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Enhanced selective sonosensitizing efficacy
of ultrasound-based anticancer treatment
by targeted gold nanoparticles

Aim: This study investigates cancer targeted gold nanoparticles as ultrasound
sensitizers for the treatment of cancer. Methods: The ultrasound sensitizer activity of
folate-PEG decorated gold nanoparticles (FA-PEG-GNP) has been studied on human
cancer cell lines that overexpress folate receptors (KB and HCT-116) and another that
does not (MCF7), at two ultrasound energy densities (8 x 10°¢ J cm? and 8 x 10° J cm?,
for 5 min at 1.866 MHz). Results: FA-PEG-GNP selectively targeted KB and HCT-116
cells and a remarkable reduction in cancer cell growth was observed upon ultrasound
exposure, along with significant reactive oxygen species generation and increase in
necrotic cells. Conclusion: The combined use of targeting capacity and the ultrasound
sensitizing effect, make FA-PEG-GNP promising candidates for the site-specific cancer

treatment.
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Ultrasound (US) canaffectthefunctionaland
structuralpropertiesofbiologicaltissuesviaa
numberofmechanisms,generallyclassifiedas
thermalornonthermal,whicharedependent
onfactorssuchasfrequency,pressure,power
and exposure time 11,21. The effects of US can
be exploited for therapeutic purposes. The
thermal anticancer applications of US, such
as high intensity focused ultrasound which
inducescoagulativenecrosisataprecisefocal
point3),havebeenmoreextensively studied
than the therapeutic uses of the nonther-
mal US effects. The effects of US on tissue
include, otherthanthedirectthermal effect:
alteration of biobarrier permeability, drug
delivery and sonodynamic activity n1. The
lasteffecthasrecentlybeenthedrivingforce
behindagreatdeal ofinterest,asthe peculiar
phenomenonofcavitationisopeningnewper-
spectivesforcancertreatment1.US-induced
inertialcavitationgeneratesgasbubblesthat
grow to nearresonance sizeand expandtoa

maximumbeforecollapsingviolentlywiththe
conversionofthediffusedenergyintohighly
localized heat and pressure. Bulk tempera-
tureand pressure within the imploding cavi-
ties can reach values of up to 10,000°K and
800 atm, respectively. These extreme condi-
tions can induce a variety of physical events
bothwithinandaroundthebubble,including
anincreaseinenergydensitythatcangenerate
light:aphenomenonknownassonolumines-
cence [5,61. Furthermore, US-induced inertial
cavitationcantransferenergytosurrounding
molecules and alter their chemical proper-
ties, yielding sonosensitizers and finally can-
cer cell death. Therefore, the combination of
US-induced inertial cavitation and sonosen-
sitizingagenthasbeendefinedsonodynamic
therapy (SDT) 178

Although the SDT mechanism is still
a matter of much debate, it is generally
acceptedthatthemaineffectorsofsonosen-
sitised celldamageare short-lived chemical
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species,namelyreactiveoxygenspecies(ROS)andfree
radicals,generated asaconsequence of the selective
accumulation of the sonosensitizingagentintumors
and triggered by US-induced acoustic cavitation 9.
Therefore, SDT can be exploited as a ‘remotely con-
trolled’ bimodal therapeutic treatment, in which, a
nontoxic molecule or system (chemical actuator), in
other words, the sonosensitizer, is activated by US
(physical activator) yielding oxidative damage and
consequent cancer cell death.

SDTisthusachieved by an external physical stimu-
lusthatactivatemoleculesorcolloidalsystemsyielding,
in turn, a biological effect only when the formerand
the latters are combined together. Accordingly, SDT
has similar potential to photodynamictherapy (PDT),
a clinically approved bimodal anticancer approach,
wherelightisusedtoactivateparticularchemicalcom-
pounds, in other words, photosensitizers, to kill can-
cercells.Nevertheless, PDT has some drawbacks, the
mostimportant of which being the poor diffusion of
lightthroughhumantissues,evenatlongwavelengths
in the near-infrared (NIR). This limits PDT's applica-
tion to superficial tumor treatment 110,111 As US easily
propagatesthroughthebody,allowingthetargetingof
moredeeply-seatedcancerlesionswithouttheneedfor
invasivedevices, STD canbeapromisingapproachto
overcome this drawback 4.

Although SDT appears to be an encouraging new
approachforcancertherapy,significantprogressesin
the field will depend on the development of US spe-
cific sonosensitizers that can efficiently convert US-
induced cavitation into ROS production within the
tumortissue in a US-dose dependent manner. In this
regard,nanoparticle-basedsonosensiterdeliverysys-
tem can assure the safe delivery and selective action
ofwell-known sonosensitizerstothetargetsiteri2-14.
However, inorganic-based nanoparticles might also
beabletoplaythemselvesasonosensitizerrole,taking
advantageoftheiruniquefeatures.Thishastriggered
anincreasedinterestinthedevelopmentofinnovative
nanosonosensitizerssuchascarbonnanoparticlesis s,
silicon nanoparticles n7-191 and titanium dioxide
nanoparticles 20-221.

Gold nanoparticles (GNPs) have been brought to
theforefrontofcancerresearchinrecentyearsbecause
theyareeasilyproducedandcansupportgreatversatil-
ityintheirsurfacecoatings.Furthermore, GNP posses
tunableopticalandthermalpropertiesaswellashigh
biocompatibilitythatmakethemsuitablesystemsfor
clinical application [23-251. Moreover, the GNP plas-
moniceffectthat derivesfrom surface plasmon reso-
nance (SPR),aunique photophysicalresponsetolight
in which the oscillating electromagnetic field of light
induces a collective coherent oscillation of free elec-

trons (conduction band electrons) in a metal, distin-
guishes them from other nanosystems (26]. This SPR
effect, which results from photon confinement to a
smallparticlesize,isalsocorrelatedtosomenanopar-
ticle properties including their radiative, absorption
andscattering,andnonradiative,thequickconversion
ofstronglyabsorbedlighttoheat, propertiesi27.Since
GNP absorb light millions of times more intensely
thanorganicdyespe), theyhavealreadybeenproposed
forphotothermaltherapy,atreatmentforshallowcan-
cer (e.g., skin cancer) in which photon energy is con-
verted to heat in order to induce cellular damage via
hyperthermic effects 2.

Their good uptake by mammalian cells, their low
toxicity, their peculiarinteraction with light (i.e., SPR)
and the sonoluminescence hypothesis underlining
STD, all make GNP ideal candidates for use as sono-
sensitizing agents in SDT and also provide the drive
forastep forwardfor clinical applicationsin this field.

We have developed folic acid conjugated gold
nanoparticles (FA-PEG-GNP) in order to further
improvethesite-specificityofthesonodynamictreat-
ment of cancer. The enhanced specificity and intra-
cellular access of these systems has led to the active
targeting of colloidal therapeutic systems attracting
considerable interest [24,29-31]. Folic acid (FA), a low
molecular weight vitamin, is a typical cell-targeting
agentinvirtue ofits binding affinity toward thefolate
receptor (FR) thatis known to be over-expressed by a
variety of human cancer cells. Moreover, the FRdistri-
butionappearstoriseascancerprogress,whereasFRis
only minimally distributed in normal cells (32,331.

Notably, particles were surface coated with PEG,
whichcanprovideforcolloidalstabilityandpreventthe
opsonization process in vivo. Accordingly, PEGylated
nanoparticles long circulate in the bloodstream thus
favoring their biodistribution to the tumor tissue while
reducing off-target accumulation 134.. However, a few
studies have shown that GNP can be cleared from the
body thus preventing accumulation-associated toxic-
ity. GNP with size of 10-250 nm are cleared through
the hepatobiliary system 135,361 by a complex combina-
tionofprocesses,whichincludethecellularexocytosisof
thenanoparticlesinternalizedinhealthytissuecellsand
mononuclearphagocyticsystemoftheliver(371.Theexo-
cytosismechanismsandratesofGNPhavebeenfoundto
dependontheirsurfaceproperties,sizeandshapeaswell
ason the cell type 138,391. Therefore, even though more
investigationsarerequired toextensively elucidate the
invivofate of gold particles, the fine design of theirfea-
tures,namelysizeandsurfacedecoration,isparamount
to produce systems with required in vivo behavior.

Thisworkaimstoprovideaproof-of-conceptstudy
fortheuseoftargeted GNPassite-selectivenanosono-
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sensitizersfor ultrasound triggered cancer cell death
since, to the best of our knowledge, such an attempt
has not yet been reported.

Materials & methods

Materials

Dicyclohexylcarbodiimide, N-hydroxysuccinimide
(NHS), triethylamine, folic acid, 5,50-dithio-bis(2-
nitrobenzoic acid) (DTNB), Tris(2-carboxyethyl)
phosphinehydrochloride,sodiumcitratedihydrateand
tetrachloroauric(lll) acid, fetal bovine serum, RPMI
1640, McCoy's 5A, FFDMEM, glutamine solution, pen-
icillin-streptomycinsolution,glucosesolutionandtryp-
sin-EDTA solution were all purchased from Sigma (MO,
USA). The sephadex G25 superfine resin was obtained
from Pharmacia Biotech AB (Uppsala, Sweden). mPEG-
o oH and NH,-PEG, _ -SH were purchased from
Iris Biotech GmbH (Marktredwitz, Germany). Spec-
tra/Por Float-a-lyzer G2 (MW cutoff = 0.5-1 kDa) was
obtained from Spectrumlabs (CA, USA).

Synthesis of folate-PEG, , , -SH

Folicacid (50.0 mg, 0.113 mmol) was dissolvedin 1 ml
of anhydrous DMSO. NHS (15.6 mg, 0.136 mmol)
followed by dicyclohexylcarbodiimide (28.1 mg,
0.136 mmol) were added to the solution. The mixture
was stirred overnight in the dark and then filtered to
remove the insoluble dicyclohexylurea. N-hydroxy-
succinimidyl-ester-activatedfolicacidwasisolated by
precipitationincolddiethylether.Theprecipitatewas
washedseveraltimeswithcolddiethylether. TheNHS
esteractivatedfolicacidwasthendriedunderreduced
pressure. NHS-folic acid (25 mg, 0.046 mmol) and
NH,-PEG, , ,.-SH (54.1 mg, 0.015 mmol) were dis-
solvedin 1 ml of anhydrous DMSO, with the addition
of triethylamine (2.1 pl, 0.015 mmol). The reaction
mixturewasstirredfor12hatroomtemperatureinthe
darkandthenaddeddropwisetodiethylether(40ml).
The precipitate was recovered by centrifugation and
dried under vacuo. The crude product was purified
fromtheunreactedfolicacidusingsizeexclusionchro-
matographyandaSephadexG-25resinelutedwithan
aqueous ammonia solution (pH 9). The column frac-
tionsweretestedusingUV-Visspectroscopyat363nm
andtheiodinetestotoassessfolateandPEG, respec-
tively. The fractions that were positive in both assays
were collected and freeze-dried. The yellow powder
was treated by reduction in order to regenerate free
thiol groups. The material (20 mg, corresponding to
8.2 umoles of FA-PEG, ,  -SH) and TCEP (20.5 mg,
82 pumoles) were dissolved in 50 mM acetate buffer
at pH 5 and left under stirring for 3 h. The mixture
wasthendialyzedusingaSpectra/PorFloat-a-lyzerG2
(MW cutoff = 0.5-1 kDa) with a 1T mM HCl, T mM

EDTA solution as the releasing medium. The dialysis
was performed for 2 days and then the FA-PEG
SH solution was then freeze-dried.

The lyophilized FA-PEG,,  -SH was dissolved in
phosphate-buffered saline (PBS) pH 7.4 and analyzed
using UV-Vis spectroscopy at 363 nm (molar extinc-
tion coefficient of folate at 363 nm in PBS, pH 74 is
6.197 M1 411) and iodine test to assess the conjuga-
tionefficiency,andusingtheEliman’sassays2todeter-
minethe percentageoffreethiolgroups.FA-PEG,  _ -
SHwascharacterizedusingMALDImassspectroscopy
on a 400 Plus MALDI TOF/TOF Analyzer (AB Sciex,
MA, USA).

Product purity was evaluated using reverse phase
chromatographic analysis on a Jasco HPLC system
(Tokyo, Japan), equipped with two PU-2080 Plus
pumps, a UV-2075 Plus detector (set at 363 nm),
an analytic column Luna (C18, 5 p, 300 A, 250 x
4.6 mm) from Phenomenex (CA, USA) and eluted in
gradientmodewith 10mMammoniumacetatebuffer,
pH 6.5 (eluent A) and acetonitrile (eluent B). Eluent
B was increased linearly from 10 to 40% over 40 min.

'H NMR (300 MHz, DMSO-d,): 6 8.64 (s, C7-H
of FA, 1H), 7.64 (d, 2',6’-H of FA, 2H), 6.65 (d, 3',5'-H
of FA, 2H), 4.35-4.26 (m, a-CH of Glu of FA, TH),
3.50 (s, PEG, ~316H), 2.89 (t, CH_-S, 2H).

3.5kDa

GNP preparation
The preparation of GNP was performed according to
the Turkevich method 431 using sodium citrate as the
reducingandcappingagent.Glasswarewasextensively
washed with aqua regia (3:1 v/v of 12.2 M hydro-
chloric acid/14.6 M nitric acid) and then rinsed with
deionizedwater.A0.25mMtetrachloroauricsolution
was prepared in Milli-Q water (100 ml) and heated
up to 75°Cunder stirring. Trisodium citrate dihydrate
(100 mg) was dissolved in Milli-Q water and 3 ml
of the solution (0.34 M) was added dropwise to the
HAuCI, solution. The mixture was left under stirring
forTh.Then,thegoldcolloidalsuspensionwascooled
to room temperature and extensively characterized.
A 18 pl volume of a 0.5 mg/ml FA-PEG, ,  -SH
aqueous solution was mixed with 9 pl of a 50 pg/ml
mPEG,, | -SHaqueoussolution.The polymermixture
was immediately added to 15 ml of a 3 nM GNP sus-
pension to a final 50:5:1 FA-PEG, _ , -SH/mPEG,, _ -
SH/GNP molar ratio. The suspension was left under
rotational stirring overnight at room temperature.
Then the mixture was centrifuged at 14,000 r.p.m. for
30 min at 4°C to isolate the particles and the super-
natant was lyophilized and redissolved in 150 ul of
Milli-Qwaterandanalysed by UV-Vis spectroscopyat
363 and 535 nm (iodine test) to assess the quantity of
unbound FA-PEG -SH and mPEG,, | -SH.

3.5kDa
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The particle pellet was washed three times with
Milli-Q water and resuspended in 15 ml of Milli-Q
water.Theparticlesuspensionwasthenaddedof72 pul
of 5mg/mImPEG,, | -SHaqueous solutioninorderto
extensivelydecoratetheparticlesurfacewiththethio-
lated methoxy-PEG-SH (mPEG,, -SH/GNP molar
ratio =4000:1). The mixture was left overnight under
rotational stirring. The resulting suspension of folate
coated PEGylated GNPs (FA-PEG-GNP) was centri-
fuged at 14,000 r.p.m. for 30 min at 4°C. The FA-
PEG-GNP pellet was isolated from the supernatant,
whichwassubsequentlyanalyzedusingtheiodinetest
to assess the quantity of unbound PEG.

Control nontargeted particles (MPEG-GNP) were
producedusingmPEG, ., -SHinstead of FA-PEG
SHand surface was saturated with mPEG,, | -SHusing
the same mPEG,,  -SH/mPEG, -SH/GNP molar
ratio (50:650:1) and procedure reported above.

3.5kDa

GNP characterization

DLS analysis

The size of naked and functionalized GNP was mea-
sured at 25°Cusing dynamiclight scattering (DLS) on
a Zetasizer NanoZS (Malvern Instruments Ltd, UK)
equipped with a red laser (633 nm) at a fixed angle
of 173°. ‘DTS applications 6.12" software was used
to analyze the data. All sizes reported were based on
number average.

TEM analysis

Transmission electron microscopic (TEM)imagingwas
performed on a Tecnai G2 microscope (FEl Tecnai,
OR, USA). Ten microliters of naked particle suspension
(1nM)inmilli-Qwaterwere placed onacarbon-coated
copper grid and the water was allowed to dry at room
temperature. The average particle size was calculated
fromtheaverageof 100-300individual particlediame-
tersusing ‘SIS SoftlImaging GmbH'imageanalysis soft-
ware. The targeted particles (FA-PEG-GNP) and con-
trol PEGylated particles (MPEG-GNP) were negatively
stained with 1% uranyl acetate dissolved in distilled
water and analyzed according to the same protocol.

Concentration assessment

Theconcentrationsof GNPsuspensionswereassessed
according to the method reported by Liu et al. [44.
Eauation (1) Was applied to derive the particle molar
extinctioncoefficient,whichreferredtoabsorbanceat
506 nm (g

506):
Tme=kInfr+i

whereDisthediameterofthenanoparticles(obtained
from DLS analysis), k and a are two constants whose

valuesare3.32111and 10.80505, respectivelys 46l

wasthen usedto calculate the particle concentration
according to the Lambert-Beer law.

Cell culture

Human MCF7 breast adenocarcinoma (ICLC, Inter-
lab Cell Line Collection, Genova, ltaly), HCT-116
colon carcinoma (ICLC) and KB epidermoid carci-
noma (ECACC, European Collection of Cell Culture,
Salisbury, UK) cell lines were cultured as monolayer
in RPMI 1640, McCoy’s 5A and folate-free DMEM
(FFDMEM) growth medium, respectively, supple-
mented with 10% fetal bovine serum (v/v), 2.0 mM
L-glutamine, 100.0 Ul/ml penicillin and 100.0 pg/ml
streptomycininahumidifiedatmosphere containing
5% CO, at 37°C. Cells were detached using 0.05%
trypsin-0.02% EDTA solution (Sigma), suspended
inculturemediumandseededattheappropriate cell
concentrations for cell culture experiments.

Cell folate receptor expression
Inordertoassessfolatereceptorexpressiononcelllines,
1.0 X 10* MCF7, 0.4 x 10® HCT-116, 0.7 x 10° KB cells
were culturedin 6-well culture plates (Techno Plastic
Products, Trasadingen, Switzerland)in2mlofrespec-
tive culture medium. After 72 h, cells were incubated
with 10 ng/mlfolatereceptoramonoclonalantibody
(Enzo Life Science, NY, USA) for 2 h at 37°C. Cells
were then washed with PBS (PBS, pH 7.4, 150 mM)
andincubatedwith0.5 ul/mlirabbitF(ab’)2 polyclonal
secondary antibody-Alexa Fluor” 488 (Abcam, Cam-
bridge, UK) for 1 h at 37°C u71. Finally, cells were
trypsinized, normalized to 5.0 x 10° cells in 0.3 ml
of PBS and analyzed on a C6 flow cytometer (Accuri
Cytometers, Inc., MI, USA) and a total of 10,000
eventswererecorded.Resultswereexpressedasinte-
grated meanfluorescenceintensity (iMFl),defined as
the percentage of FR-positive cells multiplied by the
mean fluorescence intensity of FR-positive cells.

Cell uptake studies

MCF7, HCT-116 and KB cells were seeded in 12-well
plates (500 ul per well, 1 x 106 cells/ml) and grown for
24 h. The medium was removed, cells washed twice
with PBS and either 1 nM FA-PEG-GNP or control
nontargeted mPEG-GNP suspensions in FFDMEM
wereadded (1 ml/well). After2 hofincubationat37°C,
the particle containing media were removed and the
cellswerewashedthree-timeswithPBSwithoutMgCl,
and CaCl,.The cellswere then detached using 1% w/v
trypsintreatment (150 ul/well). Trypsinwasquenched
by adding 500 pl of PBS containing MgCl, and CaCl,
toeachwellandcellswererecoveredbycentrifugation
at 1000 r.p.m. for 5 min. The cell pellets were washed
twice with PBS and then a 0.1 w/v% Triton” X-100
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solution in water (600 ul) was added and exposed to
sonicationfor1h.The sampleswerethen centrifuged
at 1000 r.p.m. for 5 min and number of cells per sam-
ple was assessed on 100 pl of the cell lysate using the
BCA Protein Assay Kit (Thermo Fisher Scientific Inc.,
MA, USA). Five hundred microliters of cell lysate were
digested by aqua regia treatment (5 ml) at 80°C for
Thtodissolvegold.The mineralized lysates were suit-
ably diluted with 0.32 M HCl and analyzed by Atomic
AbsorptionSpectroscopytoassessgoldconcentration
onaVarianAA240Zeemaninstrumentequippedwith
a GTA120 graphite furnace, a Zeeman background
corrector and an autosampler (Varian, Inc., CA, USA).
Nanoparticlesnumberpercellwerederivedfromgold
concentrationandthenumberofcellsinthesamples.

Cell uptake inhibition assay

MCF7, HCT-116 and KB cells seeded in 12-well plates
werewashedtwicewithPBSandincubatedwith 1nM
FA-PEG-GNP or 1 nM mPEG-GNP suspensions in
FFDMEM medium supplemented with free folic acid
(200 uM). After an incubation time of 2 h at 37°C,
thecellsampleswereprocessedasmentionedabovefor
gold quantification by atomic absorption analysis.

TEM

Theintracellular disposition of GNP was imaged using
TEM analysis. KB cells were seeded at a density of 3 x
10° in 12-well plates in FFDMEM as reported above.
After 24 h, the cells were washed twice with PBS and
incubated for 2 h with either a 1 nM FA-PEG-GNP or
a MPEG-GNP suspension in FFDMEM medium. The
mediumwasthenremovedfromthewellsandthecells
were washed three-times with PBS and fixed by treat-
ment with 2.5 w/v% glutaraldehyde in 0.1 M sodium
cacodylate bufferat4°Cfor 1 h. The cells were washed
twicewithsodiumcacodylatebufferandpostfixedin0.1
Msodiumcacodylatebuffercontaining1w/v%osmium
tetroxide for 1 h. Each sample underwent a dehydra-
tiontreatmentwith ethanolandsampleswereembed-
ded in fresh EPON resin. Ultrathin sections of the resin
embeddedsampleswerecutandimagedonaTecnaiG2
Transmission Electron Microscope (FEI Tecnai).

Ultrasound treatment
Cellsintheexponentialgrowthphasewereincubated
for 2 h in FFDMEM medium containing either 1 nM
of FA-PEG-GNP or the control, nontargeted mPEG-
GNP suspension. Cells were then washed with PBS,
trypsinized and normalized to 5.0 x 10° cells in 2.5 ml
of PBS in polystyrene tubes for US exposure.

The US field was generated by a plane wave trans-
ducer(2.54cmdiameter)incontinuouswave,inother
words, CW mode, at f, = 1.866 MHz connected to

a power amplifier (Type AR 100A250A; Amplifier
Research, PA, USA) and a function generator (Type
33250; Agilent, CA, USA). A mechanical adaptor was
built to connect the 1 cm diameter polystyrene tube
containing the cells suspended in PBS. When filled
withultrapurewater,theadaptorcreateshighlyrepro-
ducible measurement conditions at a fixed cell tube
distance from the transducer (17 mm) ws).

US exposure was performed for 5 min, underadim
light, at two different energy densities: US , corre-
spondingto0.008 mJ/cm?energysuppliedtothecells
whichdidnotcausethetemperatureofthemediumto
increase (maximum temperature recorded was 33°C)
and US,, corresponding to 0.080 mJ/cm? energy sup-
pliedtothecellswhichincreasedthetemperatureofthe
medium (maximumtemperaturerecordedwas43°C).

Cell proliferation assay

The WST-1 cell proliferation assay (Roche Applied
Science, Penzberg, Germany) was used to evaluate
the effects of treatmenton cell growth. Afterthe vari-
ous treatments, 2.5 x 10* MCF7, 1.5 x 10° HCT-116
and 2.0 x 10° KB cells were seeded in 100 pl of cul-
ture medium in replicates (n = 8) for each condition
in 96-well culture plates (TPP, Trasadingen, Switzer-
land). MCF7 and HCT-116 cells were incubated for
1.5 h and KB cells for 2 h with WST-1 reagent (10 pl)
at 37°C, 24, 48 and 72 h after the US treatment. Well
absorbance was measured at 450 and 620 nm (refer-
encewavelength)onamicroplatereader(AsysUV340;
Biochrom, Cambridge, UK). Cell proliferation data
were expressed as a percentage of untreated cells.

Folic acid uptake competition assay

HCT-116 and KB cells were also incubated with FFD-
MEM medium containing 1.0 nM FA-PEG-GNP
suspension and 200 uM folic acid (Sigma) for 2 h to
evaluate the uptake selectivity of FA-PEG-GNP by
cellfolatereceptorundercompetitionconditionswith
folicacid. Cells were then detached and subjected to
UStreatmentaspreviouslydescribed;cellgrowthwas
evaluated using a WST-1 assay after 24,48 and 72 h.

ROS scavenging assay

HCT-116 and KB cells were incubated with the ROS
scavenger N-acetyl-cysteine (NAC; Sigma) in orderto
evaluate ROS involvement in cell proliferation upon
targeted GNP incubation and US treatment. Briefly,
cells were incubated with 1.0 nM FA-PEG-GNP sus-
pension in FFDMEM medium for 2 h and 5.0 mM
NAC was added after 1 h of incubation. Cells were
thentrypsinized,washedwithPBSandexposedtoUS.
Cellgrowthwasassessed usingaWST-1assay after 24,
48 and 72 h.
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Cell death analysis

HCT-116 and KB cell death was investigated using
the Dead Cell Apoptosis Kit with allophycocyanin
(APC)-Annexin V and Sytox” Green (Life Technolo-
gies, Milan, Italy) with an Accuri C6 flow cytometer.
Cells were incubated for 2 h in FFDMEM medium
containing 1.0 nM FA-PEG-GNP suspension, cells
werethentrypsinized,washedwithPBSandnormal-
ized to 5.0 x 10° cells in 2.5 ml of PBS for US treat-
ment. After US exposure, cells were collected into
3 ml sterile centrifuge tubes for 2 h, washed twice
with 1 X Annexin-binding buffer at 1500 r.p.m. for
5 min and stained with APC-Annexin V and Sytox
Green for 15 min at 37°C and samples underwent
flow cytometric analyses. Cell debris with low for-
wardlightscatterandsidelightscatterwereexcluded
from the analyses and a total of 10,000 events were
analyzed. Fluorescence was collected at 660 and
530 nm to discriminate APC-Annexin V and Sytox
Greensignals,respectively.Apoptoticandlateapop-
totic/necrotic cells were discriminated from viable
cells using the FCS Express software, version 4 (BD,
Bioscience, Milano, Italy).

Intracellular ROS production analyses

IntracellularROS generation was measured using the
2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA; Sigma) probe with a C6 flow cytometer. Briefly,
HCT-116 and KB cells were incubated with a 1.0 nM
FA-PEG-GNP suspension in FFDMEM medium

for 2 h and 10 uM DCFH-DA for the last 30 min at
37°C. Cells were then PBS washed, trypsinized and
exposed to US as previously described. ROS produc-
tionwasmeasuredat 1,5, 15,30and 60 min aftereach
treatmentandatotal of 10,000 events wererecorded
in the flow cytometric analysis. ROS production was
expressed as iMFI, which was calculated as the prod-
uct of the frequency of ROS-producing cells and the
median fluorescence intensity of the cells. The iMFI
ratio was calculated in order to yield the ratiometric
increase in fluorescence per time point.

The ROS generation in HCT-116 and KB cells
treated with FA-PEG-GNPand USwasalsoassessedin
the presence of the ROS scavenger, NAC. Briefly, cells
were incubated at 37°C with a 1 nM FA-PEG-GNP
suspension in FFDMEM medium for 2 h, then 5.0 uM
NAC was added after 1 h of incubation and 10 uM
DCFH-DA after 1.5 h of incubation. Cells were then
PBS washed, trypsinated, treated with US and ROS
productionwasassessedusingflowcytometricanalysis,
as previously described.

Statistical analysis

Data are shown as the average values + standard
deviationofthreeindependentexperiments.Statisti-
calanalyseswere performed using Graph-Pad Prism
6.0 software (CA, USA); two-way analysis of vari-
anceandBonferroni'stestwere usedtocalculatethe
threshold of significance. Statistical significance was
setat p < 0.05.
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Figure 1. Synthesis of folate-PEG, , | -SH. Activation of folic acid carboxyl group by NHS and dicyclohexylcarbodiimide in
anhydrous DMSO and conjugation of NHS-ester activated folate to NH,-PEG, ,,  -SH in anhydrous DMSO in presence of TEA.
NHS: N-hydroxysuccinimide.
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FA-PEG-SH: Folate-PEG, ,  -SH.
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Results

Synthesis & characterization of

folate-PEG, , . -SH

Folate-PEG,,  -SH (FA-PEG-SH) conjugate was

synthesised accordingtothe methodreportedinthe
literature [49] (Figure 1).

ConjugatewaspurifiedfromunreactedNHS-folate
by gelfiltration and then treated with TCEP to reduce
the oxidized diemeric species (FA-PEG-S-S-PEG-FA).
The TCEP treatment yielded 96% of -SH groups that
wereavailablefortheconjugationtothe GNP surface.
Spectrophotometric analyses gave an NH,-PEG-SH
to folic acid coniugation efficiency of 98%. FA-PEG-
SH showed MALDI-TOF mass spectrum (Figure 2B)
withthetypicalbellshaped profilefor PEG, whichwas
centerd at 4000 m/z and was in agreement with the
expected molecularweightofthe conjugate (Figure2).
Thisresultconfirmedthattheproductcontainedonly
the FA-PEG-SH monomer. In fact, no traces of either
NH,-PEG-SH or the dimer (FA-PEG-S-S-PEG-FA)
were detected.

The RP-HPLC analysis proved that the purification
processyieldedefficientremovaloftheunreactedfolic
acid, which was in the final product below 0.3% mol.

Preparation & surface decoration of folate-

targeted GNP

The GNP were synthesised by reduction of HAuCl,
with citrate according to Turkevich’s method fs01.

Under the conditions selected, a red colloidal 3 nM
GNP suspension was obtained. DLS and TEM anal-
yses (Figure 3) showed that the production process
yielded dimensionally homogenous particles. DLS
analysis showed thatthe mean size of GNPwas 14.6 +
2.3 nm and the polydispersity index was 0.20 + 0.08.

To endow GNP with biorecognition capacity and
stealthfeatures,thethiolendingfunctionalpolymers,
namely the targeting FA-PEG-SH and the mPEG-SH
(methoxy-PEG,, | -SH),wereusedforstraightforward
surface decoration [511. Targeted GNP were obtained
according to a two-step procedure. In the first step,
GNP were decorated with FA-PEG-SH by incubation
with a 50-fold FA-PEG-SH molar excess with respect
to GNP. The particle surface was then saturated with
mPEG-SH. Untargeted control particles (mPEG-
GNP) were obtained by using only mPEG-SH for the
coating.

Spectrophotometricanalysisofparticlecoatingeffi-
ciencyshowedthatthedecorationprocedureyielded
quantitative conjugation of FA-PEG-SH on the par-
ticle surface (98% conjugation efficiency), which cor-
respondstoapproximately 50 units of FA-PEG-SH per
particle.

The saturation of the particle surface with 2 kDa
mPEG-SH yielded a coating density of 0.92 PEG
chains/nm? corresponding to about 650 PEG chains
per particle. DLS analysis of FA-PEG-GNP (Figure 4A)
showed that upon PEG coating, the size of the parti-
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Figure 3. (A) Dynamic light scattering profile and (B)
TEM image of gold nanoparticles covered with citrate
corona.

clesincreased from 14.6 £ 2.3t0 28.1 £ 5.2 nm. Nota-
bly, TEM imaging displayed a homogeneous coating
coronasurrounding the particles (Figure4B) whichwas
not present on the uncoated particles. UV-Vis spec-

troscopic analysis showed that the polymer coating
resultedinaredshiftofthemaximumabsorptionfrom
520 to 523 nm (Figure 4C), which was attributed to the
changeinGNPsurfacefeaturesuponthereplacement
of the citrate corona with the polymers [52,531.

Cell uptake of folate-targeted GNP

The cell targeting capacity of GNP was investigated
usingthreehumancelllinesthatwereselectedfortheir
different expression of folate receptor (FR): KB and
HCT-116 cells over-express FR, whereas MCF7 cells do
not over-express FR (s41. A preliminary flow cytomet-
ric assay (Figure 5) confirmed that MCF7 cells did not
over-express FR (integrated mean fluorescence inten-
sity, iMFI 0.72 £ 0.51), whereas HCT-116 and KB cells
over-expressed FR at low (iMFI 16.84 + 1.20, IoFR) and
high (iMFI 3309.04 + 95.87, hiFR) density, respectively.
MCF?7 cells were thus selected as negative control.

A quantitative FA-PEG-GNP and mPEG-GNP
uptake by the three cell lines either in the presence
or absence of free FA was obtained using atomic
absorption spectrometry (Figure 6).

Undertheselectedincubationconditions(ss),about
19,800 and 2300 FA-PEG-GNP were found per KB
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Figure 4. (A) Dynamic light scattering profile and (B) TEM image of FA-PEG-GNP. (C) UV-Vis spectrum of naked GNP

(black line) and FA-PEG-GNP (red line) in deionized water.
FA-PEG-GNP: Folate-PEG decorated gold nanoparticles.
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cell and HCT-116 cell, respectively, which corre-
spondedtothedifferent FRexpression ofthetwo cell
lines.On the contrary, nontargeted particles (mPEG-
GNP) showed a 36-times lower association with KB
cells and 22-times lower association with HCT-116
cells compared with the targeted ones. The MCF7
cell uptake of the targeted particles was very low
(570 particles per cell).

The cell competition assay performed by cell co-
incubition with FA-PEG-GNP and free folic acid
showedsignificantfolatetargeted GNPinternalization
inhibition in both KB and HCT-116 cells.

TEM images of KB cells incubated with FA-PEG-
GNP showedthattheparticleswereendocytosised by
thecellsandconfinedintointracellularvesiclesthatorig-
inate from the plasma membrane (Figure 7A & B). Nota-
bly,particlesdoneitherundergoaggregationthrough-
out the endocytic process nor clustering. On the
contrary,control nontargeted GNPincubated with KB
cells showed no intracellular uptake (Figure 7C & D).

Effects of folate-targeted GNP on cell

proliferation upon US treatment

The efficacy and selectiveness of FA-PEG-GNP as
sonosensitizers was investigated by evaluating their
sonodynamic activity on MCF7, HCT-116 and KB cell
lines (Figure 8).

Cell exposure to US alone, (US and US), did
not affect the MCF7, HCT-116 and KB cell growth
(Figure 8A-C). Similarly, no effect on cell growth was
observed when cells were treated with both nontar-
geted (MPEG-GNP,datanotshown)andtargeted (FA-
PEG-GNP) nanoparticles alone, without US exposure
(Figure 8A-C). Combined FA-PEG-GNP/US treat-
ment,withbothUS_andUS, ledtosignificantdecrease
in HCT-116 and KB cell growth (Figure 88 & C). This
did not occur in MCF7 cells (Figure 8A). Significant
differences in the cytotoxicity were found when the
[oFR cells (HCT-116) incubated with FA-PEG-GNP
wereexposedtothetwodifferentUSenergydensities
(US_and US), with the US being the more efficient.
Combined FA-PEG-GNP/US treatment induced sig-
nificant decreases in cell growth of 30.18 + 6.02%,
39.17 + 5.81% and 55.65 + 9.80% with US_and
46.67 + 5.03%, 69.35 + 8.74% and 82.04 + 8.03%
with US at24,4872h, respectively,ascompared with
untreated cells (Figure 88). On the contrary, US_and
US, gave the same decrease in cancer cell growth at
each time point in hiFR cells (KB) treated with FA-
PEG-GNP (Figure 8C), in other words, 68.8 = 7.09%,
78.29 +8.96% and 79.54 + 8.37% with US_and 67.77
+ 8.04%, 86.48 + 9.15% and 92.63 + 7.84% with
US, at 24, 48 and 72 h, respectively, compared with
untreated cells (Figure 8C).

To further confirm the selective sonosensitizing
activity of the FA-PEG-GNP under US exposure, a
competitionassaywasperformedbycellco-incubation
with FA-PEG-GNP and free FA (200 uM) followed
by US exposure. Notably, the cytotoxic activity of the
sonodynamictreatmentwascompletely suppressed
both in HCT-116 (Figure 8D) and KB cells (Figure 8E).

Cell death study

The cell death mechanisms of HCT-116 and KB cells
treated with FA-PEG-GNP/US were investigated by a
flowcytometricassay.Sincethepercentagesofapoptotic
and necrotic cells at 2,6 and 12 h do not show any sig-
nificantdifferences,wehereinreportonlythecelldeath
analysis at 2 h after FA-PEG-GNP/US treatment to
highlight the quick onset of cancer cell death (Figure 9).
Cell death of HCT-116 and KB cells sonodynamically
treatedwasfoundtooccurwithasignificantincrease(p
<0.001)inthepercentagesoflateapoptotic/necroticcells
(Figure 9A & B). Furthermore, the FA-PEG-GNP sonoac-
tivation with US induced a higherincrease (p <0.01)in
the percentages of early apoptotic cells in KB (Figure 9B)
as compared with HCT-116 cells (Figure 9A).

Intracellular ROS assessment upon folate-

targeted GNP incubation & US exposure

Since the mechanism underlying chemical sensitizer
cytotoxicity upon US exposure is thought to be ROS
generation 9, itwasdecidedtoevaluate ROS produc-
tion after each treatment type. Cell incubation with
FA-PEG-GNP without US activation did not induce
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Figure 5. Folate receptor expression of MCF7, HCT-116
and KB cells by flow cytometry. Data are expressed

as iMFI, defined as the percentage of FR-positive cells
multiplied by mean fluorescence intensity of FR-positive
cells.

FR: Folate receptor; iMFI: Integrated mean fluorescence
intensity.
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Figure 6. Cell uptake profile of folate targeted (folate-
PEG decorated gold nanoparticles) and nontargeted
(mPEG-GNP) gold nanoparticles by MCF7, HCT-116 and
KB cell lines. Folate-targeted GNP were also incubated
with cells in the presence of free FA as competitive
agent. Statistical significance was calculated versus
folate targeted particle uptake tested on each cell
line: *p < 0.05, **p < 0.01, ***p < 0.001.

GNP: Gold nanoparticles.

an intracellular increase in ROS production in either
cell line HCT-116 or KB (Figure 10). Cell exposure to

US alone, in absence of FA-PEG-GNP, induced a very
limitedincreasein ROS productionatboth USenergy
densities (Figure 10). The sonodynamic treatment of
cells incubated with FA-PEG-GNP at both energy
densities induced a significant increase in ROS pro-
duction (Figure 10). The highest level of intracellular
ROS was achieved 15 min after the exposure of HCT-
116 cells to US_ (Figure 10A) and 1 min after the expo-
sure of KB cells to US, (Figure 108). A less intense and
delayed pattern of ROS generation was found in the
[oFR HCT-116 cells (Figure 10A), and a more intense
and faster ROS generation pattern was shown by the
hiFR KB cells (Figure 10B).

A ROS scavenging assay with N-acetylcysteine
(NAQ)wascarriedouttoclarifythecorrelationbetween
intracellular ROS production and the cancer cell death
induced by FA-PEG-GNP/US treatment. Interestingly,
NAC suppressed ROS production and cytotoxicity
only when FA-PEG-GNP treated HCT-116 cells were
sonoactivated with the lower US energy density US
(Figure 11A & C). When these cells were treated with the
higherUSenergydensity,aremarkabledecreaseofcan-
cer cell growth, as compared with untreated cells, was
only observed after 72 h (43.73 £ 8.2%; Figure 11A). This
wasaccompanied byaslightbutsignificantincreasein
ROS production 1 min after US exposure (Figure 110).
Ontheotherhand,in KB cellsNACwas not able to sup-

Figure 7. (A & B) TEM images of KB cells incubated with folate targeted gold nanoparticles and (C & D)
nontargeted gold nanoparticles. Red arrows indicate gold nanoparticles.
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Figure 8. Effect of folate-PEG decorated gold nanoparticles upon irradiation with ultrasound on cell lines with differing folate
receptor expression. Cells were exposed for 2 h to 1 nM folate-PEG decorated gold nanoparticle (FA-PEG-GNP) and ultrasound (US)
irradiation was carried out for 5 min at two different energy densities (US, :0.008 mJ/cm? and US: 0.080 mJ/cm?). The upper panels
show the effect of US alone (both US_and US,, black lines), of FA-PEG-GNP alone and of FA-PEG-GNP irradiated by US (both US,_ and
US) on MCF7 (A, gray lines), HCT-116 (B, green lines) and KB (C, purple lines) cell growth. The lower panels report the effect of US
alone (both US_and US,, black lines), of FA-PEG-GNP alone and of FA-PEG-GNP irradiated by US (both US_and US) on HCT-116 (D,
green lines) and KB (E, purple lines) cell growth with 200 uM free FA added to the culture medium to evaluate the receptor mediated
uptake selectivity of FA-PEG-GNP. Statistically significant difference versus untreated cells: *p < 0.05; **p < 0.07; ***p < 0.001 and
between US_and US, treatment: *p < 0.05.
press either ROS generation or US-triggered FA-PEG-  tiveanticancertreatment.Manyapproacheshavebeen
GNP cytotoxicity at either energy density (Figure 118).  introduced to achieve these goals and most of them
Notably, the amount of ROS generated by the FA-PEG-  have been based on drug delivery [s6,571. However,
GNP/US, treatment, whichcausedamoderateincrease  combinedstrategieshaverecentlyattractedincreas-
of the medium temperature, at 1 min (Figure 11D) was  ing levels of interest 58-601 and among them SDT
equivalenttolevelsdetectedintheabsenceoftheROS hasthe potentialtoopen up novelfrontiersincancer
scavenging agent (Figure 10B). treatment.
Despite SDT'’s promising features, the poor repro-
Discussion ducibilityoftreatmentoutcomesandinadequatecor-
Improvementsintherapeuticactivityandselectivity relation between in vitro and thein vivo results have
arethemajorgoalsinthedevelopmentofanyinnova- hamperedthedevelopmentofthisrobusttreatment
future science group www.futuremedicine.com 3063
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Figure 9. Cell death induced by folate-PEG decorated gold nanoparticle irradiated with ultrasound. HCT-116

(A) and KB (B) cells were exposed for 2 h to 1 nM FA-PEG-GNP and ultrasound (US) irradiation was carried out for
5 min at two different energy densities (US, :0.008 mJ/cm? and US: 0.080 mJ/cm?). Cells were stained with APC-
Annexin V and Sytox” Green 2 h after the different treatment types and analyzed by flow cytometry to quantify
the viable cells (negative to APC-Annexin V and Sytox Green), early apoptotic cells (positive to APC-Annexin V and
negative to Sytox Green), and late apoptotic/necrotic cells (positive to Annexin V and Sytox Green). Statistically
significant difference versus untreated cells: *p < 0.05; **p < 0.01; ***p < 0.001.

FA-PEG-GNP: Folate-PEG decorated gold nanoparticle.

protocol,slowingitstranslationtoclinical practiceen.
Thedevelopmentofinnovativesonosensitizersisthere-
foreparamountifwearetoovercomethesedrawbacks
andboosttheeffectofUSandwhiletakingadvantage
ofthecombinedeffectsofpossiblesonoluminescence
emitted by US exposure.

Accordingtothishypothesis,USsensitivenanopar-
ticlesweredesignedinordertoachieveaccumulation
insolidtumorsbypassivemechanismsandbeinternal-
zided into cancer cells by active mechanisms. There-
fore, GNPs were sized to exploit the enhanced tumor
permeability and retention effect and surface deco-
ratedtoachievetheactivetargetingofcancercellsand
cellinternalization.Thecombinationofthesefeatures
withfocused UStreatmentcan provideforenhanced
spatially controlled sonosensitizing effects.

As a proof of concept, GNP were decorated with
folic acid (FA-PEG-GNP) to bestow selectivity for
cancercellsthatover-expressthefolatereceptor.Folic
acid was conjugated to the particle suface via a PEG
spacer,whichguaranteestheexposureandflexibilityof
the biological ligand. This directly results in efficient
receptormediateduptakebyfolatereceptorexpressing
cancercells.Theselectionofthetargetingagentden-
sity was based on our previous studies showing that
anaverage of 50folate units per particle yielded suit-

ablefolatereceptorbiorecognitionandhighcelluptake
efficiency of targeted GNP [55).

The surface saturation of the FA-PEG-SH deco-
rated nanoparticles with mPEG-SH was pursued
to endow the particles with stealth properties while
ensuringexposureofthetargetingagentatthetip of
the 3.5 kDa FA-PEG-SH chains. mPEG was found
toenhancethe colloidal stability of the particlesand
inhibit GNP aggregation as observed by intracellu-
lar TEM imaging, whereas did not prevent the FR
recognition. The targeted particles were in fact effi-
cientlytakenupbyFRoverexpressingcancercellsand
limitately internalized by the control cell line (MCF7)
whichdoesnotoverexpresstheFR.Selectiverecogni-
tion and cell uptake was confirmed by competition
study with free folic acid, in which particle uptake
was inhibited in HCT-116 and KB cells. Furthermore,
theextentofparticleassociationtocellswasaffected
by the cell expression level of the FR, being higher
in hiFR KB cells and lower in IoFR HCT-116 cells.
To note that the nontargeted control GNP (mPEG-
GNP) were barely detected in the cytosol of all cell
lines by intracellular TEM imaging, which is prob-
ably due to negligible mPEG-GNP diffusion across
cellmembranesinagreementwith previous studies
reported by Kanaras et al. [53.
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TheselectivecytotoxicityofthecombinedFA-PEG-
GNP/US treatment has been demonstrated by using
cells with different degree of FR expression and by
competitive studies.

Cytotoxicitystudiesshowedthatthesonoactivation
of FA-PEG-GNP was ineffective in the case of cells
that did not over-express the FR, namely MCF7. On
the contrary, FA-PEG-GNP provide significant can-
cer cell sensitization to US which in turn yields selec-
tiveandremarkablecytotoxicityinFRoverexpressing
HCT-116 and KB cells. This cytotoxic effect was sup-
pressedwhenfreefolicacidwasco-incubatedwithFA-
PEG-GNP,demonstrating that the targeted nanopar-
ticlecelluptakeis paramounttotheoverall efficacy of
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thetreatment. Thus, we can conclude that the syner-
gistic effect between targeted GNP and US-induced
acousticcavitationoccursuponparticleendocytosis.

Intheliteratureitisreportedthatthesuccessofthe
folicacid-targetedtherapeuticsystemnormallyrelies
on the level of FR overexpression for a given tumor;
low FR overexpressing cancers were found to have
limited response to folate-targeted therapies [29,621.
Nevertheless, the cytotoxicity results obtained on
MCF7, HCT-116 and KB cells demonstrate the high
selectivity of FA-PEG-GNP/US treatment for all FR
overexpressing cells. It is worth to note that the US-
activated FA-PEG-GNP efficiently induced signifi-
cantcell deathin cells with low and high levels of FR
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Figure 10. ROS production induced by folate-PEG decorated gold nanoparticle irradiation with ultrasound.
HCT-116 (A) and KB (B) cells were exposed for 2 h to 1 nM FA-PEG-GNP and ultrasound (US) exposure was carried
out for 5 min at at two different energy densities (US, :0.008 mJ/cm? and US : 0.080 mJ/cm?). ROS production

after the different treatment types was quantified according to the dichlorofluorescin-diacetate assay with flow
cytometry and expressed as iMFI ratio to yield the ratiometric increase in fluorescence per time point. Statistically
significant difference versus untreated cells: *p < 0.05; **p < 0.01; ***p < 0.001.

FA-PEG-GNP: Folate-PEG decorated gold nanoparticle; iMFI: integrated mean fluorescence intensity.
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Figure 11. Effect of the reactive oxygen species scavenging agent, N-acetylcysteine, on cell proliferation and reactive oxygen species
production as induced by folate-PEG decorated gold nanoparticle’s irradiation with ultrasound. HCT-116 (A & C) and KB (B & D) cells
were exposed for 2 h to 1 nM folate-PEG decorated gold nanoparticle (FA-PEG-GNP) with the addition of 5.0 mM N-acetylcysteine
(NAQ) to the culture medium and ultrasound (US) exposure was carried out for 5 min at two different energy densities (USn: 0.008
mJ/cm? and US.: 0.080 mJ/cm?). The left panels (A & B) report the effect of FA-PEG-GNP irradiation with US (both US_and US), of

US alone (both US_and US) and of FA-PEG-GNP alone in the presence of the reactive oxygen species (ROS) scavenging agent, NAC.
The right panels (C & D) report the ROS production of FA-PEG-GNP irradiated with US (both USn and USt), of US alone (both USn and
US) and of FA-PEG-GNP alone in the presence of the ROS scavenging agent, NAC. Statistically significant difference versus untreated
cells: *p < 0.05; **p < 0.01; ***p < 0.001.

FA-PEG-GNP: Folate-PEG decorated gold nanoparticle.

overexpression. This sonoactivation process would
thereforeseemtobeeffectiveonawiderangeofcan-
cers, which include low and high FR overexpressing
cells. Interestingly, despite loFR cells (HCT-116) have
a8.6-timeslower targeted GNP uptake with respect
to hiFR cells (KB), their response to the combined
treatment with US_and US, is not so different, and
this may be due to a higher HCT-116 cell sensitiv-
ity to US-induced ROS. These results suggest that
the cytotoxicity induced by the sonoactiovation of
FA-PEG-GNP thereforedoesnotonlydependonthe

degree of FR overexpression, but also on the intrin-
siccellsensitivitytothetreatmentoutcomes,namely
ROS 631

The studies undertaken to elucidate the mecha-
nism of cancer cell death induced by FA-PEG-GNP/
US treatment showed that incubation with FA-PEG-
GNP and exposure to US_or US, provoked a sud-
denoccurrenceofnecroticratherthanapoptoticcell
death. When looking at the intracellular ROS pro-
duction ofthetwo celllinesthatover-express FRand
thetwoenergydensityexposures,differentbehaviors
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wereobserved.ThehigherintracellularROS genera-
tion detected in hiFR KB cells may be ascribed to
thehigheramountofparticleuptake comparedwith
[oFR HCT-116 cells (Figure 6). In the case of KB
cells,ROSproductionwasnotfoundtodependonUS
energy density. Onthe contrary, therateand level of
intracellular ROS productionin the loFR cell line was
more rapid and higherin level at the highest energy
density (US).Theseresultssuggest,asexpected, that
ROS production depends on both intracellular par-
ticle density and US intensity. In the case of high FA-
PEG-GNP cell uptake obtained with KB cells, the
effect of US energy density is negligeable, while in
the case of low FA-PEG-GNP cell uptake observedin
HCT-116 cells the US energy density is critical to the
citotoxicty.

The ROS scavenger NAC was used in order to pro-
videadditionalinformationabouttheinvolvementof
ROSincelldeathuponthesonodynamicactivationof
intracellular FA-PEG-GNP. Interestingly, the effect of
NAC was found to depend on both cell line and US
energy density. NAC prevented HCT-116 cell death,
supporting the hypothesis that the cytotoxicity was
mainlyascribabletotheROSproduction.Thishypoth-
esis was further confirmed by the results obtained
with KB cells, which endocytosed high amounts of
FA-PEG-GNP. In this case, in fact the NAC effect
could not be observed when the sonoactivation was
performedwiththehigherUSintensitybecause,under
this condition, the ROS production was very high.On
thecontrary,whensonoactivationwasperfomedwith
the lower US intensity, that produced a not so high
level of ROS, NAC efficiently suppressed intracellular
ROS generation and cytotoxicity.

One mechanistic explanation of the effects that are
induced upon GNP US-exposure is that ROS produc-
tionmightalsobeaconsequenceofthe GNPSPReffect.
Accordingly, US-induced cavitation can generate light
thatis absorbed by GNP and quickly converted to heat
which induces ROS production and cancer cell death.
Thishypothesisappearstobeinlinewith observations
madebySazgarniaetal.is4.Indeed,theseauthorsinves-
tigatedsonoluminescenceonagelphantomcontaining
GNPloadedwith propoprophyrinIX.Theyhighlighted
the occurrence of gas bubbles, transient cavitation
upon USirradiation, the collapse of the bubbles, sono-
luminescence and free radical generation. Moreover,
Wang et al. (651 developed a GNP coated mesoporous
silicananocapsule-basedplatformthat,undertheguid-
anceofintensifiedUSimaging,wasabletoenhancehigh
intensityfocusedultrasoundablationefficacyonrabbit
xenograft tumors. Other metal nanoparticles, such as
silver [s61 or zinc oxide 671 nanoparticles, may also be
potentiallysuitableforuseasnanosonosensitizersdue
totheirinherentabilitytoabsorbluminescenceirradia-
tion.However,GNPshowseveralbeneficialproperties,
suchastheabilitytobehaveaslocalized thermalload-
ersisglandtheranosticagentsieo, whiletheyalsopossess
anontoxicandbiocompatiblemetalcore2s,701, making
themanintriguingplatformforthedevelopmentofthe
next generation of nanosonosensitizers.

Conclusion

The ability of US to activate the targeted GNP for
cancer cell killing in FR overexpressing cell lines con-
firmedthehypothesespublished byWenetal.711that
the combination of GNP and US may be a promis-
ing strategy for future medical applications. To the

Executive summary

overexpressing human cancer cells.

- Folate-PEG decorated gold nanoparticles (FA-PEG-GNP) have been designed to target folate receptor

+ The GNP were generated by reduction of chloroauric acid and coated with a folate-PEG
a density of 50 FA-PEG-SH units per particle and then surface saturated with methoxy-PEG-SH (mPEG-SH).

-SH (FA-PEG-SH) at

3.5kDa

- Invitro experiments performed on folate receptor overexpressing (KB and HCT-116) and non overexpressing
(MCF7) human cancer cells showed that the particle association to the cells correlated to the folate receptor
expression.

- Competition cell uptake assays performed in the presence of folic acid confirmed that FA-PEG-GNP selectively
targeted KB and HCT-116 cells.

+ Aselective killing of cancer cells with a peculiar signature (namely overexpression of a selected receptor)
was achieved by cancer cell incubation with targeted GNPs and exposure to two different ultrasound energy
densities.

« The combined approach of targeted GNP and ultrasound exposure was able to determine a remarkable
reactive oxygen species (ROS) generation and increase in necrotic cancer cells, compared with control
conditions.

+ When KB and HCT-116 cells were treated with FA-PEG-GNP at the lower US energy density, N-acetylcysteine,
used as ROS scavenger, completely suppressed ROS production and cytototoxicity.

- This is the first work that demonstrates how cancer targeted GNP can act as ultrasound sensitizers by
themselves paving the way to a promising strategy for the site-specific treatment of cancer.
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bestofourknowledge,ourstudydemonstratesforthe
firsttime therole of targeted GNP as sonosensitizers.
Indeed, theresultsreportedhereconcerningtargeted
GNP for sonodynamic treatment showed a remark-
able decrease in cancer cell growth at different US
treatment conditions (US_and US).

In conclusion, targeting GNP have proven them-
selvestobeeffectivesonosensitizersfortheUS-based
treatmentofcancerpavingthewaytonovelapproach
in selective cancer treatments.
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