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Abstract: Cancer is one of the major leading causes of mortality in the world. The implication of
nanotherapeutics in cancer has garnered splendid attention owing to their capability to efficiently
address various difficulties associated with conventional drug delivery systems such as non-specific
biodistribution, poor efficacy, and the possibility of occurrence of multi-drug resistance. Amongst a
plethora of nanocarriers for drugs, this review emphasized lipidic nanocarrier systems for delivering
anticancer therapeutics because of their biocompatibility, safety, high drug loading and capability to
simultaneously carrying imaging agent and ligands as well. Furthermore, to date, the lack of interaction between diagnosis and treatment has hampered the efforts of the nanotherapeutic approach
alone to deal with cancer effectively. Therefore, a novel paradigm with concomitant imaging (with
contrasting agents), targeting (with biomarkers), and anticancer agent being delivered in one lipidic
nanocarrier system (as cancer theranostics) seems to be very promising in overcoming various hurdles
in effective cancer treatment. The major obstacles that are supposed to be addressed by employing
lipidic theranostic nanomedicine include nanomedicine reach to tumor cells, drug internalization in
cancer cells for therapeutic intervention, off-site drug distribution, and uptake via the host immune
system. A comprehensive account of recent research updates in the field of lipidic nanocarrier loaded
with therapeutic and diagnostic agents is covered in the present article. Nevertheless, there are
notable hurdles in the clinical translation of the lipidic theranostic nanomedicines, which are also
highlighted in the present review along with plausible countermeasures.
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At present, cancer is one of the leading causes of mortality worldwide. As per the
demographic provided by the world health organization (WHO), cancer is accountable
for approximately 10 million deaths in 2020 [1–4]. The emerging area of nanotechnology
has proved very promising in cancer therapeutics [5]. Despite tremendous efforts in the
research area of carcinomas alleviation through nanomedicines, there are a very few approved nanomedicines such as Doxil® , Myocet® , Abraxane® , Depocyt® , Genexol® [5,6].
The FDA-approved Doxil was thought to be a revolutionary lipidic nanomedicine when
it was successfully developed. However, it was demonstrated in a clinical study that it
exhibited poor therapeutic efficacy [7,8]. Harrington and colleagues conducted a study in
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Therefore it was realized that there is a major lacuna in our knowledge of the pathophysiological complexities and heterogeneity of tumor sites that affect the therapeutic
efficacy of nanomedicines. Those patients are not even identified who are likely to benefit
most from given nanomedicine-based chemotherapy [14].
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Then next, the in vivo nanomedicine behavior knowledge is restricted to animal data
and the animal models used do not mimic the actual in vivo conditions [15–20]. Usually, the
NPs targeted for solid tumors after systemic administration are accumulated in the tumor
through the EPR effect. Nevertheless, several crucial aspects related to EPR interpretation
have been greatly overlooked, such as the influence of nanomedicine–protein interaction,
blood circulation, tumor tissue penetration, and tumor cell internalization. Furthermore,
all these biological processes are greatly affected by nanomedicine properties (for example,
size, geometry, surface features) thus there are so many factors governing EPR effects driven
in vivo nanomedicine behavior that cannot be predicted from animal data for humans. To
date, there is not a single model that can completely replicate the entire facets of human
Pharmaceutics 2021, 13, x FOR PEER REVIEW
4 of 24
malignancy [15–17]. This issue can be addressed if diagnosis and therapy can be combined
as one approach in developing lipidic nanomedicines targeting cancers (Figure 2).
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ations from a cancer theranostic perspective (as summarized in Figure 3) [7–9]. Therefore,
in this review, we are concerned with lipidic theranostic for cancer, and we will be focusing on the vesicular or micellar lipidic structures. Different shapes and structures can be
formulated depending on the type of lipidic nanocarrier chosen (as shown in Figure 4). In
nanoemulsions, the theranostic agent and drug are entrapped in oil globules targeted for
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biomarkers such as radioactive substances taken up by tumors and visualized through diagnostic modalities such as Computed Tomography (CT), Magnetic resonance imaging (MRI),
positron emission tomography (PET), and single-photon emission computed tomography
(SPECT) is attaining a lot of attention in oncology these days. Taking into consideration
the phenomenon of tumor metastases on the way to cancer mortality, the combinatorial
approach of diagnosis and treatment that is theranostic will be of substantial importance for
the assessment of EPR and nanomedicine penetration. The clinical translation of anticancer
nanomedicines could see a breakthrough outcome via the introduction of a theranostic
approach that can intently trace the in vivo fate of drugs and assess the progression of
alleviation of human tumors via encapsulated nanomedicines [18–21].
Therefore, the diagnosis in combination with therapy is quintessential for embarking
on a level of cancer treatment that could offer highly efficacious clinical outcomes. In this
review, an insight of a combination of therapy and diagnosis, which is called theranostic, is
provided, covering the brighter prospects and the challenges accompanied with it. The
lipidic nanomedicine-based theranostic is also the highlight of this present review. A
comprehensive account of different research updates in the field of lipidic nanocarrier
loaded with diagnostic agents is envisaged. Nevertheless, there are notable hurdles in the
clinical translation of the lipidic theranostic nanomedicines, which are also discussed in
the upcoming section of the present review.
2. Significance of Lipid-Based Theranostic Nanoparticles in Cancer Therapy
Early detection of carcinomas is of great pertinence for their successful alleviation.
Firstly the diagnosis of the type of tumor, its metastatic state, and the patient history need to
be identified to initiate the appropriate therapy. Here theranostic plays a crucial role. Once
correctly and profoundly diagnosed, then the nanomedicine-based therapy could be started
relevantly. However, the monitoring of the in vivo fate of nanomedicine is a vital aspect of
assessing the progression and efficacy of cancer therapy. That is why co-encapsulation of
imaging agents and drugs in a single nanocarrier system could contribute significantly in
assessing the progression of treatment and exact and precise state of the response of cancer
towards provided therapy [21–23].
Theranostic nanomedicine could be prepared in multiple manners. The lipid nanocarriers have been proven superiority over polymeric and inorganic nanoparticles in terms
of biocompatibility, safety, and biodegradability besides other beneficial considerations
from a cancer theranostic perspective (as summarized in Figure 3) [7–9]. Therefore, in
this review, we are concerned with lipidic theranostic for cancer, and we will be focusing
on the vesicular or micellar lipidic structures. Different shapes and structures can be
formulated depending on the type of lipidic nanocarrier chosen (as shown in Figure 4). In
nanoemulsions, the theranostic agent and drug are entrapped in oil globules targeted for
specific tumor sites. In liposomes, imaging agents can be encapsulated with drugs either in
an aqueous core or bilayer lipidic shell. In solid lipid nanostructure (SLN), the imaging
agent is intercalated in the solidified lipid matrix. Whereas, in nanostructure lipid carrier
(NLC), the drug and the imaging agent are dispersed in the imperfections of oil and solid
lipid hybrid matrix. However, optimizing lipid theranostic nanomedicines with balanced
size, shape, polydispersity index, surface charge, and stability, is a challenging task in itself
that we will discuss in detail in later sections.
The imaging agent that is incorporated with the drug in lipidic vesicles must possess
great compatibility with conventional diagnostic techniques such as X-ray, ultrasound
(US), CT, MRI, PET, or SPECT [24]. The contrasting agents used in theranostic usually
include metals or inorganic agents (such as iron oxide) as they exhibit free electrons whose
excitatory phase can be used as imaging modalities (MRI). Different semiconductor-based
nanoparticulate systems (such as quantum dots) of colloidal dimension are also being
extensively employed in in vivo diagnostics [25]. Fluorescent silicon nanoparticles are also
employed as an imaging agent for foreseeing in vivo prospects [26].
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MRI is one of the most commonly used diagnostic modalities, which depends upon
mobile protons of water molecules for detecting signals. The MRI images can be perceived
via proton concentration in body tissues or else via their longitudinal and transversal
relaxation times, T1 and T2, respectively. A plethora of contrast agents are being used for
MRI. Amongst them, fluorine-containing contrast agents have garnered splendid attention.
Owing to its excellent magnetic property, 100% natural abundance, one-half spin, sensitivity,
and gyromagnetic ratio comparable to a proton, fluorine has become the contrast agent of
choice for MRI. Furthermore, with 19 F in vivo tracing and imaging can be accomplished
without any background signals created by endogenous fluorine. Nonetheless, there has
been a limitation with fluorine as its large concentration (10–50 millimolar) is needed for
adequate signal intensity in comparison to other contrast agents [27].
The promising combination of imaging along with nanomedicine-based therapy has
the extremely worthy potential of overcoming the pathophysiological hurdles that undermine the efficiency of cancer therapy. The simultaneous examination of nanomedicine reach
to tumor cells, amount of drug release, off-site tumor drug distribution, and uptake via host
immune system are those aspects, which can tremendously affect the therapeutic outcome.
Until recently, the lack of interaction between diagnosis and treatment has hampered
efforts to deal with cancer effectively. This new paradigm with simultaneous multifunctionality of imaging (with contrasting agents), targeting (with biomarkers), and delivering
Pharmaceutics 2021, 13, x FOR PEER REVIEW
5 of 24
chemotherapeutic agents in one lipidic nanocarrier system seems to be very promising in
overcoming various hurdles in effective cancer treatment.
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Figure 3. Potential advantages of different types of lipidic formulations in cancer theranostic.
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3. Different Types of Lipid Nanoparticles for Cancer Theranostics: An Update of
Recent Studies
Biocompatibility and safety are the major reasons for choosing a lipidic nanocarrier
system as cancer theranostic in this review. Certainly, prolonged in vivo circulation halflife, high encapsulation capacities for drug and imaging agents, substantial accumulation
at tumor sites, and improvisation susceptibility for multiple functioning are the other
significant advantages with lipidic nanocarrier system [28–30]. Lipidic nanocarriers have
their own sets of advantages, which give them an edge over other nanoformulations.
Recent research studies demonstrated lipidic theranostic nanomedicines to be a promising
and potential approach for raising the efficacy of cancer treatment to a hallmark level, as
discussed hereunder. The different lipidic nanocarriers include liposomes, nanoemulsions,
SLN, NLC, and lipid nanocapsules. However, advanced lipidic nanocarriers such as SLN
and NLC are still unexplored for cancer theranostic as there are very few studies conducted
thus far.
3.1. Nanoemulsion
Nanoemulsions have gained huge attention for the efficient delivery of lipophilic
anticancer drugs. The nanometric size, large surface area, thermodynamic stability, high
drug loading capacity, easy scalability, biocompatibility, favorable drug release profile
are the characteristic attributes of nanoemulsion that make it worthy of profound exploration in chemotherapeutics [31,32]. The nanoemulsions, mostly oil-in-water types, are
optically transparent colloidal dispersion constituted of oil and water, wherein surfactants
and co-surfactants create a stable coating over the dispersed droplets to form a physicochemically stable nanoformulation [32]. The excipients of nanoemulsion are generally
recognized as safe (GRAS) grade making the formulation highly safe to administer with
improved bioavailability and therapeutic efficacy. Different strategies have been reported
of late, wherein contrast and chemotherapeutic agents are entrapped in nanoemulsion for
selectively targeting tumor microenvironment (TME) for both diagnostic and therapeutic
drive [33–37]. Nonetheless, there are many obstacles in their journey from animal models
to afflicted cancer patients, including firstly physicochemical stability of theranostic na-
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revealed in the melanoma cancer xenograft model, developed nanoemulsion can be efficiently used as an activatable nanoprobe with improved sensitivity of multimodal imaging
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for tumor recognition [39]. One more very interesting attempt was made by Fernandes
and Kolios 2019, to increase the selectivity and targeting of nanomedicine for substantially
afflicting cancer cells without causing any harm to nearby cells and off-tumor areas [40].
The fabricated perfluorohexane nanoemulsions possess the ability to selectively target
cancer cells as these nanoparticles carry therapeutic agents, which have slow release rates
and become vaporized into perfluorohexane bubbles without any rise in temperatures
that could affect normal cellular function. Their ability to use higher concentrations of
theranostic agents could be of significant advantage in improving therapeutic efficacy and
imaging ability in clinical applications. In this study, the ability of nanoemulsions to cart
therapeutic agents, doxorubicin, and paclitaxel, specifically for the treatment of breast
cancer, was investigated. The study outcome revealed that perfluorohexane nanoemulsion
could be efficiently internalized in cancer cells and could cause significant cell death. The
developed nanoemulsion with concurrent laser excitation capability exhibited tremendous
potential for destroying all tumor cells and emerging as a competent theranostic agent
for averting the growth of cancer cells [40]. Furthermore, Zheng and associates, 2019
fabricated a novel nanoemulsion with a porphyrin shell (NewPS), and it was the simplest
yet multifunctional nanoemulsion system developed thus far [41]. The porphyrin salt shell
permitted the encapsulation and stabilization of the oil core, yielding a monodisperse,
spherical nanostructure with excellent colloidal stability. The inherent multimodality of
porphyrins enabled the multifunctionality of NewPS for imaging and phototherapy. Moreover, the oily core felicitates the efficient loading of hydrophobic anticancer molecules. The
study established formable and intelligible, surfactant-free nanoplatforms for theranostic
cancer applications. This novel two-component NewPS served as an innovative avenue for
multimodal cancer imaging, phototherapy, and image-guided drug delivery [41].
In light of such studies, it is anticipated that nanoemulsions-based theranostic could
offer promising opportunities in cancer treatment.
3.2. Liposomes
Liposomes stand tall in the crowd of conventional lipidic nanocarrier systems owing
to their inimitable characteristic attributes. Their unique structure comprised of unilamellar
lipid bilayers that nest an aqueous core offers great flexibility of easy incorporation of
multicomponent. It also provides an option for both hydrophilic and lipophilic chemotherapeutic drugs and contrast agents. Besides biocompatibility, safety, biodegradability aspects,
liposomes also offer an enormous scope of surface improvisation for selectively targeting
tumor cells [42]. Recent literature highlights that liposomes have been amongst the topmost
area of active research of cancer theranostics. At present, they are being largely investigated for incorporating and targeting cancer via contrast agent such as 64 Cu [43] and 14 C
isotopes [44], QDs [45], gadolinium (Gd)-based contrast agents [46], super paramagnetic
iron oxide particles (SPIONs) [47], and fluorescent probes [46,48].
The upcoming section will throw light upon the latest research studies that have confirmed the substantial potential of liposomes as cancer theranostic that could be successfully
taken to clinics.
Prasad and associates 2021; fabricated liposomal nanotheranostics in which gold
nanoparticles (AuNPs) and emissive graphene quantum dots (GQDs) were encapsulated
along with a chemotherapeutic agent [49]. The surface of the liposome was functionalized
with folic acid for targeted delivery. The prepared targeted liposomal theranostic demonstrated site-specific tumor diagnosis and photo-triggered tumor extirpation. The study
outcome confirmed specific and enhanced cellular uptake, prolonged internalization in
tumors, and substantial contrasting and therapeutic efficacy of nanotheranostic liposomes
with dual imaging probes. The synergistic effect of anticancer drugs and photothermal
effect exhibited superior tumor impedance, in contrast, to stand-alone therapy. Moreover,
these multicomponent loaded liposomes have good colloidal stability, biocompatibility,
and biodegradability as demonstrated in in vivo imaging. Therefore the developed nano
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hybrid liposome nanotheranostic served as a safe and tremendously potential platform for
multifunctional tumor diagnosis and targeted therapy [49].
Furthermore, Karpuz and associates 2020, investigated the in vivo therapeutic prospect
and contrasting efficacy of paclitaxel and vinorelbine loaded, Tc-99m radiolabeled, folate
targeted nanosized liposomes [50]. The study outcomes demonstrated targeted delivery of
chemotherapeutic agents, which got efficiently lodged in tumor vasculature and resided
there for a prolonged time, causing substantial reduction of tumor growth. The in vivo
images confirmed mitigated off-site accumulation and toxic effect of liposome theranostic
nanomedicines [50].
In another interesting research study, a very serious issue of brain metastasis (BM) and
tyrosine kinase inhibitor (TKI) resistance that are the two major challenges in non-small
cell lung cancer (NSCLC) treatment were addressed [51]. Yin and associates designed a
dual-targeting liposomal system for co-delivery of gefitinib and simvastatin to treat BM of
NSCLC. The study confirmed via fluorescence imaging that dual-targeted liposome could
efficiently cross the blood–brain barrier and is highly capable of reversing drug resistance.
Therefore, the developed liposomal formulation represents a potential strategy for treating
advanced NSCLC patients with BM [51].
Bush and coworkers 2020 also came up with an interesting concept of acoustic cluster
therapy (ACT) that constitutes of co-administration of a formulation containing microbubble constellations, along with regular anticancer drug and local US insonation of the
targeted tumor tissue. The microbubble cluster efficiently resided in the tumor’s microvasculature [52]. The therapeutic efficacy of ACT with liposomal doxorubicin for the
treatment of triple-negative breast cancer using orthotopic human tumor xenografts in
athymic mice was assessed. The study outcome established substantial increase in the
therapeutic efficacy of Doxil® when combined with ACT [52]. Another crucial study that
encourages the concept of application of liposome in cancer theranostic was conducted
by Prabhakar and Banerjee 2019 [53]. They formulated submicron-sized (528.7 ± 31.7 nm)
nanobubble-paclitaxel liposome (NB-PTXLp) complexes for ultrasound imaging and ultrasound responsive drug delivery in cancer cells. The concept resulted in more than 300-fold
higher anticancer activity of NB-PTXLps in the presence of ultrasound in MiaPaCa-2, Panc1, MDA-MB-231, and AW-8507 cell lines, in contrast to commercial formulation Abraxane® .
Therefore, the novel NB-PTXLps served to be a promising and triflingly invasive theranostic
scaffold for cancer therapy in the forthcoming scenario [53].
The research studies discussed in this section undoubtedly unveiled enormous opportunities to facilitate the targeted chemotherapeutic delivery with concomitant in vivo imaging utilizing liposomes. Further research is envisaged to take these studies to clinical trials.
3.3. Solid Lipid Nanoparticles (SLN)
The second-generation lipid nanocarrier includes SLN, which are spherical colloidal
nanoparticles with a solid lipid core comprised of waxes, triglycerides, fatty acids, and
are stabilized by surfactants. Their size usually falls within the 50–100 nm range and is
exclusively known for their biocompatibility, higher susceptibility of lymphatic uptake, and
sustained drug release [54,55]. In cancer, alleviation chemotherapeutics loaded SLN is very
promising [54–56]. Nonetheless, they are capable of efficiently carrying contrast agents
along with anticancer drugs and provide simultaneous treatment and diagnosis, as evident
in outcomes of recent research studies. Kuang and coworkers have demonstrated in their
study that solid lipid nanoparticles (SLNs) conjugated with c(RGDyK) were designed
as efficient carriers to improve the targeted delivery of IR-780 to the tumors [57]. The
multifunctional cRGD-IR-780 SLN significantly improved the tumor-specific targeting,
efficacy of photothermal therapy along with spontaneous imaging of in vivo journey of
SLN incorporated IR-780 iodide nanomedicine [57].
SLNs have been investigated for integrating many contrasting agents, particularly superparamagnetic iron oxide [58], technetium-99 (99 mTc), 64 Cu [59], and quantum dots [60,61].
Very recently, a research study came up with SLN cancer theranostic wherein SLN was
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encapsulated with QD as a contrast agent [54,62]. The chemotherapeutic agent was the
combination of Paclitaxel and siRNA. The solid lipid matrix was interspersed with paclitaxel and QD whereas siRNA, which was anionic, was electrostatically linked on the
outer cationic surface. The combination of dual therapeutic agent paclitaxel and siRNA
loaded in SLN got efficiently accumulated in lung carcinoma and exhibited synergistic
anticancer activity. Importantly QD fluorescence in SLN made it possible to track higher
in vivo cellular uptake of SLN on-site and mitigated uptake at off-site cancer cells. This
study confirmed the potential theranostic applicability of SLN as a nanocarrier [54,62].
In another interesting research study, Morel and associates have revealed the successful
integration of gadolinium (Gd) (III) complexes in SLN that would be contributing as an
efficient and favorable oral contrast agent for MRI [63]. The percentage of Gd (III) complex
entrapped in SLN was substantially higher as confirmed by average longitudinal relaxivity
for Gd (III) complex in SLN system and pure water (25 ◦ C, pH 7, 20 MHz) [63].
Another research study conducted by Andreozzi and associates is clear evidence of
the multifunctional theranostic ability of SLN [59]. They radiolabelled SLN with 64 Cu
and assessed its bio-distribution by in vivo quantitative assessment, PET imaging, and ex
vivo gamma counting. The study outcomes validated the simultaneous in vivo imaging
and tumor ablation potential SLN theranostic, which is also safe, biocompatible, and
biodegradable [59].
The research studies conducted thus far are very limited in numbers, and several
other important aspects of SLN also need profound exploration from a cancer theranostic
perspective, such as stimulation of lymphatic absorption by SLN. Whatever literature we
have discussed can corroborate the efficient in vivo imaging and drug delivery utilizing
SLNs along with the safe theranostic application, biocompatibility, and biodegradability, of
developed nanomedicine. The results established that the SLN theranostic nanoformulation
developed is optimistic for hallmark contribution in the field of cancer treatment with
simultaneous diagnosis.
3.4. Nanostructured Lipid Carriers (NLC)
NLC is a smart next-generation nanocarrier with a unique hybrid matrix of solid and
liquid lipids stabilized by surfactants. The imperfect crystalline or amorphous structure
possesses an enormous potential of high drug loading and improvised drug release. Latest
research studies indicate the promising role of NLC in cancer theranostic. Of late, Li and
coworkers successfully developed a multifunctional nanocarrier of Coumarin 6 fluorescent
dye and IR 780 encapsulated CXCR4-targeted NLCs for breast cancer alleviation also
employing photodynamic therapy [64]. The developed system proved to be highly efficient
in debilitating tumor progression and metastasis and concurrently allowing imaging [64].
Olerile and coworkers prepared a NLC loaded with QD and paclitaxel that was highly
capable of monitoring and tracking tumor growth and simultaneously impeding tumor
cells in the murine tumor model of hepatocellular carcinoma [65]. Researchers confirmed
the great cancer theranostic potential of NLC as it was efficiently enabling targeted delivery
with concomitant in vivo imaging [65].
Another very promising approach in the area of cancer theranostic utilizing NLC
was reported. Camptothecin encapsulated-NLC was formulated conjoined with QD and
fluorescent imaging probes that were capable of detecting the lodging, internalization,
cytotoxicity, and biodistribution of NLC nanomedicine [66]. The study outcome established
that NLC coordinated with QDs and an anticancer drug offered efficient tumor imaging and
drug delivery and such accomplishment with a novel nanocarrier system was remarkable
and worth mentioning here [66].
An interesting attempt was made to deliver paclitaxel-loaded NLC with folic acid
dispersed hybrid lipid matrix [67]. The paclitaxel-loaded NLC was radiolabeled with
99m Tc(CO)3+ . Due to the imperfection in a matrix structure, too many components were efficiently loaded in NLC as reflected by in vitro stability of developed formulation, which was
up to the mark (>90%). Results indicated that 99m Tc(CO)3+ -radiolabelled paclitaxel NLC
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was capable of identifying folate receptors overexpressed in tumor cells. The developed
formulation was successfully localized at the specific targeted tumor areas without any
off-site distribution and the uptake by RES on intravenous administration. The concurrent
imaging efficiently depicted the in vivo fate of paclitaxel-loaded NLC that is very much
desirable for an optimal therapeutic implication [67].
As the data concerning NLC theranostic for cancer is very restricted, there is a
great need for a lot more investigation to be envisaged to explicitly explore multiple
beneficial aspects of advanced lipid nanocarrier and pave the way for their successful
clinical translation.
3.5. Lipid Nanocapsules (LNCs)
LNCs are also amongst the next-generation lipid nanocarrier systems with lipoproteinlike structures whose size falls within 1–100 nm. The structure of LNCs is a blend amidst
polymeric nanoparticles and liposomes as they have an oily core with an exterior built
of a tensioactive rigid membrane. LNCs are a novel lipid nanocarrier system and can be
prepared via phase inversion of emulsions and organic solvent-free-based procedures [68].
Nevertheless, researchers consider LNCs as an optimistic platform for cancer theranostic as well. A very recent study further confirmed the promising outlook of LNCs
in cancer theranostic. To selectively target tumor cells, QDs-based lipid nanocapsules
(LNCs) encapsulated with celecoxib, and honokiol were designed and investigated. The
study outcome revealed efficient accumulation and intracellular uptake of LNCs in tumor
cells, and their internalization was progressively traceable via fluorescence restoration.
The LNCs established highly improved and superior anticancer efficacy of LNCs against
breast cancer cells. The developed system could be applied as a potential multifunctional
nanotheransotic for imaging and targeted therapy of breast cancer [69].
3.6. Lipid-Based Micelles
Lipid-based micelles are the spherical structure of lipid molecules, in which they
aligned themselves in aqueous solutions. This class of lipid nanocarrier system is unexplored to date, but it could also serve as a potential and promising therapeutic cum
diagnostic nanomedicine for cancer treatment. In a study, Ma and coworkers developed
a lipid-based micelle encapsulated with docetaxel (M-DOC) that possessed marked anticancer efficacy and mitigated toxicity in the xenograft breast cancer model [70]. The
lipid-based micelles need to be duly explored for their cancer theranostic potential in the
near future.
Table 1 enlists the different lipidic nanomedicine investigated for the theranostic applications in cancer and summarizes their theranostic outcomes in different experimental models.
Table 1. Theranostic application of lipidic nanomedicines for cancer therapy.
Lipidic Nanocarrier

Chemotherapeutic
Agent

Diagnostic Agent/Modality

Experimental
Model

Theranostic Outcome

Ref.

PDT

fluorinated cryptophane-A and
porphyrin self-assembled onto the
surface of fluorinated
nanoemulsions-19 F MRI and
fluorescence imaging

Xenograft A549
tumor mice.

A high therapeutic efficacy; low
toxicity;
high tumor
accumulation of nanoemulsion

[38]

PDT

Fluorescence probe/photoacoustic/19 F
magnetic resonance multimodal

A375 melanoma
xenograft model

The remarkable efficiency of PDT on
hypoxic solid tumors via a single
injection of the drug; outstanding
diagnostic ability

[39]

Doxorubicin and
Paclitaxel

Perfluorohexane (PFH) vaporized
bubbles as an Ultrasound contrast agent

MCF-7 cells

Markedly enhanced PFH-NEs
targeting and lodging in tumor region
with simultaneous treatment
monitoring.

[40]

Paclitaxel and PDT

Porphyrin NE shell-based photoacoustic
imaging and
fluorescence imaging; CT contrast

Mice bearing
tumors

multimodal cancer imaging,
highly efficient phototherapy and
image-guided drug delivery

[41]

Nanoemulsion
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Table 1. Cont.
Lipidic Nanocarrier

Liposomes

Chemotherapeutic
Agent

Diagnostic Agent/Modality

Experimental
Model

Theranostic Outcome

Ref.

Doxorubicin HCl

gold nanoparticles (AuNPs) and
emissive graphene quantum dots
(GQDs)

Breast
tumor-bearing
mice models

specific and enhanced cellular uptake,
prolonged internalization in tumor
and substantial contrasting and
therapeutic efficacy

[49]

Paclitaxel and
vinorelbine

Tc-99m radiolabeled

NSCLC
tumor-bearing
C57BL/6 mice

Effectively inhibited tumor growth
completely restricted lung metastasis

[50]

Gefitinib and
simvastatin

Fluorescence imaging

Brain Metastasis
(BM) mouse model
developed by
intracranial
transplant of the
H1975 NSCLC cells

Efficient permeation across the
blood–brain barrier and high
capability of reversing drug
resistance.

[51]

Doxorubicin

Acoustic cluster therapy (ACT);
Ultrasound insonition

orthotopic human
tumor xenografts
in athymic mice

Substantial increase therapeutic
efficacy of Doxil® when combined
with ACT

[52]

Paclitaxel and
ultrasound
responsive drug
delivery

Ultrasound imaging

MiaPaCa-2, Panc-1,
MDA-MB-231, and
AW-8507 cell lines

300-fold higher anticancer activity in
contrast to ABRAXANE.

[53]

Paclitaxel and
siRNA

Quantum dots

A549 cancer cells

Efficient in situ
visualization of intracellular
translocation of SLNs into cancer cells.

[54,
62]

SLN
64

NLC

Lipid-Polymer
Hybrid

Mice

Cu-radiolabelled SLN and their
biodistribution was efficiently
quantitatively evaluated

[59]

Paclitaxel

Quantum dots

HepG2
cells/Female
Kunming mice

Imaging established splendid
capability of the co-loaded NLC to
specifically target and detect the H22
tumor.

[65]

IR 780 and
Photothermal
therapy

fluorescent probe coumarin 6

4T1-luc cell line in
BALB/c female
mice

Notably enhanced photothermal
anti-tumor effect as well as
anti-metastatic efficacy in vivo

[64]

Camptothecin

Quantum dots

Melanoma cells

camptothecin accumulation in
melanomas increased by 6.4-fold

[66]

Wistar Albino rats.

Substantially high cellular uptake and
concurrent imaging

[67]

fluorescent mercaptopropionic
acid-capped cadmium telluride was
coupled with quantum dots as an
imaging probe

human breast
cancer cells: MCF-7
and MDA-MB-231;
EAT model

Highly improved and superior
anticancer efficacy; Efficiently
traceable LNC internalization

[69]

(glutathione (GSH)-sensitive platinum
(IV) for Ultrasound imaging

αvβ3and αvβ5-positive
SKOV3 human
ovarian tumor cells
and αvβ3- and
αvβ5-negative
A2780 human
ovarian
tumor cells

Significant therapeutic efficacy and
limited side effect

[71]

99m

Paclitaxel

Lipid nanocapsule

64

Cu, PET imaging, and ex vivo gamma
counting

Celecoxib and
honokiol

Platinum (IV)
(Pt(IV)) prodrug

Tc(CO)3+

4. Advancement in Lipid-Based Nanoparticles for Cancer Theranostics
4.1. Polymer-Lipid Hybrid System
Lipid polymer hybrid is next-generation lipid nanocarriers and has obtained its
foundation from the amalgamation of liposomes and polymeric nanoparticles. They have
a polymeric core enclosed by a lipid bilayer shell kind of structure. Many researchers claim
it to be a very promising nanocarrier for anticancer drug delivery, however, its potential is
not duly tapped and remains unexplored to date. In recent research, Huang and associates
developed multifunctional tumor-targeted polymer-lipid hybrid nanoformulation, which
was loaded with ultrasound contrast agents (glutathione (GSH)) and prodrug (Pt(IV))
for targeted delivery of theranostic nanomedicine against ovarian cancer. The nanosized
formulation was composed of a perfluorohexane (PFH) liquid core, a hybrid lipid-polymer
shell, and an active targeting ligand, which demonstrated improved cellular uptake. The
study findings established Pt(IV) encapsulated lipid-polymer as a novel multimodality
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platform exhibiting excellent anticancer activity and substantially reduced toxicity and
signifying a powerful theranostic nanomedicine for combating ovarian cancer [71]. The
research outcome encourages further exploration of this class of lipidic nanocarriers to be
envisaged for beneficial prospects in the field of cancer theranostic.
4.2. Endogenous High-Density Lipoprotein Derived Nanoparticles
Nanocarrier systems comprising endogenous high-density lipoprotein (HDL) could
emerge as potential lipidic nanocarrier-centered cancer theranostic options owing to their
non-immunogenicity, complete biodegradation, and infrequent reticuloendothelial system
(RES) uptake [72–74]. HDL-like peptide- phospholipid nanovesicles (HPPS) imitate the
structural and functional attributes of plasma-derived HDL [74–77]. He and coworkers
recognized a TfR mAb (monoclonal antibody) tailored nanomedicines for improved tumor
targeting. They demonstrated that drug entrapped HPPS based nanomedicines adapted
with explicit ligands could muddle to receptors on the surface of tumor cells, resulting
in the accretion of nanomedicines on the exterior surface of targeted cells [75–90]. It was
concluded that developed HPPS based nanomedicine holds the potential to strengthen
targeting to tumor cells and attains favored recognition by specific antibodies in a complex
biological setting [91]. Such intricately woven novel research concept needs to be brought
forth and encouraged thus that these kinds of potential research perceptions can be multiplied. Huge benefits can be extracted from such studies for accomplishing successful
targeting of lipidic cancer theranostic nanomedicine.
Fayad and coworkers presented very interesting work on HDL-based multimodal
nanotheranostic for targeting and imaging tumors [92]. The developed HDL nanoparticles
got non-selectively accumulated and selectively binding to angiogenic active blood vessels.
For targeting such angiogenic endothelial cells, HDL was reconstituted with gadolinium
chelates and fluorescent dyes, and their surface was functionalized with αvβ3-integrinspecific RGD peptides. The incorporation of such peptides felicitated uptake of HDL-based
nanoparticles by angiogenic endothelial cells as visualized in MRI after administration
of developed nanoparticles in tumor-bearing mice. The study findings demonstrated
the substantial possibility of redirecting HDL from their natural route towards tumorridden blood vessels along with successful imaging and tracing of an entire pathological
process [92].
4.3. Hybrid Lipid-Inorganic Nanomaterials
Most recently, there has been a paramount focus shifted towards an exploration of hybrid lipid-inorganic nanomaterials, which combine and multiply the desirable attributes of
both classes of nanocarriers, including lipidic nanocarriers and inorganic nanoparticles. The
lipid nanocarrier system employed for such application includes liposomes, nanoemulsion,
solid lipid nanoparticles, and lipoproteins. In contrast to singly functionalized counterparts,
this hybrid multifunctional system offers many beneficial outcomes in cancer theranostic
such as stimuli-triggered anticancer drug release, photothermal therapy, and bioimaging. The internalization of inorganic material inside the lipid nanocarrier governs their
functional aspects as there are different spatial lodging based on the structure of lipidic
assemblies. The inorganic material can reside in the surface coating of lipid nanocarriers as
surface-bound nanomaterial, or it can be lodged in bilayer lipids lamellae in liposomes,
and certainly, the inorganic material can also be internalized in the core structure of lipidic
nanocarrier [93]. A plethora of investigational studies are reported in which gold (Au) was
used as an inorganic nanomaterial for preparing hybrid lipid-inorganic nanoparticles for
cancer theranostic. The considerably low toxicity, ease of improvising surface chemistry,
tunable size and shape, and substantial electronic property make Au a metal of choice for
preparing inorganic nanoparticles and their hybrid lipid nanoformulations that have great
potential for bioimaging site-specific drug release, and photothermal cancer therapy [93].
Other potential inorganic materials that have been explored for preparing hybrid lipidinorganic nanomaterial include silver and palladium nanoparticles. In addition, one of
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the most commonly used approaches include SPIONs, which are ideal contrast agent for
MRI owing to their biocompatibility and distinctive magnetic properties [94]. Moreover,
the potential of semiconducting nanoparticles (QDs) is becoming widely accredited in
bioimaging as optical probes over conventional organic dyes [95].
The recent study findings focusing on hybrid lipid-inorganic nanomaterials are clear
evidence of their potential in cancer theranostic. In a study, Kang and Ko have developed a
hybrid lipid inorganic nanomaterial by efficiently incorporating docetaxel in Au nanoparticles and then encapsulating this Au nanoparticle in thermosensitive phospholipid lipid
bilayer coating [96]. The outcome of the study established enhanced cellular uptake, internalization, and cytotoxicity of hybrid lipid inorganic nanoformulation in comparison
to uncoated drug-loaded Au nanoparticles. The study findings strongly encourage the
implication of drug-encapsulated lipid-coated anisotropic nanoparticles for amplifying
therapeutic prospects of chemotherapy [96]. The recent research concluded the feasibility of breast cancer cell detection via conformance of the inorganic metal-nanoemulsion
hybrid [97]. An improvisation was made in perfluorocarbon or QD nanoemulsions by incorporating N-hydroxysuccinimide modified phospholipids in the surfactant formulation, as
this would enable conjugation of prepared hybrid QD nanoemulsion with the amine groups
in antibodies. Such antibodies targeting growth factors are overexpressed in human breast
cancer cells, which would be easily able to bind with nanoemulsions. The research study
demonstrated the selective linking of hybrid nanoemulsion with its target breast cancer
cell line [97]. Interestingly, low-density lipoprotein (LDL) encapsulating Au nanoparticles
were explored for their biolabeling capability [98]. Administration of dodecanethiolcapped
Au nanoparticles loaded LDL in mice with B16-F10 tumor resulted in selective uptake
by tumor-associated macrophages that play a vital role in metastasis of tumor cells. The
study findings confirmed the substantial potential of hybrid Au-LDL nanoformulation in
in vivo tracking and treating of tumors without causing off-site damage [98]. In another
study by Bao and coworkers, hybrid liposome nanoformulation wherein paclitaxel Au
nanoparticles were embedded in its bilayer lipid lamellae demonstrated remarkably prolonged release rate and extended circulation time. The hybrid exhibited notable potential
for enhancing the therapeutic efficacy of incorporated anticancer agents [99]. Mounting
evidence has elucidated the potential of palladium nanoparticles as contrast agents for
photothermal and anticancer therapy. Nevertheless, research works focused on hybrid lipid
assemblies incorporating such palladium nanoparticles established excellent anticancer
activity as well as site-specific uptake and internalization of a therapeutic agent through
these hybrids [100,101]
Certainly, there are serious toxicity concerns with the use of inorganic nanomaterial.
For example, oxidation of silver (Ag) to toxic Ag+ ion in biological milieu can cause toxic
effects that must be controlled. Here hybrid lipid encapsulation could come to the rescue
of such lethal transformation. By tuning the lipidic membrane composition, the release of
Ag+ ions can be prevented. Moreover, studies have established that the physicochemical
features, size, shape, surface, coating, surface area contribute significantly in dictating the
hybrid lipid inorganic nanomaterial toxicity and its biological interactions [102]. Therefore,
skillfully designed hybrid lipid inorganic nanomaterial exhibits the potential of overcoming
the toxicity issue of incorporated metals.
4.4. Cancer Tumor Cell Targeting Theranostic Vector
At present, the active area of targeting circulating tumor cells (CTC) via theranostic
vectors before the homing and progression of carcinomas is largely explored for improving
cancer therapeutic intervention. The CTCs are those cells that are detached from primary
solid tumors and traverse through blood and lymph to form secondary tumors [103]. Therefore, detection and targeting of CTC may result in early diagnosis and prevention of cancer
and its metastasis. Determination of CTC concentration in blood could provide valuable
information about the diseased state [103]. Therefore, estimating CTC concentration would
contribute significantly in monitoring remission and relapse and assessing response to
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chemotherapy [103]. In a study by Bhattacharyya and associates, antibody-targeted Au
nanoparticles were employed for CTC detection in breast cancer cell line T47D [103]. The
study outcomes established Au nanoparticles as a promising approach for detecting and
capturing CTC in a photoacoustic flowmeter. The study findings established an abundant
scope of diagnosis of disease at an early stage in various solid tumors and its successful
treatment. Such encouraging findings mark a new paradigm for cell-specific molecular
analysis for individualized cancer therapy via capturing of CTC [103].
5. Impact of Physicochemical Attributes of Lipid Nanoparticles in Improving In Vivo
Performance of Cancer Theranostics
A recent study conducted by Tahmasbi and associates established that physicochemical facade, predominantly shape and size, greatly influences the efficiency of the lipidic theranostic nanomedicines [104]. Mounting literature confirmed that spherical nanomedicines
having a diameter within 20−100 nm lead to optimal tumor accretion owing to the EPR
effect. However, dissimilar EPR attributes have been testified owing to nonspherical
nanostructures (i.e., nanorods) [104,105].
The EPR effect refers to the selective buildup of lipidic theranostic nanomedicine at the
tumor locations through extravasation via endothelial cells from the dripping vasculature.
Accounting to the recent evidence, the physicochemical attributes of the lipidic theranostic
nanomedicine comprising size, shape, charge, etc., possess greater potential in dictating
tumor accumulation in contrast to active targeting on the exterior of nanomedicines [105].
Consequently, lipidic theranostic nanomedicine can be formulated for targeted tissues
as well as for non-specific cell absorption by optimizing their physicochemical properties in the absence of targeted ligands [105]. Lately, it has been verified that shape
greatly impacts cellular uptake [106,107]. Myriads of studies confirmed the diversified
morphology-dependent anticancer efficacies for the same chemical compositions [108,109].
For the discoidal shape of lipidic nanomedicine having sizes <50 nm, tumor accumulation
efficiency is not explored until recently [110–113]. For lipidic theranostic nanomedicine
greater than 100 nm, needle-like rods have shown the maximum cellular uptake, trailed by
shapes such as spheres, cylinders, and cubes, as evident in supporting studies [104,105].
For sub-100 nm lipidic theranostic nanomedicine, spheres demonstrated enhanced uptake
by tumor cells over rods [104,105].
Nonetheless, the fluidity of lipid membranes can fluctuate with charge (negative or
positive) and may persuade local gelation [104]. Neutral and slightly negative lipidic
theranostic nanomedicine are found to maintain the longest half-life in blood [104,112,113].
Lipidic theranostic nanomedicine that has a positive charge could ensue the issues of
platelet aggregation and hemolysis [104,112,113]. The competence of such a platform
to fine-tune surface charge is another benefit in addition to size and shape adjustment
that plays a crucial role in improvising biological behavior and clinical outcomes of lipid
theranostic nanomedicines [104].
The absence of specificity with inactive targeting determined by the nanosize of lipidic
theranostic nanomedicine has restricted efficiency. Mounting literature revealed that active
targeting to the tumors might augment the intracellular uptake and lessen the lipidic
theranostic nanomedicine’s spread in healthy tissues. A rational approach to attain this
objective is to exploit specific interactions between the targeting molecules on the lipidic
theranostic nanomedicine’s surface and overexpressed receptors of the cancer cells. Few
ligands, namely transferrin, and folate can considerably enhance site-specific targeting [104].
Predominantly, folate has emerged as one of the targeting ligands for selective delivery of
involved diagnostic and therapeutic agents owing to the overexpressed folate receptor (FR)
in a myriad of tumor tissues, including kidney, lung, ovarian, cervical, breast, epithelial,
brain and colon tumors, whereas limited in healthy organs and tissues. Folic acid being
nonimmunogenic, unchanging over wide ranges of temperatures and pH values, can bind
to the folate receptor after pairing with drugs or imaging markers. Consequently, folic acid
has been extensively used as targeted therapy in cancers on account of its high binding
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affinity to FR, simplicity of conjugation to different lipidic theranostic nanomedicine, and
the widespread distribution of FR in a substantial portion of human cancers [104]
6. Limitation of Lipid Nanoparticles-Based Cancer Theranostics
The major limitation with lipidic nanoparticles is their tendency to fuse, especially if
the size of prepared nanoformulation is below 100 nm [114]. The fusion, in turn, results
in increased non-uniformity and dispersity in size and escape of encapsulated contents
from the lipid vesicles [114]. However, this issue can be addressed by covering the surface
of lipid nanoparticles with polyethylene glycol coating. Another issue of great concern
with lipidic nanoparticles is their stability over a longer duration of periods. It is certain
that after storage for long periods, apparently intact lipid nanomaterials show a different
biodistribution due to changes in physicochemical characteristics and alterations of the
surface coating attributes [114].
Nonetheless, Carregal-Romero and associates have raised forth this very significant
aspect of the influence of long-term stability of polyethylene glycol coating on contrast
agent encapsulated nanoparticles and its in vivo fate [114]. They investigated the biodistribution of iron oxide nanoparticles, which were employed as dual contrast agents for
MRI and SPECT imaging [114,115]. They developed these theranostic nanoparticles by coprecipitation of 111 In-doped magnetic nanoparticles, followed by coating with polyethylene
glycol [115]. Then they examined the physicochemical characteristics of freshly prepared
nanoparticle solution and an aged nanoprobe solution that was stored for 9 months. The
characteristic evaluation demonstrated comparable results of size distributions, zeta potentials, and morphology. However, after systemic administration of these two nanoparticle
preparation in mice, completely distinct biodistribution pattern were observed [115]. The
freshly prepared nanoprobe solution was mostly internalized in the kidney, whereas the
aged nanoparticles were heavily concentrated in the liver. Therefore, the study outcomes
concluded that there might occur some small level structural changes in polyethylene glycol coating that cannot be detected by dynamic light scattering and transmission electron
microscopy, which have led to a remarkable alteration in in vivo behavior. Therefore this
report established a substantial role of long-term stability polyethylene coating in dictating
the biological behavior of theranostic nanoparticles [115].
The size of theranostic nanomedicine is also very crucial in determining its in vivo
fate and clinical outcomes. It has been established in different studies that if the diameter
of nanoparticles is larger than 100 nm then the particles get accumulated in the liver
and spleen, whereas nanoparticles having a diameter smaller than 10–15 nm are usually
eliminated by renal clearance [114]. Therefore nanomedicines with desirable particle
diameters between 10 and 100 nm are supposed to have longer blood circulation times and
accessibility to tumoral tissues and organs [114]. Furthermore, low polydispersity index
(PDI) and size stability are very significant as they avert aggregation of nanoparticles, which
could occur because of an inappropriate surface coating. The aggregated nanoparticle
can be easily engulfed by the RES [114,115]. Nonetheless, polyethylene glycol coating
is very effective in ensuring stability to the nanoparticles and thereby mitigating their
opsonization, macrophage uptake, and RES clearance and increasing the blood circulation
time [114].
Importantly, with every approved lipid nanomedicine, a possibility of intratumoral
heterogeneity and variability of response to chemotherapy is evident. Unquestionably, the
tumor microenvironment contributes largely in dictating how chemotherapeutic agents
interact with cancer cells in that particular microenvironment, which in turn can impact
proliferation, differentiation, morphology, and a range of cellular functions [116]. To envisage the clinical outcome of lipid-based theranostic nanomedicine, substantial emphasis
should be given to universal heterogeneity issues with extraordinary conformity in terms of
cancer cells, tumor microenvironment, and pathophysiological architecture [116]. However,
with current theranostic and imaging modalities, complete biological approximation of the
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interaction of native tumor and a chemotherapeutic agent is not possible, which greatly
hampers the accurate mapping and clinical findings.
7. Challenges in Clinical Translation of Lipid Nanoparticles for Cancer Theranostics
An extensive scope has been conveyed by lipidic theranostic nanomedicine in enhancing the health of humans through providing an understanding of diagnosis, prevention,
and treatment of diseases. Even after substantial technological advancement in this area
(as presented in Table 2), there is still a long way ahead for lipidic cancer nanotheransotic
in becoming a new criterion for the diagnosis and treatment of diseases. Nano-bio interaction is a prime opposition for the transferal of lipidic theranostic nanomedicine to clinics.
Disorders like inflammation, immunoreactions, or related illness can come up when a
contrasting agent in lipidic theranostic nanomedicine interacts with biological material
because of its incompatibility or potential toxicity. The extent of toxicity is immensely
based on some parameters, which include the solubility of the nanoformulation, size, and
zeta-potential [117]. Once entered into a biological system, nanovesicles tend to interact
with proteins, and that results in the development of ‘corona’ on its surface. Such adsorption, in turn, results in the alteration of their stability, biodistribution, dispersibility, toxicity
profile, pharmacokinetics, and size [118,119]. This has also been shown in many studies
that adverse immunogenic reactions and allergies are happening by nanoparticles [120,121].
Hence, it becomes vital to study the physicochemical characteristics of nanomedicines for
heterogeneity and pathophysiology of human diseases. More importantly, a generalized
size outlook of lipidic theranostic nanomedicine is not possible as chemotherapy is distinct
for every patient, and this may pose a hurdle in clinical translation [122]. Nanomedicines
with good therapeutic efficacy might not be a good diagnostic tool necessarily, as suggested by the evidence. In a recent study, it was found that tumor uptake and tumor
visualization performed with anti-EGFR coated gold nanoparticles with 20 nm size showed
increased tumor uptake, whereas the same gold nanoparticles of 50 nm size illustrated
excellent CT contrast [123]. This study suggested that the size-dependent distribution of
theranostic nanomedicines in tumors limits its use as a theranostic agent [123]. Hence, the
safety profile of nanotheransotic in humans continues to be a major concern for which
long-term monitoring of patients in both early and advanced phases of clinical trials is
required. One more important obstruction for the clinical translation of lipidic theranostic
nanomedicines is the complexity in formulating a reproducible and controllable synthesis
process. Nanomedicines synthesis on a large scale faces challenges like varied physical
and chemical characteristics, low yield, and insufficient batch-to-batch reproducibility.
The complex and laborious manufacturing process of nanomedicines makes it difficult to
focus on physic-chemical attributes as the emphasis is more on quality and cost [122,124].
It becomes a task to produce lipidic theranostic nanomedicines on a large scale as they
constitute more precise chemistry and multifunctional unit. Moreover, control along with
good manufacturing practices are required to boost lipid theranostic medicine’s reach to
clinics from a laboratory.
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Table 2. Lipidic nanocarrier based cancer theranostic in clinical stage of progress.
Lipidic
Nanocarrier

Attributes

Cancer Type

Sponsors

Clinical Trial ID/Phase

Liposomes

Evaluating Immunogenic
Chemotherapy
Combined With Ipilimumab
and Nivolumab
in Patients With Metastatic
Luminal B Breast Cancer

Breast Cancer

Oslo University
Hospital

NCT03409198, Phase 2B

Liposomes

To study the distribution
profile and radiation
dosimetry of
188Re-BMEDAliposomes.

Tumors

Nuclear Energy
Research Institute of
Taiwan.

NCT02271516
Phase 1

Liposomes

To study the MTD of EphA2
siRNA –encapsulated
liposomes, evaluate efficacy in
the tumor cell, which we
cannot be cured by treatment.

Solid Tumors

M.D. Anderson Cancer
Center
National Cancer
Institute
(NCI)

NCT02191878
Phase 3

Lipid-based
Nanoparticles

To study proposes targeted
delivery cytotoxic drugs, via
formulated LTSL activated by
using
focused ultrasound (FUS).

Liver Tumor

University of Oxford

NCT02181075
Phase 1

Another important issue that is required to be addressed is the extensive gap between
regulatory authorities and the scientific community. Many government agencies are
monitoring the commercialization of nanomedicine based on regulatory issues related to
the safety profile, quality control, patent protection, and manufacturing practices. Lack of
clear regulatory and safety guidelines affects the timely and effective translation of lipidic
theranostic to market [125,126]. Even though the general regulatory standards have been
cleared by the nanomedicines presently available in the market, further revision is required
to be sure of the safety, efficacy, and quality of other nano theranostic for human use since
the present standards might not be sufficient.
Approach to Overcome the Challenges
A lot of research efforts are required to overcome the biological barriers associated
with lipidic cancer nanotheransotic. It is important to have a profound understanding of
the correlation of disease heterogeneity and patient biology with nanomedicine, which is
also the prime reason for the failures of promising nanoformulation in clinical trials. One
of the strategies for mitigating clinical translation failures is the arduous assessment of
nanoformulation in various animal models before starting the clinical trials. Expedient
information regarding the suitability of lipidic theranostic nanomedicine can be obtained
through preclinical studies before treatment and imaging of human subjects [127]. Nanotoxicology profiles consisting of standardized assay protocols for immunotoxicity, genotoxicity,
and cytotoxicity should be to be implemented and followed to evaluate the potential risk
in patients [128].
Academic laboratories are coming up with nanomedicine-based drug-delivery systems
with great emphasis on new technological and scientific developments that succeed at a
small scale. These laboratories normally know the technical issues, which occur in the
industry for the commercializing processes. A strong collaboration among pharmaceutical
companies and academic laboratory groups is required to be established to bridge this gap.
There is a need to develop modified rules, which will be listed under good manufacturing
practices that are suitable for large-scale synthesis of lipidic theranostic nanomedicines.
To identify the key process and formulation variables for nanomedicine optimization
and address batch-to-batch variation, optimization software such as Aspen (AspenTech,
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Bedford, MA, USA) can be implemented in an industrial setting. For tightly controlled and
robust manufacturing, this might be instrumental [129]. In conclusion, a positive outcome
in manufacturing depends highly on how well the personnel is trained regarding the
challenges, hurdles, and specificities related to the products. There is no doubt regarding
the influence of lipidic theranostic nanomedicines on the health of humans in the clinic
still. If the aforementioned lessons are applied in the early stages of development, it can
help the producers prepare to develop efficient products.
8. Conclusions
The present manuscript brings forth the latest research updates in the field of lipidbased nanocarriers on cancer theranostic. The study findings are very motivating and
strongly encourage a splendid exploration of lipidic nanocarrier in the area of cancer
theranostic and make the outcomes clinically swappable. Moreover, this review provides
a sound discussion over the impact of physicochemical attributes of lipid nanoparticles
in improving in vivo performance of cancer theranostics. The review also discusses the
limitations and suggests relevant solutions for the successful development of lipid-based
cancer theranostic nanomedicines of improved attributes to pave their way to the clinics.
Additionally, this review will provide a convenient guide for the researcher to know the
significant findings of the recent studies carried out in the field of lipid nano carrier-based
cancer theranostic in the last few years.
Author Contributions: Conceptualization and methodology, S.I.B., S.S.I.; software, J.A., M.Z.A.;
formal analysis, S.A., J.A.; resources, M.Z.A., J.A.; writing—original draft preparation, S.S.I., S.I.B.;
writing—review and editing, J.A., S.A., M.Z.A., P.R.V., visualization, J.A., M.Z.A., P.R.V.; project
administration, S.S.I., J.A., W.A.M.; funding acquisition, W.A.M. All authors have read and agreed to
the published version of the manuscript.
Funding: Deanship of Scientific Research at King Saud University, Saudi Arabia: RG-1441-443.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: The authors extend their appreciation to the Deanship of Scientific Research at
King Saud University for funding this work through research group No. (RG-1441-443).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.
7.

Ferlay, J.; Laversanne, M.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F.
Global Cancer Observatory: Cancer Today; International Agency for Research on Cancer: Lyon, France, 2020. Available online:
https://gco.iarc.fr/today (accessed on 15 February 2021).
Available online: https://www.who.int/news-room/fact-sheets/detail/cancer (accessed on 15 April 2021).
GBD Results Tool; Institute for Health Metrics, University of Washington: Seattle, WA, USA, 2020. Available online: http:
//ghdx.healthdata.org/gbd-results-tool (accessed on 22 February 2021).
de Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A
worldwide incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [CrossRef]
Iyer, A.K.; Khaled, G.; Fang, J.; Maeda, H. Exploiting the enhanced permeability and retention effect for tumor targeting. Drug
Discov. Today. 2006, 11, 812e818. [CrossRef] [PubMed]
Gabizon, A.A. Selective tumor localization and improved therapeutic index of anthracyclines encapsulated in long-circulating
liposomes. Cancer Res. 1992, 52, 891–896. [PubMed]
Northfelt, D.W.; Dezube, B.J.; Thommes, J.A.; Miller, B.J.; Fischl, M.A.; Friedman-Kien, A.; Kaplan, L.D.; Du Mond, C.;
Mamelok, R.D.; Henry, D.H. Pegylated-liposomal doxorubicin versus doxorubicin, bleomycin, and vincristine in the treatment of AIDS-related Kaposi’s sarcoma: Results of a randomized phase III clinical trial. J. Clin. Oncol. 1998, 16, 2445–2451.
[CrossRef] [PubMed]

Pharmaceutics 2021, 13, 840

8.

9.

10.

11.
12.
13.
14.
15.
16.

17.

18.

19.
20.
21.
22.
23.

24.
25.
26.
27.

28.
29.
30.

31.
32.

20 of 24

O’Brien, M.E.; Wigler, N.; Inbar, M.; Rosso, R.; Grischke, E.; Santoro, A.; Catane, R.; Kieback, D.G.; Tomczak, P.; Ackland, S.P.; et al.
Reduced cardiotoxicity and comparable efficacy in a phase III trial of pegylated liposomal doxorubicin HCl (CAELYX®/Doxil®)
versus conventional doxorubicin for first-line treatment of metastatic breast cancer. Ann. Oncol. 2004, 15, 440–449. [CrossRef]
[PubMed]
Harrington, K.J.; Mohammadtaghi, S.; Uster, P.S.; Glass, D.; Peters, A.M.; Vile, R.G.; Stewart, J.S. Effective targeting of solid
tumors in patients with locally advanced cancers by radiolabeled pegylated liposomes effective targeting of solid tumors in
patients with locally advanced cancers by radiolabeled pegylated liposomes. Clin. Cancer Res. 2001, 7, 243–254. [PubMed]
Hansen, A.E.; Petersen, A.L.; Henriksen, J.R.; Boerresen, B.; Rasmussen, P.; Elema, D.R.; af Rosenschöld, P.M.; Kristensen, A.T.;
Kjær, A.; Andresen, T.L. Positron emission tomography based elucidation of the enhanced permeability and retention effect in
dogs with cancer using Copper-64 liposomes. ACS Nano 2015, 9, 6985–6995. [CrossRef]
Nichols, J.W.; Bae, Y.H. Odyssey of a cancer nanoparticle: From injection site to site of action. Nano Today 2012, 7, 606–618.
[CrossRef]
Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of nanoparticle delivery to tumours.
Nat. Rev. Mater 2016, 1, 16014. [CrossRef]
Minchinton, A.I.; Tannock, I.F. Drug penetration in solid tumours. Nat. Rev. Cancer 2006, 6, 583–592. [CrossRef]
Ferrari, M. Cancer nanotechnology: Opportunities and challenges. Nat. Rev. Cancer 2005, 5, 161–171. [CrossRef] [PubMed]
Maeda, H. Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its
heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3–6. [CrossRef] [PubMed]
Hrkach, J.; Von Hoff, D.; Ali, M.M.; Andrianova, E.; Auer, J.; Campbell, T.; De Witt, D.; Figa, M.; Figueiredo, M.; Horhota, A.; et al.
Preclinical development and clinical translation of a PSMA-targeted docetaxel nanoparticle with a differentiated pharmacological
profile. Sci. Transl. Med. 2012, 4, 128–139. [CrossRef]
Eliasof, S.; Lazarus, D.; Peters, C.G.; Case, R.I.; Cole, R.O.; Hwang, J.; Schluep, T.; Chao, J.; Lin, J.; Yen, Y.; et al. Correlating
preclinical animal studies and human clinical trials of a multifunctional, polymeric nanoparticle. Proc. Natl. Acad. Sci. USA 2013,
110, 15127–15132. [CrossRef] [PubMed]
Zuckerman, J.E.; Gritli, I.; Tolcher, A.; Heidel, J.D.; Lim, D.; Morgan, R.; Chmielowski, B.; Ribas, A.; Davis, M.E.; Yen, Y. Correlating
animal and human phase Ia/Ib clinical data with CALAA-01, a targeted, polymer-based nanoparticle containing siRNA. Proc.
Natl. Acad. Sci. USA 2014, 111, 11449–11454. [CrossRef] [PubMed]
Meads, M.B.; Gatenby, R.A.; Dalton, W.S. Environment-mediated drug resistance: A major contributor to minimal residual
disease. Nat. Rev. Cancer 2009, 9, 665–674. [CrossRef]
Karnik, R.; Gu, F.; Basto, P.; Cannizzaro, C.; Dean, L.; Kyei-Manu, W.; Langer, R.; Farokhzad, O.C. Microfluidic platform for
controlled synthesis of polymeric nanoparticles. Nano Lett. 2008, 8, 2906–2912. [CrossRef]
Haider, N.; Fatima, S.; Taha, M.; Rizwanullah, M.; Firdous, J.; Ahmad, R.; Mazhar, F.; Khan, M.A. Nanomedicines in Diagnosis
and Treatment of Cancer: An Update. Curr. Pharm. Des. 2020, 26, 1216–1231. [CrossRef]
Sakr, T.M.; El-Hashash, M.A.; El-Mohty, A.A.; Essa, B.M. 99mTc-gallic-gold nanoparticles as a new imaging platform for tumor
targeting. Appl. Radiat. Isot. 2020, 164, 109269. [CrossRef]
El-Ghareb, W.I.; Swidan, M.M.; Ibrahim, I.T.; Abd El-Bary, A.; Tadros, M.I.; Sakr, T.M. 99mTc-Doxorubicin-loaded gallic acid-gold
nanoparticles (99mTc-DOX-loaded GA-Au NPs) as a multifunctional theranostic agent. Int. J. Pharm. 2020, 586, 119514. [CrossRef]
[PubMed]
Kim, M.; Jang, J.; Cha, C. Carbon nanomaterials as versatile platforms for theranostic applications. Drug Discov. Today 2017, 22,
1430–1437. [CrossRef]
Ding, K.; Jing, L.; Liu, C.; Hou, Y.; Gao, M. Magnetically engineered Cd-free quantum dots as dual-modality probes for
fluorescence/magnetic resonance imaging of tumors. Biomaterials 2014, 35, 1608–1617. [CrossRef] [PubMed]
Park, S.M.; Aalipour, A.; Vermesh, O.; Yu, J.H.; Gambhir, S.S. Towards clinically translatable in vivo nanodiagnostics. Nat. Rev.
Mater. 2017, 2, 17014. [CrossRef] [PubMed]
Hequet, E.; Henoumont, C.; Djouana Kenfack, V.; Lemaur, V.; Lazzaroni, R.; Boutry, S.; Vander Elst, L.; Muller, R.N.; Laurent, S.
Design, Characterization and Molecular Modeling of New Fluorinated Paramagnetic Contrast Agents for Dual 1H/19F MRI.
Magnetochemistry 2020, 6, 8. [CrossRef]
Ngandeu Neubi, G.M.; Opoku-Damoah, Y.; Gu, X.; Han, Y.; Zhou, J.; Ding, Y. Bio-inspired drug delivery systems: An emerging
platform for targeted cancer therapy. Biomater. Sci. 2018, 6, 958–973. [CrossRef]
Ovais, M.; Khalil, A.T.; Ayaz, M.; Ahmad, I.; Nethi, S.K.; Mukherjee, S. Biosynthesis of Metal Nanoparticles via Microbial
Enzymes: A Mechanistic Approach. Int. J. Mol. Sci. 2018, 19, 4100. [CrossRef]
Zhang, L.; Sheng, D.; Wang, D.; Yao, Y.; Yang, K.; Wang, Z.; Deng, L.; Chen, Y. Bioinspired multifunctional melanin-based
nanoliposome for photoacoustic/magnetic resonance imaging-guided efficient photothermal ablation of cancer. Theranostics 2018,
8, 1591–1606. [CrossRef] [PubMed]
Sahu, P.; Das, D.; Mishra, V.K.; Kashaw, V.; Kashaw, S.K. Nanoemulsion: A novel eon in cancer chemotherapy. Mini Rev. Med.
Chem. 2017, 17, 1778–1792. [CrossRef]
Choudhury, H.; Gorain, B.; Chatterjee, B.; Mandal, U.; Sengupta, P.; Tekade, R.K. Pharmacokinetic and pharmacodynamic features
of nanoemulsion following oral, intravenous, topical and nasal route. Curr. Pharm. Des. 2017, 23, 2504–2531. [CrossRef]

Pharmaceutics 2021, 13, 840

33.

34.

35.

36.
37.
38.
39.

40.
41.

42.
43.
44.
45.
46.
47.
48.

49.

50.

51.
52.

53.
54.
55.

56.

21 of 24

Choudhury, H.; Gorain, B.; Tekade, R.K.; Pandey, M.; Karmakar, S.; Pal, T.K. Safety against nephrotoxicity in paclitaxel treatment:
Oral nanocarrier as an effective tool in preclinical evaluation with marked in vivo antitumor activity. Regul. Toxicol. Pharmacol.
2017, 91, 179–189. [CrossRef] [PubMed]
Md, S.; Gan, S.Y.; Haw, Y.H.; Ho, C.L.; Wong, S.; Choudhury, H. In vitro neuroprotective effects of naringenin nanoemulsion
against b-amyloid toxicity through the regulation of amyloidogenesis and tau phosphorylation. Int. J. Biol. Macromol. 2018, 118,
1211–1219. [CrossRef] [PubMed]
Choudhury, H.; Gorain, B.; Karmakar, S.; Biswas, E.; Dey, G.; Barik, R.; Mandal, M.; Pal, T.K. Improvement of cellular uptake,
in vitro antitumor activity and sustained release profile with increased bioavailability from a nanoemulsion platform. Int. J.
Pharm. 2014, 460, 131–143. [CrossRef]
Gadhavea, D.; Gorainb, B.; Tagalpallewara, A.; Kokarea, C. Intranasal teriflunomide microemulsion: An improved chemotherapeutic approach in glioblastoma. J. Drug Deliv. Sci. Technol. 2019, 51, 276–289. [CrossRef]
Sánchez-López, E.; Guerra, M.; Dias-Ferreira, J.; Lopez-Machado, A.; Ettcheto, M.; Cano, A.; Espina, M.; Camins, A.; Garcia, M.L.;
Souto, E.B. Current applications of nanoemulsions in cancer therapeutics. Nanomaterials 2019, 9, E821. [CrossRef]
Zhang, H.; Yu, Q.; Li, Y.; Yang, Z.; Zhou, X.; Chen, S.; Jiang, Z.X. Fluorinated cryptophane-A and porphyrin-based theranostics
for multimodal imaging-guided photodynamic therapy. Chem. Commun. 2020, 56, 3617–3620. [CrossRef]
Zhang, Y.; Bo, S.; Feng, T.; Qin, X.; Wan, Y.; Jiang, S.; Li, C.; Lin, J.; Wang, T.; Zhou, X.; et al. Versatile Theranostic Nanoemulsion
for Architecture-Dependent Multimodal Imaging and Dually Augmented Photodynamic Therapy. Adv Mater. 2019, 31, e1806444.
[CrossRef]
Fernandes, D.A.; Kolios, M.C. Near-infrared absorbing nanoemulsions as nonlinear ultrasound contrast agents for cancer
theranostics. J. Mol. Liq. 2019, 287, 110848. [CrossRef]
Patel, N.R.; Piroyan, A.; Ganta, S.; Morse, A.B.; Candiloro, K.M.; Solon, A.L.; Nack, A.H.; Galati, C.A.; Bora, C.; Maglaty, M.A.; et al.
In Vitro and In Vivo evaluation of a novel folate-targeted theranostic nanoemulsion of docetaxel for imaging and improved
anticancer activity against ovarian cancers. Cancer Biol. Ther. 2018, 19, 1555–8576. [CrossRef] [PubMed]
Silva, C.O.; Pinho, J.O.; Lopes, J.M.; Almeida, A.J.; Gaspar, M.M.; Reis, C. Current trends in cancer nanotheranostics: Metallic,
polymeric, and lipid-based systems. Pharmaceutics 2019, 11, 22. [CrossRef]
Petersen, A.L.; Hansen, A.E.; Gabizon, A.; Andresen, T.L. Liposome imaging agents in personalized medicine. Adv. Drug Deliv.
Rev 2012, 64, 1417–1435. [CrossRef]
Al-Jamal, W.T.; Al-Jamal, K.T.; Tian, B.; Cakebread, A.; Halket, J.M.; Kostarelos, K. Tumor Targeting of Functionalized Quantum
Dot– Liposome Hybrids by Intravenous Administration. Mol. Pharmaceut. 2009, 6, 520–530. [CrossRef]
Wang, Q.; Chao, Y.M. Multifunctional quantum dots and liposome complexes in drug delivery. J. Biomed. Res. 2018, 32, 91–106.
Lamichhane, N.; Udayakumar, T.S.; D’souza, W.D.; Simone Ii, C.B.; Raghavan, S.R.; Polf, J.; Mahmood, J. Liposomes: Clinical
Applications and Potential for Image- Guided Drug Delivery. Molecules 2018, 23, 288. [CrossRef]
Martínez-González, R.; Estelrich, J.; Busquets, M.A. Liposomes Loaded with Hydrophobic Iron Oxide Nanoparticles: Suitable T2
Contrast Agents for MRI. Int. J. Mol. Sci. 2016, 17, 1209. [CrossRef] [PubMed]
Xing, J.; Liu, D.; Zhou, G.; Li, Y.; Wang, P.; Hu, K.; Gu, N.; Ji, M. Liposomally formulated phospholipid-conjugated novel
near-infrared fluorescence probe for particle size effect on cellular uptake and biodistribution in vivo. Colloids Surf. B Biointerfaces
2018, 161, 588–596. [CrossRef]
Prasad, R.; Jain, N.K.; Yadav, A.S.; Chauhan, D.S.; Devrukhkar, J.; Kumawat, M.K.; Shinde, S.; Gorain, M.; Thakor, A.S.;
Kundu, G.C.; et al. Liposomal nanotheranostics for multimode targeted in vivo bioimaging and near-infrared light mediated
cancer therapy. Commun. Biol. 2020, 3, 284. [CrossRef] [PubMed]
Karpuz, M.; Silindir-Gunay, M.; Ozer, A.Y.; Ozturk, S.C.; Yanik, H.; Tuncel, M.; Aydin, C.; Esendagli, G. Diagnostic and therapeutic
evaluation of folate-targeted paclitaxel and vinorelbine encapsulating theranostic liposomes for non-small cell lung cancer. Eur, J.
Pharm. Sci. 2021, 156, 105576. [CrossRef] [PubMed]
Yin, W.; Zhao, Y.; Kang, X.; Zhao, P.; Fu, X.; Mo, X.; Wang, Y.; Huang, Y. BBB-penetrating codelivery liposomes treat brain
metastasis of non-small cell lung cancer with EGFRT790M mutation. Theranostics 2020, 10, 6122–6135. [CrossRef] [PubMed]
Bush, N.; Healey, A.; Shah, A.; Box, G.; Kirkin, V.; Eccles, S.; Sontum, P.C.; Kotopoulis, S.; Kvåle, S.; van Wamel, A.; et al.
Theranostic Attributes of Acoustic Cluster Therapy and Its Use for Enhancing the Effectiveness of Liposomal Doxorubicin
Treatment of Human Triple Negative Breast Cancer in Mice. Front. Pharmacol. 2020, 11, 75. [CrossRef]
Prabhakar, A.; Banerjee, R. Nanobubble Liposome Complexes for Diagnostic Imaging and Ultrasound-Triggered Drug Delivery
in Cancers: A Theranostic Approach. ACS Omega 2019, 4, 15567–15580. [CrossRef]
Mssi, S.V.; Torchilin, V.P. Recent trends in the use of lipidic nanoparticles as pharmaceutical carriers for cancer therapy and
diagnostics. J. Mater. Chem. B 2013, 1, 5201–5209. [CrossRef]
Lopes, R.M.; Gaspar, M.M.; Pereira, J.; Eleutério, C.V.; Carvalheiro, M.; Almeida, A.J.; Cruz, M.E.M. Liposomes versus lipid
nanoparticles: Comparative study of lipid-based systems as oryzalin carriers for the treatment of leishmaniasis. J. Biomed.
Nanotechnol. 2014, 10, 3647–3657. [CrossRef] [PubMed]
Mehnert, W.; Mader, K. Solid lipid nanoparticles: Production, characterization and applications. Adv. Drug Deliv. Rev. 2001, 47,
165–196. [CrossRef]

Pharmaceutics 2021, 13, 840

57.

58.
59.
60.

61.
62.
63.
64.
65.

66.

67.

68.
69.

70.
71.

72.
73.
74.
75.
76.
77.
78.
79.
80.

81.

22 of 24

Kuang, Y.; Zhang, K.; Cao, Y.; Chen, X.; Wang, K.; Liu, M.; Pei, R. Hydrophobic IR-780 Dye Encapsulated in cRGD-Conjugated
Solid Lipid Nanoparticles for NIR Imaging-Guided Photothermal Therapy. ACS Appl. Mater. Interfaces 2017, 9, 12217–12226.
[CrossRef] [PubMed]
Peira, E.; Marzola, P.; Podio, V.; Aime, S.; Sbarbati, A.; Gasco, M.R. In vitro and in vivo study of solid lipid nanoparticles loaded
with superparamagnetic iron oxide. J. Drug Target. 2003, 11, 19–24. [CrossRef] [PubMed]
Andreozzi, E.; Seo, J.W.; Ferrara, K.; Louie, A. Novel method to label solid lipid nanoparticles with 64 Cu for positron emission
tomography imaging. Bioconjug. Chem. 2011, 22, 808–818. [CrossRef] [PubMed]
Shuhendler, A.J.; Prasad, P.; Leung, M.; Rauth, A.M.; DaCosta, R.S.; Wu, X.Y. A novel solid lipid nanoparticle formulation for
active targeting to tumor αvβ3 integrin receptors reveals cyclic RGD as a double-edged sword. Adv. Healthc. Mater. 2012, 1,
600–608. [CrossRef]
Bae, K.H.; Lee, J.Y.; Lee, S.H.; Park, T.G.; Nam, Y.S. Optically traceable solid lipid nanoparticles loaded with siRNA and paclitaxel
for synergistic chemotherapy with in situ imaging. Adv. Healthc. Mater. 2013, 2, 576–584. [CrossRef] [PubMed]
Bentolila, L.A.; Ebenstein, Y.; Weiss, S. Quantum dots for in vivo small-animal imaging. J. Nucl. Med. 2009, 50, 493–496. [CrossRef]
Morel, S.; Terreno, E.; Ugazio, E.; Aime, S.; Gasco, M.R. NMR relaxometric investigations of solid lipid nanoparticles (SLN)
containing gadolinium (III) complexes. Eur. J. Pharm. Biopharm. 1998, 45, 157–163. [CrossRef]
Li, H.; Wang, K.; Yang, X.; Zhou, Y.; Ping, Q.; Oupicky, D.; Sun, M. Dualfunction nanostructured lipid carriers to deliver IR780 for
breast cancer treatment: Anti-metastatic and photothermal anti-tumor therapy. Acta Biomater. 2017, 53, 399–413. [CrossRef]
Olerile, L.D.; Liu, Y.; Zhang, B.; Wang, T.; Mu, S.; Zhang, J.; Selotlegeng, L.; Zhang, N. Nearinfrared mediated quantum dots
and paclitaxel co-loaded nanostructured lipid carriers for cancer theragnostic. Colloids Surf. B Biointerfaces 2017, 150, 121–130.
[CrossRef] [PubMed]
Hsu, S.-H.; Wen, C.-J.; Al-Suwayeh, S.A.; Huang, Y.-J.; Fang, J.-Y. Formulation design and evaluation of quantum dot-loaded
nanostructured lipid carriers for integrating bioimaging and anticancer therapy. Nanomedicine 2013, 8, 1253–1269. [CrossRef]
[PubMed]
Ucar, E.; Teksoz, S.; Ichedef, C.; Kilcar, A.Y.; Medine, E.I.; Ari, K.; Parlak, Y.; Sayit Bilgin, B.E.; Unak, P. Synthesis, characterization
and radiolabeling of folic acid modified nanostructured lipid carriers as a contrast agent and drug delivery system. Appl. Radiat.
Isot. 2017, 119, 72–79. [CrossRef]
Huynh, N.T.; Passirani, C.; Saulnier, P.; Benoit, J.P. Lipid nanocapsules: A new platform for nanomedicine. Int. J. Pharm. 2009, 379,
201–209. [CrossRef] [PubMed]
AbdElhamid, A.S.; Zayed, D.G.; Helmy, M.W.; Ebrahim, S.M.; Bahey-El-Din, M.; Zein-El-Dein, E.A.; El-Gizawy, S.A.;
Elzoghby, A.O. Lactoferrin-tagged quantum dots-based theranostic nanocapsules for combined COX-2 inhibitor/herbal therapy
of breast cancer. Nanomedicine 2018, 13, 2637–2656. [CrossRef]
Ma, M.; Hao, Y.; Liu, N.; Yin, Z.; Wang, L.; Liang, X.; Zhang, X. A novel lipid-based nanomicelle of docetaxel: Evaluation of
antitumor activity and biodistribution. Int. J. Nanomed. 2012, 7, 3389–3398. [CrossRef]
Huang, H.; Dong, Y.; Zhang, Y.; Ru, D.; Wu, Z.; Zhang, J.; Shen, M.; Duan, Y.; Sun, Y. GSH-sensitive Pt(IV) prodrug-loaded
phase-transitional nanoparticles with a hybrid lipid-polymer shell for precise theranostics against ovarian cancer. Theranostics
2019, 9, 1047–1065. [CrossRef]
Zhang, X.; Huang, G. Synthetic lipoprotein as nano-material vehicle in the targeted drug delivery. Drug Deliv. 2017, 24, 16–21.
[CrossRef]
Zhang, Z.; Cao, W.; Jin, H.; Lovell, J.F.; Yang, M.; Ding, L.; Chen, J.; Corbin, I.; Luo, Q.; Zheng, G. Biomimetic nanocarrier for
direct cytosolic drug delivery. Angew. Chem. Int. Ed. Engl. 2009, 48, 9171–9175. [CrossRef]
Yang, M.; Chen, J.; Cao, W.; Ding, L.; Ng, K.K.; Jin, H.; Zhang, Z.; Zheng, G. Attenuation of nontargeted cell-kill using a
high-density lipoprotein-mimicking peptide–phospholipid nanoscaffold. Nanomedicine 2011, 6, 631–641. [CrossRef] [PubMed]
Lin, Q.; Jin, C.S.; Huang, H.; Ding, L.; Zhang, Z.; Chen, J.; Zheng, J. Nanoparticle-enabled, image-guided treatment planning of
target specific RNAi therapeutics in an orthotopic prostate cancer model. Small 2014, 10, 3072–3082. [CrossRef] [PubMed]
Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J.M.; Peer, D. Progress and challenges towards targeted delivery of cancer therapeutics.
Nat. Commun. 2018, 9, 1410. [CrossRef] [PubMed]
Daniels, T.R.; Delgado, T.; Rodriguez, J.A.; Helguera, G.; Penichet, M.L. The transferrin receptor part I: Biology and targeting with
cytotoxic antibodies for the treatment of cancer. Clin. Immunol. 2006, 121, 144–1458. [CrossRef] [PubMed]
Das Gupta, A.; Shah, V.I. Correlation of transferrin receptor expression with histologic grade and immunophenotype in chronic
lymphocytic leukemia and non-Hodgkin’s lymphoma. Hematol. Pathol. 1990, 4, 37–41.
Prior, R.; Reifenberger, G.; Wechsler, W. Transferrin receptor expression in tumours of the human nervous system: Relation to
tumour type, grading and tumour growth fraction. Virchows Arch. A Pathol. Anat. Histopathol. 1990, 416, 491–496. [CrossRef]
Singh, M.; Mugler, K.; Hailoo, D.W.; Burke, S.; Nemesure, B.; Torkko, K.; Shroyer, K.R. Differential expression of transferrin
receptor (TfR) in a spectrum of normal to malignant breast tissues: Implications for in situ and invasive carcinoma. Appl.
Immunohistochem. Mol. Morphol. 2011, 19, 417–423. [CrossRef]
Callens, C.; Moura, I.C.; Lepelletier, Y.; Coulon, S.; Renand, A.; Dussiot, M.; Ghez, D.; Benhamou, M.; Monteiro, R.C.;
Bazarbachi, A.; et al. Recent advances in adult T-cell leukemia therapy: Focus on a new anti-transferrin receptor monoclonal
antibody. Leukemia 2008, 22, 42–48. [CrossRef]

Pharmaceutics 2021, 13, 840

82.
83.
84.
85.
86.
87.

88.

89.

90.

91.
92.

93.
94.

95.
96.
97.
98.

99.
100.
101.
102.

103.
104.

105.
106.

23 of 24

He, Q.; Sun, X.; Chu, C.; Jiang, Q.; Zhu, H.; He, Y.; Yue, T.; Wang, R.; Lei, P.; Shen, G. Endocytosis of a functionally enhanced
GFP-tagged transferrin receptor in CHO cells. PLoS ONE 2015, 10, e0122452. [CrossRef]
Luck, A.N.; Mason, A.B. Structure and dynamics of drug carriers and their interaction with cellular receptors: Focus on serum
transferrin. Adv. Drug Deliv. Rev. 2013, 65, 1012–1019. [CrossRef]
Tortorella, S.; Karagiannis, T.C. Transferrin receptor-mediated endocytosis: A useful target for cancer therapy. J. Membr. Biol.
2014, 247, 291–307. [CrossRef] [PubMed]
Tros de Ilarduya, C.; Duzgunes, N. Delivery of therapeutic nucleic acids via transferrin and transferrin receptors: Lipoplexes and
other carriers. Expert Opin. Drug Deliv. 2013, 10, 1583–1591. [CrossRef] [PubMed]
Lei, P.; He, Y.; Ye, Q.; Zhu, H.F.; Yuan, X.M.; Liu, J.; Xing, W.; Wu, S.; Dai, W.; Shen, X.; et al. Antigen-binding characteristics of
AbCD71 and its inhibitory effect on PHA-induced lymphoproliferation. Acta Pharmacol. Sin. 2007, 28, 1659–1664. [CrossRef]
Qing, Y.; Shuo, W.; Zhihua, W.; Huifen, Z.; Ping, L.; Lijiang, L.; Xiaorong, Z.; Liming, C.; Daiwen, X.; Yu, H.; et al. The in vitro
antitumor effect and in vivo tumor-specificity distribution of human-mouse chimeric antibody against transferrin receptor. Cancer
Immunol. Immunother. 2006, 55, 1111–1121. [CrossRef]
Li, J.; Weng, X.; Liang, Z.; Zhong, M.; Chen, X.; Lu, S.; Sun, W.; Song, Y.; Wu, X.; Shen, G. Viral specific cytotoxic T cells inhibit the
growth of TfR-expressing tumor cells with antibody targeted viral peptide/HLA-A2 complex. Cell Immunol. 2010, 263, 154–160.
[CrossRef]
Liu, Y.; Tao, J.; Li, Y.; Yang, J.; Yu, Y.; Wang, M.; Xu, X.; Huang, C.; Huang, W.; Dong, J.; et al. Targeting hypoxia-inducible
factor-1alpha with Tf-PEI-shRNA complex via transferrin receptor-mediated endocytosis inhibits melanoma growth. Mol. Ther.
2009, 17, 269–277. [CrossRef] [PubMed]
Ye, Q.; Hu, H.; Wang, Z.; Lu, T.; Hu, Z.; Zeng, X.; Zhang, S.; Liu, J.; Lei, P.; Wang, C.Y.; et al. Generation and functional
characterization of the anti-transferrin receptor single-chain antibody-GAL4 (TfRscFv-GAL4) fusion protein. BMC Biotechnol.
2012, 12, 91. [CrossRef] [PubMed]
He, Q.; Guo, Z.; Fu, M.; Tang, H.; Zhu, H.; Shen, G.; He, Y.; Lei, P. Establishment of a hTfR mAb-functionalized HPPS theranostic
nanoplatform. Nanotheranostics 2020, 4, 119–128. [CrossRef]
Chen, W.; Jarzyna, P.A.; van Tilborg, G.A.F.; Nguyen, V.A.; Cormode, D.P.; Klink, A.; Griffioen, A.W.; Randolph, G.J.; Fisher, E.A.;
Mulder, W.J.M.; et al. RGD peptide functionalized and reconstituted high-density lipoprotein nanoparticles as a versatile and
multimodal tumor targeting molecular imaging probe. FASEB J. 2010, 24, 1689–1699. [CrossRef]
Yang, X.; Yang, M.; Pang, B.; Vara, M.; Xia, Y. Gold Nanomaterials at Work in Biomedicine. Chem. Rev. 2015, 115, 10410–10488.
[CrossRef] [PubMed]
Alarcon, E.I.; Vulesevic, B.; Argawal, A.; Ross, A.; Bejjani, P.; Podrebara, J.; Ravichandran, R.; Phopase, J.; Suuronen, E.J.; Griffith,
M. Coloured cornea replacements with anti-infective properties: Expanding the safe use of silver nanoparticles in regenerative
medicine. Nanoscale 2016, 8, 6484–6489. [CrossRef]
Chandra, S.; Barick, K.C.; Bahadur, D. Oxide and hybrid nanostructures for therapeutic applications. Adv. Drug Deliv. Rev. 2011,
63, 1267–1281. [CrossRef] [PubMed]
Kang, J.H.; Ko, Y.T. Lipid-coated gold nanocomposites for enhanced cancer therapy. Int. J. Nanomed. 2015, 10, 33–45.
Bae, P.K.; Chung, B.H. Multiplexed detection of various breast cancer cells by perfluorocarbon/quantum dot nanoemulsions
conjugated with antibodies. Nano Converg. 2014, 1, 23. [CrossRef]
Allijn, I.E.; Leong, W.; Tang, J.; Gianella, A.; Mieszawska, A.J.; Fay, F.; Ma, G.; Russell, S.; Callo, C.B.; Gordon, R.E.; et al. Gold
Nanocrystal Labeling Allows Low-Density Lipoprotein Imaging from the Subcellular to Macroscopic Level. ACS Nano 2013, 7,
9761–9770. [CrossRef] [PubMed]
Zhang, N.; Chen, H.; Liu, A.Y.; Shen, J.J.; Shah, V.; Zhang, C.; Hong, J.; Ding, Y. Gold conjugate-based liposomes with hybrid
cluster bomb structure for liver cancer therapy. Biomaterials 2016, 74, 280–291. [CrossRef]
Huang, X.; Tang, S.; Mu, X.; Dai, Y.; Chen, G.; Zhou, Z.; Ruan, F.; Yang, Z.; Zheng, N. Freestanding palladium nanosheets with
plasmonic and catalytic properties. Nat. Nanotechnol. 2011, 6, 28–32. [CrossRef]
Adams, C.P.; Walker, K.A.; Obare, S.O.; Docherty, K.M. Size-Dependent Antimicrobial Effects of Novel Palladium Nanoparticles.
PLoS ONE 2014, 9, e85981. [CrossRef] [PubMed]
Miesen, T.J.; Engstrom, A.M.; Miesen, T.J.; Miesen, T.J.; Frost, D.C.; Ajjarapu, R.; Lira, C.N.; Mackiewicz, M.R. A hybrid lipid
membrane coating “shape-locks” silver nanoparticles to prevent surface oxidation and silver ion dissolution. RCS Adv. 2020, 10,
15677–15693.
Bhattacharyya, K.; Goldschmidt, B.S.; Hannink, M.; Alexander, S.; Jurkevic, A.; Viator, J.A. Gold nanoparticle-mediated detection
of circulating cancer cells. Clin. Lab. Med. 2012, 32, 89–101. [CrossRef]
Tahmasbi Rad, A.; Chen, C.W.; Aresh, W.; Xia, Y.; Lai, P.S.; Nieh, M.P. Combinational Effects of Active Targeting, Shape, and
Enhanced Permeability and Retention for Cancer Theranostic Nanocarriers. ACS Appl. Mater Interfaces 2019, 11, 10505–10519.
[CrossRef] [PubMed]
Danhier, F. To Exploit the Tumor Microenvironment: Since the Epr Effect Fails in the Clinic, What Is the Future of Nanomedicine?
J. Control. Release 2016, 244, 108–121. [CrossRef] [PubMed]
Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle Design for Overcoming Biological Barriers to Drug Delivery. Nat.
Biotechnol. 2015, 33, 941–951. [CrossRef] [PubMed]

Pharmaceutics 2021, 13, 840

24 of 24

107. Agarwal, R.; Singh, V.; Jurney, P.; Shi, L.; Sreenivasan, S.; Roy, K. Mammalian Cells Preferentially Internalize Hydrogel Nanodiscs
over Nanorods and Use Shape-Specific Uptake Mechanisms. Proc. Natl. Acad. Sci. USA. 2013, 110, 17247–17252. [CrossRef]
[PubMed]
108. Truong, N.P.; Whittaker, M.R.; Mak, C.W.; Davis, T.P. The Importance of Nanoparticle Shape in Cancer Drug Delivery. Expert
Opin. Drug Deliv. 2015, 12, 129–142. [CrossRef]
109. Nagahama, K.; Kawano, D.; Oyama, N.; Takemoto, A.; Kumano, T.; Kawakami, J. Self-Assembling Polymer Micelle/Clay
Nanodisk/ Doxorubicin Hybrid Injectable Gels for Safe and Efficient Focal Treatment of Cancer. Biomacromolecules 2015, 16,
880–889. [CrossRef]
110. Sun, W.; Parowatkin, M.; Steffen, W.; Butt, H.J.; Mailänder, V.; Wu, S. Ruthenium-Containing Block Copolymer Assemblies: RedLight-Responsive Metallopolymers with Tunable Nanostructures for Enhanced Cellular Uptake and Anticancer Phototherapy.
Adv. Healthc. Mater. 2016, 5, 467–473. [CrossRef]
111. Sun, W.; Wen, Y.; Thiramanas, R.; Chen, M.; Han, J.; Gong, N.; Wagner, M.; Jiang, S.; Meijer, M.S.; Bonnet, S.; et al. Red-LightControlled Release of Drug−Ru Complex Conjugates from Metallopolymer Micelles for Phototherapy in Hypoxic Tumor
Environments. Adv. Funct. Mater. 2018, 28, 1804227. [CrossRef]
112. Ernsting, M.J.; Murakami, M.; Roy, A.; Li, S.D. Factors Controlling the Pharmacokinetics, Biodistribution and Intratumoral
Penetration of Nanoparticles. J. Control. Release 2013, 172, 782–794. [CrossRef]
113. Tan, J.; Shah, S.; Thomas, A.; Ou-Yang, H.D.; Liu, Y. The Influence of Size, Shape and Vessel Geometry on Nanoparticle
Distribution. Microfluid. Nanofluid. 2013, 14, 77–87. [CrossRef]
114. Carregal-Romero, S.; Plaza-García, S.; Piñol, R.; Murillo, J.L.; Ruiz-Cabello, J.; Padro, D.; Millán, A.; Ramos-Cabrer, P. MRI Study
of the Influence of Surface Coating Aging on the In Vivo Biodistribution of Iron Oxide Nanoparticles. Biosensors 2018, 8, 127.
[CrossRef]
115. Gómez-Vallejo, V.; Puigivila, M.; Plaza-García, S.; Szczupak, B.; Piñol, R.; Murillo, J.L.; Sorribas, V.; Lou, G.; Veintemillas, S.;
Ramos-Cabrer, P.; et al. PEG-copolymer-coated iron oxide nanoparticles that avoid the reticuloendothelial system and act as
kidney MRI contrast agents. Nanoscale 2018, 10, 14153–14164. [CrossRef]
116. Majumder, B.; Baraneedharan, U.; Thiyagarajan, S.; Radhakrishnan, P.; Narasimhan, H.; Dhandapani, M.; Brijwani, N.; Pinto, D.D.;
Prasath, A.; Shanthappa, B.U.; et al. Predicting clinical response to anticancer drugs using an ex vivo platform that captures
tumour heterogeneity. Nat. Commun. 2015, 6, 6169. [CrossRef]
117. Dilnawaz, F.; Acharya, S.; Sahoo, S.K. Recent trends of nanomedicinal approaches in clinics. Int. J. Pharm. 2018, 538, 263–278.
[CrossRef] [PubMed]
118. Riehemann, K.; Schneider, S.W.; Luger, T.A.; Godin, B.; Ferrari, M.; Fuchs, H. Nanomedicine—Challenge and perspectives. Angew.
Chem. Int. Ed. Engl. 2009, 48, 872–897. [CrossRef] [PubMed]
119. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer
2017, 17, 20–37. [CrossRef]
120. Jackman, J.A.; Meszaros, T.; Fulop, T.; Urbanics, R.; Szebeni, J.; Cho, N.J. Comparison of complement activation-related
pseudoallergy in miniature and domestic pigs: Foundation of a validatable immune toxicity model. Nanomedicine 2016, 12,
933–943. [CrossRef]
121. Szebeni, J.; Storm, G. Complement activation as a bioequivalence issue relevant to the development of generic liposomes and
other nanoparticulate drugs. Biochem. Biophys. Res. Commun. 2015, 468, 490–497. [CrossRef] [PubMed]
122. Hua, S.; de Matos, M.B.C.; Metselaar, J.M.; Storm, G. Current trends and challenges in the clinical translation of nanoparticulate
nanomedicines: Pathways for translational development and commercialization. Front. Pharmacol. 2018, 9, 790. [CrossRef]
123. Dreifuss, T.; Betzer, O.; Shilo, M.; Popovtzer, A.; Motiei, M.; Popovtzer, R. A challenge for theranostics: Is the optimal particle for
therapy also optimal for diagnostics? Nanoscale 2015, 7, 15175–15184. [CrossRef]
124. Sainz, V.; Conniot, J.; Matos, A.I.; Peres, C.; Zupancic, E.; Moura, L.; Silva, L.C.; Florindo, H.F.; Gaspar, R.S. Regulatory aspects on
nanomedicines. Biochem. Biophys. Res. Commun. 2015, 468, 504–510. [CrossRef] [PubMed]
125. Gaspar, R. Regulatory issues surrounding nanomedicines: Setting the scene for the next generation of nanopharmaceuticals.
Nanomedicine 2007, 2, 143–147. [CrossRef] [PubMed]
126. Tinkle, S.; McNeil, S.E.; Muhlebach, S.; Bawa, R.; Borchard, G.; Barenholz, Y.; Tamarkin, L.; Desai, N. Nanomedicines: Addressing
the scientific and regulatory gap. Ann. N. Y. Acad. Sci. 2014, 1313, 35–56. [CrossRef] [PubMed]
127. Hare, J.I.; Lammers, T.; Ashford, M.B.; Puri, S.; Storm, G.; Barry, S.T. Challenges and strategies in anti-cancer nanomedicine
development: An industry perspective. Adv. Drug Deliv. Rev. 2017, 108, 25–38. [CrossRef] [PubMed]
128. Accomasso, L.; Cristallini, C.; Giachino, C. Risk assessment and risk minimization in nanomedicine: A need for predictive,
alternative, and 3Rs strategies. Front. Pharmacol. 2018, 9, 228. [CrossRef] [PubMed]
129. Ragelle, H.; Danhier, F.; Preat, V.; Langer, R.; Anderson, D.G. Nanoparticle-based drug delivery systems: A commercial and
regulatory outlook as the field matures. Expert Opin. Drug Deliv. 2017, 14, 851–864. [CrossRef]

