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Gemcitabine (2', 2'-difluoro-2'-deoxycytidine, GEM), a 

nucleoside analogue, is widely used as antimetabolites in clinical 

practice to treat sevreral types of solid tumors including lung,
1
 

ovarian,
2
 pancreatic cancer

3
 and several others.

4
 GEM has no 

efficacy outside the cell until undergoing phosphorylation in a 

stepwise manner to be final active triphosphate derivatives of 

GEM.
5
 However, its chemotherapeutic efficacy is hampered by 

poor intracellular uptake depending on different nucleoside 

transporters,
6
 rapid inactivation by cytidine deaminase (CDA), 

and indiscriminately targeting both cancer cells and normal cells, 

resulting in severe side effects.
7
 Furthermore, the small 

molecular weight of GEM also contributes to a rapid renal 

clearance. To compensate for these drawbacks, a larger dose of 

GEM is administered to satisfy effectiveness of clinical 

treatment, further provoking adverse effects. To address these 

issues, conjugation of GEM with synthetic or natural polymers 

has been developed, for example, covalent attachment of GEM 

to synthetic polymers including polyethylene glycol (PEG),
8, 9

 

polyisoprene,
10 methoxy poly (ethylene glycol) - poly (lactic 

acid) (mPEG-PLA)
11

 and poly (lactic-co-glycolic acid)
12

 by 

modifying at its 4-amino group has been reported in literature, 

these conjugates can improve the cytotoxicity of GEM in vitro 

while reducing drug associated side effects, enhancing its 

stability and prolonging its circulation time in plasma. Poly-L-

glutamic acid (PLGA)
13

 and albumin,
14

 nature carriers, 

introduced into 5'-hydroxyl and 4-amino group of GEM, 

respectively, have a similar efficacy with the above mentioned 

conjugates. Unfortunately, a mumber of drugs with PEGy-lated 

agents can activate the complement system, which may cause 

hypersensitivity reactions.
15

  

Very few published reports are available regarding the use 

of GEM conjugated with polysaccharides. Compared with 

synthetic polymers, a polysaccharide has a variety of advantages, 

such as lower cost, higher safety, and adequate loading  
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Gemcitabine (GEM) is widely used in clinical practice in the treatment of cancer and 
several other solid tumors. Nevertheless, the antitumor effect of GEM is partially prevented 
by some limitations including short half life, and lack of tumor localizing. Carboxymethyl 
glucan (CMG), a carboxymethylated derivative of β-(1-3)-glucan, shows biocompatibility 
and biodegradability as well as a potential anticarcinogenic effect. To enhance the 
antiproliferative activity of GEM, four water soluble conjugates of GEM bound to CMG 
via diverse amino acid linkers were designed and synthesized. 1H NMR, FT IR, elementary 
analysis and RP-HPLC chromatography were employed to verify the correct achievement 
of the conjugates. In vitro release study indicated that conjugates presented slower release 
in physiological buffer (pH 7.4) than acidic buffer (pH 5.5) mimicking  the acidic tumor 
microenvironment. Moreover, A549, HeLa and Caco-2 cancer cell lines were used to 
evaluate the in vitro cytotoxicity of conjugates and the results showed that binding GEM to 
CMG significantly enhanced antiproliferative activity of GEM on A549 cells. Therefore, 
these conjugates may be potentially useful as a delivery vehicle in cancer therapy and 
worthy of further study on structure-activity relationship and antiproliferative activity in 
vitro and in vivo, especially for lung tumor.  
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Scheme 1. Discovery route of conjugates 6a–d. 

capacity.
16

 Among the polysaccharides being considered, 

carboxymethyl glucan (CMG), a carboxymethylated derivative 

of β-(1-3)-glucan, gained our attention because of its 

biocompatibility, biodegradability, excellent immunomodulation 

function,
17

 potential anticarcinogenic and antimutagenic 

effects.
18

 More importantly, no genotoxicity or inhibition on 

cells proliferation was reported in Chinese hamster epithelial 

cells (CHO-k1),
19

 as well as no side effects associated with CMG 

administration were observed in prostate cancer patients.
20

 A 

further study indicated that CMG can induce cell cycle arrest and 

apoptosis in MCF-7 cells,
21

 increased production of tumor 

necrosis factor alpha (TNF-a) in mouse plasma and exhibited 

higher antitumor activity than native β-glucan in vitro on HL-60 

tumor cells and in vivo in Sarcoma-180 solid tumor.
22

 Besides, 

we were also inspired by a study showing that the combination 

of GEM with the polysaccharide SEP remarkably enhances 

antitumor activity and reverses apoptosis caused by GEM in both 

spleen and bone marrow.
23

  

Based on the above studies, we hypothesized that 

conjugation of GEM with CMG could enhance the 

antiproliferative activity of GEM. Therefore, we designed and 

synthesized four GEM-CMG conjugates (6a, 6b, 6c, 6d) with 

different amino acid linkers (Gly-Gly-Gly, Gly, Ala, Phe) 

(Scheme 1). These conjugates 6a-d were determined using 
1
H 

NMR, FT IR, elementary analysis and RP-HPLC. Subsequently, 

in vitro release study was performed in PBS at pH 7.4 and pH 

5.5, mimicking the pH of physiological condition and tumor 

tissue microenvironment, respectively. Cytotoxicity study in 

comparison with native GEM was performmed on A549, HeLa 

and Caco-2 cancer cell lines. The key idea and working principle 

of GEM-CMG conjugates were schematically illustrated in Fig. 

1. 

Fig. 1. Graphical illustration of GEM release from conjugates at the 

intracellular environment. 

In view of the chemical structure of CMG and GEM, we 

attempted to bind GEM via its 4-amino or 5'- hydroxyl group to 

CMG by means of amino acid linker. Therefore, hydroxyl or 

amino groups that need not participate in the reaction should be 

selectively protected. According to previous study,
24

 ditertbutyl 

pyrocarbonate ((Boc)2O) was served as a selective protecting 

group in conjugate synthesis. Introducing amino acid linker into 

4-amino group was regrettably unsuccessful due to the unideal 

product after the remove of Boc protecting group which might be 

caused by rearrangement.
25

 Great efforts had been taken to link 

the amino acid linker into the 5'-hydroxyl group. The synthesis 

started with the protection of residual 3'-hydroxyl group and 4-

amino group by stepwise in the presence of excess (Boc)2O and 

Na2CO3 in a solution of dioxane and water. Compound 2 was 

obtained in 81% isolated yield. Subsequent protecting of 4- 

amino group with (Boc)2O gave the fully armed compound 

besides exposed 5'-hydroxyl group. Following this, the amino 

acid linker a-d was introduced into 5'-hydroxyl group of GEM 

through an ester linkage. 4a-d was prepared by adding N-Boc-L-

amino acid to 3a-d in the presence of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and 4-

dimethylaminopyridine (DMAP). All of Boc groups were 

removed by trifluoroacetic acid (TFA) in solution of 

dichloromethane (DCM) to give 5a-d. The covalent attachment 

of 5a-d to CMG was achieved by the formation of a amide bond 

between the primary amino group of amino acid and a carboxylic 

acid group of CMG in the presence of EDC and N –

hydroxysuccinimide (NHS). Reaction mixture of conjugate was 

exhaustively dialyzed against distilled water for 2 days using 

dialysis bags (molecular weight cutoff, MWCO, 140,000) and 

precipitated by 75% ethanol. The precipitate was suffered from 

freeze drying to obtain the white conjugates, 6a-d. The detailed 

description of the synthesis is reported in supporting information. 

To quantify the GEM bound in 6a-d, it was necessary to 

cleave GEM from 6a-d by acid hydrolysis, 1 M hydrochloric 

acid was used to fracture the conjujates at 60 °C for 12 h to 

ensure complete hydrolysis and the hydrolysate was analyzed by 

RP-UV-HPLC. Conjugates 6a-d with GEM contents varying 

from 2.4% to 6.63% was shown in Table. 1. 

The structures of 6a-d were verified by 
1
H NMR spectra 

using D2O solvent as shown in Fig. 2, the evident signals of 

native GEM were appeared at δ 7.80 ppm for H-6, δ 6.31 ppm 

for H-1' and δ 6.08 ppm for H-5, which were consistent with the 

reports,
26, 27

 The cytidine protons of GEM in 6a-d gave the 

signals for H-6 and H-5 at the range of δ 7.48-7.72 ppm and δ 

6.00-6.17 ppm (red dotted line), respectively.
9, 28

 Fig. 2a gives
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Table 1 

Drug loading of GEM in 6a-d and percentage composition of different elements present in CMG and 6a-d. 

Compounds C% H% N% 
Drug loading of GEM 

(%) 

6a 40.7961 6.4871 5.5748 6.63±0.68 

6b 38.2329 6.2270 2.0700 3.33±0.34 

6c 37.4122 6.1518 1.6536 2.40±0.22 

6d 41.3529 6.7089 4.9967 4.70±0.35 

   CMG 29.4903 4.8976 / / 

Fig. 2. 1H NMR spectra of (A) GEM. (B) CMG, 6a, 6b, 6c and 6d. (C) 

Dialyzed and freeze-dried physical mixture of GEM and CMG (the molar 

ratio of GEM and CMG was 1:10). 

the main broad signals at δ 3.46-4.54 ppm assigned to protons of 

β-D-glucose.
29

 In order to eliminate the interference of 

unconjugated GEM in 6a-d on structural identification, the 

physical mixture (the molar ratio of GEM and CMG was 1:10) 

was used as comparison to give the 
1
H NMR spectrum portrayed 

in Fig. 2(C). Without doubt the physical mixture also undergone 

dialysis, alcohol-precipitation and freeze-drying which was the 

same as 6a-d, and the result suggested that dialysis almost 

completely removed small molecular from crude conjugates 

because there were no other signals excepting CMG in Fig. 2(C). 

On the other hand, the appearance of characteristic signals at δ 

7.48-7.72 ppm and δ 6.00-6.17 ppm owning to conjugated GEM 

in 6a-d.  

The characterization of 6a-d was further performed by FT IR 

and elementary analysis. CMG exhibted the characteristic peaks 

of 3440 cm
-1

, 2924 cm
-1

, 1631 cm
-1

 and 1421 cm
-1

 as shown in 

Fig. 3(B). The absorption bands at 3440 cm
-1

 and 2924 cm
-1

 were 

ascribed to the stretching vibration of -OH group and -CH2 

stretching vibration, respectively. 1631 cm
-1

 and 1421 cm
-1

 were 

due to asymmetrical stretching vibration and symmetrical 

stretching vibration of carboxylate anion (-COO
-
), the bands 

were similar to the observations reported for carboxymethylated 

polysaccharide.
30-32

 Compared with CMG, the absorption bands 

at around 1615 cm
-1

 and 1500 cm
-1 

confirmed the formation of 

the amide linkage between CMG and amino acid modified 

GEM
33

 (Fig. 3(B) 6a and 6d). Nevertheless, FT IR spectrum of 

6b and 6c were not affected by the conjugation with GEM might 

due to the small amount of drug loading. In view of the increased 

intensity of the peaks for 6a and 6d at 1630 cm
-1

 along with 1050 

cm
-1 

(-C-O- stretching vibration
34

)
 
(Fig. 3(A)), it was deduced 

that there was an increase in the number of ester bonds and 

amide bonds, which reflects  the  amide and easter  linkage had 

been formed in the conjugates from the side.
35

 To validate this 

conclusion, elementary analysis was performed (Table. 1). 

Compared with 6b and 6c, the increase in the percentages of N 

and C clearly demonstrated the synthesis of conjugates, which 

was in accordance with the result of drug loading and FTIR. 

Some research also had been performed on pH-responsive 

prodrug formulations to improve therapeutic efficacy, which was 

based on physiological pH conditions (pH 7.4) usually much 

higher than intracellular pH of tumor cells (pH 5.0-6.5).
36

 

Therefore, the release of GEM from 6a-d and native GEM was 

carried out in PBS at pH 7.4 and pH 5.5. The release profiles of 

native GEM are portrayed in Fig. 4, 90% of native GEM was 

released at both conditions during initial 8 h and there was no 

significant pH dependency observed. Contrarily, 6a-d showed 

much lower release rate which was plausibly ascribed to the 

presence of ester and amide linkage between GEM and CMG. 

During the 48 h period, the cumulative release at pH 5.5 was 

found to be 21.3%-52% while only 12.5%-18.4% at pH 7.4. 

However, the rate of GEM released from conjugates tended to be 

stationary in subsequent period of time. The most GEM was 

released from 6c followed by 6a, 6d and 6b in descending order. 

Amino acid-GEM compounds, for instance, 5'-gly-GEM could 

not be detected during the experiment probably due to the ester 

bond between amino acid and GEM cleaved easier in a lower pH 

environment than amide linkage between amino acid-GEM and 

CMG. 

The antiproliferative activity of native GEM and 6a-d was 

evaluated on lung tumor (A549), cervix epithelial 

adenocarcinoma (HeLa), colon adenocarcinoma (Caco-2) cell 

lines. All conjugates 6a-d induced an increased cytotoxicity of 

GEM on A549 and HeLa cell lines compared with native GEM, 

especially on A549 cells. However, IC50 values of 6a-d were 

higher than native GEM against Caco-2 cells. Furthermore, 6c, 

which employed alanine as a linker, was the most cytotoxic 

when tested on A549 and HeLa cell lines. The better outcome of 

6c might be due to the fastest release rate of GEM from 

conjugate compared with 6a, 6b and 6d. The antiproliferative 

activity of 6b (glycin as the linker) was weaker than 6a 

(tripeptide constructed of only glycine as the linker) on A549 

and HeLa cell lines,                

(C) 

 

(A) 
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Fig. 3. FT IR of (A) overlapping spectra of CMG, 6d and 6a. (B) 6a, 6d, 6b, 

6c, GEM and CMG in the region 4000 to 400 cm-1. 

Fig. 4. Percentage of GEM release from 6a-d in 0.1 M PBS at different pHs 

i.e., pH 5.5 and 7.4 at 37 °C. Experiment was terminated after 96 h and the 

error bar represents standard deviation (n = 3). 

hinting that proper length and species of amino acid linker could 

have an effect on significantly improve the bioactivity of 

conjugate. 

The results obtained here suggested the possibility of 

improving antiproliferative efficacy of GEM bound to CMG by 

means of amino acid linker. Although 6a-d didn not exert an 

excellent therapeutic efficacy to all tested cell lines, fortunately, 

6a-d exhibited significant antiproliferative property on A549 

cells. Among them, 6c was the most active conjugate against 

A549 cell proliferation which also had the fastest release rate. 6a 

was more cytotoxic than 6b on A549 and HeLa cell lines, while 

the release rate of 6b was slower than 6a. Therefore, the amino 

acid linker is closely related to the release performance of GEM 

from conjugate, further having an effect on its therapeutic 

efficacy. More conjugates with amino acid linkers of different 

sequences, species and lengths should be synthesized to deeply 

explore the structure activity relationship. Moreover, 

antiproliferative activity on other lung tumour cell lines and in 

lung tumor animal modes should be investigated according to the 

performance of 6c on A549 cells. 

Table 2  

IC50 values (μM) in A549, HeLa and Caco-2 cell lines (n=3, mean ± SD). 

Compounds A549 HeLa Caco-2 

6a  0.497±0.064  3.532±0.387  9.080±1.121 

6b 0.646±0.071 5.194±0.591 12.437±1.622 

6c 0.086±0.012 2.411±0.289 6.854±0.840 

6d 0.336±0.043 12.553±1.390 10.712±1.241 

GEM 0.802±0.096 >100       0.811±0.100 
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Highlights 

1. Gemcitabine derivatives were discovered by 

conjugating with carboxymethyl glucan via 

diverse amino acid linkers. 

2. The release rate of gemcitabine from 

conjugates was increased under pH 5.5 

compared with pH 7.4 in vitro release 

experiment. 

3. Compounds 6c exhibited excellent 

antiproliferative efficacy on A549 cells with 

IC50 values of 0.086 ± 0.012 μM. 

4.  Amino acid linker of different species and 

lengths could significantly improve   

the bioactivity of conjugate. 
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