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ABSTRACT

Fixation of tissues and cells is an essential step in histological analysis; however, structural deforma-
tion and fluorescence signal attenuation caused by fixatives often pose challenges. This study aimed to 
evaluate the performance of a newly developed fixative, the FM Fix, by comparing it with conventional 
fixation methods in tissue staining, optical clearing, and flow cytometry analysis. FM Fix demonstrated 
staining properties comparable to those of standard fixatives and showed superiority with respect to tissue 
structure retention. Optical clearing allowed the visualization of fluorescent signals at greater depths. In 
flow cytometry using green fluorescent protein (GFP)-expressing cells, FM Fix minimized the loss of 
GFP fluorescence, preserved cell membrane integrity, and maintained cell size. Furthermore, the staining 
quality of human renal biopsy samples was equivalent to that of 10% neutral buffered formalin (NBF). 
These findings suggest that FM Fix has excellent structural preservation, fluorescence retention, and antigen 
preservation properties, making it broadly applicable for histological evaluation and quantitative cellular 
analysis.
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INTRODUCTION

Tissue fixation is a technique used to preserve the dynamic state of biological tissues in a 
static form, allowing ex vivo observations.1 Once biological tissues are removed from the body, 
they begin to lose the information inherent to their in vivo state. However, appropriate fixation 
enables the long-term preservation of biological information such as cellular morphology, tis-
sue structure, and protein expression levels and distribution.1 During the preparation of tissue 
specimens, various procedures such as treatment with reagents, temperature fluctuations, and pH 
changes can cause tissue degeneration or deformation. Appropriate fixation before these steps 
minimizes these alterations.1 Therefore, the development of fixatives has enabled detailed tissue 
observation under a microscope, significantly advancing the fields of histology and pathology.

The most widely used fixative to date has been formaldehyde, commonly used in the form 
of 10% neutral buffered formalin (NBF) or 4% paraformaldehyde (PFA).2-4 NBF (10%) is highly 
stable under light and offers practical convenience; however, it generates formic acid upon oxida-
tion, leading to a decrease in pH and a subsequent reduction in fixation strength, as well as 
the polymerization of formaldehyde. Therefore, methanol was added as a stabilizer. In contrast, 
4% PFA is a fixative prepared from polymerized formaldehyde that does not contain stabilizers; 
however, it is prone to degradation by ultraviolet light and oxygen.2

In recent years, with the rapid development of imaging technologies such as advanced 
microscopy and fluorescent proteins, several limitations of conventional fixatives, including 10% 
NBF and 4% PFA, have become apparent. Fixatives act on the functional groups of proteins, 
forming intra- and inter-molecular crosslinks that alter their three-dimensional (3D) structures. 
Consequently, the higher-order structures of the epitopes (antibody-binding sites) may be modi-
fied, hindering antibody binding. Similarly, fluorescent proteins can also be denatured, resulting 
in weakened fluorescence signals. It has been reported that formalin fixation induces protein 
cross-linking, leading to altered protein folding and physical tissue shrinkage.5-9 Therefore, the 
information obtained after fixation does not necessarily reflect the true in vivo state, and the 
observed structures or signals are heavily influenced by the type and condition of the fixative 
used.

These issues are particularly significant in the emerging field of optical clearing. Tradition-
ally, 3D tissue structures have been analyzed by reconstructing two-dimensional images from 
serial sections. In contrast, optical clearing techniques reduce light absorption and scattering by 
rendering fixed tissues transparent, allowing deep, 3D visualization of tissues and organs without 
morphological distortion when combined with fluorescent dyes or fluorescent proteins.10,11 Trans-
parent brain and nervous system tissues have become widely used in neuroscience research,12,13 
and the application of optical clearing has expanded beyond neural tissues to include various 
organs and whole-body clearing in mice.14,15

In optical clearing, higher tissue transparency enables deeper imaging; however, it is equally 
critical to preserve the fluorescent protein signals, epitope antigenicity, and fine tissue architecture. 
To meet these requirements, various protocols tailored to the specific properties of the tissues 
being studied.15-17 Thus, tissue fixation is no longer merely a preparatory step for histological 
specimen preparation; it is a key factor that directly influences the quality of the scientific find-
ings. As a result, ongoing efforts are being made to select the most suitable fixative for specific 
experimental systems and develop novel fixatives.

This study aimed to investigate the applicability of a novel formaldehyde-modified fixative, the 
FM Fix, in imaging technologies. The focus was primarily on the kidney, which has a complex 
3D nephron structure, and conducted comparative evaluations of FM Fix and conventional fixa-
tives in tissue staining for pathological diagnosis, optical clearing, and flow cytometry analysis.
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MATERIALS AND METHODS

Study approval
All animal protocols were approved by Animal Care and Use Committee of Nagoya University 

Graduate School of Medicine (approval number, 20351). All in vivo experiments were performed 
in compliance with Nagoya University Animal Facility regulations. This study was conducted 
in accordance with the Declaration of Helsinki for Human Research and approved by Ethics 
Committee of Nagoya University Graduate School of Medicine (approval number, 2010-1135). 
Written informed consent was obtained from all participants for participation in Nagoya Kidney 
Disease Registry (N-KDR).

Animals
C57BL/6 mice were purchased from Charles River Inc (Yokohama, Japan). CX3CR-1green fluorescent 

protein (GFP) knock-in mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). All 
mice were housed at a constant temperature and humidity with a 12-hour light/dark cycle and 
had unrestricted access to water and food. Isoflurane (2–3%) was used for anesthesia during 
surgery and nephrectomy. After nephrectomy, mice were euthanized by cervical dislocation.

Fixative solution
The kidneys and blood were fixed in 10% NBF (Muto Pure Chemicals Co, Ltd, Tokyo, Japan) 

and 4% paraformaldehyde (Nacalai Tesque, Kyoto, Japan) in phosphate buffered saline (PBS) and 
FM Fix, respectively. FM Fix (s) (Code, 295-97201) and FM Fix (L) (Code, 299-97101) were 
provided by FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Human renal biopsy 
specimens were fixed using FM Fix (s), whereas FM Fix (L) was used for other analyses.

Histological analysis
For immunohistochemistry, kidneys extracted from CX3CR-1GFP knock-in mice were incubated 

in the respective fixative solutions at 4 °C for 48 hours and paraffin-embedded. Human kidney 
biopsy samples were incubated in the respective fixative solutions at 4 °C for 24 hours and 
paraffin-embedded. Fixed paraffin-embedded tissue sections were deparaffinized using a Ventana 
Discovery Ultra system (Roche Diagnostics, Indianapolis, IN, USA) and stained using conven-
tional procedures.

For immunofluorescent staining, kidneys extracted from CX3CR-1GFP knock-in mice were 
incubated in the respective fixative solutions at 4 °C for 48 hours and paraffin-embedded. 
Paraffin-embedded tissues were deparaffinized using a Ventana Discovery Ultra system. After 
incubation with the primary antibody, an anti-GFP antibody (1:200; cat. no. GFP-1010, AvesLab, 
Davis, CA, USA), at 4 °C overnight. The samples were then washed with PBS and incubated 
with a secondary antibody, fluorescein isothiocyanate (FITC) goat anti-chicken IgY (1:200; cat. 
no. 410802; BioLegend, San Diego, CA, USA) for 30 minutes at room temperature. Finally, the 
sections were mounted using the VECTASHIELD Mounting Medium containing DAPI (Vector 
Laboratories, Burlingame, CA, USA).

Frozen tissue samples of GFP-positive cells in CX3CR-1GFP knock-in mice were used. Kidneys 
extracted from CX3CR-1GFP knock-in mice were incubated in the respective fixative solutions at 
4 °C for 48 hours, followed by incubation in 30% sucrose solution for 6 hours. Fixed kidneys 
were embedded in optimal cutting temperature compound and frozen. Thin sections were mounted 
using the VECTASHIELD Mounting Medium with DAPI.

Frozen tissue samples were immersed in an A1RMP confocal microscope (Nikon, Tokyo, 
Japan) and processed using the Imaris software (v8.4.2; Bitplane, Zurich, Switzerland). Paraffin-
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embedded tissue samples were imaged using an inverse immunofluorescence microscope (Axio 
Imager M2; Carl Zeiss).

For human renal biopsy samples, the tissues were fixed with 10% NBF or FM Fix (s) before 
being embedded in paraffin. Hematoxylin and eosin (HE), Masson’s trichrome (MT), periodic 
acid-methenamine-silver (PAM), and periodic acid-Schiff (PAS) staining were performed.

To evaluate the antigenic retention of each fixative solution, renal biopsy specimens from 
patients with systemic lupus erythematosus, known to exhibit immune complex deposition of IgG, 
IgA, IgM, C1q, C3, and C4, were used. Frozen tissue samples were sectioned using a cryostat 
and subjected to post-fixation with acetone, FM Fix (s), or 10% NBF. Immunofluorescent staining 
was performed using the following antibodies: FITC-conjugated polyclonal rabbit anti-human IgG 
(g-chain) antibody (1:100; cat. no. F0202; DAKO, Agilent Technologies, Santa Clara, CA, USA), 
anti-IgA (1:100; cat. no. F0204; DAKO), anti-IgM (1:100; cat. no. F0203; DAKO), anti-C1q 
(1:50; cat. no. F0254; DAKO), anti-C3 (1:100; cat. no. F0201; DAKO), and anti-C4 antibodies 
(1:100; cat. no. F0169; DAKO).

Multiphoton intravital microscopy of kidneys
Multiphoton intravital microscopy was performed as previously described.18 During anesthesia, 

the mice were placed on a heating pad to maintain their body temperature. To observe blood 
vessels, FITC-labeled 70 kDa dextran (cat. no. D1823, Invitrogen, UK) was administered 
intravenously at 0.5 mg per mouse. The kidney was immobilized in a custom-made holder after 
removing fat and connective tissue from the kidney surface. The vessels and second-harmonic 
generation in the kidneys were imaged using a multiphoton microscope (Nikon A1RMP) equipped 
with a 25× water immersion objective (Olympus) under a two-photon laser at 810 nm excitation. 
After image acquisition, volume rendering was performed using the Imaris software (Bitplane).

Optical clearing of fixed kidney samples
Optical clearing was performed as previously described.18 Anti-CD31 antibody Alexa Fluor 647 

(Abcam, Cambridge, MA) and isolection GS-IB4-Alexa Fluor 647 (Invitrogen-Gibco, Carlsbad, 
CA) were injected intravenously into the CX3CR-1GFP knock-in mice. Sixty minutes after injec-
tion, the mouse kidneys were extracted. The kidneys were incubated overnight in the respective 
fixative solutions at 4 °C, followed by overnight incubation at 4 °C in 30% sucrose in PBS. Fixed 
kidneys were embedded in optimal cutting temperature compound and frozen. Frozen sections 
were thawed in Tris-buffered saline (TBS). In the control group, acetone fixation was performed 
for 10 minutes before optical clearing. Samples were incubated in Permeabilization solution 
(0.1% (v/v) Triton X-100 in TBS) at 4 °C for 12 to 16 hours. Samples were then incubated in 
solution for Step 1 (33.3% (v/v) Omnipaque 350, 0.1% (v/v) Triton X-100 in TBS) and solution 
for Step 2 (50% (v/v) Omnipaque 350, 0.1% (v/v) Triton X-100 in TBS) at 4 °C for 6–10 hours 
each. Next, the samples were incubated in a solution for Step 3 (0.1% (v/v) Triton X-100 in 
Omnipaque 350) at 4 °C for at least 12 hours. Images were acquired using an A1RMP confocal 
microscope (Nikon, Tokyo, Japan) and processed using the Imaris software (Bitplane).

Flow cytometry analyses
We collected 300 μL of blood from CX3CR-1GFP knock-in mice, mixed it with 10 mL of 

lysis buffer (BD Biosciences Pharmingen, San Diego, CA, USA), incubated it on ice for 5 
minutes, and then added 40 mL of PBS. The solution was centrifuged at 500 g for 8 minutes 
and washed twice with PBS.

Assessment of GFP-positive cells. The mixture was incubated with the following antibodies 
on ice for 30 minutes: anti-Ly6C-APC/Cyanine7 (cat. no. 128026; BioLegend), anti-CX3CR1-
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biotin (cat. no. 149018; BioLegend), anti-CD11b-PerCP/Cyanine5.5 (cat. no. 101228; BioLegend), 
anti-CD45-Pacific Blue (cat. no. 103126; BioLegend), anti-Ly6G-PE/Dazzle (cat. no. 127648; 
BioLegend), Zombie Aqua (cat. no. 423101; BioLegend), and anti-CD16/32 (cat. no. 101302; 
BioLegend). After washing twice with PBS, the mixture was incubated with streptavidin-Alexa 
Fluor 647 (cat. no. 405237; BioLegend) for 15 minutes on ice. After washing twice with PBS, 
200 μL of the respective fixative solution was added and reacted overnight at 4 °C.

Assessment of live cells with intact membrane. The mixture was incubated with the 
following antibodies on ice for 30 minutes: anti-Ly6C-APC/Cyanine7, anti-CX3CR1-biotin, 
anti-CD11b-PerCP/Cyanine5.5, anti-CD45-Pacific Blue, anti-Ly6G-PE/Dazzle, and anti-CD16/32. 
After washing twice with PBS, the mixture was incubated with streptavidin-Alexa Fluor 647 for 
15 minutes on ice. After washing twice with PBS, 200 µL of the respective fixative solution 
was added and reacted for 2 hours at 4 °C. After washing twice with PBS, Zombie Aqua was 
added to the mixture and allowed to react on ice for 15 minutes.

Flow cytometry was performed using an LSRFortessa X-20 (BD Biosciences), followed by 
data analysis using FlowJo software (Tree Star Inc, Ashland, OR, USA).

Statistical analyses
Statistical analyses were performed using the R software (R Foundation for Statistical 

Computing, Vienna, Austria, http://www.R-project.org/). Means and standard deviations (SDs) 
were calculated for all the parameters determined in this study. Statistical significance between 
experimental groups was assessed using analysis of variance (ANOVA). Statistical significance 
was set at P value <0.05.

RESULTS

FM Fix demonstrated comparable staining properties to conventional fixatives in both frozen 
and paraffin-embedded tissues

First, we assessed the staining properties of tissues fixed with FM Fix and embedded them 
using either cryoembedding or paraffin embedding. Kidneys from CX3CR-1GFP knock-in mice 
were fixed with FM Fix, 10% NBF, or 4% PFA, followed by cryoembedding and assessment of 
GFP fluorescence intensity (Figure 1). Tissues fixed with FM Fix retained a GFP fluorescence 
intensity comparable to those fixed with 10% NBF or 4% PFA.

To evaluate the staining performance in paraffin-embedded tissues, kidneys from CX3CR-1GFP 
knock-in mice were fixed with FM Fix, 10% NBF, 4% PFA, or ethanol, followed by paraffin 
embedding, and subjected to HE and PAS staining. Under intravital microscopy, the kidney 
vasculature was distributed around the renal tubules, with peritubular spaces visible between 
adjacent tubules (Figure 2A). It is widely known that most tissues undergo a certain degree of 
shrinkage when immersed in formalin fixative solution.19 Consistent with this, in tissues fixed 
with 10% NBF and 4% PFA, the peritubular spaces were lost due to tissue shrinkage, whereas 
those fixed with FM Fix retained them, demonstrating superior structural preservation. In contrast, 
tissues fixed with FM Fix preserved the peritubular space, indicating superior structural preserva-
tion. The PAS and HE staining quality was comparable among the FM Fix, 10% NBF, and 
4% PFA fixes (Figure 2B). Furthermore, immunohistochemistry using an anti-GFP antibody on 
deparaffinized sections showed that antigen-antibody reactivity was preserved with FM Fix, and 
the GFP signal intensity was equivalent to that observed with conventional fixatives (Figure 2B).
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Fig. 1  Comparison of fixative solutions in the cryoembedding method
Representative confocal fluorescence images of kidney sections from CX3CR-1GFP knock-in mice prepared using 
different fixative solutions for cryoembedding. Sections were stained with DAPI (blue) and imaged for CX3CR-
1GFP (green) and RFP (red, autofluorescent). Scale bar: 30  µm (applied to all panels).
GFP: green fluorescent protein
DAPI: 4′,6-Diamidino-2-phenylindole
RFP: red fluorescent protein
NBF: neutral buffered formalin
PFA: paraformaldehyde

Fig. 2  Comparison of fixative solutions in the paraffin-embedding method
Fig. 2A:	Observation of the kidneys by in vivo microscopy shows that many blood vessels are observed around 

the tubules, with vascular spaces between the tubules. Renal tubules are visible by autofluorescence 
(blue), and blood vessels are highlighted by FITC-70kDa Dextran (green). Scale bar: 50  µm.

Fig. 2B:	 Histological staining of paraffin-embedded kidney tissues from CX3CR-1GFP knock-in mice. PAS staining 
(top), HE staining (middle), and immunofluorescence staining for CX3CR-1GFP (green) and DAPI (blue) 
(bottom). Scale bar: 30  µm (applies to all panels). Arrowheads: GFP-positive cells.

PAS: periodic acid-Schiff
HE: hematoxylin and eosin
GFP: green fluorescent protein
DAPI: 4′,6-Diamidino-2-phenylindole
NBF: neutral buffered formalin
PFA: paraformaldehyde
EtOH: ethanol

A

B
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FM Fix provides higher tissue transparency than conventional fixatives during optical clearing
To assess the staining compatibility of the FM Fix in optical clearing, the kidneys were 

harvested from CX3CR-1GFP knock-in mice after labeling vascular endothelial cells with CD31 
and isolectin B4. Tissues were fixed with FM Fix, 10% NBF, or 4% PFA, followed by optical 
clearing (Figure 3A). Kidneys fixed with FM Fix exhibited higher tissue transparency than 
those fixed with conventional fixatives, allowing significantly deeper visualization of GFP and 
endothelial markers (Figure 3B–D).

FM Fix preserves fluorescence intensity, cellular morphology, and membrane integrity better than 
conventional fixatives in flow cytometry

Next, the effects of FM Fix were investigated using flow cytometry. Leukocytes from the 
CX3CR-1GFP knock-in mice were isolated and fixed in FM Fix, 10% NBF, or 4% PFA. The 

Fig. 3  Comparison of fixative solutions in optical clearing
Fig. 3A:	Post-cleared kidneys from CX3CR-1GFP knock-in mice following treatment with each fixative solution
Fig. 3B:	 Fluorescent images showing CX3CR-1GFP (green) and vasculature labeled with CD31 and IB4 

conjugated to Alexa Fluor 647 (red)
Fig. 3C:	Quantification of mean fluorescence intensity of GFP, ** P < 0.01.
Fig. 3D:	Quantification of mean fluorescence intensity of vascular labeling (CD31 + IB4-Alexa Fluor 647), * P 

< 0.05, ** P < 0.01.
NBF: neutral buffered formalin
PFA: paraformaldehyde
GFP: green fluorescent protein

A

B

C D
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GFP fluorescence intensity was analyzed by flow cytometry (Figure 4A). Fixation with 10% NBF 
or 4% PFA significantly reduced the GFP signal, whereas FM Fix maintained a fluorescence 
intensity comparable to that of unfixed cells.

To assess the membrane integrity, Zombie Aqua staining was used to detect phosphatidylserine 
exposure. The cells fixed with 10% NBF or 4% PFA exhibited substantial membrane damage, 
whereas those fixed with FM Fix showed only minor damage (Figure 4B).

Moreover, the effects of fixation on cell size were analyzed by measuring the forward scatter 
(FSC) in monocytes (Figure 4C). Compared to 10% NBF and 4% PFA, FM Fix caused only a 
slight reduction in FSC, indicating that cell size was better preserved.

FM Fix preserves tissue architecture in human kidney biopsy samples better than 10% NBF
To evaluate the applicability of FM Fix to clinical specimens, human kidney biopsy tissues 

were obtained using a 16G needle and then fixed for 24 hours with either FM Fix or 10% NBF. 
The samples were embedded in paraffin and stained with HE, MT, PAM, and PAS (Figure 5). 
FM Fix preserved peritubular vascular spaces and prevents shrinkage, demonstrating superior 
structural integrity. The staining performance was comparable to that of 10% NBF.

Fig. 4  Comparison of fixative solutions in flow cytometry
Fig. 4A:	Mean fluorescence intensity of GFP, ** P < 0.01.
Fig. 4B:	 Percentage of Zombie Aqua–negative cells, ** P < 0.01.
Fig. 4C:	Mean FSC of monocytes, ** P < 0.01.
GFP: green fluorescent protein
NBF: neutral buffered formalin
PFA: paraformaldehyde
PBS: phosphate buffered saline
FSC: forward scatter

A

C

B
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FM Fix retains antigenicity in human kidney biopsy tissues
To assess antigen preservation, renal biopsy samples from a patient with systemic lupus 

erythematosus known to be positive for IgG, IgA, IgM, C1q, C3, and C4 were analyzed. Freshly 
frozen sections were cut using a cryostat and post-fixed using acetone, FM Fix, or 10% NBF. 
Immunostaining for IgG, IgA, IgM, C1q, C3, and C4 was performed (Figure 6). All antigens 
were detectable in FM Fix–treated samples, and the staining clarity was comparable to or superior 
to that of acetone- and 10% NBF-fixed tissues. Notably, FM Fix also preserved complement 
staining, which was diminished in tissues fixed with 10% NBF, thereby demonstrating its excellent 
antigen preservation.

DISCUSSION

This study evaluated the performance of a novel fixative, FM Fix, in comparison with con-
ventional fixatives, including 10% NBF and 4% PFA, across various experimental applications, 
such as tissue staining, optical clearing, and flow cytometry.

In two-dimensional thin sections, the FM Fix showed staining properties and preservation 

Fig. 6  Antigenic retention
After thin-sectioning of the raw frozen tissue in a cryostat, post-fixation was performed with acetone, FM Fix, 
and 10% NBF, followed by IgG, IgA, IgM, C1q, C3, and C4.
NBF: neutral buffered formalin

Fig. 5  Histological staining of human kidney biopsy samples (HE, MT, PAM, PAS staining)
Upper panels, 10% NBF fixation; lower panels, FM Fix fixation.
NBF: neutral buffered formalin
HE: hematoxylin and eosin
MT: Masson’s trichrome
PAM: periodic acid-methenamine-silver
PAS: periodic acid-Schiff
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of tissue architecture in HE, PAS, and immunofluorescence staining comparable to those of 
conventional fixatives, with a tendency to maintain tissue structure. A particularly noteworthy 
finding is that FM Fix the preserved tissue architecture and fluorescence signals during optical 
clearing, enabling deeper tissue imaging. This suggests that the FM Fix is highly compatible with 
optical clearing techniques aimed at visualizing 3D tissue networks and is expected to contribute 
to advances in intercellular network analysis.

In flow cytometry, FM Fix preserved GFP fluorescence intensity was significantly better than 
that of 10% NBF or 4% PFA, maintaining fluorescence at levels comparable to those of unfixed 
samples. Interestingly, FM Fix preserved the integrity of the plasma membrane in a near-normal 
state, even after fixation. This was evaluated using Zombie Aqua staining, which detects intracel-
lular phosphatidylserine when membrane damage or structural fragility allows the dye to penetrate 
the cells. The proportion of Zombie Aqua–positive cells was lower in FM-Fixed-treated samples, 
indicating that membrane integrity was well preserved. Supporting this finding, FSC analysis, 
which reflects cell size, showed only a slight decrease in FSC values with FM Fix compared 
with 10% NBF and 4% PFA, indicating that cell size was preserved. This suggests that FM 
Fix has less of an impact on the plasma membrane and cytoskeleton than conventional fixatives. 
This observation is supported by previous studies, such as that of Pereira et al, who reported 
fixation-induced artifacts in the actin cytoskeletal structure using single-molecule localization 
microscopy (SMLM) when inappropriate fixation methods were used.20 Although fixation outcomes 
may vary depending on factors such as temperature and duration, our data indicate that FM Fix 
exerts minimal structural disruption on proteins and preserves the native conformation of both 
cytoskeletal components and fluorescent proteins, such as GFP.

Furthermore, fixatives play a crucial role in ensuring biological safety. It has been demonstrated 
that various viruses can be completely inactivated by fixation with agents such as formalin,21-23 and 
its importance has become even more evident since the COVID-19 pandemic. Studies involving 
human specimens or infected tissues often require fixed samples to ensure biosafety. The FM 
Fix is considered useful for translational research and clinical applications, as it preserves the 
performance of tissue staining and cell analysis while also ensuring safety.

This study evaluated the staining properties of FM Fix in human renal biopsy specimens and 
found that, compared to 10% NBF, there was no difference in staining quality and preserved 
tissue architecture. These findings suggest that FM Fix possesses sufficient performance for 
practical use in diagnostic pathology and holds promise for application in definitive diagnoses 
using human clinical specimens.

In summary, the FM Fix outperformed conventional fixatives in preserving tissue architec-
ture and fluorescence signals across a range of experimental techniques. Its particularly high 
compatibility with optical-clearing techniques suggests that it may contribute to advancements 
in histological methods, particularly those involving 3D imaging. While this study did not ad-
dress the effects of FM Fix on non-protein molecules such as nucleic acids or lipids, further 
investigation is necessary to explore its broader applicability and utility in biomedical research.
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