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Digital holography for second harmonic microscopy:
application to 3D-tracking of nanoparticles
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ABSTRACT

Retrieval of the amplitude and phase of electromagnetic waves made digital holographic microscopy (DHM)
capable of revealing morphological details at ultrahigh resolution in the order of a few nanometers only and
precisely measuring the refractive index across a sample (e.g. cell or neuron). In short, DHM added a new
dimension to optical imaging, which explains why it is such an excellent instrument for metrological, but also
for biological applications. We believe that DHM is, by nature, ideally suited for nonlinear microscopy. In this
work, we review the advantages of DHM for nonlinear microscopy and present its application to determination
of the axial position of nonlinear nanoparticles capable of second harmonic generation.

Keywords: Nonlinear microscopy, digital holography, digital holographic microscopy (DHM), second harmonic
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1. INTRODUCTION

Digital holography (DH) is a measurement technique based on an interferometric principle, thus enabling the
retrieval of both the amplitude and phase of an optical field. This measurement method has been ported to
the investigation of microscopic specimens by combining interferometry and microscopy in digital holographic
microscopy (DHM).! The ability to recover the phase of a wavefront and, consequently, precise information
on the optical path length traveled by the light led to many applications, ranging from metrology to biology.
It made DHM capable of revealing deformations and morphological details at a nanometer-scale resolution,?
and determining with high precision cell morphology® or its refractive index distribution. Refractive index
tomography was also demonstrated.” Allin all, by making possible quantitative phase analysis, digital holography
added a new dimension to optical imaging.

Only recently was DH combined with nonlinear microscopy®” and quantitative phase directly exploited.® In
this work, we explain why digital holography is ideally suited for nonlinear microscopy and describe how it can
be combined with nonlinear microscopy for determination of the axial position of nonlinear nanoparticles (NPs)
capable of second harmonic generation.

2. DIGITAL HOLOGRAPHY FOR NONLINEAR MICROSCOPY

In this section we will explain the bases of digital holography and describe its advantages for nonlinear, more
specifically second harmonic, microscopy.

2.1 Digital holography basics

Holography consists in using a reference wave to encode the complex diffraction pattern of an object into an
interference image called hologram. Of course, this definition assumes that the two (reference and object) waves
have mutual coherence properties. Classically, holograms were recorded on a photosensitive plate and had to
be photo-chemically developed and re-illuminated to produce seemingly 3D images. For the special case of
digital holography (DH), holograms are recorded with a digital camera and image reconstruction is numerically
performed by a computer.? It is not the scope of this work to elaborate on the basis of digital holography. Details
of the technique and its application to nonlinear fields can be found in Ref.®
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Numerical field propagation

Hologram Amplitude image Phase image

Figure 1. Illustration of digital focusing. The hologram (left) is recorded out of focus and the retrieved complex field
(right, bottom-most amplitude and phase images) is digitally focused by numerical propagation algorithms to the image
plane (right, top-most image amplitude and phase images).

2.2 Advantages of DH for nonlinear microscopy

The main advantage of DH is its ability to retrieve the complex object-diffracted field. In other words, DH
does not simply retrieve the intensity of the complex diffraction pattern of incident light on the specimen, but
rather retrieves the complex field in whole, i.e. its amplitude and phase both. From the phase of the object
wave, very precise information can be obtained on the optical path length differences in the specimen. For
linear microscopy, this makes possible measurement of nanometer-scale surface topography'® and mapping of
refractive index distributions with a very high precision (1072 and better).* It also explains why DH excels
in both metrology and biology. Retrieval of the amplitude and phase of nonlinearly generated electromagnetic
waves could give a new, quantitative dimension to nonlinear microscopy.

Digital focusing is another advantage of the technique. Because DH recovers the complex object wavefront,
diffraction-based wave propagation equations can be used to numerically propagate the image field. This feature
lifts any constraints on the camera position relative to the system image plane, and holograms can be recorded
out of focus and images numerically reconstructed and focused, as depicted in Fig. 1. Another, even more
important consequence of this is the extended depth of focus of digital holographic microscopy, compared to
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Figure 2. Comparison between amplitude and intensity type of signals. This comparison of the second harmonic signal
generated by a single nanoparticle illustrates that an amplitude-based imaging technique provides a better dynamic
sampling of weaker signals than an intensity-based technique.

other microscopy techniques, as objects lying outside the depth of focus of the microscope objective can still be
reconstructed and numerically propagated to their respective image plane, and therefore be brought into focus.

Furthermore, because it recovers the amplitude of electromagnetic waves, DH has a better sampling of weak
signals than any intensity-based imaging technique. Fig. 2 compares amplitude and intensity signals of a second
harmonic emitter - from a specimen consisting of gold NPs. The dynamic range of the weaker signals is evidently
higher for an amplitude-based technique. In addition, hologram can be recorded out of focus to spread the signal
from a strong scatterer on many pixels, to avoid saturating the camera or compromising the dynamic range of
weaker signals. Moreover, and thanks to its interferometric nature, DH benefits from coherent amplification.'!
This means that for a given number of photons in the object wavefront, the signal to noise ratio can be significantly
increased, even doubled, simply by increasing the number of photons in the reference wavefront. This is extremely
important for nonlinear signals, like SHG, that are generally of relatively low intensities. Finally, off-axis DH is
a full-field, single shot acquisition technique. Since it requires no scanning whatsoever, it is very fast (real-time
acquisition and processing) and insensitive to vibrations, for relatively small camera shutter times.

3. APPLICATION TO 3D-TRACKING OF NANOPARTICLES

Nanoparticles are now commonly used in biology as labels or contrast agents for imaging'?> and for detection of
specific pathogens or proteins.'® In addition, they appear very promising for bottom-up tissue engineering,'*
for drug or gene delivery!'® !¢ to specific cellular sites and even for tumor treatment.'” Gold nanoparticles, in
particular, have been extensively investigated because of their excellent bio-compatibility and chemically inert
nature, and nowadays a vast knowledge on how to functionalize gold nanoparticles has been developed. Be it for
micro-fluidic or targeted biomedical applications, precise real-time 3D-tracking of nanoparticles is becoming an
urgent need to fill. Over the years, many methods'® 2% were developed for determination the lateral position of
NPs from optical images, presumably at nanometer (or at least sub-pixel) resolution, although one must be very
careful with such claims. These methods are mostly based on post-processing and analyses of optical images,
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Figure 3. Experimental setup schematics: BS beamsplitter, BE beam expander, C' condenser lens, S specimen, MO 100x
microscope objective, M mirror, FL field lens, F' filter, L lens and FDC frequency doubler crystal. O designates the
object arm, while Rgoo and Ruapo respectively designate the reference arms for the fundamental and second harmonic
wavelengths.
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by cross-correlation,'® sum-absolute difference,'” centroid,?® direct Gaussian fit>!>22 or polynomial-fit Gaussian-
weight.?? A comparative study of these methods is proposed in Ref.?* The real challenge to 3D-tracking always
has been and remains the determination of the axial position, which is no better than the 10-100 micrometer
range, unless the complex diffraction field can be accessed. Even then, it does not reach far below the sub-
micrometer without a priori knowledge of shape or size of the particle.

Here, we focus on determination of the axial position, a challenge we address by numerical focusing of the
complex second harmonic field, retrieved with digital holography. It should be emphasized that the described
holographic technique is compatible with previously-cited methods for determination of lateral position.

3.1 Experimental details

Schematics of the optical setup used for experiments can be found in Fig 3. The laser source is a 800 nm
wavelength Ti:Sapphire laser delivering 250 fs pulses at approximately 250 kHz repetition rate. In the object
arm O of our Mach-Zehnder type interferometric setup, light is focused in the specimen plane by a f/4 aperture
condenser lens and then collected by a 100x microscope objective. A S-barium borate (BBO) frequency doubler
crystal (FDC) is inserted in the reference arm R to generate the second harmonic reference wave. Holograms
were recorded using a —20°C-cooled CCD camera (12-bits) and a 400 + 20 nm bandpass filter eliminates the
fundamental-wavelength component of light. The laser peak power in the specimen plane is of approximately
30 GW-cm~2-pulse™!, which is about one order of magnitude below the threshold for biological cell damage,?®
and could potentially be reduced by the use of a more sensitive camera, e.g. EMCCD-type, or more efficient
NPs.

To demonstrate the ability of the proposed technique to 3D-tracking of nanoparticles, we have mounted
the specimen on a feedback-looped piezoelectric stage, with a sub-nanometer resolution. The studied specimen
consists of a solution of BaTiO3 nanoparticles of tetragonal crystalline structure and of relatively large mean size
(200 nm) deposited on a glass coverslip. During the experiment, the specimen was axially scanned over a range
of 2 micrometers, with a sampling step of 25 nm. Eight holograms were recorded at every position for statistic
analysis of the efficiency of each technique.

It is very important to emphasize that digital holography, as proposed here, is a single-shot technique. This
means that a single hologram acquisition leads to complex wavefront retrieval over the entire field of view. As a
consequence, the technique is said to be vibration-insensitive, in opposition to scanning microscopy techniques.
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Figure 4. Cartoon depicting how the position of the image plane, and thus the reconstruction distance d required to bring
the complex second harmonic field to focus, depends on the axial position of the emitter. If the nanoparticle is moved
along the optical axis by AZ in the object space, its image plane will shift by My, AZ in the image space, where My, is the
longitudinal magnification of the system.

However, this is no longer the case when comparing the reconstructed fields from different holograms, as the
absolute phase may have been arbitrarily shifted between the two acquisitions. In classical, i.e. linear, digital
holography, this problem is easily overcome by referencing the phase variations of the specimen (e.g. a cell) to the
phase offset in a region of the background where the phase is expected to remain unchanged (e.g. the coverslip).
Unfortunately, this is not possible with a background-free technique, such as the one presented here, where the
only collected SHG signal comes from the specimen. To produce a uniform, unvarying SHG background on which
to reference the phase variations and eliminate those attributed to system vibrations, we have installed a lithium
triborate (LBO) crystal — indicated by FDC in Fig. 1 — in the focal plane of the beam expander located in the
object arm of the interferometer. Referencing the SHG phase from the specimen to that of the LBO-generated
background cancels out almost all vibrations-induced phase variations. Even so, phase variations caused by
vibrations between the LBO crystal and the specimen remain, because they introduce a different phase shift for
the fundamental (that will generate the SHG at the specimen) and the second harmonic (generated by the LBO
crystal) wavelengths. The remaining phase variations account for approximately 5% of the overall phase noise.

3.2 Method for axial position determination

The method we propose for determining the relative z-position of SHG point-source emitters is based on numerical
propagation of the SHG field recovered from hologram processing, as described in Ref.” and detailed for second
harmonic generation in Ref.® The idea is that the intensity of the second harmonic field generated by a NP will
reach a maximum at an axial position corresponding to the image plane. Then, the exact position of the image
plane (in the image space) can be related to the axial position of that NP (in the object space), as depicted in
Fig. 4. In other words, the reconstruction distance d between the hologram plane and the image plane depends on
the axial position of the SHG emitter, and it is possible to deduce the relative axial positions (in the object space)
of different SHG emitters from the reconstruction distances that maximize their respective SHG field intensity (in
the image space). The resolution of this method strongly depends on the precision at which the reconstruction
distance can be determined. Ultimately, the axial resolution depends on the longitudinal magnification (My,) of
the microscope objective, which, under some approximation, can be related to its transverse magnification (M)
by

My, = MA. (1)

For a 100x microscope objective, a variation of 1 pum of the axial position of the SHG emitter in the object
space would correspond to a variation of 1 cm of the reconstruction distance in the image space.

3.3 Results

We have tested this method on the stack of holograms we have recorded according to the protocol described in
Section 3.1. For each of the 640 holograms (i.e. 8 holograms at each of the eighty 25 nm steps) the phase of the
constant SHG background generated by the BBO crystal in the object arm (see Fig. 1) was set to zero, to eliminate
the nefast effects of vibrations in the system (see Section 3.1). Each hologram was processed independently. An
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Figure 5. Second harmonic generation (SHG) by a nanoparticle. (a) and (b) Transverse (xy) cross-section of the intensity
of the SHG field, respectively in the hologram plane and after hologram reconstruction in the image plane. Scale bars
are 2 microns. (c) Intensity of the SHG field along the dashed white line trace in (a) and (b) for hologram reconstruction
distances (d) varying between -8 and -15 cm. (d) Color-coded in jet is the maximum SHG field intensity vs reconstruction
distance, for different axial positions of the specimen, when scanned with a piezoelectric stage. Blue squares indicates the
reconstruction distance maximizing the SHG field intensity and black line represents the linear fit of Eq. (1).
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automatic procedure was used for hologram reconstruction and optimization of the reconstruction distance was
based on maximization of the SHG intensity.

Typical reconstructed SHG field intensity in the hologram plane and after numerical propagation to the image
plane are respectively displayed in Fig. 5(a) and 5(b). Fig. 5(c) maps the intensity along the white line present
in the two previous images, for reconstruction distances varying between -15 and -8 cm. For every specimen
position and reconstruction distance, the intensity of the brightest pixel is color-coded in the background of the
graph of Fig. 5(d), where the optimized reconstruction distance is plotted against the axial position returned by
the piezoelectric stage. The graph shows an overall linear relation between axial position of the specimen in the
object space and reconstruction distance (or axial position of the image plane) in the image space. It should be
noted that the objective working distance more or less corresponds to the 0 pm axial position in the graph, where
the slope is more regular and, as expected from Eq. (1), corresponds to M% — plotted in black line. For our
100x objective, moving the specimen by 1 pum causes the reconstruction distance to change by 1 cm. While the
reconstruction distance can theoretically be infinitely small, the real resolution limit is imposed by experimental
conditions. But as the specimen moves too far away from the working distance, aberrations disrupt the linear
relation. From the graph of Fig. 5(d), we evaluate the axial resolution of this method to be a few hundreds of
nanometers, for positions close to the working distance. This is one order of magnitude better than initially
estimated by Hsieh et al.”

3.4 Summary

We evaluate the axial resolution of this method to be roughly 200-400 nm, which compares to Ref.?® and is

much better than many other optical tracking techniques, but still not as high as one would expect from an
interferometric technique. Because this method is based on an imaging scheme, it is very much dependent on
geometrical configuration and optical aberrations, which is a major disadvantage. Indeed, for a specimen lying
far from the optical axis or the objective working distance, the relation between the reconstruction distance and
the real position of the specimen no longer follows Eq. (1). In any cases, that relation is a rough approximation
and is not expected to remain valid for non-ideal imaging conditions. Unfortunately, this method is extremely
time-consuming, therefore incompatible with real-time imaging, since after the complex field is recovered from
each hologram, an optimization routine is needed for determination of the reconstruction distance that maximizes
the intensity of the SHG field. In digital holography, numerical field propagation is the step requiring the most
processing time and optimization routines roughly require to perform between 10 and 100 of these numerical
propagation steps. It is therefore doubtful that this method reaches real-time processing. However, as hologram
recording is only limited in speed by the detector frame rate, a stack of holograms could be recorded live and
processed later to retrieve the axial positions of the nanoparticles.

4. CONCLUSION

In conclusion, we have presented the advantages that digital holography offers to nonlinear microscopy, among
which are the better sampling of weak signals, the coherent amplification and the digital focusing, but also, and
more importantly, the complex field retrieval, which leads to, among the many possibilities digital holography
offer to nonlinear microscopy, 3D-tracking of nanoparticles. With this technique, axial resolutions of 200-400 nm
can be obtained from hologram processing. Furthermore, the technique can be straightforwardly adapted to
other nonlinear fields, such as third harmonic generation, sum- or difference-frequency, or coherent anti-Stokes
Raman scattering. Finally, we believe that it has a bright future in biomedical imaging, for monitoring of targeted
receptors, with use of bio-conjugated nanoparticles.

This work was financially supported in part by the Swiss National Competence Center in Biomedical Imaging
(NCCBI) and by the Swiss National Science Foundation (SNSF), grant #205320-120118.
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