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ABSTRACT: Hydrogels with tunable elasticity has been widely used as micromechanical
environment models for cells. However, the imaging of physical contacts between cells and
hydrogels with a nanometer resolution along the optical axis remain challenging because of low
reflectivity at hydrogel-liquid interface. In this work, we have developed an advanced
interferometric optical microscopy for the high contrast visualization of cell-hydrogel contact.
Here, reflection interference contrast microscopy (RICM) was modified with a confocal unit,
high throughput optics and coherent monochromatic light sources to enhance interferometric
signals from cell-hydrogel contact zones. The advanced interferomety clearly visualized physical
contacts between cells and hydrogels, and thus enabled the quantitative evaluation of the area of
cell-hydrogel adhesion.

SECTION: Biophysical Chemistry and Biomolecules

Recently, a number of studies revealed that cells sensitively
response to mechanical properties of their environments

via adhesion sites (the so-called mechano-response).1,2 To
study such cell mechano-response, hydrogels with tunable
elasticity has been widely used as micromechanical environ-
ment models for cells. However, the imaging of physical
contacts between cells and hydrogels with a nanometer
resolution along the optical axis remain challenging. So far,
total internal reflection fluorescence (TIRF) microscopy has
been widely used to visualize cell adhesion molecules near
substrate. However, height resolution of TIRF (100−200 nm)3
is not sufficient to identify the physical contact between cells
and substrate. Alternatively, the leading technique for visual-
izing cell−substrate contacts is reflection interference contrast
microscopy (RICM), which detects interference of linearly
polarized light reflected at cell−liquid (i.e., cell membrane−
liquid) and substrate−liquid interfaces.4−9 If solid substrate
(e.g., glass) is used, RICM is a powerful label-free technique to
measure the thickness of water reservoir between cells and
substrates with a resolution of ∼2 nm,9 which is much finer
than surface-sensitive fluorescence techniques such as TIRF
microscopy. However, in the case of hydrogel, the contrast of
RICM images becomes very poor because of the following two
reasons. First, the refractive index of hydrogels is very close to
that of water, which results in low reflectivity at hydrogel−

liquid interfaces. Second, the thickness of gels used for such
studies is typically several micrometers or beyond, and thus the
contrast of interferometric patterns become poor. Although
RICM combined with a confocal system was proposed to
visualize the cells adherent to glass substrates modified with a
carbon monolayer or thin polymer layers,10,11 RICM has not
been applied to soft, thick hydrogels to evaluate cell mechano-
response.
In this account, we have developed an interferometric optical

microscopy for the high contrast visualization of cell-hydrogel
contact. As schematically illustrated in Figure 1a, conventional
RICM setup utilizes the antiflex method:5 cross polarizers
combined with an objective lens equipped with a quarter-wave
plate (Antiflex EC Plan-Neofluar, 63 x, Numerical aperture =
1.25, Oil Ph3, Zeiss, Gottingen, Germany). A mercury lump
with a monochromatic filter (typically λ = 546 nm) has been
widely used as a light source. To enhance the contrast of
interference images obtained from cell-hydrogel contact, we
modified the RICM setup by the three points enlisted below
(Figure 1b). (1) A confocal unit (FV300, Olympus, Tokyo,
Japan) was attached to an inverted microscope (IX70,
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Olympus, Tokyo, Japan). A confocal aperture in the unit can
significantly reduce stray light originating from outside of cell-
hydrogel contact zones, e.g., reflection and scattering from
glass, gels, cell cytoplasm, and organelle (Figure 1c). (2) High-
throughput optics mentioned in the following was adopted to
increase intensity and hence to further improve the signal-to-
noise ratio. First, a polarization beam splitter (PBS, custom-
ordered, Olympus Tokyo, Japan) that reflects s-polarized light
and transmits p-polarized light over 95% at the light wavelength
was used. The use of the PBS instead of a half mirror and an
analyzer can drastically increase light intensity of both

illumination and detection in the antiflex setup, while a half
mirror splits light at the both sides. Second, a polarizer made of
aligned silver nanoparticles (colorPol VISIR CWO2, CODIXX
AG, Barleben, Germany) was used, because it can enhance the
signals by an order of magnitude than the polarizer based on
polymer films.12 (3) As a light source, a diode-pumped solid
state laser (λ = 532 nm, 300 mW, SAPPHIRE 532-300-CW-
CDPH, Coherent Inc., Santa Clara, USA) or a super
luminescent diode (SLD) (λ = 680 nm, 5mW, coherent length
∼10 μm, ASLD68-050-B-FA, Amonics, Hong-Kong, China)
was used. The use of such an intense monochromatic light
source instead of halogen lamps should result in clearer
interference patterns. In addition, since the coherent length of
the solid-state laser and SLD is generally shorter than a gas laser
like a He−Ne laser,14 the use of light sources with such
“moderate” coherence is expected to reduce untargeted
interference signals except for cell-hydrogel contact zones.13,14

In fact, Sazaki et al. demonstrated the high-contrast visual-
ization of ice and protein crystal surfaces at atomic resolution
by using a SLD as a light source for scanning confocal
microscopy combined with differential interference contrast
microscopy.15 As gel substrate, polyacrylamide (PAAm) gels
with a thickness of 6−7 μm were prepared on a glass slip
according to the previously reported protocols.16,17 Young’s
moduli (E) of PAAm gels were determined by the nano-
indentation measurement using an atomic force microscope
(MFP-3D, Asylum research, Santa Barbara, USA) with a
silicon-nitride cantilever with a pyramidal tip with a spring
constant of k = 0.02 N/m (TR400-PSA, Olympus, Tokyo,
Japan).
Figure 2a−c shows interference images of a polystyrene latex

bead with 100 μm diameter (Φ) (64220-15, Polyscience,
Pennsylvania, USA) on a PAAm gel (E = 13.2 ± 0.5 kPa) taken
by a conventional RICM set up and by our interferometric
microscope system, respectively. The setup developed in this
study provided much clearer interference patterns than those
by a conventional RICM system. It should be also noted that
both light sources, laser and SLD, show clear Newton’s ring-like
fringes without untargeted interference such as speckle, which
is often formed in the case of a He−Ne laser as a light
source.13,14 From the intensity profile (Figure 2e), the height
profile of a bead can be reconstructed (Figure 2d) according to
eq 1:8,9
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Here, I is measured intensity. Imax and Imin are maximum and
minimum intensity. λ is wavelength of light, h is the separation
between substrate and sample, and n is the refractive index of
the medium (∼1.333). y represents 2πn sin2(α/2)/λ, where α is
a half angle of the cone illumination (55°). The height profile
of a bead reconstructed from interference signals by our system
is in good agreement with the predicted height profile of a bead
(Φ = 100 μm) up to 2 μm apart from the surface. The obtained
results clearly demonstrate that our interferometry system is
advantageous over conventional RICM, as it can provide clearer
interferometric patterns to calculate the height profile of objects
on hydrogels.
In the next step, we visualized cells adherent on hydrogels

using a conventional RICM setup and our interferometric
microscope. Figure 3a shows a bright field image of a mouse

Figure 1. Schematic illustration of experimental setup of (a) a
conventional RICM and (b) the interferometric microscopy developed
in this study. (c) A confocal aperture reduces untargeted stray light
originating from glass (blue dashed line), cell cytoplasm, and organelle
(red dashed line).
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metastatic melanoma cell (B16-F10) on a PAAm gel (E = 13.2
± 0.5 kPa) functionalized with fibronectin (33010-018, Life
Technologies Japan, Tokyo, Japan). Cells were cultured for 3 h
in Leibovitz’s L-15 medium (11415-064, Invitrogen, Life
Technologies Japan, Tokyo, Japan) without serum and then
fixed with a 3.7 w/v % DPBS-formaldehyde solution. With a
conventional RICM, the cell came out brighter than its
surrounding region, indicating that scattered light from outside
of a focal plane (e.g., cell cytoplasm) obscured interference
signals (Figure 3b). On the other hand, our interferometric
microscope yielded a black cell body in sharp contrast against
the bright surrounding region (Figure 3c−e). To assess
influence of stray light on the image contrast of our
interferometry, cell images were taken with different confocal
aperture diameters. The image contrast became higher by
reducing the aperture diameter from 300 to 60 μm,
corresponding to from 2.10 to 0.42 Airy unit, which represents
the theoretically derived Airy disk diameter. Magnification view
of the cell periphery also clearly visualized structures of

filopodia that are in tight contact with the hydrogel surface.
These results clearly indicate that the interferometric
microscopy developed here enables one to visualize the
adhesion zone of cells adherent to 6−7 μm thick hydrogels,
which is not possible by conventional RICM.
In the final step, we applied the interferometric microscopy

to evaluate the impact of substrate elasticity on the adhesion of
B16-F10 cells. Cells were cultured for 3 h on PAAm gels with E
= 9.8, 13.2, and 62.5 kPa and then fixed. Bright field microscopy
images (Figure 4a) imply that B16-F10 exhibited a more
pronounced spreading on stiffer gels, and the zones of cell-
hydrogel tight contacts are identified as black patches in
interferometric images (Figure 4b). Such black area is also
found for B16-F10 cells on hard glass substrate coated with
fibronectin (Figure S1, Supporting Information), which renders
the specific binding to its receptor proteins such as integrin. To
define cell-hydrogel tight contacts, we first draw lines along the
cell contour (Figure S2, Supporting Information). Then
minimum intensity within the contour was taken as Imin. Imax
was carefully determined from interference fringes originated
from cell bottom membranes and hydrogels at cell periphery
(see Figure S3 and Supporting Information). Finally, we clip
the adhesion zone from the interference images by intensity
threshold of 20% with the equation, I ≤ 0.2 × (Imax − Imin) +
Imin. The clipped images (Figure 4c) clearly show patch-like
adhesion structures, which were typically seen in RICM images
of cells adhered to flat substrate.6,9,18,19 The estimated total
adhesion area is monotonically increased from 74 μm2 578 μm2

according to the increase in the stiffness of hydrogel from 9.8 ±
0.4 kPa to 62.5 ± 4.7 kPa, indicating mechano-response of B16-
F10 cells.
These results clearly indicate our interferometric microscopy

has the great potential to improve the contrast of cell-hydrogel
contacts. The threshold level of 20% corresponds to the cell-
hydrogel separation distance of ∼40 nm according to eq 1.
However, the reconstruction of absolute distance between cells
and substrate from images of monochromatic RICM is
generally challenging, because Imin and refractive index remains
unclear.20−23 Nevertheless, such ambiguities can be eliminated
by determining optical phase with two different wavelengths in
dual wave RICM.24−26 In fact, the two different periodicities of
fringe patterns by a diode laser and SLD (Figure 2d) indicate
the potential to combine the dual- (or multi-) wave RICM with
our interferometry. Also, in the case of hydrogels, one should
consider that the hydrogel−liquid interface is diffusive and
therefore not defined as a sharp boundary like glass/liquid
interfaces. In fact, X-ray and neutron reflectivity curves of highly
swollen polymer layers at the solid/liquid interface can be fitted
either by using a parabolic function27,28 or by introducing
several consecutive incremental steps.29 Although PAAm gel/
water interfaces are difficult to quantify by X-ray and neutron
reflectivity due to low electron and neutron density contrast, X-
ray reflectivity at high relative humidity revealed that the air/
PAAm interface (PAAm film thickness ∼ 100 nm) broaden in
the range of several nanometers,30 which may be a potential
resolution to determine the thickness of hydrogel−solution
interfaces.
In summary, we have succeeded in enhancing the contrast in

interferometric patterns from cell−hydrogel contact zones by
using a new class of RICM system combined with (i) a confocal
unit, (ii) high throughput optics, and (iii) coherent
monochromatic light sources. We successfully visualized
physical contacts between cells and hydrogels, which allows

Figure 2. Interference images of polystyrene latex bead 100 μm in
diameter on PAAm gels (E = 13.2 ± 0.5 kPa) taken by (a)
conventional RICM and interferometric microscopy developed in this
study with a light source of (b) laser or (c) SLD. Scale bars: 10 μm.
Size of confocal aperture is 60 μm. (d) Intensity profiles along the red
lines in panels a−c and (e) reconstructed and predicted height profiles
of a bead.
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for the determination of areas of cell-hydrogel adhesion. We
foresee that our advanced interferometric optical microscopy
will provide quantitative insights into cell adhesion to various
hydrogels, which contribute to the understanding of mechanical
interactions between cells and soft substrates.
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