
Nanoscale

PAPER

Cite this: DOI: 10.1039/c7nr07479d

Received 9th October 2017,
Accepted 9th December 2017

DOI: 10.1039/c7nr07479d

rsc.li/nanoscale

Real-time subcellular imaging based on graphene
biosensors†

Lixun Sun, ‡a Yuquan Zhang, ‡b Yijia Wang,c Yong Yang,*a Chonglei Zhang,b

Xiaoyu Weng,b Siwei Zhuc and Xiaocong Yuan*b

Non-invasive living cell microscopy in real time is essential for a wide variety of biomedical research.

Here, we present a subcellular refractive index imaging technique for living cells based on a graphene bio-

sensor system. Owing to the optical reflectivity differences of graphene to s- and p-polarizations, a 45°

generalized-cylindrical-vector-polarized laser beam is employed to demodulate the reflected cylindrical

vector beam for differential detecting. Benefitting from the vector beam-enabled common-path gra-

phene biosensor, the imaging spatial resolution and refractive index sensitivity are noticeably improved.

Subcellular refractive index mapping of live human colonic cancer cells is perfectly achieved without

inducing any cell damage. Furthermore, real-time monitoring of an individual cell is also performed with

the disassembly of the cell nucleolus clearly observed. This technique would be a promising tool for the

study of living cell morphology, kinetics, and pathology, and for other biomedical research.

Introduction

Microscopic imaging techniques for living cells greatly acceler-
ate the development of life science. Great efforts have been
made to visualize cell structures and activities with extremely
high resolutions, such as scanning probe microscopy, ion
microscopy, etc.1–3 In the field of optical-based microscopic
techniques, fluorescent labelling microscopy becomes a
mature tool for living cell imaging owing to its characteristics
of high spatial resolution and specific markers.4,5 Different fluo-
rescent dyes are used to specifically target the molecules of inter-
est, and different components of the cell can be observed simul-
taneously, which makes it capable of imaging subcellular struc-
tures as well as monitoring intracellular activities.6,7 Compared
with fluorescence microscopy that needs cell staining and
detects the distribution of fluorescent markers, cell study using
the measurement of the optical refractive index also shows great
potential owing to the advantage of its label-free and non-inva-

sive nature, and could simplify the process of cell preparation.8

Real-time observation of cellular dynamic activities, which can
be characterized as the refractive index variations of different cel-
lular components, allows us to better understand the physiologi-
cal mechanisms in cells.9,10 Among established methods, surface
plasmon resonance microscopy is an outstanding analytical tool
for cell research since it can achieve superior spatial resolution
and refractive index sensitivity simultaneously.11,12 However,
limited by a thickness sensitivity of only a few hundreds of nano-
metres, it could only focus on cell surface adhesion kinetics of
biological membranes at the substrate interface.13,14

As an emerging two-dimensional material, graphene shows
significantly larger absorption of s-polarization compared with
p-polarization at visible wavelengths due to its linear Dirac
electrons.15 The unique dynamic conductivity of graphene
plays an important role in the propagation of light on the gra-
phene surface.16–18 Recently developed graphene optical
sensors based on the polarization-sensitive property can
achieve both high refractive index sensitivity and a long longi-
tudinal-detection range that penetrates through the whole cell
thickness.19,20 The accurate detection of a small quantity of
cancer cells among normal cells and refractive index imaging
at the single-cell level are achieved based on these advantages.
The pioneering research has paved the way for graphene-based
optical sensing, and brought huge potential applications in
cell identification and sorting, but their spatial resolutions are
still far from meeting the requirements for subcellular struc-
ture imaging and dynamic activity investigation.

Here, we report a high-performance refractive index micro-
scopic method for the observation of subcellular dynamics in
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living cells with a graphene optical sensor. It is realized in an
elaborate common-path focusing and differential detecting
system with a 45° generalized-cylindrical-vector-polarized
(45-GCVP) perfect optical vortex (POV) beam, based on the
detailed theoretical analysis and experimental verification of
the polarization-sensitive property of graphene. Benefitting
from the vector beam-enabled common-path configuration in
which s- and p-polarized beams travel along the same route,
refractive index imaging of living human colonic cancer cells
is performed with substantially improved spatial resolution
(604 nm in theory and 1.07 μm in experiment) and refractive
index sensitivity (4.40 × 10−5 RIU). The refractive index distri-
bution of subcellular structures and the dynamic physiological
activities of the cell growing state are observed without induc-
ing any cell damage. The presented technique would be an
effective tool for label-free imaging of living cells and real-time
monitoring of cellular dynamic activities.

Results and discussion
Graphene biosensor configuration

Graphene exhibits notably larger absorption of s-polarization
compared with p-polarization at visible wavelengths, and the
absorption difference varies significantly with a slight change
of cell refractive indices above the graphene. The sensor chip
is a 0.17 mm thick glass cover slip top-coated with a ten-layer
(3.8 nm thick) graphene film (customized from Nanjing
XFNANO Materials Tech Co., Ltd), as depicted in Fig. 1(a). The
graphene film was first prepared by chemical vapor deposition
on a copper substrate, and then transferred onto the surface of
the cover slip through a heat-sensitive adhesive transfer
method.21–23 The thickness of the graphene film was
measured by atomic force microscopy (AFM). Cells were cul-
tured on the film under sterile conditions to be adhered
tightly to the graphene surface. (See the ESI† for details on gra-
phene growth, transfer, and characterization, preparation for
graphene sensor chip and cell culture.) A tightly-focused gener-
alized-cylindrical-vector-polarized beam that contains both s-
and p-polarizations was employed as the excitation probe in a
common-path optical system. Different s- and p-polarization
components travelling along the same route could highly

increase the detecting sensitivity, while the tiny focusing spot
of the excitation probe could improve the imaging spatial
resolution to a large extent. By monitoring the reflected inten-
sity variations of s- and p-polarizations simultaneously, cell
refractive index imaging and real-time observation of subcellu-
lar activities with high spatial resolution and refractive index
sensitivity could be achieved noninvasively.

Fig. 1(b) shows the configuration used for the refractive
index microscopy of living cells. A 532 nm laser beam with
20 mW output power is incident onto a programmable spatial
light modulator (SLM), where the combined phase infor-
mation of an axicon, a spiral phase plate and a blazed grating
is loaded. As shown in Fig. 1(c) and (d), the reflected beam
forms an explicit ring-shaped POV beam at the focal plane
after passing through the first lens.24,25 The second lens is
used to collimate the beam, and the conjugate image of the
POV ring is imaged at the back focal plane of the microscope
objective. Then the beam becomes linearly polarized after a
polarizer, and its polarization direction is adjusted to a
45-degree angle clockwise deflection from the horizontal direc-
tion by a half-wave plate. After passing through a vortex-wave
plate, the beam is converted into a generalized cylindrical
vector beam. Each point of the beam has a polarization rotated
clockwise by 45° from its radial direction, that is, the polariz-
ation at each point can be decomposed into equal azimuthal
and radial components. We call it the 45° generalized-cylindri-
cal-vector-polarized (45-GCVP) beam, which enables excellent
imaging spatial resolution and refractive index sensitivity. The
beam is then tightly focused onto the graphene sensor chip by
a high-numerical-aperture microscope objective (N.A. = 1.49),
and the light power is restricted to be around 0.35 mW before
entering the objective to exclude potential heating effect to the
cells. The most sensitive focusing angle for bio-sensing is opti-
mized by adjusting the diameter of the POV ring. Owing to the
higher absorption of s-polarization than that of p-polarization
for graphene, the polarization on the reflected beam from the
objective contains a larger radial component than the azi-
muthal component at each point. The reflected vector beam is
then “demodulated” by another vortex wave plate to be con-
verted into linear polarization again, whose polarization direc-
tion is determined by the proportion of the radial and azi-
muthal components before the vortex wave plate. A polarizing

Fig. 1 Common-path focusing and differential detection optical system for cell refractive index imaging based on the polarization-sensitive absorp-
tion of graphene. (a) Graphic of living cell refractive index sensing on the graphene surface; (b) schematic of the optical configuration; and (c) simu-
lated and (d) experimentally generated POV ring-shaped spots. Abbreviations: SLM: spatial light modulator; L1, L2, L3, L4, L5: lenses; P: polarizer; HP:
half-wave plate; VP1, VP2: vortex plates; BS1, BS2: beam splitters; CCD: charge-coupled device; PBS: polarizing beam splitter; BD: balanced
detector.
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beam splitter (PBS) is used to separate the beam into a hori-
zontal and a vertical linear polarization component. The hori-
zontal component represents the total radial component inten-
sities of the beam, and the vertical component represents the
azimuthal component intensities. (See the ESI† for details on
the polarization analysis with Jones matrices.) The two beams
are then separately received by a balanced detector. Thus, the
absorption difference between s- and p-polarizations for gra-
phene can be recorded. A broadband illuminator is used to
illuminate the sample. The illumination light scattered by the
sample passes through two beam splitters, a long-pass filter
with 550 nm cut-on wavelength and a lens, and is finally cap-
tured by a CCD camera to display bright-field images.

Subcellular refractive index microscopy

Cell refractive index is an important biophysical parameter,
which is always used to reveal subcellular structures, and
quantify the macromolecular concentrations and solid mass
density in a cell.26,27 Refractive index imaging of living human
colonic epithelial cancer cells was carried out in the experi-
ment and several groups of refractive index distribution
images of different cells are presented in Fig. 2. The cells used
in the experiment were provided by the Laboratory of
Biomedicine and Nanophotonics, Tianjin Union Medicine
Centre. All experiments were conducted in a sterile environ-
ment at constant temperature (20 ± 1 °C) and humidity (40% ±
3–5% RH). A two-dimensional electric translation stage with
22 nm accuracy was used for scanning. The scanning range of
each image was 40 μm × 40 μm with a 0.4 μm scanning step,
and a fast scanning and data acquisition time of ∼4.2 minutes
was needed for a 100-pixel × 100-pixel image.

Fig. 2(a)–(c) show the cell refractive index distribution
images and Fig. 2(d)–(f ) show their corresponding bright-field
images for comparison. Experimentally, not only could the cell
morphology be easily obtained from the mapping image, the
refractive index distribution inside the cell and the refractive
index differences between different individual cells could also
be clearly observed while avoiding cell damage. Generally,
protein is the essential component of cells and tissues, and
constitutes a great proportion of the cell cytoplasm. Different
protein concentrations at different cell growing phases will
manifest different refractive indices.28 Nuclear enlargement is
one of the principal features of dysplastic colonic epithelial
cells, and its refractive index is generally higher as compared
with the surrounding cytoplasm owing to the presence of
dense chromatin.29 It is confirmed in Fig. 2 that the areas with
the highest refractive indices indicate the cell nucleus. The
nuclear solid mass, e.g., DNA, RNA, and proteins, is correlated
with the chromatin content, so different nuclear refractive
indices may suggest a different cell cycling and growth
status.26,30 The cells in Fig. 2(a) and (b) with undivided nuclei
have better cell activities than that in Fig. 2(c), as clearly
observed in the refractive index images.

Real-time subcellular monitoring

Cell refractive index variation is profoundly significant in iden-
tifying different cell growing, proliferation, and mutation
stages, so monitoring of cell activities in real time is vital for
lots of cell research studies. In the process of cell cycle, the
nucleolus is highly dynamic and experiences periodic assem-
bly and disassembly. The dynamics of the disappearance and
reconstruction of the nucleolus is time and space regulated
during mitosis.31,32 Rapid proliferation is a common feature of
cancer cells, so detecting the metabolic changes could indicate
either the genetic changes or an abnormal cell microenvi-
ronment, such as hypoxia, pH, and so forth.33,34 Consequently,
the refractive index change in a living human colonic tumour
cell during a period of time was further monitored to dynami-
cally investigate the cell growing state. The cell refractive index
distribution and variation were examined every thirty minutes.
As shown in Fig. 3, certain subcellular changes could be
observed clearly over time at two areas inside the cell. The area
marked with black circles with the highest refractive indices
indicated the position of the cell nucleolus, while the area
marked with black squares might record a kinetic process of

Fig. 2 Refractive index mapping of living single cells. (a)–(c) Refractive
index distributions of different living human colonic epithelial cancer
cells, and (d)–(f ) the corresponding bright-field images for comparison.
The refractive index distribution differences between different individual
cells can be clearly observed on the mapping images, indicating a
different cell cycling and growth status.
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the intracellular metabolites. The cell dynamic process
recorded in Fig. 3 reveals the decomposition of the nucleolus
during early mitosis in terms of the cell refractive index with
the advantage of non-invasion, which could hardly be realized
through conventional bright-field approaches when there is no
clear cell morphological change.

The graphene sensor based on the cylindrical vector beam
provides excellent spatial resolution and detecting sensitivity,
which achieves the refractive index imaging for subcellular
structures in living cells. Moreover, benefitting from the non-
invasive detecting feature, fast scanning and data acquisition
speed, it avoids complicated cell staining and processing in
biomarker techniques, and enables the real-time investigation
of subcellular dynamic activities. It has great potential in
living cell kinetics such as monitoring of cell growth, evolution
and apoptosis at different stages, and cell response to drugs
and other external stimuli.

Methods and experiments
Polarization-sensitive absorption property of graphene

In the graphene-based microscopic sensing system, beam
polarization is of vital importance in deciding the imaging
spatial and refractive index sensitivity. To demonstrate the
polarization property of the focusing spot, highly focused elec-
trical field intensity distributions of three different kinds of
incident POV cylindrical vector beams are simulated. Fig. 4
shows the electrical field component distributions of the
focusing spot at the objective focus for radial, azimuthal and
generalized cylindrical vector polarizations, which have been
normalized by their own total field intensities. Here, Ez is the
longitudinal component along the propagation direction, and
Er and Ea are the transverse radial and azimuthal components,
respectively. The polarization reference plane is the plane that
contains the incident light and the normal line.

For a radially polarized incident beam [Fig. 4(a)], the focus-
ing spot has no azimuthal component [Fig. 4(d)], the electrical
vector of each point consists of Ez [Fig. 4(b)] and Er [Fig. 4(c)],
and vibration occurs in the reference plane, that is, p-polariz-
ation. In contrast, for an azimuthally polarized incident beam
[Fig. 4(e)], the focusing spot only has an azimuthal component

Ea [Fig. 4(h)], without longitudinal [Fig. 4(f )] and radial
[Fig. 4(g)] components. Thus, the electrical vector of each
point is perpendicular to the reference plane, which corres-
ponds to s-polarization. Fig. 4(i) shows the sketch of an inci-
dent 45-GCVP beam. Since each point of the incident beam
has radial and azimuthal components, the focusing spot has
both p- and s-polarizations. As shown in Fig. 4( j)–(l), p-polariz-
ation is composed of both Ez and Er, and s-polarization is
determined by Ea. With the advantage of containing p- and
s-polarizations simultaneously on the focusing spot, the
45-GCVP beam is employed in experiments and used for cell
imaging.

Considering the polarization-sensitive absorption of gra-
phene, reflectance differences between s- and p-polarizations
are calculated and experimentally measured for both water–

Fig. 3 Real-time monitoring of cell growth and evolution. (a) Bright-field image of a living human colonic cancer cell. (b)–(e) Refractive index distri-
bution images of the cell at different times. Black circles and squares marked in the figures indicate certain changes at two different areas inside the
cell over a period of time.

Fig. 4 Schematic of focusing polarization analysis and longitudinal,
radial and azimuthal components of the focusing electric field for
(a)–(d) radially polarized, (e)–(h) azimuthally polarized, and (i)–(l)
45-GCVP lights.
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glass interface and water–graphene–glass interface, as illus-
trated in Fig. 5(a) and (b), respectively. The parameters of the
10-layer graphene film are set as: ng = 2.67 + 1.33i, d =
3.8 nm. Here, ng and d denote the complex refractive index
and thickness of graphene, respectively. The layers of gra-
phene in our experiment approximate the 3D limit of graph-
ite, so the refractive index of graphene is assumed to be the
same as that of graphite.35,36 Fig. 5(c) and (d) plot the simu-
lated reflectivity of s- and p-polarizations as well as the reflec-
tance difference at dielectric interfaces without and with the

graphene layer. With the introduction of graphene at the
interface, the s-polarization reflectivity has a dramatic
reduction compared to p-polarization, which is resulted from
an extra absorption of graphene to s-polarization. We also
show the detecting sensitivity based on the reflectance differ-
ence between s- and p-polarizations in Fig. 5(e) and (f ); there
exists a dynamic detection angle for graphene which is extre-
mely sensitive for sensing. Correspondingly, Fig. 5(g) and (h)
are the measured reflected s- and p-polarization intensity
differences in the optical focusing structure, which experi-
mentally validate the polarization-sensitive absorption of
graphene.

Spatial resolution and refractive index sensitivity

Spatial resolution and refractive index sensitivity are two key
parameters in biological sensing and imaging. The system
spatial resolution depends on the size of the tightly focused
spot. Fig. 6(a) shows the simulated spot intensity distribution
of the 45-GCVP POV beam at the focal point. The coordinate
origin is at the spot centre, and the calculation area is 1 μm ×
1 μm. The intensity profile across the spot centre in Fig. 6(b)
shows that the full width at half maximum (FWHM) of the
focusing spot is 604 nm, which is defined as the theoretical
spatial resolution of the system. Polystyrene (PS) microspheres
of different diameters are employed to calibrate the experi-
mental spatial resolution. As shown in Fig. 6(c), the transverse
axis indicates the mean diameters of the microspheres, and
the longitudinal axis denotes the measured FWHMs of the
signal curves when the microspheres are scanned along their
centres. As the diameters decrease from 2.34 μm to 0.91 μm,
the measurement shows a good signal-to-noise ratio and high
stability. When the diameter decreases further, the detected
signal intensity becomes weak, making it difficult to analyse
the signal curve and obtain accurate measurement values.
Thus, the measured minimum FWHM of 1.07 μm is con-
sidered to be the detection limit of the system, and is taken as
the spatial resolution in the experiment.

Sodium chloride solutions of different concentrations are
experimentally used to calibrate the relation between refractive
indices and signal intensities. Different concentrations
provide different refractive indices with:18

n′ ¼ n0 þ 0:00185c ð1Þ
where n′ and n0 represent the refractive index of the sodium
chloride solution and deionized water, and c% is the concen-
tration of the sodium chloride solution. A microfluidic
channel made of a silicone elastomer is adhered to the surface
of the graphene-coated cover slip. A syringe pump is used to
inject and extract different sodium chloride solutions into and
out of the channel. The relation between the signal intensities
of the balanced detector and the different refractive indices of
the solution under 20 mW laser output power is measured and
plotted in Fig. 6(d). The signal intensities are recorded as
voltage values by the balanced detector. The fitting result of

Fig. 5 Schematic of lights incident on (a) the water–glass interface and
(b) the water–graphene–glass interface. Reflectivity of s- and p-polariz-
ations, as well as the reflectance difference via the incident angle at (c)
the water–glass interface and (d) the water–graphene–glass interface.
Normalized variation rate of the reflectance difference (e) without and
(f ) with the introduction of graphene at the interface, which shows the
most sensitive dynamic detection position for sensing. Experimental
measurement of graphene polarization-selective absorption difference
in the optical focusing structure (g) without and (h) with graphene; the
longitudinal axis has been normalized together.
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the measured data shows a linear relation between signal
intensities (s) and refractive indices (n):

s ¼ �7:404nþ 10:389 ð2Þ
Consequently, eqn (2) is employed in the cell imaging

experiments to obtain the cell refractive index distributions.
Fig. 6(e) shows the detected signal intensities s1 and s2 for de-
ionized water and 0.1% sodium chloride solutions, respect-
ively, which have approached the detection limit of the system.
The refractive index sensitivity (RIS) is defined as follows:

RIS ¼ Δn
SNR

ð3Þ

where Δn = 1.85 × 10−4 is the refractive index difference
between the two solutions according to eqn (1). SNR is the
signal-to-noise ratio between the two signals, which can be
expressed as:

SNR ¼ s̄1 � s̄2j j
2σ

ð4Þ

where s̄1 = 0.53393 and s̄2 = 0.53288 are the mean signal inten-
sities for deionized water and 0.1% sodium chloride solutions,
respectively, and σ = 2.5 × 10−4 is the standard deviation of the
signals. There is still a signal-to-noise ratio of 4.2 between the
two signals, demonstrating a refractive index sensitivity of
4.40 × 10−5 RIU. The achieved imaging spatial resolution and
refractive index sensitivity have reached a high level in this
field, making the technique capable of subcellular precise
detection and analysis. Obtaining a smaller focusing spot
could further improve the spatial resolution, and would enable
more extensive cell research in the future.

Conclusions

We propose a label-free and non-invasive refractive index
imaging technique for living cells with high spatial resolution
and refractive index sensitivity, based on a vector beam-
enabled common-path focusing and differential detecting gra-
phene biosensor. Cell refractive index is an important bio-
physical and physiological parameter for cytological studies
and is often used to reveal cellular and subcellular structures,
analyse the size and spatial distribution of a cell nucleus and
nucleolus, determine the mass of nuclear solids, and quantify
the chromatin content in the nucleus. The pursuit for higher
spatial resolution, better refractive index sensitivity and
minimal influence on the natural state of living cells would be
the logical next step for refractive index microscopy. We expect
that the graphene-based cell imaging method could expand
the family of living cell microscopy techniques, and become
an effective tool for clinical use, and pathological research,
and other biomedical fields.
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