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Abstract
< Copper suli’~¢ (Cn®; nanopartizics have attracte 4 in >reasing wtter ion from biomedical
% researchers a :ross the _iobe, because of their intr.7uing propert:e¢s which have been mainly
> explored for e erg - and catalysis-related applications 1o date Tius forused review article aims to
g summarize the . ecel t progress made in *ln synthesis »7.u biomedi~~1 apy lications of various CuS
g' nanoparticles. Aiter » brief int~suuction t~ CuS nanop »*.cles in the .%o section, we will provide a
= concise outline of the v.rious sv+=iuetic routes to obtain different ~.orpholc gies of CuS
Qg, nanoparticles, which can “atluence their pror= ties and p~.ential arzlica*ion.. CuS nanoparticles
2 have found broad ap)lica‘ions in vit-,, especia'ly in the di‘cction of bi~.nole :ules, chemicals, and
8 pathogens which will »e illustrated in Zciail. The in vivo uses = CuS nananai.’cles have also been
'§ investigated in preclinica: ,.uaies, including molecular imag.ne =, ith variou, tec 1niques, cancer
therapy based on the photothezl props ues 0T Lu3, as well as dri aeliverv und theranostic
applications. Research on ~uS nanopz:iicivs vill cruatinue to th ive ovZ, the nevt decade, and
tremendous opportunities lie aheal fo. p~.entir’ piomedical/clinical ~ppucctio 's of uS
nanoparticles.
<
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=
=3 1. Introduction
<
= Nanotechnology, a vibrant re xearch 2~ca over *1.2 127t several decades, ha- nad a remc-kable
% impact on many aspects of the moderr society. A wide v.tiety of nan ymat- tiais: ha -e
c . o .
@ attracted tremendous attention fror. resewcchers, becai se ¢ f their uni jue proj en'~s wkch
%- can be quite different from those « xhil ited in the bulk statc. The areas that I av e be.efitted
=L

the most from advances in nanote hno'ogy include clectronics, energy, biomedic=! science 3,
among others. In his paradigm shifi.ng lecture entitle : “‘there’= plenty of -vom at th
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bottom”,[1] Dr. Pictaz2 TUyuman nrst spc ke of nanosurgeons and nanomaterials which
could =nter the L rdv and ir‘ziuce w o the surrounding environment at the cellular level.

Su ce tien, the ever-evc lvin,' Fiomed.cal sciences have witnessed the investigation of many
clas. es ¢ fnovel and bettc r nanor.aterials, which could assist with disease diagnosis/therapy
and i11prc ve patient ranage.ent.

The r.qajor ¢ dals of nanotz. anologv in »romedical applications are to introduce new
t-.chnol~gies, and impro 7e *.,c exist ng cnes for ». re sensitive, accurate, efficient, and

tir~ oty medical procedures. With the mpiccedented initiatives such as the NCI Alliance for
Nanrot Lauiogy in Cancer that Lucompasc.s the public and private sectors, designed to
accelarats 21 ulications o€ the Lest capabi'ies of ne notechnology to cancer, 2] it is
expected that promising molecular <.scoveries 11l be e Ticiently translated into the clinic to

yduosnuep Joyiny vd-HIN

henefit (concos o nts, Tunaole phyzico hervical p -ope ties, as well as the ability to be
readilv invecti~sted/a yplied in biological sy sten s upo. Lppropriate functionalization, make
naopatic'ss am~ag the most coveted systeius for a range of applications including but not
limi*ed 1o birsensing, 2! imaging,[> ! diag.usis, ! drug delivery,[!1! and therapy.l12-13]
semi~onductine .anoparti *les have el cite « a myriac of nvestigations into their unique
p-opertics such as _uarge transport, lig ht e nission, mec.aanics and thermal diffusion, etc.,
che ractei,uc of the size scaling effects <+ nanomet<. dimersions. In addition, they are under
acti e in restigation in biomedical sciences, whick . cpresent a dynamic area of research in
molecular and translation»! .neaicine. The!: increas’sg w.mort. nce in the detection and
treatmq n* Lf cancz, and othe~ wiseases, drug uelivery, and 1n ¥Zivo biosensing applications
can be part!;, attribica to their favorable and easilv “.uable pr- sical, chemical, magnetic,
and/or opf cal “sroperties.l14151 Zyp ver sulfide (CuS) . p type serriconductor with excellent
optical anc elex trical n,perties, b, oeen extensively studiu for + arious applications.!16-21]
However, reports on its boogical applications he 2 remaine a. zely =lusive until the last
several years.
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Recently, CuS r.anonarticl~z o.¢ x .dually emerging s a pr=.uising nlatform for

(18, 22-29] mole ulai ir.agine, Y] photothermal thezapy, 31— 4] druz delivery,[33] as

sensing,
well as multifunctional a 3ents th.t can integrate both i agir g «d Jher: py. 2] In this review
article, we summarizs che c.rent status o.” Cu.> nanopar.icler in ®.omedic .| research. A
succinct discussion o °t-.¢ many forms of ( 1S ninoparticlcs and th. syntl csis proc>dures
will be described first, and the potei.ual applicati s of thes. nanor-.ucles are ictermined in
part by their morphologyv spatial oriez.ation a1d a.tangement etc. Tk vurg *.-:1g rale of
CusS nanoparticles for in it~ and in vivo applicati<ns will thua by illustrat~y in detail.
Lastly, we discuss the progress that has be.: made t~ date, as well s the mai<, ch: llenges

and future directions for these n*<.u1sing n=2~oparticles.

2. Controlled synthesis of CuS nanor.articlez

The early studies of CuS nanopart.cles were mainly fo >use 1 on the n.nosp.. 212 morznology,
whereas recent investigations involved a wider reper.oire of nanostructu. <z thac spar .u

)duosnuep Joyiny vd-HIN

three dimensions such as 3D hollo\7 ana .2l uanosph.res, core-shell parti<ics and
nanocages, 2D nanoplates, nanorods, o2 nanotLes/nar< wires which are clocoined as 10
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nanostructures ‘Fzurc 1) Tue wiewnods o synthesis vary with the morphology, which in
wirn a>pends on the nraperizs Gusi- od of “ue final product, as well as the applications it will
Le 1sec for. For exampl >, sperical (.S nanoparticles have found diverse applications in
bior.edivine, from photo. coustir imaging to therapeutic uses with photothermal ablation;
hollo v naospheres a-.d nar.cages hold =.omi ing potential in drug delivery; CuS nanorods
~ad nancw.ves have b e, succe.ully utili=cu for sensing of a variety of small molecules,
foor pathozens, and im: uunologic: lly 1>levant moieties.

Th~ synthesis of uniform and monod speise nanon-_ticles is of utmost importance to their
hinm2 2 Cai appl cations. There e, technizues for beth physical and chemical
characta=i=21 1, uf the syntl 2size 2 nanomatez.als are i.'dispensable. Characterization of CuS
nanoparticles can be performed usi= 4 a wide v-.iet,” of (=chniques, including but not limited
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to X-Rav difeo 20, (XRD), scannin< ciew tror micre scop y (SEM), energy dispersive X-Ray
spectrosconv {EDS) - ransmission electron wict yscop;,” {x £EM) and high resolution TEM
(RRTEM) atomi~ torce microscopy (AFM), rourier transform infrared spectroscopy
(FT'R), dyn~.aic light scattering (DLS), UV visioie «nd photoluminescence (PL)

sr_ctros~opy, etc. Thes_ \2chniques car proviZe wuporte nt information on the elemental,
strurwral (e <. s1ze and <h.ape), and of tica. propertie s of CuS nanoparticles.

2.1. CuS nanos>he’s and nanocages

CuS nanc spheres (Figure 1a) h~ve been prep2=.u by a vaii.; of routes such as

hydro hert al/solvother,nal meth 9d,[37-401 nicr- wave irre diat on,[41-43] sonochemical
synthesis, ** «c. In the <Luplest process, reaction of Cu ~..u S « lement was carried out in
evacuated .ubes 1ne drawbacks of this method *.crude the large arain size of the product
and high t >mp ‘rature requir<J ror th. reaction. Tr _vercome t'.ese drawbacks, hydrothermal
route was ¢ omm.2=!, used, whicu has the advantages ~* casy fabi.~ation and good yield of
highly unifor.» and »w.¢ CuS nanoparticles, at coi1para*:,ely low r te mperature without the
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need of complex and toxic oroann~m~t2llis reactants. For ex2+.ple, przcursors of Cu (CuO,
CuCl.2H,0 et.*.) and S (Na»S N=2-S,03. H,0, thic irea etc  ~vere autoclaved at 130—170
°C for a few hours to s_nthu size CuS r.anospheres of - 13 nm ‘= diaieter.”>”- 391 In another
report, ~10 nm sized CuS stabiliz~d by citrate could be s ynthe<ize! sin ply by mixing
aqueous solutions of C.Cly, cudium citra 2, a1 d Na,S tc zet.\er at “oo.n ter perature and
subsequent reaction « t 9¢ C for 15 min.[3¢! Thy size and s1 upe of th2 ancpcrtizi=s could
easily be tuned during the hydrotherr..i process "y varying »arameter- such as th.
precursors used, temperatur= or the rea~tion, i 2act’'on time, etc

Among the newly developed methods for the sy..uneris of CuS ~uiuopar*icies, micr- wave
irradiation holds great promise becarez wnis proc=.s 1s simple, fas., and eogy
efficient.[*143] With the sarr reactante = emploved in the processes stated Luuve, “his
method uses microwave irrad.~ion (~193 W) in aqueou." medium or e.aylene iyl for ~20
minutes to carry forth the decomportion r.ucess. Ou er less frequen ly repo ted o sthe ds for
the synthesis of CuS nanoparticle: inc’ade the use of carbc xylic acid. as s.!viats feo high
nucleation rate and stabilization o °nai oparticle disr_rsior.,[*5] enzymati. *-_atinent ~ 7
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dextran stabilized CuS nanosuspen tions i.. = gireen syr aetic method to pro-d.ce
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nanonarticles wik 222 Lomugenerty,t™s and surfactant-based synthesis of CuS
nanop articles. [

Hoi'ow 1anospheres (Figure 1b) »..d nanocages have garnered much attention due to their
capad ity 1or chemical s‘orage drug delivery, ¢, talysis, etc. An early report on hollow CuS

1 anosuruct. res was be sed on the s~1-assembly uf nanoflakes derived from Cu(II)-thiourea
comr'e¢x inf» hollow nar<.pneres. witl the size of several microns in diameter.[*8] Another
sady d-.nonstrated the “or~.auon o “hoi'ow nan~z heres as well as nanotubes from 5-10 nm
CrS nanoparticles at room temperatu-e.[* ™S It was <..ggested that such hollow structures may
he f2,0J as a 1sult of decomz usition of “iourea into H,S, which further reacts with the

yduosnuep Joyiny vd-HIN

Hord-1»mpl~e ass’,eed technique has also be <. used to synthesize CuS with a large hollow
cav'ty (igure 1 b).13% For this method, severa! 2:%arent types of core supports have been
use 4, incl.ding surfactar* micelle micre mulsion< [511 "u,0 nanoparticles,!5%- 521 and poly-

styre.e-acrylic) latex pan cles.[20] Ci pic- and star-s hap :d, as well as octahedral
n.non-:ucles, havz veen used as sacri icia' temnl~.es tr produce hollow CusS structures by
soi‘d-lic:.d reactions, with sizes ranging from 500 ~.n to several microns.[33-34] During this
proczss, ‘he templates are etched away in an appr~p11ate sol ent or serve as the reactants
durin,y the formation of th= sulfide shell ar »und the=.. such teinplate-based growth can be
attribu. o ither < wne Kirke=dall diffusion crtect or the procez* of mass diffusion followed
by Ostwald (penirz.

2.2. CuS nanoplates

Aside from he 3D mate:z.als discussed above, 2 CuS nar<.uucure. have also been
prepared which are relatively rare and restricted muinly to nan~iates (Figure 1c) and thin
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films.[53] Since their biomedical applicati s are not viuely exn'<.ed, we will only briefly
describe these nauostr.ctui 2s. Tho mai~« routes for p.er.iation of ( ud 1.anoplates include
hydrothermal/solvother.nal . .ethors,13% 36391 which yie'd nanopates viti edges ranging
from 50 to 200 nm depe.ding wn the reac*:on zondition: . M dst rusea™ .1 gre ups report the
treatment of precurs. r-surfactant aqueous wnicr >emulsions 2t 15U—180 °Z for a few hours.
Variation of the proce s parameters can 7 :ctd mc tphologic. | 2=.a dimensi~nal variar.; of the
resulting CuS nanoplates. Threwgn a surf><.at-ft »e approach veiug the se=>chimical
method, 20—40 nm singl ® crystal’...c nanoplates »~cre prepare 1 un-cr ambier: . co.aiticns
with in situ Cu(OH), nanoribbon templates.l*4! Gine r represen»:ive precdures ir<iude
single source method,[°%] chemical vz ur reaction,*1 and high-tr mperat. ¢ pre~wisor
injection method to produce <uiumnar »-.ays of CuS nanoplates.:*2]

2.3. CuS nanotubes, nanorods, and nanowi.es

There has been an increasing inte est 7.1 1D nanostruct ires of semicoi ducwo - 11ater’uis, such

)duosnuep Joyiny vd-HIN

as CuS, for their applications in s« nsir.g and photoc-..alys’s.103-64] These ciungated
nanostructures have found widespr.ad use i sensors uwing to their excel’ ut
electrochemical and catalytic properties, 2L will be Liefly described L =12 w.
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A wide range of »2222ui oo nave oeen explored to synthesize these 1D nanostructures,
where the param. >ters of the ©.ooes vary “vith the morphology/dimension of the end

wicduc. For example, toe diwrcters »unge from 30 to 80 nm for CuS nanowires(63-66] and
30 to 120 nm for CuS naiotubes "“% 67] depending on the method of synthesis, conditions of
grow h, a d the precvsors ,ed. Most of tLie piocedures include hydrothermal processes and
‘aeir vari.eons, whicl e.n prov:ie an easv Lud efficient way to produce good quality,
unif,rm nasostructures with high zspect ratios (Figure 1d).[20- 38, 49, 65, 67-68] Meanwhile,
.nerm-~ iytic degradation =7 copper ti iola e precwiscr without solvent, ] the use of a paired
cr i1 at room temperature,7%) and am: lose-direct= . synthesis,!7!] have also been investigated
tu1 wie preparatic n of these " us nanost-.ctures.

Several groups have utilized micror uve irradi~t;on techiques for the synthesis of CuS
24, 41,43, 66]

yduosnuep Joyiny vd-HIN

nanarade and <8 1 - strycture. under Jird bren. expeiime: tal conditions,|
whereas many ~ther r rocesses reported in t.\e li.sratur » Zuvolved template or surfactant
as.isted rorwes.[72 /5] In an early report, the sabrication of CuS nanorod arrays on arachidic
acic monolavers was assembled on graphite win enn>edded copper ions.[7#] This method
provided controllable =5 v hesis of nanc wire #7.ay> "n a wide range of amphiphilic

1 ansmuir-Bl= Ggett filme, which exhil itec desirable cha acteristics for potential use in
Sencz.s.

3. Biomedical ap)plications of CuS nanopartiz.cs

With te cizar trend U1 Increasi=g emphasis o7 interdiscip...... v and translational research
over the last jecade.[”® "1 advances in biomedical sciez.ces relv heavily on the progress
made in d’scip’.aes as varied as m~t=rial scien-vs, engin~.iiu, mithematics, computer
sciences, 11edi >al physice, among of'_ers. Nove, uiomaterials ure a :tively been explored for
superior preverties over the _urrent state-of-the-art *{anomaterials Jhat were previously
considered oniy L. uses in areas such as electroni s -.alysis, ard ge s sensing etc. are

yduosnuep Joyiny Vd-HIN

gradually gainine i~=zxiu.o0 iu viomear al sciences and #.wre hea'ch care.[30-82] The
recent progress »f CnS narcp..uc s have spanned a wide ~uuety of hiomedical applications
(Figure 2), which will L e descrioed i, the following text of uus .=2vi w ari'cle.

3.1. In vitro applications of CuS anancsarticles

CuS nanoparticles an 1 “ueir conjugates hav> becn widely 1 sed i» lie dete *tiou of
biomolecules such as DNA, met=:uiites suct as g lucose (waich c2v nave impo ant
implications in diabetes ~..a other #:.cases), fc od I orne pathc zens (. luch ce.+ 2« n=2>ful for
prevention of food poisor i=.z), hydrogen peroxide {involved iv m2.1y biom_uical prezosses
and pathways), among others. The incre~.ing popr!-.ity of CuS n~.uoparticlzs Jor 1 se in
sensing is based primarily on th2ir metal-1:'.c electrical conductiy ity « nd the ahilitv to

promote electron transfer reac tior; with b’ _inolecules.

3.1.1. DNA detection—Sequen e sp~.cific detection of 1)NA is of 1tn.nst 1 nportan .e for
many applications, such as variou s lat oratory procedr res /e.g. gene ar~lysit), »~luologin: 1

)duosnuep Joyiny vd-HIN

tests for disease diagnosis, drug screen.ng, forer<.c sciev.ces, etc. A large numb=, of’
strategies have been explored for de.>ction of DNA liybridi~z. on,[33] among whizi
nanomaterial-based chemiluminescence detection »_ias great r.omise. Wiule the classical

Small. Author manuscript; available in PN.C 2015 FeF,uary "o.

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


http://www.antennahouse.com/

Goel et al. Page 6

chemiluminesce»~7 2224, 5 uvpena on the luminescence of labels (usually enzymes) attached
t0 the nrobe DNA 1mon hy il aun to e target DNA,[34] newer versions of assays rely
ou the i'se of metal and sem. ceuductr, nanoparticles as the label. This strategy can bypass
the \1hei 2nt poor stability of enz;, mes, as well as the low detection sensitivity. Although the
use 0" Au and Ag nar_partic.e labels hae Leen widely reported,[33-86] the instability of Ag™
zad Au*" n aqueous . o' utions *Z.nains a dizaavantage. Cu2", on the other hand, is highly
solvLie in v ater and mx cn less evy2nsi ‘e for DNA sequence detection.

A *losensor for short DNA sequence : based on the Jow injection chemiluminescence
techais Lo was rooorted.[22] Liwiinol-H,O2 Cu?t CuS nanotags on probe DNA were used to
generate <o Lo niluminesc 'nee <ignal, whicl, was a rcsult of the dissolution of Cu™ ions
upon hybridization of the target an ,robe DN “ sec uen *es. Enhanced signal intensity was

yduosnuep Joyiny vd-HIN

voltammetrv £ A SV) ¢ 211, In addition, the in ensi‘y of t *< signal was found to vary linearly
wi'h th= cewcentradon of the target sequence, with a detection limit of 5.5%10713 M of the
targ >t DNA. “hen compared to Ag nanopa*.icie-bas>d systems,[37] the luminol-H,O,-Cu?*
se” up w-.s reported to “o zimpler, faster, less ~..peimive, and easier to fabricate. Modification
(fths DNA rzy0e with w3 nanoparti cles requires r el shorter time than the Ag
nan~particles (2 n vs. 116 h). Subseq.'enti,;, ~= impro ed sensor with lower detection limit
anc hig’er sensitivity was reported by the ~2me =, oup. i~ which the signal amplification
abil1 y o1 Au ions and Cu®" preconcentration w~., exploitc. ~imultaneously.[?3] The hybrid
systerr of Au and CuS r:uvided 1 detection limi* .s low a " 4.& fM (10715 M) of target DNA
with gcou sperilicity, as i=aicated by significantly weaker ~.gn. | when there are two base-
pair misme .ch be*ween the probe and the target DM A.

Using a siinilar setup. - .uore sen<ilive and accurate technique for quantification of single
nucleotide 1. ~lymorphism: (SNPs) down to the at*sinolar (127" M) concentration was
developed (Figure 3).127] This sensor was based or. ZNA polym-iase induced coupling of

yduosnuep Joyiny Vd-HIN

monobase (e.g. guanine 1n this study) fun tionalized n==oparticle ;.robes to the
corresponding s.:v. ui the mutate  dourie-stranded L'N A sequence 1n.gher sensitivity was
achieved by incorporatiag A nanczarticles, each of whira was 1vaacd with ~80 CuS
nanoparticles for chemil’.minec_ence deter*.cn of Cu?" ions (ge.ercter. by dissolution of
CuS nanoparticles). "« was ,uggested that . highly sensiti e teciique li'-o this holds great
promise for future gei cc diagnostics an! cvolu‘ionary stu dies

As we described above, » .umber of ~cports e."pot.nding the vse of (25 nan ~;.~~*icles for
DNA detection exist in tl e "icrature. However, sirlar studie.’ on ~ther Ci Lased
nanoparticles (e.g. oxides) are largely nor xistent. T : one report, " uyO holl~~,
microspheres were employed for ..uethylene Line-based DNA bic sensing of Henatitis B
virus, which had a detection i'mit ~Z~10710 2,1,i°%1 ¢ reral orders « £ ma sartude less scnsitive
than CuS-based DNA biosensors (tyrically Ie= . i2an 16713M).

3.1.2. Glucose Biosensors— Non invasive detect’on ¢ f glucose lcvels I as imj,ortant

)duosnuep Joyiny vd-HIN

implications in the monitoring of .nany diseases s*.ch as iiabetes, which affect m:iuons of
people worldwide. The first biosens ot for glucose w=s devele; ed to mon ' wor gluceze
oxidation about half a century ago, which was based Lu the enz me gluco.c oxidase
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(GOX).[89] Big «#+i422 1., ¢ Uoen made sice then and many glucose biosensors have been
develuped, based' on nanos-zic wud .nesor vrous electrode surfaces incorporating metallic
zu/or emiconductor n.nop ut.cles. ~nese strategies allow direct transfer of electrons
betv een the electrode an\! the er~yme that is trapped within the pore, thereby eliminating
the nced « f mediators CuS ranoparticles, with metal-like conductivity, provide low cost
lternativcs to noble 1. e*al-base? uetectors .ud have attracted significant interest in this
fiel .

Gl-.ssy carbon electrodes coated with muiu-walled ~arbon nanotubes (MWNTs), modified
with 270 10 crysaalline copper ~Zsulfide (C2,5) nanocrystals ranging from spherical to
triananle= =1 _lixe morpho'ogv ‘were used *. generat. glucose sensors.l%] This sensor
design was found to be much more -cusitive te Z1,(, (1« leased upon glucose oxidation by
GOX) writh ~ 220 on limit 01 50 M as dppesed tc 10 | M for the conventional GOX-
based sensnr A possile mechanism for such erhance ! puotocurrents was attributed to

yduosnuep Joyiny vd-HIN

dir=ct ¢ nd ~.ficien. electron transfer from catalytic, photoexcited Cu,S nanocomposites to
iy

the MWNTs .orming an electrical network “..ougn irect contact.

‘he d_naturatie~ ot enzyn es during tl e ir.mobilizaiion srocess in GOX-based biosensors
hus sevziely impe<oa their widespread use For emampl e, the enzymatic activity can be

inl uenc~Z oy temperature, pH, humidit, oresence Lr chemicals, etc. In addition, there are
also seve ral other concerns associated with the m=2, produrion of these sensors, high
depetr den. 'y on oxygen, se~.1t1v ty to elect oactive ‘=.cricvenc s present in the real blood
samples <.c.[%1 Tierefore. ~.zyme-based biosensors have bez gradually replaced by more
stable and r_tiable . u-enzymatic detectors.[%2] Sinez wnese se .ors rely on the direct
oxidation >f g] ucose at the elect-ue surface, v hich i< Linetica'ly « very slow process, the
electrocatz lytic oropert:cs of the e'_ctrode material play a r.votal - ole in the performance.
For the devclopment of e~..yme-free biosensors, » sule met='s, .. otallic nanoparticles, and
their alloys have been extensively investigated as ¢ 'cctrode mate.1als. 931901 However, low
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selectivity and ‘uguer cost of Au- and Ag based sensore liave hind_red their widespread
utilization. In cciiust, Cu-nased anom uterials, espe tial’;, CuS nar vpa:ticles, may provide
a low cost, highly selec ive ..d reli~ole alternative.

While most applicati~as of ~ZuS nanoparti-les ire based n e r-.iospher. morphology,
glucose biosensors mi.y use nanotubes b caue of their .xceller? clectt caiiiytic
properties. The CuS nanotubes emziuyed as elecirodes in b.usensors Liave beer generated
through a number of rout~.. solvothez.ual ole1 aci 9/water miroemn'zion sy<i-1,[24]
microwave assisted trans or=..ation of Cu complex: into CuS nan “tubes.[28! and self-
sacrificial template method.[2! In genera!, CuS nane ube-based bizsensors b=, e
demonstrated good detection carzuility, ser<.uvity, anti-interfere 1ce “sroperty.
reproducibility, and stability. Simil~, result~ Liave aise heen reporte = ror other sensors based
on CusS nanoparticles complexed wit'. mesor~zous ~arbos 126! nanoc ystzis »f ~uS Pt ind
SnO, grown on carbon nanotubes. %3] 2., well as other sopj er/copper ox.1e-bseu
electrodes.[?3: 95991 However, a 11ajo  hurdle for the "se ¢ £ CuO and 11,0 1a 7 wires a°

)duosnuep Joyiny vd-HIN

electrode materials is that most of the s 'nthetic rzocedu~es reported to date are Z.ueling »~.d
time consuming.
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molecles such « s DNA an? _luco- o, seviqal literature reports also focused on the in vitro
usts ot CuS nanopartici>s fcr rouer azplications. For example, a CuS thin film modified
cape citiv e immunosenor vas devcloped for the detection of human IgA antibody in serum
samp.es, »1 which a g~at ant*-numan IgA .atib dy was immobilized on the CuS thin film
“lectrode,. 1011 In anc *b-c repor, an electr~_iiemical immunosensor based on CuS

nan~ partic! .-MWNT cc.posite o' ctrc les was constructed for the detection of food borne
pathocens (e.g. alpha-sa..wonella), v-hicl can k.ve applications in mitigating food and water
poisoning.[102] In both reports, the ir munosense:, were found to be reusable, sensitive, and
specttic to the desired analy*zo.t'V1-1021 7, an inter=.ng study, bioactive nanocrystalline and
wauipruous CuS was found th < pecificallv Zud significaatly induce apoptosis of human
cancer cells by entering the cells =.d localizit ¢ 1n specii’c organelles, thereby producing an

yduosnuep Joyiny vd-HIN

cuii-proiiteratve response.l193. Neial ce'ls, Eowever, w re reported to be largely
affe Lo

3.2. In vivo imaging an~’ therapy with CuS nanop-.acles

*dolec .aar imagin< s the risualization, chetacterizaiion, and measurement of biological
r,cessee . the mole_ular and cellula - lev els in hv-aans and/or other living systems.[104]

Generally <z caking, molecular imaging includes the w.se of optical techniques such as

bior 1mii escence and fluorescence imaging,'-*~ V7] ~.,ulecu'ar magnetic resonance imaging

(MR.),[13] magnetic reson2=... spectroscez y, positror ~miss on tomography

(PET),1109 1101 taronica ultraserud, 112 ~2 single-ph.ivu emission computed

tomography {sPECT) "' *>~114] Combination of molecr’.. 1mag1g and anatomical imaging

(e.g. MRI and romputed tomograrty [CT]) is .ow com=.,ui, uscd to provide

compleme ntar * and more Jetailed ir ormation. 7%~ +15-16] In 4ddiion, many newly

developed 1 10lecuiar imagi= techniques are increa~:.gly gaining pooularity, [0 8 117-118]

among which 15 l.ow0acoustic imaging (also calle 1 ez lvacoustic ' may ing).

yduosnuep Joyiny Vd-HIN

3.2.1. Photoa >oustic im=22i=3 -Phot acoustic i.naging “_ues on the absorption of short
laser pulses by molecu. s i1 th< oodv (e.g. hemoglobin and Z.. 1 nir). or ¢xogenous contrast
agents (e.g. Au and CuS nanopar.cles), to generate heat whi~: <ar lead to ‘ransient
thermoelastic expansi~n and altrasonic si;nals 18] Hen og.~bin - bsorbs 1'ght strongly at
~530 nm, making it « sviable endogenous ont ast agent f~. phote~_oust’. i1°%z21.:9 of the
vasculature. Although photoacousti~ .omography (PAT, i.e. ‘omograr’.c photo2zoustic
imaging) can allow for im~_ing of des,cr bio.ogical tissue (e.. a few ~outn 124 +s), its
potential use with endogc noz contrast is signiaicantly hampe ed vv tissue a*sorption » .d
scattering of light at visible wavelengths.

Exogenous contrast agents tl at absorh i the near-infrared (NIR; > 7(-9 nr) range c.n be
used to address this issue, sinc. the abeLrbance of biological moleculr s is a* a ninimuin
within this wavelength range therel y pre~ iding a rela‘ivel ’ clear wit dovv foi in ac.ng with
optical techniques.!!!3] Single-wa led -arbon nanotubcs (S ¥NTs) and' varic 18 Au

)duosnuep Joyiny vd-HIN

nanoparticles remain the most wic'ely 1sed nanostr_tures for contrast enuaucemer* i
PAT.I'19-120] Some major limitatio.'s of Au uanoparti~ies include their der _udence of
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optical properties ~= Zl..pucawcu cnemisities and environmental factors, relatively large size
whick can result in ranid cl<ziuuce Uy the (ceticuloendothelial system (RES), etc.

In a recent study, CuS nanoparticl~s was reported as a novel class of contrast agents for
PAT..30] 4 NIR laser scurce o7 1064 nm w2 c.osen for its low absorption and scattering
coefficien* in normal ‘iss*.¢, whick Lan be sie~.iicantly absorbed by CuS nanoparticles. Of
note. “aany + f the other cz.urast agents used for PAT (e.g. organic dyes and other
ranopa~.ucles) have thei akzorptior. ma: ima bet~. en 560 and 840 nm. To tailor the CuS
nar.oparticles for optimal absorption t 10u4 nm, th. stoichiometric ratio between the Cu
and € = _cusore were adjuster Lo synthesi—c CuS naroparticles of 11 + 3 nm in diameter.
Snecceccfl 1 apiug of the Iy mpb L.odes and *.ain was chieved in mouse models (Figure 4).
Even when embedded at 5 cm depth uto chick~.: bi<ast, these CuS nanoparticles could be

yduosnuep Joyiny vd-HIN

imaoed with L% [, plane resclution £ -sL9 un) and sens ‘tivity (~0.7 nanomole per voxel).

L1 ese rrom’,mg f.udings suggested that PA." inaging with CuS nanoparticles could be used
for ~lim.al apzcations, such as imaging breas* '22ians up to 4 cm deep, as well as other
sur_rficie’ tesions in the ~kin, limbs, he~a and neck, and lymph nodes. Traditional PAT
magi..g relies ~7 we gene -ation of co itras. by diffes enc s in the blood perfusion between
nurma! Lud tumor 4issues, with the lati2r tynically” veine, under angiogenic and hypoxic

coi ditior2. However, such intrinsic con.ast may b~ inaderiate for early detection of cancer
or i11agi.g of deeper tumor tissues. If specific tur .. targeti-.g can be achieved in future
inves igat ons, these CuS ».uop wticles cai nave ert.auce 1 spe cificity and sensitivity for
potentia] <imical =se, with th2 optimization ur an efficient las~. source. Besides CuS
nanoparticl~s, phosziolipid encapsulated Cu-neoderz.a0ate n2-particles (80-90 nm in
diameter) aave also been investiZate d for high.y sensi*Zve sem nel lymph node (SLN)
imaging u. ing *AT.1121" y1th the “..uted number of literat:.¢ repr rts available, it is
impossible v~ compare th< in vivo performance of e “soft” Tu noly mer complexes with the
“hard” CuS nanoparticles, which clearly warrant fu:er investicution.

yduosnuep Joyiny Vd-HIN

3.2.2. Phototh e\ ab’auun- -lhe Jroperties thot m=l.c CuS rzzonarticles suitable
contrast agents for PAT ima,vi-.g als~ render them good c~.iaidawcs t27 ohe ‘othermal ablation
applications. Although t) e use ~. CuS nanor: rticles for ime zing aplic atio 1s is rarely
reported, their applic.tions 1 cancer therady a e more ex‘ensi"'zly invest: sated.
Hyperthermic ablatio especially phototh~.mal ablation, i: an a~%;ve area of icseaich where
CuS nanoparticles are increasine';, veing emnloy *d. Generaily spe=iung, hvper nermic
ablation can kill tumor cziis by hea*...g them t» 40 45 °C, in ¢ manrz, that t..= orr=onding
tissues are not significant 7 artected, since the sev<, >ly hypox.- ar d low »'{ regions ‘.
tumor microenvironment make cancer c=lis more sewsitive to heat .nan normar sel':.[1221 A
variety of heat sources have be~., utilized ‘..cluding microwave, mag aetic field,
radiofrequency, and laser stin ula*n 11231

Photothermal ablation with a focused, s'.un penetrating NIi* laser be: m (fypicall, m the
range of 700—1065 nm) has been :xplred for the trea’ mer ¢ of severai tumo 't 'pez. A sevare

)duosnuep Joyiny vd-HIN

limitation to the therapeutic wind« w is nosed by th.c non specific absorption of kzu by
healthy tissues between the laser sovrce and the tum<r mass This has mc uvated th2 scach
for novel photothermal agents with increasca photot*..rmal effi- iency, the.coy reducing tne
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nanos ructures ad simerstriiiaiost 1 as nnotothermal mediators offers several advantages
ovor metal nanostructur 3s st ck as A1 nanoparticles, the most widely used photothermal
agel ts. }'esides the low ¢ st of r-oduction for CuS nanoparticles compared to Au

nanoy artic les, the me~uanisr. responsibl< (or MR absorption by CuS nanoparticles is also
~dvantac_c1s. While be NIR 2k orption of Au nanostructures stems from localized surface
plas“on resonance (LST),1124] -1t 01’ CuS nanoparticles rely on d-d transitions of Cu2"
.ons. €uch phenomenon :! intra-bar.1 transitie ap,ears to be characteristic for CuS
p-aostructures, since deviations from this stoichiz.uetry (e.g. Cuy_S/Cuy_Se where x = 1,
3.2, u.U3) have t2en shown *o exhibit T SrR-based *(R absorption similar to

ram-
iavals,t = 14Vl

yduosnuep Joyiny vd-HIN

Such a diffe=2 20 1G5 two impd rtant i=,piiaticns. Fiist, tie absorption wavelength for d-d
transitions ne=l-5 at ~00 nm, which is in th> NIR rang = uad suitable for in vivo applications.
TLis el mirutes thc need of specifically designed CuS nanoparticles which can require
spedial and sometimes complicated procedr-cs. un [e other hand, the maximum absorption
w-.velenzh reported f~. ; u counterpar’s doe< ..o «xcee 1 850 nm. Furthermore, the
«bse.oance 2* 2u0-980 .. is stronger tha ( that at 8( 8 n' n, the wavelength commonly used

31'Sean=2, LSPF. absorption of Au nanoparticles is

for i~ vivo photz.iermal ablation.[31: -
infiuenc ed by the dielectric constant of thic snrrezding ~.a'ium, which may consequently
have a sL.ift in the absorption peak once they ar~ ueliverec . * the desired cells. Such
comp.icatidns are not 2~ ucable to CuS naiopart:cies, since ajsorption wavelength due to
intra-be.ad tran<.uons in .5 nanoparticles 1s not affected 7, wn ® size and shape of the

nanopartic’es or .. solvent.

Quantum «onfirement <liects, how Uver, can intruence the ~Usorpt on intensity of
nanoparticle~ of different .izes.[>1: 341 CuS nanop-.ucles tvricaily have molar extinction
coefficient on the order of 107108 M~lem™!, whii %, 1s compar2.e tc Cuy_,Se and much

yduosnuep Joyiny Vd-HIN

higher than tha o1 organic dyes and quan‘um dots (tyrizaity 10°-15° M~ 1em™1).[126]
Another advante.z. vi dhotdtherm .t abl-aon with Cuy n~uparticle , vompared to Au
nanoparticles is the sme'l si. =, whirii can lead to better tr.nor tarcetu.. efi‘ciency and
potentially faster renal ¢’ zaranr.. To date. *.c smallest ¢ u ranos‘ructr es s 10wing NIR
absorption were repc rted t= oe ~30 nm in diam. 3ter,l127] v hercus CuS nevoparticles as small
as 3 nm could have N"Xx absorption.[31] F'_weve -, one major dr= woack of using Cu.”
nanoparticles for photothermal ~Liation is t=.. pocr photothermal -~unversion ef.ciency,
which in turn requires vi 1y high e~..centration of ¢ 'uS nanops rticles (or prac::ca.
applications.31]

To overcome this limitation, sev-.ai1 strateei<, nave been explore 1 to .nodify and optimize
the physicochemical propertis of Zus nar<parucies. While one s.weg; involves the use of
local field enhancement from Au nar sparticle Su. fi~e plasmon coup’ing.!” " ar othe r re sort
suggested the use of core-shell sto.cturrs with ZnS she lls ¢ round the Cu.® cot s . the
future.3!] According to the theor  of rapped excitonr, exr itons confir.~d in th zure of »

)duosnuep Joyiny vd-HIN

small sized core-shell structure ca.» exl.’bit great<. absorsance and stability.
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The nse of flowar 122 L, Giopuue supers ructures of CuS was also proposed to enhance
their ¢ bsorbance of NTR light .. - .ototh crmal conversion efficiency.[>3! These uniform and
zacnod.spersed 3D supestru ctices wece synthesized by the hydrothermal route, which were
asse nblud from hexagon I plate- .ike building blocks (Figure 5a). An enhancement in

absor tion and ~50% Zacreascd photothe~.ual ¢ ynversion efficiency upon irradiation with
£80 nm '.sor was obscrred for 1o CuS surcstructures when compared to the nanoplates
(Fieure 5b . it was sugg csted that the fe ceted end planes of these crystalline superstructures
could ~.ct as laser cavity -.rrors for ‘he ¢80 nm Iv1.2 light. The efficacy of these agents for
pr.otothermal ablation was evaluated >oth in vitr and in vivo, which showed that even at
veiy 1ow laser power densit or < 1 W/~..=, the Cr€ 1 anostructures were capable of
sauacing cell death in vitro (¥igare 5c). Fzaermore, h'stological examination of tissues
harvested from tumor-bearing m‘<. revealed 'egenc ratiy e necrotic and karyolytic regions.

yduosnuep Joyiny vd-HIN

3.2.3. N5 I Liiver y—Metastases are the cau.'e of 457 of human cancer deaths.[128]

Al hou h ~ueme’uerapy remains the treatment modality of choice for most advanced

canc ers, it is carely curative and has signifiant toxici7 because of non-specific distribution
o the ¢ wotoxic drue=, wl ich severely "mmite {iie maxim 1m allowable dose.[12] On the other
1 ar 4, rapid <liminatior Lud widespree d d’stribution of t!.e drugs into non-targeted organs/
tiseuos manda*_s the administration of 'arge Guses to Fe therapeutically effective. This

chen othc rapy. Therefore, development of bir~uinpatible wa: soted drug delivery platforms
will si2nif. cantly imnr2 ve metas atic cance - pat' _ut manay em« nt. Because of the large
surface area/l~.ding car~ ity and versatile chemistry, nar<.uatc "ials are excellent carriers
for targete . deli~ cry of anti-cancer drugs.

In an inter. stin. rene~:, CuS nar- particles were investie~ta as d-ag delivery vehicles,
where hollov” CuS nancarticles (~55 nm in dian cter) wer< uui.ed Jor ablation assisted
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transdermal drug delivery (Figure 6).13%] Short (fer.it0- to nane=_conc ) pulsed NIR
irradiation (1.3 -2.6 W/cm?) of the skin, n ediated by " us nanor-.ucles, led to focused
thermal ablation u1 e stra um c~meur.. The use of sh~.. pulses re. ultcd in rapid heating of
the CuS nanoparticles t. a h gh ter.perature, which was *.ansmittcd quicki 7 to the tissues in
contact, followed by an _quall; rapid coc'i.g of the nanopa ticle: av t-.¢ en | of the pulse.
This strategy ensure' that ‘ne temperature Hf th.= skin never exceeds 40 50 °C in the
localized regions, whi.n were coated wi*., gel fc ‘mulations of Ziug-beari-.zg CuS
nanoparticles. Although such »!_vated ter ¢ atur » did not prod-:.c any se* >re \'amage, it
was sufficient to locally 1isrupt »2.u decompos > t. keratin n¢ tworis and cat »¢ ¢ ,ora>ring
of the stratum corneum, wnich facilitated the 1z iake of hollow “*us narspheres b-aring a
model hydrophilic “drug”, fluoresceir .sothiocvrzic (FITC)-labe’ed dext-.u. Ti ~.inographic
and fluorescence microscopy swudies corlirmed localized heating of 1 e eniZ s ¢ NIR
irradiation, as well as subsequ ~... enhar~cd penetration of FITC-dextr.a. Simi'ar . >sul s
were also obtained with a macrome’ecular urug, humn giowth horn onr. Tekei te et er,
this technique holds the promise f)r ef icient delivery Hf h' drophilic 1rug., nioteine, and
vaccines, which may not be amenble to oral or intr~venc .s administrau. 2 and car Lo
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obstructed by the hydrophobic stra um cu.zZuu barrie.
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Extensive reseav~h ~£211 Lias voen aevote 1 to the development of different families of drug
delive 'y nanosy: teme euch =5 poiy- .ers a%d organic/inorganic materials, each with their own
oot of alvantages and disady arzages. [© 119- 130-134] Because of the broad compositional and
stru tura' diversity, hybn 1 orgar’c-inorganic nanosystems such as coordination polymer
comp'exe are of sub<.antial interest as 2= cme ‘ging class of drug nanocarriers.[!135-136]
Lesides ~.¢\7 formulat o~.s, inne~ auve stratcgies for enhanced cargo delivery are also being
devrioped “these strate sies incln. spe cifically targeted delivery, extraordinary drug
wadirg, controlled and ¢~ vironmen. ‘stin uli-rezp01 sive drug release, etc. CuS nanoparticles
b~.d the potential as a novel class of - 'rug deliver;, agents which can mediate drug release
anough their phe tothermal »zoperties. T..erestingly, ) reports exist to date on the use of
Susa cu-based nanomateria. « “ur drug/ge=. delivery ajplications to the best of our
knowledge. CuSe nanocrystals. ¥~ their hig'« phot the. mal conversion efficiency

/ Anass 1A

{ 2376),-—+ can be yromising ar-.uates ‘or t. ermai -ass.sted drug delivery. In addition,
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rarou” CuS 1ralow nanostructures have bedn svathesized by thermal oxidation of CuS and
Cu S nonvparticies, which may also represent promising nanoplatforms for the delivery of
ther. peutic wgents.[137]

<.2 4. Therzaostics- "ineranostics wkch combi.aes Hoth therapy and diagnosis into a
sirzic platfore:,t-28-1391 is a highly dy.-amic ..search .rea over the last several years. Many
nar,oma erials are been actively explored vz *=2.anosti< apy lications because of the
enor.nou. aspect ratio and/or si'rface area that tiiey exhibu, . hich can allow for attachment
of mu tiplc copies of v=.ious the anostic m yieti<, such as maing labels (e.g. radioisotopes,
fluorescent dves, etc.). t~zeting ligands (e.g. peptides an untit Hdies), therapeutic agents
(e.g. drugs, genr., etc.), as well as various polvr_is (e.g. PF(5) . enhance their water
solubility ind siocompatibi':ly. Ultiately, the >o+.uination o’ difi erent targeting ligands,
imaging lavels, J2orupeutic drigs, and many other agens may all v for effective and
controlled deiiverv ~f (uerapeutic agents in patien s, wh*Zii can be noi -invasively monitored
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nanoparticles h.'ve also been investizated or cancer ueranosti_s.

Photothermal ablation Las rc centlv attracted significant ».cention . s a 1 coi egional,
minimally invasive alte.ative .0 surgery Tc , on the o her hand is » wide¢ ly used imaging
modality in clinical \'ncol~ gy for cancer diagnc sis, staging ana evalua*:on of therapeutic
responses.[!14171431 In _ne report, *Cu-1=Ueled h rpericin w1s i vestigates to non-ir* asively
assess the response to CuS nar- particle-b~,e 1 photothermal abl-lion therazy ir mouse
tumor models.['#4] Hum 1 mam=.ary BT474 t w.-bearing rice -vere injec’ va
intratumorally with CuS ranoparticles, followeZ vy NIR laser (~.aiaticn 24 h late~. Uptake
of ®4Cu-labeled hypericin was found *2 ve signifizantly higher in e tre>¢ou m ~2 compared
to untreated control mice. Si=.¢ **Cu-l>% ied hyvpericin exhibitec higer bi=ding anity to
phosphatidylserine (PS) and " sphatid;, icthanolamine (PE) than to p’.osphati iyicholie,
elevated tumor uptake upon phototlermal Lvlation w.th C.1S nanopa ticl ;s was att*.bufed to
the breakdown of the cell membrz ne a «d exposure of ] 'S/P 3 to the Py'T tia. 21
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Recently, radiolabeling of nanopai ‘icles with PET/SPE( [ isotopes have gain~2 increasiz.
interest for evaluating the pharmacoxnetics and t.uor tarczur. g efficacy »f varisus
nanoparticles, since PET/SPECT is highly sensiti~-., quantitati- e, and clinical
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applicable.l1140) Howrao-o 10 iuajor conce »m is the potential detachment of radioisotopes
rom i'anopartic. 2 incide t“2 wauw- . body, which can cause misleading findings since PET/
Se5C1 imaging detects the -ac.oisot~pes (whether they are on the nanoparticles or not) but
not .he nanoparticles theiselves rherefore, high in vivo stability of the radiolabeled

nanoy artic les is critic~: for r.ore reliable caper mental findings. In an intriguing study,
~aultifun~awnal, chelaor-tree. Py modificd, v*Cu-labeled CuS nanoparticles (~11 nm in
diar-cter) v cre constru .«ed to ser » as hoth a PET tracer and a photothermal ablation agent
:n live .umor-bearing mi . (Figure *).[3¢! Sines CuTl, was used as the precursor for the

st athesis of CuS nanoparticles, ®*Ci "1, was adr2J during the procedure to prepare %*Cu-
iaveted CuS nanoparticles, = which 40 1s an inteZ.. 1 building block of CuS rather than
T vomplexed through a (hzlator. Asids (rom the enhanced stability, this design also
presents several desirable proper:cs such as ¢ 1se ot synihesis, small size, higher tumor
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Gevwinutauon and he1ce better m2z:ag recults, as we'l as strong absorption in the NIR
agior { 550 +.n). The PEG-[*Cu]CuS nar.opa» ‘icles cxhibited significant uptake and
retonticn “a U87 auman glioblastoma xenografts in mice, based on the enhanced
perr.eabilit; and retention effect, which v.s successiully visualized by non-invasive PET
i~aagins,. Upon NIR laser ‘rradiation, s'gns ~( therm ynecrosis (e.g. loss of nucleus, cell
sriakage <ic.) were otoerved in mice tre: ted with *lie n inoparticles. Overall, this proof-of-
pr uciple stn, demonstrated the poten‘ial 01 LuS naroparticles as a promising

mu. tifur ctional platform for image guided pi.swthermii abiation of cancer.

4. Summary and fuiture perspectives

It’s been mr.ce thar 7 aecades since the declaration ~£ we “W=~ un Cancer”. Tremendous
investmer : has been devoted to ~.u er researc., and i* s clear tha. personalized medicine is

the key foi imp rovine ~linical car<or patient management >vanote chnology is one of the
most promising tools for Luth ex vivo sensing apylications »=4g i vivo imaging/therapy

applications, as 1llustrated in this review article fo1 ZTuS nanopar.cles, an emerging class of
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promising nant paructes with many desir. ble features f=. oiomedi-al applications. Not
limited to cance., tiwo Cu > nancyartic! s can also piwv =aitiple ro’cs . other diseases
because of their versatiiity a -« mul*.runctionality. Target’.ig ligai.1s (..one has been
successfully used for Cv 3 naneparticle-bacd tumor tary etir g, tc the br st o “our knowledge),
diagnostic labels, an : therspeutic agents n ay &'l be accor,mouaed with.i the nanoparticle
because of its small s.~¢ and resultant lar. surf. ce area. E< vivs nanosensors and 11 vivo
imaging are both critical for fut-zc optimiz~< on ¢ f cancer patient ..anagement, and a
combination of the two « an offer <, uergistic a'var :ages.

In this review article, we have discussed i~ uetail the methods to s ..nesize .S
nanoparticles with various morrkuiogies, a< well as how they ha 7e b-.cn investioated in
multiple disciplines of biome lical ~_search cucn as . itro sensing, in vivo imaging,
photothermal ablation, drug delivery and ther=..osiis. Aithough ther are .nicl les:
extensively studied compared to r any ~cher nanoparti :les ‘e.g. thosc thet are mugnet’c
and/or fluorescent), CuS nanopar icle: have proven thems: Ives to be Lichly veezule and
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readily tunable for various biomecical cnplicatir~,. Mar y critical proof-of-prir<;ple
experiments have been reported in 1. 7e animal mod<is (e.g AT, phototh.rmal a*l.uon, drug
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delivery, and ther~=22til0), i 15> cxpected hat many more studies will emerge in the near
ruture for CuS nnorarticles <. lucrr oxhib’. a variety of desirable properties.

Res »arc in the near futu e should (ocus on developing better targeted CuS nanoparticles for
great °r sg 2cificity in vi~, 0. To uate, the inve<iy ation of CuS nanoparticles in cancer research
«te alruost 2xclusivel ' based on n~ii-specific ~ccumulation of these nanoparticles in the
tumor, takin y advantage -~ wne leaky tumor vasculature. Improved tumor targeting efficiency
i~ needeu to reduce the 1 ide Lirects »f ar.ti-cancer ‘rugs and therapies on normal tissues,
which is one of the major barriers for successful ad* ancement of various nanomaterials
heve= 2 Liuan an'mal studies. A zother asr<.. of CuS nanoparticles that needs improvement
is their =L ot CJuversion effizien~;. Une mai~, applica.ion of CuS nanoparticles in
biomedicine is dependent on their »% ity to ce=2vert NIk light into thermal energy, which

yduosnuep Joyiny vd-HIN

greater the conorsion . efficiency, the lower will be the 2use needed for hyperthermic
proced wes and th o greater will be the possibuuty of future clinical translation. The favorable
proj erties ar . biocompatibility of CuS nan~ arucic. merit further research to develop them
ir*v mor~ sophisticate” a.'d multifuncti snal s7,won.. Th 2 many different morphologies and
turfe.ce chemisutes of (25 nanopartic es « an be exp ore | to enhance their drug delivery
can~Liaties. Vaious combinations of | ollo. >z, vus/cr re-shell architectures, polymeric
coafing, and functional moieties (e.g. imagino/th<,apeuti< azents, genes, targeting ligands
etc.) can >ffer numerous new avenues for future ,csearch.

Resear =k La the Fiumedical ~pplications of CuS nanoparticles ;s still in its infancy. A few
major chall~.ages th=. need to be overcome in future ~_search i~ lude: 1) The prohibitively
high powe r of "aser that is need=Z 1 r CuS nanHpartic!< activa.‘on, especially under in vivo
conditions sev >rely liwiws their thz,apeutic and drug deliv~.y app’ications; 2) Proper surface
modificatior s and precis= control in shape/size di-uibution ~z¢ wmpe.ative for successful
future applications. Simple, clever, reproducible, a =4 scalable tezanic aes need to be

yduosnuep Joyiny Vd-HIN

developed to n anuiacture more uniform, appropriatelv c.zed, and Lioinert CuS nanoparticles
with reduced REC oy testiation, < ptim~. pharmacoki1et<,, and po cuwl renal clearance; 3)
The in vivo interaction »f C 'S nanr particles with the bocy is unk1ow.» an 1 difficult to
predict, casting the great_st hur.te to sucees,. ul clinical anc conmercil tr nslation of these
systems. More resea ch effurt on elucidating th. 2 pharmac ~kincucs and »seential toxicity of
CusS nanoparticles in . ~.ammalian system« are re yuired before ., comme ‘cial applh. ations
of these nanosystems can be en+i,aged.

Many other hurdles also .'e~2 10 be overcome in te=:ns of clin.zal . nplicati~=., of nove!
nanomaterials including CuS nanoparticles, rrom the idea conceptizu of a ne(1
nanomedicine to its eventual anrr,val for c'.ical use.l140: 1451 F yr ey ample, there are many
commercial and regulatory ci allerzos to be lackiea with the emeryiug coneration of 1. ore
complex nanoparticles, in part owing o their *..iucompeaent nature Howvever on a
positive note, some highly comple < nar oparticles have rea hed clini “al .ials [!=“+ Al*aough
these and potentially other challer ges exist for the tra-islat on of nanoy.~rticl 3s k.. are

)duosnuep Joyiny vd-HIN

currently research tools into apprc 7ed | roducts 2, patiets, their tremendous rzicntial
should drive the development and cctinuing emersonce of =o 7el nanope rticles 2. cancer
imaging and therapy. The integration of diagnostic :.uaging car ability witu therapeutic
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interventions (i = *:criioouws 15 critical ‘or addressing the challenges of cancer

neterc geneity an1 adantaticz. Liuc:. remeas to be done before this can be a clinical reality
zu cot tinuous multidis ziplinet y effr.cs on the use/optimization of various nanoplatforms
(inc.udir g those based o1 CuS n-.uoparticles) will shed new light on molecular diagnostics
and n olec ular therap+. It ha< oeen sever~! uecades since applications of nanomaterials in
Yealthcars vere first corceived Tue field »2.uains largely untapped and offers ample
opp~tuniti_s.
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Figure 1.
Represcutative uansmissiza electron micrographs of CuS - un Jifferent morphologies: (a)

nanospherr s, (b> Liollow nanospheres, (¢) hexage+.i nanoplates, ‘d) nanorods. Adapted with
permissio 1 fro n references [3° 715t 68],
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Cai cer lieran- stics with *Cu-labeled CuS nar~n-rticles. (a) A transmission electron

mic.oscory image of PEGylated CuS ne.ioparticles. In. et shows the particle size

tistri* ation. (b)Y Zuronal FET/CT imar,es c. U87 hurian glioblastoma xenografts in nude

nice at 1, 0 and 24 1, after intravenous inj. ction of PEC-[**Cu]CuS nanoparticles. Yellow

art Yw: tror; Orange arrow: bladder. (¢} Photograrls of t'mor-bearing mice before and at
24 1. aftc - NIR laser irradiation (12 W/cm? at 808 = tor 5 rin). i.t.: intratumoral; i.v.:
intray enov's; NP: PEG-[04C, LS nanopar icles. (d) Puicantag e of necrotic zone induced by

variou. treutmentc Lased on ML E staining. . statistically sier:‘icant difference compared to

the non-tre>.ed contui mice. Adapted with permissicz. irom re_rence [36].
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