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Abstract—A series of pyropheophorbide-a and bacteriopurpurinimides were investigated to understand the correlation between
HSA (site II) binding affinity and in vivo photosensitizing activity. In our study, photosensitizers that bound to site II of HSA pro-
duced a significant difference in the circular dichroism spectra of the corresponding complexes, especially at Soret band region of the
photosensitizers. Our results suggest that CD spectroscopy of the photosensitizer–HSA complexes could be a valuable tool in screen-
ing new photosensitizers before evaluating them for in vivo efficacy.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Circular dichroism (CD) is a powerful measurement that
can detect the chiral structure.1 CD is observed when
optically active matter absorbs left- and right-hand cir-
cular polarized light slightly differently. It is measured
with a CD spectropolarimeter. The CD is a function
of wavelength. For a compound to produce circular
dichroism, it should have asymmetry and an electronic
absorption. Due to the extended conjugated p-electron
systems, chlorins and bacteriochlorins have obvious
electronic absorptions within a wide range (300–
900 nm). Also because one (chlorin) or two (bacterio-
chlorin) double bonds are reduced to the single bonds,
chlorins and bacteriochlorins are intrinsically asymmet-
ric. Therefore, CD has the potential to be a powerful
tool for investigating these novel structures.

The investigation of drug–protein interactions and the
determination of binding parameters are of fundamental
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importance in establishing the mechanism of action of a
drug as well as in accessing the extent of its activity at
the target site. In the case of plasma proteins, which
act as drug carriers in the body, binding interactions
have a profound effect on overall drug activity. Among
all the proteins, human serum albumin (HSA) is the
most abundant plasma protein.2 Many compounds,
especially amphiphilic drugs and some endogenous sub-
stances, bind reversibly and with high affinity to HSA.3

The formation of this complex decreases the concentra-
tion of unbound molecules in the plasma thereby effect-
ing the drug�s distribution, pharmacokinetics, toxicity,
and ultimately, its rate of excretion. Reversible binding
to HSA extends the lifetime of a drug in plasma but it
also decreases the concentration of the free drug avail-
able for physiological action. Thus, from the pharmaco-
kinetic point of view, binding to HSA is beneficial only
as long as one extends the length of time at which the
free drug remains above its therapeutically effective con-
centration. Such a benefit may especially be important
for drugs with low solubility in plasma for which HSA
will act as a slow-delivery reservoir. On the other hand,
if the binding is too tight and release is too slow, it will
seriously restrict the action of the drug. It is known that
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human serum albumin binding affinity of various photo-
sensitizers plays an important role in their biodistribu-
tion within the tumor stroma.4,5 The development of
an in vitro method, which would allow the rapid quan-
titation of the binding affinities of drugs toward HSA,
would be particularly useful for the identification of po-
tential in vivo pharmacokinetic problems.3

Circular dichroism has been widely used to monitor the
binding of small organic ligands to serum proteins, by
virtue of the contribution that can be generated upon
binding.6 This induced CD can provide information
on the binding affinity, the conformation of the bound
ligand, and the possible protein conformational
changes. In addition, this technique can be used to de-
tect the interaction between ligands in their binding to
the protein. The induced CD can be observed, either
for achiral or chiral drugs, at the wavelengths where
the electronic transitions of the drug chromophores oc-
cur. In the case of an achiral drug, the contribution to
the CD may arise from the stabilization of one of the
chiral conformers in which the drug is in equilibrium,
or in general from an asymmetric perturbation of the
chromophores by the electrostatic field of the nearby
amino acid residues. In the case of a chiral drug, the
extrinsic Cotton effect will be added to the intrinsic
one and the interpretation of the resulting induced ellip-
ticity becomes more difficult. In fact, the extrinsic Cot-
ton effect may arise from either the induction of a
different conformation in the bound drug or a different
polarity of the protein binding site that results in differ-
ent solvation of the drug chromophores when bound to
the protein and, therefore, CD bands observed.

The present work describes the CD spectral changes of
certain chlorins and bacteriochlorins after binding to
HSA and a correlation between the HSA (site II) bind-
ing values and PDT specificities and photodynamic
therapeutic (PDT) efficacies. The CD spectra were run
on a JASCO-600 spectrometer.
Scheme 1. The structure of compounds 1–9.
Pyropheophorbide-a analogs 1–37 and bacteriopurpu-
rinimides 4–98 were prepared by following the method-
ologies developed in our laboratory (Scheme 1).
2. Results and discussions

Several binding sites in HSA have been identified.9–11 In
the studies of small organic molecules, two major bind-
ing sites on HSA were found. The site binding with 5-
dimethylaminonaphthalene-1-sulfonamide (DNSA)
was named ‘‘site I’’. This site is also the binding site
for warfarin and azapropazone. The site binding with
dansyl-LL-proline (DP) was named ‘‘site II’’. Site II was
also diazepam or tryptophan binding site. Binding sites
I and II are located at subdomains IIA and IIIA, respec-
tively. Binding of ligands to these sites is often selective.3

In our initial study, three chlorophyll-a derived photo-
sensitizers 1, 2, and 3 were selected for investigating their
relationship between binding to site I and site II of HSA
and in vivo PDT efficacy. From the results summarized
in Table 1, it can be seen that compound 1 (HPPH),
bound to both site I and site II of HSA; compound 2,
that is, the heptyl analog, only bound to site II; while
compound 3, that is, the hexenyl analog, did not bind
to site II; instead, it binds to site I only.

It is interesting to observe that both photosensitizers 1
and 2, which bind to site II of HSA also produced good
in vivo PDT efficacy (Table 1). In contrast, compound 3,
that does not bind to site II of HSA, showed no efficacy.

Interesting results were also obtained on investigating
the circular dichroism spectra of compounds 1, 2, and
3 (Fig. 1). It was noted that from �310 nm to a shorter
wavelength, pure HSA exhibits a very strong negative
circular dichroism absorption, so the CD spectrum of
the complex in that region is predominated by HSA.
Contrarily, from �310 nm to longer wavelength, the
CD spectrum of the complex is dominated by the photo-
sensitizer part. Analyzing the CD spectrum of the com-
plex formed by 3 and HSA (Fig. 1C), it is found that its
spectrum on the region from �310 nm to longer wave-
length is exactly similar to the spectrum of pure com-
pound 3, while its spectrum on the region from �310
to shorter wavelength resembles the spectrum of pure
HSA. These results suggest that, the two components,
Table 1. The HSA binding data and in vivo PDT efficacies of three

chlorophyll-a analogs; mice were transplanted with tumors

Drug HSA binding

affinity

Tumor response (%) 10 mice (C3H

mice with RIF tumors)/groupa

Site I Site II Day 7 Day 14 Day 30 Day 90

1 Yes Yes 100 100 50 50

2 No Yes 100 100 80 50

3 Yes No 0 0 0 0

The tumors were injected a drug dose of 0.47 lmol/kg. The tumors

were exposed with laser light (135 J/cm2) at 665 nm for 30 min, 24 h

post-injection of the drug.
a 50% tumor response means 5/10 mice were tumor free.



Figure 1. Circular dichroism spectra of HSA, compounds 1, 2, and 3

and the corresponding complexes (HSA + photosensitizers).

Figure 2. Electronic absorption spectra of photosensitizers related to

pyropheophorbides 1–3 and bacteriopurpurinimides 5–9 (in MeOH).

Table 2. The HSA binding results and in vivo PDT efficacies of a series

of bacteriochlorin derivatives 4–9

Drug HSA site II

binding

constant

Kb
13 (·107 M�1)

Tumor response8 (%) 6 mice (C3H

mice with RIF tumors)/groupa

Day 7 Day 14 Day 30 Day 90

4 No binding Not effective

5 0.964 Not effective

6 1.47 100 83 0 0

7 2.09 100 100 0 0

8 1.11 100 100 83 83

9 1.26 100 100 33 33

aMice were injected the drug dose of 0.4 lmol/kg and the tumors were

treated with a laser light (796 nm, 135 J/cm2, 75 mW) for 30 min at

24 h post-injection. 83% tumor response means 5/6 mice were tumor

free.
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HSA and compound 3, have no interaction with each
other, which could be due to the fact that the compound
3 does not show any affinity to site II of HSA (see Table
1 and Fig. 1C).

For the site II (HSA) binding photosensitizers 1 and 2,
definite CD spectral changes on the complexes formed
by photosensitizers and HSA (Figs. 1A and B) were ob-
served. These changes were mainly noticed at approxi-
mately 400 nm region (also called �Soret� band)12,
indicating a possible binding of these photosensitizers
with aromatic residues in HSA.11,12 For compound 1,
the most conspicuous changes are at 360 and 400 nm,
while for compound 2, the most notable changes are
at 425 nm (Fig. 2). The HSA binding constant values
are: for compound 1: 1.1 · 107 M�1 (site I),
1.0 · 108 M�1 (site II); for compound 2: 2.0 · 107 M�1
(site II, no site I binding) and for compound 3:
0.98 · 107 M�1 (site I, no site II binding was observed).

From the results discussed above in which 1, 2, and 3
were used as substrates, with our previous investigations
on various Photofrin� components13 and benzobacte-
riochlorins,14 it can be seen that the preferentially bind-
ing to site II (not site I) of HSA plays an important role
in the in vivo PDT efficacy. To further explore the cor-
relation between HSA (site II) binding and PDT efficacy
in other photosensitizers, a series of bacteriochorin
derivatives 4–9 were also investigated, and the CD spec-
troscopy of the corresponding HSA complexes was
analyzed.

From the results summarized in Table 2, it can be seen
that compounds 5–9 competitively displaced DP (dan-
syl-LL-proline), the site II probe of HSA, with the binding
constant values ranging from 0.964 · 107 to
2.09 · 107 M�1, while compound 4 did not bind to site
II of HSA. Among the bacteriochlorins investigated, ex-
cept for compound 5, a correlation between the PDT
efficacy and HSA binding was observed. This could be
due to a significant difference in pharmacokinetic char-
acteristics of the photosensitizer.

The dichroism spectra of 5–9 were similar to each other.
The difference in the length of carbon chain of the alkyl-
oxy groups present at position-3 did not have any effect
in their CD spectra. The CD spectral changes at the Sor-



Figure 3. The CD spectra of bacteriochorin 8 before and after binding

to HSA. For a general procedure see Ref. 15.

Figure 4. CD spectra of compound 8 and the corresponding R- and

S-isomers.
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et band region in bacteriochlorin–HSA complexes were
similar to those observed for the pyropheophorbide-a
analogs 1 and 2 (Fig. 3). The CD spectra of the R and
S isomers were quite identical. A typical example is
shown in Figure 4.

In summary, our results suggest that effective photosensi-
tizers produce specificity towards site II of HSA. How-
ever, no direct correlation was observed between the
binding constant values and in vivo photosensitizing effi-
cacy. The CD spectra of the photosensitizer–HSA com-
plexes are sensitive enough to show a significant spectral
change in the aromatic region. Therefore, CD spectral
changes of photosensitizers after interacting with HSA
could be used as a valuable screening tool before evaluat-
ing new compounds for in vivo PDT efficacy, which will
make the screening process more cost effective.
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