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perform IVM with tolerable vibrations. There is therefore a
need to develop a simple and effective method to suppress liver
vibration during IVM imaging.

Here, we developed a technique to achieve sufficient
vibration suppression by covering the mouse liver with a
commercially available polyethylene (PE, verified in Support-
ing Information Characterizations) film after abdominal
dissection, which was termed the film-assisted microscopic
image stabilization (FAMIS) method. We have identified
liquid bridges between a liver and a glass slide due to the well-
known wet adhesion. These bridges are microscale liquid
connections between adjacent surfaces, which can form an
immobilized interface.37 By covering the liver with the PE film,
the liquid-bridge-immobilization mechanism was exploited to
stabilize the liver during IVM (Figure 1a). We have further
prototyped a microscope-integrated FAMIS device to simplify
the sample preparation procedure with controllable liver-film
interaction. We have demonstrated that the FAMIS method
can remarkably decrease liver vibration. The level of vibration
suppression can be further tuned by adjusting the tension
applied to the PE film. To demonstrate the application of
FAMIS, we have observed the liposome phagocytosis process
in mice with significantly improved image and video quality. In
the long run, the FAMIS method will not only play an
important role in the field of IVM but also has the potential to
be applied to vibration damping of precision instruments and
suppression of organ tremor-related diseases.

■ EXPERIMENTAL SECTION
Materials. The following items were used as received: phosphate

buffer saline (PBS, 0.01 mol/L, Share-bio), 2, 2, 2-Tribromoethanol
(avertin, Acros Organics), mineral oil (Aladdin), rhodamine B
(CHClN2O3, 0.3 mg/mL, ADAMAS-β), and ethyl alcohol (EtOH,
75%, Sinopharm).

Animals. Six to ten-weeks-old C57BL/6 mice were used for all in
vivo experiments. Mice weighing approximately 20 g were supplied by
Charles Rivers. The mice were housed 5 per cage under Specific

Pathogens Free (SPF) conditions, maintaining a temperature of 23 ±
2 °C, relative humidity of 55 ± 5%, and noise levels at or below 60
dB. Food and water were provided ad libitum. All protocols were
approved by the Institutional Animal Care and Use Committee,
IACUC at Shanghai Jiao Tong University (approval A2023221-001).

Samples Preparation of the Mouse. An adult healthy mouse,
Csf1r-EGFP (MacGreen), JAX Strain #: 018549, with green
fluorescent protein genes was prepared. The mouse underwent
abdominal dissection, and the liver was carefully flipped out of the
abdomen and immobilized in four different patterns for better access.
Mouse liver L1 was free without any restriction and stayed alive
during the entire IVM imaging process, while the liver samples L2 ∼
L4 were fixed in different ways, including being covered with a wet
tissue, covered with a film strip, and released with the film strip.
Furthermore, fluorescent liposomes (FL) were administered via tail
vein injection in the mouse using L1 and L3 as a basis to fabricate
samples FL1 and FL2. These samples were then characterized to
validate the vibration-damping efficacy of the FAMIS device under
actual application conditions.

Sample Preparation of L1 ∼ L4. As detailed in the abdominal
dissection protocol by Kubes et al.,28 we prepared forceps, scissors, a
cauterizer, and other instruments (Figure S1) for the dissection of the
mouse. We anesthetized the mouse and dissected the abdominal
cavity, carefully exteriorizing the liver and adhering it to a glass slide
to complete the preparation of sample liver L1. The specific
preparation procedure is detailed in the Supporting Information
FAMIS method and Figure S2. The prepared sample L1 is depicted as
shown in Figure S3a. Samples L2 ∼ L4 are prepared by restraining L1
using different methods. Among them, L2 (Figure S3b) is covered
with a small piece of Kimwipes on the liver, which is what Kubes28

employed. L3 (Figure S3c) is covered with a piece of a PE film strip.
L4 is prepared by loosening the PE film on the liver (Figure S3d).

Samples Preparation of FL1 and FL2. The samples FL1 and
FL2 were prepared by injecting the mouse sample L1 using DiI FL,
where the preparation process of DiI FL is as follows. Briefly, soy bean
L-α-phosphatidylcholine (PC, 20 mg), cholesterol (2 mg), and
fluorophores (25 μg DiI) were dispersed in chloroform and placed in
a round-bottom flask, and then the solvent was evaporated in a rotary
evaporator (at 37 °C, 100 rpm and 200 Pa). The formed thin film was
hydrated at 37 °C by adding 1 X phosphate buffered saline (PBS), pH
= 7.4. The suspension was dispersed by sonicating for 3 min (22 kHz)

Figure 1. The FAMIS method and its impact. (a) The FAMIS method with the liver covered by a piece of PE film. (b) Retraction inhibition effect
of the FAMIS method. Dashed circles are the former positions of the red dots. (c) The vibration damping effect of the FAMIS method. The two
sets of data show the vibration amplitude of the liver in a restriction-free condition and covered by the PE film, respectively. Two frames of each
video are taken to show the microscopic effect visible to the naked eye.
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in water bath, and then homogenized by extrusion through
polycarbonate membranes (Waterman) with 1.0 μm pore size. The
FL samples were prepared with a total lipid concentration of 22 mg/
mL in PBS (pH 7.4) for the IVM experiments.

Preparation of the FAMIS Device. The FAMIS device secures
the liver by stretching the PE film covering the liver surface through a
dovetail slide. For ease of operation, the roller that restrains the PE
film strip is designed to flip upward and can be clamped by a buckle.
Additionally, a gear rack mechanism is designed to adjust the mouse
to expose as much of the liver as possible. All components and their
assembly processes are displayed in Figure S4.

IVM Imaging and Observation of the Samples. Prepared
samples were placed on a microscope stage for imaging. During the
observation of L3, the knob was rotated to gradually stretch the PE
film until the vibration amplitude of the liver was satisfactory.
Thermal insulation was turned on to keep the mouse warm. Liver
activities were observed, and videos were recorded. Throughout the
entire sample preparation and observation process, it was necessary to
moisten the liver and other organs with a cotton swab dipped in PBS
every 10−15 min.

■ RESULTS AND DISCUSSION
Retraction Control and Vibration Damping via PE

Film. Recording videos for post-event analysis is crucial for
IVM imaging. We captured two sets of motion videos of the
liver (Supporting Information Movie 1) from the abdominal
dissected mouse: (i) liver flipped on the glass slide and restrain
free (i.e. reference) and (ii) liver flipped on the glass slide and
covered with the PE film (i.e. FAMIS sample). The videos
consist of 149 frames each, with a duration of 15.5 s at a frame
rate of 9.6 frames per second. We have observed that liver
movements consist of a combination of vibration and
retraction. Changes in liver position (i.e., retraction) over
time were tracked and fitted with exponential functions by the
least-squares method, which we have termed the “retraction
curve.” Any remaining liver motion that deviates from this
retraction curve was categorized as a vibration. Both vibration
and retraction in each video are calculated using a grayscale
projection algorithm detailed in the Supporting Information
FAMIS algorithm, Figure S5.

As for the retraction, the liver in the reference group
retracted by 9.31 μm in 15.5 s, with a retraction rate of
approximately 0.6 μm/s. Whereas the liver in the FAMIS
sample group retracted only by 0.37 μm, the retraction rate of
which did not exceed 0.024 μm/s (Figure 1b). At this rate of
retraction, if we consider a hypothetical field of view of 1000 ×
1000 μm2, it is estimated that over half of this field of view
would be lost within 14 min in the reference group, while the
typical IVM observation time is usually more than 2 h.
Correspondingly, 83% of the field of view is still retained in the
FAMIS sample group over 2 h. It is also evident in the figure
that the liver in the reference group produces a retraction
visible to the naked eye (from a dashed circle to a red dot),
while the retraction of the liver in the FAMIS sample group is
not obvious.

As for the vibration of the liver in the two groups (Figure
1c), the maximum amplitude of liver vibration approached 10
μm in the reference group, which can easily form motion
artifacts, blurring the images. In the FAMIS sample group, the
maximum vibration amplitude was controlled to approximately
1.4 μm, thereby significantly improving the clarity of the
acquired IVM images.

Wet Adhesion between the Mouse Liver and the
Glass. Rigid fixation with metal pieces can be damaging to the
liver due to its fragile nature.38,39 In contrast, surface
immobilization with the PE film can be less destructive. As
friction is one of the effective methods of surface
immobilization, we have performed a series of measurements
to characterize the friction behaviors between a mouse liver
and a glass microsphere (Figure S6, detailed in the Supporting
Information Friction experiment). The friction experiments
were conducted on a lateral force microscope (LFM, MFP-3D,
detailed in Supporting Information Characterizations). One
friction experiment was conducted on a moist liver surface in
the air (Figure S6a), and the other was conducted with the
liver immersed in water (Figure S6b). At pressures higher than
15 nN, there was a significant (about 1 order of magnitude)
improvement of friction force in air over that in water (Figure

Figure 2. Liquid bridge of the liver. (a) Possible formation of liquid bridges by contact of wetted liver with glass slides in IVM. (b) Some observed
liquid bridges. (c) Close-up view of the liquid bridge. (d) Observed liquid bridge diameter distribution. The rightmost bar represents 40 μm or
more. (e) Layered view of the liquid bridge.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.4c01464
ACS Sens. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01464/suppl_file/se4c01464_si_003.pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01464?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c01464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


S6c), which can be attributed to the adhesion between two wet
bodies.

Wet adhesion has been broadly investigated in soft matter,40

colloid, and interface science.41,42 The attraction comes from
liquid bridges formed between two surfaces in proximity. The
liquid bridges can exert a capillary force to form an attachment
between surfaces. The behavior has been observed for bodies
with either flat or curved surfaces.43,44 The liver surface which
was removed (Figure S6d) carries body fluid, which can be
used to construct liquid bridges (Figure 2a). Utilizing the
capillary force of the liquid bridges, the friction in air is,
therefore, much greater than that in water.

In order to verify the presence of liquid bridges, a glass
coverslip was coated with a rhodamine B (excitation
wavelength of 561 nm) aqueous solution. The fresh mouse
liver (dissected within 0.5 h) was then placed on the glass.
Rhodamine B can stain the body fluid (from the mouse liver)
between the liver and the glass. A stimulated emission
depletion (STED) super-resolution microscope (Leica TCS
SP8 STED 3X) was used to characterize the interface between
the liver and the glass (Figure S7, detailed in Supporting
Information Characterizations). We observed numerous liquid
bridges between the liver and the glass (Figure 2b,c). Among
179 liquid bridges, the diameter ranges from 4 to 60 μm with a
mean diameter of 22 μm and a median diameter of 21.82 μm
(Figure 2d). Further detailed characterizations (Figure 2e)
reveal a cylindrical morphology of the liquid bridge. The
results match well with other liquid bridges observed in refs
45,46. Additionally, images of the liquid bridges were taken at
intervals of 3 min from a fixed spot on the liver’s surface,
revealing a progressive fading of the liquid bridges over time
(Figure S8). This fading is suspected to result from the liver’s
absorption of the staining agent, which corroborates the fact
that the observed structures are true liquid bridges rather than

contaminants. The liquid bridges at the liver-film interface
were also observed (Figure S9), providing ample theoretical
support for film-based vibration damping. The component of
the liver-covering film was confirmed by Fourier transform
infrared spectrometry (FTIR, Figure S10) as PE (Figure S11).

Vibration Damping and Retraction Control Efficacy
of the FAMIS Device. Videos of mouse liver motion under
four different restraining conditions were recorded (sample
preparation process and results detailed in Supporting
Information FAMIS method), including freely placed on a
glass slide (L1, Figure S3a), covered with a wet tissue (L2,
Figure S3b), covered with a film strip (L3, Figure S3c), and
with the film strip released (L4, Figure S3d). Upon analyzing
the vibration amplitude across data sets L1 to L4 (Figure 3a),
Group L3 demonstrates the smallest mean vibration amplitude
at 2.65 μm, significantly lower than the mean values of Group
L1 at 14.86 μm, Group L2 at 14.45 μm, and Group L4 at 9.15
μm. This indicates that covering the liver with the film strip is
most effective in controlling vibration, with a suppression rate
of approximately 85 ∼ 90%. The median vibrational amplitude
shows the same trend as the mean value. By calculating the
standard deviations for each group, it is observed that Group
L3 not only has the lowest mean and median vibration
amplitudes but also exhibits the smallest standard deviation.
This suggests that Group L3′s statistics are tightly clustered
around the mean, reflecting a high degree of stability and
precision in the film-covered condition. The retraction
statistics for all four groups were consistent with the vibration
amplitude. The average retraction in Group L3, at 0.72 μm
(0.046 μm/s), was significantly better when compared to both
groups L1 and L2, and the retraction values within Group L3
remained more stable, too.

Furthermore, to investigate the influence of the tension in
the film strip on liver vibration, an adjustable FAMIS device

Figure 3. FAMIS device and its motion control efficacy. (a) Vibration damping and retraction control efficacy of different samples (L1−L4)
(sample preparation detailed in Supporting Information FAMIS Method). (b) A prototype device with adjustable tension. (c) Amplitude
recordings of the liver at different PE film tensions with a FAMIS device. The displacement of the slide is recorded to indicate the film tension.
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was designed (Figure 3b, detailed in the Supporting
Information FAMIS method, Figure S4) and built with 3D-
printed polylactic acid. A regulator is used to adjust the
mouse’s body shape and expose a larger area of the liver for
easier observation. The PE film is fixed at one end, and the
other end is attached to a tunable dovetail slide used to either
stretch or relax the PE film strip, thereby adjusting the
tightness of the PE film strip. A temperature-controlled
chamber was attached to maintain the normal physiological
activity of the mouse.

The vibration amplitude and retraction of the liver under
various tensions were recorded while adjusting the knob of the
dovetail slide (Figure 3c). A displacement of zero was recorded
when the PE film was just taut. As the tension gradually
increased, the motion of the liver decreased significantly.
However, excessive tension could damage liver tissues and

blood vessels and reduce liver functionality. Based on our
practical experience, the optimal displacement of the slide is
approximately 1000 μm, considering both the liver motion
control and functionality performance.

Characterization of Fluorescent Liposomes with the
Support of the FAMIS Device. Liposome is one of the most
commonly used drug delivery platforms because of its high
biocompatibility, high biodegradability, low toxicity, and
targetable nature.47 Tracking fluorescent liposomes (FLs)
under IVM is an effective way to probe nanoparticle transfer
processes and elucidate drug action mechanisms.48 Motion
artifacts, however, pose a significant challenge for FL
characterization. With our prototyped FAMIS device, we
managed to reduce liver vibration while performing in vivo
characterizations, confirming the unparalleled efficacy of the
FAMIS method for IVM.

Figure 4. Characterization of FL with and without FAMIS device. (a) IVM image of FL1 without FAMIS. (b) IVM image of FL2 with FAMIS and
PE film elongation of 1000 μm. The green blocks represent macrophages, and the red blocks represent liposomes. Similarly, red circles are
phagocytosed and immobilized FL; green circles are uncaptured and moving FL; dashed circles are the former positions of FL. (c) Clarity of image
frames with and without FAMIS device.
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1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate (DiI) FLs were used here. They were prepared by
the thin-film hydration method.49 Two experiments were
conducted without the FAMIS device (FL1) and with the
FAMIS device with 1000 μm PE film displacement (FL2).
Both samples are prepared as detailed in the Supporting
Information FAMIS method.

In FL1, the video frames produced more than 20 μm of
vibration (Figure 4a, Supporting Information Movie 2). Most
of the images are blurred, making it difficult too bserve the
phagocytosis process of FL. The phagocytosed FL exhibits
intense vibrations (red circles), while the uncaptured FL
fleetingly passes by (green circles). In FL2, the video has
almost no visible vibration (Figure 4b, Supporting Information
Movie 2). Most FL phagocytosis processes can be captured
accurately in real time. The phagocytosed FL is stable, and the
uncaptured FL has a recognizable motion track. Biologically,
IVM imaging of FL2 confirmed that 2 h after intravenous
injection FLs were mainly sequestered in Kupffer cells. More
precisely, we used the Laplace operator to compute the second
derivative of the image pixels as an indicator of image
sharpness.50,51 The sharper the image, the greater the variance
when it is filtered by the Laplace operator. We took 300 frames
of images from each of the two sets of videos for comparison.
The average sharpness of the images was 76.96 with the
FAMIS device and 19.32 without (Figure 4c), indicating that
effective suppression of liver motion has resulted in a
significant increase in imaging sharpness and stability.

Long-Term Vibration Damping Performance of the
FAMIS Device and PE Film Immunoreactivity. To verify
the vibration-damping ability of the FAMIS device during a
longer observation period and illustrate the immunoreactivity
of the PE film, the following IVM experiments were performed
with the help of the FAMIS device. Mice were injected with 2
μg of Alexa Fluor-647 conjugated anti-Ly6G mAbs (clone
1A8) via the tail vein to label neutrophils. IVM was performed
to study the recruitment of neutrophils as an indicator of
immunoreactivity. Ten μL of PBS was added to one liver.
While ten μL of lipopolysaccharide (LPS, 10 μg/mL) solution
was added topically to the other liver as a positive control. LPS
is a well-known component of bacteria that can trigger
neutrophil recruitment. Both livers were observed under IVM
for 2 h, during which 10 s videos of the same area of the liver
were recorded every ten minutes. The average liver vibration

and retraction amplitudes were effectively controlled at
approximately 1 and 0.3 μm (Figure 5a,b), respectively, within
two hours in both groups, presenting no significant increasing
trend.

The neutrophil recruitment in the PBS group remained
minimal over time (Figure 5a), while the neutrophil recruit-
ment increased drastically in the LPS-treated group (Figure
5b), demonstrating that the PE film covering the liver induces
negligible immune responses. Actually, polyethylene has been
extensively applied to the fabrication of porous high-density
polyethylene implants for facial and cranial reconstruction
etc.,52 which reflects its superior biocompatibility.

Furthermore, we also found some other promising materials
for the film. For example, chitosan has excellent biocompat-
ibility and bacteriostatic properties as a wound dressing,53,54

which makes it suitable for IVM imaging scenarios with high
aseptic requirements. Polyvinyl alcohol also has good
biocompatibility, and its malleable, self-adhesive, and self-
repairing properties55 may allow it to conform more closely to
the curved surface of the liver to build stronger liquid bridges
to dampen organ vibration more effectively. Both materials
have good film-forming and electrospinning properties.56,57

Both vibration and retraction of the liver have been
effectively controlled with the proposed method, resulting in
improved clarity and stability for IVM. Currently, there exist
several ELM-type IVM imaging methods. The agarose-based
method proposed by Felix Heymann30 may pose a risk of toxic
substances. The methods used by Pedro E Marques25 and Paul
Kubes28 exhibit limitations in motion reduction and difficulties
in dissection. Based on the protocol of live mouse microscopy
by Paul Kubes, we introduced a PE film to IVM imaging, using
the liquid bridge at the film-liver interface to further suppress
liver motion, controlling the vibration amplitude to around
2.65 μm (compared to 14.45 μm when the liver is
unconstrained) and the retraction speed to around 0.046
μm/s with an inhibition rate of about 90%. The method
described in this paper not only introduces a “PE film” for soft
constraint, which can effectively suppress liver motion, but also
eliminates the time-consuming and labor-intensive process of
the xiphoid tying process as described by Kubes et al., as well
as the step of cutting the mesentery that can easily lead to
major bleeding. In addition, we have designed and constructed
an adjustable 3D-printed operating platform compatible with
the microscope, easily obtainable in the laboratory, coupled

Figure 5. Long-term vibration damping of the FAMIS device and performance of its immune response. (a) Movement of mouse liver under
FAMIS device with PBS and its immune responses. (b) Movement of mouse liver under FAMIS device with LPS and its immune responses. White
spots represent neutrophils.
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with algorithms for vibration quantification and clarity
quantification (which have not yet received attention in
current liver IVM imaging), making the process of live mouse
liver microscopy cleaner, easier, and more professional.

Nonetheless, further work is required to improve the optimal
film-covered vibration-damping solution of the mouse liver. A
method to characterize liver functionality during IVM could be
developed to assist in determining the optimal film tension for
various observation durations, thus making FAMIS for IVM
more efficient and practical. Furthermore, other factors such as
film shape and size, modulus of elasticity, and surface
properties may affect the vibration suppression efficacy.
Other polymers and elastomers can be applied as film
materials for FAMIS in the near future. Additionally, the
FAMIS method can be extended to other mammals such as
rats and rabbits in fields including but not limited to medicine,
pharmacy, and oncology.

■ CONCLUSIONS
In this study, we not only discovered the phenomenon of
significantly increased friction on the moist liver surface using
LFM but also observed the existence of liquid bridges at the
liver-glass interface and liver-PE film interface using
fluorescence staining on CLSM. Considering that liquid
bridges can provide strong adhesive force without damaging
the liver, we innovatively proposed the FAMIS method by
covering the liver with a PE film and constructing more liquid
bridges to reduce liver motion, including both vibration and
retraction. The quantification of these two types of motion is
achieved by a grayscale projection algorithm, which has not
received much attention in the IVM imaging process. As a
result, the vibration amplitude was decreased to around 2.65
μm from 14.45 μm, and the retraction speed was suppressed to
around 0.046 μm/s with an inhibition rate of about 90%.

We have developed a 3D-printed FAMIS device centered
around the film-covering method, aiming to sufficiently reduce
liver motion and reduce the difficulty of dissection to prepare
IVM imaging samples more conveniently. The FAMIS device
is equipped with a regulator to adjust the posture of the mouse
to expose as much of the mouse’s liver as possible, and it can
quantitatively adjust the tension of the PE film according to
usage requirements to maximally suppress liver motion while
ensuring liver functionality. The recommended tension is to
adjust the dovetail slide to move outward by approximately 1
mm after the film strip is just taut. The FAMIS device has also
withstood the test of practical application scenarios. In the FL
characterization experiment, the mouse liver, which was
dampened by the FAMIS device, showed no visible movement
under the microscope at a sharpness level of 76.96, significantly
higher than the 19.32 observed without the device. This
enabled clear observation of the liposomes being phagocytosed
by Kupffer cells.

In summary, the vibration quantification and FAMIS
method discussed in this article have effectively addressed
the issue of liver motion during the ELM type IVM imaging of
the mouse liver. In the future, our FAMIS methods will play an
important role in the field of IVM imaging for neuroscience,
oncology, and immunology not only on mice but also on other
small animals such as rats, rabbits, birds, and amphibians.
Moreover, the method is not limited to the liver and can be
extended to other organs, such as skin, intestine, and adipose
tissues. Apart from biology, it also has the potential to be
applied to ″soft control″ scenes such as vibration damping of

precision instruments or even developed into a standardized,
one-stop vibration damping method similar to that of Paul
Kubes.
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