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phatc-buffered saline (DPBS) (Gibco) were freshly pre- 
pared from stock solutions before each experiment for all 
tluorescence measurements and containing I .O p*p ml - ’ for 
all absorption measurements. 

2.2. Spectrosc0p.v 

Absorption and Huorescence spectra were obtained for 
each solution prior to and immediately after irradiation with 
694 nm irradiation. Absorption measurements were obtained 
with a HP-8452A spectrometer (Hewlett-Packard. Palo Alto. 
CA). Fluorescence spectra were obtained with a Spex Fluo- 
romax spectrometer (Spex Industries. Edison. NJ). The 
bandwidth of both instruments was 2 nm. 

A continuous-wave Ar-ion laser pumped dye laser ( Innova 
100 pump laser with a CR-599 dye laser head, Coherent Inc., 
Palo Alto. CA) tuned to 694 nm was used for all irradiations. 

This wavelength was purposely sclccted so that these results 
could hc compared with those from previous experiments 
which employed a ruby Inscr. The output from the dye Iascr 

wils evupletl to ;I I pm lihcr which homopcni~cd the beam. 
Lenses and ;I vnriahlu diaphragm were then used to collimate 
the ~CNII. The resulting hc;lm 01 2.5 Cl11 cliillllctCr complctcly 
irradiated each solution being invcsligalcd. 

Cell cultures o1’ ATCC t ITB 9-5637 IlUlllilll hlild&r car- 

cinoma cells ( Alncri~iln Type Culture Collection. Rockvillc. 
MI), USA) in the suhconllucnt slage wcrc incubated with I 
/.~g BI’D-MA IIII ’ in incrlia for 3 hours. The cells wcrc then 
w:ishcd 3 limes with DBI’S. [:luorcsccncc spcclra ol’lhc intact 
cells still ~rll~ichctl to lhc PlillC wcrc rccordctl prior lo antI al’lcr 

irr;tdi;llion with 00 J CIII _’ radiation 31 694 nm. ‘I’hc cells 

wcrc covcrcd with IWW throughout the irradiations nnd also 
during mc;~surcnicnls. 

3. Results 

Absorption spectra I’rom solutions ol’ I pg BPD-MA ml ’ 
in DMSO and also in DPBS without and with KS ( I % ilnd 
IO%) ;Ire shown in Fig. I. Three major effects wcrc ohscrvcd 

upon addition ol’KS to aqueous solutions ol’BPD-MA; thcrc 
wils nn incrcasc in the overall absorhanc~, the ;tbsorbimec ;I( 

440 nm which WilS obscrvcd as ;I shoulder in thL’ ilC~llCOUS 

solution spectra bccamc more prominent than the 400 nm 
Sorct hand, and the major long-wavclcngth absorbance band 
was hluc shifted from 694 to 688 nm. The absorption oI’BPD- 
MA in aqueous solutions containing IO% or higher conccn- 
trations of KS closely rcscmblc the absorption of BPD-MA 
in DMSO. This indicates that. in IO% FCS solutions, BPD- 
MA is in a hydrophobic microcnvironmcnt. 

Fig. 2 shows the absorption spectraof I pg BPD-MA ml -’ 
in IO% FCS hcfore and after irradiation with 60 J cm-’ 
radiation at 694 nm. After irradiation the major BPD-MA 
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Fig. I. Absorp~on spectra from solutions of I mg HPD-LlA ml _ ’ in DSISO 

(curve(a)). lO%FCSmPBS (curve(b)). lSrFCSinPBS(curve(c1) 
and PBS alone (curve (d) ). 

absorption bands at 400-450 and 688 nm dccrcnsed together 
with the minor absorption bands at 580 and 625 nm. indicative 
of BPD-MA photohlcaching. New &sorption bands wcrc 
obscrvcd iIt 320 and 650 nm. attrihutcd to the formation of iI 
photoproduct. Stmilar kinetics were not ohscrvcd when BPD- 
MA was irradiated in PBS solutions, in homogcncous organic 
solutions [ 7 1 or in dcgilssed KS solutions. 

Fluorcsccncc emission SpCClril from solulions of 100 ng 
BPD-MA ml ’ in 10% iX’S using 450 nm t!x~ililliOtl arc 

shown in Fig. 3. Only one Iluorcsccnce hand. ;I( hO4 nm, was 

obscrvcd for ~hc control BPD-MA solutions. Alicr 60 J ml ’ 

irradiation, ;I dual Iluoresccncc was ohscrvctl. ‘I’hc 094 run 
associated with BI’D-MA lluorcsccncc dccreascd I’rom its 
prc-irrxliation intensity and ;I IICW bild. i~ssoci:~td with ths 
plioloprotlucl Iluorcsccncc appcarcd ill 650 nm. Similar 
chnngcs in the Iluorcsconcc spectra prior lo and ill’kr irr;idi- 
alion wcrc also obscrvcd t’rom intact cells iIlCUhillCCl wilh 
BPD-MA (Fig. 3(b)). 

I4uorcsccncc cncitation spectra ol’ IO0 ng BPD-MA ml ’ 

in PBS and its photoproduct arc shown in Fig. 4. The emission 

wilvelength ti)r the BPD-MA spectrum w;Is 710 nm :Ind the 
emission wavelength for the photoproduct spectrum was 6.50 

I 
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Fig. 2. Absorption spara of BPD.MA in 10% FCS bcforc (curve (a) ) and 
immediarely after 20 J GIN _ ' irradialion (curve (b) ) and after 60 J cm-* 

irradiation (curve (c) ) with 100 mW cn-’ radlarion a1694 nm. 
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nm Although the Iluorcsccncc excitation spectrum of BPD- 
MA dccrcascd in intensity after irrndiution. no new spectral 
Ic.11 Jrcs wcrc observed. In contrnst. lhc Iluorcsccncc cxcila- 
tion spectrum of the photoproduct after irradiation W;IS quite 
diffcrcnt from the prc-irradiated BPD-MA spectrum. After 
irr:lilialion . ;I clclrrly dctincd Sorcl band 31 400 nm w;~s 
ob\L:rvcd for the photoproduct togcthcr with new cxcitntion 
b;lnils 31 550 and 590 nm. 

4. Discussion 

Ihc spectroscopy nnd photophysics of porphyrins arc 
highly inlluenccd by their microcnvironmcnt. The photo- 
physics of l3PD-MA bound to proteins and/or lipoproteins 
;uc diffcrcnt from the kinetics ohscrvcd in homogcncous 
org;lnic solutions. The low concentrations of BPD-MA ;Ind 
high conccntmtions of FCS wcrc dclibcratcly used in this 
stuc!y to approximate rclcvanl in-vivo lrc3tmcnt conditions 
whcrc nearly nil the strum BPD-MA is bound to proteins 
and /or lipoproteins [ 8.91. 

The absorption and fluorcsccncc spectra of BPD-MA in 
IO% FCS arc similar to spectra obtained in organic solvents. 
ind::ating th;lt bound BPD-MA is in a hydrophobic cnviron- 
mcl I. Changes in the absorption and fluorcsccncc spcctrn 
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bcforc and nftcr irraditition indicntc that ;L BPD-MA photo- 
product W;IS readily formed in these solutions. Although no 
photoproduct formnlion h;;s been reported for BPD-MA in 
homogcncous organic solutions. previous in-vitro cxpcri- 
mcnts have shown that photoproduct I’ormation occurred only 
when BPD-MA W:IS bound to KS and ths photoproduct 
fonnrltion w;ts highly oxygen dcpcndt’nt. Thcsc results indi- 
c;1tc that the photoproduct was formed bctwccn ;I rcactivc 
oxygen spccics and BPD-MA monomers bound to FCS or 
ccllulur largcls. 

Reaction of singlet oxygen with another porphyrin dcriv- 
ativc. protoporphyrin IX (PPIX), has been cxtcnsivcly 
rcportcd I IO-14 1. Scvcral reaction mcch~nisms leading to 
diffcrcnt photoproducts have been proposed for PPIX. A 
hydroxyaldchydc photoproduct, nccompanicd by the rcduc- 
(ion of the pyrrolc ring, is formed in organic solvents by the 
cycloaddition of singlet oxygen to one of the vinyl groups. A 
free-radical mechanism may also exist whcrc ;1 rcactivc oxy- 
gcn spccics rc;Lcts with one of three vinyl groups via ;L diox- 
ctanc intcrmcdintc, forming a formyl group. with no change 
in the porphyrin ring structure. This mechanism may occur 
cithcr via ;1 supcroxidc anion or reaction of singlet oxygen 
with the substrate. forming a rcactivc oxygen species which 
subscqucntly reacts with PPIX. New spectral features are 



observed in the absorption and tluorcsccnce emission sptctra 

when the hydrvnyaklchydc photoproduct is formcrf whereas 

no spectral changes xc observed when the formyl photu- 

product is formed. 

The predominant mechanism fix the formation ofthc BPD- 

hlA photoproduct is not known. The spectroscopy of the 

obscrvcd BPD-MA photoproduct t‘ormed in FCS solutions 

( major absorption bands at JO0 and 650 nm and bvith Q hands 

at 550 and 590 nm: tluorescence maximum at 650 nm) is 

consistent with the formation cd’ ;1 hydroxynldehyde photo- 

product. However. this may not be the only photoproduct 

t’ormcd. The nuorcscence excitation and emission spectra ()I 

a formyl photoproduct ~vould bc indistinguishable from the 

corrcspondinp spcctrn of BPD-hlA. Cyclddition ofsinglct 

oxygen to form the hydroxyaldchyde photoproduct is more 

likely in thcsc oxygen-rich solutions and then a free-radical 

mechanism. (imninp a formyl photoproduct. 

Unclcr high irrxlianccs. the facile rcnction of BpD-MA 

with 3inglct onygcn may Icxi to oxygen tlcplction within the 

irratli~rtcd arc;\ [ 15-17 1, limiting the cfl’cctivcnc.ss of BI’D- 

MA as :I type II Illlolosclisiti/cr. Prclimlnary in-vivo rahhit 

cxpcrlmcnts using Ill’D-MA tlcmonstratcd that. :II hi$l irra- 

tlianccs. frxtic)n;itic~n ol’ the trcdtrncnt tlosc riidy hc more 

cf’kctivc than continuous irr;di;itlon. Marc phol~q~roduct Ilu- 

orcsccncc al 050 niii was okrvd f’ronl shin XIICS Irc;llctl 

with I’rxtiowlcd irrdiatiou tloscs. hugcsting ~~ic~-c;~x-d 
rcosygcn;ition 01’ the trc;acd sitcs during llic “ildi” periods 

ol’lhc I’raction;itcd trcalmcnl rcgiriic. 

This study showed that lIPI)-MA. when bound to prokin\; 

;ind/or lipoproteins in vitro. rcxls with lhc siliglcl onygcn 01 

;I rcxtivc oxygen spccics produccil during l’l>‘l’ trc;itnicnt, 

I’oriiiing ;I l~liot~~l~r~)lltrct. ‘I’hc coml~clilion liar singlet oxygen 

hclwuci~ ;I I’DI’ cl’l’cct and pliotopr~duct I~orm;ition must bc 

cc~ii5iclcrccl when &signing aii clkclivc in vivo PDT trait- 

IIICI~~ rcgimc. IY~otol~roducl Iluorcsccncc has ken ohscrvcd 

bolh in vitro using IO’% FCS solutions aid dso iii vivo iii 

rahhits. It shoultl hc much c;isicr to follow in vivo the incrc;l5c 

in Ilw photoproduct Iluorcsccncc ;)I 650 nm during PDT than 

the tlccrcasc in the BI’D-MA Iluorcscsncc ;II 69-I nm. Once 

ilux~lil:~tcd, the photoproilucl Iluorcsccncc iilighl provide ;I 
scnsitivc internal closimctcr ol’ BI’D-hlA PDT cflicacy. 
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