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Gold nanoparticles have been thoroughly used in designing thermal ablative therapies and in photoacous-

tic imaging in cancer treatment owing to their unique and tunable plasmonic properties. While the plas-

monic properties highly depend on the size and structure, controllable aggregation of gold nanoparticles

can trigger a plasmonic coupling of adjacent electronic clouds, henceforth leading to an increase of light

absorption within the near-infrared (NIR) window. Polymer-engraftment of gold nanoparticles has been

investigated to achieve the plasmonic coupling phenomenon, but complex chemical steps are often

needed to accomplish a biomedically relevant product. An appealing and controllable manner of achiev-

ing polymer-based plasmon coupling is a template-assisted Au

*3 reduction that ensures in situ gold

reduction and coalescence. Among the polymers exploited as reducing agents are polyethyleneimines
(PEI). In this study, we addressed the PEl-assisted synthesis of gold nanoparticles and their further aggre-
gation to obtain fractal NIR-absorbent plasmonic nanoaggregates for photothermal therapy and photo-

acoustic imaging of colorectal cancer. PEl-assisted Au*® reduction was followed up by UV-visible light

absorption, small-angle X-ray scattering (SAXS), and photo-thermal conversion. The reaction kinetics,
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1. Introduction

Gold nanoparticles (AuNPs) are among the most exploited
nanosized materials in biomedicine for cancer theranosis,'™
mostly due to the wide possibilities of chemical modification
and tunable optical and thermal capacity."*”” The canonical
collective resonance of electrons in the dielectric-metal inter-
face upon the incidence of light of a wavelength larger than
the nanoparticle diameter (localized surface plasmon reso-
nance (LSPR), around 525 nm for spherical AuNPs) restricts
their use in photo-thermal therapy (PTT) or photoacoustic
imaging (PAI) as the wavelengths needed to efficiently engage
plasmon resonance fall within the UV-visible spectrum, far
from tissue transparency windows. LSPR nonetheless highly
depends on nanoparticle size, shape and self-assembly. Gold
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stability, and the photothermal plasmonic properties of the as-synthesized nanocomposites tightly
depended on the PEIl: Au ratio. We defined a PEI-Au ratio range (2.5-5) for the one-pot synthesis of gold
nanoparticles that self-arrange into fractal nanoaggregates with demonstrated photo-thermal therapeutic
and imaging efficiency both in vitro and in vivo in a colorectal carcinoma (CRC) animal model.

nanoparticle interaction indeed affects their electronic and
optical properties, thereby tuning the collective plasmonic
response. When close enough (<2 nm), electron clouds from
two nanoparticles collectively de-colocalize upon light inci-
dence, and produce a red-shifted plasmon, i.e., plasmonic
coupling.®*'® This process is indeed the basis for several
chemical and biological sensor systems based on noble metal
nanoparticles, specially AuNPs."""> Although huge efforts have
been made to control gold nanoparticle aggregation, and hen-
ceforth tune their physical properties, the process is still not
well understood. Moreover, most of the approaches leading to
NIR plasmon convey difficult and complex chemical steps that
prevent the easy-scaling production of gold nanoparticles for
clinical purposes.

To achieve plasmon coupling, various polymers, molecular
ligands and electrolytes have been used to induce the aggrega-
tion of preformed AuNPs, and, therefore, the reduction of
inter-particle space."*™ However, the lack of controllable
aggregation affects the stability of the produced nanoparticle
clusters over time. To cope with this issue, several methods
have been applied based on the modification of the hydro-
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phobic/hydrophilic properties of chemical components'® or
the use of a polymer-directed synthesis of gold nano-
particles.'” The latter is in fact a suitable method to achieve a
controllable AuNP synthesis with respect to not only the size
and coating, but also the extent of nanoparticle aggregation.
Polyethyleneimine (PEI) has been widely used for experi-
mental gene transfection as it escapes the early endosomal
compartment owing to the so-called ‘sponge-effect’.'® The
high density of uncharged amines in PEI provokes protona-
tion, hence a rapid and massive influx of ClI~ and water into
the endosomes; the osmotic swelling of the endosome and
swelling of the polymer due to the repulsion between the
charges lead to an increase in internal pressure and mem-
brane disruption. It thereby releases cargo into the cytoplasm,
avoiding further degradation in the late endosomes upon
fusion with lysosomes. PEI polycations also potentiate
immune response by engaging and activating the mono-
nuclear cell system (i.e. monocytes, macrophages) mediated by
receptors such as Toll-like receptor 4. Consequently, a burst of
pro-inflammatory cytokines and chemokines triggers further
immune system activation, including T cells, dendritic cells,
and B cells. Altogether, PEI has proven to be a potent adjuvant
for the vaccination protocol either alone or in combination
with Toll-like receptor activators.'®>* Furthermore, PEI has
been combined with a variety of inorganic nanoparticles to
enhance or facilitate the therapeutic potential of the nano-
systems by means of physical properties or biological activi-
ties.>® Iron oxide nanoparticles have been coated with PEI and
its derivatives to achieve multi-therapeutic potential that
includes magnetic targeting, immune activation, and the
intrinsic gene transfection ability of the polycation.**2°
Likewise, PEI has been conjugated with preformed gold nano-
particles to ensure a nanocarrier for gene transfection.””*®
However, these methods necessitate synthesis with at least
three steps (i.e. AuNP synthesis, AuNP functionalization and
AuNP clustering mediated by PEI) which is detrimental to the
final yield and batch to batch reproducibility.**' Therefore, a
simplification of the synthesis procedures is highly desirable
to obtain PEI-gold nanoparticle-based products that are easier
to scale-up without impacting the plasmonic properties. In
this direction, a few reports have described the intrinsic weak
reductive potential of different PEIs to convert Au®>* into Au'*
and Au’.>?*** The influence of PEI concentration has also
been addressed in terms of the Au crystal size, but no insight-
ful mechanism has been described.>® A detailed analysis of
the PEI-dependent synthesis of AuNPs should shed some light
on this matter. Other reports demonstrated that PEI can also
influence AuNP size when used in a seed-mediated synthesis,
highlighting the importance of elucidating how PEI concen-
tration modulates the size of the final crystal product.*®
However, none of these studies evaluated the photothermal
properties of the as-synthesized AuNPs for their use in the bio-
medical field. Importantly, there is a need to properly charac-
terize how the PEI: Au ratio affects both nanoparticle size and
aggregation. This study focuses on elucidating the effect of the
PEI:Au ratio on gold nanoparticle growth and aggregation
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into fractal structures displaying collective plasmonic photo-
thermal properties. We thoroughly analyzed the PEI-directed
AuNP synthesis and obtained insightful results on the as-syn-
thesized gold nanocomposite performance as a theranostic
agent in a colorectal carcinoma (CRC) murine model. We
demonstrated a differential kinetics for Au** reduction as well
as different colloidal stability over time depending on the PEI
concentration as monitored by small-angle X-ray scattering
(SAXS), UV-visible spectroscopy and cryo-transmission electron
microscopy (cryo-TEM). In addition, the PEI-assisted gold
nanoparticles showed a quasi-fractal arrangement at PEI: Au
ratios of 2.5:1 and 5: 1, which led to the plasmonic coupling
in the first NIR window. We further demonstrated that these
fractal gold nanocomposites perform efficiently as thermal
photoconverters both in vitro and in vivo in a CRC murine
model, reinforcing their use in photo-ablative therapeutic
approaches.

2. Materials and methods

2.1. Reagents and antibodies

Primary antibodies were anti-phospho-p44/p42 MAPK (9101S)
from Cell Signaling and anti-vimentin (ThermoScientific,
Pierce, MA3-745). YO-PRO-1 iodide (491/509, V23201), propi-
dium iodide (PI, V23201), Hoechst 33342 (V23201), and DAPI
(T3605) were all from Invitrogen. 25 kDa polyethyleneimine
(PEI, 25 kDa, 40872-7) and HAuCl, salt (G402-5G) were pur-
chased from Sigma-Aldrich.

2.2. AuPEI nanocomposite synthesis

The one-pot synthesis of polyethylenimine (PEI)-Au nano-
composites (AuPEI NCs) was carried out by mixing aqueous
(1 mg mL™", Au®") HAuCl, solution with an aqueous solution
of 25 kDa PEI at different [PEI]: [Au] ratios (0.5, 1, 2.5, 5 and
10) under constant magnetic stirring at room temperature (RT-
synthesized). Reaction evolution was monitored by both visual
color inspection and absorbance profiling in the UV-visible
350-800 nm wavelength range with a multimode plate reader
(EnSpire, PerkinElmer). One year later, the resulting product
was washed three times with distilled H,O (ultracentrifugation,
10000g) and dialysed against distilled H,O using a 50 kDa
cut-off membrane for the removal of excess polymer.
Photothermal ablation assays in vitro and in vivo were carried
out with 1-year-old nanoparticles.

2.3. Small-angle X-ray scattering (SAXS) characterization

Small angle X-ray scattering (SAXS) experiments were per-
formed on the SWING beamline (SOLEIL synchrotron, Saint-
Aubin, France) with a photon energy of 12 keV and a sample-
to-detector distance of 6 m, leading to the following g-range:
0.0016 < gswing (A™Y) < 0.23 A", We recall that ¢ = (47/2)sin 6,
where 26 is the scattering angle and 4 = 1.033 A is the wave-
length. Samples were inserted into cylindrical quartz capil-
laries of 1.5 mm diameter that were sealed and left vertical in
the field of gravity. The scattering patterns were always isotro-
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pic and radially averaged to obtain the scattering curves I(g).
The scattering curves were fitted with SasView software (NSF
DANSE), when stated with the sphere model to determine the
radius of individual NPs or with the mass fractal model to
determine the particle radius and the mass fractal dimension
of the aggregated particles.

The sphere model gives the intensity scattered by a dilute
dispersion of the spherical silica nanoparticle form factor, and
is defined as follows:*’

2

(sin(gr) — gr cos(gqr))
(gr)’

where scale is the volume fraction, V is the sample volume, r is
the sphere radius, background is the background intensity and
Ap = (pau — pu,o) is the difference in the scattering length
density between the gold nanoparticles (pa, = 6.4608 x 107°
A7) and the solvent (py,0 = 9.4691 x 107° A™2).

The mass fractal model is defined as follows:*®

I(q) = scale V(Ap)* |3 +background,

I(q) = scale P(q)S(g) + background

with
P(q) = F(gr)®
Flgr) = 3[sin(gr) — qsr cos(gr)]
(gr)
Sig) =1+ 52l =D o, — 1)tan 1 (g0)]
(gr)™ E

[1+(q)7] 2

4
scale = scalegcror (5 nrs) (Pau — Pis,0)’

where r is the radius of the particles, I" is the function defined
as I'(x) = (x — 1)!, ¢ is the cut-off length and D, is the mass
fractal dimension.

2.4. Cryogenic transmission microscopy (Cryo-TEM)

AuPEI NCs were characterized by Cryo-TEM as published else-
where.*® Briefly, a 4 uL droplet of particle aqueous solution
was deposited on a Quantifoil® (Quantifoil Micro Tools
GmbH, Germany) holey carbon grid. The excess of liquid on
the grid was absorbed with filter paper and the grid was
quench-frozen quickly in liquid ethane to form a thin vitreous
ice film. Once placed in a Gatan 626 cryo-holder cooled with
liquid nitrogen, the samples were transferred to the micro-
scope and observed at a low temperature (—180 °C). Cryo-TEM
images were recorded with a 2k x 2k Gatan Ultrascan 1000
CCD camera (Gatan, USA), using a LaBg JEOL JEM2100 (JEOL,
Japan) cryo-microscope operating at 200 kV (IMPMC,
Sorbonne Université - CNRS UMR 7590, Paris, France). Images
were taken with the JEOL low dose system (Minimum Dose
System, MDS) to protect the thin ice film from any irradiation
before imaging and to reduce the irradiation during the image
capture.
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2.5. Cell culture and cytotoxicity assay

The CT26 murine colon carcinoma cell line (ATCC, TIB-71) was
cultured in complete DMEM supplemented with 10% fetal
bovine serum (FBS), t-glutamine and penicillin/streptomycin.
Subconfluent cells were incubated for 24 h with increasing
concentrations of AuPEI NCs in complete DMEM. For the last
4 h, the 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 excitation 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 formula:

Viability (%) =
[AuPEI treated cell fluorescence] — [medium fluorescence]

p x 100 %
[untreated cell fluorescence] — [medium fluorescence] ’

2.6. AuPEI NC photothermal conversion

For photo-thermal monitoring, 100 pL of the as-synthesized
AuPEI NCs were extracted from the reaction tubes and sub-
jected to laser irradiation (680 and 808 nm, 5 min, fluence
2 W em™?, height 4 em from the liquid/air interface, Laser Diode
Drivers, BWT). The temperature T was recorded with an infra-
red camera SC7000 from FLIR Systems. The optical specific
absorption rate (SAR) was calculated as published before.***!
The initial temperature slope, ie. the first 30 s d7/d¢ slope
after laser switch-on, was measured, and the SAR was calcu-
cvdT

lated according to: SAR = A where m is the total mass of

Au in the sample, C is the specific heat capacity of the sample
(Cuater = 4185 J L' K1), and V is the sample volume.

2.7 Photothermal ablation in cell culture

Subconfluent CT26 cells were incubated with 5 pg mL~" AuPEI
NCs in complete medium for 24 h in 6-well cell culture plates
and washed to remove the medium. The cells were then har-
vested, washed with PBS 1x and resuspended in 100 pL PBS 1x
(500 pL tube). Absorbance was measured in a multimode plate
reader (PerkinElmer, EnSpire), and immediately after, the cells
dispersed in 100 pL PBS were subjected to an 808 nm beam
laser for 5 min (fluence 2 W cm™>, height 4 cm from the
liquid/air interface, Laser Diode Drivers, BWT). Temperature
was recorded with an infrared camera SC7000 from FLIR Systems.

To evaluate the photothermal ablation capability of AuPEI
NCs on adherent cells, CT26 cells were seeded in 18-well slides
(Ibidi) with a density of 2 x 10 overnight. After that, the AuPEI
NC solution (5 pg mL™") was added in complete medium and
incubated with cells for 24 h. After that, the medium was
removed, and the cells were irradiated or not with an 808 nm
laser at a power density of 2 W em™> for 15 min. The wells with
only NIR irradiation and no treatment served as the negative
groups. All CT26 cells were collected, washed with PBS, dyed
with YO-PRO/PI/Hoechst Triple Stain (Invitrogen, V23201), and
observed with confocal microscopy to evaluate cell necrosis
and apoptosis.

This journal is © The Royal Society of Chemistry 2019
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2.8. Invivo colon carcinoma CT26 tumor model for
photothermal therapy

Animal studies were conducted in agreement with the French
guidelines for animal care in compliance with procedures
approved by the Paris Diderot ethical committee for animal
research. CT26 tumor-bearing BALB/c mice (6-8 weeks old),
established by the subcutaneous injection of 1.5 x 10°® CT26
cells (tumor size >5 mm), were randomized into six groups
as follows: (i), untreated (n = 16); (ii), only 808 nm laser
irradiation at ~2 W em™> for 15 min (height from tumor skin
4 c¢m, Laser Diode Drivers, BWT) (n = 10); (iii), AuPEI-2.5 NCs
20 pg per mouse injected intratumorally (40 pL, ~ 0.5 mg mL™"
Au) (n = 7); (iv) AuPEI-2.5 NCs 20 pg per mouse intratumorally
plus laser irradiation (n = 6); (v), AUPEI-5 NCs 20 pg per mouse
intratumorally (n = 14); (vi) AuPEI-5 NCs 20 pg per mouse intra-
tumorally plus laser irradiation (n = 13). When necessary, the
tumor was irradiated with a near infrared laser 24 and 48 h
after AUPEI NC injection. All mice were anesthetized with iso-
flurane gas during the procedure according to the ethical
animal treatment procedure. Additional groups were treated to
compare the photothermal ablation efficiency of AuPEI-2.5
NCs to canonical spherical gold particles of 16 nm, AuUNP;¢ 1,,.
The mice were randomized into six groups (n = 4 to 7) as
follows: (i), untreated (n = 7); (ii), only 808 nm laser irradiation
at ~2 W em™? (n = 4); (iii), AuPEI-2.5 NCs 20 pg per mouse
intratumorally (40 pL, ~ 0.5 mg mL™" Au) (n = 7); (iv),
AuPEI-2.5 NCs 20 pg per mouse intratumorally plus laser
irradiation (n = 7); (v), AuNPy4 nm 20 pg per mouse intratumo-
rally (30 pL) (n = 5); (vi) AuNP;4 ,m 20 pg per mouse intratumo-
rally (30 puL) plus laser irradiation (n = 5). The surface tempera-
ture was recorded with an infrared camera SC7000 from FLIR
Systems during the treatment. CT26 tumor growth was moni-

tored by measuring tumor dimensions with a caliper and the
2

tumor volume v was calculated as follows: v = —— as estab-

lished elsewhere,**> where L is the tumor length, and W is the
tumor width. The ethical survival endpoint was considered as
a tumor volume >1500 mm?®,

2.9. Invivo photoacoustic imaging (PAI)

To evaluate the PAI contrast efficiency of AuPEI NCs, 20 pg of
AuPEI NC or 40 pg of AuNP;s », Was injected into the CT26
tumor. All mice were anesthetized with gaseous anesthesia
(isoflurane/air 4% induction and 1.5% during imaging) during
the procedure according to the ethical animal treatment pro-
cedures. Mice were scanned with a PA system (VeVo®LZR
SW2.2.0, VisualSonics, Inc., FUJIFILM, Institut Jacques
Monod, Université Sorbonne Paris Cité, Paris, France) at
different time intervals using a linear array transducer LZ550
(36 MHz center frequency, 32-55 MHz bandwidth, 44 pm
axial resolution, 14 x 15 mm® image size) before and
after injection to obtain PA images. The 3D B-mode and PA
spectroscopic scans at 710 nm were performed on the sub-
cutaneous tumors. Images were analyzed using VeVo®Lab
and Image] software.

This journal is © The Royal Society of Chemistry 2019
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2.10. Histology and immunohistochemistry

Tumors were excised and fixed with 10% phosphate-buffered
formalin at pH 7.4, dehydrated in graded ethanol solutions,
and embedded in paraffin. Six-micrometer-thick sections were
stained with hematoxylin and eosin for optical microscopy
observation. For immunohistochemistry staining, the primary
antibodies listed in Table 1 were used.

2.11. Statistical analysis

For all experiments, data were analyzed and depicted with
GraphPad Prism software. Data are presented as mean + SEM,
and number of samples and independent experiments are
stated in each figure caption for precision. When stated, data
were analyzed with a two-tailed Mann-Whitney test under an
assumption of the non-Gaussian distribution (nonparametric
test), with 95% confidence, and *p < 0.05, **p < 0.01,
***p < 0.001. Survival curves were compared using the Kaplan-
Meier method and the p-value was calculated using the log
rank test; *p < 0.05, **p < 0.01, and, ***p < 0.001, 95% confi-
dence, and the tumor volume was calculated using the two-way
ANOVA test with Bonferroni’s correction; *p < 0.05, **p < 0.01,
and, ***p < 0.001, 95% confidence.

3. Results and discussion

3.1. Kinetic analysis of AuPEI nanocomposite formation over
45 days

Polyethyleneimine (PEI) has been described as a reducing
agent for gold nanoparticle synthesis,****** but was more
widely used in coating/modification steps on previously syn-
thesized gold nanoparticles implicating a more potent redu-
cing agent.*>*"** Here we thought to explore the optimal
polymer concentration leading to gold nanocomposites exhi-
biting a fractal-like lattice, and, henceforth, a good aggrega-
tion-driven photo-thermal conversion efficiency without
affecting nanoparticle stability. Since 25 kDa PEI is one of the
most used polycations in several gene therapy approaches, we
chose this polymer for determining its capacity as a dual Au-
reducing and -capping agent, and the influence of polymer
concentration on such features. As such, 1 mg mL™" (~ 5 mM)
of Au aqueous solution, made from HAuCl,-3H,0, was mixed
thoroughly with an equal volume of PEI at various concen-
trations (1, 2.5, and 5 mg mL™"), and we followed the PEI-
assisted Au®" reduction for 45 days at room temperature. As
shown in Fig. 1A (insets), the mixture changed immediately
from light yellow to dark yellow in all cases, thus indicating
the formation of Au-PEI complexes by the coordination of Au®*
cations by amine residues. As early as 1 h after mixing, gold

Table 1 Primary antibodies used for immunohistochemistry

Antibody Clone Dilution Company
Phospho-Erk (p44/42) Rabbit 1:500 Cell Signaling, 9101S
Ki67 Rabbit 1:1000 Abcam, ab15580

Nanoscale, 2019, 11, 3344-3359 | 3347
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Fig. 1 AuPEI nanocomposite formation kinetics in the first 45 days as determined by (A) the UV-visible light absorbance profile (insets are the repre-
sentatives of color inspection of reaction evolution within the first 24 h). (B) Time-resolved SAXS analysis in the first 20 h. The best fit by a spherical
form factor model is depicted by black circles, corresponding to a mean diameter of 3.16 nm (PD 0.38) after 13 h and 5.18 nm (PD 0.40) at 20 h for
AuPEI-2.5 and 3.72 nm diameter (PD 0.36) after 20 h for AuPEI-5. SAXS profiles have been displaced by a decade for better visualization.

nanoparticles were patent at a [PEI]:[Au’"] ratio of 1, accord-
ing to the appearance of a localized surface plasmon reso-
nance (LSPR) band around 539 nm corresponding to the trans-
versal mode of the as-synthesized particles, denoted as

3348 | Nanoscale, 2019, 11, 3344-3359

AuPEI-1 (Fig. 1A, top, and Fig. S1Aft). Similar behavior was
observed for the 2.5:1 ratio, in which case, the colloidal state
of AuPEI-2.5 was evident after 3 h (Fig. 1A, middle). In con-
trast, AUPEI-5 did not show a concise transversal mode LSPR

This journal is © The Royal Society of Chemistry 2019
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band before 24 h (Fig. 1A, bottom, and Fig. S1Af). In order to
widen the range of polymer concentrations, we investigated
two more [PEI]: [Au®] ratios, 0.5:1 and 10:1 (Fig. S27). It is
worth noting that although AuPEI-0.5 exhibited an early pro-
duction of nanoparticles attested by an LSPR peak at 569 nm,
this peak decreased after 24 h (Fig. S2A and S2C¥), suggesting
that the scarce availability of a PEI capping agent leads to an
unstable nanocomposite. In contrast, AuPEI-10 delayed the
nanoparticle appearance until 48 h, and the formation of gold
nanoparticle as measured by the evolution of the LSPR band at
539 nm was slower as compared to the other reaction mixtures
(Fig. S2B and S2Ct). This clearly shows that the polymer avail-
ability governs the kinetics of the nanoparticle onset. At longer
time points, despite the increment of the AuPEI-1 primary
LSPR band, it started decreasing after 15 days due to the for-
mation of clear precipitates (Fig. 1A, top, and S1Aft), leaving
only a stable dispersion of larger objects after 30 days
(Fig. S1A%). Such precipitation might be related to the limiting
availability of the polymer as a capping agent as published
elsewhere.’® Altogether, the reduction of Au®** and further
nucleation into nanoparticles are influenced by the initial
polymer concentration, whereby the lower the PEI concen-
tration, the faster the initial reaction to the detriment of nano-
composite stability over time.

More interestingly, we identified an intermediate range of
[PEI]: [Au*"] ratios between 2.5 and 5 that gave rise to a second
LSPR band falling in the NIR range and evolving concomi-
tantly with the primary LSPR band (Fig. 1A). The LSPR bands
of AuPEI-5 decreased a bit after 30 days most likely due to
nanocomposite instability leading to a small precipitate for-
mation. In contrast, AuPEI-2.5 gradually exhibited a NIR-falling
shoulder after 9 days, that kept growing to the detriment of the
primary LSPR band after 30 days, suggesting a stable clustering
process rather than precipitation (Fig. 1A, middle). Importantly,
we monitored absorbance at 680 nm wavelength to assess
whether AuPEI can be used as a thermal nanoconverter in the
NIR region. As shown in Fig. S1B,} AuPEI-5 absorbance 680 nm
stepped up after 24 h of reaction reaching its maximum value
after 30 days. In contrast, AuPEI-2.5 absorbance at 680 nm
started increasing only after 10 days. Altogether, we revealed for
the first time an experimental window that enables the syn-
thesis of stable AuNP clusters with strong optical absorption
above 680 nm by reducing Au™ with PEIL.

To confirm these results, we performed time-resolved
small-angle X-ray scattering (SAXS) analysis (Fig. 1B). After 3 h
of reaction, the SAXS profiles of AuPEI-1 depicted the for-
mation of isolated spherical gold nanoparticles with a dia-
meter of 5.6 nm and a polydispersity (PD) of 0.4. These charac-
teristics did not change significantly after 6, 13 and 20 h of
reaction (Fig. 1B, top). The appearance of nanoparticles was
delayed when the polymer concentration was increased, and
the SAXS intensity fit into a spherical core form factor with a
diameter of 3.16 nm (PD 0.38) after 13 h and 5.18 nm (PD
0.40) at 20 h for AuPEI-2.5 and 3.72 nm diameter (PD 0.36)
after 20 h for AuPEI-5, thereby confirming the absorbance pro-
filing. Visual observation of the aggregates of AuPEI-2.5 and
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AuPEI-5 nanocomposites by CryoTEM at 30 days of reaction
shows a size ~12.8 and ~10.8 nm, respectively (Fig. 2A). After
45 days, the SAXS profiles were consistent with a mass fractal
model corresponding to the aggregates with mass fractal
dimensions of 1.68 and 1.85, composed of particles with a dia-
meter of 10.2 and 8.0 nm, respectively (Fig. 2B). This behavior
is consistent with the appearance of the secondary LSPR band
due to a plasmonic coupling between the adjacent nano-
particles (Fig. 1A).

We then investigated if the AuPEI nanocomposites obtained
at 45 days can be efficient light to heat nanoconverters when
excited with an 808 nm laser that is well adapted to penetrate
living tissue. AuPEI-2.5 and —5 at a concentration of [Au] =
1 mg mL™' showed an efficient conversion of NIR light
(1 808 nm, 2 W cm™?) into heat, with an increase of AT >15 °C
and >20 °C, respectively, outperforming AuPEI-1 (AT < 5 °C)
(Fig. 2C), in line with the appearance of the second LSPR band
in the NIR region due to the clustering-induced plasmon
coupling.

A kinetic study of the absorption properties suggests that
nanoparticle clustering keeps evolving after 30/45 days for
AuPEI-2.5 and -5, forming NIR plasmonic nanoclusters. We
thus investigated the colloidal structure and plasmonic pro-
perties of stable one-year-old AuPEI NCs. Interestingly, cryo-
TEM imaging shows the formation of quasi-fractal nano-
clusters, consisting of densely packed nucleation centers from
which nanoparticle-forming branches emerge (Fig. 3A).
AuPEI-2.5 (TEM averaged core diameter, 11.3 nm, Fig. 3A, left)
self-arranged into large globular clusters exhibiting an aver-
aged diameter of 233 nm (Fig. 3B), while AuPEI-5 (TEM aver-
aged core diameter, 9.6 nm, Fig. 3A, middle) exhibited a less
prominent nanoparticle clustering (averaged cluster diameter,
77 nm, Fig. 3B). For comparison, we chose AuPEI-10 NCs
which do not show a secondary LSPR band. AuPEI-10 (TEM
averaged core diameter, 22 nm) tended to self-arrange in
chains with exiguous ramifications (Fig. 3A, right), therefore
less packed (TEM averaged cluster diameter, 64.7 nm, Fig. 3B).
Accordingly, the number of nanoparticles per cluster
decreased as we increased the [PEI]:[Au] ratio, showing an
average number of 71, 35 and 7 nanoparticles per cluster,
respectively (Fig. 3B). These structural characteristics translate
into the appearance of the secondary LSPR band we observed
during the nanocomposite formation (Fig. 3C). SAXS analysis
confirmed the fractal arrangements adopted by AuPEI NCs
owing to the SAXS intensity fitting the mass fractal model.
According to this model, AuPEI-5 displayed the densest struc-
ture with a mass fractal dimension D,, of 1.9, in comparison
with 1.6 and 1.0 for AuPEI-2.5 and AuPEI-10, respectively
(Fig. 3D). As expected, 1-year-old AuPEI-2.5 and —5 nano-
composites showed a better photothermal conversion upon
808 nm laser irradiation (fluence 2 W ecm™2, 5 min, [Au] =
0.5 mg mL™") as compared to their counterpart AuPEI-10
(Fig. 3E), with a AT ~17, ~18, and ~11 °C, and a SARgys =
1669.8, 1988.7, and 1166.7 W g~' of gold, respectively.
Altogether, this kinetic study shows that the quasi-fractal clus-
ters of AuNPs can be obtained in water using branched PEI as
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laser irradiation (808 nm, 2 W cm™2, 5 min).

the reducing agent in a well-defined range of concentrations.
We hypothesize that at lower PEI concentrations, there is not
enough amine residues to stabilize the Au crystals, thus limit-
ing seeding and nucleation and triggering AuNP precipitation.
In contrast, at higher PEI concentrations, the high density of
amine residues leads to the spaced formation/nucleation of
AuNPs and, therefore precludes plasmon coupling. However,
an intermediate polymer concentration provides enough
amine residues to reduce Au** and further nucleate and form
clusters of AuNPs. Interestingly, the kinetics of nanoparticle
formation (short times) and aggregation (long times) are
different. After one year, the local structure and the global size
of clusters are well defined depending on the [PEI]: [Au] ratio,
allowing the optimization of the photothermal conversion
efficiency.

3350 | Nanoscale, 2019, 11, 33443359

3.2. Photo-thermal conversion efficiency in vitro

To appreciate the theranostic potential of the AuPEI nano-
composites, we first tested the viability of CT26 colon carci-
noma cells exposed to AuPEI for 24 h, in the absence of any
light exposure. AuPEI-2.5, 5 and 10 did not induce appreciable
CT26 cell death in the concentration range assessed
(3.9-250 pg mL™") (Fig. S31). Since AUPEI-5 exhibited the most
efficient thermal conversion as a colloidal suspension as com-
pared to its counterparts, supported by the highest mass
fractal dimension (1.9), we assessed the thermal conversion
performance of AuPEI-5-loaded colorectal cancer cells CT26
in vitro either in a cell suspension or as adherent cells
(Fig. 4A). To assess the photothermal conversion in cell pellet
mimicking tumors, cell monolayers were incubated with
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(A) Cryo-TEM imaging of AuPEI nanocomposites showing the quasi-fractal

states of gold nanoparticle colloids. The inset summarizes the diameter measurement and depicts a 3-D model for nanoparticle aggregates. (B)
AUPEI cluster size (left) and the number of nanoparticles per cluster (right), according to cryo-TEM images. A one-way ANOVA test was used,

**p < 0.01, and, ***p < 0.001, with Tukey's post-test, 95% confidence.

(C) UV-visible absorbance profile. (D) Small angle X-ray scattering (SAXS)

profile for AUPEI nanocomposites. The best mass fractal model fit is depicted by black circles (AuPEI-2.5: core diameter of 8.6 nm, { = 122.17 nm,
and D,,, = 1.6), (AuPEI-5: core diameter of 9.0 nm, ¢ = 36.8 nm, and D,,, = 1.9), and (AuPEI-10: core diameter of 20 nm, ¢ = 33.9 nm, and D, = 1.0).
(E) Photothermal efficiency of AuPEI nanocomposites ([Au] = 0.5 mg mL™, laser 808 nm 2 W cm™2, 5 min).

5 pg mL™" (total Au, 5 pg) AuPEI-5 for 24 h, washed, harvested
and resuspended (cells from one confluent well from a 6-well
plate were resuspended in 100 pL PBS 1x). Interestingly, the
suspension of AuPEI-5-loaded cells displayed a wide absor-
bance band with higher absorbance in the first NIR region as
compared to the non-loaded cells (Fig. 4B). Consequently, a
good thermal conversion was observed when the 100 pL sus-
pension of AuPEl-loaded tumor cells was subjected to an
808 nm laser (5 min, fluence 2 W cm™?), with a AT > 15 °C as
compared to AT < 2 °C for the non-loaded cells (Fig. 4C). We

This journal is © The Royal Society of Chemistry 2019

also tested the cytotoxic effect of intracellular photothermal
conversion on the monolayers of adherent CT26 cells incubated
with the AuPEI-5 nanocomposites for 24 h and washed before
808 nm laser irradiation (15 min, 2 W cm™?). Although no tem-
perature increase could be observed in the cell culture medium,
we observed an increase in apoptosis and, to a lesser extent, in
the necrosis rate of irradiated AuPEI-5-loaded CT26 cells as
compared to the non-irradiated counterparts (Fig. 4D and E).
Collectively, the AuPEI nanocomposites efficiently induced
cell death in the murine colorectal cell line CT26, suggesting
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their usefulness for in vivo photothermal therapy in this
model.

3.3. Photoacoustic imaging and anti-tumor photothermal
ablation efficacy in vivo

Once the performance of the AuPEI-5 nanocomposite as a
photo-converter and photothermal ablation at the cellular level
was established, we determined their photothermal thera-
peutic effects and photoacoustic imaging in a mouse colorectal
tumor model based on the CT26 cell line. As shown in Fig. 5A,
CT26 cells were inoculated in the mouse’s right flank and
once the tumor reached ~250 mm?® (10 days), the mice were
intratumorally (i.t.) injected with the AuPEI nanocomposites
(20 pg, Au). Immediately after i.t. injection, a clear photo-
acoustic signal (~710 nm) was observed intratumorally due to
the AuPEI NCs that persisted after 24 h (Fig. 5B). The 710 nm
PA signal coincided with the maximum PA signal peak accord-

3352 | Nanoscale, 2019, 11, 3344-3359

ing to the profile of the agarose phantoms of the AuPEI-5
nanocomposites (Fig. S4t). Then, the tumor was subjected to
laser irradiation (808 nm-laser, 15 min, fluence 2 W cm™>),
and the tumor growth was monitored. In accordance, when
irradiated, the temperature increased locally (7 > 50 °C) for the
AuPEI-5 injected tumors whereas the non-injected tumors
showed temperatures less than 40 °C (Fig. 5C). As a result,
tumor growth was delayed in the AuPEI-5 plus laser treatment
group, with observable photothermal-ablation in most cases
(Fig. 5D and E), in comparison with the control groups. We
did not notice an apparent weight loss during the experiment
(Fig. S57). Collectively, the CT26-bearing mouse survival rate
was significantly prolonged for the AuPEI-5 plus laser treat-
ment cohort (“p = 0.0199, hazard ratio 5.875, 95% CI of the
ratio, 1.323 to 26.09) as compared to either untreated mice or
only the AuPEI-treated mice (**p = 0.0088, hazard ratio 7.354,
95% CI of the ratio, 1.61 to 33.41) (Fig. 5F). It is worth men-
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tioning that AuPEI-2.5 NCs also showed good tumor ablative
potential in vivo in agreement with their secondary LSPR band,
inhibiting tumor growth and improving animal survival
(Fig. S67).

Tumor tissue analysis revealed an increase in necrotic areas
upon laser irradiation (Fig. 6A and B) accompanied by an inhi-
bition of tumor cell proliferation after AuPEI-5 /laser treatment
as measured by proliferation marker Ki67 staining (Fig. 6A-C).

This journal is © The Royal Society of Chemistry 2019

In agreement, the phospho-p44/42 MAPK expression was
decreased when tumors were subjected to the AuPEI-5 plus
laser (Fig. 6A-D). p44/42 MAPK is involved in several signaling
pathways, including tumor cell proliferation and survival, and
acts as a link between external signals and intracellular mole-
cular pathways.*”*® Thus, the reduction of the activated p44/42
MAPK signaling pathway could contribute to the observed
tumor growth inhibition.
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To rule out whether similar photothermal-ablation efficacy
can be achieved by using canonical spherical AuNPs, we made
an in vivo comparison between AuPEI-5 and spherical citrate-
coated 16 nm diameter gold nanoparticles, AUNP;¢ ,,r,,, which
exhibited a dispersed colloidal state (Fig. S7t). Following a
similar in vivo procedure to that aforementioned, we observed
that AuPEI-5 outperformed AuNP;s ., in ablating the CT26
established tumors as measured by the tumor growth rate; the
tumor volume for AUPEI-5 plus the laser cohort was 45.1 mm?,
while AuNP;s ., plus the laser cohort exhibited a tumor
volume of 1054.5 mm?® at the same time (Fig. 7A and B).

3354 | Nanoscale, 2019, 11, 3344-3359

Likewise, the tumor weight for AuPEI-5 plus the laser cohort
was ~6 pg compared to the AuNP,4 ,,,,, plus the laser cohort
that exhibited an averaged tumor weight of 876 ug (Fig. 7C).

It has been stated that gold nanoparticle aggregation
strongly affects their endocytosis, pivotal to the photo-thermal
performance in vivo. Aggregated gold nanoparticles can indeed
show a faster cellular endocytosis rate as compared to well-dis-
persed nanoparticles, leading to an earlier and more abundant
intracellular nanoparticle clustering.*® Furthermore, the size
of agglomerates determines the intracellular movement of
nanoparticles by reducing their speed,’® which may lead to an

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 In vivo photoablation performance comparison between AuPEI-5 (RT) and citrated AuNPs. (A) Individual tumor growth, and, (B) summary of
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Tumor growth over time was compared using the two-way ANOVA test with Bonferroni's correction; *p < 0.05, **p < 0.01, and, ***p < 0.001, 95%
confidence. (C) Tumor weight at the endpoint (21 days). *p < 0.05, **p < 0.01, and, ***p < 0.001, the two-way Mann—Whitney test, 95% confidence.

increment in the intracellular retention time. We indeed
observed that despite the detection of the PA;;¢ nm Signal from
AuNP;¢ ,,, immediately after i.t. injection in the CT26 tumor
in vivo, 24 h later nanoparticles appeared to have cleared from
the inner tumor mass (Fig. S8t), in contrast to AuPEI-5 which

This journal is © The Royal Society of Chemistry 2019

the PA;1o nm signal persisted after 24 h (Fig. 6B). This persist-
ent intratumoral presence of the AuPEI-5 nanocomposite
might rely on the increase in the endocytosis rate, as men-
tioned before, and the endosomal escape of AuPEI-5 due to
the PEI-triggered sponge-effect,'®*"*> hence allowing the cyto-
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plasmic accumulation of gold nanoparticles. However, a
recently published report demonstrated the importance of
intracellular aggregation to avoid exocytosis; the controllable
induced intracellular aggregation through microRNA-21 of a
binary gold nanoparticle system inhibited exocytosis leading
to an improvement in the NIR-triggered thermal ablation.”?
Collectively, these facts prove the advantages that PEI-directed
AuNP stable fractal aggregation imparts over dispersed AuNPs
in terms of the photo-thermal performance in vivo due to both
the plasmon coupling effect and the plausible increment of
intracellular accumulation.

4. Conclusions

In this study, we characterized the formation of gold nano-
particles assisted by the polycation polyethyleneimine (PEI) in
a time-resolved manner, as a facile and straightforward one-
pot method to obtain plasmonic fractal nanocomposites. We
were able to follow the Au®" reduction and AuPEI nano-
composite formation by small-angle X-ray scattering profiling,
UV-visible absorbance and photo-thermal conversion. As a
result, we demonstrated that the initial polymer concentration
impacts redox kinetics, where a 1:1 mass ratio favored the
rapid formation of gold nanoparticle seeds and a higher
polymer concentration not only slowed down the redox reac-
tion, but also imparted the quasi-fractal aggregation of gold
seeds. We indeed proved the fractal arrangements of the as-
synthesized gold nanoparticles, where the [PEI]:[Au’"] =
5 mass ratio leads to the more compact aggregates, as deter-
mined by the mass fractal dimension, favoring plasmon coup-
ling and NIR absorption. We demonstrated that the PEI-
assisted self-assembly of the as-synthesized AuNPs leads to a
plasmon coupling effect in an easy method without the need
for further laborious modifications. Hence, AuPEI nano-
composites produced at a 5:1 mass ratio displayed good per-
formance as NIR light nanoconverters for photoacoustic
imaging and photo-ablation in a murine colon carcinoma
model in vitro as well as in vivo. Furthermore, AuPEI-5 clearly
outperformed a canonical spherical citrated gold nanoparticle
in the thermal-ablation in vivo, suggesting the advantages of
fractal gold nanostructures in cancer photo-reductive thera-
pies. Collectively, this study sheds light on the kinetics of the
one-pot PEI-assisted synthesis of fractal gold nanoparticles as
theranostic agents in cancer.

The goal of our study was to develop plasmonic gold nano-
particles in an easy way (just by using the available reactants
without further chemical modifications), with a high suit-
ability for theranostic application. Typically, easily produced
gold nanoparticles are sphere-shaped, but because of their
monodisperse colloidal state, they are not convenient for NIR-
based photo-ablative approaches. To induce a plasmonic coup-
ling in the NIR region, spherical gold nanoparticles should
coalesce, often leading to unstable colloids. Other gold nano-
particles with anisotropic shapes are suitable for NIR-based
phototherapy, but their synthesis often requires more than
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one step and toxic additives. Therefore, the ideal scenario is to
produce spherical gold nanoparticles in a simple way (one-pot)
that also allows the as-produced nanoparticles to aggregate in
a stable manner to ensure NIR-plasmon coupling without com-
promising stability. Thus, this one-pot synthesis outperforms
others in terms of producing stable gold nanoparticle aggre-
gates with an excellent NIR-based photo-ablative performance,
and without introducing complex chemical surface modifi-
cations to induce such coalescence. It is worth noting that the
work presented here adds significant applicability to PEI,
apart from the extensively exploited features, i.e., gene trans-
fection and immunomodulating ability, increasing the possi-
bility of combining phototherapy with other therapeutic
approaches such as immunotherapy and gene therapy.
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