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copolymer molecules. The basic unit of PEl has a backbone of two carbons followed by
25 one nitrogen atom. The branched PEIl contains 1°, 2° and 3° amines, each with the
potential to be protonated. PEI and other effective copolymeric gene carriers currently
available, such as dendrimers, are not degradable.
Dependent on molecular weight, structure and doses, PEI can be toxic to certain
cells. It has been reported that branched PEI with molecular weight (MW) of 25,000 or
30 greater displayed relatively high cytotoxicity, possibly because of forming large
aggregates on the surface of cells. Low molecular weight PEIs (< 1,800) displayed
much less toxicity but almost no transfection efficiency.
Cyclodextrins (CyDs) are cyclic (a-1,4)-linked oligosaccharides of o-D-
glucopyranose containing a hydrophobic central cavity and hydrophilic outer surface.
35  The most common CyDs are a-, - and y-CyDs, which consist of six, seven and eight D-

glucopyranose units, respectively. The lack of toxicity and immunogenicity of these



5 both viral binding and internalization. CyDs can di srupt biol ogical

menbr anes by conpl exation wth phospholi pids and chol esterols. These

ef fects have been suggested to assist cell take-up of polyam doam ne
dendrinmer/DNA particles and intracellular trafficking of DNA nol ecul es. The
present inventors have used cycl odextrins2to cross-link |ow nolecular 10
wei ght PEI S | 0, i .

copol yrer T e At hERSG LR R e S0 C R R heliian PSpBRe i o,

bi ndi ng, newariety iof guest amdearkesde sslutign BIMAIN sofit stade. aAlthoughtCyEisrthéroselvesxarei t y.

and tho conf QoaIcare BFe, et BV coB <GPS Ml e PhohytFfiily Ml Rafis BV

nol ecul es t adebndviml trahsductcrulint hngao cqddny aderscharireonize €acd-2 calis oyl snheagicing

f dt i . i sti . f ‘i T
system £ 3 bl o HBFhg. S, EnIRaRERe T Ouaf s WevE! HEFHIE sambres by
copol yner s camalexetiaf wilts ploasphblipids and thalestéreisc Tesd effecte balebeemsyggastedd

f whi ch ti ' : , I ,

of Imvent i oft 1R ¢pf dpReu o8 boimion e NieHRrnaFbRA, BaliBi G yftacsitiE™ Y

bi odegr adabltraffckipg lof DA moletwaes.e for delivering a nucleic acid nolecule to
1, th I (sl | | ' I hyl eni i

(PE') orose-11 koot oSom, bvEah hiYe (RoE)HeBueffihe e BBt KUl P

pr esent 1Dnveveighd rPElr molyrders i@ imetelesel the mumpet [of sindne@reupsi petfegaichdedigotymer

SO oy et W' deRbES e lapeb Bt BE Bl R ftiiel et g
or acti vat edongerisogeRNA| yett @tanihg theinloaciokiaity. wdihg Hiiograxtablecestyt bondsi are t o

act i vat 6 CUBhadRAL LRk il AL SR Ao Y SHINL B systom

Hydr oxyl “gr ou cyclodex re coup 0 ani nme grou

pol yet hyl eniferimigleid adidst he result of a onecarbon spacer. r 31nathird
aspect, the pres I | i d i ode p r 1esi zed
byt he' met hod acadpdragiTt oeHior B B8t Ca 8RR HEIR o S PbGRG

fourt h aspestith nunieipaekiemplecuiesrin iptasnpd dointiedich atet particdlanly daitableefar rggna
nucl ei ¢ aci Ul o a cell, the nethod conprising formng a conpl ex
bet ween a 5%%%‘?53%% e copol yner according to the first or third aspects
of the pPesent invention and a nucleic acid nol ecul e and exposi ng the cell
to the copol %ﬁar@of‘ C ﬁﬁo% acid nol ecul e conpl ex such that the conplex is
internalized Dy ttre cefr and the nucleic acid nolecule is released in the
cell. In a fifthlmgplest asped, Hreepeasent mventidronrqyidesi 2 diodegeadableacopolymer
bi odegr adablggitde %%&V{Fﬁ{g ARGALH! Ew%letchﬁ tB'{ 811, We EOAifhESRRT R olhe
el nmol ecu n SI xth

present invention to er a nuclelc acid l'e to a cell.

aspect, t he nlesiiariweighiealypihlepingne (Risl) orogs-tinked by aeiatpdgdtinl(€ybpol ymer
according to the |fiyrskod akdu in9 " | i LA

manuf acture of a rﬁmﬁ%cgneﬁt%cgrh?%@&%@ﬁn\/@t&h%ﬂg&ﬁ%mcélt}‘éﬁ’ogfg}39%%%%%% g to
a cell in aibiofsgeasiakigicopply@peeRbPising e stapsefl is a human. Preferably, the
copol ymers E(lgfor WeBbngd BydidHRxPMESIE AN 2B¥RND 8 gg‘ﬁotﬁﬁ%&aﬁ&ﬁ){ﬂehycgeﬂaé}t%' c
to animal cells at concentrations typically used 1 n gene therapéutic

appl i cations. Tyghdal concentrations are in the order of about 25 to 6000
uM pref er alhy 2%da#aa%he69?&o@ﬁeﬂ099 SM/SRE BRIGRSRHINT & d Mo MbRc@AF Wdlgti VO
applications wi thout “significant toxicity to cells. It wll be apprecrated
that thé0concent Palyetwlenieing rtedforn| @ mikpen Ardntreatinga ey ATixtergpundaresuitabled,
the amount, type BhdifitHsMOffofhd icdedfdddble® cBSoIfRbl \L8MBHsing SbifiRIdrhpat
cell type. Preferably, the copol ymer "has a net positive charge and Is
capabl e of cont ailiAkefPYe/cdedBipl exi ng wi th negatively charged nucleic acid
mol ecul es such asry A2 RO0p SN IERSaLIBR tre B [dckErs! BotRESH b IR6LIHRH SNSctRhteldDr €
of primary, secondary ‘and tertiary amnes that may interact wth negatively
char ged nucl¥fledexding apsl clpvesmolpgulanoweight ceelveihyigRiMing:  pblygreryly BenPsi e,
it is megnt cgaoaé;&rlwgr% BRIPWRL RBYArfRE Fré\foshA \olY@tiyidThiRE Wikl th¥&bEIN of%f oh&SS

t han about 25000. The 30 pol yethyl eni mne nmononmérs of choice typically have
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10000, nore preferably |l ess than about 5000. The present inventors have
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particularly suitable for delivering nucleic acid nolecules to cells
according to the 35 present invention.
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clearly understood, preferred forms will be described with reference to the

ﬁ%\ﬂﬁh@it exanpl es. 5 Brief Description of the Draw ngs
Preferably, the copolymer has a net positive charge and is capable of containing

following d

25 or complexing with negatively charged nucleic acid molecules such as DNA and RNA.
The net positive is provided by one or more of primary, secondary and tertiary amines
that may interact with negatively charged nucleic acid molecules.

By low molecular weight polyethylenimine, it is meant to include
polyethylenimine having a molecular weight of less than about 25000. The

30 polyethylenimine monomers of choice typically have a molecular weight of less than
about 20000, preferably less than about 10000, more preferably less than about 5000.
The present inventors have found that copolymers formed from polyethylenimine having
molecular weights from about 500 to 4000, preferably between about 600 to 2000, are
particularly suitable for delivering nucleic acid molecules to cells according to the

35 present invention.



"Fi gu're 1A shows a synthesis schenme of PElI-CyD copol yners according to the
present invention. Figure 1 B shows chem cal |inkage of PEI-CyD copol yners
according to the 10 present invention. Figure 2 shows the 'H NWR spectra of
1,1 -carbonyl diimdazole (CDI) in D20, CyD in DVSO and in CyD in D20.
Figure 3 shows the'H NIVR spectra of ~i-Cyp-CDI at various concentrations.
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Synt hesi s charged nucleic acids, including DNA, RNA and oligonucleotides. Preferably, the
nucleic acid is in the form of a plasmid containing nucleic acid molecule having a
nucleotide sequence which, when internalized in a cell, can provide some desired

20  beneficial effect to the cell.

The biodegradable copolymers can be diluted or dispersed in any suitable
medium for application to cells. Similarly, the copolymers can be formulated in
pharmaceutically acceptable diluents for administration to animals including humans.
Such formulation is well known to the art.

25 The copolymers can be administered to animals by any suitable route.
Typically, the copolymers containing the nucleic acid molecules are administered by
injection, typically at the desired site.

Throughout this specification, unless the context requires otherwise, the word
"comprise", or variations such as "comprises" or "comprising", will be understood to

30 imply the inclusion of a stated element, integer or step, or group of elements, integers or
steps, but not the exclusion of any other element, integer or step, or group of elements,
integers or steps.

Any discussion of documents, acts, materials, devices, articles or the like which
has been included in the present specification is solely for the purpose of providing a

35  context for the present invention. It is not to be taken as an admission that any or all of

these matters form part of the prior art base or were common general knowledge in the



Pol yet hyl eni m ne (PElI), average nol ecul ar wei ght 600, 1200, and 2000, (320
cyclodextrin (CyD, nolecular weight 1,135) and 1,1'-carbonyl diimdazol e
(CDI) were used for copolynmer synthesis. 0.42 g ~3-cyclodextrin (0.00037
nol) and 0.80 g 1, 1' carbonyl diim dazole (0.0052 nol) were dissolved in 6 n
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and 1 eact ed ol et SR bleRB B0 4B SRR B ol Q08 or JIOR g Ur e

was precipitated in coI red
di mthlsulf@ktmmonstored at 4C PEI polyrrers (1.5 g, 0.0025 mol ) were

OyooDl i 5 i DB Ehie b preseh BVERE Ry PR SEAT LiKhiStH 8 hreg
over 1.5h. Adrmsrwithteidesoibad mhreiererg:eft@theéfoﬂijwing dlawirigstamdeexampleeti alyzed in

wat er ang freeze-dried for 2 days. Polynmer Characterization 'H NVR Anal ysis
The structures of PE1600-CyD and PE12000- CyD were ascertained by'H NVR The

(rjatl o of gy?_@ﬁﬂgﬂgﬂ_ragﬂ_mﬂmggl eninmne in the copol ynmer sanple was
H
pr ot ons of cyel obIGHS Th TOHGS S buRbRFbE i Soptibls e pldig e

anal ysi s wagpresent ineehtont wi th 20 7 mg of PEI -Q/D sanpl e di ssolved into

0.7 m deuteriu d ( k t
scans at room tg]: etea"t91 lEJ,’re %cﬁer@gglc #QAJ%E&SQBC%@E@%B%%@{@ tg é
anal yzedOby pkdSieDt inVédtiomass spectronetry (MALDI - TOFMS) ( Voyager DESTR

Porkin Bl rer Pt Sapld ¥ BLaSYS G TyRPSIaked 1y LA o\ 0GhIndE (oBien B | X

for PE12000- CyD I nham c'ac aser>was
used wit h atCyDaafiM20@ndlimCgDimDa®er age for the final spectrum 10 Cel

Perforation Chropato h GRG) alysis e ts of s nt hesi zed
copol yners were '@PEE?{?T%E%‘%S{S\? Mﬁ%@r tjt\fg ¥Bg}(§g€tﬁﬁﬁ@s§ﬁ’ﬂcw BUPRS- 410
Refracti ve | ndexFigatedt shows38UD/PEThaclapiratissscaleatedlzeoonaiaete Pel intgpal Gfar d
S/'n 7095% H&"qﬂéﬁ' GFC—P S/n 70977 and Pol ysep GFC-P S/n 70976 (33C).
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PE1600 g‘arrpl es were run at a 10 15 ng/m concentration in
distilled-water. F'gheeﬁehnswmmassbp&dtrahanmm ofePEI2000-CYyDed water, with a flow

rate of 0.8 nil/ n ein pl
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Figure 12 shows release of DNA from copolymer complex using an agarose gel
assay.
30 Figure 13 shows results of copolymer degradation as measured by viscosity
analysis.
Figure 14 shows results of DNA release from copolymers in an in vivo study

using a rat spinal cord assay.



data analysis, the refractive index nedium (1.332) of 5% gl ucose at 20C was
detected. 35 8 Cytotoxicity Assay Cos7, NT2, MCT17.2, U256, 293, KB3-1
and HEP& cells were used. Cells were cultured in DVEM suppl enmrented with
10% FCS at 37C, 10% C02, and 95%relative humdity. Cl7.2 cells were
cultured in Dul becco's nodification of Eagle's 5 m nimum essential nedi um
E]DIVEM suppll\ﬁ: échr i nn BOQ tI le |§|I1f serum (FCS) and 5% heat -i nacti vat ed
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and rabbit [3-globin polyadenylation (poly-A) signal. At the tine of
transfection, the nmediumin each well was replaced with 300 ELI of

Opti - VEM PIATRRAIALS WIETQ@%NA conpl exes were incubated with the cells

for 3h at 3PelyrhBESymthesidi um was then replaced with 0.5 m of fresh
conpl ete nmediumand cells were further incubated for 24h. After incubation,

cells were per nediphetyanininen(PED ayerage gwlgculay svejahdu9Qr 1306y @mega0e, B-W s

USA). The | uGhib8sase (@b Moletuial weidht £X35)54F 1) |
| uci f erase ggsay Ki t ($ romggauca:o. , tdi )sf%gn) ﬁg%%%@@l&gﬁg?ir% ggagl\ivere

| uni nonet er YeBR FeMeARPYMaTERYNtESIHE0.42 e Pravpipyextdr (0.00@37 meb dandg®B0 unilt1s
(LU) were 3 t L Ri : QP Al ; cts,
Whieh s measorJRIMGESa 80053 mB) Weht BesaRerRid A WALabBI G i SIS
Cal i f or ni a) .The nixiure wag Stinechat repamtsmpetdtyn andgegctathtor Jhafaagtiers exstemavas

PCAG | uc, enpaditag éﬁl\%/ hlﬁig@én.l Ughf Ehaife dids PReditafbdC ARERY Efﬁwpéﬂ’{éPt fﬂiergt@G

consisting of the enhancer, chicken ~3-'actin pronote and rabBit

(i -gl obich pdispaledyn AtmlotimsinawipxidehMIQ@xsteredeatet°Gr diflrmotyrieys f1.8ign@.QIRA and
DL o P AERIRR I Blisch arBE b OSSRl ot Wl oty
gl ucose. Th&ERt iRtaumé DM$P and 0.3 ml triethylamine (Et3N) was added drop wise over 1.5h.
After additional stirring for 4-5h, the mixture was dialyzed in water and freeze-dried for 2
days.
30
Polymer Characterization
"H NMR Analysis
The structures of PEI600-CyD and PEI2000-CyD were ascertained by 'H NMR.
The ratio of cyclodextrin and polyethylenimine in the copolymer sample was determined
35 from 'H NMR spectra using integral values obtained for the -H protons of cyclodextrin

rings and ~CH,CH,NH- protons of PEIl. The 'H NMR analysis was carried out with 20



PE125k (NIP ratio was 1511 ) was prepared as follows: 4.5 w of PE125k (0.1
M in 45.5 p.l 5% glucose was added to 12.5 ~g of pCAG luc in 50 pl 5%

gl ucose solution, vortexing 10 for 1 min. The mxture with PE1600-CyD (NI P
ratio was 2011 ) was prepared as follows: 6.0 ~. 1 of PE1600-(3-CyD (0.1 M

in 44.0 pl 5% gl ucose was added to 12.5 ~g of pCAG luc in 50 ~.1 5% gl ucose

sol ution ! ot 1 0 i ol1
> vas. pr epai iy SLEERGHY sarhol® dssol¥R oLt gl bRy MR CHON i BftkesadP
was added t INMR spectragnaiér i 82 seansiat rdsin Eoipebdturgl ucose sol ution, vortexing
for 1 mn. After 15 mxing, the transfection systens were allowed to

i ncubate at roomtenperature for 30 mn. Fenale Sw ss al bino mce, 20-25
grans, obt aiMess SpectrumUdBalyesizor at ory Ani mal Cent er Were used. Mce were

posi 11 onowi 0 ¢ nEETEIRAY A el oy YA DL DR banE 3 adleiy A BIRHZ,

appr oxi mat eIIWS)](@’oyager‘D‘n‘sSTi%&drkw&ElnnerrﬁﬂnSéptwecBmystem)mpetdtedrtm thadiner mbdeger

and the ind er t he space en.the.occi d the first
corvi cal | veriegpaie PR R iie BaTE- PRRRRrramaR Y A p b e ce
for each grtwasu.a;edmma at leasf 2001shagts epaverdgafon thedfinal Spndoeramvm th Ham | ton
syringe with a stop at 4 mmof the tip of the needle to each nouse. For
sanpl e analysis, the injected mce were kept in air25 conditioned room
free feadi Pgadmrl?rétlbhiomg?mé@braﬁay(G@O}Amylsmi ghlt cycle for 24h. The nice
were sacrifice ter perfusio tricle

Anest ot ¢ with MHaiEmEtkelRs S abbestad BEMubrS ek Aeleimied PETRG Heing
col l ected t wgtbl‘beeod@bumpaawr Waters i 0 aRéftactivey Irdex | Dtédter @3eC). 3Ph&blmhS
Copol ynmer Characterization Fi %ure 1A shows the s nt hesi glscherre of PEI -

copol yners dYRie Engaereenexd olyrpPalasd S{m EOURGT BB(F’ P BhkaR & ﬁo%raé‘dd:e@ﬁep%f

PEI - CyD copabpiemr 8/@?@@761(3’390) 0 FEMOIRCBSSY PEIPOBDIGPRam I&@ Wworat liASatSa 10
procedure invol ved t eparation of the activated ~i 35 cycl odextrin

(~i - cycli8dexee/ (IR I TR Ehe gymningy sylutignguseghyas disgliest water,
(3cycl odext njim- QSioM/eFatPé”o?@'%Thﬂ/ﬁwlﬁ P n?.B ) yolhE wdd SOR.EP RRdGR weork

10 carbonyl di 1 m dazol e 20 are shown™in
Fi gure 2. |ran1aryée%mev@mact9f asm&bﬁvw molqdettwleng ga\m@@aspté@darﬁ af HuINeE average but

D20 sol vent n‘?&]@&ﬂ’é‘r‘i‘wé@ﬁs?%d ‘ﬁ%ebddlfz%d'%:%g@'éﬂassbéo was clear that the peaks

at 8 5.6-5.8 ppm shou be assi gned roxyl groups inside ring of
~-cyclodextrin, and 8 4.5 ppmwas for 5 hydroxyl groups outside ring of

(3-cycl %eXtAgc}dﬂoseQ?é‘lT@é&% WhiRist he standard spectrum of ~-cyclodextrin, the
peak at ppm was assi gne to t he nunber 1 hydroxyl of ~3cycl odextr| n.

Figure 3 shows t HgaresenpRetsqpbierasis (ft pgareyecampininghethigiumy bramide MisiEny wes
material s usRdq t@@ér&hﬂ%%p%/me\‘! arliu WN SIHéin(; atvaaﬁ g%oﬁﬁsW%GBdCDWth

the increase 10 in the anou peak at decr ease
i ndi cati ng tHR20Q0EeDpyese drixed wmrpcam}fdm&w S‘érqbtm@seﬁomﬁ@ and opded i thei n
d d
]['rg% ‘f’elrfN N%%Leééﬁélegll;bﬁqwés[]e%l nr;ug"ért A4 tc{ﬁ%eratﬁ%nrﬁs BSretek 80 UEbPB IS
25 bands were vnsuallzed by a uv |llum|nator and electrophoretic mobility of DNA

samples complexed with the copolymers was measured.

Particle Size of Copolymer-DNA Complexes
Complexes were prepared at a DNA concentration of 0.2 mg/mi, N/P ratio = 20
30 for PEI2000, PEI2000-CyD, PEI600 and PEIG00-CyD. A volume of 1 ml was used for
the measurement. Sizes were measured with N4 Plus Submicron Particle Sizer
(COULTER, USA) at room temperature. Scattering light was detected at 90°angle,
running of 200 sec for each sample and analyzed in the Unimodal Analysis mode. For
data analysis, the refractive index medium (1.332) of 5% glucose at 20°C was detected.
35



' obtained fromthe nunbers of the H proton of ~i-CyDin Cl and OH proton of
~3-CyD in C6. Three ratios, 15, 22 and 33% of hydroxyl group could be
achieved. For a linear 15 structure copolynmer to be obtained, the ~-CyD
wi th nodification degree of 33% was used for the reaction with PEI. After
t he reaction CyD/ PEl nolar ratios were ol cul ated according to the

i ntegral d;g)q pectrum (Figure 4). The formula of cal cul ati on was
as foIIovvs @Waﬁ (A/1 x7)/ (Bl 4x46.5) where A integral of 1 Hin
gl ucose unite of CaséyNTadECTV2, U8, B93,i KBgrand HEPBRoteds wene PERd. Cells
(CHZCH2NH) unit . New y esi ze&'P 120 p ned
%6, 6 and 14888 GiFsh o DARENCSpRRIneNRE IS B0 FCs R e DA E0E ASB0e k) o

showed dom rglativephakiilitpt CHV.29¢H)st weréOOMtueet irc @uibecows mbdifidatink aafeEadle’s

ol ccul af wali8" Fepll shesh G5B, steoeq ot Eaf SethyeS) ohd°

respecti veI B% hegtinactiGatedconée seiung Foe cell ombilityl a]ésiaygcoﬁolyrim d;c:burbiolmelmal ar

ight 30 PEIs b D. | t th | i ght, of
PE19000- Oy DPIRALSHh T SHUM SUPP AR B ey SLE VS il erpdneia i ahihe
DNA to for npmfat'étlohevaeréirdtﬁlnﬁ‘qaﬁaaﬁmmbnd\naﬂjmsledgbtpl-s Tat dref 28@32mdiasatllegi

particles f re in the,ran 0to | | er
Phan those fBPmeeleus IR0y ieliaare (' sqeler iRE ouat \piotbrfety pis, 1Gne.

t hese PHD- qmtemé@epasbrméme) h@ftérmvanﬂghtmmubaﬂmrdltlsé iculbure inoediarh easz esplaced 11
Most of the ¢op uce und 90 or
tependi ng ol TAHLCT et AIStarScel copdners 5% csled 2, be % w&reywevbete%ﬁe&
conpl exes* another 24h. Twenty pl sterile filtered MTT (3-(4,5-dimethyl-thiazol-2- gg -2,5 enyl
Pol ymer nMeanSDPE1200061632566. 4PE12000- D813 443. 597PE1600694, 245 5PE

1600- Cy D787 tererokiusp bromide) (haofml} stoek sQufips B Rbiosphate hutiered S@lﬂ?ﬂ:@"rﬁS MerBn of

DNA 0.1 ~9/ whdédGo Wath i lreadiify %Ehna%anéaﬂﬁawﬁr%m 5Veie verapab! anef 4Rl wli ng,
neutralizing and condensi ng DNA showed el retardation assays in

Figure 75andeagielfye was smevackky awaa%eThﬁfqrﬁ@l%@{ﬁta'soweﬁerf@s%ﬁal'pﬂQPs
used, char degugl DHMIST e (BB " ahbs@fbrand SOl EREBREPN. iy A0feRSEede!

sl ovved down. Hi gher anount's of copol yner stopped™the mgration totally.

The cel | vi abestiappotesedically, o afaElelﬁAtrna@erréMPG@cﬁSQy iogfar ) a2 2y leggth of 655

exhi bi ted mueh |T(P1\é’e§pe%¥'5|9ﬁd?6(rhéfe¥' deSnCé}IB;'étéH &8 0C8bdopodrieanudi @13@{&& Frhétii® 9) -
At a concentration 1 nmV viabi ity was 80% i1 n COS7 0% in NT2
cells, and w@puw}m ﬁheﬁafyecveqlhggow@ (v(ﬁéﬁ'aPEﬂeGBnWI§e"$1§°f\‘/té'mn9§§"PE'.’L‘UGO
Wer e us Wgii & Simlar results
wer e obggr ved |Lﬁﬁlglg§gm &Sb'bﬁlegygﬂgéleﬂgﬁgsbg%ﬁfégv @ig%})%mlcgft}}ged 100% of death
in HEP& cells, 50% of cells survived in PElI-CyD group. Wen conpared with

nononer CD, dbeageﬁgng%a,gn%gg arelatively lower cytotoxicity. The
transfection efficiencies of ¥ he resulting cross-1inked products were 20

eval uated in sev&ERT @ ‘f"’f‘éFé’f‘ﬁfeQS'@PIStHQ'%@'Eé’YQ’G@ sgeqagcd4nanios bo ransipatian injeAe
under a CAG arm%@t@ (B‘étel%nrnﬁae#.éo% Eu"ﬁe&YﬁdDatﬂb% J‘}ra@%sdénbNS%W%VW%ﬂ Svith

medi at ed variable [evels of transfection, depending o he cross-|inking
r eagent 25t h®-%xplent 'Qﬂ'ca&ﬂwjm@mmon Thanelagmié NFde MRS QCA%UQ heogeding fireflur e

10 and Fi guj t i
R2:850. o5 SRR gt 478 SOmESE AR TRRONS BL EC S

for in vitrehicken Beastie nraran@remil r@hbit ArgloRir polyafenyliont (RelytA)asignalct Aole

efficienc I cel Sof!
cells andyl tgpt?éﬂﬁfe]&%?’?&‘ér@%q ‘Iwggnl%r?c'l‘ @&%&nﬁép}aﬁeew t?oéqq’@nsfg%t%h
ef fici enci ePBMONA bhREIREYD-DNA carpleyasavere\ivnubated vithrthd bellstfor 3that 3¥e€t The

results 38bt % 4 lgmvv\\'}atSQheI?\Erle%?alééd with 0.5 ml of fresh complete medium and cells were further
incubated for 24h. After incubation, cells were permeabilized with 100 pl of cell-lysis

buffer (Promega Co, Wis USA). The luciferase activity in cell extracts was measured

using a luciferase assay Kit (Promega Co., Madison, Wis USA) on a single-well

luminometer (Berthold Lumat LB 9507, Germany) for 10 s. The light units (LU) were

35 normalized against protein concentration in the cell extracts, which was measured using

a protein assay kit (Bio-Rad Labs, Hercules, California).



" PEI -CyD copol yners devel oped according to the present invention undergo 30
hydrol yti c degradation in PBS (pH 7.4) at 37C, because of ester bonds
formed. Wthin 12 25 days, the nol ecul ar wei ght of the copol yner
decreased from 63000 to 30000. Wth the degradation, plasm d DNA was

rel eased from copol yner conpl exes. The reéd ease rate of DNA was a function
of charge ratio. Conplexes at the NIP ratio of 1 started to rel ease DNA
after 2 days of incubation in PBS at 37C as indicated by agarose gel 5
anal ysi s ( Fimvive Gehe Traingfectionfsisge ratios | ead to sl ower rel ease of DNA

day 3. The ol cot napnAPEDRE URET HR oAU RS FORE IR E b B0

slightly | ov:empoe‘,)retmanlnb;erlmaﬁccausmsmmgtoh&wee@MVdE&rmbnttdnecm«ﬂ@na}iedml proemoter

nol ecul ar wei ght, PE 6 oI i t he vi sc05|t an ysSi s
Copol et oPOdRaRIP-RbiPERsAIBURI eTglu O e T RPRRI8 Y Do VA U1 o
13). Anin \éhMCboﬁbI\)ﬁlx)érél\@SSWPrubGéb ediutior) tﬁtlesdlﬁtonspdlsléa' fof Orf cwn;ohrréméhtlon

intrathecal adm nistration o J ex PEI
Lot bt ant nARPYIANES WartseiePatsiin SROLSt, WRtEr SouBiPer K diHsoss p TheaTisiyrg Hith

spi nal cor d pEpgkqNAD 14t was! ahﬁwaé P@aam@%m@,& a5tk BNAEIZBR D AN G wstsml
PE1600, PE1600- CyD enhanced the deliver lasm d DNA into the

si gni fi cant P glPegseosas addagrte 124 ug @f PW‘@ lyc froP@ nhdGratcose selution, \@étﬁé'ng
expressyon. ¢EV. I D
s ot 10s. fih it TRRIMARS with SERRECYSAVR] S Xy (TR BiegaieN SR
cyt ot oxi ci t ¥.0offil oOPERR0EHBOYRAS. 108 irnddb O phbBdlucese hasiadded ta $2.6 pigaf 9CAGﬁlgse

cepoci a1 1y Jinh ST BER ol iR i, iR krd SRR RRIRIE TP R

this new cl ags 2@71)Gﬁa35|§rebarﬁh%d felRRat § 18I Sf PEMO0AOS M) wmabﬂ @ 3% [ucosalvas
chem cal - based ivery s%stemfor gene therapy M MARY The present

i nvention pPSW‘HB@%?(b@éﬁ us i Pat ?r(?aglé‘coieﬁﬂ'q‘i@é‘r X%’EP’?W@GQH’"'ES Aftsl
ol ecul a5 WeligRg, helaRtREliciNsyEdifs (edPhNdlddyto! ifdibatd anrodRPtenperdl(i@) for 30
cross-1linked by nodified p-cyclodextrin. The term nal (3-cyclodextrin
hydr oxyl grmj’}b was activated by 1,1'-carbonyl diimdazole. Each activated

(i-cyclodextrin IFeplsfe S%s%ﬂbﬂd"hﬁ;‘é umz%sgr%slweéﬁ@d ﬁsmlms%b%tory’ﬁhmm
forma linear structure co di f1cation deg

~3- cycl odex{Gener avrye used. 'QFCSO‘M?ﬂed‘P’i'erW anesihetizas, By W%‘Ptﬁﬂfaﬁt@ﬂ Byaip@gt on
NMR, show ng|a338arPh phordr gusition HiUReir He6k3dr§iﬂéd eePPIdstiB tiR maliniPsl dfahRfer of

Activated p-cycl odextrin was reacted ow nol ecul ar. wei %ht PEI to form

| i near 29r u@pbiogimstelpip ey pThebead wes Hamobiized willy he dhuinh pagyMidisoeeandthen of

activated CyaexfiflgéidalpdtiRg thesade eRHenINGO BESb Ut AAY tﬂéﬁ‘smr\ﬂw aretigl ght of
t he synt hesi zed copol yners increased from 600 to 23,000 and 000 to 19 000

for PEL600- @ASeRhiVeBlopEintgastarnaly iriesisdc1q wiss forrggahcaroup a%mdﬂocr y

of the invepgd J@ﬂe&ﬁaﬁ@bmé@s %thlﬁarﬁﬁbn%y%mwtﬁ a stobBath%rﬁaafqh@mgdof the
products are degradable in the_body and di sp t%/?] | ess toxicity and

al nost sane "ePYURSPeBIGHORIONES.i cF¥NE3MRIS @Eiyfﬁ‘k "Eiﬂ‘l’t?@lr"@'ﬁec‘%‘l’r?s eptHa air-

present ok nvephdifidheRi o8BS frae Rcubiny SLEHHRIRDH eh BEIghY Bhe ARAL YERS fok 2ak. aaB
bi nd and condense DNA and nediate intracellul ar  gene transfection. Low

mol ecul ar 5 MVER Yiere pevrifiged @fter pribepion vin le vepliclsduilh PBS wndar angathstie with

nodi fi ed by elhel ang #Hesutubdlal EBregaRl ghdt KraihQtdth vekd BEIREteT b gthdHTEr rﬁ@@éﬂrMFE :
Sorme features of the copolyners according to the present i1nvention include:

| . PEI-CyD &5patyiberidugierasee i nvention, being different from non-degradabl e
PE125k, are degradable in PBS buffer soI ution or in physiological
condltlon

300 RESULTS
Copolymer Characterization
Figure 1A shows the synthesis scheme of PEI-CyD copolymers and Figure 1B
indicates the chemical linkage in more detail of PEI-CyD copolymers according to the
present invention. The synthesis procedure involved the preparation of the activated B-
35 cyclodextrin (B-cyclodextrin-carbonate-benzotriazole, CDI-CyD) and synthesis of p-

cyclodextrin—polyethylenimine (PEI-3-CyD). The 'H NMR spectra of 1,1-



' 10 because of ester bonds forned during CyD-PEl |inkage. Il. PElI-CyD

copol yners of the invention are bioconpatible nmaterials, show ng no
toxicity to all cells tested. This is strikingly different from PE125k,

whi ch causes cell death at relatively | ower doses. The degradation products
of the copolyners are | ow MV PEI and CyD10whi ch are also not toxic. 15 II1.
PEI - CyD cop rS:: } i | Sy t it rge.
posi 11 vel y SHEPTUgjitei (Co fbrG i B BRiscral it Y s h ridius o

am nes. Thetheogaventef OMEQ, alf priotine rappgaredriol tiaen dpestmicte sk DaDesotiedt Egedhe

copol yners are_pr ohahl ble to disrupt osone r.a nce end t osed
Coro terl o D dRih Brelinto JbhES ditar RACRE TeelE 22 S0P SHRPBE SUECfbes,
The copol yrraéﬁgrﬁazﬂit@mqr@ﬁﬂe?@spg assided Angfdfi B-cpddddextrin) 4t B £8!dpin aigh for
animals. The transfection efficiency of the copolyners is nuch higher than

t hose nedli ah¥dronyl ggeuprsQuigidering of B-eyetodaxtgne Conparadouith the standardsrestr afy
PE125k. The o s@gﬂﬁét [ okl A
nmol ecul ar 22&:@?8%”%2]46B%%rsraé?gx'?ow&ée\sgée e t?l)utﬂ eﬁﬁb@rgﬁlﬁ#erb rodlﬂgzv per
each copol yswslodextricul e, t hus enhancing the capability of the PEl polyners
i n binding, neut |21 Q j /el nIatal Al ng. j.r

toxicity. Bi odeg@é‘%?gﬁgg}tggpgbgn Iglﬁc N a 5(5c %ggpn rlbdghﬂ@'@rﬁ{len%%w%et of
activati on ofate@iaBsusedd CDiinkesnCy[Y atith oariads i@tios cain be pdared. t WitRihe inBrease
conbi ni P C t e |10 ng. S 30
been sunhri B W1 dHE o BEE e ek 3% Bl obest el PeicEORP b RieCprahe

ef fective débmves yhydpsyliegrodmof the @-eycbdartrid 3ingl werei delcrdased ppe dc rection bith
persons skillJed in the art that numerous variafions and/or, nmodificatjons
oy be. e G « FBe iRenbisn e RERTa HaWMEL bR SordRhg onf elsete el BB
departing f optEindadranwiid hurbibers @PRR ATprétbe of PMEM InC1 akd DH AEbtoh 86B-CyD in
descri bed. Eée resent engggd' mentasO are, therefore, @o be consj dlg_ared an all
respects as $% | TBP &8ti5e Tanek AR 3P %stlivdroxykdroup goutd be aghieved. pFor a linear

bi odegr aglabkgy&arROtopBRimet Ub tRPbIRaIhEE, B8l B-C9hi With ?qd@lﬁi%hﬁﬂrﬁd@({rbé didzerwag to
a cell, the copolymer conprising | ow nolecul ar wei ght pol yethyl eni m ne
cross5 | i nk&gedblpriherpactionathyFREl. 2. The bi odegradabl e copol yner accordi ng

to claiml havi nggr thetred¥idh! CHSPENROGR ratied wReé BEIcGiaRAY BoRingas i Ridghal
wi th negatively char %ge’%@nucl eic acjd_nol ecules. 3. The bi odegradabl e

copol ymer a8EBANIM PEYM(DiIgwieeh eiThe faranutreef gslssiatipn was @sdpliomge i s

provi ded by one or nore of primary, secondary and tertiary amnes. 4. The
bi odegr adabl e copol yner according to any one of clainms 1 to 3 wherein the

| ow ol 88ul ar wei ght pol yeWPY%Eii?ﬁM@‘M@MM%) ecul ar wei ght of less than
about 25000 h ' di to claim4 wherein

t he pol yet h)‘?’lhghel ?13‘1 ﬁ’ééafﬁqﬁggqg%wgﬁ%&cg@{a@r&\ﬁﬁgygﬁt%gtpq'l éggis t han about 20000,
preferably | ess BhintegsdlaliprasoFEIEHLCHMNH)eudbl y | ess t han about 10000,
even nore preferably | ess than about 5000. 6. The bi odegradabl e copol yner
according to claim4 wherein the pol yethyl eni mne has a nol ecul ar wei ght of
| ess than about MeBdy SmhqslzeﬂhBEtﬁpo@QeQﬁda\éﬁllﬁo@ eensdynyere rcoataitadd 6§ ard dhai m
6 wherebl thRiDHREMENENT M ne has a nol ecul ar wei ght from about 600 to

2000.
Mass spectral analysis of PEI2000-CyD showed dominant peaks at MW 3900 to

4000 and confirmed the linkage of PEI2000 and cyclodextrin (Figure 5). The GPC
analysis indicated that the molecular weights increased from 600 to 63,000 and 2000 to
19,000, respectively (Figure 6), confirming the cross-linking of the low molecular weight

30 PEls by CyD. In one preparation, the molecular weight of PEI2000-CyD reached
40,000.

The PEI-CyD copolymers were able to complex DNA to form particles. Size
measurement with light scattering indicated particles formed using PEI-CyD were in the
range of 90 to 130 nm, smaller than those formed using PEI polymers (see Table).

35  More importantly, these PEI-CyD/DNA particles had a much narrow distribution of sizes.



" 8. The bi odegr adabl e copol yner according to any one of clains 1 to 7
wherein the cyclodextrin is ~3-cyclodextrin nodified or activated by an
agent to allow attachnent to pol yethylenimne. 25 9. The bi odegradabl e
copol ymer according to claim8 wherein the agent is selected fromthe group

consisting of ~i-1,1"-carbonyl diimdazol ¢ benzotriazol e carbonat e,
N, N' - di succi 0 y i d
chl or of or rnat'\ﬁebswoqJ caq[g%&ﬂfetrse d‘glzoggi B@Ot b| od"ge%e%)e(l g Q(?)prgorl yén%rnm

accordi ng tdepéra:lmg@whmh@!ﬁhmﬂabase@ent is ~3 1,1 30 car bonyl di i m dazol e.
11. The bi odegradabl e copol ynmer according to any one of clains 1 to 10
wherein the polyethylenimne is cross-linked to cyclodextrin via a carbonyl
group. 12. The bTadIeglPada:td m@@@bﬁynmr/@&knmtnp@%b claim 11 having ester
bondi ng. 13. Th i uucgl adabt cn COPOT WHIE | a\.,uLgbu Ag—tq Ty—ote of clains 1
to 12 wherein Eoﬁ' copol yner cont af"' up tjo about ESﬂpoI yet hyl eni m ne

units. 15 14| PER®00i odegr adabl e comﬂ yrrer mcordl nq 660t cl ai m 13 wherein

t he copol yner egplaips—hetween—abou rd—25_poyetiyent-mne units. 15.
The bi odegr adabPEhpQ 'S?YPrrer actor di nbgqg 4@7%114 whe)rgZi nt copol yner
contains about| 10 to 15 pol yet hyl enj m ne unlts 5 16. A nethod for
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treating cycl odgﬂqopn with an %gent 9‘3)2f ormja 16rﬁ)dl fi e(f'5c§r actilvat ed

cycl odextrin; apgeob)cydi ng [fhe nofgfeed orl Aacki vat eql;gqycl odextrin to a
| ow nol ecul ar weight polvethvl enim toforlma mxture and tHeatin the
m xture Bnder 10 *Shetabicleswardpransrad ate gonepnteation of BhRiA okl aehbiR
conpri sing pol yethyl enimne Iinked by cyclodextrin. 17. The nethod

according to claim 16 wherein the cyclodextrin is ~i-cyclodextrin. 18. The
met hod accor di ng The REI<WA aopolwirare were hepadifef binding.acnesiializing ardreentengingup
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met hod accor di ng 1ha ¢l &4dhil a%ﬁﬁdju@at&@%a‘i@ﬂé@d‘ }IQVHHE' lﬂélzb&? DBl ar

wei ght of | ess than about preferab é ess _than about 15000, nore
preferably IMusH |@W@[rPYéQ§@mltymG@|DJre¢é9@H they EL?ﬁéf(E'Qa'[ﬂ%) |Ad @sconpenirating of 1

5000. 22. Thgy ”E‘éll"\ﬁéblﬁ?%%cﬂd%’l |r¥ eod7ai %%an é‘éll’& Eu'ﬁk? P&t VG% hylcarigedg has

a nol ecul ar 25 vvelgppt l'ess than about . The nmet hod according to

cl ai m 235 wh&thenPRIGRO-ByPyas well ahPRIGI8. were t&eﬁnwfaqs%%a'mq"gmedrlnéhﬁ BB 600
to 2000. 24tesT§?oqﬁet§ﬂmaafe%9ﬁ we& 5&&\;&& wmﬁooc% rg%ubﬁ AQo%@ BS}n‘ﬂ the

pol yet hylenimne I's cross-11nked extrl grou

carb
25. The net lsadsescti%iphdeaty lrtHEPﬁ?MIIWfVeDfmedlhéuwwd|ny fr&t- CdérﬂralllmsV\@'@Der
bondi ng. 26., ggre@%&ﬁqqo & ¢ r]ﬂEIB@? @2'25 PBRe@h rEbidiPlontr Z)got%%cwer ein the

copol yner contains u out 35 l'eni mne units. t hod
according to cl aﬁﬂ?ﬁZG’%ﬁf@@@ﬂn eﬁkﬁ@”@'@popﬁ/ ¢ tashiting nsrogedinkasn medustiouvers and

25 pol yephyleGalHeB8n WaLLS different cell lines using a luciferase reporter gene under a CAG

promoter. The results showed that cross-linked copolymers mediated variable levels of

transfection, depending on the cross-linking reagent, the extent of conjugation, and the
N/P ratio. As shown in Figure 10 and Figure 11, the luciferase expression levels
increased when PEI600-CyD and PEI2000-CyD were used instead of the low MW PEI
25  polymers for in vitro cell gene transfection. At N/P ratio 40, the transfection efficiency
was about 1000 times higher in NT2 cells, 100 times in COS7 cells and 100 times in
C17.2 cells. In addition, in vitro transfection efficiencies with the PEI-CyD copolymers

were comparable to the best results obtained with PE|25k.
PEI-CyD copolymers developed according to the present invention undergo
30 hydrolytic degradation in PBS (pH 7.4) at 37°C, because of ester bonds formed. Within
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30 calculated by proton NMR, showing 33% of hydroxyl group in B-cyclodextrin being
modified. Activated pB-cyclodextrin was reacted with low molecular weight PEI to form
linear structure of PEI-CyD. Ester bonds were formed during the reaction of activated
CyD and PEI. GPC measurement showed that the molecular weight of the synthesized
copolymers: increased from 600 to 23,000 and 2,000 to 19,000 for PEI600-CyD and
35  PEI2000-CyD, respectively. Typically the copolymers of the invention contain 10 or 15
PEI-CyD units.
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10'0' 0 are low MW PEI and CyD, which are also not toxic.
15 L PEI-CyD copolymers of the invention typically have a net positive charge.

Positively chargeable groups include primary, secondary and tertiary amines.

The copolymers may efficiently bind and condense plasmid DNA. The

copolymers are probably able to disrupt endosome membranes once

endocytosed into cells and promote the endosome escape or release of DNA
20 molecules. The copolymers mediate gene expression efficiently in both cells
and animals. The transfection efficiency of the copolymers is much higher than
those mediated by a low MW PEI or CyD alone and close to that offered by

PEI25k.

The present inventors have used cyclodextrins to cross-link low molecular

25 weight PEIl polymers to increase the number of amine groups per each copolymer
molecule, thus enhancing the capability of the PEI polymers in binding, neutralizing and
condensing DNA, yet retaining their low toxicity. Biodegradable ester bonds can also
be introduced during the activation of CyDs and the conjugation of activated CyD with
PEI. By combining PEI and CyD molecules together, the resulting copolymers have

30 been surprisingly found to act in a synergistic manner as a safe and effective delivery
system for nucleic acids.

It will be appreciated by persons skilled in the art that numerous variations
and/or modifications may be made to the invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly

35 described. The present embodiments are, therefore, to be considered in all respects as

illustrative and not restrictive.
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5. The biodegradable copolymer according to claim 4 wherein the polyethylenimine

15 has a molecular weight of less than about 20000, preferably less than about
15000, more preferably less than about 10000, even more preferably less than
about 5000.

6. The biodegradable copolymer according to claim 4 wherein the polyethylenimine
has a molecular weight of less than about 2000.

20 7. The biodegradable copolymer according to claim 6 wherein the polyethylenimine
has a molecular weight from about 600 to 2000.

8. The biodegradable copolymer according to any one of claims 1 to 7 wherein the
cyclodextrin is p-cyclodextrin modified or activated by an agent to allow
attachment to polyethylenimine.

25 9. The biodegradable copolymer according to claim 8 wherein the agent is selected
from the group consisting of p-1,1-carbonyldiimidazole, benzotriazole
carbonate, N,N’-disuccinimidyl carbonate, chloroformates, N-
hydroxysuccinimidyl chloroformate, and carbonylimidazole.

10. The biodegradable copolymer according to claim 9 wherein the agent is p-1,1-

30 carbonyldiimidazole.

11. The biodegradable copolymer according to any one of claims 1 to 10 wherein
the polyethylenimine is cross-linked to cyclodextrin via a carbonyl group.

12. The biodegradable copolymer according to claim 11 having ester bonding.

13. The biodegradable copolymer according to any one of claims 1 to 12 wherein

35 the copolymer contains up to about 35 polyethylenimine units.
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consisting of B11-carbonyld||m|dazole benzotriazole carbonate, N,N'-

15 disuccinimidyl carbonate, chloroformates, N-hydroxysuccinimidyl chloroformate,
and carbonylimidazole.
19. The method according to claim 16 wherein the agent is p-1,1-
carbonyldiimidazole.
20. The method according to any one of claims 16 to 19 wherein the low molecular
20 weight polyethylenimine has a molecular weight of less than about 25000.
21. The method according to claim 20 wherein the polyethylenimine has a molecular
weight of less than about 20000, preferably less than about 15000, more
preferably less than about 10000, even more preferably less than about 5000.
22, The method according to claim 20 wherein the polyethylenimine has a molecular
25 weight of less than about 2000.
23. The method according to claim 22 wherein the polyethylenimine has a molecular
weight from about 600 to 2000.
24, The method according to any one of claims 16 to 23 wherein the
polyethylenimine is cross-linked to cyclodextrin by a carbonyl group.
30 25. The method according to claim 24 wherein the copolymer contains ester
bonding.
26. The method according to any one of claims 16 to 25 wherein the copolymer
contains up to about 35 polyethylenimine units.
27. The method according to claim 26 wherein the copolymer contains between

35 about 5 and 25 polyethylenimine units.
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by the cell and the nucleic acid molecule is released in the cell.

10 31. The method according to claim 30 wherein the cell is in an animal.

32. The method according to claim 31 wherein the animal is a human.

33. A method for delivering a nucleic acid molecule to a cell, the method comprising
forming a complex between a biodegradable copolymer according to claim 29
and a nucleic acid molecule and exposing the cell to the copolymer / nucleic acid

15 molecule complex such that the complex is internalized by the cell and the
nucleic acid molecule is released in the cell.

34. The method according to claim 33 wherein the cell is in an animal.

35. The method according to claim 34 wherein the animal is a human.

36. Use of a biodegradable copolymer according to any one of claims 1 to 15 to

20 deliver a nucleic acid molecule to a cell.

37. Use of a biodegradable copolymer according to claim 29 to deliver a nucleic acid
molecule to a cell.

38. Use of a biodegradable copolymer according to any one of claims 1 to 15 in the
manufacture of a medicament for the delivery of a nucleic acid molecule to a cell

25 in an animal.
39. Use of a biodegradable copolymer according to claim 29 in the manufacture of a

medicament for the delivery of a nucleic acid molecule to a cell in an animal.



