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Polarization interferometric nonlinear confocal microscope has been developed for single nanoparticle analysis of drug delivery
system (DDS). The microscope is a system based on a low cost and low power continuous wave (CW) laser light source. Also, the
microscope observed shape anisotropy of the 200 nm diameter nanoparticle. According to nanoparticle imaging and CTF (contrast
transfer function) curve observation of the microscope, three-dimensional resolution of the microscope measured up to 10 nm.

1. Introduction

Nanoparticles have attracted tremendous attention because
of microscopic properties, which can be exploited in many
optical and medical applications [1–4]. Recently, particular
attention, in our laboratory, has been devoted to an applica-
tion to drug delivery system (DDS) [5]. An important thing to
note is that the size and pharmacological properties of a single
nanoparticle in matrix are key factors for DDS use. With a
measurement of particles less than a half wavelength of an
incident wave, however, general optical microscopes have
poor spatial resolving power without toxic fluorescent indi-
cator probes.

In this paper, we propose polarization interferometric
nonlinear optical confocal microscope, which is a confocal
microscope having high three-dimensional resolution even
with continuous wave (CW) laser, incorporating a polariza-
tion Michelson interferometer. As with Raman microscope
and CARS microscope, the microscope proposed observes
the dielectric medium under the diffraction limit without
fluorescent probes [6].

We verified this hypothesis by means of CTF (con-
trast transfer function) measurement and performed three-
dimensional measurement of a single nanoparticle.

2. Materials and Methods

2.1. Theoretical Model. The polarization interferometric non-
linear confocal microscope proposed enhances CTF of
images. In short, the enhancement of CTF is an increase in
the absolute value of the subtraction between the maximum
and the minimum value of a spatial confocal signal. The
techniques for realizing this goal are mentioned below.

One of the techniques enhancing CTF is an increase in
the maximum value of a spatial confocal signal distribution,
generating third-order nonlinear scattered light from the
microscopic region of a dielectric medium.

Assume that focused coherent light is incident on a sam-
ple, where a small absorptive semihomogeneous objective
region is in the background of a homogeneous transparent
one. Matching the center spot of the airy disk generated by
focused beams onto a region of semihomogeneous medium,
high intense incident light induces third-order nonlinear po-
larization P(3). The light intensity of the spot is much higher
than the one of the region. Therefore, a scattered nonlinear
signal ESN from the spot becomes noticeable.The effect raises
the maximum of a scattered signal.

The other one of the techniques enhancing CTF is a
decrease in the minimum value of a spatial confocal signal

Hindawi Publishing Corporation
Advances in Condensed Matter Physics
Volume 2014, Article ID 176862, 6 pages
http://dx.doi.org/10.1155/2014/176862



2 Advances in Condensed Matter Physics

distribution, suppressing the background electric field ESL
with a polarization interferometer. General confocal micro-
scopes detect not only nonlinear scattered light depending on
the intensity near a focal point but also linear scattered light.
The polarization interferometer employed sets the subtrac-
tion between two electric fields, E𝑅 and ESL, to zero ideally,
where E𝑅 is the 𝑦-polarized field vector of a reference beam.
As a result, a scattered signal from a region except for semi-
homogeneous regions becomes minimum value.

The following is to verify the process of setting ESL to zero
theoretically. Firstly, suppose that two coherent beams of light
interfere on a photodetector. In accordance with the principle
of superposition, an interferometric electric field vector E𝑜, at
a point on the photodetector, is given by

E𝑜 = E𝑆 + E𝑅, (1)

where E𝑆 is the elliptically polarized field vector of the scat-
tered light. The two fields are traveling in the 𝑧-direction.
Written in Johns matrix column form, they are

E𝑆 = 𝐴𝑆 (
cosΨ
sinΨ𝑒𝑖𝛿) ,

E𝑅 = 𝐴𝑅 (
0

1
) .

(2)

Here, 𝐴𝑆 and 𝐴𝑅 are the field amplitudes of the two vectors,
respectively. Ψ is the angle between principal axes of ellipse
and the (𝑥, 𝑦)-coordinate axes, and 𝛿 is the phase difference
between the 𝑥 and 𝑦 components of E𝑆. Secondly, suppose
then that we introduce an analyzer in front of the detector,
whose transmission axis makes a counterclockwise angle 𝜃
to be positive with the coordinate system. The rotated Johns
matrix for the analyzer has the mathematical form

[𝑀 (𝜃)] = [
cos2𝜃 sin 𝜃 cos 𝜃

sin 𝜃 cos 𝜃 sin2𝜃 ] . (3)

As a result, the interferometric electric field vector through
the analyzer and a pinhole is given by

E𝑜 = [𝑀 (𝜃)] (E𝑆 + E𝑅)

= [
𝐴𝑆cos

2
𝜃 cosΨ + sin 𝜃 cos 𝜃 (𝐴𝑆 sinΨ𝑒

𝑖𝛿
+ 𝐴𝑅)

𝐴𝑆 sin 𝜃 cos 𝜃 cosΨ + sin2𝜃 (𝐴𝑆 sinΨ𝑒
𝑖𝛿
+ 𝐴𝑅)

]

= [
𝐸𝑥

𝐸𝑦
] .

(4)

Wenow consider the casewhere a high intense laser beam
with 𝑥-polarization illuminates a sample. In addition, both
field amplitudes are approximately equal, 𝐴𝑆 ≅ 𝐴𝑅, in this
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Figure 1: Nonlinear optical characteristic of the absorbance
depending on the incident light intensity.

case. The scattered light intensity through the analyzer with
its transmission axis at 𝜃 = −𝜋/4 is, according to (4), given by
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(5)

In this case, (5) shows a function of the polarization interfer-
ometer subtracting the electric field vectors of the scattered
light and the reflected reference beam. No subtraction signal
of |E𝑜(𝜃 = −𝜋/4)|

2 emerged from the semihomogeneous
background region. To set the subtraction between the 𝑥 and
𝑦 components of the interference light to zero, we adjust the
transmission axis at 𝜃 = −𝜋/4. Consequently, the contrast
resolution of the confocal image of a sample is enhanced; that
is, CTF comes close to infinity ideally.

2.2. Sample Preparation. In our research, we employed an
inhomogeneously chromophore-doped polystyrene particle
(200 nm diameter) as a sample. According to the preceding
section, this sample is a small absorptive semihomogeneous
medium in the background of a homogeneous transparent
one. Figure 1 shows an absorbance characteristic of nanopar-
ticles for incident light intensity. A thin sample (𝛼0𝐿 =

0.45) was used in this measurement, where 𝛼0 is absorption
coefficient and 𝐿 is the thickness of a sample.

The polarization interferometric nonlinear confocal mi-
croscope proposed is aiming to be used for observing a me-
dium in a single nanoparticle for DDS.The nanoparticle with
spatial anisotropic structure usually has no inversion sym-
metry. On the one hand, for a macroscopic region of inter-
est, it has anisotropy structure. On the other hand, for a
microscopic region of interest, it is a semihomogeneous re-
gion.The third-order nonlinear scattered light depending on
the microstructure in a homogeneous region is generated,
though its intensity is very low. Based on this measurement,
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Figure 2: Optical setup for a polarization interferometric nonlinear confocal microscope.

an image of the microstructure in a single nanoparticle is
produced without doping fluorescent probes.

2.3. Experimental Setup. Figure 2 shows a schematic of a po-
larization interferometric nonlinear confocal microscope.
This microscope is a confocal microscope including the
Michelson interferometer for polarization interferometry. In
consideration of optical spectrum of chromophore doped
into nanoparticles inhomogeneously, a CW laser diode (LD)
with an emission wavelength of 𝜆 = 635 nm is employed.

A LD’s output beam as being S-polarized travels through
a beam expander to optimize the numerical aperture (NA)
of objective lenses, which determines the basic resolving
power of the confocal microscope. The beam divides into
reference-arm and measurement-arm beams. The reference-
arm and measurement-arm beams are focused onto a mirror
and a sample, respectively, by two identical microscope
objective lenses with a NA of 0.9. On the reference-arm, a
quarter-wave plate is arranged. On the measurement-arm,
on the other hand, a sample is mounted on 1 nm resolution
three axis Piezo Stages. The measurement beam focused
onto the sample induces a nonlinear dielectric polarization
(P(3)), which provides backscattering from it. Analysis of the
scattered signal estimates the dielectric polarization on the
construction of the sample. Assume that an optical axis of
the medium has an orientation that makes an angle 𝜃, but
not being perpendicular or parallel to the polarization vector
orientation of the focused beam. The analyzer is initially
positionedwith its transmission axis parallel to a polarization
vector orientation (𝜃 = 0) of the focused beam. In this case,
the microscope functions as the conventional confocal one.

In addition, the condition that the focused beam’s polariza-
tion and analyzer are completely crossed (𝜃 = 𝜋/2) prevents
the vertical component from passing through the analyzer.
After passing through a 10𝜇mdiameter pinhole, the interfer-
ometer’s output intensities into a lock-in amplifier are mea-
sured. The current modulated LD for improving the signal-
to-noise ratio in the interferometer is employed to generate a
chopping frequency of 10 kHz for the lock-in reference.

We measured the axial resolution of the fundamental
confocal microscope by using a mirror as a sample. The full
width at half maximum (FWHM) is defined as the micro-
scope’s resolution.The basic confocal microscope has an axial
resolution of 0.7 𝜇m, which is limited by its NA, approxi-
mately being equal to theoretical value.

2.4. Measurement Procedure. In our experiment, the micro-
scope mainly functions as the polarization-type interferom-
eter to measure a chromophore distribution and, in turn,
an optically anisotropic distribution in a nanoparticle [7].
The measurement procedure is as follows. Firstly, beams
are focused on a background region in which there is no
chromophore. Here, reference light’s power is so adjusted that
a polarization interference signal is minimized to enhance
the CTF of signal light. After that, the laser beam is made to
move to a region in which there is chromophore. Shown as
the theoretical equation (4), a polarization interference signal
is generated in response to the fractional change in Ψ and
𝜃. This three-dimensional signal scan gives a chromophore
distribution in a single nanoparticle. This results in a bright
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Figure 3: CTF curves measured with polarization interferometric
nonlinear confocal microscope.

sample image on a darker background. The semihomoge-
neous areas with P(3) can be observed in the microscope [8].

3. Results and Discussion

Following experiments determines how the polarization
interferometric nonlinear confocal microscope proposed has
three-dimensional resolution for observing a single nanopar-
ticle.

In the first place, we measured CTF of confocal signals
along a straight line passing through center points of two na-
noparticles, which are separated by a certain distance, with
the microscope proposed. A maximum value and minimum
one of a scattered signal give a contrast resolution. Figure 3
shows CTF curves at six different levels of incident light in-
tensities. These six different levels we selected are under light
intensities not to induce photobleaching. Here, spatial fre-
quency is the reciprocal of the distance between centers of
two nanoparticles. According to Figure 3, the contrast res-
olution measured at the incident light intensity (𝐼 = 2.5 ×

10
3W/cm2) is the highest of six different levels. In other

words, the in-plane resolution depends on the intensity of
incident light. An increase in incident light intensity induces
a number of the third-order nonlinear polarization P(3) from
this measurement result. The system has realized high con-
trast measurement.

In the second place, the microscope proposed produces
tomographic images in a plane, perpendicular to the axis (𝑧-
axis), including the focus of converged beams. Focusing
beams on any point in amedium and scanning on the plane, a
tomographic image like Figure 4 is constructed. Assume that
the top surface of a nanoparticle is zero in the optical axis,
which is set to 𝑧-axis direction. Figure 4 shows tomographic
images at 𝑧 = 100 nm, whose scanning area is 200 nm ×

200 nm.We got tomographic images at every 10 nm from 𝑧 =

0 nm to 𝑧 = 200 nm. The internal chromophore distribution
becomes clear with increasing incident light intensity.

In the final place, Figure 5 shows a result of three-di-
mensional measurement. Figure 5(a) is a three-dimensional
image of a single nanoparticle, measured with general con-
focal microscope at the incident light intensity (𝐼 = 1.0W/
cm2). This result means that general confocal microscope
reveals surface shape of a single nanoparticle, though it is
unsuitable for observing internal chromophore distribution.
In short, the resolution of this microscope is not enough to
observe a submicroarea in a nanoparticle. Furthermore, Fig-
ures 5(b), 5(c), and 5(d) show three-dimensional anisotropic
distribution in a single nanoparticle, measured with the
microscope proposed. The third-order nonlinear polariza-
tion P(3) is not induced by the incident light, whose rep-
resentative value of the intensity is 𝐼 = 8.0 W/cm2 in the
linear region (see Figure 5(b)). This prevents obtaining fine
chromophore distribution in a single nanoparticle. On the
other hand, in the nonlinear region, the higher the incident
light intensity is, the clearer the chromophore distribution is.

Here, the nonlinear region is classified into two regions,
nonlinear moderate intensity region (see Figure 5(c)) and
nonlinear high intensity region (see Figure 5(d)), whose rep-
resentative values of the incident light intensity are 𝐼 = 1.0 ×

10
2W/cm2 and 𝐼 = 2.5× 103W/cm2, respectively. According

to Figures 5(c) and 5(d), the distribution of chromophore
being scattered for the incident light intensity in the nonlinear
high intensity region is more precise than for the one in the
nonlinear moderate intensity region.

In other words, clear P(3) detection by making the inci-
dent light intensity high gives the chromophore distribution
of a submicroarea of interest in a single nanoparticle. As a
result, the contrast resolution of the microscope depends on
the incident light intensity.

In our experiment, absolute coordinates are not impor-
tant to obtain relative coordinates for a displacement of chro-
mophore in a single nanoparticle and to measure an exact
shape of an object. Zero point correction is not performed
in repeated scan operations for this reason in Figure 5.

According to a tomographic image of a single nanoparti-
cle in the nonlinear high intensity region, this incident light
intensity increases the resolution of the in-plane direction up
to 10 nm.Therefore, Figure 5(d) is a three-dimensional image
produced from themeasurement with themicroscope, whose
three-dimensional resolution is 10 nm.

4. Conclusions

Polarization interferometric nonlinear confocal microscope
has been invented for future use of nanoparticle in DDS.
The microscope is composed of a confocal microscope and a
polarization interferometer. These two components enhance
the axial resolution and the in-plane resolution, respectively.
We confirmed the in-plane resolution of the microscope,
depending on the incident light intensity, by measuring
CTF curves. Also, we have succeeded in observing a three-
dimensional distribution in a chromophore-doped single
nanoparticle (200 nm diameter).
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Figure 4: Tomographic images of a nanoparticle (𝑧 = 100 nm), measured with polarization interferometric nonlinear confocal microscope:
(a) linear region (𝐼 = 8.0W/cm2), (b) nonlinear moderate intensity region (𝐼 = 1.0 × 10

2W/cm2), and (c) nonlinear high intensity region
(𝐼 = 2.5 × 103W/cm2).
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Figure 5:Three-dimensional images of a single nanoparticle: (a) surface image with general nonlinear confocal microscope (𝐼 = 1.0W/cm2),
(b) inspection image with polarization interferometric linear confocal microscope (𝐼 = 8.0W/cm2), and (c)-(d) inspection images with
polarization interferometric nonlinear confocal microscope (𝐼 = 1.0 × 102W/cm2 and 𝐼 = 2.5 × 103W/cm2).
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