s> NIH Public Access

% 7 Author Manuscript
% HEA\fb

Published i [inal ed.ted form a

% Srzut. 2014 F L ruar 7 12; 10(3): 556- 565 dri:10.1502/smll.201302217.
1
Y
>
z Gadolinir.m-Crojugated Gol2 nane<nells for Multimodal
é’ Li=2gynostic im~ying anc' Phziothermal Cancer Therapy
<
2 Dr. Ancrew -'. Couahlir,
= Depzrtment of Bioengineerin.y, Rice Ui iversity, 6100 M~ir, stre =t, MS-142, Houston, TX 77005,
=) USA
j=4
Dr. Jeyarama € A--i,
Departme nt of Tran<!~*<-.-! ima~ing, The Methodist .1os)ital R.csearch Institute, 6565 Fannin
Street, Houston, TX 775 50, ISA
Nanfu Deng,
> Department ¢’ Bior.igineerinz, <ice U'niversity, € 10C Main St eel, MS-142, Houston, TX 77005,
.E USA
g Prof. Irina V. La“ina
> Department of Mclect lar Physiology and Biophysics, B2:".ur Colleg - of Medicine, One Baylor
= Plaza, Houston, Texas 77030, USA
o
= Dr. Paolo Decuzzi, and
Qg, Department of Translat.ona’ imaging, The Methodist Hcpital ResZaich 1nstitute, 6565 Fannin
2 Street, Houston, TX 77030 USA
»
= Prof. Jennifer L. West
= Department of Biomedical Engineering Duke University, Rouin 136 Hu<son Hall, Box 90281,
Durham, NC 27708, USA
Jennifer L. West: jennifer.|. west@duke.edu
Abstract
=z Multimodal imaging offers the pote.tial to improve a’agn sis and enrunce the Speciior v o1
II photothermal cancer therapy. Toward this goal - ¢ have en,'ineered g. ~olinium- zonjugates gold
g nanoshells and demonstrated that they unance e~.urast ‘or ryagnetic res~aance iri.gn'e .J-Ray,
> optical coherence tomography, reflc ctar-. confocal micrescony, and two-phton lumin: scence.
%-_ Additionally, these particles effectively convert near-i»iared li,*ht to heat, whi<i: can be »'sec to
Q ablate cancer cells. Ultimately, these studies ~.inonstrat= (e potential of g¢ dolirZum-nanoshells
< for image-guided photothermal ablatior
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1. Introdi'zuon

Phd toth >rmal therapy in cani .r mericine has garnered increasing attention over the past two
decaies \ecause of the aility -, locally ablate disease while leaving surrounding, normal
issue wlarmed.[! Tais ar groach is fzusible w th the addition of exogenous optical
absorbr. s, v'hich by disign 7C normallr” Uenign but strongly absorb specific wavelengths of
lie'.c and ~ubsequently \'issipat< w1 enc gy as heat. Near-infrared (NIR) light in the range of
650 - 900 nm is ideally suited for th s pu n~.c because the major tissue chromophores are
~unimallv ahenrptive within this sz ctral regiz.,, allowing deep and harmless
penetration.[2-3] | “ tissue ter \peraturez on the or, of -50 — 55 °C are achieved,[#!
irreversible membrane ruptus ing occure v elicit c'l de. th.[3] Furthermore, this heating
effect is only realized where li-,ut and the optial ab: orbe rs are locally combined, thus
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aftfording more site-secific the.=py than siand: td che mot rerapeutic regimens, for instance,
w.ich «ill brin he~lihy and diseased cells.

To easure th.at the entirety of the tumor tic,ue is irradicted with NIR light, diagnostic
izaaginz, technologi<, can he employec to e'ucidate he « xtent of disease spread. Because
r2uy of thise techne!sgies provide wi iqu s perspec’ves and associated advantages,

co upining r'.uorms in multimodal diz2nosuc appro-.ches facilitates more holistic

cha ‘acte "ization of disease compared to using any one ;:nag ng mode alone.[81For
exan ole, anatomic imaging r'= forms like mzgznetic resonanc > (MR) and computed
tomog -aph 7 (CT) c2= ue used t~ initially ia=r*.[y suspicic *= !_sions, while optical
modalities c~2. subseorZutly hone in at the molecular lex'_i 1o eriable accurate diagnosis.
Then if de :med necessary, photothermal therar; with ontiz.! absorption agents can be
applied to loca'ly ablate diz ase at io »ntified sii>< ot interest

To facilitate «nd strea=.ine each of these steps in multinm<Jal im ge-; uided photothermal
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therapy, multifunctional nanonarticle nl~*forms can be emples-cd. Wi h the administration of
a single, approj riately designed nanoparti-le agent, i“..aging ceozrast enhancement and
improved sensitivity c.n be ach’_ved #_ross modalitic 5 alone with < ubsecuent absorption of
NIR light for thermal destruction <« tumor tissue. Hereir, we desc.ibe ;-ad« linium-
conjugated gold-silica ~.anosb _uls that fur. ;uoi' as probe. in MR1, X-..y, ar d optical imaging
as well as absorptive ager..s in phototherm.1 thorapy. Thes. particles ~untai= 1 sr=cific gold-
silica shell-core geometryl®] that exhik:.s surface plasmon . 2<nance (STR) and mzamum
light extinction within the NT™ region. A Juttidnal 'y, the gold s*w.iace lave:  ffor ds
biocompatibility, 10121 11cile <=:.1ace conjugat ~.. chemistry " ia s ufur-gold i nkages, «d
attenuation of X-ray radiation because of its ~z,ociat>d high atc.uic m.uoer and ei sctron
density.[13]

Previously, light scattering by ¢~iu nane<iells was expiited as contras. in a voi.c“v o1
optical imaging applications, includ’ag dar'. 11eld mucrosc py in vitr,[14" re Tec tap e
confocal microscopy (RCM) ex vio,l171 and optical cc her¢ nce tomo, rapi: (OCT) Foth in

vitrol16:17land in vivo.l18] Light al sorj tion has also *zen Farnessed for «"~- huton
r
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luminescent (TPL) imaging contra. t[1%1 (=4 =% otherr.al ablation of cancer”"s each

performed in vitro and in vivo. After porticle cor)ugatior o gadolinium, \7e d=Z,onstrate
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methcds: OCT, ' CM and TPL. Vv ulso sh.ow significantly improved MRI contrast

auanc 'ment efficacy when 22 Zolini.un chelates are conjugated to gold nanoshells. Finally,
we confi'm that these pai‘icles a~¢ efficient photothermal converters and can be employed to
ablatc carer cells in - uro.

<. R2sults an” Dis~ussion

Gol--silica nanoshells were synthesi zed « ~zurding .o a four-step procedure as previously
aescribed b 2 enburg et al.[9) A fer formir_ a ~16 nm gold shell over ~120 nm silica core
nanoparticles n=oshells diplayed o average Ziamet r of 152 + 10 nm, imaged by
transmission electron microscopy (TF™L, Figure '." anc B). Measurements were acquired
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and tabulated within NIH Ima; ¢J softw~:* (n =215) Ad litionally, characterization with
UV-Vis spectroscopy demonstrz..cd nanosh 1l p'asmoi' re< ynance and maximum extinction
at appioxim~.ely 850 nm, which is within th > Uiologically relevant NIR water window
(Figure 1C).

“adolizuum coningauon to gold nanos iells was peridrm 2d by first employing a
h=‘crobifi.ctional n~ly(ethylene glyc)l) (?PEG)link.r w th a succinimidyl proprionate (SPA)
en -group ¥2, reacting with an aminated Gd(LLI) che.tor and an orthopyridyl disulfide

(OF SS) ‘or eventual adsorption to gold (Scheme 1) Towraaz. cyclododecane tetraacetic acid
(DO'"A) \7as chosen as the ch_iitor because ur the hiek <tabn’ty of Gd(DOTA) relative to
other cycli-> comple~esi“!] and e availabii*; ot establist.cJ wetalation procedures.[22:23]
Once synthe~:s of OP<5-PEG-DOTA was confirmed v gel p» rmeation chromatography
(GPC, Suy port’ag Information Fie:-e S1), a ir cialation »Zacun Vith gadolinium chloride
(GdCl3) was conducted t~ form OPS3-PEG-GaJUTA). Ad-idon  characterization on
OPSS-PEG DO'1A and OP<5-PEG-Gd(DOTA) wae perfomed witu nroton nuclear magnetic

resonance (N spectroscopy (Supporting Inforimation, Figure 52). The polymer chains
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with chelated GATT™ iz, .. o wen incubated with gold--.iica nan~shells, during which
time the chains elf-acsem™!zJ vin-. the euld surface 7ia si'fur-gold interactions. Remaining
gold surface area was tacki'llcu with PEG-thiol (PEG-SH’, w 1u-thc r nassivate particle
surfaces and enhance staility ir suspension Following part’cic co.iug atio 1, hydrodynamic
diameters were obser ed to ‘ucrease by ~'0% nd zeta poteitial - alues by ~30%
(Supporting Informai'o. fable S1).

The degree of gadolinium c~.,jugation * as quanti.atively eval:ated via ~icroer*al analysis
with inductively couplea plas™.. mass spectror.oury (ICP-MS). A ter acid m:« diated
digestion of the particles, ICP-MS showed 2+ averag? of 3.5 + v.1x 15" Gd(IID ior.5/
nanoshell (n = 3). While this analve:, was perfz.imed on the batc’: of e=Joliniun-nanoshells

were found to be reproducible. Across 12 particle-conjugate batches, .ne a~2raze Cd content
was 3.9 + 0.5 x 10% ions/nanoshell tran<lating to a va iabi ity of ~12%. Add.tiouly,
nanoshell samples were pelleted t y ce atrifugation, anr. anz lysis on the supe n. tant with ICP-
MS revealed that ~99.9% of the tc tal C*d content i e G J-NS samples was in far*
conjugated.

)duosnuep Joyiny vd-HIN
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Gadolinium com™7'27:225 .o auown 1o shoifen the longitudinal relaxation time (7;) of water
protor s because ~f the met~! (0. * .gh rugnetic moment and symmetric electronic ground
sacel2 T relaxation t.mes foo Gd-Ms at various concentrations in water were acquired
witk. a 1.41 T benchtop r< laxomeZer at 37 °C and compared to those of OPSS-PEG-

Gd(L 0T+ ) at equival.at ga-olinium corzontretions and nanoshells conjugated only to PEG-
CH (PEC-1'S) at equi 2’¢nt nar2onell conrourrations (rn = 6, Figure 2). At the highest

nan~ shell concentratior » tested. f~ - ins ance, Gd-NS exhibited a 7; relaxation time of 462
= 2 me< as compared to 3 2u¥ = 4 ms for >EG-M5 ad 3,842 + 2 ms for water alone,

ir uicating that the contribution of the nanoshells tiiemselves to relaxation remains low
«gure 2B). Thi- observatie=, s in agrez.uent with £..'vious studies that have shown only
Loauual relaxation enhancer s with ge'Z and silicor. nanomaterials without gadolinium
content.[24:25] Therefore, the gad=iintum pres nt on the :urfaces of Gd-NS is principally
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Ieopuwsivie 101 the oserved decre~sos in 13lax.tion t mes Additionally, when comparing
NPSS TC3S-0.(DOTA) and Gd-NS at their high st teswed gadolinium concentrations, the
PE 5 li1 k=« shov ed a longer 77 relaxation time of 1,677 + 1 ms versus 462 + 2 ms for Gd-
NS \Figure ZA). This trend was consisten* across all grdolinium concentrations tested.
Fuarther-aore, the ah’liy 0" any materie. to ».. as an MR contrast agent is defined in terms
cfrelaxivit,, where 7 (ciaxivity is de inei( as the ckang; in T; relaxation rates of water
pr-.ons norr.iized to gadolinium com-nt. 1ue calcu'ated 7; values of 7 mM !s™! for
OP.S-FEG-GA(DOTA) and 37 mM s} 101 Gu-NS /=or G clearly demonstrate the

enha \cea relaxivity of the gad-'inium comn'<aes once conjuated to gold nanoshell surfaces
(Figu1 > 2C and 2D)

This obser” ed ert.ancement in relaxivity from OPS5-PEG-Ga."OTA) to Gd-NS is likely a
result of tle re stricted molec!ur tun bling and ‘her={ure incree sed rk rotational correlation
times of th» Ga ~helz(cs after c~.yugation to nanoshell ~wiraces. ©-olomon, Bloembergen,

and Morgan >ave prev:,usly described that increzses in 7, iotaticnal correlation times result

v
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in increased r; relaxtivities.[21:26] In fact the r; vaiue for Gd-*5 is ~ times higher than that
of current, clini>al Gd-based agents (~4 n M~ !s7! pe~ Gd).[21-26" Ler particle 7; relaxivity for
Gd-NS is 1.31 x 10° n M~ 5~ ! h_cause of the high de “.ity of Gd(II ) ion.~ on each nanoshell
surface. Other studies h. ve wiso dr.nonstrated relaxivity ¢nhancen ents with gadolinium
complexes tethered to runom-.erial platft . ms For exan ple Son," e: ... co ijugated Gd-
chelates to 30 nm go'd n»..oparticles via thiol-t >rminated CNA and aclieves ap ~» relaxivity
of 20 mMs™! per Gu at 1.41 T and 27 “C.127] Limilarly, Me-.igi and c<ieagues
enshrouded ~5 nm gold nanerucucles in = 11g'd la er of directlr~ wn1olated 5 1-ci elates and
observed an r; value of .0 mM~'s * per Gd at .71 T and 25 °C.[7%

An evaluation of Gd-NS cytotoxicity v, perform-a using the M7 5 assav, wn est~LUlished
method for determining the ef“_ct of nan~_articles on cell metabu lic ctivitv 2.4 Lonce
viability.[28] In live cells, mitc ckoudrial 2 iydrogenase =nzymes conv-it the MTS rea,ent
(3-(4,5-dimethylthiazol-2-yl)-5-(3-c .rboxv-.cthoxyp heny )-2-(4-sul’ opk 2ny ')-. H-
tetrazolium) to a formazan produc. det.ctable via abso ‘bar e measut >me2*<. 3oth
hepatocellular carcinoma HepG2 :ells and human de.mal (ibroblasts (DF’ ) were
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employed, both common cell type: for (2ararz,1zing r.noparticle toxicity.[?®' Nanopariic.»
concentrations spanning 0 to 15,000 porticles/ce!! were tecicd, Y range wt ich = iudes
previously reported and anticipated exposure levzis of 1 — 100 particles/cell for nano-sized
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systems in vive 129301 21, Gé-ino ana P.3G-NS were incubated with HepG2 and HDF cells
ror 24 and 48 h, af which tii, dic TS ~ssay was performed. Across all particle

-uicen rations tested fo - both finepeats, no statistically significant decrease in cell viability
was obst rved, demonstra‘ing sui‘able biocompatibility of the nanoshell conjugates (Figure
3).

Next d-N 3 were encar-wiated in 1% agarose at a concentration of 4.2 x 10!! particles/ml
».d exbloited strong por itive contrast ccmpared 2 agarose-only control phantoms across
fiv~ diagnostic imaging modalities: 7';-wuighted m- 2netic resonance imaging (MRI, Philips
nea=io 5T will an inversion »zoovery pr'se sequencs), X-Ray (Kubtec XPERT80), optical
coherancc t0, biaphy (OC 7, Ni=s Imalux '3 10), refizctance confocal microscopy (RCM,
VivaScope 2500), and two-photon "..unescer~. (1 °L, .%eiss Laser Scanning Microscope

yduosnuep Joyiny vd-HIN

S10) (Fionren 45 230 MR and X-rav “raaging, the en iret, of the phantom could be imaged
at the macroe~-lz wit iin a single acquisitio.. Furthern ~.¢ with optical modalities such as
OUT and PCM, imaaging across tens to hundreds of microns was feasible. Finally TPL

faci itated ev_n higher resolution imaging v,cre ma.7idual particles could be resolved at
hiza (637,) magnificat’ Lu By comparison, pkz.wass looded with PEG-NS demonstrated no
cont.ast unde~ vIR as evzocted, consicerir g the relaively small reductions in 7; times for
PEC 1vS obser_u during relaxometry chaia~*2:.zatior. However, PEG-NS exhibited signal
intcusit tevels similar to that of Gd-NS acvnes »!1 other ».o 1alities because of near identical
spec ral | roperties between the two particle tvr<..

A

In addi‘i~z, to the: utility as Ziagnostic contast agents, Gd-N¢ are efficient absorbers of
NIR light, v nereur-.: this energy is converted to he~: wnat car '.c employed to locally ablate
cancer tiss ue. ” o evaluate the n~temial for Gd- NS to »2 used 1.1 ph.otothermal cancer therapy,
a photothe ‘mai conver-:un studv v us performea. Particles =, ere 1 spended in water (n = 3)
at three optical densities ‘g = 1, 2, and 4 cor-uspondine <o & 25, 0.5, and 1.0 x 1010
particles/ml) and then irradiated at 808 nm for 3 m .. at three las<c po ver settings (1.25, 2.5
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and 5 W). Botl rou-NS and water were ©so irradiated for comnr~.ison. Temperature
readings acquireZ wiu a th.ermoc~aple “.idicated that G- s and P7.G-NS suspensions
heated to higher tempe1 1turc = with “.acreasing particle co.centrat,ons cnd igher laser
powers (Figure 5). No st.tistics; difference ~v 1s found i1 the ma.-im 1 ten peratures
recorded for Gd-NS ind PE.G-NS at any g ven narticle coceniation an- jaser power
combination, indicati.' that the presence L1 the yadoliniur.y on *Lic exteric - of the n-~oshell
does not inhibit photothermal c~z.version. T ~ont -ast, water contr2is withont n: noshells
exhibited minimal heati ¢ above *2om temper ytur across all laser powers tesicc

The ability of Gd-NS to convert NIR ligh* (v heat al< ) enabled abl-lion of e2=. er c>lls
(Figure 6). The particles were in~uvated wit, 516-F10 melanom \ ce''s in vitro at a ratio of
7,500 particles per cell for 2 1. Me<.a alon=, witnou garticles in svipersion, was also
incubated with the melanoma cells fr. comp2*i,ou. Cells were irradi-.ted < 30¢ nm at . 5
W/cm? for 3 min and later stained with calcein AM an eti idium ho.nocimei -1 .0 ind.cate
areas of live and dead cells respec tive y by fluorescer ce mr icroscopy. 1"~r ce Is ir_ubated

)duosnuep Joyiny vd-HIN

with Gd-NS before NIR laser expu sure, viabilitv L.aininz, depicted an area of desu cells
corresponding to the irradiation zon. By comparis~.y, irradi=i d cells wiihout na=usnelr
remained viable, indicating that NIR light by itself :, oenign. S-.fficient heating to kills cells
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was only achieve 1z i v ngnt at d particles were combined locally, a finding in
accord'ance with nhototherriol coue arsior studies and previously published work on the
ov.d-si.ica nanoshell pl tforn "1 Fin-.ly, non-irradiated cells exposed to Gd-NS or media
alor» re11ained viable in =ither cwse, indicating that the particles alone were harmless to the

cells.

Additionally, Gd-NS der ustrated effi ctive contrast enhancement in an animal model with
MRI, X ray, and optical metiods. After n intratzoral injection of Gd-NS (50 pl at 6.3 x
10! NS/ml) in a subcutaneous B16-,"10 iuelanom> :umor in a mouse, higher signal intensity
wae Lo, veu 1 tumor tissue v particles under both 7;-MRI and X-ray (Figure 7). As
with the 222, (0 phantoms, he e+iire tumor 7, as imag able in the context of the mouse
anatomy with each of these modali*:_s. Tumor %.ssu = was then harvested and imaged ex vivo
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overall were ~kserver within a tew hundred microns ¢ 2ie tumor surfaces (Figure 8).
W._thin the Zirst 250 um, tumor tissue with nanoshells demonstrated 31.5% higher intensity
thar that of r.mor tissue without particles (F.zure »C). Both RCM and TPL enabled further
m’crosce pic imaging - u ch exhibited - cadily upparent ~ontrast enhancement in tumor tissue
\7ith Gd-NS ~Lipared t~ e control t ssu : without r.anc shells (Figure 9). Furthermore, as
simi'.u1y seen i~ wie agarose phantom: inu.*Lat part.cles could be resolved with TPL

ime ging at high magnification.

3. Conclusions

In summary we have ~uccessfully tethered gadolinium ‘u near-11frared resonant gold-silica
nanoshells, imr arting high 7; relav® 7ity. These uanoshel’ Cuiyiga.=s subsequently afford
contrast el han *ement acr<.s a range of diagnos:.c modalitiec, witl resolutions spanning
anatomic tc sub-cetlular lerZ i scales, thus facilitati<g application [t image-guided
photothermal wic.upy. MRI and X-ray based modz'iti<, with gadr lini im-nanoshell
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enhancement ¢! =2 1500w unuaity 16 3ntify suspiciove lcsions wiichin tissue. Afterwards,
optical imaging with low-pc7, .. v < ligh. could ther be pe-Jormed within appropriate fields
of view to obtain molecular in“ormat.on regarding disease suate. Sudch opt.al modes include
OCT, RCM, and TPL, which all _xhibit increased signa’ inte.us:“ies wit 1 th » addition of
gadolinium-nanoshel',. Fins iy, if therapy is deemed nec>sscv k. gher-po-vered NIR light
can then be applied s.te specifically to loca'ly a late disea e, leaviig surt sunling ormal
tissue unharmed.

While the methods herei,» wers applied to a sup wrticial melan yma tumor mor ¢l for inn:~1
proof-of-concept, these techniques could als= ve emj loyed for wuore Zcep-seated tomors.
With unlimited penetration depths *..ough tise.c, MRI and X-ra; baseZ inodes uave
routinely been used for visua 1zing eruedded ~=2tomies. Howeve. iw.aozaole depth. for the
optical methods described herc are cor.cned to the order »f several hi-adre~ m.-rows to
millimeters. At the same time, rece.it der clopments it mic -oendoscc oy :nd i’be - Lunce
design are enabling access and ad ninistration of light .o d« ep tissue.l'!]

)duosnuep Joyiny vd-HIN

Beyond their current broad utility, radoli.:uz.-nanoshrits offer a platform tz.unologv wit
potential for additional functionality a..? comnlc ty. Fo (ustai ce, with tl € i=_orporatio ' ~¥
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targeting ligand<, =2k L, pepuucs, protels, or nucleic acid based aptamers, gadolinium-
nanosells coulc home to dzziicdi- cepters or molecular markers on diseased cells. These
zucthocs may provide n ore nfurmatiun regarding molecular phenotypes, which can be

usel 1 in characterizing ¢ 'sease »..d predicting invasiveness.[3233]

4. \*xpeilim-2ntal Scction
Gol Silica Na~.oshe’i Synthesis

Al' glassware used in nanoparticle sy 1thesis was cl~aned with aqua regia (75% 12 N

hvd=> 2Ll acil and 25% 16 M aatric aci< vy volum=) followed by thorough rinsing with
ultramees =000, Gold-silica “hell _ure nanoskcus were synthesized via a seed-mediated
growth process as described previesuiy by Oldz.ou-g e: al.l! Silica nanoparticles ~120 nm
in diameter (P20 [ 1 Colloid, were ~atc d w.'h pos ‘tive'y charged amine groups using 3-
aminonranv! tsthox - silane (APTES, Gelcst). Negati~ziy charged colloidal gold ~3 — 5 nm
in size and Lynthrs1zed according to methods by Duff e al.34lwas then adsorbed onto the
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amiated sili<a particles. These small gold r..ucies .~rved as nucleation sites for the
feumatiew, of the thin e¢2ic shell over thr silic® cuie “n th final reduction reaction with
chlezoauric 27iu (HAuC,, Alfa Aesar 99 999%) an 1 fo- maldehyde (HCHO, 37%). The
gold Luica nan~suell product demonst.atea 2oL extin~don at ~800 nm by UV-Vis
spestro: copy (Cary 50 Bio) and an averay > diamzer of 22 £+ 10 nm by transmission
eleci-on .nicroscopy (TEM, JEOL 1230, Figure ). Nanos!. 'Is were stored in 1.8 mM
K,CC 5 at % °C until th» _unjuga ion reactiv ns be',w werc per ormed. Both the Beer-
Lambe.: 1aw a=i Mie the~.y were employed to determine ~..10. hell concentration as
described risewhzie 13338

OPSS-PEG-DOTA Syt thevis

Chelated gaad 'ininm (ons were tethered to nanost. 21l sn=fuces with an orthopyridyl disulfide-
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poly(ethylene glycol)-succinimids1 —=z="onate linker (OPSS T eG-ST A, Nektar
Therapeutics, MW = 2000 Da) Th~ PEG 'inker was (rst coni:gated to an aminated
gadolinium chelator, te ‘raa. acv~iodod _cane tetraaceti. acid /MOTA) (2-aminoethyl-mono-
amide-DOTA-tris(t-Bu « ster), M2 _rocyclics). To perforr 1 this »eac ion, the DOTA derivative
(1.5 mmol) was added ‘o anv’.ydrous N,A -din ethylfornm.am de (L M1, Sigria Aldrich,
99.8%, 6 ml) followcd br N, N-diisopropyl. thyiamine (DIF A, Sigrz Ald=ilh 02 5%, 3
mmol) in an amber glass vial, and the ..uxture w.s vortexed “or 1 min *, ensure ~Z.plete
dissolution. Next, OPSS-PFZ-5PA (0 ' inm>l) was added to wchieve » 1o:1 PITA:PEG
molar ratio. The vial was quic'Zly purged with .lua high purit 7 nit -ogen gas. *apped,
vortexed for an additional 1 min, and then r~2xed ov >rnight at 100m *_inperature. = he next
day, the sample was diluted 1:4 wit%. ice-cold "liapure water anc ther . ansferrcd to a
regenerated cellulose dialysi: membra..e (Spentu T aboratories, MY, 'C =2000 L.). The
sample was dialyzed against uiwrapure water followed by lyophilizatirn. Tr dewotc ct tie —
COOH groups on the DOTA deriv-.cve. ‘ue lyophilize 4 product was adced te a1 ~nbe glass
vial followed by dichloromethane (DC M, EMD Millir ore dJmniSolv), 4.1t n'l) 2=u
trifluoroacetic acid (TFA, J.T. Bal er, = 61 ml). The vial v as then purged witn ultr~ lugh
purity nitrogen, capped, and left to .ock overnight at ~vom temverature. T..c next d=7;, e

)duosnuep Joyiny vd-HIN

solvent was removed by rotary evaporauu.: (ouchi ReZavapor F -200, 40 < Z, 200 mbar) uver
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approximately 1® =iz Ti.C iusiaual solid was washed three times with ethyl ether (EMD,
umnisolv®, 100 mh nreckilicd w . °C vwile decanting the ethyl ether after each wash.
Jucer a v drying the soli 1 at . or.a ter-perature for 4 h, the product was dissolved in ultrapure
watt t, dinlyzed against u.frapure water (2000 MWCO regenerated cellulose, Spectrum
Labo. ator es), lyophil“zed, a.d then storeZ at =20 °C until further use. Over 90% of the PEG
L.nker w~, “ound to b cunjugatt g to the o2 Zunnium chelator as determined by gel
perr.catior chromatogr .pny (GP Ag.lent Technologies, PLgel 5 um 500 A column with

L EI 51000 detector, t :cure S1).

Gadruniur Thliauoun to fcrm OPSS-PZG-Gd(DZ'A)

A gadolinium chelation reac.’un with me#,0ds adanted from Ratzinger et al.[*2] and
Sosabowski and Mather!23] wae jerformed. F rst, a . ingi> solution at 200 mM
gauountum(1I) chloiide hexah_ d-..e (GdU'l3 » 5H,0, Sig na Aldrich, 99%) and 600 mM
<.'ric « ciu war, mad- with ultrapure H,O and' ad;asted to pH 8 with sodium hydroxide
(N<OH  "the g~.dolinium-citric acid solution (10 ml) was added to OPSS-PEG-DOTA (70
mg) in a gl=ss vial to achieve a Gd:DOTA. molar ratio of approximately 70:1. The vial was

yduosnuep Joyiny vd-HIN

~ocked (or 48 h at 27 *C t facilitate ir ctal>ion. Exc 2ss jyadolinium was removed by dialysis
ar.unst 175 mM sodiwun citrate follow ed 1y ultrapr.e w iter. The retentate was recovered,
ly philized, uud stored at —20 °C until Jirther use. Sr.ccessful chelation was confirmed by
ind ctiv °ly coupled plasma optical emission spectre.cury (.CP-OES, Perkin Elmer Optima
4300 DV, after dissolving th2 : olid OPSS-"LG-Gd(DNTA) 11 pure aqua regia overnight.
Sampl >s w >re then Z.iuted with % aqua re>*=. With the e.uly re wavelength set to 342 nm
for gadolinirr.a and vt*..um as the chemical reference »* 5 /1 nm gadolinium content was
calculated to br ~0.082 g Gd/g OP<S-PEG-Gc{WOTA) Tuiu.=r characterization of OPSS-
PEG-Gd(1YOT.\) and OP<5-PEG-D!)TA in det.urium oxide {0,C ) was performed with
proton nuci *ar magnetic resZaance spectroscopy (NI, Varian 4u MHz); these results are
outlined in the C..pporting Information (Figure S2 .

yduosnuep Joyiny Vd-HIN

OPSS-PEG-Gd(DOTA) Coi jugation t~ M==-3hel';

To tether chelated gado 'iniu » 0 go!i-silica nanoshells, th. particles ~ere first suspended in
ultrapure water (180 ml) at a cov.centration ~~4.0 x 10’ pa_uci>sh1l. DPSS-PEG-
Gd(DOTA) (2 ml) at a conrcntration of 60 pg/ml in ultirou, 2 - ater was added to the
nanoshell suspension, v.nich was then miv-d fo. 1 hat4 ° .. Rer..uning ¢old surfac= area on
the particles was then backfilled i poly(ethyle 1e glycol)-thiol (PZ=G-SH. La rsan Bio,
MW = 5000 Da) by add‘.on of 10 :Ivi PEG-SH (29 ml) in ul’capure “vater a...* Juthor
mixing of the nanoshell s *zpension overnight at 4 °". Gold-si.ica .anoshelis conjue~icu to
PEG-SH only (without any addition of T 5S-PEG-Ld(DOTA)) wore also rzopares as a
control for relaxometry charact<.ization arZ imaging experiments to ollow. Th*== rounds of
centrifugation were performe 1 to Zuncentr..c the paruc'es and remove wareacted mole cules.
Nanoshell conjugates were stored at + °C ur*} wurwor use To quanti y the c2gize o f
gadolinium conjugation, elementa’ ana’ysis was perfoimec with indu ctiv=Iv coupled plasma
mass spectrometry (ICP-MS, Perl in E Imer ELAN 9070). After overnight dize.tion with

)duosnuep Joyiny vd-HIN

pure aqua regia and dilution with . % aya reei~, gadoliaum-nanoshells (Gd-M5) were
calculated to have an average of 3.5 - 10* Gd ion< per nar=oucll (n = 3). Additiz.ally,
unconjugated gadolinium was found to constitute ~pproximate’y 0.1% of the total
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gadolinium corte=* 15 ICT-1vi5 analysis ¢ the supernatant collected after the final round of
centri ugation, iy dicating th2l (.0 - .rificeiion procedure was successful.

Dyna~..c Light {'cat ‘ering and Zet\ Poterial Characterization

Follo vine, nanoshell ~onjug.con, char2zicrizat on of hydrodynamic diameter and zeta
potentia’ w.'s perform > with ~ lvialvern 7 i 3600 Zetasizer. Gadolinium-nanoshells were
disrersed *.i ultrapure v ater and = asu, ements were acquired in triplicate. Both PEG-
nano<’.ells and unconjugated nanosl.=lls vere .ualyzed for comparison. Table 1 in

S upporting Information displays thez. results.

~

Relax~mat=- Claiacterization

T relaxation times of Gd-NS - cre acquired v ith a L enc. top relaxometer (Bruker Minispec
mqo60, 1.41 T, 37 °C, and comp >zcd to that of F EG-nc nos: ells (PEG-NS), OPSS-PEG-

u {(DUTA). ~ad ul*.apure water as controls. M_asurements (n = 6) were taken with Gd-NS
in v 7ates .t five concentrations (8.6, 4.3, 2.2, 1.1 and 0.5 x 10'! nanoshells/ml)
corr_spon-.ing to gadolinium concentrati ,ns of 50. 25, '3, 6, and 3 uM. PEG-NS and OPSS-
“EG-Cd(DOTA) .« water 1t equivaler : nar.oshell an 1 ge dolinium concentrations,

yduosnuep Joyiny vd-HIN

respectisiiy, were Lo analyzed. All samy les (200 ul at room temperature) were
the rmosta*2a to the magnet temperature by insertine «iem into the instrument and waiting 2

min befc re data acquisition.

Evaluation of Cytctox city

Cytotoxicit, of the Zadolinium-nanoshells was evalr..ed usirs we 3-(4,5-dimethylthiazol-2-
y1)-5-(3-c rbor.ymethoxyphenv'} Z-4-sulfoph nyl)-?*I-etraz. limin (MTS) assay. HepG2
hepatocell \lar carcinou cells (ATCC) and human derma! Zorobl .sts (HDF, Lonza) were
cultured in "YMEM medi*=.u supplemented with 1270 fetal b~ .2 sei im (FBS), 100 U/L

penicillin, and 100 mg/L streptomycin and mainta.=ca at 37 °C “.1a 5 /o CO; incubator.

yduosnuep Joyiny Vd-HIN

HepG2 cells w 1o seeaed mto tissue cultu re-treated, 9¢ ~vell plates at 9,000 cells/well. For
HDF cells, a lov.<. sweding densit, of 4 500 cells/we.' w~, used bet aus? the fibroblasts are
larger in size than Hep('2 cc!’s. Cel's were then allowed *o adhei overnight. The next day,
the culture medium was _emov~.d, and 130 .; fresh med um was added wit'1 Gd-NS in
suspension to achiev : parti_te-to-cell ratic: of 3750, 750C anu 15000. PCG-nanoshells as
well as cell only samy 's without any part. les v-ere incluc 2d f~. compari ‘on. All c. =ditions
were tested in triplicate. After irZuoating c=1ls w1 h the particles 2. 24 h and 4. h, 26 pl
MTS reagent (Promega) was adde< 0 all well.. Frllowing a * h ir~uovation p2.acd w37 °C
and 5% CO,, media samg .cs were transferred te L tocentrifu e tubes 2.4 then ceriruged
at 735 g for 5 min to completely pellet ~..y nanon=-iicles in suspe ision. 107 ul »F
supernatant was then transfer~-. to a new So-well plate, and the «ptical den<i*; .. 190 nm

ODyg( value for each treatment as a percer* ur the avarag.: ODyg¢ fo “thr ce 1 01ly con rol
condition.

)duosnuep Joyiny vd-HIN

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 10

Agarose Phantom Synthe<i<

Gd-N.' (100 pl) .o wav'r at 5.6 x '3t p~.icles/ml were combined with 2% agarose (Sigma
Aldtich 100 pl) in prehcatec dltrarure water to ensure complete dissolution of the agarose.
Sam)les were quickly m’.ced ir a small glass vial by gentle vortexing and then chilled at

1 °C vy =z.idify. Aga:rose prantoms ce=iaining *’EG-NS were prepared similarly in addition
10 1% »arcse phantoi ~s with Jut nanosk<iis as controls.

In Vitro Pha’.com '.naging

Agarose nho~tz g were imaged . five imzzing modalities: T;-weight magnetic
resonance imacit g (MRI), . -ray, erlical coher-..ce to nography (OCT), reflectance confocal
microscopy (RCM), and two-photon ..anescen~< ‘TP, ). MRI was performed witha 3 T

yduosnuep Joyiny vd-HIN

clinical scanner (Philips Ingen'a) with 2= ‘nve sion 1 >cov 2ry pulse sequence (7R = 3000 ms,
TE =15 ms, IR = 87 ms). X-ra, imaging vas \ onducted 1sing a Kubtec XPERTS80
ra liog aphv ,yster. with the radiation sourc. ot to 27 kV and 850 pA. For OCT imaging, a

of > mW. '\ fiber optic robe connected .0 the 12<~r sou-ce was placed in contact with the
tssue phantom ., 1imagin v. For RCM, a I acid-Tect Vi aScope 2500 configured with an
87 nr laser at 0 275> mW and a 20X Hbje-tive wis usrd. Agarose phantoms were placed on
glass slid<, with water between the phai.‘om and o'.ss slid~ and ultrasound gel between the
slidc anc objective as index matchers. Images werz acquire~ at 32 um depths. For TPL, a
Zeiss Lasitr Scannning Mi~,uscc pe (LSM) 510 MFT.\ with a ‘emtosecond-pulsed

Ti:sapy hi-. laser “Cnameler~;, was used. W.wmn an output pow~. of ~1 mW, the laser was set
to 810 nm t excite Z.anoshells at their plasmon rese=.ut wave' ngth while the META
detector w as cnfigured to collez: v 'o-photon 'umine_cnce fiom 450 to 650 nm. Images of
phantoms »n cuverglass were acored with a 2uX objecti. and €3X immersion oil
objective at 20 and 5 wm Zepths, respectively.

yduosnuep Joyiny Vd-HIN

Photothermal Conversior

Both Gd-NS ana reas NS ot thre_ coneontrations (16 <, and 2.5 x  0° particles/ml) in water
were irradiated within ¢'spo able cuvettes with an FAP-! diode luzer ( “oh >rent) at 808 nm,
which coincided with th_ plas.on resona~. wavelength of t 1e nanosh<uls. 11aximum
temperature values c t the “.anoshell suspet sions (n = 3) wore acquired *(th » thermocouple
(Omegaette HH5500 T“emperature Recr~ier) aftor three miwt<, of irradi~ion at th=_c laser

power settings (1.25, 2.5, and < 'w). Water ,v.thott nanoshells wz. also us~ as a control.

In Vitro Photothermal Ablation

B16-F10 melanoma cells (ATCC) w-.¢ cultured .u DMEM medi im svuryiemen..a with 10%
fetal bovine serum (FBS), 1C5 U/L per:cullin. and 100 mg/L stre} torcir Lua mainined at
37 °C in a 5% CO, incubator. Zu0,000 516-F10 melano.na cells per v ell ware see'ed nto
4-well chamber glass slides and all.wed *, adhere ov.rnight. After e spiratio. 0. the ceul
culture medium the next day, 500 ul o’ Gd-NS in DMI.M (4.5 x 107 particu s; ml) v as added
to the cells for a ratio of 7,500 paiticles per seeded ~¢ll. ' MEM without pasdcles vz, used

)duosnuep Joyiny vd-HIN

as a control. The melanoma cells w >re theu wcubated 4t 37 °C in 5% CO- Zor 2 h, diring

ynn

which time the nanoshells settled onto vo!' «=rluces. Feliowing removal o 7t medium, 2CC
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ul 1X phosphate »£2:00 saiiue (r5d) Wi s gently added to the cells. Next, cells were
irradic ted at 80§ nm and 35 Y/, Lor 3 “.in, using the same laser system employed in the
puototl ermal conversio 1 stu1v. Non-“radiated cells incubated with or without Gd-NS were
also incl 1ded for compar son. Tk. PBS was then replaced with DMEM medium, and the
cells vere incubated ». 37 °C 1 5% CO- Zur 4 1 to allow ample time for completion of cell
~2ath in ~cenonse to t erupeutic Leating. Vizuility staining was then performed according to
mar.facturor’s instruct uns, usine talccin AM and ethidium homodimer-1 (Invitrogen).
Samp! s were then imag 4 under flu ores sence z.uuc ‘oscopy with an inverted Zeiss Axiovert
125 microscope (calcein excitation/er aission: 48”535 nm; ethidium homodimer-1
cacuaton/emiss.on: 560/64< .m).

Animal Tumor Model

yduosnuep Joyiny vd-HIN

bro-r 10 cells (1 x 119in 200 | 1 P55) wei 2 in)>cted . ubc taneously into the right flank of
12-wk uia m# e Nu~ie mice (Nu/Nu, Charle: Ri 2r). Mice were kept on a 12h light-dark
cycle w'tly food and water ad libitum. All animal experiments were approved by the

Inst ‘ution» Animal Care & Use Commi*.ce (IACUC) of The Methodist Hospital Research
Tastitu*s and perferiaed in accordance with e insti 1tio 1al guidelines on the ethical use of

a .nals

Animal Imaging wity MRI and X-Ray

Anin al iraging experimer*, wre perforr-ca 10 — 15 Ju's at er B16-F10 cell implantation,
once ft me 5 had reuoned ~1 c7. 1n diameter. 1u one mousc, naroshell suspension (50 pl at
6.3 x 1012 Cy-NS/m'; was injected intratumorally, ar< wne animal was sacrificed

immediate (y pr.st injection. T;-w=iz"ted MR 1 aages wo.c acy'tire 1 with a 3 T clinical
scanner (Fhilip s Ingeni») using a sri. echo sequence (7R = €00 — 00 ms, 7E = 23 ms, slice

thickness = 500 um). As » _untrol, a tumored mon-. without i=i=cted nanoshells was imaged
as well at the saue settings. For X-ray imaging, ar.i=.a1s were in.ged as with the agarose

yduosnuep Joyiny Vd-HIN

tissue phantor: s deoeriveu above, using te Kubtec XPF™1-80 radi sgraphy system.

Tumor Tissue Optical Imaging E.< Vi o

For optical imaging expr cimen*,, the B16-F1.) melanon a tv mo1. wore cese sted from the
flanks of the mice. Tue tur.ors were then : ectivned in ha, € alo.g the micline. using a scalpel,
and imaging was con".cted within the tr=,or in2rior. For )CT Laging.  Niris Im. ux
system similar to the setup desc~iued above -, ras e mployed. Here = 1310 + 15 1 m laser at 3
mW was used and confi, ured witt « riber opt1: pr_be, which was ¥.pt ~1 m~. a7 ¢ the
tumor surface during ima_g. After image acar’,iuon, intens, v z.ofile ~.alysis witl NIH
Imagel software was performed to deter.uine differences in signa’ mtensit: s bt een tumor
tissue with and without nanor-. ucles. Fr~ cach group, a total of . 0 p.ofiles v, civel
intensity values across 250 pi Foueath tho umor surtace were acquire u. The »222n in3nsity
was then calculated by normalizing .nd av-.aging ail pixe! intensity valresn = 1530)
within the profiles. For RCM and (PL imaging of the umr tissue, t.'\e s.== magir_, setups
and associated parameters were u ied : s with the agarose t'ssue phantorn.: de scioed akLve

)duosnuep Joyiny vd-HIN
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Supplementary Mater a:

R~“r tc Web version on I 1bM xd C _atral for supplementary material.
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Figure 3.

Gadolinium-nanoshell: (G(-NS dem~astrated no tox.city i» »itro vith (.op row) HepG2
cells and (bottom row) I uman der.nal fibroblasts (HDF’,) at (1eft (olur ) 24 h and (right
column) 48 h up to 15 500 priucles/cell, .'s defermined vy en M'y'S ¢y cotos icity assay. Cell
viability levels were statisacally equivalen among the test 1 concer*zauors of Z4-NS and
PEG-nanoshells (PEG-NS) by ANOV. Error be s represe.'t standard < viation (- = 3).

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 17

<
=
o
>
>
c
=
>
o
=
<
Q
)
c
0
o
=,
©
=L
_>9( J( " 9(

Tigure ..
- Cazolinivr: uanoshel's (Gd-NS) disp: rse | within a zaro ;e phantoms exhibited positive
I cc wrast acrec, 1ve imaging modalities: 7;-weighted “nagnetic resonance imaging (MRI), X-
T Ray opiical coherence tomography (OCT), ciisctanes conincal microscopy (RCM), and
> two-photon luminescence (TPT.). Phantoms ».u1 PEG-conjugated nanoshells (PEG-NS)
é’ offere.! no contrast 1= icr MR, s nilar to th:» 19/ agarose ¢ »*)] phantom, but comparable
~
g levels ot contast to G4 v> with the four other modalities. xed “ircles in 7;-MRI column
% added pos’ imar,¢ acquisition to outline phanto~.,. Axes h=!cw n,dicate the plane across
% which phe ntor.\ images we~. acquire 1 within ec % column.
c
»
(@)
g
©
=
<
-
Y
>
>
c
=
>
(©)
=
<
Q
)
c
0
o
=,
©
~

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 18

| .
? H Water
Z = B Gd-NS/OD 1
T 2
1 o EPEG-NS/OD 1
g 0
> E B Gd-NS/OD 2
< ~
;:r" ‘ £ B PEG-NS/OD 2
al | = = Gd-NS/OD 4
D x = PEG-NS/OD 4
S =
c
7
Q
=, Laser Powe.’ (W)
2
rirure S.
Ga lolir i*.un-nar.oshells (Gd-NS) converted NIR light to heat as effectively as PEG-
nanc shells 7¢EG-NS). Maximum temper-.ure values «‘ter a 3 min irradiation period at 808
~an are uisplayed f~. nancshells in wat:r at Luree dit “erei it concentrations (ODggg = 1, 2, and
> 4 orresr<aaing to .25, 0.5, and 1 x 10! ' particles, ml - espectively). Laser power was also
T vaiedat 1 72, 2.5, and 5 W. Water aloi.< was used as 4 control and shows minimal heating
T abo e rcom temperature (~22 °C) at all powers testes. all particle concentration/laser power
J): comt inat ons are significant!:- ifferent fror: uthers and wate. control, p < 0.05 by ANOVA
= and pcst he ¢ Tukev 'I5D, n =2 Zrror bars ‘rZ.cate stand: =2 Leviation.
>
o
=
<
Q
S
c
(7]
(@]
3.
©
—
<
e
Y
>
>
=
=
o
=
<
Q
S
c
7
(@]
3.
=

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 19

<

i o

Ly

> ®

> -

c

~—

>

o

=

<

Q

)

g 5

Q )
o ®©

— —

n .
z
\igr.eo6.

Z (A) Cuuolinium Lanoshells (Gd-NS) ¢ ffecively- uolate « B16-F10 melanoma cells after
:.E pat‘icle iucubation and NIR exposure (802 nm. 25 ‘w/cm2, 3 min). Fluorescent viability
E stair.ing vas performed with calcein AM, whick ,uows liv- ells in green, and ethidium
?:> homo lime -1, which dericis dee d cells inied. Th< 1ed arca of cell death indicates the
=5 irradiai' Lu zone. (B) Cells “.iadiated under the same conditi<.s with no prior particle
= incubation .emair_u viable. Non-irradiated cells i»_upated (C, ~vith and (D) without
QZ) particles ¢ (so 1 2mained viable Scale bar = 300 um

)

c

»

(@]

g

©

—

<

7

Y

>

>

c

—

>

(©)

=

<

Q

)

c

0

(@]

=,

©

~

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 20

Z (7))
L 2
Ly
> 2
= 33
= =
=0 [
: :
< =
Q —
)
c
0
Q
=,
-O n
— .
<
o
o
=
o]
£
=
>
Z S
T :
o
> ~
>
c
5 Figure ".
e Subcutanecus B1# 71U melanoma tumors in mice showed pec’ ive contrast enhancement
QZ) with 7;-V RI 2ad X-ray after a» (utr tumoral i.jectio” ur gado'inivm-nanoshells (Gd-NS, 50
g pl at 6.3 x 101+ varticzoml). (A ~..a B) Contrast was cor©.ued to .he tumor volume
@ compared t¢ (C and D) *=.uo0r tissue without nanc >uells. ReZ cucles ('enote tumors along the
2 ight flank
=" right flank.
! &
<
7
Y
>
>
c
=
>
(©)
-
<
Q
)
c
0
o
=,
©
~

Small. Author manuscript; available in PN.C 2015 Fek,uary " 2.

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

Coughlin et al. Page 21

n) Tun or with Gd-NS

<

2

Ly

>

>

=

>

e

= B)

Q

)

c

0

Q

=,

2

= u8 1 T '

pa <

T 2 06 - |

) @ =

> 3

> = 04

c -

5 o

e é’ 0.2 A1

= S

] 1>

= With Gd-NS Withonit G4-NS

=)

=i Figure 8.
Optical coherel ce tomography (OCT) shcwed increc,ed contr~z. along the imaged B16-F10
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