
Vol.:(0123456789)1 3

Applied Nanoscience 
https://doi.org/10.1007/s13204-021-02018-9

REVIEW ARTICLE

Novel drug delivery systems based on silver nanoparticles, hyaluronic 
acid, lipid nanoparticles and liposomes for cancer treatment

Hanaa Ali Hussein1,2 · Mohd Azmuddin Abdullah1,3 

Received: 6 February 2021 / Accepted: 8 August 2021 
© King Abdulaziz City for Science and Technology 2021

Abstract
Drug delivery is a method to control the delivery of pharmaceutical compound to achieve therapeutic effect in humans or 
animals. Several active pharmaceutical ingredients (APIs) used in chemotherapy are cytotoxic to both cancer and normal 
cells. The combination of anticancer immunotherapy and conventional therapy is attractive as the new strategy to treat cancer 
whilst reducing cytotoxic side effects on the normal, healthy cells. Silver nanoparticles (AgNPs) have been developed as 
active drug delivery agents with anticancer, antibacterial, antiviral, antifungal, and antioxidant activities. The AgNPs exhibit 
enhanced physicochemical, optical, electrical, thermal and catalytic properties as compared to the bulk material. There are 
advantages as drug carriers including adjustable size and shape, high-density surface ligand attachment, enhanced stability 
for surface-bound nucleic acids, protection of the attached therapeutics from degradation, transmembrane delivery without 
harsh transfection agents, and high potential for improved timed/controlled intracellular drug delivery. However, AgNPs 
are toxic to normal cells and synergistic applications with natural products have been explored. Hyaluronic acid (HA) is a 
polysaccharide that has been widely explored for the development of anticancer therapies due to its ability to target CD44 
receptors on cancer cells. HA can be used as a carrier and form conjugates with other drugs or for the delivery of multiple 
drugs to various pathological sites, for timing and targeted release. A novel HA-based strategy for the green synthesis of 
AgNP utilizes HA as reducing agent and stabilizer. Other most studied carrier systems to enhance drug delivery are lipid-
based nanoparticles and liposomes. In pharmaceutical and cosmetic industries, liposome has been used to transport various 
molecules, and liposomal encapsulation of anti-cancer drugs is a stable platform for targeted delivery of anti-cancer drugs 
for cancer treatment. This review provides an overview of major development for novel delivery of drugs, highlighting the 
application of newly developed nano-carriers in combination therapies, immunomodulation, and theranostics, for encapsu-
lating and targeting active molecules.
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Introduction

During chemotherapy, anti-cancer drugs such as doxorubicin 
(DOX), paclitaxel (PTX), tamoxifen (TMX), SN-38, or cis-
platin (cis-diamminedichloroplatinum (II) or CDDP) enter 
the body to target the cancer cells or tissues by decreasing 

the cell viability or accelerating specific immune response 
to remove the cancerous tissues. However, these can dam-
age both the normal and cancerous cells, leading to various 
side-effects. Moreover, the drugs can be easily broken down 
by physiological or immune reactions in the body (Lee et al. 
2020). It is therefore imperative to control the drugs to affect 
only the cancer tissues, without affecting normal, healthy 
cells and preserve stable condition in vivo microenviron-
ments until the delivery of the drugs (Lee et al. 2020). Drug 
delivery system (DDS) controls the delivery of pharmaceu-
tical compound to obtain therapeutic effect in humans or 
animals. These include the nasal and pulmonary path of drug 
delivery, as alternatives to parenteral route, especially for 
peptide and protein therapeutics, for the treatment of human 
diseases. Several DDSs have been developed which include 
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nanoparticles, liposomes, proliposomes, prodrugs, cyclodex-
trins, micro/nanospheres, micelles, gels, biopolymers and 
dendrimers (Tiwari et al. 2012; Gul-e-Saba and Abdullah 
2015). Biosilica of diatoms is highly effective as a carrier 
for delivering targeted drugs in cancer treatment due to its 
high surface area, nanopore, biodegradation, and biocompat-
ibility (Hussein and Abdullah 2020a). Liposomes are sta-
ble formulation strategies to enhance drug delivery and are 
among the most studied carrier system. Liposomes are used 
in the pharmaceutical and cosmetics industries to transport 
various therapeutic molecules (Patra et al. 2018). Gradual 
development of nanovectors with drugs using different bond-
ing, are examples of the DDSs based on rational design, and 
well established nanotechnologies. Nanovectors have multi-
ple nano-components, each designed to accomplish specific 
task to address multi-drug resistance or directed delivery of 
therapeutics to the target site (Zhang et al. 2013).

The main drug delivery routes include intravenous (IV), 
intranasal (IN), intramuscular (IM), intradermal (ID)/trans-
dermal and oral administration, and others like ocular deliv-
ery, have been developed for topical drug administration 
without undesirable systemic side effects (Homayun et al. 
2019). Drugs with low solubility in aqueous system however 
have limited bio-accessibility after oral intake, less ability to 
spread to the outer membrane, and requires more quantity 
for intravenous intake, with potentially undesirable effects, 
before the traditional vaccination process. All these limi-
tations can be overcome by nanodrug delivery mechanism 
(Patra et al. 2018). The delivery mechanism can be affected 
by factors such as temperature, pH, osmotic controlled deliv-
ery and enzymes. For heat sensitive DDSs, temperature 
could influence the delivery of a drug. Normally, tempera-
ture can affect the solubility as well as the movement/spread 
of the drug. These are usually increased with an increase in 
temperature. Likewise, pH can affect drug solubility and 
thus the delivery rate of the active ingredients (Ficai et al. 
2015). In the DDS design, both pH and temperature can be 
used to trigger the release of therapeutic drugs, at the spe-
cific target diseased-site and in a controlled-release manner.

The use of large-sized materials as DDS are facing chal-
lenges such as poor bioavailability, in vivo instability, poor 
solubility and absorption in the body, non-target-specific 
delivery, dosage effectiveness, and potential adverse effects 
of drugs. Novel nano-based DDS for targeting drugs to spe-
cific body parts could overcome those challenges, Nano-
technology plays a critical role in advancing medicine/drug 
formulations by targeting the diseased area with controlled 
drug release (Patra et al. 2018). HA is a naturally occurring 
biopolymer with no physiological toxicity, and has many 
advantageous properties as DDS including biocompatibility, 
mucoadhesion, and target-ability to CD44, the HA recep-
tors which are overly-expressed in different tumor (Sabir 
et al. 2021). Liposomes are also considered as suitable drug 

carriers due to their bioavailability, high stability, and scal-
ability (Sabir et al. 2020). The in vitro and in vivo nano-DDS 
based on AgNPs, HA and liposomes have been reported. 
However, the reports on synergistic applications of HA-
AgNPs or AgNPs-natural products with chemotherapeutic 
drugs are scarce. To improve the efficiency of drug delivery 
to cancer cells, the combined mode of action of the drug 
with HA and AgNPs must be understood before clinical 
application. The HA-based, lipid-based and liposome-based 
synergistic drug application could achieve better therapeutic 
efficacy with minimal side-effects.

This review discusses the applications of AgNPs, 
HA, lipid nanoparticles and liposome as novel DDSs for 
improved drug delivery in cancer therapy. The combination 
of AgNPs with natural product or anticancer drug, and the 
AgNPs-coated HA with potent anti-cancer activity are high-
lighted as potential novel chemotherapeutic agents.

Silver nanoparticles

Nanomedicine uses nanomaterials and applies nanotechnol-
ogies in diagnostics, treatment and prevention of diseases 
(Satalkar et al. 2016). These include the applications of med-
ical nanosensor, biochip, needleless injector, insulin pump, 
and nanoparticles (NPs) as DDSs (Ivanova et al. 2018). 
Nanostructures as DDSs could overcome the problems of 
stability and solubility of anti-cancer drugs; preserve the 
drug from the proteases and other enzymatic degradation, 
thereby prolonging the half-life of the drug in the systemic 
blood circulation; enhance the targeting and distribution of 
the drug; assist the potential release of drugs at the targeted 
cancer sites; and deliver multiple drugs to assist in decreas-
ing drug resistance (Navya et al. 2019). Based on the stud-
ies of molecular mechanism, the delivery of nanomaterials 
affects cellular morphology, mitosis, intracellular trafficking, 
cytokine release, cell cycle progression, and cell viability. 
Nanomaterials with drugs stimulate cancer cell apoptosis 
in vitro and in vivo, with increased cell death rate, enhanced 
tumor growth inhibition, and changes in Caspase, NF-κB and 
Bcl-2 expression (Zhang et al. 2013). AgNPs have been used 
as active drug delivery agents and have exhibited anticancer 
activity against different cancer cell lines (Benyettou et al. 
2015; Hussein et al. 2020a, b), antibacterial, and antioxidant 
activities (Hussein et al. 2020b, c), and antiviral and antifun-
gal activities (Zhang et al. 2016a, b); Hussein and Abdullah 
2020b). AgNPs possess enhanced physicochemical, optical, 
electrical, thermal and catalytic properties, as compared to 
the bulk material (Ivanova et al. 2018). These are advanta-
geous as drug carriers with adjustable size and shape, high-
density surface for ligand attachment, enhanced stability 
for surface-bound nucleic acids, protection of the attached 
therapeutics from degradation, potential for transmembrane 
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delivery without harsh transfection agents, and improved 
timed/controlled intracellular drug-delivery (Prashob 2017; 
Ivanova et al. 2018) (Fig. 1).

The AgNPs provide passive or active targeting on the 
tumor tissue. Active targeting involves molecular recogni-
tion where the receptor-mediated endocytosis can enhance 
cellular uptake of the drugs, and the aggregation of drugs 
at the target sites increases the activity of the anticancer 
therapy in vivo (Wicki et al. 2015). The biogenic AgNPs 
properties can be optimized through surface functionaliza-
tion with targeting molecules, or coating with biodegrad-
able and biocompatible polymers (Blanco et al. 2012; Jeyaraj 
et al. 2013), for intracellular trafficking of the therapeutics. 
The gene expression based therapies may require nuclear 
accessibility. Beyond enhanced cellular uptake and deliv-
ery of high drug concentrations, metallic NPs could con-
trol the release of bound therapeutic molecules from the 
particle surface. The attachment of the ligands via specific 
interactions to the metal NP surface offers a high degree of 
engineering precision with the potential for ligand/recep-
tor-targeted delivery and controlled release of the particle 
payload (Qureshi 2013). The anti-cancer activity of synthe-
sized AgNPs through green and eco-friendly route provides 
new treatment possibilities with specific nanostructures, 
properties and biocompatibility from the developed DDSs 
(Ivanova et al. 2018; Hussein and Abdullah 2020b). Several 
studies have shown that the incorporation of the drug with 
the AgNPs have the cytotoxic activities much improved. For 
example, Alendronate (Ald) has exhibited limited inhibi-
tion of cancer cell growth, with a maximum inhibition of 
47% at 500 µM. The Ald@AgNPs however have resulted in 
significantly higher toxicity with  IC50 10.1 µM, potentially 
due to the higher lipophilicity and increased cellular uptake 
as compared to the free Ald (Benyettou et al. 2015) (Fig. 2). 

AgNPs have intrinsic anticancer activity and can induce 
apoptosis in HeLa cells (Kim and Hyeon 2014). Clinical use 
of AgNPs as active antimicrobial solutions in wound care, 
and in in vivo studies have suggested the positive safety esti-
mate for systemic exposure, and supported the biomedical 
applications of the AgNPs (Qureshi 2013). Minimal induc-
tion of secondary markers of liver damage has been reported 
even in the presence of chronic oral AgNPs doses greater 
than 300 mg/kg/day for 28 days (Qureshi 2013).

The AgNPs synthesized using different concentrations 
of Setaria verticillata extract and loaded with hydrophilic 
anticancer drugs including doxorubicin (DOX) and dau-
norubicin (DNR) show anticancer activity with significant 
adsorption ability and activity to reduce the side-effects of 
the chemotherapy drugs (Naz et al. 2017). The efficacy of 
endocytic delivery of the drug to the cells may depend on 
the NPs size and shape. The spherical shaped AgNPs of 
5.7 nm size have been biosynthesized using Aerva javanica 
extracts and loaded with gefitinib as anti-cancer drug. The 
AgNPs-gefitinib exhibit more than 50% reduction in the 
viability of the MCF-7 cells, as compared to the gifitinib 
alone, with enhanced apoptosis in the cancer cells (Khalid 
and Hanif 2017). The imatinib-loaded silver nanoparticles 
(IMAB-AgNPs) also show dose-dependent cytotoxicity 
against MCF-7 cell line with the  IC50 of 9.63 µM, 3.02 µM, 
and 1.69 µM for AgNPs, IMAB, IMAB-AgNPs respectively, 
where up-regulation of apoptosis has been exhibited by the 
IMAB-AgNPs. The AgNPs synthesized through Eucalyptus 
procera extracts, are therefore suggested to be a promis-
ing DDS (Shandiz et al. 2016). Methotrexate-AgNPs (Ag-
MTX) coated with polyethylene glycol (PEG) have shown 
enhanced anticancer activity against MCF-7 cells with  IC50 
258.6 µg/mL for PEG-Ag-MTX as compared to the MTX 
alone (512.7 µg/mL). The result suggests that PEG-Ag-MTX 

Fig. 1  Major highlights of drug 
delivery using multi-functional 
AgNPs (Modified from Prashob 
2017)
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may provide the MTX-based cancer therapy with reduced 
side-effects (Muhammad et al. 2016). The AgNPs at 26 nm 
size, synthesized in a sodium citrate system, exhibit dose-
dependent toxicity against human glioma cells (U251) when 
applied in combinations with Temozolomide (TMZ), an imi-
dazotetrazine derivative of the dacarbazine alkylation factor. 
The induction of apoptosis in cancer cells is higher with 
combined treatment as compared to the AgNPs and TMZ 
alone, suggesting the potential of the AgNPs in improving 
the efficiency of the chemotherapy drug for glioma (Liang 
et al. 2017).

AgNPs‑natural product synergistic application

The synthesis of a chitosan (CS) nanocarrier (NC)-based 
delivery of the AgNPs achieves the  IC50 of 0.33 μg/mL 
against human colon cancer cells (HT29). The Ag-CS-
NCs induces apoptosis with the activation of Caspase and 
the production of reactive oxygen species (ROS) elevated, 
higher than with the AgNPs alone (Fig. 3). The chitosan-
based nanocarriers of AgNPs to cancerous cells are pro-
posed as promising for therapeutic application (Sanpui et al. 
2011). Microalgal Crude Extracts (MEs) and AgNPs syner-
gistic applications have been investigated for their cytotoxic-
ity on MCF-7 and 4T1 breast cancer cells, and against the 

non-cancerous Vero cells. The AgNPs-Tetraselmis suecica-
chloroform extract at the 2:1 ratio achieves the highest cyto-
toxicity against MCF-7  (IC50 = 6.60 μg/mL) and 4T1 cells 
 (IC50 = 53.7 μg/mL) as compared to the T. suecica-CHL 
single application  (IC50 = 46.77 and 83.17 μg/mL, respec-
tively) (Hussein et al. 2020a). The AgNPs-Nannochloropsis 
oculata-CHL at the 1.5:1 and 2:1 ratios exhibit the  IC50 of 
10.47 and 17.78 μg/mL against MCF-7 cells; and 79.43 and 
52.7 μg/mL against 4T1 cells after 72 h treatment, respec-
tively. The AgNPs-Chlorella-CHL at the 1:1 and 2:1 ratios 
exhibit the  IC50 of 19.05 and 14.45 μg/mL against MCF-7 
cells; and 79.43 and 50.11 μg/mL against 4T1 cells after 
72 h treatment, respectively (Hussein et al. 2020b). How-
ever, none of the AgNPs-MEs treatments show any cytotox-
icity against Vero cells. The synergistic applications exhibit 
higher incidence of early and late apoptotic events and a 
significant increase in the sub-G1 phase as compared to the 
single-applications against cancer cells, but with no apop-
totic events in the Vero cells (Hussein et al. 2020a, b).

Apoptosis is an energy intensive event requiring high 
availability of ATPs and accompanied by the activation 
of caspase. Proper functioning of the caspases allows the 
upstream tumor-suppressor genes to activate the apoptotic 
pathway. As shown in Fig. 4, for the MCF-7 cell lines, 
the ADP/ATP ratio of the breast cancer drug Tamoxifen 

Fig. 2  Formation of Ald@AgNP and dye/drug conjugation. The uptake of the drug-Ald@AgNPs into the cells and the drug cargo release (Mod-
ified from Benyettou et al. 2015)
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(TMX) was comparable to the untreated control after 24 h, 
and was slightly lower after 48 h, while the AgNPs was 
only slightly higher than the control. These results sug-
gest cell growth arrest and that both TMX and AgNPs 
were more inclined towards early apoptosis. The ADP/
ATP ratio was however much higher with AgNPs-N. 
oculata-CHL, and AgNPs-Chlorella sp.-CHL indicat-
ing that the co-applications were more inclined towards 
late apoptosis or necrosis. For 4T1 cell lines, TMX and 
AgNPs exhibited a much higher ADP/ATP ratio than the 
untreated control while the AgNPs-MEs-CHL showed 

slightly lower or a comparable level to the single AgNPs. 
For Vero cells (Fig. 4c), the ADP/ATP ratios attained with 
the TMX and AgNPs were much higher than the untreated 
control, confirming the early and late apoptotic events in 
the treated Vero cells, but none of the MEs or AgNPs-MEs 
treatment exhibited any induction of ADP/ATP ratio, sug-
gesting the lower or absence of apoptosis. The MEs and 
AgNPs single and co-application exhibited significantly 
increased activities of caspases 3/7 in MCF-7 cells that 
were much higher than in the untreated cells. The AgNPs-
N. oculata-CHL and AgNPs-Chlorella sp.-CHL treatments 

Fig. 3  The AgNPs in chitosan 
nanocarrier induce apoptosis in 
HT 29 cancer cells (Modified 
from Sanpui et al. 2011)

Fig. 4  Effects of MEs-CHL and AgNPs single and co-application at the  IC50 levels against MCF-7, 4T1 and Vero cell lines, in comparison to the 
untreated cells, after 24 and 48 h treatments: a–c ADP/ATP ratio; d–f Caspase 3/7 activities
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(Fig. 4d) also showed the highest caspase activities. In 
the 4T1 cell lines, the highest activity of Caspase was 
observed with TMX, followed by AgNPs, and the co-
applications (Fig. 4e), while for the Vero cells, the Caspase 
activities were significantly increased with the TMX and 
AgNPs treatments, but none with the MEs or AgNPs-MEs 
treatments (Fig. 4f).

A study to evaluate the effects of microalgal crude 
extracts with water (W) and ethanol (ETH) as green 
solvents, in synergistic applications with elevated level 
of AgNPs against breast cancer MCF-7 and 4T1 cells, 
and non-cancerous Vero cells, has been reported. The 
AgNPs-MEs-W at the 4:1 and 5:1 ratios after 48 and 
72 h treatment, respectively, exhibit the  IC50 values of 
83.17–95.49 and 70.79–91.20 μg/ml against Vero cells, 
13.18–28.18 and 12.58–25.7 μg/ml against MCF-7; and 
16.21–33.88 and 14.79–26.91 μg/ml against 4T1 cells. 
The AgNPs-MEs-ETH formulations attain the  IC50 val-
ues of 10.47–19.95 and 13.48–26.61 μg/ml against MCF-
7; 14.12–50.11 and 15.13–58.88 μg/ml against 4T1 cells; 
and 56.23–89.12 and 63.09–91.2  μg/ml against Vero 
cells, respectively. Both the AgNPs-MEs-W and ETH 
have shown low apoptotic events in the Vero cells after 
24 h but with very high early and late apoptotic events in 
the cancer cells (Hussein et al. 2020d). Significant anti-
microbial activities against pathogenic microbes have been 
exhibited by the synergistic effects of the AgNPs-MEs. 
The AgNPs–MEs–methanol (MET) and hexane (HEX) 
show higher activities against Streptococcus uberis, 
Bacillus subtilis, and Salmonella sp.; and the AgNPs–T. 
suecica-HEX and MET and AgNPs–Chlorella sp.-HEX 
show activities against Klebsiella pneumoniae at the 1.5:1 
ratios. The formulation could be useful in the fight against 
multidrug-resistant bacteria (Hussein et al. 2020c). The 
use of microalgal extracts in synergistic application with 
the AgNPs have been proven successful to kill breast can-
cer cells but not the healthy non-cancerous cells, and the 
presence of AgNPs could enhance antimicrobial activities 
of the microalgal extracts. The application of algal biomol-
ecules in the DDS is therefore promising as the simulta-
neous lipid, carotenoids and antioxidant compounds can 
be harnessed for high bioactivities with minimal or no 
side-effects, especially for cancer treatment. During pro-
duction stage, the variation of phytochemical compounds 
in the algal extracts can be modified or enhanced using 
two-stage cultivation and stress strategies (Ali et al. 2021). 
The economics of algal biocompound synergistic applica-
tion with drugs or bioactive molecules can be made more 
competitive with the economies-of-scale, implemented 
through integrated algal biorefinery set-up involving biop-
harmaceuticals production with bioenergy and multiple 
bioproducts co-generation (Abdullah and Hussein 2021).

Hyaluronic acid

Hyaluronic acid (HA) is a negatively charged, high-molec-
ular-weight glycosaminoglycan biopolymer, biocompat-
ible, and is one of the major components of the extracel-
lular matrix (Lapčík et al. 1998). HA is found in most 
biological fluids and tissues (Kogan et al. 2007). As the 
extracellular matrix component, HA facilitates cell prolif-
eration and locomotion (Evanko and Wight 1999). Due to 
the solubility of HA, there are several modification tech-
niques or conjugation of HA. The chemical modification 
is possible on the three functional components—carboxyl, 
acetamido, and hydroxyl groups. The HA carboxyl group 
can be targeted for controlled chemical modification with 
various hydrazides to produce polymers that can be used 
for application such as the development of primary drugs. 
The HA and its derivatives have been developed as nan-
oparticle DDS, gel DDS, cationic polymer gene carrier 
system, nano-emulsion delivery system (DS), polyelec-
trolyte microcapsule DDS, microsphere DDS, and film DS 
(Huang and Huang 2018). The hydroxyl group of antican-
cer drug such as paclitaxel (PTX) can be activated with 
carbodiimide for coupling with 4-bromobutyric acid, lead-
ing to a 4-bromobutyric-PTX linked to the ester (Kim et al. 
2018). The HA-modified nanoparticles are of great interest 
to be used in the detection and treatment of cancer (Patra 
et al. 2018). Some examples of the applications are shown 
in Table 1. Due to the difference in molecular weight, HA 
can provide different bioactivities affecting changes in 
metabolism, receptor affinity, and clumps. HA may act 
as a nanocarrier itself or as an additive, but its precise 
role in signaling with respect to its size and localization 
must be understood. HA can be synthesized from different 
sources using one-pot synthesis, solvent-free methods, or 
click methods. The preparation of HA derivatives should 
be optimized to attain desirable properties such as strong 
stability, low dosing frequency, and versatility for its deliv-
ery for a broader market and clinical acceptance (Vasvani 
et al. 2020).

The common limitation of drug delivery into solid 
tumors is poor penetration of anticancer agents into the 
tumor mass. The aim of DDS development is to improve 
penetration efficiency by simultaneous targeting of the 
tight junctions that are present in the solid tumors (Kutova 
et al. 2019). There are three essential groups of cell recep-
tors for HA:- CD44, Intercellular Adhesion Molecule-1 
(ICAM-1) and Receptor for HA-Mediated Motility 
(RHAMM). The affinity histochemistry for HA and the 
expression profiles of CD44, ICAM-1, RHAMM and dif-
ferent surface markers have been determined by the West-
ern blot, Flowcytometric, Fluorescence-activated cell sort-
ing (FACs), Immunofluorescence (IF) and 2-dimensional 
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LC–MS/MS analyses (Wang et al. 2012; He et al. 2012; 
Cui et al. 2019). Both CD44 and ICAM-1 are known as 
cell adhesion molecules with alternative ligands before 
HA binding. HA can link to the CD44 receptor, which is 
mainly over expressed in different cancerous cells, by the 
receptor linker interaction. The HA-CD44 binding is com-
mon due to the presence of CD44 in the body and can be 
easily recognized by the HA cell surface receptor. CD44 
mediates its cellular interaction with HA, thus linking the 
two functions as a biosynthetic half in diverse physiologi-
cal events such as cellular endocytosis of HA (Fraser et al. 
1988). CD44 also plays a supportive role for HA binding 
during cell proliferation, aggregation, migration, and acti-
vation, along with cell–cell and substrate-cell adhesion 
(Vasvani et al. 2020). Elevated level of High-molecular 
weight (HMW) HA promotes malignant cell growth and 
cancer development. The antagonists to HA-CD44 signal-
ing could interfere with the HMW HA-CD44 interaction 
and inhibit tumor cell growth (Misra et al. 2015). ICAM-1 
is a metabolic cell surface receptor for HA. ICAM-1 is 
also responsible for the removal of HA from body flu-
ids and plasma which accounts for most of its circulation 

in the whole body. Binding to ICAM-1 receptor triggers 
a finely arranged series of events that fuel intracellular 
vesicles. Fusion with lysosomes leads to catalyze their 
digestion into monosaccharides, their active transmem-
brane transport, catalytic deacetylation, and phosphoryla-
tion. In addition, ICAM-1 may also act as a cell adhesion 
particle, and thus binding of HA to ICAM-1 contributes to 
the regulation of ICAM-1-mediated inflammatory activa-
tion (Vasvani et al. 2020). The combination of HA with 
RHAMM mediates cell proliferation and migration (in 
both normal and cancer cells) besides participating in the 
modulation of severe and chronic inflammatory responses 
in humans (Liao et al. 2008). RHAMM overexpression is 
connected to cancer progression, and the loss of RHAMM 
is linked to the malignant peripheral nerve sheath tumor 
growth. The interactions of HA with RHAMM play a role 
in inflammatory responses and tumor development and 
progression. Therapeutic strategies can be developed to 
block these key inflammatory and tumorigenic processes 
(Misra et al. 2015).

The development of many nano-constructs and their drug 
and transdermal delivery has been explored for biomedical 

Table 1  The application of hyaluronic acid as drug delivery systems (Huang and Huang 2018)

Dosing system type Loaded drug In vivo characteristics

Hyaluronic acid-methylcellulose hydrogel α-Chymotrypsin, IgG Slow release of drugs within 28 days
Nimodipine Nanoparticles with slow release of drug in 2–3 days

Hyaluronic acid microsphere Recombinant human insulin Elongation of retention time and half-life of the drug 
in vivo

Hyaluronic acid-aminoethyl iso-butylenate nano-
gel

Insulin, PEGylated glucagon-like 
peptide-1 (GLP-1), erythropoietin 
(EPO)

The release of the drug is affected by the cross-link-
ing density and deterioration rate of the gel, with 
the continuous release properties

Thiolated hyaluronic acid microhydrogel EPO The stable release of drug within 7 days is main-
tained, and the blood concentration is higher than 
0.1 µg/L

Fig. 5  The HA-dependent 
nanocarriers as anticancer drug 
delivery (Modified from Cadete 
and Alonso 2016)
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applications. The main HA-dependent anticancer drug 
delivery including as drugs conjugate, micelles, polymeric 
NPs, and surface-decorated nanocarriers are shown in Fig. 5. 
Table 2 summarizes the HA-dependent nano-carriers pro-
duced for anti-cancer drug delivery. HA can interact ionically 
with other polymers to form polymeric NPs, and it can be 
used to decorate the surface of the fatty systems such as the 
liposomes, magnetic nanoparticles or nanoparticles (Cadete 
and Alonso 2016). HA reacts with other drugs to form con-
jugates, which can target the delivery of multiple drugs to 
various pathological sites, for the timing and targeted release 
(Chen et al. 2014). HA may be chemically associated with 
therapeutic drugs to form HA-dependent drug conjugates 
or with a hydrophobic molecule to self-gather in micelles. 
Moreover, HA is easily degraded in the human body (Bot 
et al. 2008). Thus, a nitroxide-containing substance must be 
added to protect the HA from being degraded, or a hyaluro-
nidase inhibitor is added to stop the degradation of HA by 
inhibiting the activity of hyaluronidase (Sung et al. 2014). 
HA is a promising transdermal delivery carrier of nano-
constructs for diagnostic and therapeutic applications. HA 
is advantageous to enhance the transdermal penetration of 
nano-constructs by the synergetic effect. The hygroscopic 
HA molecules hydrate skin tissues and open the transdermal 
pathway of conjugated cargos. The structural hydrophobic 
area domains in the HA molecule help the penetration of 
HA, and its cargo could destroy the lipid structure of stratum 

corneum (SC). The highly expressed HA receptors on the 
skin cells and cancerous skin cells also assist the penetra-
tion of HA and its derivatives by the HA receptor-mediated 
internalization to the cells (Jung et al. 2014).

HA has been modified by glycyrrhetinic acid (GA) and 
L-histidine (His) to enhance the selectivity of NPs based 
on HA copolymers (GHH). The DOX-loaded GHH has 
shown enhanced anticancer activity against liver cancer 
with reduced toxic side effects as compared to the free DOX 
(Tian et al. 2019) (Fig. 6). PTX is conjugated with HA using 
amino acids linker, which offer more stability in vivo. The 
HA-amino acid-PTX conjugates show improved cytotoxic-
ity against breast cancer cell-lines and therefore may have 
possible application as therapeutic agents. The HA-leucyl-
PTX exhibits higher cytotoxicity against MCF-7 cells  (IC50 
of 0.253 nM PTX equivalent) than other conjugate and free 
PTX (0.795 nM). These confirm that HA-PTX could stay in 
the body for a longer period as compared to the free PTX, 
and enhance the activity of the PTX against breast cancer 
(Xin et al. 2010). The conjugates of HA-DOX have been 
reported using HA-adipic acid dihydrazide (ADH) deriva-
tive (Cai et al. 2010). The in vivo study of animal model 
group treated with HA-DOX has demonstrated a delay in 
cancer development for 10 weeks, with increased animal 
survival as compared to the group treated with DOX alone. 
The HA-DOX conjugates are synthesized by combining the 
carboxyl groups of HA with the amine groups of DOX, and 

Fig. 6  Liver-targeting delivery and release of DOX from GHH NPs. The illustration represents self-assembly, aggregation in tumor tissue and 
intracellular uptake of GHH NPs (Tian et al. 2019) with permission from Spandidos Publications (Creative Commons Attribution License)
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the methyl-like NPs, formed by self-assembly. However, 
HA-DOX molecules are stable in serum, as hyaluronidase 
activity is known to decrease significantly in the serum of 
cancer patients. This technique can also reduce the toxicity 
in animal models due to the early release of the drug in vivo 
(Lee et al. 2020). The HA conjugated cisplatin (CDDP) 
has also shown significantly enhanced tumor reduction with 
lower toxicity in the head and neck squamous cell carcinoma 
(HNSCC) as compared to the free CDDP. The mice group 
treated with HA-CDDP exhibits statistically significantly 
(p = 0.003) higher tumor reduction, while the control group 
shows tumor development (Cohen et al. 2013).

Hyaluronic acid‑coated AgNPs

HA has a large number of negatively charged carboxyl 
groups, that could highly react with the  Ag+ ions, enabling 
the synthesis of stable AgNPs complexes (Abdel-Mohsen 
et al. 2012). HA is therefore a promising ligand for coating 
the AgNPs to get low cytotoxicity and increased stability. 
The AgNPs could eventually serve as a nano-platform for 
many biological applications (Zhang et al. 2016a, b). The 
HA-AgNPs formed by electrostatic interaction between 
negatively charged HA molecules and positively charged 
AgNPs have been developed via ultra-sonication. The syn-
thesized HA-AgNPs display anti-leukemic activity with 
high ROS expression as compared to the single treatments. 
The leukemia cell viability is significantly inhibited by 
the HA-AgNPs through specific binding of HA with the 
CD44 receptors overexpressed on the cell surface, leading 

to apoptosis. The novel strategy of the HA-AgNPs in leu-
kemia treatment is attributed to the modification of redox 
conditions in the cancer cells whilst decreasing systemic 
toxicity (Zhang et al. 2018). A novel HA-based route for the 
green synthesis of AgNPs has also been proposed, in which 
HA is used as the stabilizer and reducing agent. Moreover, 
HA is the ligand of the CD44 and the HA-based AgNPs 
can target the CD44 receptors that are highly expressed 
in the cancer cells. The CD44-based endocytosis can sig-
nificantly enhance intracellular delivery of HA-AgNPs as 
compared to the AgNPs alone. The anti-cancer activity 
is significantly improved by HA modification potentially 
through the reduction of mitochondrial membrane potential 
and pyknosis, autophagy, cell cycle arrest, and apoptosis 
(Liang et al. 2015a, b) (Fig. 7). Another important aspect 
of the HA-AgNPs therapy is in reducing the damage to the 
cells whilst enhancing the antibacterial activity. The hyalu-
ronidase-triggered photo-thermal platform for the elimina-
tion of bacteria has been reported based on graphene oxide 
(GO) and AgNPs, wherethe HAase-triggered GO-AgNPs 
exhibit antibacterial activity against Staphylococcus aureus. 
The GO-dependent nanomaterials locally increase the tem-
perature, upon illumination of the Near-Infrared (NIR) light, 
leading to a higher death-rate of the bacteria. The HAase-
triggered AgNPs releasing methods for antibacterial activ-
ity, allow the AgNPs to be covered by the HA template, for 
lower toxicity against the mammalian cells. As shown in 
Fig. 8, the GO-HA-AgNPs nanocomposites exhibit excel-
lent antibacterial activity for the wound disinfection in the 
in vivo model (Ran et al. 2017).

Fig. 7  The possible mechanisms 
of antitumor effect of HA-
AgNPs (Modified from Liang 
et al. 2015a, b)
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Lipid nanoparticles (LNPs)

Lipid nanoparticles (LNPs) or solid lipid NPs (SLN) are 
considered as non-toxic, biocompatible, and easy to pro-
duce formulations. Nanoparticle lipid carrier (NLC) is a 
promising medium for transporting and delivering prod-
ucts and small drug particles (Scioli Montoto et al. 2020). 
SLN/NLCs, as with other nano-structures, have therefore 
found applications in cancer therapy (Hare et al. 2017), dis-
eases and/or site-specific therapies of the central nervous 
system disorders, as antimicrobial, and for diagnostic pur-
poses (Scioli Montoto et al. 2020). Because of their lipid 
hardness, SLNs can enhance drug bioavailability, reduce 
biological degradation and allow for controlled activation, 
and sustained drug release and delivery. With the advanta-
geous physical properties and its promising combination of 
active compounds with their associated benefits, the SLNs 
are attractive for carrying colloidal drugs (Alsaad et al. 
2020). Colloidal systems are dispersions of large particles or 
molecular aggregates of medium size, between particles in 
solution and particles in coarse suspension, with the accept-
able sizes of 1–1000 nm (Montoto et al. 2020). SLN can be 
mass-produced by avoiding the use of organic solvents to 
reduce toxicity, and for higher stability than other nano-lipid 
carriers for in vivo application. However, the disadvantages 
include lower drug loading capacity due to its crystal struc-
ture, changes in release profiles and drug release potential 

after storage-induced polymeric transformation, and high 
water content after dispersion (Amoabediny et al. 2018). 
Figure 9a shows that the drugs can be incorporated into 
the SLNs based on drug-enriched shell-core shell, drug-
enriched core-core shell or homogeneous matrix models 
(Mishra et al. 2018). Lipid–polymer hybrid NPs (LPHNPs) 
are the next-generation of core and shell nanostructures, 
which are derived from both lipid and polymeric NPs, where 
the polymer core remains surrounded by a lipid layer, and 
this has not been widely exploited. There has been a shift in 
the preparation of LPHNPs, from a two-step to a one-step 
strategy, including simultaneous self-assembly of polymers 
and lipids. In oncology, the two-in-one structure is of par-
ticular importance as an assembly platform for drug deliv-
ery. The exogenous surface can be combined with multiple 
routes for active targeting of anti-cancer therapy, delivery 
of DNA or RNA material, or as a diagnostic imaging agent 
(Mukherjee et al. 2019).

SLNs can be produced by solid lipid, emulsifier, and 
water/solvent systems using Solvent Evaporation, High-
pressure homogenization, Ultrasonication/High-Speed 
Homogenization, Supercritical Fluid, Microemulsion/Dou-
ble emulsion, Solvent Emulsification-Diffusion, and Spray 
Drying methods. The selection is based on the stability and 
solubility of the drug, type of lipid, and route of administra-
tion (Amoabediny et al. 2018). High pressure homogeniza-
tion (HPH) is a potent technology used in the production of 

Fig. 8  HA-templated Ag nanoparticles/graphene oxide composites for synergistic antibacterial therapy (Modified from Ran et al. 2017)
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SLNs which simple, reliable, and easy to scale up (Garud 
et al. 2012). The HPH pushes the liquid out of a narrow gap 
of a few micron sizes at a high speed of 100–2000 bar. The 
fluid comes from a short distance to a very high speed of 
over 1000 km/h. The particles are ruptured to the sub-micron 
range by the cavitation force acting on them as well as the 
high shear stress, but at then end only 5–10% of lipid may 
be used. Both hot homogenization and cold homogenization 
work in a similar way (Nasikkar et al. 2019). To achieve 
smaller molecule sizes, incorporation of ultrasonication 
and high-speed homogenization can be utilized to produce 
SLNs. The mixture of drug and molten solid lipid is added 
to the aqueous surfactant solution and mixed by a high-speed 
homogenizer (for 15 min at 8000 rpm), and the mixture solu-
tion is sonicated at 0 °C to reduce the molecule sizes. The 
prepared NPs are then filtered and stored at 4 °C (Amo-
abediny et al. 2018). In the solvent emulsification–evapo-
ration method, hydrophobic drug and lipophilic materials 
are dissolved in water-immiscible organic solvents (toluene, 
chloroform, and cyclohexane). Using high-speed homogeni-
zation, the mixture is emulsified into an aqueous stage. The 
coarse emulsion is immediately allowed to flow through the 
microfluidizer. As shown in Fig. 9b, rotary evaporator is then 
used at room temperature and low-pressure to evaporate the 
organic solvent (Sastri et al. 2020). The main advantage is 
in reducing the impact of the heat stress, allowing for the 

combination with high-temperature drugs. The disadvantage 
however is the use of organic solvent that may react with the 
drug particles (Sastri et al. 2020).

Diffusion method is another easily scalable technique, 
requiring less physical pressure, and ensuring the loading 
of both lipophilic and hydrophilic pharmaceuticals. The 
synthesis of SLNs using solvent emulsification-diffusion 
method involves forming a solvent-in-water emulsion using 
water-miscible “partial” solvent containing lipids in reasona-
ble quantities. When the oil-in-water emulsion is transferred 
to the water, the lipophilic substance dissolved in the organic 
solvent, freezes instantly due to the diffusion of the organic 
solvent from droplets into continuous liquid phase (Patravale 
and Mirani 2019). In double emulsion method, the molten 
drug-lipid solution is atomized by ultrasonic, centrifugal, 
electrostatic, pneumatic, or atomization methods, and then 
transferred to a spray dryer heated by hot gas. The stabilizer 
inhibits fractionation of the drug in the external phase during 
solvent evaporation of the encapsulated drug (Amoabediny 
et al. 2018; Nasikkar et al. 2019). Spray drying is the cheaper 
alternative method to lyophilization where rapid evaporation 
of solvents results in the formation of dry SLNs. The result-
ing NPs can be separated by cyclone (electrostatic precipita-
tor or filter). This method is preferred for lipids with a melt-
ing point more than 70 °C (Amoabediny et al. 2018). The 
NPs can also be produced by gas/supercritical anti-solvent 

Fig. 9  a Models for drug incor-
poration into the SLN (Mishra 
et al. 2018); b Evaporation 
method for SLN preparation 
(Sastri et al. 2020) (Creative 
Commons Attribution License 
(CC BY))
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(GAS/SAS), aerosol-solvent/extraction-solvent (ASES), 
and supercritical fluid extraction of emulsions (SFEE). In 
the SFEE method, the use of organic solvents is avoided, 
and the dry powder NPs may be obtained under mild pres-
sure and temperature. Supercritical fluid is considered as an 
eco-friendly, alternative method for the formation of SLNs. 
The dissolving power of the fluids may be different under 
ambient and supercritical conditions. Drugs and lipids are 
dissolved in a supercritical fluid and mixed at the critical 
point of pressure and temperature in a homogenizer. The 
mixture is then passed through an atomizer in an expansion 
vessel. The fluid is allowed to evaporate and the SLNs are 
formed. Of the many candidate gases such as  CO2, ammonia, 
ethane, propane and methane,  CO2 is the best as supercritical 
fluid as it is generally more economical, environmentally-
acceptable, non-toxic and safe; and has an easily accessible 
critical point (Amoabediny et al. 2018).

Liposomes

The SLNs are actually colloidal carriers or fat emulsions 
with a sub-micron size, where the liquid fat (oil) is now 
replaced by the solid fat, developed as an alternative system 
to the emulsions, liposomes, and polymeric NPs (Alsaad 
et al. 2020; Mukherjee et al. 2009). Liposomes and their 
derivatives (transferosomes, niosomes, pharmacosomes, and 
ethosomes), on the other hand, are Vesicular drug delivery 
systems (VDDS). These are lipid-based vesicles that have 
found applications in biology, immunology, genetic engi-
neering, diagnostic and therapeutic application of pharma-
ceutical compounds for the treatment of a range of local-
ized disorders. These are considered as a safe and effective 
way to improve the delivery of hydrophilic and lipophilic 
drugs (Witika et al. 2021). Liposomes are the first nano-
DDSs that have been successfully translated into real-time 
clinical applications. The bilayer phospholipid vesicles have 

undergone major developments since their first introduction 
in 1965. The delivery of liposomes alters their distribu-
tion profile, strengthening the therapeutic index of differ-
ent drugs (Fig. 10). Liposome-based products have been 
developed as DDSs in diverse areas including for anti-fun-
gal, anti-inflammatory, therapeutic genes, and anti-cancer 
treatments (Fig. 11). The well-known clinical product of 
liposomes include  Doxil®, DepoDur ™, and  Ambisome® 
(Bulbake et al. 2017). Table 3 summarizes the advantages 
and properties of liposomes and drug/drugs-loaded and 
antibody-loadedliposomes.

There are generally four types of liposomal delivery 
systems—conventional liposomes, sterically-stabilized 
liposomes, ligand-targeted liposomes, and a combination 
of the above. The conventional liposomes are the first pro-
duction of liposomes, consisting of a lipid bilayer with ani-
onic, cationic, or neutral (phospho) lipids, and cholesterol, 
restricting the aqueous volume. For nanoparticle prepa-
ration, drugs can be dissolved in supercritical  CO2 fluid, 
followed by sudden expansion, supersaturation and nano/
microdrug deposition (Byrappa et al. 2008). Other meth-
ods include the use of Aerosol Flow Reactor involving dis-
solution of drug in volatile organic solvents, and spraying 
with inert gas at 40–400 °C (Eerikainen et al. 2004); nano-
drugs formation under high-pressure homogenizer (Krause 
and Muller 2001); continuous precipitation where drug is 
dissolved in water-soluble solvent system with stabilizer 
addition (Douroumis and Fahr 2006); and milling for size 
reduction of soluble and insoluble drugs in water or buffer 
media (Castrillo et al. 2007). The nanoparticle sizes can be 
controlled and modified based on the preparation methods 
and factors such as the pressure and shear stresses (Krause 
and Muller 2001); temperature and storage conditions 
(Lujan et al. 2019) and biological and irradiation methods 
(Shanab et al. 2021). Nanoliposomes and microliposomes 
have been synthesized for miRNA delivery to breast cancer 
cells and the mechanism is suggested through internalization 

Fig. 10  The advantages of 
formulating drugs in liposomes 
(Bulbake et al. 2017) with per-
mission from MDPI (Creative 
Commons Attribution (CC BY) 
license)
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via endocytic pathway (Lujan et al. 2019). The production of 
liposomal suspensions involves the use of Didodecyldimeth-
ylammonium bromide, ovine cholesterol, and tocopherol 
PEG 1000 succinate which are suspended in 100% ethanol, 
before synthetic miRNA being added and incubated at room 
temperature (Lujan et al. 2019).

The liposomal delivery has been proven useful to enhance 
the therapeutic indicator of encapsulated drugs such as 
amphotericin and doxorubicin (Hua and Wu 2013). The 
conventional liposomal formulations decrease the toxicity 
of compounds in vivo, by modifying the pharmacokinet-
ics and bio-distribution to improve drug delivery to the dis-
eased tissue, as compared to the free drug (Sercombe et al. 
2015). To enhance stability and improve circulation times in 
blood, sterically-stabilized liposome—the hydrophilic poly-
mer (polyethylene glycol (PEG)), is an optimal choice. The 
production of a steric barrier enhances the activity of encap-
sulated agents by decreasing the in vivo opsonization with 
serum composition, and fast recognition and uptake by the 
reticuloendothelial system (RES). This reduces the removal 
of drugs and elongate blood circulation and provides aggre-
gation at the pathological sites, whilst reducing the side 
effects (Ishida et al. 2001). Ligand-targeted liposomes show 
major potential for site-specificity to deliver drugs to the cell 
types or organs in vivo, with selective expression of specific 
ligands (such as the cell adhesion molecules or receptors) at 
the site of disease (Hua and Wu 2013). The different types of 
ligands include antibodies, carbohydrates, and peptides/pro-
teins. The coupling of antibodies (monoclonal antibodies) to 

produce immunoliposomes is an example of the more versa-
tile ligands that could be attached to the liposome surfaces. 
These monoclonal antibodies confer stability and higher 
binding capacity because of the presence of two binding 
sites on the molecule (Bendas 2001). New type of liposome 
utilizes the combination of different platforms to further 
enhance liposomal targeting and targeted-drug delivery. 
Combining target-specific binding of immuno-liposomes 
with steric stabilization of PEG, to create a long-circulating 
immuno-liposomes, could significantly enhance the pharma-
cokinetics of immuno-liposome (Fig. 12) (Maruyama 2002; 
Sercombe et al. 2015).

Table 4 summarizes the liposomes formulations, which 
are used as the anticancer drugs against different cell lines 
in vivo and in vitro. The success or failure of micro/nan-
oDDS hinges upon the encapsulating efficiency (EE), the 
attainment of slow release and targeted delivery, and the 
stability of the API (Lujan et al. 2019). Liposome can 
be loaded with two or more drugs simultaneously for 
improved therapeutic effects on the cancer cells. The 
strategy aims to bind two or more compounds to reduce 
effective doses and their associated side effects (Fig. 13). 
The liposomal multi-drug carrier (MDC) could deliver 
both water-soluble (in the aqueous pulp) and lipophilic 
(reserved in the bilayers) drugs or multiple-drugs with 
the same solubility (hydrophilic/hydrophobic) without 
any interactions between the two compounds (Banerjee 
et al. 2015). Chemotherapeutic agents encapsulated with 
liposomal structures can limit normal tissue uptake of the 

Fig. 11  Liposome-based prod-
ucts as drug delivery systems 
in diverse areas (Bulbake et al. 
2017) with permission from 
MDPI (Creative Commons 
Attribution (CC BY) license)
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treatment and thus enhance its therapeutic effect. By pas-
sive targeting, liposomes can preferentially target tumor 
cells (usually more than 24–48 h) by improving retention 
effect and permeability of the vasculature, where the leaky 
tumor vessels are combined in the absence of lymph drain-
age (Maeda 2001; Olusanya et al. 2018). The immuno-
liposomes (ILP) utilize antibody-dependent pathway with 
antibodies on the liposomal surface to target cancer cells 
or endothelial cells of the tumor vasculature (Olusanya 
et al. 2018). The pendant type of ILP (34A-PEG-ILP) con-
sists of circulating polyethylene glycol (PEG)-ILP linked 
to the antibodies (34A antibody) at the end of the PEG 
chain. These ILPs exhibit higher targetability to the site 
of lung endothelial cells and tumor cells, than the ordinary 
liposomes alone. The free PEG successfully helps to avoid 
the RES uptake of the ILPs (Maruyama et al. 1999; Olu-
sanya et al. 2018). The HA-decorated liposomes (HA-LIP) 
loaded with an anti-proliferative drug, could target the 
CD44 receptors on the Bronchiolitis Obliterans Syndrome 
(BOS) patient-derived mesenchymal cells (MCs). The HA-
LIP are more effective in entering the primary BOS-MCs 
and do not stimulate activation of the macrophage, and 
therefore are promising biocompatible nano-vectors for 
local targeted drug delivery (Meloni et al. 2019).

The strengths and properties of HAs and liposomes are 
shown in Tables 1, 2, 3 and 4. The major limitations of the 
DDS in general are the high cost and the inability to achieve 
the intended dosage at the diseased sites. The application of 
the AgNP as DDS may need further in depth research due 
to the concern on its toxicity to the normal cells. For the 
HAs to be effective as a DDS, the major challenge will be in 
ensuring targeted delivery at the correct dosage on the CD44 
receptors of the cancer sites.  HAs are ubiquitous in human 
body and there are also CD44 cell surface receptors on the 
healthy tissues which may cause the losses of the payload 
delivery during circulation. There is a great need to under-
stand the role of standard and variant isoforms of the CD44, 
and the importance of the HA ligand sizes which determine 
its biological functions (Louderbough and Schroeder 2011; 
Senbanjo and Chellaiah 2017). The synergistic applications 
of drugs with algal-based natural products and lipid nano-
particles are more promising for effective therapeutic effects 
with minimal or no side effects as these are Generally-
Regarded As Safe (GRAS) applications, requiring simpler 
preparation. However, the application of liposomes as DDS 
has made major impacts in many biomedical applications. 
The Critical Quality Attributes (CQAs) required for liposo-
mal formulations include narrow size distirbutions, high EE 

Fig. 12  Different types of liposomal drug delivery systems (Sercombe et al. 2015) with permission from Frontiers Media S.A. (Creative Com-
mons Attribution License (CC BY))
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of API, stability in circulation and storage, targeted release 
based on prescribed administration, and low or no toxicity. 
Other attributes include ease and flexibility of preparation 
method to tolerate the wide range of APIs, sterilizability 
without significant losses of yield, and cost-effectiveness for 
scaling-up (Lujan et al. 2019). Understanding the advances 
in liposomal technology, and the challenges to overcome, 
will address the issues on existing translational and regula-
tory limitations. The future of DDS application in cancer 
treatment is promising especially with regards to achieving 
stability and strength of encapsulating materials for longer 
retention and sustained release of drugs; in the characteriza-
tion and functionalization of encapsulating material surface; 
in the identification of receptors and ligands on the cancer 
sites for targeted delivery; and in achieving high killing rate 
of the cancer cells with no toxic effects on the surrounding 
healthy and normal tissues. To achieve translational success, 
collaboration between all stages of pharmaceutical develop-
ment including manufacturing and pharmaceutical design, 
cellular interactions and toxicology, as well as preclinical 

and clinical evaluation, must be established (Sercombe et al. 
2015).

Conclusion

Drugs with low solubility have biopharmaceutical deliv-
ery problems including limited bio-accessibility after oral 
intake, less ability to spread to the outer membrane, require-
ment for higher quantity for intravenous intake, and unde-
sirable effects from the vaccination process. All of these 
limitations can be overcome by applying nanotechnology 
to the drug delivery mechanism. AgNPs could be used as 
multi-functional drug carriers possessing great potential for 
targeted drug delivery, reducing side effects, and enhancing 
therapeutic efficacy. HA has good biodegradability, non-
immunogenicity, biocompatibility and ability to recognize 
specific receptors such as CD44 that are highly expressed 
on the surface of cancer cells, for the drugs to target and 
kill the tumor cells. The HA ligand allows coating of the 

Fig. 13  Several advantages of combination therapy for cancer ther-
apy. a Single drug works through a certain pathway, while multiple 
drugs can show improved anticancer activity by working via several 
pathways; b In single drug treatment, liposomal multidrug resistance 
(MDR) proteins like P-gp releases drug out of the cell, while for dual 
drugs formulations, the P-gp inhibitor inhibits the role of MDR pro-

teins and raises the intracellular concentration of other co-adminis-
tered drugs leading to higher activity; c The high dose is required to 
treat single drug, leading to toxicity to the normal cells, while treat-
ment with combinations of different drugs result in synergistic action, 
which can decrease the dose of each single drug and decrease the tox-
icity (Modified from Parhi et al. 2012).



 Applied Nanoscience

1 3

AgNPs for lower cytotoxicity and increased stability. The 
chemotherapeutic agents encapsulated with liposomal struc-
tures can limit the normal tissue uptake of the treatment and 
enhance the therapeutic effect. A better understanding of 
AgNPs, HA, and liposomal drug interaction with the biolog-
ical system will facilitate the emergence of a novel class of 
anticancer therapeutics with enhanced activities and safety, 
and reduced side-effects. The AgNPs could serve as a nano-
platform including for therapeutics and theranostic applica-
tions. The large group of HA and liposome-based drugs are 
in preclinical/clinical trials and the formulations provide a 
new model in nano-therapeutics with a focus on diagnosis, 
treatment, and prevention. New developments have been 
made involving new materials such as natural products and 
in the preparation of responsive polymers to temperature 
or pH conditions, with a specific macro/microstructure and 
chemical profile. The design of co-application of NPs with 
HA or Liposomes or bioactive compounds as nanocarriers, 
could pave the way for a more effective and tailored DDS 
intended for customized medical solutions.
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