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Low-Temperature Positive Secondary lon Mass Spectrometry
of Neat and Argon-Diluted Organic Solids
Harry T, Jonkman and Josef Michl'
Depaftmnt al chenistry, Universily of Ltah, san Lake cny, Utah 84112
Roberl N. King and Joseph D. Andrade
Depanhent af Matqiats Scieh@ and Enqkeerkg, Lkiversw or Uah, Salt Lake City, Uah 84112

Secondafy ion mass speclromelfy ol neal solid propane,
r-penlane, benzene, loloene, and ot propane imbedded in an
argon malrix were observed ?l temperalures varying lrom 10
lo 110 K and show lragmenlalion palterns similar lo lhose
known lrom ordinary electron inpact mass speckornelry. The
ellecls ol lhe nalure and energy ol lhe prnnary probe ion and
ol the sample temperature were investigaled. rhe analylical
polenltal ol lhe melhod, e.9., lor reaciive species trapped in
inerl malrices, ls noted.

In r]le couse of work with heat-sensitile iDvolatile orsmic

and biolosical naterials and witb hishly .eactrve specrcs
isolated in inert matices, it frequently appears desirable to
complement other spectroscopic meihods by mass spectrsl
data. Since in these instances the species of jnterest cannot
be edily trdsfe ed to the g&s phase without chanRe, stand&d
mas6 spectromeiry is of litUe direct Be dd nethods such as
field desorption (/) have been investigaied. In recent y€os,
a bnited moDt of elploratory wort on oryanic solids Ning
plasma desorytion mass specbohet.y (PDMS) (2, 3) and
secondary ion mass spectronetry (SIMS) (4 18) has been
peforned in several laboratodes and appears to show con



In SIMS. a bem of prinary ions or neutral aio'rs bombdds
a solid sahple and et he its suface. The sputtered hat€rial
is ejected ai positive ions. negative ions, dd neutuals- 'Ihe
seconday ions are co ected and ealyzed in a mass spec
homet€r. The method is well €stablished as a tool for in
vBtisation of t]le surface of metals md senicoDducto$ (4 4
and has also been used to study the absorption of hydro-
ceboru on such sufa@s (19)- We now repod an invertisation
of the suitability of the SIMS technique for the chuacteri
zation of orsdic smples held at oyogenic t€mpemtues dd
the first SIMS measEenent on an arson'hatrix isolated
species (20).

EXPtrRIMDNTAL
The Bpect a we.e nesued on a 3M Model525Ion Scatt€ring

3d Secondary Ion Ma6s Spectroheter equipped with a 4096
chdnel Nicolet 1170 sisnal avens€r. The ion sun used in this
itutment rcqui.es a st€tioDary brckfill of the smple cbanb€r
with t}te ioh be@ sas of aboui 6 x 1(I5 Tof, and this limited
ou. *periments to the se of heliun and neon which do nol
condense on the coid smple plate at the t€mperatu.es pe used
(>10 K for He, >35 K for Ne). The smple plate was nade of
oxygen-free high conduclivity @pper ed wd attached to ihe cold
head of u Air Pmdu.is Diuplex clGed-cycl€ oyost€t, whose
temperature couid be adjGted between ambient and 10 K. lt
{a positioned in such a way that seon&ry ion rr4 spect onet y
{SIMS) ed ion s.atldins sp€choscopy (ISS) could be perforned
sinultaneouly. In the 3M instruhent, the secindary rons are
not accelerated aDd those which reach the UTI Model 100C
quadtupole mass amlyzer aiiached at a 90q ansle with respect
to the ion gu sire .is to the obsened SIMS sp€.tlm (a pre-filter
reDoves neui$ls dd ion6 with kinetic enercy higher i]Id 20 eV).
The .are sd ions scaitered al. 138' de analrzed by a cyljndricsl
Dirror analyzer and yield the ISS spe.1rum.

The vacuum sy6t€n consisted of two sorption pumps and a
VdiaD Va.ion diode ion punp (500L/s). The ]iquid nihosen
crJopdel pmvided in Lhe instrument was rot u6ed in ihe lo*
temperature expetments since t}te ldse cold suface of th€
. lo ,Fd .y . le  f  r j , .h ,  a l readJ p,ov ided pt t i . .en. ,  ryopmpir ts .
Afie. bakeout ed before cryopumpirg and sample deposition,
a backsround pressue oD ihe order of I x 104 Ton was e$
tablished. The remaining sas nixture contained prina ly ni-
irogen and water, d $tablished by rchnmt grs hss spec

The ioD probe gNs wqe (99.95% pure) 3IIe dd (99.9870 pue)
'oNe (Monsablo ReBeech Corpomtion). The ion bean was
defo@Bed to about ?mm dimeter for ih€ SIVIS experiments (the
le.set of the three available bem sizes). The lrdinm available
bed rdter wa6 $ed. The ion b€an curent was apFoxihaiely
10 pAlcn'bui could not le measured exactly in these experi
ments, since t}te smple plale was srou.ded.

The orsanic sampl€s used qere of spechograde q!6lity except
for propmq vhich ws 99% pue (Union Cebide). Their vapoB,
pua or dilut€d with hish puilr (99.99959d) srgon (Malheson Co.),
were prep&ed in a separately punped vacuub mdifold, oil
dirusion pmped lo 1 x 10 6 Tor- About 1 x 10r mol werc bled
in ove. about 30 nin throush a calibrated le.k valve which had
d ouuet about 0.5 cm above the cold sanple plate. keeping ihe
total p.esue in ihe min chmbd below 2 x 10 ? ToF wnenever
tlE vapo. presure of tbe sanple ai the tenpeniure of Lh€ cold
plai€ pernitied. At iow deposition t€mpemtues (up to 35 K),
where most of our work wa8 perfo.med, the sdple ibrmed an
elongated spoi near the cenier of the copper plate, but at the
highsi temperailres usedl it covered nGt of the plate. At the
lower tenpe.atu6, the prNue in the smple .hdlEr was below
1 x 10 3 Ton after sanple deposil.ion and belor€ adrDission of
the ion leam 93, except in the expe.im€nts wiih arson. In ihe
experimdts pedormed ai. the highesi temperatue6 useal, tbe total
plsure after sample deposiiiob ws of lhe order oI I x 10 6 Ton.
There is no doubt that in ihe expe.iments at 35 K nd below,
the ne98red sisnal orisinated in the su.fa@ of the organic solid
dd not iD ihe s31l anobt present in the sas phase, s,nce the
organic fraghent io4 gradualy disappear€d a.d we.e rcplaced
by the ions of .opper dd ils cont@iunts (Na, K) when the ion
lrrm w6 deflect€d otr the sdple spoi ld a ded dea of th€ plate.

ANALYTICAL CHEMISTRY, VOL 50, NO. 14, DECEMBER 1978 . 2O7I

Even at the hisher tenpeutures, there is no evide.ce tbat ary
of ihe observed SIMS signrl oisinated in ihe gas ph6e (see

To obtaih reliable SIMS data, ihe ce ofa low-enerey electron
floodgu wa esseiial to overcone suda@ cbrJ€ins by continuous
ion bombardm€nt. The adjusimert of ihe floodiDg clrent was
done by trial and enor until ! stable maxinuD SIMS intensity
was obtain€d. At lower floodgu curents and .esultins pcilive
clrdging of the smple suface, inie4ities of all p*ls were low€.,
lul their relative proporiions remained nea.ly unchanged.
However, hisher than optimm floodsu crents were cdeflmy
avoided aite. it was foud that they @used distorftJns in relative
peak int nsities, generally favoring frasnenis wilh loser n/e
ratios (ci Figuc l).

RESULTS
In the piesent study, ISS Fas used only to confirn the

presence of carbon and arson on the appropliat€ section of
the cold plate dd to map out their spatial distribution by the
.ast€ing technique. ISS also gave useful infornation duing
depth prcfiling of the argon Mt i\ islated sample. Howeve.,
our priney focus was oh SIMS.

It was established rapidly that the specha are well re-
producible and that the frasnebiation paitem is basically
sinild as in ordina.y electlon impact maBs spechometry.
Noti@able diirerene @cu in relative fragment ion int€cities
ahd are descibed further below fo. ihe four conpourda

Effect of Experimental Variables or SIMS. The
followiis obseNaiions were made for the fou hydrocarbons.

(i) The spect.a were independehi of the smple temper
ature, ad abo the ovenll intensity did not vary sigaficmUy
(the actual temperature range explored was a function of
smple volatility, e.g., 10 to 110 K for n pentane in 10o in-
c.enenis). At hisher tenperatures less electuon floodsun
.urenr was requred.

(ii) The specha of the hydrocsbons were independent of
the natue of the prjmdy ions (rHe+ or 'zoNe+). Only the
relative abundances of the CH,+ dd CH3+ frasnenis in-
creased by a few percent when 3He+ was used as probe ion
in lhe specha of p.opme and n-pentue.

(iii) The spect a were independent of the kinetic ene.sy of
the p.imary ioDs within i]le range 100 eV to ll kev.

(iv) The speci,ra obtained at low probe ion energies (below
1 kev) were independeht or tine fDr seversl hours. At higher
ion eneryies, especially above 2 kev and aJter Folonsed ion
bombardment at lower eneryies, g.adual appearance of
irashent ions of hisher m/e ratios than the molecular ion ws
observed in the c6e of the two alkanes. In particula., we
observed C6 and q f.asments ftom n-pentane, and Ca and
C5 frashents from propde. The abundance of these higher
nass peaks rehained low even aJte. several hours (ct Figure
2) ed the intensity distribution of the other fragments was
bot arect€d. No sisns of smple de.ay were obsewed for the
two aromaties within our detection limits.

(v) The spectra or propane were of lower intensity but
otheMise identi@l when it was dilut€d with arson up to t}e
ratio 11150 (Fisue 3). In the diluted sdples of propene, Ca
md C5 frasments were not observed even aJter plolonsed ion

SIMS Frasmentstior Patterns. lh€ SIMS data for the
solid sample were compaed with those obtaibed for the Bme
conpouds in t}le sas phase usins electron impact (50 eV) ard
the sme UTI quadrupole n&ss anallzef. These latt€. specta
a.e simila. to the electon impact sp€ctra repo.ted in tlte
lit€rature (21) but ee not identical because of possible
dislortions due t the ple iilter Dd since the quadrupole nds
analyze. favor the relative intensiljes of txu ruwer mass
rragments (i.he relative sensitivity curve for our analyzer is
sho\|n in Ret l3). The conpdison between the fragmentation
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Flgure l. Neal n-pentane. Top: Eteclron inpact mass speclr!fr
obtained in the remnant gas analysis mode ot ihe quadrupote mass
s!€ctomets. Cenler Posilivo SIMS (8 scans, 2-min scan time). The
"Ne peaf 5 dLe to r"ces ol reol inplonleo ir rhe nrlri\ du'ng a
prevous e^perimea wih d /vNe opaf. Boror: Posnive slMs *nh
el6cron tloodgun cuiient too low {A), optimum (B), a.d too hiqh (C)
patterns obtained by SIMS and eiectron impact hass
spectrometry revealed interestins differenc€s in relative
abundances of frasments.

(i) n Pentdne (l'isure 1). Within each Cn sroup, the
C,H,"+i and C"H," ,+ fraaments are in sene.al the most
abundDt. The former is the nore abundant in elect.on
impact mass spectrometrr, but as could be expected i221, the

Flgure 2, Po)hive SIMS ol r.t n-pentole afte severct hou.i or
bombardmer *nh taev'Zu\e ons rhg1er rus! regio. ony,32 2sn

FiEure 3, Po"rive SIMS deplh p'o,iino of a propane arqon mabix.
Shge /-air s@ns. Tl--A,'peat has aooLi 10"" o,he i.rens'ty or
A'-, all impurity peaks are even weaker

Nb'
Prcpane,35'K

Flgure 4. Positive SIMS of neal propane. A sngte 10-minscan. No
p€ks abo€ noie del were obewed at m/evd€s higher fE. th6e

latter is the mo.e abunddtin SIMS. Anons t]le variouB C,
groups, the Ca i! most abundant ib elechon impaci spectra
(especially m/e = 43, C3H?+), while the C, sroup is more
inl.ense in SIMS (especially n/e = 27, C,Hj+). The parent
molecular ion peak, althoush weak, is easily obseNable in the

I,i

torc', : rev

- "1, ' ."".'
1 ":l"l -. -:."
r-",if 14",\.^ .t\,Nlg^^rfi,_

P.opa.e/A.!on M xt!.e
ldK;Fre',1Kd./

o

c,lt'

t
I C"HJ

liut^i_

@

c.H.

c"4
| ",1i.\ l \ [ i \ t



Flgure 5, Positive SIMS. Top: n€l benzen€, botloh: neat toluene.

eLeciron impact ma.qe specba, but is absent in SIMS. In SIMS,
ihe hishest n/e peak obseNed conesponds to the (M 1)+

(it Pr.pone (Figure 11. The sreai simila.ity lo the n
pentane spect.um is apparent. Agaih the strongest peak,
CzH3+, is of the C"Hh i type. The C, trasment.s ee the most
abudant and no parent molecder ion frasrnent is obserable.
The hishest m/e peak coresponds io the (M 1)+ionatn/€

(iii) Benzene dnd'loluene (Fisure 5). Unlike the specira
of the alkanes, the spectra of both domatics sbow the mo
lecular ion peak, elbeit jn much weaker relative abundDce
than in the elect$n impact spectra. The mGi abundanl
frasnent in SIMS is the C3Hr+ ion at m/e = 39 for both
bebzene and toluene, whne in elect oD impacl spectra it is the
nolecular ion for benzene and the (M 1)+ ion ibr toluene.
In both tpes ofspectra, the CH,+ and CH3+ frasments a.e
very weak or absent. The SIMS cracking patt€rns of both
benzene and ioluehe sho$ weak p€als ofthe (M + 1)* ions
in intensjties far in eacess of those erpected for naturaltro

(i!) SIMS of Arson Matrh IsoLated Ptupdne lFisve 3)-
Elcept fo. ihe p.esence ol a strohs A+ (n/e = a0) peak,
weske. A'+ (m/e = 20) and Az. (n/e = 80) pesks, md fo. &
ovemli decrease in intensity, SIMS of propde is ihe sane for
a neat solid dd for rnolecules imbedded in a solid argon
matrix. The hishest dilutioh tried eas 1:150 and ihe Bis-
nal-to-noise ratio was still quite good even for a single scan,
indi.ating stronsly that elen nore dilute mixtures will be

ANALyTICAL CHEMISTRY, VOL 50, NO. 14, DECEMBEF 1978 . 2081

anehabl€ to SIMS investisations. The relative abundahce
of the argon ions and the organic ions shows ar interesting
time dependence at the besinnins of ISS and SIMS elper
iments on a f.esh arson matrix. At first, the relative
aburdance of the orsmic ions is very low compaed with A+.
As Bpectlal scans are repeated, the abudace of the oryaic
iohs .elative io A+ ions g.adually grows until it llnally atiains
a plateau md shos no futher chdse (Fisue 3). This effect
appean both in SIMS and in ISS. We assisn these chmses
to a gradual renoval ofihe topmost layers of i.he matrix by
sputierins. li is reasobable that the layers which condensed
last duins the depositioh should be en.iched ih the nore
volatile component.

DISCUSSION
Ou. nain soal is io develop SIMS as a suppLeneniary l,ooi

for identification of nolecules isolated in inert matrices. To
accomplish this. we need to 6how that such matrics are not
destroyed byoverheating, ihat the sighal-to-noise fatios are
adequte, Dd that the fragmentation patt€ms de iDsensitive
to expeimental conditions and are inte.pretable. Ou sec-
ondary aim is to dsess the usefulness of low-temperatu.e
SIMS for analysis of neat organic samples. Room-tempentu.e
fteasurehents of this latter type have beer .eported both for
selected low-holecular $eisht orsanic solids (13 18) ard for
seveml polymen (6 72), but little aitention has been paid to
tbe possible oveihealing and tun nolecule reactions in the
neat solids. These ddsers are ninimi,ed when very low
primary ion curent densities are used lstatic SIMS) (75,16)
but lhis then does roi permit depth prolilihg ivhich may be
of coGiderable int€rest in ana\tical appticatio.s. The present
results show that neither iDadequate sensitivity nor smple
destruction by overheating aDd secondarj reactions are a
problen with cooled smples under conditions of dlnamic
SIMS. Also, the cooled probe is advaltaseols lbr iurdmental
investigations of the trsgmentation reactions since very sinple
hydrocdbon substrates can be used.

Ou .enaining conce.n has to do with the extent of ion
frr.mentation. If the fragmeniation ivere exc$sive or strongly
dependeni on the expeimental corditions, the value olthe
method as ah ahalyijcal iool ivould be sharply decreased.
Previous room-iemperature SIMS data on orsanic solids
coai€d on heials repo.ted either relatively little fragmentation
initially, but quite rapid decay of the sanple with tine (15,
16), or an ertent offrasnentation which was hisher than in
o.dinary elect.on impaci mass spectra, but not prohibitive
\13. t1, 17,1EJ. Our e{perience with the fou nolecules chosen
for this sttrdy parallels the laiter results: frasmentation is
shonger thah in electroh ihpact hass spectra but is not
p.ohibitive, and the frasnent ion n/e vslues whi.h emerse
are those which have slready proved to be useful in orsanic
stru.tue detemination. The lack of sensitivity of ihe spec'ha
to elpedmental conditions is encouraging. Since the in-
strument had no ion collection opiicB, jtB sensitiviiy eas rather
low, and, no.eover, we cannot be sure Lhat the relative
abundances ofthe secondary ion detected are in any sinple
.elaiion to the relalive abundances of the secondary ions
fo.ned, md little can be said about mecharisms at this stase.
Charge'tlanster clearly is a strong candidate, pdticularly in
viev of the sinilerity of our .elative frasment ion ini€$ities
to those rcported in chase tranBfer mass spectra (23), but
it is interesting to bote that se observe essentially no dif-
ferences in spectm obtained with rHe+ and with ':oNe*, and
thai our spect.um of n pentane is almost identicrl with the
reported spectrm of polyethylene obtained usiDg a neui.ral
aiob p.inary bean (12). Whether the ionization occurs on
the surtace or nee th€ surfece after eje.tion of the organic
species into the vapor phase is p.esenuy not known. 'l'here
is no doubt, howeve., that the observed fragments origihaie

tr
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from nolecules which rcside in ihe suface of the solid. This
is parlicularly cled inthe erperinents at 35 K and below in
view of the measured low pressue of ihe orsanjc material in
the sas phse (<l x 10 3 ro..), ofihe parallel SIMS dd ISS
depth-profiling results. and of lhe elperiments with d ion
bem deflected to an uncoated area of the srmple plate. The
occurrence of hisher nass frasments ftom the alkanes ailer
exiensive bomba.dment, in abundances indepehdeht of
sanple temperatu.e (for pehiahe, up to 110 K), pioves that
even at the highest tempe.aturcs used little if any of ihe
observed SIMS spectrun originates in the eas phase (<1 x
10+Ton). This conclusion js also in accordece wilh the lack
of dependence on the natu.e of lhe piinery ion, with th€
temperatu.e independence 01 i.he reieiive fragment ion
abunddces, and wiih lhe absence of ahy pronounced tem
peraiure dependence of the oversll intensity.

It is clea. that our experimental setup can be ihproved
considenbly, not only by extraciing ihe secohdary ions ihto
the mas speci-roheter, but also by inslrlating the cold smple
plate electrically, p€rmittiq a mesurement ofthe prihary
ion cunent and improving the floodgu control. and by using
a diffe.entially pumped ion gun which will allolv the use of
additional iypes of primary ions. With such improlements,
ii appears quii.e realisiic to expect that even very dilut solid
sahples of orsmic mate.iels will be menabie io SIMS in-

Impo(ant conclusions from this work for mal,\ticrl use of
SIMS on cooled orsdic solids de (i) ivhile sone bomba.dment
damage to the sample undoubledly occurs, it has negligible
effect on the spectra obseNed under our conditionsi (ii) the
fraghentation pattern is insensitive to the twe and kinetic
energy of the probe ion sd to the tempemture of ihe sample;
(iii) ihe extent of f.asmentation is not prohibii,ive abd ihe
natu.e, but not relative abundances, ofihe ifagment ions de
id€ntical to ihose knowh lroh electrcn impact mass spec-
i.oheLry. Furiher work on edios t}?es of orgdrc surrstrates
i6 needed to establish the gene.ality of these con(lusions.

Possible applications of low-tempeniure SIMS are hahy,
from analysis dd depih'profilins ofpolybers and biolosicel

mate als io investigaiion of the cou$€ of netal_ atom ag-
gregaiion or photochemicel fraSmentations in dgon nat.ices
ahd to investisation of fundanental aspects of ion nolecule
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METHoDS TO Co^"STnUCT ARTITICIAL ORGANS

'Thom.s R. Kessler, J. L. Fooie, J. D. Andrade, and W, J. Kolff

No doubt counttess lnv€stEarors have labored m3Iy hours @e! the design of a pmstheiic imPlant which
lookB pemislng on paper, only to s€e ia go the way of many . riSood lalea'r which could not be constluct€d in the
l.boratory due to the lack oI the prcper technlcal skill. However, to consider the alt€lnative of farming out a
design to indu6tly sll too olten r€sults in becoming tmpped ih lbe continuous cycle of testing, r€tun to the fac-
tory for modifications, and then r€festlns. Col6equently, in lhe interesas of avoiding high tetooli.g costs, and
bound bv tbe Deed to gEi! financial 6uplFrt lor at idea which 6how6 pmhi3€, the itvestigator tun6 again to the
leboEtory foi a workable hodel, orly to find that he hust stlll cope with the lrustBtins job of d€v€loping th€ time
consuming and further costly techhology to construct such a device. Once committed, decisjon6 concening the
interlelatiohships between design concepts, materials to be used, the systems to ddve theh, rellability, aDd
costs arc often t gged down in endless compromises in od€! to make them adaptable for laboraiory fab.ication.
Civen a certaln deslgn, can w€ constnct il from ihe chosen material and will il fuhction prop€rlv oo ou! dfiving
system with any ki.d of teltability? With these odds, it i6 no surprise then that it is diffi..ult to attact new
lalent into the artilicial organs field. $rhile thi6 is certainly nof the host import nt factor, it is a conlributing
one, the elimlnatior of wbich would go a lorg way tosard factlilating 8reater and norc meahinglul conbtbtrtions.
It is, therefore, the intert oI this paper to delineate a systeh whicb has been found to give Plediclable and .eprc_
ducible rcsulrs and which is adaptable for use in the ldbomtoty for the co.sttucrion oI afiificial o4ats.

!Dis!j!fgq. of fhe ver! few mateiials suitable for laboratory fab.ication, those tr'hi.h ev.lu.lc the use of
cmbeisome and costly injectior molding equipment stand as the most utilized- Some exahples are silicone
Nbbe., latex, ahd the urethaDes. Bcsic to the constnction.nd development oI pmsthetic devices itvolvi.g the
use of ilese materials is tie need for a method to allow tie r€pealed Production oI molds which can be layered or
dip coated. ldeally, such a prccess sho-uld well suif iisell lor a.laptation io all materials used. The follosing
tecirniques have treen found most effective.

Studv models. As a preliminary step prior to the consinction of a paftic'rlar organ it i6 often necessary,
both tor design considentiors, and as a study aid, to make a cast of the natural counteryarl (Fig!re 1) sucn an
impre ssion is useful to record .epresentative slacial and anatom icll relationships , to determ ine the size of the
prosthesis! aDd, in particular, the disposition oI the various connecting vessels. For tbis, silastic bmnd RTv A
Mold l\'lakirg Rubberr is injected with the aid of a standard refillabl€ type caulking sun and a ?,Vcos manomefer to
moDitor pressures. The selected olsan is first isolated by €xcision, or dissection ih situ, and by clamping those
vessels nece6sar!' to contain the RTV tut allowins stiu otbers to rcmain open for ihe passage of air ahead of the
rubb€r. Fmm this poinl th€ organ selected will eoven the setting tibe used. nor eEmple, the lunss should
be iniecied with r very slow setting time to permit good penetrationt whereas, lhe heart involves the injection oI
eacb chamber separst€ly under carctully monitored natuGt preBsures in order io obtain an accumte iEpression
il, therelore, requires a huch Iaster settirg time. The nTV is prepared by mixing ii with 10% by weigbt of RIV
thinner. This rcsults i. a viscosit! approximately 35 poises or 1/4 the original, and a consislency quite welt
suited loi passage thrcugh lessels as small as 1 mm in diameter. fhe pmper amouht of catalyst for ihe prc-
scribed seliins timc is added, hixed, then tmnsfened to the caulking glrn for injeclion. once injected, the
nsterial is allowed to equilibmte io the desired prcssure and held until set. Th€ final cast cen then be removed
by dissecting mosi ol fhe grcFs tissues and dissohing the rcmaindei with a solution oI sodlum hydroxide The
resultiDe impreEsioh will be accunrte in every detril fmm coronary artelies and heat valves to the bronchioles
of the lungs. The inJormatlon thus compiled can then be applied to a prelihinary clay model of the Ploposed

Clav models. The use of modelitg clay provldes sn inrermediary, very folglvlng oI a changed mind
(Figure 2). It can be worked and rewo*ed to a very smooth surface with olive oil and chamois, o! water. The
volube of material involved csn be approximated by 6imple water displ&cement techniques without disturbine the
surface, and its size increased without the dtfftculttes encomtered with other mat€rials, such as plaster'

Asar impression. The next considemiion !s the problem of convertihg the clay sculpture into a worlable
model. were it losslble lo roke a direct Inpression ih RTv, lt would be a simple pscess ind*d. Ilowcver,
the RTV Mold Making Rubber will not cure tn contact with tle oils present in mod€ling clay atd, tlelefol€, must
b€ duplicat€d in a secord 6iep thrcuFh the lrse of agar hydrocolloid duplicaling compound. Thi6 material, avail_
able from dental supply houses, is a reusable gel which when melted down can be used to fon a neeative ihpres-
sion tor fufth€r duplicatio! in pllsler. For this purpose a double boiler is leeded to llquefy the comgrund.

BASIC MOLD CONSTNUCTION

'Engine€rin8 Produ.B Division. Do{ Cornin8 CoQoiaiion. Midrrnd, Michj83n
FFm lhe DivKon olAdificial Or8ant DePetnelr of sqBery, coUe8e ofMedrcinc, Unlvei.ny ofUr.h, satt Lak. Cty, Ur.h
This work ruppo(ed by Publtc tre.lth seFice via Nario.al Heart $d Lung hntrute G,nt HE 12?2s. HF-12?21 and Connacr NIH_69_113rr Thc
Cbinrina Founda.ioo.nd Tie Lad L. and Maiy IlctcikFmd

vol. xvllTr.ns. Amer. soc, A{if, hr. organs, 19rl 3 6
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ConlFr"[ to the direclions supplied with the material, accumte implessions can be obtai.ed of t]e clay wilh
temperatureF as high as l4ooFi however, since larye amounts oI cohpound are usully necessary it ma]' require
2 full hours for c@ling. Ii is also helpfll fo pour the agar dircctlJ over tle clay mfber than down the side of the
container. TLis irsur€s the elimination of bubble lormatioh on ure cooler ciay. Once sel, the agar is cut ir
hau, the cla! model removed, and the 2 halves reassembled in its original container for casting. Until the plas-
te. is cast, the agar impression should be filled with water. This will prevent sh nkage and pmhibit the material
frcm leeching water frcm the plaster cast which vill follow.

. Plaster cast. The model can now be reconverted to ifs origiEl state with the notable excepiion that it will
exisi in a much morc permanent form. After the waler is poured from ihe agar, the plaster can be cast in the
usual manner, While orlhopedic plaster is adequaie for this pu4Fse, the de.ser, more regulai crysElline
formatio. of denial stone prcvides a cast which is hadei and smoothel and is thercIorc recomnended. Fu her
shaping and Eanding to remove flashing, rough edges, and iuegularities will render the surlace aD almosl
cenmic-like appeannce. The cast should then t'e allowed io dry for 24 hr and covered ltith as many coais of
Krylofb€nd clear acrtlic spFy as i6 necessarJ'to ihpart a gloss lo fhe surface. It is impoltani to rote here
that tbe dental stohe cast is usuitable as it stands for use as a hold for layeritg o! dtp coating. The mold mte-
dal of choice must be one which is ,on-porcus, for the final casi must bave the smoothest suface possible and
should not cause bubbles ir the nbber. These bubbles are usually prcduced when expanding air escapes from
porcus meterials during the heat cure.

XTV molds. \\tlile the use ot RTV Rubber as a mold nateria] is fahiliar to most, its advantages .re
neler mo.e tullv realized than when applied to thi6 type of developmental \rork. when used as directed, it pro-
vides a perrmnenl yei atteEble rccord, capabie of senicible tempemtures !p to 600oF and info which car be
repeatedly cast ihe material used as a forh for the final constnction. Of the many viscosities available, silasiic
D Rnr x'lold nbking Rubber has suJficient tea! strengfh to lvithstand rclease frcm all but the mosi ettremely
undercut areas, and has, therefore, been used almost exclusively. The accumcy achieved in the ihpressions
made wift this ntbbet is llmost disturbing at tines .s it wilt faiihJuily reproduce every flaw. This furthe! empha-
siz€s tbe importsce of beginning with the smoothesf possible original. The dental stone cast should be suspended
fDm the top ol a containei in prepamtion for pouring the RTV. For thi6, discarded milk cartons provide a co!-
venient disposable container which rcleases well Ircm the mbber. ln the intercsts of avoiding an etcess ol
material and the unpleasant situation of not havirg miied enough, a effoft should be made to approximate the
correct volume needed for the mold. This can be done with the aid oI lead shot, polyethylene pellets, or using
the epolene granules to b€ described in the next section. The petlets can be poured ihto the carto. and amund
the dental stone cast until it i6 completely covered. They are then tlaslerred to the conlainer which will be
used to mix the RTV, snd the level ma*ed. If then rcplaced by fresh iTv to this mark and the thinner and
cablyst added, tbe resulting voluhe will afford a safe maryin of covemge. The completed mixture is fhen evacu-
ated uniit all air bubbles are removed. To make cefiain that no a'r bubbles yill be trapped on the mole iDtricate
cobJiglntions, the RTv can be bnshed on, and the assembly evacuated a second time. In most insiances neither
of the6e is necessary. IiElly, it is important to record lhe position of ihe dental stone cast before it is concealed
by the RTV, This mark would indicate where to cut the cured RTv so as to later facilitaie the removal oi dre
stone {figure 3}.

The completed mold is now ieady lor castiig. Materials sucb as Devcon C'epoty, Iraraplast- hot-melt'
Cerrctru& alloy metal, or Epolene C-10o wax are atl compatible vith ITV and cast verl well. Other adlantages
of employing RTV become evidert with use. IJ, for example, it is found necessarJ to change the mold' onlr those
seciions which are io be altered must be cut out and new RT\I added as b€fore. $rten modifications prcgress to a
point where the mold is out-hoded, it can be shledded in a food grinder and used with new RTv as a fiuer' lo
6ave on material. Most important however, the hold can now faithJultJ reproduce palis identical to the original
clay for a vi.tuauy unlimited number of cycles.

Eriolene ca6t. Casl materials used for desigrs construcfed oI any of the rubbers prcviously suggested ior
laboEtoiy use must meet cer.ain rcquiEments. Ultimately, ihe cast should have a smooth surface' be not-
porous, capable ol formihg the select€d materials, of wilhstanding the curing temperafirre, of being remoled
witholt ilamase to its overlay, and should be consistentll reproducible. Such a hateriat, Epoletre c_10, was
suggested by Dr. V. Mitkovitch aDd turther developed by Dr. T. ALatzu, nov of the Univercitv of llississippi
I'redical Cent€r. Epolene is a low molecular weight polyethylehe aveilable in gmnular form which can be melted
on a bot plate {o! pourirg. Its sofiening point is 220oF and ils viscosity ai 30ooF is 9100 cps, allo$'ing it to flow
inao most intricate cpnJiguations. Il can be grcund, sanded, or caFed and at 351/lb prolides a aery inetpensrve
disposable medium for laye !g or dipping. Pleparation is sihple, convenient, and verX flexible. liowever'

'(rtron Incorporlted, Nonnroro. Pen0lylvaria
JD*mncrpoaiFn Donvetr. Masachuse$.
tRezolin lncorporared, Sai.a M.ni.a, ca!ilo'nia-
&Ceno Corp.rario', Ner York, I€{ York.
vEanma. Chemical Producs. Incoryorared, KitgsPort. Tenne$oe
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Figue 5. FlaninS rhe Fpolene.

FiSue 6. comFe$ed 3ilanic edgs vnbor tearhering.

38

Fig[e 4. Eporene can inRrv mold.Figre t, RTv mold of the natu.l heait.

FiSse 2, Cray model ori8inal.

riSue 3- RTv molds ofdenral *one cds.



Kessler, ef al. Method6 to consinct artificial org.ns

certain prccautions must be taken !o ensure a good cast. The mate sl is best melted in a pa! which make8 the
most use of the available heating sudace, and is prefembly slainless sfeel. lhis ensures tbat the heat is evenly
distdbuted to ihe gmnules and will .oi permit too muclr dissipation out thrcugh tbe side walls. Cale must also be
taken not to al1ow the tempenture to r€main abole the melting point too long so as to prevent boiling and subse-
quent oxidation of ihe Epolene. This renders the mateial gummy and unpoumble. While the melii!8 of the
gmnules proceeds, the RTV mold sbould be relrig€rated at freezing for 30+5 min so that when the casl i6 rode,
the tpolene s'ill set immediately in contact with the cold RTV, thus prohlbttina bubble fomation. Moisturc con-
delsation on the mold waUs has been a problem at time6, but can be reduced to negligibte il the cast is made
immediately uFn removal frcm the rcfrigelator. Setling time vari€s with ihe thicbess of the pa!t, but can be
hastened by immelsing Ure mold i! cold waier. The RTV hold can now be opened io remove the Epolene ca6t,
and it cab now be worked down io fte final finish (aigure 4). Ilashing may need to be g.ound ofi or furthe! 6and-
ing done before glazing ihe finished surface. Accomplishing this ta6t tieatment i6 best done by controlled flahing
with a Hanau* alcohol torch (Figure 5). By folcing air thmugh ihe alcobol flame wiih a tiigger opented beilov's,
a contiDual regulaiion is possible for controlled flahing of delicaie.parts of the Epolene cast. The initial flamiDs
is Feated by wipinC fhe cast with helhyl erhyl kelone to remove any scorch maiks and io belp smootb the sur:face
furlher. lot1ow with one more fiml lighf flsming and the cast is complete, havirg a 6m@th continuous surface
onto which latex or urctbane may be dipp€d, or 6ilicone bber sheeting layered. TIE resultins cast is a lisht-
weisbt, easy-to-handle mold, which af€r the Daterial overlay is cured, can be helted out withoui incurring

I,I,q TERIA IF APPLICATIONS

silicone rubber. white mold shape may be eommon to all types of mate als used for prostheses con-
struciion, mold prepaEtion is peculiar to each. Whe! silastic ulcurcd calendered sheeting is applied, it is
necessary to coet the Epolene mold with . thin layer of pol]ainyl alcohol. A solution using DuPont Elvanot glade
50-42+ g€nules applied to the hold will prgvi.le a water soluble separator which will prevert tbe Epol€ne frcm
adhering to lhe wall of fhe silastic when melied out. Application of the PvA is best achieved by smearing it on
wiih a finger, as bnshes tend to pmduce bubbles which will dry in place. once dried the mold is readv fo!
layering.

Appllcation oI uncured silastic sheeting is sihilar for most prosiheses. Tbe electrostatic nature of the
non-wettable surface rcquires a dust-free atmosphere, the use of surgeon's gloves to facilitate handling ol tbe
sheeting wifhout contaminatio!, and some so* of corrcsion r€sistant instruments lor adaptation oI the sil.stic.
Manipulation of the molds presents landling prcbtems which vary accoding to tbe complexitieE of their coofis!.a-
tion - a situation often remedied by imbedding long {,ood screws in ucovered arcas of the EpoleDe. In all cases,
a concefted effolt should be maintained to mirimize contact wilh tbat suface 1'hich will plovide the final blood-
materials in€dace. SheetiDg i6 tandled only by surplus at the edges, and when intdcaie Iom6 warmrt it,
stainless steel dental plastic iDstr:Ments can be used to con{orm the silastic to the hold.

One area of r€1 concern with layeriDg is the seams formed by the juction of the frce edges of the silastic
sheefing. A successtu edge-frce seam caMot be hade by direcl overlap. Failure of the mbber to join coh-
plefely when cohpressed leaves a gmove and consequently a rcugh edge on thai sudace in contact with fhe blood
(Fisures 6 and ?). A morc accepbble technique is to oppositely featber each edge of the nbber so that their fit
compliments each otber vitbout increasing the thickness ol the 6heet. Tle very fhin edge placed nen b the mold
nakes for easier aDd more complete tusion (Figlres 8 and 9). Feathering is done in eifher of 2 ways. The
silastic sheei cu b€ placed on a glass slab and th€ edges leaiheled with a surgical blade or di?ectly on the hold
by smearirg *ith dental instnments. Silasttc laye?ed in this manrer will present a sullace virtualiy Jrce of

Duling adaptation of the silastic, prccautions should a16o be iaken to avoid entmpping air neit io the hold.
This codd resnlt tn tle fo@atio! oI aneurysms in the silastic fNm heal erpansion dudng the curc. Howeve!,
small bubbles can be contrcll€d by first volcanizinA the frbber uder the pressure ol an autoclave for a minimuh
ot 15 min at 240oF. By this time the silastic will have been sei ib its layered form and much o{ tbe Epolene
melted out. Once the remainder ol the Epolene is removed, the prosthesis should be boiled in water to remove
any ?vA resiilue which may still be preseni. The process is completed with a 4 hr over curc at 3oo-32!oF.

Lafex. Sihilar procedures arc followed by dipping Epolene molds into latex nbber. However since
coagdants are usedr it is not recessarf to use a separating medium between mold and laiex. The prepar€d mold
is dipped into a coagrlant, then into the latex, and again into a second coagulnnt. The prccess can be repeaied
until tle desircd thicloess of latex is built up o. tte mold. The latea is tben washed for 30 mi. in warft water
and subjected to an 8?oC heat cure for 90 hin. During this time, the Epolene melts out as before and the latex

!H3nau FngineerinB companl. Incorpolated, Btrlfalo, Ner Yol
rtr. 1. DuPont D. Nemoe! 3nd Compary, ln.leoi.red, kilmingr.n Dela{are
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Kessler, et al. Meihods to constnct altificial orgabs

i6 recovered. This material is available ftom the DuFcnft Corp!,rnoo aDd is especially fomulated to main-
tain strensth when curcd between 2 mold slrfaces.

!]!l!Al9g. Preloryners of urethane opeFting on a baEe-catalysi systeh and block copolyhers whicb
ar€ solvent cast are dso compattble with Epolene motds. since ihe softening poi.t of Epolene is l04oc Lt can
well withstand tbe copolymer drying tempemturc of 90oC. Tte Epolene, hoqever, nlst be cast in such a way
that a hollow shell mold is fomed. Ttis is done to allow the mold to be bmken out Btber than melted, as riost
urethanes cannot withstsld higher tempeEtures. Casting pocedures are accohplished in the Bame maDer
ercept that fFm 3-5 min afier the holten Epolene is cast, it is poured back out and fhe mold allowed to stand
inverted util cool. The hollow cast is then rcmoved and flamed as beforc.

SUMMARY AND CONCLUS1ONS

Frcm €arly 1968 util the present, over 100 arlificial vehtricles and many mor€ related prostbeses were
constdcted inctuding lefi and ght heaft blpasses, colonary peifusion ci?cuits, special endotncheal tubes,
cannulas for the closed-cbest left ventricular bypas6, ballooDs lor the intE-aorfic balloon pumping systeh,
inlet{utlet parts for artificial kidneys, and special one-piece bladdeN with vatves. These were done using
variations of the process outlined above ald have lesulted in only 4 stnctu€l failurcs in tbe almo6t 3 yr of its
use. Arfificial ventricles nave been continually pump€d for a period exceeding 8 mo for in vitro testins and
have now rcached 7 days in vivo with no maierials breakdown. It is felt, therefore, thai a method has been found
which is reliable and adaptable for use with materials for the constnction of arliJicial oryanB on a labor*tory

f  gu .  , .  n ronSr !nn .oLe .  A rouSh -oge  '  l l  - \Don  d  ' o  f  e  b !  od .

Figue 3. rdeal jmction.

Figure 10. T'o ven!i.le!. The left venricb n larex rubber virh
a uerhane housinS. The nShr is sila*ic with i Beihane hotr!ing.

Figue 9, Acceptable. The edSe is on the ouaide,
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Targetable Phobactivatable Drugs.
l. SFthesis ofWa@r'Soluble Galactosamine .

Containing Polyme.ic Carriers of Chlorin e6 and
Thei. Photodwfiic Effect on PLC Cells rn no

N.L. Krinickl, B. ftftov52, K. Ulbrich3, J.D. a'dradel, J. KoDeaeklS*

- lDe.partment of Bioengineering, UniveNity ofUtah, Salt llke City, Uuh 84112,USA
- 

rlnstjture ofMicrobiology, Czechoslovak Academy ofSciences, 14220Prague 4, Czechoslovakia

.rlnstitule 
ofMacromolecular Ch€mist_y, Cze{hoslovak Academy of Sciences, l6m6 hague 6, Czechoslovatda

ABSTRACT

A copollrne. ofN12'hydmx}?mpyl)mefiacrylamide (HPMA) and N-methacryloylSlycine pnitrophenyl est€r
(MA-Gly-ONp) was syn$esized by radical precipitation copolymerization. Galactosamine was coupled to fte pol].ner
by reaction wift $e acdve ester side chains. The remaining p-niEophenyl groups were corvened !o amine
funcrionalities via a polymeran aloeous reaction widr an excess of erhylene diamine. Chlorin % was acrivaled using a
mixed anhy&ide metlod and subsequendy bound !o rhe modified side chains of rhe polymer. The phorodynamic
activity of ihe conjugale wilh galactosamine as the targeting moiety was resred in vi/.o on ahuman heparomacell
line: PL,C/PRF/s (Aiexander c€Is). It appea$ rhar the conjugate enrers rhe cell inredor by receptor mediared
pinocytosis via the asialoglycoprorein receptors presenl on the surface of the PL cells. Phoroactivatio. of the
chlorin conlaining conjugate wilh rcdlightproved cytoloxic to the cells. S6ucrure resrs comparing iheHPMA
copol)'rner-galaclosamine-chlorin e6 conjugate and a nontargetable IIPMA cololymer-chlorin e6 conjugate, wirh
comparable chlorin % content, indicate drat the targeted conjugare is more biologically active.

1 INTRODI ICTTON

In general, a photosensitizer is a molecule that when subjected ro light of a characreristic wavelengdr wil be
converled to a high energy Eiplet stale. The siplet state molecule is capable of giving up i6 energy to molecutar
oxygen, convening it to a high energy singlet stare. ln biological systems, rhis singlet oxygen may tben paJticipare
in a number of "pholod).namic" rcaarions resuhing in tlre damage of cenain cell organelles and eventual cell death.l
The effect -of photosensilized oxidation on a number ofbiomolecules which conEibute to cell desEuction have been
examined./ k is possible !o exploit ihe photodynamic properties of porpb)'rins (class of photosensiiizers) to cause $e
des!'oction of a variety of carcer ceus,

It is widely kno\{! that some porph}'.ins have localizing abiliries and prefe.enrial uptate by tumor tissue. There
is, however, nonspecific uptale by normal rissue. This is rot a problem when the direci rargedng oflight ro rhe
uptake site is possible, but, in mos! cases, lhis js not feasible. Also, a problem is $e ultrasensitivity ro light of
nofrMl tissue after adrninistering a dosage of drug effecrive in killing a tumor due to ahe retenrion of rhe porphlrin in
(he system for at least 30 days.r Therefore, ir wouJd be beneficial to develop a sysrem of largeting po.ph)Tins ro $e
desired site, and as much as possible, limit pholodynamic activity to the targer tissue. Synrheric polyme.s have beer
used as drug ca-rriers becBuse dley car be chemically rnodified and 'raitor-made" for specific pulposesj An appropriae
choice of the polymer !o be used as a drug canier is imperative. The polymer mlst remaiD in rhe body tong enough ro
carry the porphlrin ao the tumor sire, bur, rhen it mus! be eliminaied from rhe body. The molecular weigh! and Ue
biodegradability of the polymer derennine i!5 fa!e.) HPMA copolymers are appropriate for these puposes and have
beln €xtensively studied a5 canjers of oiher R?es of anticancer drugs.a The backbone of rhe HPMA copolymers are
nonbiodegradable, bu! have been sho\|Il |o e)ich minimal immunogenicity,6 and ar€ eliminated from ahe body by tie
kidneys depending o tlreir moiecular weights and motecular weight disriburions.T,S Binding carbohydrate
funcrionrliries ro tarBet HPMA dflg caniers ro specific cetts has been demonsEated.g It has been proven tha! solubje
r To whom correspondence should be addressel
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syn$eic copolymen of HPMA wiLh gahcroaamine terminated side chains are accumulaled in hepatoc)tes in dre liver
of ra6. lo The up(a.ke of polymers via recepror mediated pinocytosis by the aialoglycoproteh rcceprors in the
hepabcyte plasma membrane is dep€ndent on rbe gal&losamine conlent of rhe polymen.lo It was also found?,l I thatthese systerns incorporated wit\ enzymarically cleavable side chains are effecdv; in deiivering and releasingphafinacological agen6 into rie lysosomes of these cells.

teoretically, ir is possibie ro design HPMA coporymers as carrie. of poryhlrins with gataclosamine terminated
side chains !o targer this complex to c€lls that express as ialog Iycoprcrein receprors. r 2 Thm, bl receptor mediated
pinocytosis, the conjugare crn enter $e cell and via a ranspon mechanism may be able to enter theiell lysosorne.13
Ev€n.if some nonspe.ific binding of the conjugale occurs, the porphlrin remains in io inactive form unleis subjectedr0 ugnt. rnerelore, trle rnfierenr Iocalizjng abiliry ofrhe porphlrin does nor have to be relied upon. and the poQhlrin
can be chosen based on ils phorodynamic propenies.l4 chlorin e6 is acriva*d by red lighr wirh a ma{imum at 662
nm (Dlvtr). Light a! rhis wavelengrh yields deeper tissue penetralion rhan ligh! at shorlEr waveleng tis.15 In rhispape., we have synrhesized an HPMA copolymer-galactosamine,chlorin % conjugate and have studied irs
photodynamic effcct on PLC cells i, vir,.o.

2, MATERIALS AND METI]ODS

2.1 Synthesis of monomers:
. N-(2-hydroxpropyl)merha.rylamid€ G{PMA) was prepared as previousiy described-16 N_me|nacrytoytgtycine p_

riEolhenyl ester (MA-GIy-ON!) monomer was prepared as foltows: N-ltettracrytoylglycine O4A-Cly_OHiwas 
'

syrthesized by dissolving glycine (20 g, 0.266 moiet in 66.9 nd of 4N NaOH. ,t hy&iluinone inhib itor was added
to prevent polymerization. The mixrure was cc'oled ro 0"c. slowly, 66.9 nl of4N iqaoH and mefiacryloylchro.ide(25.8 rnl, 0.26-6^molet were added dropwise ro the mixrure, simulraneously, under vigorous srifing, m;inraining aaemperatue ofo'c. The reacrion proceeded for l holr more a! room bmperature. concentraredHCl was addJd oadjust pH !o 2. The mixture was exrra.ted 4 r.imes wilh ethyiacetate, coileiting lhe organic layer. The soludon was
dried wiri Na2so4 and then filrered rhe mixture was evaporaFi unlil crystals-appeareZ, which were recrysrarlized
wiah Etolvhexane. The melring point of rhe product was 106-tO8.C.

. MA-Cly-9J,Ip- was prepared by fi$t dissolving MA-cly,OH (6.5 g, 0.045 moles) in 37 nd refahydrofuran O-HF)and cooled to -20"C. Dicyclohexylcarbodiimide (DCC) ( 10.31 g, 0.050 moles) was dissotved in l t n THF. TheDc-C_solulln was dowly &opped into lhe rsction mixture, under vigorous stining, mainraining the tempererure ar-20'C. trNitrophenol (6.95 g,0.050 motes) was dissolved in 18 ml THF and drop;d sbwly into llle reaation
mixture, mainiahirg the @mperalure at -2CroC. The reaclion proceeded 3 houn ai-:0.C. A;eLic acid was addedlo
remove any urueacted Dcc. The dicyclohexylurEa @cu) side product produced in the reaction was filtered off. Thepoduct was evaporaled to dryness. The pmduc! was crystallized in erhylacet?tdether aid recrysLdlized in edanoveder.
The melting point of the product was 101'C.17

2.2 Syndlesis of Copolymer la,reacrive copolymer precusor, (Scheme A):
- -_ Mole rado HPMA:MA-cly.ONp 87.5:12-5- HPMA (5.14 g, 35.9 mmote), MA-cty-ONp (1.355 g,
5.l J mmole). and azo$obutyronihie (AJBN) (0.312 g) we.e dissoived in 56.? nl aceone. The polymerizarion
proceeded in a sealed arnpule for 24 hous in a 50.C warer baih. The copolymer precipilale was fil;red and washed
with acetone The copolymer was dissolved in merhanol and reprecipitated into a rwenry-fold excess of acetone. The
mole percentage of active esrer in the copolymer was determined to b€ 83 mole perceni by UV specEa (X-ax=2?4 nm;
eDMSO=0.95E4 Ymole.cm). The molecula-r weighr of copolymer Ia (Mw=18,700;Mw/Mo=1.3) was esrimaled, after
aminolysis wid I-amino-2-propanol, from cPC analysis on a Sepharose 4B/68 (t: l) column (9Oxt.6 cm) calib.ared
wilh fraclions of polyHPMA (buffer 0.5 M NaCl+0.05 M TRIS pH 7.5).

2.3 Synthesis of Copolymer lll-targetable HPMA copolymer-galacrosamine{hlorin e6 conjugate, (Scheme B):
Svnrhesh of Conolvmei IT:

Copolymer la (60 m8, 0.03 mmolqs ONp) was dissolved in 0.45 nrl DMSO. Calaclosamine hvdrochloride (4.25
rng, 0.02 mmole) (Fluta Chemjcal Corp., Rontonlorn4 Ny) was added. Trierhylamine (2.?5 F, d.02 ,nmote) wrs
subsequently added The reacrion preeeded ovemigh! ar room temperalure. Under vigorous stirrhg, rhe polymer
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solution was dropped into elhylene diamine (0.217 r , 3,23 mmole) and re3crld 20 mirures ar toom tempeGture.
Copollme.II was precipitated inlo acelone, filcre4 washed with acebne and erher, and alessicate4 The NH2 content
wa! determined to be 4.4 mole percent by the ninhydrin metho4lE

chlorin e6 acrivarion: Chlorin e6 activalion was carried our sirnilarly io rhe proceilure used by Oseroffer a1.14
Triethylamine (5.13 d, O03? mmole) was added to a mixrlre of chlorin e6 (21.4 ng, 0.034 rtunole) (Porphjrin
Producrs, Lngan Utah), in 0.42 rnl DMF. The mixture was cooled to -15.C. E$ylchloroformare (3.19 JrL 0.034
nmole) was aalded and the reaction proceeded for 30 minur€s at-15'C. TLC analysis was performed to confirm
chlorin e6 activation.

Rindin! ofaciivzred chlorin %: Copolymer II (41m9,0.01 fiunoles NH2 g.oups) was dissolved in0.54 n
DMF and aa'ded io the activated chlorin e6 mixture. The Eaction proce€ded for I hour ar - ls.C and 3 hours more at
room Emperature. The mixture was evaporar€d to dryness, dissolved in methanol, aDd precipitared inao a twenty,fold
excess of acetone. The polymer was lillered, washed wirh acetone and ether, and dessicaEd. Unreacted chlorin % was
separated from &e bound chlorir % on an III-20 column (4x40 cm) in metharol. The potymer Facdon was collecled
and evaporated to dryness. The residue was dissolved in disliled water, fiozan, and lyophilized" The mole percentage
ofbound chlori. e6 was determined by UV specEa (;,bax=662; €DMF-53,000 Vmole.cm) !o be 3.6 mole percen! and
the polymer contained 3.?5 mole percen! ofgalactosamifie. The gahctosamine content of tle copolymer was
evaluated by first hydrolyzing rhe copolymer in 4N HCI ar 100"C for 4 hours in a sealed ampule. An anino acjd
anallzer was used 1o aietermine the sugar contentl9,20

2.4 Sfnl.hesis of Copolymer V-nonr?rgelable HPMA copolymer-chlorin e6 conjugale, (Scheme C):
Srnfieri\ of Cornltmer rh-Erdive cornlvmer lrer:r ̂ or. (Scheme A)

The rcactive copolymer of ITPMA and MA-GlyONp (ColDlytner Ib) was sylt-hesized as described above. Mote
Ialio HPMA : MA-Cly-ONp 93 : ?. Copolymer Ib conhined 4.3 mote percenr ofreacrive side chains.

Arninolvsis of Cornlyrner Ib wirh an excess oferhvlene diamine (Cooolher lv):
Copolymer Ib (2 g, 0.57 rrunoles ONp groups) was dissolved in 8 ni DMSO. Under vigorous srjning, rbe

copolymer solution was droppd inl() erhylene diarnine (7.?7 n , 1 15 mmole). The reaction miJ(rure was sloppered
and was stirred f6 t hour at r@m temperatule. The excess ethylene diamine was roloevaporated The remaining
solution was precipiiated into a twenry-fold excess of a.e!one. Copollmer IV was filered and washed with acerone and
ether, and then dessicated. The NHz conlent was determined ro be 3.8 mole perclnt by tle ninhydrin method.l8

Binding ofactivaEd chlori! %: Cidorin e6 was activaled as described above. Copolymer W (0.1?9 g,0.05
Dmoles NH2 groups) was dissolved in 1.8 rnl DMF and added to the actival€d chlorin e6 mirture. The reaction
proa€eded for t hollJ at'15'C and 4 additional hours at room tempetature. Excess DMF was evapomred and
Copolymer V was preciitared inro a twenty-fold excess of ace@re. U scred cNorij) % was separared from $e bound
chlorin % on an LH-20 colun'm (2x40 cm) in rneihanol. The polymer fraclion was coll€cted and evaporated to d.lrless.
The Esidue was dissolved in dislilled warer, ftoz€n, and lyophilizld. The mole percenuge of bound chlorin % was
determined by tw spectla (l"mar=662 nm; eDMF=53,000 ymole.cm) to be 3.6 mole percent.

2.5 Synthesis of Copolyrner Vl-targetable HPMA clpolymer-galaciosamine conjugate conEol, (Scheme D):
Copolyner Ia (0.05 g, 0.03 mrnoles ONp groups) was dissoived in 0.3?5 n DMSO. calaciosamine

hydrochloride (3.54 mg,0.0I6 Inmole) was adde4 with subsequeni addirion of niethylamine (2.29 |lI,0.0I6mrnole).
The polymennalogous reaction proceeded ovemight ar rmm Emprature. 1-Amino-2-propanol (2.03 pl, 0.026
rnnole) was aalded. The reaction pr@€eded for 15 minuGs a! room temperature. The copolfmer product was
Fecipitated into a twenty-fold exc€ss of a.etone, filtere4 washed widl acetone and elhet and dessicated. The contenl of
galactosamine in the copolymer was evaluared by first hy&ol)zing the copotymer in 4N HCI at lOeC for 4 hou$ in a
sealed ampule. Ar amino acid anallzer was used !o det€rmine rhe sogar conreni (3.80 mole p€rcent).19,20
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3 TN YMRO PHOTOI.YSIS

ThehumanPLC/PRF/shepaiomacell l inewasakindgiftofDr.L.sancek'JnstituteofheventiveMedicine.
e.atisiavic"echosloratia. pl-a ce[s were grown in complete minimum essendal medium (MEM) without protein
i" [ori nirt tu 

" 
SS6 CO2, 37.C incubaror. Cett viabiliry was checked under a microscope. Ninety six well culture

Dlares were seeded wirh ld ce s/we[ ift 100 pl ofMEM containing penicilin and sEepromycin. PLC cultures used
i*" J.", 

"i*-ir"o.ri",i"" 
gave lhe bes! resuirs. h seems $ar lhis is sufficienr time to permir tegenerarion of-cell

iG".l _rri"o .._o""a by-rypsinizarjon in $e Eansfer of celis from Roux flasks ro cuiture plates. 1m gl of
."-or"rar*r".a i" lclt'toidissolved in DMSO ar:d ditur€d wi$ MEM fo. fi€e chlorin (final DMso concentrarion:
6li3.O* 

"lrll 
*"* raaed lo each well and the plates were incubated for t ho|d (5% Co2,37"C ot 4"C) After d1e

in.ut"tion pAod th" pt"tEs were cenFifuged for 5 minutes at 1200 rpm at 15'C, and !h€ sr]p€mztrni wa\ rcmoved'
6"rf i **"'**lr.a li,t 

"es 
with coldpis. Next, IOO pt of cornplete MEM witlr-10%_Oovine calfserun) BCS

;;;dd; ;;; ;.n. The plates were inadiated h a ao2 €nvironment ar 37'c for 7'5 or 24 houn' 25 5 cm from
an aDororimarely O.?? mw/cm2 hght souce. An Ennmat slide proje.tor functjoned as the ligit soulce €quipped with

" w,i[ii"v* irril, u.**n $e tighl source ard rhe celts ro prevent a remperarure increase, and a red filrer ro provid€
uiirili ii.*,"i".i "i 

oso n* iire, ioaaiation, *'e prarei were incubaGd for 18 hours (5% co2, 3?'c) to be cenain
th"atarryphotodynanicdamageto&ecellswasirreversible.simultaneously,controlplatesweiekep|in$ed,rkat
37'C irl a CO2 environmen!.

4 Fval'rtion of aell Viabilitv

The MTT colorimetric assay was lrsed !o deErmine cell viabiljty.zl This method is based on MTT reduclion by
cell dehydrogenases Producing allue formazan product. It t€sLs only living cells because the tetra?olium ring is

"i"""a'"'r"i""ctie^ltoch.-ondria.,qfierdreiSlourincubadonperio4 
20!lofMTT(5mgn PBS)' (3-(4'5'.

J-",ir"f,iiil"i-:-tU-z,fdiphenyl tedzolium bromide (Sigrna), were added to each welt- Afier 4 hous of incubadon
ls* ioz jlrl, ioo rrt "f 

l0% sDs in 0.01N HCI wefe added to each well io dissolve rhe blue crystals. Plates were
in"ut"r-J (:z coz,:i"c) ovemight after which the absorbance at570 nln was measured on a muldwell scanning
specuophotometei6LtsA read€r). In lhis way' the reladve number ofliving cells was de!€rmined'

5 RFSITI TS

An HPMA copolymer'galacrcsamine-chlorin e6 conjuga!€ (Copolymer [I) was synthesized conlaining
approximalely 3.6 mole percint of chlorin e5 and 3.75 mole lercent ofgalaclosamine The Uv sp€caa oflie bound
c'hiorin er rernained vinually unchanged compared lo lhat of the free chlorin e6 (fig l) Human PLc cetls were
incubad for t hour (57o Cd2, 37'Cor 4'C) and irradiated widt 660 nm light for 7 5 or 24 hour time periods'

Theresullsoffourpho|odynamicexp€rimenEperformedcanbefoundinFigures2.5'onthevenicala-\isofthe
n.ot i, ,i,"lti&t*." ,,!ad ar sto nm is indrcared, ;hich is proponionai to rhe relarive percenrage of live cells, for
iarioul i"-pr"t. The s amples are referenced by their chlorin e6 concentrations (pg.h ) in the cuiture plate wells
Both iradiated and noniradiated (cooEol) resulb aJ€ dlsP|ayed' All four of the experimenB represented arE, in facl
structuie tests. In the experiments represented by FiguJel2' 4 and5 cells were incubated at 37"C ln the expenmenl
*-iU i".i"i" a.pf"yJin Figure 3, cells were incu-bated ai 4.C for I hour. All experimen6 excepr rhat represented
bv Fipure 1 in whictrsamDles;ere irradiaEd 24 hours, were irradiated for 7.5 hours. The cells used for erp€rimenls
*'irr, i"surs st o*i in nguies 4 and 5 used cell culrures rwo days posrinrccularion, while erperimen6 represened by
irg""iz *aj 

"i.a 
r itd3 day cell cultutes' respecrivelv ln Figures 2 and 3' frce chlorin e6, nontargetable

Co?ti-er v, and targetaule c;njugaf€ (Copolymer III) are compared. As shown, free chlorin e6 at the two highest
concengationsused(6tand13Fgru)were|oxic,evenindednrk.Tsrgetableandoontargetablechlorine6containing
comlymers were toxic when exposed tc lighi and nontoxic when kep' in lhe dark The largetable conjugate
ic;A;;; trt;il; ,o be more biologiallv active compare-d with the nonorgetable copolvmer v for $e two
highesf concentratio$s of chlo.in % used, as pictured in FigurE 3.
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In FiSure 4, iargerable (Corolymer III) and nontar€elable (Copolymer V) conjugales are compared, again wirh ihe
same resuks as in Figures 2 ard 3. In addirion, de nonlargeBble conjugare (Copoiymer vl plus free N-acirylgalactosamine (to mimic bound galactosanine) was compared wiri tlrebrher twb simples. iherc is vinualty no
difference between rhe resuhs obrained for this mixed sarnple and rhar of rhe nontugetable copoJymer (CoEilymer V;.

As in the orher experiments, Figlre 5 compares lhe effe.r of frEe chlorin % , nontargerable (Copolymer V) and
targetable (Copol)mer [I) conjuga!€s, and in addirjon, a drug-frce galactosamine copo]ymer conEol (CopolymerVI)
plus free chlorin e6. The galactosamine conren! of rhe drug-free polymer was approximarely equivalenr !o ftal of rhe
two concentrations of conjugat€ bearing 6e same amounr ofchlorin % as rhe amount of free chlorin €6 added (1.3 and
0.13 !rg/rnl). The resuhs of ihis experimenl show nearty fie same effect as Lhat ofchlorin e6 ?lone a! ue
concenfalions used. The presence Ofthe copolyner did not seem io alterchlorin e6 acdvity,

- .The appropdate conuolexpedmeoB (nor shown) were performedr samples ofDlqSO jn equivalent amounls usedror cD|cnn e6 drssotuuon, and a polymer containing apprcximately the sam€ conten! of Salactosamine as bound to lhe
conju€ate (Copolyner Vt. DMSO and $e drug-free gaiacrosamine contrining copolymer showed no effecl on cell
viabilily at the concentrations rested.

6. DISCIISS]ON

As has been shown previotsly, intitro, galac^losarnine rargeled IIPMA copotyners arc intematized by cells
with rcceptors that have affniry for gal actosamine. r o This has also been demonstrated n ylra by inj erring raLs
intravenously wilh HPMA copolymers bearing grlrctosamjne residues, and measuring rne upukeof copotfmer in rhe
liver. The copolymer was foud alsocialed wi th rhe heparocy res. I 0 Ttre merhanj s m is probibly via re.;ptor media@d
pinocytosis. Duncan €t al, l0 have also shown that 6ere is aacu mulation of the HpMA coDolymers wiihgalactosamine rerminar€d side chains in $e secondary lysosomes of heparo(yles widr rime. Bi incubatingHepc2
celis (h!m,an hepaloma cell line expressing apprc\imapty 225.m0 a, ralogt)coprorein recepror" per ce ) ar !.C Ior I
hour wrrh '4l.asialoorosomucoid (ASOR). Schwa,.rz. et al., tound draL rherc wa! binding to he slrfdce receplorswith minimal degredation products (receplor or ligand) in rhe cell rysosome. Afler $e 4.d incubarion period; therewas intemalizalion ofre.eplor-ligand complex followed by oanspor! to rhe cell lysosome a! 37oc. Malerials rhatenter the cell lysosome come in conuct u,irh various acids (pH 4 to 5) as well aslysosomal digesdve enzymes. Thisrs an-exEemely harsh environment and can de.ompose many natural macromolecules, including compone;b of rhe cell
itselirr In our case. after incubadng pLC cells wirh targelable (Copolymer III) and nontargerable (Copotymer V)
conjugate atbotl4oC ard 37oC, phototysis at 37.C caused cell destrucdon. Since irradiaiibn at 37.C was fora 

-
compararively much longer rime period (7.5 hours) than the I hour incubarion ar 4oC (Figure 3), ir seems that theircubalion l"mpemture had lirde ro do with the ullimale effects ofphorolysis. (compare Figue 3 wift Figures 4 anil
5 in wlich other physical parameiers are equivaten0. It h tikely !h;t6e rargerabte c;nj !ga; (Copotymer-Iit; enteredthe cell.inrerior by recep@i mediared pinocytosis followed by entry inro rhelysosoma i:ornpaiment inaependenr or'nc_ubation temperature- This is probabry Eue because binding of targered conjugare to L\e aell surface ca; luke place
ai4'C. Over rhe iong irradiarion period ar 3?.C t}te conlugate stould have suif-ienr rime to inFmalize. Uponphololysis, a combined mechanism ofcell desructior i! possiblq the pholod)Damic acrivity ofthe chlorin e5
pos-sibly lyses d)e-cell lysosome rhereby releasing lysosomal enzymes, also leading lo cell dearh.23 AIL\ough $edifference in incubarion temperau.rc showed no differcnce on fte;ffect of phoro)yiis of the chlorin e5 copoly:mer
conjugates on PLC cells, mechanisric differences in cell entry of$ese subslances would be likely. These effecB
should be more apparent if bo|h incubarion and irradiarion pr;cedu$ were p€rformed at 4oC. In-rhis way. suriaceeffecb vs. effecr! in r}e cer inrerior d ue to photolysis could be studied. erestions of this rype (rnechanism of celtdesEucrron) are under study. It musr be sEessed rhar rhe exlEriments presented in this paper are pretimina,-y. The goal
was only to compare the effects of targerable vs. nontargerable copolymer chlorin e6 conjugates upon photoiysh on
Pl-C cells ir vrrr.

All erperimenls demonsEared an increaing degree of cel kili wili increasing chlorin e6 concenEarion wherher
$e chlorin % was free or'in a bound stare. In rerms ofcyrobxicity, itwas found rhat ir was possible toexposep]-c
cells in the dark to a higher concenEaiion of chrorin % when it was bound lo a copolymer rhan rle frer dru;. This
difference could be a resulr of two factors. For ore, small molecures enrer fie cell cyrosor by diffusion rhrorgh $eplasma membrane. This process is faster rhan eirher fluid phase pinocyrosrs ltikely mechanisrn for Copolym;r V) or
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receptor medined pinocyiosi5 (lik€ly mechanism for Copolymer ltr), which results in a higher concentradon ofchlorin
e6 inside dre cell in a shoner dme period The mefe presence of a high level ofchlorin %inside lhecell couldbe toxic
to the cell. Another possibiliry is tfuough hydrophobic effec6. Chlorin e6 is an exuemely hydrophobic molecule and
due to sutiace effecrs on the cell membrane may prevent th€ cell fromcarrying on its normal metabolic functions.
Binding he hydrophobic drug to rhe hydrophilic copolymer may in some way mask lhe hydrophobic effec$ ofdre
chlorin %.

It appears in Figure 2 fia! the Copolymer V js more effective ihan in !h€ o&er figures. This is mosr lftely
becruse of the 24 hour irradialion lerjod (6.7E.1 nW s/cm2) as compmed wirh $e 7.5 hour intervrls (2.1E4
mw s/cm:). Fluid phase pinocyrosis is a slow process and L\e longer lim€ would aid rie en!'y of ihe nonrarge(able
conjugale (Copolymer V) in|o fie cell. Also, it is alreidy proven tha!an increase in the time ofinadiation leads to an
incf*s€ in cell kill.re

The resuhs presented herein are promising for future experimenudon. The fact t\a! tlre g alactosamine coniain ing
conjugale (Copolymer III) showed more biological acdviry rhan rhe nonla.getable complex (Colollmer V) is
encouraging. PLC cells have a relarively low conren! of asialoglycoprotein receptoG compared witi othef cell lines,
slch as the Hep G2 hepatoma cell line. In rhe furufe. it would b€ wofiiwhile to synrhesize conjugales as descnbed in
this paper and sludy their photcdynanic effecls on cells exprEssing a higher quantiry of as ialoglycoprorern receploa
than do PLC cells. Comperilion srrdies belween N acetyl gaiaclosamine and polymer conjugates bearing llie
ga-lnclosamine tlrgeting moiely would be valuable ir providing infomarion on de recepror mediated funcrion of
€ndocytosis. /r viro targering is possibie, as rhe biocomparibility ofrhis kind ofcopoiymer has been proven, ye! lhe
photodynrmic effecls of these types ofconjugaies will not be ascenained unless a suilable Light source is avallable.

In $is study, th€ rrrgetability ofan HPMA copolymer-chlorin e6 conjugat€ was proven. Therefore, i!would b€
ofinterest to s}1rthesize conjugates of tle t)?e descdbed above (Copoiyner III) with rargering moieries o&er t}rn
galactosa'Jrine to target po.phyrins to o&er cell types. We have shown in rie past rlat HPMA copolymer-anri Thy
I .2 antibody'dau nomycjn c onj u g ares c an be targeted ro T lymphocyres.24 Conj ugales of HPiIIA cololymer,an rj Thy
1.2 antibody-chlorin e6 have already been slntiesized, aod their biological evaluation is in progress.
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SCHEI\,4E A : Synthesis of the reactive copotymer precursors (Copolymer la, tb).
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SCHFME 8: Synthesjs ot lhe targ€table HPMA copotymergalacrosamins-chtoin e5 conjugal€ (Copotym€r ljt).
Consedive sinotysi6 ot Copolyher ta wilh C.l&toemim atu e$yreE damitu:
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I SCHEVE_Q: Synthesis ol th6 nootargelable HPMA copolymor-chloin e6 conjugale (Copolymer V).

Aninolysk ol Copolyoo. lb sith & €r6s ol odM€ns didin.:
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SCHEME D: Synth€sis 01 lh€ largelabts HPMA copotymgr_gatactosamin€ conjugate conlrot (aopotymer Vl).

Conseculive aminotysis ot Copolymer la with gataclosamine and 1_amino-2,propanot:
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Figure 1. UV Spbctra in DMF A) Chlor in e. B) Copolymer l t l  (  HPMA copoty-
mer-galaclosamine-chlorin e6 conjugate).
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F9ur6 2.5 sud vino PLC erh (Bpr*.led bt A57o *ridr is pmpqliddl 10 rh€ numb€r ot Lte dus, e d€t.min6d by rhs VtI m.hdt
d€vid o. (€nor b.6) ot 34 s$rr€.. s.hpt6s @ tre cNorin 36 {.rrtdid of dio4,

HPU copoyhs{ab.ros$iF.nb'i. q @nruoal€ (c.p.rynr), tuntes.iabo HPMA@@rrhof onjucal€ (copory v,,

HPMA.saLad6ahrno oniuod€ (c.pdynor v|), sd lie trdt gard(E4ir ($0. rhd ^

con6nldoi or chtdin d6 (|]trn'q in oiuB ptald hls.

Flgure 2. t hour incubalon 37.C, i day cltrufe, a.) 24 hour i r radia l io .  37.C,  b. )  nonn'adated.
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Figur€ 3. t holr incubation 4.C, 3 day culur€, a.) 7.5 hour iradiarion g7qc, b.) noninadiar€d
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Figure 4. t hour inclbation 37.C, 2 day cullu€, a.) 7.s hour iradiation 37oC, b.) nooiradiated.
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Figure 5. I hou. ircubati on 37.C, 2 day cuttu€, a.) 7.5 hour iradiatio. 37"c, b.) nonnradialed
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