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We developed a controllable image-guided therapy system as 

a powerful tool for diagnostic and therapeutic applications. 

The system uses a two-step pretargeting approach that takes 

advantage of the highly selective binding interactions between 

leucine zipper pairs. It consists of the utilization of a tumor 10 

pretargeting probe for diagnosis and, if necessary, a probe for 

therapy. 

 

Drugs, toxins, radioisotopes, and other compounds have been 
conjugated to antibodies and antibody fragments for diagnostic 15 

and therapeutic purposes. The explicit specificity of antibodies 
enables the efficient delivery and accumulation of these 
compounds at tumor sites.1-4 Chemotherapy is a major 
conventional therapeutic approach for the treatment of localized 
and metastasized cancers; however, the difficulty in reaching 20 

therapeutically effective local drug concentrations at the tumor 
site without damaging surrounding healthy tissue has become a 
critical obstacle in cancer therapies using chemotherapeutic 
agents. 

An antibody-drug conjugate (ADC) consists of a highly 25 

potent drug covalently attached via a linker to an antibody 
specific to a tumor surface target antigen. Over the past few years, 
ADCs have emerged as powerful tools in biomedical research, 
diagnoses, and therapies due to their enhanced specificity and 
efficacy in the delivery of cytotoxic drugs. Conventional 30 

conjugation sites between drugs and antibodies typically include 
cysteine and lysine residues. The development of ADCs has been 
challenging because a human IgG comprises a wide distribution 
of surface-accessible lysine residues and four solvent-exposed 
disulfide bonds. After conjugation, a number of heterogeneous 35 

ADC mixtures with differing drug-to-antibody ratios (DARs) and 
different conjugation sites is possible and thus, would affect the 
clinical performance of the ADC.5-8 A high degree of antibody 
modification due to overloading a therapeutic or diagnostic agent 
often results in antibody aggregation, perturbed stability, and 40 

decreased ADC half-life in circulation. Recently, theranostic 
nanomedicine has gained attention as a promising therapeutic 
paradigm that uses theranostic agents with diagnostic and 
therapeutic capabilities, low toxicity, enhanced water solubility, 
good biocompatibility, and ease of surface modification.9  45 

Direct targeting systems, in which targeting agents are 
attached to antitumor drug molecules or vehicles, favor the drug 
accumulation at tumor lesions.10 However, pretargeting systems 

involve the separation of the targeting agents at the tumor lesions 
from the subsequent delivery of the therapeutic drug molecules, 50 

which offer sufficient time for accurate diagnosis and then treat 
tumor.10-12 Therefore, these can achieve highly therapeutic effects 
with low side effects. In this respect, various approaches have 
been exploited to fabricate the pretargeting systems.10,11  

 Streptavidin-biotin systems have been well-known for 55 

pretargeting systems. In these systems, biotinylated antibodies are 
first localized on the tumor surface, followed by streptavidin, and, 
finally, radiolabeled, biotinylated effector molecules are 
introduced to a pre-localized cancer. This system separates the 
delivery of radionuclides from the slow antibody targeting step.13, 

60 

14 Functional streptavidin exists as a tetramer and irreversibly 
binds to four molecules of biotin with high affinity (Kd = 10-15 M), 
thereby amplifying the targeting signal. Several studies have 
demonstrated that the pretargeting approach using the biotin-
streptavidin system could improve tumor-to-background ratios 65 

with high specificity. However, this approach has several 
disadvantages, including possible binding interactions between 
streptavidin on the conjugated antibody and naturally occurring 
biotin in human plasma, the high immunogenicity of streptavidin, 
and the nonspecific uptake of streptavidin by the kidney.15, 16 The 70 

leucine zipper motif is approximately 30 amino acid residues 
long and is known to form a stable dimer of amphiphilic helices. 
A rigid heterodimer comprising acidic ZE and basic ZR leucine 
zipper domains has exceptionally high affinity (Kd = 10-15 M) and 
has been used to join chimeric proteins.17-19 Remarkably, the 75 

leucine zipper pair forms stable and precise complexes in 
aqueous solutions, as evidenced by NMR and crystallography 
studies.20,21 Previously, bispecific antibodies have been 
successfully produced by mediating the dimerization of Fab or 
scFv fragments via the leucine zipper pair.22, 23  80 
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Fig. 1 Schematic representation of the two-step pretargeting approach to 
cell labeling using leucine zipper pairs. A fluorescently-labeled antibody 5 

containing ZR is immobilized on the target antigen overexpressed on the 
tumor cell surface. Upon localization, the ZE-nanoemulsion is 
administered and binds to the pretargeted antibody on the tumor cells. 

In the present study, we developed a novel image-guided 
therapy system consisting of a tumor pretargeting probe for 10 

diagnosis and, if necessary, a probe for therapy using the highly 
selective binding interaction between the leucine zipper pair ZR 
and ZE. The rationale for this approach is illustrated in Fig. 1. 
Briefly, in the diagnoses and targeting of tumor cells, antibodies 
fused to leucine zipper domains (ZRs) and labeled with 15 

fluorescent dyes target and bind to the targeted antigen with high 
biological specificity. Subsequently, leucine zipper peptide (ZE)-
conjugated nanoemulsions containing therapeutics are 
administered and attach to the targeted antibody on the tumor 
cells, enabling image-guided therapy. Importantly, this approach 20 

prevents the excessive or unnecessary use of drugs typically 
practiced in conventional drug delivery systems, wherein 
targeting and therapy are performed simultaneously regardless of 
the outcome of diagnostic evaluations. Furthermore, the use of 
this leucine zipper pair is attractive because there are no known 25 

leucine zippers in blood circulation, which provides for highly 
specific diagnostic and therapeutic outcomes. 

Fig. 2 Flow cytometry analysis of two-step pretargeting of cells. 
Fluorescein-labeled ZR-4D5 was incubated with MCF10A (a) or SKBR3 
(b) cells for 30 min. The pretargeted cells were incubated with ZE-30 

PFC/rhodamine nanoemulsions for 30 min, and the percentage of 
rhodamine and FITC-labeled cells within the cell population was 
evaluated.  

We employed a Fab fragment derived from the 4D5 
monoclonal antibody (IgG1 kappa) against HER2-positive 35 

metastatic breast cancer. Intact IgG often requires several days to 
reach an optimal tumor localization level, leading to severe 
normal tissue damage. Therefore, antibody fragments without Fc 
domains are expected to have high target retention and low 
immunogenicity. A ZR-4D5 Fab (ZR-4D5) fusion gene was 40 

synthesized using a secretion signal peptide, 4D5 VH-CH, a 
(GGGGS)3 flexible linker, ZR, a His tag, a secretion signal 
peptide, and 4D5 VL-CL, cloned into a pKB-Fab100 vector, and 
expressed in the E. coli strain TG1 via induction with 1 mM 
isopropyl-1-thio-β-D-galactopyranoside at 30°C overnight. The 45 

cells were pelleted and resuspended in periplasmic extraction 
buffer containing 0.2 M Tris-HCl, 0.5 mM EDTA, and 0.5 mM 
sucrose at pH 8.0. After centrifugation, soluble 4D5-ZR 
fragments from the supernatant were purified using protein L 
agarose beads. The ZR-4D5 was detectable at the predicted size 50 

of 50 kDa by SDS-PAGE and western blotting (Fig. S1). 
PFC/rhodamine nanoemulsions were prepared by thin film 

hydration and microfluidization, as previously described.24-26 

Their size distribution and morphology were analyzed using laser 
scattering (ELS-Z) and transmission electron microscope (TEM) 55 

(JEM-2100F), respectively (Fig. S2 in ESI†).  ZE peptides were 
reacted with NHS ligands of the PFC/rhodamine nanoemulsions 
for 2 h at room temperature. As determined by a fluorescent 
spectrometer, the emission spectrum of the ZE-PFC/rhodamine 
nanoemulsion peaked at 600 nm and was similar to that of the 60 

PFC/rhodamine nanoemulsion (Fig. S3a). The average size of a 

ZE-PFC/rhodamine nanoemulsion particle was 123.1±26.9 nm as 

measured by dynamic light scattering analysis (data not shown). 
To evaluate the sensitivity and cytotoxicity of the ZE-
PFC/rhodamine nanoemulsion, SKBR3 (high HER2/neu 65 

expression) and MCF10A (low HER2/neu expression) cells were 
exposed to various concentrations of the nanoemulsion ranging 
from 0 to 100 µl/ml over 3 days and evaluated by MTT assays 
(Fig. S3b). The data showed that these cell lines were viable over 
a broad range of nanoemulsion concentrations with a CC80 above 70 

100 µl/ml, indicating the suitability of these nanoemulsions for 
biological applications.  

The accuracy of the two-step approach of ZR-4D5 
pretargeting followed by ZE-PFC/rhodamine nanoemulsion 
targeting in the SKBR3 cells was evaluated by FACS analysis 75 

(Fig. 2). The SKBR3 cells were incubated with fluorescein 
isothiocyanate (FITC)-labeled ZR-4D5 for 30 min, followed by 
incubation with the ZE-PFC/rhodamine nanoemulsion. The 
percentages of FITC and rhodamine-labeled cells within the cell 
population were determined. The data revealed that 80 

approximately 93% of the SKBR3 cells interacted with ZR-4D5-
FITC, and 13% of these FITC-positive SKBR3 cells were labeled 
with rhodamine. This indicated a high and specific 
immobilization of the ZE-PFC/rhodamine nanoemulsion to the 
SKBR3 cells via the pre-bound ZR-4D5-FITC. As a negative 85 

control, MCF10A cells were first treated with ZR-4D5-FITC and 
subsequently treated with the ZE-PFC/rhodamine nanoemulsions. 
Only background levels of FITC or rhodamine-positive cells were 
observed, demonstrating a low level of nonspecific binding of the 
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nanoemulsions to the cells.  
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Fig. 3 Fluorescence images of MCF10A and SKBR3 cells after 
pretreatment with ZR-4D5-FITC (a and d) followed by treatment with 
ZE-PFC/rhodamine nanoemulsions (b and e). The ZR-4D5-FITC, ZE-
PFC/rhodamine nanoemulsion, and DAPI-stained nuclei are shown in 20 

green, red, and blue, respectively. Scale bars = 10 µm. 
 
Fluorescence imaging using Deltavision RT deconvolution 

microscopy further confirmed the specific binding of ZR-4D5-
FITC to the SKBR3 cells and the subsequent binding of the ZE-25 

PFC/rhodamine nanoemulsion (Fig. 3). The successful binding of 
the ZE-PFC/rhodamine nanoemulsion required the ZR-4D5-FITC 
pretargeting step to attach to the SKBR3 cell surface. This 
resulted in an enhanced fluorescent signal. The data indicate that 
ZR-4D5 specifically binds to the target receptor on the cell 30 

surface and that the ZE-PFC/rhodamine nanoemulsion selectively 
attaches to pretargeted ZR-4D5. As expected, the MCF10A cells 
did not show any fluorescence signal upon treatment with ZR-
4D5-FITC and ZE-PFC/rhodamine nanoemulsion.  

The cytotoxicities of ZR-4D5 and the ZE-PFC/doxorubicin 35 

(DOX) nanoemulsion complex or of the ZE-PFC/DOX 
nanoemulsion against SKBR3 and MCF10A cells were evaluated 
by measuring cell growth inhibition using an MTT assay (Fig. 4).  

ZE-PFC/DOX nanoemulsion were prepared in the similar 
manner as ZE-PFC/rhodamine nanoemulsions (ESI†).27 DOX 40 

loaded in ZE-PFC/DOX nanoelumsions was 0.62 mg/mL by 
measuring fluorescence (λex=490 nm and λem=590 nm), of which 
loading efficiency (%) was 62% (loading efficiency (%) = 
amount of DOXloading/amount of DOXinput). 

We incubated SKBR3 and MCF10A cells (5 × 103 cells/well) 45 

in a 96-well plate at 37°C overnight prior to treatment with ZR-
4D5 (10 µg/ml). After 30 min, various concentrations of the ZE-
PFC/DOX nanoemulsion were incubated with the cells for an 
additional 30 min. The samples were then washed and kept at 
37°C for an additional 72 h. This two-step 4D5-ZR pretargeting 50 

followed by ZE-PFC/DOX nanoemulsion targeting showed a 
remarkably higher treatment efficacy on SKBR3 cells, whereas 
the other conditions, i.e., ZE-PFC/DOX or PFC/DOX 
nanoemulsion treatments without 4D5-ZR, did not show any 
cytotoxicity (Fig. 4 and S4). An in vitro DOX release study 55 

showed that DOX was gradually released from the ZE-PFC/DOX 
nanoemulsions over 15 days (Fig. S5). 
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Fig. 4 Cell viability assay results of SKBR3 cells incubated with ZR-4D5 
followed by incubation with various concentrations of ZE-PFC/DOX 60 

nanoemulsion (4D5/ZR-ZE/PFC/DOX nanomeulsion) or ZE-PFC/DOX 
nanoemulsion in the absence of ZR-4D5 (ZE/PFC/DOX nanomeulsion). 

 
In conclusion, we developed a controllable two-step 

pretargeting system using leucine zipper pair to enhance image-65 

guided therapy. The data presented demonstrated that the two-
step pretargeting approach was capable of efficiently labeling 
SKBR3 cells with a pretargeting probe, ZR-4D5, in a diagnosis 
step, followed by a treatment with an effector probe, ZE-
PFC/DOX nanoemulsions, for the subsequent delivery of 70 

therapeutics to antibody-targeted sites. The leucine zipper-
conjugated pretargeting probes developed in this study provide an 
alternative means to overcome the limitations of conventional 
biotin-streptavidin-based targeting systems, such as nonspecific 
binding to biotin in human plasma and the immunogenicity of 75 

biotin and streptavidin. Additionally, this approach provides 
significant advantages over conventional ADCs and theranostic 
nanomedicines in which targeting and therapy are often 
simultaneously performed regardless of the outcome of the 
diagnostic evaluation. Our approach controls the performance of 80 

therapy for limited cases when necessary. We expect that a two-
step pretargeting system using leucine zipper pairs will be very 
useful in many applications, especially to overcome the excessive 
and unnecessary use of drugs.  
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