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Recent Progress in pH-Sensitive Gene Carriers
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Abstract Gene therapy shows promise as a potentially revolutionizing strategy for treatment of many genetically-related
diseases, such as cancer. However, the lack of safe and effective gene delivery carriers (or vectors) has become a bottleneck
in its basic research and clinical application. Generally, gene delivery carriers can be divided into viral and non-viral ones.
Although non-viral gene delivery carriers can offer some advantages such as safety and facile fabrication, they don’t possess
the same high gene delivery efficiency as viral gene delivery carriers do, due to lack of functionality to overcome many in-
tracellular gene-delivery obstacles. Currently, many kinds of “smart” non-viral gene-delivery carriers have been developed in
order to realize efficient gene-delivery, since such carriers can undergo physical or chemical reactions in response to changes
in pH, oxidative state, or enzymatic activity. As these stimuli or cues may be specific to a biological site, tissue, or condition,
it may facilitate the release of the nucleic acid cargo at the desired site in an efficient manner. Among all these stim-
uli-responsive carriers, pH-responsive one has attracted major attention and great impetus has been directed towards utilizing
the subtle yet significant change in pH value within the cellular compartments. In this review, we give an overview of
pH-sensitive lipids and polymers which have been designed and developed in recent years, with focus on their structural fea-
tures and consequent functional attributes to achieve efficient transfection. The underlying modes of actions relating to struc-
ture and differential pH environment have also been discussed. It is worthy to note that despite many pH-sensitive carriers
have shown success in vitro and a few in vivo, none have entered clinical phase for their transfection activity is still insuffi-
cient. To develop more efficient gene delivery carriers, the exact mechanisms of how these pH-sensitive carriers overcome
each intracellular obstacle, as well as some concepts such as “proton sponge”, have to be maken more clear or verified fur-
ther.

Keywords gene therapy; gene delivery; nonviral gene carrier; pH-sensitive lipids; pH-sensitive polymers
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PESAE R ASRH B 1 117 PLH 76 AR pH (8 R, 7T LL
7SS, R DL PN, Midoux /N OB
MHAR G E T REVE 7, a)ffE b FE K dfk.
A AT SEFE AT A B L& I A e s L R, 4L R
&MY PLL 4% 5 DNA 285 14 R0 L Je 5 PP 40 .
BT E R -L- A & 46 N 2] PEG 1 PLL 2 [1], 14
FIRE W PEG-CH K g, 115156 B8 e 30 va 97 204,
LLIATT it 2470,

BE 5, B9 Ok BLOK &M JF N F| PLL B H
PLH-g-PLL 1, JREHE & L RL IR T
S B R A A A A PR R TR, T R AR IR SR S A
AL R4, A& PLH L2050 A BOW I R
PERE, Vb T —RIVREME 7, b~d)*PL L&Y b
(N-acetyl-PLH-g-PLL)& — MR EE S Y), 1 293T 41/
PRI 82 213 R B e ORI B b s T PLL, JlZfEfY PLH
(e)FIFR AL [ PLH (CM-PLH, d)t832 315G, ¥ il 5
BRI, BBEY) ¢ 46 pH 6.0 I [RVIILIE Mzt 2 7 1 pH
7.0 B, U HILE AR pH YL, AR PLH BSSRA 1 A
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AR, AN, 76 HeG2 41 R Pl g2 B LA Y
T PLL, I H &AW R rite. KB &
A9 d 2 PEU/DNA —JuH A%, 15211 CM-PLH/PEV/
DNA —JoH YR KFRIL M ZIE PE/DNA [ 300 f%.
XA TS s R R IR T E A S s R A
[ AERE SRR AT pH U 412 R AE kA& pH Y5
PN RO IR

Wang NG R T —JSH ) pH USRS
(B 7, o). XEEWH —misE, nTRFIi B, mAs
R, MZA—RM gk, nTLi5 pDNA Fl siRNA
RENEE. BTG R, EiR)EH
HAFR) pK,, AW e HA R e )7 LA A
1, IF HICAE i 2 R A H BE AR e A7 e, AHHERR 2]
A4,
223 JEaASRERESY

JE R Ak GALA 2547 30 MR IERRILILN) pH
PR MEIR B, MR- WA - R R - N =R
(EALA)EA & HH IR — A2 2R A — A O R
R AR pH {E I, GALA R B2 e &k, 7
R ML AR B RCR . A T B B R 1R Ak i R
45, Sasaki ZECIFR TR AN THK RS, FoANZIEE
=YK 35 (MEND). MEND (H—M4ii () DNA 44K
WUk FI1 T (transferrin).  Cholesterol-GALA (Cho-GALA)
5% PEG-GALA &1 g B0 S 20 fi%. £ TE-MEND 1
5|\ Chol-GALA 8¢ PEG-GALA J&, $& 7T 10 £ (14
Pei#e. A Chol-GALA fg5 B BAH BLAE FH i A
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Figure 7 Histidinylated polymeric vectors

HAEE, 117 PEG-GALA RE%FIE WA, IR LA
Hatakeyama 52 ff] GALA &1/ PPD-MEND 1F 4y siRNA
ARG, RIMIMAN LGSR W], H GALA F1 PPD
JLRMEA ) MEND A5 F - 40K B0k M P i A o 2k i,
MIMTHER T siRNA [F118 8GR L R PTER AR, Khalil
26530 Y GALA &4 R&-MEND, >4 R8-MEND J&- it 1
fiAZ Lo, R8-GALA-MEND  7E I Hf f 2k IR e ik 250 %
AR

KALA &P P& 7 B A ik, HES ol
TR-NE IR ZR-TNEIR. 1 pH M 7.0 FFZF] 5.0 i,
KALA KA, DR pH PSRV a-BR e 451
FIANHR ) () 2k P 25 K9 %5 3% . Shaheen 2554 R8-T-MEND
EEWP 5N KALA, 153 29K Mk RS/KALA-T-
MEND 7& TAWS 11 HH[f 4 SE R IA T & T3 20 £, i@
28 6 o M S R ST B AR —PLUS. 45 4y O £
M4t () pDNA I, 7E4F SR FE(SINFEK L)AL 7 1 &
MPCSEI S, 1l T-MEND Fl PULS A X RIS
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R8/KALA-T-MEND {F A & 1 3 A H A3 9% 46 (1) H 3%
Choi 25¥ 3112 DhBE siRNA 30K R 40t Jsi ik — %
BIERE) 6PEG-siRNA 55 41 i 77 I Ik (Hph 1) A1 cl-KALA
FHZ5 4. Hphl BESE b KRk (38 1) P, cl-KALA lijnf
DA B siRNA M4k, 6-PEG-siRNA-Hphl/cl-
KALA 7& MDA-MB-435 4il i 5 $1 I H 2401 GFP (4%
TSGR N IERI TSR,

JeeE G T 9 ¥ R B T 7 A 1) S B e R A DG 1)
PUR(TAAs)IZ % BSR40 f(DCs)Hr. b, BAH
SIS S B TAA gafih ) DNA 3% mRNA i2i%%] DCs
VE R —Rh N PETEPUEOR R IE TAA. MR RAARIR R &
VI pH BUR I IS R -GS, W SucPG(A 8, a)
A MGIuPG( 8, b), fERRMESAT N REF = A Biml & hE .
K pH BUBER W] & L i v] LAk DC2.4 4hi i |
[ T8 R Z AR, JEREE R AW pH BUSE I3,
PR TERE 2 s, XSS pH BUR MRS R A
FHEGF— 2675 WAk iR 7], 75 DC2.4 4il i HA7 BE 5 1)
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e Y3136
224 TSI R MR B AR

Vg L 7K P P A P i B L S K P T 3 2R PR A
HAE A pH BBURK R S DR A4 —Fiop IR e T E S . pHL Lk
A e B i T 14 PR AT 1R 35 D DR SR A R g K P R S K
PRSP 47 1R 5O A AR AR R AR n, R T 0 1R R
(MMA) 5 FEE AR (MAc 58 MAA)EE# 5 L P
% — 5 5k R (DMAEMA) 45 45 BT A3 1 LR Y. MMA
SERIKIAT, MAc FI DMAEMA & 357K 367 MAc 7 &
pH R DRI IR 5 [T 1 2 ot -4k i A8 14 58 B ik v, i
RIRIE TR, Wi T Rk, Rk, A
R AEAERRIE I pK, (EIGHI A, BP pH {E7E 4.5~5.5
2 1), LY MMA-DMAEMA U 5z, ZE4% pH AR I A
JE A AT K, B 2 R 1) 2 A HAy
BRKPE. IXEEIRE G TR AU AR R A ARYE pH 1)
Ak, WEINEYINL, EHEEATA P DNA L. Fel-
ber 25PN A R pH BUB 5 YK ikl PICMs
J£ ¥ PEG-b-P(PrMA-co-MAA)5 PAMAM LR F]. %
YRR BEAR AP AL T b, eSS IR PES1F T REM
Pi5E, B PAMAM/SIRNA. = H1JE 3 Sop M1 FF RS P4 0
BRI ILER ] LU SRig 8 siRNA. 78 IR R, KB
TURBN, TMC-MAA-siRNA &5 YIZIKAT MAA B4
YIRS AR, SRR B, 73 4 h J51E
1.929 41l il 25 P9 A5 E14M7H] 47%F) RhoA mRNA F6ik0%,
Nouri 2157 7 DMAEMA 5 PEI 7] A [A] [ 165 322 %
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FEDRAL I 5200, £F HEK 293T 40 28 Fp i) ik DRI s e sz
W RIN, (Em AW IE N, DMAEMA-g-PEI (#1545 )i bk
AN AR R Z I DMAEMA-g-PEI[88%)]
& B A R N2 3 K. Convertine 2% OV 8 11 (1)
SiRNA A Y AK40 & DMAEMA RN AR (PAA).
ATTE R T — &5 PAA HUSAHIKIRk BLREY). H
W, 11 48% BMA, 29% PAA F123% DMAEMA 40 .11
ZICER AW AT BT IR M B 5 AT R siRNA 38 4.

Stayton Z5ECUIRIFFTR A, — 0 I D 9 R e R i A
HA pH 8RR ASTE e P T, a0 2 T8 4% 1R IR
(PMAA). EHAFR LER(PEAA). AMTRINES(PPAA)
FUERRIGIR | HR(PBAA). IXUBAbAM (1% A pH 8
SR T LI R B K o B A B SR R, G
— AN, WEIPERE . T PPAA 54 L IRIRIL 4]
REE 0 11k, BURIL S sk R IL RS, sefE—A
FREE I pH A R P R 5 ST K 1) i K P A
PPAA FIifEE T DNA 7RI LB R0%. A
PG X 7L R IR BAR R 4G, a1 PDSA(ILRE
H i N M R R, pyridyl disulfide acrylate),
Poly(EAA-co-BA-co-PDSA) F1  Poly(PAA-co-BA-co-
PDSA) (9, a), IXEEIREW)FRINH T 1R (1) pH M 8

FIRE A Fa e B2,

v 203
(@]
HO._O 0Oy O > 2
N

my\j “0-p

(6]

-

O
z 0 LT
o N H
K/\sf SO :
Poly(PAA-co-BA-co-PDSA)

NS
a b

\
PMPC-PDPA

B9 IR B A R ik
Figure 9 Poly(alkyl acrylate) vectors

Armes “FBIE 1 IR B R Y PMPC-PDPA
(poly(2-(methacryloyloxy)-ethyl-phosphorylcholine)-co-
poly[2-(diisopropylamino)-ethyl methacrylate], & 9, b){E
A8 pH TR E M, A4E pH 5~6 JulH K
PDPA _EIRBURE J5T 74 T R G A A, RSl e it i 21,
S R, Lomas 25°YJF 5% T PMPC,,-PDPA,, Jt
W) L PDPA [REEIR 73 B 456 pDNA R 52 (m
=25, n=70~160). R4 -HHDHTIEL PDPA ik BLEE
IR EL G INAE 5t 5~ A KRR n, (H55 pDNA &5 fbi
) AT WA R O B ik — 20 SIEEG SR WA i P10 BB Y
pDNA 7325 HBLAE PMPCyps-PDPA7g. PMPC,s-PDPA, All
PMPC,5-PDPA 5 .
225 MBTREY

T PR e L W 0 o) R R R TS PR) SRS i e B
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THRIBHE TR EDE BB —FhT 71 pH BUKE ik &
45, Mignet 25O i 1815 B B 7 ABH B 1 Le s, wf
PUIF R AL &7 DNA IR & ik, HAE pH 5.5~6.0
I 73 B MRl & . ik v BLAE vk in AN DOPE 8l 3
CHEMS. fli& e hn =252 8 DOPE KM T {514k
TE4ik, fRHE T X2 B A % 0 /S M AR 7E . CHEMS
AR AT B, BERRE BUZ S5 K, T ERR M T4k,
PR TR
23 FEERBITEM

eS8 M (chitosan, CS)EAH LWL, A=Wyl Bfi
PERVIC A, (H I B s R b e ) S 8T A
PR, R, H5e B pH UL B ke g in H
P RE T L YR R LK pH B HSE A Ik
e, %4> EL PED AT LA IR®). Chang 2517176 5%
TR S I NIDRIRIE LA, DA n4n B i T T pH 2%
MRET). R, A0 M EEIUR A W, I
LK =5 SRR B 2R Re 0 K K HE s T H SR )
FIKRHK. Ghosn MK M 2, TR (TAA) TN B 58 5B
o, I TAA-CS A PRERPUER. &k 5, PEG-
TAA-CS/siRNA &AW 5 Hb g /b 7 il R FE A Py 10 H
TS -3-E IR i B (DAPDH. ). I 1,1'-30E kM4
R S IEEN PEL (1.8 kDa)hl & 73 3|
CS-graft-PEI™, 75 = Bl i 41 i 5 (10 52 560 45 SR 0,
CS-graft-PEI 1)K 14 YL 2045 = 1 PEI (25 kDa), HHAT
RFE. B/ NRUPYESE CCL22 FE(H] CS-graft-PEI iz
BOJE, AR B R Jere 25N H T2 %
PR Aktl FERIF siRNA E] A549 4, JUER4H )
Aktl FEDRL 25 SR, B G I e 4 110 184 G
B, JFH AS49 5 i 8 4 M 1 % 4%t K i/

CH,OH H,OH - [CH,OH
Q Q o
Nl (OH OH Y o
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Figure 10 Chitosan derivatives
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Dehousse 25PN MAA L2 5] TMC/siRNA E -5
Sk VSRR . MAA/TMC/siRNA & -4 Re g i gy
1929 4l e, I H3mH] RhoA siRNA [Pk,

3 BEMRE

pH SBUR AR BRI A, I pH BBUR AR BN pH
BRUBCR Y, AR IR ST A D) RERE 1, RERE N TT
FATRUCI RN AT B A R 28R T P . 302 pH RRURK
JiEJ5, pH IBUBCR S RAT SR N o g & K%, S5Rm]
PR R, WAL 2 A, e RRE L T H
SEAE A — BB X L A2 B TR, 7 SRR R SR AN
i A< 2 FEY AT 3K P o AT BB AR (K09 . 240U R 1
WETURE 2> B R AEBETE 5 T UK BRI T 40 F 5 8 4
IR 0GR A 5 1T, LRI o B DA I L 6 DA 3 A,
T W1 pH U 5 e G eR Z IR IR R

1EE R

Berih, 1973 S, W E, 3T RS TR T IR 8K,
A FIR. 2000 4 ~2005 FAHIT KRFHRFM LS
1%, 2010 £ ~2011 S EZRANH M RF AN EEFTES
MF pH A B BARGG3H SRAFLBEBRAR. 55
A Journal of Molecular Catalysis A: Chemical, Journal of Col-
loid and Interface Science, Journal of Organometallic Chemistry
FRELERALT A

YAk, %o, 1986 Sk, AT REFMEHRTAE, NFN)FH
RNA # AR 69 & 5% B A B .

WA, &, 1976 F 4, #i KRF TR TF TSR,
INF AL e 5T 89 AL B AT A

A2, 5§, 1973 F4&, L KFTIHRELS RS HIR,
INFF LT e 5T 89 S AT R

FH A, &, 1976 A, BT RFTRELLRAIT, A
FmitEHFHR.
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