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Current photodynamic therapy (PDT) of cancer is limited by ineffi-
ciencies involved in specifically targeting photosensitizers to
tumors. Although antibodies are being explored as targeting
vehicles, they present significant challenges, particularly in terms
of pharmacokinetics and drug-coupling. We describe here a novel
and effective system to covalently attach multiple photosensitizer
molecules (both preclinical, pyropheophorbide-a and clinically
approved, verteporfin photosensitizers) to single-chain Fvs. Further,
we demonstrate that not only do the resulting photoimmunoconju-
gates retain photophysical functionality, they are more potent than
either free photosensitizer, effectively killing tumor cells in vitro and
in vivo. For example, treatment of human breast cancer xenografts
with a photoimmunoconjugate comprising an anti-HER-2 scFv
linked to 8–10 molecules of pyropheophorbide-a leads to significant
tumor regression. These results give an insight into the important
features that make scFvs good carriers for PDT drugs and provide
proof of concept of our unique approach to targeted photodynamic
therapy (tPDT). This promises to significantly improve on current
photodynamic therapies for the treatment of cancer.
' 2007Wiley-Liss, Inc.
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Photodynamic therapy (PDT) is a minimally invasive procedure
used in a range of conditions where superficially localized lesions
such as age-related macular degeneration (AMD) or tumors need to
be treated.1 PDT is typically a 2-step process that involves the
administration of a photosensitizer (PS) leading to marginal accumu-
lation in the tumor. Following this, the PS is activated by exposure to
light of an appropriate wavelength. This ultimately leads to the con-
version of molecular oxygen into reactive oxygen species (ROS),
primarily singlet oxygen, leading to tumor cell death via irreversible
damage to cellular components such as proteins, lipids and DNA.2

Current clinical use of PDT achieves efficacies similar to con-
ventional therapies but with lower morbidity, simplicity of use
and improved functional and cosmetic outcome.3,4 PDT has
mainly been used where conventional approaches have failed or
were unsuitable. These include premalignant dysplastic lesions
and noninvasive cancers, which are commonly found in the mu-
cosa of the aerodigestive5 and urinary tracts.6 Success in treating
these types of cancers has been achieved using Photofrin1,7 Levu-
lan18 and Foscan1.9 The most successful application of PDT has
been for wet age-related macular degeneration (AMD) for which
the photosensitizer verteporfin (Visudyne1) has been used to
destroy ocular neovasculature.10 PDT has also had great successes
in dermatology because of its impressive cosmetic outcome.
Methyl 5-aminolaevulinate (Metvix1) has been used to treat ac-
tinic keratosis with up to 90% cure.11

Although PSs accumulate in cancer cells, the tumor specificity
ratios are low and their inherent hydrophobicity, causes them to
persist in the circulation for longer than is desired which can leave
the patient photosensitive for more than 4 weeks.12 To improve
specificity, PSs have been coupled to targeting elements such as
monoclonal antibodies13 or other ligands.14

Photosensitizers conjugated to whole antibodies can target a
range of cancers12 or pathogens15; however, experiences so far has
shown that many technical problems exist in coupling high num-
bers of PS to whole antibodies. These include impaired antibody
binding, reduced solubility16–19 and unfavorable pharmacokinetics
due to the resulting high molecular weight of such photoimmuno-
conjugates (PICs). Some researchers have tried using carrier moi-
eties such as branched carbohydrate or polylysine chains, which
are in turn linked to the antibody.20 This process requires multiple
conjugation steps adding to the complexity of commercial manu-
facture. A further disadvantage of such carriers is that PSs can end
up being in close proximity to each other, quenching their excited
states and ultimately reducing the energy available for ROS gener-
ation, needed to cause cellular damage.21

Antibody fragments such as scFvs (single-chain Fv fragments)
have been shown to be superior to whole antibodies in many
aspects of tumor targeting such as speed of penetration and
tumor:normal tissue specificity,22,23 making them ideal vehicles
for targeted PDT if sufficient numbers of PS can be attached to
these small 30 kDa proteins. Photocoagulation of ocular vascula-
ture24 and tumor destruction25 have been demonstrated by Neri
and coworkers using the antibody fragment L19; however, this
and other research17 illustrates the challenge in that only 1–2 PS
molecules could be attached directly to L19.

The rapidly internalizing anti-HER 2 (human epidermal growth
factor receptor-2) C6.5 scFv26 was selected for evaluation for
PDT. This scFv has not previously been conjugated to PSs and
HER2 expressing cancers such as breast, head and neck and pros-
tate cancers are diseases that are relevant to PDT.27–29 We show
here that up to 10 molecules of pyropheophorbide-a (PPa) can be
coupled directly to 1 molecule of scFv without loss of photophysi-
cal activity, which in turn, causes tumor cell death in vitro and in
vivo. We also show the general utility of our approach by improv-
ing the potency and selectivity of a successful and commercially
approved photosensitizer. Furthermore, using a panel of different
scFvs, we discuss the features of recombinant antibodies that ena-
ble them to make effective photoimmunoconjugates. This has
implications in engineering scFv carriers to control the number
and function of the PS that can be coupled.

Material and methods

Materials

Carcinoembryonic antigen was from Calbiochem. E.coli BL21
(DE3) and pET20b vector was obtained from Novagen, Notting-
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ham, UK. Pyropheophoride-a was obtained from Frontier Scien-
tific. Anti-MFE scFv antiserum was raised by the CR-UK (Fron-
tier Scientific, Carnforth, UK) Oncology group (UCL, Rowland
Hill Street).

Cell culture

The human tumor cell lines SKOV-3 (HER21, CEA2), KB
(HER22), WI38(VA13) (EDB fibronectin1) and LoVo (CEA1,
HER22) were obtained from the European Collection of Cell Cul-
tures (ECACC). KB and LoVo cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal calf serum,
penicillin and streptomycin antibiotics and passaged when 70–
90% confluent in 75 cm2 flasks. SKOV-3 cells were cultured in
McCoy’s 5A medium supplemented with 15% fetal calf serum
(FCS), penicillin and streptomycin antibiotics and 0.22 g/l L-gluta-
mine and passaged when 70–90% confluent.

Expression and purification of MFE-23 and C6.5 scFv

The MFE-23 scFv in pUC11930 was recloned into the pET-20b
vector as an Nco I/Not I fragment and the protein expressed in
BL21(DE3) cells. Cultures of 500 ml of 2TY media containing
100 lg/ml ampicillin were grown at 30�C and induced at an opti-
cal density (600 nm) of 0.7 by adding IPTG to a final concentra-
tion of 1 mM. MFE-23 scFv was recovered from the filtered cul-
ture supernatant using ammonium sulphate precipitation by the
addition of 1 L of 76% chilled ammonium sulphate solution fol-
lowed by centrifugation at 10,000 g. The crude protein pellet was
redissolved in binding buffer (phosphate buffered saline-PBS/0.5
M NaCl/1 mM MgCl2 pH 8.0) and dialyzed against this buffer
exhaustively. The crude protein was applied to a chelating Sephar-
ose column charged with NiCl2. The column was washed in bind-
ing buffer supplemented with imidazole 10–60 mM and the pure
scFv was eluted in binding buffer with 100 mM imidazole.

C6.5 scFv was obtained from Prof. J. Marks (University of Cali-
fornia, San Francisco) in pUC119 and expressed in XL1 blue
cells.31 The C6.5 scFv was engineered to remove a lysine-100 in
the antibody binding site. This was to reduce the possibility of
forming PICs of reduced immunoreactivity.31 Cultures were
grown as described earlier. Purification of C6.5 was carried out as
described earlier for MFE-23.

Purified protein was either concentrated to 1 mg/ml protein
using 25 ml spin concentrators and stored in 10% glycerol at
280�C, or used for couplings straight after purification without
concentrating.

HuBC1 scFv (anti-EDB containing fibronectin) was constructed
and expressed in pHEN2 (Harman et al., unpublished work), F1
and GP6 (anti-human placental alkaline phosphatase (Dr. Wright,
unpublished work) and D1.332 were expressed in pHEN2. The
expression and purification of all scFvs was the same as described
earlier.

Synthesis of pyropheophorbide-a succinimidyl ester

Pyropheophorbide-a succinimidyl ester was synthesized for
coupling to the scFv as follows. To a light protected solution of
the pyropheophorbide-a (50 mg, 0.094 mmol) in a mixture of dry
dichloromethane/tetrahydrofuran (DCM/THF) (9:1) N-hydroxy-
succinimide (12.9 mg, 0.11 mmol) was added followed by dicy-
clohexylcarbodiimide (DCC) (23.2 mg, 0.11 mmol). After stirring
for 12 hr (at room temperature) under argon, the precipitated dicy-
clohexylurea was filtered off and the solvents removed. The crude
product was taken up in a small volume of chloroform and precipi-
tated by the addition of hexane. The precipitate was collected,
washed well with hexane and the resulting crude product purified
by column chromatography on silica gel eluting with 20% hexane
in ethyl acetate (Rf 0.66). The isolated product was recrystallized
from DCM/hexane to give pure succinimidyl ester in 70% yield.
Pyropheophorbide-a sulfo-succinimidlyl ester was prepared in an
analogous way. To a light protected solution of pyropheophorbide-
a (50 mg, 0.094 mmol) in anhydrous dimethyl formamide (DMF)

(1 ml), N-hydroxysulfosuccinimide (85 mg, 0.393 mmol) was added
followed by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (69
mg, 0.444 mmol). After stirring for 12 hr (at room temperature)
under argon, the solvent was evaporated to dryness and the residue
purified by column chromatography on silica gel eluting with 20%
hexane in ethyl acetate (Rf 0.33) to give a yield of 52%.

Synthesis of benzoporphyrin derivative (verteporfin)
succinimidyl ester

The verteporfin succinimidyl ester was prepared as described
for PPa. To a light-protected solution of verteporfin (6 mg, 0.0084
mmol) in anhydrous THF (5 ml), N-hydroxysuccinimide (3 mg,
0.0261 mmol) was added followed by DCC (6 mg, 0.0291 mmol).
The reaction mixture was stirred for 12 hr (at room temperature)
under argon when thin-layered chromatography (TLC-silica
gel:ethyl acetate) confirmed consumption of all the starting mate-
rial. The reaction mixture was evaporated and the residue purified
by column chromatography on silica gel. The crude was loaded on
to the column dissolved in the minimum of DCM and eluted with
ethyl acetate (Rf 0.74) to give pure verteporfin succinimidyl ester
in 75% yield.

Synthesis of scFv-photosensitizer photo-immunoconjugates (PICs)

The photosensitizer succinimidyl ester was resuspended in
100% DMSO and added at a concentration of 52.8 lM to 3.3 lM
scFv in PBS containing 6% acetonitrile and with continuous stir-
ring at 4�C for 30 min. The photoimmunoconjugates (PICs) were
then dialyzed against PBS/2% DMSO with two buffer changes.
For comparison of C6.5, F1, GP6 and D1.3, the concentrations of
all the scFvs were adjusted so as to be the same as GP6 which
gave the poorest expression of all the scFvs. There was no precipi-
tation of the protein before coupling and the scFv-PPa conjugate
remained soluble at concentrations of 0.25 mg/ml or below. So-
dium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) analyses was carried and stained with coomassie blue.
Nonstained gels were transferred using a semidry blotting appara-
tus (Biorad) onto nitrocellulose and gently dried. Fluorescence
was visualized by exciting the PPa on the blot on a short wave-
length UV-transilluminator. Figures 1a and 1b shows an example
coupling and a calculation to determine the PPa:scFv ratio. The
absorbance of 200 lg/ml PPa in PBS/2% DMSO gave an absorb-
ance of 0.32 units at 670 nm (Fig. 1a). Thus 0.1 AU (found in a
typical conjugate) is equal to 62.5 lg/ml PPa which is equal to
1.17 3 1024 M PPa (molecular weight-MW 5 535). This was
found coupled to a scFv at a concentration of 250 lg/ml (see Fig.
1b), which is equal to 8.3 3 1026 M (MW 5 30,000). The ratio
works out to be 14.1:1, which becomes 9.9:1 after correcting for
30% noncovalent binding (Fig. 2). Higher concentrations (0.5 mg/
ml or 16.5 lM scFv) of PPa PICs were possible to obtain using
the more aqueous soluble pyropheophorbide-a sulfo-succinimidly
ester. The coupling mixture was 264 lM pyropheophorbide-a
sulfo-succinimidly ester:16.5 lM scFv equivalent to the16:1 ratio
described earlier. This ratio includes covalently coupled and non-
covalently bound photosensitizer. To apply a correction factor to
determine the true PS:scFv ratio, SDS-PAGE gels were run and
transferred to nitrocellulose. These blots were imaged under UV
light in a FujiFilm1 LAS-3000 imager where the coupled PS
(migrating at the molecular weight of the scFv) and the free PS
(migrating much more quickly) was visible as a fluorescent band.
Using the manufacturers’ software, densitometry was used to cal-
culate the relative intensities/band sizes. This ratio was used to
correct for noncovalent binding.

Spectroscopic measurements

The absorbance profile of the free photosensitizer (dissolved in
100% dimethyl sulphoxide-DMSO) and photosensitizer coupled
to the scFv (dissolved in PBS/2% DMSO) was determined on a
Hewlett Packard UV-Visible spectrophotometer. The number of
Pyropheophorbide-a molecules attached to the scFv was deter-
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mined using the absorbance at 410 nm and 670 nm and compared
to a standard curve of pyropheophorbide-a.

The singlet oxygen quantum yields of the photoimmunoconju-
gates were determined by direct measurement on aerated samples
of the lyopholized immunoconjugate dissolved in D2O/DPBS. A
frequency-tripled Nd:YAG (neodymium-doped yttrium alumin-
ium garnet-Continuum Powerlite 8000) pumped dye laser

(Lambda Physik 2002, Coumarin 120 laser dyes) was used as the
pump source providing 0.01–2 mJ pump pulses at 420–460 nm, ca
10 ns duration. Singlet oxygen (1O2) generation was detected by
its phosphorescence at 1270 nm using a North Coast Scientific
EO-817P germanium photodiode detector. Quantum yields of 1O2

(UD) of the photoimmunoconjugates were determined directly by
the time-resolved infrared luminescence method as previously
described.33 The principle of this method is to measure the inten-
sity of the photosensitized generated steady-state luminescence of
singlet oxygen at 1270 nm of the sample and standards. The sin-
glet oxygen quantum yields are calculated by comparison of the
slopes of the energy dependence plots for luminescence emission
for sample and standard. Optically matched samples of the lyo-
pholized immunoconjugate were dissolved in D2O/DPBS using
TPPS4 (UD 5 0.7) and TMPyP (UD 5 0.7) in D2O as standards.34

In vitro cytotoxicity of scFV-PPa PICs

Cells were trypsinized and seeded at 2 3 104 cells/well into 96-
well plates and incubated overnight at 37�C and 5% CO2. The
next day, the cells were washed once in PBS and 50 ll of the PICs
(appropriately diluted) or free PPa were added to the appropriate
wells under subdued lighting. PBS was added to control wells. Af-
ter 30 min incubation in the dark at 37�C, 5% CO2, cells were
washed 3 times with PBS and 50 ll of PBS was added to each
well. Wells were exposed to light from a 35 mW laser module
(680 nm; Laser 2000, Northants, UK) at an energy dose of 4.2 J
and an energy density of 13.4 J/cm2 (control wells had either
scFv-PPa or free PPa added and no exposure to light, or PBS
added and exposure to light. Cells that had no scFv-PS or PS

FIGURE 2 – SDS-PAGE blot analysis of C6.5-PPa photoimmuno-
conjugates C6.5 scFv after various coupling conditions was analyzed
by fluorescence imaging after UV illumination. (1) Protein markers.
(2) C6.5 scFv after full coupling with PPa active ester. (3) C6.5 scFv
after mock coupling with PPa methyl ester. (4) Free PPa. (5) Free
C6.5 scFv.

FIGURE 1 – Absorbance spectra of photosensitiser (PS) and scFv-PS photo immunoconjugates. (a) PPa-200 lg/ml in DMSO [1] and 200 lg/
ml in PBS/2% DMSO [2]. (b) C6.5-PPa (250 lg/ml in PBS/2% DMSO) [1] and MFE-PPa (50 lg/ml in PBS/2% DMSO) [2]. (c) Verteporfin
(VP) (50 lg/ml in PBS [1] and C6.5-VP [2] (200 lg/ml in PBS). (d) A panel of alternative scFv-PPa PICs all at 10 lg/ml, D1.3 [1], F1 [2], GP6
[3] and HuBC-1 [4].
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added and no exposure to light were included as overall controls).
Cells were incubated in the dark at 37�C, 5% CO2 for 48 hr after
which time, a cell titer assay was performed according to the man-
ufacturer’s instructions. The Promega Cell Titre-96TM system was
used which involves the conversion by live cells of a tetrazolium
compound (MTS) into a formazan dye which is measurable by its
absorbance at 492 nm. For C6.5 containing PICs, SKOV-3 cells
were used as the antigen (HER2) positive cell line and LoVo or
KB cells used as the antigen negative cell line. For HuBC1-PPa,
the same procedure as described earlier was used, but this time,
WI38(VA13) cells were used as a positive cell line and SKOV-3
cells as a negative cell line.

In vivo experiments

ScFv, PPa and scFv-PPa (prepared as described earlier) were
dialyzed into PBS and radiolabeled with Iodine-125 using the
IODO-GEN1 method (following the manufacturer’s instructions).
Briefly, Na 125I was activated (oxidized) by a brief incubation in
Iodogen-coated tubes followed by mixing with the proteins to be
radiolabeled. Free iodine was removed by a desalting column. The
halogenation of porphyrins has been the subject of many reports.35

The radiolabeling of PPa with 125I is expected to proceed by elec-
trophilic attack (by I1) on to the porphyrin perhiphery at the olefin
or the sterically demanding 5-meso position. The iodination was
carried out using 125I, a methanolic solution of the porphyrin in an
iodogen tube. After allowing to stand for 7 min, the mixture was
passed through a Sep-Pak cartridge eluting with methanol, to
remove the iodinating agent followed by the iodinated PPa
(observed as a visible green band (radioactive). The methanol was
evaporated and the product reconstituted in PBS.

Four to 5 BALB/C nude mice (6–8 weeks old) per time point
were injected in the tail vein with 5–10 lg 125I labelled PPa, scFv
or scFv-PPa. Mice were culled by cardiac puncture under terminal
anaesthesia and blood and tissue samples were collected by dis-
section at 0.25, 1, 2, 3, 6 and 24 hr. The amount of radiolabeled
scFv, PPa or scFv-PPa present was determined by g-radiation
counting and compared to the initial injected dose. The free PPa
photosensitizer did not radiolabel as efficiently as the protein
samples.

For therapy experiments 4–6 BALB/C nude mice (6–8 weeks
old) per group were inoculated with 10 million SKOV3 tumor
cells subcutaneously on the flank of the mice. Mice were treated
4–6 weeks later when the tumors had reached a diameter of 4-6
mm (volume of �60 mm3). The volumes were calculated as width
3 length 3 width/2. Test mice were injected (i.v.) with 0.2 ml
sterile, filtered PBS or 0.2 ml of 100–500 lg/ml C6.5-PPa under
low light. It was calculated that 100 lg/ml C6-PPa at a 1:8 ratio
contained 13 lg/ml net PPa. This was used for the free PPa con-
trol experiments. After 8–24 hr, mice were anaesthetized and
placed on a warmed mat under a High Powered Devices (HPD)
laser light set to 0.5 W at 670 nm. The mice were illuminated for
10 min at an energy dose of 110 J/cm2. The mice were monitored
during recovery and tumors measured 2–3 times per week. The
growth delay or regression was compared between the 3 groups,
by calculating the area under the curve for each animal as
described by Matthews et al.36 Analysis of variance was then used
to compare the mean AUC between the groups. All in vivo experi-
ments were carried out under a UK Home Office licence 70/5833.

Results

Photophysical properties of scFv-PPa PICs

The absorbance profile of free PPa and antibody-conjugated
PPa is shown in Figures 1a, 1b, and 1d. All show the characteristic
peaks around 400 nm (Soret band), minor peaks between 500 and
630 nm and an intense absorption around 670 nm, which is charac-
teristic of chlorins (Q bands). Figure 1a shows PPa in DMSO
where it retains its very sharp peaks and in PBS/2% DMSO cosol-
vent which is comparable to the buffers used for antibody conju-

gation. The absorbance of PPa in PBS/2% DMSO at the Q-band
was used as a standard for PPa determination in the conjugates.
Figure 1b shows the profile for the C6.5 scFv coupled to PPa
measured in PBS/2% DMSO. The peaks have broadened slightly
compared to that of DMSO-solubilized PPa with a 3–5 nm red-
shifted 670 nm peak like PPa in aqueous buffers. This peak at
around 670 nm was used to determine the PPa:scFv ratio which
was 12.3 6 1 (mean of 5). This gives an effective ratio of �8.6:1
after correction for 30% (determined by densitometry) of nonco-
valent binding. The poor solubility of PPa limited PIC concentra-
tions to around 0.25 mg/ml. Higher concentrations of C6.5-PPa
PIC were obtained using the pyropheophorbide-a sulfosuccini-
midlyl ester which gave similar coupling results with no problems
of protein aggregation (data not shown). The profile of PPa when
attached to the control scFv MFE is also shown in Figure 1b. The
ratio of PPa:MFE was 6:1. The C6.5 scFv was also coupled in the
same way as described earlier to verteporfin (the active photosen-
sitizer in the commercial drug Visudyne1) calculations giving a
coupling ratio of 8:1 after correction for a lower degree of nonco-
valent binding (data not shown).

To confirm covalent attachment of the PPa onto the C6.5 scFv,
SDS-PAGE gels were run and blotted onto nitrocellulose (Fig. 2).
Under UV illumination, free and conjugated PPa fluoresced con-
firming covalent coupling and allowing the level of noncovalent
binding to be determined. This coupling was absent when a non-
reactive PPa methyl ester replaced it. Some free PPa, noncova-
lently associated with the protein is also seen. Densitometry meas-
urements indicated that about 30% of the PPa was free. Both the
scFv-PPa and free PPa fluoresced under UV illumination as
expected for this photosensitizer. Singlet oxygen quantum yields
(data not shown) for free PPa and C6.5-PPa were determined to be
0.26 and 0.25, respectively, indicating that the coupled PPa was
functioning photophysically as effectively as free, aqueous PPa
with little quenching occurring between sensitizer molecules.

Four further scFvs were coupled to PPa to understand those
factors important in obtaining good coupling ratios (Fig. 1d).
D1.3 scFv-PPa gives close to the ‘‘ideal’’ absorbance pattern
exemplified by the C6.5 scFv, F1 scFv-PPa is slightly less effec-
tive. However, GP6 scFv-PPa and HuBC-1 scFv-PPa show poor
profiles with broadened peaks, indicating possible aggregation.
The ratio of PPa:scFv for all scFv coupling experiments are
shown in Table I.

Targeted cellular cytotoxicity of the scFv-PPa PICs

Free photosensitizers were cytotoxic to cultured cells, in the
presence of light. When KB and SKOV-3 cells were treated, PPa
was more effective in killing the KB cells with a PPa IC50 of 41
lM, whereas the IC50 was 93 lM for the SKOV-3 cells. Vertepor-
fin was a significantly more potent sensitizer on the same cell lines
(IC50 of 10.6 and 5.4 lM, respectively) (Fig. 3a). The C6.5-PPa
(anti-HER-2) and MFE-23-PPa (anti-CEA) PICs were each tested
on their antigen-negative and antigen-positive cells lines (SKOV-
3-HER21, CEA2), LoVo-CEA1, HER22). Each PIC was able
to kill its respective receptor-expressing cell line and spare the re-
ceptor-negative cell line (Figs. 3b and 3c). C6.5-PPa killed cells

TABLE I – PPa: scFv COUPLING RATIOS

ScFv Specificity PPa:scFv ratio

C6.5 HER2 8.3
MFE-23 CEA 6.0
D1.3 Hen Lysozyme 6.1
F1 Placental alkaline phosphatase 5.1
GP6 Placental alkaline phosphatase 3.1
HuBC-1 ED-B Fibronectin 2.1
C6.5 HER2 8.0 (VP ratio)

Effective photosensitizer: scFv coupling ratios determined by com-
parison to a PPa or verteporfin standard curves and correcting for 20–
30% non-covalent binding. See Methods for example calculation.
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with a net PPa IC50 of 1.5 lM (Fig. 3b). The IC50 for MFE-PPa
was 5.7 lM (Fig. 3c). Targeted verteporfin was more than 8-times
more specific for the HER-2 expressing cell line compared to the
antigen-negative cell line (IC50 of 1.4 lM compared to >12 lM),
but despite this improvement in targeting, there was some nonspe-
cific cell killing not observed with targeted PPa (Fig. 3d). There
was no effect on the cell viability of any cell lines with light alone
or scFv-PPa and PPa in the absence of light (data not shown). Cy-
totoxicity experiments were also carried out with HuBC1-PPa at
the highest concentration of scFv (3.3 lM, 2:1 ratio) which gave
30% cell kills using the fibronectin positive cell line (WI38-VAI3)
and no kills with the negative cell line, SKOV3 (data not shown).
All the in vitro cytotoxicity results are summarized in Table II.

In vivo pharmacokinetics, biodistribution and therapy

The pharmacokinetic profile studies in nude mice are shown in
Figure 4 with a summary of the kinetic values shown in Table III.
Both species of scFv tested (C6.5 and MFE-23) demonstrated typ-
ical biphasic exponential clearance profiles with both showing an
initial rapid a or distribution phase, followed by a slower b or
deposition phase. The blood clearance of whole IgG (t[1/2]a 5 1.1
hr and t[1/2]b 5 76.2 hr) and free PPa (t[1/2]a 5 1.6 hr and t[1/2]b
5 20.9 hr) are relatively slow, because of their size and hydropho-
bicity, respectively. The clearance of the free scFvs are rapid as
expected (t[1/2]a 5 0.12–0.13 hr and t[1/2]b 5 4.1–4.4 hr). The
two scFv-based PICs show pharmacokinetic profiles in between

that of free PPa and scFv (t[1/2]a 50.16–0.17 hr and t[1/2]b 5 9.2–
12.3 hr). The 4–5 KDa additional molecular weight possessed by
the PICs is not enough to account for the significant reduction in
blood clearance compared to the free scFvs and is likely due to the
increased hydrophobicity of the PICs.

Biodistribution studies of the C6.5-PPa PIC indicated that a
tumor:blood ratio of greater than approximately 3:1 was seen after
8 hr and �7:1 (and significantly higher compared to other normal
tissues) was achieved by 24 hr (Fig. 5). Some spleen uptake was
seen, but the other tissues remained relatively clear. The targeting
of the C6.5-PPa PIC was almost as effective as the free scFv (Fig.
5), but because of its slower clearance, the specificity ratios were
lower. However, compared to free PPa there was more specific
targeting and lower levels in all tissues (data not shown). Typi-
cally, the tissue levels of free PPa mirrored that of the blood levels
(Fig. 4) with 20–30%/id/g at 8 hr and 10–15% id/g at 24 hr with
high amounts in the spleen. On the basis of this data, PDT treat-
ment cycles were tested on small tumors (3–5 mm in diameter)
grown as xenografts. Tumor-bearing mice were injected with
PBS-saline (untreated) or 20–100 lg of PIC (treated) 8 or 24 hr
before laser illumination. One cycle and 3 cycles of treatment
were tested. The progression of the tumors was followed and the
results are shown in Figure 6. One cycle of treatment with 20 lg
PIC followed 24 hr later by laser illumination was enough to cause
tumor growth delay (data not shown). However, more significant
differences between targeted PPa and non-targeted PPa was seen
when the laser step was carried out 8 hr after PIC administration

FIGURE 3 – In vitro cytotoxicity of scFv-PS photoimmunoconjugates. (a) Free photosensitisers on HER-2 positive (SKOV-3) and HER-2 neg-
ative (KB) cell lines. Verteporfin (VP) on SKOV-3 (�) and KB (s). PPa on KB (.) and SKOV-3 (,). (b) C6.5-PPa exposed to SKOV3 cells
(�) and KB cells (s). (c) MFE scFv-PPa exposed to LoVo cells (�), MFE scFv-PPa exposed to SKOv3 cells (s). (d) C6.5-VP exposed to
SKOV3 cells (�) and KB cells (s).
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(Fig. 6a) which was improved when 100 lg was administered (Fig.
6b). At the higher dose some of the mice in the group underwent
complete tumor eradication (data not shown). Multiple treatment
cycles resulted in the whole group of animals being cured of tumors
when 100 lg of PIC was administered in each cycle (Fig. 6c).

Discussion

The data presented here clearly show that it is possible to over-
come the limitations in antibody-photosensitizer coupling result-
ing in the generation of efficient PICs which can kill tumors in
vivo. We have found that the choice of coupling conditions and
scFv sequence are fundamental to achieving high photosensiti-
zer:scFv ratios. Many different cosolvent conditions were exam-
ined but the described conditions afforded a small window where
both the scFv and PSs were able to react optimally. Coupling of
all scFvs to the activated PSs was performed in an aqueous buffer
containing 1.9% DMSO and 6% acetonitrile as cosolvent. This
retained the solubility of the scFv, and allowed the hydrophobic
PSs to remain in solution long enough for the reaction to proceed.
Significant aggregation problems were seen when pyropheophor-
bide-a succinimidyl ester was used at concentrations above 60
lM. This restricted the concentration of C6-PPa to 100 lg/ml.
However, 5 times higher PICs were possible using a pyropheo-
phorbide-a sulfo-succinimidlyl ester in the same coupling reaction
conditions. This highlights the importance developing PSs which
make good PICs rather than stand-alone PSs. Counterintuitively,
we have achieved higher direct coupling ratios on small antibody
fragments than has been achieved with whole antibodies. More-

over, this has been realized without the need for additional chemi-
cal manipulations of the antibody (e.g., PEGylation).37 Our cou-
pling conditions are far less harsh than those previously described
by others where high concentrations of organic solvents are used37

which greatly expands the potential utility of this technology. We
also coupled a commercial photosensitizer, verteporfin (Visu-
dyne1) and achieved results as good as that seen with PPa (Figs.
1 and 2). This allowed us to compare in vitro our technology with
a ‘‘gold standard’’ photosensitizer. Previously verteporfin PICs
consisting of an EGFR (epidermal growth factor recpetor-1) rec-
ognizing MAb C225 were found on a per mole basis to be signifi-
cantly less phototoxic than free visudyne.16

It is known that in the presence of aqueous buffers such as PBS,
hydrophobic photosensitizers have a tendency to aggregate with
consequent photophysical quenching.38 The singlet oxygen data
therefore strongly suggest that the PPa molecules are spatially
arranged on the scFv such that there is less adverse photophysical
interaction between PS molecules. This prompted us to investigate
other scFvs as candidates for PS carriers. The variation in coupling
efficiencies directed us to look more closely at the sequence and
structure of the scFvs. It is clear that accessible surface lysine resi-
dues are essential for efficient coupling of PS, but the positioning
also seems to be important. Sequence alignment (Fig. 7) of the
scFvs used in this study revealed that C6.5, which gives reproduci-
ble coupling and good singlet oxygen yields has more lysines
which (assuming that lysine residues tend to be at the surface of
proteins rather than buried) are predicted to be spatially separated
compared with scFvs which make poorer PICs (HuBC-1, GP6 and
F1). A study where photosensitizers were coupled onto the surface
of a dendrimer resulted in tightly packed and interacting photosen-
sitizer molecules leading to a 10-fold reduction in singlet oxygen
yield21 which supports our observations. Our coupling data sug-
gest that the number and placement of lysines determines the suit-
ability of the scFv as a PS carrier. This was demonstrated further
by the scFv, HuBC1 coupled to PPa. The number of lysines avail-
able for coupling was 6, 2 of which are next to each other in the
sequence, and the ratio of PS:scFv was found to be 2.1:1. This
suggests that the 2 PS on the scFv are well-placed for coupling,
but their positioning adversely affects their photophysics leading
to insubstantial cell kills. Research by Bedouelle and coworkers39

has also shown that the position of fluorophores coupled to scFvs
is critical to the function of immunosensors with quenching by
protein–protein interaction being required for an optical readout.

TABLE II – IN VITRO CYTOTOXICITY OF PHOTOIMMUNOCONJUGATES

Antigen expressed IC50 (lM scFv) IC50 (lM PS)

PPa on SKOV3 cells HER21, CEA2 NA 93
PPa on KB cells HER22 NA 41
C6.5-PPa on SKOV3 cells HER21, CEA2 0.16 1.3
C6.5-PPa on KB cells HER22 >3.1 >25
MFE-PPa on LoVo cells CEA1, HER22 0.95 5.7
MFE-PPa on SKOV3 cells CEA2 >3.1 >25
VP on SKOV3 cells HER21 NA 5.4
VP on KB cells HER2 NA 10.6
C6.5-VP on SKOV3 cells HER22 0.18 1.4
C6.5-VP on KB cells HER22 >3.1 >25

The IC50s are expressed in terms of scFv protein concentration and effective photosensitizer concentration.

FIGURE 4 – Blood pharmacokinetics. The fraction remaining in the
blood more than a period of 48 hr was measured for antibodies, PPa
and photo-immunoconjugates. Radioactivity was followed for the ra-
diolabelled species. Whole IgG (s), free PPa (�), C6.5-PPa (,),
MFE-PPa (.), free C6.5 scFv (u) and free MFE scFv (n).

TABLE III – IN VIVO PHARMACOKINETIC PARAMETERS

Molecule t1/2(a) [hr] t1/2(b) [hr]

IgG 1.1 76.2
PPa 1.6 20.9
C6.5scFv 0.14 4.1
MFE-23 scFv 0.13 4.4
C6.5-PPa PIC 0.17 12.3
MFE-23-PPa PIC 0.16 9.2

The data from Figure 5a was fit to a bi-phasic exponential clearance
curve and half-lives for the a2 and b-phases were determined.
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Our results are consistent with this observation in that lack of
quenching by superficial spacing is important in generating the
photodynamic effect. Therefore, the spatial arrangement of the
lysines on the C6.5 scFv is ideal for the coupled PSs to produce re-
active oxygen species that cause cell death. This is reflected in the
in vitro and in vivo cell kill data. It seems likely that certain V-
heavy and V-light domain protein sequences and structures are
well-suited for tPDT (exemplified by the C6.5 scFv) and that
poorer antibodies could be engineered to possess these enabling
features.

In vitro cell killing using C6.5-PPa showed a greater than 70-
fold enhancement of IC50 over free PPa. This is in contrast to the
work carried out by Sevallano et al.37 using whole IgG against
HER-2 coupled to PPa, which showed that free PS had a higher ef-
ficacy compared to using the coupled IgG-PPa. The dramatic dif-
ferences in cell kill seen with our constructs compared to free PPa
is a result of the loading and spatial arrangement of the PS on the
scFv being conducive to minimal self-quenching and the fact that
C6.5 is an internalizing antibody. Our work also showed that
MFE-PPa gave a 7-fold enhancement over free PPa demonstrating
that enhancement of tumor cell kill with our approach could be
achieved with a different target.

Using HuBC1-PPa, on the other hand only gave 30% cell kills
at the highest concentration of scFv-PPa, which was not surprising
given the PPa:HuBC-1 scFv of 2:1.

We observed a much lower change in specificity on verteporfin
(VP) coupling with the IC50 for free VP against SKOV3 cells
decreasing only 3.8-fold. Targeted VP was 8.4-fold more specific
for antigen-expressing cells compare to a 2-fold difference in selec-
tivity for nontargeted VP. This may be due to the differential cyto-
toxic profile of the conjugated VP compared to conjugated PPa.
Nevertheless, this was the first demonstration of targeting and
enhanced potency of this commercially applied photosensitizer.

Hydrophobic photosensitizers tend to have slow blood clear-
ance because of the association with serum proteins. Whole anti-
bodies have a slow clearance primarily due to their size. With a
view to evaluating tPDT in vivo, we analyzed the pharmacoki-
netics of the scFv-PPa conjugates. The clearance of both the radio-
labeled scFv and the scFv-PPa conjugate shows the characteristic
biphasic pattern. The increased hydrophobicity of the scFv-PPa
molecule switches the pharmacokinetic profile towards that of the
free sensitizer. Despite this, the profile shows that the clearance is
still more rapid than free PPa and whole antibody suggesting that
the time from administration of the scFv-PPa to exposure to laser

light could be therapeutically attractive with very little danger of
skin photosensitivity.

Tumor treatment experiments verified that the C6.5-PPa conju-
gates are able to generate enough singlet oxygen in vivo and that a
significant amount accumulated in the tumor to give substantial tu-
mor regression. One dose cycle of PDT treatment caused good tu-
mor regression. The dose administered was 20 lg mouse (�0.7

FIGURE 5 – Biodistribution of C6.5 scFv and C6.5-PPa PIC in tu-
mor-bearing nude mice SKOV3 tumor-bearing nude mice (4 per
group) were injected with 10lg of C6.5 scFv or C6.5-PPa PIC radiola-
belled with 125I. Tissues were dissected and counted at 8 hours and 24
hours. The percentage injected dose per gram of each major tissue is
represented.

FIGURE 6 – PDT therapy experiments. (a) SKOV3 tumor-bearing
nude mice (4 per group) were treated with PBS-saline (�), free PPa
(s) and 20lg C6.5-PPa photoimmunoconjugate (.) followed by laser
illumination 8 hours later. The tumor growth progress was recorded
over 2 months. (b) The experiment was repeated with 100lg of C6-
PPa PIC. (c) Complete tumor regression was seen when comparing
free PPa (s) and C6-targeted PPa (�) given in three doses at day 0, 7
and 14, followed by laser illumination after 8 hours. In all experi-
ments, the free PPa was given at the same dose as that found in the
C6-PPa PIC.
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mg/kg) which was lower than typical doses used by others.23 The
tumors chosen were around 5 mm in diameter which was well
within the range of depth of penetration of the laser used. No skin
photosensitivity was evident in the treated mice. Increasing the
dose 5-fold led to a better overall tumor response with some mice
being eradicated of tumor burden. But the best results were seen
with 3 treatment cycles with the laser illumination being given at
an earlier time point when there was more PIC in the tumor. It is
likely that clinically, many treatment cycles would be needed to
treat such comparatively large tumor masses. The 7-day timing
has not been optimized and could be successful as it allows the ap-
optotic pathway to execute fully before the next treatment cycle.
There is scope, however, to shorten this interval

In conclusion, we can couple significantly more photosensi-
tizers directly onto scFvs than previously achieved with whole
antibodies, while maintaining the key photophysical properties
required for efficient photodynamic efficacy as borne out by our in
vivo therapy data. Furthermore, the number and distribution of ly-
sine residues on the surface of the scFv may have a direct influ-
ence on the photophysical function of the PS coupled to them and
has implications for the design of better photoimmunoconjugates.

Our PICs demonstrate improved pharmacokinetics and biodistri-
bution compared to free photosensitizers and whole antibody-
based PICs which should have implications for reducing side
effects such as photosensitivity and thus providing considerable
patient benefit especially as our method has the potential to be
applied to existing clinically relevant photosensitizers.
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