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Abstract 

Physical properties of hematoporphyrin-enriched collagen gels relevant to the photodynamic treatment of cancer 
are characterized. The incorporation of the sensitizer within the gels does not affect either the structure of the 
gel or the absorption and fluorescence spectra of the sensitizer. The gel-embedded sensitizer photodegrades 
efficiently with the formation of a product emitting near 635 nm. Differences in the collagen scattering are 
observed following sensitization vs. prolonged irradiation with Ar+ laser, indicating contrasting structural mod- 
ifications effected to the biopolymer matrix in the two cases. The results correspond well to in vivo observations, 
suggesting that hematoporphyrin-enriched collagen gels may be appropriate systems for modeling the influence 
of the semisolid nature of tissues, and in particular of the tumour stroma collagen, on the photodynamic 
phenomenon. 
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1. Introduction 

The growing interest in the photodynamic ther- 
apy (PDT) of cancer [l-3] has prompted extensive 
research into the mechanism of the phenomenon 
on a cellular level. Through these studies, cellular 
structures involved in the absorption and accu- 
mulation of sensitizers in cells, e.g. as presented 
in refs. 4 and 5, and cellular targets of the PDT 
cytotoxicity have been specified, e.g. in refs. 6-S. 
A general understanding of the mechanisms by 
which PDT impairs cellular functions and metab- 
olism is evolving. 

However, in vivo studies [9-111 strongly suggest 
that direct cell killing is only one of the effects 
of the PDT phenomenon, with multiple processes 
contributing to the tumour necrosis. In particular, 
significant amounts of the sensitizers are generally 
found to accumulate in the tumour stroma [12, 
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131, where they mediate extensive photodegra- 
dation with significant implications for the PDT 
mechanism and its effectiveness [g-15]. Despite 
this accumulating evidence, little work has been 
directed at studying the role of stroma biocom- 
ponents in the photodynamic phenomenon. 

In this paper, we report a preliminary study on 
the role of collagen in the hematoporphyrin (HP)- 
mediated photosensitization mechanism. Collagen 
has been chosen for study because of its high 
abundance in tissue fibrous matrix, and because 
of its well-known high affinity for porphyrins [16]. 
The collagen is employed in the gel form commonly 
used as substrate for keratinocyte cellular cultures. 
The collagen constitutes highly purified extract 
from calf skin and in the gel form it maintains 
its native state [17]. Scanning electron microscopy 
(SEM) (Fig. 1) shows the prepared film to consist 
of networks of randomly oriented interleaved pro- 
tein fibrils. Its appearance corresponds well to 
characterizations of skin collagen [18]. Conse- 
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Fig. 1. Scanning electron micrograph of the pure collagen gels 
employed in this study. An identical structure is obtained for 
gels enriched in Hp dibydrocbloride. (Magnification, 10 000X). 

quently, the gel is expected to simulate realistically 
the semisolid nature of tissues. This is important 
in view of the demonstrated high sensitivity of the 
photosensitization process to medium polarity and 
nature [19]. 

We find that Hp can be incorporated within 
collagen gels, wherein it displays interesting pho- 
tophysical and chemical behavior. 

2. Experimental details 

Collagen G, from Biochrom KG (Switzerland), 
is prepared in gel form according to an established 
procedure [17]. For the preparation of the Hp- 
enriched gels, Hp IX dihydrochloride, used as 
received from Sigma GmbH (Germany), is dis- 
solved just prior to use in 0.1 M NaOH, which 
is subsequently mixed with the collagen stock 
solution. Absorption spectra of the gels (in cuvettes 
of 0.1 cm path length) are recorded at room 
temperature on a Lambda-6 Per-kin-Elmer spec- 
trophotometer. 

For the SEM examination, the gels are dehy- 
drated by treatment with a series of ethanol baths 
and critical point drying with CO,. The samples 
are subsequently coated with 60AuAOPd and ex- 
amined on a JEOL model JSM-840 (Japan) scan- 
ning electron microscope at 15 kV. 

In the fluorescence and “photobleaching” ex- 
periments, the laser beam (ddiam = 3 mm) (Spectra- 
Physics 2016 argon ion laser) propagates through 
the collagen (prepared within Petri dishes) ap- 
proximately 0.5 cm below the gel surface, and the 
emission is collected by an optical fibre (600 pm 
thickness) placed perpendicular to and 0.1-0.5 cm 

above the gel surface. An x-y precision micrometer 
ensures accurate positioning of the fibre in meas- 
uring the spatial distribution of the fluorescence 
intensity. The light from the fibre is spectrally 
analyzed on a 0.5 m monochromator, interfaced 
to a Princeton optical multichannel OMA III 
system. A mercury lamp is used for the wavelength 
calibration of the system. Fluorescence intensities 
represent integrated areas of the peaks, corrected 
for the background signal (due to the strong scat- 
tering by collagen) and for inner-filter effects, which 
are generally small. 

3. Results and discussion 

In accordance with the previous evidence on 
the high affinity of collagen for porphyrins [16], 
we find that we can produce collagen gels with 
Hp concentrations as high as lo- ’ M. The in- 
corporation of the Hp does not appear to influence 
the matrix structure, as judged by SEM examination 
and by specific volume measurements (i.e. change 
in the collagen volume solidified in the presence 
and absence of the hematoporphyrin). Further- 
more, the incorporated Hp is not easily removed 
by repeated washings of the gel with saline solution. 
Strong hydrogen bonding and limited diffusivity 
of the molecule within the dense collagen fibril 
network probably account for the difficulty in 
extracting the Hp from the biopolymer substrate. 
The strong binding of Hp to collagen may relate 
to the prolonged retention of the sensitizer in the 
tumour stroma that has been observed in the in 
viva studies. 

Interestingly, the incorporation of Hp within the 
collagen does not effect noticeable changes to the 
absorption and fluorescence spectra of the sen- 
sitizer. In the range of examined concentrations 
from lo-’ to 10e3 M, the Soret and Q bands 
appear almost at the same wavelengths as for the 
corresponding aqueous solutions. To ensure that 
the integrity of the gel does not affect the validity 
of the conclusion, the absorption measurements 
for each Hp concentration were repeated several 
times with different samples. Furthermore, im- 
mediately after each spectrum referenced to pure 
collagen gel, an analogous spectrum was obtained 
with water as reference. An overall small value 
for the transmission coefficient and an absorption 
spectrum typical of the collagen substrate were 
always obtained, establishing that the interrogated 
gel was well structured and that its integrity was 
not compromised during the scan. With these 
precautions, we feel confident that the Hp ab- 
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sorption spectrum is not perturbed by the incor- 
poration within the collagen gel. Essentially the 
same observation is made for the emission spec- 
trum, for which the 615 nm and 675 nm peaks 
are found blue-shifted by 3 f 1 nm and 5 f 1 nm 
respectively. 

This wavelength insensitivity of the spectral fea- 
tures suggests that the polarity of the local Hp 
environment within the gel is very close to that 
of aqueous solution. Evidently, significant water 
concentration is incorporated within the gel during 
polymerization. In addition to the polarity factor, 
the observed insensitivity suggests that the poly- 
meric matrix does not disrupt the aggregated spe- 
cies that are present in the aqueous solutions of 
the sensitizer at concentrations higher than 10e6 
M [20]. It appears that the collagen matrix has 
enough flexibility to accommodate the aggregates 
without perturbing their equilibrium or nature. It 
should be noted, however, that small quantitative 
changes exist, especially in the fluorescence quan- 
tum yields, but the analysis of these effects relies 
on the establishment of an accurate actinometer 
in the collagen gel, measurement of the gel’s 
refractive index etc., to be presented in an sub- 
sequent publication. 

The incorporated Hp provides via its fluores- 
cence an effective probe for mapping the prop- 
agation of the Ar+ laser beam through the gel. 
The fluorescence distribution along the beam prop- 
agation axis decreases in exponential manner, as 
illustrated by the full curve in Fig. l(a), whereas 
a nearly gaussian distribution is observed (full 
curve in Fig. l(b)) for directions perpendicular to 
the light propagation axis and in the plane of the 
beam. In principle, analysis of the curves on the 
basis of well-established theoretical models [21] 
can yield the absorption and scattering coefficients 
of the collagen gels. However, the analysis is 
complicated by the photodegradation of the sen- 
sitizer that occurs in parallel during gel irradiation. 
Thus different curves are indicated depending on 
the extent of illumination. This is illustrated in 
Fig. 2 by comparing data obtained for minimum 
irradiation time (full circles) with corresponding 
data recorded upon extensive laser irradiation 
(open circles). 

Qualitatively, the differences between the curves 
obtained in the two cases can be easily accounted 
for. Thus the decrease in the absorbing molecules 
effected by the photobleaching minimizes the at- 
tenuation (per unit length) of the beam and permits 
its propagation over a longer distance in the gel 
(Fig. 2(a)). Likewise, at a given point along the 
propagation axis, photobleaching permits a wider 
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Fig. 2. Distribution of fluorescence intensity of Hp in the collagen 
gel scales (a) along the Ar+ ion laser propagation axis and (b) 
perpendicular to the laser beam and 9.5 mm away from the 
point of incidence of the laser beam on the collagen surface 
(here, the fluorescence intensity at the center of the beam - 
position of +3 mm - is taken arbitrarily as unity and the data 
points are scaled accordingly): 0, data obtained in the minimum 
irradiation time (approximately 2 s per point); 0, data obtained 
upon longer illumination (15 min); error bars represent 2u, where 
D is the standard deviation from five experiments; -, fittings 
to the full circles (exponential in (a) and gaussian in (b)); - --, 
corresponding fittings to the open circles. The sensitizer con- 
centration is 2 X lo-’ M, and the optical fibre (600 pm) is placed 
0.2 cm above the collagen surface, with the laser beam (1,,,,,=0.15 
w; A ,,,=514 nm) propagation about 0.5 cm below the collagen 
surface and perpendicular to the detection axis. 

light spread, as evidenced by the larger full width 
at half-maximum of the broken curve (prolonged 
irradiation) VS. the solid curve (minimal illumi- 
nation) in Fig. 2(b). Although the quantitative 
evaluation of the differences requires first as- 
sessment of the photodegradation process within 
gels, it is nevertheless clear that the Hp-collagen 
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system provides a most realistic system in which 
to model the propagation of laser light through 
tissues during PDT. 

Irradiation of fresh samples with the Ar+ ion 
laser (A =514 nm) results in the appearance of a 
new fluorescence peak near A = 640 nm, with con- 
comitant decrease in the porphyrin emission in- 
tensity. These changes are irreversible, establishing 
that they concern chemical modification of the 
primary sensitizer. To characterize the degradation 
kinetics, spectra are recorded every 15 or 30 s 
during the first 5 min of the process, when the 
change occurs most rapidly, and every 1 min 
afterwards. In a logarithmic plot of the integrated 
peaks ZLS. time (insert in Fig. 3), the data points 
are found to be described by a straight line to an 
excellent degree of accuracy (x2 being generally 
above 0.95, except for measurements on lo-’ M 
samples at low laser intensities, for which the 
comparatively strong scattering by collagen com- 
promises the accuracy of Hp fluorescence mea- 
surement and the corresponding certainty of the 

Fig. 3. The first 5 min evolution of the fluorescence spectrum 

recorded from 2X lo-’ M HP-enriched collagen gel under ir- 
radiation with a continuous-wave Ar+ laser (I,,,, = 0.15 W, fiber 
positioned 0.5 mm away from front surface). The spectrum at 
t=O s (-) represents the fluorescence. spectrum of pure Hp 
collagen gel. In the later spectra (. . . . . , 1 min; - - -, 2.5 min), 

the intensity of the Hp emission has decreased and a new peak 
near A=640 nm has emerged. This peak is ascribed to a new 
species formed by photo-oxidation of the Hp. The inset illustrates 
that, to a very good approximation, the Hp degradation follows 
first-order kinetics. The error bars represent 2a from three runs. 
The depicted kinetics are followed for approximately the first 5 
min of irradiation, after which the degradation slows down. 

linear regression). The accuracy of the linear 
regression establishes that the Hp degradation 
within gels is well described by first-order kinetics. 
The initial examination of the photobleaching in- 
dicates that its kinetics is weakly dependent on 
the Hp concentration and that it saturates at higher 
laser intensities (at about 0.2 W). 

The product of the Hp degradation is revealed 
by its emission near A = 640 nm (A,,,= = 635 f 1 nm). 
Importantly, in control experiments on aqueous 
Hp solutions (concentration, lo-’ M), under oth- 
erwise identical conditions, the sensitizer degrades 
as established by the diminution of its fluorescence, 
but no new emission peak is detectable (A&J 
1640 <0.2). This demonstrates the importance of 
the collagen medium in the formation of the 
emitting species. 

The product itself undergoes further degrada- 
tion, but its kinetics cannot be characterized ac- 
curately because of extensive interference by the 
much stronger Hp signal. Nevertheless, approxi- 
mate analysis of the experimental curves suggests 
also first-order kinetics for its degradation. 

These results are in overall good agreement 
with the data obtained for the “photobleaching” 
of Hp derivative within cells [22]. This corre- 
spondence of observations arises probably because 
proteins constitute the primary targets of Hp within 
cells. In any case, the observation of “photo- 
bleaching” within collagen gels provides a simple 
system where the product can be isolated and 
studied in detail. In particular, it provides for the 
examination of a previous suggestion on the im- 
portance of amino-acid involvement in the photo- 
oxidation of porphyrins [23]. The “photobleaching” 
is currently being studied in experiments with 
scavengers, so as to establish the exact mechanisms 
involved in the photodegradation of the molecule. 

In parallel with the porphyrin degradation, the 
background of the spectrum, which is ascribed to 
light inelastically scattered by the collagen, gen- 
erally changes in intensity during the irradiation, 
but the effect is small (amounting, at most, to 
10% of the initial signal). Only in few cases (three 
out of 28 measurements in total) is a different 
trend observed, namely the scattering by the col- 
lagen to increase continuously with irradiation time. 
We believe that in these cases the collagen integrity 
is locally compromised and irradiation promotes 
further disruption of its structure. This interpre- 
tation is supported by the fact that the trend is 
mainly observed or can be reproduced with older 
(3-4 days old) collagen samples. 

Except for these cases, the change in the collagen 
scattering intensity is always small and partially 
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reversible. Examination of the irradiated spots by 
SEM (ten samples after irradiation for 5-10 min) 
finds the gel morphology essentially identical with 
that of the control (unirradiated) samples. Thus, 
within the probing capabilities of the employed 
techniques, the photosensitization process does 
not appear to influence the gel structure. 

The small change in the collagen scattering is 
attributed to combined thermal and photodynamic 
effects, resulting plausibly in limited denaturation 
and/or subtle modification of the collagen fibrils. 
Interestingly, Spikes [24] has reported that, fol- 
lowing PDT, collagen (in rat tail tendons) has 
somewhat altered load-strain and stress relaxation 
properties and increased breaking strength under 
thermal stress. He proposes that these changes 
are due to photoinduced cross-linking of the col- 
lagen molecules in the tail tendons. Cross-linking 
would change the number of effective scatterers 
in the gel, thereby affecting the intensity of the 
scattering by the collagen. Polymerization and 
cross-linking is known to modify the light scattering 
properties in other polymeric systems (see for 
example refs. 25 and 27), and a similar effect may 
well be observed for collagen gels. 

In sharp contrast with what we found above, 
upon prolonged (approximately 1 h, depending on 
laser power) irradiation of either pure or Hp- 
enriched films at room temperature, the back- 
ground spectrum is observed to undergo a sudden 
and abrupt change. The spectrum afterwards is 
identical with that recorded from optically clear 
solutions. This indicates that, upon extensive ir- 
radiation of the film, the collagen undergoes a 
thermally induced local degradation. Although the 
chemical nature of the degradation has not been 
ascertained at this moment, it is interesting that 
the changes observed herein parallel the findings 
of Barr et al. [27], who noted contrasting effects 
following PDT and thermal treatment of colon 
cancer. In the former case, the collagen fibrils 
were found to retain their periodicity whereas, in 
the latter, the architecture and configuration of 
the normal submucosa were completely lost, sug- 
gesting that colonic collagen treated at thermal 
laser powers is severely damaged. 

The preliminary results reported herein indicate 
that the Hp exhibits rich photophysical and chem- 
ical behavior within collagen gels. Further study 
of this system is expected to enable a better 
understanding of the influence of solid-like media 
on the photodynamic phenomenon. Furthermore, 
the good reproduction of in vim observations in 
collagen gel suggests that this system may provide 
a simple and convenient chemical model with which 

to evaluate the photodynamic potential of “second- 
generation” sensitizers currently under develop- 
ment. 
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