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Monitoring cancer cell proliferation through etched optical fiber sensor
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In the present work, the real-time monitoring of murine lung cancer cell line proliferation using the evanescent field generated in an etched
optical fiber is presented. The sensor was fabricated by removing1 cm of the cladding from a single-mode optical fiber using hydrofluoric
acid, exposing the10 µm diameter core. Cell proliferation was monitored using a continuous-wave1550 nm infrared laser by monitoring
power transmission variations in the cell culture medium. The etched fiber detects transmission variations starting at approximately2.1 ×
105 cells/mL and that the sensor operates stably over the 24 to 96 h interval, during which the refractive index of the supernatant(1.298 −
1.335) remains well below the refractive index of the fiber core (≈ 1.452). The cell proliferation results obtained with this technique were
compared with those from an automatic quantifier, showing an inverse relationship between cell proliferation and laser transmission. The
lung cancer cells were studied over a concentration range from2.1 × 105 to 51.1 × 105 cells/mL. The present study validates the sensor’s
effectiveness by correlating light transmission with cell density and refractive index changes. This detection method can be used for rapid
cell proliferation analysis in laboratories and hospitals, as well as for studying properties such as refractive index and penetration depth of
biological media, making these sensors ideal for studying biological compounds in biochemistry and biomedicine.
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1. Introduction

The study of cell proliferation is crucial for tissue growth and
regeneration in multicellular organisms, significantly impact-
ing various scientific and medical fields. Understanding and
monitoring cell proliferation enables a deeper comprehen-
sion of fundamental biological processes and the effective-
ness of medical and pharmacological treatments. It also fa-
cilitates early detection and treatment of pathological anoma-
lies, optimizes cell cultures in biotechnological applications,
personalizes medical treatments, and contributes to the ad-
vancement of scientific knowledge and research [1-4]. The
primary methods for measuring cell proliferation can be di-
vided into four groups: metabolic activity assays, cell pro-
liferation markers, adenosine triphosphate (ATP) concentra-
tion measurement, and deoxyribonucleic acid (DNA) synthe-
sis evaluation [5-10]; however, cell growth monitoring can
also be evaluated through microscopy or by using techniques
that analyze electrical parameters, such as phase contrast mi-
croscopy for morphological observations [11-13], flow cy-
tometry, and electrical impedance for tracking adherence [14-
17]. On the other hand, photonic measurement devices have
been widely used for the quantification of physicochemical
parameters because they are highly efficient as transducers,
have rapid response times, offer flexibility, and consume low
amounts of energy [18-21]. Arif E. Cetinet al. [22] devel-

oped a functional plasmonic assay platform that can accu-
rately measure cell mass and dynamic changes in real-time
for adherent cells. The device has the capability to deter-
mine the growth rates of individual cells within10 min, al-
lowing for the mapping of growth profiles of cell populations
over short time intervals. With this device, they were able
to determine the kinetics of cell growth in small samples.
However, these devices are difficult to standardize and re-
quire mechanical accessories to operate. Devices based on
the evanescent field phenomenon are especially sensitive and
rely on the interaction of light with substances near the sur-
face of the fiber [23-25]. Among them, fiber optic sensors
that expose the evanescent field beyond the fiber surface stand
out. These sensors offer advantages such as label-free detec-
tion, small sample size, real-time response, and low cost [26].
Mohammadet al. [27] reported a single-mode tapered fiber
optic biosensor for real-time monitoring ofEscherichia coli
(E. coli K-12) growth in an aqueous medium. The tapered
fibers, with a waist diameter of6 to 7 µm and a length of3
mm, were fabricated using the flame-brushing method. Bac-
teria were immobilized on the surface of the fiber optic using
poly-L-lysine. The reported results showed that the specific
growth rate measured with the biosensor was approximately
0.17∓0.01 cells/h over a period of1.6 h at room temperature.
When the bacteria grew on the fiber, the fiber optic biosen-
sor exhibited significant transmission changes at1558 nm,
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which is proportional to the variation in bacterial concentra-
tion. Thus, they inferred that the transmission through the
fiber decreased with the increase in the average surface den-
sity of the bacteria on the tapered fiber. The increase in av-
erage bacterial density changes the refractive index of the ta-
pered section.

Ragini Sinhghet al. [28] proposed a compact, portable,
label-free, and ultrasensitive sensor for detecting cancer cells
based on a multi-core fiber (MCF) consisting of seven cores
arranged in a hexagonal shape and spliced to a single-mode
fiber (SMF). In this case, cytodetection based on Localized
Surface Plasmon Resonance (LSPR) is used for the efficient
detection of different types of cancer cells. The structure of
the proposed sensor was etched in a controlled manner to en-
hance the evanescent waves (EWs) and mode coupling be-
tween the MCF cores. The etched MCF-based LSPR sensor
has high refractive index sensitivity (RIS). To further increase
the sensor’s sensitivity, they immobilized various nanomate-
rials (NMs) such as gold nanoparticles (AuNPs), graphene
oxide (GO), and copper oxide nanoflowers (CuO-NFs). The
AuNPs enhance sensitivity using LSPR, while GO and CuO-
NFs help increase the sensor’s biocompatibility. The devel-
oped sensor was coated with 2-deoxy-D-glucose (2-DG) on
the NMs, which are specific for cancer cell detection. In
their research, they detected various cancer cell lines such
as HepG2, Hepa 1-6, MCF-7, A549, and normal cell lines
such as NCF and LO2. They carried out tests on selectiv-
ity, reuse, anti-interference capability, and the involvement
of the GLUT receptor in detection. The proposed etched sen-
sor is ultrasensitive for detecting cell lines HepG2, Hepa 1-6,
A549, MCF-7, LO2, and NCF with a limit of detection (LoD)
of 3, 2, 2, 2, 4, and10 cells/mL, respectively, in the linear
range of1 × 102 - 1 × 106 cells/mL. The drawback of this
type of sensor is that it uses a multi-core fiber whose light
transmission efficiency is lower compared to a single-mode
fiber, and its use is limited to a single measurement per event.

In the present work, a novel method for real-time moni-
toring of murine lung cancer cell line proliferation using an
etched optical fiber through the evanescent field generated in
the longitudinal section of the fiber core is presented. Cell
proliferation quantification was obtained by measuring power
transmission variations of a1550 nm infrared laser. This
detection method has the potential to be used for rapid cell
proliferation analysis in laboratories and hospitals. The ad-
vantages of this kind of technique used in cellular biology to
study cell proliferation, cell concentration changes and inter-
facial molecular events are that it is independent of high com-
plexity and high fabrication costs, in addition to compact size
and freedom of electromagnetic interference. For this pur-
pose, a∼ 1 cm segment of single-mode fiber (SMF-28) was
chemically etched to expose 8µm of the core. The setup was
sterilized to allow contact with LP07 cell cultures. Optical
transmission was continuously monitored using a1550 nm
laser for96 h, and the results were correlated with automatic
cell counting and the refractive index of the supernatant using
calibration curves.

2. Methodology

2.1. Theoretical background

Optical fiber sensors based on evanescent wave absorption
detect variations in transmitted power when the guided mode
interacts with an external medium whose refractive indexnsol

differs from the core indexncore. Removing the cladding and
exposing the core causes part of the fundamental mode’s en-
ergy to leak into the surrounding medium as an evanescent
field. This leaked energy is known as the cladding power
Ploss (also calledPclad) and corresponds to the fraction of op-
tical power that leaves the core [29]. To characterize the phe-
nomenon, we denote byPin is the optical power injected into
the fiber andPout the optical power measurement at the out-
put; the difference between them [29],

Ploss = Pin − Pout, (1)

werePloss represents the optical power lost though evanes-
cent interaction whit the external medium, and the fractional
evanescent powerF is defined as the ratio of lost power to
input power [29]:

F =
Ploss

Pin
. (2)

Under the weakly guiding approximation for the funda-
mental mode of a single-mode fiber with core radiusr and
operating at wavelengthλ, this fractional evanescent power
F can be estimated analytically as [29]

F =
4
√

2
3

λ

2πr
√

(n2
core− n2

sol)
. (3)

This expression is dimensionless becauseλ/r is a ratio of
lengths andPloss/Pin is a ratio of powers. The factor4

√
2/3

arises from modal analysis in weakly guiding fibers. In our
experiments,nsol refers to the refractive index of the culture
supernatant surrounding the fiber and varies as the cell popu-
lation grows.

In practice, instead of solving Eq. (3) analytically fornsol,
we use a calibration curveT (n) obtained with reference solu-
tions of known refractive index (e.g.sucrose solutions). This
curve allows us to map changes in transmitted power directly
to refractive index values without inserting power terms into
the denominator, which avoids dimensional errors and im-
proves measurement traceability.

Finally, the penetration depth of the evanescent field into
the medium is given by [29]

DP =
λ

2πncore

√
sin2 θi − ( nsol

ncore
)2

, (4)

whereθi is the internal incidence angle at the core/cladding
interface (near the critical angle). This depth (typically a few
tenths of a micrometer) determines the volume of supernatant
interacting with the evanescent field and therefore influences
sensor sensitivity.
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FIGURE 1. Experimental setup for chemical etching of the optical
fiber with HF.

2.2. Preparation of the etched optical fiber

The fabrication of the sensing device was carried out remov-
ing the cladding from a single-mode optical fiber (SMF-28),
exposing the8 µm core using the chemical etching method
with hydrofluoric acid (HF) as reported by Zaca-Morán et
al. [30]. The chemical etching process involved removing
approximately 1 cm of plastic coating from the fiber us-
ing a fiber stripping tool (Fiber Stripping Tool, T06S13).
The bare optical fiber was placed in a10 cm diameter Petri
dish, with one end connected to a laser system and the other
end to a power sensor to monitor the transmitted radiation.
The cladding was removed by immersing the fiber in HF
48.0−51.0% (JT BAKER, 9560-06) at room temperature for
35 min. After the process, the reduced fiber was thoroughly
cleaned with triple-distilled water (COPAIN) to eliminate any
HF residue.

Figure 1 shows the experimental setup for the chemical
etching of the optical fiber, which includes a continuous-
wave1550 nm emission laser with fiber optic output (Thor-
labs, model FPL1009S). A digital power meter (Thorlabs,
model PM100D) was used to monitor the system out-
put, complemented by an InGaAs integrating sphere sensor
(Thorlabs, model S145C), operating in the wavelength range
from 800 to 1700 nm. The transmission measurement re-
sults were acquired using a computer with the PM100D Util-
ity program for subsequent analysis.

2.3. Culture of murine lung cancer LP07 cells

Cells from the LP07 murine lung tumor cell line were used
and seeded in10 cm diameter Petri dishes with Minimum
Essential Media (MEM, Gibco), supplemented with 10% fe-
tal bovine serum (FBS, Gibco) and 1X antibiotic-antimycotic
(Gibco). Five Petri dishes were seeded with the same cell
density of approximately125000 ∓ 17677.7 total cells. Cell
growth was carried out in an incubator (ThermoScientific,
model HERAcell 150i) with a 5% carbon dioxide (CO2)
atmosphere at a temperature of 37◦C. An automatic cell
counter (Countess III, Invitrogen) was used for automatic cell
quantification by triplicate values for each Petri dish every
24 h, from cell seeding until 96 h, in parallel with the real-
time monitoring proliferation cell. The cell culture super-

natants were analyzed every24 h using Fourier Transform In-
frared Spectroscopy (FTIR) in the range of4000 to 400 cm−1

with a spectrophotometer (Bruker, Vertex 70) in attenuated
total reflection (ATR) mode. The baseline used was the ATR
crystal, on which 3µL of supernatant was dried at room tem-
perature. These data were then correlated with real-time cell
proliferation.

2.4. Etched optical fiber sensor

The experimental setup and the reduced optical fiber were
sterilized for 24 h using an ultraviolet (UV) lamp to maintain
sterile conditions within the incubator before monitoring cell
proliferation. One of the Petri dishes contained the reduced
optical fiber, while the other four were used for automatic cell
quantification; monitoring began24 h after cell seeding. The
medium containing dead cells or cell debris from the seeding
process was removed before starting the real-time monitor-
ing, as these could interfere with the sensitivity of the reduced
fiber when placed on it. The experimental setup for studying
cell proliferation is shown in Fig. 2. A continuous wave laser
(Thorlabs, model FPL1009S) emitting at1550 nm was used,
controlled by a current controller (Thorlabs, model ITC510).
Finally, to carry out proliferation monitoring, a maximum
output power of50 mW was used with an applied current
of 400 mA.

According to the experimental setup, the evanescent wave
generated will interact with the cell culture solution placed in
the incubator. The power meter will monitor changes in laser
transmission and take measurements every second for a con-
tinuous period of72 h.

3. Results and discussion

The results obtained from the reduction process through
chemical etching are presented in Fig. 3, where it can be ob-
served that the transmitted power remains constant for up to
30 min. Subsequently, the transmitted power along the op-
tical fiber begins to decrease abruptly. Since the chemical
attack using HF is a process that linearly etches the optical
fiber [30], and given that the total time for the first fiber to
fully etch was37.5 min, the etching rate was determined to be
3.24 µm/min. Therefore, to completely remove the cladding
of the optical fiber, it was necessary to leave it in the chemical

FIGURE 2. Experimental setup to monitor cell proliferation in real
time.
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FIGURE 3. Optical fiber transmission during chemical etching with
HF.

FIGURE 4. Laser output power in the fiber reduced during 72 h
continuous of cell proliferation. The red line indicates a fitting of
experimental data.

etching with HF for33 min to achieve an optical fiber with a
reduced diameter of approximately10 µm, which is close to
the core diameter.

The results of the real-time evaluation of cell proliferation
using the reduced optical fiber are presented in Fig. 4. This
figure shows the dependence of laser output power on the
elapsed time during the proliferation of murine lung cancer
LP07 cells over a continuous period of72 h after the seeding
cells. As time increased, the transmitted power through the
culture medium decreased over72 h of proliferation. This re-
sult is attributed to the sensor being in contact with a denser
medium due to a higher concentration of cells and cellu-
lar metabolism products, as the release of factors that pro-
mote tumor growth, such as vascular endothelial growth fac-
tor (VEGF), which has been quantified in the culture medium
of HeLa cells (Henrietta Lacks’ cervical carcinoma) by X. Li
et al. [31] and J. Koet al. [32]. In the other hand, Fig. 5 also
shows an increase in laser output power during the first2 h,
which is suggested to be due to the consumption of nutrients
in the culture medium, such as glucose, amino acids, free

FIGURE 5. Laser power output and the number of cells as a func-
tion of proliferation time.

fatty acids, growth factors, or oxygen; since it has been ob-
served that as cells grow, they initially consume the necessary
nutrients present in the medium to start their growth [33,34].
The increase at the beginning of the monitoring, fresh culture
medium was added, so the presence of these nutrients was
higher, but as time passes, the nutrients are gradually con-
sumed by the cells.

In Fig. 5, the laser output power is correlated with the
number of automatically quantified cells every24 h. Accord-
ing to the cell quantification, it was observed that cell prolif-
eration has an increase of2.1 ∗ 105, 7.3 ∗ 105, 21.7 ∗ 105,
and51.1 ∗ 105 cells/mL at24, 48, 72, and96 h, respectively.
There was more significant cell growth between72 and96 h,
according to the phase of cell growth and it is worth noting
that LP07 cell line proliferates at a slow rate [35]. The num-
ber of cells is inversely proportional with quantified data in
the output power; this is attributed to the evanescent field re-
sulting from the culture medium interacting with the etched
fiber. It is important to mention that all the experimental data
of the optical properties were fitted with a Lorentzian func-
tion (red solid line) with a goodness of fit of0.99754, and
for the cell proliferation an exponential decay function (blue
solid line) was used to fit the experimental data obtaining a
0.99961 goodness of fit.

To correlate the quantified data in the output power the
FTIR spectra of the supernatants were obtained from the cell
cultures at24, 48, 72, and96 h and are shown in Fig. 6. The
spectral bands around3200 and3500 cm−1, which are re-
lated to OH functional groups;2900 cm−1, associated with
CH functional groups; as well as1630 and1540 cm−1, re-
lated to Amide I and II functional groups, respectively, were
observed. Additionally, bands at1450 and1400 cm−1 re-
lated to proteins, and between1200 and1083 cm−1, iden-
tified with nucleic acids [36], were also present. All func-
tional groups identified are the main components of the cul-
ture medium constituted by BSA and MEM [37,38]. The
analysis of the amide I-related band can be associated with
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FIGURE 6. FTIR spectra of the supernatants of murine lung cancer
cells at 24, 48, 72, and 96 h. The∗ mark refers to the CO2 present
at the time of analyzing the samples.

FIGURE 7. Etched optical fiber transmission and the number of
cells as a function of proliferation time.

a greater number of cells, because as the proliferation time
increases, the intensity of this band decreases.

Figure 7, shows the transmission of the etched fiber in
contact with the cell culture as a function of time. It is ob-
served that the transmission decreased as the proliferation
time increased, indicating that the transmission of the sensor
is inversely proportional to cell confluence. These changes
in transmission through the etched fiber in contact with the
cell culture measure the change in evanescent field absorp-
tion [27].

The refractive index of the cell culture was calculated us-
ing Eq. (3), with values ranging between1.298 and 1.332
(Fig. 8) over the72 h of cell proliferation. It was observed
that refractive index increased as the number of cells in-
creased, indicating a direct relationship between these two
parameters. Under suitable conditions, the growth of the cell
population in the medium surrounding the etched fiber in-

FIGURE 8. Dependence of the refractive index and the number of
cells on proliferation time.

FIGURE 9. Penetration depth of light in an optical fiber and the
number of cells as functions of proliferation time.

FIGURE 10. Dependence of the calculated power of cladding on
the medium and the number of cells on proliferation time.

creases the average surface density of the cells, consequently
increasing the refractive index of the reduced region [27].

In Fig. 9 it was observed that the penetration depth of the
evanescent field into the cell culture in contact with the etched
fiber increased as the number of cells increased, calculated
using Eq. (4). The fact that the penetration depth increases is
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because the sensitivity of the sensor improves, as a large pen-
etration depth of an evanescent wave is key to the successful
development of fiber optic evanescent wave sensors [39].

The power of the evanescent wave interacting with the
solution was calculated using Eq. (1) as shown in Fig. 10,
where the power increased as the number of cells in the cul-
ture grew.

The exposure of the etched fiber to the cell culture
medium leads to changes in its optical properties, as observed
in this study. These changes in optical properties affect the
evanescent field, resulting in variations in the optical perfor-
mance of the sensing device [27].

4. Conclusion

In this study an optical fiber sensor was developed and used
for real-time monitoring of cell proliferation in a murine lung
cancer cell line. The results showed that the use of the
evanescent field generated in the fiber allowed for the de-
tection of changes in the light transmission as the cells pro-

liferated, with a decrease in laser output power, indicating
an inverse relationship between cell proliferation and opti-
cal transmission. Additionally, it was determined that the re-
fractive index of the culture medium increased as cell den-
sity grew, suggesting the sensor’s ability to detect changes in
the optical properties of biological media. This sensor not
only provides a correlation between light transmission, cell
quantity, and the refractive index but also stands out for its
low cost and real-time measurement capability. These results
suggest that the sensor has potential for biomedical and bio-
chemical applications, as well as for studying molecular in-
teractions in biological media.
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16. F. Gökçe, P. S. Ravaynia, M. M. Modena, and A. Hierlemann,
What is the future of electrical impedance spectroscopy in
flow cytometry?,Biomicrofluidics15 (2021) 061302,https:
//doi.org/10.1063/5.0073457.

Rev. Mex. Fis.72021301

https://doi.org/10.1111/febs.15570.�
https://doi.org/10.1111/febs.15570.�
https://doi.org/10.3390/ijms21218323.�
https://doi.org/10.3390/ijms21218323.�
https://doi.org/10.1002/jez.2344.�
https://doi.org/10.1038/s41580-019-0123-5.�
https://doi.org/10.1038/s41580-019-0123-5.�
https://doi:10.1038/s41587-020-0651-8.�
https://doi:10.1038/s41587-020-0651-8.�
https://doi.org/10.1097%2FCCM.0000000000003907.�
https://doi.org/10.1097%2FCCM.0000000000003907.�
https://doi.org/10.1002/fft2.44.�
https://doi.org/10.1042/EBC20180038.�
https://doi.org/10.1002/adma.201901743.�
https://doi.org/10.1002/adma.201901743.�
https://doi.org/10.1021/jacs.1c04925.�
https://doi:10.1302/2046-3758.97.BJR-2019-0183.R2.�
https://doi:10.1302/2046-3758.97.BJR-2019-0183.R2.�
http://www.molvis.org/molvis/v18/a228.�
https://doi.org/10.1109/titb.2012.2228663.�
https://doi.org/10.1109/titb.2012.2228663.�
https://doi.org/10.3390/ijms16059804.�
https://doi.org/10.3390/ijms16059804.�
https://doi.org/10.1039/D0LC00616E.�
https://doi.org/10.1039/D0LC00616E.�
https://doi.org/10.1063/5.0073457.�
https://doi.org/10.1063/5.0073457.�


MONITORING CANCER CELL PROLIFERATION THROUGH ETCHED OPTICAL FIBER SENSOR 7

17. Y. Xu, X. Xie, Y. Duan, L. Wang, Z. Cheng, and J. Cheng, A
review of impedance measurements of whole cells,Biosensors
and Bioelectronics77 (2016) 824,https://doi.org/10.
1016/j.bios.2015.10.027.

18. M. A. Mollah, R. J. Usha, S. Tasnim, and K. Ahmed,
Detection of cancer affected cell using Sagnac interferom-
eter based photonic crystal fiber refractive index sensor,
Opt Quant Electron52 (2020) 1,https://doi.org/10.
1007/s11082-020-02542-y.

19. M. Ochoa, J. F. Algorri, P. Rold́an-Varona, L. Rodrı́guez-
Cobo, and J. M. Ĺopez-Higuera, Recent advances in biomed-
ical photonic sensors: A focus on optical-fibre-based sensing,
Sensors21 (2021) 6469,https://doi.org/10.3390/
s21196469.

20. A. Venketeswaranet al., Recent advances in machine learning
for fiber optic sensor applications,Advanced Intelligent Sys-
tems 4 (2022) 2100067,https://doi.org/10.1002/
aisy.202100067.

21. Y. Zhao, X.-g. Hu, S. Hu, and Y. Peng, Applications of fiber-
optic biochemical sensor in microfluidic chips: A review,
Biosensors and Bioelectronics166, (2020), 112447,https:
//doi.org/10.1016/j.bios.2020.112447.

22. A. E. Cetin, S. N. Topkaya, O. Yalcin-Ozuysal, and A.
Khademhosseini, Refractive Index Sensing for Measuring Sin-
gle Cell Growth, ACS Nano15 (2021) 10710,https://
doi.org/10.1021/acsnano.1c04031.

23. L. Jiao, N. Zhong, X. Zhao, S. Ma, X. Fu, and D. Dong,
Recent advances in fiber-optic evanescent wave sensors for
monitoring organic and inorganic pollutants in water,Trends
Anal. Chem. 127 (2020) 115892,https://doi.org/10.
1016/j.trac.2020.115892.

24. A. J. Y. Tan, S. M. Ng, P. R. Stoddart, and H. S.
Chua, Theoretical model and design considerations of U-
shaped fiber optic sensors: A review,IEEE Sensors Journal
20 (2020) 14578,https://doi.org/10.1109/JSEN.
2020.3011173.

25. P. Taoet al., Fiber optic SERS sensor with silver nanocubes
attached based on evanescent wave for detecting pesticide
residues, ACS Appl. Mater. Interfaces15 (2023) 30998,
https://doi.org/10.1021/acsami.3c04059.

26. S. Mena, M. Morant, J. Hurtado, and R. Llorente, Ta-
pered Fibre Optic Biosensor (TFOBS) by Optically Controlled
Etching for Label-Free Glucose Concentration Monitoring -
Biomedical,Optics(2018) 166,https://doi:10.5220/
0006556301660173.

27. M. I. Zibaii, A. Kazemi, H. Latifi, M. K. Azar, S. M. Hosseini,
and M. H. Ghezelaiagh, Measuring bacterial growth by refrac-
tive index tapered fiber optic biosensor,J. Photochem. Photo-
biol. B 101(2010) 313,https://doi.org/10.1016/j.
jphotobiol.2010.07.017.

28. R. Singhet al., Etched multicore fiber sensor using copper ox-
ide and gold nanoparticles decorated graphene oxide structure

for cancer cells detection,Biosensors and Bioelectronics168
(2020) 112557,https://doi.org/10.1016/j.bios.
2020.112557.

29. N. Punjabi, J. Satija, and S. Mukherji, Evanescent wave absorp-
tion based fiber-optic sensor-cascading of bend and tapered ge-
ometry for enhanced sensitivity, Sensing Technology: Current
Status and Future Trends III, Springer, 25-45.
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