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ABSTRACT: Despite the power of far-ﬁeld super-resolution microscopies
for three-dimensional imaging of biomolecular structures and processes, its
application is challenged in dense and crowded samples and for certain
surface and membrane studies. Although near-ﬁeld imaging with its ability to
provide intrinsic subdiﬀraction limited spatial resolution at any optical
modality, its application to biological systems has remained limited because of
the diﬃculties of routine operation in liquid environments. Here we
demonstrate stable and sensitive near-ﬁeld scanning optical microscopy
(NSOM) in a liquid based on a new mechanical resonance control and an
optimization of the tip length, achieving a high quality factor (>2800) force
sensing of the near-ﬁeld probe. Through near-ﬁeld imaging of the spatial
distribution of epidermal growth factor receptors (EGFRs) on the membrane
of A431 cancer cells as an example, we reveal nanoscale correlations between
surface EGFR and intracellular organelle structures with ∼50 nm spatial resolution. The method provides a new avenue for
surface imaging in viscous liquid media to complement super-resolution microscopy for studies of biological membranes,
nanostructures, and interfaces.

1. INTRODUCTION
Recently, a range of super-resolution ﬂuorescence microscopies
have opened the door for studying biomolecular processes with
subdiﬀraction limited spatial resolution. For example, stimulated emission depletion (STED) increases spatial resolution by
selectively deactivating ﬂuorophores.1,2 Likewise, photoactivated localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM) overcome the diﬀraction
barrier by using photoswitchable ﬂuorescent probes.3,4
However, these super-resolution microscopies require not
only speciﬁc ﬂuorophores optimized for the targets but also
low-density labeling to decrease localization uncertainty,
limiting spatial resolution and imaging speed.5,6 In addition,
high excitation ﬂuence is needed to obtain the number of
photons necessary for accurate position localization of the
emitters. Therefore, photobleaching appears to be an
unavoidable limiting factor.7 Also on the basis of a far-ﬁeld
sectioning method, they are not necessarily ideal to investigate
nonplanar surface and interfaces (Figure 1a).
Near-ﬁeld imaging, on the contrary, provides intrinsically
diﬀraction-unlimited spatial resolution and is applicable to
essentially any optical modality beyond ﬂuorescence, including
linear, inelastic, and nonlinear spectroscopies.8 Applied with
great success to a wide range of material systems, especially
with the advent of scattering scanning near-ﬁeld optical
microscopy (s-SNOM),9−11 it provides single molecule
© 2016 American Chemical Society

sensitivity, few nanometer spatial resolution, and in the
extension to ultrafast spectroscopy, even few-femtosecond
temporal resolution.12,13
On the one hand limited to surfaces and interfacial regions
accessible by the near-ﬁeld probe, this, on the other hand, can
make near-ﬁeld imaging ideal for the study of membranes and
protein nanostructures, with near-ﬁeld localization proﬁling the
surface thus discriminating against bulk signals (Figure 1b). In
addition, on the basis of force-feedback controlling the nearﬁeld probe interaction, it provides simultaneous high-resolution
topographic information and multimodal imaging of membrane
mechanical properties, e.g., viscoelasticity and adhesion force,14
as well as a wide range of optical modality.
However, a major limitation of near-ﬁeld imaging for
biological applications, has long been the diﬃculty of operation
in liquid environments. Typically, on the basis of scanning
probe microscopy (SPM) techniques, several attempts have
been made for operation of near-ﬁeld scanning optical
microscopy (NSOM) and tip-enhanced Raman spectroscopy
(TERS) in liquid, in particular for the study of cell membranes
and electrochemical interfaces.15−21 However, the near-ﬁeld
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Figure 1. Comparison of optical nanoprobe imaging methods: typical super-resolution microscopy based on far-ﬁeld sectioning (a) and NSOM
based on near-ﬁeld proﬁling (b). (c) Procedure for NSOM imaging of EGFRs on the cell membrane in liquid. Anti-EGFRs are conjugated to AuNPs
for labeling to the A431 cell membrane. Near-ﬁeld scattered light from the AuNPs is collected by a NSOM probe under 405 nm laser excitation.

Figure 2. (a) Illustration of high-Q oscillator controlled by introducing two nodes at variable distances. (b) Calculated oscillating amplitudes of the
tuning fork (blue lines) and the ﬁber probe (red line). (c) Calculated amplitude variation of the tuning fork-end (black squares) and tip apex (blue
circles) as a function of l3 while maintaining l1 = 6.2 mm and l2 = 7.8 mm. (d) 3D plot of amplitude variation of tip apex as a function of l2 and l3.

probe is operated on the basis of a scanning probe force sensor,
where its mechanical resonance deteriorates in frequency
stability and quality (Q) factor in a liquid medium, sensitive
to viscosity, density, and temperature.22 Yet, with the near-ﬁeld
signal very sensitive to tip−sample distance, high precision and
stability in the force-feedback is required to avoid imaging
artifacts.
A reﬁned approach for optimal force control in liquid as a
basis for advanced near-ﬁeld imaging of cell surfaces and
membrane proteins is thus desired. Here, we demonstrate a
new approach of mechanical resonance control of the near-ﬁeld
probe providing stable and sensitive imaging in liquid. It is
based on a combination of length and nodal point optimization
of the mechanical force sensor (tuning fork/ﬁber probe
assembly) to achieve high Q-factor and sensitive force control
in liquid. As an application example, we label gold nanoparticles
(AuNPs) to the biomolecules on the cell membrane as
nanoplasmonic antennas to overcome the low sensitivity of
the nanoapertured near-ﬁeld probe, as illustrated in Figure 1c.
Through high-resolution (∼50 nm) near-ﬁeld imaging of the
spatial distribution of epidermal growth factor receptors
(EGFRs) on the membrane of A431 cancer cells in liquid, we
reveal nanoscale heterogeneity of surface EGFRs, as demon-

stating experiment representing a typical bioimaging application.
Following the description and characterization of the force
sensor design, we show the results of its use in liquid cell
membrane imaging and conclude with a short perspective of
the approach for a broad range of nanobioimaging applications.

2. EXPERIMENTAL AND THEORETICAL METHODS
Our method is in principle based on established quartz tuning
fork shear force sensing to control and scan the near-ﬁeld probe
at and across the cell membrane. However, in a conventional
implementation, the Q-factor of the NSOM probe is reduced to
<100 when the tip is immersed in liquid. To overcome this
probelm, we recently developed a method to control the Qfactor of the quartz tuning fork based NSOM probe, as shown
in Figure 2a.23 In that method, the resonance frequency and the
Q-factor of the NSOM probe are controlled by introducing two
nodal wedges (node 1, knife edge point; node 2, pinpoint) and
adjusting their positions like ﬁngering a guitar. When the
positions of the two nodal wedges are optimized, a high Qfactor is achieved because the vibrational energy of the tuning
fork is eﬃciently transferred to the NSOM probe (l1 and l2)
due to the eﬀective vibration isolation at node 1 (for details on
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ratio of 10:1 while being stirred. After stirring for 5 min, the
solution is left to react for 20 min. The mixture solution is
centrifuged at 6000 rpm for 30 min after adding 1%
polyethylene glycol (PEG) to prevent aggregation. Then the
anti-EGFR conjugated AuNPs are redispersed in PBS buﬀer
solution. The binding mechanism between antibody and AuNP
has not been investigated exactly, although it is suggested that
the antibody could be adsorbed perpendicularly on the
nanoparticle surface at pH = 7.4.28 Finally, by pouring the
anti-EGFR conjugated AuNPs solution onto the surface of
A431 cancer cell, an antigen−antibody reaction occurred; i.e.,
the AuNPs are attached to the EGFRs. The samples are kept at
4 °C for 12 h. After that, the samples are rinsed by PBS buﬀer
solution three times to remove residual AuNPs that are not
bound to the EGFR. To conﬁrm the labeling state of the
sample, confocal laser scanning microscopy (LSM 510 META,
Zeiss) measurement is done using a commercial setup, and the
result shows general features of ﬂuorescence imaging (Figure
S5). It should be noted that because the AuNPs are coated by
PEG and antibody, we believe the prepared cells are nontoxic.29

numerical analysis, see further in this section and the
Supporting Information). In addition, we provide a novel
physical concept to operate near-ﬁeld microscopy in a liquid by
optimizing the tip length, l3, to minimize the resistance from
liquid viscosity. This optimization is a key enabling step for
nanobio imaging applications, and it was not yet discussed in
our previously published two nodal wedges method.23
Modeling of the High-Q NSOM Head. The high-Q
oscillator is divided into ﬁve vibration sections (Figure S1):
Rods 1, 2, and 3 corresponding to the ﬁber probe have lengths
of l1, l2, and l3, respectively, and their lengths are adjusted by
changing the positions of two nodal wedges. Rods 4 and 5,
corresponding to two prongs of the tuning fork, have equal
lengths of l4. The amplitude function for the ﬁve sections can
commonly be speciﬁed with the mathematical expression as
U(l) = a cos(βl) + b sin(βl) + c exp[β(l − lin)] + d exp[β(lin −
l)], where a, b, c, and d are unknown coeﬃcients of the
displacement function. The variable l is the distance measured
from the base of the tuning fork for rods 4 and 5 and the
distance measured from the pinpoint support for other sections.
The parameter β is deﬁned as β = ω2ρS/EI (ω is a natural
frequency, ρ is a density, S is a cross sectional area, E is a
Youngs modulus, and I is a moment of inertia) with speciﬁc
values determined from refs 24 and 25. To suppress numerical
error, the initial coordinate lin of each vibrating section is
introduced into the exponent of the displacement function.
The system of equations for unknown coeﬃcients is derived
by applying boundary conditions to six boundary points
(Figure S1). The boundary conditions in tip-end and tuning
fork-end are deduced on the basis of the theory for bending
vibration of a beam.26 Other boundary conditions are carefully
derived by considering the mechanical properties of each part.
Because the system of equations can have nontrivial solutions
only when the determinant of the coeﬃcient matrix becomes
zero, the frequency having a zero determinant is chosen as a
resonance frequency (ωR) for the high-Q oscillator.
NSOM Setup. A 405 nm laser is used as an excitation
source, and the near-ﬁeld signal is collected using a
commercially available Al-coated tapered ﬁber having an
aperture diameter of ∼50 nm and is then converted into an
electric signal by a photomultiplier tube (R2027 from
Hamamatsu) that is placed at the opposite end of the ﬁber.
The position of the sample is changed using a piezoelectric
transducer (PZT, P-611.3 from Physik Instrumente) that has a
0.1 nm resolution; its lateral positions (along the x- or y-axis)
are also scanned using a PZT with a 10 nm position
repeatability against a 100 μm total moving range. The height
and near-ﬁeld signal are acquired using an express data
acquisition board (PCI-6229 from National Instruments). An
oﬃce straight pin and a knife edge (cutter) are used as two
nodal wedges, and their materials do not play crucial roles in
determining resonance characteristics as long as they are
suﬃciently hard.
Sample Preparation. The EGFRs are labeled with the antiEGFR antibody conjugated AuNPs. AuNPs are synthesized via
a seed-mediated growth method using HAuCl4·3H2O and
trisodium citrate.27 The synthesized AuNPs have a spherical
shape (diameter: ∼30 nm, smaller diameter AuNPs are not
used for not reducing scattering intensity). The nanoparticles
are diluted in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) solution (pH = 7.4) and anti-EGFR
antibodies are added to another HEPES solution. Then the
gold solution is added to the antibody solution with the volume

3. RESULTS AND DISCUSSION
Modeling and Simulation. In the following we describe
results of mechanical force sensor design and its characterizations. Figure 2b shows simulations of the vibrating amplitude
of the oscillators. Because the position of the knife edge (Node
1) corresponds to the node of ﬁber oscillation, when the length
l2 is (2n − 1)λF/4, where n is an integer and λF is the
fundamental wavelength given by the natural resonance
frequency of the ﬁber (∼6 mm), the glued point becomes an
antinode and has a maximum amplitude owing to the eﬃcient
coupled oscillation between the ﬁber probe and the tuning fork.
On the contrary, the glued point becomes a node of the ﬁber
oscillation when l2 is nλF/2. In this case, the tuning fork loses a
signiﬁcant amount of vibrational energy because the ﬁber acts
as a large damper. Therefore, we set l2 to 5λF/4 to make the
high-Q state. Then we compare the amplitudes of the tip-end
for diﬀerent values of l3 lengths (1.5, 2.0, and 3.0 mm) to ﬁnd
an optimized length (smallest amplitude), which minimizes a
damping eﬀect in viscous medium. For the tip oscillation (l3),
the glued point is regarded as the node irrelevant to the l2
oscillation because the glued point has a boundary condition of
partially ﬁxed-end beam, whereas the tip-end has a free-end
beam (for details on calculation and interpretation see Figure
S2). Accordingly, the position of the antinode of l3 is about 1.5
mm distant from the point of attachment. Thus, the end of 1.5
and 2.0 mm tips is closer to the antinode and has a large
amplitude. On the contrary, the end of 3.0 mm tip is exactly set
to the node becaise λF/2 is 3.0 mm; therefore, it has the
smallest amplitude.
Figure 2c shows the modeled amplitude variation of tip apex
and tuning fork-end as a function of l3 (l1 and l2 are set to 6.2
and 7.8 mm, respectively). Despite the amplitude of the tuning
fork terminals for ﬁbers with l3 = 1.8 mm and l3 = 3.0 mm being
almost identical, the tip-apex amplitude of the l3 = 1.8 mm tip is
∼9 times larger than the l3 = 3.0 mm tip due to the antinodal
and nodal locations of tip-end from the point of attachment
(see Figure S4a for detail). This approach thus provides an
optimized length of the tip (l3) to maximize the force sensitivity
when the NSOM measurement is performed in a liquid by
minimizing the resistivity of tip vibration to the viscous medium
damping.
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Figure 3. (a) Measured variation of resonance frequency and Q-factor of oscillator with respect to the length l2 while maintaining l1 + l2 to be 13.6
mm and l3 to be 3.0 mm, whose tip is exposed to air (black squares) and partially dipped into water (red circles), respectively. Several frequency
response curves derived from (a) as an example (left). (b) Frequency response curves for the high-Q oscillator exposed to air (black squares) and
partially dipped into water (red circles). Measured topographies of A431 cancer cells being immersed in PBS (c) and exposed to air (d). (e) Their
cross-sectional line proﬁles. The blue area is the volume contraction of cells due to evaporation of water by 39% and 38%.

Figure 4. Topography and EGFR distribution on the membrane of the A431 cell. Topography (a) and NSOM image (b) of the A431 cell immersed
in PBS, and topography (c) and NSOM image (d) of the A431 cell in air after evaporation of PBS. (e) Local variation of surface EGFR distribution
corresponding to intracellular nucleus, rough endoplasmic reticulum (ER), smooth ER, and normal region without organelle. The confocal laser
scanning microscope image is derived from Figure S5a. (f) Line proﬁles of topography and EGFR distribution derived from (a) and (b), which show
the density distribution of EGFR on the membrane depend on intracellular organelle composition.

Figure 3b shows two frequency response curves measured in
air and water under the best ﬁngering condition (l2 of 3λF/4
and l3 of λF/2). The Q-factor deﬁned as the quotient of
resonance frequency and the full width at half-maximum
(fwhm) of the frequency response maintains a value of 2800 in
liquid, which is the highest reported to date. We note that the
Q-factor of 2800 is also a much higher value than the typical
values of a conventional NSOM probe in air. Accordingly,
samples immersed in liquid can be measured with as high force
sensitivity as in air. The very high Q-factor is necessary for and
allows for sensitive tip−membrane distance control in liquid
even for the soft normal cells (in general, the surface of a cancer
cell is harder than that of a normal cell). For the low Q-factor
NSOM probes (lower than ∼1000 in liquid for 3 mm of tip
length), the shear-force feedback is unstable and the cells are
usually damaged during scanning. Figure 3c shows the resulting
performance in shear force imaging of A431 cells immersed in

Figure 2d shows amplitude variation of tip apex as a function
of l2 and l3. The operating condition of NSOM in a liquid
environment is optimized by making the highest Q-factor with
l2 length (4.8, 7.8, or 10.8 mm) and smallest liquid damping
with l3 length (3.0 mm).
Performance of NSOM Probe in Liquid. To conﬁrm the
resonance tunability with the two nodal wedges in liquid, we
further study the vibrational characteristics of the NSOM probe
experimentally. Figure 3a shows the variation of the resonance
frequency and the Q-factor as a function of l2 while maintaining
l1 + l2 constant (l1 + l2 = 13.6 mm, l3 = 3.0 mm) for the high-Q
NSOM probe exposed to air and partially submerged into water
by 0.2 mm. In agreement with the numerical analysis (Figure
S2), the resonance frequencies and Q-factors change with a 3.0
mm period in l2, irrespective of the environment (for details on
calculation and interpretation see Supporting Information).
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from the aggregation of EGFRs due to the volume contraction
of cell during evaporation of water.
In previous studies, the ER structure (inside of cell
membrane) was visualized to demonstrate the performance of
newly developed super-resolution microscopy.33 Beyond
previous super-resolution imagings of organelle structures,
our work visualizes the nanoscopic heterogeneneity of
membrane biomolecules correlated with intracelluar organelles.
Discussion. There was a considerable body of work to
improve the Q-factor under aqueous conditions. Rensen et al.
reported the Q-factor could be improved on the basis of the
optimized dipping depth of the NSOM probe (Q ∼ 60).34 A
similar study was carried out by Lee et al. for imaging soft
samples immersed in a liquid (Q ∼ 400).35 However, these
studies showed limitations in enhancing the Q-factor beyond a
certain level. Hö ppener et al. reported a signiﬁcant Q
enhancement by attaching a very short ﬁber probe to a tuning
fork and using another optical ﬁber for laser coupling into the
short ﬁber probe.30 However, this conﬁguration cannot be
applied to a collection-mode NSOM. On the contrary, our
method is a versatile tool for collection and illumination modes
as well as achieves an extreme Q-factor.
In addition to the high Q-factor, maintaining a stable
resonance condition under aqueous conditions is also
signiﬁcant. Recently, we used the stable resonance zone of
ﬁber probe and the resonance tracking method to overcome the
resonance change issue when the immersion depth of the ﬁber
probe is changed due to the evaporating liquid.22,36 Despite
these methods being useful for small area scanning, they are
inappropriate to apply to large samples such as biological cells.
Thus, we adopt the diving bell structure to maintain a stable
resonance condition regardless of liquid evaporation and
scanning time.37
Recently, several groups achieved reliable near-ﬁeld ﬂuorescence imaging on the cell membrane under aqueous
conditions,17,38 yet the spatial resolution was limited to ∼100
nm due to the insuﬃcient collection eﬃciency of the smaller
aperture NSOM probes for ﬂuorescence signal. To increase the
optical sensitivity and to improve the spatial resolution to ∼50
nm, we label plasmonic AuNPs to the EGFRs on the
membrane and measure the Rayleigh scattering instead of the
ﬂuorescence signal. This idea is an inverse approach to the use
of plasmonic nanostructures at the near-ﬁeld probe aperture.19,39 From combinatorial optimization of these requisites,
we enable the near-ﬁeld imaging of biomolecules on the cell
membrane under buﬀered conditions.
Several studies have applied NSOM to the biomolecular
imaging of dried cells due to the technical diﬃculties under
buﬀered conditions.40−42 However, we believe that cell
membrane structures and protein distributions could be
deformed due to evaporation of water, as seen in Figure 4.
Therefore, NSOM application in liquid environments is highly
required for in-depth nanobiology study.
Nowadays, anti-EGFR cancer therapy is widely administered
to patients.43 However, a large portion of patients do not
respond to the therapy for unknown reasons. Therefore, better
understanding of the complex network of signaling pathways
between EGFRs and intracellular biomolecules is required.
Fluorescence resonance energy transfer (FRET) and timeresolved spectroscopy have been used to investigate the EGFR
mechanisms.31,44,45 However, these diﬀraction-limited characterization methods leave many open questions requiring
molecular imaging techniques to understand more quantitative

PBS, followed by imaging in air (Figure 3d) after evaporation
and corresponding volume decrease.
Near-Field Imaging of Cell Membranes. To enhance the
optical sensitivity of the NSOM probe for biomolecular
imaging on the cell membrane, plasmon labeling by antiEGFR conjugated AuNPs attached to the EGFRs is used (see
Experimental and Theoretical Methods for detail). AuNPs are
excited by 405 nm laser illumination to enhance the Rayleigh
scattering intensity (scattering intensity ∝ 1/λ4), and the
plasmonic scattering signal is collected through the aperture of
an optical ﬁber probe.
Figure 4 shows the resulting topography (a) and near-ﬁeld
intensity image (b) of a A431 cell measured in PBS. Several
textural features can be identiﬁed and distinguished with the
EGFR distribution and its local density on the cell membrane
possibly related to intracellular organelle locations and
stuctures. In general, the axial resolution of NSOM is <10
nm due to the exponential decrease of locally conﬁned light
intensity with increasing distance to the aperture of NSOM
probe.30 Because the thickness of membrane is 7.5−10 nm and
the EGFR resides only on the membrane, Figure 4 does not
show the intracellular image but an EGFR distribution within
the membrane, correlated only to the extent of intracellular
organelles.
It appears that a lower local density of surface EGFR is
observed associated with location of cell nucleus. The highdensity EGFR region on the membrane is possibly associated
with the intracellular endoplasmic reticulum (ER), an especially
rough ER, because the main function of rough ER is the
synthesis and transport of proteins between the nucleus and
cell membrane, and those proteins highly interact with
EGFRs.31 This suggests that the heterogeneous EGFR
distribution on the membrane at the zoomed region in red in
the left bottom inset corresponds to a structural imprint of an
intracellular rough ER region.
On the contrary, the zoomed region of surface EGFRs in the
left center in green is suggested to correspond to a structural
imprint of the intracellular smooth ER region for several
reasons. First, the observed nanoscale mesh structure of surface
EGFRs matches well with the well-known structure of smooth
ER (see also Figure S6). Second, smooth ER has no ribosomes
and functions in lipid metabolism, carbohydrate metabolism,
and detoxiﬁcation.32 Therefore, EGFRs on the cell membrane
have relatively low local density in the region of smooth ER due
to the lack of highly interacting molecules.
Despite the EGFR density on the membrane corresponding
to a nucleus region being much lower than the membrane
region corresponding to the rough ER region (Figure 4f), the
cluster diameter is ∼200 nm in both cases, as seen in Figure 4e.
Note that from the comparison of the EGFR distribution with
the membrane regions on the intracellular nonorganelles, we
conﬁrm the cluster size of the nucleus and ER is not limited by
the spatial resolution of the near-ﬁeld probe. In the membrane
regions without intracellular organelles, ∼50 nm size spots are
resolved, which we believe to be a single or a few EGFRs (see
also Figure S7 to verify spatial resolution). The correlation of
the heterogeneous EGFR distribution on the cell membrane
with intracellular organelle composition implies that some
proteins residing at the cell organelles possibly interact with the
EGFR on the membrane. In contrast, all these spatial features
disappear when the cell is dried, as shown in Figure 4c,d. We
guess the observed EGFR distribution in air possibly results
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properties. Because the proposed method can be easily
combined with other optical modality such as Raman, timeresolved, and absorption spectroscopies,46−48 we expect the
NSOM-FRET or other kinds of combined techniques will be
used to explore unexamined nanoscale dynamics on the cell
membrane as well as the detailed nanoscale processes.

4. CONCLUSIONS
In summary, we demonstrated a new near-ﬁeld imaging
approach based on the control of the nanomechanical nearﬁeld probe resonance by optimizing the tip length of NSOM
probe for improved near-ﬁeld imaging performance in liquid. A
very high Q-factor (2800 in water) is achieved by a 3 mm tip as
well as two nodal wedges method, and a stable resonance
condition is maintained by applying a diving bell structure. To
overcome the low optical sensitivity of general ﬂuorescence
detection, AuNPs are labeled to the EGFR and the plasmonic
scattering signal is probed with ∼50 nm spatial resolution. In
the cell membrane imaging of the A431 cell, we reveal the
nanoscale correlation between the local distribution of EGFR
on the membrane and intracellular organelle composition such
as nucleus, rough ER, and smooth ER. The approach is
generally applicable for both aperture and scattering type
scanning near-ﬁeld microscopy and TERS, and might lead the
way to a greater utility of near-ﬁeld imaging as a
complementary technique to other super-resolution imaging
techniques for biological applications in liquid conditions.
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