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Three-dimensional (3D) histology has exhibited tremendous potential in fundamental research and clini-
cal disease grading, but compatible labeling techniques are still lacking. Recently in Science Advances, Pac
et al. report a new histological technique termed 3DNFC, which realizes 3D fluorescence imaging of thick
tissues via citrate-based in situ fluorophore formation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Contemporary disease diagnosis often relies on the histologi-
cal analysis of surgically excised or biopsied specimens [1]. How-
ever, traditional two-dimensional (2D) histological workflow yields
2D slides of the samples, bringing with it huge limitations [1,2],
such as undersampling-induced limited reliability, insufficient ac-
curacy and reproductivity, and the time-wasting and destructive
workflow. Therefore, the concept of three-dimensional (3D) histol-
ogy emerges as demanded by the times. Conventional nonfluores-
cent histological stains (e.g., hematoxylin and eosin (H&E)) lack the
compatibility with the volumetric imaging, so fluorescence stain-
ing and imaging play an indispensable role in 3D histology. In the
early cases, the 3D histology relies on the fluorescence imaging
of proteins expressed from transgenes [3,4], such as green fluo-
rescent protein, but the transgenic manipulation steps are time-
consuming and only suitable for research goals rather than clinical
applications [5]. The use of fluorescently labeled antibodies avoids
the genetic manipulation, but possesses other disadvantages, such
as the inability to provide general pathological information, high
cost, and slow thick tissue penetration [6]. Autofluorescence of bi-
ological samples has also been used for fluorescence imaging, but
its requirement of a strong excitation laser also seriously hampers
its application together with other fluorescent labels [7]. By con-
trast, small-molecule fluorescent stains present better tissue pen-
etration ability and relatively stronger fluorescence intensity [8-
10], but the affinity-based small-molecule fluorescent stains may
lead to the production of uneven staining results in relatively thick
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tissues, and fluorescent stains with reactive functional groups are
also relatively expensive and their nonspecific binding may gen-
erate false-positive readouts [7]. To sum up, in 3D histology, the
fluorescence staining and imaging of the thick tissues await tech-
nological innovation.

Recently in Science Advances, Pac et al. [11] reported a 3D histo-
logical technique termed “3D tissue imaging through de novo for-
mation of citrate-based fluorophores” (3DNFC), which is the inte-
gration of DNFC (“de novo formation of citrate-based fluorophores”)
staining and 3DISCO (“3D imaging of solvent-cleared organs”) tech-
niques, and represents a novel approach to utilize in situ fluo-
rophore formation for 3D fluorescence imaging. In the DNFC pro-
cess, the nonfluorescent citrate is utilized to from a blue fluo-
rophore with N-terminal cysteine (Cys) in the tissue. Since the N-
terminal Cys moieties are distributed heterogeneously within the
tissue and cells, the general and detailed structures of the speci-
men may exhibit different labeling levels, which can be detected
via fluorescence contrast imaging. The general steps of 3DNFC
include tissue fixation, dehydration with N,N-dimethylformamide
(DMF), fluorophore formation via DNFC, tissue clearing via 3DISCO,
and confocal imaging and 3D reconstruction (Fig. 1A).

Based on the finding that Cys can react with citrate to form
5-0x0-2,3-dihydro-5H-[1,3]thiazolo[3,2-a]pyridine-3,7-dicarboxylic
acid (TPA), a strong blue fluorophore [12], the authors developed
the DNFC technique for in situ fluorophore formation in tissues.
During the DNFC process, one carboxylic group of citrate is first
activated by benzotriazole-1-yloxytripyrrolidinophosphonium hex-
afluorophosphate (PyBOP), and then the primary amine group of
N-terminal Cys on the peptides or proteins in the tissue attacks
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Fig. 1. Procedure and mechanism of 3DNFC. (A) Scheme illustrating the treatment,
material, and duration in every step in 3DNFC. (B) Scheme showing the proposed
mechanism of the fluorophore formation from N-terminal cysteine of peptides or
proteins and citric acid in the presence of PyBOP. Reproduced with permission [11].
Copyright 2022, The Authors, some rights reserved; exclusive licensee American As-
sociation for the Advancement of Science. No claim to original US. Government
Works.

the activated carboxylic group to yield an amide bond, followed
by imide formation, dehydration, and intramolecular condensa-
tion, eventually forming the TPA structure (Fig. 1B). The 3DISCO
technique in the 3DNFC is an organic solvent-based tissue clearing
method. Herein, benzyl alcohol-benzyl benzoate (BABB) is used
for optical clearing, thus reducing the light scattering in the thick
tissue specimens and enabling their morphological features and
detailed structures to be observed nondestructively with a confocal
microscope.

Consequently, the combination of DNFC and 3DISCO techniques
in 3DNFC not only successfully exhibited the detailed characteris-
tic structures of the kidney, lung, liver, tongue, esophagus, intes-
tine, brain, and ovary in the 2D mouse specimens, but also re-
alized volumetric imaging of whole mouse lung lobe and mouse
spleen tissue, providing the spatial and morphological informa-
tion of the samples in a 3D manner. In addition, the authors also
demonstrated the feasibility of 3DNFC technique in 3D imaging
as well as quantitative diagnostic evaluation of pathological tis-
sues in the nonalcoholic fatty liver disease (NAFLD) model and
human-derived breast cancer specimens, and these applications of
this technique successfully indicated the development of NAFLD in
the mouse model and the distribution of the cancer cells and vas-
cular channels at different depths in the breast cancer specimen,
respectively.

In conclusion, such a staining technique not only utilizes a
cheap and nonfluorescent hydrophilic small molecule, citrate, en-
hancing the staining penetration depth and avoiding the nonspe-
cific interactions-induced false-positive readouts, but also realizes
in situ fluorophore formation under a mild reaction condition with
the aid of PyBOP, which avoids the damage to the specimen and
allows its broad compatibility with other labeling methods. This
technique has provided a practical tool for precise 3D reconstruc-
tion, spatial analysis, and pathological diagnosis, presenting its
promising potential in playing the same important role in 3D his-
tology as H&E staining plays in 2D histology.
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However, there are still some issues requiring further investi-
gation, which we also think of as the challenges and opportuni-
ties existing in the 3D histology. First, reducing biomolecule loss
or damage during the 3DNFC process also represents an impor-
tant direction that needs further improvement. For instance, since
the dehydration and optical clearing steps use organic solutions,
the lipid components in the samples are defective. Although the
3DNFC technique can sketch out the lipid vacuoles, it cannot di-
rectly and clearly lighten the lipid droplets (if necessary). Similarly,
harsh treatment conditions may also cause damage to RNAs [13],
which is another challenge to overcome. Second, since 3DNFC is a
technique that can present the general characteristics of the spec-
imen while some other staining techniques may provide the dis-
tribution and abundance of specific biomolecules, the combination
of 3DNFC and other staining techniques can generate more accu-
rate and detailed information. Although the authors have success-
fully applied 3DNFC together with the staining by propidium io-
dide (PI) and specific fluorescent antibodies, the compatibility be-
tween 3DNFC and other staining techniques such as organic dye
staining, immunofluorescence staining, and fluorescence in situ hy-
bridization (FISH) labeling of nucleic acids may need further inves-
tigation. For example, questions like whether the 3DISCO process
can lead to better antibody penetration and whether permeabiliza-
tion of the tissue with detergents is needed for achieving a bet-
ter costaining effect are worth concern. Third, whether the time
of the whole 3DNFC can be shortened by optimizing the clearing
and staining conditions or by improving the scanning technology
(since the problem of long scanning time still exists in 3DISCO) to
match the clinical requirement under urgent circumstances is a key
question in the clinical application of 3DNFC. Finally, the integra-
tion of 3DNFC and the advanced fluorescence microscopy, multi-
scale imaging data processing technique, and artificial intelligence-
based data analysis method can also be a meaningful direction for
3D histology and benefit the application of 3D histology in funda-
mental research and clinical disease grading.
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