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Abstract: The vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) pathway is
considered to be one of the most important regulators of angiogenesis and a key target in
anticancer treatment. Imaging VEGFR expression can serve as a new paradigm for assessing
the efficacy of antiangiogenic cancer therapy, improving cancer management, and elucidating
the role and modulation of VEGF/VEGFR signaling during cancer development and intervention.
In this study we developed an Avi-tagged VEGF121 protein, which is site-specifically biotinylated
in the presence of bacterial BirA biotin ligase. BirA biotinylated VEGF121-Avi (VEGF121-Avib)
forms a stable complex with streptavidin-IRDye800 (SA800) that retains high affinity for VEGFR
in vitro and allows receptor specific targeting in vivo in a 67NR murine xenograft model. In
contrast, chemical coupling of IRDye800 abrogated the VEGFR binding ability of the modified
protein both in vitro and in vivo. The VEGF121-Avib/SA800 complex (VEGF-Avib/SA800) may
be used for quantitative and repetitive near-infrared fluorescence imaging of VEGFR expression
and translated into clinic for evaluating cancer and other angiogenesis related diseases.
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Introduction
The vascular endothelial growth factor (VEGF)/VEGF

receptor (VEGFR) pathway is considered to be one of the
most important regulators of angiogenesis and a key target
in anticancer treatment.1,2 Increased expression of VEGF by
tumor cells and VEGFR-2/KDR and VEGFR-1/Flt by the
tumor-associated vasculature is a hallmark of a solid tumors,
which correlates with tumor growth rate, microvessel density/
proliferation, tumor metastatic potential, and poorer patient

prognosis in a variety malignancies.3 Targeted therapies that
selectively inhibit the VEGF/VEGFR pathway have found
widespread applicability.4-8 VEGF/VEGFR-targeted mo-
lecular imaging can serve as a new paradigm for assessing
the efficacy of antiangiogenic cancer therapy, improving
cancer management, and elucidating the role and modulation
of VEGF/VEGFR signaling during cancer development and
intervention.
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VEGF121 protein has high binding affinity for VEGFR-2
and serves as an excellent candidate for imaging VEGFRs.
Several studies have been reported on the use of appropriately
labeled VEGF proteins for positron emission tomography
(PET),9-11 single-photon emission computed tomography
(SPECT),12-14 ultrasound,8,15,16 and optical imaging.17 How-
ever, most of the reported VEGF-based imaging agents are
unsuitable for clinical translation because of the unacceptably

high major organ, such as liver and kidney, uptake,18 or
uncertain binding activity of the protein, owing to damages
caused by random radiolabeling or bioconjugation.12,19-21

Therefore, site-specific modification of VEGF without chang-
ing the conformation of the protein and compromising its
functional activity is required.

Avi-tag is a 14-amino acid peptide which contains a central
lysine residue that can be biotinylated at the epsilon amine
group by the bacterial BirA biotin ligase. Coexpression of
BirA and Avi-fused protein in cells allows for facile detection
and recovery of interested protein by existing avidin/
streptavidin technology.22 Here, we report for the first time
the development of Avi-tagged VEGF121 protein for imaging
VEGFR expression in living objects. We fused an Avi-tag
to the C-terminus of VEGF121 to allow site-specific bioti-
nylation with defined one-to-one stoichiometry without
disruption of VEGF121 function. The biotinylated VEGF121-
Avi (VEGF-Avib) was able to form a stable complex with
streptavidin-IRDy800 (SA800), and the resulting VEGF-
Avib/SA800 (Scheme 1) was used as a near-infrared
fluorescence (NIRF) probe to image VEGFR expression in
a 67NR murine breast cancer xenograft model. This probe
could potentially be used for quantifiable and repetitive
imaging of VEGFR expression during and after antiangio-
genic treatment.
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Experimental Section
Cell Lines and Animal Model. Porcine aortic endothelial

(PAE) cells that express human KDR (PAE/KDR)10 were
cultured in Ham’s F-12 medium containing 10% fetal calf
serum (FBS) (Invitrogen). The 67NR murine breast cancer
cell line (kindly provided by Dr. Fred R. Miller, Karmanos
Cancer Institute)23 was cultured in high-glucose DMEM
medium containing 10% FBS. Animal experiments were
carried out according to a protocol approved by Stanford
University Institutional Animal Care and Use Committee
(IACUC). Female athymic nude mice (4-6 weeks old) were
obtained from Harlan (Indianapolis, IN). The 67NR tumor
model was generated by injection of 5 × 106 67NR cells in
100 µL of PBS into the front left flank of each mouse. The
mice were subjected to Maestro optical imaging studies when
the tumor volume reached about 100-200 mm3.

Generation and Characterization of Avi-Tagged
Proteins. The fusion gene encoding VEGF-Avi, VEGF-
Avi(K/S) or VEGFm-Avi was prepared by DNA recombinant
technology. The fusion proteins were expressed in Escheri-
chia coli and purified by Ni-NTA affinity chromatography.
The detailed procedure is available from the Supporting
Information. The binding affinity of various VEGF molecules
to PAE/KDR cells was determined by a competitive cell
binding experiments using 125I-labeled VEGF165 as the
radioligand as described before.10 The best-fit IC50 values
were calculated by fitting the data by nonlinear regression
using GraphPad Prism. Experiments were carried out with
triplicate samples.

Biotinylation of Avi-Tagged VEGF Proteins. The site-
specific biotinylation of Avi-tagged VEGF proteins was
performed using BirA enzyme. The following reaction was
set up for BirA mediated biotinylation: a mixture of 1 nmol
of purified Avi-tagged proteins in 23 µL of PBS, 3 µL of
BioMixA (0.05 M bicine buffer, pH 8.3), 3 µL of BioMixB
(10 mM ATP, 10 mM Mg(OAc)2, 5 µM D-biotin) and 1 µL
of BirA (1 mg/mL, 5000 units/µg) (GeneCopoeia, German-

town, MD) was incubated at 30 °C for 30 min. We also set
up control experiments for VEGF-Avi in which either biotin
or BirA was omitted from the reaction. For chemical
biotinylation of VEGF121, EZ-link NHS-PEG12-Biotin (Pierce,
Rockford, IL) and VEGF121-Avi protein were mixed at a
molar ratio of 3:1. The mixture was incubated at room
temperature for 1 h, and biotinylated VEGF121 was purified
by NAP-10 column (GE healthcare).

Characterization of Biotinylated VEGF-Avi. The bi-
otinylation of Avi-tagged proteins was identified by probing
the biotinylated protein with streptavidin conjugated horse-
radish peroxidase (SA-HRP) using Western blot. The inter-
action of biotinylated Avi-tagged VEGF (VEG-Avib) with
streptavidin was confirmed by comparing the motility of SA-
HRP and VEGF-Avib/SA-HRP complex or by ELISA. The
detailed experiment protocols are available from Supporting
Information.

Cell Staining. To test whether VEGF121-Avi-bio/SA-Cy5.5
(VEGF-Avib/SA-Cy) retains its ability to bind to VEGFR2,
we performed a staining experiment using PAE and PAE/
KDR cells. Streptavidin-Cy5.5 (SA-Cy, 50 nmol in 25 µL
of PBS) was incubated with VEGF-Avib (200 nmol in 100
µL of PBS) to form a stable complex of VEGF-Avib/SA-
Cy. The PAE cells and PAE/KDR cells were seeded in glass
bottom culture dishes (MatTek) the day before staining. After
rinsing with PBS buffer twice, VEGF-Avib/SA-Cy or SA-
Cy (10 nmol) in serum-free F-12 Hams growth medium
(Invitrogen) was added and incubated for 30 min at RT. After
rinsing with PBS buffer, the cells were examined under an
inverted epifluorescence microscope (Carl Zeiss).

In ViWo and ex ViWo NIRF Imaging. The 67NR tumor
mice were imaged at multiple time points post injection (p.i.)
using the Maestro in ViVo imaging system (CRI, Woburn,
MA; excitation ) 735 nm, emission ) 780 nm long pass).
After the last in ViVo images were collected at 66 h p.i., the
mice were sacrificed; 67NR tumor and major organs were
harvested and subjected to ex ViVo NIRF imaging im-
mediately. The acquisition condition was the same as in ViVo
imaging. The tissues were weighted to normalize NIRF
signals.

Immunofluorescence Staining. Forty hours after intra-
venous injection of VEGF-Avib/SA-Cy or SA-Cy (0.5 nmol

(23) Aslakson, C. J.; Miller, F. R. Selective events in the metastatic
process defined by analysis of the sequential dissemination of
subpopulations of a mouse mammary tumor. Cancer Res. 1992,
52, 1399–405.

Scheme 1. Schematic Representation of the Preparation of Site-Specifically Labeled VEGF for Near-Infrared Fluorescence
(NIRF) Imaginga

a Step 1: Synthesis of Avi-tagged VEGF protein. Step 2: Reaction of VEGF-Avi protein with BirA and biotin to form site-specifically biotinylated VEGF121-
Avi-biotin (VEGF-Avib). Step 3: Reaction of VEGF-Avi-biotin with streptavidin-IRDye800 (SA800) to form VEGF-Avib/SA800 complex for in vivo NIRF
imaging.
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of Cy5.5 equivalent per mouse), tumors were collected and
fixed in 4% paraformaldehyde, then frozen cut into slices of
30 µm. Sections were stained with anti-CD31 (1:100) and
anti-VEGFR2 (1:100) antibodies 1 h at RT, then incubated
with FITC-conjugated secondary antibody (1:200, Jackson
ImmunoResearch Laboratories) for 1 h. The slices were
mounted with medium containing DAPI (Vector Laborato-
ries) and examined under a laser scanning confocal micro-
scope (LSM510, Carl Zeiss). We performed confocal ex-
periments for all the slices in parallel with each probe in
order to confirm the specificity of antibody labeling, and to
be sure that the staining density and intensity remained the
same under all circumstances.

Statistical Analysis. Quantitative data were expressed as
mean ( SD. Statistical analysis was done using unpaired
Student t test for comparisons between groups. Statistical
significance was established at p < 0.05.

Other Methods. Detailed procedures for protein expres-
sion, purification and characterization, Western blot, ELISA
and sample preparation for peptide mass mapping are
described in the Supporting Information.

Results
Site-Specific Biotinylation of VEGF-Avi. After we

purified Avi-tagged proteins, we incubated VEGF-Avi
(Supplementary Figure 1 in the Supporting Information),
VEGFm-Avi or VEGF-Avi(K/S) with BirA and biotin at
room temperature for 30 min. Detailed biosynthesis of the
Avi-tagged proteins and biotinylation of the fusion protein
can be found as Supplementary Methods in the Supporting
Information. Both VEGF-Avi and VEGFm-Avi can be
successfully biotinylated in the presence of BirA (Figure 1a),
whereas VEGF-Avi(K/S) cannot be biotinylated by BirA.
Because VEGF-Avi(K/S) has the same amino acid sequence
as VEGF-Avi except for one lysine to serine mutation within
the Avi tag, we can conclude that BirA mediated biotiny-
lation happens only on this particular lysine, but not on any
other 4 lysines on the VEGF121 protein.

To test whether site-specifically biotinylated VEGF-Avi
(VEGF-Avib) retains its ability to complex with streptavidin
(SA), we performed the following two experiments. First,
we mixed VEGF-Avib with streptavidin-horseradish peroxi-
dase conjugates (SA-HRP) for 5 min, then the reaction
mixture was mixed with SDS-PAGE sample buffer and
loaded onto 4-12% SDS-PAGE gel under reducing condi-
tions without heating for separation. The protein bands were
visualized by Coomassie blue staining (Supplementary
Figure 2 in the Supporting Information). The molecular
weight difference between VEGF-Avib/SA-HRP and SA-
HRP suggests a 1:1 complex between VEGF-Avib and SA-
HRP. In addition, we performed ELISA using different
amount of immobilized VEGF-Avib and same amount of
streptavidin-Cy5.5 (SA-Cy, 10 µg/100 µL), the SA-Cy
fluorescence intensity increased proportionally to the loga-
rithm of the coated VEGF-Avib concentration (Figure 1b)
(R2 ) 0.73). These results confirm that site-specifically

biotinylated VEGF-Avi protein (VEGF-Avib) is able to form
stable complexes with streptavidin conjugates.

After we have assessed that VEGF-Avi protein can be
successfully biotinylated in a site-specific manner, and the
resulting VEGF-Avib can form a stable complex with
streptavidin, we then set out to test whether VEGF-Avib/
SA800 complex retains its ability to bind to VEGFRs.
To address this, we first performed a cell binding assay
using PAE/KDR cells as previously described.10 The
VEGFR-2 binding affinity values of the wild-type
VEGF121, VEGF-Avi, and VEGF-Avib/SA800 were 0.72
( 0.41, 5.18 ( 1.29, and 3.09 ( 1.15 nM, respectively.
Compared with wild-type VEGF121, the binding affinity

Figure 1. Characterization of VEGF-Avi-biotin/streptavidin
(VEGF-Avib/SA) complexes. (a) VEGF-Avi and VEGFm-
Avi, but not VEGF-Avi(K/S), can be biotinylated by
incubation with BirA and biotin at room temperature for 30
min as analyzed by Western blotting. (b) ELISA confirms
that VEGF-Avib retains its ability to form complex with
SA-Cy. (c) Receptor binding assay using 125I-VEGF165 as
radioligand shows that VEGF-Avi and VEGF-Avib/SA800
but not chemically modified VEGF-Avi-IRDye800
(VEGF-Avi/800) retained high affinity for VEGFR-2
expressed on PAE/KDR cells.
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of VEGF-Avi and VEGF-Avib/SA800 to VEGFR-2 was
only slightly decreased. In contrast, the binding affinity
of chemically modified VEGF-Avi-IRDye800 (VEGF-Avi/
800), which was formed by chemical conjugation of
IRDye800-NHS ester with VEGF121, was as low as 3.03
( 0.79 µM, which is decreased by 3 orders of magnitude
as compared with VEGF121 (Figure 1c). Second, we stained
PAE and PAE/KDR cells with VEGF-Avib/SA-Cy, VEG-
Fm-Avib/SA-Cy and SA-Cy. We used Cy5.5 instead of
IRDye800 conjugates for cell staining because the emis-
sion wavelength of IRDye800 (806 nm) is beyond the
optimal detection capacity of our inverted epifluorescence
microscope. Nevertheless, our staining results showed that
VEGF-Avib/SA-Cy binds well to PAE/KDR cells but not
to PAE cells. VEGFm-Avib/SA-Cy showed very weak

PAE/KDR cell staining due to the low binding affinity of
VEGFm to both VEGFR-1 and VEGFR-2.24 As a control,
SA-Cy showed virtually no binding to PAE/KDR cells
(Figure 2).

In ViWo Near-Infrared Fluorescence Imaging. After
verifying that VEGF-Avib/SA800 complex is fully functional
with regard to its receptor binding affinity and specificity,
we proceeded to test the complex in living subjects. Nude
mice bearing subcutaneous 67NR tumors (3 weeks postin-
oculation of 5 × 106 cells on the front flank when the tumor
size reached 6-10 mm in diameter) were divided into 4
groups (n ) 4/group), and each group of animals received
intravenous injection of VEGF-Avib/SA800, VEGFm-Avib/
SA800, VEGF-Avi/800, or SA800 (0.5 nmol of IRDye800
equivalent per mouse). The mice were then imaged at
multiple time points postinjection (p.i.) using the Maestro
in ViVo imaging system. After image acquisition, spectral
unmixing yielded the pseudocolor images of the pure
spectrum of IRDye800. Representative sagittal images are
shown in Figure 3a. The same region of interest (ROI) was
drawn for each tumor over time, and the total signals were

(24) Willmann, J. K.; Chen, K.; Wang, H.; Paulmurugan, R.; Rollins,
M.; Cai, W.; Wang, D. S.; Chen, I. Y.; Gheysens, O.; Rodriguez-
Porcel, M.; Chen, X.; Gambhir, S. S. Monitoring of the biological
response to murine hindlimb ischemia with 64Cu-labeled vascular
endothelial growth factor-121 positron emission tomography.
Circulation 2008, 117, 915–22.

Figure 2. Cell staining of Cy5.5 conjugates. Differential interference contrast (DIC) and epifluorescence images of
PAE cells with VEGF-Avib/SA-Cy and PAE/KDR cells with VEGF-Avib/SA-Cy, VEGFm-Avib/SA-Cy and SA-Cy.
Positive cell staining is only possible for VEGF-Avib/SA-Cy incubation with PAE/KDR cells, confirming VEGFR
specificity of this biotin/streptavidin complex.
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normalized by the exposure time and tumor size [total signal/
ms ·mm2]. VEGF-Avi/800 showed no tumor accumulation
(Figure 3a, a-d) at all time points examined and was cleared
rapidly via the renal route due to its relatively small
molecular size. VEGF-Avib/SA800 had rapid and high tumor
uptake and contrast (Figure 3a, e-h). VEGFm-Avib/SA800
showed minimal tumor uptake as compared with VEGF-
Avib/SA800 because of the substantially lower binding
affinity of VEGFm moiety to both VEGFR-1 and VEGFR-2
(Figure 3a, i-l). SA800 showed longer circulation and thus
higher background signal than VEGF-Avib/SA800, which
is partially attributed to the wide distribution of endogenous
biotin in small amounts in the blood (∼10 nM) and various
tissues.25 The presence of early tumor contrast and then
clearance from the tumor area observed from SA800 injection
is likely due to the passive targeting of high molecular weight
molecules such as SA800 via the enhanced permeability and
retention (EPR) effect (Figure 3a, m-p). The tumor fluo-
rescence signals quantification derived from the 2-dimen-
sional images were illustrated in Figure 3b. VEGF-Avib/
SA800 had significantly higher tumor signal intensity than

VEGF-Avi/800 (p ) 0.0179, p < 0.0001, p ) 0.0005, and
p ) 0.001 at 2 h, 18 h, 40 and 66 h p.i., respectively) and
VEGFm-Avib/SA800 (p ) 0.0359, p ) 0.0005, p ) 0.0038,
and p ) 0.0081 at 2 h, 18 h, 40 and 66 h p.i., respectively)
at all time points. There is little difference between VEGF-
Avib/SA800 and SA800 at 2 h p.i. (p ) 0.6247) in terms of
tumor signal intensity, but at late time points it is clear that
tumor signal from VEGF-Avib/SA800 is significantly higher
than SA800 (p ) 0.0022, p ) 0.0038, and p ) 0.0001 at
18 h, 40 and 66 h, p.i., respectively). It is also of note that
the tumor-to-background ratio coming from VEGF-Avib/
SA800 is significantly higher than VEGF-Avi/800 (p )
0.0028, p ) 0.0014, p < 0.0001, and p < 0.0001 at 2 h,
18 h, 40 and 66 h, p.i., respectively), VEGFm-Avib/SA800
(p ) 0.003, p ) 0.0018, p ) 0.0002, and p ) 0.003 at 2 h,
18 h, 40 and 66 h p.i., respectively), and SA800 (p ) 0.0027,
p ) 0.0012, p < 0.0001, and p ) 0.0002 at 2 h, 18 h, 40
and 66 h p.i., respectively) at all time points (Figure 3c).

In Situ Validation of in ViWo Imaging Results. Ex ViVo
NIRF images of the organs extracted from 66 h after tracer
injection are shown in Supplementary Figure 3 in the
Supporting Information. The average fluorescence intensity
(total signal/ms ·mm2) of all 4 tracers in the tumor and major

(25) Mock, D. M.; DuBois, D. B. A sequential, solid-phase assay for
biotin in physiologic fluids that correlates with expected biotin
status. Anal. Biochem. 1986, 153, 272–8.

Figure 3. In vivo imaging of 67NR tumors with IRDye800 conjugates. (a) Representative sagittal images at 2, 18, 40
and 66 h after intravenous injection of chemically modified VEGF121-Avi-IRDye800 (VEGF-Avi/800) (a-d),
VEGF121-Avi-biotin/streptavidin-IRDye800 (VEGF-Avib/SA800) (e-h), VEGFmutant-Avi-biotin/streptavidin-IRDye800
(VEGFm-Avib/SA800) (i-l), and streptavidin-IRDye800 (SA800) (m-p). All images were acquired and processed
under the same conditions. Total fluorescence signals normalized by exposure time and ROI area (total signal/
ms ·mm2). (b) Tumor light intensity and (c) tumor to muscle light intensity ratio at multiple time points after i.v. injection
of appropriate probes. Columns, means; bars, SE. *, VEGF-Avib/SA800 compared with SA800, statistically significant
(p < 0.05). †, VEGF-Avib/SA800 compared with VEGF-Avi/800, statistically significant (p < 0.05). (n ) 4/group.)
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organs is shown in Figure 4, a-g. In all the major organs
we collected, liver showed high and comparable fluorescence
intensity from mice receiving VEGF-Avib/SA800 (Supple-
mentary Figure 3b in the Supporting Information), VEGFm-
Avib/SA800 (Supplementary Figure 3c in the Supporting
Information) and SA800 (Supplementary Figure 3d in the
Supporting Information), while the liver fluorescence inten-
sity from mice receiving VEGF-Avi/800 (Supplementary
Figure 3a in the Supporting Information) was significantly
lower than that from VEGF-Avib/SA800 (p ) 0.0035) and
SA800 (p ) 0.0017) groups (Figure 4b). Similar results were
also observed in the kidneys: kidney fluorescence intensity
from mice receiving VEGF-Avi/800 was significantly lower
than that from VEGF-Avib/SA800 (p ) 0.0025), VEGFm-
Avib/SA800 (p ) 0.0459) and SA800 (p ) 0.0014) groups,
respectively (Figure 4f). The lower liver and kidney ac-
cumulation of VEGF-Avi/800 is presumably due to the fast

clearance of the low molecular weight protein conjugate. The
average fluorescence signal of VEGF-Avib/SA800 from tumor
tissue was significantly higher than that of the other three tracers
at 66 h p.i. (p ) 0.0085, p ) 0.0037 and p ) 0.0187 vs VEGFm-
Avib/SA800, VEGF-Avi/800 and SA800, respectively), which
corroborates with the data obtained from the in ViVo imaging
studies. Considering the high fluorescence signal background
in the mice receiving SA800 injection due to the unfavorable
pharmacokinetics of SA, the tumor:muscle ratio of the VEGF-
Avib/SA800 was significantly much higher than other three
tracers (p ) 0.0084, p ) 0.0078 and p ) 0.0225 vs VEGFm-
Avib/SA800, VEGF-Avi/800 and SA800, respectively, Figure
4h), which further demonstrates the specific binding of VEGF-
Avib/SA800 to VEGFRs in the tumor. There is no significant
difference of the accumulation of these four tracers in other
organs, such as heart, lung, spleen and muscles (Figure 4c,d,e,g).

Figure 4. Probe biodistribution at 66 h p.i. by ex vivo NIRF imaging. The light intensity of VEGF-Avib/SA800 (black
column), VEGFm-Avib/SA800 (gray column), VEGF-Avi/800 (hollow column) and SA800 (striped column) at 66 h p.i.
in tumor (a), liver (b), heart (c), lung (d), spleen (e), kidneys (f), muscle (g) and tumor to muscle signal ratio (h) were
compared. Columns, means; bars, SE. / in a, VEGF-Avib/SA800 compared with VEGF-Avi/800, statistically significant
(p < 0.05). / in b, VEGF-Avi/800 compared with VEGF-Avib/SA800, statistically significant (p < 0.05). # in b,
VEGF-Avi/800 compared with SA800, statistically significant (p < 0.05). f in f, VEGF-Avi/800 compared with
VEGF-Avib/SA800, statistically significant (p < 0.05). / in h, VEGF-Avib/SA800 compared with SA800, statistically
significant (p < 0.05).
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To further characterize the cellular distribution of VEGF-
Avib/SA800 and SA800, we injected the animals with
fluorescent dye conjugates, sacrificed the mice at 40 h p.i.,
and analyzed the tumor specimens for VEGFR2 and CD31
(tumor vasculature) by immunofluorescence staining (Figure
5). Due to the fluorescence microscope limitation, we used
Cy5.5 conjugates (SA-Cy) instead of IRDye800 conjugates
(SA800). We examined VEGFR2 positive cells and CD31
positive tumor vessels in order to elucidate the VEGF-Avib/
SA-Cy binding pattern. It is of note that the binding of
VEGF-Avib/SA-Cy on the luminal endothelial cells hap-
pened mainly in a multiple, discrete and patched form (Figure
5, e-h) colocalized with tumor vessels. Fluorescence was
also visible on some tumor cells. In sharp contrast, SA-Cy
showed a diffused distribution pattern within the tumor,
mainly localized in the tumor interstitial space without
overlay with tumor vasculature and VEGFR2 positive cells
(Figure 5, m-p).

Discussion
Imaging tumor angiogenesis requires optimization and

characterization of the appropriate imaging probes. In this
study, we report on the development and validation of site-

specifically modified VEGF121 protein for noninvasive NIRF
imaging of VEGFR expression in murine breast cancer
xenografted mice. We designed an Avi-tagged VEGF protein
for site-specific biotinylation by BirA enzyme. The biotiny-
lated VEGF-Avi (VEGF-Avi-bio) was mixed with SA-dye,
and the resulting VEGF-Avib/SA-dye conjugate was able
to image VEGFR expression in ViVo in a highly efficient
and specific manner.

VEGF121 has been successfully used for noninvasive
imaging VEGFR expression, however, the development of
VEGF-based imaging probes for clinical translation is a
significant challenge that requires uniform preparation of
functionally active conjugates. A 15 amino acid N-terminal
fragment of human ribonuclease I with the R4C substitution
(Cys-tag) has been incorporated into VEGF protein or single-
chain (sc) VEGF protein for site-specific labeling with
contrast agents for NIRF, SPECT14 and PET.13,17 Cys-tag
itself can also form a stable chelate with 99mTc using Sn(II)-
tricine as an exchange reagent.26 However, the Cys-tagged
protein was refolded in the red-ox buffer containing glu-
tathione, the thiol group in Cys-tag was “protected” in mixed

Figure 5. Regional localization of VEGF-Avib/SA-Cy and SA-Cy within tumors. Immunofluorescence images of frozen
tumor sections prepared 40 h after VEGF-Avib/SA-Cy (a-h) and SA-Cy (i-p) injections. VEGFR2 and CD31 signals
were coded green, and Cy5.5 signals were coded red. DAPI signals were coded blue.
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disulfide bond with glutathione,13 and therefore, it needs to
be “deprotected” by incubation with equimolar amounts of
DTT for the following site-specific modification or direct
chelating with 99mTc, which is technically very challenging.
In addition, different proteins contain different amounts of
cysteine, and the cysteine usually plays an important role in
maintaining protein’s function; addition of extra cysteines
will sometimes compromise the protein activity. As a result,
we tried to seek alternative strategies for site-specific
modification of VEGF121 protein as a beneficiary complement
to Cys-containing tag. Avi tag, a 14 aa peptide, contains a
central lysine residue that can be biotinylated at the epsilon
amine group by the bacteria BirA biotin ligase. Coexpression
of a tagged protein and the BirA gene in cells results in a
highly specific, quantitative biotinylation of the tagged
protein.27 To take the advantage of highly sequence specific
biotinylation Avi-tagged protein by BirA and the strongest
noncovalent biological interaction between biotin and strepta-
vidin, we designed VEGF121-Avi fusion protein. The VEGF121-
Avi protein binds to PAE/KDR cells with high affinity and
can be quantitatively biotinylated by BirA in a site-specific
manner, and the biotinylated VEGF-Avi is able to form a
stable complex with SA protein, SA-HRP, or SA-dye
conjugates. The VEGF-Avib/SA800 complex retained the
binding ability of VEGF moiety to PAE/KDR cells. On
the other hand, chemical conjugation of near-infrared dye
IRDye800 to VEGF121 led to almost complete inactivation
of VEGF121 (Figure 1c). Injection of VEGF-Avi/800 into
67NR-tumor bearing mice showed fast clearance from
circulation and no tumor accumulation over time. In contrast,
site-specific modified VEGF-Avib/SA800 showed rapid and
high tumor accumulation and sustained tumor to background
contrast (Figure 3a, e-h).

VEGF121 can also be biotinylated by the NHS-esters or
sulfo-NHS-esters of biotin under slightly basic condition.
Unlike chemical modification with the bulky fluorescent dyes
such as Cy5.5 and IRDye800, low level of random biotiny-
lation (less than 1:1 ratio) seems to have little effect on the
receptor binding affinity of the biotin conjugate. The main
concern of chemical conjugation of VEGF121 with NHS-
esters or sulfo-NHS-esters of biotin is that VEGF121 has one
N-terminal R-amine and 4 lysine epsilon-amines, and there
is no control over which amine group will be modified and
which modification will retain the receptor avidity. Apart
from potent ability to image VEGFRs expression in ViVo, a
site-specifically modified VEGF probe offers additional
advantages: (1) the modification happens only on the
designed lysine residue at the Avi-tag, leaving all the other
4 lysine residues in VEGF121 protein unaffected; (2) using
standardized procedures for BirA mediated biotinylation

reaction, there will be virtually no variation of biotinylated
VEGF-Avi prepared from different batches.

Despite the fact that VEGF121 is a strong binder of
VEGFRs in Vitro, the tumor uptake of VEGF-Avib/SA800
in ViVo may be caused by specific binding of the conjugate
with VEGFRs expressed on the tumor, by nonspecific
adsorption of the VEGF protein, by the binding of SA-dye
conjugates to endogenous biotin, and by EPR effect. To better
understand the in ViVo behavior of VEGF-Avib/SA800 we
performed several control experiments. First, an Avi-tagged
VEGF mutant was employed to couple with SA-dye.
VEGFm-Avib/SA-dye has nearly equivalent size and surface
chemistry to VEGF-Avib/SA-dye, yet lacks VEGFR affinity.
As a result, VEGFm-Avib/SA-dye had little binding to
VEGFR2 positive PAE/KDR cells in culture (Figure 2) and
low accumulation in the tumor area (Figure 3a, i-l; Figure
4a, c). ROI analysis of the tumor signals in ViVo and ex ViVo
further confirms the significant difference between VEGFm-
Avib/SA-dye and VEGF-Avib/SA-dye (Figure 3b; Figure
4b). The absence of VEGFm-Avib/SA-dye signal in the tumor
excludes the possibility of passive tumor targeting of VEGF-
Avib/SA-dye caused by EPR effect in our tumor model.
Second, SA-dye conjugate was compared with VEGF-Avib/
SA-dye. SA-dye showed no binding to PAE/KDR cells
(Figure 2) in Vitro, however, it did show some extent of
tumor uptake at early time points in in ViVo NIRF imaging
(Figure 3a, m,n), but decreased dramatically after 40 h p.i.
(Figure 3a, o,p; Figure 4). It has been reported that 125I-
streptavidin has slow blood clearance and high organ
retention.28 In our study, SA-dye showed similar behavior
as 125I-SA with high renal uptake and slow clearance from
the circulation. Nevertheless, the tumor fluorescence intensity
from VEGF-Avib/SA-dye was significantly higher than that
from SA-dye after 40 h p.i. Third, ex ViVo immunohis-
tochemistry showed diffusive localization of SA-dye in the
tumor interstitial space rather than on the endothelial or tumor
cell surface while VEGF-Avib/SA-dye are mostly localized
on VEGFR-2 positive cells (Figure 5). Taken together, the
high tumor uptake of VEGF-Avib/SA-dye at late time points
is mediated by VEGF moiety instead of nonspecific binding
of SA-dye and passive tumor targeting.

The observation that VEGF121-Avi fusion protein can be
biotinylated by BirA enzyme and further conjugated with
streptavidin-dye for near-infrared fluorescence imaging of
tumor VEGFR expression highlights the crucial importance
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of site-specific modification of VEGF121 protein to retain its
receptor binding affinity and specificity in Vitro and in ViVo.
Biotinylation via Avi-tag has been documented and described
elsewhere for different applications29-31 and is manifested
here as a robust method to develop protein-based molecular
imaging probes in general. Our exploration of optical imaging
probes based on Avi-tag strategy may be extended to other
avidin, streptavidin, and neutravidin coupled nanoparticles
and radionuclides for multimodality imaging studies and
eventual clinical translation.

Abbreviations Used
VEGF-Avib, BirA biotinylated VEGF121-Avi; SA800,

streptavidin-IRDye800; SA-Cy, steptavidin-Cy5.5; SA-

HRP, streptavidin-horseradish peroxidase; VEGF-Avib/
SA800, VEGF121-Avi-bio/SA-IRDye800; VEGFm-Avib,
BirA biotinylated VEGFmutant-Avi; VEGFm-Avib/SA800,
VEGFm-Avi-bio/SA-IRDye800;VEGF-Avib/SA-Cy,VEGF121-
Avi-bio/SA-Cy5.5; VEGF-Avi/800, chemically labeled
VEGF-Avi-IRDye800.
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