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Biophotonics
Self-Rotation of Red 
Blood Cells in Optical
Tweezers: Prospects for
High Throughput 
Malaria Diagnosis
Samarendra Kumar Mohanty, Abha Uppal
and Pradeep Kumar Gupta

M alaria affects 500 million people a
year and kills 2.7 million of them,1

which makes methods for the detection
of malarial infection of considerable
interest. The membrane of malaria-
infected red blood cells (RBCs) is more
rigid than the membrane of normal
RBCs.2 A measurement of membrane
elasticity of a RBC can, therefore, be used
for the detection of malaria-infected
RBCs.3 More interestingly, it has been
determined4 that, in a hypertonic buffer
medium (> 800-mOsm/kg osmolarity),
malaria-infected RBCs either do not
rotate at all or rotate at a significantly
slower speed because of their rigid mem-
brane. A normal RBC, in contrast, rotates
by itself when placed in a laser optical
trap at the same trap beam power. This
difference in rotational speed has been
exploited for the detection of malaria-
infected cells.4

In a hypertonic buffer, a meniscus-
shaped normal RBC rotates when it is
optically trapped with trap beam power
beyond ~40 mW (Fig. 1) because of the
torque that is generated on the cell by the
transfer of linear momentum from the
trapping beam. For a given osmolarity,
the rotational speed was observed to
increase superlinearly with an increase in
trap beam power, which we believe is the
result of deformation of the RBC caused
by the radiation pressure of the trap
beam. In contrast, the infected cells hav-
ing malaria parasite (as confirmed by
acridine orange fluorescence staining)
suspended in the same hypertonic buffer
were not observed to rotate even up to 
240-mW trap beam power. Even more
significant is the fact that the rotational
speed of other RBCs from a malaria-
infected blood sample (which did not
show Acridine orange fluorescence) 
was an order of magnitude smaller and
increased much slower, with an increase

in trap beam power in comparison with
normal cells. We could screen approxi-
mately 40 RBCs/min by making the cells
flow through the trapping point at a
velocity of ~10 �m/s. When a flowing
RBC struck a trapped RBC, the trapped
RBC was thrown out by the collision and
the other RBC would get trapped and—if
normal—begin to rotate. Higher-screen-
ing rates can be achieved by increasing
the flow rate of RBCs and by increasing
the number of traps in an array orthogo-
nal to the flow direction. This approach
can provide higher throughput and 
sensitivity of detection of malaria in
comparison with the current front-line
approaches and can also be used for 

the diagnosis of other diseases, such as
leukemia, that change the elasticity of a
RBC membrane.
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Figure 1. Rotation of a normal RBC trapped by optical tweezers. The cell (encircled)
was suspended in a hypertonic buffer and trapped at power levels that varied from
(a) 40 mW to (b) 200 mW. Figure 1(b) inset shows a schematic of the deformation
observed in the horizontal cross section of a RBC structure at a higher trap beam
power (solid curve). The dotted curve corresponds to the shape observed without
the trapping beam. Arrows illustrate the transverse gradient force of optical tweezers.
Figures 1 (c) and (d) show time-lapsed digitized video images of RBC rotation at a
buffer osmolarity of 1,000 mOsm/kg; images in (e) and (f) represent an osmolarity of
1,250 mOsm/kg. The trap power was 80 mW and the time lapse between consecu-
tive frames was 80 ms. From the sequence of digitized frames, the speed of rotation
was estimated to be 25 rpm at 1,000 mOsm/kg and 200 rpm at 1,250 mOsm/kg. 
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Optical Manipulation of
High- and Low-Index
Particles and Living Cells 
Peter John Rodrigo, Vincent Ricardo Daria
and Jesper Glückstad

For several years researchers have relied
on optical forces to trap and manipu-

late microscopic objects. An optical trap
serves as a tool for grabbing and moving a
microscopic object in a noninvasive man-
ner. A key reason that optical means are
favored for particle manipulation is the
fact that light can be fashioned into mul-
tiple trapping beams for parallel handling
of a plurality of particles. Such parallel
trapping functionality has the potential to
revolutionize experimental approaches on
a microscopic scale in biology, chemistry,
colloidal science and fluidics.

We recently reported advanced optical
trapping with a method that equips the
user with multiple dynamic beams to
trap simultaneously and to manipulate
independently microscopic materials the
indices of refraction of which can be
either higher or lower than that of the
suspending medium.1, 2 This allows
researchers to work simultaneously with
materials of varied specifications, such 
as solid particles and air bubbles.

In Figs. 1(a)–1(c) we show simultane-
ous optical trapping and real-time inter-
active manipulation of a particle mixture
of three polystyrene microbeads and
three hollow glass microspheres in water
(refractive index n = 1.33). High-index
(polystyrene spheres n = 1.57) and low-
index (hollow glass spheres n ~ 1.2) parti-
cles are trapped in the transverse plane 
by an array of confining optical potentials
created by beams with top-hat and annu-
lar cross-sectional intensity profiles,
respectively. By applying the so-called
generalized phase contrast (GPC)
method,3,4 a wide variety of scalable
intensity profiles can be created. The GPC
method maps dynamic spatial light mod-
ulator patterns in a way that requires vir-
tually no computational power and allows
for arbitrarily profiled trapping beams.

Aside from the ability to synthesize
arbitrary trapping profiles, which pro-
vides independent transverse particle-
position control, we have extended the
system to enable simultaneous position

control along the depth dimension.5

To achieve this, first we transform the lin-
early polarized GPC-generated intensity
pattern into an arbitrary elliptic polariza-
tion state by using a transmitting liquid-
crystal device, which acts as a variable
wave plate. Then the generally elliptically
polarized intensity pattern is passed
through a polarizing beam splitter to
form two linearly polarized (orthogonal
polarization) images of the intensity 
pattern. By optically relaying the two
intensity images to the sample plane and
having them transversely superimposed,
an array of counterpropagating beam
traps is formed. Figures 1(d)–1(f) show
the control of the axial positions of
simultaneously trapped yeast cells in five
pairs of counterpropagating beams. One
can achieve axial position control by sim-
ply adjusting the relative strengths of the
opposing beams, which is done losslessly
by this polarization-encoding scheme.
The flexibility of our approach also

allows cells to be manipulated even
within high-index liquid media. This is
important for cell studies that involve
various types of microbial solution other
than a host medium that is composed
mainly of water.

We believe that the GPC-based optical
micromanipulation system could pave
the way for numerous applications in the
fields of biotechnologies, materials and
microtechnologies, including many tech-
nical applications that have been unreal-
izable until now.
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Figure 1. Optical manipulation of high- and low- index particles and viable yeast cells,
S. cerevisiae. The system is based on the GPC method for high-light-throughput synthe-
sis of arbitrary intensity patterns that form multiple optical traps for dynamic and real-
time manipulation of fluidborne microscopic objects.
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Characterizing Tissue 
Optical Properties By Use 
Of Optical Coherence
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Jørgensen, Claus Bøgelund Andersen, 
Peter Riis Hansen, Stefan Andersson-Engels,
Harold T. Yura and Peter Eskil Andersen

Optical coherence tomography
(OCT) is an interferometric mea-

surement technique used for noninvasive
imaging of tissue. Although the high res-
olution offered by OCT allows for visual-
ization of previously unresolved tissue
microstructures, objective interpretation
of OCT images at a level at which
histopathological diagnosis is possible
remains a challenge.

To address this issue, an alternative
approach seems possible. The biological
condition of the tissue affects its optical
properties. The optical scattering proper-
ties, i.e., scattering coefficient µs and
anisotropy factor g, in combination with
sample arm optics, determine the depth-
dependent amplitude of the OCT enve-
lope. Since the system parameters are
known a priori, it is possible to extract
depth-resolved optical scattering proper-
ties from the depth-dependent envelope
signal, thereby relating the optical prop-
erties of the tissue to the condition of
the tissue.

Proper theoretical modeling is imper-
ative since it must adequately describe
light-tissue interaction in both single-
and multiple-scattering regimes and
sample arm geometries under realistic
focusing conditions. Earlier we estab-
lished a theoretical model1 that met these
requirements, including the ability to
investigate multilayered tissues. Recently,
we devised a novel algorithm2 that fits to
this model the averaged depth-dependent
envelope signal from a region of interest
(ROI) in an OCT image. An example 
of an OCT image subdivided into ROIs
used for curve fitting is shown in
Fig. 1(a). The new algorithm was 
successfully tested experimentally for 
single-layer geometry2 and numerically
for two-layer geometry.3

Using this new algorithm,2 we ana-
lyzed OCT images obtained from post-
mortem aortic specimens (normal vessels

and the three major types of atheroscle-
rotic plaque) in a search for variations of
�s and g in the intimal layer. Figure 1(b)
displays the distribution of scattering
properties �s for the four types of
vessel examined.

Our results2 suggest that normal ves-
sels exhibited more uniform scattering
properties (15 mm-1 < �s < 40 mm-1

and g > 0.95) than the three types of
atherosclerotic lesion, the scattering
coefficient and anisotropy factor of
which were generally lower. To our
knowledge, these results represent the
first detailed analysis of optical scatter-
ing data from the human aortic intima
in health and atherosclerotic disease at
1,300 nm. Our new approach adds quan-
titative functional tissue information to
the qualitative high-resolution imaging
offered by OCT. This holds promise for
the in vivo diagnostic value of OCT.

In future investigations, we will con-
centrate on the following important
issues. First, we will determine for which
type of diseases our approach is applica-
ble, e.g., atherosclerotic lesions or skin
diseases. Second, for the appropriate
lesions, thorough clinical investigations
establishing the relation between tissue

pathology and optical properties
obtained from the corresponding OCT
images should be carried out.

In summary, we have demonstrated
an algorithm that, based on adequate 
theoretical modeling, is capable of
extracting the optical scattering proper-
ties from OCT images. We have shown its
capabilities experimentally and through
numerical simulations. When applied to
in vitro aortic specimens, our results sug-
gested that lesion types could be differen-
tiated by use of this algorithm. We believe
that this sort of functional OCT imagery
holds promise to further increase the
diagnostic value of OCT.
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Figure 1. (a) Image 
of a lipid-rich carotid
plaque subdivided
into 13 ROIs. 
(b) Distributions of �s
for normal arteries
and lipid-rich, fibrous,
and fibrocalcific
atherosclerotic
plaques, respectively.
In (b), �s for normal
samples (striped)
were centered
between 15 and 
40 mm-1 but were
centered at lower 
values for lipid-rich
(red) and fibrocalcific
(blue) plaques and
were randomly dis-
tributed for fibrous
plaques (green). 
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High Resolution Second
Harmonic Optical
Coherence Tomography
Yi Jiang, Ivan Tomov, Yimin Wang 
and Zhongping Chen

Optical coherence tomography (OCT)
has proven to be very successful in

high resolution tomographic imaging of
biological tissues.1 OCT imaging contrast
originates from the inhomogeneities of
refractive indices in the sample. Imaging
contrast enhancement is very important
to extending the capability of OCT to 
aid in the diagnosis of diseases at early
stages when tissue morphological
changes are small.

Second harmonic generation (SHG) 
is a powerful contrast mechanism in
nonlinear optical microscopy. SHG
enables direct imaging of optically
anisotropic biological structures, such 
as membranes, structural proteins and
microtubule ensembles. Recently, SHG
microscopy has been successfully applied
for tissue morphology imaging as well 
as studying dynamics in tissue physiol-
ogy.2, 3 SHG is emerging as a powerful
nonlinear optical imaging modality for
cell biology and biophysics.

We report the development of a high
resolution second harmonic optical
coherence tomography (SH-OCT) sys-
tem which combines the sample struc-
tural sensitivity of second harmonic
generation (SHG) with the coherence
gating of OCT to produce highly con-
trasting images of biological tissues.4

The schematic of the system is shown
in Fig. 1(a). Femtosecond pulses from a
Ti:sapphire laser are coupled into a sec-
tion of nonlinear fiber. A continuum cen-
tered at 800 nm with a spectral width of
50 nm is generated from the fiber and
used to illuminate a Michelson interfer-
ometer. In the sample arm, a microscope
objective is used to deliver the excitation
pulses to the sample and collect the
backscattered fundamental and second
harmonic (SH) waves. In the reference
arm, SH waves are generated when the
laser beam passes through a �-BaB2O4

nonlinear crystal. The beam reflects back
from a mirror mounted on a piezoelec-
tric actuator. In the detection arm, funda-
mental and SH interference fringes are

detected by a photodiode and a photo-
multiplier respectively, and the demodu-
lated envelope signals are used for image
construction. Measured in free space, the
fundamental wave has a coherence length
of 6.0 �m and the SH wave has a coher-
ence length of 4.2 �m.

The system is applied to image a rat-
tail tendon and records images as shown
in Fig. 1(b). This image shows the organi-
zation of collagen fibrils in an area of
160 �m � 50 �m. Collagen, the tension-
bearing element in the tendon, appears 
in clearly defined, parallel, cable-like
and slightly wavy bundles. In this image,
highly organized collagen fiber bundles
(fascicles) can be identified. Because of
the cross-sectioning nature of OCT, col-
lagen fiber bundles that localize at differ-
ent imaging planes parallel to the axial
direction exhibit different thicknesses as
projected into this image.

This new technique may offer several
distinct advantages for biomedical

imaging applications. First, SHG signals
provide unique information regarding
tissue molecular structure and symmetry.
Second, imaging contrast is higher than
conventional OCT because the SHG sig-
nal is square dependent on the excitation
laser intensity. Third, SHG signals are
produced intrinsically so imaging does
not require staining the sample with dyes
or fluorophores. Fourth, decoupled axial
and transverse scans enable two dimen-
sional tomographic imaging of the tissue
with only one dimension scanning of
the probing beam, which is essential for 
in vivo endoscopic applications.
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Figure 1. (a) High resolution SH-OCT experimental setup: P, polarizer; HWP, half wave
plate; QWP, quarter wave plate; OBJ1-OBJ3, objectives; NLC, nonlinear crystal; PP, prism
pair dispersion compensator; DBS, dichroic beam splitter. (b) High resolution SH-OCT
image showing the organization of collagen fiber bundles (fascicles) in the rat-tail tendon.
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All-Optical Sorting
Michael MacDonald, Gabriel Spalding 
and Kishan Dholakia

In the domain of science fiction, the
concept of objects being moved by

means of laser beams is a familiar one.
In the domain of scientific research,
researchers at Bell Laboratories in the
United States developed a technique in
which a tightly focused laser beam is used
to move small particles.1 This powerful
yet straightforward technique, which 
goes under the name of optical tweezers,
allows micrometer-sized particles to be
grabbed, moved and generally manipu-
lated without any physical contact what-
soever (unlike conventional mechanical
micromanipulation tecniques). For some
time now, the use of optical tweezers has
served as an important bridge between
the world of physics and the world of
biology.2 Today, biological laboratories
around the world use optical tweezers for
fundamental physical studies, as well as
for a range of research projects involving,
among other topics, DNA, the study of
cell mobility and biotechnology.3

In our recent work,4 we have done
more with light than move objects: we
can deflect or guide particles (biological
or otherwise) selected from a flow and
direct them into a collection chamber.
The physical principles involved are
related to those that allow for optical
trapping; in a significant advance for the
field, however, they differ in some impor-
tant respects. In our approach to optical
sorting, there is a balance between the
forces exerted by a passive optical lattice
and the hydrodynamic drag forces associ-
ated with the fluid flow. The affinity, or
interaction, between the object and the
light pattern used is the key point; it can
vary considerably depending on the
physical characteristics of the particle,
such as size, shape and refractive index.
In this manner, we can tailor the flow 
and or the light pattern to interact so 
that some particles are selected out of a
mixed flow.

The figure conveys the concept for 
a sorting machine based on optical
forces. The extremely low Reynolds num-
bers associated with microfluidic flows 
(e.g., ~10-3) mean inertial effects cannot
be used to sort particles, so that one is

often forced to rely on diffusion, which is
inefficient. In this schematic, interaction
with an optical lattice provides a selective
means of removing from an otherwise
laminar stream material that matches
specific criteria.

We have used an optical lattice pro-
duced by means of a five-beam interfer-
ence pattern to perform fractionation of
co-streaming particles in microfluidic
flows.4 A lattice suitable for sorting can
be formed in a number of ways, includ-
ing holographically.5 When a flow of
mixed particles is passed through the 
lattice, selected particles are strongly
deflected from their original trajectories
(e.g., deflected at 45 degrees) while 
others pass straight through largely
unhindered, in a process which depends
to a great extent on their sensitivity to 
the optical potential.

Our technique can be implemented in
tandem with other separation technolo-
gies in such a way that multiple selection
criteria can be simultaneously imposed.
Future work might also include in situ
preparation of dynamically reconfig-
urable analytic microlattices. The method
demonstrated provides lateral fractiona-
tion, along with a number of other
potential benefits compared to micro-
fluidic lab-on-a-chip systems. These ben-
efits derive from the fact that it is not

necessary to expose the analytes to high
electrical charge; that it is not necessary
to introduce other material surfaces
(such as microfabricated sieves), thereby
simplifying the lithographic require-
ments of the sample cells; and that it is
not necessary to resort to unreliable
microconstrictions, a factor which
reduces the likelihood of “clogs.” The use
of optical lattices has potential for high
continuous throughput, particularly at
the size scale of cell sorting, where frac-
tionation based upon size-dependent dif-
fusivity cannot be used.
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Figure 1. Microfluidic suspensions can be sorted with high efficiency and throughput
when flowed through a passive optical lattice. Particles experience different effective
potential energy landscapes, depending on particle size, index of refraction and shape,
and therefore follow different trajectories.
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