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Highly water-soluble perylenediimide-cored
poly(amido amine) vector for efficient gene
transfection
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Zejun Xu? Bicheng Hé, Wei Wei? Kelan Liu2 Meizhen Yin,® Wantai Yan§

e oo a0z and Jie Sher

DOI: 10.1039/x0xx00000x Highly water-soluble perylenediimide-cored poly(ami amine) (PDI-PAmAm) with
peripheral amine groups has been synthesized. €htwral PDI chromophore allows the optical
monitoring of relevant cellular experiments by flescence microscopy. The PAmAm shell
provides the steric bulk that notably suppresses #ggregation of the central PDI
chromophore in aqueous solution. The peripheraln@siprovide water solubility and positive
charges, and also serve as active sites for théadurgrowth of PAmAm. PDI-PAmAm can be
rapidly internalized into live cells with high efficy of gene delivery and low cytotoxicity.
Both in vitro andin vivo experiments demonstrate high gene transfectiorcadfy of PDI-
PAMAM.

www.rsc.org/

Introduction relatively low water solubility of the previous PDbred
dendrimers. Therefore, in this present work, highater-
Perylenediimides (PDls) are an attractive clasfiugirophores soluble poly(amido amine) (PAmAm) dendritic unitsea
because of their exceptional chemical, thermal, aitorporated into the bay regions of PDIs. CatioREmAm
photochemical stability, and high fluorescence quenyields dendrimers exhibit good transfection efficiency atmiv
in organic solventd.? However, the poor solubility and verycytotoxicity.?* Additionally, the well-defined geometry of
weak fluorescence of PDIs in an aqueous environiriemte PAmAm dendrimer allows the ease of modificatioriniorease
hindered their utilization in the biological and dinal fields. their efficiency’* * The structure of PDI-cored poly(amido
Hydrophilic moieties have been incorporated in bag region amine) (PDI-PAMAmM) is given inScheme 1 The water
or at the imide positions to increase the wateunlsiity of solubility and chemical stability of PDI-PAmMAmM are
PDIs*” In general, the substituents in the bay regionBDFs dramatically higher than those of the previous arat
have the advantage of a significant red shift ia éifbsorption polyester dendrimet$ at all pH values. The central PD!
maximum, and also with a larger Stokes shift. Tratsts have chromophore allows the optical monitoring of relevaellular
attracted great interest as the interference frat auto- experiments by fluorescence microscdpy?® 2 The PAmMAm
fluorescence is  minimized!® Another  hydrophilic shell provides the steric bulk that notably suppess the
modification of PDIs is the attachment of watersb aggregation of the central PDI chromophore. Thepperal
topological macromolecules (such as star polyriet§, amines provide water solubility and positive chargand also
dendrimers;*® or hyperbranched polyméf} to the PDI core. serve as active sites for the further growth of Pm The
Compared with linear polymers, the branched poigoathave optical properties of PDI-PAMAm in water were intigated.
a great number of functional groups, and exhibitv loThe cell-penetrating ability and the gene transbecefficacy
cytotoxicity and high transfection efficiency besauof their of PDI-PAMAmM were assayed bdthvitro andin vivo.
globular structure$’ 2% 22> The most reported PDI-cored
dendrimers are neutral, water-soluble, and biocailgain Experimental section
charactetr>*® PDI-cored cationic polyester dendrimEraave
been reported by our group. The outer dendritiygster units Materials

are not stable under basic condition; thus, thelderrs have Triethylamine (E{N, 99.5%), 2,6-diisopropylaniline (90+%), N-

. . . . . 19
to be treated Wlt.h diluted HCI to yield their ammaon salts. methyl-2-pyrrolidone (NMP, 99+%), 1-(2-aminoethybjperazine
The hydrophobic nature of outer polyesters leadsthe
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(AEPZ, 98%), N,N'-methylene bisacrylamide (MBA, 99%vere 6.94 (d,J = 28.6 Hz, 8HPh-H), 4.34 (s, 16HNHCH,NH), 3.39 {t,
purchased from Alfa Aesar and used without furganification. 1, 32H, NCH,), 2.69-2.21 (m, 152HCH, & CH), 1.01 (d, 24HCHj;
6, 7, 12-Tetrachloroperylene-3, 4, 9, 10-tetracayic acid isopropyl). °C NMR (101 MHz, DMSO) 171.80, 170.62, 165.93,
dianhydride was obtained from Beijing Wenhaiyangryleee 162.87, 155.62, 152.65, 145.52, 137.24, 137.06,4530130.23,
Chemistry (Beijing, China). All other solvents anehgents were 129.18, 123.71, 122.36, 119.89, 119.50, 68.04,3%466.62, 57.75,
purchased from commercial suppliers and were usedaived. S2 54.65, 53.76, 52.80, 52.44, 49.20, 45.48, 43.0563%3.01, 32.77,

cells were propagated in Schneider
supplemented with 10% FBS, 100 U/mL penicillin @D pg/mL
streptomycin at 25C without CQ.

Synthesis of compound 1

Compoundl was synthesized according to the literafiréd-NMR

(400 MHz, CRCOOD)  8.49 (s, 4H,perylene), 7.59 (d,J = 7.8 Hz,
2H, Ph-H), 7.46 (d,J = 7.9 Hz, 4HPh-H), 7.32 (d,J = 8.2 Hz, 8H,
Ph-H), 7.19 (d,J = 8.3 Hz, 8HPh-H), 3.59 (s, 8HCH,), 3.18 (s, 8H,
CH,), 2.78-2.70 (m, 4HCH), 1.21 (d,J = 6.4 Hz, 24H,CH;

isopropyl). *C-NMR (151 MHz, CECOOD) § 166.20, 156.75,
154.77, 145.53, 132.62, 131.81, 130.91, 130.28,4628124.87,
122.15, 121.42, 121.08, 120.76, 120.13, 42.01, 53120.08,
22.40.MS (MALDI-TOF, m/z) Calc. for £H;gNeOg: 1251.51,
found: 1250.7.

Synthesis of PDI-PAMAM

PDI-PAMAm is synthesized via Michael addition comogrization
(Scheme 1 and SH§*°

Synthesis of intermediate product 2

Compoundl (200.0 mg, 0.16 mmol) and MBA (246.5 mg, 1.6 mmo‘}

were added into a vial and dissolved in methandéwanixture (6.0

mL, 8/2 v/v) at room temperature under ap &mosphere. The
reaction was carried out at 5Q for 48 h. After cooling down to

room temperature, the solution was washed withrétbeane (4:1,
v/v) (50 mL x 3). The residue was dried under vacua give a red
solid intermediate produc in 95% yield.'H NMR (400 MHz,

DMSO) & 8.62 (d,J = 51.8 Hz, 16HNH), 7.94 (s, 4H,perylene),

7.43 (s, 2HPh-H), 7.25 (d,J = 17.3 Hz, 12HPh-H), 6.98 (d,J =

11.8 Hz, 8H,Ph-H), 6.17 (d,J = 45.1 Hz, 16H.CH,=CHCO), 5.59
(s, 8H, CH,=CHCO), 4.45 (s, 16H,NHCH,NH), 3.38 (t, 16H,
NCH,), 2.70 (m, 20HCH, & CH), 2.24 (t, 16HCH,), 1.01 (d, 24H,
CHj isopropyl). *C NMR (151 MHz, DMSO)5 171.89, 170.86,
164.87, 162.76, 155.69, 152.68, 145.44, 137.25,0837131.42,
130.44, 130.16, 129.30, 125.79,123.72, 122.41,8519119.58,
68.06, 57.76, 54.47, 49.19, 43.18, 39.52, 35.582332.06, 28.31
23.72. MS (MALDI-TOF, m/z) Calc. for gdH15dN2:024: 2484.84,
found: 2485.47(M+H), 2507.74 (M+N3).

Synthesis of intermediate product 3

Then, the intermediate produ2t(248.5 mg, 0.1 mmol) and AEPZ

(129.0 mg, 1.0 mmol) were dissolved in methanokvatixture (6.0
mL, 8/2 v/v). The solution was stirred at room temgture under N

Drosophila Mmediu32.04,

28.29, 23.71. MS (MALDI-TOF, m/z) Calc. for
CraH27NagOss 3518.47, found: 3519.15(M+) 3390.41 (M-
AEPZ), 3258.12 (M-2AEPZ).

Synthesis of intermediate product 3b

Compound3 (281.4 mg, 0.08 mmol) and MBA (295.6 mg, 1.92
mmol) were added into a vial and dissolved in mmohavater
mixture (6.0 mL, 8/2 v/v) at room temperature under N
atmosphere. The reaction was carried out atG@or 60 h. After
cooling down to room temperature, the solution weashed with
ether/hexane (4:1, v/v) (60 mL x 3). The residues weed under
vacuum to give a red solid intermediate proddtwt'H NMR (400
MHz, MeOD)3 8.13 (s, 4H perylene), 7.47 (s, 2HPh-H), 7.22 (m,
12H, Ph-H), 7.03 (s, 8H,Ph-H), 6.27 (d,J = 5.7 Hz, 32H,
CH,=CHCO), 5.71 (dJ = 6.0 Hz, 16HICH,=CHCO), 4.63 (m, 48H,
NHCH,NH), 3.34 (m, 64HNCH,), 2.75-2.40 (m, 216H;H, & CH),
1.10 (d, 24H,CH; isopropyl). C NMR (151 MHz, MeOD)3
175.27, 174.19, 168.21, 164.87, 154.75, 152.851647139.15,
138.60, 131.83, 131.63, 130.60, 129.54, 127.61,1126125.05,
123.78, 121.81, 121.46, 120.45, 69.47, 67.01, 5&%84£2, 51.03,
.20, 37.27, 35.37, 34.45, 30.90, 24.37, 21.33.(MALDI-TOF,
/z) Calc. for GogHssdN7¢0ss: 5985.13, found: 5870.21 (M-
MBA+K™"), 5853.95 (M-MBA+N&), 571526 (M-2MBA+K),
5700.07 (M-2MBA+N4).

Synthesis of intermediate product 4

Intermediate product was synthesized by using compousialand
AEPZ (309.6 mg, 2.4 mmol) according to the sameqmtare as the
previous synthesis of compourdd Compound4 was received as a
red solid."*H NMR (400 MHz, MeOD) 8.15 (s, 4H perylene), 7.45
(s, 2H,Ph-H), 7.38-7.16 (m, 12HPh-H), 7.03 (s, 8HPh-H), 4.56 (s,
48H, NHCH,NH), 3.33 (t, 96HNCH,), 2.72-2.37 (m, 408H;H; &
CH), 1.13 (d, 24HCHj isopropyl). *C NMR (151 MHz, MeOD)
175.24, 174.75, 174.15, 164.90, 157.69, 154.75,1547138.63,
134.45, 131.62, 131.45, 130.64, 125.05, 123.80,4521121.22,
120.02, 69.48, 58.95, 54.94, 53.83, 53.63, 50.8204 45.09, 38.13,
37.27, 35.75, 34.44, 33.74, 30.32, 24.39. MS (MADQIF, m/z)
Calc. for GoHg7dN1260s6: 8052.39, found: 7523.39.15 (M-
2(MBA+AEPZ)+K"), 7261.52 (M-3(MBA+AEPZ)+N&+K™).

Synthesis of intermediate product 4b

Compound4b was synthesized by usingtermediate product
(483.1 mg, 0.06 mmol) and MBA (369.6 mg, 2.4 mnattording
to the same procedure as the previous synthestoropound?2.

atmosphere for 5 h, and then stirred aPGdor 56 h. After cooling Compound4b was received as a red solith NMR (400 MHz

down to room temperature,
ether/hexane (6:1, v/v) (50 mL x 3). The residues weed under
vacuum to give a red solid intermediate prodiiat 88% yield.*H
NMR (600 MHz, DMSO) 8.53 (d,J = 32.0 Hz, 16HNH), 7.95 (s,
4H, perylene), 7.40 (s, 2HPh-H), 7.26 (d,J = 38.3 Hz, 12HPh-H),

This journal is © The Royal Society of Chemistry 2013

the solution was washeath w,

MeOD) 6 8.13 (s, 4H,perylene), 7.47 (s, 2HPh-H), 7.22 (s, 12H,
Ph-H), 7.03 (s, 8HPh-H), 6.27 (d,J = 5.8 Hz, 64H,CH,=CHCO),
5.71 (d,J = 5.7 Hz, 32HCH,=CHCO), 4.67 (m, 112HNHCH,NH),
3.34 (m, 162HNCH,), 2.77-2.39 (m, 476HCH, & CH), 1.14 (d,
24H, CH; isopropyl). **C NMR (151 MHz, MeOD175.29, 174.99,

J. Name., 2013, 00, 1-3 | 2
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174.21, 168.23, 164.96, 154.79, 147.17, 138.63,4834131.82, earlier!* The particle sizes and zeta potentials of PDI-PAnBNA
131.63, 130.65, 127.74, 125.06, 123.77, 121.87,4621120.39, complexes were measured in triplicate using a ZsmdNano ZS
69.48, 58.92, 56.89, 54.80, 54.09, 53.15, 51.089}87.27, 34.36, (Malvern Instruments, Southborough, MA).

33.73, 33.62, 30.31, 24.38. GPC: Mw, 7.1%Da; PD, 1.01. Cytotoxicity Assay

Synthesis of final product PDI-PAMAM Cell viability was monitored using T viability kit-Dead Cell

PDI-PAMAmM was synthesized by using compoutidand AEPZ Green (Invitrogen, Catalog A10787). The measuremeiats
(495.4 mg, 3.84 mmol) according to the same praeedis the performed according to the manufacture’s instructiBEl, PDI-
previous synthesis of compoudd PDI-PAmMAmwas received as a PAmMAm and PDI-PAMAmM/DNA complexes were separatelgies
red solid in 90% yield. The chemical structure B4PAmAmM was into culture medium to treat cells for 48 h. Thessh cell medium
characterized by'H NMR and C NMR using a Bruker containing Dead Cell Green (1:100 dilution) wasdufee additional
spectrometer'H NMR (400 MHz, DO) 5 8.48 (s, 4H,perylene), 0.5 h incubation.

7.98 (s, 2HPh-H), 7.73 (s, 12HPh-H), 7.66 (d, 8HPh-H), 4.54 (s,
112H, NHCH,NH), 3.34 (m, 224HNCH,), 2.84-2.46 (m, 900H,
CH, & CH), 1.16 (d, 24H,CH; isopropyl). *C NMR (101 MHz, Cellular uptake experiment was performed in 35 m@6>mm cell
DMSO) § 171.87, 171.56, 170.53, 162.69 , 155.42, 152.88,5B, culture dish, 2.5x10cells per well. After 6 h of cell seeding, the
137.14, 132.58, 130.63, 130.40, 130.26, 123.54,0722119.71, PDI-PAMAmM was added into the cell culture dish.l@at uptake
118.55, 67.93, 57.46, 54.52, 52.63, 52.44, 52.8344 48.91, 45.23,was imaged under a fluorescent microscope. Therefuence
43.14, 37.04, 35.88, 33.00, 32.77, 32.02, 28.58&R3GPC: Mw, intensity of internalized PDI-PAMAmM was calculatby Image-J
1.0x1d Da; PD, 1.04. Program.

Characterization DNA delivery

Nuclear magnetic resonance (NMR) spectra were dedoron DNA fragment (20 bp, 10M) was labelled with 3QuM CXR
Bruker 400 (400 MHZH; 100 MHzC) or Bruker 600 (600 MHz Reference Dye (Promega, Catalog C5411) that canttivsith DNA
H; 150 MHz 13(;) spectrometer using.D, MeOD, DMSO and at a final concentration of 0.3-0{8Vi. DNA and PDI-PAMAm at
CF,COOD as solvent at room temperature. Chemical sshitre different N/P ratios of 2:1, 4:1, and 8:1 were predbated in culture
reported downfield from 0.00 ppm using TMS as inééreference. medium at room temperature. Then the complex wakedidnto
Matrix-assisted laser-desorption ionization timehght mass culture medium to treat cells. After an incubatair?4 h, 36 h, and
spectrometry (MALDI-TOF MS) were determined on Beuk 48 h, the fluorescence image of PDI-PAmAmM and DNAsw
Daltonics Inc. BIFLEX Il MALDI-TOF mass spectrometer. obtained by fluorescent microscopy. PEI/DNA compiewere used
Number-average (Mn) and weight-average (Mw) molarculeights as a control.

and polydispersity index (Mw/Mn, PD) ofb and PDI-PAMAmM
were determined by gel penetration chromatogragPQ)3Agilent
2600 Series) with dimethyl formamide (DMF) as thebite phase.
The column model was PLgelBn 1A, the flow rate of mobile
phase was set to be 1 mL/min, and the temperafusetb column
and detector was 25 °C. The standard curve wasndetd using a
series of narrow distribution polystyrene standsahples. The UV-
Vis absorption spectra were recorded on a speattopteter (Cintra
20, GBC, and Australia). The corrected fluorescesmectroscopic
studies were performed on a fluorescence spectropteter (Horiba
Jobin Yvon FluoroMax-4 NIR, NJ, USA) at room temggere (25
°C). Fluorescence quantum yieldsq)(@vere measured at room
temperature by using cresyl violet in methanolederenceé.

Cellular Uptake

Gene transfection assay

Gene transfection assays were performed using lapAc-GFP
(323 ng/uL) as the reporter gene in S2 cell limebiief, the cells
were seeded in plates at a density of 2.5%#20s in 1000 pL of
fresh normal medium (supplemented with 10% FB$)wal in 35
mm x 35 mm cell culture dish and incubated for S\Me prepared
the PDI-PAMAmM/pDNA complexes at N/P ratio of 20dmding the
PDI-PAMAmM to the DNA solutions, followed by incubmat for 15
min at room temperature. At the time of transfettithe medium
was replaced with serum-free medium. The PDI-PAnpIINA
complexes were added to the medium and incubatédtiagé cells
for 6 h under the standard incubation conditiortsenl the medium
was replaced with 1500 pL of the fresh normal mmdiu
Characterization of PDI-PAMAmM/DNA complexes (supplemented with 10% FBS). The cells were furtheubated for
an additional 54 h under the same conditions, givise to a total
transfection time of 60 h. Then GFP expression eeiscted using
" fluorescent microscopy. PEI/pDNA complexes at tiiE kitio of 20
were used as a control.

The purity and concentration of the purified DNA weletermined
by absorption at 260 and 280 nm and by agaroselegtrophoresis
N/P ratios are expressed as molar ratios of nitro@é) in PDI-

PAmAm to phosphate (P) in DNA. The average masghweaf 325
per phosphate group of DNA was assumed. All PDI-RATDNA

complexes were formed by mixing equal volumes of-PBmAm

and DNA solutions to achieve the desired N: P rdfimch mixture Drosophila larvae were fed with an artificial diet containithg gene
was vortexed and incubated for 30 min at room teatpee. PDI- carrier PDI-PAmAm from first to third instar, anblen the guts of
PAmMAmM was examined for its ability to bind DNA tlugh agarose the third instar larvae were dissected and obsemveder a
gel electrophoresis using the similar procedurethtse described fluorescence microscope. Immediately after hatchirogn eggs,

Insects raising

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 3
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Black cutworm larvae were picked out and indivitiuéd with an
artificial diet mixed with dsRNA alone or complek @asRNA/PDI-
PAMAmM. The larval development status was imagedatysis.

Gene carrier-delivered RNAI in insect

dsRNA targeting a key developmental geteeapentaplegic (dpp)

were synthesized using T7 RiboMAX expression RNAstem
(Promega). 121g of dsRNA were mixed with 1g of the gene
carrier PDI-PAmAm, and then the complex was mixeth vresh
artificial diet. The newly-hatched larvae were indually fed with

this diet. The larvae fed with dsRNA alone wereduss control
experiment. After 4 days, dsRNA-contained food wepgaced with
fresh normal food. Then photos were taken for caompa.

The sequence of synthesized dpp-dsRNA is as fatigwi
CAGAACATAATCATGGACTATTAGTGCGTGTGTTAGAAGA
GGGTGAGCAAAATATAGACGCTAAACAACCACATGTGAG
AGTGCGGAGACGTGCCGAGGAGGAGGAGGCCGAGTGGAG

CACGCGGCAACCTCTGCTGCTGCTGTACACGGAGGACGCG
CGCGCGCGCGCCGCTCGGGAGAGCGGAGAGACGCGGCTG fluorescence behaviour of PDI-PAMAM
GTTCGCAACAAGCGCGCGACGCAGCGGCGTGGTCATCGAG

CACATCACCGCCGCAAGGAGGCGCGCGAGATCTGCCAGC

GACGTCCGCTCTACGTGGACTTCGCGGAGGTGGGCTGGAG

CGATTGGATCGTGGCGCCGCACGGCTACGAGGCGTACTAC

TGCCAGGGCGACTGCCCGTTCCCGCTGGCCGACCACCTCA

ACGGCACGAACCACGCGATCGTGCAGACTCTCGTGAACTC

AGTGAACCCGGCCGCAGTGCCGAAAGCGTGCTGTGTACCG

ACACAGCTCTCCTCTATTTCCAT

Results and discussion

Synthesis

The detailed synthesis procedures and
characterizations can be found in experimentaliGecnd the
Electronic Supplementary Information E$IT). Amine-

Journal of Materials Chemistry B

fluorescence intensity of PDI-PAmMAmM in aqueous Solu
remained nearly unchanged after 24 h exposure umakerral
light (Fig. S1,ESIt), suggesting its good photostability. The
high water solubility and photostability are essdnproperties
for biological applications.

Optical properties of PDI-PAMAM

The aggregation behavior of PDI-PAMAmM in aqueoustsm
was studied by the concentration-dependent UV-Ysogption
spectroscopy (Fig. 2(A)). The absorption bands d@l-P
PAmMAmM show the characteristien* transitions at 455, 554
and 596 nm, consistent with those of the bay-medifDIs? *’
The absorption spectra of aqueous solutions of PARAmM in
the concentration range 0 to 2.0 uM exhibit the same
absorption peak as the PDI chromophore core. Aafinc
concentration-dependent absorbance is observedlowevhole
concentration range studied (Fig. 2(A), inset), lymy that
PDI-PAMAmM exists in a typically monomeric form imet
concentration range studied. The concentrationfuisget

in water at thc
excitation wavelength 554 nm was also investigékeg. 2(B)).
PDI-PAMAmM retains the characteristic emission prope of
bay-region substituted PDIs and exhibits an emisgieak at
631 nm. Even when the concentration of PDI-PAmAnmwater

is as high as 2.qM, the maximum emission peak is almost
unshifted and no new emission peaks are obserddating
that the aggregation of the central PDI in aquesmlstion was
inhibited by PAmMAm. The fluorescence quantum yi@) of
aqueous PDI-PAmAmwas 0.18, obtained by using Cresyl
Violet with a @ of 0.54 in methanol as a reference
chromophore. The above results indicate that PAmAm shel’
encapsulates the PDI chromophore and clearly inggahe

matenahter solubility of PDI by suppressing aggregationwater.

These characterizations make PDI-PAMAmM as a usef.:
candidate in bioapplications such as cell uptakd gene

functionalized PDI 1, Scheme 1) was prepared according to theansfection.

literature?” The four primary amines in dykereacted with one
acrylamide group in excess N,N’-methylene bisacnjtie
(1:MBA=1:10) via a Michael addition reaction to forminyl-
functionalized intermediate produce®?° to ensure the
completion of the reaction, as monitored by MALDBF MS
spectrometry andH NMR spectra (Fig. S7 and S&SIt).
Repeated washing with ether/hexane (4:1, v/v) giélgure2.

PDI-PAMAmM/DNA complexes

For cellular transfection, PDI-PAMAmM and DNA haweform
a stable complex in solution. Gel retardation #&tstarious N/P
ratios of PDI-PAMAmM/DNA complexes was performed tc
determine whether the complexes are stable. As shWwig.3,
PDI-PAMAmM can prevent DNA band from moving in tha gt

The acrylamides at the periphery a&electively reacted with an N/P ratio of above 1. PDI-PAmMAm can efficientigmpact

the secondary amine group

in excess 1-(2-amingethBNA into small nanoparticles, as shown in Table(B$I7). In

piperazine (AEPZ) I AEPZ=1:10) by a Michael addition general, the hydrodynamic size of the complex desae with
resulting in3.2° The characteristic peaks of the methylene groicreasing N/P ratio. And PDI-PAmMAm can condense ADN

(CHy=) at 5.59, 6.11, and 6.23 ppm disappear complététy.
1), indicating the completion of the Michael addliti of
acrylamides in compound?2.
ether/hexane (6:1, v/v) to
Similarly, alternately adding MBA and APEZ into theaction
system produced amine-functionalized intermediateyct 4

Repeated washing withsurface charges on
remove the unreacted ZAEPRpositively charged surface allows electrostatienattion with

into nanoparticles of various diameters in the eat§0 - 200
nm at an N/P ratio of above 2. Zeta potential israficator of
the polymer/DNA nanoparticles.

anionic cell surfaces and facilitates cellular ptaThe zeta-
potential of PDI-PAmMAmM before and after it form angplex

and desired product PDI-PAMAmM. PDI-PAMAmM containgith DNA at various N/P ratios are presented in [€aB2

dendritic polyamide units and shows high water idity (> 20
mg/mL), chemical stability without treatment withCH The

This journal is © The Royal Society of Chemistry 2013

(ESIT). The zeta potentials of PDI-PAMAM/DNA complex

J. Name., 2013, 00, 1-3 | 4
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increased with the increase of N/P ratios, indimgatithe efficient binding of PDI-PAMAmM and DNA.

NH, NH,

Q?o o 0 o,
HN NH HN NH
WA G N oy M

Q H H
HN NH, M~ N_N N N HN. N N N N
&8 e ST AT e S e A e S
SXX%8 (MBA) - ey &
94
o

® ) e
f© ©\L Michael addition J)@(" 0.0 o o Michael addition o o J,©° ) @1 o o
HN N0 NH, SHy~NIAN Ca NV‘HAHM H,N’VN&NMHAHK’\N A,
OjNH

=z
E+4

o \‘\?o N N N
j;?«: “NH\'\‘ o 0 oq,j o?‘{ ONH

HN‘QO 1 HN?« N ot oy fH

H Iq j
N RN N N an N H to oy H H N— N~
HN A~ % q & To(\/ NN \/X L(\’ \/\NN\/\gNVH X 0y N_O ¢ " N—/\N’\/NV\TNVNWNﬁ/\’NqNVNK\/ I
B/\’ \/\@0 Oe /@N V\g e B/\/ M ° ) Q T
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Fig. 3 Agarose gel electrophoresis of PDI-PAMAmM/DNA coepds at
various N/P ratios.
Fig. 1 *H NMR spectra of the intermediate prod@cand3 in DMSO (Note: the

o Cytotoxicities of PDI-PAmAmM and PDI-PAMAM/DNA
characteristic peaks of methylene group §€Hat 5.59, 6.11 and 6.23 ppm

) o ) . - complexes
disappeared completely, indicating the completiénthe Michael addition of

acrylamides irp). It is very important to evaluate the potential totyi of
polymeric materials for biomedical applications.rélethein
vitro cytotoxicity of PEI, PDI-PAmMAmM and PDI-PAMAM/DNA

A o :igﬁ complexes were assessed by Thlviabilty assay* *° using

409 — 10 Drosophila S2 cells. As shown in Fig.4, the cell viabilities

03] £oz oo PDI-PAMAmM are higher than 92% at all the conceiunast

o go o4y studied. This cell viability of PDI-PAMAmM is compdne with

§ ozl %% Sonn T =02y the value of previous reported cationic dendriffeend is

5 455 i better than that of previous reported fluorescemoparticle®
< indicating that the PDI-PAmAmM solutions at these

0.14 concentrations have low toxicity. The cell viabédg of PDI-

PAmMAM/DNA complexes are still high (>91%) as shawriig.

4. Both pure PDI-PAmMAmM and PDI-PAMAmM/DNA complexes
500 600 exhibit much lower toxicity than the commercial gecarrier
Wavelength (nm) PEI (1uM) does (Fig. 4). The cell viability of PEI is castent
with the results reported in the literatidte.

0.0

100
¥ Control
PEI 25 kD
~ 80
s = PDI-PAmAm
S
> 2z #PDI-PAmMAm/DNA
2 = 6
g e
£ e
T % 40
o
20
T T T — 1 =
600 650 700 750 0
Wavelength (nm) Control  1pM 2 M 4pM  PEI25KD
Fig. 2 Concentration-dependent (A) absorbance and (Byriscence (FL) Fig. 4 Cell viability assays.

spectra of PDI-PAmMAmM in water (concentration: Qu® to 2.0 uM, Aex =
554 nm). Inset: dependence of absorbance intensityAfakof 596 nm) on Gene transfection
concentration.

To investigate the ability of PDI-PAmMAmM to entertdnlive
cells, Drosophila S2 cells were incubated with PDI-PAMAmM.
Because of the central PDI chromophore, the digiobs of
PDI-PAMAmM in live cells can be traced by fluoresoen
microscopy. The detectable fluorescent signal dépem PDI-

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00,1-3 | 6
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PAmMAmM concentration. As shown in Fig. 5(C), PDI-PAm The above results of cell uptake demonstrate tHat- P
can be detected inside the cells after an incubattd PAmMAmM can be rapidly internalized into live cellsthin a
approximately 1 h at a concentration ofu®1, demonstrating short incubation time. The positive charges in PBMAmM
the efficient and rapid internalization of PDI-PAmA While can interact with negatively charged macromolecslesh as
previous reported cationic polyester dendrinfereequired DNA through electrostatic forcé$3® In order to assess
higher concentration to be detected inside livésdélig. 5(C)). whether PDI-PAmAmMcan act as a carrier for delivering DNA
Therefore, the outer PAmMAmM shell structure conteuo the into cells, live S2 cells were incubated with afbufttontaining
enhanced cellular internalization of PDI-PAmMAM. PDI-PAMAmM/DNA complexes at N/P ratios of 2:1, 4ahd 8:1.
In the control experiment, DNA alone cannot ent&pilive
cells (Fig. 5(A)). The gene delivery efficacies &DI-
PAMAM/DNA complexes were visualized by fluorescen.
tracing of their cellular distribution of PDI-PAmAmand of
DNA labelled by CXR Reference Dye (CRD). After 36 h
incubation, both PDI-PAMAmM and DNA are enrichedliire
cells, suggesting effective delivery by PDI-PAMARig; 5(B),
(B) and (B")). The gene delivery rate and efficacy of PD!-
PAmMAmM are confirmed by the quantified fluorescemtensity
of the CRD-labelled DNA inside the cells (Fig. SBdaS3,
ESIT). The gene delivery efficacy of PDI-PAMAm is teet
than that of the previous reported fluorescent partale
(FNP)*® and cationic dendrimels(Fig. S3(B)). The remarkable
fluorescence intensity of CRD-labelled DNA at lowhllVP
ratios suggests the high gene delivery efficacpDf-PAMAmM.
While the commercial DNA carrier PEI requires higHP
ratios for gene deliver§$ Under the same conditions, PDI-
PAmMAmM delivering DNA into live cells is much fastdran the
commercial one (Fig. SESIT).

To examine the efficacy of PDI-PAmAm for gene
transfectionin vitro, a GFP plasmid was chosen for further
vitro test. As shown in Fig. 5(D) and Fig. 35911), the weak
green fluorescence is observed in the cells in atrob
experiment of PEIl-delivered GFP expression. As etqik
strong green fluorescence is observed in the oellse case of
PDI-PAmAm-delivered GFP expression (Fig. 5(E) and. F
S5ESIT)). This suggests that PDI-PAmAmM is an efficieahg
carrier forin vitro applications.

To investigate the gene deliver efficacy of PDIfRAM
underin vivo conditions, we firstly test whether PDI-PAMAmM

B PDI-PAnAm

for fluorescence detection (h)
o - [
?
8 B

1‘ Required cell uptake time O

FeRNA alone is able to enter into gut tissue Dfosophila larvae. First instar
larvae were fed with fresh artificial diet contaigi PDI-

PAmMAm. After 3 days feeding, the larvae were digsgdo
@NPD"PA"‘A'“ obtain guts for fluorescence observation. As shawhkig. S6

(A), the red fluorescent spots were observed inghecells,
Fig. 5 Gene transfection assays of PDI-PAmAm. (A) Conteaperiment. indicating that PDI-PAmMAmM passed through the pepitic
DNA alone cannot enter into live cells. (B) Fluocesce images of PDI- membrane and entered into the gut cells. All tedtedae
PAMAM/DNA complex internalized into live cells M PDI-PAmAm, 100 survived to adult hood which demonstrates the gadétPDI-
pM DNA, N/P = 8:1). Separated channels are shown(Bi) (red, PDI- PAmMAmM-contained diet. Then we test whether PD!-
PAmMAmM) and (B”) (blue, DNA). DNA was fluorescentliabelled by CXR PAMAM/dsRNA complex is able to enter into gut tessGFP-
Reference Dye (blue). (C) Required incubation tignpof PDI-PAmAm and dSRNA fragment was synthesized with T7 RiboMAX
previous reported Gs for fluorescence detection) Relatively weak GFP expression RNAIi system, and was labelled with aeblu
expression of PEI delivered GFP plasmid in cel&) Much stronger GFP fluorescence CRD. The dissected larval guts wecelbated
expression of PDI-PAmAm delivered GFP plasmid idlze(F) After oral With PDI-PAMAM/dsRNA (at the N/P ratio of 2:1) colapes.
feeding with artificial diet containing PDI-PAmAmetivered dsRNA The delivery of dsRNA by PDI-PAmMAmM was observedthg
targeting a key developmental gedecapentaplegic, larvae show apparent fluorescence distributions of PDI-PAmAm and the CRLC
growth defects compared with the control labelled dsRNA in gut tissues (Fig. S6(B-B”)). Far vivo

applications to interfere gene expression, dsRN&grfrents

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 7
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were synthesized for specific targeting a key dgwelental

6

genedecapentaplegic (dpp)** of an insect pest, Black cutworm.

After oral feeding with artificial diet containingPDI-
PAMAmM/dsRNA (at the N/P ratio of 2:1) complexes thsted
larvae showed apparent growth defects compared thi¢h
control of dsRNA alone (Fig. 5(F)) and the negatemtrol of
complexing GFP-dsRNA. After 4 days’ treatment, trewth
inhibition was quantified by measuring the larvaldp length.
Compared with the larvae fed with dsRNA alone, tualy
length of PDI-PAmMAmM/dsRNA fed larvae
indicating an apparent growth defect induced bycibwplexes.
These
requirements of gene carrier for both vitro and in vivo
applications.

Conclusions

In conclusion, the synthesis and optical properties novel
water-soluble PDI-PAMAmM are reported. The aggregabof

the encapsulated PDI chromophore was noticeablpresped
by outer PAmAm shells, thus leading to the enharesenof
optical performance of PDI in water. Strong redbofescence,
good water solubility, and high photostability wele prime
attractions for bio-applications. PDI-PAMAmM can tapidly

internalized into live cells, with high efficacy gkene delivery
and low cytotoxicity. PDI-PAMAmM shows great perfamce of
gene transfection and gene interference in botyitro andin

Vivo experiments.
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