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Long-term retention of gold nanoparticles in the
liver is not affected by their physicochemical
characteristicst
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Gold nanoparticles (GNPs) are considered promising candidates for healthcare applications, however,
their toxicity after long-term exposure to the material remains uncertain. Since the liver is the main filter
organ for nanomaterials, this work was aimed at evaluating hepatic accumulation, internalisation and
overall safety of well-characterised and endotoxin-free GNPs in healthy mice from 15 minutes to 7 weeks
after a single administration. Our data demonstrate that GNPs were rapidly segregated into lysosomes of
endothelial cells (LSEC) or Kupffer cells regardless of coating or shape but with different kinetics. Despite
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the long-lasting accumulation in tissues, the safety of GNPs was confirmed by liver enzymatic levels, as
they were rapidly eliminated from the blood circulation and accumulated in the liver without inducing
hepatic toxicity. Our results demonstrate that GNPs have a safe and biocompatibile profile despite their
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Introduction

The use of nanomaterials for drug delivery and healthcare
diagnostics represents a rapidly growing opportunity for pre-
cision medicine." Nanoparticle (NP)-conjugated drugs often
show a better pharmacokinetic profile than free drugs control-
ling drug biodistribution and accumulation in specific organs
with an improved therapeutic outcome and reduced off-target-
ing and side effects.” To this end, gold nanoparticles (GNPs)
have been developed in recent years and their high precision
and well-established synthesis methods allow them to be
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tuned in size, shape, and a wide range of surface
modifications.”>” The GNPs surface can also be easily modified
with a wide range of small molecules such as nucleic acids,
peptides, small interfering RNA, antibodies, polymers such as
polyethylene glycol (PEG), and several drugs,® making them a
very attractive material for nanomedicine. In addition, as an
inert metal, gold is not as sensitive to pH variations and is less
reactive than silicon dioxide”® or metal-oxide NPs,® thus,
maintaining their biological characteristics.

Physicochemical properties of NPs, such as the geometry,
size, or surface curvature may play a key role in the interactions
between NP and cells and tissues, affecting transport and NPs
fate. While size plays a fundamental role in retention in filter-
ing organs such as the liver and kidneys, curvature and size
affect the rate of internalisation of NPs into cells.”*'® NPs less
than 10 nm in diameter have been shown to be energetically
unsuitable for uptake into cells'** and, because of their
small size, they are excreted through the kidneys via urine.'™"?
In contrast, larger NPs with diameters between 10 and 100 nm
are preferentially taken up into cells of the liver and excreted
from the organism through the hepatobiliary system, with a
slower rate of excretion.'™'? Furthermore, the particle geome-
try and surface chemistry can drastically alter the fate of GNPs
in biological fluids, cells, tissues and organs.”*® This modifi-
cation leads to their uptake in filtering organs, especially in
cells of the hepatic reticuloendothelial system (RES), which is

This journal is © The Royal Society of Chemistry 2023
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mainly composed of resident intravascular macrophages (i.e.,
Kupffer cells)'” and liver sinusoidal endothelial cells (LSECs),
a highly specialised endothelial cell layer with an efficient
endocytosis capacity that is among the highest of all cell types
in the body.'® Emerging studies have started to evaluate the
NP biological response after chronic exposure,”?° but
additional studies are required to evaluate the in vivo long-
term exposure and their translocations in organs.

Herein, we report the biological distribution of GNPs in
healthy and immunocompetent mice following a long-term
exposition over 47 days and the influence of shape, size, and
polymer surface functionalisation on cellular uptake in the
liver, subcellular distribution in various liver resident cells,
and long-term accumulation in the hepatobiliary system. Our
results show that the percentage of GNPs reaching the liver
was strongly dependent on size, with small spherical GNPs
remaining longer in the bloodstream, whereas up to 70% of
nanorods rapidly landed in the liver, the long-term persistence
of GNPs in this organ remains unchanged over 47 days after
intravenous administration, with GNPs keeping their shape
and size even within subcellular compartments of LSECs and
Kupffer cells, regardless of geometry and surface functionalisa-
tion. Despite the prolonged accumulation in tissues, the
overall safety of GNPs was confirmed by the absence of hepatic
necroinflammation but should prompt caution in chronic
treatments.

Experimental
Materials

Before use, all glassware was washed with aqua regia and
rinsed thoroughly with Milli-Q water. All chemicals were used
as received. Hydrogen tetrachloroaurate(m) hydrate (HAuCly),
hexadecyltrimethylammonium chloride (CTAC), hexadecyltri-
methylammonium bromide (CTAB), sodium borohydride
(NaBH,), ascorbic acid (AA), ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC), poly(isobutylene-alt-maleic-anhydride),
hydrochloric acid, 5-bromosalicylic acid, silver nitrate (AgNO3),
phosphine buffered saline (PBS), ethylenediaminetetraacetic
acid (EDTA), resazurin, and dodecylamine (DDA), a-methoxy-
o-thiol-poly(ethylene glycol) (MPEG-SH, M,, = 2 kDa (PEG 2k)
and M,, = 5 kDa (PEG 5k)), poly(sodium 4-styrenesulfonate)
(PSS, M,, = 70 kDa) were purchased from Sigma-Aldrich (UK).
Most buffers were prepared manually using Milli-Q water (res-
istivity of 18.2 MQ cm at ca. 25 °C).

Synthesis, functionalisation and NPs characterisation

Synthesis of spherical GNPs. Spherical GNPs with core dia-
meters of nominally ca. 25 nm and ca. 55 nm, named in the
following 25-GNPs and 55-GNPs, respectively, were synthesised
following the seed-mediated growth method reported by
Hanske et al.,>’ with some modifications. Synthesis of Au
seeds (~4 nm): freshly prepared NaBH, (200 mL, 0.02 M) was
injected, under vigorous stirring, into a mixture containing
CTAC solution (5 mL, 0.1 M) and HAuCl, solution (50 mL, 0.05
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M). The solution colour changed immediately to brownish
yellow. The seed solution was strongly stirred for 3 min at 1200
rpm and then diluted 10 times in CTAC (100 mM). Seeding
growth to 10 nm spheres: a solution of HAuCl, (50 pL, 0.05 M)
was injected, under vigorous stirring, into a mixture contain-
ing the seed solution (900 pL), AA (40 pL, 0.1 M) and CTAC
solution (10 mL, 25 mM). After 10 s, the stirring was stopped,
and the mixture was left at RT for at least 10 min. The result-
ing gold nanospheres presented a localised surface plasmon
resonance (LSPR) band centred at 521 nm. Growing the 10 nm
Au spheres to 25 nm and 55 nm (large scale): briefly, CTAC
solution (500 mL, 25 mM) was mixed with AA (2 mL, 0.1 M)
and 10 nm spheres (8 mL) to obtain 25 nm GNPs or
(1.850 mL) to obtain 55 nm GNPs. Then, HAuCl, (2.5 mL, 0.05
M) was injected under vigorous stirring and the mixture was
left stirring at RT for at least 1 h. Diluted sodium hypochlorite
solution (1 mL, 1 to 1.5 wt% of available chlorine) was injected
under a strong stirring and after 5 min of stirring. An
additional HAuCl, solution (125 pL, 0.05 M) was injected in
the case of 55-GNPs while no HAuCl, solution was added in
the case of 25-GNPs. The particle solution was left at 37 °C for
at least 2 h to ensure the completion of the oxidation process
and achieve NPs with a nearly perfect spherical shape. After
that, the GNPs solution was subjected to one-time cleaning by
centrifugation (see Table S1f for centrifugation conditions).
Then, the supernatant was discarded, and the pellet was dis-
persed in Milli-Q water and stored for further use.

Synthesis of gold nanorods (GNRs). GNRs with dimensions
of ca. 15 x 55 nm and 15 x 90 nm, named in the following
55-GNRs and 90-GNRs, respectively, were prepared by using
the seed-mediated growth method in two steps as reported by
Ye et al.,*” (i) preparation of 4 nm Au seeds solution: freshly
prepared NaBH, (600 pL, 0.02 M) was injected, under vigorous
stirring, into a mixture containing CTAB solution (5 mL, 0.2
M) and HAuCl, (5 mL, 0.5 mM). The resulting brown-yellow
colour solution was kept at RT for 15 min before use. (ii)
Preparation of growth solution: briefly, CTAB (9.0 g) and 5-bro-
mosalicylic acid (1.1 g) were dissolved in warm Milli-Q water
(250 mL). After that, the solution was cooled down to 30 °C,
and AgNO; (18 mL, 4 mM) for 55-GNRs or (24 mL, 4 mM) in
the case of 90-GNRs, were added. The mixture was kept at
30 °C for 15 min and then, HAuCl, solution (250 mL, 1 mM)
was added. After 15 min of stirring (400 rpm), AA (2 mL, 0.064
M) for 55-GNRs or (1.25 mL, 0.064 mM) in the case of
90-GNRs, were added, and the solution was vigorously stirred
for 30 s until it became colourless. Finally, a freshly prepared
seed solution (400 pL) (as described above) was injected into
the growth solution and stirred for 30 s. Finally, the solution
was kept overnight at 30 °C without stirring to allow GNRs to
grow. The resulting GNRs solution was subjected to one-time
cleaning by centrifugation (see Table S1f for centrifugation
conditions). Then, the supernatant was discarded, and the
pellet was dispersed in Milli-Q water and stored for further
use.

PEGylation of NPs. PEGylating of NPs was carried out
according to the protocol reported by Xu et al.>® Briefly, the
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NPs were coated first with PSS, which was exchanged later with
PEG 5k. For the PSS coating, a stock solution (0.125 M, in
monomer units PSS, one polymer unit (CgH,NaO,S) has 206 g
mol™" molecular weight) was prepared in Milli-Q water and
stored for further use. A specific amount of PSS solution, cal-
culated using the equations reported in the Appendixt (C, =
0.125 M, RP/area = 15000), was added to the NPs solution
(100 mL) and the mixture was further stirred for 1-2 min and
then left without shaking at RT for 24 h. As a result, PSS mole-
cules were adsorbed to the CTAC/CTAB-coated NPs forming a
PSS-CTAC/CTAB complex. After that, the NPs solution was sub-
jected to one-time cleaning by centrifugation (see Table S17t
for centrifugation parameters). Thereafter, the supernatant
was discarded, and the pellet was dispersed in Milli-Q water.
To exchange the PSS—-CTAC/CTAB complex, a specific amount
of PEG 5k in Milli-Q water (see Table S1t) was added to the
solution of PSS-coated NPs and further stirred at RT for 24 h.
After that, The PEGylated NPs were subjected to one-time
cleaning by centrifugation (see Table S1f for centrifugation
parameters), the supernatant was discarded, and the pellet
was dispersed in Milli-Q water and stored for further use.

NPs phase transfer and polymer coating. For polymer
coating, the NPs were transferred from the aqueous medium
to the organic solvent following the protocol reported by
Soliman et al.® Briefly, a specific amount of PEG 2k in Milli-Q
water (see Table S1{) was added into the NPs solution and
further stirred at RT for 24 h. After that, a solution of DDA in
chloroform (0.4 M) was added and the mixture was stirred
until the NPs were transferred to the chloroform phase. Then,
the particles were centrifuged twice (see Table S1}) to remove
unbounded organic molecules (DDA and PEG 2k) and the pel
was dispersed in chloroform and stored for further use.

The DDA capped NPs were transferred back to Milli-Q water
using the polymer coating technique as described by Lin
et al.** The amphiphilic polymer (poly(isobutylene-alt-maleic
anhydride)) was synthesised by grafting DDA onto its hydro-
philic backbone through a spontaneous amide linkage, which
converts one maleic anhydride into one corresponding amide
and one free carboxylic acid. 75% of the polymer’s anhydride
rings were grafted by using DDA in THF at 70 °C in order to
produce free hydrophobic sides, which will interact later with
the hydrophobic sides (hydrophobic chains) of the particles’
surface by hydrophobic interaction. The remaining 25% of the
anhydride rings will offer the colloidal stability of the particles
by electrostatic repulsion of the surface’s free carboxylic acids.
For details about the synthesis of the amphiphilic polymer
used here, we refer to the previous work of Lin et al** The
resulting dodecyl-grafted-poly(isobutylene-alt-maleic  anhy-
dride) (in the following referred to as PMA) was dissolved in
chloroform as a stock solution (0.5 M). The amount of added
PMA per NP was calculated according to eqn (S1)-(S4) in the
ESI (Appendix).t The polymer coating was then carried out
according to the standard protocol already described.**

Protein corona preparation. For this purpose, human
plasma (HP) and fetal bovine serum (FBS) were allowed to
reach RT. Then, NPs (50 pg) were injected into either HP or
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FBS diluted with PBS solution (10 mM, pH = 7.4) to reach a
final concentration of 10% or 80% v/v, respectively. The result-
ing mixtures were incubated for 1 h at 37 °C and shaken at a
speed of 300 rpm. After that, the unreacted unbound bio-
molecules were washed out using centrifugation as previously
described.*?* The isolated NP-HC complexes were collected in
PBS (20 pL) and used for characterisation.

NPs characterisation. UV-Vis absorption spectra of the NPs
were acquired across a range of wavelengths 400-1000 nm with
UV-Vis spectroscopy to study the colloidal stability of NPs after
their surface modifications. Measurements were carried out in
Milli-Q water with a cuvette path length of 1 path = 1 cm. The
concentration of the NPs was calculated from the absorbance
(A) at 450 nm (as measured with UV-Vis absorption spec-
troscopy) instead of using the absorbance at the maximum of
LSPR because of the sensitivity of the latter to the deviation in
the particle shape, and the refractive index of surface coating
and the surrounding medium,”®*” which can lead to non-pre-
ferable results as well described by Haiss®® and Khlebtsov.>®
For 25-GNPs and 55-GNPs, the molar extinction coefficients of
£(450) = 1.10 x 10° M™' em™" and 1.26 x 10" M™' em™,
respectively, as previously reported by Haiss et al.>® In the case
of GNRs samples, the molar extinction coefficient of each
sample was calculated from a correlation curve relating NP con-
centrations determined by ICP-MS with absorption measure-
ments. In this context, ICP-MS measurements were carried out
for each sample of GNRs to determine the mass of gold, which
was converted later into molar concentration using eqn (S5)—-(S7)
(Appendix).t Then, the UV-Vis absorption spectra were recorded
for a dilution series of each sample, and the absorbance at
450 nm (A450) was determined for each corresponding NP con-
centration of the dilution series. According to formula (S8),T the
absorption data were plotted versus the NPs concentration, and
the curve was fitted with linear regression analysis based on
Lambert Beer’s law (eqn (S8)1). The respective molar extinction
coefficients (450 nm) were determined to be 1.41 x 10° M™*
em™ and 2.39 x 10° M™! em™ for 55-GNRs and 90-GNRs,
respectively. Note that it was assumed that the surface coating
does not influence (450 nm).

A transmission electron microscope (TEM) was used to
characterize the quality of GNPs. The TEM sample was pre-
pared by placing a drop (4 pL) of diluted NPs solution on top
of a copper grid coated with a layer of carbon and left to dry at
RT. The images obtained by TEM were analysed and the core
size of at least 100 NPs was manually calculated using the free
software Image].

The hydrodynamic diameter (d;) and zeta potential (¢-
potential) of a suspension of GNPs (1 mL) were measured by
dynamic light scattering (DLS) and laser Doppler anemometry
(LDA), respectively. All samples were equilibrated for 5 min at
ca. 25 °C to ensure NP motion was due to Brownian motion
and not due to any thermal gradients. The NPs were measured
in Milli-Q water or PBS at 173° backscatter settings, using a
633 nm laser. The determined dj, [nm] and {-potentials [mV]
were the averages of at least three independent measurements
and all data are summarised in Table S2.7

This journal is © The Royal Society of Chemistry 2023
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LAL assay for GNPs. To evaluate the contamination of the
NPs solutions with endotoxin (lipopolysaccharides, LPS)
during production or handling, the particle samples were
tested using the Pierce LAL Chromogenic Endotoxin
Quantitation Kit (88282) purchased from Thermo Fisher.
Briefly, an aliquot of the NP stock, equal to an equal amount
injected into the mouse, was incubated at 37 °C for 1 h and
centrifuged at 11 600g at RT for 30 min. The supernatants were
collected and tested for LPS content following the manufac-
turer’s protocol.>® The detected level of LPS in each NP stock
solution was presented in Table S3.7

Animals and treatments

Biodistribution in healthy mice CD1. The Institute for
Pharmacological Research Mario Negri IRCCS adheres to the
principles set out in the following laws, regulations, and pol-
icies governing the care and use of laboratory animals: Italian
Governing Law (D.lgs 26/2014; authorisation no. 19/2008-A
issued March 6, 2008 by Ministry of Health); Mario Negri
Institutional Regulations and Policies providing internal auth-
orisation for people conducting animal experiments (Quality
Management System Certificate-UNI EN ISO 9001:2015-Reg.
no. 6121); the NIH Guide for the Care and Use of Laboratory
Animals and EU directives and guidelines (EEC Council
Directive 2010/63/UE). Animal studies were approved by the
Mario Negri Institute Animal Care and Use Committee
(IACUC) and by the Italian National Institute of Health (code
no. 49/2021-PR).

Six-week-old female CD1 mice were purchased from Charles
River (Italy) and were maintained under specific pathogen-free
conditions (SPF) in the Institute’s Animal Care Facilities.
Animals were bred in rooms at a constant temperature of 21 +
1 °C, humidity of 55 + 10% with a 12 h light/dark cycle and
ad libitum access to food and water. All mice were regularly
checked by a veterinarian who is responsible for animal
welfare supervision and experimental protocol review. None of
the animals died during the study. Mice were randomly
divided into eight groups receiving rods and spheres with two
different sizes (large and small) and two different polymer
coatings (PMA and PEG) (n = 5 for each experimental group).
Briefly, all animals received by intravenous injection the same
dose of NPs preparation (200 pL, 2 x 10'" NPs per mouse). At
the selected time points (pre-injection, 15 min, 1 h, 8 h, 24 h,
168 h) mice were anesthetised and blood was taken from retro-
orbital bleeding and serum was analysed for markers of tox-
icity. Furthermore, at 15 min, 1, 24, 168, 672 and 1128 hours
after NPs injection, 5 mice for each group were sacrificed and
the organs were collected for histological analysis. Mice per-
fused were sacrificed by an overdose of ketamine (150 mg
kg™") and metedomidine (2 mg kg ™).

Inductively coupled plasma mass spectrometry (ICP-MS).
Livers and blood were stored at —20 °C until the digestion was
carried out. Each sample was thawed overnight before transfer-
ring them into a microwave digestion vessel. For the digestion
it was used HCI concentrated (1.5 mL, 35%) as well as HNO;
concentrated (4.5 mL, 67%) which were added to each vessel

This journal is © The Royal Society of Chemistry 2023
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resulting in a ratio of 1:3. The digestion vessels were closed
and inserted into the speedwave XPERT microwave from
Berghof Products + Instruments GmbH. After finishing the
digestion, the resulting solution (250 pL) was added to diluted
aqua regia (2.5 mL, approx. 2% HNO; and 0.5% HCI) and
stored until analysis.

The samples were measured by means of the ICP-MS.
Before the measurement, ICP-MS set up was calibrated with a
freshly prepared serial dilution of gold (Roth, Au-Standard
(1000 mg mL™")). The used calibration curve was constructed
using gold concentrations from 2 to 2500 parts per billion
(ppb). The measurements were carried out with the iCAP-Q
ICP-MS (Thermo Scientific, Bremen, Germany) with autosam-
pler ASX-500 (CETAC Technologies, Omaha, USA).

ALT/AST levels in mice serum. The extent of hepatocellular
injury and toxicity was monitored by measuring serum alanine
aminotransferase (SALT). Markers of cell toxicity such as
serum aspartate aminotransferase (SAST) activity were
measured at 8, 24 and 1128 hours after NPs injection. SALT
and sAST activity were measured with a IFCC (International
Federation of Clinical Chemistry and Laboratory Medicine)
optimised kinetic UV method in an Aries chemical analyzer
(Werfen Instrumentation Laboratory S.p.A., Italy) and
expressed as U L™" (units liter ).

Each analysis was validated by a certified biochemical
chemist and haematologist specialist using quality control
serums (CQI), in the San Raffaele Mouse Clinic.

Immunohistochemistry. At the time of autopsy for each
mouse, livers were sampled, fixed in 10% neutral buffered for-
malin (Bio-Optica, Italy) for at least 24 h at RT and then were
processed for paraffin embedding. Tissue micrometric sections
(4 pm in thickness) were cut with Leica RM55 microtome
(Leica Microsystem, Italy) and dried into the oven at 37 °C
overnight. To visualize the presence of gold agglomerates in
the organ parenchyma, autometallography (AMG) staining was
carried out, as previously described. Hematoxylin and eosin
staining (H&E) was performed in liver sections treated with
GNPs and vehicle-treated mice, to provide a general overview
of the tissue structure. Hematoxylin stains cell nuclei blue,
and eosin stains the extracellular matrix and cytoplasm pink.
Nuclei were stained with Mayer’s hematoxylin solution (Bio-
Optica, Italy) for 2 min and 30 s, and then washed with water
until it becomes incolor. The counterstain was carried out in
eosin Y solution (Bio-Optica, Italy) for 1 min and 20 s to stain
the cytoplasm. Subsequently, slides were washed in tap water
until the staining drained out. Samples were dehydrated and
mount with xylene-based mounting medium (DPX, Sigma).
IBA-1 staining was performed in liver sections treated with
GNPs and vehicle-treated mice, to provide a general overview
of the macrophage infiltration in tissue. IBA-1 stains macro-
phages brown and hematoxylin stains the cells’ nuclei blue.
HIER was performed with citrate buffer pH = 6 for 30 min at
95 °C, endogenous peroxidase inhibition with H,0, 3% for
10 min at RT, and incubation with blocking solution (PBS-NGS
10%-Tween 20 0.05%) for 30 min at RT. For subcellular local-
isation, IBA-1 (1:200, Wako Chemicals, USA) was used to label
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macrophage calcium binding protein, the labelling system
ABC kit (Vectastain Elite) and for chromogenic reaction DAB
(Sigma-Aldrich). Nuclei were stained with Mayer’s hematoxylin
solution (Bio-Optica, Italy) for 30 s, and then washed with
water until it became incolor. Samples were dehydrated and
mount with xylene-based mounting medium (DPX, Sigma). All
images were acquired using Olympus BX61VS.

Immunofluorescence. Immunohistochemical analysis in
liver was performed in tissue slides of 10 pm cut by cryostat.
Tissue sections were fixed in 10% neutral buffered formalin
(Bio-Optica, Italy) for 20 min and washed with phosphate-
buffered saline (PBS) for 5 min, incubated for 1 h with a block-
ing solution (PBS-NGS 10%-Triton X-100 0.1%) then washed
again with PBS. For subcellular localisation, the following anti-
bodies were used: anti-CD68 (1:200, Serotec, Kidlington, UK)
was used to label lysosomes and endosome membranes of
macrophages, Lyve-1 (1: 300, Biotechne) was used to label lyso-
somal endothelial cells and Hoechst-33258 (1 pg mL ™" in PBS,
Thermo Fisher Scientific) to label nuclei.

Reflective confocal microscopy. In order to visualize ex vivo
the GNPs in mice liver cryo-sections, reflection confocal
microscopy was chosen as elsewhere reported for efficient gold
reflection.®® An inverted SP5 true filter-less confocal with 8
laser lines and 4 PMTs was used (Leica Microsystems). The
514 nm laser line was chosen as optimal gold reflecting exci-
tation light, with reflected emission through the opening of
AOTF-driven spectral detector in the range of 512-517 nm
wavelengths. A 1.40 NA, 63x oil objective was used (Leica
Microsystems), coupled with system optical zooming-in of 3x
to 9x range, when needed. For gold reflection scanning
modality, the confocal pinhole was set at 0.5 A.U. In the
sequence of laser-scanning acquisition, besides reflection
scan, also transmission signal and fluorescence biological
signals were acquired, according to labelled immune-fluo-
rescence reactions. For biological signals scans, the confocal
pinhole was set to 1 A.U. Either 1 z-plan acquisition at best
focal plan for each field of view, or a 10-micron Z-volume with
0.25-micron Z-step were acquired, according to need. 16-bit
depth of signal resolution was acquired over 1024 x 1024 pixel
dwell per image with 400 Hz lasers acquisition frequency; laser
powers were set on negative control samples as following:
405 nm (10%) for Hoechst signal excitation (nuclear detection)
and for transmission, 488 nm (25%) for CD68-(af488) signal,
514 nm (50%) for reflection modality, 633 nm (35%) for Lyve-
1-(af647) signal. All PMTs were set on 580-690 V gain range
with a —1/-2.5% offset range.

For each liver section, a minimum of 15 independent fields
of view were acquired to achieve proper quantifications. In
order to increase confocal resolution of the reflecting signal,
Richardson-Lucy deconvolution algorithm was used, applying
the specific module in NIS-Elements software v5.30 (Nikon
Instruments/Lim Instruments). Moreover, for quality represen-
tation, images were further processed using rolling-ball back-
ground suppression and median filtering algorithms (using
NIS-Elements v5.30). For image quantifications, raw images
without processing were used. Signal thresholding, binarisa-
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tion, object classification and segmentation, to detect tissue
and cell primary and secondary objects, were performed using
an ad hoc computed pipeline of analysis within the General
Analysis module in NIS-Elements v5.30.

Transmission electron microscopy (TEM). At sacrifice, the
liver was excised, reduced and fixed with paraformaldehyde
(4%) and glutaraldehyde (2%) in phosphate buffer (0.12 M, pH
= 7.4) for 4 hours at RT, followed by post-fixation with OsO,
(1%) in cacodylate buffer (0.12 M) at RT for 1 h. After dehydra-
tion in graded series of ethanol, tissue samples were cleared in
propylene oxide, embedded in epoxy medium (Epon 812
Fluka) and polymerised at 60 °C for 72 h. From each sample,
1 pm-section was cut with a Leica EM UC6 ultramicrotome
(Leica Microsystems), stained with Toluidine blue and
mounted on glass slides for light microscopic inspection.
Ultra-thin 60 nm-sections of areas of interest were then
obtained and counterstained with uranyl acetate and lead
citrate, and images were obtained with an Energy Filter
Transmission Electron Microscope (EFTEM, ZEISS LIBRA®
120) coupled with an yttrium aluminium garnet (YAG) scintil-
lator slow-scan CCD camera (Sharp eye, TRS).

Statistics. All the tests carried out for the physico-chemical
characterisation of NPs were performed at least in triplicates.
For in vivo experiments, the number of animals sacrificed at
each data point was minimised (n = 5) according to the 3Rs
principle. Quantitative data are presented as mean + SEM. The
differences between groups were compared using unpaired,
two-tailed independent Student’s ¢-test or one-way analysis of
(ANOVA) with repeated measures followed by
Bonferroni’s post hoc analysis used for multiple comparison.
No collected data was excluded from analysis. The p-value is
noted either in the manuscript text or depicted in figures and
legends as: *P < 0.05, **P < 0.01, ***P < 0.001 or ****P <
0.0001. Data was analysed using Prism 5 (GraphPad Software).

variance

Results and discussion
GNPs synthesis and characterisation

In this study, we designed a series of GNPs with different
sizes, shapes and surface coating in order to define their bio-
logical compatibility in vivo and define how their physico-
chemical characteristics shape hepatic cellular targeting and
hepatobiliary clearance. We synthesised four different types of
endotoxin-free GNPs, spherical NPs with a diameter of 25 nm
(25-GNPs) and 55 nm (55-GNPs) respectively, and rods of 15 x
55 nm (55-GNRs) and 15 x 90 nm (90-GNRs), respectively. Each
GNP was functionalised with two different surface coating
strategies, either polyethylene glycol (PEG) or poly(isobutylene-
alt-maleic) anhydride (PMA), both negatively charged, to
ensure a higher biosafety profile and high colloidal stability
(see Tables S1 and $2+).>?**?%32%3 PEG is a well-known anti-
fouling polymer which conjugates to the gold surface co-
valently after CTAB displacement. Meanwhile, PMA can be
used as a universal platform for functionalisation. All NPs
were synthesised under a laminar flow hood to avoid bacteria

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Characterisation of GNPs. (a) Representative TEM images of GNPs (with gold core diameters/lengths of (i) 24.9 + 2.66 nm (25-GNPs), (ii)
53.97 + 4.47 (55-GNPs), (iii) 56.2 + 4.63 nm (55-GNRs), and (iv) 91.3 + 9.55 nm (90-GNRs)). Scale bars = 100 nm. Histograms of TEM images were
presented in Fig. S2.1 (b) Normalised absorption spectra A(1). (c) Hydrodynamic diameter d}, [nm] in intensity (d,(/)) and (d) {-potential distribution
N(¢) of (i) 25-GNPs, (ii) 55-GNPs, (i) 55-GNRs and (iv) 90-GNRs. The colour codes were assigned to the type of surfactant/polymer coated-NPs,
hexadecyltrimethylammonium chloride (CTAC)/hexadecyltrimethylammonium bromide (CTAB) (black), PEG-coated NPs (blue) and PMA-coated NPs
(red). Triplicates of each measurement included in (c and d) were presented in Fig. S1-S3.1

contamination (i.e., endotoxins), whose presence was tested by
using a modified Limulus Amebocyte Lysate (LAL) assay the
golden standard assay for detection of LPS (see Methods and
Table $37).4%>34

The characterisation of the NPs is shown in Fig. 1 and
Fig. S1-S4,} transmission electron microscopy (TEM) images
confirmed a homogeneous size distribution and shape
(Fig. 1a). By UV-Vis spectrum a peak absorbance at 524 nm
and 532 nm were observed for 25-GNPs and 55-GNPs respect-
ively, meanwhile, rods of 55-GNRs and 90-GNRs have an
absorption peak near 510 nm and a second absorption peak of
gold nanorods was observed at 820 nm and 1000 nm, respect-
ively (Fig. 1b and Fig. S17). Following surface coating with PEG
and PMA, an increase in size was seen by dynamic light scat-
tering (DLS) (Fig. 1c and Fig. S2, S31) and a change in the zeta
potential ({) to an overall negative net charge as a result of new
polymer coatings, PEG and PMA (Fig. 1d and Fig. S4%). To
evaluate the influence of the NP surface coating on the bio-
molecular corona formation, we carried out SDS-PAGE in

This journal is © The Royal Society of Chemistry 2023

blood sample media.">?" As expected, CTAC/CTAB capped NPs
formed a stronger protein corona, particularly 55-GNPs, while
the corona formation becomes attenuated for the same NPs
coated with PEG or PMA, indicating that both polymers have
an antifouling effect**>>° (Fig. S51).

Influence of the shape, size and polymer coating on GNPs
hepatic biodistribution

RES organs are responsible for removing non-self-bodies from
the circulatory system, and it is widely known that in normal
physiological conditions, systemically administrated NPs are
cleared by this system.*'"?** In particular, the mononuclear
phagocytic system (MPS) and endothelial cells, such as LSECs,
are responsible for pathogen and NP clearance from the circu-
lation, causing their accumulation in the liver, spleen, bone
marrow or lymph nodes.** However, the long-term fate of
specific GNPs with different shapes and surface coating is still
unknown. For this purpose, a longitudinal study was carried
out to evaluate the short- and long-term fate and biodistribu-
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tion of GNPs of different sizes, shapes and surface coatings,
where 2 x 10'" NPs were administrated intravenously to each
mouse, and the samples were analysed at three different time
points: 1 hour, 1 and 47 days after injection (Fig. 2). This dose
was chosen because it can be compared to other prior studies
realised and did not cause toxicity.*® These time points were
chosen to exclude the potential toxicity of GNPs after short-
and long-term exposure and also study their fate inside the
organism. Especially after 1-hour, potential acute toxicity
could be detected. After 1 day, nanomaterials’ half-life
decreases with possible accumulation into tissues. Meanwhile,
47 days is a long time point to evaluate long-term effects,
accumulation and possible degradation.'® In order to monitor
the progressive caption, three additional time points were
used only with the largest PMA-coated NPs (55-GNPs and
90-GNRs), an earlier time point of 15 minutes, to understand
the real contribution of NPs in the circulation and two
additional time points after 7 and 28 days to study the pro-
gressive accumulation in liver (Fig. 2).

The quantification of the gold content in liver and blood
was conducted by inductively coupled plasma mass spec-
trometry (ICP-MS) analysis (Fig. 3a-f). The data collected was
expressed as a percentage of injected dose (% ID), which is cal-
culated from the mass of gold found in the organ divided from
the total mass of gold injected in each mouse.

Blood levels of gold showed that, in general, the functionali-
sation with PEG enhances the overall circulation time in the
bloodstream of all GNPs, except for 55-GNPs, in comparison
with those PMA-coated (Fig. 3a-d). For PEGylated NPs, 1 hour
after treatment, GNRs and 25-GNPs were found with similar
percentages around 20 to 30% ID, but after 24 hours almost all
GNPs were eliminated from circulation, except for 90-GNRs,
with levels around 4% ID. This is in line with the expected

4 Biodistribution @ C=>
' @ (& )
.
I | I : I =
'
'
Treatment 1 hour 1 day 47 days m
CD1 mice
n=5
op O
> y Y Intracellular localization
2 GNPs
| | | P @ =
Treatment 15 minutes 7 days 28 days PMA-coated
CD1 mice GNPs
n=5

Fig. 2 Experimental scheme and quantification of gold content in liver
and blood by ICP-MS. CD1 mice, six-week-old female were randomly
distributed (n = 5) and treated via intravenous with 2 x 10'* NPs per mice
of GNPs suspended in water or left non-treated. Animals were treated
with 8 different GNPs in a single dose and sacrificed at three different
time points (1 hour, 1 and 47 days) to study the hepatic biodistribution
and kinetics. The largest PMA-coated NPs (55-GNPs and 90-GNRs)
were selected to evaluate three additional time points (15 minutes, 7 and
28 days) for intracellular sub-localisation and biodegradation.
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ability of PEG to prevent the adsorption of nonspecific pro-
teins on the NP surface and the formation of the protein
corona.>®” NPs internalisation inside cells increases with
higher adsorption of proteins."* 55-GNPs were cleared out
from the circulation very rapidly, with less than 1% ID after
1 hour. As previously mentioned, PMA-coated NPs were rapidly
cleared out from the circulation in less than 1 hour apart from
25-GNPs (Fig. 3c). Independently from the polymer coating,
25-GNPs were able to remain for a longer time in the blood-
stream, with an increase of a 10% ID for PMA-coated NPs in
comparison with PEG-coated NPs. This effect has been
observed by previous studies, where nanospheres of 10 nm in
size had a higher half-time circulation than 50 nm, showing
that size can play an important role.*>®

Rod-like NPs undergo a faster clearance from blood due to
their particular shape, which makes it easier to pass through
renal pores and be eliminated through the tubular interspaces
with the urine.®® As shown in Fig. 3b-d, an increase in the
hepatic levels of 25-GNPs was observed, with an increase of a
15-20% 1D while blood values decrease, demonstrating a clear
uptake mostly by the hepatobiliary system. The gold content
analysis in the liver of the treated mice showed a progressive
accumulation of NPs since early time points. PEG-coated NPs
reached the liver after 1 hour of administration with a % ID
between 30 to 40 for GNRs and 55-GNPs (Fig. 3b) and main-
tained the same level regardless of the NP size and shape after
24 hours of the injection. However, long-term exposure
resulted in a different NP accumulation, while 55-GNPs value
remained constant over time (35% ID), a progressive increase
for the other NPs was tested. The highest increase was
observed in both GNRs (55% and 70% of ID), this increase
could be due to a possible interaction of rods with endothelial
cells (EC) in the vessels. The membrane receptors from EC are
likely to allow only partial NP phagocytosis due to the high
aspect ratio, and could cause a progressive release back into
circulation followed by liver filtration."> The pharmacokinetic
analysis of PMA-coated NPs was found to be influenced by
their size, 25-GNPs had a lower penetration inside the liver in
comparison with the other GNPs, with just a 10% ID (Fig. 3d).
Different studies have observed that large NPs, around 50 nm,
were internalised inside cells requiring receptor-mediated
endocytosis, through a re-arrangement of the cell cytoskele-
ton.'® For this reason, 55-GNPs were able to penetrate inside
the liver with around 50% ID. Meanwhile, smaller NPs uptake
is less efficient, as the process is more energy demanding due
to the membrane re-arrengment for the uptake.’ Also, a
strong increase of uptake was found in rod-like NPs, with a 60
to 75% ID only after the 1°° hour of administration and the
levels remain similar over time. When PMA-coated GNPs inter-
act with the liver, they are strongly retained inside.

To understand in higher detail the pharmacokinetics of
PMA-coated NPs inside the liver, 55-GNPs and 90-GNRs, were
injected into mice and sacrificed 15 minutes after the treat-
ment. As shown in Fig. 3e, ~20% of ID was found in the liver
for 55-GNPs and 30% ID for 90-GNRs, with a significant differ-
ence between 15 minutes and 1 hour treated mice showing a

This journal is © The Royal Society of Chemistry 2023
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Fig. 3

(a—d) Percentage of injected dose (% ID) measured by ICP-MS in blood (a—c) and in liver (b—d) derived from mice treated with 8 different

GNPs at 1, 24 and 1128 (47 days) hours after treatment. (e) Percentage of injected dose (% ID) in liver from mice treated with PMA-coated GNPs
(55-GNPs and 90-GNRs) after 15 minutes and 1 hour. (f) Percentage of injected dose (% ID) in liver from mice treated with PMA-coated GNPs
(55-GNPs and 90-GNRs) at the same time point, 1 hour, comparing a perfused liver with a not perfused. Data were presented as mean + S.E.M. of n
= 5 mice. P values were determined by one-way ANOVA with Bonferroni's correction and unpaired Student’s t test (two tailed) *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001.

clear trend in PMA kinetics. As gold detection by ICP-MS does
not allow to distinguish between NPs translocated into the
tissues and the ones still in circulation in the blood vessels, we
compared the gold content of perfused (where the blood was
removed by intracardial perfusion) and not perfused livers.
Interestingly, no difference in gold content was observed indi-
cating that after 1 hour, GNPs are firmly translocated into the
liver tissue rather than being transient into the circulatory
system of the organ (Fig. 3f and Fig. S67).

This journal is © The Royal Society of Chemistry 2023

Overall, ICP-MS analysis had shown that NP polymer
coating type had an influence on the GNPs retention in the
liver, where PMA-coated GNPs rapidly accumulate inside the
liver while PEG-coating increase the circulation in blood.
However, other NPs properties, such as the shape, played an
important role, where rod-like NPs had a higher retention into
the liver than spherical ones. Regardless of the liver kinetic
differences, it is important to underline that, independently of
the GNPs properties, gold accumulated in liver remained 7
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weeks after injection, suggesting that the accumulation is not
followed by a clearance over time. In vivo similar results were
found in mice after 15 months of a single administration
without showing any toxic effect.*’ However, in vitro studies
suggested the formation of extracellular reactive oxygen
species (ROS) which helped to degrade elemental gold to ionic
gold via a Fenton reaction.’

Influence of the shape, size and polymer coating on the
cellular uptake

While ICP-MS provided information on the gold content per
organ and the fate of the GNPs, it does not bring information

View Article Online

Nanoscale

on the cellular mechanisms implicated in the GNPs uptake
nor the impact of the chemical modifications on the ’ fate
administrated intravenously. To this aim, qualitative histo-
logical studies revealed a marked increase of GNPs inside
hepatic cells by autometallography silver staining (AMG)
(Fig. 4) and we focused the analysis on PMA-coated NPs of
55-GNPs and 90-GNRs due to their differences in the liver
accumulation kinetics.

Polarised and elongated black spots were already visible in
the liver of mice sacrificed 15 minutes after the treatment (red
arrows) due to an interaction of GNPs with liver sinusoidal
endothelial cells (LSECs) (Fig. 4a, b and Fig. S7, S8%).
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Fig. 4 Histological evaluation of gold distribution (black spots) in liver tissue by AMG. Representative micrographs of liver from mice treated with
PMA-coated NPs, 55-GNPs (left column) 90-GNRs (right column) and sacrificed after (a and b) 15 minutes, (c and d) 1 hour, (e and f) 24 hours, (g
and h) 7 days, (i and j) 28 days and (k and |) 47 days after GNPs administration. Red arrows showed silver-stained GNPs inside hepatic cells. Orange
dotted lines showed GNPs circulating from the portal triad (PT). Black asterisks showed silver-stained GNPs magnifications inside hepatic cells. Scale

bars for AMG images = 20 pm (large image) and 20 pm (small insets).
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As expected, surrounding areas near the central vein had a
lower signal as NPs were circulating from the portal triad
(dotted lines in Fig. 4a-d and Fig. S71) causing NPs pene-
tration inside the sinusoids (Fig. S71). After 24 hours, it was
observed a visible rise in the black spots localised inside
elongated bodies due to a possible uptake of GNPs by Kupffer
cells (liver macrophages) or LSEC (Fig. 4e and f), with a simul-
taneous decrease in the NPs levels found in the sinusoids.
Over time, NPs signal slowly and progressively decreased in
liver parenchyma (Fig. 4g-j), and after 47 days it was possible
to detect GNPs internalised inside hepatic cells (Fig. 4k and 1).
No differences were observed in terms of signal intensity or
parenchyma biodistribution between both NPs, the behaviour
inside the liver was very similar.

15 minutes 1 day
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The evaluation of GNPs biodistribution by AMG is extre-
mely important to have a topography of NP accumulation in
the liver. To obtain more information regarding their cellular
fate, intracellular localisation and stability, we carried out TEM
as gold is an optimal material for this type of analysis due to
its electron-dense metallic core that provides enough contrast
with the surrounding biological environment, being easily
identified in tissues. TEM analysis has shown that GNPs could
be easily detected in the tissue section already after
15 minutes of injection, with the GNPs shape and morphology
well preserved regardless of the NP type and time point of ana-
lysis (Fig. 5). Representative TEM images of GNPs were exclu-
sively observed in Kupffer cells and LSECs with no sign of NPs
in the hepatocytes or liver parenchyma where the GNPs are

28 days

Kupffer cell

55-GNPs PMA

Endothelial cell

Kupffer cell

Endothelial cell

Fig. 5 Ultrastructural localisation of GNPs inside liver cells by TEM. Representative TEM images of PMA coated NPs 55-GNPs and 90-GNRs in
healthy mice treated at four different time points (15 min, 1, 28 and 47 days). Images showed GNPs internalised in lysosomes (small insets) of Kupffer
cells and LSEC. No GNPs were observed after 47 days. Scale bars for TEM images = 1 um (large image) and 200 nm (small insets).
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rapidly translocated into the cells and accumulate in second-
ary lysosomes. This is a common terminal step of endocytosis
and phagocytosis, formed by the fusion of a primary lysosome
with phagosomes or endosomes, and consequent activation of
digesting enzymes like acid hydrolases, which are an indicator
of a pH change from <6** to 4.5.*** The number of GNPs
agglomerated in the cluster after 1 and 28 days was observed
to increase over time (Fig. 5) and despite the strong presence
of this cluster, the internalisation did not affect the ultrastruc-
tural organisation of both Kupffer cells and LSECs showing

L
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perfectly preserved organelles such as endoplasmic reticulum,
Golgi apparatus, nucleus and a great quantity of primary lyso-
somes. Interestingly, after 47 days from the single injection, it
was still possible to detect GNPs inside Kupffer cells and
LSECs (Fig. 5), confirming that GNPs lysosomal degradation
into ionic gold and the following reassembling into nanoleaves
already observed in vitro after 2 weeks was exclusively taking
place for smaller GNPs (up to 22 nm).'®*' This study was
important to understand in which cells and organelles GNPs
were internalised and if they remain or migrate over time.
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Fig. 6 Co-localisation of GNPs in hepatic tissue. (a and b) Reflective SIM in liver sections from healthy mice treated with PMA-coated NPs (a)
55-GNPs and (b) 90-GNRs at three different time points (1 hour, 1 and 47 days). In blue, it was shown the nuclei (Hoechst), in green the macrophages
(CD68), liver sinusoidal endothelial cells were depicted in yellow (Lyve-1) and in red GNPs (Au-reflective signal). White arrowheads showed reflected
Au signals in inter-cellular proximity to macrophages (CD68* cells) and by red arrowheads the intra-cellular localisation. (V) Indicated enriched
vessel with Au-signal and (L) the edge of Lyve-1* cells. (c) Quantification of the area occupied by GNPs in CD68"* and Lyve-1* cells in liver sections
from treated healthy mice at three different time points (1 hour, 7 and 47 days). Data were presented as mean + S.E.M. P values were determined by
one-way ANOVA with Bonferroni's correction *P < 0.05, ***P < 0.001 and ****P < 0.0001. Scale bars = 10 pm (large images), 2.5 pm (small insets).
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To obtain quantitative data related to the segregation of the
NPs inside Kupffer cells and LSECs, a co-localisation study was
performed by using structured illumination microscopy (SIM)
where the NP presence was detected by measuring the
reflected light on the GNP surface.’’ Macrophages and ECs
were immunostained using fluorescent antibodies against
CD68 and Lyve-1, respectively (Fig. 6 and Fig. S9, S107).

We observed clusters of GNPs reflective signals after 1 hour
of treatment (Fig. 6a) where most of the NPs aggregates were
found in the peripherical areas of CD68" cells and parenchy-
mal proximities to the sinusoids, due to a fast interaction
between GNPs with LSECs, while only small aggregations of
NPs were still visible in the vessels after 1 hour from injection.
Aggregates of 55-GNPs reflective structures were already visible
intracellularly within CD68" cells at 24 hours from the injec-
tion, where GNPs were retained in the lysosomes, forming
little vesicles of clustered laser-reflecting structures as shown
in Fig. 6a. Meanwhile, 90-GNRs reflecting structures were
visible both in the intercellular spaces surrounding CD68"
cells (white arrowheads) and within intracellular areas (red
arrowheads) (Fig. 6b). A similar behaviour was exhibited after
47 days where GNPs were still visible inside the hepatic cells
(Fig. 6a and b).

Whereas the total percentage of Lyve-1 and CD68 cells
reflection from internalised GNPs was approximately similar
(Fig. 6c and Fig. S11%), a relevant difference was observed
between sphere-shaped and rod-shaped GNPs. Inside Kupffer
cells, 55-GNPs rapidly formed small clusters evidencing an
easy passage inside the cell through endocytosis. In contrast,
rod-like NPs formed smaller clusters in the surrounding areas
of the phagocytic cells, due to a lower internalisation rate
despite the fact that they had a faster interaction with hepatic
cells. If nanorods are not orientated in the correct direction
towards the cell membrane,*® as they are more elongated due
to a larger length-to-radius, phagocytosis is slower.>"*® Despite
the multivalent cell membrane receptors, rod NPs may be too
large, and their uptake may not be possible due to a partial
wrapping and resulting in the particle releasement back into
the hepatic system, followed by the uptake by another phagocy-
tic cell in the proximity.?

Regardless of the detection and imaging methodologies
used, our data strongly suggests that, although the physico-
chemical properties play a role in the total amount of NPs fil-
tered by the liver, they do not seem crucial in terms of: (1)
kinetics (very fast in the first hours after administration); (2)
cellular segregation (they exclusively penetrated in LSECs and
macrophages) and; (3) longer lasting aggregation.

Liver nanosafety

Ultrastructural analyses by TEM did not reveal marked cellular
alterations in animals treated with GNPs. However, since the
liver plays a major role in metabolic processes of so many
drugs, to ensure that no toxic effect was caused by the NPs
inside the hepatic system, a toxicological study was performed
with liver tissue and serum (Fig. 7 and Fig. S12, S13t). The ser-
ological levels of alanine transaminase (SALT) and aspartate
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Fig. 7 Hepatic transaminases levels in serum and liver histology by H&E
and IBA-1 staining after NPs injection. (a and b) Activity (units liter™* [U
L™Y) of serum (a) ALT and (b) AST measured at the indicated time points
in groups of mice injected with PMA-coated NPs 55-GNPs and
90-GNRs with respect to the vehicle. Dashed lines indicated the upper
value of normality of each variable (70 U L™ for ALT and 83 U L™ for
AST). Data were presented as mean + S.E.M. P values were determined
by one-way ANOVA with Bonferroni's correction *P < 0.05, **P < 0.01
and ***P < 0.001. (c) H&E and IBA-1 staining in livers treated with GNPs
after 1 and 47 days. Scale bars = 50 pm.

transaminase (sAST), hepatic enzymes which activities are elev-
ated during liver damage, were quantified to detect possible
inflammation or necrosis in tissue. As it is shown in Fig. 7a
(Fig. S121), no value was over the maximum level of normality
for SALT, 70 U L' (dashed line), the most specific and sensi-
tive biomarker for liver injury. A significant increase of sAST,
was observed for spherical NPs after 47 days and after
24 hours for rod-like NPs, overpassing the maximum value of
normality for sAST of 83 U per L per mice (Fig. 7b and
Fig. S137). However, the enzyme sAST is not specific for the
liver, an increase in its levels could be due to damage to the
liver, skeletal muscle or any other cell that suffers lysis such as
red blood cells. Histological evaluation with H&E and IBA-1
staining in liver tissues after 24 hours and 47 days (Fig. 7c and
Fig. S14-5177) did not show any sign of inflammation, steato-
sis, fibrosis or hepatocyte necrosis in comparison with the
control mice (Fig. S14-S167%). Also, macroscopic examination
of all organs, weight loss, diarrhea, inability to walk or other
types of clinical signs were not observed in mice, demonstrat-

Nanoscale, 2023,15, 8740-8753 | 8751


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr00685a

Open Access Article. Published on 25 April 2023. Downloaded on 1/19/2026 4:51:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ing that GNPs even if they accumulate in the liver, they did not
cause any type of toxic effect over time.

Conclusions

Overall, our data strongly suggest that the hepatic filtering of
GNPs, after bloodstream circulation, may be influenced by
their geometry and the polymer coating on their surface.
However, these parameters almost exclusively influenced the
kinetics of penetration in the liver that very often occurs in the
first hours after administration for all types of GNPs. On the
other hand, once penetrated in the liver, their fate seems inde-
pendent of the physical-chemical nature of GNPs. By an inte-
grated method of analysis combining ICP-MS, AMG, TEM and
SIM, we were able to demonstrate that all type of GNPs
remained entrapped in endothelial or, more frequently, macro-
phagic lysosomes not undergoing to an expected process of
biodegradation or clearance by exocytosis of multivesicular
bodies. A similar behaviour was also seen in terms of biocom-
patibility; it is indeed interesting to note that, despite the large
presence of GNPs at least up until the 7th week after adminis-
tration neither acute nor chronic markers of hepatic dysfunc-
tion were found . We can conclude here that independently of
the NPs size, shape and surface chemistry for the set of NPs
under study, spherical and nanorods with sizes between 25
and 90 nm, accumulated in the liver within 1 day and
remained in Kupffer cells and LSECs for 47 days. The percen-
tage of GNPs reaching the liver is strongly affected by their size
and aspect ratio, being 20% of the given dose for the 25-GNPs
and up to 70% for the nanorods. However, in all cases, what
reaches the liver remains practically intact there. This is a fun-
damental finding with large implications for the use of GNPs
for nanomedicine and the size and dose of GNPs must be care-
fully controlled to avoid long-term accumulation in the liver.
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