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bstract

N-Isopropylacrylamide and allylamine copolymers (PNIALM) were prepared by radical polymerization method. To endow them with arginine-
ike cell membrane penetrating function, the aminos in PNIALMs were transformed to guanidinium groups by chemical modification. The formation
nd guanidinylation PNIALM were confirmed by NMR; the composition of copolymers and the degree of substitution of guanidino in modified
opolymer (PNIALM-G) were estimated as well. The electrophoretic assay revealed that PNIALM-G was capable of condensing DNA in spite of

ower binding affinity compared to its parent copolymers. The results of particle size analyzer and TEM indicated that at higher copolymer/DNA
eight ratios, the copolymer/DNA complexes were condensed to nanoparticles. PNIALM-G1-3 was shown to be very efficient in mediating plasmid
NA transfection to COS-1 cells both in the presence and absence of serum, even superior to PEI.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In gene delivery systems, amine-carrying cationic nonviral
ectors such as PAMAM dendrimer (Kono et al., 2005), chi-
osan (Liu et al., 2003), PEI (Weiss et al., 2006), polypeptide
Emi et al., 1997) and amino-modified nanotube (Pantarotto et
l., 2004), have been extensively investigated in the past decade.
common feature of these vectors is that the protonated aminos

re able to effectively condense DNA into narrow globular or
oroidal chambers, thereby protecting gene from enzyme degra-
ation. However, their applications have been greatly hindered
y low transfection efficiency or high cytotoxicity (Forrest et
l., 2005; Boussif et al., 1999). Recently, arginine-rich peptides
nd oligoarginines were reportedly shown to facilitate the cellu-
ar internalization of DNA and proteins though the mechanism
nderlying is still not very clear (van Rossenberg et al., 2004;
udolph et al., 2003). Nonetheless, it has been widely evidenced
hat guanidinium group in arginine peptides plays an important
ole in cell penetrating function (Vives, 2003; Futaki, 2005).
ehn and co-workers summarized several features of guani-
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inium group, among which the interesting two are: (1) highly
asic, insensitive to pH variations; (2) possible hydrogen bond-
ng with DNA phosphate anions provides additional strength
Aissaoui et al., 2003). More recently, an attempt has been made
o incorporate guanidinium group to synthetic polymer (Funhoff
t al., 2004), cationic lipids (Sen and Chaudhuri, 2005) and natu-
al products (Luedtke et al., 2003) to improve cellular uptake and
ltimate transfection level. Due to the simplicity and flexibility
f converting amines to guanidinium group in chemistry, it is a
acile route to endow common polymer vectors bearing amines
ith transmembrane function by guanidinylation modification.
Previously, our group reported a thermoresponsive chitosan/

-isopropylacrylamide-vinyl laurate copolymer vector which
as capable of tuning DNA packing and unpacking by vary-

ng dehydration and rehydration of macromolecular chains at
temperature above or below the critical solution tempera-

ure (LCST) of PNIPAAm (Sun et al., 2005). But the trans-
ection efficiency was less satisfied presumably due to the
imited transfection ability of chitosan. Enlightened by the
niqueness of guanidinium group in gene delivery, we synthe-

ized a temperature sensitive NIPAAm-allylamine copolymer
here part of allymine moieties were transformed to guani-
inium group. It was anticipated that guanidine-containing
opolymer vectors could increase the transfection efficiency.

mailto:wgliu@tju.edu.cn
dx.doi.org/10.1016/j.ijpharm.2006.09.009
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erein, we reported the preliminary results of guanidinylated
llylamine-N-isopropylacrylamide copolymer-mediated trans-
ection of luciferase reporter gene into COS-1 cells.

. Materials and methods

.1. Materials

N-Isoacrylpropylamide (NIPAAm, Aldrich Co.) was puri-
ed by recrystallization in hexane and dried in vacuo at
5 ◦C. Allylamine (≥99%) was supplied by Aldrich Co. The
nitiator ammonium persulfate (APS), activator N,N,N′,N′-
etramethyl ethylene diamine (TEMED, Fluka Co.) and guani-
inylating agent 1-amidino-3,5-dimethylpyrazole nitrate salt
Aldrich Co.) were used without further purification. Cell cul-
ure reagents were purchased from Invitrogen. Plasmid PGL3-
ontrol with SV40 promoter and enhancer sequences encod-
ng luciferase was obtained from Promega. Ethidium bromide
Fluka Co.) was used as received. 3-(4,5-Dimethyl-2-thiazoyl)-
,5-diphenyl-tetrazolium bromide (MTT) was purchased from
igma Co. All other reagents used were of analytical grade.

.2. Synthesis of poly(NIPAAm-co-allylamine) (PNIALM)

Poly(NIPAAm-co-allylamine) was prepared by random rad-
cal polymerization. Appropriate amounts of NIPAAm and
llylamine were dissolved in deionized water and stirred for
0 min with continuous N2 purging. Then APS and TEMED
ere added successively both at the weight ratio of 1:20 to

eacting monomers. The reaction was carried out at 20 ◦C for
4 h. Herein, copolymers with molar feed ratios of 1:1 and
:3 (NIPAAm to allylamine) were synthesized. Each resultant
ixture was dialyzed against water at 4 ◦C using Cellu SepH1
embrane (MWCO of 3500) for 5 days with refresh water

eplacement every 12 h. The purified copolymers were harvested
fter lyophilization. For description simplicity, the copolymers
ith feed ratios of 1:1 and 1:3 were coded as PNIALM1-1 and
NIALM1-3, respectively. 1H NMR spectra were recorded on
Varian UNITY plus-500 NMR spectrometer using D2O as
solvent: for PNIALM1-1, δ (ppm) 3.79 (1H, –CH(CH3)2),

.60 (2H, –CH2NH2) (Hollas et al.,1998), 1.00 (6H, –(CH3)2);
or PNIALM1-3, δ (ppm) 3.76 (1H, –CH(CH3)2), 2.64 (2H,
CH2NH2), 0.99 (6H, –(CH3)2). The copolymerization ratio of

IPAAm to allylamine in PNIALM1-1, estimated by calculat-

ng the ratio of peak area at 3.79 ppm to that at 2.60 ppm, was
.48. Likewise, the copolymerization ratio was estimated to be
.24 for PNIALM1-3. This result implied that only a small part

a
c
p
m
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f allylamine actually participated in the polymerization, which
hould be attributed to the low reactivity of allylamine relative
o that of NIPAAm in the aqueous system. Elemental analy-
is calculated for PNIALM1-1: C, 63.64; N, 13.00; H, 9.86%.
ound: C, 59.77; N, 12.58; H, 10.24%. The values calculated for
NIALM1-3: C, 63.64; N, 10.08; H, 14.03%. Found: C, 60.95;
, 13.29; H, 10.07%.

.3. PNIALM guanidinylation

PNIALM was guanidinylzated in terms of the method
eported by Morpurgo et al. (2004). Briefly, PNIALM1-1 (0.1 g)
nd 1-amidino-3,5-dimethylpyrazole nitrate salt (0.2 g) were
issolved in 10 ml phosphate buffer (50 mM, pH 7.4) and then
aOH was added to adjust the pH to 9.5. The guanidinyla-

ion reaction was performed under gently stirring at 37 ◦C for
8 h. PNIALM1-3 was modified in the same way. After dialysis
gainst water (MWCO = 3500) for 5 days, the lyophilized prod-
cts were finally collected. The guanidinylated PNIALM1-1 and
NIALM1-3 were coded as PNIALM-G1-1 and PNIALM-G1-
, respectively. The reaction scheme is depicted as follows:

1H NMR (D2O): for PNIALM-G1-1, δ (ppm) 3.79 (1H,
CH(CH3)2), 3.00 (2H, –CH2NH2); for PNIALM-G1-3,
.76 (1H, –CH(CH3)2), 2.99 (2H, –CH2NH2). 13C NMR
D2O): for PNIALM-G1-1, δ (ppm) 175.6 (–NHCO), 157.2
–CH2NHC(NH)NH2); for PNIALM-G 1-3, 175.7 (–NHCO),
57.1 (–CH2NHC(NH)NH2). The characteristic absorption of
uanidino at 155–160 ppm (Tolman and Sedmera, 1988) further
onfirmed the successful introduction of guanidino to PNIALM
opolymer.

The results of elemental analysis for PNIALM-G1-1: C,
5.02; N, 13.54; H, 9.91%. For PNIALM-G1-3: C, 59.46; N,
6.20; H, 9.96%. Based on the content of N-atom in PNIALM-G
nd PNIALM, the percentage of amino transformed to guani-
ine was estimated. The substitution degree of guanidino for
NIALM-G1-3 was about 65.24%, and PNIALM-G1-1 about
2.14%, indicating that more guanidinos were formed at higher
llylamine content in copolymer.

.4. Preparation of polymer/DNA complexes

PNIALM and PNIALM-G were separately dissolved in
odium acetate/acetic acid buffer (50 mM, pH 5.4) to ensure all

mino and guanidino groups to be fully charged. Polymer/DNA
omplexes at various weight ratios were formulated by adding
olymer of desired concentrations to aqueous solutions of plas-
id DNA (0.2 mg/ml) at equal volume. The mixture was briefly
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ortexed and then incubated at room temperature for 30 min to
llow complexes formation.

.5. Gel retardation assay

Polymer/DNA complexes were formed as described above.
5 �l of each complex solution was loaded in a well for elec-

rophoresis assay on a 1% agarose gel with Tris-acetate (TAE)
unning buffer at 90 V for 30 min. DNA bands were visualized
ith ethidium bromide staining.

.6. Measurement of particle size

Complexes were prepared in the same manner as described
bove. The volume of the samples was 1 ml containing a final
NA concentration of 0.01 wt.%. The particle sizes were deter-
ined on BI-FOQELS particle size analyzer.

.7. Transmission electron microcopy

For TEM measurement, the final concentration of DNA in
omplex solutions was 20 �g/ml. A 5 �l of each sample was
arefully dropped onto clean copper grids and negatively stained
ith 1.5 wt.% phosphotungstic acid (pH 6.7). The copper grids

urface was dried at room temperature before imaging on JEOL
EM-100CXII TEM.

.8. Cell line

COS-1 cells (African green monkey kidney cells) were
urchased form Peking Union Medical College). The
ells were grown in Dulbecco’s Modified Eagles Medium
DMEM, Sigma), supplemented with l-glutamine, penicillin/
treptomycin, and 10% fetal bovine serum (FBS, heat-
nactivated at 56 ◦C for 30 min, GIBCO) at 37 ◦C under a humid-
fied atmosphere containing 5% CO2.

.9. Cytotoxicity assay

COS-1 cells were seeded into a 96-well plate at a density of
× 104 cells per well in 180 �l of growth medium and incubated

or 4 h (37 ◦C, 5% CO2) until adhesion to the plate surface. A
0 �l solution containing polymer vectors with concentration
anging from 0.01 to 0.3 mg/ml was applied to each well. After
dditional incubation for 48 h, 20 �l/well MTT (5 mg/ml in PBS)
as added to each well, and the plate was further incubated for
h (37 ◦C, 5% CO2). Then all media were discarded carefully
nd 150 �l of DMSO was added to each well. The plate was gen-
ly shaken for 5 min to dissolve the blue formazan crystals. The
bsorbance was measured at 570 nm on a

∑
960 plate-reader

Metertech). Non-treated cell (in DMEM) was used as a control
nd the relative cell viability (mean% ± S.D., n = 3) was calcu-

ated according to the formula:

ell viability (%) = Abssample − Absblank

Abscontrol − Absblank
× 100.

3

e
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he absorbance measured at 570 nm with pure DMSO was used
s a blank.

.10. In vitro transfection

COS-1 cells were seeded in a 24 well plate at an initial density
f 2 × 105 cells per well and incubated for 18–24 h to 60–70%
onfluence. Complexes were formed by adding 20 �l of polymer
ith different concentrations to 20 �l of DNA (50 �g/ml). Each

ample of complex containing 1 �g of DNA was incubated at
oom temperature for 30 min. ExGen 500 (Fermentas), a sterile
olution of linear 22 kDa polyethylenimine (PEI), was used as
ositive control. PEI/DNA complexes were prepared according
o the recommended protocols. The cell growth medium was
emoved and replaced with 600 �l fresh serum-free DMEM or
MEM with 10% serum (both without antibiotics) followed by

ddition of the complexes. After incubating at 37 ◦C in 5% CO2
or 16 h, the complex-containing medium was replaced with
ml cell-growth medium. Following 32 h of additional incu-
ation, the growth medium was removed, and each well was
ashed with PBS twice and 150 �l of reporter lysis buffer (RLB,
romega) was added, and then the cells were frozen at −80 ◦C
ntil luciferase activity analysis. When testing, a total of 100 �l
f supernatant was analyzed using luciferase assay system in
6 multiwell plates according to the manufacture’s instruction.
he amount of protein was determined by BCA protein assay
it. Each transfection was done in triplicate. Values are given as
ean relative light units (RLUs) per milligram of cell protein.

. Results and discussion

.1. Gel retardation assay

As a potential transgene vector, it should first interact with
NA to form a stable complex to prevent gene from DNase
egradation, which is critical for the DNA transportation and the
nal gene expression. In this study, we used gel electrophoresis

o investigate the physical stability of polymer–DNA complexes.
Fig. 1 shows the gel electrophoresis of PNIALM1-1/1-

–DNA and PNIALM-G 1-1/1-3–DNA complexes at room tem-
erature. As a whole, both of these two types of polymers elec-
rostatically neutralize plasmid DNA and deter electrophoretic

obility. The complex ratio where the migration of DNA is com-
letely retarded decreases as the content of allylamine increases
rom 9.54% in PNIALM1-1 to 23.58% in PNIALM1-3 (top

and B), implying allylamine has a good DNA condens-
ng capability. On the other hand, guanidinylated copolymers
xhibit a weaker DNA-binding strength relative to their non-
uanidinylated counterparts, which means guanidine has an
ttenuated interaction with DNA than amine does as reported
reviously (Morpurgo et al., 2004).
.2. Size and morphology of polymer/DNA complexes

The particle sizes of complex are very important for gene
xpression especially in physiological conditions. It is already
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ig. 1. Agarose gel electrophoresis of PNIALM1-1 (top of A), PNIALM-G1-1
lasmid DNA; lanes 2–8 represent the complexes with the weight ratio (polyme

eported that endocytosis by many types of mammalian cells is
imited to the particles less than about 150 nm in diameter (Guy
t al., 1995). Fig. 2 shows the particle sizes of the complexes
easured by particle size analyzer (Brookhaven Instruments
orp.) at varying weight ratios. The particle sizes show a ten-
ency to decrease with the increment in weight ratio and level
ff at higher ratios. A common feature of these complexes
s the dimension of particle becomes stable with size around
50–250 nm at weight ratio of 16:1. It is necessary to note that
uanidinylation leads to a mild increase of particle size com-
ared to its parent copolymer, which is in agreement with the
esults of electropheretic retardation assay. Additionally, one
an also see that the particle sizes of complexes are smaller
nder higher allylamine contents in copolymers. The above

esult means that the compaction of DNA is highly dependent
n the charge ratios, and high charge ratio is considered to be
equired for satisfactory transfection efficiency.

ig. 2. Particle sizes of polymer/DNA complexes at various weight ratios.
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om of A), PNIALM1-3 (top of B) and PNIALM-G1-3 (bottom of B). Lane 1:
A) of 2:1, 4:1, 6:1, 8:1, 10:1, 15:1 and 20:1, respectively.

The TEM images of polymer/DNA complexes at weight
atios of 8:1 (Fig. 3) and 20:1 (Fig. 3) demonstrate the rela-
ively homogenous complex particles with spherical shape and
ompacted structure. From the particle sizes obtained from TEM
mages (Table 1), we conclude that the higher DNA condensation
apability, the smaller DNA condensates, and the descending
rder of particle sizes of complexes at the fixed weight ratio
s: PNIALM-G1-1/DNA > PNIALM1-1/DNA > PNIALM-G1-
/DNA > PNIALM1-3/DNA. The result from TEM agrees well
ith that of Particle Size Analyzer. The series of 1–3 poly-
er/DNA complexes is likely to be more appropriate for gene

ransfection with diameters below 100 nm at weight ratio of 20:1.

.3. In vitro transfection and cytotoxicity

The copolymers in this study showed a strong binding affinity
o DNA as evidenced by complete gel retardation, and were able
o condense DNA into particles of suitable size. In the prelimi-
ary experiments, in order to obtain the appropriate weight ratios
f each type complex for transfection studies, we conducted the

ransfection on COS-1 cells in serum using complexes at weight
atios of 8:1, 15:1, 20:1 and 30:1. The results indicated that
o evident gene expression was achieved with all polymer vec-
ors except for PNIALM-G1-3 and this situation did not change

able 1
article sizes of complexes obtained from TEM images

Average diameter (nm)

8:1 20:1

NIALM1-1/DNA 248 ± 29 117 ± 27
NIALM-G1-1/DNA 354 ± 65 132 ± 21
NIALM1-3/DNA 165 ± 51 76 ± 7
NIALM-G1-3/DNA 205 ± 30 56 ± 8
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Fig. 3. TEM images of PNIALM1-1/DNA (a), PNIALM-G1-1/DNA (b), PNIALM1-3/DNA (c) and PNIALM-G1-3/DNA (d) at weight ratio 8:1; PNIALM1-1/DNA
(e), PNIALM-G1-1/DNA (f), PNIALM1-3/DNA (g) and PNIALM-G1-3/DNA (h) at weight ratio 20:1. The scale bars are 345 nm (a and b), 278 nm (c), 200 nm (d–f
and h) and 100 nm (g). Phosphotungstic acid was used as a negative staining agent.
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Fig. 4. Transfection of COS-1 cells by PNIALM-G1-3/DNA complexes at var-
ious weight ratios with or without serum, using PEI as a positive control. The
inset is the transfection levels of PNIALM1-1, PNIALM-G1-1 and PNIALM-1-
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is noted that in our transfection experiment, the vector concen-
tration fell in the range of 0.19–0.01 mg/ml, so PNIALM-G1-3
was low toxic as a vector. Interestingly, in the selected range of
obtained in serum at polymer/DNA weight ratio of 80:1 and 120:1. Luciferase
ctivities were measured as described in Section 2 and expressed as the relative
ight unit (RLU) per mg of protein (n = 3, mean ± S.D.).

t all when weight ratios were further increased to 40:1, 60:1.
e tried to increase the ratios of vector up to 80:1 and 120:1

nd recorded the transfection results (inset in Fig. 4). It is seen
hat at very high vector/DNA ratios, the transfection levels of
NIALM1-1, PNIALM-G1-1 and PNIALM1-3 are still very

ow in spite of a marginal improvement with PNIALM1-3 rel-
tive to naked DNA at the ratio of 120:1. It is well known that
olycations that exhibit tight binding to nucleic acids and that
an be complexed with DNA in sub-100 nm particles can effec-
ively transport DNA across cellular membrane, but it seems not
rue in our studies. For the cationic copolymers of PNIALM1-
, PNIALM-G1-1 and particularly PNIALM1-3 which has the
trongest DNA condensing capability among the copolymer vec-
ors used in this work, tight DNA binding and suitable particle
ize cannot necessarily ensure a successful gene delivery and
ene expression. Therefore, the great difference of transfec-
ion efficiency between PNIALM-G1-3/DNA and other three
opolymer–DNA complexes has to be explained by some fac-
ors other than the binding ability and particle size. It is surmised
hat the PNIALM copolymer vectors may be just limited by
he difficulty in moving across the cell membrane, thus suffer-
ng from the inefficacy in transfection. Besides, the over tight
ssociation between vectors and DNA may also result in a low
ransfection efficiency by blocking the release of DNA from
omplexes (Pichon et al., 2002). On the other hand, the guanidine
as reported to form hydrogen bonding with the phospholipids
resent in the lipid bilayers and play a great role in facilitating
ellular uptake (Wender et al., 2000; Pujals et al., 2006). With
he aid of guanidine, PNIALM-G1-3 could transport the DNA
cross the cell membrane more easily, and owing to concerted
lectrostatic and hydrogen bonding interactions of guanidine
ith DNA, this copolymer could unload the DNA more eas-
ly too. Thus, all of these factors above make PNIALM-G1-3
fficient in gene transfection. But PNIALM-G1-1 failed to ben-
fit from the advantage of guanidine because of the insufficient
mount it contains.

F
P
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Fig. 4 displays the luciferase expression levels mediated by
opolymer PNIALM-G1-3 in the presence or absence of serum
n COS-1 cell line. As a whole, the gene luciferase expression of
NIALM-G1-3/DNA complexes far exceeds that of naked DNA
y 100- to 400-fold. What is more, PNIALM-G1-3 exhibits
n equivalent or better transfection activity compared to PEI.
mportantly, the activity of PNIALM-G1-3 is not negatively
ffected by serum as reported previously that serum protein
ould interact with cationic polyplexes to form aggregates and
eteriorate the transfection effect (Funhoff et al., 2004). Instead,
he transfection efficiency is raised to a different extent in the
resence of serum compared to the case when serum is absent,
hich reveals the good serum resistance of PNIALM-G1-3 as a
romising vector. We can also see that in the presence of serum
he transfection efficiency increases with increasing copolymer
oncentration until a maximum is reached at a weight ratio
f 50:1; while in the absence of serum there was no definite
orrelation between weight ratio and transfection efficiency.
s we know, high polymer concentration will result in high

ytotoxicity, thus decreasing the transfection efficiency. The ini-
ial increase of transfection efficiency in the presence of serum
hould be ascribed to the dominance of stronger DNA condens-
ng capability over higher cytotoxicity, but the increase is halted
nd a maximum is reached when these two sides come to a
alance. In the absence of serum, underfed cells become even
ore vulnerable to the cytotoxicity caused by the presence of an

ncreasing amount of polymer, accordingly rendering the trans-
ection results uncertain to some extent.

In view of its potential transfection capability, we determined
he cytotoxicity of PNIALM-G1-3 at varied concentrations, and

eanwhile compared with that of PNIALM1-3 (Fig. 5). For
NIALM-G1-3 below 0.09 mg/ml, the cell viability is around
00%; while in the same range of vector concentration, the via-
ility of cells decreases to 89% for PNIALM1-3. With increasing
oncentration up to 0.3 mg/ml, 30 and 58% cell viability loss is
bserved for PNIALM-G1-3 and PNIALM1-3, respectively. It
ig. 5. Viability of COS-1 cells vs. the concentration of PNIALM-G1-3 and
NIALM1-3.
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oncentration, the cytotoxicity of PNIALM-G1-3 is lower than
hat of PNIALM1-3. As mentioned above, after amino groups
n PNIALM1-3 were converted to guanidines, the electrostatic
orce was weakened due to partial role of hydrogen bonding
f guanidine in binding cell membrane. It is deemed that the
epressed electrostatic interaction is beneficial to the improve-
ent of biocompatibility of vector. A similar result has been

eported in our previous work (Cheng et al., 2006).
It is necessary to point out that all LCST values of PNIALM

nd its guanidinylated derivatives are over 38 ◦C, higher than
ody temperature; hence we did not examine the effect of tem-
erature on gene expression in this preliminary experiment.
urther work will be done to decrease the LCST of copolymers
y introducing hydrophobic moieties.

. Conclusion

N-Isopropylacrylamide-allylamine copolymers could be suc-
essfully modified with 1-amidino-3,5-dimethylpyrazole nitrate
o prepare guanidinylated derivatives. The guanidinylated
opolymer was capable of condensing DNA to form nanopar-
icles at an appropriate complex ratio though it binding affinity
ith DNA was slightly decreased relative to its parent compoly-
ers. PNIALM-G1-3 showed higher transfection efficiency than
EI in mediating plasmid DNA to COS-1 cells. What’s more,

t exhibited particularly good serum resistance. It is envisioned
hat PNIAL-G copolymers have a potential not only as an effec-
ive nonviral vector, but also as a thermoresponsive gene delivery
ystem by lowering LCST.
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