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T
he rise of modern technology in
biology and medicine has drastically
increased the importance of the bio-

interface. In fundamental neuroscience and
biomedical research, for extracellular re-
cording, the electric signal at themembrane
surface is measured noninvasively, incur-
ring less damage to a cell and thus longer
recording times. Despite these features, the
recorded signals are about 2 orders of mag-
nitude lower than those measured with
intracellular recording.1 The signal intensity
is largely determined by cell�electrode
geometry, for example, the relative positions
of the cell and electrode. Therefore, to date,
in conjunction with various adhesion pro-
motion techniques including chemical or
biological modifications2,3 and nanostruc-
turing,4�6 the characterization and analysis
of the cell�electrode interface havebecome

very important. Widely used techniques
for observation of the interface include re-
flection interference contrast microscopy
(RICM),7,8 total internal reflection fluores-
cence (TIRF) microscopy,9 fluorescence in-
terference contrast (FLIC) microscopy,3,10�12

transmission electron microscopy (TEM),13�16

and scanningelectronmicroscopy (SEM).6,17�20

Recently, a technique using metal-induced
energy transfer has also been introduced.21

For TIRF and FLIC microscopy, the interfacing
membrane is stained with fluorophores.
Due to the intrinsic high light intensity of
fluorophores, such fluorescence microscopy
enables acquisition of images with clear con-
trast. In addition, it offers an excellent axial
resolution. In particular, FLIC microscopy is
capable of resolving 1 nm differences in
depth.11 However, additional staining pro-
cess, possible inhomogeneous binding of
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ABSTRACT Understanding the interface between cells or tissues

and artificial materials is of critical importance for a broad range of

areas. For example, in neurotechnology, the interfaces between

neurons and external devices create a link between technical and

the nervous systems by stimulating or recording from neural tissue.

Here, a more effective interface is required to enhance the electrical

characteristics of neuronal recordings and stimulations. Up to now, the

lack of a systematic characterization of cell�electrode interaction

turns out to be the major bottleneck. In this work, we employed a

recently developed surface plasmon microscope (SPM) to monitor in

real-time the cell�metal interface and to measure in situ the gap

distance of the cleft with the spatial resolution reaching to the optical diffraction limit. The SPM allowed determination of the distance of human

embryonic kidney 293 cells cultured on gold surfaces coated with various peptides or proteins without any labeling. This method can dramatically simplify

the interaction investigation at metal�living cell interface and should be incorporated into systematic characterization methods.
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fluorophores to the region of interest, and photo-
bleaching make quantitative analysis difficult. For
TEM and SEM, although sub-nanometer spatial re-
solution can be attained,13 complicated and time-
consuming pretreatments, such as fixation, dehydra-
tion, and cutting by focused ion beam for cross-section
observation, are required to observe cells in vacuum.
Furthermore, the risk of artifacts due to pretreatment
cannot be neglected. Therefore, for TEM and SEM, real-
time monitoring of the cell�electrode interface is very
challenging.
Surface plasmon microscope (SPM) was introduced

in order to image low-contrast samples,22,23 for exam-
ple, a Langmuir�Blodgett film24 without labeling. It
exploits surface plasmon polaritons (SPPs), electro-
magnetic waves propagating along a metal�dielectric
interface, and allowed real-time investigation of the
interface. SPM was also employed to observe cells,
especially their interfaces with substrates.25�28 Despite
these advantages, its spatial resolution is considered to
be an issue due to the propagating property of SPPs at
the interface. The spatial resolution is limited by the
propagation length of SPPs, which for gold is typically
about 7 μm at 633 nm wavelength.29 In order to break
through the spatial resolution barrier, someworks have
been reported, including wide-field, Bragg-scattered
SPPs and localized SPPs.29�34 Especially in localized
SPPs, excitation light is tightly focused at a metal thin
film through a high numerical aperture microscope
objective. A fraction of the wavenumber of the light
matches to the propagation constant of SPPs, giving
rise to SPPs. Finally, the excited coherent SPPs
constructively interfere at the center, leading to the
localization of SPPs and enabling one to achieve high
spatial resolution up to the optical diffraction limit
(approximately 210 nm with a gold film in air at
632.8 nm wavelength).35 The aforementioned stan-
dard SPM with the Kretschmann configuration was
also realized by using a high numerical aperture micro-
scope objective, where an excitation light is made
incident at an angle to match the resonant condition
by focusing the light at a back focal plane (BFP) of the
microscope objective.36,37 Recently, a new SPM com-
bining these two microscopies, one with the standard
Kretschmann configuration (lens-imaging-type SPM,
LISPM) and the other with localized SPPs (scanning
localized SPM, SLSPM), was introduced.38 It takes
advantages of LISPM with simultaneous large area
observation and SLSPMwith the high spatial resolution.
Here we employ this combined SPM for label-free

measurement of the cell�electrode cleft gap distance.
In the experiments, human embryonic kidney (HEK)
293 cells are chosen since they are relatively easy to
treat and their biointerface has been well studied
with other microscopy techiques, thereby being used
to validate our approach. Owing to the advantages of
SPPs, the setup allows in situ and real-time observation

of the cell�gold interface, by which one can select
the region of interest for the gap measurement.
By scanning the area with SLSPM, the gap distance
with various adhesion proteins and peptides are
quantitatively determined. In addition, high spatial
resolution of SLSPM enables one to observe the mor-
phology of the cellular bottom membrane in detail,
which is difficult in the conventional SPM (i.e., LISPM).
Compared with other conventional microscopy, our
approach benefits from the label-free and in situ

measurement of the gap distance in high spatial
resolution, thereby becoming a simple and accurate
surface characterization technique.

RESULTS AND DISCUSSION

Combined SPM Construction. The combined SPM setup
was constructed based on the previous work and is
depicted in Figure 1.38 Employing flipping mirrors, it
is able to switch the microscope. Briefly, in LISPM,
a linearly polarized light at 632.8 nm wavelength is
expanded and then focused with a lens (L4) at BFP of a
microscope objective at an offset from the optical axis.
It gives rise to aplanewave incident to the substrate at a
high enough incident angle θex to meet the excitation
condition of SPPs as also described in the work of
Huang et al.36 or Halpern et al.37 In SLSPM, the polariza-
tion of the expanded light is changed from the linear to
the radial. It improves the spatial resolution of SLSPM
because in the radial a normal component of the electric
field Ez to a surface (z-coordinate in Figure 1), which
approximately represents the distribution of SPPs, is
enhanced by constructive interference at the focus,
while in the linear, it is canceled by destructive inter-
ference. For example, with a gold in air at 632.8 nm
wavelength, the electric field intensity |Ez|

2 distribution
has one peak with the full width at half-maximum of
210 nm, in contrast to two peaks with the distance of
330 nm for the linear.35 The radial polarized light is then
relayed with two lenses (L1 and L2) to BFP and is tightly
focused on the substrate with themicroscope objective.
The BFP is imaged at each scanning step over an area of
interest.

Real-Time Imaging of HEK293 Cell�Gold Interface with LISPM.
First, the imaging properties of LISPM were assessed.
In this experiment, HEK293 cells were culturedonpoly-L-
lysine (PLL)-coated gold surfaces for 3 days in vitro (DIV).
As the control, the cells were cultured on bare gold
surfaces. The images taken with differential interference
contrast (DIC) microscope and LISPM are presented in
Figure 2. The images with a DIC microscope show the
differences in morphologies of the cells cultured on the
PLL-coated and bare surfaces (Figure 2a,b). The cells on
the PLL-coated stretch their body, implying high adhe-
sion, while those on the bare are rounded, indicating
relatively low adhesion. However, one cannot give
a direct conclusion to adhesion from these images
since through DIC the interfacial information is hidden.
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To elucidate the interface, the observation with LISPM
was carried out, and the results are presented in
Figure 2c,d. Let us note that those cells shown in
Figure 2a,c and Figure 2b,d were cultured on the same
substrate butwere not identical. During this experiment,
the incident angle of the light was set at the surface
plasmon resonance (SPR) angle for the region without
the cells (dark part in the picture). Although LISPM
provides only cell�gold interface information, the
images show cell shapes similar to those observed with

DIC microscopy. Furthermore, the strength of the cell
adhesion on the substrates is visualized as reflected light
intensity contrast; that is, the brighter the area is, the
better the cell adheres to the substrate. LISPM images
of the cells on the bare surface show inhomogeneous
cell adhesion and dark areas at the cell center, while the
cells on the PLL-coated substrates show homogeneous
and good adhesion. This indicates that cells on the
PLL-coated adhere better to the substrate than those
on the bare substrate.

Figure 2. Comparison of DIC microscope and LISPM images. (a,b) Images of HEK293 cells grown on PLL-coated and
(left column)bare gold (right column) surfaces takenwithDICmicroscope. (c,d) Those takenwith LISPM.Note that the cells are
on the same substrate for each surface coating but are not identical. Scale bars are 20 μm.

Figure 1. Schematic drawings of the combined SPM setup for (a) LISPM and (b) SLSPM. The insets show the detailed optical
path of the light nearby the sample. Themicroscope is switchable by flippingmirrors (FM1 and FM2). BE, beam expander; FM,
flipping mirror; L, lens; BS, beam splitter; M, mirror; OBJ, microscope objective; BFP, back focal plane of OBJ.
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Cleft Gap Distance of HEK293 Cells. Although the results
prove that LISPM is a powerful technique to observe
an overall cell�substrate interface instantaneously, the
detailed cellular structure at the interface and quanti-
tative measurement of the gap distance are difficult
because of the propagation property of SPPs and
inhomogeneous illumination. Therefore, here, SLSPM
is used to measure the cleft gap distance of HEK293
cells. In this set of experiments, the cells are cultured on
four different gold surfaces;PLL, laminin (LAM), and
fibronectin (FIB) and bare;for 3�6 DIV, in which the
cell density was kept the same for all samples. PLL- and
FIB-coated substrates are known to result in good cell
adhesion, while LAM-coated and bare substrates are
the control. In SLSPM, the reflectivity spectrum as a
function of in-plane wavenumber k// is obtained by
measuring the reflected light intensity at the BFP along
the radial direction. In a BFP image, SPR appears as a
dark ring (the inset in Figure 3a) and its radius repre-
sents SPR propagation constant (i.e., k// = kSP). In order
to characterize layer properties including the cell�gold
cleft gap distance d, those spectra were fitted by the
Fresnel equations based on a model layer structure
depicted in Figure 3b. In the model, the thicknesses or
the refractive indices of titanium, gold, glass substrate,
and cellular plasma membrane were assumed as
tTi = 8 nm and nTi = 2.153 þ 2.923i,39 tAu = 50 nm,
ngl = 1.78, tpm = 7.5 nm, and npm = 1.5,40 respectively.
The refractive indices of gold layers nAu were deter-
minedat the respective scanningareaswith SLSPM. The
adhesion protein thicknesses tap were measured after
their deposition from the propagation constant shift
of SPR. As a result, those for PLL, LAM, and FIB were
determined as tap = 0.3 ( 0.1 (nap = 1.52,41 a refractive
index of bulk PLL), 2.9 ( 0.5 (nap = 1.45), and 3.1 (
1.4 nm (nap = 1.45), respectively. When the cells were
on the substrate, as seen in Figure 3a, the wavenumber
equaling the total internal reflection angle shifted due
to the higher refractive index of cellular cytoplasmwith

respect to that of water.42,43 They were found out to
be ncp = 1.361 ( 0.005 and nH2O = 1.335 ( 0.003 with
SLSPM.

To determine the gap distance, the relationship
between the distance and propagation constant of
SPR was calculated upon the experimentally obtained
and assumed optical constants. This was done by
fitting the calculated propagation constants of SPR
at the varied gap distances with an eighth degree
polynomial function. The fitted function;the transfer
function;can directly relate the distance to the pro-
pagation constant of SPR. The cleft gap distance was
mapped in two dimensions by applying the transfer
function to the propagation constant taken from the
BFP at each scanning point. In Figure 4, the transfer
function with the thickness of plasmamembrane tpm =
7.5 nm is presented. The plots were calculated with
the refractive index of gold layer of a sample shown
in Figure 5 (nAu = 0.244 þ 3.52i) and resulted in
the function: kSP/k0 = 1.49882�5.88039 � 10�4 �
d þ 4.48817 � 10�6 � d2 � 2.61476 � 10�8 � d3 þ

Figure 3. (a) Reflectivity spectra as a function of the in-plane wavenumber k// normalized with that in vacuum k0 for the
sample (b) without or (1) with the cells. The inset shows a typical BFP image. Note that a dark cross in the image is the joints of
four waveplates in the radial polarizer. (b) Model layer structure for analysis of the cell�electrode cleft gap distance. The gap
distance d is defined as the sum of the water layer and adhesion protein thickness.

Figure 4. Calculated SPR propagation constant as a func-
tion of the gap distance at different thickness of plasma
membrane (b: tpm = 7.5 nm or 1: tpm = 10 nm). The inset is
a magnified figure indicated with a dotted line square. The
line indicates the eighth-order polynomial fitting curve.
These plots are calculatedwith the experimentally obtained
and assumed parameters.
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1.12235 � 10�10 � d4 � 3.26122 � 10�13 � d5 þ
5.93054 � 10�16 � d6 � 6.03796 � 10�19 � d7 þ
2.61603� 10�22� d8 (R2 = 0.999999). The propagation
constant drastically changes until the gap distance
reaches 200 nm. It is attributed to penetration depth
of SPPs out of which they are not sensitive to a
refractive index change anymore. Since a small varia-
tion in the propagation constants within 200 nm
causes a huge error in the distance determination,
we evaluated homogeneity of a gold film bymeasuring
the propagation constant of a bare gold film over the
area of 10 � 10 μm2 in water, as shown in Supporting
Information Figure S1. SLSPM revealed that the aver-
age propagation constant was of 1.451476 with a
standard deviation of 0.000534, which is approxi-
mately 0.037%. This deviation corresponds to the error
of 0.9 nm at the distance of 0 nm, where a change in
the distance is the most drastic. Based on this result,
we conclude that an error in the distance caused by
a gold film is negligible, and its transfer function can
be applied to any points in a respective scanned area.
Besides, we also considered the error caused by a
variation in the thickness of plasma membrane tpm
because itmakesmeasurement of the distance difficult
for interference methods.7 In Figure 4, the plots at
tpm = 10 nm are shown. The deviation from the plots at
tpm = 7.5 nm reaches to themaximum of about 7 nm at
the distance close to 0 nm and becomes small as the
distance increases. It represents another advantage
of SPM with which one can measure the distance
(i.e., the thickness of water) more precisely even
though the thickness of plasma membrane is varied
in a scanned area.

In order to validate our approach, measurement of
the gap distance for HEK293 cells on PLL-coated gold
surfaces for 3�6 DIV was demonstrated. In Figure 5,
typical images taken with LISPM and SLSPM for the cell
are presented. Owing to the capability of LISPM in
simultaneous observation of a whole cell�gold inter-
face, the image unveils the stretched shape of the cell
bottom membrane on the gold, implying good adhe-
sion with assistance of PLL. In the image, as seen in
Figure 5a, stripe patterns attributed to the interference

of the light smears the detailed information, and thus
quantitative evaluation of the gap distance is difficult
with LISPM. In contrast, with SLSPM, the scanned image
shown in Figure 5b well represents the cell�gold inter-
face due to the high spatial resolution up to the
diffraction limit.35 The image revealed inhomogeneous
gap distance distribution. After analysis and calcula-
tions, as previously mentioned, the cleft gap distances
are determined, ranging from about 40 to 60 nm. The
average distance eventually obtained from Figure 5b is
51.6 nm, which is in good agreement with the pre-
viously measured value (37 nm) with TEM.13 The result
supports our conclusion that our approach is effective
for the gap distance measurement.

The cleft gap distances are also measured for the
cells on LAM- and FIB-coated and bare gold surfaces
in addition to the PLL-coated. The LISPM images pre-
sented in Figure 6a�d showdetails of the cell shape on
each substrate. The cells on the PLL- and FIB-coated
substrates show relatively stretched shape with respect
to those on the LAM-coated and bare substrates.

Figure 5. Representative (a) LISPM and (b) SLSPM images of
HEK293 cells grown on PLL-coated gold surface. Scale bars
are 5 μm. The square drawn in the LISPM image indicates
the scanned area with SLSPMwith the arrows indicating the
orientation. Note that the brightness in LISPM image is
tuned so as to enhance the contrast.

Figure 6. Images of HEK293 cells grown on (a,e) PLL, (b,f)
LAM, and (c,g) FIB-coated, and (d,h) bare surfaces takenwith
LISPM (left column, a�d) and SLSPM (right column, e�h).
Note that the brightness in LISPM images is tuned so as to
enhance the contrast. Squares in LISPM images indicate the
scanned areas with SLSPM with the arrows indicating the
orientation. Scale bars are 5 μm.
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However, quantitative comparison of the relative
cellular adhesions among these different coatings is
difficult because the incident angles of the excitation
light are hardly known, thus the gap distances cannot
be analytically determined. Then, the quantitative
characterization of the gap distances was carried out
with SLSPM, as shown in Figure 6e�h. First of all, it is
clarified that the gap distances for the substrates
coated with PLL and FIB are smaller than those for
those coated with LAM and bare surface. This result
supports our interpretation about the cellular adhesion
in the LISPM images. Furthermore, the gap distance
variations in each scanned area are recognizable in
detail owing to the advantage of SLSPM.

The statistical analysis of the gap distance was
conducted for a cumulative distance distribution his-
togram from n = 12 cells on each coating (Figure 7). We
obtained the average gap distance by fitting the data
with Gaussians (red curves in the insets in Figure 7),
resulting in 49.6( 15.9 nm (PLL), 91.6( 24.2 nm (LAM),
71.4 ( 7.4 nm (FIB), and 81.3 ( 22.1 nm (bare).
Compared to the simply averaged distances of
54.1 ( 16.3 nm (PLL), 107.0 ( 36.8 nm (LAM), 77.0 (
11.7 nm (FIB), and 91.6 ( 30.3 nm (bare), it is found
that the distances of the LAM and the bare differ more
than those on the PLL and the FIB. It indicates that
the distances on the LAM and the bare surface are
more random because the cells adhere weakly on the
surface, which could cause multiple peaks seen in
Figure 7b,d. Themultiple peaks seen in Figure 7a imply
that the adhesion on the PLL is strong, but weak
adhesion which could not be resolved with LISPM
may also coexist. The distances of PLL and FIB are in

excellent agreement with the previously reported
37 nm (PLL) with transmission electron microscopy13

and 70( 10 nm and 75( 1 nm (FIB) with fluorescence
interference contrast microscopy.12,44 Among all the
coatings, the PLL- and FIB-coated substrates show
significantly and relatively small gap distances. In
conjunction with the small statistical errors, we reach
the same conclusion;good and homogeneous cellu-
lar adhesion;with that qualitatively obtained from
the LISPM images (e.g., Figure 2c). As is the case for the
PLL- and FIB-coated substrates, the control samples;
LAM-coated and bare substrates;show the large gap
distances and statistical errors. These results represent
poor and inhomogeneous cellular adhesions as inter-
preted from the LISPM images (e.g., Figure 2d).

CONCLUSIONS

In summary, we demonstrate that the combined
SPM is capable of the label-free and real-time observa-
tion of the cell�gold interface and measurement
of its cleft gap distance with high spatial resolution.
Simultaneous large area observationwith LISPM allows
one to visualize the cellular bottom membrane at the
interface, which can be used for assessing the cellular
adhesions qualitatively. The capability of real-time
observation could be combined with experiments
employing extra stimuli to cells. In addition, it enables
one to select a region of interest to investigate in detail
with SLSPM. By mapping the cleft gap distance quan-
titatively with SLSPM, the cellular adhesion differences
among a variety of adhesion proteins and peptides are
clarified. Furthermore, such morphological informa-
tion as inhomogeneous gap distribution that cannot

Figure 7. Comparison of thegapdistances among fourdifferent surface coatings. (a) PLL, (b) LAM, (c) FIB, and (d) bare. Lines in
the insets indicate Gaussian fits of the histograms.
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be elucidated with LISPM is also revealed owing to
the high spatial resolution of SLSPM. These presented

abilities achievedwithout any labeling simplify ananalysis
of biointerface and the cell�electrode cleft gap distance.

METHODS
Sample Preparation. For SPP excitation, sapphire glass cover-

slips (Olympus) were coated with an 8 nm adhesion layer of
titanium, followed by 50 nm of gold. The roughness of the gold
surface of 0.88 ( 0.08 nm was measured with atomic force
microscopy. Afterward, the substrate was sterilized under UV
light exposure for 1 h. After sterilization, the substrates were
coated with different adhesion peptides or proteins;PLL, LAM,
and FIB;for 1 h at room temperature: for PLL, 10 μg 3mL�1 and
LAM 5 μg 3mL�1 in Hanks' balanced salt solution (HBSS), and
for FIB, 12.5 μg 3mL�1 in phosphate buffered saline (PBS).
As a control, the substrate without protein coating was also
prepared.

Cell Culture. HEK293 cells were grown in Dulbecco'smodified
eaglemediumand supplementedwith 2mMglutamine, 1%non-
essential aminoacids, 10% fetal bovine serum, 100units 3mL�1 K1
penicillin, and0.1mg 3mL�1 K1 streptomycin (all from Invitrogen).
The cells were plated on the substrate and cultured for 3�6 DIV
at 37 �C and 5% CO2. The cellular densities were 75 cells 3mm�2

in all samples.
Optical Setup. The optical setup combining LISPM and SLSPM

is shown in Figure S1 Supporting Information. The microscope
can be switched by two flipping mirrors, FM1 and FM2. In
SLSPM, a 10 mW HeNe laser (λ = 632.8 nm, Melles Griot)
expanded after the beam expander (BE) converts its polariza-
tion from linear to quasi-radial with ZPol (nanophoton, Japan).
The light after ZPol is relayed onto the BFP of a 100� 1.65
numerical aperture oil objective (OBJ, Olympus) by telecentric
imaging system with two lenses (L1 and L2). The reflected light
is imaged onto a CMOS camera (CMOS1, XIMEA) by a lens (L3).
While scanning, the sample stage is moved by a piezo stage
(Physik Instrumente) in x and y directions. In LISPM, the ex-
panded beam after BE is focused on BFP with a lens (L4), which
results in a plane wave incident to the substrate at a given
incident angle. The reflected light is imaged by a lens (L5) on
another CMOS camera (CMOS2, XIMEA).
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