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a b s t r a c t 

Gemcitabine has been extensively applied in treating various solid tumors. Nonetheless, 

the clinical performance of gemcitabine is severely restricted by its unsatisfactory 

pharmacokinetic parameters and easy deactivation mainly because of its rapid 

deamination, deficiencies in deoxycytidine kinase (DCK), and alterations in nucleoside 

transporter. On this account, repeated injections with a high concentration of gemcitabine 

are adopted, leading to severe systemic toxicity to healthy cells. Accordingly, it is highly 

crucial to fabricate efficient gemcitabine delivery systems to obtain improved therapeutic 

efficacy of gemcitabine. A large number of gemcitabine pro-drugs were synthesized by 

chemical modification of gemcitabine to improve its biostability and bioavailability. Besides, 

gemcitabine-loaded nano-drugs were prepared to improve the delivery efficiency. In this 

review article, we introduced different strategies for improving the therapeutic performance 

of gemcitabine by the fabrication of pro-drugs and nano-drugs. We hope this review will 

provide new insight into the rational design of gemcitabine-based delivery strategies for 

enhanced cancer therapy. 

© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Gemcitabine is an S-phase-specific deoxycytidine analog
( Fig. 1 ), which has been applied as the first-line therapy of
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pancreatic cancer approved by the US FDA since 1996 [1] . After
that, FDA approved the clinical applications of gemcitabine
for non-small cell lung cancer, ovarian cancer, and breast
cancer [2] . Gemcitabine exerts its activity against cancer
cells after it is metabolized to gemcitabine triphosphate
rsity. 
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Fig. 1 – Chemical structure of gemcitabine. 
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dFdCTP), which can integrate into DNA as a false nucleoside,
nhibiting DNA replication and inducing DNA damage. In 

etail, the activation process of gemcitabine includes a 
equence of phosphorylations. Gemcitabine is primarily 
hosphorylated to gemcitabine monophosphate (dFdCMP) 
y deoxycytidine kinase (DCK), subsequently turning to 
emcitabine diphosphate (dFdCDP) and dFdCTP by catalysis 
f other pyrimidine kinases ( Fig. 2 ). 

However, many kinds of cancers appear resistant 
o gemcitabine rapidly following initial sensitivity, a 
eature that essentially characterizes this disease [2] .
pecifically, after intravenous injection, gemcitabine can 

e rapidly deaminated to 2 ′ ,2 ′ -difluorodeoxyuridine (dFdU) 
y deoxycytidine deaminase (CDA) present in blood and 

iver and then subjected to a fast renal clearance [3] . As a 
ydrophilic drug, gemcitabine cannot cross cell membranes 
y passive diffusion and thus is actively internalized through 

ucleoside transporters [4] . Resistance can hence come from 

he alterations in the nucleoside transporter. Inside cells,
eficiency in DCK activity is one of the causes of resistance 
ince the first step of gemcitabine phosphorylation is the 
ate-limiting step in the whole process of phosphorylation to 
ctivate pharmacological gemcitabine [5] . Resistance towards 
emcitabine can also derive from deamination of gemcitabine 
nd dFdCMP catalyzed by up-expression of intracellular CDA 

nd deoxycytidylate deaminase (DCTD), respectively. In 

ddition, resistance is associated with dephosphorylations 
atalyzed by intracellular 5 ′ -nucleotidase (5 ′ -NT), which 

ccurs in phosphorylated metabolites of gemcitabine, leading 
o a decreased concentration of activated dFdCTP [ 2 ,5 ]. But 
enerally, up-expression of CDA, deficiencies in DCK, and 

lterations in nucleoside transporter were considered the 
ain reasons for the resistance of gemcitabine [2] . Owing to 

he short plasma half-life ( ∼10 min) and low bioavailability 
f gemcitabine, frequent administration is required, which 

esults in severe myelosuppression, hepatotoxicity, and 

ephrotoxicity but still with poor therapeutic efficacy 
6] . Therefore, it is necessary to develop efficient drug 
elivery strategies to circumvent resistance phenomena of 
emcitabine, ultimately improving the therapeutic efficacy 
nd reducing adverse effects. 
In the field of drug delivery, chemical modification of 
rugs (pro-drug) and drug encapsulation using nanocarriers 

nano-drug) are two interesting research directions. Pro- 
rugs, as drug derivatives, can be metabolized or activated 

n the body to release or generate the active drugs with 

mproved physicochemical, biopharmaceutical and/or 
harmacokinetic properties [ 7 ,8 ]. Chemical modification 

f anticancer drugs has been widely utilized for surmounting 
he disadvantages, such as water insolubility, chemical 
nstability, and high toxicity of the parent drug. For instance,
he camptothecin analog 7-ethyl-10-hydroxy camptothecin 

SN38) was covalently conjugated to 4 arm-PEG, obtaining a 
ydrophilic pro-drug of SN38 to increase its water solubility 
nd stabilize its lactone form [9] . Doxorubicin was modified 

ith phosphorylcholine to increase its accumulation in 

umor tissues and reduce its cardiotoxicity [ 10 ,11 ]. While 
anocarriers not only make anticancer drugs selectively 
ccumulate at tumor sites via the enhanced permeability 
nd retention (EPR) effect, they also enable anticancer drugs 
o enter the cancer cells by endocytosis with improved 

ntracellular drug concentration, ultimately enhancing the 
ioavailability and therapeutic effect. In this review, in 

articular, we introduced the recent advances in gemcitabine 
elivery strategies, including chemical modification of 
emcitabine (pro-drug) to overcome chemical instability 
nd nanocarrier loading (nano-drug) to improve its cellular 
ptake and accumulation in tumor tissues. This well-defined 

emcitabine delivery could maximize therapeutic efficacy 
hile minimizing systemic toxicity. 

. Pro-drug strategies by chemical 
odification of gemcitabine 

 variety of gemcitabine-based pro-drug-related chemical 
odifications was already reported. The modification sites 

f gemcitabine were exclusively based on two functional 
roups (4-NH 2 and 5 ′ -OH, Fig. 1 ). These novel gemcitabine 
ro-drugs will be promising to enhance therapeutic benefit 
s they can (1) guard the amine function and thus block 
eamination, (2) enhance storage stability in cytosolic 
ractions, (3) prolong intracellular release, (4) promote cellular 
ptake, and (5) initiate activation pathway of gemcitabine 

2] . Some typical gemcitabine pro-drugs were summarized 

n Fig. 3 . The gemcitabine pro-drugs can be classified into 

hree types: ester-type gemcitabine pro-drugs, amide- 
ype gemcitabine pro-drugs, and phosphoramidate-type 
emcitabine pro-drugs. The ester-type (5 ′ -OH modification) 
nd amide-type (4-NH 2 modification) gemcitabine pro-drugs 
an inhibit deamination and improve stability in vivo . The 
hosphoramidate-type (5 ′ -OH modification) gemcitabine 
ro-drugs can be directly metabolized to monophosphate 
emcitabine in the absence of DCK. Since the formation 

f monophosphate gemcitabine is the rate-limiting step 

or the whole process of phosphorylation to activate 
harmacological gemcitabine and deficiency in DCK activity is 
ne of the reasons for drug resistance, phosphoramidate-type 
emcitabine pro-drugs can not only improve in vivo stability 
ut also be very beneficial to overcome drug resistance. 
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Fig. 2 – Intracellular phosphorylation and metabolic pathways of gemcitabine. Red arrow: mechanisms of action, purple 
pentacle: main cause of resistance.(CNTs, concentrative nucleoside transporters; NMK, nucleoside monophosphate kinase; 
NDK, nucleoside diphosphate kinase; dFdUMP, 2 ′ -deoxy-2 ′ ,2 ′ -difluorouridine monophosphate). 

Fig. 3 – Gemcitabine pro-drugs and the mass fraction of gemcitabine in the pro-drugs. Chemical modification at 4-NH 2 sites: 
(A) PEG-gemcitabine (5.0 wt%), (B) folate-PEG-gemcitabine (4.8 wt%), (C) squalenoyl-gemcitabine (40.8 wt%), (D) LY2334737 
(67.6 wt%), (E) 4-( N )-acyl-gemcitabine (82.4 wt%); 5 ′ -OH sites: (F) CP-4126 (49.9 wt%), (G) NEO6002 (23.7 wt%), (H) 
5 ′ -(2 ′ -deoxy-2 ′ ,2 ′ -difluorocytidyl) 5-nitrofurfuryl N-methyl-N-(4-chlorobutyl) phosphoramidate (47.2 wt%), (I) NUC-1031 (45.3 
wt%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Poly (ethylene glycol) (PEG), identified as generally
recognized as safe (GRAS) by the FDA, is extensively
employed to modify therapeutic molecules. This modification
approach, also called PEGylation, can decrease clearance
by macrophages in the reticuloendothelial system (RES),
decrease kidney clearance, reduce metabolic degradation
by enzymes, prolong blood circulation time as well as
decrease immunogenicity, and consequently, ameliorate
the pharmacokinetic and pharmacodynamic effects of
therapeutics [ 12 ,13 ]. Accordingly, PEGylated gemcitabine,
PEG-gemcitabine ( Fig. 3 A) was synthesized by linking the
N-hydroxy succinimide derivative of PEG to 4-NH 2 of
gemcitabine via an amide bond [14] . After intravenous
injection, the amidic-linkage in gemcitabine pro-drug
would be catalytically degraded by overexpressed lysosomal
cathepsin B, leading to the release of parent gemcitabine.
The bioavailability of PEG-gemcitabine increased to 1.7,
21, 37 times compared to free gemcitabine at 0.5, 1, 6 h,
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espectively. Due to the enhanced permeation and prolonged 

ocalization, PEG-gemcitabine demonstrated remarkably 
igher antiproliferative and apoptosis-inducing activity 
ompared to the parent gemcitabine in human pancreatic 
ancer cell (PANC-1) and human pancreatic cancer cell (MIA 

aCa-2). Targeting ligand folic acid was then introduced to 
EG-gemcitabine to enhance the cytotoxicity and selectivity 
f gemcitabine ( Fig. 3 B) [15] . As is known, overexpression of 
olate receptor on plentiful tumor cells surface is related to 
dvanced disease stage and negative prognostic factor and 

t is regarded as a potential target for various therapeutics 
 16 ,17 ]. The pharmacokinetic studies demonstrated the folic 
cid targeting approach increased to ∼3 times the affinity to 
he folate receptor overexpressed cell. Cell viability assays 
evealed that targeted PEG-gemcitabine conjugating with 

olic acid showed higher cytotoxicity and selectivity than 

he non-targeted ones against human nasopharyngeal 
pidermal cancer cell (KB-3-1) overexpressing folate 
eceptors. Meanwhile, these targeted conjugates showed 

ecreased cytotoxicity in human colon adenocarcinoma 
ell (HT-29) without overexpression of folate receptors since 
eceptor-mediated endocytosis is of requirement towards cell 
enetration [15] . 

Additionally, covalently coupling 1,1’2-tris-nor-squalenoic 
cid at 4-NH 2 of gemcitabine ( Fig. 3 C) is an efficient way 
o improve the pharmacological activity of gemcitabine 
hrough gemcitabine squalenoylation. Squalene, a natural 
riterpene with significant dietary benefits, biocompatibility,
nertness, etc., has been utilized to construct squalene-drug 
onjugates [ 18 ,19 ]. It is worthy to note that squalene is 
eported to contribute to cancer therapy directly or indirectly 
espite the inhibition effect on the tumor is low [ 18 ,20 ].
 study using squalenoylation strategy to overcome the 
hemoresistance and rapid inactivation of gemcitabine on 

ancreatic cancer models was performed. Cell viability and 

poptosis assay proved that squalenoylation significantly 
nhanced gemcitabine cytotoxicity and antiproliferation 

o sensitive human pancreatic cancer cell (BxPc-3), human 

ancreatic cancer cell (Capan-1), and particularly on chemo- 
esistant PANC-1 cells as a result of more efficient inhibition 

f DNA synthesis, higher S -phase accumulation, and more 
arked apoptotic induction. Subcutaneous tumor models 

PANC-1 and Capan-1) and orthotopic tumors (PANC-1) were 
dopted to investigate in vivo antitumor effect. Compared to 
emcitabine, squalene-gemcitabine showed higher antitumor 
fficacy, attenuated cellular invasion, and extended survival 
uration in both pancreatic tumor models [21] . Additionally,
he distribution of the gemcitabine pro-drug is largely 
ffected by the modified molecule. Since squalene can be 
ell absorbed orally, it could be used for enhancing the oral 
elivery efficiency of gemcitabine. Parent gemcitabine was 
ound to achieve fast absorption and rapid clearance from the 
lasma after oral administration. But squalene-gemcitabine 
howed slower absorption and progressive accumulation 

n tissues. Thus, squalene-gemcitabine exerted strikingly 
nhanced accumulation in the stomach and intestinal 
issues. Yet its accumulation in the organs like liver, spleen,
ung, pancreas, and thymus after 1 h of treatment was similar 
o that of gemcitabine [22] . The mechanisms underlying 
ere to avoid deamination of CDA. Free gemcitabine had 
eak cytotoxicity against murine leukemic cell (RNK-16 
GL) due to its degradation from deamination, whereas 
qualene-gemcitabine could resist deamination, showing 
nhanced cytotoxicity by ∼83-fold. Besides, squalene- 
emcitabine displayed higher intracellular accumulation 

nd retention in comparison to free gemcitabine since its 
ellular access was not affected. After oral administration,
qualene-gemcitabine, different from free gemcitabine,
ad much shower absorptions but displayed enhanced 

harmacokinetics and tissue distribution profiles, especially 
n the major metastasis organs, namely lymphoid organs [23] .

On the basis of exclusively frequent intravenous 
dministration in clinical, oral administration of gemcitabine 
s more likely to improve the therapeutic efficacy further.
owever, extensive and rapid first-pass metabolism by CDA 

o dFdU results in low systemic exposure of gemcitabine 
ith gastrointestinal toxicity. As described earlier, squalene- 

emcitabine pro-drug could be a potential candidate for oral 
dministration. Consequently, an oral gemcitabine pro-drug 
LY2334737, Fig. 3 D) was designed accordingly. LY2334737 was 
btained by covalently conjugating valproic acid to 4-NH 2 

f gemcitabine, enabling it to block the site of deamination,
hus preventing the first-pass metabolism which happened in 

ree gemcitabine [2] . Orally administered LY2334737 could be 
lowly hydrolyzed to parent gemcitabine by highly expressed 

arboxylesterase 2 (CES2) in the liver and gastrointestinal 
ract. In cancer cells, CES2 could also metabolize intracellular 
Y2334737 to gemcitabine with a guarantee of sensitivity 
o LY2334737. The tumors expressed CES2 might respond 

o the oral metronomic dosage of LY2334737 because of 
ts systemic and intracellular generated gemcitabine, thus 
urther improving therapeutic efficacy. However, further 
tudies of LY2334737 were suspended because of its hepatic 
oxicities observed in patients in Phase I trials [24] . 

The 5 ′ -OH of gemcitabine is another important reaction 

ite to synthesize gemcitabine pro-drugs. The fatty acid,
laidic-acid, was esterified to the 5 ′ -OH group of gemcitabine 
o make it less hydrophilic. This gemcitabine derivative, CP- 
126 ( Fig. 3 F), could be converted to the parent gemcitabine 
n the presence of esterases, followed by phosphorylation 

25] . The CEM cells and its dCK- variant exhibited a 
imilar conversion rate of nearly 40% from CP-4126 to 
emcitabine. Moreover, their uptake and retention of CP-4126 
ere not affected by equilibrative nucleoside transporters 

ENT)-inhibitor dipyridamole. CP-4126 was mainly distributed 

n membrane and cytosol, resulting in long retention.
n the contrary, the cells exposed to free gemcitabine 
resented increased intracellular drug concentration and 

apidly reduced to be undetectable. In the deoxycytidine- 
inase deficient (dCK)-cells, no metabolism of gemcitabine 
ould be observed. The concentration of dFdCTP arrived at 
 peak after incubating with the drug and then reduced 

ramatically after removing the drug. However, if exposed 

o CP-4126, dFdCTP levels continued to increase till 120 min 

fter removal of CP-4126. Additionally, the level of dFdCTP was 
uch higher than that of the free gemcitabine [26] . 
Apart from elaidic acid, a lipid named cardiolipin 

as grafted towards 5 ′ -OH of gemcitabine through a 
uccinate linker. Cardiolipin, as the hallmark phospholipid 

f mitochondrial, is involved in sophisticated cell signals,
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including mitophagy, apoptosis, and innate and adaptive
immunity [27] . This gemcitabine-cardiolipin called NEO6002
( Fig. 3 G) was first synthesized by NeoPharm [28] . The release
of gemcitabine from NEO6002 in vivo could be implemented
by hydrolysis of the succinate ester function. NeoPharm’s
sulforhodamine B assay on NEO6002 demonstrated dose-
dependent cytotoxicity against a series of cancer cells,
including human non-small cell lung cancer cell (A549),
BxPC-3, HT-29, human breast cancer cell (MX-1), human
acute lymphatic leukemia cell (CCRF-CEM), and murine
leukemia cell (P388). Moreover, NEO6002 was testified to enter
the cells through a nucleoside transporter-independent
route, which could potentially overcome nucleoside
transporter-independent-induced gemcitabine resistance.
The therapeutic efficiency of NEO6002 was quite encouraging.
The median survival rate of CD2F1 mice bearing P338 cells
receiving treatment of 27 μmol/kg NEO6002 rose to 73%,
while all the mice receiving gemcitabine died under the
same condition because of the gemcitabine toxicity. At a
dosage of 18 μmol/kg, NEO6002 could effectively inhibit
tumor growth with 52% tumor inhibition, while gemcitabine
merely achieved 32% tumor inhibition. It was suggested
that NEO6002 could be a potential candidate with improved
tolerability for treating nucleoside transporter-deficient and
gemcitabine-resistant tumors [29] . 

As mentioned earlier, the rate of the whole process of
phosphorylation that metabolizes gemcitabine to dFdCTP is
determined by that of primary phosphorylation. Therefore,
to bypass the primary phosphorylation of gemcitabine,
strategies of chemical modification of gemcitabine by linking
a phosphate function protecting group for selective release
of the phosphorylated gemcitabine have been studied
extensively [30] . Accordingly, a gemcitabine phosphoramidate
pro-drug was developed for the delivery of gemcitabine-
monophospate ( Fig. 3 H). Although the synthesized pro-
drug showed lower activity than gemcitabine in wild-
type cells, it exhibited much higher cytotoxicity than
parent gemcitabine in the dCK variants and kept the
cytotoxicity even with transport inhibitors. Therefore, DCK
and nucleoside transporters were not the prerequisite for
pro-drug activity, which suggested that the designed pro-
drug can overcome dCK deficiency-induced chemoresistance
[31] . Similarly, it was capable of obstructing the key cancer
resistance mechanisms by modifying gemcitabine with
phosphoramidate. A gemcitabine phosphoramidate pro-drug,
NUC-1031 ( Fig. 3 I), was developed accordingly through
“ProTide” technology [32] . NUC-1031 revealed a better (2-4-
fold increase) biological activity against MIA PaCa-2 cells
and BxPC-3 cells than gemcitabine. Furthermore, NUC-1031
achieved a much more tumor volume reduction in MIA
PaCa-2 xenograft models. NUC-1031 has verified clear clinical
activity signs to various patients with advanced and rapidly
progressing diseases, and relevant phase III trials were
underway [ 33 ,34 ]. 

In addition, antibody-drug conjugates serve as a classical
strategy for establishing a gemcitabine pro-drug with the
targeting ability to increase potency while simultaneously
reduce the dose-limited sequela of gemcitabine. Gemcitabine-
(5 ′ -phosphoramidate)-[anti-IGF-1R] was obtained by
grafting monoclonal anti-IGF-1R immunoglobulin towards
gemcitabine-(5 ′ -phosphorylimidazolide), which was the
first report about covalent gemcitabine-monophosphate
immune-chemo therapeutic. The gemcitabine molar
incorporation index for the target gemcitabine pro-drug
was calculated as 2.67:1. The cytotoxicity of the pro-drug
against pulmonary adenocarcinoma (A549) measured by
MTT assay increased dramatically when the concentration
increased [35] . Furthermore, gemcitabine was coupled with
therapeutic monoclonal antibodies trastuzumab with potent
toxins through acid-labile silyl ether linkers for targeting
cancer cells and controlled drug release [36] . 

Different from extensively investigated anticancer drugs
such as doxorubicin, gemcitabine is essentially non-
fluorescent. As a result, it is difficult to track the drug
delivery or release process. Multifunctional gemcitabine
pro-drugs with diagnosis and therapy were hence developed
[ 17 ,37–39 ]. A novel theranostic pro-drug, the gemcitabine-
coumarin-biotin conjugate, was reported, and its cytotoxicity
and intracellular imaging function were studied. Upon
adding glutathione (GSH) to the gemcitabine-coumarin-
biotin conjugate, the disulfide bond was cleaved with the
release of parent gemcitabine and simultaneous fluorescence
enhancement, which provided a new and potent strategy for
tumor drug delivery and intracellular imaging [37] . Yet, the
traditional fluorescent dyes, coumarin as mentioned earlier,
for example, suffered from aggregation-caused quenching,
which led to decreased signal-to-noise ratio for biosensing
and bioimaging [ 40 ,41 ]. Alternatively, a novel category of
fluorescent probes with aggregation-induced emission (AIE)
characteristics was developed [42–44] . These AIE-based
probes present relatively low fluorescent intensity in the
molecularly dissolved condition while exhibited very strong
fluorescence when the probes were in the aggregated state
[ 45 ,46 ]. Given the unique AIE behavior, it provided a powerful
strategy to establish fluorescence light-up probe-based AIE
molecules, which were especially crucial for monitoring
intracellular biological processes and tracking numerous
diseases. Recently, we developed a theranostic pro-drug for
targeted delivery of gemcitabine and in situ evaluation of
the therapeutic efficacy ( Fig. 4 ) [38] . This pro-drug entered
the BxPC-3 cells by αv β3 integrin-mediated endocytosis,
followed by simultaneously releasing gemcitabine and the
cell apoptotic probe because of the cleavage of cathepsin
B-sensitive GFLG sequence. The released gemcitabine caused
apoptosis, which induced the activation of the intracellular
caspase-3. The activated caspase-3 was a specific enzyme
to cut off the DEVD peptide sequence as the cell apoptotic
probe, and the strong fluorescence of TPE could be observed
for evaluating its therapeutic effects. This gemcitabine
pro-drug-based theranostic system activated by cascade
enzymatic reaction could be utilized as a versatile platform
for simultaneously eliminating cancer cells and real-time
monitoring the therapeutic responses. 

3. Nano-drug strategies using nanocarriers 

Nanocarrier-based gemcitabine delivery systems are able
to enhance the bioavailability of gemcitabine since they
can selectively accumulate in tumor sites by the EPR
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Fig. 4 – The targeted gemcitabine pro-drug was designed as an AIE-based intracellular light-up apoptotic probe for 
simultaneous eliminating cancer cells and real-time monitoring the therapeutic responses. Reprinted with permission from 

[38] , Copyright 2017 Royal Society of Chemistry. 
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ffect [47–49] . Besides, they can carry gemcitabine into the 
ancer cells by endocytosis rather than through nucleoside 
ransports that are few in drug-resistant cells. This refined 

emcitabine delivery could maximize therapeutic benefits 
hile minimizing side effects. 

.1. Gemcitabine-loaded liposomes 

iposomes consist of phospholipids, which orientate 
hemselves in spheres of lipid bilayers with an aqueous core 
n an aqueous buffer [ 50 ,51 ]. They can load both lipophilic 
nd hydrophilic drugs in their lipid bilayers and inner core,
espectively, which are considered universal drug delivery 
ystems [52–55] . Gemcitabine-loaded liposomes possess 
reat potential in clinical applications since they can prevent 
emcitabine from CDA degradation in plasma. Moreover,
hey can selectively accumulate in tumor sites with reduced 

istribution in normal tissues. Therefore, liposomes enable 
n increased gemcitabine concentration in tumor tissues 
ith a decrease in non-specific systemic toxicity. 

Gemcitabine, a hydrophilic drug, or its lipophilic formation 

an be entrapped into the aqueous inner core or the lipid 

ilayers, respectively [56–58] . The lipophilic gemcitabine can 

e obtained by linking different alkyl chains ( Fig. 3 E) to 
-NH 2 of gemcitabine as mentioned above [59] . Compared 

o the hydrophilic gemcitabine that is packed in the 
queous inner core of liposomes, a pro-drug formation,
ipophilic gemcitabine could achieve a higher biostability 
n the lipid bilayers. This increased biological character 
an avoid gemcitabine deactivation by CDA, and therefore,
harmacological activity and antitumor efficacy are greatly 
nhanced. Furthermore, the lipophilic gemcitabine spread 

hrough the bilayer more rapidly than its hydrophilic form 

ince lipophilic gemcitabine can be retained within the lipid 

ilayer [60] . 
One of the major limitations of liposomes is their relatively 

hort circulation time and low physiological stability in vivo .
o overcome these drawbacks, PEG is utilized for coating the 
urface of the liposomes. These PEGylated liposomes are 
lso called stealth liposomes. Accordingly, a stealth liposome 
ormulation, GemPo, was reported [61] . By encapsulating 
emcitabine with sterically stabilized liposomes made 
p of 2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

(polyethylene glycol)-2000] (DSPE-PEG2000), cholesterol, and 

hosphatidylcholine (1:5:10 mass ratio), GemPo was more 
ffective in inhibiting cell proliferation both in sensitive 
urine breast cancer cell (4T1) and recalcitrant human breast 

ancer cell (MDA-MB-231) than free gemcitabine. Meanwhile,
emPo was found to have the ability to significantly 

everse the “promigratory” which occurred in gemcitabine- 
esistant cells. GemPo was further demonstrated to have 
uperior antitumor activity and increased mice survival in 

ice bearing 4T1. Its antitumor effect was close to that 
f gemcitabine/paclitaxel combination, whereas GemPo 
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decreased systemic toxicity, highlighting its clinical potential
[61] . Furthermore, PEGylated liposomes that consisted of
DSPE-PEG2000, cholesterol, and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (1:2:2 molar ratio) were applied to load
hydrophobic coordination nanoparticle that co-loading
gemcitabine monophosphate and oxaliplatin (NCP-1) for
pancreatic cancer management. The synergistic effect of
gemcitabine monophosphate and oxaliplatin against AsPc-1
cells and BxPc-3 cells was verified, and NCP-1 obtained much
better therapeutic effects in vivo than monotherapy NCPs or
the combination of free drugs [62] . 

Another formulation of PEGylated liposomes is L-GEM,
which is composed of DSPE-PEG 2000, cholesterol, and
1,2-dipalmitoyl-sn-glycero-3-phospocho monohydrate (DPPC)
(1:3:6 molar ratio) and prepared by the pH remote loading
method with high and stable loading of gemcitabine in
the aqueous core [63] . A similar lipid form of doxorubicin,
Doxil®, has been approved by FDA [64] . The L-GEM revealed
cell proliferation inhibition of human anaplastic thyroid
carcinoma cell (ARO) after only 12 h by inducing apoptotic
pathways. In comparison, the free gemcitabine showed
reduced cell viability up to 72 h. The L-GEM achieved the
same cell proliferation inhibition with a concentration 100
times lower than free gemcitabine, which was ascribed
to a more effective gemcitabine uptake [65] . To further
investigate the antitumor effect of L-GEM, immunodeficient
nonobese diabetic/severe combined immunodeficiency (NOD-
SCID) mice bearing ARO xenograft were adopted. Interestingly,
after 4 weeks’ therapy, L-GEM (5 mg/kg) showed similar
antitumor effects with 50 mg/kg of free gemcitabine, which
meant the same antitumor effect could be obtained by
using 10 times lower concentration of gemcitabine in the
liposomal formulation. This fact was of great importance
since the lower drug dose used in L-GEM could reduce the side
effects of gemcitabine, particularly hematological toxicity,
while simultaneously retaining its antitumor efficacy [63] . 

Pancreatic cancer has rich stroma, and this abundant
and dense desmoplastic stroma could hamper the
delivery and penetration of gemcitabine into lesions
[ 66 ,67 ]. A strategy of stromal depletion, combined with
gemcitabine-loaded liposome therapy, was thus developed.
The liposomes that loaded nitric oxide (NO) donor S-
nitroso-N-acetylpenicillamine (SNAP) (Lip-SNAP) were
first administrated to inhibit the stroma production in
pancreatic cancer, followed by treatment of gemcitabine-
loaded liposomes, Lip-GEM. Lip-GEM could be penetrated
into the tumor more effectively owing to the stromal
depletion by the pre-treatment of NO and hence critically
improved the gemcitabine delivery efficiency, exerting
enhanced therapeutic efficacy of gemcitabine to a
greater extent [68] . Furthermore, taking advantage of the
pathological microenvironment of overexpressed matrix
metalloproteinase-2 (MMP-2), the pirfenidone-loaded MMP-2
responsive peptide-hybrid liposome could specifically release
pirfenidone and down-regulate the stroma production at
the pancreatic tumor site ( Fig. 5 ). A significantly increased
penetration and therapeutic efficacy of gemcitabine for
pancreatic cancer therapy were achieved [69] . These nano-
drugs that can achieve synergistic therapy, especially possess
the functions of destroying dense stroma and killing cancer
cells, are preferred means for pancreatic cancer treatment. 

For the sake of enhancing site-specific delivery of
gemcitabine-loaded liposomes, an active targeting strategy
was adopted by decorating their surface with targeting
ligands like antibodies (CD133, epidermal growth factor-EGF),
or hyaluronic acid (HA) [70] . Overexpression of EGF receptor
(EGFR), which is 10-1000-fold higher than it in normal
cells, is related to advanced cancer and poor prognosis,
and EGFR is a substantiated target for cancer treatment
[71] . The EGF-conjugated stearoyl gemcitabine (GemC18)
nanoparticles (GemC18-NPs) had more than a 2-fold increased
accumulation of GemC18-NPs in EGFR overexpressing human
breast cancer cell (MDA-MB-468) tumor-bearing mice than
the untargeted GemC18-NPs. Meanwhile, EGF-conjugated
GemC18-NPs showed higher antitumor activity against
EGFR overexpressing MDA-MB-468 tumor-bearing mice than
untargeted GemC18-NPs, which could be ascribed to the more
antiproliferative, antiangiogenic, and proapoptotic functions
of EGF-conjugated GemC18-NPs [72] . As is known, HA has
been extensively utilized for drug delivery in consequence
of its biocompatibility, biodegradability, non-toxicity, and
non-immunogenicity. Furthermore, HA can effectively bind
to CD44 receptor overexpressed cancer cells [ 73 ,74 ]. HA-
liposomes loading lipophilic gemcitabine pro-drugs were
demonstrated to be taken up into the CD44-expressing that
MIA PaCa-2 cells through lipid raft-mediated endocytosis. In
vivo results verified MIA PaCa-2 tumors upon treatment with
all the liposome formulations containing gemcitabine grew
significantly slower than those with the treatment of free
gemcitabine. Among all the liposome formulations, the 12
kDa HA-liposomes were the most efficient, while the 4.8 kDa
HA-liposomes and non-conjugated liposomes showed similar
activity [70] . 

3.2. Polymeric nanoparticles 

Polymeric nanoparticles we discuss here mainly refer
to dendrimer, chitosan, albumin, which themselves are
nanoscopic and thus can be used as drug carriers directly.
As a result of narrowly distributed and nanoscopic structure,
these polymeric nanoparticles can attain improved delivery
efficiency and enhanced therapeutic efficiency of gemcitabine
[75–78] . 

Dendrimers have unique three-dimensional spherical
polymer structures with many attractive features including
nanoscale size, narrow polydispersity index, excellent
molecular structure control, easy functionalization, and
hydrophobic cavities for drug loading [ 79 ,80 ]. Dendrimers
can be used for the encapsulation of gemcitabine. As an
example, gemcitabine conjugated lysine peptide dendrimer
(Dendrimer-GEM) was synthesized. Dendrimer-GEM was
prepared through conjugating gemcitabine to PEG modified
dendrimer by the GFLG linkage and self-assembled to
nanoparticles with the capability of enzyme-triggered
gemcitabine release. Compared to free gemcitabine,
Dendrimer-GEM significantly improved the anticancer effect
with reduced systemic toxicity, which was attributed to their
high accumulation into tumors ( Fig. 6 ) [81] . 
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Fig. 5 – The designed pirfenidone-loaded MMP-2 responsive peptide-hybrid liposome and its proposed mechanism for 
extracellular matrix down-regulation in pancreatic tumors. Reprinted with permission from [69] , Copyright 2017 American 

Chemical Society. 
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Chitosan is also extensively applied in drug delivery 
ecause of its excellent biocompatibility, relatively low 

oxicity, and excellent biodegradability. Chitosan is the only 
ne exhibiting a cationic character in contrast with all other 
iodegradable polymers. The distinguishing cationic feature 
ased on its primary amino groups is in charge of various 
roperties and its following use in drug delivery systems 

82] . For example, chitosan-based GemChit nanoparticles were 
repared by coacervation. Different from the conventional 
urface adsorption strategy, chitosan nanoparticles were used 

o entrap gemcitabine during the coacervation procedure,
hich led to a higher drug loading efficiency and much 

lower drug release behavior. Such chitosan nanoparticles 
ere very promising for intracellular delivery of gemcitabine.
he therapeutic efficacy of GemChit nanoparticles was proved 

o be superior to that of free gemcitabine for tumor treatments 
83] . Further, anti-human epidermal growth factor receptor- 
 (anti-HER2) was applied for conjugating chitosan-based 

anoparticles in the targeted gemcitabine-delivery systems,
hich resulted in improved therapeutic performance. Specific 

nti-HER2 mediated targeting and enhanced internalization 

f these nanoparticles led to enhanced cytotoxicity of 
emcitabine, thereby enhancing the apoptosis of pancreatic 
ancer cells. 

As the most enriching protein in plasma, albumin 

as superior biocompatibility, non-immunogenicity, and 

rominently long circulating time in blood. It has gained 

ide recognition as a versatile drug carrier. Besides, albumin 

ossesses many hydrophobic cavities and therefore can 

e used as an ideal carrier of numerous small molecule 
herapeutics and diagnostic agents. In addition, due to 
he active -NH2 residues on human serum albumin (HSA),
argeting ligands, imaging probes, as well as drugs, could 
e covalently grafted to HSA by simple chemical reactions 
84] . In consequence of these favorable advantages, HSA is 
onsidered as a versatile drug carrier. Gemcitabine covalently 
inding to HSA was reported to possess 21-fold greater 
ioavailability and 8-fold higher gemcitabine accumulation 

n tumors than free gemcitabine, which exhibited profound 

n vivo antitumor effect [85] . We developed a simple, safe,
mageable, and versatile theranostic nanocomplexes, HSA- 
EM/IR780, by covalently coupling gemcitabine to HSA, and 

hen simply complexed with near-infrared (NIR) dye IR780.
SA-GEM/IR780 was effectively uptaken by BxPC-3 cells.
oreover, compared with free IR780, HSA-GEM/IR780 could 

e effectively accumulated in tumor tissue and exhibited 

ong-term retention capability. Because of the conjugation 

f gemcitabine to HSA, the deactivation of gemcitabine to 
FdU was substantially inhibited while the activation of 
emcitabine to dFdCTP in tumor sites was prominently 
ncreased. Therefore, HSA-GEM exhibited excellent tumor 
nhibition capability and very low side effects [86] . 

.3. Polymeric micelles 

olymeric micelles have nano-sized core-shell structures,
hich are prepared by the self-assembly of amphiphilic 
olymers [87–89] . For gemcitabine polymeric micelles,
emcitabine or its lipophilic pro-drug formulation is 
onjugated to or loaded in polymeric micelles. Consequently,
he drug can be released in a controlled behavior and 

xhibited improved stability in plasma as the gemcitabine is 
n the core or under the protection of hydrophilic segment 
uch as PEG of the micelles, thereby preventing its rapid 

etabolism from CDA and improving its biostability. It 
s noted that the gemcitabine micelles with a narrow 
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Fig. 6 – The preparation of Dendrimer-GEM nanoparticles as well as tumor accumulation and enzyme-responsive drug 
release for improved in vivo antitumor efficacy Reprinted with permission from [81] , Copyright 2017 Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

distribution of nanoscopic size are specifically beneficial
for EPR-involved body disposition. 

Since hydrophilic gemcitabine could not be directly
loaded into polymeric micelles, hydrophobic gemcitabine
derivates are usually utilized to prepare micelles. Lipophilic
gemcitabine pro-drug, GemC18, was incorporated into pH-
sensitive micelles that self-assembled from an amphiphilic
polymer by conjugating stearic acid and PEG using the acid-
responsive hydrazone linkage. GemC18 in the pH-sensitive
micelles showed higher cytotoxicity to murine melanoma cell
(B16-F10) and BxPC-3 cells than in the pH-insensitive micelles
due to the pH-responsive release of GemC18. Moreover,
GemC18 in the pH-sensitive micelles had higher cytotoxicity
than GemC18 solution in consequence of the lysosomal
delivery of GemC18. In B16-F10-bearing mice, GemC18-loaded
pH-responsive micelles exhibited a distinctly more robust
antitumor ability than gemcitabine, GemC18, and GemC18
in the pH-insensitive micelles [90] . Furthermore, more pH-
sensitive micelles were designed and synthesized using the
same PEG and stearic acid derivative but exchanging the
positions of PEG and stearic acid derivative around the
hydrazine bond ( Fig. 7 ). These highly pH-sensitive micelles
could achieve an enhanced pH-responsive release of GemC18.
Consequently, gemcitabine was rapidly activated from the
released GemC18 in the lysosomes, which was vital to
effectively down-regulate ribonucleotide reductase subunit
M1 (RRM1) expression that was associated with gemcitabine
resistance, increase the intracellular concentration of dFdCTP,
and finally kill RRM1-overexpressed cancer cells. This strategy
of lipophilic gemcitabine pro-drug and pH-sensitive micelles
delivery provides a possibility to enhance the anticancer
activity of gemcitabine [91] . 

The dense stroma of pancreatic cancer hampers
drug diffusion and T cell infiltration, resulting in an
immunosuppressive microenvironment. However, the stroma
can prevent the spread of cancer cells by a neighboring
suppression effect. Therefore, it is extremely important to
develop a pancreatic cancer treatment strategy for selectively
destroying the inner but maintaining the outer layer of the
stroma. Taking advantage of the unique microenvironment,
paclitaxel and phosphorylated gemcitabine co-loaded
nanoparticles were developed to destruct the central
stroma while retaining the external stroma through
tumor central stroma target and the microenvironment (pH
differences) stimuli. Moreover, the tumor immunosuppressive
microenvironment was modulated with increased cytotoxic
T cells but decreased T regulatory cells. Combining stroma
targeting with the delivery of stimuli-responsive polymeric
nanoparticles could prevent tumor cell metastasis while
killing cancer cells [92] . 

Gemcitabine could also be conjugated to the polymer
to obtain gemcitabine-polymer conjugate micelle with
extremely high drug loading, enabling gemcitabine to prevent
rapid plasma degradation [93] , prolong cytotoxicity [94] ,
and enhance antitumor efficacy [95] . In a typical example,
gemcitabine and PEG were grafted to comb-like amphiphilic
polymers, which could further self-assemble to obtain
micelles ( Fig. 8 ). These PEGylated polymeric micelles
had effective anticancer activities against A549 cells due
to efficient internalization. In vivo studies using A549
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Fig. 7 – Chemical structures of the three micelles with different pH-responsive release profiles of GemC18 Reprinted with 

permission from [91] , Copyright 2013 Elsevier. 
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umor borne nude mice verified an improved antitumor 
fficiency of gemcitabine-containing micelles compared to 
ree gemcitabine owing to the prevention of rapid plasma 
egradation of gemcitabine [93] . However, the release of 
arent gemcitabine was usually restricted from these 
emcitabine conjugated micelles with an ester bond or 
mide bond. Therefore, we developed reduction-sensitive 
emcitabine pro-drug micelles to solve this problem. The 
iodegradable and reduction-cleavable gemcitabine pro-drug 
icelles could implement a quick release of gemcitabine 

n a reductive tumor microenvironment, but few release of 
emcitabine in the normal physiological environment. These 
eduction-sensitive pro-drug micelles could be effectively 
ptaken by BxPC-3 cells and killed the cancer cells [ 96 ,97 ].
s is known, the biocompatibility and the nature of the 

nteraction between the drug delivery systems and their 
urrounding tissues are rather crucial. Polyamino acid itself 
ad outstanding biocompatibility with low cytotoxicity.
herefore, we further designed and fabricated polyamino 
cid-based micelles with biocompatible, reduction-sensitive,
nd active targeting characteristics for effective delivery of 
emcitabine [98] . 

Mixed polymeric micelles that are obtained by the self- 
ssembly of two or more copolymers enable the concurrent 
ntegration of multiple functions in one system, which 

s very challenging for conventional micelles [99] . DSPE- 
EG and D- α-Tocopheryl polyethylene glycol 1000 succinate 
TPGS) mixed micelles loading GemC18 were reported to 
mprove the pharmacokinetic characteristics of gemcitabine,
hus having a pronouncedly enhanced in vivo antitumor 
bility in BxPC-3 xenograft mice. This augmented delivery of 
icellar GemC18 at a much lower dosage to the tumor by 

PR effect could implement delayed deamination, prolonged 

irculation time, and elevated concentration (3-fold) of 
emcitabine in vivo , thus leading to maximizing therapeutic 
ffect and minimizing debilitating normal tissue toxicity [100] .
ixed micelles make it possible to construct multifunctional 
icelles simply by using several dissimilar copolymers 
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Fig. 8 – Schematic illustration of chemoenzymatic synthesis, self-assembly, and antitumor activity of comb-like random 

copolymer containing gemcitabine and PEG side chains. Reprinted with permission from [93] , Copyright 2016 Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

as Lego building blocks. An EGFR-targeting gemcitabine
polymeric mixed micelle was further developed for pancreatic
cancer treatment. GE11-linked mixed micelles could deliver
gemcitabine to EGFR-expressing pancreatic cancer cells
with high specificity and efficiency, leading to remarkable
inhibition of the growth of orthotopic pancreatic tumors. The
results suggested GE11-linked mixed micelles showed great
promise in delivering gemcitabine to EGFR-expressing cancers
[101] . 

3.4. Inorganic nanoparticles 

Inorganic nanocarriers can be used as nanocarriers
for the delivery of gemcitabine with controlled drug-
release characteristics [102] . At the nanoscale, inorganic
materials as nanocarriers can achieve targeted gemcitabine
delivery to tumor tissues via the EPR effect, resulting in
an improved therapeutic performance with decreased
systemic toxicity. Most importantly, the physicochemical
properties of most inorganic nanoparticles were very
different from their corresponding bulk counterparts due
to their quantum size effects [102] . These size-dependent
optoelectronic properties, which are usually not found
in conventional nanocarriers like liposomes, polymeric
micelles, dendrimers, etc., can be employed in a variety
of biomedical applications, including imaging and therapy.
Moreover, the surface of inorganic nanoparticles can be
easily tailored, which is another important feature of
inorganic nanocarriers. The inorganic nanoparticles are
very promising to load biomolecules such as enzymes,
antibodies by covalent bonds, or noncovalent interactions.
Therefore, multifunctional drug delivery systems can be
easily prepared using inorganic nanoparticles. Moreover,
inorganic nanoparticles with different shapes can be prepared
with shape-dependent optoelectronic characteristics,
which shows great potential in biomedical applications
[ 102 ,103 ]. 

3.4.1. Carbon-based nanoparticles 
The motivations and reasons for using nanocarbons
for gemcitabine delivery are extremely attractive. Many
nanocarbons, including carbon nanotubes (CNTs), carbon
dots (Cdots), nanodiamonds (NDs), and graphene derivatives,
exhibit important innate optical properties such as
fluorescence for imaging and sensing [104–107] . A study
showed hydrophilic multi-walled CNTs (MN-MWNTs) could
be preferentially accumulated at lymph vessels and then
moved to lymph nodes with the guidance of an external
magnetic field. After 24 h of injection, the concentration
of gemcitabine in lymph nodes reached a maximum level.
The concentration of gemcitabine in MN-MWNTs under
magnetic field guidance group was more than 9 μg/g,
while that of gemcitabine group was just 1 μg/g. MN-
MWNTs showed high efficiency of gemcitabine delivery
into the lymphatic system if a magnetic field was used
[108] . Furthermore, triple-functionalized CNTs containing
gemcitabine as the drug, folic acid as the targeting group,
and fluorescein isothiocyanate (FITC) as the bio-probe
were prepared. The gemcitabine covalently grafted onto
CNTs maintained its antitumor activity. CNTs loaded with
gemcitabine entered cancer cells by passive diffusion since
the functionalized nanotubes could be internalized by folic
acid-positive and negative cells [109] . Nitrogen-doped Cdots
(N-Cdots) were synthesized by the hydrothermal method,
followed by conjugating quinic acid and loading gemcitabine
to ultimately obtain multifunctional theranostic agents,
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Fig. 9 – Schematic illustration of the “grafting onto” approach of gemcitabine pro-drug-based polymer-coated NDs. 
Reprinted with permission from [111] , Copyright 2016 Royal Society of Chemistry. 

i  

T
c
fl
[
m
g
s
m
n  

p
b
g
g
i
f
c
r
[

3
S
a  

H

i
p
g
g
a
l
M
t
a
w
i
[
H
c
s
5
i  

M  

a
e
t
p
e
[

.e. quinic acid conjugated, gemcitabine loaded N-Cdots.
hese complexes with high gemcitabine loading had high 

ytotoxicity to human breast cancer cell (MCF-7) and superior 
uorescent performance for in vivo non-invasive imaging 

110] . Additionally, polymer-coated NDs using a “grafting onto”
ethod was developed ( Fig. 9 ). The NDs were found to release 

emcitabine much faster at a lower pH and thus considered 

timuli-sensitive drug delivery agents for pancreatic cancer 
anagement [111] . The NDs could also be gemcitabine 

anocarriers which self-assembled the polyelectrolytes,
olyethyleneimine, and polyacrylic acid on their surface 
y electrostatic forces and then attached enzyme-sensitive 
emcitabine pro-drug [112] . Graphene derivatives, specifically 
raphene oxide (GO) with fucose modification as an 

ntelligently targeted nanocarrier, were also reported 

or packing hydrophilic gemcitabine to achieve high 

harge, controlled release, and targeted delivery to fucose- 
eceptor-overexpressing MDA-MB-231 cells and A549 cells 
113] . 

.4.2. Silica-based nanoparticles 
ilica-based nanoparticles for drug delivery and biomedical 
pplication have been well documented [114–117] .
ydrophilic gemcitabine can not be encapsulated directly 
n mesoporous silica nanoparticles (MSNs), but its lipophilic 
ro-drug formation can. It has been reported that lauroyl- 
emcitabine could be effectively loaded into MSNs to protect 
emcitabine from rapid plasmatic metabolization physically 
nd chemically. However, compared to gemcitabine, MSNs 
oading lauroyl-gemcitabine showed less cytotoxicity to MDA- 

B-231 cells and human ovarian cancer cell (A2780 cells) due 
o the slow and gradual drug release [118] . There is another 
pproach to load gemcitabine: MSNs carry free gemcitabine 
ith bilayer coatings such as HSA and poly(acrylic acid- co - 

taconic acid), lipid [ 119 ,120 ], or supramolecular nanovalves 
121] . The bilayer structure coatings constructed with 

SA and poly (acrylic acid- co -itaconic acid) around MSNs 
ould achieve controlled release of gemcitabine in a pH- 
ensitive manner. The maximum release occurred at pH 

.5 in endosomes, thus obtaining enhanced cytotoxicity 
n murine fibroblasts cell (L929). In a similar approach,

SNs were used to co-delivery gemcitabine and LY364947,
 kind of TGF- β inhibitor [120] . Such co-delivery system 

xhibited inhibition of the tumor stroma, suppression of 
he gemcitabine-inactivating CDA expression, and decreased 

ericytic coverage, thus overcoming stromal resistance and 

nhancing in vivo therapeutic efficacy of pancreatic cancer 
 119 ,120 ]. A multi-drug delivery system, based on MSNs and 
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Fig. 10 – Theranostic nanoparticles with controlled release of gemcitabine for MRI and targeted therapy of pancreatic cancer. 
Reprinted with permission from [125] , Copyright 2013 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

functionalized with acid-sensitive bonds and monoferrocene
modified β-cyclodextrin, was further developed to carry
and programmedly release multiple drugs. Zero premature
release could be achieved in a physiological environment
with two different drug release behaviors. One is to release
encapsulated drugs in the presence of voltage and acidic pH.
The release behavior of gemcitabine (time and dose) can be
easily controlled by an external voltage. The pH-sensitive
release of doxorubicin can be triggered by the cleavage of
ketal groups. Another modality is to release gemcitabine and
doxorubicin directly in acidic pH. The cell viability studies
verified that this multidrug delivery system had significantly
improved cytotoxicity against MCF-7 cells compared to single
doxorubicin- or gemcitabine-loaded MSNs [121] . 

3.4.3. Metal-based nanoparticles 
Metal-based nanoparticles including iron oxide nanoparticles
(IONPs) [122] , gold nanoparticles [123] , and quantum dots
(QDs) [124] have been extensively used in drug delivery
due to the unique physicochemical characteristics. IONPs
is an attractive theranostic nanoplatform with integrated
capacities as a contrast agent in MRI and a drug nanocarrier.
To conquer the physical barrier of tumor stroma, urokinase
plasminogen activator receptor (uPAR) targeted IONPs
were reported for targeted gemcitabine delivery and
controlled intratumoral drug release ( Fig. 10 ). The amino-
terminal fragment (ATF) peptides modified IONPs could
specifically target uPAR-overexpressing pancreatic cancer
cells and stromal cells. Then these theranostic nanoparticles
enabled intracellular release of gemcitabine after cellular
uptake to optimize drug performance, reduced systemic
effects, and provided contrast enhancement in magnetic
resonance imaging (MRI) of tumors. More importantly, the
conjugation of gemcitabine to nanocarriers could protect
gemcitabine from deactivation. Furthermore, the prepared
theranostic nanoparticles could remarkably inhibit the
tumor growth in an orthotopic pancreatic cancer model
after intravenous injection. Taking advantage of IONPs,
the residual tumors after therapy could be detected by
MRI, providing an important way to track drug delivery
and assess the therapeutic performance via MRI [125] .
Recently, we developed gemcitabine-loaded IONPs for
targeted pancreatic cancer therapy via a two-step sequential
delivery approach ( Fig. 11 ). At first, metformin was used to
disrupt the dense tumor stroma. The tumor penetration
of pH(low) insertion peptide (pHLIP) and gemcitabine
co-modified IONPs could then be greatly improved. A
significantly improved therapeutic efficacy was verified
on both subcutaneous and orthotopic tumor models [126] . For
gold nanoparticles, 10 nm biomimetic Au@BSA nanospheres
were developed using BSA (bio-template) and hydrazine
hydrate (reducer). Au@BSA nanospheres were utilized for
the effective delivery of gemcitabine and simultaneous
CT imaging. Moreover, the Au@BSA nanocomposites were
validated to have the potential for CT imaging because of
the prominent X-ray attenuation ability [127] . Based on
CdSe/ZnS QDs, we fabricated dual enzymatic reaction-
assisted gemcitabine nanocarriers for the targeted treatment
of pancreatic cancer. Gemcitabine could be grafted to the
nanocarriers and released in cathepsin B-overexpressing
BxPC-3 cells. Thanks to the dual enzymatic reaction, the
deactivation of gemcitabine to dFdU was significantly
inhibited, whereas the activated dFdCTP in tumor sites
was remarkably increased. Besides, the PEG shell could be
detached when the nanoparticles were exposed to matrix
metalloproteinase-9 (MMP-9) which was overexpressed in
the tumor microenvironment, leading to the exposure of
targeting ligand RGD and thus achieving enhanced cellular
internalization [128] . Therefore, the contradictions between
long circulation time and high cellular internalization of
carriers could be addressed. Drug leakage during circulation
can be avoided with efficient drug release in cancer cells.
Such cascade enzymatic reactions presenting with reduced
gemcitabine deactivation during blood circulation, high
drug accumulation in tumor sites, enhanced cancer cell
internalization, and specific intracellular gemcitabine release,
therefore exhibiting excellent tumor inhibition capability
with minimal adverse effects [129] . 
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Fig. 11 – Schematic illustration of MET-induced stromal depletion for improving the penetration of the nanocarriers and 

cathepsin B-triggered release of gemcitabine loaded by Fe 3 O 4 nanoparticles in the lysosome of PADC cells. Reprinted with 

permission from [126] , Copyright 2020 American Chemical Society. 

4

G
s
i
p
i
f
t
i
w
c
g
s
d
m
o
g
C
t
g
a
p
t  

i
e
s
p
u

g
m
b
d
d
a
d
t
c
e

t
n
d
r
f
b
t
t
o
b
d
w
c
f
d
r
d
t

. Conclusion and future perspective 

emcitabine has been widely used for cancer therapy 
ince the 1990s [130] . Unfortunately, its clinical performance 
s greatly limited by its unsatisfactory pharmacokinetic 
arameters and deactivation after systematic injection. This 

s because of its rapid metabolization into the inactive 
ormation, deficiencies in DCK, and alterations in nucleoside 
ransporter. In consequence, it is inevitable to adopt repeated 

njections with a high concentration of gemcitabine, ending 
ith severe systemic toxicity to healthy cells and limited 

linical improvement. It is imperative to develop new 

emcitabine delivery strategies for efficient therapeutic 
chemes [ 131 ,132 ]. It seemed to be preferred methods by pro- 
rug strategies using a chemical modification to avoid rapid 

etabolization and improve the pharmacokinetic parameters 
f gemcitabine [2] . For instance, modification at 4-NH 2 of 
emcitabine could protect its amine function and thus block 
DA degradation. Besides, phosphorylation modification at 

he 5 ′ -OH of gemcitabine provided numerous monophosphate 
emcitabine, which could bypass the rate-limiting step of 
ctivation—primary phosphorylation. All these gemcitabine 
ro-drugs have improved the antitumor effect by decreasing 
he CDA metabolism, altering the internalization ways,
ncreasing the active monophosphate gemcitabine, thereby 
nhancing cytotoxicity. However, for most pro-drugs, site- 
pecific delivery, efficient hydrolysis and release of the 
arent drug is still a big challenge. Nano-drug strategies 
sing nanovectors loaded with gemcitabine or lipophilic 
h
emcitabine physically and chemically appeared to be a 
ore efficient manner since they could achieve enhanced 

iodistribution profile and tumor-targeting drug delivery 
ue to the EPR effects. More importantly, adjustable co- 
elivery in nanocarriers with other therapeutic agents such 

s siRNA and paclitaxel could implement a synergistic effect 
uring the treatment. However, the improvement in the 
herapeutic efficacy of nano-drug seems to be limited in 

linical, despite a significantly reduced non-specific side 
ffect. 

Due to the lack of standard methods for evaluating 
he safety of biomaterials, the long-term toxicity of most 
anomaterials requires particular attention. Site-specific 
elivery of gemcitabine has emerged as an important 
esearch field. A stimuli-responsive release of gemcitabine 
or both pro-drugs and nano-drugs in tumor tissues can 

e considered as “targeting” ability since they can release 
he drug in target sites specifically. Additionally, the active 
argeting strategy can improve the therapeutic performance 
f gemcitabine significantly. However, one issue needs to 
e paid attention to. Receptor expression levels vary among 
ifferent kinds of cancers, or even among different patients 
ith the same type of cancer. Therefore, when applied in 

linical, specific target agents should be carefully selected 

or patients. Overall, there present various gemcitabine 
elivery strategies, but a direct comparison among them 

emains challenging. However, by summarizing various novel 
elivery strategies in this review, gemcitabine is confirmed 

o receive benefits including higher in vivo stability, longer 
alf-life, and improved bioavailability. Therefore, the future of 
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different pro-drug and nano-drug approaches to improve the
therapeutic performance of gemcitabine is very promising,
and relevant gemcitabine products may clinically success one
day. 
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