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Abstract: Circulating tumor cells (CTCs) are single cancer cells or cancer cell clusters that are present
in the circulatory system. Assessing CTC levels in patients can aid in the early detection of cancer
metastasis and is essential for the purposes of accurate cancer prognosis. However, current in vitro
blood tests are limited by the insufficient blood samples and low concentration levels of CTCs,
which presents a major challenge for practical biosensing devices. In this work, we propose the
first surface plasmon resonance (SPR) fiber probe to work intravenously, which offers a real-time
detection of CTCs in bloodstreams. By exposing the protein-functionalized fiber probe to circulating
blood, a continuous capture of CTCs ensures a constant increase in enrichment and hence greatly
enhances enumeration accuracy. The performance of our plasmonic fiber probe was demonstrated
to specifically detect Michigan Cancer Foundation-7 (MCF-7) breast cancer cells in flowing whole
mouse blood. Further, a detection limit of ~1.4 cells per microliter was achieved by using an epithelial
cell adhesion molecule (EpCAM) antibody-based receptor layer and a 15 min enrichment period.
This pilot study validates real-time CTC detection directly in the bloodstream by using plasmonic
fiber probes, which exhibit promising clinical potential for in vivo diagnostic tests involving low
concentration biomarkers in circulating blood.

Keywords: circulating tumor cells; fiber optics; surface plasmon resonance; blood; enrichment

1. Introduction

Cancer is one of the leading causes of premature death worldwide. Around 19.3 million
new cancer cases and 10.0 million cancer deaths were reported in 2020 [1–4]. The surviv-
ability of a patient is highly related to the stages of cancer. The vast majority of mortality
cases are due to the disease metastasizing and multiple new tumors forming away from
the initial ones [5–7]. Circulating tumor cells (CTCs) are currently known as the key fac-
tor for such metastatic cancer. CTCs’ shedding from the primary tumor as single cells,
or cell clusters, in the circulatory system allow the cancer to disseminate via the blood-
stream [8–10]. The number of CTCs presenting in blood has been reported as correlating
with cancer progression; further, it is believed that a more advanced cancer would result
in higher CTC concentration [10,11]. As CTCs are also found within the early stages of
cancer [8,11,12], assessing the CTC level in circulation is, therefore, of great significance for
the early detection of cancer and the associated metastasis.

In vitro cell isolation is the first demonstrated approach for diagnostic CTC detection.
Vona et al. have proposed a CTC-isolating assay based on the size difference between CTCs
and blood cells [13]. Moreover, the immune isolation approach is also widely employed
as an alternative to the size-based strategy [14,15]. One example of the immune isolation
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approach is found in CELLSEARCH (Menarini-Silicon Biosystems, USA), which is a CTC
isolating kit approved by the United States Food and Drug Administration (FDA) [16].
This kit utilizes antibody-functionalized magnetic beads in order to selectively separate
CTCs overexpressing epithelial cell adhesion molecules (EpCAM). However, the blood
sample volume allowed in a single collection from patients is normally in the order of a few
milliliters [13–15]. Considering the ultra-low concentration level of CTCs in blood, such a
small sample volume contains only a limited total number of tumor cells for in vitro CTC
assays, leading to a high possibility of false negative results [17–19].

To overcome the challenges of in vitro CTC isolation and detection, many researchers
have explored the feasibility of evaluating CTC levels after an in vivo enrichment period.
This method allows the in situ capturing and accumulation of CTCs in the circulatory
system in order to collect more available CTCs for in vitro testing. For example, a venous
enrichment at the upper limb of cancer patients can collect tens of cells per second if
taking into consideration the high volumetric flow rate in cephalic and basilic veins [20,21].
Such an increased cell number can, in turn, improve the statistical confidence in eval-
uating the CTC level, leading to a more accurate diagnosis of cancer [19]. One of the
representative works considered is an intravascular CTC-isolating device developed by
Saucedo-Zeni et al., which is essentially an EpCAM antibody-functionalized guidewire of
0.5 mm in diameter [18]. This intravascular device was demonstrated to help the in vitro
CTC detection on breast and non-small cell lung cancer patients after a 30 min venous
enrichment procedure. Similarly, Zhang et al. have investigated in vivo CTC enrichment
with a functionalized vein indwelling needle and demonstrated its utilities on rabbit and
mouse tumor models [22]. It is noteworthy to mention that the abovementioned methods
all require post-processing steps such as elution, staining, and counting [18,22–24]. These
extra procedures may hinder the rapid detection of CTCs. Therefore, a real-time sensing
method capable of performing in vivo enrichment is highly desirable in order to achieve
the direct detection of CTCs intravenously.

Surface plasmon resonance (SPR) is an appealing method for real-time and label-free
biosensor applications [25–27]. Recently, there have been some works reported to have
used plasmonic sensors for rapid in vitro CTC detection. For example, Mendoza et al.
have proposed an SPR microarray for the purposes of analyzing breast-cancer-related
proteins and cells in blood. They demonstrated the detection of the membrane markers
of breast cancer cells in the suspension of 1 × 103 cells/µL in 30 min [28]. Jia et al. have
reported an SPR cytosensor, which is functionalized with a Mucin short variant S1 (MUC-1)
aptamer, thereby targeting the Michigan Cancer Foundation-7 (MCF-7) breast cancer cells
that are expressing human mucin. They also reported the detection of MCF-7 cells in the
suspension of 5 cells/µL after an additional 1 h incubation of NiO-nanoparticles via a SPR
signal amplifier [29]. Chen et al. have also reported the detection of MCF-7 cells with
an oriented functionalization of peptide on a calixarene monolayer and demonstrated a
detection limit of 0.5 cells/µL in 30 min [30].

In this work, we have developed a minimally invasive plasmonic fiber probe, measur-
ing at 125 µm in diameter and intrinsically allowing the intravascular operation through
the inner channel of an intravenous (IV) cannula. This plasmonic sensor combines two
key functions, including: (i) In vivo enrichment for the purposes of continuously collecting
CTCs in circulating blood and (ii) the efficient transmission of light to and from the sensing
region into one fiber probe in order to achieve real-time CTC detection in blood vessels.
The proposed fiber probe used a hetero-core configuration consisting of a multi-mode fiber
(MMF) for the light transmission function, and a gold-coated single-mode fiber (SMF) for
the CTC sensing function. A reflective gold layer was coated on the end of the fiber probe
in order to allow both light source and SPR interrogation at the same side. The fiber probe
was functionalized with an EpCAM antibody for the enrichment and specific detection of
MCF-7 breast cancer cells in blood. A homemade blood circulation system was developed
in order to mimic the circulating blood flow and to evaluate the performance of the plas-
monic fiber probe. In the calibration experiments, the sensors’ sensitivity was measured,
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via using NaCl solutions, to be 1933.4 nm/RIU. Using a phosphate-buffered saline (PBS)
containing MCF-7 cells, the lowest detectable cell concentration was demonstrated to be
~1.4 cells/µL following a 15 min enrichment period. Using heparinized whole mouse blood,
we further demonstrated the detection of CTCs in the bloodstream with a concentration of
10 MCF-7 cells/µL within 15 min. The estimated lowest detectable cell concentration in
the bloodstream was in consistency with the experiments in the PBS (1.4 cells/µL). These
results have, therefore, confirmed the potential of our intravenous plasmonic fiber probe
for in vivo enrichment and real-time detection of CTCs in circulating blood.

2. Materials and Methods
2.1. Chemical Reagents

11-Mercaptoundecanoic Acid (11-MUA) and ethanolamine hydrochloride, polymeric
formaldehyde (PFA), and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich (Hong Kong, China). Dulbecco’s modified Eagle medium (DMEM, 1×),
phosphate-buffered saline (PBS, 1×), Trypsin-Ethylenediaminetetraacetic acid solution
(Trypsin, 0.25%, phenol red), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC), N-hydroxysulfo succinimide (Sulfo-NHS), and the CD326 Monoclonal Anti-
body (Anti-EpCAM, Clone 1B7) were purchased from Thermo Fisher (Hong Kong, China).
The MCF-7 cell line (no. HTB-22) was acquired from ATCC (Manassas, VA, USA). Hep-
arinized mouse (ICR) blood was acquired from the laboratory animal service center in
CUHK (Hong Kong, China).

2.2. Sensor Surface Functionalization

Step 1: Deposition of 11-MUA monolayer. The sensor was incubated in 10 mM
11-MUA; then, dissolved in ethanol for at least 12 h in order to deposit a carboxylic
self-assembling monolayer (SAM). The sensor surface was then rinsed with ethanol and
deionized water in order to remove weakly bound molecules.

Step 2: Activation of carboxyl groups. The carboxyl groups on the sensor surface were
activated with a 1:1 mixture of 400 mM EDC and 100 mM Sulfo-NHS for 7 min. This step
transforms carboxyl groups into amine-reactive NHS esters. Note that EDC and sulfo-NHS
should be mixed and used as soon as possible after thawing in order to avoid hydrolysis.
The activated senor surface was then rinsed with deionized water in order to remove the
extra mixture.

Step 3: Immobilization of the antibody. The activated sensor surface was incubated in
a PBS solution containing 25 µg/mL Anti-EpCAM for 2 h. The primary amine groups on
the antibody can react with the NHS esters in order to form amide bonds [31]. The antibody-
immobilized sensor surface was rinsed with PBS first, and then deionized water second.

Step 4: Blockage of remaining NHS esters. The sensor surface was blocked by 1 M
ethanolamine hydrochloride (pH adjusted to 8.5 with HCl) for 5 min to avoid the cross-
linking with unspecific proteins during the measurement. The ethanolamine molecules in
the ethanolamine hydrochloride solution were bound to the remaining NHS esters though
the amine groups [31]. The blocked sensor surface was rinsed with deionized water in
order to remove the unbound ethanolamine.

2.3. Preparation of CTC Samples

The EpCAM positive cell line MCF-7 was cultured in DMEM in a 95% humidified
chamber with a CO2 of 5% and at 37 ◦C for at least 48 h. The cells were harvested
using a 5 min Trypsin incubation procedure and gathered in a 15 mL Falcon tube. After
centrifugation at 200 g for 5 min, the cells are resuspended in PBS in order to make 2 or
4 mL raw samples. The concentration of raw cell suspension in PBS was calibrated by a
hemocytometer (Z359629, Sigma-Aldrich), denoting as C1 cells/µL. We added (C1/500− 1)
mL PBS into 1 mL raw cell suspension in order to obtain the calibrated sample with a
concentration of 500 cells/µL for further dilution.
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The diluted MCF-7 cell sample with a concentration of 50 cells/µL in PBS is obtained
by adding a 150 µL calibrated sample with a concentration of 500 cells/µL into a 1350 µL
PBS. The diluted sample, with a concentration of 10 cells/µL, in the PBS is obtained by
adding a 30 µL calibrated sample with a concentration of 500 cells/µL into a 1470 µL PBS.
The diluted sample with a concentration of 1 cell/µL in a PBS is obtained by adding a
150 µL sample with a concentration of 10 cells/µL into a 1350 µL PBS.

The diluted MCF-7 cell sample with a concentration of 10 cells/µL in whole mouse
blood is obtained by adding a 30 µL calibrated sample with a concentration of 500 cells/µL
into 1470 µL blood. Additionally, we added a 30 µL PBS into 1470 µL blood in order to
obtain the control sample without MCF-7 cells.

2.4. CTC Staining

The CTCs attaching onto the sensor probe are fixed by incubating with a 5% polymeric
formaldehyde (PFA) solution for 10 min. After the rinse with the PBS, the fixed cells are
stained with a 1 µg/mL DAPI for 5 min. The stained cells are then rinsed with a PBS again.
The sensing region of the sensor probe was snapped off with tweezers after DAPI staining
and placed in a Petri dish filled with a PBS for the purposes of imaging. The DAPI-stained
CTCs can exhibit blue fluorescence, which shows their position on the probe with a 350 nm
UV excitation.

2.5. Plasmonic Fiber Probe and SPR Interrogation Setup

As shown in Figure 1a,b, the fiber probe was fabricated by splicing a 5 mm long SMF
to the end of an MMF. Both fibers have a cladding diameter of 125 µm, while the core sizes
of MMF and SMF are 62.5 µm and 9 µm, respectively. Due to the core size mismatching,
the light guided into the MMF core will leak onto the cladding of the SMF to excite the
SPR in the gold-coated thin layer. In our fiber probe, a 45 nm thick gold film was first
deposited on the SMF surface using a magnetron sputtering fiber-coating device (JGP450A,
SKY Technology Development, Shenyang, China) in order to achieve the balance between
sensitivity and signal-to-noise ratio that was previously reported [32]. Then, the gold film
on the fiber end was further thickened to 300 nm, which enabled the effective reflection
of the sensing light. This reflective probe design allows the placement of a light source
and spectrometer at the same side of the probe. By using this method, the probe can pass
through the inner channel of a protective tube (IV cannula) and achieve a minimal-invasive
CTC detection in vivo.

The sensing mechanism of the plasmonic fiber probe is well established. The light in
the fiber sensing region propagates through the total internal reflection will be coupled to
the surface plasmon in the gold thin layer via the evanescent field. When the wavevector
of light matches that of the surface plasmon, the resonance between them will happen and
result in an enhanced electrical field (see Figure 1c), manifested as a strong absorption dip
in the reflected SPR spectrum, i.e., an SPR dip. When biomolecules, or cells, of a different
refractive index to background medium attach to the sensor surface, there are changes to
the resonance condition between the light and surface plasmon, which causes the shift
of the SPR dip [26,33]. This sensing mechanism is used in our plasmonic fiber sensor in
order to detect CTCs in circulating blood in real-time by continuously interrogating the
reflected spectra.
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Figure 1. (a) Schematic of the plasmonic fiber probe; (b) photograph of the fiber probe of a 5 mm
long sensing region, coated with a gold thin layer (i.e., the double-headed black arrow); (c) simulated
electrical field distribution adjacent to the sensor surface of the fiber probe using an excitation
wavelength of 600 nm; and schematic (d) and photograph (e) of the SPR interrogation setup consisting
of a fiber probe, a broadband light source, a spectrometer, and a 1 × 2 fiber coupler.

The schematic and a photograph of our SPR interrogation system are shown in
Figure 1d,e. This system includes a broadband light source (SLS201L, Thorlabs, New-
ton, NJ, USA), a spectrometer (USB 4000, Ocean Optics, Dunedin, FL, USA), and a 50:50
multi-mode coupler (bandwidth: 600 ± 50 nm, Optics Forest, Huizhou, China). In this
system, the light will be coupled into the fiber probe through the fiber coupler in order to
excite the surface plasmon polariton (SPP) in the gold sensing region. The sensing light will
then be reflected backwards by a thickened gold layer on the fiber end and will re-excite
the SPP in the sensing region before it is measured by the spectrometer.

2.6. Blood Circulation Mimicking System

As shown in Figure 2a, a homemade blood circulation system has been developed
to mimic the blood flow of a controllable volumetric flowrate. This system consists of a
homemade peristaltic pump, a multi-channel valve (SV-03, Runze Fluid, Nanjing, China), a
sample reservoir, and a flow cell hosting the fiber probe. The inner diameter of the flow
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cell is 2.4 mm (see Figure 2b), close to that of the cephalic vein commonly used to place
intravascular catheters [34]. The analyte volume surrounding the sensing region is about
22.6 µL. The volumetric flowrate was limited to 3.0 µL/s in order to avoid the rupture of
cells by shear stress [35,36]. In the calibration experiments that used PBS solutions, the
cell samples were continuously circulated through the flow cell in one flow direction (see
Figure 2b). In the targeting experiments that used whole mouse blood, the blood samples
were reciprocated in the flow cell in order to fully utilize the limited blood volume (1.5 mL)
that was collected from mice (see Figure 2c).
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Figure 2. (a) Photograph of the homemade blood circulation mimicking system, which consists
of a peristaltic pump, a multi-channel valve, a sample reservoir, and a flow cell that is 2.4 mm in
diameter. Zoom-in view of the flow cell in (a) for calibration experiments using PBS (b) and the
targeting experiments using whole mouse blood (c). In (b,c), the white arrows indicate the plasmonic
fiber probe in the flow cell, the blue arrow denotes the flow direction of PBS, and the orange arrow
represents the reciprocating direction of the blood flow. An additional sample reservoir is placed
below the flow cell designed for blood (c) to buffer the reciprocating flow.

3. Results and Discussion
3.1. Evaluation of the Sensitivity of Plasmonic Fiber Probe

In our studies, the normalized SPR spectra were achieved by dividing the reflected
sensing spectra to a pre-acquired reference spectrum of the light source (see Figure S1)
and the change in the SPR dip wavelength was monitored and recorded in real time [26].
Figure 3a illustrates the change in the SPR spectra with NaCl solutions of different concen-
trations, ranging from 0% to 20% in weight ratio in deionized water, which indicate the
probe’s sensing response to solutions of variant refractive indices [37]. The SPR dip shifts
to a longer wavelength accompanying a stronger optical attenuation with the increased
refractive index (see Figure 3b and Figure S2). In general, the sensitivity (S) of the SPR
sensor is given by the ratio of shifted wavelength (dλ) to refractive index change (dn), i.e.,
S = dλ/dn. Therefore, as shown in Figure 3b, a linear fitting was performed in order
to characterize the sensitivity of the plasmonic fiber probe to be 1933.4 nm/RIU. As the
resolution of the used spectrometer is 0.2 nm, the limit of detection (LOD) of the fiber probe
is about 1 × 10−4 RIU.
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the SPR dip changing with the refractive index of the NaCl solutions [37]. The dash line is the linear
fitting of the wavelength values.

3.2. Functionalization of the Plasmonic Fiber Probe

The enrichment and detection of CTCs is based on the affinity binding between the
EpCAM that is overexpressed on the cancer cell membrane (MCF-7), as well as the EpCAM
antibody (anti-EpCAM) immobilized on the sensor surface of the plasmonic fiber probe. A
detailed surface fictionization protocol is discussed in the Materials and Methods section.
In essence, as shown in Figure 4a, the antibody immobilization procedure begins with
forming a self-assembled alkanethiol layer with a carboxyl group decoration (11-MUA) on
the gold surface. Then, the EpCAM antibody is grafted to this carboxylic end through EDC
and a sulfo-NHS mediated crosslinking reaction. After blocking the remaining active NHS
esters with ethanolamine, the sensor surface is ready to offer a specific affinity targeting of
EpCAM-associated MCF-7 cells.

Figure 4b shows the change in SPR dips during the surface functionalization process.
The molecule attachment on the sensor surface resulted in a red-shifted SPR dip accom-
panied with an attenuated optical power, which was observed in the steps of 1, 2, and 3
for the deposition of 11-MUA, the decoration of sulfo-NHS ester, and the immobilization
of the antibody, respectively. It was also found that the ethanolamine blocking in step 4
leads to a slightly inversed change, which may be caused by the hydrolysis of an unreacted
sulfo-NHS ester remaining on the sensor surface. The wavelength of the SPR dip shifts
from 586.7 nm to 604.1 nm during the functionalization process, leading to a change of
17.4 nm in total.
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Figure 4. (a) Schematic of the surface functionalization of the plasmonic fiber probe for targeted
MCF-7 cell sensing. Step 1: Form a self-assembling monolayer of 11-MUA on gold. Step 2: Activate
the carboxyl groups on 11-MUA through the EDC/NHS reaction. Step 3: Immobilize the EpCAM
antibody for the purposes of cell capture. Step 4: Block remaining active NHS esters. (b) SPR spectra
recorded at the end of each functionalization step, inset shows the zoomed in view of the SPR dips.

3.3. CTC Enrichment and Sensing in PBS Flow

Figure 5a illustrates the sensorgrams of the functionalized plasmonic fiber probe in
the continuous PBS flow containing MCF-7 cells of different concentrations from 0 to
500 cells/µL. The sensorgram was acquired at a rate of 20 data points per second and
plotted the averaged data by every 15 s. It was found that the sensorgram reached the
saturation after a wavelength shift of 5.6 nm in 15 min when testing the PBS flow with a
concentration of 500 MCF-7 cells/µL; this was while the wavelength shift at 15 min were
3.8 nm and 1.3 nm for the PBS flows with a concentration of 50 and 10 MCF-7 cells/µL,
respectively. It is also noted that there is only a marginal difference of about 0.1 nm in
terms of the shift of resonance wavelength between the sensorgrams of the PBS flow of
1 MCF-7 cell/µL and PBS baseline.
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Figure 5. (a) SPR sensorgrams monitoring the relative shift of the resonance wavelength of the
functionalized plasmonic fiber probe in PBS flow of different MCF-7 cell concentrations in real time.
(b) The logarithm fitting of the wavelength shifts of SPR dip versus variant MCF-7 cell concentrations.
The data points denote the relative shift of resonance wavelength recorded at the end of a 15 min
enrichment in each sample. The error bar shows the standard deviation of data points in one minute
before the end of enrichment.

To evaluate the LOD of the functionalized plasmonic fiber probe, a logarithm fitting
was performed on the relative shift of resonance wavelength recorded after a 15 min
enrichment period versus PBS solutions of different MCF-7 cell concentrations. By using
the fitted logarithm equation and considering the spectrometer resolution of 0.2 nm, the
LOD of the fiber probe is about 1.4 MCF-7 cells/µL in PBS. Considering that the used
volumetric flow rate in the flow cell was 3 µL/sec. The lowest detectable cell flow rate of
the fiber probe is approximately 4.2 cells/sec, which is in the same order of the cell flow
rate in the cephalic vein of cancer patients [11,20].

To investigate the specificity of the plasmonic fiber probe, the sensing responses of
fiber probes functionalized with and without anti-EpCAM were studied using a PBS flow
with a concentration of 500 MCF-7 cells/µL. In a 15 min sensing period, the relative shift
of the resonance wavelength of the fiber probe functionalized with an antibody is found
to be almost three times of that measured with the fiber probe without an antibody (see
Figure S3a). To further demonstrate the unspecific binding resistance of an ethanolamine-
blocked 11-MUA layer on the plasmonic fiber probe, the sensorgram of a fiber probe
functionalized with a blocking layer was compared with that of a fiber probe without a
blocking layer (i.e., a bare gold sensor surface). As no anti-EpCAMs were grafted on these
two fiber probes, the detected resonance wavelength shifts in both sensorgrams were only
contributed by the unspecific cell bindings. As shown in Figure S3b, the blocking layer
successfully suppressed the unspecific cell bindings by about 50%, as indicated by the
relative shifts of resonance wavelength of the two fiber probes measured at 15 min.

As shown in Figure 6, after the real-time cell detection, we have taken out the sensing
part of the probe via a tweezer in order to image and validate the attached cells. The DAPI
staining led to a blue fluorescence of DNA in nucleus. Hence, the cells attached to the
probes can be visualized as bright blue spots via fluorescence microscopy. By counting
the number of bright spots on the fiber surface, we validated that at least 29 cells were
attached to the probe in Figure 6a, after a 15 min enrichment PBS flow with an MCF-cell
concentration of 500 cells/µL. In Figure 6b, the attached cell number on the fiber probe is
decreased to the number of 12 due to the lower MCF-7 cell concentration of 10 cells/µL in
the enriching PBS flow. We have only counted the cell number on one side of the probe
due to the fact that the gold film is not transparent under the microscope. Therefore,
the total cell number on the probe should be doubled if the specific binding of CTCs is
symmetric on both sides of the fiber probe. The total cell number on the probe is 58 for
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the enrichment in PBS flow with a concentration of 500 cells/µL and 24 for 10 cells/µL. To
enable the number of the attached cells to be more precise, the large bright spots of multiple
overlapping cells are counted as one cell in Figure 6. Moreover, the bright spot overlapping
with the impurity is not counted. Additionally, there were some cells that detached from
the fiber probe during the staining procedure (see green boxes in Figure 6). These detached
cells were not counted as attached cells and the weak affinity of them may be due to the
unspecific attachment on the non-sensing region. In addition, the cells have been fixed
with formaldehyde to ensure their attached positions on the fiber probe and in order to
remained in the same spot.
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Figure 6. Micrographs of DAPI-stained MCF-7 cells (in bright blue color) on the fiber probes after
the 15 min enrichment in PBS flows with a concentration of (a) 500 and (b) 10 MCF-7 cells/µL. Two
2.5 mm segments of the 5 mm long sensing region of the fiber probe were imaged separately with the
1st segment close to the fiber end and the 2nd segment close to the MMF. The red boxes outline the
fiber probes in each micrograph. Insets show the zoomed in view of the cells attached on the probe
surface (blue boxes). The detached cells are marked by green boxes.

These micrographs of the CTCs attached on the probe surface confirmed that the
total cell number on the probe is also positively correlated with the shifts in the resonance
wavelength. There were 58 cells attached to the probe and a 5.6 nm shift in the resonance
wavelength on the sensorgram for the enrichment in PBS with a concentration of 500 MCF-7
cells/µL. Similarly, for 10 MCF-7 cells/ cells/µL, the total cell number on the fiber probe
was 24 and a resonance wavelength shift of 1.3 nm was found. No cell was found on the
fiber probe following the sensing in the PBS flow of 1 MCF-7 cell/µL (see Figure S4), which
is consistent with the marginal resonance wavelength shift observed in Figure 5a. Thus, in
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addition to the real-time CTC detection based on the SPR wavelength shift, our SPR fiber
probe can also effectively differentiate the patients with cancer by directly determining the
CTC existence after enrichment [10,11].

3.4. CTC Enrichment and Sensing in Circulating Blood

We further evaluated the performance of the plasmonic fiber probe in the context
of circulating whole mouse blood in order to evaluate its clinical potential in complex
physiologic matrices. As shown in Figure 7a, when comparing with the PBS baseline, the
resonance wavelength of the fiber probes in the circulating blood with a concentration of 0
and 10 MCF-7 cells/µL were shifted to about 29.8 nm and 33.1 nm, respectively. Due to
the reciprocated blood flow in the flow cell, transient signal drifts caused by the change in
flow direction were observed in Figure 7a. The shift in the resonance wavelength increased
during the enrichment of the fiber probe in the blood sample containing CTCs, leading
to a total wavelength shift of 2.2 nm after 15 min versus a 0.7 nm wavelength shift in the
non-CTCs control study.
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in order to remove the drifts (see Figure 7b). Linear fittings were then performed. The 
resonance wavelength of the fiber probe was found to change almost three times faster in 
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Figure 7. (a) SPR sensorgrams of the plasmonic fiber probe in the reciprocating whole mouse blood
with a concentration of 10 MCF-7 cells/µL (blue line) versus that in the reciprocating mouse blood
only (orange line). Both probes were first immersed in PBS solutions before the introduction of a
reciprocating blood flow, as indicated with arrows. Black arrows indicate the change in flow direction
by the peristaltic pump, and green arrows denote the halt of pumping. (b) The sensorgrams in (a) are
smoothed through the averaging of each minute during the 15 min enrichment period. The blue and
orange points denote the average sensing responses of two fiber probes in whole mouse blood with
MCF-7 cells and without MCF-7 cells, respectively. The error bar refers to the standard deviation
of the signal when one minute has passed. Linear fittings are performed in order to illustrate the
sensing dynamics of two fiber probes in blood samples with MCF-7 cells (blue line) and without
MCF-7 cells (orange line).

To better visualize the sensing dynamic of the plasmonic fiber probe during the 15 min
enrichment, the shift of the resonance wavelength was averaged for every one minute
in order to remove the drifts (see Figure 7b). Linear fittings were then performed. The
resonance wavelength of the fiber probe was found to change almost three times faster in
the circulating blood of CTCs, compared to that in the non-CTCs control. After the 15 min
enrichment, the difference of the wavelength shift between the two cases was about 1.5 nm,
which is consistent with the 1.3 nm wavelength shift found when testing the PBS flow
with a concentration of 10 MCF-7 cells/µL. Considering the spectrometer resolution, the
LOD of the fiber probe for CTC detection in circulating blood is also at the similar level of
~1.4 MCF-7 cells/µL.

4. Conclusions

In this work, we have demonstrated a novel real-time CTC detection approach, which
can directly measure in the bloodstream through a needle-like plasmonic fiber probe. Com-
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pared to the conventional SPR sensor-based (on a Kretschmann configuration) approach,
this fiber probe is compact and intrinsically compatible for the purposes of intravenous
diagnoses. In addition, thanks to the scheme of continuous cell enrichment, the available
sample volume is not a limitation in our approach, as it is in the standard in vitro CTC iso-
lating methods [13–16]. Moreover, when comparing to current intravenous CTC-enriching
devices—which are based on the medical wire [18,24] and the indwelling needle [22,23]—
our fiber probe is able to provide a real-time detection of CTCs with an optical signal
transmission through an optical fiber.

The sensitivity of our plasmonic fiber probe for the purposes of CTC detection is
1933.4 nm/RIU in the refractive index range from 1.33 to 1.37, which is better than most
of the reported sensitivities of the hetero-core-based SPR fiber sensors (ranging from
259.85 nm/RIU to 1561 nm/RIU) [38–43]. The CTC detection limit in the bloodstream
is estimated to be 1.4 cells/µL, which is comparable to the LODs reported in previous
works [28–30]. It is worthwhile to note that our fiber probe can specifically detect CTCs in
the bloodstream and was able to demonstrate a three times stronger and faster change in the
plasmonic resonance wavelength in blood samples containing CTCs versus those in blood
samples without CTCs. In the long run, we envision that this CTC detection approach,
using a plasmonic fiber probe, can be integrated into the cancer treatments that are based
on an infusion approach, thereby allowing a tracking of treatment efficacy. Furthermore,
compared to the current SPR device, which has a bulky size (~100 cm× 50 cm× 50 cm) and
high cost (~500 k dollars for GE Biacore 4000), our plasmonic fiber probe is low profile and
low cost, suitable for disposable use in cancer screening and in other points of care testing.

The current study simply demonstrated the feasibility of the plasmonic fiber probe
for the purposes of CTC detection in the bloodstream. It was limited to detect CTCs in
blood samples. A systematic study is imperative in order to validate the clinical potential
of plasmonic fiber sensors for detecting CTCs in animal models and patients. For future
clinical use, the sensitivity of our fiber probe needs to be further improved for an accurate
CTC detection of early cancers; this is because the detection of early cancers requires a LOD
of CTC concentrations of less than 0.1 cells/µL in the bloodstream [8,11,12]. To improve the
sensitivity and LOD, we will optimize the design of our plasmonic fiber probe by using an
enhanced plasmonic substrate based on the metallic bilayers of optimized thicknesses [44].
We will also explore the use of monolayers of two-dimensional materials in our fiber probe
allowing for the tailoring of the optical absorption in sub-nanometer scale [45,46] in order
to achieve a plasmonic sensitivity over 105 nm/RIU. In addition, we will further improve
the functionalization protocol by using captured antibodies of controlled orientation on
the probe surface in order to enhance their capture efficiency. For example, Sharma et al.
has used a reducing agent, TCEP, in order to split the capture antibody in the middle so
as to generate a thiol group on the other side of the fragment for binding to the probe
surface [47]. Thus, the capture fragment antigen-binding region (Fab region) can be highly
oriented. Another surface functionalization solution is to introduce a layer of receptors that
selectively bind to the tail of the antibodies, which allows the antibodies to be arranged
upward [48,49].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12110968/s1, Figure S1: The signal extraction process of SPR
dip; Figure S2: The shift of SPR dip intensity versus refractive index via the testing of NaCl solutions
of different concentrations; Figure S3: (a) Comparison of MCF-7 sensing performances between the
sensors functionalized with and without an EpCAM antibody. (b) Comparison of the unspecific
binding of MCF-7 cells between the blocked and unblocked sensors. Figure S4: Micrographs of the
sensing area after the enrichment in flowing PBS containing 1 cells/µL.

https://www.mdpi.com/article/10.3390/bios12110968/s1
https://www.mdpi.com/article/10.3390/bios12110968/s1


Biosensors 2022, 12, 968 13 of 15

Author Contributions: Conceptualization, S.Z. (Shaodi Zhu) and H.-P.H.; methodology, S.Z. (Shaodi
Zhu), Z.X., Y.C., S.L., Y.-W.K. and W.Y.; software, S.Z. (Shaodi Zhu); validation, S.Z. (Shaodi Zhu), Z.X.,
H.-P.H., W.Y. and S.Z. (Shuwen Zeng); formal analysis, S.Z. (Shaodi Zhu), S.L., Y.C., S.Z. (Shuwen
Zeng) and W.Y.; resources, H.-P.H., W.Y. and S.Z. (Shuwen Zeng); writing—original draft preparation,
S.Z. (Shaodi Zhu); writing—review and editing, S.Z. (Shuwen Zeng), W.Y. and H.-P.H.; supervision,
H.-P.H., W.Y. and S.Z. (Shuwen Zeng). All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Innovation and Technology Fund (ITF) of Hong Kong SAR
(ITS/061/18, ITS/240/21); the Research Grants Council (RGC) of Hong Kong SAR (ECS24211020,
GRF14203821, GRF14216222); the Shun Hing Institute of Advanced Engineering (BME-p3-20/4720264)
at the Chinese University of Hong Kong (CUHK); and the PHC PRO-CORE-Campus France/Hong
Kong Joint Research Scheme (No. 44683Q).

Data Availability Statement: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. Additional data related to this paper are available
upon request.

Acknowledgments: The authors would also like to thank Jacky F.C. Loo, Boris Chan, and Lu Liu for
the discussion of surface functionalization in regard to our sensing probes.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. World Health Organization. WHO Report on Cancer: Setting Priorities, Investing Wisely and Providing Care for All; World Health

Organization: Geneva, Switzerland, 2020.
3. Markham, M.J.; Wachter, K.; Agarwal, N.; Bertagnolli, M.M.; Chang, S.M.; Dale, W.; Diefenbach, C.S.; Rodriguez-Galindo, C.;

George, D.J.; Gilligan, T.D. Clinical cancer advances 2020: Annual report on progress against cancer from the American Society of
Clinical Oncology. J. Clin. Oncol. 2020, 38, 1081. [CrossRef] [PubMed]

4. Cao, M.; Li, H.; Sun, D.; Chen, W. Cancer burden of major cancers in China: A need for sustainable actions. Cancer Commun. 2020,
40, 205–210. [CrossRef] [PubMed]

5. Klein, C.A. Cancer progression and the invisible phase of metastatic colonization. Nat. Rev. Cancer 2020, 20, 681–694. [CrossRef]
[PubMed]

6. Jin, X.; Demere, Z.; Nair, K.; Ali, A.; Ferraro, G.B.; Natoli, T.; Deik, A.; Petronio, L.; Tang, A.A.; Zhu, C. A metastasis map of
human cancer cell lines. Nature 2020, 588, 331–336. [CrossRef] [PubMed]

7. Meirson, T.; Gil-Henn, H.; Samson, A.O. Invasion and metastasis: The elusive hallmark of cancer. Oncogene 2020, 39, 2024–2026.
[CrossRef] [PubMed]

8. Pantel, K.; Speicher, M. The biology of circulating tumor cells. Oncogene 2016, 35, 1216–1224. [CrossRef] [PubMed]
9. Koch, C.; Kuske, A.; Joosse, S.A.; Yigit, G.; Sflomos, G.; Thaler, S.; Smit, D.J.; Werner, S.; Borgmann, K.; Gärtner, S. Characterization

of circulating breast cancer cells with tumorigenic and metastatic capacity. EMBO Mol. Med. 2020, 12, e11908. [CrossRef]
10. Cortés-Hernández, L.E.; Eslami-S, Z.; Alix-Panabières, C. Circulating tumor cell as the functional aspect of liquid biopsy to

understand the metastatic cascade in solid cancer. Mol. Asp. Med. 2020, 72, 100816. [CrossRef]
11. Ried, K.; Eng, P.; Sali, A. Screening for circulating tumour cells allows early detection of cancer and monitoring of treatment

effectiveness: An observational study. Asian Pac. J. Cancer Prev. APJCP 2017, 18, 2275. [CrossRef]
12. Chemi, F.; Mohan, S.; Guevara, T.; Clipson, A.; Rothwell, D.G.; Dive, C. Early dissemination of circulating tumor cells: Biological

and clinical insights. Front. Oncol. 2021, 11, 672195. [CrossRef] [PubMed]
13. Vona, G.; Sabile, A.; Louha, M.; Sitruk, V.; Romana, S.; Schütze, K.; Capron, F.; Franco, D.; Pazzagli, M.; Vekemans, M. Isolation by

size of epithelial tumor cells: A new method for the immunomorphological and molecular characterization of circulating tumor
cells. Am. J. Pathol. 2000, 156, 57–63. [CrossRef]

14. Riethdorf, S.; Fritsche, H.; Müller, V.; Rau, T.; Schindlbeck, C.; Rack, B.; Janni, W.; Coith, C.; Beck, K.; Jänicke, F. Detection of
circulating tumor cells in peripheral blood of patients with metastatic breast cancer: A validation study of the CellSearch system.
Clin. Cancer Res. 2007, 13, 920–928. [CrossRef] [PubMed]

15. Miller, M.C.; Doyle, G.V.; Terstappen, L.W. Significance of circulating tumor cells detected by the CellSearch system in patients
with metastatic breast colorectal and prostate cancer. J. Oncol. 2010, 2010, 617421. [CrossRef] [PubMed]

16. Adams, D.L.; Stefansson, S.; Haudenschild, C.; Martin, S.S.; Charpentier, M.; Chumsri, S.; Cristofanilli, M.; Tang, C.M.; Alpaugh,
R.K. Cytometric characterization of circulating tumor cells captured by microfiltration and their correlation to the cellsearch®

CTC test. Cytom. Part A 2015, 87, 137–144. [CrossRef]

http://doi.org/10.3322/caac.21660
http://doi.org/10.1200/JCO.19.03141
http://www.ncbi.nlm.nih.gov/pubmed/32013670
http://doi.org/10.1002/cac2.12025
http://www.ncbi.nlm.nih.gov/pubmed/32359212
http://doi.org/10.1038/s41568-020-00300-6
http://www.ncbi.nlm.nih.gov/pubmed/33024261
http://doi.org/10.1038/s41586-020-2969-2
http://www.ncbi.nlm.nih.gov/pubmed/33299191
http://doi.org/10.1038/s41388-019-1110-1
http://www.ncbi.nlm.nih.gov/pubmed/31745295
http://doi.org/10.1038/onc.2015.192
http://www.ncbi.nlm.nih.gov/pubmed/26050619
http://doi.org/10.15252/emmm.201911908
http://doi.org/10.1016/j.mam.2019.07.008
http://doi.org/10.4172/2472-0429.1000123
http://doi.org/10.3389/fonc.2021.672195
http://www.ncbi.nlm.nih.gov/pubmed/34026650
http://doi.org/10.1016/S0002-9440(10)64706-2
http://doi.org/10.1158/1078-0432.CCR-06-1695
http://www.ncbi.nlm.nih.gov/pubmed/17289886
http://doi.org/10.1155/2010/617421
http://www.ncbi.nlm.nih.gov/pubmed/20016752
http://doi.org/10.1002/cyto.a.22613


Biosensors 2022, 12, 968 14 of 15

17. Joosse, S.A.; Gorges, T.M.; Pantel, K. Biology, detection, and clinical implications of circulating tumor cells. EMBO Mol. Med. 2015,
7, 1–11. [CrossRef]

18. Saucedo-Zeni, N.; Mewes, S.; Niestroj, R.; Gasiorowski, L.; Murawa, D.; Nowaczyk, P.; Tomasi, T.; Weber, E.; Dworacki, G.;
Morgenthaler, N.G. A novel method for the in vivo isolation of circulating tumor cells from peripheral blood of cancer patients
using a functionalized and structured medical wire. Int. J. Oncol. 2012, 41, 1241–1250.

19. Allan, A.L.; Keeney, M. Circulating tumor cell analysis: Technical and statistical considerations for application to the clinic. J.
Oncol. 2010, 2010, 426218. [CrossRef]

20. Takahashi, T.; Shintani, Y.; Murayama, R.; Noguchi, H.; Abe-Doi, M.; Koudounas, S.; Nakagami, G.; Mori, T.; Sanada, H.
Ultrasonographic measurement of blood flow of peripheral vein in the upper limb of healthy participants: A pilot study. J. Jpn.
Soc. Wound Ostomy Cont. Manag. 2021, 25, 576–584.

21. Nifong, T.P.; McDevitt, T.J. The effect of catheter to vein ratio on blood flow rates in a simulated model of peripherally inserted
central venous catheters. Chest 2011, 140, 48–53. [CrossRef]

22. Zhang, H.; Jia, Z.; Wu, C.; Zang, L.; Yang, G.; Chen, Z.; Tang, B. In vivo capture of circulating tumor cells based on transfusion
with a vein indwelling needle. ACS Appl. Mater. Interfaces 2015, 7, 20477–20484. [CrossRef] [PubMed]

23. Jia, M.; Mao, Y.; Wu, C.; Wang, S.; Zhang, H. A platform for primary tumor origin identification of circulating tumor cells via
antibody cocktail-based in vivo capture and specific aptamer-based multicolor fluorescence imaging strategy. Anal. Chim. Acta
2019, 1082, 136–145. [CrossRef] [PubMed]

24. Chen, S.; El-Heliebi, A.; Tauber, G.; Langsenlehner, T.; Pötscher, M.; Kashofer, K.; Czyż, Z.T.; Polzer, B.; Riethdorf, S.; Kuske, A.
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