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This article reviews advances in the design and
development of multifunctional carbon-based and/or
magnetic nanoparticle systems (or simply ‘nanocarriers’)
for early cancer diagnosis and spatially and temporally
controlled therapy. The critical issues in cancer
diagnosis and treatment are addressed based on novel
nanotechnologies such as real-time in-vivo imaging, drug
storage and release, and specific cancer-cell targeting. The
implementation of nanocarriers into animal models and
the subsequent effectiveness in treating tumors is also
reviewed. Recommendations for future research are given.
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1. Introduction
Early detection of cancerous cells is critical to rapidly
initiate treatment and consequently increase patient survival. The most common method used in cancer diagnosis is
magnetic resonance imaging (MRI), which can readily detect
lesions as small as a few millimeters.[1–6] Though the technique is applied as a major medical diagnostic tool, it is costly
and time-consuming to implement. In clinical diagnosis, it can
be difficult to achieve high spatial and temporal resolution
simultaneously with MRI. In addition, significant nonspecific
binding of MRI contrast agents can lead to difficulties in
the interpretation of the diagnostic results which are largely
dependent on the experience of the physician.[7] Such uncertainty in cancer diagnosis should be avoided if possible.
While MRI is widely considered to be safe, some concerns
were recently raised regarding the high magnetic fields produced by MRI instruments.[8–10] In comparative terms, optical
imaging is much easier and cost-effective while providing
rapid diagnosis with high resolution. For breast-cancer diagnosis, near-infrared optics has been combined with MRI as
a potentially more accurate diagnostic methodology.[11] MRI
produced the basic image of the breast while infrared imaging
provided physiological information about the tissue, which
could be used for the early detection of a developing cancer.
Various advances in optical tomography techniques have also
shown promise as inexpensive alternatives to MRI.[12–16]
The other aspect of this issue deals with cancer treatment,
which is clinically a completely separate procedure. Severe
side effects arise from the use of more classical cancer therapeutics due to nonspecificity of the cancer drug, resulting in
high toxicity in noncancerous but rapidly dividing cells.[17–20]
As such, more cancer-specific therapeutics are desired. A necessary aspect of cancer treatment can be surgery. Due to the
lack of any bioluminescence, tumors can be difficult to locate
and remove, particularly on the smaller size scales. This could
lead to uncertainty in providing a conclusive assessment in
surgery. Therefore, it is highly desirable to create a means by
which cancer cells could be targeted with high specificity and
be simultaneously imaged in vivo.
Due to the discovery of the enhanced permeability and
retention effect,[21–23] nanotechnology-based treatments
are aggressively being explored in an effort to improve the
efficiency and accuracy of cancer diagnosis while providing
highly specific, and highly efficient cancer therapeutics. Such
multifunctional nanocarriers would ideally be porous for the
loading of therapeutics and functionalized with both ligands,
for cell specific targeting,[24–27] and fluorescent materials, for
ease of detection. The nanocarrier can also be loaded with
therapeutic moieties if desired. Furthermore, the loaded
cancer drugs should be locally released in a controlled
fashion by a defined stimulus in the environment (such as
temperature, pH, biomarkers, or exposure to light).[28] The
addition of a magnetic nanomaterial, such as nanocrystalline Fe3O4, would further extend the functionality of the
nanocarrier. Localization of nanocarriers to tumors can be
accomplished by using magnetic fields to concentrate the
nanocarrier directly in tumors,[29–31] while magnetic hyperthermia[32–35] can be used to directly kill cancer cells[36–38] or
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Figure 1. Schematic diagram illustrating an idealized nanocarrier system
for cancer treatment and diagnosis. The average size of the nanocarriers
should be 50–100 nm, depending on the specific biological process.
Reproduced with permission.[7] Copyright Wiley-VCH, 2009.

as a trigger for controlled release.[39–44] A nanocarrier that
was both highly luminescent and magnetic could also act as
a bimodal imaging agent. For optimal fluid dynamical properties, an idealized 'football' shape has been proposed for
this multifunctional nanocarrier, as seen in Figure 1.[7] The
as-described multifunctional nanocarrier would be tumorspecific, allow for localized treatment, and be highly fluorescent which would allow for simultaneous diagnosis and
treatment.
Carbon nanotubes (CNTs) are of particular interest
as multifunctional nanocarriers for a cancer diagnosis and
treatment as they exhibit many of the properties of the
proposed multifunctional nanocarrier. CNTs are structurally anisotropic and hollow, which fulfill requirements for
optimal fluid dynamics and for drug-storage properties,
respectively. While not inherently biocompatible, fluorescent,
or magnetic, the high thermal stability of CNTs allows for
modification to the CNT's surface via chemical or physical
processes.[45–48] The toxicity of CNTs is a controversial subject.[49] While there are conflicting reports in the literature, it
is generally observed that longer CNTs pose a more serious
health threat.[50] Furthermore, nonfunctionalized CNTs
have appear to be more toxic[51–54] than nonfunctionalized
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CNTs.[55–59] Magnetic nanoparticles (MNPs) or magnetic
nanospheres (MNSs) are also interesting candidates as substrates for multifunctional nanocarriers. A multifunctional
MNS could be used for magnetic-based tumor targeting and
tumor treatment as discussed above. Iron oxide nanomaterials are also moderately biocompatible and nontoxic.[60–63]
A comparatively new class of nanomaterials, nanographene sheets (NGS) and nanographene oxide (NGO) have
recently emerged as possible nanocarriers for cancer treatment. Graphene-based nanocarriers have an advantage
over CNTs as graphene has twice the surface area of a CNT
per carbon atom. Compared to CNTs, the available literature on graphene toxicity is quite small. Preliminary studies
suggest that functionalized NGS[64] and NGO[65] are nontoxic, although more work is needed to better understand
the cytotoxicity of graphene-based nanomaterials. The use
of these three classes of nanomaterials as nanocarrier systems for cancer diagnosis and treatment will be the focus of
this review. Other nanomaterial systems have been used as
substrates for potential multifunctional nanocarriers, such
as hydroxyapatite (HA) nanoparticles,[66,67] porous silica
nanoparticles,[68,69] polymer micelles,[70,71] polymer nanoparticles,[72,73] lipid micelles,[74,75] dendrimers,[76,77] semiconductor quantum dots,[78–80] metallic nanoshells,[81,82] and
metal–organic nanostructures.[83]
The format of this review will reflect the hierarchy of
important functionalities needed to generate the ideal nanocarrier for cancer diagnosis and treatment. First the functionalization of CNTs, MNP/MNSs, and NGS/NGOs with highly
luminescent materials for in-vivo optical imaging will be discussed. This will be followed by drug-loading techniques onto
such nanocarriers and the subsequent controlled release of
therapeutic agents. From there, functionalization of specific
targeting moieties on such nanocarriers will be reviewed
for in-vitro targeting. Combining any number of the aforementioned requirements would yield a potential nanocarrier system. Testing such nanocarrier systems in vivo will be
reviewed last. The end of the review will include comments
on the future of the field.

2. In-Vivo Optical Imaging
For successful in-vivo imaging (especially deep-tissue
imaging), the fluorescent moiety needs to brightly emit in the
IR as most biological materials do not absorb in this wavelength region.[84] CNTs exhibit weak IR fluorescence,[85]
and therefore need to be functionalized with a highly IR
fluorescent material for deep tissue imaging. Semiconductor
quantum dots (QDs) have been of interest for in-vivo
imaging largely due to their intense florescence emissions.
The size-tunable optical properties seen in QDs allow for the
synthesis of highly IR-emitting nanomaterials. In addition,
QDs exhibit high quantum yields, sharp emission spectra, and
a high resistance to photo-bleaching.[86–90]
Whole-body in-vivo imaging of mice was accomplished using QD-conjugated multiwall carbon nanotubes
(MWCNTs) as reported by Shi et al.[91] MWCNTs were
functionalized with carboxylic acid groups to allow for QD
small 2011, X, No. XX, 1–19
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conjugation. This was accomplished using a plasma polymerization process to deposit acrylic acid (AA) previously
developed by the group.[92,93] A uniform 2 nm-thin film was
deposited on the MWCNTs using this method, which was
shown using transmission electron microscopy (TEM). The
amine-functionalized QDs were covalently immobilized on
carboxylic acid-functionalized MWCNTs via standard coupling
techniques. Bright-field TEM images of the MWCNT–QDs are
shown in Figure 2. In this example, CdSe/ZnS core/shell QDs
were used. The QDs appear darker in contrast in the TEM
and are randomly distributed along the MWCNTs (Figure 2a).
High-resolution TEM (HRTEM) images clearly show nanocrystalline QDs on the surface of the AA-functionalized
MWCNT (Figure 2b,c). The accompanying electron diffraction pattern is a result of the diffuse diffraction signature of
the (002) graphite layer in the MWCNTs, and ring patterns
from the CdSe/ZnS QDs (inset, Figure 2b). These materials were also characterized using energy dispersive X-ray
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by Shi et al. show that MWCNTs could be
used as a platform for in-vivo imaging and
eventual cancer treatment.
Using a similar strategy, MNS can
be functionalized with QDs.[94] MNSs
are of interest as they can potentially
allow for cancer treatment via magnetic
hyperthermia. Magnetic hyperthermia is
a heating phenomenon caused by magnetic nanoparticles when subjected to an
alternating magnetic field.[7] In order for
the MNSs to be used in the cancer treatment applications, they have to show
superparamagnetic properties under zero
magnetic field. Typically, Fe3O4 shows ferromagnetic properties. However, superparamagnetic properties can be obtained
if the nanoparticles are below ≈10 nm and
monodispersed.[95–97] A consequence of
synthesizing MNPs on this size scale is a
significantly reduced magnetic moment
for each particle. MNSs overcome this
shortcoming by coupling several Fe3O4
nanoparticle within a larger polymeric
nanoparticle, thus retaining both high
magnetic moments and superparamagnetic properties.
Shi et al.[94] created such MNS–QD
Figure 2. a) Bright-field TEM image of QD-coupled MWCNTs; b,c) HRTEMs showing the crystal
structure of the CdSe/ZnS QDs (inset in (b) is the corresponding electron diffraction pattern); conjugates via the schematic shown in
d) EDS spectrum from the QD-functionalized MWCNTs. Reproduced with permission.[91] Figure 4. Using a miniemulsion/emulsion
polymerization technique,[98] polyethylene
Copyright Wiley-VCH, 2007.
glycol (PEG)-modified polystyrene–iron
oxide (PS–Fe3O4) MNSs were synthespectroscopy (EDS) to further confirm the presence of the sized. Through the auto-oxidation of surface PEO, amineQDs (Figure 2d). The room temperature luminescence spec- functionalized QDs were coupled to MNSs by conventional
trum of MWCNT-QDs was shown to have a maximum around carbodiimide chemistry. MNSs conjugated with CdSeTe/
610 nm, which is redshifted from the original QD spectrum of ZnS were found to be ≈100 nm in diameter, which is suitable
600 nm. This spectrum shows that that QD fluorescence is not for medical applications.[99] Images from TEM show darker
quenched by the MWCNT, an important requisite for in-vivo contrast 5–10 nm particles within a lighter contrast spherical
structure, which corresponds to the Fe3O4 nanoparticles and
imaging.
Fluorescent MWCNTs using CdSe/ZnS QDs and InGaP/ PS nanoparticle respectively (Figure 5a). An HRTEM image
ZnS QDs (610 and 680 nm maximum emission wavelengths, of the periphery of the MNS–QD shows regions of ordered
respectively) were then used for in-vivo imaging in mice lattice structures, which can be indexed to ZnS in the QDs
(Figure 3). Mice were injected with 10 μL of the MWCNT– (Figure 5b). The fluorescence of these QD–MNSs is shown
QD suspension at various locations from head to tail and at in Figure 6, with a maximum emission wavelength of 770 nm.
different MWCNT–QD concentrations. Figure 3a shows an in- This emission is blueshifted from the original QDs. The nanovivo image of a mouse injected at a middorsal location with carriers presented here could potentially be used as bimodal
CdSe/ZnS QDs. For CdSe/ZnS QDs, it was found that con- imaging agents while treating the tumor region using magcentrations above 0.125 μg mL−1 exhibit highly pronounced netic hyperthermia.
Combining a stable template (CNT), a highly fluoresluminescence (Figure 3b, locations A, B and C), while concentrations as low as 0.0625 μg mL−1 could still be seen (Figure 3b, cent material (QD), and a magnetic moiety (Fe3O4) into one
location E). In-vivo imaging with InGaP/ZnS-based MWCNT– signal nanocarrier would be of great medical interest as it
QDs yielded images with much brighter fluorescence than the would allow for optical diagnosis and treatment via magnetic
CdSe/ZnS-based material (Figure 3c). This is attributed to a hyperthermia. To this end, QDs and Fe3O4 were attached
decrease in background absorption from the mouse as the to MWCNTs as reported by Shi et al.[100] Plasma polyemission wavelength of the QD is longer. Nanocarriers with merization was used to surface-functionalize MWCNTs with
emission wavelengths between 700 and 800 nm would be more poly(lactic–co–glycolic acid) (PLGA). PLGA is biodegradideal for in-vivo imaging and are used in later studies reviewed able and Food and Drug Administration-approved for use
in this paper. Nevertheless, these MWCNT–QDs first reported as a polymeric drug-delivery system. Amine-functionalized
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Figure 3. In-vivo images of MWCNT–QDs in mice injected at different body regions: a) CdSe/
ZnS-based MWCNT–QDs (emission at 600 nm) at middorsal location, b) the same nanocarrier
system as in (a) at ventrolateral locations (concentration of nanocarriers given in A through E),
and c) InGaP/ZnS-based MWCNT–QDs (emission at 680 nm) in liver, kidney, and leg muscles.
All images were taken in 2 min under epi-UV illumination with an excitation wavelength of
435 nm. Reproduced with permission.[91] Copyright Wiley-VCH, 2007.

QDs and Fe3O4 nanoparticles were attached to the surface
of the functionalized MWCNTs. The nanocarrier exhibits a
blueshift of 20 nm from the original 800 nm peak emission
of the free QDs. This was attributed to interactions between
the QDs and CNTs, as discovered in a previous study.[101]
The magnetic hysteresis curve and magnetic hyperthermia
curve for CNT–QD–Fe3O4 and CNT–Fe3O4 are shown
in Figure 7a,b. The nanocarrier shows a typical magnetic

hysteresis, with a small amount of irreversibility. The hyperthermia curves are similar
for the two CNT–Fe3O4 tests, and produce a temperature of 45 °C after 30 min
using a 956 kHz, 6.0 mT magnet field. This
set of testing conditions and temperature ranges is preferable for cancer treatment, while potentially allowing in-vivo
imaging. In-vitro and in-vivo imaging and
magnetic hyperthermia were not reported,
although this nanocarrier system could
serve as a potential starting point for such
experimentation.
The previous studies illustrate the possibility of using CNTs and MNSs as multifunctional nanocarriers and can be used as
a starting point for further functionality
in diagnosis and cancer treatment. Fluorescent MNSs could also serve as bimodal
imaging agents. While QD–Fe3O4 was
reviewed here, magnetic nanoparticles
could also be functionalized with conjugated polymers[102] and plasmonic materials[103,104] for bimodal imaging as well.
These highly fluorescent nanostructures
can be conjugated to the biocompatible
nanocarriers for in-vivo imaging, which
can be useful for easier cancer diagnosis.
The following sections of the review will
highlight strategies for drug storage and
release, specific targeting, and cancer treatment using similar multifunctional nanocarrier templates.

3. Drug Storage & Release

The ability to locally deliver drugs to tumor cells concentrated only in cancerous regions of the body is a key challenge in cancer therapeutics. The more commonly used cancer
drugs broadly distribute throughout the body and negatively
impact on the proliferation of noncancerous cells. Nanocarrier systems could circumvent these issues by providing an
environment for drug storage by increasing
the dose unit per volume while controlling
the rate of release by engineering specific
functionalities into the nanocarrier. In this
way, anticancer drugs can be used much
more efficiently, which in turn would lower
the total amount of drug administered.
Key challenges in this area include the
prevention of drug leakage during biodistribution and effectively releasing the drug
at the point of contact with cancer cells. In
the following section, key studies will be
Figure 4. Schematic of MNS–QD coupling. EDC: 1-ethyl-3-(3-dimethylaminopropyl) reviewed that take aim at such challenges.
carbodiimide HCl, NHS: N-hydroxysuccinimide, PEG: poly(ethylene glycol). Reproduced with
Using MWCNTs as nanocarriers,
permission.[94] Copyright Wiley-VCH, 2009.
Guo et al.[105] examined drug storage and
small 2011, X, No. XX, 1–19
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Figure 6. Emission spectra of pure QDs and MNS–QDs. Reproduced
with permission.[7] Copyright Wiley-VCH, 2009.

period. A PTX concentration of 5 ng mL−1 was found to be
sufficient to kill ≈50% of the prostate cancer cells. PTX-loaded
MWCNTs showed a similar level of cell death at a concentration of 100 ng mL−1. The author's predicted that a dosage of
0.5 ng paclitaxel was released from the PGLA coating, which
corresponds to ≈50% of the loaded antitumor drug (based on

Figure 5. a) Bright-field TEM images of MNS–QDs, and b) an HRTEM
image showing the lattice structure of the QDs. Reproduced with
permission.[7] Copyright Wiley-VCH, 2009.

cancer cell treatment in vitro. MWCNTs were first functionalized with PLGA via plasma polymerization. Paclitaxel
(PTX), an antitumor agent used in the clinic for a variety
of tumors,[106,107] is used as a model drug in this study. Drug
loading was done by simply mixing PLGA-coated MWCNTs
in a methanolic drug solution, followed by solvent evaporation and repeated washing with distilled water. The amount
of PTX loaded onto/into the MWCNTs was found to be
113 ± 6 μg mg−1 CNT, as determined by HPLC.
PTX-loaded MWCNTs were tested against human
PC-3MM2 prostate cancer cells using a (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Figure 8). Cell viability was tested after a 96 h incubation
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Figure 7. a) Room-temperature magnetization versus applied field
for QD–Fe3O4–CNT, and b) hyperthermia temperature-versus-time
curves for nanocarriers at different CNT:Fe3O4 ratios. Reproduced with
permission.[100] Copyright American Institute of Physics, 2009.
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Figure 8. Dose-dependent effects on CNTs and PTX on the viability
of human PC-3MM2 prostate cancer cells in vitro over a 96 h period.
Hollow spheres represent free PTX, solid squares represent PTX-loaded,
PLGA-coated CNTs, and the hollow squares represent PLGA-coated CNTs
without PTX. Reproduced with permission.[105] Copyright Wiley-VCH,
2008.

the positive control and HPLC data). The drug-free PLGAcoated MWCNTs did not show any sufficient cellular death
until concentrations exceeding 1000 ng mL−1. It is worth
noting that issues could arise with noncontrolled release,
as PLGA is a biodegradable polymer. Regardless, the data
shows that drug-loaded PLGA-coated MWCNTs kill prostate cancer cells at a higher dose-per-unit-volume than free
PTX. These nanocarrier systems have an increased water solubility compared to this lipophilic antitumor agent, and have
the added benefit of being a nanocarrier platform that could
undergo further functionalization for improved cancer treatments strategies (i.e., magnetic functionalization for hyperthermia, ligands for specific targeting, etc.).
Drug-loaded, self-assembled poly(vinyl alcohol)–iron
oxide/silica core/shell (SAIO@SiO2) MNSs were successfully synthesized and tested for drug release using a highfrequency magnetic field (HFMF) by Hu et al.[108] Using
magnetic hyperthermia, the drugs would be released from
the MNSs due to the increased polymer-chain mobility at
higher temperatures. The motivation behind using a thin shell
of silica was to regulate unintentional drug release. The size
regimes for the nanoparticles synthesized here were 4.8, 76.7,
and 85.6 nm for Fe3O4, SAIO, and SAIO@SiO2 nanoparticles,
respectively. Using ibuprofen (IBU) as a model hydrophobic
drug, it was shown that uncapped SAIO would release a
large majority of the drug over a 1 h period, while SAIO@
SiO2 nanoparticles exhibited a comparatively very small
release of IBU over the same time period. Under HFMF,
the SAIO nanoparticles would exhibit slow-to-burst release
profiles for all HFMF times tested, which increased linearly
with stimulus time (Figure 9a). Upon removal of the HFMF,
the SAIO nanoparticles maintained burstlike release profiles,
and the release rate was increased when compared to SAIO
nanoparticles without HFMF treatment. The SAIO@SiO2
nanoparticles exhibit similar slow-to-burst release profile
after HFMF treatment, albeit with two important differences.
The overall release of IBU was decreased by approximately
two-fold when compared to SAIO nanoparticles and, upon
small 2011, X, No. XX, 1–19

Figure 9. a) Drug-release profiles for SAIO and SAIO@SiO2 nanocarriers
under no HFMF; b) drug-release profiles for SAIO under HFMF treatment
for 1–4 min, and; c) drug-release profiles for SAIO@SiO2 under HFMF
treatment for 1–4 min. Reproduced with permission.[108] Copyright
Wiley-VCH, 2008.

removal of the HFMF, the zero-order release profile was
recovered (Figure 9b). The authors attributed both of these
distinct differences to the silica shell's ability to regulate IBU
diffusion out of the nanoparticles.
The cellular uptake of SAIO@SiO2 nanoparticles was
studied in HeLa cells using fluorescein isothiocynate (FITC)labeled nanocarriers and photoluminescence microscopy. It
was found that SAIO@SiO2 nanoparticles were gradually
internalized by HeLa cells over a 4 h period, which was attributed to endocytosis. Similar uptake results were seen using
flow cytometry as well. The SAIO and SAIO@SiO2 nanoparticles were also shown to be nontoxic using MTT assay.
The two nanocarriers were tested over a 48 h period, with
almost no loss in cell viability. Magnetically induced drug
release from the nanocarrier in HeLa cells was not shown in
this study, nor was a more relevant cancer therapeutic tested.
However, this system shows promise for cancer therapeutics,
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Figure 10. Fluorescence microscopy images of HeLa cells after 10 h
incubation with fluorescence-loaded, PVP-modified SiO2/Fe3O4 MNSs
without HFMF treatment (a) and 30 s of HFMF treatment (b). Reproduced
with permission.[109] Copyright Wiley-VCH, 2008.

as the potential to magnetically localize and trigger a controlled release of an anticancer drug is desirable to efficiently
treat tumors.
The same group also developed a similar MNS system
wherein a core phase of poly(vinyl pyrrolidone) (PVP)modified silica with fluorescent dye (used as a drug model)
is capped with a Fe3O4 shell.[109] The HFMF was shown to
induce nanoscale faults within the Fe3O4 shell, which allow
for the release of the fluorescence molecules. These MNSs
were shown to enter HeLa cells. A HFMF was applied to the
HeLa cells and green fluorescence was observed throughout
the HeLa cells (Figure 10). In a follow-up study,[110] the
nanocrystalline Zn–Cu–In–S (ZCIS) QDs were grown on
the surface of the MNSs. While immobilization of QDs on
the surface of the MNSs could potentially allow optical diagnosis of cancer cells, they also serve a secondary purpose: as
a HFMF is applied, thermal energy from the Fe3O4 is used to
effectively quench the QDs via exciton dissociation between
QDs.[110] Upon exposure to a HFMF, the fluorescence intensity of the QDs decreased with an increased exposure time,
while the fluorescence from the model drug consequently
increased. This suggests that the amount of drug released
could possibly be quantified by measuring the decreased fluorescence from the QDs, as both events are a consequence of
the applied magnetic field. The changes in intensity of both
the drug model and QDs changed linearly at varying magnetic field strengths, indicating that quantification of drug
release could be possible. This effect was also confirmed in
vitro with HeLa cells.
Employing rare earth (RE) doped phosphates over QDs,
Wang et al.[111] synthesized MNSs loaded with the anticancer
drug doxorubicin (DOX). While generally not as luminescent
as QDs, RE-based materials are less toxic than the more
common variants of QDs, which is an important requisite

8 www.small-journal.com

for a clinically viable nanocarrier. YPO4 particles doped with
either Eu or Tb were synthesized by a solvothermal technique and then coprecipitated with Fe3+ and Fe2+ to form
Fe3O4. DOX was loaded onto the MNSs in PBS buffer at a
DOX-encapsulation efficiency of 69.6% and DOX-loading
content of 18.7%. DOX shows a 17.3% release from Tbbased MNSs after 6 h, followed by a slow release of the drug
for up to five days, beyond which the release profile plateaus
out just below 25% of the initial loaded DOX amount. These
MNSs were found to successfully accumulate in HeLa cells
after a 96 h incubation period. No in-vitro release of DOX
in cancerous cells was reported, nor was there any report of
magnetically induced drug release.
PEG-functionalized NGOs were used as a carrier for
anticancer drugs as reported by Liu et al.[112] SN38, an aromatic topoisomerase I inhibitor,[113] was chosen because of its
potent anticancer properties and poor water solubility. SN38
is derived from the clinically relevant CPT-11 via a metabolic reaction in the body, but much of the original CPT-11 is
excreted prior to SN38 formation or metabolized into other,
inactive compounds.[114] SN38 was believed to bind to the
water-soluble PEG–NGO via hydrophobic interactions and
π–π stacking between the aromatic regions of the drug and
NGO. Fluorescence quenching of SN38 on the NGO and the
drug's zero-release profile in PBS buffer illustrated the high
affinity of SN38 to NGO. The drug-loaded PEG–NGO was
tested for cancer cell killing capability against the human
colon cancer cell line HCT-116. Water-soluble CPT-11 exhibited a 50% decrease in cell viability at ≈10 μm, while SN38loaded nanocarriers exhibited similar cell killing at ≈6 nm, an
impressive 1000-fold improvement (Figure 11a). The nanocarrier exhibited similar cell killing capabilities as free SN38 in
DMSO. The PEG–NGOs without the loaded drug were found
to be nontoxic, indicating that apoptosis was only caused by
SN38 (Figure 11b). This data illustrates the potential for using
graphene nanocarriers as an efficient drug-delivery agent for
aromatic, insoluble drugs.
The preceding studies in this section highlight the ability
to successfully incorporate commonly used cancer drugs
or drug models into carbon-based and magnetically viable
nanocarriers. It was shown that carrier-associated drugs are
efficient at killing cancer cells in vitro, while the use of a
magnetically active nanocarrier allows for a means to trigger
the release of cancer therapeutics. Such characteristics are
desired for smartly designed nanocarrier systems. To be used
advantageously in medical environments, these nanocarriers
would need specific targeting functionalities while also being
tested in vivo, as reviewed in the subsequent sections.

4. Cell Targeting
In order to reduce the toxic side effects of cancer treatment due to the nonspecific pharmacological uptake of
cancer therapeutics by noncancerous cells, specific targeting
strategies should be implemented. In a nanocarrier system,
such specificity could be obtained by functionalizing the
nanocarrier with a binding moiety (such as an antibody)
that interacts with a biomarker specifically expressed on the
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phototherapy techniques such as these
should be exploited further in future
studies, as it is a moderately easy method
for treating cancer cells.
Welsher et al.[118] have also reported
antibody functionalization of SWCNTs.
The antibody Rituxan was used to selectively bind CD20 (present on the surface
of B-cells, but not T-cells) while Herceptin
was used to selectively recognize HER2/
neu. The HER2/neu receptor is found to
be overexpressed in breast cancers.[119–121]
The authors of this study emphasized
the potential use of the SWCNT as a IRfluorescent material that could be used for
cancer diagnosis. Targeting studies on the
Herceptin-functionalized SWCNTs with
the HER2/neu positive BT-474 cell line
and the MCF-7 cell line as the negative
control are shown in Figure 12. The antibody-specific SWNTs were bound to the
BT-474 cell line and not to the MCF-7 in
vitro, as expected. While CNTs alone may
not suffice as a fluorescent material for
deeper tissue in-vivo imaging, the aforementioned study was the first to show that
Figure 11. In-vitro cell toxicity assay of HCT-116 cells. a) Cell-viability data against CPT-11 in
PBS, SN38 in DMSO, and NGO–PEG–SN38 in PBS at different concentrations over 72 h, and properly functionalized CNTs could be
b) cell-viability data of nanocarriers with (red) and without (black) loaded SN38. Reproduced used for specific cancer cell bioimaging.
Further modification of these nanocarriers
with permission.[112] Copyright ACS, 2008.
with IR-emitting materials would yield
more promising in-vivo images.
surface of a cancer cell. Combining cell-targeting strategies
Zhang et al.[122] used FA-functionalized SWCNTs loaded
with the drug-loading and -release strategies reviewed the in with DOX for targeted and controlled cancer treatment in
the previous section, would further enhance the efficiency of
a nanocarrier system to effectively kill cancer cells. This section will highlight reports on specific cell-targeting strategies
in vitro.
Specific targeting of cancerous cells using CNTs was
reported by Kam et al.[115] Single-walled carbon nanotubes (SWCNTs) were functionalized with a phospholipid–
polyethyleneglycol–amine (PL–PEG–NH2) and bound to folic
acid (FA) through conventional coupling chemistry. The folic
acid functionality is used to specifically bind to folate receptors (FR) that are typically overexpressed in cancer cells.[116]
Using IR light to locally heat FA–SWCNTs, cells exhibiting
FRs were specifically targeted and killed in vitro. Cells not
expressing FR showed no cell death during the IR exposure and little SWCNT uptake when compared with FRpositive cells. In a similar study by Shao et al.,[117] SWCNTs
were functionalized with antibodies for insulinlike growth
factor 1 receptor (IGF1R) and human endothelial receptor 2
(HER2/neu). These receptors are found to be overexpressed
in a variety of cancer cells as compared to healthy cells. IR
laser pulses were used to effectively kill cancer cells that
had expressed the receptor complementary to the targeting
Figure 12. a) IR fluorescence image of BT-474 cells (HER2/neu positive)
ligand on the SWCNT, while nonfunctionalized SWCNTs
treated with SWCNT–Herceptin; b) IR fluorescence image of MCF-7 cells
only killed 20% of cells. The use of IR light for phototherapy (HER2/neu negative) treated with SWCNT–Herceptin, and; c) average IR
in these studies is advantageous as biological tissues and fluorescence values of (a) and (b) with a positive/negative ratio of about
liquids do not absorb this wavelength of light. IR-basZed 20:1. Reproduced with permission.[118] Copyright ACS, 2008.
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chitosan nanoparticles. The MNSs were
also functionalized with N-acetyl histidine
for hydrophobic interactions, bombesin for
targeting gastric-releasing peptide receptors overexpressed in prostate-cancer cells,
and Cy5.5 for infrared optical detection.
MNSs functionalized with bombesin were
found to bind to PC3 cells much better
than their nonfunctionalized counterparts.
Theses studies highlight the effectiveness of implementing specific binding
motifs to a nanocarrier system. The use
of site-specific targeting strategies would
allow for more efficient delivery of cancer
drugs to the tumor, and thus would reduce
the amount of drug needed per dosage.
Figure 13. Cell viability of HeLa cells treated with various nanocarriers at different More importantly, it would drastically
concentrations and incubation times. Reproduced with permission.[122] Copyright Elsevier, reduce the level of toxicity to healthy
2009.
cells due to nonspecific uptake. While the
majority of the reviewed studies use ligands that are specific to receptors overexvitro. The SWCNTs were coated with sodium alginate (ALG) pressed by cancerous cells (but still found on healthy cells)
and/or chitosan (CHI) to improve biocompatibility, followed instead of using targeting ligands specific to the surface of a
by the coupling of FA and loading of DOX. It was found that cancerous cell, these efforts illustrate that, in principle, the
ALG–SWCNTs loaded DOX more efficiently than CHI– methodology is worth investigating further.
SWCNTs, while the rate of release at lysosomal pH was found
to be faster for CHI–SWCNTs than ALG–SWCNTs. CHI/
ALG–SWCNTs exhibit immediate DOX-loading efficiency
5. Cancer Treatment
and rate-of-release comparable to the single polysaccharide
The bulk of this review thus far has been focused on
coating. All nanocarrier systems tested showed little release
at physiological pH (7.4). This is an advantageous property imparting functionality into carbon- and magnetic-based
of these systems, as release of DOX could be triggered after nanosystems for improved cancer diagnosis and treatment.
entering the lysosome of a targeted cancer cell (pH = 5.8). Through employing any combination of highly luminescent
The mechanism behind DOX release was not alluded to in functionality for in-vivo imaging, drug-storage capabilities,
this study. As with the previously referenced studies, these and cancer-cell specific targeting moieties, a more efficient
CNT-based nanocarriers were only specific to HeLa cells cancer diagnostic and treatment methodology can be impleexpressing FR and not to other cells. HeLa cell viability was mented. Moving the technology from the laboratory to the
tested against varying concentrations of FA–CHI/ALG– clinic is the next natural step for experimentation, and is a
SWCNTs (Figure 13). The response to the DOX-loaded major research focus worldwide. The following section highSWCNTs was found to be linear with dosage. More notable lights studies wherein the previously reviewed strategies/
is that the nanocarriers killed more cells than did a higher methodologies for cancer diagnosis and treatment using
concentration of unbound DOX. This study also highlights a nanocarrier systems are implemented and tested in vivo using
more subtle strategy for drug loading and release, which is to animal systems.
Liu et al.[131] functionalized SWCNTs with PTX and tested
employ two different materials to better optimize the loading
its effectiveness at killing breast cancer cells in female mice.
and release kinetics of the cancer drug.
Magnetic nanomaterials surface-functionalized with SWCNTs were functionalized with a phospholipid-branched
target-specific ligands have been used for MRI applications PEG to increase biocompatibility and for higher PTX conjufor quite some time.[123–127] Huh et al.[128] were the first to gation. The amine-functionalized PEG was coupled to succinic
demonstrate the use of cell-specific targeting and fluorescence acid-modified PTX via standard coupling techniques. PTXdetection using appropriately functionalized magnetic nano- resistant 4T1 murine breast cancer tumors were generated
particles. While the bulk of this study was focused on MRI by subcutaneous injection into female BALB/c mice. In-vitro
applications, the use of a FITC-tagged secondary antibody cell-viability tests had shown that the SWCNT–PTX was just
along with Herceptin allowed for specific optical detection as effective in killing of cells as free PTX and PEG-modified
of breast-cancer cells in vitro. Das et al.[129] made a similar PTX. The SWCNT–PTX and appropriate controls were
MNS system using rhodamine isothiocynate (RITC) as a flu- then tested in vivo against tumors in female mice. After a
orescent marker and FA as a targeting ligand for HeLa cells. 22 day testing period, the SWCNT–PTX treated tumors exhibit
In these two studies, IR-emitting materials would be needed a ≈5-fold decrease in tumor growth compared to untreated
for practical in-vivo imaging. Lee et al.[130] created MNSs and SWCNT-treated mice, and nearly a 4-fold decrease when
by loading 12 nm Fe3O4 nanoparticles into 100 nm glycol compared to free PTX and PEG-modified PTX. Further

10 www.small-journal.com

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2011, X, No. XX, 1–19

Multifunctional Nanocarriers for Cancer Diagnosis and Therapeutics

assay analysis discovered that SWCNT–PTX were more efficient at inhibiting tumor proliferation and inducing apoptosis
in tumor cells. Biodistribution and organ accumulation of
SWCNT–PTX was also studied. It was found that the PTXmodified SWCNTs had a circulation half-life of 1.1 h, while
the circulation half-life of PEG-functionalized SWCNTs
was 3.3 h. This shortened circulation time for SWCNT–PTX
was attributed to the increased hydrophobic character from
the PTX. SWCNT–PTX was found in higher concentrations
in tumor cells than free PTX and PEG–PTX for the same
dosage of PTX. Since in-vivo tumor uptake is enhanced, the
amount of SWCNT–PTX could be lowered, which is beneficial for nonspecific toxicity. It is also important to note that
SWCNT–PTX uptake in the blood was much higher after a
2 h period, whereas a large concentration of free PTX was
found in the kidney and liver. Free SWCNTs were found to
accumulate in the liver and spleen at a much higher concentration than free PTX, which was attributed to the cleaving of
PTX from SWCNTs in other tissues.
Bhirde et al.[132] developed a CNT nanocarrier for targeted delivery of cancer therapeutics to head and neck squamous carcinoma cells (HNSCC) in vivo. Epidermal growth
factor (EGF) was used a targeting ligand for EGF receptors
(EGFR), which are overexpressed in HNSCC. Cisplatin was
used as the cancer therapeutic. Both cisplatin and EGF were
conjugated onto carboxylic acid-functionalized SWCNTs
using conventional coupling strategies. QDs were coupled to EGF–SWCNT for in-vitro imaging purposes. It was
found that QD luminescence was only observed in HNSCC
cells with EGFR rather than in those without (EGFR was

removed from the HNSCC via siRNA). Over 75% of EGFRexpressing HNSCCs internalized the nanocarriers, while
less than 20% of the zero or lower-level EGFR-expressing
HNSCCs had nanocarriers present. These results were verified in vivo using two-photon video imaging and confocal
microscopy. In-vitro targeting experiments demonstrated that
EGF-modified SWCNT–cisplatin was effective at killing cells
that overexpressed EGFR. Cells not expressing EGFR had
healthy cell viability. Controls of 10 μm cisplatin, SWCNTs,
EGF–SWCNTs, and SWCNT–cisplatin, had no effect on any
of the cells tested. Its noteworthy that fully modified nanocarriers, with a cisplatin concentration of 1.3 μm, were much
more effective at inducing cell death than a nearly 10-fold
increase of free cisplatin. In-vivo studies were performed
in nude mice bearing HN12 cells that over-express EGFR.
The nanocarrier and appropriate controls were injected in
the tail of the mouse once the tumor had grown between
7–10 mm. Mice treated with the targeted SWCNTs exhibited a pronounced decrease in tumor growth while SWCNTs
without EGF did not, illustrating the importance of implementing a targeting ligand on the nanocarrier (Figure 14a).
Raman spectroscopy of tumor cells treated with the targeted
SWCNTs had the signature G-band of SWCNTs, while the
control group did not (Figure 14b). Using TEM, it was also
shown that SWCNTs were present in the cross sections of
tumors treated with EGF–SWCNTs (Figure 14c). Tumor cells
treated with the control CNTs did not show CNTs within the
cells under TEM (Figure 14d). QD-conjugated nanocarriers
were not test in-vivo, but could potentially be used for targeted treatment and diagnosis.

Figure 14. HN12 HNSCC tumor treatment with targeted nanocarriers in vivo. a) Plot showing suppressed tumor growth with targeted nanocarriers
while tumors grew linearly when treated with the nontargeted nanocarriers; b) Raman spectra of tumor cryosections of tumors treated with
nontargeted and targeted nanocarriers. TEM micrographs are shown in (c) and (d) respectively. Inset in (d) is a higher-magnification image showing
the presence of CNTs. Reproduced with permission.[132] Copyright ACS, 2009.
small 2011, X, No. XX, 1–19
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An MNP system for the specific targeting and magnetic extraction of ovarian
cancer cells was developed by Scarberry
et al.[133] Highly magnetic cobalt spinel
ferrite particles, CoFe2O4, were coated
with polygalacturonic acid and conjugated
to YSA peptide (GGGGYSAYPDSVPMMSK) through the lysine at the Cterminus via amine–carboxylic acid coupling chemistry. YSA is an ephrin mimetic
peptide that binds specifically the receptor
tyrosine kinase EphA2,[134] a receptor that
is overexpressed in ovarian cancer cells.[135]
Magnetic nanoparticle–YSA conjugates
were further tagged with a rhodamine dye
at 610 nm for fluorescence observations.
A continuous-flow system with EphA2expressing cells was used to determine if
the functionalized magnetic nanoparticles could extract cells from a nonstatic
medium. After the inclusion of functionalized MNPs to system, cells aggregated to
one side of the circulator when a magnet
was present. After removal of the magnetic
field, the agglomerated cellular mass redispersed back into the circulating stream.
This phenomenon was not observed using
magnetic nanoparticles without YSA. Similar results were obtained by incubating
the nanocarrier with cells, following by
washing off excess nanocarriers.
In-vivo studies were carried out using
fluorescent
diacetate
(FDA)-tagged
Hey cells and FDA tagged BG-1 cells,
the former of which expressed EphA2
much more than the latter. Hey cells
were injected into the peritoneum of a
female mouse and dispersed through the
abdomen via gentle massage, followed by
rhodamine-tagged magnetic nanoparticle–
YSA conjugates. After a 30 s exposure to
a 2600 Gauss magnet on the abdomen of
the mouse, the mouse was placed under
488 nm light. A green emission can clearly
Figure 15. In-vivo targeting studies of Hey and BG-1 cells with MNPs. a) Green fluorescence
be seen from the FDA-tagged Hey cells
from dye-loaded Hey cells seen through the abdominal skin of an anesthetized mouse;
from the abdomen of the mouse and b) closer view of the dye-loaded Hey cells; c) red emission from the MNPs at the same site of
after removal of the outer abdominal skin Hey cells seen in (b); d) MNPs observed through the peritoneum at the site of the magnet;
(Figure 15a,b). The excitation light source e) no visible detection of dye-loaded BG-1 through the abdominal skin of an anesthetized
was then switched to 530 nm, and a red mouse; f) close view of the BG-1 cells after removal of abdominal skin; g) red emission from
(f), and; h) bright-field image of MNPs at the site on BG-1 cells.
emission could be seen from the magnetic the MNPs at the site shown in[133
Reproduced with permission. ] Copyright ACS, 2009.
nanoparticles in the same location as the
Hey cells (Figure 15c). Bright-field imaging
shows a dark mass in the same area as the red emission, which from dark- and bright-field images (Figure 15g,h). As such,
is consistent for magnetic nanoparticles (Figure 15d). The the lack of cell signal was not due to the lack of nanocarriers,
same study was conducted on BG-1 cells. Green fluorescence but to the lack of binding between the low-EphA2-expressing
from the BG-1 could not be seen directly from the abdomen BG-1 cells and the MNPs. The extraction efficiencies of the
of the mouse (Figure 15e), and was only detectable once the MNPs to Hey and BG-1 cells were also tested in vivo by
outer abdominal skin was removed (Figure 15f). Red fluo- mixing equal amounts of two cell lines and introducing them
rescence from the magnetic nanoparticles was clearly visible in the peritoneal cavity of mice. After incubation with the

12 www.small-journal.com

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2011, X, No. XX, 1–19

Multifunctional Nanocarriers for Cancer Diagnosis and Therapeutics

MNPs, the cell extracts were filtered magnetically and found
that 95–100% of the extract cells were Hey cells.
Cho et al.[136] combined fluorescent, superparamagnetic,
drug-storage, and targeting functionalities into a MNS nanocarrier. Previously reported fluorescent MNSs[94] were loaded
with PTX and tested for their cancer-killing ability against
human metastatic PC3mm2 prostate cancer cells (Figure 16)
in vitro. After a 96 h incubation period, the PTX-loaded
MNSs illustrated sufficient cellular death at a concentration
of 0.1 μg mL−1, while cells treated with nondrug-loaded MNS
controls maintained constant cell viability. The MNSs were
further functionalized with an antibody against the prostatespecific membrane antigen (antiPSMA) using conventional
coupling chemistry, as depicted in Figure 17. Antibodyfunctionalized MNSs and nonspecific MNSs were incubated
Figure 16. Dose-dependent effects of MNSs, QD–MNSs, PLGA–
with LNCaP (PSMA-positive) and PC3mm2 (PSMA-negative)
QD–MNS, and PTX–PLGA–QD–MNSs on human PC3mm2 prostateprostate-cancer cells. From Figure 18, it can be clearly seen
cancer cell viability over a 96 h period. Reproduced with permission.[136]
that LNCaP cells treated with antibody-functionalized MNSs
Copyright ACS, 2010.
show fluorescence from the QDs coupled to the MNSs. The
same cells do not exhibit luminescence
when treated with nontargeted MNSs.
The PSMA-negative PC3mm2 cells exhibited no fluorescence for the antibodyand nonantibody-functionalized MNSs.
In-vivo experiments were performed by
injecting the targeted MNSs and control
MNSs through the tail vein of tumorbearing nude mice. Various organs of the
mice were harvested and analyzed ex vivo.
Untreated organs exhibited some autofluorescence in the liver, kidney, spleen, and
lungs, but not as much from the tumor
(Figure 19). In the antiPSMA-functionalized MNSs, the emission from the tumor
region is greatly enhanced, showing that
in-vivo targeting of tumor cells was successfully accomplished.
Dong et al. treated MCG-7 breastcancer cells using sensitized, water-soluble
NGO in vitro for cancer phototherapy
applications.[137] NGO was functionalized
with PEG and loaded with the photosensitizer zinc phthalocyanine (ZnPc) through
hydrophobic and π–π stacking interactions. The PEG–NGO was shown to be
nontoxic to MCG-7 cells at concentrations
as high as 250 mg L−1. PEG–NGO/ZnPctreated cells showed, upon UV irradiation,
a pronounced cytotoxicity attributed to
the ZnPc photosensitizer (Figure 20). No
information was given on the effect of UV
light alone. Yang et al.[138] also used watersoluble NGS for the photothermal therapy
of tumor-bearing mice in vivo. NGSs were
rendered water-soluble with amine-funcFigure 17. Schematic of the surface functionalization of antibodies onto MNSs. (a) Carboxylic
tionalized PEG followed by the covalent
acid functionality provided by the end groups of PLGA. (b) conventional EDC/NHS coupling
chemistry of carboxylic acids to ethylenediamine to yield an amine functionalized MNSs, coupling of Cy7, an IR-fluorescent dye.
(c) conjugation of the anti-PSMA to the MNSs through EDC/NHS coupling, and (d) resulting Figure 21 shows the in-vivo imaging of
multifunctional nanocarrier system. Reproduced with permission.[136] Copyright ACS, 2010.
mice with various tumors injected with the
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nanocarrier at various time points. A high
signal from Cy7 can be seen accumulating
in the tumor region for all three tumors
tested after 1–6 h after injection. A biodistribution analysis determined that after a
6 h period, the only significant uptake of
the NGSs was in the tumor and kidneys
for 4T1 tumor-cell-bearing mice. This
is particularly interesting as no targetspecific ligand was functionalized onto the
NGS. The photo thermal therapy studies
are shown in Figure 22 for 4T1 tumorbearing mice. Tumor volume only ceased
to increase when NGSs were present and
exposed to an IR laser. All controls illustrated typical tumor growth. Of the ten
mice tested in the laser + NGS group,
all ten survived over a 40 day period.
This again shows the potential of using
graphene-based nanocarriers for cancer
treatment.

6. Outlook

Figure 18. In-vitro targeting studies of MNS nanocarriers against LNCaP prostate-cancer cells
(PSMA-positive) and PC3mm2 (PSMA-negative). Reproduced with permission.[136] Copyright
ACS, 2010.

Figure 19. Fluorescence images of removed organs from mice injected with targeted
nanocarriers and untreated controls. Reproduced with permission.[136] Copyright ACS, 2010.

Figure 20. Cell viability assay at different concentrations of photosensitized NGO on MCF-7
cells under 10 min light exposure (blue bars, 60 J cm−2) and without light irradiation (blue
bars). Reproduced with permission.[137] Copyright Springer, 2010.
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While still in its infancy, significant
progress has been made in using nanoscale carbon-based materials and magnetic nanomaterials for cancer treatment
and diagnosis. The use of highly luminescent materials within a nanocarrier
system would allow for deep tissue optical
imaging of small sized tumors. The ability
to make the nanocarriers biocompatible while simultaneously carrying anticancer therapeutics is also beneficial as
it increases drug dose-per-unit-volume in
aqueous media, which can in turn increase
the efficiency by which the drug is administered. The use of specific targeting ligands further increases this efficiency while
minimizing the toxic effects of cancer
treatment by localizing the nanocarrier to
cancerous cells, thus reducing the uptake
of cancer drugs in healthy cells. Magnetically active nanocarriers have the added
ability to be localized via an external
magnetic field while simultaneously being
implemented as a therapeutic agent
through magnetic hypothermia. The use of
phototherapy techniques is also of interest
due to the ease at which a tumor can be
subjected to an external light source for
localized treatment.
Using intelligently engineered nanocarrier systems, in-vivo imaging, drug
delivery, drug release, biocompatibility,
specific targeting, magnetic hyperthermia,
and/or phototherapy characteristics can be
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Figure 21. In-vivo images of 4T1 tumor-bearing Balb/c mice, KB, and
U87MG tumor-bearing nude mice at different time points after injection
of an NGS-based nanocarrier system. Reproduced with permission.[138]
Copyright ACS, 2010.

advantageously utilized to better locate and treat cancer cells.
While the bulk of this review focused on CNTs and MNSs,
the use of graphene-based nanocarriers should be explored
further, especially considering the encouraging results from
Liu et al.[112] and Yang et al.[138] Further advancement of the
field will require an increased interdisciplinary collaboration
from research groups consisting of materials scientists, physicians, chemists, microbiologists, and physicists. Yet for any
type of nanocarrier system to be successful in human trials,
and to become ubiquitous in the clinical domain, key areas
need to be addressed; improved developments of real-time
in-vivo imaging and, perhaps more importantly, employing
targeting ligands that show specificity to particular cancer cell
lines. Overcoming such challenges would be key milestones
to achieve in order to make cancer treatment and diagnosis
more efficient and less toxic overall.
A major issue with in-vivo optical imaging is the natural autofluorescence from biological tissues and fluids.
Particular to mice models, the autofluorescence is largely
attributed to the chlorophyll found in the diets of many
animal models. This issue could potentially be amplified in
human imaging given the comparative complexity and variation of human diets. Figure 23 is a good example of how

Figure 22. In-vivo photothermal therapy study of NGS based nanocarriers. a) Tumor growth curves for nanocarrier treatment and appropriate
controls; b) survival curves of mice bearing 4T1 tumors during the treatments seen in (a), and; c) representative photos of tumors on mice after
various treatments. Reproduced with permission.[138] Copyright ACS, 2010.
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Figure 23. Grayscale in-vivo fluorescence images of a) a mouse before
IV injection of fluorescent targeted nanocarriers, b) comparative
fluorescence of nanocarriers, and c) 30 min post injection.

problematic autofluorescence can be in interpreting in-vivo
images. Figure 23a shows the grayscale in-vivo fluorescence
images of the mouse prior to intravenous injection of fluorescent tumor-targeting MNSs discussed in reference [136]
showing an inherent autofluorescence. The cancerous region
of the mouse is highlighted. For comparison purposes, a
grayscale image of the mouse next to a vial of the nanocarriers is shown in Figure 23b. Figure 23c shows the mouse
30 min after injection of the nanocarrier system. The red
arrow shows an increase fluorescence in the tumor region,
but similar in signal to areas throughout the mouse. Only
after ex-vivo imaging of the tumor and various organs could
successfully specific targeting be confirmed (Figure 19).
Such issues with diet and autofluorescence have been previously studied,[139–142] but it is still not fully understood how
changes in diet affect autofluorescence in rodent models and
if such approaches will ever fully remove autofluorescence.
Furthur investigation is needed to overcome this issue, as
well as studying brighter emitting nanocarriers and/or nanocarriers that emit at even longer wavelengths.
The targeting strategies more commonly used in the
field of nano-biomedicine (including those mentioned in
this review), while initially show promise, may not be selective enough for cancer treatment. Simply using ligands that
bind to cell receptors overexpressed in cancer cells but still
present in health cells may still lead to nonspecific uptake
and thus may not circumvent the toxicity issues seen in
classical cancer treatment. One potential route that needs
increased exploration is the coupling of peptides and DNA/
RNA aptamers discovered through phage display[143–147] or
SELEX[148–151] techniques with a nanocarrier. These panning procedures yield specific peptide or aptamers sequences
specific only to the analyte tested, which in the referenced
examples are cancerous cells. Such peptides and aptamers
could be readily tethered to a nanocarrier system via covalent coupling strategies. Alternatively, a two-domain peptide
or aptamer could be used in which one domain would bind to
the nanocarrier, while the other domain is used as a targeting
ligand. This would forgo the need to perform additional
chemistry while removing defects in the nanocarrier caused
by covalent coupling chemistry. Sequences have already been
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discovered for the selective binding of CNTs,[152,153] Fe3O4,[154]
and graphene.[155] Two-domain peptides are already receiving
much attention in the materials science community for usage
largely in sensor applications.[156,157]
Multifunctional nanocarriers designed with advantageous
characteristics for early cancer diagnosis and localized, targeted treatment could potentially result in a paradigm shift
in wide-scale cancer therapeutics. The next phase of nanobiomedicine may be to include functionalities for temporally
responsive triggers. That is, a more ‘evolved’ nanocarrier
could provide the functionalities previously discussed in this
review but also response to changes in the cellular environment and react in a predetermined manner. For example, if
a nanocarrier provoked an immune response in the body it
could trigger an action from the nanocarrier to evade such
a response. Another example would be to trigger a nanocarrier to impede or stop the release of cancer drugs once the
presence of certain biomarkers for cancer cell apoptosis are
present in the environment. Such next-generation nanocarriers, carbon- and/or magnetic-based, would further advance
an already promising field of nano-biomedicine.
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