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Background. Radiolabeled anti-myosin imaging is well-established for imaging doxoru-
bicin-induced cardiotoxicity. However, to enable imaging of drug-induced cardiotoxicity in
small experimental animals, pretargeting with bispecific anti-myosin-anti-DTPA-Fab-Fab’ and
targeting with high-specific radioactivity Tc-99m-DTPA-succinylated-polylysine (DSPL) was
developed.

Methods. Mice were injected biweekly with 10 mg/kg Dox or its equivalent as D-Dox-
PGA. Tc-99m-DSPL myocardial activity after pretargeting with bsAb-Fab-Fab’ was deter-
mined after gamma imaging performed at day 7 for Dox-treated mice and day 39 for all
others.

Results. Mice treated with 10 mg/kg Dox lost 10% total body weight in 1 week and 20%
after a second dose. Pretargeted mice treated with 30 mg/kg cumulative D-Dox-PGA dose
showed no loss of body weight for the duration of the study. Cardiotoxicity was confirmed by
gamma imaging and scintillation counting (1.9 ± 0.25 [mean% ID/g ± SD]) after 1 dose of
Dox. Mice injected with 3 3 10 mg/kg Dox equivalent as D-Dox-PGA (0.4 ± 0.04, P < .01) and
untreated 2 control groups (0.20 ± 0.05 and 0.19 ± 0.04, P < .01) showed significantly lower
myocardial anti-myosin radioactivity relative to the 10 mg/kg Dox group.

Conclusion. Pretargeting with bsAb-Fab-Fab’ and targeting with Tc-99m labeled high-
specific activity polymers enabled early visualization of doxorubicin induce cardiotoxicity in
mice. Tolerated dose of D-Dox-PGA was greater than to 30 mg/kg Dox-equivalent dose with
minimal cardiotoxicity. (J Nucl Cardiol 2019;26:1327–44.)
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Abbreviations
Dox Doxorubicin

DTPA Diethylene triamine penta acetic acid

PGA Polyglutamic acid

DSPL DTPA-modified succinylated

polylysine

D-Dox DTPA and doxorubicin-conjugated

FITC Fluorescein isothiocyanate

MTD Maximum tolerated dose

MAb Monoclonal antibody

bsAb Bispecific antibody

TNBS Trinitrobenzene sulfonic acid

INTRODUCTION

Anthracycline-induced cardiotoxicity is the major

limitation of Dox for cancer therapy1–5 possibly due to

generation of reactive oxygen species.6,7 Dexrazoxane, an

iron chelator, ameliorated anthracycline-induced car-

diotoxicity.8,9 Topoisomerase 2b inhibition is also a

mediator of anthracycline-induced cardiotoxicity.10 How-

ever, detectionof inhibitionofTopoisomerase2b cannot be
used as a non-invasive method for diagnosis of impending

cardiotoxicity. The gold standard for diagnosis of anthra-

cycline-induced cardiotoxicity is endomyocardial

biopsy11; however, it is not used routinely due to its

invasiveness.12 Non-invasive diagnostic methods such as

equilibrium radionuclide angiocardiography, echocardio-

graphy, and magnetic resonance imaging can assess left

ventricular function and pathology,13 cardiac dysfunc-

tion,14 or non-specific events, such as edema,

inflammation, and fibrosis. Imaging of apoptosis in car-

diomyopathy has also beenused in experimental animals.15

Anti-myosin labeled with In-111 is a highly effi-

cient non-invasive method for imaging Dox-induced

cardiotoxicity16–18 and other cardiomyopathies.19 How-

ever, due to the diffused nature of the disease and low

radiotracer accumulation, heart to lung ratios were

needed for quantitation,20 and most importantly, the un-

availability of anti-myosin for clinical use21 and the

limitation on the ability to detect cardiotoxicity early

justifies development of a new Tc-99m-based bispecific

anti-myosin imaging approach utilizing the high speci-

ficity of anti-myosin and high-specific radioactivity

radiolabeled polymers that can provide diagnostic

images early after radiotracer administration, especially

for small animal experimental studies.

Conjugation of chemotherapeutic drugs to polymers

reduced non-target toxicity while increasing drug load-

ing capacity and hydrophilicity of hydrophobic

drugs.22,23 The aim of our study is to demonstrate that

pretargeting with bsAb-Fab-Fab’ and targeting with Tc-

99m-labeled DSPL can provide early diagnostic images

of Dox-induced cardiotoxicity and attenuation of car-

diotoxicity when D-Dox-PGA is substituted for Dox.

MATERIALS AND METHODS

Animals Male Balb/C mice (20-22 g) were used in our

studies in accordance with the protocol # 11-0924R approved

by the Institutional Animal Care and Use Committee of

Northeastern University conforming to the NIH guidelines.

Cell lines Anti-DTPA-2C31E11C7 murine hybridoma (a

subclone of 6C31H3),24,25 anti-Myosin 2G42D7 murine

hybridoma,26 and rat embryonic cardiocyte H9c2 (ATCC)

were grown in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% Fetal clone, penicillin, streptomycin,

and Amphotericin (2.5 lg/mL) at 37 �C in 5% CO2.
24

DTPA-Succinyl Fluorescein Polylysine
Polymers (DS-F-PL)

Diethylene triamine penta acetic acid (DTPA, Sigma) was

covalently conjugated to polylysine as described previ-

ously24,25 with slight modification for labeling with

Fluorescein Isothiocyanate (FITC) (Sigma Aldrich) (Supple-

mental Material). Modification of lysine residues with DTPA

as well as FITC was assessed by the tri nitro benzene sulfonic

acid (TNBS) assay.27 FITC was conjugated to DTPA-poly-

lysine and subsequent succinylation24 are described in the

Supplemental Material.

In Vitro Cell-Based Fluorescence Ligand
Binding Assay

Epifluorescent microscopy was performed on Dox-treated

H9c2 embryonic cardiocytes. H9c2 cells were seeded on micro-

scope slides (Lab-TekTM Chamber Slides) at 40,000 cells per

chamber and the cells were allowed to grow until 80% confluent.

Cells were treated with 10 lMDox for 24 hours at 37 �C. Then,
they were incubated with 1 lg/mL bsAb, 1 lg/mL FITC-labeled

anti-myosin antibody or 1 lg/mL anti-myosin antibody for

1 hour. The cells were washed with cold 0.1 M PBS (39) and

those treated with bsAb were further incubated with DS-F-PL for

1 hour at 37�C. Cells treated with anti-myosin antibody were

treated with FITC-labeled goat anti-mouse IgG antibody. After

washing (39), the cells were applied to microscope slides and

cover slips were mounted using Fluoromount-G. The cells were

examined with an epifluorescent microscope (Olympus DP70

and X-cite 120 Fluorescence 23 illumination system) using

34 ms exposure time to obtain digital micrographs. The images

were processed using ImageJ software by NIH. Computerized

planimetry was performed to determine the fluorescent intensity

of each cell and the data presented as mean pixel intensity. The

regions without cells were also computer planimetered to

determine the background pixel intensity for normalization.

See related editorial, pp. 1345–1347
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Antibodies

2G42D7 and 2C3E11C7 monoclonal antibodies (MAb)

were purified from the ascitic fluid of mice immunized with 1.5

9 106 hybridomas of each cell line.24,26 MAb were purified by

Protein-G affinity chromatography and the purity was assessed

by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE).28 The immunoreactivity of pure MAb was

assessed by ELISAs.25

Bispecific Anti-DTPA-Anti-myosin Antibody
and Bispecific Anti-myosin-Anti-DTPA Fab-
Fab’ Antibody

bsAb were prepared as previously published25 (Supple-

mental Material).

Anti-DTPA-Fab’ was prepared by digestion of anti-DTPA

MAb with immobilized pepsin-beads per instruction of the

manufacturer (Pierce) and purification of F(ab’)2 fragments are

described in the Supplemental material. Anti-DTPA F(ab’)2
was reduced with 10 mM dithiothreitol to generate Fab’

fragments.29,30 MAb anti-Myosin (2G42D7) Fab fragments

were prepared by enzymatic digestion of intact monoclonal

antibody with immobilized papain beads (Pierce)26,28 (Sup-

plemental Material).

Fab’ of anti-DTPA antibody and the Fab of anti-myosin

antibody were used to prepare the bsAb-Fab-Fab’ complex

(100 kDa) via thioether linkage29,31 (Supplemental Material).

Purification of bsAb from Polymeric
Bispecific and Unconjugated Antibodies

Intact bsAb anti-DTPA-Anti-myosin and bsAb anti-

DTPA-Fab’-anti-myosin Fab were purified from free antibod-

ies or fragments by HPLC size exclusion chromatography

using a Zorbax GF-250 column (9.4 9 250 mm) (Agilent

Technologies, separation range 10,000 to 400,000 Da) as

previously reported29,31 (Supplemental Material).

Immunoreactivity of the Intact bsAb and
bsAb-Fab’-Fab

Enzyme-linked Immunosorbent assays. Im-

munoreactivities of the purified antibodies were assessed by

standard ELISAs for anti-DTPA and anti-myosin antibodies as

reported.26

ELISA for bispecific antibodies. Aliquots of

100 lL/well of Dog Heart Myosin (10 lg/mL) were loaded on

96-well micro-titer plates (BD Biosciences) and intact bsAb

activity was assessed as previously described.29,31 Data were

analysed by GEN 5.0 software (Biotek Instruments Inc.).

Bispecific ELISA was performed as above to evaluate the

immunoreactivities of bsAb-Fab-Fab’. DTPA-BSA and Dog

Heart Myosin (DHM) were used as antigens to assess the

immunoreactivities of anti-DTPA Fab’ and anti-Myosin Fab,

respectively.29,31,32

Preparation of Tc-99m-Labeled DSPL
(14.6 kDa)

Diethylene triamine pentaacetic acid modified polylysine

that was subsequently succinylated (DSPL) to render the

nanopolymers negatively charged was prepared as previously

described by Khaw et al.24,31 The Zeta potential of DSPL was

assessed using a Zeta Potential Analyzer; the Zeta Plus,

(Brookhaven Instruments Corporation, Holtsville, NY).

Radiolabeling of DSPL was also as reported previ-

ously.24,25,29,31 The radioactivity of each fraction was

assessed using a dosimeter (Capentec Dose Calibrator).28,31

Preparation of D-Dox-PGA

Preparation of D-Dox-PGA was as previously pub-

lished31–33 (Supplemental Material).

Concentration of Dox in D-DOX-PGA was also assessed

from 490 nm OD reading.31–34 Presence of DTPA in D-Dox-

PGA was demonstrated by ELISA.31–33

Determination of IC50 of Dox and D-Dox-
PGA

Inhibitory concentration at 50% of cell viability (IC50) in

Dox and D-Dox-PGA was determined in embryonic H9c2

cardiocytes as previously reported33 at concentrations of 1, 2.5,

5, 10, 20, and 30 lg/mL of each drug. Formulae of correlation

of cell viability to the drug concentrations were obtained by

using the best fit curve program in Excel. The drug concen-

trations at 50% cell viability (IC50) were determined using

these formulae.

In Vivo Animal Study Protocol

Balb/C mice (6-8 weeks old) (Charles River Laboratories,

Wilmington, MA) were used in this study. All animals were

given in food and water ad libitum.

Dox-Induced Cardiomyopathy in Balb/C
Mice

Dox (10 mg/kg) or equivalent D-Dox-PGA was injected

intravenously into Balb/c mice (n = 5 each group) biweekly or

until the animal succumbed or day 39 was reached. Saline-

injected mice and untreated mice were used as controls

(n = 5). The schematic of the in vivo experimental protocol is

shown in Figure 1A. The animals in the Dox treatment group

that received two maximum tolerated doses (MTDs), died by

day 20. Therefore, for in vivo and ex vivo comparison of

cardiotoxicity induced by Dox to D-Dox-PGA, another group

of mice (n = 5) was administered only 1 (10 mg/kg) MTD of

Dox intravenously. In vivo imaging at day 8 was undertaken

and compared with mice injected with 3 9 10 mg/kg MTD of

D-Dox-PGA (equivalent to 4 9 mean maximal tolerated dose

of 7.5 mg/kg Dox) at day 39. All surviving mice were weighed

daily for the duration of the study.
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In vivo imaging protocol. An aliquot of 10 lg of

bsAb-Fab-Fab’ was injected intravenously into each Balb/C

mice (n = 4 or 5 mice per group). After approximately

18 hours, 37 MBq of Tc-99m DSPL was injected intra-

venously. Posteroanterior c-images were acquired using a

high resolution small animal gamma camera which was

provided by the Jefferson National Accelerator Facility35 as

previously reported.29,31 During each imaging session, a piece

of filter paper (1 cm sq.) with 1.85 MBq radioactivity at the

initiation of the imaging studies was included in the field of

view as a standard. Image acquisition for planar gamma

images was for 300 seconds at each time point (1 9 106 to

6 9 105 total counts). At 24 hours, a 30-minute acquisition

time was employed to obtain at least 10,000 counts.31 c-images

collected at 15 minutes, 3 and 24 hours were compared. Each

control group received either bsAb-Fab-Fab’ and Tc-99m

DSPL, or just Tc-99m DSPL. Two mice from each group were

randomly chosen and imaged, whereas all mice were injected

with bsAb-Fab-Fab’ and Tc-99m-DSPL including the placebo

saline-injected group (n = 5) or just Tc-99m-DSPL in

untreated (not handeled) group (n = 4) for biodistribution

study. The daily body weight was not determined in the group

of mice that were not handeled, whereas total body weight was

measured in all other mice. The animals in the Dox treatment

group were imaged at day 8, whereas animals receiving D-

Dox-PGA and controls were imaged at day 39.

Biodistribution studies. After c-imaging, all

mice were sacrificed with intra-peritoneal over dose of

ketamine (100 mg/kg) and xylazine (10 mg/kg). The heart,

lung, liver, blood, kidney, spleen, stomach, intestine, muscle,

salivary glands, and the injection site from each mouse were

harvested and biodistribution was performed. All organs were

weighed and radioactivity was assessed using a gamma

scintillation counter (Compugamma model 1282—LKB

Instruments, Inc.). Aliquots of 5 lL (1/10 the injected dose)

of radiolabelled polymers were included for calculation of the

total injected dose and tissue activity was presented as percent

injected dose per gram (ID/gm). Radioisotope decay correction

was applied to all sample counts.28,32

Histology. All hearts were collected after scintillation

counting and were stored in OCT embedding medium at –

80 �C until processed. Ten micron sections of the frozen hearts

were prepared using a Micron HM550 cryotome at – 20 �C as

previously described.32 The cryosections were then fixed on

microscope slides and were examined for Dox fluorescence by

epifluorescence microscopy.31

Statistical Analysis

Student’s t test at 95% interval was used to assess

statistical significance. A P value of B .05 was considered as

statistically significant. One-way ANOVA was used to com-

pare all myocardial Tc-99m activities pretargeted with

bispecific anti-myosin-anti-DTPA antibodies or without pre-

targeting in 1 control group.

RESULTS

Anti-myosin and anti-DTPA MAb were assessed by

SDS-PAGE to be greater than 90% pure (Figure 1B).

F(ab’)2 and Fab were also demonstrated to be greater

than 90% pure (Figure 1C).

The zeta potential of DSPL was determined to be

- 17.07 ± 2.59 and that of D-Dox-PGA was -

21.57 ± 2.15. Both polymers had similar starting molec-

ular weights of approximately 14.6 and 13.3 kDa and

possess highly negatively charged zeta potentials.31

Figure 2A shows the HPLC elution profile of intact

bsAb (top panel) and the corresponding bsAb activity

(bottom panel). The right-most peak of the monomeric

antibody shows no bsAb activity, whereas the middle

and the left-most peaks showed bsAb activity. The

corresponding SDS-PAGE of each fraction showed that

fractions 15, 15.5, and 16 contained only dimeric bsAb,

whereas fractions 12 to 14.5 contained mainly polymeric

forms of the bsAb (Figure 2B).

Figure 3A shows the HPLC elution profile of the

reaction mixture of bsAb-Fab-Fab’ (top panel), the bsAb

activity by ELISA of the corresponding fractions (bot-

tom panel) and the SDS-PAGE of different HPLC

fractions (Figure 3B). Only fraction 17.5 showed a peak

with bsAb activity (Figure 3A, bottom panel) and the

SDS-PAGE confirmed the presence of the dimeric

bsAb-Fab-Fab’ species with an approximate molecular

weight of 100 kDa. This fraction was used subsequently

for in vivo imaging studies.

Figure 4 shows the Sephadex G-25 column elution

profile of D-Dox-PGA (solid circle) relative to that of

free Dox (open circle). D-Dox-PGA eluted in the void

Figure 1. A The schematics of our in vivo experimental
protocol. Total body weights were measured for each animal
for free Dox-injected group, D-Dox-PGA injected, and Saline
control group (n = 5 per group). The free Dox group was
repeated (n = 4) for imaging of anti-myosin uptake after one
10 mg/kg dose of Dox at day 8. For the other two groups, D-
Dox-PGA and Saline control groups, the bsAb was injected on
the 38th day of the study and Tc-99m-DSPL was injected on
the 39th day and gamma scintigraphic images were obtained at
15 minutes, 3 and 24-hour post-Tc-99m-DSPL intravenous
administration. B SDS-PAGE of purified monoclonal anti-
DTAP and anti-myosin antibodies and that of F(ab’)2 of anti-
DTPA (Panel C [B and C]) and anti-myosin Fab [F].

b
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volume, whereas free Dox was eluted near or at the salt

volume. The elution profile also demonstrated that all

Dox used in the conjugation was conjugated to PGA.

Figure 5 shows the IC50 assessment for Dox and D-

Dox-PGA in H9c2 embryonic cardiocytes. IC50 of D-

Dox-PGA was 21.85 lg/mL Dox-equivalent concentra-

tion, whereas that of free Dox was 1.57 lg/mL. The

exact IC50 values were calculated from the formulae of

the two curves (open circles) y = -

0.116x2 ? 5.412x ? 41.787, R2 = 0.99 for Dox and

(closed circles) y = - 0.059x2 ? 3.946x - 8.059,

R2 = 0.97) for D- = Dox-PGA. This resulted in a

reduction of cardiocyte toxicity with D-Dox-PGA by

approximately 14 times.

The ability of bsAb to target myosin in cell cultures

is shown in Figure 6A where H9c2 cardiocytes treated

with 10 lg/mL Dox for 24 hours were fixed to micro-

scope slides and were treated with anti-myosin with

secondary FITC-labeled goat anti-murine IgG antibody

(G), anti-myosin-FITC (J), and bsAb and DS-F-PL (M).

Red fluorescence of Dox is shown in B, E, H, K, and N

and the corresponding phase contrast micrographs are

shown in C, F, I, L, and O, respectively. The controls

consisted of cell alone (A, B, and C) and those treated

with DS-F-PL without pretargeting with bsAb (D, E, and

F). The highest fluorescent intensity was obtained when

treated cells were pretargeted with bsAb and targeted

with DS-F-PL (Figure 6B).

Figure 7A shows the diagrammatic representation

of the experiment protocol and a set of representative

images obtained at 3 and 24-hour post-radiotracer

injection and the % ID/g myocardial activity in three

groups of mice. Figure 7B shows the whole-body serial

planar gamma images of mice treated with Dox at

10 mg/kg MTD at day 8, D-Dox-PGA at 10 mg/kg 9 3

doses, saline-injected control mice, pretargeted with

bsAb-Fab-Fab’ and targeted with Tc-99m-DSPL, and

un-handeled control mice injected with Tc-99m-DSPL

alone at day 39, after 15 minutes (left panels), 3 hours

(middle panels), and 24 hours (right panels) post-

administration of the radiotracer. Only the mouse treated

with 1 dose of Dox showed myocardial activity at 3 and

24 hours (top middle and right panels). No myocardial

activity was seen in the D-Dox-PGA-treated mouse at

3 9 10 mg/kg cumulative Dox-equivalent dose or in the

control mice.

Figure 8A and B shows the 24 hours whole-body

posteroanterior c images of two sets of control mice

(panels a and b), compared to D-Dox-PGA-treated mice

(panels c) and Dox-treated mice (panels d). No myocar-

dial activity was seen in the control animals. Both Dox-

treated mice showed myocardial activity (Figure 8A and

B, panels d). The image of the mouse in Figure 8A,

panel d showed extensive myocardial activity. The

second mouse (Figure 8B, panel d) showed less myocar-

dial activity. Only 1 mouse treated with 30 mg/kg

cumulative Dox-equivalent dose in the form of D-Dox-

PGA showed minimal myocardial lesion activity indica-

tive of some myocardial toxicity (arrow) (Figure 8A,

panel c). The biodistribution data show (Figure 8C) that

the radiotracer activity in hearts of mice with a single

dose of Dox (10 mg/kg) lead to localization of

1.90 ± 0.04 % ID/g of Tc-99m-DSPL radioactivity,

whereas radiotracer accumulation was statistically sig-

nificantly lower (0.40 ± 0.04, P[ .001) in the hearts of

D-Dox-PGA-treated mice at a cumulative dose of

30 mg/kg at 39 days. The control untreated mice

injected with bsAb-Fab-Fab’ and targeted with Tc-99m

DSPL or Tc-99m DSPL alone showed no myocardial

activity in the gamma images (0.20 ± 0.05 and

0.19 ± 0.04 % ID/g, respectively) were also statistically

significantly lower (P\ .001, one-way ANOVA), but

was not statistically different from the myocardial

activity of mice injected with D-Dox-PGA (P = NS).

Determination of the total body weight of mice for

the duration of the study, treated with Dox, D-Dox-

PGA, and untreated controls are shown in Figure 9. In

mice treated with one 10 mg/kg MTD of Dox, there

was a mean total body weight loss of about 10% in

1 week. In the second group of mice treated with

2 9 10 mg/kg Dox, there was a mean loss of about

20% total body weight. In the group treated with D-

Dox-PGA at 3 9 10 mg/kg Dox cumulative equivalent

MTD, there was no loss of total body weight for the

duration of the study. However, untreated controls

gained weight.

Figure 10A shows the epifluoromicrographs of Dox

fluorescence in the frozen myocardial tissue sections of

Figure 2. A HPLC elution profile of bsAB reaction mixture to
separate bispecific antibody from monomeric antibodies (top
panel) and the bsAb activity of the corresponding fraction of
the elution profile (bottom panel). B SDS-PAGE of the HPLC
chromatographic fractions showing fractions 15-16 containing
bsAb with a molecular weight of 300 kDa. Fraction 17
contained monomeric unconjugated antibodies (^ 150 kDa).

b
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Figure 3. A HPLC elution profile of IgG and Fab and the reaction mixture of Fab’-Fab bispecific
antibody preparation (top panel). The corresponding bispecific activity of the fractions show that
the highest bispecific antibody activity corresponded to fraction 17.5 (bottom panel). B The
corresponding SDS-PAGE of the fractions demonstrating that fraction 17.5 contained homogenous
bsAb without free monomeric Fab or polymeric bsAbs.
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the groups described in the imaging and biodistribution

studies. In this comparison, only one control group

injected with bsAb-Fab-Fab’ and Tc-99m DSPL was

included since no Dox was administered to either of the

control groups. Quantitative assessment of the mean

fluorescent intensities is shown in Figure 10B. Only

Dox-treated hearts showed significantly greater mean

fluorescence intensity than hearts of mice treated with

D-Dox-PGA or untreated controls (P\ .01).

DISCUSSIONS

Our study showed that by using bispecific anti-

myosin antibody complex that can target myosin

specifically and at the same time enable capture of

radiolabeled polymers with very high-specific radioac-

tivity provided a new approach that allowed early

diagnostic imaging of Dox-induced cardiotoxicity in

very small murine hearts. Since the radiolabel is on a

polymer, different radioisotopes may be substituted. In-

111-labeled polymers have been used to image very

small, sub-mm diameter prostate cancer lesion in the

xenografted murine model.29 If the chelator DTPA were

substituted with deferroxamine, positron emitters, such

as Ga-68, may be chelated on the polymers. Our

approach is a versatile approach for in vivo antibody-

targeted imaging. We have also demonstrated that the

radioisotopes may be substituted with chemotherapeutic

agents, such as Dox31 and Paclitaxel.36 Furthermore, the

polymers are amenable for production of theranostic

reagents where the polymers may carry both diagnostic

and therapeutic agents simultaneously.

Dox is an effective and widely utilized anti-tumor

drug for therapy of many types of cancers. Its optimal

clinical use is limited by its cumulative dose-dependent

cardiotoxicity.37,38 Intercalation of DNA, production of

Figure 5. IC50 determination of Dox (open circles, y = - 0.116x2 ? 5.412x ? 41.787, R2 = 0.99) and D-Dox-PGA (closed
circles, y = - 0.059x2 ? 3.946x - 8.059, R2 = 0.97) in H9c2 rat embryonic cardiocytes in culture.

Figure 4. Elution profile of D-Dox-PGA relative to that of
free Dox using a Sephadex G-25 size exclusion column.
Closed circles = D-Dox-PGA, open circle = free Dox.
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reactive oxygen species, inhibition of topoisomerase-

2b,10 extensive DNA damage, and initiation of apoptosis

have been postulated as mechanisms of Dox-induced

cardiotoxicity.38 In a phase III clinical trial, the fre-

quency of cardiotoxicity increased from 5% at a

cumulative dose of 400 mg/m2 to 48% at 700 mg/

m2.38 Five percent of the cases of clinical heart failure

and 5-20% of the cases with left ventricular dysfunction

have been reported after Dox therapy.39 Childhood

cancer survivors who had received cumulative doses of

Dox are eight times more likely to suffer severe

cardiovascular diseases than the general population.40

Therefore, various approaches, such as encapsulation of

Dox, have been developed to reduce cardiotoxicity.

Doxil and Myocet are 2 liposomal formulations. Encap-

sulated Dox maintained comparable anti-tumor

properties, but both formulations have severe non-

cardiac side effects, such as hand and foot syndrome,41

follicular rashes, hyper-pigmentation, intertrigo-like

eruption, and myelosuppression.42,43 An FDA approved

cardioprotective agent, dexrazoxane, an EDTA deriva-

tive that chelates iron, is used to reduce Dox

cardiotoxicity12 in extended treatment of metastatic

breast cancer in women.44 However, dexrazoxane also

decreases the anti-tumor potency of Dox.45,46 Similarly,

Dox congeners have been employed to reduce car-

diotoxicity. Nevertheless, hematological toxicity still

remains.47

Although many novel Dox formulations have been

tested in large clinical trials, many have failed to provide

adequate comparable therapeutic efficacy and eliminate

non-cardiotoxic effects. Therefore, there is still a need to

develop novel and effective formulations of Dox which

will not only have less non-target toxicity but also

superior therapeutic potential. Also non-invasive or

minimally invasive molecular imaging methods to

assess cardiotoxicities associated with chemotherapy

would be highly beneficial to cancer patients.

Anti-myosin antibody radiolabeled directly had

been widely employed for diagnosis of various car-

diomyopathies.16–20,48 In-111-labeled anti-myosin was

reported to be able to differentiate between doxorubicin

and butylated hydroxyanisole protected doxorubicin-

induced cardiotoxicities in a rat model.49 However, this

difference was assessable only by ex vivo scintillation

counting of the hearts. Anti-myosin uptake ratio of

1.32:1 between rats treated with 10 mg/kg Dox and rats

co-treated with 10 mg/kg Dox and 10 mg/kg butylated

hydroxyanisole was significantly different (P\ .05).

Myocardial In-111 anti-myosin activity in untreated

control rat hearts was 0.115 ± 0.013 % ID/g and in

30 mg/kg Dox-treated rat hearts was 0.203 ± 0.034

(3.74 Bq). In the current study, myocardial anti-myosin

radioactivity of mice treated with 10 mg/kg Dox dose

was approximately 0.703 MBq which is about 188 time

more radioactivity per gram of the myocardium. Hiroe

and co-workers also reported the ability to detect

doxorubicin-induced cardiotoxicity in rats by In-111

anti-myosin localization. They obtained a higher ratio of

3.9 for the left ventricular activities between Dox treated

and untreated control hearts.50 Nevertheless, no in vivo

images were provided. The macro- and micro-autora-

diographs showed unequivocal anti-myosin localization

in doxorubicin-induced cardiotoxic rat hearts. More

recently, Su and co-workers were able to show by

in vivo imaging using a PET tracer 18F-CP18, a

caspase-3 substrate, the difference between Dox-induced

cardiotoxicity and vehicle-treated mice.51 The ratio from

the microPET data was only 1.78:1 and that from

autoradiography was 2.5:1. Hot spot localization of the

18F-CP18 in the 12-week treatment mouse was visible

but there also appears to be substantial left ventricular

blood activity in the region of the myocardium. No

corresponding images of control mice were given. In our

study, the ratio between Dox cardiotoxic- to normal-

myocardium was 9.5:1 (Figure 8B). Therefore, at an

ex vivo ratio of about 10:1 and an absolute radioactivity

of about 0.703 MBq/g of the myocardium, in vivo

imaging was readily obtained. Van Decker wrote in an

article, ‘‘Imaging and chemotherapy cardiotoxicity: a

long-playing story still seeking precision and improved

outcome/management data,’’ pointing out the need for

more precise and prognostic methods that may permit

more effective intervention than assessment of the left

ventricular function.52 Positive anti-myosin localization

has been reported to occur earlier than diagnosis of Dox

Figure 6. A Epifluoromicrograph showing targeting of H9c2
cardiocytes that had been treated with 10 mg/mL Dox for
24 hours, fixed to microscopic slides then treated with anti-
myosin with secondary FITC-labeled goat anti-murine IgG
antibody (G), anti-myosin FITC (J), and bispecific anti-DTPA-
Anti-myosin antibody and DS-F-PL (M). Red fluorescence of
Dox in the corresponding slides are shown in B, E, H, K, and N
and the corresponding phase contrast micrographs in C, F, I, L,
and O, respectively. The controls consist of cell alone (A, B,
and C) and those treated with DS-F-PL without pretargeting
with bsAb (D, E and F). B Computer planimetered fluorescent
intensities of fluorescein of Dox-treated H9c2 cells as
described in (A) stained with serial dilutions of bsAb (and
DS-F-PL) or FITC-labeled anti-myosin antibody.

b
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cardiotoxicity by conventional evidence.17,53 Anti-myo-

sin localization has been reported to occur earlier than

significant deterioration of the LVEF.54 However, In-

111 anti-myosin is no longer available for clinical use.21

Therefore, a Tc-99m version for myocardial imaging

with anti-myosin would be highly desirable especially if

this approach is as specific and more sensitive than In-

111 anti-myosin Fab, and is also amenable to radiola-

beling with PET radioisotopes such as Ga-68.

Our study reports a potential approach for improv-

ing diagnostic imaging of Dox-induced cardiotoxicity by

the pretargeting and targeting approach. Two types of

bsAb complexes were prepared for this study. A 300-

kDa bsAb was used for proof of concept in vitro studies.

A 100-kDa bsAb combining anti-DTPA-Fab’ to anti-

myosin Fab was prepared for in vivo imaging studies.

The smaller bsAb unit allows blood clearance similar to

that of F(ab’)2. We have used the overnight wait time of

about 18 hours before administration of the radiolabeled

polymers. Visualization of Dox-induced cardiotoxicity

was feasible by 3-hour post-radiotracer injection (Fig-

ure 8). Myocardial radiotracer localization was

confirmed by the follow-up 24-hour image of the same

animal and by c-scintillation counting of the excised

heart. There was minimal or no myocardial activity in

the D-Dox-PGA-treated mouse hearts and in the 2

control group hearts. The 24-hour images shown in

Figure 9 reconfirm that this imaging approach can

differentiate minimal myocardial injury between Dox,

D-Dox-PGA, and non-Dox-treated controls in small

murine hearts in vivo.

The limitation of the current report is that no

immuno-histochemical studies of the myocardial tissues

were performed to demonstrate localization of the bsAb.

Nevertheless, epifluoromicrographs of the frozen heart

sections treated with free Dox confirmed localization of

Dox in the myocardium, whereas D-Dox-PGA had only

background fluorescence (Figure 10A, B). Since anti-

myosin has been amply reported to be highly specific

and avid for targeting of irreversible myocardial injury,

we did not repeat the immuno-histochemical demon-

stration with anti-myosin Fab, albeit in the bsAb format.

The current imaging studies also demonstrated that

Dox cardiotoxicity may be reduced by conjugation of

Dox to nanopolymers, such as PGA. Mean myocardial

activity of D-Dox-PGA-treated mice (0.4 ± 0.04 % ID/

g) was only 2 times that of the background activity of

the controls (0.20 ± 0.04). Relative to uptake in the

hearts treated with a single dose of free Dox

(1.90 ± 0.25), D-Dox-PGA-treated hearts at 4 times

the mean MDT had almost 5 times less myocardial

injury. Our study did not achieve in determining the IC50

Figure 7. A Diagrammatic representation of the protocol used
for gamma imaging of experimental mice (top panel) with
representative close-up 3 and 24 hours images and the mean
myocardial activity in % ID/g. B Shows whole-body antero-
posterior serial gamma images of mice treated with 10 mg/kg
free Dox at 15 minutes, 3 and 24 hours, (left, middle, and right
panels, respectively) and 30 mg/kg cumulative Dox equivalent
as D-Dox-PGA and untreated controls imaged after pretarget-
ing with bsAb and targeting with Tc-99m DSPL, and control
mice imaged with only Tc-99m DSPL (bottom panel).
Ht, heart; STD, standard radioactivity on filter paper.

b
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of D-Dox-PGA in vivo due to our experimental protocol

restrictions. Therefore, determination of IC50 of D-Dox-

PGA in vivo must await additional investigation.

CONCLUSIONS

Small experimental myocardial lesions induced by

Dox cardiotoxicity may be visualized by planar gamma

imaged in vivo as early as 3-hour post-administration of

Tc-99m-labeled polymers in the murine model. This

approach may also be used to assess reduction of Dox-

induced cardiotoxicity using D-Dox-PGA. Combined

with our previous report of therapeutic equivalency

between free Dox and D-Dox-PGA-targeted to HER-2

positive breast cancer with bispecific anti-HER-2 affi-

body-anti-DTPA Fab complexes,31 and the current

demonstration of reduction of cardiotoxicity with D-

Dox-PGA, therapeutic efficacy may be enhanced using

targeted PDC. Concurrent in vivo assessment of car-

diotoxicity during chemotherapy with bsAb pretargeting

Figure 8. A, B Two sets of posteroanterior gamma images of
mice at 24 hours after radiotracer administration. a. Top and
bottom (left) panels represent untreated control mice injected
with Tc-99m DSPL alone. b. Top and bottom panels represent
untreated control mice pretargeted with bsAb and targeting
with Tc-99m DSPL. c. Top and bottom panels are images of
mice injected with 30 mg/kg Dox-equivalent D-Dox-PGA at
39 days of the study after pretargeting with bsAb and targeting
with Tc-99m DSPL. d. Top and bottom panels are images of
mice injected with a single 10 mg/kg dose of Dox at 8 days
post-Dox administration that are pretargeted with bsAb and
targeted with Tc-99m DSPL. Ht, heart; STD, standards. C
Biodistribution data after imaging of all mice at 24 hours.
Solid bars = Dox treatment, hatch lines slanting down to the
right = D-Dox-PGA treatment, horizontal hatch lines = un-
treated saline controls injected with bsAb and Tc-99m DSPL
and hatch lines slanting down to the left = untreated controls
injected with Tc-99m DSPL. Bispecific anti-myosin-anti-
DTPA antibody -localized Tc-99m radioactivity is statistically
significantly higher in the hearts of mice treated with one dose
of Dox relative to three doses of Dox equivalent in D-Dox-
PGA and in the two control groups (P\ .001), whereas no
significant differences were observed in the last three groups.
(One-way ANOVA comparison).

b

Figure 9. Relationship between fraction of the initial total body weight (Y-axis) and days from
initiation of study (X-axis) in mice treated with 2 9 10 mg/kg free Dox (closed circles, y = - 3E-
06x4 ? 8E-05x3 ? 0.0002x2 - 0.0205x ? 1.026, R2 = 0.9954), 1 9 10 mg/kg free Dox (gray
circles, y = 7E-10 9 6 - 7E-08x5 ? 2E-06x4 - 3E-05x3 ? 3E-05x2 ? 0.006x ? 0.991,
R2 = 0.9979), D-Dox-PGA after 3 9 10 mg/kg Dox equivalent (open circles, y = 2E-09x6 -
2E-07x5 ? 1E-05x4 - 0.0003x3 ? 0.0029x2 - 0.0123x ? 1.0116, R2 = 0.6076) and untreated
saline controls (gray triangles, y = - 5E-05x4 ? 0.0007x3 - 0.0041x2 - 0.0032x ? 1.0069,
R2 = 0.9993). Arrows denote day of injection of 10 mg/kg Dox or Dox equivalent.
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Figure 10. A Red (Dox) epifluorescent and phase contrast micrographs of frozen myocardial tissue
sections of mice (n = 3) injected with Dox (a), D-Dox-PGA (b), and untreated control (c).
Magnification = 409. B Mean fluorescent intensity of Dox fluorescence of tissues samples
described in (A).

1342 Panwar et al. Journal of Nuclear Cardiology�
Immunoscintigraphic imaging of cardiotoxicity July/August 2019



and targeting with radiolabeled polymers may provide

an enhanced companion-diagnostic modality.
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