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Table 1 insulin receptor binding properties for the â€˜251-labeled
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that the photodynamic effects of the conjugate were insulin receptor
dependent. At 4Â°C,where there is membrane receptor binding but no
endocytosis, the photodynamic action of the conjugate and chlorin e6
were essentially the same (Fig. 5). Clearly, the enhanced photody
namic activity of the conjugate was directly attributable to its ability
to be efficiently internalized. The EC50 for the conjugate and chiorin
e6 by this test were 27 and 3000 flM, respectively (Table 2).
Colony formation was also used to assess relative photodynamic

to cooperative

activity (Fig. 6), yielding EC5@@s
of 2.6 and 320 nr@i,
respectively, for

3t@fJ@J
19000

from

Scatchard

analysis.

â€œResultsâ€•),due largely

This

binding effects (Ref. 37).

the conjugate and chlorin e6. This EC50 was lower than that estimated
lasI@labeledconjugate,
b Cells were incubated for 1 h at 37Â°Cwith 2.3 nt,t 1@I-labeled insulin or
using the trypan blue exclusion test (Table 2). The quantitatively
prior to analysis for internalization and binding as described in â€œMaterials
and
Methodsâ€•(see â€œResultsâ€•
and Figs. 1 and 2). Surface binding is the ligand removed by
different results obtained by the two tests are the direct result of the
incubation 15 mm at 4Â°Cwith 1 M citrate buffer (pH 3), and internalization is what
fact
that the trypan blue exclusion test is dependent upon plasma
remains cell-associated after incubation.
membrane injury alone, whereas the colony formation test indicates
the capacity of cells to divide (32).
The dose dependence of irradiation also demonstrated a more
bound conjugate remained the same (â€”3,000 molecules/cell).
SDS-PAGE analysis of extracts prepared from cells after 18 h incu
pronounced photodynamic effect of the conjugate (Fig. 7); the D37
bation at 37Â°Cindicated that more than 80% of cellular â€˜@I-labeled (the irradiation dose resulting in 37% survival of cells) for chlorin e6
conjugate was of high molecular weight and, hence, in the native form
(results not shown). The results clearly indicated that the BSA-insulin
chlorin e6 conjugate binds specifically to insulin receptors and is
moleculeI cell
subsequently endocytosed by PLC/PRF/5 cells. The results for bind
ing and internalization of the BSA-insulin-chlorin e6 conjugate
3000@
(1: 13:16) are compared to those for insulin in Table 1.

A

Intracellular Distribution of Conjugates. To study the subcellu
lar distribution of internalized insulin conjugates within the PLC!
2000
PRF/5 cells, a BSA-insulin-FITC conjugate (1:4:10) was derived.
After incubation of PLC/PRF/5 cells with BSA-insulin-FITC conju
gate for 4 h, fluorescence was detected around and also within the
nucleus (Fig. 3A), which was further increased in the perinuclear area
I 000
after 18 h (Fig. 3C). Excess free insulin inhibited accumulation of the
BSA-insulin-FITC conjugate in the cells (Fig. 3E), indicating that the
endocytosis was insulin receptor specific.
These results were compared to those for the distribution of the
0
sites of photo-induced damage by the BSA-insulin-chlorin e6 conju
0
gate using 2',7'-dichlorofluorescin
diacetate (see â€œMaterialsand
Methodsâ€•)as an indicator of the sites of generation of active oxygen
species produced upon chlorin e6 photoactivation. 2',7'-Dichlorofluo
rescin diacetate penetrates into cells and, upon intracellular deacety
moleculeI cell
lation, reacts with the active oxygen species generated by chiorin e6
B
activation to yield the fluorescent derivative 2',7'-dichlorofluorescein.
40000
Cells incubated with the BSA-insulin-chlorin e6 conjugate at 37Â°Cfor
4 h, then incubated with 2',7'-dichlorofluorescin
diacetate and laser
photo-activated, exhibited enhancement of fluorescence, indicating
30000
the production of active oxygen species; no fluorescence is observed
upon long wavelength photoactivation of cells incubated with 2',7'dichiorofluorescin diacetate alone. Fig. 4 shows fluorescence before
20000
(Fig. 4, A and C) and after (Fig. 4, B and D) 8 mm of laser irradiation
of the cells. An increase of fluorescence, attributable to the production
of 2',7'-dichlorofluorescein
due to chlorin e6 activation, was evident
I 0000
within and around the nucleus (Fig. 4B). Free insulin inhibited the
accumulation of the BSA-insulin-chlorin e6 conjugate in the cells,
0
resulting in reduced fluorescence upon laser irradiation (Fig. 4D). It
0
1
2
was concluded that the subcellular distribution of the BSA-insulin
FITC conjugate and the sites of production of active oxygen species
9
10 x concentration, M
with the BSA-insulin-chlorin e6 conjugate were coincident.
Photodynamic Action of the Conjugate BSA-Insulln-Chlorin
e6.
Fig. 2. Surface binding and endocytosis of â€˜@1-labeled
BSA-insulin-chlorin e6 by
PLC/PRF/5 cells. Cells (2 X 10' cells/well) were incubated with the indicated
The photodynamic activity of the BSA-insulin-chlorin e6 conjugate
concentrations of 1@I-labeled BSA-insulin-chlorin e6 conjugate with or without a
was compared to that of chlorin e6 and indicated that the photody
1000-fold excess of unlabeled insulin to determine specific binding and endocytosis.
namic action of the conjugate when incubated with the cells at 37Â°C After 1 (A) or 18 h (W) at 37Â°C,the conjugate bound to the cell surface was removed
(A)
by incubation (15 mm at 4'C) with 1 M citrate buffer (jH 3) in order to measure
was higher than that of chlorin e6, as indicated by the estimation of
surface-bound conjugate (A), subsequent to which the cells were removed using
cell viability using the trypan blue exclusion test. Excess free insulin
Versen solution and 7-counted to measure endocytosed conjugate (B). Results are the
mean (bars, Â±SE) of triplicate wells.
inhibited the photodynamic action of the conjugate, demonstrating
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Fig. 3. Intracellular distribution of BSA-insulin
FITC conjugate in PLC/PRFI5 cells. After incuba
tion with 6.4 nMconjugate for 4 h (A and B) or 18

h (C-F) at 37Â°C,the cells were washed in Hanks'
solution and treated with 10 msi NH4CIfor 10 mm
at 37Â°C,prior to visualization of cellular fluores
cence using video-intensified microscopy. In the
case of the cells in (E) and (F), incubation was in
the presence of a 1000-fold excess of Insulin. A, C.
and E. fluorescent illumination; B, D, and F. phase
contrast pictures of the same field of cells as in A.

C. and E. respectively. n. nucleus. Bar, 10 ,.@rn.

was 95 kJ/m2, compared to a value of 26 kJ/m2 for the conjugate at the

same concentration of chlorin e6, indicating a 3â€”4-foldhigher effi
ciency of conjugated chlorin e6 in terms of photodynamic activity.
Comparative photodynamic activities for chlorin e6 and the BSA
insulin-chlorin e6 (1:13:16) conjugate are summarized in Table 2.

DISCUSSION
Our experiments indicate that our photosensitizing BSA-insulin
chiorin e6 conjugate bound specifically to the insulin receptors of
hepatoma PLCIPRF/5 cells and is subsequently internalized and trans

ported to near and within the cell nucleus. Endocytosis and subsequent
localization of the BSA-insulin-chlorin e6 conjugate in and around the
cell nucleus could be visualized using both FITC-labeled conjugate
and 2',7'-dichlorofluorescin
diacetate, a fluorescent indicator of the
production of active oxygen species due to chlorin e6 activation. Our
conjugate exhibited significantly higher photodynamic activity than
free chlorin e6, as estimated by the two tests for cell viability.
Interestingly and importantly, the inhibition of endocytosis of the
conjugate abrogated the enhanced photodynamic activity of the con
jugate above that of free chlorin e6; the photodynamic action of our
conjugate incubated with PLCIPRF/5 cells at 4Â°C,where no endocy
tosis occurs, was markedly lower than at 37Â°C,although PLC/PRF/5
cells possess higher numbers of insulin-binding sites on the cell
surface at 4Â°Ccompared to at 37Â°C.Clearly, the conjugate is plasma
membrane localized after incubation at 4Â°C,similar to the normal
cellular site of accumulation of free chlorin e6, resulting in the
observed similar photodynamic activities of the conjugate in the
absence of internalization and free chiorin e6 (Fig. 5). The observed
Fig. 4. Intracellular distribution of the production of active oxygen species after cell
increase in photodynamic efficiency of BSA-insulin-chlorin e6 con
irradiation detected by the production of 2,7-dichlorofluorescein. The BSA-insulin-chlorin
jugate (when incubated with cells at 37Â°C)in comparison with free
C6 conjugate
(3.7 nM) was incubated
for 4 h at 37Â°C without
(A and B) and with
(C and
chlorin e6 thus appears to be the direct result of the cellular entry of D) a 1000-fold excess of insulin. After incubation, the cells were washed in Hanks'
solution, incubated with 2',7'-dichlorofluorescin diacetate for 5 mm at 37Â°C,and then
the conjugate through the insulin moiety, which, subsequent to recep
washed in Hanks' solution and irradiated. Cells were visualized by video-intensified
tor binding and internalization, targets the conjugate to intracellular
microscopy. A and C. before irradiation by laser; B and D. 8 mm after laser irradiation (at
compartments, such as endosomes and lysosomes, and ultimately the
632 nm). n, nucleus. Bar. 10 pm.
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todynamic activity than free chlorin e6, but the concentrations of
chlorin e6 for these conjugates showing photosensitizing activity were
much higher (EC5o- 430 IIM)than those in the conjugate BSA-insulin
chlorin e6 in this study. Based on the results presented here and in our

350
300

previous study (22), this is almost certainly due to the fact that the
antibody conjugates interact solely with the cell surface; in the case of
the microsphere-conjugates, cellular entry is via phagocytosis and
subsequent location in phagosomes, which are presumably not very
sensitive organelles in terms of photosensitization and the contents of
which neither efficiently enter other membrane vesicle transport
systems of the cell (e.g., lysosomes) nor efficiently exit into the
cytoplasm prior to transport to the nucleus.
The results here represent the basis of a new approach to photody
namic therapy based on high specificity for particular cell types.
Insulin was chosen as the ligand in this study in order to test whether
a polypeptide ligand could confer both cell-type specificity and re
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Fig. 5. Temperature- and insulin receptor-dependence of the enhanced photodynamic
activity of the BSA-insulin-chlorin e6 conjugate above that of chlorin e6. Cells were

incubated with equivalent concentrations of chlorin (36.5 nt.tconjugate and 1 @.u.i
chlorin
e6) for 18 h at the indicated temperature in the presence or absence of excess free insulin
as indicated, prior to irradiation using 120 LI/rn2. Cell viability was estimated by the
trypan blue exclusion test (see â€œMaterialsand Methodsâ€•). Results are the mean
(bars, Â±SE) of triplicate wells.

Table 2 Summary ofthe photodynamic properties ofBSA.insulin-chlorin
conjugate compared to chlorin e6

e6 (1:13:16)

C/Aâ€•EC,JJC
Parameter Free chlorin (A) Conjugate (B) Otlorin residue (C)Â° B/A
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Fig. 6. Concentration dependence of the photodynamic action of the BSA-insulln

b @.atiocalculated per chlorin e6 residue, rather than the concentration of
conjugate.C
d

9

chlorine6conjugateandchlorinc6on humanPLCIPRF/5cellsat 3rC. Irradiationw@

test.

performed using 96 kJ/m2, and cell death was estimated by colony formation (ice
â€œMaterials
and Methodsâ€•).
A, conjugate; t chlorin e6. Results are the mean Â±SE of
triplicate wells.

@lonyformation test.

nucleus (23, 24, 38). It is concluded that the photodynamic activity of
the conjugate is higher than that of free chlorin e6 through its receptor
mediated delivery into sensitive intracellular compartments. In a pre
vious study, we described a con A-chlorin e6 conjugate (22), where
con A provided an interaction with cell receptors on the target cells
and also served as intracellular carrier of chlorin e6. Whereas insulin
is transported to the nucleus subsequent to endocytosis (23, 24), con

% cell survival
100
80

A is targetedto the Golgi as well as lysosomes (22). Similar to the

60

results here for insulin conjugates, we were able to demonstrate that

internalization was necessary for enhanced photodynamic activity on
the part of the con A-chlorin e6 conjugate (22).

40

A number of authors have used chlorin e6 conjugated to mono
clonal antibodies specific for tumor cells. At saturating concentrations
(100 nM) of the conjugate (Ref. 39; chlorin e6 residue concentration
was 680 flM), it was able to kill one-half of the cells at a light dose of
15 J/cm2 and to kill 100% cells at 50 J/cm2. Another conjugate (17)
at saturating concentration was able to kill one-half of the cells at 30
J/cm2 and 100% cells at 58 J/cm2. Our conjugate, BSA-insulin-chlorin
e6, demonstrated a more pronounced photodynamic effect; at a satu
rating concentration (18 nM; 500 n@tchlorin e6 residue concentration),
the conjugate was able to kill one-half of the cells at 2.4 J/cm2 and to

Fig. 7. Dose dependence of the mortality of human hepatoma PLCIPRF/5 cells reich
ing from the action of 18 nat BSA-insulin-chlotin e6 conjugate or 0.5 gaii chlorin e@

kill â€”100%of the cells at 9.6 J/cm2.

(see â€œMaterials
and Methodsâ€•).A, conjugate; U, chlorin e6. Results are the mean

Chlorin e6 conjugated to microspheres (13) possessed higher pho
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(equivalent concentrations of chlorin e6). Cell mortality was tested by colony formation
(bars, Â±SE) of triplicate wells.
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ceptor-mediated endocytosis on a photosensitizing conjugate which
retains high photoactivating activity. The fact that several nonhepa
toma cancer cell types possess insulin receptors (40, 41) means that
insulin conjugates themselves might be useful in treating cancers
other than hepatomas, but their direct applicability in cancer ther
apy is probably limited; certain hepatoma cell lines, HTC cells for
example,3 do not possess very high numbers of insulin receptors.
Importantly, however, the conjugate approach described here is
clearly applicable to a wide variety of ligands and cancer cell
types, e.g., ligands such as insulin-like growth factors (in a wide
variety of cancers, including neuroblastomas and osteosarcomas),
nerve growth factor (in the case of neuroblastomas or glaucomas),
or melanocyte-stimulating
hormone (in the case of melanomas),
could clearly be used conjugated to BSA-chlorin e6 to target
chlorin e6 to sensitive intracellular compartments
of requisite
tumor cell types in identical fashion.
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