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Multiphoton intravital microscopy in small
animals of long-term mitochondrial dynamics
based on super-resolution radial fluctuations
Saeed Bohlooli Darian1, Jeongmin Oh2, Bjorn Paulson2, Minju Cho1,
Globinna Kim1, Eunyoung Tak1,2, Inki Kim3, Chan-Gi Pack1,2,
Jung-Man Namgoong4, In-Jeoung Baek1,2 and Jun Ki Kim 1,2*

We developed  an  imaging  technique  combining  two-photon  computed  super-resolution  microscopy  and  suction-based
stabilization to achieve the resolution of the single-cell  level and organelles in vivo.  To accomplish this,  a conventional
two-photon microscope was equipped with a 3D-printed holders, which stabilize the tissue surface within the focal plane
of immersion objectives. Further computational image stabilization and noise reduction were applied, followed by super-
resolution radial fluctuations (SRRF) analysis, doubling image resolution, and enhancing signal-to-noise ratios for in vivo
subcellular process investigation. Stabilization of < 1 µm was obtained by suction, and < 25 nm were achieved by subse-
quent algorithmic image stabilization. A Mito-Dendra2 mouse model, expressing green fluorescent protein (GFP) in mito-
chondria, demonstrated the potential of long-term intravital subcellular imaging. In vivo mitochondrial fission and fusion,
mitochondrial  status  migration,  and  the  effects  of  alcohol  consumption  (modeled  as  an  alcoholic  liver  disease)  and
berberine treatment on hepatocyte mitochondrial dynamics are directly observed intravitally. Suction-based stabilization
in two-photon intravital imaging, coupled with computational super-resolution holds promise for advancing in vivo subcel-
lular imaging studies.

Keywords: SRRF; in  vivo  subcellular  imaging; mitochondiral  dynamics; multiphoton  intravital  microscopy; super
resolution radial fluctuations
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Introduction
Intravital  microscopy  is  a  transformative  technology  in
biological  sciences,  enabling  high-resolution  imaging  of

cells  and  tissues  within  living  organisms.  It  provides
unique  insights  into  cellular  interactions  in  native  mi-

croenvironments. Initially developed in the 19th century
with  brightfield  transillumination  for  studying  blood
flow1,2.  Intravital  microscopy has  since  evolved with  ad-
vancements,  such as  confocal  microscopy,  structured il-
lumination3, and multiphoton microscopy4,5. These tech-
niques  enhance  imaging  depth  and  detail,  capturing 
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dynamic  physical  and  chemical  interactions  critical  for
understanding diseases and therapeutic responses.

Multiphoton  microscopy,  with  its  nonlinear  optical
excitation,  achieves  deeper  tissue  penetration  and  re-
duced  photodamage  compared  to  confocal  microscopy.
By  utilizing  nonlinear  optical  excitation6,  and  longer
wavelengths7, multiphoton systems minimize photodam-
age,  photobleaching,  and  scattering,  enabling  visualiza-
tion  of  tissue  layers  inaccessible  to  standard  techniques.
Furthermore, advancements such as large-field objective
lenses  enhance  imaging  capabilities  and  provide  more
comprehensive  and  detailed  imaging  results8.  However,
challenges  persist,  such  as  resolving  structures  smaller
than  half  the  wavelength  of  light  due  to  the  optical
diffraction  limit.  Super-resolution  techniques,  such  as
structured  illumination,  PALM,  STORM,  mSTED,  and
optical  fluctuation  imaging9−11 address  these  limitations
but  are  hindered  by  specific  fluorophore  requirements,
photobleaching, and limited penetration depth.

A  computational  super-resolution  technique,  called
super-resolution  radial  fluctuations  (SRRF)12−14,  over-
comes  many  limitations  of  traditional  methods.  SRRF
does not depend on convergence in a modern machine-
learning,  as  it  does  not  involve  a  loss  function  to  mini-
mize or gradient descent optimization. Instead, the algo-
rithm  calculates  the  degree  to  which  intensity  distribu-
tions  resemble  a  radial  symmetry  about  each  pixel  (or
sub-pixel  when a  magnification  factor  is  applied)  in  the
image.  SRRF  enhances  resolution  and  reduces  noise  by
leveraging  the  temporal  correlation  of  radial  symmetry
fluctuations, eliminating the need for iterative optimiza-
tion.  Convergence  is  ensured  by  assuming  each  fluo-
rophore  generates  a  symmetric  fluctuation  pattern
around its true position.

The  SRRF  algorithm  is  compatible  with  standard
wide-field  microscopes  and  itself  has  been  validated  for
microscopy  data  several  times  in  the  literature.  It  has
been  successfully  applied  in  cellular  imaging15,  DNA
measurement16,  calcium  imaging17,  microvascular  ultra-
sound imaging18, and traction force microscopy19. Its ac-
cessibility  makes  it  a  promising  tool  for  advancing  live
imaging.

Physiological  motion  from  sources  like  respiration,
heartbeat, and blood flow presents significant challenges
to intravital imaging, often causing image instability. To
address  these  issues,  stabilization  strategies  are  catego-
rized as  active,  passive,  pharmaceutical,  and algorithmic
approaches20−22.  Active  stabilization  methods  leverage

technologies  such as  piezoelectric  controllers23 and con-
tact  sensors24,  use  real-time  feedback  to  counteract  mo-
tion to enable rapid physical actuation23. However, these
methods often require hardware modifications to the mi-
croscope25,  and  demand  precise,  rapid  actuation,  limit-
ing their accessibility and versatility.

Passive  approaches  include  mechanical  pressure,  ul-
trafast  imaging,  and  time-gated  synchronization  with
physiological  cycles.  While  mechanical  pressure  stabi-
lizes  tissue,  it  risks  impairing  blood  flow  and  biological
relevance26,  whereas  ultrafast  imaging  is  constrained  to
single-shot  scenarios27.  Time-gated  imaging  offers  im-
proved stability28 but is invasive and technically demand-
ing. Tissue clamps, although effective, are unsuitable for
delicate  systems29.  Pharmaceutical  strategies  aim  to  re-
duce motion with drugs30 but risk altering cellular path-
ways  and  are  insufficient  for  organs  with  high  intrinsic
motion, like the heart or lungs, where displacements can
range  from  a  hundred  of  microns  to  0.5  cm  in  a  single
cycle31.

A  promising  passive  strategy  is  suction-based  stabi-
lization29,32−34,  which  uses  negative  pressure  to  minimize
tissue displacement without disrupting organ functional-
ity  or  blood  flow.  This  minimally  invasive35 technique
maintains  a  stable  imaging  plane,  prevents  cell  damage,
and  allows  repositioning  during  imaging.  Suction  stabi-
lization  has  been  particularly  effective  in  dynamic  or-
gans like the lungs and heart, and thorax in mouse mod-
els29,32−34,36, enabling high-resolution, motion artifact-free
intravital imaging across various biological systems. Ad-
ditionally, if any movement was detected within the field
of  view,  an  autocorrelation-based  drift  correction  was
applied  within  the  SRRF  algorithm  to  ensure  accurate
image reconstruction.

Mitochondria, essential for energy production and cel-
lular  adaptation,  play  a  critical  role  in  various  cellular
functions,  encompassing  energy  production,  and  main-
taining  blood-brain  barrier  integrity.  Their  dynamics,
governed  by  fusion  and  fission  processes,  facilitate  the
exchange  of  solutes,  metabolites,  and  proteins37.  Fusion
process38,39 is  mediated  by  Mitofusin  1/2  (outer  mem-
brane) and optic atrophy 1 (inner membrane), while fis-
sion involves  endoplasmic  reticulum interactions  at  mi-
tochondrial DNA-marked constriction sites40.

Mitochondrial  dysfunction  contributes  to  metabolic
disorders  like  obesity41,  insulin  resistance42,  and  dia-
betes43.  However,  imaging  their  structure  and  dynamics
in vivo remains challenging due to technical limitations,
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including  insufficient  resolution  of  confocal  and  multi-
photon  microscopes,  as  mitochondrial  size  in  humans
range from 0.5  to  10 µm in size44,  and tissue movement
artifacts. These obstacles hinder research into mitochon-
drial  functions  and  the  development  of  targeted  thera-
pies.  For  example,  ethanol-induced oxidative  stress45 af-
fects  mitochondria  in  alcoholic  liver  injury46,47,  while
Berberine (BBR)48, a bioactive compound, disrupts mito-
chondrial  function  by  inhibiting  respiratory  complex  I,
leading  to  oxidative  stress  and  apoptosis49.  BBR  is  also
being explored as  a  potential  inhibitor  of  mitochondrial
fission.

We  developed  a  novel  super-resolution  intravital
imaging  technique  combining  two-photon  microscopy,
suction-based  tissue  stabilization,  and  SRRF  post-pro-
cessing  algorithm.  This  enabled  subcellular  imaging  of
fluorescent  mitochondria  in  single  hepatocytes  at
nanometer-scale  resolution.  A  3D-printed  holder  pro-
vided  suction-induced  stabilization,  allowing  high  NA
objective  lenses  for  prolonged  imaging  while  maintain-
ing  blood  flow.  The  system  reduced  tissue  movement
and radial fluctuations for over 30 minutes.

We  validated  the  method  by  imaging  mitochondrial
fission and fusion in Mito-dendra2 fluorescent mice and
observed subcellular changes in models of alcoholic liver
injury  and  BBR  treatment.  This  approach  provides  a
powerful  tool  for  studying  mitochondrial  dynamics  and
cellular  homeostasis in  vivo,  offering  insights  into
metabolic  and  mitochondrial  disorders.  It  holds  poten-
tial  for  advancing  therapeutic  strategies  and  elucidating
biological mechanisms in animal models. 

Methods
 

Animal experiments
All  animal  experiments  followed  the  guidelines  of  the
Korean Ministry of Food and Drug Safety under the Lab-
oratory  Animal  Act  and  were  approved  by  the  Institu-
tional Animal Care and Use Committee of the Asan In-
stitute  for  Life  Sciences  (permit  number:  2021-12-030).
Transgenic mitochondria dendra2 green fluorescent pro-
tein mice (#018397, Jackson Laboratory, USA) were used
and maintained in a local colony.

Mice were housed in groups of five at 23 °C with ad li-
bitum  access  to  food  and  water  under  a  12  hour
dark/light cycle. Anesthesia was induced in 25–35 g male
and female mice via intraperitoneal injection of a zoletil,
rompun,  and  PBS  mixture  (6:4:90,  10  mL/kg).  During

procedures, mice were placed on a heated stage at 37 °C,
intubated,  and  ventilated  (harvard  apparatus  miniVent
845) during imaging. Additional anesthetic was adminis-
tered as needed to prevent movement.

For  intravital  imaging,  an  abdominal  incision  was
made to expose the liver and for surface observation. For
lung and heart imaging, a chest incision was created and
held  open  with  a  retractor  until  the  stabilization  holder
was inserted. Breathing rate and body temperature were
continuously  monitored,  with  similar  surgical  tech-
niques applied to other organs as needed. 

Imaging
We  utilized  a  two-photon  imaging  system  (IVM-MS,
IVIM  Technology)  with  a  Ti:Sapphire  laser  (Coherent
Inc.) at 920 nm to capture high-resolution in vivo mito-
chondrial  images.  The  microscope  is  compatible  with
SHG,  CFP,  GFP,  RFP,  and  Cy5  channels,  and  required
no modifications to the existing microscope setup. Imag-
ing was performed using either an oil-immersion objec-
tive (1.45 NA, 100×, Olympus) or a water-immersion ob-
jective (1.1 NA, 25×, Nikon) for optimal resolution. 

Stabilizer design and implementation
Custom  suction-based  holders  were  designed  in  Solid-
Works  and  3D-printed  to  facilitate  intravital  imaging.
The  holder  features  a  single-chamber  suction  stabilizer
with a  hollow wall  that  transfers  negative pressure from
an external pump to the sample surface. It is adaptable to
various  objective  lenses,  reducing  costs  and  design  ef-
forts,  while  minimizing z-axis  drift  through short  imag-
ing intervals. The base is sealed with 3 mm or 8 mm cov-
erslips  for  vacuum  stabilization  and  compatibility  with
oil  and water  immersion objectives  under  index-match-
ing conditions. Vacuum was maintained via a 3 mm con-
duit  connected  to  a  pump  with  a  regulator,  liquid  ab-
sorber,  and  pressure  valve  to  optimize  suction  while
avoiding immersion material interference.

Vacuum stabilization  allowed reproducible  control  of
object movement, critical for imaging modalities. Serial-
ly  mounted  vacuum  regulators  managed  suction  pres-
sure,  with  adjustments  for  planar  and  angular  position-
ing achieved using a microstage with six degrees of free-
dom.  Negative  pressure  levels,  ranging  from  25–75
mmHg,  were  selected  based  on  the  holder's  geometry,
target,  and  animal  blood  pressure  to  ensure  adequate
contact without damaging the tissue.

Sterile PBS was applied periodically to maintain tissue
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hydration  during  imaging.  The  stabilizer  ensured  suffi-
cient  adhesion without  compressing or  impairing organ
motion,  allowing  unobstructed  blood  circulation  within
the imaging window. 

Image analysis
The images were processed using Fiji 1.54 software50. Re-
gions of  interest  were delineated to measure mean fluo-
rescence signals, and mitochondrial signals were isolated
by  thresholding  to  remove  background  fluorescence.
Background noise was reduced using a denoising model
trained  with  N2V  (Fiji  plugin)51,  complemented  by
Gaussian  filtering  to  optimize  noise  reduction.  Residual
motion was addressed by calculating pixel shifts in time-
series  images  and  applying  registration  or  drift  correc-
tion methods, resulting in signal-enhanced 2D images.

Additionally,  the  SRRF  algorithm12 was  used  to  en-
hance  image  resolution  from  stacks.  Original  and  en-
hanced images  were  compared,  with  FRC maps  validat-
ing the resolution improvement, using a fixed 1/7 thresh-
old value52. All processing steps were performed with Fi-
ji plugins. To summarize all this, a schematic flow-chart
of the analysis process is shown in Supplementary infor-
mation Fig. S1. 

Imaging of cellular lipid vesicles
Lipids  were  labeled  using  120  µL  of  1.67  mM  SF4453,54

dye (SPARK Biopharma,  Seoul,  South Korea)  diluted in
DMSO,  heated  to  body  temperature,  and  administered
via intraocular injection 30 minutes before imaging. The
SF44 dye, with absorption at 445 nm and emission at 611
nm,  enabled  visualization  of  lipid  vesicles,  distinguish-
ing them from other targets. Lipid area was calculated by
analyzing the blue channel representing lipid droplets. 

Alcoholic liver disease model
To assess the clinical relevance of our imaging setup, we
simulated an alcoholic liver disease model  in mice.  This
model, based on previous studies47, enabled the observa-
tion  of  changes  in  hepatocytes,  lipid  vesicles,  and  mito-
chondria during ethanol ingestion. Three groups of eight
mice  (six  to  eight  weeks  old,  1:1  gender  ratio)  were  fed
varying  amounts  of  ethanol  (70%,  Daejung  Reagent
Chemicals,  CAS  No:  64-17-5)  via  oral  gavage.  The  first
group received a single dose via oral gavage, another re-
ceived three doses at 12 hour intervals55. The third group
was  fed  a  Lieber-DeCarli  (LD)  Diet46 containing  36%
ethanol  for  2  weeks,  followed  by  a  single  dose  of  EtOH

via oral gavage to create a more severe injury. A control
group  was  fed  a  non-ethanol  diet  with  a  maltose
gavage56.  Mice were imaged across multiple sessions un-
der anesthesia. After each imaging session, the mice were
sutured and given pain management with ketoprofen (5
mg/kg, diluted to 1 mg/mL concentration). The details of
the  EtOH-administered  models  are  summarized  in
Table S1. 

Mitochondrial transition state
Mitochondrial  state  analysis  was  conducted  using  the
Mitometer,  a  MATLAB  application57.  To  assess  mito-
chondrial  transitions,  we  examined  the  effects  of  a  fis-
sion  inhibitor.  Mitochondrial  shape  was  analyzed  with
the  Mitochondrial  Network  Analysis  workflow58 in  Fiji,
which quantified parameters like average branch length,
network size, and mitochondrial coverage area. 

Fission inhibitor
Berberine (BBR), a traditional Chinese medicine, has an-
tioxidant and anti-apoptotic properties, protecting mito-
chondrial  function  and  mitophagy  under  oxidative
stress. It reduces cytochrome c expression and improves
mitochondrial dysfunction by enhancing membrane po-
tential (ΔΨm) and ATP production.

Following  Berberine  (BBR)  (Sigma-Aldrich,  Cat.  No:
B3251)  administration,  a  model  mimicking  alcohol-in-
duced  acute  liver  injury  was  established  to  assess  BBR
protective  effects.  Mice  were  divided  into  four  groups:
control,  ethanol,  and two BBR-treated groups.  The con-
trol and ethanol groups received an equal volume of ve-
hicle,  while  the  BBR-treated  groups  were  administered
BBR at doses of 200 mg/kg/day and 300 mg/kg/day for 7
days.  After  treatment,  the  control  group  received
saline59,60 and  other  groups  received  three  doses  of
ethanol (6 g/kg, every 12 hours).

In  a  separate  experiment,  we  used  a  chronic  ethanol
feeding model combined with BBR treatment to investi-
gate  BBR's  effects  on  mitochondrial  fission.  Mice  were
divided  into  in  three  groups  and  they  were  fed  an
isocaloric  LD  diet  with  either  0%  or  36%  ethanol  for  2
weeks.  The  groups  included  Control,  LD  Diet,  and  LD
Diet with BBR (120 mg/kg/day), the BBR dose was based
on prior studies46. The control group received a liquid diet
without  ethanol,  while  the  other  two groups  were  given
an  LD  Diet  containing  36%  ethanol  following  a  single
dose of ethanol46,61. The details of the BBR-treated models
are summarized in Supplementary informationTable S2. 

Darian SB et al. Opto-Electron Adv  8, 240311 (2025) https://doi.org/10.29026/oea.2025.240311

240311-4

 This is an early view version and will be formally published in a coming issue with other articles in due time.

https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311


H&E staining
The  mice  were  sacrificed  to  obtain  the  primary  organs
for  H&E  staining.  The  organs  were  then  fixed  in  a  4%
paraformaldehyde solution for at least 24 h before being
made  into  paraffin  sections.  Subsequently,  they  were
H&E stained to visualize cellular morphology62.
 

Immunofluorescence staining
Organs were harvested from animals, fixed in sucrose for
24 h,  and processed into frozen blocks,  which were sec-
tioned  into  cryosections.  For  antigen  retrieval,  tissue
slides  were  placed  in  0.01  M  sodium  citrate  solution,
boiled  for  3  minutes,  and  then  incubated  in  a  sodium
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citrate  Tween  20  solution  for  1  hour  at  room  tempera-
ture.  After  six  washes  with  distilled  water  and  PBS,  the
slides were incubated overnight at 4 °C with a 1:200 dilu-
tion  of  anti-GFP  antibody  (Abcam,  UK  ,  ab290  rabbit
antibody).  The next day,  the slides were washed and in-
cubated for 2 hours at room temperature with Alexa Flu-
or 555 goat anti-rabbit IgG (Abcam, UK) secondary anti-
body. Following additional washes, the slides were coun-
terstained  with  1:1000  diluted  DAPI  (Invitrogen,
Waltham,  Massachusetts,  USA)  for  5  minutes.  After  fi-
nal  washes,  the  slides  were  mounted  and  visualized  us-
ing a confocal microscope (LSM880, Zeiss). 

Results
A suction stabilization device was designed for intravital
imaging, enabling long-term stack collection essential for
computational  resolution  enhancement  algorithms  like
SRRF  to  achieve  nanoscale  imaging  of  in  vivo  subcellu-
lar  structures.  It  integrates  previously  established  tech-
niques  not  applied  at  this  scale  for  intravital  imaging.

This device,  as shown in Fig. 1(a),  attaches to the objec-
tive  lens,  featuring  a  "wet"  chamber  with  a  transparent
imaging  window.  Suction  immobilizes  tissue,  enabling
high  numerical  aperture  use  and  reducing  motion  arti-
facts  from  cardiac  and  respiratory  activity  (Fig. 1(b)).
Despite  residual  motion,  lateral  displacement  was  mini-
mized  and  further  corrected,  as  demonstrated  in Fig.
1(c).  Radiality  analysis  and  optimization  of  the  ring  ra-
dius enhance the performance of the SRRF algorithm, re-
sulting in improved resolution. 

Device resolution
The device resolution was calibrated by imaging fluores-
cent  micro-beads  using  conventional  two-photon  mi-
croscopy.  The  acquired  data  were  then  processed  with
the  algorithm  specified  under  "Image  analysis"  above,
which includes denoising and image enhancement using
the SRRF algorithm to achieve improved resolution and
clarity. As shown in Fig. 2, conventional two-photon mi-
croscopy achieved resolutions between 0.5 μm and 1 μm,
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while SRRF-enhanced images approximately doubled the
effective resolution. Fourier ring correlation (FRC) anal-
yses63,64 revealed average  resolutions  of  640 nm for  con-
ventional and 250 nm for SRRF-enhanced imaging. The
worst resolution for SRRF images was still superior to the
best  conventional  two-photon  images.  To  further  assess
the  imaging  setup,  the  resolution  of  both  the  two-pho-
ton  and  SRRF  pipelines  was  compared  with  a  Airyscan
confocal microscope using ex vivo mouse liver histology,
as shown in Supplementary informationFig. S2. 

Suction stabilization for in vivo imaging
The efficacy of the proposed method was experimentally
evaluated  through  abdominal  skin  imaging.  Epidermal

imaging  was  achieved  after  preparation  of  the  region,
and  suction  stabilization  showed  clear  effectiveness,  as
demonstrated  in  Supplementary  Movie  1. Figure 3 pro-
vides  example  images  of  the  abdominal  skin,  which  is
typically  distorted  by  cardiac  motion.  In Fig. 3(a),  im-
ages  were  captured  at  regular  intervals,  both  with  and
without suction stabilization. As clearly illustrated by the
red triangle and yellow circle markers, which indicate re-
gions of interest (ROI), the unstabilized images not only
exhibit  fluctuations  and  movement  of  the  ROI  but  also
reveal changes in morphology due to motion in the XYZ
directions.  In  contrast,  the  stabilized  images  demon-
strate  smooth,  consistent  imaging,  with  minimal  move-
ment  and  greater  stability  in  both  the  field  of  view  and
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the tissue morphology. Figure 3(b) presents  quantitative
comparisons  between  imaging  with  and  without  stabi-
lization,  evaluating  key  parameters  such  as  intensity,
drift,  and  autocorrelation  values  to  assess  the  impact  of
stabilization.

To quantitatively assess stabilization, we calculated the
standard deviation of intensity, temporal drift, and auto-
correlation  for  the  full  image  and  depicted  profile  (Fig.
3(c)). Drift was measured using the first frame as a refer-

ence  (Fig. 3(d)),  and  drift  and  intensity  plots  for  stabi-
lized  versus  unstabilized  images  are  shown  in Fig. 3(e).
Results  indicated  that  stabilized  image  exhibited  lower
intensity  deviations,  reduced  temporal  drift,  and  more
consistent  autocorrelation65.  Specifically,  the  mean  tem-
poral  intensity  standard  deviation  was  26.3  for  unstabi-
lized and 9.2 for stabilized profiles, improving the signal-
to-noise  ratio  from  0.85  to  2.08.  Additionally,  the  root
mean square (RMS) deviation from the mean pixel shift
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was 0.56 µm for stabilized images and 7.2 µm for unsta-
bilized  images,  as  shown  in Fig. 3(e).  Furthermore,  the
Pearson's correlation coefficient for the stabilized images
was  0.90,  indicating  a  high  degree  of  similarity  between
consecutive  frames,  compared  to  0.20  for  the  unstabi-
lized  images,  highlighting  the  effectiveness  of  the  stabi-
lization process. 

Image enhancement via SRRF in suction-stabilized
two-photon microscopy
Tissue stabilization facilitated SRRF imaging by enabling
the  acquisition  of  nearly  identical  image  sequences.  SR-
RF-enhanced images of  mouse skin demonstrated supe-
rior  resolution,  characterized  by  sharper  intensity  peaks
in mitochondrial  fluorescence compared to  convention-
al  two-photon  stacks.  These  enhanced  images  exhibited
increased intensity,  improved signal-to-noise ratios,  and
finer structural details while maintaining the full field of
view  (Fig. 4(a)).  Line  profiles  from  enhanced  images
were  consistently  narrower,  emphasizing  enhanced  fea-
ture sharpness (Fig. 4(b)). High-resolution images of the
exteriorized  murine  liver  were  acquired  at  15  fps  using
SRRF  on  image  stacks.  While  capturing  thousands  of
frames was feasible,  it  significantly increased motion ar-
tifacts  and  processing  time.  The  raw  liver  image  (Fig.
4(c)) and its magnified view (Fig. 4(d)) revealed intricate
mitochondrial  structures.  SRRF enhanced  image  clarity,
enabling  clear  distinction  between  cell  nuclei  and  mito-
chondria. Z-scanning  (Fig. 4(e))  and  3D rendering  (Fig.
4(f))  provided  detailed  view  of  mitochondrial  networks
within hepatocytes.

Supplementary  Movie  2  and  3  show  3D  animations
and  time-lapse  enhanced  imaging,  highlighting  mito-
chondrial changes over time, with potential clinical rele-
vance in  vivo.  Supplementary Fig.  S3 shows  that  SRRF
processing enhanced feature resolution, reducing the full
width  at  half  maximum  from  1  µm  in  the  original  im-
ages  to  300–600  nm  in  enhanced  images. Figure  S4
demonstrates  that  enhanced  images  of  various  organs
(kidney, heart, brain, small intestine, colon, liver) closely
resembled  H&E-stained  histology,  offering  higher  reso-
lution and enabling in vivo imaging prior to biopsy. 

Demonstration of mitochondrial imaging in acute
ethanol-induced liver injuries
We assessed the impact of ethanol on murine liver mito-
chondria and hepatocyte morphology in three groups of
mice  treated  with  berberine  (Fig. 5).  The  control  group

received  a  standard  diet,  a  vehicle  solution,  and  three
doses of PBS. The first treatment group received the ve-
hicle followed by three ethanol doses (6 g/kg) at 12-hour
intervals.  The  second  and  third  groups  were  given
berberine  at  different  doses  and  three  doses  of  ethanol,
similar  to  the first  group.  Mitochondrial  dynamics  were
monitored  in  real-time  using  enhanced  SRRF  imaging.
In  the  control  group,  Dendra2-tagged  mitochondria
were  elongated  and  interconnected,  whereas  ethanol
treatment  shortened  and  rounded  them.  Berberine  (10
mg BBR, 300 mg/kg/day) restored mitochondrial length,
which  was  reduced  by  22%  with  ethanol,  and  normal-
ized  mitochondrial  morphology57,  including  roundness
and solidity, to control levels (Fig. 5).

Imaging  of  the  mito-Dendra2  mouse  liver  under
ethanol  and  BBR  treatment  revealed  significant  gaps  in
the  mitochondrial  network,  though  the  cause  of  these
holes —whether  from  cell  nuclei,  lipids,  vesicles,  or  gas
bubbles—remained unclear. 

Distinguishing nuclei from lipids with SF44 in liver
mitochondrial morphology
To  investigate  the  origin  of  voids  in  the  mitochondrial
network,  intravital  imaging using SF4453,  lipid stain was
performed  in  a  mouse  model.  It  was  hypothesized  that
these  voids  stem  from  hepatic  lipid  droplet  accumula-
tion.  Mice  were  fed  the  Lieber–DeCarli  (LD)  diet66 and
divided  into  three  groups:  LD  control,  LD  with  ethanol
(EtOH), and LD with EtOH plus berberine (BBR) treat-
ment. Figure  S5(a) shows  a  significant  increase  in  lipid
vesicle  number and size  in the ethanol  and BBR-treated
groups.  SF44  staining  distinguished  lipid  droplets  from
other  cellular  components,  and  intravital  imaging  con-
firmed lipid-filled vacuoles in hepatocytes.

Supplementary Fig.  S5(b) shows  the  mean  area,  total
area,  and  total  number  of  lipid  vesicles.  The  data  indi-
cate  that  ethanol  and  BBR  treatment  promoted  droplet
agglomeration,  with  vesicle  size  increasing  and  their
number  decreasing.  This  confirmed  the  formation  of
large lipid vesicles  in hepatocytes.  Notably,  lipid droplet
accumulation  was  also  observed  in  the  BBR  group,  de-
spite its potential as a treatment for liver cirrhosis and al-
coholic fatty liver disease. 

Direct real-time observation of mitochondrial fission,
fusion, and motion tracking
The in  vivo tracking  of  mitochondrial  dynamics  is  cru-
cial for understanding mitochondrial pathologies.  Using

Darian SB et al. Opto-Electron Adv  8, 240311 (2025) https://doi.org/10.29026/oea.2025.240311

240311-9

 This is an early view version and will be formally published in a coming issue with other articles in due time.

https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311
https://doi.org/10.29026/oea.2025.240311


 

10 μm

Original image Enhanced image Merged

0 2 4 6 8 10 12 14
Length (μm)

In
te

ns
ity

 (a
.u

.) Original image Enhanced image

0 2 4 6 8 10 12 14
Length (μm)

Original image Enhanced image

0 2 4 6 8 10 12
Length (μm)

Original image
Enhanced image

a

b

c

e

d

f

25 μm

40
 μ

m

10 μm

y
x

y

x
z

z

y

y
x

x

y

x
z

z z

Original image Enhanced image

Fig. 4 | Intravital two-photon skin and liver imaging with suction stabilization. (a) Comparison between the original image (left, red line) and the

enhanced version (middle, yellow line), with the merged image (right) displaying half of the original image overlaid with the enhanced image for

direct visual contrast. (b) Pixel intensities shown along the solid and dashed profiles, revealing sharper image features in the enhanced image.

(c)  Demonstrate  original  hepatocyte  imaging.  (d)  Hepatocyte  imaging  with  denoising,  image  registration,  and  SRRF.  Scale  bar,  10  µm.  (e)

Schematic of z-scan enhanced imaging enabled by image stabilization, showing image stacks at depths from 40 µm. (f) 3D visualizations of the

enhanced image z-stack. The upper row shows the hepatocytes and the lower one demonstrates the blood vessels tagged by Texas red dextran.

Darian SB et al. Opto-Electron Adv  8, 240311 (2025) https://doi.org/10.29026/oea.2025.240311

240311-10

 This is an early view version and will be formally published in a coming issue with other articles in due time.

https://doi.org/10.29026/oea.2025.240311


suction  stabilization,  time-lapse  SRRF  enhanced  imag-
ing  employed  to  capture  mitochondrial  behavior  in  the
mouse liver. Figure 6(a) shows steady-state images of un-
treated  liver  mitochondria,  highlighting  their  varying
connectivity,  with  fused  mitochondria  appearing  long

and  string-like,  and  fissioned  ones  being  short  and
round. Fusion and fission events were observed simulta-
neously  in  the  same field  (Fig. 6(b)),  with  arrows mark-
ing fusion and arrowheads indicating fission. This setup
enabled stable and high-resolution imaging over extended
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periods.
To automate mitochondrial tracking, we used the Mit-

ometer framework by Lefebvre et al.67 to analyze control,
ethanol-fed  (EtOH),  and  berberine-treated  (BBR)  mice
over a 10 second interval. Segmented SRRF images (Fig.
6(c))  allowed  tracking  of  individual  mitochondria,  de-
picted  as  randomly  labeled  objects.  Comparative  analy-
sis revealed significant differences in mitochondrial mor-
phology  and  mobility,  including  axis  lengths,  displace-
ment,  solidity,  and  speed  (Fig. 6(d)).  Control  and  BBR-
treated mice showed elongated mitochondria, indicating
less  circular  morphology  and  reduced  fission,  while
EtOH-fed mice exhibited lower speed and displacement,
reflecting diminished energy and dynamics.

Supplementary informationFig. S6 and Movie 4 show-
case  mitochondrial  transitions,  revealing  individual  fis-
sion and fusion events. Over longer timescales, dynamic
waves  of  high-fusion  and  high-fission  regions  traverse
the 110-micron field of view.

These  findings  highlight  altered  metabolism,  mito-
chondrial  dysfunction,  and  cellular  stress  in  alcohol-
damaged  hepatocytes,  offering  insights  into  mitochon-
drial  displacement  and  mobility  in  these  pathological
states. 

Discussion
We  developed  an  optical  setup  enabling in  vivo super-
resolution imaging using two-photon microscopy at sub-
micron  scale  resolution  providing  physiologically  rele-
vant images68,69. Suction-based passive stabilization, used
at  25  mmHg,  minimized  invasiveness,  preserved  blood
circulation,  and  limited  tissue  damage,  remaining  effec-
tive without visible damage up to 100 mmHg, below typ-
ical  mouse  blood  pressure70.  Previous  research  has  also
indicated  that  suction  devices  have  negligible  effects  on
perfusion71 at  pressures  of  75  mmHg,  although  a  slight
suppressive effect has been observed72. This reduced car-
diac  motion  artifacts  from  hundreds  of  pixels  to  under
10,  surpassing  previous  methods32 that  relied  on  active
modulation or image gating. Computational frame regis-
tration further enhanced precision while maintaining tis-
sue integrity.

Compared to earlier approaches29,32−34,73, our device in-
tegrates seamlessly with the microscope objective or can
be  free-mounted  above  the  tissue,  allowing  for  pro-
longed experiments and subcellular feature tracking with
minimal  tissue  disruption.  This  enables  continuous  ob-
servation of disease progression and treatment effects in

vivo.
Using the SRRF technique, we captured super-resolu-

tion  images  of  mitochondrial  dynamics  during  alcohol-
induced liver disease and treatment with a mitochondri-
al  fission  inhibitor.  While  both  suction  and  SRRF  have
been employed separately in several  investigations,  their
combined  use  for  sub-micron  scale  intravital  imaging
and 3D reconstruction of mitochondrial networks is un-
precedented.  This  approach  facilitates  rapid,  repeated,
and  extended  time-lapse  imaging  without  the  limita-
tions  of  fluorophore  bleaching  or  structured  illumina-
tion used by super-resolution techniques.

We  investigated  the  impact  of  alcohol  and  berberine
(BBR)  treatment  on  hepatic  lipid  vesicles  (Supplemen-
tary Fig.  S5).  Lipids  play  a  crucial  role  in  ethanol-in-
duced  liver  injury  due  to  their  involvement  in  ethanol
metabolism.  Ethanol  is  primarily  metabolized74 in  the
liver  via  two  pathways:  the  alcohol  dehydrogenase
(ADH)  pathway75,  which  converts  ethanol  to  the  toxic
acetaldehyde, and the microsomal ethanol oxidizing sys-
tem (MEOS) pathway76, which generates reactive oxygen
species (ROS)77.  Chronic alcohol consumption enhances
the  MEOS  pathway,  leading  to  ROS  accumulation  and
lipid  peroxidation.  This  process  damages  liver  cells  and
contributes  to  steatosis,  marked  by  fat  accumulation  as
lipid droplets. Thus, lipid accumulation is a critical indi-
cator of ethanol-induced liver damage mediated by ROS
and lipid peroxidation.

We observed lipid droplet accumulation and potential
agglomeration in mouse livers following an alcohol-con-
taining diet, undetectable by conventional imaging. This
effect  was  exacerbated  by  berberine  (BBR)  treatment,  a
potential  therapy  for  liver  cirrhosis  and  alcoholic  fatty
liver disease78. In the alcohol-fed group, lipid droplet size
increased while  count  decreased.  BBR treatment  further
enlarged vesicles and reduced droplet numbers, suggest-
ing either a therapeutic mechanism or a side effect.

Lipid droplet size reflects cellular metabolic status, in-
dicating  increased energy  storage  capacity  and potential
cellular  stress.  These  droplets  interact  with  mitochon-
dria  and  the  endoplasmic  reticulum,  linking  their  size
changes  to  shifts  in  energy  metabolism  and  cellular
processes.

We  investigated  berberine's  (BBR)  protective  effects
on  liver  mitochondria  under  alcohol-induced  stress.
Binge  drinking  reduced  mitochondrial  length  by  22%,
while  BBR  pretreatment  (10  mg,  300  mg/kg/day)  re-
stored  it  near  control  levels.  Beyond  its  known  role  in
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enhancing  mitochondrial  function  by  boosting  respira-
tion and ATP production79,80, our study reveals BBR's in-
fluence  on  mitochondrial  morphology.  BBR  treatment
also  increased  antioxidant  enzyme  activity  and  reduced
mitochondrial ROS, mitigating oxidative stress and low-
ering  the  mitochondrial  fission,  with  stronger  effects  at
higher doses (Fig. 5(b)).

We observed that suction increased blood flow rate in
vessels,  independent  of  vessel  diameter.  While  negative
pressure  treatments  can  therapeutically  enhance  blood
flow72,  the  risk  of  capillary  rupture  must  be  considered.
Comparing  conditions  without  suction,  slight  pressure
from  a  slide  glass,  and  suction  (Supplementary Fig  S7,
Supplementary Movie 5), no capillary ruptures were ob-
served,  although  capillary  dilation  was  not  specifically
examined.  Additionally,  to  ensure  that  the  SRRF  algo-
rithm  does  not  alter  the  morphology  of  the  target,  we
captured images of  microbeads and stained tissue paper
before  and  after  applying  SRRF  for  comparison.  These
references provide a structural  benchmark to verify that
the  algorithm  preserves  the  original  morphology  (Sup-
plementary Fig. S8). Similar work has been done by Cul-
ley et al. to show the fidelity of SRRF to both diffraction-
limited fluorescence microscopy52 and to physical super-
resolution fluorescence methods like dSTORM12.

Suction stabilization, while effective for reducing mo-
tion  artifacts,  carries  a  risk  of  tissue  damage81.  During
prolonged imaging sessions (e.g., 3 hours), issues such as
blood accumulation near the imaging site and tissue sur-
face  drying were  noted but  mitigated with periodic  PBS
application.  Although  blood  redistribution  occurred
post-imaging  and  no  damage  was  observed  in  our  ses-
sions, extended imaging may still pose a risk of localized
ischemia,  as  tissue  color  normalized  once  suction  was
discontinued.  Additionally,  to  ensure  the  accuracy  and
reliability  of  our  proposed  method  to  estimate  the  im-
pact  of  negative  pressure  on  cellular  morphology,  we
conducted an experiment to analyze lipid size in the ex-
posed liver, both with and without suction. This analysis
provided  valuable  insights  into  the  effects  of  suction  on
lipid morphology, further reinforcing the validity of our
findings (Supplementary Fig. S9).

The  suction  stabilization  method  combined  with  the
SRRF  algorithm  offers  versatile  applications,  from  in-
travital imaging in mice to other animal models and po-
tential clinical use. This approach enables organelle-level
mechanistic studies and drug evaluations in vivo,  adapt-
able to various microscopes and imaging techniques, in-

cluding  structured  illumination  and  fluorescence  life-
time imaging. Notably, the device's attachment to objec-
tive  lenses  improves  compatibility,  expanding  its  use
across various imaging systems. 

Conclusion
In  conclusion,  we  integrated  super-resolution  tech-
niques with two-photon microscopy for intravital  imag-
ing of GFP-labeled mitochondria in live mice. This stabi-
lization  method enables  a  clear  real-time observation  of
mitochondrial  transitions,  addressing  challenges  in
imaging  dynamic  organelles in  vivo.  Our  findings  high-
light  the  potential  of  super-resolution  imaging  to  ad-
vance  mitochondrial  research  by  revealing  subcellular
processes in their native context.
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