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Abstract
Key message This non-invasive clearing technique allows for deep clear imaging of plant tissue and 3D structural 
analysis of leaf cells.
Abstract Optical-clearing technology allows the reduction of light scattering and absorption in internal biological tissues. 
This technology allows microscopy techniques, such as confocal laser scanning microscopy, to obtain structural information 
deep within the internal tissue and also allows for three-dimensional (3D) tissue analysis. However, the transparent method in 
plants remains to be further elucidated. In this study, we first report on a non-invasive, rapid and effective clearing technique 
that increases the transmission of light through plants. Importantly, we found that the leaf terminal veins of four species 
had different characteristics based on fluorescence imaging observations. Moreover, through the combination of transparent 
technology and microscopic observation, we clearly observed the three-dimensional structure of plant leaf cells. Our simple 
and rapid clearing method is useful for fluorescence imaging the intact internal structure. Taken together, the results of this 
study will provide valuable information for further microscopic experimental investigations in trees.

Keywords Tissue optical clearing · Deep fluorescence imaging · Three-dimensional structure · Terminal veins

Introduction

Although some cellular and subcellular structures in vivo 
can be genetically labeled with fluorescent proteins (Knapp 
et al. 2012; Kost et al. 1998), sample opacity usually limits 
deep imaging of the internal tissue (Feijo et al. 2004; Pad-
dock et al. 2014). For example, three-dimensional imag-
ing of plants by confocal microscopy has been limited to 
semi-transparent tissue types such as root tips or meristems, 
but the resolution becomes limiting in cells deeper within 

tissues. Light scattering and light absorption are the main 
causes of sample opacity (Ke et al. 2013). To overcome this 
problem, tissue impregnated with biocompatible molecular 
reagents can reduce the scattering coefficient and absorption 
coefficient (Tuchin 2005, 2009; Zhu et al. 2013). Reports of 
many investigations on the optical-clearing technology of 
different types of biological tissues and clearing agents are 
available in the literature (Bashkatov et al. 2009; Genina 
et al. 2005, 2006, 2008; Tuchin 2005, 2009; Tuchina et al. 
2016; Wen et al. 2009; Zhu et al. 2013). Optical-clearing 
techniques, first proposed by Tuchin for tissues (Tuchin et al. 
1997), can effectively reduce scattering by immersion of tis-
sues in optical-clearing agents with high refractive indices 
and hyperosmolarity and can make tissue more transparent 
(McNichols et al. 2005; Tuchin et al. 1997, 2016, Tuchin 
2005).

Typical optical-clearing agents usually have a high 
refractive index, so the penetration of optical-clearing 
reagents into the extracellular space matches the refrac-
tive index of the tissue, which, in turn, leads to a reduction 
in light scattering (Sdobnov et al. 2018; Zhu et al. 2013). 
This process leads to a significantly enhanced imaging 
depth as light penetrates deeper into the tissues (Tuchina 

Communicated by V. De Micco.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0046 8-020-01957 -0) contains 
supplementary material, which is available to authorized users.

 * Ruili Li 
 liruili@bjfu.edu.cn

1 Beijing Advanced Innovation Center for Tree Breeding 
by Molecular Design, Beijing Forestry University, 
Beijing 100083, China

2 College of Biological Sciences and Technology, Beijing 
Forestry University, Beijing 100083, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00468-020-01957-0&domain=pdf
https://doi.org/10.1007/s00468-020-01957-0


784 Trees (2020) 34:783–790

1 3

et al. 2016). Various optical-clearing methods have been 
developed to achieve refractive index uniformity of the 
entire sample by either replacing water with a higher 
refractive index chemical agent or changing the structure 
of tissue components (Wen et al. 2009). In addition to this, 
it is important to select the working distance of the objec-
tive lens and the correct coverslip thickness to achieve 
refractive index uniformity of the entire sample.

Tissue optical clearing has become one of the key stud-
ies in biomedical optical imaging and microscopic obser-
vation. Application of this powerful optical-clearing tech-
nology had been demonstrated in mouse embryo, mouse 
head, and humans (human cranial bone) (Bashkatov et al. 
2009; Choi et al. 2005; Genina et al. 2008; Sudheendran 
et al. 2010; Vargas et al. 2008). The application of tissue 
optical clearing mainly depends on a variety of biocompat-
ible chemical reagents (Genina et al. 2008; Tuchin et al. 
1997; Tuchin 2005). The biocompatible chemical agents 
come in many forms, such as ethanol (Gardner 1975), 
chloral hydrate (Lersten 1986), glycerol (Cicchi et  al. 
2005; Genina et al. 2008; Wen et al. 2009), 1, 4-butane-
diol (Wen et al. 2009), xylitol, polyethylene glycol (Cicchi 
et al. 2005; Tuchin 2005), fructose (Feng et al. 2017; Ito 
et al. 2014), and glucose (Genina et al. 2006; Sudheendran 
et al. 2010; Tuchin et al. 1997). These sugar–alcohol opti-
cal reagents have been widely used to demonstrate dif-
ferent efficiencies in tissue optical clearing. In addition, 
organic acid (oleic acid) (Helmchen et al. 2005; Jahrling 
et al. 2010) and other organic solvents (dimethyl sulfox-
ide, DMSO) (Economo et al. 2016; Helmchen et al. 2005; 
Jahrling et al. 2010; Sudheendran et al. 2010) have been 
widely used for tissue optical clearing. In recent years, 
biocompatible clearing agents have been continuously 
studied and developed. Recently, an optical clearing agent, 
named Scale, was reported to be based on urea (Hama 
et al. 2011). Scale is capable of preserving fluorescent 
proteins, so this method enables deep imaging of mouse 
tissues (Hama et al. 2011). Nevertheless, Scale requires a 
long-term cleaning process, ranging from weeks to months 
(Ke et al. 2013). In addition, Scale-treated samples are 
very fragile, especially with increasing processing time 
(Hama et al. 2011). Many clearing agents have similar 
disadvantages.

In this paper, we developed a simple and rapid optical-
clearing agent, namely 1% NaClO, which overcomes some 
limitations seen with other reported reagents, such as a long 
treatment time and tissue damage. Combined with optical 
microscopy, this method is useful for whole imaging of 
intact morphology. We further examined the characteristics 
of leaf terminal vein, as well as the 3D structure of plant 
cells. This will help to accelerate the discovery of this new 
field and will promote the application of transparent tech-
niques in plant biological research.

Materials and methods

Plant materials and plant growth conditions

In this study, the species used were Acer truncatum, Plata-
nus occidentalis, and Robinia pseudoacacia, on the campus 
of Beijing Forestry University, and Arabidopsis thaliana, 
planted in the greenhouse of Beijing Forestry University. 
The leaves of Acer truncatum, Platanus occidentalis and 
Robinia pseudoacacia were collected during spring, approx-
imately between April and July. For all of the experiments, 
Arabidopsis thaliana accession Columbia (Col-0) was used 
as the wild type. Arabidopsis thaliana plants were grown in 
a glasshouse at Beijing Forestry University.

Reagent preparation

The clearing agent SeeDB (See Deep Brain) was a satu-
rated solution of fructose (80.2% w/w) in water with 0.5% 
α-thioglycerol (Ke et al. 2013). The OCR (optical clearing 
reagent) was prepared by mixing 6 M urea, 30% (v/v) glyc-
erol, and 0.1% (v/v) Triton X-100 in water (Warner et al. 
2014). The concentration of NaOH was 10% (w/v) (Mor-
ley 1968). The original concentration of NaClO was 8% 
(w/v), and the 8% NaClO was diluted to 1%, 3% and 5% 
NaClO. The concentration of PI (propidium iodide) stain 
was 0.1 mg/mL. The concentration of Calcofluor white was 
0.01% (w/v). A 0.1 M PBS (phosphate-buffered saline, pH 
7.2) solution was prepared from 0.2 M  Na2HPO4, 0.2 M 
 NaH2PO4 and water in a ratio of 72:28:100 (Kurihara et al. 
2015). A 0.1 M PBS (phosphate-buffered saline, pH 7.4) 
solution was prepared from 0.2 M  Na2HPO4, 0.2 M  NaHPO4 
and water in a ratio of 81:19:100 (Kurihara et al. 2015). FAA 
(formalin–acetic acid–alcohol) was composed of 5 mL 38% 
formaldehyde, 5 mL acetic acid and 90 mL 70% alcohol.

Sample preparation and tissue fixation

The four kinds of leaves were cleaned with tap water. The 
leaf discs were excised using a hole punch with a diameter 
of 1 cm. Discs were then immediately drop fixed in FAA 
and rinsed with PBS (pH 7.2) 3–4 times (Kurihara et al. 
2015). The cleaned discs were washed successively with 
75%, 85%, and 95% ethanol for 1 h, and they were dehy-
drated overnight with anhydrous ethanol. These processes 
increase disc strength.

Chemical screening and clearing

The first screening used four kinds of clearing agents: 
SeeDB (Ke et al. 2013), OCR (Warner et al. 2014), NaClO, 
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and NaOH (Morley 1968). The previously prepared four 
disc types were placed in new Petri dishes, and four kinds 
of clearing agents were added to different Petri dishes to 
completely immerse the discs. In addition to clearing the tis-
sue, the treatment also removed chlorophyll, which has high 
autofluorescence. When PI stain was used, it could avoid the 
same fluorescence as chlorophyll. The discs were treated 
until clear in the dark for 1–3 days.

Staining

After the clearing treatment, the leaves of Robinia pseudoa-
cacia, Platanus occidentalis, Acer truncatum and Arabidop-
sis thaliana were placed in a new 1.5-mL centrifuge tube, 
and 0.1 mg/mL of PI stain was added to submerge the leaves. 
The leaves were stained in the dark for 3–5 min and were 
washed with PBS (pH 7.4) (Palmer et al. 2015). The trans-
parently treated Robinia pseudoacacia leaves were stained 
with 0.01% Calcofluor white for 2–4 min to view 3D struc-
tures (Palmer et al. 2015).

Imaging of cleared tissue

Four kinds of leaf discs were imaged against a patterned 
background before clearing. Samples were then imaged 
against the same background after 1 day of clearing. Leaves 
of the three tree species were fixed in PBS (pH 7.4), and 
were imaged with a Leica SP8 CLSM (Tsinghua Univer-
sity, Beijing, China) using a Leica 20⋅ water immersion 
objective, laser (excitation wavelength: 488–493; emission 
wavelength: 620–660) and hybrid detectors with a resolu-
tion of 1024 × 1024 pixels. All images shown in this article 
are original images taken from the Leica SP8. Unprocessed 
3D reconstruction was performed using Bitplane’s Imaris 
9.3.1 software.

Results

Comparison of clearing agents for plant leaves

To evaluate the effectiveness of the clearing agents, includ-
ing SeeDB, OCR, NaClO, and the strong base-clearing agent 
NaOH, we selected four kinds of plant leaves for experi-
ments from Acer truncatum, Platanus occidentalis, Rob-
inia pseudoacacia, and Arabidopsis (Fig. 1a). After 1 day 
of treatment with the four clearing agents, leaves subjected 
to SeeDB, OCR, and 10% NaOH reagents were still green 
(Fig. 1a), whereas 8% NaClO-treated leaves did not contain 
green pigmentation and were transparent (Fig. 1a). After 5 
days of treatment, 8% NaClO-treated leaves were still trans-
parent, but the 10% NaOH reagent contained a small amount 
of pigment, and the leaves became yellow and were still 

opaque (Fig. 1b). Surprisingly, the SeeDB and OCR-treated 
leaves were still green after 4 days, and the condition of the 
leaves was similar to that of the untreated state (Fig. 1b). 
Obviously, SeeDB and OCR had the poorest clearing effect 
under the same treatment time. The results showed that com-
pared with the three other transparent reagents, 8% NaClO 
could rapidly clear the leaf tissues, significantly shortening 
the clearing time, and with an improved clearing effect.

Screening of NaClO concentration

According to the preliminary results of the clearing effects 
of the different clearing reagents, 8% NaClO had the best 
clearing effect and the shortest treatment time. Although 
8% NaClO quickly cleared the materials, it caused a certain 
degree of damage to the materials with an increase in the 
processing time (Fig. 2a).

Fig. 1  Comparison of clearing effects of different clearing agents 
for four kinds of plant tissues. a Photos of four kinds of plant leaves 
taken before and 1 day after treatment with different clearing rea-
gents. b Contrasting photos of four kinds of plant leaves taken before 
and after 5 days of treatment with four clearing agents
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To screen the concentration of NaClO required for the 
optimal clearing effect, we set up a concentration series of 
1%, 3%, 5%, and 8% (Fig. 2b). Similarly, we evaluated the 
clearing effect and integrity of the leaves from plant species 
treated with different concentrations of NaClO. After 1 day 
of treatment with the different concentrations of NaClO, the 
four leaf types were transparent (Fig. 2b). The four con-
centration gradients of NaClO had similar clearing effects 
on the four leaf types (Fig. 2b) indicating that NaClO is an 
effective clearing reagent. However, the degree of damage 
caused to the plant tissue also increased with the concentra-
tion and the processing time with NaClO treatment. The 8% 
NaClO treatment caused the greatest degree of damage to 
the Robinia pseudoacacia leaf tissue (Fig. 2c). Second, 5.0% 
NaClO caused a greater degree of damage to the leaves than 
3.0% NaClO and 1% NaClO (Fig. 2c). Leaves treated with 
3.0% NaClO were partially intact and partially destroyed 
(Fig. 2c). We found that 1% NaClO had an effective clearing 
effect, and the material had the highest integrity compared 
with other materials treated with other three concentrations 

of NaClO. The experimental results showed that the lower 
the NaClO concentration, the less the damage caused to the 
leaves.

Characteristics of terminal veins in leaves

After clearing, the leaf cells of Robinia pseudoacacia, 
Platanus occidentalis, Acer truncatum and Arabidopsis 
thaliana were stained with propidium iodide (PI) and 
were then observed under the laser scanning confocal 
microscope (LSCM). Interestingly, we clearly observed 
the vascular structure of the cleared leaves by PI staining, 
while the vascular structure was barely visible in untreated 
leaves (Fig. S1). Most importantly, we further found that 
the structure of terminal veins was different (Figs. 3, 4 
and S2), and we clearly observed the annular thickenings 
in cell walls in veins (Fig. 3 and S2). The terminal veins 
in the leaves of Robinia pseudoacacia may be classified 
into two types (Fig. 3a): unbranched (Fig. 3b); the other 
has two terminal veins side by side (Fig. 3c). Compared 

Fig. 2  Screening of NaClO concentration and comparison of dam-
age levels. a The damage degree of four kinds of leaves treated with 
8% NaClO for 20 days. b Results of four kinds of leaves treated with 
four different concentrations of NaClO for 1 day. c Comparison of the 
damage degree of Robinia pseudoacacia leaves treated with four con-
centrations of NaClO for 20 days

Fig. 3  Performance and imaging of terminal veins in the leaves of 
transparent Robinia pseudoacacia and Platanus occidentalis. a Imag-
ing of terminal veins in leaves of Robinia pseudoacacia under ×20 
magnification. b, c The zoomed-in views of the white rectangular 
regions in a, represented as a1 and a2. d Imaging of terminal veins 
in leaves of Platanus occidentalis under ×20 magnification. e The 
zoomed-in views of the white rectangular regions in d, represented as 
d1. Scale bar: 150 µm (a, d and e); 40 µm (b, c)
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to the leaf terminal veins of Robinia pseudoacacia, the 
terminal veins in the leaves of Platanus occidentalis were 
branched, and the number of terminal vein branches was 
also different (Fig. 3d). The branches of the terminal veins 
included one branch (Fig. 3e), two branches (Fig. 3e), and 
many branches (Fig. 3e), resembling an umbrella-like dis-
tribution. It is worth mentioning that the terminal veins in 
the leaves of Acer truncatum were different from those in 
Robinia pseudoacacia and Platanus occidentalis (Fig. 4a, 
d). The terminal veins included three types: the terminal 
veins had many branches (Fig. 4b); the terminal veins had 
no branches and existed alone (Fig. 4c); the terminal veins 
had two branches, and the two branches were similar in 
size (Fig. 4e). Using LSCM, we observed that the leaf 
terminal veins of Arabidopsis thaliana were elongated and 
had no branches (Fig. S2). The results showed that the 
terminal veins of different species were different, and they 
all had their own unique characteristics.

3D structure of Robinia pseudoacacia leaf cells

To better understand the cellular structure of Robinia pseu-
doacacia leaves, we stained the transparently treated leaves 
with Calcofluor white and observed them using CLSM. As 
shown in Fig. 5, we can not only observe the morphology 
of leaf mesophyll cells but also clearly observe the arrange-
ment of vascular tissue in the leaf (Fig. 5a–c). Most impor-
tantly, the intact internal structures of the leaf were clearly 
observed using 3D slice reconstruction (Fig. 5d). In general, 
the 3D fluorescence imaging of leaf cells demonstrated a 
more comprehensive, complete and visual three-dimensional 
representation, and 3D structural analysis can help us to bet-
ter understand the leaf cellular structure and anatomy inves-
tigation in trees.

Discussion

Clearing technology has a wide range of uses in the teaching 
and research of plant biology. As a means of rapid sample 
preparation and observation, it not only greatly reduces the 
man power and material resources required for slicing tech-
nology (Warner et al. 2014), but it also facilitates the acqui-
sition of three-dimensional images during observation (Kur-
ihara et al. 2015). The most common approach to imaging 
is to make thin sections (Miyamichi et al. 2011; Zingg et al. 
2014), which are valuable but often labor-intensive, time-
consuming, and prone to misinterpretation due to the loss 
or deformation of sections. Thin sections also make image 
registration and volumetric reconstruction sophisticated 
and difficult (Steward et al. 2003). However, the clearing 
technique can be used to investigate plant specimens with-
out destroying the overall structure. Most importantly, the 
clearing technique could allow deep and complete imaging 
of plant samples using an accessible formulation combined 
with fluorescent dyes. Moreover, the clearing technique 
allows a better visualization of details that can help reach-
ing a more comprehensive understanding of the relationship 
between structure and function (Amitrano et al. 2019).

The development of clearing technology mainly depends 
on the range of clearing reagents. There are many types of 
clearing reagents (Supplementary Table. 1), such as "4 1/2" 
complex clearing agent, lactic acid–phenol (Grabe et al. 
1998), chloral hydrate (Kurihara et al. 2015), xylene (Alwa-
haibi et al. 2018; Sermadi et al. 2014), clove oil (Adeniyi 
et al. 2016), cedar oil (Adeniyi et al. 2016), and aniline oil 
(Popham 1950). Chloral hydrate has been used for the pres-
ervation of specimens since the late-nineteenth century and 
has a high refractive index, which allows high penetration 
of light without scattering for a wide variety of plant tissues 
(Hoyer 1882; Villani et al. 2013). In the study, we selected 
four kinds of clearing reagents to study the clearing effects of 

Fig. 4  Imaging and characteristics of terminal veins in the leaves of 
transparent Acer truncatum. a, d imaging of terminal veins in leaves 
of Acer truncatum under ×20 magnification. b, c The zoomed-in 
views of the white rectangular regions in a, represented as a1 and a2. 
e The zoomed-in views of the white rectangular regions in d, repre-
sented as d1. Scale bar: 75 µm (a, d); 40 µm (b, c, e)
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different materials, including SeeDB (Ke et al. 2013), OCR 
(Warner et al. 2014), NaOH (Morley 1968), and NaClO. 
A previous study showed that hypochlorite and phenol 
could be used to determine ammonia (Weatherburn 1967). 
Recently, hypochlorite was also used to remove DNA con-
tamination from ancient bones and teeth (Petra et al. 2019). 
However, we have not found a report on sodium hypochlorite 
as a clearing agent. Based on the treatment results of differ-
ent materials, we found that NaClO had an obvious clear-
ing effect and took less time than the other clearing agents. 
However, the original concentration of NaClO damaged the 
plant materials. Therefore, selecting a suitable clearing agent 
and treatment time should be explored according to the char-
acteristics of plant organs and the structure to be observed 
after clearing.

In previous studies, tissue treated with clearing agents 
had a longer clearing time. Even a short clearing time took 
1–2 weeks, while longer ones took a month or more. Scale 
required 2 weeks for clearing fixed mouse brain samples 
(Hama et al. 2011). A nondestructive technique cleared 
specimens optically in as little as 1–3 weeks. ClearSee took 
1 week to render whole Arabidopsis seedling optically trans-
parent (Morley 1968). In addition, some clearing technolo-
gies are complex to operate (Kurihara et al. 2015). For exam-
ple, SeeDB requires samples with long incubation periods in 

fructose solution (> 7 days) (Ke et al. 2013). Samples treated 
with PEA-CLARITY (plant enzyme-assisted-CLARITY) 
were passively cleared at 37 °C with gentle agitation for 4–6 
weeks (or until clear), and this method requires changing the 
clearing solution daily (Palmer et al. 2015). In this study, 
by comparing the clearing effect of different concentrations 
of NaClO, we found that 1% NaClO had the best clearing 
effect. The 1% NaClO not only meets the requirement of a 
short clearing time but also causes less damage to tissue 
compared with the original concentration.

The development of microscopy has greatly promoted the 
application of clearing technology (Warner et al. 2014). The 
combination of laser scanning confocal microscopy and a 
clearing technique was used to study 3D molecular imaging 
of a cleared N. tabacum leaf (Palmer et al. 2015). Moreover, 
the combination was helpful for clear imaging and 3D recon-
struction. In this study, we can clearly observe the terminal 
veins of plant leaves using fluorescence imaging and can 
distinguish the characteristics of terminal veins in differ-
ent plants, providing a reference for plant taxonomy studies. 
Our clearing technique combined with fluorescence imaging 
allows for a more complete 3D imaging of cleared leaves.

In conclusion, we developed 1% NaClO as a clearing 
agent, which quickly removed colored substances in plant 
tissues and made them transparent. More importantly, the 

Fig. 5  Complete 3D projection 
of a cleared Robinia pseudoaca-
cia leaf showing retention of the 
cellular structure. d CLSM 3D 
projection of a passively cleared 
leaf showing cell walls stained 
with Calcofluor white (green) 
and the 3D projection with the 
epidermal layer cut away. a The 
x slice in the 3D projection. b 
The Y slice in the 3D projec-
tion. c The Y slice in the 3D 
projection. Scale bars: 120 µm 
(a–c); 90 µm (d)
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clearing method is applicable to various types of plant 
leaves. It is believed that in the future, non-damaging clear-
ing agents with better clearing effects will be discovered, 
which will lay a foundation for the wide application of clear-
ing techniques. Moreover, the combination of new clearing 
techniques and higher resolution microscopy will provide 
more flexible and diverse methods for biology research in 
trees.
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