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Enhancement of Radiation Dose to the Nucleus by
Vesicular Internalizaron of Iodine- 125-Labeled
A33 Monoclonal Antibody
Farhad Daghighian, Els Barendswaard, Sydney Welt, John Humm, Andrew Scott, Mark C. Willingham, Eileen McGuffie,
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In radioimmunotherapy, the emission characteristics of the radioiso-
tope is critical in determining the radiation dose to the tumor
compared to normal organs. If antibodies internalize and transport
low-energy electron emitting isotopes close to the tumor cell nu
cleus, an improved therapeutic advantage is achieved. Methods:
Using fluorescent microscopy, we studied the subcellular distribu
tion of an internalizing antibody, A33, which detects a restricted
determinant on colon cancer cells. We developed a physical model
to assess the dose deposited in the nucleus by electrons emitted
from radiolabeled A33 accumulated inside vesicles. This model is
based on the energy-range relationship of electrons in water. Simi
larly, another model was developed to calculate the radiation dose
to the nucleus from electrons emitted from extracellular space. The
percentage of A33 bound to membrane and internalized was deter
mined in vitro at various time points. Cytotoxicity experiments were
performed with 125I-and 131l-labeled A33 at various concentrations

and specific activities. Results: A33 accumulates in cytoplasmic
vesicles (40% of total bound) which transport the activity close to
the nucleus. This increases the radiation dose to the cancer cell
nucleus by a factor of 3 compared to the average dose calculated
based on the assumption of a uniform distribution on the cell
membrane. The cytoplasm of antigen-negative normal cells shields
the nucleus from the electrons emitted from extracellular 125I.This
shielding is 30 times less for 131I.Cytotoxicity data show 10% cell
survival with 10 /nCi/ml of 125I-A33,but 90% survival with up to 100
fiCi/ml of 125I-A33 in the presence of a blocking dose of 100-fold
excess of cold A33. Similar experiments with1311showed Cytotoxicity

in both cases. Conclusions: The results of the Cytotoxicity experiment
are in agreement with the physical model and suggest a basis for
improved tumor-to-marrow radiation dose by clinical use of 125I-A33.

Key Words: Auger electrons, cell-level dosimetry; monoclonal
antibody; vesicular internalization
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sotope selection strategies for the radioimmunotherapy (RIT)
of cancer have been greatly influenced by the general observa
tion that antigen expression in tumors is heterogeneous. In
addition, attention has been focused on the apparent poor
penetrability of tumors by monoclonal antibodies (MAbs)
(1-4). For these reasons, the majority of clinical studies have
utilized long-range beta emitters (I31I, 90Y), which irradiate

cells up to 1 or 2 mm from the site of the radioisotope decay. As
a consequence of the long-range electrons, the bone marrow
receives a high radiation dose from radiolabeled MAb in the
blood, limiting the amount of radioactivity which can be
administered (5-8).

The A33 antigenic system was selected as a model for
low-energy emitter RIT because it shows high uniform expres
sion on colon cancer-tissue sections by immunohistochemical
techniques. Binding studies on colon cancer cell lines demon
strate relatively high expression (800,000 MAb A33 molecules
bound per cell), and radiolabeled MAb A33 is internalized into
cells (9). In clinical studies, autoradiographs of biopsied colon
cancer mÃ©tastasesshow relatively uniform distribution of the
intravenously administered radiolabeled antibody within these
tumors with excellent tumor to normal tissue ratio (10).

The prevalent electron emissions from 125Iare Auger elec

trons ranging in energy from a few electron volts to 28 keV
(//). In addition, there is a small yield (7%) of internal
conversion electrons at 32 keV. Photon emissions do not locally
deposit their energy and therefore can be neglected in dose
calculations to individual cells. Their contribution, however,
will not be negligible in patient studies. The radiotoxicity of
I25I, when directly incorporated into DNA, is quite high; as few
as 100 decays will kill a cell (e.g., I25l-labeled IUDR) (12-14).

This radiotoxicity is attributed to the prolific emission of very
short-range electrons (<20 nm) which acts as high LET
radiation (12). The radiotherapeutic effects of Auger-emitting
isotopes has been studied both experimentally and theoretically
(75.76).

It is widely believed that the cell nucleus, and more specif-
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ically the nuclear DNA, is the most radiosensitive part of the
cell and the critical target for cytotoxic radiotherapy (12). The
radiation dose from electrons and alpha emissions of several
radioisotopes were calculated by Goddu et al. (77) for a variety
of cell and nuclear diameters. They considered the radioactivity
to be uniformly distributed in a source region and calculated the
absorbed dose fractions. The source regions considered were
the nucleus, cytoplasm and cell surface. The target regions were
the nucleus and the cell.

In this article, we demonstrate that MAb A33 internalizes
into the target cells via large cytoplasmic vesicles. We present
a physical model to calculate the radiation dose to the nucleus
from the I25l-labeled A33 entrapped in these vesicles. We also
show that 125I-A33 can be specifically cytotoxic to antigen-

positive target cells in vitro, and the observed cytotoxic doses
are predicted by the model.

MATERIALS AND METHODS

Cell Lines
The human colon carcinoma cell line SW1222 was obtained

from Sloan-Kettering Institute's cell bank. Cells were cultured in
Eagle's minimum essential medium (MEM), containing 2 mM glu-

tamine, 1% nonessential amino acids, 100 U/ml penicillin and 100
pig/ml streptomycin (MEM) and supplemented with 10% fetal bovine
serum (FBS). Cultures were frequently tested for mycoplasma.

Monoclonal Antibodies
Characterization and labeling procedures: MAb A33 (IgG2a) and

control MAb FB5 (IgG2a) were purified from high-titered, centri-
fuged and filtered ascites fluid on protein A-Sepharose (Pharmacia)
using 0.05 M Tris HCl/0.15 N NaCl, pH 8.6, as starting buffer and
0.05 M sodium acetate/0.15 N NaCl, ph 4.0, as eluting buffer. The
eluted fractions were pooled and passed over a Sephadex G-25
column in phosphate-buffered saline, pH 7.O. lodination was
carried out with the chloramine-T method using 10.0 mCi (cyto-
toxicity studies) or 1.0 mCi (binding studies) 125Ior 1 mCi 13I1per

100 /ng antibody and 10 ;u.gof chloramine-T at 1.0 mg/ml. PBS
containing 0.05% bovine serum albumin and 10 mM Nal was used
as the buffer for subsequent size-exclusion chromatography with
Sephadex G-25 chromatography. Immunoreactivity was measured
by a cell absorption assay as previously described (9,18) and
ranged from 50% to 70%.

Binding and Internalization Studies
SW1222 colon cancer cells were plated into 24 well plates at

250,000 cells per well. After 24-hr incubation at 37Â°C,1 ju,g/mlof
125I-A33was added. At various time points, the radioactive counts

per minute (CPM) were measured in a well counter in quadrupli
cate to determine the total radioactivity that was cell-associated,
cell-surface bound and internalized. Total CPM bound was defined
as the CPM remaining after the adherent target cells were washed
with PBS X 2 and cells lysed with 0.02% s.d.s. The cell-surface-
bound CPM was determined by exposure of washed cells to 0.05
M of glycine, 0. 15 N NaCl pH 2.6 buffer. CPM removed in acid
buffer were considered cell-surface-bound. Similar results were
obtained with glycine buffer containing high salt (3.0 N NaCl).
After the cell surface fraction of bound antibody was removed, the
internalized fraction was determined by measuring remaining CPM
by SDS lysis. For each measurement of CPM bound, the net CPM
bound was determined by subtraction of the background (wells
pretreated with excess unlabeled MAb A33) from the positive
(wells blocked with control IgG2a MAb).

SW1222 cells were plated in 35 mm tissue culture dishes and
incubated (at 37Â°C)with MAb A33 or an isotype-matched control
IgG2a (MAb FB-5 IgG2a) at 1 /u,g/ml.After 6 hr cells were washed,
exposed to an acid wash solution and then fixed with 3.7%

formaldehyde and subsequently incubated in the presence of 0.1%
saponin with rhodamine-labeled goat anti-mouse IgG to detect
internalized MAb A33. Cells were examined under phase contrast
and fluorescence microscopy (19). The cell-surface component of
bound MAb A33 was removed by acid wash to facilitate visual
ization of the internalized component.

In Vitro Cytotoxicity Studies
SW1222 cells were plated at 500,000 cells/well into six well

plates and incubated for 24 hr 37Â°Cto allow for cell adherence.
Iodine-125-A33 was then added at concentrations from 1 /aCi/ml to
100 /xCi/ml (0.01 to 1 Mg/ml), total of 2 ml/well (in presence of
excess isotype-matched control MAb FB-5 IgG2a). Two sets of
control experiments were conducted: (1) wells containing only 100
ju.g/mlof non-radioactive MAb A33 (no radioactivity, cell growth
control); and (2) control wells containing varying radioactive doses
of 125I-A33pretreated with 100 times excess unlabeled MAb A33

(100.0 /xg/ml) to block cell-surface binding of radiolabeled anti
body (and to control for radiation dose delivered from supernatant).

To evaluate cell kill, cell counts on day 9 were done by removing
surviving cells with trypsin/EDTA and after washing three times.
Viable cells were counted under phase contrast microscopy using a
hemocytometer. The percent cell survival was scored as number of
viable cells/500,000 cells X 100.To evaluate inhibition of cell growth,
percent inhibition was defined as the number of viable cells in
wells treated with 125I-A33 and blocked by excess MAb A33 per
viable cells in wells treated with non-radioactive MAb A33. The
same experiments were done with ml-labeled MAb A33.

RESULTS

Binding and Internalization Studies
A fluorescence micrograph of a cluster of SW1222 cells

(Fig. 1) demonstrates MAb A33 concentrated in vesicles (mac-
ropinosomes). In this example, several of the vesicle containing
MAb A33 are in close proximity to the cell nucleus. Approxi
mately 40%-50% of the 125I-A33 MAb added to the wells was

bound to SW1222 colon carcinoma cells after 24 hr, and
35%-40% of the total bound CPM was internalized (resistant to

removal with acid wash) (Fig. 2).

In Vitro Cytotoxicity Studies
In the positive wells, unblocked I25I-A33 was cytotoxic

(>90% cell kill) at the 10-15 /j,Ci/ml dose range. While other
cell structures, such as the membranes of the vesicles, received
significantly higher radiation doses the morphologic appearance
of the 125I-A33-treated cells suggests that the critical damage is

to the nucleus. The cells developed bizarre, large, multi-
nucleated forms similar to those observed with external gamma
irradiation and then underwent autolysis.

The cytotoxic effect decreased to less than 10% cell kill at the
2.5 to 5 jLtCi/ml I25I-A33 dose range, although a cell growth

inhibitory effect was still present. In addition to the cytotoxic
effects, microscopic examination of these wells on days 4 to 5
revealed that morphologic changes were evident in the positive
wells and the treated cells transformed into multi-nucleated
giant cells prior to cell death (Fig. 3). In the first control
experiment, cells grown in the presence of unlabeled MAb A33
had the same doubling times as the untreated cells (data not
shown), demonstrating that MAb A33 had no effect on cell
growth by itself. In the second control experiment, control wells
containing varying radioactive doses of 125I-A33 were pre

treated with 100 times excess unlabeled MAb A33 (100.0
/Lig/ml) to block cell-surface binding of radiolabeled antibody.
The percent inhibition on day 4 showed that the presence of
I25I-A33 in the supernatant inhibited cell growth by 50% (doses

of 60 to 100 /nCi/ml), and little cell death was observed (< 10%)
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FIGURE 1. A fluorescent photomicrograph of SW1222 colon carcinoma cells
(A) and a phase contrast photomicrograph (B) of the same cells depicting the
internalized fraction of MAb A33 detected using a fluoresceinated second
anti-mouse reagent. MAb A33 concentration in the cytoplasmic vesicles
(macropinosomes) is shown.

(Fig. 2). These studies demonstrate that cell binding was
necessary for the cytotoxic effect.

In contrast, identical experiments with 13II-A33 showed

cytotoxicity in wells to which excess unlabeled MAb A33 was
added, indicating that the long-range electron emission from
supernatant 13II-A33 deposited significant amount of radiation

dose into the cell nucleus (cross-fire effect).

Cell Level Radiation Dose Calculations
The energy absorbed in the nucleus per disintegration of 125I

and UII contained within a vesicle is plotted with respect to the
gap between the vesicle and the nucleus (i.e., L - Rn - Rv)

(Fig. 1). The sharp decrease in radiation dose to the cell nucleus
was mainly due to the decreasing probability of electrons
crossing the nucleus (the solid-angle effect). The energy depos
ited in the nucleus was higher for I than for 13II when the gap

was less than 0.2 /u,(due to high yield of electrons with energies
of 3 keV) but they became almost equal at larger distances.
Figure 4 also shows that the absorbed energy increased with cell
nucleus size, but that energy per unit mass (absorbed dose)
decreased.

Table I shows the S-values for the nucleus from the vesicles
containing I25I or I3II for several cell dimensions. In addition,

the S-values from the radioactivity on the membrane, uniformly
distributed in cytoplasm, and the nucleus are presented as
calculated by Goddu et al. (77). For cells with Rn = 2 and
Re = 5 /A, the vesicular radiation dose to the nucleus per
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FIGURE 2. Distributionof cell-bound 125I-A33:(a) total cell-bound radioac
tivity and (b) fraction of radioactivity internalized into the cell (acid-resistant).

disintegration was five times greater than the radiation dose per
disintegration from the cell membrane. This ratio decreased for
larger nuclei and was lower for I3ll. On average, the dose to the

nucleus from decays within vesicles was three times greater
than for decays on the cell membrane for I251and about twice
greater for 13'l.

Dose from MAb Outside the Cell
The energy per disintegration per milliliter of extracellular

fluid was calculated for I25l and 131I for various cell dimen
sions. The radiation dose for I25l was 1.2 X 10~ '2 Gy/Bq â€¢s per
ml of extra-cellular fluid, and 3.7 X 10" " Gy/Bq â€¢s per
milliliter of extra-cellular fluid for 131I. Only a small depen

dence on the cell dimensions was observed. A much greater
difference between I25I and I3II was seen when the dose to the

cell nucleus from radioactivity in the extra-cellular fluid was
calculated. This is because the dose contribution to the cell
nucleus from I25I decays results principally from Auger elec
trons within a 20 ju.range of the cell, whereas in the case of 131I

the volume integral extends to the full range of the electron
emissions.

Application of the Model to the Cytotoxicity Studies
Using the average values (Table 1; last row), we calculated

the dose to nucleus from membrane-bound and internalized
MAb (Table 2). In the 125I-A33 unblocked cytotoxicity exper

iment (positive wells), the <10% cell survival was seen at a
concentration between 10 to 15 /u,Ci/ml. In the calculation, the
average value of 12.5 Â¿tCi/mlwas used. In the second control
experiment, in which I25I-A33 was blocked by excess MAb

A33, 90% cell survival was observed at concentrations between

FIGURE 3. Photomicrograph demonstrating morphologic effects of '25I-A33 on SW1222 human colon carcinoma cells that were exposed to radiolabeled

MAb A33 continuously for 4 days. (A) control SW1222 cells cultured in the presence of nonradioactive MAb A33. (B) control SW1222 cells cultured in the
presence of 125I-A33 with excess unlabeled MAb A33 added to block antibody binding to cell membrane A33 antigen. Reduced cell number is apparent
although morphologically cells are similar to those in top panel. (C) SW1222 cells exposed to125I-A33 (unblocked), shows SW1222 cells at same magnification

as above. Marked morphologic changes are apparent in the cell prior to cell death.
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FIGURE 4. The energy deposited in the cell nucleus by the electrons of 125I
and 131I.The source of emission is a vesicle of 0.5 ^ diameter located at

various distances from the nucleus. Two different nuclear radii were consid
ered: 3 n (triangle for 131Iand circle for 125I),and 4 Â¡Â¿(rectangle for 131Iand
star for1311).

60 to 100 /LiCi/ml. For our calculation, the average value of 80
/xCi/ml was considered. In these experiments, the total number
of cells increased from 500,000 to 3 million by day 4. Although
the cell numbers decreased after day 4 in the unblocked
125I-A33 wells, we assumed the maximum number of cells (3

million) (see Eq. A8) since the radioactivity in the viable cells
would not increase due to the loss of other cells. The fractions
of MAb on the membrane and in the vesicles (fm and fv in Eq.
A8) were estimated from Figure 2. Table 2 also shows the
radiation doses that resulted from a uniform solution of I25I in

the extracellular space (free).

DISCUSSION
The potency of Auger electrons in delivering radiation

damage when incorporated into DNA is well documented
(12-15). Iodine-125-IUdR incorporated into DNA is the major

model of this therapeutic approach; however, its clinical appli
cation is limited by lack of specific tumor targeting and
cell-cycle dependency (20-23). In general, radiation damage
from electrons of 125Ican be subdivided into two categories: (1)
when I25I is incorporated into DNA, the prolific emission of

very low-energy electrons results in significant local, high-
LET-type damage, leading to an average of one DNA double-
strand break per decay; and (2) when I decay occurs farther
than 10 nm from the DNA, the damage results from longer-
range electron emissions, is low-LET in nature, and is therefore
less effective.

Fluorescence microscopy studies presented in this article
(Fig. 1) show that MAb A33 internalizes into the target cells via

macropinosomes, large cytoplasmic vesicles which traverse the
cytoplasm and come into close proximity to the nucleus. It can
be postulated that the majority of MAbs that internalize do so
via cytoplasmic vesicles (19), and a substantial contribution of
the dose to the nucleus arises from radioisotopes entrapped
within vesicles. This contribution has not been previously
considered. In this paper, we present a physical model to
estimate radiation dose to the nucleus from electrons emitted
from cytoplasmic vesicles, based on the energy-range relation
ship for electrons (24).

These calculations demonstrate that the transport of I25I to
within 1-2 ;u,from the cell nucleus results in the deposition of

energy from the internal conversion electrons as well as the K
and L Auger electron series. This proximity results in a
significant enhancement of the radiation dose to the nucleus
when compared to the assumption of only membrane-bound

radioactivity. Also presented in this paper is a physical model
for calculation of the absorbed dose to the nucleus from
electrons which are emitted from outside the cell. This model
demonstrates that the cytoplasm shields the nucleus from
absorbing energy from I25I electrons emitted outside the cell,

but has minimal stopping power for higher energy electrons
such as those of ml. For such internalizing MAbs, radiolabel-
ing with I25I would have a significant dosimetrie advantage
over I3II with regard to anti-tumor effects versus normal organ

toxicity (particularly bone marrow).
Studies of I25I targeting to the cell membrane using MAbs

have shown that greater than 100,000 decays are required for
one log of cell kill (25,26). Yet, MAbs capable of internalizing
isotope into various cytoplasmic compartments may offer a
substantial enhancement in dose to antigen-positive cells with
no concomitant increase in dose to antigen-negative cells of

normal tissues. This study demonstrates the feasibility of
estimating the radiation gain achieved by such MAb systems.
We also show that 125I-A33 can be specifically cytotoxic to

antigen-positive target cells in vitro, in agreement with our
model. Measurements over time of the level of MAb A33-
directed isotope internalization and retention in cytoplasmic
vesicles show that a 3-fold increase in radiation dose can be
delivered to the cell nucleus, as a result of this MAb's

internalization characteristics. Preliminary in vivo studies have
demonstrated that I25I-A33 also causes regression of estab

lished human colon cancers growing in nu/nu mice at non-toxic
serum levels (9). These results are consistent with model
predictions that the nuclei of antigen-negative cells (e.g., bone
marrow cells) will be protected from extracellular, low-energy
electrons due to shielding by their cytoplasm.

While the model uses an idealized spherical cell with a
centrally placed nucleus, a significant fraction of colon carci-

TABLE 1
S-Values (in cGy/Bq â€¢s) of Radiation to the Nucleus from lodine-125 or lodine-131

Rn23434Re55566Average125I

Membrane

toNucÃ.0.0230.0240.0260.01750.0180.021125I

Vesicle

toNucÃ.0.1000.0630.0560.0480.0380.061125I

Cytoplasm

toNucÃ.0.0710.0600.0590.0410.0370.054125I

Nucleus

toNucÃ.4.791.500.661.50.661.822131

1Membrane

toNucÃ.0.0260.0270.0280.0170.0180.023131

1Vesicle

toNucÃ.0.0630.0460.0370.0370.0290.042131I

Cytoplasm

toNucÃ.0.0540.0450.0390.0340.0290.040131

1Nucl.

toNucl.0.4980.1990.1060.1990.1060.221

"Constrained within a vesicle with 0.25 p. radius averaged over various distances from the nucleus. The S-values from the radioactivity localized on the

membrane, uniformly distributed in the cytoplasm and from within the nucleus of the cell are also presented (see Appendix).
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TABLE 2
Absorbed Radiation Dose (in cGy) for Cytotoxicity Experiment

Observed
Vesicle Cell

Tracer Membrane Bound Free Total Viability

125I-A33(12.5 MCi/mlwith0.1

mg/ml controlMAb)125I-A33
(3.75 nCi/mlwith0.1

mg/ml controlMAb)125I-A33
(80 nCi/ml with0.1mg/ml

nonradioactiveMAb
A33)3429102921937951128243401227672652170744<10%90%>90%

â€¢Experimenthad (a) 12.5 /Â¿Ci/mlof 125I-A33added to 500,000 cells for 9

days (specific activity of 100 /nCi/Mg), and (b) excess unlabeled A33 was
added to 80 nCi/ml of 125I-A33(final specific activity of 1 Â¿tCi/MS).where it is

assumed that due to binding of non-radioactive A33 the amount of radioac

tivity bound to the cells is 6.5% of the first case.

noma cells in culture or in tissues deviates from this idealized
form. In some cases, cells have eccentric nuclei so that even cell
membrane-bound antibody may be close enough to the nucleus

to contribute to the dose.
As the exact distance of the vesicle to nucleus was not

known, we assumed the vesicles to be distributed evenly
throughout the cytoplasm. Therefore, the absorbed dose from
the vesicular radiation was almost the same as that from
uniformly distributed radioactivity from the cytoplasm (see
Table 1). Our model is, however, closer to the physiologic
nature of vesicular MAb internalization, since internalizing
antibodies have in general been observed to accumulate in
distinct subsets of vesicles, and the distribution of these vesicles
in the cytoplasm may be unique for each type of vesicle or
antigenic system. Although some vesicular structures, such as
caveolae, remain in close proximity to the cell membrane, they
would be unlikely to support Auger irradiation of the nucleus.
For a substantial gain to occur, the MAb must internalize
sufficient 125Iin a region of the cytoplasm close to the nucleus

for a sufficient length of time. It is difficult to develop an
accurate dose-response relationship for studies involving short-
range electron-emitting isotopes, due to strong dosimetrie
dependence upon source distribution. In the future, we propose
to refine our knowledge of the 125I distribution by combining

information from various microscopic imaging techniques to
study and quantitate this distribution. If only a small fraction of
metabolic products of A33 containing the I25I radionuclide

diffuse into the cell nucleus, the radiation dose will be enhanced
significantly. Table 1 shows that the S-value for nucleus-to-
nucleus radiation of I25I Auger electrons is 90 times larger than

that of vesicle-to-nucleus radiation. Therefore, even if radioac
tivity in the nucleus is only 1% ofthat on the membrane, the
total dose would be 40% higher. This analysis demonstrates the
importance of investigating the fate of MAbs and isotope after
cell-binding. Strategies to transport I25I into the nucleus, and

ways to measure it, need to be explored.
These results emphasize the importance of evaluating the

cellular internalization and transport characteristics of each
antigen-antibody system and of developing cell-level dosimetry
methods. There is a selective advantage (tumor/bone marrow)
of low-energy emitting isotopes (e.g., I25I) vis-a-vis long-range
electron-emitting isotopes (e.g., 13II) currently employed in RIT

trials when tumor expression of the antigen is uniform (as in the
A33 MAb system).

FIGURE A1. The radiolabeled antibody is accumulated in the vesicle at a
distance L from the nucleus.

APPENDIX

Physical Model for Dose Calculation
Consider an electron with initial energy Cj.As it travels through

the cell medium, it constantly loses energy to its final range R(CJ).
The energy E (eV) and range (nm) of an electron in unit density
matter are related by (27):
E(R) = 119.1(R + 7)0565+ 4.23 X 10~4 R1B - 367. Eq. Al

The energy deposited in a small distance dr between r and r+dr
is:

dE = dr X [dE/dR]|R(ej)_r. Eq. A2

The energy deposited in the nucleus from an electron with
initial energy eÂ¡emitted at a distance Rj from the center of the
nucleus is given by:

en(Rj; Cj) = [dE/dR]|R(ej)_,{0.5 - (r2 + R? - RN)/4rRj] dr,

Eq. A3

where the limits of integration are from Rj - RN to either Rj +

RN or R(CJ) if the particle stops in the nucleus.

Dose from the MAb Concentration in a Vesicle
The nucleus and vesicles are assumed to be spheres with radii Râ€ž

and Rv, respectively (Fig. Al), with a distance L between their
centers. Rj is calculated in terms of the position of the isotope
disintegration (r, 6, (f>):

Point of
emission

Extra-cellular
Space

FIGURE A2. A case in which the radiolabeled antibody is not bound to the
cell and is located in the extra-cellular space. The cytoplasm shields the cell
nucleus from low-energy electrons.
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j = (r2 + L2 - 2rL sin 6 sin <p)Â°5. Eq. A4

The energy per disintegration deposited to the nucleus from the
electrons is:

En =

PTT fir fRv
X j i en(Rj; Cjjr2sin 0 dr d0 dip.Eq. A5

J J J0

Dose from MAb in Extra-Cellular Space. Assuming a cell with
radius Re, and an electron with energy Cjemitted from outside the
cell at distance Rj (>Rc) (Fig. A2), the energy deposited to the
nucleus per disintegration per ml of extracellular fluid is:

EECSâ€” ml))
fRIe,)

X 47T en(Rj; e^RfdR
â€¢'Re

Eq. A6

Calculations of the S-Values. The mean absorbed radiation dose

to the cell nucleus, Dnucl,is:

l-'nucl -^source X Eq. A7

where Asourceis the cumulated activity in the source region. S is the
radiation dose to the cell nucleus per disintegration. The unit for the
S-value is Gy/Bq â€¢s (1 keV/g = 1.602 X 10"'3 Gy). In our

calculations we assumed cells with a nuclear radii of 2, 3 and 4 /j.;
and vesicle radius of 0.25 Â¡j..The cell radius varied between 5 to 7
/x, and it was assumed that each vesicle spends equal time at each
distance between the cell membrane and the nucleus. Therefore the
energies from different vesicular distances were averaged.

Calculating Dose to Cell in Cytotoxicity Studies
The dose to the nucleus from the vesicles and membrane in the

cytotoxicity experiment is:

Dnud= (Radioactivity in the well) X j Sv dt fv(t)/N(t)

+ Sm dt fm(t)/N(t) , Eq. A8

JS.J.

J dt

where fv(t) and fm(t) are the fractions of radioactivity in vesicles
and membrane, respectively (see results of the binding experiment,
Fig. 2); Sv and Sm are the S-values for vesicle-to-nucleus and
membrane-to-nucleus, respectively. N(t) is the total number of
cells.

The radiation dose deposited into the cell nucleus from the
radioactive solution in the extracellular space was calculated by
multiplying the supernatant radioactive concentration (in Bq/ml)
by exposure time (in seconds) and then by the S-values (in
Gy/Bq â€¢s per ml) found using Equations A6 and A7.
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