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Antibody (mAb)-linked iron oxide nanoparticles (bioprobes) pro-
vide the opportunity to develop tumor specific thermal therapy
(Rx) for metastatic cancer when inductively heated by an exter-
nally applied alternating magnetic field (AMF). To evaluate the
potential of this Rx, in vivo tumor targeting, efficacy, and predic-
tive radionuclide-based heat dosimetry were studied using 111In-
ChL6 bioprobes (ChL6 is chimeric L6) in a human breast cancer
xenograft model. Methods: Using carbodiimide, 111In-DOTA-
ChL6 (DOTA is dodecanetetraacetic acid) was conjugated to
polyethylene glycol-iron oxide–impregnated dextran 20-nm par-
ticles and purified as 111In-bioprobes. 111In doses of 740–1,110
kBq (20–30 mCi) (2.2 mg of bioprobes) were injected intrave-
nously into mice bearing HBT3477 human breast cancer xeno-
grafts. Pharmacokinetic (PK) data were obtained at 1, 2, 3, and
5 d. AMF was delivered 72 h after bioprobe injection at ampli-
tudes of 1,410 (113 kA/m), 1,300 (104 kA/m), and 700 (56 kA/m)
oersteds (Oe) at 30%, 60%, and 90% ‘‘on’’ time (duty), respec-
tively, and at 1,050 Oe (84 kA/m) at 50% and 70% duty over
the 20-min treatment. Treated and control mice were monitored
for 90 d. Tumor total heat dose (THD) from activated tumor bio-
probes was calculated for each Rx group using 111In-bioprobe
tumor concentration and premeasured particle heat response
to AMF amplitudes. Tumor growth delay was analyzed by Wilcoxon
rank sum comparison of time to double, triple, and quintuple tu-
mor volume in each group, and all groups were compared with
the controls. Results: Mean tumor concentration of 111In-bio-
probes at 48 h was 14 6 2 percentage injected dose per gram;
this concentration 24 h before AMF treatment was used to calcu-
late THD. No particle-related toxicity was observed. Toxicity was
observed at the highest AMF amplitude–duty combination of
1,300 Oe and 60% over 20 min; 6 of 10 mice died acutely. Tumor
growth delay occurred in all of the other groups, correlated with
heat dose and, except for the lowest heat dose group, was sta-
tistically significant when compared with the untreated group.
Electron microscopy showed 111In-bioprobes on tumor cells
and cell death by necrosis at 24 and 48 h after AMF. Conclusion:
mAb-guided bioprobes (iron oxide nanoparticles) effectively tar-

geted human breast cancer xenografts in mice. THD, calculated
using empirically observed 111In-bioprobe tumor concentration
and in vitro nanoparticle heat induction by AMF, correlated
with tumor growth delay.
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The potential of hyperthermia and thermal ablation in
cancer therapy has been well noted (1–5). Temperatures
between 42�C and 46�C lead to inactivation of normal
cellular processes, whereas above 46�C, extensive necrosis
occurs. However, the inability to deposit effective doses of
heat in tumor without applying similar heat to nearby
normal tissue has prevented widespread clinical use.
Difficulties in predicting thermal dose, or obtaining accu-
rate in situ measurements, have been additional problems.
New technology is needed to deliver heat selectively to
tumor cells and provide predictive dosimetry.

Nanoparticles that are responsive to alternating magnetic
frequency (AMF), when conjugated with antitumor mono-
clonal antibodies (mAb), provide a new approach to direct
thermal ablation specifically to tumor cells. Given system-
ically, such mAb-linked nanoparticles (bioprobes) can
reach and bind to tumor cells. If levels of AMF that are
not toxic to normal tissues can be applied from an external
source to instantaneously heat bioprobes in tumor tissues
above 46�C, then selective thermal ablation of tumor cells
with little effect on the normal tissues should be possible.

Measuring heat in the tumor cell microenvironment,
though not affecting the biologic response under study, is
not achievable with standard technology. However, calcu-
lations of the total heat dose (THD) created by a given
AMF amplitude per unit time can be obtained using the
measured heat response of the bioprobes in vitro and
concentration of bioprobes in vivo. Although this does
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not provide information on bystander tissue heating or eddy
current production, or the degree of homogeneity in tumor,
it allows comparison of tumor response with the calculated
THD (joules).

This study presents evidence that this approach is realistic
and that the joules of heat predicted in tumor relate to
response. Tumor uptake of 111In-bioprobes and evidence of
tumor responses after AMF application were observed in our
initial studies in mice (6). These preliminary results led to
the current study plan in which AMF treatment groups given
90-s AMF pulses in a 20-min treatment period allowed more
critical evaluation of response and toxicity. In this article
we describe the radiolabeled mAb conjugation with 20-nm
nanoparticles to produce tumor-binding 111In-bioprobes
(Fig. 1): the pharmacokinetics (PK) in human tumor xeno-
grafted mice, in vivo tumor targeting, and tumor response to
bioprobe/AMF therapy (Rx). Efficacy is compared with the
calculated heat achieved by AMF amplitudes applied to
mice with bioprobes in tumor tissue. Temporal progression
of tumor necrosis after Rx is documented by electron micros-
copy (EM) of excised tumors.

MATERIALS AND METHODS

Carrier-free 111In (MDS Nordion) was purchased as chloride in
0.05 mol/L HCl. Chimeric L6 (ChL6), human–mouse mAb
chimera (Bristol-Myers Squibb Pharmaceutical Research Insti-
tute), reacts with an integral membrane glycoprotein highly
expressed on human breast, colon, ovary, and lung carcinomas

(7–10). ChL6 was specified as .95% pure monomeric IgG by
polyacrylamide gel electrophoresis.

High-gradient magnetic field (HGMF) columns and Nanomag-
D-Spio 20-nm (Spio 5 superparamagnetic iron oxide) (polyethylene
glycol [PEG]-coated iron oxide–impregnated dextran) beads in
suspension (17 mg/mL; 6.5 mg Fe/mL) were obtained from Micro-
mod Partikeltechnologie, GmbH. 2-(4-Morpholino)ethanesulfonic
acid (MES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl
(EDC), N-hydroxysuccinimide (NHS), glycine, 2-iminothiolane
(2IT), and phosphate-buffered saline ([PBS] Sigma Chemical Co.)
and 3,400 molecular-weight cutoff (MWCO) dialysis bags (Pierce
Chemicals) were purchased.

Conjugation of ChL6 with 2-[p-bromoacetamido)
benzyl]-DOTA (DOTA Is Dodecanetetraacetic Acid)

The immunoconjugate, 2IT-BAD-ChL6, was prepared by con-
jugating 2-[p-(bromoacetamido)benzyl]-1,4,7,10-tetraazacyclodo-
decane-N,N9,N$,N9$-tetraacetic acid DOTA (BAD) to ChL6 via
2IT as previously described (11). Final concentrations of 2.0
mmol/L BAD, 15 mg/mL ChL6, and 1.3 mmol/L 2IT were used in
0.1 mol/L tetramethylammonium phosphate, pH 9, at 37�C with
30-min incubation. The 2IT-BAD-ChL6 conjugate was purified
and transferred to 0.1 mol/L ammonium acetate, pH 5.3, by G50
molecular-sieving chromatography. A mean of 1.3 DOTA groups
was conjugated per ChL6 molecule.

ChL6 Radiolabeling
111In-Chloride in 0.05 mol/L HCl (0.4 GBq) was buffered to a

final pH of 5.3 in 0.1 mol/L ammonium acetate, and 2IT-BAD-
ChL6 (4.0 mg) was added. The solution was incubated for 30 min
at 37�C, and then 0.1 mol/L sodium ethylenediaminetetraacetate
(EDTA) (Fisher Scientific) was added to a final concentration of
10 mmol/L to scavenge nonspecifically bound 111In. 111In-2IT-
BAD-ChL6 was purified from 111In-EDTA by molecular-sieving
chromatography.

Purified 111In-2IT-BAD-ChL6 was evaluated by cellulose acetate
electrophoresis (CAE), molecular-sieving high-performance liquid
chromatography ([HPLC] SEC 3000), and radioimmunoassay us-
ing HBT3477 human breast cancer cells (12–15). 125I-ChL6, lightly
labeled and previously shown to be indistinguishable from ChL6,
was assayed in parallel as a reference standard. HPLC and CAE
indicated that 100% and 97%, respectively, of 111In-ChL6 was in
monomeric form. The absolute binding in the live cell assays was
$70% and 100% relative to the 125I-ChL6 reference standard.

Bioprobe Conjugation
A single lot of 20-nm nanoparticles (Nanomag-D-Spio beads)

was used for the studies in mice and for the in vitro particle heating
measurements. 111In-DOTA-2IT-ChL6 was conjugated with the
nanoparticles via amide linkage to the carboxyl (COOH) terminated
PEG coating to prepare the 111In-ChL6 bioprobes. For each of 4
preparations, 24.0 mg of EDC and 48 mg of NHS in 10 mL of 0.5
mol/L MES buffer were mixed with 200 mg/12 mL of Spio beads
(product-code: 79-56-201). This suspension was incubated for 1 h at
room temperature (RT) with continuous mixing, then placed in
3,400 MWCO dialysis bags, and dialyzed against 4 L of saline for
1 h. 111In-DOTA-2IT-ChL6 (148–185 MBq [4–5 mCi]/3–4 mg/1.5
mL of PBS) suspended in 10 mL of 0.1 mol/L MES buffer, was
mixed with the activated dialyzed Spio bead suspension and in-
cubated for 1 h at RT with continuous mixing (6.5 · 1013 molecules
of mAb/mg of Spio beads). These conjugated 111In-DOTA-2IT-
ChL6-D-Spio beads (32 mL) were again placed in 4 dialysis bags

FIGURE 1. Schematic of a bioprobe: 111In-ChL6 conjugated to
PEG on iron oxide–impregnated dextran 20-nm nanoparticles.
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(3,400 MWCO) (8.0 mL) and dialyzed against 4 L of saline at RT for
1 h. The dialyzed product was mixed with 4.0 mL of 25 mmol/L
glycine in PBS at RT (15 min) and then applied to the HGMF
column using saline washing buffer to remove the nonbound 111In-
DOTA-2IT-ChL6.

The final suspension that was collected from the magnetic
column with saline wash after removing it from the magnetic field
was brown and yielded bioprobes as 111In-DOTA-2IT-ChL6-D-
Spio beads (110–150 mg of beads with 10–15 mg mAb/mg and
370–555 kBq/mg [10–15 mCi/mg]). The concentration of the
beads was estimated by ultraviolet/visible spectrophotometry at a
wavelength of 492 nm using unconjugated beads as a reference,
and protein concentration was estimated at a wavelength of 280
nm. Two microliters of final product were applied to multiple
CAE strips for electrophoresis of 11 and 45 min, and the
immunoreactivity was evaluated in live cell assay. The CAE at
11 and 45 min showed the monomeric final product of 94%–98%
and 91%–97% at 11 and 45 min, respectively. Bioprobes moving
more slowly than the monomeric product on CAE represented
,3% (0.5–2.9), providing evidence of only minimal bioprobe
aggregation. In vitro immunoreactivity, as the percentage of 111In-
bioprobes bound to HBT3477 cells determined by methods
described earlier (15), was .70% of the reference 111In-ChL6
for the bioprobes used in these studies. The specific activity of the
111In-DOTA-2IT-ChL6 bioprobes for injection after being passed
through a 0.22-mm filter with no appreciable loss was 370–555
kBq/mg (10–15 mCi/mg).

Mouse Studies
Female (7–9 wk old), athymic Balb/c nu/nu mice (Harlan

Sprague–Dawley, Inc.) were maintained according to the University
of California animal care guidelines on a normal diet ad libitum
and under pathogen-free conditions. HBT3477 cells were har-
vested in logarithmic phase; 3.0 · 106 cells were injected subcu-
taneously on both sides of the abdomen of mice in the PK study
and on only the right side of the abdomen of mice in the Rx
study. Two additional mice received subcutaneous injections of
HBT3477 cells in 4 sites, 2 on each side. These tumors were har-
vested for study by EM after AMF Rx.

All studies were initiated 2–4 wk after implantation when the
mean tumor volume was 238 6 32 mm3. PK and Rx studies were
performed using 111In-ChL6 bioprobe doses of 740–1,110 kBq (20–
30 mCi) on 2.25 mg of bioprobe in 200–300 mL saline, injected
intravenously into a lateral tail vein with an additional 50 mg ChL6.

PK Study
PK studies were performed at 1, 2, 3, and 5 d after injection

using 5 mice at each time point. 111In-ChL6 bioprobe doses were
injected intravenously in 200–300 mL saline. Whole-body activity
was measured in a dose calibrator (CRC-12; Capintec, Inc.)
immediately and again at 1 and 4 h and 1, 2, 3, and 5 d to the
time of sacrifice. Values were expressed as a percentage of injected
dose (%ID). Blood activity, expressed as %ID/mL, was determined
by counting 2-mL blood samples, collected at 5 min, 1 and 4 h, and
1, 2, 3, and 5 d after injection in a g-well counter (Pharmacia LKB).
The mice were sacrificed and organs and tissue samples were
collected. Activity, expressed as %ID/g, was measured in a g-well
counter in a manner similar to that used for blood activity (16).

Therapy Study
Treatment was defined as the administration of AMF 3 d after

injection of bioprobes intravenously For Rx studies, mice were

divided into 5 groups, 1 group of 9 or 10 mice for each of 5
different AMF applications. Three control groups were used: no
AMF or bioprobes (n 5 24). bioprobes only with no AMF (n 5 5),
and AMF only with no bioprobes (n 5 5).

AMF was applied 3 d after bioprobe injection; this was defined
as the treatment day and used to determine tumor doubling,
tripling, and quadrupling times in days (6). At that time, each
mouse was anesthetized by injecting 0.02 mL intraperitoneally per
gram body weight of a solution prepared by dissolving 0.5 g of
2,2,2-tribromoethanol in 1.0 mL of warm t-amyl alcohol, diluting
the solution with 40 mL distilled water, and filtering the solution
through a 0.2-mm filter.

After the mouse was anesthetized, 3 fiber optic temperature
probes (FISO, Inc.) were used to track normal tissue temperatures.
One was inserted in the subcutaneum over the lower spine by
inserting a 16 gauge · 1½ in. hypodermic needle at the base of the
tail and threading the fiber optic probe through the needle under
the skin. A second probe was taped onto the skin of a hind limb
using a wound dressing, and a third probe was inserted 1 cm into
the rectum. After the probes were in place, the mouse was
wrapped lightly in absorbent paper and inserted into a 50-mL
centrifuge tube with the bottom removed. The tube was inserted
into the felt-lined AMF coil, so that the abdominal tumor of the
mouse was positioned in the high-amplitude region (1 cm) of
the induction coil (Fig. 2). Once the mouse was in place and the
parameters were programmed into the controls, the AMF gener-
ator was turned on.

Using results from our previous studies, AMF parameters—that
is, amplitude, duration, and duty—were selected to minimize
nonspecific tissue heating while providing sufficient AMF energy
to activate bioprobes in the tumor (6,17). The magnetic field and
time parameters sampled in this study are summarized in Table 1.
Total duration of AMF treatment in all treatments was 20 min,
including both on and off times. After treatment, each mouse was
left in the coil until the core (rectal) temperature began to fall;
then all probes were removed. The mouse was removed from the
coil and centrifuge tube and placed on a warm recovery pad on its
back. When the righting reflex returned, the mouse was returned to
its cage.

Temperatures were recorded at 1-s intervals for each probe,
beginning after each mouse was positioned in the coil, 30 s before
AMF treatment. All mice placed in the coil exhibited decreasing
temperature (hypothermia) before initiation of AMF treatment,
likely due to the combination of anesthesia and the temperature
(14�C) of the coil (17). Temperature data were not corrected for
this decrease, but maximum rectal, skin, and spine temperatures
were recorded and averaged for all mice; the means are reported in
Table 2.

Concurrent with the Rx studies, 6 mice underwent a 48-h PK
study, 3 mice with each of the 2 staggered Rx groups, temporally
offset by 1 d. Data were analyzed to determine whether tumor up-
take warranted AMF Rx of the mice in each group. Uptake per
gram of tumor was also used to calculate total heat expected from
AMF application (see Dosimetry).

EM Studies
Three tumors from PK 24 h after injection and 4 tumors after

Rx (2 at 24 and 48 h after AMF [1,300 oersteds [Oe] (104 kA/m),
60% duty]) were placed in Karnovsky’s fixative for EM analysis.
They were then fixed in osmium tetroxide and embedded in an
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epoxy resin using standard protocols (18). Ultrathin sections were
viewed on a Philips CM 120 Biotwin.

Dosimetry
The THD in the tumors in joules per gram (J/g) was calculated

using the measured specific absorption rate (SAR) of the iron (Fe)
particles at each AMF amplitude studied and a mean bioprobe
concentration in the tumors of 14 %ID/g. THD thus is:

THD 5 ðMÞ�ðSARÞ�ðDÞ�ð1; 200 sÞ;

where M is the mass concentration of bioprobes in the tumor
(grams bioprobes/grams tumor) obtained from the total bioprobe
dose injected (2.2 mg) and the mean bioprobe concentration in
tumor; SAR is the measured heating rate (W/g particles) of the
particles as a function of AMF amplitude; D, duty, is the fraction

of all AMF pulse ‘‘on’’ time over the total treatment time (Table
1); and 1,200 s is the total treatment time of 20 min.

Toxicity and Tumor Response
Toxicity and tumor response were evaluated for all groups of

mice by monitoring blood counts (red blood cells [RBC], white
blood cells [WBC], platelets [PLT]) 3 times per week for 3 wk and
tumor volume and body weight 3 times per week for 12 wk. Blood
samples were collected from tail veins using 2-mL microcapillary
pipettes. Samples from mice within a treatment group were pooled
and diluted 1:200 in PBS (0.9% saline and 10 mmol/L sodium
phosphate, pH 7.6) for RBC counts, 1:100 in 1% (w/v) ammonium
oxalate for PLT counts, or 1:20 in 3% (w/v) acetic acid for WBC
counts (19–21). Using caliper measurements in 3 orthogonal
directions, tumor volume was calculated using the formula for a
hemiellipsoid (22). Initial tumor volume was defined as the
volume on the day of AMF treatment. Mean tumor volume after
treatment was calculated from actual tumor measurements on that
day or from values derived from linear interpolation if that day fell
between actual measuring days for a mouse in the same treatment
group. Tumor growth delay was evaluated for treated mice and

FIGURE 2. AMF delivery coil used to
treat mice bearing human xenograft tu-
mors. AMF is focused in a 1-cm band in
which subcutaneous tumor located on
abdomen of each mouse was positioned.
Major components of the system are (a)
induction coil, (b) capacitance network,
and (c) power supply (17).

TABLE 1
AMF Treatment Parameters

Group

Amplitude

Oe (kA/m) Duty (%) Pulse (s) SAR* THDy

1 1,410 (113) 30 90 78 9
2 1,050 (84) 50 90 71 13

3 1,050 (84) 70 90 71 19

4 700 (56) 90 90 62 21

5 1,300 (104) 60 120 78 18
Control 1z NA NA NA NA NA

Control 2z NA NA NA NA NA

Control 3z 1,050 (84) 70 90 0 NA

*Specific absorption rate (SAR) of particles (W/g particles).
yCalculated THD deposited in tumor (J/g tumor).
zControl groups 1, 2, and 3 received nothing, bioprobes without

AMF, and AMF without bioprobes, respectively.

NA 5 not applicable.

TABLE 2
Maximum Temperature (�C) Response to AMF Measured

In Vivo (Mean 6 SE)

Group Rectal Skin Spine

1 37.1 6 0.3 39.7 6 0.7 35.4 6 0.3

2 35.9 6 0.4 37.5 6 0.5 37.0 6 0.4
3 38.7 6 0.3 41.0 6 0.3 39.7 6 0.3

4 34.4 6 0.3 34.7 6 0.4 34.6 6 0.2

5 43.0 6 0.4 45.6 6 0.4 44.4 6 0.4
Control 3* 37.2 6 0.3 40.1 6 0.3 39.0 6 0.7

*Group of mice receiving AMF but no bioprobes.
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mice receiving no treatment. Mice dying before 30 d from toxicity
were excluded from tumor response results.

Tumor effects were analyzed by Wilcoxon rank sum comparison
of the time to double, triple, and quadruple tumor volume. The
growth rates for the AMF-only and bioprobe-only control groups
were compared with the untreated (no AMF or bioprobes) group
and with each other and were not significantly different from each
other. They were, therefore, combined as the control for compar-
isons with the treatment groups. Doubling, tripling, and quadrupling
times for each treated group and the combined treatment groups
were compared with that of the control group. Comparisons were
also made of each treated group with all other treated groups. The
1,050-Oe (84 kA/m) groups treated at 50% and 70% duty (13 and 19
J/g tumor) were indistinguishable (doubling, tripling, and quadrupling
P 5 0.8, 0.3, and 0.5, respectively); they were, therefore, combined
and compared with controls as the 1,050-Oe (84 kA/m) group.

AMF System
The AMF system used to treat the xenografts was designed and

built to provide high-amplitude AMF in an approximately 1-cm band
to the lower abdomen of a mouse. The system and its design have
been previously described (17). Briefly, the system consisted of 3
main components: (a) the induction coil, or inductor; (b) a capac-
itance network that, when combined with the inductor, forms a
resonant circuit; and (c) the power supply. The length of the
induction coil was 40 mm with an internal diameter of 36 mm,
which enabled insertion of a 50-mL conical centrifuge tube contain-
ing a mouse and allowing for 2.5 mm of thermal insulation around
the circumference of the 50-mL tube (Fig. 2). It was manufactured
from square cross-sectional oxygen-free, high-conductivity copper
tubing and included a low-reluctance flux-concentrating ring made of
Fluxtrol 50 (Fluxtrol) on the end of the solenoid coil to divert mag-
netic flux away from areas not intended to receive high-amplitude
AMF treatment. This provided a preferential path for the magnetic
flux to the interior of the solenoid, producing an approximately 1-cm
band of high-amplitude AMF for tumor treatment.

The field amplitude across the 1-cm band was measured before
each set of trials and for each generator power setting used,
ensuring that this field gradient (variation of amplitude) in the
tumor treatment area was within 2% at Oe # 1,210 Oe and well
within 6% at the maximum oersteds used. It is the amplitude
within this region that is reported as AMF amplitude. During
operation, the induction coil itself heats and was cooled using a
closed-loop circulating water system maintained at 14�C 6 2�C
during operation. The capacitance network was built into the
power supply and was adjusted for stable oscillation at 153.0 6

0.5 kHz. A pulse-timer circuit (manufactured by Giltron, Inc.) was
installed, allowing 0.5- to 9,999-s pulses at any duty (0%–100%).

Particle SAR Measurements for Dosimetry Calculations
In vitro particle heating SAR measurements were performed using

another AMF system configured with an appropriate helical coil
designed to accommodate a suitable calorimeter. The AMF system
used for particle SAR measurements also operated at a resonant
frequency of 153.0 6 0.5 kHz, and the peak AMF amplitude at the
center of the coil was adjustable to between 300 and 1,600 Oe. The
apparatus was calibrated with a magnetic probe, and the magnetic
field amplitudes versus the percentage drive voltage were plotted,
ensuring a homogeneous field in the area of the sample placement.

One-milliliter aliquots of sample bioprobe suspensions were
heated in the coil by AMF at various amplitudes, and temperatures

were measured and recorded using fiber optic probes as described.
Temperature was recorded 1–10 times per second for each sample
and at each AMF setting. The process was repeated using buffer
(water) blanks—that is, no particles—to correct for heat losses of
the calorimeter. Heat produced (in W/g particle) was calculated
for each AMF amplitude setting from the slope of the net
temperature rise (�C/s) using the heat capacity of 1 mL of pure
water (4.18 J/g �C) and normalized for the concentration of
particles in the sample. Measured SAR values at the AMF for
specific study groups are reported in Table 1.

RESULTS

Pharmacokinetics

Blood and body clearances of the 111In-ChL6 bioprobes
compared with 111In-ChL6 are shown in Figure 3A. Mean
111In-ChL6 bioprobe concentrations (%ID/g) in lung,

FIGURE 3. Pharmacokinetics of 111In-ChL6 bioprobes in mice
with HBT3477 human breast cancer xenografts. (A) Blood
clearance of 111In-ChL6 bioprobes (d) was more rapid than that
of 111In-ChL6 mAb alone (s). Whole-body clearances (n, h)
were similar. (B) Concentrations (%ID/g) of 111In-ChL6 bio-
probes in blood, tumor, liver, lung, kidneys, spleen, and marrow
at 1 d ( ), 2 d ( ), 3 d ( ), and 4 d ( ) after injection. Maximum
concentrations in liver and spleen were almost twice and tumor
concentration was about 75% of that previously observed for
111In-ChL6 mAb (16). Concentrations of 111In in other normal
tissues were similar to those of 111In-ChL6 mAb.
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kidney, and marrow (Fig. 3B) were similar to those of 111In-
ChL6 alone as previously reported (16), whereas liver and
spleen concentrations were twice that of 111In-ChL6. Tu-
mor mean concentrations of 111In-ChL6 bioprobes in the
PK study were between 9.7 and 13.7 %ID/g and were
considered to be constant (not significantly different) over
the 5-d study. PK at 48 h after injection in 6 mice studied in
parallel with the Rx study demonstrated mean tumor
concentrations of 14 6 2 %ID/g.

Toxicity

All treated mice demonstrated no particle-related toxicity
and no toxicity for the Rx with the exception of mice in
group 5 (Table 1). Groups 1–4 had blood counts, weights,
and appearances similar to those of untreated mice, and
temperature data from these groups suggested that toxicity
should not be expected (Table 2).

Group 5 mice treated with 1,300 Oe (104 kA/m) at 60%
duty and 120-s pulse ‘‘on’’ time had 6 deaths within 24 h of
AMF. This group of mice received AMF with the longest
pulse time in the study. Mean rectal (43.0�C 6 0.4�C), skin
(45.6�C 6 0.4�C), and spinal (44.4�C 6 0.4�C) tempera-
tures were the highest of all groups of mice, suggesting that
nonspecific heating from eddy current production resulted
in the observed toxicity as described in a previous study
with nontumor mice and no bioprobes (17). The 4 surviving
mice in this group demonstrated acute skin changes
manifested by denuded and erythematous area and did
not represent an adequate number of surviving mice for
inclusion in the tumor response analysis.

Tumor Response

Tumor growth delay as the indicator of response was
used to compare treated and control mice, as described
(Table 3; Fig. 4). There was a significant increase in
doubling, tripling, and quadrupling times of tumors in
treated groups of mice compared with the nontreated
control group and with the combined control group of mice
except for tumors in group 1 that received a substantially
lower THD than the other treated groups.

Table 1 shows the calculated tumor THD from the 20-
min AMF treatment. The THD calculated for 1,410 Oe
(113 kA/m) at 30% duty was 9 J/g, whereas 1,050 Oe (84
kA/m) at 50% and 70% duty gave 13 and 19 J/g, respec-
tively, and 700 Oe (56 kA/m) at 90% duty resulted in 21 J/g
tumor. Tumors receiving 1,050 Oe (84 kA/m) at 50% and
70% duty (THDs of 13 and 19 J) showed no difference in
tumor doubling, tripling, or quadrupling times (Wilcoxon
rank sum P 5 0.8, 0.3, and 0.5, respectively) and were
combined for further analysis. Control tumor growth (no
treatment) was compared with both the bioprobe-only and
the AMF-only tumor growth groups; no significant differ-
ences were observed. The correlation of the calculated total
THD with tumor growth rate was therefore evaluated by
comparing the response of 3 groups with the untreated
controls: THDs of 9 J, 13–19 J, and 21 J. Tumors receiving

13–19 and 21 J showed a measurable and significant tumor
growth delay in response to heat dose (Fig. 4; Table 3).

EM

Two tumors were harvested from mice 48 h after intra-
venous injection of 111In-ChL6 bioprobes (no AMF) and 4

TABLE 3
Wilcoxon Rank Sum Comparisons of Tumor Doubling,

Tripling, and Quadrupling Times for Treatment vs. Control
Groups of Mice

Joules n Mean 6 SD 2-sided P

Doubling times

9 10 10.5 6 3.3 0.12
13–19 19 19.0 6 22.7 0.01

21 9 20.0 6 23.0 0.03

All treated 38 17.0 6 20.0 0.004
Controls 34 11.5 6 16.2 NA

Tripling times

9 10 17.6 6 5.4 0.12

13–19 19 24.6 6 21.1 0.02
21 9 30.2 6 20.2 0.007

All treated 38 24.1 6 18.6 0.004

Controls 34 18.7 6 21.2 NA

Quadrupling times
9 10 28.3 6 19.3 0.11

13–19 19 29.9 6 20.0 0.03

21 9 36.2 6 18.8 0.005

All treated 38 31.0 6 19.7 0.004
Controls 34 22.7 6 20.3 NA

NA 5 not applicable.

FIGURE 4. Relationship of tumor response to bioprobe AMF Rx.
Therapeutic response is reflected by increased time to double,
triple, and quadruple tumor volume in mice receiving higher THDs
(J). A statistical relationship between response and THD was
demonstrated for tumors receiving 13–19 and 21 J/g compared
with that of controls (Table 3). Tumor growths of AMF alone,
bioprobes alone, and untreated control groups of mice were
statistically indistinguishable, so they were grouped as controls.

442 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 3 • March 2007



tumors were harvested after bioprobes followed by AMF (2
each at 24 and 48 h, respectively). The calculated THD
delivered to the AMF-treated tumors was 18 J/g. PK tumors
showed easily detectable bioprobes on the tumor cells (data
not shown) and a healthy appearance of the cells (Fig. 5A).
Tumors taken after treatment demonstrated many patchy
areas of tumor cell necrosis. There was marked evidence of
progressive tumor cell necrosis between 24 h (Fig. 5B) and
48 h (Fig. 5C) after AMF.

DISCUSSION

Thermal ablation has been considered as a therapeutic
modality for cancer (3,4). The inability to safely induce a
therapeutic response because of difficulties in inducing
selective tumor heating and facilitating heat dose have
limited its widespread use in clinical Rx. The approach for
cancer thermal ablation presented here combines tumor cell
immunotargeted magnetic nanoparticles and cytotoxic heat
from their response to externally applied AMF. The use of
radiolabeled bioprobes facilitated quantitation of tumor
concentrations of bioprobes and the calculation of tumor
heat dosimetry that correlated with observed tumor growth
delay in xenografts.

This study demonstrates that bioprobes can be produced
with 111In-ChL6 linked to 20-nm iron dextran nanoparticles
that target human breast cancer xenografts in mice. Com-
pared with published information for various nanoparticles

(23,24), these 111In-ChL6 bioprobes remained in the circu-
lation sufficiently long, albeit shorter than 111In-ChL6 mAb
(16), to allow significant tumor accumulation. The presence
of the bioprobes in the tumor xenografts was confirmed by
quantitation of tumor radiotracer in the PK study and by
EM demonstration of iron nanoparticles in the tumors.

The potential of this Rx was demonstrated in an aggres-
sive human breast cancer xenograft model. Treated tumors,
having bioprobes activated by AMF, demonstrated tumor
growth rate delay; this tumor response correlated with the
calculated heat dose delivered. Tumor growth rates for mice
receiving external AMF or bioprobes alone were not
statistically different from those of the control group of
mice that received neither AMF nor bioprobes.

The lowest AMF amplitude (Oe) and highest duty (‘‘on’’
time) combination—that is, 700 Oe (56 kA/m) and 90%
duty—that was tested delivered safely the highest calcu-
lated THD and was associated with the greatest therapeutic
effect on the tumors. Particle heat output, or SAR, is a
function of AMF field amplitude (Table 1). However, high
amplitudes at this frequency also deposit more nonspecific
heat to normal tissues from increased eddy current produc-
tion (Table 2) (17). To prevent overheating in normal
tissues, the duty must be reduced at these higher ampli-
tudes, providing greater ‘‘off’’ time between pulses for heat
to dissipate. By contrast, lower-amplitude AMF can be
sustained with little ‘‘off’’ time without compromising
safety as the nonspecific heat that is generated in normal
tissue does not challenge normal mechanisms that dissipate
heat. Consequently, the THD to the tumor can be safety
enhanced because the particles generate heat for a greater
percentage of the total treatment time despite the decreased
SAR. The result is a greater net heat deposited to the tumor
and less heat deposited to surrounding tissues. Further
study of heat dosimetry and the effect of further reduction
of AMF amplitude while maintaining THD is warranted
(Table 2).

Tumor responses of the study groups evidenced heat
dose dependence and thermal dosimetry relevance to
THD, a conceptual parallel to radiation dosimetry. Quan-
titative imaging studies may provide a prescription-based
approach for this AMF therapeutic modality. Nanopar-
ticles have recently been developed with 5–10 times the
heat response to AMF compared with the bioprobes that
were used in this study. Thus, predictive dosimetry de-
rived from their bioprobe PK and tumor uptake may offer
further insights into the success of clinical translation of
this modality. Furthermore, thermal Rx could be combined
with radioisotope Rx using a different radionuclide for
labeled nanoparticles or in series with external beam
radiation Rx.

It is noteworthy that the tumor response, when detectable
on EM, was cell death by necrosis that progressed with
time after treatment. Surprisingly, although apoptotic
changes in dying cells are quite well recognized by EM,
almost no tumor cells were seen undergoing apoptosis in

FIGURE 5. Electron micro-
graphs of ultrathin osmium
tet rox ide–fixed epoxy-
embedded HBT3477 xeno-
grafts that had been excised
from mice at time of sacri-
fice: (A) 48 h after bioprobes,
no AMF; (B) 24 h after AMF
Rx (18 J/g); and (C) 48 h after
AMF Rx (18 J/g). Healthy cells
(A) contrast with evidence
for cell necrosis at 24 h after
AMF Rx (B) and further evi-
dence for necrosis 48 h after
AMF Rx (C).
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these treated tumors. Nonhomogeneity of the effect was
evident and most likely related to inhomogeneous delivery
of the bioprobes, similar to the situation in radioimmuno-
therapy. Improvement in the homogeneity of bioprobe
distribution in tumor tissue may be achieved by fraction-
ation of the ID (25); the effects of multiple doses on
homogeneity of bioprobes in tumor could be demonstrated
by future studies using autoradiography of serial tumor
samples. Such an approach to Rx is practical because of the
stability of bioprobe concentrations in tumor over time
before AMF application.

CONCLUSION

This study suggests that a modality for delivering
thermoablation to cancer cells is feasible. Tumor response
with evidence of heat dose dependence was achieved
without toxicity. Tumor concentrations of systemically
injected 111In-bioprobes and the resulting calculated heat
dosimetry for AMF application levels were predictive of
tumor response. This thermal dosimetry system represents a
concept analogous to that of radiation dosimetry for radio-
therapy. As in radioimmunotherapy, this approach may
assist in the safe and effective development of this new
thermal modality. Significant results include successful
bioprobe formulation resulting in effective tumor targeting;
tumor responses without normal tissue toxicity that were
statistically validated; calculated tumor heat dose correlated
with response; and calculated heat dose to tumor versus
normal tissue from AMF pulse, permitting increased THD
without toxicity.
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