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ABSTRACT
Cancer has long been a hot research topic, and recent years have witnessed the incidence of 
cancer trending toward younger individuals with great socioeconomic burden. Even with surgery, 
therapeutic agents serve as the mainstay to combat cancer in the clinic. Intensive research on 
nanomaterials can overcome the shortcomings of conventional drug delivery approaches, such 
as the lack of selectivity for targeted regions, poor stability against degradation, and uncontrolled 
drug release behavior. Over the years, different types of drug carriers have been developed for 
cancer therapy. One of these is liposome-in-gel (LP–Gel), which has combined the merits of both 
liposomes and hydrogels, and has emerged as a versatile carrier for cancer therapy. LP–Gel hybrids 
have addressed the lack of stability of conventional liposomes against pH and ionic strength while 
displaying higher efficiency of delivery hydrophilic drugs as compared to conventional gels. They 
can be classified into three types according to their assembled structure, are characterized by 
their nontoxicity, biodegradability, and flexibility for clinical use, and can be mainly categorized 
based on their controlled release, transmucosal delivery, and transdermal delivery properties for 
anticancer therapy. This review covers the recent progress on the applications of LP–Gel hybrids 
for anticancer therapy.

1.  Introduction

GLOBOCAN (the World Health Organization’s International 
Agency for Research on Cancer Global Cancer Observatory) 
estimated that 19.3 million new cancer cases and 10.0 million 
cancer deaths occurred worldwide in 2020 (Sung et  al., 2021). 
Cancer brings a great socioeconomic burden. Currently, sur-
gery, radiotherapy, and chemotherapy remain the mainstays 
for cancer treatment, although immunotherapy and gene 
therapy have emerged as new methods to treat cancer. 
Because therapeutic agents involved in cancer treatment do 
not show sufficient accumulation in cancerous tissues and 
leak into normal tissues, these agents less effectively eradi-
cate cancer and expose normal tissues to systemic toxicity 
(Pérez-Herrero & Fernández-Medarde, 2015). It is therefore 
urgent to develop novel drug delivery systems that accom-
modate therapeutic agents to tune the pharmacokinetics and 
biodistribution of the current drug options.

Liposomes are synthetic phospholipid nanovesicles with 
a bilayer membrane shape (Mao et  al., 2016), whereas hydro-
gels are a class of extremely hydrophilic, three-dimensional 
network-structured gels. Both are widely used for delivering 
therapeutic agents to malignant tumors, and many aspects 
of their functions can be masked, including targeted delivery 
(Noble et  al., 2014), sustained release, and resistance against 
degradation (Alinaghi et  al., 2013). Their value is downplayed 
when they are used separately, and only the combination of 

liposomes and hydrogels is a win–win situation for all con-
cerned issues (Table 1). Combining liposomes and hydrogels 
together generates a special type of drug delivery system, 
termed LP–Gel, which has shown better compatibility with 
more drugs and supports more functions for different uses. 
This review summarizes and discusses the recent progress in 
the application of LP–Gel for anticancer therapy.

2.  Preparation of LP–Gel

Liposomes can be prepared by various methods, such as the 
thin film rehydration method, detergent removal method, 
injection method, extrusion method, heating method, super-
critical fluid method, supercritical antisolvent (SAS) method, 
supercritical reverse-phase evaporation (SRPE) method, micro-
fluidization, and ultrasonication. Regardless of their different 
preparation approaches, these processes follow a common 
pattern of three steps, which includes dissolution and dis-
persion in an organic solvent, addition of the lipid into an 
aqueous solution, and purification (Ajeeshkumar et  al., 2021). 
Hydrogel preparation can be divided into physical crosslink-
ing and chemical crosslinking. In more detail, the physical 
interactions are ionic interactions, hydrogen bonds, crystal-
lization, hydrophobic interactions, and protein interactions. 
Chemical crosslinking is more common during hydrogel for-
mation, as it supports better mechanical properties and 
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stronger stability than physical crosslinking. Chemical cross-
linking is dominated by conjugation reactions, free radical 
polymerization, and enzymatic reactions (Su et  al., 2021).

To the best of our knowledge, the fabrication of LP–Gel 
hybrids can be classified into three categories (Figure 1): 
The incorporation of liposomes into hydrogel substrates, 
liposome gelation to generate hydrogels, and embedding 
hydrogels into the cores of liposomes. Most LP–Gel hybrids 
are created via the first method, which involves the sequen-
tial formation of liposomes and hydrogels. Liposomes and 
hydrogels can exist in two independent compartments, 
although interactions between them are always present. 
Liposomes can also show greater participation in the for-
mation of hydrogels as one of their components. Jensen 
et  al. introduced the assembly of LP–Gel hybrids via 
thiol-disulfide exchange between end group-modified 
poly(vinyl alcohol) and thiocholesterol-containing liposomes 
(Jensen et  al., 2013). The process of liposome gelation can 
generate hydrogels, finally merging the hydrogels and lipo-
somes into one component. Cheng et  al. capitalized on the 
initial findings that at low bile salt/lecithin molar ratios in 
water, two classes of biological amphiphiles can self-assemble 
into hydrogels with microstructures made up of crowded, 
swollen multilamellar liposomes rather than the typical 
fibrous networks found in conventional hydrogels (Cheng 
et  al., 2015). For these micro/nanosized hydrogels, the lipid 
envelope creates another type of LP–Gel hybrid, referred to 
as lipid-coated hydrogel nanoparticles. Both physical and 
chemical interactions are driving forces behind the 

absorption behavior of lipids onto the surface of micro/
nanosized hydrogels (Raemdonck et  al., 2014). However, the 
lipid coating steps of micro/nanosized hydrogels demand 
multiple rounds of separation. To alleviate this issue, unil-
amellar liposomes are first formed as a reactor for selective 
hydrogel formation in their aqueous lumen.

Therapeutic agents should be incorporated into LP–Gel 
hybrids to achieve the anticancer effect. Due to the physi-
cochemical properties of LP–Gel hybrids, they are highly 
compatible with various therapeutic agents, among which 
chemotherapeutic agents are most widely used. The following 
sections will detail a combination of chemotherapeutic 
agents and LP–Gel hybrids. LP–Gel hybrids also serve as 
vehicles to carry biological drugs, such as small interfering 
RNA (siRNA) (Krebs & Alsberg, 2011; Furst et  al., 2016; Ding 
et  al., 2020), antibodies (Wang et  al., 2021), cancer vaccines 
(Zhang et  al., 2020), and enzymes (Bobone et  al., 2015). 
siRNA-loaded LP–Gel hybrids showed high uptake efficiency 
in vaginal mucosa and could directly silence the expression 
of herpes viral proteins (Palliser et  al., 2006; Furst et  al., 2016). 
Chen et  al. (2017) prepared liposome-templated hydrogel 
nanoparticles (LHNPs) for the codelivery of Cas9 protein and 
nucleic acids to fulfill a gene silencing function of the clus-
tered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein 9 (Cas9) technology. Trastuzumab 
(Tmab), as an antibody targeting human epidermal growth 
factor receptor 2 (HER2), was combined with LP–Gel hybrids 
to tackle breast cancer (Qin et  al., 2018). In addition, neoan-
tigen peptides, together with black phosphorus quantum 

Table 1.  Advantages and disadvantages of liposomes, hydrogels, and LP–Gel.

Type Disadvantages Advantages References

Liposome Lack of stability against pH and ionic 
strength, uncontrolled release, and 
poor localized retention

Compatibility with hydrophobic  and  hydrophilic drugs, 
mucopenetration, and stimuli-responsiveness

(Alinaghi et  al., 2013; Kazakov, 2016; 
GuhaSarkar et  al., 2017)

Hydrogel Incompatibility with lipophilic drugs, 
weak mucopenetration, and 
delicate structure

High stability, mucoadhesion, and prolonged drug release (Furst et  al., 2016; GuhaSarkar et  al., 
2017; Wu et  al., 2018)

LP–Gel / Enhanced stability of liposomes supported by gel shells, 
better compatibility with hydrophobic and hydrophilic 
drugs, prolonged drug release kinetics, mucoadhesion 
to mucopenetration transition, and stronger 
mechanical support

(Furst et  al., 2016; Kazakov, 2016; 
GuhaSarkar et  al., 2017; Wu et  al., 
2018; Rahni & Kazakov, 2017)

Figure 1.  Types of LP–Gel hybrids and the interactions between the liposomes and hydrogels. (a) The incorporation of liposomes into hydrogel substrates via 
hydrogen bonds, van der Waals forces, electrostatic interactions, covalent binding, or pore entrapment. (b) Liposomes gelation to generate hydrogels via the 
electrostatic repulsive forces between bilayers. (c) Embedding of hydrogels into the core of liposomes via Coulombic attraction, covalent binding, or sponta-
neous phospholipidation of the gel. (d) Schematic diagram of each force.



Drug Delivery 3247

dots, and immune adjuvants were incorporated into two 
compartments of LP–Gel to achieve photothermal immuno-
therapy (Zhang et  al., 2020). Enzymes could also use LP–Gel 
hybrids to shield themselves from degradation and immune 
response (Bobone et  al., 2015).

3.  Design principles of LP–Gel

Colloidal drug delivery systems (CDDSs) have been widely 
investigated and used in drug delivery. Liposomes, as a CDDS, 
has attracted the most attention, mainly due to their amphi-
philic nature, but also their advantages, including reduced 
toxicity, the capacity to load various drugs, and sustained drug 
release (Ali Khan et  al., 2013). The barrier originating from the 
lipid bilayer membrane can create a rate-limiting effect on 
drug release. For example, the release of hydrophilic drugs 
follows the slow Higuchi release kinetic model initially and 
the zero-order kinetic model thereafter (Glavas-Dodov et  al., 
2002; Mourtas et  al., 2007). However, low drug loading effi-
ciency due to the tendencies of unwanted drug leakage, low 
stability in vivo, and low drug entrapment efficiency (EE%) 
limit the use of liposomes (Ali Khan et al., 2013; Petralito et al., 
2014). Generally, an environment with pH values ranging from 
2 to 6 and low ionic strength is favorable for maintaining the 
stability of liposomes with a high retention rate (RR) (Wang 
et al., 2020). However, the pH and ionic strength of body fluids 
and solid tissues in vivo are subject to change, especially 
under pathological conditions. For example, the pH of normal 
solid tissue is approximately 7.4, but becomes more acidic in 
tumor tissues (Lee & Thompson, 2017). For the intraluminal 
delivery of liposomes, the fluctuations in pH, ionic strength, 
and other physicochemical properties become much wider. 
Taking the bladder as an example, the pH of urine can change 
from 4.5 to 8.0 while the ionic strength remains high in gen-
eral, which may lead to surface instability and liposome dis-
ruption. Panwar et  al. demonstrated that the addition of a 
cholesterol component into the phospholipid bilayer did not 
change the site-specific relationship between the drug and 
the membrane. Instead, the addition of the cholesterol com-
ponent enabled tight binding to phospholipid molecules, thus 
improving the stability and rigidity of the liposome (Panwar 
et  al., 2010). However, Mohammadi et  al. (2021) found that 
the addition of cholesterol into liposomes might result in the 
replacement of empty spaces with hydrophilic drugs. With 
further in-depth studies on hydrogels, their advantages regard-
ing compatibility with liposomes have been discovered 
(Tabandeh & Mortazavi, 2013).

For liposomes in the hydrogel type, the hydrogel provides 
a protective layer for encapsulated liposomes to form the 
LP–Gel system, which can prevent the degradation of liposo-
mal vesicles and drug leakage; thus, their stability is improved, 
and controlled release can be achieved (Lee et  al., 2008; 
Moustafa et  al., 2018). Embedding hydrogels into the core of 
liposomes can also bring better mechanical stability by pro-
viding a solid-like supporting cushion for the lipid bilayer 
(Kazakov, 2016). When LP–Gel was exposed to saline solutions 
at pH 7.4 or at pH 2.0, its porous structure remained stable, 
as indicated by scanning electron microscopy (GuhaSarkar 
et  al., 2017). Overall, LP–Gel shows superior stability against 

external stimuli compared with liposomes and hydrogels. For 
liposomes in the hydrogel type, due to the steric hindrance 
of the hydrogels, LP–Gel can act as a sponge to slow the 
release of the encapsulated liposomes together with loaded 
drugs (Alinaghi et  al., 2013). When drugs are delivered per-
cutaneously, it is difficult for liposomes to adhere to the tar-
geted region, while the gel formulation can wet the skin 
surface rapidly to boost transdermal penetration (Xu et  al., 
2022). When LP–Gel is used for intravesical instillation, hydro-
gels act as mucoadhesive substrates via covalent or nonco-
valent bonding, and they prevent the washout of drug-loaded 
liposomes in urine (De Geest et  al., 2006). By the same prin-
ciple, mucoadhesive LP–Gel can also prolong the retention of 
drug-loaded liposomes in the vagina (Furst et  al., 2016).

For the lipid-coated hydrogel type, the hydrogel core 
can reduce the deformability of lipid bilayers and the resul-
tant membrane fluidity, thereby promoting cellular uptake 
of drugs to enhance the cytotoxicity of chemotherapeutic 
drugs to cancer cells (Qin et  al., 2018). Besides, the hydro-
gel core can respond to external stimuli and either swells 
or shrinks in a reversible and controllable process, finally 
resulting in mechanical squeezing of the loaded drug (De 
Geest et  al., 2006; Krebs & Alsberg, 2011). The drug release 
properties of LP–Gel are dominated by multiple factors 
(Kazakov, 2016). Fathalla et  al. incorporated liposomes into 
different hydrogels, including Pluronic® F-127 (PL-127), 
hydroxyethyl cellulose (HEC), and hydroxypropyl methyl-
cellulose (HPMC), and compared their drug release kinetics. 
The drug release rates after 24 h ranked as follows: HEC 
gel > PL-127 gel > HPMC gel (Fathalla et  al., 2020). The vis-
cosities of the PL-127, HPMC, and HEC gels were 720 ± 9.1, 
100 ± 5.1, and 40 ± 2.1 Pa  s, and the leading role in deter-
mining the drug release rate was doubtful. Fathalla et  al. 
indicated other confounding factors, including gel dissolu-
tion rates and specific interactions between the drug and 
polymers in the gel. In addition, the concentration of poly-
mer used for building hydrogels modulates drug release 
by altering the viscosity and diffusion coefficient (Ricci 
et  al., 2005). The liposomal component is deemed another 
determiner that regulates the drug release kinetics. 
Liposomes generated from different lipids, including 
Phospholipon 90G and Lipoid S100, were assembled into 
poloxamer gels, and their drug release rates after 8 h were 
calculated to be 71.6 ± 3.28% and 54.4 ± 4.26%, respectively 
(Tanrıverdi et  al., 2016). Mourtas et  al. prepared two kinds 
of drug-loaded liposomes using phosphatidylcholin (PC) or 
distearoyl-glycero-PC with the addition of cholesterol to 
obtain DSPC/Chol, which was then transferred to a com-
bination with carbopol 974 hydrogels or HEC hydrogels 
(Mourtas et  al., 2007).

Drug release-related features should be considered when 
loading drugs with different physicochemical properties. The 
release of lipophilic drugs from LP–Gel is dependent on the 
total amount of drug in the gel and is independent of the 
rigidity of the above two types of liposomes; however, the 
rigidity of the liposomal membrane is the most important 
factor that determines the release rate of hydrophilic drugs. 
Further studies on the comparison between the aforemen-
tioned two gels revealed that the carbopol hydrogel 
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permitted faster drug release kinetics than the HEC hydrogel, 
which might be related to their different rheological prop-
erties. The rheological properties of LP–Gel, in turn, are 
related to the doped concentration, composition (Hurler 
et  al., 2013), and surface charge (Boulmedarat et  al., 2003) 
of the liposomes. Boulmedarat et  al. indicated that loading 
positively charged liposomes with lipid up to a concentration 
of 10 mM significantly promoted the viscosity of carbomer 
hydrogels (Kazakov, 2016). Negatively charged liposomes are 
able to interact with hydrogels to slightly reduce the gelation 
rate and gel strength (Ruel-Gariépy et al., 2002). Incorporating 
liposomes with high lipid concentrations within a certain 
range can increase the gel viscosity. Compared to liposomal 
hydrogels composed of glycerol or isopropyl alcohol, the 
viscosity of liposomal hydrogels containing propylene glycol 
decreases because propylene glycol may dissolve the phos-
pholipids to diminish the consistency of the hydrogels (Dejeu 
et  al., 2022).

Hydrogels are commonly used for topical administration 
due to their adhesive properties, but most of them are 
compatible with only hydrophilic drugs rather than lipo-
philic drugs. Lipophilic drugs, such as paclitaxel (PTX) 
(GuhaSarkar et  al., 2017), have low solubility in water but 
high affinity for the hydrophobic lipid bilayers of liposomes, 
allowing them to be encapsulated within the lipid bilayers. 
Due to their soft physical properties and relatively large 
size, hydrogels exhibit a weak ability to penetrate into 
tumors. Hydrogels enable the prolonged retention and 
longer duration of action of drugs in targeted regions, 
whereas mucus-penetrating liposomes can be packed into 
hydrogels to support the mucoadhesion-to-mucopenetra-
tion transition, which ensures the penetration of drugs 
deep into the targeted regions. The combination also 
strengthens the mechanical support of the hydrogel (Yazar 
et al., 2004). Wu et al. (2018) developed a gemcitabine-loaded 
LP–Gel for the sustained release of gemcitabine for the 
long-term treatment of osteosarcoma in situ. Importantly, 
the addition of liposomes into the hydrogel greatly 
strengthened the hydrogel, and the complete LP–Gel could 
be used as an excellent packaging material for tissue regen-
eration. With increasing liposome content, the compressive 
modulus of the complete LP–Gel increases and becomes 
threefold stronger than that of pure gelatin methacrylate. 
Another concerning issue is the steric hindrance that the 
passively diffusing liposomes in the hydrogel are exposed 
to. However, these encapsulated liposomes are capable of 
migrating faster than other liposome-based complexes, and 
the particle size of the liposome has a great impact on 
their diffusion efficiency (Furst et  al., 2016). For lipid-coated 
hydrogels, the shielding of the hydrogel by a lipid layer 
can provide better biocompatibility and bioavailability in 
vivo. Moreover, this shielding also preserves the respon-
siveness of liposomes to external stimuli with a reduced 
possibility of drug leakage (Kazakov, 2016; Rahni & Kazakov, 
2017). The pros and cons of liposomes, hydrogels, and 
LP–Gel mentioned earlier are summarized in Table 1.

The mechanism of binding between liposomes and hydro-
gels is still not clear. It has been speculated that because 
the pore sizes of the hydrogels are smaller than those of 

liposomes, the liposomes are easily trapped (Varghese et  al., 
2014). Contrary to this belief, Thompson et  al. proposed that 
interchain bonds may involve entanglement (topological con-
straints) together with weak physical interactions, such as 
van der Waals forces and hydrogen bonding. Physical inter-
actions are always present and may modulate the pore size 
through dynamic connection changes. Analysis of fourier 
transform infrared (FTIR) spectra and differential scanning 
calorimetry (DSC) thermograms indicated that hydrogen 
bonds are formed between liposomes and hydrogels (Alinaghi 
et  al., 2014; Liu et  al., 2020). Nitrogen atoms in hydrogels 
can participate in hydrogen bonds with some elements in 
liposomes, such as phosphorus. These hydrogen bonds can 
stabilize hydrogels by twisting the hydrogel network to pro-
duce a double-crosslinked structure (Chen et  al., 2012). There 
are two mechanisms responsible for the release of liposomes 
from hydrogels. First, the crosslinks in the hydrogel must be 
dynamic so that the pore size can change to induce the 
release of liposomes. Moreover, liposomes must be suffi-
ciently flexible and deformable to ensure that they can 
squeeze through the pores (Thompson et  al., 2020). For 
lipid-coated hydrogels, the introduction of hydrophobic 
anchors allows the self-assembly of the phospholipid bilayers 
to adsorb on the gel surface, or Coulombic attraction 
between the charged microgels and oppositely charged lipids 
can promote the assembly of the lipids onto the hydrogel 
core (Raemdonck et  al., 2014; Kazakov, 2016). In addition, 
other novel mechanisms exist to trigger their assembly. 
Liposomes can also be partially adsorbed onto the hydrogel 
surface and partially internalized by diffusion due to their 
deformability (Youssef et  al., 2013).

4.  Applications for anticancer therapy

As far as we know, there still lacks clinical use and clinical trials 
relevant to the anticancer application of LP–Gel hybrids (Table 
2 and Figure 2). More details on clinical trials of LP–Gel hybrids 
for other diseases, can be found in Supplementary Table S1.

4.1.  Stimuli-responsive LP–Gel hybrids

The incorporation of stimuli-responsive liposomes into hydro-
gels constitutes one type of stimulus-responsive LP–Gel. 
Taking advantage of the thermosensitivity and feasibility of 
injection in situ, LP–Gel hybrids can be made to exist in a 
sol state at room temperature and be converted into a solid 
gel state in situ upon contact with the physical environment 
in vivo. Amphiphilic triblock PLGA–PEG–PLGA copolymers 
have been used to prepare thermosensitive hydrogel formu-
lations, and the gel activation that occurs when the tem-
perature reaches 37 °C results in micelle aggregation by 
increasing hydrophobic interactions between the PLGA moi-
eties (Li et  al., 2014). Over time, at body temperature, the in 
situ gel slowly degrades, and the drug-loaded liposomes are 
then slowly released (Cao et  al., 2019). Similarly, Mao et  al. 
prepared thiolated chitosan-coated liposomes, which were 
fluidic at room temperature but gelled quickly at 37 °C, to 
deliver curcumin to breast cancer cells (Mao et  al., 2016; Li 

https://doi.org/10.1080/10717544.2022.2139021


Drug Delivery 3249

et  al., 2020). Thermosensitive liposomes embedded in ther-
mosensitive hydrogels provide a more flexible way to control 
drug release and enhance the localized anticancer effects. 
The NIR-II photothermal agent DPP-BTz and gemcitabine were 
encapsulated in thermosensitive liposomes and then com-
bined with the hydrogel precursor solution (Kong et  al., 
2021). The hydrogel precursor solution carrying drug-loaded 
liposomes was injected into pancreatic tumors and then con-
verted into a crosslinked gel structure. Under laser irradiation, 
DPP-BTz can generate heat to break the liposome shell, allow-
ing drug release. Sugiyama et  al. used this approach to 
deliver a liposomal temperature-sensitive gel (PLTG) contain-
ing paclitaxel to ovarian cancer-originating seeding metas-
tases via intraperitoneal injection, guaranteeing the 
accumulation of drug in the peritoneal cavity. Upon contact 
with the in vivo environment, the increased temperature 
elicited the formation of a solid LP–Gel, which was retained 
in the peritoneal cavity (Sugiyama et  al., 2022). Compared 
with the paclitaxel-loaded temperature-sensitive gel PTG, the 
sustained release capability of PLTG not only prolonged the 
duration of drug action but also reduced the amount of free 
paclitaxel exposed to the abdominal cavity, thus avoiding 
side effects (Chambers et  al., 2012). Aside from chemother-
apeutic agents, thermosensitive LP–Gel can also be used for 
photothermal immunotherapy. As proposed by Zhang and 
coworkers (Chen et  al., 2021), colon cancer cell-derived neo-
antigen peptides, as cancer vaccines, together with black 
phosphorus quantum dots were co-encapsulated into lipo-
somes, which were then loaded into F12 gel containing 
immune adjuvants. Under 808 nm near-infrared laser irradi-
ation, heat generated from black phosphorus quantum dots 

could accelerate the gel ablation, allowing the subsequent 
release of immune adjuvants and liposomes to stimulate an 
immune response against cancer (Chen et  al., 2021).

A photosensitive LP–Gel composed of photosensitive lipo-
somes and hydrogels shares the same mechanism of respon-
sive drug release with photosensitive liposomes. Under light 
excitation at a specific wavelength, the photosensitizers 
embedded in photosensitive LP–Gel generate reactive oxygen 
species (ROS), which react oxidatively with unsaturated phos-
pholipid materials to disrupt liposomes. The generated ROS 
localized in the LP–Gel-attached tumor regions can also 
induce tumor cell apoptosis or necrosis for promising poten-
tial in photodynamic therapy. Chen et  al. encapsulated a 
tumor-targeting photosensitizer, IR780, into liposomes, and 
then incorporated the liposomes into hydrogels. This hybrid 
system was applied for the systematic delivery of photosen-
sitizers to subcutaneous tumors and deep metastatic sites via 
topical administration (Nasr et  al., 2019). Analogously, an 
experimental gel containing liposomal hydroxyl-aluminum 
phthalocyanine was used for topical photodynamic therapy 
to treat mammary carcinoma (Sutoris et al., 2012). Wang et al. 
(2021) introduced a combination of photodynamic therapy 
and monoclonal antibody therapy. Liposomes containing the 
photosensitizers chlorin (Ce6) and trastuzumab were prepared 
into hydrogels, and the final product exhibited an excellent 
shear response and near-infrared light-triggered drug release.

Lipid-coated hydrogels can also be stimuli-responsive. To 
prevent drug leakage and microgel swelling, Kiser et  al. 
coated a drug-loaded microgel with a lipid bilayer to form 
lipobeads to promote permeability into the tumor vasculature 
(Kiser et  al., 1998, 2000). During drug release, an 

Table 2.  Applications of LP–Gel for anticancer therapy.

Drug
Tested models (cell 

line(s)/animals) Components of LP–Gel Mechanism Performance Ref.

PTX NBT-II cells, T24 cells/
Wistar rat

SPC-liposome, gellan hydrogel Urine-triggered 
cross-linking of the gel 
to enhance its 
adhesion to the mucus 
layer followed by 
PTX-loaded liposomes 
diffusion into the 
attached region

Threefold increase in the 
mucoadhesiveness of the 
liposomes in LP–Gel compared 
with that of free liposomes and 
prolonged retention periods up 
to 7 days; in vivo anticancer 
therapy data is lacking

(GuhaSarkar et  al., 
2017)

Cur MCF-7 cells/nude mice PC/Chol-liposome, chitosan 
hydrogel

Gelation at 37 °C in vivo 
to achieve localized 
and sustained release

Slow degradation in vivo; more 
pronounced inhibition of the 
growth of MCF-7 cell-derived 
breast cancer without 
recurrence and lung metastasis 
over 24 days compared to free 
liposomes

(Li et  al., 2020)

Rap 5637 cells, HT-1376 
cells, MBT2 cells/ C3H 
mice

SPC/Chol-liposome, P407 
hydrogel

Same as above Tumor inhibition effect (up to 
40%) induced by low-dose Rap 
exposure (1 μg) for 48 h

(Yoon et  al., 2019)

PTX B16F10 cells/ C57BL/6 
mice

SPC-liposome, gellan hydrogel Same as above Higher tumor inhibition rate 
(84.3 ± 4.2%) than that after 
radiation alone (75.5 ± 4.1%)

(GuhaSarkar et  al., 
2016)

Tmab Drug-resistant HER2 
cells, SK-BR-3 cells/
nude mice

PC/PE/Chol-liposome, ALD- XA 
gydrogel

Oxidation of lipids by the 
ROS generated from 
Ce6 under NIR light to 
interrupt the integrity 
of liposomes

Upregulated the release rate of 
Tmab up to 10.36 ± 0.49% 
under NIR stimulation for 180 s; 
improved tumor suppression 
and ablation efficiency

(Wang et  al., 
2021)

Abbreviations: PTX: paclitaxel, can be used as radiosensitizer; NBT-II: a rat bladder cancer cell line; T24: a human bladder cancer cell line; SPC: soy phospha-
tidylcholine; Cur: curcumin; MCF-7 cells: a human breast cancer cell line; PC: phosphatidylcholine; PE: phosphatidylethanolamine; Chol: cholesterol; Rap: 
rapamycin; 5637 and HT-1376: human bladder cancer cell lines; MBT2: a mouse bladder cancer cell line; B16F10: a murine melanoma cell line; Tmab: trastu-
zumab; SK-BR-3: a human breast cancer cell line; ROS: reactive oxygen species; Ce6: photodynamic component; NIR: near-infrared.
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electroporating pulse was initially used to perforate the lipid 
bilayer, exposing the enveloped microgel to water, causing 
it to swell. Electroporation and gel swelling resulted in dis-
ruption of the lipid bilayer (De Geest et  al., 2006). The next 
step was drug release from the microgel. The properties of 
polymer networks conferred their responsiveness to environ-
mental stimuli, such as temperature and pH. When the envi-
ronment changes, the polymer network can also shrink like 
a sponge and squeeze the drugs into the space between 
the gel and lipid membrane, leading to drug diffusion across 
the lipid membrane (Kazakov, 2016). In conclusion, lipobeads 
maintain the advantages of liposomal drug carriers while 
additionally providing stronger mechanical support with bet-
ter stimuli responsiveness. Furthermore, the increased stiff-
ness conferred by complexation of the microgel greatly 

enhanced the cellular uptake of the lipobeads (Qin 
et  al., 2018).

4.2.  Biobarrier penetrating LP–Gel hybrids

Due to mucus clearance mechanisms and the intraluminal 
protective barrier, foreign materials hardly reach the inner 
region of tissues with mucus linings. LP–Gel is a hybrid sys-
tem in which mucoadhesion and mucopenetration can coex-
ist independently, fitting well with the demand of intraluminal 
drug delivery. For applications in the bladder, GuhaSarkar 
et  al. introduced an LP–Gel consisting of paclitaxel-loaded 
fluidizing liposomes and gellan hydrogels. Gellan hydrogels 
can be triggered by ions present in the urine and crosslinked 
to form an urothelium-adherent gel, and the fluidizing 

Figure 2.  Different properties of LP–Gel in anticancer therapy. (a) Thermosensitive LP–Gel, (b) photosensitive LP–Gel, (c) transmucosal LP–Gel, and (d) trans-
dermal LP–Gel.
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liposomes can fluidize the urothelial barrier for enhanced 
penetration (Hu et  al., 2009). Yoon et  al. prepared 
folate-modified rapamycin (Rap)-loaded liposomes into polox-
amer 407-based hydrogels. The poloxamer 407-based hydro-
gel formed a gel inside the bladder after exposure to body 
temperature and prolonged the retention time of the lipo-
somes. Folate modification improved the receptor-mediated 
endocytosis and tumor targeting efficiency (Yoon et al., 2019). 
In addition, LP–Gel hybrids are an excellent choice for drug 
delivery in the vaginal and cervical regions. A polyethylene 
glycol-modified lipid complex containing siRNA was encap-
sulated in a solid matrix (formed by freeze-drying a hydrogel, 
called a sponge) to prolong its action in the vaginal mucus, 
and pegylated lipoplexes acted as mucus-penetrating vehicles 
to migrate deep into the vagina (Ali Khan et  al., 2013). Li 
et  al. prepared a novel expandable hydrogel foam aerosol 
delivery system with propylene glycol-embedded liposomes 
(PEHFLs) for vaginal drug delivery. The PEHFL foam gradually 
expands after spraying, and the size after expansion is influ-
enced by the ambient temperature, which greatly enhances 
the uniformity of drug diffusion into the vagina and promotes 
mucoadhesion to the vagina (Li et  al., 2012).

Liposomes are more rigid in nature than other ultraflexible 
forms of lipid vesicles, such as transferosomes, ethosomes, 
and transethosomes, so liposomes are less effective for trans-
dermal drug delivery (Sudhakar et  al., 2021). Another major 
disadvantage of liposomes lies in the liquid nature of their 
preparation. In this respect, LP–Gels can be used as 
high-viscosity vehicles to retain liposomes for transdermal 
delivery and can weaken the barrier function of the stratum 
corneum (SC) without notable changes to the dermis and 
subcutis (Guan et  al., 2015). In accordance with this principle, 
the amount of accumulated IR780 in tumor regions after 
topical administration onto tumors was nearly equal to that 
after intravenous administration, and the amount applied via 
topical administration was approximately three-quarters that 
administered intravenously (Chen et  al., 2021). Lipid-coated 
nanogels can also reside in the gel to form a more complex 

LP–Gel. Nasr et  al. embedded lipid-coated nanogels carrying 
ferrous chlorophyllin (PC/CHI) into gels to treat squamous 
cell carcinoma via topical administration onto tumors. 
Compared to the free form of ferrous chlorophyllin, PC/CHI 
increased about 10-fold retention of ferrous chlorophyllin on 
the skin. However, the penetration depth of PC/CHI was lim-
ited to the epidermis due to the rigid structure of lipid-coated 
nanogels (Nasr et  al., 2019).

5.  Comparison with other nanomaterials

The most important concerns to be met for anticancer drug 
delivery systems are the tumor regions being exposed to 
high concentrations of drugs and optimal drug release behav-
ior. In the following section, comparisons of these two fea-
tures, localized enrichment (Table 3) and controlled release 
(Table 4), between LP–Gel and other nanomaterials will be 
discussed.

Under the guidance of an external magnetic field, mag-
netic nanoparticles (MNPs) can actively target tumors and 
release the loaded drugs on demand. When magnetic 
nanoparticles are complexed with liposomes, the so-called 
magnetic liposomes (MLs) can reduce the toxicity of MNPs 
while inheriting the magnetic-responsive properties (Li et  al., 
2018; Madan et  al., 2019; T S et  al., 2020). Kono et  al. coated 
MLs with atelocollagen to improve cellular uptake efficiency. 
After intravenous injection of atelocollagen-coated MLs, a 
disc-shaped magnet was placed close to the liver to accel-
erate ML enrichment inside the liver (Kono et  al., 2017). 
Another study showed that magnetic anionic liposome 
(Mag-AL) binding was significantly increased under magnetic 
guidance in RAW264 cells (a murine macrophage-like cell 
line) compared to that of the control group. Moreover, the 
magnetic field-guided cell binding and uptake of liposomes 
increased linearly with increasing liposome concentration 
over a wide range (0–50 mg/mL) (Yatvin et al., 1978). However, 
long-term exposure to a magnetic field may damage normal 
cells (Jain et  al., 2021), as normal cells carrying MLs may 

Table 3.  Comparison of LP–Gel and other nanomaterials regarding localized enrichment therapy.

Nanomaterial Drug Size (nm)
Zeta potential 

(mV)
Driving force 

for enrichment Performance
Disadvantages (compared 

with LP–Gel) Ref.

MNPs Citric acid 163.2 ± 2.4 16.3 ± 3.7 External 
magnetic 
field

Increased cellular 
uptake in 
targeted regions

Damage to normal cells; 
the magnetic field 
strength needs to be 
adjusted to fit each 
individuals; 
inconvenient to carry

(T S et  al., 
2020)

Liposomes DXR <400 – EPR effect Accumulation in 
tumors at 
concentrations 
5–10 times 
higher than that 
in plasma

Influenced by cancer 
heterogeneity; entirely 
dependent on passive 
diffusion and the 
liposome particle size

(Gabizon 
et  al., 
2006; 
Duncan 
et  al., 
1996)

HA-coated 
liposomes

GEM 192 ± 2 43 ± 1 Targeting 
ligands

Nearly 9-fold 
increase in tumor 
accumulation 
compared with 
that of naked 
liposomes

Influenced by the surface 
ligand coating density; 
elimination of targeting 
capability after protein 
corona formation 
followed by the 
activation of the MPS

(Arpicco 
et  al., 
2013)

Abbreviations: MNP: magnetic nanoparticles; DXR: doxorubicin; HA: hyaluronic acid (32 disaccharidie units); GEM: gemcitabine; MPS: mononuclear phagocytic 
system.
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Table 4.  On-demand release mechanisms of other nanomaterials.

Thermosensitive MLs CF AMF MNPs

The heat generated from 
MNPs above the Tm, 

together with mechanical 
stress, increases the 

membrane permeability. (Spera et  al., 2015)

Photosensitive liposomes Calcein UV light MM Unidirectional molecular 
rotation under UV light 
disturbs the lipid bilayer 
to increase the 
membrane permeability.

(Ribovski et  al., 2020)

Photosensitive liposomes Pt(IV) 650 nm light Ce6 Oxidation of lipids by the 
ROS generated from 
Ce6 under NIR light 
interrupts liposomal 
integrity

(Yang et  al., 2021)

Photothermal liposomes DOX NIR laser ICG Heat generated from ICG 
under NIR laser above 
the Tm increases the 
membrane permeability.

(Dai et  al., 2019)

Abbreviations: MLs: magnetoliposomes; CF: 5-carboxyfluorescein; AMF: alternating magnetic field; MNPs: superparamagnetic iron oxide nanoparticles; Tm: lipid 
melting point; MM: molecular motor; Pt(IV): tetravalent platinum prodrug; Ce6: photodynamic component; ROS: reactive oxygen species; ICG: indocyanine 
green; NIR: near-infrared; PCMs: phase change material.

detach from where they are supposed to be. In addition, the 
magnetic field strength needs to be adjusted according to 
the thickness of each individual’s skin and amount of sub-
cutaneous fat. I t is also inconvenient to carry 
magnetic-field-generating devices for long-term therapy. 
Because of proximal tumor vascular leakage and impaired 
lymphatic drainage within the tumor microenvironment, lipo-
somes can passively target tumor cells through an enhanced 
permeation and retention effect (EPR effect) (Gabizon et  al., 
2006). However, the capacity of passive targeting is entirely 
dependent on diffusion-regulated drug transport mechanisms 
and is dependent on the particle size of the liposomes 
(Dreher et  al., 2006). Moreover, it has been demonstrated 
that the EPR effect is highly variable in human patients due 
to the heterogeneity of cancer cells (Matthew et  al., 2021). 
Therefore, it is necessary to endow liposomes with active 
targeting capabilities.

Recently, Arpicco et  al. proposed hyaluronic acid (HA) to 
act as a targeting ligand after its immobilization onto the 
surface of liposomes containing gemcitabine. HA specifically 
binds the cell surface receptor CD44, which is overexpressed 
in various tumors. HA is also chemically modifiable and bio-
degradable. HA-coated liposomes target pancreatic cancer 
cells expressing CD44, and the amount of HA (32 disaccharide 
units)-coated liposomes internalized was quantified and 
determined to be nearly ninefold more than that of naked 
liposomes at 24 h (Arpicco et  al., 2013). Peptides, antibodies, 
and aptamers have great potential to be used for surface 
modification of liposomes with targeting moieties, but many 
factors, such as particle size, surface charge, ligand density, 
and ligand conformation, should be carefully considered (Yan 
et  al., 2020). For instance, liposomes coated with cationic 
targeting ligands are preferred drug delivery systems due to 
their strong interaction with the tumor cell membrane. 
Optimizing the ligand density on the surface of the liposomes 
allows enhanced internalization by tumor cells, but liposomes 
may aggregate once the surface density exceeds the opti-
mum value. In addition, the formation of a protein corona 
is inevitable once liposomes are exposed to the circulatory 

system (Onishchenko et  al., 2021). The protein corona con-
tributes to the thickness of the hydrodynamic radius of the 
liposomes and the normalization of the liposomal zeta poten-
tial at approximately –20 mV. Physicochemical changes to the 
particle surface eliminate the targeting effect produced by 
surface-anchored ligands. Unfortunately, the pharmacokinet-
ics and biodistribution are altered as undesirable side effects 
after the protein corona containing opsonins forms. The 
mononuclear phagocytic system (MPS) is then activated to 
remove liposomes from circulation (Noble et  al., 2014; Ross 
et  al., 2018).

When the temperature reaches a value above the ther-
mosensitive lipid melting point (Tm), the permeability of the 
liposomal membrane increases and then the drugs are 
released without destroying the liposome structure. Heating 
to temperatures over the Tm allows on-demand drug release 
(Yatvin et  al., 1978). MLs, when exposed to a magnetic field 
of appropriate frequency, can generate heat, which is mainly 
derived from self-hysteresis consumption or from Néel or 
Brownian relaxation processes (Spera et  al., 2015). The mag-
netically induced heat can serve as a switch to trigger 
on-demand drug release, but its drawbacks, such as incon-
venience for daily use, have limited its further clinical appli-
cations (Haša et  al., 2018). The mechanism of on-demand 
drug release may also be related to mechanical stimulation 
by a low-amplitude magnetic field conferring mechanical 
stress on the liposomal membrane, causing nearby nanopar-
ticles to oscillate and thus triggering drug release (Spera 
et al., 2015). The incorporation of photodynamic hydrophobic 
molecular motors into a special type of liposomes known 
as molecular motor (MM) liposome complexes can facilitate 
on-demand drug release via the mechanism of molecular 
rotation. Upon UV irradiation, the MM undergoes photoisom-
erization around the central double bond and a subsequent 
thermal relaxation step, activating unidirectional molecular 
rotation and enhancing the permeability of the liposomal 
membrane (Ribovski et  al., 2020). Yang et  al. prepared pho-
toactivated liposomes containing the photodynamic com-
ponent Ce6. The ROS generated from Ce6 after 
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photoactivation can oxidize unsaturated phospholipids into 
hydrophilic peroxides and thus destabilize liposome integrity. 
Since oxidization is reversible, repetitive controlled drug 
release can be achieved (Yang et  al., 2021). Regarding pho-
tothermal liposomes, indocyanine green (ICG) was combined 
with thermosensitive liposomes. The ICG can absorb 
near-infrared radiation, which is then translated into a ther-
mal effect to melt liposomes (Dai et  al., 2019).

6.  Conclusions and prospects

In summary, this review covers the progress in LP–Gel research. 
LP–Gel hybrids are nontoxic, biodegradable, biocompatible, 
and can undergo chemical modification. In addition, they are 
hybrid systems composed of liposomes and hydrogels that 
can overcome the drawbacks of one single composition type. 
To the best of our knowledge, LP–Gel hybrids are mainly used 
for localized anticancer therapy, and can be further categorized 
based on their controlled release, transmucosal delivery, or 
transdermal delivery properties. Regarding their unique fea-
tures for anticancer therapy, a comparison between LP–Gel 
hybrids and other commonly used nanomaterials was pre-
sented. Overall, LP–Gel is a promising drug delivery system 
that has great potential for further clinical use.

However, from our own perspective, several questions 
regarding the biosafety remain to be answered. During intra-
vesical instillation, LP–Gel may be an obstacle to the urine 
flushing out of the bladder, ultimately leading to renal dys-
function. For solid tumors that are unreachable via intralu-
minal administration, in situ injection into tumors via 
needle-related administration may trigger the spread of 
tumor cells. The next question comes down to whether LP–
Gel can advance its functions to be more effective and flex-
ible for anticancer therapy. Regarding on-demand release, 
nearly all studies place a great focus on incorporating 
stimuli-responsive liposomes into hydrogels, which mainly 
serve as simple substrates. It is believed that stimulators can 
also be equipped into high-density hydrogels, and effectors, 
such as heat and ROS, can be rapidly transferred onto the 
liposomal surface. Even for more rapid response to external 
stimuli, stimulators can reside in both liposomes and hydro-
gels, and furthermore, different types of stimulators can also 
be packed into LP–Gel so that dual-stimuli response can be 
achieved. For those LP–Gels buried deep in tissues, most 
stimuli are blocked by the hindrance of tissues. Taken 
together, novel stimulators should be considered for the 
modification of LP–Gel. For instance, upconversion nanopar-
ticles (UCNPs) are capable of converting multiple near-infrared 
(NIR) photons to ultraviolet or visible photons via an 
anti-Stokes mechanism. UCNPs have been applied to loaded 
in liposomes or hydrogels for on-demand release via 
tissue-penetrating laser stimulation (Huang et  al., 2016; Yao 
et  al., 2016; Liu et  al., 2020; Mehata et  al., 2020). The ultra-
sound (US)-responsive stimulator is another choice, and it 
can be designed as US-responsive hydrogels or liposomes 
(Yue et  al., 2019; Meng et  al., 2021). As for biobarrier pene-
trating LP–Gel hybrids, their application is limited to the 
localized therapy. For most types of cancers without natural 

cavities connecting with the outside, LP–Gel works in vain. 
However, the lipid-coated hydrogel may be allowed for sys-
temic therapy via intravenous administration. Like other-drug 
delivery systems, its targeting capacity can be gained by 
functionalizing its surface with targeting ligands or modu-
lating its passive targeting property via EPR effect. Therapeutic 
agents can be loaded into the hydrogel core or the inter-
space between the liposome membrane and the hydrogel 
core, and get released once the endocytosis of the lipid-coated 
hydrogel helps rupture the shielding liposome membrane.
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