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Abstract Chitosan, a natural-based cationic polysaccharide, has a great potential to
be utilized as drug delivery systems, tissue engineering scaffolds, and wound
dressings due to its biocompatibility, bioactivity, biodegradability, antibacterial
property, gelling behavior, cell adhesion, and proliferation abilities. Due to the
presence of primary amino and hydroxyl groups, chitosan can be chemically mod-
ified or functionalized with other bioactive molecules easily to improve its physico-
chemical and biological properties required for advanced biomedical applications. In
this context, considerable efforts have been made to conjugate chitosan and its
derivatives with different types of photosensitizers/photothermal agents, quantum
dots (QDs), bioactive molecules, metals, and metal oxides to develop theranostic
agents for concurrent imaging and treatment of tumors. The chitosan-based
theranostics were found to have better cellular imaging capability, tumor-targeted
drug release, and multimodal therapeutic efficiencies. This chapter reviews the
recent progress of chitosan-based theranostics, their properties, and applications in
advanced cancer therapy.
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1 Introduction

Cancer is a most divergent and lethal disorder that remains the second-leading cause
of mortality worldwide [1]. The most commonly used cancer treatment methods are
surgery, radiation therapy, and chemotherapy. These methods can be utilized indi-
vidually or in a combined manner based on the type, stage, and location of cancer
present in the body and the age, general health, and other factors of the patient.
Although these methods have experienced many advancements in recent years, still
their practical applications are not completely satisfied to suppress the cancer cells
more effectively with minimum risk factors. Most of these treatment methods are
non-specific to deliver the drug in the tumor site and hence show cytotoxicity to the
normal cells and poor drug biodistribution in the diseased area. Moreover, these
approaches are generally not sufficient to overcome biological barriers, to treat
metastatic disease, and for monitoring, treating, and imaging cancer
simultaneously [2].

In recent years, nanotechnology has been regarded as a promising tactic to deal
with cancer and has been broadly exploited to expand the traditional cancer treat-
ment methods [3, 4]. Nanotechnology plays a vital role in developing the
theranostics for diagnosis, early detection, monitoring, and therapy of cancer
[5]. These theranostics have therapeutic, diagnostic, and imaging properties. More-
over, they can carry an additional payload of drugs. Because of the large surface area
to volume ratio, theranostic nanoparticles (NPs) can comprise various targeting
ligands that provide specificity and high affinity for target cells. Due to the smaller
size (<200 nm), theranostic NPs can preferentially accumulate in the cancer cells
due to the enhanced permeation and retention (EPR) effect and may exhibit long
blood circulation effects by avoiding recognition by the reticuloendothelial system
(RES). Therefore, theranostic NPs with adequate drug loading and releasing ability
would considerably enhance the efficacy of cancer therapy and potentially overcome
the drawbacks related to conventional treatment methods.

So far, different types of NPs based on polymeric materials, ceramics, carbon
nanotubes, and inorganic materials have been established as theranostics for cancer
diagnosis and therapy [6]. Using surface modification, these NPs have been conju-
gated with a hydrophobic anticancer drug to improve its bioavailability. Moreover,
they have been coated with hydrophilic and biocompatible polymers to improve
their circulation in the bloodstream for a longer period and avoid recognition by the
RES [7]. The theranostics NPs with a suitable size and surface modification can pass
through the blood–brain barrier (BBB) and deliver therapeutic concentration of
drugs in the brain for the treatment of central nervous system cancers [8]. Moreover,
these NPs may have the benefits of overcoming multidrug resistance [9].
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Chitosan is a cationic biopolymer, which is derived from chitin by the alkaline
deacetylation process. In recent years, chitosan has been extensively considered as a
promising biomaterial for the development of advanced theranostics for cancer
therapy due to its desired characteristics such as biocompatibility, biodegradability,
gel-forming ability, the capability to conjugate imaging agents, biomarkers, ligands,
and therapeutic agents. The chitosan-based NPs with imaging, targeting, and ther-
apeutic efficiencies have been proved to be a potential material for cancer
theranostics. In this chapter, the recent improvements of chitosan-based theranostics
such as glycol chitosan loaded with photosensitizers/photothermal agents, chitosan
loaded with QDs, chitosan-noble metal conjugates, chitosan-based magnetic NPs,
chitosan-based hybrid NPs, and chitosan-multimodal nanocomposites in cancer
therapy have been reviewed in detail.

2 Theranostics Based on Chitosan and Its Derivatives

An ideal theranostic material must have a diagnosis, imaging, and therapeutic
abilities instantaneously. A variety of multifunctional NPs containing therapeutic
molecules, imaging agents, and targeting ligand have been developed for the early
detection and inhibition of tumors. Due to the occurrence of targeting molecule, such
NPs can reach the target-site more specifically and release the drug in a controlled
manner and thereby avoid the unwanted side effects. The imaging agent loaded with
NPs can be utilized to image the tumor cells and thereby monitor the progress of the
treatment. In recent years, the NPs based on polymers, noble metals, metal oxides,
and ceramics have been largely considered as theranostics for the simultaneous
imaging and therapy of various diseases [10, 11]. Among the polymers, chitosan-
based materials have been shown the potential to be used for the developments of
advanced theranostic systems with various other functional materials for the diag-
nosis, imaging, and therapy of cancer because of their favorable characteristics such
as biocompatibility, nontoxicity, biodegradability, bioactivity, non-toxicity, and
lower adverse effects [12].

2.1 Chitosan Loaded with Photosensitizers/Photothermal
Agents

Photodynamic therapy (PDT) is one of the important approaches for cancer treat-
ment, where photosensitizers play a major role to create reactive oxygen species
(ROS), namely singlet oxygen and hydroxyl radicals in presence of light with a
suitable wavelength [13]. These ROS can kill various biological objects in the
surrounding medium and hence are measured as a promising candidate for the
abolition of tumor cells. The photosensitizers accumulated in the tumor sites can
also produce an intense fluorescence signal under light irradiation, which can be
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used as imaging agents for imaging and diagnostic applications [14]. However, the
usage of photosensitizers as a therapeutic agent is highly limited due to their
nonspecific phototoxicity, less water solubility,and ineffective tumor-targeting abil-
ity. The limitations of photosensitizers can be overcome by encapsulating them into
chitosan-based tumor-targeted drug delivery carriers.

Glycol chitosan is a water-soluble derivative of chitosan. It is prepared by
reacting chitosan with hydrophobic glycol molecules. Due to its amphiphilic nature,
glycol chitosan can be self-assembled to NPs for the delivery of therapeutic and
imaging agents in the tumor site. The glycol chitosan NPs loaded with photosensi-
tizer and anti-cancer drugs have been considered as a promising candidate for
imaging and therapy of cancer because of their biocompatibility, cationic nature,
improved EPR effect, and functional groups for surface modification and
bioconjugation. Lee et al. [15] developed glycol chitosan-based NPs loaded with
protoporphyrin IX (PpIX) as a photosensitizer for PDT and imaging of cancer. The
PpIX-loaded glycol chitosan NPs presented the improved tumor-targeting ability
compared to free photosensitizer when treated with SCC7 tumor-bearing mice. Also,
amphiphilic self-assembled NPs were prepared using the glycol chitosan conjugated
with chlorin e6 (Ce6), a photosensitizer for PDT of cancer [16]. Since Ce6 generated
ROS more effectively in the NPs, the Ce6-loaded glycol chitosan showed enhanced
PDT in MDA-MB-231 breast cancer cells. In another approach, FITC-labeled glycol
chitosan-Ce6 NPs and chitosan-Ce6 NPs were prepared and analyzed their
biodistribution in vivo in the cancer cells [17]. Compared to free Ce6, chitosan-
Ce6 NPs presented reduced in vitro cell viability and improved in vivo tumor
phototoxicity, which confirms its potential for the PDT and imaging of cancer.

Shrestha and Kishen prepared rose Bengal-loaded chitosan and studied its
antibiofilm efficiency on gram-positive and gram-negative bacteria using PDT
[18]. Under the treatment of rose bengal-loaded chitosan, the shape of bacterial
biofilm was disintegrated. This result indicated that rose bengal-loaded chitosan had
improved antibiofilm activity compared to the control photosensor. Sun et al. [19]
developed methylbenzene blue-loaded carboxymethyl chitosan NPs as a theranostic
agent for cancer therapy. These NPs exhibited pH-dependent drug release behavior
due to the presence of carboxymethyl chitosan. The prolonged controlled drug
release from the NPs was observed at pH 7.4 medium compared to pH 5.5 medium.
Under a laser light treatment, these NPs showed antibiofilm activity and inhibition of
cancer cell growth in acidic conditions. Moreover, the developed NPs exhibited self-
imaging ability and antitumor activity against the tumor mice model. Recently,
Pandya et al. [20] prepared chitosan-tetraphenyl chlorin conjugate NPs loaded
with mertansine or cabazitaxel as imaging contrast agents and for PDT of cancer.
Due to the strong interaction between the drugs and photosensitizer, the chitosan-
tetraphenyl chlorin conjugate NPs showed the improved drug loading capacity.
These NPs presented the enhanced cytotoxicity and PDT effect on breast cancer
cell lines, suggests their suitability for cancer theranostics.

Photothermal therapy (PTT) is another promising approach to destruct cancer
cells by thermal energy. In PTT, near-infrared (NIR) light is engrossed and
transformed to confined heat by the NPs, resulting in the demolition of the tumor
cells [21]. Kumar et al. [22] developed polycaprolactone coated and IR
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820 dye-loaded glycol chitosan composite for imaging and PTT of cancer cells.
These composites retained their structural stability even after the exposure to laser
light and presented the sustained release profile. Also, they exhibited the imaging
capability, improved cellular uptake, and enhanced photothermal effect on breast
cancer cells. Manivasagan et al. [23] fabricated chitosan-polypyrrole composite NPs
for imaging-guided PTT of cancer. Because of the synergistic effects of chitosan and
polypyrrole, these composites had improved biocompatibility, stability, and NIR
absorbance. The in vivo study demonstrated that the prepared composite NPs had
better antitumor activity against the tumor-bearing mice under NIR radiation.
Recently, Lee et al. [24] prepared chitosan oligosaccharide lactate conjugated with
ZW800–1 NIR fluorophore for imaging and targeted PTT of cancer. The HT-29
tumor-bearing mice treated with developed conjugate presented a considerable
decrease in the volume of tumor after NIR laser irradiation. Further, chitosan
oligosaccharide lactate-ZW800–1 conjugate showed light-triggered PTT and strong
fluorescence in tumor sites.

2.2 Chitosan Loaded with QDs

The inorganic nanocrystals that belong to groups III–V and II–VI are known as QDs.
Due to the fluorescent properties, QDs are considered an imaging agent in the field of
cancer theranostics. The fluorescent properties of QDs can be altered by changing
their size and configuration [25]. So far, considerable works have been done to
develop multifunctional theranostics based on chitosan and its derivatives encapsu-
lated with QDs for cancer therapy.

Tan et al. [26] prepared chitosan-QD composite surface modified with human
epidermal growth factor receptor 2 (HER2) antibodies for the imaging and targeted
delivery of si-RNA to MCF-7 and SKBR3 human breast cancer cell lines. Due to the
presence of a greater number of HER2 receptors, more internalization of the
chitosan-QD composite was found in SKBR3 cells compared to MCF-7 cells.
When chitosan-QD was utilized to release HER2 si-RNA, HER2 gene expression
levels were decreased to 80%. Also, Yuan et al. [27] prepared chitosan-ZnO QDs for
imaging and tumor-targeted drug delivery. Due to the presence of chitosan, the
prepared materials showed the improved drug loading efficiency and biocompati-
bility. Also, these materials presented the imaging ability by emitting the blue-light
due to the existence of ZnO QDs. In another approach, curcumin-loaded O-
carboxymethyl chitosan grafted with ZnO QDs was prepared for cancer therapy
[28]. Since ZnO QDs were conjugated with chitosan, these materials presented
enhanced stability for better drug release, imaging, and therapeutic efficiencies.

Ma et al. [29] developed carboxymethyl chitosan loaded with CdTe QDs. Due to
the strong binding ability of carboxymethyl chitosan to CdTe QDs with Zn2+, the
developed materials presented an improved fluorescence property. These NPs accu-
mulated more effectively at the tumor site of tumor-bearing mice after intravenous
inoculation. Due to the biocompatibility and imaging ability, the developed NPs
showed great potential for the imaging and therapy of cancer. In another study, a film
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based on CdTe QDs functionalized with chitosan-L-cysteine was prepared. This film
showed better imaging ability and antibacterial property due to the synergistic effect
of CdTe QDs and chitosan-L-cysteine [30].

Multifunctional chitosan NPs containing folic acid (FA), FITC, doxorubicin
(DOX), carbon QDs, and vascular endothelial growth factor (VEGF) shRNA were
prepared as a theranostic agent for cancer therapy (Fig. 1) [31]. The average particle
size and charge of these NPs were found to be 154 nm and 23.2 mV, respectively.
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These NPs effectively delivered the VEGF shRNA into HeLa cells by shielding
shRNA from degradation. The NPs presented the pH-responsive anti-cancer drug
release profile. Due to the presence of FA, the prepared NPs exhibited improved
cellular uptake by HeLa cells through folate-receptor-mediated endocytosis. The
HeLa cells treated with multifunctional chitosan NPs presented reduced VEGF
expression, minimal cell proliferation, and augmented cell apoptosis. Besides,
these NPs confirmed outstanding fluorescence cellular imaging due to the presence
of carbon QDs. In another study, Ding et al. [32] developed FA-conjugated
carboxymethyl chitosan NPs containing QDs and Fe3O4 NPs for cellular imaging
and tumor-targeted drug delivery. Due to the presence of FA, these NPs were
successfully uptaken by tumor cells via the FA-receptor-mediated endocytosis
mechanism. Moreover, they exhibited simultaneous fluorescence imaging and mag-
netic properties due to the synergistic effects of QDs and Fe3O4 NPs. Further, Lin
et al. [33] fabricated nano-micelles based on pluronic-containing anticancer drug and
ZnO/CdTe QDs. In this study, the surface of nano-micelles was altered by
FA-conjugated chitosan to improve their tumor-targeting ability and blood circula-
tion time. The in vivo study results disclosed that these NPs had controlled drug
release and fluorescence cellular imaging capabilities.

Recently, Janus et al. [34] prepared chitosan-based carbon QDs doped with
nitrogen for diagnosis, cellular imaging, and controlled drug delivery. The devel-
oped QDs presented photoluminescence property in visible light. The chitosan-
based carbon QDs modified with amino acids such as lysine and glutamic acid
showed a higher quantum yield. Biocompatibility studies demonstrated that the
developed NPs had no cytotoxicity on human dermal fibroblasts.

In another approach, Yu et al. [35] designed FA-conjugated copper sulfide (CuS)-
chitosan QDs for imaging-guided cancer therapy. These NPs presented adequate
biocompatibility, increased cellular uptake, strong NIR light absorption, and
improved photothermal efficiency. They also effectively targeted and amassed in
the cancer cells within 60 min. Under laser light irradiation, these NPs potentially
inhibited the growth rate of tumor cells.

2.3 Chitosan-Noble Metal Conjugates

In recent years, noble metals such as gold (Au), silver (Ag), and palladium (Pd) have
received much importance as cancer theranostics due to their exceptional optical,
electrical, and photothermal behaviors. The metal NPs encapsulated with chitosan
and its derivatives have a large potential to be used for cancer imaging and therapy
due to their excellent stability and multifunctional effects [36]. Chitosan can form
complexation with metal ions through hydroxyl and amino groups present in the
polymer chain and hence can improve the stability of metal NPs [37].

Thangam et al. [38] developed the multifunctional chitosan NPs encapsulated
with Ag and natural fluorescent protein, R-phycoerythrin for cancer therapy. The
theranostic ability of these NPs was studied against MDA-MB-231 breast cancer
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cells. The developed NPs presented noticeably high cytotoxicity in the MDA-MB-
231 cells, but less cytotoxicity in the normal cells. In recent years, Au NPs are
largely utilized as a theranostic agent for cancer treatment because of their
non-toxicity, high surface-to-volume ratio, excellent optical and photothermal prop-
erties [39]. The Au NPs encapsulated chitosan can have the improved drug loading
and tumor-targeted drug delivery ability and imaging property.

Zhang et al. [40] developed chitosan-modified Au NPs for the radiotherapy of
cancer. Due to the improved radiation sensitivity, the prepared NPs showed remark-
able damage to tumor cells under X-ray irradiation. In another strategy, Sahoo et al.
[41] developed chitosan-Au NPs for the apoptosis of cervical cancer cells (Fig. 2).
Due to the fluorescence property of Au NPs, the developed NPs presented the optical
imaging of cells without the usage of additional dyes. Also, as a radiosensitizer, the
chitosan-Au NPs enhanced the efficiency of the radiotherapy. Yan et al. [42]
prepared poly(vinyl alcohol)/chitosan nanofibers incorporated with Au NPs for
delivery of the drug to cancer cells and imaging of cancer cells. Due to the surface
plasmon resonance (SPR) property of Au NPs, the developed nanofibers can be used
to attain image-guided therapies.

The Pd NPs coated with RGD peptide-linked chitosan oligosaccharide were
developed for imaging and PTT of cancer cells (Fig. 3) [43]. These particles
presented the selective accumulation in MDA-MB-231 breast cancer cells and
improved photothermal effects under irradiation of 808-nm laser light at 2 W/cm2

power density. Due to the coating of chitosan oligosaccharide, the NPs showed
adequate biocompatibility, colloidal stability, and water dispersity. Since the devel-
oped NPs exhibit a good amplitude of photoacoustic signals, they facilitated the
imaging of cancer cells using a photoacoustic tomography system.
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Recently, Sun et al. [44] fabricated Au NPs coated with glycol-chitosan for cancer
cell imaging and therapy. These NPs showed relatively improved cellular uptake by
breast cancer cell lines and good photoacoustic signals in the in vitro studies. The
improved photoacoustic signals could be due to the plasmon coupling effect of
glycol-chitosan-coated Au NPs in cancer cells. Further, these NPs presented
photoacoustic cancer cellular imaging without using any antibodies or surface
alteration. Wang et al. [45] prepared core-shell composite NPs based on Fe3O4,
chitosan, and Au NPs as cancer theranostics. These NPs had improved cytotoxicity
against different types of human carcinoma cell lines. The developed core-shell
composite NPs could be used for the imaging and therapy of pancreatic, gastric, and
colon cancers. Further, Ma et al. [46] developed Au encapsulated chitosan NPs for
cancer therapy. These NPs presented outstanding biocompatibility, improved col-
loidal stability, pH-dependent drug release property, high drug loading, and fluores-
cence imaging abilities.

2.4 Chitosan-Based Magnetic NPs

Among the inorganic nanomaterials, magnetic NPs have been extensively used in
hyperthermia, drug delivery, magnetic resonance imaging (MRI), drug delivery,
bioseparation, and catalysis due to their exceptional multifunctional characteristics
[47, 48]. The magnetic NPs exhibit excellent superparamagnetic behavior when their
size is reduced to<15 nm. In recent years, much interest has been given to chitosan-
magnetic NPs conjugates for the tumor-targeted drug delivery and imaging modal-
ities using an externally applied magnetic field [49]. Among the magnetic NPs,
superparamagnetic iron oxide (Fe3O4) NPs are widely considered as a promising
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MRI contrast agent for cancer therapy because of their lesser toxicity and increased
proton relaxation that results in a lesser detection limit [50]. Hence,
superparamagnetic Fe3O4 NPs have been combined with chitosan as cancer
theranostic agents. For instance, Lee et al. [51] prepared self-assembled chitosan-
linoleic acid NPs encapsulated with Fe3O4 NPs as a contrast agent. These NPs were
found to increase the colloidal stability of the Fe3O4 NPs. Moreover, they reduced
the cytotoxicity and showed the targeted MRI of the cancer cells without imaging the
normal cells. Maria et al. [52] prepared Fe3O4-loaded chitosan NPs for the sustained
delivery of docetaxel and imaging of cancer cells. The results showed that the drug
retains its efficiency during its loading into the NPs and hence NPs carried the drug
into tumor cells effectively. Further, Shi et al. [53] prepared carboxymethyl chitosan
conjugated Fe3O4 NPs as a contrast agent in MRI (Fig. 4). These NPs were
efficiently taken up by the human mesenchymal stem cells (hMSCs) through endo-
cytosis and showed minimal cytotoxicity as compared to the control medium. Due to
high labeling competence, the developed Fe3O4 NPs detected <100 labeled cells by
MRI. Santos et al. [54] synthesized multifunctional Fe3O4/chitosan-L-glutamic acid
core-shell NPs for tumor-targeted drug delivery and hyperthermia usages. These
NPs presented the improved drug loading and controlled drug release profile with a
localized hyperthermia ability.

Fan et al. [55] developed multifunctional Fe3O4 NPs surface-modified with
carboxymethyl chitosan and FA (Fig. 5). The results showed that the surface-
modified Fe3O4 NPs decrease not only the cytotoxicity against the normal cells
but also the detention of Fe3O4 NPs by macrophages. Due to the presence of FA, the
established NPs were effectively taken up by FA-receptor positive cancer cells for
MRI, drug targeting, and hyperthermia. Balan et al. [56] reported magnetic NPs
comprised of N-palmitoyl chitosan and Fe3O4 NPs by ionic gelation method. The
developed NPs had a mean size of ~150 nm and a zeta potential of 16.78 mV. In
addition, they offered the drug loading ability, high value of magnetic saturation
(54.59 emu/g), and superparamagnetic behavior required for cancer theranostics. In
another approach, Wang et al. [57] developed magnetic graphene functionalized
with chitosan for the simultaneous delivery of therapeutics and magnetic NPs to the
tumor site. Because of the presence of chitosan, the developed magnetic graphene
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sheets were found to be biocompatible, stable, and dispersed in the aqueous medium.
These NPs presented the improved drug loading ability, pH-dependent drug release
profile, cellular uptake by the A549 human lung cancer cells. Due to the enhanced
cellular uptake, the cytotoxicity of the drug-loaded NPs towards the tumor cells was
measured to be larger than that of free drug.

Also, Lim et al. [58] developed magnetic NPs based on N-naphthyl-O-
dimethymaleoyl chitosan and Fe3O4 for effective cancer therapy. These NPs were
found to have the capability of pH-dependent drug release and MRI abilities (Fig. 6).
They showed an increased rate of drug release at acidic medium than that at alkaline
medium, which could be desired for effective delivery of therapeutics in cancer sites.

Zhou et al. [59] prepared chitosan-coated Fe3O4 NPs with a collective ability of
drug distribution and hyperthermia effect using a coacervation followed by a
chemical cross-linking technique. In this study, FA-conjugated poly(ethylene gly-
col) (PEG) was functionalized on the surface of the chitosan-coated Fe3O4 NPs to
expand the long blood circulation and targeting ability. Due to the presence of
targeting ligand, the developed NPs showed higher cellular uptake by HeLa cells
through folate-receptor-mediated endocytosis. Guanghui et al. [60] fabricated Fe3O4

and DOX-loaded chitosan NPs and found that the synthesized NPs could be suitable
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for MRI and delivery of therapeutic agents due to their imaging contrast ability and
pH-sensitive properties, respectively. Further, Wang et al. [61] prepared
multifunctional DOX-loaded Fe3O4–CdTe@SiO2–carboxymethyl chitosan core-
shell NPs. These NPs exhibited good biocompatibility, outstanding magnetic-guided
tumor-targeting, and fluorescence labeling abilities. The nanobubbles encapsulated
with magnetic NPs have also been considered as a promising candidate for cancer
theranostics due to their long blood circulation ability and tumor-targetability. For
instance, Yang et al. [62] developed carboxymethyl hexanoyl chitosan nanobubbles
loaded with camptothecin and Fe3O4 NPs for the imaging and therapy of cancers.
Due to the synergistic effect of carboxymethyl hexanoyl chitosan and Fe3O4 NPs,
the developed nanobubbles demonstrated the increased cytotoxicity against the
breast tumor cells and tumor-specific accumulation.

Li et al. [63] developed the multifunctional DOX-loaded Fe3O4 NPs blended with
chitosan and graphene oxide by electrospray method (Fig. 7). These NPs had the
particle size in the range of 100–1,100 μm. Due to the presence of Fe3O4 and
graphene oxide, the multifunctional Fe3O4 NPs showed magnetic responsive behav-
ior with improved drug loading efficiency and stimuli-responsive DOX release
profile under NIR irradiation for the chemotherapy of cancer. In another study,
chitosan NPs coated with Fe3O4 were reported for cancer theranostics [64]. These
NPs presented the enhanced MRI signals, imaging of tumor cells, and tumor-specific
drug delivery. The biodistribution study conducted using BALB/c mice demon-
strated that the developed NPs mainly accumulated in kidneys and liver as they are
the important organs that participated in the removal of Fe3O4 NPs. These results
confirmed that Fe3O4-coated chitosan NPs are a promising material for the diagno-
sis, imaging, and therapy of liver cancer.

In recent years, gene silencing and RNA interference practices have received
much interest in cancer therapy. However, due to the rapid disintegration of siRNA
by endonucleases before cellular uptake, the usage of these methods is restricted. To
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overcome these drawbacks, Bruniaux et al. [65] developed chitosan functionalized
with Fe3O4 NPs and siRNA for RNA interference and MRI contrast abilities. In this
study, the coating of PEG and poly-L-arginine on the surface of NPs was found to
improve their biocompatibility and siRNA transfection ability. Because of the
existence of chitosan, the developed NPs presented the pH-dependent delivery of
siRNA into the cells. Likewise, Israel et al. [66] reported chitosan-coated Fe3O4 NPs
as nanocarriers for siRNA for gene silencing therapy.

Olono et al. [67] fabricated the core-shell of Fe3C/γ-Fe2O3 NPs encapsulated
micelles based on sodium dodecyl sulfate and oleic acid stabilized with chitosan
using the sonochemical synthesis method. These micelles showed an average size of
19.71 nm, a polydispersity index of 0.134 and a zeta potential of �41.5 mV. Due to
their drug loading efficiency and imaging property, these nanocarriers could be an
ideal theranostic agent for cancer therapy. Kumar and Srivastava [68] prepared
FITC-linked polycaprolactone glycol chitosan IR 820 NPs for hyperthermia-induced
cancer cell death. These NPs showed outstanding photostability for 5 min. The
results confirmed that FITC-linked polycaprolactone glycol chitosan IR 820 NPs
could be an effective theranostic material for image-guided PTT of cancer. Recently,
Baktash et al. [69] prepared hybrid NPs based on chitosan grafted graphene oxide
combined with Fe3O4 NPs as a pH-sensitive theranostic for cancer therapy (Fig. 8).
The DOX-loaded NPs showed the increased rate of drug release at the acidic
medium that could be ideal for tumor-targeted drug delivery. Due to the presence
of Fe3O4 NPs and graphene oxide, the T2 contrast efficacy of the developed NPs was
found to be improved. MTT study conducted with L929 cell lines showed the good
biocompatibility of NPs, suggesting less contact of GO with the cell membrane due
to the presence of chitosan. The results confirmed that the drug-loaded NPs
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Fig. 7 Schematic representation for the preparation of DOX-loaded Fe3O4/chitosan/graphene
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developed using low molecular weight chitosan presents improved cytotoxicity
against the MCF7 cancer cells.

2.5 Chitosan-Based Hybrid NPs

In recent years, glycol chitosan-5β-cholanic acid conjugate has received much
interest for its outstanding biocompatibility and tumor-specific biodistribution. The
NPs based on glycol chitosan-5β-cholanic acid conjugate presented the selective
accumulation in liver tumor tissues, suggesting that these NPs can evade the
recognition by RES in the liver [70]. Further, these NPs were found to be extremely
dispersed in the brain tumor, indicating the possibility of using them as cancer
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theranostics [71]. Considering together, glycol chitosan-5β-cholanic acid NPs could
be ideal for cancer theranostics irrespective of the location and type of the cancers.
Similarly, Yoon et al. [72] developed glycol chitosan-based NPs as a carrier for
si-RNA and chemotherapeutic agents and studied their physicochemical character-
istics such as particle size, surface, and pH-sensitive properties.

Kim et al. [73] developed paclitaxel-loaded chitosan NPs linked with Cyanine-
5.5 (Cy5.5) for imaging and therapy of cancer (Fig. 9). The developed NPs at the
optimal amount of administration resulted in the increased rate of tumor cell death
compared to free drugs and showed the imaging capability. Na et al. [74] also
reported chitosan NPs loaded with paclitaxel and Cy5.5 for imaging and therapy
of cancer. In another approach, Srinivasan et al. [75] developed chitosan-IR820
conjugates for imaging and hyperthermia of cancer cells. These conjugates showed
hyperthermic cell growth inhibition in human sarcoma cancer cells, SKOV-3, and
antibody upon exposure with laser light. The extent of cell growth inhibition due to
hyperthermia was found to be higher in chitosan-IR820 conjugates than IR820 alone
exist in cancer cells/antibody.

Carbon-based materials such as graphene and graphene oxide have the potential
to be used in drug delivery, bioimaging, wound healing, and tissue engineering
[76]. These materials can be suitable for the PTT of cancer cells due to their
biocompatibility and functionalization ability [77]. Since carbon-based materials
have layered sheet-like structure, they offer a high surface area for the increased
adsorption of therapeutic agents. By considering this merit, Fu et al. [78] prepared
GO-modified carboxymethyl chitosan and linked it to hyaluronic acid and FITC for
tumor-targeted controlled delivery of DOX. The developed NPs presented a high
drug loading ability along with the increased rate of drug release at acidic conditions
(pH 5.8). Also, these NPs showed increased cellular uptake and thereby cancer cell
apoptosis. Baghbani et al. [79] prepared the nanodroplets based on curcumin-loaded
chitosan/perfluorohexane for ultrasound (US) imaging contrast and cancer therapy.
Under US exposure, the nanodroplets presented the increased cytotoxicity against
the 4 T1 human breast cancer cell lines, which confirmed their potential to be used in
image-guided cancer therapy.
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Fig. 9 Schematic diagram of paclitaxel-loaded chitosan NPs linked with Cy5.5 for imaging and
therapy of cancer
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Recently, a nanodroplet has been developed for siRNA delivery using the
microbubble transmission technique [80]. In this study, the core of nanodroplets
was made up of perfluoropentane and magnetic NPs with a shell containing
deoxycholic acid conjugated chitosan and siRNA. The nanodroplets were converted
into microbubbles after exposure to US for a longer circulation time in the blood-
stream. The magnetic NPs within the microbubbles were utilized to improve the
localization via an externally applied magnetic field. The developed materials
presented a four-fold decrease in the viability of human lung and breast cancer
cells. In another study, DOX-loaded chitosan-Ag hybrid NPs were prepared and
analyzed their physicochemical properties [81]. Due to the existence of chitosan,
these NPs showed the pH-responsive controlled drug release behavior. Moreover,
they showed enhanced cytotoxicity against subcutaneous tumors and cancer cell
lines. Further, Zhang et al. [82] fabricated methylene blue-loaded hybrid
PEG-chitosan/Fe3O4 NPs for imaging and combined PDT/PTT of cancer. Due to
the formation of singlet oxygen, the prepared NPs effectively killed the cancer cells
under NIR radiation. Also, they exhibited controlled photoexcitation to eradicate the
tumor cells without affecting normal cells. These hybrid NPs could be considered for
MRI and collective PDT/PTT of cancer.

2.6 Chitosan-Based Multimodal Nanocomposites

Chitosan has been utilized as a matrix for encapsulating two or more theranostic NPs
to obtain nanocomposites with improved theranostic capability. In this context, Lin
et al. [83] developed the multi-modal nanocarriers based on chitosan functionalized
with Fe3O4 NPs, methotrexate-PEG, and Cy5.5. In this study, methotrexate-PEG
was used as a prodrug, which can target the tumor cells. These NPs presented higher
accumulation in the target site, decreased adverse effects, sustained drug release,
enhanced therapeutic efficacy, and higher cellular uptake compared to the control.
Due to the presence of Fe3O4 NPs and Cy5.5, these nanocarriers could be used in
multi-modal imaging and cancer therapy. Wang et al. [84] prepared multifunctional
core-shell NPs based on Fe3O4/Au encapsulated chitosan as a photothermal and
dual-imaging agent. The NPs showed outstanding magnetic properties, plasmonic
activities, and fewer hemolytic effects. Due to the exceptional photothermal behav-
ior of Fe3O4/Au NPs, the developed NPs could be ideal for PTT and simultaneous
MRI and field imaging of cancer cells. Kim et al. [85] fabricated Cy5.5-labeled Au
NPs coated with glycol chitosan and linked with fibrin-targeting peptides for CT
imaging and therapy of cerebrovascular thrombi using a tissue plasminogen activa-
tor. Key et al. [86] prepared peptide-conjugated glycol chitosan NPs loaded with
Fe3O4 and Cy5.5 for MRI/NIR fluorescence imaging and therapy of cancer. These
NPs specifically accumulated in the tumor site without gathering in the normal
tissues and presented multimodal cellular imaging capability.

Recently, Liu et al. [87] prepared DOX-loaded polyoxometalate NPs surface
coated with mesoporous silica and FA–chitosan for multimodal imaging and
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chemotherapy of cancer. These NPs presented upconverting luminescence under
NIR light and CT imaging characteristics. Due to the generation of heat under laser
light irradiation and the release of DOX, the prepared NPs showed their potential to
be used for the combined PPT/chemotherapy of cancer. Because of the presence of
FA-chitosan, they also exhibited the tumor-targeted pH-responsive drug release.
Further, Choi et al. [88] developed glycol chitosan NPs containing iodine for US
and computed tomography (CT) imaging of cancer tissues. In this study, diatrizoic
acid-containing iodine was linked to glycol chitosan and then perfluoropentane was
loaded into the resulting product to form a multimodal imaging agent. The prepared
NPs showed effective accumulation and US/CT signals in the tumor site.

3 Summary

Over the last few decades, considerable efforts have been taken to utilize chitosan
and its derivatives for the development of theranostics for effective imaging and
therapy of cancer due to their desirable physiochemical and biological properties.
Chitosan and its derivatives have been largely combined with photosensitizers/
photothermal agents, QDs, noble metals, magnetic NPs, and other functional mate-
rials to fabricate the advanced cancer theranostics. Since photosensitizers-loaded
chitosan selectively accumulates in the tumor site, they can be effectively utilized for
PTT and fluorescence imaging of cancer cells. Due to the presence of tumor-
targeting ability and imaging capability, the targeting ligand-linked chitosan NPs
encapsulated with QDs and anticancer drugs demonstrated better cellular imaging
and therapeutic efficacy at the tumor site. In recent years, chitosan-Au NPs conju-
gates are largely considered for the combined PTT and imaging of tumors. In this
system, the Au NPs provided the optical and photothermal properties to chitosan-Au
NPs conjugates, while chitosan offered better drug loading, controlled release, and
tumor-targeting abilities. Due to the exceptional superparamagnetic and
photothermal properties of Fe3O4 NPs, chitosan and its derivatives have been
conjugated with Fe3O4 NPs to fabricate different types of chitosan-based magnetic
NPs as theranostics for cancer therapy. These magnetic NPs could be a promising
material for simultaneous MRI, PTT, and chemotherapy of cancer because of the
synergistic effects of Fe3O4 NPs and chitosan-based materials. Further, chitosan-
based materials conjugated with different fluorescent dyes and functional materials,
namely Fe3O4 NPs, Au NPs, therapeutic agents, 5β-cholanic acid, PEG, and GO
established their suitability for multimodal imaging and therapy of cancer. Overall, it
is apparent that chitosan-based theranostics have a large potential to be utilized in
real-time cancer therapy after the systematic evaluation of their cytotoxicity and
immunotoxicity and completion of preclinical studies.
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