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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 ~λ/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 μm 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 μm. 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 µm, 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 Δℓ = ୭୮ߣ ୭୮/(10݊୫ୟ୶), whereߣ = 775	nm is the operation free-space wavelength with 30 
nm bandwidth, centered at ߣ୭୮ and beam’s focus waist diameter (1/݁ଶ power) is ݓ = 326	nm. Due to 
symmetrical nature of the microsphere and to simplify the process, we simulated a micro-cylinder (݊ெ஼ =2.0) with radius of 25	݉ߤ, placed on top of the sample and is assumed to be immersed in a Phosphate 
Buffered Saline (PBS) solution with refractive index ݊ୠ୥ = 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, ܼ = 0) 
and along the center of the sample (axially, ܺ = 0). Stationary response is obtained by performing a Fourier 

transform at ߣ୭୮, the electric field intensity หܧ(ߣ୭୮)หଶ are depicted in Fig. 1. We placed the focus of the beam 
at ܼ = ܼ and observed a relayed extended axially PSF with a peak at the depth of ݉ߤ	45 =  The .݉ߤ	19−

Proc. of SPIE Vol. 10498  1049833-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(a)

20

18

16

14

12

w 10

8

6

4

2

0
-50

TT?

lonitor

nb

I
I

X.

lonitor at Sar

-410 -310 -210

Z

Soufi

nMc

nple ..---- (p

, /\ A^......a.-_
-io o io

Z (pm)

rce lit e

_77r
t

%

1 D

1,0)

20 30 40

iX

50

40

30

20

10

E
0

N
-10

-20

-30

-40

-50
-50

50

0.8

0.6

0.4

0.2

0
-50 -40 -30 -20

X himl

-10 0 10

X (gm)

AM

20 30 40

 

 

extended ax
The monito

Figure 1- FDT
propagation in
the focus of th

3.1 Imaging

Our microsc
A 1550 nm
repetition r
Photonics) t
Pockels cel
scanner (Su
1.1 was use
(MPC-200)

xial range sta
r at the sampl

TD simulation o
n a micro-cylind
he objective lens 

g Apparatus 

cope is a hom
m, 370 femto
rate of 10 M
to produce a 
ll (Conoptics)
utter instrumen
ed for imagin
. Photon mul

arts from ܼ =
le (Figure 1(d

of light propaga
der and immersio

with higher pea

me built open
osecond puls

MHz was use
775 nm beam
) and scanne
nts MDR-R).
ng. Z-scannin
ltiplier tubes 

= an ݉ߤ	13−
d)) shows the 

ation in a micro
on media with in
ak and the relaye

3. M

n platform sys
ed fiber lase
d. The beam

m for two-pho
d over the sa
 A 60x Olym
ng was perfo
(PMTs) from

nd continues f
rings of the g

-cylinder. (a) Si
ndices of refract
ed focus inside o

METHODS

stem modeled
er (Calmar C

m was freque
oton excitation
ample by a r

mpus (LUMFL
ormed using 

m Hamamatsu

further than ܼ
generated Bes

imulation setup
tion 2.0 and 1.33
of the sample. (d

S 

d after our pr
Cazadero) wi
ency doubled
n of the samp
resonant-galv
LN60x) water
an X-Y-Z st

u (H10770-40

ܼ = ݉ߤ	40−
ssel beam at t

. (b) Simulation
3, respectively. 

d) Monitor at the

revious design
ith wavelengt
d with a SHG
ple. Power wa
vanometer (fa
r immersion o
tage from the
0) were used 

݉, see Figure 
the sample su

n results of 775 
(c) Axial monito
 sample surface.

n [20-22] (Fig
th of 1550 n
G crystal (N
as modulated 
ast axis – slo
objective with
e Sutter Instr
for collection

1 (b,c). 
urface. 

 
nm light 

or, shows 
. 

gure 2). 
nm and 

Newlight 
using a 
w axis) 

h NA of 
ruments 
n of the 

Proc. of SPIE Vol. 10498  1049833-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



i5Onm Fiber las
'0 fsec pulses

(

Lq

>er

BiBO

\
I775nm

U
L3

Motc
mou

= . ,

rized rotatio
int

Objec

ube Lens

nal'

DiM 1

:cive Lens

Sample

Q X-Y
Scanr

L2

F Image

L1

U2I
Di`

F1

ier

Plane

F

 

 

emitted sig
Optics 59-1
used two ch
filter from 
synchroniza
software, Sc

Figure 2 - O

3.2 Sample 

For the exp
paraformald
explained in
mitochondr
animal expe

 

nals from th
178). The sys
hannels for ac

Semrock). A
ation of the sy
canimage, [23

Optical system d

preparation 

periments on t
dehyde for 48
n [24]. The m
ia were stain
eriments were

he sample. Ea
stem is capab
cquisition of S
A National In
ystem, and dig
3] was emplo

diagram. PBS is P

the mouse sk
8 hours at 4°
muscle was r
ed using Tetr
e done in acco

ach signal w
ble of simulta
SHG (using a
nstruments D
gitizing of the
yed to contro

Polarized Beam 

kull we used a
°C. The mou
removed from
ramethylrhod
ordance with 

was amplified
aneous 4-colo
a 390/18 nm S
DAQ card an
e amplified S

ol the microsc

Splitter, DiM is

a cranium col
use soleus mu
m a C57BL/6
damine ethyl 
UGA IACUC

d using a tran
or imaging, bu
Semrock filter
nd FPGA mo
SHG signal. T
cope. 

s Dichroic mirror

llected at 12 w
uscle was pre
mouse 1 ho

(TMRE) for 
C.   

nsimpedance 
ut for these e
r) and TMRE

odule were u
The MATLAB

r, and PMT is Ph

weeks of age
epared accor
ur before im
30 minutes p

amplifier (E
experiments w
E (using a 585
used for cont
B-based Open

hoton Multiplier

e and fixed us
ding to the p
aging. The m
prior to imagi

Edmund 
we only 
5/40 nm 
trol and 
n-source 

 
r Tube, 

sing 2% 
protocol 
muscle’s 
ing. All 

Proc. of SPIE Vol. 10498  1049833-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



-

;;..C
-ko",

 

 

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 ݉ߤ beneath the surface, at the surface, and 35 ݉ߤ	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 ݉ߤ. 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 
 above the surface which corresponds to ݉ߤ to the surface of the muscle and an image generated at 50 ݉ߤ 25−
focal planes about −25 ݉ߤ. Comparing the images at 50 ݉ߤ and −25 ݉ߤ 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 ߤm	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. 
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