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Abstract: 25 kDa branched polyethylenimine (PEI) has sucagdbeen used for in vitro
and in vivo gene delivery approaches, but it isolmgic. Smaller PEIs are usually non-
cytotoxic but less efficient. In order to enhanbe gene delivery efficiency and minimize
cytotoxicity of PEI, we explored to synthesize artisked PEIs with degradable bonds by
reacting amines of small branched 2000 Da PEI withall diacrylate (1,4-butanediol
diacrylate or ethyleneglycol dimethacrylate) fo6 Brours. The efficiency of the cross-linked
PEIs duringin vitro delivering plasmid containing enhanced green #soent protein
(EGFP) gene reporter and their cytotoxicity werseased in melanoma B16F10 cell and
other cell linesIn vivo gene delivery efficiency was evaluateddisect injection delivery of
the EGFP plasmid/ cross-linked PEI complexes inioenand by estimating the EGFP
expression in animal muscles. Compared to comnigrawailable 25-kDa branched PEI,
the cross-linked PEls reported here could mediateerafficient expression of reporter gene
than the 25-kDa PEI control, 19-fold more efficlgnh B16F10 cells, 17-fold in 293T cells,
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2.3-fold in 3T3 cells, anthey exhibited essentially nontoxic at their optied condition for
gene delivery. Furthermore the transfection agtivt polyplexs was preserved in the
presence of serum proteins. The muscle transfedtédthe cross-linked PEI prepared here
exhibited normal morphology and excellent gene esgion. The cross-linked PEIs reported
here were evidently more efficient than the comnma¢rg5-kD PEI control and had less
cytotoxicity in gene deliverin vitro andin vivo.

Keywords: Polyethylenimine; Gene delivery; Degradable; Cytatity; B16F10; Mouse
muscle.

1. Introduction

Although viral vectors are able to remain relatvefficient gene deliveryn vivo, and generally
yield higher gene expression, there are much caecewer the immunogenic, cytotoxic, and
recombinogenic potentials of viral gene transfe2][1Due to the improved safety profile and ease of
preparation and manipulation, synthetic alternatificg gene delivery have been extensively explored
[3, 4]. In particular, much progress has been maitle cationic polymers such as poly(lysine) [5],
polyethylenimine [6] and cationic liposomes [7].€Be systems, however, have significant cytotoxicity
issues, in part due to the poor biocompatibilitthohdegradable polymers [8, 9]. Consequently, itecen
attention has focused on the development of bi@dizdple cationic polymers [10-17], but gene
delivery using these biodegradable polycations drdg achieved limited success. One of the most
successful and widely studied gene delivery polgmeported to date is polyethylenimine (PEI). lais
cationic polymer which has proven to be an effectnansfection agent both in vitro [18, 19] and in
vivo [20, 21]. Due to its relatively high gene deliy efficiency [19, 22,] and ready availability,
branched, 25-kDa PEI has become a benchmark tohwdticer polymers [23], especially newly
designed and synthesized materials, are often cmuip&ecent reports indicate that a degradable
analogue of 25-kDa branched PEI was produced byugating amino groups on 800 Da PEI to
diacrylates and this molecule showed high efficggne delivery capability together with low toxycit
[17]. Inspired by this molecule, we designed thdetwles to be endowed with both the favorable low
toxicity properties of the low molecular weight P&hd the higher transfection efficiency of high
molecular weight PEI by coupling low molecular w&i@000 Da PEls together to form conjugates of
high molecular weight PEI using short diacrylatakéiges The molecules were provided with
biodegradable ability because of containing esterds, it was proved that the ester bonds can be
hydrolyzed under physiological conditionBhis will facilitate gene transfection of the csdsked
PEls in vivo. Among the degradable PEI derivatives we synthdsizthree degradable
polyethylenimines were selected and validated Vaith toxicity and highly efficient gene delivery for
B16F10, 293T and 3T3 cell lines.

In this study, we also optimize the conditions §iene delivery to B16F10 cell and other cells
using branched, 25-kDa PEI and the degradable gumedoof 25-kDa branched PEI produced by
addition of amino groups on 2000-Da PEI to diadeda The featuref the transfection protocol was
carefully optimized including the volume of the HENA complexation solution, the forming time of
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PEI/DNA complexation solution and ratio of PEI/DNWe also studied the effective condensation of
DNA by gel retardation assay and dynamic light scattefiihg. gene transfection introduced by 25 kDa
branched PEI and the cross-linked PEIs in mousenegcles was observed and assessed by
fluorescence microscopy.

2. Results
2.1 Synthesis of cross-linked polyethylenimines

By conjugatingamino groups on branched 2000 Da PHtto/leneglycol dimethacrylate (EGDMA)
or 1, 4- butanediol diacrylate (BDDA) for 2, 3,8hours respectively, the polymers were obtained as
follows: EGDMA-PEI 2000-2h; EGDMA-PEI 2000-3h; EGDMPEI 2000-4h; EGDMA-PEI 2000-
6h; BDDA-PEI 2000-2h; BDDA-PEI 2000-4h; BDDA-PEI @0-6h (solidified). The viscosity of
reaction solution increased with the reaction tiara] it implied that the molecular weight of protduc
became bigger and bigger. Polymerization reachatbgll when the reaction time was above 6 hours
and the polymers became solidifi€ti NMR (500 MHz, DO) analysis showed that the peak of
double bond H (E,=C(CHg)- 5.66-6.39 ppm), in ethyleneglycol dimethacrylaite completely
disappeared in EGDMA-PEI 2000-2h, and the crodgdimmwas confirmed by verifying extensive ester
bond formation (H signal for next to the carbongbugp -CH-CH(CHs;)-C=0 2-3 ppm) in the final
product.'"H NMR (500 MHz, DO) analysis showed that the peak of double bon@Hp¥CH- 5.89-
6.59 ppm) in 1, 4-butanediol diacrylate completisappears in BDDA-PEI 2000-4h, and the cross-
linking was confirmed by verifying extensive esbend formation in the final product usiflg NMR
(Figure 1).
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Figure 1. Synthesis of cross linked PEls and tigtituctural illustration(A) 2000-Da PEI is reacted with
diacrylates (BDDA or EGDMA shown) to generate tsgeecross-linked polymers. (B) The acrylate grocgns
react with either primary or secondary amines, ltiespin a highly branched structure.

2.2 Cross-linked PEIs Complexs

To demonstrate whether the cross-linked PEI wasgssed of PEI/DNA complex formation ability,
agarose gel electrophoresis was employed to an#iye&omplex formation properties. The results
showed that cross-linked PElIs did not appear tecaits ability to condense DNA (data not shown).
Dynamic light scattering analysis showed that EGDWMRAI 2000-2h, EGDMA-PEI 2000-4h and
BDDA-PEI 2000-4h complexed with DNA formed smalfarticles than 25-kDa PEI/DNA in dd8,
over the ratio range of polymer:DNA ratios examiriEdjure 2). The three cross-linked PEls formed
complexes with diameter ranging from 70-150 nm dHgD, and could remain stable for hours,
moreover EGDMA-PEI 2000-4h polyplexes remain comfac at least 15 h, while 25-kDa PEI
polyplexes was evidently unstable and over a pesfddhour, it yields larger complexes over 300 nm.
In previous reports, for efficient endocytosis drahsfection to occur, the complexes must be small
and compact and polyplexes in no more than 200 raretiiciently endocytosed by cells [24, 25].
Many other research groups report that salt-fre O complexes remained small and had reduced
transfection efficiency as compared to PBS gendratemplexes [26,27]. We also found that
complexes in PBS had high transfection efficiermy, in comparison, the particles in PBS aggregated
within several hours to yield larger complexes witameters around 1-2m. 25-kDa PEI polyplexes
in PBS was extremely unstable and became biggerbaggkr after 10 min, this explains why the
forming time of 25-kDa PEI /DNA complexation soluti is optimally 10 min for gene delivery, but
the transfection efficiency is very low when thenfiing time of 25-kDa PEI /DNA complexation
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solution is within 5 min. We thought that the tratsion complexes did not form completelyless
than 10 min. The polyplexes in PBS formed by thoemss-linked PElsvere also unstable, generally
the patrticles in PBS began to become bigger dfeefdrmation of 30 min. WheBGDMA-PEI 2000-
4h/DNA complexes generated in PBS are added tarséee culture medium or FCS supplemented
medium, the aggregation can be inhibited, and whencomplexes generated in PBS are added to
growth media with serum, no particle growth wasiidin hours. As shown in Figure 2B.
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Figure 2. Dynamic light scattering of polymer/DNA polyplexe80 g of DNA in 750 | ddH,O/PBS
were complexed with different amounts of crossdalPEls in 750 ddH,O/PBS, after 10 min the
polyplexes were disperse into different culture med Then after 30 min, complex size was measured
with particle size analyzer as described in MateriatsMathods. (A)- -: Branched 25-kDa PEI in
ddH,O; - -: BDDA-PEI 2000-4h in ddbD; - -: EGDMA-PEI 2000-2h in ddD.( B) - -:
Branched 25-kDa PEIl in ddB®; - -: EGDMA-PEI 2000-4h in ddkD ; - -: EGDMA-PEI 2000-4h

in PBS; - -: EGDMA-PEI 2000-4h in PBS and DMEM with 10% FCS;-: EGDMA-PEI 2000-4h
in PBS and DMEM without 10% FC@N = 3, error bars represent standard deviation)
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2.3 Optimization of transfection conditions

Evaluation of the transfection effect of these pwdys for B16F10 cell was performed by complex
formation and transfection as described abdVe.firstly optimized the gene delivery or experinan
transfection condition by using 25-kDa PEI as madetier and B16F10 as recipient cd@lhe optimal
condition for gene delivery into B16F10 cell usimrginched 25-kDa PEI was as follows: the volume of
complexation solution was 100 pl/well in 24-welafs; the ratio of DNA/PEI was 1:3 (w/w); plasmid
dosage was 2.0 pg per well in 24-well plates; tirening time for PEI/DNA complexes was 10 min
andafter that the complexes were diluted by 200 pl DW&ithout 10% FCS. After BL6F10 cell was
transfected for 4 h in serum-free medium, the wal incubated for 24 h in normal DMEM medium.
Under the above optimal condition, we also examitmedtransfection efficiency of gene delivery into
other cell types by using branched 25-kDa PEI (Fa@A). It revealed that branched 25-kDa PEI is not
applicable to 3T3 cell and Jurkat cell, and forshaells, the above transfection condition produced
less gene delivery efficiency (Figure 3A). Thendzhen the above optimized transfection condition,
we further compared the transfection efficiencyafious synthesized cross-linked polymers. Among
the polymers, three cross-linked polyethylenimifE&SDMA-PEI 2000-2h; EGDMA-PEI 2000-4h;
BDDA-PEI 2000-4h)were found with highly efficient gene delivery inLl&10 cell (Figure 4). The
starting material, 2000-Da PEinduced no measurable gene expression over thee rarig
polymer:DNA ratios investigated (data not shownisTfinding is consistent with previous reports,
which showed negligible gene expression for PEhwiblecular weights below 2000 Da [18].
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Figure 3. Gene transfection and expression efficiency ofsstmked polymers and 25-kDa PEIl in
different cell lines. Cross-linked PEIls were useddamplex 2 g DNA (pEGFP-C1) in PBS. The cells
were incubated with the complexes for 4 h in seftee-medium, then the cell was incubated for 24 h

in normal DMEM medium, and GFP expression was nrealsu(A) Gene transfection efficienoy

25-kDa PEI in 293 T, P19, 3T3 and Jurkat c€ly.Gene transfection efficienof 25-kDa PEI or
cross-linked polymers in 293T cells.-: 25-kDa branched PEE -: BDDA-PEI 2000-4h;- -
EGDMA-PEI 2000-4h. *p < 0.01 as compared to 25-kDa branched RE) Gene transfection
efficiencyof 25-kDa PEI or cross-linked polymers in 3T3 cells: 25-kDa branched PH; -:

EGDMA-PEI2000-2h: -: EGDMA-PEI2000-4h.N= 6, error bars represent standard deviation).
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Figure 4. Gene transfection and expression efficiency oésilimked PEIs in B16F10 cells. Cross-
linked PElIs were used to complex @ DNA (pEGFP-C1) in PBS. B16F10 cells were incutatéh
the complexes for 4 h in serum-free medium, therc#il was incubated for 24 h in normal DMEM
medium, and GFP expression was measured. (AEGDMA-PEI2000-2h; --: EGDMA-PEI2000-

3h; - -: EGDMA-PEI2000-4h; - -: EGDMA-PEI2000-6h. (B) --: BDDA-PEI2000-2h; --:
BDDA-PEI2000-4h. (N= 6, error bars represent stathdigviation).
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In order to comprehensively evaluate and compagetrdinsfection efficiency of our synthesized
polymers, we carried out the gene transfectionyaseé branched 25-kDa PEI and the three cross-
linked polyethylenimines at their optimal polymeNR ratios in B16F10 (Figure 5), at the same time
their cytotoxicity was also evaluated (Figure Iepr BL6F10 cells, we found that compare@%skDa
PEI, EGDMA-PEI 2000-2h is 19 fold more efficienttiansfection and it is essentially nontoxic at the
same concentration (DNA/PEI=1:1.5, polymer conaidn 10 g/ml) (Figure 5, and Figure 6A).
BDDA-PEI 2000-4h is 1.3 fold than 25-kD#&EI, meanwhile it exhibits lower toxicity
(DNA/PEI=1:2.5, polymer concentration 1g/ml) ( Figure 5 and Figure 6A). EGDMA-PEI 2000-4h
mediated gene expression 17-fold more efficieritgnt 25-kDa PEI and is less cytotoxic at the same
concentratioDNA/PEI=1:1.5, polymer concentration 1@/ml) in 293T cells Figure 3B, and Figure
6C). EGDMA-PEI 2000-4h mediated gene expressiorfddmore efficiently than 25-kDa PEI and is
less cytotoxic at the same concentrat{@NA/PEI=1:4, polymer concentration approximately 2

g/ml) ( Figure 3C and Figure 6B) in 3T3 cells.
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Figure 5. Comparison of the optimal transfection efficiemfycross-linked PEIs and 25-kDa PEIl in
B16F10 cells. Cells were transfected using opticoalditions established for each vectomp < 0.01
as compared to group B at the same ratio of DNAyYmper. A: Control, PBS only, no plasmid, no
polymer. B. DNA/25-kDa PEI=1:1.5; C. DNA/25-kP&l =1:2.5; D. DNA/25-kDa PEI =1:3; E.
DNA/EGDMA-PEI 2000-2h =1:1.5; F.DNA/EGDMA-PEI 20(h =1:3; G. DNA/EGDMA-PEI
2000-4h =1:1.5; H. DNA/EGDMA-PEI 2000-4h = 1:300NA/BDDA-PEI 2000-4h =1:2.5.N= 6,
error bars represent standard deviation).
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Figure 6. Cytotoxicity of cross-linked PEls for B16F10, 3a8d 293T cells. (A) Cytotoxicity of
cross-linked PEls and 25 k-Da PEI for B16F10 ceH: 25 k-Da PEI; --: GDMA-PEI 2000-4h; - -:
BDDA-PEI 2000-4h; - -: EGDMA-PEI 2000-2h. (B) Cytotoxicity of crosstked PEls for 3T3 cell.
- -: 25k-Da PEI; --: EGDMA-PEI 2000-4h. (C) Cytotoxicity of crossiked PEls for 293T cell. -

-: 25 k-Da PEI; --: EGDMA-PEI 2000-4h.N= 8, error bars represent standard deviation).
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2.4 Cytotoxicity of cross-linked PEIs

The cytotoxic profiles of cross-linked polymer wenwestigated by using MTT assay (Figure 6).
The results indicated that EGDMA-PEI 2000-2h andCBBPEI 2000-4h were minimally toxic with
89% and 83% of cells remaining viable at its optipalymer concentration (DNA/polymer 1:1.5,
polymer concentration 10g/ml and DNA/polymer 1:2.5, polymer concentratigopeoximately 17

g/ml respectively) (Figure 6A) for B16F10, meanwhilor 25-kDa PEI, 68% of B16F10 cells
remained viable at the optimal polymer/DNA ratioNA/polymer 1:3, 20 g/ml) (Figure 6A). The
severity order of cytotoxicity for B16F10 cell was-kDa PEI > EGDMA-PEI 2000-4h > BDDA-PEI
2000-4h >EGDMA-PEI 2000-2h. For example, EGDMA-PEI 2000-®hs least toxic with 93% of
cells remaining viable at its optimal polymer camtcation (1:1.5 DNA/polymer, 10g/ml polymer
concentration) (Figure 3B, Figure 6C) for 2931 contrast, 25-kDa PEI led to 6085 cells remaining
viable (Figure 6C), almost decreased by 1/3, atdpegmal ratioof polymer/DNA for 293T (1:4
DNA/polymer, 27 g/ml polymer concentration) (Figure 3B, Figure 6EGDMA-PEI 2000-4h was
also less toxic, with 81% of cells remaining vialdé its optimal polymer concentration (1:4
DNA/polymer, approximately 27 g/ml polymer concentration) (Figure 3C, Figure @B) 3T3, in
contrast, 25k-Da PEI led to 59% of 3T3 cells renmgnviable at the same polymer concentration
(Figure 6B). Although for different cell lines, tlsame polymer used at same concentration displayed
different gene delivery efficiency, they displaygdhilar cytotoxicity to various cell types.

In the present study, most of our cross-linked Pials$ less toxic than 25-kDa PEI contrbhe low
toxic property of cross-linked polymers is thougbtreflect thebiodegradable characteristics of the
polymers, which was consistent with several bioddgble cationic polymers investigated in the
previous reports [11, 12, 16, 17] and it makes ploé/mers desirable for practical gene transfer
application.

2.5 Gene expression in vivo

The cross-linked PEI (EGDMA-PEI 2000-2h) was choserdemonstrate its efficiency in gene
delivery into animal model, C57BL/6J mouse leg nheis®Ve found that even 5 days after gene
delivery, the injected muscle still displayed wel&intained muscular structure and normal
morphology, and the injected gene expressed honeogesty at high expression level representing by
bright green fluorescence (Figure 7A). However,ithescle transfected with 25-kDa PEI is in striking
contrast to the muscle treated with EGDMA-PEI 2@D0-A great deal of muscular cells transfected
with 25-kDa PEI was granulated and in abnormal molggy (Figure 7B)Those evidently exhibited
the dramatic difference in toxicity between stadd2i-kDa PEI and our designed cross-linked PEI.
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PEIA 5day A PE| A5dayA

Figure 7. The results of gene delivery for mouse muscle WiBDMA-PEI 2000-2h and 25 k-Da
branched PEI' (20 original magnification). (A) The results of gemhaivery for mouse muscle with
EGDMA-PEI 2000-2h, Control: PBS only, no plasmid,polymer; Cross-linked PEI Control:
Polymer in PBS, no plasmid. DNA Control: plasmidyoiiB) The results of gene delivery for mouse
muscle with 25 k-Da branched PEI , Control: PBS/ponb plasmid, no PEI; PEI Control: PEI in PBS,

no plasmid.

3. Discussion

The gene delivery efficiency and cytotoxicity of IREry with its molecular weight. For example,
the branched 2000 Da PEI is several hundred fasl éfficient than the branched 25-kDa PEI at the
same concentration [28], but the former is not g whereas the latter is. We are interestedoiv h
to combine the advantages of good transfectionkdbyaof high molecule weight PEI and nontoxic
property of low molecule weight PEWe hypothesized that high molecular weight conjegat
composed of 2000 Da PEI would yield transfectifficiencies comparable to those obtained with
high molecular weight PEI. Furthermore, we expedteat when the transfection complexes were
exposed to the physiological conditions, the dsterds introduced by the cross-linking reagents doul
be hydrolyzed, and the hydrolysis of the ester bdmak been validated under physiological conditions
by Forrest et al 2003 [17]. This would promote rsi@n of the high molecular weight complexes back
to their low molecular weight counterparts, preshiypdeading to lower toxicity and potentially easie
access by the transcription machinery. We hopet dphimizing the combination of PEIls and the
cross-linking reagents would achieve the enhancenrergene delivery efficiency with minimal
cytotoxicity.

The degradable PEls reported here appears to tamiveneficial function of 25-kDa PEI, but upon
degradation we believe the polymers allow for mefficient transcription and interferes less with
normal cell functions. As far as the gene deliveryp B16F10 cells is concerned, among all the
prepareddegradabld’Els, the cross-linked product of branched 200(PBhand EGDMA was more
highly efficient, this indicated that branched 200® PEI and EGDMA compose better combination of
monomer and cross-linking agent. It was reported 80 Da PEI and 1,3-butanediol diacrylate/1,6-
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hexanediol diacrylate was also better combinatibmonomer and cross-linking agent [17], but the
transfection efficiency is not easy for us to makemparison each other, because the report was
confined to the gene expression of luciferase atahaot report the percentage of transfected céhig.
cross-linked products of 2000 Da PEI and EGDMA wasier to obtain high transfection efficiency in
our experiments (Figure 4). These showed that itje &fficiency is dependent on the nature of the
linkages and the PEIs used. Although the viscosityjndicator of molecular weight, increased with
the elongation of polymerization time, the polymation time showed less influential on the
transfection efficiency of the products for B16Fddlls (Figure 4A). For example, the cross-linked
products polymerized for 2 to 4 hours all had bdtnsfection efficiency for BL6F10 cell, and is@
can apply to other cell lines, for example, EGDMEIR2000-4h exhibited the highest transfection
efficiency for 3T3 (Figure 3C), while branched 2B&PEI and other cross-linked polymers were less
efficient for 3T3. In fact when using the EGFP rngpo expression analysis, the complexes of
EGDMA-PEI 2000-4h and plasmid in PBS (pH7.4) achtsgtable transfection with the average
efficiency up to 60% foall thecell lines we studied, including B16F10, 293T, CHEL-4 and Hela
(data not shown). For 293T and B16F10 cell linesttansfection efficiency was frequently 80-90%.
Therefore EGDMA-PEI 2000-4h displays broad appigapotential in wide range of cell lines.

As discussed above, the transfection activity efdtoss linked PEI is critically dependent on their
structure, although molecular weight of polymergmgortant [29, 22]. Thomas Mt al reported that
moderate enhancement in hydrophobicity increasedrémsfection efficiency of 25-kDa PEI [28], and
Daniel G.et al reported that the most effective cross linked mpags for gene delivery was composed
of monomer containing alcohol groups and crossiiiglagent of hydrophobic acrylates [30]. But the
water-solubility of cross-linked products of PEIOBOand EGDMA/BDDA was less than 25-kDa PElI,
and was also likely less thaoly( -amino esters) with hydroxy groups. Therefore thess-linking
agent of hydrophilic acrylates seemed to be balifior gene delivery in our experiments. Zhong
Zhiyuan reported that the hydrophobic segmentkenpblymers likely facilitate cellular uptake oneon
hand, and lead to cell membrane damage on the bt via hydrophobic interactions with cell
membranes [31]. Thus for the transfection efficiemnd cytotoxicity, the hydrophilic-hydrophobic
balance of the polycation is also important. Altgbwranched 25-kDa PEI had high gene delivery
efficiency to BL6F10 and 293T cell at the optimalymer/DNA ratio between 3 and 4 (Figure 5 and
Figure 3A), in general it showed evident cytototyioivhen branched 25-kDa PEI was used in gene
delivery to some cell lines with polymer/DNA ratiwer 3. Compared to branched 25-kDa PEI, cross-
linked PEIs not only had high gene delivery effidg to BL6F10 and 293 cells, but also can delivery
gene at lower optimal polymer/DNA ratios (Figuread Figure 3B), so they had low cytotoxicity.
Generally, lower optimal polymer/DNA ratios are icative of the greater DNA condensation ability
of the polycations and thus the cross-linked PEdssaitable candidates for vivo gene delivery. The
cross-linked PEI (EGDMA-PEI 2000-2h) for vivo gene delivery was tested for its efficiency in gen
delivery into mouse muscle (Figure 7) and tumor el®¢data not shown). The results of gene delivery
in mouse muscle were showed in Figure 7, the teatish efficiency for muscle is similar that of
Massimo Don's electro-transfection of genes intaskeletal muscle [32Jhut our procedure is easier
and equipment-free. The gene deliverynmbuse tumor model also was studied in our lab &ed t
cross-linked PEI mediated obvious tumor inhibitadrRNA interfering plamids [33].
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25-kDa PEI has been widely studied as DNA condgnagent and transfection vector [3] and is
the standard to which new polymeric vectors isroftempared [23]. Unfortunately, as outlined above,
it is also associated with obvious cytotoxicity dngh level of gene expression is usually realiaed
substantial cost to cell viability. To determine ttoxicity profile of cross-linked PEIs, we condertt
MTT assay for B16F10, 293T and 3T3 cell lines, #mresults are compared with 25-kDa PEI's. The
results of MTT assay showed that the cell viabititycross-linked PEIs was more than that of 25-kDa
PEI with the increase &11%, 22%, 33% for B16F10, 3T3 and 293T respectjvibly cytotoxicity of
cross-linked PEI was evidently less than 25 kDa iREhe process of gene transfection. On the other
hand biodegradability is very beneficial when thpsé/mers usedh vovo,this can be proved in the
gene transfection experiment of mouse's muscleu(€id). Detailed investigations of the molecular
weight weight and the degradation rate of the ®gited polymers with different nature of the linkag
groups are in progress.

In general, serum was usually present in the featisn medium. The transfection activity of cross-
linked PElIs prepared here was preserved or inaleashe presence of serum proteins (Figure 83, thi
is convenient for applicatiom vitro, and this characteristic is also important, evecessary, for its
applicationin vivo. We therefore investigated the effect of differBMEM (with/without 10% FCS)
on polyplex particle size and the influence of pidx particle size on transfection efficiency. As
shown in Figure 2B, when the polyplexes were pregpam PBS with EGDMA-PEI 2000-4h and DNA,
after 10-15 minutes they were added into DMEM wi@8%6 fetal calf serum and the particle size of the
polyplexeswas as small as that of polyplexes prepared in,@dHhe particle size did not increase
during a 4-h period after mixing DNA and EGDMA-PE000-4h, but after 10 h we found that
aggregation has occurred and all polyplexes satik thre bottom of cuvette. The particle size was
larger (>300 nm) and a gradual increase in partidde was observed when polyplexes were added to
serum-free DMEM, and aggregated over a period afhto yield larger complexes with diameters in
the range of 1-2m. But the transfection efficiency was high, ti®wed that small particle size is not
an absolute criterion for transfection [27, 34]. &MIDMEM supplemented with 10% FCS was added,
no particle size growth occurred, suggesting tlatira protein could stabilize the particle against
aggregation, thus preventing size increase. Sityiinarma V. K. reported that dilution itself reeédc
the rate of aggregation of PEI/DNA complexes [33jus we investigated the effect of the amount of
DMEM with 10% FCS on gene transfection efficieneyddound that it is beneficial that PEI/DNA
complexation solution was diluted by a great ddafjrowth mediawhen the PEI/DNA complexes
were formed after 10-15 min. Prolongation of traetibn duration will not improve transfection
efficiency, for example, the transfection efficigraf cells transfected for 24 hours did not showchmu
difference from that transfected for 4 hours (F&g@). It implies that transfection process occurred
essentially within 4 hours, and within 4 hours, didt severely aggregate when transfected in free
serum medium or with serum medium (Figure 2B). dnt fthe transfection efficiency of EGDMA-
PEI2000-4h, EGDMA-PEI2000-2h and BDDA-PEI2000-4hsvegrum independent, for B16F10 cells
and 293T cells, the three polymers was identictt wipofectaminé€"'2000 (data not shown) when the
transfection was carried out in growth media wid%d FCS, but the polymers could mediate more
efficient expression of reporter gene than the fdpmminé"'2000 at their optimal transfection
condition for EL-4 and 3T3 cell lines (Figure 9).
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Figure 8. (A) The effect of different volume of DMEM on geegpression in CHO cells. (B) The
DMEM volume for each group.EGDMA-PEI2000-4h was gdexed with 2.0 pg DNA in PBS(100
volume), then the polyplexes were incubated at Z6f@0 min. The ratio of DNA/EGDMA PEI2000-

4h was 1:2. CHO cells were transfected in diffeeanbunt of DMEM and incubated for 24 h. For

group 2, transfection medium was replaced with 30§rowth medium 4 h post transfection. p*<
0.01 as compared to the condition of groups of 4, BR= 6, error bars represent standard deviation.
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Figure 9. Comparison between cross-linked polymers and kigiohine2000 for gene delivery in EL-
4 and 3T3 cells .Cells were transfected using agdtconditions established for each polymer. Control
PBS only, no plasmid, no polymer. (A)F< 0.01Eas compared to Lipofectamine 2000. (Bp%
0.01Eas compared to Lipofectamine 2000 and EGDMA-PEI2ZBON= 6, error bars represent

standard deviation).
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In conclusion, the threeross-linked polymers investigated here are dedsiredr practical gene
transfer application. By employing a properly stddc combination of PEIs and potentially
biodegradable cross-linking agents, both itheitro andin vivo gene delivery by PEls are evidently
enhanced, and it is likely to obtain some degraapblyethylenimine derivatives with low toxicityrfo
highly efficient gene delivery when the methodolatgscribed herein is adapted to high-throughput
synthesis. We are currently further elaboratingtlom structure-activity-cytotoxicity relationshiperf
this class of polymers.

4. Experimental Section (materials and methods)
Plasmid DNA

Transfections were performed using 2 pg per well2d-well plates)f plasmids containing the
enhanced green fluorescent protein gene (pEGFR@ahtech, USA). The plasmids were amplified
and purified according to standard molecular biglaghniques.

Cell culture

Murine B16F10 melanoma cell lines were obtained from ATGIH 3T3 murine fibroblasts cell
lines and 293T (human embryonal kidney) cell limexe purchased from the Institute of Shanghai
Biochemistry and Cell Biology, Chinese Academy afieBce. NIH-3T3, 293T and B16F10 were
cultured in DMEM with 10% fetal calf serum (FCS)Il &ell culture media were supplemented with 2
mM L-glutamine (Gibco BRL, USA), 100 units/ml peillio (Gibco BRL, USA), and 100 pg/mi
streptomycin (Gibco BRL, USA). Cells were maintaireg 37 °C in a 5% C{humidified atmosphere.
When 80% confluent, cells were detached with triyfidDTA (Gibco BRL, USA), then dispersed and
cultured in normal growth media.

Polymer synthesis

Branched 2000 Da PEI, branched 25-kDa PEI, ethglgoel dimethacrylate (EGDMA) and 1, 4-
butanediol diacrylate (BDDA) were purchased frongnsa-Aldrich USA, and used without further
purification unless noted otherwise. Cross-linkimgs performed following the procedure of Lynn et
al. [36, 37]. One gram of PEI (branched, 2000 Da3 wansferred to a 10ml vial and dissolved in 3 ml
of freshly distilled methylene chloride. An equirablamount of diacrylate linker (ethyleneglycol
dimethacrylate or 1, 4-butanediol diacrylate) wasleal, and the flask was sealed with a solvent-
resistant cap. The reaction was carried out at 48itB shaking, for several hour§he polymer was
then precipitated with ether, lyophilized (Labcork&l. Freeze-Dry System, Kansas City, MO, USA),
and stored at -70 °C.

Complex formation , transfection and EGFP exprassio

Polymer stock and DNA solutions were prepared leeéarch experiment. Polymer was dissolved in
PBS (140 mM NaCl, 2.7 mM KCI, 10 mM NdPQ,, 1.8 mM KHPO,, pH 7.9 as 1mg/ml stock
solution. DNA/polymer complexes (polyplexes) weregared in PBS by the addition of appropriate
volume of polymer to the solution of 2ug of plasnadachieve the desired ratio of polymer to DNA.
Polyplexes were then incubated at 25°C for 10-15. rGiells were cultured in DMEM according to
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ATCC protocols and dispersed in 24-well plates>atQ cells/well 24 h prior to transfection. At the
time of transfection, cells were at about 70-80%flc@ncy. Immediately before transfection, the
normal DMEM growth medium was replaced with 200 gdrum-free medium and 100 ul of
polyplexes (2 pg plasmid/well) each well. Transfattmedium was replaced with growth medium 4 h
post transfection. EGFP expression was quantifietl iater by flow cytometry (FACS Calibur), Flow
cytometry was carried out by counting the numbeGBP-expressing cells in the population of 10,000
viable cells. Cytometric analyses were performedgi€ellQuest (Becton Dickinson) software. All
samples were experimented in triplicate and thpeated two or more times independently.

Cytotoxicity assay

The cytotoxicity of the polymers was measured byTVAssay. B16F10 cells or other cells were
seeded at a density of 1¥1klis/well in 96-well plates and incubated for 24Frepared polymer
complexes were added into cells in the absenc®#f fetal calf serum. After 4 hours, the polymer-
containing medium was removed, 100 pl conventigmaivth media and 20 pl of 5 mg/ml MTT in
PBS buffer were added. Plates were incubated fditiadal 4 h at 37°C. MTT-containing medium
was removed and 100 pl of DMSO was added to dissthle formazan crystal formed by live cells.
Absorbance was measured at 570 nm using a miceogater (Molecular Devices Co., Menlo Park,
CA, USA) and recorded as a percentage relativatiecated control cells.

Particle size measurements

Polyplex sizes were measured by dynamic light edati using a Brookhaven 90PLUS particle size
analyzer (Brookhaven Instruments Corporation, Hdles NY, USA) at 25°C. Polyplex sizes are
expressed as effective diameters (based on ingemeighted analysis). Complexes were prepared as in
transfection experiments, except that the amourf®Eband DNA were scaled up to a total volume of
1.5 ml of polyplexes from 100I. Specifically, appropriate amounts of PEI (forieas polymer/DNA
ratios) in 750 | of ddH,O/PBS were added to 3@ of DNA in 750 | of ddH,O/PBS. This procedure
was followed by pipette mixing and incubation abmotemperature for 10-15 min, and the polyplexes
were then subjected to light scattering experimeértie results were expressed as a mean = SD, n = 3.

Gene delivery in mice

PpEGFP-C1 DNAs (Clontech, USA) in dd@l, mixed with EGDMA-PEI 2000-2h solution (1
mg/ml) in PBS at indicated polymer/DNA ratios, wéneubated at room temperature for 10-15 min.
Mouse legs were exposed by removing hair and fifigroliters of the mixture containing 10y of
DNA were administered into the leg muscles of 84wekl male C57BL/6Jmice (Shanghai
Laboratory Animal Center, China) using a Hamiltgmirgye in a proximal to distal direction. Mice
were sacrificed at different time points (1, 3,abd 7 days) and muscles (n=6 for each point) were
removed, and stored at -70 °C, then frozen sectio&i® immediately made to evaluate the gene
transfection efficiency of 25-kDa branched PEI #éimel cross-linked PEI through observing the EGFP
expression by fluorescence microscopy.
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Statistics and Presentation of Data

All experiments were repeated at least three timisnumerical data were expressed as meant
S.D. Data were analyzed using the two-tatleskbt.
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