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【Abstract】 objective To investigate the kinetics of Iododeoxyuridine (IudR)release from sodium

al百nate hydrogel cmss·linked with varying锄ounts of calci啪chloride，and to optimize sustained release for

funher periadventitial I随labeled IudR delivery to suppress intimal hyp唧l踮ia following肌gioplasty in vivo．

Methods Four hydrogels，composed of O．16 mEq sodium al舀nate粕d 200 g IUdR， were cmss-linked with

calcium c地稍de to yidd ion equivalence(I玲fatios(Calcium：8lgn8￡e)of 3：l，4：1，5：I，or 6：1．2础0f

no珊al saline w鹊placed on top of each hydrogel and allowed to remain in contact at 37℃for up to 30 days．At

set time intervals，the concentration and锄ount of IUdR in the elu砒e were assayed by high perfbnnaIlce liquid

chromato黟aphy using UV detection and Water symmetr)r C18 column．7nle data for accumulated release rate

and concentration in the eluate were calculated based on the calibmtion curve of peak area versus IUdR

concentmtion． The hydmgel morphologic degradations were also obser、red．Ikslllts The hydrogels entrapped

92．9％， 98．6％， 98-4％and 98．6％of the IUdR with 3：1， 4：1， 5：l and 6：1 IE ratios， respectively．IUdR

concentration in eluates fIDm 3：1 IE mtio hydmgel decreased faster than thal f如m other hydmgels over time(P

<0．01)．111e 4：1，5：1 and 6：1IE ratio}lydrogels produced啪re thall lO斗m IUdR concentrations in eluates for

the first 8 days，while t|le 3：1 IE ratio hydmgel for 4 days．IUdR release mtes of the 4：1，5：1 and 6：1 IE ratio

hydrogels were very close，however they were lower th舳t}Iat 0f the 3：1 IE hydrogel in the first 48 hours(P<

0．05)．At day 30， tlle 3：1 and 4：l IE ratio hydrogels had 100％and 88％de黟adation， but no si卵ific趴t

de铲adation was obseⅣed in山e otller hydrogels． Condusion 7nle sodium al舀nate hydrogel with 4：1 IE ratio

exhibited an optimal IUdR sustained release and almost c彻plete de秘dation in 30 days．(J Int哪ent Radiol，

2006，’15：293-298)
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IntrOdUctiOn

Vasculaur smooth舢scle ceU(SMC)prolifemtion
plays an important role in intimal hype叩lasia that

mainly causes I℃stenosis fbll吣ring angi叩lasty【1’2】．De．

spite considerable efbrt to develop a ther印eutic

pha珊acologic strategy to emciently suppress SMC

proliferation，there has not been a clinicaLlly ef玷ctive
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drug to preVent restenosis following an舀oplasty 【3】．

Iododeoxyuridine(IUdR)， which can be incorpomted

into the DNA of dividing cells， has been used as a

carrier to deliver I．125 for intraceUular molecular

radiation of cancer therapy 降明： Such radiolabeled

IUdR could be used．to suppress the intimal

hyperplasia by ta唱eting prolifb聪Lting SMC and

aVoiding sun．ounding nonllal tissue damage．However，

its clinical application is limited because of the rapid

clearance f而m blood， significant toxicity (usuaⅡy

marrow suppression) and low inco巾oation rationrate
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at the targeted tissues after systemic administration睁8’．

Therefore， 10cal dmg delivery should be a prefeⅡed

wav of ensuring that adequate IUdR is deliVered
to

the pathological site without the risks
of side efkcts．

Furthermore， IUdR competes witll thymidine to

incorporate into DNA during S—phase
of ceU cycle． It

is imperative to keep a high enough concentnnlon
o±

IUdR for eontact with targeting cells at the intenral[9]．

Polymer conjugated with therapeutic agent has

been used for local drug delivery吧 In this system，a

dmg is attached to the polymer through
a

biodegradable spacer enabling dmg release
at a

I．elativelv controUed rate and keeping lts

eoncentration higher for a relatively longer time at the

local site． Sodium al西nate cmss—linked calcium

duconate
which has

is a biodegI．adable multiblock p01ymer，

been studied as a d11lg delivery system in

vitro 【11】． A periadventitial delivery
of dmgs with a

sustained release system foⅡowing an舀oplasty can

provide theoretically high concentration of dmgs at

the target site for a prolonged period
and aVoid blood

now clearance．‘Iherefore， al舀nate hydrogel may

provide a potential and powed’ul dmg deliVeIy system

facilitating 1125一IUdR delivery for inhibiting
the

DroIifemtion of SMCs． However， there has been no

infbmation on the profile of IUdR release f南m

alginate gel． In the present study， IUdR
was

entrapped in alginate hydrogel
to obtain a system Ior

pIDlonging IUdR Ielease with
the optimization of

kinetics． and the characterization of the al西n砒e

hydrogel were investigated as well．

Matenals and Methods

5一iodo．27．deoxyuridine(IUdR)(stock solution 10

mg／m1；Sigma，USA)was diluted in distilled
water to

concentmtions of 5，10，20，40，and 80 u m01／L．

20 ul samDles of IUdR at each concentmtlon were

analvzed bv a water 1 hi曲一pe怕mance liquid

chromatoP∞phy(HPLC)with an allethenic C 1 8 5斗m

似．6 mm×150 mHl)column without a guard column，

at a now rate of 1．0 m1／min with mobile phase’of 100

umol／L acetic acid with 4％(v／v)acetonitrile(Sigma，

St．Lol：lise，MS)，pH=5．45．Total mn time was 20

mjnutes． Absorbance was measured with use of a

water UV detector set at 276 nm．Absorbance area d。

IUdR Deak was recorded， and a calibration cuⅣe of

Deak area versus IUdR concentration was genemted·

Hydrogels were created in dass vials (23 mm

di锄eter， 85 mm high，20 m1)with use of 1．6 ml

(0．16 mEq)of 2％(ⅥyV)aqueous solution of
sodium

alginate (LVG ultrapure， Pmnova biopolymer，

Gaustadalleen，0slo，NorⅣay)(O．1 mEq／m【1)，O．2 ml

of IUdR(200¨曲and 0．2Ⅱ1l of 0．48，0．64，0．80 and

0．96 mEc『of calcium chloride (Fisher Scientific，

Hampton NH)．Three hydrogels were created with

each concentration of calcium chloride for total 12

hvdrogels(Table 1)．

A1l hvdI．09els lost their now ability and mobility

Table 1 Component8 of hydmgels fo册ed

TF R atjo IE Ratio IE Ratio IE Ratio

Hydrog。l 3：1(1，2，3)4：1(1，2，3)5：l(1，2，3)6：l(1，2，3)

A≥劣蛊‘1 o．-s mEu 0．M mEu o．拍mEu o．埔mEa

叫o?‘：ooo 200弘g 200 pg 200肛g 200 pg

pg⋯⋯

c棠：戈3‘4 o．48 mEq o．64 mEq o．8mEq 0’96 mEq

Ca：A19 3：1 4：l 5：l 6：l

Ratio

within 2 minutes(Figure 1)．Tho additional hydrogels

were created with use of Ca： Alginate ratio 1：1 and

2：1， but these two hydmgels were only partially

gelled at 24 hours．7rhe vials were covered and placed

in a Dlastic box within a 37℃incubator．

After gelling for 24 hours，2Ⅱll
of 0．9％sodium

chloride was placed gently on the top of
the fb珊ed

hvdrogel．7111e eluate was removed and 6ltered，
and

20斗1 was injected into the HPLC for analysis． The

remaining eluate was stored in a vial． 2 ml
of f诧sh

0．9％ sodium chloride were then replaced on the

suIface of the gel and allowed to I℃main in contact

with the hydIDgel for 1 hour prior to analysis with

HPLC．This process was repeated at 2，4，8，12，24

and 48 hours， and then eveIy other day up to 30

days． HPLC was peIfo瑚ed
eluates f而m each gel at

described pI．eviously【111．

on 20肛l samples of the

each time point， as

The amount and concentration of IUdR in the

eluates at each矗me point were calculated based on

the calibration euⅣe of peak area versus
IUdR
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Fig．1 nowability and mobility．(a)Alginate started as a liquid．When the calcium was added， the 1iquid al舀nate staned to become solid． (b)WiIh

incre船ed cIoss．1inked，the Iiquid became thicker but continued to now with the consistency of moIa8ses．(c)Wh肌nowabiIity is lost，the aI舀nate no

longer changed sh印e as the vial was tumed．The gel would stillⅡ10ve in the vial but it moved as aunit．(d)when mobility was 10st，the Vial could be

tumed upside down without seeing motion of the gel．

concentration． The amount of IUdR in the eluates at the 3：1 IE ratio hydrogel for 4 days．7rhe hydrogel

time O was considered as the amount of IUdR entrapped 92．94％，98．6％，98．4％and 98．6％of the

excluded f而m hydrogel．’nlis was recorded and IUdR with 3：1， 4：1， 5：1 and 6：1 IE mtios，

subtracted f如m the amount of IUdR used to create

the hydrogel fbr dete瑚ining the amount of IUdR

immobilized in the hydrogel．7rhe amount of IUdR in

the eluate at subsequent time point was recorded and

divided by the amount of 10aded IUdR to dete珊ine

the percentage of release f而m the gel at each time

point．The cumulatiVe release percentages were

plotted versus time point．】Ⅵorphologic changes of

gels wel℃observed daily and their degradations were

calculated based on the original gels．

StatisUcs：The cumulative release rate and

eoncentration eompa打son were analyzed with use of

log·rank tests and log—linear models． Piece-wise

linear regression was perfb瑚ed on the percent Ielease

data from O to 48 hours，4 to 16 days，and 18 to 30

respectively．The cumulative percentages of the IUdR

I．eleased are illustmted in Table 2 and analyzed in

Figure 3 with use of piece-wise linear regression．7I'he

IUdR released f南m gels showed a biphasic profile： a

burst phase and a sustained release phase． The eady

rates of release (burst phase) were high for all

loadings of IUdR in the first 48 hours． After 48

hours，the pIDfile showed a decrease in the amount of

IUdR released over time and obtained an appmxima-

tely zero—order release until day 20 for 3：1 IE ratio

gel and until at least day 26 fbr 4：1， 5：1and 6：1 IE

ra￡io gels．Typically the release rate decreased as the

dmg was depleted from hydrogel． IUdR release rates

of the 4：1，5：1 and 6：1 IE mtio hydmgels were Very

close， however they were lower than that of the 3：1

days．The slopes of these regressions were compa他d IE ratio hydrogel in the burst phase(P<0．05)．

using a nonpaired Student t test to assess the

di珏．erences in the rate of IUdR release during．these

three time periods． These time periods were chosen

because the data approached linearity in eVery period．

The statistics significance is de6ned as P<0．05．

Re砌ts
Calibration cuⅣes of peak area versus

concentration had excellent linear con．elation 恹2=

0．99991．IUdR concentrations in eluates based on the

calibmtion cunre aI℃ shown in Figure 2． IUdR

concent眦ion in eluates f而m 3： 1 IE mtio hydrogel

decreased faster than those from other hydrogels over

time 俨<O．01)．The 4：1， 5：1 and 6：1 IE mtio

hydrogels pmduced more than 10 mol／L IUdR

concentrations in eluates for the first 8 davs， while

Because of water penetration into the polymer

matrix， the v01ume of all gels gradually increased．

Among them，5：1 and 6：1 IE ratio gels had more than

0．1
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R蛋2 C衄eentrati衄of IUdR release in eluates扭vitro as a

function 0f time．IUdR concentration in tIle elutes of 3：1 IE ratio

hydrogel decreased significaIlnyfbterthanthose of4：1，5：1，6：1

IE ratio hydmgels ovenime(P<0．01)．

—=I)暑暑；皇12摹U

 万方数据



一296—— 佥△丝盟堂塑查!Q堕笙!月第15堂第5期J Inter"nt Radiol 2006，V01．15，No．5

．I弘le 2 IUdR cumula￡ed release r8te over time(％)

Time IE Ratio 3：l SD IE Ratio 4：l SD IE Ratio 5：1 SD IE Ratio 6：1 SD

AVer89。percent release of IUdR from calcium algi舳t8 gels

0 7 2．81 1．39 O．52 1．56 0．97 1．44 0．32

1 h 25．28 3．98 13．74 1．62 13．79 0．6 13．38 0．46

2 h 36．33 5．36 21．25 0．8 19．64 0．42 19．35 0．49

4 h 46．4 6．08 29．31 1．46 27．39 0．91 27．1 1．97

8 h 62．68 7．8 39．31 1．98 37．07 1．19 35．74 1．7

12 h 69．98 8．02 48．12 2．18 45．7 1．6l 43．75 2．03

1 d 81．35 7．05
、 61 2．59 60．84 1．78 57．87 2．38

2 d 88．76 3．15 72．49 2．29 74．67 1．21 70．9 2．08
●

4 d 92．89 0．72 83．2 1．46 86．06 0．84 82．79 O．52

6 d 96．38 O．79 89．79 1．39 92．36 0．26 90．23 0．67

8 d 97．9 O．6 93．75 1．56 95．8 0．23 94．56 O．16

lO d 98．85 0．53 96．25 0．94 97．71 O．03 96．6 O．54

12 d 99．59 0．17 97．66 0．47 98．6 0．14 97．84 0．35

14 d 99．79 O．1 98．61 O．16 99．17 0．16 98．33 0．26

16 d 99．9l 0．05 99．11 0．08 99．47 0．12 99．32 0．17

18 d 99．97 0．02 99．54 0．04 99．68 O．08 99．58 O．16

20 d 99．99 O．OO 99．74 O．04 99．8l O．04 99．75 O．13

22 d 100．OO O 99．92 O．04 99．92 0．03 99．86 O．07

24 d 100．OO 0 99．98 O．01 99．97 O．01 99．86 0．03

26 d 100．00 O 100．00 0 100．00 0 99．94 O．02

28 d 100．00 0 100．00 O 100．00 0 99．98 0．01

30 d 100．00 O 100．OO O 100．00 0 100．00 O

4
CumulatiVe in Vitro release of IUdR f如m four hydmgels．Rele船e eluate was removed at 1h，2h，4h，8h，12h，1d a11d 2d，followed by every 0ther

day upto 30 days aIld quaIltified byHPLC．

2 times of the ori百nal gels．After reaching maximal

Volume， the Volume deceased as the gels degraded．

3：1 IE mtio gels all bmke and disappeared at day 18．

7rhe 4：1， 5：1 and 6：l IE ratio gels had 18％， 士30％

and 1 80％Volume of the original volume at day 30

(Fig．4)．

DiSCusSiOn

For IUdR to substitute thymidine and be

incorporated into DNA of proliferating SMC in vivo，

the controlled and protmcted administration of IUdR

is par￡iculady important．王)olymers have been

considered as the caHier fbr local drug delivery．

A19inates are a family of natuml block copolymers

comprised of beta-D-mannuIDnic acid(M)and alpha—

Lgulumnic acid(G)．Ca2+，divalent cation，bind to

the G locks of the p01ymer， thereby fo珊ing linkages
or cIDss—links behveen adjacent polymer stands f12】． It

belongs to phase—change polymer，which can undergo

reVersible sol-gel phase transitions． This polymer

would entmp the d11Jg in sol—to—gel phase and trigger

dmg I℃lease in the gel—to—sol phase． On its

percutaneous delivery with calcium ehloride， the

loaded eop01ymer fbnned a gel that can act as a

sustained-release matrix fbr drug． The rate of drug

release f南m this matrix can be Varied by changing the

concentration of calcium to Vary the hydrogel crosslink

density and it had been reported tha土sodium aIginate

could be cross—linked with calcium duconate for

hep蒯n entrapment fll】． How℃ver， comparing with

heparin， IUdR is a small molecular compound with

molecular we唔ht of 354．2。The叩timal ratio of

calcium to alginate should ’be detemined fbr

prolonging IUdR release f而m the hydmgel．

7rhe release两te of IUdR was assayed with use of

HPLC， which is a reliable modalitv for IUdR
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ng哪-e 3·Percent 0f heparin release over time．Piece—wise linear regression．(a)In the first 48 hours，the release mte of 3：1 IE ratio hydrogel was

higller tllaIl that of other 3 hydrogels(P<O．05)．(b)Fmm 4—18 days，the pmcess of di跏sion predolllinately decreased，Here tlle release rate 0f 3：l

IE ratio w踮still higher at this eadier period and then gmdually close to those of the other 3 hydrogels．(c)From 18—30 days，the IUdR release rates of

aIl gels were approximately tlle same at zero—order release．In this period，hydrogeI started shrinkage a11d／，0r dissoIution，alld the锄0unts of IUdR in
tIle gels were almost all depleted．

Fi鲷r明3：1 IE ratio gel a11 dissolved at day 18l弛e

4：1，5：1 and6：1IE ratio gels had 18％，130％aIld 180％

volume ofthe originaI vojume，respectiveIy，at day 30．

measurement[131． HPLC with a size exclusion column

can easily separate IUdR f而m aLlginate because of the

big difkrence between their molecular weights．

The gel fo彻ation characteristics for these four

hydrogels were Very similar．They became hydrogel

witllin 2 minutes．The gel fomation in such a short

time would prevent diffusion of IUdR into sun．ounding

tissues for aqueous IUdR—laden alginate adminis—

tration． We found that onlv 3：l IE ratio hvdrogel did

not h￡Lve complete gel fb珊ation， which resulted in

92．9％IUdR entraDment．

IUdR incorDoration into intracellular DNA is

based on its extmcellular concentration (14) and the

time of exposure to experience multiple cellular

divisions．The dumtion of IUdR release with a

relatively high concentration is critical for t11e

potential IUdR incorporation rate of proliferating

ceUs． This in vitro expe“me呲showed that the initial

IUdR diffIJsed fast and the release rates f而m 3：1 IE

hydroge were higher than those fI．om the 4： 1， 5：1

and 6：l IE ratio hydrogels in the first 48 hours． nis

burst release is known to depend on tlle rapid water

penetration into the polymer matrix【12】，After the initial

rate． the eventual rate of release of IUdR was slower

and pIDtracted over duration of approximateIy 8 days

in all gels except IE ratio 3：1 gel， which had slow

release only fbr 4 days． During this period， the

concentrations of IUdR in the eluates maintained

mo阮than 1 0肛m，which was within the optimal range

for pmlifemting SMC to uptake IUdR【垌．Lawrence[1q

reported tlle incorporation of halogenated pyrimidines

plateaued for 4 days of exposure to IUdR．For in vivo

印plication， howeVer， comparatively more pmtmcted

exposure may be necessary to achieve the ma)【imal

replacement of tllymidine， because maximal

proliferating actiVity may occur after 3 days following

angioplasty【切． Because the 4：1， 5：1 or 6：1 IE ratio

hydrogels released 10¨m up to 8 days， the cell

exposed to these gel would have ample time for

thymidine replacement．

Because of its hvdrophilic characteristics and

high water content， the volume of hydI：；ogel expanded

as it sucked water during eluting．The expanding

V01ume increased with higher IE r￡Ltio．The reason is

probably high concentration of calcium chloride in the

gel resulting in the increase of entIy of water into the

p01ymer．The volumes of 5：I and 6：1 IE ratio

hydrogels could reach over two times the v01ume of

the original gels． It may not be bene6cial for

adVentitial deliVeIy since the expanded gel may press

，-■鼍#
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the wa儿ot the vessel．

For the hydrogel administrated around the

vessels， its degradation is Very important fbr the

solubilization of the system．This expe订ment showed

5：1 and 6：1 IE ratio hydrogels did not significantly

degrade after 30 day eluting， and at that time point

no IUdR was left in the geIs． Theoretically， the

higher IE ratio could produce more cross一1inked of

polymer， resulting in the decrease mte of entry of

water into the geI， which eventually would decrease

release rate． Actually， 4：1 IE ratio hydrogel had

almost the same release mte of IUdR as 5：1 or 6：1 IE

ratio hydrogel．IUdR entmpped in the polymer matrix

would be released at 6rst by diffhsion， and later by

the combination of both diffusion and degradation

mechanism．It seems that the difmsion actually played

a major role for drug release，even if tlle degradation

may also i11fluence the release kinetics．

This in vitro study confi瑚ed and quantified the

controlled release of IUdR f而m sodium alginate

hydrogel and provided the basis fbr the￡lrther

quantification of the deliVery of IUdR in the in ViVo

experiment．The results showed that the sodium

alginate hydrogel with 4：1 IE mtio gel exhibited IUdR

release of more than 10¨m concentration for 8 days

without signi6cant gel swelling over the 30 day time

period studied．Thus，4：1 IE Hltio hydrogel can be an

appropriate gel to exhibit relatiVeIy longer IUdR

s1】stained re】ease．
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