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| 1. Introduction

The rapid growth of nanotechnology and the development of novel nanomaterials with unique physicochemical
characteristics provides potential for the utility of nanomaterials in theranostics, including neuroimaging, for identifying
neurodegenerative changes or central nervous system malignancy. Theranostic agents play an important and emerging
role in the diagnostics and treatment of metastatic tumors, allowing for refinement and reduction of treatment intervention
of the cancer patient, and the combination of theranostic agents with nanoparticles has been an area of active research in
the past few years. The small size and large surface area of nanomaterials permits translocation across biological barriers
and enhances the interaction with cellular and intracellular components of tumor cells and the tumor microenvironment. In
any other context, such extravasation would be considered undesirable, especially when not targeted, but in the context of
cancer theranostics this is a tremendously useful property. The current lack of literature investigating the modifications
necessary to properly target these nanoparticles, especially to the neuro-oncology space, as well as the lack of literature
on nanoparticles’ imaging visibility and interactions and the off-target toxic potential of such nanomaterials limits their
effective clinical translation. For the CNS oncology scope, the brain poses several challenges for treatment, including the
limitations on toxicity that could lead to neurodegeneration of native cells, thereby impacting patient mortality and
morbidity greatly.

Theranostic agents for the CNS follow the same criteria to achieve clinically relevant levels in the brain or in a
primary/metastatic tumor site. Figure 1 illustrates the general scope of nanoparticles that have been developed, each
focused on specific characteristics that optimally allow for specific drug delivery. The use of nanoparticles allows for both
the targeting of nanoparticles for use in imaging of tumor location and size, as well as delivery of a therapeutic agent,
which could be a small chemotherapeutic agent or a radioactive isotope (Figure 1B,C). The traditional formulation system
for nanoparticles in theranostic delivery is the packaging of a compound into a nanoparticle, alone or in conjunction with a
targeting ligand, e.g., gadolinium and an antibody for targeting to a specific receptor (Figure 1D).
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Figure 1. Nanoparticle and theranostic delivery. (A) Several nanoparticle systems have been described, each suited for
optimal delivery and targeting of therapeutic agents W[, (B) The theranostic nanoparticle can be formulated to include
both an imaging agent and therapeutic agent [; (C) several options are available for either imaging of tumor and
treatment of tumor ; (D) classical theranostic agent with radioactive cargo delivered to tumor via antibody targeting 3.



| 2. Use of Nanopatrticles as a Diagnostic Imaging Tool

This section describes the results of our literature search for studies regarding the use of nanoparticles as contrast agents
with which a variety of medical imaging modalities can view a variety of tumor types. This should be prefaced with the
understanding that nearly all of these studies were conducted to view tumors xenografted into a murine (mouse) model.
Additionally, the vast majority of our results were descriptions of successful use, rather than head-to-head comparisons of
nanoparticles. Those that did list comparative data were those looking at the effect of an addition to or modification of a
base nanoparticle (i.e., Avs. A + B). Thus, it was not reasonable to draw conclusions about the utility of one nanoparticle
vs. another.

2.1. MRI

Our review of the literature shows that magnetic resonance imaging (MRI) as an imaging modality has seen the largest
variety of nanoparticles used as either carriers for agents that provide contrast or as direct contrast agents themselves.
Single wall carbon nanotubes (SWCNT) are the first example of the former. These agents have been transfected with
molecules known to provide contrast on MRI, such as manganese 41, gadolinium B8 and iron oxide B in order to
visualize tumor types including 4T1 breast carcinoma HEIEILY and S180 sarcoma BB, |n a similar molecular sense,
multiwalled carbon nanotubes (MWCNT) have also been successfully utilized as carriers for iron oxide LLIL2ISI14I1S] 5ng
gadolinium X8, These agents have aided in the visualization of xenografts consisting of KB cell tumors, human breast
carcinomas (MCF-7 cell line), and hepatocellular carcinomas. Another carbon-based agent, the magnetic hollow porous
carbon nanoparticle (MHPCN), is an interesting compound of carbon nanodots and iron oxide that has been studied as an
MRI contrast agent for visualizing human cervical carcinoma 4. Iron oxide has also been paired with graphene oxide
nanosheets and has been successfully used to produce contrast in 4T1 breast carcinoma 188, Whether these carbon-
based particles and their paired metals act in synergism to enhance contrast is an interesting question. A study by Fu et
al. demonstrated enhanced contrast on MRI when graphene oxide was transfected with iron oxide and compared with the
contrast produced by graphene oxide alone 29. Furthermore, Rammohan et al. showed that when gadolinium was paired
with nanodiamonds, relaxivity was increased 10-fold compared with that of gadolinium alone 24,

Looking at agents that stray further from a carbon-based carrier, some of the aforementioned attached particles were
popular in our search. Iron oxide has been used alone as an MRI contrast agent for imaging models of nasopharyngeal
and breast carcinoma 22, More frequently, iron oxide has served to provide MRI contrast while combined with other
particles of varying utility. Examples include combination with iron-platinum nanopatrticles in visualizing epidermoid and
breast carcinoma [238], doping with zinc particles to improve contrast in breast carcinoma 24, formation of zinc—cobalt—
ferrite nanoparticles to enhance the contrast effect seen with iron oxide alone in melanoma (C540 cell line) 22 and
pairing with upconversion nanoparticles and gold particles in a dual modal imaging and photothermal therapy agent for
breast carcinoma [28, Perhaps the most common utilization of iron oxide as an MRI contrast agent has been as part of
larger multi-agent nanoparticles with multimodal imaging and even therapeutic capability. To spare redundancy, the
individual utility of the contrast agents in each example are listed in their respective imaging utility subsections later in this
work, described as part of multimodal imaging nanopatrticles also. Important to recognize are the many different particles
iron oxide has been compounded with while still maintaining its ability to successfully provide contrast in tumors visualized
with MRI. Iron oxide has filled this role in a number of combinations to include: silver sulfide and a near-infrared (NIR)
fluorophore to visualize breast carcinoma [&; tantalum oxide, copper sulfide, and zinc phthalocyanine to image cervical
carcinoma (U14 cell line) 28: fluorescent semiconducting polymer to image cervical carcinoma (HelLa cell line) 2
dimercaptosuccinic acid, bevacizumab, and technetium-99m to view breast carcinoma B%; bovine lactoferrin and VivoTag
680 to visualize colon carcinoma (Caco-2 cell line) B1: upconversion nanoparticles (Y, Yb, Er) and squaraine dye to view
4T1 breast carcinoma B2 polydopamine particles and DNA probes to image breast carcinoma (MCF-7 cell line) B3,
molybdenum disulfide nanosheets to view breast carcinoma 24!; and polypyrrole to again view breast carcinoma 23!,

Gadolinium as we know is commonly used in medical imaging as an MRI contrast agent. It has thus been employed for
this use in a number of nanoparticle compounds other than the carbon-based carriers. In a study using titanium dioxide for
sonodynamic therapy of prostate adenocarcinoma (LNCaP cell line), gadolinium was attached specifically to provide MRI
utility 381 It served the same purpose when attached to a zinc oxide quantum dot template that was being used for
fluorescent imaging of a pancreatic carcinoma (BxPC-3 cell line) B2, Using a keratin template, gadolinium has been
combined with manganese dioxide to achieve an enhanced T1l-weighted MRI effect in 4T1 breast carcinoma due to
optimal structure on the template and the combination effect of two MRI contrast agents 8. Zhong et al. created a
scintillating nanoparticle composed of NaCeF,:GdTb and proposed that the presence of lanthanide Ce and Tb ions
actually enhanced the MRI contrast capability of gadolinium in lung carcinoma (A549 cell line) B2, Similarly, Wang et al.



added gadolinium to expand the multimodal imaging capabilities of their upconversion nanoparticle NaYF4/NaGdF, to
enhance MRI visualization of cervical carcinoma (HeLa cell line) (42,

Manganese is an element that displays utility as an MRI contrast agent, often as the Mn?* ion or as manganese dioxide. It
has actually been reported that manganese dioxide will react with increased H* and GSH found in the tumor
microenvironment to yield Mn2*, increasing the observed T1-weighted relaxivity B84 As such, a list of studies exists in
which either is utilized to add MRI functionality to the designed nanoparticle. Mn?* has been added to a calcium carbonate
carrier along with chlorin e6 and a polydopamine coat to view 4T1 breast carcinoma [4Z: added to a polydopamine carrier
along with indocyanine green and doxorubicin for theranostic study of 4T1 breast carcinoma [43l: combined with
polydopamine coated black titanium dioxide and chlorin e6 for theranostic study of 4T1 breast carcinoma 44 combined
with gold, titanium dioxide, and doxorubicin for theranostic study of cervical carcinoma (HeLa cell line) “2: fabricated with
a near-infrared dye to form a nanoscale metal-organic particle and coated with polydopamine for theranostic study of
breast carcinoma “€: combined with collagenase with the goal of degrading the tumor ECM for better perfusion and
imaging of breast carcinoma ¥Z: and combined with calcium carbonate and doxorubicin for theranostic study of breast
carcinoma 8. Manganese dioxide has been combined with chlorin e6 and doxorubicin for theranostic study of 4T1 breast
carcinoma 41l: and attached to keratin carrier surface along with gadolinium oxide and doxorubicin for theranostic study of
4T1 breast carcinoma 8. Two unique applications of manganese were also uncovered in our search. One of which used
manganese in combination with tungsten to create a bimetallic oxide (MnWOX) for the purpose of sonodynamic therapy
enhancement as well as imaging of 4T1 breast carcinoma 42, The other used manganese sulfide (MnS) and combined it
with zinc sulfide and gold for theranostic study of breast carcinoma 2.

Finally, there are two miscellaneous molecules that, while less popular, have been incorporated into nanoparticles for
purposes of providing contrast on magnetic resonance imaging. Titanium dioxide has been combined with Yb, Ho, and F
to form an upconversion nanoparticle useful for imaging breast carcinoma (MCF-7 cell line) B, and vanadium disulfide
nanodots have been paired with technetium-99 for theranostic study of 4T1 breast carcinoma 221,

Briefly, we verify that various nanoparticles have been successfully used to produce contrast in brain tumor models as
well. One review describing the imaging of various glioma/glioblastoma models reported the use of several agents to
produce contrast on MRI, including gadolinium, iron oxide, and gold nanoparticles (53] |n another review, various brain
tumors are reported to have been imaged using iron oxide, gadolinium, and manganese oxide nanoparticles (24,

22.CT

Computed tomography (CT) as an imaging modality did not yield as many results in our search as those for MRI, perhaps
because of the sharp image quality MRI provides, particularly for soft tissues (i.e., tumors). Nonetheless, a number of
studies were found using a variety of miscellaneous nanoparticles as contrast agents under CT imaging of tumors. Some
of these were used specifically for CT imaging, but many were constructed for multimodal imaging or theranostic use.
Several of the lanthanide elements have been incorporated into two examples of nanoparticles used for CT imaging. The
same scintillating nanoparticle composed of Ce, Gd, and Tb ions found useful for MRI also provided contrast for CT
imaging of lung carcinoma (A549 cell line) B9, Similarly, the aforementioned Gd containing upconversion nanoparticle
NaYF4/NaGdF, used for MRI also provided CT contrast for cervical cancer (HeLa cell line) 2%, Titanium compounds have
been rendered useful for CT contrast as well. Growing gold on the surface of titanium carbide allowed CT imaging of 4T1
breast carcinoma 23, and doping titanium dioxide with tungsten allowed CT imaging of the same 2. The MnWOx
nanoparticle that had MRI capability also saw utility as a CT contrast agent from the presence of tungsten 9. ron oxide
was useful in two multimodal imaging studies that included CT imaging. One combined iron oxide with bovine lactoferrin,
alginate-enclosed chitosan-encapsulated calcium phosphate, and Vivotag 680 for theranostic study of colon cancer
(Caco-2 cell line) BY. The other included an NIR-fluorophore and silver sulfide that served to enhance the CT contrast
effect of iron oxide in breast carcinoma 4. Tantalum oxide doped with iron, presumably with combined effect, provided
CT contrast ability to the multimodal nanopatrticle also consisting of copper sulfide and zinc phthalocyanine for theranostic
study of cervical carcinoma (U13 cell line) 28 Rhenium sulfide was used as a lone agent to view 4T1 breast carcinoma
57, A bismuth—carbon nanoparticle composite was constructed as a naive compound for imaging cervical carcinoma
(HeLa cell line) 28l Nanoscale coordination polymers of hafnium and bis-alkene as CT contrast agents were compounded
with doxorubicin and chlorin e6 for theranostic study of breast carcinoma B9, Finally, our search yielded a study using
ExiTron nano, an alkaline earth-based nanoparticulate contrast agent manufactured by Viscover, to view liver metastases
of an unspecified tumor of origin 2., In terms of brain-tumor-specific imaging, gold nanoparticles have been successfully
used as CT contrast agents in a U87 malignant glioma model 3],

2.3. Fluorescent and NIR Fluorescent Imaging



Here we describe findings for fluorescent and NIR fluorescent imaging, the difference being the use of light in the near-
infrared (NIR) spectrum vs. shorter wavelengths. NIR fluorescence carries the advantages of deeper tissue penetration
and less autofluorescence from surrounding tissues (low background), making it the intuitively preferred modality for
tumor imaging 1. Nonetheless, our search yielded studies describing the use of each.

Zinc oxide has been useful as a fluorescent imaging agent in two forms from our search. Zinc oxide quantum dots added
fluorescent imaging utility to the multimodal nanoparticle used for theranostic study of pancreatic cancer (BxPC-3 cell line)
7 and a hollow zinc oxide nanocarrier of paclitaxel and folate allowed fluorescent imaging in a theranostic study of
breast carcinoma 82, Iron oxide nanoparticles are not used directly as agents for fluorescent imaging but rather can serve
as the core particle and thus the carrier for agents that provide fluorescence. In one multimodal imaging study, iron oxide
was encapsulated with a semiconducting polymer that provided fluorescent capability for viewing cervical cancer (HeLa
cell line) 22, A multimodal combination of iron oxide and an upconversion nanoparticle served as a carrier for squaraine
dye, an agent used for downconversion fluorescent imaging of 4T1 breast carcinoma [22. Taking advantage of the
fluorescent capacity of zinc, an iron oxide—polydopamine nanoparticle was transfected with a DNA probe tasked with
increasing intracellular release of endogenous zinc for imaging of breast carcinoma (MCF-7 cell line) B3, Manganese
dioxide has served a similar role in a multimodal theranostic study using a hollow manganese dioxide nanoplatform as a
carrier for doxorubicin and chlorin e6 as the fluorescent agent to view 4T1 breast carcinoma 1. The multimodal MnWOXx
nanoparticle used for theranostic study of 4T1 breast carcinoma was also turned into a fluorescent agent due to the
attachment of DiR iodide dye 49, Graphene oxide has served as carrier for attachments of iron oxide and the fluorescent
agent cyanine 5 for viewing 4T1 breast carcinoma 2. Titanium dioxide doped with Yb, Ho, and F showed utility for
upconversion fluorescent imaging of breast carcinoma (MCF-7 cell line) B, A titanium dioxide polypyrrole nanoparticle
conjugated with DiR fluorescent dye was used to successfully image ovarian carcinoma (Skov3 cell line) 3. The
previously discussed scintillating nanoparticle composed of NaCeF,:GdTb was endowed with X-ray excited fluorescence
for imaging of lung carcinoma (A549 cell line) due to the presence of terbium ions B2, SWCNT when used for fluorescent
imaging have been conjugated with a fluorophore such as chlorin e6 when viewing squamous cell carcinoma 4 or a
cyanine 5-labeled aptamer to view xenograft tumors of ALL or Burkitt's lymphoma €51, Finally, small molecule gold
nanoparticles found use in a study viewing lung carcinoma €8],

SWCNT have been studied extensively as NIR fluorescent imaging contrast agents, occasionally with a fluorescent dye
attached or a structural change. This is due to their good optical absorbance in the NIR region €7, though only a subset of
nanotube chiralities will actually fluoresce or heat well under a NIR laser on their own €8, A few examples of naive
SWCNT, or those without dye or structural alterations, include isolates of these chiralities. These are typically used in the
NIR-II region. Diao et al. viewed the vasculature of 4T1 breast carcinoma by specifically isolating the (12, 1) and (13, 3)
chiralities of SWCNT which demonstrate ~5-fold higher photoluminescence than unsorted SWCNT 2, Antaris et al.
isolated the (6, 5) chirality of SWCNT to view 4T1 breast carcinoma, and this isolate displayed 6-fold brighter
luminescence than unsorted SWCNT €8], Two studies chose to stabilize unsorted SWCNT for NIR-Il imaging with an M13
bacteriophage, and found that this allowed the unsorted nanotubes to provide good fluorescence for viewing prostate
adenocarcinoma 9 and ovarian carcinoma (OVCARS cell line) with tumor-to-background ratio actually 24- and 28-fold
higher than standard NIR fluorescent dyes AF750 and FITC 4, Another study took advantage of both a nanofluorophore
and SWCNT without actually combining them. In this work, unsorted SWCNT were used to image a 4T1 breast carcinoma
tumor via the enhanced permeability and retention effect, and a nanofluorophore called p-FE was created to visualize the
tumor vasculature. These agents emitted two different colors of fluorescence, and the unsorted SWCNT had to be given
at a high dose with 5-fold longer imaging exposure time and 2-fold larger pinhole on the imaging device to capture
fluorescence emission 4. The intrinsic NIR properties of unsorted SWCNT were used alone with no fluorescent dye in
the imaging of breast carcinoma [Z8l. Functionalization via structural change to both SWCNT and graphene nanosheets
with the addition of poloxamer 407 has been used to image squamous cell carcinoma by NIR fluorescence 74, A
semiconducting SWCNT with large diameter has been used to view breast carcinoma as well as cerebrovascular flow 21,
Several studies have employed the attachment of a fluorescent dye to enhance NIR fluorescent capability of SWCNT.
These include the addition of Alexa Fluor 594 to view ovarian carcinoma 8 cyanine 7 to view pancreatic carcinoma
(BxPC-3 cell line) 84, cyanine 5.5 to view breast carcinoma (MCF-7 cell line) 2, IR-783 to view sarcoma (S180 cell line)
(6], and DR to view sarcoma (S180 cell line) [,

Several other agents have been employed for NIR fluorescence study as well, many being fluorescent dyes expanding
the imaging capability of other nanoparticles. Graphene oxide with an attachment of cyanine 5.5 has been used for
imaging 4T1 breast carcinoma 8. Multimodal iron oxide has been rendered useful for NIR fluorescent imaging via
attachment of the fluorescent dye VivoTag 680 to image colon carcinoma (Caco-2 cell line) 1. The NIR fluorophore DiR
has been incorporated into a PEGylated phospholipid mixed micel also containing iron oxide and silver sulfide in order to
expand imaging capabilities of breast carcinoma 4. The NIR fluorescent dye IR825 has been attached to manganese



nanoscale metal-organic particles 48 and to human serum albumin 2 for imaging of breast carcinoma in both cases.
Chlorin e6 was attached to a multimodal calcium carbonate carrier for imaging of 4T1 breast carcinoma 2. Titanium
dioxide was rendered capable of NIR fluorescent imaging of tumors, interestingly by doping with Nb>* ions, which caused
the molecule’s light absorption capacity to shift into the NIR region Y. One study actually simplified the approach, citing
problems of low brightness and low fluorescence quantum yield of previous carrier-based systems, with the NIR
fluorescent dye NPAPF, which was prepared for administration alone with no carrier or attachments to image breast
carcinoma B, Another study used a lone downconversion nanoparticle (NaYYbErF), attachments being molecules for
tumor targeting and biostability, to view ovarian carcinoma (COV362 cell line) 2. Finally, one study employed the use of
fluorescent CdTe quantum dots in order to image KB tumor 3],

Various agents have been used specifically for fluorescent imaging of brain tumors as well. Glioma/glioblastoma models
have been imaged using quantum dots 231841 SWCNT [83, [iposomal nanoparticles, and holotransferrin nanoparticles 23!,
Polyacrylamide, iron oxide with Cy5.5 dye, and quantum dots again were reported as agents used to image various
tumors and tumor vasculature. It should be noted, however, that the skull proves to be a significant physical barrier to
fluorescent imaging, and the utility of this modality is mainly isolated to intraoperative localization of brain tumor tissue 241,

2.4. Photoacoustic Imaging

SWCNT are popular contrast agents for photoacoustic (PA) imaging as well, again secondary to their responsiveness to
light in the NIR region (64188 Although some studies attached agents to SWCNT in order to enhance PA imaging, SWCNT
were the sole mode of contrast in a study imaging squamous cell carcinoma 4. One study took the approach of attaching
PA contrast dyes to SWCNT, creating five separate “flavors” of nanoparticles, those including QSY,; and indocyanine
green exhibiting over 100-fold higher PA contrast than SWCNT alone 4. Another study shared the mechanism of
indocyanine green attachment for the imaging of 4T1 breast carcinoma, notably showing 2-fold greater enhancement with
the SWCNT—indocyanine green combination than indocyanine green alone 8. Other carbon-based nanoparticles useful
for PA imaging include graphene oxide nanosheets, which served as PA contrast in two multimodal studies imaging 4T1
breast carcinoma 129 and hollow mesoporous carbon nanospheres, which did the same for two other theranostic
xenograft studies 29R1 Aside from carbon-based nanoparticles, our search yielded a mix of other agents that have been
studied as PA contrast. Titanium dioxide has been modified several times to shift its absorption into the NIR range and to
thus become useful for PA imaging. One example is from a previously mentioned study that utilized doping of titanium
dioxide with tungsten in order to visualize 4T1 breast carcinoma &, Making titanium dioxide an oxygen-deficient molecule
(TiO,-x) also increased absorption in the NIR range, allowing PA imaging 22, The same study that doped titanium dioxide
with Nb>* ions for NIR fluorescent imaging found this to be useful for creating a PA contrast agent as well B9, Gold
nanorods display good absorption in the NIR range and thus have been used as PA contrast to image cervical carcinoma
(HeLa cell line) 28, Seeding of gold actually allowed functionalization of a titanium carbide nanosheet carrier for the
imaging of 4T1 breast carcinoma 3. The previously mentioned multimodal imaging study with calcium carbonate also
reported good PA imaging of 4T1 breast carcinoma due to calcium carbonate having a polydopamine coat that expanded
its utility #2. MoS,—iron oxide, a nanocomposite that showed utility as an MRI contrast agent, was also found to be useful
for PA imaging of breast carcinoma B4, In a theranostic study of cervical carcinoma (U14 cell line), a bismuth sulfide—
manganese oxide nanocomposite served as the contrast agent 4. The MRI contrast vanadium disulfide nanodots
discussed earlier also show strong NIR absorbance and provide PA contrast of 4T1 breast carcinoma as well 52, Finally,
an interesting coordination polymer nanodot composed of ruthenium ions and phenanthroline, neither of which show
significant optical absorbance alone, showed strong NIR absorbance as a compound allowing PA imaging of 4T1 breast
carcinoma (23],

For brain tumor imaging, holotransferrin nanoparticles have served as PA contrast agents to view glioma models 53, and
gold nanoparticles have been useful for viewing a variety of brain tumors 4. Several studies have also utilized SWCNT
for PA imaging of glioma/glioblastoma models (8261871 Because of their close mechanistic relationship, PA and
fluorescent imaging share the limitation imposed by the physical barrier of the skull.

2.5. PET Imaging

Due to the nature of the imaging mechanism, studies that included PET imaging of tumors attached a radiolabel to the
nanoparticle under investigation. All but one chose the radioisotope 84 Cu. The study that differed used both 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and desferrioxamine B (DFO) as radiolabels attached to SWCNT
for imaging colon adenocarcinoma (LS174T cell line) 28, All of the following nanoparticles were transfected with [£4 Cu for
PET imaging: graphene oxide nanosheets in two studies viewing breast carcinoma B2 zinc oxide to image breast
carcinoma 199, horon nitride nanoparticles in a therapeutic study of breast carcinoma 29, and molybdenum disulfide—

iron oxide nanocomposite as previously mentioned to view breast carcinoma B4, Iron oxide radiolabeled with 4 Cu has



been shown to provide contrast on PET for imaging various brain tumors 24l while SWCNT have been used to view a
glioblastoma model [28],

2.6. SPECT Imaging

As with PET imaging, the use of the SPECT modality necessitates the addition of a radioisotope to the nanoparticle under
study. Technetium-99 was the isotope of choice in most studies including the use of iron oxide BY, vanadium disulfide 22,
and gallic acid—ferric nanocomplexes 292 to view breast carcinoma. Ref. 193 |odine was the radioisotope attached in a
multimodal imaging study using SWCNT to view breast carcinoma 4.

2.7. Miscellaneous

The remaining studies our search yielded cover a range of imaging modalities that were not as popular in the literature as
those already mentioned. Only one study utilized X-ray imaging and did so by using gold as an X-ray absorber attached to
graphene oxide for imaging breast carcinoma 8. Two studies looked at ultrasound imaging, one of which used MWCNT
as a contrast agent to visualize prostate carcinoma (CP-3 cell line) 294, The other utilized pulsed magneto-motive
ultrasound with zinc-doped iron oxide to provide magnetization and contrast for an epidermoid carcinoma (A431 cell line)
(2051 A multimodal study utilized MWCNT as a contrast agent for MRI as well as microwave-induced thermoacoustic

imaging of breast carcinoma 2. Ref. 193] |odine was attached to reduced graphene oxide nanoparticles for gamma

imaging and IR thermal imaging of breast carcinoma 28l Other nanoparticles used for IR thermal imaging include
SWCNT [ and iron oxide-polypyrrole B2, which both allowed visualization of breast carcinoma. A multimodal nanoparticle
consisting of iron oxide, silver sulfide, and a NIR fluorophore successfully provided contrast for mammography due to the
presence of silver sulfide 2. Finally, magnetic particle imaging (MPI) was a modality explored with multimodal janus iron
oxide (Fe304) to image cervical carcinoma. It was stated that the crystallinity of janus iron oxide allowed it to provide

increased contrast on MPI compared with plain iron oxide (Fe,O3) 2.
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