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Figure 5-6: The effect of the modified PEI incorporation on in vitro release profile of 
siRNA from the polymer/siRNA nanoplexes-loaded PLGA microparticles 
in PBS, pH 7.4.  Data is represented as mean ± standard deviation (n=3).  (*; 
p<0.05)   
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Figure 5-7: Confocal microscope images demonstrating the effect of the modified 
PEI incorporation on cellular uptake and intracellular localization of the 
PLGA microparticles.  HEK293 cells were stained with Lysotracker Green 
(green), incubated with the microparticles loaded with Cy-3 labeled siRNA 
(red), and then mounted with DAPI containing mounting solution after 
fixation.  Co-localization of nanoplexes and lysosomes are shown as a yellow 
signal.  A. PLGA(PEI/Cy3 siRNA),  B. PLGA(Man-PEI-PEG/Cy3 siRNA),  
C. PLGA(PEI-PEG-Man/Cy3 siRNA).  The experiments were repeated at 
least twice.  The best representative images are shown.   
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Figure 5-8: The effect of the modified PEI incorporation on in vitro gene knockdown 
efficiency of the PLGA microparticles in EGFP-HEK293 cells.  The cells 
were transfected with the various PLGA formulations.  EGFP gene expression 
levels of the PLGA microparticles were normalized to that of blank PLGA 
microparticles and represented as relative expression (%).  The experiments 
were repeated at least twice.  Data is represented as mean ± standard deviation 
(n=3). 
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Figure 5-9: The effect of the modified PEI incorporation on cytotoxicity of the 
PLGA microparticles in HEK293 cells.  Cytotoxicity of various PLGA 
microparticles were tested at the concentration of 0.25mg/ml.  From the left; 
Bank PLGA, PLGA(PEI), PLGA(siRNA), PLGA(PEI/siRNA), PLGA(Man-
PEI-PEG/siRNA), PLGA(PEI-PEG-Man/siRNA), no treatment.  The relative 
cell viability was calculated by normalizing to the no-treatment group.  The 
experiments were repeated at least twice.  Data is represented as mean ± 
standard deviation (n=3).   
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Figure 5-10: Analyzing the quality and quantity of the total RNA from the mouse 
organs administrated with the PLGA microparticles.  A. gel 
electrophoresis of the total RNA samples from mouse spleen,  B. gel 
electrophoresis of the total RNA samples from mouse lung,  C. gel 
electrophoresis of the total RNA samples from mouse liver,  D. gel 
electrophoresis of the total RNA samples from mouse kidney,  E. gel 
electrophoresis of the total RNA samples from mouse heart.  The numbers 
under the figures represent ‘the number of the injection group – the number of 
mouse’.  L represents ladder, and std represents standard RNA with a known 
concentration.   
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L   7-4 7-5  8-1  8-2  8-3 8-4  9-1  9-2 9-3  9-4  9-5  std       L  10-1  10-2  10-3 10-4  10-5  11-1 11-2 11-3  11-4  11-5  12-1  std         L  12-2  12-3  12-4  12-5   13-1  13-2  13-3   13-4  13-5  2.5   std 

L   7-4 7-5  8-1  8-2  8-3 8-4  9-1  9-2 9-3  9-4  9-5  std       L  10-1  10-2  10-3 10-4  10-5  11-1 11-2 11-3  11-4  11-5  12-1  std          L    12-2 12-3 12-4 12-5 13-1 13-2 13-3 13-4 13-5  std 

L   1-1 1-2  1-3  1-4 1-5  2-1  2-2  2-3 2-4  2-5  3-1  std       L   3-2  3-3 3-4  3-5  4-1 4-2  4-3  4-4 4-5  5-1 5-2  std         L   5-3  5-4 5-5  6-1  6-2 6-3 6-4  6-5  7-1  7-2  7-3  std 

L   1-1 1-2  1-3  1-4 1-5  2-1  2-2  2-3 2-4  2-5  3-1  std       L   3-2  3-3 3-4  3-5  4-1 4-2  4-3  4-4 4-5  5-1 5-2  std         L   5-3  5-4 5-5  6-1  6-2 6-3 6-4  6-5  7-1  7-2  7-3  std 

L   1-1 1-2  1-3  1-4 1-5  2-1  2-2  2-3 2-4  2-5  3-1  std       L   3-2  3-3 3-4  3-5  4-1 4-2  4-3  4-4 4-5  5-1 5-2  std         L   5-3  5-4 5-5  6-1  6-2 6-3 6-4  6-5  7-1  7-2  7-3  std 

L   7-4 7-5  8-1  8-2  8-3 8-4  9-1  9-2 9-3  9-4  9-5  std       L  10-1  10-2  10-3 10-4  10-5  11-1 11-2 11-3  11-4  11-5  12-1  std          L   12-2 12-3 12-4 12-5 13-1 13-2 13-3 13-4 13-5  std 



 

 

131 

Figure 5-10 continued 
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Note: The numbers under the figures represents the number of injection group – the 
number of mouse.  For example, 5-3 represents a sample from the third mouse from 
injection group 5 (PEI/siGAPDH).  Table 5-2 shows the information on injection groups.   

 

L   1-1 1-2  1-3  1-4 1-5  2-1  2-2  2-3 2-4  2-5  3-1  std       L   3-2  3-3 3-4  3-5  4-1 4-2  4-3  4-4 4-5  5-1 5-2  std         L   5-3  5-4 5-5  6-1  6-2 6-3 6-4  6-5  7-1  7-2  7-3  std 

L   7-4 7-5  8-1  8-2  8-3 8-4  9-1  9-2 9-3  9-4  9-5  std       L  10-1  10-2  10-3 10-4  10-5  11-1 11-2 11-3  11-4  11-5  12-1  std          L   12-2 12-3 12-4 12-5 13-1 13-2 13-3 13-4 13-5  std 

L   1-1 1-2  1-3  1-4 1-5  2-1  2-2  2-3 2-4  2-5  3-1  std       L   3-2  3-3 3-4  3-5  4-1 4-2  4-3  4-4 4-5  5-1 5-2  std         L   5-3  5-4 5-5  6-1  6-2 6-3 6-4  6-5  7-1  7-2  7-3  std 

L   7-4 7-5  8-1  8-2  8-3 8-4  9-1  9-2 9-3  9-4  9-5  std       L  10-1  10-2  10-3 10-4  10-5  11-1 11-2 11-3  11-4  11-5  12-1  std          L   12-2 12-3 12-4 12-5 13-1 13-2 13-3 13-4 13-5  std 
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Figure 5-11: The effect of the modified PEI incorporation in PLGA microparticles 
on in vivo gene knockdown efficiency in mouse model.  Three days after the 
injection of the various PLGA microparticle formulations (Table 5-2), five 
organs (liver, lung, heart, spleen, and kidney) were harvested.  Total RNA was 
extracted from the organs and DNase treated.  Its quality and quantity was 
assessed.  The gene expression levels of GAPDH were analyzed using real-
time PCR from each organ, normalized to that of NC1 injected groups.  The 
data was reported as mean ± standard deviation from triplicate RT-PCR 
reactions of each triplicate (n=5).   
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 Figure 5-12: The effect of the modified PEI incorporation in PLGA microparticles 
on hepatotoxicity in mouse model.  A. AST levels in plasma one day after 
the injection,  B. ALT levels in plasma one day after the injection.  The data 
was reported as mean ± standard deviation (n=5).   
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

The goal of this research has been developing an efficient siRNA delivery system 

using cationic polymers, PEG, mannose, and PLGA.  These materials have been widely 

used in drug and gene delivery research.  Cationic polymers, chitosan and PEI, were used 

to complex siRNA by electrostatic interactions, so that they condense and protect the 

siRNA during delivery. 82  PEG were expected first, to increase serum half-life of a 

carrier by steric shielding effect and second, to decrease toxicity of cationic 

polymers.173,115, 116  Mannose ligand could promote receptor-mediated endocytosis by 

ligand-receptor specific interaction, which results in an increased delivery efficacy.125  

PLGA is a biodegradable polymer that has been widely used in drug delivery due to its 

controlled release property.219, 230  A delivery system consisted of cationic polymers, 

PEG, mannose, and PLGA has strong potential as an in vivo carrier of siRNA by 

exploiting the advantages of each component.  We synthesized two different constructs of 

siRNA delivery system.  The first construct has both mannose and PEG directly 

connected to the cationic backbone.  The second construct has PEG connected to the 

backbone through one end and conjugated with mannose at the other end.  Our goals are 

to build an efficacious delivery system for siRNA and also to investigate the effect of the 

location of the mannose in modified cationic polymer constructs.   

We first synthesized a delivery system with chitosan as a cationic backbone and 

evaluated the potential as a siRNA carrier.  Modified chitosans complexed and condensed 

siRNA successfully so that they retarded the migration of siRNA in the agarose gel 

electrophoresis.  The chitosan polymers had minimal cytotoxicity showing near 100% 

cell viability at the high concentration of 1mg/ml.  They formed nanoplexes small enough 

to be endocytosed, which were uptaken by mouse macrophage cells at 2 hours post-

transfection.  The second construct, chitosan-PEG-mannose, displayed enhanced siRNA 

retardation ability and cellular uptake when compared to the first construct, mannose-
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chitosan-PEG.  In the structure of chitosan-PEG-mannose, having mannose at the tip of 

PEG chain could expose the ligand and expedite ligand-receptor interactions.  This 

resulted in an improved endocytosis of the nanoplexes.  In contrast, PEG chains might 

shield the mannose ligand in the mannose-chitosan-PEG structure.  This could interfere 

with ligand-receptor interactions.  The modified chitosans did not significantly reduce 

Renilla luciferase gene expression.  It might be correlated to the low lysosomal escape of 

siRNA.  To induce RNAi, siRNA must escape from the lysosome to integrate with RISC.  

If it is held inside the lysosome, there is less chance to join the RISC thereby less 

induction of RNAi.  Mannosylation and pegylation, alone or in combination, could not 

overcome the inherent low delivery efficacy of chitosan.  Further study using a different 

cationic polymer would be recommended because both our modified chitosan and 

unmodified chitosan showed no significant gene silencing effect.  A cationic polymer that 

has stronger siRNA condensation capacity could provide better protection to siRNA and 

lead to a better gene knockdown efficiency.   

PEI was chosen next as a cationic backbone polymer in place of chitosan.  PEI 

has proven gene delivery efficiency.  We expected pegylation and mannosylation to 

reduce the cytotoxicity profile of PEI.  The PEI formulations formed nanoplexes with 

siRNA strongly with or without modifications, so that the migration of siRNA was 

completely retarded at lower N/P ratios.  The modified PEIs formed nano-sized 

complexes with siRNA.  As a result, the modified PEI/siRNA nanoplexes were 

efficiently uptaken by RAW264.7 cells.  PEI-PEG-mannose significantly enhanced 

siRNA delivery into the cells when compared to mannose-PEI-PEG.  Furthermore, 

siRNA was seperated from the lysosome and localized in the perinuclear region.  It 

suggested that siRNA escaped from the lysosome and joined the RISC to initiate RNAi 

process.  In real-time PCR analysis, the modified PEIs improved the siRNA delivery 

efficiency of PEI resulting in lower mRNA expressions relative to unmodified PEI.  

There was no significant difference between mannose-PEI-PEG and PEI-PEG-mannose.  
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To further study the gene silencing effect of polymer/siRNA nanoplexes on protein 

expression, dual-luciferase analysis was carried out.  PEI-PEG-mannose demonstrated 

higher siRNA delivery efficiency than mannose-PEI-PEG.  Mannosylation and 

pegylation significantly improved the cytotoxicity of PEI demonstrating increased cell 

viabilities relative to unmodified PEI.  PEI-PEG-mannose resulted in higher cellular 

uptake and higher gene knockdown efficiency when compared to mannose-PEI-PEG.  

Increasing concentration of polymers elevated the cytotoxicity of polymers.  PEI-PEG-

mannose and mannose-PEI-PEG have great potential as an efficient siRNA delivery 

system.  Adding PLGA excipient to the delivery system can further improve the toxicity 

profile of PEI and enhance in vivo gene knockdown efficiency of siRNA.   

To further expand the delivery potential for in vivo applications, PLGA 

microparticle was utilized to encapsulate the modified PEI/siRNA nanoplexes.  The 

PLGA microparticles can provide controlled release of the nanoplexes.  We fabricated 

the PLGA microparticles encapsulating unmodified and modified PEI/siRNA 

nanoplexes.  The modified PEI/siRNA nanoplexes marginally increased porosity of the 

PLGA microparticles.  The particles were formed with the 2-4µm size range.  The 

modified PEIs significantly improved the encapsuation efficiency of siRNA into the 

microparticles.  The PLGA microparticles loaded with PEI-PEG-mannose/siRNA and 

mannose-PEI-PEG/siRNA nanoplexes displayed significantly lower initial burst and 

overall sustained release profile when compared to the PLGA microparticles loaded with 

siRNA only or unmodified PEI/siRNA nanoplexes.  The PLGA microparticles 

incorporated with PEI-PEG-mannose resulted in higher cellular uptake than the PLGA 

particles loaded with PEI/siRNA or mannose-PEI-PEG/siRNA nanoplexes.  The PLGA 

microparticles encapsulating the modified PEI/siRNA nanoplexes exhibited very low 

cytotoxicity at the high concentration of 1mg/ml.  The PLGA particle formulations 

loaded with siEGFP did not significantly reduce the gene expression.  There are two 

potential reasons why they did not show strong in vitro knockdown.  First, the PLGA 
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particles have sustained release characteristics that can be difficult to analyze in vitro.  

Second, the cells are difficult to maintain for over 3 day period.  In order to further 

investigate in vivo gene knockdown efficiency of the PLGA microparticles, we utilized 

the mouse model.  The PLGA microparticles loaded with PEI/siGAPDH nanoplexes 

showed significant knockdown in the heart.  The PLGA microparticles encapsulating 

siGAPDH showed efficient knockdown in the spleen.  The PLGA microparticles 

incorporating PEI-PEG-mannose/siGAPDH nanoplexes resulted in no significant gene 

silencing.  This result could be explained by the depot formation at the injection sight.  

The microparticles loaded with PEI-PEG-mannose/siGAPDH nanoplexes were held 

inside the depot at the injection site and could not efficiently deliver siRNA to the organs.  

In summery, the PLGA microparticles encapsulating the modified PEI/siRNA nanoplexes 

demonstrated low gene silencing effect.  It can be explained by two potential reasons.  

First, the amount of siRNA might be too small for intraperitoneal administration.  

Second, the harvesting time might be too early to detect siRNA knockdown considering 

the sustained release property of the PLGA microparticles.  Intraperitoneal route of 

administration requires higher dose of siRNA than other administration routes.  

Optimization of siRNA dose, particle size, administration route, and time point of 

harvesting organs may aid in development of siRNA delivery system for in vivo gene 

knockdown applications.  The PLGA microparticles did not increase the level of 

hepatotoxicity markers such as AST and ALT relative to PBS, which is beneficial for in 

vivo gene delivery.  In this study, pegylated and mannosylated PEIs reduced cytotoxicity 

of PEI without compromising delivery efficiency, improved loading of siRNA into 

microparticles, and increased cellular uptake of the siRNA.  These findings have potential 

to lead to an improved long-acting efficacious siRNA delivery system.  
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