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Abstract 

Theranostics is a way of treating illness that blends medicine with testing. Specific characteristics should be present 
in the best theranostic agents for cancer: (1) the drugs should be safe and non-toxic; (2) they should be able to treat 
cancer selectively; and (3) they should be able to build up only in the cancerous tissue. Liposomes (LPs) are one 
of the most efficient drug delivery methods based on nanotechnology. Stealth LPs and commercial LPs have recently 
had an impact on cancer treatment. Using the valuable information from each imaging technique, along with the 
multimodality imaging functionality of liposomal therapeutic agents, makes them very appealing for personalized 
monitoring of how well therapeutic drugs are working against cancer in vivo and for predicting how well therapies 
will work. On the other hand, their use as nanoparticle delivery systems is currently in the research and development 
phase. Nanoscale delivery system innovation has made LP-nanoparticle hybrid structures very useful for combining 
therapeutic and imaging methods. LP-hybrid nanoparticles are better at killing cancer cells than their LP counter-
parts, making them excellent options for in vivo and in vitro drug delivery applications. Hybrid liposomes (HLs) could 
be used in the future as theranostic carriers to find and treat cancer targets. This would combine the best features 
of synthetic and biological drug delivery systems. Overarchingly, this article provided a comprehensive overview 
of the many LP types used in cancer detection, therapy, and theranostic analysis. An evaluation of the pros and cons 
of the many HLs types used in cancer detection and treatment has also been conducted. The study also included 
recent and significant research on HLs for cancer theranostic applications. We conclude by outlining the potential 
benefits and drawbacks of this theranostic approach to the concurrent detection and treatment of different malig-
nancies, as well as its prospects.
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Graphical Abstract

Introduction
Cancer is a severe medical condition with often poor 
prognoses. In the world, cancer comes in third place 
after infectious illnesses and cardiovascular disorders 
as the primary causes of death [1]. As the hunt for suc-
cessful anti-cancer treatments goes on, it’s becoming 
more and more evident that creating treatment regi-
mens that work requires an accurate and educational 
depiction of anti-cancer medicines after they’ve been 
administered [2, 3]. A new age in cancer detection and 
therapy is dawning, propelled by remarkable develop-
ments in nanotechnology [4]. Modern cancer thera-
pies, including chemotherapy, radiation, gene therapy, 
and immunotherapy, have helped many people go into 
complete remission, yet cancer is still a leading cause of 

death worldwide [5]. Therapeutic resistance, toxic side 
effects (i.e., in healthy tissues), and a lack of therapeutic 
specificity are the significant causes of the low response 
rates for many malignancies [6]. To overcome the con-
straints of traditional cancer therapies, nanotechnology 
has emerged as a crucial domain for developing nano-
particles (NPs) capable of eradicating cancerous cells 
[7].

NPs can transport substantial quantities of cancer 
medications to tumors owing to their small size. Addi-
tionally, they may be equipped with specific molecules 
(such as folate or peptides) to selectively target certain 
kinds of cancer cells, achieved by receptor-mediated 
endocytosis [8]. Nanotechnology has facilitated the use 
of NPs that may passively aggregate at tumor locations, 
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making them an ideal substitute for traditional meth-
ods in cancer therapy. The NPs were analyzed for sev-
eral therapeutic applications, such as drug delivery, gene 
delivery to malignancies, and imaging agents with high 
selectivity and extensive measurement capabilities. NPs 
may be used in targeted drug delivery, offering benefits 
such as biocompatibility and less toxicity. NPs exhibit 
diverse properties, including a significant surface-to-vol-
ume ratio, which facilitates their ability to bind, absorb, 
and transport small biomolecules, such as DNA, RNA 
drugs, and protein molecules, to specific locations. This, 
in turn, enhances the efficacy of therapeutic agents. The 
benefits above render them significantly distinct and 
productive when compared to conventional methods in 
the treatment of cancer [9]. They may be grouped into 
many categories based on their characteristics, shapes, 
or dimensions. To name a few, there are fullerenes, metal 
NPs, ceramic NPs, and polymeric NPs. Due to their very 
high surface area and minimal size on the nanoscale, NPs 
display unique physical and chemical properties. Their 
size is believed to affect their optical properties, which 
in turn cause them to absorb light of different colors. 
Because of their unique structure, size, and form, they 
are reactive and tough, among other things [10]. Nan-
otheranostics have shown the creation of sophisticated 
platforms capable of early-stage diagnosis, initiation of 
primary therapy, monitoring, and prompt initiation of 
additional treatments for brain cancer [11].

Nanotheranostics refers to cutting-edge advancement 
in the field of localized imaging and cancer treatment. 
Currently, many conjugated nanohybrids have been 
suggested for noninvasive diagnostics and treatments; 
however, their progress in practical application could 
be better. However, it is essential to address the early 
detection of tumors in their initial stages and the effec-
tive delivery of nanosized systems to the tumor envi-
ronment in nanomedicine. Conventional theranostics 
systems that have been used in the past are currently 
encountering various obstacles, including limited image 
clarity, significant toxicity, quick elimination from the 
body, inadequate and non-specific distribution within 
the body, instability, rapid clumping, slow breakdown, 
non-specific distribution within the body, lack of mul-
tifunctional capabilities, and limited ability to penetrate 
tissues. Therefore, these constraints impede the pre-
clinical examinations of nanobiomaterials in the field of 
nanomedicine. Hence, there have been suggestions for 
the development of targeted theranostics agents, which 
include a combination of integrated imaging, therapeu-
tics, and targeting agents within a unified platform, to 
achieve improved results. Nevertheless, the integra-
tion of a comprehensive platform at the nanoscale may 
diminish its effectiveness in diagnosis and treatment, 

as it may result in the untimely release of diagnostic 
and therapeutic chemicals that have been loaded onto 
it. The presence of these prematurely released cargo 
molecules may result in a multitude of adverse conse-
quences on healthy cells and tissues. In addition, the 
consolidation of all agents into a single system might 
lead to intricate synthesis pathways with diminished 
product yield and limited repeatability [12–15].

Liposomes (LPs), being the fundamental artificial bio-
logical cells, have a broad spectrum of potential appli-
cations in molecular imaging, gene therapy, medicine 
administration, and vaccine delivery [16]. Nano LPs 
are LPs that typically have a size of 200 nm or less [17]. 
As specialized delivery vehicles, LPs—which consist of 
phospholipids around an aqueous core—can transport 
a variety of cancer treatment agents, including drugs, 
photosensitizers, and even genetic material [18].

Additionally, it should be noted that the NPs can 
incorporate imaging agents, including radioisotopes, 
fluorophores, and magnetic resonance imaging (MRI) 
contrast material. This enables their utilization in mon-
itoring and evaluating the progress of therapeutic inter-
ventions [19, 20]. A multitude of cancer therapies have 
been devised since the introduction of the nanomedi-
cine concept, using medication compositions medi-
ated by nanostructures [21]. When it comes to (i) solid 
tumor cancer theranostics, (ii) image-guided treat-
ments, and (iii) combined therapeutic applications, 
nanosized LPs are known to be a clinically proven way 
to deliver a variety of imaging and therapeutic agents 
to specific locations [22]. In 1995, the FDA approved 
Doxil®, a PEGylated LP containing doxorubicin (DOX), 
for the treatment of Kaposi’s sarcoma associated with 
AIDS. This was nanomedicine’s first approval. Conse-
quently, several diseases have been approved for the 
treatment of LP-based medications, and additional 
clinical trials are still being carried out. The LP-based 
treatments were successful because of the following: (1) 
they were easy to synthesize; (2) they were compatible 
with living things; (3) they could hold both water-sol-
uble and water-insoluble substances; and (4) they had 
persistent circulation properties following the appli-
cation of polyethylene glycol (PEG). Numerous new 
features have recently been added to the LP platform. 
This includes (1) the incorporation of temperature- and 
pH-sensitive lipid components; (2) the integration of 
in vivo imaging probes for optical imaging, MRI, posi-
tron emission tomography (PET), and single-photon 
emission computed tomography (SPECT); and (3) the 
creation of innovative agents for photodynamic and 
photothermal therapies (PDT, PTT). The LP is a par-
ticularly appealing nanoplatforms for theranostics 
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because of its mix of well-established advantages and 
recent experimental achievements [23].

However, researchers encounter challenges in develop-
ing LPs for clinical drug delivery systems (DDS), includ-
ing rapid clearance by the immune system, development 
of immunosuppression, and buildup in organs responsi-
ble for clearance [24]. Furthermore, the findings of cur-
rent clinical trials suggest that these kinds of medication 
compositions only slightly increase the antitumor effec-
tiveness [25]. Biological obstacles, including poor circu-
lation stability, low extravasation efficiency in tumors, 
limited tumor penetration capacity, and the development 
of multidrug resistance, are primarily responsible for the 
shortcomings of these formulations [26].

LP structures categorize bilayers into four classifica-
tions based on their size and quantity: small unilamellar 
vesicles (SUV), large unilamellar vesicles (LUV), multila-
mellar vesicles (MLV), and multivesicular vesicles (MVV) 
[27]. Unique properties distinguish engineered liposomal 
NPs as cargo carriers in cancer therapy and care [28]. 
Liposomal theranostics have made great strides in the 
last few years, showing promising results in animal and 
human cancer models. Liposomal hybrid systems have 
obtained Food and Drug Administration (FDA) approval 
and have successfully entered the market [29].

New information suggests that hybrid nanocarri-
ers have made strides, especially in the area of imaging 
capability integration. To accomplish this, imaging com-
ponents may be either surface-attached to these hybrids 
or integrated into their core domains [1]. To diagnose 
tumors before or after surgery or to aid in the study of 
how drugs are absorbed, distributed, metabolized, and 
eliminated in the body to reduce the harmful effects of 
drugs on healthy tissues [30].

To summarize, these hybrid nanocarriers have great 
promise for addressing the drawbacks of conventional 
chemotherapy, such as its fast clearance, high toxicity, 
and non-specific distribution to cells and tissues [31]. 
Platelet exosome (EXO) hybrid liposomes (HLs) com-
bine the advantageous characteristics of LPs and platelet 
EXOs. They have a high drug-loading capacity similar to 
LPs and possess the ability to specifically target tumors, 
which is a desirable trait of platelet EXOs. Platelet EXO 
HLs have significant promise for clinical use as drug 
carriers [22]. The vesicular and micellar molecules that 
makeup HLs may be synthesized by sonicating them in 
a buffer solution, provided that no organic solvents are 
present to prevent contamination. Furthermore, HL 
structures may be easily generated by subjecting a com-
bination of vesicular and micellar molecules to ultrasonic 
waves in a buffered solution. Researchers used a mouse 
model of colorectal cancer (CRC) using HCT116 cells to 
study the therapeutic benefits and diagnostic capacities 

of HLs in detecting cancer. The researchers’ goal was 
to determine if HLs may be used as theranostic agents. 
HLs demonstrated therapeutic activity in vitro by imped-
ing the proliferation of HCT116 CRC cells, perhaps via 
the promotion of apoptosis, in the absence of a chemo-
therapeutic agent. HLs delivered intravenously also sig-
nificantly decreased the relative weight of the cecum in 
a rat model of CRC with orthotopic grafting. Research-
ers’ histological study indicated that hematoxylin and 
eosin (H&E) staining stated a reduction in tumor size 
in the cecal sections. The TUNEL labeling revealed the 
activation of apoptosis in HCT116 cells inside the ortho-
topic transplant animal model of CRC. To diagnose CRC 
using hyperspectral imaging, researchers observed the 
buildup of hyperspectral images, including a fluorescent 
probe [indocyanine green (ICG)] in HCT116 cells inside 
an in vivo model of CRC after intravenous injection. The 
findings suggest that HLs may build up in tumor cells in 
the cecum of the orthotopic transplant mice model of 
CRC for an extended duration and impede the prolif-
eration of HCT116 cells [32]. Membrane fusion-based 
hybrid exosomes (MFHE) are a novel kind of NPs used 
for drug delivery, which combines the advantages of 
both LPs and EXOs. MFHE is formed by the fusion of 
EXOs and LPs utilizing a range of membrane fusion pro-
cedures. MFHEs provide notable characteristics such 
as a high drug loading capacity, excellent stability, and 
straightforward surface modification. Furthermore, they 
have exceptional biocompatibility and little immuno-
genicity, akin to EXOs. This provides innovative view-
points on NP DDS [24, 33].

Various vesicular carriers, including metallic hybrid 
nano-vesicle systems, lipid peptides, and lipopolym-
ersomes, have shown potential in nanomedicine. Nev-
ertheless, the existing cancer treatments discussed by 
researchers, together with other significant constraints 
such as poor productivity, high energy consumption, 
costly setup, lengthy process durations, and so on, make it 
challenging to use these systems in clinical settings com-
mercially. These restrictions may be lessened with the use 
of combinatorial hybrid systems. Because they combine 
the best features of many carriers into one, hybrid nano-
vesicular systems have the potential to increase the thera-
peutic index and enhance clinical outcomes. Cell-based 
DDSs have been particularly effective in cancer therapy 
because of their distinct characteristics. Erythrocytes and 
platelets are long-circulating cells that may greatly bene-
fit nanoparticles (NPs) due to their characteristics. Nano-
materials are crucial in cell-based drug delivery because 
of their one-of-a-kind physicochemical characteristics. 
When several nanomaterials and cell types are combined, 
the resultant delivery systems have a multitude of desired 
features. A lipid shell encases a polymer core in NPs, 
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making them core–shell nanostructures of the next gen-
eration. Recent years have seen a dramatic change in the 
method for producing lipid-polymer hybrid NPs, with 
the two-step process giving way to a one-step method 
that relies on the self-assembly of lipids and polymers. 
Due to its dual purpose, this approach has piqued the 
attention of oncologists as a combinatorial drug delivery 
platform [34].

To overcome these practical restrictions, a new 
approach called EXO fusion with LPs has been devel-
oped recently. These methods guarantee a large amount 
of medication, are very stable and biocompatible, and 
do not elicit an immune response. The physicochemical 
characteristics of hybrid vesicle liposomes (HVs)—which 
mix EXOs and LPs—can vary according to the manufac-
turing process used. For instance, even if they contain a 
lot of medicinal drugs, HVs made via the freeze–thaw 
method might have some of those compounds leaked 
out. Another method for preparing HVs is via natural 
incubation; however, although this technique is straight-
forward, the resulting HVs have poor fusion efficiency. 
Hybrid vesicles that were manufactured via polyethylene 
glycol-mediated fusion had an increase in blood circu-
lation time. On the other hand, stealthy HVs show less 
absorption by cells. Although shear stress during the 
extrusion process is possible, HVs manufactured using 
the membrane extrusion method nevertheless showed 
benefits such as homogeneity, a quick building process, 
and manageable size controllability. The hybrid vesi-
cles outperformed LPs in terms of physical qualities and 
reduced cell viability to a greater extent, albeit this effect 
likely varied by cell type. Researchers shed light on the 
kinds of Extracellular Vesicles (EVs) that can be used to 
make hybrid vesicles, which might lead to the develop-
ment of a more effective DDS, and it also suggested that 
fusion-based hybrid vesicles give a new way to deliver 
therapeutic drugs. Finally, stable HVs, including EVs 
and LPs, were successfully manufactured and showed 
enhanced cellular absorption of DOX by cancer cells. The 
HVs’ internalization methods were somewhat in line with 
ATP-dependent endocytosis, depending on the HVs’ 
composition and various cell types. Researchers offered 
a proof of concept for HV preparation via the fusion pro-
cess, which may inspire future generations of drug deliv-
ery carriers [35].

Furthermore, NPs that combine LPs and polymers 
were developed and evaluated for use in nasal vaccina-
tion administration. To increase biocompatibility, colloi-
dal stability, and consistent antigen release, researchers 
added hyaluronic acid (HA) to cationic DOTAP LPs 
and then PEGylated them. When compared to soluble 

vaccine formulations, these NPs co-loaded with adjuvant 
compounds and protein antigens improved dendritic cell 
(DC) maturation and induced higher humoral and cellu-
lar immune responses [36]. The use of gene silencing in 
cancer therapy has great promise. Nevertheless, creating 
carrier systems that are both safe and highly targeted is 
essential for improving its efficiency. Their immuno-
genicity is usually the limiting factor for cationic carriers. 
Because epithelial malignancies have an overabundance 
of the protein epithelial cell adhesion molecule (EpCAM), 
scientists have developed HLs that encapsulate a Poly 
(L-lysine)-siRNA complex in an effort to silence it. 
Researchers showed that for the HLs LL1 (Egg PC: DSPE-
PEG, 10:0) and hybrid immunoliposomes LL2 (Egg PC: 
DSPE-PEG, 8:2) linked to the EpCAM antibody as the 
targeted ligand, the encapsulation efficiency (EE) was 
70% and 86%, respectively. With a zeta (ζ)-potential of 
−26 mV, LL2 LPs demonstrated exceptional colloidal sta-
bility at 37 °C in phosphate-buffered saline (PBS), which 
included fetal bovine serum and bovine serum albu-
min. Research on cell absorption revealed that LL2 LPs 
were more efficiently absorbed than LL1 LPs. Research-
ers lastly tested the hybrid immunoliposomes’ ability to 
reduce tumor volume in SCID mice. Every one of the 
eight animals received a dosage of 0.15 mg/kg of siRNA, 
one of the lowest quantities ever recorded. Compared to 
the positive control and LL1 treatment groups, the LL2-
treated animals reduced tumor volume by around 45% 
after 28 days. Researchers demonstrated that the ‘nano-
in-nano’ concept of encapsulating poly (l-Lysine) com-
plexed EpCAM siRNA in immunoliposomes would be 
a workable way to treat EpCAM-positive epithelial can-
cers, especially as an adjuvant therapy [37].

This article generally discussed the kinds of LPs used 
in cancer detection, treatment, and therapy. Addition-
ally, the types of HLs that are useful for cancer detection 
and treatment have been examined, along with their ben-
efits and drawbacks. Essential and recent research on the 
use of HLs in cancer therapy was also discussed. Lastly, 
the advantages and disadvantages of this theranostic 
approach to the concurrent detection and treatment of 
many malignancies were examined.

Typical features of liposomes
LPs, which are vesicles with a spherical form and com-
posed of one or more layers of phospholipids, were first 
documented in the mid-1960s [38]. LPs are vesicles com-
posed of phospholipids that may be either uni or mul-
tilamellar in structure. These LPs can be derived from 
natural or synthetic sources and possess the advanta-
geous properties of being non-toxic, biodegradable, and 
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readily producible in large quantities [39]. Soybean, egg 
yolk, artificial, and hydrogenated phosphatidylcholine are 
among the most often used types of phospholipids in a 
range of formulations [40]. At present, they function as 
highly valuable replicas, chemical reaction substances, 
instruments, and components in numerous scientific 
disciplines, such as biology, mathematics, theoretical 
physics, biophysics, chemistry, colloid science, and bio-
chemistry [41]. Subsequently, LPs have become available 
for purchase. LPs, one of several innovative new DDSs, 
represent a cutting-edge method for transporting active 
molecules to the site of action; several formulations are 
currently in clinical use [42]. LPs are natural, non-toxic 
phospholipids and cholesterol that can be utilized in 
their production. Phosphoric and hydrophilic properties, 
in addition to biocompatibility, render LPs auspicious 
DDS [43]. LPs, because of their many manifestations, 
need more investigation. These structures can transport 
both hydrophilic and hydrophobic pharmaceuticals for 
various purposes, such as cancer treatment, antibiotic 
and antifungal therapies, immunomodulation, diagnos-
tics, ophthalmic applications, vaccines, enzymes, and 
genetic elements [44]. The formulation of LPs influences 
the properties of these systems. Bangham and colleagues 
defined LPs as products that can be produced from 
phospholipids, cholesterols, non-toxic surfactants, and 
membrane proteins approximately forty years ago. As a 
consequence of this group’s investigations, LPs have been 
classified as delivery systems, with the central section 
transporting a diverse array of compounds [45]. These 
structures are capable of encapsulating and harmfully 
delivering both hydrophilic and hydrophobic substances 
[46, 47]. Primarily composed of phospholipids (e.g., soy-
bean phosphatidylcholine, synthetic dialkyl, or trialkyl 
lipids), LPs are synthesized [48]. Cholesterol is an essen-
tial component of LPs because it regulates the permeabil-
ity of membranes, alters their fluidity, and makes bilayer 
membranes more stable when exposed to biological fluids 
like blood and plasma [49]. To enhance the efficacy of the 
encapsulated drug, prolong the circulation half-life, and 
improve the biodistribution profile, liposomal formula-
tions may additionally incorporate membrane proteins 
and polymers. Furthermore, it has been demonstrated 
that incorporating phospholipids-attached polyethylene-
glycol (PEG) into the infrastructure of stealth-stabilized 
LPs is an effective technique for modulating the pharma-
cokinetic properties and biodistribution profiles of LPs 
[50, 51].

In addition, the kinds of LPs may be classified as uni-
lamellar, multilamellar, or gigantic unilamellar varieties 
according to the production procedures [52]. Based on 
the size and number of bilayers, LP structures are cat-
egorized into four groups: SUV, LUV, MLV, and MVV. 

Concentric phospholipid spheres assemble into a mul-
tilamellar structure known as MVV, which is composed 
of numerous unilamellar vesicles generated within larger 
LPs [53]. When it comes to hydrophilic chemicals, the 
efficacy of LP encapsulation decreases with the number 
of bilayers, but it rises with the size of the LP. When it 
comes to controlling the circulation half-life of LPs, one 
of the most crucial factors is the size of the vesicles. The 
quantity of the medicine that is encapsulated is affected 
by both the size of the bilayers and the number of them 
[27].

LPs are vulnerable to various influences, including 
light-induced, thermal, ionic, and acid–base effects, as 
well as free radicals. As a result, their practical appli-
cations are constrained by the external environment; 
therefore, stability enhancement of LPs is a crucial pre-
requisite. Surface modifiers, such as proteins (polysac-
charides), have been employed by scientists to address 
the issues above. These modifiers establish a barrier of 
contact between phospholipids and the external environ-
ment, thereby enhancing the stability of LPs. Using layer-
by-layer self-assembly, these LPs not only maintained 
their fundamental characteristics—surface hydrophilic-
ity, a lipid bilayer, and a hydrophilic inner lumen—but 
also enhanced their stability and resistance to phospho-
lipid oxidation, as well as their biocompatibility [54].

Furthermore, as carriers for medications, LPs have 
notable characteristics like specific targeting, excellent 
compatibility with living organisms, capacity to break 
down naturally, simplicity of modification, little harm-
ful effects, and low likelihood of triggering immune 
responses. These traits significantly enhance the con-
trolled release of drugs and improve their therapeutic 
effectiveness. Nevertheless, LPs are rapidly eliminated 
from the bloodstream. Consequently, to enhance their 
durability inside a living organism, several investiga-
tions have been conducted on the specific alteration of 
the surfaces of LPs. An example of this is the process of 
attaching the hydrophilic polymer PEG to the surface of 
LPs. This prevents the adsorption of opsonins, which in 
turn reduces the absorption of the mononuclear phago-
cyte system (MPS) and allows for extended circulation. 
Presently, typical functionalized LPs include long-circu-
lating PEGylated LPs, ligand functionalized LPs, stimuli-
sensitive LPs for highly efficient targeted treatment, and 
sophisticated cell membrane-coated biomimetic nano-
carriers. Additionally, the safety of nanoLPs is influenced 
by several factors, such as their dimensions, composition, 
surface charge, stability, incorporation into tissues, and 
interactions with cells [55, 56] (Fig. 1).
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Liposomes in cancer detection
The early identification or thorough visualization of 
cancer-related biomarkers is significant for cancer treat-
ment [57]. Traditional histological imaging methods 
sometimes exhibit limited sensitivity in detecting cancer 
during its first stages [58]. The area of in vivo biomarkers 
and illness detection has significantly progressed thanks 
to the capacity to alter the surface characteristics of dif-
ferent recognition agents and change the composition of 
LPs [28].A significant worry in cancer diagnostics is the 
toxicity of detecting agents. These chemicals are often 
injected into the body for imaging or to track the growth 
of tumors. Despite their importance for accurate cancer 
diagnosis, their compatibility with the body and lack of 
side effects must be prioritized. When it comes to diag-
nosing patients, characterizing diseases, and planning 
treatments, anatomical and physiological imaging using 
CT and MRI is crucial. It is becoming more common for 
procedures that use CT and MRI to ask for the injection 
of contrast media, including iodinated CT and gadolin-
ium (Gd) for MRI. Although iodinated and, to a lesser 
degree, Gd-based contrast media are often employed in 
clinical practice, they can have adverse effects: MRI con-
trast chemicals may cause nephrogenic systemic fibrosis 
(NSF) and potentially fatal contrast-induced nephropa-
thy (CIN) in the kidneys. Any sudden decrease in renal 
function after the injection of iodinated contrast media (a 
rise in serum creatinine of more than 0.5 mg/dl) is called 
CIN. It is believed that the most vulnerable population 
to get CIN consists of patients with moderate to severe 
chronic renal impairment. When it comes to ionic high-
osmolar contrast CT medium, CIN has more incredible 
experience. Skin and systemic connective tissue produc-
tion are hallmarks of the uncommon disorder known as 
NSF. Patients prone to NSF include those with chronic 
kidney disease (stages 4–5), acute kidney injury, or end-
stage renal disease. There is a higher likelihood of NSF 
when using nonionic linear Gd-chelates [59]. The use 
of NPs as cancer theranostics is hindered by their high 
toxicity, off-target effects, and poor biocompatibility, all 
of which pose severe risks to cancer patients and even 
jeopardize their lives. When NPs aggregate within cells 
to create a protein corona, they disrupt the biomolecules’ 
normal function; as a result, the formulation loses its 
ability to regulate the proliferation of cancer cells. Dan-
gerous toxicities may result from NPs interacting nega-
tively with living things. The accumulation of small NPs 
(< 100  nm) in organs and tissues that are not intended 
for their use, including the liver, spleen, or lungs, might 
cause harm to these organs [60, 61].

The significance of molecular and diagnostic imaging 
has significantly risen in recent years, particularly in 
cancer therapy and the planning of treatment for other 

illnesses. Nanomedicine offers intriguing prospects for 
integrating imaging and treatment. Tumor-targeting 
engineered LPs can specifically accumulate in tumor 
tissue and may effectively deliver both therapeutic 
medications and imaging agents. This enables a thera-
nostic strategy that holds significant promise in the 
field of personalized medicine. The process of attach-
ing radioactive labels to LPs has been a common prac-
tice in preclinical research to assess the behavior of LPs 
in living organisms. This technique has played a cru-
cial role in the advancement of liposomal medication 
development. Nevertheless, modern imaging methods 
now provide novel opportunities for the non-inva-
sive tracking of LP biodistribution in human subjects. 
Advancements in imaging technology and LP radiola-
beling methods have opened up new possibilities for 
using imaging to identify patients and monitor therapy 
when using nanocarrier-based medications. Nanocar-
rier imaging agents may possess intriguing character-
istics that might be valuable for disease diagnosis and 
staging [62]. Numerous well-established and frequently 
employed medical imaging modalities, including fluo-
rescence, magnetic resonance, ultrasound, and nuclear 
imaging, have utilized LPs as nanocarriers [63].

LPs serve as exceptionally efficient carriers for molec-
ular imaging instruments and medications intended 
for use within living organisms. LPs, characterized by 
a diameter below 200  nm, exhibit considerable prom-
ise in terms of facilitating blood flow and promoting 
cargo accumulation in particular tumor or inflamed tis-
sues through the enhanced penetration and retention 
(EPR) mechanism of passive targeting. Moreover, active 
targeting can be achieved through the modification 
of the vesicle surface via the application of antibodies 
or other suitable targeting ligands. Additionally, LPs 
can be infused with NPs of various compositions and 
sizes, thereby expanding the potential applications of 
this class of materials, which have garnered consider-
able research attention in recent decades due to their 
remarkable properties and attributes. These materi-
als demonstrate unprecedented physical and chemical 
characteristics as a result of the confinement effects of 
quantum mechanics and their substantial surface area. 
NPs find utility across a vast array of domains, includ-
ing but not limited to medicine, energy-based research, 
sensing, imaging, and environmental applications. The 
feasibility of these applications stems from the capac-
ity to modify the characteristics of NPs—such as their 
optical, magnetic, and catalytic properties—via their 
size, shape, and the inherent properties of the elements 
comprising them. Although a universally accepted 
definition of nanomaterials is still elusive, they are fre-
quently defined as substances containing at least one 
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Fig. 1  A Diagram showing the liposome (LP)’s structural makeup. B LPs may be classified as GULV, LUV, SUV, multilamellar LP, and multivesicular LP, 
depending on their size and lipid-bilayer structure. C There are many liposomal drug delivery systems available, including PEGylated LPs, Theranostic 
LPs, Ligand-targeted LPs, and Conventional LPs
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dimension ranging from one to 100 nm. The European 
Commission formally established a definition for nano-
materials in 2011. Nanomaterials, as per this definition, 
can be observed either in an unconstrained state or in 
the form of aggregates or agglomerates. Furthermore, 
one or more external dimensions of a minimum of 50% 
of the particles in the number size distribution must be 
contained within the range of 1–100 nm [64] (Fig. 2).

Liposome in fluorescence imaging of cancer
Fluorescence is crucial in the detection of cancer. The 
examination of tissue emission spectra forms the basis 
of this method, which is often shown as a graph showing 
the relationship between intensity and wavelength [65]. 
To perform fluorescence spectroscopy, either steady-
state or time-resolved methods may be utilized. Exter-
nal labeling of fluorescent proteins and the utilization of 
single or multiple-wavelength excitations are examples 

of such techniques [66]. The approach most often used 
for analyzing emission spectra is steady-state fluores-
cence. Autofluorescence is achieved by not using exter-
nal fluorescence markers, allowing for in  vivo detection 
without the need to prepare tissue samples [67]. Imaging 
by fluorescence is the most prevalent diagnostic method. 
It enables the examination of the biological functions of 
biomolecules by visualizing their location, gene expres-
sion, and enzyme activity in living cells or tissues [68].

Mucin 1 (MUC1) is a significant biomarker that is 
involved in the spread and infiltration of different forms 
of cancer. Early cancer detection and disease progression 
monitoring depend on effective methods for identify-
ing MUC1 in liquid samples and imaging MUC1 at the 
cellular level. Researchers used a polydiacetylene (PDA) 
LP-based sensing technology to develop a nanosensor for 
MUC1 detection. A Cy3-labeled MUC1 binding aptamer 
(Cy3-Apt) was used to functionalize the device, and it 

Fig. 2  Fluorescence imaging, magnetic resonance imaging, ultrasound cancer imaging, and nuclear imaging are all approaches used to image LPs



Page 10 of 64Azimizonuzi et al. Cancer Cell International           (2025) 25:26 

functioned via a fluorescence “turn-on” mechanism. 
Energy transfer between the fluorogenic and PDA-con-
jugated backbones instantly quenches the fluorescence 
of Cy3-Apt in the sensor device. When MUC1 is present, 
the aptamer (Apt) binds to it and causes both the PDA 
LPs and the Apt to undergo a structural change, resulting 
in the restoration of red fluorescence. With a detection 
limit of around 0.8 nM, MUC1 may be detected explicitly 
in water-based solutions. Accurately measuring the spa-
tial expression of MUC1 in cancer cells demonstrated the 
nanosensor’s remarkable sensitivity and further validated 
its usefulness [69].

Imaging and fluorescence microscopy methods are 
often used to track the migration of LP tumors. To inves-
tigate the possible relationship between the fluorescent 
label type and the accumulation of LPs, researchers cre-
ated PEGylated LPs that were labeled with two types of 
fluorescent phospholipids (Cy3-DSPE or Cy5-DSPE) and 
indocarbocyanine lipids (ICLs: DiD or DiI). Although the 
LPs had comparable cyanine headgroups, they had differ-
ent spectra. Scientists used ex vivo confocal microscopy 
and imaging methods to directly examine the accumu-
lation and extravasation of FPLs and ICLs originating 
from malignancies. In a mouse model of 4T1 breast can-
cer (BC) that is genetically identical to the host, immune 
cells known as ICLs and FPLs were shown to first gather 
in the blood vessels of the tumor and the surrounding 
region after being injected systemically. ICLs gathered 
in tumor macrophages and spread throughout a much 
wider area of the cancer at subsequent time points. In 
contrast, FPLs were mainly restricted to the blood vessels 
and showed negligible signals outside of them. This effect 
was confirmed in LY2 models of head and neck cancer 
and was not influenced by the makeup of LPs or the kind 
of ICL/FPL. Researchers also observed this phenomenon 
in syngeneic cerebral GL261 glioma. When tagged with 
two distinct dyes, the LPs were stable in plasma and were 
able to deliver both dyes to tumors in their early stages. 
Significantly, whereas the concentration of ICLs rose 
with time, FPLs eventually vanished from tumors and 
other organs in a living organism, most likely owing to 
the breakdown of the phospholipid. Researchers’ find-
ings suggest that the label’s mobility and persistence are 
essential considerations when using fluorescence micros-
copy and imaging to assess the leakage and accumulation 
of nanocarriers in malignancies and other organs [70].

As semiconductor nanocrystals, quantum dots (QDs) 
are among the most auspicious nanostructures in terms 
of potential in  vitro diagnostic applications. For long-
term imaging purposes, such as tracking intracellular 
biomolecules or entire cells, they are regarded as optimal 
candidates as fluorescent probes due to their intense flu-
orescence, narrow emission, broad excitation, and high 

photostability. Utilizing LPs to enhance the performance 
of QDs has been an extremely fruitful endeavor. The 
utilization of LPs as carriers for hydrophobic QDs can 
effectively address the issue of biocompatibility, whereas 
encapsulating hydrophilic QDs within LPs can mitigate 
cytotoxicity. Additionally, an active targeting agent, such 
as anti-HER protein, epidermal growth factor (EGF) 
ligand, folate, or platelet-derived growth factor (PDGF), 
that is linked with the lipid compounds can significantly 
enhance the ability of LPs to target tumor cells. By incor-
porating QDs into LPs, the absorption of living cells can 
be substantially enhanced. The LPs that are laden with 
QDs are distributed predominantly in the liver, spleen, 
and tumor. The MPS is capable of clearing them. The 
development of multifunctional LPs laden with QDs, 
including multi-fluorescent LPs, fluorescent paramag-
netic LPs, and theranostic LPs, has significantly acceler-
ated the progress toward personalized medications [71]. 
Using LPs with enhanced pharmacokinetic properties, 
fluorescence imaging substances can be delivered to the 
target area. For instance, Kostarelos et  al. devised func-
tionalized-QD-liposome (f-QD-L) hybrid NPs for cancer 
imaging by encapsulating PEG-coated QDs within the 
aqueous phase of DOPC-supported LPs [72].

The use of QDs to detect and monitor malignancies is 
auspicious. Nevertheless, their diminutive dimensions 
enable them to amass in significant quantities within 
healthy cells as well as tumor cells, thereby augmenting 
their cytotoxicity. In an investigation, stealth LPs encap-
sulating hydrophilic graphene QDs (GQDs) were synthe-
sized and their release was induced via ultrasound. The 
objective was to establish a method for delivering fluores-
cent markers to tumors that is both secure and precisely 
regulated. The outcomes of the researchers’ investigation 
validated the effective encapsulation of the QDs within 
the central region of the LPs. In contrast, the size and sta-
bility of the synthesized LPs remained unaffected. Addi-
tionally, their findings demonstrated that low-frequency 
ultrasound is a proficient technique for delivering QDs 
encapsulated within LPs in a controlled manner for space 
and time. This controlled release guarantees the efficient 
transportation of QDs to tumors while mitigating their 
systemic toxicity [73].

Liposome in magnetic resonance imaging (MRI)
The ability to monitor medical treatments in real-time 
and the patient’s reaction to therapy is made possible 
by non-invasive in  vivo imaging. Radiofrequency pulses 
detect the nuclear spins of hydrogen atoms in water 
in MRI, a widely used non-invasive medical imaging 
method that allows for non-invasive imaging of the body’s 
structure and physiological functions. [74]. The advance-
ment of magnetic contrast agents has been instrumental 
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in the expansion of MRI’s functional capabilities. These 
agents are utilized to investigate particular structures or 
to monitor local environmental changes. Comparable to 
fluorophores, LPs can encapsulate a wide range of con-
trast agents for MRI. This facilitates the controlled and 
effective administration of these instruments, leading to 
enhanced imaging capabilities [75]. Currently, transrec-
tal ultrasound (TRUS) is primarily used for biopsy guid-
ance rather than for identifying the precise location and 
size of prostate cancer. However, more advanced imaging 
techniques like endorectal coil MRI and magnetic reso-
nance spectroscopic imaging (MRSI) have the potential 
to detect prostate cancers [76].

Most clinically authorized iron oxide nanoparticles (IO 
NPs) used as MRI contrast agents have been taken off 
the market due to safety concerns or lack of profitability. 
To overcome this challenge, LPs have been used to cre-
ate IO-based T2 contrast agents. Researchers examined 
how different phospholipids affected the relaxivity (r2) 
values of magneto-liposomes (MLs) that included mag-
netic NPs in the bilayer. Investigators have shown that 
the fluidity of the bilayer and r2 are significantly corre-
lated. The relaxivity of lipid bilayers is enhanced consid-
erably by embedding 5-nm IO NPs; r2 values for DPPC/
cholesterol/DSPE-PEG (96/50/4) to DOPC/DSPE-PEG 
(96/4), ranging from 153 ± 5  s−1  mM−1, surpass the 
value of 673 ± 12  s−1  mM−1. In contrast, “free” IO NPs 
have a r2 value of 16 ± 1  mM−1, as measured at a 9.4  T 
MRI scanner. In conjunction with the ICP-MS analysis, 
in vitro MRI measurements and ICP-MS measurements 
demonstrated that MLs functioned as remarkably selec-
tive contrast agents, being preferentially internalized by 
malignant T24 cells. This enhanced contrast resulted in a 
more distinct differentiation between healthy and malig-
nant cells. Effective MRI contrast agents could be pro-
duced from MLs via meticulous lipid bilayer selection, 
even at deficient IO NPs concentrations [77].

Metastasis is the leading cause of death in cancer 
patients in clinical settings. Hence, it is essential to pre-
cisely monitor the spread of cancer to secondary sites, 
efficiently eliminate cancerous cells, and subsequently 
enhance the prognosis of individuals with advanced 
disease. Consequently, scholars devised an LP-based 
targeted system that employs targeting peptides and sin-
gle-stranded DNA. Sequential administration of this sys-
tem, followed by its assembly within the body, facilitates 
a pre-targeted synergistic treatment utilizing multimodal 
imaging for metastatic BC. Dual LPs comprise the pretar-
geted system. The initial LP comprises downconversion 
nanoprobes (DCNP) for near-infrared (NIR) fluorescence 
imaging (NIR-II) and SPIO (L1/C-Lipo/DS), an MRI 
contrast agent. This LP is utilized for MRI/NIR-II dual-
modal imaging of primary and metastatic malignancies. 

As the therapeutic component, the second LP contains 
glucose oxidase (GOx) and DOX (L2/C-Lipo/GD). The 
L1/C-Lipo/DS formulation contains superparamagnetic 
iron oxide (SPIO), which accumulates in the tumor tis-
sue and provides vital iron ions to the therapeutic LP 
(L2/C-Lipo/GD), enabling it to execute the targeted fer-
roptosis treatment on cancer cells efficiently. Based on 
multimodal imaging, researchers provide evidence that 
the DNA-mediated pretargeting method may facilitate 
a synergistically enhanced anticancer effect between the 
two LPs. Clinical application of this novel method of pre-
targeted and synergistic in  vivo assembly nanomedicine 
holds promise for the diagnostic and therapeutic man-
agement of cancer [78].

The primary objective of the researchers’ endeavor was 
to evaluate the theranostic capabilities of nanomedicine, 
which could produce MRI contrast in response to the 
localized exposure of pulsed low-intensity non-focused 
ultrasounds (pLINFU)-induced release of the antitu-
mor drug DOX from LPs. Gadoteridol served as an out-
standing imaging agent for assessing the release of DOX 
after pLINFU activation, as shown by in vitro tests. The 
theranostic system was later examined in  vivo using a 
syngeneic mouse model of TS/A BC. MRI offered out-
standing insight for tracking the drug’s release triggered 
by pLINFU. Furthermore, it furnished the following: i) an 
in vivo demonstration of the liposomal content’s efficacy 
in release and ii) confirmation that the overall protocol 
conferred therapeutic advantages. Ex vivo fluorescence 
imaging indicates that the positive treatment effect was 
due to improved drug diffusion into the tumor after the 
administration of the pLINFU stimulation. Remarkably, 
the LPs seemed to enable considerable drug diffusion 
throughout the tumor stroma. Scientists have highlighted 
either the huge therapeutic benefit of using stimuli origi-
nating in the United States to securely start the release of 
medicine from its nanocarrier or the enormous potential 
of such stimuli. Ultimately, MRI proved to be a benefi-
cial modality in assisting chemotherapy and monitoring 
its efficacy. Moreover, the MRI agent used in this spe-
cific case has previously been approved for human use, 
indicating a high degree of clinical translatability for the 
theranostic agent [79].

It is still difficult to treat glioblastoma and to assess the 
treatment’s efficacy without intrusive procedures. Using 
a brain-compatible drug-loaded liposomal hydrogel, 
researchers were able to effectively monitor early tumor 
response using Chemical Exchange Saturation Transfer 
(CEST) MRI, and they also created a robust technique. 
The development of this CEST-detectable liposomal 
hydrogel began with the goal of creating a DDS that could 
withstand the brain tumor’s unique environment, which 
is hostile to the growth of tumor cells. After injecting the 
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hydrogel near the tumor using three distinct CEST con-
trasts, researchers were able to follow the tumor response 
and drug release longitudinally at 3  T. In comparison 
to the control group, the treatment group consistently 
showed a decrease in tumor volume. Researchers also 
observed a substantial reduction in CEST contrasts 
associated with the tumor response at 3.5  ppm (Amide 
Proton Transfer; APT) and − 3.5  ppm (relayed Nuclear 
Overhauser Effect; rNOE). Curiously, the 3.5 ppm molec-
ular alteration on day 3 was discovered before the sub-
stantial reduction in tumor volume on day 5. There was 
a robust relationship between the amount of tumor-initi-
ating cells and an APT signal. This indicates that prior to 
the morphological alteration in tumors, APT detected a 
significant decrease in tumor-associated mobile proteins 
and peptides. The APT signal, which was associated with 
either growing or dying cells, showed a regional response 
to the therapy, allowing for a thorough evaluation and 
prediction of the tumor treatment response. In order to 
meet clinical demands employing CEST MRI for image-
guided brain tumor therapy, researchers have proposed a 
newly created liposomal hydrogel [80].

Liposome in ultrasound cancer imaging
Medical ultrasonography is a prevalent non-invasive 
imaging modality that operates by utilizing sound waves 
possessing frequencies exceeding 20,000 Hz. Ultrasound 
imaging consists of the emission of ultrasound pulses in 
the direction of tissue and the subsequent measurement 
of the echoes generated by the tissue at different angles 
of reflection [81]. Similar to MRI, contrast agents utilized 
in ultrasound possess the capability to designate specific 
categories of tissue or lesions selectively. As acoustic 
liposomes (ALs), LPs containing perfluoropropane gas 
can function as probes for ultrasound imaging. ALs rang-
ing in diameter from 100 to 200 nm have the potential to 
function as DDS by passively localizing to tumor tissue 
via the enhanced permeability and retention (EPR) effect 
[82].

The possibility of using ultrasound contrast agents to 
make cell membranes more permeable to an ultrasonic 
pulse has shown promising strategies to enable the deliv-
ery of a larger intracellular payload to specific target sites. 
Given the above, scientists report the development of 
submicron nanobubble-paclitaxel (PTX) LP (NB-PTXLp) 
complexes that allow drugs to be delivered to cancer 
cells in response to ultrasound and ultrasound imaging. 
The LPs measuring 200  nm in size formed conjugates 
with the nanobubbles with an efficient tethering process 
using PTX entrapment with an accuracy of 85.4 ± 4.39%. 
The cellular permeability of MiaPaCa-2 cells was signifi-
cantly improved by sonoporation with nanobubbles and 
ultrasound, leading to a 2.5-fold increase in the uptake 

of LPs compared to treatment with LPs alone. The anti-
cancer activity of NB-PTXLps was observed to be over 
300-fold more significant than that of the commercial 
formulation ABRAXANE when tested in the presence 
of ultrasound on the MiaPaCa-2, Panc-1, MDA-MB-231, 
and AW-8507 cell lines. Furthermore, the echogenicity of 
the NB-PTXLp conjugates was shown to be comparable 
to that of SonoVue, a commercial ultrasound contrast 
agent. Compared to the six-hour stability demonstrated 
by the commercially available ultrasound contrast agent 
SonoVue, the generated nanobubbles’ echogenic stability 
was found to be larger than one week. Consequently, the 
NB-PTXLps might be used as a less invasive and perhaps 
successful theranostic platform for cancer treatments in 
the future [83].

The discipline of drug delivery is becoming increas-
ingly intrigued by targeted drug delivery utilizing image 
guidance. The use of microbubbles as contrast agents in 
diagnostic ultrasonography creates new opportunities for 
noninvasive image-guided medication administration. 
Researchers evaluated the innovative DOX LP-loaded 
microbubbles’ imaging and therapeutic qualities. The 
microbubbles may be followed in vivo and photographed 
in real time because they scatter enough signal at scan-
ning settings (1.7  MHz and 0.2 mechanical indexes) to 
allow for nonlinear ultrasound imaging. In contrast to 
treatments using free DOX or DOX LP-loaded micro-
bubbles alone, an in vitro therapeutic evaluation demon-
strated that the application of ultrasound at a frequency 
of 1  MHz and pressures up to 600  kPa in combination 
with microbubbles loaded with DOX led to a fourfold 
decrease in cell viability. Increased glioblastoma cell 
uptake of the unbound DOX and ultrasound-induced 
DOX release from the LPs are linked to therapeutic effec-
tiveness. Researchers indicated that the utilization of 
microbubbles laden with DOX LPs in conjunction with 
ultrasound can offer a novel approach to image-guided 
drug delivery that is noninvasive [84].

This challenge was overcome by the newly discov-
ered ultrasound-switchable fluorescence (USF) imaging, 
which allowed for the in vivo imaging of a mouse utiliz-
ing the contrast agent ICG dye encapsulated in poly(N-
isopropylacrylamide) (ICG-PNIPAM). However, there 
are several drawbacks to the ICG-PNIPAM, such as con-
cerns about cytotoxicity and blue-shifted emission and 
excitation spectra. To address the above-described issues 
and broaden the range of contrast agents available for 
USF imaging, this work introduces a novel ICG-encap-
sulated LP. The USF imaging capabilities and biostability 
of the ICG-LP are exceptional, with an emission peak of 
836 nm. The test for cell viability also confirms the trait of 
low cytotoxicity. After that, successful ex vivo and in vivo 
USF imaging is achieved, leading to the capture of 3D 
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USF pictures. The ex vivo results confirm that the ICG-
LP continues to conduct USF imaging and maintains its 
thermoresponsive characteristics in the liver’s right lobe. 
Further in vivo USF imaging shows that while the liver as 
a whole showed fluorescence emission, the functioning 
ICG-LP is only seen in the liver’s right lobe [85].

Despite their excellent efficacy in solid tumor imaging, 
small organic dye-based fluorescent agents encounter 
obstacles such as weak tumor binding, limited circula-
tion, nonspecific dispersion, and poor photostability. 
These problems are remedied by nanocarriers, which 
exhibit superior physicochemical and biological perfor-
mance, especially in the field of cancer imaging. Lipid 
formulations are one kind of nanosized carrier that has 
received clinical approval; nevertheless, they have not yet 
been developed into a brilliant nano-contrast agent that 
can be used to diagnose solid tumors without harming 
neighboring tissues. For solid tumor imaging and bio-
distribution, researchers have created and evaluated 698 
ICG encapsulated targetable lipid nanoparticles (LNPs) 
as safe contrast agents (∼200  nm). Scientists have dis-
covered that ICG-LNPs with distinct assemblies are cre-
ated by nanoprecipitation. This assembly is responsible 
for their excellent brightness and enhanced quantum 
yield (3.5%) in a water-based medium. The biophotonic 
agents are visible, optically stable for 30 days, and show 
fast accumulation (in 1  h) and extended retention (up 
to 168  h) at the primary tumor site. After a single dos-
age (17.7 × 101 LNP), the signal intensity is improved. The 
inclusion of folic acid (735 folic acid/LNPs) aids in the 
targeted binding of tumors and the dispersion of intra-
venously administered NPs to particular sites, all while 
avoiding harm to healthy tissues. In comparison to the 
targetable ICG-liposomal nanoparticles (532 MESF), the 
engineered targetable ICG-LNP (634 MESF) exhibits 
high-contrast fluorescence and tumor area resolution. A 
number of in  vitro and in  vivo studies have shown that 
engineered bright LNPs had cancer diagnostic effective-
ness on par with that of reported clinically recognized 
imaging agents. This led the researchers to conclude that 
these LNPs could be helpful in the early detection of can-
cer in the future [86].

Liposome in nuclear imaging
There are two distinct techniques available for the imag-
ing of radionuclides: SPECT and PET. By utilizing radi-
olabelling, which involves the ‘labeling’ or ‘labeling’ of 
compounds with radionuclides, it is possible to trace 
small molecules, macromolecules, and cells within the 
body non-invasively and gain real-time insight into bio-
logical processes occurring within living organisms. 
By their ability to detect high-energy photons emit-
ted by radionuclides, PET and SPECT exhibit superior 

sensitivity (10–10–10–12″M) in comparison to alternative 
imaging modalities like MRI (10–3–10–5″M) and have 
no depth penetration limitations in tissue. Critically, as 
alluded to briefly previously, the combination of these 
properties enables imaging to be conducted on ani-
mals and humans with the use of minute quantities of 
compounds that do not disrupt the observed biological 
process [87, 88]. Several LPs capable of encapsulating 
radionuclide tracers within their aqueous compartments 
or chemically engineered lipid bilayers have been docu-
mented. Utilizing a combination of PET and fluorescence 
imaging, Ferrara and colleagues investigated the design 
of stable, temperature-sensitive LPs. LP formulations 
containing lipids labeled with either 18F or 64Cu (Cop-
per) were employed to encapsulate the hydrophilic model 
drug, the fluorophore Alexa Fluor 750 [89].

In addition, owing to their inherent high sensitivity, 
nuclear imaging techniques such as PET and single-pho-
ton computed tomography have attained considerable 
success in clinical contexts [90]. Radionuclide imaging 
is the predominant modality used for molecular imaging 
in the field of cancer [91]. Radionuclide-based molecular 
imaging has used many molecules, but there is significant 
interest in creating nanomaterials that are more suited for 
therapeutic use, especially in the detection and treatment 
of cancer. Many types of cancer have already integrated 
imaging technology into their procedures for detecting, 
diagnosing, and determining the stage of the disease [92]. 
Among these methods, MRI has gained popularity as a 
valuable tool for tumor diagnosis due to its exceptional 
ability to penetrate deep into the body, its high level of 
spatial resolution, and its ability to provide clear con-
trast between different types of soft tissues [93]. Tech-
netium-99 m (99mTc) is the most often used radioisotope 
for labeling LPs. This is mostly because of its abundant 
availability, affordability, favorable imaging characteris-
tics, and a half-life that permits imaging for a duration of 
up to 24 h. It is the second most used radionuclide, pre-
ceded by radioisotopes of iodine. In recent times, there 
has been a rising use of positron-emitting radionuclides, 
including 18F, 52Mn, 89Zr, and notably 64Cu. This trend 
is a result of the expanding interest in PET imaging and 
the greater accessibility to preclinical and clinical PET 
scanners [88].

Fluorodeoxyglucose-PET (18F-FDG-PET) is an effec-
tive method for detecting, staging, and monitoring can-
cer. Nevertheless, 18F-FDG-PET imaging exhibits a 
significant number of false positives due to its inability 
to differentiate between tumor and inflammatory areas, 
both of which exhibit heightened glucose metabolic 
activity. Researchers developed LPs that were covered 
with glucose and the chelator dodecane tetraacetic acid 
(DOTA) complexed with Cu. These LPs were designed 
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to be used as a diagnostic tool to distinguish between 
cancer and inflammation. The LP technique used in this 
context relies on materials that the FDA has authorized. 
It allows for the formation of complexes with metal cati-
ons and radionuclides. The researchers discovered that 
cancer cell types with high metabolic activity selectively 
absorbed these LPs, facilitated by glucose transporter-1. 
Within living organisms, these LPs were readily absorbed 
by tumors, in contrast to LPs without a glucose coat-
ing. Furthermore, in a mouse model where tumors and 
inflammation were present together, these LPs gath-
ered specifically in the tumor tissue rather than the area 
affected by inflammation. Therefore, this technique has 
a strong ability to target tumors specifically while avoid-
ing inflammation. It also has the potential to be quickly 
implemented in clinical settings and integrated with 
current PET imaging systems. This would significantly 
improve the accuracy of cancer detection by reducing 
false positive results [94].

The use of surface-modified LPs has shown to be a 
very efficient delivery approach, characterized by a sub-
stantial encapsulation efficacy and an extended half-life 
for LPs. Applying hydrophilic materials to the surface 
of LPs, such as silica acid, polymer PEG, or monosialo-
gangioside (GM1), may improve blood vessel perme-
ability and decrease LP absorption of protein opsonins. 
The enhanced hydrophilicity of the LP surfaces causes 
LPs to accumulate more in tumors. “Long-circulating 
LPs” is another term for these modified LPs. The size 
and lipid makeup of the LPs are two critical considera-
tions that must be made in order to produce a LP with 
extended circulation. The FDA-approved LP formula-
tion Pegylated liposomal DOX, which is sold under the 
brand name Doxil®, has a size of less than 100 nm. It is 
used to treat ovarian cancer and multiple myeloma. The 
use of this pegylated liposomal formulation as a car-
rier resulted in a notable enhancement in both pharma-
cological and therapeutic indices. Multiple liposomal 
formulations have received clinical approval, including 
DaunoXome®, which encapsulates daunorubicin and 
is used for treating Kaposi’s sarcoma, DepoCyt®, which 
encapsulates cytarabine and is used for treating lympho-
matous meningitis, and Marqibo®, which encapsulates 
vincristine and is used for treating acute lymphoblastic 
leukemia. Additionally, numerous other liposomal for-
mulations are currently undergoing preclinical or clinical 
studies. However, functional group molecules, including 
proteins, antibodies, antibody fragments, carbohydrates, 
and other tiny molecules, must be attached to the LPs to 
achieve exact distribution. LPS must be able to recognize 
cells that express the appropriate receptors after sur-
face alterations. Researchers call this mechanism “active 
transport.” [95–97] (Table 1).

Liposome in cancer treatment
In pancreatic cancer (PC) therapy, nano-sized DDS, 
including LPs, have been utilized extensively. They may 
evade the reticuloendothelial system (RES) and cre-
ate lipoplexes with small interfering RNAs (siRNAs) 
to prolong circulation. At the same time, they can also 
encapsulate amphiphilic medicines. They are effective 
in chemotherapy due to the ease with which they can be 
functionalized on the surface, administered selectively, 
and stabilized drugs in vivo. Many anticancer drugs (such 
as nucleoside analogs, mitotic inhibitors, and enzyme 
modulators) and gene/nucleic acids (such as TR3 siRNA 
and siRNA of nerve growth factor (NGF)) have so far 
been administered via LPs in PC, either by themselves 
or in conjunction with other targeting strategies. The 
utilization of liposomal surface functionalization, such 
as antibody fragment conjugates, has been implemented 
to facilitate the targeted delivery of multiple medica-
tions, including insulin and chemotherapeutics. Utilizing 
physicochemical and biological cues, including photody-
namic sensitivity, temperature, pH, magnetic field, and 
redox potential, nucleic acids, and chemotherapeutic 
medications can be targeted in a regulated manner. Pri-
marily, the most favorable results have been achieved 
through the combination of the techniques mentioned 
above with anticancer drugs [98–100]. LPs that possess 
enhanced drug delivery capabilities and prolonged cir-
culation properties have gained recognition as viable 
clinical carriers. Additionally, LPs facilitate the target-
ing of cell-type-specific responses in cancer through the 
use of functionalized agents [101]. Reduced toxicity and 
enhanced therapeutic efficacy are the results of liposomal 
compositions. They have an essential role in structural 
and signaling processes, among many others, in living 
organisms [102].

Therefore, the similarities between LPs and the com-
ponents of the cell membrane, as well as their small size 
(less than 400 nm), which allows them to enter and inter-
act with cells via the EPR effect, contribute to their suc-
cess in delivering cancer treatment [103]. The appealing 
biological characteristics of LPs, including their capac-
ity to degrade naturally, lack of toxicity, and excellent 
compatibility with living organisms, together with their 
advantageous size, charge, and surface features that 
enable easy adjustment of production techniques, sug-
gest that they have great potential as cancer therapies. 
LPs function as vehicles for pharmacologically active 
compounds in medical environments and are non-toxic 
to humans [104]. Particular DDS, such as those using LP 
carriers or as excipients in formulations, may be used to 
enhance the therapeutic index of anticancer medicines 
that have significant adverse effects [105].
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Further LP structures are now being created for the 
transportation of alternative medications. Liposomal 
anthracyclines have successfully achieved a high level of 
drug encapsulation, leading to notable anticancer effects 
while minimizing damage to the heart. This category 
includes liposomal daunorubicin and pegylated liposo-
mal DOX, which have significantly extended circulation 
throughout the body. DOX has shown significant effec-
tiveness in the treatment of BC, both when used alone 
and when combined with other chemotherapy drugs 
[106].

In addition to reduced severe adverse effects, novel 
LPs that have been modified with PEG, cationic lipids, 
and highly selective molecules exhibit enhanced stability, 
half-life, and selectivity. Nevertheless, novel LPs remain 
innocuous [107]. PEG deposited on the surface of LPs 
impedes drug-cancer cell interaction. Normal tissues are 
susceptible to oxidative injury and cytotoxicity caused 
by cationic LPs. To enhance the safety profile of liposo-
mal pharmaceuticals, they must exhibit a high degree 
of selectivity towards cancerous tissues and cells, while 
simultaneously minimizing harm to healthy cells [108, 
109] (Fig. 3).

Among gynecological malignancies, ovarian can-
cer has the second-highest death rate, according to one 
research. Researchers developed a new estrogen-targeted 
PEGylated LP loaded with PTX and oxaliplatin (ES-
SSL-OXA/PTX). The SKOV-3 cell surface expresses the 
estrogen receptor (ER) in large quantities, and the LP 
was engineered to attach to this receptor specifically. The 
goal was to reduce side effects and increase the efficacy of 
SKOV-3 tumor treatment. ES-SSL-OXA/PTX was pro-
duced via thin-film hydration and seemed to have a stable 
spherical shape. The EE was determined using the HPLC 
technique, and the results showed that PTX had an EE of 
65.85% and OXA of 44.10%. The mean particle size was 
168.46 nm, and the polydispersity index (PDI) was 0.145 
respectively. In vitro and in vivo targeting tests were used 
to confirm the optimum specific targeting capabilities of 
ES-SSL-OXA/PTX. On the other hand, ES-SSL-OXA/
PTX showed improved anticancer effectiveness in both 
in  vitro and in  vivo environments, preventing SKOV-3 
cell proliferation and tumor formation with an 85.24% 
tumor inhibition rate. ES-SSL-OXA/PTX’s pharmacoki-
netic properties showed a longer half-life and a slower 
rate of elimination. A reduced toxicity profile was found 
in the preliminary safety evaluation of ES-SSL-OXA/
PTX’s acute and long-term toxicity. Based on the findings 
shown above, ES-SSL-OXA/PTX may offer a potentially 
innovative formulation for the treatment of ovarian can-
cer in future clinical studies [110].

Hypoxia constitutes a salient attribute of solid tumors 
and a significant contributor to radiotherapeutic 

resistance. Investigators demonstrated that hypoxic cell 
radiosensitizers may enhance the efficacy of radiother-
apy; however, their limited dosing restricts their applica-
tion in clinical settings. Researchers’ approach involved 
encapsulating hypoxic cell radiosensitizers within tem-
perature-sensitive liposomes (TSL). This will enable pre-
cise localization of the radiosensitizers within tumors 
while preventing their undesired accumulation in healthy 
tissues. The primary aim of this research is to fabricate 
and analyze TSL that has been infused with the radio-
sensitizer pimonidazole (PMZ). Researchers evaluated 
the in vitro efficacy of PMZ encapsulated in TSL and free 
PMZ when combined with radiation and hyperthermia 
(HT). The TSL–PMZ, which was created by actively load-
ing PMZ into TSL at different drug/lipid ratios, was eval-
uated for its stability and physicochemical characteristics. 
PMZ release was assessed in fetal bovine serum at 42 °C 
and in HEPES buffered saline at 37  °C. FaDu cells were 
treated to different PMZ concentrations in a hypoxic 
environment before being subjected to ionizing radiation 
in order to ascertain the concentration-dependent radio-
sensitizing impact of PMZ. The clonogenic test for cell 
survival and histone H2AX phosphorylation for DNA 
damage were used to assess the efficacy of TSL–PMZ in 
combination with HT and radiation in vitro. At 4 °C and 
20  °C, all TSL–PMZ formulations demonstrated excel-
lent encapsulation efficiencies and sustained stability for 
30 days. Rapid PMZ release was seen at 42 °C, regardless 
of the drug-to-lipid ratio. The effects of ionizing radiation 
were significantly enhanced as PMZ concentration rose. 
Compared to irradiation alone, cell mortality rose 14.3 
times when preheated TSL–PMZ was applied in addition 
to radiation. According to the researchers’ results, radio-
therapy may be more effective in hypoxic situations when 
TSL–PMZ and HT are combined [111].

The objective is to develop an LP that is sensitive to 
NIR Light and contains DOX and hollow gold nano-
spheres (HAuNS). Researchers assessed how well this 
LP enhances anticancer activity and regulates medica-
tion release. The TSL formulation served as the basis for 
the creation of the LPs (DOX&HAuNS-TSL), which have 
hydrophobically modified HAuNS affixed to their mem-
brane. The quick and repeated release of DOX is made 
possible by exposing the LPs (DOX&HAuNS-TSL) to an 
NIR laser. The combination of DOX&HAuNS-TSL and 
NIR laser irradiation demonstrated considerably bet-
ter cytotoxicity against tumor cells when compared to 
treatments such as DOX&HAuNS-TSL alone (chemo-
therapy alone), DOX-TSL alone (chemotherapy alone), 
and HAuNS-TSL plus NIR laser irradiation (photo-
thermal ablation, PTA, alone). Due to the simultaneous 
photothermal and chemotherapeutic action, an in  vivo 
anticancer analysis revealed that the combination of 
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DOX&HAuNS-TSL and NIR laser produced significantly 
better antitumor effectiveness when compared to the 
usage of HAuNS-TSL and NIR laser alone [112].

Using NIR laser irradiation, it would be easy to 
trigger the LPs’ fast and repeated release of DOX 
(DOX&HAuNS-TSL). As compared to DOX-TSL alone 

(chemotherapy alone), HAuNS-TSL plus NIR laser 
irradiation (photothermal ablation, PTA, alone), and 
DOX-TSL alone (photothermal ablation, alone), the cyto-
toxicity of tumor cells treated with DOX&HAuNS-TSL 
followed by NIR laser irradiation was significantly higher. 
Research on tumors in living organisms has shown that 

Fig. 3  Liposomes have many advantages, such as improved encapsulated pharmaceutical pharmacokinetics, extended circulation times, 
and passive targeting and disposal in inflammatory and tumorous areas due to the enhanced permeability and retention (EPR) mechanism
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a combination of photothermal and chemotherapeutic 
effects produced by DOX&HAuNS-TSL with NIR laser 
irradiation is much more successful in killing tumors 
than each method alone. Create multi-functional nano-
platforms with a core-interlayer-shell architecture using 
MSNs@CaP@PEGylated LPs. In addition to improv-
ing NPs cellular absorption and pH-triggered controlled 
drug release, in vitro studies showed that calcium phos-
phate (CaP) might promote cell death by creating high 
osmotic pressure in endo/lysosomes. Additionally, the 
photosensitizer ZnPc aided the chemotherapy with DOX 
and PDT. In addition, the MSNs@CaP@PEGylated LPs 
showed incredible tumor-targeting capacity via the EPR 
effect [113].

Natural killer (NK) cells are an appealing therapeu-
tic target for stopping the illness from spreading to the 
lymph nodes since their activity is a strong predictor 
of a favorable outcome in cancer patients. Researchers 
created LPs that include the apoptotic ligand TRAIL to 
cause cancer cell death and are connected to anti-CD335 
antibodies to target NK cells precisely. In order to pro-
duce LPs with a diameter of around 100 nm, a thin film 
hydration process was used, followed by extrusion. The 
thiol-maleimide click chemistry was then used to conju-
gate the proteins to the LPs. The segregated NK cells suc-
cessfully bind to the TRAIL/anti-CD335 LPs. Compared 
to NK cells alone, these “Super Natural Killer Cells” were 
more effective in killing metastatic COLO205 CRC cells 
and oxaliplatin-resistant SW620 cells by TRAIL-medi-
ated apoptosis when adhered to the surface of NK cells. 
Importantly, when exposed to the typical levels of fluid 
shear stress seen in the lymphatics, Super NK cells dem-
onstrated increased effectiveness. The distribution of 
LPs inside the body was investigated after intravenous 
administration. For at least four days, LPs were shown 
to be present in the spleen and tumor-draining mesen-
teric lymph nodes. Investigators indicated that NK cells 
equipped with liposomal TRAIL have increased apop-
totic effects on CRC cells that are clinically significant. 
This lays the foundation for further research on the ther-
apy of CRC in mice models [114] (Table 2).

LP biocompatibility, adjustable characteristics, and the 
ability to load hydrophilic and hydrophobic chemicals are 
just a few of the many benefits that make them ideal drug 
delivery vehicles. Despite their clinical relevance and 
therapeutic potential, there is currently a lack of informa-
tion on the risks of LP administration. The fact that cati-
onic LPs, which are often used for the transport of nucleic 
acids, have the potential to be harmful to macrophages 
and decrease the production of crucial immunomodula-
tors is a significant cause for toxicological worry. Further-
more, after being injected intravenously, LPs are captured 
in the MPS organs, including the liver and spleen. This 

leads to toxicity in these organs, which in turn depletes 
cells that are essential for the immune system to function 
correctly. LPs can activate the immune system by trigger-
ing an inflammatory response. This reaction is marked by 
the secretion of cytokines that are pro-inflammatory and 
produced by monocytes. It has also been shown that LPs 
activate the complement system; however, the extent to 
which this occurs depends on many parameters, includ-
ing size, charge, and mol% of cholesterol, among oth-
ers. When pegylated liposomal formulations stimulate 
B cells to produce PEG antibodies, another significant 
immune activation mechanism happens: the anti-PEG 
response. Because of this, the immune system is able to 
identify and eliminate the threat. Actually, the stealthi-
ness of pegylated LPs is rendered useless after many 
doses due to their faster blood clearance. This further 
supports the notion that avoiding early clearance and 
maximizing the therapeutic advantages of each injection 
requires meticulous optimization of the dosage of liposo-
mal drugs. LPs have the potential to cause hypersensitive 
responses, such as cardiac distress, depending on the rate 
of injection. When it comes to therapeutic uses of lipo-
somal formulations, the mode of distribution and time of 
administration are crucial factors to consider. Concerns 
about LPs originate from their potential to activate the 
immune system and cause harm to healthy tissues. LPs 
have the potential to bring about novel, as-yet-unknown 
toxicities, but they are also an appealing tool for reducing 
the dose-limiting adverse effects of treatments in patients 
[115].

Liposomes as a theranostic agent in cancer
Therapeutic and diagnostic agents are essential for the 
early diagnosis and treatment of illnesses. Another effec-
tive tactic is to combine the diagnostic and therapeutic 
chemicals into one system so that treatment and detec-
tion may happen simultaneously [116]. To achieve these 
goals, it is critical to develop theranostic systems char-
acterized by exceptional stability and targeting capabili-
ties while also guaranteeing the absence of interference 
between different therapeutic and diagnostic agents 
within the system [117]. Of all the nanocarrier types that 
have been studied so far, LPs continue to be one of the 
most promising systems for clinical use [118]. In clinical 
investigations, the pharmacokinetics and biodistribution 
of theranostic agents within LPs are superior to those of 
numerous alternative carriers due to the LPs’ inherent 
advantages, which include biocompatibility, high stabil-
ity in biological environments, and high agent-loading 
efficiency [119]. Consequently, LPs have emerged as one 
of the most effective delivery methods for the identifica-
tion and management of several illnesses. There is a lot 
of interest in using LPs as nanocarriers for theranostic 
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applications because of their capacity to contain a broad 
range of therapeutic and diagnostic substances [89, 120].

For instance, the objective of the Muthu et al. study was 
to create a novel category of multifunctional (theranos-
tic) LPs coated with d-alpha-tocopheryl PEG 1000 suc-
cinate mono-ester (TPGS). These LPs would comprise 
qDs and docetaxel and be utilized for cancer imaging 
and therapy. Utilizing the solvent injection method, both 
non-targeting and folate receptor-targeting theranostic 
LPs were fabricated. These LPs were then assessed for the 
following characteristics: drug EE, particle size, polydis-
persity, ζ-potential, and surface chemistry. As an in vitro 
model, folate receptor overexpressing MCF-7 BC cells 
were utilized to evaluate the cellular uptake and cytotox-
icity of QDs-loaded LPs and the drug. It was determined 
that the mean particle sizes of the non-targeting and tar-
geting LPs were 210 and 202  nm, respectively. FETEM, 
or field emission TEM, verified the existence of QDs in 
the hydrophobic membranes of the LPs’ peripheries. 
Contrascal laser scanning microscopy was utilized to 
observe the qualitative internalization of multifunctional 
LPs by MCF-7 cells. The 50% inhibitory concentration 
(IC50) value, denoting the drug concentration required 
to induce 50% cell death within a specified time interval, 
was determined to be 9.54 ± 0.76 μg/ml for the commer-
cial Taxotere®, 1.56 ± 0.19  μg/ml for the non-targeting 
LPs, and 0.23 ± 0.05 μg/ml for the targeting LPs, follow-
ing a 24-h culture period with MCF-7 cells. The targeting 
of LPs in vitro drug release is different from the non-tar-
geting LPs. One possible explanation for the increased 
percentage or rate of drug release from targeted LPs 
might be the effect of DSPE-mPEG-FA on their surface. 
Because the exposed PEG chains on the TPGS-coated 
and TPGS/DSPE-mPEG-FA LPs had different molecular 
weights, the drug release kinetics of the two types of LPs 
varied. While DSPE-mPEG-FA had a molecular weight 
of 2000, TPGS had a molecular weight of 1000 for its 
hydrophilic portion. The results demonstrated that the 
drug release rate was slower for DTX-QD LPs compared 
to DTX-QDFA because the former were more hydropho-
bic. The combination of DSPE-mPEG-FA and TPGS in 
DTX-QDFA LPs resulted in a more significant percent-
age and quicker rate of drug release compared to TPGS 
alone in DTX-QD LPs. This was owing to the hydro-
philic component of DSPE-mPEG-FA having a more 
substantial solubilization impact. The efficacy of target-
ing multifunctional LPs was found to be superior to that 
of non-targeting LPs, indicating significant potential for 
enhancing cancer imaging and therapy [121].

Luminescence probes for live cell imaging were devel-
oped and used by researchers as new imaging agents. 
These agents were folate receptor (FR)-targeted LPs 
enclosing hydrophilic CdTe QDs. The FR-targeted QD 

LPs were created by wetting the lipid thin film with CdTe 
solution, and hydrophilic CdTe QDs were immediately 
generated in the water phase. Liposomal particle size, 
ζ-potential, fluorescence, and ultraviolet (UV)-visible 
tests were used to describe the formulations. Research-
ers used the HeLa human uterine cervix cancer cell line 
to study the targeting and imaging capabilities of FR-
targeted LPs. Additionally, HeLa cells were used to assess 
the cytotoxicity of QD LPs by incubating them with FR-
targeted, nontargeted, and free QDs. A spherical FR-tar-
geted QD LP exhibited excellent photochemical stability, 
effective cancer targeting, little cytotoxicity, and high 
fluorescence production, as shown by the researchers. 
The size range of FR-targeted fluorescent LPs was rela-
tively narrow, and their average size was about 105  nm. 
There was no evidence of QD leakage or change in size 
after 11 months of storage at 4 °C for QD LPs. An appeal-
ing probe for tumor cells or tissue imaging for long-term 
monitoring might be FR-targeted CdTe QD LPs, which 
can target tumor cells via FR-mediated endocytosis [122].

According to different research, ruthenium coordi-
nation complexes may provide new cancer treatment 
options. Effective tumor accumulation, however, poses 
a significant obstacle to their clinical use. Researchers 
created a LP-based theranostic nano delivery system for 
(Ru(phen)2dppz)(ClO4)2 (Lipo-Ru). The dynamic light 
scattering (DLS) and Transmission Electron Microscopy 
(TEM)images showed that the NPs were bilayers with 
an average size of 82.53 ± 2.66 nm. Since the liposomal 
encapsulation maintained the metal-to-ligand charge 
transfer (MLCT) peak, absorption tests of Lipo-Ru did 
not reveal a wavelength change. The fluorescence inten-
sity of the non-fluorescent Ru-complex reduced in a 
time-dependent way after incubating Lipo-Ru with Tri-
ton X-100, which breaks down the bilayer structure since 
the complex became fluorescent after being encased in 
the lipid bilayer. Past research on the rate of lipid bilayer 
solubilization after prolonged exposure to Triton X-100 
in LPs has shown this to be possible. When integrated 
into the hydrophobic lipid bilayer of the delivery vehi-
cle or the DNA helix, this ruthenium polypyridine com-
plex generates a robust fluorescent signal that makes the 
therapeutic drug visible in tumor tissues. When Lipo-
Ru is added to MDA-MB-231 BC cells, double-strand 
DNA breaks are produced, which in turn causes apop-
tosis. Lipo-Ru therapy significantly slowed the develop-
ment of tumors in a mouse model of triple-negative BC. 
Studies on the biodistribution of Lipo-Ru showed that 
the tumor accumulated over 20% of the injected dos-
age. To determine whether Lipo-Ru may accumulate 
in tumor tissue after intravenous treatment, research-
ers used an orthotopic mouse model of MDA-MB-231 
human BC. When comparing the Lipo-Ru group to the 
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Ru group in whole-body pictures taken with the IVIS-
200 system, it was found that the tumor signal was sig-
nificantly amplified in the former. Tumor tissue slices 
taken 2 h after Lipo-Ru injection showed distinct fluo-
rescent patches. Additionally, two hours after injection, 
the IVIS-200 imaging equipment was used to observe the 
buildup of Lipo-Ru in the tumor, liver, kidneys, spleen, 
heart, and lungs. The liver and tumor were the primary 
sites of Lipo-Ru particle accumulation (34% and 30% of 
the injected dosage, respectively). The LP group showed 
a significant increase in intratumoral Ru deposition. 
The increased permeability and retention (EPR) effect, 
a result of the specific features of tumor vasculature, is 
probably responsible for the increased buildup of Lipo-
Ru particles in tumor tissue. To be more specific, tumor 
blood vessels are very disordered, multiply quickly, and 
create a gaping hole, leading to the creation of openings 
smaller than 600 nm that allow NPs to get in. Also, LP 
buildup in the MPS is reduced because the PEG chains 
of Lipo-Ru decrease absorption by macrophages. These 
findings imply that Lipo-Ru may be a viable theranostic 
platform for cancer research [123].

According to different research, a potential approach 
to cancer treatment is the simultaneous integration of 
effective therapeutic medicines, adjustable drug deliv-
ery vehicles, and US imaging contrast ants into a sin-
gle theranostic nanoplatform. Researchers created a 
2,2′-azobis(2-(2-imidazolin-2-yl)propane)dihydrochlo-
ride (AIPH)-loaded LP (Lip-AIPH), when exposed to 
ultrasound (US) radiation, may simultaneously produce 
gas bubbles and a high concentration of reactive oxygen 
species (ROS). Results from in vivo experiments verified 
that the produced gas and alkyl radicals were not reliant 
on oxygen production and could be effectively used for 
SDT and synergistic gas treatment in a hypoxic tumor 
microenvironment. More significantly, the produced 
gas bubbles significantly improved the US contrast to 
direct cancer treatment when used as a potent US con-
trast agent. Furthermore, the Lip-AIPH displayed clear 
US contrast signals, with the echo strength progres-
sively rising as the US irradiation duration increased. A 
substantial increase in contrast under US imaging was 
achieved because microbubbles created a significant 
acoustic impedance mismatch between the gas bub-
bles and the surrounding medium. As a result of the gas 
bubbles produced by Lip-AIPH, the average grey values 
of the US picture jumped from 12.7 to 53.0, a 4.2-fold 
increase compared to the PBS and blank LP groups, 
which exhibited no discernible change. Also, throughout 
the irradiation period, Lip-AIPHs exhibited fast signal 
amplification, as shown by the rate constant for signal 
amplification following US irradiation. The LP demon-
strated increased US imaging and improved anticancer 

activity as a US-activated theranostic drug. It may hold 
promise for US imaging-guided hypoxic tumor treatment 
with deep tissue penetration [124].

The investigation of Kim et  al. involved the practi-
cal synthesis of melanin@PFH@5-FU-LPs via thin-film 
hydration. The dimensions of the spherical shape were 
209.6 ± 4.3 nm. In response to NIR irradiation, melanin@
PFH@5-FU-LPs demonstrated efficient heat generation 
by the intrinsic photothermal properties of melanin. 
Due to the light-to-heat conversion of melanin in the LP, 
PFH vaporized significantly, resulting in the formation 
of bubbles. The rate at which 5-FU was released from 
the melanin@PFH@5-FU-LP increased immediately 
in a sequential fashion due to the photothermal effect. 
Researchers tested the drug release behavior of melanin@
PFH@5-FU-LPs with and without NIR laser irradiation, 
which is caused by the photothermal effect of melanin 
and causes bubble production of PFH. For this experi-
ment, the melanin@5-FU-LP and melanin@PFH@5-FU-
LP were placed in disposable cuvettes and exposed to an 
808 nm NIR laser with a power density of 1.5 W/cm2 for 
10 min. Following that, a dialysis bag (MWCO 12,000 
Da) was used to hold each solution. The bags were then 
submerged in 5 ml of PBS and put in a water bath that 
was set at 37°C. The drug’s absorbance was measured at 
a wavelength of 265 nm using a UV-spectrophotometer 
(T60U, PG Instruments Limited, UK). Ultrasound imag-
ing contrast was enhanced as a result of the formation 
of bubbles caused by NIR laser exposure. Furthermore, 
a CRC mouse model was developed by the researchers 
to validate the in  vivo accumulation and temperature 
increase of melanin@PFH@5-FU-LP. Researchers were 
also able to obtain ultrasound images caused by bubble 
generation under laser irradiation following intravenous 
injection of melanin@PFH@5-FU-LP via the mouse 
tail vein. At 1, 4, and 12  h post-injection of melanin@
PFH@5-FU-LPs, the contrast signal at the tumor location 
was markedly amplified by laser irradiation. Four hours 
after injection, the bubbles’ contrast-enhancing effects 
at the tumor location were at their peak. The heat pro-
duced by the melanin@PFH@5-FU-LP, when exposed 
to NIR laser radiation, can effectively kill cancer cells, 
thus effectively impeding the development of tumors. 
The increased permeability and retention (EPR) effect is 
responsible for the accumulation of Melanin@PFH@5-
FU-LPs in tumor tissues. The melanin@PFH@5-FU-LP 
was determined to be safe for future in vivo assessment 
based on cell cytotoxicity data obtained in  vitro. Nano-
sized compounds can concentrate at tumor locations 
using the EPR effect. By monitoring the local tempera-
ture increase at the injection site after laser irradiation, 
one may anticipate the successful accumulation of mela-
nin@PFH@5-FU-LP in tumor tissues. After around 4 h, 
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the maximum accumulation of LPs in the lesion after 
intravenous injection occurs, albeit this is dependent on 
physicochemical properties, including surface charge 
and particle size. Researchers’ findings indicated that the 
melanin@PFH@5-FU-LP has the potential to serve as an 
appealing agent in the context of photothermal tumor 
therapy and ultrasound imaging [125].

The difficult objective in an investigation is to design 
a nanotheranostic agent with higher concentration in 
solid tumor microenvironment and more excellent pic-
ture resolution. Researchers developed a light-mediated 
photo-triggered approach to improve nanohybrid tumor 
accumulation. NFGL is the name of a designed multi-
functional LP-based nanotheranostics filled with emissive 
GQDs and AuNPs. To further demonstrate phototrig-
gered chemotherapy, DOX hydrochloride was encap-
sulated in NFGL and functionalized with ligands that 
target folic acid. Because encapsulated drugs are emis-
sive and have high contrast, they demonstrated imag-
ing bimodality for in vivo tumor diagnosis. Due to heat 
and ROS produced, targeted NFGL nanohybrids showed 
tumor decrease mediated by NIR light (NIR, 750  nm). 
Furthermore, NFGL nanohybrids showed exceptional 
ROS scavenging capacity in comparison to GQD-loaded 
LPs, which was confirmed by anticancer research. There-
fore, this strategy and designed system may provide a 
new path for cancer treatment and targeted imaging [13] 
(Table 3).

The presence of hypoxia in the tumor microenviron-
ment is a significant barrier to employing PDT to treat 
cancer, and Liu and colleagues set out to address this 
issue in their work. In order to overcome this obstacle, 
the researchers use Synechococcus 7942 (Syne), a pho-
tosynthetic bacterium, to enhance PDT. This is achieved 
by creating a biomimetic system called S/HSA/ICG, in 
which the Syne surface is stably linked to HSA/ICG NPs, 
which are NPs that encapsulate ICG inside human serum 
albumin (HSA). Using Syne’s photosynthetic capacity 
in conjunction with HSA/ICG’s medicinal properties 
is a novel strategy. When subjected to laser irradiation, 
S/HSA/ICG builds up within tumors in tumor-bearing 
mice and continually creates oxygen via photosynthesis, 
resulting in a substantial quantity of oxygen and the gen-
eration of ROS with photodynamic features. This oxy-
gen production relieved the hypoxic conditions within 
the tumor while also reversing the immunosuppressive 
microenvironment. Enhancing tumor hypoxia increased 
ICG’s efficacy in PDT and activated immunogenic cell 
death (ICD), which in turn generated an immunological 
response against the tumor. Researchers showed that the 
administration of HSA/ICG NP-coated Syne (S/HSA/
ICG) led to synergistic suppression of both local and 
metastatic tumors in a mouse model of 4T1 mTNBC. 

This process eliminates initial tumors by effectively 
reducing tumor hypoxia and increasing ROS production 
[126, 127].

Encapsulating active, water-soluble drugs in the hydro-
philic core and insoluble drugs in the hydrophobic mem-
brane, nanosized LPs can be made of a variety of natural 
lipids, the most common of which are phospholipids and 
cholesterol. This allows for the targeted and controlled 
delivery of therapeutic agents, which improves the 
ADME (adsorption, distribution, metabolism, and excre-
tion) process, resulting in maximum efficacy with mini-
mal side effects. Both active and passive targeting may be 
achieved by targeted ligand conjugation and increased 
permeability and retention (EPR). Traditional LPs have a 
few significant flaws, however, including instability, inad-
equate drug loading, rapid drug release, and a short blood 
circulation duration. When the immune system detects 
LPs, macrophages will destroy them. So, at the tail end 
of the 1980s, scientists achieved a significant break-
through in LP research with the introduction of stealth 
LPs. These were long-circulating LPs that were stabilized 
in the blood by PEGylation. Placing a bioactive molecule 
or polymer into polyethylene glycol (PEG) to increase its 
stability, permeability, and solubility was the original def-
inition of PEGylation. PEGylation is now among the most 
advanced techniques used in the pharmaceutical indus-
try. Scientists hypothesized that the lengthy PEG chain 
covering the LP surface efficiently decreases LP aggrega-
tion in plasma by preventing the adsorption of plasma 
protein onto the surface. This phenomenon is known 
as the excluded volume effect. Micelles, LPs, and poly-
meric NPs are just a few examples of nanocarriers that 
have recently had PEGylation applied to them. LPs may 
remain in the bloodstream for longer thanks to PEGyla-
tion, which delays their detection and clearance by the 
immune system. A solid tumor’s intrinsically leaky vascu-
lature and inadequate lymphatic drainage may also cause 
stealth LPs to passively collect in the tumour [128].

In (i) solid tumor cancer theranostics, (ii) image-
guided therapies, and (iii) combination therapeutic 
applications, nanosized LPs are clinically validated 
methods for delivering several therapeutic and imag-
ing agents to the target areas. The designed system’s 
theranostics property may be impacted by the diagnos-
tic and treatment choices made. However, their over-
all theranostics efficacy may be jeopardized if imaging 
and treatment probes are integrated into lipid self-
assembly “LPs.” However, liposomal systems have many 
drawbacks, including site-selective tumor targeting, 
particular biodistribution, premature cargo molecules 
leaking before reaching the target site, and their frag-
ile nature. To address the problems mentioned above, 
a variety of engineering techniques have been studied, 
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including grafting, conjugation, encapsulation, etc. 
It has been shown that surface-engineered LPs have 
improved tumor selectivity, retention, and therapeutic 
efficacy in solid or cell tumors. It should be noted that 
many other parameters, such as repeatability, stability, 
smooth circulation, the toxicity of vital organs, patient 
compliance, etc., must be taken into account before 
administering liposomal theranostics medications in 
solid tumors or clinical models [22].

Engineering and properties of exosome‑liposome 
hybrid
DDS are increasingly reliant on intelligently engineered 
and naturally derived nanovesicles that can deliver bio-
active molecules and medications into specific cells and 
tissues. LPs are distinguished from other varieties of 
self-assembled nanovesicles by their amphiphilic char-
acteristics and lack of toxicity. Substantially releasing 
their contents, LPs can acquire stimulus responsiveness 
by modifying their surfaces. In recent years, EXOs have 
been increasingly utilized as intelligent delivery systems 
due to their capacity to diffuse through tissues and locate 
target cells, as well as their recognized function in cell–
cell communication. Furthermore, the development of 
“smarter” delivery systems can be accomplished through 
the membrane fusion of HE-LP nanocarriers. By incor-
porating these systems into hydrogels derived from natu-
ral sources, one can attain controlled and sustained drug 
delivery [129]. EXOs are a valuable biomaterial for cre-
ating cutting-edge DDS that operate as unique nanocar-
riers. Researchers fused the membranes of EXOs with 
LPs using the freeze–thaw technique to create hybrid 
EXOs (HEs), which allowed them to regulate and alter 
the functionality of exosomal nanocarriers [130, 131]. 
The integration of genetic modification techniques with 
membrane engineering technologies is confirmed by the 
fusing of EXOs contained in a specific membrane protein 
derived from genetically modified cells with various LPs 
[132]. Research on how HEs are absorbed by cells has 
shown that changing the lipid makeup or properties of 
the exogenous lipids may change how the cells and the 
produced EXOs interact [133]. It has been demonstrated 
that genetic alteration methods may be combined with 
membrane engineering techniques. Different LPs were 
coupled with EXOs implanted with a specific mem-
brane protein generated from genetically engineered 
cells. Changing the lipid composition or properties of the 
exogenous lipids may change the interactions between 
the produced EXOs and cells, according to research on 
the cellular absorption of HEs. Researchers implied that 
the membrane-engineering method provides a fresh 
way to create EXOs with well-thought-out designs that 

function as hybrid nanocarriers for application in cut-
ting-edge DDS [133].

A novel drug delivery nanoparticle called MFHE is 
developed by merging EXOs and LPs using different 
membrane fusion procedures. These NPs combine the 
advantages of both types of DDSs. Minimal EXO immu-
nogenicity and strong biocompatibility are added benefits 
of MFHEs, which already have excellent stability, a high 
drug loading rate, and can be easily surface-modified 
[24]. Research into modified EXOs has progressed to the 
point that they are considered essential biomaterials for 
the creation of cutting-edge DDSs. Researchers created a 
HE system by combining EXOs from mesenchymal stem 
cells (MSCs) with LPs that target folate. Cellular uptake 
tests were used to examine the efficacy of EXO nanocar-
riers in delivering the first-line chemotherapeutic medi-
cation PTX to tumor cells in  vitro, and the goal was to 
enhance their drug loading capacity and target modifi-
cation. The therapeutic effectiveness of HEs loaded with 
PTX (ELP) was also evaluated in vivo investigations uti-
lizing a CT26 tumor-bearing animal model. Research on 
cellular absorption found that ELP was more effective 
than other methods in delivering drugs to tumor cells 
in laboratory settings. The poor drug-carrying ability of 
EXOs is a significant barrier to their therapeutic usage. 
By using HPLC, the PTX loading contents (LC) in both 
Exo and EL were ascertained. Researchers showed that 
EL’s PTX carrying capacity was 2.2% LC, which was 
much more than Exo’s capability of 1.0% LC. During four 
weeks at 4 °C, the surface ζ-potential and particle sizes of 
Exo, LP, and hybrid exosomes fusing with liposomes (EL) 
were measured. With almost little change to EL, the aver-
age Exo particle size jumped from 85.4 nm to 126.9 nm. 
In a 10% FBS medium, there was no discernible differ-
ence in the EL particle sizes. Researchers created HE ves-
icles that showed high stability, according to these data. 
After that, researchers evaluated EL’s safety in a labora-
tory setting. After 24 h of incubation with varying doses 
of LP, Exo, and EL, the cell viability was measured. The 
positive charge of the LPs group may explain its consid-
erable cytotoxicity at 500  μg/mL, yet at the same dose, 
Exo and EL demonstrated cell survival rates of over 90%. 
The findings of the hemolysis test were also in agree-
ment. For 2 h, erythrocytes were incubated with different 
doses of Exo, LP, and EL. Significant hemolysis was seen 
in the sole LPs group at 500 μg/mL, but no hemolysis was 
observed in the Exo and EL groups. Researchers demon-
strated that in comparison to LP, HE vesicles exhibited 
superior safety. In addition, the in  vivo studies showed 
that ELP considerably reduced tumor development in 
the mouse model with CT26 tumors. Specifically, inves-
tigators investigated the tumor microenvironment for the 
first time after intratumoral ELP delivery. Researchers’ 
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results showed that ELP administration increased the 
number of activated CD4 + and CD8 + T cells, decreased 
the number of regulatory T cells (Tregs), and polarized 
tumor-associated macrophages (TAMs) towards the M1 
type. Researchers demonstrated that ELP has significant 
therapeutic effectiveness and suggest that it may be used 
in cancer treatment in the future. There is great hope for 
the future of efficient cancer treatment tactics thanks 
to the creation of HEs, which provide a novel way to 
improve drug delivery and regulate the tumor microen-
vironment [134].

Several factors should be considered when choosing a 
membrane fusion technique, including but not limited 
to biological activity, operability, fusion efficiency, and 
drug loading efficiency. Physical and chemical techniques 
are the two principal classifications of membrane fusion 
methods. LPs are frequently laden with pharmaceuticals 
via freeze–thaw processes. By generating ice crystals, 
water-soluble compounds can be introduced into the 
LPs through a momentary rupture of the plasma mem-
brane [24, 135]. In research, thermosensitive LPs (TSL) 
and gene-engineered EXOs were combined to create 
hybrid therapeutic nanovesicles that combined immu-
notherapy with PTT for cancer treatment. After three 
cycles of freeze–thaw, the researchers combined the 
genetically modified EXOs with heat-sensitive LPs at 
a ratio of 1:1 to produce EXO-LP hybrid NPs. This syn-
thetic approach demonstrated a fusion efficiency of up 
to 97.4%. To accomplish both homologous targeting and 
an extended in  vivo circulation period via CD47 block-
age, CT26 cells underwent genetic transfection to pro-
duce EXOs that were overexpressed in CD47 and fused 
with TSL. The hybrid nanovesicles that were made were 
dubbed hGLV. Next, researchers created the I/R@hGLV 
loading mixture, which included the photothermal agent 
ICG and the immunological adjuvant R837. The in vitro 
cellular cytotoxicity and photothermal impact of this 
mixture were assessed. In addition, the expression of 
DAMPs, such as ATP, HMGB1, and CRT, was measured 
to ascertain the ICD produced by PTT. Scientists also 
investigated the maturation of DCs, the anticancer effi-
caciousness in vivo, the biodistribution of hGLV in mice 
models carrying CT26 tumors, and the macrophage-
mediated phagocytosis of tumor cells after treatment 
with hGLV. Investigators’ research suggests that hybrid 
nanovesicles that target CD47 immune checkpoint inhi-
bition may have promise for drug delivery in the treat-
ment of cancer [136]. Membrane fusion is an endogenous 
process that is facilitated by the physicochemical con-
stituents of vesicles. HEs are generated via electrostatic 
or hydrophobic interactions, wherein the vesicle con-
tents remain undisturbed, and the lipid bilayer remains 
intact. By incubating HEK293FT cell-derived EXOs with 

CRISPR/Cas9-expressing LPs at 37 °C for 12 h, Lin et al. 
generated HEs. Researchers introduced a novel concept 
for the efficient and secure delivery of the CRISPR-Cas9 
system. This process causes minimal harm to vesicles and 
pharmaceuticals. However, fusion efficiency is compara-
tively modest [24, 137].

Klaus Arnold and colleagues demonstrated thirty years 
ago that the PEG’s ability to promote cell–cell fusion 
was not caused by solubilization, cross-linking, surface 
absorption, or any other of these processes. Rather, PEG 
operated only via volume exclusion, causing an osmotic 
force to press membranes together in a dehydrated area. 
A variety of physical measures and the use of detergents 
based on PEG that integrate into membranes, together 
with this straightforward discovery, led to the develop-
ment of numerous significant fields of study. One such 
field is the use of PEG to contact membranes to thor-
oughly explore the function of various lipids and fusion 
proteins in membrane fusion [138]. Adjuvant-functional 
LPs are employed to transport biomolecules, including 
proteins, which are frequently susceptible to the demand-
ing conditions encountered during liposomal preparation 
procedures. Without requiring an additional technique 
for size reduction, the objective of the present investiga-
tion is to prepare polymer-grafted HLs via the aqueous 
heat method. LPs were synthesized by combining two 
distinct lipids possessing adjuvant properties—dime-
thyldioctadecylammonium (DDA) and D-( +)-treha-
lose 6,6′-dibehenate (TDB)—with the amphiphilic block 
copolymer poly(2-(dimethylamino)ethyl methacrylate-
b-poly(lauryl methacrylate) (PLMA-b-PDMAEMA)—
to achieve this objective. To facilitate comparison, 
PAMAM dendrimer generation 4 (PAMAM G4) was also 
employed. Preliminary investigations were conducted 
utilizing differential scanning calorimetry (DSC). Utiliz-
ing light scattering and cryo-TEM, the physicochemical 
properties and morphological attributes of the prepared 
HLs were assessed. Following that, in vitro investigations 
into nanotoxicity were conducted. Protein loading exper-
iments were conducted using bovine serum albumin to 
assess the efficiency of their encapsulation. Based on the 
findings, the incorporation of PDMAEMA-b-PLMA into 
the lipid bilayer was effective, resulting in enhanced mor-
phological and physicochemical properties as well as the 
capacity to transport greater quantities of protein cargoes 
than pure DDA: TDB LPs, all while maintaining the bio-
compatibility profile unaffected. In conclusion, protein 
delivery via polymer-grafted HLs can be accomplished 
via the aqueous heat method without the need for addi-
tional size reduction procedures [139].

The process of simultaneously extruding LPs and 
EXOs under physical pressure via membrane holes of a 
regulated size to create mixed vesicles is known as the 
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membrane extrusion technique. The benefit of mem-
brane extrusion over freeze–thaw and incubation tech-
niques is a more consistent particle size for the hybrid 
vesicles. To treat pulmonary fibrosis, Sun et  al. created 
hybrid nanovesicles using fibroblast-derived EXOs and 
clodronate-loaded (CLD) LPs. After combining L-929 
fibroblast-derived EXOs with a synthetic LPs solution at a 
protein equivalent ratio of 1:5, the mixture was vortexed, 
sonicated, and repeatedly extruded (10 times) through 
400 and 200 nm polycarbonate ester films. EXO hybrid-
ized LPs were successfully formed as a consequence of 
this [24, 140]. An alternative research group implemented 
comparable methodologies in the preparation of HEs. LP 
and EXO solutions were combined in a multitude of vol-
umetric proportions. Following this, the solutions were 
thoroughly dissolved by typically vortexing and sonicat-
ing the mixtures for 2–3  min at a maximum amplitude 
of 20–33% using a sonicator. Subsequently, extrusion was 
performed on the mixtures through pore diameters of 
400 nm, 200 nm, or 100 nm [141, 142] (Fig. 4).

HE characterization approaches are comparable to 
those of EXOs and LPs in general. However, there needs 
to be more reliable methods for estimating fusion effi-
ciency, necessitating more study in this area. More 
experimental work is needed to fully understand the bio-
physical process that causes the lipids to fuse and main-
tain their equilibrium state. To further advance the area 
of HEs, it would be fascinating to study how entropic 
factors, lipidic interactions, additives, and physical char-
acteristics affect the stability and effectiveness of fused 
HEs. A deeper understanding of the complicated bio-
logical system of HEs might be achieved by extensive 
experimental research in vitro and animal models. Over-
all, many obstacles need to be overcome before HEs can 
be used in clinical settings. These include optimizing the 
LP: EXO ratio and cargo loading methods, developing 
characterization techniques, producing on a large scale, 
ensuring quality, and addressing concerns about stor-
age stability. Despite the small number of papers explor-
ing HEs, this notion has great promise for ushering in a 
“cancer-overcoming era” due to its immense potential. 
HE characterization approaches are comparable to those 
of EXOs and LPs in general. However, there needs to be 
more reliable methods for estimating fusion efficiency, 
necessitating more study in this area. More experimen-
tal work is needed to fully understand the biophysical 
process that causes the lipids to fuse and maintain their 
equilibrium state. To further advance the area of HEs, 
it would be fascinating to study how entropic factors, 
lipidic interactions, additives, and physical characteris-
tics affect the stability and effectiveness of fused HEs. A 
deeper understanding of the complicated biological sys-
tem of HEs might be achieved by extensive experimental 

research in  vitro and in animal models. Overall, many 
obstacles need to be overcome before HEs can be used 
in clinical settings. These include optimizing the LP:EXO 
ratio and cargo loading methods, developing characteri-
zation techniques, producing on a large scale, ensuring 
quality, and addressing concerns about storage stability. 
Despite the small number of papers exploring HEs, this 
notion has great promise for ushering in a “cancer-over-
coming era” due to its immense potential [143].

Characterization of hybrid EVs‑liposomes
Because of EVs’ high biocompatibility, quick endocyto-
sis, and minimal immunogenicity, miRNAs are deliv-
ered effectively without causing detectable cytotoxicity 
[145]. It has been shown that loading drugs into LPs is a 
straightforward process, resulting in excellent EE (some-
times exceeding 90%) and drug loading capacity (up 
to 10–20%). LPs and other synthetic vectors are linked 
to cost-effective manufacturing, replicability, adapt-
able design, and durability. LPs have restricted targeting 
capabilities, mostly being delivered to the liver. Some 
LPs lack stability due to not being PEGylated and have 
poor endosomal escape, which hinders their clinical use. 
Transferring these features to electric vehicles by fusion 
with EV/LPs or other synthetic objects is of great inter-
est. Hybrids are anticipated to use the inherent char-
acteristics of electric vehicles, including resistance to 
opsonization, enhanced ability to traverse biological bar-
riers, unique targeting capabilities, improved ability to 
escape endosomes, and compatibility with living tissues. 
Hybrids may potentially benefit from both the synthetic 
vector qualities, such as high EE and loading capacity, as 
well as the natural extracellular vesicle properties, such 
as organ- or cell-type targeting abilities, improved cargo 
protection, and enhanced endosomal escape [144].

To regulate and extend the discharge of EVs, LPs were 
fused with EVs via a modification in their physical inter-
action with the bioink. Hybrid EV-LP nanovesicles (hEL 
NVs) were encapsulated within hydrogels composed of 
gelatin to produce bioinks capable of delivering microR-
NAs to the target site in a sustained and controlled fash-
ion. The modulation of cellular gene expression within 
a three-dimensional bioprinted framework was accom-
plished by employing the hELs-loaded bioink as a pre-
cursor to generate constructs with superior shape fidelity 
and high cell viability [146]. Martijn et al. prepared and 
assessed EV–HLs NPs (hybrids) as an alternative delivery 
system that combines the characteristics of EVs and LPs. 
Hybrids are demonstrated to be spherical particles that 
encapsulate siRNA, incorporate EV-surface producers, 
and deliver siRNA to various cell types in a functional 
manner. In contrast to LPs, the functional characteris-
tics of hybrids, including gene silencing efficacy, cellular 
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uptake, and toxicity, differ among recipient cell types. 
Furthermore, functional characteristics associated with 
cardiac progenitor cell (CPC) derived EVs, including 
endothelial signaling activation and migration, are main-
tained in hybrids generated using CPC-derived EVs. 
Hybrid DDS, which incorporate the advantages of biolog-
ical and synthetic DDS, may function as therapeutic car-
riers of siRNA in the future. The inaccessibility of siRNA 
molecules to the site of action restricts the therapeutic 

application of RNA interference. This study assesses 
the efficacy of EV–HLs NPs as a vehicle for siRNA drug 
delivery. The results demonstrate that these hybrid NPs 
not only deliver siRNA but also retain crucial biological 
functions that are typically associated with EVs [147].

Rayamajhi et  al. postulate in a separate investigation 
that sEVs derived from immune cells can imitate immune 
cells to target malignancy. Various techniques for isolat-
ing sEVs, however, resulted in low yields and functional 

Fig. 4  Diagram illustrating the technique used to create the EXO-HLs [133]. Methods for producing EV-HLs via incubation, with or without 
electrostatic interaction. Straightforward incubation; Electrostatic interactions involving LPs sensitive to pH Interactions between cations 
and electrostatic lipids [144]
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property loss. To address this issue, researchers engi-
neered vesicles smaller than 200  nm in diameter that 
resemble EXOs by hybridizing sEVs with synthetic LPs; 
these vesicles are designated HEs. To accomplish this, 
synthetic LPs were hybridized with sEVs from rodent 
macrophages to engineer HE. The fluorescence-based 
experiment validated the efficacy of the hybridization 
procedure, which produced HE measuring 177 ± 21  nm 
in diameter. Blot techniques for primary protein analy-
sis identify the presence of EV marker proteins CD81, 
CD63, and CD9. In support of researchers hypothesis, 
differential cellular interaction of HE was observed when 
it was treated with normal and malignant cells. Addition-
ally, DOX in water solubility was inserted into HE. The 
enhanced toxicity of drug-loaded HE towards cancer cells 
and its pH-sensitive drug release under acidic conditions 
facilitated drug delivery to acidic cancer environments. 
The engineered HE appears to be a promising platform 
for tumor-targeted drug delivery, according to these find-
ings [148].

The amalgamation of EVs and synthetic vectors is 
appealing due to its capacity to preserve the topology, 
payload, and EV. In contrast to techniques that induce 
vesicular shape destruction, fusion is hypothesized to 
protect the properties of EVs. However, more than a 
definitive demonstration supporting this assertion is 
needed. Fusion might be sufficiently induced by a mere 
incubation of LPs with EVs. However, this approach is 
relatively sluggish, and transmembrane time-dependent 
release may result in LP drug escape. Lin et al. suggested 
employing this approach to generate plasmid-loaded 
hybrids by fusing LPs with HEK293FT-derived EVs for 
12  h at 37  °C in the presence of surrounding plasmids 
encoding the Cas9 protein and a sgRNA. The research-
ers assert that the plasmid was encapsulated within the 
hybrids, an accomplishment that seemed challenging to 
accomplish in terms of topology. They were subsequently 
utilized to transfect cells that were challenging to trans-
fect, including MSCs. The consideration of temperature 
is critical when employing this method due to its direct 
influence on the kinetics of fusion [137, 144, 149].

The exceptional ability of milk EXOs (mExos) to pass 
through epithelial barriers has made them a promis-
ing carrier for the oral delivery of peptide and protein 
medicines. However, there are still specific issues that 
arise from their inherent properties, such as the fact that 
they aren’t very good at loading drugs, they can’t pen-
etrate mucus very well, and they lose proteins quickly. 
To address the drawbacks of mExos and maximize its 
use in oral peptide administration, researchers created a 
hybrid vesicle called mExos@DSPE-Hyd-PMPC, which 
combines functionalized LPs with natural mExos. The 
modification of mExos@DSPE-Hyd-PMPC’s surface 

properties was accomplished by taking advantage of the 
jejunum’s pH microenvironment via the introduction of 
a pH-sensitive hydrazone link between the phospholipids 
and the very hydrophilic zwitterionic polymer. Hybrid 
vesicles showed a 2.4-fold improvement in semaglutide 
(SET) EE compared to normal mExos. Within the jejunal 
lumen, the hydrophilic and neutrally charged surfaces of 
mExos@DSPE-Hyd-PMPC demonstrated enhanced pro-
tein retention and effective mucus barrier traversal. The 
hybrid vesicle’s positively charged surfaces and highly 
retained membrane proteins allowed it to traverse the 
apical, intracellular transport successfully, as well as 
basolateral exocytosis barriers upon arrival at the surface 
of jejunal epithelial cells. An oral bioavailability of 8.7 
percent was achieved by the hybrid vesicle’s self-adaptive 
surface characteristics, which significantly improved the 
pharmacological therapeutic effects. With any luck, this 
research will help us get over the sequential absorption 
hurdles that come with oral peptide administration and 
make use of all the benefits that natural mExos have to 
offer [150].

The inherent immune-modulating capabilities and 
better biocompatibilities of immune-cell-derived mem-
branes have made them a promising new delivery 
modality in cancer immunotherapy. Combinatorial phar-
macological activities in activating antitumor immunity 
can be enhanced by integrating extra parental cell mem-
branes or synthetic lipid vesicles into cellular vesicles. 
Researchers’ findings shed light on the potential of hybrid 
cellular vesicles as flexible delivery vehicles for cancer 
immunotherapy. Scientists created a hybrid vesicle that 
is generated from macrophages and membranes; this 
vesicle may carry immunotherapeutic medicines and can 
shape the polarization of tumor-associated macrophages, 
making it useful in cancer immunotherapy. The technol-
ogy integrates DOXand manganese-loaded LPs coupled 
with CXCR4-binding peptides with vesicles generated 
from M1 macrophage membranes. The CXCR4-binding 
peptide in the hybrid nanovesicles allowed them to tar-
get macrophages, and this boosted their polarization to 
the antitumoral M1 phenotype, which is defined by the 
production of proinflammatory cytokines. The CXCR4-
expressing tumor cells induced potent cancer cytotox-
icity, ICD of tumor cells, and STING activation by the 
hybrid vesicles loaded with manganese and DOX. Man-
ganese and DOX, when administered together, acceler-
ated dendritic cell development, which in turn inhibited 
tumor growth. The hybrid vesicles loaded with manga-
nese and DOX demonstrated intense tumor-suppressing 
action at modest dosages in murine models of CT26 
colon carcinoma and 4T1 BC when administered intra-
venously without causing any systemic side effects. An 
abscessive effect was also elicited by the local injection 



Page 32 of 64Azimizonuzi et al. Cancer Cell International           (2025) 25:26 

of hybrid nanovesicles in a bilateral 4T1 tumor model. A 
novel strategy for combinatorial immunotherapy may be 
possible thanks to a biomimetic manganese/DOX hybrid 
nanovesicle platform that researchers have shown to be 
successful in cancer immunotherapy when customized to 
the tumor microenvironment [151].

Clinical translation of LPs for cancer therapies is hin-
dered by immunotoxicity despite the many benefits of 
LPs. At now, this is being circumvented by endogenous 
payload-carrying EXOs, which resemble LPs structurally. 
Many studies have used bovine milk as a source to extract 
EVs/EXOs, and the current endeavor to do so from 
colostrum and milk has been revolutionary. Improved 
medication effectiveness, decreased or eliminated immu-
notoxicity, fewer adverse effects, and reversal of multid-
rug resistance are further benefits of milk EVs. HE, which 
combines the best features of LPs and EXOs, is a rela-
tively new notion that scientists are working to improve. 
The ability to load many kinds of molecules—peptides, 
siRNA, hydrophilic or hydrophobic medicines, etc.—into 
HE is a crucial feature of these nanovesicles. Both sys-
temic and local delivery of HE have been documented in 
the literature. HE administered intravenously provides 
better drug delivery than LPs because they remain in cir-
culation for longer and are not readily removed by the 
MPS or reticuloendothelial system (RES) [143].

Characterization of hybrid liposome‑nanoparticle
Researchers have outlined the structure of TSL-NP 
hybrids capable of controlling drug release based on 
external heat stimulation [45]. The engineering of these 
hybrid systems was accomplished through the effective 
integration of silver, iron oxide, and AuNPs into the lipid 
bilayer of lysolipid-containing thermosensitive liposomes 
(LTSL) [152]. Using cryo-EM and AFM to analyze the 
structure of LTSL-NPs hybrids, it was determined that 
the incorporation of metallic NPs into the lipid mem-
branes did not affect the loading or retention of DOX 
[153]. In response to external heating, the presence of 
metallic NPs in the lipid bilayer enhanced bilayer reten-
tion and provided an NP concentration-dependent mod-
ulation of drug release. In summary, LTSL-NPs hybrids, 
which are constructed from LTSL LPs, offer a flexible and 
encouraging substrate that may additionally exploit the 
attributes of the incorporated NPs to facilitate multifunc-
tional theranostic endeavors [154].

Moreover, LP–NPs hybrid constructs offer tremen-
dous potential for combinatory therapeutic–imaging 
modalities in the engineering of nanoscale delivery sys-
tems [155]. Furthermore, nanotechnology laboratories 
are currently engaged in the development of numerous 
novel materials, which frequently necessitate the imple-
mentation of methodologies aimed at improving their 

compatibility with the in vitro and in vivo biological envi-
ronments [156].

LPs are biocompatible with NPs due to their structure, 
and they offer a diverse, clinically established platform for 
additional pharmacological effectiveness augmentation 
[157]. LPs have been combined with silica, polystyrene 
NPs, QDs, small iron oxide NPs, and LPs for a range of 
uses [158]. Integration of diverse functional biopolymers 
has emerged as an appealing technique to address the 
limitations of the use of LPs [159]. Bioactive substances, 
such as vitamins, carotenoids, phenolics, peptides, and 
others, can be encapsulated, protected, and released 
under controlled conditions using biopolymers and phos-
pholipid bilayers. This has important implications for 
functional foods, cosmetics, and pharmaceuticals [160]. 
The main problems, possibilities, and potential advances 
for future research are also mentioned [161]. HL/metal 
NPs that are promising have a lot of potential uses in biol-
ogy. One challenge during synthesis is the poor yield of 
the targeted hybrid and lack of selectivity. By deliberately 
adding a reducing agent, Lee et  al. produced a custom-
ized LP that allowed metal NPs to develop within the LP 
and form a stable LP/metal NP combination. Researchers 
produced seven LP/monometallic and more complex LP/
bimetallic hybrids. The surface plasmon resonance bands 
of the NPs in the visible and NIR spectrum may be con-
trolled by varying their size and metal composition. In 
comparison to AuNPs without the LP, their LP/Au NPs 
show improved colloidal stability in physiologically rel-
evant fluids and greater endocytosis efficiency because of 
the presence of an outer lipid bilayer. Taking advantage 
of its improved physicochemical properties, researchers 
used this hybrid for surface-enhanced Raman spectros-
copy-based intracellular imaging of living cells. Research-
ers believe that their method significantly improves the 
performance of metal NPs in in vivo applications [162].

With a focus on (1) controlled drug release from TSL 
brought on by NIR irradiation and (2) the photother-
mal impact of the Au nanoshell-like structures while 
absorbing laser light, Koga et  al. created AuNP-coated 
LPs /DOX (GCL/DOX) for combination therapy. GCL/
DOX was created using thiol-group-spiked LPs with glu-
tathione bound to AuNPs under reducing conditions. The 
amount of HAuCl4 injected caused the absorption peak 
of GCL to shift from 636 to 795 nm, which corresponded 
to the absorption of NIR laser light (660  nm) by GCL/
DOX. Within 1  min (> 80%) after NIR laser irradiation, 
the bulk of the encapsulated medicine was released from 
GCL/DOX. When compared to monotherapy (photo-
thermal effect alone or free-DOX treatment alone), GCL/
DOX demonstrated a synergistic effect in A549 cells. 
Thus, GCL is an effective LP carrier, and its therapeutic 
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method shows promise for cancer treatment when paired 
with NIR laser irradiation [163].

In one work, for instance, scientists devised a micro-
fluidic approach for directing the self-assembly of 
LP − hydrogel hybrid NPs that are temperature sensi-
tive. A wide range of NPs with extremely monodis-
perse size distributions and structural features that are 
important to the controlled release and targeted admin-
istration of encapsulated medicinal drugs are created 
by the researchers’ technique. The convective-diffu-
sive mixing of two miscible NPs precursor solutions (a 
DPPC:cholesterol: dicetylphosphate (DCP) phospho-
lipid formulation in isopropanol and a photopolymeriz-
able N-isopropyl acrylamide combination in aqueous 
buffer) was managed by researchers adopting microflu-
idic hydrodynamic focusing. The purpose was to produce 
nanoscale lipid vesicles that enclosed hydrogel precur-
sors. Off-chip collection of these precursor NPs is fol-
lowed by bulk UV irradiation to polymerize the NPs’ 
interiors into hydrogel cores. The NPs size distributions 
were studied by applying asymmetric flow field-flow frac-
tionation in combination with multiangle laser light scat-
tering. The diameter range of the NPs was regulated by 
microfluidic mixing settings and ranged from ≈ 150 to ≈ 
300 nm. The polydispersity of the NPs was calculated to 
range between ≈ 3% and ≈ 5% (relative standard devia-
tion). TEM then verified the hybrid NPs’ spherical form 
and core − shell composition. For healthcare and life sci-
ence applications, this technique may be expanded to 
the guided self-assembly of other analogous cross-linked 
hybrid NPs systems with tailored size/structure − func-
tion correlations [164].

Recently, researchers generated HLs through the ultra-
sonication of vesicular and micellar molecules in a buffer 
solution. By altering the composition and proportions of 
their constituents, it is possible to regulate the tempera-
ture at which these LPs undergo phase transitions and 
their other physical characteristics, including size, shape, 
and membrane fluidity. High or perfect enantioselective 
catalysis was achieved in the reaction field of HLs, which 
consists of vesicular and micellar molecules, including 
the active tripeptide, to distinguish the l-form substrate 
from the d-form by varying the ionic strength, species of 
molecules, and composition of LPs. HLs exhibit efficacy 
in impeding the proliferation of diverse malignant cells 
both in vitro and in vivo, as demonstrated by an animal 
model of carcinoma, in addition to their potential utility 
in drug delivery. Experiments involving normal animals 
have additionally shown the safety of HLs, and they are 
currently being utilized in a clinical study [165].

To produce hybrid nanosystems containing mag-
netic NPs, these NPs must be synthesized before they 
are combined with lipid nanosystems. It is possible 

to create magnetic NPs using chemical, biological, 
and physical methods. The most common physical 
methods include thermal breakdown (thermolytic), 
photochemical processes, laser ablation, microwave 
irradiation, sonochemical reactions, UV radiation, and 
radical-induced techniques. On the other hand, the 
chemical approach includes several methods, such as 
organic solvents, coprecipitation, supercritical fluid, 
and inorganic matrix support. Conversely, the bio-
logical approach makes use of reactor sources or pre-
cursors made of fungus, bacteria, algae, and plants. 
The most common MLs are those with metallic NPs 
attached to the aqueous interior because of the thick-
ness restriction of the lipid bilayer. Because of this, it 
is more challenging to put metal NPs into the mem-
brane than into the aqueous core [166]. Through ther-
mal breakdown, Choi et al. generated oleic acid-coated 
magnetic NPs (~ 6 nm) and placed them into the lipid 
bilayer (~ 3.4 nm thick) of LPs (DPPC: Dioleoyl-3-tri-
methylammonium propane). Chloroform was used 
as a solvent to guide the production of MLs, which 
improved the NPs’ insertion efficiency into the lipid 
bilayer. The MLs were altered to actively target SK-Br3 
(HER2-positive) and Hela (FRα-positive) cancer cells 
by adding folate or an anti-HER2 antibody. It was used 
to utilize magnetism to separate the cancer cells. The 
technique of entrainment of the metal NPs to the lipid 
membrane using chloroform demonstrated efficacy by 
changing the color of the hydration buffer from red to 
yellowish when compared to the traditional approach 
of hydrating the lipid film. The NPs were stable after 
they were incorporated into the 94  nm LPs. Because 
HER2 receptor antibodies target the cell surface of 
SK-Br3, an isolation efficiency of 75% was achieved, 
compared to a recovery efficiency of 9% for HeLa 
cells. When folate was added to the MLS, Hela cells 
showed high separation efficiency. The existence of 
differently functionalized MLs on the surface of cells 
expressing specific receptors is confirmed by confocal 
microscopy data. Antibody-conjugated MLs effectively 
transported ATTO590 oligonucleotide into the SKBr3 
cells’ nucleus. Since the size and quantity of encapsu-
lated NPs affect the effectiveness of the produced mag-
netic field, the entrapment efficiency may have been 
assessed and compared in both approaches despite the 
capacity to encapsulate bigger NPs. The authors’ study 
showed how the MLs’ characteristics combined with 
changes for active targeting might be utilized to regu-
late cellular uptake by magnetic guiding [167].
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Hybrid liposomes in cancer detection
A combination of vesicular and micellar molecules in 
buffer solutions may be ultrasonically sonicated to cre-
ate HLs, which are nano-sized liposomal particles [168]. 
DOX and Magnevist, MRI contrast agents with a mean 
diameter of 120–130 nm and restricted size distribution, 
are examples of nano HLs that were developed [169]. 
Compared to physiological pH (pH 7.4), DOX release 
from the proposed formulation was enhanced at acidic 
pH (pH 5.5 and 6.8). By covering the outside of the nano 
HL with HACE, the cytotoxicity caused by the blank 
plain LP was reduced [121]. The interaction between HA 
and the CD44 receptor enhanced the cellular uptake of 
DOX from the nano-HL in comparison to the conven-
tional LP. The in vivo contrast-enhancing effects of nano-
HL demonstrated its potential utility as a tumor-targeting 
MRI probe in the context of cancer diagnosis [170].

Scientists created HLs that are easily made by soni-
cating a combination of micellar and vesicular mol-
ecules in a buffer solution. One may manipulate the 
physical characteristics of HL, including its size, shape, 
and membrane fluidity, by adjusting its compositional 
ratio and components. Researchers have seen the fol-
lowing intriguing outcomes of using HL for chemo-
therapy and cancer diagnosis: (1) The homogenous 
and stable structure of HL, which is made up of 80 nm-
diameter polyoxyethylene-dodecyl ether (C 12 (EO) 
n) and L-α-dimyristoylphosphatidylcholine (DMPC), 
was discovered. (2) In  vitro experiments revealed that 
HL had notable growth-inhibiting properties on a vari-
ety of tumor cell types. (3) Apoptosis caused by HL was 
achieved, and the mechanism by which HL induces apop-
tosis was elucidated. (4) It was found that there was a 
strong association between HL’s membrane fluidity and 
its ability to suppress tumor cells. (5) Using a mouse 
model of carcinoma, significantly longer lifetimes and a 
notable decrease in tumor volume were found after HL 
therapy in  vivo with no adverse effects. (6) In clinical 
applications, individuals with lymphoma treated with HL 
had a significant decrease in neoplasm and an extended 
survival period without experiencing any adverse effects 
after the bioethics committee’s clearance. Additionally, 
(7) HL was shown to have specific accumulation and 
growth inhibitory effects on human tumor cells while 
having no impact whatsoever on normal cells [171].

A separate investigation demonstrated that HLs can be 
generated through the straightforward process of soni-
cating a solution containing vesicular and micellar mole-
cules suspended in a buffer. The objective of this research 
endeavor was to clarify the therapeutic properties and 
diagnostic capability of HLs in an orthotopic graft mouse 
model of CRC utilizing HCT116 cells to develop HLs as 
theranostic agents. HLs demonstrated therapeutic effects 

in the absence of a chemotherapeutic agent by impeding 
the proliferation of HCT116 CRC cells in  vitro, poten-
tially via upregulation of apoptosis. A mouse model of 
CRC developed in which intravenous HLs were admin-
istered also exhibited a significant decrease in the rela-
tive cecum weight. The histological examination of the 
cecal sections revealed a reduction in tumor size, which 
was validated by HE staining. The induction of apopto-
sis in HCT116 cells was confirmed by TUNEL staining in 
the CRC orthotopic graft mouse model. The accumula-
tion of HLs encapsulating a fluorescent probe (ICG) was 
observed in HCT116 cells in the in vivo CRC model after 
intravenous administration for HL detection and diagno-
sis. According to these results, HLs can accumulate for 
an extended period in tumor cells located in the cecum 
of the orthotopic graft mouse model of CRC, thereby 
impeding the proliferation of HCT116 cells [172].

Erythrocyte membrane alteration offers a novel 
method for better drug delivery and biological appli-
cations. Red blood cell (RBC) membranes are doped 
with synthetic lipid molecules of various classes (PC, 
PS, PG) and saturation levels (14:0, 16:0–18:1) to create 
hybrid erythrocyte LPs. Phosphatidylcholine lipids may 
be added to modify the lipid orientation and membrane 
thickness. Phosphatidylserine and phosphatidylglycerol 
may be added to the hybrid membranes to change their 
charge and to label them fluorescently. Texas-red DHPE 
can also be used. It is shown that tiny compounds may 
be encapsulated into these HLs using fluorescein-tagged 
dextran as an example [173].

A critical topic of research in the realm of biomedi-
cine is the treatment of triple-negative breast cancer 
(TNBC), a high-risk cancer. Immuno-sonodynamic 
therapy (iSDT), a therapeutic strategy that combines 
immunological checkpoint blockage with sonodynamic 
treatment (SDT), has been proposed to achieve improved 
anticancer results. Researchers used a cell membrane-
camouflaged nanoliposome (Bio-Lipo-CB) containing 
the PD-1 inhibitor BMS202 and chlorin e6 (Ce6). The cell 
membrane was effectively encapsulated in LPs, as shown 
by TEM and SDS-PAGE experiments, and Bio-Lipo-CB 
accumulated preferentially in 4T1 cells. As shown by its 
increased ROS generation and enhanced cell death rate, 
Bio-Lipo-CB-SDT demonstrated significant cytotoxic-
ity when compared to Bio-Lipo-CB alone. Additionally, 
Bio-Lipo-CB-SDT therapy, HMGB1 and ATP release to 
extracellular space, and calreticulin (CRT) extraversion 
to the cell membrane all suggested ICD. Furthermore, 
two hours after injection, Bio-Lipo-CB may concentrate 
at the tumor site, according to an in  vivo fluorescence 
imaging test. The in  vivo anticancer experiment further 
confirmed the effectiveness of Bio-Lipo-CB-SDT analysis 
against tumors and demonstrated that Bio-Lipo-CB-SDT 
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triggered ICD. The body weight primarily showed the 
safety of this combination approach and him staining of 
normal organs. Researchers showed the feasibility of syn-
ergistic tumor therapies based on SDT and checkpoint 
blockade immunotherapy in TNBC using bionic nano-
platforms [174].

Lee et al. aimed to optimize the specificity of their NPs 
to specific targets to improve their capacity to enter the 
tumor and boost immunotherapy using ketoconazole 
(KTZ), BMS-202, and ICG-induced photothermal treat-
ment (PTT) for anticancer purposes. Lee created LPs 
by incorporating hydrophobic medications BMS-202 
and KTZ inside a lipid bilayer and hydrophilic drug ICG 
within the LPs using a thin film creation procedure. Dur-
ing the technique, the cell membranes of specific cancer 
cells were fused to enhance penetration and targeting. 
The NPs were tested both in laboratory settings and 
in living organisms to verify their effectiveness against 
cancer. Several investigations have shown the character-
istics of BMS-202/ICG/KTZ-loaded HLs. The in  vitro 
and in  vivo investigations demonstrated the practical 
improvement of the targeting capability of the NPs by 
fusing them with the cell membranes of specific cancer 
cells to boost their capacity to reach and enter the target 
cells. Furthermore, while the drug by itself did not exhibit 
notable toxicity to 4T1 cancer cells in the MTT assay, LPs 
containing both KTZ and BMS-202 demonstrated a sub-
stantial impact on inhibiting secondary tumors in animal 
trials compared to LPs with just one drug, validating the 
efficacy of the improved immunotherapy [175].

Exosomal miRNAs may be useful as biomarkers for 
cancer surveillance, according to several lines of evi-
dence. The in situ detection of low quantities of exosomal 
miRNAs without damaging the EXO structure is still a 
vital necessity. The current work has created a unique and 
sensitive in  situ detection technique for exosomal miR-
1246 by combining the CRISPR/Cas13a system with the 
production of hybrids between cationic LPs and EXOs. 
CRISPR/Cas13a, CRISPR RNA (crRNA), and RNA 
reporter probes were put onto the LPs. Exosomal miR-
1246 triggered CRISPR/Cas13a to cleave the reporter 
probes and electrostatic interactions between LPs and 
EXOs produced LP–HE. A quantifiable response to exo-
somal miR-1246 was shown by the obtained fluorescence 
signal, which had a linear relationship to the logarithm 
of MCF-7 exosome concentrations. The regression equa-
tion, using a detection limit of 3 × 102 particles per mL, 
is y = 5021 log C − 9976 (R2 = 0.9985). This approach has 
the potential to differentiate between the early and late 
stages of BC patients in addition to detecting serum exo-
somal miR-1246. This approach may be used in exosomal 
miRNA analysis in the future [176] (Table 4).

One of the main obstacles to the widespread use of Sur-
face Enhanced Raman Scattering (SERS) in ultrasensi-
tive diagnostics and imaging is the difficulty in preparing 
the SERS tags. These tags are usually metallic NPs that 
have been functionalized with Raman-active molecules 
(RRs). The production of these tags often involves com-
plex synthetic approaches, and they need better colloidal 
stability and reproducibility. A straightforward platform 
for the self-assembly of clusters of AuNPs on lipid vesi-
cles was developed by researchers and named LipoGold 
Tags. Because of the stronger electromagnetic field, the 
Raman signals of RRs embedded in lipid bilayers are 
much higher. Researchers provided strong structural 
characterization, and researchers controlled the amounts 
of RRs and lipid vesicles to maximize SERS amplifica-
tion. By adding biomolecular probes, such as antibodies, 
to LipoGold Tags, researchers have shown how versatile 
these tags are. Many functionalization techniques may be 
used, depending on the specificities of the target cells or 
tissues and the needs for targeting. Electrostatic interac-
tions, click chemistry, antibody conjugations, and ligand-
receptor bonds are all examples of such processes. It is 
possible to add reactive lipids into the vesicle production 
process systematically, and most of these methods make 
use of the chemical groups that LPs expose to the exter-
nal environment. In order to do this, the liposomal mem-
brane was supplemented with a pegylated phospholipid 
DOPE-PEG, which has a reactive carboxylic acid moiety 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(carboxypolyethylene glycol)−2000). Peptide linkages 
with antibodies are formed when the carboxylic acid 
moieties are activated. Although there were no discern-
ible signals when antibodies weren’t present, the Raman 
intensity of the MBA peak at 1577 cm−1 increased as the 
concentration of PEG molecules—and, by extension, the 
antibodies attached to the liposomal surface—increased. 
When no PEG molecules (and thus no antibodies) were 
present, this proved that the SERS probes were not non-
specifically attached to the substrate. Such findings lend 
credence to the idea that SERS-based tags might be help-
ful to probes for the quantitative identification of analytes 
in liquid samples. Exhibiting LipoGold Tags as a break-
through in the manufacture of SERS probes, researchers 
were able to identify intracellular GM1 changes as proof 
of concept effectively, differentiating healthy donors from 
patients with infantile GM1 gangliosidosis [177].

Hybrid liposomes in cancer treatment
Researchers investigate the role of cancer stem cells 
(CSCs), which are alternatively referred to as tumor-
initiating cells, in tumor progression, metastasis, and 
drug resistance. Hypoxosome-bound liposomal parti-
cles (HLs) are readily synthesized via ultrasonication of 
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a buffer solution containing a mixture of vesicular and 
micellar molecules. The inhibitory effects of HL on the 
proliferation of CSC subpopulations in HepG2 liver can-
cer cells were investigated in vitro. Sonication was used 
to produce HLs consisting of 10  mol% polyoxyethyl-
ene (23) dodecyl ether and 90 mol% DMPC. The viabil-
ity of cells was assessed using the trypan blue exclusion 
assay. Flow cytometry was utilized to identify CSCs in 
liver cancer cells based on the presence of the cell sur-
face marker proteins EpCAM and CD133. To conduct a 
soft agar colony formation assay, HL-pretreated HepG2 
cells were utilized. HLs inhibited the proliferation of 
liver cancer cells in a selective manner while leaving 
normal hepatocytes unaffected. To the contrary, HepG2 
cell growth was dose-dependently reduced in the con-
centration range of 50–200 μM when HLs were treated. 
In contrast, Hc cells were unaffected by HLs at the same 
concentrations. These findings suggest that, within the 
concentration range of 50–200 μM, HLs reduced the 
development of HepG2 cells while not affecting normal 
hepatocytes. HepG2 cells were additionally subjected to 
apoptosis by HLs via activation of caspase-3. Significantly 
diminished was the CD133 + /EpCAM + CSC subpopula-
tion of liver cancer cells that were treated with HLs. HLs 
also considerably reduced the quantity of colony-forming 
cells. Ultimately, the integration and accumulation of HLs 
into the cell membranes of CSCs were verified through 
the utilization of a fluorescently labeled lipid (NBDPC). 
A substantial and dose-dependent accumulation of HL/
NBDPC into the CSCs, specifically EpCAM( +) cells, was 
observed. Based on these findings, HLs may serve as an 
innovative nanomedical therapeutic agent to target CSCs 
in the treatment of liver cancer [178].

Investigating a logical delivery system for the integra-
tion of chemotherapy and immunotherapy to expand 
the therapeutic benefits of cancer immunochemother-
apy remains a challenge, according to another study. For 
combinational immunochemotherapy, scientists created 
DOX-loaded biomimetic hybrid nanovesicles (DOX@
LINV) by fusing synthetic LPs with tumor-derived nan-
ovesicles (TNVs). Through TEM, LPs and liposomal 
vesicles (LINVs) showed the distinctive liposomal mor-
phology of a spherical vesicular structure. Researchers 
showed that the size of LINVs was around 166.4 ± 1.9 nm 
(PDI, 0.118 ± 0.023), which is in agreement with the TEM 
data. TNVs and LPs had sizes of 228.70 ± 1.1 nm (PDI, 
0.238 ± 0.014) and 146.5 ± 2.9 nm (PDI, 0.161 ± 0.009), 
respectively. EPR is a property of nanoscale LINVs that 
may help them accumulate substantially within tumors. 
In addition, LINVs had superior size homogeneity com-
pared to TNVs, as seen by the lowered PDI. One prob-
able reason might be that the penetration of the lipid 
membrane caused the LINV surface protein corona to be 

diluted and the aggregation caused by protein–protein 
interactions to be reduced. The insertion of TNV mem-
brane lipids (− 25.9 ± 2.9 mV) likely caused the ζ-potential 
of LINVs to be lower (− 19.7 ± 1.4 mV) than that of LPs 
(− 14.1 ± 1.5 mV). 34 Keeping an eye on the particle size 
for two weeks was another way that the colloidal stabil-
ity of LPs, TNVs, and LINVs was assessed. There was 
no change in the size of LPs and LINVs for two weeks in 
physiologically relevant solutions, but the particle size of 
TNVs fluctuated between 228 and 268 nm. To increase 
the immunogenicity of a tumor, DOX@LINV with 
homologous targeting capability could deliver DOX to 
tumor tissue and induce an efficient ICD response. Con-
currently, dendritic cells were stimulated, and the tumor 
antigens and endogenous danger signals that were pre-
served in DOX@LINV elicited an antigen-specific T-cell 
immune response. DOX@LINV exhibited a distinct 
antitumor effect against 4T1 BC, Lewis lung cancer, and 
murine melanoma using effector immune cell infiltra-
tion and enhancement of the immunosuppressive tumor 
microenvironment. In addition, the antitumor efficacy 
was enhanced by the combination of DOX@LINV and 
an immune checkpoint inhibitor, resulting in 33.3% of 
the mice remaining tumor-free. As a result, for effective 
immunochemotherapy, the hybrid LINV is a promis-
ing drug delivery platform with an enhanced antitumor 
immune response [179].

By ultrasonically treating a buffer solution contain-
ing a mixture of vesicular and micellar molecules, HLs 
can be generated. By altering the composition, one can 
modify the physical characteristics of these LPs, such as 
their size, membrane fluidity, phase transition tempera-
ture, and hydrophobicity. It has been reported that HLs 
composed of DMPC and polyoxyethylene (10) dodecyl 
ether inhibit the growth of human promyelocytic leuke-
mia (HL-60) cells in the absence of pharmaceutical inter-
vention. Scientists tested HLs with varying amounts of 
ethylene oxide (n = 4, 10, 23, etc.) and DMPC on the pro-
liferation of HL-60 cells. DMPC LPs had an IC50 value 
higher than 1 mM. Based on these findings, the best HLs 
to limit HL-60 cell growth should be DMPC and 10 mol% 
C 12(EO) 10. Additionally, electron imaging confirmed 
that these HLs contained homogeneous vesicles. The HLs 
induced apoptosis in HL-60 cells, as confirmed by fluo-
rescence microscopy and flow cytometry analysis after 
the microphysiometer-detailed fusion and accumulation 
of HLs. The researchers elucidated the pathways by which 
HLs induce apoptosis. In other words, HLs aggregated 
and fused across the membranes of tumor cells, and the 
apoptotic signal reached the nucleus after traveling first 
through mitochondria, caspase-9, and caspase-3, then 
through Fas, caspase-8, and caspase-3. Human tumor 
cells may be induced to undergo apoptosis by HLs, which 
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also exert significant inhibitory effects on tumor cell pro-
liferation [165].

Systemic toxicity restricts the application of PTX-based 
chemotherapy, which remains the primary method for 
treating lung cancer used by researchers. EXOs derived 
from chimeric antigen receptor-T (CAR-T) cells are 
regarded as prospective carriers for PTX due to the pres-
ence of cytotoxic granules (granzyme B and perforin) and 
tumor-targeted CARs. Histotoxic properties and a lim-
ited capacity for drug loading are, nevertheless, impedi-
ments to the use of EXOs in the treatment of extrahepatic 
cancer. A novel nanovesicle for immunochemotherapy of 
lung cancer, referred to as Lip-CExo@PTX, was devel-
oped through the fusion of EXOs produced by bispecific 
CAR-T cells that specifically target mesothelin (MSLN) 
and programmed death ligand-1 (PD-L1) with LPs 
designed for the lung. More than ninety-five percent of 
intravenously administered Lip-CExo@PTX accumu-
lated in lung tissue due to the LPs’ propensity to target 
the lungs. Furthermore, the anti-MSLN single-chain 
variable fragment (scFv) was utilized to deliver PTX and 
cytotoxic granules contained within Lip-CExo@PTX 
into MSLN-positive lesions. Significantly, the anti-PD-L1 
scFv attached to Lip-CExo@PTX inhibited PD-L1 on the 
tumors, thereby promoting PTX-induced ICD and pre-
venting T cell exhaustion. In addition, Lip-CExo@PTX 
extended the survival of rodents harboring tumors in a 
CT-26 model of metastatic lung cancer. Consequently, 
Lip-CExo@PTX may enhance the antitumor effects of 
PTX by sequentially targeting delivery to tumor cells, 
thereby offering a promising immunochemotherapeutic 
strategy for lung cancer [180].

In a study, the agents promoting drug transport and 
tissue penetration were shown to be cancer-associated 
fibroblasts (CAFs), a noteworthy subpopulation of stro-
mal cells inside the tumor microenvironment (TME). 
Thus, it is feasible that therapeutic drugs might be 
more effectively absorbed and accumulated, improv-
ing therapeutic outcomes by effectively blocking CAFs 
from crossing the physical barrier. Using a matrix met-
alloproteinase (MMP)-triggered dual-targeting hybrid 
micelle-in-LP system (RPM@NLQ), quercetin (Que) 
and PTX were sequentially administered for fibrotic 
TME remodeling and chemotherapeutic potentiation, 
respectively. Specifically, antifibrotic Que and small-sized 
RGD-modified micelles encapsulating PTX (RPM) were 
co-encapsulated using MMP-sensitive LPs. The aspara-
gine-glycine-arginine (NGR) peptide (NL) was added to 
improve the LPs’ targeting capabilities even further. After 
being injected intravenously, the RPM@NLQ was first 
gathered precisely at the tumor location, guided by the 
NGR peptide. Que and RPM were then released in reac-
tion to the TME’s intense MMP expression. After that, 

by downregulating Wnt16 expression, Que was kept in 
the stroma to reduce fibrosis and the stromal barrier in 
CAFs dramatically; this resulted in a significant rise in 
RPM for deeper tumors. RPM could target and eradicate 
BC cells that are present locally. As a consequence, both 
in vitro and in vivo studies have shown excellent antican-
cer effectiveness; these qualities include prolonged blood 
circulation, increased penetration, and selective cascade 
targeting of tumor cells and tissue. In conclusion, as-
designed sequential delivery methods for chemotherapy 
potentiation and fibrotic TME remodeling may provide a 
viable adjuvant treatment approach for CAF-rich malig-
nancies like BC [181].

Novel strategies are discovered in response to the 
aggressiveness of melanoma and the dearth of effective 
therapies, according to another study. A novel hybrid 
molecule (HM) with dual-acting properties was recently 
synthesized by combining triazine and an analog of 
ϼ-tyrosine. HM was engineered to undergo specific acti-
vation by tyrosinase, an enzyme that is implicated in the 
biosynthesis of melanin and is upregulated in melanoma. 
Researchers have chosen LPs because they are a safe and 
effective lipid-based technology that may increase the 
therapeutic efficacy by improving the stability of loaded 
HM in the circulation, which in turn promotes preferen-
tial targeting to cancer locations. The hydrophobic chem-
ical HM was effectively loaded into LPs derived from Egg 
Lecithin (EPC) by means of the dehydration-rehydration 
technique. HM exhibited significantly greater antiprolif-
erative activity against numerous cancer cell lines than 
temozolomide (TMZ), a triazine drug currently under 
clinical investigation that functions via DNA alkylation. 
A 2.8-fold decrease in the cell proliferation index indi-
cated that HM caused a cell cycle arrest in B16-F10 cells 
in phase G0/G1. Additionally, HM caused a concentra-
tion-dependent reduction in tyrosinase activity and an 
increase in caspase 3/7 activity relative to the control 
cells. HM was incorporated into long blood circulation 
LPs coated with polyethylene glycol (PEG) to allow pas-
sive targeting of tumor locations in order to maximize 
its therapeutic effectiveness in  vivo. A375 cells had the 
lowest IC50 values for HM (40–60 µM), but B16-F10 and 
MNT-1 cells had IC50 values ranging from 46 to 65 µM 
and 62–> 75 µM, respectively. Conversely, TMZ showed 
limited cytotoxic capabilities, as cell survival exceeded 
80% at all time points at the highest tested dose of 75 µM. 
Lastly, HM and TMZ showed IC50 values in HaCaT cells 
that ranged from 44 to 60 µM and > 75 µM, respectively. 
EPC: DSPE-PEG LPs, referred to as LIP HM hence-
forth, had a mean hydrodynamic size of around 100 nm, 
were homogenous (PDI < 0.1), showed a high HM load-
ing (> 33  nmol/μmol of lipid), and had an integration 
efficiency (I.E.) of almost 100%. According to the lipid 
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composition utilized, a practically neutral ζ-potential was 
produced. The murine melanoma cell line B16-F10 was 
used to investigate the antiproliferative action of HM-
loaded LPs further. After 72 h of incubation, Free HM’s 
IC50 value was 45.1 μM. HM’s cytotoxicity was reduced 
when it was encapsulated in LPs; for every lipid composi-
tion examined, the IC50 was more than 75 μM. The sta-
bility of HM LPs in biological fluids was exceptional. Its 
safety for systemic administration was established in pre-
clinical research, and a murine subcutaneous melanoma 
model exhibited a substantial inhibitory effect on tumor 
progression. In a murine melanoma model with metas-
tasis, mice administered LIP HM exhibited a significantly 
reduced number of lung metastases in comparison to the 
positive control group (TMZ), demonstrating a superior 
antitumor effect. Biodistribution studies demonstrated 
the capacity of 111-in-labeled LIP HM to passively target 
tumor sites; this corresponds with the substantial thera-
peutic effect observed in two experimental murine mela-
noma models [182].

This work demonstrates that LPs, a popular DDS, none-
theless have several drawbacks, including inadequate 
target organ deposition and dominating liver clearance. 
Researchers created a new LP-and-RBC combination 
DDS to address the shortcomings of LPs by modifying 
tumor accumulation and prolonging the liposomal DDS’s 
blood circulation life. LPs were carried by RBCs, an 
excellent natural carrier DDS, to prevent them from 
passing through the bloodstream quickly. Researchers 
showed that the contact between LPs and RBCs did not 
change the properties of RBCs; instead, LPs may either 
fuse with the RBCs’ membrane or absorb into their sur-
face by simply changing the interaction period at 37  °C. 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 
LPs attached to the surface of RBCs demonstrated a lung 
targeting effect through the RBC-hitchhiking approach 
and decreased clearance in the liver in the in  vivo anti-
tumor therapeutic efficacy study. Based on the results 
of the efficiency test, the optimal ratio of 2 l.mol LPs to 
3 × 108 RBCs was found to achieve the maximum drug 
loading quantity. Incubating Lipo-DPPC and Lipo-DOPE 
with RBCs for 1 h resulted in a combination efficiency of 
30.67 ± 6 2.05% and 29.80 ± 6 7.32%, respectively. Incubat-
ing the two substances with RBCs for 4 h yielded 73.71 ± 6 
2.23% and 73.95 ± 1.40%, respectively. In contrast, DPPC 
LPs fused with RBCs had more extended blood circu-
lation for up to 48  h and no enrichment in any organ. 
Additionally, since 1,2-dioleoyl-Sn-glycero-3-phosphoe-
thanolamine (DOPE), a pH-sensitive phospholipid, might 
react to the low pH tumor microenvironment and sub-
sequently accumulate in the tumor, 20% of the DPPC 
LPs were substituted with DOPE. Comparing the DOPE 
attached/fusion RBCs to the standard liposomal DDS, 

which exhibited around 0.7% tumor accumulation and 
partial enrichment in the lung, the latter demonstrated 
5–8% tumor accumulation. Consequently, RBC–LP com-
posite DDS may enhance blood circulation and liposo-
mal tumor accumulation, demonstrating the therapeutic 
application potential of autologous RBCs for anticancer 
treatment [183].

sEVs derived from cancer may be a promising DDS that 
selectively targets cancer cells on account of their dis-
tinct characteristics, including native homing ability, bio-
logical barrier traversal capability, and minimal immune 
response, according to another study. Nevertheless, their 
current applicability is restricted due to safety concerns 
arising from the oncogenic cargoes they contain. Schol-
ars suggested employing an electroporation-based meth-
odology to isolate endogenous cargoes from sEVs derived 
from cancer and provided evidence that these cargoes 
retained their ability to hominate. These sEVs and LPs 
were fused via membrane fusion to produce hybrid parti-
cles that possessed the advantages of both sEVs and LPs. 
Researchers in a study achieved optimal ratios of LPs to 
sEVs and explored three distinct fusing procedures for 
hybrid particle preparations: incubation, sonication, and 
freeze–thaw. Membrane fusion between LPs and sEVs 
allowed for the fabrication of hybrid particles. The LPs 
containing DPPC, dodecanyl PE, and PEG 6000 were 
also produced via a conventional thin-film hydration and 
sonication pathway. Researchers suggested that the PEG 
in LPs may make it easier for them to fuse with sEVs. To 
further enhance the targeting capability of the hybrid 
particles, modifications were made to the anti-EGFR 
monoclonal antibodies. Compared to the hybrid particles 
without alteration, the hybrid particles treated with mAb 
had a much higher cellular absorption efficiency, indicat-
ing that the hybrid particles had better targeting capac-
ity. The engineered hybrid particles exhibited enhanced 
drug loading capabilities, surpassing those of LPs by 
33.75 and sEVs by 43.88%, respectively. Hybrid parti-
cles, when measured by NTA, had a slightly larger diam-
eter (139.3 ± 7.1  nm) than individual LPs or sEVs. The 
spherical form of the hybrid particles was reminiscent 
of both LPs and sEVs. Furthermore, they demonstrated a 
52.23% improvement in targeting ability compared to the 
unmodified hybrid particles. The efficacy of this delivery 
system was improved, as evidenced by treatment effi-
ciency gains of > 90% and cell migration inhibition rates 
of 91.58 and 79.26%, respectively, for the miR-21 inhibi-
tor and gemcitabine [184].

According to different research, melanoma is one of 
the most severe types of skin cancer and results from the 
malignant transformation of melanocytes. Researchers 
created a new hybrid nanosystem that combined mag-
netic targeting and therapeutic methods to treat cancer. 
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Therefore, the researchers created long-circulating, pH-
sensitive LPs that loaded iron oxide NPs (IONPs) and the 
lethal metallodrug dichloro(1,10-phenanthroline) Cu (II) 
(Cuphen). DLS and TEM were used to characterize the 
synthesized IONPs. The dehydration rehydration pro-
cess was used to generate lipid-based nanoformulations, 
which were then extruded to reduce and homogenize 
the mean size. The dehydration-rehydration process was 
used to create LPs with the following lipid composition: 
DMPC:CHEMS:DSPE-PEG (57:38:5). These LPs exhibit 
pH-sensitive characteristics. The mean size and incorpo-
ration characteristics of LPs were described. High load-
ings of cuphen were achieved, and the parameters of 
cuphen integration were marginally lowered in the pres-
ence of IONPs. Following the association with LPs, the 
antiproliferative qualities of cuphen were retained, and 
IONPs (at 2  mg/mL) did not affect the cellular growth 
of human and murine melanoma cell lines. Cuphen LPs’ 
physicochemical characteristics were studied in relation 
to the presence or absence of IONPs in nanoformulations 
made of Cuphen. To get the highest possible loading of 
IONPs, researchers examined the effects of two dis-
tinct liposomal formulations, LP A and LP B, which had 
diameters of around 200  nm and 300  nm, respectively. 
The inclusion of IONPs changed the Cuphen incorpora-
tion characteristics in all the created nanoformulations, 
which decreased the loading capacity and increased the 
mean size. Compared to Cuphen LPs, which had a load-
ing capacity of 26  nmol/µmol, LP A showed a loading 
capacity of 22 nmol/µmol when using IONPs. The wave-
length increased from 127 to 162 nm for LP A and 237 
to 277 nm for LP B. Despite the lack of an iron content 
measurement in the proposed formulations, the findings 
show that IONPs are actually linked to LPs. Furthermore, 
the PDI was less than 0.2 for all of the nanoformulations 
that were tested, which proved that the formulations 
were monodispersed. Additionally, the created nanofor-
mulations showed magnetic characteristics. Their lack of 
hemolytic activity showed the study formulations’ safety 
for parenteral administration. In conclusion, it was pos-
sible to effectively build a lipid-based nanosystem that 
loaded the cytotoxic metallodrug Cuphen and exhibited 
magnetic characteristics. Based on these first findings, 
parenteral administration of the synthesized IONPs is 
safe. Furthermore, they showed magnetic qualities when 
co-associated with Cuphen LPs and did not impede the 
metallodrug’s cytotoxic effect. Additional studies using a 
syngeneic murine melanoma model have to be conducted 
to verify the efficacy of this unique hybrid nanosystem 
and the possible therapeutic enhancement of Cuphen 
LPs [185].

The fundamental constituents of the nano-assem-
bly consist of Au nanorods that are enveloped in a 

mesoporous silica shell, which provides an exceptional 
surface for loading drugs and encapsulating DOX. To 
augment the photothermal capability of the nano-assem-
bly, IR 780 dye was incorporated into a thermo-sensitive 
LP. Subsequently, the LP encased the core nano-assem-
bly, and folic acid and GE-11 peptide were conjugated 
onto its surface to yield the ultimate nano-assembly 
((GM@Dox) LI)-PF. ((GM@Dox) LI)-PF employs a dual 
targeting strategy, which enhances cellular uptake and 
nano-assembly accumulation in cancer cells that exhibit 
overexpression of folate and the epidermal growth fac-
tor receptor (EGFR). Photothermal-induced structural 
disruption of the nano-assembly can be induced by NIR 
irradiation, enabling the controlled and precise release 
of Dox at specific locations. Furthermore, chemo-photo-
thermal therapy demonstrated an efficacy that was eleven 
times greater in treating cancer cells than Dox alone. The 
internalization of the nano-assembly was improved by 
the presence of the LP and the GE-11 cationic peptide, 
and the drug delivery mediated by the assembly ideally 
took place by clathrin-mediated endocytosis. Laser treat-
ment of MRC-5 cells has been shown to have little to no 
harm, according to the research. No toxicity was seen in 
MRC-5 cells treated with (GM@Dox)LI-PF, either with 
or without a laser, suggesting that cell viability is close to 
100%. The results show that the nano-assembly of (GM@
Dox)LI-PF is safe for human cells. Based on the research-
ers’ comprehensive analysis, it appears that the nano-
assemblies promote apoptosis in cancer cells through an 
intrinsic mitochondrial pathway that is directly activated 
by chemo-photothermal therapy. Investigators presented 
an up-and-coming candidate that exhibits significant 
potential for synergistic cancer therapy [186].

HLs based on Ce6-lipid stabilized DOX, and research-
ers created Fe3O4 NPs for a synergistic tumor treatment 
that includes PDT, chemotherapy, and ferroptosis. As 
a component of LP backbones, synthetic Ce6-lipid has 
the potential to inhibit HLs’ release of Ce6 and evade 
the drop in single oxygen efficiency that results from 
Ce6 aggregation. The DNA pairs might be anchored by 
the released DOX molecules, leading to cell death and 
an increase in intracellular ROS. Consequently, fer-
roptosis might be induced by Fe3O4 NPs releasing fer-
rous ions under an acidic TME and converting a high 
concentration of H2O2 into OH. To improve the effec-
tiveness of lung cancer treatments, researchers have 
proposed a synergistic technique that regulates cellular 
redox homeostasis. A number of components, includ-
ing Ce6-lipid and water-soluble Fe3O4, were produced 
in order to construct DOX and Fe3O4 HLs stabilized by 
Ce6-lipid. In order to carry out PDT, a certain laser may 
excite the as-obtained Lipo-Ce6 LPs. Thin film hydration 
was used to manufacture a variety of Ce6-lipid-based 
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(Lipo-Ce6) LPs in order to achieve the best doping ratio 
of Ce6-lipid. The findings of the DLS experiment reveal 
that, regardless of the amount of Ce6-lipid doped, Lipo-
Ce6 LPs had a narrow PDI and a comparable size (about 
130 nm). The DPBF probe was used to assess the singlet 
oxygen generation profiles of the Ce6-lipid-based LPs, 
since cytotoxic singlet oxygen yield is an essential com-
ponent of photodynamic therapy (PDT). Next, Lipo-Ce6 
LPs were prepared by loading a chemotherapeutic drug 
(DOX) into them using a (NH4)2SO4 gradient technique. 
The resulting LPs were named Lipo-Ce6@DOX. Those 
LPs that were loaded with DOX (Lipo-DOX) and those 
loaded with Fe3O4 were also examined using DLS. The 
measurements for Lipo@ Fe3O4 were 110.06 ± 5.2  nm 
and 106.6 ± 3.48  nm, respectively, and the ζ-potential 
were − 3.2  mV and − 9.08  mV. When compared to the 
control group that received PBS, the Lipo-Ce6 caused up 
to 36.4% more early apoptosis. Because Fe3O4 is primar-
ily a ferroptosis inducer, PDT and DOX-induced apopto-
sis may have gained substantial therapeutic effectiveness 
after treatment with Lipo-Ce6@Fe3O4-DOX under the 
same irradiation circumstances, as the addition of DOX/
Fe3O4 further enhanced cell death. With a combined 
action of light-induced photodynamic therapy (PDT) and 
chemo/ferroptosis (dark), the HLs + 650  nm light group 
significantly inhibited tumor development. It is worth 
mentioning that the mice did not see any notable changes 
in body weight while being treated [187].

It was examined whether miR497 and triptolide (TP) 
used in tandem may further overcome ovarian can-
cer’s (OC) chemoresistance by cooperatively decreas-
ing the mTOR signaling pathway. To co-deliver miR497 
and TP, bioinspired hybrid NPs were created by fus-
ing cRGD-modified LPs (miR497/TP-HENPs) with 
CD47-expressing tumor EXOs. Researchers measured 
125 ± 6  nm for the hybrid nanoparticles’ particle size. 
Using fluorescence resonance energy transfer (FRET), 
researchers assessed how well EXOs and LPs fused. A 
reduction in the peak emission of rhodamine B (RB) at 
λem = 595  nm occurred following fusing, in contrast to 
an enhanced peak emission of FITC at λem = 525  nm. 
Due to the increasing distance between the fluorescent 
dyes FITC and RB, the FRET effect was diminished, sug-
gesting that the EXO content was introduced into the LP 
lipid bilayer. The in  vitro findings showed that the NPs 
were effectively absorbed by the tumor cells, leading to 
a significant increase in tumor cell death. Because their 
PDI was always less than 0.2 and their particle size stayed 
about 125 nm, researchers discovered that HENPs were 
more stable in blood circulation than EXOs and LPs. The 
stability of HENPs was much higher than that of EXOs. 
The toxicity of HENPs to OC cells, L929 fibroblasts, 
and murine macrophage RAW 264.7 cells was shown to 

be minimal, according to in  vitro studies. Furthermore, 
for TP, the hybrid nanoparticles exhibited an EE% of 
78 ± 3%, whereas, for miR497, it was 72 ± 5%. The intra-
cellular disassembly of miR497/TP-HENPs occurred in 
an acidic environment, releasing the Cy5-miRNC and TP 
of HENPs at a faster rate at a pH of 5.5 compared to 7.4 
since CaP is pH-sensitive. Likewise, the hybrid NPs dem-
onstrated significant anticancer efficacy in vivo and were 
efficiently concentrated in the tumor regions, all without 
causing any adverse consequences. Mechanistically, they 
increased the production of ROS, stimulated the dephos-
phorylation of the overactive PI3K/AKT/mTOR signaling 
pathway, and increased the polarization of macrophages 
from M2 to M1 macrophages [141] (Fig. 5; Table 5).

Scientists studied the anticancer effects of ExoSpHL-
DOX in Balb/c female mice with 4T1 breast tumours and 
the toxicological profiles of EXOs fused with long-cir-
culating and pH-sensitive LPs carrying DOX in healthy 
mice. After a single intravenous injection of ExoSpHL-
DOX, the acute toxicity was assessed by measuring the 
animals’ mortality and morbidity as well as by perform-
ing hematological, biochemical, and histological stud-
ies. Researchers found that compared to free DOX, 
the ExoSpHL-DOX therapy was safer. The fact that 
ExoSpHL-DOX exhibited no nephrotoxicity even when 
administered with the maximum dosage of DOX suggests 
that the hybrid nanosystem has the potential to modify 
DOX distribution and mitigate kidney injury. When 
compared to the placebo group, ExoSpHL-DOX demon-
strated anticancer efficacy. The number of metastatic foci 
in the lungs was also decreased by the hybrid nanocar-
rier of tumor-derived EXOs fused with long-circulating 
and pH-sensitive LPs. Scientists proved that ExoSpHL-
DOX had less toxicity than free DOX, demonstrating 
that EXO-HLs nanocarriers may transport more signifi-
cant amounts of DOX with less toxicity and less harm to 
organs and tissues. When comparing the two treatments, 
the ExoSpHL-DOX therapy had a more substantial anti-
tumor impact than the control. Moreover, regardless of 
whether the EXO-HLs nanocarrier contained DOX or 
not, ExoSpHL-DOX decreased the amount of lung meta-
static foci. With its ability to decrease toxicity and limit 
metastasis, particularly in the lungs, researchers sug-
gested that ExoSpHL-DOX might be a nanocarrier that 
has great promise for the treatment of BC [188].

Hybrid liposomes as theragnostic agent in cancer
The selection of therapeutics and diagnostics may 
have an impact on the theranostic properties of the 
system under development. Nevertheless, the inte-
gration of imaging and therapeutic probes into lipid 
self-assembly “LPs” could potentially undermine their 
overall theranostics performance [22]. According to an 
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investigation, photothermal therapy (PTT) is a newly 
developed cancer treatment technique since it can eas-
ily be used with other therapeutic approaches and treats 

tumors locally. To increase effectiveness, a tumor abla-
tion guided by imaging will make it easier to adminis-
ter the therapy. By inserting ICG into a hybrid lipid and 

Fig. 5  This graphic shows the creation of miR497/TP-HENPs and their mode of action. Membrane fusion and biomineralization were used to create 
TP-HENPs and miR497/TP, respectively. First, phosphatidylcholine (PC), encapsulated TP, DSPE-PEG1k-cRGD, and cholesterol were assembled 
to produce LPs. After that, EXOs and LPs were united together by membrane fusion. In the end, CaP causes miR497 to adsorb onto NPs surfaces. The 
following describes the ways that miR497/TP-HENPs functioned in OC cells: The enhanced permeability and retention (EPR) effect was produced 
by the nanoscale size of the nanoplatforms; EXO homing targeting and cRGD further improved the targeting efficiency of NPs; CD47 on the EXO 
surface prevented NPs clearance by the MPS system; miR497 and TP synergistically inhibited the PI3K/AKT/mTOR pathway; TP stimulated ROS 
production; and TP modulated [141]
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1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine–
diethylene triamine pentacetate acid–gadopentetate 
dimeglumine (DMPE-DTPA-Gd) combination, a par-
ticular kind of multifunctional HL is produced. In aque-
ous conditions, the HL demonstrated a restricted size 
distribution and great structural stability. MRI revealed 
that after tail vein injection, HL efficiently accumulated 
in the mice’s subcutaneous CT-26 tumor. Furthermore, 
PTT may successfully ablate a tumor while being guided 
by an MRI. Therefore, theranostic nanoplatform loaded 
with MRI-visible PTT agents shows promise for efficient 
cancer therapy [189].

In another study, researchers explored theranostic LPs’ 
in  vitro evaluation, characterization, and preparation. 
It is well known that L–QD hybrid vesicles have a lot 
of promise as cell imaging nanoconstructs. Liposomal-
topotecan (L-TPT) helps achieve this goal by prolonging 
the time that TPT accumulates in tumors and protect-
ing against systemic clearance. Hydrophobic CdSe/ZnS 
QD and TPT were found in the inner core of LPs and 
the bilayer membrane, respectively. DLS, ζ-potential 
measurements, and fluorescence/absorption spectros-
copy were used to ascertain the vesicle size, charge, 
and spectroscopic characteristics of the LPs. Moreo-
ver, the discharge of the substance was investigated at 
both neutral and acidic pH levels. One of the most used 
techniques for determining drug release from NPs, the 
dialysis method, was used to examine the in  vitro drug 
release profile of L-QD-TPT. The study was performed 
at 37 °C under the circumstances of a tumor microen-
vironment (pH 5.6) and normal human tissue (pH 7.4). 
Compared to neutral circumstances, the acidic envi-
ronment resulted in a higher release of TPT. After a lit-
tle first burst in the first four hours, the medication was 
administered at a reduced rate throughout the next 32 h. 
TPT release rates were 39% at pH 7.4 and 45% at pH 5.6 
after 32 h. The TPT’s greater solubility with lowering pH 
due to protonation is responsible for the higher release 
rate at an acidic pH. Flow cytometry and fluorescence 
microscopy were utilized to determine the intracellular 
distribution and cellular assimilation of the TPT-loaded 
L–QD formulation. Using the 3-(4,5-Dimethylthiazol-
2-yl)−2,5-diphenyltetrazolium bromide (MTT) assay, 
the cytotoxicity of the formulations on HeLa cells was 
evaluated in  vitro. QD-micelles showed almost no tox-
icity in the concentration range of 0–25 µg/mL in HeLa 
and A549 cell lines exposed for up to 24 h when CdSe/
ZnS QDs were encapsulated in phospholipid micelles 
based on phosphoethanolamine (polyethylene glycol). 
In contrast, L–TPT and L–QD–TPT clearly showed 
toxic effects on HeLa cells when compared to free TPT 
for 24 h. The reason for this is that the cells were able to 
absorb L-TPT and L-QD-TPT more efficiently, and the 

concentration of TPT released from LPs is somewhat 
higher than that of free TPT. The findings showed that 
the TPT-loaded L-QD hybrid has good physicochemical 
properties and shows potential as a multipurpose deliv-
ery system that may concurrently deliver therapeutic and 
diagnostic chemicals [190].

Researchers clarified the therapeutic effects of HLs 
made of polyoxyethylene dodecyl ether (C12(EO)25) 
and L-α-dimyristylphosphatidylcholine (DMPC) and 
the capacity of an HL-containing fluorescent probe to 
identify cancer in orthotopic graft model mice of BC 
(MDA-MB-453). Researchers used the sonication pro-
cess to create an HL made up of 90  mol% DMPC and 
10  mol% C12(EO)25. HL’s anti-tumor properties were 
studied in  vivo using mice that received orthotopic 
MDA-MB-453 cell grafts. Regarding HL’s potential as a 
BC treatment, it caused apoptosis and slowed the devel-
opment of MDA-MB-453 cells. In orthotopic transplant 
model mice with BC, the relative tumour weight was 
considerably decreased by intravenous administration 
of HL. This effect was caused by the induction of apop-
tosis, as the TUNEL assay showed. MDA-MB-453 cells 
exhibited a greater accumulation of HL carrying a fluo-
rescent probe (ICG) in terms of BC detection, but nor-
mal breast cells did not exhibit any accumulation of HL/
ICG. Increased HL/ICG accumulation was seen in the 
tumours of orthotopic transplant model mice for BC. 
HL and HL/ICG may be interesting options for thera-
nostic targets due to their therapeutic effects and abil-
ity to detect illness in orthotopic graft model mice of 
BC (MDA-MB-453). Researchers showed that HL had 
a hydrodynamic diameter (dhy) of less than 100 nm and 
a restricted, isolated dispersion. For over a month, HL 
stayed stable. However, after 14 days, DMPC LPs became 
unstable and precipitated. DMPC LPs reduced MDA-
MB-453 cell growth with an IC50 of 413 μM. In contrast, 
the IC50 value of 169 μM for HL-treated MDA-MB-453 
cells was almost one-third that of DMPC LPs. HL mark-
edly inhibited the proliferation of MDA-MB-453 cells. 
The apoptotic DNA rate in MDA-MB-453 cells increased 
dose-dependently to 72% after HL treatment. However, 
the rate of apoptotic DNA in MDA-MB-453 cells treated 
with DMPC LPs was 4%. In contrast, there was less ICG 
accumulation in the tumors of the BC orthotopic graft 
model mice 24 h after the injection of DMPC/ICG and 
C12(EO)25/ICG. The green fluorescence of ICG from the 
BC orthotopic graft model mice disappeared 24 h after 
they were injected with ICG alone. In BC orthotopic 
transplant model mice, HL may accumulate in tumour 
cells on the mammary gland over an extended period 
[191].

Researchers identified the EGFR as a prominent target 
for the treatment of CRCs and programs death ligand-1 
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(PD-L1) as a desirable target for CRC immunotherapy. 
Researchers record how liposomal nanohybrid cerasomes 
with porphyrin are made. These centrosomes are conju-
gated with MRI contrast DOTA-Gd and IRDye800CW 
and decorated with cetuximab, an anti-EGFR antibody. 
Gd-DSPE-DOTA, DSPE-IRDyeCW800, DSPE-PEG-
EGFR, and cerasome-forming lipids were dissolved in 
DMSO in a molar ratio of 70:25:0.1:5. The ethanol injec-
tion technique was used to create porphyrin-loaded cera-
somes that were cetuximab-targeted (EGFR-CPIG). The 
porphyrin encapsulation effectiveness of both EGFR-
CPIG and IgG-CPIG surpassed 86% without a discern-
ible difference, and both showed a negative ζ-potential 
(around 40 mV), which mainly was obtained from the 
cerasome siloxane framework. TEM showed that both 
kinds of porphyrin-loaded cerasomes were uniformly 
spherical, with a size range ranging from 80 to 100 nm. 
Researchers demonstrate that this was in line with the 
DLS measurement, which showed that both particles had 
a narrow size distribution and were about 90 nm in size. 
They serve as a tool for both in vivo tumor identification 
and PDT. Moreover, PD-L1 was added as an adjuvant 
treatment. An assessment was conducted on the combi-
nation anticancer activity of PDT and PD-L1 immuno-
therapy. EGFR-targeted NPs enabled targeted imaging 
to see tumors. In comparison to PD-L1 immunotherapy 
and simultaneous but nontargeted NPs administration 
with laser irradiation, concurrent EGFR-targeted PDT, 
and PD-L1 immunotherapy were more effective against 
tumor development. EGFR-targeted NPs, therefore, have 
shown significant promise as a dual-modality imaging-
guided precision PDT in conjunction with immunother-
apy. According to researchers’ findings, the EGFR-CPIG 
group’s relative signal increase at 24  h was almost 1.71 
times greater. According to the results, EGFR-CPIG’s 
active and specific tumor-targeting impact seems to 
have raised the MRI signal intensity at the tumor loca-
tion when compared to the IgG control. For use in tumor 
treatment, NPs with minimal toxicity and high effective-
ness are often favored. Researchers assessed systemic tox-
icity dynamically across a 21-day treatment period using 
mouse body weight as an indicator. Mice in the various 
treatment groups showed no signs of aberrant behavior 
or significant body weight reduction. Additionally, there 
was no visible tissue damage or harmful consequences on 
the kidney, liver, spleen, heart, or lung. Overall, research-
ers implied that the EGFR-CPIG NPs have the potential 
for clinical use in addition to having high biocompatibil-
ity [192].

Researchers explored the easy production and use 
of a targeted, dual therapeutic Au nanorods-LP (GNR-
LP) nanohybrid for chemotherapy and imaging-guided 
PTT. Researchers created the nanohybrid using the film 

hydration and sonication procedure. GNR-LP nanohy-
brids were partially formed by the self-assembly of lipid 
bilayers, including surface-modified GNRs and a com-
bination of dipalmitoylphosphatidylcholine (DPPC) and 
1, 2-stearoyl-sn—glycerol-3-phosphocholine (DSPC). 
The dual therapeutic GNR-LP nanohybrid is made 
up of LPs loaded with DOX and supported by GNR. 
PEGylated folic acid (PEG-FA) was added to the GNR-
LP nanohybrid surface in order to further target the 
overexpressing folate receptors in cancer cells. The FTIR 
spectra confirmed the GNR-LP nanohybrid’s surface 
functionalization with PEG-FA. In addition to acting as 
a photothermal agent and improving drug release in the 
intracellular environment of cancer cells, GNRs provide 
LPs mechanical strength since they are decorated on both 
the inside and the outside of bilayer surfaces. The created 
nanohybrid shows an outstanding response for syner-
gistic chemophotothermal treatment when compared to 
either chemotherapy or PTT alone. The NIR response, 
efficient cell uptake, disintegration of the GNR-LP nano-
hybrid, and the combined therapeutic effects of photo-
thermal and chemotherapy on BC cells MDA-MB-231 
are investigated in order to improve the development 
of a biocompatible nanomaterial-based multifunctional 
cancer theranostic agent. The kinetics of drug release 
within and outside of cells were investigated by research-
ers using pH 7.4, 5, 4, 2, and 2 with NIR irradiation, 
respectively. At a pH of 7.4, which is neutral, researchers 
observed very little drug release (~ 4%). However, more 
than half of the drug was released in the late endosomal 
conditions (pH 2) and the cancer cell interior environ-
ment (pH 4, 5) due to the nanohybrid’s breakdown in the 
cancer-mimicked environment. 24-h tests revealed this. 
Nanorods detach from liposomal nanoparticles, and lipid 
self-assembly destabilizes at high protonation strengths 
at low pH (pH 2 to 5). This leads to the dissolution of the 
nanohybrid and the observed improved drug release abil-
ity in the cancer cell interior. Fluorescence microscopy 
of cancer cells treated with nanohybrids and loaded with 
DOX further confirmed the enhanced drug release. In 
addition, researchers found that at pH 2, when the NIR-
exposed drug-loaded nanohybrid completely disinte-
grated, there was about 100% drug release within 12 h of 
kinetic time. The incorporation of DOX into a PEG-FA 
GNR-LP nanohybrid (200 μg/mL) and its capacity to tar-
get and localize inside cells were confirmed by incubating 
100 μL of the hybrid with MDA-MB 231 [193].

Another study unveiled that mesoporous silica NPs 
(MSNs) have been extensively investigated as a prospec-
tive flexible drug-delivery platform due to their manifold 
advantages. At present, gadolinium (Gd) doped MSNs, 
which serve as a T1 MRI contrast agent, symbolize an 
innovative theranostic nanocomposite that has garnered 
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considerable scientific attention. However, concerns 
regarding MSN dispersibility and medication leakage 
persist. Given these circumstances, researchers con-
structed a triple-modal imaging-guided nanoplatform 
that is activated by NIR irradiation. To achieve this, they 
conjugated DOX@Gd-doped MSNs with ICG-loaded 
TSL, which they referred to as DOX@GdMSNs-ICG-
TSLs. On this platform, ICG may augment the efficacy of 
photodynamic and photothermal therapies. Meanwhile, 
photoacoustic imaging (PAI) and NIR fluorescence imag-
ing (NIRFI) may be enabled. In conjunction with Gd’s 
MRI capability, NIRFI and PAI from ICG were thus effec-
tively utilized for triple-modal imaging. To mitigate DOX 
leakage and improve cellular absorption, the coating of 
DOX@GdMSNs with folic acid-modified TSL was inves-
tigated. ICG-TSLs could rupture and discharge DOX if 
they are subjected to NIR light, which induces thermal 
generation in ICG. Given these circumstances, the mul-
tifunctional nanocomposite appeared to be a promising 
theranostic nanoplatform with the potential to revolu-
tionize cancer therapy. Due to the nanocomposite’s out-
standing photothermal performance, scientists have been 
studying its impact on in  vivo PTT. Injecting DOX@
GdMSNs-ICG-TSLs and various control formulations 
intravenously into 4T1 tumor-bearing mice was followed 
by irradiation of the tumor locations using an 808  nm 
laser at a power density of 1.5 W/cm2. Using an infrared 
camera, researchers took full-body thermal pictures in 
real-time. When comparing the thermal images that were 
taken, it was found that the temperature at the tumor 
site in the group that was treated with DOX@GdM-
SNs-ICG-TSLs rose significantly, reaching a maximum 
of 55  °C within 4  min. The nanocomposite’s capacity to 
rapidly increase temperature, in comparison to other 
groups, showed that it might contribute to the PTT effect 
and destroy tumor cells. A more consistent and upward 
trend in body weight was seen in the DOX@GdMSNs-
ICG-TSLs + NIR treatment group compared to the PBS, 
DOX@GdMSNs, and ICG-TSLs + NIR groups. The 
percentage survival curves show that researchers ideal 
therapy achieved an acceptable survival rate. Additional 
evidence includes images of both the control group and 
tumor-bearing mice treated with DOX@GdMSNs-ICG-
TSLs + NIR. The mice who were given DOX@GdMSNs-
ICG-TSLs + NIR showed apparent tumor ablation when 
compared to the PBS group, confirming the impressive 
anti-tumor impact. The main organs, including the heart, 
liver, spleen, lungs, and kidneys, were not significantly 
affected by the DOX@GdMSNs-ICG-TSLs + NIR treat-
ment group as compared to the control group. While 
DOX@GdMSNs-ICG-TSLs had a favorable anti-tumor 
impact in tumor tissue sections, there was noticeable 

widespread tumor necrosis and a reduction in intercellu-
lar space [194].

Here, scientists assessed whether liposomal DOX and 
Au nanoshell (NS)-based PTT may enhance colon cancer 
survival in a rodent model. First, tumor-bearing animals 
underwent NS-based PTT. The optimal injection time 
after PTT was then determined by tracking the accumu-
lation of radiolabeled LPs inside the tumor by injecting 
them at various timepoints. Additionally, following PTT, 
the distribution of LPs inside the tumor was observed 
using fluorescent LPs. Lastly, Researchers mixed PTT 
and DOX-loaded LPs and tracked tumor development 
and survival to see how the treatment plan affected the 
mice. Liposomal accumulation in the tumor was greatly 
enhanced by PTT, but only when the LPs were adminis-
tered right after following the treatment. The majority of 
the LPs accumulation occurred in locations close to the 
ablated zones. The mice showed improved survival and a 
slowing in tumor development when PTT and liposomal 
DOX were administered together [195].

Researchers detailed the invention of a multifunc-
tional light/magnetic HT-triggered DDS utilizing 
thermo-sensitive MLs modified with methotrexate 
(MTX) (MTX-MagTSLs). In this system, magnetic NPs 
(MNPs) modified with oleic acid and MTX may be uti-
lized for both biological and magnetic targeting. Cy5.5, 
a lipophilic fluorescent dye, and MNPs are encapsulated 
within the bilayer of LPs during this time. Utilizing an 
alternating magnetic field (AMF) enables the discharge 
of DOX and produces a dual-imaging effect that vali-
dates the accumulation of MTX-MagTSLs within the 
tumor area. The results demonstrated that MTX-MagT-
SLs exhibited a significant ability to selectively target 
HeLa cells and animals harboring HeLa tumors in vitro 
and in  vivo. Moreover, when combined with local pre-
cise NIR laser irradiation (808  nm) (DUAL-mode), the 
heating effect of MTX-MagTSLs was 4.2 times amplified 
compared to AMF or laser stimulation alone, allowing 
the phase change temperature (Tm) of MTX-MagTSLs 
to be reached in 5  min. As a consequence, the delivery 
of Dox to the tumor site was considerably improved, and 
cancer synergetic theranostics became more precise. 
Researchers showed that there was a 44% release of dox 
from MTX-MagTSLs in PBS at 37 °C but an 83% release 
at 45  °C after 24  h. The free Dox, on the other hand, 
released its full potency after only one hour and reached 
a concentration of around 97% in PBS after twenty-four 
hours. According to SAR data, researchers indicated 
that a considerable improvement in Dox release could 
be achieved by applying AMF and laser simultaneously. 
Researchers also demonstrated that the temperature 
could be regulated to control the Dox release from MTX-
MagTSLs. Both the free Dox and MTX-MagTSLs groups 
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had their maximum Dox plasma concentration just after 
injection. Still, after intravenous administration, the free 
Dox group had a substantially faster decline in concen-
tration than the MTX-MagTSLs group, according to the 
pharmacokinetics study. The findings might be attributed 
to the remarkable stability of the long-circulating TSLs 
that were generated at room temperature. These TSLs 
will also serve as a benchmark for the in vivo treatment 
cycle that animals undergo two days later [196].

An investigation used the combination of super-
paramagnetic iron oxide NPs (SPIO NPs) and PTX to 
develop a tumor-targeted, pH-responsive theranostic LP 
modified with the peptide H7K(R2)2, including PTX and 
SPIO-SSL-H7K(R2)2. Researchers showed that the poly-
dispersity of PTX/SPIO-SSL-H7K(R2)2 was 0.197 ± 0.015, 
and the particle size was 168.30 ± 2.80  nm. The PTX/
SPIO-SSL-H7K(R2)2 compound has a ζ-potential of 
− 10.50 ± 0.44 mV. In PTX/SPIO-SSL-H7K(R2)2, the PTX 
entrapment efficiency was more than 90%. The targeting 
ligand employed was H7K(R2)2, the MRI agent was SPIO 
NPs, and the anticancer drug was PTX. The PTX/SPIO-
SSL-H7K(R2)2 was produced using a thin-film hydration 
method. The characteristics of PTX/SPIO-SSL-H7K(R2)2 
were evaluated. Analyzed comprehensively in both labo-
ratory settings and living organisms, the impact, imaging 
capabilities, and effectiveness against tumors of PTX/
SPIO-SSL-H7K(R2)2 were studied using human BC MDA-
MB-231 cell types. Researchers tested PTX-SSL, PTX/
SPIO-SSL, and PTX/SPIO-SSL-H7K(R2)2 in buffer solu-
tions with a pH of 6.8 and 7.4 to see how much PTX they 
released in  vitro. Both the 6.8- and 7.4-pH buffer solu-
tions showed almost comparable amounts of released 
PTX from PTX/SPIO-SSL-H7K(R2)2. The outcomes 
for PTX-SSL and PTX/SPIO-SSL were comparable. 
The in  vivo targeting impact of DiR LPs modified with 
H7K(R2)2 was tested in mice carrying the MDA-MB-231 
tumor. Where fluorescent DiR is located in tumors of 
MDA-MB-231 mice. Compared to animals treated with 
DiR/SPIO-SSL, those treated with DiR/SPIO-H7K(R2)2 
had a higher DiR fluorescence signal at the tumor loca-
tion across all periods of observation. Their results from 
live MRI, lab flow cytometry, and live imaging confirmed 
the pH-sensitive characteristic of H7K(R2)2 in the MDA-
MB-231 cell line both in living organisms and in a con-
trolled environment. The theranostic effect of PTX/
SPIO-SSL- H7K(R2)2 was confirmed in the MDA-MB-231 
tumor-bearing animal by in  vivo MRI and in  vivo anti-
cancer activity results [197].

Photothermal therapy (PTT), an emerging anti-cancer 
therapeutic approach that utilizes laser irradiation to 
generate HT for ablating cancer cells, was investigated. 
It has been reported that Au-coated liposomes (AL) are 
an efficacious PTT agent with excellent biocompatibility 

and excretory properties. Nonetheless, Au components 
that are exposed to LPs can induce instability in vivo and 
impede subsequent functionalization. Researchers syn-
thesized a theranostic dual-layered nanomaterial through 
the process of the liposomal layer to Au-coated liposomes 
(LAL) attachment, PEG attachment, and radiolabeling. 
LAL is capable of being imaged in vivo when it is func-
tionalized with PEG, and radioisotope labeling is uti-
lized to enhance its in vivo stability. Researchers revealed 
that the average ± standard deviation diameters of AL 
and LAL, as measured by TEM, were 61.02 ± 29.22  nm 
and 72.84 ± 22.49  nm, respectively (n = 20). Investiga-
tors measured three times in PBS and the hydrodynamic 
diameters of AL and LAL using DLS. All three meas-
urements were quite close to each other, and the hydro-
dynamic size of the LAL was 67.32 ± 22.65  nm. Each of 
the three separate experiments yielded different results 
for the hydrodynamic size of AL: 109.5 ± 52.92  nm, 
73.44 ± 41.24 nm, and 49.38 ± 26.95 nm, respectively. The 
fact that AL showed a reduced ζ-potential of − 23.7 mV 
suggests that the Au coating was influential on the LP 
since bare Au NPs typically have a low ζ-potential of 20 to 
40 mV. The ζ-potential was raised to − 17.3 mV due to the 
PEG moiety of the outer liposomal layer as AL extended 
across an additional liposomal layer. Functionalized LAL 
exhibits stability under physiological conditions, and 
in vivo PET imaging demonstrates that 64Cu-LAL, which 
is labeled with 64Cu, possesses adequate blood circulation 
and an effective tumor targeting capability of 16.4%ID 
g−1. Additionally, in the orthotopic BC mouse model, 
LAL injected intravenously exhibits superior tumor tar-
geting, temperature elevation in  vivo, and PTT effect 
in comparison to AL. The rate at which LAL inhibited 
tumor growth was 3.9 times that of AL. On account of its 
notable stability, capacity for in vivo imaging, and efficacy 
in targeting tumors, LAL exhibits potential as a theranos-
tic PTT agent [198] (Fig. 6).

EXO-HLs-based vehicles (ELVs) have enormous poten-
tial as carriers of cancer treatments. Still, there aren’t 
many efficient theranostic probes that can recognize 
the lipid bilayer membrane of these vehicles, allowing 
researchers to follow their biodistribution and provide 
potent therapy precisely. In a study, lipophilic NIR-II 
cyanine dyes with muscle donor strength are designed 
and synthesized to label the lipid bilayer membrane of 
ELV for NIR-II fluorescence image-guided and targeted 
NIR-II PTT of subcutaneous glioblastoma. This approach 
capitalizes on the inherent deep penetration and high 
effectiveness of photothermal treatment and fluores-
cence imaging in the second NIR window (NIR-II). Even 
though the diameters of NIR-C12-L and NIR-C12-EL 
were 138 and 145  nm, respectively, the PDI value for 
NIR-C12-EL is lower than that of NIR-C12-L and EXO 
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due to the membrane’s repeated extrusion. Furthermore, 
the NIR-C12-EL sample showed ζ-potential, which is in 
the middle of the NIR-C12-L and EXOs, and suggests 
that the two particle types successfully fused. Lipid films 
are hydrated and subsequently extruded to produce the 
produced extracellular vesicles (ELV) with NIR-C12 labe-
ling, cyclic arginyl glycyl aspartic acid decoration, liposo-
mal PEGylation, and biological EXO activity. Because of 
its excellent NIR-II photoconversion efficiency (62.28 r), 
biocompatibility, light-harvesting capabilities, and target-
ing capacity to identify and ablate tumours, NIR-C12-EL 
has a lengthy half-life in mice treated with it and continu-
ously exposed to 1064 nm laser irradiation. Researchers 
provided information on the creation of lipophilic NIR 

fluorescent probes for use in labeling ELVs and theranos-
tic nanoplatforms for targeted glioblastoma treatment 
[199].

As a result of the advancements and benefits of MRI 
nano-contrast agents (CAs), there has been a proliferation 
of theranostic NPs based on MRI. As a biosafe nanocar-
rier, LPs have been utilized in phase III cancer treatment 
trials. The present investigation utilized LPs as nanocarri-
ers to co-encapsulate PTX, an anticancer drug, and MRI 
nano-contrast agent poly(ethylene glycol)-grafted manga-
nese oxide (PEG-MnO) to create an innovative theranos-
tic nanocomplex. Researchers used the thin film hydration 
approach to create blank LPs, LP-PEG-MnO nanocom-
plexes, and LP-PEG-MnO-PTX nanocomplexes. Then, 

Fig. 6  Diagram illustrating the experimental protocol for 64Cu-labeled LAL (64Cu-LAL) for in vivo imaging and LAL for photothermal treatment (PTT) 
[198]
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the membranes were extruded. The first step was the 
preparation of PEG-MnO NPs. Both the blank LPs and the 
LP-PEG-MnO nanocomplex, as shown in the TEM, were 
round and had an average size of 120.89 nm and 133.87 
nm, respectively. The presence of black pigmentation inside 
the LP-PEG-MnO nanocomplex core, as contrasted with 
the white LPs, signified the effective encapsulation of PEG-
MnO NPs. The nanoprobe AS1411-LP-PEG-MnO-PTX, 
which underwent additional modification with the AS1411 
Apt, demonstrated promise as a concurrent MRI diagnos-
tic and therapeutic agent for renal carcinoma in vitro and 
in vivo. In contrast to PEG-MnO nano-CA, LP-PEG-MnO, 
and AS1411-LP-PEG-MnO demonstrated an extended 
retention duration in the tumor region and a more pro-
nounced enhancement of MR contrast within the tumor. 
Researchers shown that with a half-life of 333.35 min—5.6 
times that of PEG-MnO NPs (59.76 min)—LP-PEG-MnO 
nano complexes were more effective in accumulating in 
tumor tissue to increase MRI sensitivity. The presence of 
LPs and PEG coatings may account for such an extended 
circulation duration. In addition to increasing the contrast 
enhancement in the tumor, encapsulating PEG-MnO NPs 
into LPs might prolong their retention period. The addition 
of the AS1411 Apt enhances this impact even more, which 
is excellent news for their potential use in tumor imaging. 
More significantly, the tumor growth inhibition effect and 
the MRI effect were both improved with the addition of the 
AS1411 Apt, demonstrating its potential as a theranostic 
nanoprobe for renal carcinoma [200].

To enhance cancer cell targeting and dual fluorescence 
imaging, Jang et  al. devised mesoporous silica core/shell 
magnetic NPs encased in lipid polymers (Lipo(MNP@m-
SiO2)) and supplemented with the hydrophilic organic pig-
ment Texas red (TR). The targeting efficiency of the novel 
system was assessed through the application of Her2/neu 
antibodies onto Lipo(TR)(MNP@m-SiO2(FITC)) sur-
faces. Despite the fact that the 200-nm LPs were some-
what more giant after incorporating the dye-labeled MNPs, 
it is very improbable that this process would significantly 
alter the fundamental structure of the LPs. Surface charges 
of −  14  mV for MNP@ m-SiO2, −  50  mV for LPs, and 
− 49 mV for Lipo(MNP@m-SiO2) were recorded, respec-
tively. Even at high concentrations, normal 3T3 fibro-
blast and SKBR-3 BC cells were not adversely affected by 
Lipo(MNP@m-SiO2) after 24 h of exposure; this indicates 
that the material is biocompatible. The biocompatibility of 
Lipo(MNP@m-SiO2) was shown when no acute cytotoxic-
ity was seen, even when administered a high metal dosage 
of 60 μM. The nanohybrid magnetic-liposomal system did 
not target BC cells after six hours at 37  °C; however, this 
was remedied when the temperature was decreased to 4 °C. 
This demonstrates that cellular internalization is influenced 
by both temperature and duration. The findings provided 

support for the application of Lipo(MNP@m-SiO2) as a 
precise DDS in patients with Her2/neu BC. However, addi-
tional research is required to examine its behavior in liv-
ing organisms and monitor the efficacy of its therapy [201] 
(Table 6).

Advances and disadvantages of theranostics 
hybrid liposome in cancers
Nanoscale vesicles have emerged as a multifunctional 
medium for the conveyance of diverse categories of 
diagnostic and anticancer agents [203]. Vesicular carri-
ers, such as polymersomes, LPs, and peptide-based vesi-
cles, have shown encouraging properties that might lead 
to advances in nanomedicine [204]. LPs have garnered 
considerable interest thus far for a variety of biomedi-
cal applications; nevertheless, their morphological sta-
bility remains inadequate [205]. However, even with the 
quick advancements in the creation and use of innovative 
therapeutic nano agents, a significant obstacle remains 
the regulated distribution of drugs via these nanocarriers 
inside intricate biological systems [206].

Furthermore, several additional significant challenges, 
such as morphological instability in blood circulation, 
inadequate drug loading, and off-target drug release, 
impede their in vivo therapeutic effectiveness [207]. LPs 
offer superior pharmacokinetics and biodistribution of 
theranostic drugs in comparison to numerous alterna-
tive carriers due to their high agent loading efficiency, 
high stability in biological environments, and adjust-
able release kinetics facilitated by biocompatibility and 
responsiveness to stimuli [208]. Nanoscale DDS, includ-
ing LPs, have been utilized extensively in the treatment 
of cancer. Chemotherapy has benefited from their ease of 
surface functionalization, targeted delivery, and ability to 
stabilize drugs in vivo [209].

Nevertheless, the indicated systems and existing thera-
peutic methodologies for cancer are beset by significant 
constraints that impede their practical implementa-
tion [210]. The previous constraints might be mitigated 
through the implementation of combinatorial hybrid 
systems [211]. By using this strategy, hybrid vesicular sys-
tems may combine the advantages of numerous carriers 
into a single structure, resulting in a higher therapeutic 
index and better clinical outcomes [212]. Vesicular and 
micellar molecules, which make up HLs, may be eas-
ily synthesized by sonicating the molecules in a buffer 
solution without introducing any organic solvents [172]. 
Liposomal delivery methods have gained significant 
acceptance due to their ability to alter the pharmacoki-
netics of numerous medications, especially in the context 
of cancer-targeted therapy [213]. Regardless of the vari-
ous approaches used or whether targeted or active dis-
tribution was the goal, these nanohybrid systems provide 
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excellent opportunities for the advancement of combina-
tional treatment modalities [211]. The innovative nano-
hybrid system forges a new path as a developing drug 
delivery method; yet, its main drawbacks are the lack of 
thorough in  vivo performance data, evaluations of cel-
lular toxicity and metabolism, and cost and quality con-
cerns [214].

In addition, the word “theranostics” has become essen-
tial to cancer research. However, creating theranostic 
NPs requires a thorough understanding of treatment 
and detection methods. This expertise comprises com-
prehension of a range of topics, including toxicity, bio-
compatibility, and biodegradability of these materials, 
pharmacokinetics, and pharmacodynamics, elimination 
of metabolites, compatibility of chemicals utilized, and 
synthesis parameters about chemicals involved. An ideal 
theranostic NPs should have the following characteris-
tics: it should accumulate quickly and selectively in the 
sick cell, provide the optimal amount of medication effi-
ciently, avoid damaging nearby healthy tissue, leave the 
body quickly, or break down into safer metabolites [215].

Compared to LNPs, both EVs and hybrid LP–EV tech-
nologies have substantial barriers to clinical use, par-
ticularly for the well-established LP category. When 
compared to LNPs, their primary drawbacks are low 
isolation yields, the need to choose the optimal parent 
cell type, and thorough assessments of both short- and 
long-term toxicity because of their complicated payloads. 
LNPs may still be enhanced to satisfy intricate therapeu-
tic requirements. Therefore, more sophisticated LNPs are 
required, which may target molecules like peptides. It is 
challenging to load LNPs with all of these prerequisites, 
particularly when it comes to large-scale, economically 
viable manufacturing. In fact, LNPs have been used in a 
few preclinical studies for neurodegenerative diseases; 
however, these studies are typically stopped in their 
tracks before they can be published or are unable to dem-
onstrate positive effects on the course of the disease. First 
and foremost, it is critical to assess their safety since, in 
clinical trials, they can show toxicity or adverse effects 
that are not shown in preclinical research. Comprehen-
sive toxicity investigations are thus crucial. Furthermore, 
it is still challenging to create repeatable production pro-
cedures for EVs and LNPs. These platforms’ batch-to-
batch variability is another major obstacle since it may 
restrict their size and compliance with reasonable manu-
facturing procedures [216].

In order to ascertain the medical effectiveness of the 
hybrid DOX hydrochloride injection, this research will 
compare it to the reference product Caelyx®. Female 
patients with ovarian cancer who were slated to begin 
DOX treatment and whose condition worsened or 
returned after platinum-based chemotherapy were 

included in this bioequivalence trial. The trial was mul-
ticenter, open-label, balanced, randomized, two-treat-
ment, two-period, two-sequence, single-dose, and the 
patients ranged in age from 18 to 75. On the first day of 
period-I chemotherapy, patients received an intravenous 
infusion of medications at a dose of 50  mg/m2 over an 
hour, two hours after breakfast. They moved to the other 
arm of the cycle on day 29. PK studies were performed 
on both encapsulated and unencapsulated DOX using 
two separate, validated liquid chromatography-mass 
spectrometry methods. Neither the test formulations 
nor the reference formulations were found to have any 
adverse effects. The pharmacokinetics of both encapsu-
lated and unencapsulated DOX were investigated in 50 
participants. Regarding PK metrics, there was no dis-
cernible variation between the test and reference items. 
For encapsulated DOX, the geometric mean ratios (with 
a 90% confidence range) were Cmax: 92.08–116.46%, 
AUC0-t: 91.91–108.28%, and AUC0-∞: 93.45–110.05%. 
Cmax: 92.08–116.46% for DOX that is not encapsulated 
[217].

The current expansion in the development of NP-based 
cancer diagnosis, therapy, and theranostics approaches 
has made absorption, distribution, metabolism, and 
excretion (ADME) research more relevant for possible 
FDA approval. Nanocarriers tend to localize in the tumor 
via leaky tumor vascularization due to the enhanced 
permeability and retention (EPR) effect. The smaller 
(sub-200  nm) nanocarriers are great for regulating the 
EPR effect at the tumor while protecting healthy cells. 
Additionally, ligands may be grafted onto the surface 
of nanotransporters to target cancer cells and enhance 
DDS’s pharmacokinetics. Many studies have been con-
ducted on bioinspired NPs. Therapeutic carrier systems 
may lessen side effects and increase the efficacy of APIs. 
Common clinical problems with all DDS include unde-
sired toxicity, conducive pharmacokinetics, targeted 
accuracy, and defective cellular absorption. API distribu-
tion to designated areas may not be possible with lipo-
somal formulations. Surface characteristics, material 
composition, size, and manufacturing method may alter 
LP formulations’ pharmacokinetic characteristics, circu-
lation duration, and biodistribution. The temperature at 
which the lipid phase changes from an ordered gel phase 
to a liquid crystalline phase is known as the lipid phase 
transition temperature (TC). Numerous factors, includ-
ing lipid head group, hydrocarbon length, charge distri-
bution, and bond unsaturation, are crucial in controlling 
fluidity, drug release kinetics, and liposomal membrane 
permeability. The TC is also influenced by the degree 
of unsaturation; a lipid bilayer that contains lengthy, 
saturated hydrocarbons is often less permeable. Clear-
ance and pharmacokinetics may also be impacted by the 
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liposomal formulation technique [218]. Nanocarriers 
known as EXOs and EXOs-HLs may be bioengineered 
to improve bio-camouflage, targeting specificity, and 
API delivery. To minimize delays in clinical approval, it is 
crucial to study pharmacokinetic features early on when 
creating EXO-based formulations for both preclinical 
and clinical usage. This will help anticipate tissue distri-
bution, absorption, and elimination rate. The best way 
to optimize EXO uptake is the subject of several inves-
tigations. Glycoproteins on the surface of EXOs enhance 
their endocytosis in Caco-2 cells and rat small intestine 
epithelial cells in vitro and the function of clathrin-medi-
ated endocytosis in the absorption of EXOs in PC12 cells. 
One possible use of bioengineered EXOs, such as EXO-
HLs, is to conceal them from phagocytosis and to keep 
therapeutic EXOs in circulation for an extended period. 
The delivery technique is equally critical because it may 
govern the exosomal-API’s transport to the target tis-
sue and circulation throughout the body. Following cel-
lular absorption, EXOs should be able to function in the 
cytosol and be free from endosome trapping or hydrolase 
destruction. By incorporating a pH-sensitive fusogenic 
peptide into tumor-derived EXOs, Morisitha et  al. were 
able to improve the presentation of class I tumor anti-
gens and accomplish cytosolic cargo delivery. Nanocarri-
ers’ ADME, efficacy, and toxicity may be predicted using 
physiologically based pharmacokinetic (PBPK) models, 
which should include the biochemical, physiological, and 
physicochemical properties of the drug as well as specific 
organs or tissues [219, 220].

After that, several clinical trials employing LP-based 
therapies have been approved to treat various ailments. 
The success of LP-based remedies can be attributed to the 
following factors: (1) ease of synthesis, (2) biocompatibil-
ity, (3) capability of loading hydrophilic and hydrophobic 
medications, and (4) prolonged circulation after PEG 
application. The LP platform has recently been enhanced 
with the following functionalities: (1) a lipid moiety sen-
sitive to pH and temperature; (2) in vivo imaging probes 
for PET, SPECT, and optical; and (3) novel agents for 
photodynamic and photothermal therapies. The LP is 
considered a highly prospective nanoplatform in the 
field of theranostics due to its numerous established and 
recently demonstrated advantages. Thousands of NPs for 
imaging and therapy, excluding LPs, have been developed 
since the success of Doxil®. Notwithstanding the unique 
advantages that these NPs offer in terms of imaging and 
treatment, they frequently exhibited high-RES recogni-
tion, inadequate targeting efficacy, restricted in vivo sta-
bility, and toxicity. LPs continue to be considered among 
the most promising and practicable nanoplatforms due 
to their extended circulation half-life, long passive target-
ing efficacy, and biocompatibility. Additionally, research 

has demonstrated that LPs can be effectively employed 
to incorporate functionalities, including controlled 
release capabilities, pharmaceuticals, and various imag-
ing probes. Developing more specialized controlled drug 
release techniques and identifying practicable solutions 
to prevent the accelerated blood clearance (ABC) phe-
nomenon that occurs after repeated injections would be 
the subsequent stages toward developing effective thera-
nostics based on LPs [23]. Preliminary studies indicate 
that the membrane-engineering approach will provide 
a unique means of synthesizing EXOs as hybrid nano-
carriers that are logically tuned for use in advanced and 
targeted DDS. There is a drive to develop and improve 
downstream analytical methods to help identify low-
copy targets in liquid biopsies. In the realm of NGS, for 
instance, larger panels with deeper sequencing depth 
have been produced. Novel methods like background 
correction and molecular barcoding have been developed 
for NGS solutions. The difficulty of stochastic detection 
of single-digit copy numbers will persist in patients with 
low-copy targets. For sample collecting and isolation, 
a front end that is quick and accurate is also required. 
Therefore, reliable next-generation liquid biopsy diag-
nostics may be made possible by validated sample col-
lection and isolation kits for exoNA + cfDNA produced 
under cGMP production. Although liquid biopsies of 
circulating-Tumour-Cells (CTC) are an effective predic-
tive tool for several cancer types and have been approved 
by the FDA, the practical use of this technique is still in 
its infancy. In conclusion, EXOs, detecting agents, and 
therapeutic medications may be combined in the future 
to create diagnostic and therapeutic integrated NPs that 
combine their benefits for use in precision cancer thera-
pies as well as noninvasive diagnostics [220]. In contem-
porary times, researchers contend that the development 
of EV-biomimetics via a bottom-up approach is cru-
cial, given that the path to clinical application is more 
straightforward and secure for completely synthetic, 
controllable products compared to the implementation 
of natural EVs. While the literature has provided some 
commendable instances of EV-biomimetics, further 
refinement, and optimization are required: it is critical to 
devise and develop a product that possesses the identi-
cal cargo transfer and targeting characteristics of natural 
EVs, albeit with a simplified composition and functionali-
zation. This necessitates an ad hoc formulation and con-
centration tailored to the particular case study [221].

Among these considerations for polymer-modified 
LPs are their potential toxicity, immunogenicity, and 
interactions with biological systems. A well-established 
method to improve biocompatibility involves PEGyla-
tion, which consists in adding polymers like polyethyl-
eneglycol (PEG) to LPs. By increasing the LP surface’s 
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hydrophilicity, PEGylation shortens the time it takes 
for the MPS to eliminate the LPs from circulation. It is 
essential to assess the hemocompatibility of LPs because 
of their interactions with blood components. Analysis 
of hemolysis, aggregation of platelets, and adsorption 
of plasma proteins are all part of this. Because the PEG 
chains produce a steric barrier that limits direct contact 
with blood components, PEGylated LPs usually show 
reduced hemolytic activity and protein adsorption [222–
224]. A game-changer in targeted colon cancer treat-
ment, polymer-functionalized LPs show great potential 
to improve therapeutic results while reducing side effects. 
The incorporation of stimuli-responsive polymers is a 
crucial advancement since it allows for controlled medi-
cation release in reaction to specific physiological signals 
like pH, temperature, or enzyme activity. By concentrat-
ing the therapeutic chemicals at the tumor site, this tai-
lored release approach maximizes their effectiveness 
and minimizes off-target repercussions. The potential 
of polymer-functionalized LPs to surpass the limitations 
of traditional treatment has been shown by encourag-
ing results from clinical studies. One example is the EPR 
effect, which has been shown in the use of PEGylated LPs 
to promote accumulation in tumor tissues and lengthen 
circulation lengths. Active targeting, made possible by 
functionalizing LPs with ligands and antibodies, has also 
significantly improved the accuracy of drug delivery to 
cancer cells. Complex LP formulation, potential immu-
nogenicity, and large-scale production are essential issues 
that need fixing. Comprehensive safety and effectiveness 
evidence is also required for regulatory approval proce-
dures, which calls for thorough clinical and preclinical 
studies. Research into novel polymers and targeting moi-
eties that improve the specificity and efficiency of liposo-
mal delivery systems is an exciting area for the future of 
this field [222].

Making a biodegradable, thermoresponsive hydro-
gel filled with injectable liposomal DOX is one way 
to increase the effectiveness of DOX in treating BC. 
Researchers prepared the delivery platform by dissolv-
ing the poly (D, l-lactide-co-glycolide)-b-poly (ethylene 
glycol)-b-poly (D, l-lactide-co-glycolide) (PLGA-PEG-
PLGA) triblock copolymer, which was produced by 
ring-opening polymerization a priori. Because of its bio-
degradability, compatibility with living organisms, and 
ability to release tiny hydrophobic or macromolecular 
medicines gradually, thermogels based on PLGA-PEG-
PLGA have attracted much attention from the medical 
community. When researchers compared to DOX-loaded 
hydrogel, the Li-Gel hybrid system demonstrated a 
steady and extended release of DOX for up to eleven days 
after peritumoral injection, with less initial release. This 
highlights the importance of LPs in enhancing the release 

profile. In an orthotopic BC model, the Li-Gel hybrid 
system outperformed intravenous free DOX, liposomal 
DOX, and even peritumoral injection of DOX-loaded 
hydrogel in terms of antitumor efficiency while causing 
less side effects. This outcome was consistent with expec-
tations about the system’s biocompatibility [225, 226]. A 
number of anti-cancer medications are rapidly metabo-
lized in vivo, have low availability, and are poorly soluble. 
A release platform with many levels and functions was 
developed to fix the medicines at the point of admin-
istration and postpone their release. Curcumin (Cur) 
loaded LPs (Cur@Lip) were found to have improved 
water solubility, EE, stability, cell intake, and bioactivity 
after being coated sequentially with positive Chitooligo-
saccharides (Cur@Lip-Cos) and negative phospholipids 
(Cur@Lip-Cos-PC). Compared to Cur@Lip-Cos-PC, 
Cur@Lip-Cos was able to amp up MCF-7’s inhibitory 
impact much more. Next, the LPs were embedded in an 
injectable chitosan hydrogel that had been thiolated. This 
allowed for local immobilization and prolonged release of 
Cur, which successfully delayed its release and inhibited 
MCF-7 development. The novel and biomimetic liposo-
mal hydrogels should inspire further drug carrier design 
concepts. Researchers showed that a specific sustained 
release effect may be achieved by slowing the release rate 
from the Li-Gel hybrid system (61.40% in 72 h) when the 
LP concentration is increased to 200 μM. Curcumin was 
able to significantly inhibit the progression of BC in vitro 
thanks to the created delivery platform [227]. Numerous 
in vitro and in vivo studies have shown that hydrogel sys-
tems, including LPs, have excellent chemical tunability, 
biodegradability, and biocompatibility. The use of these 
hybrid platforms to facilitate correct tissue regeneration 
or targeted and regulated delivery of medicinal medi-
cines is very promising. With its many achievements and 
ability to overcome the shortcomings of particular plat-
forms, the hybrid system shows great promise for the 
future. Their application to people, however, is currently 
not possible because to a lack of clinical trials. To dem-
onstrate that LP-integrated hydrogel systems are game-
changing alternatives for cancer treatment and tissue 
regeneration, they will need to undergo more preclinical 
studies to optimize and evaluate their biophysical and 
biochemical characteristics before extensive clinical test-
ing [228].

A potential nanosized targeted DDS is MFHEs, which 
are produced via membrane fusion technology and 
combine the benefits of EXOs and LPs. Important chal-
lenges in delivering high-quality MFHEs include enhanc-
ing LP-EXO membrane fusion and avoiding LP-to-LP 
fusion. In order to increase the effectiveness of LP and 
EXO fusion, self-assembled single-stranded DNA nano-
structures have been used to create a protective barrier 
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surrounding LPs. This layer prevents unwanted fusing 
between the LPs. To maximize their therapeutic impact, 
MFHEs must be developed with the ability to target 
recipient cells selectively. While much of the current 
research focuses on using EXOs’ inherent targeting capa-
bilities, surface modification of lipid membranes may 
potentially improve MFHE’s active targeting capacity. 
Improving cell targeting specificity and achieving effec-
tive cell-specific uptake may be accomplished by engi-
neering MFHEs to conjugate suitable targeting probes, 
such as Apts, peptides, monoclonal antibodies, and small 
molecules. Systemic and local administration of MFHEs 
are both possible at this time. Intravenous MFHEs out-
perform LPs in drug administration because they are 
more resistant to clearance by the reticuloendothelial and 
mononuclear phagocytic systems. Researchers showed 
that hydrogels might be used to regulate the release and 
prolong the life of locally given MFHEs. More studies are 
needed to fill the gaps in our understanding of MFHEs in 
hydrogels, whether they are natural or manufactured. To 
summarize, MFHEs have only entered the diagnostic and 
therapy arena, but preliminary findings show that they 
are superior to EXOs and LPs. Researchers have faith 
that the rapid advancement of methods for fusing and 
modifying membranes will lead to the creation of MFHE 
DDSs that are both novel and efficient. In the realm of ill-
ness therapy, MFHEs may provide crucial platforms and 
chances for advancements [24].

Researchers have suggested the potential enhancement 
of antitumor drug efficacy and apoptosis in cancer treat-
ment through the combination of magnetic NPs and LPs. 
In vivo, Gogoi et al. assessed the self-controlled HT effi-
cacy, combined chemotherapy, and biocompatibility of 
drug-loaded MLs comprising PTX and a biphasic suspen-
sion of Fe3O4 NPs. Despite extensive in vivo and in vitro 
investigation into MLs, the commencement of clinical 
trials has yet to occur. The magnesium ferrite (MgFe2O4) 
MNPs utilized by researchers were initially synthe-
sized via chemical co-precipitation and subsequently 
subjected to surface modification using nanoliposome 
MgFe2O4@LP NPs MLs and Que-loaded MLs to gener-
ate Que-MLs. The magnetic properties and structures of 
uncoated and LP-coated NPs were analyzed and utilized 
in applications involving HT, chemotherapy/HT, and 
SDD. AMF analysis was performed on the self-heating 
temperature rise characteristics and specific absorption 
rate of these NPs to determine their viability as thermal 
agents in HT. The evaluation of the EE and drug dosage 
of Que revealed that the Que drug was effectively encap-
sulated within MLs. An investigation was conducted 
into the cytotoxic effects of free Que, MLs, and Que-
MLs on MFC-7 cancer cells. The synthesized MgFe2O4, 
MLs, and Que-MLs were spherical with average sizes 

of 23.7, 35.5, and 329.5 nm, according to TEM analysis. 
The MgFe2O4 demonstrated an exceptional and efficient 
saturation magnetization (MS) of 40.5  emu/g, as deter-
mined by the VSM. The loading and entrapment effi-
ciencies for quercetin were determined to be 42.3 ± 2.2% 
and 2.1 ± 0.1%, respectively. Que-loaded MLs exhibited 
an in vitro Que release of 40.2% at pH 5.1 and 69.87% at 
pH 7.4, confirming the pH sensitivity of Que-loading. As 
MHT agents, the hybrid systems composed of MLs and 
Que-MLs demonstrate specific absorption rates (SAR) of 
205 and 197 W/g, respectively. Additionally, the cytotox-
icity of Que-MLs was investigated using the MCF-7 BC 
cell line. The results obtained from this study indicate 
that Que-MLs exhibit a significantly higher cytotoxic-
ity effect in comparison to MLs and unbound Que [229]. 
The unique nanohybrid system creates a new route as 
an emerging drug delivery method; nonetheless, the pri-
mary constraints for this particular nanohybrid complex 
are the absence of comprehensive in  vivo performance, 
cellular toxicity, and metabolism, in addition to budget-
ary and quality issues. Additional research will support 
this system’s development and make it easier for it to be 
used in clinical settings [214].

Future and landscape
Because of their versatility and multifunctionality, HLs 
seem to have a bright future in cancer therapy and 
detection. The biocompatibility of lipid bilayers and the 
adaptability of other substances, such as polymers, NPs, 
or targeting ligands, are combined in HLs. Their poten-
tial for focused treatment, diagnostics, and theranostics 
(combination of therapy and diagnostics) is increased by 
this synergy. Multiple imaging agents may be integrated 
into HLs to allow for the simultaneous use of various 
imaging modalities. Imaging modalities such as MRI, 
PET, or optical imaging may have their sensitivity and 
resolution increased by incorporating radioactive iso-
topes, fluorescent dyes, or MRI contrast agents into HLs. 
Early diagnosis is made possible by the ability of func-
tionalized HLs to identify cancer-specific biomarkers in 
blood or tissues [230, 231].

Furthermore, EXOs initially functioned as a means 
of intercellular communication across great distances. 
Drug delivery using EXOs has recently exploded in 
popularity due to its excellent biocompatibility and 
active targeting capabilities. Medication efficacy may 
be enhanced substantially by using EXOs as a carrier. 
EXOs have the potential to revolutionize the medicinal 
business, but their complicated purification procedure 
and poor drug-loading efficiency make them unsuitable 
for usage at this time. LPs are a kind of drug delivery 
carrier that has been extensively studied. They are easy 
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to synthesize and carry drugs efficiently. In addition to 
retaining adequate drug loading efficiency, cell trans-
port efficiency, and safety, researchers discovered that 
EXO-LP fusion NPs (EL-FNP) retained the active tar-
geting capability of EXOs. The fusion method improves 
vesicle controllability and drastically decreases the 
need for EXOs in drug manufacturing. The EL-FNP 
has already been found to be useful in gene editing 
and cancer therapy. It is easy to imagine that EL-FNP 
will evolve into fully formed delivery systems as meth-
ods for separating and modifying EXOs continue to 
improve and as novel ways to boost EXO formation and 
LPs emerge. When that happens, EL-FNP will be ready 
to make a splash in the area of disease-targeted drug 
delivery, paving the way for a smooth transition from 
research to clinical practice [232].

There is an immediate need to develop a wide range 
of hybrid inorganic/organic NPs that can be combined 
with EXOs for diagnostic and therapeutic purposes. This 
might pave the way for the creation of hybrid nanopar-
ticles for use in individualized medical treatment. This 
synergy offers the potential to generate theranostics on 
a unified platform, with advantages including increased 
dispersion, tailored delivery, and immune system clear-
ance evasion. Gene delivery vehicles may be created from 
hybrid nanosystems by adjusting their size and surface 
charge. The integration of heat agents or photosensitiz-
ers into multifunctional therapeutic EXO-NP hybrid 
platforms might lead to a significant improvement in 
therapeutic efficacy. These hybrid nanoplatforms may be 
engineered to have targeting ability in addition to thera-
nostic capabilities. It is anticipated that hybrid nano-
systems that are compatible with living organisms and 
can contain larger macromolecules will be developed. 
Improving and optimizing the function of these hybrid 
nanoplatforms in  vivo requires more research. To avoid 
inorganic or organic chemical buildup, it is essential to 
determine if hybrid systems are biodegradable. More effi-
cient ways of producing these hybrid nanoplatforms may 
emerge as a result of recent scientific advances [233].

Since HLs overcome the drawbacks of traditional treat-
ments, they hold great promise for the future of clinical 
practice. Thanks to developments in nanotechnology and 
bioengineering, as well as their capacity to combine diag-
nostic and therapeutic functions, they are positioned to 
be significant instruments in precision medicine. Because 
of their pinpoint accuracy, versatility, and lack of side 
effects, HLs have the potential to alter the cancer detec-
tion and treatment landscape completely. As research 
into nanotechnology, materials science, and bioengi-
neering continues to progress, HLs are expected to be 
an essential component in the creation of tailored and 
coordinated cancer treatment. Several different kinds of 

cancer have been the subject of HLs in vitro and in vivo 
investigations. These studies have looked at the cyto-
toxicity, effectiveness, and toxicity of different hybrid 
LP formulations. By doing systematic investigations and 
meta-analyses, researchers may contribute to the future 
advancement of clinical trials. Extensive research has to 
be done into the mass manufacture of HLs. HLs have the 
potential to revolutionize cancer therapy, diagnostics, 
and theranostics; nevertheless, there is a need for more 
efficient, less expensive, and user-friendly ways of gen-
erating these NPs. Consequently, it is critical to develop 
GMP-compliant, cost-effective manufacturing methods 
for scalable production of HLs, to guarantee quality and 
performance at scale, and to enhance storage and stability 
for future use in cancer theranostic clinical applications.

Conclusion
Advanced theranostic nanomedicine is a multifunc-
tional technique that combines effective disease therapy 
with tissue diagnostics. A liposomal formulation is the 
first nanomedicine to be approved by the US FDA for 
clinical use. Recently, the treatment of cancer has been 
impacted by both promoted and hidden LPs. Because of 
their unique ability to encapsulate therapeutic and imag-
ing substances that are both hydrophobic (located in 
their lipophilic exterior) and hydrophilic (placed in their 
aqueous core), LPs have found use in cancer theranos-
tics. Lipid-coated or -encapsulated NPs have structural 
properties similar to those of the cell membrane. It is 
worthwhile to think about how this LP-NPs hybrid sys-
tem can help develop novel co-delivery platforms. Func-
tionalized LPs are more therapeutically effective than 
normal LPs. The versatility of surface modification and 
payloads improves the stability, therapeutic effectiveness, 
and specificity of theranostics agents. However, there 
are still a few key areas that need to be worked on to use 
them in clinical practice successfully. Additionally, EXOs 
and EXO-HLs may be bioengineered as nanocarriers to 
provide enhanced targeted specificity, bio-camouflage, 
and theranostics agent delivery. In conclusion, future 
research is expected to enable the creation of thera-
peutic and diagnostic integrated NPs that combine the 
advantages of EXOs, therapeutic medications, detection 
agents, and diagnostic agents for application in nonin-
vasive diagnostics and precision cancer treatments. NPs 
serve as optical probes to track the systems’ distribu-
tion both in vitro and in vivo when they are enclosed in 
LPs. They are also capable of controlling the drug’s bind-
ing and release from the hybrid delivery systems. As we 
already said, this integrated hybrid structure has a lot of 
benefits. It makes the system more stable, lets you deliver 
both covalent and non-covalent drugs to specific targets 
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at the same time, and gives you more precise control over 
when and where drugs are released to help with drug 
treatment plans. More research into theranostic HL engi-
neering, like that of the hybrid metal NP LP, could lead 
to the creation of EXO-LP-based personalized medicines 
and the early detection of certain types of cancer.
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