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ABSTRACT

Intravital microscopy using multiphoton processes is the standard tool for deep tissue imaging inside of biological
specimens. Usually, near-infrared and infrared light is used to excite the sample, which enables imaging several mean
free path inside a scattering tissues. Using longer wavelengths, however, increases the width of the effective multiphoton
Point Spread Function (PSF). Many features inside of cells and tissues are smaller than the diffraction limit, and
therefore not possible to distinguish using a large PSF. Microscopy using high refractive index microspheres has shown
promise to increase the numerical aperture of an imaging system and enhance the resolution. It has been shown that
microspheres can image features ~A/7 using single photon process fluorescence. In this work, we investigate resolution
enhancement for Second Harmonic Generation (SHG) and 2-photon fluorescence microscopy. We used Barium Titanate
glass microspheres with diameters ~20-30 um and refractive index ~1.9-2.1. We show microsphere-assisted SHG
imaging in bone collagen fibers. Since bone is a very dense tissue constructed of bundles of collagen fibers, it is non-
trivial to image individual fibers. We placed microspheres on a dense area of the mouse cranial bone, and achieved
imaging of individual fibers. We found that microsphere assisted SHG imaging resolves features of the bone fibers that
are not readily visible in conventional SHG imaging. We extended this work to 2-photon microscopy of mitochondria in
mouse soleus muscle, and with the help of microsphere resolving power, we were able to trace individual mitochondrion
from their ensemble.
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1. INTRODUCTION

Microsphere-assisted microscopy has gained attention for near-field ultra-resolution imaging for potential
applications in life and material sciences [1-10]. This method exploits high refractive index microspheres to
improve the optical transfer function of a microscope by locally enhancing its numerical aperture (NA). Early
implementations of this technique used silica microspheres with refractive index of about 1.46 and diameters
in the range 2-9 um. The microsphere was placed on top of the specimen to generate a magnified virtual
image in the far-field [1]. For near-field imaging using microspheres another phenomenon called a photonic
nanojet achieves resolving power smaller than the diffraction-limit of conventional microscopes [11]. A
photonic nanojet is essentially a mode of electromagnetic beam propagation in the vicinity of the
microsphere. The photonic nanojet produces a sharp and intense focus in the near-field which reduces the
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width of the Point Spread Function (PSF) of the microscope and increases the size of its optical transfer
function. Other researchers have tried dielectric microspheres with higher refractive index such as Barium
Titanate glass (index between 1.9 and 2.1), as a way to further improve the resolution [12]. The microsphere
is usually placed in contact with the sample and has been used both with air and water immersion objective
lenses. It has been shown that the immersion medium affects the photonic nanojet properties of the
microspheres and the effective optical transfer function of the microscope [10, 13].

In this paper our focus is on the far-field process, using Barium Titanante glass microspheres, for multi-
photon scanning microscopy. Imaging into highly scattering tissues has been a challenge for many biological
studies. Multi-photon microscopy takes advantage of long wavelength excitation light to penetrate deeper in
to the sample. One of the uses of this method of microscopy is in characterization of tissues by methods such
as Second Harmonic Generation (SHG). SHG has been used to study collagen fibers in muscles [14].
However, applying this method to denser tissues such as bone is non-trivial due to its highly scattering
characteristics [15]. SHG is sensitive to the orientation of the fibers relative to the polarization of the
excitation light. Changing the state of polarization therefore gives comprehensive understanding of the tissue
organization. However scattering tissues cause the polarization state to become distorted when reaches deeper
planes, and increases error of polarimetry. Bessel beams have the potential to overcome this issue due to their
self-healing characteristics and longer axial range [16, 17]. In this work, we produce a Bessel beam by
focusing light into a micro-sphere [18], and demonstrate possibility of polarimetric analysis of collagen fibers
in highly scattering bone tissue. This provides access to individual fibers at the depth of about 35 pm, and
improves the accuracy of polarimetry. We further apply this method of microscopy to 2-photon microscopy
of mitochondria deep in mouse soleus muscle. These magnified images provide spatial information about
mitochondria and their interactions.

2. SIMULATION

We performed Finite-Difference Time-Domain (FDTD) modeling of the microsphere-assisted microscopy to
show propagation of light through the microsphere and generation of a Bessel beam. We used a commercial-
grade FDTD [19] numerical method to give a full-wave vectorial analysis of a Gaussian electromagnetic
beam focused on a microsphere. For this simulation we used exact details from our microscope (e.g., NA,
wavelength, immersion medium) to model the light propagation. The FDTD simulation has a uniform spatial
discretization of A = A,,/(10ny,x), Where Aq, = 775 nm is the operation free-space wavelength with 30
nm bandwidth, centered at A,, and beam’s focus waist diameter (1/e? power) is w = 326 nm. Due to
symmetrical nature of the microsphere and to simplify the process, we simulated a micro-cylinder (ny: =
2.0) with radius of 25 um, placed on top of the sample and is assumed to be immersed in a Phosphate
Buffered Saline (PBS) solution with refractive index npg = 1.33 (Figure 1(a)). Perfectly Matched Layer
(PML) is used on all computational domain boundaries to avoid reflection at the boundary.

The temporal simulation results are recorded by two monitor planes at the sample surface (laterally, Z = 0)
and along the center of the sample (axially, X = 0). Stationary response is obtained by performing a Fourier

transform at A, the electric field intensity |E (/"top)|2 are depicted in Fig. 1. We placed the focus of the beam

op»
at Z = 45 um and observed a relayed extended axially PSF with a peak at the depth of Z = —19 um. The
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extended axial range starts from Z = —13 um and continues further than Z = —40 um, see Figure 1 (b,c).
The monitor at the sample (Figure 1(d)) shows the rings of the generated Bessel beam at the sample surface.
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Figure 1- FDTD simulation of light propagation in a micro-cylinder. (a) Simulation setup. (b) Simulation results of 775 nm light
propagation in a micro-cylinder and immersion media with indices of refraction 2.0 and 1.33, respectively. (c) Axial monitor, shows
the focus of the objective lens with higher peak and the relayed focus inside of the sample. (d) Monitor at the sample surface.

3. METHODS
3.1 Imaging Apparatus

Our microscope is a home built open platform system modeled after our previous design [20-22] (Figure 2).
A 1550 nm, 370 femtosecond pulsed fiber laser (Calmar Cazadero) with wavelength of 1550 nm and
repetition rate of 10 MHz was used. The beam was frequency doubled with a SHG crystal (Newlight
Photonics) to produce a 775 nm beam for two-photon excitation of the sample. Power was modulated using a
Pockels cell (Conoptics) and scanned over the sample by a resonant-galvanometer (fast axis — slow axis)
scanner (Sutter instruments MDR-R). A 60x Olympus (LUMFLN60x) water immersion objective with NA of
1.1 was used for imaging. Z-scanning was performed using an X-Y-Z stage from the Sutter Instruments
(MPC-200). Photon multiplier tubes (PMTs) from Hamamatsu (H10770-40) were used for collection of the
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emitted signals from the sample. Each signal was amplified using a transimpedance amplifier (Edmund
Optics 59-178). The system is capable of simultaneous 4-color imaging, but for these experiments we only
used two channels for acquisition of SHG (using a 390/18 nm Semrock filter) and TMRE (using a 585/40 nm
filter from Semrock). A National Instruments DAQ card and FPGA module were used for control and
synchronization of the system, and digitizing of the amplified SHG signal. The MATLAB-based Open-source
software, Scanimage, [23] was employed to control the microscope.
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Figure 2 - Optical system diagram. PBS is Polarized Beam Splitter, DiM is Dichroic mirror, and PMT is Photon Multiplier Tube,
3.2 Sample preparation

For the experiments on the mouse skull we used a cranium collected at 12 weeks of age and fixed using 2%
paraformaldehyde for 48 hours at 4°C. The mouse soleus muscle was prepared according to the protocol
explained in [24]. The muscle was removed from a C57BL/6 mouse 1 hour before imaging. The muscle’s
mitochondria were stained using Tetramethylrhodamine ethyl (TMRE) for 30 minutes prior to imaging. All
animal experiments were done in accordance with UGA TACUC.
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4. RESULTS

We first tested effect of microsphere imaging on SHG imaging of bone collagen fibers. We show in Fig. 3
images from a Z-stack acquired at 30 um beneath the surface, at the surface, and 35 um above the surface of
the sample where we start to see a magnified version of the sample. The produced image is a factor of 4
magnified image of focal planes at around —30 um. These results show a great agreement with our FDTD
modeling.

Figure 3 - Second Harmonic Generation in bone using microsphere. Z position relative to the surface of the sample is labelled on each
panel, with negative number indicating focused inside of the sample.

The second experiment is 2-photon microsphere assisted imaging of mouse soleus muscle. The soleus muscle
is a posterior crural muscle located in the mouse hindlimb that contributes to plantar flexion torque about the
ankle joint. The soleus muscle is a mitochondria-rich slow-twitch, oxidative tissue that primarily uses
oxidative phosphorylation to generate Adenosine Triphosphate (ATP). The muscle mitochondria are stained
using TMRE, and placed in buffered suitable for protection of mitochondria. Here we show a Z- stack from
—25 pwm to the surface of the muscle and an image generated at 50 um above the surface which corresponds to
focal planes about —25 wm. Comparing the images at 50 ym and —25 um shows many details that were not
otherwise possible to capture in standard 2-photon images and have been revealed in the microsphere assisted
microscopy.

Figure 4 - 2-photon fluorescence imaging of mouse soleus muscle. The labels on the top-left of each panel indicates the location of
focal plane relative to the surface of the sample.
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5. CONCLUSIONS

Diffraction-limited imaging through highly scattering tissues such as bone or muscle is challenging. Even
using long wavelength excitation, acquiring high-resolution images deep inside of the sample is a non-trivial
task. For many biological studies however, it is important to image sub-cellular features that are usually
close-to or sub-diffraction-limit. In this research, we demonstrated two experiments that benefitted from
extra-resolution achieved by microsphere-assisted 2-photon microscopy.

Our FDTD simulations indicate generation of a Bessel like beam with extended axial range that enables 2D
acquisition with improved lateral resolution and extended axial depth. We performed simulations at different
distances between the microsphere and the objective lens. Our simulations show that an extended depth of
about 10 um could be achieved.

We experimentally showed microsphere-assisted enhancement of SHG polarimetry for bone characterization.
Because bone is such a dense environment, it is extremely challenging to acquire accurate polarimetric
information especially at depth.

We also experimentally demonstrated 2-photon microsphere-assisted microscopy of mouse soleus muscle’s
mitochondria. Mitochondria are organelles with a diameter of about 500 nm, which is very close to our 2-
photon PSF size (316 nm). Here we showed imaging of individual mitochondria resolved in thick tissue,
using microsphere assisted 2-photon microscopy.

In future we would perform scanning of the microsphere over the sample using both mechanical methods as
well as optical tweezers to increase the imaging field-of-view.

ACKNOWLEDGMENT

We would like to thank Dr. Hong-xiang Liu and Ms. Naomi Kramer for providing the RFP mouse used for
the SHG imaging. Dr. Jarrod Call and Mr. William Southern provided the mouse soleus muscle and helped
with tissue staining. S. P. acknowledges the support of the European Commission for NEMF21 project; under
the framework Horizon 2020 Future Emerging Technologies (FET) grant No. 664828. We also acknowledge
National Science foundation grant 1706916, Georgia Partners in Medicine REM seed grant, and Georgia
Tech Marcus Center Grant to LJM.

REFERENCES

[1] Z. Wang, W. Guo, L. Li et al., “Optical virtual imaging at 50 nm lateral resolution with a white-light nanoscope,”
Nature Communications, 2, 218(6 pp) (2011).

[2] X. Hao, C. Kuang, X. Liu et al., “Microsphere based microscope with optical super-resolution capability,” Applied
Physics Letters, 99(20), 203102(3pp) (2011).

[3] A. Darafsheh, C. Guardiola, A. Palovcak et al., “Optical super-resolution imaging by high-index microspheres
embedded in elastomers,” Optics Letters, 40(1), 5-8 (2015).

[4] A. Darafsheh, C. Guardiola, D. Nihalani et al., “Biological super-resolution imaging by using novel microsphere-
embedded coverslips,” Proceedings of SPIE, 9337, 933705 (2015).

[5] A. Darafsheh, N. I. Limberopoulos, J. S. Derov ef al., “Advantages of microsphere-assisted super-resolution
imaging technique over solid immersion lens and confocal microscopies,” Applied Physics Letters, 104(6), 061117
(2014).

Proc. of SPIE Vol. 10498 1049833-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[6] A. Darafsheh, G. F. Walsh, L. Dal Negro et al., “Optical super-resolution by high-index liquid-immersed
microspheres,” Applied Physics Letters, 101(14), 141128 (2012).

[71 Z. Wang, “Microsphere super-resolution imaging,” Nanoscience, 3, 193-210 (2016).

[8] F. Wang, L. Liu, P. Yu et al., “Three-Dimensional Super-Resolution Morphology by Near-Field Assisted White-
Light Interferometry,” Scientific Reports 6, 6, 24703 (2016).

[9] F. Wang, H. S. S. Lai, L. Liu et al., “Super-resolution endoscopy for real-time wide-field imaging,” Optics Express,
23(13), 16803-16811 (2015).

[10] A. Darafsheh, “Influence of the background medium on imaging performance of microsphere-ssisted super-
resolution microscopy,” Optics Letters, 42(4), 735-738 (2017).

[11]A. Heifetz, S.-C. Kong, A. V. Sahakian et al., “Photonic nanojets,” Journal of Computational and Theoretical
Nanoscience, 6(9), 1979-1992 (2009).

[12] A. Darafsheh, [Optical super-resolution and periodical focusing effects by dielectric microspheres] Ph.D.
dissertation, University of North Carolina at Charlotte, (2013).

[13] A. Darafsheh, and D. Bollinger, “Systematic study of the characteristics of the photonic nanojets formed by
dielectric microcylinders,” Optics Communications, 402, 270-275 (2017).

[14]X. Chen, O. Nadiarynkh, S. Plotnikov et al., “Second harmonic generation microscopy for quantitative analysis of
collagen fibrillar structure,” Nature Protocols, 7, 654 (2012).

[15]K. F. Tehrani, P. Kner, and L. J. Mortensen, “Characterization of wavefront errors in mouse cranial bone using
second-harmonic generation,” Journal of Biomedical Optics, 22(3), 036012-036012 (2017).

[16]G. Thériault, Y. De Koninck, and N. McCarthy, “Extended depth of field microscopy for rapid volumetric two-
photon imaging,” Optics Express, 21(8), 10095-10104 (2013).

[17]G. Thériault, M. Cottet, A. Castonguay et al., “Extended two-photon microscopy in live samples with Bessel beams:
steadier focus, faster volume scans, and simpler stereoscopic imaging,” Frontiers in Cellular Neuroscience, 8, 139
(2014).

[18]Y. Ben-Aryeh, “Nano-jet related to Bessel beams and to super-resolutions in microsphere optical experiments,” Epj
Techniques and Instrumentation, 4, (2017).

[19][Solutions F. D. T. D.] Lumerical Solutions. Inc., (2003).

[20]L. J. Mortensen, C. Alt, R. Turcotte ef al., “Femtosecond laser bone ablation with a high repetition rate fiber laser
source,” Biomedical Optics Express, 6(1), 32-42 (2015).

[21]K. F. Tehrani, E. G. Pendleton, C. P. Lin et al., "Deep tissue single cell MSC ablation using a fiber laser source to
evaluate therapeutic potential in osteogenesis imperfecta," Proc. SPIE. 9711, 97110D-97110D-8 (2016).

[22]K. F. Tehrani, M. K. Sun, L. Karumbaiah et al., "Fast axial scanning for 2-photon microscopy using liquid lens
technology," Proc. SPIE. 10070, 100700Y-100700Y-6 (2017).

[23]T. A. Pologruto, B. L. Sabatini, and K. Svoboda, “Scanlmage: flexible software for operating laser scanning
microscopes,” Biomed Eng Online, 2, 13 (2003).

[24]K. F. Tehrani, E. G. Pendleton, W. M. Southern et al., “Two-photon deep-tissue spatially resolved mitochondrial
imaging using membrane potential fluorescence fluctuations,” Biomedical Optics Express, 9(1), 254-259 (2018).

Proc. of SPIE Vol. 10498 1049833-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



