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A B S T R A C T   

Modern-day search for the novel agents (their preparation and consequent implementation) to effectively treat 
the cancer is mainly fuelled by the historical failure of the conventional treatment modalities. Apart from that, 
the complexities such as higher rate of cell mutations, variable tumor microenvironment, patient-specific dis-
parities, and the evolving nature of cancers have made this search much stronger in the latest times. As a result of 
this, in about two decades, the theranostic nanoparticles (TNPs) – i.e., nanoparticles that integrate therapeutic 
and diagnostic characteristics – have been developed. The examples for TNPs include mesoporous silica nano-
particles, luminescence nanoparticles, carbon-based nanomaterials, metal nanoparticles, and magnetic nano-
particles. These TNPs have emerged as single and powerful cancer-treating multifunctional nanoplatforms, as 
they widely provide the necessary functionalities to overcome the previous/conventional limitations including 
lack of the site-specific delivery of anti-cancer drugs, and real-time continuous monitoring of the target cancer 
sites while performing therapeutic actions. This has been mainly possible due to the association of the as- 
developed TNPs with the already-available unique diagnostic (e.g., luminescence, photoacoustic, and mag-
netic resonance imaging) and therapeutic (e.g., photothermal, photodynamic, hyperthermia therapy) modalities 
in the biomedical field. In this review, we have discussed in detail about the recent developments on the 
aforementioned important TNPs without/with targeting ability (i.e., attaching them with ligands or tumor- 
specific antibodies) and also the strategies that are implemented to increase their tumor accumulation and to 
enhance their theranostic efficacies for effective biomedical cancer treatments.   

1. Introduction 

Cancer threatens human life and causes countless deaths globally 
[1]. Cancer is resulted due to a plethora of mutations in the genome of an 
individual which cause uncontrolled growth of cells. Approximately, 9.6 
million people have died in 2018 due to cancer with 18.1 million new 
cases occur every year. Over the past two decades, several cancer studies 
have been performed with the aim to seek solutions for effective cancer 
treatment. Death by cancer mainly occurs due to late diagnostics and 
non-specific therapeutics [2]. There are different diagnostic methods for 
detecting various types of cancers–for instance, mammography for 
breast cancer, and the presence of specific antigens for prostate cancer 
[3,4]. Technological advancements in the fields of biomedical imaging 
instruments such as magnetic resonance imaging (MRI) and computed 
tomography (CT) have recently provided valuable insights about the 
different stages of cancer and its progression [5]. Despite all these 

advancements, more research is required to improve cancer diagnostics. 
Another aspect of mortality due to cancer is mainly the therapeutic 

failure. Chemotherapy (CMT), radiation therapy (RDT), immunotherapy 
(IMT), and surgery are some of the basic treatment options for killing or 
hindering the growth of different types of cancer cells. However, there 
are several challenges or limitations associated with these conventional 
cancer treatment strategies such as low biodistribution of chemothera-
peutic drugs (CTDs) which produce toxic effects to the healthy cells 
besides attacking the fast-growing cancer cells, extensive harmful radi-
ations to normal tissues, and/or non-specific therapies [6]. Nevertheless, 
the differences in the tumor microenvironments in each cancer patient 
(as compared to the normal tissue environment) and the higher rate of 
accumulated new mutations are triggering cancer treatment failures 
additionally. Moreover, there are two distinct cell types within the 
tumor tissues – i.e., cancer stem cells and associated proliferating cells 
(which constitute a large mass of cells). Among these two, cancer stem 
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cells can genetically reprogram themselves for (i) cell migration and (ii) 
developing multidrug resistance (MDR) against the cytotoxic drugs due 
to the increased multidrug resistance (MDR) associated protein pumps, 
known as p-glycoprotein (P-gp), which lead to escape the effects of 
chemotherapeutics and thus increase the proliferation of cancer tissues 
during or shortly after the therapy [7,8]. Besides, vasculature around the 
tumor environment is very dense to supply excessive nutrients (as 
compared to normal tissues), which results in the enormous growth of 
cancer cells [9]. 

To encounter these problems, in recent times, biocompatible thera-
nostic nanoparticles (TNPs) are synthesized and applied in early detec-
tion, constant monitoring, and also the safe treatment of cancers, by 
integrating dual characteristics/functions – i.e., diagnostics and thera-
peutics. Moreover, in the ongoing quest to improve the theranostic ef-
ficacy, TNPs are prepared as functionalized nanoparticles by performing 
chemical modifications and/or bio-conjugations to evolve as new gen-
eration drug-delivery systems (DDS) for tumor-site-specific-targeting 
and selective & sustained release to increase tumor accumulation (by 
averting enhanced permeability and retention (EPR) effects by passing 
through biological barriers (e.g., blood-brain-barrier)), while elimi-
nating or reducing all the possible side effects [10–12]. Apart from that, 
the TNPs have the capability to combine multiple imaging/therapeutic 
functionalities in a single nanoplatform (NPF) by attaching/associating 

themselves with distinct theranostic molecules/agents for use in imag-
ing (CT-/MRI-/luminescence-/near-infrared-(NIR)) guided CMT, 
magnetic-hyperthermia-therapy (MHT), photodynamic therapy (PDT), 
photothermal therapy (PTT), etc. 

Though many review articles have already discussed about the 
above-mentioned aspects of the TNPs, they are majorly focused on their 
functionalities in an individual manner. In addition, there is a severe 
lack of comprehensive studies about the lately made TNPs and their role 
in cancer treatments. Therefore, in this review, we have mainly dis-
cussed the recent developments in distinct TNPs that include (i) meso-
porous silica nanoparticles, (ii) fluorescence/luminescence 
nanoparticles, (iii) carbon-based nanomaterials, (iv) metal nano-
particles, and (v) magnetic nanoparticles, and their multi-functionality 
characteristics (such as DDS, site-specific targeting (i.e., functional-
ized), and image-guided therapeutics) potential in a comprehensive 
manner for the treatment of different types of cancers. 

2. Theranostic nanoparticles (TNPs) 

TNPs have emerged as highly attractive and very promising candi-
dates in cancer treatments as they possess innate therapeutic and/or 
diagnostic functions, along with drug-delivering capability. Herein, the 
recent developments on different multifunctional TNPs (MNTNPs) and 

Fig. 1. Schematic illustration of the synthesis of HSNLs. 
Adapted from Ref. [19]. 
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their distinct biomedical cancer applications are discussed in detail. 

2.1. Mesoporous silica nanoparticles 

Mesoporous silica nanoparticles (MSNs) are utilized as potential DDS 
with high drug-carrying capability over the last few years. This is 
ascribed to their unique morphology, mono-distribution, tuneable par-
ticle sizes (50–300 nm) with uniform pore-size (2–6 nm), and pore- 
volume (to graft large amount of functional groups), excellent biocom-
patibility, thermal stability, exceptional physicochemical properties (for 
instance, colloidal stability/water dispersibility), versatile surface- 
chemistry, high surface-area and high loading capacity (ability to load 
different cargo molecules/agents) [13–15]. 

MSNs are usually prepared by sol-gel/Stöber process (refer Fig. 1) - i. 
e. hydrolysis of alkoxide precursor tetraethyl orthosilicate (TEOS) in the 
presence of surfactants such as cetyltrimethylammonium bromide 
(CTAB) [16–21]. Then, the surface of MSNs would be (i) modified with 
stabilizing coatings (e.g. polyethylene glycol (PEG)-ylation) to increase 
blood circulation half-life by evading reticuloendothelial system (RES) 
uptake, and/or (ii) functionalized with site-specific ligands (e.g. folate, 
mannose, transferrin, and peptides) or stimuli-responsive molecules (e. 
g. pH/enzyme-transformation/redox-reactions/temperature/light/ 
magnetic-field) to produce smart/stealth, targeted and responsive DDS 
for effectively delivering the loaded cancer drugs at the interested sites 
[22–24]. For example, polyglutamic acid (PGA)-capped and rhodamine/ 
doxorubicin (DOX – a CTD) loaded MSNs are developed as enzyme- 
controlled DDS with high water solubility, physicochemical stability, 
and improved biocompatibility with enhanced bioavailability [25]. 
These PGA-capped MSNs have shown selective drug release (20–90%) in 
the presence of pronase – ascribed to the hydrolysis of the peptide bonds 
in the polymer (i.e., PGA), and resulted in the effective killing (~90%) of 
SK-BR-3 based breast-cancer cells. Likewise, Cheng et al. have made 
enzyme-responsive MSNs based DDS by functionalizing them with 
α-cyclodextrin (α-CD) and peptide (azido-GFLGR7RGDS) [26]. The ob-
tained DDS have exhibited high drug (DOX) loading (~80%) capacity, 
selective tumor targeting, improved cell uptake, and also cathepsin B- 
responsive drug release, which have consequently increased the growth 
inhibition rate in HeLa cells (αvβ3 + ve). In another recent study, poly(2- 
(diethylamino)-ethyl methacrylate) (PDEAEMA)-conjugated and DOX- 
loaded MSNs are developed as pH− /reduction-/UV light-based triple 
stimuli-responsive DDS [27]. These MSNs have exhibited high drug 
loading capacity, boosted release, and effective internalization inside 
HeLa cancer cells while displaying a better control over the drug de-
livery via triple stimuli-responsiveness. Likewise, Poostforooshan et al. 
have reported the synthesis of pH-sensitive MSNs with large hollow 
interior cavity with tuneable porosity of permeable mesoporous shell 
and layer-by-layer surface-functionalized with two biocompatible 
polymers such as alginate and poly(allylamine hydrochloride) [28]. The 
as-formed MSNs have exhibited high drug loading efficiency (46% for 
the anticancer drug N6L), efficient pH-responsive drug release (at lower 
pH of tumors), and more than 60% of growth inhibition of pancreatic 
cancer cells. 

Moreover, MSNs can be successfully designed as MNTNPs by asso-
ciating with different nano-molecules/nanoparticles (such as super-
paramagnetic iron oxide nanoparticles (SPIONs), gold, CuS, gelatin, and 
so on) and targeting agents along with the CTDs to achieve improved 
multimodal & synergistic theranostic efficacies while realizing better 
tumor-targeting, controlled/triggered drug delivery, reduced hostile 
effects of anticancer drugs, etc. [29–32]. For instance, Dai et al. have 
formed dendrimers-like MSNs with hierarchical pores (HPSNs) as pH- 
responsive MNTNPs for use in in vivo targeted cancer imaging and 
therapy [33]. Herein, HSPNs are functionalized with the following: 
Salphdc (N,N-phenylene bis(salicylideneimine)-dicarboxylic-acid – for 
pH-responsiveness) and indium ions (for fluorescence), DOX (model 
anti-cancer drug) and folic acid (FA – for targeting). Functionalization of 
MSNs has resulted in effective targeting, better-triggered drug release, 

good fluorescence-imaging-guided-treatment, and improved tumor 
growth inhibition. Similarly, Singh et al. have developed DOX-loaded 
fluorescent MSNs based MNTNPs with hollow nano-ellipsoid structure 
[34]. The as-prepared MSNs have displayed high drug loading capacity 
and sustained release, significant cell uptake, good biocompatibility, 
and enhanced fluorescence signals for cancer cell imaging. Likewise, 
Nakamura et al. have developed MSNs based MNTNPs by (i) loading 
DOX and 19F MRI contrast agents inside their pores, (ii) labelling their 
surface with fluorescent dyes, and finally (iii) surface-conjugating them 
with FA targeting ligands [35]. These MNTNPs have enabled better- 
targeted drug delivery and also controlled drug release inside the can-
cer cells with bi-modal imaging capabilities (via NIR fluorescence im-
aging and 19F MRI), thus improving the overall cancer treatments via 
these MNTNPs. In another recent investigation, Hu et al. have func-
tionalized MSNs with polylysine-dopamine films, and rhodamine b 
(RhB) or DOX to make RhB/DOX@PLDA-MSNs, which have conse-
quently displayed effective anticancer activity via enzyme-responsive- 
triggered-release of the drugs through the degradation of peptide 
bonds by the available pepsin enzymes inside the cancer cells [36]. As 
similar to above, Chen et al. have developed redox-responsive MSNs by 
conjugating them with gadolinium (Gd) based bovine serum albumin 
complex, and hyaluronic acid (through reductive-cleavable di-sulphide 
bonds) [37]. These MSNs have displayed excellent targeted drug- 
delivery, redox-sensitive drug-release, MRI contrast imaging via 
improved cell uptake by 4-T1 cells, and also enhanced cytotoxicity for 
antitumor suppression. Similarly, Cheng et al. have prepared redox- 
responsive MSNs based MNTNPs by immobilizing peptide-based 
amphiphile (consisting of hydrophobic alkyl-chain and hydrophilic 
amino-acid sequences with Tat48–60 peptide sequence having thiol 
termination) and RGD targeting-ligands on their surface [38]. Moreover, 
these MNTNPs have shown efficient loading of drug –i.e., DOX (inside 
the pores of MSNs) and its consecutive redox-triggered effective 
controlled release in the intracellular environment. Hsiao et al. have 
reported europium/gadolinium-(Eu3+/Gd3+)-doped and L-cysteine 
(Cys)/FA-conjugated MSNs based MNTNPs for bi-modal imaging (MRI 
& fluorescence), tracing, and targeted cancer therapy [39]. In another 
analogous investigation, pH− /ultrasound-responsive, polydopamine- 
coated, and DOX-loaded MSNs are developed as smart MNTNPs [40]. 
These MSNs have effectively released the DOX (for CMT) as they are 
responsive to both the acidic tumor pH and applied ultrasound effects. 
Moreover, the MSNs have exhibited high near-IR photothermal con-
version efficiency (~37%) that have effectively inhibited the growth of 
tumor cells via photothermal therapy. Ren et al. have reported the 
development of ternary-responsive MSNs by integrating them with 
acid− /oxidative-stress & redox-sensitive manganese oxide-coated 
SPIONs and camptothecin (a model cancer drug) [41]. The as- 
prepared MSNs have exhibited effective drug-delivery & stimuli- 
responsive drug-release and enhanced SPIONs/Mn2+ based dual T2/ 
T1 MRI contrast inside the pancreatic cancer cells (in vitro and in vivo). 

Sun et al. have prepared DOX-conjugated, Gd-doped, indocyanine 
green (ICG)-loaded and thermo-sensitive liposomes based MSNs as 
MNTNPs [42]. These MSNs have demonstrated great potentiality in 
cancer treatments via multimodal imaging (via NIR fluorescence imag-
ing, photoacoustic imaging (PAI), and MRI) and also synergetic thera-
pies (via PDT, PTT, and CMT). Recently, Yang et al. have developed 
perylene diimide-hybridized and 64Cu-chelated photo-theranostic MSNs 
[43]. These MSNs have exhibited better positron emission tomography 
(PET) imaging functionality, and largely improved fluorescence and 
photoacoustic imaging capabilities (refer Fig. 2). In addition, thermo- 
responsive polymer growth on the hollow structure of the MSNs have 
increased the loading capacity of SN38-drug and its triggered/controlled 
release inside the cancer sites - via heat (generated via irradiation with 
NIR laser), which consequently helped in improving the cancer thera-
nostic efficacies. 
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2.2. Fluorescence/luminescence nanoparticles 

Photoluminescence nanoparticles (PLNPs) – for e.g., lanthanide- 
doped upconversion NPs (UCNPs) and quantum dots (QDs) – have 
received substantial attention in cancer theranostics. This is because of 
their smaller sizes, tuneable surface functionalization, high quantum 
yield (QY), inherent optical/photo-physical/fluorescence properties (for 
instance, effective NIR absorbance & multi-colour luminescence), and 
real-time capability to monitor drug-delivery-cum-release for concur-
rent imaging & therapy [44–50]. Moreover, the instance of auto- 
fluorescence in the background is constricted in PLNPs (UCNPs and 
QDs) because of their longer emission wavelengths, which can be very 
much useful in deep-tissue penetration (with trivial tissue damages) 
[51,52]. In addition, biocompatible QDs are cadmium-free, which re-
sults in lesser cytotoxicity [53]. 

Recently, Dong et al. have reported extracellular-pH-specific charge- 
reversible NIR-based copper indium sulphide/zinc sulphide (CuInS2/ 
ZnS) QDs nanoprobe having layer-by-layer conjugation with lauric acid 
and 2,3-dimethylmaleic anhydride-modified ε-polylysine [54]. The as- 
prepared QDs have exhibited better (i) chemical stability, (ii) optical/ 
fluorescence properties, (iii) targeting capabilities, and (iv) tumor cell 
uptake mediated by pH. Similarly, Song et al. have reported 
polyelectrolyte-mediated low-density-lipoprotein (LDL)-conjugated 
AgGaxIn(1− x)S2 QDs fluorescence probe, which has revealed excellent 
biocompatibility, selective delivery, 3-D imaging, and treatment of 
colon cancer stem cells that overexpress the LDL receptors [55]. Liu et al. 
have made chromium/neodymium (Cr3+/Nd3+) co-doped ZnGa2O4 
nanoparticles that are successful in tracking the metastasis of ortho-
tropic breast cancer in real-time via NIR long-persistent luminescence 
imaging (with background-free) [56]. Moreover, the tracking via 

Fig. 2. In vivo FL images (a) and PA images (c) of U87MG tumor-bearing mice at various time points postinjection of HMPDINs@TP and the corresponding 
quantification of FL intensities of the tumor site at 700–900 nm (b) and PA intensities (d) at 760 nm of the tumor as a function of postinjection time (n = 5, mean ±
SD) (arrow points at the tumor site). (e) Scheme of the isotope 64Cu labelling of HMPDINs@TP. (f) PET imaging for the whole-body tracking of 64Cu-labeled 
HMPDINs@TP (arrow points at the tumor site). (g,h) Tumor (g) and liver (h) uptakes of 64Cu-labeled HMPDINs@TP over time, as quantified by PET scans at 1, 
4, 24, and 48 h postinjection (n = 5, mean ± SD). (i) Biodistribution of 64Cu-labeled HMPDINs@TP in the tumor and main organs of U87MG tumor-bearing mice at 
48 h post-injection. 
Adapted from Ref. [46]. 
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nanoparticles has helped in imaging-guided radiotherapy (RT) that 
consequently resulted in the complete inhibition of metastatic breast 
cancer cells. In an analogous study, Ang et al. have reported better 
fluorescence properties (i.e., high QY of 80%) for hydrophobic 
oleylamine-octadecylamine ligands-coated manganese-doped zinc sul-
phide nanocrystals - ascribed to the promotion of diffusion of manganese 
atoms from the surface to ZnS crystal core by C18 ligand molecules [57]. 
The high fluorescence of nanocrystals has resulted in effective labelling 

of HeLa cells and also anti-cancer-drug delivery. 
Apart from the above, UCNPs/QDs have been conjugated/function-

alized with other agents/molecules to form MNTNPs to achieve multi-
modal cancer theranostics - a combination of distinct imaging (e.g., 
PET/MRI/CT) and therapeutic (PDT/PTT/RT) modalities [58–61]. For 
example, Yong et al. have prepared tungsten sulphide (WS2) QDs based 
MNTNPs that exhibited enhanced (i) CT contrasts/PAI signals, and also 
(ii) multimodal image-guided therapeutic efficacy (via synergistic PTT/ 

Fig. 3. (a) Representative photographs of mice after various intratumoral treatments: without anything, pure DOX, UCMCs-DOX, UCMCs under NIR irradiation, and 
UCMCs-DOX under NIR irradiation. (b) Photographs of tumor tissue obtained after 14 days. (c) The tumor size and (d) body weight of H22 tumor in different groups 
after treatment. (e) H&E stained images of tumors from the controlled group and the best treated group. 
Adapted from Ref. [69]. 

G. Kandasamy and D. Maity                                                                                                                                                                                                                 



Materials Science & Engineering C 127 (2021) 112199

6

RT effects) in in vivo tumor treatments [62]. In a similar fashion, Du 
et al. have prepared hybrid MNTNPs by conjugating cadmium telluride/ 
cadmium sulphide (CdTe/CdS) QDs, DOX, and MUC1 (transmembrane 
glycoprotein)-targeting aptamer, which have subsequently displayed 
enhanced MUC1-based targeted DOX-delivery-cum-release, high 
cellular uptake, better fluorescence imaging and also high cytotoxicity 
towards MCF-7 cancer cells [63]. In another recent investigation, Guo 
et al. have prepared poly(acrylic acid)-coated copper hydroxide phos-
phate (Cu2(OH)PO4) QDs that have exhibited a strong NIR absorption, 
better PAI contrast, and effective PTT/PDT antitumor effects (under NIR 
laser irradiation) that resulted in boosted therapeutic efficacy with 
heightened accuracy [64]. Similarly, Wang et al. have prepared 
MNTNPs – made of anti-epidermal growth factor receptor (EGFR)- 
functionalized aminoflavone drug-loaded indium phosphate/zinc sul-
phide core-shell QDs [65]. These QDs based MNTNPs have been quickly 
uptaken by the EGFR-overexpressing breast cancer cells, which subse-
quently resulted in efficient tumor reduction in breast cancers that are 
induced in xenograft mouse models. 

Recently, Lv et al. have reported GdOF:Ln@SiO2 based MNTNPs for 
multimodal image-guided synergistic therapy [66]. Herein, MNTNPs are 
initially loaded with DOX and carbon QDs, and then conjugated with a 
PDT agent (ZnPc) and FA. The as-made MNTNPs have exhibited the 
following properties: stronger red fluorescence-emission, a large num-
ber of singlet oxygen production, and better generation of thermal ef-
fects under laser irradiation. As a result, the MNTNPs have demonstrated 
an increased DOX release, excellent up-conversion luminescence imag-
ing along with MRI/CT imaging, and also enhanced therapeutic effects 
via CMT in synergy with PDT/PTT (under NIR irradiation), which all as 
a whole resulted in improved antitumor efficacy (refer Fig. 3). In 
another similar investigation, Qiao et al. have prepared zoledronic acid- 
anchored, plumbagin-loaded, and mesoporous-silica-covered pH- 
responsive gadolinium (III) based UPCNs, which have consequently 
demonstrated osteocyte (bone)-targeted early-detection and theranostic 
potentiality in the treatment of breast cancer bone metastasis [67]. 

2.3. Carbon-based nanomaterials 

In the last 2 decades, different carbon-based nanomaterials (CBNs) or 
nano‑carbons have been developed, whose types are: (i) 0-dimensional 
(D) fullerenes (C60 with hollow sphere/ellipsoid shape), 0-D nano- 
diamonds, and 0-D carbon quantum dots (CDs)/graphene quantum 
dots (GQDs), (ii) 1-D carbon nanotubes (CNTs), and (iii) 2-D graphene 
sheets (or graphene oxides (GO)/its derivatives - reduced GO (rGO) 
sheets). 

Recently, scientific interests in this CBNs based nanomedicine have 
rapidly grown because of their unique structural morphologies, small 
dimensions (i.e. high surface-area-to-volume-ratio), low toxicity, 
biodegradability, exceptional physicochemical properties (such as sta-
bility, drug loading capacity, etc.), and versatile surface chemistry. 
Moreover, the functionalized CBNs (through covalent/non-covalent 
functionalization) have attracted enormous attention as smart DDS 
due to their huge potential in the cargo delivery of drugs [68]. In 
addition, CBNs also have high theranostic potential – as they can be 
efficiently used in (i) imaging because of their intrinsic two-photon 
fluorescence property in the NIR region, which makes them be prom-
ising in optical imaging of deep-seated tumors inside the body, and (ii) 
light-mediated PTT – ascribed to the better converting ability of the 
absorbed light into therapeutic heat [69]. Apart from the above, 
multifunctional CBNs (MCBNs) can be formed to provide different 
functionalities by combining the CBNs with distinct drugs/agents, and 
then functionalizing them with the targeting ligands such as vitamins, 
peptides, carbohydrates, proteins, etc. [70–73]. 

CNTs are one of the versatile CBNs that are utilized as effective 
contrast agents in bioimaging such as Raman imaging, NIR fluorescence 
imaging, and PAI – attributed to their unique optical properties [74]. In 
addition, CNTs have extraordinary optical absorbance capability both in 

the visible/NIR region, which is useful in inducing heat by converting 
the light, thus permitting the CNTs to be applied as active PTT agents in 
cancer treatments. CNTs are normally synthesized by heating carbon- 
black & graphite in an organized flame environment. However, high- 
quality/pure CNTs with controlled sizes/shapes and properties can be 
synthesized only via chemical vapour deposition or laser ablation 
methods. Types of CNTs include single-walled CNTs (SWCNTs) and 
multi-walled CNTs (MWCNTs)). Although MWCNTs can cross biological 
barriers, SWCNTs are commonly used in cancer theranostics – owing to 
their (i) well-defined walls and smaller structural defects, and (ii) sol-
ubility (biodistribution) and ability to get localized in selective cellular 
compartments via proper surface functionalization such as PEGylation 
[75–78]. Moreover, functionalized CNTs (SWCNTs/MWCNTs) can be 
efficiently utilized as DDS/nanocarriers to effectively deliver molecules 
such as anti-cancer drugs, peptides, antigens, and nucleic acids inside 
the cancer cells, and also they can be exploited as multifunctional cancer 
nanomedicines (i.e., MNTNPs) [79–81]. Recently Sobhani et al. have 
demonstrated a substantial decline in melanoma tumors in cancerous 
mice via PTT (exposing to NIR irradiation for 10 mins) by using PEGy-
lated oxidized-CNTs (O-CNT-PEG) [82]. Similarly, Zhao et al. have re-
ported polydopamine (PDA)-coated and PEGylated SWCNTs as MNTNPs 
for use in multimodal imaging (MRI and nuclear (gamma) imaging) by 
labelling them with a radionuclide (131I) and chelating with Mn2+ ions 
(which acts as both T1 & T2 MRI contrast agents) [73]. Moreover, these 
SWCNTs have revealed an outstanding synergistic antitumor therapeu-
tic efficacy (via radio-nuclide therapy and PTT) and effective in vivo 
tumor accumulation after systemic administration into mice. In an 
analogous fashion, Dong et al. have developed a transactivator of tran-
scription (TAT)-chitosan-functionalized MWCNTs as a promising nano-
carrier for faster and sustained drug release of DOX under lower pH 
conditions, which have enhanced the anti-tumor efficacy in hepatoma 
(BEL-7402) induced mice when performing CMT in combination with 
PTT [83]. Besides, Li et al. have reported oxidized-single-walled‑carbon- 
nanohorns (OxSWNHs) as a potential nanocarrier to deliver a large 
amount of chemo-drug (vincristine (VCR)) to the tumor sites via active 
targeting (monoclonal-antibodies (mAb)-functionalization) for effective 
therapeutics in tumor-bearing mice models with less toxic effects to-
wards normal tissue [84]. Moreover, in this work, OxSWNHs have 
revealed 80% cumulative/sustained release of chemo-drug. In another 
study, Ryu et al. have made FA (for active targeting)-conjugated nano-
diamonds to simultaneously perform PTT and optical imaging of tumor 
tissues in a selective manner [85]. 

GO/rGO can also produce PTT heating effects via photon-to-thermal- 
energy transfer, on exposure to NIR irradiation. In a recent study, Kal-
luru et al. have demonstrated GO-based in vivo multicolour fluorescence 
cancer imaging in visible/NIR region [86]. Herein, GO is functionalized/ 
conjugated with PEG/FA to achieve GO-PEG-folate-mediated active 
targeting, which has resulted in better PDT/PTT effects upon NIR irra-
diation (980 nm) that further minimized the growth of induced- 
melanoma-(B16F0)-tumors in mice models. Lately, Liu et al. have pre-
pared Fe3O4 embedded− GO based TNPs, which have showed higher 
bioimaging efficacies (via MRI/CT) and heating efficiency (via MHT) 
[87]. In another investigation, Chen et al. have reported biocompatible 
and photo-responsive rGO/carbon/MSN nanocarriers for NIR-triggered 
synergic photo-chemo-thermal therapy (refer Fig. 4), where the results 
have displayed a substantial reduction in the size of MDA-MB 231 tu-
mors in mice within 14 days of treatment [88]. Likewise, Hu et al. have 
developed rGO based theranostic nanomedicines by functionalizing a 
significant amount of ICG fluorescence molecules on the surface of PDA- 
coated rGO [89]. This ICG-functionalized-PDA-rGO based TNPs have 
revealed robust PTT effects (by completely suppressing 4 T1 tumor 
growth) and higher PAI contrast, without generating any toxic effects to 
the normal healthy cells. In an analogous investigation, Imani et al. have 
prepared dual-functionalized (i.e., phospholipid-based-amphiphilic- 
polymer and R8-cell-penetrating-peptide (CPPs))-rGO based nano-
carrier for delivering therapeutic siRNA, which have consequently 
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exhibited excellent gene silencing ability, higher internalization effi-
ciency, and substantial MCF-7 cancer cell growth inhibition [90]. 
Similarly, Zhang et al. have established rGO based theranostic nano-
platform by functionalizing it with Ru(II)-complex-modified-PEG via π-π 
stacking/hydrophobic-interactions [91]. Functionalized rGO has 
revealed effective in vivo cancer PTT/PDT treating effects through 
apoptosis induction (via reactive oxygen species (ROS) and cathepsin- 
based signaling pathways) on excitation with 808/405 nm laser. 

Ge et al. have reported biocompatible, photo- and pH-stabile GQDs 
with higher QY (~1.3), which have permitted simultaneous visible-light 
activated imaging and PDT (via singlet oxygen generation) treatment of 
tumor tissues [92]. GQDs have also enhanced the CMT efficacy of the 
cisplatin by increasing its cellular uptake by improving the cell pene-
trability and then supporting its interactions with DNA [93]. Thakur 
et al. have reported multifunctional GQDs based theranostic nano-
complex for concurrent cancer imaging and drug delivery [58]. Initially, 
GQDs are conjugated with an anti-cancer drug (berberine hydrochlo-
ride) through cysteamine hydrochloride (Cys) to develop a nano-
complex, which has exhibited high drug loading efficiency (88%), 
improved biocompatibility, multi-excitation based cellular imaging, and 
significant cytotoxic effects in different cancerous cell lines. Similarly, 
Iannazzo et al. have covalently linked GQDs with biotin targeting mol-
ecules for improving the cellular uptake in biotin-receptor- 
overexpressed-tumor cells and also loaded with DOX for its targeted 
delivery inside cancer cells [94]. Alike, De et al. have formed DOX- 
loaded and FA-conjugated chitosan-functionalized GQDs based 

nanocarrier, which further have exhibited tumor-specific DOX-delivery 
with enhanced therapeutic efficacy in A549 cancer cells through higher 
drug release at lower pH 5.5 [95]. 

CDs (a new family member of CBNs) are spherical, nontoxic, and 
discrete particles with sizes less than 10 nm. CDs have outstanding 
photoluminescence, superior electron transfer ability, and adaptable 
surface engineering behaviours, hence they have attracted significant 
attention in bioimaging field as a new generation fluorescent nano-
particles in recent years. Lately, CDs have also been explored as PTT/ 
PDT heating agents also, as they can produce localized heat by con-
verting NIR light to thermal energy at the tumor sites, for effective 
cancer therapy. Recently, Singh et al. have reported bioactive CDs that 
displayed strong multi-colour luminescence with high photo-stability, 
NIR-based PTT effects, high DOX loading (90%) and delivery, and pH/ 
NIR-controlled DOX release [96]. Similarly, Ge et al. have demon-
strated image-guided concurrent PDT/PTT therapeutics and fluores-
cence imaging via biocompatible and photo-stable CDs-based 
theranostic agents (refer Fig. 5) [97]. In this work, well-dispersed CDs 
with different sizes (6–10 nm) are prepared by using polythiophene 
benzoic acid (Fig. 5A and B), which emitted red-light on excitation. 
These CDs have produced singlet oxygen species (1O2) and heat simul-
taneously under laser irradiation (Fig. 5C) in respective PDT and PTT 
cancer treatments, which are confirmed by the in vitro and in vivo im-
ages (Fig. 5D and E). Likewise, Jia et al. have reported self-assembling 
NIR-responsive CDs based photo-sensitizers, which have demonstrated 
effective simultaneous NIR activation/fluorescence imaging and also 

Fig. 4. NIR-induced combined PTT/CMT and optical imaging with rGO-based nanocookies for tumor treatment. (A) Schematic illustration of chemo/photothermal 
therapy using rGO/carbon/mesoporous silica nanocookies under NIR light-control. (B) NIR-stimulated drug (CPT) release profiles from rGO and nanocookies: single 
5 min NIR exposure initiated at time 0, multiple exposures repeated 5 times after 5 min waiting time following previous exposure. (C) Tumor volume change with 
PBS + NIR (control), CPT + NIR, nanocookie-CPT (no NIR), nanocookie + NIR, nanocookie-CPT + NIR. (D) Infrared thermal image of PBS + NIR (control), CPT +
NIR, nanocookie-CPT (no NIR), nanocookie + NIR, and nanocookie-CPT + NIR treatment. Colour bar on the right shows the temperature in degrees Celsius. (E) At 
day 4 after NIR irradiation (808 nm, 0.75 W cm_2, 5 min, 1 min interval for every min treatment). Tumor turned into a scab at the sites injected with nanocookie +
NIR and nanocookie-CPT + NIR. 
Adapted from Ref. [89]. 
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PDT therapy (under laser irradiation) in in vitro and in vivo environ-
ments [98]. Similarly, Kajani et al. have reported green and facile one- 
pot hydrothermal synthesis process for preparing highly photo-stable 
and photo-luminescent (multi-colour) hexagonal shaped CDs by 
combining Taxane with diamines [98]. The as-prepared CDs have 
exhibited narrow size distribution, high QY (up to 50.4%), and better 
anti-cancer activities by inducing apoptosis-mediated cell death. Very 
recently, Scialabba et al. have used a facile and flexible method to 
prepare monodispersed PEGylated and biotinylated multifunctional CDs 
[99]. These CDs have exhibited (i) better loading of a great amount of 
anticancer drugs (16–28% Irinotecan) and targeted drug-release/cell- 
internalization, and also (ii) strong fluorescence imaging along with 
higher NIR-triggered localized heat for inducing effective cancer cell 
death. 

2.4. Metal nanoparticles 

Metallic nanoparticles (MEPs) have attracted considerable interest in 
biomedical fields – mainly ascribed to their small size (for easy 
adsorption/absorption/penetration), large surface area, facile synthesis 
of various shape, high cargo loading capacity (ability to deliver drugs, 
DNA, etc.), higher intercellular uptake, unique optical properties (sur-
face plasmon resonance, SPR, etc.), and versatile functionalization 
[100–103]. In recent years, MEPs particularly Au, Ag, and Pt NPs have 
been largely on focus for cancer theranostics due to their inherent CT, 
PA, fluorescence, and surface-enhanced Raman scattering (SERS) im-
aging properties and PTT capabilities [104–108]. However, the surface 
of the MEPs are modified (e.g. PEGylated) to improve their biocom-
patibility and overcome RES uptake [109,110]. Moreover, MEPs are 
functionalized with tumor-specific ligands or stimuli-responsive 

Fig. 5. C-Dot-based combined PDT/PTT with bioimaging. (A) Fabrication of C-dots. (B) TEM image of C-dots. (C) Mechanism for the single oxygen 1O2 generation 
by C-dots. (D) In vitro imaging and PDT/PTT with cancer cells. (E) Fluorescence images of calcein AM/PI-stained cancer cells with laser irradiation; 635 nm laser at 
power densities of 0.1 W cm_2 (PDT) and 2 W cm_2 (PDT/PTT) for 10 min. (F) In vivo real-time fluorescence imaging and photothermal imaging with PDT/PTT. 
Adapted from Ref. [101]. 
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components and conjugated with other therapeutic/imaging agents to 
accomplish targeted/triggered delivery and multimodal cancer thera-
nostics [111–115]. 

2.4.1. Silver nanoparticles 
Silver (Ag) nanoparticles possess remarkably superior (i) physico-

chemical properties including high thermal conductivity, better plas-
monic properties, & chemical stability, and (ii) high anti-bacterial/ 
− viral/− fungal, and antioxidant properties [116,117]. Ag nanoparticles 
are widely utilized in different applications including cancer (i) di-
agnostics/imaging, (ii) therapeutics (via any one of the following: 
revoking cell cycle, the formation of micronuclei, discharging lactate 
dehydrogenase (LDH), ROS production, generation of apoptotic genes 
(for e.g. Bax), and bringing DNA-damages/chromosomal aberration) 
and (iii) drug delivery [118], where Table 1 shows important Ag 
nanoparticles used in cancer imaging and therapy. For example, Swan-
ner et al. have functionalized Ag nanoparticles with a fluorescent moiety 
cyanine3 attached to PEG5000-thiol (Cy3-PEG5000-SH) in a reliable/ 
reproducible manner to image 2D and 3D tumor models [119]. This 
tumor imaging has provided effective insights into the cellular locali-
zation of nanoparticles, and their diffusion through a tumor spheroid. In 
an analogous investigation, Wu et al. have formed PEG-1-butyl-3- 
methylimidazolium hexafluorophosphate (IL, microwave sensitizer)/ 
zirconium oxide (ZrO2)-Ag@silica (SiO2) nanorattle, which are effec-
tively used in CT imaging-guided concurrent microwave-based thermal 
therapy for H-22 tumor treatment [120]. 

In the case of therapeutics, size− /shape− /surface chemistry-based 
anti-cancer activities of Ag nanoparticles have been investigated. 
However, the concentration (or) dose-dependent anti-cancer therapeu-
tic activity of Ag nanoparticles is widely studied. For instance, Naz et al. 
have reported dose-dependent anticancer activity for Ag nanoparticles 
(5–20 nm, prepared via seed extracts of Setaria verticillata) against breast 
cancer – i.e., MCF7-FLVcells [121]. Moreover, these nanoparticles are 
loaded with anti-cancer drugs such as DOX and daunorubicin (DNR) for 
their delivery inside leukemia cells for their treatment via CMT. Simi-
larly, the plant-derived Ag nanoparticles – i.e., from potentilla fulgens, 
G. neojaponicum [122], dimocarpus [123], starch [124], artemisia 
princeps [125], and Origanum vulgare [126] are used in the treatment of 
respective cancers such as MCF-7, MDA-MB-231, PC-3, HCT116, L132, 
and A549 cells. In an analogous study, Jadhav et al. have performed 
phytosynthesis of Ag nanoparticles by using the aqueous extract derived 
from the plant - Salacia chinensis [127]. Herein, the green synthesized Ag 
nanoparticles have shown (i) biocompatibility towards normal human 
fibroblasts & blood erythrocytes, and (ii) cytotoxicity against PC-3, 
HepG2, KB, L-132, HeLa, and MDA-MB-231 cancer cell lines. 

In an analogous investigation, Liu et al. have evaluated the 
therapeutic-effects of Ag nano-triangles combined with five various 
CMT drugs (cyclophosphamide (CTX), gemcitabine (GEM), 5-fluoro-
uracil (5-FU), oxaliplatin (OXA), and DOX) against different breast 
cancer cell lines (MDA-MB-231/MCF-7/4 T1 cells) based on the induced 
ROS levels after the exposure to Ag nanotriangles, cancer-drugs or their 
combination [128]. Herein, the results have showcased that the syner-
gism of Ag nanotriangles with CTX/GEM can be type–specific in breast 
cancer treatment. But, the other drugs – i.e., 5-FU/OXA/DOX have 
displayed stronger synergistic anticancer effects in combination with Ag 
nanotriangles in all tested cancer cell lines. 

In drug delivery, recently Qiu et al. have prepared an exclusive DDS - 
made of Ag nanoparticles that are loaded with camptothecin (CPT, an 
anti-cancer drug)-based polymer-prodrug, wherein the drug is associ-
ated with the side chains of the polymer through acid-cleavable β-thi-
opropionate bonds as shown in Fig. 6 [129,130]. Here, the authors have 
taken advantage of the “ON” and “OFF” characteristics of the Ag 
nanoparticles-based nanoparticle surface energy transfer (NSET) effect 
to vividly track the drug release, where the characteristics are dependent 
on the distance change between CPT and Ag nanoparticles. 

Table 1 
Important Ag & Au nanomaterials for cancer imaging and therapy.  

Type of 
nanomaterials 

Surface modification/drug 
loading/conjugation in 
nanomaterials 

Comments Ref 

Ag 

Cyanine3 (Cy3)-PEG5000- 
SH modified Ag 
nanoparticles 

Insights on cellular 
localization of Ag 
nanoparticles, & their 
diffusion through a 
tumor spheroid 

[123] 

PEG-1-butyl-3- 
methylimidazolium 
hexafluorophosphate (IL, 
microwave sensitizer)/ 
zirconium oxide (ZrO2)- 
Ag@silica (SiO2) nanorattles 

CT imaging-guided 
concurrent microwave 
based thermal therapy 
for H-22 tumor 
treatment 

[124] 

Setaria verticillata seed 
extract based Ag 
nanoparticles loaded with 
doxorubicin (DOX) and 
daunorubicin 

MCF7-FLV and 
leukemia cancer cells 
treatment 

[125] 

Ag nano-triangles with five 
different chemotherapy 
drugs - cyclophosphamide 
(CTX), gemcitabine (GEM), 
5-fluorouracil (5-FU), 
oxaliplatin (OXA), and DOX 

MDA-MB-231, MCF-7, 
and 4 T1 cancer cells 
treatment 

[132] 

Camptothecin (CPT) laoded 
Ag nanoparticles based 
polymer-prodrug 

CPT drug release 
studies 

[134] 

Chitosan-coated 
Ag‑gadolinium nano-alloy 
(AgGd) based bimetallic 
nanoparticles (BNPs) loaded 
with DOX 

CT/MRI imaging and 
cancer therapy 

[174] 

Chitosan-coated DOX-loaded 
Ag-dysprosium (Ag–Dy) 
BNPs 

CT/MRI imaging and 
HeLa cancer cell 
treatment 

[175] 

Au 

Hyaluronic acid- 
functionalized siRNA based 
HSP72-targeted Au 
nanostars 

Imaging of CD44- 
overexpressed triple 
negative breast cancer 
cells 

[137] 

Plasmonic Au nanostars with 
cyclic arginine-glycine- 
aspartic acid (cRGD) 
peptides 

Photoacoustic imaging 
of tumor angiogenesis 

[138] 

Glycol chitosan (GC) or 
Heparin molecules 
functionalized Au 
nanoparticles 

CT imaging of colon 
cancer-bearing mice 

[139] 

PEGylated 
polyethyleneimine (PEI)- 
entrapped Au nanoparticles 

Blood pool CT imaging [140] 

PEI-stabilized Au 
nanoparticles 

CT contrast agent for 
imaging of (i) blood 
pool and major organs 
of rats, (ii) lymph node 
of rabbits, and (iii) 
xenografted tumor 
model of mice 

[141] 

PEI modified plasmonic Au 
fractal nanoaggregates 

photoacoustic imaging 
and photothermal 
therapy in an animal 
model with colorectal 
carcinoma 

[142] 

6-thioguanine attached Au 
nanoparticles 

Anti-cancer activity in 
breast cancer (MCF7) 
cell line 

[146] 

Apolipoprotein E modified 
Au nanorods attached with 
chlorin e6 (Ce6) molecules 

Photothermal and 
photodynamic 
therapies in Cal-27 oral 
squamous cell 
carcinoma cells 

[269] 

PEI-entrapped folic acid 
(FA)-targeted Au 
nanoparticles chelated with 
gadolinium (Gd) 

Dual-modal imaging 
(CT and MRI) of 
tumors 

[180] 

(continued on next page) 
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2.4.2. Gold nanoparticles 
As similar to Ag nanoparticles, Gold (Au) nanoparticles are exten-

sively used in various single-modal theranostic applications (with tar-
geting functions) including optical− /photoacoustic-/CT-imaging of 
cancer cells, PTT, and delivery of anti-cancer drugs, since these nano-
particles display tunable physicochemical properties (by having 
different size (2–100 nm) shapes including nanospheres, nanorods, 
nanoshells, nanocages, and nanostars), surface plasmon resonance (SPR 
- reaching of maximum oscillation amplitude at a definite frequency) 
based optical properties and also tailor-made surface-functionalization 
[131,132]. For example, in a recent study, Wang et al. have prepared 
hyaluronic acid-functionalized siRNA against HSP72-targeted Au- 
nanostars and effectively observed CD44-overexpressed triple-negative 
breast cancer (TNBC) cells under dark-field optical microscopy [133]. In 
another investigation, Nie et al. have prepared cyclic arginine-glycine- 
aspartic acid peptides-functionalized plasmonic Au-nanostars which 
have resulted in efficient photoacoustic imaging of tumor angiogenesis, 
since these functionalized nanostars have displayed high affinity to-
wards integrin αvβ3 overexpressing tumor neovessels [134]. Similarly, 
Sun et al. have altered the surface of Au nanoparticles using biocom-
patible glycol chitosan (GC) molecules and compared their CT contrast 
behavior with that of heparin-molecules-modified Au nanoparticles to 
realize GC as a targeting molecule in colon cancer-bearing mice [135]. 
The CT cross-sectional image results have revealed that HEPA-based Au 
nanoparticles are accumulated in the spleen and liver, whereas most of 
the GC-based counterparts are inside the tumor, which confirmed the 
targeting affinity of GC towards cancer. Analogously, Zhou et al. have 
prepared water-soluble polyethylene glycol (PEG) coated (PEGylated) 
polyethyleneimine (PEI)-entrapped Au nanoparticles with tuneable core 
sizes (ranging from 1.9–4.6 nm) [136]. These nanoparticles demon-
strated (i) superior X-ray attenuation properties as compared to Omni-
paque (an iodinated clinical contrast agent) and also (ii) competent and 
boosted blood-pool CT imaging (up-to 75 min) – attributed to the 
extended half-decay time of 11.2 h. 

In another similar investigation, Zhang et al. have reported the 
design & development of PEGylated and branched-PEI-functionalized 
Au nanoparticles [137]. Herein, the nanoparticles have displayed effi-
cient CT contrast, which have enabled the effective imaging of (i) blood- 
pool/major organs of rats, (ii) lymph-nodes of rabbits, and also (iii) 

xenografted mice tumor models. Moreover, the nanoparticles have dis-
played excellent in vivo stability and are shown to be excreted out 
within the designated time. In another research study, Mulens-Arias 
et al. have created Au nanoparticles via PEI-assisted method, where 
these nanoparticles are self-arranged in a controlled manner and have 
resulted in obtaining NIR-absorbent plasmonic fractal nanoaggregates 
[138]. These nanoaggregates have demonstrated high diagnostic (via 
PAI) and therapeutic (PTT) efficiency in animal models induced with 
colorectal carcinoma. Similarly in another investigation, glucose con-
jugated Au nanoclusters (AuNCs) are prepared by Cheng et al. to 
perform cancer-target imaging/probing of overexpressed glucose 
transporters in U-87 MG cancer cells, based on the glucose cleaving by 
glycotic enzymes [139]. In a similar fashion, Zhu et al. have synthesized 
polymer PDPP-DBT-conjugated and antimicrobial peptide (AMP - 
Tachyplesin-I)-loaded AuNCs for the effective and step-wise killing of 
HT-29 cells through photothermal ablation by irradiating NIR light (at 
808 nm) for 5 min [140]. Similarly, Wang et al. have made Herceptin- 
conjugated bovine serum albumin (BSA)-protected AuNCs for site- 
specific targeting of ErbB2 over-expressing SK-BR3 (breast cancer) 
cells and tumor tissues and also consequent nuclear localization, where 
the results have indicated that the localization effect has enhanced the 
antitumor efficacy by inducing massive DNA damage [141]. 

Apart from the above, Chen et al. have used Au nanoparticles as drug 
carriers to deliver methotrexate (MTX, a chemotherapeutic drug) via 
functionalization through carboxyl groups (–COOH) [142]. Herein, MTX 
accumulation is faster and also higher inside the tumor cells that are 
treated with drug-attached Au nanoparticles than that of free MTX. 
Moreover, drug-bound nanoparticles have shown improved cytotoxic 
effects in cancer cell lines, and also have suppressed the growth of tumor 
in a mouse ascites model of Lewis lung carcinoma, whereas an equiva-
lent free drug dose has no anti-tumor effects. In another similar inves-
tigation, Karimi-Maleh et al. have delivered an anti-cancer drug 6- 
thioguanine by attaching this thiolic drug on the surface of Au nano-
particles and consequently accomplished heightened anti-cancer action 
in breast cancer (MCF7) cell lines [143]. In an analogous study, Mondal 
et al. have packed Au nanoparticles on hydroxyapatite surface, which is 
further modified with collagen to successfully load and deliver DOX 
[144]. Similarly, Zhu et al. have constructed a multifunctional 
dendrimer-based theranostic system, where DOX is primarily covalently 
linked onto the partially acetylated generation 5 poly(amidoamine) 
based dendrimers [145]. The dendrimers are functionalized with FA via 
acid-sensitive cis-aconityl linkages and are made to entrap Au nano-
particles. These entrapped nanoparticles have effectively achieved 
combined cancer cell CT imaging and CMT with high targeting speci-
ficity. In another recent study, Yeo et al. have formed a homogeneous 
protein corona around Au nanorods using apolipoprotein E [146]. 
Through corona, hydrophobic photosensitizer molecules - chlorin e6 
(Ce6) are loaded on the surface of the nanorods and successfully deliv-
ered in higher amounts inside Cal-27 oral squamous cell carcinoma cells. 
In addition, ~96.7% of cancer cells are killed via combined photo-
thermal therapy (through the nanorods) and PDT (with 2 μM loaded Ce6 
molecules). In a similar fashion, the Au nanoparticles are investigated 
for their diverse use in stand-alone imaging, therapy, and drug delivery 
[103,131,147–149]. 

In addition to the above, Au nanoparticles are more useful in 
simultaneous cancer therapy and diagnostics (theranostics). For 
instance, Vickers et al. have synthesized hollow Au nanospheres - uti-
lized mainly in 2-photon imaging and PTT of cervical cancer, where 
deep-tissue-penetrable NIR (having wavelength of 650–950 nm) is used 
as a trigger for imaging and therapy [150]. Moreover, the FA −
PEG− thiol molecules-based bio-functionalization onto hollow Au 
nanospheres has effectively improved the binding of these nanospheres 
towards FA-overexpressing HeLa cells, thereby enhancing the cancer 
theranostic efficacy. In a similar investigation, Wang et al. have pre-
pared a different kind of bio-orthogonal Raman reporter/aptamer 
(AS1411/MUC1)-functionalized Au nanorods for both SERS imaging 

Table 1 (continued ) 

Type of 
nanomaterials 

Surface modification/drug 
loading/conjugation in 
nanomaterials 

Comments Ref 

Au nanospheres attached 
with cyptate (Cy - 
indocyanine green based an 
NIR fluorophore) through 
urokinase-type plasminogen 
activator (uPA - a breast 
cancer enzyme) enzyme- 
substrate-motif (G-G-R) 

Fluorescence 
visualization and 
hyperthermic killing of 
breast cancer cells 

[183] 

Anti-human epidermal 
growth factor receptor 2 
(Her2) antibodies- 
conjugated Au-nanoshelled 
poly(lactic-co-glycolic acid) 
magnetic hybrid 
nanoparticles 

Contrast-enhanced 
ultrasound imaging & 
T2-weighted MR 
imaging and 
photothermic killing of 
SKBR3 cancer cells 

[185] 

PEI-PEG modified, glioma- 
specific peptide (chlorotoxin, 
CTX) and 3-(4- 
hydroxyphenyl) propionic 
acid-OSu (HPAO) entrapped 
Au nanoparticles with iodine 
radiolabelling 

Single-photon 
emission computed 
tomography/CT 
imaging and 
radionuclide therapy 
of glioma cells 

[186]  
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and PTT [151]. Herein, Au nanorods have exhibited a strong Raman 
signal (i.e., at 2205 cm− 1) in the biological Raman-silent region, which 
is utilized for identifying MCF-7 breast cancer cells through Raman 
imaging. Moreover, laser irradiation (808 nm / 1 W/cm2) for only 10 
mins inhibited almost 99% of MCF-7 cancer growth in tumor-bearing 
nude mice, which is ascribed to enhanced accumulation of Au nano-
rods via aptamer functionalization. 

Analogously, Li et al. have utilized dye (TRAMA)-loaded PcPp pep-
tide (including capping peptide Pc (GGGGGLVPEGSCCYNH2) and probe 
peptide Pp (CCYGGGGRGRK (FITC)GNH2))-conjugated ultra-small gold 
nanoclusters (AuNCs) to perform imaging of caspase-indicated cell 
apoptosis in real-time through NSET–based fluorescent probing [152]. 
Herein, the activation of intracellular caspase 3 (through the cleaving of 
peptides in NCs) has led to the release of the dye resulting in the 
continuous monitoring of its activity in a living cell, and also consequent 
induction of the therapeutic apoptosis process as shown in Fig. 7. In 
another analogous investigation, AuNCs are synthesized through (deoxy 
guanosine 5′-triphosphate (dGTP)-template, then formed a complex by 
conjugating with cisplatin and finally covered with PEG for theranostic 
treatment of HeLa cells [153]. In a similar study, Dutta et al. have 

prepared phenylboronic acid (PBA) template AuNCs for detection of 
mucin biomarker and also targeted-imaging of HeLa and HepG2 cancer 
cells in in vitro conditions along with certain therapeutic effects via PBA 
[154]. In a recent investigation, Ghoshal et al. have loaded AuNCs with 
secreted frizzled-related protein 1 (SFRP1) to focus on the up-regulated 
pathway in the cancer cells for enhancing their anti-proliferation by the 
surface-attached cisplatin drug [155]. Moreover, the AuNCs are 
exploited for utilization in binding and consequent imaging of the can-
cer cells. Similar AuNCs based nano-systems are utilized in theranostics 
of different cancer cells [156–159]. Table 1 shows significant Au 
nanoparticles for cancer theranostics. 

2.4.3. Other metal nanoparticles 
Apart from Ag & Au, there are other metals/metallic nanoparticles- 

for e.g., copper (Cu), platinum (Pt), titanium (Ti), bismuth (Bi), and so 
on – that are utilized in cancer imaging and therapy [160,161]. 

For example, Goswami et al. have prepared transferrin-templated 
blue-luminescent Cu nanoclusters (Tf-Cu NCs) that are electrostatically 
loaded with DOX on their surface [162]. Herein, Förster resonance en-
ergy transfer (FRET) within Dox-loaded NCs has shown red- 

Fig. 6. Schematic illustration of the polymer prodrugs-covered Ag nanoparticle (A) and intracellular release process of camptothecin CPT (B). The fluorescence of 
CPT is quenched when it is linked to the polymer chain on the surface of AgNPs (NSET “ON” or Fluorescence “OFF”), while the CPT fluorescence is recovered (NSET 
“OFF” or fluorescence “ON”) when it is released with response to cellular acid conditions. 
Reproduced with permission from Ref. [134]. 
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luminescence, while quenching the blue-luminescence of NCs. However, 
after the internalization via overexpressed Tf receptors, the blue- 
luminescence of Dox-loaded Tf-Cu NCs has been re-established in the 
cytoplasm, whereas the red-luminescence is occurred in the nucleus of 
cancer cells (HeLa & MCF-7) due to the migration of DOX. In addition, 
high therapeutic efficacy is also obtained – i.e., better tumor inhibition 
in Dalton's ascites lymphoma (DLA) induced Swiss albino mice. Simi-
larly, Chen et al. have prepared Pt nanoclusters (NCs) through the 
biosynthesis process by manipulating the reaction between the cancer 
cells such as HepG2, HeLa, or A549 cells and the platinum precursor – i. 
e., H2PtCl6 (at various concentrations) under normal culturing condi-
tions [163]. These biosynthesized Pt NCs have exhibited in vivo fluo-
rescence self-marking capability and also better cancer-killing efficacy 
via PTT when combined with porphyrin derivatives. Recently, Xie et al. 
have exfoliated bulk Ti in the liquid phase to form two-dimensional (2D) 
Ti nanosheets (NSs) to be used as a biocompatible theranostic agent as 
shown in Fig. 8, where these NSs have exhibited better absorption ca-
pabilities (with extinction-coefficient of 20.8 Lg− 1 cm− 1) and improved 
photo-thermal conversion capacity (above 61%) – attributed to localized 
surface plasmon resonance (LSPR) phenomenon [164]. This has resulted 
in efficient dual-modal CT/PAI imaging-guided PTT in cervical-tumor- 
holding mice after NIR irradiation at 808 nm. In another similar 
study, Dong et al. have designed and developed renal-clearable and 
targeting metallic nanoparticles – FA/BSA-conjugated Bi− Bi2S3 hetero- 
structured nanoparticles [165]. The following characteristics are 
observed for the as-prepared nanoparticles: (i) exhibited higher stability 
than only Bi NPs, and also possessed increased Bi-metallic content than 
only Bi2S3 NPs – resulted in improved CT imaging efficacy, (ii) shown 
better tumor targeting effectiveness, (iii) highly inhibited tumor cell 
growth after irradiating with 808 nm laser, and (iv) effective clearance 

after theranostics, thereby preventing unnecessary retention/toxicity. 

2.4.4. Multifunctional metallic nanoparticles 
Metallic nanoparticles (e.g., Ag, Au, Cu, and Pt) are modified as 

multifunctional nanoparticles by functionalizing/attaching and/or 
encapsulating them with other (i) contrast agents (e.g., MRI, ultrasound, 
and fluorophores), and (ii) therapeutic agents (for instance, magnetic 
hyperthermia therapy and CMT) for multimodal cancer theranostics and 
also drug delivery applications [166–168]. 

Lately, Ag-based metallic nanoparticles are changed as MNTNPs for 
theranostic applications. For instance, Ghaemi et al. have investigated 
and identified that the ZnO coatings have a major role in fine-tuning the 
electron-hole and flux figuration at the interface of Ag nanoparticles on 
UV irradiation [169]. This has consequently resulted in improved di-
agnostics through CT/optical imaging and also anti-tumor effects with 
apoptotic cell death induced in MDA-MB231 (human breast) cancer cells 
by activating the oxidative stress proteins. Recently, Mishra et al. have 
reported an easy synthesis of chitosan-coated silver‑gadolinium nano- 
alloy (AgGd) based bimetallic nanoparticles (BNPs) with varied Ag 
and Gd molar ratios through the co-reduction of Ag+ and Gd3+ ions, 
where the surface of these BNPs is loaded with DOX (via pH-sensitive 
hydrazone linkage) for its successful delivery for CMT cancer treat-
ment [170]. Moreover, the presence of Gd ions has helped the BNPs to 
display MRI contrast with r1 & r2 values of 19.6 & 23.0 mM− 1 s− 1, 
respectively. Besides, BNPs have emitted a CT signal intensity of 45 HU 
at 0.50 mg/ml concentration, which is relatively higher than the con-
ventional CT contrast materials including iodinated complexes, barium 
sulfate, or metal nanoparticles. Besides, their results have demonstrated 
that the apoptosis of cancer cells exponentially incremented in a dose- 
dependent increase of DOX-loaded BNPs. In another similar 

Fig. 7. Schematic illustration of AuNCs-Based Nanoprobe for real-time imaging of caspase-indicated cell apoptosis through nanosurface energy transfer (NSET)– 
based fluorescent probing. 
Reproduced with permission from Ref. [156]. 
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investigation, the same authors have prepared chitosan-coated DOX- 
loaded Ag‑dysprosium (Ag–Dy) BNPs, which have displayed high 
emission in NIR-II biological window while exciting at 808 nm [171]. 
Moreover, the Dy component has helped in MRI contrast studies dis-
playing an r2 value of 7.26 mM− 1 s− 1, and both Ag & Dy components 
revealed CT signal intensity of 46 HU. Besides, the drug carrier effi-
ciency of BNPs is confirmed from the improved apoptotic effects (after 
DOX-tethering) in HeLa cancer cells. In a recent time, Sahoo et al. have 
prepared FA-conjugated paracetamol dimer molecules-loaded fluores-
cent Ag nanoclusters (AgNCs) based chitosan-composite nanoparticles, 
which have exhibited better theranostic efficacies in HeLa and A549 
cancer cells after the differential uptake [172]. 

Among many recent investigations, Au-based metallic nanoparticles 
are specially modified as MNTNPs through different processes for use in 
various multimodal theranostic applications. For instance, Chen et al. 
have prepared glucose oxidase-conjugated plasmonic Ag/Au nanoshells 
(Ag/Au-GOx NSs), which have (i) proven to possess the ability for 
visually discriminating and screening the cancer cells in a target-free 
manner from the normal cells with the aid of dark-field scattering im-
aging and also (ii) selectively ablate the tumor cells on exposure to laser 
irradiation at 808 nm [173]. Similarly, Zhang et al. have made 
5,10,15,20-tetrakis (4-N-methylpyridiniumyl)porphyrin (TMPyP4)- 
attached, glutathione-responsive and AS1411-aptamer conjugated 
mesoporous-silica-coated gold nanorods (AuNR@MS) as 

multifunctional nanocarriers, while using the as-formed AgNPs as the 
capping agents [174]. This nanocarrier has prevented the premature 
release of TMPyP4 and also the side-effects of the exogenous stimuli 
while achieving high diagnostic and therapeutic (photothermal & 
photodynamic) efficacies in HeLa cancer cells. Analogously, Dutta et al. 
have made bimetallic Au–Ag NCs and then embedded them along with 
a suicide gene (CD-UPRT) and a chemotherapeutic drug (5-fluorouracil 
(5-FC)) inside a cationic BSA nanosystem [175]. Herein, the nanosystem 
has created reactive oxygen species (ROS) through Au–Ag NCs and 
apoptosis via suicide gene along with 5-FC during the combined therapy 
of HeLa cancer cells, while luminescence-based bioimaging was per-
formed with the aid of NCs. Recently, Zhou et al. have reported the 
preparation and consequent characterization of PEI-entrapped FA-tar-
geted Au nanoparticles (chelated with Gd ions) to form a nano-
particulate system [176]. This system has displayed superior X-ray 
attenuation properties and also sensible r1 relaxivity of 1.1 mM− 1 s− 1, 
which have made FA-targeted Au nanoparticles an effectual nanoprobe 
for dual-mode tumor imaging (CT & MRI). Similar investigations are 
performed by the same authors for dual-mode tumor imaging [177,178]. 
Analogously, Wang et al. have initially conjugated cyptate (Cy - indoc-
yanine green-based a NIR fluorophore) on the surface of hollow Au 
nanospheres via a short spacer – i.e., urokinase-type plasminogen acti-
vator (uPA - a breast cancer enzyme) enzyme-substrate-motif (G-G-R) 
[179]. The conjugated Au nanospheres have helped in specific 

Fig. 8. Schematic representation of the exfoliation and cancer theranostic applications of TiNSs. 
Reproduced with permission from Ref. [168]. 
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fluorescence visualization and consequent hyperthermia killing of 
tumor cells. In another study, Mangadlao et al. have made prostate- 
specific membrane antigen (PSMA-1)-targeted PEG-coated Au nano-
particles that are functionalized with Pc4 molecules and loaded with 
anti-cancer drugs [180]. Herein, the nanoparticles are highly up-taken 
(up to 4 folds) by PSMA-positive PC3pip cells as compared to PSMA- 
negative PC3flu cells, which have resulted in enhanced targeted thera-
nostics (via fluorescence-imaging-guided PDT) under in vivo environ-
ment. Recently, Dong et al. have designed and made anti-human 
epidermal growth factor receptor 2 (HER2) antibodies-functionalized 
Au-nanoshelled poly(lactic-co-glycolic acid) based magnetic hybrid 
nanoparticles, which have exhibited contrast-enhanced ultrasound (US) 
imaging and MRI (r2 = 441.47 mM− 1 s− 1) [181]. Herein, HER2 func-
tionalization on nanoparticles has significantly improved their US/MRI 
imaging effects in targeted cells, and explicitly induced SKBR3 cell death 
on exposure to NIR laser irradiation via PTT. In a similar investigation, 
Zhao et al. have formed 131I–Au PENPs-CTX nanocomplex by sequen-
tially functionalizing PEI template with different molecules (such as 
PEG, glioma-specific peptide (i.e., chlorotoxin, CTX) and 3-(4-hydrox-
yphenyl) propionic acid-OSu) and also entrapped iodine-radiolabeled 
(131I) Au nanoparticles [182]. The as-formed complex has successfully 
been tested for targeted (single-photon emission computed tomography) 
SPECT/CT imaging, and also radio-nuclide therapy of glioma cancer 
cells. In another study, Emami et al. have initially conjugated DOX and 
anti-PD-L1 antibodies (to target PD-L1 (B7-H1/CD274) - type I trans-
membrane protein, overexpressed in colorectal cancer (CT-26) cells) to 
the α-terminal end groups of lipoic acid-PEG-N-hydroxysuccinimide 
(LA-PEG-NHS), which is then attached to the surface of Au nano-
particles to form PD-L1-AuNP-DOX nanocomplexes [183]. The anti-
bodies have increased the intracellular uptake of nanocomplexes and 
also their retention, which has subsequently improved their therapeutic 
efficacy by synergistically inhibiting CT-26 cancer cell growth via 
chemo-photothermal therapy (through DOX exposure and NIR 
irradiation). 

Similarly, Cu, Pt, and other metallic nanoparticles are also modified 
as MNTNPs for cancer treatments. For example, Pang et al. have 
explicitly introduced radioactive 64Cu atoms into the crystal lattice of 
palladium, which is then covered with Au, to form core-shell nano-tri-
pods as shown in Fig. 9 [184]. Herein, the Au shell has been formed to 
prevent the oxidation and dissolution of Cu/64Cu atoms and also to 

provide strong absorption at the NIR region for PTT. Moreover, the core- 
shell structure is conjugated with D-Ala1-peptide T-amide (DAPTA) to 
improve the targeting of C − C chemokine receptor 5 (CCR5) towards 
TNBC cells. Furthermore, the as-prepared tripod nanostructures have 
displayed enhanced PTT efficacy in TNBC-induced-orthotropic-mouse 
(4 T1 mouse) models via PET-image-guidance. Analogously, Patel 
et al. have focused their investigation on improving the Pt-based cancer 
therapy by forming a nanoemulsion formulation (NMI-350, 351 or 352) 
by co-encapsulating di-fatty acid platins (i.e., dimyrisplatin, dipalmi-
platin, or distearyplatin respectively) and C6-ceramide in its lipid core 
and lipidated gadolinium & FA (for imaging & targeting) on its surface 
[185]. Among all, NMI-350 based nanoformulation is highly competent 
in MRI imaging, and cisplatin-resistant KBCR-1000 cancer therapeutics. 

2.5. Magnetic nanoparticles 

2.5.1. Superparamagnetic Iron oxide nanoparticles (SPIONs) 
Superparamagnetism is a unique behavior of magnetic nanoparticles 

to exhibit magnetic saturation under an applied magnetic field, while 
not showing any residual magnetism after the removal of the magnetic 
field [186]. Superparamagnetic iron oxide nanoparticles (SPIONs) are 
single-domain particles with a typical size of less than 15–20 nm with 
the capability to reveal high saturation magnetization (Ms) and high 
initial susceptibility in presence of an external magnetic field while able 
to completely demagnetize by removal of the magnetic field with 
negligible (nearly zero) coercivity and magnetic remanence (Hc ≈ Mr. 
≈ 0) at room temperature. In a biomedical application, SPIONs are 
commonly used in the form of ferrofluids which are nothing but a ho-
mogeneous stable colloidal suspension of SPIONs dispersed in a carrier 
fluid, usually water. Over the past few years, SPIONs are extensively 
used as very effective MNTNPs due to their ability (i) to carry anticancer 
drugs to the tumor site (drug delivery via magnetic targeting), (ii) to 
enhance MRI contrast for better tumor imaging, and (iii) to induce 
magnetic hyperthermia and ROS based therapy as a substitute for CMT 
or RT in cancer treatment [187]. The theranostic efficacy strongly relies 
upon generating narrow size distribution and well-dispersed SPIONs in 
an aqueous ferrofluid suspension. However, uncoated SPION tends to 
agglomerate in water or tissue fluid, which may limit many clinical 
applications. Hence, SPIONs are commonly stabilized in an aqueous 
ferrofluid suspension by two approaches: electrostatic (ionic) 

Fig. 9. Schematic of the PdCu–Au core-shell based tripods tripod (which can be prepared by coating the surface of a PdCu tripod with a conformal shell made of Au) 
and their utilization in PET/CT imaging of mice injected with tripod. 
Reproduced with permission from Ref. [188]. 
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interactions of surface charges; (ii) steric repulsions of a hydrophilic 
surface coating such as surfactant (e.g. fatty acids) molecules, gold/sil-
ica, or polymeric (e.g. dextran, polyvinyl alcohol) shell. Apart from 
physical and biological synthesis, SPIONs can be effectively prepared by 
various chemical methods such as co-precipitation, thermal decompo-
sition, microemulsion, hydrothermal, sonochemical, microwave- 
assisted synthesis methods [188]. However, co-precipitation and ther-
mal decomposition are mostly preferred to synthesize SPIONs with 
narrow size distribution due to their simplicity, reproducibility, scal-
ability, versatility (possibility of size/morphology control with tunable 
functionality), purity, rapidness, and cost-effectiveness [189–191]. For 
example, Maity et al. have reported co-precipitation/thermolysis syn-
thesis of high quality (i.e. controlled size, phase pure, controlled sized/ 
shaped, and highly water dispersed) SPIONs and clusters with improved 
magnetization, biocompatibility, T2 relaxivity, and SAR for enhanced 
MRI and efficient MFH [192,193]. 

Further, SPIONs are increasingly modified/functionalized and/or co- 
encapsulated with anticancer drugs within various biocompatible/ 
biodegradable polymer such as PLGA, poly-ε-caprolactone (PCL), chi-
tosan (CHI), PEG, etc. by simple oil-in-water emulsion/solvent evapo-
ration or nanoprecipitation method to develop magnetic polymeric 
nanosystems for controlled/triggered drug release while performing 
simultaneous cancer imaging and treatment [194–198]. For instance, 
Huanrong et al. have developed folate receptor-targeted, pH-sensitive, 
and DOX loaded magnetic-polymeric nanocarriers based on poly 
(β-aminoester) functionalized SPIONs for cancer treatment and imaging 
[199]. These magnetic polymeric-based smart DDS are capable of car-
rying the desired amount of drug to deliver/release at the target in a 
controlled and sustained manner. 

Polymeric encapsulation is very crucial to impart a series of benefits 
to the SPIONs such as chemical stability (by protecting particle surfaces 
from oxidation), multi-loading capacity (co-encapsulation of drugs with 
other therapeutic/imaging agents), dispersibility with narrow size dis-
tribution (colloidal stability by preventing agglomeration), reduction of 
toxicity (biocompatibility with organic ingredients) and functionality 
(for binding drugs by covalent attachment, adsorption or entrapment on 
the particles). In particular, SPIONs based ferrofluids have been exten-
sively focused on cancer theranostics to use them as targeted drug de-
livery systems, MRI contrast agents, and therapeutic agents in magnetic 
hyperthermia. However, the effectiveness of the SPIONs (ferrofluids) 
depends on their physicochemical/magnetic/thermal/pharmacological 
properties that include chemical composition, morphology, crystal 
structure, granulometric uniformity, magnetization, surface-structure, 
adsorption properties, dispersibility, stability, and biocompatibility 
(toxicity). These properties are considerably impacted by the synthesis 
methods and surface-stabilization processes. 

2.5.1.1. Magnetic resonance imaging (MRI). SPIONs produce negative 
(dark) contrast based on T2-weighted images by shortening the trans-
verse spin-spin relaxation (T2 i.e. inverse of r2 relaxivity, 1/r2) while 
paramagnetic complexes (including gadolinium (Gd3+) or manganese 
(Mn2+) ions) produce positive (bright) contrast based on T1-weighted 
images by shortening the longitudinal spin-lattice relaxation (T1 i.e. 
the inverse of r1 relaxivity, 1/r1) depending on the magnetic in-
teractions with nearby water protons surrounding the tissue [200,201]. 
However, SPIONs have been widely used as commercial MRI T2 contrast 
agents (to generate dark negative contrast) for cancer detection/imaging 
due to their following advantages: (i) biocompatibility (readily seques-
tered and metabolized by the body); (ii) higher MRI signal contrast/ 
sensitivity (strong T2 shortening effect); (iii) biodegradability (able to 
decompose into Fe2+/Fe3+ and mix with blood); and (iv) quick detect-
ability (via TEM) over the paramagnetic (Gd(III)/Mn(II)) complexes 
[202–205]. The contrast property of the SPIONs is mainly influenced by 
their saturation magnetization value depending on their particle size, 
shape, composition, crystal structure, and surface coatings. Jun et al. 

have demonstrated that MRI contrast increases with the increase in the 
size of the SPIONs because larger SPIONs have a higher magnetization 
than the smaller counterparts [206]. Similarly, Maity et al. have re-
ported very high MRI r2 values of 735.3/450.8 mM− 1 s− 1 for terepht 
halic acid (TA)/2-aminoterephthalic acid (ATA)-coated SPIONs respec-
tively, due to high crystallinity and/or effective spin transfer through 
π–π conjugation of surface-attached TA/ATA molecules which probably 
manifested better magnetic response to the magnetic field [207]. In 
other studies also, better r2 relaxivity values are reported - Karagoz et al. 
(550 mM− 1 s− 1 at 9.4 T) for POEGMA-b-PMAA-b-PST-triblock- 
copolymer-encapsulated-SPIONs, and Lin et al. (514.7 and 596.8 
mM− 1 s− 1 at 1.5 T) for PEI-(with 2 different formulations)-coated- 
SPIONs [208]. Besides MRI, magnetic particle imaging (MPI) has been 
emerged as a very promising non-invasive 3D imaging technique based 
on the SPIONs tracers due to its advantages like high sensitivity/ 
contrast, zero ionizing radiation. For instance, Tay et al. have demon-
strated SPIONs as MNTNPs for MPI image-guided MHT cancer treatment 
[209]. 

2.5.1.2. Magnetic hyperthermia therapy (MHT). Magnetic hyperthermia 
therapy (MHT, also known as MFH) is a highly localized cancer thera-
peutic approach to inhibit tumor cell growth/viability at elevated tem-
peratures (above 41 ◦C) or to produce a heat-induced cytotoxic effect 
with minimal side effects than other alternative cancer treatment mo-
dalities such as CMT or RT. In MHT, SPIONs are delivered (intravenously 
injected and accumulated) at the tumor site, and then the temperature of 
the tumor cells locally raised to the therapeutic temperature (42–46 ◦C) 
on exposure to an external alternating magnetic field (AMF) with a 
radiofrequency. The heating efficiencies of the SPIONs can be measured 
by calorimetric MFH experiments (as shown in Fig. 10) which can be 
performed under variable AMF (amplitude /frequency) conditions. The 
heating efficiencies are generally expressed in terms of specific ab-
sorption rate (SAR in W/g) and intrinsic loss power (ILP in nHm2 kg− 1) 
using the following equations. 

SAR =
msampcsamp

mFe

ΔT
Δt  

ILP =
SAR
H2f  

where msamp is the total mass of the ferrofluid sample (in g) taken for the 
measurement, csamp is its specific heat capacity (in J.kg− 1.K− 1), mFe is 
the mass of the magnetic element in the sample (Fe in g), ΔT/Δt is the 
initial slope of time-dependent temperature curve, H is the applied 
magnetic field amplitude and f is the frequency of the magnetic field. 

The SAR value depends on the properties of the SPIONs such as their 
size/shape, crystal structure, magnetization, and dispersity in aqueous 
media. It is detected that polydispersity (containing particles of different 
sizes) samples can give rise to inferior SAR/ILP values. Recently, Kan-
dasamy et al. have reported different small chain surfactants molecules 
(e.g. polyol, carboxyl amine benzene) coated SPIONs (~5–15 nm) and 
SPIONs clusters with high magnetization and narrow size distribution to 
exhibit very high SAR values (~450–900 W/g) at a field amplitude of 
24.5 KA/m and a frequency of 400 kHz) [210–214]. Similarly, Prashant 
et al. have reported improved SAR values for PLGA/Pluronic polymers 
encapsulated SPIONs, where the encapsulation has been very helpful in 
overcoming the RES uptake [215,216]. Recently Salunkhe et al. have 
demonstrated next-generation MRI-guided magneto-CMT with ~96% 
killing efficiency of breast cancer (MCF7) cells by using Pluronic F127 
micelle-encapsulated diisopropylamine-stabilized SPIONs (having size 
~12 nm, magnetization of 92 emu g− 1 and SAR ~717 wg− 1) based 
ferrofluids at 1 mg/ml concentration on exposure to AMF (20 kAm− 1, 
267 kHz) for 30 min [217]. Recently, Kandasamy et al. have co- 
encapsulated SPIONs with dual drugs (curcumin with verapamil/ 
nifedipine (a calcium channel blocker to prevent MDR)) inside 
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biocompatible polymers, which subsequently have showed enhanced 
therapeutic efficacy in CMT/MHT based HepG2 cancer treatments 
[197,198]. 

2.5.2. Multifunctional SPIONs 
SPIONs are surface-modified not only to reduce their agglomeration 

or protect their surfaces from oxidation but also to implant surface 
functional groups (anchor points) to chemically link with therapeutic 
molecules/agents such as drugs, fluorescent molecules, C60, gold, 
photosensitizer, and so on [218–220]. These therapeutic molecules/ 
agents can be immobilized (bound) with SPIONs either by co- 
encapsulation in nanocarriers or by grafting (attachment) on the sur-
face of SPIONs [221–223]. Surface functionalized SPIONs have emerged 
as potential smart nanocarriers/DDS and also MNTNPs for use in MRI/ 
FI/PAI guided cancer therapeutic applications (CMT, RT, and MHT) 
[224–226]. Moreover, SPIONs are conjugated with various targeting 
ligands such as antibodies, small molecular ligands, aptamers through 
bio-conjugation (either directly or by molecular cross-linkers) for 
accomplishing targeted drug delivery to improve their selective tumor 
accumulation, while increasing their blood circulation by preventing the 
RES uptake, and reducing non-specific targeting [227–229]. Further-
more, SPIONs are associated with stimuli-responsive polymers via 
electrostatic/hydrophobic interactions or encapsulated in the biocom-
patible coating to achieve controlled/triggered release at the target 
tumor site in response to the environmental change such and pH, tem-
perature, light, enzymatic, magnetic field change, while enhancing the 
drug specificity and potency of effective cancer treatment with reduced 
side effects [230–232]. Indeed, there is a very vital necessity to func-
tionalize the SPIONs with both the targeting ligands and stimuli- 
responsive agents to improve their accumulation and controlled/trig-
gered release at the target tumor site and thereby to enhance the T2 
contrast and localized heating for effective tumor growth inhibition to 
achieve imaging-guided cancer treatment beside delivering other ther-
apeutic and imaging agents for accomplishing multimodal theranostics. 
For example, Kaaki et al. have prepared FA-conjugated DOX-loaded 
PEG-coated SPIONs as MNTNPs [233]. These MNTNPs have exhibited 
excellent biocompatibility, significant cell uptake by MCF-7 cancer cells, 
and bimodal cancer cell imaging via MRI/FI, besides showing efficient 
targeting and MHT effects. Similarly, Kievit et al. have reported that 
fluorescent dye-labeled and PEGylated SPIONs are conjugated with 
mouse IgG for metastatic breast cancer targeted delivery, therapy, and 

imaging [234]. Later, Hayashi et al. have conjugated FA with PEG- 
modified SPIONs based nanoclusters (with high relaxivity and SAR 
values) to enhance their targeted accumulation in a mice tumor (after 
24 h of iv), while escaping from their penetration in normal tissues for 
improved localized heating and MRI contrast of the tumor [235]. 
Similarly, Beeran et al. have made SPIONs embedded hydroxyapatite 
(HAIO) nanoparticles, which have exhibited 75% cancer cell death via 
MHT and high T2 relaxivity of 50.92 mM− 1 s− 1 in MRI [236]. 

El-Dakdouki et al. have reported hyaluronan-coated and DOX- 
conjugated SPIONs (DOX-HA-SPION) as a promising magnetic DDS for 
cancer imaging and treatment due to their excellent biocompatibility, 
rapid cancer cell internalization, and killing ability of multi-drug- 
resistant/sensitive ovarian cancer cells [237,238]. The DOX-HA- 
SPIONs have exhibited improved MRI and significant reduction of 
tumor growth which have led to the longer survival of the tumor- 
induced mice. Similarly, SPIONs-encapsulated HA based polymeric mi-
celles are reported as very promising theranostic nanoplatforms for 
enhanced accumulation in intramuscular tumor, improved MRI, and 
significant growth inhibition of colon adenocarcinoma (HT-29) cells via 
ROS formation [239]. These micelles (having the size of ~100 nm) have 
demonstrated high SPIONs loading capacity, greater intracellular up-
take/release, high T2 relaxivity, and selective cytotoxicity to the tumor 
in vivo. Similarly, Wu et al. have conjugated α-ketoglutarate-modified 
SPIONs with lymphatic vessel endothelial hyaluronan receptor 1 and 
Podoplanin for dual-targeting to mark the lymphatic endothelial cells in 
metastatic tumors [240]. Analogously, Huang et al. have reported pH- 
responsive SPION-micelles that are loaded with an anticancer drug 
β-lapachone (β-lap) as theranostic nanomedicines to improve the ther-
apeutic efficacy by selective release via the micelles and increasing (10- 
fold) ROS stress for achieving significant cancer cell death, besides doing 
MRI imaging [241]. Likewise, Chiang et al. have made DOX-loaded 
hollow inorganic/organic hybrid nanogels as multimodal theranostic 
nanoplatforms for pH/temperature-stimulated MRI imaging and MHT/ 
CMT by grafting the citric acid-coated SPIONs with copolymer consist-
ing of acrylic acid/2-methacryloylethyl acrylate and PEG/poly(N- 
isopropylacrylamide) [242]. These nanoplatforms have shown 
enhanced stimuli-triggered drug release and synergetic combination of 
hyperthermia and MRI. 

Recently, Lee et al. have reported non-polymeric biocompatible 
adenosine triphosphate (ATP - an innate biomaterial derived from the 
body)-coated SPIONs (as an advanced contrast agent), whose surface is 

Fig. 10. Schematic of calorimetric magnetic fluid hyperthermia studies.  
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modified with gluconic acid and conjugated with cMet-binding peptide 
and Cy5.5 and labeled with 125I for efficient multimodal imaging (refer 
Fig. 11) of U87MG cancer cells and tumor in mice models via MRI and 
SPECT/CT imaging [243]. The as-prepared SPIONs have also exhibited 
rapid degradation (as compared to ferumoxides), reduced phagocytic 
uptake, improved biodistribution, and effective tumor targeting in vivo. 
Similarly, Carrouee et al. have developed MNTNPs by combining Ag NPs 
and VNIR dye Nile Blue (NB) with SPIONs for multimodal imaging based 
on MRI, surface-enhanced resonant Raman scattering (SERRS), and NIR- 
FI [244]. Likewise, Chen et al. have conjugated bovine serum albumin 
(BSA)‑gadolinium complexes with MoS2 nanoflakes as MNTNPs for bi- 
modal MRI/PAI and PTT of xenograft tumors [245]. The as- 
synthesized MoS2 − Gd − BSA have exhibited high biocompatibility, 
photostability and combined MRI/PAI guided photothermal effects for 
effective cancer theranostics. Manigandan et al. have developed PEGy-
lated micelles that are anti-αvβ3 integrin antibody conjugated and DOX/ 
SPIONs loaded [246]. These micelles have shown improved internali-
zation into drug-resistant MDA-MB-231 and enhanced theranostic effi-
cacy via simultaneous MRI and MHT. 

Similarly, Wang et al. have prepared MNTNPs, by conjugating 
fibronectin-targeted and endogenous enzyme-activated SPIONs with 
Cys-Arg-Glu-Lys-Ala (CREKA) peptide and squaraine photosensitizer for 

boosted MRI-guided FI and PDT of triple-negative breast cancer (TNBC) 
tumors [247]. They have demonstrated an increased capability for the 
as-prepared MNTNPs in real-time monitoring of the size reduction of 
MDA-MB-231 and MCF-7 tumors (via FI) in mice models due to 
enhanced PDT effects (as shown in Fig. 12). Tiwari et al. have reported 
FA- conjugated and 5-flouoruracil functionalized SPIONs based targeted 
nanosystems for bi-modal MRI/fluorescence imaging [248]. These 
magneto-fluorescent nanoparticles have demonstrated strong fluores-
cence emission, excellent biocompatibility, good stability, enhanced pH- 
stimulated drug release (92%), and improved T2-weighted MRI (T2- 
MRI) contrast for efficient cancer imaging. Similarly, Vijayan et al. have 
developed photo-luminescent SPION based theranostic nanogels, which 
have exhibited enhanced dual FI/MRI-guided MHT [249]. Likewise, Das 
et al. have embedded CDs onto the surface of the SPIONs for bimodal T2- 
MRI/FI in cancer treatments applications [250]. Recently, Pan Animesh 
et al. have co-loaded DOX and SPIONs into the core of liposomes, which 
are then conjugated with thiol-terminated PEG-modified gold nano-
particles for use in radio-frequency (RF)/NIR-stimulated and triggered 
drug release for aiding CMT in combination with MHT [251]. The 
magneto-liposomes have exhibited high cellular uptake and enhanced 
therapeutic effects on A549 (human lung cancer) cells. Similarly, Tiwari 
et al. have developed graphite carbon-coated SPIONs based magneto- 

Fig. 11. Multimodality tumor imaging using cMBP-GA-ATP@SPIONs. (A) In vivo noninvasive near-infrared fluorescent images of mice with U87MG tumors. Images 
were taken at 1, 2, 3, and 4 h after injection of CMG-ATP@SPIONs. (B) In vivo static planar g images of mice with U87MG tumors. Images were taken at 1, 2, and 3 h 
after injection of 125I-cMBP-GA-ATP@SPIONs. (C) Reconstructed coregistered transverse SPECT/CT image of same mouse 4 h after injection. In vivo T2-weighted 
MR images of mice with U87MG tumors were obtained before (D) and at 3 h after (E) injection of cMBP-GA-ATP@SPIONs. (F) Prussian blue staining on tumor 
sections. Blue dots, representing iron contents, were widely found across tumor, with inhomogeneous pattern. PI 5 after injection. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
Adapted from Ref. [247]. 
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fluorescent nanoprobes which showed promising cancer theranostic 
effects via bi-modal MRI/FI guided MHT [252]. 

2.5.3. Other functionalized magnetic nanoparticles 
Fan et al. have developed Cy3 surface-functionalized and S6 aptamer 

conjugated magnetic iron-plasmonic gold core-shell based and star- 
shaped MNTNPs for targeted imaging, separation, and photothermal 

ablation of tumors [253]. These MNTNPs have displayed excellent NIR- 
FI and selective PTT effects for irreversible damage of the SK-BR-3 
cancer cells. Likewise, Zhang et al., have reported BSA-conjugated 
manganese-doped iron oxide (MnIO) based MNTNPs for T1-weighted 
MRI-guided PTT of the tumors [254]. Moreover, Sancey et al. have re-
ported gadolinium-based nanoparticles as biocompatible MNTNPs for 
potential MRI contrast agents and radio-sensitizers for X-ray cancer 

Fig. 12. In vivo PDT of TNBC. (A) Photographs of MDA-MB-231 tumor-bearing mice during PDT. (B) Tumor volume curves and (C) weight growth curves of mice 
over time in each group, including PBS, PBS + L, Pep-SQ@USPIO, and Pep-SQ@USPIO + L. L indicates NIR laser (660 nm, 2 W/cm2). (D) Images and (E) weights of 
exfoliated tumors of each group after treatments. (F) Histochemical analysis (H&E, Ki67, Tunel) of tumor sections in each group. Scale bar: 50 μm. 
Adapted from Ref. [251]. 
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treatment [255]. Lately, Thorat et al. have developed DOX and super-
paramagnetic La0.7Sr0.3MnO3 loaded oleic acid-PEG micelles for MHT 
applications [256]. These micelles have exhibited high drug loading 
capacity (~60.45%), drug releasing capability, biocompatibility, and 
improved cancer cell killing efficiency (89%) via MHT-CMT. Besides, 
Kim et al. have designed biocompatible MnFe2O4-functionalized MSNs 
to overcome hypoxia to improve therapeutic efficiency of PDT by 
exploiting continuous O2-evolving property of MnFe2O4 nanoparticles 
through the Fenton reaction [257]. The as-prepared MSNs have revealed 
enhanced MRI-guided PDT effects in in vivo cancer theranostics. Like-
wise, Yang et al. have made SPIONs-embedded WS nanocomposites as 
MNTNPs that are functionalized with PEG-modified MSNs and further 
loaded with DOX for multimodal FI, MRI and X-ray computed tomog-
raphy (CT) imaging-guided synergetic PTT and CMT [226]. The as- 
prepared MNTNPs displayed triggered release, strong NIR light, and 
X-ray absorbance, and effective cancer cell killing through NIR- 
irradiated photothermal heating and chemotherapeutic effect. Later, 
Patra et al. have reported Fe3+-terpyridine nanocomplex that are func-
tionalized with PEG-FA and DOX for efficient T1 weighted MRI, pH- 
responsive delivery, and effective treatment of prostate cancers [258]. 
Likewise, Chu et al. have developed copper sulphide (CuS)@BSA core- 
shell based MNTNPs for simultaneous MRI and PTT [259]. The as- 
prepared nanoparticles have exhibited excellent biocompatibility, 
strong NIR absorption, high T1-weighted MRI contrast (compared to 
clinically used Magnevist), and effective photothermal ablation of can-
cer cells. Similarly, Wang et al. have reported PEG-modified MNTNPs 
loaded with IR820 and Fe3+ ions for use in bimodal imaging and therapy 
[260]. The as-prepared MNTNPs have exhibited good biocompatibility, 
improved cell uptake, combined PAI/MRI, and also capability of 
generating significant heat and ROS for achieving synergetic PTT/PDT 
effects for efficient cancer detection and treatment. As similar to 
SPIONs, Mn − Zn ferrite NPs are emerged as TNPs due to their signifi-
cant potential for getting applied in simultaneous MRI, DDS, and MHT in 
cancer theranostics. Sun et al. have prepared worm-like PEG/RGD- 
modified Mn0.63Zn0.37Fe2O4 nanoparticles and then conjugated them 
with PTX [261]. These MNTNPs have exhibited targeted delivery, 
controlled drug release, improved bimodal T2-MRI/FI, and higher 
killing of tumor cells for effective cancer theranostics. 

3. Conclusions and perspectives 

In this review, we have reviewed the recently-developed multi-
functional TNPs – i.e., mesoporous silica nanoparticles, luminescence 
nanoparticles, carbon-based nanomaterials, metal nanoparticles, and 
magnetic nanoparticles – and their use in state-of-the-art cancer 
biomedical applications such as drug delivery, diagnostics/imaging (i.e., 
MRI, PET, SPECT, PAI), and therapeutics (i.e., CMT, PTT, PDT, MHT) 
efficiently and simultaneously. It has been noted from different in-
vestigations that the functionalized TNPs (as compared to non- 
functionalized counterparts) have emerged as potential and smart 
nanomedicines by ensuring better bioavailability, tumor-specific tar-
geting, controlled/triggered (stimuli-responsive) release, and efficient 
cancer theranostic action. Moreover, the functionalization has helped in 
reducing various limitations available in the conventional CMT. 

Though a variety of multifunctional TNPs are being developed and 
applied for cancer treatments throughout the world, a complete alter-
native to CMT or any other conventional cancer treatments has not been 
attained so far. This is mainly due to the barriers like toxicity, bio-
distribution and so on that are associated with the as-developed multi-
functional TNPs. Moreover, there is still a lack of continuous research 
studies that investigate the complete effectiveness of these TNPs in 
different cancer environments –from in vivo to clinical trials. Because of 
this, the clinical translation of cancer treatments via multifunctional 
TNPs is still questionable. However, research work on the TNPs is 
continuously moving forward at a fast pace to overcome the above- 
mentioned challenges to be successfully applied as effective 

nanomedicines for early cancer diagnosis and image-guided treatments 
besides providing an alternative solution to the existing treatment 
modalities. 
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[239] D. Šmejkalová, K. Nešporová, G. Huerta-Angeles, J. Syrovátka, D. Jirák, 
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