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ABSTRACT

In order to explore the characteristics of release rate of Hydroxyapatite/
collagen/polylactide (HAp/Col/PLLA) reservoir controlled-release drug
carrier, biomimetic bone-like hadroxyapatite/collagen (HAp/Col) composite
was prepared by co-precipitation, 3-D porousreservoir control-released drug
carrier was further synthesized with polylactide by thermal-induced phase
separation plus non-solvent extraction pore-leaching technique. In vitro
control rel ease test was performed using bromothymol blue (BTB) as model
compound and phosphate buffer as stimulated body fluid, the release
mechanism is demonstrated through an analysis of a drug-release model.
The results show that the pore size of the carrier was in the range of 50-
100pumin diameter; BTB released at a stable rate during the 80% releasing
period, the release process can appropriately be regarded as zero order
release and the as-prepared carrier principally achieved a consistent
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controlled release state.

INTRODUCTION

Many skeletal diseasesare systemicinnature, the
pathology isoften expressed at |ocalized sites. One of
thetherapeutic challengesisto deliver pharmaceutica
agentsto these sited. In order to tackle the problem
of the conventional drug administration including oral
taking and injection for thetreatment of human’sbone
disease such as osteocarcinomaor bonetuberculosis
that drug transfer to either the abnormal tissue or the
other partsand therefore resultsin toxic reactionsor
adverse effect on liver and kidney, it is necessary to
prepare akind of bioresorbable reservoir control-re-
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leased drug carrier, which must cons stently relessedrug
only to thedefective partsafter implantation and fixa-
tion by polylactideplateand bonenails, andisasoin
vivo degradableand facilitatesthe formation and re-
pairing of bonetissuefor avoidance of secondary sur-
gery. Figure 1 demonstratesthe possible application
scheme and mechanism thereof. In recent years, vari-
ous biodegradable delivery systems have been devel -
oped and evaluated for loca delivery of antibioticsin
thetreatment of boneinfection. Biodegradableimplants
could providehighlocal bactericidal concentrationsin
tissue for the prolonged time needed to completely
eradicate theinfection and the possibility to match the
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rate of implant biodegradability according to thetype
of infection treated. Biodegradation al so makessurgi-
cd removal of theimplant unnecessary. Theimplant can
alsobeusedinitialy to obliterate the dead space and,
eventually toguideitsrepairt™.

drug

i, drug
incor por ating
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Figurel: Schematicillustration for reservoir drugcarrier
implanted in focal osseoustissue.

Thesynthetic bioceramic hydroxyegpatite (HAp) has
achieved an extensive applicationinmedical fidd asa
substitute of nature bonethanksto itsbiocompatibility,
bi oresorbability, osteoconductivity and nontoxicity!2.
Polylactiteisoneof biodegradable polymers, which has
beenwidely researched inthefield of tissueengineering
and drug delivery, it hasgained the approval of Ameri-
can Food and Drug Administration (FDA) for clinica
applicationd®**. However hydroxyapetite cannot beused
inhuman’sload bearing partsfor its poor mechanical
performances, and poly (L-lacticacid) (PLLA) iseasy
to degradeto acid byproducts. Compositesmadefrom
HAp and PLLA are supposed to combinetheir advan-
tagesand al so to of fset the di sadvantages, Inorganic-
organic compositesaiming to mimicthecompositena-
tureof real bone combinethetoughnessof the polymer
phasewiththe compressvestrength of aninorganicone
to generate bioactive materia swith improved mechani-
cal propertiesand degradation profiles. For such com-
posites theakdinity of theinorganicparticleashydroxya:
patite neutralizesaci dic autocatal ytic degradation of poly-
merssuchasPLA, exploiting abioactivefunction®.

Naturebonecontain smal amountsof organicssuch
ascollagen (Cal), glycoprateinsor glycosaminoglycans
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inadditionto maininorganic component i.e. hydroxya:
patite, The hybrid of HAp crystalsand Col fibers by
sdf- assembling processisbdieved togive peculiar me-
chanical properties and biological functionsto bone®,
thereforeitisvital to biomimeticly prepare HAp/Cal
bone-likecompositewith promising smilaritiesof both
composition and configuration to nature bone as sub-
stitute of traditiona bioceramic HAp!"8, themanufac-
tured HAp/Col will be combined with PLLA toim-
provethebiomechanica property of implant and tissue
regeneration of post-implantation. Inthisstudy, for the
first sep biomimeticbone-likeHAp/Col compositewas
prepared by imitatingin vitro biominerdization and sdf-
assembly process.

Drug control-rel ease system operates by diffusing
of incorporated drug physically integrated with poly-
mer matrix, which required to be endued with porous
structure®, Thesucceeding work in thisstudy involved
thefabrication of 3-D porousHAp/Col/PLLA reser-
voir control-release drug carrier by modified thermal -
induced phase separation (TIPS) technique, andinvitro
release test of model compound bromothymol blue
(BTB) was carried out to investigate the control -re-
leasing behavior.

The objectiveof the prepared carrieristo achieve
acons stent and controlled rel easein the defective part.
Obvioudy the diffus on-induced drug rel ease process
ismotivated by apparent directiona moveof thedrug
mol ecul esresulting from thermal movement (buraun
movement) driven by concentration gradient. Thedrug
rel ease characteristics correlate much to the properties
and structure of the carrier materia sinadditiontothe
qualitiesof theapplied drug such assolubility, molecule
weight. Inthisstudy invitro rel easetest of mode com-
pound bromothymol blue (BTB, molecule weight
624.4) was carried out to investigatethereleaserate
characteristicsof control-releasing behavior, thereleas-
ing kineticsbased on experimenta datainlinewithan
established model wastentatively proposed.

EXPERIMENTAL

Prepar ation of hydr oxyapatite/collagen bone-like
composite

Rat tail tendon collagen wasextracted from 4 fro-
zenabinorat tails, which skin wasremoved and ten-
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don isolated from other tissue, tendon fibers were
washed with 70% a cohol solution, finely cut and rinsed
with deionized water, thenthefinerat tail tendonfibers
wereimmersed in 1000ml 0.5mol/L aceticacid for 3-4
daysat 4°C, their tel opeptide wasremoved by pepsin
treatment, 200ml 0.1mol/L NaOH solution wasadded
and collagenfiberspreci pitated, the mixturewere cen-
trifuged a 4000r/min and preci pitatewas collected then
freeze- dried®1,

The detailed preparation and characterization of
HAp/Col had been described elsewhere*?, An aque-
oussuspens onwas made by ultrasonicating 4.46g findy
grounded CaO powder indidtilled water and transferred
completdy toatap funnel, 2g freeze-dried rat-tail ten-
don collagen wasdissolved in 400ml 0.15mol/L acetic
acid, 5.4ml H,PO, was added and thoroughly stirred;
themixturewastransferred to another tap funnel. Both
solutionsweregradually added through respectivetap
funnd into acentral reaction vessel with 1000ml dis-
tilled water previoudy added and vigoroudy stirred. The
reaction temperature was controlled by athermostatic
water bath and the pH of the reaction solution by a set
of pH metric. Thetemperaturewas set at 40°C and pH
at 9, theresultant productswas aged for 12h, the su-
pernatant was removed and the precipitation wasre-
peatedly washed with deionized water, then suction
filtrated and naturaly dried at room temperature.

Preparation and characterization of HAp/Col/
PLLA 3-D porousreservoir drugcarrier

Thefabrication and in vitro simulate test of the
prepared carrier had been depicted indetail in previ-
ousreport™, 10% (w/v) PLLA solutionwas prepared
by dissolvinga2g PLLA (M : 400,000) in20ml 1, 4-
dioxane, aknown amount of finely ground HA p/Col
composite powder (with particle size=100um) was
smultaneoudy added, themixturewasmagnetic stirred
to be homogeneous solution, then quickly cast into a
sted mold, the cast mold wasquenchedto-20°Cina
refrigerator and maintained for 5h. After that themold
was removed and the samplewasrapidly immersed
in-20°C ethanol aqueous solution for 12h, thenrinsed
in4°C digtilled water for 1h, thesamplewas naturdly
dried intheair and residual solvent wasremoved by
subsequently extraction under vacuum for 24h. The
flow chart for the processisgiven asfigure 2 shows.

The morphology of the carrier wasinvestigated by
JSM5610-LV scanning el ectronic microscopy (SEM),
fresh cross-sections of the carrier were coated with
Au and examined.
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Figure?2: Theflow chart for preparing HAp/ Col/ PLLA
reservoir drugcarrier

Invitrocontrol releasetest

Invitro control rel ease test was performed using
bromothymol blue (BTB, moleculeweight 624.4) as
model compound, 0.1g BTB wasadded to the capsule
of carrier, thecarrier was sealed with itscap by alittle
ethyl acetate, the BTB incorporated carrier was
immersed in a beaker filled with 40ml 0.1mol/L
phosphate buffer (PB, pH7.4, used asstimul ated body
fluid), the beaker was covered and placed in a
thermostatic water bath at 37°C, oscillated at intervals.
During thefirst 48h, for every 3h the phosphate buffer
in the beaker was renewed and the recycled PB
impregnant was analyzed by a type751
spectrophotometer for themeasurement of abbsorbance
(A]) at wavelength of 616nm, which concentration (Cj)
was determined by standard curve accordingly. After
that, repeated foregoing experimentsdaily. Theinstant
releaserate (de/dt) of modd compound BTB released
to PB from the drug carrier at every time t were
caculated by 1:

dM /dt=C V1t 1)
WheredM /dt isthereleaseratefor thej-thtimetest, C
isthe concentratl onof BTB whilerenewing PB for the
j-thtime, V(=40ml) istherenewed volumeof BTB, tJIS
thereeasetimefor every duration.
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RESULTSAND DISCUSSION

Sructrureof HAp/Col/PLLAreservoir drugcarrier

From the micrographs exhibited in Figure 3(a)
observed by JSM5610-LV scanning electron
microscope, it can be seen clearly that HAp/Col bone-
like composite particles dispersed evenly and were
embedded in the polymer matrix, interconnected pores
distributed uniformly inHAp/Col/PLLA drug carrier
with connective mini- channd sthrough therigid pore
walls, the pore sizewasin therange of 50-100umin
diameter, whichwas suitablefor gpplication to control-
release of drug. Figure 3(b) givesthe photograph of the
resultant reservoir drugcarrier whichisasort of capsule-
likedrug container.

Figure3: (a) SEM imagesof the crosssection of HAp/ Col/
PLLA drugcarrier (b) Profilephotoof HAp/Col/PLLA reser-
voir drugcarrier.

Drugreleasecharacteristicsof drugcarrier

Figure 4 reveals the plots of BTB release rate
determined by equation 1 versustime tn(:th, ] =1,
2,...,n),itcanbeclearly found that therelease of modd
compound isgenerally divided into three stages:. the
rel easerateincreasesdrastically during theorigina 96h
owingtothebursting releaseof BTB resultingfroma
higher internd - to-externa concentration gradient during
theinitia stage after themodel compound’sdissolving.
During the period of 120h starting fromtime 960h, the
releaserate dow down gradually and astagnant stage
followsdueto theweakened diffusion drive caused by
adecreased BTB concentration gradient. Inthecourse
of 864h intermediate stage (equals to 80% total
releasing duration), therelesseratetol eratesintherange
of 0.1-0.2mg/h that can be consider approximately a
constant rate and the release behavior would be
regarded as an approximate zero order release. The
characteristics of the release rate can be interpreted

—= Fyl| Paper

that the lasting saturation state of BTB inthe carrier
stabilized the concentration gradient for longtimeand
thus ensures a stable consistent rel ease at a constant
rate. However in the later stage, on one aspect the
release rate slows down because of the lowered
concentration gradient dueto theexhaustingBTB in
thecarrier, onthe other aspect therel easeratewill speed
up to some degree ascribing to a more open porous
sructure on account of materia sbiodegrading, thetwo
conversefunctionscandso synergidticdly atanaseedy
constant-rate release. The prepared drug carrier can
generdly achieveasteady controlled release.
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Figure4: Releaserateof BTBinthecarrier versustime.

Releasekineticsmodel for thereservoir carrier

Variousmathematic modd sareestablished todepict
drug release?. In accordance with the characteristics
of theprepared carrier materids, thecontrolled release
mechanism of the studied carrier isnormally adapt to
physical controlled release mechanismi.e. diffusion
controlled drug-release. Inthisinvestigation, invitro
release test using BTB as model compound was
performed to expl ore the common characteristics of
thecontrolledrdleasefor reservoir drug carrier. Arelease
kineticsmodé for the prepared capsule-likereservoir
carrier is presented based on related theories. The
hypothesis of the model include: (i) the diffusion
coefficient during rel easing timeremainsconstant; (ii)
drug powder distributesuniformly inthe capsule cavity
of thecarrier, thereleaserateisdiffusion-controlled;
(iii) therelease courseisaquas steady state process.

Theresulting reservoir drug carrier consistsof the
cavity and porous periphery wall made of HAp/ Col /
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PLLA composite. Thestructuredemonstration diagram
incrosssectiond view of thecarrierisdigplayedin Figure
5. Thecavity of thecarrier isfulfilled with drug powder,
andthethicknessof thecapsulewal isR -R . Thedrug
diffusesfrom the cavity into theambient a acontrolled
ratewhich kinetically complieswith Fick’sdiffusion
lawd*™, which depict the penetration speed of substance
through aspecific areain asteady diffusion State.

0

Ry

¥

Figure5: Thestructureillustrativediagramin acr oss sec-
tional view of thecarrier.

In accordance with Fick’sfirst law, the drug re-
leasesthroughwall of the carrier at arate of

dMm, dc

? =-K,-S-D,- a @)
For acapsulewall , according to Fick’ssecond law the
drug release ratethrough an arbitrary periphery cylin-

der wall with areaof S=2zrL can asobeexpressed as
dc d(2rrL-K . -D,dc/dr)

2nrl - — = /s 3
T dr &
dc Kp/s-Dp dc  d*

— P 4
dt r dr dr (4)

Where M. isdrug amount passing through acylinder
wall; tistime K p,sisthepartition coefficientsof drugin
the porouspolymer cylindrical wall and ambient solu-
tion; Sisthesurfaceareaof cylinder with arbitrary ra-
dius, D A isthediffusion coefficient of drugintheporous
wall; cisthedrug concentration; r isthepositioninthe
wall drug arrives, L isthelength of thecapsule; ¢, c.is
thedrug concentrationinthe cavity and ambient solu-
tionrespectively; R, R istheouter andinner radius of
thecylindrical carrier respectively; ¢ isthethicknessof
lid of the capsule. In a steady state Eq. 4 equals to
zero, thatis

$+rd—zc=0 (5)
dr  dr?

Thesolution of thedifferentia equationis
c=C,Inr+C, (6)

inwhichC,, C,isintegra constants, Solutionof C, can

be obtained using boundary conditions.c=c,if r =R ;
c=c,ifr=R_
C.= CO_CS

=R, /R,) )
Equtions6, 7 areput in 2to get thedrug releaserate of
cylindricd part of thecarrier as.
dM, _2rLD.K, . [c,-c,)

d  In(R,/R,) ®)
Similarly thereleaseratesat the other partsof thecarrier
such asahemispherical end and aplanecap can aso

be expressed respectively as
v, _ 2nD,K (e, c,)

dt UR,-1R, )
dM,  =RIDK (e, -c,)

= (10)
dt 8

Accordingly thetotal rel ease rate can be obtained by
superimposing8, 9and 10 as

dM _dM, dM; dM, _

dt o dt dt dt

2nLD,K,. 2aD,K,. wRID,K,, (co-c) )
0
ln(Ro/Rl) ]/Rl_]/Ro 8 )

WhereparameterssuchasL, d, R, R, D andK  can
al beregarded as congtants, let

k =21LD,K ,,o/In(Ry/R, )+

21D, K o /(UR, —1/R,)+TRID,K o /6

Ac=c,—c, sothetotal releaserate equation of the
reservoir carrier simplifiestodM / dt =kAc (inwhich
kisaconstant related to structure dimensions of the
carrier). Whilethe carrier isin the body fluid, the so-
lution permesatesthe porouswall fromthe outsideand
dissolvesthedrug promptly revealing ashort bursting
rel easefollowed by a steady diffusion attributing to
the unchanging saturated drug concentration. With the
diffusion process goeson, the drug concentration de-
creasesgradualy until finally the drug undergoesan
unstable diffusion course. Theforegoing rel easetest
of model compound BTB hasevidently indicated a
steady release process for 80% total release period
of time. In accordance with the resulting equation dvi
/ dt = kAc, drug rel ease rate depends on the concen-
tration gradient between theinner and outer carrier,

(12)
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whichistheimpellingforcefor drug to diffuseinto
body fluid. Ac can be regarded as a constant in a
steady rel ease state, thustherelease rate dM/dt will
approximately keep constant implying azero order
release process. Nevertheless, concentration gradi-
ent Acdiffersremarkably intheinitial and final stage
and isafunction of time Ac = f(t) indicating an un-
stablerelease processwhichisreferred as“bursting
effect” and “hysteresiseffect” respectively.

CONCLUSIONS

Theporesizeof thereservoir carrier isintherange
of 50-100umindiameter whichissuitablefor applica
tionto control-release of drug; BTB released at acon-
stant rate during the 80% rel easing period of time, the
rel ease process can appropriately beregarded as zero
order release and the prepared carrier principally
achieved aconsistent controlled rel ease state.
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