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A B S T R A C T

Gemcitabine is widely used for anticancer therapy. However, its short blood circulation time and poor stability
greatly impair its application. To solve this problem, we prepared a poly (L-glutamic acid)-g-methoxy poly
(ethylene glycol)-gemcitabine conjugate (L-Gem) with a 14.3 wt% drug-loading content. L-Gem showed con-
centration- and time-dependent cytotoxicity towards 4T1, LLC, MIA PaCa-2 and A2780 in vitro. Pharmacokinetic
and biodistribution studies indicated that L-Gem had remarkably enhanced blood stability, prolonged blood
circulation time and greatly improved selective tumor distribution compared with free gemcitabine. The area
under the concentration–time curve from zero to infinity [AUC(0–∞)] of L-Gem in plasma was 43-fold higher than
that of free gemcitabine. The AUC(0–∞) of the inactive metabolite, 2′-deoxy-2′,2′-difluorouridine in the L-Gem
group was∼20% of that observed in the free gemcitabine group. The drug tumor accumulation ratio in the L-
Gem group relative to the free gemcitabine group was 9.9 at 36 h, while the tumor AUC ratio was 15.8. Testing
on Balb/C mice bearing the 4T1 tumor further demonstrated that L-Gem had significantly higher anticancer
efficacy than free gemcitabine in vivo. These findings indicated that L-Gem has great potential for cancer
treatment.

1. Introduction

Gemcitabine (dFdC), a deoxycytidine antimetabolite (Hingorani
et al., 2016), is used against a wide range of solid tumors including
those involving the pancreas (Dimcevski et al., 2016; Hessmann et al.,
2017; Manji et al., 2017), breast, lung (non-small cell) (Hirsch et al.,
2016), ovary and bladder (Heinemann, 2001; Reid et al., 2004).
However, the plasma half-life of gemcitabine following intravenous
administration is very short, at 8–17min in humans (Abbruzzese et al.,
1991b; Reid et al., 2004) and 9min in mice (Moog et al., 2002). In
addition, gemcitabine is unstable in blood (Croissant et al., 2016), with
more than 91% metabolized directly to inactive 2′-deoxy-2′,2′-di-
fluorouridine (dFdU) by deoxycytidine kinase and cytidine deaminase
(Bouffard et al., 1993). This rapid inactivation significantly impairs the
anticancer efficacy of gemcitabine (Richards et al., 2017). Indeed, high
doses of gemcitabine are necessary to obtain a desired therapeutic re-
sponse (Bastiancich et al., 2017). However, this simultaneously results
in a variety of serious side effects such as myelosuppression, vomiting

and nausea, elevated transaminases, hair loss, and hematuria and
proteinuria (Abbruzzese et al., 1991a; Reddy et al., 2008). Therefore, it
is important to prolong the blood circulation time of gemcitabine and
improve its stability in the blood circulation system (Han et al., 2016;
Liu et al., 2016).

To overcome these deficiencies in gemcitabine pharmacokinetics,
several delivery systems have been developed. Two research groups
have described PEG–gemcitabine prodrugs with significantly prolonged
blood circulation time (Pasut et al., 2008; Vandana and Sahoo, 2010).
PEGylation markedly improved the cytotoxicity and apoptosis-inducing
activity of gemcitabine against pancreatic cancer cell lines (MIA PaCa 2
and PANC 1) (Jaidev et al., 2017). However, the low drug loading
content of the PEG–gemcitabine prodrugs (0.98–6.39 wt%) limited
their clinical applicability. Kiew et al. (2012, 2010) described a poly-L-
glutamic acid-gemcitabine conjugate with dose-dependent cytotoxicity
in several cancer cell lines and remarkable antitumor efficacy (Kiew
et al., 2012). However, the stability and long blood circulation time of
this conjugate have not been confirmed by pharmacokinetic and tissue
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distribution studies in vivo. Another approach to improve the bio-
pharmaceutical properties of gemcitabine is to covalently couple its 4-
amino group to squalenoyl to produce gemcitabine-squalene (Réjiba
et al., 2011). Squalene is abundant in nature and well-tolerated after
intravenous and oral administration (Reddy and Couvreur, 2009).
Conjugation with squalene could protect the nucleoside of gemcitabine
from the deamination process (Castelli et al., 2006). The gemcitabine-
squalene conjugate (SQdFdC) has been shown to have greater antic-
ancer efficacy than gemcitabine, when administered in an identical
dosing schedule (Fiorini et al., 2015). However, the plasma area under
the concentration-time curve (AUC) of dFdU in SQdFdC-treated mice
was 2-fold greater than in the free gemcitabine group (Reddy et al.,
2008). This indicated that SQdFdC stability in blood could be improved
further.

Recently, we developed poly (L-glutamic acid)-graft-methoxy poly
(ethylene glycol) (PLG-g-mPEG) as a nanocarrier for delivery of cis-
platin, patupilone and combretastatin A4 (Liu et al., 2017; Shi et al.,
2015; Song et al., 2016a, 2016b; Yan et al., 2017; Yu et al., 2016,
2015). Considering that PLG-g-mPEG has poly (L-glutamic acid) and
poly (ethylene glycol) segments, it is rational to make a gemcitabine-
PLG-g-mPEG conjugate (L-Gem). The PEG segments could give the ob-
tained conjugate superior water solubility and longevity in blood cir-
culation. The poly (L-glutamic acid) segments could graft a large
amount of gemcitabine by covalently coupling carboxyl to the 4-amino
group of gemcitabine. This could enable the conjugate to have high
drug loading content, improved blood stability and long blood circu-
lation time (Garrido-Laguna and Hidalgo, 2015; Li et al., 2016).

Thus, we prepared L-Gem and evaluated its use for cancer treatment.
The drug release profile, cytotoxicity, pharmacokinetics and biodis-
tribution of L-Gem were assessed and compared with free gemcitabine.
The metabolic kinetics to produce dFdU from L-Gem and free gemci-
tabine were also investigated and compared.

2. Materials and methods

2.1. Materials

PLG-g-mPEG, with an average of 160 L-glutamic acid repeating units
and 8.3 mPEG5K chains, was synthesized as described previously (Yu
et al., 2015). Gemcitabine was purchased from Yangzhou Huihong
Chemical Co. Ltd., China. N,N′-dimethylformamide (DMF) was stored
over CaH2 for 3 days and distilled under vacuum prior to use. N-hy-
droxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3 ethylcar-
bodiimide hydrochloride (EDC·HCl) were supplied by Aladdin Reagent
Co., Ltd., China. All other reagents and solvents were purchased from
Sinopharm Chemical Reagent Co. Ltd., China and used as received.

2.2. Characterizations

Proton nuclear magnetic resonance (1H NMR) spectra were re-
corded on an AV-300 or AV-400 spectrometer (Bruker, Germany) in
trifluoroacetic acid-d or a sodium deuteroxide/deuterium oxide solu-
tion at room temperature. Gel permeation chromatography (GPC)
measurements were conducted on a water GPC system (Waters
Ultrahydrogel Linear column, 1515 HPLC pump with 2414 Refractive
Index detector) using phosphate buffer (0.2 M, pH 7.4) as eluent (flow
rate: 1 mL/min, 25 °C, and polyethylene glycol as the standard).
Dynamic laser scattering (DLS) measurements were performed on a
Wyatt QELS instrument with a vertically polarized He–Ne laser (DAWN
EOS, Wyatt Technology, USA). The scattering angle was fixed at 90°.
High performance liquid chromatography-mass spectrometry (HPLC-
MS) was performed on a Triple TOF 5600 mass spectrometer with
electrospray ionization source, Analyst TF data processing software,
Agilent 1100 liquid chromatography system, and Shimadzu UFLC SIL-
20A XR column compartment.

2.3. Preparation of L-Gem

L-Gem was synthesized through amidation between PLG-g-mPEG
and gemcitabine in the presence of NHS and EDC·HCl. In brief, 500mg
of PLG-g-mPEG was dissolved in 10mL of DMF. The temperature was
kept at 0 °C and 1.5 mmol (175mg) of NHS was added to the solution.
The mixture was gradually brought to room temperature and stirred
overnight. EDC·HCl [1.5 mmol (291mg) dissolved in 5.0mL DMF],
gemcitabine [1mmol (263mg)] and triethylamine [1.5 mmol (154mg)
dissolved in 5.0 mL DMF] were then added into the reaction mixture.
The mixture was then stirred at 50 °C under nitrogen protection. After
72 h, the reaction mixture was precipitated into excess cold ether to
give the crude product, which was dissolved in phosphate buffer solu-
tion (pH 6.8) and dialysed against deionized water for 72 h
(MWCO=7000 Da). L-Gem was obtained after freeze-drying.

For evaluating the loading content and efficiency of gemcitabine,
10mg L-Gem was dissolved in 10mL NaOH solution (4mg/mL) for 4 h.
The concentration of gemcitabine released was measured by HPLC at
273 nm. Drug loading content (DLC) and drug loading efficiency (DLE)
were calculated according to the following formulae:

= ×DLC (wt%) (weight of loaded gemcitabine weight of L - Gem) 100%

=

×

DLC (wt%) (weight of loaded gemcitabine

weight of feeding gemcitabine) 100%

2.4. Cell cultures

Murine breast cancer cells (4T1), Lewis lung cancer cells (LLC),
human pancreatic carcinoma cells (MIA PaCa-2) and human ovarian
carcinoma cells (A2780) were cultured at 37 °C in a 5% CO2 atmo-
sphere. Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA)
supplemented with 10% fetal bovine serum, penicillin (50 UmL−1) and
streptomycin (50 UmL−1) was used as the culture medium.

2.5. Animals

Balb/C mice (female, average body weight 18 g, 6–8weeks old) and
Sprague Dawley (SD) rats (male, average body weight 250 g) were
obtained from Beijing Huafukang Biological Technology Co. Ltd. (HFK
Bioscience, China). All animals received care in compliance with the
guidelines outlined in the Guide for the Care and Use of Laboratory
Animals and all procedures were approved by the Animal Care and Use
Committee of Jilin University.

2.6. Drug release in vitro

The release of gemcitabine from L-Gem in phosphate-buffered saline
(PBS) (pH 7.4 or 5.5) was evaluated by dialysis. Typically, 5.0 mg of L-
Gem in 5mL of PBS (pH 7.4 or 5.5) was added to a dialysis tube (MWCO
7000 Da), which was then incubated in 40mL PBS buffer (pH 7.4 or
5.5) at 37 °C with a shaking rate of 100 rpm. At selected time intervals,
2 mL of incubated solution was taken out and replaced with an equal
volume of fresh media.

The release of gemcitabine from L-Gem in Chym opapain b was also
evaluated by dialysis. L-Gem 5.0 mg in 5mL of water containing 0.2mg
Chym opapain b (800 U) was added to a dialysis tube (MWCO 7000 Da)
(Zhang et al., 2017), which was then incubated in 40mL PBS (pH 7.4)
at 37 °C with a shaking rate of 100 rpm. At selected time intervals, 2 mL
of incubated solution was taken out and replaced with an equal volume
of fresh media.

Gemcitabine content was determined by HPLC. The HPLC system
consisted of a reverse-phase C-18 column (Symmetry), with a mobile
phase of acetonitrile and water (80:20 v/v) pumped at a flow rate of
1.0 mL/min at 25 °C. The column effluent was detected at 273 nm with
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a UV detector (Waters 2489, USA).

2.7. MTT assay

4T1, LLC, MIA PaCa-2 or A2780 cells were seeded in 96-well plates
with 6.0× 103 cells per well in 180 μL of complete DMEM containing
10% fetal bovine serum supplemented with 50 UmL−1 penicillin and
50 UmL−1 streptomycin, and incubated at 37 °C in 5% CO2 atmosphere
for 24 h. The culture medium was replaced with 180 μL of fresh
medium containing free gemcitabine and L-Gem at different con-
centrations. After 72 h incubation, 20 μL of MTT solution (5mgmL−1 in
PBS) was added into each well. With incubation for an additional 4 h,
all 200 μL of solution was withdrawn and replaced with 150 μL DMSO.
Solution absorbance was measured with a Bio-Rad 680 microplate
reader at 490 nm. Cell viability (%) was calculated based on the fol-
lowing equation:

= ×Cell viability (%) (A A ) 100%sample control

where Asample and Acontrol represented the absorbance of the sample and
control wells, respectively.

2.8. Pharmacokinetics

SD rats were randomly divided into two groups (n= 3, weight as
mean ± SD: 250 ± 5 g). Gemcitabine or L-Gem was administered in-
travenously via the tail vein (4.0 mg/kg on a gemcitabine basis). At
predefined time points (5, 15 and 45min, and then 1, 1.5, 2, 4, 6, 9, 24
and 36 h), blood samples (500 μL) were collected from the orbital
cavity, heparinized and centrifuged (15,000 rpm, 5min) to obtain
plasma.

Plasma L-Gem concentrations were determined using LC-MS/MS
coupled with In-quadrupole CID. L-Gem underwent dissociation in the
second quadrupole of mass spectrometer to generate gemcitabine re-
lated ions at m/z 112.0514. L-Gem was detected by positive ion elec-
trospray ionization followed by high resolution extracted ions at m/z
112.0514. Dansyl chloride was used to derive gemcitabine and dFdU by
decreasing their polarity and improving their chromatographic reten-
tion on the reversed-phase chromatographic column. After derivatisa-
tion, the MRM transitions of m/z 497.1→ 112.0, m/z 498.2→ 113.0
were chosen for the dansyl derivatives of gemcitabine and dFdU, re-
spectively. Drug Statistics (DAS 3) software was used for data proces-
sing.

2.9. Biodistribution

BALB/c mice (n=4, average body weight 18 g, 7 weeks old) were
inoculated subcutaneously on the right flank with 4T1 mammary car-
cinoma cells (1× 106). After 14 days, gemcitabine or L-Gem was ad-
ministered intravenously at a dose of 2.8mg/kg on a gemcitabine basis
(mean ± SD tumor weight: 0.2 ± 0.05 g). The mice were sacrificed at
predefined periods (3, 12, 24 and 36 h), and the tumor, brain, heart,

kidneys, liver, spleen, lungs and gastric wall were excised. The tissues
were rinsed with physiological saline, wiped dry with filter paper and
the weight recorded. Tissue collection and homogenization were per-
formed at 0–4 °C. The tissue was cut into small pieces, with 2.0mL of
methanol/water (1:1, v/v) solution added per 1.0 g of tissue. After
homogenization for 15 s, the mixture was centrifuged (4500 rpm) for
10min. The supernatant was collected and stored at −80 °C until
tested. The concentration of gemcitabine, L-Gem and dFdU in the so-
lution was measured by LC-MS/MS.

2.10. Antitumor efficacy in vivo

4T1 tumor model was generated by injecting subcutaneously 4T1
cells (1× 106) into the mammary fat pads of Balb/C mice (Song et al.,
2016c). At a tumor volume of approximately 50mm3, the mice were
randomly divided into six groups (n= 8 each) and treated twice with
PBS (pH=7.4, 0.2mL), gemcitabine (40 or 200mg/kg, 0.2mL) or L-
Gem (20, 30 or 40.0 mg/kg on a gemcitabine basis, 0.2 mL) by in-
travenous injection on days 0 and 7. Tumor volume and body weight
were used to assess treatment efficacy and systemic toxicity, respec-
tively. Tumor volume was calculated using the following formula:

= ×Tumor volume (V) a b 22

Where a and b were the longest and shortest tumor diameters measured
with vernier calipers.

2.11. Confocal laser scanning microscopy (CLSM) observation

The cellular uptake behavior of dihydrorhodamine 123-labeled L-
Gem was investigated in 4T1 cells using CLSM. The cells were seeded on
the coverslips of 6-well plates (1×105 cells per well), and incubated
for 24 h. The original medium was then replaced with fresh DMEM
containing dihydrorhodamine 123-labeled L-Gem micelles, which was
removed after 1, 2 or 6 h incubation. The cells were washed with PBS
and fixed with PBS containing 4% formaldehyde at room temperature
for 20min before staining the cell nuclei with 4′,6-diamidino-2-phe-
nylindole (DAPI). The coverslips were placed onto glass microscope
slides. Dihydrorhodamine 123-labeled L-Gem uptake by B16F1 cells was
observed using a laser scanning confocal microscope (Carl Zeiss LSM
700, Germany).

2.12. Data analysis

All experiments were performed at least three times and expressed
as means ± SD. The data were analyzed for statistical significance
using one-way ANOVA, with p < 0.05 considered statistically sig-
nificant, p < 0.01 considered highly significant, and p < 0.001 con-
sidered extremely significant.

Scheme 1. Preparation of PLG-g-mPEG.
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3. Results and discussion

3.1. Preparation of L-Gem

PLG-g-mPEG is a biodegradable polymeric carrier where the mPEG
segments are conjugated to glutamic acid units by ester bonds. It can
significantly prolong the blood circulation time of drugs such as cis-
platin, patupilone and combretastatin A4 (Li et al., 2015; Liu et al.,
2017). For L-Gem preparation, the carboxyl groups of PLG-g-mPEG were
activated by NHS, which were then conjugated to the amino groups of
gemcitabine to form amide bonds in the presence of EDC (Scheme 1).
The 1H NMR spectra of L-Gem and gemcitabine in CF3COOD are shown
in Fig. 1. The appearance of the characteristic peaks, h (furan protons of
gemcitabine, δ 6.40 ppm), and g and f (pyrimidine protons of gemci-
tabine, δ 8.11 ppm and δ 6.10 ppm) in the 1H NMR spectrum of L-Gem
(Fig. 1A) indicated that gemcitabine was successfully grafted to the

PLG-g-mPEG.
The GPC curves of PLG-g-mPEG and L-Gem had single peaks (Fig. 1).

PLG-g-mPEG had a Mn of 31.2×103 gmol−1 and polydispersity index
(PDI) of 1.37, whereas for L-Gem the values were 36.1× 103 gmol−1

and 1.39, respectively. HPLC indicated that the DLC of L-Gem was
14.3 wt%, while the DLE was 51.2%. 1H NMR indicated that the DLC of
L-Gem was 13.9 wt%, and the DLE was 49.8%. Thus, the HPLC and 1H
NMR findings were consistent.

HPLC curves of L-Gem (A) and gemcitabine (B) are shown in Fig. 1.
The mobile phase was acetonitrile and water (v1/v2= 4:1). The mea-
surement wavelength was 267 nm. The PLG-g-mPEG peak was at
1.48min (A) and the gemcitabine peak was at 2.11min (B). In Fig. 1F,
the gemcitabine signal did not appear in the spectrum of L-Gem, which
indicated that L-Gem was prepared successfully without residual free
gemcitabine (Bastiancich et al., 2016).

As an amphiphilic polymer, L-Gem can self-assemble into micelles in

Fig. 1. 1H NMR spectra of (A) L-Gem, (B) PLG-g-mPEG and (C) gemcitabine in CF3COOD. GPC spectra of L-Gem (D) and PLG-g-mPEG (E). HPLC spectra of L-Gem (F)
and gemcitabine (G).

Fig. 2. Hydrodynamic radius distribution and typical morphology of L-Gem in aqueous solution estimated by DLS and TEM, respectively (A). Stability of L-Gem in PBS
(pH 7.4) estimated by DLS (B).
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aqueous solution. The hydrodynamic radius (Rh) of L-Gem micelles
measured by DLS was 52.4 ± 18.3 nm, and the diameter determined
by TEM was 78.6 ± 27 nm (Fig. 2A). L-Gem micelles were stable in PBS
at pH 7.4 (Fig. 2B). After intravenous administration, nanoparticles that
are approximately 100 nm in diameter can be retained in the blood
circulation and accumulate in solid tumors, via the leaky vasculature,
by the enhanced permeability and retention (EPR) effect (< 400 nm)
(King and Dedrick, 1992; Maeda et al., 2000). This indicates that L-Gem
has a great potential to passively target to solid tumors.

3.2. Drug release in vitro

The in vitro release profiles of L-Gem in PBS (pH 7.4 or 5.5) at 37 °C
are shown in Fig. 3. After 72 h, less than 15% of gemcitabine was re-
leased from L-Gem at either pH value, indicating that L-Gem was rela-
tively stable in an environment lacking enzymes. The gemcitabine
moieties were conjugated to PLG-g-mPEG via amide bonds that could be
cleaved by protease such as Chym opapain b. In the presence of Chym
opapain b, 77% of gemcitabine was released from L-Gem after 72 h
indicating that gemcitabine could be efficiently liberated from L-Gem by
enzymes in vivo.

3.3. Cytotoxicity assay in vitro

Gemcitabine and L-Gem cytotoxicities were evaluated by MTT assay
in various cell types (4T1, LLC, MIA PaCa-2 and A2780). As shown in
Fig. 4, both gemcitabine and L-Gem showed dose- and time-dependent
inhibition of cell proliferation. In addition, cell viability for both
gemcitabine and L-Gem at 72 h was lower than at 48 h for all four cell
lines. IC50 values are listed in Table 1. These showed that L-Gem had
slightly lower cytotoxicity than free gemcitabine, which is reasonable
because L-Gem is a prodrug for gemcitabine.

3.4. Plasma pharmacokinetics and biodistribution

Plasma pharmacokinetics studies for gemcitabine and L-Gem were
conducted in vivo using SD rats. Gemcitabine and L-Gem were ad-
ministered intravenously via the tail vein. As shown in Fig. 5A, gem-
citabine was cleared rapidly from the blood circulation or transformed
into other forms. Compared with the plasma gemcitabine concentration
at 5min post-dose, gemcitabine concentrations were only 9.97%,
2.02% and 1.63% at 6, 24 and 36 h. In contrast, L-Gem concentrations
at 6, 24 and 36 h were 57.2%, 42.2% and 37.1% of those achieved at

5min. Plasma pharmacokinetic parameters are shown in Table 2. The
AUC for L-Gem in plasma was 43-fold higher than for free gemcitabine.
The half-lives were 6.41 h for L-Gem versus 40.02min for free gemci-
tabine. These indicated that L-Gem possessed a remarkably prolonged
blood circulation time compared with free gemcitabine. As shown in
Fig. 5B, plasma exposure to gemcitabine in the L-Gem group was far
lower than in the gemcitabine group. Consistently, plasma dFdU con-
centrations in the L-Gem group were far lower than in the gemcitabine
group (Fig. 5C). The AUC of dFdU in the L-Gem group was approxi-
mately 20% of that in the gemcitabine group (2628 ± 692 versus
13,359 ± 1928 μg× h/L) (Table 2). Collectively, these findings sug-
gested that blood stability had been improved significantly with L-Gem
(Yang et al., 2015).

Biodistribution studies were conducted in vivo in Balb/c mice
bearing 4T1 tumors. The distribution of gemcitabine and L-Gem in the
heart, liver, spleen, brain, lung, gastric wall, kidney and 4T1 solid tu-
mors are shown in Fig. 6. The gemcitabine tumor concentration
(Fig. 6A) was 42.6 μg/g at 3 h post-injection of free gemcitabine, and
then quickly dropped to 10.4 μg/g at 12 h. dFdU was detected at a very
high concentration of 4351.7 μg/g (Fig. 6B) at 3 h. As all dFdU must
come from gemcitabine, it is clear that most free gemcitabine was
metabolised rapidly to inactive dFdU in the free gemcitabine group. In
contrast, after injection of L-Gem, there was 220.5 μg/g gemcitabine
(Fig. 6C) in the form of L-Gem in the tumor at 3 h (75.3 μg/g at 12 h,
39.7 μg/g at 24 h and 23.4 μg/g at 36 h) and 110.0 μg/g gemcitabine
(Fig. 6D) in the form of free gemcitabine. Further, the tumor con-
centration of dFdU was 668.1 μg/g (Fig. 6E) at 3 h after L-Gem injection.
The significantly lower tumor dFdU concentration in the L-Gem group
compared with the free gemcitabine group (Fig. 6F) is likely due to
PLG-g-mPEG protecting gemcitabine.

After injection of free gemcitabine, its concentration in the spleen
was 256.9 μg/g at 3 h and then quickly reduced to 39.2 μg/g at 12 h.
Liver and kidney concentrations of gemcitabine were very low. The
concentration of dFdU in the spleen was 726.9 μg/g at 3 h, and
391.1 μg/g at 12 h. Kidney concentrations of dFdU were higher at
4266.1 μg/g at 3 h, and 1051.9 μg/g at 12 h. These findings indicated
that gemcitabine was highly metabolized in the spleen, and excreted
through the kidneys as dFdU.

After injection of L-Gem, the liver had the highest drug concentra-
tion (414.0 μg/g at 3 h and 380.1 μg/g at 24 h). Hepatic metabolism of
L-Gem to dFdU (11.5 μg/g at 3 h) occurred at a much slower rate than
with free gemcitabine due to the protection of gemcitabine by PLG-g-
mPEG. This will improve the anticancer efficacy (Park et al., 2015).

The ratios of gemcitabine accumulation and AUC in 4T1 tumors
versus normal tissues 36 h after intravenous administration of gemci-
tabine or L-Gem are summarized in Table 3. The AUC was calculated
according to the trapezoidal rule up to 36 h. The drug accumulation
ratio of tumor to brain tissue was 2.64 in the gemcitabine group, and
15.19 in the L-Gem group. For tumor to gastric wall and spleen tissue,
the drug accumulation ratios in the gemcitabine group were 0.53 and
0.23, respectively. These ratios were higher in the L-Gem group at 2.03
and 0.85, respectively. The drug tumor accumulation ratio of the L-Gem
group relative to the free gemcitabine group was 9.9. The AUC ratio of
tumor to brain tissue increased from 2.01 for the free gemcitabine
group to 27.97 for the L-Gem group. The AUC ratio of tumor to gastric
wall tissue increased from 0.58 in the gemcitabine group to 1.01 in the
L-Gem group. The total drug AUC ratio of tumor to spleen increased
from 0.28 in the gemcitabine group to 1.63 in the L-Gem group. The
tumor AUC ratio of the L-Gem group relative to the free gemcitabine
group was 15.8. All these data suggested that L-Gem greatly improved
selective distribution of gemcitabine into tumors due to enhanced sta-
bility and prolonged blood circulation time (Goji et al., 2015).

3.5. Anticancer efficacy of gemcitabine and L-Gem in vivo

The anti-tumor efficacy was tested in vivo on Balb/C mice bearing

Fig. 3. Release profiles of L-Gem in PBS at pH 5.5, in PBS at pH 7.4, or in PBS at
pH 7.4 with 0.04mg/mL Chym opapain b solution (800 U). The data are pre-
sented as mean ± SD (n=3).
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Fig. 4. Cytotoxicities of gemcitabine or L-Gem in vitro against 4T1for 48 h (A) and 72 h (B), LLC for 48 h (C) and 72 h (D), MIA PaCa-2 cells for 48 h (E) and 72 h (F),
and A2780 for 48 h (G) and 72 h (H).
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4T1 tumors. As shown in Fig. 7A, the tumor volume at day 18 in the
gemcitabine 40 or 200mg/kg, and L-Gem 20, 30 or 40mg/kg treated
groups were 77.6%, 56.2%, 60.0%, 43.3% and 30.3% of the PBS group,
respectively. L-Gem 40mg/kg had greater antitumor efficacy than free
gemcitabine 200mg/kg. L-Gem 20, 30 and 40mg/kg showed higher
anti-tumor efficacy than free gemcitabine 40mg/kg. The improved
anticancer efficacy of L-Gem was attributed to the enhanced selective
tumor distribution of L-Gem compared with free gemcitabine. This was
due to the improved stability and long blood circulation shown in the
pharmacokinetic and biodistribution studies. The change in body
weight of the treated groups was insignificant compared with the
control group (Fig. 7B), indicating low systemic toxicity of L-Gem
(Meng et al., 2016).

3.6. CLSM observation

Cellular uptake of L-Gem micelles were investigated in 4T1 cells
using CLSM, with cell nuclei stained with DAPI (blue). L-Gem was la-
beled with dihydrorhodamine 123 (red) to investigate the subcellular
location of these micelles qualitatively. Dihydrorhodamine 123 was
conjugated to the remaining carboxyl groups of L-Gem. As shown in
Fig. 8, after incubation with dihydrorhodamine 123-labeled L-Gem
micelles for 1 and 2 h, the red fluorescence was observed in cell cyto-
plasm. After a 6 h incubation period, cellular uptake of L-Gem was
improved and the red fluorescence was distributed more widely in the
cytoplasm. This indicated that L-Gem micelle could be internalized by
tumor cells.

Table 1
Gemcitabine and L-Gem IC50 values after incubation times of 48 or 72 h.

IC50 (μM)

Incubation time (h) 48 h 48 h 72 h 72 h
Cell line Gemcitabine L-Gem Gemcitabine L-Gem

4T1 0.186 0.352 0.037 0.069
LLC 0.057 0.074 0.051 0.068
Mia PaCa-2 0.022 0.065 0.007 0.015
A2780 0.279 1.629 8.29e-5 1.66e-4

Fig. 5. Plasma concentration-time profiles of gemcitabine, L-Gem and dFdU after administration of gemcitabine and L-Gem to healthy rats at a dose of 4 mg/kg based
on gemcitabine. Each group is expressed as mean ± SD (n=3). (A) L-Gem and gemcitabine concentrations in rat plasma. (B) Gemcitabine concentrations rat
plasma. (C) dFdU concentrations in rat plasma.

Table 2
Plasma pharmacokinetic parameters of gemcitabine, L-Gem and dFdU after a
single intravenous administration of gemcitabine and L-Gem.

Injection form Drugs AUC(0-∞)
a (μg×h/L) Cmax

b (μg/L)

Gemcitabine Gem 138,291 ± 18,069 39,533 ± 5934
dFdU 13,359 ± 1928 584.67 ± 262.71

L-Gem L-Gem 6,070,403 ± 574,528 137,666 ± 4652
Gem 51,476 ± 8793 4600 ± 1124
dFdU 2628 ± 692 76.9 ± 36.5

a AUC(0–∞): area under the drug concentration–time curve in plasma from
zero to infinity.

b Cmax: maximum concentration.
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4. Conclusions

In this work, L-Gem was successfully synthesized by conjugation of
PLG-g-mPEG and gemcitabine. L-Gem showed a concentration- and
time-dependent cytotoxicity towards a variety of cancer cell lines in
vitro. L-Gem had remarkably improved blood stability and prolonged
blood circulation time compared with free gemcitabine. The plasma
AUC(0–∞) of L-Gem was 43-fold higher than that of free gemcitabine.
The AUC(0–∞) of dFdU in the L-Gem group was∼20% of that observed
in the free gemcitabine group. In addition, L-Gem had greatly improved
selective tumor distribution. The drug tumor accumulation ratio of the
L-Gem group relative to the free gemcitabine group was 9.9 at 36 h,
whereas the tumor AUC ratio was 15.8. Further testing in vivo indicated
that L-Gem had significantly greater anticancer efficacy than free
gemcitabine. Therefore, L-Gem had improved stability and a longer
half-life making it a potential drug candidate to replace gemcitabine for
cancer treatment.

Fig. 6. Distribution of gemcitabine (A) and dFdU (B) after administration of gemcitabine. Distribution of L-Gem (C) (converted to gemcitabine content), gemcitabine
(D) and dFdU (E) after administration of L-Gem. Statistical analysis of dFdU tumor distribution (F). Each drug was administered to female BALB/c mice at a dose of
2.8 mg/kg on a gemcitabine basis. Data are presented as the mean ± SD (n=4). *P < 0.05, ***P < 0.001.

Table 3
Accumulation ratios and area under the concentration-time curve (AUC) ratios
between the tumor (4T1) and normal tissues 36 h after administration of free
gemcitabine and L-Gem.a

Accumulation ratio AUC ratiob

Gem Gem from L-
Gem

L-Gem Gem Gem from L-
Gem

L-Gem

Tumor/Brain 2.64 5.21 15.19 2.01 4.74 27.97
Tumor/Heart 2.00 0.94 0.85 2.24 1.15 1.00
Tumor/Lungs 1.99 1.83 1.37 1.63 2.06 1.45
Tumor/Liver – 11.67 0.36 – 9.32 0.31
Tumor/Spleen 0.23 1.57 1.50 0.28 1.66 1.63
Tumor/Kidney 1.12 0.63 0.85 1.15 0.76 0.24
Tumor/Gastric

wall
0.53 1.31 2.03 0.58 1.14 1.01

a Dose: 2.8 mg/kg on gemcitabine basis.
b AUC was calculated based on the trapezoidal rule up to 36 h.
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