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Endocytosis-driven gold nanoparticle fractal
rearrangement in cells and its influence on
photothermal conversiont

Vladimir Mulens-Arias, ©*® Alice Balfourier,? Alba Nicolas-Boluda,® Florent Carn®
and Florence Gazeau [ *

Cellular endocytosis and intracellular trafficking of nanoparticles induce dynamic rearrangements that
profoundly modify the physical properties of nanoparticle and govern their biological outcomes when
activated by external fields. The precise structure, organization, distribution, and density of gold nano-
particles (AuNPs) confined within intracellular compartments such as lysosomes have not been studied
comprehensively, hampering the derivation of predictive models of their therapeutic activity within the
cells of interest. By using transmission electron microscopy and small-angle X-ray scattering, we have
determined that canonical spherical citrate-coated AuNPs in the 3—30 nm size range form fractal clusters
in endolysosomes of macrophages, endothelial cells, and colon cancer cells. Statistical analysis revealed
that the cluster size and endolysosome size are correlated but do not depend on the size of AuNPs unless
larger preformed aggregates of AuNPs are internalized. Smaller AuNPs are confined in greater numbers in
loose aggregates covering a higher fraction of the endolysosomes compared to the largest AuNPs. The
fractal dimensions of intracellular clusters increased with the particle size, regardless of the cell type. We
thus analyzed how these intracellular structure parameters of AuNPs affect their optical absorption and
photothermal properties. We observed that a 2™ plasmon resonance band was shifted to the near-infra-
red region when the nanoparticle size and fractal dimensions of the intracellular cluster increased. This
phenomenon of intracellular plasmon coupling is not directly correlated to the size of the intralysosomal
cluster or the number of AuNPs per cluster but rather to the compacity of the cluster and the size of the
individual AuNPs. The intracellular plasmon-coupling phenomenon translates to an efficient heating
efficiency with the excitation of the three cell types at 808 nm, transforming the NIR-transparent canoni-
cal AuNPs with sizes below 30 nm into NIR-absorbing clusters in the tumor microenvironment.
Harnessing the spontaneous clustering of spherical AuNPs by cells might be a more valuable strategy for
theranostic purposes than deploying complex engineering to derive NIR-absorbent nanostructures out of
their environment. Our paper sheds light on AuNP intracellular reorganization and proposes a general
method to link their intracellular fates to their in situ physical properties exploited in medical applications.

tic efficiency. This effect is mainly due to the protein
corona,"™ and changes in electrolyte concentration® and pH

It is documented that the biological environment can change
the chemical and physical properties of nanoparticles leading
to the modification of their biological behavior and theranos-
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within the targeted fluids and tissues;® for example, the tumor
microenvironment,” and the intracellular endosome/lysosome
compartments, hereafter referred to as endolysosome, when
the particles are internalized by cells. The context-dependent
nanoparticle properties have been well established for iron
oxide magnetic nanoparticles, i.e., the intracellular aggregation
of nanoparticles result in magnetic dipole interactions and
impairment of rotational motion that dramatically affect the
magnetic dynamics of iron oxide nanoparticles and lower their
heating efficiency under an alternating magnetic field.*™°
However, less attention has been paid to the intracellular fate
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of gold nanoparticles (AuNPs), even though their intracellular
trafficking can also change their structural and optical features
and thus, AuNPs interact with excitation fields and affect the
surrounding biological structures. The efficacy of AuNPs as
imaging tracers, photothermal agents, radiosensitizers, and
photosensitive agents will strongly depend on their intracellu-
lar distribution and rearrangement within the cells. Within
the biological environment, such as intracellular compart-
ments, AuNPs can transit through different degrees of aggrega-
tion."" When 100 nm AuNPs transit through intracellular com-
partments, their spectral profile varies in a concentration- and
time-dependent manner in human breast carcinoma Sk-Br-3
cells, recordable by hyperspectral microscopy, suggesting a
transient change in plasmon behavior."" This phenomenon
seems to be related to the AuNP aggregation as found by Curry
et al. using anti-EGFR-capped AuNPs for the intracellular
imaging of EGFR: anti-EGFR antibody-capped AuNPs aggre-
gated on cell membranes, while control antibody-capped
AuNPs appeared as single-dispersed.’” Furthermore, AuNPs
with different sizes might be internalized differently depend-
ing on the cell types of the tumor microenvironment, thereby
conditioning  their = photothermal and photoacoustic
efficiency,">'* as well as photodynamic therapy and radio-sen-
sitization effects."®

Gold nanoparticles are among the most exploited nano-
sized materials in biomedical approaches for cancer
theranosis,"®'® mostly due to the wide possibilities for chemi-
cal modification and tunable optical and thermal
capacities.'”* The typically localized surface plasmon reso-
nance (LSPR) peak in the transverse mode (~525 nm) of
spherical AuNPs limits their use in light-induced thermal abla-
tion because the wavelengths needed to efficiently engage
plasmon resonance fall within the visible spectrum; they show
short tissue penetration capacity owing to the light scattering
of the surrounding tissues and the absorption by natural
chromophores. However, in an attempt to induce a red-shift
toward the first biological near-infrared (NIR) window, spheri-
cal AuNPs have been engineered to facilitate the plasmon
coupling of nanoparticles.”**® The plasmon coupling occurs
when AuNPs get close enough so that the collective resonance
of individual electron clouds can happen, leading to a redshift
of the LSPR band in transverse mode or the appearance of a
secondary LSPR band in the longitudinal mode within the NIR
range.>*®® This phenomenon is characteristic of noble metal
nanostructures, including gold nanoparticles,®® and is the
basis for plasmonic sensors®*?°® and thermal ablation
approaches.®’*? Thus, a NIR light source penetrating deeper
in tissues than visible light can be used to trigger photo-
thermal conversion, inducing more efficient and selective
heating. Aggregation-induced plasmon coupling can be
efficient enough to generate photoacoustic signals, even for
small sizes of AuNP (<30 nm) with the advantages of better
penetrating the tumor and facilitating elimination or degra-
dation, as compared to larger NIR-absorbing gold nanorods or
nanostars.”>** Since AuNP endocytosis can lead to highly
dense clustering within intracellular compartments,®®?” it
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might narrow interparticle gaps (<2 nm)®*® and facilitate the
plasmon coupling phenomenon only in situ inside the cells.
The plasmon coupling effect and its association with the
appearance of a secondary LSPR were well demonstrated by
the conformation of discrete AuNP-based structures, ie.,
dimers and trimers,*® or more complex self-assemblies of gold
nanoparticles into linear, globular, or fractal clusters.*>*
However little is known about the rearrangement that intra-
cellular confinement might impose on AuNP of different sizes,
and, more importantly, how this process influences AuNP
light-to-heat conversion and photothermia in the cellular
environment.

The purpose of our study was thus to correlate the struc-
tural properties of intracellular AuNP clusters in endolyso-
somes with their optical and photothermal properties. To shed
light on these effects of cell internalization, we propose a com-
prehensive investigation of the intracellular distribution and
endocytosis-induced aggregation of canonical citrate-coated
spherical AuNPs with diameters ranging from 3 to 30 nm in
three different cell types that are present in the tumor micro-
environment, ie., macrophages, endothelial cells, and colon
cancer cells. We characterize in detail the structure and
density of AuNP rearrangements triggered by endosomal
uptake and lysosomal confinement, and question how these
rearrangements depend on nanoparticle size and cell type. We
thus address the question of how intracellular AuNP confine-
ment influences their optical properties and photothermal
conversion efficiency in terms of photothermal therapy (PTT)
and photoacoustic imaging (PAI) applications.

Experimental section

Cell culture

Murine cell line macrophage-like cells RAW264.7 (ATCC,
TIB-71), and SV40-transformed endothelial cells SVEC4-10 7
(ATCC, CRL-2181), as well as primary murine colorectal carci-
noma cells, CT26 (ATCC, CRL-263) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), penicillin/
streptomycin, L-glucose and sodium pyruvate.

Citrate-coated gold nanoparticle synthesis

Gold nanoparticles (AuNPs) were synthesized following a
Turkevich protocol as stated elsewhere,*’ based on the syn-
thesis of 10 nm gold seeds followed by sequential seed growth.
Briefly, sodium citrate (97 mg) was dissolved in 150 mL of
MilliQ water and boiled under magnetic stirring for
15 minutes, followed by the addition of 1 mL of pre-heated
25 mM gold chloride solution. After 10 minutes, the reaction
was cooled to 70 °C and then diluted by extracting 55 mL of
the AuNP solution and replenishing with MilliQ water (53 mL)
and sodium citrate (2 mL, 60 mM). Gold chloride (1 mL,
25 mM) was added, followed by a second addition after
30 min. The procedure was repeated until the desired AuNP
sizes were obtained, e.g., once for the 16 nm, 3 times for the
30 nm, 7 times for the 40 nm. The smallest AuNPs (3 and
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11 nm) were synthesized in the presence of tannic acid.*”
Briefly, sodium citrate (97 mg) and potassium carbonate
(20.7 mg) were dissolved in 150 mL of water and mixed with a
tannic acid solution (1 mL, 2.5 mM). After heating at 70 °C
under magnetic stirring, 1 mL of 25 mM gold chloride solution
was added, and the reaction was stopped when the solution
turned orange.

Viability(%) =

__ [AuNP-treated cell fluorescence] — [medium fluorescence]
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Particle uptake and cytotoxicity assay

Subconfluent cells were incubated for 24 hours with an
increasing concentration of AuNPs in complete DMEM. For
the last 4 h, Presto Blue Cell Viability reagent was added (1/10
final dilution; Presto Blue Cell Viability Reagent, A13261;
Invitrogen). Fluorescence was measured with a 535 nm exci-

x 100.

AuNPs were characterized by transmission electron
microscopy (TEM). TEM images of aqueous dispersions were
obtained with a JEOL JEM-1400PLUS transmission electron
microscope operating at an acceleration of 120 kV (Institut

Jacques Monod, Paris, France).

Synthesis of 5FU-AuNP complex

Citrate-coated AuNPs were diluted in ddH,O (40 pg ml™)
and mixed with an equal volume of aqueous solution of
5-fluorouracil chemotherapeutic drug (5-FU) (10 mg ml™") for a
final [Au]:[5-FU] ratio of 20 pg ml™':5 mg ml™'. The
mixture was incubated for up to 24 hours at room temperature
under constant shaking. The formation of the complex was
monitored by SAXS, UV-visible absorbance, and cryo-TEM
imaging.

Cell TEM imaging

After incubation with AuNPs for 24 hours, cells were harvested,
washed 3 times with PBS 1x, and resuspended in fixation
buffer (0.1 M sodium cacodylate, 2.5% glutaraldehyde). Cell
suspensions were mixed gently for 1 hour at 4 °C. After they
were washed twice, the cells were resuspended in 0.1 M
sodium cacodylate buffer until the TEM procedure. Samples
were then contrasted with Oolong Tea Extract (OTE) 0.5% in
cacodylate buffer, post-fixed with 1% osmium tetroxide con-
taining 1.5% potassium cyanoferrate, gradually dehydrated in
ethanol (30% to 100%) and gradually substituted in a mix of
ethanol-Epon and embedded in Epon (Delta microscopie -
Labége, France). Thin sections (70 nm) were collected on
200 mesh copper grids and counterstained with lead citrate.
Grids were examined with a Hitachi HT7700 electron micro-
scope operated at 80 kV (Elexience — France), and images were
acquired with a charge-coupled device camera (AMT)
(Université Paris-Saclay, INRAE, AgroParisTech, GABI, 78350,
Jouy-en-Josas, France). To determine the two-dimensional
(2-D)  fractal dimensions, cryo-TEM images were
processed using Image] software (NIH, USA). Nanoparticle
clusters were isolated (cropped), converted into 8-bit, thre-
sholded, and then converted into binary and analyzed by the
Fractal Box Counting tool, with box sizes of 2, 3, 4, 6, 8, 16, 32,
and 64.

21834 | Nanoscale, 2020, 12, 21832-21849

[untreated cell fluorescence] — [medium fluorescence]

tation filter and a 615 nm emission filter. The fluorescence of
complete DMEM incubated with Presto Blue was used as the
background control. Cell viability was calculated according to
the following formula:

Localized surface plasmon resonance (LSPR) band analysis

Cells were cultured with 10 pg mI™ AuNP for 24 h, harvested,
and thoroughly washed with cold PBS 1x. Cells were then
resuspended in 100 ml PBS 1%, and the absorbance was pro-
filed in the range 350 nm-800 nm with a Multimode
Plate Reader (EnSpire, Perkin-Elmer). Triplicate samples were
analyzed and PBS 1x was used as the blank. To isolate LSPR
bands and get rid of the absorption spectra of the cells
(without AuNPs) primary data were normalized as follows:
(1) Blank absorbance was subtracted:

Absorbanceguns = Absorbancegample — Absorbancepgs

(2) Normalization against the absorbance value at 449 nm
of the cell absorption spectrum (without AuNPs)

Aborbancenutiplication = Absorbancegyps
X Absorbancegyps (449 nm)

(3) Normalization by subtracting this value from the sample
absorbance:

Absorbancenormalizea = Absorbanceguns — Absorbancemuitiplication

In vitro photothermia in cells loaded with AuNPs

Cells were incubated with 10 ug ml™" AuNP for 24 hours in
6-well cell culture plates. Cells were then harvested accord-
ingly, washed with PBS 1x, and resuspended in 100 pl of PBS
1x (500 pl tube). The absorbance was measured in a multi-
mode plate reader (PerkinElmer, EnSpire), and cells were
immediately subjected to either a 680 nm or 808 nm beam
laser for 5 min (fluence of 1 or 3.57 W cm™?, height 4 cm from
the liquid/air interface, Laser Diode Drivers, BWT). The temp-
erature was recorded with an infrared camera SC7000 from
FLIR Systems.

Small-angle X-ray scattering (SAXS) characterization

For SAXS analysis, AuNPs, AuNP-5FU complexes, or cells
loaded with 10 pg ml™" AuNP or AuNP-5FU for 24 h were
placed in sealed quartz capillaries on the SWING synchrotron
beamlines (SOLEIL synchrotron at Saint-Aubin, France) with a

This journal is © The Royal Society of Chemistry 2020
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configuration of D =2.1 m and 1 = 1 A to get a g-range from 4.8
x 1072 to 0.52 A", SAXS files were analyzed after subtraction
with the SasView Software (NSF DANSE), by fitting, when
stated, according to the shape-independent mass fractal
model. This model relies on the scattering from fractal-like
aggregates of sphere-shaped building blocks, here AuNPs, of
radius R, according to the following equation:**

I(q) = ¢ X Vblock X (pblock - /)solvent)2 XP(q)S(q) + background(l)

where ¢ refers to the volume fraction of the spherical building
block, Viioek =3 X TRy* is the volume of a single building
block, ppiock i the scattering length density of AuNPs (Au,
6.4608 x 107° A™%), and pgoivent is the scattering length density
of solvent that we considered close to water (H,0, 9.4691 10~°
A7?). The form factor P(q) and the structure factor S(q) are cal-
culated as follows:

P(q) = F(qR,)’

3[sin(x) — x cos(x)]

F(x) = e
S(q) =142 D=1 sinf(De — 1) tan7 (g0)]
[1+1/(q0)2] * (qRo)™"

where ( is the correlation length representing the size of the
aggregate and Dy is its fractal dimension.

Photoacoustic imaging (PAI) of AuNP-loaded cells

To evaluate the PAI contrast efficiency of AuNP-loaded cells,
cells incubated with 10 ug ml™" AuNPs for 24 hours were har-
vested, washed, and resuspended in 50 pl PBS 1x and
embedded in 50 pl of 1% agarose to prepare phantoms.
Phantoms were then scanned with a photo-acoustic imaging
system (VeVo ® LZR SW2.2.0, VisualSonics, Inc., FUJIFILM,
Institut Jacques Monod, Université Sorbonne Paris Cité, Paris,
France) using a linear array transducer LZ550 (36 MHz center
frequency, 32-55 MHz bandwidth, 44 pm axial resolution, 14 x
15 mm® image size) to obtain PA images. Images were ana-
lyzed using VeVo®Lab and Image] software.

In vivo colon carcinoma CT26 tumor model for photothermal
analysis

Animal studies were conducted in agreement with the French
guidelines for animal care in compliance with procedures
approved by the ethical committee from Université Paris
Diderot for animal research. CT26 tumor-bearing BALB/c mice
(6-8 weeks old), established by subcutaneous injection of 1.5 x
10° CT26 cells (tumor size >5 mm), were randomized into two
groups that experienced (i) only 808 nm laser irradiation at ~2
W cm ™2 for 15 min (height from tumor skin 4 cm, Laser Diode
Drivers, BWT) (n = 5), and (ii) 40 pg per mouse AuNP;s
intratumor injection, followed 24 h later by 808 nm laser
irradiation at ~2 W ecm ™2 for 15 min (n = 5). The skin surface
temperature was recorded with an infrared camera SC7000
from FLIR Systems during the treatment.

This journal is © The Royal Society of Chemistry 2020
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Statistical analysis

Data are presented as mean + SEM, and the number of
samples and independent experiments are stated in each
figure caption for precision. When stated, all groups were com-
pared to the control by the one-way ANOVA test with the
Bonferroni post hoc test; *p < 0.05, **p < 0.01, and, ***p <
0.001, 95% confidence.

Principal component analysis and Pearson correlation
coefficients have been calculated with R 3.6.0, with the PCA
function of the FactoMineR package with default parameters,
and the cor function of the library stats. The heatmap was gen-
erated with the pheatmap function of the pheatmap package.

Results and discussion

Cell internalization of spherical gold nanoparticle induces
endolysosome-limited fractal aggregation depending on AuNP
size and cell type

We first studied the internalization and intracellular arrange-
ment of citrate-coated AuNPs of 3 to 30 nm in diameter
(Fig. S1t) in different cell types reflecting the complexity of the
tumor microenvironment, i.e. macrophages (RAW264.7), endo-
thelial cells (SVEC), and colon carcinoma tumor cells (CT26).
Macrophages are well known for their ability to take up nano-
materials and survey peripheral tissues (including tumors) for
threats;***> these cells, therefore, are the first encounter for
the nanomaterials and key actors of the tumor immune
response. It has been reported that macrophages can change
their phenotype and functionalities (i.e. adhesion, migratory
or invasion ability) upon internalization of AuNPs in a size-
dependent manner.’® AuNP internalization in the murine
RAW264.7 macrophage cell line did not induce a significant
change in the cell metabolic activity after incubation with
AuNP concentration up to 40 ug mL~" for 24 hours (Fig. S2At).
Whatever the size of AuNPs (10 pg ml™, 24 hours incubation),
we observed intracellular clustering of AuNPs within endolyso-
some compartments (Fig. 1A). To characterize the intracellular
fate of the nanoparticles, we measured the size of the nano-
particles-containing endolysosomes and the size, the density,
and the structure of AuNP clusters within each endolysosome
by analysis of TEM pictures. Only endolysosomes with clearly
visible membrane structures were analyzed. AuNP internaliz-
ation induced changes in the endolysosome area, as deter-
mined by TEM imaging, depending on the AuNP core size
(Fig. 1B). Unlabelled cells display endolysosomes with an
average area of ~0.5 pm”. However, 11 nm-AuNP and 16 nm-
AuNP-containing endolysosomes displayed a greater average
area (1.5 and 1.2 um?, respectively) than the 3 nm-AuNP and
30 nm-AuNP-containing endolysosomes (0.5 and 0.8 pm?
respectively), but these variations are not statistically signifi-
cant. In contrast, the average cluster diameter increased sig-
nificantly for the AuNPs with sizes above 16 nm as shown in
Fig. 1C (239 nm and 250 nm cluster size for 16 and 30 nm-
AuNPs versus 169 nm and 150 nm cluster size for 3 and 11 nm-
AuNPs). A detailed analysis of the number of nanoparticles per
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Fig. 1 The internalization of gold nanoparticles by the murine macrophage-like cell line. (A) TEM imaging of AuNP-loaded RAW264.7 cells; the
insets emphasize intracellular AuNP clusters and the corresponding binary transformation for fractal arrangement analysis, where Ds stands for the
fractal dimension. (B) Area of NPs-containing endolysosomes. (C) Intracellular cluster diameter. (D) The number of nanoparticles per intracellular
cluster. (E) Surface fraction covered by intracellular AuNP as determined by TEM imaging. (F) Endolysosome-limited cluster density (ELC density) of
AuNP. (G) 2-D fractal dimensions of intracellular AuNP clusters; insets represent exemplary binary fractals. Significance, *p < 0.05, **p < 0.01, ***p <
0.001; one-way ANOVA test, with Bonferroni post-test for the comparison of all pairs of columns.

intracellular cluster revealed a clear dependence on nano-
particle size. The mean nanoparticle number per cluster
decreased from 197 for 3 nm-AuNPs to 32 for 30 nm-AuNPs
(Fig. 1D). Another important aspect refers to the endolysosome
surface fraction (2D) covered by nanoparticle clusters, as it
reflects the extent of confinement in 3D. The 16 nm diameter
appeared to be an optimal size for covering >10% of the 2D
lysosomal surface, while the other nanoparticle size covered
<10% (Fig. 1E); as a result, the endolysosome-limited cluster
density (number of AuNP/endolysosome area), decreased for
larger AuNPs (Fig. 1F). Interestingly, both nanoparticle
numbers per cluster and cluster diameter exhibited high varia-
bility within one condition suggesting a dynamic AuNP intra-
cellular transit, whereby different AuNP clusters are in
different intracellular transit steps. Intracellular localization
(endosome maturation status, fusion with lysosomes), time of
exposition, and the difference in endosomal compartment pH

21836 | Nanoscale, 2020, 12, 21832-21849

and protein content might account for this variability, hence
displaying a step-wise and multiple pathway internalization.
Liu M et al. reported an early stage of AuNP internalization
where most of the nanoparticles appeared as single particles,
and as endosomes migrated and matured, AuNP clusters
started forming.*® We did not observe single particles, which
can be related to the late observation of the cells by TEM
(24-hour time-point).

The structural arrangement of particles was characterized
by measuring the fractal dimensions of AuUNP aggregates. Two
complementary methodologies were implemented for this
purpose: the first one relies on the previously described TEM
micrographs using the Bow count method on Image],*” which
provides a 2D fractal dimension for each intralysosomal
cluster (Fig. 1G and insets inside). The second is based on
small-angle X-ray scattering (SAXS), which gives access to the
3D fractal dimension of nanoparticle aggregates, averaged over

This journal is © The Royal Society of Chemistry 2020
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the whole cell population. The SAXS intensity signal of non-
loaded cells was first subtracted from the intensity signal of
AuNP-loaded cells (Fig. S3,} left) and then fitted with the
shape-independent mass fractal model,***° considering that
the building blocks of the clusters are monodispersed spheres
with the same average size as AuNPs. Under these conditions,
the slope of the SAXS signal at the lower g-values (Fig. S3,T
right) gives an estimation of the 3D fractal dimension of the
AuNP cluster in the whole cell population. Contrastingly, the
AuNPs incubated in culture medium without cells displayed a
flat intensity signal at low g-values, indicating the dispersed
state of the colloidal suspension. Therefore, the fractal
arrangement in cells is related to cell processing by endocyto-
sis of nanoparticles rather than to a serum protein-induced
AuNP agglomeration before nanoparticle internalization. The
SAXS measurements in cells therefore provide a clear indi-
cation of the intracellular fractal structure of the AuNP agglom-
erates, confirming the TEM observations. Note that due to the
lack of signal for the smallest particles, the SAXS measure-
ments were exploitable only for the 16 nm and 30 nm sizes.
Quantitatively, TEM imaging provided 2D fractal dimensions
that increased with AuNP particle size in macrophages (AuNP
diameter of 3, 11, 16, and 30 nm rendered 2D fractal dimen-
sions of 1.52, 1.68, 1.68, and 1.75, respectively). Nonetheless,
the 3D fractal dimension deduced from SAXS appeared to be
higher, with a value of 2.97 and 2.90 for the 16 and 30 nm
AuNPs, respectively. Note that the analysis of the power law
domain in SAXS profile is limited to a narrow g range, which
makes a valuable determination of 3D fractal dimension
difficult. Overall, this detailed analysis of AuNP-containing
endolysosomes shows the increasingly compact structure of
nanoparticle clusters in endolysosomes when particle size
increases, associated with an increased cluster diameter.
Despite the less compact structure, the 3 nm-sized AuNPs
maximize the number of particles per cluster and per endoly-
sosome. The 16 nm AuNPs occupied the maximun surface
fraction.

To ascertain whether the endosomal confinement-driven
AuNP fractal aggregations depend on the targeted cell type, a
similar TEM analysis was performed on the murine endo-
thelial cell line SVEC4-10 (Fig. S4At), which is an important
barrier for the extravasation of nanoparticles. Again, AuNPs
internalization did not induce significant cell death as deter-
mined by the metabolic rate (Fig. S2Bf). The area of endo-
thelial cell nanoparticles-containing endolysosomes was com-
parable to that of macrophages, with no significant influence
of particle size (Fig. S4Bt). However, AuNP clusters in SVEC4-
10 cells appeared to be smaller than in macrophages, with an
average diameter ranging from 106 to 215 nm only. In contrast
to macrophages, the largest clusters were found for the 3 nm-
AuNPs (Fig. S4Ct). The number of AuNPs per intracellular
cluster decreased with increasing nanoparticle size, similar to
macrophages, but with a lower number of AuNPs per cluster
(average number from 14 to 176 AuNPs as compared to 32 to
240 for macrophages) (Fig. S4D}). The endolysosome surface
fraction (2D) of nanoparticle cluster was also lower than in
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macrophages, covering at most 3% of the endolysosome
surface for the 16 nm-AuNPs. However, the size tendencies
observed for the endolysosome limited cluster density
(Fig. S4Ft) and the 2D fractal dimension (Fig. S4Gt) are con-
sistent between endothelial cells and macrophages. The intra-
cellular aggregate features are comparable between macro-
phages and endothelial cells, except for the density, which
remains higher in macrophages.

The comparison of the processing of AuNPs between endo-
thelial cells and macrophages underscores the particularity of
3 nm-AuNPs. For macrophages, the 3 nm-AuNPs are enclosed
in the smallest endolysosome size with also the smallest
cluster diameter, whereas for endothelial cells, they present
the highest endolysosome and cluster sizes. This difference
can be linked to the endocytosis pathways (phagocytosis, pino-
cytosis, and receptor-mediated endocytosis) that could have
different influences between cell types.’® Moreover, macro-
phages are known to have a higher endocytosis rate than other
cell types,**> which could explain why their endolysosomes
contain larger AuNP clusters covering a higher surface fraction
of the endolysosome.

The same analyses were performed on the murine colorec-
tal carcinoma cell line CT26, as a model of cancer cell behav-
ior. The experiment was limited to the 16- and 30 nm-AuNPs
sizes but was extended to pre-aggregated 16 nm and 30 nm-
AuNPs structures obtained by combination with the anticancer
drug 5-fluorouracil (5-FU). These drug-NP clusters were used
here to investigate whether a pre-aggregated state of AuNPs
can change their fate and intracellular structure once inside
the cells. AUNP-5FU complexes were synthesized by mixing 16-
and 30 nm-AuNP with the 5-FU for 24 hours. The SAXS profile
analysis showed the fractal structure of the as-formed
AuNP-5FU complexes with mass 3D fractal dimensions of 1.85
and 2.06, respectively, with the 16 nm- and 30 nm AuNPs
building blocks (Fig. S5A and Bt). AuNP-5FU complexes were
then incubated with cells at the same concentration as the
single AuNPs.

As shown in Fig. 2A, the colon cancer cells exhibited pre-
aggregated AUNP-5FU complexes and AuNPs-loaded endolyso-
somes, but noticeable differences were observed.
Endolysosomes were 1- to 4-fold larger when loaded with
AuNP-5FU complexes rather than AuNPs (Fig. 2B). The intra-
cellular cluster size (Fig. 2C) and the number of AuNPs per
cluster (Fig. 2D) also considerably increased with pre-aggre-
gated AuNP-5FU complexes. Consequently, the endolysosome
surface fraction (2D) covered by nanoparticle clusters were aug-
mented from 2.5% for 16 nm AuNPs to 8.5% for the 16 nm
AuNP-5FU complex (Fig. 2E), and the ELC-density also
increased for the AuNP-5FU complexes (Fig. 2F). The average
fractal dimension of the aggregates in cells also tended to be
higher when nanoparticles were pre-aggregated (Fig. 2G). This
observation was confirmed by SAXS measurements in 16 nm-
AuNP and 16 nm-AuNP-5FU-loaded CT26 cells: the former
resulted in a 3D fractal dimension of 2.33, versus 2.44 for the
AuNP-5FU complexes (Fig. S61). Overall, it is clear that the pre-
aggregation of AuNPs by complexation with the 5-FU drug
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Fig. 2

Internalization of 5FU-pre-aggregated or dispersed gold nanoparticles by the murine colorectal cell line, CT26. (A) TEM imaging of AuNP-

loaded CT26 cells; the insets emphasize intracellular AuNP clusters and the corresponding binary transformation for fractal arrangement analysis. (B)
The area of NPs-containing endolysosomes as determined by TEM imaging. (C) Intracellular cluster diameter. (D) The number of nanoparticles per
intracellular cluster. (E) Surface fraction covered by intracellular AuNP. (F) Endolysosome-limited cluster density (ELC density) of AuNP. (G) 2-D
fractal dimensions of intracellular AuNP clusters. Significance, *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA test, with Bonferroni post-test for

comparison of all pairs of columns.

before cell internalization tends to optimize the lysosomal
density of AuNPs while also changing the endolysosome size.
Considering the single AuNP condition in CT26 cells, the
results are consistent with other cell type characterization,
indicating relative homogeneity between cell types. However,
we noticed that in this study, contrary to previous observations
on macrophages and endothelial cells with isolated AuNPs

21838 | Nanoscale, 2020, 12, 21832-21849

from 3 to 30 nm, the endolysosome size adapted to its con-
tents in pre-aggregated AuNP-loaded CT26 cells. The intra-
cellular AUNP-5FU clusters exceeded the size of the clusters
achieved by the isolated AuNPs and the endolysosome size
also increased. Hence, endolysosome shape adjustment might
not be cell-type dependent but probably appears above a
certain size of intracellular cluster diameter, which could be

This journal is © The Royal Society of Chemistry 2020
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roughly estimated to 500 nm. This suggests that lysosomal
shape adjustment, which occurred only above a certain size of
the internalized structure and not for isolated NPs of 3 to
30 nm, could be a general process independent of nano-
particle characteristics.

Overall, our comprehensive investigation sheds light on the
endocytosis-driven fractal aggregation endured by the different
sizes of AuNPs and the preformed AuNP aggregates, which
occurs independently of the cell type. The intralysosomal
nanoparticle fractal dimension increases with the size of
AuNPs and the preformed aggregates. The number of particles
per cluster diminishes when increasing particle size. However,
the surface fraction occupied by AuNPs in endolysosomes, an
important parameter for the local effect of AuNP activation, is
maximized in the different cell lines for the single or pre-
aggregated 16 nm-AuNPs.

The detailed study of AuNP intracellular distribution is of
particular importance to modeling and predicting the physical
and subsequent biological effects of radiosensitization by high
atomic number nanoparticles'>>"** that depend on their local
arrangement, the density of the high Z materials to focus the
X-ray beam and its proximity to vital cellular structures. It can
be a valuable basis for the future modeling of radiosensitiza-
tion effects. However, in the present study, we focus our inves-
tigation on another aspect that also dramatically depends on
the intracellular local organization of nanoparticles: the photo-
thermal activity of AuNPs.

Intracellular fractal organization of AuNPs induces plasmon
coupling, the appearance of a secondary LSPR absorption
mode, and enhanced photothermal properties

The occurrence of plasmon coupling is based on the hybridiz-
ation of the resonance of individual particles leading to a peak
wavelength shift toward the red. Having characterized in detail
the endocytosis-driven cluster formation, we thus analyzed the
implications for intracellular plasmonic AuNP properties. The
extinction spectra of AuNP (3-30 nm)-loaded macrophages,
endothelial cells, and colon carcinoma cells were acquired by a
UV-vis spectrometer and normalized using the absorption
spectra of non-loaded cells as stated in the Materials and
Methods section. This treatment emphasizes the contribution
of the internalized AuNPs to the absorption spectrum, elimi-
nating the biological material-derived extinction spectrum. It
is worth noting that we observed a secondary LSPR for the 11,
16, and 30 nm-AuNPs in three cell types; however, the interna-
lized 3 nm-AuNPs exhibited a single redshifted LSPR peak
(Fig. 3). The primary LSPR peak is visible for all AuNP dia-
meters corresponding to the transverse plasmon mode of the
spherical AuNPs. The secondary LSPR correlated positively
with the AuNP diameter, ie., secondary LSPR ~659 nm,
689 nm, and 776 nm for 11 nm, 16 nm, and 30 nm-AuNP,
respectively, in macrophages (Fig. 3A). Similar tendencies were
observed for endothelial cells/colorectal cancer cells, with a
peak displacement to 602/590 nm for the 3 nm-AuNP, and a
second plasmon peak appeared at 650/630 nm, 674/675 nm,

This journal is © The Royal Society of Chemistry 2020
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and 722/720 nm for 11 nm, 16 nm, and 30 nm-AuNP, respect-
ively (Fig. 3B and C). These displacements are lower than those
observed in macrophages. The appearance of the secondary
LSPR can then be attributed to the closeness of the AuNPs
within intracellular clusters leading to the resonance between
adjacent nanoparticle electric fields. This plasmon coupling
effect was analyzed before in a library of synthetic AuUNP aggre-
gates and by numerical simulation, while coupled AuNPs PEI
complexes were previously proved to be effective in vitro and
in vivo for photothermal therapy and photoacoustic
imaging.>*> Here, the secondary LSPR around 700 nm,
together with the reminiscent primary LSPR of spherical
AuNPs was easily observed in the extinction spectra of
AuNP-5FU complexes in suspension (Fig. S5C and Dt), con-
firming that intracellular endocytosis-driven aggregation can
result in similar plasmon coupling effects in comparison to
the synthetic aggregates. Interestingly, when the preformed
16 nm AuNP-5FU complexes were internalized in cancer cells,
the second LSPR was only shifted from 680 nm (Fig. S5CT) to
715 nm (Fig. S7At). Nonetheless, cell internalization of the iso-
lated 16 nm-AuNP induced an LSPR at 675 nm (Fig. S7BY).
Although the preformed clusters of AuNPs were arranged into
larger aggregates and endolysosomes as compared to the
single AuNP (Fig. 2), the optical properties of both intracellular
aggregates were not so different (Fig. S77), which questions the
idea of synthesizing plasmonic aggregates for intracellular
photothermal therapy.

We thus investigated whether and to what extent intracellu-
lar plasmon coupling can affect the light-to-heat conversion in
cells, a milestone for the efficacy of photothermal therapy in
the tumor microenvironment.”® Immediately after the UV-vis
spectrum acquisition, the cell suspensions were irradiated
with either a 680 or 808 nm laser for 5 min at a fluence of 3.57
W cm™? and the temperature increase was recorded by an
infrared camera. The temperature increment AT in the AuNP-
loaded macrophages was 28.6 °C to 35.2 °C upon 680 nm-laser
irradiation, and 13.5 °C to 25.7 °C for the 808 nm-laser,
depending on the AuNP diameter (Fig. 4A and D). While AT
increased steadily with the AuNP core size upon 808 nm
irradiation, it presented a maximum for 11 nm- and 16 nm-
AuNP upon irradiation with 680 nm light. These results are in
line with the extinction spectra shown in Fig. 5A, as the
maximal secondary LSPR for both AuNPs is close to 680 nm,
while the 30 nm-AuNP exhibits a secondary LSPR closer to
808 nm. In cancer cells, the temperature increased with the
size of the nanoparticles upon 680 nm irradiation (Fig. 4C), in
line with the optical absorption (Fig. 3C). AuNP-loaded endo-
thelial cells exhibited a photothermal conversion trend upon
808 nm laser irradiation similar to that of AuNP-loaded macro-
phages (Fig. 4E). Nonetheless, 3 nm-AuNPs-loaded endothelial
cells irradiated at 680 nm showed a higher AT than the other
sizes in contrast to the rest of the tested cells (Fig. 4B). This
could be due to the larger 3 nm-AuNP intracellular cluster
observed in SVEC in comparison to the other nanoparticle size
(Fig. S4C & Ff). Importantly, we observed similar plasmon
coupling phenomena using a 3.5-fold lower laser fluence (1 W

Nanoscale, 2020, 12, 21832-21849 | 21839
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spectra of the respective cells without AuNPs. Highlighted wavelengths stand for the maximum secondary LSPR.

em™~?) for RAW264.7 cells, suggesting that this effect occurs in
a wide laser power range (Fig. S87).

We also questioned the interest of using preformed AuNP
aggregates showing plasmon coupling and enhanced absorp-
tion in the NIR range before internalization in cells. We thus
compared the temperature increment in cancer cells loaded
with 16 nm-AuNPs and with 16 nm AuNP-5FU complexes
(Fig. S7Bt) irradiated at 808 nm. The cell temperature was only
slightly increased with the preformed clusters confirming the
moderate advantage of pre-clustering before cell internaliz-
ation for intracellular hyperthermia. It is worth noting that the
preformed aggregates can heat outside the cells due to
plasmon coupling under NIR light, whereas AuNPs that
remain isolated before cell internalization will not heat. Thus,
intracellular photothermal activation using isolated spherical
NIR-transparent AuNPs can be seen as an ON/OFF process that
requires both endolysosomal-limited clustering and light exci-
tation to be effective.

This is particularly important for tumor therapy approaches
using the photothermal activation of plasmonic nano-
structures. Most studies and ongoing clinical trials focus on
NIR-absorbent nanoparticles such as gold nanostars®” or gold
nanoshells®® to induce highly efficient hyperthermia in the

21840 | Nanoscale, 2020, 12, 21832-21849

tumor environment. However, only a few reports have
addressed the impact that tumor cell internalization can have
on the photo-thermal outcome in the complex environment of
the tumors.>”>® Here, we have seen that intracellular clustering
of NIR-transparent AuNPs could trigger efficient photothermal
heating in three cellular components of the tumor microenvi-
ronment. It is worth noting that this complexity of gold nano-
particles and biological tissue interaction has been also
addressed by developing an adaptive hyperspectral image
algorithm. The training on the spectral behavior of gold nano-
shells based on a spectral library allows the tuning of nano-
particle identification, whereupon it is possible to track gold
nanoshells in ex vivo tissue samples.®® Therefore, the changes
in the plasmon within the biological milieu are not unique to
NIR-invisible gold nanoparticles and can be used to identify
nanoparticles within biological tissues. Considering that pre-
aggregated AuNP can abolish tumor mass upon the conversion
of NIR-light into heat,*"®"** we then determined whether
intratumor injection of NIR-transparent 16 nm-AuNP is
sufficient to trigger photo-conversion of an 808 nm light in a
head-to-head comparison with the preformed 16 nm-
AuNP-5FU complexes (Fig. 5A). CT26 colorectal tumors were
induced subcutaneously in immunocompetent mice and

This journal is © The Royal Society of Chemistry 2020
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16 nm-AuNPs or 16 nm-AuNP-5FU complexes were injected
intratumorally at the same Au dose (40 pg) when the tumor
volume reached 150-200 mm?®. The tumor was irradiated
24 hours later at 2 W em™ for 15 min, and the surface temp-
erature of the tumor was monitored (Fig. 5B). Interestingly,
whereas the non-injected tumors presented an average temp-
erature of 39.00 + 0.70 °C, the tumors injected with 16 nm
AuNPs displayed a higher temperature (44.60 + 1.64 °C on
average) as compared to those injected with the preformed
16 nm AuNP-5FU (42.00 + 2.40 °C on average). Although we
cannot be certain whether the 16 nm-AuNP were internalized
by cells within the tumor niche, this result is indicative of the
impact that the tumor microenvironment has on AuNP plas-
monic properties. Since the tumor microenvironment com-
prises different cell types including tumor cells, macrophages,
and endothelial cells, taking into consideration the results on
a fractal arrangement inside cells, this suggests that NIR-trans-
parent AuNPs can be converted to NIR-absorbent nano-
particles upon intracellular aggregation-induced plasmon
coupling once they are internalized by cells in vivo. Another
possibility is that the extracellular matrix of the tumor micro-
environment, as well as low pH, also triggers the aggregation
of nanoparticles. In contrast, the NIR-absorbent 16 nm
AuNP-5FU complexes did not show any added value over their
isolated building blocks in terms of heating efficiency in the
tumor microenvironment. Therefore, we have shown that cell

This journal is © The Royal Society of Chemistry 2020

internalization of AuNP-5FU does not drastically change their
heating power; however, it is plausible that the AuNP-5FU com-
plexes have a less homogeneous distribution and a lower cellu-
lar uptake than the smallest 16 nm-AuNPs in the tumor
microenvironment.** %%

Apart from thermal monitoring, another signature of light-
to-heat conversion by nanoparticles is the photoacoustic
imaging (PAI). We performed PAI in agarose phantoms con-
taining 16 nm-AuNPs or the AUNP-5FU complexes. As expected
from the optical properties, the PAI spectrum in the
650-1000 nm range displayed a peak at around 700 nm only
for the AuNP-5FU complexes and not for isolated AuNPs, thus
confirming plasmon coupling in drug-nanoparticle clusters
(Fig. 5C). However, when looking at the PAI signal at the exci-
tation wavelength of 710 nm in tumors, we could see that it
was similarly increased after the injection of isolated 16 nm-
AuNPs, in comparison with AuNP-5FU complexes, and was
visible in some areas of the tumor at 24 hours. This confirmed
the light-to-heat conversion of aggregated AuNPs and their
complexes in the tumor microenvironment.

Overall, we have shown that the pre-aggregation of spherical
AuNPs with a diameter of 16 nm is not necessary for inducing
efficient heating in the tumor microenvironment and, contrari-
wise, the standard coating of spherical AuNPs with citrate
could enable cell internalization, intracellular fractal aggrega-
tion, and efficient light-to-heat conversion in different cells of

Nanoscale, 2020, 12, 21832-21849 | 21841
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Fig. 5 The in vivo photo-thermal activation of CT26 subcutaneous tumors injected intratumorally with 16 nm-AuNPs or the 16 nm AuNP-5FU
complex. (A) Scheme of the experimental set-up; tumors were irradiated with an 808 nm laser at 1.94 W cm™ for 15 minutes at 24 hours post-injec-
tion of AuNPs and AuNPs-5FU (40 pg per tumor). An example of an in vivo infrared thermal image of tumors is shown. (B) The average surface temp-
erature of the tumors during laser irradiation without the injection of nanoparticles (laser only) (n = 7) and with intratumoral injection of AuNPs (n =
10) and AuNP-5FU (n = 9). (C) Photoacoustic (PA) signal spectra of 16 nm-AuNPs and 16 nm AuNP-5FU complexes in agarose gel. (D) Ultrasound B
mode imaging and photoacoustic imaging at 710 nm laser excitation of tumors before the injection of nanoparticles, just after intratumoral adminis-

tration of AuNPs or AUNP-5FU, and 24 hours after.

the tumor microenvironment. In a pioneering study, Hainfeld
et al. demonstrated that when ~18 nm anti-tumor antibody-
coated AuNP reached the tumor in vivo, nanoparticles were
internalized and clustered by the exposure of carboxylic resi-
dues upon the enzymatic digestion of antibodies in the acidic
endosomal environment.®® This approach has shown promis-
ing results to ensure a tumor-specific infrared light-absorber
conversion of conventional spherical AuNP,*> which tackles
the undesired overheating of healthy tissue during the photo-
thermal approach. Therefore, it can ensure a better photother-
mal and optoacoustic performance that complies with both
safety and efficacy by tuning the LSPR properties of canonical
spherical gold nanoparticles directly in situ in the tumor
environment. Controllable aggregation of AuNPs in response
to the microenvironment properties also proved to be an
efficient approach to triggering NIR plasmonic hyperthermia.

21842 | Nanoscale, 2020, 12, 21832-21849

For example, the pH® and the presence of electrolytes® can
modulate the coalescence of AuNP into clusters. This strategy
has yielded some promising results where the simple salt- or
pH-induced AuNP aggregation has proved to be an efficient
tool for thermal tumor ablation.*®> In our case, however,
there is no need for the complicated chemical modification of
AuNPs for tumor microenvironment to convert them to NIR
light absorbers. Here, citrate-coated AuNPs can agglomerate
driven by the protonation of carboxylic groups, thereby leading
to nanoparticle coalescence inside an acidic endosomal micro-
environment, recapitulating what occurs in aqueous solution.®
Recent reports also addressed the utility of macrophages as a
delivery vehicle for photothermal therapy in cancer. However,
most of these investigations used bona fide NIR-absorbent
gold nanoparticles, such as gold nanorods and gold-silica
nanoparticles.®*®® Here, we proved that NIR transparent

This journal is © The Royal Society of Chemistry 2020
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AuNPs are internalized by macrophages, endothelial or cancer
cells, and endolysosome-driven plasmon coupling occurred,
leading to the thermal conversion of 808 nm light. This is in
concordance with a previous report where intracellular spheri-
cal gold nanoparticle facilitated the formation of "O, singlets
for photodynamic therapy.”® Importantly, endocytosis-induced
plasmon coupling can be efficient enough to generate photoa-
coustic signals even for small sizes of AuNP (<30 nm)"® with
the advantages over larger NIR-absorbing gold nanorods or
nanostars, to better penetrate the tumor and facilitate the
elimination or degradation of gold nanoparticles.**

Correlating intracellular clustering of AuNPs with heating
efficiency

Plasmon coupling is highly dependent on the distance
between particles, the average number of neighbors, the
number of coupled nanoparticles, and the inner organization
of the cluster.”>® The plasmon coupling effect and its associ-
ation with the appearance of a secondary LSPR were well
demonstrated by the conformation of discrete dimers and
trimers of 60 nm AuNPs that exhibited a secondary LSPR at
~690 nm and ~670 nm, respectively,® and of linear, globular,
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or fractal clusters.'*?%*%*3 However, few studies have focused
on the plasmon coupling phenomenon in cells.'™'* Besides,
the capacity for light-to-heat conversion is not directly pre-
dicted by the optical absorption spectrum and it depends on
various parameters such as the size and organization of the
nanoparticle clusters and the cellular environments of the
clusters. The final temperature in the cell pellet is not only
related to the amount of absorbed energy, but also the capacity
of the nanoparticle assemblies to convert this absorbed energy
into heat and to transfer it to the surrounding medium. In this
study, we have combined, for the first time, a comprehensive
characterization of the intracellular structures of different
sized AuNPs, with the measurements of their optical pro-
perties and photothermal efficiency in three different cell
types. Thus, a set of descriptors is available and can be ana-
lyzed by multivariate analysis to shed light on the potential
correlations linking intracellular nanoparticle clustering with
heating efficiency, or any of the descriptors. The variables are
listed in Table 1. ESI Table S1f displays the average value of
these variables for each condition.

Principal component analysis (PCA) was performed to visu-
alize the average behavior in each condition and its depen-

Table 1 Summary of the variables describing the intracellular AuNP cluster and their optical and photothermal properties

Variable Method of measurement Description Unit
NP_diam TEM Nanoparticle core size nm
Lyso_area TEM Endolysosome area nm?
Clust_diam TEM Intracellular cluster diameter nm
Nb_NPs_clust TEM Number of AuNP per intracellular cluster No unit
Surf_frac TEM AuNP surface fraction in endolysosome %
ELC_dens TEM ELC endolysosome density nm~>
2D_FD TEM 2D fractal dimension No unit
Plasm_wl UV visible spectroscopy 2" 1SPR wavelength nm
Plasm_int UV visible spectroscopy 2" LSPR intensity No unit
DeltaT_680 Photothermal measurements Temperature increment after 5 min of 680 nm laser irradiation °C
DeltaT 808 Photothermal measurements Temperature increment after 5 min of 808 nm laser excitation °C
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dence on the different variables. It also allows the quantifi-
cation of the relative weights of statistically relevant effects
(Fig. 6). Using the variables in Table 1, the three first principal
components of the PCA, along with which the variation in the
data is maximal, respectively represent 51.8%, 24.5%, and
15.7% of the total variance of the results. The projection of the
average behavior of the samples onto this 3-dimensional space
reveals that the first dimension separates the samples depend-
ing on the AuNP core size, the second according to their pre-
aggregation state by complexation with 5FU, and the third one
tends to separate the RAW macrophages from the two other

View Article Online
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cell types. These results are globally consistent with the
empirical observations reported above based on the bi-para-
metric comparison. However, this PCA analysis points out the
order of importance of the explored parameters. The corre-
lation between the PCA dimensions and the initial variables
can be found in ESI Table S2.1 The initial gold nanoparticle
size plays a dominant role in the features of intracellular clus-
ters and their optical and photothermal properties. The effect
of AuNP size is far beyond the pre-aggregation state of the
AuNPs and the cell type. The second dimension of the PCA
that distinguishes the pre-aggregated AuNPs from
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isolated AuNPs correlates mostly with the aggregate and endo-
lysosome size, as well as the number of AuNPs per cluster; i.e.,
mostly the cluster properties. In contrast, the third dimension,
which differentiates the macrophages from the cancerous
and endothelial cells, correlated mostly with the final optical
properties of the aggregate and its heating properties at
680 nm.

The correlations between the variables were also studied by
the calculation of the Pearson coefficient between each pair of
variables (Fig. 7). Looking at the structural parameters describ-
ing the intracellular aggregates, we can see some interesting
features of endocytosis-driven nanoparticle aggregation.
Regarding the cell response to nanoparticle uptake, we
observed that the endolysosome area was poorly correlated
with the size of the AUNPS (g5 area/np_diam = 0.32) but tended
to shape the AuNPs cluster by adapting the lysosome size to
the cluster size (Fyso_area/Clust_diam = 0.81). The cluster size itself
was weakly correlated with the AuNP diameter
(Tctust_diam/Np_diam = 0.32), which is an important aspect of lyso-
somal confinement in this range of nanoparticle size.

Consistent with the correlation of endolysosome size and
cluster size, the number of AuNPs per cluster correlates well
with the endolysosome-limited cluster (ELC) density and with
the surface fraction covered by AuNPs in endolysosomes. We
also confirmed that the 2D fractal dimension of the clusters
correlates with the size of AuNP building blocks, showing a
higher compacity of large AuNPs clusters (7»p rp/np diam =
0.86). However, the endolysosome surface fraction covered by
AuNPs, as well as the ELC density, correlates negatively with
the 2D fractal dimension and AuNP size, showing that globular
aggregates of large AuNPs do not fill the endolysosomes as
efficiently as loose fractal structures of tiny AuNPs
("surt_trac2p_rp = —0.70, TELc_densi2p_rp = —0.77). This is also
consistent with the fact that the number of AuNPs per cluster
correlates negatively with the NP size (g nps_cluster/NP_diam =
-0.47).

Having this general description of the lysosomal clustering
of AuNPs in mind, we can examine how it affects the optical
properties of AUNPs. The wavelength of the 2"® LSPR is primar-
ily correlated with the size of AuNPs and fractal dimension of
the intracellular clusters (Fpiasm_wixp_diam = 0-92; 7plasm_wl/2D_FD
= 0.87). This is also true for the intensity of the 2"! LSPR,
suggesting that compact aggregates of large particles (even
with a small number of NPs) create intense plasmon coupling,
which shifts and enhances the 2"¢ LSPR band. On the other
hand, the shift in the 2"* LSPR correlates negatively with the
ELC density and endolysosome surface fraction in our con-
ditions, which means that the intracellular confinement of
numerous 3 nm or 11 nm AuNPs in a loose structure might
not be sufficient to induce plasmon coupling. Interestingly,
the appearance and NIR shift of the 2" LSPR are the key para-
meters governing the intracellular heating efficiency at 808 nm
(TDeltar_sos/Tplasma_wl = 0-79; TDeltaT_s08/Plasma_int = 0.77). At this
higher wavelength, the AuNP core size and fractal dimension
play the major roles (rpeitat_sos/Np_diam = 0.59, Tpeltat_s08/2D_FD =
0.47), while cluster diameter has no influence on heating

This journal is © The Royal Society of Chemistry 2020
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efficiency under 808 nm excitation. More surprisingly, the
heating efficiency at 680 nm excitation is not correlated with
the same variables as the 808 nm excitation. It does not
depend on the 2" LSPR position, as for all NP sizes the
plasmon spectra encompass the 680 nm excitation. Moreover,
regarding the relationship between the aggregate structure and
the 680 nm heating power, it is more sensitive to the cluster
diameter, but not to the fractal dimension of the aggregates
(peltat_sso/Cluster_diam = 0.57; Tpeltatesozp_rp = —0.06). Hence,
depending on the wavelength of excitation, the details of intra-
cellular clustering might have opposite implications. The
massive internalization of ultrasmall AuNPs forming large and
loose aggregates in the endolysosomes can be beneficial for
excitation close to 680 nm wavelength. It is important to note
that this statistical analysis must be handled with caution as
they are calculated on only 12 different conditions and the
describing variables are not independent of the others.
However, it offers a framework for deciphering subtle phenom-
ena linking the intracellular internalization of nanoparticles
with their physical properties. Such an analysis, like a quanti-
tative structure-activity relationship, can be extended to a
variety of physical phenomena of importance for the thera-
peutic or diagnostic applications of nanoparticles, taking into
account their biological media of application.

Conclusions

Herein, we provide a detailed description of the intracellular
clustering of canonical citrate-coated AuNPs in the 3-30 nm
size range by three different cell types, namely, macrophages,
endothelial cells, and colon cancer cells. We investigated
various structural parameters by TEM and SAXS, describing
the cell response (endolysosome size) and the nanoparticle
clusters formed within the endolysosomes 24 hours after incu-
bation (number of NPs/clusters, cluster size, 2D and 3D fractal
dimensions, surface fraction, endolysosome-limited cluster
density). A statistical analysis of the data revealed that the
cluster size and endolysosome size are correlated but do not
depend on the size of the incubated AuNPs in the 3-30 nm
range unless preformed aggregates are internalized. The
smaller AuNPs occurred in larger numbers, in looser aggre-
gates and covered a greater fraction of the endolysosomes as
compared to the largest AuNPs. The 2D and 3D fractal dimen-
sions of intracellular clusters increased with the particle size.
This behavior is quite general although we observed some
peculiarities of macrophages in comparison to the other cell
types. This type of analysis might be useful to model, predict,
or correlate the physical properties and the biological out-
comes of cell internalized nanoparticles subjected to different
excitations. While the same approach could be applied to deci-
phering intracellular radiosensitization by high-Z nano-
particles, we focused on the plasmonic effects of cell-interna-
lized AuNPs. Collectively, we proved the existence of a plasmon
coupling-like process when AuNPs are internalized by cells
with a 2"? LSPR band appearing and shifting to the NIR region
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when the nanoparticle size and fractal dimension of the intra-
cellular cluster increased. Intracellular plasmon coupling is
not directly correlated to the size of the intralysosomal cluster
or the number of AuNPs per cluster, but rather the cluster
compacity and size of individual AuNPs. The intracellular
plasmon-coupling phenomenon translates to an efficient
heating efficiency under 808 nm excitation of the three
different cell types, with temperature increasing with the AuNP
sizes. Intracellular clustering thus transformed NIR-transpar-
ent canonical AuNPs with sizes below 30 nm into NIR-absorb-
ing clusters, allowing the simple triggering of intracellular
heating by nanoparticle internalization in the three cell types
or the colon tumor microenvironment 24 hours after injection.
When using the preformed NIR-absorbent 16 nm-AuNP-5FU
clusters before cell internalization in place of the isolated NIR-
transparent AuNPs, we observed larger endolysosomes with a
higher density of nanoparticles. However, this translated into a
moderate increase in the 808 nm heating efficiency in cells,
and a similar or even worse heating in the tumor environment
assessed by a thermal camera and photothermal imaging.
Hence harnessing the spontaneous clustering of spherical
citrate-coated AuNPs by cells might be a valuable strategy for
theranostic purposes such as deploying complex engineering
to derive NIR-absorbent AuNPs. Isolated AuNPs with a typical
size of 16 nm would also better penetrate the tumor tissue and
have a chance to be degraded faster in healthy tissues within
intracellular endolysosomes.*® Although this study focused on
bare citrate AuNP, when it comes to therapeutics or diagnosis,
nanoparticle-functionalization is the key to ensuring tissue
selectivity, e.g., tumor antigen-specific antibody’' and apta-
mers,”® thus ensuring that the nanoparticles selectively target
the tissue of interest. Also, the use of a rather focused laser
facilitates the irradiation of the desired tissue area, avoiding
damage to healthy tissue. These strategies can augment the
internalization of single NIR-invisible AuNP by target cells and
can properly benefit from the plasmon coupling effect. Our
paper sheds light on the complexity of AuNP distribution and
reorganization once internalized by cells, and proposes a
general method to link their intracellular fates to their in situ
physical properties exploited in medical applications.
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