 °C), centrifuged under different centrifugation
conditions (17, 8.5, 5.68, 4.25, or 3.4 kg, 30 min, 19 °C), and
monitored for residual materials on pipette tips after re-
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mixing of the centrifugated material/complex. Then the enzy-
matic activity of Gr-TMA;: ARSB complexes (150:3) collected
under different centrifugation conditions (17, 8.5 or 4.25 kg,
30 min, 19 °C) was compared. All the generated OD spectra
were baseline corrected using the minimal constant (for
4-nitrocatechol standard curve) or user-defined baseline cor-
rection function of the OriginPro 2021b software.

Uptake of Gr-TMA; : ARSB by MPS VI cells and degradation of
the primary substrate

Gr-TMA; : ARSB complexes were prepared at 10x of treatment
concentration, in the following concentration ratios: 150:1
(750 pg mL™' Gr-TMA;: 5 pg mL™" ARSB), 150:1.5 (750 pg
mL™" Gr-TMA;: 7.5 pg mL™" ARSB), and 150:3 (750 pg mL™*
Gr-TMA;: 15 pg mL™" ARSB), in 50 pL of ultra-pure distilled
water and mixed (300 RPM, 2 h, 19 °C). Then the Gr-
TMA; : ARSB complexes were added to 0.45 mL of RPMI
medium with 10% FBS. MPS VI cells treated with Gr-TMA;
(75 pg mL™, 0.5 mL), ARSB (0.5, 0.75, and 1.5 pg mL~,
0.5 mL), and Gr-TMA; : ARSB complexes in the concentration
ratios of 150:1 (75 pg mL™' Gr-TMA;:0.5 pg mL™" ARSB,
0.5 mL), 150: 1.5 (75 pg mL™" Gr-TMA;:0.75 pg mL~" ARSB,
0.5 mL), and 150:3 (75 pg mL ™" Gr-TMA;: 1.5 ug mL~" ARSB,
0.5 mL), in RPMI treatment medium with 10% FBS for 24 or
48 h. After treatment, cells were washed with PBS (+/+) (0.5 mL
per well, x1, D8662, Sigma-Aldrich, Merck Sigma, UK), fixed
with formaldehyde (4% in PBS (—/-), 15 min, 0.5 mL per well,
28908 Thermo Fisher Scientific, UK), washed with PBS (+/+)
(0.5 mL per well, x2), incubated with chondroitinase ABC
(stock diluted in 0.01% BSA solution, treatment concentration
of 0.1 U mL™" in digestion buffer [Tris HCl 50 mM, sodium
acetate 60 mM, 0.02% BSA, pH 8], 2 h, 37 °C, 0.5 mL per well,
C3667-5UN, Sigma-Aldrich, Merck Sigma, UK), permeabilized
with goat serum containing (5%, G9023, Sigma-Aldrich, Merck
Sigma, UK) Triton™ X-100 (0.1% in PBS (—/-), 15 min, 0.5 mL
per well, 9002-93-1, Sigma-Aldrich, Merck Sigma, UK), washed
with PBS (+/+) (0.5 mL per well, x1), treated with goat serum
(5% in PBS (—/-), 0.5 mL per well, 1 h, room temperature),
goat serum removed, stained with anti-chondrotin sulfate
primary antibody (3.5 pg mL ™" prepared in PBS (—/-) diluted
5% goat serum, 100 pL per well on the inner glass surface of
the Cellview™ dishes, ab11570, Abcam, UK) and stored at 4 °C
overnight, in the dark. Then the cells were washed with PBS
(+/+) (0.5 mL per well, x3, last wash for 10 min, room tempera-
ture), stained with goat anti-mouse Alexa Fluor™ 647 (in a
dilution of 1:500 in PBS (—/-) diluted 5% goat serum, 100 pL
per well on the inner glass surface, 2 h in the dark, room temp-
erature, A21236, Thermo Fisher Scientific, UK), solution
removed, stained with Hoechst 33342 (2 ug mL™" in PBS (—/-),
100 pL per well on the inner glass surface, 10 min in the dark,
room temperature, 62249, Thermo Fisher Scientific, UK),
washed with PBS (+/+) (0.5 mL per well, x3, last wash for
10 min, room temperature), mounted with a ProLong™ Gold
Antifade Mountant (P36934, Thermo Fisher Scientific, UK)
and stored at 4 °C until imaged. A Zeiss 780 confocal laser
scanning microscope using a 40x objective, and the acquired
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images were processed using a Zeiss microscope software ZEN.
Quantitative characterization of the intracellular chondroitin
sulfate signal was carried out using the Image] software. For
each condition, cells (n > 30) from 2 or more fields of view (at
0.6x zoom) were randomly selected, and the intracellular chon-
droitin sulfate intensity was measured against the background
intensity. Statistical analysis of the result was performed using
GraphPad Prism (version 9.3.1) with analysis of variance
(ordinary one-way ANOVA) and Tukey’s multiple comparisons
tests. Differences with p < 0.05 were considered as statistically
significant: ns = not significant, *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.

Results
Synthesis and characterisation of Gr and GO

GBMs have different physicochemical properties depending on
how they are produced, which in turn determines how they
interact with the biological environment.>*** Therefore, in this
study, a panel of GBMs were used, characterised by different
size and thickness distributions as well as surface charge and
chemistry. Defect-free Gr flakes were produced in water by
liquid-phase exfoliation assisted by stabilisers."***?® This non-
covalent approach enables the structure of graphene to be
retained while tuning its surface charge and chemistry by
selecting the type of stabiliser. In our study, two stabilisers
were used: pyrene bearing a linked trimethylammonium func-
tionality (TMA;) and 1-pyrenesulfonic acid sodium salt (PS1),
giving rise to cationic and anionic graphene dispersions (Gr-
TMA; and Gr-PS1),'*2>2¢ respectively. Defective graphene, in
the form of GO, was produced utilising the modified
Hummer’s method.">?” The size distribution of the flakes was

Table 1 Physicochemical properties of Gr-TMA3z, Gr-PS1, s-GO and us-GO
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selected by changing the sonication conditions, as reported in
previous work,'>?” giving rise to two samples: small GO (s-GO)
and ultra-small GO (us-GO).

Table 1 and Fig. 1 show a summary of the main physico-
chemical properties of the four GBMs used. Gr-TMA; and Gr-
PS1 were characterised by similar size and thickness distri-
butions but contained different surface charges and chemistry.
As shown in Table 1, measurement by electrophoretic light
scattering (ELS) showed that the zeta potentials of Gr-TMA;
and Gr-PS1 were +39 mV and —36 mV, respectively. In contrast,
s- and us-GO were characterised by comparable surface charge
and chemistry but different lateral dimensions: measurement
by electron microscopy showed that s-GO and us-GO were
characterised by average lateral dimensions of 477 + 270 and
125 + 70 nm, respectively (see Table 1 and Fig. 1). The differ-
ence in lateral dimensions between s- and us-GO was con-
firmed using dynamic light scattering (DLS), with the former
and latter exhibiting hydrodynamic sizes of 509.1 + 8.3 and
85.8 + 0.8 nm in water, respectively (see Table 1). In addition,
measurement by atomic force microscopy (AFM) showed that
while Gr-TMA; (average thickness = 5.7 + 2.3 nm) and Gr-PS1
(average thickness = 6.8 + 2.4 nm) consisted of mainly few-
layer flakes, s-GO (94.4% < 2 nm) and us-GO (99.2% < 2 nm)
consisted of mainly single and bilayer flakes (see Table 1 and
Fig. 1).

Cytotoxicity and uptake profile of Gr and GO

The cytotoxicity and the uptake profiles of the four types of
GBMs in HPF, MPS VI and Pompe cells were examined by
exposing the cells to increasing concentrations of the material
(up to 100 and 75 pg mL™" for cytotoxicity and uptake profiles,
respectively) in RPMI culture medium with 10% fetal bovine

Properties Technique Gr-TMA; Gr-PS1 s-GO us-GO
Lateral Electron microscopy 161 £ 96 nm 169 £ 91 nm 477 £ 270 nm 125+ 70 nm
dimensions Dynamic light Preparation and measurement in water
(average) scattering Hydrodynamic size: Hydrodynamic size: Hydrodynamic size: Hydrodynamic size:
203.1 £ 0.8 nm 170.9 + 1.8 nm 509.1 £ 8.3 nm 85.8 £ 0.8 nm
Polydispersity index: Polydispersity index: Polydispersity index: Polydispersity index:
0.249 + 0.014 0.263 + 0.036 0.617 + 0.108 0.219 + 0.005
Preparation in RPMI with 10% FBS and resuspended in water for measurement
Hydrodynamic size: Hydrodynamic size: Hydrodynamic size: Hydrodynamic size:
280.5 + 5.3 nm 286.7 + 3.6 nm 1324.0 £ 104.0 nm 461.3 £11.1 nm
Polydispersity index: Polydispersity index: Polydispersity index: Polydispersity index:
0.261 + 0.006 0.216 + 0.010 0.470 + 0.114 0.543 + 0.062
Thickness Atomic force 2-20 nm (average: 5.7  2-20 nm (average: 6.8  94.4% <2 nm 99.2% < 2 nm
microscopy +2.3 nm) +2.4 nm) Mainly single and Mainly single and
bilayer bilayer
Zeta potential® Electrophoretic light 39 mV -36 mV —62 mV —-58 mV
scattering
Surface chemistry ~ X-ray photoelectron C: 95.6% C: 93.6%” C:70.3% C: 67.9%
spectroscopy 0: 3.8% 0: 4.9% 0:29.3% 0:30.9%
N: 0.3% N: 0.7% (99.6% purity, C: O = (98.9% purity, C: 0 =
S$:0.2% (C:0=25.2) S:0.8%(C:0=19.1)  2.4) 2.2)

“ preparation and measurement in water. ® The percentage of carbon was calculated based on the reported percentage of oxygen, nitrogen and
sulfur.”® Gr-TMA; was referred to as TMA; and TME; in the studies of Shin et al.'® and Read et al.,*® respectively. Gr-PS1 was referred to as Py-
1S0; based graphene and PS1 in the studies of Yang et al.>® and Read et al.,*® respectively.
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Fig. 1 Physicochemical characterisation of (a and b) Gr-TMAg, (c and d) Gr-PS1, (e and f) s-GO and (g and h) us-GO: (a, c, e and g) electron and (b,
d, f and h) AFM micrographs were obtained for lateral dimension and thickness measurements, respectively.

serum (FBS) for 24 h. It is necessary to acknowledge that upon
contact with the serum-containing culture medium, the material
surface is instantly covered with various serum proteins, hence
affecting the way it interacts with cells.*®*?° For instance, the pres-
ence of serum proteins could mitigate the cytotoxicity effects of
GO by lowering plasma membrane ruffling caused by direct
contact with the materials,"* but serum-coated NMs reported to
display reduced cellular uptake compared to their non-serum-
coated counterparts.®® Considering that conventional ERT is deli-
vered intravenously and that the bloodstream is rich in various
protein molecules, it is more clinically relevant to perform the
cytotoxicity and uptake studies in the presence of serum. Hence,
all treatments in this study were performed under serum-con-
tained conditions.

The cytotoxicity of the four types of GBMs was assessed by
first monitoring the cell morphology using optical microscopy,
counting alive cells using the trypan blue dye exclusion assay
and finally, quantifying the double unstained alive cell percen-
tages by propidium iodide (PI)/annexin V (AV) staining with
flow cytometry. Fig. S1-S3,f respectively, show the optical
images of HPF, MPS VI, and Pompe cells treated with the four
types of GBMs. It is apparent that except for the cells treated
with the positive control (20% DMSO), no evidence of cellular
stress/toxicity was observed. For instance, DMSO treated cells
were characterised by obvious changes in the cell morphology
compared to untreated cells (e.g., the elongated cells became
rounder), along with a noticeable reduction in cell density.
However, the morphology of the cells treated with materials
remained comparable to untreated cells. Further quantifi-
cation using the trypan blue exclusion assay and dead cell
staining with necrotic (PI) and apoptotic (AV) indicators con-
firmed no significant differences in cell viability between the
untreated and material treated cells (Fig. 2 and S47).

This journal is © The Royal Society of Chemistry 2023

Using confocal microscopy and flow cytometry, we investi-
gated the uptake profile of the four types of GBMs by HPF,
MPS VI and Pompe cells. Fig. 3 and 4 and S5-S8f show the
uptake profiles of the four types of material in HPF, MPS VI
and Pompe cells, studied by confocal imaging. For Gr, the
material appeared black, and the co-localization of the
material in the brightfield with the quenched signal of the
CMFDA labelled cells in the merged channel indicates
material internalisation (see Fig. 3 and 4 and S7%). For GO,
red-spotted signals found within the green plasma membrane
labelled cells confirm the presence of the internalised material
(see Fig. S5-S6 and S87). The same trend in the uptake of Gr
and GO was observed across the three cell lines studied. While
we observed a minimal uptake of GO regardless of the cell
model, Gr was taken up in a dose-dependent manner.
However, the three cell lines were taking up Gr-TMA; and Gr-
PS1 to a different extent. HPF and MPS VI cells were taking up
more of Gr-TMA; than Gr-PS1 (see Fig. 3 and 4). In contrast,
Pompe cells were taking up more of Gr-PS1 than Gr-TMA; (see
Fig. S71).

Flow cytometry was subsequently used to semi-quantify the
uptake of Gr and GO in healthy and LSD fibroblasts. Cellular
granularity was measured as the side scattering intensity (SSC)
and reported as the SSC fold change normalized to untreated
cells (see Fig. 5 and S9t). Although measurement by flow cyto-
metry describes the total interaction of the materials with
cells, including internalised and the material attached to the
cell surface, the cells were washed before and after detachment
from the plate. Therefore, complementary to observation by
confocal imaging, measurement by flow cytometry represents
a reasonable estimation of the uptake of the materials.

As shown in Fig. 5, the cellular interaction of Gr was con-
firmed by flow cytometry, and the results are in agreement

Nanoscale, 2023, 15, 9348-9364 | 9353
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Fig. 2 Cytotoxicity assessment of Gr-TMAz, Gr-PS1, s-GO and us-GO (25, 50, 75 and 100 ug mL™, 24 h) in (a and b) HPF and (c and d) MPS VI cells by
live-cell counting using (a and c) trypan blue exclusion dye and (b and d) double negative PI/AV staining. 20% DMSO was used as positive control for
both assays. See Fig. S1 and S27 for the corresponding optical images after treatment with the four materials in HPF and MPS VI cells, respectively. The
data were statistically analysed using analysis of variance (two-way ANOVA [main effects only]) with Tukey's multiple comparisons tests. n = 1 with
duplicate. *Statistically different: ****p < 0.0001; material-treated cells showed no significant differences from the corresponding untreated cells.

with confocal imaging. For example, the SSC fold change of Gr
(Gr-TMA; and Gr-PS1) treated cells (HPF, MPS VI, and Pompe
cells) increased with treatment concentrations, hence confirm-
ing that the materials were taken up by the cells in a dose-
dependent manner. More importantly, the results confirmed
that the HPF and MPS VI cells interacted better with the posi-
tively charged Gr-TMA; than the negatively charged Gr-PS1,
and the opposite for Pompe cells. For instance, the mean SSC
fold change for Gr-TMA; treated HPF and MPS VI cells (at 25
to 100 pg mL_l, HPF: 0.913 to 1.71, MPS VI: 0.631 to 1.297)
was significantly higher than that for HPF and MPS VI cells
treated with the corresponding concentration of Gr-PS1 (at 25
to 100 ug mL_l, HPF: 0.397 to 0.611, MPS VI: 0.454 to 0.697).
In contrast, the mean SSC fold change for Gr-TMA; treated
Pompe cells (at 25 to 100 pg mL™": 0.203 to 0.387) was signifi-
cantly lower than the corresponding conditions of Gr-PS1
treated Pompe cells (at 25 to 100 pug mL™": 0.475 to 0.616).
However, despite the three primary cells showing a differential
preference toward the two Gr, HPF and MPS VI cells displayed
a stronger preference for Gr-TMA; than Pompe cells displayed
for Gr-PS1. For example, the maximum mean SSC fold change
differences between Gr-TMA; and Gr-PS1 treated cells for HPF,
MPS VI, and Pompe cells was 1.098 (observed at 100 pg mL™"),
0.600 (observed at 100 pg mL™"), and 0.289 (observed at 75 pg
mL™"), respectively. In addition, while significant differences
were found between the three primary cells with Gr-TMA;
treatment (SSC fold change: HPF cells > MPS VI cells > Pompe
cells), no significant differences were found between the three
primary cells with Gr-PS1 treatment. This revealed that the

9354 | Nanoscale, 2023, 15, 9348-9364

three primary cell types displayed a comparable level of inter-
action with the Gr-PS1.

Cellular interaction of s- and us-GO was validated in HPF
and MPS VI cells by flow cytometry (see Fig. S9F). The results
confirmed that cellular interactions with GO were minimal
compared to Gr. For example, the greatest mean SSC fold
change for GO treated HPF (MPS VI) cells was 0.136 (0.198),
observed with us-GO treatment at 100 pg mL™". Still, this was
lower than the lowest mean SSC fold change of 0.399 (0.454)
for Gr treated HPF (MPS VI) cells, observed with Gr-PS1 treat-
ment at 25 pg mL~" (see Fig. 5 and S97). In addition, as shown
in Fig. S9,T no significant differences were found between GO
treated HPF and MPS VI cells, regardless of the size of GO.
However, it should be noted that both HPF and MPS VI cells
interacted better with us-GO compared to s-GO; SSC fold
change for us-GO treated cells increased with treatment con-
centrations and was significantly higher than the SSC fold
change for s-GO treated cells (see Fig. S97).

Gr-TMA; and ARSB complexation

Establishment of Gr-TMA;:ARSB concentration ratios.
Given that ARSB has negatively charged regions,*' we investi-
gated the capacity of Gr-TMA; to complex with ARSB by non-
covalent interactions. To determine the optimal mass ratio
between Gr-TMA; and ARSB, we examined the stability of com-
plexes formed using different mass ratios. Gr-TMA; with a
fixed concentration of 75 pg mL™" was directly mixed with vari-
able concentrations of ARSB (30 to 0.5 pg mL™") for 2 h. The
stability of the complexes was examined visually by looking at

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Uptake profile of Gr-TMA; in (a) HPF and (b) MPS VI cells, analysed by confocal imaging (25, 50 and 75 ug mL™%, with FBS, 24 h). Middle sec-
tions of the confocal images are shown. Green = CMFDA dye labelled cells, black = Gr-TMAs.

the sedimentation of the material in the tube and the appear-
ance of the residual material on the pipette tips, after re-
mixing. This occurred due to the agglomeration/aggregation of
the material upon interaction with the enzyme and these com-
plexes were considered unstable (see Fig. 6(a) and S107). As
shown in Fig. S10,T Gr-TMA; : ARSB complexes in the ratios of
150:3,150: 1.5, and 150 : 1 were visually stable.

Subsequently, we validated the stability of these complexes
by hydrodynamic size and zeta potential measurements (see
Fig. 6(b)). As illustrated in Fig. 6(b), the measured zeta poten-
tial of the Gr-TMA; control (32.43 + 4.10 mV) was higher than
the 150:3 (25.73 + 0.95 mV), 150:1.5 (29.01 + 1.77 mV), and
150:1 (30.27 + 1.03 mV) for Gr-TMA;:ARSB complexes.
Although the magnitude of the zeta potential is indicative of a
system’s colloidal stability,** which suggested the reduction in
stability from high for the Gr-TMA; control to moderate for the
complexes, it may not fully reflect the system’s colloidal stabi-
lity. This is because the overall stability of a colloid system
depends on both the attractive van der Waals and the repulsive
electrostatic forces, and the zeta potential consists of infor-
mation only for the latter force.** Hence, we measured the size
distribution of the samples for stability confirmation. As
shown in Fig. 6(b), comparable hydrodynamic size distri-
butions were measured between the Gr-TMA; and Gr-

This journal is © The Royal Society of Chemistry 2023

TMA; : ARSB (150:3, 150:1.5 and 150:1) complexes. Similar
mean hydrodynamic sizes and polydispersity indexes (PI*)
were measured for the Gr-TMA; (size = 200.8 + 3.9 nm, PI* =
0.271 + 0.042), 150:3 (size = 197.3 + 2.8 nm, PI* = 0.235 *
0.007), 150:1.5 (size = 199.1 + 4.5 nm, PI* = 0.255 * 0.007),
and 150:1 (size = 197.3 + 7.9 nm, PI* = 0.264 + 0.049) Gr-
TMA;: ARSB complexes, thus confirming that the Gr-
TMA;: ARSB (150:3, 150:1.5 and 150:1) complexes were
stable. The reduction in the zeta potential magnitude for the
complexes can be explained by the complexation of ARSB with
Gr-TMA;. As the zeta potential is also indicative of the nano-
particle’s surface charge, the result suggested that Gr-TMA;
remained positively charged with ARSB complexation but
became less positively charged with an increased ratios of
ARSB, as expected.

Enzymatic activity assessments. Following the establishment
of the Gr-TMA; : ARSB ratio that gave stable complexes (150: 3,
150:1.5, and 150:1), we measured the enzymatic activity of
the enzyme in the complexes, to confirm that the activity was
preserved. This was done using a commercial sulfatase activity
assay kit, which detects active sulfatase at an optical density
(OD) of 515 nm. However, before assessing the enzymatic
activity of the complexes, we assessed the enzymatic activity of
Gr-TMA; and ARSB (see Fig. S111). This was performed to

Nanoscale, 2023, 15, 9348-9364 | 9355
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Fig. 4 Uptake profile of Gr-PS1 in (a) HPF and (b) MPS VI cells, analysed by confocal imaging (25, 50 and 75 pg mL™%, with FBS, 24 h). Middle sec-
tions of the confocal images are shown. Green = CMFDA dye labelled cells, black = Gr-PS1.
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Fig. 5 SSC fold changes of HPF, MPS VI, and Pompe cells treated with Gr-TMAs or Gr-PS1 (25, 50, 75, and 100 pg mL™!) normalized to untreated
cells. The flow cytometry data were statistically analysed using analysis of variance (two-way ANOVA [main effects only]) with Tukey's multiple com-
parisons tests. n = 1 with duplicate. *Statistically different ([red or blue significance levels] comparison between different cell models with the same
material treatment at the same concentration; [black, yellow, or green significance levels] comparison between the same cell model with different
material treatments at the same concentration): ns = not significant, ***p < 0.001 and ****p < 0.0001.
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Fig. 6 Gr-TMA3z: ARSB complexation and enzymatic activity assessment using commercially available sulfatase activity assay. (a) Schematic of the
protocol of complexation and complex characterisation. Please refer to Fig. S10t for images of Gr-TMAs : ARSB complexes. (b) Characterisation of
the Gr-TMA;z (75 pg mL™) and the visually stable Gr-TMA; : ARSB complexes (at concentration ratios of 150 : 3, 150 : 1.5, and 150 : 1) in water by DLS
(hydrodynamic size distribution by intensity %) and zeta potential measurements. (c) Baseline-corrected optical density spectrum of visually stable
(150:3, 150:1.5 and 150:1) and unstable (150 : 60) Gr-TMAz : ARSB complexes compared against water, Gr-TMA3 (75 pg mL™), and ARSB (30 pg
mL™?) controls using the sulfatase activity assay. Please refer to Fig. S12+ for sulfatase activity calculation.

confirm whether Gr-TMA; and ARSB had intrinsic sulfatase
activity. As shown in Fig. S11(a and d),T both the Gr-TMA; and
ARSB controls showed positive readings at OD 515 nm in a
dose-dependent manner. However, this result must be inter-
preted with caution as we did not anticipate Gr-TMA; to have
sulfatase activity. Hence, the OD spectra (400-800 nm) for the
Gr-TMA; and ARSB controls at different concentrations were
plotted and compared (see Fig. S11(b and e)f). The OD spectra
of Gr-TMA; (see Fig. S11(b)f) revealed that regardless of its
concentrations (75 pg mL™"' to 4.5 mg mL™"), the OD spectra
appeared tilted and featureless in the region of 500-800 nm;
this was comparable to the OD spectra of the water control,
except that the baseline reading for the water control was
lower. In contrast, the OD spectra of ARSB (see Fig. S11(e)t) at
a concentration of >30 pg mL™" showed a peak at 515 nm; this
was comparable to the OD spectra of the positive control (pro-
vided in the commercial sulfatase activity assay kit). Therefore,
the result confirmed that the Gr-TMA; control does not
possess sulfatase activity, and the lowest detectable concen-

This journal is © The Royal Society of Chemistry 2023

tration of ARSB obtained using the sulfatase activity kit was
30 pg mL™". Therefore, the false positive sulfatase activity of
Gr-TMA; was removed with the baseline correction of the
spectra (see Fig. S11(c)t). Since this approach allowed a more
accurate comparison of the sulfatase activity of a sample (see
Fig. S11(c and g)t), the subsequent OD spectra were all pre-
sented with the baseline correction.

Enzymatic activity assessment for the Gr-TMA; : ARSB com-
plexes. As shown in Fig. 6(c), we compared the enzymatic
activity of the Gr-TMA;:ARSB (150:60, 150:3, 150:1.5 and
150: 1) complexes with the water, Gr-TMA; (75 pg mL™"), and
ARSB (30 pg mL™"). Interestingly, while the unstable 150 : 60
complex showed no sulfatase activity, the stable complexes
(150:3, 150:1.5 and 150: 1) showed various degrees of sulfa-
tase activity (see Fig. 6(c) and S127 for calculation of the sulfa-
tase activity, the calculations were based on the measurement
at OD 515 nm). For example, the 150: 1.5 complex showed the
highest sulfatase activity (1261.958 nmol mg™' min™"), fol-
lowed by the 150:1 (869.091 nmol mg™' min™") and 150:3

Nanoscale, 2023,15, 9348-9364 | 9357
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(542.303 nmol mg™" min~") complexes. It is worth mentioning
here that the calculated sulfatase activity of the three com-
plexes was much higher than the sulfatase activity reported in
previous literature for normal patients (4.427 to 15.538 nmol
mg™' min™!, 10).** Considering the common issue of
insufficient enzyme delivery, complexes with higher sulfatase
activity offer a higher chance of delivering the effective dose of
the enzyme. However, the measured sulfatase activity of the
complexes from the assay may not fully reflect the amount of
the enzyme loaded onto Gr-TMA;. This is because the Gr-
TMA; : ARSB complexes (as well as Gr-TMA;) were collected by
centrifugation for enzymatic activity assessment, and we
noticed changes in the dispersibility of the complexes after
centrifugation. As shown in Fig. S12,1 residual materials were
found in pipette tips after re-suspension of the complex
pellets, which indicates impairment of the complex’s dispersi-
bility after centrifugation. The amount of the residual material
matched the observed trend of calculated sulfatase activity.

By comparing the enzyme activity of the 150:3 complexes
collected with different centrifugation conditions (see Fig. S13
and S147), we confirmed that the enzyme activity measure-
ment was affected by the centrifugation conditions. Thus,
although the sulfatase activity assay was useful for indication
of the enzymatic activity retained by the complex, it was not
suitable for quantification of the amount of the enzyme com-
plexed to the material. Nevertheless, the centrifugation step
was not required to assess the biological effect in MPS VI cells.
Thus, in the final part of the study, we investigated the effect
of the Gr-TMA;: ARSB complexes on the degradation of the
primary storage substrate of the MPS VI cells.

n =

The biological effect of Gr-TMA; : ARSB in MPS VI cells

Chondroitin sulfate (CS) and dermatan sulfate glycosaminogly-
can, the natural substrates of ARSB, are the primary substrates
which excessively build up in MPS VI cells.>" In this study, the
in vitro enzymatic activity of the Gr-TMA;:ARSB complexes
was assessed via imaging of the intracellular CS degradation
by immunocytochemistry. As shown in Fig. 7, the accumu-
lation of intracellular CS after 24 h of treatment with Gr-
TMA; : ARSB complexes (150: 1, 150: 1.5, and 150 : 3) was indi-
vidually compared with the untreated cells and cells treated
with the equivalent amount of ARSB (0.5, 0.75, and 1.5 pg
mL ") and Gr-TMA; (75 pg mL™"). Further to imaging the CS-
stained cells, the fluorescence intensity of intracellular Alexa
647 stained CS (mean + SD) in each condition was quantified
and statistically analysed.

Effect of ARSB. First, a concentration-dependent effect of
ARSB was seen. For instance, no significant difference was
found in the fluorescence intensity of CS between the
untreated cells and cells treated with 0.5 pg mL™" (untreated:
41.49 + 14.11, ARSB 36.45 + 13.40, P-value = 0.3323) or 0.75 pg
mL™* (untreated: 36.69 + 11.37, ARSB: 37.62 + 14.46, P-value =
0.9887) of ARSB. In contrast, we observed significant differ-
ences between the untreated cells treated with 1.5 pg mL™" of
ARSB (untreated: 40.26 + 16.46, ARSB: 28.61 + 11.35, P-value <
0.001).
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Effect of Gr-TMA;. Looking at the cells treated with 75 pg
mL™" of Gr-TMA;, despite discrepancies in the significance
level, the measured CS fluorescence intensity for cells treated
with 75 pg mL™" of Gr-TMA; (ranged from 24.89 + 8.90 to
28.95 + 9.846) was consistently found to be significantly lower
than the untreated cells (ranged from 36.69 + 11.37 to 41.49 +
14.11).

Effect of Gr-TMA;: ARSB. Looking at the effect of the Gr-
TMA; : ARSB complexes on MPS VI cells, the CS signal of all
cells treated with complexes was found to be lower than in
untreated cells. However, the significance level varied across
the different ratios of the complexes. For example, the CS
signal for cells treated with Gr-TMA; : ARSB complexes in the
ratio of 150 : 1 (untreated: 41.49 + 14.11, complex: 21.10 + 7.39,
P-value < 0.0001) and 150:3 (untreated: 40.26 + 16.46,
complex: 20.60 + 7.53, P-value < 0.0001) was statistically lower
compared to the corresponding control untreated cells.
However, the CS signal for Gr-TMA;:ARSB in the ratio of
150: 1.5 was not found to be statistically different to untreated
cells (untreated: 36.69 + 11.37, complex: 29.39 + 10.70, P-value
=0.0738).

Gr-TMA; : ARSB treated cells compared to ARSB treated
cells. The CS signal of cells treated with the complex was
found to be either lower or comparable to the corresponding
ARSB treated cells, depending on the ARSB concentration. The
150:1 Gr-TMA; : ARSB complex showed the greatest difference
compared to the ARSB treated cells (ARSB: 36.45 + 13.40,
complex: 21.10 + 7.39, P-value < 0.0001). With a further
increase in the ARSB concentration ratio, the 150:1.5 (ARSB:
37.62 + 14.46, complex: 29.39 + 10.70, P-value < 0.01) and
150:3 (ARSB: 28.61 + 11.35, complex: 20.60 + 7.53, P-value <
0.01) Gr-TMA; : ARSB complexes showed a reduced level of sig-
nificance compared to the control ARSB.

Gr-TMA; : ARSB treated cells compared to Gr-TMA; treated
cells. Finally, we compared the effect of the Gr-TMA;: ARSB
complex with Gr-TMA;. For cells treated with the 150:1 Gr-
TMA; : ARSB complex, the CS signal was statistically lower than
cells treated with the control Gr-TMA; (Gr-TMA;: 28.95 + 9.85,
complex: 21.10 + 7.39, P-value < 0.01). However, for the
150:1.5 and 150:3 Gr-TMA3: ARSB complexes, no statistical
differences were found when compared against the corres-
ponding Gr-TMA; control (Gr-TMA3/150: 1.5 complex: 27.29 +
10.55/29.39 + 10.70, P-value = 0.9042; Gr-TMA;/150 : 3 complex:
24.89 + 8.90/20.60 + 7.53, P-value = 0.4796).

Discussion
Cytotoxicity profiles of Gr and GO

Understanding the cytotoxicity profile is a fundamental prere-
quisite for the use of any type of NM for biomedical appli-
cations. Apart from being non-cytotoxic, ideal carriers for lyso-
somal enzymes should be taken up by the cells and carry the
functional enzyme inside the lysosomes. The four types of
GBMs that we investigated showed excellent biocompatibility
in HPF, MPS VI and Pompe cells in concentrations up to

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Confocal images (maximum intensity projection) of MPS VI cells treated with ARSB ((a) 0.5 pg mL™%, (b) 0.75 pg mL™%, and (c) 1.5 pg mL™Y), Gr-
TMA; (75 pg mL™Y), and Gr-TMA3 : ARSB complexes in the ratio of (a) 150 : 1, (b) 150 : 1.5, and (c) 150 : 3 for 24 h. The chondroitin sulfate signals were
quantified using ImageJ (n > 30 cells from 2 or more fields of view at the lower magnification) and statistically analyzed using analysis of variance
(one-way ANOVA) with Tukey's multiple comparisons tests. *Statistically different: ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p

< 0.0001. Blue = nucleus. Red = chondroitin sulfate.

100 pg mL™" (see Fig. 2 and S1-S47). In fact, the GBMs used in
our study repeatedly show exceptional biocompatibility in

12-14

many cell types.

In contrast, many studies reported the

concentration-dependent cytotoxicity of GBMs in primary
fibroblasts, with the materials being toxic at concentrations up
to 50 pg mL™'.***” Hence, further modification strategies like

silanisation and PEGylation were employed to improve the bio-

This journal is © The Royal Society of Chemistry 2023

compatibility of GBMs in primary and immortalised
fibroblasts.*®*° The discrepancy in GBM biocompatibility
could be attributed to intrinsic differences in the GBM pro-
perties, exfoliation agent used and treatment conditions. For
instance, certain studies employed GBMs with lateral sizes of
1-5 pm>>?*” and lacked clarification on the usage of serum pro-
teins for treatment.®® However, the materials used in this
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study were much smaller (see Table 1), and all experiments
were performed in the presence of serum. In our previous
study, we found that both size and serum proteins were critical
factors that influence the cytotoxicity of GBMs, with large
GBMs (5-15 pm) exhibiting significantly higher cytotoxicity
than small GBMs (50-200 nm) at 100 pg mL™', and the
absence of serum proteins could further elevate the toxicity
effect." Thus, material biocompatibility depends strongly on
its properties and treatment conditions.

In addition, previous studies reported that the oxidation
status of GBMs heavily influences biocompatibility.**
However, most of these studies employed defective graphene for
cytotoxicity comparison with GO, and contradictory findings on
the effect of oxidation on GBM biocompatibility emerged. For
example, Gurunathan et al. reported that GO exhibited much
higher cytotoxicity than defective graphene (produced via the
reduction of GO by spinach leaf extracts) in primary mouse
embryonic fibroblasts (MEFs).>* In contrast, also using MEFs,
Zhang et al. reported that GO with a lower degree of oxidation
(produced by modified Hummers’ method with a lower amount
of KMnO,), which resembles defective graphene, induced sig-
nificantly higher cytotoxicity than GO with a higher degree of
oxidation.*® Likewise, Liao et al. reported that graphene sheets
(produced via dehydration using GO) induced greater cyto-
toxicity than GO in human skin fibroblasts.**

These studies suggested different explanations for their
results, such as the use of spinach leaf extracts as a reducing
agent offered lower cytotoxicity,>®> GO with an increase in the
size of the aromatic domain facilitated better production of
OH radicals,®® and greater aggregation and sedimentation of
graphene had likely inhibited the availability of the nutrients
required by cells.*® However, owing to inherent differences in
the production of these materials, the employed graphene con-
sists of distinct physicochemical properties with various levels
of oxidation, which make it difficult to draw general con-
clusions about the effect of oxidation on GBM cytotoxicity.
Here, using GO and defect-free Gr, we observed no obvious
differences between the two types of materials, with both exhi-
biting excellent biocompatibility.

Uptake profiles of Gr and GO

Based on confocal imaging and flow cytometry, three primary
cell models showed a bare minimum uptake of GO compared
to Gr (see Fig. 3-5 and S5-S9f). Cellular uptake of nano-
particles is highly complicated and influenced by a combi-
nation of many factors, such as the physicochemical properties
of the material, the characteristics of the cell model, and the
treatment conditions employed.”®*° In a more complex but
not uncommon scenario, the properties of the material and
cell model can be altered during or upon interaction with each
other, making it even harder to predict the outcome of the
cell’s response to the material.

From the point of view of the employed cell model, a poss-
ible explanation for the lack of GO uptake can be attributed to
the intrinsic characteristic of fibroblast cells. We previously
found that s- and us-GO were internalised via multiple path-
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ways in the established epithelial cell line, with macropinocy-
tosis and clathrin-mediated endocytosis (CME) being the
dominant pathways, respectively.'”> Human fibroblasts,
however, have been predicted to take up material predomi-
nantly by caveolae-mediated endocytosis (CavME) due to the
enrichment of caveolin-1, which represents the major constitu-
ent of caveolae.”’ Therefore, the minimum uptake of GO could
possibly be due to the limited availability of the uptake
pathway specific for GO in human fibroblasts. Furthermore,
much less is known about the interaction of primary fibro-
blasts with GBMs, and it is still not known whether primary
cells behave like immortalised cells when interacting with
nanoparticles. Following the same treatment conditions, we
previously found efficient internalisation of both s- and us-GO
in immortalised mouse fibroblast cells (NIH/3T3)."

Currently, studies concerning the cellular interaction of
GBMs have been largely performed using immortalised cell
lines. Of the few studies that investigated the uptake of GO in
primary fibroblasts, literature reported cellular uptake of GO
in primary fibroblasts using TEM, regardless of the discrepan-
cies in the material, cell model and treatment conditions.*®*?
However, it is important to note that uptake studies solely
based on TEM often only focus on the success or failure of
uptake but are rarely concerned with the level of internalis-
ation for a large population of cells. Also, visual comparisons
of the TEM images between GO uptake in primary
fibroblasts*®** and NIH/3T3 cells'® showed that at a compar-
able concentration and exposure time, the primary fibroblasts
take up GO in a much lower amount compared to NIH/3T3
cells, thus supporting the idea of minimum GO uptake by
primary fibroblasts compared to the immortalised fibroblasts.
A recent study by Xiao et al. showed that while human primary
cells utilised one dominant uptake pathway for the internalis-
ation of gold nanorods with different surface properties, the
immortalised cells employed all three major uptake pathways
(macropinocytosis, CME and CavME) for material internalis-
ation.*® This further illustrates how uptake differences of NMs
can arise between primary and immortalised cells.

There is a wide acceptance that LSD fibroblasts displayed
altered endocytosis activities.***> For instance, abnormal
accumulation of insoluble lipids, such as cholesterol, either by
means of primary non-degradable substrates or triggered sec-
ondary to primary storage of other biomaterials, have been
reported to directly impair vesicle trafficking and fusion,
which in turn causes “traffic jam” to the endocytic
pathway."***> In a study of the endocytic pathways for four
different LSD fibroblasts with primary lipid storage (type A
Niemann-Pick, type C Niemann-Pick, Fabry, and Gaucher dis-
eases), Rappaport et al. confirmed that all LSD models showed
diminished endocytosis activities compared to healthy
primary skin fibroblasts, with CME affected the most and the
other uptake pathways (CavME and macropinocytosis) affected
to a different extent between LSD models.*” The present work
agrees with the literature; the control HPFs displayed the
highest uptake capacity toward Gr-TMA;, followed by the two
LSD fibroblasts.

This journal is © The Royal Society of Chemistry 2023
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Also, the results showed a substantial difference between
MPS VI and Pompe cells. For example, the total interaction of
Gr-TMA; with MPS VI was (on average) 29.02 + 4.23% lower
compared to HPFs, while for Pompe cells, it was 77.54 + 1.19%
lower compared to HPFs (see Fig. 5, calculated based on the
average SSC fold change at different treatment concentrations).
The finding suggests that the endocytosis activity of Pompe
cells was affected to a greater extent than MPS VI cells. This
result may be explained by the fact that glycogen is the
primary storage material of Pompe cells, which is a form of
carbohydrate, and it is known that lipid accumulation may
arise secondary to the build-up of carbohydrates. In contrast,
although an elevated level of gangliosides (GM2 and GM3), a
type of sialic acid-containing glycosphingolipids, has been
reported for MPS VI, much less is known on lipid accumu-
lation due to MPS VL. In addition, uptake differences between
MPS VI and Pompe cells may arise depending on the clinical
severity of the MPS VI and Pompe patients who donated the
cells.

We move now towards considering the influence of the
material’s physicochemical properties on the cellular uptake
of the four types of materials. To date, very little is known
about the effect of GBM’s physicochemical properties on
primary and LSD fibroblast internalisation. The present find-
ings on the uptake profile of the four types of GBMs offer
some important insights into the influence of key material
parameters on the internalisation of GBMs in healthy primary
and LSD fibroblasts, such as size and surface charge.

First, the limited uptake of GO with different size distri-
butions confirmed that the material size was not the dominant
parameter in driving the observed uptake profiles of the GBM.
This result agrees with those obtained by Heo et al., who
showed by TEM that GO with different size distributions of
150 nm-1.1 pm were taken up to a comparable extent by
human dermal fibroblasts.*> On the other hand, the surface
charge of the materials played a vital role in the uptake of
GBMs. For instance, not only GO with minimum uptake was
negatively charged, but HPF and MPS VI cells also showed a
strong uptake preference for cationic Gr-TMA; than anionic
Gr-PS1. The result agrees with our previous findings, which
showed that despite differences in surface chemistry, different
cationic Gr dispersions were better internalised than the
anionic Gr dispersion by immortalised cell lines.”* However,
considering both GO and Gr-PS1 exhibited a negative surface
charge, the uptake differences between GO and Gr were poss-
ibly attributed to the different surface chemistry, which deter-
mines the interaction with the cell.

Nevertheless, Gr-PS1 was better taken up than Gr-TMA; in
Pompe cells. Although cationic materials have been widely
recognised to be taken up better than their anionic counter-
parts due to the favourable electrostatic attraction with the
negatively charged plasma membrane, this is not always the
case.”® The fundamental reason can be attributed to the fact
that material internalisation does not rely on a single para-
meter, such as surface charge, but on a combination of
various factors. For instance, Gr-PS1 and Gr-TMA; also differed
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in surface chemistry. Thus, a combined effect of its surface
charge and chemistry may contribute to their uptake profiles.
Furthermore, considering that the uptake capacity of Pompe
cells toward Gr-PS1 was at a comparable level to HPF and MPS
VI cells, Pompe cells did not differentially take up Gr-PS1
better than HPF and MPS VI cells. In addition, the literature
also showed that the uptake mechanism of small-size gra-
phene (~200 nm) is surface charge-dependent: the positively
charged graphene utilised CME for internalisation, whereas
negatively charged graphene utilised sulphate-receptor-
mediated endocytosis.”” Hence, knowing that CME has not
only been reported as the uptake pathway for positively
charged graphene but also the mechanism most affected in
LSD cells, another possible explanation of the result is that the
uptake mechanism of Gr-TMA; was impaired in Pompe cells.*’

The biological effect of the Gr-TMA; : ARSB complex in MPS VI
cells

Effect of ARSB or Gr-TMA; treated cells compared to
untreated cells. We observed several interesting results by com-
paring the effect of ARSB or Gr-TMA; treated cells to untreated
cells. First, the concentration-dependent effect of ARSB high-
lighted that for the lower concentration conditions (0.5 and
0.75 pg mL™"), ARSB alone was unable to induce statistically
significant clearance of the accumulating substrate (see Fig. 7).
In contrast, Gr-TMA; alone was repeatedly shown to signifi-
cantly reduce the CS fluorescence intensity (see Fig. 7).
However, this result must be interpreted with caution because
the early finding showed that Gr-TMA; displayed no sulfatase
activity (see Fig. 6(c) and S11t). One simple explanation for the
result is that the internalised material can quench the fluo-
rescence signal of CS. Yet, looking at Fig. S15,1 which showed
the merge channels of Gr-TMA; in the brightfield with the
fluorescence signal of CS (after 48 h), co-localisation of Gr-
TMA; with intracellular CS was found. Although this finding
cannot rule out the possibility of Gr-TMA; quenching the CS
signal, the result does confirm that most of the CS signal was
not quenched by Gr-TMA;. Another possible explanation for
the reduced accumulation of CS may be attributed to the
uptake of Gr-TMA; triggering a series of complex cascades in
MPS VI cells. To date, hundreds of different mutations have
been reported for the ARSB gene.?"*® However, the disease-
causing mutation is not limited to the impaired synthesis of
the enzyme. The impaired enzyme activity has also been
suggested to be due to reduced enzyme stability, decreased
efficiency of the enzyme maturation process, compromised
intracellular transport of the enzyme to the lysosome, etc.*®
Therefore, Gr-TMA; possibly alters the accumulation of CS by
initiating the process of cellular uptake and subsequently
affecting the intracellular trafficking metabolism. Further
investigation is required to fully understand the effect of Gr-
TMA; on the accumulated substrate of MPS VI cells.

Effect of Gr-TMA; : ARSB treated cells compared to untreated,
ARSB or Gr-TMA; treated cells. From the comparison against
untreated cells, the result suggested that the Gr-TMA; : ARSB
complexes at ratios of 150:1 and 150 : 3 were most effective at
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reducing the intracellular CS signal (see Fig. 7). Yet, we also
compared the effect of the complexes against the corres-
ponding ARSB and Gr-TMA; conditions. This is because the
ideal complex should result in a more effective reduction of
the accumulating substrate than the enzyme-alone control. In
addition, since the Gr-TMA; alone control also mediated the
reduction of the CS signal, it is worth understanding the effect
of the complex compared to the effect of the Gr-TMA; control.

Compared with the ARSB treated cells, the enhanced effect
of the complex was reduced with an increased ratio of ARSB.
Hence, the Gr-TMA;: ARSB complex at a ratio of 150:1 was
most effective at CS signal reduction compared to ARSB
treated cells (see Fig. 7). A possible explanation of the result
could be attributed to the alteration of the material’s intrinsic
properties with a higher concentration of ARSB. ARSB com-
plexed with Gr-TMA; could potentially increase the delivery of
ARSB via triggering multiple uptake pathways, and the Gr-
TMA; : ARSB complex bound to the cell surface could offer a
concentrating effect of the enzyme in the proximity of the
cells. However, considering that Gr-TMA; exhibits excellent
stability in serum-contained cell culture medium,"® complexa-
tion of a high concentration of ARSB to Gr-TMA; in culture
medium could result in the agglomeration of the material,
which in turn affects the uptake profile of the complex. The
stability of the complexes was examined in water (see Fig. 6(b)
and S107), and future works should characterise the physico-
chemical properties of the complex in the culture medium.
Finally, the Gr-TMA;:ARSB complex at a ratio of 150:1
remained the most effective when compared to Gr-TMA;
treated cells. Also, the complex-mediated reduction of the CS
signal was more likely due to the successful internalisation of
the complex than due to the quenching of the signal by the
complex localized extracellularly (Fig. S157).

Conclusion

In this study, we investigated the potential use of GBMs as car-
riers to enhance the delivery of lysosomal enzymes in patient-
derived primary fibroblasts. We used a panel of four types of
GBMs, including defect-free Gr with positive or negative
surface charges (Gr-TMA; and Gr-PS1) and defective GO with
distinct lateral dimensions (s-GO and us-GO), and two types of
LSD-patient derived fibroblasts (MPS VI and Pompe cells) as
cell models. As expected, all four types of GBMs exhibited
excellent biocompatibility, up to 100 pg mL™" in the studied
cell lines. Higher uptake of positively charged Gr-TMA; in
HPFs was observed, followed by MPS VI and Pompe cells, com-
pared to negatively charged Gr-PS1. This indicates that LSD
fibroblasts may not only display impaired endocytic activities,
but also the degree of endocytic impairment may vary accord-
ing to the type of disease. The three types of primary fibro-
blasts studied showed no uptake of GO. Subsequently, we
demonstrate that positively charged Gr could act as an enzyme
carrier, upon non-covalent complexation of the ARSB enzyme.
Whilst the quantification of the amount of the complexed
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enzyme remains to be further investigated, we confirmed the
enzymatic activity of the complexes prior to the in vitro assess-
ment of biological effects. Gr complexed with the enzyme suc-
cessfully reduced the amount of accumulated substrate in MPS
VI fibroblasts, exceeding the activity of the enzyme alone
(when used at a concentration ratio of 150:1). Furthermore,
Gr-TMA; also demonstrated its capability of reducing the sub-
strate signal. This study lays the groundwork for the potential
use of two-dimensional nanomaterials as carriers for ERT in
LSDs.
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