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Summary 
    

   In 1998, RNA interference (RNAi) was first described by Andrew Fire and Craig Mello in the 
nematode worm Caenorhabditis elegans. They processed double strands RNA caused complementary 
gene suppression, which triggered lots of attention. Thereof, they named this phenomenon RNAi. Due 
to their contribution, in 2006 they shared the Nobel Prize in Physiology or Medicine. RNAi is a 
fundamental mechanism against virus and naughty genes by sequence-specific knockdown of the 
indentified mRNA. It has been shown that synthetic small interfering RNA (siRNA) could knockdown 
the desired genes; however, siRNA is not stable in the in vivo environment.  
   Therefore, we designed a hyaluronic acid (HA) based delivery system to protect and deliver siRNA 
to desired targets. HA is natural polymer, which wildly exists in our skin, hair, cartilage, and eyes, and 
HA serves a variety of functions within the extracellular matrix (ECM). The functions of HA include 
direct receptor-mediated effects on cell adhesion, growth and migration as well as a signaling molecule 
in cell mortality, inflammation, wound healing, and cancer metastasis. The main receptor of HA is 
CD44 which mediates the uptake of HA by endocytosis. Since CD44 is over expressed in certain 
tumors and since HA is known for trafficking small molecules by endocytosis, HA could be a good 
candidate delivery vehicle of the anti-cancer drug to the tumors.   

   For the specific interaction between HA and CD44, we made HA/siRNA complexes to silence the 
protein which was expressed by CD44 positive cells. For the gene silencing experiment, the protein 
expression level was reduced 40% by our delivery vehicles. The HA/siRNA complexes was even stable 
in the serum containing environment, which means our delivery system could be applied for in vivo 
trial. Alternatively, HA was also employed for delivering small molecule bisphosphonate (BP), which 
formed the prodrug HA-BP for dual cancer therapy and anti-osteoclast proposes to CD44 positive cells.  
The specificity and potency of the prodrug HA-BP was also quite promising. In sum, the results 
revealed that our novel HA based delivery vehicles were stable and highly specific with good delivery 
efficiency.  

 

 

 

 

Keywords: hyaluronic acid; siRNA; bisphosphonate;  cancer therapy; osteoclast; CD44; PEI; 
Lipofectamine 

Degree project in applied biotechnology, Master of Science (2 years), 2009 
Examensarbete i tillämpad bioteknik 45 hp till masterexamen, 2009 
Biology Education Centre and Material Chemistry, Uppsala University 
Supervisor: Oommen P. Varghese 



 - i - 

Contents
1. Introduction............................................................................................................1 

1.1. Introduction of RNA Interference ...............................................................1 
1.2. Mechanism of RNAi Action .......................................................................2 
1.3. Delivery of siRNA ......................................................................................3 
1.4. Application of Hyaluronic Acid..................................................................4 
1.5. HA as a Drug Delivery Vehicle...................................................................6 
1.6. Bisphosphonate ...........................................................................................6 

2. Materials and Methods...........................................................................................8 
2.1. Chemicals....................................................................................................8 
2.2. Preparation of GFP plasmid ........................................................................8 
2.3. Preparation of siRNA..................................................................................9 
2.4. Cell Culture Conditions ............................................................................10 
2.5. GFP transfection........................................................................................10 
2.6. Gene Silencing Efficiency.........................................................................11 

2.6.1. GFP Silencing Efficiency............................................................11 
2.6.2. VEGF Silencing Efficiency ........................................................11 
2.6.3. BMP3 Silencing Efficiency ........................................................12 

2.7. Internalization of FITC labeled HA..........................................................13 
2.8. Cytotoxicity Assay ....................................................................................13 
2.9. Agarose Gel Retardation Analysis ............................................................13 
2.10. Western Blot .........................................................................................13 

3. Results and Discussion ........................................................................................15 
3.1. Transfection of GFP..................................................................................15 

3.1.1. The Transfection Efficiency as an effect of the Ratio of 
Transfection Agent.......................................................................................16 
3.1.2. The Transfection Efficiency caused by the Density of Cells ......18 

3.2. Internalization of FITC Labeled HA.........................................................19 
3.3. Cytotoxicity Assay ....................................................................................21 
3.4. Gel Retardation Analysis of HA-siRNA Complex ...................................24 
3.5. Gene Silencing Efficiency.........................................................................27 

3.5.1. In vitro GFP Silencing Efficiency...............................................27 
3.5.2. In vitro BMP 3 Silencing Efficiency...........................................29 
3.5.3. In vitro VEGF Silencing Efficiency............................................31 

4. Conclusion ...........................................................................................................35 
5. Acknowledgements..............................................................................................36 



 - ii - 

6. References............................................................................................................38 

 

 

 

 

 

 

 

 

 

 

 



 - iii - 

Figures
Figure 1 The mechanism of RNAi. shRNA is processed into siRNA by enzyme Dicer. 
siRNA is incorporated into the RNA-induced silencing complex (RISC), which is a 
complex of helicase, RNase, and endonulease. Helicase in RISC unwinds dsRNA and 
keep the guiding strand of siRNA. RNase degrades the target mRNA, thus preventing 
the production of protein. (Adapted from [10]) .............................................................3 
Figure 2 The structure of hyaluronic acid, which is D-glucuronic acid and 
N-acetyl-D-glucosamine (GlcNAc) units repeat polymer molecule. The asterisks 
show the sites where the chemical modification could work. (Adapted from [23])......5 
Figure 3 Structure of bisphosphonate. Two phosphonates groups are covalently linked 
to carbon.........................................................................................................................6 
Figure 4 The structures of HA conjugated with BP, guanidine group, or amine group. 8 
Figure 5 The plasmid map of pEGFP-C1. The restriction map and multiple cloning 
sites are shown on the map. The molecular weight of pEGFP-C1 is 4.7 kb. (Adapted 
from BD Bioscience Clontech, GeneBank Accession #: U55763)................................9 
Figure 6 The structure of linear polyethylenimine (PEI, 25 kD). ................................10 
Figure 7 Transfection of GFP in HCT-116 cells, which showed less transfection 
efficiency. Confluence was around 95% and the transfection efficiency was around 
10%. The transfection agent was Lipofectamine. ........................................................15 
Figure 8 Transfection of GFP in HEK-293T cells, which showed higher transfection 
efficiency. The confluence was around 95% and the transfection efficiency was 
around 20 %. The transfection agent was Lipofectamine............................................16 
Figure 9 The transfection efficiency depends on the ratio of plasmid to delivery agent. 
Raw data from Fluorescence spectrophotometer (PerkinElemer) (ex 488 nm, em 507 
nm). The intensity lines from the bottom represented non-transfected HCT-116 (blue), 
pEGFP-C1/ Lipofectamine is 1:0.5 (μg : μL) (red), 1:1 (green), 1:2 (indigo), and 1:3 
(pink)............................................................................................................................17 
Figure 10 The transfection efficiency depends on the ratio of plasmid to delivery 
agent. The optima ratio between pEGFP-C1 to PEI is 1:4 (in microgram) in each well 
with the same cellular density, even though 2:6 shows the highest intensity. .............18 
Figure 11 GFP expression relies on the density of cell. The highest intensity was 
observed in 3 x 105. The confluence of cell was 80% on the transfectional day. ........19 
Figure 12 Structure of fluorescein isothiocyanate, i.e. FITC.......................................20 
Figure 13 (a) FITC labeled HA (1.6mM) incubated with HCT-116 cells for three days 
with hyaluronidase (20 U/mL); (b) FITC labeled HA incubated with HCT-116 cells 
for three days without hyaluronidase...........................................................................20 



 - iv - 

Figure 14 (a) FITC-HA (1.6mM) incubated with HEK-293T for three days with 
hyaluronidase (20 U/mL); (b) FITC-HA incubated with HEK-293T for three days 
without hyaluronidase..................................................................................................21 
Figure 15 Cytotoxicity assay of various hyaluronidase concentrations using the same 
concentration (1.6 mM) of Hydrazide/BP modified HA and Hydrazide modified 
native HMW-HA in HCT-116 cells..............................................................................22 
Figure 16 Cytotoxicity test on HCT-116 and HEK-293T cells using free BP and 
HA-BP. .........................................................................................................................22 
Figure 17 (a) Compare HCT-116 cell with HEK-293T cell for cell viability at the 
same concentration of 1.6 mM HA-BP and the same dosage 20 U/mL of 
hyaluronidase; (b) compare HCT-116 cells with HEK-293T in various concentration 
of free BP . ...................................................................................................................23 
Figure 18 (a) The cytotoxicity assay of HA-amine in various concentrations which 
was based on the N/P concerning; (b) the cytotoxicity assay of HA-guanidine in 
various concentration which was based on the N/P concerning. .................................24 
Figure 19 Gel retardation analysis of PEI, PEI/plasmid DNA complex, 
HA-guanidine-1 and -2 on 1% agarose gel and visualized by ethidium bromide 
staining. (From right site) Lane 1: 5 μg PEI, lane 2: 10 μg PEI, lane 3: 20 μg PEI, lane 
4: 5 μg PEI/1μg GFP plasmid, lane 5: 7.5 μg PEI/1μg GFP plasmid, lane 6: HA-G1 
250 μg, and lane 7: HA-G2 250 μg..............................................................................25 
Figure 20 Gel retardation analysis of PEI/siRNA and PEI/DNA complexes. (From 
right side) Lane 1: 1.5 μg siRNA, lane 2: 7.5 μg /1.5 μg of PEI/siRNA (5:1), lane 3: 1 
μg DNA, lane 4: 5 μg/1 μg of PEI/DNA (5:1), lane 5 and 6: 250 μg/1 μg of 
HA-G1/DNA and HA-G2/DNA, and lane 7 and 8: 250 μg/1.5 μg of HA-G1/siRNA 
and HA-G2/siRNA.......................................................................................................26 
Figure 21 Gel retardation analysis of PEI/DNA, HA-amine/siRNA, and 
HA-amine/DNA complexes. (From right side) Lane 1: 1.5 μg naked siRNA, lane 2: 
175 μg/1.5 μg of HA-amine/siRNA, lane 3: 1 μg DNA, lane 4: 5 μg /1 μg of 
PEI/DNA, and lane 5: 175 μg/1 μg of HA-amine/DNA..............................................27 
Figure 22 In vitro silencing efficiency of HCT-116 cells (a) and HEK-293T cells (b).
......................................................................................................................................28 
Figure 23 In vitro silencing efficiency of HCT-116 cells (a) and HEK-293T (b) both 
with higher siRNA content (60 pmol/mL). ..................................................................29 
Figure 25 (a) Western blot analysis of extracts from PC 3 (human prostate cancer cell 
line) and NIH-3T3 (Mouse embryonic fibroblast cell line) cells using anti-BMP 3 
antibody. Predict molecular weight is 53 kDa in active form; (b) overlap the blot and 
ladder............................................................................................................................30 
Figure 27 Standard curve for the VEGF concentration correction. .............................32 



 - v - 

Figure 28 In vitro VEGF silencing efficiency..............................................................32 
Figure 29 In vitro VEGF silencing effect with various N/P.........................................33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  - 1 - 

1. Introduction 

1.1.  Introduction of RNA Interference 
   In 1998, RNA interference (RNAi) was first described by Andrew Fire and Craig 
Mello in the nematode worm Caenorhabditis elegans [1]. They processed long 
dsRNA (hundreds bases) caused complementary gene suppression. Therefore, they 
named this phenomenon RNA interference. Due to their contribution, in 2006 they 
shared the Nobel Prize in Physiology or Medicine. Somehow, RNAi was preceded in 
transgenic plants by botanists in the early 1990s [2]. The botanists wanted to 
introduce more pigmentation into flowers, but the flowers did not show any 
increasing intensity color or darkening. Instead, the flower became fully white or less 
pigmented. After further investigation more evidence of this phenomenon was 
emphasized, for example, in fungus Neurospora crassa, the down regulation of gene 
expression was found to be caused by mRNA degradation [3]. Thus, the phenomenon 
was called co-suppression of gene expression. In eukaryotic cells, RNAi is a 
fundamental mechanism against foreign virus and naughty transposons by 
sequence-specific cleave of the complementary mRNA [4]. In mammal, the anti-virus 
mechanism is more complicated and the long dsRNA could trigger interferon 
secretion by inducing global translation shutdown and eventually cell death [5].  

   However, the small interfering RNA (siRNA) would overcome the global 
translation shutdown in mammal and silence the gene expression without triggering 
any interferon secretion. The siRNA could be exogenous, i.e., transfection by 
delivering vectors; or endogenous, i.e., introducing the plasmid which expresses 
pre-micro RNA (pre-miRNA), 70-nucleotide stem-loop structure. In the endogenous 
pathway, the primary transcription would form short-hairpin RNA (shRNA) and get 
exported to the cytoplasm and eventually get chopped by endonuclease RNaseIII 
Dicer to form the mature microRNA (~20 mers) that can be integrated to RNA 
induced silencing complex (RISC). In the exogenous pathway, siRNA is delivered 
into the cytoplasm which gets recognized by RISC. Finally, the exogenous and 
endogenous pathways of siRNA would converge at the RISC and stop the translation 
step by cleaving the mRNA Figure 1. Theoretically, plasmid based RNAi should be 
potentially stable and can exhibit long term effect; synthetic siRNA, on the other hand 
is effective and simple, but only exhibits a transient effect. In clinical applications 
based on synthetic siRNA, the therapeutic effects of the non-divided cells could last 
for several weeks and the rapid dividing cells could last 3-7 days [6]. However, 
according to Hwa Kim, S., et al. [7], comparison of synthetic siRNA with siRNA 
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plasmid complex based on the same delivery system—PEI-PEG-FOL conjugations to 
evaluate the gene silencing efficiency, synthetic siRNA is more efficient than plasmid 
siRNA. 

1.2.  Mechanism of RNAi Action 
   The siRNA based gene silencing mechanism exploits an endogeneous pathway in 
which short RNA duplex (21 to 23 mer) that has a characteristic two nucleotides 
overhang at the 3’ end binds to the enzymatic degradation system RISC. The 3’ 
overhang design is to mimic the products from Dicer and decelerate the degradation 
rate of siRNA. In mammals, siRNA is produced from long dsRNA which is cleaved 
into shorter fragments (~20 mers) by an RNase like endonuclease, Dicer. The length 
of siRNA was verified by bioinformatic studies to both minimize the off-target effects 
and maximize the specificity of target gene [8]. The siRNA derived from long dsRNA 
would incompletely base pair to the target of many different mRNA of similar 
sequences to prevent the translation step which represents the off-target effects. On 
the other hand, synthetic siRNA would only target to the specific sequence of mRNA. 
In addition, Dicer is a protein complex of TAR RNA binding protein (TRBP) and 
RISC. RISC contains the silencing protein, Argonaute 2 (Ago2), which is one of the 
active silencing proteins from the Argonaute family in humans. Argonaute is a 
multiple domain protein which contains endonuclease, helicase, and RNase. Ago2 
will cleave 10-11 mer regions from the 5’ end of anti-sense strand. When dsRNA 
enters RISC, Ago2 will cut and release the non-guiding strand from the complex and 
only keep the guiding strand to target the mRNA, thus preventing the translation step. 
However, siRNA would not completely abrogate the expression of the gene. 
Therefore, the effect of RNAi is referred to as knockdown, but not knockout which is 
the entirely elimination of gene expression [9].  
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Figure 1 The mechanism of RNAi. shRNA is processed into siRNA by enzyme Dicer. siRNA is 

incorporated into the RNA-induced silencing complex (RISC), which is a complex of helicase, 

RNase, and endonulease. Helicase in RISC unwinds dsRNA and keep the guiding strand of 

siRNA. RNase degrades the target mRNA, thus preventing the production of protein. (Adapted 

from [10]) 

    

   RNAi is a robust and selective way to knockdown the gene expression in vitro and 
in vivo. According to Kim, D.H., et al. in 2004, siRNA could drastically suppress the 
mRNA level up to 90 % reduction [11]. Recently, researchers applied RNAi as large 
scale screening process of different genes by knocking down their expression. Based 
on the procedure of RNAi, the cellular process and the rules of different factors could 
be identified, such as, the cell division and tumorigenesis. This kind of experiment 
showed that RNAi could be applied to drug discovery approaches with the RNAi 
library database [10].      

1.3.  Delivery of siRNA 
   Even though RNAi is a promising way to knockdown any gene of interests, the 
size, nuclease, or electronic charge of RNA, would seriously hamper the efficiency of 
therapeutic application. In vitro the siRNA could not normally reach the cytoplasm 
where action takes place as the negatively charged RNA is repelled by the lipid 
bi-layer of the cell membrane, which results in the low cellular uptake and eventually 
low transfection efficiency. In vivo, siRNA will be cleaved rapidly by the kidney, get 
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degraded by the serum nuclease or can suffer from inefficiently release from 
endosomes, etc. To overcome these problems several cationic polymers (such as 
polyethylenimine, PEI) and cationic lipids (such as Lipofectamine TM2000 
(Invitrogen)) are used which bind to the negatively charged RNA by electrostatic 
interaction to prolong the degradation time to enhance uptake. However, the cationic 
delivery systems have been shown to trigger immune response and therefore its in 
vivo use is limited. Also, the major bottleneck in siRNA is the delivery to the desired 
cells, tissues, or organs. Thus, the specificity could be increased by combining with 
non-viral deliver carriers, such as, antibodies [12], anisamide [13], cholesterol [14], 
aptamer [15], and nanoparticles [16].   

   Among cationic polymers, PEI showed good transfection efficiency and buffering 
capacity, though it also showed cytotoxicity in vivo. The cationic polymer and lipid 
would trigger the release of cytokines. Further, the ratio of the positively charged 
group of polymer/lipid (i.e. amines) to the negatively charged group in the nucleic 
acid (i.e. phosphate) should be precise, because the positive charged group can 
interact with negative charged serum proteins which can lead to particle aggregation. 
The particle aggregation is known to trigger inflammation [17]. The median lethal 
dose (LD50) of linear PEI is around 4 mg/kg in mice in vivo [18] and the half maximal 
inhibitory concentration (IC50) of branched PEI is around 4 µM in HCT-116 human 
colon carcinoma cells in vitro [19]. Therefore, chemical modification of PEI, which 
could reduce the toxicity and increase the specificity, has been studied. For example, 
PEI-PEG-RGD conjugation delivered anti-VEGF siRNA successfully, reducing the 
tumor size and showed selective targeting to tumor in a mouse xenograft tumor model 
[20]. siRNA/PEI-HA is another example of reducing the cytotoxicity of PEI by 
conjugating to hyaluronic acid (HA), and also the conjugation could enhance the 
serum stability and facilitating the cellular uptake by the HA receptor in vivo [21].  

1.4.  Application of Hyaluronic Acid 
   To solve this problem of a cationic delivery system, we have designed a 
hyaluronic acid (HA) based delivery system that would be non-toxic and 
biodegradable. Hyaluronic acid (HA) (also called hyaluronan) is a linear non-sulfated 
polysaccharide of alternating 4 D-glucuronic acid (GlcUA) and β 1 
N-acetyl-D-glucosamine (GlcNAc) units linked via β 1 3 interglycosidic linkage, 
which serves a variety of functions within the extracellular matrix (ECM) in Figure 2. 
HA is a natural polymer and exists widely in connective, epithelial, and neural tissues. 
HA is also one of the major components in ECM. HA is one important component of 
articular cartilage where is bound to aggrecan in cartilage and produces a negatively 
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charged environment for aggrecan to imbibe water, which is one important function 
for resilience of cartilage [22]. The function of HA is including direct 
receptor-mediated effects on cell adhesion, growth and migration as well as a 
signalling molecule in cell mortality, inflammation, wound healing, and cancer 
metastasis. These effects occur via intracellular signalling pathways in which HA 
binds to, and is internalized by cell-surface receptors namely CD44 and RHAMM. 
The amount of HA depends on three key components: HA synthases that synthesizes 
HA, receptor CD44 that internalizes HA, and hyaluronidase that degrades HA. The 
systemic clearance of HA is mediated by the receptor in the liver and the turnover rate 
is five grams per day in humans [23]. 

   The deregulation of CD44 and HA is correlated to tumour progression, and 
metastasis. CD44 is one of the possible markers of tumour progression. In certain 
cancers, CD44 is up regulated. Interrupting the interaction between CD44 and HA is 
one possible way for cancer therapy.  

 

Figure 2 The structure of hyaluronic acid. The repeat disaccharide of -D-glucuronic acid-β-1, 

3-N-acetylglucosamine-β-1,4-. The asterisks show the sites where the chemical modification could 

work. (Adapted from [23]) 

   Since CD44 is over expressed in certain tumors and since HA is known for 
trafficking small molecules by endocytosis, HA could be a good candidate delivery 
vehicle of the anti-cancer drug to the tumors. Therefore, lots of research has been 
done based on this HA delivery system. Both high molecular weight (HMW) and low 
molecular weight (LMW) terms of HA have been designed as the drug delivery 
system. The HMW-HA can crosslink to multiple receptors and enhance the 
endocytosis process, i.e., the cellular uptake. However, the size of HMW-HA could be 
a problem, because its clearance rate is quicker in the blood system. On the other hand, 
the benefit of using HMW-HA is the ability of delivery drug to the target tissue. For 
example, HMW-HA delivered butyrate, anti-caner drug, to human mammary 
carcinoma [24]. Originally, the half life of sodium butyrate is only 5 min in the body 
and would be rapidly metabolized and excreted. The conjugation with HA through 
ester linkage showed effective result. The degradation rate of butyrate was prolonged 
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and reached the desired effective concentration to retrogress the tumor size. Finally, 
the proliferation rate slowed down via the CD44 specific uptake in vitro. The other 
example is that HMW-HA (132 kD) was designed to deliver siRNA through disulfite 
cross linked HA nanogels where siRNA was physically trapped inside the gel [19]. 
The problem at the work was that the siRNA loading inside the nanogel was not fully 
controlled. The cellular glutathione which presents mainly intra-cellular can cause 
reduction of disulfide bond but other extracellular reductases can also cleave the 
disulfide which causes eventual release of siRNA before reaching the target.  

1.5.  HA as a Drug Delivery Vehicle 
   In our experiments, we used different ways to design the HA delivery system. Our 
design was based on the electrostatic or covalently linked to siRNA or small 
molecules, e.g., anti-cancer drugs. The molecular weight of HA in our delivery system 
is around 100 kD, which will help the enhanced permeability and retention effect 
(EPR) [23]. The macromolecule will not diffuse to the healthy tissues but it will enter 
the cancerous tissues through the large gaps. Their delivery efficiencies were 
demonstrated in more CD44 positive cells, including HCT-116 (human colorectal 
carcinoma) and PC 3 (human prostate adenocarcinoma), and less CD44 positive 
HEK-293T cells (human kidney) and NIH-3T3 (mouse embryo fibroblast).  The 
delivery efficiency was compared with traditional delivery system, PEI and 
LipofectamineTM2000, which are the most common siRNA and DNA transfection 
reagents.  

1.6.  Bisphosphonate 
   Bisphosphonate is a type of drugs which is potent to inhibit osteoclastic activity 
and it is one anti-osteroporosis molecule to prevent the loss of bone in vivo. The 
turnover rate of bone is kept in balance by osteoclasts which digest bone and 
osteoblasts which produce bone. The balance of osteoclast is maintained by apoptosis 
and BP could accelerate apopotosis in osteoclasts [25]. BP is widely used in treatment 
of osteoporosis, bone metastasis, osteitis deformans, osteogenesis imperfecta, etc. 

 

Figure 3 Structure of bisphosphonate. Two phosphonates groups are covalently linked to carbon. 
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   BP has high affinity to bone tissue. Since BP is absorbed via oral preparation, 50% 
of BP would be rapidly absorbed to the surface of bone tissue, and the rest of 
unexchanged BP will be excreted by kidney. There are two types of BP: one is 
nitrogen-containing, and the other one is non-nitrogen-containing BP. The non- 
N-containing BP is metabolized in the body and the metabolite will replace the 
pyrophosphate of ATP, so the cellular energy will be reduced. Finally the apoptosis 
which is initiated by osteoclast will decrease by lack of energy [26]. Therefore, the 
breakdown of bone by osteoclast will also decrease. The N-containing BP works in 
different way. The N-containing BP will bind and block the enzyme farnesyl 
diphosphate synthase (FPPS) in the HMG-CoA pathway. HMG-CoA pathway is 
blocked by BP and could not produce farnesol and geranylgeraniol which are essential 
for connection of cell membrane. The process called prenylation. Due to the inhibition 
of prenylation in osteoclast, the osteoclastogenesis, cell survival, and cytoskeletal 
dynamics will be affected [27].  

In our experiment, the N-containing BP was conjugated with HA to reduce the 
toxicity of BP and also increase the specificity to CD44 positive cells. The 
conjugation will also provide the injectable gel environment for cancerous therapy, 
because the degradation of HA could maintain a controlled releasing rate in the tumor. 
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2. Materials and Methods 

2.1.  Chemicals 
Hyaluronic acid was conjugated with bisphosphonate for drug delivery proposes. 

The delivery system was modified with cationic groups, guanidine and amine, to 
enhance the capability to encapsulate the anionic nucleic acids. Figure 4 showed the 
chemical structures.  

 

Figure 4 The structures of HA conjugated with BP, guanidine group, or amine group. 

2.2.  Preparation of GFP plasmid 
   Green fluorescent protein (GFP) DNA sequence was a gift from Photochemistry 
and Molecular Science Department in Ångström at Uppsala University. The GFP 
DNA sequence was transformed and amplified in E.coli. After four days incubation, 
the plasmid was prepared by GeneEluteTM Plasmid Miniprep kit (Sigma). Aliquot and 
the plasmid was stored in -20 oC environment. 
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Figure 5 The plasmid map of pEGFP-C1. The restriction map and multiple cloning sites are 

shown on the map. The molecular weight of pEGFP-C1 is 4.7 kb. (Adapted from BD Bioscience 

Clontech, GeneBank Accession #: U55763)  

 

2.3.  Preparation of siRNA 
The sequences of anti-green fluorescent protein (anti-GFP) (Sigma-Aldrich) were 

(5’ 3’) AACUUCAGGGUCAGCUUGC (sense) and 
GCAAGCUGACCCUGAAGUU (anti-sense) with dTdT-overhang at two terminal 
ends.  

The siRNA targeting human bone morphogenic protein 3 (BMP 3) with the 
following sense and antisense sequences were used: (5’ 3’) 
GAUUUAACAUUACGUCCAAtt (sense), and UUGGACGUAAGUUAAAUCtt 
(antisense). The siRNA was designed and synthesized by Ambion. The freeze-dried 
siRNA (Ambion) in 5 nmole was reconstituted in RNase free water (250 µL, Ambion) 
to get 20 µM siRNA stock solution.  

The sequences of anti-vascular endothelial growth factor (anti-VEGF) siRNA 
were (5’ 3’) GGAGUACCCUGAUGAGAUCdTdT (sense) and 
GAUCUCAUCAGGGUACUCCdTdT (antisense). The siRNA was synthesized by 
Sigma-Aldrich. The freeze-dried siRNA in 25 nmole was reconstituted in RNase free 
water (Ambion) (384.6 µL) to get 65 µM siRNA stock solution.  
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2.4.  Cell Culture Conditions  
HCT-116 cell line (human colon carcinoma) and HEK-293T cell line (human 

embryonic kidney) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) 
(Sigma) with 10 % fetal bovine serum (FBS) at 37oC with 90% humidity and 5% CO2.  
PC-3 cell line (human prostate adenocarcinomas) was cultured in DMEM/Nutrient 
F-12 Ham (Sigma) with 10 % FBS at 37oC in 90% humidity of 5% CO2.  NIH-3T3 
cell line (mouse embryonic fibroblast) was cultured in DMEM with 10 % bovine calf 
serum (BCS) at 37oC with 90% humidity and 5% CO2. 

2.5.  GFP transfection 
HCT-116 cells were seeded in 12-well plate (NUNCTM) with a cell density of 

2×105 one day before transfection. The 2 μL of pEGFP-C1 plasmid (0.512 μg/uL) (4.7 
kb, Figure 5) was diluted with DMEM to 125 μL and kept for 5 minutes. Separately 1 
μL of LipofectamineTM2000 (Invitrogen) was diluted with DMEM to 25 μL and 
incubated for 5 minutes too. Thereafter, diluted plasmid solution with Lipofectamine 
was mixed and incubated for 20 minutes to allow the complex form at room 
temperature before adding to the cells. The ratio of plasmid: LipofectamineTM2000 
was 1 μg to 2 μL. The medium was changed from 10% serum to serum free medium 
(SFM) before adding the transfectional solution. After four hours incubation at 37 oC 
with 5% CO2, and 90% humidity, the medium was changed again to medium 
containing 10% FBS. 

In Figure 6 linear polyethylenimines (PEI, 25kD) transfection was performed in a 
similar way as mentioned earlier. PEI stock solution was prepared at 1 μg/μL in dH2O, 
and neutralized by HCl to pH 7.2 and sterilized by 0.22 μm filter.  PEI solution was 
added to plasmid solution with cDNA: PEI as 1 μg: 4 μL PEI to give weight ratio and 
vortexed immediately. The mixture was incubated for 10 minutes at room temperature 
before adding to the cells. The remaining procedures were the same as that for 
Lipofectamine transfection.  

 

Figure 6 The structure of linear polyethylenimine (PEI, 25 kD). 
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2.6. Gene Silencing Efficiency 
2.6.1.  GFP Silencing Efficiency 

The HA delivery system was prepared and weighted to get the N/P ratio of 
HA-amine and phosphonate as 25. For one experiment 20 pmol of siRNA and a 
corresponding amount of HA were used. The HA based delivery vehicle was 
incubated with anti-GFP siRNA for one hour at room temperature. Lipofectamine was 
incubated with anti-GFP siRNA in 1 µL to 1 µg ratio and both were diluted with fifty 
times of DMEM. siRNA was added to PEI transfection reagent in the ratio of 1 µg 
siRNA to 1.2 µL PEI (25 N/P) and vortexed immediately. The mixture was incubated 
for 15 min at room temperature. siRNA silencing experiment was performed after 
four hours from the transfection with pEGFP-C1 plasmid.  

First, the transfected cells were washed by PBS-Dulbecco (Biochrom AG) and the 
medium was changed from 10% serum to SFM. The HA, PEI, and Lipofectamine 
delivery systems were then added respectively with siRNA to the cells and incubated 
at 37oC with 5% CO2 and 90% humidity for 4 hours. The medium was changed from 
SFM to the medium containing 10 % FBS after four hours incubation.  

The GFP expression was monitored through the inverted fluorescence microscope 
(Nikon Eclipse TE2000-U with EPI Fluorescence) after 24 hours and the cells were 
lysed by a lysis buffer (1% TritonX-100, 0.1% SDS, 150 mM NaCl, 50 mM Tris pH 
7.4, and H2O) on ice. The cells were detached by cell scraper (BD FalconTM) and 
transferred to 1.5 mL eppendorff tubes. The cells were sonicated (Branson 2510) 3 
times for 5 seconds and centrifuged (Eppendorf Centrifuge 5424) at 15000 rpm for 15 
minutes. The supernatant was transferred to a new eppendorff and the cell debris was 
discarded. The GFP expression was measured by measuring the fluorescent 
(excitation at 488 nm, emission at 507 nm) with the fluorescence spectrometer 
(PerkinElemer) and analysed by the program. The relative fluorescence intensity was 
measured between the untransfected and transfected cells. 

2.6.2.  VEGF Silencing Efficiency 
VEGF expressing PC 3 cells were seeded at a density of 5×104 cells/well in 

24-well tissue culture plate in F-12K medium with 10 % FBS at 37oC with 90% 
humidity and 5% CO2. After 24 hours of incubation with 50% cell confluence, the 
cultural medium was aspirated, and the cells were washed by PBS (pH 7.4). Then the 
cells were transfected with anti-VEGF siRNA in SFM using Lipofectamine (standard 
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delivery system) and HA-amine as the delivery reagents.   2 µL (1.5 µg) of siRNA 
stock solution (65 µM) were mixed with DMEM (98 µL) in an eppendorf tube and 
incubated for 5 min at room temperature. Then, Lipofectamine reagent (5 µL) in 
DMEM (95 µL) was added, and the mixture were left at room temperature for one 
hour. The culture medium with 10 % serum was removed, and the siRNA complex (1 
mL total volume in DMEM-F12K) was added. After 4 hours incubation at 37 oC, the 
medium was changed to 1 mL F-12K medium with 10% FBS, and incubated for 6 
hours. The medium was replaced with 10% FBS F-12K medium with heparin (20 
µg/mL) and incubated for 16 hours. The medium was collected for VEGF ELISA 
assay. The amount of VEGF in each wells were determined by VEGF ELISA kit 
(R&D, Quantikine Human VEGF Immunoassay). 

   The medium was collected and centrifuged for 5 min at 15000 rpm to get rid of 
the particles. The samples were added to the 96-well plate which was pre-coated with 
anti-VEGF antibody and incubated for two hours. The plate was washed three times 
and the remaining liquid was removed from the plate by inverting the plate well. The 
conjugation solution was added and incubated for two hours. After two hours the 
wash step was repeated. The color reagents were mixed and incubated for 20 min and 
protected from the light. The optical density (OD) of VEGF was read at 450 nm and 
the background was corrected at 570 nm by ELISA reader (Molecular Device). The 
standard curve was plotted and the concentration of VEGF was interpolated from the 
standard curve.  

2.6.3.  BMP3 Silencing Efficiency 
BMP 3 expressing PC 3 cells were seeded at a density of 5×106 cells/well in 10 

cm tissue culture plate dish in F-12K medium with 10 % FBS at 37oC with 90% 
humidity and 5% CO2. After 24 hours incubation and 50% cell confluence, the 
cultural medium was aspirated, and the cells were washed by PBS (pH 7.4). Then the 
cells were transfected with anti-BMP 3 siRNA in SFM using Lipofectamine and 
HA-amine as the delivery reagents.   5 µL of siRNA stock solution (20 µM) was 
mixed with DMEM (95 µL) in an eppendorf tube and incubated for 15 min at room 
temperature. Then, Lipofectamine reagent (5 µL) in DMEM (100 µL) was added, and 
the mixture were kept at room temperature for 15 min. The culture medium with 10 % 
serum was removed, and the siRNA complex (1 mL total volume in DMEM-F12K) 
was added. After 4 hours incubation at 37 oC, the medium was changed to 1 mL 
F-12K medium with 10% FBS, and incubated for 48 hours. The cells were washed by 
cold PBS and the cell culture plate was kept on the ice, and then the cells were 
collected by scraper. The cells were collected into an eppendorff tube and lyzed by 
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Triton X-100 (0.1%)/PBS and sonicated with ice three times for five seconds.   

2.7.  Internalization of FITC labeled HA 
HCT-116 and HEK-293T cells were seeded in 24-well plate (5×104 cells/well) one 

day before the assay. 50 mM Fluorescein isothiocyanate (FITC) labeled HA was 
added to each well and incubated for three days. The internalization was monitored by 
fluorescence microscope (Nikon Eclipse TE2000-U) (absorption at 495 nm and 
emission at 521 nm). 

2.8.  Cytotoxicity Assay 
HCT-116, HEK-293T, or PC 3 cells were seeded in 24-well plate (5×104 cells/well) 

one day before the assay. Different concentrations of hyaluronidase, HA-BP, 
HA-amine, and HA-guanidine within 500 µL of medium containing FBS (10%) were 
added and incubated with cells. After 4 days of incubation at 37oC with 90% humidity 
and 5% CO2, 50 µL of MTT [(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide, a tetrazole), SigmaAldrich] solution (5 mg/mL) was added to each well. The 
cells were incubated with MTT for further 4 hours at 37oC. Thereafter, the medium 
was aspirated and 500 µL of DMSO (Dimethyl sulfixude, Sigma-Aldrich) was added 
into each well to dissolve the crystal, and the absorbance at 570 nm was measured by 
micro-plate reader (Molecular Device).  

2.9.  Agarose Gel Retardation Analysis  
DNA, PEI/DNA, HA/DNA, siRNA, PEI/siRNA, HA/siRNA were prepared and 

incubated for one hour at room temperature. The complexes were mixed with blue 
loading dye (1µL, Sigma) and loaded into the 1 wt % agarose gel containing 12.5 µg 
ethidium bromides. The samples were run on an electrophoresis cell (Bio-Rad, 
Sub-cell GT MINI), with 72 VDC (Sigma) using 50 mM sodium borate buffer (pH=9) 
for 20 minutes. The complexes were visualized by bromide staining and the gel image 
was taken under UV.   

2.10. Western Blot 
The samples were prepared from cell extracts. The samples (6.5 µL) with sample 

buffer (2.5 µL) and the reducing agent DTT (1 µL) were boiled at 70 oC for 10 min in 
the water bath.  The proteins were separated by electrophoresis in 4-12% SDS 
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ClearPAGETM gel with 100 VDC for one hour and 150 VDC for another one hour. 
The stacking gel and the corner were removed. The gel was soaked in the transfer 
buffer for 20 min. Meanwhile, the trans-blot membrane (PVDF) was soaked in 100% 
methanol for 10 seconds, and then be washed by distilled water one time for five 
minutes. The membrane was equilibrated in the transfer buffer for 10 minutes, and 
then the electro-blotting cassette was assembled according to the manufacturer’s 
instructions. The protein was transferred from the gel to the membrane for one hour at 
100 VDC. The non-specific binding sites on the membrane was blocked using 5 % 
skimmed milk PBS-Tween solution (0.1% (v/v) Tween 20, 5% (w/v) skimmed milk in 
PBS). The membrane was washed briefly by PBS-T. The primary 
antibody—anti-BMP3 antibody (BMP 3 polyclonal antibody, Cat # 5673RBP-50, 
BioVision) was incubated for one hour. The membrane was washed by PBS-T to 
remove the unbinding protein. The second antibody—anti-rabbit IgG (Sigma, A0545) 
was incubated for another one hour. The membrane was washed by PBS-T for half 
hour. The secondary antibody with ECL Plus western blotting detection reagents 
(Amersham) was labeled following the instruction manual. The chemi-luminescent 
was detected by VersaDoc™ Model 4000 imaging system (Bio-Rad) and the image 
was analysized by Quantity One program.  
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3.  Results and Discussion 
3.1. Transfection of GFP 

The GFP transfection showed around 10% transfection efficiency to HCT-116 
cells (Figure 7) and 20% to HEK-293T cells (Figure 8) via LipofectamineTM2000. The 
transfection efficiency was roughly estimated by cell counting from the microscope. 
The higher transfection efficiency of HEK-293T might be caused by the simirian 
virus 40 (SV 40) T-antigen, which was selected specifically for high transfectability.  

However, the silencing effect was still tested by comparing the non-transfected 
cells with the transfected cells, even though the transfection was not 100%. We got 
the relative GFP expression level in percentage. Therefore, we were able to measure 
the intensity of GFP among different samples. 

 

Figure 7 Transfection of GFP in HCT-116 cells, which showed less transfection efficiency. 

Confluence was around 95% and the transfection efficiency was around 10%. The transfection 

agent was Lipofectamine. 
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Figure 8 Transfection of GFP in HEK-293T cells, which showed higher transfection efficiency. 

The confluence was around 95% and the transfection efficiency was around 20 %. The 

transfection agent was Lipofectamine. 

 

3.1.1. The Transfection Efficiency as an 

effect of the Ratio of Transfection Agent 
Since the transfection efficiency of HCT-116 was quite low, we tried to adjust the 

ratio between plasmid to LipofectamineTM2000. According to the manual instruction 
of Lipofectamine to improve the efficiency, the suggestive ratio could be 1: 0.5 to 1:3 
(plasmid to Lipofectamine in μg to μL), but the ratio could be different between 
different cell lines and plasmids. The toxicity of Lipofectamine should also be 
considered and these maximum of Lipofectamine was limited to 3 μL in each well 
(cell density in 12-well plate is 3×105 cells).  

The best ratio of plasmid to Lipofectamine was 1:3 which was slightly better than 
1:2 in Figure 9. Therefore, we decided to take 1:2 as the fixed ratio for all the 
Lipofectamine based transfection in the subsequent experiments. 
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Figure 9 The transfection efficiency depends on the ratio of plasmid to delivery agent. Raw data 

from Fluorescence spectrophotometer (PerkinElemer) (ex 488 nm, em 507 nm). The intensity 

lines from the bottom represented non-transfected HCT-116 (blue), pEGFP-C1/ Lipofectamine is 

1:0.5 (μg : μL) (red), 1:1 (green), 1:2 (indigo), and 1:3 (pink).  

    

Based on the same cellular condition, the transfection efficiency with various 
amount of PEI was evaluated in Figure 10. The data from fluorescence intensity 
showed that a ratio 2:6 between plasmid and PEI has the highest efficiency, but the 
amount of plasmid was double in this transfection complex. However, a ratio at 1:4 
also showed high intensity of fluorescence. Therefore, the optimal ratio between 
plasmid and PEI was fixed as 1:4.  

We also tested higher ratio of DNA: PEI, for example, 1:15, 1:30, 2:30, and 2:60, 
and found that the fluorescence intensity decreased with higher dose. This was due to 
increase in toxicity of PEI with increase in concentration. The high dose of PEI is 
lethal both in vitro and in vivo [19], because the cationic property destroyed the 
structure of cell membrane. 
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Figure 10 The transfection efficiency depends on the ratio of plasmid to delivery agent. The 

optima ratio between pEGFP-C1 to PEI is 1:4 (in microgram) in each well with the same cellular 

density, even though 2:6 shows the highest intensity. 

3.1.2. The Transfection Efficiency caused by 

the Density of Cells 
   The transfection efficiency could be improved by increasing the density of cells in 
each well. Since the ratio between transfection plasmid to the delivery agent was 
known, the density of cells in each well was another factor that we wanted to explore. 
The results showed an optimal density of HCT-116 cells in 12-well is 3 ×105 in Figure 
11. The GFP expression increased as the cell number reached 3 ×105 and the 
confluence of cell was 80% on the transfectional day. Afterwards, the intensity 
decreased with increase in cell number (4 ×105, 5 ×105, and 6 ×105) which resulted in 
more than 95% confluence and cells piled up in the central of the well. Thus, the gene 
transfection efficiency depended on density of cells as well. 
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Figure 11 GFP expression relies on the density of cell. The highest intensity was observed in 3 x 

105. The confluence of cell was 80% on the transfectional day.  

 

3.2. Internalization of FITC Labeled 
HA 
   CD44 is the principle receptor of the cell responsible for the local turnover of HA, 
as well as for the HA internalization in the cells [28]. The size of HA is an important 
issue for CD44-mediated endocytosis [29]. Therefore, we chose more CD44 positive 
HCT-116 cells [30] and less CD44 positive HEK-293T cells [31] to visualize the 
selective uptake of HA. In order to see the uptake, we labeled the high molecular 
weight-HA (HMW-HA) with fluorescein isothiocyanate (FITC) (Figure 12) and 
monitored by invert fluorescence microscope (absorption at 495 nm and emission at 
521 nm). The same concentration (1.6 mM) of FITC labeled HMW-HA was incubated 
with HCT-116 and HEK-293T cells for three days with or without hyaluronidase (20 
U/mL). Apparently, FITC labeled HMW-HA was digested by hyaluronidase and 
transported by CD44-mediated endocytosis (Figure 13 (a)). However, without 
hyaluronidase HMW-HA would not be transported into cell, because of the size and 
the steric limitation (Figure 13 (b)). According to an earlier research, a threshold of 
size limited the internalization of HA without prior degradation [29].  

The same results showed in HEK-293T cells in Figure 14 (a) and (b). The results 
could explain why HMW-HA/BP was not toxic to HCT-116 cells in cytotoxicity assay 
without hyaluronidase. However, we could still observe the uptake in HEK-293T cells, 
because the turnover rate is quicker in T-antigen enhanced cells. This observation was 
also proved by the cytotoxicity assay, because the HA-BP showed specificity to 



  - 20 - 

HCT-116 cells rather than HEK-293T cells (Figure 17).  

 

Figure 12 Structure of fluorescein isothiocyanate, i.e. FITC. 

 
Figure 13 (a) FITC labeled HA (1.6mM) incubated with HCT-116 cells for three days with 

hyaluronidase (20 U/mL); (b) FITC labeled HA incubated with HCT-116 cells for three days 

without hyaluronidase. 
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Figure 14 (a) FITC-HA (1.6mM) incubated with HEK-293T for three days with hyaluronidase 

(20 U/mL); (b) FITC-HA incubated with HEK-293T for three days without hyaluronidase. 

 

3.3. Cytotoxicity Assay 
For therapeutic proposes, we made the conjugation of prodrug HA-BP. BP is an 

inhibitor of osteoclasts by apoptosis. It is used as a treatment to inhibit bone 
metastasis from breast cancer. In the earlier research it was found, BP can reduce the 
tumor burden in vivo [32]. In addition, Hyaluronidase (HAse) that exists in the natural 
environment is the enzyme which digests HA into small pieces, but the cytotoxic 
effect was known [33]. Therefore, the cytotoxicity of both prodrug HA-BP and 
hyaluronidase was necessarily to evaluate.  

In Figure 15, the toxicity of prodrug HA-BP (1.6 mM, red circle) and native 
HMW-HA (1.6 mM, black square) with increasing amount of hyaluronidase (6-20 
U/mL) was evaluated against HCT-116 cells. Native HMW-HA was incubated 
increasing HAse for four days and the cell viability was around 80%, which means 
neither native HMW-HA nor HAse showed toxicity. Thus, we decided to use the 
maximum dose of hyapuronidase, which was 20 U/mL in the experiments. The 
maximum dose of hyaluronidase digested HA better, but was not lethal to the cells in 
vitro. On the other hand, the cell viability was decreasing with the increasing 
concentration of hyaluronidase in prodrug HA-BP. The results implied that the BP 
moiety was the key factor to cause the cytotoxicity, but not hyaluronidase. In addition, 
the concentration of the prodrug HA-BP in the experiment was 1.6 mM which 
corresponded to 80 μM of the anchored BP (5% modification of BP). 
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Figure 15 Cytotoxicity assay of various hyaluronidase concentrations using the same 

concentration (1.6 mM) of Hydrazide/BP modified HA and Hydrazide modified native HMW-HA 

in HCT-116 cells.  

 

With fixed doses of hyaluronidase (18 U/mL), the cell viability was decreasing as 
the volume of HA-BP and free BP both were increasing. The free BP showed six 
times more toxicity than the prodrug HA-BP; the IC50 of free BP is 10 µM and 
HA-BP is 60 µM in Figure 16. The cytotoxicity is lower for HA-BP might be caused 
by the HA conjugation masking the BP moieties, and therefore decrease the toxicity.  

Also, the specificity was shown between more CD44 positive HCT-116 cells and 
less CD44 positive HEK-293T cells in Figure 16. With the same increasing doses of 
pro-drug HA-BP, HEK-293T cells were less affected by it, which means the pro-drug 
was not taken up by the cells. However, HCT-116 showed toxicity which was caused 
by HA-BP. When HA conjugated with BP, the specificity of targeted delivery was 
enhanced. 

 

Figure 16 Cytotoxicity test on HCT-116 and HEK-293T cells using free BP and HA-BP. 
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Furthermore, HA-BP showed the specificity to CD44 over-expressed cell lines by 
the experiment that we compared the cell viability of HCT-116 cells with HEK-293T 
cells by the same HA-BP concentration (1.6 mM) in Figure 17 (a). The pro-drug 
HA-BP showed the specificity to CD44 over-expressed cells around 30% more than 
HEK-293T cells.  

Somehow, HEK-293T still showed cytotoxicity. The reason could be the 
proliferation rate of HEK-293T is higher and the SV40 T-antigen could affect the turn 
over rate of CD44. The turn over rate of CD44 is quicker in HEK-293T, so the 
cytotoxicity effect is still existed. In addition, we still added hyaluronidase in the well 
to digest the polymeric hyaluronic acid chain. The concentration of hyaluronidase was 
fixed 20 U/mL in each well, which was not lethal to the cells and should not be the 
factor to cause toxicity. 

The IC50 of free BP for HCT-116 and HEK-293T cells were 10 μM and 8 μM 
(Figure 17 (b)). The toxicity in HCT-116 and HEK-293T cells was close. The result 
supported the CD44 specificity theory of HA-BP, because HEK-293T cells were more 
sensitive to free BP; however, HA-BP showed less toxicity to HEK-293T. Therefore, 
HA conjugation increased the specificity of targeting delivery to CD44+ cells. 

 

Figure 17 (a) Compare HCT-116 cell with HEK-293T cell for cell viability at the same 

concentration of 1.6 mM HA-BP and the same dosage 20 U/mL of hyaluronidase; (b) compare 

HCT-116 cells with HEK-293T in various concentration of free BP . 

    

   For siRNA delivering propose, we have to know the toxicity of both HA-amine 
and HA-guanidine in Figure 18. Perhaps, those cationic functional groups could cause 
toxicity like PEI and Lipofectamine. The amounts of HA-amine and HA-guanidine 
were determined by the nitrogen to phosphonates ratio (N/P) (nitrogen of HA 
conjugations and phosphonates of siRNA). The N/P of PEI/DNA should be above 4 
[34] to get the better delivery efficiency. Otherwise, PEI would not form complex 
with DNA. In addition, the best N/P ratio between PEI and  the best silencing 
efficiency of PEI/siRNA was 16 [35]. In sum, N/P lowered than 16 could provide a 
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safely deliver, but N/P above 16 would be the most efficient ratio. However, the 
toxicity should be concerned, because of the high dose of cationic groups would cause 
cell death. Furthermore, the silencing effect could be correlated to cell death, rather 
than the decrease of mRNA levels.  
   The N/P of HA-amine was increasing from 10 to 60. Even incubating the samples 
with PC-3 cells for four days, the cell viabilities were all around 60%, which means 
the cationic functional groups still caused toxicity, but it was an acceptable level for 
delivery system. HA-guanidine showed quite similar cell viability, but the N/P was 
increasing from 5 to 30. The reason we decreased the N/P of HA-guanidine was the 
viscosity of the gel caused by the cationic functional groups. The positive charged 
guanidine would form temporary intermolecular dipole-dipole interaction bonds with 
the negative charged amino groups. Therefore, the amount of HA-guanidine supposed 
to be reduced. The cell viability was around 70%, which was also an acceptable level 
of toxicity.  

 
Figure 18 (a) The cytotoxicity assay of HA-amine in various concentrations which was based on 

the N/P concerning; (b) the cytotoxicity assay of HA-guanidine in various concentration which 

was based on the N/P concerning.  

 

3.4. Gel Retardation Analysis of 
HA-siRNA Complex 

In order to prove the HA-amine or HA-guanidine formed complexes with plasmid 
DNA or siRNA, gel retardation analysis was performed on the agarose gel. If the 
complexes were formed, they would be heavier than the naked plasmid DNA or 
siRNA. However, the unlabeled PEI or HA might not be visualized on the gel. Based 
on Didenko, V.V., et al, the unlabeled PEI could be easily visualized on 1% agarose 
gel under UV illumination (UV wavelength 312 nm) at 50 μg [36].  HA could be 
visualized by FITC or QDot labeled [21], but the HA complexes formation could be 
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determined by comparison the retardation of HA complexes with naked DNA or 
siRNA. 

In the preliminary trial of gel retardation analysis, the linear PEI samples were 
loaded in 5 μg, 10 μg, and 20 μg to test the minimum amounts in Figure 19. 10 μg of 
PEI was visualized and 20 μg was easily visualized. Due to the positive charged 
amino groups on PEI, it moved towards negative charged electrode. In lane 4 and 5, 
DNA formed complexes with two different amounts of PEI. The complexes did not 
move on the gel at the applied potential, but they were still visible in the gel.  In lane 
6 and 7, LMW-HA-guanidine (HA-G1) and HMW-HA-guanidine (HA-G2) were 
loaded as 250 μg. However, they were not visualized on the agarose gel by ethidium 
bromide (EtBr) staining, even with such high amounts of HA-guanidines. 

 

 
Figure 19 Gel retardation analysis of PEI, PEI/plasmid DNA complex, HA-guanidine-1 and -2 on 

1% agarose gel and visualized by ethidium bromide staining. (From right site) Lane 1: 5 μg PEI, 

lane 2: 10 μg PEI, lane 3: 20 μg PEI, lane 4: 5 μg PEI/1μg GFP plasmid, lane 5: 7.5 μg PEI/1μg 

GFP plasmid, lane 6: HA-G1 250 μg, and lane 7: HA-G2 250 μg.  

    
In the gel retardation analysis of PEI/siRNA complex, the complex moved slightly 

forwards towards the negative electrode (Figure 20, lane 2). Also, in lane 1 the naked 
siRNA moved towards positive charged side. Comparing lane 1 with 2, we are sure 
that at the weight ratio of 5:1, PEI/siRNA formed complex. In lane 4, PEI/DNA 
complex was not visualized. This can be attributed to the fact that complete 
complezation would neutralize the phosphate charge and would not bind to the EtBr 
[34]. The difference between the previous gel retardation experiment and this one was 
the incubation time. Last time, the incubation duration was 15 minutes, but this time 
we did it for one hour. Thus, even though the weight ratio was the same as 5:1, the 
complex formation was better. 
   The HA-G1 and HA-G2 seems form complexes with neither DNA nor siRNA 

Negative charged 
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using a weight ratio of 250 to 1 and 250 to 1.5 (μg), because the retardation did not 
show difference between the HA complexes and references DNA and siRNA (Figure 
20). 

 

 
Figure 20 Gel retardation analysis of PEI/siRNA and PEI/DNA complexes. (From right side) 

Lane 1: 1.5 μg siRNA, lane 2: 7.5 μg /1.5 μg of PEI/siRNA (5:1), lane 3: 1 μg DNA, lane 4: 5 μg/1 

μg of PEI/DNA (5:1), lane 5 and 6: 250 μg/1 μg of HA-G1/DNA and HA-G2/DNA, and lane 7 and 

8: 250 μg/1.5 μg of HA-G1/siRNA and HA-G2/siRNA.  

    
   We confirmed that HA-amine/siRNA formed complex by comparing to lane 1 
naked siRNA (Figure 21, lane 2). The retardation of HA-amine/siRNA showed tail 
unlike the naked siRNA, as a result of larger size of HA-amine/siRNA combine. The 
PEI/DNA (incubation time was 30 minutes) and HA-amine/DNA both showed 
complex formation as compared to naked DNA (Figure 21, lane 3). The weight ratio 
of HA-amine/DNA and HA-amine/siRNA were 175 μg to 1 μg and 175 μg to 1.5 μg. 
Perhaps the intermolecular dipole-dipole interaction of HA-amine is not as strong as 
HA-guanidine, so the complexes form well in this case. For HA-Guanidine/DNA 
complex formation reaction, the complex has to be prepared at 37oC for longer time. 
 
 

Negative charged 

Positive charged 
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Figure 21 Gel retardation analysis of PEI/DNA, HA-amine/siRNA, and HA-amine/DNA 

complexes. (From right side) Lane 1: 1.5 μg naked siRNA, lane 2: 175 μg/1.5 μg of 

HA-amine/siRNA, lane 3: 1 μg DNA, lane 4: 5 μg /1 μg of PEI/DNA, and lane 5: 175 μg/1 μg of 

HA-amine/DNA. 

 

3.5. Gene Silencing Efficiency 
3.5.1. In vitro GFP Silencing Efficiency 
   In the preliminary trial, we transfected HCT-116 (human colon carcinoma) and 
HEK-293T (human kidney embryo) cells with Lipofectamine/pEGFP-C1 for four 
hours before the gene silencing experiments. After another four hours, the complexes 
were added and incubated for a further 24 hours. The in vitro silencing experiments 
showed the potential of HA conjugates (20 pmol) as a delivery vehicle for both 
HCT-116 (Figure 22 (a)) and HEK-293T cells (Figure 22 (b)). The GFP expression 
levels were compared with the non-transfected reference groups. The silencing effects 
were good in HA-amine and HA-conjugate groups. In HCT-116 cells, the silencing 
effects of HA-amine and HA-conjugate were around 30% and the PEI and 
Lipofectamine (standard silencing groups) were ~20% (Figure 22 (a)). The silencing 
effect in HEK-293T showed 40% silencing in both PEI and HA-amine, and 50% in 
HA-conjugate (Figure 22 (b)).  
   In Figure 22 (b), PEI showed a silencing effect in HEK-293T cells, but the low 
GFP expression level could be caused by the toxicity of PEI and HEK-293T cells 
were quite sensitive and easily to detach from the well plates. The GFP expression 
levels are extremely sensitive to the cell number. Thus, if PEI caused toxicity and 
caused cell death more in HEK-293T cells, the GFP intensity could be lower, that is 
not directly to the siRNA delivery efficiency.  
   In Figure 22 (a), one delivery agent HA-AL, which is an aldehyde modification of 
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HA, showed 25% silencing effect. Even though HA-AL also showed silencing effect, 
HA-AL was not really stable for storage. The HA-amine and HA-conjugate also 
showed better silencing effects, so we continued to confirm the results by further in 
vitro experiments. 

 
Figure 22 In vitro silencing efficiency of HCT-116 cells (a) and HEK-293T cells (b).  

 
   We tried to repeat the silencing experiments and enhance the silencing effect by 
increasing the content of anti-GFP siRNA from 20 pmol to 60 pmol. In Figure 23 (a), 
the best silencing effect was for HA-amine, but not HA-Conjugate. The silencing 
effect reached 40% with HA-amine, while for HA-conjugate it was around 30%. PEI 
and Lipofectamine showed 10% and 20% silencing effects respectively in HCT-116 
cells. The silencing effects were confirmed in HEK-293T cells. Figure 23 (b) reveals 
similar results as with HCT-116 cells. 
   The silencing effects were not exactly the same as the preliminary experiment for 
HA-conjugates. Since we increased the content of siRNA, perhaps the delivery 
efficiency would somehow be interrupted. However, it seems a HA-amine could 
encapsulate even three times more siRNA and delivered well. N/P in this case still 
fixed at 25. The silencing effects of higher content of siRNA/HA-amine were better 
than lower siRNA content. The ability to form complexes of HA-amine was also 
confirmed by gel retardation analysis. In sum, HA-amine seems to be the best choice 
in our delivery system.  



  - 29 - 

 
Figure 23 In vitro silencing efficiency of HCT-116 cells (a) and HEK-293T (b) both with higher 

siRNA content (60 pmol/mL).  

3.5.2. In vitro BMP 3 Silencing Efficiency 
In 1989, Bone morphogenetic protein 3 (BMP 3) was first purified from bovine 

bone matrix and could induce cartilage and bone formation [37]. BMP 3 also called 
osteogenin, belongs to the Transforming Growth Factor beta (TGF β) superfamily. In 
1994, BMP 3 was found to be synthesized mainly in lung and kidney [38], so this 
phenomenon implied BMP 3 could serve for the other functions. After further 
investigation, BMP 3 was found to express large amount of mRNA in human and 
mouse prostate cancer cells [39]. Therefore, we want to see the silencing effect by 
delivering HA/anti-BMP 3 siRNA to PC 3 (human prostate cancer cells). Perhaps, 
silencing of BMP 3 could be a way for prostate cancer therapy. 

Proteins in the TGF β super family are disulfide linked composed of two 12-15 
kDa polypeptide chains. They are involved in embryonic development and for the 
maintenance of adult tissue. The predicted molecular weight of BMP 3 is 53 kDa 
(active dimmers), and the monomer is 12-15 kDa. BMP 3 protein was detected by the 
anti-BMP 3 antibody on the western blot membrane. 

In preliminary experiments, the amount of PC 3 cells was correlated to the 
intensity of the BMP 3 protein signal by western blot. To enhance the amount of 
protein we tested the cell lysate solution with various amount of cell number from 
0.5×105, 1×105, 2×105, 4×105, 8×105, to 106. Only with 106 cells, BMP 3 protein was 
visible (Figure 24). 

NIH-3T3 cell lysate was also loaded as the standard and the various amounts of 
PC 3 cell lysate were loaded into the wells to observe the BMP 3 protein. However, 
only NIH-3T3 cell lysate showed the strong signal of BMP 3, though the amount of 
PC 3 cells was higher than for NIH-3T3 (Figure 25 (a) and (b)).   
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Figure 25 (a) Western blot analysis of extracts from PC 3 (human prostate cancer cell line) and 

NIH-3T3 (Mouse embryonic fibroblast cell line) cells using anti-BMP 3 antibody. Predict 

molecular weight is 53 kDa in active form; (b) overlap the blot and ladder.  

 
   The BMP 3 silencing effect was evaluated by western blot (Figure 26). NIH-3T3 
cells were considered as the negative control groups, because of their lack of CD44 
receptors [40]. HA-amine conjugates should not affect the BMP 3 protein expression 
level in NIH-3T3 cells. On the contrary, BMP 3 protein in PC 3 cells could be 
silenced by HA-amine/siRNA. However, BMP 3 expression has been a weak signal 
on the western blot membrane, even after increasing the cell numbers and the 
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Figure 24 Western blot analysis of extracts from PC 3 (human prostate cancer cell line). 

(From left side) Lane 1: ladder, lane 2: PC 3 0.5×105, lane 3: PC 3 1×105, lane 4: PC 3 2×105, 
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concentration of cell lysate. The silencing effects were therefore only slightly shown 
on the membrane. Furthermore, the amount of BMP 3 was difficult to qualify by 
western blot. However, the BMP 3 mRNA level could be detected in PC 3 cells by 
reverse transcriptase polymer chain reaction (RT-PCR) and northern blot [41]. So, we 
alternatively decided to demonstrate HA based delivery system by VEGF silencing. 

 
 
 
   

3.5.3. In vitro VEGF Silencing Efficiency 
   Vascular endothelial growth factor (VEGF) is one crucial factor in embryo 
angiogenesis and pathological angiogenesis—tumor process. In 2004, anti-VEGF 
siRNA was delivered to PC 3 xenograft tumor model by atelocollagen and 
successfully suppressed tumor growth and angiogenesis in vivo [42]. The amount of 
VEGF in cell culture supernatant and in tumor content was determined by the VEGF 
ELISA kit. Therefore, the silencing of VEGF in PC 3 cells is a promising and reliable 
way to demonstrate our delivery system. 

VEGF silencing efficiency must be corrected by the standard curve. The content 
of VEGF must be estimated from optical density to the concentration. The formula 
produced by the standard curve is 01513.000218.0 += xy  (y in the optical density, 
and x in the concentration of VEGF in pg/mL. R=0.99762 and P< 0.0001, which is 
significant by student t test).  

Figure 26 In vitro BMP 3 silencing efficiency. (From left side) Lane 1: ladder, lane 2: 3T3, lane 3: 

HA-amine/siRNA in 3T3, lane 4: PC 3, lane 5: HA-amine/siRNA in PC 3, lane 6: 3T3, lane 7: 

HA-amine/siRNA in 3T3, lane 8: PC 3, lane 9 and 10: HA-amine/siRNA in PC 3, lane 11: siRNA, 

and lane 12: ladder. 

111 2 3 4 5 6 7 8 9 10 12 11 1 2 3 4 5 6 7 8 9 10 12 
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Figure 27 Standard curve for the VEGF concentration correction. 

 
   The preliminary trial of VEGF silencing efficiency showed the potential of 
HA-amine as a delivery system (Figure 28). The silencing effect was compared to the 
non-transfected PC 3 cells, and the silencing level of HA-amine was around 20%. The 
amount of HA-amine was according to the ratio of complex forming, and it was 175 

μg (N/P = 16). The N/P of PEI (1.5 μg) and PEI (10 μg) were ~7 and ~42. The 
silencing effect of PEI (7) and PEI (42) were 13% and 40% respectively (Figure 28). 
Although N/P 42.5 showed better silencing efficiency, PEI is a quite toxic polymer. 
The silencing could also be due to the cell death; resulting in lower VEGF expression 
levels.  

 

Figure 28 In vitro VEGF silencing efficiency.  
    
   In order to confirm the VEGF silencing experiment, two different N/P ratios of 
HA-amine/siRNA complexes (10 and 20) were transfected PC 3 cells (Figure 29). The 
silencing effect in N/P 10 was 11% compared to the non-transfected PC 3 cells; the 
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silencing effect in N/P 20 was 24%. The silencing effect of the reference, 
Lipotectamine, was 43%. The transfectional ratio was 1:3 (μg: μL), 
siRNA:Lipofectamine. The silencing effects of HA-amine were similar to the 
previous VEGF silencing experiment. However, in the previous experiment the 
transfectional complexes were incubated in the DMEM for 4 hours and the 
transfectional medium was removed. This time, HA-amine/siRNA was incubated with 
PC 3 cells in the cultural medium with 5% FBS for 8 hours. The 5% serum did 
destroy neither the transfectaional complexes, nor siRNA. Thus, the HA based 
delivery vehicles could be applied in the in vivo trail, because of the stability in the 
serum containing environment.  

 
Figure 29 In vitro VEGF silencing effect with various N/P.  

    
In 2009, the anti-VEGF silencing effect via siRNA/PEI-HA complex showed 65% 

down-regulation of VEGF expression level [21]. The delivery system was a branched 
PEI-HA conjugation, which bound electrostatically to siRNA and the cytotoxicity was 
reduced due to the masking effect by HA. Somehow, the conjugation form could be 
degraded in the in vivo environment. The toxicity of branched PEI (bPEI) could be 
one disadvantage of siRNA/PEI-HA delivery system. However, the ability to deliver 
siRNA was due to the cationic properties by 24% modification of bPEI. In our 
delivery system, the cationic modification of amine groups was 20%. The lower 
silencing efficiency could be caused by less cationic modifying, so the interaction 
between amine on HA and phosphate on siRNA would be weaker. 
   In order to improve the silencing effect, hyaluronidase should be concerned. 
Hyaluronidase plays an important role in cancer metastasis and angiogenesis [43]. 
Hyaluronic acid is digested by hyaluronidase into small fragments which promote 
angiogenesis process [44]. However, anti-VEGF siRNA/HA-amine complex will also 
be digested and delivered into the CD44 positive cells. It will be interesting to see 
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hyaluronidase will trigger more angiogenesis by digested HA into small fragments or 
will enhance the anti-VEGF silencing efficiency by digested siRNA/HA-amine into 
smaller molecular weight form.  
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4. Conclusion 
In the HA based delivery system, HA-amine worked well in all occasions. 

HA-amine delivered anti-GFP siRNA and the silencing effect reached 40% in 
HCT-116 and HEK-293T cells. Also, HA-amine delivered anti-VEGF siRNA and the 
silencing effect reached to 20% in PC 3 cells at the first trial. HA-amine could be a 
better choice than the traditional delivery system—cationic polymers, PEI and 
Lipofectamine. On the other hand, the HA-BP conjugates showed the specificity and 
low IC50 to CD44 positive cells.  

If the time allowed, we would continue the experiments in vivo to demonstrate the 
efficiency of our delivery system. HA-BP could be applied for bone metastasis studies 
and HA-amine/anti-VEGF siRNA should be applied to prostate cancer therapy to see 
the differences between in vitro and in vivo.  
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