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Abstract. A technique called surface plasmon resonance digital holo-
graphic microscopy �SPRDHM� for optical imaging of cell membranes
is proposed. The intensity and phase distributions of the reflected light
that is modulated by the cell membrane in surface plasmon resonance
can be simultaneously obtained. The imaging principle and capability
are theoretically analyzed and demonstrated by experiments. In addi-
tion, the technique is compared with total internal reflection digital
holographic microscopy �TIRDHM� in theory and experiment, respec-
tively. The results show that the SPRDHM technique is better in spatial
resolution and phase sensitivity than the TIRDHM technique for im-
aging of cell membranes. © 2010 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.3497564�
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Introduction

n cell biology, many key events in cellular trafficking occur
t the cell membrane, and it is desirable to study these events
y visualizing the cellular processes. Total internal reflection
uorescence microscopy �TIRFM� can be well suited for op-

ical sectioning at cell-substrate regions with an unusually thin
egion �about half wavelength� of fluorescence excitation. It
as been recognized that TIRFM can be the most powerful
ool for studying events since it was demonstrated by
xelrod1 in 1981. However, information on the morphology
f cell membranes and the refractive index distribution of cell
embranes, which are helpful to distinguish pathological

ells from normal cells, cannot be achieved using the TIRFM
echnique.

Digital holography offers an excellent approach in obtain-
ng quantitative intensity and phase information of a light-
ave, and it has been utilized for microscopic imaging of
icrostructures and biological systems.2–6 Ash and Kim,7 who

ombined digital holography and total internal reflection
TIR�, presented a technique termed total internal reflection
igital holographic microscopy �TIRDHM�, to obtain the im-
ge of a cell membrane.

Surface plasmon resonance microscopy �SPRM� is used as
n analytical tool in biological and chemical sciences by de-
ecting the refractive index distribution of sample surfaces. At
resent there are two kinds of SPRM. One is based on detect-
ng the intensity of reflected light,8–10 while the other is based
n detecting the phase of reflected light.11,12 However, the
efractive index distribution of a sample surface cannot be
niquely determined from the intensity or phase images ob-
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ournal of Biomedical Optics 056015-
tained by this technique. The reason is that the intensity or
phase of the reflected light is not a single-valued function of
the refractive index for a fixed angle of incidence.

In this work, a surface plasmon resonance digital holo-
graphic microscopy �SPRDHM�, which combines surface
plasmon resonance �SPR� and digital holographic microscopy
�DHM�, is presented. DHM is applied to simultaneously ob-
tain the quantitative intensity and phase of the reflected light
that is modulated by the cell membrane in SPR. The refractive
index distribution of the cell membrane can be uniquely de-
termined using the quantitative intensity and phase distribu-
tions. In addition, the technique has been compared with the
TIRDHM technique. The theory and experimental results
show that SPRDHM is a potential tool for imaging of cell
membranes.

2 Theory
2.1 Digital Holography

Digital holography in off-axis geometry is based on the clas-
sic holography principle, with the difference being that the
hologram recording is performed by a charge-coupled device
�CCD� camera and transmitted to a computer, and the subse-
quent reconstruction of the holographic image is carried out
numerically by the computer.

Suppose that the coordinates of the hologram plane are
�xH ,yH�. The object and reference waves in the hologram
plane are written as:

O�xH,yH� = O0�xH,yH� · exp�j��xH,yH�� , �1�

1083-3668/2010/15�5�/056015/8/$25.00 © 2010 SPIE
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R�xH,yH� = R0 · exp�− j2���rxH + �ryH�� , �2�

here O0�xH ,yH� and R0 are the amplitudes of the object and
he reference waves; j is the imaginary unit; ��xH ,yH� is the
hase of the object wave; �r=sin �x /� and �r=sin �y /� are
he spatial frequencies of the reference wave in the x and y
irections, respectively; � is the wavelength of light; and �x
nd �y are the angles between the propagation direction of the
bject and the reference waves in the x and y directions, re-
pectively.

The recorded intensity I�xH ,yH� at the hologram plane is
he square module of the amplitude superposition of the ob-
ect and reference waves. It is given by:

I�xH,yH� = �R�xH,yH� + O�xH,yH��2 = �R0�2 + �O0�xH,yH��2

+ O0�xH,yH�R0 exp�j�2���rxH + �ryH�

+ ��xH,yH��� + O0�xH,yH�R0 exp�− j�2���rxH

+ �ryH� + ��xH,yH��� . �3�

he first two terms of Eq. �3� represent the intensities of the
eference and object waves, respectively. They do not provide
patial information about the object optical field and form the
ero-order term. The last two terms provide spatial frequency
f the recorded hologram and are responsible for the virtual
nd real images, respectively.

The hologram is reconstructed by numerically propagating
he optical field along the z direction in accordance with the
resnel diffraction law. Cuche, Marquet, and Depeursinge13

escribed the method used for hologram reconstruction in de-
ail. The angular spectrum method has a significant advantage
n that it has no minimum reconstruction distance
equirement.14 Therefore, it is fit for the analysis of the holo-
ram of biological specimens by employing a microscope ob-
ective.

If E�x ,y ;0� is the wavefront at plane z=0, the angular
pectrum A�� ,� ;0�=I�E�x ,y ;0�� at this plane is obtained by
aking the Fourier transform, where I� � denotes the Fourier
ransform; � and � are corresponding spatial frequencies of
,y directions, respectively; and z is the propagation direction
f the object wave. The new angular spectrum A�� ,� ;d� at
lane z=d is calculated from A�� ,� ;0� as:

A��,�;d� = A��,�;0� · exp� j
2�d

�
�1 − ����2 − ����2�1/2	 .

�4�

he reconstructed complex wavefront at plane z=d is found
y taking the inverse Fourier transform as

E�x,y ;d� = I−1�A��,�;d�� , �5�

here I−1� � denotes the inverse Fourier transform. The in-
ensity image I�x ,y ;d� and phase image ��x ,y ;d� are simul-
aneously obtained from a single digital hologram by calcu-
ating the square module of the amplitude and the argument of
he reconstructed complex wavefront:

I�x,y ;d� = �E�x,y ;d��2, �6�
ournal of Biomedical Optics 056015-
��x,y ;d� = arctan
 imag�E�x,y ;d��
real�E�x,y ;d�� � . �7�

2.2 Surface Plasmon Resonance
Surface plasmons are electromagnetic waves associated with
longitudinal oscillation of the free electrons on the interface
between two media with dielectric constants of different
signs, for example, between a noble metal �gold or sliver� and
air. The technique of surface plasmon resonance �SPR� uses
the excited surface plasmons to probe biological and chemical
information of the sample surface. The most widely used
method by which to excite surface plasmon waves �SPWs� is
prism-based attenuated total reflection. SPW is polarization
dependent and is excited only by p-polarized waves. When
p-polarized light is incident on the base of a prism with the
angle of incidence greater than the critical angle of TIR, an
evanescent field will extend from the prism into the noble
metal. At a specific angle of incidence, the wave vector of the
evanescent wave can match the wave vector of the SPW for a
given frequency, and the SPR occurs. The specific angle of
incidence is called the SPR angle. At this angle, the intensity
of reflected light goes through a minimum, and the phase
variation of reflected light is steepest due to surface plasmon
resonance. The field associated with the surface plasmon, de-
caying exponentially, is sensitive to the change in the refrac-
tive index of the medium close to the metal-film surface.

The prism-based SPR configuration is shown as Fig. 1. It
is composed of a prism, gold film, and a sample. The gold
film is placed onto the prism’s bottom surface, and the sample
is attached to the surface of the gold film. The sequence of the
optical media from prism to sample is denoted as 1, 2, 3. The
symbols � and � are the directions of the coordinate system.
The reflectivity r of the light amplitude at the interface be-
tween two adjacent media is given by:15,16

ri,i+1��� =
�i+1��� − �i���
�i+1��� + �i���

, �i = 1,2� , �8�

�i��� =
	i

k�i���
, �i = 1,2,3� , �9�

k�i��� =
2�

�
�	i − 	0 sin2����1/2, �i = 1,2,3� , �10�

Fig. 1 The prism-based SPR configuration.
September/October 2010 � Vol. 15�5�2
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	i � ni
2, �11�

here � is the angle of incidence; i denotes the i’th optical
edium; k�i represents the wave number of the transmitted

ight in the i’th optical medium along the � direction; 	i is the
ielectric constant of the i’th optical medium; and ni is refrac-
ive index of the i’th optical medium.

The reflectivity of light amplitude in the SPR system is
iven as:15,16

r1,3��� =
r1,2��� + r2,3��� · exp�j2d2k�2����

1 + r1,2���r2,3��� · exp�j2d2k�2����
, �12�

here d2 is the thickness of the gold film. Therefore, the
eflectivity R of light intensity and reflection phase � are
xpressed as:

R��� = �r1,3����2, �13�

� = arctan imag�r1,3�
real�r1,3� � . �14�

Calculations are performed with n1=1.516 �n1 is the re-
ractive index of the prism�, n2=−13.4+1.4j �n2 is the com-
lex refractive index of the gold film�, n3=1.335 or 1.000 �n3
s the refractive index of the sample�, and �=632.8 nm to
iscuss the relations between reflectivity R, reflection phase
, and the angle of incidence �, according to Eqs. �13� and

ig. 2 Relations between reflectivity R, reflection phase �, and the
ngle of incidence � in SPR with n1=1.516: �a� R versus � and �b� �
ersus �.
ournal of Biomedical Optics 056015-
�14�. The thickness of the gold film d2 is 50 nm in the SPR
configuration, which is the optimal value discussed by many
researchers.15,17

Figure 2 shows the relations between R, �, and � in SPR.
It demonstrates that the SPR angles for n3=1.000 and n3
=1.335 �the refractive index of a living cell is close to this
value� are 43.6 and 71.4 deg, respectively. When the incident
angle on the gold film/sample interface is close to 43.6 or
71.4 deg, there are evident changes both in the reflected light
intensity and in its phase.

Physically, the changes of the reflected light in intensity
and phase are due to the interaction between the lightwave
and the delocalized electrons in gold film in the SPR tech-
nique. The states of the delocalized electrons are related to the
dielectric constant 	3 of the sample near the gold film. There-
fore, the change of 	3 can indirectly affect the intensity and
phase of the reflected light. According to Eq. �11�, the inten-
sity and phase images obtained in the SPR technique can in-
directly represent the refractive index distribution of sample
near the gold film. When the incident angle is close to the
SPR angle, the images are most sensitive to the variation of
the refractive index of sample near the gold film.

Suppose that the sample can be divided into two layers,
whose refractive indices are n3=1.380 and n4=1.335, and d3
is the thickness of the medium with the refractive index n3, as
shown in Fig. 3. The relations between R, �, and d3 are ana-
lyzed with n1=1.67, n2=−13.4+1.4j, and �=60 deg �close
to the SPR angle� according to Eq. �8�, with i=1,2 ,3, and
Eqs. �9� and �10� with i=1,2 ,3 ,4, and the following
equations:15

ri,4��� =
ri,i+1��� + ri+1,4��� · exp�j2di+1k�i+1����

1 + ri,i+1���ri+1,4��� · exp�j2di+1k�i+1����
, �i = 1,2� ,

�15�

R��� = �r1,4����2, �16�

� = arctan imag�r1,4�
real�r1,4� � . �17�

Figure 4 is a relation diagram between R, �, and d3. It
indicates that the intensity and phase of the reflected light
have a significant change when d3 is less than 100 nm, while
there are almost no changes when d3 is larger than 100 nm. In
other words, the intensity and phase of the reflected light are

Fig. 3 Schematic about the variation of refractive index in a sample.
September/October 2010 � Vol. 15�5�3
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ffected by the medium with n4 when d3 is less than 100 nm.
he intensity and phase images represent the refractive index
istribution of a sample within about 100 nm near the gold
lm. Therefore, the spatial resolution in the vertical direction
f the sample surface is about 100 nm, which is significantly
ess than a half wavelength for �=632.8 nm.

If the gold film is absent �d2=0�, this corresponds to the
IR configuration. Figure 5 shows the relations between R, �,
nd � in TIR, according to Eqs. �13� and �14�. It demonstrates
hat the phase image can represent the refractive index distri-
ution of a sample when the angle of incidence is greater than

Fig. 4 Relation diagram between R, �, and d3 in SPR.

ig. 5 The relations between reflectivity R, reflection phase �, and the
ngle of incidence � in TIR with n1=1.516: �a� R versus � and �b� �
ersus �.
ournal of Biomedical Optics 056015-
the critical angle of TIR while the intensity image cannot
represent the refractive index distribution. The phase sensitiv-
ity in the TIR technique is lower than that in the SPR tech-
nique at about the SPR angle. The relation diagram between
R, �, and d3 is shown in Fig. 6. It indicates that the phase of
the reflected light has a significant change when d3 is less than
250 nm. Therefore, only the phase image can represent the
refractive index distribution of a sample within about 250 nm
near the prim surface. The spatial resolution in the vertical
direction of the sample surface is about 250 nm, which is
approximately a half wavelength. It is obvious that the SPR
technique is better than the TIR technique in spatial reso-
lution. The reason is that the evanescent wave is directly act-
ing on the sample in the TIR technique, while it is indirectly
acting on the sample through the gold film in the SPR tech-
nique.

Biological or chemical information can be acquired by de-
tecting the changes of the intensity or the phase of reflected
light in SPRM. In the traditional SPRM detection method, the
light intensity detection method has been studied extensively.
However, the refractive index distribution of a sample near
the gold film cannot be uniquely determined by the intensity
of reflected light in SPRM, for the reason that the intensity of
the reflected light is not a single-valued function of the refrac-
tive index at a fixed angle of incidence. Figure 7 shows the
relations between reflectivity R, reflection phase �, and the
refractive index n3 at an angle of incidence �=58 deg with
n1=1.67. As shown in Fig. 7, the intensities at A and B are the
same, but the refractive indices are different. Some prepara-

Fig. 6 Relation diagram between R, �, and d3 in TIR.

Fig. 7 Relations between R, �, and the refractive index n3 at �
=58 deg with n =1.67.
1
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ory knowledge is necessary to judge which refractive index
ore reasonably corresponds to the same intensity.
Digital holography is applied to the SPR technique for

econstructing the wavefront of the reflected light to simulta-
eously obtain the intensity and phase images of the sample.
rom the reconstructed complex wavefront, the intensity and
hase images can be simultaneously obtained according to
qs. �6� and �7�.

Experiments and Results
xperiments of the SPRDHM technique are performed. The
amples in the experiments are onion cells from the inner
urface of an onion. The onion cells are flat on the gold film in
he SPRDHM technique, or the prism’s bottom surface in the
IRDHM technique, as shown in Fig. 8. To utilize SPR prop-
rly, SPRDHM experiments should be performed near the
PR angle. The refractive index of air is about 1.000, and the
efractive index of a cell is close to 1.335. The SPR angles for
ir and cell are different. Therefore, we implemented two dif-
erent experiments corresponding to the SPR angles of air and
ell.

First, the experiments in which the incident angle is near
he SPR angle of air are performed employing the apparatus
epicted in Fig. 9. The SPR angle of air is about 43.6 deg for
he prim with n1=1.516. The optical arrangement is analo-
ous to a Mach-Zehnder interferometer. The incident angle is
round 45 deg, which is very close to 43.6 deg. A light beam
rom a He–Ne laser ��=632.8 nm� passes through a polar-
zer. We adjust the direction of the polarizer until a
p-polarized light is outgoing. The p-polarized light, expanded
nd collimated by BE, is split into two beams by a beamsplit-
er prism BS1. One beam, serving as the object beam, illumi-
ates a transparent onion membrane at about a 45-deg angle.
he other serves as a reference beam. A beamsplitter BS2
laced in front of a CCD camera �Mintron �Fremont, Califor-
ia� 22K9HC, 795
596 pixels, 8.33
8.33 �m2 per pixel�
ombines the two beams, and the holograms are recorded by
he CCD camera with 8-bit gray scale output. The slight angle
s introduced between the object and the reference beams by
ilting the beamsplitter BS2 for the off-axis holography. A
icroscope objective MO1 �4
, 0.1 NA� is employed to pro-

uce a magnified image of the sample, and another MO2 �4
, 0.1 NA� is placed in the reference arm to get the matching
avefront curvature.

ig. 8 Onion membrane placed on the gold film or the right-prism’s
ottom surface directly.
ournal of Biomedical Optics 056015-
Figures 10�a� and 10�b� show the holograms of onion
specimens obtained by TIRDHM and SPRDHM techniques,
respectively. In the experiment, the sample plane will opti-
cally appear to the camera at an angle of inclination, which is
equal to the angle of incidence. Therefore, the images ob-
tained by the camera will be compressed in one direction. The
image area is 184
130 �m2 �the images are compressed to
0.72 times in the x direction�, recorded at 256
256 pixels.
The interference fringes on the cell surface in Fig. 10�a� are
very blurred; the reason is that the angle is less than the criti-
cal angle of TIR, and there is a low reflectivity from the
prism/cell interface. The blurred fringes lead to difficulties in
the digital reconstruction for a hologram. The interference
fringes on the cell surface in Fig. 10�b� are clear because of

Fig. 9 Apparatus for digital holographic experiment: �a� SPRDHM and
�b� TIRDHM.

Fig. 10 The holograms of onion specimens obtained by TIRDHM and
SPRDHM techniques, respectively: �a� TIRDHM and �b� SPRDHM.
September/October 2010 � Vol. 15�5�5
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he higher reflectivity shown in Fig. 2�a�. Figures 11�a� and
1�b� show the reconstructed intensity and phase images ob-
ained by the TIRDHM technique, respectively. It is obvious
hat some errors are introduced by the blurred interference
ringes. Figures 11�c� and 11�d� show the reconstructed inten-
ity and phase images obtained by the SPRDHM technique,
espectively. Figures 12�a� and 12�b� are the 3-D views of
igs. 11�c� and 11�d�. Figures 13�a� and 13�b� are graphs of
ross sections of the normalized intensity and phase profiles
long column 65 in Figs. 11�c� and 11�d�, respectively. There-
ore, the incident angle of light must be greater than the criti-
al angle of the TIR to cell medium in the TIRDHM tech-
ique, while the incident angle of light can be close to the
PR angle of air in the SPRDHM technique. When the prism

s placed at one corner, as shown in Fig. 9, the incident angle
s around 45 deg, that is, the angle is close to the SPR angle
f air at 43.6 deg. The system is very convenient for us to
erform digital holographic experiments.

ig. 11 Reconstructed images of the holograms in Fig. 10. �a� and �b�
re the reconstructed intensity and phase images corresponding to
ig. 10�a�. �c� and �d� are the reconstructed intensity and phase im-
ges corresponding to Fig. 10�b�.

Fig. 12 3-D views of Figs. 11�c� and 11�d�.
ournal of Biomedical Optics 056015-
The other experiment, in which the incident angle is near
the SPR angle of the cell, is performed by employing the
apparatus depicted in Fig. 14. The SPR angle of the cell �if the
refractive index of the cell is close to 1.335� is about 71.4 deg
for the prim with n1=1.516. At 71.4 deg, the images will be
compressed 0.32 times in one direction. Therefore, a prism
with higher refractive index n1=1.67 is used in the experi-
ment to get a smaller SPR angle 58 deg for n3=1.335, so that
the compression can be reduced. At this angle, the images will
be compressed 0.53 times in one direction. There are four

Fig. 13 Graphs of cross sections along column 65 in Figs. 11�c� and
11�d�: �a� corresponding to Fig. 11�c� and �b� corresponding to Fig.
11�d�.

Fig. 14 Apparatus for the SPRDHM experiment at a bigger SPR angle.
September/October 2010 � Vol. 15�5�6
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irrors in the optical system, among which M1, M2, and M3
re used to match the optical path of an object beam with the
ne of the reference beam. Figure 15 shows the hologram of
nother onion specimen. The image area is 190
100 �m2.
he reconstructed images are shown in Fig. 16. Figures 17�a�
nd 17�b� are graphs of cross sections of the normalized in-
ensity and phase profile along row 150 in Figs. 16�a� and
6�b�, respectively. The quantitative intensity and phase im-
ges can indirectly represent the refractive index distribution
f cell membranes near the gold film.

Conclusion
new technique termed SPRDHM is introduced in this re-

earch. The technique combines SPR and DHM to simulta-
eously obtain the intensity and phase images of cell mem-
ranes. The quantitative intensity and phase images can
ndirectly represent the refractive index distribution of cell

Fig. 15 Hologram of another onion specimen.

ig. 16 Reconstructed images of the hologram in Fig. 15. �a� The
econstructed intensity image. �b� The reconstructed phase image.
ournal of Biomedical Optics 056015-
membrane near the gold film. The contrast experiments with
onion specimens are performed using the TIRDHM and
SPRDHM techniques under the same condition. The results
show that the SPRDHM technique possesses the imaging ca-
pability of simultaneously obtaining the intensity and phase
images of cell membrane, while only quantitative phase im-
ages can be obtained using the TIRDHM technique. The
SPRDHM technique is better than the TIRDHM technique in
spatial resolution and phase sensitivity for imaging of cell
membrane. Therefore, SPRDHM has a potential advantage in
biological cellular microscopy and surface science.
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