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Abstract

We demonstrate how optical tweezers may provide a sensitive tool to analyze the fluidic vibrations generated by the movement of small aquatic
organisms. A single gold nanoparticle held by an optical tweezer is used as a sensor to quantify the rhythmic motion of a Nauplius larva (Artemia
salina) in a water sample. This is achieved by monitoring the time dependent displacement of the trapped nanoparticle as a consequence of
the Nauplius activity. A Fourier analysis of the nanoparticle's position then yields a frequency spectrum that is characteristic to the motion of the
observed species. This experiment demonstrates the capability of this method to measure and characterize the activity of small aquatic larvae
without the requirement to observe them directly and to gain information about the position of the larvae with respect to the trapped particle.
Overall, this approach could give an insight on the vitality of certain species found in an aquatic ecosystem and could expand the range of
conventional methods for analyzing water samples.

Video Link

The video component of this article can be found at http://www.jove.com/video/51502/

Introduction

Water quality assessment based on chemical and biological indicators is of fundamental importance to gain insight on the state and
environmental conditions of an aquatic ecosystem1-3. Classical methods for chemical water analysis are based on organoleptic properties or the
determination of physicochemical parameters. Biological indicators, on the other hand, are animal species whose presence and viability provide
insight on the environmental conditions and the effect of pollutants for an ecosystem that they occur in. Typical examples for bioindicators are
Copepods, a group of small water crustaceans, which can be found in nearly any water habitat4,5. Observing the activity and viability of these
species from a water sample can thus be used to obtain information on the overall conditions of an ecosystem5. The larvae of Copepods, which
are called Nauplii, use rhythmic strokes of their antennae (each larva has three pairs of appendages at their head region) to swim in water6.
The frequency and intensity of these strokes is thereby a direct indicator of the age, fitness, and environmental conditions of the animal7-10. Any
investigations on these specimens are usually done with a microscope by observing and counting the antenna strokes of the Nauplii directly. Due
to their size (~100-500 µm)11, this often requires to do measurements either one by one or to fix a single Nauplius to a substrate.

Here, we demonstrate a new approach to observe the activity of Copepod larvae in water samples by using an optically trapped gold
nanoparticle as an ultra-sensitive detector. Optical tweezers are typically used by many groups as a fine experimental tool to apply or measure
forces between molecules down to the piconewton range12-14. More recently, the range of applications for optical tweezers has been expanded
to observe acoustic vibrations and solvent fluctuations in liquid media by monitoring the motion of nano- and microparticles that are confined in
an optical trap15. Particles that are immersed in a liquid are subjected to Brownian motion. Inside an optical trap, however, this motion is partially
damped by a strong, laser induced, gradient force. Therefore, the stiffness of the optical trap and the localization of the particle within the focus
of the laser beam can be tuned by the laser power. At the same time, it is possible to reveal characteristics about the trapping potential and to
analyze interactions of molecules with the particle by monitoring the time-dependent particle motion in the trap. This approach renders it possible
to pick up the frequency, intensity, and the direction of the fluidic motion that is generated by a moving object in its liquid environment. We
demonstrate how this general idea can be applied to obtain a frequency spectrum of the motion of an individual Nauplius without the requirement
to directly interfere with the specimen. This experimental approach introduces a new general concept for the observation of the motile behavior
of aquatic specimens in a very sensitive way. For observations on bioindicator species, this could expand the current methodology for water
analysis and could be applied to gain information about the health and the integrity of aquatic ecosystems.

http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:t.lohmueller@lmu.de
http://www.jove.com/video/51502
http://dx.doi.org/10.3791/51502
http://www.jove.com/video/51502/


Journal of Visualized Experiments www.jove.com

Copyright © 2014  Journal of Visualized Experiments July 2014 |  89  | e51502 | Page 2 of 6

Protocol

1. Experimental Setup

1. Use an up-right microscope and a dark field oil condenser with a numerical aperture (NA) = 1.2 for dark field illumination. Use a water
immersion objective with 100X magnification and a NA = 1.0 for particle observations and trapping. Use an air objective with 10X
magnification and a NA = 0.2 to follow the motion of the Nauplius.

2. Use an optical tweezers setup with a 1,064 nm continuous wave laser coupled into the up-right microscope. Set the laser power of the optical
trap to 100 mW (measured with a power meter after the objective).

3. Use a CMOS high-speed camera or a digital single lens reflex (DSLR) camera to detect and image the gold particle movement in the optical
trap and the motion of the Nauplius.

4. Use a notch filter to prevent the laser from entering the camera.
5. Use a power meter to measure the laser power after the objective.

2. Sample Preparation

1. Pipette a water droplet (180 µl) on a microscope glass slide and position the sample on the dark field microscope.
2. Pipette a Nauplius from a small water tank to the water droplet.
3. Use a 10X air objective to observe the movement of the Nauplius in the solution and record a video stream.
4. Use a gold nanoparticle with a diameter of 60 nm as a detector to observe the fluid motion generated by the Nauplius. Therefore, add 5 µl of

a highly diluted particle solution into the water droplet, so that approximately one particle can be seen in the field of view with a 100X water
immersion objective.

3. Particle Tracking Experiment

1. Trap one gold nanoparticle with the optical tweezer. Therefore, bring the 1,064 nm trapping laser close to a gold nanoparticle that is diffusing
in solution by moving the microscope stage. The attractive optical forces pull the gold nanoparticle towards the focal point of the laser beam.
The trapped particle is not diffusing anymore and rather keeps its position. Take a video stream of the trapped nanoparticle with the DSLR
camera at a frame rate of 50 Hz for 30 sec.

2. Turn off the laser of the optical tweezer and release the gold nanoparticle from the trap.
3. Use a particle tracking program to readout the position of the optically trapped gold particle at each frame of the video stream. A fast Fourier

transformation (FFT) of the particle's x-y-position over time reveals a frequency spectrum.
 

NOTE: Here, a self-written ‘IGOR PRO’ computer program code was used to analyze the particle center position in the x-y-plane over time
and for FFT analysis.

4. As an alternative to a self-written IGOR code use the freely available ‘Video Spot Tracker’ program for tracking the particle in the video. Use
the commercial software ‘Origin’ to perform the Fourier transformation of the tracking data:

1. Drag the video file to the open program ‘Video Spot Tracker’.
2. Mouse click on the particle seen in the first picture of the video stream and a circular region of interest appears.
3. Choose “symmetric” and “optimize” in the top command prompt window to optimize the tracking of the particle.
4. Mouse click “logging” in the top command prompt window and choose a folder to save the data. The tracking data will be saved as a

data spreadsheet.
5. Mouse click “play video” on the left command prompt window of the tracking program and wait until all frames of the video are

analyzed.
6. Close the program and open the saved data spreadsheet with ‘Origin’. Set the column values as “y1” and “y2”.
7. Set time steps for each video frame as “x” in the ‘Origin’ data spreadsheet.
8. Mark the x-position column and perform a FFT by choosing “Data Analysis” and “FFT” in the top command prompt window. Repeat the

step for the y-position column.
9. Plot the amplitudes of the calculated FFT signal in x- and y-direction versus the frequency.

4. Numerical Simulation

1. Calculate the polarizability α of the 60 nm gold particle by using the computer program ‘Mathematica’.
1. Use equation (1) to calculate the polarizability according to Kuwata et al.16:

 

 (1)
2. Define the following three parameters in the program code: the wavelength-dependent complex dielectric function of the gold particle,

the nanoparticle radius, and the refractive index of the surrounding medium.

2. Use the description of the electric field distribution of a focused Gaussian beam according to Agayan et al.17 to calculate the optical forces
acting on a 60 nm gold particle:
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 (2)
1. Use equations (3)-(6) from Agayan et al.17 to calculate both, the gradient and scattering forces acting on the particle:

 

 (3)
 

 (4)
 

 (5)
 

 (6)
2. In the program code, define the parameters for the laser power, the numerical aperture of the objective, and the complex polarizability

of the nanoparticle.
3. Sum up the gradient force and the scattering force to calculate the total optical force acting on the gold particle in an optical trap.

3. Run the simulation by simultaneously pressing “Control” and “Enter”.

Representative Results

A schematic illustration of the experimental setup is shown in Figure 1A. A dark field configuration is necessary to optically detect the
displacement of a 60 nm gold particle in an optical trap15. The wavelength of 1,064 nm for the trapping laser is chosen to guarantee a stable
confinement of the detector gold particle12,14. A beam splitter in the microscope is used to focus the trapping beam through the objective and
a notch filter prevents the trapping laser from entering the detection device of the experiment. The Nauplius was performing movements in the
water solution surrounding the optically trapped gold nanoparticle (Figure 1B). The fluidic vibrations that are generated by the animal propagate
through the liquid medium and interact with the optically trapped particle.

Figure 2A shows a dark field image of a single 60 nm gold nanoparticle that is trapped by the laser beam. The greenish color under dark field
illumination indicates its scattering frequency in that wavelength range. Observing the color of the trapped particle with a DSLR camera ensures
that just one plasmonic nanoparticle is trapped by the focused laser since trapping of a second particle would result in a color change due
to plasmonic coupling. The calculated distribution of the total optical force that keeps the particle confined in the trap is shown in Figure 2B.
Without any external fluidic vibration, the displacement of the trapped plasmonic nanoparticle shows a Gaussian distribution, since its movement
is solely subject to Brownian motion (Figure 2C). As soon as one Nauplius is added to the sample, its movement creates a fluidic interaction with
the detector particle. The nanoparticle in the optical trap starts to oscillate in the direction of the fluid interaction up to an oscillation amplitude of
100 nm (Figure 2D).

The movements of several Nauplius larvae were independently analyzed by monitoring their swimming behavior with a high speed CMOS
camera. An example is shown in Figure 3A. One full oscillation of the periodic motion of the main arm of the large antennae takes 148 msec,
which corresponds to a frequency of around 6.75 Hz. We observed the same Nauplius over a time period of several seconds and also different
Nauplii from the same sample. From the direct observation we observed frequencies for the antennae strokes in the range between 4.1 and 7.2
Hz.

Figure 3B and Figure 3C show the frequency spectra of a trapped gold nanoparticle without (black curve) and with (red curve) a Nauplius
present in the observed water droplet. Almost no signal can be seen in the x-direction of the particle's Fourier spectrum. In contrast, the y-
direction of the frequency spectrum shows a strong response. This can be explained by the relative position of the Nauplius with respect to
the particle trap. The nanoparticle detects only those vibrations that are generated by the organism. A strong signal in y-direction therefore
indicates the direction of the fluidic oscillations and also the position of the animal (cp. Figure 2D). Transforming the time-dependent particle
displacement trajectory into Fourier space therefore leads to a direction dependent difference in the signal intensity of the frequency spectra. The
broad frequency range present in our measurements is consistent with net organism motility. The movements of the two main antennas of the
Nauplius are not the exclusive source of liquid displacement. Movements of smaller antenna pairs and other body protrusions also contribute to
the observed signal. For all measurements, we found frequency maxima between 3.0 and 7.2 Hz for the Nauplius movement, which is in a good
accordance to the directly observed frequencies of the biological microorganism and also fits well to the expected frequency range for a Nauplius
in a larval stage6,8-10.
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Figure 1. Schematic illustration of the experimental setup. A) Dark field configuration and optical tweezer. A beam splitter in the microscope
is used to focus the trapping beam (1,064 nm, continuous wave) to the stage of the dark field microscope. A notch filter prevents the laser from
entering the high-speed or DSLR camera. B) One gold nanoparticle is trapped in the optical tweezer to detect the microfluidic vibrations of one
Nauplius in the surrounding medium. Please click here to view a larger version of this figure.

 

Figure 2: Optical trapping of a gold nanoparticle. A) Dark field image of a single trapped gold particle. B) Calculation of the total force acting
on the particle in an optical trap. The laser wavelength is 1,064 nm and the power of 100 mW was measured under the objective. The force
is plotted in the region of 2 µm around the focal point. C) x-y-displacement of a gold particle in an optical trap. The particle movement is not
disturbed by fluidic vibrations and only caused by Brownian motion. D) x-y-displacement of the gold particle in the trap, after adding a Nauplius
to the liquid. The microfluidic flow generated by the animal causes a frequency dependent distortion of the gold nanoparticle displacement in y-
direction. Please click here to view a larger version of this figure.
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Figure 3: Frequency spectra of a gold nanoparticle trapped next to a swimming Nauplius. A) Antennae strokes of a single Nauplius at
different time points. One complete oscillation of the periodic movement of the main antennae takes around 148 msec (6.75 Hz). B) Black curve:
Frequency spectrum of the displacement of an undisturbed optically trapped nanoparticle in x-direction that was taken as a reference. Red curve:
Frequency spectrum of the gold particle next to a swimming Nauplius in x-direction. The spectrum does not show a strong signal due to the
relative position of the Nauplius to the optically trapped particle. Inset: Schematic illustration of the Nauplius and gold nanoparticle position during
the experiment. The flow generated by the moving Nauplius is mainly pointing in the y-direction. C) Black curve: Reference frequency spectrum
of the undisturbed gold particle in y-direction. Red curve: Frequency spectrum of the gold nanoparticle displacement in presence of a Nauplius.
Please click here to view a larger version of this figure.

Discussion

Dark field microscopy is a powerful tool for visualizing gold nanoparticles with dimensions below the optical diffraction limit, since the scattering
cross section of the metal nanoparticles exceeds their geometric cross section (cp. Figure 2A)18. In a tweezer setup, this approach even
allows to distinguish if only a single or multiple gold nanoparticles are trapped by the laser beam because plasmonic coupling between the
particles causes a red-shift of the plasmon resonance frequency15. Dark field microscopy with an optical tweezer configuration therefore
provides numerous new and very useful experimental possibilities, but the combination is not self-evident. For stable optical trapping a strongly
focused laser beam is required, since the origin of an optical trap in three dimensions is caused by a gradient of the optical field density. Usually,
objectives with high numerical apertures (NA = 1.3-1.4) are used for tweezer setups to achieve a tight focusing of the laser19. The highest NA of
commercially available dark-field oil condensers, however, is 1.2. This limits the range of objectives that can be used for trapping the particle to
NA < 1.2 because higher NA objectives bear the problem that not only scattered, but also straight light is collected by the objective lens. For our
setup, we are able to achieve a stable optical trapping by using a water immersion objective with a NA = 1.0 and a dark field condenser with a
NA = 1.2. This is possible, because the laser beam expansion in front of the microscope led to an overfilling of the back aperture of the objective
and therefore to a sufficient focusing of the laser (even with a NA of only 1.0).

Stable trapping of a plasmonic gold nanoparticle is also strongly dependent on the wavelength of the trapping laser12-14. In our experiments, a
wavelength of 1,064 nm was chosen for the particle trapping because this wavelength is far red-shifted from the particle's plasmon resonance
wavelength at ~530 nm. This is important for a stable trapping since optical gradient forces acting on the gold particle are dominant for this
wavelength while scattering forces, which originate from a momentum transfer of scattered and absorbed photons, are minimal. Both, gradient
and scattering force, cause the particle to move into different directions but only gradient forces lead to a stable optical trapping since they are
pointing towards the region of highest intensity which is the focus of the laser beam. Scattering forces, in contrast, are pointing along the axis
of the energy flux of the light beam. At a wavelength close to the particle resonance, scattering of light becomes strong and scattering forces
dominant. Particles in this case are pushed and not trapped by the laser beam, even beyond the focal plane20,21.

A very stable trapping of the particle is a requirement to detect any small external microfluidic disturbance and to achieve an enhanced signal
to noise ratio in the frequency spectrum from the time dependent particle displacement in the optical trap. At the same time, a high laser power
can lead to substantial heating of the nanoparticle which could induce unwanted thermal effects including heating of the whole water sample.
To achieve a distinct signal in the particle's Fourier space both factors have to be considered and the experiment optimized in such a way that
heating effects are minimized but sufficient stable trapping is achieved. It is also important to point out that the conditions of the water sample,
such as the temperature and pH, might have an impact on the viability of the larvae during the measurement, and that these factors thus need to
be controlled and kept constant. We therefore performed all measurements at room temperature (~20 °C) and at a pH of around 7.5.

Overall, the method to detect the motion of Nauplius larvae by tracking the position of a single gold nanoparticle in an optical trap represents
a non-invasive way to analyze the activity of the aquatic specimen without the requirement to disturb or even see the Nauplius during the
measurement. Additionally, the direction of the microfluidic oscillations can be determined by analyzing the direction dependent Fourier spectrum
of the nanoparticle's displacement. The optical tweezer configuration thus renders it possible to detect even small fluidic vibrations in an
aqueous solution with high sensitivity. In the future, this approach could be extended to distinguish between different kinds of organisms in
one water sample and at the same time. Furthermore, this approach of using a gold nanoparticle as a sensitive detector is not restricted to the
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measurement of Nauplius larvae only and can in principle be applied to measure any flow generated by much smaller objects, such as single
cells and possibly even bacteria.
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