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filtration, acidification until a pH < 2 by nitric acid and
storage of the samples at 4°C until analysis, there could
be a loss of total arsenic content. Further, glass containers
are better-suited for arsenic sampling and preservation.
EDTA could be considered as an alternative preservative
for the analysis of total arsenic content and its speciation.
However, Bednar et al.’ have prescribed varying molar
concentrations of EDTA depending on Fe, Mn and other
metal cation concentrations. Arsenic concentration in the
unfiltered samples witnessed an increase during the first
24 h after the sampling and preservation.

Analytically, the nature of arsenic compounds present
and other concomitant parameters in the contaminated
samples in Kaurikasa village need a further study to explain
the higher rates of arsenic loss compared to the synthetic
samples or similar samples from different locations.

The results also show that the sampling and preserva-
tion artifacts may result into serious under-reporting of
arsenic levels, particularly in developing countries. This
is probably the major reason for the failure of scientists to
reach a consensus on the dose—effect levels for arsenic.
Secondly, the Indian regulators will do well if QA/QC
controlled sampling and analysis is carried out for arsenic,
which should encompass all the seasons in any arsenic
contaminated region.
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Using an optical trap to fold and align
single red blood cells
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We report on the trapping dynamics of single red blood
cells (RBCs) in an optical trap. The optical trap was
constructed using linearly polarized, infrared laser
light (1064 nm). The trapped RBC shows folding be-
haviour due to the elastic nature of the cell mem-
brane. On removal of the trap, the RBC regains its
original shape, indicating that there is no cell damage
induced by the optical field. The folding time for the
RBC is less than 1 s, while the relaxation time is ~ 6 s.
The folded RBC aligns itself along the direction of the
electric field of the laser due to the action of polariza-
tion-induced forces; introducing a half-wave plate in
the trap and forcing the trapped RBC to follow the di-
rection of the electric field vector of the laser confirms
this.

THE utility of optical tweezers to trap and manipulate
microparticles is now well established'. In recent years,
the advent of optical tweezers has opened new vistas for
both basic and applied research in diverse areas of life
sciences, like single-cell molecular biology®, laser-assisted
in vitro fertilization3, development of cell biosensors4,
micromanipulation of relevance to cell sorting and cellular
microchips®® and studies of the mechanics of single DNA
molecules’. Optical trapping also makes feasible single-
cell testing of erythrocytes that are linked to pharmaco-
phores for use in drug therapy’.

*For correspondence. (e-mail: atmoll @tifr.res.in)
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In a typical optical tweezers set-up, the action of a
strongly focused laser beam on a dielectric material gives
rise to two types of forces. The strong focusing of the
laser light generates a gradient force, F,, which exerts a
pull on dielectric particles towards the focal zone. On the
other hand, there are scattering forces, Fs, which push the
particles away from the focus, towards the incident light
direction. The magnitude of the total force that is gener-
ated in optical traps is F = (F7 + Fé)”z. When the magni-
tude of F, is greater than F;, optical trapping occurs. For
laser power P, typically ca. 30 mW at the location of the
trapped material, the momentum of the light beam that is
experienced per second, I ~ Pn/c (where n is the refractive
index of the solvent in which the dielectric microparticles
are made to float, and c is the speed of light in vacuum),
is in the range of pico-Newton (PN).

The primary function of optical tweezers has, in the
main, been to fix and manipulate the position of a micro-
particle within the focal volume of the laser. In many
cases the orientation of the trapped particle has been con-
sidered to be irrelevant. Indeed, in the case of bodies with
spherical symmetry, the nature of the light-induced forces
is such that it is impossible to influence the orientation.
However, it is clear that exercise of control over all motio-
nal degrees of freedom of trapped particles would add an
extra dimension to the capabilities of optical traps, and
would constitute a distinct added advantage in many
spheres of contemporary research activity that utilize opti-
cal tweezers.

We have designed and built an optical trap so as to ex-
plore the possibilities of exercising motional control on
trapped dielectric particles. We report here on the trapping
dynamics of the red blood cells (RBCs) in an optical trap
that is formed by a linearly polarized, TEMy, mode, in-
frared laser beam. The normal shape of a human RBC is a
flattened biconcave disk whose diameter is about 7 pum,
and whose thickness varies from about 0.9 um at the
thinnest central portion of the disk to 2.1 um at the largest
part near the periphery®. Due to the elastic nature of the
cell membrane in an RBC, we considered it likely that
upon its placement in an optical trap, the trapped RBC
may deform its shape and this, indeed, turns out to be the
case. Moreover, we have discovered that trapped RBCs
not only change their morphology, but they also tend to
align such that the symmetry axis of the cell aligns along
the direction of the laser polarization vector. The original
shape of the RBC, as well as its initial random orientation
is regained once the optical trap is switched-off.

There has been one previous report on trapping of
RBCs with single-beam optical trap, but one that uses a
complicated higher order TEM, laser beam’. A dual-beam
trap has also been used for trapping RBCs by attaching
beads to both ends of the cell and trapping each of the
beads to study the elastic stretching behaviour'®. As
of today, and to the best of our knowledge, there are no
reports published on the behaviour of RBCs when
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trapped with a single-beam optical trap that is formed by
a TEMy, laser beam. However, optical trapping of long,
artificially fabricated cylinders with their symmetry axes
along the laser beam has been predicted'' and observed'”.
Light scattered by trapped microspheres has also been stud-
ied"'*. The paucity of information does not detract from
the fact that interaction between light and asymmetric di-
electric particles is important, as many naturally occur-
ring particles that have the potential to be tweezed are not
spherical.

The trapping of RBCs in our experiments was carried
out using a single-beam optical trap. The trapping dy-
namics was recorded in real time with the CCD camera
attached to an inverted microscope. The salient features
of our optical trap are presented in the following.

Figure 1 presents a schematic depiction of our optical
tweezer set-up which essentially comprised an infrared
laser radiating in the infrared at a wavelength of 1064 nm,
and an inverted optical microscope that were mounted on
a pressurized vibration isolation table in order to mini-
mize noise due to vibrations. An essential feature of the
apparatus was an oil immersion, large numerical aperture
(NA =1.3) 100X objective that was utilized to strongly
focus the laser beam onto the target cells placed on an ordi-
nary glass microscopy slide. Our microscope objective
had a transmission of 65% at 1064 nm light. The infrared
light was obtained from a solid-state, diode pumped
Nd: YVO, laser. The results that we report in the follow-

Microscope
lamp

Condenser
1064 nm

Nd:YVO, Beam expander
faser Samiple on

[ Ppiezo-stage

fﬁ Objective
L.
227
M,

1:1 Telescope

CCD camera

S
I

Figure 1. Schematic of optical tweezer set-up. All components
shown, including the vibration isolation table, are procured locally
except for the inverted microscope (Nikon, Japan) and the nanometer
resolution piezoelectric stage (Piezosystem, Jena, Germany). The
authors can be contacted for further information.
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ing were obtained using an incident laser power of 100 mW,
although after transmission through the oil-filled objec-
tive, typical powers incident on the microscope slide were
~30 mW. The wavelength of 1064 nm was chosen so as
to minimize heating of the sample and, perhaps more im-
portantly, to avoid photo-damage. We note that most bio-
logical samples have negligible absorption in the near
infrared part of the electromagnetic spectrum'”.

The back focal plane of the objective lens had a diameter
of nearly 6 mm, whereas the diameter of the incident laser
beam was around 0.9 mm. The beam diameter of the laser
was measured using knife-edge method. In order to obtain
a near-diffraction-limited spot size when the laser light is
tightly focused, it is necessary to ensure that the back
focal plane of the objective is overfilled. In order to
achieve this, the infrared beam was expanded using an
optical-beam expander that was anti-reflection-coated for
1064 nm wavelength. A typical beam diameter of 7 mm
was obtained from our beam expander. The focused spot
size also depends on the quality of the laser beam, speci-
fically on the number of electromagnetic modes that are
present in the beam. In our case beam quality of the laser
was found to be good, with a perfect TEMy, mode. Figure
2 depicts a typical beam profile that we measured using a
photodiode mounted behind a moving small aperture
comprising horizontal and vertical razor blades mounted
on a translation stage that scanned across the laser beam.
Quantification of the laser-beam quality can be made in
terms of a quality factor, Mz, which is defined as the ratio
of the product of the waist diameter and angular diver-
gence of our laser to the waist diameter—divergence pro-
duct of a theoretical Gaussian profile. For an ideal laser
output that is Gaussian in shape, it is clear that M = 1
for a practical laser beam, it is expected that M > 1, with
the closeness to unity defining the ‘goodness’ of beam
quality. We measured the value of M” for our laser beam
to be 1.19, indicating a beam quality that can be consid-
ered very good by present standards.
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Figure 2. Three-dimensional beam profile of the unfocused laser
beam. Distance scale represents the actual number of pixels illuminated
on the CCD camera (see text).
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Manual steering of the laser beam was achieved using
a set of two convex lenses, L; and L,, with equal focal
length. The two lenses are kept at a distance of 2f (fis the
focal length) from each other as well as from the back
focal plane of the objective. A mirror that was highly re-
flecting at 1064 nm wavelength, M3, was kept at an angle
of 45° and was used to reflect the laser beam into the
microscope objective. The mirror would, thus, reflect the
1064 nm wavelength and transmit all the other radiations,
enabling us to accomplish imaging simultaneously with
trapping.

A piezoelectric stage with a total travel length of
100 um, and with a spatial resolution of 100 nm, was used
in the set-up to achieve precise nanometer displacements
of the sample. The piezoelectric stage could be operated
in two different modes: (i) a manual mode in which the
stage could be moved manually by changing the voltage
applied to the piezo crystal, and (ii) by applying a modu-
lated input signal, typically varying from 0 to 10V, to
control the position of the stage. In our case, we generated
the 0—10 V modulated signal using a computer-data-acqui-
sition card that was interfaced to the position controller
through a shielded BNC cable and connector board.

A major advantage of using an inverted microscope in
an optical trap such as ours is that the same objective that
is used to strongly focus the light onto the sample also
acts as a condenser to collect light that is reflected from
the sample. As already noted, this reflected light is trans-
mitted by the mirror M, and is then collected onto a CCD
camera that is mounted on one of the ports of the micro-
scope. An infrared filter was placed in front of the CCD
camera to prevent damage by the laser beam. The CCD
camera, along with the TV card, was connected to a com-
puter to record real time images of the sample within the
trap. The pixel size in our CCD camera was 9 um and a
frame-grabbing speed of 25 frames s~ was used in our
experiments. With our camera speed the temporal resolu-
tion of the measurements we report here was 40 ms.

A number of methods can be employed to determine
the strength of an optical trap such as ours. The most
commmon and perhaps the simplest method is the so-called
escape force method'®; we adopted this method for our
present experiments. Simply put, this method relies on
determination of the minimal force that is required to pull
an object out of the trap. One simple way of generating
external forces of variable strength for this purpose is by
imposing a viscous drag force on the trapped microparti-
cle; the magnitude of such forces can be readily computed
using classical mechanics'”'®. To produce the necessary
drag force, the particle may either be pulled through a
fluid (by moving the optical trap relative to a stationary
translation stage), or more conventionally, the fluid itself
can be moved past the particle (by moving the translation
stage relative to a stationary trap).

A number of variants of the viscous drag method are
possible as far as practical implementation is concerned.
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One of the simplest is to videotape a trapped particle in a
fixed trap while translating the microscope stage (e.g. by
hand) at an ever-increasing rate, until the particle just
escapes. The particle escape velocity is measured from
the video record, which enables estimation of the escape
force, provided the viscous drag coefficient of the particle
is known. This technique permits calibration of force to
an accuracy of within about 10%. If, instead, the stage is
moved at a fixed, known velocity, the laser trapping
power can be reduced until the particle just escapes; this
method provides somewhat better reproducibility of mea-
surements. Note that escape forces are determined by
optical properties at the very edges of the trap, where the
restoring force is no longer a linear function of the dis-
placement'’. Since the measurement is not at the centre of
the trap, the trap stiffness cannot be ascertained. Escape
forces are generally somewhat different in the x, y and z
directions, so the exact escape path must be determined
for precise measurements.

In our measurements, the laser power was found to be
~20 mW at the sample. We calibrated the strength of our
tweezer set-up by optically trapping polystyrene beads of
5 um diameter. The viscous force measured in our optical
trap was ~ 12 pN.

Typical behaviour of normal RBCs in our optical trap
is depicted in Figure 3. The different panels (a—d) depict
the real-time folding of a single trapped RBC: within a
time period of 760 ms after initial exposure to the trapping
laser beam, the flat biconcave disk shape of a normal

Optical trap

t=1520 ms

RBC is altered into a folded pattern. Such folding is not
inconsistent with the known morphology of these cells.
The ratio of volume to surface area for RBCs is smaller
than that for spherical objects of the same size. For iden-
tical surface areas, the ratio of the RBC volume to spheri-
cal volume is significantly less than unity®®, ~ 0.6. It is,
therefore, not unreasonable to expect that energy con-
straints will not seriously impede RBCs from readily
assuming different non-spherical shapes.

The elastic response of an RBC to an applied force of
the type that is exerted by the focused laser beam, is likely
to be determined essentially by the cell membrane as the
inner fluid has no elasticity by virtue of it being purely
viscous. In terms of two-dimensional laws of elasticityﬂ,
the elastic shear modulus, {4, of the cell membrane and
the area compressibility, K, determine the dynamics that
is responsible for the observed morphological changes in
the RBCs. The elastic properties of the cytoskeleton de-
termine the magnitude of U, while K is controlled by the
almost incompressible phospholipidic bilayer. For RBCs,
it is established® that K 3 . Thus, the folding and un-
folding that are observed proceed in such manner that the
elastic properties of the cytoskeleton come into play,
while the overall area of the cytoskeleton remains con-
stant. From a biological point of view, this facet of RBC
behaviour is important as such cells need to pass through
blood vessels that have variable diameter. The structure
of the RBC is such that it can penetrate even through the
narrow-diameter vessels by appropriate morphological

t=200 ms

t =760 ms

Figure 3. Real-time folding sequence of an RBC [(a) through (d), covering the time range up to 760 ms)].
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Figure 4. Alignment of folded RBC along the electric field vector (denoted as E). At =0 s, the
RBC is completely folded within the trap (a). After another second, the RBC aligns itself along the
electric field vector (b); arrow points in the direction of the electric field of the laser.

changes. The elasticity in such cases, including the fold-
ing that we depict in Figure 3, is expected to be due to the
cell membrane.

Figure 4 shows that once the RBC has folded, the inter-
action with the focused laser beam does not end. There is
a change in the direction of the folded RBC, such that the
major symmetry axis lines up in a direction that is parallel
to the direction of the laser polarization vector (indicated
by an arrow in the figure). Taking an RBC to be a non-
absorbing, asymmetric, dielectric object, the linearly pola-
rized light beam used to make our optical trap possesses
an electric field, E, whose direction is well defined, and
can be readily varied by means of a A/2 plate that is
placed in the path of the laser beam. This field induces a
dipole moment p = 4.E, where a is the polarizability ten-
sor of the RBC whose intrinsic asymmetry implies that
polarizability components parallel and perpendicular to
the RBC axis (o and o, respectively) are significantly
different from each other. If one draws the analogy bet-
ween a folded RBC and a rigid rotor interacting with a
uniform electric field E, the interaction potential that
governs the dynamics of laser—RBC interaction can be
expressed as

2
—-F 2 2
VOL = 5 ((x’parallel cos” 6 +a’perpendicular sin” 0 )’

where 0 denotes the angle between the major symmetry
axis of the RBC and the E-vector. In terms that are used
by molecular spectroscopists, the situation that results
from both components, oy and o, being equal is that of a
free rigid rotor. In our case, it is the difference in magni-
tude of oy and o that gives rise to spatial alignment of
the folded RBC.

This difference in polarizability components comes
into play in the form of the resulting light-induced torque
that is generated, & = p X E, such that energy minimiza-
tion constraints induce in the trapped RBC a ‘kick’ in a
direction that leads to alignment along the direction of the
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E-field vector. We have made measurements to confirm
the alignment of the RBCs along the E-vector by putting
a half-wave plate that enables us to alter the direction of
the E-vector. The trapped and folded RBC faithfully fol-
lowed the direction of the E-vector in our experiments.
The unfolding behaviour of the RBC shows that there is
no apparent damage to the RBC due the laser radiation.

It is important to reiterate here that our experiments
have been conducted using linearly polarized light from a
TEMy, mode laser. Light-induced motion of absorbing
microscopic particles has, indeed, been demonstrated in
earlier experiments, but only in ones that were more
complex in that they either utilized elliptically polarized
light”, or used laser beams with helical phase structure”.
Earlier work using linearly polarized laser light has trapped
only artificially-fabricated birefringent microparticles,
such as optical disks made of wax and polymethylmetha-
crylate that have recently been trapped, such that the
trapped disks align themselves so as to achieve edge-on
orientation with respect to the incident laser-beam direc-
tion™*,

We have designed and built an optical tweezer set-up
using an infrared laser operating at 1064 nm wavelength.
The trap has strength of the order of a few tens of pN,
with sub-pN sensitivity. The piezo-stage is used that yields
nanometre-scale precision. Human RBCs were trapped
using linearly polarized light. Due to the elastic nature of
the RBC, folding behaviour is observed upon trapping.
When the trap is removed, the RBC regains its original
shape. The folding time is measured to be of the order of
760 ms, while relaxation to the original biconcave disk
shape takes much longer (about 6 s). The trapped, folded
RBC aligns itself along the direction of electric field vec-
tor of the laser; this was confirmed by making measure-
ments with a A/2 plate that enables us to orient the
trapped, folded RBC in a direction that is determined by
the half-wave plate. The type of dynamics that we have
observed is of importance from the viewpoint of develop-
ing cellular motors, and further work in this direction is
proceeding in our laboratory.
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A report on how infection of an RBC by the malarial
parasite, Plasmodium falciparum affects the optical trap-
ping characteristics and induces extraordinarily large
torques that result in rotational motion of the trapped, in-
fected cell has been published recently™.
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A combined approach of Schlumberger
and axial pole—dipole configurations
for groundwater exploration in
hard-rock areas
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In hard rocks, groundwater accumulation occurs only
because of secondary porosity developed due to wea-
thering, fracturing, faulting, etc., which is highly vari-
able and varies sharply within very short distances,
contributing to near-surface inhomogeneity. This can
affect the current-flow pattern in their surroundings
and consequently distort the resistivity curve, and
hence falsify the interpretation in terms of layer resis-
tivity and its thickness. Thus it becomes a difficult
task for locating a good well site in hard rocks. A
combined approach of Schlumberger and axial pole—
dipole configurations has been initiated, which will be
helpful in locating the successful sites for drilling of
wells in hard-rock areas. It is also suggested that the
axial pole—dipole array can be applied for ground-
water exploration even at places where Schlumberger
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