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摘 要 

分子生物學和基因組學的迅速發展，使得基因治療成爲可能。然而，缺乏 

有效基因載體是目前這項技術取得進一步發展的最大的瓶頸。聚乙燃亞胺(PEI) 

因其具有良好的DNA複合和pH緩衝能力，而被認爲是目前最有效的聚陽離子 

型非病毒載體。虽然PEI及其衍生物被廣泛應用在體內和體外的基因轉染實驗 

中，但由于缺乏對細胞內轉染機制的深入瞭解而限制了其進一步的发展和應用。 

到目前爲止，其較高的細胞毒性和仍顯不足的基因轉染效率使我们仍需對其做 

進一步的修飾和改性。已知短鏈PEI毒性較低，但長鏈PEI有更高的基因轉染 

效率。因此，本論文將短鏈PEI以二硫鍵擴鏈以增加轉染效率，同時利用其可 

在還原性細胞質環境中被降解的性質來降低細胞毒性。 

我們首先用激光光散射(LLS )原位監控低分子量的PEI( Mw = 2x10^ g/mol) 

與dithiobis(succinimidyl propionate) (DSP)的交聯反應。通過調整加入交聯劑DSP 

的量及速度來控制交聯PEI鏈的長度和交聯度。通過比較兩種通過交聯得到的 

PEI 樣品（PEI-7K-L，Mw = 6.5x103 g/mol 和 PEI-400K-L’ Mv, = 3.8 x 10̂  g/mol)， 

我們發現轉染效率和細胞毒性與交聯PEI鏈的鏈長和結構均有關係。具有較伸 

展構象的PEI-7K-L胞毒性較低，幷且基因轉染效率是常用轉染試劑PEI25K( PEI, 

Mw = 2.5X104 g/mol)的 2-10 倍以及另一種商業化試劑 Lipofectamine 2000®的 

10-30倍。相反，具有微凝膠構象的PEI-400K-L (Mw = 3.8x10^ g/mol)雖然沒 

有細胞毒性，但也不具備轉染效率。我們的結果表明，在交聯反應中控制鏈長 

與鏈結構均對提高轉染效率至關重要。 

此外，我們將聚乙二醇（PEG，Mw = 2xl03 g/mol)分別通過可還原降解的 

二硫鍵-S-S-和不可降解的碳碳鍵-C-C-接枝到PEI25K，得到兩種嵌段共聚物。 

通過與未改性的PEI比較證明在生理驢溶液環境中，由于親水PEG殼層的保护 

作用，共聚物可與質粒DNA形成更穩定的複合物，然而同時也導致細胞對此複 

合物的內吞有所减少。但血清對PEG保護的複合物的不良影響也同時降低。 

PEG-SS-PEI顯示出比PEG-CC-PEI高出2-8倍的基因轉染效率。通過肝磷脂置 

換實驗表明，二硫鍵的降解導致PEG鏈從複合物上脫去使被包載的DNA分子 



在胞內更容易釋放，從而提高了 PEG-SS-PEI的基因轉染效率。因此’ 二硫鍵的 

弓丨入可降低毒性幷提高轉染效率，而且是一個解决接枝PEG後所帶來副作用的 

很好的方案。 

最後我們用光散射、凝膠電泳以及zeta電位儀硏究了不同PEI分子與DNA 

的複合過程，發現PEI與DNA的複合过程在氮磷比爲3的時候已基本完成，而 

一般情况下氮磷比爲10時複合物具有最髙轉染效率。當更多的PEI分子加入到 

複合物溶液中，幷不顯著改變複合物的物理性質。由此，我們認爲PEI除與DNA 

複合提供壓縮保護的功能外，在溶液中游離的PEI分子亦對提高基因轉染效率 

有至關重要的作用。雖然具體的增進機理有待進一步的硏究，但我們的結論爲 

設計和合成更好的非病毒載體提供了新的思路。 



ABSTRACT 

Due to recent advances in molecular biology and genomic research, numerous 

diseases have been given their genetic identities for which gene therapy may be a 

possible prescription. Gradually, the development of viral and non-viral vectors to 

translocate genes has become a bottleneck. For non-viral vectors, polyethylenimine 

(PEI) is considered as a potential vector candidate for gene delivery because of its 

ability to compact DNA and its intrinsic pH buffering capacity. PEI and its derivates 

have been widely tested in both in-vitro and in-vivo gene transfection experiments. 

The progress is limited due to the lack of a better understanding of the intracellular 

mechanism. So far, their cytotoxicity is relatively high and gene transfection 

efficiency is low. This study was designed to modify PEI and optimize its 

cytotoxicity and gene transfection efficiency. 

It has been known that short PEI chains are less toxic, but long chains are more 

effective in gene transfection. Therefore, we decide to use the disulfide bond (-S-S-) 

to extend short PEI chains to increase efficiency and also utilize the reductive cytosol 

environment to cleave such extended PEI chains to reduce their cytotoxicity inside 

the cell. Laser light scattering (LLS) was used to in-situ monitor the linking reaction 

between short PEI chains (M^ = 2000 g/mol) and dithiobis(succinimidyl propionate) 

(DSP). The molar mass and crosslinking degree of the extended PEI chains was 

controlled by either the amounts or the adding rate of DSP. A comparative study of 

two linked PEI samples (PEI-7K-L and PEI-400K-L, respectively with VL = 6.5 x 

10̂  and 3.8 x 10^ g/mol) reveals that cytotoxicity and gene transfection efficiency of 

such extended PEI chains are related to the chain length and structure. Namely, 

PEI-7K-L with an extended chain structure is less cytotoxic and 2-10 times more 

effective in the gene transfection than the "golden standard" (PEI25K) and the 

widely used commercial vector, Lipofectamine 2000®. Comparatively, PEI-400K-L 

with a spherical microgel structure is ineffective in spite of its non-toxicity. Our 
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study clearly demonstrates that a proper control of the chain length and structure is 

important. 

Further, we grafted PEI with polyethylene glycol (PEG), respectively via a 

reductive disulfide -S-S- and a non-degradable -C-C- bond to form two copolymer 

vectors. A comparative study shows that the polyplexes formed between the two 

copolymers and DNA are more stable than that formed between unmodified PEI and 

DNA under the physiological condition，presumably because the grated PEG chains 

form a protective hydrophilic shell on the PEI/DNA polyplexes. However, 

PEGylation reduces the internalization of the copolymer/DNA polyplexes in in-vitro 

experiments. For the two copolymer vectors, PEG-SS-PEI is 2-8 times more 

effective than its counterpart (PEG-CC-PEI) in the gene transfection, presumably due 

to the cleavage of the grafted PEG chains inside the reductive cytosol, which 

promotes the release and translocation of DNA. Our results demonstrate that using 

the disulfide as a linker is a promising approach to overcome the PEGylation 

dilemma in the development of low cytotoxic and high efficient non-viral polymeric 

vectors. 

During the complexes formation, both LLS and zeta-potential were used to 

follow the process. The results showed that most of anionic DNA are complexed by 

cationic PEI-based polymers when the molar ratio of nitrogen from PEI to phosphate 

from DNA (N:P) reaches ~3，but the gene transfection reaches the highest efficiency 

when N:P 〜10. When N:P > 3，there exist two population of PEI chains in the 

solution mixture: bound to DNA and free in the solution. The bound PEI chains 

condense and protect DNA. Our current study confirms that it is those free PEI 

chains that play a vital role in promoting the gene transfection. Our preliminary data 

shows that the promotion mainly occurs in the intracellular space. The detailed 

mechanism is still lacking at this moment. Nevertheless, our finding leads to a totally 

different way in the development of non-viral vectors. 
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Chapter 1 

Chapter 1 

Introduction and Background 

1.1 Gene Therapy — Car rier Is the Bottleneck 

Gene therapy can be defined as treatment of human diseases by the transfer of 

exogenous, therapeutic genes into specific cells of the patient (J). Due to the recent 

advances in molecular biology and genomic research, numerous diseases (e.g., sickle 

cell anemia, HIV, Parkinson's disease, Huntington's disease, Alzheimer's disease) 

have been given a genetic identity for which gene therapy may be a possible 

prescription (2-5). The strategy include replacing the errant gene in genetic disease, 

augmenting naturally occurring proteins, altering the expression of existing genes, 

and producing cytotoxic proteins or prodrug-activating enzymes. 

For a perfect gene therapy treatment, the target gene should be specifically 

delivered to the targeting cells with high transfection efficiency and low toxicity, 

which means that the gene carrier is of vital importance to ful f i l l such an exciting 

goal. However, there still remains a long way to go due to the challenges in finding 

or designing an ideal gene vector (6). 

Recombinant viruses were the first delivery agent employed as the gene carrier 

because of their ability inbred (7). The viruses, including retrovirus, adenovirus, 

adeno-associated virus, herpes simplex virus, pox virus and lentivirus (for example, 

HIV) (S), can either be genetically rendered to be replication defective or gutted of 

their genetic material and replaced with therapeutic genes. The virus vectors 

gradually evolved as sophisticated gene delivery vehicles because of their high gene 

transfection efficiency. They have been used in the majority of gene delivery studies 

reported in the literature and 66% of ongoing clinical trials (Figure 1.1) (9). Because 

of some early promising results since the first clinical trial in 1990，virus vectors 

were regarded as the most hopeful carriers to achieve the goal of successful gene 

therapy (JO). However, early before the first clinical trial, some people warned that 
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Figure L I . Pie chart of vectors used in gene therapy clinical trials. (9) 

viral vectors could induce cancer via insertional mutagenesis, namely, random 

transgenic may insert into the host chromosome disrupting the normal expression of 

a critical gene that ordinarily regulates cell growth and division. Unfortunately, this 

prediction partially came true when three clinical trial participants developed 

leukemia-like complications post retroviral-based gene therapy {11, 12). Furthermore, 

the viral vectors themselves are inherently immunogenic, leading to difficulty with 

repeat administrations and the possibility of dangerous immune reactions. The 

immunogenic response caused by virus vector, in at least one reported incident, has 

led to a fatal outcome {13). Other problems with viral gene delivery include 

limitations in target-cell specificity and the costs of manufacturing. 

As a result, people are motivated to seek for safer, less pathogenic and 

immunogenic gene delivery alternatives based on non-viral materials. The candidates 

include lipid-based vectors (14), chemically modified viruses (75), inorganic 

materials (16. 17), and cationic polymer-based gene delivery systems {6, 18-20)’ 

where the last one offer greater structural and chemical versatility for manipulating 

physicochemical properties, vector stability upon storage and reconstitution, and a 
2 
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larger gene capacity compared to their viral counterparts. 

The basic principle for the polymer utilized as a gene carrier is that the cationic 

polymer backbone or pendant can electrostatically interact with anionic nucleic acid, 

and condense the micrometer-sized nucleic acid into a particle with the diameter of 

tens to hundreds nanometer. This complexation process is entropically driven due to 

the release of counter-ions (27). Such obtained particles, also called polyplexes, are 

positive in the surface charge, which is beneficial for the approach to the 

negatively-charged cell membrane and internalization. Furthermore, the steric 

shielding provided by the polymers can protect the nucleic acid from both 

extracellular and intracellular nuclease degradation (22). 

Although polymeric vectors exhibit great potential in gene therapy, their 

relatively poor efficiency, due to the difficulties in overcome some of the extra- and 

intra-cellular barriers, has limited their successful application in clinical trials, while 

virus vectors have sophisticatedly evolved functions to overcoming most of extra-

and intra-cellular barriers to achieve satisfactory gene delivery efficiency. Therefore, 

consideration of the barriers in gene delivery is necessary to understand the 

limitations of non-viral vectors and important for the rational design of more 

effective vectors. 

1.2 Extracellular and Intracellular Barriers 

1.2.1 Nucleic Acid Packaging 

The primary function for a gene delivery carrier is to envelope the target gene and 

protects it from the nuclease degradation. The naked nucleic acid wi l l be degraded 

quickly in the presence of nuclease, whereas plasmid DNA in polyplexes can be 

stable for hours (23). Generally, the negatively-charged nucleic acids are believed to 

be condensed and surrounded by the polycationic polymers, which results in the 

positively-charged surface of the polyplexes. Although some efforts have been made 

in order to understand the kinetics of polyplexes formation and the final structure {21, 

3 
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24-27), the exact process and structure of the final polyplexes is still misty. Further 

detailed experimental and theoretical studies on the formation of the complexes are 

needed in order to better understand the structure-function relationship between the 

polyplexes and gene transfection efficiency. 

Molecular weight and structure of the polycations, in other words, the charge 

number, distribution and charge density have significant effect on the condensation 

and protection ability of nucleic acid {28-31). However, better nucleic acid binding 

affinity does not directly correlate to higher gene transfection efficiency, probably 

because that tight binding leads to difficulties in nucleic acid release once the 

polyplexes arrive at the site of action and higher charge density always accompany 

with the higher cytotoxicity (32). 

1.2.2 Salt and Serum Stability 

The polyplexes are stable in salt-free or low salt concentration condition because of 

the electrostatic repulsion. However, the polyplexes are readily to aggregate under 

the physiological condition {33), because the like-charge repulsion is screened by the 

salt ions and cannot balance the Van der Waals attraction. The large polyplexes 

aggregates are generally ineffective and can even be toxic due to embolization of the 

aggregates in the lung {19). Furthermore, the positively-charged polyplexes can be 

opsonized with plasma proteins such as immunoglobulin M, complement C3 and 

proteins of the coagulation cascade {34), leading to their rapid clearance by 

phagocytic cells of MPS in the liver, spleen, lungs, and bone marrow (55). The 

clearance rate of these particles from the circulatory system depends on their surface 

physicochemical characteristics. In order to gain undetectable ability against 

macrophages, also called the 'stealthy' ability, vectors have to be as small and 

neutral as possible {36, 37). 

1.2.3 Specific Cell Targeting 
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Unmodified polycation/nucleic acid polyplexes usually interact with 

membrane-bound negatively-charged proteoglycans to facilitate cellular 

internalization (35). The proteoglycans are believed to play a central role in the 

endocytosis of non-targeted positively-charged polyplexes, while their exact 

mechanism is still unclear. However, such an interaction results in indiscriminate 

uptake and undesirable gene expression by unanticipated cell types. In most case, 

gene delivery to a very specific site is of great importance for an efficient 

transfection, sometimes is even of safety concern. Although "naked" polyplexes do 

not possess such a specific selectivity to cell types, active polymer groups on the 

polyplexes provide possibility for chemical modification to gain such ability by 

conjugating cell specific targeting ligands. The targeting ligands can be divided into 

four main categories, namely, endogenous ligands, carbohydrates, antibodies and cell 

penetrating peptides (6). These ligands can interact with membrane-bond receptors to 

accomplish cell selectivity and internalized by cell via receptor-mediate endocytosis. 

However, the iigand selection should be carefully considered to optimize the gene 

delivery efficiency, since the appropriate targeting Iigand can be influenced by a 

myriad of factors; for example, different ligands wil l lead to totally different 

endocytic pathways. 

1.2.4 Endocytic Pathway and Transport through Cytoplasm 

Endocytosis refers to the cellular uptake of macromolecules and solutes into 

membrane-bound vesicles derived by invagination and pinching from the plasma 

membrane (59). The clathrin-mediated endocytosis (CME) was the first discovered 

and best characterized pathway since it was observed by electronic microscopy in 

1960，s，and has been regarded as the exclusive uptake pathway of exogenous 

biomacromolecules for a iong time {40). Til l now, other three morphologically 

distinct endocytic pathways have been discovered and characterized: 

caveolae-mediated pathway, macropinocytosis, and phagocytosis (Figure 1.2) {40). 
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Figure 1.2. Scheme of the endocytosis pathways. CCP: clathrin-coated pit; CCV: 
clathrin-coated vesicle; EE: early/sorting endosome; LE: late endosome; Lys: lysosome; Cav: 
caveosome; LR: lipid raft; RV: recycling vesicle; MT: microtubules (40). 

These four pathways differ in the coating composition, size of the detached vesicles 

and fate of the internalized particles. 

1.2.4.1 Clathrin-Mediated Endocytosis 

CME occurs in all mammalian cells and carries out the continuous uptake of 

essential nutrients, antigens, growth factors, and pathogens {41). For the polypiexes, 

CME can be triggered by using certain ligands, such as transferring and low-density 

lipoprotein (LDL) {42, 43), which can specifically recognize their receptors protein 

on the cell membrane domains called clathrin-coated pits (CCPs) {41). The CCPs are 

invaginated and then pinched off from the plasma membrane by dynamin to form 

intracellular clathrin-coated vesicles (CCVs) ranging in size from 100 to 150 nm in 

diameter. The CCVs fuse with each other to form early endosomes with pH drop 

from 7.4 to 6.0. Then early endosomes are transported through microtubules to late 
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endosomes and further fuse with more acidic lysosomes (pH ~ 4.5-5), which contain 

degradative enzymes ready to digest exogenous materials {44). CME has been 

regarded as the most kinetically effective mechanism for endocytosis, because it is an 

energy-dependent process {41, 45). 

1.2.4.2 Caveolae-Mediated Endocytosis 

Membrane microdomains rich in hydrophobic cholesterol and sphingolipids, termed 

lipid rafts, characterize the caveolae system {46). Caveolae are small flask-shaped 

invaginations vesicles (ca. 50 nm in diameter) on the plasma membrane. The 

caveolae-mediated endocytosis has been mainly elucidated by visualizing the 

infectious pathway of the SV40 vims {47). The SV40 virus is found to leave the 

plasma membrane in small, caveolin-1 -containing vesicles and enters large 

peripheral organelles without acidification of their lumen. After several hours，the 

virus is contained into tubular caveolin-free membrane vesicles and moves rapidly 

along the microtubules to smooth endoplasmic reticulum. Compared to CME, the 

endocytosis via caveolae avoid the acidification of the endocytic vehicles 

(caveosomes) and degradation by lysosome {47, 48), Therefore, this pathway seems 

to be advantageous in terms of non-viral gene delivery and has been paid more and 

more attention gradually in recent years. 

Joanna et al. {49) and Gabriel son et al. {50) investigated the endocytosis pathway 

of the polyplexes formed by PEI/pDNA recently. They demonstrated that the 

polyplexes are internalized by cell via both clathrin- and caveolae-mediated 

endocytosis, but only caveolae-mediated internalized polyplexes showed efficient 

gene transfection. Joanna et al. (57) also found that the pathway is particle-size 

dependent. Namely, internalization of microspheres with a diameter <200 nm 

involved clathrin-coated pits. And with increasing size, a shift to the mechanism that 

relied on caveolae-mediated internalization became apparent, which became the 

predominant pathway of entry for particles of 500 nm in size. 
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However, caveolae-mediated process is slow and the vehicles are small in size 

with low fluid phase volume. It is also greatly dependent on the cell type. So, it is 

unlikely that they contribute significantly to constitutive endocytosis in most cases, 

except for the endothelial cells in which caveolae constitute 10 to 20% of the cell 

surface (52). Meanwile, the exact mechanism and fate of caveosome are less 

understood than the CME counterparts. Nevertheless, caveolae-mediated endocytosis 

is still a promising strategy for gene delivery especially i f the internalization can be 

increased, possibly through the use of specific and highly efficient receptors for 

caveolae. 

1.2.4.3 Macropinocytosis 

In most cells, stimulation by growth factor triggers ruffling and protrusion of the cell 

membrane (Figure 1.2). The actin-driven protrusions collapse onto and fuse with the 

cell membrane to generate large (up to 5 j^m) endocytic vesicles, called 

macropinosomes, with irregular size and shape (55). The intracellular fate of the 

macropinosomes differs depending on the cell type. Due to their large size, 

macropinosomes contain large volumes of extracellular medium and is regarded as 

an efficient vehicle for the nonselective endocytosis of macromolecules solute (52). 

1.2.4.4 Phagocytosis 

Phagocytosis in mammalian cells is conducted primarily by specialized cells, 

including macrophages, monocytes, and neutrophiles, that functions to clear large 

(>0.5 |Lim) pathogens such as bacteria, yeast or large debris such as dead cells and 

arterial fat deposits {54). Large particles internalization is initiated by specific 

receptors on the phagocyte and ligands on the surface of the particles. This triggers 

actin assembly and formation of cell surface extensions that zip around the particle to 

engulf them. After that, actin is shed from phagosomes, which then mature by a 

series of fusion and fission events involving the components of the endocytic 
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pathway, resulting in the formation of mature phagolysosomes where internalized 

particles are degraded {54). Phagosomes trafficking occurs primarily in association 

with microtubules, and its maturation requires a coordinated interaction between 

actin-based and tubulm-based cytoskeletons (52). Because of its limitation in cell 

type, phagocytosis is not considered to be an efficient pathway in gene delivery {39). 

1.2.5 Endo/lysosome Escape 

As mentioned above, in most cases, endosomes from CME pathway ultimately fuse 

with lysosomes or recycle back to the cell surface. In order to avoid degradation or 

exocytosis, nucleic acid should escape from the endo/lysosome quickly. Several 

strategies have been used to overcome this barrier. Cationic lipid/nucleic acid 

complexes (lipoplexes) can triggers endosome release via the ion-pair mechanism, 

which has been proposed by Szoka et al. (55). After endocytosis, cationic lipids form 

ion pairs with the anionic lipids in the endosome membrane and thus destabilize the 

endosomal membrane by excluding the surface bound water. They also report that 

some cationic lipid containing pH-sensitive fusiogenic lipid DOPE can release the 

associated nucleic acid int o cytosol (55). DOPE forms a stable lipid bilayer at 

physiological pH, however, at lower pH value, it undergoes a transition from bilayer 

to an inverted hexagonal structure, whic h fuses and destabilizes the endosomal 

membrane resulting the release of its contents to the cytosol. 

Unlike the structure transformation caused by fusiogenic lipid, some small 

molecules known as the lysosomotropic reagent (56) promote the endo/lysosome 

release through a different mechanism. As the name suggests, lysosomotropic 

reagents are taken up selectively into lysosomes. They may either inhibit the 

acidification of the lysosome because of its basic nature such as chloroquine (57), or 

cause the swelling and rupture of the lysosome by non-digestible sugar, such as 

sucrose (55). The addition of lysosomotropic reagent to the transfection medium 

usually favors transfection, such as in the PLL/DNA transfection system (5P), but 
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their different pharmacokinetics with the polyplexes hinder the application in the in 

vivo application. 

However, in some other polymeric delivery systems, the addition of 

lysosomotropic reagent or fiisiogenic lipid does not improve their transgene 
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Figure 1.3 Schematic of the proton-sponge mechanism. Protonation of the proton-sponge 
polymer causes increased influx of protons (and counter-ions) into endocytic vesicles. 
Increasing osmotic pressure causes the vesicle to swell and rupture. (18) 

efficiency (60). These polymer，such as poly (ethylene imine) (PEI) and 

polyamidoamine (PAMAM) dendrimers, known as "proton sponge" polymer, are 

believed to possess the intrinsic ability to escape from endo/lysosome (61). These 

polymers contain a large number of secondary and tertiary amines, exhibit buffer 

capacity during the influx of the actively transported protons by ATPase, thus 

prevent the acidification of endocytic vesicles and cause the accumulation of the CI" 

counter ions. The increased ion concentration ultimately causes osmotic swelling and 

rupture of the endo/lysosome membrane, which releases the polyplexes into the 

cytosol. This unique mechanism is believed to be the reason of the high gene 

transfection efficiency of these polymers. 

1.2.6 Transport through Cytoplasm 

Endocytic vehicles can be actively transported toward the nucleus through the 

microtubules in the cytoplasm (52). However, after the escape from these vehicles, 

the diffusion of the polyplexes or the naked nucleic acids seems extremely difficult 
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due to their large size and high viscosity of the cytosol (63). Although Suh, J. et al. 

demonstrated that the polyplexes can be actively transported by the microtubules 

through nonspecific interaction with the motor proteins (64), the detailed 

mechanisms of polyplexes transport in cytosol need to be better characterized in 

order to complete the whole trafficking route. 

1.2.7 Nuclear Entry 

How the polyplexes enter cell nucleus remains to be the most poorly understood step 

in the whole intracellular trafficking chain, although in cases of siRNA delivery this 

step could be neglected since the interference mechanism arises in the cytoplasm. 

Nucleus is protected by a bi-layer membrane to isolate it from other organelles and 

cytosol. The nuclear pore complexes (NPC) with a passive transport limit of 70 kDa 

molecular mass or 〜lOnm diameter (〜30 nm under the inclusion of a nuclear 

localization signal/sequence ) on the nucleus envelope regulate the substance import 

and export from the nucleus (6J). Obviously, the NPC are much smaller than DNA 

even when condensed in lipoplexes or polyplexes. Therefore, the most widely 

accepted mechanism for nuclear import is cell division. During mitosis, the integrity 

of the nuclear membrane is temporarily impaired, which allows the nuclear entry of 

targeting genes. However, in most in vivo transfection, non-dividing ("postmitotic") 

cells are always the destination. In this case, some gene transfection are still 

successful, suggesting other different mechanism for nuclear entry. 

Naked nucleic acids combined with short cationic peptide sequences, known as 

nuclear localization signals (NLS), which can be recognized by importins facilitate 

the nuclear import process in the non-dividing cells (66, 67). Polyplexes are believed 

to mimic NLS to some extent due to the positively-charged surface, but they are very 

inefficient to serve as NLS because few vectors can reach the nucleus {18). In 

addition, Kamiya et al. proposed another mechanism that lipoplexes can fuse with 

the nuclear membrane, thus releasing DNA to the nucleus {68). 
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1.2.8 Polyplexes Unpackaging 

In order to access by the transcription machinery, the delivered DNA must be 

released from the complexes upon arriving at the nucleus {30). However, what is the 

best time and location for the complexes disassociation is another important question 

in rational vector design. Higher binding affinity of poly cations towards the nucleic 

acids provides better protection, however, on the other hand, too tight binding and 

condensation is thought to impede the timely release of the nucleic acids {30, 69). It 

is not difficult to speculate that an optimal balance between the binding and release is 

the key parameter for the polycations. Some studies demonstrated that 

polymer/nucleic acid binding strength can be adjusted by changing the number of 

positive charges {70), conjugation of PEG chains (77), altering the polymer molar 

mass {30), all finally leading to enhanced gene expression. And disassociation of the 

polyplexes can be controlled by employing some environment sensitive polymeric 

vectors such as thermoresponsive (72), hydrolytic degradable (73-75) and reductive 

degradable {76-78) polymers. 

1.2.9 Cytotoxicity 

Cytotoxicity is one of the major hurdles for the application of the polycations in 

successful g ene delivery. Although the exact mechanism remains uncertain, the 

prevailing opinion suggests that the ionic interaction between polycations and 

anionic surface domains of cell severely impairs membrane function and ultimately 

leads to cell death (79). Moghimi et al. proposed a two-stage mechanism for the 

PEI-mediated cytotoxicity. The first type of toxicity originates from compromised 

plasma membrane integrity and occurs in the early stages of incubating the cells with 

PEL The first phase of the cytotoxic activity of PEI is then followed by apoptosis 

caused by PEI-induced channel formation in the mitochondrial membrane {80). 

The cytotoxicity of the polycations is dependent on the molecular weight (MW), 
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Structure and charge density of the polymers or size and surface charge of the 

polyplexes (29, 81, 82). Among these parameters, MW is directly proportional to 

both cell toxicity and transfection efficiency, which has been shown in numerous 

studies. This is the most significant catch-22 problem in designing a successful gene 

carrier. To circumvent such a problem, coinciding with the strategies used to 

facilitate nucleic acid release，low MW polycations were linked by degradable 

linkers (e.g., disulfide bonds, ester bonds) to form a high MW polymer that can 

eventually degrade to its lower MW counterparts after finishing their delivery duty 

{83-87). These lower MW components can then be easily cleared either via renal 

elimination for those MW less than 30 kDa or through natural metabolic pathways 

for low M W polymers that are endogenous metabolites {88, 89). 

1.3 PEI as Gene Delivery Carrier 

Cationic polymers, including off-the-shelf polymers and designed polymers, usually 

have protonable groups such as primary, secondary, tertiary amines or amidines. 

Figure 1.4 summarizes some commonly used polymers in current non-viral gene 

transfection. 

Among these polycations, poly(ethylene imine) (PEI) emerged as the most 

promising candidate because its gene transfection efficiency is close to that of virus 

vectors (90). Such high efficiency is believed to derive from the unique structure of 

PEI, namely, every third atom of PEI is nitrogen, which makes PEI possesses very 

high density of amines. At physiological pH, only 15-20% of amines are protonated 

(91), and the large number of unprotonated amines can be served as the proton 

sponge when experience pH drop in the endo/lysosome. 

As an off-the-shelf polymer, branched PEI (bPEI) has been commonly used in 

wastewater treatment and paper industry before it was found to be an effective carrier 

in gene therapy (92). After that, its linear form has also been applied in this field and 

finally commercialized (e.g. ExGen500®, jetPEI®) (93). Branched PEI shows a 
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Figure 1.4. Structures of current cationic polymers used in gene therapy. 

theoretical ratio of primary to secondary to tertiary nitrogen atoms of 1:2:1，while 

von Harpe et al. found that the degree of branching was actually 1:1:1 for 

commercially available bPEI, suggesting a more branched structure {94). In contrast, 

14 



Chapter 3 

all of the amines on linear PEI (IPEI) are secondary amine, and 90% are protonated 

at physiological pH (P5). 

It is commonly accepted that the best M W range for PEI, in both linear and 

branched form, is 5,000 - 25,000 g/mol. Lower M W PEI, despite its less cytotoxicity, 

has lower transfection ef ficiency presumably due to the poor DNA compacting 

ability. Meanwhile higher M W PEI is believed to protect the nucleic acids more 

effectively, but exhibit high cytotoxicity at the same time {92). bPEI with MW 

25,000 g/mol is always regarded as the "golden standard" in most transfection 

experiments {86), because of its best balance between efficiency and cytotoxicity as 

well as its robustness and facile manufacturing. 

1.3.1 Complexation between PEI and Nucleic Acid 

PEI is capable of condensing large plasmid DNA and RNA molecules into stable 

polyplexes with typical size of 100-150 nm under low salt concentration conditions. 

In general, increase in the MW results in the decrease of polyplexes size. When MW 

is higher than 25 kDa, no further decrease of complex size was observed {92). 

However, in the physiological buffer, small polyplexes are prone to aggregate to 

form large particles with radius up to 600 nm {29). For the low MW PEI, the 

aggregation size further increase to 900 nm {96). In contrast, the size of polyplexes 

made up of PEI 48 kDa/DNA remain stable in the 150 m M NaCl buffer solution (97), 

indicating the M W dependence of aggregation behavior. Although many reports 

suggest that larger aggregates, due to their fast precipitation, might be favorable for 

in vitro transfection {29, 33), the in vivo application of such large aggregates may not 

be feasible. 

Generally, the optimum gene transfection efficiency is achieved at N:P ratio 10 

(nitrogen on PEI to phosphor on nucleic acid ratio) for bEI25K (98’ 99), However, 

some studies showed that polyplexes prepared at N:P 10 could be purified by a SEC 

column, and the remaining polyplexes had the final N:P ratio of 2.5 {100). Thus the 
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Other portion of PEI is believed to exist as the free form or loosely attached to the 

polyplexes. The removal of excess PEI led to a decrease in transfection efficiency as 

well a decrease in cytotoxicity. The transfection efficiency could be recovered by 

addition of free PEI even 4 hrs after the administration o f the purified polyplexes. By 

using a fluorescence correlation spectroscopy, Clamme et al. also confirmed the 

existence of free PEI up to 86% of the total PEI amount {101). Therefore, these 

findings imply that free PEI also plays a significant role in the gene transfection 

besides its DNA compacting and protecting effect. 

1.3.2 Systemic and Local Application of PEI/DNA Polyplexes 

After intravenous injection, both unmodified IPEI- and bPEI-mediated expression 

could be observed in the heart, spleen, liver and kidney, however, the highest gene 

expression levels is predominantly found in the vascular endothelial cells of lung, 

due to accumulation within the lung capillary beds {102). Expression level in all 

organs can be enhanced by increasing N:P ratios. While bPEI25 and bPEI800/DNA 

polyplexes administrated at higher doses showed no obvious sign of severe 

cytotoxicity, lung embolism and death of laboratory animals were observed after 

intravenous i njection ( 2 9 ) , due to the aggregation of the polyplexes with blood 

components. 

Some studies reported the local applications such as lung {103), tumor {104), 

brain {90) and intranasal applications {105\ by using the unmodified PEI-based 

polyplexes. In addition, a more convenient aerosol delivery of unmodified 

bPEI25/DNA polyplexes was found to be able to transfect most of the epithelial cells 

in the conducting and peripheral airways, suggesting that aerosol delivery of 

PEI/DNA complexes could be effective for the treatment o f pulmonary diseases such 

as cystic fibrosis and alpha-1 anti-trypsin deficiency {106). Altogether, when applied 

locally to the tumor or organ, although problems in the systemic blood circulation 

can be bypassed, polyplexes trafficking through the extracellular matrix still have to 
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be considered {107). 

1.4 PEI modification 

Although PEIs show their potential in gene delivery, chemists are still trying to 

modify PEI, because the current efficiency of PEI is not satisfying enough, especially 

for an in vivo application. Large quantities of studies have been focused on the 

modification of PEI in the last two decades trying to overcome some of the 

aforementioned extra- and intra-cellular barriers. 

1.4.1 Stealth Property from PEGylation 

As mentioned previously, "naked" positively-charged polyplexes are not suitable for 

in vivo application. Hydrophilic polymers, in most cases polyethylene glycol (PEG), 

have been attached to the surface of polyplexes, in order to shield the surface charge, 

decrease undesired interaction with serum proteins and prolong the circulation time 

in blood. Furthermore, the PEG shielding also increases the stability against 

free-thawing {108). 

Generally, PEGylation involves two strategies, namely, post-PEGylation and 

pre-PEGylation. For the post-PEGylation, polyplexes formation is finished prior to 

the coupling of PEG chains. However, this strategy seems troublesome in clinical 

application. Furthermore, considering the free PEI issue mentioned in section 1.3.1， 

some reported protocols regarding the post-PEGylation method {34, 104, 109) should 

be reconsidered, due to the reactivity of activated PEG toward the free PEI and the 

polyplexes. 

The main concern about th e pre -PEGylation m ethod is that the hydrophilic 

copolymer may impact the formation of the polyplexes. Despite extensive 

investigations no consensus on the optimal degree of PEG substitution and PEG 

chain length has been reached, both of which contribute to the formation of the 

polyplexes {92). Generally speaking, high substitution degree and long PEG chain 
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length may hinder the complexation, while low substitution degree and short PEG 

chain cannot afford the stabilization and charge-shielding effect. 

Sung et al. reported that short side PEG chains did not cause a significant effect 

on the complexation behavior when PEG molecular weight ranged from 350 - 1900 

g/mol {110). While complexation was slightly hindered when grafting density were 2, 

6 and 15 for PEG 5,000 g/mol, copolymers with few but long PEG blocks (MW = 

20,000 g/mol) self-assembled to small and compact condensates wiht low surface 

charge and copolymers with many long PEG blocks generated complexes of 

ill-defined shape with almost no surface charge {111). In terms of stability in salt 

buffer, higher molecular weight PEG chains resulted in a decreased sensitivity of the 

complexes to salt-induced aggregation (110-112). Molecular weight of at least 2,000 

-5,000 g/mol seems to be necessary to achieve a stabilizing effect (92). Briefly, the 

structure of PEG-g-PEI copolymer has significant impact on the properties of the 

resulting polyplexes. PEGylation, therefore, might be considered as one method for 

tailoring the polyplexes with adjustable characters. 

1.4.2 Ligand-PEI Conjugates for Cell Targeting 

Numerous cell targeting ligands have been incorporated into polyplexes by chemical 

conjugation on cationic polymers, in order to be specifically internalized by certain 

targeting cells, such as transferrin recognized by transferrin receptor {113, 114), 

cyclic RGD peptide recognized by integrins {115, 116), sugar residues recognized by 

cell surface membrane lectines (777), and metabolites such as folate {118, 119). 

After the ligands incorporation on the polyplexes, uptake rate is increased compared 

to the unspecific uptake of polyplexes without ligand {40). Moreover, as discussed 

before, the binding of ligands to their receptors may affect the endocytosis pathway 

of the polyplexes as well as their intracellular rate, routing and fate. Successful 

targeting in cell culture has been described demonstrating up to 1000-fold enhanced 

gene expression in target cells in comparison with ligand-free complexes {120). 
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Figure 1.5. Schematic representation of three strategies used for the formation of PEGylated 
ligand-containing PEI/DNA complexes. (A) After PEGylation of PEI, the ligand reacts with 
the functionalized distal end of the hydrophilic arm. The last step then consists of 
condensing the DNA with the ligand-PEG-PEI conjugate. (B) PEI/DNA complexes are first 
generated. The resulting polyplexes are modified by a heterobifunctional PEG which reacts 
with amino groups of PEI. Ligands are finally incorporated into the complexes by 
conjugation with the distal end of the PEG. (C) The first step consists of covalently coupling 
the ligand to PEI. Addition of plasmid DNA leads to the formation of ligand-PEI/DNA 
complexes which are subsequently modified with PEG chains. (121) 

However, only target ligands surrounding the polyplexes cannot provide 

shielding effect. Therefore, combination o f stealth technology and cell targeting 

approaches has been developed. There are three different strategies in regard to this 

approach shown in Figure 1.5 (727). In the first strategy, activated PEG chains are 

first grafted to PEI, followed by coupling the ligand to the other end of the PEG 

chain and then complexation between copolymer and nucleic acids. The problem 

arising in this approach is similar to that of the pre-PEGylation method, namely, too 

many PEG chains wi l l result in poor condensation ability {122, 123). Therefore, the 
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second approach is developed, where the polyplexes are generated prior to the 

PEGylation, and the ligands are conjugated to the PEG chain end as the last step 

{109). The last strategy refers to the ligand conjugation as the first step followed by 

the complexation and then PEGylation. In this method, the ligand might be masked 

by PEG，thus leading to difficulty for the receptor recognition. 

1.4.3 Degradable Polymers 

1.4.3.1 Hydrolysis sensitive degradation 

One of the main problems for PEI in gene delivery is the high cytotoxicity with an 

effective molecular weight. Thus, it is not hard to image that crosslink low MW PEI 

by using degradable linker may lead to decreasing cytotoxicity. Forrest et al. 

synthesized a crosslinked PEI from low MW PEI 800 Da by using a diacrylate linker 

{124). The in vitro experiment found that the hydrolysis degradable PEI exhibited 

low toxicity and can be 4-8 times more effective than commercially available 

PEI-25K. However, water molecules are the cleaving agents and hydrolysis can 

occur upon first exposure to physiological environments for an in vivo application. 

Therefore, it becomes hard to know and to control where and when the degradation 

of these polymers takes place. 

Another problem is steric shielding may impede the release of nucleic acids in 

the PEGylation approach. Because the dissociation process is believed to rely on the 

displacement by other polyanion in vivo, such as RNA and glycosaminoglycans {125, 

126), but the hydrophilic corona may keep the polyanion away, hence make such a 

process more difficult. Based on the same concept, this problem could be 

circumvented by grafting PEG chains to PEI via a pH sensitive hydrolysis bond. 

Walker et al. synthesized the PEG-g-PEI copolymer via pH sensitive 

p-piperazinobenzaldehyde acetal linkage (727). The gene expression results showed 

that the reversibly shielded polyplexes exhibited up to 10 times higher gene 

expression in vitro, compared to the stably shielded control polyplexes. 
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1.4.3.2 Redox sensitive degradation 

Disulfide-based polymeric gene delivery systems have attracted more and more 

attention in past decade, because unlike hydrolysis sensitive bonds, the disulfide 

bond is relatively stable in extracellular environment and could be quickly degraded 

in the reductive intracellular environment {128). The high concentration of 

glutathione (GSH) (0.5 — 10 mM) in the cytosol is responsible for the cleavage of the 

disulfide bond {129). Disulfide bonds can be incorporated into gene delivery systems 

in a variety of ways. The first strategy, still concerning the high cytotoxicity of the 

PEI, is to crosslink low M W PEI to higher M W PEI via disulfide bond. Gosselin et al. 

used dithiobis(succinimidylpropionate) (DSP) and dimethyl-3,3'-

dithiobispropionimidate (DTBP), two disulfide linker, to crosslink low MW PEI 

(MW = 800 Da). The results showed that crosslinked polymers are nearly non-toxic, 

but their in vitro gene transfection efficiency was slightly lower than that of bPEI25K 

(99). 

The second approach is post-crosslinking PEI chain after the polyplexes 

formation on the purpose of enhancing the stability of the polyplexes. Neu et al. used 

such a method by using DSP to crosslink the surface of the PEI/DNA polyplexes 

{130). Although the in vitro gene transfection efficiency was reduced after the 

crosslinking, the in vivo results in mice revealed increased blood concentrations 

depending on the stabilization degree and altered organ distribution, and the 

luciferase expression patterns demonstrated enhanced liver expression while 

unwanted lung transfection could be reduced. Another post-crosslinking method 

deals with the in-situ oxidation of thioiated-PEI/DNA polyplexes. However, by using 

this method, the in vitro gene transfection efficiency was not satisfying (98). These 

results may imply that the condensation-release property should be carefully 

balanced in gene vector design. 

The last approach is to graft cationic ligands to the polymer backbone via a 
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disulfide linkage to afford electrostatically-mediated DNA packaging with bond 

cleavage and subsequent DNA release upon exposure to reductive environment in the 

cytosol (77, 78). 
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Chapter 2 

Fundamentals of Laser Light Scattering and Instrumentation 

2.1 Introduction 

The phenomenon of light scattering is encountered widely in daily life. The first 

recorded observation of the light scattering phenomenon can be traced back to 1802 

when the light path of the gold colloid was observed by J. B. Richard. However, the 

first man made experimental investigation on light scattering was Tyndall who 

observed the scattering of the natural light passed through a colloid dispersion. Based 

on Maxwell theory of electromagnetic field, in 1881, Rayleigh first put forward the 

theory of light scattering, and pointed that the intensity of the scattered light by the 

non-absorption, non-interaction and isotropic small particles is reversely proportional to 

the fourth power of the incident wavelength. In 1944, Debye further developed the 

theory by measuring the molecular weight of macromolecules from dilute solution 

using light scattering method. Later, Zimm proposed the Zimm plot by extrapolating 

both angular angle and concentration to zero at a single coordinate (7). Since then, SLS 

has been widely used in the field of polymer characterization as a classical and absolute 

method. However, at that time light scattering was limited by measuring the scattered 

intensity at different angles, until the invention of laser in the 1960s. In 1964, 

Cummins first reported using lasers as the source of incident light for the study of 

poiy(styrene) solutions (2). During the last two decades, thanks to the advance of 

stable laser source, ultrafast electronics and personal computers, LLS, especially 

DLS has evolved from a very special instrument to a routine analytical tool in 

polymer laboratories or even to a daily quality-control device in production lines (3, 

力， 

In principle，when a light beam is incident on a suspension of particles and the 

refractive index of the medium is different from that of the particles, the incident 
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light is scattered by each illuminated particle in all directions (5, 6). The scattered 

light from different particles mutually interfere, or combine, at a distant, fast 

photomultipiier tube (PMT) or avalanche-photodiode (APD) detector and result a net 

scattered intensity I(t) or photon counts n(t). I f all o f the particles are stationary, the 

scattered light intensity at each direction would be independent of time, however, in 

reality, all the scattering particles are undergoing Brownian motions, and leads to 

both fluctuations of the scattered intensity on the detection plane and the fluctuations 

of I(t) with time i f the detection zone is sufficiently small. The fluctuation rates are 

related to different relaxation processes, for example, translational diffusions, 

rotational diffusions or internal motions of the scattering particles. 

Generally, laser light scattering (LLS) could be divided to inelastic (e.g., Raman， 

fluorescence, and phosphorescence) and elastic (no absorption) light scattering. 

While in colloid and polymer science, light scattering is often referred to static 

(elastic) or dynamic (quasi-elastic) measurements of the scattered light (5). Static 

light scattering (SLS) measures the angular distribution of time averaged scattered 

intensity. On the other hand, dynamic light scattering (DLS) measures the intensity 

fluctuations with time instead of the mean light intensity. When the incident light is 

scattered by a moving particle or macromolecule, the detect frequency of the 

scattered light wi l l be slightly change d in comparison with that of the original 

incident light due to the Doppler effect. The frequency shift depends on the particle's 

movement direction, towards or away from the detector. As the result, the frequency 

distribution o f the scattered light is slightly broader than that of the origin incident 

light. This is why DLS is also called quasi-elastic light scattering. The frequency 

broadening, typically 〜10^-10^ Hz, is so small in comparison with the incident light 

frequency (〜lO'^ Hz) to be detected directly in the frequency space. Fortunately, it 

can be effectively recorded in the time space through a time correlation function. For 

such reason, DLS is sometimes called as intensity fluctuation spectroscopy, further 

as photon correlation spectroscopy (PCS), i f digital photons are used to measure the 
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intensity fluctuations. 

2.2 Static Laser Light Scattering 

2.2.1 Scattering by a Small Particle 

The electric field of light wave acting on a particle induces in it a dipole that oscillates 

with the same frequency with the incident light (Figure 2.1). The oscillating dipole 

produces a secondary oscillating field and radiates electromagnetic energy. That is to 

say, as a secondary light source, the particle scatters the incident light. Considering a 

single, optical isotropic particle with the polarizability a at origin o (Figure 2.1) in 

vacuum, when the particle is much smaller than the wavelength of the incident light Ao 

(in practice, smaller than the electric field of the incident light 

E = Eq exp[/(2;rW - (2-1) 

is homogeneous within the particle; it induces in it a dipole /u = aE. The electric field 

oscillates with frequency v and so does the induced dipole. When the electric field is 

not too strong, the induced dipole is proportional to the field: 

fj, - aE = ATTs^a' E (2-2) 

八 

z 
A 

w v 

Figure 2.1. Three dimensional coordinates where origin o represents a scatter and P is 
observation point at xoy plane. The vertically polarized incident beam causes polarization in 
the scatter, which radiates into different direction. 
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here a ' is the polarizability volume of the particle and s is dielectric coefficient in 

vacuum. 

According to Maxwell electromagnetic equations, the electric field generated by the 

oscillating dipole at point p with distance r from origin o and angle of 6 from the 

incident light is given by 

where c is the velocity of light in vacuum and a ' is the polarizability volume, p is 

the total dipole of the particle, i.e. the summation of the permanent /^。and the 
—» » —• > 

induced dipole ju . Since / i 。 « / / at room temperature and //。 is independent of 

high frequency electromagnetic field, we have adopted d^p /d t^ = d^/u/dt^ in 

equation (2-3). Thus, the time-average scattered intensity i (kJ-m'^-s'') of the particle 

at point p is 

… 片 五 , 4 2 (、c<E >) = 2 h (2-4) 
/to" A^r 

where lo is the intensity of primary light. Equation (2-4) shows that the scattered 

intensity is proportional to the square of molecular weight since for particles made 

from a given isotropic material, a ' is proportional to their molecular weight. On the 

other hand, / / lo qc ，means that the scattering is much stronger for light with a 

shorter wavelength. 

2.2.2 Scattering by Many Small-Particle System 

When there are N independent same small particles in volume V, the total scattered 

intensity per unit scattering volume I is the simple summation of the scattered intensity 

of A^F particles: 

/:/(蕭) = (2-5) 
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Define Rayleigh ratio R = ,we nave 

R =16 冗 〒 2 (2-6) 
vK 

where R is dependent on the concentration, the size and the nature of the particles. 

2.2.3 Scattering by Real Systems 

For a real case, two kinds of interference must be considered. One is the 

intra-particle interference. When the particle is not small enough, i.e. dimension 

>AJ20, the light scattered from two scattering points within the volume of the same 

particle has a significant phase difference. The other one is the inter-particle 

interference. In the former situation, we can assume that a larger particle with 

volume V' is composed of scattering units each with equivalent volume and 

polarizability ao , For each scattering unit, the scattered intensity at observation point 

p can still be expressed by equation (2-3). Therefore, the scattered electric field of 

the whole particle at point p is the superposition of the electric field of all A^'imits: 

4;r2 . 二， 
(2-7) 

Further, the time-average scattered intensity at point p is 

i = V〈瓦2) = 1。 i± f exp[z • (2-8) 
^of \/=l m=l / 

where A^^ = (fn - m̂ •伤 phase difference between scattering unit I and m at point p. As 

can be seen from Figure 2.2, 

(2-9) 

» — » —» — • - • • > 

where r̂ ^ = - r, and q ^ r . - r ^ is called scattering vector which is the difference 

— » 

of the unit vector in the direction of the incident beam ) and the one along the 

scattered beam ( r , )’ and the vector module is given by 
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incident light 

7 

scattered light 

Figure 2.2. Schematic of the scattering vector and the interference of scattered light inside a 
larger particle. 

— Am . 
q = sin .2. 

(2-10) 

where n is the refractive index of the medium. With an increasing 0, q increases and 

1/q has been used as a spatial resolution ruler with which SLS is able to probe the 

size of colloidal particles or macromolecules at a finite angle. By averaging over all 
> 

possible orientations (r,^ ) of the particle, we have 

(2-11) 
厂々 9 fin. 

where 9 is the inclined angle from direction of primary beam to that of line op in 

Figure 2.1. When <9approaches to 0， 

r An 
(2-12) 

Note N'cxo'二 a 'so that equation (2-12) is the same as equation (2-4). We then define 

an angular scattering function P{9) as 

(2-13) 

After developing sin(^ r/^) into a Taylor series and retain the two leading terms, the 

result reads 

oyv 1=1 

(2-14) 
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1 N-
where ———is defined as the mean square of radius of gyration Rg. Thus 

1=1 M=i 

_ = l - ( l / 3 )伐 2 + ... (2-15) 

which is related to the conformation of the larger particles and that is why it is also 

called the structure factor (or form factor). For N independent larger particles in 

volume V, equation (2-11) can be re-written as 

R ( 0 ) = ^ - ^ a ' P { 0 ) (2-16) 

Interestingly, it is noted that when the above discussion is applied to a 

homogeneous pure gas or liquid, one wi l l find that the scattered intensity is zero in 

all directions except in the direction of incident beam. It is because for any selected 

small scattering element in the scattered volume we can always find another one 

whose electric field at point p is counterweight of the former by interference. Then 

the scattered waves wi l l exactly cancel each other. AH the volume elements can be 

paired up in this way. However, in a real case, light scattering does exist, even for 

pure gas and liquid of small molecules. It is because the all of the small molecules 

move randomly all the time and cause a density fluctuate for an individual volume 

element from the average property. The light waves scattered by individual elements 

wi l l have different amplitudes and thus they wi l l not canceled completely by 

interference. Thus, polarization volume a/ 'o f a scattering unit I wi l l also more or less 

deviate its most probable value a / a s Sa/ ’ and the existence of 6^0'leads 

to the light scattering of pure gas and liquid. 

Followed the above treatment, we can divide scattering volume V into N 

scattering units and substitute a / i n equation (2-7) with bao\ The term ao 'w i l l 

not make any contribution to scattered intensity, so that only the term boto ‘ needs to 

be considered. Then equation (2-7) can be re-written as 

五 ， 五 ( 2 - 1 7 ) 
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Similar to equation (2-8), taking time-average scattered intensity and following the 

definition of Rayleigh ratio, we can rewrite the equation (2-17) as 

J f J i , — 
m = exp[/^(r„ - r , ) ] (2-18) 

^ A) 1=1 m=i 

where 5a/'and 5a„/are random functions of time and space. To further average 

equation (2-18) over time, we could separate the terms in the double sum into terms 

for which I =j and I 本 j, and we have 

ZZ<恤：)2 > Z<細、I 彻、> Wm-厂)] (2-19) 
vxl 

The fluctuation of 5a/' and bccm' are independent of each other and <6a> = 0. 

Therefore,〈bcxi'bocm'> = <bai '>< 5am = 0 and equation (2-19) turns to be 

_ = 1 6 冗 4 (2-20) 

The time-average fluctuation of polarization volume of the small scattering unit, 

<(5a/)2> should be a constant and is written as <(dao')^>. Thus, > = 

and equation (2-20) turns to be 

R = g 7 V 2 . < (彻’ J 2 > 彻.)2> (2-21) 

where we have used the relation da,= Nha�'. Next we need to find the expression of 

<{bai^>. For a macromolecule solution or a colloid dispersion, a ' i s a function of 

concentration C and density p. da' = {da'IdC) dC + {da'ldp)dp. Since C and p are 

independent of each other, we have 

< (如'y > = ( ^ r < (幻 2 > +(字)2 < (糾2 > (2-22) 
dp 

So, for a dilute solution, equation (2-21) becomes 

„ KiTt'̂  ,da\2 广、2 ,彻、2 . „ -2 … 
及 — = 疋 ( 王 ） < ( 尤 ） < ( 如 ） > _ 

where < (gc)^ >and 1 ^ ( ^ ) 2 <(ap)2 > are the excess Rayleigh ratio 
/Iq dC Ao dp 

of the solution (Rexcess) and that of the solvent (足oivent)，respectively, /̂ excess is the net 

scattering intensity of the solute by subtracting the intensity of solvent from that of 
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the solution. According to Clausius-Mossotti equation (7), £r -1 = 47raVFand Sr = 

we obtain 

( 菩 ) = 宗 ) = f ( 宇 ） (2-24) 

oL oe^ on oC in dc 

On the other hand, we know from thermodynamics that the concentration fluctuation 
can be expressed as <(dCf > = ~ , 众 （ and = — — — ( — ) r 

where Vm and ju are respectively the partial volume and chemical potential of the 

solvent. And the change in concentration can cause the change in osmotic pressure, 

namely, 

办 尔 dn dn dK dK 
( 元 ) = ( 於 “ 於 「 = - ( 妒 ’ “ 王 " " 二 义 ( 許 r 

_ pT 
In dilute macromolecular solut ion,—=——{\ + ) where A2 is the 

C M 

second-order virial coefficient. Thus 

,彻、 及r( l + 2為CM + . . . ) and < ( f ) 2 > CM 

Now substitute <{SCf> and equation (2-24) into the expression of î excess，we have 

/̂ excess = ^ { ^ f ^ ^ ( 2 - 2 5 ) 

Rearrange equation (2-25) by defining K = 4n^n\dn/dCf / (Na ), we get 

— = 丄 + 2 為 C:+‘.. (2-26) 
R M 

where we omit the footnote "excess" in Rqxc&ss- For larger macromolecules, 

construction factor must be introduced, thus 

KC 1 .2A,C (2-27) 
顺 MP{0) 

The last question in deriving basic equation of SLS is the polydispersity in real cases. 

From equation (2-15) we know P(0) = + •". Thus, in the limit of 

vanishing concentration C 0, 

RiO) = KCMP{e) = q^Rg + ...] (2-28) 
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Considering the additive nature of the excess Rayleigh ratio, for a polydispersed 

polymer solution at C 0 

R(0) = X = E KC^M, [1 - (1 / 3)q'Rj + • • •] (2-29) 
i i 

I f we divide equation (2-29) by the total polymer concentration C = ^ C, , we can 

get 

Ycm, 
R{0) V 
KC 

q飞C从Rg 
/ (2-30) 

^ = + ...] (2-31) 
AC 

When q2Rg2 « 1，omitting the higher order terms in series in equation (2-27), we get 

厂 1 1 
[1 +去〈及 2 + (2-32) 

_ 3 

This is the basic equation of SLS. The molecular weight in the equation, M^ 

= ， i s weight-average; and the mean square radius of gyration, 
i i 

< R^ ^ I^C^M., is z-average. It is shown that with R{0) measured 
f / 

at a series of C and q, we are able to determine <Rg>2 from the slope of 

[KC/R{d )]c^o versus q^; A2 from the slope of [KC/R(9 versus C; and M训 from 

The Zimm plot, i.e., KCIR{e) versus + k Q with k being an 

adjustable constant, allows both q and C extrapolations to be made on a single 

coordinate plane {8, 9). It should be noted that Equation (2-32) is valid under restrict 

condition, namely, the polymer solution exhibits no adsorption, no fluorescence, and 

no depolarized scattering. For branched structures, the Berry plot vs f + 

k Q is more adequately used because it often removes much of the curvature observed 

in the angular dependence of the Zimm plot {10). I f the structure is expected to be large 

and globular, the Berry plot is not linearized but still shows upturn. In these cases, it is 

often appropriate to apply a modified Guinier plot, i.e., \n[KCIR{0)] vs + kC that 
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removes the upturn even more efficiently {11, 12). 

In practice, the Rayleigh ratio is determined by a relative method, namely, by 

measuring the scattering intensity of a standard such as benzene or toluene, we can 

calculate the Rayleigh ratio of a give solution by 

R (約 _ RO (約 Isolution Isolvent (打solvent (3-33) 

J tan dard ” t a n dard 

where the subscript "vv" means both the incident and the scattered light are vertically 

(z-axis direction in Figure 2.1) polarized; / and n are the time-average scattered light 

intensity and the refractive index, respectively. The term (risoiven/nstandardY is a 

refraction correction for the scattering volume and yis a. constant between 1 and 2, 

depending on the detection geometry of the light scattering instrument. I f we take the 

incident light as the x-direction and the scattered light as the>^-direction (i.e., 0= 90°), 

we only need to have a linear correction of the refraction in the x-direction i f a slit is 

used to determine the scattering volume, i.e., y 二 1 because we have already seen all 

the scattered lights in the z-direction (vertical). On the other hand, i f a pinhole with a 

size much smaller than the diameter of the incident beam at the center of the 

scattering cell, we have to correct the refraction in both the x- and z-directions, i.e., 丫 

= 2 . However, 1< y < 2 , i f the pinhole size is comparable to the beam diameter. In 

practice, we should avoid this situation by choosing either a slit or a smaller pinhole 

(6). 

2.3 Dynamic Laser Light Scattering 

Motions (transiational, rotational or internal motion) of colloidal particles or 

macromolecules in solution can be studied conveniently by using dynamic laser light 

scattering (DLS). Measurement at a single scattering angle gives information on the 

dimension of colloidal particle or macromolecules in the solution with reasonable 

accuracy. Unlike the static LLS version, DLS does not measure the excess scattering 

intensity between the pure solvent and the solution. The signal from the moving 
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macromolecule or particle is unambiguously separated from the signal that originates 

from the rest of the solution. The basic principle of DLS has been utilized in some 

commercial particle-sizing systems for many years. The measurement and data 

analysis are automated. Users only need to prepare a c lean solution simply by 

filtration. In recent years, DLS has also been used as the on-line detector in size 

exclusion chromatography (SEC) (13). Nowadays, the most commonly used method 

in quasi-elastic light scattering (QELS) is the digital technique of photon correlation 

spectroscopy (or optical mixing) which measures the intensity fluctuation of 

scattered light in time domain. Practically, there are two basic forms of optical 

mixing: heterodyne and homodyne (self-beating). Heterodyne mixing refers to the 

mix of the scattered light with a reference beam (local oscillator) unshifted or shifted 

in frequency from the incident light beam. In self-beating optical mixing, the 

scattered wave is directly detected instead of mixed with a reference signal. Here we 

only consider the self-beating intensity-intensity time correlation spectroscopy. 

2.3.1 Power Spectrum of Scattered Light 

Now we consider again an N particle scattering system with scattering volume V. We 

view iVparticles as N scatters. Thus, the scattered electric field as well as the 

scattered intensity at point p in Figure 2.1 can still be expressed using equation (2-7) 

and (2-8) as following, 

— 一 4 冗 2 ^ N 
E{t) 二 ! >々） = E , Y , Q x v i [ 2 n v t - ( l > X t ) \ (2-34) 

(=1 凡0” i=l 

and 

m ^ X X e x p / ^[；; ( 0 - ^ ( 0 ] (2-35) 
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Figure 2.3 The power spectrum S((d) of scattered light: a Lorentzian optical frequency 
distribution centered by the angular frequency of the incident light coq with line width of F. 

Note (/>i{t) represents the phase term of rth particle and is now a function of time due 

to the motion of the particles. Same situation should be applied to /(/) and A卢"(/) 
—« —• —» 

because A^y(/) = q• r”{f) and r.j(t) wi l l have different orientation at different 

time t. When the scattered particles are undergoing Brownian motion, E{t) has a 

randomly modulated phase. The light scattered is broadened in frequency with an 

optical frequency distribution, or power spectrum S{co) as shown in Figure 2.3. 

Since the motion of the particles has no preferred direction, the optical spectrum 

of scattered light contains a continuous distribution of frequencies, i.e., Lorentzian 

distribution centered by cOo, the angular frequency of the incident light: 

2 r Sico) = (2-36) 

It can be seen from Figure 2,3 and equation (2-36) that when co = co�, S{co) = 2/r； 

and when co = cOo 土 r, S{o)) = \/r, which means that when the scattered frequency 

shifts a distance of 厂 from co�, the density function of power spectrum S{co) is half 

the value that of its peak value. For this reason, F is called the half-width at 

half-height, or simply, line-width. As mentioned before, it is difficult to measure 厂 

(or S(o})) directly in frequency domain because F «0)o. It is known from 

mathematics that S{co) and the field-field autocorrelation function <E{0)E*(t)> are a 
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pair of Fourier transform and inverse Fourier transform: 

< E{^)E\t) > =「5"“^y)exp(-/^y t)dQ) (2-37) 
J-00 

= 丄 「 < 五(0)五* ⑴ > Qxpiio) t)dt (2-38) 
In工" 

These two equations are known as Wiener-Khintchine theory. Thus, and 

<£"(0)五*(/)>, two functions originally located in frequency domain and time domain 

respectively, are now connected with each other. 

2.5.2 Siegert Relation (6) 

Another important equation in DLS is Siegert relation. Without a local oscillator (i.e., 

a constant fraction of the incident light reaching the detector from various intentional 

sources, such as surface reflection or scratching), the self-beating of the scattered 

electric field leads to normalized intensity-intensity autocorrelation function, 

based on the Sieget relation: 

g(2)(仏 0 = l + ⑴(q,0|2 (2-39) 

where g⑵(仏/)三[<I{q,0)I{q,t)> / <I{q,0)>^] and g(%’t)三[<E(q,0)E\q，t)> / 

<E(q,0)E\q,0)>] is the normalized field-field time correlation functions. Thus, the 

intensity-intensity time correlation function 

G(%，t) = <I{q,0)I{q.t)> = <I(q,0)>' g�(q，t) = <I(q,0)>'[l+ | 0|'] (2-40) 

The significance of introducing g(2)(仏/) and G ⑶ l i e s in the fact that Cp\q’f} and 

<I{q,0)> can be measured experimentally. In practice, the detection area cannot be 

zero. Therefore, the scattered light detected cannot be purely coherent and an 

instrument parameter, /3(<1), is introduced in equation (2-40): 

(2-41) 

where A(=< l(q,0) is the baseline, t is the delay time, y^is a parameter depending 

on the coherence of the detection optics, and 1(f) is the detected scattered intensity or 

photon counts at time t, including contributions from the solvent and the solute. 

Therefore, {q, t) =< [/*„,(《，0) +1金(仏0) ] (g, t) + /,。,咖{q, 0 ] > and 
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equation (2-41) becomes 

G�{q.t) = A{\ + I {q,t) | 丨 g.；!,(仏01 } (2-42) 
• solution solution 

where all the cross terms have been cancelled by assuming that the light scattered by 

solvent molecules and particles is not correlated. It should be noted that | gSvem (仏 01 

decays much faster than I g'SLC^'OI because small solvent molecules diffuse faster 

than larger particles. Thus, after a very short delay time, equation (2-42) changes to 

= A[l + J 3 { j ^ r I glljq,t) r i = 41 + >̂ 哪|容2",(《力|2] (2-43) 
solulion 

where jB̂ pp = /?(/soiute//soiution)̂ . For a dilute solution, the scattered intensity from solvent 

molecules could become appreciable (i.e., /soiute < /solution) and thus the apparent 

coherence J3app would be lower, i.e., Cp'\q,0) appears to have a low value than expected. 

We should be aware of this situation, especially for weakly scattered dilute and 

low-molar-mass polymer solution. For example, i f /soiute = /solvent, App = In fact, /soiute 

can be estimated from /̂ pp i f the values of /? at different scattering angles have been 

pre-calibrated with a narrowly distributed latex standard whose scattering intensity is 

much stronger than that of the solvent, as first demonstrated by Sun et al{l4). 

2.3.3 Translational Diffusions 

Next we wi l l see how to get the information about the motion of the particles from 

the measured intensity-intensity time correlation function G�(q,t). For monodispersed 

spherical scatters, is theoretically represented as an exponential decay 

function: 

|g(i)(q，/)| =Gexp( - rO (2-44) 

where G and Fare the factor of proportionality and the line-width, respectively, and F 

= T c \ the characteristic decay time representing the rate of dynamic relaxation in 

self-beating. For a polydispersed polymer sample with a continuous distribution of 
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molecular weight M’ equation (2-44) may be transformed to 

I g⑴(仏01 = r G(r)exp(-ro^ (2-45) 

where G(/) is the line width distribution and G(/)d/^ is the statistic weight of the 

particles or macromolecules which possess line width F. For a dilute solution, T 

measured at a finite scattering angle is related to C and q by 

T=q 'D{ \ + k,C){\ + f q ' < R l > J (2-46) 

where D is the translational diffusion coefficient of the solute at C approaching to 0, kd 

is the diffiision second virial coefficient, and/ is a dimensionless parameter depending 

on the polymer chain structure and solvent {15). Hence, for small C and Flq and 

it is apparent that decays faster at a higher scattering angle. Figure 2.4 shows 

the linear dependence of the line with 厂on the scattering vector q and indicates that this 

relaxation mode has diffusive character. 

It should be noted that by the definition of | g ( i ) ( i O I ， = 一G(/), the 

translational diffusion coefficient distribution is an intensity distribution. And because 

0 
0 2 4 6 8 10 

2 / 1^10 -2 q /10 cm 

Figure 2.4. Linear dependence of the characteristic line width F on scattering vector q. 
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|g(i)(劝I approaches unity when > 0, we now have 

|g⑴(q — 0,/ -> 0)1= L ^ = r G ( r ) d r = [G{D)dD = 1 (2-47) 
〈E(q，0)E* ( 幼 ) 〉 > 

The average diffusion coefficient <D> can be defined as 

<D>=[G{D)D dD (2-48) 
•U 

Further, the translational diffusion coefficient D may be related to the molecular 

friction factor f through the Stokes-Einstein equation 

D = k^Tlf (2-49) 

where kg and T are the Boltzmann constant and the absolute temperature, 

respectively. For a hard sphere with a radius of R,f= &iit]R’ where rj is the viscosity 

of the solvent. For a polymer coil, R is replaced by its hydrodynamic radius Rh, so 

finally we get 

„ k^T 
6m]D 

(2-50) 

2.3.4 Analysis of the Correlation Function 

Equation (2-45) shows that once is determined from G�(q，t) through equation 

(2-41)，G(r) and then G(D) can be computed from the Laplace inversion of | 

{16, 17). In the recent three decades, many computation programs were developed, 

among of which the CONTIN program developed by Provencher is one of the most 

widely used and accepted programs for the computation {18). However, note that 

equation (2-41) is one of the first kind Fredhoim integral equations, whose inversion is 

an ill-conditioned problem because of the bandwidth limitation of photon correlation 

instruments, some unavoidable noises in the measured time correlation function, and a 

limited number of data points. That is to say the data of 容⑴(q,t) do not always provide 

information necessary and sufficient to determine G{r) uniquely. Thus, in practice, 

reducing the noise in the measurement of intensity-intensity time correlation function 
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becomes more important than choosing a program for data analysis. For this reason, it 

is crucial that the sample is cleaned (i.e., made "dust-free") very thoroughly before 

measurements. A common principle is to keep the relative difference between the 

measured and calculated baselines not exceeding 0.1%. The error analysis related to 

the above problem can be found elsewhere {19, 20). 

It is worth to note that there is a temptation among the users of DLS to extract too 

much information from the intensity-intensity time correlation function measured. In 

some 1 iteratures, three or even four peaks in G{D) were reported. Actually, it is 

meaningless because they were extracting "data" from experimental noises. It has to be 

warned that even a bimodal distribution of G{D) has to be justified by pre-experimental 

knowledge or other physical evidence. This does not mean that the Laplace inversion 

programs developed in the past are useless. On the contrary, they have been quite 

successful in retrieving the desired information, especially in terms of the average line 

width < / > (= frG(r)<ir) and the relative width {jLtil<T>^) of the line-width 
4} 

distribution (G(/)) with ^^ = < r Therefore, the Laplace 

inversion is a very helpful method in analyzing the line width distribution G{T\ and 

should be used with a full understanding of its ill-conditioned nature and limitations. 

In practice, i f one is only interested in the determination of < / > and jU2l<T>^, a 

limited but fast cumulants analysis method adopted by Koppel can be used (27), 

wherein {Cp\q,t) -A]/A is expanded as 

In——^^^——= {\ + \r\B)-<Y>t + ^——— 
A 21 3! 

where 

= 

(2-51) 

(2-52) (r-<r>)'"G(r)dr 

is the mth moment of the line-width distribution G(/) . A mth order cumulants fit 

means that all the terms higher than t ^ in equation (2-51) are terminated in the data 

analysis. The first cumulant F, also called the initial slope, is an important parameter, 
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because it can be calculated for many physical systems (22, 23). The second cumulant 

JU2 is a measure of the width of the distribution. For unimodal distributions of slightly 

polydisperse polymers in solution, the following relation has been derived (25): 

^2/f ~(MJM^-l)/4 (2-53) 

It is worth noting that, in practice, the cumulants fit can be used for a relatively narrow 

characteristic line-width distribution. For /j.2l<T>^ < 〜0.2, the second order cumulants 

fit is normally sufficient, while when jLi2l<T>^ is in the range 〜0.2-0.3，the third order 

cumulants fit is required. For even higher values of 风 1<T>，higher order expansions 

should be used. Generally, it is difficult, however, to find how many terms are 

sufficient to obtain a reliable result, since too many terms in the cumulants fit might 

lead to an over-fitting of experimental noises. Therefore, for a widely-distributed 

sample, the use of cumulants fit is tedious. By contrary, by using CONTIN fit, it may 

yield reliable < / > and values under all conditions as long as the measured 

time correlation function was obtained within a proper bandwidth range and the photon 

counts have sufficient statistics. However, it has been warned that the line-width 

distribution obtained from the Laplace inversion is an estimate only. So, one should be 

aware of the limitations, and must realize that the Laplace inversion methods can 

provide useful information and distinguish between unimodal and multimodal 

line-width distributions. 

2.4 Combination of Static and Dynamic Light Scattering 

In many cases, a direct combination of z-average mean square radius of gyration 

(<Rg>) and the average hydrodynamic radius (<Rh>) leads to a very useful 

dimensionless parameter in determining polymer or particle structure. For example, 

for a uniform non-draining sphere and a linear flexible coiled polymer chain in a 

good solvent, the value of <Rg>/<Rh> is 〜0.774 and 1.5，respectively. For a normal 

hyper-branched polymer, such a ratio is 〜1.0-1.3, depending on the branching 

degree {24-26). 
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The volume-excluding effect on the <Rg>/<Rh> for linear chains was estimated 

qualitatively by Weill and des Cloiseaux (27) on the basis of scaling arguments. 

Akcasu et al. continued their study in a quantitative manner on the basis of blob 

model (28). Weill et al. showed that for a long linear chain in a good solvent, as the 

molecular weight increases, due to the hydrodynamic draining, <Rh> increases 

slower than <Rg>, which induce <Rg>/<Rh> 〜 i . e . , <Rg>/<Rh> increases as Mw 

increases. More exact calculations had been carried out by Tanaka and Stockmayer 

for small excluded volume based on the perturbation theory (29). 

2.5 Practice of Laser Light Scattering 

Figure 2.5 shows the layout of the modem commercial light scattering spectrometer 

(ALV/SP-125 equipped with an ALV-5000 multi-x digital time correlator) used in 

our laboratory. Its components include the light source, the optics, the cell holder and 

the detector. Nowadays, a LLS instrument also should have a digital output (single 

photon counting) from a fast photomultiplier, i.e., the output current pulse have already 

400nn) pin-hole 
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been treated by pre-ampiifier/amplifier/discriminator before it is connected to a time 

correlator which is often a single plug-in board to a computer. 

2.5.1 Light Source 

Generally, the light source is a helium-neon (He-Ne) laser with a wavelength of 632.8 

nm and an output power ranging from 5-50 mW or an argon-ion (Ar+) laser with a 

wavelength of488 or 514.5 nm and an output power of 50-400 mW. Krypton lasers can 

be also used as the source because of their longer wavelength. 

The laser used in DLS should have a TEMoo mode with a Gaussian intensity 

profile make it be focused to produce a higher power density for the incident beam 

leading to a smaller scattering volume and a higher coherent factor in the optical mixing 

experiment. A laser with a beam amplitude RMS noise less than 0.5% should be chosen 

as the source so that the noise level of the intensity-intensity time correlation function in 

DLS wil l not be affected and long-term amplitude stability less than ±1% for the 

convenience of time-averaged scattered light intensity measurements. It should be noted 

that in DLS measurements, long-term stability is usually not very important because the 

maximum delay time normally is no more than minutes, typically less than one second. 

2.5.2 Optics and Cell Design 

The mechanical parts of Laser Light Scattering instrument is called goniometer 

including a cell holder, a co-axial and rotatable arm for accurate angular-controlling 

and the fast and sensitive avalanche photo diode (APD) detector which is installed on 

the arm. The conventional sample cell holder in LLS normally consists of a hollow 

cylindrical brass block with an outside diameter of 50-80 mm and an inside diameter 

of 10-20 mm which matching the outside diameter of the scattering cell. The brass 

block is normally placed inside a cylindrical optical glass cup filled with a refractive 

index matching fluid (e.g, xylene, toluene, and silica oil) with refractive index very 

close to that of optical glass (-1.5) to reduce surface scattering and the curvature of 
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the scattering cell. A water circulation from a thermostat controls the temperature of 

index matching vat precisely. A proper alignment of the optical path is normally 

judged by the constant scattered intensity for benzene or toluene after scattering 

volume correction by sin9 to within 1% (if the scattering volume is chosen by a slit) 

or 2% ( i f a small pinhole is used) over an angular range ~ 15-150°. In principle, the 

scattering cell with an optical quality should be used. However, in practice, a 

selected normal cylindrical sample vial can also be used as the scattering cell, which 

greatly reduces the experimental cost and make the scattering cell disposable. 

2.5.3 Detector 

An avalanche photo diode (APD) detector in Geiger mode with high quantum 

efficiency is used. APD detector has a higher photon count rate than a conventional 

photo multiplier tube (PMT), leading to a faster and more sensitive response to 

photon. Overall quantum efficiency of 70% at 633 nm is reachable for modem APDs, 

which is very suitable for the light source (入=632.8 nm) used, as the range of 

wavelength for the maximum performance of the detector lies between 600 nm to 

750 nm. The output signal is then treated by an amplifier before it is connected to the 

multiple tau digital time correlator situated in a computer. The APDs show a very 

low dark count (<30 Hz) contribution and response to signal pulse quickly enough 

for DLS sampling. The rotatable arm makes the APD detector able to get both 

dynamic and static data at variable angles. 

2.5.4 Sample Preparation 

I f a macromolecule sample can be dissolved in more than one solvent, to choose a 

proper solvent for the LLS measurement, one should follow the be guidelines below: 1) 

no light absorption at certain wavelength to avoid the adsorption correction, 2) a higher 

contrast, i.e., a higher refractive index increment (dnfdC), and 3) less polar and less 

viscous to make the dust-free easier. 
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2.5.5 Differential Refractometer 

To have a good accuracy in the measurements of M^, <Rg>z and A2, the specific 

refractive index increment {dn/dC) must be evaluated with a high accuracy because 

the relative error in dn/dc is doubled in the errors in My^’〈及/>z and A2. The dn/dc is 

usually measured by using a differential refractometer for the polymer solutions at 

different concentrations in the dilute regime. Fitting the plot of An as a function of c 

by a straight line through the origin gives the value of dn/dc by the slope. The 

measurement of dn/dc must be carried out at the same temperature and the same 

wavelength as those in the light-scattering measurement. 

In a refractometer developed in our laboratory (30), a small pinhole with a 

diameter 400 fim is illuminated with laser light. The illuminated pinhole is imaged to 

a position sensitive detector by a lens located at an equal distance (2f-2f} form the 

pinhole and the detector. A temperature-controlled refractometer cuvette is placed in 

front of the lens. When sample was injected into the cuvette, the displaced light beam 

refracted at the boundary between the sample and reference liquid from the center of 

the detector was transferred into output voltage and measured by a digital voltmeter. 

Since the laser source of the set up can be changed, by choosing a laser source with 

the same wavelength of the source used in Laser Light Scattering experiment, 

correction is no needed. This novel design has made the measurement of An much 

easier and provides reliable and accurate values of dnIdC from the instrument's 

stability. 
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Chapter 3 
Disulfide-Linked Low Molecular Weight PEI with Controllable 

Chain Length and Structure in Non-Viral Gene Delivery 

3.1 Introduction 

The development of non-viral vectors for gene transfection has attracted more and 

more interest in recent years because of their enhanced safety, biocompatibility, 

facile preparation and high flexibility to accommodate different sizes of DNAs in 

comparison with viral vectors {1-4). Non-viral vectors are mostly made of cationic 

surfactants or polymers. Hundreds, i f not thousands, of synthetic polymers or 

copolymers have been prepared and tested in the last few decades, but 

polyethylenimine (PEI) is still regarded as one of the most effective non-viral vectors. 

Its high gene transfection efficiency i s believed to originate from the so-called 

intrinsic "proton sponge" effect (5-5); namely, partially protonated PEI absorbs more 

protons inside endocytic vesicles embedded with some ATPase proton pumps, 

accompanied by an influx of chloride counter-ions, ultimately rupturing endocytic 

vesicles due to a higher osmotic pressure. 

It has been known that long PEI chains are highly effective in gene transfection, 

but more cytotoxic {9-11). To circumvent such a catch-22 problem, short PEI chains 

are linked by some degradable linkers, i.e. ester, p-aminoester and disulfide, for the 

development of higher efficient and lower cytotoxic non-viral vectors in recent years 

{10, 12-18). The former two linkers have a hydrolysis half-life time ranging from 

hours to days. In contrast, the reduction of a disulfide is fast in the presence of 

glutathione (GSH) in cytosol (19-21). Disulfide linkers can react with primary amine 

groups on PEI with a neutral or a preserved cationic linkage. It has been reported that 

dithiobis(succmimidyl propionate) (DSP), yielding a neutral amide inking bond, 

leads to a higher gene transfection efficiency than those with some charge-preserved 

linkages {14, 22). It was also reported that some DSP-linked branched PEI chains are 

highly effective and nearly non-toxic {13, 14). 
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However, Kloeckner et al. {14) found that conditions of the linking reaction 

strongly affect the final molar mass and chain structure. Even for a given linker/PEI 

molar ratio, different groups obtained products with significantly different molar 

masses (72, 13). Most of previous studies only listed the linker/PEI ratio instead of 

the actual average molar mass. To develop a useful macromolecular biomaterial, it is 

important to control its molar mass and structure before we study how its biomedical 

properties are affected by the chain length and structure. Previously, a mixture of 

DMSO and water was always used to dissolve PEI (72) because it is apparently 

insoluble in pure DMSO. The shortcoming of such a mixture solvent is that water 

inactivates DSP because it hydrolyses both active ester terminus in the reaction 

mixture (23) or losses one proton-capture amine group on PEI by inactivating only 

one termini on DSP. 

In the current study, we found that it is carbon dioxide in the air that ionizes PEI 

and makes PEI insoluble in pure DMSO. Therefore, after the complete removal of 

water and carbon dioxide, PEI becomes soluble in pure DMSO so that we can avoid 

the side reaction. Further, we developed an in-situ laser light-scattering (LLS) 

method to monitor the linking reaction in terms of the increase of the chain length. In 

this way, we can repeatedly obtain linked PEI chains with a desired molar mass. 

Armed with these well-defined PEI samples made of short PEI2K chains, we studied 

effects of the chain length and structure on their cytotoxicity and in vitro gene 

transfection efficiency. 

3.2 Experimental Section 

Materials and Cell Lines. Two branched PEIs (IVL = 2,000 g/mol, PEI2K; and M^ 

=25,000 g/mol, PEI25K), dithiobis(succinimidyl propionate) (DSP), disuccinimidyl 

suberate (DSS) and D’L-dithiothreitol (DTT) were purchased from Sigma-Aldrich 

and used without further purification. Dimethyl sulphoxide (DMSO) was freshly 

dried under a reduced pressure before use. The PEI/DMSO solution was clarified by 

a 0.2-nm filter under the protection of N2. Plasmid DNA pGL3 (5,256 bp) with a 

SV40 promoter and an enhancer sequences encoding luciferase was purchased from 
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Promega (Madison, USA). Plasmid DNA pLUNIG-LIGL, a lentivirus vector with an 

enhanced green fluorescent protein (GFP) and a luciferase reporter gene was 

constructed in house. Lipofectamine 2000 (Lipo) was purchased from Invitrogen. 

Fetal bovine serum (FBS), phosphate buffered saline (PBS) and Dulbecco's modified 

Eagle's medium (DMEM) were products of GIBCO (NY, USA). 3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) was purchased 

from Sigma-Aldrich (Deutschland). Bright-Glo assay kit and DNasel kit were 

purchased from Promega (Madison, USA), respectively. 293T cells were grown in 

DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a 

humidified environment with 5% CO2 at 37 V. 

Linking of short PEI2K chains with DSP and DSS. As shown in Figure 3.1, we 

developed a laser light-scattering (LLS) device to in-situ monitor the linking reaction. 

The dust-free DSP/DMSO solution with a concentration of 1.0 x 10'̂  g/mL was 

slowly injected into a PEI2K/DMSO solution (4,6 x 10'̂  g/mL) with a rate of 0.1 or 

0.5 mL/h by a programmable syringe pump (Kd Scientific). The solution mixture 

was vigorously mixed. A commercial LLS spectrometer (ALV/DLS/SLS-5022F) 

was used to monitor the scattering intensity change during the linking reaction. Note 

that during each LLS measurement, the stirring was stopped. A container filled with 

fractions removed at different times 

Figure 3.1. Schematic of a recently developed reaction device to link polyethyleneimine (PEI) 
with dithiobis(succmimidyl propionate) (DSP) with an in-situ laser light scattering monitor. 
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NaOH was used to keep the solution mixture away from both water and carbon 

dioxide. A fraction of the reaction mixture was withdrawn by a syringe at different 

times, i.e., different DSP/PEI ratios. Each extraction was diluted with deionized 

water to stop the linking reaction and then dialyzed in deionized water, where a 

membrane with a cut-off molar mass of 500 was used. 

Transmission Electron Microscopy. The samples for the transmission el ectron 

microscopy (TEM) studies were prepared using negative staining with 1% uranyl 

acetate. Briefly, a drop of the sample solution was allowed to settle on a carbon 

film-coated copper grid for 1 min, the excess sample was wicked away with filter 

paper and a drop of staining solution was allowed to contact the sample for 1 min. 

The samples were analyzed using a FEI CM 120 electron microscope. 

Cytotoxicity Assay. The cytotoxicity assessment was carried out on 293T cells by 

using the MTT-assay. 293T cells were seeded in a 96-well plate at an initial density 

of ca. 5000 cells per well in 100 \iL of the DMEM complete medium. After 24 h, the 

cells were treated with polymers at different chosen concentrations. The treated cells 

were incubated in a humidified environment with 5% CO2 at 37 °C for 48 h. The 

MTT reagent (in 20 fiL PBS, 5 mg/mL) was added to each well. The cells were 

ftirther incubated for 4 h at 37 "C. The medium in each well was then removed and 

replaced by 100 |liL D M S O , The plate was gently agitated for 15 min before the 

absorbance (A) at 490 nm was recorded by a microplate reader (Bio-Rad). The cell 

viability was calculated by 

Cel l v iabi l i ty (%) = (Atreated / Acontrol) X 100% (3-1) 

where Atreated and Acontroi are the absorbance values of the cells cultured with and 

without PEL Each experiment condition was done in quadruple. The data are shown 

as the mean value plus a standard deviation (± SD). 

Formation of Polyplexes. The DNA/PEI polyplexes were prepared with different 

desired N:P ratios (ratios of nitrogen atoms on PEI to phosphorus on plasmid DNA) 

by adding an appropriate amount of PEI to 2 |Ag of plasmid DNA (plasmid pGL3) in 

PBS. The resultant polyplexes were incubated for 10 min at the room temperature 

before use. 
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Such prepared polyplexes were analyzed by the gel retardation assay, in which the 

polyplexes were mixed with a buffer and then loaded on a 0.8 % agarose gel 

containing EtBr in TBE buffer. The gel electrophoresis was run at 80 V for 1 h and 

then photographed under UV. The DNA/Lipofectamine 2000 complexes were 

prepared according to the supplier's protocol {24). In DNase assay, 2 units of DNasel 

was added respectively to the plasmid DNA and the polyplexes, containing 1 fig of 

DNA, and incubated for 1 h at 37 °C. Before conducting the gel electrophoresis, 1 

)iL stop buffer was added and incubated at 65 °C for 15 min to stop the reaction. 

A commercial laser light scattering (LLS) instrument (ALV5000) with a vertically 

polarized 22 mW He-Ne laser head (632.8 nm, Uniphase) was used to determine the 

particle size. In dynamic LLS (DLS), the Laplace inversion o f each measured 

intensity-intensity time correlation function G(2)(q,t) in the self-beating mode can be 

related to a line-width distribution G(2). For a diffusive relaxation, F is related to the 

translational diffusion coefficient D by (r/q^)(c^o,q-o) = D, so that G( r ) can be 

converted into a transitional diffusion coefficient distribution G(D) or a 

hydrodynamic radius distribution /(Rh) via the Stokes-Einstein equation, Rh = 

(kBT/67rr|)/D, where ke, T, and t) are the Boltzmann constant，the absolute 

temperature, and the solvent viscosity, respectively. 

The zeta-potential of the polyplexes dispersed in the PBS (1 x 10"̂  jag/mL pDNA) 

was measured by a commercial Brookhaven Zeta Plus spectrometer with two 

platinum-coated electrodes and one He-Ne laser as the light source. The current was 

fixed at 10 mA and at least 30 cycles were measured for each polyplexes dispersion 

at the room temperature. 

In vitro Gene Transfection. The in vitro gene transfection efficiency was quantified 

by using the luciferase transfection assays, in which plasmid pGL3 was used as an 

exogenous report gene. 293T cells were plated in a 48-well plate at an initial density 

o f 〜50，000 cells per well, 24 h prior to the gene transfection. The polyplexes were 

further diluted in a serum-free medium and then added to each well. The final 

plasmid DNA concentration is 0.4 fxg per well in a total volume of 300 |xL. The 

complete D M E M medium (1 rtiL for each well) was added 4 h after the transfection. 
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The gene expression was determined after 48 h by using a GloMax 96 Microplate 

Luminometer (Promega, USA). Meanwhile, the protein concentration in each well 

was determined by the Bio-Rad protein assay reagent (Bio-Rad, USA). The 

transfection efficiency is expressed as a relative light units (RLU) per mg protein in 

each well (mean ± SD, triplicates). The transfection efficiency can also be directly 

visualized by a fluorescent microscope when the plasm id pLUNIG-LIGL (10 kbp) is 

used. The transfection procedure of using the two different plasmids was identical. 

3.3 Results and Discussion 

After trying to use some previously reported procedures of linking short PEI chains 

with DSP {13, 14), we found that PEI is insoluble in DMSO i f there exists carbon 

dioxide (Figure 3.2) because it reacts with PEI to form ammonium carbonate in the 

presence of a trace amount of H2O. To the best of our knowledge, such a 

phenomenon has not been reported before. In the presence of CO2 and a trace amount 

of H2O, the reaction mixture is inhomogeneous. The addition of H2O into DMSO can 

dissolve the ionized PEI chains (72), but some side reactions become inevitable. 

Therefore, we found that in order to make the linking reaction controllable, one has 

‘ •v A % « 

Figure 3.2. Photograph ofPEI2K/DMSO solution (c = 0.01 g/mL). a) Freshly prepared 
solution. Note that there is already some flocculation formed in the dissolving process, 
b) PEI2K/DMSO solution exposed in air for 2 min. c) PEI2K/DMS0 solution bubbled 
CO2 for 5 seconds. 
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to completely remove CO2 and H2O from the reaction mixture. 

Since branched PEI chains have more than two -NH2 groups, the linking reaction 

can easily lead to the formation of microgels i f it is not done properly. Previous work 

reported by Gosselin et al. {IS) and Kloeckner et al. {14) used an equal or excessive 

amount of DSP so that their reaction mixture has to be purified by a column to 

remove microgels or even macrogels, which makes the process more complicate and 

expensive with a poorly controlled molar mass and a low yield. Particularly, for a 

given [linker]:[PEI] ratio, they obtained two linked PEI samples with different molar 

masses (2.3 x lO. and 8.0 x 10^ g/mol). It is well known that a controllable molar 

mass is an essential requirement for a FDA approval. 

Furthermore, we found that after the removal of carbon dioxide and water, it is 

also vitally important to control how fast DSP is added into the PEI/DMSO solution. 

Namely, a quick addition of DSP leads to the formation of microgels so that the 

reaction mixture becomes turbid even at a low [DSP]:[PEI] ratio. In the contrast, i f 

DSP is extremely slowly introduced, the reaction mixture remains transparent even 

when [DSP]:[PEI] approaches 1. To make the reaction controllable and repeatable, 

we used a computer-controlled syringe pump to inject DSP into the PEI/DMSO 

solution (Figure 3.1). During the linking reaction, LLS was used to in-situ monitor 

the change of the scattering intensities, i.e., the weight average molar mass (M^) of 

the linked PEI chains. M^ can be calculated using: 

M . =Mw，職 x l ^ / l A Z ™ (3-2) 
^PEI ^PEIIK 

where Cpei and Cpei2k are the concentrations of resultant linked PEI and initial short 

PEI2K chains, respectively; <IO>PEI and <IO>PEI2K are the time-average scattering 

intensities of resultant linked PEI and initial short PEI2K chains at the zero scattering 

angle (0), respectively. Assuming that most of PEI2K chains are linked, we have CPEI 

~ CpEi2K SO that eq. 3-2 can be rewritten as M^ ~ Mw，pei2k<Io>pei/<Io>pei2k. Figure 

3 . 3 A shows that < I > P E I at each [ D S P ] : [ P E I 2 K ] ratio is independent of the scattering 

angle, even for linked PEI with the highest molar mass, 3.8 x 10^ g/mol (denoted as 
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Figure 3.3. A. Angular dependence of weight average molar mass (M„0 of different 
polyethyleneimine (PEI) polymers in water. B. Linking reagent (DSP) content dependence of 
weight average molar mass (M„), average hydrodynamic radius (<Rh>) and average chain 
density (<p>) of resultant linked PEI2K chains, where <p> = M„/[(4/3)7i<Rh>^]. C. 
Double-logarithmic plots of weight average molar mass (M„>) vs average hydrodynamic radius 
(<Rh>) of resultant linked PEI2K chains. 

PE1-400K-L), indicating that the 

radius of gyration (<Rg>) of these 

linked PEI chains must be smaller than 

15 nm. In other words, we have 

<Rg>/<Rh> < 1 because <Rh> = 22 nm 

for PEI-400K-L in H2O. Therefore, 

PEI-400K-L has a spherical microgel 

conformation with a more uniform 

chain density (25-27). To further 

testify the microgel conformation of 

PEI-400K-L, TEM images is taken 

and shown in Figure 3.4. 

Figure 3.3B shows how the DSP 

im 

》赢徹 

.厕纖 

Figure 3.4. TEM image of PEI-400K-
100 nm. 

Bar: 
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adding rate affects the weight average molar mass (Mw), the average hydrodynamic 

radius (<Rh>) and the average chain density (<p>) of resultant linked PEI chains, 

where <p> is defined as Mv./[(4/3)7i<Rh>^]. The addition of DSP at a rate of 0.5 mL/h 

leads to a sharp initial increase of M^ from 2 x 10̂  to � 1 0 4 g/mol even when 

[DSP]:[PEI2K] is only 0.1, indicating the formation of a small amount of large 

clusters at this initial stage. Further addition of DSP results in a gradual increase of 

Mw before another sharp increase of M̂w from 2 x 10"̂  to 3.8 x 10̂  g/mol at 

[DSP]:[PEI2K]〜1.0. Using a lower DSP adding rate of 0.1 mL/h, is only 3.7 x 

10̂  g/mol when [DSP]:[PEI2K] 二 0.1，revealing that on average only two chains are 

linked together. In contrast, the initial increase of <Rh> is less affected by the DSP 

adding rate. 

Figure 3.3C shows a double-logarithmic plot of Mw vs <Rh> for the linked PEI 

chains in DMSO. In the range of 1 < Rh < 10 run, M v̂ oc <Rh>i 视 i nd i ca t i ng that 

these linked PEI chains have a more extended linear structure with some inevitable 

branches. The scaling exponent (df) becomes 3.0±0.1 when Rh > 10 nrti, revealing 

that the linked PEI chains have a uniform chain density, presumably due to the 

formation of spherical microgels. A combination of Figures 3.3B and 3.3C shows 

fast 
adding 

DSP 

slow 
adding 

linked short PEI chains 

Figure 3.5. Schematic of effect of different DSP adding rates on resultant linked PEI2K chains 
and their corresponding complexation with plasmid DNA. 
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that when [DSP]:[PEI2K]〜0.9，spherical microgels are formed in spite of different 

DSP adding rates. It is worth noting that the higher DSP adding rate always results in 

a broader molar mass distribution. Therefore, it is better to add DSP slowly into the 

PEI/DMSO solution in order to obtain more linearly linked PEI chains with less 

branches structure, as schematically shown in Figure 3.5. 

Two linked PEI samples at lower adding rate, respectively with M^ = 7 x 10^ 

(denoted as PEI-7K-L) and 4 x lo^ g/mol (denoted as PEI-400K-L) obtained from 

one reaction at two different [DSP]:[PEI2K] ratios are used next. On the other hand, 

it is also found that the linking reaction of PEI2K by using non-degradable DSS as 

linker is similar to that of using DSP (data not shown). Thus a crosslinked PEI2K 

sample with DSS, denoted as PEI-7K-C (Mv, = 7 x 10^), is also obtained for 

comparison in the next. Their molecular characterizations are summarized in Table 

3.1. 

Table 3.1. Molecular characterization of two linked PEI2K samples in different 
solvents. 

Sample ^linker 

^PE12K 

M, 

g/mol 

<Rh> / nm 

in DMSO in H2O 

PEI-7K-L 

PEI-400K-L 

PEI-7K-C 

2.86x10 

1.02 

2.95x10" 

6.5x10 

3.8x10 

7.0x10 

1.4 

14 

1.5 

3.0 

22 

3.2 

Figure 3.6 shows that both M^ and <Rh> of PEI-7K-L，PEI-400K-L and PEI-7K-C 

remain constants in the range of pH = 7.8-4.5, revealing that disulfide bond in 

PEI-7K-L，PEI-400K-L and amide bond in all of the three polymers in an acidic 

environment are stable, which is important since the linked PEI chains should 

provide the same protection as long PEI25K chains in the endosomal and lysosomal 

compartments. In contrast, the disulfide bond can be quickly reduced by DTT under 

a neutral or alkaline condition. Figure 3.7 shows the reducing kinetics of the disulfide 
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Figure 3.7. Time dependence of M^̂  of PEI-7K-L, PEI-400K-L and PEI-7K-C (C = 1 x 10" 
g/mL) with 0.1 M added D,L-dithiothreitol (DTT). 
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Figure 3.8. Effect of adding a reducing agent, D,L-dithiothreitol (DTT，C = 0.1 M) on 
hydrodynamic radius distribution (/(Rh)) of resultant linked PEI chains (PEI-7K-L) in water at 
37 °C. For comparison, we also plot/Rh) of initial PEI2K. 

bond inside PEI-7K-L and PEI-400K-L in the presence of DTT at pH 5.0 in terms of 

the decrease of M^. It is clear that the breakage of the disulfide bond takes -10 h in 

both cases, revealing that the reduction of the disulfide bond in the acidic pH is a 

slow process. However, it should be mentioned that the disulfide degradation is 

nearly instantaneous at the physiological pH, which cannot be traced by LLS. On the 

other hand, PEI-7K-C is stable as expected in such an environment. Figure 3.8 gives 

a better view of the break of the disulfide bond in PEI-7K-L after the addition of a 

reduce agent (DTT) at pH 7.4, because both M^ andy(Rh) quickly decrease to their 

respective values of PEI2K. 

Armed with these well-characterized linked PEI chains, we studied effects of the 

chain length and structure on their cytotoxicity and gene transfection efficiency. The 

cytotoxicity was tested by using the MTT assay. Figure 3.9 shows that PEI-7K-L, 

PEI-400K-L and PEI-7K-C exhibit a significantly lower cytotoxicity in comparison 

with long PEI25K chains, but all higher than that of PEI2K. The cell viability of 
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Figure 3.9. Comparison of 293T cell viability of different PEI samples. 

PEI-7K-L is higher than that of PEI-7K-C, indicating that the degradation of 

disulfide in the cytosol could lead to the decrease of the cytotoxicity. In the working 

concentration range, i.e.，N:P < 120, corresponding to CPEI < 21 fig/mL, they are 

even less cytotoxic than or comparable to a commercial vector, Lipofectamine 2000 

(Lipo), at its optimal condition based on the supplier's protocol. It is worth noting 

that PEI-400K-L has a much higher molar mass than PEI25K, but less cytotoxic, 

clearly indicating that linking short PEI chains into larger PEI molecules with 

disulfide bond can indeed reduce its cytotoxicity. 

Further, using the gel retardation assay, we studied the condensation of DNA with 

different PEIs. Figure 3.10 shows that PEI25K can retard DNA at N:P = 3 and 

efficiently condense DNA at N:P = 5, reflecting in the disappearance of the two 

DNA strips. The complete complexation of DNA with PEI-7K-L occurs only when 

N:P > 10, indicating that PEI-7K-L is a less effective condensing agent than PEI25K. 

Surprisingly, PEI-400K-L is completely ineffective because the retardation appears 
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Figure 3�10. N:P ratio dependence of get retardation assay tests of a) PEI25K, b) PEI=7K-L 
and c) PEI-400K=L. 

only when N:P > 60« Figure 3J1 shows thait the hydrodynamic radius (<Rh>) of the 

polyplexes for each vectors measured in 30 m M NaCL The <Rh> values o f PEOSK, 

PEI-=7K=L, PEI=7K=C and PEI=400K=L after the reterdation occurs are ca. 50, 60, 60 

and 80 mm, respeetivdy. On the other hand, Figure 3,12 shows that as expected, the 

zeta=poteiitiaI o f the polyplexes in PBS changes from =55 mV to +25 mV as the N:P 

ratio increases。Consisting with those gel retardation results, the addition of PEI25IC， 

PEI=7K=L or PEI=7K-C inverses the zeta=poteetial at N:P ~ 3 md the zeta=poteotiaI 

reaches a plateau at N:P 〜5。In contrast, when PEI=400K=L is used, a much higher 

ratio o f N:P = 30 is needed to reverse the zeta=]poteintial。The low complexation 

efficiency o f DNA with PEI=400K=L cm be attributed to its microgel nature. It is 
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Figure 3.11. N:P ratio dependence of hydrodynamic radius (<Rh>) of 
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Figure 3.12. N:P ratio dependence of zeta-potential of different PEI/DNA polyplexes in PBS 
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Lane: 1 2 3 

Figure 3.13. DNase assay of DNA/PEMOOK-L complexes. Lane 1 is the DNA marker; lane 2 
is naked pGL3; lane 3 is PEI-400K-L/DNA complex at N:P 60; lane 4 is 2 M NaCl treated 
PEI-400K-L/DNA complex at N:P 60; lane 5 is digested naked pGL3 by DNasel; lane 6 is 
PEI-400K-L/DNA complex at N:P 60 treated with DNasel; and lane 7 is 2 M NaCl treated 
PEI-400K-L/DNA complex at N:P 60 after digested with DNasel. 

retards DNA at N:P = 60 and shows strong fluorescence in the slot. Lane 4 shows 

that after the addition of 2 M NaCl to the PEI-400K-L/DNA complexes, the DNA 

can be released again exhibiting near the same bands with naked DNA (lane 2). After 

the treatment of DNasel, the naked DNA was degraded completely (lane 5). Both of 

the DNasel-treated PEI-400K-L/DNA complexes before and after the addition of 2 
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supposed that, as schematically shown in Figure 3.5, DNA only wraps on the surface 

of the microgei, and such a DNA-winding complex is formed, resembling with the 

DNA chains winding around histone octamer to form nucleosome in the chromatin. 

With such a structure of PEI-400K-L/DNA complexes, DNA is more accessible by 

EtBr molecule to emit stronger fluorescence even after the DNA is retarded in gel 

electrophoresis test (ca. N:P > 40)，while the fluorescence intensity is very weak for 

PEI25K or PEI-7K-L after the DNA is complexed and retarded, because the DNA is 

embedded by the smaller cationic PEI molecules which prevent the intercalating of 

EtBr into DNA helix. Such a DNA-winding structure is also proposed by some 

research groups through theoretic calculation and experimental results {28, 29). To 

evaluate the protection effect of the vectors against enzyme degradation, the DNasel 

was added to the complexes. As shown in Figure 3.13, lane 3 shows that PEI-400K-L 
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Figure 3.14. N:P ratio dependence of in vitro gene transfection efficiency of five different 
non-viral vectors. 
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M NaCl do not show any fluorescence (lane 6 and 7), indicating the poor DNA 

protection effect of PEI-400K-L comparing with PEI25K and PEI-7K-L (data not 

shown). Such result may prove our proposed structure of the PEI-400K-L/DNA 

complexes, since the DNA chains wrapping around the positively charged microgel 

can be easily attacked by the enzyme, while in contrast, the PEI25K and PEI-7K-L 

can embed and protect DNA sufficiently. 

Figure 3.14 shows a comparison of in vitro transfection efficiencies of different 

PEI chains, where pGL3 is used as the report gene. PEI25K shows an optimal 

efficiency at N:P 〜10, consistent with previous reports {13, 15, 30). Lipofectamine 

2000 is ~ 6 times less efficient than PEI25K in the transfection of 293T cells. The 

gene transfection efficiency of PEI-7K-L is 2-10 times higher than that of PEI25K in 

the range of N:P 二 10-60 and reaches its maximum at N:P = 30. As for PEI-7K-C, 

only when N:P = 30，the efficiency is marginally exceed that of PEI25K at N:P 10， 

implying that it is the disulfide bond rather than the molar mass resulting the 

enhanced gene transfection efficiency of PEI-7K-L. Such an efficiency-promoting 

effect of PEI-7K-L could be attributed to the quick cleavage of the disulfide bond 
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after the endosomal escape of polyplexes and easier release of pDNA from the 

polyplexes. The decrease o f the transfection eff iciency at higher N:P ratios can be 

attributed to the higher cytotoxicity. These results demonstrate that the incorporation 

of disulfide in the linking reaction of low molar mass FEI can dramatically boost the 

gene transfection eff iciency and lower the cytotoxicity. Again, the transfection 

eff iciency o f the DNA/PEI -400K-L polyplexes is even surprisingly lower than the 

naked D N A without any PEL 

The transfection efficiency can also be directly visualized with a fluorescent 

microscope when pLUNIG-LIGL is used as the report gene. Figure 3.15 shows that 

the cells transfected by the DNA/PE I -7K -L polyplexes w i th N:P 〜30 express more 

green fluorescent proteins than those transfected by the DNA/Lipofectamine 2000 

a 

b) 

c) 

Phase Contrast 

PEI-25KN:P = 10 
CpEi=1.7|Lig/|aL 

EGFP X 10 

疼 5:1 私 g/pJL 

Lipofectamine 2000 
at its optimal condition 

Figure 3.15. Fluorescent microscopic images of 293T cells transfected with plasmid DNA 
(pLUNIG-LIGL) in the presence of different PEI vectors. 

72 



Chapter 3 

and the DNA/PEI25K polyplexes, respectively, at their optimal conditions. It reveals 

that PEI-7K-L as an effective vector to deliver larger plasmids is much better than 

those reported vectors {13, 14). We have to reconsider previous assumption that PEI 

with a higher molar mass are more effective in condensing, protecting and delivering 

genes into a cell (P). Our results reveal that it is important to properly control the 

linking reaction to avoid the formation of a microgel structure. 

3.4 Conclusion 

Using a recently developed reaction device, we are able to in situ monitor the linking 

reaction by using in-situ laser light scattering to control the molecular parameters of 

the linked PEI chains. We have found that in the reaction of using 

dithiobis(succinimidyl propionate) (DSP) to link short polyethyleneimine (PEI) 

chains (M„； 二 2000 g/mol), it is vitally important to remove both a trace amount of 

water and CO2. The DSP adding rate as well as the amount of DSP is also vitally 

important for the preparation of low cytotoxic and high efficient non-viral gene 

transfection vectors because they affect not only the linked PEI chain length, but also 

the chain structure. A comparative study of the gene transfection efficiency and 

cytotoxicity of two such linked PEI samples (PEI-7K-L and PEI-400K-L, 

respectively with M^. = 6.5 x 10^ and 3.8 x 10^ g/mol) reveals that PEI-7K-L with an 

extend linear chain structure is even less cytotoxic and 2-10 times more effective in 

the gene transfection of 293T cells than both the "golden standard" PEI25K and the 

commercially widely used Lipofectamine 2000. On the other hand, PEI-400K-L with 

a spherical microgel structure is ineffective in spite that it is much non-toxic. Our 

current study clearly demonstrates that a proper control of the chain structure is more 

important than that of the overall molar mass; namely, one should try to avoid the 

microgel formation in the linking reaction. 
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Chapter 4 

Comparative Study of Gene Tramfection Efficiency of PEI 

Grafted with PEG Respectively via -C-C- and -S-S- Linkage 

4.1 Introduction 

Nowadays, the design and preparation of effective gene delivery vectors becomes a 

major bottleneck in gene therapy. Besides the fast development of viral vectors, 

non-viral polymeric vectors as a safe and versatile alternative attracted more 

attention (7). Cationic polymers, such as poly(L-lysine) (PLL) (2’ 3), 

polyethylenimine (PEI) (4-6), chitosan (7) and polyamidoamine (5)，can condense 

long nucleic acid chains via electrostatic interaction to form polymer/nucleic acid 

complexes, termed as polyplexes, with a size of 〜100 nm. The polyplexes with a 

slightly positively-charged surface can facilitate the cellular uptake {9-11). On the 

other hand, the positively-charged surface is problematic in in-vivo applications. 

Namely, such "naked" polypi exes tend to absorb proteins and aggregate in the 

physiological salt condition so that they are less effective in the gene transfection and 

even toxic due to their embolization in lung (J). The absorption of serum albumin 

and other negatively charged proteins can lead to a rapid clearance of them by 

phagocytic cells and the reticuloendothelial system (12). 

To circumvent such problems, the surface of the polyplexes was usually modified 

by grafting a layer of hydrophilic polymers, such as the intensively investigated 

polyethylene glycol (PEG). The steric and hydrophilic shell stabilizes the polyplexes 

in the physiological condition, reduces their undesirable interaction with proteins, 

and also increases their intravenous circulation time (J, 4’ 6). Note that the 

PEGylation of biological macromolecules and surfaces has been used in many 

pharmaceutical and biotechnical applications (13-15). The influences of the chain 

length and grafting density of PEG and the resultant structure on the condensation of 

DNA have been thoroughly investigated (9, 16, 17). The increase of the chain length 

and grafting density impede the DNA compiexation. Short PEG chains (Mw < 500 
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g/mol) are not able to provide the shielding effect, while a molecular weight of at 

least 2,000 - 5,000 g/mol seems to be necessary to achieve such a effect {4). 

Unfortunately, to make the polyplexes "stealth" in our body via a proper PEGylation 

and at the same time, to increase the cell uptake create a dilemma; namely, the 

PEGylation normally reduces the cellular uptake, prevents the intracellular 

unpacking, and hampers the following release o f D N A in the nuclei (2，9’ 18-20). 

The attachment of some targeting ligands at the PEG chain end can enhance the 

cellular uptake {4, 17, 21, 22). On the other hand, the pH sensitive linkages were 

used to promote the intracellular unpacking because of a lower pH environment 

inside the endolysosome {18, 19, 23-25). However, in a in-vivo app lication the 

hydrolysis begins when the polyplexes enter the blood circulation, and the hydrolysis 

rate inside the cell is normally relatively slow and difficult to control {23, 26). 

Further, the detachment of PEG from the polyplexes inside lysosomes also increases 

the degradation of DNA, another dilemma. In contrast，using a reductive disulfide 

bond to coat PEG on the surface of the polyplexes should keep the PEG shield intact 

in the oxidizing environment inside endo/lysosomes and promotes a fast breakage of 

PEG chains once the polyplex escapes from the endo/lysosomes into the cytoplasm 

because the disulfide is quickly reduced by glutathione (GSH) and thioredoxin (27, 

28). To have a better understanding of the PEGylation, we prepared a pair of 

copolymers by linking PEG to the most extensively investigated cationic non-viral 

polymeric gene vectors (PEI), respectively via the -C-C- and -S-S- bonds (Figure 4.1) 

and conducted a comparative study of their complexation with DNA and gene 

transfection behavior. 

4.2 Experimental Section 

Materials and Cell Lines. PEI (IVL = 2.5x10^ g/mol and = 2.5) (PEI25K), 

N-hydroxysuccinimide (NHS) and N,N' -dicyclohexy Icarbodiimide (DCC), 

triethylamine (TEA), methanesulfonyl chloride, 3,3' -dithiodipropionic acid (DTPA)， 

suberic acid (SA), D,L-dithiothreitol (DTT), heparin, NaHCOg，MgS04 and EtsO 

were purchased from Sigma-Aldrich and used without further purification. PEG 
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PEG-SS-PE0 DNA 

PEG-CC-PE 丨 DMA 
1 

endosome 
escape， 

< 
PEG cleavage 

V 
easy DNA \ 

release _ 

Nucleus 
ctifRcyl! 

DNA 
release 

endosome 
escape 

INTRACELLULAR 
Figure 4.1. Schematic of PEG-SS-PEI/DNA and PEG-CC-PEI/DNA polyplexes formation 
and their respective intracellular pathway, where drawings of different components do not 
reflect their actual sizes. 

monomethyl ether (M^ = 2.0x1 O〗g/mol，M^/M„ = 1.05) was a gift from BASF and 

was dried under vacuum at 110 for 8 hrs before use. CH2CI2 and THF purchased 

from Merck were dried by CaHi and distilled before use. Dialysis membranes were 

purchased from Spectrum Laboratories, Inc. Plasmid DNA (pDNA) pGL3 with a 

SV40 promoter and an enhancer sequence encoding luciferase and Bright-Glo assay 

kit were purchased from Promega (Madison, USA). Fetal bovine serum (FBS), 

phosphate buffered saline (PBS) and Dulbecco's modified Eagle's medium (DMEM) 

were products of GIBCO (NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich 
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(Deutschland). 293T cells were grown in DMEM supplemented with 10% FBS and 

1% penicillin-streptomycin in a humidified environment with 5% CO2 at 37 

Synthesis of PEG-NH2. The synthetic routes can be found elsewhere (29). Br ie f ly , 

10 g of PEG monomethyl ether was dissolved in 80 mL of freshly dried CH2CI2, 

followed by the addition of 3.8 g of TEA in an ice bath. 2.3 g of methanesulfonyl 

chloride was added dropwise with stirring under N2 protection. The reaction in the 

mixture was conducted under N2 atmosphere at the room temperature for 12 hrs. The 

reaction mixture was washed with 120 mL of 50 mM NaHCOs. The organic fraction 

was dried over MgSO* and filtered, and the solvent was evaporated to give 

methanesulfonylated PEG. 

1h NMR spectra were recorded on a Bruker SpectroSpin 400 MHz spectrometer, 

and chemical shifts for ^H NMR spectra were reported relative to tetramethylsilane 

(TMS) signal in the deuterated solvent (TMS, d = 0.00 ppm). Integration of the 

characteristic signals in NMR spectra was used to calculate the conversation ratio 

and the composition of the resultant copolymers, 'H NMR of methanesulfonylated 

PEG (CDCI3) 6(ppm): 4.37 (t, 2H, CH3SO3CH2C//2), 3.6 (bs，170H, CH2CH2O), 

3.36 (s, 3H,OC//i), 3.07 (s, 3H, CH3SO3). Then the product was immediately 

dissolved in 100 mL concentrated solution of aqueous ammonia and was left to stir 

for 48 hrs in a sealed flask. The mixture was extracted twice with CH2CI2, and the 

organic layers were combined, dried over MgS04 and filtered. The solution was 

concentrated and was added to EtsO to precipitate PEG-NH2. NMR (CDCI3) 

5(ppm): 3.60 (bs, 170H, CH2CH2OI 3.36 (s, ^U^OCHs), 2.90 (t，2H, CH2C//2NH2), 

2.65(br,冊2). 

Synthesis ofPEG-DTPA and PEG-SA. 3.8 g ofDPTA (or SA) and 4.4 g of NHS 

were dissolved is 50 mL of dry THF in ice bath, 8 g of DCC in dry THF was added 

dropwise under N2 protection. After stirring for 1 hr under N2 protection, the mixture 

was reacted at the room temperature for 24 hrs. Further, after 4 g of PEG-NH2 was 

dissolved in 40 mL of dry THF, it was added to the reaction mixture dropwise with 

vigorous stirring. The reaction continued for another 24 hrs, followed by the addition 

of 100 mL of D.I. water. Finally, THF in the reaction mixture was removed by rotary 
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evaporation; the insoluble by-products were removed by filtration; and the remaining 

solution was dialyzed against D.I. water with a membrane (Mcut-off 500) for 24 hrs. 

PEG-DTPA and PEG-SA were recovered by lyophilization. ^H N M R of PEG-DTPA 

(CDCI3) 5(ppm): 6.70 (br, N//CO), 3.60 (bs, 170H, CH2CH2O), 3.37 (s, 3H，0C//j), 

2.98 (m, 4H, CH2SSCH2), 2.70 (t，2H, C//2COOH), 2.61 (t，2H, NHCOC//2). 

NMR of PEG-SA (CDCI3) 5(ppm): 6.55 (br, N/fCO), 3.60 (bs, 170H, CH2CH2O), 

3.38 (s, 3H,0C//5), 2 .30 (t, 2 H , C//2COOH), 2 .18 ( t , 2H, N H C O C / / 2 ) , 1.65 ( m , 4H， 

NHC0CH2C//2(CH2)2C//2CH2C00H), 1.36 (m, 4H, 

NHCO(CH2)2C//2Ci/2(CH2)2COOH). 

Synthesis ofPEG-g-PEI Copolymer. 2.0 g of PEG-DTPA (or PEG-SA) and 0.14 g 

of NHS were dissolved in 20 mL of dry THF and 0.25 g o f DCC dissolved in 15 mL 

of dry THF was added dropwise under N2 protection at the room temperature. The 

reaction was carried out for 40 hrs. The reaction mixture was filtrated under N2 and 

added to anhydrous PEI/THF solution dropwise under vigorous stirring. The reaction 

continued for another 40 hrs, followed by the addition of 100 mL of D.I. water. 

Finally, THF in the reaction mixture was removed by rotary evaporation; the 

insoluble by-products were removed by filtration; and the remaining solution was 

dialyzed against D.I. water with a membrane (Mcut-off 2000) for 24 hrs to remove 

unreacted PEG chains. ^H NMR of PEG-g-PEI with disulfide bond (PEG-SS-PEI) 

(D2O) 5(ppm): 3.68 (bs, 170H, CH2CH2O)’ 3.10-2.70 (m, 833H, C//2C//2NH); ' H 

NMR of PEG-g-PEI with SA linkage (PEG-CC-PEI) (D2O) 5(ppm): 3.67 (br, 170H, 

CH2CH2O), 3.05-2.64 (m，93IH, C//2C//2NH). 

Laser Light Scattering (LLS). A commercial laser light-scattering spectrometer 

(ALV5000) with a vertically polarized 22-mW He-Ne laser (632.8 nm, Uniphase) 

was used to characterize the PEG-g-PEI copolymers and the DNA/PEG-g-PEI 

polyplexes. In static LLS {50\ we can obtain the weight-average molar mass (Mw) 

and the z-average root-mean square radius of gyration (<Rg>z) o f scattering objects 

in a dilute solution/dispersion from the angular and concentration dependence of the 

excess absolute scattering intensity (Rayleigh ratio Rvv(q)) as 
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1 + 力 + (4-1) 

Kiq) K 

where K = 47i^n^(dn/dC)^/(NA 入(/) and q = (47rnXo)sin(e/2) with Na , dn/dC, n, and 入o 

being the Avogadro number, the specific refractive index increment, the solvent 

refractive index, and the wavelength of the light in a vacuum, respectively. A2 is the 

second virial coefficient. (dn/dC)632.8 nm of the PEI copolymer and DNA in water was 

determined by using the Jianke differential refractometer (57). (dn/dC)632 8 nm of the 

polypiexes were calculated by using 

(dn/dC)polyplex = WDNA(dn/dC)DNA + Wpolymer(dn/dC)polymer ( 4 -2 ) 

where wdna and Wpoiymer are two weight fractions of DNA and copolymer, 

respectively. The measurement angular range used was 20。-150。for the copolymers, 

and 20°-50® for the polypiexes. A l l of the measurements were carried out at 25.0 ± 

0.1。C. 

In dynamic LLS (32), the Laplace inversion of each measured intensity-intensity 

time correlation function G(2)(q,t) in the self-beating mode can be related to a 

line-width distribution G(r). For a diffusive relaxation, Y is related to the 

translational diffusion coefficient D by (r/q2)(c—o’q—o) = D. Therefore, G(r) can be 

converted into a transitional diffusion coefficient distribution G(D) or a 

hydrodynamic radius distribution y(Rh) via the Stokes-Einstein equation, Rh = 

(kBT/67rri)/D, where ks, T, and r| are the Boltzmann constant, the absolute 

temperature, and the solvent viscosity, respectively. 

Formation and Characterization of Polypiexes. The polypiexes with different 

desired N:P ratios (ratios of nitrogen atoms on PEI to phosphorus on plasmid DNA) 

were prepared by adding an appropriate amount of PEI polymer solution to a plasmid 

DNA (plasmid pGL3, 5 kbp) solution in PBS. The incubation time was 10 min for 

PEI25K/DNA polypiexes and 60 min for PEG-g-PEI/DNA polypiexes before use. 

Such prepared polypiexes were analyzed by the gel retardation assay. Where 

applicable, different amounts of heparin was added and incubated with polypiexes (2 

fig DNA at N:P 10) for 30 minutes at the room temperature. The polypiexes were 

mixed with the loading buffer and then loaded on a 0.8 % agarose gel containing 
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EtBr in TBE buffer. The gel electrophoresis was run at 120 V for 20 min and then 

photographed under UV. 

The zeta-potential of the polyplexes dispersed in PBS (1x10.2 |xg/mL pDNA) was 

measured by a commercial Brookhaven Zeta Plus spectrometer with two 

platinum-coated electrodes and a He-Ne laser as the light source. The current was 

fixed at 10 mA and at least 30 cycles were measured for each polyplexes dispersion. 

For the transmission electron microscopy (TEM) study, after incubation in the PBS 

for 15 min, the polyplexes were negatively stained with 1% uranyl acetate. A drop of 

the sample solution was allowed to settle on a carbon film-coated copper grid for 5 

min, the excess sample was wicked away with a filter paper and a drop of staining 

solution was allowed to contact the sample for 1 min. The samples were analyzed 

using a FEI CM120 electron microscope. 

In vitro Gene Transfection. The in vitro gene transfection efficiency was quantified 

by using the luciferase transfection assays, in which plasmid pGL3 was used as an 

exogenous report gene. 293T cells were plated in a 48-well plate at an initial density 

of -50,000 cells per well, 24 hrs prior to the gene transfection. The polyplexes were 

further diluted in the serum-free or 10% FBS-containing DMEM medium and then 

added to each well. The final plasmid DNA concentration is 0.4 jug per well in a total 

volume of 300 |jL. 4 hrs later, the transfection medium was aspirated and 1 mL of 

complete D M E M medium was added int o each well. The gene expression was 

determined after 48-hrs incubation by using a GloMax 96 Microplate Luminometer 

(Promega, USA). Meanwhile, the protein concentration in each well was determined 

by the Bio-Rad protein assay reagent (Bio-Rad, USA). The gene transfection 

efficiency is expressed as a relative light units (RLU) per mg protein in each well 

(mean 士 SD, triplicates). 

Cytotoxicity Assay. The cytotoxicity assessment was carried out on 293T cells by 

using the MTT-assay. 293T cells were seeded in a 96-well plate at an initial density 

of ca. 5000 cells per well in 100 )LIL of the DMEM complete medium. After 24 hrs, 

the polymer solutions with different concentrations were added into the cells. Such 

treated cells were incubated in a humidified environment with 5% CO2 at 37 for 
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48 hrs. Then, the MTT reagent (in 20 ^iL PBS, 5 mg/mL) was added to each well and 

the cells were further incubated for 4 hrs at 37 Finally, the medium in each well 

was removed and replaced by 100 |iL DMSO. The plate was gently agitated for 15 

min before the absorbance (A) at 490 nm was recorded by a microplate reader 

(Bio-Rad). The cell viability was calculated by 

C e l l v iab i l i ty (%) = (Atreated / Acontrol) >< 1 0 0 % ( 4 - 3 ) 

where Atreated and Acontrol are the absorbance values of the cells cultured with and 

without the PEI or copolymers. Each experiment condition was done in quadruple. 

The data are shown as the mean value plus a standard deviation (士 SD). 

Flow Cytometry. pGL3 was labeled with Cy5 fluorescent dye by using Label IT® 

nucleic acid labeling kits (Mirus, USA) according to the protocol. The labeling 

density was one label every 50 base pairs of double-stranded DNA and was proved 

to be unaffected to the formation of polyplexes (55). The labeled polyplexes were 

used to transfect 293T cells following the above transfection procedure. 4 hrs later, 

the medium was removed and the cells were washed with 150 |jL of ice-cold PBS. 

Further, the cells were treated with 0.25% trypsin and PBS supplemented with 20 

mM sodium azide to prevent further cellular uptake of the polyplexes {34). The 

trypan blue/PBS was added with a concentration of 0.04 % to quench the 

fluorescence of extracellularly bound polyplexes. Finally, the cells were washed 

twice and resuspensed by ice-cold PBS. The total preparation time was less than 30 

min. A Beckman Coulter flow cytometry was used, in which Cy5 fluorescence was 

excited at 635 nm and detected with a 665±20 nm bandpass filter. To discriminate 

viable cells from dead cells and to exclude doublets, the cells were appropriately 

gated by the forward/side scattering and pulse width. 1x10"̂  gated events per sample 

were collected. Experiments were performed at least in triplicate. The mean 

fluorescence intensity (MFI) of those cells that had taken up the polyplexes served as 

an indirect measurement of the average number of the internalized polyplexes. A l l 

that experimental values were normalized to the cells that received 150 mM NaCl 

instead of the polyplexes solution. 
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4.3 Results and Discussion 

Synthesis and Characterization of PEG-g-PEI. Scheme 4.1 shows the preparations 

o f the PEG-g-PEI block copolymer wi th a disulfide linkage (PEG-SS-PEI)，and its 

non-degradable counterpart (PEG-CC-PEI). In step 1，the terminal hydroxyl group 

on the PEG monomethyl ether was first converted to an amine group via a two-step 

reaction: a) the hydroxyl to a methanesulfonyl intermediate group; and b) further to 

an amine by using aqueous ammonia, wi th a yield o f 〜90%. The conversion was 

close to 100% on the basis of the N M R analysis. DTPA and SA was activated by 

using DCC and NHS, respectively; and then attached to the amine end of each PEG 

chain. In order to avoid the PEG coupling side-reaction, excessive DTPA or SA was 

added. The remaining DTPA or SA after the reaction was removed by dialysis 

against water, in which the NHS ester on the chain end was hydrolyzed to the 

carboxyl group. The yields of PEG-DTPA and PEG-SA were 65% and 71%, 
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Scheme 4.1. Synthesis of two grafting copolymers: PEG-SS-PEI and PEG-CC-PEI. 
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respectively, because of some avoidable loss during the dialysis. The conversions 

were 90% and 96%, respectively, on the basis o f the NMR results. Finally, the 

carboxyl end group was activated and conjugated to PEI with a molar ratio of 

[ -NH2]: [ -C00H] = 1:1. The unreacted PEG chains were removed by dialyzed 

against a membrane (Mcut-off -2000 g/mol). Table 4.1 lists the feed and resultant 

PEG:PEI ratios of such prepared copolymers. 

Table 4.1. Summary of molecular characters of two grating copolymers: PEG-SS-PEI and 

PEG-CC-PEI. 

feed ratio measured dn/dcb) D 丁丁 treatment 

Copolymer 

NPEG： NPEI NPEG ： HPEI''^ m L / g 

M v (before) (after) 

Kg/mol Kg/mol 

PEG-SS-PEI 1.3:1.0 

PEG-CC-PEI 1.2:1.0 

1.1:1.0 

1.0:1.0 

0.250 

0.248 

28.5 ± 0.6 

27.8 ±0.5 

25.5 ±0.8 

27.7 ±0.9 

a) Estimated from the ratio of the integrated -CH】- signals on PEG and PEI in NMR. 

b) Measured in PBS. 

The absolute weight-average molar mass of each copolymer was characterized by 

static LLS, as shown in Table 4.1. The value of Mw(PEI25K) from the supplier was 

confirmed by our LLS measurements. Mw(PEG-SS-PEI) = 28.5 土 0.6 g/mol, that was 

reduced to 25.5 士 0.8 g/mol after a DTT treatment. In contrast, as expected, 

Mw(PEG-CC-PEI) remained a constant before and after the addition of DTT. Note 

that PEI25K is broadly distributed and shorter PEI chains are likely lost during the 

dialysis. Therefore, the calculated PEG-to-PEI composition on the basis of LLS 

results (Mw) was not very reliable, sometimes even higher than the feed ratio. 

Therefore, the PEG-to-PEI ratios from the N M R results (1.0:1.0 for PEG-SS-PEI and 

1.1:1.0 for PEG-CC-PEI) are used thereafter, because a control experiment showed 

that the PEG (Mw = 2.0x10^ g/mol) can be completely removed by a 24-hr dialysis 

by using a dialysis membrane with Mcut-off ~2,000 g/mol. 
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Figure 4.2. Time dependence of relative scattering intensity, defined as VIDNA，at 0 = 90° and 
average hydrodynamic radius (<Rh>) of PEI/DNA, PEG-SS-PEI/DNA and 
PEG-CC-PEI/DNA polyplexes after the mixing of DNA and polymer solutions, where N:P 二 

10 and CDNA = 2 |xg/mL. 
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Formation of Polyplexes. Figure 4.2 shows that the relative scattering intensity of 

the PEI25K/DNA polyplexes decreases, but the average hydrodynamic radius (<Rh>) 

increase in the initial 15 min, indicating quick inter-chain aggregation, resulting in 

large polyplexes that precipitate out of the solution mixture under the high salt 

condition. The precipitation slows down and <Rh> remains ~600 nm afterwards, 

presumably because the concentration of those remaining polyplexes is too low. In 

contrast, the PEG-SS-PEI and PEG-CC-PEI polyplexes have an initial size of 〜80 
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nm. Apparently, more DNA and polymer chains are incorporated into the polyplexes 

in PBS so that both the relative scattering intensity and <Rh> increase, respectively 

approaching two plateaus after 〜50 min, which reveals that one grafted PEG chain 

per PEI25K is sufficient to stabilize the polyplexes under the physiological salt 

condition. Therefore, we should be able to regulate the size of the polyplexes by 

adjusting the chain length of PEG and its grafting density on PEL 

The TEM images, as shown in Figure 4.3, support our LLS results: larger and 

flocculated morphology is observed for the PEI25K/DNA polyplexes formed in PBS, 

while individual particles with an average radius of 〜90 nm are formed in the 

mixture of PEG-SS-PEI and DNA solutions, slightly smaller than <Rh> measured 

from dynamic LLS. Figure 4.2 shows that the addition of reductive DTT into the 

PEI-g-PEI/DNA polyplexes dispersion at -250 min leads to a decrease of the relative 

scattering intensity and an increase of <Rh> of the PEG-SS-PEI/DNA polyplexes 

dispersion, further indicating that it is the cleavable PEG chains that stabilize the 

polyplexes in PBS. As expected, the addition of DTT has no influence on the 

PEG-CC-PEI/DNA polyplexes with a non-degradable -C-C- linkage between PEG 

and PEL 

Figure 4.4 shows that when N:P > 3，the PEG-SS-PEI/DNA and 

PEG-CC-PEI/DNA polyplexes formed in PBS have similar Mw, <Rh> and <p>， 

confirming that most of the DNA chains are complexed with the copolymer chains 

when N:P reaches 3 (35, 36), and the little difference in the PEG grafting density on 

m 

參 . 

-Millie 

Figure 4.3. TEM images of PEI25K/DNA and PEG-SS-PEI/DNA polyplexes formed in PBS. 
Bar: 500 nm. 
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Figure 4.4. N:P ratio dependence of apparent weight-average molar mass (Mw), average 
hydrodynamic radius (<Rh>) and average chain density (<p> 三 Mw/NA(4/3)7r<Rh>3) of 
PEG-SS-PEI/DNA and PEG-CC-PEI/DNA polyplexes in PBS. 

the PEI25K (1.0 vs. 1.1) have no significant impact on the formation of the 
Q 

polyplexes. For a stable polyplex, Mw -2.5 x 10 g/mol, revealing that each polyplex 

on average contains -50 DNA and 5.6 x 10^ PEG-g-PEI chains. The <Rh> for both 

PEG-SS-PEI and PEG-CC-PEI based polyplexes are 95 nm. 

Further, Figure 4.5 shows that the addition of polymer reverses the (： -̂potential at 

N:P -2.5 and makes it to reach a plateau at N:P 〜5; namely, +25 and +10 mV for the 
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PEI/DNA and PEG-g-PEI/DNA polyplexes, respectively, indicating that the PEG 

chains on the surface partially shield the cationic charge of PEI in the core. The 

addition of DTT removes the PEG shell so that the ^-potential of the 

PEG-SS-PEI/DNA solution increases, but as expected, has no effect on the 

PEG-CC-PEI/DNA polyplexes. The gel retardation assay test is consistent with the 

(-potential measurements, i.e., DNA was completely complexed with polymer and 

retarded at N:P -2.5. The results of the three polymers used are similar, indicating 

that the grafting PEG on PEI has little effect on the complexation between cationic 

Figure 4.5. N:P ratio dependence of a)《-potential and b) gel retardation of different 
polymer/DNA polyplexes. 
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PEI with anionic DNA chains. This is reasonable because the complexation is mainly 

controlled by the charge neutrality. 

It has been assumed that the intracellular release of DNA is due to its displacement 

by other polyanions, such as RNA and glycosaminoglycans (7, 57). Therefore, 

polyanionic heparin has been used as a model polymer to study the release of DNA 

from the polyplexes. Figure 4.6 shows that the addition of 1 unit heparin starts to 

displace DNA, reflecting in its migration, while 3 units of heparin are sufficient to 

displace most of the DNA chains from the polyplexes. The addition of DTT into the 

PEG-SS-PEI/DNA polyplexes dispersion reduces the required amount of heparin for 

the displacement of DNA to 〜0.9 unit, but has no effect on the PEG-CC-PEI/DNA 

polyplexes, suggesting that the detachment of the cleavable PEG shell in the 

PEG-SS-PEI/DNA polyplexes in the reductive cytosol environment might be helpful 

to exfoliate PEI from the polyplexes and release DNA. 

Cellular Uptake, Cytotoxicity and in vitro Transfection Efficiency. Figure 4.7 

shows that the cellular uptake of each kind of the polyplexes form ed with the 

Cy5-labeled DNA in 150 mM PBS in terms of the cell-associated fluorescence after 

the incubation in serum-free or serum-containing transfection medium. T he 

PEI25K/DNA polyplexes clearly exhibit a higher cellular uptake level than the 

PEG-SS-PEI 
PEI25K PEG-CC-PEI +DTT PEG-SS-PEI 

Figure 4.6. Test of displacement of DNA heparin, where polyplexes prepared with N:P = 10 
are treated with different amounts of heparin for 20 min at the room temperature. N stands for 
the naked pDNA as a control. 
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Figure 4.8. 293T cell viability of different polymers tested using MTT assay. 
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Figure 4.7. Cellular uptake of polyplexes prepared at N:P = 10 on 293T cells, where MFI is 
mean fluorescent intensity. 
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Figure 4.9. N:P ratio dependence of in vitro gene transfection efficiency of PEI25K, 
PEG-SS-PEI and PEG-CC-PEI in the serum-free (-) or serum (+) medium on293T cells. 
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PEG-g-PEI/DNA polyplexes in the absence or presence of serum. Such a difference 

is attributed to a) the precipitation of the PEI25K/DNA polyplexes on the adherent 

cell surface; b) the steric shielding of PEG; and c) a less cationic charged surface of 

the PEG-g-PEI/DNA polyplexes. In each case, the presence of serum slightly reduces 

the cellular uptakes, presumably due to the adsorption of some negatively charged 

serum proteins on the positively charged polyplexes {38, 39). Figure 4.8 shows that 

PEI25K, PEG-SS-PEI and PEG-CC-PEI have a similar cytotoxicity profile with 

IC50 -20 |ig/mL，corresponding to N:P = 120 that wi l l be too high to be used in any 

transfection experiment. 

Figure 4.9 shows the in vitro transfection efficiencies of different polyplexes with 

293T cells in the DMEM medium with or without 10% FBS. The polyplexes formed 

with higher N:P ratios are -10^ times more effective in the gene transfection than 

those formed with N:P = 3. A l l of those polymers show their optimum transgene 

efficiency at ca. N:P 10-20. And further increasing of N:P ratio lead to the decreased 

protein express, possibly due to the high cytotoxicity of PEI (data not shown). 
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Figure 4.10. N:P ratio dependence of percentage of gene expression level in serum medium 
to that in serum-free medium for PEI25K, PEG-SS-PEI and PEG-CC-PEI, respectively. 
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Figure 4.11. N:P ratio dependence of relative gene transfection efficiency of PEG-SS-PEI to 
PEG-CC-PEI in serum-free and serum mediums, respectively. 
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Chapter 105 

The presence of serum reduces the gene transfection efficiency, but has less effect 

on the PEG-g-PEI/DNA polyplexes (Figure 4,10). In the N:P range studied, PEI25K 

in the serum-containing medium is only l%-9% efficient in comparison with that in a 

serum free medium, similar to those reported literature results {40, 41). The serum 

has a much less effect on the PEG-SS-PEI/DNA and PEG-CC-PEI/DNA polyplexes, 

due to the PEG-shielding. 

Note that in the absence of serum, PEG-SS-PEI and PEG-CC-PEI are 4-6 and 8-40 

times less efficient than PEI25K, respectively. The cellular uptake efficiencies based 

on the flow cytometry measurement shows that such a decrease is due to their lower 

cellular uptake. On the other hand, the flow cytometry measurements reveal that the 

cellular uptake of PEG-SS-PEI and PEG-CC-PEI are similar in the absence and 

presence of serum (Figure 4.7). However, PEG-SS-PEI is always 2-8 times more 

efficient than PEG-CC-PEI in the gene transfection (Figure 4.11). A combination of 

the results of the cytotoxicity test and heparin displacement shows that difference 

between PEG-SS-PEI and PEG-CC-PEI must be attributed to the breaking away of 

PEG from the PEG-SS-PEI/DNA polyplexes due to the disulfide linkages that are 

broken in the reductive cytosol, subsequently leading to an easier release of pDNA 

from the polyplexes (Figure 4.1). 

4.4 Conclusion 

Polyethylene glycol (PEG) and polyethyleneimine (PEI) can be coupled to form a 

graft copolymer (PEG-g-PEI) via either a reductive disulfide -S-S- or a 

non-degradable -C-C- bond. In comparison with the polyplexes formed between 

unmodified PEI and anionic pDNA，the polyplexes formed between PEG-g-PEI and 

pDNA via electrostatic interaction are stable under the physiological condition 

because the hydrophilic PEG chains form a stabilizing shell on their periphery. The 

polymer-conjugation has no effect on the polyplex formation; namely, most of 

pDNA are complexed with the copolymers when N:P = 3. PEGylation reduces the 

internalization of the polyplexes in in-vitro experiments. PEG-SS-PEI is 2-8 times 

more effective than its counterpart (PEG-CC-PEI) in the gene transfection, 
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presumably because the grafted PEG chains are cleaved in the reductive cytosol, 

promoting the release and translocation of DNA. Our results clearly demonstrate that 

using the disulfide linkage is a promising approach to overcome the PEGylation 

dilemma in the development of non-viral polymeric vectors for the gene or drug 

delivery. 
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Chapter 5 
Revisit the Complexation Between PEI-based Polycatiom and 

DNA - Free PEI Promotes Gene Transfection Efficiency 

5.1 Introduction 

Polyethylenimine (PEI) is a widely used non-viral gene transfection reagent both in 

vitro and in vivo because of its excellent transfection performance in most cultured 

cell lines {1-4), and it is often regarded as the "golden standard" to justify efficiency 

of other kinds of non-viral vectors (5, 6). The high efficiency of PEI is generally 

attributed to the high positive charge density on its backbone, as well as its good 

buffer capacity, which enable a so-called "proton sponge" effect in the 

endo/lysosome (5-7). Numerous chemical modifications have been applied on PEI in 

order to improve the gene delivery efficiency, including PEGyiation to prolong in 

vivo circulation time and serum stability {8-10), introduction of intracellular 

biodegradable linkers to lower the cytotoxicity {11-13) and attachment of selective 

target ligands to improve cell or tissue specificity (14-16). However, little attention 

has been paid to the detailed complexation behavior between polycations and the 

negatively-charged DNA (7 7, 18). 

The colloidal and physical characteristics of polymer/DNA polyplexes such as 

(^-potential, size, and density, are important for an effective delivery of gene, but 

previous results were controversial and far from fully understanding (19-22). 

Therefore, it is necessary to revisit this complicated problem and understand the 

process in the microscopic level. 

Clamme J. P. et al. studied the complexation of PEI and DNA by using two 

photon fluorescence correlation spectroscopy (23), and found that ~86% of the PEI 

molecules were in the free form in the solution when the PEI/DNA polyplexes was 

formed at N:P 10. Later, Boeckle S. et al. (24) used a size exclusion chromatography 

column to remove the free PEI from the PEI/DNA polyplexes and found that the 

remaining polyplexes has a N:P ratio of -2.5. In addition, they found the existence of 
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free PEI substantially contributed to efficient gene expression, while the exact 

mechanism remained unknown. 

Laser light scattering (LLS) and ^-potential analysis are two most convenient 

and useful methods for the characterization of nanoparticle size, mass, and average 

surface potential. By using such methods, we have revisited the complexation 

between branched PEI with molecular weight 25kDa (PEI25K) and DNA, and we 

confirmed that most of anionic DNA chains are already complexed and condensed 

by cationic PEI25K chains at N:P ratio ~ 3 (25). In this chapter, we use such methods 

to investigate the complexation behavior between DNA and other three kinds of 

PEI-based vectors, i.e., PEI-7K-L, the disulfide-1 inked low molar mass PEI (details 

in Chapter 3), PEG-SS-PEI and PEG-CC-PEI，two PEG grafted PEIs with molar 

mass 25 kDa (details in Chapter 4). 

5.2 Experimental Section 

Materials and cell lines. Synthesis of PEI-7K-L, PEG-SS-PEI and PEG-CC-PEI 

were described in Chapter 3 and 4，respectively. Branched PEI with a 

weight-averaged molar mass of 25,000 g/mol (PEI25K) and 2,000 g/mol (PEI2K) 

were purchased from Sigma-Aldrich and used without further purification. Plasmid 

/?GL3-control vector (5,256 bp) encoding modified firefly luciferase was provided by 

Promega (USA). Fetal bovine serum (FBS), Dulbecco's modified Eagle's medium 

(DMEM) and penicillin-streptomycin were purchased from GIBCO (NY, USA). 

293T cells were grown at 37 5% CO2 in DMEM supplemented with 10% FBS, 

penicillin at 100 units/mL and streptomycin at 100 (xg/mL. 

Formation and characterization of PEI/DNA polyplexes. Plasmid DNA was 

complexed with PEI-based polymers in PBS to form the PEI/DNA polyplexes as 

follows. PEI solutions (CPEI = 3 X lO'"̂  g/mL) were added dropwise with different 

amounts into dilute DNA solutions (C = 14.5 |xg/mL)，resulting in samples with 

different molar ratios of nitrogen from PEI to phosphorus from DNA (N:P), 

Resultant solution mixtures with the polyplexes were incubated for 5 min at the room 

temperature before administration to the cell culture medium and other 
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characterizations. 

Such prepared polyplexes were analyzed by the gel retardation assay, in which 

the polyplexes were mixed with a 6 x loading buffer (bromophenol blue/xylene 

cyanol) and loaded into an agarose gel well (0.8% agarose with 0.01% ethidium 

bromide in tris-borate EDTA buffer). The amount of DNA loaded into each well was 

0.4 |Lig in a total volume of 10 ^L. The electrophoresis was performed under 100 V 

for 30 min. DNA bands were visualized under UV. 

The zeta-potential of the polyplexes dispersed in PBS (IxlO'^ |ag/mL pDNA) 

was measured by a commercial Brookhaven Zeta Plus spectrometer with two 

platinum-coated electrodes and a He-Ne laser as the light source. The current was 

fixed at 10 mA and at least 30 cycles were measured for each polyplexes dispersion. 

To determine PEI concentrations, 900 |xl/well 0.02M cupric acetate in 5% 

potassium acetate (pH 5.5) were added into a 100 jxl of the sample or a PEI25K 

standard of known concentration in PBS. After mixing, the absorption at 630 nm was 

measured using an UV-Vis spectrometer (Hitachi, Japan), and concentrations were 

determined by comparing with the standard curve. 

Laser light scattering. A commercial LLS instrument (ALV5000) with a vertically 

polarized 22-mV He-Ne laser (632.8 nm, Uniphase) was used. In dynamic LLS, the 

intensity-intensity time correlation function (G⑵(T)) of PEI/DNA polyplexes 

solutions w ere measured at different scattering angles respectively. The Laplace 

inversion of each can lead to a line-width distribution of G(r) by the CONTIN 

program or by the double-exponential fitting, i f there are only two relaxation modes, 

as 

{[G(2)(q，T)-B]/Br = Ai(q)e-<f>、A2(q)e-<「〉2T ( 5-1) 

where B is the measured baseline; <r> and A(q) are the average line-width and the 

normalized intensity contribution of each relaxation mode, respectively, and Ai(q) + 

A2(q)三 1; q is the scattering vector defined as q 三(47in/^o)sin(9/2) with 9, Xq and n, 

the scattering angle, the incident wavelength in vacuum and the refractive index of 

solvent, respectively. < ! > can be related to the average translational diffusion 
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coefficient <D> as <r> = <D>q^. Using the Stokes-Einstein equation (26), <D> is 

further related to the average h yd rodynam ic radius (<Rh>) by <Rh> = kBT/(67ir|<D>), 

where rj is the solvent viscosity. In this way, each G(r) can also be converted into a 

hydrodynamic radius distribution f(Rh). 

In static LLS (27), we can obtain the weight-average molar mass (Mw) and the 

z-average root-mean square radius of gyration (<Rg>z) of scattering objects in a 

dilute solution/dispersion from the angular and concentration dependence of the 

excess absolute scattering intensity (Rayleigh ratio Rvv(q)) as 

KC 1 

KM) K 
l + l q ' < R > ‘ (5-2) 

3 . 

where K = 47i^n^(dn/dC)^/(NA 入o*) and q = (47in>.o)sin(e/2) with Na, dn/dC, n，and 入o 

being the Avogadro number, the specific refractive index increment, the solvent 

refractive index, and the wavelength of the light in a vacuum, respectively. A2 is the 

second virial coefficient. (dn/dC)632.8 細 of the PEI copolymer and DNA in water was 

determined by using the Jianke differential refractometer {28). (dn/dC)632.8 nm of the 

polypiexes were calculated by using 

(dn/dC)polyplex = WDNA(dn/dC)DNA + Wpolymer(dn/dC)polymer (5 -3 ) 

where wdna and Wpoiymer are weight fractions of DNA and PEI, respectively. The 

measurement angular range used was 20。-50° for the polypiexes. A l l of the 

measurements were carried out at 25.0 士 0.1 

In vitro gene transfection. The in vitro gene transfection efficiency was quantified 

by using the luciferase transfection assays, in which plasmid pGL3 was used as an 

exogenous reporter gene. 293T cells were plated in the 48-well plate at an initial 

density of 50,000 cells per well, 24 h prior to the gene transfection. The PEI/DNA 

mixture with a desired N:P ratio was further diluted in serum-free medium and then 

administered to each well at a final concentration of 0.4 |xg DNA/well. Complete 

DMEM medium (1 mL per well) was added 4 h after the gene transfection. Using a 

GloMax 96 microplate luminometer (Promega, USA) and the Bio-Rad protein assay 

reagent, the transgene expression level and corresponding protein concentration were 

determined in each well, 48 h after the polyplex administration. The gene 
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Figure 5.1 N:P ratio dependence of hydrodynamic radius distribution (f(Rh)) of 
PEI-7K-L/DNA polyplexes formed in PBS, where different colors represent variation of the 
normalized time-averaged scattering intensity of the solution mixture (<I(q)>/<I>o). 
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transfection efficiency is expressed as a relative luminescence unit (RLU) per 

cellular protein (mean 士 SD of triplicates). 

5.3 Results and Discussion 

Figure 5.1 shows the N:P ratio dependence of hydrodynamic radius distribution 
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Figure 5.2 N:P ratio dependence of a) average hydrodynamic radius (<Rh>), b) normalized 
time-averaged scattering intensity (<I(q)>/<I>o) and c) average zeta-potential (^potential) of 
PEI-7K-L/DNA polyplexes. 
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(f(Rh)) of pGL3 in PBS without and with the addition of different amounts of 

PEI-7K-L. In the pure ；7GL3 solution (N:P = 0.00)，the peak located at 〜1 

represents the swollen and extended DNA chains. The addition of a small amount of 

PEI-7K-L (N:P = 0.25) leads to a new peak located at 〜120 nm, presumably 

corresponding to the newly formed PEI/DNA polyplexes. Further addition of PEI 

results in more polyplexes with a larger size. When N:P reaches -3.75, the DNA 

peak completely disappears, suggesting that most of the DNA chains are complexed 

with PEI-7K-L, i.e., almost no free DNA chains remain in the solution. The extent of 

： a ) 

^ — — — ̂  ——— 

• . • • 

-O" " O " 

p - " 
• 

1 
1 

- Q O 

: b ) 

....• 1 

P"" 
f 

/ / / • 
/ 

- - Q 0 

- - • • • . 

: c ) 

丄 i i 1 _ _ 1 . • • • • • • 

z 

/ 

•i_U 1 i _ 

10 0.1 

3
 2
 

o
 

o
 

1
1
 1
 

5
s
4
s
3
s
2
s
I
s
O
S
5
 M
o

 
⑶

湖

湖
 

。
<
I
)
I
V
 A
s
/
J
 



Chapter 3 

compiexation was also evaluated by the gel-shift assay, as shown in Figure 3.10. The 

retarded mobility o f the DNA bands and their reduced fluorescence intensity reveal a 

progressive condensation. Clearly, the two DNA bands (supercoiled and relaxed 

forms) disappear when N:P reaches 〜3.5. 

Figure 5.2 summaries the N:P ratio dependence of the average hydrodynamic 

radius (<Rh>), the normalized time-averaged scattering intensity at 9 = 20° 

(<I(q)>/<I>o) and the zeta-potential (̂ potential) of the PEI-7K-L/DNA polyplexes 

formed in PBS. Wihtin the N:P range of 0.125-2.0, <Rh> o f the polyplexes remains 

constant while the scattering intensity and ‘otentiai i ncrease gradually indicating that 

more and more negatively charged DNA chains are gradually complexed with the 

positively charged PEI chains. The p̂otential o f the polyplexes is inverted at N:P ~3. 

Meanwhile, both <Rh> and scattering intensity sharply increased at N:P 2-5. These 

all reflect that a quick aggregation of initially formed small polyplexes might appear 

due to the weak p̂otential of the colloid particles. Further addition of PEI in the range 

of N:P > 5 has nearly no effect on <Rh>, scattering intensity and p̂otential, clearly 

revealing that those further added PEI chains are free in the solution. 

Similarly, Figure 5.3 shows the N:P ratio dependence of the average 

hydrodynamic radius (<Rh>), the weight-average molecular weight (Mw) and average 

chain density (<p> 三 Mw/NA(4/3)7i<Rh>^) of PEG-SS-PEI/DNA and 

PEG-CC-PEI/DNA polyplexes in PBS. Because of the PEG shielding, the polyplexes 

are stable in the physiological buffer (see Chapter 4)，and we can obtain the absolute 

molecular weight due to the relatively smaller size by LLS (qRg < 1). It is clear that 

when N:P > 3，the PEG-SS-PEI/DNA and PEG-CC-PEI/DNA polyplexes formed in 

PBS have constant Mw, <Rh> and <p>, as well as (potential (see Figure 4.5), 

confirming that most of the DNA chains are complexed with the copolymer chains 

when N:P reaches 3. The additional PEI-based copolymers do not affect the physical 

characteristics of the polyplexes, which means that those additional PEG-g-PEI 

chains are also free in the solution mixture. 
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Figure 5.3 N:P ratio dependence of apparent weight-average molar mass (M^), average 
hydrodynamic radius (< Rh>) and average chain density (<p> 三 Mw/NA(4/3)7u<Rh> )̂ of 
PEG-SS-PEI/DNA and PEG-CC-PEI/DNA polyplexes in PBS. 

Only few previous studies noted the existence of free PEI, and measurements 

were made to determine the amount of free PEI in the PEI/DNA dispersion for a 

gene transfection. Clamme J. P. et al. found that, by using a two photon fluorescence 

correlation spectroscopy, there is -86% free PEI when the polyplexes is prepared at 

N:P 10 (i.e., polyplexes is formed at N:P 1.4) (23), while Wagner and his coworkers 
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Figure 5.4 Standard working curves ofPEI25K and PEI2K in PBS. 
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showed that the remaining PEI25K/DNA polyplexes has a N:P ratio 〜2.5 after the 

polyplexes dispersion was passed through a size exclusion chromatography. 

However, from our LLS and zeta-potential results shown in Chapter 3 and this 

Chapter, we can see that negatively-charged DNA is not totally complexed by 

PEI25K at N:P 1.4 or 2.5, and zeta-potentials of the polyplexes were even not 

reversed to be positive. 

Therefore, we try to use a simple filtration method to quantify the percentage of 

the free PEI here. Briefly, the polyplexes are prepared as described at N:P 10, which 

is considered as the optimum N:P ratio with the highest gene transfection efficiency 

in most of the cell lines (29-31). After 4-hrs incubation at RT in PBS, the polyplexes 

dispersion was centrifugated and the supernatant was carefully filtered with a 20-nm 

filter. The concentration of the free PEI in the filtrate was determined by a standard 

working curve (Figure 5.4). It is shown that the working curve is independent of the 

molar mass of the PEI used. Thus，we obtain that the percentages of free PEI are 

70%, 65%, 71% and 70% for PEI25K/DNA, PEI-7K-L/DNA, PEG-SS-PEI/DNA 

and PEG-CC-PEI/DNA polyplexes at N:P 10, respectively. In other words, the 

polyplexes are formed at N:P 3.0，3.5, 2.9 and 3.0，respectively. 

After obtaining these N:P ratios, we compared their gene transfection efficiency 
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Figure 5.5 N:P ratio dependence of in vitro gene transfection efficiency of PEI25K, 
PEI-7K-L, PEG-SS-PEI and PEG-CC-PEI in the serum-free medium on 293T cells. The 
efficiencies are normalized by that of PEI25K at N:P 10. 

with those at N:P 5 and N:P 10，as shown in Figure 5.5. It is obvious that the free 

PEIs greatly enhance the gene transfection efficiency by a factor of Next，one 

may ask an obvious but certainly overlooked question: what is the role of the free 

PEI in promoting the gene transfection efficiency? The possible reason could be the 

free PEI increases the cellular uptake, but our recent results show that the free PEI 

only marginally elevates the cellular uptake of the polyplexes (25). Therefore, the 

promoting mechanism must be downstream in the intracellular trafficking. One 

might argue that the decreased amount of PEI at low N:P ratio may lead to impaired 

ability of PEI to serve as a "proton sponge" reagent. It is true that the proton sponge 

hypothesis is a logical model for explaining why PEI is a successful vector for gene 

delivery, but some studies also showed contradictory data to such a hypothesis (JP, 

22, 32), or at least showed that buffer capacity may not be important or necessary 

(55-55). As shown in Figure 5.6, when additional 7 and 17 portions of PEI25K in a 
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Figure 5.6 Gene transfection efficiency (normalized by PEI25K at N:P 10) of PEI25K at N:P 
3, 10 and 20 (light gray bars) and PEI25K at N:P 3 supplemented by additional 7 and 17 
portion of PEI25K but in complexed form with salmon sperm DNA (2000 bp, Invitrogen, 
USA) at N:P = 3 (dark gray bars). 

complexed form with other inactive DNA are supplemented to the PEI25K/pGL3 

polyplexes formed at N:P 3, the gene transfection of PEI25K at N:P 3 cannot be 

recovered to that o f at N:P 10. Although this result may not exclude the possibility of 

free PEI as the "proton sponge", it at least indicates that the excess PEI must exist in 

the free form in promoting the gene transfection efficiency. The exact role(s) of free 

PEI for its promotion in gene transfection efficiency still need more experimental 

results and further detailed investigations. However, it already leads us a new way of 

thinking in the development of non-viral vectors. 

5.4 Conclusions 

A combination of laser light scattering (LLS) and a simple filtration results confirms 

that most of anionic DNA chains are complexed and condensed by cationic 

PEI-based polymer chains when the molar ratio of nitrogen from PEI to phosphorus 

from DNA (N:P) reaches 〜3. In the solution with N:P > 3，there are two population 
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Chapter 3 

of PEI chains: bound to DNA and free in the solution. It's well known that the bound 

PEI chains inside the polypiexes provide a charge compensation so that DNA is 

condensed and protected. Nevertheless, our current study reveals that those free PEI 

chains also play a vital role in promoting gene transfection. The promotion mainly 

occurs inside the cell while we do not fiilly understand the detailed mechanism at this 

moment. Our finding leads to a different way in the development of non-viral vectors; 

namely, we might not need to invest much of our effort on the synthesis of different 

cationic polymers, but focus on a better understanding of the intracellular polyplexes 

trafficking. As for in vivo experiments, we should consider how to incorporate free 

chains together with polyplexes so that they can be simultaneously delivered to the 

targeted organs or cells. 
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