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Abstract Cancer remains a serious health problem
in terms of incidence and mortality worldwide. As a
result, researchers are working to identify new chemo-
therapeutic therapies or, potentially, to use innovative
drug delivery methods in existing therapies. Recently,
there has been a lot of interest in using nanocarriers
as drug delivery systems, particularly for the treat-
ment of cancer. Several novel nanocarrier-mediated
drug delivery systems are currently being used to
deliver chemotherapeutic agents to specific sites. Pol-
ymeric nanoparticles, liposomes, polymeric micelles,
carbon nanotubes, dendrimers, solid lipid nanopar-
ticles, magnetic nanoparticles and quantum dots are
all examples of important nanocarriers. One of the
most often prescribed chemotherapeutics for first-line
therapy is gemcitabine hydrochloride, which has a
broad spectrum of effects. Gemcitabine hydrochloride
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is an intriguing example of a drug for which various
nanostructured targeted delivery methods are being
explored over history. Even though some of these sys-
tems already exist on the market, there is continued
research on this topic and new solutions are continu-
ally sought. In this context, the present review exam-
ines gemcitabine not as a specific drug, but as a proof
of concept study that has drawn upon a wide range of
innovative nanotechnology approaches.
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Introduction

Globally, cancer is the leading cause of death,
accounting for nearly 10 million deaths in 2020.
Among the most common cancers are breast, lung,
colon, rectum and prostate cancers. In many cases,
cancer can be cured if it is detected early and treated
effectively [1, 2]. The heterogeneity of tumours, drug
resistance and systemic toxicities are major obsta-
cles in cancer treatment [3]. The advent of nanoscale
delivery systems as vehicles for anticancer drugs is
gaining importance because of their multifunctional-
ity and ability to target cancer cells. In cancer, cells
differentiate rapidly and uncontrollably [4]. Due to
fast cell differentiation, the tumour grows fast; how-
ever, the angiogenesis is slower, so these tissues have
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nonmature or formative vasculature. Due to leaky
blood vessels, nanoparticles can penetrate cancer tis-
sue, whereas tight junctions between endothelial cells
prevent penetration in healthy tissue [5]. Furthermore,
cancer tissues lack a well-formed lymphatic circula-
tion that is responsible for maintaining tissue home-
ostasis. As a result, particles are retained in cancer
tissue for a longer period [6, 7]. In cancer, this phe-
nomenon is called enhanced permeation and retention
(EPR). The drug carrier system’s size has a signifi-
cant impact on the retention process [8, 9]. Therefore,
the application of nanoparticles may present a fantas-
tic opportunity for the treatment of cancer.

Nanotherapeutics, a fast-evolving field of science,
have the potential to completely transform cancer
diagnosis and therapy. Because of their small size
(diameter within 1-100 nm) and high surface area to
volume ratio, they have special biological properties
that enable them to bind, absorb and transport
chemotherapeutic agents, such as drugs, DNA,
RNA and proteins, as well as imaging agents, with
high effectiveness [10]. The two main categories of
nanocarriers utilized in chemotherapy for targeted or
non-targeted administering drugs are those that use
organic molecules as a primary building block and
those that use inorganic elements (usually metals)
as a core. Lipids, carbon nanotubes, dendrimers,
emulsions and synthetic polymers are examples of
organic nanocarriers [11]. In contrast to polymer-
based nanocarriers, inorganic nanocarrier platforms
have undergone extensive research in recent
years for therapeutic and imaging treatments due
to their many benefits, including a large surface
area, improved drug loading capacity, improved
bioavailability, fewer toxic side effects, controlled
drug release and tolerance to most organic solvents
[12]. Quantum dots, carbon nanotubes, layered
double hydroxides, mesoporous silica and magnetic
nanoparticles are all frequently employed in the
treatment of cancer. Quantum dots have previously
been shown to be superior imaging probes,
particularly for long-term, integrated and accurate
imaging and detection [13].

Current therapies and their drawbacks

There has been a notable advancement in our aware-
ness of the putative hallmarks of tumour growth and
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therapy during the last 10 years. As time passes,
both the aggregate and individual cancer burdens
are shifting. But with cancer’s rising occurrence,
clinical care for the disease remains a dire problem
in the twenty-first century [14]. Concerning the core
biological functions that are disturbed in cancer,
such as disruptions in growth-factor binding, cell
signalling, transcriptional regulation control, cell-
cycle checkpoints, apoptosis and angiogenic, a tre-
mendous amount of detailed data has been gathered
over the past couple of decades. These have in turn
prompted the search for logical anticancer medica-
tions and led to the production of an unprecedented
number of unique chemicals, which are currently
being tested in cancer therapy trials [15, 16].

The current methods of treating cancer are cen-
tred on repairing the genetic mechanisms that cause
damage, cutting off the blood supply to the cancer
cells, or eliminating the cancer cells themselves.
Radiation therapy, chemotherapy and surgical
excision to remove malignant tissue are examples
of traditional therapeutic techniques, but they all
have drawbacks. Surgery cannot be used to treat
all forms of cancer and has a risk of organ loss in
addition to the possibility of developing cancer.
Cancerous cells are damaged by radiation treat-
ment, but nearby healthy cells are also harmed
[17]. Chemotherapy, the most commonly used ther-
apeutic strategy, is used either alone or in combina-
tion with other therapeutic strategies that either kill
cancer cells through drug toxicity or prevent cell
division by preventing nutrient uptake or inhibiting
the mechanism responsible for cell division [18].
This strategy is crude and ineffective for advanced
stages of cancer because pharmacologically active
cancer medications have low tumour site selectiv-
ity and dose-limiting toxicity. Chemotherapeu-
tic drugs on the market today have a proven track
record, but they only provide good disease-free
survival benefits for a limited time [19]. However,
drug resistance and nontarget tissue harm limit the
effectiveness of these medications. There is room
for newer agents or site-specific delivery systems to
overcome the major challenges of toxicity and drug
resistance to deliver these chemotherapeutic agents
[20]. Current requirements include delivering high
doses of drug molecules to tumour areas for maxi-
mum treatment efficacy while minimizing damage
to healthy tissues and cancer cells [21].
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Gemcitabine: a potential anticancer agent

Gemcitabine  hydrochloride  (GEM), 20-deoxy-
20,20-difluorocytidine; dFdC is a nucleoside analogue
and a chemotherapeutic agent. It kills cancer cells and
other rapidly growing cells by preventing them from
making DNA and RNA [22]. It was originally inves-
tigated for its antiviral effects, but it is now used as an
anticancer therapy for various cancers. GEM is a cyti-
dine analogue with two fluorine atoms replacing the
hydroxyl on the ribose. As a prodrug, GEM is trans-
formed into its active metabolites that work by replac-
ing the building blocks of nucleic acids during DNA
elongation, arresting tumour growth and promoting
apoptosis of malignant cells. The structure, metabo-
lism and mechanism of action of GEM are similar to
cytarabine , but GEM has a wider spectrum of antitu-
mour activity [23, 24]. GEM activity is dependent on
its entry into cells, where it is immediately phospho-
rylated by deoxycytidine kinase (DCK), producing
monophosphate and diphosphate (dFdACDP). The anti-
cancer activity of diphosphate is due to the inhibition
of ribonucleotide reductase. Another active metabolite
of GEM that can be incorporated into DNA is triphos-
phate metabolite (AFdCTP). It binds to DNA polymer-
ase, causing chain termination, which is required for
DNA synthesis [25].

Chemoresistance is one of the leading problems
associated with this drug. To overcome the side
effects caused by GEM, it has been formulated in
other forms for effective administration and thera-
peutic outcome [24]. Nanotechnology approaches
for GEM delivery began several decades ago in an
attempt to reduce the severe side effects frequently
observed after its use [26]. Nanocarriers have unique
physicochemical and biological properties that endow
them with multifunctional abilities that allow for
the simultaneous delivery of multiple drugs with
improved retention, controlled release and effec-
tive delivery of payloads specifically to target cells,
thereby reducing the overall dose and minimizing
side effects. The purpose of this review is to demon-
strate the potential of nanomaterials in cancer treat-
ment, primarily as drug delivery vehicles, using
GEM-based nanosystems as a shining example. Since
the effectiveness of a nanocarrier depends on its abil-
ity to deliver the drug in the therapeutic target, the
biological barriers that may interfere in this process
must be considered in its design. The biological and

physicochemical properties of the action site should
be considered when developing targeted and/or smart
nanocarriers (sensitive to environmental conditions)
[24-26]. Due to the importance of these aspects in the
design of a nanocarrier, we begin by providing a brief
overview of these elements. Following that, a sum-
mary of the research on GEM-based nanotherapeutics
is provided, highlighting the fundamental traits of the
various systems under investigation and providing
illustrative examples in the form of tables.

Role of nanocarrier in cancer therapy

Nanocarriers are colloidal nanosystems loaded with
therapeutic agents (anticancer agents or any mac-
romolecule, such as proteins or genes), enabling
drugs to accumulate selectively at the site of cancer-
ous tumours. They are used in cancer treatment due
to their unique nanometre range of 1-1000 nm (drug
administration is preferable in the 5-200 nm range)
[27]. They allow these anticancer agents to avoid
normal tissues and accumulate in tumours, achiev-
ing a cytotoxic concentration several-fold higher in
these tumours while causing less toxicity in the rest
of the body than free drugs. Nanocarriers protect the
drug from degradation, reduce renal clearance and
increase its half-life in the bloodstream, augment the
payload of cytotoxic drugs, allow control of antican-
cer drug release kinetics and improve the solubility of
those insoluble drugs [28, 29]. Because of the drug’s
improved stability and targeting when it is encapsu-
lated or integrated into a nanocarrier, a smaller dos-
age of the drug is required to produce a given effect.
A timely, targeted release increases the medicines’
potency, expands the spectrum of their applications
and ensures the right dosage, increasing the product’s
cost-effectiveness. By encasing or trapping reactive
or delicate substances inside of nanocarrier systems,
reactive or delicate substances like polynucleotides
and polypeptides can be transformed into stable com-
ponents. Chemotherapeutic medicines can now be
delivered directly to tumours, minimizing systemic
adverse effects [30]. This is made feasible by nano-
carrier-mediated medication targeting. In actuality,
the majority of nanotechnological cancer therapies
are based on nanocarrier science. Since nanotechnol-
ogy is a relatively young scientific topic, its poten-
tial contributions to the realm of human health care
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have not yet been extensively examined. However,
current developments indicate that nanoscale will
significantly affect illness prevention, diagnosis and
therapy [31]. Nanotechnology applications in medi-
cal are highly promising, and many technologies are
currently undergoing clinical trials in fields includ-
ing molecular imaging, illness detection, medica-
tion encapsulation and targeted delivery at particular
places in the body [32]. Targeting and targeted drug
distributions are important factors in cancer therapy.
Additionally, intracellular delivery techniques are
necessary for newer generations of molecular thera-
pies, including gene therapy and siRNA, to achieve
the best outcomes.

Studies to date have shown that pharmacokinetic
parameters can be changed by using nanocarrier-
based formulations in a range that would otherwise be
challenging to obtain [33]. In particular, it has been
demonstrated that utilizing formulations based on
nanocarriers enhanced circulation time by up to tens
of hours, significantly decreased the severity of side
effects and found and utilized the processes of passive
and active targeting [34].

Advantages of nanocarriers in chemotherapeutics

i. Site-specific delivery: The main objective of
targeted therapy is to direct anticancer drugs onto
cancerous cells, which eventually minimizes
adverse effects. Several NDDSs that actively or
passively target particular sites have been created
recently to reduce toxicity and improve the
specificity of existing drugs [27, 29].

ii. Resolve multidrug resistance: Main resistance
occurs when a disease does not initially react
to chemotherapeutic drugs, as in the instance
of non-small-cell lung cancer and rectal cancer,
whereas obtained resistance occurs when certain
sensitive tumours initially respond favourably to
chemotherapy drugs but later develop acquired
resistance. MDR is primarily caused by more
efflux systems, including P-glycoprotein, in the
cell membrane. The use of NP-based drug deliv-
ery devices to combat MDR was described in
several research [35].

iii. Improve aqueous solubility: Most anticancer drugs
have poor solubility, which reduces absorption,
raises the risk of food effects, frequently results in

@ Springer

inadequate release in dosage form and increases
interpatient variability [36].

Various approaches towards cancer treatment
with different nanomaterials

Targeted drug delivery via nanocarriers

A fascinating method of treating cancer has been
developed, and that method is called targeted therapy.
Different targeting techniques hint at the potential
impact of nanocarrier systems and could transform
the way cancer is now treated. The goals of nanocar-
rier systems include various important angiogenesis,
unregulated cell proliferation and tumour mass events
in cancer mechanisms. The capacity of nanocarrier
systems to lessen tumours or associated events with-
out causing harm to healthy tissues is a key factor in
their efficacy. Additional significant advancements
offered by nanocarrier technologies include increased
efficacy, fewer side effects, site specificity, efficient
distribution and the ability to combat multidrug
resistance (MDR) [27, 32, 37].

Targeting tumour cells

The most common targeting method uses targeted
interactions between nanocarriers and the surface of
cancer cells through the use of ligands. When choos-
ing target molecules for the efficient distribution of
nanocarriers, longer circulation durations and sim-
pler endocytosis are important considerations [31].
These ligand-targeted nanocarriers are anticipated to
enhance intracellular drug accumulation by selectively
and specifically delivering lethal drugs to tumour cells
through receptor-mediated endocytosis. A variety of
tumour-targeting ligands, such as antibodies, folate or
growth factors and cytokines, have been used to facili-
tate carriers’ entry into target cells [33, 39]. Monoclo-
nal antibodies and antibody fragments have also been
demonstrated to improve pharmacokinetics and reduce
immunogenicity [37]. Additionally, synthetically pro-
duced antibodies have been discussed as a conjugate
to thermosensitive liposomes (affisomes) and poly-(d,l-
lactic acid)-polyethylene glycol (PLA-PEG) maleimide
copolymer for the delivery of paclitaxel [35, 38]. As a
compensating strategy for diffusion, passive targeted
strategies for NP delivery in angiogenesis have also
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been described. It is based on nanocarrier characteris-
tics such as size, surface make-up and circulation half-
life [40]. Other intrinsic properties of nanocarriers (viz.
charge) that can induce tumour targeting are also used
in passive targeting. According to reports, negatively
charged lipids that are selectively produced on tumour
endothelial cells can connect to cationic liposomes via
electrostatic interactions. Folate-conjugated nanocarri-
ers cannot be taken up by human cervical cancer cells
that lack the folate receptor [36, 41]. The possibility of
tailored therapeutic nanocarriers as efficient antican-
cer drug delivery platforms was raised by a number of
such studies.

Targeting the tumour microenvironment

It has been argued that the increased penetration and
durability (EPR) effect of the tumour microenviron-
ment may be a major justification for the creation of
nanoscale carriers for solid tumours. Nanotherapeu-
tics are anticipated to increase medication and diag-
nostic probe delivery as a result of EPR, have fewer
side effects and lead to better tumour detection and
therapy [42]. Another method of cancer treatment
involves taking use of the aberrant tumour microen-
vironment to deliver nanomedicines to tumour loca-
tions in a targeted and homogeneous manner [43, 44].

Nanocarriers and EPR effect

Theoretically, nano-sized agents have several
advantages over conventional low molecular weight
agents, including a high loading capacity, the capac-
ity to shield the payload from deterioration, precise
targeting and controlled or sustained release. By
altering attributes like size, shape, payload and sur-
face features, their features can be improved. As a
result, the field of nanomedicine has been rapidly
developing, especially for the detection and treat-
ment of cancer [27, 41].

Drugs that are nano-sized, however, are larger than
most drugs and as a result, leak from capillary beds
more slowly. Fortunately, the vasculature of solid
tumours is characterized by leaky vessels with inade-
quate lymphatic drainage [2, 32]. If nano-sized agents
are not small enough to be excreted by the kidney or
large enough to be quickly detected and trapped by the
reticuloendothelial system when administered intra-
venously, they tend to circulate for a long time (RES)
[45]. Long-circulating nano-sized agents are retained
in the tumour bed by reduced lymphatic drainage after
preferentially penetrating tumour tissue through the
permeable tumour vasculature (Fig. 1). The enhanced
permeability and retention (EPR) effect is the name
given to this phenomenon [37].

Fig. 1 Recognition of EPR
effect: extravasation into
the tumour microenviron-
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The EPR effect causes the drug to accumulate
inside tumours before releasing its therapeutic pay-
load, which is the basis for nano-sized drug deliv-
ery. EPR effects, in contrast to important normal
organs, only offer a delivery increase of less than
twofold [43]. The EPR effect makes it more likely
for a drug to extravasate into a tumour the longer
it is in circulation, though it can also extravasate
into normal tissues, albeit more slowly [40]. To
enhance the specific uptake of the drug within the
tumour and thereby enhance its therapeutic effect,
techniques that even momentarily increase the
local EPR effect within the tumour are required
[46]. They will then be able to take advantage of
the special qualities of the tumour vasculature.
Nanocarrier size should not be greater than 400 nm
for this purpose in order to achieve extravasation
into tumours via the EPR effect, which is notice-
ably more successful with diameters below 200 nm
[47]. These nanoscale carriers also require hydro-
philic, neutral, or mildly anionic surfaces in order
to avoid the plasma proteins (opsonins) and delay
the macrophage attack. This is done by coating the
surfaces of the carriers with either amphiphilic or
hydrophilic polymers, such as poly (ethylene gly-
col) (PEG) or synthetic copolymers of polyethyl-
ene oxide (hydrophilic block) and propylene oxide
(hydrophobic block) [48]. It should be noted that
positively or slightly negatively charged surfaces
are preferable because negatively charged compo-
nents on the surface of blood vessels and cells may
resist nanocarriers with positively charged surfaces
[49].

Proof-of-concept studies on the delivery
of GEM-based nanocarriers in cancer
therapeutics

The significance of GEM in the context of antican-
cer drugs justifies the large number of scientific stud-
ies conducted in this area, as well as the variety of
nanoscale systems investigated for its delivery in can-
cer cells (Fig. 2). The following section discusses the
various studies that has explored GEM-based nano-
delivery in cancer therapeutics.

GEM-based polymeric nanocarriers

Polymer-based systems are among the most success-
ful nanocarriers in nanomedicine due to their versatil-
ity. Their properties can be easily modified by adjust-
ing their chemical composition, size and structure/
architecture. Polymers have demonstrated the ability to
maintain sustained drug release of encapsulated drugs,
protect them from the environment and target cancer
tissues in both passive (via the EPR effect) and active
forms [50]. Furthermore, by varying the chemical com-
position, polymer toxicity and biodegradability can be
modified, both of which are important considerations
for nanomaterials used in medicine. One of the most
well-known biodegradable and biocompatible poly-
mers is poly(lactic-coglycolic acid) (PLGA). When
exposed to normal physiological conditions, PLGA
hydrolyzes, releasing the original monomers (lactic
acid and glycolic acid), which are then metabolized via
normal metabolic pathways. PLGA is considered safe
and has been approved for human use by the Food and

Fig. 2 GEM-based nano-
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Drug Administration (FDA) and the European Medi-
cines Agency (EMA, in Europe) [51]. Table 1 lists the
numerous polymeric nanocarriers for GEM delivery
that have been discovered in the literature.

GEM-based polymeric micelles

Polymeric micelles have recently been widely used in
pre-clinical studies to deliver poorly soluble chemo-
therapeutic agents in cancer. Polymeric micelles are
formed by self-assembly of amphiphilic polymers.
The wide availability of hydrophobic and, to a lesser
extent, hydrophilic polymeric blocks allows research-
ers to explore various polymeric combinations for
optimum loading, stability, systemic circulation and
delivery to target cancer tissues. Furthermore, poly-
meric micelles could be easily tailored by varying
the number of monomers in each polymeric chain.
Poly(lactide) (PLA), poly(caprolactone) (PCL),

poly(lactide-co-glycolide) ~ (PLGA),  polyesters,
poly(amino acids) and lipids are some of the most
widely used hydrophobic polymers. Poly(ethylene
glycol), poly(oxazolines), chitosan, dextran and hya-
luronic acids are the hydrophilic polymers used to
wrap the hydrophobic core. Drugs could be conju-
gated to polymers at the distal ends to create phar-
macologically active polymeric systems that improve
the conjugates’ solubility and stability and allow for
combination drug delivery. Because of their nanosize,
they can accumulate in the tumour microenviron-
ment through the enhanced permeability and reten-
tion (EPR) effect. Additionally, the stimuli-sensitive
breakdown allows the micelles to effectively deliver
the therapeutic cargo [62].

In a study carried out by Di et al., they investigated
an effective method for the co-delivery of GEM and
paclitaxel (PTX) into tumour cells. GEM and PTX
were modified with functional (+)-a-tocopherol (VE) to

Table 1 Gemcitabine hydrochloride-based polymeric nanoparticles in cancer therapeutics

S.no. Nanocarrier Cancer type Anticancer activity Year References

1. Iron-based chitosan-coated Breast cancer MCEF-7 cells (in vitro) 2022 [52]
MIL-100 composite polymeric
nanoparticles

. Chitosan nanoparticles Ovarian cancer OVCAR-8 cells (in vitro) 2022 [26]

3. 99mTec radiolabelled GEM poly- Breast cancer, cervical cancer MCF7, HeLa cells (in vitro) 2021 [53]
meric nanoparticles

4. GEM-loaded magnetically Breast cancer MCFT7 cells 2020 [54]

responsive poly(e-caprolactone)
nanoparticles

5. Lipid polymer hybrid nanoparticles Pancreatic cancer

6. GEM encapsulated MIL-100 nano-  Pancreatic cancer
particles

7. Co-delivery of GEM and simvasta-  Pancreatic cancer
tin (SV) through PLGA polymeric
nanoparticles

8. Lipid polymer hybrid nanoparticles Breast cancer
(LPHNSs) capped with GEM

9. GEM-PEG conjugate using folic
acid as a targeting agent

10. GEM-loaded AS1411 aptamer
surface-decorated polyethylene
glycolepoly (lactic-co-glycolic
acid) nanopolymersome

11. GEM-loaded negatively charged
liposome and PEGylated nanopar-
ticles for comparative investiga-
tion

Pancreatic cancer

Breast cancer

Non-small cell lung cancer

MCE-7, MDA-MB-231 cells (in 2020 [55]
Vitro)
MIA PaCa-2 cells (in vitro) 2020 [56]

MCEF-7, MIA PaCa-2 cells (in vitro) 2019 [57]

MCEF-7 and MDA-MB-231 cells 2018 [58]

(in vitro)

MIA PaCa 2, PANC 1 cells (in 2017 [59]
Vitro)

A549 cells (in vitro) 2016 [60]

MCF-7, MDA-MB-231 cells (in 2011 [61]
vitro)
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obtain similar water solubility. Folic acid-poly(ethylene
glycol)—(+)-a-tocopherol (FA-PEG-VE) was designed
to co-encapsulate the modified GEM and PTX. Meth-
oxy poly(ethylene glycol)—poly(lactide-co-glycolide)
(MPEG-PLGA) was used as a control. It was found
that two drug-loaded FA-PEG-VE micelles, GPF and
MPEG-PLGA micelles (GPM), had a spherical mor-
phology with an average diameter of 127 nm and 118.9
nm, respectively. In vitro releases of GPF, 2.73% of
GEM-VE and 2.88% of PTX-VE, were accumula-
tively released in 72 h (4.04% of GEM-VE and 3.88%
of PTX-VE from GPM). The comparisons of cytotox-
icity were made with different formulations. The ICj,
of GPF after 72-h incubation was lowest. FA-PEG-VE
micelle showed higher uptake efficiency than that of
MPEG-PLGA micelle. These results demonstrated that
GEM-VE and PTX-VE-loaded FA-PEG-VE micelles
would be a potentially useful prodrug-based nano-drug
delivery system for cancer treatment [63].

Dual functional polymeric micelles (PMs) have
been emerged as potent nanocarriers for combina-
tional cancer therapy. In another study, Norouzi et al.
investigated the potential of tri-layer PMs loaded with
anti-nuclear factor-kB (NF-kB) siRNA and 4-(N)-
stearoyl GEM-C18 for cancer treatment. PMs with
different core hydrophobicity were prepared by using
poly(e-caprolactone), polyethyleneimine and polyeth-
ylene glycol (PCL-PEI-PEG) copolymers and evalu-
ated. The results revealed that GEM-C18-loaded PMs
were significantly more cytotoxic than free drug on
breast and pancreatic cancer cells. However, the cyto-
toxicity of drug-loaded micelles was decreased by
increasing the micellar core hydrophobicity because
of decreasing drug release rate. Moreover, siRNA-
loaded PMs could considerably inhibit NF-xB expres-
sion. PMs loaded with both GEM-C18 and siRNA
exhibited higher capability to induce apoptosis and
inhibit migration of both cells. PMs with the most
hydrophobic core indicated higher tumour accumula-
tion efficiency via in vivo imaging study [64].

GEM-based dendrimers

Dendrimers are a distinct type of polymer because
of their regular and well-defined architecture, nar-
row polydispersity (especially when compared to
classical polymers) and a large number of terminal
groups (multivalency) that allow for further modifi-
cation [65]. The basic dendrimer structure is made
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up of a core, branched shells (the number of which
determines dendrimer generation) and outer func-
tional groups [66]. Drugs can be transported by
dendrimers through electrostatic interaction, chemi-
cal conjugation to their surface functional groups,
or encapsulation within their inner voids [67].
Because of their intrinsic chemical nature, dendrim-
ers can be controlled in terms of drug release rate
regardless of whether the drug has been encapsu-
lated or conjugated [65, 66].

The bio permeability of cationic PAMAM-NH2
(GO-G4) dendrimers for oral drug delivery was
investigated, and it was discovered that they passed
through the membrane via endocytosis and paracel-
lular pathways [67]. Functionalization increased
dendrimer size and water solubility, which aided in
biodistribution and retention. Numerous studies have
discovered a strong link between dendrimer termina-
tion and cell toxicity. Surface functional groups stud-
ied on dendrimers include proton-decorated amines,
ethylenediamine ligands with benzyloxycarbonyl- or
tert-butoxycarbonyl-protecting groups and dansyl flu-
orescent labels [68-70].

Hanurry et al. investigated GEM-containing bio-
tin-coupled poly (amido) amine (PAMAM) (PG4.5)
dendrimer nanoparticles that transported and
absorbed inside of cells via receptor-mediated endo-
cytosis. According to cytotoxicity studies, GEM-
loaded PG4.5-DETA-biotin reduced HeLa cell via-
bility and induced apoptosis. In order to assess the
biocompatibility, cellular internalization effective-
ness and antiproliferative efficacy of PG4.5-DETA-
biotin/GEM, cell viability and uptake were meas-
ured using the MTT assay and flow cytometry. The
biotin-coupled PG4.5-DETA nanocarrier can deliver
GEM to tumour cells in an efficient and targeted
manner. The best way to administer NPs and treat
cancer cells may therefore involve techniques for
administering biotin-coupled poly (amido) amine
(PAMAM) (PG4.5) dendrimer-based NPs into the
precise location of cancer cells [71].

Table 2 presents some examples of research studies
on dendrimer-based systems for the release of GEM.

GEM-based gold nanoparticles
Gold nanoparticles (AuNPs) are one of the most

extensively researched metal nanomaterials in bio-
medicine. They are popular because of their distinct
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Table 2 Gemcitabine hydrochloride-based dendrimers in cancer therapeutics

S. no. Nanocarrier design strategy Cancer type Anticancer activity Year References

1. PAMAM (PG4.5) dendrimer with Multiple cancers HeLa cells (in vitro) 2020 [71]
biotin-coupled poly(amido)amine

2. Gold nanoparticles encapsulated with ~ Pancreatic cancer SW1990 cells (in vitro) 2018 [72]
dendrimers (Au DENPs)

3. Dendrimer-GEM conjugation of Breast cancer 4T1 cells (in vitro) 2017 [73]
PEGylated lysine peptide

4. Poly propyl imine (PPI) dendrimer with Lung cancer AS549 cells (in vitro) 2017 [74]
mannose conjugation

5. PAMAM dendrimers with a polyethyl-  Pancreatic cancer CFPAC-1 cells (in vitro) 2017 [75]
ene glycol (PEG) core

6. PAMAM dendrimer-coated magnetic Breast cancer SKBR-3, MCF-7 cells (in vitro) 2016 [76]
nanoparticles (DcMNPs)

7. Mannosylated poly(propyleneimine) Lung cancer A549 cells (in vitro) 2015 [77]
dendrimers

8. Folate-conjugated pH-responsive Epidermoid carcinoma A431 cells (in vitro) 2015 [78]
dendrimers

9. PAMAM dendrimer-coated magnetic Pancreatic cancer SU86.86, T3M4, Panc-1 cells (in vitro) 2014 [79]

nanoparticles (DcMNPs)

optical, chemical and biological properties, which
provide advantages over other nanoparticles. AuNPs
have shown great promise in cancer therapy as nano-
carriers for the targeted release of chemotherapeutic
agents into tumoural cells, as well as intrinsic inhibi-
tory activity against various tumour cell lines.

According to recent studies, nanogold has
many advantages over other nanomaterials. This
is largely because of highly optimized production
processes that result in gold nanoparticles of all
different sizes and shapes, each with their own spe-
cial properties. The ability to modify the surface
of nanogold particles with different targeting and
functional compounds significantly expands the
range of their potential biomedical applications,
with a focus on cancer treatment. Functionalized
gold nanoparticles have good biocompatibility and
controllable biodistribution patterns, making them
excellent candidates for the foundation of novel
therapies [80, 81].

Conventional chemotherapy of pancreatic cancer
(PaCa) suffers the problems of low-drug permeability
and inherent or acquired drug resistance. Development
of new strategies for enhanced therapy still remains a
great challenge. Lin et al. reported a new ultrasound-
targeted microbubble destruction (UTMD)-promoted
delivery system based on dendrimer-entrapped gold
nanoparticles (Au DENPs) for co-delivery of GEM

and miR-21 inhibitor (miR-21i). In the study, Gem-Au
DENPs/miR-21i was designed and synthesized. The
designed polyplexes were characterized via transmission
electron microscopy (TEM), gel retardation assay and
dynamic light scattering (DLS). Then, the optimum
exposure parameters were examined by an ultrasound
exposure platform. The cellular uptake, cytotoxicity and
anticancer effects in vitro were analysed by confocal laser
microscopy, spectra microplate reader, flow cytometry
and a chemiluminescence imaging system. Lastly, the
anticancer effects in vivo were evaluated by contrast-
enhanced ultrasound (CEUS), haematoxylin and eosin
(H&E) staining, TUNEL staining and comparison of
tumour volume. The results showed that the Gem-Au
DENPs/miR-21i can be uptake by cancer cells and the
cellular uptake was further facilitated by UTMD with
an ultrasound power of 0.4 W/cm? to enhance the cell
permeability. Furthermore, the co-delivery of Gem and
miR-21i with or without UTMD treatment displayed
82-fold and 13-fold lower ICs, values than the free Gem,
respectively. The UTMD-promoted co-delivery of Gem
and miR-21i was further validated by in vivo treatment
and showed a significant tumour volume reduction and
an increase in blood perfusion of xenografted pancreatic
tumours [82].

In a recent study, Huai et al. investigated whether
gold nanoparticles (AuNPs) could sensitize pancre-
atic cancer cells to the chemotherapeutic agent GEM.
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The study demonstrated that treatment with AuNPs
of 20 nm diameter inhibited migration and colony-
forming ability of pancreatic cancer cells. Pre-treat-
ment with AuNPs sensitized pancreatic cancer cells
to GEM in both viability and colony-forming assays.
Mechanistically, pre-treatment of pancreatic cancer
cells with AuNPs decreased GEM-induced EMT,
stemness and MAPK activation. Taken together, these
findings suggest that AuNPs could be considered a
potential agent to sensitize pancreatic cancer cells to
GEM [83].

Furthermore, Devi L. and colleagues claim that
targeted drug administration is crucial for treating
breast cancer since it produces therapeutic effects
over a long period of time with few side effects. The
improved water solubility and drug release from
GEM-GA-colloidal AuNPs could be attributed to
a gold cargo supply in the GEM. GEM’s targeting
effectiveness enhanced as a result of a considerable
particle sizing increase, better water solubility and
improved drug release profile [84].

Some examples of utilization of GEM-based gold
nanoparticles in cancer therapy are shown in Table 3.

GEM-based carbon nanotubes

Carbon nanotubes (CNTs) have become a popular tool
in cancer diagnosis and treatment due to their unique
physicochemical properties. CNTs have cylindrical
hollow structures with walls that are the thickness of a
carbon atom, whereas C60 is a spherical molecule with
60 carbon atoms that has the shape of a soccer ball
[95]. With the ability to both detect cancerous cells and
deliver medications or other small therapeutic mol-
ecules to these cells, they are regarded as one of the
most promising nanomaterials. Nearly all cancer treat-
ment modalities, including drug delivery, lymphatic
targeted chemotherapy, thermal therapy, photodynamic
therapy and gene therapy, have been investigated with
CNTs over the past few years [96].

In a study reported by Das et al., they formulated
GEM-loaded functionalized carbon nanotubes to
achieve tumour targeted drug release and thereby
reducing GEM toxicity. Multiwalled carbon nano-
tubes were functionalized using 1,2-distearoylphos-
phatidyl ethanolamine-methyl polyethylene gly-
col conjugate 2000. Optimized ratio 1:2 of carbon

Table 3 Gemcitabine hydrochloride-based gold nanoparticles in cancer therapeutics

S. no. Nanocarrier Cancer type Anticancer activity Year References
1. Gold nanoparticles (GNPs) conjugated Non-small cell lung cancer A549 cells (in vitro) 2021 [85]
with cisplatin and /or GEM
B-Lacto globulin-gold nanoparticles Breast cancer MCEF-7 cells (in vitro) 2021 [86]

3. GEM-loaded acacia gum stabilized gold
nanoparticles

4. Functionalized alpha-lactalbumin conju-
gated gold nanoparticles

5. Gold nanoparticles

6. Fabricated GEM-loaded gold nanospheres
mediated by bovine serum albumin

7. Nanocarrier containing GEM and folate/ Breast cancer
TF ligands
8. Multifaceted peptide-assisted one-pot Pancreatic cancer

synthesis of gold nanoparticles

9. Gold core degradable mesoporous organo-
silica shell nanoparticles

10. Karaya Gum stabilized gold nanoparticles

11. Nanoconjugates bearing a targeting anti-
body (cetuximab, C225) and GEM

Breast cancer
Lung cancer
Pancreatic cancer

Lung cancer

Breast cancer

Hepatocellular carcinoma

MDA-MB-231 cells (in vitro) 2020 [84]

A549 cells (in vitro) 2020 [87]

PANC-1, AsPC-1, MIAPaCa-2 2019 [88]
and HPAF-IT

A549 cells (in vitro) 2018 [89]

MDA-MB-231 cells (in vitro) 2017 [90]

PANC-1 cells (in vitro) 2017 [91]

MDA-MB-231 cells (in vitro) 2017 [92]

Non-small cell lung cancer A549 cells (in vitro) 2015 [93]

Hep3B, SNU449 cells (in vitro) 2014 [94]

@ Springer



J Nanopart Res (2023) 25:112

Page 11 of 21 112

nanotubes: 1,2-distearoylphosphatidyl ethanolamine-
methyl polyethylene glycol conjugate 2000 was taken
for loading of GEM. The formulation was evaluated
for different parameters. The results showed that max-
imum drug loading efficiency achieved was 41.59%
with an average particle size of 188.7 nm and zeta
potential of —10 to 1 mV. Scanning electron micros-
copy and transmission electron microscopy images
confirmed the tubular structure of the formulation.
The carbon nanotubes were able to release GEM
faster in acidic pH than at neutral pH indicating its
potential for tumour targeting. GEM release from car-
bon nanotubes was found to follow Korsmeyer-Pep-
pas kinetic model with non-Fickian diffusion pattern.
Cytotoxic activity of formulation on A549 cells was
found to be higher in comparison to free GEM [97].
In another study, Razzazan et al. designed a drug
delivery system based on single-walled carbon nano-
tubes (SWCNTs) for the anticancer drug GEM, which
has limitations under biological conditions, by using
polyethylene glycol (PEG) to obtain nanoconjugates
with high loading capacity, controlled drug release
and effective cytotoxicity. Raw SWCNTs were func-
tionalized through carboxylation, acylation, PEGyla-
tion and finally GEM conjugation via a cleavable
ester bond. Different characterization techniques such
as Fourier transform infrared spectroscopy (FTIR),
nuclear magnetic resonance spectrometer (NMR) and
differential scanning calorimetry analysis (DSC) were
performed to confirm the successful functionaliza-
tion. Next, the influence of molecular weight (MW)
of PEG on the drug loading capacity, drug release
and cytotoxicity were studied. Experimental results
showed that the drug loading capacity was dependent
on the MW of PEG, but the drug release was inde-
pendent. Also, the results revealed that the nanocon-
jugates with lower PEG MW caused higher cytotoxic-
ity in A549 and MIA PaCa-2 cancer cells [98].
GEM’s clinical application is limited due to its short
plasma half-life and poor uptake by cells. To address
this problem, a drug delivery three-component com-
posite, multiwalled carbon nanotubes (MWNTs)/
GEM/lentinan (Le); (MWNTs- GEM -Le), was fabri-
cated by Zhang et al. To enhance antitumour efficacy,
the combination of chemotherapy and photothermal
therapy was also employed in the study. They conju-
gated GEM and lentinan with MWNTs via a covalent
and noncovalent way to functionalize with MWNTs.
Using the composite and an 808-nm laser, tumours

were treated and investigated for the photothermal
responses and anticancer efficacy. The study showed
MWNT-GEM-Le composite could efficiently cross
cell membrane, having a higher antitumour activity
than MWNTs, GEM and MWNT-GEM [99].

In another study conducted by Yang et al., the
potential therapeutic effect of GEM loading magnetic
multiwalled carbon nanotubes (nMWNTSs) was com-
pared with that of GEM-loaded magnetic-activated
carbon particles (mACs). mMWNT-GEM and mAC-
GEM both had high antitumour activity in vitro simi-
lar to free drug. Subcutaneous administration of GEM
loading magnetic nanoparticles resulted in successful
regression and inhibition of lymph node metastasis
under the magnetic field, with mMWNT-GEM supe-
rior to mAC-GEM, and more effectively in the high-
dose versus low-dose groups [100].

Gemcitabine hydrochloride-based quantum dots in
cancer therapeutics

The GEM-based quantum dots (QDs) have captured
the interest of researchers due to its unique optical and
electrical properties. The QD surface can be decorated
with molecular species, making it suitable for bioimag-
ing samples and optical sensor applications. It also has
excellent photo-bleaching resistance and luminescence
characteristics like large absorption and narrow, sym-
metrical emission bands. They not only retain almost
all of the aforementioned benefits, but they also have
clear advantages such as a longer half-life of dop-
ing emissions and possibly reduced cytotoxicity [101,
102]. Table 4 shows examples of nanotherapeutics
based on quantum dots that have been investigated for
cellular/tumour delivery of GEM.

Pancreatic cancer is considered to be the deadli-
est of all cancers due to its poor prognosis and resist-
ance to conventional therapies. In this study, the
potential of hyaluronic acid functionalized and green
fluorescent graphene quantum dot (GQD)-labelled
human serum albumin nanoparticles for pancreatic
cancer-specific drug delivery and bioimaging was
explored. The study adopted lawsone (2-hydroxy-
1,4-naphthoquinone) as a novel reducing agent for the
synthesis of quantum dots and, in addition to excel-
lent fluorescence of the synthesized GQDs, a good
quantum yield of ~14% was also obtained. GEM,
the most preferred drug for pancreatic cancer treat-
ment, was encapsulated in albumin nanoparticles,
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Table 4 Gemcitabine hydrochloride-based quantum dots in cancer therapeutics

S.no. Nanocarrier Cancer type Anticancer activity Year References
Nitrogen-doped carbon quantum dots Breast cancer MCEF7 cells (in vitro) 2021 [104]
Carbon quantum dots—quinic acid Breast cancer MCEF7 cells (in vitro) 2020 [105]

3. Doped graphene quantum dots for intracellular Multiple cancer ~ HeLa and MCF-7 cells (in vitro) 2019 [106]
multicolor imaging and cancer detection

4. Dual-enzyme-sensitive GEM nanovector conjuga-  Pancreatic cancer BxPC-3 cells (in vitro) 2017 [104]
tion of quantum dot

5. Hyaluronic acid functionalized and green fluo- Pancreatic cancer MIA PaCa-2 cancer cells 2014 [103]

rescent graphene quantum dot (GQD)-labelled
human serum albumin nanoparticles

and it was observed that our nanoformulation sig-
nificantly enhanced the bioavailability and sustained
release property of the drug to pancreatic cancer cells
in vitro. Moreover, the GQD-mediated bioimaging
was excellent and enhanced the efficacy of our system
as a drug delivery vehicle [103].

Carbon quantum dots (CQDs) have undergone
extensive research and proved to have the potential
to act both as drug delivery vehicles and as imaging
agents. Quinic acid is an antioxidant that has shown
anticancer activity through apoptosis-mediated cyto-
toxicity in breast cancer cells. Besides, it has demon-
strated a strong affinity for selectins , which are angi-
ogenesis factors increased in breast cancer tissue. In
this study, nitrogen-doped CQDs were prepared via
hydrothermal method . The resulting nanoparticles
were conjugated with quinic acid as targeting agent
towards breast cancer cells. Characterization of the
resulting nanoparticles included TEM , SEM, zeta
potential , FTIR, EDX, MAP, UV-Visual and fluores-
cent spectroscopy. GEM was loaded on the resulting
nanoparticles through electrostatic interactions. Cell
viability was evaluated via MCF7 cell line. In vivo
imaging and biodistribution  studies were con-
ducted in breast cancer cells growing in mice. Taken
together, quinic acid-conjugated N-CQDs exhibited
promising properties such as excellent luminescent
properties and high tumour accumulation, suggesting
that they could be excellent candidates as multifunc-
tional theranostic agents [104].

GEM-based liposomes
Liposomes are biocompatible and biodegradable self-

assembled vesicles with the same supramolecular
lipidic organization as living cell membranes. This
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is advantageous in terms of biocompatibility and
biodegradability because it causes no side effects or
accumulation. Liposomal formulations are the only
nanomedicine platforms that have been approved by
the US Food and Drug Administration for the treat-
ment of cancer. It has been well established that the
use of liposomes in the treatment of solid tumours,
in particular, protects the incorporated molecule
from being inactivated following intravenous admin-
istration, reducing anticancer drug accumulation in
healthy tissues before it reaches the desired site of
action. As a result, liposomes allow for a reduction in
nonspecific toxicity while increasing the concentra-
tion of the encapsulated drug in specific body com-
partments. Because of their structure, they can encap-
sulate both hydrophilic and hydrophobic drugs. The
size of the liposome is determined by its composition
and the method of preparation used, and it influences
drug loading capacity [106].

Because of the lipid composition of the colloidal
formulation, liposomes can improve the in vitro anti-
tumoural activity of GEM. Many studies have been
conducted over the last few decades in order to iden-
tify a suitable lipid composition for systemic admin-
istration of anticancer drugs, particularly for the
treatment of solid tumours. The physicochemical and
technological characterization of various liposomal
formulations revealed that a combination of distearoyl
phosphatidylethanolamine (DSPE)-mPEG2000, cho-
lesterol and dipalmitoyl phosphatidylcholine (DPPC)
provided the best GEM delivery results. The presence
of cholesterol provided rigidity to the bilayer as well
as colloidal stability, whereas the PEGylated agent
allowed for a long circulation time due to its shielding
effect on the polar heads of DPPC, resulting in low
zeta potential values, a characteristic that influences
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circulation time in the bloodstream, opsonization,
uptake by the reticuloendothelial system and interac-
tion within biological compartments [107].

Many studies have been conducted to evaluate
the activity of GEM-loaded liposomes using various
cell lines. Vono et al. investigated the antitumour
activity of GEM-loaded PEGylated unilamellar
liposomes in anaplastic thyroid cancer cells in vitro
in terms of dose-dependent antitumour effect and
incubation time. After 12 h of incubation, the col-
loids significantly improved the drug’s cytotoxic-
ity at a concentration of 1 M, whereas the free drug
only showed significant pharmacological activity
after 72 h. This trend was confirmed by prolonging
the anaplastic thyroid cancer cells’ exposure to lipo-
somal GEM during incubation; in this case, the lipo-
somal formulation resulted in 100% cell mortality at
the aforementioned drug concentration after only 24
h [108].

To confirm the superior antitumoural activity of
GEM-loaded PEGylated liposomes with respect to
free GEM, the aforementioned formulation was com-
pared with the commercial product, Gemzar®, using
in vivo models of anaplastic thyroid carcinoma in
NOD-SCID mice bearing human anaplastic thyroid
xenograft tumours. After 4 weeks of treatment, the
antitumour activity of the colloidal formulation was
similar to that of Gemzar at a drug dose which was
ten times higher (5 mg/kg of liposomal GEM versus
50 mg/kg of the commercial form), in terms of aver-
age tumour size and volume [109].

Furthermore, Affram et al. formulated GEM-
loaded PEGylated thermosensitive liposomal nano-
particles (GEM-TSLnps) to increase residence time
and deliver high payload of GEM to pancreatic cancer
cells using mild hyperthermia (mHT). The cytotoxic
effects of GEM and GEM-TSLnps were evaluated
against human pancreatic cancer cell lines. In vitro
release of GEM by TSLnps was determined at tem-
peratures from 26 to 50°C. Cell viability studies, clo-
nogenic assay, flow cytometry and confocal imaging
were performed on pancreatic cancer cell lines using
GEM and GEM-TSLnps + mHT. In vitro cytotoxic-
ity of GEM-TSLnps + mHT-treated pancreatic can-
cer cell lines was significantly higher than GEM
treated. The ICy, values for PANC-1, MiaPaCa-2 and
BxPC-3 cells GEM-TSLnps + mHT treated were 1.2
to 3.5-fold higher than GEM treated. Among the cell
lines, GEM-TSLnps + mHT-treated PANC-1 and

MiaPaCa-2 cells show significantly reduced repro-
ductive viability compared with the GEM-treated
cells. Flow cytometric and confocal images revealed
high Rho-TSLnps cellular uptake [110]. Furthermore,
Kim and co-workers introduced a photosensitizer-
conjugated lipid into the bilayer of GEM-loaded
liposomes, which gave encouraging results in a bil-
iary tract cancer model [111].

Triggered drug release is a promising strategy for
delivering anticancer drugs to cancer cells and tis-
sues. Fuse et al. designed liposomes co-encapsulating
calcein (a water-soluble model drug and fluorescence
marker) and talaporfin sodium (TPS, a water-soluble
photosensitizer) that released the drug upon irradia-
tion with a near-infrared (NIR) laser. The liposomes
were composed of phospholipid (DSPC)/helper lipid
(DOPE)/cholesterol/PEG-lipid (PEG,,-DSPE) at a
molar ratio of 85/10/5/5 and released a large amount
of drug (70%<, within 10 min) upon irradiation, but
no drug in the absence of NIR-laser irradiation and/or
TPS. NIR-laser-triggered drug release was facilitated
by the incorporation of DOPE into the liposomes,
and the amount of DOPE incorporated affected drug
leakage in the absence of NIR-laser-irradiation at 37
°C (body temperature). Drug leakage was tuned by
incorporating cholesterol into the liposomes. NIR-
laser-triggered drug release from the liposomes was
confirmed using the anticancer drug GEM. NIR-laser
treatment of liposomes co-encapsulating GEM and
TPS provided the maximum cytotoxic effect towards
EMTG6/P cells. The obtained results suggest that these
novel light-sensitive liposomes may be useful for
drug delivery to cancer cells [112].

Later, in a study conducted by Emamzadeh et al., they
reported a thermoresponsive polymer-coated liposome
nanocarrier that is capable to cocarry two potent anti-
cancer drugs and release them via a thermally triggered
mechanism. A synthetic polymer ([poly(diethylene glycol)
methacrylate-co-poly(oligoethylene glycol) methacrylate]-
b-poly(2-ethylhexyl) methacrylate) was synthesized by
reversible addition—fragmentation chain transfer (RAFT)
polymerization and was used as a thermoresponsive poly-
mer coating shell on thermosensitive liposome carriers.
The formulations were tested in vitro against two pancre-
atic cancer cell lines, MiaPaCa-2 and BxPC-3, and their
cytotoxic potency was studied with respect to their targeted
release properties as well as their biological interactions
with cellular organelles. The polymer-modified liposomes
(PMTLs) could cocarry and release GEM and cisplatin
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(Cis) in a thermally controlled rate and were also found
to exhibit specific hydrophobic interactions with the cell
membranes above the temperature transition of the formu-
lations. In addition, the nanocarriers were found to induce
more than 10-fold improvement of the ICs, of both drugs,
either as monotherapies or in combination, in both cell lines
tested, in a temperature-dependent manner [113].

GEMdelivery to pancreatic ductal adenocarcinoma
is limited by poor pharmacokinetics , dense fibro-
sis and hypo-vascularization. Activatable liposomes ,
with drug release resulting from local heating, enhance
serum stability and circulation, and the released drug
retains the ability to diffuse within the tumour. A limi-
tation of liposomal GEM has been the low loading effi-
ciency. To address this limitation, Tucci et al. used the
superior solubilizing potential of copper (II) gluconate
to form a complex with GEM at copper:GEM (1:4).
Cryo transmission electron microscopy confirmed the
presence of a liquid crystalline GEM-copper mixture.
The optimized GEM liposomes released 60% and 80%
of the GEM within 1 and 5 min, respectively, at 42°C.
Liposomal encapsulation resulted in a circulation half-
life of ~2 h in vivo (compared to reported circulation
of 16 min for free GEM in mice), and free drug was
not detected within the plasma. The resulting GEM
liposomes were efficacious against both murine breast
cancer and pancreatic cancer in vitro. Three repeated
treatments of activatable GEM liposomes plus ultra-
sound hyperthermia regressed or eliminated tumours
in the neu deletion model of murine breast cancer with
limited toxicity, enhancing survival when compared to
treatment with GEM alone. With 5% of the free GEM
dose (5 rather than 100 mg/kg), tumour growth was
suppressed to the same degree as GEM. Additionally,
in a more aggressive tumour model of murine pan-
creatic cancer , liposomal GEM combined with local
hyperthermia induced cell death and regions of apop-
tosis and necrosis [114].

Liposomal GEM has also been investigated in
conjunction with gene therapy. Wang and colleagues
[109] reported on the co-encapsulation of GEM and
anti-KRAS small interfering RNA (siRNA) in apoli-
poprotein E3-based liposomes. The combination of
the siRNA, which downregulated the expression of
the KRAS oncogene by the endogenous mechanism
of RNA interference (RNAi), and GEM improved
pancreatic cancer cell apoptosis when compared with
single-agent treatment [115].
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As an alternative to conventional drug loading,
GEM conjugate was combined with cholesterol and
phospholipids to form liposomes. The liposome inhib-
ited tumour growth to a greater extent than free GEM
at less than 6 % of the normal dose, without systemic
toxicity in a mouse model of pancreatic cancer [116].

GEM-based niosomes in cancer therapeutics

Niosomes are formed in an aqueous phase by the self-
association of cholesterol and non-ionic surfactants.
These nanostructures can be optimized for drug delivery
by varying their composition, size, number of lamellae
and surface charge. Due to their biocompatibility, lack
of immunogenicity, high degree of stability and lengthy
shelf life, they have become popular for use in medicine
[117]. In a study reported by Seleci et al., niosomes
loaded with GEM were prepared with cholesterol,
Span 60 and D--tocopheryl polyethylene glycol 1000
to improve in vitro efficacy in pancreatic cancer cells
[118]. In another study, Saimi and colleagues developed
an aerosolized GEM and cisplatin co-loaded niosome to
treat lung cancer. The developed niosomes demonstrated
controlled drug release for both drugs for up to 24 h and
were found to be safe with growth inhibitory effects in
non-small cell lung cancer [119].

GEM-based solid lipid nanoparticles in cancer
therapeutics

Solid lipid nanoparticles (SLNPs) are created by com-
bining lipids that remain solid at physiological tempera-
tures with emulsifiers. SLNPs are biocompatible and
biodegradable, can protect the encapsulated drug from
harsh conditions and have emerged as viable drug car-
rier alternatives to liposomes. As a drug delivery system,
solid lipid nanoparticles (SLN) hold great promise for
improving the therapeutic effectiveness and safety pro-
file of conventional cancer chemotherapeutic agents. A
number of SLNs or SLN-based nano-delivery systems
have also been developed and studied for the delivery of
cytotoxic drugs. SLNs are nano-sized particles (100-700
nm) that can diffuse out of blood vessels and accumu-
late within tumours. In fact, compelling evidence has
recently been provided to support the view that nano-
carriers (such as SLNs, polymeric nanoparticles) can be
used to improve chemotherapeutic drug delivery to the
tumour site in human studies [120-122].
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Lung cancer is one of the leading causes of mor-
tality worldwide. A significant proportion of patients
with this disease have lymph node metastasis. In a
study conducted by Wauthoz et al., they investigated
the use of lipid nanocapsules, loaded with the lipo-
philic prodrug GEM for targeting tumours in lymph
nodes after subcutaneous injection. The delivery
method was shown to be effective in controlling
tumour progression and may be useful in future clini-
cal use [123]. Nandini and co-workers used a dou-
ble emulsification technique to prepare GEM-loaded
SLNPs from stearic acid, soy lecithin and sodium tau-
rocholate. The SLNPs showed controlled drug release
and increased cellular uptake in several organs com-
pared with the free drug [124]. Soni and co-workers
attached mannose to the surface of GEM-loaded
SLNPs to target the mannose receptor on lung mac-
rophages [125]. Wang and co-workers investigated
the possibility of oral administration in mice with pre-
established lung tumours. SLNPs loaded with a lipo-
philic amide prodrug of GEM, 4-(N)-stearoyl GEM,
significantly inhibited tumour cell growth and angio-
genesis, induced apoptosis and extended survival
time [126]. Lysosomes are reportedly beneficial for
the attenuation of GEM resistance by stearoyl GEM-
SLNPs. It was put forward that the SLNP enters the
cell via clathrin-mediated endocytosis and is fated
for the lysosome where degradation of the SLNP
allows for the release of the GEM conjugate and its
hydrolysis to free GEM, and this is subsequently
exported to the cytoplasm by nucleoside transporters
[127]. Affram and colleagues evaluated the cytotoxic
effects on patient-driven primary pancreatic cancer
cell lines 48 (PPCL-46) and MiaPaCa-2 (GEM-SLN).
With the aid of the cold-homogenization process, a
number of SLN formulations containing polysorbate

80, poloxamer 188, glyceryl monostearate (GMS)
and other 50 surfactants were created. The particle
size and load distribution, trap efficiency and load-
ing capacity were investigated for GEM-SLN [128].
Table 5 presents recent examples of research studies
on lipid-based systems for the release of GEM.

Clinical status of GEM-based nanotherapeutics

Numerous GEM-based nanotherapeutics are either
in clinical use or currently undergoing clinical tri-
als. Polymeric nanoparticles, polymer micelles,
liposomes, metal nanoparticles, nanogels, nanocrys-
tals, dendrimers, carbon nanotubes and hybrid nano-
particles are currently being developed and used
extensively in various pre-clinical studies to reverse
cancer drug resistance. Some examples are listed
below:

e Gemzar

Gemzar® is a hydrochloride salt of GEM produced
by Eli Lilly that is widely used against pancreatic cancer
as a single therapeutic agent as well as in combination
with many other anticancer agents. Gemzar is available
as intravenous injection. Gemzar®, in combination with
another chemotherapeutic agent, cisplatin, was approved
by the Food and Drug Administration in 1996 for the
treatment of inoperable stage III or IV non-small cell
lung cancer. It has since been applied to the treatment
of a wide range of solid tumours, usually in combination
with other drugs. Currently, GEM is introduced intrave-
nously in 3 or 4-week cycles. It is approved by the FDA
to treat advanced ovarian cancer in combination with
carboplatin , metastatic breast cancer in combination

Table 5 Gemcitabine hydrochloride-based solid lipid nanoparticles in cancer therapeutics

S. no. Nanocarrier Cancer type Anticancer activity Year References

1. Folic acid-tagged hybrid particles Breast cancer MDA-MB-231 cells (in vitro) 2022 [129]
(F-SLPHNs)

2. Solid lipid nanoparticle loaded with GEM Ovarian cancer ~ Hsp90 cells (in vitro) 2022 [130]

and oxaliplatin
3. GEM-loaded solid lipid nanoparticle
4-(N)-stearoyl GEM-SLNs

5. GEM-loaded mannosylated solid lipid
nanoparticles (GEM-SLNs)

6. GEM-loaded solid lipid nanoparticles

Lung cancer

Lung cancer

Lung cancer

Pancreatic cancer

PPCL cells and MiaPaCa-2 cells (in vitro) 2019 [128]
TC-1 or LLC lung cancer cells (in vivo) 2017 [131]
A549 cells (in vitro) 2016 [132]

NCI-H522 cells (in vitro) 2012 [133]
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with paclitaxel , non-small cell lung cancer in combi-
nation with cisplatin and pancreatic cancer as mono-
therapy. It is also being investigated in other cancer and
tumour types [22, 23, 25].

Gemzar has a number of side effects, including
pale skin, easy bruising or bleeding, numbness, tin-
gling, weakness, nausea, vomiting, stomach upset,
diarrhoea, constipation, headache, swelling in the
hands, ankles and feet, a skin rash, drowsiness and
hair loss, even though they are not immediately
life-threatening. The primary drawback of Gemzar
administration is the inactive metabolite difluoro-
deoxyuridine that is produced when the liver and
blood’s abundant supply of the enzyme deoxycy-
tidine deaminase is present. Clinical data from 126
patients with significant symptoms of pancreatic
cancer were collected throughout the experiment.
GEM 1000 mg/m? weekly 7, then weekly 3 every 4
weeks after that (for 63 patients), or 5-FU 600 mg/
m? once weekly (for 63 patients) were the two drug
dosages used. The anticipated outcome was to reduce
at least one symptom-related parameter, which might
increase patient survival rates without having any
negative side effects.

e HPMA copolymer-based gemcitabine formulation

Poly(N-(2-hydroxypropyl) methacrylamide)
(PHPMA) is a copolymer that is commonly used in
the formulation of anticancer drugs. The PHPMA for-
mulation extends GEM by utilising enhanced perme-
ability and retention effects that localize the drug at the
tumour site. A-GEM and B-GEM are the two versions
of the PHPMA-GEM formulation that were produced.
B-GEM was created using glycyl-phenyl-alanyl-leucyl-
glycine (GFLG) spacers with the ability to get cleaved
by lysosomal cysteine protease cathepsin, while
A-GEM was created using uncleavable amino hexa-
noic acid spacers. It was suggested that HPMA formu-
lations be used in conjunction with radiation therapy.
In particular, the B-GEM formulation, which out-
performed GEM alone, showed a 100% drug release
within 6 h while radiotherapy was present [27, 29].

o Gemlip
Gemlip is a GEM formulation (hydrogenated egg

phosphatidylcholine/cholesterol) based on liposomes
that contains the same amount of drug on both the
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inside and outside of the liposomal shell. This com-
position allows GEM to be present in a constant por-
tion between the vesicle cores and the aqueous space.
The therapeutic efficacy of this formulation was up to
35 times greater than GEM alone, and the maximum
tolerable dose was lowered from 360 to 6-9 mg/kg. It
also increased the drug’s half-life to 13 h while pro-
tecting it from deamination [134].

e In co-delivery

In co-delivery, Abraxane, comprising of paclitaxel
encapsulated within the albumin nanoparticles, indi-
cated improved paclitaxel water solubility and a 28%
reduction in death risk in metastatic pancreatic can-
cer patients when employed in a combination therapy
with GEM during phase III clinical trials.

In another study, miR-1291 delivery along with
GEM and nab-paclitaxel to pancreatic cancer reported
induced DNA damage, mitotic block, induced apop-
tosis and significant inhibition of tumour cell growth
by upregulating the AT-rich interactive domain-con-
taining protein 3B (ARID3B) gene [135].

Conclusions and future trends

Nanotechnology, as a multidisciplinary and interdis-
ciplinary field, opens up new avenues for patient treat-
ment. The introduction of nanomaterials as nanocarriers
for conventional medications in the context of cancer is
expanding the potential for their use by enhancing their
efficacy and safety. This is the case with GEM, a com-
mon anthracycline used to treat cancer that has been
linked to the occurrence of serious side effects. A few
GEM-based nanotherapeutics are currently in the clini-
cal setting, and others are undergoing various stages of
clinical trials, despite the fact that there is still a long
way to go before a nanotherapeutic is commercially
available Interestingly, these GEM nanotherapeutics
are evolving, not only by exploring the EPR effect to
accumulate and exert their action in the tumour site,
but also by becoming smarter over time and equipping
themselves with new tools that allow them to overcome
physiological barriers, respond to environmental stimuli
and reach specific cells/molecular targets. Research on
GEM-based nanotherapeutics is still going strong, and
the findings are very promising. In this review, only
illustrative examples of the many publications that can
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be found in the literature are presented. Future GEM
delivery techniques are likely to become more sophis-
ticated, with the potential to be applied to other drug
delivery techniques as well.
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