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Polypeptide/polysaccharide graft copolymers polysine)-graft-chitosan (PLL-g-Chi) were prepared by ring-
opening polymerization (ROP) ad-benzoxycarbonyl-lysine N-carboxyanhydrides (Z-lysine NCA) in the
presence of &-triphenylmethyl chitosan. The PLL-g-Chi copolymers were thoroughly characterizid KR,

13C NMR, Fourier transform infrared (FT-IR), and gel permeation chromatography (GPC). The number-average
degree of polymerization of PLL grafted onto the chitosan backbone could be adjusted by controlling the feed
ratio of NCA to 6O-triphenylmethyl chitosan. The particle size of the complexes formed from the copolymer
and calf thymus DNA was measured by dynamic light scattering (DLS). It was found in the range~e3420

nm. The gel retardation electrophoresis showed that the PLL-g-Chi copolymers possessed better plasmid DNA-
binding ability than chitosan. The gene transfection effect in HEK 293T cells of the copolymers was evaluated,
and the results showed that the gene transfection ability of the copolymer was better than that of chitosan and
was dependent on the PLL grafting ratio. The PLL-g-Chi copolymers could be used as effective gene delivery
vectors.

Introduction its non-biodegradability may bring some circulatory cellular
toxicities or organ damage to some extent. These shortcomings
Gene therapy is promising for curing various inherited or have inhibited its clinical developmeHt;20
acquired diseases. However, lack of safe and efficient DNA | the past, PLL has been widely used in gene delivery

carriers is a main hurdle to the success of gene therapy. Greahecayse its structure facilitates various modifications of the
concerns about the saf_ety of wral vectors make nonviral vectors polymer including conjugation with hydrophilic or amphiphilic
more and more attractiveNonviral delivery systems for gene polymers2122 However, it is well-known that its transfection
therapy have been increasingly proposed as safer alternative::efﬁcienCy is low20.23.24
to viral vectors since they have the potential to be administered
repeatedly with minimal host immune response, and they are
stable in storage and are easy to produce in large quaritfties. . . . . S
; IS, biodegradable, and low toxic material with high cationic
Among numerous nonviral systems, cationic polymers have ) ’ ) . "
gaine(iq increasing attention bgcause they can f(E)rmyponeIectro-po,tem""“?5 However, in spite of these excellent characteristics,
lyte complexes with plasmid DNA through charge interaction chitosan always exh|b|'Fs low transfection efficiency. !nefflc!ent
and self-assemblingySeveral polycations have been reported release of the DNA/chitosan complex from endocytic vesicles

Chitosan is also considered as a good candidate for the gene
delivery system since it is already known as a biocompatible,

to be used for gene transfection, including pollysine) (PLL)3 intq the cytoplasm is one of the primary causes of its poor gene
polyethylenimine (PEIY, polyamidoamine dendrimefspoly- delivery?32627
phosphoramidat, poly(3-amino estery, and chitosa%14 In the present study, to combine the strong cationic property

These polymers mediate transfection via condensing DNA into of PLL and the biocompatibility and low toxicity of chitosan,
nanoparticles, protecting DNA from enzymatic degradation, and great attempts were made to prepare biodegradable PLL-graft-
facilitating the cellular uptake and endosomal escape of the chitosan copolymers. Kurita and co-workers have reported that
complexes. poly(y-methyl L-glutamate)-graft-chitin was prepared by ring-
PEI is generally accepted as one of the most efficient opening polymerization (ROP) of an-amino acidN-carboxy-
polymeric delivery vehicle®® Its high density of primary and  anhydride (NCA) initiated by the free amino groups of water-
secondary amines allows effective nucleic acid binding and soluble chitin?® However, the ROP of most kinds of NCA is
compactiont®1” Higher molecular weight PEI (e.g., 25 kDa) not easy to control in a heterogeneous aqueous system. So,
displays effective intracellular gene delivery in almost all cell solubilization of the rigid chitosan in organic solvents is critical
lines1® Unfortunately, it is in this efficacious molecular weight  to obtain high degrees of substitution and to have control over
range that the PEI exhibits high cytotoxicity in most cases and its modification reactions under a homogeneous cond?iah.
Kurita et al. have developed ®-triphenylmethyl chitosan as
*To whom correspondence should be addressed. Fe86-431- an intermediate for chitosan modificatiéhand recently this
85262775; fax: +86-431-85685653.; E-mail address: xbjing@ciac.jl.cn. intermediate has been proved to be effective\”acetwation

Jing, X. B.). . S . .
T Changchun Institute of Applied Chemistry, Chinese Academy of becauseogg Its gOOd. solubility in .several kinds of organlc

Sciences. solventsi®32 So, we tried to synthesize the PLL-graft-chitosan
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Scheme 1. Synthetic Route of the PLL-g-chitosan Copolymers
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a: (CC1;0)CO, THF, 55 °C, 2 h; b: phthalic anhydride, DMF, 90 °C, 8 h; c: TrCl, pyridine, 90
°C, 24 h; d: NH,NH,-H,0, 100 °C, 15 h; e: DMAc, RT, 72 h; f: TFA, HBr/HAc, 0 °C, 30 min.

triphenylmethyl chitosan. The potential of the obtained copoly- 500 column, an Ultrahydrogel TM 250 column, and a Waters 2410
mers to serve as a gene carrier was also explored. refractive index detector. A mobile phase of acetic acid (0.3 mol/L)/
sodium acetate (0.2 mol/L) (pH 4.5) at a flow rate of 1 mL/min was
. used. Shodex standard P-82 Pullulan samples of known molecular
Materials and Methods weights were used as standards. All the calculated molecular weights
were corrected using the refractive index increments of the sample and
the standards.

Preparation of 6-O-Triphenylmethyl Chitosan (Tr-Chi). Tr-Chi

Materials. Chitosan (Jinke Biochemical Co. Ltd. Zhejiang, China)
was used directly. Its number-average molecular weilyh},(weight
g;egrz?zé?gg;ﬂ;: VgﬁL%mégpadpﬁghg;%is&i@g/gi)hggtgglgzg 000 Vas prepar.ed by the same method as o!escribed in ‘our previous’study.
Da, and 3.70respectively. Its deacetylation degree determinedtby Synthesis ofe-BenzoxycarbonylL-Lysine (Z-L-Lysine) NCA. The
NMR was 90%. Pyridine and THF were distilled over freshly powdered Z-L-lysine NCA was synthesized according to the literature methed.
calcium hydride (Cab) and were distilled under ambient pressure. Briefly, 10.0 g of Zi-lysine (35.68 mmol) was dissolved in 100 mL
DMSO, DMF, and DMAc were dried over Catand were distilled of anhydrous THF. Following that, 6.0 g of triphosgene (20.24 mmol)
under a reduced pressure. Regenerated cellulose membranes with ¥/as slowly added to the flask, and the reaction was carried out at 55
cutoff of 7000 (Sigma) were used for dialysis. 3-(4,5-Dimethylthiozol- °C for 1 h. The solvent THF was evaporated in vacuum and the obtained
2-yl)-2,5-dipheny! tetrazolium bromide (MTT) supplied by Sigma was solid was recrystalllz_ed three times by acetic ether and petroleum ether
used witout further treatment. All other reagents were of analytical grade t© 0btain 6.5 g of dried product.
and were used directly without further treatment. Synthesis of Poly(Zt-lysine)-Graft-(6-O-Triphenylmethyl Chi-

Methods. *H and®*C NMR spectra were both recorded on a Bruker ~tosan) (PZLL-g-(Tr-Chi)) Copolymers. The PZLL-g-(Tr-Chi) co-
AVANCE DRX 400 spectrometer. The measurements were carried out polymer was synthesized by (Tr-Chi)-initiating ROP of.4-ysine
at 303 K and the solvents of;D or DCI were used. Fourier transform ~ NCA in DMAc. For example, 1.0 g of Tr-Chi (2.43 mmol) and 1.0 g
infrared (FT-IR) spectra were recorded on KBr pellets with a Bruker Of Z-L-lysine NCA (3.27 mmol) were dissolved in 30 mL of anhydrous
Vertex 70 spectrometer. Elemental analyses were performed with a DMAc. The reaction was continued for 72 h at room temperature. Then,
Vario EL elemental analyzer. the product was precipitated into diethyl ether and was dried to yield

The molecular weightsM., M) and their distribution il,/My) of a white solid.
chitosan and the prepared graft copolymers were determined by a GPC Preparation of Poly(L-lysine)-Graft-Chitosan (PLL-g-Chi) Co-
system, which consists of a Waters 515 pump, an Ultrahydrogel TM polymers. The obtained PZLL-g-(Tr-Chi) copolymers were deprotec&aBV
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Table 1. Molecular Parameters of the PLL-g-Chi Copolymers?@ 12
Graftin —=—NaCl
craning o Chi-6000
Molecular molecular ratio of PLL 10+ PLL, . -g-Chi
; ; N 0.85
weights by GPC determined by DP, - “ 4\4“\ —A—PLL,, -g-Chi
1H elemental !H 8 4 ' e —v—PLL,, . -g-Chi
copolymers?  M,/10%3 M,/10° M,/M, NMR analysis® NMR ® ‘\4\‘ —&—PLL
= b J—
PlLoss-g-Chi 468 193 243 077 045 085 § 61 ‘\,\_‘ L-PEI
PLL;0-g-Chi 63.0 25.5 2.47 1.8 15 2.0 z <
PLLsz-g-Chi 657 269 244 3.0 45 3.3 4 3 *‘\.“
PLL15,6-g-Chi 38.1 16.4 2.33 14.0 13.5 15.6 | - ‘{,‘_‘3\4.””-1"_. ‘111411_‘_‘
B e T P
2The copolymers are coded by the DPn (number-average degree of 2+ el eesesees
polymerization) of PLL grafted onto chitosan backbone. » The measured
CI/N of chitosan is 5.29, and the theoretic C/N of PLL is 2.57. The C/N 0

ratios of the graft copolymers are 4.69, 3.95, 3.27, and 2.85, respectively. 3 ! 5'0 * 160 * 15'0 * 260 * 2&0 - 360 * 350
. . . Vol f 1M HCI added (pl

by HBr.34 Typically, 1.0 g of the copolymer was dissolved in 15 mL ) ° um_ea a e_ )

of TFA, and 15 mL of HBr (33% in acetic acid) was added. After the Figure 1. Buffering capacity of the PLL-g-chitosan copolymers.

reaction vessel was capped and stirred for 30 min in an ice bath, the . .

reaction mixture was poured into diethyl ether to precipitate the PLL- €0ating a drop of the polymer/calf thymus DNA complex suspension

g-Chi copolymer as the TFA salt. Then, the product was recovered by ontp a freshly treated single-crystal silicon wafer, followed by air-

filtration and was dried in vacuum to yield a pale yellow or white solid. drymgl. | horesis. Shift he olasmid bini

The solid was redissolved in distilled water and was dialyzed against Gel Electrophoresis Shift Assays.The plasmid DNA binding

phosphate buffer solution (PBS, pH 7.4) and distilled water each for 3 abilities of PLL-g-Chi copolymers and chitosan were examined by gel
days to produce purified PLL—g’—Chi copolymer electrophoresis. Agarose gel (1.0%, w/v) containing ethidium bromide

) (0.06 ug/mL, Sigma) was prepared in TAE buffer (40 mmol/L Tris-
Preparation of PLL Homopolymer. The PLL was prepared by ROP

. - . . ) acetate, 1 mmol/L EDTA). Ultrapure water was used as the solvent
of Z-L-lysine NCA initiated byn-hexylamine (Aldrich, used as received) ¢, o/l the copolymers and pDNA except for high molecular weight

and by subsequent deprotection in the same procedure as describedyiosan, The pEGFP-\plasmid (Clontech Laboratories, Inc., United
above. The number-average molecular weidfit 22 000 Da) of the States) was extracted and purified with a Wizard purification system
obtained PLL was calculated from tfil NMR signals. (Promega, United States). Three hundred nanograms of pDNA (3.0
Buffering Capacity Determination of the Copolymers. The uL, 100 nglL) was mixed with copolymer solutions to form complexes.
buffering capacity of the copolymer was determined by pH titration The weight ratios of copolymer to pDNA were between 0 and 50, and
from high to low pH in a Hanna pH211 pH analyzer (Hanna Instruments the complexes were incubated for 30 min before the addition of loading
Ltd, ltaly).?> The copolymer was dissolved in 0.15 mol/L NaCl to  buffer (1uL, Blue Juice, Invitrogen, Carlsbad, CA). Then, the samples
prepare solutions with a concentration of 0.5 mg/mL. Titrants of 1 mol/L were subjected to gel electrophoresis at 60 V for 60 #hin.
HCI and 1 mol/L NaOH aqueous solutions were used. The buffering  MTT Assay for Polymer Cytotoxicity. The common mouse
capacities of chitosan, PLL, and PEI were also determined for fibroblast L929 cells were cultured onto a 96-well plate(10* cells/
comparison. Because of the poor solubility of higher molecular weight well) in complete DMEM (Dulbecco’s modified eagle medium, Gibco)
chitosan in neutral or basic aqueous solution, a lower molecular weight (with high glucose and 10% FBS (fetal bovine serum, from Gibco)

chitosan ¢, 5400 Da, deacetylation degree 50%) was sele&t@tie supplemented) culture medium in a humidified atmosphere of 5% CO

PEI used was a commercial product from Alfa Aesar Wwithof 10 000 at 37 °C for 24 h. The growth medium was replaced with 180

and linear structure. complete DMEM culture medium that contained the desired amount
Complex Size and Zeta-Potential MeasurementsThe com- of the test polymer. The cells were incubated for another 24 h, and the

mercially available calf thymus DNA (Sigma) was used to form Cell viability was assayed by adding 20 of MTT (Sigma) PBS
complexes with the copolymers for particle size and zeta-potential Selution (5 mg/mL). After incubation at 37C for another 4 h, the
measurement. The test copolymers and the DNA were dissolved in formed crystals were dissolved in 150 of DMSO. The absorbance
ultrapure water to make stock solutions with concentrations of 10 and ©f €ach well was measured using a microplate reader (Stat Fax 2100,

1.08 mg/mL, respectively. The solution of high molecular weight Awareﬂess) at a test wavglength of 49_2 Him.
chitosan was prepared by dissolving the chitosan in an acetic acid In Vitro Gene Transfection. The cell line HEK 293T was selected

aqueous solution (pH 4.5), and the pH of the chitosan solution was for studying the gene transfection of th_e complexes. Before transfection,
slowly adjusted to 6.0 with diluted sodium hydroxide solution. Both "€ test cells were seeded at a density of 80" cells/well onto 96-
copolymers and DNA solutions were then diluted to the appropriate well tissue culture plates (Cpstar, Cambridge, Umt?d Kingdom) in
concentration depending on the required weight ratio of copolymer to complete DMEM culture medium, anod the cells vc\;/ere incubated for 24
DNA with a final complex concentration of 0.3 mg/niLThe particle h in a hu.m'd'f'Ed atmosphere of 5% G@t 37 C'. Th? polymer
size and zeta-potential of the complexes were determined by a Zetasomt_IonS n l_JItrapure water a_nd the pDNA solution in serum-free
Potential Analyzer instrument (Brookhaven Instruments Corporation, med|um-(Opt|-MEM, pH 7.4, Gibco) were mlx_ed atroom tempergture
Germany). for 30 min to form the complexes, and the mixtures were then diluted

: ) to 45uL with Opti-MEM. Each well of the cells was transfected with
UV—Vis Absorption Spectra of the Copolymer/DNA Complexes. 15 uL of the complex solution after changing the fresh complete

The UV absorption spectra of the complexes were recorded witha UV pyEM. The pDNA amount in each well was fixed at 300 ng. The
vis spectroscopy instrument (PC-2401, Shimadzu), and the complexesweight ratios 5, 10, 15, and 20 of copolymer to pDNA were chosen.
were formed by calf thymus DNA with chitosan, PLL, and the  After 24 h incubation, the formulations were removed and 20®f
copolymers in agueous solution. The initial concentration of the DNA  complete DMEM culture medium was added. The experiments of
was fixed at 0.05 mg/mL. Three weight ratios of copolymer/DNA, that  stdying gene transfection were continued to 72 h, and then the cells
is, 30, 5, and 1, were selected for the measurements. were analyzed for green fluorescence protein (GFP) expression with a
Atomic Force Microscopy (AFM) Measurement of the Polymers/ fluorescence microscope (Nikon-2000U, Japan). After the cells were
DNA Complex Morphology. The AFM samples were prepared by digested by trypsinase (Sigma, 0.05 wt % in PBS), the transfe%ilt_))r{/



1428 Biomacromolecules, Vol. 8, No. 5, 2007 Yu et al.

(@ 16 (d) 12
PLL -

PLL,_ -g-Chi

1.0

1.2 -

0.8

3 406-

2'0.8— g -0
(2]

< 204-

0.4

5
i 0.0
00 m\/fl 30 I I ) l 3-0 . I . I .
200 250 300 350 400 200 250 300 350 400
Wavelength(nm) Wavelength(nm)

(b)

Chitosan 0o
1.2 v
] .",
0s] 8% ¥ 3 : v v
[ ]
0.8 § [ J
S 0 0.7
© 0
g < a
0.4 0.6 A
4444 4 4 a A A
EL |
0.5 L LI I " -
0.0 + T * - T - T - T * T * T - T
200 250 400 0 5 10 _ 15 20 25
Wavelength (nm) Time(h)
(c) 16 .
PLL0_85-g-Ch|
1.2
508
@3
<
0.4
0.0 ; ,
200 250 300 350 400

Wavelength(nm)
Figure 2. UV—vis absorption spectra of complexes in aqueous solution formed by polymers (chitosan, PLL, and copolymers) with calf thymus
DNA at polymer/DNA weight ratios of 1, 5, and 30, respectively (a: PLL; b: chitosan; c: PLLggs-g-Chi; d: PLLj3s56-g-Chi). The spectra were
recorded after the two solutions were mixed for 0.5 h. e: The spectra were recorded in a period of 0~24 h after each polymer and DNA mixed
at weight ratio of 1 (v chitosan/DNA; @ PLLg gs-g-Chi/DNA; A PLL/DNA; B PLL;56-g-Chi/DNA).

percents (positive cell percent) were calculated by dividing the number (Corning-Costar 3904, Cambridge, United Kingdom). The relative

of fluorescent cells by the number of total cells in a certain area of a fluorescence intensity of the expressed GFP was determined by a

well.3° FluoStar fluorescence plate reader (BMG Lab Technologies, Durham,
Fluorescence Assays Determining the Transfection Efficiency. United States), which was equipped with HQ500/20X (485 nm)

The fluorescence assays were used to determine the GFP expressioaxcitation and HQ535/30M (520 nm) emission filters (Chroma,

level. After the 293T cells were transfected by the complexes for 72 h, Rockingham, United State$).

the cells were washed in PBS, and 180of ultrapure water was added Luciferase Assay Determining the Transfection EfficiencyThe

to each well. The GFP was extracted from the cells through three timespGL3 plasmid (Promega, United States) was extracted and purified

of repeated freezingthawing cycling treatment. Then, the solution was  with a Wizard purification system. All the gene transfection procedures

transferred into 96-well black microplates with clear plastic bottoms are the same as that mentioned previously. Seventy-two hours&fgv
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transfection, cell lysates were analyzed for luciferase activity with (a) 400
luciferase assay reagent (Promega, United States). For each sample 1 A B c D E
light units were integrated over 10 s with a luminometer (TD2020, e
Turner Designs, Sunnyvale, CA) and triplicate measurements were E:!OO: _________________ |
performed to get the average value. % | -
% 2504---—-F 44 -
o ]
Results and Discussion £ 2004---- S | o T ]
g |
Some reports claimed that chitosan of high molecular weight £ 150 -§- 8- -H- - - -H-H- A e -
forms extremely stable complexes with pDNA compared tomost @
— : £ 1004f- -1 -H- - -
of the other cationic polymers, which delays the release of i ]
pDNA from the pDNA/chitosan complexes, although chitosan s0l- A IR RN
itself and its derivatives have been used as gene carriers ]
widely.#1=45 In the present study, PLL grafted chitosan copoly- 0

mers were prepared through ROP of Zysine NCA, which A AR SRR AR A A AL R i

was initiated by macroinitiator &-triphenylmethyl chitosan (b)
under a homogeneous condition. To find a novel chitosan-based
gene transfer agent with higher transfection efficiency, copoly- 50 4 A B c T D E
mers with different PLL grafting ratios and number-average
degree of polymerization (DQJPwere designed.

Synthesis and Characterization of the PLL-Graft-Chito-
san Copolymers.The synthesis route of the PLL-graft-chitosan
copolymer is presented in Scheme 1. The amine groups of
chitosan were first protected with phthalic anhydride. Then, the
6-CH,OH groups on chitosan were reacted with triphenylchlo- 20ff-=--"" =NroTn TR YT
romethane to get protected by triphenylmethyl. Finally, the
amine groups were deprotected by hydrazine. The ROP reaction 0000100t tr=-0-0 0wt
of Z-L-lysine NCA initiated by 6©-triphenylmethyl chitosan l I
was performed in DMAc at room temperature, followed by 0 il
removal of the 60-triphenylmethyl and Z-groups with HBr (33 %037 %037 %08 %0 70D 7
wt % in acetic acid solution). This method could be used for Figure 3. Effective particle size (a) and Zeta-potential (b) of the

i ; . AR _ complexes formed by polymers with calf thymus DNA. A: chitosan;
zgrtgesmng other kinds of polypeptide-graft-chitosan copoly B: PLLogs-g-Chi; C: PLL33-g-Chi; D: PLLise-g-Chi; E: PLL (weight

) ratios of polymer to calf thymus DNA were 40, 20, 10, 5, and 1,
FT-IR and NMR spectra were used to characterize the respectively).

obtained copolymers. The peak at 15907¢énn the FT-IR
spectra of 6O-triphenylmethyl chitosan (Tr-Chi) implied the
presence of primary amine groups in Tr-Chi. After the ROP of
Z-L-lysine NCA, the disappearance of the peak at 1590cm b
and the appearance of the peak at 1650chelonging to the
amide | band both indicated the formation of PZLL-g-(Tr-Chi).
In the deprotection product, the peaks at 3216000 (C-H)

and 703 cm? (arom) belonging to the triphenylmethyl disap-
peared completely, and the peak at 1735 tof ester bond in

the Z-group also disappeared, suggesting complete removal o
the chitosan and PLL protections. The obtained PLL-g-Chi
copolymer showed the characteristic peak of,@Hrations of

Effective Zeta-potential (mv)

Table 1, and the DPvalues were used to distinguish different
PLL-g-Chi’'s prepared.

We also tried to figure out the composition of the copolymers
y elemental analysis. The weight ratio of C to N in the
copolymers decreased with the increase of PLL content because
of the higher N content in PLL than that in chitosan, and this
change was utilized to calculate the PLL grafting ratio (see Table
1). A consistency between the results calculated fteifNMR
fspectra and elemental analysis data was obtained. The molecular
weights and polydispersity indexes of the starting material
chitosan and the obtained copolymers were analyzed by GPC,
and the results are shown in Table 1. A significant decrease in

PLL chains at 2944 crt, the amide stretching vibration of PLL : . ; ;
. ' ) . molecular weight of chitosan during the synthetic procedure was
chains at 1650 cri, and the typical peak of Chi at 1075 cf found. For example, thl, of chitosan used was 64:4 103

which proved that the PLL-g-Chi copolymer was synthesized and it decreased to 19.8 10° for PLLogsg-Chi. This was

successfully. _ _ , mainly caused by the two reaction steps in agueous environment,

The grafting ratios of PLL in the final products, defined as 4t is,N-phthalimido deprotection in a basic and®8trityl and
molar ratio of the grafted lysine units to the total saccharide z_geprotection in an acidic environment (see Scheme 1). Similar
units in the chitosan, were determined by comparingie  o5,its have been reported that a significant decrease in the
NMR signal integrals frona-CH; protons of PLL withintegrals  6jecylar weight of chitosan would occur with such a protection
of the polysaccharide backbone proton sigriéBy assuming  an4 geprotection stratedy.The M, of the copolymers deter-

that all of the free amine groups present i©&riphenylmethyl mined by GPC increased from 25:510° to 26.9x 10° when
chitosan could initiate the ROP of iZlysine NCA, the number-  1ha pp of PLL increased from 2.0 to 3.3. This is reasonable.

average degree of polymerization ()pBf each PLL graft can However, theM, of sample PLLs ¢g-Chi became 16.4 105,
be calculated as Because all samples were prepared under the same conditions
. . except the feed ratio of Z-lysine NCA to chitosan, the extents
DP, = grafting ratio/0.9 of degradation of the chitosan backbones in different samples
should be similar, and higher @Bhould correspond to higher
where factor 0.9 corresponded to the degree of deacylation inM,. This unexpected low, of PLL15&9-Chi was explained

Chi, as determined b{H NMR. The results were collected in  as follows: compared with the first three PLL-g-Chi’s, Rkl CDV
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Figure 4. AFM images of polymer/DNA complexes at certain weight ratio of polymer to calf thymus DNA. a: calf thymus DNA; b: chitosan/
DNA(10); c: PLL33-g-Chi/DNA(10); d: PLL;56-g-Chi/DNA(5); e: PLL/DNA(5).

g-Chi was special in that its PLL grafts took more than 90% of shown by the steepness of the curve slopes in Figure 1, PEI
the total molecular weight. Therefore, its interaction with the displays a high buffering ability over pH range of-43, whereas
GPC column was different from that of the other three, causing chitosan displays a buffering range between pH 7 and 3.5,
longer retention time and loweévl, corresponding to the protonation of the primary and secondary
Buffering Capacity of the PLL-Graft-Chitosan Copoly- amine groups on PEI and the primary amine groups, (B
mers. An appropriate buffering capacity is important to a novel 6.5) on chitosan, respectively. The PLL shows identical titration
cationic polymer designed for gene delivery, because the curve to PEI over pH 1%9 but gives a steep slope below pH
buffering capacity of polycationic vectors affected the stability 9. It seems that the protonation of tk@mine groups on PLL
in cell culture medium, endolysis, and extents released from begins at pH 11 and completes at pH39Among the four
the endosomes of the polymer/pDNA compleX&€Ehe buffer- samples containing chitosan backbones, pure chitosan shows
ing capacities of the obtained copolymers, linear PEI, water- the lowest slope, PLis sg-Chi shows the steepest slope over
soluble chitosan, and PLL were determined by an -abake pH 7~3 (the curve overlaps with that of PLL), and Pddsg-
titration method, and a 0.15 mol/L NaCl aqueous solution was Chi and PLls 3-g-Chi are in-between. This indicates that both
used as control. The polymers of high buffering ability would chitosan backbones and PLL grafts make contributions to the
undergo a small change in pH when the same amount of HCI pH buffering. Chitosan is responsible for the pH range o87
was added into the polymer solutions during titratt®ms and PLL is responsible for the pH range of~14 cDV
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Figure 5. Gel electrophoresis shift assays for the pDNA binding ability of the copolymers at various copolymer/pDNA weight ratios.
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Figure 6. MTT assay for the cytotoxicity of chitosan (1), PLL2o-g-

Chi (2), PLL33-g-Chi (3), PLL156-g-Chi (4), PLL (5), and B-PEI (25 k

Da) (6) in L929 cells.

Interaction between the PLL-Graft-Chitosan Copolymers
and DNA. In the present study, UVVvis spectra were used to
investigate the interaction between the copolymer and DNA.
The absorption spectra of copolymer/DNA complexes in solu-
tion were examined as a function of polymer/DNA weight ratio
for polymers PLL and chitosan and PLL-g-Chi copolymers, and

DNA of 30 is even greater than that for pure DNA. It is well-
known that when a DNA molecule is complexed with cationic
polymer chains, its molecular chain gets compact. At the
extreme case, solid small particles can be formed and can even
separate from the solution because of the complexation of the
negative DNAs and the cationic polymers. Obviously, because
the same DNA concentration was used for all-t¥s measure-
ments, the intensity change of the 260-nm peaks is a reflection
of the molecular status of the DNA. Its lowering corresponds
to the complexation and compaction of the DNA molecules.
When the weight ratio of polymer/DNA goes higher from zero,
more and more negative charges on DNA are neutralized by
positive charges of the cationic polymers. Correspondingly, more
and more cationic polymer chains come in contact with the DNA
chains, and its molecular chains become more and more
compact. Therefore, absorption of the DNA molecules decreases.
If the electric charges are entirely neutralized, the most
compactness of the DNA molecular chains can be achieved;
solid particles can probably be formed and get suspended or
separated from the solution. That is why the absorption of DNA
is reduced or even diminishes. When too many cationic
polymers are added to the system, the repulsion caused by the
net positive charges leads to enlargement of the molecular size.
Correspondingly, the 260-nm peak is enhanced because of
scattering of the aggregattsThis phenomenon is observed

the results are shown in Figure 2. A broad absorption band for pure chitosan and Pldssg-Chi when the polymer/DNA

centered at 260 nm can be found for free DNA. Its intensity is
influenced by the complexation of DNA with cationic polymers.
For example, when DNA is mixed with PLL at PLL/DNA

weight ratio of 1, this peak is weakened. When this ratio

becomes 5, it is weakened further. Also, the peak almost
disappears when this ratio is continuously added to 30 (Figure
2a). For chitosan/DNA complexation, the peak intensity changes aft

weight ratio is 30 but not for pure PLL or PLbsg-Chi. The
possibility is that at the ratio of 30, DNA chains are compressed
by PLL or PLL;56g-Chi more seriously than that operated by
pure chitosan and Plglgs-g-Chi, and a more compact structure

is formed. The stability of the complexes is weakened accord-
ingly, so aggregation of the complexes occurs instantaneously
er the mixing of DNA and copolymers, which is followed

in a more complicated way. It decreases with increasing by depositing of the aggregates

chitosan/DNA weight ratio from 0 through 1 to 5 but changes
reversely when the ratio goes to 30 (Figure 2b). It is noticed
that sample PLLs g-Chi behaves like pure PLL while Pllss

To examine the stability of the copolymer/DNA complexes
formed, their U\-vis spectra were recorded at different time
intervals in the time range from O to 24 h after the complex

g-Chi behaves like pure chitosan (Figure 2c, d). In the case of formation. The typical results are shown in Figure 2e for the

PLLog5g-Chi, the peak intensity for weight ratio copolymer/

weight ratio of 1. In fact, for the weight ratio of 5 and 30, thgyy
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Figure 7. Typical fluorescence images of the 293T cells transfected by PLL-g-Chi copolymer/pDNA complexes at optimized polymer/pDNA
weight ratio (scale bar: 40 um). a: pDNA; b: chitosan (10); ¢: PLLggs-g-Chi (10); d: PLL33-g-Chi (10); e: PLL156-g-Chi (10); f: PLL (20).

same variation trend was observed: the peak intensity reducesomplexes, because cells typically uptake particles ranging from
slowly with increasing standing time. It means that the about 50 to several hundred nanometér®ynamic light
complexes formed are quite stable under the experimentalscattering (DLS) measurements were performed to examine the
conditions on one hand, and the complexation is improved to size of the complexes formed by chitosan, PLL, and PLL-g-
some extent during the storage periods on the other hand.  Chi copolymers with calf thymus DNA. Figure 3a shows that
As far as UV+-vis spectra are concerned, PLL-g-Chi copoly- all polymers tested are able to form particles of #3440 nm
mers combine the characteristics of both PLL and chitosan. Oncein diameter to be endocytosed. Typically, chitosan forms
again, PLLs ¢g-Chi tends to have more characteristics of PLL, complexes of 175320 nm. PLL complexes are around 175
while PLLg g5g-Chi has more characteristics of chitosan. When nm (145-200 nm), and the three PLL-g-Chi copolymers tested
the peak intensity changes are compared between g3id- give the complexes of 136840 nm. Among the three PLL-g-
Chi and PLlg g5-g-Chi, it is found that at the same weight ratios Chi samples, PLt.ss-g-Chi usually gives the largest particles,
of 1 and 5, the peak height reduced to 0.53 and 0.07 forR:L  which are similar to chitosan. However, Plslsg-Chi gives
g-Chi/DNA but only to 0.81 and 0.50 for Plylgsg-Chi/DNA, the smallest particle size at a certain weight ratio of copolymer/
respectively. It implies that the grafting ratio of PLL is one of DNA. The results indicate that the particle size of the complexes
the determining factors for the complexation and compaction is obviously affected by the grafting ratios of PLL.
of DNA in addition to the weight ratio of polymer/DNA. By It has been proved by UWvis spectra that the DNA
adjusting both the grafting ratio and the polymer/DNA weight complexation and compaction ability of chitosan is comparable
ratio, the desired complexation and molecular chain compactionto that of PLLy gs-g-Chi. This can be further confirmed by the
can be achieved. DLS measurements. As shown in Figure 3a, a similarity can
Particle Size and Zeta-Potential of the ComplexesThe be found between the hydrodynamic diameters of the complexes
efficient compaction of pDNA into nanoparticles is an essential formed by chitosan and Plglgs-g-Chi with DNA. The DNA
process that mediates the endocytosis of the polymer/DNA binding and condensing ability of the copolymers is enharEBq/
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by increasing the PLL grafting ratios. Accordingly, the com- 7x10°
plexes generally become smaller. This can explain why the T
copolymers PLk 3g-Chi and PLLseg-Chi can form smaller 6x10* +---- L= B— C. .- b B F oG
complexes than that of Pllgs-g-Chi at certain weight ratios. 1

The size of the chitosan (Pkksg-Chi) complexes also depends
on the weight ratio of chitosan to DNA. When it is increased, = 1
the complexes generally become smaller. For example, when § 4x10° -~ - mm e o | Ittt | Ealaieie
the weight ratio of chitosan to DNA was increased from 5 to § T

40, the particle size of the complexes decreased from 320 to § 3x10° 4---=------ T I

ntensity

5X10° -l -1

150 nm. The situation is the same as that of R¢stg-Chi: the g . i
complexes change from 300 to 184 nm with an increased weight g 2x10° -2~ 2= - Ty WlE i R E T
ratio from 5 to 40. However, the weight ratios do not & ] I I
significantly influence the particle size of the complexes once & A0 ) K n
the DR, of PLL is higher than 3.3. 0' I I I
The positive charge of the complexes facilitates nonspecific “01:?’&’0 &% % S0 %080 %570 875 7pS %’a"o#%%%

interactions with negatively charged cell surface proteins that F 8 F for th wansfection efici

trigger cellular uptake. Zeta-potential measurements were ofihe p'LL-glfgﬁsiigﬁyﬁqurasi’SDﬂA so?neaixgnisnegg}eceﬁﬁn%
conducted to determine the net charges on the complex surface,pna; B: chitosan; C: PLLogs-g-Chi; D: PLLs3-g-Chi: E: PLLis -
The results are collected in Figure 3b. It is seen that all g-chi; F: PLL; G: PEI (weight ratios of polymer to pDNA were 20,
complexes are positively charged and the positive chargesi5, 10, and 5, respectively).

increase with weight ratio of copolymer to DNA for a given

copolymer/DNA pair. PLkgsg-Chi/DNA and PLlg 3g-Chi/ g-Chi copolymers. It becomes obvious that higher PLL grafting
DNA have zeta-potentials comparable to chitosan/DNA or PLL/ ratio would be helpful for the condensation and retardation of
DNA for a given polymer/DNA weight ratio, while PLis ¢0- pDNA.

Chi/DNA gives higher zeta-potential than both chitosan/DNA  The Cytotoxicity of the Copolymers.A standard MTT test
and PLL/DNA. These results illuminate that the positive charge was introduced to evaluate the cytotoxicity of the PLL-g-
on the surface of the copolymer/DNA complexes can be chitosan copolymers. PLIM, 22 000 Da) was used as a control
improved by increasing the grafting ratio of PLL at certain considering our polymers were derived partially frarysine
weight ratio of copolymer to DNA. and were of comparable molecular weight. Branched PEI (B-

The AFM Morphology of the Complexes.The morphology PEI, M, 25 000 Da) was also used as a control because this
of the complexes formed from calf thymus DNA and PLL, Kkind of PEl was considered as the most effective synthetic
chitosan, and PLL-g-Chi copolymers were characterized by cationic polymer for gene transfection but with high cytotoxicity.
AFM. As shown in Figure 4a, free calf thymus DNA has linear COmparisons between the graft copolymers and the controls
structure and average chain lengnth of aboutiré When it were made at equivalent weight concentrations. The results (see
is mixed with chitosan, heterogeneous morphology of rodlike, ~19uré 6) show thaﬁ PLL-g-Chi copolymers havgfdmgher (/:yto-
toroidal, and spherical shapes appears. This result agrees witfoxicity to L_929 cells in a concentration range 100ug
the literature report$>13 Part of the free DNA strucuture can mL. than chitosan but have lower cytotoxicity than B-PEI or
still remain, which indicates that chitosan itself cannot com- PLL homopqu.mer. Among the three PL.L.'g'Ch' copolymers,
pletely condense DNA into nanoparticles at a weight ratio of PLL15.69-Chi displays the highest cytotoxicity. It is well-known

10 (Figure 4b). PLL can condense DNA into spherical nano- that the cytotoxicity Qf PLL arises from i_ts-primary_ amine
particles with relatively homogeneous particle size even at a groups. Although chitosan also has primary amine groups

. . . present on its monosaccharide rings, its cytotoxicity is much
onver PLL/DNA w.e'lght ratio of 5 (sge Flgure .4e). After grafted lower. In our case, because the PLL chains are grafted onto the
with PLL, the positive charge of chitosan is improved, and the

DNA bindi d densi bility of chit is al chitosan backbone, and they are relatively short, their cytotox-
h n d |r]I9h_an an e”S]l_”g Z Ibl Y r? XFII\/(I)S'an IS also icity is significantly lowered because of the presence of chitosan
enhanced. This can be conifirmed by the Investigation 1, khone. This is in agreement with the results reported by

shown in Figure 4 (c, d). Both the tested copolymers possessyat,e et al49 where reduced cytotoxicity of hybrid polymer

the ability to compress calf thymus DNA into spherical |55 achieved by breaking the cationic polypeptide into short
nanoparticles, and the complexes formed with both copolymers segments with monosaccharide spacers.

reveal similar morpholog|e§ as PLL. However, H‘L"l".g'ch' Gene Transfection.The gene transfection efficiency of the
generally for_ms Sm?”er par_t|cles than that of B-'@*g'?h'- L PLL-g-Chi copolymers was evaluated by in vitro gene trans-
observation S consistent with the DI.‘S resglts, and italso proved fection experiments. The HEK 293T cells were transfected with
the gonclu5|on that t'he PLL grafting ratio affepts the DNA PEGFP-N pDNA. Figure 7 contains the typical fluorescence
binding and compaction ability of the PLL-g-Chi copolymers. 5465 of the transfected 293T cells. It can be seen that PLL-
The pDNA-Binding Ability of the Copolymers. As an g-Chi copolymers possess reasonable gene transfection ability
essential characteristic of a gene delivery carrier, pPDNA-binding compared with PLL and chitosan. A dependence of the
ability of the copolymers was determined by an agarose gel transfection efficiency on the polymer/pDNA weight ratio is
electrophoresis (AE) method. The results are displayed in Figurefound for a given copolymer, and the Pldeg-Chi always
5. Complete retardation of pPDNA was achieved at a copolymer/ exhibits the strongest GFP expression among the copolymers
DNA weight ratio of 2 for three copolymers, chitosan, and PLL. at an optimized weight ratio of 10. These observations are
At the weight ratio of 0.5, chitosan could not completely confirmed by the GFP fluorescence intensity data (see Figure
neutralize the pDNA, so part of the pDNA in the corresponding 8). The GFP expressed level of Plsls-g-Chi/pDNA complexes
channel was released. On the other hand, an improved pDNAin 293T cells is much higher than that of the complexes formed
retardation effect comparable to PLL is observed for the PLL- from pDNA with other copolymers, chitosan, and PLL andCiBV
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Figure 9. The luciferase gene expression in 293T cells observed
with the complexes formed by pGL3 pDNA with (A) chitosan, (B)
PLL2.0-g-Chi, (C) PLL33-g-Chi, (D) PLL1s6-g-Chi, (E) PLL, and (F)
B-PEI at optimized weight ratios. Untransfected cells were used as
control. The gene expression values are shown as relative light units
per milligram of protein (RLU/mg protein).
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Figure 10. Gene transfection percent in 293T cells mediated by
copolymer/pDNA complexes. A: PLLggs-g-Chi; B: PLL33-g-Chi; C
PLL156-g-Chi; D: PLL (Weight weight ratios of polymer to pDNA were

20, 15, 10, and 5, respectively).
even higher than that of B-PEI positive control, although B-PEI

Yu et al.

is that the enhanced gene transfection efficiency may be caused
by enhanced osmolarity, subsequent endosomal rupture, and
escape into the cytoplasm of the copolymer/pDNA complexes.
An easy release of pDNA from the complexes after entering
cells may be another main cause. The real mechanism remains
to be investigated.

Conclusion

In summary, a novel method for synthesizing PLL-g-Chi
copolymers is developed, that is, ROP of a-Esine NCA
initiated by the amine groups present or©&riphenylmethyl
chitosan, and subsequent removal of the protective groups on
chitosan and PLL. The solubility of the prepared copolymers
in neutral water is much better than that of chitosan with
comparable molecular weight. This improved synthetic route
can also be used for preparing other kinds of polypeptide-graft-
chitosan copolymers. The interaction between PLL-g-Chi
copolymers and DNA was investgated by bVis spectra. The
gene transfection effect of the graft copolymers in 293T cell
line was tested. It was found that the copolymers possess better
DNA binding and condensing ability than chitosan. The gene
transfection efficiency of the obtained copolymers is higher than
that of chitosan and PLL. A primary conclusion can be drawn
that both the PLL grafting ratio and the weight ratio of
copolymer to pDNA have influence on the gene transfection
efficiency. The effect of PLL chain length on the gene
transfection of the copolymers is being investigated in detail.

Acknowledgment. We thank Professor Tonghui Ma in
Northeastern Normal University of China for his kindly provid-
ing the FluoStar fluorescence plate reader. The project was
financially supported by National Natural Science Foundation
of China (Project No. 20274048, 50273038, and 50373043),
by National Fund for Distinguished Young Scholars (No:
50425309), and by Chinese Academy of Sciences (Project No.
KJCX2-SW-H07).

Supporting Information Available. FT-IR spectra,'H
NMR spectra, and3C and GPC curves of the PLL-g-chitosan
copolymers. This material is available free of charge via the
Internet at http://pubs.acs.org.

(25 kDa) has been considered to be the most effective synthetic

cationic gene carrier. We also make effort to investigate the
gene transfection efficiency of the copolymers by luciferase
assay (Figure 9), which is a much more sensitive method than
fluorescence intensity determination. The optimized weight ratio
is selected according to the fluorescence intensity determination
results. The highest luciferase expression level of 4.20°
RLU/mg protein is achieved by PLLsg-Chi at weight ratio

of 10 (nearly 2-folds higher than that of B-PEI). The complexes’
mediated gene transfection percents in 293T cells are shown in
Figure 10. For PLLs sg-Chi/pDNA complexes at weight ratio

of 10, the transfected cell percent is 33%, however, PLL (4.5%)
and chitosan (lower than 1.0%) just give very low or negligible
transfection yield. Lower PLL grafting ratio generally results
in gradual decrease in transfection yield. It is decreased to 20%
for PLL3 3g-Chi and only 9.5% for PL§.g5-g-Chi. We had tried

to simply refer these exciting results achieved by Rldg-

Chi to higher PLL grafting ratio. However, it seems indefinite.
Because thel, (= 10.5) of PLLe-NH; is above physiological

pH whereas the endosomal environment is acitit€, PLL
cannot facilitate endosomal escape of the polymer/pDNA
complexes. The PLL control exhibits very low GFP and
luciferase expression levels in 293T cells. A primary assumption
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