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A B S T R A C T

Plant cell walls represent enormous biomass resources for biofuels, and it thus becomes important to establish a
sensitive and wide-applicable approach to visualize wall polymer distribution and destruction during plant
growth and biomass process. Despite quantum dots (QDs) have been applied to label biological specimens, little
is reported about its application in plant cell walls. Here, semiconductor QDs (CdSe/ZnS) were employed to label
the secondary antibody directed to the epitopes of pectin or xylan, and sorted out the optimal conditions for
visualizing two polysaccharides distribution in cell walls of rice stem. Meanwhile, the established QDs approach
could simultaneously highlight wall polysaccharides and lignin co-localization in different cell types. Notably,
this work demonstrated that the QDs labeling was sensitive to profile distinctive wall polymer destruction be-
tween alkali and acid pretreatments with stem tissues of rice. Hence, this study has provided a powerful tool to
characterize wall polymer functions in plant growth and development in vivo, as well as their distinct roles
during biomass process in vitro.

1. Introduction

Plant cell walls are mainly composed of cellulose, hemicellulose,
lignin and pectin, providing enormous biomass resources for biofuels
and chemical production [1,2]. Due to lignocellulose recalcitrance,
however, current biomass process is unacceptably costly for biofuels
production [3]. To reduce recalcitrance, genetic modification of plant
cell walls has been considered in bioenergy crops [ [4–6]]. Meanwhile,
acid and alkali pretreatments have been broadly applied to destruct
wall polymers for sequentially enhanced biomass enzymatic sacchar-
ification [7,8]. Hence, it becomes important to find out an applicable
technique for specific observation of wall polymers in situ during plant
growth in vivo and biomass process in vitro. However, because plant cell
walls are of complicated structures and diverse functions, it remains a
technique difficulty to observe individual wall polymer distribution in
specific tissue or to explore wall polymer destruction in single plant

cells during biomass pretreatment and enzymatic saccharification.
Fluorescent probes are powerful tools to monitor dynamics and

deconstruction of molecular architecture [ [9–11]]. Glycan-directed
antibodies have been applied to in situ observe wall polysaccharide
profiling at the cellular level in order to gain their biological functions [
[12–16]]. However, this technology could only detect individual wall
polysaccharide in one dissection of plant tissues. Quantum dots (QDs),
also known as semiconductor nanocrystals, are new type of fluor-
ophores. The QDs commonly used in biological and medical applica-
tions are comprised of an inner core (CdSe), a shell (ZnS), and a surface
coating which is used to increase stability and solubility [ [17–21]].
Compare to organic fluorophores, QDs have high brightness, large stoke
shift, and improved photo-stability [ [21–23]]. More importantly,
multi-fluorescent imaging can be obtained by labeling varieties of
target sites simultaneously [24,25].

Since QDs were first used as fluorescent probes [26,27], this
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approach has been widely applied in mammalian and human studies [
[28–30]]. However, very little is reported about their applications in
plant cell walls, probably due to their resistance to QD penetration [
[24,31,32]]. In this study, we applied QDs-based fluorescent probe to
indirectly label glycan epitopes, and then in situ observed two re-
presentative wall polysaccharides (pectin and xylan) in the transverse
sections of rice stem. Hence, a new method has been established to in
situ visualize polysaccharides and lignin distributions in various types of
cells in stem tissue under different chemical pretreatments, providing a
powerful tool to explore wall polymer functions during plant growth in
vivo and biomass process in vitro.

2. Materials and methods

2.1. Sample collection and QDs preparation

Rice cultivar (Nipponbare, NPB) was collected from a previously
described field trial [16]. Rice sections (3mm–5mm) were cut from the
upper second internode: (1) 5 μm thick transverse sections embedded in
paraplast plus for immunolabeling and (2) 100 μm thick transverse
sections used for phloroglucinol staining and scanning electron micro-
scopic (SEM) observation. The QDs (CdSe/ZnS, 610 nm) and QD-la-
beled goat anti-mouse IgG were obtained from the company (Beijing
Najing Biotechnology co., Ltd). The synthetic process of QDs and QD-
labeled goat anti-mouse IgG can refer to the methods described by
Wang et al. [33] and East et al. [34] respectively. The hydrodynamic
diameters and spectra were characterized before and after conjugating
the goat anti-mouse IgG to QDs, and there is little effect on the char-
acteristics of QDs (Figs. S1 and S2. Data provided by the company). In
addition, there is no impact on the binding activity between QD-labeled
goat anti-mouse IgG and mouse IgG (Fig. S3. Data provided by the
company).

2.2. Chemical pretreatment and immunolabeling with QDs for wall
polysaccharide detection

Paraffin sections were de-waxed with xylene and rehydrated
through an ethanol series from 100% to 0%. Sections were then washed
extensively in PBS, incubated with 5-fold dilution of cell wall glycan-
directed monoclonal antibodies (mAbs) followed by 200-fold and 100-
fold dilution of anti-mouse IgG linked to fluorescein isothiocyanate
(FITC) or QDs respectively. Two glycan-directed mAbs were used in this
study. CCRC-M38 recognizes epitopes in de-esterified homo-
galacturonan (pectin), and CCRC-M147 recognizes xylan. Samples were
washed at least three times as described [16].

Stem sections were subjected to chemical treatment with 0.5M
NaOH at 25 °C for 2 h, or with 1% H2SO4 at 70 °C for 1 h, and then
neutralized by at least three washes with distilled water until pH 7.0.
After pretreatment, the stem sections were incubated in 3% (w/v) MP/
PBS, and diluted secondary antibody solutions for 1.5 h. Samples were
then washed with PBS (three times) for at least 5min each, and in-
cubated either with a 200-fold diluted secondary antibody (Alexa Fluor
488 anti-mouse IgG, Invitrogen, A11001) linked to fluorescein iso-
thiocyanate (FITC) in PBS for 2 h or with a 100-fold diluted secondary

antibody linked to QDs in PBS for 4 h in darkness. Conditions of all
experiments were described in Table 1. All samples were carried out in
triplicate.

2.3. Histochemical staining of lignin

Stem sections were stained with phloroglucinol solution (1%, v/v)
for 5min, soaked in concentrated HCl, and immediately photographed
under bright field. The pretreated samples were collected as described
above. All samples were carried out in triplicate.

2.4. Fluorescence imaging

FITC fluorescence was observed with an Olympus BX61 microscope
equipped with epifluorescence optics. Images were captured with a
Hamamatsu ORCA285 camera using Improvision Velocity software.
QDs fluorescence was visualized by an Olympus IX71 inverted micro-
scope equipped with DP72 camera using cellSens software.
Fluorescence filter cubes including U-MWB2 (excitation:
460 nm–490 nm; emission: 520 nm) and U-MWU2 (excitation:
330 nm–385 nm; emission: 425 nm). At least three micrographs for each
sample were captured at the same exposure time.

2.5. Colorimetric assay of hexoses, pentoses and uronic acids

The samples were incubated with distilled water at 25 °C for 1 h to
remove soluble sugars prior to acid and alkali pretreatment. The
UV–VIS spectrometer (MAPADA V-1100D) was used for the absorbance
reading. Hexoses were detected using the anthrone/H2SO4 method, and
pentoses were measured using the orcinol/HCl method [35]. The
standard curves for hexoses and pentoses were drawn using D-glucose
and D-xylose as standards (purchased from Sinopharm Chemical Re-
agent Co., Ltd.) respectively. Because high pentose levels can affect the
absorbance reading at 620 nm for hexose assay, deduction from the
pentose reading at 660 nm was carried out for final hexose calculation.
A series of xylose concentrations were analyzed for plotting the stan-
dard curve referred to for the deduction, which was verified by gas
chromatography–mass spectrometry (GC–MS) analysis. Total uronic
acids were assayed using m-hydroxybiphenyl/NaOH method [36]. All
samples were carried out in triplicate.

2.6. Scanning electron microscopic (SEM) observation

The sections were pretreated with 0.5M NaOH or 1% H2SO4 as
described above and washed with distilled water until pH 7.0. Then
they were soaked in glutaraldehyde for 3 h and dehydrated through an
ethanol series from 0% to 100%. After drying at room temperature, the
samples were sputter-coated with gold. SEM (Hitachi JSM-6390/LV)
was conducted using the protocols described by Wang and coworkers
[36].

Table 1
Information of FITC and QDs immunolabeling of transverse sections of rice stem with two glycan-directed antibodies after different chemical pretreatments.

Pretreatment Primary antibody Secondary antibody Time (h) Secondary antibody dilution

– CCRC-M38/M147 – 2 –
– CCRC-M38/M147 FITC 2 1 : 200
0.5M NaOH 25 °C 2 h CCRC-M38/M147 FITC 2 1 : 200
1% H2SO4 70 °C 1 h CCRC-M38/M147 FITC 2 1 : 200
– CCRC-M38/M147 QDs 4 1 : 100
0.5M NaOH 25 °C 2 h CCRC-M38/M147 QDs 4 1 : 100
1% H2SO4 70 °C 1 h CCRC-M38/M147 QDs 4 1 : 100
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3. Results and discussion

3.1. Immunofluorescence detection of pectin epitopes in rice stem

Using glycan-directed immunolabeling approach, this study ex-
hibited pectin (de-esterified homogalacturonan) distribution in the cell
walls of transverse sections of rice stem (Fig. 1a), compared to the
control showing all cell walls (Fig. 1b) and empty background without
fluorescent probes FITC (Fig. 1c). In particular, the immuno-
fluorescence of pectin has a broad distribution in the cell corners of
ground tissues, consistent with the previous reports [16].

Despite QDs have been widely used in mammalian and human
studies ([28–30]), this labeling technique is little performed to in-
vestigate plant wall polysaccharides distribution in situ, especially to
visualize how biomass processing steps extract wall polymers. In this
work, we used the QDs (CdSe/ZnS) to link with the secondary anti-
bodies against the pectin-directed antibody CCRC-M38 and xylan-di-
rected antibody CCRC-M147, and then sorted out the optimal condition
for immunolabeling wall polysaccharides in situ (Table 1). As compar-
ison with FITC labeling (Fig. 1a), Calcofluor White stain (Fig. 1b), and
the control without any probe (Fig. 1c, e), QDs labeling (red fluores-
cence) showed the strong recognition of pectin around the protoxylem
vessels and phloem cells in vascular region, and notably more abundant
at cell corners in the parenchyma (Fig. 1d), which was similar to the
binding pattern of FITC labeling (Fig. 1a). Hence, the data revealed that
the QDs labeling was applicable to visualize pectin epitopes in situ in

plant cell walls.
Furthermore, histochemical staining of lignin with phloroglucinol-

HCl solution was employed to observe lignin distribution patterns of
rice cell walls (Fig. 1f), which was extensive in thickened cell walls of
the vascular tissue [37]. Meanwhile, the blue autofluorescence (Fig. 1d
and e) exhibits similar patterns of lignin distribution across the stem
with red stain by phloroglucinol-HCl method, indicating that this QDs
labeling technique could not only be sensitive for in situ visualization of
pectic polysaccharides, but it was also available to highlight lignin
distribution at the cellular level in the same dissection of rice stem.

3.2. Characteristics of xylan distribution in rice stem

Because the QDs labeling technique was able to simultaneously
characterize pectin and lignin in different types of cells in one stem
dissection, this study further in situ observed xylan distribution, a major
type of hemicellulose in rice cell walls. Using xylan-directed mAb
CCRC-M147, the results showed that CCRC-M147 was bound to the cell
walls in the vascular bundles (Fig. 2a), consistent with the previous
findings [16]. However, unlike the broad distribution of CCRC-M38 HG
epitope in rice stem tissues, the binding pattern of CCRC-M147 xylan
was found to be different. Notably, the distribution pattern of xylan
recognized by CCRC-M147 with QDs in red fluorescence was similarly
observed in the vascular bundles, but the QDs dissection also presented
all other cell morphogenesis by autofluorescence in blue (Fig. 2b).
Therefore, the results confirmed that the established QDs approach

Fig. 1. In situ observation of pectin epitopes
and lignin deposition in transverse sections
of rice stem. (a) Immunofluorescence de-
tection of the binding of CCRC-M38 labeled
with FITC (green). (b) Calcofluor White
image showing all cell walls. (c) Rice stem
sections incubated with buffer in place of
secondary antibody as controls. (d)
Immunofluorescence detection of the
binding of CCRC-M38 labeled with QDs
(red) and autofluorescence (blue). (e)
Section incubated with buffer in place of
secondary antibody as control. (f)
Phloroglucinol staining corresponding for
lignin deposition. (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 2. Immunofluorescence detection of xylan
epitopes in transverse sections of rice stem. (a)
The binding of CCRC-M38 labeled with FITC
(green). (b) The binding of CCRC-M38 labeled
with QDs (red) and autofluorescence (blue). (c)
Section incubated with buffer in place of sec-
ondary antibody using U-MWB2 fluorescence
filter as control. (For interpretation of the re-
ferences to color in this figure legend, the reader
is referred to the Web version of this article.)
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should be applicable to characterize all major wall polysaccharides and
lignin, together with viewing of cell morphogenesis.

It also suggested that the QDs should be more applicable to directly
label the glycan-directed mAbs bound to pectic polysaccharides. Since
the QDs have unique spectral properties, QDs with distinct sizes have
different colors [21]. The established QDs labeling technique could be
applied to monitor multiple wall polysaccharides at the cellular level in
real time [24,25]. By contrast, the FITC labeling was only allowed to
observe single polysaccharide at one dissection, indicating that the QDs
labeling should be more conventional for simultaneously visualizing
multiple wall polysaccharides in situ.

3.3. Distinct destruction of wall polysaccharides and lignin from alkali
pretreatment

As an initial step for biomass saccharification and bioethanol pro-
duction, alkali pretreatment of biomass has been broadly used to par-
tially extract wall polymers by disassociating hydrogen bonds among
polymers and cellulose microfibrils [7,38]. In the present work, we used
both FITC labeling and QDs labeling techniques to visualize wall
polymer destruction after mild pretreatment (0.5M NaOH at 25 °C for
2 h) of rice stem dissection (Fig. 3). Compared to the control without
any pretreatment (Fig. 1a, d), the alkali pretreated stem dissections
showed either relatively weaker fluorescence for both FITC (green) and
QDs (red) labeled pectin epitopes (Fig. 3a and b), indicating that pectic
polysaccharides should be partially extracted from mild alkali pre-
treatment as previously reported [13,16]. Meanwhile, chemical ana-
lysis indicated that a much higher proportion of uronic acids was ex-
tracted than those of hexoses and pentoses from the mild alkali
pretreatment (Fig. 5a). As uronic acids are typical components of pectic
polysaccharides [36,39], the data confirmed a major extraction of
pectin from the alkali pretreatment. In addition, we observed relatively
weaker autofluorescence and reduced lignin distribution using phlor-
oglucinol stain (Fig. 3b, f), compared to the controls (Fig. 1d, f), which
was consistent with the previous reports about effective lignin extrac-
tion with alkali pretreatments [38]. Hence, this study further demon-
strated that the established QDs technique could be applicable to in situ
observe distinct destruction of pectic polysaccharides and lignin in
different types of plant cell walls at one alkali-pretreated stem dissec-
tion.

Furthermore, this study observed slightly reduced intensity of
fluorescence signal by FITC labeling or QDs labeling bound to xylan
epitopes from the mild alkali pretreatment (Fig. 3d and e), compared to
the controls (Fig. 2a and b). Previous studies have shown that CCRC-
M147 could detect different degree of polymerization homoxylan and
substituted xylan regions [15,40]. As small amounts of pentoses were
examined from the alkali pretreatment (Fig. 5a), the application of al-
kali pretreatment is likely to remove partial xylan epitopes, resulting in
observation of weaker fluorescence signal by FITC or QDs probe. Taken
together, this study revealed that the QDs technology is of broad ap-
plication for observation of distinct destruction of wall polysaccharides
and lignin at the same alkali-pretreated stem tissues.

3.4. Enhanced insights into wall polysaccharide distribution after acid
pretreatment with stem tissues

Acid pretreatment has been applied to partially digest non-cellulosic
polysaccharides at high temperature [38]. However, this study per-
formed relatively mild acid pretreatment (1% H2SO4 at 70 °C for 1 h), in
order to maintain cell integrity of stem dissection (Fig. 4). Un-
expectedly, the acid pretreated stem dissections even showed stronger
fluorescence of FITC labeling and QDs labeling respectively recognized
either pectin epitopes (Fig. 4a and b) and xylan epitopes (Fig. 4d and e),
compared to their controls (Figs. 1 and 2), which was contrast with the
findings of the alkali pretreatment as described above. However, de-
spite this study conducted relatively mild acid pretreatment, it led to
much more pentoses and hexoses extractions than those of the alkali
pretreatment (Fig. 5a and b), suggesting that the acid pretreatment
remained efficient for non-cellulosic polysaccharides extraction.
Therefore, in terms of the enhanced fluorescence signal for both FITC
labeling and QDs labeling observed in the acid pretreated stem tissues,
we presumed that the acid pretreatment performed in this study may be
favor for extraction of other minor non-cellulosic polysaccharides that
are not tightly associated with wall networks, resulting in exposure of
more epitopes of pectin and xylan for binding the mAbs with FITC la-
beling or QDs labeling [41]. In addition, because it has been char-
acterized that lignin is resistant to the acid pretreatments [38], we did
not observe much altered autofluorescence and phloroglucinol stain
corresponding for lignin distribution (Fig. 4b, f). Hence, this study in-
dicated that the QDs labeling technique could observe dynamical

Fig. 3. In situ observation of different wall
polymers in transverse sections of rice stem
after 0.5M NaOH pretreatment. (a)
Immunofluorescence detection of the
binding of CCRC-M38 labeled with FITC
(green). (b) Immunofluorescence detection
of the binding of CCRC-M38 labeled with
QDs (red) and auto-fluorescence (blue). (c)
Calcofluor White image showing all cell
walls. (d) Immunofluorescence detection of
the binding of CCRC-M147 labeled with
FITC (green). (e) Immunofluorescence de-
tection of the binding of CCRC-M147 la-
beled with QDs (red) and autofluorescence
(blue). (f) Phloroglucinol staining corre-
sponding for lignin deposition. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)
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destruction of wall polymers in situ during the acid pretreatment of stem
tissues.

3.5. Significantly altered cell wall topology under acid pretreatment

To understand why the alkali and acid pretreatments led to a dis-
tinctive profiling of pectin and xylan under both FITC labeling and QDs
labeling, this study observed cell wall surfaces in rice stem dissections
using SEM (Fig. 6). Compared to the control (without pretreatment)
(Fig. 6a), the mild alkali pretreated dissection showed a similar cell wall
surface (Fig. 6b), whereas the acid pretreated dissection exhibited a
very rough face (Fig. 6c), consistent with much more sugars released
from the acid pretreatment. With respect to the coarse face of the acid
pretreated stem dissection, we presumed that it should cause an effi-
cient penetration of FITC and QDs into cell walls, interpreting why this
study observed stronger fluorescence signal of FITC labeling and QDs
labeling corresponding for pectin and xylan. Because alkali pretreat-
ment mainly acts as peeling of wall polymers [42], it may interpret why
the mild alkali pretreated dissection did not show a rough surface in

this study. However, as described above, the QDs labeling technique
could be more sensitive to profile wall polymers distribution and de-
struction in the stem dissections, compared to the SEM observation of
the chemical pretreated stem tissues.

4. Conclusion

Using FITC labeling as a control, this study well established QDs
labeling approach to in situ observe two major wall polysaccharides
distribution in different types of cells in rice stem, coupled with lignin
view at the same dissection. The established QDs labeling was further
demonstrated to be specifically sensitive for profiling wall polymers
destruction distinctive from alkali and acid pretreatments with stem
dissections. Future work will be required for using QDs probes to di-
rectly label glycan-directed mAbs to visualize multiple plant cell wall
polysaccharides simultaneously. Hence, this study has found out a
powerful tool either to explore wall polymer roles in biomass proces-
sing for biofuel production or to investigate plant cell wall structure and
function in plant growth and development.

Fig. 4. In situ observation of different wall
polymers in transverse sections of rice stem
after 1% H2SO4 pretreatment. (a)
Immunofluorescence detection of the
binding of CCRC-M38 labeled with FITC
(green). (b) Immunofluorescence detection
of the binding of CCRC-M38 labeled with
QDs (red) and autofluorescence (blue). (c)
Calcofluor White image showing all cell
walls. (d) Immunofluorescence detection of
the binding of CCRC-M147 labeled with
FITC (green). (e) Immunofluorescence de-
tection of the binding of CCRC-M147 la-
beled with QDs (red) and auto-fluorescence
(blue). (f) Phloroglucinol staining corre-
sponding for lignin deposition. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)

Fig. 5. Hexoses, pentoses and uronic acids yields released from alkali and acid pretreatment in transverse sections of rice stems. (a) After 0.5M NaOH pretreatment.
(b) After 1% H2SO4 pretreatment.
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