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New optical method for enhanced detection of colon
cancer by capsule endoscopy

Rinat Ankri,? Dolev Peretz,1® Menachem Motiei,? Osnat Sella-Tavor®
and Rachela Popovtzer*®

PillCam®COLON capsule endoscopy (CE), a non-invasive diagnostic tool of the digestive tract, has
dramatically changed the diagnostic approach and has become an attractive alternative to the
conventional colonoscopy for early detection of colorectal cancer. However, despite the significant
progress and non-invasive detection capability, studies have shown that its sensitivity and specificity is
lower than that of conventional colonoscopy. This work presents a new optical detection method,
specifically tailored to colon cancer detection and based on the well-known optical properties of
immune-conjugated gold nanorods (GNRs). We show, on a colon cancer model implanted in a chick
chorioallantoic membrane (CAM), that this detection method enables conclusive differentiation
between cancerous and normal tissues, where neither the distance between the light source and the
intestinal wall, nor the background signal, affects the monitored signal. This optical method, which can
easily be integrated in CE, is expected to reduce false positive and false negative results and improve
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1 Introduction

Colon cancer is the third leading cause of cancer-related death
in developing countries.™* Despite major advances in treatment
and therapy, early detection remains a key factor in increasing
chances for successful treatment and ultimate cure.? Therefore,
healthcare systems around the world recommend a routine
colon cancer screening for people over the age of 50. Colono-
scopy, which is currently the leading colon cancer screening
method, is an endoscopic medical procedure that uses a small
camera attached to a flexible tube, which when inserted into the
rectum can reach and examine the entire length of the colon.*
Although highly effective, this procedure can be painful and
carries associated risks, such as injury to the intestinal wall,
infection and internal bleeding. In addition, colonoscopies are
usually avoided by patients due to the associated discomfort
involved, the inconvenience of preparation, and other psycho-
logical inhibitions. In order to overcome these obstacles and
decrease the potential pain and risk, Given Imaging (Yogneam,
Israel) has developed the PillCam®COLON capsule endoscopy
(CE) which offers direct visualization of the colon in a non-
invasive and painless way.>® When ingested, this capsule, which
is in the size and shape of a pill and contains a wireless camera,
takes images of the inside of the gastrointestinal tract, which
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identification of tumors and micro metastases.

are then sent to a data recorder worn by the patient. In addition
to detecting the esophagus and the colon, which can be seen
using other types of endoscopy such as colonoscopy or esoph-
agogastroduodenoscopy (EGD), the primary use of capsule
endoscopy is to examine those areas of the small intestine that
cannot be seen using conventional methods. However, despite
the significant progress and non-invasive detection capability
offered by the PillCam, studies have shown that its sensitivity is
lower than that of conventional colonoscopy.”®

In recent years, gold nanoparticles (GNPs) have become
mainstay contrast agents for molecular imaging of cancer, mainly
due to their ability to scatter and greatly enhance the reflection of
the irradiated light in their surface plasmon resonance (SPR)
frequency.® Using light scattering imaging techniques, several
studies have demonstrated that cancer cells can be distinguished
from normal cells based on the strong resonant light scattering of
GNPs that specifically bind to cancer cells, as opposed to the
random distribution and low intensity of nanoparticles around
normal healthy cells."*** However, distinction between cancerous
and normal tissues based on differences in light intensity cannot
be a reliable diagnostic tool suitable for colonoscopy and PillCam
technology, since the distance between the light source and
the colon tissue cannot be controlled. In PillCam technology, the
capsule (light source and camera) freely cruises through the
gastrointestinal tract. When adjacent to the intestinal wall, high
light intensity can be detected even for a few randomly spread
GNPs on healthy tissue, while weak light intensity can be detected
when the capsule is far from the intestinal wall, even when large
amounts of nanoparticles have accumulated on tumorous tissue.
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In order to resolve this issue, we have developed a novel
optical detection method, specifically tailored to colon cancer
detection. This detection method, based on the well-known
optical properties of immune-conjugated GNPs, enables better
differentiation between cancerous and normal tissues, where
neither the distance between the light source and the intestinal
wall, nor the background signal will affect the monitored signal.
This optical method is expected to reduce false positive and
false negative results, and could potentially be integrated in
colonoscopy or PillCam technology.

The proposed method is based on the detection of the
reflected light from the colon surface at three distinct wave-
lengths, which are separated by 20-50 nm and chosen accord-
ing to the GNP extinction peak: the first wavelength is correlated
with one of the wavelengths at the bottom of the peak, the
second, at the full width half maximum (FWHM) of the peak,
and the third is correlated with the peak wavelength (Fig. 1(a)).
Using this method, the typical reflectance spectrum of
cancerous tissues, while being conjugated with specifically
targeted GNPs is expected to vary and to present the unique
spectrum characteristics of GNPs. Since GNPs present a trend of
increase within the three detected wavelengths, the specifically
targeted cancer tissue is expected to follow the same pathway
and to present the same increasing trend. In addition, as the
GNPs are not present in non-cancerous tissues, the typical
spectrum of the normal tissue is expected to be retained, and to
present a constant or decreasing trend within the three detected
wavelengths. Using this detection method, the absolute detec-
ted intensity becomes normalized and the distinction between
cancerous and normal cells is based solely on the trend of the
reflected light.
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Fig. 1 Optical properties of the GNRs. (a) Left panel: normalized absorption
spectrum of 25 x 75 nm GNRs. The three presented arrows point to the chosen
wavelengths in this experiment. From left to right: 610, 650 and 690 nm. Right
panel: TEM picture of bare GNRs. (b) Left panel: normalized scattering properties
of bare GNRs (light blue) and CC49 bio conjugated GNRs (dark blue). Right panel:
dark field microscopy of bare GNRs. The scattering properties were extracted from
dark field images of the GNRs captured by the CCD camera of the hyper spectral
microscopy. Scale bar is 10 um.
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2 Experimental

Two types of experiments are presented in this paper: a free-space
optical setup for reflectance measurements of tissue-like phan-
toms, and a spectral microscopy setup for reflectance measure-
ments of thin tissue sections. The free-space reflectance setup
enables the collection of the total reflected light, which is
composed of both the diffuse reflected light from thick tissue-like
phantoms (with and without GNPs) and the surface reflected
light (mainly due to backscattered light from GNPs). The second
type of experiment is spectral microscopy measurement, which is
performed in order to investigate the optical properties and
spectral trend obtained from irradiated cancerous tissues tar-
geted with GNPs, throughout the visible-NIR spectrum.

2.1 Gold nanorod (GNR) synthesis and bio conjugation

Gold nanorods (GNRs) were utilized as targeted contrast agents
since they present the highest scattering properties compared
to gold nanoshells or gold nanospheres."* The GNRs were
synthesized using the seed mediated growth method.*® Their
size, shape and uniformity were characterized using trans-
mission electron microscopy (TEM). The resultant average
shape was 25 x 75 nm, with narrow size distribution (10%). The
GNR extinction coefficient spectrum was determined using a
spectrophotometer, and the resultant extinction peak was
690 nm (Fig. 1(a)).

In order to prevent aggregation, and to stabilize the particles
in physiological solutions, a layer of polyethylene glycol (mPEG-
SH, MW 5 000 g mol ") (creative PEGWorks, Winston Salem,
USA) was adsorbed onto the GNRs. This layer also provided the
chemical groups that are required for antibody conjugation
(SH-PEG-COOH, MW 3400 g mol ™ "). A solution of GNRs sus-
pended in cetyltrimethylammonium bromide (CTAB) (Sigma-
Aldrich, USA) was centrifuged at 11 000g for 10 min, decanted
and resuspended in water to remove excess CTAB. A 200 pl
mixture of mPEG-SH (5 mM) (85%) and SH-PEG-COOH (1 mM)
(15%) was added to 1 ml of GNR solution. The mixture was
stirred for 24 hours at room temperature. The absorption
spectrum of PEGylated GNR solution presented the same
absorption peak at 690 nm. For cancer cell targeting (LS174T),
the heterofunctional PEG was covalently conjugated to a CC49
monoclonal antibody, which is specific to the TAG-72 antigen
expressed in human colon cancer cells.*®

2.2 Invitro cell binding experiment

A quantitative cell binding study was performed on LS174T and
SW480 cells (2.5 x 10° each) in 5 ml DMEM medium containing
5% FCS, 0.5% penicillin and 0.5% glutamine (each experimental
group was run in triplicate). Both cell types were incubated with
50 ul of CC49 coated GNRs (~10 mg ml™") for 10 minutes at
37 °C. After incubation, the medium was washed twice with PBS
followed by the addition of 1 ml of aqua regia HCl : HNO; (1 : 3)
(Sigma-Aldrich). After evaporation of the acid, the sediment was
dissolved in 5 ml 0.05 M HCI. The gold concentrations of the
samples were quantified by Atomic Absorption Spectroscopy
(AA 140; Agilent Technologies, Santa Clara, CA).
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2.3 Macro free-space optical setup

An optical setup was designed and built (Negoh-Op Technolo-
gies, Israel) for free-space reflected light intensity measure-
ments.'”*® The set-up includes a laser diode with a wavelength of
650 nm as an excitation source. The irradiation was carried out
using an optic fiber with a diameter of 125 um to achieve a pencil
beam illumination. The irradiated light was collimated and the
beam size on the sample was not larger than 500 pm. We used a
portable photodiode as a photo detector. The photodiode had a
cross-section diameter of 1 mm?. The distance between the light
source and the photodiode was ~1 mm. The total reflected
intensity was collected using a digital scope (Agilent Technolo-
gies, Mso7034a, Santa Clara, CA).

2.4 Tissue-like solid phantoms

Solid phantoms were prepared in order to simulate human
tissue optical properties.*>** The phantoms were prepared using
India ink 0.1%, as an absorbing component and Intralipid (IL)
20% (Lipofundin MCT/LCT 20%, B. Braun Melsungen AG,
Germany), as a scattering component.” Agarose powder 1%
(SeaKem LE Agarose, Lonza, USA) was added in order to convert
solution into gel. All phantoms presented the same absorption
and reduced scattering coefficients (0.01 mm ™' and 1.5 mm ™,
respectively), using 1% of India ink and 2% of IL (this concen-
tration refers to the solid fraction in the examined solution).
Two types of phantoms were prepared. Both types presented
identical concentrations of ink and IL. Into one type of phan-
toms, 100 ul of GNPs (25 mg ml ") were added to simulate a
tissue containing GNPs. The solutions were heated and mixed
at a temperature of approximately 90 °C while the Agarose
powder was slowly added. The phantom solutions were then
poured into cell culture plates (90 mm) and cooled under
vacuum conditions. All phantoms were 15 mm in thickness.

2.5 Chorioallantoic membrane model (CAM)

In this research, a chick embryo chorioallantoic membrane
(CAM) has been chosen as a model system for colon cancer.
The CAM model is a borderline case between in vivo and in
vitro systems, and is ideal for our study since it closely imitates
colon cancer characteristics. In colon cancer, tumors develop
partly inside the colon tissue and partly on the intestinal wall
bulging outward. Likewise, in the CAM model, tumors develop
in the same manner, with the tumor partially inside the egg
membrane and partially on the membrane surface bulging
outward.?®** The CAM is a transparent and highly vascularized
membrane, formed during embryo development on day 4 to 5,
by the fusion of the mesodermal layers of both the allantois
and the chorion,*° resulting in a highly vascularized meso-
derm composed of arteries, veins, and an intricate capillary
plexus.”” The developing embryo is naturally immunodefi-
cient, therefore the CAM is an excellent host for cancer cells
biopsied from patients, and is extremely accessible to experi-
mental manipulation. Tumors grafted on the CAM surface
have characteristics similar to those grown in mammalian
models. Compared with mammalian models, the CAM
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method exhibits faster tumor growth, low cost, simplicity, and
does not require government approval.

Two types of colon cancer cells have been implanted in the
CAM model: LS174T which highly over expresses the TAG-72
antigen, and SW480 which has only minor expression of TAG-72.
GNRs are coated with the CC49 antibody, for specific targeting of
the LS174T cells.***® Using hyper spectral microscopy, the
reflectance intensity was measured for the normal tissue, the
control tissue (grown from SW480 after incubation with CC49
coated GNRs) and the specifically targeted colon cancer tissue
(grown from LS174T and targeted with CC49 coated GNRs).

Fertilized eggs from Lohman-selected white leghorn chickens
were incubated for 3 days at 37 °C in 60% relative air humidity and
rotated hourly. On day 3 of incubation, a rectangular window
(1-1.5 cm) was made in the eggshell. Two milliliters of albumen
were withdrawn using a 21-gauge needle through the large blunt
end of the egg. The window was covered with a piece of tape to
prevent dehydration, and the eggs were replaced in the incubator.
On day 8 of incubation, 5 x 10°> LS174T or SW480 colon cancer
cells were grafted to the CAM under sterile conditions. The cells
were placed within a very thin, 5 mm diameter plastic ring that
was deposited on top of a blood vein intentionally damaged using
a needle. The damaged vein supplied oxygen to the cancer cells,
enabling tumor development. Four days post-cell implantation,
the eggs were reopened and the tumor was extracted for cancer
detection experiments. Images of the tumor tissue inside and
outside of the egg are presented in Fig. 2 (left and right panels,
respectively).

For GNR targeting experiments, a droplet of 15 ul of CC49 bio
conjugated GNRs (3 mg ml~") was placed on the tumor in the
egg and incubated for 10 min, after which the tumor was
washed with PBS to remove excess GNRs (not attached to the
cells). The tumor was then extracted from the egg and the
reflected signal was measured using hyper spectral microscopy.

2.6 Hyper spectral imaging system

Reflectance measurements of GNRs and cancerous tissues were
captured using the hyper spectral imaging system (Nuance, CRi,
MA, USA). A Halogen illumination (UN2-PSE100, Nikon, Japan),
along with 40x objective (0.75 NA) and a 32 bit ultrasensitive
CCD camera detector (N-MSI-EX), was used for imaging in RGB

Fig. 2 Chick embryos in shell-less culture ex vivo. The left panel of the picture
presents images depicting an 11-day chick embryo. The right panel of the figure
presents the colon tumor extracted from the egg. Scale bars are 30 mm (left
panel) and 6.5 mm (right panel).
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mode. Microscopy was then performed with a Nikon 80i
Microscope (Nikon Instruments, Inc.). Images were acquired
using the Nuance software version 2.1.

As the tumor surface was not flat, a captured image intro-
duced areas in focus as well as areas out of focus. For each
spectral analysis, three regions of interest (ROIs) from the
tumor picture were chosen, each presenting the largest region
in focus.

The effect of the backing material on the reflectance signal
from the cancerous colon tissue was studied. The colon tissue
(LS174T and SW480) was placed on a thin embryonic tissue (few
millimeters in thickness), on a slice of chicken ham, on a black
paper and on a glass slide. Measurements have demonstrated
that the reflectance signal from the tumor tissue was not
affected by the backing material (results not shown). Therefore,
a thin embryonic tissue was used in all measurements.

3 Results and discussion
3.1 Invitro cell binding experiment

To evaluate the specificity of the interaction between the CC49
coated GNRs and the LS174T colon cancer cells, the GNRs were
introduced to the LS174T cells and to the control SW480 cells.
Flame atomic absorption spectroscopy measurements quanti-
tatively demonstrated that the interaction between the CC49
coated GNRs and the LS174T cells was significantly more
specific than the interaction of the GNRs with the SW480 cells.
The LS174 cells took up 2.66 x 10° GNRs per cell while SW480
cells absorbed only 1.04 x 10”> GNRs per cell. These results
correlate well with previously published studies, which report
that LS174T cells highly express the TAG-72 antigen.”**"

3.2 Free-space reflectance measurements

Free-space reflectance measurements** were performed in order
to investigate whether the reflectance intensity from GNPs does
overcome the background signal (the diffuse reflected light
from the surrounding illuminated colon tissue). Two types of
phantoms were measured: the first, phantoms without GNPs
and the second, phantoms with 2.5 mg of GNPs. The phantoms
were illuminated with 650 nm wavelength and the total reflec-
tance intensity (1 mm from the illumination source) was
measured. The results clearly show that the intensity of the
reflected light from phantoms with GNPs is over 1.75 times
higher than that from phantoms without GNPs (see Fig. 3).
These results demonstrate that the intensity of the reflected
light from GNPs overcomes the inevitable diffuse light intensity
from the surrounding illuminated tissue and thus pave the way
for our next in vitro measurements of the reflected signal from
colon cancer tissue decorated with CC49 bio-conjugated GNRs.

3.3 Spectral microscopy measurements

In order to investigate the spectral difference between cancer
tissues labeled specifically (LS174T) and non-specifically (SW480)
by the CC49 coated GNRs, their reflectance signals have been
measured along the entire visible-NIR spectrum (450-900 nm)
after 10 min of incubation with CC49 coated GNRs. Incubation of
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Fig. 3 A comparison between the reflectance intensity of phantoms with and
without GNPs. The intensity of the reflected light from phantoms with GNPs is
over 1.75 times higher than that from phantoms without GNPs. Three indepen-
dent measurements were performed and the error bars represent the error of the
mean. The results are presented as the percentage of the illumination intensity.

10 min was chosen in order to enable the GNR attachment to the
cancer cell surface and yet to avoid their endocytosis, which
might decrease their reflectance intensity.*>* In an in vivo
application, GNRs will be directly inserted to the colon, in order
to protect the antibodies from stomach acid.

Fig. 4(a) shows representative normalized spectra of the total
reflected light from the sample, composed of both the diffuse
reflected light from the tissue and the backscattered light from
GNRs. As demonstrated, there is a clear difference between the
two samples, as the specifically targeted LS174T tissue presents
higher total reflectance light intensity (normalized) as well as a
broadening towards the red region, in comparison to SW480.
Both differences indicate the presence of large amounts of
GNRs in the LS174T targeted tissue, while only small amounts
of GNRs were attached non-specifically to the SW480. These
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Fig. 4 Normalized reflectance spectra. (@) A comparison between the normal-
ized reflectance spectra of targeted LS174T (red colored lines) and non-targeted
SW480 (blue colored lines) colon cancer tissue with CC49 bio conjugated GNRs.
The normalized reflection from the LS174T is about three times higher than the
total reflectance from SW480 cells, indicating the specific attachment of the GNRs
to the cancer cells. (b) Normalized backscattered light intensity from the GNRs
decorating the colon cancer tissue. The spectrum was obtained after the reduc-
tion of the background signal from the total reflectance signal (performed using
the Nuance software). A spectrum of the tissue without GNRs was subtracted
from the spectrum of the tissue with GNRs, to emphasize GNR attachment to the
cells. For all samples, the backing material was a thin embryonic tissue, measuring
a few millimeters in thickness. Spectra were normalized to the maximal intensity
obtained.
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results well correlate with our in vitro results presented in
Section 3.1 above, demonstrating the higher affinity of the CC49
bio-conjugated GNRs to the LS174T cells.

Fig. 4(b) compares the normalized reflected light intensity
from LS174T and SW480 colon cancer tissues following their
incubation with CC49 GNRs. The reflected light from the tissue
without GNRs (background signal) was reduced from the total
reflectance. Three clear differences can be observed: (1) the
LS174T tissue presents a spectral peak at 680 nm, similar to the
GNRs, while the SW480 tissue shows a spectral peak at 640 nm,
which is similar to the reflectance spectrum of the illuminating
lamp (data not shown). (2) The spectral intensity peak of the
specifically targeted LS174T tissue is over 3 times higher than
that for the non-specifically targeted SW480 colon tissue. Since
the backscattered light from GNRs correlates with the number
of GNRs in the sample, the higher intensity from the LS174T
indicates a 300% greater affinity of the CC49 coated GNR, to the
LS174T cells than to the SW480 cells, using the same excitation
conditions. (3) By comparing the normalized reflected light
intensity of LS174T labeled with CC49 GNRs and that of the bare
GNRs (presented in Fig. 1(b)), other than broadening of the
spectrum, an additional smaller peak at ~750 nm can be
observed. This suggests that the electromagnetic fields of
adjacent nanoparticles overlap, resulting in a significant red-
shift of the resonance wavelength peak of adjacent nano-
particles, unlike that of individual particles.?®?** This red shift
occurs only where high density GNRs specifically bind to the
colon cancer cells via the CC49 antibody to their target epitope,
while the non-targeted GNPs that might randomly spread in the
colon will not present a spectral shift.*

3.4 Distance dependent reflectance intensity measurements

As mentioned in the Introduction, the colonoscopy and PillCam
detection technologies cannot be based on the reflectance-
intensity differences between cancerous and non-cancerous
cells, since the intensity also changes in relation with the
distance between the detector and the intestinal wall. Fig. 5
depicts the effect of the light source-detector distance on the
detected intensity: when the vertical distance between the tissue
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Fig. 5 The reflectance intensity of LS174T cells as was measured by multi
wavelength irradiation using hyperspectral microscopy. Right panel: reflectance
image of LS174T cells as captured by the hyper spectral camera. Left panel:
dependence of the total reflectance intensity on the vertical distance from the
tumor. Each point on the curve is the intensity for a given distance measured at
the peak of the reflectance spectrum (at 650 nm). Scale baris 10 pm.
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and the detector of the hyper spectral imaging system decreases
by 1.3 mm, the total reflectance intensity increases by 400%.
This implies that the dominant factor determining the total
reflectance intensity is the distance between the detector and
the intestinal wall, rather than the density of the GNRs (which
correlates with cancerous or non-cancerous tissue).

3.5 Spectral trend

In order to overcome the distance-dependent intensity problem,
the proposed detection technique provides the ability to identify
the presence of GNRs by their unique spectral shape rather than
their absolute high reflectance intensity. In this method, the
tissue should be simultaneously irradiated with three distinct
wavelengths (e.g. three distinct diode lasers) that could poten-
tially be integrated in the colonoscope or the capsule. Since the
distance of each of these diodes from the intestinal wall is
identical for a given measurement, the trend (slope), rather
than absolute intensity, can indicate the presence or absence of
specifically targeted GNRs. Fig. 6 shows the different trends
obtained from targeted (LS174T) and non-targeted (SW480)
colon cancer tissues following conjugation with GNRs. The
three wavelengths were chosen according to the extinction
spectra of the GNRs (as shown in Fig. 1); 610 nm correlates with
the bottom of the peak, 650 nm is similar to the FWHM of the
peak, and 690 nm to the peak. As demonstrated, a decreasing
trend (negative slope) was obtained from the normalized
reflectance signal of the three wavelengths for the non-targeted
tissue, correlating to the typical trend of tissues without GNRs
(see Fig. 4(b)). In contrast, an increasing trend (positive slope)
was obtained for the specifically targeted LS174T tissue,
reflecting exactly the trend obtained by the GNRs. This unique
increasing spectroscopic signal, which is distinct from the
typical spectrum of normal tissues, denotes the presence of
colon cancer cells.

Normalized reflectance (a.u)

610 630 650 670 690
Wavelength (nm)

Fig. 6 A comparison between the backscattered light from targeted (LS174T)
and non-targeted (SW480) colon cancer tissues following conjugation with GNRs.
The three wavelengths were chosen according to the extinction spectra of the
GNRs (as shown in Fig. 1). Diamond marked line: trend of normalized reflection
for LS174T. Square marked line: trend of normalized reflection for SW480. The
results are the average of different reflection measurements. The error bars
represent error of the mean.
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4 Conclusions

In summary, this study presents an innovative colon cancer
detection method, which could be incorporated in conventional
colonoscopy or the PillCam capsule technology. Simultaneous
irradiation of colon tissues with three distinct diode lasers
provides the ability to detect the presence of GNRs by their
typical spectroscopic shape, rather than by their absolute
intensity. The proven biosafety of GNRs in vivo,**** along with
the fact that the present application necessitates only topical
rather than systemic administration, provides the potential for
GNRs to become clinically approved in the near future. Together
with the ability to specifically attach GNRs with high density to
colon cancer cells, this technology is expected to provide a
definitive discrimination between cancerous and normal
tissues, and to reduce false positive and false negative results.
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