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Gold is a multifunctional material that has been utilized imedicinal applications for
centuries because it has been recognized for its bacteriostic, anticorrosive, and
antioxidative properties. Modern medicine makes routinegonventional use of gold and
has even developed more advanced applications by taking acantage of its ability to be
manufactured at the nanoscale and functionalized becausefahe presence of thiol and
amine groups, allowing for the conjugation of various funanal groups such as targeted
antibodies or drug products. It has been shown that colloidagold exhibits localized
plasmon surface resonance (LPSR), meaning that gold nanopécles can absorb
light at speci c wavelengths, resulting in photoacoustic ad photothermal properties,
making them potentially useful for hyperthermic cancer tegments and medical imaging
applications. Modifying gold nanoparticle shape and size an change their LPSR
photochemical activities, thereby also altering their phothermal and photoacoustic
properties, allowing for the utilization of different wavengths of light, such as light in
the near-infrared spectrum. By manufacturing gold in a narecale format, it is possible
to passively distribute the material through the body, wher it can localize in tumors
(which are characterized by leaky blood vessels) and be sdfeexcreted through the
urinary system. In this paper, we give a quick review of the gicture, applications, recent
advancements, and potential future directions for the utitation of gold nanoparticles in
cancer therapeutics.
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INTRODUCTION

Current Limitations in Conventional Cancer Therapies

In 2017, cancer was the second-most common cause of deatteitUnited States, comprising
22.5% of the total number of deaths; 591,699 people died fromplications related to cancer
in 2017 (Heron, 201%. Unfortunately, owing to the heterogeneous nature of canteere
are currently no fully comprehensive approaches for treatmeptions are mainly limited to
chemotherapy, radiotherapy, immunotherapy, and surgeryh@dlgh these approaches provide
some therapeutic e cacy, they are limited by their risk to moal, healthy cells, their potential
to destroy the immune system, or by conferring an increassdfor the development of secondary
cancers [{lolsoe et al., 1993; Vogel and Venugopalan, 2003; Kievit armh@h201). For this
reason, a large body of cancer therapy research focuses angrelective therapies that can
complement or even replace current therapies by improving e caey reducing inadvertent
side e ects.
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Hyperthermia as a Cancer treatments that lead to less damage to healthy tissitfesq(
Treatment Modality X. et al., 2012; Khaletskaya et al., 2013; Zhu et al.,)2014

In the pursuit of therapies capable of reducing undesired sidé/nfortunately, traditional photodynamic therapy (PDT) of
e ects and enhancing e cacy, there has been growing interestiSsues mediated by laser or visible light is limited by ing&nt
in utilizing hyperthermia to achieve these goals. Hyperthierm depth of penetration, limiting its usefulness for deep tumor
cancer therapy was originally developed based on historicHlerapy ©chsner, 1997; Wilson and Patterson, 2008; Benov,
examples in which cancer patients infected by erysipelas ha@19- However, near-infrared (NIR) light (in the wavelength
high fevers that either reduced cancer symptoms or resultefnge of 800-1,200nm) has much greater body transparency,
in the complete regression of tumordviyer and Delman, Making it preferable for PTT. In contrast to traditional PDT,
2009. Since the original study pioneered by Coley in 1893which relies on the presence of oxygen to generate reactive
additional studies have been performed in which hyperthermi®Xxygen species, and is considerably limited in application due t
was carefully applied to general regions of cancerous tumdfS limited depth of penetration\{/ilson and Patterson, 2098
growth to maintain tissue temperatures of around 42 toPTT mainly exerts e ects by increasing the local temperature
45C (Luk et al., 198) In practical settings, however, the Withintumors (Wang and Qiu, 201 Regarding this, it has been
ability to precisely manage heating surrounding the tumordemonstrated that in order to completely destroy cancer cells
area would be critical to improve and adapt this alternativeln Vitro, a threshold temperature ranging between 70 andB0
modality on cancer treatment. Additionally, other canceriS required fiuang et al., 2006 Furthermore, at temperatures
treatment modalities such as radiation and chemotherap§@nging from 55 to 95C, tumorigenic damage is evideint vivo
can be utilized together for successful cancer treatmemt. [conditions (Thomsen, 1991
this regard, not only does hyperthermia cause apoptosis of
cancer cells, but can also improve therapeutic e cacy whe . .
used in concert with radiation or chemotherapgmpinga, r'_lyper_th?rmlc Nanopartlcle Systems
2009. In the presence of thermal stress, tumors becom&nd Limitations
radiosensitized, making them more likely to respond toSOme current nanoparticle technologies for hyperthermic
radiotherapy, resulting in improved cancer survival ratekisT therapy include ferromagnetic nanoparticles such as iromiexi
fact has been demonstrated in studies of metastatic head afiggn Landeghem et al., 2009; Wang et al., 2010; Cassim et al.,
neck squamous cell cancers, where radical radiation treatm 2011; Maier-Hau etal., 207)1doped iron oxide(ee etal., 2011;
with hyperthermia resulted in improved outcomes without Fantechietal., 2014; Gordon etal., 2idrd super-paramagnetic
increasing toxicity [floyer and Delman, 2008; Kaur et al., 2911 iron oxide nanoparticles (SPION).€ Renard et al., 2010; Kruse
A similar sensitization is further seen with chemotherapest €t al., 2014; Zheng et al., 2Qlads well as carbon nanotube
when used in combination with hyperthermia. When (CNT) technologies including single walled carbon nanasib
clinically-relevant drugs for malignant melanoma are(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs)
combined with low or high grade hyperthermia (43 and @5 (Burke et al., 2009; Huang et al., 2D addition to various
respectively), intrinsic or extrinsic ER-mediated apoptesisbe ~Polymer-based technologiesgur et al., 2016
induced (Viantso et al., 2098 Ferromagnetic nanoparticles including SPION, iron oxide,
Many preclinical studies have been performed to demonstratand doped iron oxide are typically stimulated under the
that both radio and chemotherapy can be enhanced bpresence of alternating magnetic elds (AMFs) during which
simultaneously incorporating hyperthermic therapyeeken materials are induced to rapidly magnetize and demagnetize.
et al., 201y, Unfortunately, traditional hyperthermia techniques When these materials are manufactured as nanoparticles,
are not ideal due to the fact that they are not minimallytheir magnetization rapidly uctuates generating a net eld
invasive, and result in the non-specic generation of heatf zero (superparamagnetism). When superparamagnetic
throughout the body Kaur et al., 2016 As a result, substantial nanoparticles are stimulated with magnetic elds they behave
undesirable side eects are created. For example, wholdéike paramagnets with a single magnetic domain and enhanced
body hyperthermia may cause cardiovascular side e ects anélagnetic susceptibility. Upon the application of an AMF,
gastrointestinal symptomsCatterjee et al., 20).1Regarding superparamagnetic nanoparticles can be reasonably excited to
this, a more promising modality for cancer treatment wouldgenerate heat su cient for thermal therapy. The main limiian
involve a targeted, nanoparticle-mediated localized hyperhia  of the magnetic nanoparticle approach is the fact that it is
One treatment modality that continues to gain attentiondicult to generate ne-tuned and precise treatment of tumors
and is currently under investigation for potential widespiea due to the fact that AMF elds are generally targeted toware th
use is photothermal therapy (PTT)Bérdhan et al., 2011; whole body in contrast to the tumor speci cally as seen with
Melancon et al., 20)1 Photothermal therapy is based on the photothermal approache®gnnis et al., 2008

conversion of light energy (usually in the near-infraredicn) CNTs are nanomaterials that are composed of sheets of
into heat energy to induce subsequent cellular necrosis afarbon atoms arranged into the shape of a honeycomb-like
apoptosisRay et al., 2092 lattice that are rolled into the shape of a tube only a few

Compared with other methods, light is an ideal externalnanometers in diameter but with lengths anywhere on thesso#l
stimulus as it is easily regulated, focused, and remotelyundreds of nanometers to micronsgur et al., 2016 SWCNTs
controlled. This ease of focus and control enable betteyemd are made up of one CNT while MWCNTs are comprised of
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multiple tubes stacked within each other. CNTs are capableiocompatibility (Cheng et al., 2034 For this reason, it may
of responding to light across a broad-spectrum including tigh be bene cial to utilize nanomaterials with longer documedt
in both the visible and NIR spectrums. Previous studies havhistorical utilization in clinical practice.

shown the successful utilization of SWCNTSs for the treattran

squamous cell carcinoma tumor xenografts in mice using NIRGold in Medicine and Hyperthermic
illumination (Huang et al., 200)0and the successful utilization Cancer Therapeutics

'(I)If M.WC_NTSf n ﬁoncert with sfhort TUISGS of lOW'pO‘?g IIf‘serGoId (Au), one of the noble metals, has been characterized
illumination for the treatment of renal cancer xenografisuke s vesistance to corrosion and oxidation. These propsrtie

et al,, 200p However, one of the main limitations associatedy, 5 e peen known for centuries, as evidenced by golds long-
with C,:NTS Is the fgct thgt granulomas resembllng asb,e,StO('iz‘ocumented use in medicinal applications. Colloidal Au was
associated _mesothehoma n t_he mes"the.“a' and pleurav_igw documented in the Middle Ages as a substance for treatment
hav_e occasmnal!y presen_te_d_ in mice, raising concerns degar and diagnosis of diseasesricker, 199% Inspired by the early
the_:_rhlong-term blolcompatlbllltyl/ Poland et aI.,IZOQS. " discovery of the bacteriostatic properties of K[Au(GNjShaw,

ere are also currently many polymeric materia S1999, gold compounds were eventually utilized for modern

geiareg 4tov¥]ar|d agplicathipnsh in PT-Il— IO date, polypyrrole,eica| treatments. Recent advancements in nanomedicie ha
poly-(3,4-ethylenedioxythiophene):poly(4-styrenesuit) recognized the use of Au in the therapeutic delivery of drugs

(PEDO.T:PSS)’ dqpamlne-melamn (polydopamine), anq)r as a therapeutic modality in itself. For example, colloidal
polyaniline nanoparticles are some of the most commonly useﬂu is covalently linked onto adenoviral vectors for seleetiv

m:?]terials tr|1at2hav2§ bien reportledzto S;_]OW phototherlmazl € gqﬁ_ancer targeting and induces hyperthermia by application of
(Chen et al,, 2012; Cheng et al., 2012 Yang K. et al,, 2012; lrf&ar-im‘rared (NIR) laser lightHverts et al., 2006

etal., im?’; Vlnesfe:]al.,é()lS duct | loved f Recent advancements in the multi-functional design of gold
Pgr ips one of't elo ,?St con uc“”? polymers lemp oye q{anoparticles allow for the generation of localized heat in
PTT is known as Polyanilinezpou et al., 201B Its low cost, the proximity of cancer tissues and additionally allow the

mechanical exibility, and excellent conductivity has pried  yoivery of multiple desired drugs in a controlled and targete
this material with considerable recognitioni(et al., 200% In manner. Gold nanoparticles have many benets that make

?ddltlog,_polyaﬂllllne hasl_fhlstqucal use as an (_ell_ectrogdng_srt_:_e them suitable for the photothermal treatment of cancer such
or studying cellular proliferation prior to its utilizatiom as: (1) they can be administered into the local tumor area

due to its excellent biocompatibility{eeger, 2001 Another of while minimizing non-speci ¢ distribution, (2) they can be

the most cc_)mmclmly usled base materials Tor usein PTT Car'lc?:lrctivated via near-infrared (NIR) laser light, creating #islity
treatments is Polypyrrole (PPy}\(ang, 2016, Manivasagan eta “'to penetrate deep into biological tissues, and (3) they can be

_2013' PPy,_yvh|ch was °f'9'”a"¥ k_nown as “pyff‘?'e black” due ©modulated to create multifaceted cancer PTT and drug defiver
its composition as a black precipitate from acidic pyrrole/®3 s
. ) . ystemsk{ennedy et al., 20)1
aqueous solutions was rst synthesized in the early 20thurgnt
PPy has recently found popularity as an electro-responsiv . .
material in biomedical engineering applicatiodg¢h et al., 2006; &Old s Localized Surface P.Iasmo,n
Svirskis etal., 2010; Balintet al., 2pasitis generally regarded as Reésonance (LSPR) as a Distinctive
biocompatible, with little or no adverse e ects on healtasorge  Photo-Active Property
etal., 2005; Fahlgren et al., 2D15 Colloidal Au exhibits a unique localized surface plasmon
Poly(3,4-ethylenedioxythiophene):poly(4-styrenesidte) resonance (LSPR) when a specic wavelength of light meets
(PEDOT:PSS) is another class of polymer-based nanoparticlekectrons on the surface of gold. LSPR is de ned as an optical
commonly used for NIR-mediated hyperthermic therapy.phenomenon where interactions occur between the incidehitli
In perhaps the rst documented study of this material and surface electrons in a conduction banée({ryayeva and
for photothermal cancer therapy, PEGylated PEDOT:PS&rull, 2011). The light causes a collective coherent oscillation of
nanoparticles (PDOT:PSS-PEG) were synthesized via abigyer- conduction band electrons, leading to the subsequent etitin
layer approach, creating nanoparticles 080 nm in diameter of light. Scattering and absorption of the light depends noltyon
(Cheng et al., 20)2 Polydopamine, another commonly on the physical dimensions of the gold nanoparticle but also
utilized polymer for PTT, was rst explored as a potential PTTon the medium of the colloidal AuKl-Sayed, 2001; Kelly et al.,
agent byLiu et al. (2013) In this study, dopamine-melanin 2003. Small colloidal Au absorbs the blue-green portion of the
colloidal nanospheres were fabricated via the oxidation angisible spectrum and visible light in the red portion of the visib
self-polymerization of dopamine in a mixture containing wate light spectrum. However, in large colloidal Au, the LSPR rtssul
ethanol, and ammonia at room temperature. in the absorption of longer wavelengths of light along the red
While these polymer based nanoparticle systems show sorpertion of the VLS, resulting in the re ection of light in the
promise, many polymer based systems such as polydopamibkie spectrum. A study of the LSPR spectra of di erent colloidal
hold less than ideal mass extinction coe cient®¢ng et al., Au also indicates a shift toward the red spectrum. For example,
2019. In addition to sometimes holding weaker photothermal 22 nm of colloidal Au in water exhibited a maximum absorption
e ciencies, the degradation pro les of many of these polymersspectrum at 517 nm. However, when 99 mm of colloidal Au is
is not fully understood, creating questions as to their ldegn  present, there is a signi cant shift toward the red end of the
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700 nm, while the maximum absorption spectrum for regular,
spherical shaped colloidal Au was between 500 and 530 nm.
Because the resonant excitation of plasmons is a ected by the
surface of nanoparticles, a gold nanostar as de ned by a sotil ¢
with protruding prolate tips, can exhibit hybridized plasmons
because they are made with a solid core that has kip® (et al.,
2007. Liu et al. manipulated the growth of gold nanostars using
a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid FHES)
solution, which acts as a reducing and capping agent for gold
nanocrystals Kigure 3) (Liu et al., 201} The fabricated gold
nanostars demonstrated a red-shift from 557 to 704 nm. The
more HEPES solution was added, the more reducing power was
L Ly s exhibited in the growth of gold branches, appearing at up to
350 400 450 500 550 600 650 700 750 800 20 nminlength. The elongated Au branches resulted in enadnc
wavelength 2 Inm longitudinal plasmon resonances.

Another unique shape of Au capable of tuning LSPR that
has been developed is Au nanorings. Au nanorings with
° diameters between 75 and 150 nm were fabricated using calloid
lithography (arsson et al., 200.7 The LSPR of dierent
nanorings between 75 and 150 nm in diameter was between 1,000
and 1,300 nm, indicating that the diameter of the ring-likei A
120 L structures contributed to the tunability of the Au nanosttures.
Using di erent fabrication methods, nanospheres, nanocuybes
nanobranches, nanorods, and nanobipyramids were prepared
10 @ and characterized for LSPRFigure 4) (Chen et al., 2008
\ As expected, Au nanospheres and nanocubes exhibited one

surface plasmon peak, whereas nanobranches, nanorods, and
nanobipyramids exhibit two major surface plasmon peaks. There
. P E— P T is a consistent LSPR shift toward light in the red spectrum

from nanospheresHigure 5A wave a), nanocubeg-igure 5A

wave b), and nanorods with di erent aspect ratidsigure 5A
FIGURE 1 | Particle diameter of Au on the absorption spectra and the wave c—e). The larger aspect ratio of the nanorods exhibits a
plasmon bandwidth. (A) UV/ Visual absorption spectra of 9, 22, 48, and 99 nm longer red-spectrum shift in the nanorod§igure 5A wave c—
gold nanoparticles in water. All spectra are normalized aheir absorption e, the aspect ratios were 2.4 0.3, 3.4 0.5, and 4.6 0.8,
maxima, which are 517, 521, 533, and 575 nm, respectively(B) The plasmon respectively). Exhibiting a similar pattern, nanobipyramidshw
bandW|dth_1 | asa fu_nctlon of.partlcle Filar_neter. Re-printed with permigsn di erent aspect ratios also show a red spectrum shiifgQre 58
from American Chemistry Society Publications 1999 (nk and El-Sayed, | d - _
1999). wave a—d). The highest red spectrum shift was found in fabeita
nanobranches due to their considerable longitudinal etattr
oscillation Figure 5Bwave e).

absorbance

A4l nm

[ e
80 | ~e

diameter / nm

spectrum (ink and El-Sayed, 19%9lt is therefore known that
the plasmon bandwidth of the gold nanoparticles is a ected by
the particle diameters of colloidal Atrigure 1). GOLD NANOPARTICLE SYNTHESIS

To modulate the LSPR of the gold, several di erent shapes
and sizes of gold have been studied. Gold (Au) nanorods (GNR§old nanoparticles are synthesized via either physical or
are able to present longitudinal and transverse surface masm chemical approaches wherein either a bottom-up or top-down
absorption peaksymitha et al., 20)3The length of Au nanorods approach is takenfunningham and and Burgi, 2013; Aminabad
presents the longitudinal resonance whereas the transverseal., 2018 Bottom-up methods typically involve the nucleation
resonance is attributed to the diameter of the GNRSs. It is-wellof gold on top of smaller structures using either chemicaceb-
known that the spectral location of the LSPR can be modulatedhemical, or thermal reduction techniqueSiGgh et al., 2011;
by changing the aspect ratio of GNR&(itha et al., 20)3GNRs  Cunningham and and Burgi, 2013; Shah et al., 3014
with di erent aspect ratios (length/width) create di erentstor The most commonly used of the bottom-up techniques is the
nanorod solutions due to changes in their reaction with tigh  Turkevich and Brust method, wherein metal salts are reduced
the visible light spectrumKigure 2) (Pérez-Juste et al., 2005 in order to produce spherical, monodisperse GNPs around 10—
Similarly, three-tipped Au nanopatrticles fabricated usinget w 20 nm in diameter Cunningham and and Burgi, 2013; Shah
technique showed a signi cant red-shift compared to sphévica et al., 201} Sodium citrate salts are commonly used to serve
shaped gold nanoparticlesHéo et al., 2004 The branched as both a reducing agent and stabilizer that acts to preveri? GN
colloidal Au particles exhibited a plasma band between 650 arabgregation during synthesigdre et al., 2000In lieu of citrate,
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FIGURE 2 | Color of gold nanorods with different aspect ratios. The smihdifference in the aspect ratio shows distinctive transrited colors in the samples. Re-printed
with permission from Elsevier 2005Férez-Juste et al., 2009.

ascorbic acid, amino acids, and UV light have all been useOLD NANOPARTICLES FOR EFFICIENT
as reducing agentsVeszawska et al., 2013chirin-Brustis CANCER THERAPY
an early, two-phase procedure employing tetrabutylammonium
bromide (TOAB) to transfer gold from organic to inorganic Gold nanoparticles (GNPs) have been investigated in the contex
solutions, enabling the synthesis of GNPs in organic soh#i of various cancer therapies and are sought after as a potential
with high stability (i et al., 2011; Herizchi et al., 2Q1&Jsing  alternative or adjunct to many non-selective chemotheraigeu
this method, GNPs ranging from 2 to 6 nm in diameter canagents as a means by which to improve therapeutic outcomes
be synthesized. while reducing undesirable side e ectsla(n et al., 2012
The most commonly employed Top-down techniques usuallyThe e cacy of plasmonic gold nanoparticles for the thermo-
create nanoscale materials through the processing of largablation of various cell types has been demonstrated in multiple
macroscale structures via techniques such as lithograptstudies. The e cacy of gold nanoparticles for the thermal-
(Cunningham and and Burgi, 20).30ther commonly employed mediated induction of cellular death was demonstrated by
physical synthesis methods include sonochemical, micrewavPitsillides et al. (2003)wherein anti-CD8-labeled GNPs were
and photochemical based methodsigfizchi et al., 2016 used for the selective targeting and destruction of T-cells
A recently developed technique utilizes N-cholyl-L-valine(Pitsillides et al., 2003
(NavalC) as a self-reducing and stabilizing agent intentted
be coupled with natural sunlight irradiation for the syntlies Biocompatibility of Gold Nanoparticles
of GNPs @nnadhasan et al., 20)1.5By modifying the ratio of GNPs are considered non-cytotoxic overall with the expémtat
Au¥ to NaValC ions, the amount of sunlight irradiation, pH, that despite their small size (2—4 nm), they are likely to bedigpi
and the reaction time, the size and shape of synthesized GNBgcreted via the kidneys ¢ngmire et al., 2008; Alric et al., 2013
can be changed. In terms of localized non-speci ¢ cytotoxicity, study resubre
Recently, a new fabrication method was developed in whichixed, with some studies demonstrating no cellular toxicitg a
aqueous [AuC] can be irradiated with 532 nm nanosecond others demonstrating the production of cellular reactive gsty
laser pulses to produce monodisperse Snm GNPs withowpecies, apoptosis, necrosis, and acute mitochondrial tgxici
the utilization of capping agents or additives, eliminatifget (Shukla et al., 2005; Pan et al., 2009; Balasubramanian, et al.
possibility of contamination by residual chemicalBodrigues 2010Q. Su cient accumulation of GNPs inside the body can
etal., 2013 Five hundred and thirty two nanometer nanosecondcause nontoxicity, as demonstrated by the fact that when GNPs
laser irradiation results in a more uniform monodispersioh o accumulate within the liver, tissue apoptosis, acute in anior
5nm diameter GNPs compared to older methods using 800 nrand an increase in Kup er cells can occurgngmire et al., 2008;
femtosecond laser irradiation, which generally results tie t Chen etal., 2009; Cho et al., 2009; Khlebtsov and Dykman)2011
growth of nanoparticles as large as 40 nm. However, this e ect is largely size-dependent, as smaller GNPs
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FIGURE 3 | Fabrication of gold nanostars with different shapes. TEM iages of gold nanostars prepared at 30C are shown in the left panel. The authors were able to
create different shapes by adding(a) 1, (b) 3, and (c) 6 mL of HEPES solution (0.1 M). The scale bar indicates 10 nnfd) Normalized extinction spectra of gold
nanostars with different volumes of HEPES(e) The main extinction peak and FWHM (full width at half-maxinm) as a function of HEPES volume. Re-printed with
permission from American Chemistry Society Publications@4 (Liu et al., 2014).

(< 8nm) are capable of passing through the renal Itration systenmexplained by the fact that the sizes were larger on average,
whereas larger GNPs>(0nm) are more likely to remain in with sizes ranging from 14 to 100nm, with larger sizes
the blood stream, and thus accumulate in the liver and kidneylemonstrating the greatest upregulations in IL-1, IL-6, and
(Bartneck et al., 2012; Zhang et al., 2012; Blanco et al.).2015 TNF-alpha {fen et al., 2009
is therefore known that the toxicity of GNPs greatly depends o ) ]
their speci ¢ size and con guration. Surface Modi cation of Gold

The e ect of GNPs on the immune system likely dependsNanoparticles for Speci ¢ Tumor Targeting
on their con guration, with one study showing that GNPs Because of the leaky nature of immature vasculature foutiaeat
can induce pro-inammatory responses contingent onsites of tumors, GNPs can passively accumulate at tumor, sites
their size fen et al., 2009and other studies showing anti- where they are likely taken into cells via non-speci ¢ receptor
in ammatory responses Tsai et al., 2012; Sumbayev et al.mediated endocytosis (RMEM@eda, 2001; Chithrani et al.,
2019. In these studies, a consistent theme is the role of GNR00§. However, while GNPs may be capable of passive delivery
size on the nature and scale of the in ammatory responseo tumor sites to some extent, there are still limitations ogyi
with one study illustrating that nanoparticles of 5nm in to the heterogeneity of vasculature in di erent types of casce
size were capable of signicantly inhibiting production of Passive delivery is also further inhibited by particles andaket
IL-1B in THP-1 derived macrophages with 35nm sizedon behalf of the reticuloendothelial system (REByr(g et al.,
nanoparticles demonstrating no eectSgmbayev et al., 201). Therefore, more speci ¢ methods for the targeted delivery
2019. A similar study showed that 4nm diameter GNPsof GNPs to sites of tumor growth are necessitated.
inhibited inammatory responses in RAW269 derived GNPs also exhibit unique physiochemical properties such
murine macrophages via the inhibition of TLR9 responsesas the ability to bind thiol and amine groups along with
likely by binding and interfering with high-mobility surface plasmon resonance (SPR), which allows their specic
group box-1 {fsai et al.,, 20102 In contrast, the enhanced modi cation for more targeted cancer therapieSHukla et al.,
in ammatory response exhibited in another study can be200%. This property enables the implementation of surface
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FIGURE 4 | Diversity of gold nanostructures(A) Nanospheres. (B) Nanocubes. (C) Nanobranches. (D) Nanorods (aspect ratioD 2.4  0.3). (E) Nanorods (aspect
ratioD 3.4 0.5). (F) Nanorods (aspect ratioD 4.6  0.8). (G) Nanobipyramids (aspect ratioD 1.5 0.3). (H) Nanobipyramids (aspect ratioD 2.7  0.2).

() Nanobipyramids (aspect ratioD 3.9  0.2). (J) Nanobipyramids (aspect ratioD 4.7 0.2). Re-printed with permission from American Chemistry &iety
Publications 2008 Chen et al., 2009).

(Liao and Hafner, 2005By modifying the surface of GNPs with
polyethylene glycol, cellular uptake may be enhanced due to
the a nity of PEG for cellular membranesChoi et al., 2003
Paciotti et al., 2006

In one study demonstrating this principle, pH-sensitive,
multifunctional gold nanocomposites were created by
conjugating the anti-cancer drug doxorubicin hydrochhbei
to GNPs using Adamantane-PEG(8)-RGDS molecules, thus
creating AUNP@CD-AD-DOX/RGD GNPs. The RGD peptide
sequence was included to target the alphavbeta3 integrin,
which is known to be overexpressed on the surface of cancer
cells, therein facilitating receptor-mediated endocytosis
the GNPs into the cancer cells. Following cellular uptake and
internalization into endo/lysosomes, the hydrazine ligka
between adamantane and doxorubicin is cleaved owing to acid-
mediated degradation. Experiments demonstrated the uptake of
AuNP@CD-AD-DOX/RGD gold nanopatrticles and subsequent
release of DOX once internalized into cellular endo/lysossm
resulting in the induction of apoptosis within cancer cells
(Chenetal., 2005

For example, more specic targeting of tumors can be

FIGURE 5 | Normalized extinction spectra of the gold nanostructures. achieved by conjugating tumor-speci ¢ recognition moleaule
(A) Spectra a-e correspond to nanospheres (aspect rati® 2.4 0.3), such as transferrin, folic acid, epidermal growth factor BG
nanocubes (aspect ratioD 3.4 0.5), and nanorods with aspect ratios of or any number of monoclonal antibodies to the surface
4.6 O.8._(B) Spectra a—d correspond to nanobipyramids with different of GNPs EI-Sayed ot aI., 2005: Chithrani et aI., 2006:
aspect ratios (as shown 1.5 0.3,2.7 0.2,39 0.2,and4.7 0.2, . .

respectively) and nanobranches (spectra e). Re-printed thi permission from Eghteda” _e_t al., 2009_Th|$ s_trategy h_as been employed
American Chemistry Society Publications 2008¢hen et al., 2008). with promising e ects in multiple studies. In one study,

citrate-coated GNPs were conjugated with trastuzumab
(anti-EGF receptor monoclonal antibodies) to target EGF
modi cations that can enhance passive cellular uptake. Onk sugeceptors in human SK-BR-3 breast cancer cells, resulting
method is known as PEGylation, which can be achieved by downstream expression of EGF receptors and a 2-fold
using thiol-terminated methoxypoly (ethylene glycol) tplece  increase in trastuzumab cytotoxicity, even at low GNP
the stabilizing surfactant bilayers that normally surrou@®lPs concentrations {iang et al., 2008 In another study, GNPs
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were conjugated to gemcitabine and cetuximab for the tregtin - demonstrated the ability of the nanoparticle conjugates to
of pancreatic cancerP@tra et al., 2090 Furthermore, phase selectively target and induce the apoptosis of breast canktgr ce
Il trials using this combination have been in clinical tsafor

this purpose Kullmann et al., 2000 By using this targeted

approach, it was shown that it is possible to utilize muchCOMMONLY USED GOLD
higher concentrations of GNPs while simultaneously avuidi NANOPARTICLE CONFIGURATIONS

substantial accumulation of nanoparticles within the livaerd

kidneys Patra etal., 2008 _ While tissues have limitations related to PDT mediated by
In a _recent study_ by Kim et al. NIR plasmonic gold ether laser light or light within the visible spectrum due
nanoparticles possessing both photothermal and photoacoustig |imited depth of penetration Qchsner, 1997: Wilson

properties_ aIIowi_ng _for both enhanced cqntrast imaging and,,q Patterson, 2008; Benov, 2J15near-infrared light
therapeutic applications were developedin( et al., 201). 5 the range of 800-1,200nm has much greater body
To accomplish this, bioconjugates were created in Wh'ClPransparency. Fortunately, by modifying the shape of

human methyl binding domain protein 1 (MBD1) binds gnps such as by using GNRs or hollow gold nanoshells,
to methylated cytosine-guanine dinucleotides (MCGs) With i1air resonance peak can be shifted toward the NIR

sequences of short double-strand DNA (sh-dsDNA), withghectrym (00 et al., 2000 In this regard, various gold
hexahistidine peptides serving as nucleation sites for GNﬁanoparticle con gurations have been employed to modify

synthesis. The synthesis of these hybrid GNP constructsctal eir photothermal and subsequently therapeutic e ciencies
DMAs (sh-dsDNA-MBD1-AuNPs), allowed for the modi cation (Vats et al., 2007

of photothermal and photoacoustic properties by changing the
length of the sh-dsDNA backbone. Three sh-dsDNA backbone
lengths were investigated (DMA_5mCG, DMA_9mCG, andGold Nanospheres

DMA_21mCG). Interestingly, the DMA_21mCG conjugate Gold nanospheres (GNS) are perhaps one of the earliest GNP
exhibited similar photothermal properties and, surprisingly,shape con gurations to be studied, with some of the rst
higher photoacoustic properties compared to regular plasmonigemonstrations of the use of GNS for PTT being performed
gold nanorods. By further conjugating peptide sequences ith by El-Sayed et alHuang et al., 2003 GNS were popularized
speci ¢ a nity to EGF receptor, itis possible to target cancelise py their ease of fabrication, small size, fast synthesis, and
overexpressing the EGF receptor. ease of ligand conjugation, making them attractive for PTT
Considering that an important component of tumor gpplications Day et al., 201)) Various modi ed forms of gold

progression is the ability of many cancers to evade and suppreganospheres have been shown to exhibit therapeutic properties
the hosts immune systemK(m et al., 2006; Finn, 2008 when conjugated to antibodies targeting tumors overexjmngss
nding methods to improve the ability of the immune system speci ¢ proteins Day et al., 201)) and have been modi ed with

to target cancers is of growing interest. Various factorshsu other metals to improve their photoacoustic and photothermal
as nanoparticle shape, charge, particle size, and coating cgfbperties Zhang et al., 2095 Thermo-labile liposome-based

in uence their blood clearance and organ accumulation,hwit GNS (LiposAu NPs) have also been developed for the purpose
smaller particles and coated particles exhibiting an abiiity of cancer photo thermal therapy. The bioabsorbable core afethe
more widely distribute within the bodySonavane et al., 2008; liposome-based gold nanospheres provides a bene cial streictu
Almeida et al., 2011, 2014; Hirn et al., 2011; Khlebtsov anghat allows for more e cient body clearance of the gold via

Dykman, 201). GNPs are further known to accumulate in hepato-biliary and renal routesengan et al., 2014, 2015
organs such as the liver and spleen, where they are likely to

interact with the patient's immune syster@l{ang et al., 2009
Considering that GNPs are known to accumulate withinimmuneGold Nanostars
cells, the utilization of GNPs as a drug delivery methodyplfay ~ Gold nanostars have recently gained notoriety because of the
immunotherapy has seen an increase in interest. enhanced NIR light-absorbing capability in addition to thei
Because of their strong SPR, GNPs are consistently condidemreduced toxicity Chen et al., 2015 Further, their thin, branch-
for use in photodynamic therapy (PDT), where light-inducedlike structure gives them tip-enhanced plasmonic properties
heating can be exploited to either induce heating to release (&hmad et al.,, 2016 Many studies have demonstrated the
chemical payload or to generate reactive oxygen speciesuoend successful utilization of multifunctional gold nanostafsr
either cellular necrosis or apoptosis at speci c tumor sitésr(is  photothermal applications using NIR wavelength light in the
et al., 2006; Pissuwan et al., 2006, 2009; Norman et al.).2008 targeting of various types of cancer cells in various modi ed
one study, a 4-component antibody-phtalocyanine-polyetig/li forms (Chen et al., 2013; Gao et al., 2015; Li et al., 016
glycol-gold nanoparticle conjugate was developed for use im one study, octahedral solid core Au nanohexapods were
a PDT approach to target breast cancer. Zinc-phtalocyanindabricated by reducing HAuCl4 with DMF in an aqueous solution
a known photosensitizer, was conjugated to GNPs along withontaining Au octahedral seedg/éng et al., 2013 Relative to
Anti-HER2 monoclonal antibodies, which are known to targetgold nanorods (GNRs) and nanocages, PEGylated nanohexapods
cancer cells overexpressing the HER2 epidermal growth factdemonstrated the greatest tumor uptake and photothermal
cell surface receptorSfuchinskaya et al., 20L1Experiments conversion e ciency.

Frontiers in Chemistry | www.frontiersin.org 8 April 2019 | Volume 7 | Article 167



Vines et al. Design of Multifunctional Gold Nanoparticles

Gold Nanoshells GNRs appear to be among the most utilized GNP
Gold nanoshells are another widely utilized GNP con guoati  con gurations, with consistent development of GNR based
The gold nanoshell structure consists of dielectric silicaphotothermal technologies demonstrated in recent history.
gels that are encased within a thin, hollow, outer gold shelln one such recent study, inorganic phototherapeutic
(O'Neal et al.,, 2004 By modifying shell thickness and nanocomplexes were created by conjugating GNRs with degectiv
core diameter, it is possible to con gure gold nanoshells toliO2 nanoparticle clusters (AuNR-TiO2 NP clusters) to reduce
absorb light in the NIR spectrum, making them suitable forthe need for organic photosensitizers, which are sensitive to
photothermal and photoacoustic applicationslifsch et al., photobleaching and unnecessary energy transfere(et al.,
2003. Various surface modi cations have been applied to gold201§. These nanoparticle clusters were capable of absorbing
nanoshells to functionalize them for anti-tumor therapy. Toboth visible and NIR light from the 500 to 1,000 nm spectrum,
encourage natural accumulation of nanoparticles at tumodemonstrating the ability to induce cell death in HelLa cells
sites, West et al. synthesized PEGylated gold nanoshells Wip the photothermal production of ROS. Notable derivatives
conjugating nanoshells with PEG-SHD'(Neal et al., 2004 of GNR con gurations are also coming to the forefront of
For example, anti-EGFR antibodies have been conjugatezhotothermal cancer therapeutics. In another recent stublg, t
to a nanoshell platform for breast cancer therapyoq Ilumens of halloysite nanotubes (HNTs) were loaded with GNRs
et al.,, 200p In another study, branched nanostructure and doxorubicin (DOX) following which, the GNR lled HNTs
gold nanoshells with PLGA/DOXO-cores underwent a tri-were conjugated with folic acid using bovine serum albumin
modal modication consisting of functionalization with for more specic tumor targeting (Au-HNTS-DOX@BSA-FA)
human serum albumin/indocyanine green/folic acid applied(Zhang et al., 20)9 By combining the chemotherapeutic
to enhance both their targeting and enhanced photothermahpproach of DOX with the photothermal capability of GNRs, it
properties on account of the NIR-responsive indocyanine greewas possible to reduce collateral damage to healthy tissues by
dye (Topete et al., 20)4 DOX while still achieving the same therapeutic outcomes.

Gold nanoshell con gurations provide unique exibility due
to their method of fabrication, allowing them to mimic the Other Gold Nanoparticle Con gurations
speci ¢ aspect ratios of other nanomaterial con gurationslsu The development of new GNP con gurations continues to evolve
as nanorods to enhance properties such as cellular uptake aag new synthesis methodologies are continually developed. As
increasing drug loading capabilities due to higher supel ciaan example of a recently developed technology, Zhang et al.
surface areas. As a recent study demonstrates, rod-likd, gaexploited extracellular vesicles to generate popcorn-likel gol
nanoshell mesoporous silica nanoparticles (MSNR@Au hybridjanostructures{hang et al., 20)9 These extracellular vesicles
were fabricated and further functionalized via modi catio enabled the encapsulation of DOX while serving as a nucleation
with ultrasmall gadolinium (Gd) chelated supramolecularsite for gold nanoparticle shells, allowing for simultaneous
photosensitizers TPPS4 [MSNR@Au-TPPS4(Gd)] to enabfghotothermal transduction and chemotherapeutic potential.
guadmodal imaging with near-infrared uorescence (NIRF),Overall, this technology provided a novel modality for the
multispectral optoacoustic tomography (MSOT), computedgreen synthesis of GNPs while improving cellular internaicat
tomography (CT), and magnetic resonance (MR) inallowing for tumor inhibitory rates of up to 98.6%.
addition to its inherent NIR driven photothermal capability = Gold nano owers (GNFs) are a unique GNP con guration

(Yang et al., 2009 that was recently developed hyet al. (2015) This technology
takes advantage of the superior photothermal conversion
Gold Nanorods e ciency of gold nanostars over GNRs and gold nanoshells

Gold nanorods (GNRs) were rst synthesized by Wang et alwhile also providing a hollow core structure to enhance
(Chang et al., 1997with the rst documented use of nanorods therapeutic e ciency by enabling chemotherapeutic drug
for use in NIR spectrum photothermic therapy being reportedioading. Some recent modi cations of the GNF technology
in 2006 by El-Sayed et alJgin et al., 2006 The unique include the encapsulation of ultrasmall iron oxide nanopaetc
shape of GNRs confers strong photothermal properties duor multimodal image therapy Lu et al., 2018 and self-

to the presence of both longitudinal and transverse plasmoassembly using vapreotide acetate (Vap) for enhanced
(Hwang et al., 2014 These strong photothermal properties photothermal conversion e ciency as well as enhanced
have been used for anti-tumorigenic applications, many timebiocompatibility (Yin et al., 2013

utilizing various surface modi cations such as conjugatin

surface antibodies for specic targeting, utilizing derdar FUTURE DIRECTIONS: GREEN SYNTHESIS

stabilization, or even developing a chitosan oligosacdeari
surface modi cation Charan et al., 2012; Wang et al., 2016 OF GOLD NANOPARTICLES

In one study performed by Cui et al. GNRs were loaded ontdNCORPORATED WITH

induced pluripotent stem cells (AuNR-iPS) for the purpose ofNATURAL SUBSTANCES

targeting human gastric cancer cells. It was demonstrated t

AUNR-iPS were able to localize to human gastric cancer tsmorsolation and fabrication of gold nanoparticles from natura
and induce thermal-mediated apoptosis and reduction in tumorsubstances may provide some bene ts over traditional sysithe
volume following NIR irradiation ((iu et al., 2015 methodologies. It is speculated that the green synthesis of
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TABLE 1 | Green chemistry for gold nanoparticle synthesis.

Source Size (nm) Morphology References
Bacteria Bacillus megatheriumD01 19 08 Spherical Iravani, 2014
Bacillus subtilis168 5-25 Octahedral
Escherichia coliDH5a 25 8 Spherical, triangular, and quasi-hexagonal
Escherichia coliMC4100 10-25 Spherical, triangular, hexagonal, and rod shze
Geobacillussp. 5-50 Quasi-hexagonal
Lactobacillusstrains 20-50 Crystalline, hexagonal, triangular, and citer
Plectonema boryanumUTEX 485 10 up to 6rmm Cubic and octahedral platelet
Pseudomonas uorescens 50-70 Spherical
Rhodopseudomonas capsulata 10-20 Nanoplate and spherical
Fungi Fusarium oxysporum 8-40 Spherical Mukherjee et al., 2002
Verticilliumsp. 5-200 (average Spherical Mukherjee et al., 2001
20 8nm)
Plant Apiin extracted from henna leaves 7.5-65 Quasi-sphimal Iravani, 2011
Camellia sinensiggreen tea) 40 Spherical, triangular, irregular
Coridandrum sativum(coriander) 6.75-57.91 Spherical, triangular, truncatettiangular,
decahedral
Cymbopogon exuosus (lemongrass) 200-500 Spherical, triangular
Eucalyptus camaldulensigriver red 1.25-17.5 Crystalline, spherical
gum)
Medicago sativa(alfalfa) 2-40 Irregular, tetrahedral, hexagonal platelet
decahedral, icosahedral
Mentha piperita(peppermint) 150 Spherical
Murraya koenigii 20 Spherical, triangular
Ocimum sanctum (tulsi; leaf extract) 30 Crystalline, hexagonal, triangul
Pear fruit extract 200-500 Triangular, hexagonal
Pelargonium graveolenggeranium) 20-40 Decahedral, icosahedral
Psidium guajava(guava) 25-30 Mostly spherical
Scutellaria barbataD. Don (Barbated 5-30 Spherical,triangular
skullcup)
Sesbania drummondii(leguminous 6-20 Spherical
shrub)
Syzgium aromaticum(clove) 5-100 Crystalline, irregular, spherical, elligai
Tamarindus indica(tamarind) 20-40 Triangular
Terminalia catappa(almond) 10-35 Spherical
Trichoderma koningii 30-40 Triangular

gold nanoparticles using natural substances may enhande theonsistent ability to negatively in uence the viability biepG2
medical properties such as their anti-microbial and anti-can liver cancer cells and MCF7 breast cancer cells due to the
activity, and contribute to reducing and stabilizing agefdr the  synergism of delivery with gold nanoparticles and the anti-
synthesis of nanoparticleX(mar and Yadav, 20038Synthesis cancer activity of the plant extracts. The anti-bacteriglvity
of GNPs in this fashion is considered more cost-e ective andf the gold nanoparticles was also investigated against gram
may result in the production of GNPs that have fewer to nopositive bacteria. However, it was noted that gold nanopkesic
side e ects due to the reduction of residual chemicals neogss are considered to have greater activity against gram negati
for gold nanoparticle synthesis. The most prominent sourcebacteria, meaning that the results may have underestintatsd
for the green synthesis of GNPs include Bacterium, Fungl, ananti-bacterial properties\(uthukumar et al., 2016
Plants Table 1). In another study, gold nanoparticles were fabricated
Extracts from the leaves dfatharanthus roseu6CR) and and conjugated with baicalin, which is an active avonoid
Carica papay#&CP), which contain active components associatedhat can be found inScutellaria baicalensiand has anti-
with the treatment and prevention of cancer, were conjugatedancer properties. The gold particles synthesized by baicalin
to gold nanoparticles. It is likely that the stabilizing moldes demonstrated cytotoxicity against the MCF7 cell line. Weste
were alkaloids, avones, and proteins that are present ongh& | blot analysis showed greater expression of Aparf-1 and
extracts. The biogenic gold nanoparticles have demonstrate cleaved capase-3 bands in the cell groups treated with
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baicalin-complexed gold nanoparticles compared to controldjkely to be the most in uential factors. For example, it was
indicating that the baicalin-conjugated gold nanoparticlesdemonstrated that 46% of the initial dose of 5nm positively
negatively inuenced breast cancer growth by inducingcharged gold-dendrimer complex particles were excreted afte
apoptosis l(ee et al., 20036 In another study, croin, which 5 days. In contrast, another study found that for 5nm
is the main carotenoid found in Saron stigmaC¢ocus particles that were negatively or neutrally charged or for
sativug, which exhibits antioxidative activity, mediated nanoparticles measuring above 11 nm, only about 10% of the
the reduction reaction of Au ® ions performing fast initial dose was excreted3@logh et al., 2007 The areas with
formation gold nanoparticles of controlled sizes. Goldthe largest accumulation tend to be the liver and spleen,
nanoparticles conjugated with croin e ectively suppressedvith one study nding foreign bodies in 7 out of 8 spleens
the proliferation of breast cancer cells in a time- andand 8 out of 8 livers from animals that received intravenous
dose-dependent manner. The study also demonstratejection of PEG-coated GNRsSpodrich et al., 2010 It was
that there was no cytotoxic eect against normal cellsspeculated that these foreign bodies arose from the aggwegat
(MCF-10A) (Hoshyar et al., 2096 of GNRs in these tissues. Furthermore, evidence of chronic
Gold nanoparticles conjugated with plant extracts derivedn ammation characterized as minimal to mild was observed
from the leaves and stems offfibiscus sabdaria were in the areas around these foreign bodies, although the long-
reported to have selective cytotoxic activity against U8Term consequences of this in ammation were not clear from
glioblastoma (GNB) cells. The cellular viability of normalthe study.
293 cells and U87 GMB cells treated with gold nanoparticles Unfortunately, studies on GNPs have only taken place in
was analyzed using an MTT assay. The MTT assay resulisimal models up to a 6-month time-frame, leaving unanswered
demonstrated that there was a dose-dependent cytotoxicityuestions as to how GNPs in uence health over longer time
against U87 GMB cells; however, there was no signi cantourses. Therefore, while initial studies are promisingarding
toxicity detected among normal cell lines. Further, it wasssues of potential cytotoxicity, there are still questiossta
demonstrated that a concentration of 2.0ng/mL of biogeniovhether GNPs eventually clear from the body and if there
gold nanoparticles induced cell death of more than 80% oé&re potentially long-term consequences resulting from GNP
cancer cells under both normal and hyperglycemic conditionsaccumulation Goodrich et al., 2000
In addition, cells treated with a concentration of 2.5ng/mL In addition to the fact that the issue of biocompatibility
of gold nanoparticles demonstrated degradation of GAPDHsurrounding GNPs is not completely resolved, there are
(glyceraldehyde-3-phosphate dehydrogenase), which iskmow other currently existing technologies that could potentially
be over-expressed in cancéfichra et al., 201% make the utilization of GNPs obsolete. As an example,
Overall, the utilization of natural derivatives as an adjun the utilization of specic biodegradable polymer systems for
to cancer therapy using gold nanoparticles appears to be RTT has grown in prominence. A recent study highlights
promising approach for the selective targeting of tumors whilehe use of a novel polymer based photothermal nanoagent
subsequently reducing any side e ects that may be incurrad vicapable of responding to light in the NIR-II spectrum (1,000—
the utilization of synthetic drug compounds. 1,700nm) Gun et al., 2008 which is capable of much
greater depth of tissue penetration than light in the NIR-
| spectrum. However, it should be noted that GNPs could
LIMITATIONS OF GOLD NANOPARTICLES conceivably be modi ed via conjugation with NIR-II respowusi
FOR PTT polymers, although the potential advantages of doing so
over using pure NIR-II polymer nanoparticles has not yet
To be considered an ideal candidate for PTT, a specic sdteen explored.
of requirements should be met. For example, the ideal PTT
candidate should be: (i) of a suitable nanoparticulate siz#¢ an
of uniform shape; (i) have good dispersibility in aqueousCONCLUSION
solutions; (iii) respond to light in the NIR range of 650-95@ n
to prevent damage to surrounding healthy tissues, providBecause of its bacteriostatic, anti-oxidative, and aotrasive
su cient photothermal e ciency, and to enable sucient properties, gold has been utilized for medical applications
depth of penetration; (iv) be su ciently photostable to ensure dating back centuries. In addition, its photothermal and
adequate diusion time to reach tumors before losing theirphotoacoustic properties, along with its ability to be
photosensitivity, (v) exhibit low or no cytotoxicity in limg  manufactured at the nano-scale and functionalized with
systemsZhou et al., 2013 various drugs and targeting molecules, have caused gold
While GNPs fulll most of these requirements, its long- nanoparticles to be recognized as an ideal multifunctional
term cytotoxicity is largely unknown. As discussed earlidrile  material for cancer therapeutics. Because of its successful
GNPs are considered to be largely biocompatible, the longdocumented use inn vitro, pre-clinical, and clinical studies,
term consequences of nanoparticle accumulation are not fullit has been demonstrated that GNP technology is a promising
understood. However, there are some initial studies hiptat  tool and it is worth investigating future directions that
potential factors that can in uence GNP cytotoxicity. Based would allow for a further evolution of the use of GNPs for
these studies, it is believed that size and surface chamye aancer therapeutics.
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