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Abstract 

 Cancer is class of diseases that has great diversity and unfortunately is one of 

the leading causes of death in the United States. Chemotherapy remains an important 

cancer treatment modality, and superior chemotherapeutic drugs are constantly being 

sought. Gemcitabine is an anti-tumor chemotherapeutic drug and it is the first line of 

defense in treating pancreatic cancer, as well as, used in combination therapy for non-

small cell lung, ovarian, and metastatic breast cancers. Patients with cancer, specifically 

pancreatic carcinoma, have a high mortality rate which highlights the poor anti-tumor 

activity of gemcitabine. The anti-tumor activity of gemcitabine shows needed 

improvement due to its short half-life and low specificity in patients. The objective of this 

study is to utilize lecithin-based nanoparticles (NP) as a delivery system for a lipophilic 

gemcitabine prodrug. From this current study, a maximum drug concentration of 5 

mg/ml was achieved into nanoparticles, thereby improving anticancer activity of 

gemcitabine.  
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Introduction 

 Cancer has troubled mankind throughout medical history and is not considered a 

novel disease. The historical origin of cancer dates back to 1500 B.C in ancient Egypt, 

where evidence reveals the emergence of cancer into Egyptian culture (Wolff et al., 

2000). Scribed in ancient Egyptian medical textbooks and current physical 

examinations, fossil tumors of soft tissues and bones were discovered in mummified 

human carcasses. These bone remnants suggest possible bone cancer, known as 

osteosarcoma. During Egyptian times, cancer was broadly defined to encompass a 

spectrum of various swellings and inflammations. As a result, the history of cancer was 

heavily buried under a less severe medical discovery, noted strictly as inflammation 

(Rather et al., 2000).  This fatal disease known as cancer has become increasing visible 

in the nineteenth century under the influence of numerous factors.   

 Scientists from the nineteenth century had the ability to understand the complex 

nature of cancer, compared to previous decades; however, the immense progress in 

medical science did not produce any favorable cure, halting the knowledge of cancer 

etiology (Wolff et al., 2000).  The lack of a cure and the increased mortality rate 

prompted greater concern about the disease at this time.   

Cancer is one of the leading causes of death in people under age 85 years in the 

United States of America (Jemal et al., 2007). It was estimated in 2007 that there were 

more than 1.4 million new cases of cancer and almost 560,000 deaths from cancer 

(Jemal et al., 2007). It has been predicted that nearly 1.48 million new cases of cancer 

will be diagnosed in 2009, and almost 1 million unreported cases (ACS et al., 2008). 

The total cost for care during the primary phases of cancer was estimated to be 



approximately 2.3 billion dollars in 2005, and the prices have increased every year since 

(Warren et al., 2008). In fact, the National Institutes of Health estimates an overall cost 

of cancer in 2009 to be 228.1 billion (ACS et al., 2009).  

 Nearly 85% of reported cancers relate to solid tumors, which lead to 

approximately half of deaths from these patients (Jain, 1996). According to the U.S. 

National Cancer Institute, treatment for cancers, in general, include standard or 

conventional therapies like chemotherapy, radiation therapy, and/or surgery; and other 

newer methods like angiogenesis inhibitors, biological therapy, gene therapy, bone 

marrow transplantation and peripheral blood stem cell transplantation, hyperthermia, 

lasers, photodynamic therapy, and targeted cancer therapies. The treatments for 

cancers can cure, control, or just palliative care. Although there have been an 

increasing number of new cancer therapies, chemotherapy and radiotherapy remain 

dominant in clinical trials (Warren et al., 2008). 

 Cancer is a group of many related diseases that begin in cells, the body's basic 

unit of life. Normally, human cells grow and divide to produce additional cells only when 

the body is in need. It  is well known that cancer cells are characterized by cell division 

that have lost the ability of checks and balances of the “contact inhibition”, a process 

that helps to stop the cell division in normal cells. This abnormal overgrowth of cancer 

cells can create a mass of excess tissue called a tumor. The tumors can be benign (e.g. 

non-cancerous) or malignant (e.g. cancerous).  

 The cells in malignant tumors can invade and damage nearby tissue and organs. 

Cancer cells can also break away from a malignant tumor and travel through the 

bloodstream or lymphatic system to form new tumors in other parts of the body. When 



cancer cells spread, or metastasize, from their original location to another part of the 

body, the new tumor has the same kind of abnormal cells and the same name as the 

primary tumor. For example, if lung cancer spreads to the brain, the cancer cells in the 

brain are lung cancer cells. The disease is called metastatic lung cancer, and not brain 

cancer, as commonly known. Most cancers are named for the organ or type of cell in 

which they begin. For example, cancer that begins in the lung is lung cancer, and 

cancer that begins in cells of the skin, known as melanocytes, are called melanoma. 

 Chemotherapy has been used for cancer therapy since the late 1940’s (Cutting 

et al., 1949; Shapiro et al., 1949). In cancer chemotherapy, chemicals are administered 

orally, or by intravenous, intraperitoneal, or intrartierial injection to systemically destroy 

cancer cells. The actions of chemotherapeutic agents relate to the cell cycle in the body 

(Collins, 1997; Priestman, 2008). As previously stated, cells are the structural units of 

living tissue, and living cells are constantly growing and reproducing to form new cells to 

replace dead, lost cells. There are 5 phases of the cell cycle in the mammalian living 

cells; G0, G1, S, G2, and M. The G0 phase of resting phase is considered the starting 

point of the cycle in which cells do not divide. The rest of the actively reproducing 

phases (e.g. G1, S, G2, and M) are associated with ready division, synthesis, pre-

mitosis, and mitosis, respectively (Priestman, 2008). Based on the cell cycle 

interferences, chemotherapy drugs have been categorized into two main groups: the 

cell cycle specific agents that are able to work on particular phases of the cell cycle and 

not on the resting phase, and cell cycle nonspecific agents that can attack cells at any 

phase of the cycle (Collins, 1997; Priestman, 2008). Unfortunately, the growth of 

cancerous and normal cells all involves the same cell cycle. Thus, they both can be 



affected by chemicals, resulting in undesirable side effects in normal cells although the 

cancer cells proliferate uncontrollably and more rapidly which are the primary targets of 

the chemotherapy agents. The fast growing normal cells, such as blood cells in the 

bone marrow, red blood cells, cells within the digestive tract, hair follicles, and 

reproductive system are the most vulnerable, causing common side effects like bone 

marrow depression, susceptibility to infections, anemia, vomiting, nausea, diarrhea, 

constipation, hair loss, low blood count, and fertility changes. There are many 

undesirable side effects of chemotherapeutic agents due to the lack of drug specificity. 

The lack of drug specificity is one of the major limitations in cancer treatment, and is an 

ongoing dilemma. Therefore, development of a tumor-specific delivery system is sought 

after, to enhance the efficacy tumor eradication and to reduce the toxicity to normal 

tissues. In that regard, drug delivery is pivotal to achieve selective cytotoxic effects on 

tumors, while preserving normal living tissue. 

 Gemcitabine, chemically known as gemcitabine hydrochloride, has been 

approved by the FDA in 2004 for treatment of breast cancer and then in 2006 for 

treatment of ovarian cancer (FDA, 2008). Gemzar, the commercial name for 

gemcitabine hydrochloride, has been applied in clinical trials for other types of cancers 

including non-small cell lung cancer, bladder cancer, and pancreatic cancer (Toschi et 

al., 2005). Gemcitabine belongs to the group of antimetabolites. In this family, the drug’s 

structures are very similar to those of normal substances in living cells. When 

gemcitabine is incorporated into the cells, the drug can interfere with the cellular 

metabolism and stop cell division. Antimetabolite drugs attack cells at a particular phase 

of the cell cycle; therefore, they are categorized as cell cycle specific. Chemically, 



gemcitabine (or difluorodeoxycytidine, dFdCyd), having a molecular weight of 263.2, is 

an analogue of deoxycytidine nucleoside, in which fluorine’s replace the hydrogen on 

the 2` carbon of the deoxycytidine. It has been reported that gemcitabine attacks the 

proliferative cells, mainly in G1, M, and G2 phases, not the S phase (Cappella et al., 

2001). As with other analogues of pyrimidines, such as 5-fluoruoracil, foxuridine, 

cytarabine, and capecitabine, gemcitabine replaces deoxycytidine, one of the main 

building blocks of nucleic acids, during DNA replication, consequently stopping cellular 

division, inhibiting DNA synthesis, and inducing programmed cell death (Bold et al., 

1999; Cappella et al., 2001; Giroux et al., 2006; Santini et al., 1997). 

 Gemcitabine is known to have favorable effects on the immune system, unlike 

the majority of other chemotherapeutic agents (Nowak et al., 2002; Plate et al., 2005; 

Suzuki et al., 2005; Suzuki et al., 2007). It has the ability to strengthen the activity of 

tumor-specific CD8+ T cells and natural killer (NK) cells as well as selectively 

eliminating splenic myeloid suppressor cells in tumor-bearing animals (Suzuki et al., 

2005). Gemcitabine’s inhibition of lymphocyte proliferation was more than 2 times as 

potent on B cells than on T cells (Nowak et al., 2002). Furthermore, gemcitabine 

delayed the immuno-modulatory activity in murine tumor models, independent of its 

cytotoxic effects, and promoted the activation of naïve T cells in patients with pancreatic 

cancer (Suzuki et al., 2007; Plate et al., 2005). 

 Like the majority of anticancer drugs available for therapeutic use, an efficient 

delivery system has yet to be found. Nanoparticles have gained great medical interest 

because they have the capacity to deliver anticancer drugs, primarily due to their unique 

properties that can potentially improve the efficacy of these drugs (Allen and Cullis, 



2004). For example, nanoparticles as a carrier for anticancer drugs such as 

gemcitabine, is advantageous in that the nanoparticle can enhance drug circulation and 

stability. This is especially vital for gemcitabine due to its short in vivo half life. 

Nanoparticles may also be used to enhance the solubility of poorly water soluble 

anticancer drugs and modify their pharmacokinetics (Gabizon et al., 2003).  Moreover, 

nanoparticles can provide an opportunity for targeting anticancer drugs into specific 

tissues or cells by attaching specific ligands or proteins such as Poly-ethylene glycol, on 

the surface of the nanoparticles. Nanoparticles can also be engineered to reduce the 

uptake of drugs by the human body’s reticuloendothelial system (Allen, 2002). 

Additionally, there is data that reveals nano-sized drug carriers can overcome the multi-

drug resistance in many cancer cells (Jabr-Milane et al., 2008).  

 The main component of our nanoparticle formulation consists of soy lecithin. 

Lecithin is a component of cell membranes and is regularly consumed as part of a 

normal diet (Jimenez et al., 1990 and Wade and Weller, 1994). Lecithin is widely used 

in pharmaceutical applications as emulsifying, dispersing, and stabilizing agents. It is 

also incorporated in intramuscular and intravenous injectables and other parenteral 

nutrition formulations (Lixin et al., 2006 and Williams et al., 1984). The engineering of 

our nanoparticles has many advantages due to its efficient reproducibility; being 

inexpensive, and non-toxic materials are only used in the formulation. 

 In the present study, we explored the possibility of using nanoparticles as a 

carrier for a gemcitabine prodrug (GemC18). The data reveals that GemC18 can be 

incorporated into the nanoparticles, and the gemcitabine in the nanoparticles was more 

effective in killing tumors cells than native, unformulated gemcitabine.  

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T7W-4WH2M0Y-3&_user=576687&_coverDate=09%2F08%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5069&_sort=d&_docanchor=&view=c&_acct=C000029364&_version=1&_urlVersion=0&_userid=576687&md5=a1223778d6c181aefd616dfcb519e443#bib8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T7W-4WH2M0Y-3&_user=576687&_coverDate=09%2F08%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5069&_sort=d&_docanchor=&view=c&_acct=C000029364&_version=1&_urlVersion=0&_userid=576687&md5=a1223778d6c181aefd616dfcb519e443#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T7W-4WH2M0Y-3&_user=576687&_coverDate=09%2F08%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5069&_sort=d&_docanchor=&view=c&_acct=C000029364&_version=1&_urlVersion=0&_userid=576687&md5=a1223778d6c181aefd616dfcb519e443#bib16
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T7W-4WH2M0Y-3&_user=576687&_coverDate=09%2F08%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5069&_sort=d&_docanchor=&view=c&_acct=C000029364&_version=1&_urlVersion=0&_userid=576687&md5=a1223778d6c181aefd616dfcb519e443#bib21


2. Materials and Methods 

2.1. Materials and cell lines 

 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 

ethylchloroformate, THF (tetrahydrofuran), TEA (triethylamine), DMF (anhydrous 

dimethylformamide), stearic acid were purchased from Signa-Aldrich (St.Louis, MO). 

Soy lecithin was purchased from Alfa Aesar in Ward Hill, MA. GMS (glycerol 

monostearate) was purchased from Gattefosse Corp in Paramus, NJ. Gemcitabine Hcl 

was purchased from Eli Lilly & Co. The H nuclear magnetic resonance (NMR) spectra 

were recorded at Oregon State University. The synthesis of 4-(N)-stearoyl-gemcitabine 

was monitored by thin layer chromatography (TLC) on F254 silica gel pre-coated sheets 

(Merck, Milan, Italy); after development, the sheets were exposed to 96% Ch3Cl/ 4% 

ethanol. TC-1 and BxPC3 were from ATCC (#CRL-2785)  and grown in RPMI 1640 

medium (purchased from invitrogen). The PanC02 cells were also from ATCC and were 

grown in DMEM medium (invitrogen). All media were supplemented with 10% fetal 

bovine serum (FBS), 100 U/mL of penicillin (Invitrogen), and 100 g/mL of streptomycin 

(Invitrogen). 

2.2. Synthesis 4-(N)-stearoyl-gemcitabine 

 The synthesis of 4-(N)-stearoyl-gemcitabine (GemC18) was performed as 

described elsewhere (Immordino et al., 2004).  Briefly, ethylchloroformate (20.7 mg) 

was added dropwise under nitrogen atmosphere to an anhydrous tetrahydrofuran (THF) 

solution of stearic acid (54.1 mg) and triethylamine (19.3 mg).  The reaction was 

maintained at -15°C for 15-20 min while stirring.  A solution of gemcitabine (USP, 50 



mg) in anhydrous dimethylformamide was then added while stirring at -15°C.  The 

mixture was allowed to come to and maintained at room temperature while stirring until 

the end of the reaction, as monitored by thin layer chromatography 

(dichloromethane/EtOH 90:10).  The reaction mixture was dried under vacuum.  The 

GemC18 was purified from its un-reacted parts by silica gel column flash 

chromatography, eluting with 90% dichloromethane and 10% EtOH. Purity and structure 

of the GemC18 was confirmed by H1-NMR (pyridine-d5), and molecular mass was 

confirmed by mass spectroscopy. 

2.3. Engineering of nanoparticles (NPs) and GemC18-NPs from emulsions 

 Nanoparticles were prepared from emulsions. Briefly, different ratios of soy 

lecithin and GMS were accurately weighed to a total of 4 mg in a 7-ml glass scintillation 

vial. One ml of de-ionized and filtered (0.2 um) water was added into the vial, followed 

by heating on a hot plate to 70-75ºC with stirring and brief intermittent periods of 

sonication (Ultrasonic Cleaner Model 150T, VWR International, West Chester, PA). 

Upon formation of a homogenous milky slurry, Tween 20 was added in a step-wise 

manner to a final concentration of 1% (v/v). The resultant emulsion was cooled to room 

temperature while stirring to form NPs. The particle size was determined by photon 

correlation spectroscopy (PCS) using a Coulter N4 Plus Submicron Particle Sizer 

(Beckman Coulter Inc., Fullerton, CA) by scattering light at 90° at 25°C for 10s for each 

1 ml sample.  Particles were diluted with de-ionized and filtered (0.2 µm) water to obtain 

a final counts per second ranging from 5 x 104 to 1 x 106 as recommended by the 

manufacturer. 



 GemC18 loaded NPs were prepared as described earlier, except that various 

amounts of GemC18 was accurately weighed into a 7 ml glass scintillation vial, along 

with 3.5 mg of lecithin and 0.5 mg of GMS.  Similarly, the incorporation of polyethylene 

glycol (PEG) was accomplished in the same manner.   

2.4. Gel permeation chromatography 

 Free GemC18 were separated from the NPs by gel permeation chromatography 

(GPC, Sepharose 4B, 6 x 150 mm). One-hundred µl of the GemC18 and NP 

suspension were added onto the top of the Sepharose 4B column and eluted with 

filtered and de-ionized water.  Twenty-four, 500 µl fractions were collected and analyzed 

for NPs by measuring the absorption at 269 nm, and GemC18 content at 248 nm.  Data 

are presented as mean ± standard deviation from three independent preparations. 

2.5. In vitro release of GemC18 from the NPs 

 GemC18-NPs suspended in1 ml of de-ionized water (5 mg/mL) were placed into 

a 1 ml cellulose ester dialysis tube (MCW 50,000, Spectrum Chemicals). The tube was 

incubated in 13 ml of release medium (0.5% of SDS in PBS, 10 mM, pH 7.4) at 37°C 

under horizontal shaking. At predetermined time points, 200 µl of medium was taken out 

and replaced with fresh medium. In order to detect gemcitabine in the release medium, 

the gemcitabine molecules have to be released from the NPs and diffuse across the 

cellulose ester dialysis membrane. To help insure that the diffusion of the gemcitabine 

molecules across the membrane was not the rate-limiting step, gemcitabine was 

dissolved in Tween 20 to the concentration of 5 mg/ml, and placed into a dialysis tube 

as described above. The amount of gemcitabine released was determined by 



measuring the 200 µl aliquots. Data are presented as the mean ± standard deviation 

from three independent determinations.  

2.6. Mice 

 Female C57BL/6, 6-7 weeks of age, were purchased from Simensen 

Laboratories, Inc. (Gilroy, CA). The Nu/Nu female nude mice (6-8 weeks) were 

purchased from Charles River Laboratories, Inc. (Wilmington, MA).  

2.7. In vitro cytotoxicity assays 

 To evaluate the efficacy of the GemC18 NPs, cells were seeded in a sterile, 96-

well plate (5,000/well) and incubated in the presence of GemC18-NPs or GemC18-

PEG-NPs suspended in water, or native gemcitabine dissolved in PBS for 24 or 48 h at 

37°C, 5% CO2. Fresh serum-free medium alone was added in the control samples. The 

number of cells alive was quantified using an MTT assay.  The fraction of affected or 

killed cells (Fa) and the fraction of unaffected or viable cells (Fu) at each concentration 

were calculated and plotted as the log (Fa/Fu) against the log(Dose).  Or, data are 

simply presented as the 50% of the lethal concentration.  Data are presented as the 

mean ± standard deviation from three independent determinations.   

2.8. In vivo mouse tumor study 

 All mouse studies were carried out following the National Institute of Heath 

guidelines for animal use and care. The animal protocol was approved by our 

institutional IACUC. To establish tumor models in mice, tumor cells (TC-1 and BxPC3, 5 

x 105 cells/mouse) were subcutaneously (s.c.) injected into the flank of mice. The hair at 



the injection site was carefully trimmed before tumor implantation.  Treatment of the TC-

1 tumor bearing mice started when the tumors became visible (3-4 mm).  Treatment for 

the BxPC3 tumor bearing mice started when the tumors were in an advanced stage of 

growth (6-7 mm).  Mice were injected intravenously via the tail vein with 1 mg of 

GemC18 loaded into NPs in a volume of 200 µl, or 0.5 mg of Gemcitabine in a volume 

of 200 µl.  The length and width of the tumor was measured three times weekly.  The 

diameter of the tumor was calculated based on the following equation: Tumor diameter 

(mm) = [Length + Width] / 2.  Tumor volume (mm3) was calculated as [length x width2]/2.  

Data are presented as mean ± standard error (n = 6-8). 

2.9. Statistical analysis 

 Statistical analyses were completed using ANOVA followed by the Fischer’s 

protected least significant difference procedure. A p-value of ≤ 0.05 (two-tail) was 

considered statistically significant.  

Results  

3.1. The lecithin-based NPs were spherical. 
 
 Nanoparticles were engineered from emulsions, consisting of 3.5 mg/ml lecithin, 

0.5 mg/ml GMS, and 1% (v/v) Tween 20. Shown in Fig. 1A is a typical TEM micrograph 

of the unpurified, blank NPs. The NPs were spherical (Fig. 1A) and had an average 

diameter of 175.6 ± 4 nm (Fig. 1B). The addition of GemC18 into the NPs increased the 

diameter of the particles to 191.1 ± 4.7 nm (Fig. 1B). 

 

 



3.2. GemC18 was incorporated into the NPs at a maximum concentration of 5 mg/ml. 

 To confirm that GemC18 was incorporated into the NPs, GPC was performed. 

Data in Fig. 2A showed that the GPC column was able to separate the GemC18 loaded 

into NPs from GemC18 loaded into micelles. NPs were detected by measuring the 

absorbance at 269 nm, but also had absorbance when measured at 248 nm. After 

GemC18 was incorporated into the NPs, the particle’s peak and the GemC18’s peak 

overlapped at fraction 7. GemC18 incorporated into micelles eluted from the column 

beginning at fraction 8 (Fig. 2A). Data in Fig. 2B demonstrated the incorporation of 

different ratios of GemC18 into the NPs. A maximum concentration of 5 mg/mL of 

GemC18 was loaded into NPs. Increasing the concentration of GemC18 further resulted 

in unincorporated, visible aggregates in the NP suspension. 

 

3.3. In vitro release of GemC18 from NPs 

 The release of GemC18 from NPs was slow, whereas GemC18 incorporated into 

micelles quickly diffused out of the membrane. GemC18 was released steadily, about 

15% over 20 hours. The diffusion of GemC18 in micelles from the dialysis tube was 

much faster, with 100% being released within 4 hours, demonstrating that diffusion of 

GemC18 across the semi-permeable dialysis membrane was not rate-limiting (Fig. 3). 

 

3.4. In vitro cytotoxicity of GemC18-NPs, with and without PEG. 

 The cytotoxicity of GemC18-NPs was evaluated using two mouse cancer cell 

lines, TC-1 (Fig. 4A) and PanCO2 (Fig. 4B).  The cytotoxic effects of GemC18-NPs with 

and without PEG were compared to native gemcitabine.  For the TC-1 cell line, 

GemC18-NPs with and without PEG, and gemcitabine had an LC50 after 24 h of 



incubation of 37.5 ± 4.7, 46.3 ± 7.1, and 5.1 ± 1.1 pM, respectively (Fig. 4A).  After 48 h 

of incubation, the LC50 for GemC18-NPs with and without PEG and gemcitbaine was 

7.0 ± 0.4, 7.5 ± 0.2, and 1.7 ± 0.05 pM, respectively (Fig. 4A). A similar trend was 

observed in the PanCO2 cell line. Following 24 h of incubation, GemC18-NPs with and 

without PEG and Gemcitabine had an LC50 of 53.8 ± 3.1, 85.7 ± 3.8, and 14.5 ± 3.3 pM, 

respectively (Fig. 4B).  After 48 h of incubation, the LC50 for GemC18-NPs with and 

without PEG and gemcitabine was 19.7 ± 4.7, 29.4 ± 3.1, and 12.3 ± 0.4 pM, 

respectively (Fig. 4B). 

 The cytotoxicity of GemC18-NPs were further evaluated using a human cancer 

cell line, the BxPC3 cell line (Fig. 4C).  After 48 h of incubation, the cytotoxic effects of 

GemC18-NPs with and without PEG were comparable; whereas, native gemcitabine 

was more toxic (Fig. 4C).   

3.5. In vivo antitumor efficacy study 

 The anti-tumor efficacy of GemC18-NPs was evaluated in an in vivo TC-1 mouse 

model. Mice were implanted with TC-1 tumors subcutaneously on day 0 and were 

administered one dose of GemC18-NPs (GemNP) intravenously on day 4. Mice were 

left untreated (UN) or given one injection of gemcitabine either intravenously (Gem i.v.) 

or intraperitoneally (Gem i.p.) as controls.  Data in Fig. 5A showed that tumors in 

untreated mice grew uncontrollably. Tumor bearing mice injected with native 

gemcitabine, either i.v. or i.p., showed an initial regression in tumor size. However, 

tumor growth was delayed only for 12 days, thereby indicating that native gemcitabine is 

not sufficient to control tumor growth. Finally, when tumor bearing mice were injected 



with GemC18-NPs, a steady and significant regression in tumor size was apparent (p < 

0.05 on days 17 – 21 compared with Gem i.v.). Figure 5B illustrates the percent tumor 

bearing mice of untreated mice versus treated mice with GemC18-NPs throughout the 

study. One hundred percent of the untreated mice contained tumors at the end of the 

study; whereas all treated groups experienced tumor regression.   

 TC-1 tumor bearing mice with advanced tumors (diameter = 8 mm) were divided 

into two groups, an untreated group and a GemC18-NP treated group.  Mice treated 

with GemC18-NPs experienced a delay in tumor growth, where untreated mice grew 

steadily (Fig. 5C).  

Discussion 

 Cancer is one of the leading causes of death in the United States and will be 

responsible for more than half a millions deaths in 2009 (CVS et al 2000). 

Chemotherapy remains an important cancer treatment modality and great efforts are 

focused on improving chemotherapeutic outcomes. Traditionally, small cytotoxic 

molecules are used to treat various types of cancer, but toxicity and therapeutic benefit 

still remains a concern. Gemcitabine is a nucleoside analog used as chemotherapeutic 

agent in various carcinomas like non-small cell lung cancers, pancreatic cancers, breast 

cancers, and bladder cancers. However, the clinical outcome of the current gemcitabine 

formulation (Gemzar®) is rather limited. For example, although being the drug of choice 

for pancreatic cancer, gemcitabine shows only slightly increased response rate and 

median survival of patients. When gemcitabine is incorporated into cancer cells, the 

drug interferes with the cellular metabolism and stops cellular division. Unfortunately 

gemcitabine is converted into its inactive metabolite (FDUMP) and is rapidly excreted 



through the urinary system. This weak systemic activity is chiefly attributed to the very 

short half-life of the gemcitabine in the plasma (8-17 min) (Abbruzzese et al., 1991).  

 In the current study, gemcitabine was conjugated to stearic acid to generate a 

lipophilic gemcitabine analogue (GemC18) using established methods (REF). GemC18 

was incorporated into the NPs at a maximum concentration of 5 mg GemC18 per 3.5 

mg Lec, 0.5 mg GMS, and 1% (v/v) Tween 20 as the surfactant.  Gel permeation 

chromatography was used to confirm the incorporation of GemC18 into the NPs (Fig. 

2A and B).  NPs typically elute during the seventh fraction.  GemC18-NPs were found to 

peak during fraction 7, with both GemC18 and the NPs being detectable.  GemC18 

loaded into micelles eluted beginning with fraction 9 and was detectable through the 

next 10 fractions.  These results indicated that GemC18 was incorporated into the NPs 

and not into micelles.  Further, when increasing the concentration of GemC18 above 5 

mg/ml resulted in unincorporated aggregates in the NP suspension, which were filtered 

by the gel matrix, and thus not detectable in micelles in any of the eluted fractions.  

Additionally, the release of GemC18 NPs was slow, with only 15% being released 

during the first 20 hours (Fig. 3).  The slow release may help to improve the systemic 

circulation time of GemC18, and improve its anti-tumor activity.         

 A series of in vitro cytotoxicity experiments were performed using murine (TC-1 

and PanCO2) and human (BxPC3) cancer cell lines.  The GemC18-NPs were found to 

be less toxic than native gemcitabine to both murine cancer cell lines after 24 hours of 

exposure.  However, the cytotoxic effects of GemC18-NPs were greater following 48 

hours of exposure.  A similar trend was observed when using the human pancreatic 

cancer cell line (BxPC3).  The depressed toxicity of the GemC18-NPs may have several 



explanations.  The stearic acid is conjugated onto gemcitabine via an amide bond, 

which is readily metabolized by esterases.  These vital enzymes maybe absent or lower 

in the in vitro environment, thus owing to the observed decreased toxicity of GemC18-

NPs.  However, GemC18-NPs were found to be as toxic as native gemcitabine if the 

exposure time was increased from 24 hours to 48 hours.  This data indicates that the 

cytotoxic effects of GemC18 simply take longer than native gemcitabine, possibly 

because of the additional time required to break the amide bond.  Moreover, GemC18-

NPs may require additional time to be toxic because the cells must first take up the NP, 

metabolize the NP to liberate the GemC18, and finally break the amide bond to liberate 

gemcitabine.   

 Polyethylene glycol was included in the GemC18-NP formulation because PEG 

is known to improve the circulation time of particulates by preventing their uptake by the 

endothilialreticular system.  In both murine cell lines, GemC18-NPs with PEG exhibited 

lower toxicity than GemC18-NPs (Fig 4A and B).  This is likely due to the increased 

difficulty of cells to take up the NPs because of the long tails of PEG projected out from 

the NP surface.  However, decreased toxicity of the GemC18-NPs with PEG was not 

observed in the human cancer cell line (Fig. 4C). 

  Lastly, we evaluated the efficacy of the GemC18-NPs in a tumor bearing mouse 

model. Data presented in Fig. 5A and B showed that mice treated with GemC18-NPs 

experienced significant tumor regression, whereas mice treated with native gemcitabine 

experienced only a delay in tumor growth (Fig. 5A).  The results of the in vivo studies 

were surprising considering that native gemcitabine exhibited greater toxicity in vitro.  

The animal body may have more metabolizing enzymes than in vitro cells, allowing for 



greater metabolism of the GemC18-NPs.  Further, these results suggest that 

incorporating the a lipophilic gemcitabine into the NPs improves the circulation time of 

gemcitabine, perhaps lending to its greater efficacy.  When GemC18-NPs were 

administered to mice bearing advanced tumors (~8 mm in diameter), only a delay in 

tumor growth was observed (Fig. 5C).  In the case of advanced tumors, multiple doses 

of GemC18-NPs will likely have to be administered to control tumor growth. 

 While the data presented in the current study is encouraging, further experiments 

need to be performed to understand the mechanism of action of the GemC18-NPs.  The 

greater efficacy of GemC18-NPs over native gemcitabine maybe be due to improved 

circulation time, and pharmacokinetic experiments will help determine if that is the case.   

 

Conclusion 

 A new gemcitabine formulation was engineered by incorporating a lipophilic 

gemcitabine (GemC18) into a lecithin-based nanoparticle carrier. GemC18 in 

nanoparticles was more effective treating mice bearing tumors than native gemcitabine.  
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Figure Caption 

Fig.1. The lecithin-based NPs were spherical 

A. A TEM of blank NPs reveals they were round and spherical in shape. 

 

B. The average diameter of blank nanoparticles were 175.6 ± 4 nm. The average 

diameter of nanoparticles with GemC18 incorporated were 191.1 ± 4.7 nm. 

 

Fig. 2. GemC18 was incorporated into the NPs at a maximum concentration of 5 

mg/ml. 

 

A. GPC demonstrated that NPs can be separated from unincorporated GemC16 in 

micelles. NPs were detected by measuring the absorbance at 269 nm. 

 

B. The chromatograms of the different ratios of incorporated GemC16 in NPs and free 

GemC16. 

 

Fig. 3. In vitro release of GemC18 from NPs 

 

A. GemC16 released slowly from NPs (~18% within 40 hours), where GemC16 loaded 

into micelles quickly diffused out of the membrane. The diffusion medium was 0.5% 

SDS in PBS (pH 7.4). 

 

 



Fig. 4. In vitro cytotoxicity of GemC18-NPs, with and without PEG 

A. Toxicity assay shows free gemcitabine is more toxic than GemC16 NPs, with and 

without PEG. Data reported are mean +/- S.D. (n = 3). 

B. Cytotoxcity of the GemC16 NPs to PanC02 cells in vitro. Free gemcitabine was more 

toxic than GemC16 NPs, with and without PEG. Data reported are mean +/- S.D. (n = 

3). 

C. Cytotoxcity of the GemC16 NPs to mouse pancreatic cells (BxPC3) in vitro. Native 

gemcitabine was more toxic than GemC16 loaded NPs. The toxicity of GemC16 NPs 

with and without PEG exhibited similar toxicity. The LC50 is determined by taking the 

log of the value where the regression crosses the x-axis. Data reported are mean +/- 

S.D. (n = 3). 

 

Fig. 5. In vivo antitumor efficacy study 

A. Mice were implanted with TC-1 tumors subcutaneously on day 0 and administered 

one dose of GemC16 NPs intravenously on day 4. The tumors of untreated mice grew 

steadily, while mice given one injection of free gemcitabine either i.v or i.p showed an 

initial decrease in tumor size, followed by growth. However, mice administered with 

GemC16 NPs showed significant tumor regression. Data reported are mean +/- S.D. 

B. The percent tumor bearing mice graph shows untreated mice exhibited tumors 

throughout the study; whereas mice treated with GemC16 NP showed significant tumor 

regression. Data reported are mean +/- S.D. 

C. The anti-tumor activity of GemC16 NPs in an advanced tumor study. Mice treated 

with GemC16 NP showed a decrease in tumor diameter following an i.v injection. 



Untreated mice exhibited advanced tumor growth throughout the study Data reported 

are mean +/- S.D.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 

     A          B 

 

0

3

6

9

5 10 15 20
Time (d.p.i.)

T
u

m
o

r 
d

ia
m

et
er

 (
m

m
)

UN
Gem i.v.
Gem i.p.
GemNP i.v.

  

0

20

40

60

80

100

5 10 15 20
Time (d.p.i.)

%
 T

u
m

o
r 

fr
ee

 m
ic

e

25

UN
Gem i.v.
Gem i.p.
GemNP i.v.

 

 

    C 

6

8

10

12

14

0 2 4 6 8

Time (days post treatment)

T
u

m
o

r 
d

ia
m

et
er

 (
m

m
)

GemC18-NP

Un

 

 


