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Fluorescence molecular imaging enables the visualization of basic molecular processes such as
gene expression, enzyme activity, and disease-specific molecular interactions in vivo using tar-
geted contrast agents, and therefore, is being developed for early detection and in situ char-
acterization of breast cancers. Recent advances in developing near-infrared fluorescent imaging
contrast agents have enabled the specific labeling of human breast cancer cells in mouse model
systems. In synergy with contrast agent development, this paper describes a needle-based flu-
orescence molecular imaging device that has the strong potential to be translated into clinical
breast biopsy procedures. This microendoscopy probe is based on a gradient-index (GRIN) lens
interfaced with a laser scanning microscope. Specifications of the imaging performance, includ-
ing the field-of-view, transverse resolution, and focus tracking characteristics were calibrated.
Orthotopic MDA-MB-231 breast cancer xenografts stably expressing the tdTomato red fluo-
rescent protein (RFP) were used to detect the tumor cells in this tumor model as a proof of
principle study. With further development, this technology, in conjunction with the development
of clinically applicable, injectable fluorescent molecular imaging agents, promises to perform flu-
orescence molecular imaging of breast cancers in vivo for breast biopsy guidance.

Keywords : Breast cancer; fluorescence molecular imaging; microendoscopy; optical imaging;
tdTomato fluorescent protein.

1. Introduction

The American Cancer Society estimates that
192,370 women will be diagnosed with breast cancer
and that 40,170 women will die of breast cancer

in the United States alone in 2009.1 One in eight
women born today is likely to be diagnosed with
breast cancer during their lifetime. Over the past
decade, positive trends are evident as a result of
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innovations in early diagnosis and treatment. How-
ever, a substantial percentage of early cancers are
still missed suggesting that detection methods still
need to be improved. Conventional needle-based
biopsy techniques have the disadvantage of false-
negative rates as a result of sampling errors.2,3

Image-guided biopsy is advantageous for enhancing
sampling success rates.4,5 However, improvements
are limited to lesions that are visible on ultrasound
or mammography. Both imaging techniques have
limited resolutions and sensitivities.6,7 Therefore
image-guided biopsy using those imaging methods
cannot adequately identify early lesions or local-
ize the precise extent of lesions. In addition, the
microscopic changes associated with early neoplas-
tic pathologies are still beyond the reach of clini-
cians during the biopsy procedure. Therefore, there
exists a critical need for development of more sensi-
tive and specific imaging techniques that can accu-
rately detect and characterize breast cancer in situ
and in real time to guide biopsy procedures with
the aim of improving sampling accuracy.

Over the past decade, optical methods based
on light–tissue interactions (including scattering,
absorption, and fluorescence) have been developed
to image and diagnose early neoplastic changes in
the breast. Various optical technologies including
diffuse optical tomography and spectroscopy,8–13

fluorescence and reflectance spectroscopy,14–17 opti-
cal coherence tomography (OCT),18–20 fluores-
cence molecular tomography and imaging,21–25

and confocal and multi-photon microscopy,26–31

have emerged as technologies with the potential
for detection and characterization of breast can-
cer in vivo. Using fiber optics and micro-optics
technology, optical methods can be miniaturized
into needle-based imaging devices for detection of
breast tumors in vivo and to guide needle biopsy
procedures.32–36 These optically based methods are
being developed to further improve diagnostic accu-
racy by reducing false-negative rates, which at
present are generated from sampling errors due to
limitations of the present guided biopsy protocols.

Specifically, fluorescence molecular imaging
enables the visualization of basic molecular pro-
cesses such as gene expression, enzyme activity,
and disease-specific molecular interactions in vivo
using targeted contrast agents.37–41 Therefore, flu-
orescence molecular imaging is being developed
for early detection and in situ characterization of
cancers by targeting distinct cancer cell molecular
signatures.42,43 Near-infrared fluorescent imaging

contrast agents have recently been developed to
improve detection of breast cancer.22,25,44 These
agents target either specific biological processes
such as lysosome accumulation,25 or biomark-
ers such as differentially expressed cellular pro-
teins, or are activated by specific enzymes that
are relatively specific for cancer.22,44 In addi-
tion, near-infrared fluorescence imaging systems
(including fluorescence reflectance imaging,25,45–47

fluorescence molecular tomography,22,48 wide-field
microscopy, confocal and multi-photon microscopy)
have been developed for fluorescence molecular
imaging to various depths, magnifications, and res-
olution scales. Macroscopic fluorescence molecular
tomography and reflectance imaging, although able
to image deep into tissue, are limited by their imag-
ing resolutions and are unable to visualize cellular-
or subcellular-scale molecular activities. Standard
microscopic technologies, although providing high
resolution for in vivo molecular imaging, are limited
by their optical penetration depth (∼500 µm) and
therefore cannot reach deep tissue. More invasive
procedures, such as surgery, are required to expose
the tissue under the microscope.

Minimally invasive procedures involving the
insertion of miniature needle imaging devices rep-
resent an effective approach to imaging deep tis-
sue with microscopy. Gradient-index (GRIN) lens
or MicroProbe Objective (MPO)-based miniature
focusing optics have been demonstrated as hav-
ing the ability to image deep tissues with confo-
cal, two-photon, and coherence anti-Stokes Raman
scattering (CARS) microscopy.49–53 In this paper,
we report the development and characterization
of a needle-based fluorescence molecular microen-
doscopy imaging device, which potentially has
applications in the imaging of breast cancer in vivo.

2. Methods

2.1. System configurations

Figure 1(a) shows the diagram of the fluores-
cence microscopy imaging system. The fluores-
cence microscopy system used a continuous-wave
(CW) laser diode as the excitation source. Differ-
ent excitation wavelengths could be chosen depend-
ing on the specific fluorescence markers or contrast
agents under investigation. The excitation light was
focused by a microscope objective onto the needle
microendoscope to illuminate the tissue. The flu-
orescence light was collected by the objective and
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Fig. 1. (a) Schematics of the laser scanning fluorescence microscopy imaging system. M: mirror; D: dichroic mirror; R: relay
lens; L: lens; OBJ: objective; PH: pin hole; PMT: Photomultiplier Tube; XY: XY scanner. (b) Schematics of the gradient-index
(GRIN) lens based microendoscopy. Red light trace is simulated by ZEMAX.

directed into the emission filter by a dichroic mir-
ror (D) which separated the excitation light from
the fluorescence emission light. The fluorescence sig-
nal, after passing the emission filter and confocal
pinhole, was detected by a photomultiplier tube
(PMT). The excitation and filter wavelengths could
be readily modified based on the excitation and
emission properties of the fluorescence markers used
in the study. In this study, we used human MDA-
MB-231 breast tumor xenografts stably expressing
tandem dimer (td)Tomato red fluorescent protein
(RFP), which has the high fluorescence quantum
yield of 0.6954,55 (excitation wavelength: 532 nm,
emission wavelength range: 580–660 nm), to test our
imaging system. To generate an en face fluorescence
image, the illumination point was raster-scanned by
a resonance scanner and a galvanometer mirror to
achieve a real-time speed of 8–10 Hz.

2.2. Needle-based microendoscope

The microendoscopy probe consists of a GRIN rod
relay lens and a GRIN imaging lens (NSG Amer-
ica Inc., USA). The GRIN rod relay lens is 2-pitch
long (89.4 mm) with a numerical aperture (NA) of
0.11, and the GRIN imaging lens is 3.3 mm long
and has the high NA of 0.57. Overall, the needle
probe is 1 mm in diameter and 92.7 mm in length.
Figure 1(b) shows the diagram of the GRIN lens-

based microendoscopy needle probe. The physics of
GRIN lenses indicates that the plane at a distance
d1 away from the back of GRIN lenses and the con-
jugate imaging plane at a distance d2 in front of
GRIN lenses [see Fig. 2(a)] have the relation of56:

d2 =
(n1n2/

√
A) sin(

√
AL) + n2n0 cos(

√
AL)d1

n2
0

√
A sin(

√
AL)d1 − n1n0 cos(

√
AL)

,

(1)
where A is a wavelength-dependent constant for
a particular lens, L is the length of the GRIN
lens, and n0, n1, n2 are the indices of refraction of
GRIN lenses on axis, object space, and image space,
respectively. The equation applies to both GRIN
rod relay lens and GRIN imaging lens. GRIN rod
relay lens is designed to relay images from one end
to the other end. Therefore, the length L is typ-
ically chosen as multiple half-integer pitches such
that sin(

√
AL) = 0. On the other hand, the design

of GRIN imaging lens is aimed to provide different
working distances and magnifications while main-
taining image quality such as high resolution and
low field curvature. Therefore, depending on the
design, parameters A and L will be different.

Based on our design, Eq. (1) simplifies to dr
2 =

−n2
n1

dr
1

for the GRIN rod relay lens part. The minus
sign is because the definition of orientations at both
ends is opposite [see Fig. 2(a)]. In other words, the
beam spot moves with the same distance and in the
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Fig. 2. (a) Diagram of image formation by a GRIN lens. Rays are traced by ZEMAX. (b)–(d) Relationship of d1 and d2 of
the relay lens, imaging lens, and the cascade combination.

same direction as the entry site (focus tracking).57

In our case, n1 = 1 in air and n2 = 1.666 on
axis of GRIN imaging lens. For the GRIN imag-
ing lens part, Eq. (1) specifies the relation between
di
1(=−dr

2) and di
2

by n0 = 1.666, n1 = 1.610, n2 = 1,√
A = 0.786 mm−1, and L = 3.3 mm. As a result, by

changing the entrance focus position dr
1
, the over-

all GRIN lens assembly working distance di
2

can
be changed accordingly within a certain range. Fig-
ures 2(b)–2(d) show the relationship for rod relay
lens, imaging lens, and the combined GRIN lens
assembly.

2.3. tdTomato-expressing breast
cancer cell line and breast
cancer xenograft model

A triple-negative human breast cancer cell line,
MDA-MB-231, originally expanded from a pleural
effusion, was obtained from the American Type Cul-
ture Collection. Plasmid DNA encoding tdTomato
(pRSETB-tdTomato) was kindly donated by Pro-
fessor Roger Tsien (University of California, San
Diego),54 cloned into the mammalian expression
vector pEF-1α-myc/his (Invitrogen, Carlsbad, CA)
generating pEF-1α-tdTomato.55 pEF-1α-tdTomato
was stably transfected into MDA-MB-231 cells
using the Amaxa Nucleofector II instrument
(Amaxa Biosystems, Gaithersburg, MD), followed
by fluorescence-activated cell sorting (FACS) of
tdTomato-fluorescing cells, and further expansion
without antibiotics, which was performed by Win-
nard Jr. et al. as previously described.55 Prior

to inoculation, MDA-MB-231-tdTomato cells dis-
played intense tdTomato fluorescence in cell culture
as tested with live cell fluorescence microscopy.55

One hundred thousand to two million MDA-
MB-231-tdTomato cells were orthotopically inoc-
ulated in four sites of the mammary fat pad of
anesthetized female athymic nude mice as previ-
ously described.58 Tumor xenografts reached their
final experimental size of about 5–150 mm3 within
4–6 weeks. In vivo whole-body fluorescence imag-
ing of MDA-MB-231-tdTomato tumor xenografts
was performed using a commercially available opti-
cal imaging system, the Xenogen IVIS 200 Spec-
trum (Caliper Life Sciences, Hopkinton, MA) under
isofluorane anesthesia. Following in vivo optical
imaging, mice were sacrificed, and tumor xenografts
were cut into 2 mm-thick fresh tumor slices through-
out the tumor using an Acrylic Adjustable Tis-
sue Slicer (12 mm D up to 25 mm W; Braintree
Scientific, Inc., Braintree, MA), and Tissue Slicer
Blades (Braintree Scientific). These breast tissue
slices were fixed in formalin and used for ex vivo
endomicroscopic imaging.

3. Results

3.1. System calibration

The system performance characteristics were first
calibrated using a US air force resolution chart.
The imaging field-of-view was measured by estimat-
ing the diameter of the circular imaging area. The
transverse resolution was determined by fitting the
one-dimensional intensity profile of the sharp edges
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Fig. 3. (a) Plot of field-of-view (FOV) versus working
distance. (b) Plot of transverse resolution versus work-
ing distance for the microendoscopic fluorescence molecular
imaging.

of resolution charts with the sinc2 function (edge
spread function).

Figure 3 plots the FOV and transverse resolu-
tion versus the working distance. Figure 3(a) shows
that the imaging FOV varied from ∼0.19 mm in
diameter to ∼1.28 mm in diameter with the work-
ing distance from 0.25 mm to 2 mm. Figure 3(b)
shows the transverse resolution changes from ∼1.3
to ∼6.7 µm correspondingly. The finest resolution
measured (1.3 µm) was approximately three times
larger than the theoretical diffraction limits of 0.57-
NA optics (0.46 µm), which was possibly due to the
spatial aberration of GRIN lenses.52

3.2. In vivo fluorescence molecular
imaging

Figure 4 shows representative whole-body fluores-
cence images of MDA-MB-231-tdTomato tumor
xenografts in the mammary fat pads of athymic
nude mice measured with 535 nm excitation and
600 nm emission filters on the Xenogen IVIS 200
Spectrum. The photographic image in Fig. 4(a)

Fig. 4. (a) Photographic image of mice with four MDA-MB-
231-tdTomato tumors of slightly different sizes.

displays the nodules from MDA-MB-231-tdTomato
tumors, which were circled with red dotted lines,
growing in the mammary fat pad of these mice.
Intense tdTomato fluorescence was detected in
all MDA-MB-231-tdTomato tumor xenografts as
shown in Fig. 4(b), and not in any other body part,
resulting in high positive tumor fluorescence con-
trast. Such high contrast was optimal for testing
our novel optical needle-based fluorescence molecu-
lar imaging device as described in the following.

3.3. Ex vivo microendoscopic
fluorescence molecular imaging

Figure 5 shows the through-needle fluorescence
microscopy of the excised human MDA-MB-
231-tdTomato breast cancer xenograft constitu-
tively expressing fluorescing tdTomato protein.
Figures 5(a)–5(c) show abundant clusters of
fluorescently labeled cancer cells, while Figs. 5(d)–
5(f) show regions with sparse tumor cells. Note
that single cells or cell clusters can be visualized.
These results demonstrate that fluorescence molec-
ular imaging with our 1mm needle-imaging device
is feasible in these ex vivo studies. In addition, it
is evident from the images in Fig. 5 that at micro-
scopic scale, the tumor is heterogeneous, while the
macroscopic whole-body images shown in Fig. 4
detected a relatively homogeneous fluorescent signal
from each tumor.

4. Perspectives on In Vivo Animal
Imaging and Clinical Translations

Stereotactic core needle biopsy uses needles with
11–14 Gauge size (2.1–3.0 mm).2,59–61 Optical
methods, based on light, can be delivered through
thin optical fibers and miniaturized micro-optics to
be interfaced with standard biopsy devices for more
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(a) (b) (c)

(d) (e) (f)

Fig. 5. Microendoscopic fluorescence molecular imaging in different tumor regions of a breast tumor xenograft model con-
stitutively expressing human MDA-MB-231-tdTomato breast cancer cells grown in the mammary fat pad athymic nude mice.
Bar: 200 µm.

accurate targeting of breast cancer. Previous stud-
ies have shown that different optical imaging and
spectroscopy methods, such as OCT, confocal and
multi-photon microscopy, and fluorescence imaging
can be performed through either flexible endoscopes
or needle imaging devices.49,51–53,57,62–69 Reported
needle-based devices for breast tissue characteri-
zation include low-coherence interferometry20,32,33

and spectroscopy.14,34–36 The needle-based fluo-
rescence molecular imaging results presented here
clearly demonstrate that getting an additional
microscopic view of the breast cancer tissue in addi-
tion to detecting the same signal by whole-body
imaging provides valuable additional information.
The change in scale from macroscopic to micro-
scopic opens up new possibilities for the evalua-
tion of tumor heterogeneity and molecular events
at the cellular or subcellular level. The hetero-
geneity detected in our microscopic images most
likely originated from regions in which fluoresc-
ing MDA-MB-231-tdTomato cancer cells resided
next to non-fluorescing portions of the tumor
microenvironment, such as non-fluorescing stromal,
vascular, and inflammatory cells, as well as the
non-fluorescing extracellular tumor matrix.70

Such needle-based fluorescence imaging has a
strong potential to further develop into a miniatur-
ized imaging device to be integrated with standard
core needle biopsy procedures to provide detailed
tissue molecular information, in vivo and in real-
time, before tissue removal. Figure 3 suggests that
the FOV can reach 1–2 mm (or larger) depending
on the working distance. A millimeter-level FOV is
approaching the size of tissues sampled by biopsy
needle. Therefore, this technology can provide a
“first look” at tissue to be biopsied, thereby reduc-
ing the chance of missing cancers or unnecessary
biopsies.

Figure 6 illustrates the integration of our needle
imaging device with a biopsy needle for fluorescence
molecular imaging, which we are proposing for use
during breast biopsy procedures for microscopic
guidance through the biopsy path in real time. This
needle imaging device consists of one gradient-index
(GRIN) rod lens and one GRIN imaging lens as
described previously. A microprism is placed at the
distal tip of the needle imaging device to perform
side-view imaging with the aid of a standard core
biopsy needle. The imaging FOV and resolution
will be determined by the working distance. Such a
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Fig. 6. (a) Interfacing of needle-based fluorescence molecular imaging device with standard core biopsy needle. (b) 3D solid
view and (c) cross-sectional view of the needle imaging probe.

needle imaging device has a definite potential to be
translated into clinical molecular imaging for breast
cancer detection.

5. Conclusion

In summary, we have engineered and initially evalu-
ated a needle-based microendoscopy device for flu-
orescence molecular imaging of breast cancer. The
imaging FOV and resolution of this system can
be varied with different working distance. Imaging
of tdTomato red fluorescent protein (RFP) labeled
tumor cells in a xenograft model of human MDA-
MB-231-tdTomato breast cancer cells revealed clus-
ters of fluorescently labeled cells in some tumor
regions, and isolated, sporadic cells in other tumor
regions, likely due to the heterogeneity of these
breast tumors. This needle imaging microendoscopy
holds strong potential to be translated into the
clinic for real-time breast biopsy guidance.
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