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Engineering multifunctional thera-
nostic nanoparticles presents numerous 
challenges.[7] These include material 
requirements for providing sufficient 
imaging or therapeutic loading; toxicity 
of intrinsic components; storage and 
in vivo stability; production complexity; 
batch-to-batch variation; manufacturing 
costs; and regulatory hurdles have cre-
ated challenges which impeded clinical 
development.[8,9] Furthermore, design of 
theranostic materials generally requires 
development on a case-by-case basis. For 
example, imaging contrast agents could 
ideally operate with fast target tissue 
binding and fast clearance from blood, 
whereas for drug delivery, longer circu-
lation is required for sufficient uptake 
in target tissues. Likewise, the physical 
parameters of loaded cargos (e.g., hydro-
phobic drugs, polyionic nucleic acids, 
small hydrophilic imaging contrast agents) 
vary considerably so that different material 

strategies are required for effective loading. Thus, it is diffi-
cult to generalize any single type of material for all theranostic 
applications. In the following sections, we discuss diagnostic 
imaging technologies, nanocarriers, toxicity, pharmacokinetics, 
as well as introducing details of several common theranostic 
nanoparticles, classified by their compositions and properties.

2. Imaging Modalities

Molecular imaging allows for characterization and measure-
ment of biological processes in intact organisms at cellular or 
subcellular levels.[10] By using specific molecular probes or con-
trast agents, imaging can, in some cases, monitor and describe 
disease progress in a clinically useful manner. Current imaging 
modalities include MRI (magnetic resonance imaging), 
CT (X-ray computed tomography), US (ultrasound), optical 
imaging (fluorescent and luminescent imaging) and PAT  
(photoacoustic tomography), positron emission tomography 
(PET), and single photon emission computed tomography 
(SPECT) (Figure 2).[5]

Quantitative measures of molecular imaging contrast agents 
are desired for establishing automated algorithms and guide-
lines for diagnostic non-invasive medical imaging. However, 
since each imaging technique has its own advantages and 
limitations, the proper combinations of different imaging tech-
niques can potentially maximize efficiencies and assist in next 
generation diagnostic approaches.[11,12] It is desirable to develop 
a single contrast agent suitable for multiple imaging modalities.
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1. Introduction

Medical interests related to nanotechnology have expanded 
during recent decades. Several classes of nanomedicines 
have been translated at least to early phase clinical testing.[1] 
Common biomedical functional nanocarriers are shown in 
Figure 1, including liposomes, polymeric micelles, dendrimers 
and inorganic nanocarriers.[2] With incorporation of imaging 
and therapeutic agents, biocompatible nanoscale carriers can 
offer improved biodistribution and reduced toxicity. In some 
cases, the carrier itself comprises imaging and therapeutic 
properties.[3] Unlike traditional small molecule agents, thera-
nostic functional nanomaterials hold potential to enhance the 
delivery of pharmacological agents and guide the nanoparticles 
following administration, in order to maximize therapeutic 
efficiency and minimize off-target toxicity.[4] By combining 
drugs and imaging contrast agents within a single specific 
modified platform, these theranostic systems enable the pos-
sibility of monitoring of passive and active targeting, triggered 
release and other therapeutic functions.[5,6]
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2.1. Optical Imaging

Optical imaging is a common modality in preclinical research 
of theranostic nanomaterials. This technique generally detects 
emitted photons from probes after they absorb light. Compared 
to other imaging modalities, optical imaging is relatively inex-
pensive and avoids harm associated with ionizing radiation. 
However, the drawbacks of optical imaging are significant. 
Contrast agents are often excited by visible or ultraviolet light 
(UV), which cannot penetrate in deep tissues, and the emitted 
fluorescence signals are sensitive to noise due to the scattering 
of photons from surrounding tissues[13] or light-absorbing 
proteins, heme within red blood cells, and even water.[14] In this 
context, fluorophores in the near-infrared (NIR; 650–1000 nm) 
show promise by reducing autofluorescence and photon scat-
tering to allow deeper tissue penetration, making optical 
imaging more suitable for in vivo applications. Neverthe-
less, even NIR imaging is limited to relatively shallow depths 
in tissues, which are suitable for rodent imaging. Although 
NIR-active nanomaterials have been shown to be capable of 
preclinical tumor imaging, this paradigm has had some but 
limited translation to humans. Possibly, this is because large 
tumors or other conditions in humans are generally satisfac-
torily detected with MR or CT. Optical imaging is also not an 
ideal modality to detect metastatic dissemination in humans, 
due to limited scan size. However, it should be noted that 
several clinical stage companies are developing NIR imaging 
systems, largely in the context of image-guided surgery and 
nanomaterials have potential more sophisticated approaches 
compared to current small molecule NIR dyes such as indocya-
nine green.[15–17]

2.2. Magnetic Resonance Imaging

MRI is based on the behavior of water hydrogen nuclei under 
an applied magnetic field. By applying radiofrequency pulses 
and magnetic field gradients, the relaxation process of the 
nuclei return to the original aligned states and this process is 
recorded and converted into images.[18] MR can image soft tis-
sues in humans with whole body depth and high resolution 
without the need for contrast agents. However, MR contrast 
agents can further enhance MRI signals in two ways: reducing 
T1 (referred to as longitudinal relaxation time; spin-lattice 
relaxation time) or T2 (referred to as transverse relaxation time; 
spin-spin relaxation time) relaxation time of water protons. 
Thus MR contrast agents are generally divided in two classes: 
T1 contrast agents, which are typically paramagnetic com-
plexes (like Gd3+ complexes); and T2 contrast agents, which 
are typically iron oxide based nanoparticles.[19] Such inorganic 
nanoparticles possess large surface area for enhancing contrast 
effects.[20] There are a number of MR contrast agents under-
going clinical trials and some of them have been approved for 
clinical applications.[21–23] Compared to in vivo fluorescence 
imaging, MR can provide better spatial resolution without 
depth limitations. However, MR has drawbacks such as a rela-
tively high cost of use and poor sensitivity to contrast agents, 
given the abundance of water in the human body. To achieve 
better imaging quality, a large administered quantity of contrast 

agent is required. This large dose is challenging to administer 
without toxicity concerns.

2.3. Positron Emission Tomography

PET contrast agents are positron emitting radionuclide-con-
taining materials. These materials decay by releasing a posi-
tively charged subatomic particle; a positron. The positron will 
travel a short distance within the surrounding tissues before 
it annihilates with an electron. The annihilation will then 
release two opposite-direction γ-rays, which will be recorded by 
surrounding detectors and transferred to computed images.[24] 
The contrast agents are usually radio-isotopes, like 11C, 13N, 
68Gd, 64Cu, 76Br, 124I and 18F. The travel distance of the posi-
trons is different between each contrast agent, and usually 
higher energy positrons will travel longer distance before 
annihilation and cause higher loss of spatial resolution. Radi-
oactive PET contrast agents demonstrate indistinguishable 
chemical properties before and after radioactive decay, so that 
radioactive-independent physiological properties of the agents 
remain stable. PET is a quantitative technique and the amounts 
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of contrast agent signal in various observed volumes can be 
calculated readily. Currently, the combination of PET and 
MRI imaging instrumentation has been developed for clinical 
imaging with signal co-registration. With increasing interest 
in dual function imaging probes, the PET/MRI combination is 
one of the most clinically relevant.[25,26]

2.4. Ultrasound

Ultrasound is a commonly used clinical diagnostic imaging 
modality. Compared to other techniques, the cost is low, 
operation is simple, detection is in real time and there are 
no safety concerns. By emitting high frequency sound waves 
from the transducer against the skin, an US image is gener-
ated from the reflection of sound wave from internal objects 
and organs.[27] Ultrasound contrast agents focus on providing 
higher resonance frequencies in areas under observation.[28] 

Nearly 20 contrast agents have been used in the clinic.[29] How-
ever, even with these US contrast agents, the resolution is rel-
atively low as there is a fundamental trade-off between depth 
and resolution.

2.5. Photoacoustic Tomography

As early as 1880, Alexander Graham Bell reported the phe-
nomena of light being used to generate sound waves. In the past 
couple of decades, this technique has been extensively explored 
for biomedical applications.[30] Photoacoustic tomography (PAT) 
images are generated by light-induced pressure waves. Briefly, 
a target volume is irradiated with a short-pulse laser beam, 
and a portion of that light will be absorbed by endogenous or 
exogenous contrast agents and transferred to heat and con-
verted to pressure via thermoelastic expansion. This pressure 
rise propagates as an acoustic wave detected by conventional 
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Figure 1.  Schematic representation of selected nanocarriers. Stars, circles, and triangles represent various possible and hypothetical modifications 
such as payloads, cargo, imaging agents, and targeting moieties. Reproduced with permission.[2] Copyright 2011, American Chemical Society.

Figure 2.  Molecular imaging instrumentation and images for common diagnostic modalities. Reproduced with permission.[5] Copyright 2010, Elsevier.
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ultrasonic transducers.[31] PAT can reduce optical tissue scat-
tering, generate multiscale high resolution images, provide 
high signal-noise ratio due to the small background, there is 
no leakage of excitation photons into detectors and speckle-free 
images are produced.[32] Contrast-enhanced PAT can operate 
significantly deeper than any other optical imaging techniques 
and there have been reports of PAT contrast-enhanced imaging 
through over 10 cm of chicken breast tissue and 5 cm through a 
human arm.[33] As an emerging diagnostic technique, PAT has 
been demonstrated successfully in a range of preclinical experi-
ments, and further clinical studies are ongoing.

3. Therapeutic Approaches

The other key application of theranostic nanoparticles is 
therapy. Nanoparticles have frequently been applied for cancer 
therapy. Some conventional therapeutic methods include chem-
otherapy, photothermal therapy and photodynamic therapy. 
Chemotherapy employs toxic therapeutic drugs, which are 
able to interfere with the molecular activities of cancer cells. 
Several drugs are used in cancer treatment, like doxorubicin 
(DOX), methotrexate (MTX) and cabazitaxel (CTX).[34,35] How-
ever, chemotherapy often requires several doses, which may 
cause significant side effects. Another treatment method is 
photothermal therapy. Light-absorbing agents can transfer 
light energy to heat, leading to tumor ablation. The ideal 
photothermal agents should have large absorption cross sec-
tion in any of the biological windows (the first window being 
700–980 nm and the second one is 1000–1400 nm), low toxicity, 
and good biocompatibility.[35] Inorganic materials such as gold 
nanoparticles,[36,37] nanographene[38] and other inorganic nano-
particles, as well as NIR absorbing organic materials[39,40] have 
achieved preclinical success in photothermal therapy.

Photodynamic therapy uses singlet oxygen generated from 
photosensitizers under light exposure to eliminate cancer cells. 
There are a wide range of photosensitizer molecules, especially 
porphyrins and related molecules that have widely been used 
for cancer treatments, some progressing to the clinic. With 
laser irradiation at an appropriate wavelength, photosensitizers 
will generate cytotoxic oxygen species and consequently kill 
cancer cells. To enhance treatment efficiency and reduce side 
effects, the development of tumor-targeting delivery vesicles is 
an area of interest.

4. Nanocarriers

Commonly used nanocarriers include organic carriers (e.g., 
liposomes, micelles, dendrimers) and inorganic carriers (e.g., 
hollow/porous nanostructures, metallic nanocrystals and 
carbon nanomaterials). These nanoscale materials can be 
loaded with both imaging and therapeutic payloads by physical 
encapsulation or chemical conjugation. The carriers that physi-
cally encapsulate internal functional payloads have some type 
of porous structure to enable loading, but not all payloads need 
to be entrapped in the carriers during their formation. Various 
intermolecular interactions can be used during the loading 
process, such as ionic forces, hydrogen bonds and covalent 

bonds. The main functions for the carrier is to deliver the diag-
nostic and therapeutic containments as stealthily and selectively 
to the target area while minimize adverse side effects induced 
by premature drug release.

4.1. Liposomes

Liposomes have been studied for more than half a century and 
numerous formulations have entered clinical applications.[41–43] 
Liposomes demonstrate favorable biocompatibility with high 
and stable loading efficiency, and are generally one of the most 
clinically translatable nanocarriers. In addition, there are var-
ious methods to modulate liposomes to achieve more selective 
targeting and more effective drug delivery.[44–46] Furthermore, 
some modifications allow liposomes for environment-trig-
gered drug releasing.[47,48] However, liposomes also demon-
strate disadvantages that could limit their clinical applications. 
Compared to small molecule drugs, liposomes add a substantial 
layer of complexity, complicating regulatory issues. As a general 
solubilizer of cargo, liposomes must compete with biocompat-
ible surfactants like Tween and Cremophor, which are probably 
simpler to create formulations with. Like other carriers, pre-
mature release of cargo caused by the instability of liposomes 
is detrimental, whereas if the carriers are overly stable, drug 
release and bioavailability at the target site may be non-ideal.

Porphyrin molecules have been directly conjugated to 
lipids in order to assemble modified liposomes termed por-
physomes.[49] Unlike the traditional encapsulation, porphyrin 
molecules became a component of the nanoscale carrier 
itself. Porphysomes directly possess intrinsic theranostic func-
tions. Moreover, by loading with other drugs, this new kind 
porphyrin-containing liposomes can achieve multiple types of 
theranostic efficiency.

4.2. Polymeric Micelles

Formed with amphipathic units that are self-assembled in water, 
micelles can encapsulate a wide range of diagnostic or thera-
peutic payloads through intermolecular interactions or direct 
conjugation. Amphiphilic block copolymers can entrap hydro-
phobic molecules in their core to form micelles that solubilize 
the cargo.[50] Due to the influence of the cargo on the micelle for-
mation process, cargo is encapsulated into micelles during the 
self-assembly process.[51] Micelles can solubilize even extremely 
hydrophobic materials and in some cases, the excess surfactant 
can be stripped away to bypass toxicity compared to the simpler 
approach of dissolving the cargo directly in surfactants.[52,53] Fur-
thermore, by choosing the proper micelle unimer, the release 
rate of cargo can be controlled. These responsive micelles 
enable triggered degradations under certain physiological condi-
tions, such as pH, light, singlet oxygen molecules.

4.3. Dendrimers

Dendrimers are polymeric hyper-branched nanostructures that, 
compared to other nanocarriers are chemically well-defined. 
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Monomers combine to form spherical nanostructures, with 
a core suitable for loading and defined nodes that theranostic 
agents can be chemically grafted onto.[54] The synthesis process 
can be precisely regulated, thus determining optimal composi-
tions for biomedical applications.[55] The well-defined structures 
and high cargo carrying capacity makes dendrimers prom-
ising nanocarriers for theranostic applications including gene 
delivery, molecular imaging and tumor therapy.[56] However, 
long-term carrier clearance and biocompatibility need to be 
addressed for advancing clinical applications.

4.4. Hollow or Porous Nanocarriers

Several inorganic nanocarriers with hollow or porous struc-
tures have been developed. Examples include mesoporous 
silica nanoparticles, hollow gold nanoparticles, and calcium 
phosphate nanoparticles. Carbon nanotubes and graphene 
have also been developed as mesoporous materials. The sur-
face of carbon nanotubes and graphene can be modified with 
other organic groups such as carboxylic acids or alcohols so 
they can be covalently linked with theranostic cargoes. Alter-
natively, drugs can adsorb through molecular interactions  
such as π–π stacking.[57–60] These modifications can improve 
the solubility, biocompatibility for these hollow materials for 
biomedical applications.

4.5. Metallic Nanoparticles

There are several different kinds of metallic nanoparticles used 
in theranostics, such as magnetic nanoparticles, gold nano-
particles, upconversion nanoparticles, and inorganic quantum 
dots. These materials have been widely used as contrast agents 
for various imaging modalities. They have also been combined 
with therapeutic agents to achieve image-guided treatments and 
to predict therapeutic responses.[61] Moreover, several of these 
materials are possess photothermal efficacy in order to convert 
light to heat. These materials are discussed further in Section 8.

5. Toxicity

Poorly defined toxicity is increasingly being recognized as 
a main barrier to clinical translation of new nanomaterials. 
The physicochemical properties of nanomaterials affect tox-
icity after administration. Physical parameters such as size, 
agglomeration state, shape, surface charges, critical structure 
as well as chemical properties like surface modification, and 
chemical compositions influence pharmacokinetic and tox-
icity properties.[62,63] Nanoparticle toxicity in organs can occur 
with inflammation and generation of reactive oxygen species 
(ROS).[64] High levels of ROS will cause damage and disruption 
to several cellular process, which can be generated from the 
innate immune response to nanoparticles or from specific nan-
oparticles that autocatalyze ROS formations.[65] Even though 
in vitro tests can identify potential nanoparticle toxicity, the 
in vivo mechanisms are more complex. After administration, 
nanoparticles will interact with inherent biological proteins and 

will distribute to different critical organs, where it can be dif-
ficult to predict how they will influence organ function and for 
how long they will persist there.

6. Pharmacokinetics and Pharmacodynamics

Therapeutic efficiency is dependent on the therapeutic pay-
loads reaching target tissues and becoming bioavailable. If the 
therapeutic agent dislodges from the carrier immediately upon 
administration in the body, the role of the nanocarrier is little 
more than a solubilizing agent. If the nanocarrier modulates 
the behavior of the payload in the body, the pharmacokinetics 
(PK) and pharmacodynamics (PD) become key quantifiable 
properties of this process. The therapeutic agents will act for 
treatments after they reaching the target area and response to 
certain stimulations. There are two common excretion routes 
to remove administrated materials: through urinal excre-
tion or via liver metabolic pathways. In general, only a small  
fraction of nanomaterials will reach target tissues, with non-
target organs such as the liver and spleen receiving the bulk.[66] 
Some promising theranostic agents have toxicity concerns, like 
QDs, which may potentially induce heavy metal poisoning. 
However, all materials require detailed toxicological characteri-
zation prior to any clinical studies.

PK quantifies the fate and location of administrated agents 
in living organisms. PD examines the physiological properties 
of the drug in vivo, such as encapsulation status.[67] Chemical 
modifications of nanocarriers modulates these properties. As an 
example, following intravenous administration, protein opsoni-
zation will mark numerous bare carriers, for macrophage  
uptake. To overcome this, a common strategy is to coat the 
materials with polyethylene glycol (PEG). Surface modifica-
tion with PEG can create stealth nanoparticles with substan-
tially prolonged blood circulation.[68] The size and morphology 
of nanoparticles impacts PK; for example materials will be 
excreted rapidly by the renal system when their sizes are 
smaller than 5.5 nm or their molecular weights are lower than 
60 kDa.[69,70] It is therefore important to scrutinize the design 
and therapeutic efficiency of theranostic agents with regard to 
PK and PD. This information is also essential from a regulatory 
point of view prior to human trials.

7. Design of Nanoparticles

Proper design of nanoparticles is critical. Engineered nanopar-
ticles are typically comprised with biomedical payloads, nano-
carriers and surface modifiers, as shown in Figure 3.[67] The 
payloads could include imaging agents, therapeutic drugs, and 
even other nanoparticles such as quantum dots, upconversion 
nanoparticles, or magnetic nanoparticles. Carriers can alter the 
solubility or PK/PD of theranostic agents. Surface ligands can 
interact with the physiological environment to achieve active 
targeting. Ideally, ligand coated nanoparticles concentrate to 
target site via the recognition of ligand receptors overexpressed 
on the surface of target cells. Numerous targeting ligands have 
been reported.[71] Surface modification also modulates blood 
circulation times.

Adv. Funct. Mater. 2017, 27, 1603524
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8. Theranostic Nanomaterials

8.1. Magnetic Nanomaterials

Magnetic nanomaterials have been widely applied for in vitro 
and in vivo theranostic studies. Magnetic nanomaterials can 
operate as an MRI contrast agent and for anti-cancer treat-
ment. Magnetic nanoparticles can be precisely tailored with 
variable size, composition, morphology, and surface modifica-
tions. These controllable physical and chemical properties can 
enhance magnetic features and in vivo behavior.[72,73] Colloidal 
iron oxide nanoparticles, which are usually comprised of 
nanocrystalline magnetite (Fe3O4) or maghemite (γ-Fe2O3), 
are the most prominent. The main methods for synthesizing 
magnetic nanoparticles, such as Fe3O4 nanoparticles, include 
physical methods, wet chemical preparation, and an emerging 
method, metal-doped iron oxides.[74] The physical properties of 
magnetic nanoparticles can determine their magnetic proper-
ties; superparamagnetism occurs when the diameter is smaller 
than 50 nm and soft ferri- or ferromagnetism occurs when the 
particles are smaller than 100 nm.[75,76]

Magnetic clusters are prone to aggregation. To bypass this, 
they can be stabilized through carrier interactions or surface 
modifications, as reflected in Figure 4.[72] The outer coating 
of the magnetic nanoparticles not only influences the overall 
size, but also the pharmacokinetics, biodistribution and toxicity 

profile in vivo. Surface modification can bring different surface 
charges, thermodynamic properties and environmental sensi-
tivities. PEGylated magnetic nanoparticles enable prolonged 
blood circulation time for long-term blood pool MRI and this 
size is suitable for the enhanced permeability and retention 
(EPR) effect to take advantage of irregular tumor vasculature.

8.1.1. Magnetic Nanoparticles as MRI Contrast Agents

MRI is one of the most widely used diagnostic imaging tech-
niques with the capability of providing high resolution ana-
tomical images. Magnetic nanoparticles are used to enhance 
MR signal intensities of areas of interest under both T1 and T2 
modalities. Although long-term commercial viability remains 
to be determined, several magnetic nanomaterials have been 
clinically approved or are undergoing clinical trials, such as 
Ferumoxsil.[74] Magnetic nanoparticles can be combined with 
therapeutic drugs for monitoring the drug delivery or treatment 
efficiency.

During recent years, research efforts have focused on incor-
porating additional imaging techniques with MRI to gain 
additional information and overcome the inherent limitations 
of single modality imaging. As a versatile platform, magnetic 
nanoparticles offer the ability to generate contrast in several dif-
ferent imaging techniques. For example, MR-optical imaging, 
MR-PET imaging and MR-photoacoustic imaging have been 
explored.[77–79]

One of the most well-known MR contrast agents is super-
paramagnetic iron oxide nanoparticles (SPIONs). This type of 
magnetic nanomaterial demonstrates prolonged T2 and T2* 
effects.[80] The inner magnetic cores for SPIONs are magnetite 
(Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3).[81] The 
physical and biomedical properties, such as improving stability, 
blood circulation time and selectivity, can be adjusted by the 
selection of surface properties. Reported coating materials 
include PEG,[82,83] PAA,[84] peptides or proteins,[85,86] aptamers[87] 
and zwitterionic compounds.[88] Radionuclides have been 
incorporated with SPIONs for multimodal imaging. 64Cu was 
functionalized to SPIONs through diphosphonate groups.[89]  
3 h post injection of their samples in the footpads, the contrast  
agents concentrated to the lymph nodes and enabled clear PET 
and MRI imaging. In 2014, Chakravarty et al. demonstrated 

Adv. Funct. Mater. 2017, 27, 1603524
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Figure 3.  A prototypical multifunctional nanoparticle. Reproduced with permission.[67] Copyright 2015, American Chemical Society.

Figure 4.  Schematic figure of multifunctional magnetic nanoparticles 
with surface coating. Reproduced with permission.[72] Copyright 2008, 
Elsevier.
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the feasibility of PEGylated 69Ge-labled SPION for PET/MRI 
imaging (Figure 5a).[90] Compared to free 69Ge, the labeled 
PEGylated nanoparticles overcame fast renal clearance and 
demonstrated long-term stability, and both PET and MRI 
showed clear lymph node imaging (Figure 5b and 5c).[90] It has 
been shown that Gadolinium can be chelated with SPIONs for 
T1- and T2-weighted contrast MRI and this imaged U87-MG 
tumors in vivo.[91] SPIONs can also serve as a drug delivery 
platform for MRI guided therapy.[92–96] Interestingly, besides 
T2-weighted imaging, some Fe3O4 based SPIONs were devel-
oped with T1-weighted contrast.[97–100] These findings demon-
strate the possibility for using SPIONs as potential T1-weighted 
MRI, which is generally simpler for image interpretation.

Besides iron-based magnetic nanoparticles, 19F, manganese 
and gadolinium agents have been used for MRI contrast. The 
body contains little fluorine background in soft tissues, and 
special MR pulse sequences are used to directly detect 19F. 
However, to achieve satisfactory image quality, a large amount 
of administered 19F is required. To address this, fluorine-
rich perfluorocarbons have been explored as 19F MR contrast 
agents.[101] Several functional probes have been demonstrated 
at the molecular or cellular levels.[102–107] Moreover, a variety 
of fluorocarbon nanoparticles have been applied for in vivo 
applications, such as for detection of vessel occlusions in cere-
bral photothrombosis,[108] monitoring arthritic inflammation 
therapy,[109] and quantifying muscle oxygenation.[110]

Gadolinium and manganese are paramagnetic metals 
which can produce T1-weighted MRI contrast. Due to tox-
icity of the free metal, Gd-based MRI contrast agents are 
commonly chelated with acyclic or macrocyclic chelating 
ligands (Figure 6).[111–113] Gd can be incorporated into other 
materials like silica nanoparticles,[114,115] liposomes,[116] hydro-
gels,[117] dendrimers[118,119] or can be directly linked with 
biomolecules.[120–123]

Manganese (Mn)-based nanomaterials are active in 
T1-weighted MRI. Mn plays vital endogenous roles in the body, 
such as in mitochondrial function, therefore it represents an 
endogenous metal, unlike Gd.[124] Mn-based MRI contrast agent 
have been used in studying retina and brain,[125–127] neuronal 
activity,[128] cancers,[129,130] and other animal disease models 
such as Alzheimer’s,[131] atherosclerotic Lesions,[132] mesial 
temporal lobe epilepsy,[133] and schizophrenia.[134] By using the 
52Mn radioisotope, it could be possible to use Mn for both PET 
and MRI, and this was exemplified in a stem cell tracking study 
with stem cells overexpressing a divalent metal transporter.[135]

8.1.2. Magnetic Materials for Therapy

When subjected to alternating magnetic fields, magnetic mate-
rials can be heated to induce hyperthermia.[136] These effects 
are size-dependent.[137] Numerous studies have demonstrated 
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www.afm-journal.dewww.advancedsciencenews.com

Figure 5.  69Ge-labled SPION for PET/MRI. a) Schematic figure of 69Ge labeling SPIONs; b) biodistribution monitoring post i.v. injection through PET 
and MRI. Contrast agents demonstrated long-term signals 36 h post injection with PET imaging and 24 h with MRI; c) Long-term lymph node mapping 
with PET and MRI. The green circle areas for MRI images are contrast agents injected position and the red areas are control areas. Reproduced with 
permission.[90] Copyright 2014, Wiley.
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magnetic hyperthermia anti-cancer functions in vitro.[138–141] 
These studies are also increasingly being demonstrated in in 
vivo models.[142–144] Corato et al. combined photothermal and 
photodynamic therapy together with iron oxide nanoparticles in 
Foscan modified liposomes.[145]

Besides hyperthermia, magnetic nanoparticles have been 
used for photothermal applications.[146,147] Espinosa et al. syn-
thesized magnetite iron oxide nanocubes as a dual functional 
agent for magnetic hyperthermia and photothermal therapy.[148] 
The heating capacity of the magnetophotothermal nanocubes 
reached 4850 W g−1, nearly 5 times greater than efficiencies 
reported for iron oxide magnetic nanoparticles. In vivo study, 
the dual-modality treatment induced superior tumor ablation.

Hyperthermia of magnetic materials can be also used for 
stimuli triggered release. Magnetic mesoporous silica nanopar-
ticles were developed that were capped with heat-sensitive DNA 
molecules, so that heat generated by magnetic components 
triggered the capped DNA molecules to release encapsulated 
drugs.[149] Yin et al. designed a magnetic silica nanoparticle 
complex for delivering and activating heat-inducible adipose-
derived mesenchymal stem cells with expression of TNF-related 
apoptosis-inducing ligand (TRAIL).[150] Magnetic hyperthermia 
helped control selective expression of TRAIL for gene therapy 
in ovarian cancer in in vitro and in vivo studies.

8.1.3. Magnetic Theranostic Nanoparticles

Because MRI is a broadly used clinical diagnostic technique, 
magnetic nanoparticles hold potential as theranostic agents. By 
combining magnetic nanoparticles with other functional mol-
ecules, MRI diagnostic images can be enhanced to visualize 
diseased tissues and monitor the process of treatment.[151,152] 
Several cancer treatment drugs have been combined with 
magnetic nanoparticles for MRI-guided chemotherapy, such 
as paclitaxel (PTX)[153,154] and DOX,[155–157] Lee et al. used 
urokinase plasminogen activator receptor (uPAR)-targeted 
magnetic iron oxide nanoparticles as carriers to delivery gem-
citabine to uPAR-expressing tumors and stromal cells.[158] The 
system showed an enhanced MRI signal in orthotopic human 

pancreatic cancer xenografts in nude mice, which could help 
detect the tumor position and determine the drug resistance. 
Song et al. developed Co9Se8 nanoparticles for PAT and MRI 
tumor diagnosis and monitoring.[159] This nanoparticulate 
system enabled chemotherapy and photothermal therapy 
together by loading with DOX, which enhanced treatment 
efficiency.

Other theranostic approaches use magnetic nanoparticles 
for both imaging therapeutic functions since the nanoparticles 
themselves can be used as hyperthermia agents. By applying 
an external magnetic field, magnetic nanoparticles can gen-
erate heat to increase the temperature of targeted tissue and 
ablate the tumor. Magnetic nanoparticles can also help diag-
nose the tumor location inside body and monitor the treatment 
efficiency.[160] Hayashi et al. used superparamagnetic nano-
particle clusters for cancer therapy.[161] These folic acid and 
PEG co-coated nanoparticles showed strong T2-weighted MRI 
images in the tumor, and by applying an external magnetic 
field, the temperature was raised about 6 °C higher than the 
surrounding tissue, which sufficiently inhibited tumor growth 
for 12 weeks. Some magnetic nanoparticles have been com-
bined with carbon dots, which can generate heat after exposure 
with NIR light. Yu et al. developed Fe5C2 nanoparticles for 
MRI-PAT guided photothermal therapy.[162] The carbon shell 
offers the possibility of PAT imaging and photothermal therapy 
after irradiation with NIR laser. The magnetic inner core dem-
onstrated MRI monitoring ability, which helps diagnostic the 
tumor in nude mice and monitored the treatment efficiency for 
as long as 45 days.

8.2. Quantum Dots

Colloidal semiconductor quantum dots (QDs) are nanocrystals 
with diameters typically ranging from 2–10 nm. The emis-
sion wavelength of QDs can be tuned from visible to NIR. 
QDs possess several unique optical properties such as high 
fluorescent quantum yield, size-tunable emission and high 
photostability.[163,164] They demonstrate a wide range of exci-
tation wavelengths incorporated with narrow and symmetric 
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Figure 6.  Structures of some common Gd chelators. Reproduced with permission.[111] Copyright 2012, Wiley.
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emission spectra. High photostability makes them suitable for 
long-term dynamic in vivo monitoring applications.[165,166] QDs 
were introduced for mainstream biomedical applications nearly 
two decades ago.[167,168] They remain as powerful tools for a var-
ious application including disease detection and single particle 
tracking.[169]

8.2.1. Biomedical Applications of Quantum Dots

QDs are useful fluorescent agents and they have well-devel-
oped surface chemistry and thus they have been used in a wide 
range of biomedical applications.[170] QDs have been applied 
for cell tracking,[171] fluorescence life-time imaging,[172] NIR 
imaging,[173–175] monitoring molecular functions within living 
cells,[176] cancer specific imaging,[177–179] gene delivery,[180,181] 
drug delivery[182] and photodynamic therapy.[183] NIR-active 
QDs are useful for in vivo imaging applications due to supe-
rior light penetration and lower scattering compared to shorter 
wavelengths. Erogbobgo et al. synthesized silicon QDs through 
acidic etching.[177] Compared to metallic QDs, silicon QDs like 
those shown in Figure 7 pose lower intrinsic toxicity risks. In 
that study, PEGylated micelles encapsulating Si-QDs were 
conjugated with RGD peptides targeting αvβ3 and the nano-
particles demonstrated good imaging of tumors. Non-targeted 
Si-QDs could be used with NIR imaging for sentinel lymph 
node mapping.

In 2013, Shibu et al. raised a nanoparticle termed as pho-
touncaging bimodal nanoparticles (PUNPs) which is comprised 
of photouncaging surface ligands, CdSe/ZnS QDs and super 
paramagnetic iron oxide.[184] By further conjugation with pep-
tide hormones, PUNPs showed low toxicity to cells in vitro, 
and offers the potential to trace nanoparticles with both NIR 
and MRI modalities. The nanoparticles can be fully removed 
through renal system 48 h post injection. Recently, Han et al. 
conjugated mAbs to QDs which is coated with norbornene-
displaying polyimidazole ligands.[185] After injection, their QDs 
possessed single cell labelling in bone marrow, especially the 
rare populations of hematopoietic stem and progenitor cells.

QDs can be doped with metallic elements for dual-modality 
imaging. Magnetic metal ions[186] and radioisotopes[178] were 
doped into QDs to confer MRI and PET imaging capabilities, 

respectively. Zhao et al. used cell-derived microvesicles (MVs) to 
entrap Mn-contained QDs for dual-modality real time tracking 
in vivo (Figure 8).[187] Ag2Se@Mn QDs demonstrated 13% 
NIR fluorescence quantum yield with a longitudinal relaxivity 
almost four times higher than a Gd-DPTA standard. With the 
assistance electroporation, the 1.8 nm QDs were efficiently 
loaded into MVs and demonstrated strong NIR and MRI sig-
nals. QDs labelled MVs not only allowed long-term non-inva-
sive whole body dual-modality real-time tracking, but also offer 
dynamic quantitative biodistribution analysis.

Yong et al. demonstrated that WS2 QDs were not only suit-
able for X-ray computed tomography (CT) and photoacoustic 
tomography (PAT), but also worked as agents for photothermal 
therapy and radiotherapy.[188] These type of studies exemplify 
the combinations of diagnosis and therapeutic using QDs.

8.2.2. Theranostic Quantum Dots

The promising fluorescent properties of quantum dots pro-
vide the potential for fluorescent-guided therapies. Some 
quantum dots can convert energy from light to heat, leading 
to photothermal therapies. Chu et al. used SiO2 coated CdTe 
and CdSe quantum dots as theranostic agents.[189] Fluores-
cence signals of quantum dots revealed their location in the 
tumor tissue. Upon irradiation with 671 nm laser, the tumor 
was ablated by photothermal phenomena. Ruan et al. conju-
gated a HER2 monoclonal antibody to RNase A-associated CdTe 
QDs for gastric cancer therapy.[190] After administration, both 
in vivo and ex vivo imaging showed distinguished fluorescent 
signals. Tumor growth was inhibited by QD treatment and the 
survival of tumor-bearing mice was significantly extended. QDs 
can also be combined with other therapeutic agents for treat-
ments. Chou et al. conjugated quantum dots with sulfonated 
aluminum phthalocyanine.[191] With exposure with a 800 nm 
laser, energy from quantum dots can transfer to the phthalocya-
nine and generate cytotoxic singlet oxygen. Graphene quantum 
dots can also be used for PDT. Ge et al. used graphene QDs 
for breast cancer treatment.[183] These QDs showed strong 
fluorescent signals in both in vitro and in vivo studies. With 
laser treatment, the volume of tumors in nude mice decreased 
compared with control mice. Nigam et al. used albumin con-

jugated graphene QDs for pancreatic cancer 
phototreatment. In vitro, Panc-1 cells took up 
the graphene QDs with strong fluorescent 
intensity and good PDT efficiency.

8.3. Upconversion Nanoparticles (UCNPs)

8.3.1. Design of UCNPs

Upconversion luminescence (UL) is an anti-
Stokes process, which is unlike the tradi-
tional Stokes one (Figure 9a). As shown in 
Figure 9b, generally, the luminescent center 
at ground state 1 can be pumped to excited 
state 1 by absorbing energy from excited 
photons or a corresponding energy transfer 

Adv. Funct. Mater. 2017, 27, 1603524
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Figure 7.  The left panel shows a schematic figure of phospholipid-PEG encapsulated silicon 
quantum dots; the right panels show NIR imaging applications including lymph node mapping, 
multiplex imaging and tumor specific imaging after conjugation with RGD. Reproduced with 
permission.[177] Copyright 2011, American Chemical Society.
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process. Then another excited photon or corresponding energy 
transfer will further promote the luminescent center to excited 
state 3.[192] The excited center will go back to lower-energy level by 
releasing high-energy emissions. The mechanism of upconver-
sion nanoparticles is relatively complex. Currently, there are five 
basic theories to explain this phenomena including excited-state 
absorption, energy transfer upconversion, cooperative sensitiza-
tion upconversion, cross relaxation and photon avalanche.[193]

UCNPs are usually dope with lanthanide elements and can 
have capacity to absorb NIR wavelength light and emit both UV 
or visible light and NIR light, as induced by UCNPs formed 
from Y2O3,[194] NaYbF4,[195] and YVO4.[196] Precise synthesis 
methods are important to tune the chemical and optical proper-
ties since these are affected by UCNP size, crystallization, and 
shape. A variety of chemical approaches have been used to create 
UCNPs,[193] including thermolysis (in which organometallic com-
pounds decompose at boiling point mixed with surfactants),[197] 
Ostwald ripening (so that larger particles with low surface-
to-volume ratio grow from energetically less stable smaller 

particles),[198] a hydrosolvothermal strategy (UCNPs are formed 
at the critical point of an organic solvent in a sealed environ-
ment),[199] or hierarchical core/shell UCNP (which is normally 
used in biomedical applications with the surface of UCNP coated 
with functional chemical compounds).[200] Most bare UCNPs are 
hydrophobic and toxic in biological systems and therefore sur-
face modification is a prerequisite for in vivo applications.[201]

To introduce biologically functional ligands onto UNCPs, 
ligand exchange is a common method that replaces the 
original hydrophobic UCNP surface ligands. For efficient 
replacement, the exchangeable ligands usually should coor-
dinate with lanthanide ions. Surface ligands which have been 
reported for biological applications include poly(acrylic acid) 
(PAA),[202–204] hyaluronic acid (HA),[205] polyethylenimine 
(PEI),[206] polyethylene glycol (PEG),[207,208] polyvinylpyrro-
lidone (PVP),[209] phospholipids,[195,210,211] and even photo-
sensitizers.[212,213] Other approaches include subjecting the 
hydrophobic outer shell (like oleic acid) to acid conditions with 
HCl aqueous solution,[214–216] bioconjugating the surface,[217–219] 
using electronic-interactions between the UCNP core and 
hydrophilic molecule shells,[220] surface silanization,[221] amphi-
philic polymer coating,[222,223] and layer-by-layer assembly.[224,225] 
These methods disperse hydrophobic UCNPs into aqueous sys-
tems for biomedical applications.

Besides the commonly used 980 nm laser excitation, 
808 nm excited UCNPs have been developed and this wave-
length decreases water absorption of light, overcoming 
undesired heating effects and improving penetration depth. 
Recently, 808 nm excited UCNPs have been used for cancer 
therapy and have shown promising treatment efficiency in in 
vivo studies.[203,226–229]

8.3.2. UCNP Optical Imaging

Compared to conventional fluorophores, optical imaging 
with UCNPs has several advantages: the long wavelength 
excitation allows deep tissue imaging and since the emission 
wavelength is shorter than the excitation, there is virtually no 
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Figure 9.  Schematic figure of (a) conventional photoluminescence 
and (b) upconversion luminescence processes. Reproduced with 
permission.[192] Copyright 2015, American Chemical Society.

Figure 8.  Ag2Se@Mn QD labeling of cell-derived microvesicles (MVs), and their real-time dual-modality whole body monitoring and quantitative 
biodistribution analysis. Reproduced with permission.[187] Copyright 2016, American Chemical Society.
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background autofluorescent noise.[230] Jin et al. reported inter-
actions between the surface charge of UCNPs and mammalian 
cells.[206] The initial PVP-UCNPs were coated with PEI and PAA 
through ligand exchange and demonstrated positive and nega-
tive charge, respectively. Based on their results, by incubating 
with three different human cells (cervical carcinoma (HeLa), 
glioblastoma (U87MG), and breast carcinoma (MCF-7) cells), 
positively charged UCNPs enhanced cell uptake efficiency. In 
2014, Zeng et al. used NaLuF4:Mn/Yb/Er UCNPs to clearly map 
blood vessels in the lung.[216] In addition, some specific biomol-
ecules of living cells, such as glutathione in cancer cells[214] and 
glycoforms on cell surface[219] were detected by UCNPs.

The upconversion of UCNPs enables them to further excite 
other dyes whose excitation wavelength is within an ultraviolet 
or visible (UV–Vis) range. This approach can overcome the oth-
erwise low penetration depth in tissue of UV–Vis light. Several 
light-emitting substances have been successfully combined with 
UCNPs for bioimaging applications, such as D-luciferin[207] and 
[Ru(dpp)3]2+Cl2.[221] The rapid development of UCNPs has seen 
interest in applying them for vivo multimodal imaging, such as 
combinations with PET,[222] MRI,[204,208,225] CT,[220] and PAT.[223] 
Recently, Rieffel et al. coated NaYbF4:Tm-NaYF4 UCNPs with 

porphyrin-phospholipid (PoP).[195] The UCNP-PoP nanoparti-
cles were validated for six different diagnostic techniques within 
only one contrast agent. Lymphatic imaging was observed by 
upconversion, fluorescence, photoacoustic, PET, CT and Cer-
enkov luminescence imaging (Figure 10).

8.3.3. Theranostic UCNPs

UCNPs possess theranostic capacity by combining imaging 
function with therapeutic methods, such as PDT and chemo-
therapy. Many candidate photosensitizers are inefficient in vivo 
due to excitation wavelength in the UV–Vis range, which has 
low tissue penetration depth. The longer excitation wavelengths 
of UCNP can eliminate interference from surrounding tis-
sues, and emission light can further excite photosensitizers for 
photodynamic therapy.[231] Several photosensitizers have been 
combined with UCNPs for photodynamic therapy such as Rose 
Bengal (RB),[212,213] Chlorin e6,[218,232] a trans-platinum (IV) 
photosensitizer,[233,234] and titanium dioxide.[235–240] In addition, 
by assembling UCNPs with gold-based materials, photothermal 
cancer therapy applications are possible.[202,228]

Adv. Funct. Mater. 2017, 27, 1603524
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Figure 10.  In vivo lymphatic imaging using porphyrin-phospholipid (PoP)-UCNPs. Accumulation of PoP-UCNPs in the first draining lymph node is 
indicated with yellow arrows. a) Fluorescence and b) upconversion images with the injection site cropped out of frame. c) Full body PET, d) merged 
PET/CT, and e) Cerenkov luminescence images. f) Photoacoustic images before and g) after injection show endogenous PA blood signal compared to 
the contrast enhancement that allowed visualization of the previously undetected lymph node. Reproduced with permission.[195] Copyright 2015, Wiley.
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Hydrophobic interactions with hydrophobic drugs make 
UCNP a potential nanocarrier for image-guided chemotherapy. 
In 2012, Tian et al. designed PEGylated UCNPs for DOX release 
triggered by pH.[211] Fan et al. encapsulated cisplatin (CDDP) into 
UCNP-silicon nanoparticles for enhanced combination cancer 
therapy with combined chemotherapy and radiotherapy.[209] The 
complex showed better treatments to HeLa tumors than either of 
the two methods alone. Chien et al. thiolated DOX molecules on 
the surface of UCNPs through a disulfide bond could be cleaved 
by lysosomal enzymes for cell targeting induced release.[241] Liu 
et al. developed PAA coated UCNPs with pH triggered release of 
DOX which inhibited tumor growth.[203]

There is interest in the combination of different imaging 
modalities and therapeutic methods for better theranostic appli-
cations. Zeng et al. conjugated UCNPs with chlorin e6 to treat 
HER2-overexpressed breast cancers through PDT method.[226] 
This nanocomposite showed both upconversion luminescence 
and MRI functions. After administration, this UCNP con-
centrated in tumor tissue, and demonstrated distinguishable 
T1-weighted MRI signals even at 24 h post injection. By treat-
ment with an 808 nm laser, this nanoparticle demonstrated 
more efficient fluorescence resonance energy transfer, which 
led to enhanced PDT. Yue et al. integrated UCNPs, Chlorin e6 
and a cancer therapeutic drug TL-CPT (a thioketal linker-based 
ROS responsive drug) together for chemophototherapy.[242] 
After injection into mice for 24 h, this UCNPs still shown 
strong fluorescent imaging signals in organs while there were 
almost no fluorescent signals in the mice which treated with 
Chlorin e6. With laser treatment, the tumor was eliminated 
with no re-growth for 17 days, which was better than chemo-
therapy or PDT alone. Liu et al. built a multifunctional UCNPs 
with PDA-ICG for theranostic applications (termed as UPI).[243] 
With the particles, HeLa cells became fluorescent upon 980 nm 
laser exposure, and strong upconversion luminescence was 
detected after intratumoral injection of UPI. Further, the UPI 
successfully combined PDT and PTT together for better cancer 
therapeutic efficiency. Upon exposure with an 808 nm laser, 
UPI generated significant amounts of singlet oxygen and the 
temperature of treated tumors reached close to 60 °C after 
200 s exposure.

8.4. Mesoporous Silica Nanoparticles

Although silica nanoparticles themselves do not provide bioim-
aging and therapeutic functions, their high porosity make them 

excellent nanocarriers. Diverse theranostic agents have been 
delivered by mesoporous silica nanoparticles (MSNs).

The morphology of MSNs plays a vital role for their biomed-
ical applications. MSNs can be synthesized under basic, neutral 
or acidic conditions. The basic synthesis is a base-catalyzed 
sol–gel process, which contains two sub-reactions: hydrolysis 
and condensation.[244] The morphology of MSNs synthesized 
through the basic method is tunable but the pore size is dif-
ficult to control. In contrast, MSNs made through an acidic 
method can provide nanoscale MSNs with pores large enough 
for loading proper biomolecules.[245] Neutral synthesis methods 
can be used for synthesizing organic-inorganic hybrids. By 
changing the reaction conditions, the shapes of MSNs can be 
tailored into different formations. Morphological parameters 
such as shape[246] and size[247] affect in vivo behavior such as 
biodistribution and blood circulation time. Size can also impact 
hemolysis[248] and cellular uptake efficiency,[249] which is also 
influenced by aspect ratio.[250] Small sized MSNs have been 
reported to be superior to larger ones for delivering drugs.[251] 
Furthermore, for gene delivery, MSNs with large pores can 
adsorb nucleic acids to the inner side in case to protect them 
from degradation by enzymes.[252] In 2012, Sreejith et al. used 
ultrathin graphene oxide sheets coated with MSNs. This com-
plex was stable and protected the contained dye from nucleo-
philic attack for fluorescent imaging.[253]

For theranostic purposes, several MSNs have been designed 
as nanocarriers with stimuli-triggered release. The cargo can 
selectively be released from MSNs under specific conditions. A 
variety of such coating materials listed in Table 1.

8.5. Carbon-Based Materials

8.5.1. Carbon Nanotubes (CNT)

Carbon nanotubes are one dimensional carbon nanomaterials, 
and are divided into single-walled carbon nanotubes (SWCNTs) 
and multi-walled carbon nanotubes (MWCNTs) (Figure 11).[271] 
The walls of SWCNTs and MWCNTs can be treated as a single 
graphene sheet, which leads to semiconducting and metallic 
properties. Moreover, CNTs can absorb photons within the vis-
ible and NIR-I window, and emit fluorescent signals within the 
NIR-II window (1000–1700 nm), and also transfer absorbed 
light energy to heat. Compared to shorter wavelengths, both 
NIR windows reduce scattering and autofluorescence for bio-
medical applications. Thus CNTs can be used as contrast agents 

Adv. Funct. Mater. 2017, 27, 1603524
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Table 1.  Examples of stimuli-triggered release of MSNs.

Coating Ligands Trigger Conditions Delivered Materials Functions Reference

Aptamer modified Au nanoparticles Aptamer specific molecules Fluorescent dyes Sensing [254]

Polymers pH, Photothermal, glutathione and Proteases Drugs Image-guided therapy [255–261]

Inorganic Materials (CaP, ZnO) pH DOX Cancer therapy [262,263]

Peptides and Proteins Redox process, pH and glutathione, proteases Anti-cancer Drugs Cancer therapy [264–266]

Lipid bilayers Endosomal disruption, photoactivation,  

dextrose solutions

Small interfering RNAs  

(siRNA), drugs

Gene delivery, Cancer therapy [267–269]

DNA sequences Ion-driven DNAzyme Fluorescent dyes Optical imaging [270]
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for optical imaging and photosensitizers for photodynamic 
and photothermal therapy within deeper tissues.[272] Moreover, 
carbon nanotubes also can be used as efficient carriers for 
cargo delivery.

There are several methods for synthesizing carbon nano-
tubes, but three which are widely used are arc discharge, 
chemical vapor deposition (CVD) and laser ablation.[273] Briefly, 
these methods aim to build carbon atom or atomic clusters 
and combine them again into nanotube formations. These 
nanotubes usually have poor solubility in aqueous systems and 
many organic solvents so that further modification is required 
before use.

The toxicity of CNTs is influenced by several parameters, 
such as morphology, physical and chemical properties.[274,275] 
The structure of CNTs allow them to easily penetrate cell mem-
branes. Under most conditions, CNTs with longer length and 
larger diameters will show higher toxicity, and longer CNTs 
can induce inflammation and progressive fibrosis on the pari-
etal pleura.[276] The purity of CNTs will affect biocompatibility 
and any metal impurities may cause toxicity. CNTs can cause 
adverse respiratory effects, stimulate immune responses,[277] 
and neuroinflammatory responses in the brain.[278] Besides 
toxicity, the morphology impacts the formation of surface 
coating and NIR II fluorescent intensity. Roxbury et al. found 
that single-stranded DNA chains attached strongly on the sur-
face of small diameter SWCNTs.[279] Diao et al. found that NIR 
intensity of SWNTs is dependent on chirality,[280,281] which 
encourages the use of properly chiral CNTs[282] which can lower 
effective doses required.[283]

Surface coating is essential for rendering CNTs more bio-
compatible. CNTs can be surface-modified through covalent 
or noncovalent approaches, which broadens the choices of 
surface modification using small chemicals,[284] mesoporous 
silica,[285] DNA aptamers[286] or proteins.[287] CNTs can serve 
as therapeutic agents for anti-cancer treatment directly[288] or 
can encapsulate or adsorb therapeutic materials such as drugs, 
genes and proteins.[289]

Use of the NIR II window for optical imaging offers several 
advantages such as a large penetration depth, and little back-
ground. Although there are a variety of fluorophores suitable 
for NIR II fluorescent imaging, CNTs have shown as promise 

for applications including blood vessel imaging.[290] Welsher 
et al. used PEGylated liposomes to encapsulate single-walled 
carbon nanotubes for in vivo anatomical imaging.[291] Organ 
and fluorophore movements were clearly shown by NIR II fluo-
rescent imaging and principal component analysis (PCA). Also 
this anatomical imaging ability enables for fast and long-term 
tumor monitoring in the NIR II window (Figure 12).[292,293] In 
2011, Hong et al. found that gold can enhance the fluorescence 
of SWNTs.[294] The fluorescent uptake in U87-MG cells incu-
bated with RGD modified SWNTs increased 9-fold after plating 
on gold substrates. Hong et al. dispersed SWNTs in a IR-D800 
modified biocompatible surfactant.[295] After injection to the 
hind limb of mice and laser irradiation, the highest spatial and 
temporal resolution imaging of blood vessels was possible in 
NIR II, but not NIR I or even clinically established CT imaging. 
Also due to better depth penetration, this approach could 
quantify blood velocity in both normal and ischemic femoral 
arteries. Later, SWNT-IRD800 conjugates were used for brain 
fluorescent imaging with 1300–1400 nm emission.[296] The 
imaging depth could reach up to 10 mm. The reduced photon 
scattering allowed for microscopy in more than 2 mm depth in 
mice brains with sub- 10 µm resolution. These conjugates also 
can be used with high imaging frame rate which allows real-
time dynamic recording of blood perfusion in cerebral vessels. 
In 2012, Iverson et al. used SWNT-coated with nitric oxide (NO) 
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Figure 11.  Schematic figure of a) MWCNT and b) SWNCT. Reproduced 
with permission.[271] Copyright 2009, American Chemical Society.

Figure 12.  Dynamic NIR-II fluorescence images and contrast-enhanced 
images based on PCA analysis: (a–f) NIR-II fluorescence images of a 
4T1 tumor bearing mouse after injection of a 200 µL solution containing 
0.35 mg mL−1 SWNTs; (g) positive pixels from PCA, showing lungs, 
kidneys, and major vessels in the tumor; (h) negative pixels from PCA, 
showing the body of the tumor; (i) overlaid image showing the absolute 
value of both positive and negative pixels, from which both the vessels 
in the tumor and the tumor outline can be seen. Yellow arrows in the 
images highlight the tumor. Reproduced with permission.[292] Copyright 
2012, American Chemical Society.
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sensitive DNA ligated PEG for in vivo NO detection.[297] By fur-
ther encapsulating alginate, the SWNTs enabled NO detection 
as implantable inflammation sensors and induced no adverse 
effects 400 days post injection. By changing the coating mole-
cules to M13 bacteriophage, M13-SWNT could selectively image 
F’-negative bacteria by an attached anti-bacterial antibody.[298] 
Besides in vivo applications, CNTs have been used for high res-
olution mapping activities of single cells.[299,300] In 2014, Fakhri 
et al. observed a new intermediate mode of transport with the 
kinesin-1 motor proteins combined with SWNTs.[301]

In addition, CNTs can behave as carriers for other drugs.[302] 
Many drugs can be adsorbed to CNTs including DOX,[303–306] 
methotrexate (MTX),[307] and gemcitabine.[308] CNTs can be 
made to adsorb several biological molecules such as genes[309] 
and proteins.[310] This property enables CNTs to combine diag-
nosis and therapy within single CNT platform. The biodistri-
bution and cell uptake level can be determined by imaging, 
and also actuate anti-cancer effects with chemotherapy.[311] Lee  
et al. found that when SWNTs were combined with low voltage 
materials, the cellular uptake efficiency could be enhanced.[312] 
Other studies attempted to combine magnetic nanoparticles 
on the surface of CNTs to form hybrids,[313] or encapsulate 
these magnetic nanoparticles[314,315] to track CNTs through 
MRI for target imaging. CNTs can also be labeled with 14C for 
radioimaging.[316] Ren et al. used angiopep-2 modified DOX 
loaded multi-walled carbon nanotubes (MWNTs) to treat brain 
glioma.[317] Along with the accumulations of materials within 
brain, distinguishable brain mapping was achieved through 
fluorescent imaging. Mouse survival was prolonged after treat-
ment with MWNTs. Liu et al. used PEGylated SWNTs as ca iers 
to deliver DOX to treat tumors.[285] Both the NIR and MRI 
imaging modalities can help track the materials inside the body 
and determine the best the time for treatment. This platform 
combined chemo- and phototherapy together to achieve better 
treatment.

Another property of CNTs is their photothermal conversion 
for therapeutic applications. CNTs can transfer NIR energy to 
heat with high efficiency, and the hollow space allows them 
carry one or more drugs or agents simultaneously. These 
advantages make CNTs an attractive photothermal contrast 
agent. Combining NIR imaging functions with PTT could 
make CNTs more efficient in cancer treatments. NIR fluores-
cent imaging can help monitor and map the biodistribution of 
CNTs, for more efficient targeted PTT treatment.[318–322] Addi-
tionally, it has been reported that MWCNTs themselves can also 
inhibit tumor growth.[323] Wang et al. combined Au together 
with single-walled carbon nanotubes (SWNTs).[324] With modi-
fication with folic acid (FA), this CNT could be uptaken in KB 
cells, as visualized by Raman imaging after exposure with NIR 
light, and also offered enhanced photothermal cancer cell kill. 
Wang and co-workers functionalized SWNTs with polyethyl-
enimine (PEI) and DSPE-PEG2000-maleimide, then further 
loaded them with hTERT siRNA to achieve tumor-targeted 
siRNA delivery.[325] NIR fluorescent imaging clearly demon-
strated the distribution of SWNTs inside the body, and tumors 
were ablated through photothermal therapy.

Sada et al. successfully used SWNT-coated dishes for cell 
detachment.[326] By studying HeLa cells, they found the SWNT-
coated dish can not only detach large population. Also, when 

irradiated with an NIR laser from the bottom, the detached cell 
was catapulted up to top surface and kept alive. Thus, there 
may be unconventional approaches for CNTs for applications 
like cell separations.

8.5.2. Graphene Oxide

Graphene oxide (GO) is an emerging atomically thin film 
which is comprised of arranged carbon atoms (as shown in 
Figure 13).[327] GO demonstrates novel nanoelectronics and 
nanophototics, large surface area, high mechanical flexibility 
and chemical functionality. These features have led to an 
increase in GO biomedical applications during recent years.

Toxicity needs to be considered for biological applications 
of GO. Yang et al. found that GO is safe with ocular applica-
tion.[328] Small amounts of PEGylated GO can be absorbed by 
the intestine after oral administration, and the materials reach 
the reticuloendothelial (RES) system after i.p. injection.[329] 
Zhang et al. found that after orally administrating reduced GO, 
mice showed decreased neuromuscular coordination compared 
to control mice.[330] GO has potential to concentrate in the lung 
and induce inflammation and also GO can become lodged in 
the kidney and not be cleared by the renal system.[331] How-
ever, the purity and oxidation level affects the behavior of GO 
in vivo.[332,333] GO can interfere DNA replication and induce 
mutagenesis in vitro, and cause formation of micronucleated 
polychromic erythrocytes in mice in vivo.[334] In vitro, GO can 
provoke blood cell aggregation.[335] Mukherjee et al. observed 
that GO and reduced GO induce pro-angiogenic activity.[336] GO 
and reduced GO could generate intracellular reactive oxygen 
species (ROS), which can influence the phosphorylation of Akt 
and active the NO signaling, thus finally triggered angiogen-
esis. Thus, given the concerning biological effects induced by 
GO itself, additional functionalization studies are required to 
better understand GO toxicity.

GO possesses unique optical properties. Qian et al. used 
PEGylated GO as a contrast agent for multi-photon imaging.[337] 
Clear images were generated through two-photon imaging both 
in vitro and in vivo. By microinjection into the brains of mice, 
GO nanoparticles could be discriminated with an imaging 
depth up to 300 µm. Moreover, GO enabled PET imaging when 
labeled with radioactive isotope[338,339] and could also be used for 
photoacoustic imaging.[340–342] GO can induce autophagy which 
in turn further enhances GO concentrations in cells.[343] In 
addition, GO has been explored for detection of specific biomol-
ecules in vivo, such as glycosaminoglycans[344] and glucose.[345]
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Figure 13.  Schematic figure of GO. Reproduced with permission.[327] 
Copyright 2015, Royal Society of Chemistry.
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Like carbon nanotubes, GO can absorb NIR light and con-
vert that energy to heat for photothermal therapy, thus the com-
binations of NIR diagnosis and PTT functions make them great 
potential as theranostic agents.[346–348] With the alternations of 
the modified targeting materials, GO can demonstrate highly 
efficient photothermal therapy to specific cancers.[349] Rob-
inson et al. conjugated RGD to reduced GO, their materials 
can detect cancer cells with NIR, and shown potential PTT 
effects.[350] Sharker et al. combined indocyanine green (ICG) 
with poly(PDMAEMA) modified rGO, which for pH-dependent 
NIR photothermal therapy.[351] By simply adjusting the sur-
face coating materials, modified drug-loaded GO can enable 
triggered drug release by endogenous chemicals such as 
glutathione.[352] Also GO can be used as a photosensitizer for 
photodynamic therapy.[353]

As a nanocarrier, a wide variety of molecules have been 
delivered by GO, including siRNA,[354] antibodies,[355] fluores-
cent dyes,[356–358] peptides,[359] SPECT agents,[360] anti-tumor 
drugs,[348] and photosensitizers,[361] In 2015, Kim et al. con-
jugated IR825, PEG-g-PDMA and hyaluronic acid (HA) with 
GO as a pH-dependent contrast agent for cancer cell specific 
fluorescent imaging and photothermal therapy.[362] Huang et al. 
loaded Chlorin e6 onto folic acid coated GO for PDT.[363] Fluo-
rescent imaging of cells was used to study the cell uptake, and 
this construct achieved effective PDT.

8.6. Porphyrin-Lipids

In general, porphyrins and related tetrapyrroles have excellent 
potential for theranostic applications.[364–366] In 2005, porphy-
rins were functionalized as building blocks of polymersomes, 
which improved dye stability in the carrier.[367] Later in 2011, 
it was shown that covalent attachment of a porphyrin to a 
phospholipid sidechain, resulted in formation of liposome-like 
nanovesicles termed porphysomes (Figure 14).[49] Porphysome 
subunits can eventually biodegrade in the liver in vivo.[368] The 
strong optical properties of porphysomes make them suitable 
for several biophotonics applications, including photothermal 
therapy and photoacoustic imaging. As an emerging material, 
porphysomes have been used for several different biomedical 
applications.[369] They can be used for a variety of detection 
modalities including US and 99mTc labeling.[370–372] Their lipo-
some-like structure enables multiple applications as robust 

nanocarriers. The methodologies and modifications used for 
liposomes can also be applied to porphysomes to tune their 
stability and biological behavior. Triggered release conditions 
for liposomes induce triggers such as pH,[48,373] biodegrada-
bility,[374] biomolecules,[375] and thermal sensitivity.[376,377]

Porphysomes have been designed for activatable photo-
sensitization for photodynamic therapy. Jin et al. developed 
porphysomes modified with folic acid to selectively target 
cancer cells with high expression of the folic acid receptor.[378] 
The initially quenched photosensitizers were unquenched upon 
ligand-directed cell uptake and with laser irradiation tumor 
growth was inhibited.

The liposome-like structure provides the possibility of dual-
functionalities by combing drug delivery and phototherapy, 
leading to the enhanced efficacy. Carter et al. conjugated devinyl 
hexyloxyethy-pyropheophorbide (HPPH) with a phospho-
lipid and encapsulated various cargos in the nanoparticle.[379] 
With NIR irradiation, this HPPH-lipid liposome could release 
loaded cargo. With DOX loading, laser treatment ablated KB 
tumors in mice without regrowth for at least 90 days. Light-
triggered reversible opening and sealing can also be achieved 
at the micro-scale.[380] Recently, Luo et al. found that the light-
triggered drug release speed can be controlled by adjusting the 
concentrations of porphyrin-phospholipid (PoP) and unsatu-
rated lipid in the liposome, and the stability can be tuned by 
varying the drug-to-lipid ratio.[381,382] With only 2% PoP in a 
conventional long-circulating liposome formulation, blood cir-
culation of entrapped doxorubicin was 21.9 h, and was effective 
for tumor photoablation relative to photodynamic therapy 
or chemotherapy alone.[383] Post chelation of metals into 
porphyrin-phospholipids can alter the phototoxicity profile.[384]

Because of the photosensitizing property of porphyrin, the 
porphyrin-phospholipids can also be used for image-guided 
photothermal therapy.[385] Muhanna et al. used pyropheophor-
bide-lipid porphysomes to diagnose oral carcinomas in rabbits 
and hamsters by photoacoustic and fluorescent imaging, and 
then ablated them by PTT.[386]

The porphyrin of the porphyrin-lipid conjugate is retained 
in the lipid bilayer. Shao et al. showed that his-tagged peptides 
and proteins strongly and effectively bind to the PoP liposome 
when they are chelated with Co(III) by capturing the tag in the 
hydrophobic bilayer (Figure 15).[387] His-tagged RGD peptides 
enabled pre-formed PoP liposomes to be targeted to cancer 
cells and this approach was also demonstrated as a potent 

immune adjuvant platform for his-tagged 
molecules.

Porphysomes and PoP can also be used 
for contrast agents for several imaging 
and diagnostic techniques, including 
non-linear optical microscopy,[388] fluores-
cent imaging,[389] Raman scattering,[390] 
MRI,[391,392] and PET imaging.[393,394] Rieffel 
et al. packaged UCNPs with PoP to readily 
achieve contrast imaging in six different 
modalities.[195] Ni et al. used porphysomes 
as contrast agents for tracking macrophages 
in a post-myocardial infarction murine 
model with fluorescence imaging, CT and 
PET.[395]
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Figure 14.  Schematic figure of pyropheophorbide–lipid porphysome. The phospholipid 
headgroup (red) and porphyrin (blue) are highlighted in the subunit (left) and assembled 
nanovesicle (right). Reproduced with permission.[49] Copyright 2011, Nature Publishing Group.
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9. Conclusion

The potential advantages offered by theranostic materials 
include reducing toxicity, enhancing targeting and selectivity, 
generating data for diagnostics and being used for therapeutic 
applications. Different classes of nanoparticles can be modified 
for biological use as contrast agents for diagnostic techniques, 
including MRI, PET, optical imaging, photoacoustic tomog-
raphy, and CT. Recently, nanoparticles have been developed as 
platforms for multimodal contrast imaging. Most diagnostic 
imaging nanoscale agents also possess capacity for therapeutic 
function, which enables image-guided therapy approaches. Sur-
face coating of nanoparticles with biocompatible molecules is 
required for decreasing the toxicity of theranostic agents, and 
provides the possibility to selectively targeting diseased areas. 
More research is required to improve the performance of thera-
nostic agents, such as increasing excretion, enhancing contin-
uous monitoring, extending blood circulation time, optimizing 
physiological barrier penetration, avoiding the RES, and in 
general start moving more of these materials into clinical trials. 
Thus, continuous innovations and development are needed to 
meet unmet clinical needs with novel theranostic approaches.
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