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Plasmonic Particles that Hit Hypoxic Cells

Fulvio Ratto,* Ewa Witort, Francesca Tatini, Sonia Centi, Lorenza Lazzeri, Fabrizio Carta,
Matteo Lulli, Daniela Vullo, Franco Fusi, Claudiu T. Supuran, Andrea Scozzafava,

Sergio Capaccioli, and Roberto Pini

The use of gold nanorods as contrast agents for the optical hyperthermia of
cancer is receiving ever more attention. However, their selective delivery to
tumors still remains an outstanding problem. In most cases, the identifica-
tion of suitable molecular targets is complicated by the lack of qualitative
differences between healthy and cancer cells. The focus of prior work has
mainly been on the cancer cells per se. Instead, here, the aim is moved to
secondary fingerprints that arise in response to the cancer microenviron-
ment. One common feature of tumors is a combination of poor oxygenation
and high oxygen consumption, which generates hypoxia. Hypoxic cells need
to switch to an anaerobic metabolism, which is accompanied by a multitude
of molecular processes, including the expression of transmembrane isoforms
of carbonic anhydrases. Here, gold nanorods are conjugated with selective
inhibitors of these enzymes, in order to recognize and hit hypoxic cells. The
cellular uptake, cytostatic activity and capacity to impart an optical sensitiza-

photoacoustic imagingP®-® and optical

hyperthermial'*7! of cancer. In this con-
text, a critical issue remains the devel-
opment of contrast agents with ideal
biological profiles, high optical absorb-
ance and the ability to target malignant
cells. The use of novel particles such as
gold nanorods,"2811  nanoshells,!'>13]
nanocages®>' and other shapes with
plasmonic bands in the NIR window
has aroused much hope, with a large
number of preclinical and even a few
clinical trials™ underway. These par-
ticles exhibit excellent tolerability both
in vitro and in vivo,['%18 efficiency and
stability of photothermal conversion and
the potential to home into tumors.>'819
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tion of these particles is shown to display a strong dependence on environ-

mental oxygenation.

1. Introduction

In recent years, the notion to combine near infrared (NIR)
light and NIR contrast agents for biomedical applications
has received much interest.'™ This combination profits
from the low absorption and deep penetration of NIR light
into biological tissue. Examples of applications include the
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The latter relies on a subtle interplay of
different effects, requiring a thoughtful
particle design. Coating of the particles
with polyethylene glycol (PEG)®?16:20-22]
is a popular approach, since the PEG por-
tion provides the appropriate steric hindrance and prevents
flocculation and the detection from macrophages. As a con-
sequence, the blood clearance of PEGylated particles becomes
slower, thus playing in favor of their passive accumulation
into tumors that exhibit enhanced permeability and retention
(EPR).[?3 This passive effect may be improved by the addi-
tion of ligands for molecular targets expressed on the plas-
matic membranes of malignant cells.'] Examples of ligands
include antibodies, 31224311 aptamers, 13?34 peptides!!®3>-37]
and small molecules, 339 which may be combined for syn-
ergistic approaches.[*0-+2

The molecular targets are usually taken among the finger-
prints of a certain population of malignant cells per se. In
general, their identification is a tremendous task, because the
phenotypes of malignant cells may differ much from case to
case and still resemble much those of normal cells in terms
of biochemical diversity. In most of the recent literature, this
choice falls on features that reflect the higher proliferation of
neoplastic vs healthy cells, such as the epidermal growth factor
receptors (EGFR),[112192426] the vascular endothelial growth
factor receptors (VEGFR),[*I or the folate receptors.['!38 How-
ever, these macromolecules belong to both malignant as well as
normal cells and their expression only differs on a quantitative
level. For instance, the density of EGFR is only about an order
of magnitude higher in typical malignant EGFR-positive than
in most normal cells.*+*]
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Rather than the single cells per se, more distinctive alterna-
tives arise from the difference between neoplastic and healthy
microenvironments. Peculiar consequences of the incoherent
vascularization and high oxygen consumption of solid tumors
are necrosis and hypoxia. The latter is a typical feature of
aggressive tumors and correlates with a poor prognosis and
metastatization.[**#”] Moreover, it is established that cancer is
maintained by a certain population of stem cells that exhibit
resistance to chemotherapeutics and require hypoxia.l*8#
Under conditions of low oxygenation, all cells make a metabolic
switch from oxidative phosphorylation to anaerobic glycolysis,
which generates acidic species, such as lactic acid. Meanwhile,
a multitude of processes begin with the intent to preserve the
intracellular pH from acidification.’%>4

The most efficient system of physiological buffering is the
hydration of carbon dioxide into carbonic acid, which is cata-
lyzed by the metalloenzymes carbonic anhydrases (CAs).>-64
Thus far, 16 different isoforms of CAs differing by catalytic
activity, regulatory mechanism, cellular and tissue distribu-
tionl®1%2 have been reported in humans. In particular, the
expression of CAIX and, in some cases, CAXII was found to
accompany the transformation from normal into malignant
cells and promote cellular migration and metastatization.®>~1]
Unlike all others, CAIX and CAXII are transmembrane iso-
forms and expose their catalytic cavities toward the extracellular
environment.

In recent years, some of us began to investigate the role of
CAIX in malignant cells and novel approaches for its selective
inhibition.[”) In 2004, Svastova et al.’?l demonstrated the use
of fluorescent compounds containing sulfonamides to inhibit
CAIX and act as a potent anticancer drug. After that, various
small molecules have been proposed as CA inhibitors (CAIs),
including sulfonamides and their structural isosteres, such
as sulfamates and sulfamides, coumarines and their mono/
dithio derivatives.”>73 Specificity for CAIX and CAXII is pur-
sued by the addition of moieties that prevent the penetration
of plasmatic membranes, thus avoiding the contact of these
compounds with intracellular CAs.”* This function has already
been assigned to gold nanospheres as well.”>7¢]

Here we build on all these developments and propose the
use of derivatives of sulfonamides and gold nanorods as selec-
tive anticancer and NIR contrast agents. The notion to target
tumor-associated CAs for the photoacoustic imaging and optical
hyperthermia of cancer is a prime novelty. We expect that this
combination may mark a step-change in the use of plasmonic
particles in oncology, thanks to the correlation between cancer
and hypoxia.

2. Results and Discussion

2.1. CAl-Conjugated Gold Nanorods

All details on the preparation of our particles are given in the
Experimental Section.

Figure 1 displays a representative transmission electron
micrograph of as-synthesized cetrimonium-terminated gold
nanorods, prior to their PEGylation and modification with
either of 2-methoxyethylamine, as a negative control that
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Figure 1. Left: 300 nm x 400 nm representative transmission electron
micrograph of as-synthesized gold nanorods. Right: optical extinction
spectra of cetrimonium-terminated, CAl- and 2-methoxyethylamine-
conjugated particles in aqueous suspensions, respectively from bottom
to top.

mimics the use of methoxylated PEG, or 4-(2-aminoethyl)ben-
zenesulfonamide, as a model of sulfonamide-bearing CAIL
These gold nanorods exhibit a smooth profile with little so-
called dog-bone shapes,”” aspect ratios of 4.3 + 0.5 and effec-
tive radii of (9.8 £ 1.4) nm. Figure 1 also shows a comparison
of the light extinction spectra of cetrimonium-terminated,
CAI- and 2-methoxyethylamine-conjugated gold nanorods in
aqueous suspensions. Their typical plasmonic bands did not
change from sample to sample, which implies that particles did
not aggregate upon modification.[>?6787%] Instead, we detected
subtle variations of their electrokinetic potentials, in agreement
with their manipulation and addition of their different por-
tions. After PEGylation in an acetate buffer and modification
in a MES buffer, the strong positive charge of cetrimonium-ter-
minated gold nanorods®! underwent inversion. For CAI- and
2-methoxyethylamine-conjugated particles in PBS, we found
average values of (-8.1 £ 0.8) and (-13.5 £ 1.1) mV, respectively,
both with std deviations as large as =14 mV. We anticipate that
a fraction of particles with cationic profile is likely to undergo
nonspecific interactions with the cellular membranes, as it has
been discussed in the recent literature.’?%1:82 The number of
functional CAI molecules per CAl-modified particle was esti-
mated to be 200 + 100, by the measurement of their catalytic
activity (see Figure S1 in Supporting Information).

2.2. Particle Cytotoxicity

Particle cytotoxicity was first inspected in normoxia for two rel-
evant models, that is, human HCT116 (HCT hereafter) colon
colorectal carcinoma and human MDA-MB-231 (MDA here-
after) mammary adenocarcinoma cells. In essence, the MTT
analysis in Figure 2 reveals an absence of inhibition of mito-
chondrial activity after 24 h exposure to 2-methoxyethylamine-
and CAl-labeled particles.

2.3. Particle Targeting In Vitro

Figure 3 shows a collection of optical micrographs of cells kept
under different oxygenation levels and treated with different
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Figure 2. Percent of MTT reduction for HCT (left panel) or MDA (right
panel) cells kept in normoxia and treated for 24 h with CAI- (black bars)
or 2-methoxyethylamine- (white bars) terminated particles with different
gold concentrations.

particles, which were stained by silver precipitation. On imme-
diate visual inspection, silver enhancement reveals a clear pref-
erential accumulation of gold nanorods for the combination of
CAl-conjugation and hypoxic incubation both for the HCT and
MDA cells. Instead, normoxia or the absence of CAIs were suf-
ficient to avoid most of this accumulation.

This qualitative evidence is confirmed by the quantification
presented in Table 1, which was retrieved from an inspection of
cellular pellets by spectrophotometry and its numerical analysis
(see the Experimental Section). For the sake of comprehen-
siveness, representative optical extinction spectra are reported
in Supporting Information. The overlay of the experimental
data with their numerical model shows a good agreement. All
cellular pellets exhibited a good persistence of the pristine

Control

Figure 3. 350 ym x 250 pm optical micrographs of HCT or MDA cells
in normoxia (N) or hypoxia (H), treated without particles (Control) or
with 100 pm Au 2-methoxyethylamine- (Meth.) or CAl-terminated particles
and finally stained with silver, which reveals the accumulation of metallic
nuclei. Silver was left to interact for different times with the HCT or MDA
cells (shorter for the HCT and longer for the MDA cells), which precludes
their comparison.
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Table 1. Average mass of gold per cells from a numerical deconvolution
of the optical extinction spectra. HCT and MDA cells were grown under
different levels of oxygenation, i.e., hypoxia (H) or normoxia (N), and
treated with 100 pm Au particles with different modifications, i.e., CAls,
anti-CAIX antibodies or 2-methoxyethylamine (Meth.), over 24 h before
the spectrophotometric inspection.

Cells Oxygenation Particles pg Au per cell
HCT H CAl 1.8+0.4
Anti-CAIX 13+03
Meth. 0.1+0.2
N CAl 03+0.2
Anti-CAIX 0.1+0.2
Meth. 0.1+0.2
MDA H CAl 0.5+0.2
Anti-CAIX 0.4+0.2
Meth. 0.2+0.2
N CAl 0.2+0.2
Anti-CAIX 0.2+0.2
Meth. 0.2+0.2

plasmonic lineshape of the aqueous suspensions of gold
nanorods, which implies that the particles retained most of
their shape and individual response.’” In practice, the values in
the rightmost column of Table 1 scale with the weak growth of
the optical density around 800 nm, as due to an accumulation
of gold nanorods. So, the proportions of these values remain
accurate, independent of the details of the numerical model,
and may be read as a standard immunogold experiment.l'%24
Moreover, in some cases, we verified that their quantification
is consistent with an elemental analysis, which is reported in
Table S1 of Supporting Information.

Table 1 corroborates the specificity of CAI- and another
positive model of anti-CAIX antibody-conjugated particles for
hypoxic cells. In more detail, the contrast is found to be higher
for HCT than MDA cells and probably also for CAI- than
anti-CA9-modified particles. The former may suggest a higher
turnover of transmembrane CAs in HCT than MDA cells, in
our particular experimental conditions. The latter may be attrib-
uted to a combination of steric effects limiting both the payload
and proper orientation of larger probes, such as antibodies,
with misplaced amines available for the conjugation.?”-?8! We
anticipate that the absolute rates of CAI- and anti-CA9-conju-
gated particles per hypoxic HCT cells may be adequate for a
useful sensitization to their optical hyperthermia.®3 The low
affinity of particles conjugated with 2-methoxyethylamine both
for normoxic and hypoxic cells derives from the efficiency of
the PEGylation and demonstrates the role of CAIs or anti-CAIX
antibodies in the cellular uptake. However, we notice the unde-
sirable occurrence of nonspecific uptake of CAl-conjugated par-
ticles in normoxic HCT cells. We speculate that this effect may
be ascribed to the residual cationic profile of 4-(2-aminoethyl)
benzenesulfonamide,®¥ shifting the electrokinetic potential of
CAl-labeled particles by =+5 mV and thus favoring their cel-
lular adhesion.”>#1#2 We envision that this nuisance may be
removed by suitable engineering of different inhibitors taken

Adv. Funct. Mater. 2015, 25, 316-323
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Figure 4. Left panels: relative counts of HCT or MDA cells incubated in
hypoxia with 100 pm Au CAI- (black symbols) or 2-methoxyethylamine-
(white symbols) terminated particles. Right panel: differential modulation
of extracellular pH for HCT or MDA cells in normoxia (N) or hypoxia
(H) and treated with CAI- and 2-methoxyethylamine- (Meth.) terminated
particles.

from their pool of alternatives,’>73 which will be the subject of
future efforts.

2.4. Therapeutic Potential without an Optical Excitation

A time-lapse analysis of cellular proliferation in hypoxia is
shown in Figure 4 (panels on the left). 2-methoxyethylamine-
modified particles were seen to be non cytotoxic in both cel-
lular models even in hypoxia. Instead, the presence of CAls
induced a clear cytostatic effect that was fairly stronger for
MDA than HCT cells. We found a severe inhibition of cellular
proliferation, while the incidence of cellular death by apoptotic
or necrotic events was comparable to that of control samples
without particles. We note that this finding is in line with the
effect observed after administration of CAls alone.®”) Repre-
sentative excerpts of time-lapse video-registrations are given
as Supporting Information: HCT cells treated with 2-methox-
yethylamine-conjugated particles in hypoxia, HCT cells treated
with CAl-conjugated particles in hypoxia, MDA cells treated
with 2-methoxyethylamine-conjugated particles in hypoxia,
MDA cells treated with CAl-conjugated particles in hypoxia.
The comparison between HCT and MDA cells suggests that
the cytostatic effect seen in Figure 4 does not simply correlate
with the accumulation of particles reported in Table 1. Con-
versely, the stronger cytostatic effect of CAl-conjugated particles
on hypoxic MDA cells may result from a stronger inhibition
of their extracellular carbonic anhydrases. Unlike HCT cells
that express both CAIX and CAXII, MDA cells exhibit CAIX
only,”#85 which may contribute to this effect.

Our speculation was corroborated by the measurement
of extracellular pH. This parameter was not affected by an
addition of 2-methoxyethylamine-modified particles. Instead,
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according to Figure 4 (panel on the right), CAl-conjugated
particles imparted a partial alkalinization of the extracellular
pH of hypoxic cells only, which is ascribed to a specific inhi-
bition of their CAIX or CAXII activity,”>® in line with the
findings in standard solutions reported in Figure S1 of Sup-
porting Information. This effect was much stronger on MDA
than HCT cells, which correlates well with the cyotostatic
effect seen in the leftmost panels of Figure 4. In light of the
particle uptake shown in Table 1, these results are attributed
to a slower turnover of transmembrane CAs in MDA than
HCT cells, which makes their saturation with CAIs to be more
efficient.

2.5. Therapeutic Potential with an Optical Excitation

Figure 5 shows optical micrographs of HCT cells treated
with different particles in normoxia or hypoxia and then
excited with different optical power densities. These results
are in line with the data reported in Table 1. Hypoxic cells
incubated with CAI-conjugated particles were fully exter-
minated at power densities as low as 50 W c¢cm~2, which is
almost in the same order as previous findings for gold
nanorods targeted against more standard receptors, such as
EGFR.I'2 Conversely, normoxic cells exposed to CAl-con-
jugated particles started to undergo lethal damage around
120 W cm™2, which was likely to originate from the residual
nonspecific uptake seen by spectrophotometry. Instead,
hypoxic cells treated with 2-methoxyethylamine-modified
particles remained viable up to 150 W c¢cm™2. The contrast
on MDA cells was more controversial, as it is expected from
their poorer particle uptake (data not shown).

CAI,N

Meth.,H

50 W cm-2

120 W cn)'2

150 W cm2
.

-
%

Iy

R 4

Figure 5. 470 pm x 400 pm optical micrographs of HCT cells treated
with 100 pm Au particles with different terminations, i.e., CAls or 2-meth-
oxyethylamine (Meth.), and under different levels of oxygenation, i.e.,
hypoxia (H) or normoxia (N), and then excited with light at 810 nm and
different power density for 5 min. After fixation, cells were stained with
trypan blue.
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2.6. Complementariness of Therapeutic Options

To our knowledge, this is the first example where the active tar-
geting and cytotoxic activity of plasmonic particles is modulated
with microenvironmental oxygenation, by the use of CAls.
These molecules serve both to impair the extracellular acidifica-
tion necessary for tumor survival with an anaerobic glycolytic
metabolism and as specific ligands for cancer recognition and
optical sensitization with the plasmonic particles. In practice,
those cells having a slower turnover of transmembrane CAs
or CAIX only, as it may be the case of our MDA model, may
suffer from the inhibitory power of our sulfonamide moieties
even in the absence of an optical excitation, at the expense of a
poor optical sensitization. We recall that, in this case, the role of
the gold nanorods would be only that to impart impermeability
to plasmatic membranes,”>7¢ independent of their plasmonic
features. Instead, those cells having a faster turnover of trans-
membrane CAs or also CAs other than CAIX, as it may be the
case of our HCT model, may tolerate the presence of our parti-
cles in the absence of an optical excitation, while becoming an
ideal target for the optical hyperthermia. The interplay of our
twofold therapeutic option with the abundance of transmem-
brane CAs will be the subject of our future efforts.

We highlight that the pool of species available for CA inhi-
bition is really broad,’?”3] which leaves significant opportuni-
ties for optimization in terms of efficiency and specificity. In
addition, the use of these molecules holds a history of clinical
experiencel®] and the promise of cost effectiveness, which is
another key advantage with respect to common ligands such as
antibodies.

3. Conclusion

In conclusion, we have demonstrated a new concept to treat
cancer with plasmonic particles such as gold nanorods by the
addition of CAlIs, which target hypoxic cells of common occur-
rence in a variety of solid tumors. The cellular uptake of our
particles may be modulated with environmental oxygenation,
thanks to the interplay of the impermeabilization to the cellular
membranes imparted by the gold nanorods and the specificity
for CAs provided by the CAlIs. We tested the use of sulfona-
mides as an efficient model of CAls. The introduction of these
small molecules seems to outclass that of more conventional
ligands, such as anti-CAIX antibodies, in terms of accumula-
tion rates, possibly due to their better steric profiles. Our par-
ticles may offer complementary therapeutic opportunities,
including an alkalinization of the cancer microenvironment,
which frustrates the anaerobic metabolism needed for cellular
survival under hypoxia,’%>3 thus exerting a cytostatic effect,
and a sensitization to an optical ablation. We speculate that the
hyperthermic option may remove possible drawbacks of a treat-
ment of hypoxic tumors based on CAls alone to lose efficiency
in their normoxic periphery, simply by the modulation of heat
diffusion.®8!

In the future, we wish to test the combination of gold
nanorods with different formulations of CAls, in order to really
minimize nonspecific interactions with the cellular membranes
and gain the slowest blood clearance. The next challenge will
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be to translate our results in vivo, in the presence of hypoxic
tumors.

4. Experimental Section

Preparation and Characterization of CAl-Conjugated Gold Nanorods:
All chemicals were purchased from Sigma Aldrich and used as
received. Gold nanorods were synthesized by autocatalytic reduction
of chloroauric acid by ascorbic acid in the presence of cetrimonium
bromide, silver nitrate and ultra-small gold nanospheres, as it is
described elsewhere.’””l Thereafter, particles were transferred at a
concentration of 1.6 mm Au into a 100 mm acetate buffer at pH 5.0
and PEGylated by the addition of 50 pm heterobifunctional PEG strands
with a mixture of 90% alpha mercapto omega methoxy and 10% alpha
mercapto omega carboxy PEG (MW = 5000 g mol™') (2 h at 37 °C). This
mixture provides for excellent colloidal stability in biological buffers
and ease to anchor desired amine-bearing species by amidation.[2¢l
In detail, particles were transferred at a concentration of 1.6 mm Au
into a 120 mm NaCl 10 mm MES buffer at pH 5.5 and activated by the
addition of an equal volume of the same MES buffer containing 12 mwm
N-hydroxysuccinimide and 48 mwm 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (15 min at 37°C). Finally, a double volume of the same
MES buffer containing alternate amine-bearing species was added, in
order to achieve their conjugation (1 h at 37 °C). Here, we dosed either
of 2 mm 2-methoxyethylamine as a negative control that may restore
the function of alpha mercapto omega methoxy PEG and minimize
nonspecific interactions with plasmatic membranes 2?2 2 mw
4-(2-aminoethyl)benzenesulfonamide as a model of sulfonamide-bearing
CAl, or 20 ppm of an antibody against CAIX as another positive control.
In the latter instance, excessive succinimide-modified carboxy moieties
were blocked by the addition of 1 mm 2-methoxyethylamine (30 min
at 37 °C). All particles were purified by three cycles of centrifugation
with a dead volume ratio of = 1/200, transferred at a concentration of
4.0 mm Au into sterile PBS, stored at 4°C and used within one week of
their preparation. Particles were characterized by the combination of a
Philips CM12 (S)TEM transmission electron microscope, a Jasco V-560
spectrophotometer and a Malvern Nano ZS90 z scanner.

Preparation of Cellular Cultures and Measurement of Particle Cytotoxicity:
Human HCT116 (ATCC, CCL-247) colon colorectal carcinoma and
human MDA-MB-231 (ATCC, HTB-26) mammary adenocarcinoma
cell lines were selected for their relevance in the literature on the
expression of extracellular CAs under hypoxia.l’3%% Cells were cultured
in a humidified incubator at 37°C in 5% CO, in DMEM medium
supplemented with 10% FCS, 100 U/mL penicillin G and 100 pg/mL
streptomycin and either incubated under normal conditions or exposed
to hypoxia in a modulator incubator (1% O,, 5% CO, and balanced
N,). Alternatively, hypoxic conditions were chemically induced under
standard oxygenation by the use of a growth medium supplemented with
200 pm CoCl, as an hypoxia mimetic agent.®'l In order to investigate the
cytotoxicity of our particles, we used an MTT assay. Cells were seeded
and allowed to grow overnight. Particles were then added in different
amounts and cells were incubated in standard conditions for 24 h. Care
was taken to ensure that all cultures were subconfluent and contained
similar densities of cells. The MTT reduction assay was performed as
originally described by Mossmanl®? and analyzed with a microplate
reader from BMG Labtech. Data were expressed as percent of MTT
reduction in treated with respect to untreated cells (n=9).

Measurement of Particle Targeting In Vitro: The relative accumulation
of particles in cells was visualized by silver enhancement?®?! and
quantified by a numerical model of their spectra of optical extinction.
For the silver enhancement, cells were plated and allowed to grow
overnight. Particles were then added in different amounts and cells were
incubated in normoxia or hypoxia for 24 hours. Thereafter cells were fixed
in 3.6% paraformaldehyde, rinsed with abundant water, stained by the
addition of silver acetate and hydroquinone in a 12 mw citrate buffer at
pH 3.8, rinsed with water after a few minutes (exactly the same time for
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positive and negative samples in the same run) and inspected under a
Leica Microsystems inverted phase-contrast microscope. For the optical
measurements, 2 X 10° cells were plated into 25 cm flasks and allowed to
recover and adhere to their bottom overnight. Then, appropriate amounts
of particles were added and cells were incubated in normoxia or hypoxia
for 24 h. Thereafter, cells were fixed, washed several times, reconstituted
in 200 pL PBS in a quartz microcuvette and analyzed by a Jasco V-560
spectrophotometer. Their spectra of optical extinction were modeled as
the sum of two contributions, that is, an empirical background from
an unknown number of cells, which was calibrated in a preliminary
measurement, plus a numerical approximation of the plasmonic band
from an unknown number of gold nanorods. The latter was devised as a
convolution integral between Gans lineshapel'®%*%4 using the dielectric
function of gold by Etchegoin et al.’® and an unknown distribution of
particle shapes. These statistics of particle shapes were retrieved for
each sample de novo, in order to accommodate to possible variations
of the plasmonic profiles of each sample. Details of this method are
provided elsewhere.’>°! Here, the exact conversion factor between the
volume fraction of gold returned by the computation and the number
density of particles was retrieved from a preliminary analysis of a
standard suspension. With this factor, the output of this model conveys a
quantitative rate of particles taken up per cell.

Measurement of Cellular Proliferation and Enzymatic Inhibition In Vitro:
We addressed the therapeutic potential of our particles in the absence of
an optical excitation, which may originate from the presence of CAls. We
contrasted the data from a time-lapse viability and proliferation analysis
and the measurement of extracellular pH under hypoxia. For the time-
lapse analysis, 2 X 10° cells were plated into 25 cm flasks and allowed
to recover and adhere to their bottom overnight. Next day, 200 um CoCl,
and appropriate amounts of particles were added. Samples were video-
recorded for 72 hours using a Zeiss inverted phase-contrast microscope.
Viable cells were counted at 24, 48, and 72 h time points by three
independent operators. The inhibition of the enzymatic activity of CAs
and relevant changes in extracellular pH were assessed by the procedure
in previous studies.P2®l In brief, cells were plated and allowed to
grow overnight. Particles were then added to a final concentration
of 100 pm Au and cells were incubated in normoxia or hypoxia for
48 h. At that point, media were sampled and immediately probed
with a Radiometer Analytical PHM210 digital pH-meter. Data from at
least three independent experiments were expressed as the difference
between the pH values measured in the samples treated with CAl- and
2-methoxyethylamine-conjugated particles (A pH).

Measurement of Optical Sensitization In Vitro: We investigated the
therapeutic potential of our particles in combination with an optical
excitation in vitro. For the stimulation of a hyperthermal damage,
cells were plated and allowed to recover overnight. Particles were then
added to a final concentration of 100 pm Au and cells were incubated
in normoxia or hypoxia for 24 h. Then samples were irradiated with
an ELEn. Mod. WELD 800 low power diode laser with emission at
810 nml78.83.93.94.96] for five minutes at different power densities. Samples
were stained with trypan blue to reveal the distribution of dead cells as in
a previous study,®® fixed in 3.6% paraformaldehyde, washed in PBS and
imaged under a Leica Microsystems inverted phase-contrast microscope.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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