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BCEITZ-DNA ESYFRAMBEITAMAR

P, sk ®, EAET, IO, SR, xme
(PSR 2 B, TR B 210009)

WE: RLWHNE (polyethyleneimine, PEI) JE—Mt B IR 85 3% & M4 R4 KL, A SCHF PEI/DNA 52
BRI NI AT TR, H bk LV S 360 58 A 2 506 R W, B A (0T il B vh A e 5 SR
TR BN ER R R R Ry, 3BT s B0 45 AR ML T AN (IR . BeANE R B Tl B s, /E# A N7E PEI 55 DNA 1)
SAI TR U BV E O R EEAE R 7, TR T REAF A A AR R R i /B ] . PEUDNA EA YR T1
F M HATHEE N/P (38 g B hn, Hd1-T DNA (140 F IR, 75 N/P 24 8 Bl 12 BF R B A [ 4 0] B 45/,
5 FEAE R BRI AR, B TR S0 R W R AR I R ) S AR el R K VE T ). PEUDNA E &)
76 N/P 2 12 B[R 40 P A G o R S BRIt T R AL AR >, R 2R A 1Y) PEUDNA E AWt HA7— & M40 Bu % 4efie 1 .

X#2iE: PEUDNA S5 WiEd: RB4E: s EMI; BUKIEM T #E

HE S ES: R943.4 XHKARIRED: A X EHS: 0513-4870 (2009) 06-0667-07

Formation and aggregation behavior of
polyethyleneimine-DNA complexes

LU Yun, YAO Jing, ZHOU Jian-ping’, WANG Wei, DENG Zu-yuan, GUAN Li-ye
(Department of Pharmaceutics, China Pharmaceutical University, Nanjing 210009, China)

Abstract: In vitro gene delivery, polyethyleneimine (PEI) has been described as one of the most efficient
nonviral vector. Herein the formation mechanism of PEI/DNA complexes is elucidated. The transition phase
of “bead-on-string” structure in the formation of complexes was supposed to exist through spectroscopy,
electrophoresis and transmission electron microscopy (TEM) technology. The construction of PEI/DNA
complexes is related closely to the characteristics of PEI and DNA plasmid. As well as the dominant electrostatic
effects, the nonelectrostatic interactions were thought to be partially responsible for the presence of PEI/DNA
comlexes even in the high ionic strength. The surface charge of complexes particles increased with the N/P
ratio, but the absolute value of { potential was lower at the N/P ratio of 8 and 12, perhaps attributed to the use of
larger DNA plasmid. As a result, the repulsion between particles was decreased and prone to aggregate to the
structure like a clustered grape-string in the solution. Interestingly, contrast to the formation behavior of
complexes, the PEI/DNA complexes aggregated primarily due to hydrophobic interactions while electrostatic
attractions play a little role in the complexes particles aggregation in different concentrations of salt solutions.
Comparable transfection efficiency in HepG2 cells was observed for the Lipofectamine2000 and PEI/DNA
complexes at the N/P ratio of 12, and showed that larger or aggregatable complexes could transfect the cells in
some different mechanisms.

Key words: PEI/DNA complex; transition phase; aggregation; electrostatic interaction; hydrophobic interaction;
transfection

L IR 7 2 o 2 ik ke DR B IR A2 5 P 5 K00 1)

Wi F9: 2008-12-19. Wk e, fESEBRAT L S M AR, LA
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il 7R )G W% (polyethyleneimine, PEI) A {E4
— AL R 2 The AR m R Uk, BB I 40 B R B
P, AT AT Vs il A 100 T 0 T e Be i i, & DRk
R AR BEBAR BT ) A “ TR0 RAEN 7 o H BT
DNA ) {E o 75 55 AL 4 R g8 2 — AN AR H S 20 4K
Fa o ARSI 26 21 P A% A 2 e PR R A T e e
AR PR, AR, PR DAHRE T 2R
AR5 B AT, Xt R i S DR A A ok B 1 2 TN 2R
AT T A58 HhiF AR 5 37k /DNA. 45
(1) T8 AL BA e 25 kL1 I RsE AT 2 — AR
RN AU, SRS DNA H 514
R B DDA OC, JF H 3w 5 5 W ik A 1 4 B
FERNEG PRV, ARSCREAT T — RFISLK:, H5T N
PEI/DNA KL 1) 5453 R BRL T T8 105 (R 28 647
T At M 2 e 45 SRR 5, JEHEAT T WD AL R
W, BR T EAA YT ORISR B A AR A — 58 I
Je R o

MRS RA*

Ml B2KE G (PEI, 25 kD, Sigma A7),
TR SR A OLE Y pS3 KK (pDNA, ~13
kb, HI T 2R AR i B B A A 2 2 T =
Wafn4tifk), DNase I (Takara A 7]), Goldview 4eff,
AR ERERERARAA), B4
HepG2 4l ([ 25R) K 2% 24 B 2 i = 4240, Li-
pofectamine 2000 (Invitrogen 2 7).

{88 BAYGENE BG-Power 600 Hi3K{X (b
T /AT]); Zetasizer Nano ZS ¥OGHKI AL (Malvern
Zvl); H-7650 3B 5 5% (Hitachi A 7)); TU-1800 %8
Ao G BT (Ab S AT AR A IR T AT A D),
IXS51 BUARE 9¢ e AH 22 BAEE (Olympus A 7).

PEI/DNA E5WHIHI#% R RBOE & PEL %
T PBS (pH 7.4, 150 mmol-L™"), #1751 mgmL ™" ¥
il 5% W0 o B s 25 A RE B 0.1 mg-mL ™" ) PET A, JF
15 pDNA % (0.1 mgmL™") 4%—E I N/P (PEI 5
HER TS5 DNA 5 T AR SE A B R LL gl b
BIRA, WAERY 30 s 5 T =3 FCE 30 min 145
PEI/DNA & &MWL . N/P (S A X k.

N/P = 7.55x [ee

Mpna
e mpp 718 PEL IR, mpna 76715 DNA i =100,
LHMNMESLIE 14 PE/DNA E AW (PBS,
pH 7.4), N/P Lbf5] 4354 05 0.2 0.5, 0.8 1.0, 1.2,
1.5, 2.0, 2.5, 3.0, 3.5. 4.0, 5.0. 6.0, 8.0 #110.0,

BRI WOE O S (3000 rmin”', 5 min), FI£E4M)
FEHFEVLE 260 nm YK AR 2 7 I 25 DNA 1)
WA S REAT 2 AR IEMY, V5T DNA & 88 R
KT RAR T T8 (%), DX ESFE (%)
) N/P LA B

IS8 (%) =Wl Wy x 100% (Ferdh W, A
N/P = 0 VW & DNA &, W, Al N/P EL 4
T E3EWT A DNA ).

ALKBRFESRIE )4 PE/DNA B &YW (PBS,
pH 7.4), N/P LL@l 43514 0. 0.5, 1.0, 1.5, 2.0, 2.5,
3.0 F1 4.0, BFEMEEL G (3000 rmin', 5 min),
U 15 uL T 0.8%E IR BEEE (& Goldview™ %
) PEEHT RS . FR 90 V, FLYKI [F] 80 min,
TERAMT I I AL

PEI/DNA E 515N RS

FE BT (TEM) WEEAYANI KB el
#il") PEUDNA &5 VW HRE 5 6%, IR 2 10
pL 2 E, H 1% BB SR 1 4% 1 min, FpFEan
5 TOE N R TS, I Lk 80 kV.

A JCHUG (DLS) e kL 42 F1HL bk ' 0
(ELS) WM& ¢ AL BUBH LR HIf) PE/DNA £ 454
B 100 puL, H PBS W (pH 7.4, BT 150
mmol-L™") FBE 1 mL, i FIBO6R AT & kit
A AT

BTREMESWEAREN ¥ PEI #HHL
EARTRIR B 1) NaCl iR &, AV 16 29 7k 2
39128 015, 034 0.5+ 1 f12 mol-L™'. ZEAFAAFEN
PN —E & DNA, % N/P L5k 3. 8 Hl
12 (EEYIFES, BEATRINNE, VS i 2
DNA AN 40 8 &

BTEENESYRETAMEZME  Hls NP
8 MIEGIH (R 100 uL), REE 0 51k
53 5 42 50,150 A1 300 mmol-L™" 45 3 M4, T
0. 0.5\ 1. 2. 4 F124 h I —4FES (—dRE S
G Bk 3 ANEYE IR Z G PR, B0
(3000 rmin"', 5 min) U EIEH 90 uL, 4 leE b
BRI R 10 uL FE &P NN R (10
mg-mL™") 20 pL, ##JE 5 min J& /KR 4 200 pL, +
FEURECE 2 h JEEL (10 000 rmin”', 5 min) JEREAT
EAMNNE o

RO RN K HepG2 41 i | DMEM ki 572
FAE T VERE SR, WYL 24 h, B0 B0 KW HepG2
S FERD T 24 FUBR, AEAFC T 40 ik 208 80%~
90%. FEYLTT 4 h, BN TG ML TE XU ) Rk
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W E . BECHEILE Y PEI/DNA E-5 YW (N/P h 0.
3. 8. 12) FHBHPEX MW (Lipofectamine 2000-
DNA Z4&Y) #ismA&fLt, T 37 C. 5%
COL M NI A 5% 6 h, AT ML JTOR P RS FRIE,
ARLLEEFE 48 h, G AT O REAT AN, W SR AR
P EMA (GFP) HIKIEE M.

FitFE W AW KRR E T E SN
(ANOVA), FrH#f>4 SPSS16.0.

o
1 PEI/DNA E &I RS2 R SM N E

WKl 1 s, PEI (25 kD) REA 21 E & DNA,
b5 PEL BN, 5 i 25 DNA [ i
BEAG, 4 N/P LLBIBEINE] 3 1, i b a4 i 2
DNA HIX & B 4B F 3%A 47, N/P =3 B8R
GRS, 2 N/P KT 3 B, DNA A}
H o UG YRR 5%LL R
2 EERT ERKPE E RIS

AN[E] N/P HEH 1) PEI/DNA & 440 (1) i e BEL T FE,
AR 2 Bios. BidE N/P LB, BSEm
DNA 47 W R R B ke b, > N/P 38 s
2.0~2.5 i, DNA C#BHAEREIR EREFLBT I &
o N/P LU % 3 IF, DNA & Coe ik, i
BN DNA O PEL “se @8 o037 .
3 PEI/DNA E8YIREST B ENE

Wl 3 i, PEUDNA EAYEEN HE 5
PURBRIEBRLIR . 7 PBS W, 24 N/P 5T 1 1Y,
DNA 85 B R B BeAi A1), RN SR AE 850U 125
) DNA (B 3A). 4 N/P 344 3 i, FrEiZ ey
ki oedE Hr e (B 3B), KK/ R 100~200 nm,
BNGEWRML R LiR, SR AL (8 3D).
IN/P AT 12 B, K2Rl R4 FERAEL ),

110 110

100 '\E 100

X 90f \iﬂ 90
= sor 80
3 [ 70
é 70
<Z: 60 60
5 50f 50
2 40 40
5 30f 30
[
&2 oot 20

10F 10

0 -3 —8—3 ] 0
01 2 3 4 5 6 7 8 9 10 11
N/P ratio

Figure 1
by spectroscopy (n = 3)

Characterization of PEI-DNA complexes determined

btz 1 um (K 3C),
4 PEI/DNA E&4#7 DLS #1 ELS M E

R EVWRAE T R E S E S B T A,
giRnE 4 FIK 1 Pios. £ NP A3, BEVH
SRR RN (135.4 nm), {HILE O D& KR T
AL (I 2 4 432.1 nm). BEFF N/P EL@I 84 I, Fi
TR E IR, 24 N/P =12 I, BEVKIR T
M1 pm Aidi o )N DLS HAHGHMZE (K] 4B) thibn] W
FKAURL AR B FIRL 728 42 . PEUDNA B85 ¢
AR PEI HERRNE 292 mV &2 LIS
+2.5mV.
5 ETFIREX PEI/DNA E4ME S SIZMEMN

— A K, PEI Il DNA P& 3 i i e 4 1 )y 4%
s fH13 DNA MBRA 2R T FE 85 R 150 0 Bk T 52
G AETF R AR BE &L (40 NaCl) v LLfy
BEIIRP)E T5m 5, T AN [R) R B B e A 3 < R 1 i v
VB, BEMAEST PEI 5 DNA W& 2 A E ST N .
ANTR) B 75 1R SRV TN PEI/DNA -5 W1 U 5%
Wb 5 Fios, B FRELE 03 mol L' LAR, BA&Y)
(PITE LA SZ ERI LI 520, N/P = 3~ 12 B
HHE I DNA S AAE 5% o 293 T 538 0
£ 0.5 mol- L™ LA &, ¥ 37 25 DNA 75 I i 1%
%, B TIRERIA 2 mol'L™', DNA T4 524k Tt

Table 1 Properties of PEI/DNA complexes

::t/iI:) siz/::e/a:m Peak 1 Peak 2 Poteé;ltial
1 215.0 215 (100%)" - —292+3.6

3 1354 103.9(90.4%)"  432.1 (9.6%)" —24.8+4.1

8 631.8  631.8 (100%)" - —6.9+3.4
12 960.6  960.6 (100%)" - 25+22

"The value in the parentheses represented the percent of particle
number at peak 1 or peak 2. n=3

Figure 2 Agarose gel electrophoresis retardation assay for
PEI/DNA complexes. 1-8: N/P ratio was 0, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0, 4.0, respectively
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Figure 3 TEM of PEI/DNA complexes. A: N/P =1 (bar was 500 nm); B: N/P = 3 (bar was 1.0 um); C: N/P = 12 (bar was 1.0 um); D:

N/P = 3 (bar was 100 nm)
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Qeecfode
10 000 000

10 1000 100 000

Time/ pus

Figure 4 Measurement of particle size of PEI/DNA complexes by dynamic light scattering (DLS). A: Number-weighted size distribution

of PEI/DNA complexes presented in PBS buffer; B: DLS correlogram of PEI/DNA complexes with different N/P ratio.

was 1, 3, 8, 12, respectively

6 BETIREX PEI/DNA EAYIBEITHNEM
PEI/DNA EGWIEw W U2 & hws) &
BHRE ., HTEEWIIN R 3 22 55
YEF D) SIS, iy B b 52 S ks 1 3R i A —
W, fERGYIERE, AWk 12 8 n] fg ol
kAR TG DR IR AR . BT L B GR, ASGE
ok A AT G WM B T R R A AT A R K
o I EREAT Ao 45 B W7 PEI/DNA E48% (N/P = 8)
oL, 715%LL LI DNAHSEAE TREW (Bo)E
AIYLHE) W, ABASTH B TR EE (504150 A1 300 mmol-L™")

1—4: N/P ratio

BN B AR E LR E B E 2R (P >
0.05), it R ARE AL (B 6). B AIEREY
(UL%E) F1 DNA 5 i 2 FIHE 100%.
7 YHAEEES

TE 29 6 8 B WA N Al W DNA JFURL BT R ik 1)
GFP, 4IfuiE s Rl 7 pios, Mid N/P LB
B4 n, PE/DNA 569 1) 2% 5 % 6 3R 1A 1t 32 W 1
I, AH N/P LGRS (3 F1 8), 1 RIA H UK,
ME Y NP LB E 12 i, 5t kitES
FHME X B4 (Lipofectamine 2000) #HiT o
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©z20.15 mol-L'!

—m—0.15 mol L’
0.3 mol-L! —A— 0.3 mol-L!
B0.5 mol L —o— 0.5 mol L
110 UZA1 mol L —*— | mol' L 110
SN2 mol-L! —— 2 mol L
100 ::;—ﬁc;\\\\f~§ . 100
e 9| * % N oo
<
=R ™~ 80
[5) '3
g 70 + % 70
260 60
& 50 50
“é’ 40 40
g 30f \ 30
) § 20
10 — 10
0 3 8 12 0
N/P ratio

Figure 5 Effect of different salt concentration on the formation
of PEI/DNA complexes at N/P =3, 8, 12. n =3, all RSD values
were lower than 5%

—m— 50 mmol L'
—e— 150 mmol-L!

100 ¢ -1
—A— 300 mmol-L

90 ¢ Aggregation
X [ S —— —
; 80 .,;Lﬁ\_;l
5 70
Q
5 60
o
< 50t
Z
2 40t
2
§ 30F
&2 20t =5 § =

Supernatant
10+
0
-1 0 1 2 3 4 21 22 23 24
Time/ h

Figure 6 The time course of the concentration of DNA
remaining in supernatant and aggregation at the different salt
concentrations. N/P ratio of PEI/DNA complexes was 8. n=3,

all RSD values were lower than 5%

(D)

Figure 7 Comparison of GFP expression in HepG2 cells 48h after transfection with PEI/DNA complexes and Lipofectamine 2000.
PEI/DNA complexes were formed at the N/P ratio: 3 (A), 8 (B), 12 (C) and Lipofectamine/DNA complexes were prepared with the
protocol of Invitrogen (D). The naked DNA plasmid group was not observed any green fluorescence expression under the fluorescence

microscopy

HRAE S AN 45 R, A3 N/P=3 J& PEI 742 5
£ DNA LB, 5 SCRRIRIEIIE (N/P =2~2.5) 14
il o NHLAr TP AR A BE A0 BT, 24 DNA 43 7P i
T gl FE] 89%~90%LL L i, DNA #5g & 4 &10,
76 PBS ¥ H (pH 7.4, 150 mmol-L™"), PEI 454 rh fig
Ji A B I AT 15%~20%"%17 DNA Fp i RAR 1)
SEAT LURES, 451 N/P = 3 75, Wb R 111
AT A DNA Hfaf A 45%~60%, X5 3CHk
FE LI 90% A7 — & 2 BH o {H H1 T ST R A 2 A8 H /2
TRENE PR AT 3RS, AR T 2 R

PEI, S5 4 DNA [HLH] S STk BT Be A BT IX i,
PEI 1] fEANTE H 584 (5] 90%) H R DNA (1§ L fi 5 ]
LA DNA M 25 (10 75 B2 AR e 22 Sy BRotRop 1181,
TG SN 2 ok i 2 N/P LA T 0~
1, W A 15% DNA #i 24, (HELFI4E 1~3
FEWTY) DNA 5 i UG 85% K% 2 5%LL o #iR
PESCERIRIE , 24 DNA )43 1 iU BRI, DNA 753
W b AT ORI 2 BT AR T A LR PR
HBL PR “Eayn” , SHBER SRR (beads-
on-string) R AL 10 Z 4SS R T TEM 45 311
UESE (] 3A). BRI FL bk BHLE 52 56 1) 45 Rt 5 ik &



© 672 ¢ Zj27 244 Acta Pharmaceutica Sinica 2009, 44 (6): 667—673

WAHTRF. £ HIn%& M T, PEUDNA & &Y R
Tt e v 10 PRI RS E T A7 g A R 2 ) RS 3 [
oY, R A E A, W A K DNA (W
BRIk DNA 254 FiF 1) DNA A7, HLukEER
R —H 2] EAEALERAT — € 1) DNA 45l 2 N/P =
2.5 Itf, BRI h i S DNA & & O 7%, DNA
HEBL 40 R4y BUK Z 400 DNA O 4, nl BLZS
B REHY DNA Fr B IRA B o H T St IR Bl ot e 114
LA — A 50~200 nm®Y, 2 AWk 7 HIZE 200 nm
PL b (2 W, DLS Wl € 7K A RARAR), Wbk B
FEFLIHIE . 24 N/P JF4 3.0 LL_EI, DNA 2> 74% B
To 5 YRLEE A AT B, DNA SE40 58 A Ko

MNE GRS, 4 N/P WY 3 1,
AR DNA TG HI I 2 AR i 408 BORORER, (H
T DNA 173 T FER K (29 12 kb), 15 40%~55%
(1) FELAT A R, A ORI SR I — 5 1R 4l
PE (Z1-25 mV), BEIRRORL T 47 ey i 22 10 A0 B
e, DhRedEfr— o PRI 2 BOIRASRY, Bl PEI
Paks A, IEF ¢ PEI AT 4k &2 7E PEI/DNA K&
VI IH, JE— R H R I gy, SR AR T b
IEH. (HN/P Oy 12 I, KEHMAERA+2.5mV, A
& LUK ORE 2 (0] 1) SR AR A L, R R A LG
N/P=3 [N SR EEFE FE s ifiy 50K o 7328 S FLAE N ml DL AR
AR 45 00 52 5 )i Y 3] 56 S G kL 1 I T Jad
HEAMRLANH (K 3D). 2 N/P LHlEE 12
W, A2 18] BT Z 2 68 1) R AR T A 2R
SERHE A R RESE R (K 3C). 9482 N/P ELAI AN 1 3
120 (BT N/P=3), DLS I AKX #h<k (& 4B)
(A o AT 36 v AR A, MG R I FE 467 107 ps
A ATY HH IR 2, 2 B JLG ISP T A A RORE - BORE 1 1]
KA RSP,

MR SCR® P, M MEE (0 NaCl) ik
N 0.5~1 mol-L™" A, AT LUK KRR JBE 9 S 4 A FEL )2,
SE4: DRk PEL FI DNA [R5 1H HLfaf, B b P 3 3l il
e (e T S TIE N OIS/ v s R
PEI/DNA & & Wi S MR A SO s i iy 45 51, VA
FrELAE D8R PE/DNA R S L ZAEH )

(FEA T 300 mmol-L™" ) 25 794 B IHZ R4 FH AR B i22),

{HLE PEI #1 DNA ¥ Ho A 4 58 A bR fS (Qn s 1 B
1 mol-L™" i), {35845 # 4 (f) PEUDNA & A5W{7AE
(N/P = 12 WIHW AT 25% DNA AT BRIRAS),
Vi LI DNA I PEIL i A G LLICAh AR & f A H D i
RAEL, X5 Chen 26 *HE (1) DNA 5BH &1
REW 2 0] BeATAE A SV E D 45 e A AL

SEWI G, RESEYRMIRREEA —
SEHLA, (HARSCI A R WY N/P LUl oK+ 3 1, &
THI PR FEL AT AN A2 DAY 8 25 0 R 1 8] 09 e D0 2 K
HREE, HEY (NP = 8) BET AN BIR,
RERBEE R M KM A (A 75% 3652
82%) o fHTE— i [H N A A & 3k EE (50, 150 F
300 mmol-L™") X PEI/DNA E&WIHIEREST NI%
WG 75 e, RUTEESWILEG, KBS Yk
TR E SR MA ZH A ), Ml R k7
IR B KA M AR SCHEIBE S PET AR,
DNA 75 DAY R0 J 45 44 1) 23 7% 2 1) 10 102 (n
SRR AR A]) M s, A T —ASB K
H——PEUDNA & &Ykl 2020 5 &Mk 1 78
i = 20 1R R A R S () S5 R DR AP I, KA B B R
AL A5 g ZKRL - 8] 3ok 558 7K 1 F 0 i 2R AR AE — 2 LA
A /N5 KA B ki R, T AR R EERL T, iR
REAT A B R SR G I — P k3R
i/

R DNA 755 Je ik F2 b JGvE 0 N 40 i ) 2 B A% R
FiE sl APl % ) PEVDNA E & Yb#E N/P
LA PR3 o, G R A B TG I, 24 N/P = 12 1,
FURE U 5 BB IR DA AR 4 . 24 N/P BRI (n
N/P = 3), PEI X DNA WY H KR, &SR
fiff. RNA S5 5 LTI, nl A2 bl o 4 PE AR SRR
B DNA kg, Y PRI W g — @ fE
CUR A IE AT, FF PEL 77l LVEE S
B 7E 7 HU R DNA AW IR At . A SCiik
(27, 28150 2 A K B0 A Wb T A8 B I 5 e i R,
RV R R W RENE SRR T BA —%
(40 M e RE T o /NRLT DR AT B2 B TR E 99,
BT RRL T (1 pm Z2A47) I A] AE 3 i TR AR
FH 5 4 M 2 1 A A, I Bt A0 B R R Y,
T U v Be g, WM A WA — e Ju [ W At
7 B AR Ak I (] o] DA S e (i R K
%)

ARSI — RV LR WA 5 T PEL
DNA 5 &Y A B 54 W) kL1 58 82 46 A1 DGy
P, I 55 AH NI SE 0 25 S 525 W T BB LR &2 A
YIZREEAT NHEAT T L B HR 1, I = A HIA
T PRACE BT CREAR I H AL 4% 5B AW B R
HURL 7 JEAEAT N B VIR 5% o £ R AW e 72 P B
Ty 3 M AT ) AR AR BT BT D R 1 Al
a4 01, 1 BB G RUGTE S S 5 o R A,
AR KR )& 25 AFH . PEU/DNA 1
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